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Emergence of metallic properties in alkali-rich alkali-halide clusters
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We have used photoelectron spectroscopy to study alkali-rich sodium iodide and cesium chloride clusters
in order to determine how their composition affects their electronic properties. Spectral features of
(Narn),Na,~ (m=2) are remarkably similar to those of isolated metal clusterg Neor all sizes ofn that we
investigated. This result suggests that the clusters are comprised of phase separated metallic and ionic com-
ponents. In contrast, photoelectron spectrd@$C) ,Cs,,,” clusters are unlike those of pure metal clusters,
suggesting that the excess metal atoms are mixed into the ionic portion of the cluster. Such mixing may make
it possible for these cesium chloride clusters to exhibit the finite system equivalent of a metal-insulator
transition.[S0163-1827)05015-1

I. INTRODUCTION and K, spectra obtained by McHugét al1° suggesting a
metal-nonmetal phase separation.

In the bulk, alkali and alkali halide systems are prototypi-  Studies of ionic aggregates have demonstrated the depen-
cal metals and insulators, respectively. Even at the clustedence of electron localization and cluster structure on both
level, these materials maintain the bonding characteristics ahe number and size of the individual atomic ions comprising
their bulk counterparts. Metallic bonding and electron delo-the cluste:!~2°In the present work, we extended the study
calization have been demonstrated both experimentally angf metal-rich alkali halides \IX),M,,~ to systems at two
theoretically for small alkali clusters;® and ionic bonding—  extremes of constituent atomic ion size. Sodium iodide clus-
including a large band gap—has been observed for finitgers lie at one extreme, with small alkali ions and large halo-
alkali halide aggregates> Mixtures of these two materials gen ions. Cesium chloride clusters lie at the other extreme,
therefore present a promising regime in which to observe gith atomic ions of nearly equal sizes. The ratio of free
metal-nonmetal transition. atomic cation radius to free atomic anion radius in these two

In this fashion, Rajagopal, Barnett, and Landfhstudied  materials is approximately 0.45 and 0.92, respectively.
theoretically a “metalization” sequence in which the halo-  Our photoelectron spectroscopy measurements of
gen anions in fully ionic sodium fluoride clusters were suc-(Nai),Na,,~ (m=2) clusters are indicative of metal-
cessively replaced by electrons, resulting in a metal-richonmetal phase separations for all sizes difiat we studied.
cluster. In particular, these calculations predicted phaserowever, photoelectron spectra (€sC) ,Cs,~ bear little
separated metal and ionic parts in f8g, in which a  resemblance to those of isolated metal clusters, indicating
2X3X3 substrate supported a metallic layer comprised othat cesium-rich cesium halide systems have a higher degree
five sodium atomgor, equivalently, five sodium ions and of mixing between the metallic and ionic components.
five electrons In a more recent theoretical work, Hakkinen,
Barnett, and Landm&nobserved a similar segregation in
Na,,Clg", in which a layer of five sodium ions and four
electrons was supported by an ionic component. Moreover, The clusters are produced in a room-temperature laser va-
electron-density calculations revealed a remarkable similarporization cluster source!® The pulsed beam from an ArF
ity between the metallic layer and an isolatedsNacluster,  excimer lasef193 nn strikes the surface of an alkali halide
both in terms of the spatial arrangement of ions and in thelisk, sending a plume of vapor into a narrow helium-filled
electron distribution. channel. The helium, released by a pulsed valve, cools the

Phase separation between metallic and ionic componentgapor and sweeps it out of the channel into the surrounding
has also been observed experimentally. Through photoionsacuum chamber.
ization and electron-impact ionization, Pollack, Wang, and After leaving the channel, the beam of clusters passes
Kappe¢ demonstrated a closed electronic shell structurethrough a skimmer to a time-of-flight mass spectrométer.
akin to that of Ng@ and Na*, in the mixed clusters The pulsed-field plates of the mass spectrometer extract the
(NaClNag, (NaCl),Nag, (NaCl)Nag™, and (NaCl),Nag™. cluster anions and direct them toward a magnetic bottle pho-
Vezin et al® later linked mixed clusters to the correspondingtoelectron spectrometéf. When the (1X),M,~ anions
free-metal clusters with their measurements of the opticateach the magnetic bottle, they are exposed to light from a
absorption and ionization potentials of JH and Li,H,.  pulsed Nd:YAG (yttrium aluminum garnetlaser, photode-
They found these clusters to be similar to,Li and taching electrons which then travel through the electron
Li,,_,, respectively, indicating that each hydrogen atom lo-spectrometer to a dual microchannel plate detector.
calizes the electron from one lithium atom. More recently, We determine the kinetic energies of photodetached elec-
Xia and Bloomfield found that the photoelectron spectra of trons from their travel times through the spectrometer. By
(NaCl3Na,,~ and (Kl)3K,,~ (m=2) resembled the Na subtracting their kinetic energies from the photon energy, we
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peaks were observed for Na, since the fourth peak lies

p(Nab,- 1 beyond the 2.54-eV photon energy used in that experiffent.
| i The similarity shown between the mixed aggregates and

the alkali clusters suggests a metal-nonmetal phase separa-

p(NaDsNa ] tion, in which a Na,~ cluster is joined to a fully ionic
] (Na1); cluster. Earlier reports predicted a high stability for

- neutral alkali halide clusters containing six idfis? It is thus

p(Nabste 1 likely that such an arrangement, predicted to be a hexagonal
I ring, would resist the reorganization needed to incorporate
mrtr ! - - the Na,~ particle into its structure. The photoelectron spec-

Electron Counts (arb. units)

r(NaD,Na,™ 1 tra reflect the character of the metallic segment, since the
i i electrons in the ionic component are especially tightly bound

. Lot L : and cannot be detached with 3.49-eV photons. The principle
L (Nal),Na,”

characteristic differentiating the mixed clusters from the pure
alkali ones, an overall blueshift in the electron binding ener-
. A gies, is probably due to polarization of the ionic lattice in-
00 05 10 15 20 25 30 duced by the metallic overlayer.
Binding Energy (eV) The details of the photoelectron spectra fNia1);Na,,~
illustrate properties characteristic of metal clusters. While the
FIG. 1. Photoelectron spectra tfai);Na,,~ (m=0-4) taken first peak in each spectrum corresponds to photodetachment
with 3.49-eV photons. events in which the remaining neutral clusters are left in their
ground electronic states, the more tightly bound peaks corre-

are able to determine how much energy was needed to réPond to photodetachment events in which the remaining
move each electron from its cluster anion. We record a |arg@eutral clusters are Ieﬁ in ele'ctronlcally excited states. The
number of photodetachment events to obtain a complete ph&Pectra thus provide information about the electronic states
toelectron spectrum. The resolution of the spectrometer de?f the neutral clusters. Most importantly, we can determine
pends on the speed of the outgoing electron, with the ratio o' 9ap between the highest occupied molecular orbital
the uncertainty in photoelectron kinetic energy to the totatHOMO) and the lowest unoccupied molecular orbital
kinetic energy being about 0.1. This resolution is high(LUMO) of the neutral cluster by measuring the energy dif-
enough that most of the broadening in each spectral featuf§rénce between the maxima of the first two peaks in each
arises from the large number of final vibrational states thafPectrum. This HOMO-LUMO gap is the finite system
can result from photodetachment. The location of the firsduivalent of the band gap in a bulk solid. _
intensity maximum defines the electron vertical binding en- However, because photodetachment occurs on a time
ergy (EVBE)—the energy required to remove the mostScale much shorter than that required for ionic reorganiza-
weakly bound electron from the ground-state cluster aniofion, the HOMO-LUMO gap that we measure is that of a
without permitting the remaining neutral cluster to retdx. ~ neutral cluster with its ions arranged as they were in the
All of the clusters were studied with 2.33-eV photons cluster anion, and the anion and the neutr_al cluster may have
from the second-harmonic beam of the Nd:YAG laser. How-Somewhat different ground-state geometries.
ever, since the electrons in sodium iodide clusters are espe- Prévious experimental and theoretical work has shown
cially tightly bound, these systems were also probed wittfhat the HOMO-LUMO gap for various metal clusters de-
3.49-eV photons from the laser’s third harmonic. Becauséreases2‘6"'2t1h increasing particle size and approaches zero in
the spectra obtained fdNal),Na,,~ (m=2) with the sec- the b_ulk. “*We also observe a d|m|n|_sh|ng HOMO-LUMO
ond harmonic contain no information not included in the 9aP in then=3 sequence for sodium iodide. The measured

third-harmonic spectra, only the photoelectron spectra takef@Ps are, from Fig. 1, 0.71, 0.56, and 0.35 eV, for 2, 3,
with higher-energy photons are shown in the figures. and 4, respectively. These gaps are very similar to those
observed for the pure sodium clusters. From the spectra re-

ported in Ref. 10, we infer HOMO-LUMO gaps for bla

ol

Ill. RESULTS AND DISCUSSION Nag, and Ng, of approximately 0.7, 0.6, and 0.4 eV, respec-
_ tively.
A- (Na1),Nap ™ clusters Metallic clusters also exhibit oscillations in their electron
Figure 1 presents photoelectron spectra(féal)sNa,,~ binding energies according to whether the number of delo-

(m=0-4). In analogy with the case féNaCl);Na,,”.° we calized electrons is even or odd. Clusters with even numbers
see that fom=2, the spectrum for a cluster of a givemis  of delocalized electrons bind those electrons tightly in spin
similar to that obtained by McHughetall® for pairs, while clusters with odd numbers of delocalized elec-
the corresponding metal cluster Na. For example, both trons contain lone, relatively weakly bound electrons. This
(Na1)sNa,” and Na~ exhibit three peaks in their photo- even-odd alternation has been observed in alkali cluster an-
electron spectra, with the central one dominant. Figure Ions in experiments and calculatiof* From Fig. 1, we
shows that the first peak, at 1.63 eV, is slightly larger tharinfer EVBE's of 1.63, 2.12, and 1.17 eV fon=2, 3, and 4,

the third peak, just as was the case for,NaSimilar com-  respectively, consistent with there beimg+ 1 delocalized or
parisons can be made for the casesnef3 and 4. We note ‘“excess” electrons in these three clusters, just as there are in
that while four peaks are seen f@Wal)3Na,, only three the corresponding pure alkali clusters.
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FIG. 2. Photoelectron spectra ffal)gNa,,~ (m=0-3) taken FIG. 4. Photoelectron spectra @fai)gNa,,” (m=0-3) taken
with 3.49-eV photons. with 3.49-eV photons.

We also studied metal-rich clusters for the-6, 7, and 8  which we obtained photoelectron data<2, 3, 5, and ¥
sequences, as shown in Figs. 2, 3, an@hé¢ abundances of exhibit close similarities to corresponding alkali-metal clus-
clusters in other sequences were insufficient for producingers that were seen with sodium iodide clusters.
photoelectron spectraAgain, metal-nonmetal phase separa- As noted above, we see clear evidence of a metal-
tion is evident fom=2. The intensity ratios for the separate nonmetal phase separation in théNal)zNa,~ and
peaks in each spectrum in the=7 and 8 sequences are
remarkably similar to those observed for the corresponding TABLE I. Electron vertical binding energig€VBE) of clusters
metal clusters, and all three sequences exhibit diminishingnai),Na,,~ (n=3, 6, 7, and 8;m=2-4) and (CsC),Cs,,
HOMO-LUMO gaps and even-odd alternations in the elec{n=2, 3, 5, and 7m=2-4), and the HOMO-LUMO gap in cor-
tron binding energiegsee Table)l responding neutral clusters, obtained from the energy difference

Since alkali-halide clusters with hexagonal and cubic gebetween the two lowest binding energy peaks in the photoelectron
ometries exhibit exceptional stabilit§!° the ionic substrate spectra of the cluster anions.
in (Na1)gNa,,” is probably either stacked hexagonal rings
or a 2x2x 3 cubic structure. Similarly, the ionic substrate (MX) My~ EVBE (eV) HOMO-LUMO gap(eV)
in (Narn)gNa,,~ is most likely a 2<2x4 cubic arrange-

. . Nai)zNa, ™ 1.63 0.71
ment. However, the phase separation that occurs in th a1)Na,~ 212 056
(Nar1);Na,,~ clusters is somewhat surprising because th 3.8 ' '
m . Na1);Nay 1.17 0.35
(Nar1); ionic substrate cannot take a cubic or hexagona
form. _
(Nar)gNa, 1.51 0.71
N Naz™ 1.90 0.50
B. (CsCl),,Cs,,~ clusters (Nai)gNas
We also examined cesium-rich cesium halide clusters, agNa1),Na,~ 2.04 0.77
shown in Figs. 5, 6, 7, and 8. None of the sequences fofNai),Na,~ 253 0.48
L (Nal),- (Na1)gNay™ 1.79 0.92
L (NarngNas™ 231 0.66
£ oo (CsC),Cs,~ 0.62 0.25
£ T (CsC),Cs3~ 0.80 0.35
> . (CsC),Cs,~ 0.94 0.31
z .
& |mNap,Na;
EF (CsC)3Cs, ™ 0.52 0.35
g N ~ (CsCh3Csy™ 0.97 0.18
23]
H(Nal),Na,” 1
- (CsChsCs,~ 0.84 0.25
I AR (CsC)sCs;™ 1.05 0.24
00 05 10 L5 20 25 30 (CsChsCsy 0.93 0.22
Binding Energy (eV)
(CsC),Cs,~ 0.97 0.20
FIG. 3. Photoelectron spectra @Ma1);Na,,” (m=0-3) taken  (CsC),Cs;" 1.27 0.11

with 3.49-eV photons.
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FIG. 5. Photoelectron spectra @sC),Cs,,” (m=1-4) taken
with 2.33-eV photons. FIG. 7. Photoelectron spectra @sC)sCs,,” (m=1-4) taken

with 2.33-eV photons.

(Nan)/Nay, "~ cluster sequences. However, we do not see ppqigelectron spectra of the=2 sequence of cesium

such evidence in théCsC)sCsy,~ and (CSC)7Csy S€-  cporide clusters depart even more sharply from those of the
quences. Both the number and the intensity ratios of peaks ifyresponding pure cesium clusters. Not only is there little

gach photoglecton spectrum are complete_ly unlike.tho'se S€eBrrelation between the peak heights observed in the corre-
in pure cesium clusters. Furthermore, while metalization Sesponding cesium chloride and pure cesium clusters, the

quences fon=3 and 7 both exhibit even-odd alternations in yomo-LUMO gap in the(CsC),Cs,,~ clusters is actually
the electron binding energy, the HOMO-LUMO gaps in gmaier form=2 than it is form= 3. Moreover, the electron
these cesium halide clusters do not correlate well with thOSBinding energy fom=4 is larger than that fom=3, even
of the pure alkali clusters. We infer HOMO-LUMO gaps of
0.5 and 0.4 eV, respectively, from the spectra of, Cand
Cs;™ in Ref. 10. The HOMO-LUMO gaps we measured in
(CsC)h,Cs,,~ clusters m=2-3) are much lower in com-
parison. Forn=3, the HOMO-LUMO gap drops with in-
creasingm from 0.35 to 0.18 eV, while fon=7, it drops
from 0.20 to 0.11 eV.

though them=3 cluster ought to contain an even number of
excess electrons. Evidently, there is substantial mixing of the
alkali and alkali halide portions of these clusters, a result that
is probably due in part to the fact that th@sC), cluster is
a rhombus with very little surface area on which to build a
separate metal clustéf.

Overall, we find that the photoelectron spectra of

We can make the same observations forrike5 series.  (cgc) . Cs,~ clusters are substantially different from iso-
The number and relative heights of peaks(@sC)sCsr, lated Cs, clusters. This result suggests that the

are markedly different from those of pure cesium clusters. | CsC),Cs,,~ clusters may not be divided into separate al-

addition, the spacing between the peaks in each spectrum |Sj anq alkali halide portions. They have large numbers of

fcoo small to resemble a pure metal cluster accurately. Wﬁ)w-energy electronic states, a feature which is typical of
infer HOMO-LUMO gaps of only 0.25 and 0.24 eV for «yetajiic clusters, yet these clusters do not consistently

m=2 and 3, respectively. exhibit the spectral features of the alkali-metal clusters them-

L (CsCD,” L (CsCD),”
- w -(CSC1)7CS—

(CsCN),Cs,”

(CsC1),Cs,”

Electron Counts (arb. units)
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FIG. 6. Photoelectron spectra @sC) ;Cs,,” (m=0-3) taken FIG. 8. Photoelectron spectra €sC),Cs,,” (m=0-3) taken

with 2.33-eV photons. with 2.33-eV photons.
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selves. Because tH€sC) ,Cs,,,~ clusters do not exhibit any IV. CONCLUSION
obvious phase separation, they appear to be true intermedi- In summary, we have studied metal-rich alkali halide

ates between cesium metal clusters and cesium halide NSHusters, and compared our photoelectron spectra to those of
lator clusters. o _ . corresponding free-metal clusters. We have shown evidence
Our observations are similar to those for alkali-alkali ha-{h5t the way in which excess metal atoms are incorporated
lide (M—MX) melts consisting of a metal and a salt of that iy salt clusters depends on the number of atoms in the
same meta:fs Studies Of these meltS haVe ShOWn that theaggregate and on the types of the Constituent atoms.
degree of mlSClblllty of the salt with the metal imprOVGS with (Na|)n|\|am7 Systems exhibit clear indications of phase_
increasing alkali size. Thus the degree of mixing betweerseparated metallic and ionic components forralthat we
metal and metal halide is poor in Na-Kdiquids but very  studied. In contrast, the evidence for phase separation in
good in Cs-CX solutions. In addition, experiments on melts cesium-rich cesium chloride clusters is either much weaker
have demonstrated that Cs>Csolutions differ from all or absent altogether.
other M —M X melts (except for RbBY in that they lack a Previous experimental and theoretical work on metal-
miscibility gap. The miscibility gap is a range of metal:salt insulator transitions in alkali-rich alkali halide clusters fo-
ratio in which the liquid separates into two distinct phasescused on sodium- and potassium-halide clusters, and found
one rich in metal and the other rich in salt. The size of thismetal-nonmetal phase separation to be their dominant char-
gap increases with decreasing alkali size and is especialf§cteristic. Our results suggest that work involving cesium-
large in Na-N&X solutions. For example, separation betweenfICh cesium halide clusters can provide opportunities for
metal-rich and salt-rich phases occurs in NatNelts for studying systems in which excess metal atoms mix into the

metal mole fractions ranging from 1.6 to 98.6. In contrast,overa" structure instead of remaining phase separated. Ex-

there is no metal concentration that results in phase separ@Mination of such mixtures would provide an excellent probe

tion in any Cs-CX solution. These solution study results of the features involved in metal-insulator transitions in finite
were attributed to the fact that the cohesive forces betweeyStemMs:
metal ions decrease with increasing alkali size. For the same
reason, phase segregation between metallic and ionic com-
ponents within clusters is more likely ifiNaX),Na,,~ sys- This work was supported by NSF Grant No. DMR-
tems than in(CsX),,Cs,,~ systems. 9412618.
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