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In situ grazing-incidence x-ray-diffraction and electron-microscopic studies of small gold clusters
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Small gold clusters having diameters of 1-3 nm have been studied by using x-ray-diffraction and electron
microscopy. Large amounts of small gold clusters generated by the inert-gas vapor-condensation method were
deposited on a silicon wafer cooled down to 92 K to avoid coalescence growth and grazing-incidence x-ray-
diffraction intensity from the cold cluster deposit was meastumesitu. The diffraction pattern was analyzed
and compared quantitatively with calculated patterns from several structural models considering the observed
size distribution and found to be explainable approximately by a decahedral structure with geometrically closed
shells. Electron-microscopic observations for gold clusters deposited sparsely on an amorphous carbon film at
room temperature were also performed and decahedral multiply-twinned clusters 2—3 nm in diameter were
frequently observed. This result agrees well with the x-ray statistical result, suggesting that the most dominant
structure of small gold clusters prepared under our experimental conditions is the decahedral structure. The
present experiments have demonstrated that an extremely weak x-ray-diffraction signal from such a small
cluster can be measured quantitatively by preparing a cold cluster dejSixi63-182898)02408-4

[. INTRODUCTION intensity with a sufficient signal-to-noise ratio. Furthermore
a narrow size distribution of clusters is required to accom-
Characterization of the unique structures of clusters preplish a quantitative analysis. When one collects many clus-
pared from inorganic or metallic matters is of great impor-ters on a solid substrate at room temperature, small clusters
tance to understand the crystal growth nature and also thieardly pile up, keeping their initial conformations and inte-
physical and chemical properties of clusters. Direct observarior structures due to the spontaneous coalescence among
tion of atomic arrangements in clusters can be achieved bthem. This problem in treating many small clusters, e.g.,
means of high-resolution transmission-electron microscopyold clusters smaller than 5 nm in diameter, has already been
(HRTEM). Icosahedral and decahedral gold clusters withpointed out previously. Matrix-isolation techniques have
fivefold symmetry axes have been discovered in initiallybeen used to collect many small clusters, keeping their initial
grown islands prepared by the vapor deposition on a cleavegbnformation. The influence of the matrix on the structure of
surface of ionic CI’yStalg.z On the other hand, statistical in- meta| Clusters m|ght be neg|ected in the case that they are
formation on the structure of clusters can be provided congrounded by a soft matrix matter formed with van der
veniently by using the electron-diffractidizD) experiment. Waals bonds. Recently extended x-ray-absorption fine-
Over the past decade, the ED method has been applied dig;ctyre(EXAFS) measurements have been carried out for
re_zctly to supersonic expansion beams of metal cluéfé‘rs,_ old clusters isolated in a Mylar film, silver clusters in solid
since the electron beam shows a very strong interaction wit rgon, eté®1 with XRD experiments, however, it will be

atoms. However the quantitative anal_y3|s O.f ED IOattemSdifficult to obtain data reliable enough to be analyzed quan-
from metal clusters cannot be treated in a simple way, be-

cause of the dynamical effects due to multiple scattering optatlv_ely, because the broad patterns from the clgsters are
the electron beam in the matter. Gold clusters of only 1.6 nn%:on&derably perturbed by the intense Bragg reflections from

in diameter gave rise to the effects in diffraction intensitiesthe solid matrlces.. .
The XRD experiments for the clusters requires a cluster

exceeding 25%,and the kinematic theor§Born approxima- - ) -
tion) fails completely for lower angle reflections from crys- assemblage, in which each cluster is stacked and connected,

talline clusterd.8 weakly retaining its original shape and structure. We have

Quantitative determinations of crystal structures haveexpected that such a sample can be produced by cluster
been performed very Convenient|y by means of the X-ray.dEpOSitiOﬂ on a solid substrate cooled down to low tempera-
diffraction (XRD) method, since intensities can be treatedture, e.g., liquid-nitrogen temperature, where clusters are so
perfectly by the kinematic theory. A great number of worksrapidly quenched that they do not coalesce with each other.
have been carried out by recording Debye-Scherrer diffracwWe call this procedure low-temperature cluster deposition
tion rings from powder or polycrystalline samples using the(LTCD). In this paper, we introduce a preparation of a gold
Debye-Scherrer camera or the powder diffractometer. Howeluster deposit on a cold substrate andrasitu XRD mea-
ever, until now there have been only a few cases where thisurement for this deposit. The present experiment has pro-
technique has been utilized for clusters, because accumulgided statistical and quantitative information on the structure
tion of many clusters is necessary to obtain the diffractiorof small gold clusters.
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Il. EXPERIMENTAL AND RESULTS 1.2 T T T T T T
® NIST Si
A. Apparatus O NIST CeO,
To perform the LTCD and thia situ XRD measurement, e . — fitted curve

we have combined an XRD device with cluster formation
and deposition chambers. The details of the apparatus ar.
described in the previous papérCluster formation is car-
ried out by the vapor condensation method using helium gas®
In the formation chamber, vapor is produced from material =
in a graphite crucible heated with induction coils. Clusters
generated in the inner zoteare selected with a skimmer i
and carried with a helium gas stream into the deposition o¢s L i I I I
chamber through a nozzle, which is evacuated by a mechani 20 40 60 g 100 120 140
cal booster pump. Residual clusters generated in the oute. 20 (deg)
tzr?r?)i gahn(; E[EE e:n(rgoe r: cféﬁtifr\/?/itivilceu?]tgzdzlzy 'Ié'lh:ao?t?l; sFt)ruartr(lapi n FIG..l. Closed _and open circles indicate the ratios of _the experi-
the deposition chamber is thermally connected to a quuid_rnental !ntegrated intensities tq the calculated ones for Si a_nq,CeO

. respectively, where the experimental data sets were obtained from

: o NIST standard powder samples using the present GIXRD system.
deposited on the cooled substrate. After deposition, the SUQIn average value of the ratios was normalized into unity for each

strate is moved to a rotation center of an x-ray diffractometef, set. A solid curve was produced by the least-square fitting the
by changing the cryostat position while keeping both theynole data set with a cubic function. It shows a minimum around at
vacuum and the temperature conditions. The grazingzg=90°+ g, indicated by an arrow, where the diffracted beam be-
incidence x-ray-diffractio(GIXRD) method was employed comes maximally wide. This instrumental function was used to cor-

to obtain a weak signal from clusters. A line-focus x-ray rect the diffraction intensities measured by the present GIXRD sys-
beam generated from a Cu anode irradiates to the substraggm.

surface with a fixed grazing-incidence angle of 2° through a

vacuum-tight carbon-fiber window. The diffracted beamgrazing incidencéGl) geometry g, are directly related to
passes through a soller slit and the KCut characteristic line  those caused by the Bragg-Brenta(®B) geometry,|gg,

is selected by a highly oriented pyrolytic graphit¢OPG  jth an angular-dependent absorption factor, which can be
monochromator crystal. Then the beam is detected by a sCiRgritten in first approximation as follows:

tillation counter.

xp)/Ig(cal)
2

e

9 4

o . 3 2siN26—a)
B. Quantitative inspection of the GIXRD system lei=K 55 2t sin20—a) {(20,pt)lgg, 1)
The GIXRD method is widely used to measure diffracted
intensities from thin films. By setting a small incidence % 1 1
angle, the path length of the x rays in a thin film can be 5(2910021_9”{_(_) Pt(sm 2 sinze- a)) ,
increased and a large irradiated area can be covered with the )

help of a line-focus incident beam, resulting in a consider-
able improvement of the signal-to-noise ratio. There havevhere u is the linear absorption coefficiert,the average
been many measurements using this technique, however titlickness,(u/p) the mass absorption coefficient,the den-
diffraction intensity has not been treated quantitatively insity, K a constant coefficient, arlgg the integrated intensity
most cases because the effective area of the monochromafsom the same sample with an infinite thickness under the
usually does not cover the diffracted beam in the whale 2 BB geometry. The terng(26, pt) becomes unity for the bulk
range. The horizontal width of the diffracted beam changegowder sample with>1/u. Calculated integrated intensities
with the scattering anglef@by L, sin(26—a), whereL 5 is  |gg can be derived using the x-ray scattering form facfors
the horizontal length of the irradiated area of the substratbased on self-consistent-field calculations.
surface, andx is the angle of incidenc€°). The width of To check the present GIXRD system, we have measured
the diffracted beam at the sample position reaches a maxdiffraction patterns from the Si and Ce®tandard powders
mum (=L,5) at 20=90°+«. The irradiated area on the sub- (NIST SRM 640b and SRM 674aThe lattice parameter of
strate was estimated to bgl9 x12 (v), which was obtained Si was calculated to be 5.4325 A using the Cohen method,
from an area of the color center produced by x-ray irradiatiorwhich agreed well with the literature value 5.4309 A. The
on a NaCl powder sample placed instead of the substratengular-dependent resolution, i.e., the full width at half
Therefore, the monochromator should have enough horizormaximum (FWHM) of the CuKa; component was better
tal and vertical width to reflect such a widened beam perthan 0.3° in the measured range. The correction for this in-
fectly. strumental broadening to the measured diffraction pattern
We employed a flat HOPG monochromator with a largefrom small gold clusters was not necessary because of the
effective area, 50h) X 25 (v) mm?, which is enough to fairly broadened halo pattern. The ratios of measured inte-
cover the maximum area of the diffracted beam at the monograted intensitied 5 (exp) to calculated onesg(cal) are
chromatic condition of the ClKa line for the graphite plotted in Fig. 1, where an average value of the ratios is
(00-2) reflection. Under the condition in which the whole normalized to unity for each data set. An empirical function
beam can be detected, the integrated intensities caused by ttiawn with a solid line was produced by least-square-fitting
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a cubic function to the whole data set. The function de- 120
creased slightly with increasingé2up to around 90° and (@) n O measurements
increased again for further increase @ Zhis tendency can 100 é\ x_ — log-normal function
be explained as follows: because the diffracted beam widens o
with increasing 2 up to 92°(=90°+«), the soller slit might % 80 Mean diameter = 1.3 nm
not restrict the beam with a constant ratio, and the counting S
efficiency might decrease when the beam moves away from G 60 \
the center of the detector window. The experimental intensi- é
ties can be corrected using this instrumental correction func- 3 401
tion.
20 -
C. Generation of gold clusters 0 * ’V | . .
In order to generate small gold clusters with large flux, it 0 1 2 3 4 5 6
. . . Diameter (nm)
was necessary to optimize the following parameters: the cru-
cible temperature 1), the pressures in the formation and 500
deposition chambefPr and Pp), and the distancel) be- (b) Volume-average
tween the skimmer and the crucible. Gold clusters were de- diameter ~2nm
. . . . 400 4 FWHM ~2nm
posited on a thin amorphous carbon filfaommercially {
available microgrid carbgnat room temperature for a short H
time. They were well dispersed and did not coalesce with % 300+
each other. The average size was measured by observing & } {
their real images with a conventional TEM, where JEOL Z 5004 {
JEM-100CXIlI was employed. By iterating these procedures, t
we could find a suitable condition to generate gold clusters
with a small average size and a flux sufficient to prepare 100 $ “
large amounts of deposit for the XRD measurement. The =
experimental parameters optimized for the generation of 0 -poen T . tocoepecee
small gold clusters werel =1350 °C, Pr=27 hPa, Pp 6o 1+ 2 3 4 5 6

=7 hPa, andD =15 mm. The size distribution was derived Diameter, R (nm)

from TEM pictures using an image-analysis software after g 2. (a) The size distribution derived directly from TEM
loading them into a personal computer through an imag@notographs of gold clusters with an image-analysis technique. An
scanner. Figure(2) shows the size distribution of about 700 arrow indicates the resolution limit of the TEM. A solid line was
gold clusters. The population of clusters smaller than abougroduced by fitting a log-normal function to the data points above
0.5 nm in diameter could not be determined due to the res@.6 nm. The average diameter and the FWHM value of the distri-
lution limit and the strong substrate image. The distributionbution were 1.36 and 1.16 nm, respectively. The geometrical stan-
is well represented with the log-normal function, as plotteddard deviations- was 1.51.(b) The volume-weighted size distribu-
with a solid line in Fig. 2a). This means that the growth tion generated by plotting the product of the populatié{R) and
mechanism is mainly governed by coalescence among clu®®, whereR is the diameter. Both, the average diameter and the
ters. From this curve, the average diameter of clusters andWHM value were about 2 nm. The XRD intensity is reflected
the FEWHM of the distribution were determined to be 1.36from this distribution(mostly 1-3 nm instead of the size distribu-
and 1.16 nm, respectively. The geometrical standard devidion in (a.

tion (o) was 1.51, which falls in a range reported yo micrographs have been taken with a magnification of
previously. _ , . 8x10° and about 100 clusters were examined, using JEOL
The product of the population of clusters at a given diam-3e\.2010 with a point resolution of 0.194 nm. We could see
eterN(R) and the cube of the given diamet is plotted in  that clusters having 2—3 nm in diameter frequently exhibited
Fig. 2b). Both, the average diameter and the FWHM of thisdecahedral multiply-twinned structures. Figufe)3hows an
distribution were around 2 nm. The XRD intensity is propor-image of a five-shelled decahedral gold cluster with about
tional to this volume-weighted size distribution and not t02.5 nm in diameter, which has a fivefold axis nearly parallel
the observed size distribution shown in Figa2 Thus, most to the beam direction. The five corners of the pentagon
of the XRD intensity is reflected from clusters with diam- showed no clear indication of facets. A smaller cluster shown
eters of 1-3 nm. in Fig. 3(b) is a four-shelled decahedron tilting slightly from
the beam direction. This also looks like a regular decahedron
without facets. Instead of these images exhibiting five tetra-
hedral segments clearly, most of the clusters showed com-
Prior to the XRD study, we have performed HRTEM ob- plex images due to tilting of the fivefold axis. Two clusters
servations to see what type of structure is dominant in goldvith larger tilting angles are shown in Figs(cB and 3d).
clusters with 1-3 nm in diameter. Gold clusters were deposThese two clusters are five-shelled regular decahedra without
ited on the amorphous carbon substrate at room temperatuasy clear facet. The tilting angle of the cluster shown in Fig.
under the condition described above. The sample was tran8¢c) was estimated roughly to be about 20° by comparing
ferred to the HRTEM in the normal atmosphere. The elecwith multislice calculation results for tilt series of a gold
tron beam was perpendicular to the substrate surface. Eledecahedrof® and the cluster in Fig. @) was tilted in the

D. HRTEM observation of gold clusters
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much more reliably with the help of statistics, the following
X-ray quantitative measurement for cooled clusters was nec-
essary.

E. In situ GIXRD measurements of gold clusters deposited
on a cooled substrate

LTCD andin situ GIXRD measurements were carried out
for gold clusters that were generated under the same condi-
tions as in the size-distribution measurement as described in
the previous section. A silicon wafer with a dimension of
40 (h)%x25(v)x0.5(t) mm®, whose surface normal is paral-
lel to the[001] direction, was employed as the substrate. It
was etched to remove oxidized layers by using a 3% hydrof-
luoric acid prior to the experiment. A nonreflective crystal-
lographic direction of the substrate for GIXRD measure-
ments was empirically determined, i.e., tfi00] direction
was inclined 20° from the scattering plane. No tail of Bragg
reflections from the silicon single crystal were found in the
background intensity measured at 82 K before the deposi-
tion. Gold clusters were deposited on the cooled substrate for
1 h. The temperature of the substrate increased up to 92 K
due to the helium gas stream. The area where x-ray beam
irradiated was covered homogeneously with the clusters.
Subsequently, the GIXRD measurement was performed at 82

FIG. 3. HRTEM images of gold clusters deposited on an amor
phous carbon film(a) Five-shelled decahedron with a diameter of

about 2.5 nm located with its fivefold axis nearly parallel to the - . . . o
beam direction.(b) Four-shelled decahedron with a diameter of K. Diffraction data was collected withé@ranging from 5° to

about 2 nm slightly tilted upwarddc) Five-shelled decahedron 130° and a step of 0.1°. A measuring time3os per a step
with an upward tilt of about 20° compared ta). (d) Five-shelled &S used and the x-ray generator was operated at 50 kV and

decahedron with a downward tilt opposite (t). 300 mA. Diffraction patterns of the background and the sig-
nal, measured in this way, are drawn with thin and thick lines
o as shown in Fig. &), respectively. A pattern where the
opposite direction. When one tetrahedral face of a decahgsackground was subtracted from the signal, is drawn with a
dron is placed parallel to the substrate surface, the filtingpjck fine in Fig. 4b). Furthermore, the following additional
angle is 35.8°. Such a large tilting gives rise to fairly dis- experiment was done to estimate the contribution to the sig-
torted and complex images with ellipsoidal outer shapes. W@a| intensity caused by contaminating moleculesainly
could not find clusters tilted that much, indicating that mostCQ,) adsorbed on the clusters during the deposition. The
of the decahedral clusters were located with their fivefoldoackground intensity for another substrate at 82 K was mea-
axis tilting with a few ten degrees from the electron-beamsured after helium gas was blown against the cooled sub-
direction. strate fo 1 h under the same pressure conditions. The inten-
The HRTEM images we have observed here did not showgity from the adsorbed impurities is drawn with a thin line in
any patterns expected from the icosahedral multiply-twinnedFig. 4(b). The pure diffraction intensity from gold clusters as
structure, as can, be seen by comparing the multislicegiven in Fig. 4c) was obtained by subtracting the impurity
calculation images for the icosahedral structure along twocomponent.
fold, threefold, and fivefold axe’§.Face-centered-cubic clus-
ters with a single domain or twins have been found 1. ANALYSIS

occasionally. Some clusters showed complex structures. . . . .
y P In this section we describe an analysis of the observed

Strugtgres of gold clusters smaller than 2 nm C_OUId not bE5(RD pattern shown in Fig. (¢). The conventional pattern-
identified, because they often showed dynamic Structurgjying nhrocedures that have often been used to obtain the
fluctuations like amoebas as ljima and Ichihashiave ob- adequate crystal structure cannot be easily used in the
served. The dynamic fluctuation is considered to be of aRyesent case due to the existence of the size distribution.
intrinsic nature due to the quasimelting state at room temgythermore, various analysis techniques commonly used in
perature, however the effect of the electron-beam |rrad|at|0@rysta||ography cannot be app“ed without modifications] be-
on this phenomenon is not yet cledr.? Strong background  cause the structure of clusters is perfectly free from the trans-
images of the amorphous carbon have also prevented us fropttional and orientational symmetry rules. We, therefore, as-
resolving atomic arrangements. sumed several structure models, calculated XRD patterns
To recapitulate, gold clusters having 2—3 nm diametettaking the size distribution into consideration, and finally
showed dominantly decahedral structures. The structure afompared these with the observed pattern.
clusters smaller than 2 nm in diameter, could not be identi- Four types of cluster structures; cuboctahedron, twinned
fied due to both the dynamic structural fluctuation and thecuboctahedron, icosahedron, and decahedron were assumed,
strong background image of the substrate. To reveal the mogthere these models have exact geometrical structures. The
probable structure of gold clusters with 1-3 nm in diameterclosed-shell cluster models with different sizes are formed by



57 IN SITUGRAZING-INCIDENCE X-RAY-DIFFRACTION . .. 4057

2000 | | | | | | 300
(a) 250 | (a)
200
1000 L
150 R,
. o 100, R.
forsl [0 R
w & 1
m tg 50 _d—b
> S
E B 0 1 1 1 1
3 j
g 1000~ 2
o g 250 _ (b)
= z T
2 200
o
£ 04 104 r, 1] [0
1004, Rs
R
1000 L. 50
0 T T T

0o 1 2 3 4 5 86
Diameter (nm})

0 ! T T

T
20 40 60 80 100 120 FIG. 5. (8 A size histogram for cuboctahedra and twinned-
20 (deg) cuboctahedra models with closed shells, which was obtained by
o ] ) reforming the size distribution shown in Fig(a R, indicates the
FIG. 4. (a) The thin line shows the background intensity from giameter of a model witim shells.(b) A size histogram for deca-
the Si substrate at 82 K before the deposition. The thick line showgegra models with closed shelR;, indicates the apparent diameter
the intensity measureid situ at 82 K after deposition of gold clus- of 3 decahedron with shells viewed along the fivefold axis. The
ters on the cold substrate at 92 K for 1(h) The thick line shows  gjze histogram for icosahedra is similar (@, therefore it is not
the difference of the two intensities shown(@. This intensity is  ghown here.

composed of signals from gold clusters and adsorbed impurity mol-
ecules. The thin line shows the contribution of impurity molecules
that were adsorbed on another cold Si substrate while using only
helium gas stream under the same experimental condition¥he
diffraction intensity from gold clusters at 82 K, which was obtained
by subtracting the impurity contribution.

been given by a uniform elastic deformation of a unit tetra-
Redron using the elastic stiffness constants of gold crystals.
The icosahedral structure has two different interatomic dis-
tances: the tangential distance is 2.75% longer and the radial
distance is 2.28% shorter than the bulk one. In the decahe-
building up a shell-wise sequence onto the smallest one. Thdral model there are three different interatomic distances: the
numbers of atoms forming the first six closed shells are 13¢istance along the fivefold axis is 0.527% longer, the dis-
55, 147, 309, 561 and 923 for the cuboctahedron, théance perpendicular to the fivefold axis is 1.09% longer, and
twinned cuboctahedron, and the icosahedron, and 7, 23, 5the third distance is 0.396% shorter than the bulk one.
105, 181, and 287 for the decahedron. The twinned cubocta- Since a large number of clusters were deposited on the
hedron introduced here has(#Hll) twin plane at the center cooled substrate with random orientation, the diffraction in-
of the cuboctahedron, which has been observed in some goténsity can be described as an average of powder patterns
clusters with a diameter of 4 nffl.Although it has been from clusters with different sizes. To simulate a powder pat-
found that some of them contained more than two paralletern that can be compared with the experimental one, the
twin planes?® we have considered only the simplest caseobserved size distribution should be included into the calcu-
because the present cluster sizes were too small to introdudation. The diameters of the cuboctahedral, the twinned cub-
further twinning. A twinned cuboctahedron with three shellsoctahedral, and the icosahedral models witshells are ap-
is built with a(111) stacking sequence &#CBABCA while  proximately 21 times the radial interatomic distance. We
a regular cuboctahedron hABCABCA have reconstructed the size distribution with bins located at
The interatomic distance in gold crystals at 82 K wasdiameters of closed shells as shown in Fig) Jor the cub-
estimated approximately to be 0.288 nm derived from theoctahedral and the twinned cuboctahedral models. The re-
interatomic distance at 293 K and the thermal expansiomonstructed histogram for the icosahedral model was very
coefficient?® This bulk value was used as the interatomicsimilar to Fig. %a), therefore it is not shown here. The simu-
distance in the two model structures of the cuboctahedrotated diffraction intensity was produced by combining the
and the twinned cuboctahedron. For the icosahedron andtensity from each closed-shell structure using the recon-
decahedron, we have employed the models proposed tstructed histogram as a weighting function. The way to re-
In0.2223 The interatomic distances in both structures haveconstruct the size distribution for closed-shell decahedra dif-
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fers from that for the above models. The HRTEM images ofcorrection function as shown in Fig. 1. However there are
gold clusters show that all decahedra are located with theistill two unknown parameters: the mean thicknessid the
fivefold axis nearly perpendicular to the amorphous carbomean density of the cluster sample. Since both parameters
surface. The histogram shown in Fig(a@ therefore, ap- have equal influence on the tet26,pt), we calculated its
proximately shows the size distribution of the pentagons norangular dependence for four different thicknessesl, 10,
mal to the fivefold axis of the decahedron. A pentagon in thel00, and 1000 nm, using a fixed density value of the bulk
smallest decahedron is formed by five atoms with a intergold, p=19.3 g/cni. All results showed a minimum at62
atomic distance which is 1.09% longer than the bulk one=92° and a very small angular dependence féh2tween
The apparent diameter of this pentagon was regarded &9° and 130°, which is the range where most of the signal
twice the distance between a vertex and the center, i.e., 0.24iom the gold clusters falls into. The difference between a
nm. The apparent diameter of the decahedron withells  minimum and a maximum never did exceed 4% even for the
was considered to ben2times this distance. The size distri- thinnest case, where the difference decreased with the thick-
bution in Fig. 2a) was reconstructed using bins located atness. Therefore, we assumé(R6,pt) to be constant. The
the apparent diameters of closed-shell decahedra and yieldé@ttensity curve finally obtained is shown in Fige}, and can
the histogram shown in Fig.(B); the simulated diffraction be directly compared with the simulated ones.
intensity for decahedra was then produced using this histo-
gram as a weighting function.

The XRD intensity for a cluster model with shells was IV. DISCUSSION
calculated quantitatively on the basis of the kinematic theory The simulated diffraction patterns from the crystalline

from the following equation: cluster models, cuboctahedra, and twinned cuboctahedra,
showed distinct Bragg peaks in the low angle region. The

sin(srij) first three reflection lines, 111, 200, 220, can be easily as-
[,(20)=P(20 fi(s)fi(s ' : ' ' y
n(20)=P( )(Z 2 (9)1(9) S signed as shown in Figs(& and 7b), even if the diffraction
5 takes place in extremely small crystals. To the contrary, the
_ Y 2 noncrystalline models, icosahedra and decahedra, produced
X + 3
exr{ 2 ° Z Si(s)>’ ® amorphouslike halo patterns as shown in Figs) @nd 7d).

The experimental pattern in Fig(€] resembles the simu-
where the first and second terms in the braces correspond fgted patterns of the noncrystalline models and is very dif-
coherent and incoherent scatterings, respectively. IN&q. ferent from those of the crystalline ones. Two simulated pat-
P(20) is the polarization factof1+cos(26y)coS(20)/[1  tems of noncrystalline models show high similarity, since
+cos(26y)], 26y the (00-2) Bragg angle of the HOPG decahedral frames are shared in an icosahedron. However,
monochromators the scattering parameter=4m siné/\,  regarding the shape of the first and third halos, the experi-
fi(s) the atomic scattering factor of atomr;; the atomic  mental pattern is more similar to the pattern from the deca-
distance between atoimandj, &; mean-square deviation of hedra model than to that from the icosahedral model. In the
the atomic distancg; due to thermal motions, arf§i(s) the  present HRTEM observations, icosahedral clusters could not
incoherent scattering function of atdmWe have neglected be found, while we have often observed decahedral clusters.
the §;; value in the following calculations, because the ther-The present result of HRTEM observations well agreed with
mal motion of atoms is known to depend on the particlesizethe x-ray result.
and its value for small clusters is unknown. Calculations The HRTEM observations of gold clusters deposited
were done considering two characteristic x-ray lines, Cusparsely on the amorphous carbon film at room temperature
Ka; andKa,, with an intensity ratio of 2 to 1. The calcu- showed that the decahedral clusters oriented their fivefold
lated XRD intensities for four types of cluster models with axes with a few ten degrees from the substrate normal. Alt-
1-6 closed shells are shown in Figga6-6(d). The XRD  enheinet al?* also observed the same feature in their room-
patterns from crystalline clusters such as twinned and nontemperature-deposited gold clusters. We discuss whether
twinned cuboctahedra showed broad peaks located at Braggich a specially preferred orientation of decahedral clusters
angles, which become sharper with increasing cluster sizavas also existent in the cold deposit. If all of the decahedral
while those from icosahedra and decahedra showed broaglusters were located with their fivefold axes parallel to the
halos around the higher angle region even for larger clustesubstrate normal{110 planes of each tetrahedral units
sizes. The simulated XRD patterns were derived using thevould not contribute to the Bragg condition. There are six
following equation: {110 planes in one tetrahedral unit; ofE10; plane is per-

pendicular to the fivefold axis, anothgr10Q plane includes

the fivefold axis, and the other fofit 10 planes are at some

ISim'(Za):; Gnln(20), @) special geometry. The first twfl1G planes cannot reflect
the incident x rays due to the present grazing-incident geom-
whereg, is the reconstructed size histogram shown in Fig.etry. The last fou{110 planes can put their normal axis on
5(a) or 5b), and1,(26) is the calculated intensity from a the scattering plane with~—60° or +60°, but these angles
cluster model withn shells according to Eq3). They are are far from the Bragg condition of 220 for the Gl
displayed in Figs. &-7(d). To enable a quantitative com- radiation. Therefore, such specially preferred orientations
parison between the experimental pattern and the simulateslould drastically change the simulated powder pattern as
ones, the former has to be corrected with the absorption fasshown in Fig. 7d). The simulated intensity for such specially
tor indicated by Eqgs(1) and(2), and with the instrumental preferred orientations cannot be easily obtained due to the
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FIG. 6. Calculated diffraction intensities of closed shellsafcuboctahedrap) twinned cuboctahedrég) icosahedra, an@) decahedra
models. Each pattern is scaled into the highest one with proper magnification indicated in parentheses. The formula used for calculations
given in Eq.(3).

unknown tilting angle distribution of the fivefold axis, how- cates that the interatomic distance in the gold clusters is
ever it would deviate largely from the powder pattern shownshorter than in the bulk crystal. We have confirmed that the
in Fig. 7(d) and would disagree with the experimental pat-third peak position of the simulated pattern shown in Fig.
tern. The origin that the decahedral clusters were deposited(d) could be shifted toward that of the experimental one by
on the cooled substrate with random orientation is probablyeducing the bulk interatomic distance by a few percent. The
due to the presence of impurity molecules adsorbed simultaeduction of the interatomic distance for gold clusters with
neously. At room temperature, it is natural that they lie downthe size of 1-3 nm has been observed to be 1-2.5% by using
their flat bodies on the surface. EXAFS This agrees with our result qualitatively.

We further discuss some disagreement around the higher The second halo of the experimental pattern was broader
angle region between the simulated pattern of decahedr#than that of the simulated one for decahedra. One possible
structures and the experimental one. The third halo of theeason are some imperfections in the decahedral configura-
experimental pattern in Fig.(@ seems to appear at a higher tion. Many researchers have commonly observed inhomoge-
angle than that of the simulated one in Figd)7 This indi-  neous strains in decahedral multiply-twinned partiéed’
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FIG. 8. Simulated diffraction patterns for truncated decahedra
with different(100) truncation areas are represented by usiramd
k, whereh is the number of atoms on the edge joinifig0 and
(111 faces anck is the number of atoms on the edge joining two
(100 neighboring faces. The pattern feke=1 was simulated from
nontruncated decahedra, which is the same as that shown in Fig.
7(d). The simulated patterns fér=2 andk=3 were obtained from
models using these numbers for truncation. A patterrhfek was
r obtained from models with squaf&00) truncated planes.

Intensity (Arb. Units)

(d) Decahedra

[ I I T .
second halo. We can therefore mention that our sample con-

tained decahedral particles whose internal atomic positions
r were displaced from those in the ideal geometric models,
- since the present diffraction pattern provides &lveragein-
: ; | formation about various structural imperfections.
20 40 60 80 100 120 Regarding the previous theoretical wotksve also as-
26 (deg) sumed other types of decahedral structures. These truncated
decahedral structures are known as Ino’s and Marks’ deca-
FIG. 7. Simulated diffraction patterns f¢a) cuboctahedrab) ~ hedra, where the former is simply produced by truncating the
twinned cuboctahedrdc) icosahedra, andd) decahedra models, five sides of decahedron witti00) planes and the latter is
which are produced by Ed4) using the calculated intensities for created by further facetting the five corners of the former
closed shells from Figs.(8)-6(d) and the histograms shown in Fig. with (111) planes. Several families with a different rectangu-
5(@) or 5(b). An experimental pattern corrected by the absorption|ar ratio of the(100) surface have been suggestédracet-
and the instrumental factors is shown(®. ting and truncation make the flat body more spherical and
reduce the surface energy of the simple decahedral structure.
A typical case is the presence of stacking faults running adHere we have simulated three kinds of diffraction patterns
jacent to, and parallel with, the twin boundarf€Such non-  for Ino’s decahedra with different truncation areas. The cal-
uniform deformations reduce the strain energy in tetrahedratulations were done following the same procedure as de-
segments, however, compared with our case, they have besaribed above. The results are summarized in Fig. 8 and
found in much larger particle®—500 nm). In small particles compared with the result for the regular decaheda 1)
(1-3 nm), it seems more plausible that homogeneous relaxshown also in Fig. ¢l). The truncated100 face was repre-
ation takes place. Because only one dislocation along ongented by usingp andk, whereh is the number of atoms on
twin boundary can possibly displace all atoms in such ahe edge joinind100 and(111) faces and is the number of
small system. The presence of inhomogeneous strains likeaoms on the edge joining twd00) neighboring faces. The
dislocation requires a minimum size of the particle. Therefirst and second models had constant valuek-e2 andk
are a few papers that pointed out the existence of imperfec=3, respectively, and these numbers were kept indepen-
tions of atomic positions along some twin boundaries indently of the model size. The third model has been con-
small decahedral gold particlé$3 In our observations as structed by keeping the relation bf=k, i.e., squarg100)
shown in Figs. 8) and 3b), it seems that five twin bound- planes, which exhibited the most spherical form and prob-
aries of these two clusters do not just join into one centrabbly the lowest-energetic structure in Ino’s decahedral struc-
point. However, it is difficult to prove the existence of inho- tures. However as the truncated area increased, modulation
mogeneous strains from these pictures, because the imagé the second halo became larger and gradually deviated
can be drastically modified by even a small tilting angle offrom the experimental pattern shown in Fige)Z Conse-
the fivefold axis according to the multislice calculations of quently, the area of thel00) truncated face, i.e., thHevalue,
TEM images for a gold decahedréhWe have only consid- should be small or nonexistent, and decahedra with square
ered the decahedral structure models with closed shells fqd00 faces should not dominant in our sample. This result
the analysis of the x-ray-diffraction pattern. Open shell strucshows good agreement with the HRTEM results. lijima and
tures, however, should be also involved in the actual depositchihashi have observed a clear Marks’ decahedron with 3
The existence of an incomplete decahedral layer probablgm in diameter in fluctuating structures under the beam
produced an inhomogeneous deformation in the inside layiradiation!’ Kizuka and co-workers have also found it in
ers. This also might be one of the origins of the broadefluctuating structure¥2 Such spherical decahedral structures

(e) Experimental
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seem to appear as one of the stable structures by gaining V. CONCLUSION
thermal energy under the electron-beam irradiation, while
the flat-body decahedral structure has been grown under no

equibrium thermodynamic conditions in a gas phase an rmed both the HRTEM observation for the room-

probably remained as a metastable form. temperature isolated deposit and theitu GIXRD measure-

The pr_esent XRD results revealed that small gold clusterg,ent for the low-temperature-piled deposit. The HRTEM
preferentially form decahedral structures under the presenbsylt showed that the decahedral multiply-twinned struc-
preparation conditions. In general, however, the cluster proyres were frequently observed in clusters with 2-3 nm in
duction tends to result in a uniform mixture of various sortsdiameter, however, the structural identification could hardly
of structures® The differences between the present resultpe accomplished for tiny clustef&—2 nm because of the
and the previous works are considered to be due to oulynamic structural fluctuation and the strong substrate im-
unique production method. In our system, by changing theages. But the observed GIXRD pattern could be analyzed
pressure difference between the two chambers, we can coguantitatively and compared with the simulated diffraction
trol the coalescence growth frequency in free space as deatterns from cuboctahedral, twinned-cuboctahedral, icosa-
scribed in our recent papét.The large pressure difference hedral, decahedral, and truncated-decahedral models with
and the geometry of the skimmer placed just above the cergeometrical closed shells, which were calculated taking the
ter position of the crucible result in inhalation of the helium observed size distribution into consideration. The observed
containing clusters grown from only vapor atoms emittedPattern could not be explained by either of the crystalline
from the center. Under this specific condition the convectivecluster models, but agreed well with the simulated patterns
flow of helium is perfectly restrained and the laminar flow from_the_ decahedral mo_del. The comp_rehenswe conclusion
from under to over the crucible takes place effectively, andeonsidering both results is that the dominant structures of th'e
yielded the small average size of clusters with the fairly narSMall gold clusters prepared under our experimental condi-
row size distribution. The fraction of the decahedral—typet'oTr? tar:ii (;Z%ae?e\/i/jéaL;g:Crgjggftgv(jltgusatrr#ﬁ;utir\z/icle 'mgzgfg'rggi't
clusters was probably (_enhanced by picking up clus_ter%nd analysis of the x-ray Debye-Scherrer pattern from small
formed homogeneously in the small central vapor region

Th lation bet th qucti diti d th old clusters. The observed x-ray signals have mainly come
€ correlation between he production conditions and Mg, gecahedral clusters having 3, 4, and 5 closed shells, and
resulting structures is, therefore, an important subject to b

Bpen shells inbetween, where the numbers of atoms consti-

revealed. tuting these closed shells are 54, 105, and 181, respectively.

About the growth sequence of decahedral clusters, we Cafine “present experiments have demonstrated that an ex-
speculate as follows. Under the present helium pressure cofremely weak XRD signal from such a small cluster can be
dition, very rapid cooling of the vapor takes place, whichreadily measured by preparing the cold cluster deposit using
leads to a homogeneous nucleation. The smallest decahedtak LTCD technique. The XRD results were consistent with
clusters are initially created and survive well in the highly the HRTEM results, suggesting that the original structure in
supersaturated vapor. They grow epitaxially by adsorbinghe gas phase survived even after quenching on the cold sub-
vapor atoms onto their surface while keeping the decahedraitrate. Since the x ray perturbs small clustdrs2 nm much
shape, followed by the further coalescence growing. Howdess than the electron beam, they could retain the initial
ever, it is quite difficult to get a clear picture of how two structure formed in the gas phase. From this point of view,
decahedral clusters can produce a new similarly shaped clue method, LTCE-GIXRD, offers possibilities to study the
ter by coalescence. Nevertheless, it has been observed by 8ifucture of clusters quantitatively and statistically. The
in situ TEM technique that a large decahedral particle coaPresent x-ray technique will be particularly useful for insu-
lesced with another small partic|e and grew into a new parlator clusters such as alkall h:.illdes and metal oxides, since
ticle with a decahedral shapeThe coalescence event in- for thgm HRTEM observation is usually difficult due to the
volves a neck formation followed by diffusion of surface €l€ctrical charge-up effect.
atoms>®3” During this diffusion, an epitaxial process seems
to proceed, resulting in a new large decahedral particle. This
can explain the previously observed fact that gigantic deca- The authors are grateful to Dr. J. Harada of Rigaku Co.
hedral particles larger than 10 nm in diameter could often bé.td. for his fruitful discussion and Professor O. Numata of

_ To identify what type of structure is the most probable for
mall gold clusters with 1-3 nm in diameter, we have per-
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