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INTRODUCTION

Little has been known about the structure of microcrystals,
despite extensive theoretical and experimental works. Electron
diffraction observations for clusters above & certain size show
the Bragg reflection peaks, characteristic of the regular lattice of
bulk crystals. Does this mean that such a cluster is simply a micro-
replica of bulk materials? The question could be answered by a detailed
analysis of the reflection intensity, instead of the simple lattice

1) observed the anomaly in some

parameter analysis., PFarges et al.
of the reflection intensities of Ar clusters consisting of 500~1000
atoms, suggesting an amorphous nature of the microcrystal structure.
For very small sizes of clusters (say, £ 500 atoms ), diffraction
patterns become similar to those in bulk liquid, as observed in Ar
clusters.2+3) According to theoretical model calculations.4'6) the
structure of microclusters is different in quality from the bulk lattice
structure and even amorphous for small sizes of aggregates. The
structure and stability of microclusters depend strongly on the size

of aggregates. Microclusters are in a pseudo-st. .dy state and their

structures evolve through a so-called critical size. Such a dynamical
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aspect of the cluster structure is an important clue to understand
phase change phenomena, nucleation kinetics, and catalytic activities
of metal clusters, etc.7)
Thus, our immediate concern is to shed some light on such a cluster
structure by means of molecular beam - electron diffraction. So far
metal clusters have not been studied by this method,e) though thin
film experiments are well known. An advantage of this technique over
the thin film is that clusters can be produced by homogeneous nucleation,
and their diffraction patterns are free from the sample-supporting
material for films. Such supporting materials, being amorphous,
give a diffuse scattering background, by which the measurement of
Feflection peak intensities is sometimes disturbed. A difficulty in
the present method, however, is to prepare the cluster sample with
desired sizes. Supersonic expansions, as successfully used for simple

)}'2'9) are not practical for metals.

gas samples (Ar, Coz,yetc.
Cooling of metal vapor by a cold carrier gas produces easily metal
clusters, but for the sampling of desired sizes of clusters a proper
nozzle must be designed ®r the diffraction experiment. A simple
nozzle for this purpose has been constructed to produce a metal cluster
beamq) This nozzle has enabled us to study the structure of lead metal
clusters, fir the first time, in their free state (gas phase).

Lead has been chosen Dr the following reasons; 1) technical
ease of vaporization; 2) well-known bulk properties which are
useful for the analysis; 3) a simple structure of the bulk crystal
(face-centered cubic: f.c.c.), which is the same as Ar solidj—— Ar
clusters are most extensively studied and standard samples for the

cluster-structure studys; and 4) possible importance of dynamical
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10)
(multiple scattering) effects due to the heavy atoms (Z = 82), being !

different from the case of Ar clusters.

EXPERIMENTAL

The metal-cluster-beam nozzle used in this study is schematically

shown in Fig. 13 a more detailed description of this nozzle will be
reported elsewhere.S) Lead (99.999% purity, purchased from Goldsmith

Chem. & Metal Corp.) was evaporated from an electrically heated tungsten
filament oven (H), and mixed with argon carrier gas at about 0.6 cm
downstream from H. The ambient temperature (T,) around this mixing
region was monitored with a Chromel-Alumel thermocouple (TC), while

the temperature - of metal on the filament was measured by an optical
pyrometer through a small back window (W). No special cooling system
was required for this nozzle assembly because of a small heat capacity
of the filament oven, though the filament temperature was typically

900 ~1000°C. Condensation of metal vepor occurs through an isobaric
cooling by argon carrier gas at the mixing region, where the distance
(1y,) from the heater H.to the first nozzle aperture (Nl) is adjustable
(le6 = 3,6 cm). The condensates further cool by two-stage adiabatic
expansions through N (diams 0.076 cm) and Nz (diam: 0.050 cm) nozzle
apertures. The pressure drop by these free jet expansions was of the
order of 2x10~, The expansions form a well-collimated metal cluster
beam with an angular width of about 5°; at about 50 cm downstream, a
circular shape deposit (c.a. 4.5 cm in diameter) of metal was observed.
In order to change an average size of metal clusters, the distance Ly
argon gas pressure (P,) and the filament temperature (Tp) were

varied. Although no attempt was made to study the nucleation kinetics,
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it was found by some trial-and-error experiments that P, and T were
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effective parameters to control the cluster size.a)

T

The metal cluster beam gerierated by this nozzle was crossed with

an electron beamlo)(with an accelerating voltage of 40 kV and an

Gt T T

electron beam current of 4.6 mwA) at 0.064 cm distant from the nozzle
tip (N2) in the diffraction chamber, where the ambient pressure of
(0.8 — 1,2)x10~? torr was maintained during the experiments., The

metal beam diameter at the point to cross the electron beam was measured
to be 0.056 cm from a size of a trace of metal deposit on a thin Al
plate which was placed at the crossing point. This spread‘of beams
causes only a minor correction to the line broadening of diffraction
patterns. Diffraction patterns of Pb cluster beams were recorded on
Kodak Electron Image plates (3{}’(4") at a nozzle-to-plate distance (L)
of 53 cm without a sector. The magnetic field from the heater current
(D.C. regulated: max. 30Amp) produced on the photographic plate a
deflection of less than 0.2 cm, which was compensated by moving the

beam stop and/or tilting the electron gun unit mechanically. For the
instrumental calibration, diffraction patterns for standard thin metal
films of Al, Au and Pb were also recorded. These provided the camera
constant LA (A = electron wave length) and an estimate of the instrumental
line broadening of Debye-Scherrer rings.

Three typical plates (denoted as A, B and C) were chosen for the
following analysis. The experimental conditions are given in Table 1.
The densitometric traces for these plates are shown in Fig. 2. In
order to convert the photographic density (d) to the relative intensity
(I), the following equation was usod%l
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I = d(l+cd) (1)

,where ¢ = 0.1 for d<2.0. This equation fitted a measured density-

exposure calibration curve.

ANALYSIS AND RESU

I) _Peak Pogitiong and Widths
According to the Bragg condition, the peak position of diffraction

pattern ren by,
83 2%/ dpyq (2)

y,where s = (47w /x)sine (diffraction angle =20), and dp,; is the inter-
planar distance with the Miller indices (hkl). For a f.ce.c. crystal
and a small diffraction angle (in the present case, 9£4.3x10‘2radians),
eq. (2) can be expressed by a radius (r) of the Debye-Scherrer ring

for plane (hkl), the camera constant (LA) and the lattice constant (a).

r/Iae 1/a, . = (h2 & k2 4 12)%/a (3)

Once each ring is indexed by the standard procedure (see Fig. 2),

the measurement of the ring diameter provides the lattice parameter.
The systematic error due to the small angle approximation in eq. (3)
can be sufficiently corrected by the use of r - 31:'3/81.2 (L = 53 cm)
instead of r« This correction becomes important for outer rings: e.g.,
the correction for a (531) ring results in an increase of 0.01 R in
the lattice parameter. The results are summarized in Table 2 for the
three chosen plates A, B and C.
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The width of Bragg peaks provides an estimate of the average
cluster size, as has been used in X-ray powder patterns}z) after
correcting the instrumental broadening, which was estimated by taking
diffraction patterns of standard thin filmss see experimental section.
The broadening due to the cluster beam spread was of negligible im-
porténce. compared to +the above source. For the estimate of the
average cluster size (diameter: D), wellresolved (111) and (220) peaks
were used with assuming the unit shape factor%z) and the results are
given in the lower section of Table 2 for the three plates. The errors
given in the Table were estimated from uncertainties in the instrumental-
broadening correction and in the line-width measurement. The average

size D can alsa be obtained independently from the following peak-
intensity analysis.

II) _Peak Intensity
The relative intensity of Bragg peaks was obtained by subtracting

the background intensity from the experimental curves, which were
calibrated by eq. (1) to the relative 1ﬁtensrﬁas. Smooth background
curves ( base line for the Bragg peaks ) were drawn without ambiguity
for the three plates. In order to examine systematic backgrodnd errors,
if any, due to the instrument, diffraction patterns of pure argoﬁ gas
were taken under experimental conditions similar to those in the metal
sample. No discernible systematic fluctuation or periodicity

was observed, The observed peak intensities I pg, being normalized

to 100 at the (111) peak, are listed in Table 2.

The relative peak intensity, , may be calculated by the

Ibrage
usual kinematical expression for X-ray powder pattorn13) with a small
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angle approximations

: 2 ., g-2M L
IBragg = thkll *Phk1*dhkl e = Ipin-e M (4)

thkll =) fj-exp[2ni(hx; «+ kyj + lzj)] = 4f (5)

yWhere fj is the elastic atomic scattering factor of electroh for
e j‘ch atom with a coordinate (xj,yj.zj) in a unit céll. Phkl is
a multiplicity of the (hkl) reflection with the interplanar distance
dpyye The Debye~-Waller factor e~ M can ve expressed with an isotropic
square mean amplitude (U?) of lattice vibrations: e-2M =.exp(-ﬁ232).
A plot of ln(Iobs/Ikin) vs. 82 should give a straight line with a
negative slope of W2, if eq. (4) holds for the present case. However,
such plots showed a marked deviation from a straight line for low
angle peaks ( s<5 R‘l) and for the 2nd order reflections (400) and
(440). The observed intensities for these peaks are too weak: e.g.,
80% and 50% lower than the kinematical values for the (111) and (400)
peeks, respectively. This is illustrated in Fig. 3 by the curve (5)
in the case of Plate A. The failure of the kinematical theory in
electron diffraction ic to be expected for a microcrystal, specially one
which consists of heavy atoms such as Pb (2 = 82), since the attenuation
(or extinction) of the original electron wave due to interatomic
multiple scatterings (or dynamical interaction effects) is more im-
portant than that of X-ray, because of the stronger interaction between
electrons and atoms.

For the correction of intensities due to the dynamical effects,
the Blackman fornula}" known as the two-beam (the incident and one
diffracted beam) approximation, is commonly used in thin film

!
2
\
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experiments by electron diffractiont?:16,17) It is known that this
theory is only applicable for crystds containing one kind of atom or
else containing only light atoms, and that it is inadequate for the
higher order reflections.

According to the Blackman theory, the dynamical peak intensity
(Igyn)s corresponding to I,;, in eq. (4), is given by

A
Ioyn ™ Ikin(l/A)foJo(Zx)dx (6)

A = (2mg/n’)« [Pyl DX

,where J,(2x) is the zero order Bessel functién. |Fhkl| is the kinematical
structure factor given in eq. (5), D is the thickness ofcrystals (or
the diameter of a cluster), and A is the electron wave length (in the
present case, A\ = 0,061 X),

Plots of 1n(I,pg/Igqyn) vs. 82 were carried out with varying the
size parameter D systematically, since eq. (6) depends on D; typical
plots for Plate A are shown in Fig. 3idenoted as (1) — (4). The
deviation of the low angle reflections from a straight line, observed
in the previous kinematical analysis, was completely corrected in the
case of D =80 £ 5 1 with the use of partial wave elastic scattering
factorsle) for f in eq. (5). The size parameter thus obtained is in
excellant agreement with 821 10 g. estimated from the line widths (
see the previous section). A similar analysis using the Born atomic
scattering factorsle) provided also a straight line, but led to a too
small value in D of 60%5 1 (see (3) in Fig. 3), indicating the im-
portance of correction for intra-atomic multiple scattering effects,

Dl W

which are taken into account in the pirtial wave scattering factors.




'0 = 55 —105°K, eq. (7) gave a rough estimate of the cluster tem-
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As stated earlier, the 2nd order reflections, (400) and (440)
except (222), can not be explained by the two-beam approximation;
see Fig.3. The 3rd order reflections (333) and (600), which coincide
with the first order (511) and (442) reflections, respectively, were

~also too weak. In Fig. 3, the 3rd order reflections were ignored;

when they are included, all points for (511) and (442) in the Figure
should be shifted downward by 0.29 and 0.22, respectively.

Parallel analyses for Plates B and C were carried out using the
partial wave atomic form factor}e) Plots of 1n(Iobs/Ikin) and
ln(Iobs/Idyn) showed a behavior similar to the case of Plate A. The
best straight lines were obtained with D =605 % for Plate B and
D=50%5 i for Plate C, respectively, which are also consistent with
those obtained from the line-width analysis. These plots are shown
in Fig. 4, compared with Plate A (D = 80 i); the 3rd order reflections
are not included.

The slopes, 32. of these plots were determined to be 0.015 R (Plate )
A), 0.017112 (B) and 0.012 12 (C). Within the framework of kinematical
theory for lattice vibration effects, W can be interpreted as mean
(isotropic) square displacements of atoms, and related to the Debye
characteristic temperature @ and the sample temperature T, being

» )
approximated by (0 5,'1‘)];'3 e

R = 3h21/4 WMk @° (1)

;,where h is the Planck constant, M is the atomic mass of Pb, and k
is the Boltzmann constant. The Debye te?perature for bulk Pb crystal in
the literature ranges from 68 to 105°K.2° and for the surface atoms

it has been reported to be 55 £ 10°k, 2% By allowing a range of

A RN 5. - AL AN T 2
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perature: T(Plate A) = 150 * 87°K, T(B) = 170 + 98°K, and T(C) =
120 * 70°K.

Although the observed (first order) Bragg reflections are well
explained by the use of the effective atomic scattering factor based
on the two-beam approximation and the kinematical Debye-Waller factor,
a close examination of scattered experimental points in Fig. 4 shows
systematic fluctuations along the straight lines. The amplitude of
the periodic fluctuations is enhanced as the gize of clusters becomes
smalls in the case of the largest size (Plate A, D = 80 R). such
fluctuations die down into the eperimental rendom noise. This fact
implies that the origin of the fluctuations should arise from size

effects, i.e., the nature of cluster structure, instead of other possible

sources such as multiple scattering effects. The observed fluctuations
of Bragg intensities are analyzed in the following section using a

liquid model, and further discussed in a later section.

III) _Liquid Model

In order to see the fluctuations clearly, the following function

was defineds

R(s) = I°bB/IBragg (8)

sWhere IBragg "Idyn"-Zl with the notations used previously.
R(s) for Plate C, in which the most marked fluctuations were observed,
is plotted in Pig.5; the period of R(s) is about s =2 ﬁ'l. This
slowly varying function of s suggests a superposition of a typical
diffuse scattering as observed in a liquid or gas target.

When the Bragg intensity is superimposed on the diffuse scatter-
ing intensity Ip, due to the disordered atomic configurnfionny the
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R(s) in eq. (8) can be equated by ,

' R(s) =1 + kIp/Ip agg (9)

,where k is ameassure of the "disorderness’! but its physical meaning
is not clear because of the simplicity of model used here; in the
following analysis k is regarded merely as a normalization constant.
I, is the Pourier transform of the atomic pair correlation function
h(r),

I,= fznj'h(r)exp(ii’-g)di’ = £nH(s) ( 10)

,where £ is the effective atomic scattering factor for Pb used in the

calculation of I , and n is a mean number density. H(s) can be

Bragg
expressed by the direct correlation function C(s) in momentum space,
after performing the Fourier transformation of the Ornstein-Zernike

direct correlation function c(r)?a)
H(s) = C(s)/(1 - nC(s)], (11)
C(s) = {c(r)exp(iF-F)dT

In order to evaluate eq. (1l), a simple "liquid model"” with particles
interacting through the hard-sphere potential was employed; for most
metal liquids such a model has been successfully applied to explain
the liquid structure ftctor?” According to Wertheim?4) and Thiele?”
the direct correlation function c(r) for the hard-sphere potential

(sphere diameter 0) is given within the Percus-Yevick approximation26)

by a polynominal,
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-elr) = a+ f(r/o) + V(r/a)> 3
o= (1+2n)2/(1 -t
B= -bn(l + 1/2)2/(1 - n)* r(12)
T=n(1 + 29)2/2(1 - p)4
n=nx a3/6 (packing-density parameter), )

This gives an analytical form to H(s) in eq. (11).

ni(s) = [1 + (24q/x3)(alsinx - a,co8Xx + a;)]'l -1 1

= Js

a) =+ 23+ 47- 24¥/x° : r (13)
a, = (k¢ @ +¥)x - 120/x + a

2, = ~2@/x + 247/x> J

Then, R(s) becomes the following analyttcal equation, using eqs. (9),
(10) and (13).

R(s) =14 (kezm/dﬁkl'Phkl){El + (24n/x3) (aysinx -

a,cosx 4 a;)]'l - l}_ (14)

Using ¢ = 3,15 X. 2M = 0.0128° and 1= 0.45 (a typical value for
most metal liquids)?” eq. (14) was calculated at the Bragg reflection
angles. The results, being normalized to 1.28 (observed value) at
the (111) reflection, are plotted in Pig. 5, in comparison with the
obscrv'od points. The observed piriodicity and relative amplitudes
are well reproduced. Another choice of the magnitudes in ¢ and n *
could give a better fit, but such an optimization was not performed. !




MR T i

DISCUSSION

The lattice parameter is the most direct information of the
bulk structure of microclusters; whenever it is well defined, i.e..
experimentally, the indexing of Bragg reflections is possible (as
in the present case). Diffraction experiments of thin films indicate
that the lattice parameter of microclusters is smaller than that of
bulk materials, and decreases with decreasing cluster size?7'28)
It is quite conceivable that some surface effects are operating in the
size dependence. One of the plausible explanations for the observation
is a thenomenological one to use the concept of the elastic compression
by the surface tension (S). By assuming a spherical cluster with a

diameter (D) and the bulk modulus (k), the shrinkage ( ga) in the
lattice parameter (a) is approximated by,

Aa = -4as/3kD. (15)

Wher we apply this equation to the present case (Pb), for the estimate
of the order of magnitudes, by the use of k =5 x 1011 dyn/cm?, 29)
S % 500 dyn/cn>’ and a = 4.9505 & (of the bulk crystal)?l) the
decreased lattice parameters for D =80, 60 and 40 ﬁ are 4,942, 4,939
and 4.934i,respe.ctively. being compatible with the corresponding observed
values: 4.939, 4,938 and 4.935 K (see Table 2).

Another macroscopic explanation for the present case is due to a
temperature effect. The linear thermal expansion coefficient for Pb
is 27.08x10"6/°c 32) for the range from -183°C to 14°C. The lattice
parameters for Plates A, B and C due to this effect, using the estimated

i
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temperatures §50°K (Plate A), 170°K (B) and 120°K (C)] and the bulk
lattice parameter of 4.9505 A (at 25°C), are 4.931, 4.933 and 4.927 4,
respectivelys also being in reasonable agreement with the observed values.
In contrast wifh the above phenomenological explanations, an
opposit effect due to the surface atoms may be predicted on the lattice
parameter. According to the calculations,33'34) the interplanar spac-
ings adjacent to a planar free surface are larger than equivalent bulk
spacings, and the degree of interplanar expansion diminishes rapidly

with increasing depth below the surface. For instance, in the case of

R b e

o
§0%

Pb, the percentage of increase in spacing normal to the surface plane
between the first and second layers for (001), (110) and (111) surfaces
is calculated to be 5.5, 4.1 and 1.6 %, respectively.34) A LEED ex-

)
periment for nickel (00l1) surfaces supports such a dilation of surfaces?5

R TR

&
&,

For microclusters, however, such a surface expansion as expected in
the surface of bulk materials may not be applied, since in order to
stabilize a microcluster system with a large portion of surface atoms,
the cluster structure could be no longer simply a micro-replica of the
bulk structure, as indeed demonstrated by model calculations.4'5'36)
where an icosahedral structure 1s stabilized relative to the f.c.c.
structure.

Another effect on the change in lattice parameters may arise from
crystal defects. Distortion around point imperfection in simple crystals
has been calculated for a vacancy and for an interstitizl atoms the
shrinkage of the crystal volume due to a vacancy is ostlmntod.37) and
for a f.c.c. crystal the first nearest neighbor distances around a i
vacancy decrease but the second nearest neighbor distances increase, :

and vice versa around an interstitial atom.>®)
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Gongidering the above-mentioned structure change and/or possible
crystal-defect effects, we have toc regard the experimentally determined
lattice parameter for microclusters, even when the indexing of
Bragg reflections fits the case of the perfect crystal, as not only
a convoluted quantity averaged over a size distribution,but also an
”effeétive" quantity. The physical meaning of the lattice parameter
becomes obscure. The closest approach distance (rc), calculated from
the experimental lattice parameter (ae) (for the perfect f.c.c. crystal
P ==ae/2§). is ambiguous, and should no longer be a simple function
of aj. A moreproper physical quantity for r, is defined by the first
peak of the radial distribution function, although so far it has not
been done experimentally. Model calculations by Briant and Burton,6'39)
using the radial distribution functions, show the closest approach
distance increases with decreasing cluster size: opposit to the case
of the experimentally reduced r, from the "effective" lattice parameter.

Therefore. care should be taken for an interpretation of the
effective lattice parameter. It is merely a qualitative measure whether

the microcluster possesses the characteristic of the bulk crystal

structure. For more detailed information concerning the cluster structur:

we must rely on the analysis of the Bragg-peak intensity, as demonstrated
in the present study and further discussed below. A more elaborate
analysis would be a simulation of the whole diffraction intensity
contour, using a cluster structure model based on molecular dynamics
calculations, at the high cost of computation.

The observed periodic deviation of the Bragg-peak intensitics
from the pseudo-kinematical expression have been intorprotod‘in terms
of a partially amorphous structure of clusters. This may be justified
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by considering possible vestiges of liquid cluster structure from the early

stages of formation, followed by a relatively quick adiabatic cooling, and :
large portion of surface atoms which may have many crystal defects
(irregular atomic configurations). Futhermore, according to theoretical

predictions.6'36)

clusters possess liquid-like surface regions but
solid central regions. When the liquid phase is quenched, a disordered
solid having a structure similar to that of liquid is produced.ss)
Mowever, other explanations might be possible for the diffuse scattering.
In the present analysis, multiple scattering corrections were made
by the simple two-beam approximation, and the thermal vibration effects
ware treated within the framework of kinematical theory. As mentioned
before, for the higher order reflections the present two-beam theory
was certainly insufficient. In multiple scattering situations, the
temperature effects are more complicated than the kinematical factor
9‘2“| correlation between displacements on neighboring atoms can enter
into the theory. In addition, for surface layers, enhanced amplitudes
of vibrations (of the order of 50% greater than in the bulk) and their

40) These

anisotropic nature have been predicted in bulk materials.
effects may also introduce a systematic error in the analysis. Purther
effects due to inherent scattering processes, such as inelastic-elastic
scatterings (Kikuchi pattern), polarization, and reflection of electron
waves by the inner potential of the crystal, were not considered in

the present analysis. On the experimental side, a size distribution

of clusters was not known. The deconvolution of the observed intensities
by the size distribution function folded with the selective sampling
effect4l) of electron diffraction was not carried out.

In spite of many unsolved problems, the present interpretation
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seems reasonable (Ockham's razor), and lends experimental support for
the theoretically predicted "liquid-like” solid (coexistence of regular
lattices and random configurations) for microclusters?6) If the present
finding is inherent to a small size of clusters, we could expect such

a characteristic fluctuation of Bragg intensities as shown in Fig. 5

for other systems. It is indeed found in the case of Ar clusters with
500~ 1000 atoms (size: 33~~.42 R diameter, similar to the present

1) They observed the anomaly

case (Plate C)), studied by Farges et al.
in the peaks (111), (400) and (642), suggesting noncrystalline effects
of Ar clusters. Using their observed peak heights and their kinematical
intensities (given in their Table III), the corresponding analysis to
Plate C (Fig. 5) has been made and is shown in Fig. 63 compare this
with Pig. 5. A striking similarity can be observed for both "f.ce.c."
clusters. By use of eq. (14) with o = 3.4 R, n =0.,45, and 2M = 0.021s%,
the characteristic fluctuations observed in the Ar clusters can be well

reproduced, as shown in the upper curve of Pig. 6.
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Table 1. Experimental Conditions for Pb Cluster Beams.

e ———— ———————————————

Plate Tm(°c)a) Ta(°c)b) Pa(torr)c) Lh(cm)d) Exp.(sec)e)
993 19 0.83 3.6 30
1040 150 0.67 2.8 20
c 932 103 0.55 2.8 20

b)

c)

d)

e)

The temperature of the tungsten filament, measufed by an optical
pyrometer: uncertainties of c.a. + 100°C. The electric power
required for these temperatures are 12.~14 Amp and ~ 1 V.

The temperature of the mixing region, measured by a Chromel-Alumel

thermocouple; see Fig. 1.
Argon carrier gas pressure in the mixing region.

The distance between the heater (H) and the first nozzle aperture
(N;) 1 see Fig. 1.
Photegraphic exposure time.
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Table 2. The observed lattice parameters, Bragg-peak intensities,
average cluster sizes and cluster temperatures for Plates

A, B and C.
Plate A Plate B Plate C
0

hkl | a(A) 2 B R O B VT R
111 4,951 100 4,939 100 4,942 100
200 4,938 48 4,944 50 4,95 34
220 4,949 57 4,935 42 4,935 30
311 . 4.940 84 4,933 54 4,938 41
222 4,934 21 4.938 16 4,936 18
400 4,92 5.9 4,93 2.7 4,93 340
331 4.936 32 4.937 19 4,931 1%
420 4,931 29 4,935 19 4,929 13
422 4,932 18 4,942 8.8 4,935 5.6

511,333 | 4.928 13 4,938 5.8 4,934 3.6
;40 1.326 1209 2.322 209 A ST

31 . 3 . .0

442,600 | 4.938 5.1 | 4.938 50 |14:933 3.7
620 ‘0943 501 40937 1-3 Lol e
533 i S
622 4,942 5.9 4.940 1.4

0 bﬂ
Av. a(A) 40939 b 4 0.017 ‘0938 + 0.010 40935 + 0,015 4

0 .¢)

D(A) 82 ¢ 10 60 +£5 40 + 10

() 150 ' 170 120

a; Observed peak intensities, normalized to 100 at the (111) peok.

b) Average of all observed lattice parameters; uncertainties are 2.5
times their standard deviations.

c¢) Average cluster size in diameter, estimated from the line-width
analysiss see text.

d) CIun:::ttcnpcrtturoe. estimated from the Debye-Waller-factor analysis:
gsee .
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Pigure S,
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FIGURE CAPTIONS

Schematic diagram (not to scale) of the nozzle for metal
cluster beams; see text.

Photographic density (0.D.) of the diffraction patterns of
Pb clusters for Plates A, B and C, plotted as a function of
the scattering variable s; Miller indices are given in A,
Logarithmic plots of the ratio of the observed Bragg-peak

intensity I (Plate A) to the calculated intensity I aj..

obs
plotted as a function of g2 (Debye-Waller-factor analysis).

I (==Idyn in eq. (6) of text) was calculated using partial

ca
wavtc(PW) and Born atomic scattering factors with various
size parameter Dy (1) D = 904 (pw): (2) D = 804 (P7) 1 (3)
D= 602 (Born)s (4) D = 602 (PW); and (5) D=0 (PW), equiv-
alent to I
gis).

Plots similar to'Figure 3 (Debye-Waller-factor analysis)

cale = Ikin in eq. (4) of text (kinematical analy-

for Plates A, B and C. Only the best straight line for

each Plate is shovn: for A the same as (2) in PFigure 3, for
BD= 602 (pw), and‘ for CD= 503. (PW), respectively.

The fluctuations R(s) of Bragg-peak intensities (Pb clusters:
Plate C). The lower curve is the observed R(s), defined by

eq. (8), and the upper curve is the calculated R(s) by eq. (14),
based on the "liquid model” described in text. The calculat-
ed points are normalized to 1.28 (the observed value) at (11ll1).
The dotted lines are merely drawn to accentuate thg charac=-

teristics of fluctuations.
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v 5.6k T —

Pigure 6. The fluctuations R(s) of Bragg-peak intensities for Ar
' clusters: plots similar to Figure 6. The observed points
are taken from the Table III of Ref. 13 see text. The calcu-

lated points are normarized to 1.5 (the observed value)
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