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Infrared resonance-enhanced multiphoton ionization spectroscopy
of magnesium oxide clusters
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Neutral (MgO), clusters are produced in a molecular beam by laser vaporization in a pulsed-nozzle
cluster source. These clusters are ionized via multiphoton absorption from either an ultraviolet
excimer laser or a far-infrared free electron laser. While ultraviolet ionization produces mass spectra
consistent with previous measurements, infrared ionization produces higher molecular weight ions
from the same nascent source distribution. Ultraviolet ionization occurs by direct electronic
excitation/ionization, while infrared ionization occurs by vibrational excitation followed by
thermionic electron emission. In both cases, prominent masses are observed corresponding to cubic
nanocrystals with near equaly:z dimensions. By tuning the IR wavelength while recording the
mass-resolved ion yield, vibrational spectra are obtained revealing two resonances near 16 and 22
microns. Clusters up to 300 atoms in size are studied, and spectra exhibit a gradual variation with
size, converging to positions near to, but not matching the bulk phonon frequencies. Structural
implications of these vibrational spectra are investigated.2@®2 American Institute of Physics.
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INTRODUCTION ous metal containing clusters. In this report, we describe new
Since the first gas phase metal clusters were produced,.rgsUItS for magnesium oxide clusters up to about 300 atoms

. in size.
| of their st h n the m rement of structur . . . . .
goal of their study has bee € measurement of structure Solid MgO is a well-studied material with numerous

and energetics as a function of size and the comparison of licationd3-19 il Lt tal

these properties to those of the corresponding solid materiafPP1cation '517 especially as a support for metal nanopar-
Unfortunately, this goal has rarely been realized. Electronid!“/® cataly§t .6|'i7also exhibits a variety of mterestmg sur
structure as a function of cluster size has been probe[?ce chemistry™"Its structure is face-centered cubic, even

through ionization potential measuremehfsphotoelectron when colloidal size particles are produced, as in the familiar

spectroscopy;® and photodissociation spectroscopy on p|as_burning of ma;gnesium ribbqn. It is an insylator with a band
f 7.8 e\** MgO has a high melting poir2826 °Q and

mon resonancey’ However, measurements of vibrational or 98P O : A .
geometric structure have not been possible. Vibrational spe@nthalpy of formation 4H¢(s)=—602 kJ/mol), consistent
troscopy has been limited by the inavailability of tunableWith strong ionic bonding” Bulk and surface phonon vibra-
lasers in the required far-infrared wavelength region. Therdional spectra are well characterized via infrared reflect&nce
has also been no technique sensitive and selective enoughasd high resolution electron energy loss spectroscopy
measure vibrational spectra for specific clusters formed afHREELS measurements on the solid surfage}as well as
low density in a distribution of sizes. However, we have IR absorption measurements on small partiéfes.

recently demonstrated that infrared resonance-enhanced mul- MgO molecules and clusters have been studied previ-
tiphoton ionizationIR—REMP)) spectroscopy with a tunable ously in the gas pha$&2®and withab initio theory?’ ~*3The
free-electron laser can provide size-specific vibrational specelectronic spectrum of MgO is well knowfi Its dissociation

tra for fullerene® and for metal-containing clustefs'>We  energy is somewhat uncertain, but it lies in the 3.5-4.5 eV
are exploring the application of this new technique for vari-range?®?! while the ionization energy is 8.007 é¥.Mass
spectra of (MgO) clusters have been studiét* and pho-

dAuthor to whom correspondence should be addressed. Electronic maipoeIectrosnzg,pectroscopy has been measured for Sma”_ E_in'on
maduncan@arches.uga.edu clusters®®2% In the small size range, mass spectra exhibited
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prominent abundances at clusters with the stoichiometry of  (MgQO), Clusters
(MgO)3,. Then=1 cluster was calculated to have a six-
membered ring structure, and larger species were suggeste

to have stacked-ring structures denoted as nanofd&$> ;':5:';):, :l?,:“zat'on -
In larger clusters, mass spectra suggest cubic nanocrystallin 7072 80
structure$ but no direct data has been obtained for either of %

these structural motifs. Although there are no previous stud- 50 e

ies of cluster bond energies, the strong bonding in the di- n=404e

atomic and in the solid suggests that MgO clusters will also

have significant stability, making them good candidates for

IR-REMPI measurements. MgO clusters have been pro-§

posed as carriers of IR bands observed for dust clouds ne¢g

oxygen-rich star$*=3" There is therefore considerable inter- S

est in their vibrational spectroscopy. - r

In the present work, vibrational spectra for MgO clusters — 1000 1500

are measured with the new IR-REMPI technifu€his

method is based on the ability of certain strongly bound clus- ] . . ‘

ters to exhibit “thermionic emission” of electrons following 0 1000 2000 8000 4000 5000 6000 7000

mul_tiphoton laser excitaFipn. In.strongly bound.clusters, ion- Mass (amu)

ization can be competitive with other photoinduced pro-

cesses such as dissociation. Elimination of atoms by photd<G. 1. A comparison of the mass spectra obtained with infrared multipho-

dissociation often requires that multiple bonds be brokenson_ion'ization with th(_e free electron laser and ArF excimer Iaser.multiphoton

and in general the energy required for evaporation of neutral;:\:lzc?;llir; The prominent masses observed correspond to cubic nanocrystal

fragments increases with cluster size. lonization, on the other

hand, becomes easier in larger clusters because IPs usually

decrease with cluster size. Thermionic emission at fixed lasesampled with multiphoton ionization at Ki248 nm or ArF

wavelengths has been observed for metal clustels, (193 nm excimer laser wavelengths or with a tunable far-

fullerenes!®*! and metal carbide clustet®***3|R-REMPI infrared free electron laser.

is based on the observation that thermionic emission is en- Infrared multiphoton ionization is accomplished with the

hanced when the laser is resonant with vibrational frequenfree electron laser for infrared experimetEELIX).** The

cies, and it requires a tunable, high fluence laser in the infralaser output comes in macropulses of$ width at a repeti-

red and far-IR wavelength regions. IR—REMPI was firsttion rate of 5 Hz. Each macropulse contains a series of 0.5-5

described as a spectroscopic tool for gas phase clusters in the micropulses at a repetition rate of 1 GHz. A macropulse

study of G.8 In later work, we have employed this method contains up to 100 mJ of energy and the bandwidth is trans-

to study transition metal carbide and oxide clusters producetbrm limited. The possible tuning range is 40—2000 ¢m

in pulsed molecular beams by laser vaporizafiolf.In the  although only the region from 400—1000 chis used in the

present report, we extend this method to study the maipresent experiments. The IR beam is focused on the molecu-

group metal oxide clusters of MgO. For the first time, clus-lar beam with curved mirrors and fires at a time to intersect it

ters up to 300 atoms are studied to follow the variation ofin the time-of-flight source. A variable time delay after the IR

vibrational spectra with cluster size. laser pulsetypically 1-5 us) is employed to allow thermal
heating of the clusters to evolve into ionization, and then the
TOF acceleration plates are pulsed to high voltage to extract
cations from the molecular beam into the TOF mass spec-

EXPERIMENT trometer. The ion signal is recorded with a digital oscillo-

cope(Yokogawa DL 4200 interfaced to a laboratory PC.

Magnesium oxide clusters are produced in a moIecuIaf:
T ull TOF mass spectra are recorded at each FELIX laser
beam by laser vaporization in a pulsed nozzle source. The P

. avelength while the laser is scanned to obtain infrared reso-
cluster source and molecular beam machine for these expelyﬂ 9

ments have been described previodsh#A rotating Mg rod nance enhanced multlphoton ionizatigR—REMP) spec-
is vaporized with the focused output of a Nd:YAG lage82 tra. Subsequent data analysis can extract the wavelength de-

nm) in an expansion of argon seeded with 1-5% Oxygenpendence of any cluster mass or the mass spectrum at any

The source employs a short-pulse gas vdReJordan Co. wavelength. Beam attenuators are used to study the power
and either straight channel sections or a so-called Waitingependence of the IR-REMPI signal.

room to enclose the flowing plasma generated by the las

for cluster growth. The cluster beam passes through a skirr?—iESUl‘TS AND DISCUSSION

mer as it enters a differentially pumped detection chamber, Figure 1 shows the mass spectra measured for (IMgO)
where its contents are measured with a reflectron time-ofelusters using different ionization lasers. As shown, there are
flight mass spectrometéR. Jordan C9. Cluster ions in the dramatically different mass spectra when we use the ultra-
molecular beam are removed by deflection plates located uprolet radiation from an ArE193 n) excimer laser for ion-
stream from the mass spectrometer. Neutral clusters aigation compared to thermionic ionization induced by the

UV (ArF) ionization

3x mass-scale

L L
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infrared radiation from FELIX. A mass spectrum similar to (MgO),
that obtained with ArF is also obtained using KrF ionization
at 248 nm(data not shown The UV ionization produces 40
primarily cations in the small size range for (Mg(pecies 48
up to aboutn=40, whereas the IR-REMPI conditions pro-
duce ions up to beyond=160. These mass spectra are sig- 75
nificantly different, but the differences are understandable '
based on the ionization mechanism expected for the two dif-
ferent experiments. At the ArF or KrF laser wavelengths, the
photon energy6.4 or 5.0 eV is not likely to be high enough
to ionize these clusters with one photon. The IP of diatomic
MgO is 8.0 eV, and the bulk work function can be estimated
to be 6.5 eMVvide infra). It is thus likely that the IPs of these :
clusters are between these values, and ionization with the 65
excimer laser is therefore likely to be a multiphoton process.
Consistent with this, UV ionization is inefficient except at
high laser power. When the laser power is increased, absorp- ‘ : ’ . ‘ .
tion of photons beyond the minimum necessary for ioniza- 0 1000 2000 3000 4000
tion leads to fragmentation, and stable cation species survive
preferentially under these conditions. It has been shown in Mass (amu)
previous MPI studies of other metal clusters that the promi'FIG. 2. The power dependence of the IR-REMPI mass distribution mea-
nent masses are essentially the same as those produced wRgfd cumulatively over the wavelength range of 14.5 to 17.0 microns.
the clusters grow directly as catiofisThe more abundant
clusters in the small size range can therefore be associated
with stable cations. The infrared ionization process on thgjowever, the band gap is well know(@.8 eW),*® and the
other hand is believed to occur as neutral clusters absonfylk electron affinity is estimated as less tharl.3 eV
energy gradually to heat the cluster. The vibrational energ¥rom which the bulk work function is derived as 6.5 eV or
must be coupled into the electronic degrees of freedom t@maller. For the bulk then, the ionization energy appears to
achieve ionization. If fragmentation can occur, it will com- pe slightly less than the fragmentation energy, and so these
pete with ionization. Therefore, the abundant ions in thisenergetics should also be close for the clusters here. It is
distribution are likely to represent the more stable neutratherefore not unreasonable that thermionic emission is ob-
clusters in the nascent distribution. The IR ionization is alsoserved. Indeed, secondary electron emission from MgO sur-
more efficient when clusters can accommodate energy effeg¢aces is known to be extremely efficierit.
tively and for those clusters with lower ionization potentials. In previous work, (MgO) ions were produced via sput-
This explains in a general way why much larger clusters argering or by laser vaporization followed by ultraviolet laser
detected with this method. multiphoton ionizatiorf°~2° Both techniques produced clus-
The infrared ionization process here has all the properter ions in the small size range with prominent masses for
ties of thermionic electron emission. Most specifically, the(MgO),,,. In combination with theory, the (MgQ)mass
ions require a time delay of a few microseconds after thevas attributed to a six-membered ring structure, and the
initial excitation before they are formed and extracted. ThisMgO),,, species were assigned to stacked-ring or nanotube
is then the first report of thermionic emission for magnesiumstructures built from this same unit. A change in cluster
oxide clusters. In previous studies of fullerene and metaktructure was suggested to occur beyond the size of about
clusters that exhibit thermionic emission, it was generally(MgO),,, where fcc nanocrystalline structures were inferred
believed that the bond energies for cluster dissociation werfrom the mass spectrum abundances. In the present data, the
greater than cluster ionization potenti&id? It is therefore UV ionization mass spectra also show a somewhat enhanced
interesting to consider if this condition also applies hereabundance for the same (Mg§Q)mass peaks, as seen in the
Unfortunately, bond energies and ionization potentials hav@revious work. The IR-REMPI experiment also produces
not been measured for MgO clusters. If we consider théons in the size range oh=15-30, where the proposed
MgO molecule itself, the ionization potentieéB.0 e\) is ac-  stacked-ring structures would be found. It is therefore pos-
tually much greater than the dissociation enefggst esti-  sible to test for structural differences between small and large
mate, Dy=4.3e\).?° However, these clusters are probably clusters using infrared spectroscopy.
more like the bulk material than they are like the diatomic. In Fig. 2 we show a comparison of the IR—-REMPI mass
The dissociation energy of the clusters can be related to thgpectra measured at high, intermediate, and a low laser pulse
bulk sublimation energy for the process M@R-MgO(g). energies(50, 25, and 17 mJ/pulsewhere the ion signal is
While not measured directly, this can be derived fromsummed over the range of 14.5 to 17.0 microns. These spec-
the bulk and diatomic thermochemistry as\Hg; tra have smaller clusters on average than that shown in Fig. 1
= +157.7 kcal/mole(6.84 e\).2° The ionization energy of because of different source conditions. In each case the laser
the clusters can be related to the bulk work function, whichis focused, but the confocal waist varies significantly with
is also a number that is difficult to measure for metal oxideswavelength, and so the absolute fluence for these spectra is

50
60 50 mJ

25 mJ

lon Intensity

17 md
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TABLE I. The cubic structures giving rise to prominent (Mg@foichiom-  maintain the 1:1 stoichiometry, these layers should occur in
etries. pairs. It is then possible again to rationalize many of the
n X,y,Z n XY,z prominent clusters with this scheme. For example, ithe

=60 cluster could also be explained with four layers of 5 and

15 2x3%5 108 BX6X6, 4X6X9 .
18 2} 36, 3x3x4 96 ®<6><7: ONohs four of 25. However, atoms along the 5|dgs of thé]s]al)' .
21 2%3XT 135 5X6X9 planes also have only four bonds, and so this configuration is
24 3x4x4, 2X3X8 147 B TXT generally considered to be less stable than corresponding
30 3X4X5, 2X5X6 156 4X6x13, 3x8X13 simple cubic(100 configurations. Indeed, thel00) is the

32 Axax4 162 B<6x9, 4x9x9 normal surface found for bulk MgO crystals, while the polar
gg jigig (111) face is found to be metastabfé.

60 4X5X6, 3X5X8 These issues of different fcc lattice fragments are inter-
65 2x5%13 esting in particular because of tine= 65 cluster. This is the

72 4X6x6, 3<6X8 one cluster that exhibits an extreme fluence dependence, be-
90 5X6X6, 4X5X9

coming the largest peak in the mass spectrum at low fluence.
It has a total of 130 atoms, which can only be rationalized as
cubic if we assume dimensions ofx8x13. This cluster

difficult to quantify. Nevertheless, there is clearly a shift in Would look like a thin sheet or channel, which seems un-
the cluster ion intensity across the distribution as the fluencékely to form. Itis conceivable that this cluster represents a
is varied. One explanation for this is that fragmentation oc-CubiC structure with nearly equaly,z dimensions, but with
curs in neutral clusters, followed by ionization of the frag- & defect site with a few missing or extra atoms. For example,
ments, or in ions by continued absorption after the ionizatiorfh® N=65 cluster is only slightly larger than thex4x8
threshold. To limit the possible effects of fragmentation weStructure (=64), and it may represent a species just beyond
measure our wavelength spectra at reduced laser power, Ahis more likely structure. However, there is no peak for the
though there is no change in any resonances with the lasédeal n=64 cluster, and it is then not clear why such an
fluence. Although the intensity distribution here shifts with intermediate species would be prominent. On the other hand,
fluence, the prominent mass peaks remain mostly the same {ie N=65 species can also be explained with tfid1)
these spectra. The notable exception to this is rke65 growth scheme, where it corresponds to either 10 layers of
feature, which is hardly noticeable at high fluence and thed-3, or to four layers of 25 and six layers of 5. The4&l)
becomes the largest peak in the spectrum at low fluence. O¥rangements would have unfavorable bonding compared to
the other hand, it is also possible that the intensity shiffmost (100 cubic structures, but they are probably more
across this distribution is not caused by fragmentation at aliStable than the 25X 13 species. Another strange cluster ap-
If we examine the absolute signal levels, it is evident that thédears with weak abundance @t 156, which can only be
intensity at the smaller masses grows at higher laser powexplained as cubic if the dimensions ar& @13 or 3x8
relative to then=65 peak, but the higher masses have ax13. Again, this can alternatively be explained witl1d1)
nearly constant signal level. This is possible if the smallefattern, as thev=156 cluster can be constructed from two
clusters become ionized more efficiently as the fluence inlayers of 61 atoms, four layers of 41 atoms, and two layers of
creases. The smaller clusters should have higher IPs and thé$ atoms. Thus, although most of the masses have simple
would require more photons on average for ionization, an@Xplanations, others require more complex schemes. These
so it should be more difficult to ionize these species at lowmnass spectra alone do not provide clear insight into the clus-
laser fluence. This is completely consistent with the thermiter structures.
onic emission mechanism. Figure 3 shows the wavelength dependence of the IR-
The prominent masses that are labeled in Figs. 1 and REMPI signal for (MgO), clusters in the small size range
can all be rationalized in terms of fragments from the bulkwheren=15, 21, 27, and 32. The smaller clusters here of-
fcc lattice. The most obvious way to accomplish this is byten haven as a multiple of three, and these species were
simple cubic structures with roughly equal/,z dimensions, proposed previously to represent stacked-ring nanotube
which corresponds to cutting the bulk crystal along @0  structures. The signal-to-noise ratio in these data is not great
planes. Table | shows some selected examplesygf val-  due to the low abundance and/or low ionization efficiency of
ues that could lead to such cubic structures. In many casdbe small clusters. Additionally, there is an unavoidable os-
there is more than one way to arrive at a prominent stoichi€illation in the signal due to precession of the sample rod in
ometry. For example, the=60 cluster could correspond to its mount. This oscillation is also seen in the larger cluster
4X5X6, 3X5X8, or 25X 12 lattices. However, thexd5xX6  spectra shown below, but it is less of a problem because of
is considered to be the most likely because its symmetrithe larger signals there. Although the data are noisy, it can be
dimensions minimize the surface free energy. Atoms alongeen that there is resonance enhancement in the ionization
the edges of the structure have fewer bo@jghan those in  yield. Two broad bands are observed near 16 and 22 microns,
the face(5) or at interior siteg6) and therefore it is usually although the 22 micron feature is less apparent for the
energetically favorable to have fewer of these. Another possmaller clusters. In data not shown, these same broad reso-
sible way to construct these clusters might be with layersiances are also seen for tie=18, 24, and 30 clusters,
corresponding t@111) planes of the solid. Symmetric layers which were also proposed to have nanotube structures.
occur for planes with 5, 13, 25, 41, 61,... atoms. However, to  Figure 4 shows similar wavelength IR—-REMPI spectra
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(MgO)n IR-REMPI (MgO),, IR-REMPI
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FIG. 4. The wavelength dependence of the IR-REMPI signal for the larger
clusters. The arrows indicate the positions of the bulk vibrational modes.
32
stacked-ring structures have essentially the same spectra as
. : , { . the larger clusters whose masses suggest that they are cubic
10 15 20 25 nanocrystals.

Wavelength (um) There have been nab initio calculations to our knowl-
edge that focus on the vibrational spectra of MgO clusters in
FIG. 3. The wavelength dependence of the IR-REMPI signal for the cluseither the small or large sizes. To understand these vibra-
ters in the small size range. tional spectra, therefore, we can only compare to the spectra
known for the corresponding bulk material, which has the
fcc lattice structure. Bulk and surface phonon vibrational
for larger (MgQO), clusters wheren=40, 60, 90, 108, 126, spectra are well characterized for MgO via infrared
and 168. It is remarkable that we are able to measure spectraflectanc® and high resolution electron energy loss spec-
with this method for clusters over the range of 30 atdats troscopy(HREELS measurements on the solid surfacé?
n=15) up to over 300 atoms. As indicated in the figure, theas well as IR absorption measurements on small partiles.
smaller clusters herée.g., n=40) again have broad reso- In the HREELS surface phonon spectra, a strong resonance
nances near 16 and 22 microns just like the clusters in Fig. 3s observed at 651 cnt that is assigned as the optically
However, the signal-to-noise ratio here is much improvedallowed motion of oxygen atoms stretching perpendicular to
consistent with the larger mass peaks seen for these clusteise surface. Vibrations of bulk material can also be seen in
in the mass spectra in Figs. 1 and 2. In larger clusters, thiR reflectance spectroscopy or in the absorption spectra of
same broad resonances are measured, but the center of #mall particles. However, these latter two measurements are
bands shifts gradually in position. The shorter wavelengtlinfluenced by the combined effects of absorption and reflec-
band appears to get broader in larger clusters, with its banthnce, which depend in a complex way on the surface or
center shifting very slightly toward longer wavelength. On particle morphology. Consequently, sharp resonances are not
going from the smallest cluster to the largest, the band centaybserved in these measurements, but the broad undulating
changes from about 15.5 to 16 microns. The longer wavepattern observed must be fit to parallel and perpendicular
length feature is always broader and less intense than thghonon modes. The perpendicular mode derived is at 640
shorter wavelength feature, and it shifts toward shorter wavesm™?, which is a close match with the sharp surface phonon
length. On going from the smallest cluster to the largest, thisneasured by HREELS. These vibrational frequencies match
band moves from about 22 to about 21 microns. Except foclosely with the shorter wavelength feature seen here cen-
this gradual shift and the lower intensities for the small clus-tered at about 16 micror(§25 cm 1). Because these clusters
ters, these wavelength spectra are essentially the same for alle so small, it is most relevant to compare them to the MgO
cluster sizes. The small clusters that were proposed to hawurface mode. Compared to this, the IR-REMPI band is
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slightly red-shifted, although the band is quite broad. A red-culations investigate the vibrational spectra of both the pro-
shifted band is in fact expected for the IR-REMPI procesgposed nanotube and nanocrystal species.
due to anharmonicity effect&) and this has been seen in ~ Magnesium oxide in the bulk is well known to form
previous spectra of other cluster species. Therefore, the 18chottky-type color centers in which oxygen atom vacancies
micron band can be assigned as the cluster counterpart of tiege occupied by electrons. It is interesting to consider
optically allowed surface phonon that is seen in the HREELSVhether such defects would occur in clusters, since they oc-
spectrum. cur only rarely in the bulk. While most of the prominent
The 22 micron feature is also broad, and it is not agnasses seen here can be rationalized as symmetric fcc
prominent in the smaller clusters. Unlike the 16 micron bandnanocrystals, there are many weaker intensity peaks that
it shifts gradually to the blue with increasing cluster size.Must necessarily correspond to clusters with incomplete or
The perpendicular phonon for the solid surface is not optidefect nanocrystal structures or which have some other struc-
cally allowed, and therefore it is not seen in the HREELStural growth pattern. To investigate the possibility of other
spectrum. Its frequency is determined to be 401 tes ~ Structures perhaps including color centers, we h_ave measured
microns in the small particle absorption dailt is tempt- the IR-REMPI spectra for clusters with dimensions close to,

ing to associate the 22 micron band seen in the IR—REMPPUL Not exactly corresponding to an ideal cubic species.
spectra with this bulk vibration, but the match is not particu- | "*oughout these data, there is no apparent difference in the

larly compelling. The frequencies do not match well, and the €S0nances observed for these species compared to those al-
22 micron band is shifting further away from the bulk value readylzhov(\;nzg] F_'g' 4. Tlhey altlhhave the same treS(t)nr;nces
toward higher frequency as cluster size increases. It is corfiear 1oan microns. In anothér measurement not shown,

ceivable that the 22 micron band represents a cluster mod&c ¢an r.ecord the wavelength dependence of the IR—REMPI
signal simultaneously for all mass channels to see if any

that becomes inactive in larger sized particles. On the other . .
. . cluster has resonances different from the 16 and 22 micron
hand, it should be noted that the 25 micron bulk phono o
. . nds. No other resonances are seen. This implies that all
band is never observed as a sharp, well defined resonance.C

is derived vi fit d that h inh hsters seen here have similar structures, i.e., completed or
IS derived via curve Titting procedures that may have inheren artially completed fcc nanocrystals. It is somewhat disap-
errors associated with them. Considering this, the 22 vers

. diff be sianifi di b ointing that we are not able to see any difference between
25 micron difference may not be significant, and it may beg 15 with completed cubic structures and those that must

that this mode also represents the cluster analogue of thig, esent growing intermediates. However, this is most likely
bulk phonon. . because the IR active modes with strong intensity are those
If we accept these assignments, then the clusters here &g, have the greatest amplitude motion, i.e., those at the
found to have vibrational resonances similar to those in the ster surface. This would be consistent with the optical
corresponding MgO bulk material, which has the fcc crystalspectrum of the solid surface. If this is true, then the vibra-
structure. This is particularly convincing for the 16 micron tjgnal frequencies of such surface atoms would not be ex-
feature that is seen as a strong resonance for all clustefected to be very sensitive to structural variations in other
studied here and which corresponds to the optically allowegarts of the cluster. This trend would increase with cluster
surface phonon seen on tHEDQ) surface. It is therefore safe sjze as more surface atoms contribute to the signal. On the
to assume that these small clusters exhibit this same fcgther hand, it is also conceivable that the lines observed here
structural pattern. This is also consistent with the prominenare inhomogeneously broadened due to slightly shifted reso-
mass peaks observed in the mass distribution, which atances for clusters with the same number of atoms and
higher sizes also suggest cubic structures. On the other harslightly different structures. To obtain insight on these issues,
small clustergn=12, 15, 18, etg.have been suggested in ab initio calculations are needed that investigate the IR spec-
the past to have the nanotube structure composed of stackéa for stacked-ring clusters and for nanocrystal clusters with
six-membered (MgQ) rings. Although these same cluster and without defects.
stoichiometries are measured here, their IR spectra match
those of the larger clusters, which also matekcept for the CONCLUSIONS
22 versus 25 micron isspi¢hose of the bulk. The simplest Magnesium oxide clusters containing up to over 300 at-
conclusion from this is that all MgO clusters have cubicyms are produced by laser ablation and studied with ultra-
nanocrystal structures and not nanotube structures. Indeegg|et jonization and infrared resonance enhanced ionization
the only experimental evidence for the nanotube structurg@pectroscopy. Cluster mass spectra in the small size range
was the numerology, in which multiples of three MgO units exhibit somewhat enhanced abundances for stoichiometries
were seen. However, as shown in Table |, all tie12, 15, corresponding to (MgQ), species that have been seen pre-
18, 21, 24, 30 species can be equally well rationalized witRiously, while in the larger size range prominent masses are
symmetric cubic structures. On the other hand, any concluconsistent with cubic nanocrystal structures. These observa-
sion about structure may be premature because we do n@ibns are consistent with the results from earlier mass spec-
know what vibrational spectrum to expect for nanotube clustrometry studies. IR—-REMPI vibrational spectra are obtained
ters. Their vibrations would also involve Mg—O stretching for clusters in the size range from about 30 to over 300
motions, and their spectra might not be so different fromatoms. Although previous studies suggested stacked-ring
those seen here, especially considering the width of theanotube structures for the small clusters and nanocrystal
bands measured. It is therefore important thiatinitio cal-  structures for larger clusters, we find that all clusters have
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