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Surface and quantum-size effects in Pt and Au nanoparticles probed by197Au
Mössbauer spectroscopy
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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. Mo¨ssbauer spectroscopy is an excellent tool to study such
phenomena. We present a detailed analysis of197Au Mössbauer 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
Mössbauer 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.

DOI: 10.1103/PhysRevB.64.205418 PACS number~s!: 73.21.2b, 63.22.1m, 33.45.1x, 61.46.1w
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I. INTRODUCTION

Small metal particles, having a diameter down to a
nometer, are attractive subjects of both fundamental
technological research. Due to their large surface-to-volu
ratio, they present ideal systems to study surface effect
the conduction electrons. Furthermore, as the size of the
ticles decreases to values comparable to the wavelength
electron at the Fermi energy~about 1 nm for a metal!,
quantum-size effects will occur, due to the extreme confi
ment of the electrons. In this paper, we investigate the eff
of the surface and of molecules bonded to it, besides
phenomena resulting from the small particle size. Mo¨ssbauer
spectroscopy proves to be an excellent tool to study such
effects, since it is anelement selectiveand local probe, pro-
viding information on different sites within the particle sep
rately. In addition, size effects on the lattice vibrations can
observed. However, to obtain clear information, it is of cr
cial importance to avoid the need to average over size di
butions, implying that all particles should have the same s
or at least nearly so. Fortunately, in the last decade, chem
have been able to prepare stoichiometric molecular clu
compounds that meet this requirement very well.1,2 They are
composed of molecular metal clusters, stabilized by liga
molecules and atoms, which prevent the clusters from c
lescing. In these compounds, all molecules are in princ
identical and thus all clusters should have the same s
apart from possible deviations from stoichiometry, as m
occur in such complex chemical compounds. In this wo
we focus on a special class of these materials, the so-ca
magic number metal cluster molecules, as synthesized in
cent years by Schmid and co-workers.1 In these molecules
the metal cores~clusters! are composed of a central met
atom, surrounded by a number of successive full shells
0163-1829/2001/64~20!/205418~18!/$20.00 64 2054
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metal atoms in fcc packing@as evidenced by extended x-ra
absorption fine-structure ~EXAFS! and x-ray
investigations3–5#. This results in clusters with 13, 55, 147
309, etc. atoms per particle, corresponding to one, two, th
four, etc. full shells, respectively. Schmidet al.1,2 have pre-
pared a series of Pt, Au, and Pd clusters of varying siz
namely, Au2, Pt2, Pt4, Pd2, Pd4, Pd5, Pd7, and Pd8, wh
the number refers to the number of full shells of atom6

Some of these could be synthesized with different ligan
giving the opportunity to study the effect of the ligands
the properties of the particles.1,2,6 Using similar ligands, also
colloidal substances consisting of larger metal particles, h
been synthesized by Schmid and coworkers, albeit wit
small distribution in size~5–15 %!. These colloidal particles
provide an attractive intermediate between the molecu
clusters and the bulk metals, and will be indicated as M-
This designates a colloid of metal atoms of type M, and
average diameter of # Å . We will also report on a carbonyl-
stabilized Pt38 molecular cluster, synthesized by Cerio
et al.7 We remark that a previous Mo¨ssbauer study on larg
Au colloidal particles has been made by Viegers a
Trooster.8 Recently a renewed interest in Au particles h
arisen because of their catalytic properties.9,10

In recent years, an extensive study of the size evolution
the physical~thermodynamic! properties of the above meta
cluster compounds has been made, in particular on the
series.11 In addition, several publications have appeared
the effects of ligand bonding on the electronic and vib
tional properties of the clusters.12–15Here we shall present a
detailed analysis of a number of Mo¨ssbauer spectra, in com
bination with a reanalysis of previously published data.
will be shown, all Mössbauer data on the vibrational prope
ties of the atoms within the clusters can be interpreted i
way consistent with results derived from specific-heat a
©2001 The American Physical Society18-1
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EXAFS experiments. For instance, in the Au2 clusters
lattice contraction was previously observed from EXAFS16

with a simultaneous stiffening of the lattice.14 This is sup-
ported by the present analysis of the Mo¨ssbauer recoilless
fractions (f factors!. In the Pt4 clusters, no appreciable la
tice contraction was observed from EXAFS.17 The f factors
in Pt4 and Pt2 clusters can indeed be modeled on this b
using interatomic force parameters derived from bulk pr
erties.

Surface and quantum-size effects~QSE! on the electronic
properties of the clusters have already been evidence
earlier work, namely, in combined low temperatureT
,1 K) specific-heat and magnetic-susceptibility measu
ments on the above-mentioned series of Pd clusters,18 and
in an extensive NMR study of a Pt4 cluster.19 However, until
now our published Mo¨ssbauer data on Au and P
clusters15,20–23did not show clear indications of these effec
except for the metal atoms in the outermost layer, where
surface and the ligands influence the local coordination,
symmetry, and charge density. With the data presented h
we are able to show that the combination of Mo¨ssbauer spec
tra of the series of Au and Pt clusters clearly exhibits featu
that can be well explained in terms of an electronic lo
density of states which varies throughout the core of
particles. This interpretation is analogous to that previou
used to explain the NMR data on Pt catalysts24 and, more
recently, on Pt4phen* (phen* is the 1,10-phenanthroline
derivative!.19 As we shall argue, such a variation can
caused by the effect of surface screening, or may result f
the QSE, or from a combination of both.

In addition, we shall discuss the correlations of the Mo¨ss-
bauer parameters for the different Au sites at the surfac
the clusters, with their nearest-neighbor coordination form
by other metal atoms and ligands. On the one hand, if
assume that the surface metal-atom layer is ‘‘metallic,’’ by
which we shall mean that it is part of the total volume ov
which the electrons are delocalized in the particle, a narrow-
ing of the 5d bands is expected at the surface~cf. Sec. III!.
This will cause a variation of Mo¨ssbauer parameters, d
pending on the local surrounding of metal atoms at e
surface site. On the other hand, a large fraction of the sur
atoms is bonded to ligands, which are adsorbed onto
metal particles. If the bonding with the ligands would rend
the surface layer ‘‘nonmetallic,’’ i.e., the surface Au atom
would be charged to definite valence states, a correla
may emerge between the Mo¨ssbauer parameters of a surfa
site and the type of ligand bonded to it, similar to the cor
lations found for monatomic Au complexes.25–28 In those
compounds, the Au atoms have a definite valency and a l
symmetry, which is determined by the ligand coordinatio

A rigorous theoretical treatment of the electronic struct
in transition-metal particles is very difficult, except for th
smallest ones, containing only a few atoms. Local dens
functional calculations indicate that the electronic struct
can strongly deviate from that in the bulk.12,13,29 For ex-
ample, in ligated transition-metal clusters, the number
electrons in surface-atoms orbitals decreases in favor of tha
in d andp orbitals.13,30 The values of electric-field gradient
and electron densities are very sensitive to these kind
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changes, resulting in variations of the Mo¨ssbauer parameters
In principle, these types of calculations could give us qu
titative values for these Mo¨ssbauer parameters at the vario
sites. However, since we are also dealing with partic
larger than can be handled in a rigorous treatment, we wil
addition have to use a more qualitative approach to exp
the observed trends in the physical properties. For this,
shall use general conclusions that can be drawn from jelliu
model calculations and tight-binding theory for surfaces a
particles.

The outline of this paper is as follows. In the next sectio
a number of experimental details is presented. This is
lowed by a more detailed inspection of the surface and s
effects on the Mo¨ssbauer parameters in nanoparticles, w
respect to their electronic properties~Sec. III!, and with re-
spect to their vibrational properties~Sec. IV!. In Sec. V, the
experimental results are presented and discussed. We
pare our interpretations with previous ones, and we will
able to draw conclusions from the general trends and
evolution of properties with particle size. Finally, in Sec. V
a summary and conclusions can be found.

II. EXPERIMENTAL DETAILS

We report on197Au Mössbauer measurements on the n
materials tabulated in Table I. With the exception of the c
loids, they are all molecular cluster compounds. So far th
molecular compounds have not been obtainable in crysta
form, except for the Pt38, so that all-atom x-ray determina
tions of the molecular structure have been possible only

TABLE I. Compilation of the investigated samples with the a
breviations as used throughout the article. The number in the ab
viation of the magic number clusters indicates the number of
shells of atoms surrounding a single central atom. Abbreviati
M-c# designate M colloids with an average diameter of # Å . See
Fig. 2 for a drawing of the two- and four-shell clusters, Fig. 1 f
the full molecular structure of Pt38, and Fig. 3 for a drawing of
PPh3 ~triphenylphosphine!, phen* ~1,10-phenanthroline derivative!,
and cinc ~cinchonidine!. PNS is C6H6NNaSO3S•2H2O, Bu is a
butyl radical, HAc an acetate molecule: CH3COOH, TSTPP is a
trisulfunated PPh3, and MSTPP is a monosulfunated PPh3. The last
column gives the average diameter of the metal core of the
ticles. The number of metal atoms in the Pt-c33 particles is base
a Pt6 geometry~see text!, whereas those in the Au colloids ar
derived from their average volumes.

Chemical formula Abbreviation
^B& (nm)

Pt309phen36* O30610 Pt4phen* 2.1
Pt309cinc102(HAc)369 Pt4cinc 2.1
t9236150(PNS)N Pt-c33 3.360.2
Au157000626000(TSTPP)M Au-c172 17.260.9
Au890062400(MSTPP)M8 Au-c66 6.660.6
Au850063900(MSTPP)M9 Au-c65 6.561.0
Au55(PPh3)12Cl6 Au2tpp 1.2
Pt55(AsBu3)12Cl20 Pt2 1.2
@Pt38(CO)44#(PPh4)2 Pt38 0.9
8-2
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SURFACE AND QUANTUM-SIZE EFFECTS IN Pt AND . . . PHYSICAL REVIEW B64 205418
the latter.7 Figure 1 shows the full structure of a Pt38(CO)44
unit, i.e., the Pt metal core surrounded by CO ligands. T
PPh4 counterions are not shown. The metal core without
ligands is shown in the left-most picture of Fig. 2. It consi
of an hcp Pt6 unit surrounded by a full shell of 32 Pt atom
in hcp packing. For the other clusters, extensive evide
based among others on EXAFS14,16,17 and x-ray-diffraction
data3,7 has been compiled. The packing of the metal atom
these cluster cores is fcc, and their shape is cuboctahe
with eight triangular$111% surfaces and six square$001% sur-
faces~Fig. 2!. We will divide the metal atoms of all particle
into inner-core atoms and surface atoms. Each atom in
inner core has a cubic, 12-fold metal-atom coordination~fcc
structure!. For the surface atoms in the outer shell, this c
ordination is reduced, and some are bonded to the stabili
ligands~cf. Figs. 1 and 3!. Pt-c33 and the Au-c# series a
colloidal substances, for which the numbers of metal ato
and organic ligands are only approximately known. Th
sizes, and the width of the size distribution as given in Ta
I, are average values obtained from transmission elec
micrographs. Apart from a size distribution, also a distrib
tion in the number of ligands cannot be excluded for th
large particles.

FIG. 1. Full structure of a@Pt38(CO)44#
22 unit, i.e., the Pt metal

core surrounded by CO ligands. The PPh4
1 counterions are no

shown. Large gray circles represent Pt atoms, small black cir
are carbon, and open circles are oxygen atoms.

FIG. 2. Sites of the investigated molecular metal clusters. Fr
left to right: Pt38 with corner and hexagon center sites. Pt2 and A
with corner, square face, and edge sites. Pt4phen* by ligand type,
with phen* bonded~black!, O 2 bonded~middle gray!, and bare
sites ~light gray!. Pt4 by metal-atom coordination, with corne
edge, square$001% face, and triangular$111% face sites.
20541
e
e

e

in
al,

he

-
ng

s
r
e
n

-
e

Emission and absorption197Au Mössbauer spectroscop
was applied to the Pt and Au particles, respectively.
samples were in the form of powders. The Au particles w
measured in transmission geometry, where they were use
an absorber held at temperatures between 1.25 and 30 K
a source, a neutron-irradiated Pt powder (.95% 196Pt) was
used. The resulting197Au/Pt source has a single line, wit
natural linewidth~0.941 mm/s!31 and a recoil-free fraction (f
factor! of 0.220 at 4.2 K, corresponding to a Debye tempe
ture of 186 K.32 During all measurements, the source w
held at 4.2 K. The Pt particles were irradiated with therm
neutrons, and subsequently used as a source of197Au Möss-
bauer radiation. This was absorbed by a 37-mm-thick gold
foil, held at 4.2 K. Itsf factor at that temperature is 0.18
corresponding to the Debye temperature of bulk meta
gold ~170 K!. All spectra were recorded in the constant a
celeration mode, and the velocities were calibrated usin
Michelson interferometer. The emission method employ
for the Pt particles has been fully described
Refs. 21 and 22. The neutron irradiation of the samp
results in the reaction 196Pt1n→197Pt, followed by
197Pt→197Au11b21 n̄e10.6 MeV. The aftereffects of the
b2 decay are well described in Ref. 21. For example, in
process a highly energetic electron is ejected. However,
electronic relaxation processes within the~metallic! cluster
will be very short (,10215 s) with respect to the time scal
of the Mössbauer event (1029 s), so that the electronic con
figuration within the (197Au/Pt)1 cluster will have stabilized.
The neutron-irradiation treatment was found to produce
substantial radiation damage in the Pt4phen* samples.21

All fits to the data are evaluations of the transmissi
integral,33 so that absolute values for the recoil-free fractio
( f factors! can be derived. The following values were us
for the nuclear-spin1

2 → 3
2 transition. Nuclear quadrupole

moment in the ground state:Q3/250.594310228 m2, Möss-
bauer transition energy:Eg577345 eV, natural linewidth:
Gnat50.243 meV ~corresponding to 0.941 mm/s!, and
internal-conversion coefficient:aT54.30, corresponding to a
total effective cross sections053.86310224 m2. The ab-
sorption~emission! profile is a sum over all sites, each co
sisting of a set of Lorentzian lines with a total relative inte
sity I, a quadrupole splittingQS, and a center-of-mass shi
or isomer shiftIS. The relative intensityI of a site is propor-
tional to the product of the corresponding number of ato
and itsf factor. This is a measure for the stiffness by whi
the atom is bound in the solid, and thus gives informat
about the phonons in the material. We note that theQS is

es

2

FIG. 3. Chemical formulae of some ligands. From left to righ
PPh3 ~triphenylphosphine!, phen* ~a 1,10-phenanthroline deriva
tive!, and cinc~cinchonidine!.
8-3
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proportional to the electric-field gradient at the nucleus, a
that theIS is proportional to the difference in electron de
sity at the nucleus in the absorber compared to that in
source. All values ofQS and IS in this paper are given in
terms of a Doppler velocity in mm/s. This velocityv is re-
lated to a variation in theg-ray energyEg by dEg5Egv/c,
with c the velocity of light. TheIS is given relative to that of
a 197Au impurity in a Pt foil, denoted as197Au/Pt. For the Pt
particles, theIS values are reversed in sign, because the p
ticles were used as a source. A value ofIS50 for both Au
and Pt particles means that theIS is identical to that in bulk.
Furthermore, a more positive value of theIS indicates a
larger electron density at the probing nucleus.

III. ELECTRONIC MO¨ SSBAUER PARAMETERS
OF METAL NANOPARTICLES

In this section, we shall clarify how size effects on t
physical properties of metal nanoparticles can be probed
vantageously by Mo¨ssbauer spectroscopy. A spectrum gen
ally consists of several contributions, each arising from
different site in the particle. The local properties of each s
determine the shape of the spectral contribution. Thus,
vided that the local differences are large enough, the dif
ent spectral contributions can be resolved and physical in
mation can be obtained for each site separately. M
specifically, for different sites, values can be found for t
IS, theQS, and the relative spectral weightI. The latter is a
product of the abundance of the site with its~average! f fac-
tor. In the following, we will describe the expected siz
dependent properties of our metal nanoparticles, star
with the simplest model and then making subsequent refi
ments. At every stage, the effects on the Mo¨ssbauer param
eters will be discussed.

For a better understanding of the data, we mention h
the much usedQS-IS correlation diagram. In insulating
monatomic Au complexes, the most common valence st
are AuI , when the Au atom is linearly coordinated by tw
ligands, and AuIII for a planar fourfold geometry. Other va
lence states or geometries are encountered only very ra
e.g., AuV in an octahedral sixfold geometry. Extensive e
perimental studies on many Au complexes have revea
clear correlations between the values ofQS and IS.25–28All
values ofIS are found to lie between21 and15 mm/s. The
QS in AuI compounds depends roughly linearly on theIS,
rising from about 4 to 11 mm/s. For AuIII compounds a
similar linear dependence is found, but theQS is systemati-
cally lower than for AuI . Figure 4 shows the so-obtaine
QS-IS correlation diagram, where the gray bands indic
the regions within which almost all literature data fall. Also
region for the rare AuV is included. The actual data points
the diagram refer to the values resulting from various fits
the Mössbauer spectra of the materials in Table I, and will
discussed below.

We will also use the concept of a local density of stat
r i

R(E). In its simplest form, it corresponds to the loc
charge density of the electronic states having a partic
energyE. However, for the interpretation of theQSandIS it
is more useful to project the electronic states onto atom
20541
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orbitals i on a particular siteR. By integratingr i
R(E) overE

up toEF , an effective number of electronsni in every orbital
i can thus be found. TheQSandIS are more easily related to
these effective occupation numbers than to the original e
tronic states.

A. Surface and quantum-size effects in free-electron-like metal
nanoparticles

In the simplest model for the electronic properties of t
metal nanoparticles, one may completely neglect the p
ence of ligands. In a first approximation, the~valence! elec-
trons in the metal can be treated as moving in a cons
potential, since the attractive potential of the nuclei is larg
screened by the inner-core electrons. This model, known
the jellium model, predicts an almost uniform electron de
sity within the metal, at positions very far from a surface.
a result of screening, the density near a surface has a dam
oscillatory behavior, with a period of about half a Ferm
wavelength~about 0.26 nm for Au!. Calculations on an infi-
nite plane surface of sodium34,35 show that the amplitude o
these Friedel oscillations decreases from about 10% to
over the first 1.5 nm from the surface. Just outside the s
face, there is a spillout of charge over a distance of about
nm. As the MössbauerIS is sensitive to the valence electro
density, similar behavior of theIS as a function of distance
from the surface into the metal can be expected.

As the Fermi wavelength in a metal is of the order of
nanometer, strong quantum-size effects~QSE! can be ex-
pected when the particle diameter comes into the range
few nanometers. In bulk metals, the local density of sta
r i(E), forms a ~pseudo!continuum aroundEF . A single
atom, on the other hand, has only discrete electronic ene
levels. A nanoparticle is just in between these two extrem
r i(E) is discrete, as in an atom, but the distance betw
levels becomes smaller as the particle size, and thus the n
ber of electrons in the particle, increases. The presenc

FIG. 4. Quadrupole splitting versus isomer shift diagram. T
gray bands indicate the three different regions found for gold i
mono-, tri- and pentavalent state. The plus symbols show that m
of the previous data~Ref. 21! ~Au2 and Pt4phen! give values in
these regions, withIS mostly between 0 and 1 mm/s. Heavy sol
lines correspond to the linear relations as mentioned in the t
Vertical lines indicate theIS values for fits in which all surface site
were taken to have the sameIS, but a varyingQS.
8-4
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these quantum gaps results in dramatic effects in, e.g.,
thermodynamic properties of nanoparticles, such as magn
susceptibility, NMR, and specific heat, at temperatures lo
than the average level splitting aroundEF . These physical
quantities crucially depend on the possibility for transitio
between electronic levels aroundEF . Contrastingly, the de-
velopment of quantum gaps aroundEF will affect the Möss-
bauerIS andQS much less, since these parameters dep
on the integral up to EF of the local density of states, pro
jected onto atomic orbitals.

The quantum-size effect on the spatial variation of
electron density inside the particles can again be asse
qualitatively on the basis of jellium-model calculations f
simple metal clusters. When the particles are approxima
by spheres, the electrons are organized into atomlike orbi
resulting in an electronic shell structure.36 Proof for the pres-
ence of such a shell structure in real clusters has been fo
for alkali-metal clusters produced in beams.37,38As in every
atomlike system, the electron density depends strongly
the distance from the center of the spherical potential.
tailed calculations for the spherical jellium model, evalua
at zero temperature,39 show that the electron-density fluctu
tions can be as large as 50% of the average density for
particles containing up to 58 atoms. For increasingly lar
particles, the oscillations evidently smear out, and
electron-density variation approaches more and more
~Friedel oscillation! profile, appropriate for an infinite plan
metal surface. These considerations show that the QSE
lead to a spatial variation of theIS throughout a nanopar
ticle, in particular since theIS is very sensitive to the
6s-electron density.

Thus we have identified two possible mechanisms
which the MössbauerIS can vary as a function of distance
the surface. For small particles~with a radius up to about 1.5
nm!, the ~Friedel! oscillations due to surface screening w
be appreciable over the whole particle, and it will be diffic
to distinguish them from oscillations due to the QSE. For
larger particles, the latter will gradually disappear, restrict
the fluctuations to the Friedel oscillations in the outerm
layers.

B. Local density-of-states approach„tight binding …

Next, we have to take into account that our nanopartic
consist of the 5d-transition metals Au and Pt, instead of
free-electron-like metal. Full molecular-orbital calculatio
on one-shell Pt13 clusters~and other small particles!40 show
that the shapes of the cluster orbitals aroundEF resemble
those of localized 5d orbitals, which are deformed at th
particle surface, following the local coordination. From su
calculations one could in principle also derive quantitat
values for the Mo¨ssbauer parameters (IS and QS) using a
local density-of-states~LDOS! approach. However, since th
computational effort is very large for Au and Pt particl
with more than say 50 atoms, we cannot resort to a
calculation of the molecular orbitals here. Instead, we w
use the local density of states with more qualitative ar
ments to gain some insight into the Mo¨ssbauer parameters
20541
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The projection of the total wave functions onto defin
atomic orbits allows one to treat 5d, 6s, and 6p electrons
separately. The relatively high-energetic 6p electrons only
become relevant when they are covalently mixed with liga
orbitals or affected by crystal-field splitting. Therefore, w
will neglect them for the moment. In gold and platinu
metal, the 6s electrons are highly delocalized, and can
treated as nearly free. The results of the previous subsec
may be applicable to them, assuming a separation intos-
and 5d-electron contributions as a reasonable approxima
for our purpose.

The 5d electrons are, even in the metallic state, to a la
extent localized, so a tight-binding model can be used
evaluate the changes produced at the surface. It is usef
recall that the reduced metal-atom coordination at the sur
narrows the LDOS at the surface,r5d

sur f(E). Layer-resolved
~slab! calculations onr i

j (E) ~as a function of atomic layerj,
counted from the surface!, in a tight-binding solid, show as a
very general result that the LDOS ‘‘heals’’ back to the bu
structure in at most two or three atomic planes.41 Analogous
results are found in layer-resolved density-functional cal
lations on large Au clusters.29,42The narrowing of the LDOS
at the surface has been verified in several experime
studies.43,44 A similar healing model has also been used
explain NMR data on Pt nanoparticles in catalysts,45,46 and
also specifically in an NMR study on the same Pt4phe*
clusters as investigated in this paper.19 There, the 5d LDOS
at EF was assumed to decrease near the surface over a
ing length of about 0.6 nm,19 which is much more than a
single atomic layer. The narrowing of the 5d band results in
an increase ofn5d

sur f at surface atoms, for more than hal
filled 5d bands~like in Pt and Au!. This results in an upward
shift of all levels at the surface, effectively increasingn5d

sur f at
the cost ofn6s

sur f . The redistribution of electrons was show
to happen mainly at the surface layer.47 Calculations on these
surface level shifts48 S, in cuboctahedral Au2 clusters, giv
values ofS51.09, 0.87, and 0.63 eV for, respectively, th
corner, edge, and face atoms.29 The width of the 6s band is
about 15 eV. We can thus estimateDn6s

sur f due to the surface
level shift, by assuming a constant LDOS over the wholes
band. This band can obviously accommodate two electro
so Dn6s

sur f'2S/15, leading to DIS'21.2, 20.9, and
20.7 mm/s, respectively, since a change of one 6s electron
changes theIS roughly by 18.0 mm/s.49 We can conclude
that possible variations in theIS over the surface~within 0.5
mm/s! will be much smaller than those in insulating mo
atomic Au complexes~over about 5 mm/s!.

Another important effect of the surface is the reduc
local symmetry, imposed by the decrease in the metal-a
coordination, varying from site to site over the surface.
crystal-field theory, the order and occupation of the 5dm lev-
els ~with a differentz component of the orbital momentum
indicated by the quantum numberm) depend on this sym-
metry. Similarly, the 6px,y,z levels will be affected, and may
become partially populated, which can have large con
quences for the value ofQS. Also the periodic potential of
the bulk is cut off, which allows for the formation at th
surface of new exponentially decaying solutions to t
8-5
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Schrödinger equation. The energy of such a surface state
in a bulk band gap. The surface density of states is increa
in the gap, at the cost of density at nearby band edge50

Although r i
sur f(E) can thus change significantly at the su

face, the influence of localized surface states onn6s
sur f is

probably negligible, sinceEF is not close to the 6s-band
edges. Still, the proximity ofEF to the top of the 5d band
may cause changes inn5dm

sur f , due to the formation of such

surface states.
Summarizing, we have argued in the above that variati

in n6s
R , inside the metal particles, will be mainly caused

Friedel oscillations and QSE. On the other hand,n5dm

sur f and

n6pn

sur f are mainly influenced by the local symmetry of th

surface sites.n5dm

sur f can be further affected by 5d-band nar-

rowing, surface level shifts, and possibly the formation
surface states, whereasn6s

sur f will be roughly constant. Since
the number of nearest neighbors is different for the vari
surface sites in our cuboctahedral clusters, the degree od-
band narrowing will also vary. Thus, we may expect a c
relation of n5dm

sur f and n6pn

sur f ~and so of theQS) with the ge-

ometry of the site on the cluster surface. These surf
effects may cause changes inr i

R(E) deeper into the bulk as
well, e.g., in the layer directly below the surface layer.

C. The effects of ligation

In ligated molecular metal clusters, many of the surfa
atoms have chemical bonds to the ligands, or are influen
by ~possibly charged! adsorbed atoms and small molecule
as, e.g., O2

2d . This has consequences, not only directly
these surface atoms, but also for the structural and electr
properties of the cluster as a whole. As regards struct
aspects, it is important to recall here that the structural
bility of ligated metal clusters is to a large extent determin
by the ligand shells.1,2 The steric repulsion between volum
nous ligands can cause an expansion of the volume of
particle metal core.42 On the other hand, the surface tensi
becomes an important term in the free energy of a sm
particle, because of the large surface-to-volume ratio. In g
eral, this is expected to cause a volume contraction in fre
suspended bare metal clusters.29,42,51,52A direct result of a
reduced particle volume is an increased average elec
density, and thus an increased average value forIS. For li-
gated cluster compounds, it is of interest, in this respect
note that even for relatively small clusters, the metal-me
distances inside the cores are quite close to bulk values.
in Pt38 ~Ref. 7! and Pt4phen* ,17 most of the bond lengths ar
within 1% of the bulk value.

Regarding the electronic properties, the presence
~charged! adsorbed molecules and atoms has to be con
ered in addition to the effects of the surface itself, as
scribed in the previous subsections. The monopole and
pole moments of the adsorbates will result, as before
changes ofr6s,6p,5d(E) at the surface. However, since th
Thomas-Fermi screening length in Au is of the order of h
an interatomic distance, any surface effect is screened
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effectively by the delocalized 6s electrons, resulting in a
very fast recovery ofr6s,6p,5d(E) deeper into the particle.

Chemical bonds may have additional effects. One com
from charge transfer to the metal particle, resulting in a sli
change of the Fermi level. The resulting changes inn6s ,
n6pn

, and n5dm
in the inner core of the particle probabl

decrease with increasing particle size, since the cha
change is delocalized over the whole particle. Another eff
due to the mixing of ligand orbitals with surface metal-ato
5d, 6s, and 6p orbitals could be that the occupation of the
surface metal-atom orbitals and their contribution to the v
ues ofQS and IS might become comparable to those fou
in insulating monatomic Au complexes. This could happ
when the ligation of the surface atom results in a cha
localization. As long as there are metallic bonds between
surface atoms and the rest of the particle, these atoms
tend to keep their charge equal to that in the inner co
prohibiting the formation of definite valence states. If, ho
ever, the metallic character of these bonds is lost, charge
accumulate on the individual surface atoms and theirQSand
IS values could become reminiscent of AuI or AuIII . The
correlation betweenQS and IS would then depend on the
symmetry imposed by the ligands in combination with th
image potentials. That mixing of ligand orbitals with those
the surface metal atoms can indeed have large conseque
on the effective number of electrons in the different orbit
is confirmed by calculations and experiments on carbo
lated Ni clusters.13 There, the COs orbitals repel the 4s
orbitals of surface atoms, which causes an increase ofn3d at
the cost ofn4s . Ultimately, the 3d band was predicted to
become completely filled at the surface, which explains
fact the experimentally observed quenching of the magn
moments on the Ni atoms, at the surface of Ni carbo
clusters.53

It is noteworthy that in very small ligated clusters, su
as, e.g., Au3Fe,54 AuRu2,55 and Au2Ru3,55 low values ofIS
were measured~0.7–2.1 mm/s!, which was attributed to a
relatively low population of Au 6s orbitals, supposedly
caused by a donation of these 6s electrons to a cluster orbita
which is delocalized over all metal atoms. Also in ligate
Pt3Au and Pt3Au2 clusters, such a correlation between t
Mössbauer parameters and the degree of electron deloca
tion was found.56 There, it was also found that the Mo¨ss-
bauer parameters do not depend much on changes in
bridging (PPh3-like! ligands between the Pt atoms. Thu
even in clusters containing only four metal atoms, electro
delocalization was found, and correlates with low values~be-
low 2 mm/s! of the IS.

We can thus make a distinction between a ‘‘metallic’’ a
a ‘‘nonmetallic’’ ligated surface layer.We define a ‘‘metallic’’
surface layer as one that is part of the total volume ov
which the electrons are delocalized.In that case, charge ca
be freely interchanged between surface metal atoms and
inner core, and the surface may keep its charge per a
close to that in the rest of the particle. Nonetheless, due
effects like the QSE described above, the LDOS at the
face can still differ from that in the inside of the particle.
the opposite case of charge localization at the surface m
8-6
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SURFACE AND QUANTUM-SIZE EFFECTS IN Pt AND . . . PHYSICAL REVIEW B64 205418
atom orbitals, individual surface atoms may develop lo
valence states, and the values ofQS and IS of these surface
sites would increase, and correlate with the type of liga
coordination found in monatomic Au complexes. For t
‘‘metallic’’ surface layer, however, theQS may still be cor-
related with the local metal-atom coordination of the surfa
site, whereas theIS should be roughly constant over th
surface, at a low value, probably below about 2 mm/s.
will investigate the applicability of both scenarios in Sec.

IV. VIBRATIONAL MO ¨ SSBAUER PARAMETERS: SIZE
EFFECTS ON THE PHONON MODES

The phonon modes in small particles are substantially
ferent from those in bulk. Since Mo¨ssbauer-effect spectros
copy is a local probe for the atomic vibrations, this has la
consequences for thef factors ~recoil-free fractions! of the
various atoms in the particle. Due to the size effect~small
number of atoms!, the number of available phonon modes
relatively small, so the concept of a continuous phonon d
sity of states, as in the bulk, can no longer be used. Inst
other models like the elastic continuum approximation57 or a
central force model20 allow the calculation of the phono
modes inside the particle, and lead to a discrete phonon
sity of states. This discreteness results in the formation
low-frequency cutoff in the phonon spectrum, similar to t
gap aroundEF in the electronic density of states as a res
of the QSE. We will employ a refinement of the central for
model already used by Smitet al.20 to calculate thef factors
of each individual atom in a cluster. We describe here
most important aspects of this model.

The emission~absorption! of a Mössbauer photon result
in a transfer of the momentum of the photon to the lattice
fraction f intra of all emissions~absorptions! results in a re-
coil of the particle as a whole, whereas otherwise the em
ting ~absorbing! atom recoils, and creates a vibration in t
particle, a so-called intraparticle phonon. This fractionf intra

can be obtained from the central force model, as descr
by Smit et al.,20 which depends on a matrixV of second
derivatives of the central potential in which each ato
moves. The matrix elements have the dimensions of a fo
constantC, and describe the interaction strength between
atoms.

If the momentum is transferred to the particle as a who
this recoil momentum is subsequently transferred either
phonon in the two-component medium of ligands plus me
cores~interparticle vibrations in the matrix!, or to the whole
sample. The two-component matrix can be approximated
an effective Debye solid,21 with Debye temperatureuD

inter , so
the usual Debye formula for the recoil-free fraction can
applied.@See Ref. 58, p. 61, Eq.~3.84!.# The fraction of all
particle recoils that results in a transfer of momentum to
whole sample can thus be obtained. This fraction is ca
the interparticlef factor, f inter. As usual for a Mo¨ssbauer
event, the associated energy loss for the recoil of a ma
scopic sample, as a whole, is much less than the na
Mössbauer linewidth, and thus a resonant emission~absorp-
tion! occurs. The analysis off factors depends further on th
assumption that the net resonant fraction of photon emiss
20541
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~absorptions! equals the fraction of photon emissions~ab-
sorptions! which result in a recoil of the particle as a whol
times the fraction of all particle recoils resulting in a resona
emission~absorption!:

f i5 f inter~uD
inter! f i

intra~C!.

The validity of this approximation can be expressed by
statement that the inter- and intraparticle vibrations are co
pletely decoupled:̂ uuu2& tot5^uuu2& inter1^uuu2& intra , where
^uuu2& is the mean-square displacement of the atom. Anot
way of saying this is that the interparticle phonons in the s
matrix do not interact with the intraparticle phonons, exce
when the latter have a zero-wave vector, in which case
interaction represents the recoil of the particle as a wh
which can result in the creation of an interparticle phonon59

Smit et al.20 considered homonuclear clusters, with on
nearest-neighbor interactions, in their model. Since all ato
are identical, they needed the value of only one force c
stantC to find f i

intra for all atoms i in the cluster. For Au
particles, this presents no problem, so we will take exac
the same model withCAu-Au as the force constant. For the P
particles, however, due to the application of the emiss
technique, the probing atom is not a Pt atom, but an Au a
in a Pt matrix~cf. Sec. II!. The force constant describing th
interaction between this Au atom and its Pt neighbors will
different from that between the Pt atoms themselves. T
we will introduce two force constantsCAu-Pt andCPt-Pt into
the matrixV, from which again allf i

intra are calculated. This
involves a different matrixV for every ~inequivalent! posi-
tion of the Au atom in the Pt particle, since changing t
location of the Au atom affects all phonon modes of t
particle. In any case,f i

intra varies from atom to atom in the
particle, and depends strongly on the number of nea
neighbors. A surface atom is less tightly bound to the crys
than an atom in the inner core, and itsf factor will be lower.
~See also Table II.!

For a reliable and unbiased analysis, it is important
obtain, as a reference, bulk values forCAu-Au , CAu-Pt, and
CPt-Pt from other experimental quantities that may be me
sured in bulk solids. These values can be used either to c
pare with experimental values, as obtained from fitting
Mössbauer spectra, or as fixed parameters in modeling
nanoparticles. In the latter approach, the only remaining f
fitting parameter to describe allf factors is uD

inter , giving
information about the stiffness of the matrix~ligands plus
metal particles!.

In order to obtain values of the force constants for t
bulk, which can reliably be used for the clusterf-factor
analysis, it is best to use exactly the same central force m
to calculate a bulkf factor, and adjust the force constant
that this bulk value is equal to that experimentally foun
Denoting the zero-temperature limit off as f 0, in this
model20 2 ln f0}ER(s(As

2/vs). Here vs is the frequency of
vibration modes, which is in general proportional toAC/M .
As is a normalized vibration amplitude of modes, and does
not depend on the atomic massM or on C. ER is the recoil
energy of an atom, which is inversely proportional to
massM. Thus2 ln f0}1/AMC, so thatD[2AMC ln f0 is a
8-7
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~positive! constant depending on the crystal structure and
g-ray wave vector only. We calculatedD for a central atom
surrounded by a varying numberN of full shells of atoms,
retaining the fcc structure. In Fig. 5, we have plottedD as a
function of 1/N. Extrapolating to 1/N→0 ~an infinite number
of shells!, we find for the bulk Dbulk54.75(6)
310212 kg/s, which should be a universal number for
monatomic fcc materials. The valuef 0

bulk2Au50.190 is ob-
served from extrapolation toT50 K from the experimenta
value for gold at 4.2 K~with the usual Debye formula58!, and
leads withDbulk to CAu-Au

bulk 525.0(6) N/m.
In order to obtain a value forCPt- Pt

bulk , we utilize the genera
relation between the force constant in a crystal and the
bye temperatureCfcc5aMuD

2 . Herea depends only on the
lattice structure. Already in 1911, Einstein pointed to suc
proportionality,60 and although different numerical predic

TABLE II. Calculated intraclusterf factors for all crystallo-
graphically different atoms in Pt4, Pt2, and Pt38 clusters atT
54.2 K, using the central force model withCPt-Pt545.3 N/m, and
CAu-Pt527.4 N/m. The numbers in the first column refer to t
shell number within the cluster, and the abbreviations in parenth
are used in the text for the various surface sites.n is the number of
atoms occupying each site, andnn is the number of nearest neigh
bors.I s[100Nsf s

intra/( iNi f i
intra is the relative intensity of each sit

in the Mössbauer emission profile of the Pt particles.

Pt4 n nn fintra I ~%!

0 1 12 0.2303 0.42
1 12 12 0.2300 5.03
2 corner 12 12 0.2279 4.99
2 edge 24 12 0.2287 10.01
2 square 6 12 0.2291 2.51
3 corner 12 12 0.2126 4.65
3 edge 48 12 0.2189 19.17
3 square 24 12 0.2219 9.72
3 triangle 8 12 0.2226 3.25
4 ~c! corner 12 5 0.0785 1.72
4 ~r2! edge 2 48 7 0.1247 10.92
4 ~r1! edge middle 24 7 0.1305 5.71
4 ~s3! square corner 24 8 0.1486 6.51
4 ~s2! square edge 24 8 0.1515 6.63
4 ~s1! square middle 6 8 0.1538 1.68
4 ~t! triangle 24 9 0.1616 7.08

Pt2

0 1 12 0.2428 2.82
1 12 12 0.2363 32.96
2 ~c! corner 12 5 0.0938 13.08
2 ~e! edge 24 7 0.1420 39.61
2 ~s! square 6 8 0.1654 11.53

Pt38

Core 6 12 0.2439 23.23
~c! corner 24 6 0.1373 52.32
~h! hexagonal center 8 9 0.1925 24.45
20541
e

l

e-

a

tions have been made fora, the relation itself has never bee
contested.61 From the above-derived value forCAu-Au

bulk , ob-
tained from the experimentalf factor of gold, and taking the
Debye temperature of golduAu5170 K, as obtained from
specific-heat measurements~see Ref. 62, p. 461!, we derive
a52.64(8)31021 s22K22. This, together with uPt
5230 K ~see Ref. 62, p. 461!, can be used to find a valu
for CPt-Pt

bulk5aMPtuPt
2 , which leads toCPt-Pt

bulk545.361.1 N/m.
We note that a numerical evaluation ofa on the basis of the
central force model and the Debye model yieldsa53.9
31021 s22K22, which is in reasonable agreement with th
above-mentioned empirical result.63

We also need a value for the force constant of an Au
bondCAu-Pt

bulk . We expectCAu-Pt
bulk to be much lower thanCPt-Pt

bulk

on the basis of the low Debye temperature for bulk197Au/Pt,
which equals 186 K,32 as derived from a calibration of thef
factor of a 197Au/Pt source at 4.2 K. This is much lower tha
uPt, almost as low asuAu .

We use a similar procedure as above for pure gold
obtain a value forCAu-Pt

bulk . AssumingCPt-Pt545.3 N/m, as
derived above, and varying the values forCAu-Pt, thef factor
is calculated of a single central Au atom surrounded by
increasing numberN of full shells of Pt. In Fig. 6 we plotted
2 ln f0 as a function of 1/N. CAu-Pt is adjusted such that th
extrapolation to 1/N→0 ~the bulk 197Au/Pt limit! is consis-
tent with 2 ln f051.510, which is derived from the exper
mental valuef (T54.2 K)50.220 using the Debye mode
The result isCAu-Pt

bulk 527.461.2 N/m.
It is interesting to note that2 ln f decreases (f increases!

with decreasing particle size~cf. Figs. 5 and 6!. This can be
understood in terms of the quantum-size effect on
phonons, which should lead to a low-frequency cutoff in t
phonon density of states~see, e.g., Ref. 64!. The average size
of the low-frequency cutoff should scale with the inver
volume of the particle. In crude terms, one could say t
phonon modes with a wavelength larger than the part
diameter do not fit in. From the factor 1/vs in the formula for
f intra,20 2 ln fintra}ER(s(As

2/vs), it can be easily seen that th
largest contribution to this sum comes from the lo

FIG. 5. D ~proportional to the logarithm of thef factor at zero
temperature, see text! as a function of the inverse number of shel
surrounding a central atom. The open symbol with error bars r
resents the extrapolation to zero, corresponding to a bulk fcc lat
See the text for further details.
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SURFACE AND QUANTUM-SIZE EFFECTS IN Pt AND . . . PHYSICAL REVIEW B64 205418
frequency phonon modes. The low-frequency cutoff in sm
particles results thus in systematically higher values ofvs ,
leading to an increase off intra.

In the next section, we will present the experimental
sults of the Mo¨ssbauer investigations. We will usef factors
calculated from the above-derived bulk force constants
Table II, we have collected the result forf intra of all crystal-
lographically different atoms in the investigated molecular
clusters. In the actual analysis, many of these atoms are t
together, and treated as a single site, with the sameIS and
QS. The relative intensityI is then simply the sum of al
separate valuesI s for all atomss in the site.

V. EXPERIMENTAL RESULTS

After the above preparatory steps, we now have a su
cient basis to present and discuss the experimental M¨ss-
bauer spectra for the particles tabulated in Table I. We s
with the 197Au Mössbauer spectra of the Pt4 nanoparticl
followed by the successively larger Pt and Au colloids.
nally, we discuss the spectra of the Au2tpp, Pt2, and38
particles in light of the results obtained from the large p
ticles. As part of the procedure, we will reanalyze thr
197Au Mössbauer spectra which were previously record
and published by Mulderet al.21 ~on Pt4phen* and Au2tpp!,
and by van de Straatet al.23 ~on Pt38). We remind here tha
197Au Mössbauer measurements on Ptx particles are actually
done on (Ptx21Au)1, due to the conversion of one Pt ato
into Au by the neutron irradiation. Since the differences b
tween the electronic configurations of Au and Pt are not v
large, we will use the (Ptx21Au)1 particles as models for th
original Ptx particles.

Mulder et al.21,22 analyzed thef factors within the centra
force model using a single intracluster force constant,
values of which were found to deviate strongly from tho
derived from bulk properties. This discrepancy was attr

FIG. 6. The logarithm of thef factor atT50 K, as a function
of the inverse number of Pt shells, surrounding a central Au a
~solid circles!. The open circle with error bars is the extrapolation
the solid symbols to zero, corresponding to bulk Au/Pt. Us
CPt-Pt545.3 N/m, we adjustedCAu-Pt in the calculation of the solid
symbols so that the extrapolated value coincides with the exp
mental value of 1.51~derived from the experimentally obtainedf
factor of 0.221). Thus, we foundCAu-Pt527.461.2 N/m.
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uted to a lattice softening in the nanoparticles.21,65Although
the force constants appeared to agree with specific-heat
on the Pt4phen* cluster,65 it was later pointed out by Volok-
itin that the ligands can contribute strongly to the spec
heat.66 He showed that for ligand-stabilized Pd particles,
ter subtracting the contribution of the ligands, the spec
heat related to the intraparticle vibrations could be explain
well with the bulk speed of sound, and thus without a
lattice softening. In Au2tpp particles, a change of lattice st
ness was observed, with a simultaneous lattice contractio14

In Pt38 and Pt4phen* , most of the interatomic distances d
viate at most by 1% from the bulk value, as observed fr
x-ray7 and EXAFS~Ref. 17! studies, respectively. Therefore
we will assume that the Pt nanoparticles are, like the
clusters, not subject to any lattice softening. Instead, as
scribed in the previous section, we shall put as our basis
the central force model for thef factors applied to the Mo¨ss-
bauer data in Pt particles needs two force constants, and
will use the values as derived above from bulk parame
(CAu-Pt527.4 N/m andCPt-Pt545.3 N/m) to calculate the
relative intensityI for each site separately~cf. Table II!. We
will show below that this leads to quite satisfactory fits to t
experimental data.

When comparing the measurements of the larger parti
~see Figs. 7–10! with the data on the Au2 series~see Fig. 11
below!, one can see immediately that the structure in
former spectra is less pronounced. Therefore, to model th
spectra, not all parameters for all sites can be left free in
fits to the data. We have to make some physically plaus
assumptions, in order to fix or to correlate some paramet
First, since we will assume that the refined central fo
model~with two force constants! can be applied, all relative
intensitiesI can be fixed. Second, based on the consid
ations of Sec. III C, we will compare the two scenarios
which either the various surface metal atoms are in a defi
valence state, corresponding to a ‘‘nonmetallic’’ particle s
face, or that they all have the sameIS value, corresponding
to a ‘‘metallic’’ surface layer. In a ‘‘nonmetallic’’ surface
layer, the atoms will have effective charges, withIS andQS
values similar to those in monatomic Au complexes, due
the ligands attached to these surface atoms. In this scen
we will use theIS as a free parameter, restricted to the ran
of from 21.0 to 14.5 mm/s for AuI and AuIII and from
11.5 and13.5 mm/s for AuV. Furthermore we can calculat
the QS from the IS, using the relationsQSI55.0511.06
3IS for AuI , QSIII 50.6810.923IS for AuIII , and QSV

50 for AuV, which correspond to the solid lines in Fig.
and are representative of the observed empirical relations
betweenIS and QS. Which ligand leads to which valenc
state of the corresponding atom remains to be determine
fitting the experimental data, assuming various combi
tions. The second assumption—having a ‘‘metallic’’ surfa
layer—corresponds to a model with a singleIS value as a
free parameter for the whole surface. TheQS is then left free
and is assumed to correlate with the local metal-atom co
dination of the probing Au atom. Finally, for all the atoms
the inner core of the particles we shall putQS50, but allow
the electron density~and thus theIS) to vary for different
successive shells of atoms within the inner core. Since
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FIG. 7. Four different fits to the same data of Pt4phen* taken at
T51.8 K. Large open circles are the data points. The heavy s
line is the model, and the other lines are guides to the eye, re
senting the contribution of each different site. Dashed lines are
sites, the others surface sites. Small circles on the top axes ar
differences between data and model.~a! Parameters taken from Re
18. ~b! Single core site, nonmetallic surface.~c! Two core sites,
nonmetallic surface.~d! Two core sites, metallic surface. See t
text for more detailed information.

FIG. 8. Three different fits to the same data taken on Pt4cin
T54.2 K. Symbols as in Fig. 7.~a! Single core site, nonmetallic
surface,uD

inter57.3 K. ~b! Two core sites, nonmetallic surface
uD

inter57.9 K. ~c! Two core sites, metallic surface,uD
inter58.0 K.
20541
assume an uncontracted lattice in the Pt particles, we d
have to correctIS for any volume change.

A. The four-shell Pt309phen36* O30Á10

and Pt309cinc102„HAc…369 clusters

The results of a detailed reanalysis of the previously p
lished Pt4phen* Mössbauer spectra are presented first. F
ure 7~a! shows the spectra recorded by Mulderet al.,21,22

together with their analysis. Inside the spectrum several li
are drawn as guides to the eye, representing contribut
from different sites. In their analysis, Mulderet al. used a
single force constant, and the surface sites were correl
with the attached ligands. Both theQS and IS for each site
were taken as free fit parameters. On the basis of the mol
lar structure and chemical composition, they assumed
following ligand coordination: 36 phen* ligands on each cor-
ner and on each edge, and 14 O2 molecules on the center o
each square and triangle. Accordingly, the surface was
vided over three sites~for the abbreviation of sites, see Tab
II !: 36 atoms connected to phen* (c,e1), 30 to O2 (s1 ,t), and
96 bare atoms (e2 ,s2 ,s3).

Mulder et al.21,22 found the resultingQS-IS pairs for the
surface sites to lie in the region of AuV for the unligated,
bare site, and in that of AuI for the ligated sites with a
slightly different position in theQS-IS diagram for phen*
and O2 bonded sites~see Table III, and Fig. 4!. They could
not give a satisfactory explanation for the presence of a
with QS-IS in the region for AuV. All 147 atoms in the three
core shells were taken to be equivalent, implying a sin
value for the electron density throughout the core.IS for this
single core site was found to be equal to the bulk197Au/Pt
value. From this it was concluded that the electron density
the inner core is indistinguishable from that in the bu
metal, so that the influence of surface ligation is alrea
completely screened by the electrons in the outer shel
surface atoms. From a fit of the temperature dependenc
the f factors between 1.8 and 40 K,uD

inter517 K was found,
andC526 N/m. These values were in reasonable appa
agreement with an earlier analysis of specific-heat data
this compound by Baaket al.11,65,67 (uD

inter515 K and C
520 N/m). The deviation of the fit from the data ne
21 mm/s, as clearly seen in the difference plot of Fig. 7~a!,
was neglected at the time.

Based on the considerations in Sec. III, we now pres
improved fits to the same data. As explained above, ther
experimental evidence that the intraparticle vibrations
Pt4phen* can be modeled using bulk parameters, so we n
use the relative intensityI as derived from CAu-Pt
527.4 N/m and CPt-Pt545.3 N/m ~the values for bulk
197Au/Pt, cf. Sec. IV and Table II!, and uD

inter515 K, as
found from the specific-heat data by Baaket al.65 The thus
calculated temperature dependence of the totalf factors fits
the experimental data just as well as before21 ~not shown!.

In Fig. 7~b!, a fit is plotted, where we tookIS50 mm/s
for the whole inner core, and a ‘‘nonmetallic’’ surface laye
The number of free parameters was reduced by using
linear relations between theQS and IS. We took the 66
atoms bonded to phen* or O2 together in a single AuI site,
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and all 96 bare atoms in an AuV site, as suggested by th
work of Mulder et al.21,22 @fit shown in Fig. 7~a!#. A fit was
made with only two free parameters, namely, theIS for bare
and bonded surface sites, from which theQSwas calculated.
As can be seen, the fit in Fig. 7~b! is very similar to that in
Fig. 7~a!. Thus, we can indeed explain thef factors in the
Pt4phen* particles without having to assume an artificial la
tice softening, in agreement with the reanalysis of
specific-heat data. Furthermore, limiting theQS-IS pairs to
the heavy solid lines of Fig. 4 appears to be a valid way
reduce the number of free parameters.

Still, the fit on the basis of one single line, with natur
linewidth andIS50 for the inner core of the particle, dev
ates substantially from the data around the inner-core co
bution. To improve the fit, we can either allow forQSÞ0, or

TABLE III. Parameters of the fits in Fig. 7. Fixed parameters a
indicated by bold faced values. The reducedx red

2 values are defined
as @( i(datai2modeli)

2/modeli #/N, with N the number of de-
grees of freedom of the fit, equal to the number of data points m
the number of free fitting parameters. A value ofx red

2 51 is consid-
ered a good model for the data. The relative intensityI of each site
was fixed to the calculated values~cf. Table II!. Values ofIS and
QS are given in mm/s.IS is with respect to197Au/Pt, and reversed
in sign ~see text!. In ~a! and~b! a single core site was used, where
in ~c! and ~d! this site has been separated in two contributions
~b! and ~c! the surface sites are assigned according to the atta
ligands, andQSwas calculated fromIS depending on the indicate
valency. In~d! the surface sites are assigned according to the lo
metal-atom coordination~cf. Fig. 2 and Table II!, and only a single
IS value was used to fit all surface sites.

Pt4phen* ~a!, x red
2 51.56 IS QS I~%!

Core 0–3 0.00 60
Phen* (c,e1) 0.9 5.7 7
O2 (s1 ,t) 0.5 5.0 9
Bare (e2 ,s2 ,s3) 1.7 0.0 24

Pt4phen* ~b!, x red
2 51.62

Core 0–3 0.00 60
Ligated (c,e1 ,s1 ,t) 0.8 AuI 16
Bare (e2 ,s2 ,s3) 1.7 AuV 24

Pt4phen* ~c!, x red
2 50.97

Core 0–2 20.71 23
Core 3 0.29 37
Ligated (c,e1 ,s1 ,t) 0.7 AuI 16
Bare (e2 ,s2 ,s3) 1.6 AuV 24

Pt4phen* ~d!, x red
2 50.99

Core 0–2 20.37 23
Core 3 0.73 37
Corner~c! 0.6 7.6 2
Edge (e1 ,e2) 0.6 5.1 16
Square (s1 ,s2 ,s3) 0.6 2.7 15
Triangle ~t! 0.6 2.5 7
20541
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introduce more than one site for the core. A nonzeroQS in
the core is very unlikely, since the atomic packing in the co
is cubic, as in the bulk. On the other hand, as explained
the above, theIS may vary throughout the core due to th
~combination of! QSE and surface screening effects. W
this in mind, we attempt another fit, in which we divide th
inner core into two contributions, namely, the 55 atoms in
innermost two shells and the 92 atoms in the third shell. T
IS value of both contributions is left free, whereas theQS is
assumed to be zero. With these changes we obtain th
plotted in Fig. 7~c!, with parameters given in Table III. As
can be clearly seen, the difference plots no longer show
deviations. It is important to stress thata similarly good fit
can only be obtained by splitting the core into two contrib
tions with different IS. We interpret this as evidence for
varying electron density throughout the core of the Pt4 p
ticles, caused either by surface screening, or by the QSE
by a combination of both. To the best of our knowledge, t
is the first time that such experimental evidence has b
obtained from Mo¨ssbauer spectroscopy. We note that in t
other microscopic technique mentioned above, namely,
measurement of the NMR line shape19,46 of this compound,
the variation of the LDOSaround EF is involved. In con-
trast, from the Mo¨ssbauer spectra we here find experimen
evidence for a variation of theintegratedLDOS ~i.e., charge
density! throughout the particle core as well.

Keeping the same division of the inner core, we can try
a next step to model the surface metal atoms with the sec
scenario, where we assume that the surface layer has ‘
tallic’’ character, rather than ‘‘nonmetallic.’’ Accordingly, we
assume a singleIS value, identical for each surface sit
determined from the fitting to the data, leaving free theQS
for each site. From the cuboctahedral cluster shape, we
the following surface sites~see Fig. 2!: 12 atoms at the cor-
ners ~c!, 24 atoms on the triangular$111% surfaces~t!, 54
atoms on the square$001% surfaces (s1 ,s2 ,s3), and 72 atoms
on the edges (e1 ,e2: intersections between$111% and $001%
surfaces!. The resulting fit, plotted in Fig. 7~d! ~Table III!, is
of the same quality as that in Fig. 7~c!, and has anIS well
below 2 mm/s, as expected for Au atoms participating in
delocalized electron system. Apparently, it is not necessar
assume a ‘‘nonmetallic’’ surface layer, in which atom
bonded to ligands are monovalent, and unligated atoms p
tavalent. Especially the latter valence appears to be an
physical result, since it seems very unlikely that unbond
sites would have a higher valence than bonded ones. C
trastingly, it seems much more likely that the surface laye
part of the delocalized electron system of the metal core,
this assumption fits the data just as well. Careful examina
of the resultingQS values ~Table III! shows that they in-
crease for the different sites, with a decreasing numbe
nearest neighbors~see Table II!. As we shall see below, al
clusters show this same systematic correlation. We will co
back to these points in Sec. VI. Of course, we do not wan
claim that theIS and QS in reality do not depend on the
ligation at all. However, it appears that these parameters
pend more on the local metal-atom coordination than on
type of ligand, and that their correlation indicates a larg
degree of delocalization at the surface metal atoms than
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previously21,22 suggested. Still, it would be desirable to ha
additional information from other experiments or from mo
sophisticated calculations.

We next turn to data on another four-shell Pt cluster w
a different ligand shell, namely, the Pt4cinc compound,
which a spectrum was recorded atT54.2 K. The chemical
composition of this compound shows that there are m
more ligands present than can be accommodated at the
face of a Pt4 particle. This hampers a judicious guess for
ligand structure, and thus we have to turn to a more sim
fied approach. We may again first assume that all surf
sites have the Au atom in a definite valence state, wit
QS-IS pair that exactly matches one of the correlation lin
for the mono-, tri-, or pentavalent Au states, as used ab
for Pt4phen* . Since the numbers of atoms in each valen
state are not known, we leave the relative intensitiesI for the
surface sites as free parameters, whereasI for the core sites is
set to the calculated values~using the bulk force constants
cf. Table II!, which fixes the total spectral weight for th
surface as well. The coreIS and uD

inter were left as free
fitting parameters. The best fit was obtained with a surf
consisting solely of AuI and AuV, presented in Fig. 8~a! and
Table IV. The relative weights of AuI and AuV in the surface
are remarkably similar to those found for Pt4phen* . Appar-
ently, the spectral contribution of the surface is very simi
in both. Since the ligands are completely different, this i
plies that the shape of the surface spectral contributio
indeed mainly caused by the geometric structure of the
face of the Pt4 particle, instead of by the type of ligan
which is in accordance with the interpretation that we belie
to be most likely, namely, that the surface layer remains p
of a delocalized electron system.

Just as in Pt4phen* , the mismatch between the fit and th
data around the peak produced by the inner core@see the
difference plot of Fig. 8~a!# is a strong indication for anIS
value varying throughout the core. Figure 8~b! shows a fit
with two core sites, one containing the inner 55 atoms,
one containing those in the third shell. Just as for Pt4phe* ,
this fit is excellent, which we interpret as additional eviden
that the electron density varies throughout the core.

Finally, Fig. 8~c! shows a fit assuming a ‘‘metallic’’ sur
face, with a singleIS for all surface sites, and a value ofQS
depending on the geometric location on the particle surfa
The result is of the same quality as in Fig. 8~b!. Again, we
find an IS below 2 mm/s, and aQS that increases with a
decreasing number of nearest neighbors~cf. Tables II and
IV !.

The result foruD
inter in all fits to the Pt4cinc data~approxi-

mately 8 K! is much lower than for Pt4phen* ~15 K!, which
means that the matrix in which the metal particles are e
bedded is much softer. The presence in the matrix of
acetate molecules per Pt4 particle, together with 102
chonidine ligands, may explain this difference. Many of t
molecules are probably not rigidly connected to the Pt4 p
ticles, which may increase their vibrational degrees of fr
dom, and produce a ‘‘softer’’ matrix for the Pt particles.

B. Colloids of Pt and Au particles

For the larger particles, the core contribution itself sho
be a single peak, with a bulkIS. The surface-to-volume ratio
20541
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becomes very small, so that all surface effects should be
visible than in small particles. Also the QSE should grad
ally disappear with increasing size. On the basis of su
considerations, the colloids form an attractive intermedi
between the small molecular metal clusters and the bulk.
surface screening and QSE might still be visible in the Mo¨ss-
bauer spectra, in particular for Pt-c33, and possibly for
intermediate Au-c65 and Au-c66 particles, which conta
much smaller particles than Au-c172. However, there is li
chance that the surface sites can be resolved so distinct
in the molecular clusters, moreso since in the colloids th
is a small distribution in size and shape of the particles.
even for Pt-c33, the various different surface sites can pr
ably not be distinguished from each other, as could be d
in the Pt4 particles, but the large difference inf factors be-
tween surface and core sites should remain visible~cf. Table
II !.

Figures 9 and 10 show the spectra recorded at 4.2 K.
fits on the spectra of all three colloidal Au samples~Fig. 9
and Table V! have a single core site, with anIS around the
bulk value. There appears to be no need to allow for a va
ing IS through this core, indicating that in Au particles larg
than about 6 nm, the QSE and surface screening effects
too small to be resolved. This agrees with the theoret
expectations outlined in Sec. III. For Au-c172, the surfa

TABLE IV. Parameters of the fits in Fig. 8. Fixed parameters a
indicated by bold faced values. Values ofIS and QS are given in
mm/s.IS is with respect to197Au/Pt, and reversed in sign~see text!.
The relative intensityI of the core sites was fixed to the calculate
values~Table II!. In ~a!, a single core site was used, whereas in~b!
and~c!, the core was divided into two contributions. In~a! and~b!,
the QS of the surface sites was calculated from theIS, depending
on the indicated valency. In~c!, the surface sites are assigned, a
cording to the local metal-atom coordination~cf. Fig. 2!, I for all
sites is taken from Table II, and only a singleIS value was used to
fit all surface sites.

Pt4cinc~a!, x red
2 51.78 IS QS I~%!

Core 0–3 0.19 60
Surface 1.5 AuI 15
Surface 1.8 AuV 25

Pt4cinc~b!, x red
2 51.30

Core 0–2 20.40 23
Core 3 0.51 37
Surface 1.5 AuI 16
Surface 1.8 AuV 24

Pt4cinc~c!, x red
2 51.27

Core 0–2 20.40 23
Core 3 0.65 37
Corner~c! 1.8 9.6 2
Edge (e1 ,e2) 1.8 6.2 16
Square (s1 ,s2 ,s3) 1.8 1.1 15
Triangle ~t! 1.8 0.1 7
8-12
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can be represented by one contribution to obtain a good
whereas for Au-c65 and Au-c66, two are needed. In the la
case, theIS was forced to be the same for both surfa
contributions, resulting in a low shift of about 1 mm/s wi
respect to that in bulk Au. This suggests, as above for the
particles, that the electrons in the surface layer participat
the delocalized electron system of the whole particle. Due
the distribution in shapes and sizes of the particles, we
not assign any significance to theQS values.

Since only two sites are needed to fit the Au-c172 sp
trum, the relative intensity of both could be left free as
fitting parameter. In order to relate these to an average
facef factor, we need values for the relative number of ato
in that site and for the coref factor. We take 9.7% for the
relative number of atoms, which equals the fraction of ato
in a monatomic surface layer for a spherical chunk of b
Au, with a diameter equal to the average diameter of
Au-c172 particles (17.2 nm!. If we use for the coref factor
the bulk value of 0.189, we find from the experiment
average surfacef factor of 0.14, very similar to what is foun
for the smaller molecular clusters such as Au2.~See below.!
Indeed, also for such a large particle the reduced metal-a
coordination on the particle surface still leads to the sa
drastic reduction of thef factor. For the two smaller colloids
Au-c66 and Au-c65, two sites are needed to represent
surface, thef factors of which were fixed to this same valu
of 0.14. As for Au-c172, the relative surface-to-volume ra
was calculated from the average particle diameters, thus
ing the relative intensity of the core sites. The resulting
are satisfactory, the small deviations that remain visible
the difference spectra being probably caused by the ab
mentioned shape and size distributions, which would lea
an increase of the linewidth of the surface sites.

At variance with the Au colloids, the 3.3-nm Pt-c33 pa
ticles have a size close to that of the small magic num

TABLE V. Parameters of the fits in Fig. 9, using a single co
site and one or two surface sites. Fixed parameters are indicate
bold faced values.IS was kept constant over the surface in the lat
case.N is the relative site occupancy, since the total number
atoms is not known. Values ofIS andQS are given in mm/s.IS is
with respect to197Au/Pt. See the text for more information.

Au-c65,x red
2 51.14 IS QS I~%! N ~%! f intra

Core 20.05 81 76 0.189
1.1 0.0 14 18 0.14
1.1 3.8 5 6 0.14

Au-c66,x red
2 51.25

Core 20.01 81 76 0.189
0.9 0.0 15 19 0.14
0.9 3.9 4 5 0.14

Au-c172,x red
2 51.27

Core 0.00 93 90 0.189
0.9 1.3 7 10 0.14
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clusters. In fact, the average particle diameter approxima
corresponds to that of a six-shell (Pt923) magic number clus-
ter, which would have a corner-to-corner distance of 3.6
and a square-face-to-square-face distance of 2.5 nm.
fraction of surface atoms in a Pt sphere with 3.3-nm diame
is still rather high~42%!, and it is very close to the 39%
surface fraction in a Pt6 cluster. For that reason, we mode
the spectrum of Pt-c33 with that expected for a Pt6 ma
number cluster. We assumed a ‘‘metallic’’ surface consist
of two sites with an identicalIS, but differentQS. Figure
10~a! and Table VI show the resulting fit, assuming a sing
core site.f factors were estimated, based on those found
the Pt4 clusters: 0.22 and 0.14, as averages for the core
for the surface, respectively~cf. Fig. 6, and Table II!. How-
ever, just as in the single core fits to the Pt4 spectra,
difference plot shows a deviation around the central~core!
peak, albeit less pronounced. Adding more surface sites d
not improve the fit, but dividing the core into two contribu

FIG. 10. Two different fits to the same data taken on Pt-c33
T54.2 K. Symbols as in Fig. 7.~a! Single core site, two surface
sites.~b! Two core sites, two surface sites.

FIG. 9. Spectra on the Au colloids atT54.2 K. Symbols as in
Fig. 7. The model is a single core site, with one or two~small!
contributions from the surface.
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tions, with differentIS, results in the fit shown in Fig. 10~b!
~Table VI!, which is clearly better. The core was again d
vided into two sites, one containing shells zero to three,
the other shells four and five. Thus, the Pt colloid appear
be still small enough to give a detectable variation of
electron density in the core, attributed to QSE and/or surf
screening effects. TheIS of the two surface sites can b
taken as identical, resulting in values low enough to cor
spond to a ‘‘metallic’’ surface layer.

The conclusions on the varying coreIS in Pt-c33, and on
the character of the surface of the Au and Pt colloids sho
be taken with care, since the fitted surface sites just re
duce the shape of the surface spectral contribution, and
not uniquely represent the large number of physically diff
ent sites in the assembly of colloidal particles, with sha
and size distributions. However, the surface spectral con
bution is apparently rather symmetric, in accordance wit
constantIS for all surface sites, and its value is rather low,
expected for a ‘‘metallic’’ surface. We therefore conclu
that the electron density in the core of 3-nm Pt particles m
still be influenced by surface screening and QSE, wherea
Au particles larger than 6 nm, these effects are too sma
be resolved. Furthermore, the surface shell of the Pt and
colloids most probably is part of the delocalized electr
system, as for the above presented Pt4 clusters.

C. Two-shell Au55„PPh3X…12Cl6 and Pt55„AsBu3…12Cl20 clusters,
and Pt38„CO…44 clusters

The Pt and Au colloids thus appear to present very us
intermediates between the four-shell Pt309 clusters and the
bulk. In the opposite direction, towards smaller clusters,
excellent series of clusters to test the models described in
paper are the two-shell Au and Pt clusters, and the e
smaller Pt38 cluster. The Au2tpp cluster compound has be
investigated by Smitet al.,20 followed by more extensive

TABLE VI. Parameters of the fits in Fig. 10. Fixed paramete
are indicated by bold faced values. The spectrum of the Pt-
particle was modeled by a Pt6 cluster, with 561 atoms in the c
and 362 atoms at the surface. The relative intensity of the core
fixed, and the surface was modeled by two sites with identicalIS.
In ~a!, a single core site was used, whereas in~b!, it was divided
into two contributions.N is the site occupation, andf intra was fixed
to estimated values. Values ofIS andQS are given in mm/s.IS is
with respect to197Au/Pt, and reversed in sign~see text!.

Pt-c33~a!, x red
2 51.69 IS QS I~%! N fintra

Core 0–5 0.09 71 561 0.22
0.19 6.1 2 25 0.14
0.19 2.6 27 337 0.14

Pt-c33~b!, x red
2 51.43

Core 0–3 0.52 19 147 0.22
Core 4,5 20.05 52 414 0.22

0.18 6.2 4 51 0.14
0.18 2.5 25 311 0.14
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studies on several Au2 clusters with other ligands by Mul
et al.,21 and van de Straatet al.23 As a typical example Fig.
11 shows the spectrum on Au2tpp recorded by Mulderet al.
at T54.2 K, with the corresponding fit. This spectrum
also representative for the Au2 clusters with other ligan
except for a water soluble version23 which will not be dis-
cussed here. The distinct structure of the spectrum allows
independent fitting, not only of theIS and QS, but also of
the relative intensityI for each site. In a two-shell cubocta
hedral particle, there are five geometrically different sites~cf.
Fig. 2 and Table II!: 1 central atom, 12 atoms in the firs
~inner! shell, and 42 in the second~surface! shell, of which
12 atoms are on the corners~c!, 24 on the edges~e!, and 6 in
the center of each square~s, $001% planes!. In all Au2 com-
pounds studied,20,21,23 the ligand shell is composed of 1
molecules of a PPh3 derivative~see Fig. 3!, the type varying
with the compound, and in addition six Cl atoms. The
ligands are expected to be connected to the corners~c! and to
the squares~s!, respectively, which is likewise the geometr
site assignment of the surface metal atoms. X-ray68 and
EXAFS14 studies on Au2tpp revealed an fcc structure, with
lattice contraction relative to bulk Au of about 3–4 %, a
companied by a considerable decrease of the vibration fa
compared to the bulk, and thus by a lattice stiffening of t
particle. The central atom and the first shell were taken
have identical Mo¨ssbauer parameters, represented by a sin
core site~dashed line in Fig. 11!. Since the number of atom
participating in each site is given by the structure, the to
intensity of each site is a direct measure for the effectivf
factors.

Mulder et al.21 found zeroQS in the inner core, confirm-
ing the cubic fcc structure. After correcting the measur
IS521.44 mm/s for the volume reduction due to the latti
contraction ~from dIS/d ln V526 mm/s, the correction is
dIS'20.6 mm/s), one obtainsIScorr'22.0 mm/s, which
deviates by about20.8 mm/s from the bulk Au value
(21.22 mm/s). This deviation was attributed to char
transfer to the surface atoms, as well as further charge tr
fer to the ligands. TheIS of all surface sites for three differ
ently ligated Au2 particles varies between20.2 and 1.0
mm/s.21 The QS-IS pairs were located near the AuI region
for the ligand-bonded sites, and near the AuIII region for the
unbonded~bare! sites~see also Fig. 4!. The evolution of the
intensity of the lines with temperature between 1.5 and 30
was translated into a temperature dependence of thef factors
for each site separately, which could be fitted with the cen

FIG. 11. Data taken from Mulderet al. ~Ref. 21! on Au2tpp at
T54.2 K. Symbols as in Fig. 7.
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force model, resulting in values ofuD
inter515 K, and

CAu-Au530 N/m, for Au2tpp. Thef factors of the surface
atoms were found to be strongly reduced, compared to
inner core, reflecting their reduced metal atom coordinat

We can now compare the previously derived force c
stant for Au2tpp with the here-obtained bulk value. The v
ume contraction of the cluster, compared to the bulk, wo
lead to a considerable increase of the bulk modulus,14 and
thus of the force constant,CAu-Au . As argued in Sec. IV, a
reliable value for modeling thef factors in the bulk is
CAu-Au

bulk 525.0(6) N/m. The experimentally observedCAu-Au

530 N/m, deduced fromf intra of all Au atoms in the
Au2tpp clusters, is indeed considerably larger, confirm
the volume reduction in these particles. The other Au2 cl
ters, which were not investigated by EXAFS, were found
give the sameCAu-Au value,21 from which we conclude tha
they have a contracted metal core as well.

From the observation that allQS-IS pairs for the surface
sites fall in the regions for AuI and AuIII , one might infer
that the surface layer of the Au2 particles is ‘‘nonmetallic
However, just as for the ‘‘AuV sites’’ in the Pt4 clusters, a
strong objection against such an interpretation is that i
very unlikely that the unbonded surface sites~here AuIII )
would be oxidized even further than the bonded ones (AI).
Furthermore, it is noteworthy that the values ofIS on the
surface of all Au2 clusters roughly lie between 0 and
mm/s, whereas theQS varies from 0 to 7 mm/s~see plus
symbols in Fig. 4!. In the case of the Pt4 particles, we used
single IS value for the whole surface, at a value below
mm/s, and differentQS values for geometrically differen
sites, to represent the ‘‘metallic’’ character of the surfa
layer. Since the geometric surface site assignment in A
particles is the same as that according to the ligands bon
to the surface atoms, the situation in Au2 particles appear
be very similar to that in the Pt4 particles. Therefore,
previously found similarIS values~between 1 and 2 mm/s!
for the different surface sites of Au2 particles should in o
opinion be interpreted as evidence for a delocalized elec
system at the surface layer, with again the least coordin
surface sites having the highestQS values.~See Sec. VI.!

FIG. 12. Two different fits to the same data taken on Pt2 aT
54.2 K. Symbols as in Fig. 7.~a! Single core site, nonmetallic
surface.~b! Single core site, metallic surface.
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As in the Pt4 clusters, the absence of aQS in the inner
core of the Au2 clusters is in agreement with cubic packi
For the whole Au2 series, the average correctedIS of the
core deviates from the bulk value by21 mm/s. This may
indeed be related to electron transfer to the ligands, o
other effects described above, namely, surface screening
QSE. A variation of theIS throughout the core would be
hardly observable in this case, as there are 12 identical at
with the same distance to the surface and only one cen
atom with a different distance. This ratio is too large to r
solve the single central atom from the spectrum, althoug
different IS for this atom might explain the small remainin
deviation between fit and data around21 mm/s. At any
rate, the fact that theIS values for the inner core are so clos
for all different Au2 clusters confirms our assumption tha
lattice contraction as observed for Au2tpp is probab
present in all these compounds.

The spectrum of the Pt2 cluster compound atT54.2 K is
displayed in Fig. 12. Fits were made using the ‘‘metalli
and ‘‘nonmetallic’’ surface models~see Table VII!, as in the
Pt4 clusters. We took only one site to represent the 13-a
core, as in the Au2 clusters.f factors were again calculate
using the bulk force constants. The surface consists of th
sites with different local symmetry~cf. Fig. 2 and Table II!:
12 atoms on the corners~c!, 24 on the edges~e!, and 6 in the
center of the squares~s!. The distribution of the ligands ove
the surface is assumed not to change this site assignm
just as in Au2. There are 12 AsBu3 ligands, probably located
at all corners, and 20 Cl atoms. The latter are probably
tributed as homogeneously as possible over the remai
surface: one on the center of each triangle~in total 8 Cl
atoms! and two on each square~in total 12 Cl!. Assuming
first a ‘‘nonmetallic’’ surface layer, we can try several com
binations for the valence states of the surface sites and
which one fits best. The best fit, shown in Fig. 12~a!, gives
AuI for the AsBu3 ligated corner sites, AuIII for the edges,
and again AuI for the square$001% faces. The coreIS
50.05 mm/s, close to the bulk value 0.00. The differen

TABLE VII. Parameters of the fit in Fig. 12. Fixed paramete
are indicated by bold faced values.I is taken from Table II. In~a!,
theQSof the surface sites was calculated from theIS depending on
the indicated valency. In~b!, only a single value forIS was used for
all surface sites. Values ofIS andQS are given in mm/s.IS is with
respect to197Au/Pt, and reversed in sign~see text!.

Pt2 ~a!, x red
2 51.03 IS QS I~%!

Core 0,1 0.05 36
Corner 4.1 AuI 13
Edge 0.9 AuIII 40
Square 0.9 AuI 11

Pt2 ~b!, x red
2 51.18

Core 0,1 0.06 36
Corner 0.7 6.2 13
Edge 0.7 1.7 40
Square 0.7 0.2 11
8-15
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may be attributed, as in Au2, to the possibly combined
fects of charge transfer to the ligands, surface screening,
the QSE.

Figure 12~b! shows the fit assuming a ‘‘metallic’’ surfac
with an IS identical for all surface atoms. Again, a correl
tion of theQSwith the number of nearest neighbors is fou
~cf. Table II!. Unfortunately, the statistics in these data a
not good enough to allow us to decide if this model is be
than the ‘‘nonmetallic’’ surface model, althoughx2 values
indicate a small preference for the latter, and again the va
of IS are low for all surface atoms, except those at the c
ners. This may indicate that the delocalized electron sys
extends over all Pt atoms, except those at the corners.

Data for the smallest cluster discussed here, Pt38, have
been reported before by van de Straatet al.23 We reinterpret
the spectra, using the new bulk force constants derived in
central force model~cf. Table II!. The result for theT
54.2 K spectrum is shown in Fig. 13, with a three-site
~see Table VIII!. The choice of sites is unambiguous in th
case, since the molecular crystal structure is comple
known.7 The inner core consists of six crystallographica
identical atoms, whereas there are only two different site
the surface~cf. Figs. 1 and 2!: 24 atoms at corners~c! and 8
atoms at the center of hexagons~h!. All 32 surface atoms
have a CO molecule as a ligand. In addition, there are 12
molecules bridging every two corner atoms. The site ass
ment thus remains unaltered by the ligands. As said ab
most of the Pt-Pt distances deviate at most by 1% from
bulk value.

In these crystals, there are also two singly ioniz
tetraphenyl-phosphine (PPh4)1 molecules present per Pt38
unit, which charge the latter to22e. The Coulomb forces
responsible for the intermolecular bonds, are thus expe
to be much stronger than the van der Waals forces that

FIG. 13. Pt38 at T54.2 K. Symbols as in Fig. 7.uD
inter'45 K.

See the text for more detailed information.

TABLE VIII. Parameters of the fit in Fig. 13, using a single co
site and a single surface site. Fixed parameters are indicated by
faced values.I is taken from Table II. Values ofIS and QS are
given in mm/s.IS is with respect to197Au/Pt, and reversed in sign
~see text!.

Pt38, x red
2 51.35 IS QS I~%!

Core 0.68 23
Corner 20.18 3.79 25
Hexagonal center 20.11 0.86 52
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the other investigated clusters into a molecular solid. T
temperature dependence of the measuredf inter between 4.2
and 60 K was fitted using the Debye model, leading
uD

inter'45 K, which is indeed much larger than that foun
for the Au2~15–19 K!21 and Pt4 particles~8–15 K, see Sec
V A !. However, in this case, the experimentalf inter(T) is not
very well represented by such a fit~see also Ref. 23!, which
may indicate the breakdown in this ionic solid of the pos
bility to write the totalf factor in terms of a product off intra

and f inter.
Since the cluster geometry and the ligand coordination

completely known, this Pt38 particle forms an ideal system t
test our two scenarios for modeling the surface sites. In
fit presented in Fig. 13, allIS andQS values were left free,
except that we fixed, as before,QS50 in the core. It is
striking to see that theIS of both surface sites, which ar
now definitely known to be the~c! and~h! sites, is almost the
same and has a low value of about20.1 mm/s. This indi-
cates delocalized electrons, and an almost constant elec
density over the surface, which we have interpreted a
strong indication for a ‘‘metallic’’ surface. If the surfac
would be ‘‘nonmetallic,’’ the different ligand coordination o
~c! and ~h! sites would most probably cause a differe
charging of both sites, resulting in different and largerIS
values. So we conclude that, even in this very small parti
all Pt atoms appear to be part of a delocalized electron
tem, characteristic of a metal. Again, the least coordina
site ~cf. Table II! has the highestQS, confirming the ten-
dency observed in the other particles. The coreIS
50.68 mm/s, which may again be attributed to charge tra
fer with the ligands, and in this case also with the PP4
molecules, or to surface screening or QSE.

VI. SUMMARY AND CONCLUSIONS

We have presented and analyzed in this paper the
lected results of an extensive197Au Mössbauer spectroscopi
investigation on a series of Pt and Au metal nanoparticles
varying sizes. On the one hand, a series of molecular clus
is involved, which allows a detailed analysis of the contrib
tion of the various sites in the inner core and on the surf
of the particles. On the other hand, related Pt and Au collo
were available, which generally have a larger volume a
thus form an attractive intermediate between the molec
nanoclusters and the bulk.

The physical properties that can be probed by Mo¨ssbauer
spectroscopy are the electronic configuration and the vib
tional modes. The electronic properties in small metal p
ticles are expected to be influenced drastically by the sm
size. Confining free electrons to a small particle results in
oscillatory behavior of the electron density due to the QSE
large surface-to-volume ratio produces a large contribut
from the surface, so that all kinds of surface effects beco
important as well. Near to a metal surface, the electron d
sity fluctuates due to screening of the surface~Friedel oscil-
lations!. These fluctuations, together with those from t
QSE, are expected to produce a net variation of theIS inside
the metal cores of the molecular clusters, which we ha
been able to confirm experimentally. The deviations betw

old
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data and fits that do not take into account such oscillati
decrease gradually with increasing particle size, in agreem
with theoretical expectation that the amplitude of the fluctu
tions should decrease with increasing size. Au and Pt
ticles, with diameters up to 4 nm, do show the fluctuatio
whereas Au particles with a diameter larger than 6 nm
not. The averageIS values in the inner core of the particle
do not show any clear correlation with the particle size, e
cept that in the Au colloids it is almost the same as in
bulk, whereas in all the other particles it deviates sligh
~less than 1 mm/s! from the corresponding bulk values. Th
may be due to surface screening and QSE, or to charge tr
fer with the different ligands, having varying degrees of ele
tron acceptance.

In the monatomic surface layer of metal atoms, many
fects play a role in the values ofIS andQS. We have argued
that these effects can be treated using the concept of a
density of states~LDOS!. A tight-binding analysis then
shows that the local metal-atom coordination has a domin
effect on theQS andIS for the various sites on a ‘‘metallic’’
surface, which we defined as one that is part of the volu
over which electrons are delocalized, so that free charge
change is possible between such a ‘‘metallic’’ surface and
rest of the metal particle. This results in, among others, s
face level shifts48 that depend strongly on the number
nearest neighbors of a surface atom. Variations inQS can
then be quite large, whereas those inIS are expected to be
much less pronounced. Furthermore, delocalized bond
very small Au clusters usually result in low values of theIS.
The local symmetry at a surface site is another import
aspect that can have a large influence on the value of theQS.

All metal nanoparticles are stabilized by ligands, to p
vent them from coalescing. These ligands may have a var
of effects. First of all, they will act as electron donors
.
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acceptors, thus charging the metal core and changing its
erageIS. Furthermore, they interact directly with the surfa
metal atoms, which may influence theirQSandIS values. If
the surface layer would be ‘‘nonmetallic,’’ atoms in that lay
may accumulate some charge, so that they would resem
atoms in a certain valence state, as in insulating monato
Au complexes. TheQS and IS then would become reminis
cent of AuI , AuIII , or AuV. We have shown that this ap
proach systematically leads to unphysical results for the
lence states, namely, a higher oxidation state for unliga
surface atoms than for ligated surface atoms. On the o
hand, assuming a ‘‘metallic’’ surface layer, with a sing
value of IS over the whole surface, leads to good fits in
cases presented, and to very lowIS values, from which we
conclude that the surface layer remains part of the delo
ized electron system, characteristic of a metal, even for m
particles down to a size of only 38 atoms. An interesti
feature that emerged is that theQS value of a surface site is
strongly correlatedwith the local metal-atom coordination.
The number of nearest neighbors has a large influence
surface level shifts, but this cannot fully explain the variati
of QS. Another important factor will be the symmetry of th
local coordination of the metal atom. In our cuboctahed
molecular clusters, as well as in Pt38, this symmetry be-
comes more and more cubic with an increasing numbe
nearest neighbors. From insulating monatomic Au co
plexes, we know thatQS is generally higher for compound
with a less cubic coordination of the Au atom.~The QS
decreases in the series AuI , AuIII , AuV.! This may be related
to the observed correlation. Obviously, more detailed th
retical calculations would be very welcome for a full accou
of the experimentally observed strong and systematic va
tions.
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