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Multiple metal-rich ion alkali halide clusters from solid crystals of NaF and Csl have been produced and characterized
for the first time by a newly developed high-pressure laser-vaporization cluster source. The observed positive metal-rich
clusters are Na,Fp,* (n =40, n—m = 1—9) and Cs,1,,* (n =~ 60, n —m = 0—35), which have enhanced intensities at n = 14,
being independent of m, indicating the existence of multiple excess electrons. For negative clusters, Na,F ™ (n= 40,
n—m = —1—10) and Cs,l,,~ (n =60, n—m = —2—3) have been observed. The NaF metal-rich negative clusters show
two types of distinct magic numbers at n —m = 7 ((NaF),,Na; ") and n = 14 (NajsFi3_x~, x = 0—4). The former and
latter magic-number ions suggest the existence of a negative core ion of Na;~ and a cubic 3 x3x 3 structure with multiple
excess electrons, respectively. The present high-pressure laser-vaporization cluster source is suitable to produce these

unstable clusters with a unique stoichiometry.

The structures, electronic properties and size effects of
alkali halide (AX) clusters have been studied for the last
decade.'™ AX clusters have been produced so far by using
such methods as an oven,'? laser vaporization,>’ fast-atom
bombardment,” and the reaction method>**” where metal
vapor reacts with halogen-containing seed gases. The AX
clusters produced by these methods, except for the reaction
method,>*%" have provided known stoichiometrical species,
Na*(NaCl), and C1—(NaCl),, in which the ionic interac-
tion dominates, even in small clusters (n~~4). The posi-
tive and negative charges are localized at metal cations and
halogen anions in the clusters, respectively.'®~"* From the
observed magic-number features,'*'¢ these clusters have
been thought to exhibit a rock-salt structure and is normally
observed in the bulk state, which is supported by several
theoretical studies.'— Recent studies by two-photon ioniza-
tion spectroscopy®’ and ion mobility measurements®® on the
structure of AX clusters have shown, however, the presence
of novel states, such as a color center, trapped electrons on
the surface defects, delocalized electrons on the surface, sur-
face vacancies, and loosely attached metal atoms. These
novel structures of AX clusters are strongly dependent on
those defects incorporated with excess metal atoms.

Metal-rich alkali halide (MR-AX) clusters, such as
Na,4F,," with one excess metal atom, in reference to the nor-
mal type (Metal),(Halide),,* (n—m = 1), have been produced
only by the reaction method.**¢” Multiple MR-AX clus-
ters, (Metal),(Halide),,* (n —m>2), on the other hand, have
not been produced by the normal laser-vaporization method.
Theoretical calculations suggest that MR-AX clusters with
one excess metal atom have F-center like structures with
an excess electron, and that a magic number appears at n =

14 with an assumed 3x3x3 cubic structure.'*Landman
and co-workers have shown that multiple MR-AX clusters
(n —m>3) have multiple vacancies and that the excess elec-
trons are trapped at the vacancies so as to maintain some
stable cubic structures.'" They also reported that the pres-
ence of further excess metal atoms leads to phase separation
between metal clusters and AX clusters.'® Experimentally,
Whetten and coworkers have reported that an MR-AX clus-
ter of Na4F,* with one excess metal atom has a 3x3x3 cu-
bic structure.*'"?' Poncharal and coworkers have produced
neutral multiple MR-AX clusters by reaction methods.® De-
spite these efforts, production and structural studies of MR-
AX ion clusters with multiple excess metal atoms (n —m>3)
have not yet been achieved because of their structural and
electronic instability. Here, we report the first successful
production of MR-AX positive and negative clusters with
multiple excess electrons. The results also indicate that the
negative MR-AX clusters separated into a metal ion cluster
and an AX cluster.''?

Experimental

The details of the cluster beam source have been described
elsewhere.'®1%?2 Briefly, the source consists of a preload pulsed
valve, a main pulsed valve, an evaporation room with an X stage
and holes for a laser and a cluster beam, and a rectangular sample
plate mounted on a Y-Z stage (Fig. 1). A sample (NaF or Csl)
was periodically translated in a zigzag motion by the Y-Z stage so
that laser vaporization could occur in a fresh surface of the sample
plate. A General Valve (Model 9-279-900) and a Jordan Valve
(PSV Pulsed Supersonic Molecular Valve) were used as the preload
valve and the main valve, respectively. A cooling (buffer) gas, typ-
ically He, was introduced into the evaporation room (1—10 Torr, 1
Torr = 133.322 Pa) from the preload valve. This achieved a quasi-
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Fig. 1. A schematic diagram of a high-pressure laser-vapor- ! |

ization cluster beam source. (14,13)
fluxless condition, which was suitable for the production of large l
and annealed clusters as well as ultrafine particles.23 After a suit- ‘ 100 200 300 400 500 600 700
able delay (ca. 700 us from the cooling gas injection), a 532 nm
light pulse from a YAG laser was introduced, which vaporized the Time of Flight / ps
sample surface. The produced clusters grew and were annealed in Fig. 2. (), (b): Mass spectra of positive metal-rich alkali
the cooling gas. The clusters were then ejected into a reflectron halide clusters of Na,Fy, (n—m = 1—4) at 170 K, and

TOF mass spectrometer by supersonic jets of He (10 atm) from the
main pulsed valve.
To optimize the production of MR-AX clusters, the temperature

Csplm, (n —m = 0—5) at 160 K, respectively.

of the evaporation room was varied between 160 and 298 K. The N FI’T
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residence time of the cooling gas in the evaporation room was
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Figure 2 shows the mass spectra of positive cluster ions of x1.6 I Nap Fﬁ_z
NaF and Csl. The observed NaF and CsI clusters are Na,F,,,* _ —”ﬁ ﬂﬂ
(n—m=1—9, n=40) at 190 K and Cs,I,,* (n—m = 0—S5, x2 +
n=60) at 180 K, respectively. The mass spectra show the Jﬂ },ﬁ H NanFn-S
well-known magic-number peaks at (n, m) =(5,4), (14, 13), H
and (23, 22). Figures 2(a) and 2(b) show the presence of
metal-rich clusters adjacent to the conventional alkali halide
clusters. The intensity of the MR-AX clusters decreases
as the metalization sequence increases, whereas it becomes
more prominent as the temperature of the evaporation room
decreases (298—160 K). These results suggest that the MR-
AX clusters are less stable compared with the conventional
clusters. MR-AX clusters have so far been produced only by
gas-phase reactions where the observed maximum number of x6.7 NanFr'.'I'_7
excess metal atoms was two.>*!” The present high-pressure i —I lD i

gas-evaporation cluster source can produce clusters with a

high degree of metalization and clustering. x8 NanFrt-S
Figures 3 and 4 show the intensity distribution of MR- J_]

AX clusters of Na,F,,* and Cs,l,,*, respectively. The mass x8 ﬂﬂ NanF?{.g
5 10 Q &l £¥

spectra were obtained by averaging 1x10>—3x10° shots.
The average number of ions at one peak was estimated to be
102—10*. If the ion intensity follows a Poisson distribution, Number of Na Atoms (n)
Fig. 3. Intensity distribution of NaF metal-rich positive ion
clusters on the number of Na atoms.
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that is, there is no special condition change during the ex-
periment, the standard deviation of the intensity distribution
is less than 1%.2* The deviation (o) is estimated from the
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Fig. 4. Intensity distribution of CsI metal-rich positive ion

clusters on the number of Cs atoms.

average number of ions (C) and the number of shots (N) as
0 = 4/C/N. The base-line noise levels of the spectra are
also within this deviation. The intensities of each species
were obtained from the area of the mass peaks. Most of the
positive MR-AX clusters shows enhanced peaks at n = 14
(filled squares), some of which (such as Naj4Fi,%) can be
regarded as magic numbers. Figure 3 shows less enhanced
peaks at n = 5 and 23.

Negative MR-AX clusters of Na,F,,~ and Cs,I,,~ were
also produced by using the source with more excess metal
atoms (ca. 15) than those of positive MR-AX clusters (ca.
9). Figures 5 and 6 show that the intensity distribution of
Na,F,,~ is strongly dependent on the production condition.
Figure 5 shows the same magic features at n = 14 as those of
positive MR-AX clusters (Fig. 3) in a NaF-rich and Na-poor
condition, whereas Fig. 6 does not show any magic features
at n = 14. The production condition of Fig. 6 is a Na-rich
and NaF-poor condition.

The NaF-rich and Na-poor condition is realized by us-
ing higher laser power and a higher buffer gas temperature
(around 250 K). The Na-rich and NaF-poor condition is
obtained in a lower laser power and a lower buffer gas tem-
perature (below 200 K).

Figure 7 shows the intensity distribution of NaF negative
MR-AX clusters of Fig. 6 with a different stoichiometrical
notation of (NaF),,Na, ~ on the number of excess metal atoms
(n) produced under the same condition as in Fig. 6. The
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Fig. 5. Intensity distribution of NaF metal-rich negative ion

clusters with stoichiometry of Na,,F, _,,~ (m= —1—9)on
the number of Na atoms produced in a NaF-rich Na-poor
condition.

result shows that magic numbers appearatn =7 (3 <m <7),
which shows the existence of stable Na;~ clusters in the
negative MR-AX clusters. However, the magic numbers
at n = 7 disappear when a part of the AX cluster in the
negative MR-AX clusters become larger (m > 8). Under
both conditions, no large pure metal clusters, like Na; ™, are
produced. Negative CsI MR-AX clusters do not show any
distinct magic features on the number of excess metal atoms.

Discussion

The magic-number features at n = 14 of positive multi-
ple MR-AX clusters (Figs. 3 and 4) are the same as those
of the normal AX clusters, which suggest that the normal
AX clusters have the cubic 3x3x3 structure. The present
results reveal that the MR-AX clusters also have the stable
cubic 3x3x3 structure.”? The other magic features atn = 5
and n = 23 can be interpreted as indicating the presence of F-
center cubic structures with 3x3x 1 forn = 5 and 3x3 x5 for
n = 23, which is consistent with formation of F-center type
clusters with multiple excess electrons. At lower tempera-
tures, clusters can attain an enhanced stabilization to form
MR-AX clusters.
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Fig. 6. Intensity distribution of NaF metal-rich negative ion
clusters with stoichiometry of NasF,_pn~ (m = — 1—16)
on the number of Na atoms produced in a Na-rich and NaF-
poor condition.

These structures seem to stem not only from energeti-
cal stability, but also from growth processes of those clus-
ters. Figures 3 and 4 show that the MR-AX clusters ap-
pear from (Na,F)*Na,s and (Cs;1)*Cs, or (Na3F,)*Na, and
(Cs3I,)*Cs,s. These results imply that the onset clusters
are produced by aggregation between the “core” positive
clusters, such as (Na;F)* or (Na3F,)*, and neutral alkali
metal atoms or alkali halide molecules. These “core” clus-
ters are conventional AX clusters, which were reported to
be produced by fragmentation processes.?’ Therefore, the
intensity distributions of these MR-AX clusters depend on
the stability of the “core” clusters. For example, Fig. 4
shows that the most abundant species have the stoichiometry
of (Cssl4)*Cs, or (Cssl3)*Cs,, indicating the presence of
the stable (CssI)* and (CsqI3)* core ions. These produc-
tion models can explain that medium metalization clusters
show less enhanced peaks at n = 14, such as Naj4F4_n*
(m =5—T)or Csj4li4_,* (m = 5). In these cases, the “core”
clusters are Csypls™ or NagF;*. These “core” clusters may
have different properties from larger or smaller “core” clus-
ters, such as Naj3Fi,* or NasF4*, which eventually become
the cubic MR-AX clusters.

The negative NaF MR-AX clusters, on the other hand,
have two types of magic features, depending on the produc-
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Fig. 7. Intensity distribution of NaF metal-rich negative ion

clusters with stoichiometry of Na,(NaF),,~ (m = 0—11)
on the number of excess Na atoms produced in a Na-rich
and NaF-poor condition.

tion conditions: Na,F,,~ atn = 14 in Fig. 5 and (NaF),,Na,, ™
atn =7inFig. 7. Whenthe NaF negative MR-AX clusters are
produced under the NaF-rich and Na-poor condition (Fig. 5),
the magic-number species appear at NajsFj3_, (x = 0—S8).
This stoichiometry is the same as that of the positive MR-AX
clusters, and the presumed structures are the cubic 3x3x3.
Under the NaF-poor and Na-rich condition (Fig. 7), the nega-
tive NaF MR-AX clusters show the magic-number features at
(NaF),,Na, ™ (r = 7). These magic-number features suggest
the presence of a Na; ~ ion core in the clusters. Theoretical®
and experimental® studies have shown that the Na;~ clus-
ter is electronically stable because of the closed electronic
shell structure. The results indicate that these NaF negative
MR-AX clusters produced under the Na-rich and NaF-poor
condition are separated into metal clusters and normal AX
clusters.

The disappearance of the magic-numbers features of
MR-AX clusters having larger AX cluster components
((NaF),Na,~, m > 9) suggests the presence of two distinct
cluster structures. The clusters with m = 9 form (NaF),, ion
cores with individual Na atoms attached to the cluster sur-
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face. Below m = 9, Na metal clusters are formed segregated
from the (NaF),, ion cores. These structures and the pro-
duction mechanisms are consistent with the absence of large
pure metal negative clusters (Figs. 5, 6, and 7). The MR-
AX clusters are not produced from the pure metal clusters
and AX molecules but from negative AX clusters and neutral
metal atoms. The negative AX clusters attract neutral metal
atoms on the surface and the MR-AX clusters are produced.

Such a variety of the structures of the negative ion MR-
AX clusters stem from the smaller binding energies of these
clusters compared to those of positive MR-AX clusters. The
two types of clusters may have almost the same stability
and transform easily into each other. The negative CsI MR-
AX clusters do not show any magic features like those of
the negative NaF MR-AX clusters. This can be interpreted
by the smaller ionic properties of the Csl negative MR-AX
clusters than those of the NaF negative MR-AX clusters and
the Csl positive MR-AX clusters.
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