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The growth dynamics, stabilities, and structures of small zirconium oxide clustet®(Yiare
studied by covariance mapping time-of-flight mass spectrometry and density functional theory
calculations. The zirconium oxide clusters are produced by laser ablation of zirconium metal into a
helium gas flow seeded with up to 7%.0'he neutral (ZyO,,) cluster distribution is examined at

high and low ionization laser intensities. At high ionization laser intensitied W/cn?) the
observed mass spectra consist entirely of fragmented, nonstoichiometric clusters of the type
[(2rO,),_1ZrO]*, while in case of lower laser intensities~(.2x 10" W/cn?), cluster
fragmentation is strongly reduced and predominantly stoichiometric clusters),ZePpear. Under

such gentle conditions, (Zgp: is found to be much more abundant than its neighboring clusters
(2r0,), , n=1,2,4,6,7,8. The unusually high signal intensity of the(p, ion is found to be due

to the high stability of the (Zr§)s neutral cluster. Density functional theory calculations show a
number of different conceivable isomer structures for this cluster and reveal the most likely growth
pattern that involves the sequential uptake of Zu@its by a (ZrQ), cluster to yield (Zr@)s and
(ZrO,)¢. Based on a series of different density functional theory and Hartree—Fock theory
calculations, and on kinetic modeling of the experimental results, isomer structures, growth
mechanisms, and stability patterns for the neutral cluster distribution can be suggested. The (ZrO
structure most stable at temperatures less than 3000 K is essentially a tetragonal pyramid with five
zirconium atoms at the vertices, whereas an octahedral structure is the main building block of
(Zr0O,)¢. Modeling of the covariance matrix over a wide range of ionization laser intensities
suggests that (Zr§), neutral clusters absorb two photons of 193 nm radiation to ionize and then,
for high laser intensity, the ion absorbs more photons to fragment20@L American Institute of
Physics. [DOI: 10.1063/1.1359177

I. INTRODUCTION is a promising technique for studying coordination environ-
ments of metal atoms in metal oxide clusters deposited on

Catalytic activity of metal oxide particles and surfaces is__,. . . .
; -solid substrates, but the technical challenges involved in such
generally not well understood. The properties that affect thlsex eriments are considerable high surface coverage
reactivity include bonding character, ionicitymetal-to- P 9. g 9

oxygen charge transfgroxidation numbers, and atomic co- andAlnteInsg tufn‘f‘;lble >.<-ra)y§ bers3@30)5 i th
ordination numbers, just to mention a féwror small metal nalysis of “magic numbers In the mass spec-

oxide clusters, bond character, ionicity, atomic oxidation UM can often provide mSightS into the stru”ctural trends in
and coordination numbers can change significantly with clusClUster distributions. These “magic numbers” for the cluster
ter size. Therefore, a systematic study of small metal oxigdistribution correspond to cluster ions with sizeshat ap--
cluster reactivity as a function of cluster size can yield in-P€ar with higher abundance than those with cluster sizes
sight into the role played by each of these properties in clus? —1 andn+1. This approach is less direct than spectros-
ter reactivity. Such an investigation can partially discernCOPY investigations because it relies on comparison of sta-
which cluster property is rate determining and can genera”)lpilities of cluster ions of different cluster sizes rather than on
contribute to the understanding of catalytic activity on a mo-direct probing of molecular properties of the cluster of inter-
lecular level* est; however, unlike spectroscopic techniglesy., zero

To bring such a program to fruition, one first must un- electron kinetic energy photoelectron spectrosc{&KE),
derstand how different cluster properties vary with clusteresonance enhanced multiphoton ionizati®EMPI), mass
size. Spectroscopic studies can provide a wealth of informaresolved excitation spectroscogy!RES),...], it is not lim-
tion about cluster structure and bonding through the elucidaited to clusters of only small size. The “magic number”
tion of cluster vibrations in photoelectron and infrared analysis methathas enabled understanding of the structural
data®®@*® however, such investigations seem only to be practrends in van der Waals clusters, metal clusters, alkali oxide
tical for small clusters. Near edge x-ray scatterfBXAFS) clusters, alkaline earth oxide clusters, as well as such new
systems as £ and TgCyo.

dCurrent address: Hewlett Packard Corporation, 3404 East Harmony Road, The a_nalysus of “m_ag'c number” clusters in a mas_s
MS 32, Fort Collins, Colorado 80528. spectrum is often complicated by the presence of cluster ion
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fragmentation caused by excess energy deposited in a clustences. An extensive search of the entire parameter space is
in the ionization processDue to cluster ion fragmentation, executed. Fourth, for each combination of fitting parameters,
the relationship between the measured cluster ion mass spdbe value of the ionization laser intensity that reduces frag-
trum and the neutral cluster distribution can be obscuredmentation below some predetermined lower limit is simu-
The observed “magic numbers” can be due to stable neutrdiated. The most conservative lower limit of laser intensity is
clusters, stable cluster iori@ the presence of fragmenta- found for the parameter space. Fifth, the mass spectrum is
tion), or clusters with low ionization energy. Cluster ion recorded at this low ionization intensity at which cluster
fragmentation can, in principle, be suppressed by employinfragmentation is expected to be negligible. The intensity
single photon, near threshold ionization. lonization energiesariation in the measured cluster ion distributiGre., the
of metal oxide clusters are often above 8 eV; however, suchmagic numbers’) obtained at this low laser intensity
radiation can be generated by tripling an UV laser in xenonshould correspond to intensity variations in the neutral clus-
although tunability is a problem. Tunable radiation of greatetter distribution.
than 8 eV can also be generated by synchrotrons. Photon This procedure is possible because covariance is a mea-
fluxes at such energies are typically less thansure of cluster fragmentation, as the parent and fragment ion
10*?photons/crifpulse. At such low light intensity, ion sig- signal intensities are correlated. The covariances between
nals for clusters created by laser ablation may be too weak tparent ion and fragment ion are negative because the frag-
detect under such circumstances. Moreover, since clustenent is formed at the expense of the parent. In reality, how-
ionization energies are expected to decrease with increasirayer, the covariances follow a much more complicated rela-
cluster size, completely avoiding cluster fragmentation if alltionship that results from changes in both ionization
clusters must be ionized may not, in principle, be possible. probability and fragmentation probability with pulse-to-pulse
Many photon ionization with an UV lasée.g., 193 nm fluctuations of the ionization laser intensity. Detailed theo-
at photon energies lower than the cluster ion energy, shoulcetical modeling is required to express this relationship be-
be more practical. Under these conditions, cluster ion fragtween experimental variables and the covariance matrix for a
mentation can be an imposing problem, especially if highsample of clusters. For example, parent ion/fragment ion co-
ionization laser intensities are employed in order to increasgariances change from negative to positive as the ionization
ion signal intensities and the overall signal to noise ratio foraser intensity is decreased while fragmentation is still ob-
the mass spectrum. Riley and co-workers studied ionizatioserved. Upon further decrease of the ionization laser inten-
dynamics of several transition metal oxide clustarader sity, the covariances finally become small and positive as the
high ionization laser intensity conditions >( J/cnt/ fragmentation disappears. Both experiments and theoretical
108s). They showed that, under these conditions, clustermodeling support this trend.
can absorb up to 20 photons. Photoabsorption is followed by In this work, the structural trends in zirconium oxide
fast internal conversior(electronic to vibrational energy clusters are explored. Zirconium oxide can serve as a high
transfej that leads to significant heating of the cluster, andtemperature structural ceramic and as a catalyst for dehydro-
eventual ionization by a process resembling thermionic emisgenation of hydrocarbons. Following the methodology de-
sion. Similar observations have been made for several trarscribed above, the mass spectrum of (grCcluster ions is
sition metal cluster systems, foi& and for TiC;,.*° Clus-  recorded at very low ionization laser intensities at which
ter ions thereby produced are very hot and undergo extensivduster fragmentation due to the ionization process is negli-
fragmentation. gible. The mass spectrum shows a very prominent “magic
This report suggests a new methodology to control clushumber” at cluster sizev=>5. The intense ion peak in the
ter ion fragmentation. It is based on the following stratBgy. mass spectrum can be related to an exceptional stability of
First, record mass spectra at rather high ionization laser inthe (ZrQ,)5 neutral cluster. (Zr¢),, cluster ions with cluster
tensity (about 100 mJ/cRi10™ 8 s) for which ion fragmenta- sizesn=3,4,6,7 have very small ion signals in the zirconium
tion is significant. Up to 2500 time-of-flight mass spectral oxide mass spectrum. For =8, the cluster ion intensi-
scans are recorded at this laser intensity, and each scanties are again high and reach intensity levels close to the
started by a single ionization laser pule) Hz repetition (ZrO,)s cluster ion intensity.
rate. Second, measured mass spectra are evaluated for cor- The structures and stabilities of (Z53, n=3-6, neu-
relations between signal intensities of different mass peakdral clusters are calculated using density functional theory
Signal intensities in different mass channels or pgaksre-  and Hartree—Fock theory. Geometry optimizations with full
sponding to cluster ions of different sizegare slightly dif-  relaxation of all coordinates are done on several of the cal-
ferent in each individual scan because of small pulse-toeulated isomers for these clusters in an attempt to find the
pulse fluctuations of the ionization laser intensity. Theglobal minimum on the cluster potential hypersurface of
collected correlations are organized into a so-called covarieach cluster size. The selected levels of theory predict that
ance matrix. Third, measured covariance matrices are fitte(ZrO,)5 is more stable than (ZrQs;, (Zr0,),, and (ZrQ)g
by a simple theoretical algorithm of the cluster ion fragmen-in agreement with experiments. The most stable (J¢@so-
tation. This model includes a number of fitting parameters—mer is neither very symmetric nor exceptionally compact. A
absorption cross sections, cluster ionization energy, clustadlear structural building pattern is observed between the
dissociation energy, etc. A number of possible combinationsnost stable isomers of (Zg), and (ZrGQ)s and the second
of fitting parameters fit both the measured mass spectral clusaost stable isomer of (Zr{)s. These three clusters have a
ter ion distributions and the measured normalized covaricommon basic building block—the tetrahedral (Zy©clus-
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ter with four zirconium atoms at the apices of the tetrahe- (hm)=2Zr,O, 193 nm
dron, six oxygen atoms along the tetrahedron edges, and tw 0.2mJ/pulse
dangling terminal oxygen atoms each connected to a single
zirconium atom. Closer analysis reveals that the (JtO
special stability results from the interplay between reducing&
the number of singly bonded oxygen atoms of (£ and
increasing the strain of deformation of the (Z)@ building
block as the cluster size increases from4 to n=6. The
most stable isomer of the (ZsQ) cluster has a very different
structure. This structure appears to begin a new building pat:
tern at then=6 cluster that reaches high stabilityrat 8 or

9. These different structural patterns may exhibit different
reactivities due to different coordination numbers for oxygen
atoms.

(5,10)
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covariance matrix suggests that neutral zirconium oxide clus- TIME OF FLIGHT ()

ters a_bsorb_tW(_) phOtonS to ionize and then, if the_ I0NIZatlONk|G, 1. The mass spectra of D, clusters recorded at low ionization laser
laser intensity is high enough, the parent cluster ion absorbigtensities (~0.20 mJ/pulse, pulsewidth-108's, area=9x10 3 cn?, |
several more photons and accumulates sufficient energy te0.2x 10” W/cn? at 193 nm compared for two different ionization laser

fragment. At low ionization laser intensity, parent ion frag- Wavelengths, 193 nn6.43 eV, upper trageand 220 nm(5.64 eV, lower
. . trace. For eachn, only the most intense £0,, peak is labeled ag,m).
mentation can be reduced to negligible levels.

Note that in the upper trace the mass peakafel5 are split. The satellite
peaks adjacent to the labeled mass peaks correspond to clusters with one
Il. EXPERIMENTAL PROCEDURES extra oxygen atom. For example, the high mass satellité,df2) is (6, 13.
These peaks disappear upon reducing the oxygen concentration and pulse
A conventional laser vaporization/supersonic expansioRalve current.

cluster source is used to generate the neutral zirconium oxide
clusters by laser ablation of zirconium metal into helium
carrier gas mixed with up to 7% of OThe pulsed helium/ the ionization spotnote that the excimer laser beam inten-
oxygen flow from an R. M. Jordan Co. pulsed valve operat=sity profile is roughly rectangular The laser beam radiant
ing at backing pressure 100 psi is injected through 0.8 mnenergy is varied between 0.2 and 2 mJ. The area of a tightly
diam nozzle orifice i@ a 2 mmdiam, ~60 mm long flow focused ionization laser beam is 0.9 MB mmx 0.3 mm;
channel in the laser ablation source. The zirconium is ablategize of the laser beam induced burn mark on photographic
by a 532 nm laser beartsecond harmonic of a Nd/YAG paper measured under a microscope
laser at laser energies 6f2 to 20 mJ/pulsedirected perpen-
dicularly to the carrier gas channel and_ focused witth a ||l EXPERIMENTAL RESULTS AND ANALYSIS
=100cm lens on the surface of a rotating and translating
drum wrapped with a 0.1 mm thick zirconium metal foil Figure 1 shows the mass spectrum of, @y, clusters
(99.98%. recorded at two different ionization laser wavelengths, 193
The sample surface is tangential to the flow channel walhm (6.43 eV} and 220 nm(5.64 eV}, and at slightly different
and the ablation spot is approximately 27.5 mm downstreanexpansion condition€0, concentrations and nozzle opening
from the nozzle orifice. About 32.5 mm downstream fromtimes. The background noise level in these spectra is rather
the ablation spot, the clusters seeded in the carrier gas ekigh as the spectra are recorded at very low ionization laser
pand into the vacuum. The neutral clusters of this resultingntensities to minimize cluster ion fragmentation. The mass
molecular beam pass through a 1.1 mm skimmer into the iopeaks are relatively broad due to Zr atom natural isotopic
source of a time-of-flight mass spectromet€OF; Wiley—  distribution, and individual isotopic features are resolved for
McLaren-type where their flow is intersected, and they areonly (ZrO,),, n<3. Zr,,0,, clusters with different numbers
ionized by, an ArF(193 nm excimer laser bearf~10"8s  of oxygen atomsn for a given numben of Zr atoms can be
pulse duration The generated cluster ions are extracted perresolved up to cluster size=12, even at these low signal
pendicularly to the molecular beam and enter a 1.8 m longntensity levels. The prominent features in the spectra of Fig.
flight tube. They are separated in arrival time according tal correspond to a progression of (Z)Q cluster ions. The
their massesions have 4 keV kinetic energyand detected spectrum recorded with 193 nm ionization laser wavelength
by Galileo microchannel plate detector. Signals from the dealso shows oxygen rich (Ze,0", n>5, cluster ions. In-
tector are fed to a Tektronix RTD 720A transient digitizer. tensities for oxygen rich clusters ion peaks are low for small
Signal sampling, processing procedures and mathematicalusters but become larger for clusters with 10. The oxy-
techniques are identical to those described previdusly. gen rich clusters disappear upon slight changes in the expan-
In most cases, the mass spectral data are recorded withséon conditions.
focused ionization laser beam utilizing laser fluences from  Despite the fact that the two cluster ion distributions
20 to 200 mJ/crh The laser fluence is determined by divid- shown in Fig. 1 are different, one can clearly discern a num-
ing the laser beam radiant energy measured with a Molectrober of important common trends in these cluster ion distri-
J-25 pyroelectric probe with the laser beam area measured htitions: (1) signal intensities of small cluster ions, (Z)Q@
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and (ZrQ), , are low;(2) (ZrO,)< cluster ion signal inten- emissi03n (i.e., f;’slpid redistribution of energy in the
sity is very high relative to that of its neighboring peak®y;  clustey @=3949:7 o (2) a neutral cluster absorbs only a
(2rO,)¢ and (ZrQ)7 cluster ion signal intensities are low; few photons(low laser intensity and ionizes as the total
and(4) (ZrO,); , 8<n=12, signal intensities are again rela- electronic excitation energy in the cluster exceeds the cluster
tively high. In short, (ZrQ)s is a “magic number” in the ionization thresholde.g., slow redistribution of energy in the
mass spectrum of (Zr, clusters, and gaps exist in the ”eUtfa[C'U.St@[‘Kg) _ _

mass spectrum between (Z)9 and (ZrQ). and between lonization studies on various transition metal and metal
(ZrO,): and (ZrQ)g4 . Additionally, the mass peaks from Oxide clusters(Ref. 2, and TCy, and G clusters show

8<n= 12 become intense and appear as a new set of “magithat, at very high laser fluenge-100 mJ/crf), the dominant
numbers.” ionization channel involves absorption of many photons by

What is the nature of the (Zg “magic number” the neutral cluster, leading to heating of the cluster and sub-
cluster and what is the nature of the second “magic number'S€guent ionization by a process similar to thermionic emis-
cluster set ca. (Zrg),,, 8<n<12? In general, the cluster jon Sion from a solid surface. This is a realization of regime 1
X,' can be “magic” in the mass spectrufthat is, apparently above. In this regime, ion signal intensity scales with a very
much more abundant than its neighbofsr one of three high power of the ionization laser intensitg>9 for vana-
reasons{1) ionization efficiency of the X neutral cluster is dium oxide, iron oxide, chromium oxide clustéfy suggest-
higher than that of its neighbors,X; and X, ; in the neu- ing absorption of many photons. The many photon absorp-
tral cluster distribution2) clusters undergo fragmentation ion is explained by a cycling of the cluster between the
following ionization, and cluster ion X is thermodynami- ~ground electronic stater some low lying excited statand
cally more stable than the cluster iong % and X', ,; and ~ SOMe higher electron_|c gxcned state thrpugh a sequence of
(3) neutral cluster X is very abundant in the neutral cluster Many photon absorption/internal conversion steps that leaves
distribution due to its high thermodynamic stability com- the system highly vibrationally excitetioy. The cluster ion-
pared to that of its neighboring cluster sizes,_X and 1Zation efficiency is then very sensitive to the cluster ioniza-
Xpyi1- tion energy becguse th_e p_rob_abi!ity of thermionic emission
In the ensuing sections, these three possibilities foscales exponentially with ionization energ.In such in-
(ZrO,); “magic number” clusters will be thoroughly exam- stances, cluster ions undergo extensive fragmentation.
ined. The remainder of the presentation in this report is de- At the low laser fluence$<20 mJ/crﬁ)_us_ed to record
voted to determining the source of this cluster ion distribu-th€ mass spectra shown in Fig. 1, cluster ionization occurs in
tion. We finally come to the conclusion that the cluster jonthe second regime described above. Signal intensity scales
distribution measured in Fig. 1 is indicative of the neutralWith @ low power of the ionization laser intensitpproxi-
cluster distribution and that (Ze),, n=5, 8-12, are mately 2.15 in the present cas@his dependence suggests
“magic numbers” for the neutral cluster distribution. The that only a few photong2 or 3) are absorbed by the cluster
(Zr0O,),, structural trends and the origins of the special staPrior to ionization(vide infra). This regime is similar to that

bility of the (ZrO,)s cluster are explored in Sec. IV. for multiphoton ionization of simple small molecules. Evi-
dently, much less energy is lost to the vibrations than in the

foregoing ionization regime 1. Those neutral clusters that
Even at the relatively short ionization wavelengths em-lose energy to vibrationglue to internal conversigriollow-
ployed in these studies, the photon energy is not high enoughg absorption of the first/second photon will not be ionized
to ionize the (ZrQ), clusters by single photon ionization. at such low laser intensities as the number of photons ab-
Clusters are ionized by a multiphoton process that is eithesorbed is too low to heat the cluster hot enough for thermi-
non-resonant or resonantly enhanced for the first photon algnic emission to occur. Vanadium oxide and titanium oxide
sorption. In general, for metal and metal oxide clusters withclusters are also ionized by this mechanism at low laser
cluster sizen>3, densities of states above the first excitedintensities’®
state are high. Thus, the energy level of the first absorbed Mass spectra of (Zrg, cluster ions are recorded at two
photon for multiphoton ionization may well be in resonancedifferent ionization laser wavelengths to exclude the possi-
with other vibronic excited states located within a densehility that one wavelength accidentally is in resonance with a
manifold of states. The probabilities for intersystem crossdong-lived (~1 n9 excited state of (Zr@s. This circum-
ings and/or internal conversions between different excitecgtance would enhance the (ZpQionization efficiency com-
states, and of energy flow from one state to another angared to that of other clusters due to resonantly enhanced
ultimately to vibrations, are thus, very high. Hence, then-  multiphoton ionization. Nonetheless, (Z)@ is “magic”
radiative lifetimes of these excited states are usually shorthigh signal intensity at both 193 and 220 nm ionization
(<1 ps compared to the 10 ns ionization laser pulse duralaser wavelengthgsee Fig. 1 Thus, the special nature of
tion, and cluster ionization competes with internal conver-(ZrO,): is not associated with a special ionization cross sec-
sion. This latter process, radiationless relaxation of the phation at the chosen laser wavelengite., an accidental reso-
toaccessed state at constant cluster energy, thus heats thence with a long-lived intermediate excited state of
cluster. Subsequent cluster ionization under the above ci(-ZrO,)s].
cumstances can occur in two different regim@s:a neutral The possibility that the (Zr€), clusters are ionized by a
cluster absorbs so many photdias high laser intensijythat  lower number of photons than clusters of the other sizes can
it becomes very hot and emits and electron by thermioni@also be excluded. Figure 2 shows the dependence of the

A. Cluster ionization dynamics
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Sig, / Sig, = (En, / En,)" (n,2n-1) = (ZrO,), (ZrO"
n = In(Sig, / Sig,) / In(En,, / En,) = 2.17
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FIG. 2. Dependence of the (ZgJ signal intensity on the ionization laser
energy at 193 nm ionization laser wavelength. FIG. 3. The mass spectrum of D, clusters recorded at high ionization
laser intensity (~ 10" W/cn¥) at 193 nm laser wavelength. Note that at this
intensity the mass spectrum consists of only the nonstoichiometric, metal-
rich cluster ions (Zr@),_,ZrO".
(2rO,)4 signal intensity on ionization laser energy/pulse re-
corded at 193 nm laser wavelength. The (2rOsignal in-
tensity increases with the power 2.15 of the laser energy/
pulse, which suggests that (Z)Q is ionized by a two or
possible three photon ionization process at 193 nm. This su
gests that the ionization energhe) for (ZrO,)s is 6.43<IE
=<12.86 or 19.29 eV. lonization energies of the clusters will
surely be lower than 12.86 eV, because the ionization energ
of ZrO, is 9.5 eV. Thus, (Zr@;4 ;.. clusters should be
ionized by two photons of 193 nm laser energy, as well.
Hence, the ionization efficiency of the (Z5f9 clusters

Evidently, at high ionization laser intensity>75
mJ/cnf/pulse cluster ions undergo fragmentation. Nonsto-
Yehiometric (ZrQ),_,ZrO" cluster ions arise from stoichio-
metric (ZrQy), .4, d=0, cluster ions by the loss of an oxy-
en atom andd ZrO, molecules[or a ZrO; molecule and
d—1) ZrO, molecules. At low ionization laser intensities,
oxygen (or ZrO;) evaporation is not present; under these
conditions, evaporation of ZrOmolecules will also be ab-
should be comparable to the ionization efficiencies of theﬁggt'etrj]gl%?;rié;g V:ft?\:::;grr: Z:?rggihgans tlr?(\e,vi;sgg\r/]a-

neighboring clustersn=4 and § and the “magic” charac- .
9 g & 9 9 evaporation channel. If the latter were the case, however,

ter of (ZrO,). mass spectral feature is not caused by an : . : .
enhanced ionization efficiency of the (Z)Q clusters com- sequential evaporation of ZpQinits would quickly cool the

. cluster and the oxygefor ZrO;) evaporation channel would
pared to other cluster sizes. ; L . .
be only a minor one, also at high ionization laser intensities.
Thus, at low ionization laser intensity, the loss of Zn@oi-
. : eties is not likely.
B. Cluster ion fragmentation The second argument against cluster ion fragmentation

Under multiphoton ionization conditiorhigh laser flu- at low ionization laser fluence comes from calculation of
ence and the requirement that one photon energy is insufférO, evaporation probability for the upper limit of internal
cient to ionize the clusters, in generatluster ion fragmen- energy deposited in the cluster. The internal energy distribu-
tation can be an important and nagging issue. Thredion in the cluster deposited from the ionization processes is
arguments can be proffered in support of the conclusion thagstimated from the measured laser intensity dependence of
at an ionization laser wavelength of 193 nm and at low ionthe (ZrQy)4 cluster signal intensity. Assume for the moment
ization laser energy and fluende-0.20 mJ/pulse,~21 that the (ZrQ). cluster ion is produced by ionization and
mJ/cnf/pulse, 0. 10° W/cnr) (see Fig. 1, cluster ion frag-  fragmentation of (Zr@)s or some larger neutral parent clus-
mentation is absent or minimal. ter (Zr0y)s.q4 (d>0). As shown in Fig. 2, the (ZrQs-

The first evidence against cluster ion fragmentation unsignal increases with the 2.15 power of laser energy. Hence,
der these circumstances comes from observed trends in thiee (ZrQy)s, 4 neutral precursor of (ZrQ. undergoes ab-
ionization laser intensity dependence of cluster ion stoichisorption of two or possible three photons at 193 nm. Thus,
ometries. At high ionization laser energiés1l mJ/pulse, the energy deposited in the (Z5)Q. 4 cluster in the ioniza-
~110 mJ/cripuls®, mass spectra consist of only nonsto- tion is, at most, 19.29 eV.
ichiometric, metal rich cluster ions (Zg),_,ZrO™" (see Fig. To this energy must be added the interttakerma) en-

3). At low ionization laser energies-0.20 mJ/pulsg metal  ergy of the neutral cluster prior to ionization. In our previous
rich cluster ions completely disappear from the mass spectnaork on vanadium oxide and titanium oxide clusters carried
of (ZrO,), clusters, which is now composed of only sto- out under very similar conditiorf$’ cluster temperature in
ichiometric (ZrQ), cluster ions, as shown in Fig. 1. the molecular beam is estimated by measuring mass resolved
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excitation spectra of the VO molecule of the V@(X)  Yields Ns(t)/N(0)~0.14. Thus, less than 15% of the
electronic transitiof. The vibrational temperature of VO ob- (ZrO,)¢ cluster ions undergo fragmentation reaction E.
tained by comparing intensities for the«40) and (1—1) under these assumed conditions. The ratio of the fragment
vibronic transitions is abouf,;,~950+ 100 K. Larger clus- and parent ion intensities,N¢(t)/N(t) =N(t)/[N(0)
ters are expected to have lowey;, because their low fre- —N¢(E)]~0.17 is negligibly small. As given in Fig. 1, the
guency “phonon” modes will be cooled more efficiently in (ZrO,)4 cluster ion signal intensity is more than 250% of the
collisions with the expansion gas. Hence, for this argument{ZrO,)4 signal intensity and more than 150% of the sum of
T=950K is taken as afextreme upper limit for the neutral  the (ZrQy)¢ and (ZrG)sO" cluster ion signal intensities.
cluster thermal energy. Note, too, that Hackett and The weakness of this second argument and analysis for
co-workers"®49 assume that metal oxide, carbide, and ni-the absence of cluster ion fragmentation at low ionization
tride clusters have an internal temperature equal to the intefaser intensity is that it is based on theoretical calculations of
nal temperature of the laser ablation source blotk,(. cluster ionization energflE) and dissociation energye().
~300K). Experiments give only a lower bound for the ionization en-
Based on the vibrational analysis of the most stable conergy of 6.43 eV. To be more conservative, this latter value of
former of (ZrQ,), [see next section for thab initio calcula-  |E could be employed in the calculation of cluster ion frag-
tion of (ZrQ,), cluster structurg about 73% of all viora- mentation.
tional modes of (ZrQs will be populated at this The third argument against cluster ion fragmentation
temperature. Such a set of assumptions gives {Zridter-  giving rise to the cluster ion distribution depicted in Fig. 1,
nal vibrational energy at ca. 2.88 eV. Thus, the upper limit torather than this distribution reflecting the neutral (20
the total internal energy of (Zrg; following ionization of  cluster distribution, can be found in the covariance mapping
neutral (ZrQ)g is ca. 22.2 eV. results for the (Zr@), cluster ion mass spectral data. These
Part of this energy is needed to ionize the cluster. We ar@ata are presented and analyzed in the following subsection.
certain that the (Zrg, (n<20) clusters studied in this work Covariance mapping of the mass spectra, in conjunction with
cannot be ionized by a single-photon ionization. Cluster sigcovariance simulations, yields a tighter bound on the upper
nal intensities decrease significantly upon defocusing of thémit of the internal energy of the cluster ion at a given ion-
ionization laser beam and no clusters are observed with &ation laser intensity. Simulation of these results allows the
completely unfocused laser beam. This is in contrast to th@arameters |IE an&y to be varied over a wide range of
ionization behavior of the metal rich vanadium oxide andvalues and the highest fragmentation probability can be em-
titanium oxide clusters that we studied previou%ﬁ/_ ployed to generate the most conservative estimate of cluster
(zrO,), clusters need to absorb more photons tharfragmentation. The essence of this approach is twofdly:
(VO,),(VO)q and (TiQ),(TiO), clusters to be ionized. obtain all permissible combinations of parameters IE Bpd
Based on ouab initio calculationsvide infra), the adiabatic ~ that will fit the measured covariance matrix at high ioniza-
ionization energy for the (Zr§s cluster is about 8.5 eV, tion laser intensity for which cluster fragmentation is domi-
note that this is lower than the ionization energy of the ZrO nant; and(2) predict how much the laser intensity must be
molecule? as expected. Then, the upper limit for the internaldecreased so that the maximum fragmentation possibility
energy of the (Zr@)¢ cluster ion that is available for the over all permissible combinations of IE aril, becomes
fragmentation is 22.178.5=13.67 eV. negligible. Following this procedure in the next subsection of
Based orab initio calculations reported below, the bind- this paper, will provide the third and strongest evidence
ing energyEq, of ZrO, in (ZrO,)g is at least 4.35 eV. If one against cluster ion fragmentation at the low laser intensity
assumes that the Zgvinding energy in (ZrQ)¢ is about employed to record the mass spectra displayed in Fig. 1.

the same, the fragmentation rdtdor the reaction,
C. Covariance mapping of the mass spectra: Results

(ZrOy)g —(Zr0y)5 +Zr0, (1) and simulations
can be estimated based on the RRK formula, Before presenting experimental covariance maps as a
k=ko(1—E4/E)s1 ?) function of laser fluence at 193 nm ionization photon wave-

length, we motivate these studies by a description of the
in which Kk, is related to the effective vibrational frequency covariance matrix and a discussion of what to expect for
for the reaction coordinates=48 is the number of vibra- covariance data taken at high laser fluence. This situation
tional modes of the cluster (Zgf) , andE is the internal reflects the experimental conditions leading to significant
energy of the (Zr@)s cluster ion. Assuming,=10*s"*  cluster ion fragmentation.
and E=13.67eV, k=1x10°s 1. The number ofN; of The neutral cluster distribution can be pictured as a col-
(2r0O,)4 cluster ions that undergo fragmentation within the lection of clusters of different sizes If the initial cluster ion
ion sources of the time-of-flight mass spectrometer can theandergoes fragmentation,

be expressed as (ZrOy); —(ZrOy) p_y+d ZrO,, (4)

_ _ okt
Ni=N(0)(1-e") ©® fluctuations of the (Zrg), parent ion signal, and of the

in whicht=1.5x 10" °s is the residence time of the (Z5@ (Zr0O,),,_4 fragment ion signal should be correlated since
ion in the source region ard(0) is the number of (Zrg)4 both ions arise from the same neutral cluster sizbleutral
cluster ions produced. Substitutikg=1x10°s ! in Eq. (3) clusters should, in turn, be correlated by the cluster growth
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process. Correlations betweeq signal intensities. of diffe'reni 0.16 1 (ZrOy)q0 Laser intensity | ~ 107 W/em?
cluster ion peaks can be easily measured by time-of-flight 0.14] o]
mass spectrometry. A complete time-of-flight mass spectrung | —~v—1-3o
can be recorded from a single ionization laser pulse. Typi-& 0.12- { +0'+30
cally, 2500 single laser pulse mass spectra are recorded arg 0.10.] o=5%I
evaluated for correlations between different cluster ion fea-(z3 / /
tures. Correlations are plotted in the form of a covarianceg- 0-081 d \

. v
matrix. g 0.06 4 /// \

The sign and magnitude of the parent/fragment ion cor- ] [dF

0.04 2 \

relation depend upon the character of the prevailing fluctuag e '// \
tIOI"].S. For example, in our recent study of toluene/water,2 ¢.02 J O/A v\ O\ \K
aniline/argon, and fluorostyrene/argon clusters, the cluster® 0.00. O/A | A 3\0\‘§A .

are ionized by two-color, two-photon resonant ionizafiéh.
Since the number of absorbed photons is independent of th
ionization laser intensity, in general, the correlations are not
affected by laser intensity fluctuations. Neutral cluster intenFIG. 4. The photoabsorption probability distributions of the (g@clus-

sity fluctuations of the number of clusters at cluster size ters as functions of the numberof absorbed photons calculated by formula

il in this latt inst d t ion/f i (14) and plotted for ionization laser intensitiés | =30, and | +30, |

preval .m IS lattér Instance, an paren_ lon ragmgn ion_ 10" Wien? ando=5%l is the standard deviation of the laser with inten-
corrections are found to be small and posififeVanadium ity distribution measured for our ionization laser. Note that assuming a
oxide and titanium oxide clusters also have small positiveGaussian distribution of laser intensity fluctuations, 99.7% of all laser pulses
covariance matrix elements that are laser intensity indeperW”' have intensities within the confidence intervél—3c,1+30). The

. vertical arrow shows how many photons need to be absorbed by)Zt®
dent and neutral cluster grovvth deI’IV%a Conversely’ for evaporate the first Zrgdmonomer within 1us after ionization, assuming that

zirconium oxide neutral clusters ionized by one-color, manyhe neutral cluster temperatufe= 950 K, ionization energy IE 8 eV, dis-
photon ionization(high laser fluence the number of ab- sociation energyEy =6 eV, and effective vibrational frequenck,
sorbed photons is a very sensitive function of the laser inten=10"°s™* [see the RRK formulg2)].
sity. Laser intensity fluctuations leading to fluctuations of the
number of absorbed photons on a pulse-to-pulse basis pres
vail, and parent ion/fragment ion correlations are negative.
To demonstrate the effect of laser intensity fluctuation,
on the covariance matrix for (Zef), clusters, results of
simulations of cluster ion fragmentation at high ionization
laser intensities £1x10" Wient, ~1 mJ/puIse_,vloo_ laser intensitiesl, 1 +30. The crossover point for thé
mJ/pulse/cr) are presented. The details of the S|mulat|on+3 curves occurs ab=2 in Fig. 5. When the laser inten-
are given below. Figure 4 shows the photoabsorption probSI,[y increases from —3¢ to 1+3¢, the probability to
ability distributions for (ZrQ),q clusters as a f_un_cnon of the evaporat=0 and 1 ZrQ monomers from cluster (Zrd,
numberm of absorbed photons plotted for ionization laser
intensities I, 1—3c, and |+3¢, for which 1~1x10
W/cn?, ando=5% | is the standard deviation of the laser
intensity distribution measured for the ionization laser em-

2 4 6 8 10 12 14 16 18 20
NUMBER OF ABSORBED PHOTONS m

single variable for convenience; for the sake of brevity, we
call this combined probability the “fragmentation probabil-
ity.” Figure 5 shows these fragmentation probability distri-
butions for (ZrQ),q clusters as a function of the numhzof
evaporated Zrgmonomers plotted for the three ionization

>
5 (Z0)1 + v —>(Zr0,)g ZIO" + p(Zr0) + O+ &

ployed. Assuming a normal distribution of laser intensity % 2.5x107 1 Laser intensity | ~ 107 Wiom?
fluctuations, 99.7% of all laser pulses will have intensities § 1 o]

within the confidence interva{l —3c,l +30). Hence, | S 2.0x10™- v 1-3
—30 andl + 30 can be accepted as good lower and upperg ] U —A—1+3c
bonds, respectively, for fluctuating laser intensities. Forg 1,510 o c=5%]
(Zr0O,)10, the photoabsorption distribution shifts by more g ) o \

than 2 photons betwedn-30 andl + 30 at laser intensity @ \V/ ‘V

| —30, 8 photons are absorbed by (Z)Q with highest é 1'0X1°_4L 0/

probability, and at laser intensity+ 30, 10 photons are ab- 2 { ™«

sorbed by (Zr®);o with highest probability. Assuming that E 5.0x10°

the activation energy for ZrQevaporation from (Zr¢),q is |C:>

Eq=6 eV, the (ZrQ),, ionization energy is IE8 eV, and N 0.0 ' o

the (ZrQy),o neutral cluster temperature §=950K, the  F 0 > 4 6 8

RRK formula Eq.(2) predicts that (Zr@®,, must absorb — NUMBER OF EVAPORATED ZrO, MONOMERS p
more than five photons to evaporate the first Zn@nomer

within 1 us after ionization. FIG. 5. The fragmentation probability distributions of (Z)@ clusters as

Variation in the number of absorbed photons for (@I}Q functions of the numbep of evaporated Zr® monomers calculated by
lusters will lead to variations in the fraamentation and ion_formula (11) and plotted for ionization laser intensitié¢s | —3c, and |

clus g + 30, with 1~10" W/cn? and 0=5%I . Notice the crossover between the
ization probabilities. In this discussion, the product of ion-| 3,4 andl + 3¢ curves ap=2. The values of parameteEs,, Ey, IE, X,

ization and fragmentation probabilities are combined into ando(1)It used in the simulation are the same as in Fig. 7.
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(Zr0,) + o . ) I +30. When the laser intensity increases from3o to |
3504 2 Laser intensity | ~ 10" Wiom + 30, the signal intensity for cluster size>10 decreases
] /A\ —o—| while the signal intensity for cluster ions with cluster size
] A —v—1-3c . + -
z 3004 A | +3g n<10 increases. The (ZgD,_1ZrO™ (n<10) cluster ions
P T / are found at the expense of the (ZJQ ,ZrO* (n>10)
250 / c=5% : : : o di :
i / cluster ions. The simulated covariance matrix displayed in
§ 200_' Table | thus shows negative correlations between
(&) . (ZrOz)gﬂ,ZrOJr and (ZrQ)g,erOJr (p>0) cluster ions.
O 150 _\A 2.4 The above analysis and simulation for spectral covari-
& 1 \A\' ances show that the cluster correlation behavior can be ratio-
g 100-'\ N v lized under the gi i tal diti d that th
s d DA nalized under the given experimental conditions and that the
3 1Yy A\A\g covariance matrix can be modeled. This process provides
50'_ N S strong motivation for performing covariance mapping mea-
0l . _ _ . —— -\.\E- surements of the experimental mass spectral data taken for a
2 4 6 8 10 12 14 16 18 given laser pulse. Parent ion/fragment ion correlation pat-
CLUSTER ION SIZE n terns can thus be used as a probe of cluster ion fragmenta-

_ . tion. In the remainder of this section, we present the experi-

FIG. 6. The simulated (Zrg),,ZrO" mass spectra calculated from formu- - yenta| covariance maps as a function of laser intensity, and
las (9) and (18) and plotted for ionization laser intensitigsl — 3o, and| . .

+30, 1~10' Wien? and o=5%|. Notice the crossover between the W€ Present a model of cluster ion fragmentation dependent

—30 andl + 3¢ curves an=10. The values of parametefs , Eq;, IE, X, on a few parameters that are varied to fit both the measured

ando(1)It used in the simulation are the same as in Fig. 7. spectral intensities and covariance matrices. This model will

show how much to decrease the ionization laser intensity to

suppress completely cluster ion fragmentation.

decreases while the probability to evaporgte-2 ZrO,

monomers from cluster (Zr{), Iincreases. The

(ZrOy) - pZrO* (p>2) fragmentation products are formed

at the expense of the (ZsRZrO" parent cluster iongNote To analyze for correlations between signal intensities of

that in this model, loss of an oxygen atom in the final frag-any two mass spectral featuresindy observed for a single

mentation and the corresponding change of cluster ion stdenization laser pulse, one records and stores each individual

ichiometry is also considered. This fragmentation step is inmass spectral scarand calculates covarianc€§x,y) from

accordance with the measured mass spectrum as displayeddrset of up ton=2500 scans in the usual wiy,

Fig. 3.] Thus, one would expect negative correlations be- ]

tween (ZrQ)q_,ZrO* (p>2) and (ZrQ)ZrO" cluster 1

ions. (2D (P=2) (210 C(xy)= ﬁi21 (Xi=X)(yYi=Y) 5)
Figure 6 shows the simulated (Z5Q_,ZrO" mass

spectra plotted for ionization laser intensities 3o, |, and  in which

1. Experimental covariance matrices

TABLE I. The simulated covariance matrix of (Zg3_,ZrO"* cluster ions obtained for parametefs=950 K, Eq=E4 =6 eV, IE=8eV, x=1, and
a(1)It=0.83. This value forr(1)It corresponds to photoabsorption cross seati¢h)~ 10~ cn? and ionization laser intensity= 10" W/cn?. See text for

explanation of the meaning of these parameters and how the covariance matrix has been calculated. To conserve space, all tabulated values have beer
multiplied by factor 1000. The leftmost column and the uppermost line in the table with numpeéis—1 indicate the cluster size[n, 2n—1
=(Zr0,),_,Zro™].

NC 23 3,5 4,7 59 611 713 8,15 9,17 10,19 11,21 12,23 13,25 14,27 1529 16,31 17,33 18,35
11 8 13 14 14 13 9 4 3 -1 -1 —4 -2 -3 -7 -2 -7 -10
2,3 13 14 14 13 9 5 3 -1 -1 -4 -2 -3 -7 -2 -8 —10
3,5 23 23 21 15 7 5 -2 -2 -6 -3 -5 -12 —4 -13 -16
4,7 25 23 16 8 5 -3 -2 -7 —4 -5 -13 -4 -14 —18
59 24 16 8 5 -3 -2 -7 -4 -6 —-13 -4 -14 —18

6,11 15 8 5 -2 -2 -6 -3 -5 -12 -4 -13 -16

7,13 5 4 -2 -1 -4 -2 -3 -9 -3 -9 -11

8,15 2 -1 -0 -2 -1 -2 —4 -1 -4 -6

9,17 -0 -0 -1 -1 -1 -3 -1 -3 —4

10,19 0 1 0 1 1 1 1 2

11,21 0 0 0 1 1 1 1

12,23 1 1 3 1 4 5

13,25 1 2 1 2 3

14,27 3 1 3 4

15,29 2 7 9

16,31 3 3

10

17,33
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TABLE Il. The measured normalized covariance matrix for ionization laser intehsity0’ W/cn?. Normalized covariances are obtained from 2500 TOF
mass spectral scafigach scan is recorded by a single laser pulsing formula(7). The error bars have been obtained by recording 10 covariance matrices,
each from 250 TOF mass spectral scé&he error bars arec20). To conserve space, all tabulated values have been multiplied by factor 1000. The leftmost
column and the uppermost line in the table with numberan—1 indicate the cluster size{n, 2n—1=(Zr0,),_,ZrO"*].

NC 23 385 47 59 611 7,13 8,15 9,17 10,19 11,21 12,23 13,25 14,27 1529 16,31 17,33 18,35

1,1 5£1 4+x1 6*x1 6*x1 6*1 6*+1 5=*1 5x1 5x1 4*x1 4*x1 5x2 5x2 5x2 4+2 4+2 5x2

23 8+1 7+x1 6*1 4*1 2+0 1+*1 0*1 —-1*1 -2*1 —4*+1 —5+1 —6+2 —7+2 —8+2 —8+2 —9+2
35 8+1 5+1 4+1 2+1 1+1 —1+1 -2+1 -3*1 -5+2 —6+2 —7+3 -9+2 -9+3 —10+3 -10+3
4,7 7+1 6+1 5+1 4*0 3+*1 2*1 1*x1 1*1 0*2 —1%2 —1%2 -2*1 —2+2 —2*2
5,9 7+1 6+1 5+*1 5*1 5x1 4x1 4+1 4*2  4*2  4*2  4x2  4+2  5+2
6,11 7+1 6+1 6+1 6+1 6*1 7x2 7+2 8+2 8+2 B8*x2  8+2  9*2
7,13 741 71 8*1 8*2 8+2 9+2 10+2 11*2 11+3  11*2  13+3
8,15 7+2  9+2 9+2 10+3 11+3 12+3 13+3 13+4  14+3  15+4
9,17 10+2  10+3 11+3 13+4 15+4 15+4 16+r4 164  18+5
10,19 12:3  14+3 17+4 18+4 19+4 21+5  22+4  23+5
11,21 15+3 18+4 20+5 21*4 22+5 23+5 255
12,23 21+4 23+5 25+4 26+5 27+5  30+5
13,25 27+6 29+6 31x7 327 35+7
14,27 32+7 35+8 368  39+8
15,29 38+7  39r7  43+7
16,31 42+8 469
17,33 47+9
18 1 C(x.y)
X n |=E]_ Xj n 21 Vi (6) Y(X,Y) [C(X,X)C(y,y)]l/z. (8)
andx;, y; are signal intensitiefintegrated over peak areas Tables I, 1ll, and IV compare the measured normalized

of mass spectral peaksandy in the single laser pulse scan ¢qyariance matrices for ionization laser intensities1.1

I. Each single mass scan is thus recorded from a single ionz 1 o7 wjcn? (1 mJ/pulsg 9.6x 10° Wicn? (0.86 mJ/pulsg
ization laser pulse and stored individually as a record in &nq g < 10° W/cn? (0.77 mJ/pulsg respectively. Cluster
computer. The covariance matrix is normalized by dividingjons with sizesn=n,(1) negatively correlate with cluster

each element o€(x,y) by the average signal intensity, ions with sizesn<4 for which n,(1) is the laser intensity
_ C(x,y) dependent threshold size for negative covariance. The value
C(xy)= = (7)  of ny(l) increases with decreasing laser intensity, ig(|)

=10, 14, and 17 for laser energy 1, 0.86, and 0.77 mJ/pulse,
This normalization scheme is chosen because normalized ceespectively. No negative covariances are foundl fof.71
variancesC(x,y) can be more easily simulated than the cor-x 10" W/cn? (<0.65mJ/pulse). Disappearance of negative
relation coefficients, covariances with decreasing laser intensity indicates that

TABLE IIl. The measured normalized covariance matrix for ionization laser intehsify.8+ 10’ W/cn?. Normalized covariances are obtained the same way
as for Table Il. To conserve space, all tabulated values have been multiplied by factor 1000. The leftmost column and the uppermost line in the table wit
numbersn, 2n—1 indicate the cluster size[n, 2n—1=(Zr0O,),_,ZrO"].

NC 2,3 3,5 4,7 59 6,11 7,13 815 9,17 10,19 11,21 12,23 13,25 14,27 1529 16,31 17,33 18,35

11 12-2 12+2 14+3 14+3 14+3 123 11+*2 10+2 9*x3 8*x3 8=*2 8+2 7x2 6+2 6+2 5+1 6+1

2,3 18-2 16+2 14*+2 122 11+2 8*2 6x2 4x2 3*x2 1*x2 02 —2*x2 —4*x2 —-4*x2 —-5*x2 -—-5*1
3,5 173 15£1 13+*2 10+2 8*2 6*1 4*1 2+x1 0*£2 —-1*x1 -3*2 —-5*x2 —-6x2 —7x2 —7%x2
4,7 152 13+3 122 9*x2 8*x2 6*x2 5*x2 3=*1 2+1 1+1 —-1+x1 -1+x1 -3*x0 —-3=*1
59 14-2 12+2 102 9*x2 8*x2 7x2 5*2 52 4x2 32 32 2*2 2*x1
6,11 123 102 9x2 9x2 8*x2 7£2 8+2 7x2 6+2 6+2 5x2 5x1
7,13 O+2 9x2 8x2 8x2 T7x2 72 62 6x2 62 5x2 5x1
8,15 8-2 8x2 T7x2 T7*x2 7£2 7x2 7x2 72 6+1 71
9,17 8+2 8x2 8=*2 9*2 8x2 9x2 9*2 8x2 9x2
10,19 93 9*+2 113 11+3 11+x3 11*2 11*2 12*2
11,21 103 11+3 12+4 12+3 12+3 13+4 13*3
12,23 12+3 13+*3 14+3 14+3 153 16*3
13,25 164 164 173 183 19+4
14,27 184 19+x4 20x4 21x5
15,29 204 21+x4 23+5
16,31 23x4  24x4

17,33 26*+6
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TABLE IV. The measured normalized covariance matrix for ionization laser intehsity.75x 10’ W/cn?. Normalized covariances are obtained the same
way as for Table Il. To conserve space, all tabulated values have been multiplied by factor 1000. The leftmost column and the uppermost lineviiitithe table
numbersn, 2n—1 indicate the cluster size[n, 2n—1=(Zr0,),_,ZrO"*].

NC 2,3 3,5 4,7 59 6,11 7,13 815 9,17 10,19 11,21 1223 13,25 14,27 1529 16,31 17,33 18,35

1,1 171 18£3 20£3 21*1 19+1 18t2 172 15-1 16+2 14+*1 13+2 14+3 13+3 12+4 11+4 10x4 10+6

2,3 173 17£3 172 151 13+2 11+2 9*x1 7x2 5*x1 4x1 3x2 2x2 0x1 —-1x2 -—-2x2 -—-3%4
3,5 19+4 19+2 153 13+3 11+3 10+2 8*2 5*x2 4*x2 3*x4 3%x3 1*2 0x3 —-2x3 -—-2*x4
4,7 203 173 164 14+3 12+2 11+*2 9*x2 7*x2 8*x2 6*2 5*2 4*3 2+3 3*x4
59 191 1722 151 14*+1 13+1 11+1 11*+1 11*2 10£3 9=*3 74 74 75
6,11 16-2 151 14+1 14+1 13+1 13+2 13+2 13+2 12+3 11+3 10£2 10+4
7,13 15-2 14+1 14+1 13+*1 13*1 14+1 13+2 13+2 122 122 12*3
8,15 142 15£2 14+1 14+2 16+x2 15+3 15+3 14+3 14+x3 14+4
9,17 15-1 151 152 17+2 173 172 172 172 17*+3
10,19 1721 19+1 21+2 21+2 22+2 22+2 22+2  24*3
11,21 192 22+2 22+3 24+3 232 23+2 25+4
12,23 25£3 25+3 273 272 272 29%5
13,25 29+4 31+*3 32+4 32+4 35+5
14,27 323 334 34£3 376
15,29 362 37x2 39+5
16,31 39+3 41+5
17,33 43+5

they are caused by cluster ion fragmentation; fragmentatioser intensity dependent cluster ion distributi{m) is related
decreases as laser intensity is decreased and thus, negativethe neutral cluster distributioN(m) by the linear trans-
covariances also become smaller and eventually disappedarmation,
This is in contrast to cluster growth dominated covariances; Mhax
their pat_tgrn doe§ not change with changmg laser m'geﬁsny. J(n)= E FPM(n,m)N(m). 9)
Additional evidence that the experimental negative co- m=n
variances in these data sets are fragmentation related co
from the following observation. Instead of integrating e
y; signal intensities for use in E@5) over the entire mass
peak, the peak can be divided in half; an early tiffleft” )
half, and a late timé"right” ) half. This yields four different
covariance values for the peaksindy, correlating left—left,
right—right, left—right, and right—left components. For clus- (Zroz)mﬂh,,ﬁ(Zroz);+(m_n)2r02+e
ter sizesm>n, the highest negative normalized covariance
occurs between the left half of the mass peak at cluster sizér
m and the right half of the mass peak at cluster siz&he i
smallest negative covariance is found between the right half —(2r02)p 4207 +(M=n)Zr0, + O+ e. (10
of the mass peak at cluster sigeand the left half of mass FPM(n,m)=0 for n>m. The matrixFPM is expressed in
peak at cluster size. This observation of partial peak cova- the form,
riances is consistent with the idea that the parent ion inten- .
§|ty is mostly concentrated in the center and Ieﬂ hia_lirly _ FPM(n,m)= 2 FAM(m,m—n,j)AP(j). (11)
times of the mass peak, whereas the fragment ion intensity IZTwIN
is mostly concentrated in the right haland right tail-late . . . .
times of the mass peak. This detailed inhomogeneous distriL 'S the number of absorbed photqgyy =2 IS th_e minimum
umber of absorbed photons needed for ionizatjQpax is

bution of the ion kinetic energies arises because the kineti . b ¢ absorbed bhot dered
energy of the ions formed by fragmentation in the ion sourcé.e maximum number of absorbed pholons considere

of the time-of-flight mass spectrometer is slightly less than(J’\"szzl;5 '; gns w:)rlé, IFA';A(m’fr’]l) IIS t?e probazbmty o
the kinetic energy of the parent ions due to the time require vaporate £f 72 molecuies rom the cluster ion (. B, or
for the fragmentation process. This effect is most pro- Z10p) ;-1 ZrO" with internal energy corresponding to ab-

nounced  at or hioh laser intensities | >(1 sorption ofj photons, andAP(j) is the probability that the
% 1uo7 W/erm? 1 m\]\//puyllse) 9 S ! sities 1 (ZrO,), neutral cluster absorbs exacjlphotons and will be

ionized.

The matrix elements=AM(m,p,j) are calculated by
solving a system of differential equations for sequential
evaporation ofp ZrO, molecules with fragmentation rate

Details of the cluster ion fragmentation process can beonstants calculated from the RRK formula given in Ej.
elucidated through modeling of the measured normalized coFhis approach introduces three parameters into the model:
variance matriceg¢Tables I, lll, and I\). The ionization la- the effective vibrational frequency for the reaction coordi-

m\?(sn) expresses the (Zg), or (ZrO,),_,ZrO" cluster ion
signal intensity as a function of cluster simemyax is the
maximum neutral cluster size considerad,{,x =25) and
FPM(n,m) is the fragmentation and ionization probability
matrix that gives the probability for the reaction

2. Modeling covariance matrices
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natekg,, the activation energy for the ZgQevaporatiorg,, 1x10° - (Z0,),
and the cluster ionization energy IE. The total energy depos-@
ited in a clustefto be used in Eq(2)] is E=jhv—IE, as- &
suming that little energy is carried away by the ejected elec-g
tron. Parameterk,, E,4, and IE are cluster size dependent. ©
Use of a more sophisticated method for estimation of the rate§ 6x10° -
constant for dissociation would have questionable value for5
accuracy of the model, since cluster dissociation eneigjies 2
are not known, and the characteristics of the transition states
(and other parameters introduced belovary with cluster &
size.
At high ionization laser intensities, the loss of an oxygen 2 )
atom is also considere(dn accordance with the mass spec- ol
trum shown in Fig. ® The fragmentation step 2 4 6 8 10 12 14 16 18

R

8x10°

4x10° -

2x10°

UMB

(ZrO,), —(Zr0y),_1Zr0*+0 (12) CLUSTER SIZE n

. . . . FIG. 7. Simulated neutral cluster distribution, calculated from the ion dis-
can be added to the simulation, and is characterized by &fpution shown in Fig. 3 by formuldl8) using parameter valuds,= Eq,

activation energ¥y, . This fragmentation occurs prior to the =6 eV, IE=8 eV, x=1, and ¢(1)It=0.83. The value ofo(1)It taken
ZrO, evaporation sequence, corresponds to a photoabsorption cross seatih)~ 1017 cn?.

(ZrO)n_1Zr0* —(Zr0y)—1-pZrO* +p Zr0, (13
sities and the estimated neutral cluster concentrations in the

The activation energ\Ey, is the fourth parameter of the S
. R lecul .B 4), the total t -
model (E4, is assumed to be cluster size independent forrno ecular beam. Based on Hg4), the total ionization prob

simplicity). The parent ion intensity is then the sum of the ability can be expressed as
calculated (Zr@),_,ZrO" and (ZrQ), intensities and the ~ o7
fragment ion intensities are the calculated (26Q;_,ZrO" ;2 AP(j)= ¢ (al)[1-exp—alt)]. (15
(p>0) intensities. Fragmentation step HG2) is not con-
sidered for low laser intensities. This procedure follows theThe photoabsorption cross sectienincreases with cluster
experimental results, and it actually increases the fragment&izen according to the relation
tipn probabili';ies at_I(_)W Ias_er intensities compared to those at o(n)=o(1)n* (16)
higher laser intensities. Since we are looking for the upper
bound of the fragmentation probabilities at low laser inten-n which o(1) is the photoabsorption cross section for cluster
sity, this rather crude procedure is an acceptable approach &€ 1 (ZrQ). The exponenk and the productr(1)It are
the estimate of cluster ion fragmentation as a function ofhe fifth and sixth parameters of the modlet., ko, Eq, IE,
laser intensity. Eq, X, o(1)It].

The photoabsorption and ionization probability matrix
AP(j) is calculated with these assumptiori$) the cluster

must absorb at least,n =2 photons to be ionizegFig. 2); Laser intensity | = 0.2 x 107 Wiem?

-5
and (2) absorption of the first photon populates an excitedE 8x10°7 (ZrO))g + hv —>(ZrOz)6_p++ p(ZrO,) +e
electronic state that has a lifetimedue to internal conver- % [}
sion. Under these assumption, matrix elemeii(j) are e 4x10°
expressed in the form, ;
(ol B ol e .
AP(j)= f(alt)z(j_—wexp(—olt) (14) E 0 1 5 3 4 5
' g ; Laser intensity | = 1.0 x 10" Wom?
in which j is the number of absorbed photong=(jun % 2%10™ - (Zr02)6+hv—)(ZrO2)5_erO++p(Zr02)+O+e'
=2), t is the time duration of the ionization laser pulde ( &
~10ns), o is the photoabsorption cross section, arnsl the g 1X10-4_\. —
ionization laser intensityin photons/crys). ,9 | '\
For simplicity, the lifetimer is assumed to be cluster é 0 ¢ ~
size independent under this assumption, the raficaffects 3 0 i 2 3 4 5

the total |0_n|zat|on effllc_u_ancy of clust.ers, but not the cluster NUMBER OF EVAPORATED ZrO, MONOMERS p
fragmentation probabilities. The ratie’'t only affects the
scale of the ordinate in Figs. 4—8. The choice of this paramFIG. 8. The simulated fragmentation probability distributions of (ZEO
eter is thus completely arbitrary. We tak& = 10" 4, corre-  compared for two different values of the{1)It parameter corresponding to
sponding tor~1 ps This gives a reasonable ratio for theionization laser intensitieb~1 and 0. 10" W/cn?, respectively(the val-

b f clust . d th b " tral clust ues of parameterg,, Ey,, IE, andx are the same as in Fig).Notice the
num er of cluster 1ons an € number o r_]eu r"_i ¢ U_S el’Sssignificant drop of fragmentation probability upon decreasing the laser in-
which corresponds to the measured cluster ion signal intenensity.
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The photoabsorption probability distribution of EQ4)  o(1)It. These six parameters are used to calcufaM. k,
differs slightly from the Poisson distribution, is kept fixed at 18s~1. This is a reasonable choice for the
(olt)i =2 effective vibrational frequencyLas the (Zn® modes(see
ZTeXp(—Olt)- (17)  below range from 86 to 903 cit. Parameteré, andEg
(=2 are varied between 4.35 and 6.5 eV. This interval is chosen

Equations(14) and (17) describe two slightly different ion- pased orab_ initio calculational results for adiabatic dissocia-
ization models. They treat differently the case for which thelion energies of (Zrg),, n=4,5,6, neutral clusters. The
electronic state populated by absorption of the first photordiabatic dissociation energies for clustars4,5,6 are, re-
undergoes internal conversion to the vibrational modes of théPectively, 5.65, 6.10, and 4.35 eV. The ionization energy IE
ground electronic state at equal energy. In the model corrds varied between 7 and 8.5 eV. This interval is chosen based
sponding to the Poisson photoabsorption distribution EqON both experiment (IE6.43 eV) andab initio calculations.
(17), clusters that undergo internal conversion can be reJhe calculated adiabatic ionization energies of (4O n
excited by absorbing another photon with the same photoat=4.5.6, clusters are 7.6, 7.7, and 8.5 eV, respectively. The
sorption cross section. This process yields cycling betweeRarametex is varied between 0.66 and 1.0. Bor0.66, the
the ground and excited electronic states of the neutral clustePhotoabsorption cross section scales with the geometric cross
On the other hand, the model corresponding to the photoat$ection of the cluster. Fox=1, the photoabsorption cross
sorption distribution depicted in Ed14) assumes clusters Section scales with the cluster volurtig.
that undergo internal conversion cannot be ionized either be- The neutral cluster distribution is calculated for many
cause their re-excitation cross section is small or, mordlifferent combinations of parametet, IE, Ey, andXx,
likely, because the lifetime of the excited state becomedaken from the intervals given above in the previous para-
much shorter following vibrational excitation resulting from graph. For each combination of parametéys IE, Ey, and
the internal conversion. In this latter model of E@4), the X the remaining parameter(1)It is varied until the thresh-
absorption of all but two photons occurs in the ion. old cluster sizen; for a negative covariance matrix element
Using the Poisson photoabsorption distribution ), matches the threshold cluster simg=10 in the measured
the measured covariance matrix could not be fit by any comcovariance matrix. Varying parameter(1)It for a given
bination of the six parameters mentioned abfve, ky, Eq, ionization laser intensityl corresponds to fitting the un-
IE, Eqi, X o(1)It]. The following problem arises for this known photoabsorption cross sectiofi) to the experimen-
model: either the simulated threshold size for negative cortal data. Parameter(1)It determines how many photons are
relation is much higher than the experimental value, or the@bsorbed by the cluster, and thus, the extent of fragmenta-
simulated neutral cluster distribution has negative cluster intion: the higher the value of(1)l, the more cluster frag-
tensities for small neutral cluster sizése., the simulated mentation and the lower the simulated threshold cluster size
fragmentation of larger clusters yields many more clustef:-
ions with small cluster sizes than are observed experimen- The second step of this simulation program is to obtain
tally). Under the constraint of nonnegative neutral clustetthe covariance matrix that matches the calculated cluster ion
intensities, the smallest threshold size for negative correla@nd neutral cluster distributions. The covariance matrix
tions isn,=17, far larger than the experimentally observed(needed to obtain the threshold cluster sigefor negative
n,=10. covariancekis calculated by the following procedure. Once
Employing photoabsorption distribution E¢L4), how-  the neutral cluster distributioN(m) is calculated, a vector
ever, many combinations of the six model fitting parameter®f 2500 different values o&(1)I*t is generated for which
give very good agreement between the measured and sima{1)!*t is taken randomly from a normé&Gaussiandistri-
lated covariance matrices. The model is too simple and ageution with mean equal ter(1)It and variance equal to
proximate to draw any firm conclusions about ionization dy-[5%c(1)It]?. 5% is the standard deviation of the laser in-
namics based on this information, but perhaps the retensity distribution for the ionization laser. This simulates
excitation cross section for the neutral does decrease or thallse-to-pulse fluctuations of the ionization laser intenkity
lifetime 7 of the intermediate electronic state of the neutralCluster ion distributiod* (n) is calculated for each value of
becomes much shorter after vibrational excitation resulting7(1)!*t from Eq.(9). The normalized covariance matrix is
from internal conversion. calculated from a set of 2500 so obtained distributidh&)
Modeling of the measured mass spectra and the normaksing Eqs.(5)—(7).
ized covariance matrices is accomplished in two steps. In the  Figure 7 shows a typical simulated neutral cluster distri-
first step, the neutral cluster distributidi(m) is calculated bution, calculated from the ion distribution shown in Fig. 3
from the cluster ion distributiod(n) measured at high ion- Using parameter valuds,=Ey =6 eV, IE=8eV, x=1, and

ization laser intensityl ~1x 10’ W/cn?, see Fig. Busing  o(1)It=0.83[corresponding to a photoabsorption cross sec-
tion of o(1)~10 Y cm™2]. The local intensity fluctuations

. in the distribution(the “magic numbers’} do not exactly
N(m)=nzl FPM™*(m,n)J(n), (18 reproduce the measured mass spectrum shown in Fig. 1, be-
cause in this simple model cluster, dissociation energies are

in which FPM™? is the inverse matrix oFPM [Eq. (11)]. assumed to be independent of cluster sizAb initio calcu-
The neutral distributiorN(m) so obtained is a function of lations presented in the next section show that this assump-
the six parameters of the modédy,E,, IE, Ey, X, and  tion is unjustified and some cluster sizes are more stable than

-
AP(j)=?(0It)

m
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others; naturally, (Zr@s is more stable than (Zr§) and (ZrO,)g
(ZrO,)s, consistent with the magic number at cluster size ° Laser intensity | = 0.2 x 107 Wiem?
=5 in the measured mass spectra of Fig. 1. This cluster sizE 1 \

(n=5) is not “magic” in the simulated neutral distribution 2x107

because in the present model, the assumption is made, to
first approximation, that thdy[ (ZrO,),56] are all equal.

10N PROBABIL

The neutral distribution shown in Fig. 7 is only a first order 04 e
approximation to be used to get a general idea about thdy 1x10%7 2 4 6 8 w12 14
overall trend in cluster size dependant neutral cluster inten ] AT Leserintensity [ =1 x 107 Wiem
sities, not the “magic numbers.” @ 4] /'

The corresponding simulated covariance matrix for the@ =x10"] v N

o
AN
s

distribution of Fig. 7 is shown in Table |I. The measured z
covariance matrix is presented in Table II. The measured anc R
simulated threshold size; for negative covariances are in > 4 6 8 10 12 14
good agreement. _ o _ NUMBER OF ABSORBED PHOTONS

One of the goals of these simulations is to determine the
laser intensity for which cluster ion fragmentation does notF!G. 9. Photoabsorption probability distributions of (Zypcompared for
dominate the mass spectrum of the clusters, and can be i%yo d_lfferen.t_values of ther(l)l7t parameter cor_respondlng to ionization

. . . ser intensitie$~1 and 0. 10° W/cn?, respectively.

nored as a small effect. At this laser intensity, the measure
cluster ion distribution observed in the mass spectrum would
reliably reflect the true neutral cluster distribution. Thus, inThe purpose of the simulation is to determine whether or not
the second step of this simulation program, the value of thghe mass spectra of Fig. 1 are recorded at sufficiently low
parametero(1)It is progressively decreased and the totalionization laser intensity that the fragmentation probability
fragmentation probabilityN¢/N,(n) is calculated for each for clustern=6 ton=5 is far below 50%. Therefore, in the
cluster sizen, in which N,(n)=FPM(n,n) is the (ZrQ),  simulation, the upper limit for fragmentatiohl; /N,(6)
parent ion intensity andlf=23;i FPM(n—p,n) is the sum ~25% is chosen.
of fragment ion intensities taken over all fragment ions  The neutral cluster distribution obtained in the first step
(ZrOy),—, (p>0). The value of parameter(1)It is de-  of the simulation procedure is kept fixed and the cluster ion
creased until the total fragmentation probabilly/N,(n)  distribution, the covariance matrix, and the fragmentation
falls below a specified limit. probability distributions are recalculated for each new value

The main objective of this simulation effort is to discern of parametew(1)It. Figure 8 shows how the fragmentation
whether the (Zr@)¢ ion is “magic” in the mass spectrum probability distribution changes as(1)It is decreased to
of (Zr0,), because of exceptional stability of the (Z)9 20% of its original value, with the other parameters held
neutral cluster or because of the fragmentation of large clusfixed as indicated above. The total fragmentation probability,
ter ions feeding the stable (Zg ion. In Fig. 1, the under these simulation conditions, decreases to 8.6%, which
(ZrO,)d cluster ion intensity is more than 250% larger thanis a negligible value. Figure 9 displays the corresponding
the (ZrQy)4 cluster ion intensity and more than 150% of the change in the photoabsorption probability distribution. The
sum of (ZrQ)q and (ZrQ)eO" cluster ion intensities. Such decrease of the parametet1)It in the simulation models
an intensity increase of (Zp compared to that of the decrease of the ionization laser intensity in the experi-
(ZrO,)¢ could be caused by fragmentation only if the frag- ment.
mentation probabilityN;/N,(6) is higher than 50%assum- Table V presents the total fragmentation probabilities for
ing that both (ZrQ)4 and (ZrQ)s0" fragment to (ZrQ). 1. different combination of parameteks;, Eg, IE, andx for

. L

C\.\.
T y

TABLE V. Total fragmentation probabilitiesl; /N, shown for different combinations of parameté&s, Eq, |IE, andx. Theo(1)It parameter is decreased
to 20% of theo(1)It value that fits the measured covariance matrix. This is done to simulate fragmentation at 20% laser {Bt@wsly W/cn?, see text
for detail9. The calculated ionization cross sectiansre also shown.

x=0.6666 x=1.0
Eq (€V) Eq (€V) IE=7eV IE=8eV IE=7 eV IE=8eV
4.35 4.35 (10" Y cn?) 1.54 1.73 0.81 0.86
N¢ /N, (%) 26.8 17.9 25.8 15.9
5 4 (10" Y crd) 1.87 1.83 0.95 0.98
N; /N, (%) 13.7 11.7 12.2 11.2
5 5 o(10 Y cn) 1.83 1.82 0.97 0.99
N; /N, (%) 13.2 11.6 12.4 11.4
6 5 o(10 Y cn) 2.10 2.12 1.04 1.04
N; /N, (%) 13.3 10.3 11.1 8.4
6 6 (10" cn?) 2.12 2.14 1.04 1.06

N¢ /N, (%) 13.4 10.5 111 8.6
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TABLE VI. Calculated dipole moment, Zr—O bond distance, and O—Zr—O bond angle for thenzol@cule
obtained on different theory levelsee the text for detaills The experimental values from Ref. 15 are also
shown for comparison.

Method Basis set STO3G 3-21G 3-216 LANL2DZ LANL2DZ +
Experiment r (R) 1.771
a (%) 108.1
n (D) 7.8
RHF r (A) 1.760 1.754 1.776 1.788 1.786
a () 103.5 107.2 110.8 111.7 111.8
« (D) 6.5 8.5 9.4 9.6 9.6
BPW91 r (A) 1.799 1.783 1.804 1.813 1.814
a () 100.0 102.5 105.8 106.1 106.1
© (D) 4.5 6.6 7.7 7.6 7.8
B3LYP r (A) 1.789 1.775 1.797 1.806 1.807
a () 100.6 103.0 106.7 107.2 107.2
u (D) 5.0 7.0 8.2 8.0 8.2

o(1)It decreased to 20% of the(1)It value that fits the (BPW9J). Los Alamos effective core potentiglsANL2DZ
measured covariance matrik, is fixed as 18°s™Y). The (Ref. 14] are used to reduce the number of explicitly treated
maximum total fragmentation probability taken over all the electrons for each zirconium atom to four valence electrons
parameter combinations is25%. We conclude that decreas- (5s24d?) and light eight outer shell core electronsst4p®).
ing the ionization laser intensity t620% of 10 W/cn? (~1  Effective core potentials are not used for oxygen atoms—all
mJ/pulsé¢ or about 200uJd/pulse laser energy for the present eight electrons for each oxygen atom are treated explicitly.
experimental conditions will yield less than the desired uppemhe LANL2 effective core potentials come with two basis
limit for N¢/Np(6). set versions. The valence double zeta basis set LANL2DZ is
These data analysis methods and simulation of the mearsed for zirconium atoms and the D95 full double-zeta basis
sured mass spectra and concomitant covariance matrices It [Dunning’s contraction of Huzinaga’'s §%p) basis to
veal that, at the ionization laser intensity employed to recorcﬂ4s,2p]] is employed for oxygen atoms throughout these
the mass spectra shown in Fig. 1, cluster ion fragmentation igalculations'® This level of theory gives rather good agree-
too small to cause the observed enhancement of theJZrO  ment with the measured dipole moment and rotational con-
ion intensity. The (Zr@. cluster is intense in the mass stants of the Zr@molecule®®
spectrum of zirconium oxide clustefgse., a “magic num- Table VI presents the dipole moment, Zr—O bond dis-
ber” n=5) because of exceptional stability of the (200  tance, and O-zr-0 bond angle for the Zr@olecule ob-
neutral cluster, not because of the exceptional stability of thegined by different theory levels. The experimental values of
(ZrOy)s cluster ion. This conclusion is reached based on ghese properties are also included in Table VI for compari-
semiquantitative analysis of the measured fragmentation insgn. These benchmark calculations show a number of impor-
duced covariance matrix under experimental conditions fogant trendsi(1) decreasing the basis set quality leads to un-
which the number of photons absorbed by the cluster variegerestimation of the dipole moment and the O—Zr—0O bond
on a pulse-to-pulse basis due to ionization laser intensityngle:(2) the Hartree—FockRHF) method with larger basis
fluctuations. Additionally, the simulation leads to the conclu-getg(3-21G+, LANL2DZ, and LANL2DZ+) predicts a cor-
sion that neutral clusters absorb two photons to ionize, anghct 7r—0 hond distance, but overestimates the,Ziipole
that subsequent photoabsorption, which leads to cluster fragqoment and the O—zr—0O bond ang(8) the hybrid B3LYP
mentation, occurs for the ionized clusters at high ionizationp 1 method predicts a good O—Zr—0O bond angle, but the
laser intensity. ZrO, dipole moment is still higher than the measured value;
(4) the BPW91 DFT method generates a good dipole mo-

IV. CALCULATION OF (zZrO,),, CLUSTER ment; and’5) both B3LYP and BPW91 DFT methods some-
STRUCTURES AND ENERGIES what overestimate the Zr—O bond distance.
To reveal the origin of the (Zr@s neutral cluster special In these studies, the BPW91 algorithm is employed as

stability and to learn the structural trends in the zirconiumthe primary calculational technique because it incorporates
oxide neutral cluster distribution, (Zg]), cluster structures correlation energy that may be important for proper descrip-
are calculated employing density functional thedBFT) tion of Zr—Zr bonding in (ZrQ), clusters. Since the
and theab initio Hartree—Fock method as implemented in 3-21G+, LANL2DZ, and LANL2DZ+ basis sets give simi-
GAUSSIAN 98 (Ref. 10 andCERIUS 3.8programs:t As an in-  lar results, the LANL2DZ effective core potentialECP3
ternal check on the quality of these rather low level calcula-and basis sets are employed throughout these studies as a
tions, a number of different approaches is taken to arrive atompromise between computational accuracy and cost. Op-
these results, as will be presented below. timization of a single isomer of (Zrg) at this level of
The DFT gradient corrected correlation functiof@er-  theory with GAUSSIAN 98 running on a workstation bench-
dew and Wantf) and the gradient corrected exchange func-marked at 275 Linpack DP Mflops requires about 1 week.
tional (Becké?) are employed with theAussiaN 98program Cluster geometry for (Zr®),, n=3-6, is determined.



J. Chem. Phys., Vol. 114, No. 20, 22 May 2001 Dynamics of zirconium oxide clusters 8985
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FIG. 10. Calculated structures of the various isomers of gEr@long with o Siglao 4 ’)‘) A&*T o “?’*?gfé
their relative energiesin kcal/mo) obtained at the BPW91/LANL2DZ D: HE/ OF ) <70
theory level(see text for details LANL2DZ A:144.9 A:169.9 D:182

FIG. 12. Calculated structures of the various isomers of (gr@long with
All geometry optimizations are performed for the clustertheir relative energiesin kcal/mo) obtained at the BPW91/LANL2DZ

ground electronic state and with full relaxation of all geomet_theory level(see text for details The linear isomer is not shown in order to
ave space.

ric coordinates. Clusters of these sizes may have many stable
isomers corresponding to different local minima on the clus-
ter potential hypersurface. For each cluster size, geometr

optimizations are performed starting from a number of initiale./rystalllne phase of Zro) Prior to each geometry optimiza-

configurations to maximize chances of finding the mosttlon’ the position of one atom is moved slightly to distort the

stable isomefthe global minima on the cluster potential sur- starting structure symmetry. All optimization are performed

: . . with no cluster symmetry.
faca. This procedure also finds the low energy isomers for Figures 10-13 depict the final structures of the various

each cluster size. Geometry optimizations are performed for .

. . Isomers of (ZrQ), clusters for cluster sizas=3-6, respec-
three different starting structures of (ZnQ four structures tivelv. alona with their total enerdies. The most stable
for (ZrO,),, 14 structures for (Zr®s, and five structures for (ng ’) isor%er is linear with tetrah?adréll coordinated Zr
(ZrO,)6. These initial structures involve linear and triangular 273 rafly ce

. atoms(Fig. 10. The most stable (Zr§), isomer is a tetrahe-
213 and different polyhedral skeletons ofgZiZrs, and Zg, ron with four Zr atoms at the vertices, six oxygen atoms
each with a number of different reasonable configurations og » SIX Oxygen .
.~ along the tetrahedron edges, and two dangling terntsial

oxygen atoms placed along edges, on faces or terminall

bound to the apexes of the Zskeleton. The Z skeletons ély coordinatedl oxygen atoms connected to two vertices

include a tetragonal pyramid, a trigonal bipyramid, atetrahe-(F'g' 11). The most stable (Zrgs isomer is a tetragonal

dron with a central Zr atom, a pentagonal ring, a distortedoyramid with five zirconium atoms at the vertices, eight oxy-
pentagonal ring, and a chaiﬁ of five Zr atoms ,The (Z50 gen atoms along the edges, one oxygen atom in the pyramid
starting structures are based on a tetrahedraslzleton and plane coor_dlnated to three zirconium atoms, and one dan-
a linear chain with four Zr atoms. Most of the (Z)Q start- gling terminal oxygen atom connected to a vertex in the

. : pyramid plangFig. 12.
ing structures are derived from agArctahedron. Other start- ; -
ing structures for (2rQ),,, n=4—6, are derived from frag- Only two other isomers of the (Ze}; cluster are within

\ . 10 kcal/mol energy of the most stable one. The most stable
ments of the high temperature tetragoneCar;like) (ZrO,)g isomer has a significantly different structure than the

ZrO O
(ZrO2)s - Q 20 O O
o4 e
oe PR
P PPN ~ 87
Energy i Energy v~ 0
(kcal/mol): 0 (kcalimol): o
P = i (A) \)‘( ,%’ (/ w"ﬁt f‘ | G E} )
S0 v W ole B ogU3C
O % (\ /) - 115.9 }?
Theory level: J . Th level: ~
BPW91/ LANL2DZ 26.4 62.8 Bpwg/i‘fmzoz 133.7

FIG. 11. Calculated structures of the various isomers of (Zr@long with FIG. 13. Calculated structures of the various isomers of ¢Fr@long with
their relative energiegin kcal/mo) obtained at the BPW91/LANL2DZ their relative energiegin kcal/mol obtained at the BPW91/LANL2DZ
theory level(see text for detai)s theory level(see text for detai)s
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most stable (ZrQs isomer. This globally stable (Zrf) iso-  GAUSSIAN 98/BPW91 with the exception of the third most
mer has an octahedral structure with six zirconium atoms a$table isomer obtained witbAUSSIAN 98/BPW91(see Fig. 12
vertices, eight three-coordinated oxygen atoms on the facedhis latter isomer did not become stable at tresTEPlevel
and four dangling terminal oxygen atoms connected to fougnd eventually collapsed to the most stable structure given in
vertices(Fig. 13. The second most stable isomer of (2yQ)  Fig. 12. The relative energies of different isomers calculated
however, has oxygen atoms placed along the edges of the Zat theGGA/CAsTEPtheory level are within 25% of those cal-
skeleton; its structure is similar to the most stable isomer ofulated at thesaussiaN 9s/BPwoitheory level, except for the
(ZrO,)s with one ZrQ, molecule added below the tetragonal Second most stable (Zg@, isomer. The energy ordering,
pyramid plane of (Zr@s. This similarity of structures for however, of these isomers is the same at both levels of
the most stable (Zr®s and second most stable (Zj@iso-  theory; this is a very encouraging finding and gives impor-
mers will be discussed below in the context of possible structant support to the usefulness of these qualitative results.
tural trends in the growth mechanisms for zirconium oxide ~ Finally, the eight most stable (ZgJ) isomers are again
clusters. reoptimized at the Hartree—Fock level of theory using
To check for possible incorrect structures for these clusSAUSSIAN 98 with LANL2DZ ECPs. The corresponding en-
ters, perhaps due to the various omissions and approxim&/9ies are shown in Fig. 12. The resulting geometries are
tions associated with the calculational approach, basis fundound to be virtually identical to those obtained at the DFT
tions, or ECPs employed, the four most stable isomefevel. The energy orde_rlng of th_e isomers is also the same
structures for (ZrQ)s clusters obtained with LANL2DZ and the_ relative energies are S|m_|lar to those_ for the D_FT
ECPs are subjected to recalculation and optimization with £alculations except for the two high energy isomers with
different type of effective core potentia—the Stuttgart— Partially open, hollow cage structurésee Fig. 11 _
Dresden ECP<potentials ECP28MWB in Ref. 16 These Figure 14 presents .the calculated total _b|nd|ng energies
ECPs have a rather large basis B@s7p) contracted to BF, for th_e most stable isomers for cIuste_r srze;—G. The
[6s5p3d]]. Both ECP calculations yield essentially the sametOt@l binding energy of the (Zrg, cluster is defined as the

geometries and relative energies for the different isomerdifférence between the energy ofisolated ZrQ molecules
(see Fig. 12 and the energy of the (Zi, cluster. The total binding en-

Additionally, to check for possible spurious results dug€9Y can then be obtained froab initio calculations as

to the basis set superposition error, structures of several BE.=nE.—E (19)
(ZrO,)s cluster isomers are reoptimized using the Cambridge " ton

Sequential Pseudo-potential packagsTeF running inthe  The differences between the total binding energies of
CERIUS 3.8environment. INCASTER, electron interactions are (ZrO,),, and (ZrQ),-; give the adiabatic dissociation en-
calculated by DFT. Wave functions of valence and outer corergy E, , of the (ZrQ,), cluster[i.e., (ZrQ),— (Zr0,) 1
electrons are expanded in a basis of plane wave functionst ZrOZ]Y,

The size of the basis is determined by the cutoff energy for

the plane waves. The interactions of inner core electrons are Eqn=BE,—BE,_1, (20

described by pseudopotentials. Use of a plane wave basis Sv%ich s am re of the cluster stabilit
will yield a different basis set superposition error than meth- \easure ot the cluster s Y .
The basis set superposition errors for such calculations

ods in which basis functions are Gaussian functions Iocalizeglre nonzero. but since only enerav differences are calculated
on individual atomic centers. In order to employ a plane ' y gy '

wave basis set in these calculations, the system must be p%'je can expect them to be systematically reduced. The dis-

- : . : ._sociation energies of (Zr),, n=4-6, are also given in
riodic. Study of molecules and clusters in this regime is_. . n . o

: . ._Fig. 14 and tabulated in Table VII. The dissociation energy
made possible by assuming a molecule or a cluster IOIEf the (ZrQy)s cluster is higher than that of both (ZsQ) and

placed in a box that repeats in space. The box size must b . or hi
large enough that clusters from adjacent images of the bogrOZ)6 'clgsFers. n faCt’Ed'?’ is almost '.50/0 higher thaq
d,6- This is in agreement with the experimental observation

do not interact with each othésupercell approagh . . .
oo that the (ZrQ)s cluster is an exceptionally stable cluster in
Geometry optimization bgAsTEPemploys the general- 5 N
y op ¥ ploy 9 the (ZrQ,),, neutral cluster distribution.

ized gradient approximatioGGA) method. This is a DFT S .
method employing is also referred to as the DFT gradien%0 cLZ?e?(as?;gd derivative of the cluster energy with respect

corrected functionals of Perdew and Wanig? Ultrasoft
pseudopotential$USP of Vanderbilt and co-worket$ are A2E =E. .. +E. —2E (21)
used for the inner core electrons. The plane wave cutoff en- none e 3

ergy is 380 eV and the cell size is 12 A. For the (2y9 is a measure of the relative abundance of the cluster with
isomers with rather compact structures, energy variationsluster sizen compared to clusters with sizes—1 andn
with increasing cells size become small as the cell size+1 in the cluster distribution. The rationalization for this
reaches 12 A. The number of plane waves scales with thassertion is as follows: for thermodynamic equilibrium, the
third power of the cell size; about 29 000 plane waves areatio of the (ZrQ),, (ZrO,),_1, and (ZrQ),., cluster

needed for (ZrQ); for these parameter values. concentrations can be expressed as

Six different isomeric structures for (Zpl found by
other algorithms are reoptimized usimgsTER The final [(ZrOy)n]? 3 p(AZ_Sn_ AZHn) 22
geometries are essentially the same as those found with [(ZrO,),_11[(ZrOy)n.1] k KT J°
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ZrOZ binding energy in (Zr02) TABLE VIII. Vertical and adiabatic ionization energies of the most stable
n (ZrO,), cluster isomers calculated on the BPW91/LANL2DZ theory level

§ 700 - AEn = BEn - BEn-1 : are tabulated as functions of the cluster size
o4 I
E 'é‘ 600 - ‘ 106 kcal/mol Vertical ionization energy  Adiabatic ionization
OE 500 i P Cluster sizen (eV) energy(eV)
pd
gg ool ‘ 149 kealimol 2 8 s
& uf I — 5 8.3 7.7
IH—J: ' 300 ‘ 138 keal/mol 6 9.0 8.5
i L
@T 2001 -
- I
O M 100} , _ ,
g - means that (Zrg)s is a “magic number” cluster in the neu-
o Opeo tral cluster distribution. This is consistent with the experi-
1 2 3 4 5 6 mental observation. Table VIII compares the calculated ver-
CLUSTER SIZE n tical and adiabatic ionization energies for the most stable
o cluster isomers as a function of cluster size.
FIG. 14. The calculated total binding energy B&f the most stable cluster In conclusion, DFT CalculationSUpported by Hartree—

isomers as function of cluster sindor n=3—-6. The total binding energy of Fock calculations using the gradient corrected exchange
the (ZrQ), cluster is defined as the difference between energiesisb- 9 9 g

lated ZrQ, molecules and the energy of the (Z)Q cluster. Energies are Tunctional of Becke, gradient corrected correlation functional
obtained fromab initio calculations. The Zr@ binding energy in the of Perdew and Wang, LANL2DZ effective core potentials,
(Zr0y), cluster, AE,=BE,—BE,_;, is also shown fom=3-6 on the  gnd a valence double-zeta basis set, reproduce the experi-
right-hand side of the figure. mental observation that the (Zs[3 cluster is an exception-
ally stable cluster in the (Zrg),, neutral cluster distribution.

We are thus confident that the cluster size-dependent struc-
notation, k is the Boltzmann constant, ant?S, and A%H,, tural trends calculated for zirconium oxide clusters are also

are the second derivatives, with respect to cluster size, of th?ropderly de;crlbed zy. tTﬁ Iiv”el O.f theon{_. These structural
cluster entropy and enthalpy, respectively. SinkéH, rends are discussed in the following section.
~AZE,, under the assumption that’S,~0, Eq. (21) can

The respective cluster concentrations are indicated with

be simplified to V. DISCUSSION
[(ZrO,), ]2 AZE, One may expect that a “magic number” cluster in a
[(ZrO,)n—11[(ZrO5) 1+ 1] ~ex KT mass spectrum is indicative of a shell closing and that it

corresponds to some compact and symmetric structure, such
Egn—Edn+1 as, for example, &, TigCyy, Or Arys This study shows that
€ ‘{ kT } (23 such an expectation is not always correct: the one dangling
oxygen atom in the plane of the tetragonal pyramid makes
From Eq.(19) to Eq.(21), the (ZrQ,)s neither compact, symmetric, nor a ‘“closed
A%E =Egn—Egns1- (24)  shell.” What, then, is the origin of the high stability of
(2r0y)s?
The most stable isomer structures of (Zy@(Fig. 11
and (ZrQ)s (Fig. 12 and the second most stable isomer of
(Zr0,)¢ (Fig. 13 can be related by a simple growth pattern.
This pattern is based on the sequential addition of two,ZrO
molecules to the (Zrg), cluster “nucleus.” The (ZrQ),
“nucleus” is slightly deformed to accommodate the new
ZrO, adduct. The entire growth sequence is presented in Fig.
15. In the first step of this process, the Zr@olecule is
bound to the edge of a tetrahedral (Z)@with slight defor-

TABLE VII. Dissociation energyEq,, and the second derivative of the Mation of the (Zr@),. One of the dangling oxygens of
total cluster energyd®E,dn?, of (ZrOy), clusters tabulated as functions of (ZrO,), is thereby coordinated to the Zg@Gdduct, as de-

The A®E,, values forn=4 and 5 are present in Table VII.
AZEg is positive and is~2.2 eV higher tham\?E,,, which is
negative. Structures and energies for (drOclusters have
not been calculated, and therefofE is not known; how-
ever,A’Eg cannot be as high as’E; unlessE ; of (Zr0O,),

is lower than 2.6 eV. That i€, ; would have to be less than
one-half of Eq5, which seems unlikely. ThusA2Eg is
higher thanA2E, and most likely higher than?E4, which

the cluster sizer. See also Fig. 10. picted in the right-hand side of Fig. 15. This growth process
Dissociation step yields (ZrQ)s. In the second step of the=4—n=6
energy growth process, ZrQis attached beneath the plane of the
Edn d’E, /dn? (Zr0,) s tetragonal pyramid and the remaining dangling oxy-
=En-1+E1—Ey =En1+tEn1—2E, gen atom of the (Zrg), “nucleus” turns toward the Zr
Cluster sizen (kcal/mol) eV) (kcal/mol) (eV) atom of the ZrQ adduct. This second step of the growth
process yields the second most stable (Jgdsomer, not
g ﬁg g'ig _1:3 _0'14?5 the most stable one.
6 106 4.35 ' Table IX gives the relative energies of the (Z)Q

“nucleus” in the (ZrG,),, n=4-6, clusters. These energies
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(ZrOy), cluster growth based on (Zr0O,),
“nucleus”.
L:) ?\/\ » (Zr02)4
Wy AW
0
\ (ZrO2)s
Coe & = Oteglm
0 U~
68.4 -
\L (Zr02)6
o .0 . 089
/. " | + = , \
geo © SR
)
77t 05
r O
Relative energies of the (ZrO,), “nucleus”
In different clusters (kcal/mol)
FIG. 15. Growth pattern of (Zr®, , 4<n=<86, clusters based on addition of

one and two Zr@molecules to the (Zrg, cluster “nucleus.” Before each
addition, the (ZrQ), “nucleus” is slightly deformed to accommodate the
new ZrQ, adduct. The relative energies of the (ZjQ “nucleus” in
(ZrOy),, N=4-6 clusters are also showsee text for details

are obtained by the following procedure. For 5, one ZrQ
molecule is removed for the most stable (Zy©isomer to
obtain its (ZrQ), “nucleus” (see Fig. 15 The single point
energy for this (ZrQ), “nucleus” is calculated and sub-
tracted from the energy of the most stable (Zrisomer.
For n=6, two ZrQ, molecules are removed from the
(ZrO,)e second most stable isomer to obtain, through
single point calculation, the energy of its (Z)Q “nucleus”
(Fig. 195. The energies thus obtained for (Z)@ moiety in
then=5,6 clusters reflect how much the (Z9Q “nucleus”
is destabilized by deformation at each Zr&dition step.
Table 1X shows that the second Zr@ddition destabi-
lizes the (ZrQ), “nucleus” much more than the first addi-

tion. Even though the (Zr§)g second most stable isomer has

no dangling oxygen atomg$which should make it more

Foltin, Stueber, and Bernstein

dangling oxygen atoms through bonding with Zraducts,
and destabilizing the (Zr§), “nucleus” by a strain result-
ing from its deformation and tilting of oxygen atoms toward
the adduct Zr@ For addition of the first Zr@o molecule to
the (ZrG,), cluster, the stabilizing effect prevails over the
destabilizing effect, resulting in (Zr)s being more stable
than (ZrQ),. For addition of a ZrQ molecule to the
(ZrO,)5 cluster, the destabilizing effect prevails over the sta-
bilizing effect, resulting in (Zr@)¢ being less stable than
(ZrOy)s.

A gap in the mass spectrum of Fig. 1 between (4O
and (ZrQ)g can be readily discerned. Accordingdb initio
calculations, the most stable isomer of (ZJ@clusters has a
different base structure than that of (Z)@ and (ZrQ)s
clusters(see Fig. 1R The (ZrG)e most stable structure is
best described as a hollow octahedral cage with six zirco-
nium atoms at vertices, eight oxygen atoms at fa@axh
coordinated to three zirconium atomsand four dangling
oxygen atomp Based on this observation, we suggest that,
at cluster sizen= 6, a new building pattern for (Zr{), clus-
ters begins. The old building pattern shown in Fig. 15
reaches its maximum stability at=5, and further growth is
destabilized due to strain of its (Zs1), building block. The
new structural pattern, starting @t 6, reaches high stability
atn=28 and 9(see Fig. 10

Note that this growth behavior for (Zg], clusters re-
sembles growth trends for carbon clusters: small clusters are
linear, medium size clusters have ring structures, and large
clusters have cagéullerene structures. Understanding these
changing growth patterns for covalent clusters is important
because different cluster “phases” may exhibit different re-
activities. For example, in (Zr9,, and (ZrQ)s clusters,
most of the oxygen atoms are two-coordinated, whereas for
(ZrO,)¢ clusters, most of the oxygen atoms are three-
coordinated. (Zr@), and (ZrQ)s clusters are characterized
by only a few single-coordinated dangling oxygen atoms
a(one and two, respectively Conversely, (Zr@)g has four
dangling oxygen atoms, and we suggest that the number of
dangling oxygens may be high for larger clusters in the
growth sequence starting at=6. These oxygen atoms may
be important for cluster reactivity because the highest occu-
pied molecular orbitals of (Zrg)s are localized along the
bond between the dangling oxygen atom and the adjacent
zirconium atom.

stablg, it is destabilized by deformation strain of the
(ZrO,) 4, building block. Thus, the “magic number” nature v|. CONCLUSIONS
of the (ZrG,)5 cluster results from an interplay between sta-

bilization of the (ZrQ), cluster “nucleus” by engaging its (ZrQ,)s is a very stable cluster in the (Zsf neutral

cluster distribution. It is about 50% more stable than the
(ZrO,)¢ clusters. (ZrQ)s has neither a very symmetric nor a
“closed shell” structure.

The “magic” character of the (Zrg)s neutral cluster is
the result of the interplay betweefi) stabilization of the
(Zr0O,), cluster “nucleus” by engaging its dangling oxygen

TABLE IX. Relative energies of the (Zr,, “nucleus” in (ZrO,),, n
=4-6 clustergsee text for details See also Fig. 15.

Relative energy of the (Zr§),
“nucleus” in (ZrO,), cluster

Cluster sizen (kcal/mol) atom in a bond with the first ZrOmolecular adduct to gen-
erate (ZrQ)s; and(2) destabilization of the (Zrg), cluster

2 0 “nucleus” by strai iated with tilting of the singly co-

p 68.4 nucleus™ by strain associated with tilting of the singly co
6 171.7 ordinated oxygen atoms of (ZgJ) toward the second ZrQ

adduct to generate (Zes.
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Only three low energy(<10 kcal/mo) isomers of
(Zr0O,)5 can be calculated. The most stable (Zy§cluster

isomer has a very different base structure from that o

(ZrO,), and (ZrQ)s clusters. For the most stable (Z1Q
cluster isomer, the oxygen atom coordination numbers are
and 3. For the most stable (1) and (ZrGQ)5 cluster iso-
mers, the oxygen atom coordination numbers are 1 and 2.

(ZrO,)¢ may be the first cluster in a new structural pat-
tern that reaches high stability at cluster sizes (JgCand
(2rOy)s.

Modeling and simulation studies suggest that (4O

neutral clusters are not ionized by thermionic emission re-

sulting from many-photon absorption by the (Z)@neutral
clusters and internal conversion “cycling” and “heating.”
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