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Strong Support Effects on the Insulator to Metal Transition in Supported Pt Clusters as
Observed by X-ray Absorption Spectroscopy
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The development of a new in situ probe of metallic character in supported metal clusters utilizing X-ray
absorption spectroscopy is described. The technique is based on the extent of screening of the core-hole left
in the neutral final state after the X-ray absorption. The technique allows for the clear differentiation between
local interatomic charge transfer and more delocalized metallic screening. The particle size at the metal
insulator transition is found to depend strongly on the electron richness of the support oxygen atoms (i.e.,
ionic vs covalent oxides). Pt particles on supports with electron poor oxygen atoms (covalent) show metallic
screening for sizes as small as 12 A in diameter. In contrast, on supports with electron rich oxygen atoms
(ionic) the Pt particles do not show metallic behavior until around 20 A. The wide variation of previously
reported estimates of the particle size at which the insulator to metal transition occurs is explained, giving a
consistent picture for the onset of metallic character, and the reasons for the strong support effect.

Introduction can probe the very small energy excitations across the Fermi
level (Er) or band gap by changes in the peak shape such as via
the Drude tail in photoemission. However, such line shape
ychanges can also be caused by a number of experimental effects

There is great interest in deepening our understanding of metal
atom clusters, particularly in the solid stat8uch clusters are
of fundamental interest because they span the range from ver X ot
small molecular clusters having quantized states to relatively Making these measurements difficult. .
large microcrystalline clusters having quasi-continuous bands. ~ (€) Measurements of the dielectric resporiisen the optical
They constitute new types of nanoscale materials with unique ProPerties and plasmon losses have similar problems.
properties. The evolution of the electronic structure with cluster  (d) Work function and ionization potential measurements
size is of particular interest; e.g., at what sidedoes the cluster  &lthough in widespread use for this purpose, may not be a good
become metalli?The subject of electronic or “quantum size Measure of the metallicity. _
effects” in metal particles has been previously reviewed. (e) Obsevation of the screening of the core-hole and the
One of the problems in studies of the insulataretal creation of excitonsn core-level excitation has become a
transition in these materials is finding some definitive experi- favored technique for observing the metaisulator transition;
mental probes. Different experimental probes may measure the most utilized here has been core-level X-ray photoelectron
different aspects of the electronic structure through the transition, SPectroscopy (XPS).
causing different conclusions to be reached as to the onset of This paper describes the development of a new probe of
metallic charactet.A clear understanding of the transition, if ~Metallic character utilizing core-level X-ray absorption spec-
successfully exploited, could pave the way for precise control troscopy (XAS), which has several important advantages over
of nanoscale properties and thus lead to a broader range ofXPS:
material applications, such as in novel catalysts, gas sensors, (&) Because of its very nature (photons in and photons out
electronic materials, etc. If these applications are to be realized,Using transmission or fluorescence yield modeAS can be
however, the effect of the interaction of a nanoscale cluster with applied in situunder general conditions, as opposed to XPS,
its supporting substrate or surroundings must also be quarftified. which requires ultrahigh vacuum (UHV) conditions.
Thus, the experimental probe must be applicable in situ under (b) Further, theXAS data preide simultaneously information
general conditions. about the cluster sizekom the extended X-ray absorption fine
The range of probes for such metahsulator transitions is  structure (EXAFS).
very broad with each probe having its own strengths and (c) Finally, the final state othe XAS excitation in the near

weakness as summarized by Dowlen: edge (i.e., the Pt 5dalence band) region does not change the
(a) Direct conductiity measurementare difficult to apply charge on the clusterso that the interaction with the support
to free clusters, and even to two-dimensional systems. or surroundings is not different from the initial state. In contrast,

(b) Spectroscopic measuremerdsch as electron energy loss  XPS leaves a positive charge on the cluster, which requires a
spectroscopy (EELS), infrared (IR) and Raman spectroscopy, separation of the contributions arising from screening by the

cluster itself and that arising from polarization by the support.
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tage of this technique over all previous experimental approaches.
Although the technique is applied here under vacuum conditions,
it can in principle be used undaperandoconditions. The
results will show that the support properties (i.e., electron rich
or poor oxygen atoms) can critically alter the metallicity of the
cluster and that these effects exist already in the ground state.
It should be understood that in ionic supports the oxygen atoms
will be more electron rich than in covalent supports. When
thinking of the supports as Lewis acids or bases in catalysis,
the ionic oxides serve as a more basic support and the covalent
oxides as a more acidic support. In the discussion section, the 0.0
previous work on quantum size effects and the estimates of
where the conduction onset occurs is summarized. These widely E (eV relative to edge)
varying estimates are related and understood in the context ofrjgure 1. Pt Ls and L edges (aligned as described in the text) for
this work. Pt/CI-Al,O; (solid line) (N = 5.1, Pt particle size around 0.7 nm) and
for bulk Pt (dotted line).

08 [

—— PtBuk
J L —— PUCHAl (Npyp=5.1)

04

Normalized absorption

-20 -10 0 10 20 30 40 50

Methods

. . ——- AVB for PYCIAI (Noypy = 5.1)
A. Sample Preparation and Data Collection.The newly —— AVB,, with AU=31eV

developed technique is applied to Pt clusters supported on high
surface area alumina or silica modified by doping with promot-
ers such as Cl or K (denoted as ClL@ or K-Si0,) to alter
the electron richness of the support oxygen atoms. Data for Pt
dispersed in zeolite LTL with variousKcontents has also been
utilized8 It has been shown elsewhere that this cation exchange
induces profound changes in the electron richness of the zeolitic
support oxygertsand, related to that, different catalytic proper-
ties of the supported clustet3.he preparation of these samples
has been described previougf. The Al,Os support (pseudo-
bohemite, Criterion) was impregnated with a solution of H E (eV, rel to edge)
PtCk (2 wt % Pt), dried, calcined at different temperatures, and Figure 2. Comparison of AVBpu|, |AVB giustel, aNd|AVBmodel, Where
further reduced at 623 K. The silica support was prepared by |AVBmodel Was obtained using egs-B with an optimalAU value of
ion-exchange of Si@microspheres (Davison grade 644, 284 3.1 €V. Here|AVBpu and |AVBausel have been area normalized.
m2g, 1.12 crd/g) with an amount of KOH followed by Insert: lllustration of the spinorbital coupling effects in the X-ray
A o S absorption L3 edge spectra and 5d valence band. The energy scale is
paICInatlon at 4(_)0 C. Pt was added _by incipient wetness nonlinear; i.e., those for the 2p and 5d levels are very different.
impregnation using an aqueous solution of PtgNENO3),

followed by calcination at 22%C. The acidity of the LTL zeolite . .
was varied by impregnating a commercial K-LTL zeolite with L2 X-ray absorption edges of Pt/Cl-AB; and Pt foil. The much

KNOs or exchanging it with NENO; to give different K/Al smaller V\{hiteline.iptensity near the edge in thedata compargd
ratios. Pt (1 wt %) was added as described above followed by to the L3 in trgngltlon m.etal gamples is well-known and arises
drying at 120°C. from s_pm—orblt |nteract|ons in '_[he Pt 5_d state an(_j the preferred
The samples (typically 126150 mg) were pressed into self- selection rule_s as |I_Iustrat<_ao! in _the insert of Flguré2 Zhe
supporting wafers and placed in an in situ stainless steel cell 5%/2~5tk2 Spin—orbital splitting is~1.5-2.5 eV in Pt, and
with controlled atmospheré The samples were dried in flowing ~ the results reported here indicate this splitting depends on even
He for 1 h at 423 K andeduced fo1 hin H, at 623 K. Finally, ~ the particle support. Thesledge reflects the empty levels of
the hydrogen was pumped off the Pt surface by evacuating for both the @ and d&, bands weighted asg/ds2 ~ 6;*2 however,
1 h at 473 K. After the evacuation, the samples were cooled to the L, edge reflects only thesg level. The symbolAVB is
liquid nitrogen temperature, at which temperature the spectrautilized to indicate the difference in the empty valence band in
were recorded. During the cooling and spectrum recording at the Lg minus that in the b i.e., AVB = u(L3) — u(L2) where
liguid nitrogen temperatures, a vacuum better thar 303 u(Ly) is the absorption cross-section at the,2@dge. The
Pa was maintained. difference, AVB, between the b and L, data isolates the
The XAS spectra of the PY/LTL and Pt/K-Si@amples were  whiteline intensity and provides a spectral measure of the
taken at the SRS laboratories (station 9.2) in Daresbury, U.K.; yalence-band 5d empty density of states (DOS). However, this

the spectra of the Pt/CI-AD; samples were taken at the ESRF  gpactral measure of the empty DOS is modified by the presence
(BM 29) in Grenoble, France, and at the HASYLAB (X1.1)in  of the core-hole consistent with the final-state fifle.

Hamburg, Germany. These measurements were done in trans- . . .
mission mode using ion chambers filled with Ar to have an 10 2lign the Fermi levels in thesland Lo edges, the two
X-ray absorbance of 20% in the first and 80% in the second spectra have to be placed on the same relative energy scale
ion chamber. The monochromator was detuned to 50% maxi- Pefore the subtraction procedure can be carried out. For all
mum intensity to avoid higher harmonics present in the beam. samples, the energy at 0.6 the intensity of the step height of
B. Data Analysis and Model DevelopmentThe method  the Lo edge is set to a reference energy of 0 eV. At higher
described here to analyze the screening effects in the variousenergy, the EXAFS oscillations are influenced only by the
Pt catalysts uses line shape and intensity changes in the X-raygeometry around the X-ray absorber atom, not by final state
absorption edges, not changes in the absolute energy of theeffects. Therefore, thes EXAFS oscillations of the Pt catalysts
absorption edge. Figure 1 shows as an example thend the are aligned carefully with the comparable EXAFS oscillations
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Dynamic screening mechanisms

of the accompanying 1 spectra. The § and L, edges as
presented in Figure 1 are aligned on the nodes of the EXAFS

oscillations. -16 “ Reduction in R
(a) Model Derelopment for theAVB Spectral Line Shapé Nm Partial reduction in AU
model needs to be developed to analyze the spectral line shape
of AVB and thereby gain information about the core-hole -15 Vetall
ctallic

electron attraction as a function of particle size and support.
Figure 2 compares th&VB obtained for bulk Pt with that for
a Pt cluster supported on alumina with coordination nuniber

Full reduction in AU
; _ _ _ 4 ﬁinnn?
= 5 (approximatel 7 A diameter) as obtained by analysis of

the EXAFS data. The difference in line shape here reveals that 13

Log T (secs)

the core-hole electron attractidhin the cluster is different than
it is in the bulk. Because of metallic screenind)js near zero
in bulk Pt. A reasonable average measure oflthis the cluster
can be obtained by modifying the bulk line shap&/By, by
utilizing the Anderson Z1 impurity mode}*1>

|AVB,, (B
[1 — AU I(B)]* + [ AU |AVB,,(E)II?
1)

where|AVBmode(E)| is the normalized modeAVB at energy
E; |AVBuuk(E)| is the normalized bullAVB, obtained from a
Pt foil; AU is the core-hole-electron attraction in the cluster,
relative to that in the bulkl ~ 0), whereAU is chosen such
that AVBmodel IS closest to theAVB of the measured cluster,
AVB.uste; andI(E) is the Hilbert transform at enerdy.

|AVB mode(E)| =

() = Jj:j: |A\;Biuu€<(5)| de @

The parallel bars indicate normalization, given by

|AVB(E)| = AVB(E)/A(AVB) (32)
and
AAVB) = [ AVB(e) de (3b)

In practice the integrals are calculated frord0 to +40 eV

VVV Auger

T Too slow to appear in

N {VV\ XANES

Figure 3. A schematic illustration of the various screening processes
and the time scale on which they occur.

screening. Such metallic screening is generally much more
efficient in a metal, so if the latter occurs, the initial ICT
screening is reversed, and the effective core-hole electron
attraction is reduced to zero by the metallic screening. In the
absence of either of these relaxation mechanisms (e.g., in a small
cluster or molecule), valenesralence-valence (VVV) Auger
processes may allow for rearrangement of charge in the cluster
MOs21” However, such VVV Auger processes are even slower
(10-11s) than the CVV Auger process (18 s) that determines
the lifetime of the Pt k core-hole. Thus, in this sense the XAS
does not reflect the completely adiabatic case, since the final
VVV processes do not get a chance to occur in the absence of
ICT and metallic screening.

Both the ICT and metallic screening mechanisms depend
critically on the DOS neak;. Fraich?! and Kub@? pointed out
long ago that a cluster may exhibit metallic behavior when the
average spacing between the electronic levels becomes smaller
thankT (kis Boltzman’s constant) and the discrete energy levels
begin to form a quasi-continuous band. Formulated in terms of
the DOS, the transition to metallic behavior occurs when the
DOS within 0-0.1 eV of E; exceeds KT (or approximately

around the absorption edge, since the integrands are negligible40 states/(eV-cluster§}.In contrast, the ICT process depends

beyond these limits.
(b) Model Deelopment for theAVB Intensity (Area Ratio,

on the DOS within 6-3 eV of E;. In wideband materials, ICT
screening sets in not only at shorter times but in clusters smaller

R). Information about the number of holes and the type of thand;, and as the cluster size increases alihvkCT screening
screening mechanism as a function of metal particle size andis reversed andU sharply decreases. However, for very small
support can be obtained from the ratio of the integrated areas,particles or Pt atoms with low coordination near edges or

R(N) = A(AVB custe)/ A(AVBuik), where it is made explicit that
R depends on the cluster size (i), First the different possible

corners, the bandwidthl'j may be sufficiently narrow that
electron correlation effects characterized by an eleetebectron

screening mechanisms are discussed, and then a model will benteractionU (i.e., VV interaction to be distinguished from the

developed foR as a function of the number of holes without

and with core-hole screening.

core-hole electron interactioAU discussed above) may be
important. In this case, the MetHubbard*25 criterion for

The Different Dynamic Screening Mechanisms. A core-hole electron conductiorl) < T', must also be satisfied for metallic
is dynamically screened by a series of processes as summarizedharacter to set in. This will be an important point to be
in Figure 3. This dynamic screening, as discussed extensivelydiscussed further below.

by Mahan'® Gadzuk!” von Barth and Grossma#,and oth-

Model for Variation inR = hs;; — hgz;z Assuming No ICT

ers1®19.20depends on the time scale over which the effective Screening. The variation iR(N) with N is complex, reflecting
potential was changed. The various processes are schematicallyn part the variation in the average number of holes/atbh(N)
shown in Figure 3. For slow, nearly adiabatic changes (such as= hs;; — hz; in the d band withN, and in part the effects of
that examined here near threshold), the entire system is in thelCT screening. These two contributions need to be separated,
ground state of the potential determined by the instantaneousand this can be done by developing a simple modehfa(N).

charge density. Thus initially (1@¢ s), the relaxation occurs

The total number of holes/Pt atom in the cluster increases

by interatomic charge transfer (ICT) from neighboring atoms with cluster size, i.e., witiN. Assuming Goddard®§ generalized

to the atom with the core-hole. Some time later (), the
screening is accomplished by 5d electrdmole pair excitations

valence bond (GVB) model for bonding in transition metals,
each Pt atom in the bulk participates in two interstitial bond

atE;, which facilitates the nonlocal electron hopping or metallic orbitals (IBOs). This occurs because half of the tetrahedrons in
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Figure 4. ExperimentalR(N) (area ratio) points for covalent (solid

circles) and ionic supports (open squares) compared with four different

estimates oR,oict(N), €q 4, assuming four different estimatesNgf,

the value ofN where the L band opens (the assumed valueNgffor

each estimate can be obtained by reading the point where the

corresponding(N) line, the number of L holes/Pt atoms, goes to

zero on theN scale). Also plotted is the total number of holeg),

versusN (solid line) which is equal to + 0.5D(N) whereD is the

dispersion (see Figure 7 below and the text for an explanation). The Figure 5. Pt d DOS obtained from a FEFF8 calculation for asPt

optimum value oNy, is shown to be around 6 for the covalent and 7.5 (3,7) cluster on a support mimicked by three water molecules as shown.

for the ionic supports. The DOS are shown for the edge (E), surface (S), and center (C) atoms
without (solid line) and with (dotted line) the core-hole. The DOS

a bulk metal contain an 1BO, and each Pt atom participates in ©Ptained with the core-hole have been shifted by the amousi (

. : : indicated for each case to obtain agreement with the no-hole results,
4 tetrahedronsN(= 12 in bulk P1), i.e., contributes :_L/Z electron reflecting the magnitude of the shift ?)f the Fermi level on the absorber
to each IBO. Therefore each bulk Pt atom contributes one sp atom due to the presence of the core-hole. The shaded areas indicate
electron total, and the remaining electrons go into the d band, the screening charge. The coordination nuniext each site is also
giving a sd electron configuration in the bulk. At a Pt(111) given.
surface, half of the IBOs are broken, so each surface Pt atom
contributes to one IBO and just 1/2 of an electron to the sp consistent field, full multiple scattering calculations as imple-
bonding, giving a %°°5 electron configuration. Thus the mented in the FEFF8 codfeon the supported R cluster
number of holes in the d band goes from 1 in the bulk to 1/2 at illustrated. The support is mimicked by the 3 water molecules
the surface. Although flat faces on a cluster become smaller as shown; the O atoms represent the O atoms in the support,
and the number of edge/corner atoms increases as the clusteand the H atoms effectively terminate the cluster and represent
becomes still smaller, the GVB calculations indicate that the the Si or Al atoms such as that in a zeolite. The DOS are shown
electron configuration does not deviate significantly fro¥po&> from calculations with and without a core-hole on the 3 different
as the cluster becomes very small (i.e., each Pt still contributessite symmetries of the cluster (edge, surface, and central). The
to at least one IBO). The fraction of surface atoms at @dah calculation without a core-hole mimics the case when metallic
known from the dispersiorD(N); therefore the total number  screening reduces the core-hole electron attraction by a more
of holes/atomh[N] = 1 — 0.5D(N) atN, can easily be obtained  delocalized electron accumulation and polarization around the

DOS (states/(eV-atom))

Central, N=9 |
=03 |

N
" L I " L L o el

7 65432101 2
Binding Energy (eV rel. E)

L e = e L I = L S = N =]

as plotted in Figure 4. core-hole atom.
The distribution of these holes between thgand L, bands Notice first that the magnitude of the unoccupied DOS
is a little more difficult to obtain, because the spirbit splitting increases significantly with the coordination number (4, 5, or

is not easy to estimate. Nevertheless, it is clear that the 9) of the Pt absorber site. The DOS for each core-hole site has
bandwidth increases with the Pt coordinatity, so that the been shifted by the energy indicateiFr in Figure 5) to give
number of holes/atom in the;lband,h;[N], must increase with ~ best alignment with the no-core-hole calculation. This energy
N. Therefore, a reasonable approximationhigN>Ny] = shift represents the increase in binding energy of the Pt 5d band
ho[12](N — Ng)/(12 — Ng), whereNy, is the thresholdN or on the absorber atom, or the extent to which the core-hole
onset for emptying of the Aband as the cluster size increases, remains unscreened. Notice also the sharp reduction in this shift
andhy[12] is the number of holes in theslband in bulk Pt. It with the increase in the magnitude of the ICT screening charge
is then assumed that the remainder of the holes goes into theas indicated by the shaded areas.

Ls band orhs[N] = h[N] — hy[N]. Therefore the area ratio, Figure 6 shows the calculatetVB at the 3 different sites
Rnoict(N), assuming no ICT screening, can be defined more on the Pio cluster, obtained by taking the differeng@_s) —
specifically in terms of thén's by the following equation: u(L2) from FEFF8 exactly aAVB is obtained experimentally.
Thus these theoretical results should directly mimic the experi-
Rooict{N) = (h5[N] — hy[N])/(h;[12] — h,[12]) = mental results and show the variation R{N) with N. The

calculatedAVB values for the 3 different cluster sites are shown,
(NIN] = 2n,IN])/(h[12] = 2h,[12]) = (1. = 0.5D(N) = assuming metallic screening (no core-hole) and with ICT
2h,[12](N — N)/(12 = Ny))/(1.0 — 2h,[12]) (4) screening (with core-hole). In each instanEewas shifted
downward by the amounts indicated B¥r in Figure 5, since
whereN — Ny, is equal to zero foN less thanNi. in the absence of the VVV decay process, the “effectizels
Reduction inR Due to ICT Screening. Large deviations indeed shifted downward on the absorber atom by these
between the experimentR(N) values andR,oict(N) can occur amounts.
when ICT screening is operative. FEFF8 calculations were  The increase of theé\VB intensity with N assuming full
performed to investigate the influence of ICT screening on the metallic screening (no core-hole, light solid line in Figure 6)
ratio of the integrated areas. Figure 5 shows DOS from self- reflects the increase in empty DOS withshown in Figure 5.
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Figure 6. The FEFF8 calculatedVB for the three sites on the Bt
cluster indicated in Figure 5, obtained with (dark lines) and without
(light lines) the core-hole.

However, the ICT-screenedVB (with core-hole, dark solid
line) does not show this increase; indeed nAwB is largest

for the edgell = 4) sites. The reduction iAVB intensity upon
introduction of the core-hole occurs because the ICT signifi-
cantly reduces the unoccupied DOS on the absorber atom. Thi
reduction is much greater for the larger coordination sites,
obviously because the ICT is much greater. When the ICT is
nearly negligible, the unscreenadB is actually slightly larger
than the screened case. Also, the theorefiadB shifts to lower
energy with decreasinly, reflecting an increased.

As summarized in Figure 3, ICT screening reducesR{id)
ratio on the atom with the core-hole, i.e., IR@N) ratio obtained
experimentally, from theR,,icr(N) value that simply reflects
the averageAh(N)/Ah(12) ratio for all Pt atoms.

Results

Figure 7 plots the changes in the experimemtbl(N) and
R(N) with cluster size (i.e.N) for ionic and covalent oxidic
supports. It can be seen tha)(N) andR(N) vary dramatically
with cluster size and support properties. Note th&i(N) goes
to zero and the ratio of the integrated ard(dl) = A(AVBuste)/

A(AVBpuk), approaches 1 for the large clusters as expected,

S
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Figure 7. Comparison of the experimentall and the area ratiR =
A(AVB)/A(AVBy) as a function of the PtPt coordination numbeX

for covalent or acidic (solid lines) and ionic or basic (heavy dashed
lines) supports. Thé&\ values were obtained from EXAFS analyses
summarized elsewhete!1718Also plotted are the optimurRaeicr

10

(N) (lighted dashed line) results obtained from eq 4. The horizontal
axis shows the estimated dispersion, cluster diameter, and number of
atoms/particle as estimated assuming spherical clusters and fcc packing
(see the text). Data shown include those for covalent (acidic) supports
(i.e., for LTL[K/AI=0.63] zeolite and CI-AlO;, SiO,) and for ionic
(basic) supports (LTL[K/AE1.25] zeolite and K-AlO3, K-SiOy). The
uncertainty inN, U, andR is estimated as followsdN = £0.2,0U =

40.3, anddR = +0.1.

Figure 7, since at lowN, ICT screening is negligible arid(N)
= 1. It can be seen in Figure 7 thBioict(N) is about 1.04 for
N = 4, regardless of support acidity. Using eq 4 and assuming
N = 4 is less tharNi, gives Rioict{N<N) equal to 0.5/(1—
2h,[12]) leading tohy[12] = 0.26. Since we estimatg12] =
1 hole/Pt atom, this givels;[12]/h3[12] = 0.26/0.74= 0.35 in
excellent agreement with theoretical calculations. This agree-
ment helps to validate our model.

Rnoict(N>Ni) can now be calculated as a functionMiising
eq 4 with hy[12] fixed and with Ny, as a variable. The
experimental results from Figure 7, and also plotted in Figure

since the electronic structure in the larger clusters must 4, can be used to determihg, The different lines in Figure 4

eventually resemble that in the bulk.
The cluster size is determined from the experimentaiFRt
coordination numbeNp; Obtained from the EXAFS. Model

representindRnoict(N) andhz[N>Ng] = hp[12](N — N)/(12 —
Nin) were calculated using different values N§. The lines
calculated with values dfly, = 6 and 7.2 are found to provide

calculations assuming spherical clusters with face-centered cubicthe best agreement with the experimental data for the covalent
(fcc) packing®2°then allow us to give the approximate particle and ionic supports, respectively, where it is assumed that the
diameters, the total number of atonZg, and dispersion last two data points in each case are in regions where ICT
(ZsurfacéZiota) . Note the very nonlinear scale in diameter on this screening is negligible. The experimenRivalues at lowelN
linear coordination number axis. These scales show that for are significantly lower than the calculated values because of
particles withN around 5, the dispersion is near 1, meaning ICT screening as indicated above.

that most of the atoms are surface atoms.

Figure 7 shows that the area ratR(N), is greater than 1 at
N = 4 exactly as indicated by FEFF8 calculations as given
above. This ratio can be used to determim 2]/hs[12]. The
magnitude of the ratib,[12]/h3[12] has been controversial even
for bulk Pt, with early estimates varying from 0.07 up to 0'34.

The calculated values f&,oct(N) are also included in Figure
7 as a dotted line for the supports with electron poor (covalent
or acidic) oxygen atoms and a light solid line for the supports
with electron rich (ionic or basic) oxygen atoms. In light of
our model above, the experimental drog¢N) from theRoicT
(N) values occurs because the X-ray absorption near edge

The most reliable estimate from bulk band structure calculations spectroscopy (XANES) reflects in part the local unoccupied

at 0.34 appears to agree best with experimental ‘datm

DOS on theabsorber atom in the final statand this is reduced

estimate can be obtained easily from the experimental data inby ICT screening. Thus Figure 7 shows that significant ICT
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screening occurs betweéth = 5.5 and 6.5 on supports with E,.
electron poor (acidic) oxygen atoms and betwbkesw 4.5 and
7.5 on supports with electron rich (basic) oxygen atoms.

The final decline ofAU to near zero occurs & = 6.5 (& =
10 A) for supports with electron poor oxygen atoms and way
out atN = 9.5 (d; = 25 A) for supports with electron rich oxygen
atoms. Thus the insulator to metal transition is very dependent
on the electron richness of the support oxygen atoms.

E¢

Band
center

Discussion

A. Validity of the Analysis Method. Figure 2 shows

Covalent lonic
415
excellent agreement between the AndersohlZmodet Figure 8. Schematic showing the expected shift of the interior (i),
(IAVBmodei from eq 1) and that for the clusteAVBcustel face (f), and corner (c) 5d valence bands on covalent (left) and ionic

utilizing a AU of 3.1 eV. Note that the small shoulder in the  (right) supports relative to the vacuum lev&.{) for clusters in the
experimental| AVBustef is nicely reproduced by the model. rangeN = 6—8. The expected band center of these 3 bands on neutral
Note again thatAVBpyk and|AVB st are area normalized suppo_rts is indicated b)_/ the Iight _solid lines, and that for th_e covalent
here, and eq 1 preserves this normalization. The. mpurity b7 (Ave Y 8 A TR, 1LCRC S008 e) regions ave ndicated
model chosen here assumes that the impurity states (5d orbital he upper (UH) and lower (LH) Hubbard bands are labeled for one
on atom with core-hole) are largely decoupled from the other case byt they exist for both the corner and face bands on both supports.
host states, in contrast to the Clogstdfiolf model, which

assumes that the impurighost hybridization matrix element  edge to the central atom, suggesting that one can generalize
is unchanged from the hoshost*® The former is used for two  the phenomenon and indicate that electrons move from lower
reasons: it is suff|C|er_1tIy val_ld since we are interested o_nl_y in to higher coordinated Pt atoms on supports with electron poor
the relative changes iAU with respect to bulk Pt, and it is  oxygen atoms, and the holes in the opposite direction, from

more cqnvenient. ' higher to lower coordination. This redistribution of electrons
The size of AU (~3.5 eV) for the very small clusters is  or holes will have the effect of decreasing the net DOE;atn
consistent with previous estimates of (5d5d) ~ 3—6 eV small- to medium-sized Pt clusters on supports with electron

obtained from CVV (core 5d 5d) Auger spectra for the nearly poor oxygen atoms. Tong et al. have experimentally verified
filled 5d band transition metals when efficient metallic screening this using NMR studies that show the local DOSEaindeed
is shut off3! changes by the degree and nature of the ion exchange in the
Most interesting is the large difference in the behavior of support® (i.e., electron richness of the support oxygen atoms)
the core-hole electron attraction for Pt particles on supports with and confirms the direction of the charge rearrangement is exactly
electron poor vs electron rich oxygen atoms. This difference as indicated above.
dramatically reveals the importance of the support in determin-  (b) Effect of Work Function on Hole Distribution and
ing the nature and onset of the metaisulator transition. It ScreeningFigure 8 schematically illustrates the effect of the
provides direct experimental evidence for a mewalpport support-induced changes in the work function on the hole
interaction. distribution in supported clusters witthin the range #8. This
B. Support Effect on Pt Hole Distribution and Screening. figure shows decreasing band with and decreasing work function
(a) Support Effect on Pt Particle Work Functioiihe very with decreasing coordination number (interfoface> corners).
important differences in thAU(N) andR(N) behavior between  Here, we use interior, face, and corner to identify particular sites
supports with covalent vs ionic support oxygen atoms can be on an assumed larger cubo-octahedral cluster consisting of many
understood using previously reported models for the support more atoms than the 10 atom cluster illustrated in Figure 5 (these
effect. As the covalency of the support increases, the electrondifferent sites will be further clarified below). For covalent
richness of the support O atoms decreds8ghis decreased  supports, the work function is increased in the same order and
O electron richness changes the Madelung potential which shiftsdecreased in the same order for ionic supports. The interior
the Pt 5d orbitals to higher binding energy, causing a higher atoms have no holes on either support for these size clusters as
work function. Feibelmann and Hama#irst suggested such illustrated, and this is confirmed by theoretical calculatighs.
a change in the work function from theoretical calculations. This Thus although more holes exist in the cluster because of the
shift in the 5d band was confirmed experimentally utilizing larger IBO coordination of interior atoms, the holes do not
atomic XAFS and further theoretical calculaticn€:34This can necessarily remain on the interior atoms.
easily be modeled with the Btcluster illustrated in Figure 5, The experimentaAVB intensity derives from the average
by changing the electron richness of the support oxygen atomsR,
by small levels, say 0.05¢0 atom. Such a calculation (results
not given here) shows the 5d DOS shifts by nearly 1 eV, but R(N) =[f.(N) R, + f(N) R + f;(N) R] (5)
the shift is not uniform. The central atom DOS on the cluster
in Figure 5 moves to higher binding energy while the edge atom where the terms in brackets represent the fraction of each type
DOS moves much less on supports with electron poor oxygen of site, fx (significantly varying withN), and the area ratig,
atoms, since only the more interior atoms experience the full at each type of sitek (R« less variant orN). Figure 9 shows
increased work function. The effect will be in the opposite the fraction, fi(N), as determined from cluster calculations
direction on supports with electron rich oxygen atoms. assuming a cubo-octahedral clusteGordon et af’ report four
Thus electrons will move around the surface of the cluster different site categories: corner, edge, face, and interior sites
with changing support covalency, and the holes will move in with N. Here we combine the edge and face site numbers
the opposite direction. The calculation mentioned above on thetogether and give only three site categories in Figure 9;k.e.,
small Pio cluster reflects rearrangement of electrons from the = corner, face, and interior. Figure 9 shows also the number of
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Figure 9. The fractionf, of corner, face, and interior sites (solid lines)
in cubo-octahedral clusters as a functiorNpthe coordination number,
from ref 37. Also shown is the hole density, on each of the sites
(dashed lines). Wheim= f, the hole occupancy, is 1. The case where
the holes fill in the order corner face < interior is indicated at the
top for the covalent supports, and that for the order faceorner <
interior is at the bottom for ionic supports. The doubly sided horizontal

Ramaker et al.

the hole-hole repulsionl, is greater than the bandwidth,3*
When the opposite is true, correlation effects can be ignored.
The results here suggest the same phenomena, Jintay be
greater thard™ at the low-coordinated corner and face sites in
small metal particles; i.e., where the bandwidth is small and
the hindrance of screening makek large. This keeps the
maximum hole occupation number on each site to 1 (to push
more on would require too much energy). These correlation
effects also open up a gap in the DOS, as illustrated in Figure
8, since to introduce a second hole on a site, an additional energy
U must be expended. This gap is called a “correlation” gap in
the Mott—Hubbard theory of correlated conduction in solids,
where the two bands are called the upper and lower Hubbard
bands (UH and LH bands as labeled in Figure 8) and the gap
occurs wherl'/U ~ 1.1624.2538

In Figure 9, at the points whergN) nearsf(N) and the hole
occupation number equals 1, few or no electrons exist above
the gap, the UH band is nearly empty, and ICT screening is
shut off. This is because ICT screening requires one electron
to hop from an adjacent atom to the XAS excited atom, and
this will be too costly if the electron has to jump the Hubbard
gap to perform this role. The result is little ICT screening under

arrow indicates the region where ICT screening is expected to be these conditions. This explains the somewhat surprising absence
important in each case, and the blocked arrow pointing to the right of ICT screening for clusters in the rangf¢ = 7.5-9.5 on

indicates where metallic screening begins to set in.

holes per atom on each type of sitg(N), such thaf \hx(N) =
h(N), and hg(N) = n«(N) f«(N). Here ni((N) is the occupation
number varying from 0 to 1 with change M

supports with electron rich oxygens, just where the UH band is
nearly empty, and a gap exists at the Fermi level. Note that in
this region the number of interior atoms and holes is quite small,
and not untiln(N) > 0.25 does the insulator/metal transition

occur. Further ICT screening is most easily accomplished when

Based on our model for the effects of the support (see Figure sufficient electrons exist in the UH band, hence whéN) <

8), on covalent supports the corner sites fill with holes first with
increasingN, followed by the face, and then the interior. In

f(N). This explains the earlier onset of ICT screening on ionic
supports as shown in Figure 7, sifgedecreases faster with

contrast, for ionic supports the face sites fill first, and then the on these supports.

edge, followed by the interior. Further, for reasons to be stated
below, it is assumed that each site can accept a maximum of

one hole (i.e., maximumy = 1). One hole exists on each atom
whenh(N) = fi(N) in Figure 9, otherwise less.

Figure 9 now shows that ICT screening (indicated by the
shaded double arrow) occurs primarily at the corner sites on

covalent supports and shuts off whieyfN) begins to reaclf-
(N) (i.e., wherm(N) approaches 1). In contrast, on ionic supports

ICT screening occurs on both corner and face sites and shut

off whenny(N) begins to reach(N) (i.e., whenny(N) approaches
1). Figure 9 also shows that(N) [n{(N)] approaches 1 around

N = 6.5 (7.5) on the supports with electron poor (rich) oxygens,

Figure 9 now also straightforwardly explains the different
onsets for Lk band hole occupancy on supports with electron
rich vs poor oxygens as found in Figure 4. On covalent supports
the L, band opens atl = 6, which according to Figure 9 is just
below the point where the corner sites reach maximum hole
occupancy afN = 6.5. In contrast, on ionic supports, the L
band opens aN = 7.5, just below the point where the face
sites reach maximum hole occupancy around 7.9. Obviously,
he L, band will open before the maximum hole occupancy is
reached, so that the;land Lz bands share the holes as the hole
occupancy increases at the respective sites.

just where the ICT screening decreases dramatically according C- Comparison with Previously Reported ResultsThe idea
to Figure 7. Further, metallic screening sets in when the number©f @ reduced valence bandwidth and increasedn low-

of holes on the face (interior) sites becomes significait.25)
on the covalent (ionic) supports Ht= 7 (9.5), just where the

dimensional metal clusters is of course not new. Theoretical
calculations on one-dimensional chains and two-dimensional

experimental data in Figure 7 suggest that the transition occurs.planes of metal atoms have been reported previously on Li, Na,
This condition confirms that metallic screening is possible when Cu, Ag, and Au cluster®:3%-42 Depending on the type of
the holes become evenly distributed among the “operational” calculation (unrestricted Hartre¢ock, GVB, or Mott-Hub-
sites (edge/face on acidic supports and face/edge on basidard), sp valence band metals exhibit antiferromagnetic spin-
supports), and the DOS becomes greater than 40 states/eV-atontlensity waves and weak delocalization between the interstitial
The agreement between the “transition” points in Figure 9 bond orbitals. The insulator phase corresponds to an atom-
and the experimental data in Figure 7 suggests that the holescentered solution (at large ateratom separation), and the more
are strongly correlated on the edge and face sites, since theconducting phase to IBO solutions (at shorter at@tom
transition points in Figure 9 are based in part on the hole distances). Controversy exists whether a Peierls distortion

occupancy maximizing at 1. Hotehole repulsion only allows

occurs, which helps to open up a gap and bring on insulating

one hole per site. Strong repulsion or correlation at these low- character. Calculations on small 1-D and 2-D clusters have also

coordinated sites is suggestive of the hdele correlation

been performed in the framework of the Hubbard Hamiltonian,

effects reflected in the line shape of Auger electron spectroscopy.which takes into account directly th&/I" and band filling?344
The Auger process creates two holes on an atom, and thesélhe general conclusions are that a full treatment of electron
two final-state holes once created together cannot separate whegorrelation, i.e., théJ, is crucial if one is to properly describe
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TABLE 1. Summary of Reported Results on Insulator/Metal Transition in Small Clusters

system technique comments d(A) atoms ref
Theory
Fe, Co, Ni, Pd theory, TB Friedel model Kubo criterion and bulk metal parameters-119 35-50 45
transition metals Pt, V, Pd empirical parameters Kubo criterion and bulk metal parametersl2 8 3
Ni SCF-TBA Kubo criterion 16-12 46
transition metals theory Kubo criterion and bldlkas parameter 5 40 a7
Photoemission Relative Energy Shifts
Pd or Pt/(C, AlO;, SIO;, Y zeolite,) XPS core-level shifts summary of literature prior to 1989 —-127 48 and refs
therein
Pt/aC, Pd/aC XPS core-level shift 30 7,49
Pd/aC XPS Pd 3g shift <15 <50 50
Pt or Rh/ALO3/NIiAI(110) XPS core-level shift AE 0 d™%, no deviation up to 100 A ? ? 51
Pt/SIQ PES energy and/or widths >6 6
CO/Pd/ALOS/NIAI (low CO cov) Cls XPS and C1sm®2XAS  “surprising amount of screening already 10 52
at 10 atoms”
Bandwidths, STS, and Other Techniques
Pd/aC UPS Pd VB width 20 140 53
Pt carbonyls spectroscopic measuremegip determined by lowest electronic 70—-100 54
of gap excitation
Au/aC XPS and UPS Au 5d band intensity and splitting >20 >130 55
CO/Pd/ALO4/NIAI (low CO cov) Pd 3d XPS bandwidths 20 100 52
CO/Pd/ALO4/NIAIl (high CO cov)  C 1s XPS and C1sa2XAS when C1s IP does not track with XAS edge -2b 75-100 52
Pd/ALOS/NIAI cathodluminescence dramatic increase at onset —27 56
Cu/Al,O5/NiAI(110) STM height/width apparent surface energy change reflects 20—30 57
measurements conductivity change
Au/TiO, STM -V curves 1 and 2 layer clusters 205 58
Pd/TIO, STM -V curves direct gap measurement 400 59
Pt/aC reactivity specific activity for @reduction 26-30 60

the electronic structure and magnetic behavior, and many of organizes the results into theoretical estimates, those obtained
these calculations only approximate it. by energy shifts in photoemission, and estimates from other

The nature of the insulator/metal transition in the cited work techniques.
above involves electron correlation in a narrow sp band. (a) Theoretical Kubo Modelsln general, the theoretical
However considerable work has also appeared on the metal/models assume the Kubo criterion and obtain the DOS from
insulator transition in materials with narrow d bands, for bulk metal parameters. The theoretical estimates for a transition
example, the transition metal oxides, in particular N#m the metal such as Pt generally fall around 10 A or about38
cited work above, the sp or IBO bands were critical. In NiO atoms, although some estimates fall outside this range. These
the IBO and IBO* bands involving O are assumed to be estimates are of course for an unsupported cluster and assume
separated in energy and contribute insignificantly to the DOS that the DOS are uniform on each atom. Thus it should come
at the Fermi level (we assume the same occurs in the Pt clustersas no surprise that the transition point is predicted rather nicely
in this work consistent with GVB calculations on small for Pt clusters on acidic supports, since as indicated above, acidic
clusters)!? In the cited work above, the sp band was assumed supports counteract the normal distribution of holes in unsup-
to be half full; here the d band is nearly full, but in both cases ported clusters and potentially produce the most uniform hole
around 1 hole per atom exists in a narrow band. In NiO, one distribution. Thus clusters on acidic supports are the most “ideal”
generally starts with an atomic Hubbard like Hamiltonian and with regard to the hole distribution and the point of the insulator/
treats the multiplets of all 10 electrons in the d band; the metal transition.
multipets then broaden because of the long-range interactions, (b) Photoemission Energy Shift§he shifts in energy of
which may or may not eliminate the gap near the Fermi 1&el.  various photoemission peaks have been the most problematical;
The theory is complex and not one we wish to discuss here, estimates for the cluster size at the transition vary over a large
but the electronic structure in such oxide systems is somewhatrange, from 10 to 40 atoms, the smallest of the various estimates.
similar to that existing at the surface of our Pt clusters. The Some reports suggest no transition can be seen at all. This is
work reported here is believed to be the first to point out the believed to arise in part because of the problem discussed in
critical role of the support in rearranging the holes at the surface the Introduction; XPS leaves a positive charge on the cluster
in small 3-D clusters in such a way as to enable the Mott which requires a separation of the contributions arising from
Hubbard behavior described here. screening by the cluster itself and that arising from polarization

Considerable experimental and theoretical work has also beenby the support:” XAS does not have such a problem, because
previously reported, where actual predictions of the cluster size both the final and initial states are neutral. Nevertheless, taken
at the transition have been made. Table 1 summarizes this work fogether the estimates in Table 1 suggest a considerable energy
listing previous estimates of the cluster size where the transition Shift occurs (and hence an apparent transition) aroure350
is determined or calculated to occur. Either the cluster diameteratoms, or around-712 A, smaller than the theoretical estimates
or the number of atoms in the cluster (sometimes both) at the above.
point of the transition is often given. At first glance, the data  These estimates fall in the range of the turn on of ICT
appear to disagree dramatically, with estimates varying from 5 screening, on the ionic and covalent supports, when indééd
to 30 A or from 10 to 400 atoms. However, these estimates is decreased, and where the photoemission energy shifts should
have been organized by the techniques used to obtain them inoccur. In general photoemission cannot differentiate between
Table 1, and some general trends clearly emerge. Table 1ICT and metallic screening, although Sandell €alo indeed
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differentiate these effects using the C 1s XPS and XAS relative the interior of the cluster or deeper layers did not have a band
energies together for CO/Pt/&):/NiAl. They indicate that at gap. This is precisely what is expected based on the model
10 atoms a “surprising amount of screening already occurs”, described above, where around 25 A on ionic supports the metal
but they do not attribute this to metallic screening but suggest to insulator transition occurs.

ICT screening, with the metallic screening coming at much  We conclude that the previously reported data, with a few
larger cluster sizes. Their estimate of around 10 atoms whenexceptions, are consistent with the results reported here, and
the ICT reaches a maximum is in between our results for turn this agreement allows us to understand the insulator/metal
on of ICT screening on ionic and covalent supports, respectively, transition in supported metal clusters.

in Figure 7, but closer to that for the ionic supports. Although

Al;Ozis normally regarded as a relatively intermediate support Conclusions

with respect to covalent character or acidity, the samples of

Sandell et al. are prepared by depositing very thin layers (5 A)  In summary, this paper reports the development of a novel
of Al,O3 on NiAl, and they acknowledge that the metallic alloy ~Probe for assessing the metallic character of supported nanoscale

NiAl can be contributing electron density to the,®. Thus ~ metal clusters and the changing mechanisms for core-hole
this Al,Oz/NiAl support is probably behaving more like an ionic ~ Screening. The ability to perform in situ studies utilizing XAS
electron rich O support than a electron poor support. simultaneously with a determination of the cluster size from

The estimates for the cluster size at the transition from EXAFS makes this a powerful technique. The neutral XAS final

photoemission energy shifts, although somewhat problematical state, as utilized here, enables a determination of the metallic
can therefore be attributed to the onset of ICT screening, not charac;er _expected in the ground state and hen_ce a direct
metallic, and therefore are consistent with Figure 7. determination of the effects of the support. The technique allows

(c) Bandwidths, STS, and Other TechniquEis remaining for clear differentiation between local interatomic charge transfer

. . . i . and more diffuse metallic screening.
literature summarized in Table 1 uses a wide variety of The results show the dramatic effects the support can have
techniques to estimate the cluster size at the transition, such as Pp

photoemission bandwidths, scanning tunneling spectroscopy,on th_e metallic and elec_tronic characteristics Qf metallic_clusters.
cathodluminescence, and catalytic reactivity. In general thesePrEVIOUSIy r.e.ported estimates of the cluster size at the insulator/
techniques give an estimate for the transition in the range 17 metal transition are org_amzed and correlated and fognd to be
30 A or around 106400 atoms, with the estimates averaging in general agreement with the results reported here. Finally, the

around 25 A. This is exactly in the range where the clusters on importance of the hole distribution detected by this technique
ionic supports go metallic according to Figure 7. and the suggestion of a MetHubbard gap at the surface allow

. . . for a much fuller understanding of the insulator/metal transition
_ Th_us these p_rev_|ously reported estimates agree with the datg, supported nanoparticles and clusters.
in this work forionic supports. Most of these data were taken
for Pt or Pd on AJO3/NiAl, TiO 2, or amorphous C (aC). TiO
is certainly an ionic support because of its ionic-0O bond
character and the model for the metal support interaction Although the FEFF8 calculated results above show the proper
described above. The ADy/NiAl was found to behave more  trends inR at the different sites, the magnitudesRrare not
like an ionic support for ICT screening as discussed above, sopredicted accurately. Figure 5 shows that the unoccupied DOS
we believe this is indeed behaving as a ionic support. Amor- changes by about 350% upon introduction of the core-hole.
phous carbon (aC) is known to be conductive, so it is not Figure 6 shows that the intensity of the calculate/B changes
unreasonable to suggest that this will also behave as an electromy around 36-45% upon introduction of the core-hole, reflect-
rich support. Certainly the aC will not polarize the cluster as ing this change in final state hole couthis(N) — ha;(N).
described above for an electron deficient oxide support, and However, the experiment&(N) ratio in Figure 7 changes by
the metallic aC can have the same effect on the metal clusteronly about 15-25%, a factor of 2 smaller. We give two possible
as the apparently more electron richb@¥/NiAl support. reasons:

A few comments concerning the techniques utilized above  First, the theoretical calculations reveal that the amount of
are appropriate here. It is well-known that the photoemission ICT screening and, hencé\U(N) vary dramatically at the
energy shifts described above suggest that the transition occurglifferent sites even on the same cluster. Of course the experiment
at smaller clusters while the bandwidth is still much narrower effectively averages over these different sites in a cluster, and
than that for the full bulk metal. Thus several authors have the average change will be smaller than at a specific site where
suggested that the bandwidth is a better measure for the onsetCT screening is large.
of the metallic character. In light of the discussion above, this  Second, the large reduction in the experime®R@) range
appears to be correct. is more likely a direct reflection of the dynamic screening

Finally, Valden and Goodmah$,using scanning tunneling ~ mechanisms. Many of the dynamic screening effects mentioned
microscopy (STM) currertvoltage curves from size-selected above can be approximated by utilization of the “orthogonal-
Au particles supported on a single crystal of JiOLO0) (an ionic/  ized” final state rulé®~15.2528 which states that the spectral
basic support), observed a dramatic increase in the band gagine shape is best approximated by the final state (i.e., in XAS
with decreasing cluster diameter beginning around 20 A (i.e., the metallic or ICT-screened core-hole state), but the intensity
suggesting the onset of insulating character). The catalytic is determined by the projection of this final state onto the initial
activity of these Au particles toward CO oxidation underwent no-core-hole state. The remaining intensity appears as shake-
a dramatic increase in this diameter range, although appearingoff or shake-up satellites, which usually blend into the back-
to begin and peak about #20 A to larger diameter. Further,  ground in XAS. This projection will decrease the magnitude of
the band gap did not appear to be correlated with the thicknessthe intensity variations iAVB, but this effect is not included
of the Au clusters (i.e., 2 layer clusters had a band gap similar in the FEFF8 calculations.
to the 1 layer clusters of the same diameter). The band gap Thus, FEFF8 overestimates the magnitude of the variations
appeared to be largest at the surface with some evidence thatn R(N) with N but correctly predicts the trends.

Appendix
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