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ABSTRACT

The existing in-situ TEM facility was improved by adding &
separately pumped mini-specimen chamber, The chamber
containg wire-evaporation sources for three metals and a
specimen heater for moderate substrate temperatures. A
sample introduction device was constructed, installed, and
tested, facilitating rapid introduction of & specimen into
the mini~chamber while maintaining the backaround pressure

in that chamber in the 1@(-9) millibar range.

Small particles and clusters of Pd, grown by deposition
from the vapor phase in an irn-situ TEM facility on
amorphous and crystalline support films of slumina and on
ultra-thin carbon films, were analyzed by conventional
high- resolution TEM and image analysis in terms of
detectability, Ahumber density, and size distribution. The
smallest particles that could be detected and counted
contained no more than & atoms; size determinations could
be made for particles >{ nm in diameter. The influerce of
various oxygen plasma treatments, annesaling treatments, and
of increasing the substrate temperature during deposition

was investigated.



The TEM technique was employed to demorstrate that under
otherwise identical conditions the lattice parameter of Pd
particles in the {-2 nm size range and supported in rahdom
orientatior on ex-situ prepared mica films is exparnded by
some 3% when compared to 3 rm size particles. It is
believed that this exparsion is neither a "small-particle
diffraction effect" nor due to pseudomorphism, but that it
is due to a annealing-induced transformation of the small
as-deposited particles with predominantly composite crystal
structures into larger particles with true f.c.c., structure

and thus inherently smaller lattice parameter,




1. IMPROVEMENT OF IN-SITU TEM FACILITY

The existing in-situ TEM facility, bzsed on a Siemens
Elmigkop {101 transmission electron microscore with a large,
cugtom atainless steel specimen chamber <1{>, was modified
to include z specimen introduction system and 8 minichamber
with improved vacuum at the site of the specimen. Fig.i
shows & true-scale cross-gectional schematic drawing of the
center portion of the regular custom chamber with mini-
chamber and front end of the specimen introduction system,
In this drawing, items (i) to (3) show the bottom of the
exlsting custom stainless steel chamber, the upper pale
piece of the objective lens, ard & vacuum seal between the
two, respectively, Item (4) is the specimen table which
glides on the pole piece (2) upon x-y movement with the
specimen drives which are made of uhv-compatible comporents
and with bellows feedthroughs and are located inside the
éxisting stainless steel chamber (i@). Items (6) and (7)
are lower and upper parts of the minichamber, which is held
within the specimen table (4) with a conical insert (3)
which can be adjusted In z-direction (parallel to the
electron beam). The lower part of the chamber has the
corntours of the bore in the pole piece, but is mounted
without touching it or the arerture body (gee Fig.2), and
corntains a2 602 micron hole for exit ot the electron beam,
The upper part (7) of the minichamber contains a conically

shaped bore which seats the ueper portion (S) of the
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specimen holder. Wher the specimer holder is inserted for
microscopy, as shown in Fig.i, the lower portion of the
specimen holder (1i) rests on the lower inside ledge of the
minichamber. When the specimer is being removed by upward
movement of the specimer holder assembly (5@)/(32), the two
wires (9) engage in piece (11) and 1ift {it. Upward motion
of the specimen holder (30) with (11) is achieved by
lateral motion of rod (54); while this rod is moved to the
left, piece (852), which is connected with pieces (30) and
rod (54) by hirges, glides over the cortour of piece (8)
with the lower hinge point movirng straight upward, This
upward motion firmally turns into a sideward motion after
the lower part (i1) of the specimen holder has cleared the
minichamber. At that time, most of the rod (34) is already
retracted into the tube (31). Further retraction conceals
finally the entire specimern holder in this tube, which can
then be retracted entirely through the airlock (not shown)
to the outside, Part (32) contains a cocaxial hole for the
electron beam, and part (5@) contains a €2@ micron aperture
to reduce the conductarce between the main chamber (at (X
{@(-8) mbar) and the minichamber ({2(-12) mbar pressure
rarige), When the sample is inserted for microscory, parts
(52) and (5@) are disengaged to aveoid vibrations from the
transfer rod to be transmitted to the specimen via direct
coritact with the minichamber. Whern the sample {s removed,
the now created 12 mm OIA hole into the minichamber is

closed with a gravity-operated mini-flapper valve (rot



shown) .

Part (41) shows the pumping line for the minichamber. A
bellows connector isolates the pumping section in terms of
vibrations from the minichamber. In the vertical portion of
part (41) a tustom, pre-calibrated nude ionization gaugse
(not shown) is installed to allow accurate pressure
readings at the site of the specimen. All parts are made of
304 stainless steel, except for part (i{1) which is made of
tantalum. Baking of the minichamber is achieved by

fa) the filament of the ionization gauge;

(b) operating (underheated) a titanium sublimator pump
mounted at the right side of the bellows at part (41);

(c) and operating Underheated simultaneously all three wire
source evaporators mournted in the space below the top plate

of the minichamber (7).

At present, a vacuum at the site of the specimen of
2%10(-9) mbar has beer obtained with a LN2-trapped oil
diffusion pump cperated with Santovac § fluid., Calculations
indicate that a vacuum in the mid (-1@) range should be
obtained with a well baked pump. Indications are that the
present limitations are due to the pump; and arrangements
are underway to replace the diffusion pump with an ion

puUmpe.

Operations of the microscope have shown that the base image



resolution of the original in-situ TEM facility has not
beer affected by the introduction of the mini- chamber and
the sample introductior svstem, The x~y lateral movement of
the specimen, severely restricted by the small size of the
apertures in parts (&) and (3@), seems nevertheless

sufficient for most practical applications.



IN-SITU TEM EVIDENCE OF LATTICE EXPANSION OF VERY SMALL
PALLADIUM PARTICLES ON SINGLE CRYSTAL SUBSTRATES

Small clusters of palladium (i{-2 nm size range) were
deposited at room temperature inside a controlled-vacuum
specimen chamber (16(-8) millibar backgrournd pressure) onto
muscovite mica substrate surfaces, After electron micro-
graphs and diffraction patterns of the randomly orierited
deposit had beern taken under conditions minimizing electron
beam exposure, small sample areas were flash-heated with
the electror beam to induce particle coalescence to some 3
nm mean particle size. Photorlates containing diffraction
patterns, taker at the same specimer arezs before and after
particle sintering under otherwise identical conditions,
were analyzed by photo-densitometry, using corresponding
mica reflections as relative internal standards. Assuming
that the Pd lattice parameter of particles in the 5 rm size
range is that of bulk palladium, the lattice parameter of
particles in the {.5 nm mean size range is increased by
(2.9 4- ©.3)%. The results were discussed in the light of
recent findinags of a significant lattice parameter ircrease
of small Pd particles epitaxially grown on MO <2> and of
electron diffraction calculations of very small metal
aggregates <3>. It was determined that the observed lattice
expansion is not due to pseudomorphism, which was the
predominant mechanism in ref., <{2>», and "apparent" lattice

expansion (3> has been ruled out by careful cheoice of the



particle sizes involved, It is, instead, believed that the
lattice expansion is primarily due to a transformation of
the {.5 nm as-derosited Pd particles with predominantly
composite crystal structure <4, S, 67 into larger particles
with true f.c.c, structure ard with inherently smaller

lattice parameter <4-.

A preprint of & parer submitted for publication covering
these results (B> is attached as AFPENDIX | to this report.
Reference <3», which has also been éubmitted for
publication withir the present grant-vear, is included as

APPENDIX 2,



PREPARATION AND ANALYSIS OF PARTICULATE METAL DEPOSITS

Small particles and clusters of Pd were grown by deposition
from the vapor phase under uhv conditions, Amorphous and
crystalline support films of alumirna and ultra-thin
amorphous carbor films were used as substrate materials.
The growth of the metal deposit was monitored irn-situ by
scanning transmission diffraction of energy-filtered {09
keV electrons and high-resolution TEM aralysis performed in
& separate instrument, It was established, however, by
in-situ TEM that the transfer of specimens in this case did
not unduly affect the size and distribution of the depozit
particles, as had earlier been found for the case of Pd/Mg0

in-situ depositions <7>.

It was found that the cleanliness, stoicheometry,
crystallinity, and structural perfection of the support
surface play an essential role {n determining the
crystalline perfection and structure of the particles. For
example, Pd/alumina deposits could be greatly affected by
prior exposure of the substrate film to an oxygen plasma
which presumably oxidized the alumina substrate to perfect
stoicheometry., In that case, fine Pd deposits arpeared
indeperdent of the crystal structure of the alumina support
(amorphous, gamma/delta, or alpha). On not treated alpha
alumina surfaces, the deposit particles were much smaller

and exhibited & higher number density. In spite of the



oxyvger plasma treatment, Pd deposits or carbor films were
quite different (higher rnumber densities, higher sticking

coefficient) from those on alumina substrates.

Thé smallest clusters reproducibly prepared contained ro
more than 6 aztoms; but size determinations below { nm
average particle diameter are very problemzatic with
conventional TEM, Pd particles grown on carborn supports

feature a (probably) impurity-stabilized meosaic structure.

A preprint of a paper on this subject <3, submitted for

publication, is attached as AFPENDIX 3 to this report.
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FAPPENDIX 1

IN-SITU TEM EVIDENCE OF LATTICE EXFPANSION OF VERY SMALL
SUPPORTED PALLADIUM PARTICLES

K. Heirmemarnnx and H. Porra

Starnford/NASA Joint Institute for Surface and Microstructure
Researchs, Moffett Fieldy» CA 924035
x Eloret Instituter 1178 Maraschirmo Driver Sunnusvales CA 924087,

UOSOAO

AESTRACT

A directy in-situ TEM techniaue was emrlowed to demonstrate that
under otherwise identical conditions the lattice rarameter of
ralladium rarticles in the 1-2 rm size rance (surrorted in random
orientation orn ex~-situ prerared muscovite mica) is exranded bw (2.9
+ 0.2)% when comrared to rarticles of 5 nm mean size in which case
the lattice rarameter is believed to have reacﬁed the bulk value.
The exransion is rnot due to pseudomorrhism and is considered to
only secondarils be 3 size effect. It is instesd believed to be
primarily due to 3 transformation of the 1.5 nm as-derosited Fd
rarticles with rredomirnantls comrosite crustal structures into
larcer rarticles with true f.c.c. structure and with inherently

smaller lattice rarameter.



INTRODUCTION

The increased interest in structure-sensitive catalusts has
revitalized research efforts on the structure of vers small
Farticles. The smaller the rarticlessr the more difficult the task
of determinine such vital characteristics as the crustal structures
morrholocyr and lattice rarameters becsuse most of the methods used
to determine these rarameters are based on scatterine of X-raus or
electronssy which becomes increasingluy difficult to detect and
assess with decressine rarticle size. Whereas for rarticles larcer
tharn about 3 rm excellent high-resolution TEM methods exists such
8g direct imacine of lattice rlanes (e.c.» (1y 2)) and various
methods of dark field imaecincg (e.c.» (2-5))s with which shapg;
structurer and morrholoece of small particles can be determineds
comrarativels veru little has been rublished on rarticles less than

1.5 nm in size.

In the size rance ur to 1.5 nmy the ratio of surface- to bulk
coordinated atoms im the clusters is vers hichr which often Gives
rise to dramaticallu different catalutic behavior of such smzll
rarticles comrared to bulk materisl, and which can alter the
crustal structure and the lattice rarameter of these rarticles. It
hass for examrler been sueccested that the initial srowth of f.c.c.
crustals occurs as multirly twinned rarticles (MTP's) (6-7)r and
earlier work in our lshoratory has resulted in evidence that the
crustal structure of twirned rarticles is (sliechtlw) different from

f.c.Ces €¢G6.r bodu—-centered orthorhombic for decshedrsl rarticles



and rhombohedral for icosshedral rarticles (8y 5). This in turn
imrlies that the "lattice rarameters»® if deduced from low-order
diffraction rirmncs that asre indexed a3s if the structure were f.c.c.y
is alsoc different from the bulk materisl. For the case of
decahedrzl and icnsahedral rparticless a reduction of the rachkine
dersitzr when comersred to the f.c.c. rackine densituss bw 2.28%Z and
7.06% has been cslculated (8)s resrectivelysy Gcivirne rise to a
commensurate "lattice exransion®’ for these MTP's. Other
investicators have also rerorted lasttice rarameter chances of small
rarticlesy and 8 broad srectrum of resultss from moderate lattice
contractiorn to substantial exransion has been rerorted for various

metal/ substrate sustems and exrerimentsal conditiorns (9 - 18).

We have recerntly rublished findines of lattice exransion for small
rarticles of ralladium derosited irn-situ under controlled vacuum
conditions onto McO (19). This exransion ranced from 2-4% for the
smallest detected rarticless which were in the 1 to 1.3 rm size
rancer and Anton and Porra (17) rerorted exransion of small Pd
rarticles derosited a3t elevated temreratures onto carbons micasr and
alumina substrates. MWhereas most of this earlier work involved a3
hich decree of eritasxw (19), where rseuvdomorrhism as mador
exrlanation for the lattice exramsion could not be excluded (or
other auestionss such a8s imrurity stabilized comrosite crustalsy
were left unanswered)r no exreriment has been rerorted where the
lattice rarameter of small rarticles was determined in-situ at the
same substrate aress» before amd after manurulation of the size of

the rarticles such as by local e-beam heatime induced sinterineg of



small into larecer rarticles. It is the subdect of the rresent
rarer to further auantifs the rhenomernorn of lattice exransion of
small metal rarticles bw emrlowine such 3 techniaue that ortimally
excludes any ambiGcuities stemmine from different treatment of the

evaluated samrles.



EXPERIMENTAL AND RESULTS

Palladium was derosited from 3 wire source installed in a3 custom
stainless-steel srecimen chamber fitted to =z Siemens Elmishkor 101
TEM converted for inm-situ exrerimentastior (19, 20). A total
nominal thickness of 0.5 nm of ralladium was derosited at 3 rate of
0.2 rm/min (Bssumine unity stickine coefficient) at room
temrerature onto muscovite wmica srecimens rrerared ex-situ by
thermally induced cleavace from 2 bulk mica samrle (21). Durine
derosition and the subsecuent coalescerce treatment, the backeround
rressure was maintained below 2*10‘8'mbar. After takine
micrograrhs and selected-area diffraction ratterns of the
as~rrerared derosit (Fic.13)s the imaced srecimen area uwas exrosed
to 2 mild flash-electron beam to induce short local heatine and
concomitant rarticle coslescence, Microscory a3t the same reference
area (Fiec.1lb) 35 well as at other areas that had rnot been affected
by the flash heatine was then resumed, In addition to a sharrenine
of the diffraction liness commensurate with the larcer crustasllite
size (5 m after flash heatine vs. 1.5 nm before) due to less
Scherrer- broadenine (22y 23)y mirnor texturine of the oricinazllw
comrletelwy rarndom derosit was notedr similar to earlier findines
for cold on zlrha-zluminz where thermally induced eritaxy of
orignally rarndomly oriented derosit rarticles was rerorted (24).
Further exreriments chechked bz TEM and TED at the same reference
aress included annealine ur to 250 C and exrosure to hudrocen and
CO st 250 C for 10 min st 5x10 "> mbar partisl eressure of the

resrective Ggas. Neither of these latter treatments had 3 rnotable



effect o the TEM or TED resultss i.e.» onn the shares number
densituy locstiony and decree of eritaxw of the rarticlesy and we
therefore show onls the final status of the refererice srecimers aresa

in Fic.l1lc.

The diffraction ratterns were evaluazted by light ortical
densitometry, Usine the Pd (111) reflections of the S rm rarticles
as 3 standards i.e.s assumine that these reflections corresrond to
the bulk 1lattice rarameter of 0.38893 nm for ralladium (i.e.» d(Pd
111)=0.2246 rm) sy we determined the d-sracine for a characteristic
rair of mica reflections contained in the same densitometer trace
(Fie+.2y curve As 0.1266 nm). He then used this sracinc as s
calibration standard for the densitometer trace of the SAD taken
before rarticle coaslescence had been induced (Fic.2sy curve B) and
determirned the ralladium d-sracines asccordincluy. Utmost care was
used to alwaus scan rairs of SAD ratterns in the same directions in
order to eliminate anw errors stemmine from substrate film bendire.
The results indicate s consistent 2.9% increase of the lattice
rarameter of the 1.5 nm Pd-rarticles. The error marcin in the
determination of the lattice rarameters was 0.2X. The exrosure of
the 5 nm Pd rarticles to hudrocen at elevated temrerature did riot
affect the lattice rarameter» which suacests that the rarticles had
rnot beén rotably oxidized. Howevers the exrosure to €O did slightly
exrand the lattice of the S nm rarticles. (Whereas all other
lattice exransior rerorted here occurred uniformr the exransion due
to CO exrosure was non-uniform! it was found to be 0.8% for 111

rlaresr 0.6% for 100 planesr and within the error marein no



exransion was found for 110 rlares.)

DISCUSSION

The findine of 2.9X exransion of the lattice of small Pd rarticles
seems oualitativelu in aereement with our earlier results orn McO
(19) as well as with Anton and Porra's results (17), Turkevich et
al. (18) rerort a3 lattice rarameter increasse averaseine 1.5% over
the bulk rarameter for Pd rresumably surrorted on carbon. Their
corclusion is based on TEM lattice imasces of Pd rarticles uruwards
of 2 rm in size. Thes rerort that the lsttice rarameters measured
for Pd varied substantially with rarticle sizer and thew found rno
lattice exransion in similar exreriments with Pt rarticles.
Takauanaci et al. (9) presented a3 microcrarh of Pd islands
derosited at 350 C on MO showine moire frinees. Thes measured the
moire frirGce sracines to be 2.9 rm and suceest that thew are of the
200 ture, Under these assumrtionss their islands would have the
bulk Pd lattice rarameter. Howevers considerinc the <100> direction
indicated in their ficure (Fic.7 of (9)) and the eritaxial
relstions Pd<100>//Mc0<100> and Pd(100)//Mc0(100) (9+19)s the
direction of the moire frinces sucecests that thes are of the 220
turer instead. In this casey a3 2.2% exransion would resuvlt. This
result is actuazlly urexrecteds because it refers to auite larce
rarticles (5 - 10 nm size rance)s well within the size rance where

for the rresent case of randomls oriented Pd particles orn mics we



are slreadw assumine the bulk lattice rarameter. We therefore ternd
to exrlain their result as due to rseudomorrhismsy which is
consistent with our earlier interrretastion of our own results for
Pd/#Mc0 (19). Thiss in turns renders our rresent results riot
confirmed bs» but rather serarate from these earlier results (19,
?)s necessitatine am exrlanation different from Pseuaomorphism ir

this case.

Our rresent results contrast with earlier results obtained in our
laboratory for the case of Gcold orn micar where evaluation of (i)
the imaced subsirate lattice rlanesy (iidthe directions and
sracines of (rotational) Au/mica moiré frincess and (iii) the
ancles between rarticle and substrate directions determirned bw the
rarticle contours and the direction of the imsced lattice rlaness
led to the conciusion that the lsttice rarameter of the Gold
derosit was actuallws contracted (buy about 1%, decreasimc for
ircreasineg rarticle size) when comrared to the bulk rarameter of
Gold. This result was averasced from 3 number of microerarhs such
as Fie.é in (25)., It was obtained in srite of the circumstarnce
that (i) the Gold rarticles were considerablu larcer (10 - 50 nm)
tharn the Pd rparticles irn the rresent casesr and that (ii) the
substrate lattice rarameter was actually 1arcers, which means that
the lattice misfit actuallu increassed rather thar decreased in that
case. Maus et al. (11) found similar shrinkace for cold on carbon.
BEoswell (12) earlier measured lattice shrinkace of aslmost 2% in
cold particles of some 2 rm in diameter. The results were

exrlained in terms of surface stresssy which is increased for small



rarticles due to the hich surface-~ to- volume ratio. Palmberc and
Rhodir (26) refined this exrlanation in terms of enharced surface
valency, The findines for cold are further comrlemented by an
evaluation of earlier TED and TEM results obtaired in our
laboratory for eold on sarrhires, where arn originally fullw randon
derosit was eritaxialls realiered (24) bw local electron beam
heatine similar to the method used in the rresent rerort (see
Fic.3). Densitometrus of the SAD ratterns of that exreriment uwields
3 modest lattice contraction of 0.6% in well textured recions
(Fic.3b) thst had exrerienced moderate flash hesatinc temreratures
(stace d of Fic.2 irn ref.(24)) and ur to 0.95% in those recions
that had been exrosed to relatively hich flash heatine temreratures
and showed rerfect eritary (Fic.3c). Contrary to the rresent
resultsy eritaxial realierment occurred in that case without
substantial increase of the mean rarticle dimensior (of asbout 7
rm). The lattice contraction cans therefores in that case riot be
exrlained as a8 rarticle size effect., Insteads it could be
atiributed either to rseuwvdomorrhic influerice or to the circumstarce
that 8 hieh fraction of the as-derosited rarticles were comrosite
crustalss includine icosahedras in which case the 220-1like
reflections would have been exrected to arrear at a smaller
 diameter in the SAD ratterns (27, 8) and would thus have simulated
an exranded lattice of the 110 rlanes that were used for this
measurement. The results show indeed that durine the rrocess of
thermalls induced eritaxw (24)y the maJdorits of the rarticles
auto-sintered into sincle crustal rarticless now havine true f.c.c.

structure. This can be deduced from the much larecer rnumber of



rarticles showinc uniform diffractiorn contrast within the entire
rarticle outline (Fic.3b a3nd c)s rather tharn the "fracmented"
diffraction contrast (Fic.38) which is characteristic for comrosite
rarticles (includinc decahedrsal and icosahedral rarticles) (5, 8y
28). Hencer the 1lattice has asrreared shrurnk. Althoueh the first
of these two rossible exrlanations (rseudomorrhism) for the
observed lattice "shrinkace" in the exreriment of ref. (24) does
conform with the AuL(111)//X-3lumira(1102) eritaxial orientation
(Au<110>//6-3lumina<1012>) that had beern inducedr we lend more
credence to the 1latter exrlanastion that involves the transformation

of comrosite rarticles inmto f.c.c. rarticles.

The combined findines for cold and ralladium ors various
substrates indicate ther the followirne two basic mechanisms bu
which the lattice rarameter of smally clean rarticles can be
influerced! (i) a8 rseudomorrhic influence that is described bs an
interaction betweer the metal and the surrort and mass if the
misfit is recative (metal lattice smaller than surrort lattice)
lead to an exransiony and (ii) an influence of the hieh
surface—-to-volume ratio of the rarticlesr cenerslly leadine to
contraction. To these one can add two more factors that can lead to
an arrarent chance of the lattice rarameter?! (iii) 3
crustalloerarhic effectsr such a3s 38 chanece from icosahedral (or
otherwise polshedral or comrosite) structure to f.c.c. crustsl
structure durine rarticle erowths which would arrear to indicate 3
larcer lattice rarameter for the small rarticles (8)y arnd (iv) an

rure diffraction effect (riot further discussed here)s where the



multirlicationn of 8 Scherrer~ broadened scatterine rattern (with
reaks at the exact Brace rositions) with the raridly decreasine
atomic scatterine fumnction (resultineg in the exrerimentally
observed diffraction intensity rattern) leads to the arrearance of
a8 lattice exransion (29), Mechsanism (i) is likelw to exrlain
lattice exransion results for Pd/McO (19y 95 17), for which sustem
the metal/surrort interaction is kriown to be considersble (30) and
maw include oxuseer bridees betweerr the metal atoms in the substrate
arnd the particles (31), This is unlikelyy howevers if the rarticles
are rositioned in a8 random orierntation on the substrate. The
results for Gold orn micar as rerorted here in condunctiorn with owur
earlier work (25)y are most likels exrlained with mechanism (1i).
Howevery» The rresent results for Pd/mica seem to not fall in either
of these catecories! abserice of eritaxy for the as—-derosited
rarticles rules out (i)y and the observation of lattice exransion
instead of contraction is in cerneral conflict with (ii). Omn the
other hands mechanism (iv) is a2lso ruled ouvutr» because the mean
rarticle size (1.5 rm) is in the recion where the arrarent chance
in lsttice rarameter (29) is imherentls small. If no other chemical
effects have influericed the rarticles (the hudrocen exrosure
exreriment has rendered unlikels an influernce bu residual oMueen)s
we submit mechanism (iii) as the most rrobable exrlanation for the
lattice exransion observed for 1.5 nm Pd particles essentially
rarndomly oriented on (rossibly rot clean) mica. Althouch we have:
due to the small size of the rarticless no TEM proof of the
comrosite (including icosahedral) crustal structure of the 1.5 nm

Pd rarticlesy the 5 mm Pd rarticles certainly do riot look multirly



twinrned (Fic.1b)» arnd the result obtained for Au/x~alumina uron
flash hestine (Fic.3)s althouch obtairned for considerablu larcer
rarticless can be used to Frove the validits of the rrocess of a
transformation from comrosite (includine icosahedral) to f.c.c.
crustal structure in eerneral. Mechanism (iii) would also exrlain.
the lattice exrarsion observed bw Anton and Porra (17) for Pd/C and
Pd/micay and it is interestine to rnote that a8 "hich decree of
disorder" bu strone broadenine of the diffraction lirnes was found
in that work» even for °"nearlw conmtinruous' Pd films. These
discontinuities of mosiac-like rarticle morrholocies (32) could
well be acclomerizations of very small multirlw twinned rarticles
with lattice rarameters that, if exrressed in f.c.c. terminoloasrs

are exranded (8).



CONCLUSIONS

The lattice rarameter of 1.5 rm Pd rarticless derosited in random
orientation on micar is exranded by (2.9 + 0.2)%. Out of several
rossible mechanismsy this result was exrlazined 3s most likelw due
to 8 transformation from comrosite particless includine those
havine an icosahedral crustal structure (59 8y 27y 28)y believed to
havine been the rrevailine structure of the as-derosited Pd
rarticles (31)» into the bulk f.c.c. crustal structure durine locsl
e-beam arnneslinc» the former havine an exranded lattice (bu about
%) when comrared to the latter (8). The validituy of such a
transformation with corncomitant arrarent lattice rarameter
shrinkasce was demonstrated for the examrle Au/ -3lumina. Because
of the lack of eritaxy (most likels due to the low decree of
cleanliness of the mica surrort)s» rsevdomorrphism is unlikelw to
exrlain the rresent Pd/mica results? and phusical effects due to
the high surface-to-volume ratio irn small rarticles would exrlain
lattice contraction and could also be ruled outs therefore. The
Pd/mics lattice exransion could 2lso not be exrlaired on the basis

of arn "arrarent® lattice rparsmeter increase exrected for very small

rarticles (29).

We conducted in-situ eas exrosure tests showine that backeround
Frressure oxuscen exposure of the Pd/mica rarticles had riot affected
the lattice rarameter results. Howevers» other comntaminants cannot
be entirely ruled out as havine influenced these resuvltsy

considering the circumstance that our in-situ exrperiments were
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FIGURE

Fic.1.

Fic.2.

Fic.3.

CAPTIONS

Pd/micss in-situ derosited at RT and 2x10 “mbary
same srecimen area’ lefti! as derosited:

center! after e-beam flash-heatirne to obtain
rarticle coalescerced richt! after HZ and subsecuent
5

CO treatments each for 15 min at 250 C and 5x10

mbar.

Dernsitometer traces for Pd/mica with S rm and 1.5 rm
mean particle size (curves A arnd By corresrondine to

Fic.1lb and a8+ resrectivelw).

Au/ X -z3luminar in—-situ derosited a3t 650 C and e-beanm
flash-hezated (24)» showinGg arn area 10‘pm (left)s 6
Mo (center)r and ann(rieht) awaw from the center

of the flash-heated zone.



limited to 2x10 mbar backeround rressure and that the exx-situ
rrerared mica surfaces vused in these e»xreriments micht be carbon

covered.,
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SUMMARY

-

Diffraction irnterisity ratterrns were calculéied fér nariometer—-sizer
rerfectlye structured fece rarticles in various orientations and
sharesy usinc the kirmematical theory of electrorn diffraction and
bulk interatomic distamces. For rerfectlys eritaxially aliened
articlesyr 3 shift of the diffractiorn reak rositions toward lower
k-values (k =sinévk) was fTound. This shift increases with
decreasinGg rarticle size and is exrlairned by the multirlication of
3 Scherrer—-broaderned internsite rezk 3t rerfect EBrsece—rosition with
3 raricly decreasine stomic scatterinme furction. It erroneously
cives the imrression of a3 lattice exs3nsion. If the rarticle
orientation is textured or randoms 3 similar rarticle
size-derendent arrarent chanee in lattice rsrameter emists. It iss
howevers in this case in rart slso due to the surerrosition of the
Scherrer—-broasdened 111 sngd 200 diffrasction rinGgs. The two effects
combined cive the imrression of & lattice emrsnsion if the rwmber
of atoms in the rarticles is less thasn 20 or lareer than 70y arnd of
3 slicht lattice contrasction (£1%Z) if the clusters comsist of 25 to
S0 stoms. It wasy furthermorers shown thst the electromn scastterirne

ratterrn is 3lso influernced bw the morsholocy of the seerecstes.

The results succest that extreme care must be uvsed in the
interrretstiorn of electironrn diffrsction ratterns of very smsll
~articles. What mas seem to be 3 charce i the lsttice rsrsmeter

’

of the =articdles mavw in fact ornlw be a3 diffraction effects, arnd
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comruter simulationn of diffraction at model rarticles mau be

. recuired for 3 more unambicuous determination of the lzttice

raramneter. -~



INTRODUCTION

The characterization of the ecrustzllosrarhic structure and
morrholoey of small particles (£ 2Zrm) is di}ficult. ! TEM imacineg
technicues cive information onlu on {he rrodected size of the
rarticles andsy due to Scherrer-broadeninc: electron diffraction
ratterns do rnot exhibit shars rincs or srots that would 3llow 3
straiechtforward determination of the acerecate's structure.
Howevers electron scattering ratterns (SP) can still be vsed in
various waus to studs the structurg‘and morrholocy of small
rarticlesr such as (I) by comrarison of exrerimentsal SFP's with
ratterns caslculasted for model rarticless wherebuy the model is
chanced until the best fit is ocbtasined) (II) by evaluastion of
Fourier transformed scattered intensities (radial distribution
functfon) in terms of interstomic distances and the coordination
rnumbers: (IIXI) by comrarison of exrerimental radial distribution
functions (RDF) with the radiasl distribution (RD) calculsted from
the atomic coordinates of model acerecatess a rrocedure from which
information orn the morrholoew of scerecates can be obtained.
Althouch these arrroaches have been kriown for a3 lorne time (1-3),
thew have not been arrlied sustematically to the study of small
metal rarticles. In this work:, we will discuss only the first
srrroa3ch in detzils em?hasizine the rarticulsr fesztures of electron
diffrsction ratterns of very small acerecstes asnd snsluzing to what
exterit information ori the structurer morrholoscy snd orientation of
the rarticlies can be obtained from such ratterns. Farticular

’ .
attention was rplaced on arrarent charees in the rosition of the



diffraction resks for the case of small rarticlesy as comrared to
the resk rositiorns exrected for bulk msterisls urnder the assumrtion
that the stoms in the sma2ll rarticles msintain bulk interatohic

distarices. Substrste effects are rot comnsidered in this work.

METHOD OF CALCULATION

All the calculstiorns of scastterine satterms were carried out
with the following assumrtionst! (a) the kinemstical theorwg of
electron diffraction arrlies for ascerecates smaller tharm 2 - 3rmi
{b) the astoms maintsin the recgular f.c.c. structurer and the
interatomic distances are the same ss in the bulk metslsy and (c)
811 acerecstes used in arnw orne calculstiorn have the same size asnd

share. Actual calculstions were carried out for ralladium.

In most cases the rarticles were assumed to have srhericsal
sharesy i.e.¢v 31l atoms contsired in a srhere of civen radius were
included for the calculationse. Their atom coordinates were
calculated usine the bulk lzttice rarameter of 0.38898 rm for Fd.
Several rarticle sizes were assumedr rancine from & to 1464-ston
clusters. In additions some other morrholocies were usedr like

rlatelets or Frisms.

The intermsity of the electrorn beam scattered hy the scarecstes

was calculated for 3 rarticular conditions!?



(A) The rarticles are uniformluy oriented with resrect to the
beam and to other rarticles (eritaxial derosits).

All rarticles were considered to be identical in sizer sharer
ard orientation with resrect to the imacine beam. The intensity
scattered from the samrle is then civen bs summine the scatterine
amrlitudes from the differernt atomsr and buw thern multirluine this

sum with its comrlex conJucate value (4:5)1¢

2

N . - P oy
T- f /26(271/1)(5—5,)Tm/1 (1)

where N is the rumber of astomss A the electron wavelercthy ;o the
unit vector in the direction of the incidernt beams & the unit
vector in the direction of ohservationy Kn the rosition of 3atom m
with resrect to 3 civen oricins and fg the electrorn scattering

amrlitude for element A. Uzlues of fﬁ were taken from the

International Tables for X-raw Crustalloecrarhy.

(B) The rarticles are in fully random oriermtationr i.e.r the
acerecates are zallowed to tshke 3ll rossible orientations in srace.
Irn this caser ec. (1) is simrlified to the well hknown Debue

scatterirnc ecustion (4):

N

2

£ . sin (47 T)
ey

Ny — 90/(1;,7.,,

L}

Tts)



where qm" is the distarice betweern atoms m amrmd ni.
]
{C) The rarticle =orne sx»is is rarzllel to the incident besmy

but the rarticles sre in random axzimuthal orientatiorn.

The comrutastion was carried out by first calculstineg the
diffractiorn intermsity ard thern inteeratirc this furictiorr on a
circle of constant k (k = sinéyl)r for the rarce of k values of

interest.



RESULTS AND DISCUSSION

1. Arrarent Charce in Lattice Farameter

1.1 Oriented Acerecates,

Ecuation (1) indicates that the intensity distribution is
formed bw multirluine an atomic scatterinc contribution (f;) with
an interference function. The interferernce function rroduces
diffraction maxima with rositions a3t the exrected bulk k values and
with 211 mador reaks havine the same intensituy at the EBErace
Frositions (see Fiec.13) which is a3 calculsation for a3 13-stom
cluster). Howeverr when multirlied with the raridle decreasine ﬁ:
function (Fig.13)s» the exrected decrease of the amrlitude of higher
order resks is combirned with 3 shift irn the resk rositions towards
lower k valuess which Gives the imrression of larcer d sracincs.
This shift is more rronounced for low-order resks and for the
broader scatterine curve rrofiles that sre obtsirned when the rumber
of satoms is very small, i.e.» when arrrecisble Scherrer-broadenine
is rresent. In rractices this effect of "arrarert lattice

2

exransion® is only sienificant for sarticle sizes of the order of 2

rm or less.

Fic. 2 shows some examrles of turical diffrsctiorn ratterns
cslculasted for clusters with 6 atoms (octshedron)s 313
(cuboctashedron)s, 55 (cuboctashedron)s and with 978 stoms (srhere)

311 scerecates beinG in «<101> orientatiori. s exrectedr the resks



sharren and the details between the reaks (forbidder reahks) weaken
when tﬁe cluster size increases. From calculations of the
positions of the reak maximar the aPParent'iattice rarameter:
corresrondine to the disrlaced reak rositionss was derived. This
was done serarately for the 111 and 200 reaks. Irn Fic. 3» the
charce in lattice rarsmeter was rlotted as = function of the rumber
of atoms in srherical acerecates of increasinc size (see 3lso Tab.
1r col. 3 ard 4). The srrarent chance is substantial if the
rarticles sre smalls and it is barely rioticeable for srherical
rarticles larcer than about 3 rm in diameter (consistirne of more
tharn 1000 atoms). The chance in the 111 reak rosition is larcer
than for the 200 reak (under otherwise i1dentical cornditioms)s which
is due to the steerer slore of the atomic scattereirne furictiorn for

the 111 beam.

The "ususl® arrroach for deducing informatiorn aboutl rossible
chances of the lattice rarameter is to use the measured reak
rositions in diffractiorn ratterns from small rarticlesy with
-substrate diffraction srots or rines as interrnal calibrstion
standards. Howevers the sbove results indicste thst this mischt
lead to erroneous conclusions if the rarticles sre very asmslly
since some arrarent lattice exranmsion is enxrected ever if the satoms
are assumed to remain in their bulk rositiorns. A correct analusis
of electron diffraction ratterns of eritaxislls oriented small
rarticles would therefore reguire cancellstion of the effect of the
atomic scat£erin% factor buy dividineg the exrerimental scatterinc

rattern bu f;(k)r prior to the actual analusis of the rpeak rposition.



1.2 Randomly Oriented Acerecates

Ficure 4 shows a3 three dimersional view of the electron
scatterineg internsities of randomluy oriernted srherical aserecates
containine 6» 13s 55 and 976 Pd atoms. Thé corresrondinGg radial
intensitye rrofiles I(k) are eiven in Fiec. 5. Smaller acerecates do
rnot exhibit the usual set of diffraction lines exrected of f.c.c.
crustalss but thew exhibhit a smaller nunber of wide bands instead.
The first band is 1located in the recirrocal srace recion of the
combirned 111 and 200 reflections. As the number of atoms irn the
rarticles irncreasess the 200-1line becins to arrear as a faint
- shoulder (Fic., S 135-3tom curve), The 111 and 200 reflections then
srlit into serarate reaks for srherical rarticles larcer than about

2 nm in diameter.

The lattice cornstant of an fce crystal is often deduceds uvsine
the Erace laws from the rosition of the maximum of the first lines
assuming that to be the 111 reflection. Thigs rrocedure obviously
leads to erroreous conclusions with recard to lattice exransion or
contractiorn if the ®=articles 3are so small that the 111 snd 200
reflections are rot uvetl serarsted. Table I (last column) and Fic. &6
(dash—~dotted curve) cive the srrarent chsrnee of lattice constant
with resrect to the bulk value. AR asrrarent exrsnsion of the
lattice constant is observed for verwy small =cerecastes (<15 stoms)
and for rarticles containine more thsn 70 atomss wheress & small
arrarent contraction would result for rarticles bhetween these sizce

limits. Unlike the csse of enritaxially oriented particlesy



dividine the exrerimerntsal écatterine curve by ﬂ;(k) before arrluire
the Ersee law does riot eliminate the arrarent charce of lattice
rarameter in this cases but it can in fact result in an arrarent
lattice contraction for sGerecates sm?ller ihan sbout 2 rm. This
*contraction® comrutes to as much a3s 3.6% or 2.9% for acecrecates
corntsining 19 or 43 atomss resrectivelw, Therefores unlike the
case of eritaxiallys oriented crustalss for the case of randomly
oriented rarticles the real lattice cormstant carnrot be directlwu
derived from the maximum of the first reflectiornsr simce for small
rarticlesy the ambiguity stemmine from surerrosition of 111 amd 200
reflection intensities must be dealt with in additiorn to the
ambiguity stemamine from the multirlication of Scherrer-broadened
internsity ratterns with the scatterine amrlitude. More accurate
information can onlw be obtained by Fourier tramsformine the
scatterine ratterns and evalustine the resultine radial

distributiornn function.

Orie 2lso has tao be careful when deducine lattice rarameter
charces for small model scerecates with different shares. When the
share of the rarticles is esrecially anisotrorics the scatterine
curve can be euite different from that of small srherical
acerecates comtainine the same 6umber of atomssy or from that of
bulk cruestals. For examrler randomly oriented flat acerecates with
two stacked 100 lasers containine 81 astoms (Fic. 73)» Give 3
scatterine curve which exhibits two reaks at k = 2.04 and 2.56 nm s

whereas the mormal Positions of the 111 s3rnd 7200 reflections would

e at 2.23 aad 2.57rm °y resrectivelw. Althouch the second reak is



close to the bulk value for a3 200 reflectionr the first reahs
assumed to be 2 111 reflections would indicate a3 9.3% lattice
exransion. Orn the other hands 2 rarticle consistine of two (111)
lsuers (920 atomss see Fic. 7b)y shows‘onls-one louw-order reshys
i.e.r a3 111 rPeak 3t k = 2.20 nm » indicatine an srrarent 1.2X%

lattice exransion.

1.3 Particles in Rsrmdom Azimuthal Orientstion

This case falls between the eritaxial and the random cases
described above. The <1812 common =zone axis was the only examnrle
calculateds becsuvse it rroduces the ssme ture of diffraction rincs
as in the case of fulls random orientationss and because a method
of distincuishineg between the two cases was of interest. The
rrofiles are very similar in share to those calculsated for fullwy
randomlw oriented rarticles (Fie. S5). The arrarent chance in
lattice rarameters as deduced from the 111 reak rositions isy
howevers, slichtly different and is included in Fie. &6 (dash curve)
and Tabhe I (col. S), A method of distinecuishinc between the two
cases micht be to cornsider the intensity ratio betweern the first
reak (usually considered the 111 reahk) arnd the second resak (or the
311 reaky if resolved). This ratio (Table II) shows consistently
hicher values for rarticles in sazimuthally rarndom <101> orientation
whern comrared to the case of fullu randomly oriented rarticles. In
this caser as for fully randomly oriented rarticles» the exact

lattice rsrameter can also rot be recovered by simrly dividine the



2
caleculated (or exrerinental) diffraction intensitys curve bu f'H.



2. Structure arc Morrholoecuy Information

Information orn the earticle structure.and morrholoGcw can be
obtained by comrarine the calculated scatte;ins rattern with an
exrerimental SP. Whereas in Frincirle a number of models can
account for the same cenersl arrearance of a scatterine ratterns
most of these models can be eliminated if the rarticle size is
krnown from inderendent measurementss such as TEM imasces (which msw
be 3 verws difficult or even imrossible task in cases where the
rarticles are comrosites of smaller units —-- imrurits stabilized
(2) or multirly twirned (B8))., An examrle is civern in Fiec. 2 for the
case of randomly oriernted rarticles havine s circulér SFFesarance in
the TEM imsecer and messurine 2.4 rm in dismeter. If 3 srhericsl
rarticle modell is assumeds the 111 snd 200 diffrasction lines asre
clearls serarsted (Figc. 93)% but thevw asre rnot st 311 sersrzted if
the rarticles ~- havirne essentizlly the ssme rrodected size -—- are
assumed to have the share of hexsceonal 111 rrisms (5 stoms alone
the edces of the bsse hexacon) with three stscked (111) rlsaries

(Fic. 9b).

The comssrison of exrerimentsl ano cslculsted diffraction
intensity r3tterns csn be rarticularly useful when the rarticles
exhibit 3 marhked share- sniscotrors. For exsmrles if the zcerecates
are kriowri to be vers thinry "wettirne® the surrortr the SP would have
a8 very rarticular rrofile which rermits the characterization of
such 'rafts'{ which hasve recerntly beer clsimed to enxist (&6).

Furthermores, 100 and 111 rafts exhibit verwy differernt scatterirne



ratterrns a8s is evidert wheri comrarineg Fic. 72 with Fiec. 7b.

3. Exrerimental Observatiorns

The arrarent lattice exransion in sirncle crvustsl scerecates
amounts to asbout 2.5 Z for rarticles cornsistine of some 25 atomss
arnd it increases to as much as 7 % if the acerecates cormsist of
only & atoms. Lattice exransions of this maenitude for rarticles in
this size rarice were recently demonstrated in our lsboratorw for
the case of ra3lladium acaerecates eritarxially erown orn McO (7).
Farticle derosition and subsecuent TED and TEM examimation were
rerformed imn-situ under 10-8mbar vacuum condgitiorns to exclude maJor
influerices by residual cases. The rFrresent work suececests that this
observation maus at least inm rart be exrlasined as a3 diffraction
rheromernon rather than an actusl increase{of the interatomic

distances in the secerecates.

Ori the other bhandr similar irn—-situ TEM observations for
ralladium o mica (8) uvuielded rositive evidence fTor lattice
exransion. In this cases the exransion for 1.5 rnm rarticlessy when
comrared to S rm particlesy was measured to bhe (2.8 + 0.3)%. The
rarticles not beinc eritaxiallw orientedr our calculations (Fic. &)
rredict only 3 very small arrsrent lasttice rarsmeter charnce for
rarticles in this size rancer» and the observed lsttice exrsnsion

/
must, therefores be sssumed real.



CONCLUSIONS

Scattering ratterns of verws small metai acerecates have been
calcuvlzsted earliers arnd some of the cénc]usions drawn from the
rresernt work have bheen formulated in the rast. Howeverr in view of
the recent incresse in interest in verw small rarticlesy srurred bu
catazlusis research snd the cornconmitsrnt develorment of TEH.
diffraction studies on nanometer-size acorecatesy it is worthwhile
to recsll some of the imrortant roints which are often neeiected.
The Scherrer- broadenine effect sucecests that the scatterine
ratterns shouvld slusuys be divided bw the raridly decrezsine

2 .
furiction fyg before anw attemrt is made to derive a lattice
rarameter from the reflectionrn masxima. In the case of eritsnisllyu
oriented scerecstesy this rrocedure effectivelus corrects for the
low-anecle disrlscemnent of resk masxima from which ore otherwise
micht erroreously deduce & lattice exrsnsion. Howevers in the case
of seerecstes irn fullw random or azimuthally random ("textured®)
orientstions the reflections sre not resolved irnto discrete
Debue-Scherrer rines if the acerecates consist of fewer than sbout
200 atoms. Thereforer the lattice rarsmeter carnnot be derived from
2 conventional analysis of the scatterirne ratterrnr riot everr after
dividing bw f; . The onlw waw to derive.sn accurate urnit cell
rarameter is thern to Fourier tranmsform the scattitered intensities to
cet 2 radial distribution of the atoms, indicatine the exact
interatomic distarces.

4

The calculation of scatterine ratterns of model sarticles can



also be vseful for analuzine the morrholocuy of strorecly arnisotroric
acerecates. For examrler due to their different scatterinec
ratternsy verw flat aeerecates (*rafts®) comsistine of onluy a few
atom lasers cam in Frincirle be distincuished from srherical

-

ascerecates.
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TAEBLE I

Arrarent Charice of Lattice Farameter (X)

s

* X X X X XX WK 3 XX
Particle No. of Atoms 111 200 <101> Fully Random
Diameter Frer rFarticle texture Particle -

orientation

0.7 -} 7.03 6.23 6.70 8.80
0.8 13 3.79 3.33 1.06 0.97
1.4 T3] 1.29 1.17 -0.21 -0.15
1.6 87 0.97 0.86 0.24 0.28
2.0 188 0.50 0.42 0.61 0.80
2.6 490 0.33 0.27 0.38 0.39
3.7 . 14464 0.15 0.15 0.23 8.23

X Srherical rarticle modelsy 311 stoms in bulk
rositions.
XX Siricle rarticle diffractions rarticle in <101>
orientations and 111 reflection evaluated.
XXX Sincle rarticle diffractiorny rarticle in <101>
orientatiorny and 200 reflection evaluated.
x%xXx Multirle-rarticle gdiffractions 111 diffractiorn rine

eyaluated.




Irnternsity Ratio ERetween First ard Second (311 when resolved) Peahks

TABLE II

No. of Atoms Farticle Orientation?
Fer
rarticle azimothally fully
random random
6 3.90 3.32
13 4,38 3.89
55 4,46 3.82
135 4,70 3.464
QP76 8.84 4.11
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FIGURE CAPTIONS

. . . . a .
Atomic Scatterina profile fp (sauares) and

interference furiction (circles) in <{{vd>

direction as a function of sin.;? for a 13-atom

Pd model in <1e8é> orientation (atoms in the bulk

pocsitions: peaks are at bulk positions).
electron =cattered internsity as 3 function

of sﬂn%k for the model of Fia. {a, Note the

change in pezk position, representing an
zpparent lattice expansion.,
2~0 =schematic recre=zentation of 9@-sectors in

diffraction rlane for various particle
intensity, The atoms =re placed in the bulk
positions (£1@&> zone axis).

calculated by

Aprparent lattice expansion,

Comoaring computed Jdiffraction pesk epositons of

cluszters with thosze of bulk material, == a
furnction of the =ize of the clusters, for
ecitzzial, <iee> - oriented saarsaates,

3-0s=chematic representation of in

the diffraction plane for vsrious
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models, The vertical axis is proportional to the
interncity. The atoms within esch cluster are
placed in the bulk positions, ]he clusters are

in random orientation with respect to each

Diffraction profiles computed for spherical
cluster models of various sizes in random
orientation,

Apparent charge In lattice parameter (calculated

(]

o}

az 1o

Fia. 2) a= 3 function of particle size,
for fully randomly oriented particles (dzsh-dot
curve) and for (£i9i1») textured particles in

random azimuthzal orisntation (dash curve),

Diffraction profile for an infinite number of

particles in random orientation, each compaosed

of two {(188) layers with a total of Sitatoms
ia), and of two (111) lavers with 3 total of 9¢

Diffraction profiles computed for particles with
2.4 nm crojected =ize in random orientation:
lusters with an overall spherical morpholoay;

attz made of thres (111) léyers.
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Chapter 1

Summary

Small particles and clusters of Pd were grown by deposition
from the vapor phase under UHV conditionms. Amorphous and
crystalline support films of alumina and ultra-thin amorphous
carbon films were used as substrate materialé. The growth Qf the
metal deposit was monitored in-situ by scanning transmission
diffraction of energy-filtered 100 KV electrons and
highe;esolution transmission electron microscopy (TEM) analysis
was performed in a separate instrument. It was etsablished by
in-situ TEM, however, that the<fransfer of specimens in this case
did not unduly affect the size and distribution of deposit
particles. It was‘fbuﬁd that the cleanliness, étoicheometry,
crystailinityf and structural perfection of the support surface
play an essential role in determining the crystalline perfection
and structure of the particies; ~The smaliest Pd clusters
reproducibly prepared contained not more than 6 atoms but size
determinations beiow 1 nm a;erage particle diameter are very
préblematic with conventional TEM. Pd particles grown on carbon

supports feature an impurity stabilized mosaic structure.



Chapter 2

Introduction

The advent of advanced UHV technologies and sophisticated
techniques of surface analysis has renewed interest in studies
with very small supported metal particles and clusters.
However,only very limited experimental work of a systematic
nature can be found ;egarding the well-controlled preparation and
analysis of particles less than 2 - 3 nm in size‘[ll. This is
unfortunate because particles in that size range and smaller are-
of prime interest in many promising areas of application in model

catalysis,optics,and thin film -electronics [2].

The. microscopic structure of supported particles and clusters
containing from 10 to 1000 atoms is difficult to discérn by high
resolution transmission electron microscopy (TEM), mainly because
of imaging interference by the supporting material and because of
diminishing‘image.contrast.- It becomes imperative,therefore,to
. éhoose suitablé thin £film supports both for TEM of
individual,nanometer-size particles and for transmission electron
diffraction (TED) studies where the contributions of many similar

particles are integrated. Furthermore,if the microscopic



_analysis of very fine particulate deposits is to be meaningful
and useful for the measurement of surface properties, the
preparation of the ultra-thin deposit and its microscopic
analysis have to be performed in one UHV environment, unless it
has been verified that exposure to air during transfer from the
(UHV) deposition and analysis system to the electron microscope
or diffraction instrument has negligible influence on the
particle structure. Only when negligible influence has been

Ademonstrated.is it reasbnable to combine UHV deposition and
surface analysis of the metal particles with standard high
resolution microscopy and diffraction analysis in an integrated
experimental approach [3]. It then yecomeg possible to correlate
ﬁhe size and microstructure of vapor deposited metal particles
with their physicél, chemical, and electronic properties in a

reliable manner [3). -

In this report, we are concentrating mainly on the
crystallographic properties of clean pa:ticle§ and clusters.To
our knowledge, there is no definite information available at the
present time that would correlate particle size and (long-range)
crystallographic order. The remaining most elusive particle
property is thé particle morphology or shape , which will
probably have to be inferred indirectly by comparison with
clustér calculationé [4] and gas adsorption/reaction rate

measurements [3], [5].



Chapter 3

Experimental

Previously used veréions of UHV in-situ TEM and STED (Scanning
Transﬁission Electron Diffraction) instruments [2] have been
upgraded with the addition of sample introduction (SI)
facilities. Fig. 1 shows a schematic rendering of the combined
TEM/STED system with wire-source evaporator and SI device in the
differentially pumped UHV specimen chamber and with image
intensifier and spectrometer facilities (for energy filtering of

diffracted,electrons) as detectors.

The background preasﬁre level for the present experiments was
.in the 1 - 2 x 10(-9) mbar range due to the superior outgassing
characteristics of low-mass wire sources. CO, H2, H20, and CO2

.are dominating the residual gas spectrum.

The newly developed sample introduction device was instrumental
for the success of the present series of experimeﬁts, because it
permitted not only the rapid exchaﬁge of test ;pecimens without
the need for repeated baking cycles , but also because cleaning
treatments of the surface of the supporting film prepared outside

the in-situ instrument became routine, and because metal deposits



could be easily oxidized and reduced at room temperature. The
latter was accomplished by exposing the sample surface to an rf
oxygen (or hydrogen) plasma discharge at room temperature inside
the sample introduction chamber; ch; sample was thereby exposed
to highly activated atomic and molecular gas species. Each
sample used in this study was routinely cleaned before
introduction into the UHV chamber by exposure to an oxygen plasma
which lasted a few seconds for ultra-thin carbon supports and
several tens of seconds for #lumina films. The cleaning effect
that this treatment has on the surface composition of an anodic

Al1203 film is shown in the Auger spectrum of fig. 2.

The high resolutiom TEM micrographs produced in the course of
this study were obtained with a standard high resolution
instrument in order to aSsﬁre the highest possible image quality
for very small metai particles. As pointed out earlier, this ig
permissible only for a combination of support and deposit
materials that hﬁs been-proven:notfto be affected appreciably by
room temperature exposure to laboratory air and subsequent
exposure to .the imaging electron beam. The in-situ TEM images of
the same specimen area of a beam recrystallized ‘alpha-AiZO3 (d'A‘,,oj )
support regiob‘with‘fOOm temperature deposited Pd particles
before and afte; air exposure show (fig..3) that both particle
number densities aﬂd averagé particle sizes are not affected in
this case. This micrograph fepresenté the limit of resolution of

our in-situ TEM and it is ,therefore, impossible to make any



statements concerning changes in particle shapes; but some small
particle translations were definitely observed. This result is
in contrast to the much more marked changes upon air exposure
that were previouély found for‘?d particles deposited on

beam-cleaved Mg0 supports [6].

Dealing with the problem of background interference from
support is absolutely essential for the success of small particle
studies in both high resolution imaging [7] and in high
sensitivity QTED [2, 3] . For the present model studies, we have
reduced the support background in two ways using ultra-thin
carbon prepared by 'shadow evaporation' onto mica [8] and
anodically oxidized amofphpus alumina films that can be e-beam

.recrystallized in-situ [9] . How these two thin film supports
camﬁare wiﬁh other support materials in terms of background
diffraction intensities is demonstrated in fig. 4 . It is clear
that fo; the case of metal deposits that have strong diffraction
intensities at 1/d values similar to Pd, recrystallized -alumina
and ultra-thin carbon are by far the best choices.(0Of course,
alumina grains of suitable orientation have to be selected. For
Pd this usually means no appreciable alumina diffraction

intensity around 1/d = .445 and possibly .727 ) .

Amorphous’ alumina films of appropriate thickness can be easily
recrystallized in-situ with a high intensity e-beam. 6 Fig.5 shows
a micrograph and the corfesponding transmission diffraction

pattern of such a film. Fears that this kind of high temperature

-7 -



treatment might affect the alumina surface composition have been
alleviated by the possibility of oxygen saturation of this
surface by exposure to an 'oxygen plasma in the SI chamber before

metal deposition.

Low evaporation rate 'dosage sources' have been used for metal
deposition. They have been popular in surface science studies of
metal deposits on metallic substrates for many years (e.g., [10]
) and haQe proven to deliver stable low dosages of metal
evaporants over long periods of time. Such a source, consisting
of fine Pd wire wound around a thick stranded coil of W wire, is
resistance heated by a constant current, which resﬁlﬁs in the
source temperature characteristics depicted in fig. 6. After an
induction pefiod of about 35 seconds, the source temperature has
reached about 90 Z of its‘final.temperature at 3 min of
operation. The amount of Pd delivered was estimated from the
size and number density of Pd particles resulting from 3 min
depositions onto C substratgs at room temperature (RT) assuming
hemisperical particle shapes and unity sticking coefficient . An
average metal thickness of approximately .125 nm was calculated,
which,correspoﬁds to about .83 monola}ers(ml) of Pd for each 3
min.deposifion. For the alumina substrates, a three times lowér
sticking coefficient was found resulting in a dosage of
approximately .10 nm of Pd (or .65 ml) for a 6 min
deposition.(This trend of a higher sticking coefficient on C

agrees with the observations for all other metals except Pd(!) in



[ 1 }).Since a 1x3 min deposition on C and a 1x6 min deposition
on A1203 resulted in Pd particles that were just barel?
distiguishable by high-resolution TEM, we chose deposition times

of 3 and 6 min increments as standards in this study.

The recognition of metal particlés of less than about 1 nm in
size is a difficult TEM problem as was noted before. The
approach we have taken is discussed in conjunction with fig.7
which shows two defocus settings of high magnification
micrographs of a 3 min deposit on C. The phase contrast
background structures of the amorphous support interfere strongly
with particle recognition. In counting particles of this small
size we have generally adopted the position that a particle is
registered only if it is recognized on two m;crographs taken with
either two differing defocus settings or with two different small
objective lens aperturés (in both cases the background structures
change drasticallj). The determination of actual particle sizes
is,of course,even more comtroversial for ultra-thin deposits
Extreme care must be taken ford sizes below 1 nm where imaging
very near the Gaussian.focus and total correction of astigmatism
are an absolute requirement, AWe generally take the rigorous
position that a size determination with an accuracy better than

+0.2 om is not possible by conventional high-resolution TEM.

A significant improvement in particle recognizability derives
from the use of single crystal support films as opposed to

amorphous ones .This is demonstrated with fig.8 which compares



(2x6 hin) depositions on amorphous alumina (a~A1203) and on beam
recrystallizedg-A1203. Obviously there is much less structural
background interference in the single crystal support case, which
has been noted- previously (11], [12], [13] and single crystal
supports were used with great advantage during catalytic
oxidation studies of CO over very small Pd particles supported on
sapphire. [14], as well as during gas exposure studies of very

small Pd particles supported on MgO [15], [6].

- 10 -



Chapter 4

Results and Discussion

4.1 RT Growth of Pd on Carbon and Alumina

" The 4 dépositions of Pd on C shown in fig. 9 are used to
demonstrate that dosaée sources aré usefﬁl for varying the size
of the deposited particles with reasonable control. It is
important té notice the constant number density of particles
vhiéh indicates that the nucleation phase for these RT
depositions of high supersaturation is already completed after
the first 3 ﬁin of deposition and the maximum number density of
particles has been reached. Subsequent depositions only increase
the particle size with a. growth rate averaging about 2 atoms per
min per particle (not reliably established at present). It seems
clear,however,that ‘the growth rate incrgases with garticle size
which could suggest growth occuring primarily by direct

impingement.

-11 -



The scanning diffraction intensities recorded in-situ
immediately following each Pd deposition,‘and corresponding -
direc;ly to the TEM resuits of fig. 9f are displayed in fig.
10. Similar STED data, but'for the deposition of Pd on amorphous
and beam recrystallized single crystal regions of an A1203
support film, are shown in fig.lla and 11b, respectively. It is
clear that the highest sensitivity for detecting particulate
metal films by transmission electron diffraction (TED) is
achieved ong-A1203 with the lowest and smoothest diffraction
iﬁtensity in the 1/& region of the combined (111)+(200) Pd peak.
From other diffraction data it was determined that the
conservative limit of detection by energy-filtered STED is around
1/3 of a single Pd dosage, i.e. at about 1/5 of an average
monolayer (ml) deposit. Such ultra;thin deposits, consisting of
particles of certainly no more than 6 atoms, are extremely
difficult to analyze by conventional TEM methods and

high-sen51t1vity STED may be more useful

Avérage particle sizes and (maximum)number densities are listed
in table.l where a distinction is made between particle diameters
directly_measured from micrographs D(TEM) and particle sizes
deduced from broadening measurements of diffractién intensities
D(STED) (Debey-Scherrer broadening, see later). In_general, the
Pd particles on C tend to be somewﬁat sméller and their number
densities higher than on A1203. This tendency could be in part

responsible for the much poorer resolutiom of the (200) Pd peak

- 12 -



A1

in all deposits on C. However, there are small particle deposits
(AL, O3+)
(2x6 min) on oxygen treated A1203,that show a reasonably well

resolved (200) pesk and even large particle deposits on C (4x3
min) do not exhibit é resolved (200) peak. At the same time, the
(220) and (311) peaks of the 4x3 min deposit in fig. 9 are
clearly visible . The latter fact could be explained by a (211)
growth texture, but this is very unlikely and another
interpretation of this‘result may be more éppropriate: The larger
Pd particles grown on C at RT and even more so at elevated
temperature are probably composed of a mosaic of small single
crystal'blocks no more than about 1.0 - 1.7 (for the high-T
deposits) nm in size. This interpretation is supported by the
form of diffraction-intensity profiles calculated from perfect
f.c.c. clusters [16]. The -profile of a 55 atom cluster is very
similar to the 4x3 min trace in our fig. 10 . One is, therefore,
forced to conclude that this kind of disorder persists during the
growth of Pd particles on C, and this type of growth causing a
persistent 'line broadening' can be due to surface impurities
originating either in the géseous environﬁent (our background
pressure is of the order of 10(-9) mbar) or stemming from the
carbon substrate. It is also interesting to note that thesé Pd
deposits on C are qqite stable'during annealing. Temperatures
above 500 C are needed to cause massive recrystallization of the

particleé.

The strong influence of support surface crystallinity and
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composition can be directly asséssed for the case of alumina
supports where simultaneous deposition onto amorphous,
recrystallized, aﬁd tecrysiallized and oxygen-plasma-treated
support areas are possible (see fig.lZ). The particle sizes for
oxygen treatedg-A1203 suffaces in fig.12b and 12c are definitely .
larger than for only beam recrystallizedg-Al1203. in fig.l2a and
the 2x6 min deposits on oxygen treatede-A1203 are always showing
a better resolved (ZbO) Pd peak and improved geometrical particle
shapes (i.e. improved crystallinity). These results are
interpreted at presént as due to a higher sticking coefficient'of
Pd on only beam-recrystal}ized‘rAIZOS and improved crystalline
perfection and stoicheometry on the oxygen treatedé&-A1203 surface
due to a dipinishing influence of surface imperfections on metal

nucleation and growth on this surfaqe.

-

4.2 The Influence of Elevated Support Temperature on Growth

Although the bulk of the results obtained with metal deposits
prepared and/qr treated at elevated support temperatures will be
published in the future, some of these findings have to be

"discussed in relation to RT depositionms. .

The TEM results of fig. 12 are complemented by the diffraction

line profiles of fig. 13, which in addition provide information

- 14 -



on the influence of elevated support temperature on particle
growth (all traces refer to 2x6 min deposiﬁs except 13f which
corresponds to two 6 min plus one 8 min aeposit). Extented
annealing of RT deposits causes particle growth by ripening -and
coalescence and a corresponding sharpening of diffraction peaks
(13c) and in addition to that a peak shift of abqut 2% is
observed indicating an increase in lattice spacing for the
deposits ;ade at an elevated support temperature of 180 C (13e
and 13f). This léttice expansion of the deposit particles is
probably due té epitaxial lattice matching- (the corresponding
diffraction patterms show strong epitaxial textures), is similar
to the lattice expansion found for RT growth of Pd on clean Mg0
surfaces [6], and is contrary to the lattice contraction found

~ for very small zeolite supported metal particlés [17]. The dash
trace in fig. 13 shows for comparison and contrast one results
for amorphous A1203 which has been verified repeatedly: the (200)
peak is very poorly'accentuated indicating a somewhat higher
degree of disorder than for comparable deposits on single crystal

supports.

The most notable effects of elevated support temperatures in
the context of this study in which low-rate dosage sources for
metal deposition are routinely employed are the increase in
paiticle size and the concomitant decrease in particle number
‘density which are graphically represented in fig.l4. The

relatively narrow character of the size distribution at RT with a
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FWHM of about 1 nm is lost by both annealing and high temperature
deposition. So the gain in particle crystallinity, expected from
elevated temperature experiments because of increased mobility on
the support surface, is counteracted by this loss of particlé‘
size and size definition. However, this may be a peculiar
feature of low-rate source arrangements and one is in general
well adviced to utilize higher-rate metal sources in combination
with short.evaporation times and elevated support temperatures
for an improved degree of long-range crystallographic order in
vapor deposited small metal par;icles. Previous work with mica
or sapphire éupports proves that Pd and Ni particles well below 2

nm in size can be obtained [5,14], [18]. -

4.3 Diffractidn Line Broadgniqg

The éuestion of long-range crystallographic order in vapor
deposited particulate metal films is of considerable importance-
with reépect to the usefulness of such'deposits as catalytic
model systems. Sincé comprehenéive radial distribution function
(RDF) calculations of our STED results are not yet available , it
wvas attempted to analyze the diffraction results in terms of
simple Debey-Scherrér line broadening . Specifically , we tried
to fit the combined diffraction iine profiles of the as-measured
Pd (111) + (200) peak with two separate Gaussian line profiles.

corresponding to the (fll)and the (200) peak,respectively. The
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peak widths at half maximum of the two Gaussian peak components
that reproduced the experimentally recorded_peak profiles best
were then interpreted with the well-known line broadening formula
'[19] adapted for the case of high energy transmission electron

diffraction (see for instance [20] )

AR~-a ! }
Dsrep = { R L
where R anddR refer to the radius and width of the

experimentally measured diffraction line,respectively,and where
'a' is the instrumental line width (in our case about 0. 169 -
nm(-1)). Thé curve fitting procedure is indicated in fig.l5, in
which case two Gaussians of 2 : 1.1 peak ratio with a peak width
of .0225 (in 1/d units) were uséd. The broadening deduced

’ avefage particle size is 2.4 nm, which compares very well with
the IEM measured. particle size of about 2.5 nm (for this 2x6 min
deposit on oxygen treatedg-A1203). It has to be |
concluded,thereforé,that the line broadening is fully accounted
for by the small size of the diffracting Pd particles and no
additional crystalline disorder is indicated. Comparing the
microscopy and-diffraction determined particle diameters D(TEM)
.and D(STED) in table 1 shows clearly that for most of the Pd
depositions on single crystal A1203 the particles seem well
ordered.There is, however, a tendency towards less order for Pd
particles deposited at RT onto a-A1203 (the particular case for
pafticles on amorphous carbon was discussed in section 4.1). This
conclusion has to be qualified, however,for very small particles.

because the average particle size D(TEM) measured for such

- 17 -



deposits could easily be misleading due to the inherent

difficulties of obtaining meaningful size distributions .



Chapter 5

Conclusions

In-situ and ex-gitu transmission electron diffraction and
microscopy studies have been used to analyze the requirements for
preparing well-ordered Pd particles and clusters by UHV vapor
deposition on suitable supports. In particular it was

established that

1) the crystallinity, cleanliness, stoicheometry, and
structural perfection of the support surface play a major role in
determining the crystalline perfection and structure of the
supported particles. Since these suppot£ surface characteristics
are influenéed by the vacuum environment during depositiom, it is
also essential to work at the lowest possible background
pressures. Background pressures of the order of 1 - 2x10(-9)mbar
"were found in this.study to be sufficient for alumina supports
but serious problems were indicated for the use of carbon

substrates.

2) Pd particles grown on carbon supports at temperatures
ranging from RT to about 550 K were'found to have an impurity

stabilized mosaic structure(with individual crystalline blocks of
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about 1 - 1.5 nm). Annealing temperatures in excess of 800 K
vere required to cause recrystallization (and further particle
growth). The impurity in question could be carbon from the

support.

3) At 300 K ceposition temperature, low-rate metal evaporation
sources provide reasonable control of particle size. The
smalles; clusters reproducibly prepared contained not more than
approximately 6 Pd atoms. However, size determinations by CTEM

below 1 nm are very problematic. Deposits with an average

‘particle size of 1.5 nm or larger can be easily produced

featuring size distribution half widths of about 1 nm. Larger
particles with wider size distributions resulted from depbsition

at elevated support temperatures or from annealing.

4) Thin single crystal support films are not only preferred
because they promote particle crystallinity but also because they
enhance the detection and'analysisof very small supported

particies and clusters,
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Chapter 6

Figures

Fig. 1 : Schematic of UHV STED/TEM system with low rate

evaporation source and sample introduction and treatment

- facility.

Fig. 2 : Auger spectrum of a-A1203 support film surface before

and after oxygen plasma cleaning.

Fig. 3 : The samg‘fAl2b3 specimen area before Pd deposition
(a), immediately following RT deposition of very small Pd

particles (b), and after exposure to laboratory air (c).

Fig. 4 : Energy-filtered scanning transmission electron
diffraction (STED) recordings of various thin film support

materials.

. Fig. 5 : TEM micrograph and TED pattern of e-beam

' recrystallizedd-A1203 support film region.

Fig. 6 : Starting temperature characteristics of wire

evaporation source.

Fig. 7 : 3 min deposition of Pd at RT on ultra-thin amorphous
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carbon support at two objective focus settings.

Fig. 8 : 6 min deposition of Pd at RT on amorphous (a) and on

single crystal (b) alumina film support.

Fig. 9 : Pd depositions of 1x3 min (a), 2x3 min (b), 3x3 min

(c), and 4x3 min (d) on amorphous carbon at RT.

Fig. 10 : Diffraction intensity profiles of 4 cumulative Pd

depositions on amorphous carbon at RT.

Fig. 11 : Diffraction profiles of cumulative Pd depositions on
a-A1203 and onm;-A1203 at RT.

Fig. 12 : 2x6 min Pd depositions at RT on untreatedes-A1203 (a),
on oxygen plasma treatedg-A1203%(b), and on a-A1203 (c).

Fig. 13 : Diffraction intensity profiles of 2x6 min Pd deposits
on untreatedg-A1203 (a) and oxygen treatedgsrA1203#(b) at RT; on
®;-A1203 after annealing to 225 C (c) and on a-A1203 with
subséquent weak beam annealing (d).; deposited at 180 C oh¢-A1203
(e); and of 2x6 min + 1x8 min of Pd deposited on-A1203 at 180 C
(£).

Fig. 14 : Size distribution of Pd particles ongd-A1203 deposited

and treated at different temperatures.

.Fig. 15 : Experimentally measured (1) and Gaussian) diffraction
line profiles of Pd ong-A1203 calculated using 3 different peak
widths (2 - 4).
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