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Icosahedral growth, magnetic behavior, and adsorbate-induced metal-nonmetal transition
in palladium clusters
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Studies of the atomic and electronic structures of Pd clusters with 2-23, 55, and 147 atoms have been carried
out using the ultrasoft pseudopotential plane wave method and the spin-polarized generalized gradient approxi-
mation for the exchange-correlation energy. We find predominantly an icosahedral growth in these clusters, and
size dependent oscillatory magnetic moments that are not confined just to the surface atoms. Atomically closed
shell 13-, 55-, and 147-atom clusters have large moments of.@.6tom, 0.4%g/atom, and 0.44g/atom,
respectively. But cubic Rgisomer has a low moment of 0.48 /atom only, indicating the importance of the
icosahedral structure in the development of magnetism in Pd clusters. The evolutions ittt bridization,
the magnetic moment and the electronic structure are discussed as a function of the cluster size. The magnetic
energy is found to be small. Further studies on the adsorption of H and O show that though both an increase
as well as a decrease of the moment are possible, often there is a reduction in the magnetic moments of Pd
clusters. A hydrogen induced metal to nonmetal transition is predictedgidgRahd PdsHg clusters.
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. INTRODUCTION sion studie$ suggested a Ni-like magnetic behavior foryPd
with N=3-6, and a nonmagnetic Pt-like behavior fidr
The possibility of magnetism in clusters ofilements >15. The temperature of the clusters was, however, not
Ru, Rh, and Pd has facinated research&tss in the bulk  specified. Contrary to this, measurements at 1.8 K in the
these elements are nonmagnetic. Pd is widely used as a cafange of 50-70 A particle size reporfeaimagnetic moment
lyst, but the size dependence of its cluster properties as weflf (0.23+0.19)ug per surface atom. Other studfiezn low-

as the changes due to the adsorption of gases are not ng|mens(,jional struc:_ures, sucthf as P‘lj Iayebrst orb(.(IJA@,
understood. In bulk, Pd is close to fulfilling the Stoner crite- > 'OWEd NO Magnetc moment for one fayer, but a biiayer was
found® to be ferromagnetic with a net magnetic moment of

rion of magnetism. It has a high paramagnetic susceptibilityo.lmB/atom' Therefore, the observation of magnetic mo-

. : o
and a Iatt!ce expansion of only_ 6% induces bulk ment in large clusters was thought to arise from surface ef-
ferromagnetism. Clusters of 8 magnetic elements Fe, Co, fects. However, palladium surfaces are nonmagnetic.

and Ni immediately above thengalements in the Periodic Theoretical studiéson Pd using the local spin density
Table show enhanced magnetic mom@nise to narrower approximation showed arisomer to be more favorable than
bandwidths that arise from a lower mean coordination thagy cypic (c) isomer, with magnetic moments of 04g per
in the bulk and the increased localization of electrons. As thgyrface atom and a higher moment of Qu43at the central
cluster size decreases, the moment approaches the atomigm. A self-consistent tight-binding calculati8f® with N
limit which is, in general, Significantly hlgher than the bulk =2-201 showed either a nonmagnetic or 0n|y a weak mag-
value. An important factor that makes clusters different fromnetic behaviorkeeping the symmetriesuch as equilateral
the bulk is the possibility of noncrystallographic icosahedraltriangle, tetrahedron, octahedron etc. of clusters. In another
(i) or decahedrald) structures in which the bond lengths related study®® clusters were relaxed, but only thed 4
vary significantly. Icosahedral high symmetry and low mearelectrons were considered. First principles calculatiboa
coordination in clusters together with elongation in bondsymmetricbody centered cubic Rgland face centered cubic
lengths could lead to important changes in the electroni®d,q clusters gave 0.53z/atom and 0.32g/atom moments,
structure with significant consequences for the magnetic baespectively. A nonmagnetic state@fd, o was also reported
havior of Pd clusters. to lie close in energy. However, in this study no effort was
Unlike Fe, Co, and Ni, the palladium atom has no mag-made to explore the lowest energy atomic structures of these
netic moment due to thedd%5 < closed shell electronic con- clusters. Small Pd clusters witi=2—7 and 13 were re-
figuration. This also leads to weak bonding in its small cluscently studied? using symmetry unrestricted optimizations
ters. The aggregation of atoms, however, leads to @f selected structures. Significant moments were obtained on
delocalization of electrons and a depletion of the states  these clusters and it was concluded that an ensemble-of Pd
due tosp-d hybridization that could give rise to local mo- may even show an increase in magnetic moment with tem-
ments and magnetism in clusters. Experiments have, howperature. Also a study of 55-, 135-, and 140-atom clusters
ever, given conflicting results. Early Stern-Gerlach deflectiorwithin the local density approximatiofi.DA) gave 55- and
experiments showed no magnetic moment in Pd clusters135-atom clusters to favérisomer whilec isomer was more
with temperatures in the range of 60 K or above. Photoemistavorable forN=140. In these calculations the clusters were,
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however, treated to be nonmagnetic. Here we report results

€ 1} o7
of ab initio calculations on the evolution of the atomic and % o8|~ 13 a)
electronic structures as well as magnetism in large Pd clus- ;ff 0.8 »1gf __,;Ii.‘::if__ VVVVV
ters having upto 147 atoms, and the changes in the magnetic = 03[ W
behavior of clusters due to H and O adsorption. An interest- g 061 02— o
. . . . . . Atomic shells
ing finding is the hydrogen-induced metal-nonmetal transi- g 04l
tion in palladium clusters. o
2 02
(o))
= 0
. COMPUTATIONAL DETAILS 4
'g J
. c 3.5¢
We use the ultrasoft pseudopotential plane wave méthod ©
with a cutoff of 14.63 Ry for the plane wave expansion in the E 3
case of pure Pd clusters, 25.68 Ry for calculations with H > 291
adsorption and 29.10 Ry for those with O adsorption. The g: 2|
clusters are placed in a simple cubic supercell of side up to = 15
30 A. For such large cells Brillouin zone integrations are £ |
carried out using only th&€ point. The exchange-correlation = T
energy is calculated within the spin-polarized generalized 0.5 Magnetic TomENE ;]
gradient approximatiofGGA).® Calculations for bulk Pd 3
give the cohesive energy and lattice constant to be 3.718 — I
. . . o 2.9 : ;
eV/atom and 3.96 A, in good agreement with the experimen- = Lo c)
tal values of 3.89 eV/atom and 3.89 A, respectively as com- ‘gv 28\ it
pared to the LDA values of 4.974 eV/atom and 3.86 A. For o 4l A
clusters, we optimize selected structures without any symme- g '
try constraint using the conjugate gradient method. While 2 26
such an approach generally converges to the nearest local s o5l
minimum, it has been successfully used in a large number of =~

cases of clustet22and in particular for clusters of transi-
tion metals as the simulated annealing approach becomes
computationally intensive. In the small size range, it is pos-
sible to consider several .isomers including the ones known FIG. 1. () Magnetic moment per atontb) binding energy per

for metal clusters, and this often leads to the lowest eNerg¥%iom, and(c) the mean nearest neighbor bond length in, Rliis-
atomic structure. However, the additional problem of spiners. The numbers ifb) show the size of the clusters. The points are
isomers in magnetic clusters makes the search morgonnected to aid the eyes. The insetanshows the mean magnetic
difficult.?® For small clusters it is possible to consider severaimoment per atom in successive atomic shells of icosahedral 13-,
spin isomers of some low lying atomic structures, but for55-, and 147-atom clusters. The inset(i) shows the energies of
large clusters with several tens of atoms this becomes verjpe spin isomers af-Pd;s with respect to the ground state of;2§.
demanding. In generat, d, andi isomers are among the

most likely candidates for metal clusters in the larger size IIl. RESULTS

range of few tens of atoms. We, therefore, limit our search to
these isomers for 55- and 147-atom clusters. We believe that
our results should give a fair representation of the growth Pd; - Pdy3

behavior in these clusters. For small clusters, we optimize a The magnetic moments, binding energiBE’s), and

few atomic structures in each case and, in the intermediatgyean bond lengths of the lowest energy structures are shown
range of 14-23-atom clusters, we predominantly studyi the in Fig. 1. These results as well as some other isomers are also
isomers as studies of other isomers in a few cases suggestisted in Table I. Our results of structures and magnetic mo-
preference fori structures. In general we started with a ments of clusters wittN<7 and 13 are similar to those in
smearing of the eigenstates to obtain the self-consistenciRef. 12 within the GGA, but differ for Rd For a dimer, we
Subsequently the smearing parameter was reduced to a veoptain a magnetic moment oful; /atom, and the BE is only
small value so that all states had integer occupancy. In mo&.611 eV/atom. This is about 16% of the bulk value. How-
cases this approach led to the lowest spin isomer as we finelver, the bonding is not van der Waals type, as there is a
from studies of different spin isomers of a few clusters.contraction in the bond lengit2.48 A) when compared with
However, in some cases the energy differences between thiee calculated bulk value of 2.80 A. The highest occupied—
different spin isomers are quite small and, therefore, calculowest unoccupied molecular orbitdHOMO-LUMO) gap
lations were also performed on a few spin isomers in suclfior the dimer is smal{0.34 e\} and, therefore, aggregation is
cases to obtain the lowest energy state. likely to be favored. Figure 2 shows the total and angular
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00 0.1 0.2 03 04 05 06 0.7 0.8
N-1/3

A. Pure clusters

144413-2



ICOSAHEDRAL GROWTH, MAGNETIC BEHAVIOR, AND . .. PHYSICAL REVIEW B 66, 144413 (2002

TABLE |. BE, magnetic momenM on clusters, and mean nearest neighbor bond ledgt®BP, TAP, HAP, and DIC represent a
pentagonal bipyramid, a tetragonal antiprism, a hexagonal antiprism, and a double icosahedron, respectively. Octahedronl and octahedron2
are the isomers of Bdshown in Figs. &) and 3d), while PBP1 and PBP2 are isomers ofyRthown in Figs. 8) and 3i), respectively.

N Cluster BE(eV/atom) M (ug) d(A) N Cluster BE(eV/atom) M (ug) d(A)
2 Dimer 0.611 2 2.48 Bicapped HAP 2.362 6 2.77
3 Triangle 1.203 2 2.52 Body centered cubic 2.353 4 2.68
4 Tetrahedron 1.628 2 2.61 16 Capped icosahedron 2.406 6 2.75
5 Trigonal bipyramid 1.766 2 2.65 17 Capped icosahedron 2.437 6 2.72
6 Octahedron 1.922 0 2.66 18 Capped icosahedron 2.456 6 2.70
Octahedron 1.919 2 2.66 19 DIC 2.467 6 2.76
Tetrahedral 1.867 2 2.67 20 Capped DIC 2.477 8 2.75
Distorted Prism 1.832 2 265 21 Capped DIC 2.514 4 2.74
7 PBP 1.953 2 2.68 22 Capped DIC 2.531 6 2.74
Capped octahedronl 1.946 2 2.65 23 Polyicosahedron 2.534 6 2.77
Capped octahedron2 1.944 0 2.65 55 Mackay icosahedron 2.860 26 2.77
Capped octahedron 1.926 4 2.66 Mackay icosahedron 2.859 24 2.77
PBP 1.917 0 2.70 Mackay icosahedron 2.858 18 2.76
8 Bicapped octahedron 2.036 2 2.68 Mackay icosahedron 2.858 14 2.77
Capped PBP 2.009 2 2.70 Mackay icosahedron 2.852 0 2.77
9 Capped PBP1 2.094 4 2.69 Mackay icosahedron 2.843 34 2.77
Tricapped prism 2.067 4 2.68 Cuboctahedron 2.850 10 2.74
Capped PBP2 2.062 4 2.70 Cuboctahedron 2.849 12 2.74
Capped TAP 2.033 4 2.67 Cuboctahedron 2.848 6 2.74
10 Capped PBP 2.155 6 2.68 Cuboctahedron 2.848 4 2.74
2 interlocked PBPs 2.149 4 2.71 Cuboctahedron 2.848 0 2.74
Bicapped TAP 2.119 4 2.68 Decahedron 2.841 0 2.75
Tetracapped prism 2.104 4 2.68 147 Mackay icosahedron 3.106 60 2.78
11 Icosahedral 2.192 6 2.68 Mackay icosahedron 3.093 0 2.78
12 Icosahedral 2.231 6 271 Cuboctahedron 3.089 0 2.76
13 Icosahedral 2.290 8 2.75 Decahedron 3.087 0 2.76
Decahedron 2.266 4 2.71 Bulk fcc 3.718 0 2.80
14 Capped icosahedron 2.322 8 2.75 Experimental values 3.890 0 2.75
15 Bicapped icosahedron 2.368 8 2.75

momentum decomposed densities of states. This has be#foseleret al!? found this magnetic isomer to be the ground
obtained by expanding the wave function into angular mo-state. However, the energy difference is rather small and the
mentum components within spheres of radius 1.434 Awo spin isomers can be treated to be nearly degenerate. The
around each Pd ion. As significant charge lies outside théemperature at which the higher energy isomer may become
spheres, this decomposition is only representative and is exbservable can be estimated fromE2c— Eisomen/ (3N
pected to give the main character of each state. It is seen that6)kg, whereE, is the energy of thex specie which is
the up-spin 4 states are fully occupied, while the down-spin either the ground state or the isomer dgdis the Boltzman
states are depleted due $@-d hybridization such that one constant. For the two spin isomers ofgPthis temperature is
electron has a predominantcharacter. The up-spimstate  only 32.8 K. Therefore, under the experimental conditions of
lies just below the HOMO, while the down-spmstate is temperatures of 60 K or above, both the isomers are likely to
unoccupied and lies just above the HOMO. Theharacter be present in an ensemble of these clusters. In our calcula-
of states in the occupied portion is negligible. It should betions, Pd is the only cluster that has a non-magnetic isomer
noted that the sum of the partial densities of states is exto be of the lowest energy. A tetrahedral structure of Pd
pected to be less than the total density of states. This ifFig. 3(@)] lies 0.331 eV higher in energy. Also an initially
particularly so for thes and p states as much of the charge prism structure distortgFig. 3(b)] and lies 0.538 eV higher
lies outside the spheres. in energy. Both of these isomers have agZmagnetic mo-
Clusters withN=3-5 are Jahn-Teller distorted triangle, ment, but are unlikely to be observed. For,Pd pentagonal
tetrahedron and trigonal bipyramid, each withgZmagnetic  bipyramid(PBP has the lowest energy with g magnetic
moment(triplet statg. The lowest energy structure of P moment. The nonmagnetic solution lies 0.191 eV higher in
a singlet with an octahedron structure. A spin isomer withenergy. However, a capped prism and a capped octahedron
2,5 magnetic moment lies only 0.017 eV higher in energy.[Fig. 3(c)] lie only 0.063 and 0.051 eV higher in energy, and
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FIG. 2. Gaussian broadenédidth 0.02 eVj total and angular
momentum decomposed electronic energy spectra ofaRd Pd.
The vertical lines denote the HOMO.

have zero and 2z magnetic moments, respectively. The
capped prism structure distorts and becomes an edge cappt
octahedrorFig. 3(d)]. We also considered a spin isomer of
capped octahedron with au4 magnetic moment as obtained
in Ref. 12. It lies only 0.127 eV higher in energy than the
lowest energy isomer. These results suggest that, in experi
ments at room temperature, these isomers are likely to be
present. Therefore, in addition to the higher moment spin FIG. 3. Isomers of small Rd(N=6-13) clusters(a) Tetrahe-
isomer that will be observable at increasing temperatures a#al and(b) distorted prism isomers of Rd(c) and (d) capped
suggested in Ref. 12, there would also be abundance of is@ctahedra of Pd (e) bicapped octahedron arith capped PBP for
mers with zero spin. This result agrees with the suggebtion”t%: (9) capped PBPLh) tricapped prism(i) bicapped PBP2 and
based on the photoemission data thaj Rthy be a closed () capped tetragonal antiprism for £dk) capped PBP() two
shell specie with zero magnetic moment. The density ofnterlinked PBPs(m) bicapped tetragonal antiprism, afi tetra-
states curves show that teel hybridization increases as the c2PPed trigonal prism for Rgl, (o) icosahedral Pg, (p) icosahe-
size of the cluster grows from 3 to(Figs. 2, 4, and § while dral Pdy, (q) lcosahed'g\on an) decahedron for Rg. Bonds with
thep character remains quite small in the occupied portion O#engths less than 2.8 A are connected.
the states. The states shift to higher binding energies as the
size grows due to increased delocalization of electrons. Thadjacent faces on the same side of a PBB. 3(g)] is most
up-spin density of states has a significant HOMO-LUMO favorable. A tricapped prisiiFig. 3(h)] lies 0.241 eV higher
gap for all these clusters except forgPgiving them half- in energy, while another isoméFig. 3(i)] with capping of
metallic character. two adjacent faces on opposite sides of the basal plane of a
For Pg, a tetragonal antiprism relaxes to a bicapped ocPBP lies 0.285 eV higher. A capped tetragonal antiprism
tahedror{Fig. 3(e)] and lies 0.219 eV lower in energy than a [Fig. 3(j)] lies 0.550 eV higher in energy. All these isomers
capped PBHFig. 3f)]. Both are triplet states. For larger have a 4g magnetic moment. For Rgl similarly, a tri-
clustersj isomers or fragments of an icosahedron have lowecappedadjacent faces on the same si@8P[Fig. 3k)] has
energies than other structures. The energy differences bé&e lowest energy with afg magnetic moment. Its nonmag-
tween the isomers are, however, small. Fog,Rdcapping of  netic isomer lies 0.384 eV higher in energy. An isomer with
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FIG. 4. Same as in Fig. 2, but for Pdnd Pd. FIG. 6. Same as in Fig. 2, but for Rdclusters. The relaxed

structure(left) and an ideali structure(right) with the center to

two interlocked PBP’$Fig. 3(1)] lies only 0.062 eV higher in vertex bond length of 2.61 A.

energy and has a4 magnetic moment. It is likely to be
abundant in experiments at around 60 K and again lead to a@ound room temperature. A bicapped tetragonal antiprism
underestimation of the moment. Its nonmagnetic isomer lie§Fig. 3m)] lies 0.363 eV higher in energy and has ag#
0.281 eV higher in energy. This may become accessable &oment while a tetracapped pridifiig. 3n)] lies 0.505 eV
higher in energy and has a4 magnetic moment. These are
% unlikely to be present in experiments at room temperature.

56 Pdg m Total Pd,;, [Fig. 3(0)] and Pd, [Fig. 3(p)] are incomplete icosahe-
10

1™
0

dra each with a ag magnetic moment.
e } For Pc_{g ani isomer[Fig. 3(g)] with an 8ug _magnetic
y Y ' ' moment is found to have the lowest energy in agreement
with an earlier GGA stud{? but it is different from the result
of 2ug using a tight binding methot?® and also that found
2uy ‘ p L by Reddyet al within the LDA. The latter also reported the

LDA BE of 1.56 eV/atom as compared to our GGA value of

a—— i ‘l 2.322 eV/atom. The central atom in our calculations has a
A [ P r magnetic moment of 0.52; while the surface atoms have
moments in the range of (0.6—0.68) due to Jahn-Teller
distortions. The moments on each atom are calculated by
using the Voronoi construction and by integrating the polar-
ization. Experimental studiéseported a zero moment on
Pd, 3 that could be due to the relatively high temperaty6s
to 380 K) of the clusters. An upper limit for the magnetic

WN =2 0 apnp W =0 =N w

Density of states/atom.spin [1/eV]
3.° ° 38
| 8
— o
SE——

20 Total moments in Pgy was suggested to be ug4/atom, that is
57 65 458 2 10 <6 7 5 6 4535 70 close to 0.6z /atom we haye obtained.Ais_omer is also
Erisrgy [ei Energy [eV] found to have an ig magnetic moment, but it transforms to-
thei isomer upon relaxation keeping the same moment. This
FIG. 5. Same as in Fig. 2, but for pdnd Pd. is also in agreement with the similar finding in Ref. 12dA
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isomer[Fig. 3(r)] also with an 8.z magnetic moment lies other metals such as Sr, for whichisomers are lower in
0.312 eV higher in energy. The total and angular momentunenergy than the isomers'® Spin-polarized calculations fur-
decomposed densities of states of itisomer are shown in  ther lowered the energies bfPd;; andi-Pdy,; by 0.465 and
Fig. 6. There is a large gap of 1.639 eV in the up-spin elec1.847 eV, with total moments of 26 and 6Qug, respec-
tronic spectrum, giving it a half-metallic character. It playstively. These energy gains due to magnetism in the clusters
an important role in the lowest spin state of this cluster. Theare rather small and even at around 70-100 K nonmagnetic
up-spind states are fully occupied while the down-spin statessomers will become accessible. We also studied other spin
are depleted. Besides tlsestates which have significant po- isomers ofi-Pdys with 14ug, 18ug, 24ug, and 34z Mo-
larization, there is also a significant increase inpleompo-  ments. The 245 spin isomer is only 0.015 eV higher in
nent as the central atom has a coordination of 12. We furthegnergy[see the inset in Fig. ()], while the spin isomers
ask if the electronic spectra of these clusters can be undewith 14ug, 18ug, and 34t moments lie, respectively,
stood in terms of the hybridization between thiestates and  0.124, 0.121, and 0.950 eV higher in energy. The energy
a jellium spectrum arising from thepelectrons as clusters of differences for the 14g and 18z spin isomers are quite
the next element in the Periodic Table, namely, silver, show @mall, and make the magnetic order rather fragile. Under
magic behavior similar to alkali metal clustérgor this we  experimental conditions of room temperature or even less,
studied an ideal case of Pdwith perfecti symmetry. This isomers of lower magnetic moments would be accessible.
also has an 85 magnetic moment, and its density of statesThis could be a possible reason for the experimental results
is shown in Fig. 6. It is found that the energy spectrum of theof either zero or quite small moments at finite temperatures.
relaxed Pgs cluster is quite similar to the ideal case, exceptOur results suggest that the energy cost to flip a spin in these
for the splitting of the states due to the reduction in symme<clusters is quite small, and consequently it is possible that the
try. However, a jellium description does not seem to be apmagnetic order can be lost or the moments significantly re-
propriate. duced even at low temperatures. On the other hand, it costs
significantly higher energy to create a higher magnetic mo-
Pdy, - Pdys ment statdinset of Fig. 1b)]. Further, thec-Pdss isomer has
a low magnetic moment of 1f; only. The nonmagnetic

X : : : tate lies only 0.159 eV higher in energy than the ground
Pdhs bicapping on adjacent faces is favored. Both of thesésstate of a cuboctahedron. This shows that ¢heomers in

have an magnetic moment. A hexagonal anti-_ ="~ . :
ave an §g magnetic moment, A capped hexagonal ant this size range have significantly lower magnetic moments

Egzrg’ Gciﬂer: oamlgnwt g:égn:gs:r(])qgagog\%sﬁgﬁg iwztr?tla rg;s;ﬁ;i, and that the difference in energy from the non-magnetic state
B . . .

. . : s quite small. The &g, 6ug, and 12 isomers lie only
a body centered cubic structure with ap#&magnetic mo- ! : ! .
ment lies 0.231 eV higher in energy. The magnetic momen 078, 0.070, and 0.012 eV higher in energy, respectively.

on this cluster agrees with the result in Ref. 11, but it is not hese resuilts show thittis not only the reduced band width

the lowest energy isomer. However, both these isomers ar [ the presence of a large ”“F“ber of surface_ atoms, but also
likely to become accessable in experiments at around 150 }{ € | structure that plays an important role_ in the devel_op-
These results again show that ihgrowth is most favored in mengc of maglne?sm in Pd clustefmlshreﬁult IS nc.)t. S0 obvi-

Pd clusters. Therefore, we continued capping ofitls®mer ous from calculations on Relas both thec anc_h ISOMErs

up toN=19 to form a double icosahedron. All these clusters.have the same f"ag.”e“c momen.t. The.densny of states for
with N=16-19 have f.g magnetic moments. Further cap- I-Pdss Is shown in Fig. 7. There is again a small HOMO-

ping leads to three interpenetrating icosahdgiayicosahe- LUMQ gap of 0.276 eV in the up-spin spectrum and the
dron) for Pd,5. The magnetic moments for 20—23-atom clus—'“'p'SpInOI states are nearly completely occupiehall deple-

. tion due tosp-d hybridization. This is due to the higher
;ir;agéea% rEr:s IA;]'u I%gl hi"f/ 2 'a?gdzgj 8 ’355?:“::232 ;rgf symmetry(besides Jahn-Teller distortionsf this cluster as
ment while the three central. atomé hgve g moment 0{;ompared to Pd. The gross features of the density of states
0.19ug . Therefore, there is a significant decrease in the Iocatﬁ]rg ilpr)r-"slgirrfc;::gz:streucrg Fég'c(ljnr;gg ;?Jisti osrr']ﬁ%%“”é)th;ﬁ%\)/v'?
moments as compared to the values fofPd he density of . 7 s o
states for Pgh is shown in Fig. 7. In this case the band ing the results for Pg, we anticipate that the energy differ

becomes slightly wider and the up-spirstates are not fully ences between the different spin isomers would also be quite

occupied. Consequently the gap in the up-spin spectrum bes_maII for Pd,;. Therefore, in an ensemble of such clusters

under experimental conditions of finite temperatures of about
comes very small. The andp characters of the states grow . ) .
. : 100 K or above several spin isomers with low magnetic mo-
further, but thep character remains quite small.

ments are likely to be present and lead to an underestimate of
the magnetic moment of this cluster.
Pdss and Pdyy; The above results show that the magnetic moment per

For N=55 and 147, we first performed spin unpolarizedatom in Pd clusters varies in an oscillatory manner with size
calculations that gave Mackay icosahedra to be the lowest ifFig. 1(a)]. The increase in the magnetic moment ifePckg
energy. These are not perfect icosahedra, but the deviatioms compared ta-Pd,; is contrary to naive expectation of
are small. Thec isomers lie, respectively, 0.212 and 0.63 eV lower moments for larger clusters. This is likely to be due to
higher in energy. Interestingly the isomers lie 0.628 and the higher symmetry of the Pd;s cluster. However, the mo-
0.869 eV higher in energy. This is in contrast to clusters ofment per atom is smaller than the value for atomically closed

Pd,, is a capping of-Pdy3 on a threefold sité* while for
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FIG. 7. Same as in Fig. 2, but for Rdand Pds. g %; I Bulk-Pd
S| |
shelli-Pd;5. The moment of-Pdy,- is also large, but again > g 2 T
smaller than the value forPdyg. Thus we conclude thahe % 21 I
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atomically closed shell clusters tend to have higher magneti
moments which decrease slowly with sifkese are also the
clusters with highest symmetry. The exchange splitting is Energy [eV]
generally small with values of about a few tenths of an eV in

all cases. The density of states felPd,4; differs significantly
from the bulk (see Fig. 8 Also the density of states of
c-Pdss is significantly different from the bulk. In this case the
up-spind states are more depleted as compared to-fe
isomer. These results suggest that much larger clusters wo
be needed to obtain a bulklike behavior.

'
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FIG. 8. Density of states far-Pds, i-Pdy4;, and bulk Pd. The
inset shows the energies of different spin isomers-&fd;5 with
respect to the lowest energy spin isomer of.30

um)ectively.) However, the moment is reduced to Qu26[see
e inset in Fig. 1a)] at the central atom in-Pd,,; which has
the shortest nearest neighbor bond lengths. This behavior is
likely to be due to the Friedel oscillations of the charge den-
sity. Also the presence of significant moment at the central
In order to further understand the magnetic behavior, wesite in spite of compression is different from bulk, though the

studied the change in bond lengths with an increase in size. tentral atom has 12 nearest neighbors, as does the bulk. This
is found that ini isomers, the inner bonds are slightly con- could be due both to the proximity effect that the outer shells
tracted while the bonds at the surface are elongated. In Fig. &e magnetic as well as to the higher symmetry aof,2dThe

one can notice some missing bonds which are greater thaslow decrease in the moments with size suggests that larger
2.8 A. From the tendency of bulk Pd to develop magneticclusters will continue to have significant moments particu-
moments upon expansion, one could expect development ¢dirly in the surface region. This could support the experimen-
magnetic moments at the surface of Pd clusters. Howevetal reporf of surface magnetism in large Pd clusters at low
spin polarizations of the charge densities in 13-, 55-, andemperatures.

147-atom clusters showFig. 9 that the polarizations are As shown in Fig. {c), in general there is a slow and
nearly uniform. Surprisinglyor i-Pdgg and i-Pd,47 the mo-  oscillatory increase in the bond lengths with an increase in
ments on the surface atoms are lower (mean valuethe cluster size(also see Table)l Small clusters withN
~0.45%ug/atom and0.3%g/atom)than in the shell be- <10 show only small deviations from the mean values. The
low (mean values=0.53ug/atom and0.44ug/atom, re- closed atomic shell clusters with 13, 55, and 147 atoms have

Magnetic behavior and icosahedral structure
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distance of 2.80 A. A similar behavior was also folfhith Sr
clusters as a result of the optimization of strain between the
surface atoms which are stretched due toitpacking. The
expanded bond lengths at the surface also expose the deeper
layers and could lead to the development of magnetic mo-
ments. While the development of magnetism in Pd clusters
leads to a lowering of the energy and it goes well with the
increased bond lengths in the surface region, it occurs at least
in the first 3—4 surface layers where the effect of the surface
is the maximum. Earlier wé suggested a correlation be-
tween compressibility anidgrowth in clusters. This is further
supported by the present study. Our results show that a small
energy difference in thé and ¢ isomers should lead to an
early transition to the fcc structure, in accordance with the
lower compressibility of Pd than Sr. It is to be noted that
cobalt clusters with about 1000 atoms are fdtirtd have a

fcc structure.

Binding energy and magic behavior

The results of the electronic states show that the HOMO-
LUMO gap is quite small in all casedess than 0.23 eV,
except for 0.34 eV for Pg. Therefore, there may not be
strong abundances for certain clusters as continuous aggre-
gation is likely to be favored. Small clusters are very weakly
bonded[Fig. 1(b)]. As the size grows, the BE increases
monotonically toward the bulk value. In the region of large
clusters it shows a nearly linear behavior when extrapolated
to the calculated bulk value in the limM—c. The second
order difference in energy shows 4-, 6-, 8-, 10-, 13-, 15-, 18-,
21-, and 22-atom clusters to be magic. This trend is different
from the one observed in some other transition metals where
a seven-atom cluster is often found to be madftTo our

FIG. 9. Isosurfaces of spin-polarization f@ 13-, (b) 55-, and  knowledge, there is no abundance spectrum of Pd clusters.
(c) 147-atom icosahedral clusters with a value of 0.05. The nearlyThese results also show that there is no correlation between
uniform distribution on all atoms is clearly seen. the magnetic moments and magic behavior of clusters.

longer mean bond lengths and smaller deviations as com-
pared to other clusters in this size range. The distortions from

the perfecti symmetry are also small. FarPd,; 6 bonds

from the centerc) to vertex ) are shor(2.60 A) while the As Pd clusters are important catalysts, we also studied the
other six bonds are 2.71 A. The first neighoto v bonds ~ €ffects of H and O adsorption on magnetism of; Rahd

vary in the range of 2.75-2.85 A, the latter being slightly Pd,;5. The structures of all the stL_Jdied_ cases are given_in F_ig.
longer than the bulk value. Clusters with open atomic shelldt0; and the results are summarized in Table II. Considering
have some bond lengths significantly smaller than the mean€ H on a threefold site of octahedralsRéfig. 10a@)], we
bond length leading to large deviations. In the caseRfl;,  find that the cluster has a magnetic moment pgXincrease
there is an expansion of the bonds in going froto v along  in the magnetic moment of Rdand the BE of H on Pglis

the 12i directions where the atoms lie on top of each other2.834 eV. H adsorption leads to an increase in the Pd-Pd
[center to first shell§1) 2.63 A ands1 to second shellsR), bond lengths which lie in the range of 2.67-2.80 A as com-
2.65 A]. The other bond lengths vary in the range of 2.66—pared to the values of 2.64—2.67 A forf?@he Pd-H bond
2.87 A. For P4y, it is, however, oscillatory. The to sl length is 1.76 A. We also considered interstitial H at the
bond lengths vary between 2.64 and 2.65 A, and then in theenter of the octahedral cluster. The BE is, however, 0.386
12 directions sl to s2 slightly shorten to 2.62 A and then a eV less as compared to the value at the threefold site. Two H
slight expansion to 2.63—2.64 A betwesthands3. In other  on Pg are favorable on opposite facgSig. 10b)], and the
directions the bond lengths vary in the range of 2.67—2.88 Anet moment on the cluster is zero. The BE is 2.791 eV per H
In both Pds and Pd,;, there is a compression of the inner which is slightly lower than the value for one H on?d’he
shell as compared to the calculated bulk nearest neighbd?d-H (1.77 A and Pd-Pd(2.69-2.81 A bond lengths are

B. Adsorption of H and O
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FIG. 11. The total density of states for H on Pdnd Pd;
clusters.

in Pdg induced by H adsorptiariThe BE is 2.671 eV per H
on Pg. Thus an increase in the number of H atoms around
Pd clusters generally reduces the BE of H. The densities of
states for one and eight H are shown in Fig. 11. A compari-
son of these results with those shown for purg Feg. 5
shows that H induces states at around 6 eV below the
HOMO. This is similar to the behavior found for H on Pd
FIG. 10. Structures of H on Pd clustefa) H on a threefold site  Surfaces® The spectra for RfHg has sharper features due to
of octahedral Pg (b) 2H on opposite faces of Rd(c) 2H on  the perfect cubic symmetry, and has a state at even higher
neighboring faces of Rd (d) 8H covering all the faces of Rd(e) ~ binding energy {—11.8 eV).
H on threefold site of-Pd,5, (f) 2H on neighboring faces of Rgl Studies of H adsorption onPd,; show that one H on a
(g) 2H on opposite faces of Rg and(h) 8H in a cubic arrange- threefold site/Fig. 10(e)] reduces its moment byuls . The
ment on Pg; and (i) O on Pd;. Pd-Pd bonds with lengths greater Pd-H bond lengths are 1.82 and 1.83 A, whereas the BE of H
than 2.8 A are not connected. on i-Pd; is 2.969 eV, which is slightly enhanced as com-
pared to Pgl Similar to the case of Rd there is a slight
similar to the case of one H. For the case of two H onincrease in the nearest neighbor Pd-Pd bond lengths in the
neighboring facegFig. 10c)] the BE is 0.071 eV per H Vicinity of H. The values range between 2.58 and 2.71 A for
lower than in the case of farthest positions. The Pl center to vertex and 2.74 and 2.92 A for vertex to vertex as
and 1.82 A and Pd-Pd(2.67-2.83 A bond lengths differ compared to the values of 2.60-2.71 and 2.74-2.86 A, re-
slightly. Further calculations on eight H covering all the SPectively for Pgs. The up-spin spectrum of PgH has a
faces of Pg [Fig. 10(d)] lead to a significant increase in the large HOMO-LUMO gap of 1.423 eV similar to g but
Pd-Pd bond lengths which have the value of 2.93 A whereafor the down-spin electronic spectrum it is very snidllg.
the Pd-H bond lengths are 1.82 A. The magnetic moment oAl)- Adsorption on a bridge site is 0.3 eV less favorable. We
the cluster is zero and there is a large HOMO-LUMO gap of@lso considered incorporation of H at a tetrahedral interstitial
1.427 eV. Thereforethere is a metal to nonmetal transition Site. However, upon relaxation H comes out at the threefold
site. Adsorption of 2H on neighboring faces of ;R@Fig.
TABLE II. BE (eV per H of hydrogen, magnetic mom 10(f)] reduces its magnetic moment bywg. The BE is
on the cluster, H((DeMOp-?-Ul-'?/lg g)é;ecigt,% and ?ﬁeeﬁgareit ﬁg’itéJéh)bor 2.950 eV per H, which is marginally lower than the value for
Pd-Pd and Pd-H bond lengths d in A. int and nn represent H at th@Ne H. Again there is a large HOMO-LUMO gap of 1.08 eV

interstitial position and 2H on the neighboring faces, respectively. N the up-spin spectrum, while for the down-spin spectrum it
is nearly zera0.036 e\j. Adsorption on two opposite faces

Cluster BE(eV) M (ug) Gap(eV) dA) [Fig. 10(g)] is less favorable by 0.076 eV. Further calcula-
tions on eight H atoms in a cubic arrangement aroufdi 5

PdH 2.834 1 0.298 1.76,2.67-2.80  [Fig. 10h)] show that the magnetic moment of B com-

PgH (int)  2.448 1 0.308 193,273 pletely quenched. There is a significant HOMO-LUMO gap
PdH, 2.791 0 0.193 1.77,2.69-2.81  of 0.423 eV(Fig. 1] leading to a metal to nonmetal transi-
Pd;H,(nn)  2.784 0 0.241 1.71,1.82, 2.67-2.83 tion due to H adsorption. Some states appear at higher bind-
Pd;Hg 2.671 0 1.427 1.82,2.93 ing energiegaround—10 and—11 eV) than ini-Pd;5. The
PdysH 2.974 7 0.092 1.82,1.83,2.57-2.92 BE of H is 2.972 eV per H. This is a slight increase as
Pd;sH, 2.950 6 0.036 1.77, 1.85, 2.60-2.89 compared to the low coverages and, therefore, this behavior
PdysHg 2.972 0 0.423 1.84, 2.69, 2.82, 2.86 is different from the results obtained for H on 2dThe
PdO 3.652 4 0.102 2.06, 2.07, 2.64, 2.73 Pd-Pd bond lengths increase slightly. The center to vertex
Pd-0 4.360 4 0.050 2.02, 2.03, 2.57—2.95 bonds are 2.69 A as compared to 2.60-2.71 A fog;Pd

which shows both contraction as well as expansion in the
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Oxygen adsorption on threefold site of Pdhowever, in-
creases the magnetic moment tag. The structure and the
density of states are shown in Fig. 12. The BE of oxygen is
3.652 eV, which is significantly lower than the value for
Pdi5. The Pd-O bond length is 2.07 A while the Pd-Pd bond
lengths have values of 2.64 and 2.73 A. The latter are for
Pd-Pd bonds near the O atom. The O-Pd interaction is pre-
10 S ‘ ‘ 10 & l dominantly of p-d type. The exchange splitting is large as

- Pd,0

-100

i l compared to the case of RO, and the up-spin states are
0 I ' yu ‘ i ' 0 fully occupied with a significant gap of 0.893 eV. Adsorption

l of two oxygen atoms on opposite faces reduces the magnetic

moment to 2ug. The BE of the second oxygen is 4.043 eV.
This shows that there is attractive interaction between the
- D ] - D | two oxygen atoms. The HOMO-LUMO gap is 0.230 eV.

0 l dv byt .'l'A'A'J l l 0 lnwl M‘M%hﬁ_&ﬁ,
rv 'l' I ™ IV. SUMMARY AND DISCUSSION

In summary, we have presented result&bfinitio calcu-
lations on the growth and magnetic behavior of Pd clusters
* | |* | having up to 147 atoms. We find an icosahedral growth and a

Density of states/spin [1/eV]

1y

; 0 ferromagnetic behavior in these clusters. The moments vary
'l' ' in an oscillatory manner as a function of size. T&¥d;s5
[ w i isomer is found to have a significantly lower moment of

C 80 10ug. Therefore, thd symmetry of the atomically closed

1 9 7 5 3 19 7 53 shell 13-, 55-, and 147-atom clusters leads to higher mag-
Energy [eV] Energy [eV] netic moments that decrease slowly with an increase in size.
FIG. 12. The total and partial densities of states for oxygen OnThere are local maIX|ma for clusters .Wlt.h. atomically clgsed
Pd, and Pds clusters. For PgD, the small atom is O. shells. The magnetic moments are significant at least in the
first 3—4 layers near the surface. However, the magnetic en-

ergy is small, and even at low temperatures of liquid nitrogen
bonds. The other Pd-Pd bonds have values of 2.82 and 2.84,q ahove, isomers with lower moments will become acces-

A as compared to 2.74-2.86 A for Rd These results show  gjple. while higher magnetic moment isomers are also pos-
that in general H adsorption leads to a decrease in the MQible, we find that, for Pg, the BE decreases more signifi-
ments of Pd clusters and a slight increase in the Pd-Pd bo'}f’antly than in the case of the lowering of the moments. The
lengths. The latter may have important consequences for th&.crrence of several isomers should lead to more than one
H absorption behavior of palladium in the nanoform.  * geflection in the Stern-Gerlach experiments. Our studies

Similarly studies of oxygen adsorption on a threefold site;|arify the conflicting results obtained from experiments, and
of pdy5 [Fig. 10(0)] show that O reduces the moment ofiPd g ggest that the magnetic behavior of clusters should be bet-
by 4ug. The BE of oxygen is 4.36 eV. The O-Pd bond {gr gpserved much below the liquid nitrogen temperatures.
lengths are 2.02 A and the center to vertex and vertex tQye did not consider the possibility of noncollinear spins. We
vertex Pd-Pd bond lengths lie in the range of 2.57-2.68 ang}st that the effect of this may be small as far as the ener-
2.70-2.95 A, respectively. As shown in Fig. 12, oxygen-getics is concerned. However, this is an aspect that should be
induced states lie at around9.5 eV. These arise predomi- ¢onsjdered in future studies of Pd clusters. We also find that
nantly from interaction between the oxygenand Pd 4 | and O adsorption generally reduces the magnetic moments
states as one can see from the angular momentum decogyr pq clusters, and leads to an increase in the Pd-Pd bond
posed density of states in Fig. 12. The total charge in thesﬁengths. However, both an increase and a decrease in mag-
states is 6. However, oxygen is not likely to have a charggetic moments are possible with adsorption. These results
transfer of two electrons due to hybridization. In general theshow that impurities and reactants on clusters could affect
states are more distributed as compared tg BdPd;H due  magnetic behavior significantly, and that the expansion in
to more significant distortions of the cluster. Some of thePd-Pd bond lengths can have important consequences for
up-spind states of Pd get depleted and lie above the HOMOhydrogen absorption in nanoform of palladium. An interest-
Adsorption of two oxygen atoms on opposite faces of aning result is the H-induced metal-nonmetal transition in Pd
icosahedron quenches all the magnetic moments. The BE ofusters. The binding energies for different structures suggest
the second oxygen is 4.338 eV which is nearly the same ag transition to bulk fcc structure of clusters at a relatively
for one oxygen. The HOMO-LUMO gap is quite small, and small size as the energy difference tPdy; is at most 17
therefore the character of the particles is metallic. meV/atom as compared tePd,4;.
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