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Molecular metal nanoclusters and metal colloids are attractive systems to study surface and quantum-size
effects on conduction electrons and phonons.ssbauer spectroscopy is an excellent tool to study such
phenomena. We present a detailed analysig®®u Mossbauer spectra taken from a series of Au and Pt
nanoparticles of sizes 1-17 nm. A central force model with only nearest-neighbor interactions gives a satis-
factory description of the recoil-free fractions. A site-dependent local density-of-states approach is used to
describe the surface and size effects on the electronic properties of the nanoparticles, as reflected in the
Mossbauer isomer shifts and quadrupole splittings. A correlation of these parameters with the location of the
site on the cluster surface is found. We conclude that, even for ligated metal clusters, the surface-atomic layer
has predominantly “metallic” character, in the sense that it is a part of the total volume over which the
electrons are delocalized, so that free charge exchange is possible between surface atoms and the inner core of
the particle. For the smaller particles, the electron density is found to vary throughout the metal core, which is
interpreted in terms of surface screening and quantum-size effects.
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I. INTRODUCTION metal atoms in fcc packinas evidenced by extended x-ray-
absorption fine-structure (EXAFS) and X-ray

Small metal particles, having a diameter down to a nainvestigationd™]. This results in clusters with 13, 55, 147,
nometer, are attractive subjects of both fundamental an809, etc. atoms per particle, corresponding to one, two, three,
technological research. Due to their large surface-to-voluméour, etc. full shells, respectively. Schméd all? have pre-
ratio, they present ideal systems to study surface effects gpared a series of Pt, Au, and Pd clusters of varying sizes,
the conduction electrons. Furthermore, as the size of the panamely, Au2, Pt2, Pt4, Pd2, Pd4, Pd5, Pd7, and Pd8, where
ticles decreases to values comparable to the wavelength of aihe number refers to the number of full shells of atdms.
electron at the Fermi energfabout 1 nm for a metal Some of these could be synthesized with different ligands,
guantum-size effects will occur, due to the extreme confinegiving the opportunity to study the effect of the ligands on
ment of the electrons. In this paper, we investigate the effectthe properties of the particlé<:® Using similar ligands, also
of the surface and of molecules bonded to it, besides theolloidal substances consisting of larger metal particles, have
phenomena resulting from the small particle size skttauer been synthesized by Schmid and coworkers, albeit with a
spectroscopy proves to be an excellent tool to study such sizmall distribution in siz¢5-15 %). These colloidal particles
effects, since it is arlement selectivandlocal probe, pro- provide an attractive intermediate between the molecular
viding information on different sites within the particle sepa- clusters and the bulk metals, and will be indicated as M-c#.
rately. In addition, size effects on the lattice vibrations can beThis designates a colloid of metal atoms of type M, and an
observed. However, to obtain clear information, it is of cru-average diameterfét A . We will also report on a carbonyl-
cial importance to avoid the need to average over size distristabilized Pjg molecular cluster, synthesized by Ceriotti
butions, implying that all particles should have the same sizegt al.” We remark that a previous \sbauer study on large
or at least nearly so. Fortunately, in the last decade, chemisfsu colloidal particles has been made by Viegers and
have been able to prepare stoichiometric molecular clustefrooste® Recently a renewed interest in Au particles has
compounds that meet this requirement very Wélhey are  arisen because of their catalytic properfié8.
composed of molecular metal clusters, stabilized by ligand In recent years, an extensive study of the size evolution of
molecules and atoms, which prevent the clusters from coahe physical(thermodynamig properties of the above metal
lescing. In these compounds, all molecules are in principleluster compounds has been made, in particular on the Pd
identical and thus all clusters should have the same sizeseries:' In addition, several publications have appeared on
apart from possible deviations from stoichiometry, as maythe effects of ligand bonding on the electronic and vibra-
occur in such complex chemical compounds. In this worktional properties of the clusteté:'°Here we shall present a
we focus on a special class of these materials, the so-calledktailed analysis of a number of sbauer spectra, in com-
magic number metal cluster molecules, as synthesized in rdsination with a reanalysis of previously published data. As
cent years by Schmid and co-workérk these molecules, will be shown, all Mssbauer data on the vibrational proper-
the metal coregclusters are composed of a central metal ties of the atoms within the clusters can be interpreted in a
atom, surrounded by a number of successive full shells ofvay consistent with results derived from specific-heat and
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EXAFS experiments. For instance, in the Au2 clusters, a TABLE I. Compilation of the investigated samples with the ab-
lattice contraction was previously observed from EXAIIQS, breviations as used throughout the article. The number in the abbre-
with a simultaneous stiffening of the latti&This is sup- viation of the magic number clusters indicates the number of full
ported by the present analysis of the $8bauer recoilless shells of atoms surrounding a single central atom. Abbreviations
fractions (f factors. In the Pt4 clusters, no appreciable lat- M-¢# designate M colloids with an average diamete# dh . See

. . Fig. 2 for a drawing of the two- and four-shell clusters, Fig. 1 for
tice contraction was observed from EXAFSThef factors the full molecular structure of B}, and Fig. 3 for a drawing of

in _Pt4 _and Pt2 c_Iusters can indeed be modeled on this baS|§F>hs (triphenylphosphing pherf (1,10-phenanthroline derivatiye
using interatomic force parameters derived from bulk proppq cinc (cinchoniding. PNS is GHgNNaSQS-2H,0, Bu is a
erties. _ ~ butyl radical, HAc an acetate molecule: GEDOH, TSTPP is a
Surface and quantum-size effe¢@SE on the electronic  risulfunated PPy and MSTPP is a monosulfunated RPFhe last
properties of the clusters have already been evidenced iblumn gives the average diameter of the metal core of the par-
earlier work, namely, in combined low temperatur@ ( ticles. The number of metal atoms in the Pt-c33 particles is based on
<1 K) specific-heat and magnetic-susceptibility measurea Pt6 geometry(see text, whereas those in the Au colloids are
ments on the above-mentioned series of Pd clusfeasid  derived from their average volumes.
in an extensive NMR study of a Pt4 clustétowever, until
now our published Mssbauer data on Au and Pt Chemical formula Abbreviation
clusterd®2°-23did not show clear indications of these effects, (@) (nm)
except for the metal atoms in the outermost layer, where the

surface and the ligands influence the local coordination, site PogpherfsOso: 10 Ptaphed 2.1
symmetry, and charge density. With the data presented here, PBofiNCioA HAC) 359 Ptdcinc 2.1
we are able to show that the combination of$dbauer spec- tog= 15 PNS)y Pt-c33 3.30.2
tra of the series of Au and Pt clusters clearly exhibits features ~ AU1s7ooo-2600d TSTPP)y Au-c172 17.20.9
that can be well explained in terms of an electronic local ~ AUssoo:240d MSTPP)y Au-c66 6.60.6
density of states which varies throughout the core of the  AUssoe-390d MSTPP)y» Au-c65 6.5-1.0
particles. This interpretation is analogous to that previously — Auss(PPh);.Clg Au2tpp 12
used to explain the NMR data on Pt catalf@nd, more Ptss(AsBUs) 12Clog Pt2 12
recently, on Pt4phén (phert is the 1,10-phenanthroline [Ptg(CO)4s](PP), Plg 0.9

derivative.!® As we shall argue, such a variation can be
caused by the effect of surface screening, or may result from )
the QSE, or from a combination of both. changes, resulting in variations of the b&tauer parameters.

In addition, we shall discuss the correlations of thesslo In principle, these types of calculations could give us quan-
bauer parameters for the different Au sites at the surface ditative values for these Mssbauer parameters at the various
the clusters, with their nearest-neighbor coordination formedgites. However, since we are also dealing with particles
by other metal atoms and ligands. On the one hand, if wéarger than can be handled in a rigorous treatment, we will in
assume that the surface metal-atom layer nsetallic” by  addition have to use a more qualitative approach to explain
which we shall mean that it is part of the total volume overthe observed trends in the physical properties. For this, we
which the electrons are delocalized in the partjicdenarrow-  shall use general conclusions that can be drawn from jellium-
ing of the & bands is expected at the surfacé Sec. Il)). model calculations and tight-binding theory for surfaces and
This will cause a variation of Mesbauer parameters, de- particles.
pending on the local surrounding of metal atoms at each The outline of this paper is as follows. In the next section,
surface site. On the other hand, a large fraction of the surface@ number of experimental details is presented. This is fol-
atoms is bonded to ligands, which are adsorbed onto thiowed by a more detailed inspection of the surface and size
metal particles. If the bonding with the ligands would rendereffects on the Mesbauer parameters in nanoparticles, with
the surface layer “nonmetallic,” i.e., the surface Au atomsrespect to their electronic properti€Sec. Ill), and with re-
would be charged to definite valence states, a correlatiogpect to their vibrational propertigSec. IV). In Sec. V, the
may emerge between the ¥sbauer parameters of a surfaceexperimental results are presented and discussed. We com-
site and the type of ligand bonded to it, similar to the correspare our interpretations with previous ones, and we will be
lations found for monatomic Au complex&5.2® In those able to draw conclusions from the general trends and the
compounds, the Au atoms have a definite valency and a loc&volution of properties with particle size. Finally, in Sec. VI,
symmetry, which is determined by the ligand coordination. @ summary and conclusions can be found.

Arigorous theoretical treatment of the electronic structure
in transition-metal pa_rt_|cles is very difficult, except for th_e Il. EXPERIMENTAL DETAILS
smallest ones, containing only a few atoms. Local density-
functional calculations indicate that the electronic structure We report on'®’Au MOssbauer measurements on the nine
can strongly deviate from that in the bdk!*?° For ex- materials tabulated in Table I. With the exception of the col-
ample, in ligated transition-metal clusters, the number ofoids, they are all molecular cluster compounds. So far these
electrons in surface-atomorbitals decreases in favor of that molecular compounds have not been obtainable in crystalline
in d andp orbitals?**° The values of electric-field gradients form, except for the B§, so that all-atom x-ray determina-
and electron densities are very sensitive to these kinds dfons of the molecular structure have been possible only for
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FIG. 3. Chemical formulae of some ligands. From left to right:
PPh (triphenylphosphing pherf (a 1,10-phenanthroline deriva-
tive), and cinc(cinchonidine.

Emission and absorptioh®’Au Mossbauer spectroscopy
was applied to the Pt and Au particles, respectively. All
samples were in the form of powders. The Au patrticles were
measured in transmission geometry, where they were used as
an absorber held at temperatures between 1.25 and 30 K. As

FIG. 1. Full structure of §Ptg(CO),,]?~ unit, i.e., the Pt metal asource, a neUtr,ong;rad'ated Pt pOWdEr%% lgGP_t) WaS_
core surrounded by CO ligands. The FPbounterions are not Used. The rgsultlngl Au/Pt source has a single line, with
shown. Large gray circles represent Pt atoms, small black circle§atural linewidth(0.941 mm/$** and a recoil-free fractionf(
are carbon, and open circles are oxygen atoms. faCtOO of 0.220 at 4.2 K, Corl’eSpondlng toa Debye tempera-

ture of 186 K32 During all measurements, the source was
_ held at 4.2 K. The Pt particles were irradiated with thermal
the latter’ Figure 1 shows the full structure of agRICO)44 neutrons, and subseqt?ently used as a sourd®’afi Méss-

unit, i.e., the Pt metal core surrounded by CO ligands. Th% o ; ;
. . auer radiation. This was absorbed by a an-thick gold
PPh, counterions are not shown. The metal core without th%il, held at 4.2 K. Itsf factor at that temperature is 0.189,

ligands is shown in the left-most picture of Fig. 2. It conS|stsCOrresponding to the Debye temperature of bulk metallic
.Of an hep Pg_umt surrounded by a full shell of 3.2 Pt at_oms old (170 K). All spectra were recorded in the constant ac-
in hcp packing. For the other clusters, extensive evidenc eleration mode, and the velocities were calibrated using a

6,17 H H
base%‘ among others on EXAFS 'and x-ray-diffraction . Michelson interferometer. The emission method employed
dat&” has been compiled. The packing of the metal atoms Mor the Pt particles has been fully described in

these cluster cores is fcc, and their shape is cuboctahedr efs. 21 and 22. The neutron irradiation of the samples

with eight triangulaf 113} surfaces and six squaf@OlL} sur- o is in the reaction 9%Pt+ n—19pt, followed by
faces(Fig. 2. We will divide the metal atoms of all particles .

into inner-core atoms and surface atoms. Each atom in the_l:)t_>197'°‘u++'8 + Ve+_o'6 Mev. The aftereffects of _the
inner core has a cubic, 12-fold metal-atom coordinaticn decay are well described in Ref. 21. For example, in the
structure. For the surface atoms in the outer shell, this co-Process a highly gnergetlc electro_n IS ejected._ However, the
ordination is reduced, and some are bonded to the stabilizin§/eCtronic relaxation processes within tfraetallic) cluster
ligands (cf. Figs. 1 and B Pt-c33 and the Au-c# series are Will be very short (<10°* s) with respect to the time scale
colloidal substances, for which the numbers of metal atom& the Mossbauer evegr;t (10 f)' so that the electronic con-
and organic ligands are only approximately known. Theirfiguration Wlthln th_e_( Au/Pt)" cluster will have stabilized.
sizes, and the width of the size distribution as given in Tablel "€ neutron-irradiation treatment was found to pr?duce no
I, are average values obtained from transmission eIectroﬁ“bSt""r_‘“""I radiation damage in th? Pt4phsamples: o
micrographs. Apart from a size distribution, also a distribu- Al f';‘g to the data are evaluations of the transmission
tion in the number of ligands cannot be excluded for theséntegral, so that absqlute values for the recoil-free fractions
large particles. (f factors can be derived. The following values were used
for the nuclear-spin; —3 transition. Nuclear quadrupole
moment in the ground stat®g,=0.594x 10~ 28 m?, Mdss-
-~ bauer transition energye,=77345 eV, natural linewidth:
’l?’,-"‘ e I'h2=0.243 eV (corresponding to 0.941 mm)/s and
y / o internal-conversion coefficienézr=4.30, corresponding to a
' total effective cross sectioor,=3.86x 10 %* m?. The ab-
sorption(emission profile is a sum over all sites, each con-
sisting of a set of Lorentzian lines with a total relative inten-
FIG. 2. Sites of the investigated molecular metal clusters. Fron$ity |, @ quadrupole splittin@$S, and a center-of-mass shift
left to right: Ptg with corner and hexagon center sites. Pt2 and Au20r isomer shifl S. The relative intensity of a site is propor-
with corner, square face, and edge sites. Pt4phmnligand type,  tional to the product of the corresponding number of atoms
with pherf bonded(black, O, bonded(middle gray, and bare and itsf factor. This is a measure for the stiffness by which
sites (light gray). Pt4 by metal-atom coordination, with corner, the atom is bound in the solid, and thus gives information
edge, squar¢001} face, and triangulafl11} face sites. about the phonons in the material. We note that @@ is

S
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proportional to the electric-field gradient at the nucleus, and LA L L L .
that thelS is proportional to the difference in electron den- e i / ]
sity at the nucleus in the absorber compared to that in the gL 1
source. All values oQS and IS in this paper are given in _} O Ptdphen’
terms of a Doppler velocity in mm/s. This velocityis re- <L 6} : ‘;;4““

lated to a variation in the-ray energyE,, by 6E,=E,v/c, E I v PO

with ¢ the velocity of light. Thd S is given relative to that of & 4R A Ptcolloid

a *°7Au impurity in a Pt foil, denoted a$®’Au/Pt. For the Pt S,L Y e
particles, thd S values are reversed in sign, because the par- I .
ticles were used as a source. A valuel 8&=0 for both Au ok AuV i

and Pt particles means that this identical to that in bulk.
Furthermore, a more positive value of th8 indicates a
larger electron density at the probing nucleus.

FIG. 4. Quadrupole splitting versus isomer shift diagram. The
Il. ELECTRONIC MO SSBAUER PARAMETERS gray bands indicate the three different regions found for gold in a
OF METAL NANOPARTICLES mono-, tri- and pentavalent state. The plus symbols show that most
of the previous datdRef. 21 (Au2 and Pt4phengive values in
In this section, we shall clarify how size effects on the these regions, withS mostly between 0 and 1 mm/s. Heavy solid
physical properties of metal nanoparticles can be probed adines correspond to the linear relations as mentioned in the text.
vantageously by Mssbauer spectroscopy. A spectrum generertical lines indicate théS values for fits in which all surface sites
ally consists of several contributions, each arising from awere taken to have the sam®, but a varyingQS.
different site in the particle. The local properties of each site
vided that the local differences are large enough, the differyy 1o E | an effective number of electronsin every orbital
ent spectral contributions can be resolved and physical infor- .o thus be found. ThH@Sand|S are more easily related to

mation can be obtained for each site separately. Morgnese effective occupation numbers than to the original elec-
specifically, for different sites, values can be found for theygnic states.

IS, theQS, and the relative spectral weightThe latter is a

product of the abundance of the site with (&veragef fac-

tor. In the following, we will describe the expected size- A. Surface and quantum-size effects in free-electron-like metal
dependent properties of our metal nanoparticles, starting nanoparticles

with the simplest model and then making subsequent refine- |n the simplest model for the electronic properties of the
ments. At every stage, the effects on theddloauer param- metal nanoparticles, one may completely neglect the pres-
eters will be discussed. ence of ligands. In a first approximation, thealencé elec-

For a better understanding of the data, we mention herons in the metal can be treated as moving in a constant
the much usedQSIS correlation diagram. In insulating potential, since the attractive potential of the nuclei is largely
monatomic Au complexes, the most common valence statescreened by the inner-core electrons. This model, known as
are AU, when the Au atom is linearly coordinated by two the jellium model, predicts an almost uniform electron den-
ligands, and All' for a planar fourfold geometry. Other va- sity within the metal, at positions very far from a surface. As
lence states or geometries are encountered only very rarely,result of screening, the density near a surface has a damped
e.g., Al in an octahedral sixfold geometry. Extensive ex-oscillatory behavior, with a period of about half a Fermi
perimental studies on many Au complexes have revealeglavelength(about 0.26 nm for Au Calculations on an infi-
clear correlations between the values@® andI1S.*2®All  nite plane surface of sodiuth® show that the amplitude of
values oflS are found to lie betweer 1 and+5 mm/s. The  these Friedel oscillations decreases from about 10% to zero
QSin Au' compounds depends roughly linearly on 18  over the first 1.5 nm from the surface. Just outside the sur-
rising from about 4 to 11 mm/s. For Al compounds a face, there is a spillout of charge over a distance of about 0.5
similar linear dependence is found, but @& is systemati- nm. As the M@sbauelS is sensitive to the valence electron
cally lower than for Al. Figure 4 shows the so-obtained density, similar behavior of thES as a function of distance
QSIS correlation diagram, where the gray bands indicatefrom the surface into the metal can be expected.
the regions within which almost all literature data fall. Also a ~ As the Fermi wavelength in a metal is of the order of a
region for the rare Aliis included. The actual data points in nanometer, strong quantum-size effe¢@SE can be ex-
the diagram refer to the values resulting from various fits tgpected when the particle diameter comes into the range of a
the Massbauer spectra of the materials in Table |, and will befew nanometers. In bulk metals, the local density of states,
discussed below. pi(E), forms a (pseudgcontinuum aroundEg. A single

We will also use the concept of a local density of statesatom, on the other hand, has only discrete electronic energy
piR(E). In its simplest form, it corresponds to the local levels. A nanoparticle is just in between these two extremes;
charge density of the electronic states having a particulap;(E) is discrete, as in an atom, but the distance between
energyE. However, for the interpretation of ti@SandlS it levels becomes smaller as the particle size, and thus the num-
is more useful to project the electronic states onto atomlikdver of electrons in the particle, increases. The presence of
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these quantum gaps results in dramatic effects in, e.g., the The projection of the total wave functions onto definite
thermodynamic properties of nanoparticles, such as magnetatomic orbits allows one to treatd 6s, and 6 electrons
susceptibility, NMR, and specific heat, at temperatures loweseparately. The relatively high-energetip @lectrons only
than the average level splitting arout . These physical become relevant when they are covalently mixed with ligand
guantities crucially depend on the possibility for transitionsorbitals or affected by crystal-field splitting. Therefore, we
between electronic levels aroumlt . Contrastingly, the de- will neglect them for the moment. In gold and platinum
velopment of quantum gaps aroulg will affect the Mss-  metal, the & electrons are highly delocalized, and can be
bauerlS and QS much less, since these parameters depentteated as nearly free. The results of the previous subsection
on theintegral up to B of the local density of states, pro- may be applicable to them, assuming a separation isto 6
jected onto atomic orbitals. and 5d-electron contributions as a reasonable approximation
The quantum-size effect on the spatial variation of thefor our purpose.
electron density inside the particles can again be assessed The & electrons are, even in the metallic state, to a large
qualitatively on the basis of jellium-model calculations for extent localized, so a tight-binding model can be used to
simple metal clusters. When the particles are approximateg@valuate the changes produced at the surface. It is useful to
by spheres, the electrons are organized into atomlike orbitalgecall that the reduced metal-atom coordination at the surface
resulting in an electronic shell structi#&Proof for the pres- Narrows the LDOS at the surfacely''(E). Layer-resolved
ence of such a shell structure in real clusters has been fourfglab calculations orp!(E) (as a function of atomic laygy
for alkali-metal clusters produced in beafis®As in every ~ counted from the surfagein a tight-binding solid, show as a
atomlike system, the electron density depends strongly oMery general result that the LDOS “heals” back to the bulk
the distance from the center of the spherical potential. Destructure in at most two or three atomic plafieanalogous
tailed calculations for the spherical jellium model, evaluatedesults are found in layer-resolved density-functional calcu-
at zero temperatur¥,show that the electron-density fluctua- lations on large Au clustefS:* The narrowing of the LDOS
tions can be as large as 50% of the average density for Nat the surface has been verified in several experimental
particles containing up to 58 atoms. For increasingly largestudiesi®** A similar healing model has also been used to
particles, the oscillations evidently smear out, and theexplain NMR data on Pt nanoparticles in cataly$t¥ and
electron-density variation approaches more and more thalso specifically in an NMR study on the same Ptdphen
(Friedel oscillation profile, appropriate for an infinite plane clusters as investigated in this papeihere, the 8 LDOS
metal surface. These considerations show that the QSE m#&} Er was assumed to decrease near the surface over a heal-
lead to a spatial variation of thkS throughout a nanopar- ing length of about 0.6 nri, which is much more than a
ticle, in particular since thdS is very sensitive to the single atomic layer. The narrowing of thel Hand results in
6s-electron density. an increase ohgy'" at surface atoms, for more than half-
Thus we have identified two possible mechanisms byfilled 5d bands(like in Pt and Ay. This results in an upward
which the MssbauetS can vary as a function of distance to shift of all levels at the surface, effectively increasiij'" at
the surface. For small particléwith a radius up to about 1.5 the cost ofn$i'". The redistribution of electrons was shown
nm), the (Friede) oscillations due to surface screening will to happen mainly at the surface layé€alculations on these
be appreciable over the whole particle, and it will be difficult surface level shiff® S, in cuboctahedral Au2 clusters, give
to distinguish them from oscillations due to the QSE. For thevalues ofS=1.09, 0.87, and 0.63 eV for, respectively, the

larger particles, the latter will gradually disappear, restrictingcorner, edge, and face atoAisThe width of the & band is

the fluctuations to the Friedel oscillations in the outermostahout 15 eV. We can thus estimat@3"'" due to the surface

layers. level shift, by assuming a constant LDOS over the whale 6
band. This band can obviously accommodate two electrons,
so Ani!"'~29/15, leading to AIS~—1.2, —0.9, and
—0.7 mm/s, respectively, since a change of oseekectron
Next, we have to take into account that our nanoparticleshanges théS roughly by +8.0 mm/s* We can conclude
consist of the 8-transition metals Au and Pt, instead of a that possible variations in tHé& over the surfacéwithin 0.5
free-electron-like metal. Full molecular-orbital calculations mm/9 will be much smaller than those in insulating mon-
on one-shell RBg clusters(and other small particlg® show  atomic Au complexegover about 5 mmjs
that the shapes of the cluster orbitals arold resemble Another important effect of the surface is the reduced
those of localized 8 orbitals, which are deformed at the local symmetry, imposed by the decrease in the metal-atom
particle surface, following the local coordination. From suchcoordination, varying from site to site over the surface. In
calculations one could in principle also derive quantitativecrystal-field theory, the order and occupation of thik,3ev-
values for the Mesbauer parametersq and QS) using a  els (with a differentz component of the orbital momentum,
local density-of-stated.DOS) approach. However, since the indicated by the quantum number) depend on this sym-
computational effort is very large for Au and Pt particles metry. Similarly, the §, , , levels will be affected, and may
with more than say 50 atoms, we cannot resort to a fulbecome partially populated, which can have large conse-
calculation of the molecular orbitals here. Instead, we willquences for the value @@ S. Also the periodic potential of
use the local density of states with more qualitative arguthe bulk is cut off, which allows for the formation at the
ments to gain some insight into the ®&bauer parameters. surface of new exponentially decaying solutions to the

B. Local density-of-states approach(tight binding)
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Schralinger equation. The energy of such a surface state liesffectively by the delocalized 6 electrons, resulting in a
in a bulk band gap. The surface density of states is increasedry fast recovery opegs gy 54(E) deeper into the particle.
in the gap, at the cost of density at nearby band edfjes. Chemical bonds may have additional effects. One comes

Although p$"(E) can thus change significantly at the sur- from charge transfer to the metal particle, resulting in a slight

face, the influence of localized surface statesngl” is ~ change of the Fermi level. The resulting changesig,
probably negligible, sinc is not close to the §band Nep . andnsy in the inner core of the particle probably
edges. Still, the proximity oEg to the top of the 8 band  decrease with increasing particle size, since the charge
may cause changes 'rmég;f, due to the formation of such change is delocalized over the whole particle. Another effect
surface states. due to the mixing of ligand orbitals with surface metal-atom
Summarizing, we have argued in the above that variation8d. 6s, and & orbitals could be that the occupation of these
in nGRS, inside the metal particles, will be mainly caused bysurface metal-atom orbitals and their contribution to the val-

Friedel oscillations and QSE. On the other han?grf and ues ofQSandIS might become comparable to those found
surf m in insulating monatomic Au complexes. This could happen
Nép, when the ligation of the surface atom results in a charge
surface sitesngg:nf can be further affected bydsband nar- localization. As long as there are metallic bonds between the
rowing, surface level shifts, and possibly the formation ofsurface atoms and the rest of the particle, these atoms will
surface states, wherea§."" will be roughly constant. Since tend to keep their charge equal to that in the inner core,

the number of nearest neighbors is different for the variou®rohibiting the formation of definite valence states. If, how-
surface sites in our cuboctahedral clusters, the degree-of 58Ver, the metallic character of these bonds is lost, charge may
band narrowing will also vary. Thus, we may expect a cor-2ccumulate on the individual surface atoms and tﬁ@and
relation of ngY"" andng!"" (and so of theQS) with the ge- 'S values could become reminiscent of ‘Aor Au™. The
. Pn correlation betweer®S and IS would then depend on the

ometry of the site on the _cluster surfa(?e. These SurfaC‘gymmetry imposed by the ligands in combination with their
effects may cause chan_gespﬁ(E) deeper into the bulk as image potentials. That mixing of ligand orbitals with those of
well, e.g., in the layer directly below the surface layer. the surface metal atoms can indeed have large consequences
on the effective number of electrons in the different orbitals
is confirmed by calculations and experiments on carbony-
lated Ni clusters® There, the COo orbitals repel the 4

In ligated molecular metal clusters, many of the surfaceorbitals of surface atoms, which causes an increasg pét
atoms have chemical bonds to the ligands, or are influenceghe cost ofn,s. Ultimately, the 3 band was predicted to
by (possibly chargedadsorbed atoms and small molecules,become completely filled at the surface, which explains in
as, e.g., 95. This has consequences, not only directly forfact the experimentally observed quenching of the magnetic
these surface atoms, but also for the structural and electroniooments on the Ni atoms, at the surface of Ni carbonyl
properties of the cluster as a whole. As regards structuratlusters>®
aspects, it is important to recall here that the structural sta- It is noteworthy that in very small ligated clusters, such
bility of ligated metal clusters is to a large extent determinedas, e.g., AyFe>* AuRw,,*® and AwRu;,>® low values oflS
by the ligand shell$:2 The steric repulsion between volumi- were measured0.7—2.1 mm/5 which was attributed to a
nous ligands can cause an expansion of the volume of theelatively low population of Au 6 orbitals, supposedly
particle metal coré? On the other hand, the surface tensioncaused by a donation of these électrons to a cluster orbital
becomes an important term in the free energy of a smalvhich is delocalized over all metal atoms. Also in ligated
particle, because of the large surface-to-volume ratio. In gerPtAu and P4Au, clusters, such a correlation between the
eral, this is expected to cause a volume contraction in freelylossbauer parameters and the degree of electron delocaliza-
suspended bare metal clustét§251:52A direct result of a  tion was found®® There, it was also found that the e
reduced particle volume is an increased average electramauer parameters do not depend much on changes in the
density, and thus an increased average valud3oiFor li-  bridging (PPhk-like) ligands between the Pt atoms. Thus,
gated cluster compounds, it is of interest, in this respect, t@ven in clusters containing only four metal atoms, electronic
note that even for relatively small clusters, the metal-metatlelocalization was found, and correlates with low val(Es
distances inside the cores are quite close to bulk values. E.dow 2 mm/9 of thelS.
in Pty (Ref. 7) and Pt4pheh,'” most of the bond lengths are We can thus make a distinction between a “metallic” and
within 1% of the bulk value. a “nonmetallic” ligated surface layek\e define a “metallic”

Regarding the electronic properties, the presence ofurface layer as one that is part of the total volume over
(chargedl adsorbed molecules and atoms has to be considvhich the electrons are delocalizeldh. that case, charge can
ered in addition to the effects of the surface itself, as debe freely interchanged between surface metal atoms and the
scribed in the previous subsections. The monopole and dinner core, and the surface may keep its charge per atom
pole moments of the adsorbates will result, as before, irlose to that in the rest of the particle. Nonetheless, due to
changes ofpgs 6p 54(E) at the surface. However, since the effects like the QSE described above, the LDOS at the sur-
Thomas-Fermi screening length in Au is of the order of halfface can still differ from that in the inside of the particle. In
an interatomic distance, any surface effect is screened vettye opposite case of charge localization at the surface metal-

are mainly influenced by the local symmetry of the

C. The effects of ligation
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atom orbitals, individual surface atoms may develop localabsorptions equals the fraction of photon emissiofeb-
valence states, and the values@® and|S of these surface sorptiong which result in a recoil of the particle as a whole,
sites would increase, and correlate with the type of ligandimes the fraction of all particle recoils resulting in a resonant
coordination found in monatomic Au complexes. For theemission(absorption:

“metallic” surface layer, however, th€@S may still be cor- _ _ _

related with the local metal-atom coordination of the surface fi=f"er(0 N "3 (C).

site, whereas th&éS should be roughly constant over the Th lidity of thi L b d by th
surface, at a low value, probably below about 2 mm/s. We e validity of this approximation can be expressed by the

will investigate the applicability of both scenarios in Sec. V. statement that the mtezr- and |nt2rapart|cle v;brauons are com-

pletely decoupled<|u| )tot=<|u| >inter+<|u| )intraa where

) {|u|?) is the mean-square displacement of the atom. Another

IV. VIBRATIONAL MO SSBAUER PARAMETERS: SIZE way of saying this is that the interparticle phonons in the soft
EFFECTS ON THE PHONON MODES matrix do not interact with the intraparticle phonons, except

The phonon modes in small particles are substantially dif—When the latter have a zero-wave vector, in which case the

. . -. interaction represents the recoil of the particle as a whole,
ferent from those in bulk. Since Msbauer-effect spectros which can result in the creation of an interparticle phorion.

copy is a local probe for the atomic vibrations, this has large Smit et al2° considered homonuclear clusters, with only
consequences for thiefactors (recoil-free fractions of the . : . . . L
nearest-neighbor interactions, in their model. Since all atoms

various atoms in the particle. Due to the size efferhall : ical. th h | f onl f
number of atoms the number of available phonon modes is '€ 'de”"c?" they needed the value ot only one force con-
stantC to find f|"'"? for all atomsi in the cluster. For Au

relatively small, so the concept of a continuous phonon den="_ ) .
sity of states, as in the bulk, can no longer be used. Instea 'artlcles, this presents no problem, so we will take exactly

other models like the elastic continuum approximatiar a ~ U€ Same model Witla,..au as the force constant. For the Pt
central force modé? allow the calculation of the phonon partlc!es, however,.due to the application of the emission
modes inside the particle, and lead to a discrete phonon de}]e_chnlque, the probing atom is not a Pt atom, but an Au atom

sity of states. This discreteness results in the formation of ya Pt F“a”'X(Cf- Sec. _ID' The force constant d_escrlbmg _the
low-frequency cutoff in the phonon spectrum, similar to the'Nteraction between this Au atom and its Pt neighbors will be

gap arouncE in the electronic density of states as a resultdlfferent from that between the Pt atoms themselves. Thus

of the QSE. We will employ a refinement of the central force"'® will mtroduce two force 9on5tﬁ‘£§Au-Pt and Cepp into
model already used by St al?° to calculate thd factors the matrixV, from which again alff;""“ are calculated. This

of each individual atom in a cluster. We describe here thdnvolves a different matrix/ for every (inequivalent posi-
most important aspects of this model. tion Qf the Au atom in the Pt particle, since changing the
The emissior{absorptiof of a Massbauer photon results 10cation of the Au atom affects all phonon modes of the
in a transfer of the momentum of the photon to the lattice. AParticle. In any casef""* varies from atom to atom in the
fraction f""2 of all emissions(absorptionsresults in a re- Particle, and depends strongly on the number of nearest
coil of the particle as a whole, whereas otherwise the emitDeighbors. A surface atom is less tightly bound to the crystal
ting (absorbing atom recoils, and creates a vibration in the than an atom in the inner core, andftfactor will be lower.
particle, a so-called intraparticle phonon. This fractfga ~ (See also Table I, _ o
can be obtained from the central force model, as described FOr @ reliable and unbiased analysis, it is important to
by Smit et al,?° which depends on a matri¥ of second ©btain, as a reference, bulk values ©g,.ay, Cau-pt, and
derivatives of the central potential in which each atomCrtptfrom other experimental quantities that may be mea-
moves. The matrix elements have the dimensions of a forcgured in bulk solids. These values can be used either to com-
constanC, and describe the interaction strength between twdare with experimental values, as obtained from fitting the
atoms. Mossbauer spectra, or as fixed parameters in modeling our
If the momentum is transferred to the particle as a wholeNanoparticles. In the latter approach, the only remaining free
this recoil momentum is subsequently transferred either to &tting parameter to describe all factors is 65'", giving
phonon in the two-component medium of ligands plus metainformation about the stiffness of the matrikgands plus
cores(interparticle vibrations in the matrixor to the whole =~ metal particles
sample. The two-component matrix can be approximated by In order to obtain values of the force constants for the
an effective Debye soliét with Debye temperatureg“er,so bulk, which can reliably be used for the clustefactor
the usual Debye formula for the recoil-free fraction can beanalysis, itis best to use exactly the same central force model
applied.[See Ref. 58, p. 61, E43.84).] The fraction of all 0 calcglate a bulK chtor, and adjust the fo_rce constant so
particle recoils that results in a transfer of momentum to théhat this bulk value is equal to that experimentally found.
whole sample can thus be obtained. This fraction is calledPenoting the zero-temperature limit df as fo, in this
the interparticlef factor, f™®", As usual for a Mesbauer Modef’ —In foxExS(AZw). Here ws is the frequency of
event, the associated energy loss for the recoil of a macrovbration modes, which is in general proportional t§C/M.
scopic sample, as a whole, is much less than the naturdis is a normalized vibration amplitude of modeand does
Mossbauer linewidth, and thus a resonant emisénsorp-  not depend on the atomic masksor on C. Eg, is the recoil
tion) occurs. The analysis dffactors depends further on the energy of an atom, which is inversely proportional to its
assumption that the net resonant fraction of photon emissionsassM. Thus —In fy1/\/MC, so thatD=—MClInf,is a
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TABLE Il. Calculated intraclusterf factors for all crystallo- mono-atomic fcc clusters
graphically different atoms in Pt4, Pt2, andsftlusters atT ot ' ' '
=4.2 K, using the central force model wi@p, p=45.3 N/m, and z 48 12 ]
Caupi=27.4 N/m. The numbers in the first column refer to the e
shell number within the cluster, and the abbreviations in parentheses E=)
are used in the text for the various surface siteis. the number of - aa b 1
atoms occupying each site, and is the number of nearest neigh- =
bors.l =100N,f"3/3;N; "' is the relative intensity of each site 5 — -
in the Mossbauer emission profile of the Pt particles. g D™ =4.75(6)x10°" ke/fs
Pt4 n nn fintra I (%) A 0
0 1 12 0.2303 0.42 0 02 o4 05 08 1o
1 12 12 0.2300 5.03 N
; Zzgneer ;i E gggi 12'%91 FIG. 5. D (proportional to the logarithm of th&factor at zero
’ ) temperature, see texas a function of the inverse number of shells,
2 square 6 12 0.2291 251 gyurrounding a central atom. The open symbol with error bars rep-
3 corner 12 12 0.2126 465  resents the extrapolation to zero, corresponding to a bulk fcc lattice.
3 edge 48 12 0.2189 19.17  See the text for further details.
3 square 24 12 0.2219 9.72
3 triangle 8 12 0.2226 3.25  tions have been made far, the relation itself has never been
4 (c) corner 12 5 00785 172 contested’ From the above-derived value f@2'',, ob-
4 (r2) edge 2 48 7 0.1247 10.92  tained from the experimentéffactor of gold, and taking the
4 (r1) edge middle 24 7 0.1305 571 Debye temperature of gold,,=170 K, as obtained from
4 (s3 square corner 24 8 0.1486 6.51 specific-heat measuremeritee Ref. 62, p. 4§1we derive
4 (s square edge 24 8 0.1515 6.63 «a=2.64(8)x107' sT?K 2. This, together with 6p,
4 (s1) square middle 6 8 0.1538 1.68 =230 K(see Ref. 62, p. 461can be used to find a value
4 (1) triangle 24 9  0.1616 7.08  for ChUk= aMp#3,, which leads taCh=45.3+1.1 N/m.

We note that a numerical evaluation @fon the basis of the
Pt2 central force model and the Debye model yields 3.9
X 10?* 572K ™2, which is in reasonable agreement with the

0 1 12 0.2428 2.82 above-mentioned empirical resfitt.
1 12 12 0.2363 32.96 We also need a value for the force constant of an Au-Pt
; 8 erneer ;i ? 8:232% ?332281 bond C,Tdf';t_. We expecitChY%, to be much lower tha@BU
9 on the basis of the low Debye temperature for btifau/Pt,
2 (s) square 6 8 01654 1153 \which equals 186 K2 as derived from a calibration of tte
factor of a'®’/Au/Pt source at 4.2 K. This is much lower than
Plg Op;, almost as low ag,, .
Core 6 12 0.2439 23.23 We use a similagu?krocedure as above for pure gold to
() corner 24 6 0.1373 52.32 obtgln a value forCAu_Pt'. Assuming Cp.p=45.3 N/m, as
(h) hexagonal center 8 9 0.1925 2445 derived above, and varying the values @x,,.p;, thef factor

is calculated of a single central Au atom surrounded by an
increasing numbeN of full shells of Pt. In Fig. 6 we plotted
(positive) constant depending on the crystal structure and the-In f, as a function of M. Ca,p is adjusted such that the
y-ray wave vector only. We calculatddl for a central atom  extrapolation to M—0 (the bulk *’Au/Pt limit) is consis-
surrounded by a varying numbet of full shells of atoms,  tent with —In f,=1.510, which is derived from the experi-

retaining the fcc structure. In Fig. 5, we have plotdis a  mental valuef(T=4.2 K)=0.220 using the Debye model.

function of 1N. Extrapolating to I\— 0 (an infinite number  The result isChulk =27.4+1.2 N/m.

of shelly, we find for the bulk D°=4.75(6) It is interesting to note that In f decreasesf(increaseks
X 107*? kg/s, which should be a universal number for all with decreasing particle sizef. Figs. 5 and & This can be
monatomic fcc materials. The valdg"™* *!=0.190 is ob-  understood in terms of the quantum-size effect on the
served from extrapolation t6=0 K from the experimental phonons, which should lead to a low-frequency cutoff in the
value for gold at 4.2 Kwith the usual Debye formutd), and  phonon density of statdsee, e.g., Ref. 84The average size
leads withDP"'¥ to CBY'k ,=25.0(6) N/m. of the low-frequency cutoff should scale with the inverse
In order to obtain a value fag2U's,, we utilize the general volume of the particle. In crude terms, one could say that
relation between the force constant in a crystal and the Dephonon modes with a wavelength larger than the particle
bye temperatur€..= aM 63 . Here « depends only on the diameter do not fit in. From the factord in the formula for
lattice structure. Already in 1911, Einstein pointed to such & ""3,2° —In fi""axE.S (AZw,), it can be easily seen that the
proportionality®® and although different numerical predic- largest contribution to this sum comes from the low-
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Au/Pt clusters uted to a lattice softening in the nanoparticté8® Although
T T the force constants appeared to agree with specific-heat data
15 F . on the Pt4phen cluster®® it was later pointed out by Volok-

I ] itin that the ligands can contribute strongly to the specific
heat®® He showed that for ligand-stabilized Pd particles, af-
ter subtracting the contribution of the ligands, the specific
heat related to the intraparticle vibrations could be explained
well with the bulk speed of sound, and thus without any
] lattice softening. In Au2tpp particles, a change of lattice stiff-
] ness was observed, with a simultaneous lattice contrattion.
L ] In Ptyg and Pt4pheh, most of the interatomic distances de-
00 02 04 06 08 1.0 viate7at most by 1% from the bulk value, as observed from
1N x-ray’ and EXAFS(Ref. 17 studies, respectively. Therefore,
we will assume that the Pt nanoparticles are, like the Pd
FIG. 6. The logarithm of thé factor atT=0 K, as a function  cJysters, not subject to any lattice softening. Instead, as de-
of the inverse number of Pt shells, surrounding a central Au atomycriped in the previous section, we shall put as our basis that
(solid circleg. The open circle with error bars is the extrapolation of tne central force model for thiefactors applied to the V&s-
the solid symbols to zero, corresponding to bulk Au/Pt. Usingbauer data in Pt particles needs two force constants, and we
Cpip=45.3 N/m, we adjuste@ . in the calculation of the solid i ;se the values as derived above from bulk parameters
symbols so that the extrapolated value coincides with the experi(C =27.4 N/m andCp.p=45.3 N/m) to calculate the
mental value of 1.51derived from the experimentally obtainéd AuPET & e Pt-Pt )
factor of 0.221). Thus, we foun@,p—27.4-1.2 N/m. rglatlve intensityl for egch site sepa'rate(xzf. Table II).. We
will show below that this leads to quite satisfactory fits to the
) experimental data.
frequency phonon modes. The low-frequency cutoff in small  \yhen comparing the measurements of the larger particles
partl_cles resul_ts thus in systematically higher valuesoof (see Figs. 7—10with the data on the Au2 seriésee Fig. 11
leading to an increase dfmra-_ _ below), one can see immediately that the structure in the
In the next section, we will present the experimental re<ormer spectra is less pronounced. Therefore, to model these
sults of the Mesbauer investigations. We will udactors  gpectra, not all parameters for all sites can be left free in the
calculated from the above-derived bulk force constants. I5jis to the data. We have to make some physically plausible
Table II, we have collected the result fif'"® of all crystal-  assumptions, in order to fix or to correlate some parameters.
lographically different atoms in the investigated molecular Ptgjrst  since we will assume that the refined central force
clusters. In the actual analysi_s, many of th_ese atoms are tak‘?ﬁodel(with two force constaniscan be applied, all relative
together, and treated as a single site, with the sénand  jntensities! can be fixed. Second, based on the consider-
QS. The relative intensityl is then simply the sum of all ations of Sec. Il C, we will compare the two scenarios in
separate valuek, for all atomss in the site. which either the various surface metal atoms are in a definite
valence state, corresponding to a “nonmetallic” particle sur-
face, or that they all have the sarnt value, corresponding
to a “metallic” surface layer. In a “nonmetallic” surface
After the above preparatory steps, we now have a suffilayer, the atoms will have effective charges, wighandQS
cient basis to present and discuss the experimentasMo values similar to those in monatomic Au complexes, due to
bauer spectra for the particles tabulated in Table I. We statthe ligands attached to these surface atoms. In this scenario,
with the *°’Au Mdssbauer spectra of the Pt4 nanoparticleswe will use thelS as a free parameter, restricted to the range
followed by the successively larger Pt and Au colloids. Fi-of from —1.0 to +4.5 mm/s for Al and Ad'"" and from
nally, we discuss the spectra of the Au2tpp, Pt2, ang Pt +1.5 and+3.5 mm/s for AY. Furthermore we can calculate
particles in light of the results obtained from the large par-the QS from the IS, using the relation® S =5.05+1.06
ticles. As part of the procedure, we will reanalyze threex|S for Au', QS'"'=0.68+0.92x1S for Au'"', and QS’
197Au Mossbauer spectra which were previously recorded=0 for Au¥, which correspond to the solid lines in Fig. 4
and published by Muldeet al?! (on Pt4pheh and Au2tpp, and are representative of the observed empirical relationships
and by van de Straat al?® (on Ptg). We remind here that betweenlS and QS. Which ligand leads to which valence
197Au MOssbauer measurements o particles are actually  state of the corresponding atom remains to be determined by
done on (Bt_;Au)*, due to the conversion of one Pt atom fitting the experimental data, assuming various combina-
into Au by the neutron irradiation. Since the differences betions. The second assumption—having a “metallic” surface
tween the electronic configurations of Au and Pt are not veryayer—corresponds to a model with a singi value as a
large, we will use the (Rt;Au) ™ particles as models for the free parameter for the whole surface. TD&is then left free
original Pt particles. and is assumed to correlate with the local metal-atom coor-
Mulder et al?*?2 analyzed the factors within the central ~dination of the probing Au atom. Finally, for all the atoms in
force model using a single intracluster force constant, thehe inner core of the particles we shall gp&=0, but allow
values of which were found to deviate strongly from thosethe electron densityand thus thdS) to vary for different
derived from bulk properties. This discrepancy was attrib-successive shells of atoms within the inner core. Since we

_ln(fcentrk uL)
—
NN
1

-Ingf ™) = 1.512) I
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V. EXPERIMENTAL RESULTS
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Pt4phen* assume an uncontracted lattice in the Pt particles, we don’t
g : have to correctS for any volume change.

0.60T R
0.59}
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A. The four-shell Pt30§)hen§6 O30._..10
and PtypLincy g HAC) 569 Clusters

The results of a detailed reanalysis of the previously pub-
lished Pt4pheh Mossbauer spectra are presented first. Fig-
ure 7@ shows the spectra recorded by Muldsr al.?122
together with their analysis. Inside the spectrum several lines
are drawn as guides to the eye, representing contributions
from different sites. In their analysis, Muldet al. used a
single force constant, and the surface sites were correlated
with the attached ligands. Both tl@S and 1S for each site
were taken as free fit parameters. On the basis of the molecu-
lar structure and chemical composition, they assumed the
following ligand coordination: 36 phénligands on each cor-
ner and on each edge, and 14 @olecules on the center of
each square and triangle. Accordingly, the surface was di-
vided over three sitedor the abbreviation of sites, see Table
II): 36 atoms connected to phefc,g), 30to G (s;,t), and
96 bare atoms (€s,,%3).

ossl = Mulder et al?*??*found the resulting) SIS pairs for the

6 -4 2 4 6 8

I
v (mmy/s)

surface sites to lie in the region of Aufor the unligated,
bare site, and in that of Aufor the ligated sites with a

FIG. 7. Four different fits to the same data of Pt4pheaken at ~ Slightly different position in theQS-IS diagram for pheh
T=1.8 K. Large open circles are the data points. The heavy soli@nd G bonded sitegsee Table Ill, and Fig. 4 They could

line is the model, and the other lines are guides to the eye, repréot give a satisfactory explanation for the presence of a site

senting the contribution of each different site. Dashed lines are corevith QSIS in the region for AY. All 147 atoms in the three

sites, the others surface sites. Small circles on the top axes are tbere shells were taken to be equivalent, implying a single

differences between data and mode).Parameters taken from Ref. value for the electron density throughout the cd&for this
18. (b) Single core site, nonmetallic surface) Two core sites,  single core site was found to be equal to the btikAu/Pt

nonmetallic surface(d) Two core sites, metallic surface. See the value. From this it was concluded that the electron density in
text for more detailed information. the inner core is indistinguishable from that in the bulk
metal, so that the influence of surface ligation is already
; completely screened by the electrons in the outer shell of
Ptdcinc . . surface atoms. From a fit of the temperature dependence of
thef factors between 1.8 and 40 Ky '®'=17 K was found,
andC=26 N/m. These values were in reasonable apparent
agreement with an earlier analysis of specific-heat data on
this compound by Baalet al*®>%7 (gJ**'=15 K and C
=20 N/m). The deviation of the fit from the data near
—1 mm/s, as clearly seen in the difference plot of Fi@),7
was neglected at the time.

Based on the considerations in Sec. Ill, we now present
improved fits to the same data. As explained above, there is
experimental evidence that the intraparticle vibrations of
Pt4phefi can be modeled using bulk parameters, so we now
intensityl as derived from Cgpy.pt
=27.4 N/m andCp.p=45.3 N/m (the values for bulk
197Au/Pt, cf. Sec. IV and Table )} and 65'*"'=15 K, as
found from the specific-heat data by Baekal®® The thus
calculated temperature dependence of the tofattors fits
the experimental data just as well as befbi@ot shown.

6 4 2 4 6 8

0 2
v (mmy/s)

use the

In Fig. 7(b), a fit is plotted, where we tookS=0 mm/s

FIG. 8. Three different fits to the same data taken on Ptdcinc afor the whole inner core, and a “nonmetallic” surface layer.
T=4.2 K. Symbols as in Fig. 7@ Single core site, nonmetallic The number of free parameters was reduced by using the

surface,eg“er= 7.3 K. (b) Two core sites, nonmetallic surface, linear relations between th@S and IS. We took the 66
65'"'=7.9 K. (c) Two core sites, metallic surfacép'®'=8.0 K. atoms bonded to phé&nor O, together in a single Ausite,

205418-10



SURFACE AND QUANTUM-SIZE EFFECTS IN Pt AND . .. PHYSICAL REVIEW B4 205418

TABLE lll. Parameters of the fits in Fig. 7. Fixed parameters areintroduce more than one site for the core. A nonz&® in
indicated by bold faceg values. The re_ducégd values are defined  the core is very unlikely, since the atomic packing in the core
as[Z;(datg—mode|)"/mode|]/N, with N the number of de- jg cubic, as in the bulk. On the other hand, as explained in
grees of freedom of the fit, equal to the number of data points minughe above. thdS may vary throughout the core due to the
the number of free fitting parameters.Ava_lIue@d:_l is consi_d- (combination of QSE and surface screening effects. With
ered ggood model for the data. The relative intenisity each site this in mind, we attempt another fit, in which we divide the
was fixed to the calculated values. Tablegly' Values oflS and o ner core into two contributions, namely, the 55 atoms in the
QSare given in mmyslS is with respect to"Au/Pt, and reversed innermost two shells and the 92 atoms in the third shell. The
In sign(see text. In (&) and(b) a single core site was used, whereas IS value of both contributions is left free, whereas Q& is.

in (c) and (d) this site has been separated in two contributions. In . ) .
(b) and(c) the surface sites are assigned according to the attache%lssumed to be zero. With these changes we obtain the fit

ligands, and) Swas calculated fromS depending on the indicated PlOtted in Fig. 7c), with parameters given in Table IIl. As
valency. In(d) the surface sites are assigned according to the loca#@n be clearly seen, the difference plots no longer show any
metal-atom coordinatiofcf. Fig. 2 and Table )l and only a single ~deviations. It is important to stress thatsimilarly good fit

IS value was used to fit all surface sites. can only be obtained by splitting the core into two contribu-
tions with different 1S We interpret this as evidence for a
Pt4phet (@), x%q=1.56 IS Qs 1(%) varying electron density throughout the core of the Pt4 par-
ticles, caused either by surface screening, or by the QSE, or
Core 0-3 0.00 60 by a combination of both. To the best of our knowledge, this
Pherf (c.e) 0.9 5.7 7 is the first time that such experimental evidence has been
0, (s1,1) 0.5 5.0 9 obtained from Mssbauer spectroscopy. We note that in the
Bare (¢.5;,%) 17 0.0 24 other microscopic technique mentioned above, namely, the
measurement of the NMR line shap&°® of this compound,
Ptdphefi (b), x%q=1.62 the variation of the LDOSaround E: is involved. In con-

trast, from the Mesbauer spectra we here find experimental

EZ;eod_(?’C 5.0 8'20 Ad fg evidgnce for a variation of thieategratedLDOS (i.e., charge
et : v density throughout the particle core as well.
Bare (¢.%,%) L7 Au 24 Keeping the same division of the inner core, we can try in
5 a next step to model the surface metal atoms with the second

Ptdphen (c), xreq=0.97 scenario, where we assume that the surface layer has “me-
Core 0—2 —0.71 23 tallic” character, rather than “nonmetallic.” Accordingly, we
Core 3 0.29 37 assume a singléS value, identical for each surface site,
Ligated (c.g.s,.1) 0.7 A 16 determlneq from the fitting to the data, leaving free @8 '
Bare (8.5.5,) 16 AW o4 for each site. From the cuboctahedral cluster shape, we find

the following surface siteésee Fig. 2 12 atoms at the cor-
ners (c), 24 atoms on the trianguldil1l} surfaces(t), 54

2 _
Ptaphefi (d), xreq=099 atoms on the squaf®01} surfaces (§,s,,S;), and 72 atoms

Core 0-2 —-0.37 23 on the edges (ge,: intersections betweefilll; and {001}
Core 3 0.73 37 surfaceg The resulting fit, plotted in Fig.(d) (Table Ill), is
Corner(c) 0.6 7.6 2 of the same quality as that in Fig(cJ, and has anS well
Edge (g.e) 0.6 5.1 16 below 2 mm/s, as expected for Au atoms participating in a
Square (§,5,,S) 0.6 27 15 delocalized electron system. Apparently, it is not necessary to
Triangle (t) 0.6 25 7 assume a “nonmetallic” surface layer, in which atoms

bonded to ligands are monovalent, and unligated atoms pen-
tavalent. Especially the latter valence appears to be an un-
and all 96 bare atoms in an Ausite, as suggested by the physical result, since it seems very unlikely that unbonded
work of Mulder et al?%?2[fit shown in Fig. 7a)]. A fit was  sites would have a higher valence than bonded ones. Con-
made with only two free parameters, namely, tBefor bare  trastingly, it seems much more likely that the surface layer is
and bonded surface sites, from which @& was calculated. part of the delocalized electron system of the metal core, and
As can be seen, the fit in Fig(lj is very similar to that in  this assumption fits the data just as well. Careful examination
Fig. 7(a). Thus, we can indeed explain tlidactors in the of the resultingQS values(Table 1ll) shows that they in-
Ptdphef particles without having to assume an artificial lat- crease for the different sites, with a decreasing number of
tice softening, in agreement with the reanalysis of thenearest neighboree Table . As we shall see below, all
specific-heat data. Furthermore, limiting tQeS-IS pairs to  clusters show this same systematic correlation. We will come
the heavy solid lines of Fig. 4 appears to be a valid way tdack to these points in Sec. VI. Of course, we do not want to
reduce the number of free parameters. claim that thelS and QS in reality do not depend on the
Still, the fit on the basis of one single line, with natural ligation at all. However, it appears that these parameters de-
linewidth andIS=0 for the inner core of the particle, devi- pend more on the local metal-atom coordination than on the
ates substantially from the data around the inner-core contriype of ligand, and that their correlation indicates a larger
bution. To improve the fit, we can either allow f@S#0, or ~ degree of delocalization at the surface metal atoms than was
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previously'?? suggested. Still, it would be desirable to have  TABLE IV. Parameters of the fits in Fig. 8. Fixed parameters are
additional information from other experiments or from moreindicated by bold faced values. ValuesI& and QS are given in
sophisticated calculations. mm/s.1S is with respect ta"*’Au/Pt, and reversed in sigisee text

We next turn to data on another four-shell Pt cluster withThe relative intensity of the core sites was fixed to the calculated
a different ligand shell, namely, the Pt4cinc compound, forvalues(Table I)). In (a), a single core site was used, whereaghin
which a spectrum was recorded®t4.2 K. The chemical and(c), the core was divided into two contributions. (& and (b),
composition of this compound shows that there are manyhe QS of the surface sites was calculated from tig depending
more ligands present than can be accommodated at the s@n the indicated valency. Ift), the surface sites are assigned, ac-
face of a Pt4 particle. This hampers a judicious guess for theording to the local metal-atom coordinati¢ef. Fig. 2), | for all
ligand structure, and thus we have to turn to a more simplisites is taken from Table II, and only a sindfe value was used to
fied approach. We may again first assume that all surfacé all surface sites.
sites have the Au atom in a definite valence state, with &
QSIS pair that exactly matches one of the correlation linesPt4cinc(a), x7eq=1.78 IS QS 1(%)
for the mono-, tri-, or pentavalent Au states, as used above
for Pt4phefi. Since the numbers of atoms in each valence ©°'¢ 0-3 0.19 60
state are not known, we leave the relative intensitiies the Surface 15 Al 15
surface sites as free parameters, whetdassthe core sites is Surface 18 Al 25
set to the calculated valudesing the bulk force constants,
cf. Table Il), which fixes the total spectral weight for the Pt4cinc(b), XZoq=1.30
surface as well. The cortS and 6" were left as free

fitting parameters. The best fit was obtained with a surface °°'® 9-2 —0.40 23
consisting solely of Aband AW, presented in Fig.®) and re 3 0.51 37
Table IV. The relative weights of Auand Al in the surface Surface 15 Al 16
are remarkably similar to those found for Pt4pheAppar- Surface 18 Al 24

ently, the spectral contribution of the surface is very similar
in both. Since the ligands are completely different, this im-Ptdcinc(c), x7q=1.27
plies that the shape of the surface spectral contribution is

indeed mainly caused by the geometric structure of the sur- €0re 0-2 —0.40 23
face of the Pt4 particle, instead of by the type of ligand, Core3 0.65 37
which is in accordance with the interpretation that we believe Corner(c) 18 9.6 2
to be most likely, namely, that the surface layer remains part Edge (g,&,) 18 6.2 16
of a delocalized electron system. Square (§,$,S3) 1.8 1.1 15

Just as in Pt4phén the mismatch between the fit and the  Triangle (1) 1.8 0.1 7

data around the peak produced by the inner dsee the
difference plot of Fig. 8)] is a strong indication for ahS

value varying throughout the core. FigurébBshows a fit  hecomes very small, so that all surface effects should be less
with two core sites, one containing the inner 55 atoms, and;siple than in small particles. Also the QSE should gradu-
one containing those in the third shell. Just as for Pt4phen ally disappear with increasing size. On the basis of such
this fit is excellent, which we interpret as additional evidenceyqgnsiderations, the colloids form an attractive intermediate
that the electron density varies throughout the core.. between the small molecular metal clusters and the bulk. The
Finally, Fig. 8c) shows a fit assuming a “metallic” sur- g tace screening and QSE might still be visible in thesBo
face, with a singleS for all surface sites, and avalue @S payer spectra, in particular for Pt-c33, and possibly for the
depending on the geometric location on the particle surface,iermediate Au-c65 and Au-c66 particles, which contain
The result is of the same quality as in FighB Again, we  1,ch smaller particles than Au-c172. However, there is little
find an1S below 2 mm/s, and &S that increases with a chance that the surface sites can be resolved so distinctly as
decreasing number of nearest neighbs Tables Il and i, the molecular clusters, moreso since in the colloids there
V). inter - . . . is a small distribution in size and shape of the particles. So,
The result forgg " in all fits to the Ptdcinc datéapproxi-  even for Pt-c33, the various different surface sites can prob-
mately 8 K is much lower than for Pt4ph&n(15 K), which  aply not be distinguished from each other, as could be done
means that the matrix in which the metal particles are emin the Pt4 particles, but the large differencefifactors be-
bedded is much softer. The presence in the matrix of 36@Qveen surface and core sites should remain visitleTable
acetate molecules per Pt4 particle, together with 102 ciny),
chonidine ligands, may explain this difference. Many of the  Figures 9 and 10 show the spectra recorded at 4.2 K. The
molecules are probably not rigidly connected to the Pt4 parfits on the spectra of all three colloidal Au sampl&g. 9
ticles, which may increase their vibrational degrees of freeand Table \ have a single core site, with a8 around the
dom, and produce a “softer” matrix for the Pt particles.  puylk value. There appears to be no need to allow for a vary-
ing IS through this core, indicating that in Au particles larger
than about 6 nm, the QSE and surface screening effects are
For the larger particles, the core contribution itself shouldtoo small to be resolved. This agrees with the theoretical
be a single peak, with a bulls. The surface-to-volume ratio expectations outlined in Sec. Ill. For Au-c172, the surface

B. Colloids of Pt and Au particles
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TABLE V. Parameters of the fits in Fig. 9, using a single core
site and one or two surface sites. Fixed parameters are indicated by
bold faced valued.S was kept constant over the surface in the latter
case.N is the relative site occupancy, since the total nhumber of
atoms is not known. Values ¢8 andQS are given in mm/slS is
with respect to'®’Au/Pt. See the text for more information.

Au-c65,x%,=114 IS QS 1(%) N (%) finra

10 #counts

Core —-0.05 81 76 0.189
1.1 00 14 18  0.14 30
11 38 5 6 014 0.62

0.60

Au-C66, 2. q=1.25

0.58}
Core ~0.01 81 76  0.189 Au-c172
09 00 15 19 014 osep
09 39 4 5 014 5 4 2 0 2 4 6 3

v (mm/s)

2 _
AU-CL72, Xreq=1.27 FIG. 9. Spectra on the Au colloids @t=4.2 K. Symbols as in
Core 0.00 93 90 0.189 Fig. 7. The model is a single core site, with one or t¢gmall)
0.9 1.3 7 10 0.14 contributions from the surface.

clusters. In fact, the average particle diameter approximately
corresponds to that of a six-shell ¢/ magic number clus-

can be represented by one contribution to obtain a good fite, '\ hich would have a corner-to-corner distance of 3.6 nm

whereas for Au-c65 and Au-c66, two are needed. In the latteg 4 4 square-face-to-square-face distance of 2.5 nm. The
case, thelS was forced to be the same for both surfacefacion of surface atoms in a Pt sphere with 3.3-nm diameter
contributions, rgsultlng ina Ipw shift of about 1 mm/s with ;s still rather high(4299, and it is very close to the 39%
respect to that in bulk Au. This suggests, as above for the Pidyface fraction in a Pt6 cluster. For that reason, we modeled
particles, that the electrons in the surface layer participate ig,q spectrum of Pt-c33 with that expected for a Pt6 magic
the delocalized electron system of the whole particle. Due tmper cluster. We assumed a “metallic” surface consisting
the distribution in shapes and sizes of the particles, we Wil o sites with an identicalS. but differentQS. Figure
not assign any significance to tS values. 10(a) and Table VI show the resulting fit, assuming a single
Since only two sites are needed to fit the Au-c172 specggre site f factors were estimated, based on those found for
trum, the relative intensity of both could be left free as ayne ptg clusters: 0.22 and 0.14, as averages for the core and
fitting parameter. In order to relate these to an average SUfy the surface respectivelgf. Fig. 6, and Table )l How-
facef factor, we need values for the relative number of atoms, e just as iﬁ the single core fits,to the Pt4 spectra, the
in that site and for the coréfactor. We take 9.7% for the ifference plot shows a deviation around the centcake
relative number of atoms, which equals the fraction of atom%eak, albeit less pronounced. Adding more surface sites does

in a monatomic surface layer for a spherical chunk of bulky st improve the fit, but dividing the core into two contribu-
Au, with a diameter equal to the average diameter of the

Au-c172 particles (17.2 nmIf we use for the coré factor Pt-c33
the bulk value of 0.189, we find from the experiment an
average surfackfactor of 0.14, very similar to what is found o
for the smaller molecular clusters such as A(&ee below. 18.0F g
Indeed, also for such a large particle the reduced metal-atom
coordination on the particle surface still leads to the same
drastic reduction of théfactor. For the two smaller colloids,
Au-c66 and Au-c65, two sites are needed to represent the
surface, thd factors of which were fixed to this same value
of 0.14. As for Au-c172, the relative surface-to-volume ratio
was calculated from the average particle diameters, thus fix-
ing the relative intensity of the core sites. The resulting fits 17.8} %
are satisfactory, the small deviations that remain visible in B S S B
the difference spectra being probably caused by the above- v (mm/s)
mentioned shape and size distributions, which would lead to
an increase of the linewidth of the surface sites. FIG. 10. Two different fits to the same data taken on Pt-c33 at
At variance with the Au colloids, the 3.3-nm Pt-c33 par- T=4.2 K. Symbols as in Fig. 7@ Single core site, two surface
ticles have a size close to that of the small magic numbesites.(b) Two core sites, two surface sites.

10 #counts
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TABLE VI. Parameters of the fits in Fig. 10. Fixed parametersstudies on several Au2 clusters with other ligands by Mulder
are indicated by bold faced values. The spectrum of the Pt-c33t al.?* and van de Straat al>® As a typical example Fig.
particle was modeled by a Pt6 cluster, with 561 atoms in the corg 1 shows the spectrum on Au2tpp recorded by Muleteal.
and 362 atoms at the surface. The relative intensity of the core wagt T=4.2 K, with the corresponding fit. This spectrum is
fixed, and the surface was modeled by two sites with ident8al 5|50 representative for the Au2 clusters with other ligands,
In (a), a single core site was used, whereashiy it was divided  oycept for a water soluble versfSnwhich will not be dis-
into two contributionsN is the site occupation, arfd'"® was fixed ¢ ;ssed here. The distinct structure of the spectrum allows for
to estimated V?L‘;es- Values b andQsarg given in mmy/siS is independent fitting, not only of theS andQS, but also of
with respect to"Au/Pt, and reversed in sigisee text the relative intensity for each site. In a two-shell cubocta-
fintra hedral particle, there are five geometrically different sitds
Fig. 2 and Table I 1 central atom, 12 atoms in the first
Core 0-5 0.09 71 561 0.22 (innen shell, and 42 in the secor@urface shell, of which

0.19 6.1 2 25 0.14 12 atoms are on the corn€i®, 24 on the edge), and 6 in
019 26 27 337 0.14 the center of each squafs, {001} planes. In all Au2 com-
pounds studied®?1?3 the ligand shell is composed of 12

Pt-c33(a), x2q=1.69 IS QS 1% N

Pt-c33(h), x%=1.43 molecules of a PRhderivative(see Fig. 3, the type varying
with the compound, and in addition six Cl atoms. These
Core 0-3 0.52 19 147 022  |igands are expected to be connected to the colfeeend to
Core 4,5 —0.05 52 414 022  the squaress), respectively, which is likewise the geometric

018 6.2 4 51 0.14 site assignment of the surface metal atoms. X%and
018 25 25 311 014  EXAFSYstudies on Au2tpp revealed an fcc structure, with a
lattice contraction relative to bulk Au of about 3—4 %, ac-
companied by a considerable decrease of the vibration factor
tions, with differentl S, results in the fit shown in Fig. 16) compared to the bulk, and thus by a lattice stiffening of the
(Table VI), which is clearly better. The core was again di- particle. The central atom and the first shell were taken to
vided into two sites, one containing shells zero to three, antiave identical Mesbauer parameters, represented by a single
the other shells four and five. Thus, the Pt colloid appears teore site(dashed line in Fig. 11 Since the number of atoms
be still small enough to give a detectable variation of theparticipating in each site is given by the structure, the total
electron density in the core, attributed to QSE and/or surfacitensity of each site is a direct measure for the effective
screening effects. ThéS of the two surface sites can be factors.
taken as identical, resulting in values low enough to corre- Mulder et al** found zeroQSin the inner core, confirm-
spond to a “metallic” surface layer. ing the cubic fcc structure. After correcting the measured
The conclusions on the varying coi® in Pt-c33, and on  I1S=—1.44 mm/s for the volume reduction due to the lattice
the character of the surface of the Au and Pt colloids shouldontraction(from 61S/6InV=—6 mm/s, the correction is
be taken with care, since the fitted surface sites just reproélS~—0.6 mm/s), one obtainsS.,,,~—2.0 mm/s, which
duce the shape of the surface spectral contribution, and ddeviates by about-0.8 mm/s from the bulk Au value
not uniquely represent the large number of physically differ-(—1.22 mm/s). This deviation was attributed to charge
ent sites in the assembly of colloidal particles, with shapédransfer to the surface atoms, as well as further charge trans-
and size distributions. However, the surface spectral contrifer to the ligands. ThéS of all surface sites for three differ-
bution is apparently rather symmetric, in accordance with &ntly ligated Au2 particles varies between0.2 and 1.0
constant S for all surface sites, and its value is rather low, asmm/s?* The QSIS pairs were located near the Ategion
expected for a “metallic” surface. We therefore conclude for the ligand-bonded sites, and near thd'Ategion for the
that the electron density in the core of 3-nm Pt particles mayinbondedbare sites(see also Fig. ¥ The evolution of the
still be influenced by surface screening and QSE, whereas fantensity of the lines with temperature between 1.5 and 30 K
Au particles larger than 6 nm, these effects are too small tovas translated into a temperature dependence dffemtors
be resolved. Furthermore, the surface shell of the Pt and Afor each site separately, which could be fitted with the central
colloids most probably is part of the delocalized electron
system, as for the above presented Pt4 clusters.

2

C. Two-shell Auss(PPhsX)1,Clg and Ptss(AsBug) 1,Clyg Clusters,
and Ptzg(CO) 44 Clusters

The Pt and Au colloids thus appear to present very useful
intermediates between the four-shelgjgtclusters and the
bulk. In the opposite direction, towards smaller clusters, an

Transmission
2
O

154
©
R

: 6 4 2 0 2 4 6 8
excellent series of clusters to test the models described in this v (mm/s)

paper are the two-shell Au and Pt clusters, and the even

smaller Pig cluster. The Au2tpp cluster compound has been FIG. 11. Data taken from Muldegt al. (Ref. 21 on Au2tpp at
investigated by Smiet al.? followed by more extensive T=4.2 K. Symbols as in Fig. 7.
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TABLE VII. Parameters of the fit in Fig. 12. Fixed parameters
are indicated by bold faced valudsis taken from Table II. Ina),
the Q S of the surface sites was calculated from tBedepending on

the indicated valency. Itb), only a single value fofS was used for
all surface sites. Values ¢§ andQS are given in mm/slS is with
respect to'*’Au/Pt, and reversed in sigisee text
Pt2 (a), xfeq=1.03 IS Qs 1(%)
Core 0,1 0.05 36
Corner 4.1 Al 13
Edge 0.9 All 40
o o Square 0.9 Al 11
-6 -4 2 0 2 4 6 8
v (mm/s) Pt2 (b), x%4=1.18
FIG. 12. Two different fits to the same data taken on PtZ at Core 0,1 0.06 36
=4.2 K. Symbols as in Fig. 7(a) Single core site, nonmetallic Corner 0.7 6.2 13
surface.(b) Single core site, metallic surface. Edge 0.7 17 40
Square 0.7 0.2 11

force model, resulting in values ofy'*'=15 K, and
Cau-au=30 N/m, for Au2tpp. Thef factors of the surface
atoms were found to be strongly reduced, compared to the As in the Pt4 clusters, the absence of& in the inner
inner core, reflecting their reduced metal atom coordinationcore of the Au2 clusters is in agreement with cubic packing.
We can now compare the previously derived force confor the whole Au2 series, the average corredt®df the
stant for Au2tpp with the here-obtained bulk value. The vol-core deviates from the bulk value byl mm/s. This may
ume contraction of the cluster, compared to the bulk, wouldndeed be related to electron transfer to the ligands, or to
lead to a considerable increase of the bulk modifumd  other effects described above, namely, surface screening and
thus of the force constan€a,,. As argued in Sec. IV, a QSE. A variation of thelS throughout the core would be
reliable value for modeling thé factors in the bulk is hardly observable in this case, as there are 12 identical atoms
Cﬁﬂf§u=25.0(6) N/m. The experimentally observ€d.,,  with the same distance to the surface and only one central
=30 N/m, deduced fromf'"" of all Au atoms in the atom with a different distance. This ratio is too large to re-
Au2tpp clusters, is indeed considerably larger, confirmingsolve the single central atom from the spectrum, although a
the volume reduction in these particles. The other Au2 clusdifferent|S for this atom might explain the small remaining
ters, which were not investigated by EXAFS, were found todeviation between fit and data arourdl mm/s. At any
give the sameC,,,., Value?! from which we conclude that rate, the fact that thES values for the inner core are so close
they have a contracted metal core as well. for all different Au2 clusters confirms our assumption that a
From the observation that @) SIS pairs for the surface lattice contraction as observed for Au2tpp is probably
sites fall in the regions for Auand Ad", one might infer present in all these compounds.
that the surface layer of the Au2 particles is “nonmetallic.”  The spectrum of the Pt2 cluster compound at4.2 K is
However, just as for the “AY sites” in the P} clusters, a displayed in Fig. 12. Fits were made using the “metallic”
strong objection against such an interpretation is that it ind “nonmetallic” surface modelé&ee Table V), as in the
very unlikely that the unbonded surface siig®re Al"')  Pt4 clusters. We took only one site to represent the 13-atom
would be oxidized even further than the bonded ones)Au core, as in the Au2 cluster§factors were again calculated
Furthermore, it is noteworthy that the values|& on the using the bulk force constants. The surface consists of three
surface of all Au2 clusters roughly lie between 0 and 1sites with different local symmetrgcf. Fig. 2 and Table )t
mm/s, whereas th@S varies from 0 to 7 mm/gsee plus 12 atoms on the corne(s), 24 on the edge&), and 6 in the
symbols in Fig. 4. In the case of the Pt4 particles, we used acenter of the squargs). The distribution of the ligands over
single IS value for the whole surface, at a value below 2 the surface is assumed not to change this site assignment,
mm/s, and differenQS values for geometrically different just asin Au2. There are 12 AsBligands, probably located
sites, to represent the “metallic” character of the surfaceat all corners, and 20 Cl atoms. The latter are probably dis-
layer. Since the geometric surface site assignment in Aufributed as homogeneously as possible over the remaining
particles is the same as that according to the ligands bondeslirface: one on the center of each triangle total 8 ClI
to the surface atoms, the situation in Au2 particles appears t8tomg and two on each squaié@ total 12 C). Assuming
be very similar to that in the Pt4 particles. Therefore, thefirst a “nonmetallic” surface layer, we can try several com-
previously found similaitS values(between 1 and 2 mmy/s binations for the valence states of the surface sites and see
for the different surface sites of Au2 particles should in ourwhich one fits best. The best fit, shown in Fig.(d?2 gives
opinion be interpreted as evidence for a delocalized electroAu' for the AsBuy ligated corner sites, Ali for the edges,
system at the surface layer, with again the least coordinateand again Al for the square{001} faces. The cordS
surface sites having the highe3s values.(See Sec. V). =0.05 mm/s, close to the bulk value 0.00. The difference
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Pt, (CO) the other investigated clusters into a molecular solid. The
38 44 temperature dependence of the measut®d" between 4.2
and 60 K was fitted using the Debye model, leading to

B o D SR AR, B B o0 F00 Qo RO 00 000 i
IR Py S G SRS

g 21 05'®"~45 K, which is indeed much larger than that found
:; 210 for the Au2(15-19 K*' and Pt4 particle$3—15 K, see Sec.
- 208 V A). However, in this case, the experimernt@f®'(T) is not
< 206 very well represented by such a f#ee also Ref. 23which
6 4 2 0 2 4 6 3 may indicate the breakdown in this ionic solid of the possi-
v (mm/s) bility j[c: write the totalf factor in terms of a product df"'
. and f'"er,
FIG. 13. Pgat T=4.2 K. Symbols as in Fig. 7p'*'~45 K. Since the cluster geometry and the ligand coordination is

See the text for more detailed information. completely known, this R} particle forms an ideal system to

. , i ) test our two scenarios for modeling the surface sites. In the
may be attributed, as in Au2, to the possibly combined efyit yresented in Fig. 13, allS and QS values were left free,
fects of charge transfer to the ligands, surface screening, arkg(cept that we fixed, as befor@S=0 in the core. It is
the QSE. . . . - striking to see that théS of both surface sites, which are

_Figure 12b) shows the fit assuming a “metallic” surface 1,y definitely known to be thé) and(h) sites, is almost the
with an IS identical for all surface atoms. Again, a correla- g;me and has a low value of aboud.1 mm/s. This indi-
tion of theQSwith the number of nearest neighbors is found c4te delocalized electrons, and an almost constant electron
(cf. Table Il). Unfortunately, the Sta'tIStI(':S in these d_ata aregensity over the surface, which we have interpreted as a
not good enough to _allow us to decide if this model is betterStrong indication for a “metallic” surface. If the surface
than the “nonmetallic” surface model, althougi? values  ouid be “nonmetallic,” the different ligand coordination of
indicate a small preference for the latter, and again the value(%) and (h) sites would most probably cause a different
of IS are low for all surface atoms, except those at the Corgharging of both sites, resulting in different and larger
ners. This may indicate that the delocalized electron systeR);| es. 'So we conclude that, even in this very small particle,
extends over all Pt atoms, except those at the comers. 4 pt aoms appear to be part of a delocalized electron sys-

Data for the smallest cluster discussed hergg,Fave (e characteristic of a metal. Again, the least coordinated

been reported before by van de Stratal > We reinterpret site (cf. Table 1)) has the highes@QS, confirming the ten-
the spectra, using the new bulk force constants derived in th&ency observed in the other particles. The cd®

central force model(cf. Table 1)). The result for theT =0.68 mm/s, which may again be attributed to charge trans-

=4.2 K spectrum is shown in Fig. 13, with a three-sité fitto; ith the ligands, and in this case also with the PPh
(see Table VII). The choice of sites is unambiguous in this molecules, or to surface screening or QSE.

case, since the molecular crystal structure is completely
known! The inner core consists of six crystallographically
identical atoms, whereas there are only two different sites at VI. SUMMARY AND CONCLUSIONS
the surfacdcf. Figs. 1 and 2 24 atoms at corner&) and 8 We have presented and analyzed in this paper the col-
atoms at the center of hexago(f. All 32 surface atoms |gcted results of an extensivé’Au Mssbauer spectroscopic
have a CO molecule as a ligand. In addition, there are 12 CQyestigation on a series of Pt and Au metal nanoparticles of
molecules bridging every two corner atoms. The site assignyrying sizes. On the one hand, a series of molecular clusters
ment thus remains unaltered by the ligands. As said aboves inyolved, which allows a detailed analysis of the contribu-
most of the Pt-Pt distances deviate at most by 1% from thgon of the various sites in the inner core and on the surface
bulk value. , _ . ofthe particles. On the other hand, related Pt and Au colloids
In these crystals, there are also two singly ionizedyere available, which generally have a larger volume and
tetraphenyl-phosphine (PPH molecules present per 8t  thys form an attractive intermediate between the molecular
unit, which charge the latter te-2e. The Coulomb forces, nanoclusters and the bulk.
responsible for the intermolecular bonds, are thus expected The physical properties that can be probed bysstauer
to be much stronger than the van der Waals forces that binghectroscopy are the electronic configuration and the vibra-
o _ ) tional modes. The electronic properties in small metal par-
_ TABLE VIIl. Parameters of the fitin Fig. 13, using a single core tjcles are expected to be influenced drastically by the small
site and a smgl_e surface site. Fixed parameters are indicated by bold, o Confining free electrons to a small particle results in an
faced values is taken from Table Il. Values ofS andQS are  ,q¢ijiat0ry behavior of the electron density due to the QSE. A
given in mm/s.S is with respect to'*’Au/Pt, and reversed in sign large surface-to-volume ratio produces a large contribution

(see text from the surface, so that all kinds of surface effects become
important as well. Near to a metal surface, the electron den-
P 2 =1 IS S 1(% ) . . :
3 Xrea=1.35 Q ) sity fluctuates due to screening of the surfé€gedel oscil-
Core 0.68 23 lationg. These fluctuations, together with those from the
Corner -0.18 3.79 25 QSE, are expected to produce a net variation of S imside
Hexagonal center -0.11 0.86 52 the metal cores of the molecular clusters, which we have

been able to confirm experimentally. The deviations between
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data and fits that do not take into account such oscillationacceptors, thus charging the metal core and changing its av-
decrease gradually with increasing particle size, in agreememfragel S. Furthermore, they interact directly with the surface
with theoretical expectation that the amplitude of the fluctuametal atoms, which may influence th€S and|S values. If
tions should decrease with increasing size. Au and Pt pathe surface layer would be “nonmetallic,” atoms in that layer
ticles, with diameters up to 4 nm, do show the quctuationsmay accumulate some charge, so that they would resemble
whereas Au particles with a diameter larger than 6 nm dgytoms in a certain valence state, as in insulating monatomic
not. The averagésS values in the inner core of the particles oy complexes. Th&S andIS then would become reminis-

do not show any clear correlation with the particle size, ex-cent of Ad, Au'"', or Au’. We have shown that this ap-
cept that in the Au colloids it is almost the same as in theyoach systematically leads to unphysical results for the va-
bulk, whereas in all the other particles it deviates sllghtlyIence states, namely, a higher oxidation state for unligated

(less than 1 mmjsfrom the cor_respondlng bulk values. This surface atoms than for ligated surface atoms. On the other
may be due to surface screening and QSE, or to charge tranﬁénd assuming a “metallic’ surface layer, with a single

fer with the different ligands, having varying degrees of elec- .
tron acceptance. value ofIS over the whole surface, leads to good fits in all

In the monatomic surface layer of metal atoms, many ef£ases presented, and to very 168 values, from which we

fects play a role in the values 66 andQS. We have argued f:onclude that the surface Iayer rgmains part of the delocal-
that these effects can be treated using the concept of a loc#€d €lectron system, characteristic of a metal, even for metal
density of states(LDOS). A tight-binding analysis then particles down to a size of only 38 atoms. An interesting
shows that the local metal-atom coordination has a dominarfgature that emerged is that tES value of a surface site is
effect on theQ Sand|S for the various sites on a “metallic”  strongly correlatedvith the local metal-atom coordination
surface, which we defined as one that is part of the volumdhe number of nearest neighbors has a large influence on
over which electrons are delocalized, so that free charge exgurface level shifts, but this cannot fully explain the variation
change is possible between such a “metallic” surface and thef QS. Another important factor will be the symmetry of the
rest of the metal particle. This results in, among others, suttocal coordination of the metal atom. In our cuboctahedral
face level shifté that depend strongly on the number of molecular clusters, as well as ingpt this symmetry be-
nearest neighbors of a surface atom. Variation®i® can  comes more and more cubic with an increasing number of
then be quite large, whereas thosel $1are expected to be nearest neighbors. From insulating monatomic Au com-
much less pronounced. Furthermore, delocalized bonds iplexes, we know tha® S is generally higher for compounds
very small Au clusters usually result in low values of il with a less cubic coordination of the Au atorfThe QS
The local symmetry at a surface site is another importantiecreases in the series'Alu"', AuV.) This may be related
aspect that can have a large influence on the value dpthe to the observed correlation. Obviously, more detailed theo-
All metal nanoparticles are stabilized by ligands, to pre-retical calculations would be very welcome for a full account
vent them from coalescing. These ligands may have a varietgf the experimentally observed strong and systematic varia-
of effects. First of all, they will act as electron donors or tions.

*Corresponding author. Email address: 8M. P. A. Viegers nad J. M. Trooster, Phys. Revlg 72 (1977.
DeJongh@Phys.LeidenUniv.nl % L. Stievano, S. Santucci, L. Lozzi, S. Calogero, and F. E. Wag-

IClusters and Colloids, From Theory to Applicatigrslited by G. ner, J. Non-Cryst. Solid232234, 644 (1998.

Schmid(VCH, Weinheim, 1994 10y, Kobayashi, S. Nasu, S. Tsubota, and M. Haruta, Hyperfine
?Metal Clusters in Chemistryedited by P. Braunstein, L. A. Oro, Interact. 126, 95 (2000. _

and P. R. RaithbyWiley-VCH, Weinheim, 1998 Physics and Chemistry of Metal Cluster Compoyedited by L.
®A. Ziittel, Ch. Nitzenadel, G. Schmid, and F. Faufirivate com- J. de JonghKluwer, Dordrecht, 1994

munication. G. Pacchioni and N. Rszh, Inorg. Chem29, 2901 (1990.

13N. Rosch, L. Ackermann, and G. Pacchioni, J. Chem. PB{s.
7004 (19912).

14M. A. Marcus, M. P. Andrews, J. Zegenhagen, A. S. Bommanna-
var, and P. Montano, Phys. Rev.42, 3312(1990.

“R. E. Benfield, A. Filipponi, D. T. Bowron, R. J. Newport, and S.
J. Gurman, J. Phys. 6, 8429(1994).
SR. E. Benfield, A. Filipponi, D. T. Bowron, R. J. Newport, S. J.
, Gurman, and G. Schmid, Physica2B8&203, 671(1999. 154, H. A. Smit, R. C. Thiel, and L. J. de Jongh, Z. Phys. D: At.
We mention that Moiseev and co-workésgee M. N. Vargaftik, V. Mol. Clusters12, 193 (1989.
P. Zggorodnlkov, I. P. Stolargv, . 1. Moiseev, D. I. Kochubey, V. 16p Cluskey, R. J. Newport, R. E. Benfield, S. J. Gurman, and G.
A. Likholobov, A. L. Chuvilin, and K. |. Zamaraev, J. Mol. Schmid, Z. Phys D: At., Mol. Cluster2s, 38(1993
Catal.53, 315(1989] have obtained several forms of Pd5, with 17 £ Benfield, A. Filipponi, N. Morgante, and G. Schmid, J.
differences not only in the ligand shells, but also different with Organomet Chenb73 299 (1999.
respect to the atomic packing inside the metal ¢tre or icosa- 18y, \plokitin, J. Sinzig, L. J. de Jongh, G. Schmid, M. N. Vargaf-
hedra). tik, and 1. I. Moiseev, NaturéLondon 384, 621 (1996.
"A. Ceriotti, P. Chini, G. Longoni, D. M. Washecheck, E. J. 19F. C. Fritschij, H. B. Brom, L. J. de Jongh, and G. Schmid, Phys.
Wucherer, and L. F. Dahl, irXlll Congresso Nazionale di Rev. Lett.82, 2167(1999.
Chimica Inorganica Camerino, ltaly, September 23—-26, 1980, 2°H. H. A. Smit, P. R. Nugteren, R. C. Thiel, and L. J. de Jongh,
p. A2. Physica B153 33(1988.

205418-17



P. M. PAULUS et al. PHYSICAL REVIEW B 64 205418

2'F. M. Mulder, R. C. Thiel, L. J. de Jongh, and P. C. M. Gubbens,*’P. H. Citrin and G. K. Wertheim, Phys. Rev.H, 3176(1983.

Nanostruct. Mater7, 269 (1996. “B\What we call a surface level shift is better known in the literature
22F, M. Mulder, T. A. Stegink, R. C. Thiel, L. J. de Jongh, and G.  as the surfaceore-level shift. However, since we are interested
Schmid, NaturglLondon 367, 716 (1994). in the shifts and other changes around the Fermi level, we prefer

23D, A. van de Straat, R. C. Thiel, L. J. de Jongh, P. C. M. Gubbens, to drop the word “core” here.
G. Schmid, A. Ceriotti, and R. della Pergola, Z. Phys. D: At., 9G. K. Shenoy and F. E. Wagnevlossbauer Isomer ShiftdNorth-

Mol. Clusters40, 574 (1997). Holland, Amsterdam, 1978p. 906.
24For a review, see J. J. van der Klink and H. B. Brom, Prog. Nucl.’°J. E. Inglesfield, ininteractions of Atoms and Molecules with
Magn. Reson. Spectros86, 89 (2000. Solid Surfacesedited by V. Bortolani, N. H. March, and M. P.

25R. V. Parish, inMossbauer Spectroscopy Applied to Inorganic  Tosi (Plenum Press, New York, 1990
Chemistry edited by G. J. LongPlenum, New York, 1984 \ol. 51p. A. Montano, G. K. Shenoy, E. E. Alp, W. Schulze, and J.

1. Urban, Phys. Rev. Let66, 2076(1986.

26H. D. Bartunik, W. Potzel, R. L. Mssbauer, and G. Kaindl, Z. 52P. JoyesLes Agreats Inorganiques Ementaires(Les Editions
Phys.240, 1 (1970. de Physique, Les Ulis, 1990Chap. IV.3.

273, S. Charlton and D. I. Nichols, J. Chem. Soc. A 148470. 53D. A. van Leeuwen, J. M. van Ruitenbeek, L. J. de Jongh, A.

28M. P.A. Viegers, Ph.D. thesis, Katholieke Universiteit Nijmegen,  Ceriotti, G. Pacchioni, O. D. Heerlen, and N. Rech, Phys. Rev.
1976. Lett. 73, 1432(1994).

290. D. Haberlen, S.-C. Chung, M. Stener, and N.sRb, J. Chem. %*R. V. Parish, L. S. Moore, A. J. J. Dens, D. M. P. Mingos, and D.
Phys.106, 5189(1997. J. Sherman, J. Chem. Soc. Dalton Trans. 7888.

30H. Hakkinen, R. N. Barnett, and U. Landman, Phys. Rev. 182f.  %°L. S. Moore, R. V. Parish, S. S. D. Brown, and I. D. Salter, J.
3264(1999. Chem. Soc. Dalton Trans. 2333987).

3IN. N. Greenwood and T. C. Gibhvidossbauer Spectroscopy 56R. V. Parish, L. S. Moore, A. J. J. Dens, D. M. P. Mingos, and D.
(Chapman and Hall, London, 19171 J. Sherman, J. Chem. Soc. Dalton Trans. 66889.

32D, J. Erickson, L. D. Roberts, J. W. Burton, and J. O. Thomson>’N. Nishiguchi and T. Sakuma, Solid State Comm@8, 1073
Phys. Rev. B3, 2180(1971). (1981.

33g, Margulies and J. R. Ehrman, Nucl. Instrum. Meth@@s131 581, Wegener, Der Maossbauereffect(Hochschultaschenlsher-
(1961). Verlag, Mannheim, 1966

34N. D. Lang and W. Kohn, Phys. Rev. B 4555(1970. %9The net result of the interparticle vibrations is a reduction of the

35N. D. Lang and A. R. Williams, Phys. Rev. B8, 616 (1978. integrated intensity of the spectrum, especially at temperatures

363, SuganoMicrocluster PhysicgSpringer-Verlag, Berlin, 1991 aboveeg‘te’. However, the total number of emitted photons is
Chap. 3. conserved, so the loss in intensity of the $dbauer transition

S7W. D. Knight, K. Clemenger, W. A. de Heer, W. A. Saunders, M.  should be compensated by an increase of intensity somewhere
Y. Chou, and M. L. Cohen, Phys. Rev. LebR, 2141(1984). else in the spectrum. M. Hayashi, E. Gerkema, A. V. van der

38W. A. de Heer, W. D. Knight, M. Y. Chou, and M. L. Cohen, Kraan, and I. Tamura, Phys. Rev. &, 9771 (1990. For the
Electronic Shell Structure and Metal Clusters, Solid State Phys- particles under present investigation only for the Au-c172 par-

ics (Academic, New York, 1987 ticles is the mass large enough to make the energy shift by the
39\, Brack, Rev. Mod. Phys55, 677 (1993. recoil of the whole particle comparable to the natural linewidth,
40R. P. Messmer, S. K. Knudson, K. H. Johnson, J. B. Diamond, so that this contribution might be visible as a broad Gaussian.
and C. Y. Yang, Phys. Rev. B3, 1396(1976. However, we did not find evidence for such a contribution in the
4IR. Haydock and M. J. Kelly, Surf. Scg8, 139(1973. spectrum(see Sec. V R
42G. Pacchioni, S. Krger, and N. Rech, in Ref. 2, Sec. 4.6. 80A. Einstein, Ann. Phys(Leipzig) 34, 170 (1911).
43A. Zangwill, Physics at Surface&Cambridge University Press, $'H. Siethoff and K. Ahlborn, J. Appl. Phy39, 2968 (1996.
Cambridge, England, 1988Chap. 4. 62N, W. Ashcroft and N. D. MerminSolid State Physicdnterna-

44 “healing-length” model for the local density of states was also  tional edition(Saunders, Philadelphia, 1976
used to explain the strong size dependence of the magnetic su&P. M. Paulus, Ph.D. thesis, Leiden University, 2000.
ceptibility of the series ofmagic numberPd cluster compounds ®*H. H. A. Smit, Ph.D. thesis, Leiden University, 1988.
and colloids: D. A. van Leeuwen, J. M. van Ruitenbeek, G.%J. Baak, H. B. Brom, L. J. de Jongh, and G. Schmid, Z. Phys. D:

Schmid, and L. J. de Jongh, Phys. Lett120, 325(1992. At., Mol. Clusters26, S30(1993.

45H. E. Rhodes, P.-K. Wang, H. T. Stokes, C. P. Slichter, and J. H®®Y. E. Volokitin, Ph.D. thesis, Leiden University, 1997.
Sinfelt, Phys. Rev. 26, 3559(1982. 673. Baak, Ph.D. thesis, Leiden University, 1993.

46C. D. Makowka, C. P. Slichter, and J. H. Sinfelt, Phys. Re@1B  ®8M. C. Fairbanks, R. E. Benfield, R. J. Newport, and G. Schmid,
5663(1985. Solid State Communiz4, 431(1990.

205418-18



