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LOW ENERGY ELECTRON DIFFRACTION STUDY OF THE CLEAN
(100), (111) AND (110) FACES OF PLATINUM

H, B. Lyon and G. A. Somorjai
Department of Chemlstry and Inorganlc Materials Research Division

. of the Lawrence Radiation Laboratory,
University of California, Berkeley, California

ABSTRACT -

The structures of the (111), (100) and (110) crystal faces of platinum

were studied as & function of temperature in the range 300-1769°C (melting

point)., The (111) and (100) substrates are stable while the (110) face

shows faceting above 600°C. Several surface structures were found to exist
on the stable platinum substrates. These have well-defined temperature
ranges of stability. There are. two typeS’of surface structures, ordered

and disordered. Both types appear to be the pr0perﬁy of the clean platinum

.substrates. The ordered structures appear during annealing, after ion

bombardment at lower temperatures (< 900°C). They exhibit long range order

and their stability ranges overlap on a given substrate, These structures

are believed to be due to ordered arrays'of vacancies or: atoms in ‘the. substrate

~ plane which; under proper conditions, show remarkable stability. A high,

nonequilibrium,concenﬁration of defects at the surface may be necessary
to induce ﬁheir formation.'

The disordered surface structures appear at high temperaturos, above
the stability range of most of the ordered structures. .They are charac- .
terized by ring;like diffraction features which develop gradually as a
fuﬁction of increased héétiog time or temperature, The formation of these

structures is lrreversible and they can only be removed by lon bombardment.
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Near the melting point the ring patterns remain thé bnly diffraction fea-
tures of the presumably greatly disordered surfaces. |
The ratio of lattice parameters aésigned to the diffraction rings on
.gach substrate indicate that they can be due to domains of (lll) éurface
structures. fhese héxagonal stfuctures appear on all ofithe platinum éur-
faces, are freely rotated in the suﬁstrate plane, and éhow an ~11% contrac-~
tion with respect to the interplanar spacing in the ordered (111) face.
The disordered close packed hexagonal‘structure seems to be the stable

high temperature surface phase of platinum.
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Introduction :

One of the striking results of low energy electron diffraction studies

on "eclean" solid surfaces (to be defined later) is the discovery that the

subétfate atoms may reside in surfacé structures of different kind.l The

presencevof these surface structures is indicaﬁed by the appeafance of
extra diffrécﬁion features which are superimposed -on the diffraction pat-
tern of the substrate unit meSh predicted by the bulk unit cell. One can
assign lattice parametérs-to these surface strﬁctures whiéh, in general, |
were found to'be iqtegral.multiples of the lattice parameters which éharéc-
terize the'substrate; Studies on "clean" germanium, silicone and gallium

arsenide surfaces have revealed the presence of several surface structures

‘with unit cells in the range of twice (2 x 2) or as large as eight times
(8 x 8) the unit cell dimensions of the substrate.e’5 The exact arrange -
. ment of atoms which produce these structures is still in question. Their

-appearance, however, indicates &) long range order on the sufface, and

b) that transfbrmation (reversible or irreversible) from one type of surface
structurefto another can readily occur, Thus, these struétures‘which may -
be called surface phases have a temperaﬁure range of stability, and phase
transformations at the surface can take place without any apparent effect
on the bulk structure,

Thére are several reasoﬁs for the existence of surface structures
which are indicated by recent experiments.2 The activation energy for
surface diffusion is.appréciably smaller thaﬂ either the activation energy

for bulk diffusion or the heat of sublimation in monatomic solids.u’5 The

. surface atoms are shielded by large potehtial energy barriers from rapid



exchange with the bulk or vacuum. The phonon spectrum of surface atoms is .

different from that of the bulk atoms as shown by surfgce Debye température

measurements.é’T There is also some experimental evidence that, in addition

to the change in the mean square diéplacement of atom at the surface, there @;

is a net expansion or cdntraction with respect to the bulk lattice spacing.8’9
The ﬁclean" surfaces of metal singie crystals have béeh studied to a

lesser extent than semiconductor surfaces. Different crystal faces of

nickel have been investigated'ext,ensivelylo’l\l but no suffacerstructurés

were réported which could be attributed to the substréte. This may be the

reason why further studies on metal surfaces have not been éimed at inves-

tigating the.substréte properties but rather the structure of adsdrbed

gases or condensible impurities, It has even been proposed12 that surface

structures which are the property of the dlean-substrate cannot occur on

metal surfaces, Thus, their presence is likely only on semiconductor sur-

faces,
7

Farnsworth,ls‘however, has reported the presence of fractional order
diffraction featufes on the clean copper (100) surfhce gs early as 1957.
Boggio and Farnéworthlu have reported on a Ta(1l10)5 surface structure,
being quite reproducible, and serving as & convenient reference for the
study of surface oxidation. We have found surface strugtures to be pfesent
on the (100) platinum substrate™” and on the (lCO) surfaces of other face-
centered cﬁbic crystals.l6’l7 It 1s the purpose of this paper to report
on the surface properties of the "clean" (100), (111) and (110) faces of
platinum single crystais.

1

PIatinum is particularly suitable for studies of the "clean surface'

since it can be prepared in high purity, does not form stable carbides
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ahd has a glOW'oxidation.rate even at elevated temperatures.19 It 1s also
inert in many chemical reactions, which can therefore serve to eliminate
the‘more reactive impurities from the crystal. In addition, piatinum is
an excellent catalyst in many oxidation or dehydrogenation reactions, It
is well known2O that the catalytic activity ig a strong function of the
method of su:facé preparation and the temperature at which the reaction
is cérried out. Therefore, understanding of theisurféce properties of
"eclean" platinum is a prerequisite for definitive studies of catélytic
surface reactions, | | |

The platinum single crystal surfaces were studied in ultra high vacuum
ds a function of temperature. Several surface structures wére found to
exist on the (lOO)'and (111) crystal faces. The low temperature surface
structures (T < 750?0) are ordered and characterized by lattice parameters

which are ihtegral multiples of that of the substrate lattice/par%meter,

-similar to those found on the mohatomic semiconductor surfaces., They are

stable dnly in well-defined temperature rangés. Transition from one type
of ordered surface structure to another can be reversible or irreversible,
If their temperature rdnge of stability overlaps they may coexist on the
same crystal surface,

At elevated temperatures (T > T750°C) the ordered surface structures
seem to be unstable. A new dlsordered phdse appears on all faces of
platinum which were studied, which is chdracterized by ring~iike diffrac-

tion patterns. The formetion of the ring patterh represents an irreversible

phase transformation, The disordered surface structure is stable indefinitely

and can only be removed by ion-bombardment. As the melting temperature is

approached (1769°C) the diffraction features of the substrate diminish
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while the inténsify of the ring patterns increaée. Thus, more surfacg_atoms
transfer into the‘disordered phase, o |

The conditions which were necessary to produce each suiface structure
will be. discussed in this papef along with the properties of these struc-
tures. The surface structures reportéd could always be reproduced on all
of the p%atinum samples which‘wefe stﬁdied. In order té prove‘thét a given
surface étructure is the property of the clean platinum substrate the low
energj electron diffraction studies were implemented by other investigations.
These included heat.treatments in reactive ambients to cause selective
chemical reactions which could.bevused‘to remove impurities from the samples,
the use of a mass spectrometer to monitor the ambient composition and
detect the presence of &olatile impurities, and chemical anaiysis of the
sampleé. | |

Defiﬁiéioﬁ aﬁd é;épé;a£i§ﬁ of the Clean Platinum Surféce

The definition of what is‘é "cléan"'surface.should reflécf £he experi-
mental coﬁditiOns which detérmine the limit of detection of impurities. |
Low energy electron difffaction studies of semiconductorevand metall5 sur- .
faces revealed the presence of open sufféce structures which occupy less
ther. 5% of the total number of surface sites (total surfécegconcentration
on the'Pt(lOO) substrate is 1.29 X lOl5Iatoms/cm?>.

The detection limit is a function of several experﬁnental'ﬁaramgﬁers,
such as the.electron optics characteristics (current density, energy dis-
tribution of impinging electrons, size of the electron beam; collector
efficiency ...) and the properties of the studied single érystal surface

(atomic density, electron density, extent of damage Introduced by surface

V¥

.
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preparation).» The presencé of adsorbed species which are randomly distributed

~ and therefore do not give extra two dimensional diffraction features can

also be detected on the solid surface in some cases. For example, Maygl has

reported that the variation of the intensity of the specularly reflected

electron beam (0O-reflection) could be used to monitor the adsorption of

amorphous layers of oxygen on tungsten,*

The use of a mass spectrometer can greatly éid'thé detectiqn of sur-
face contaminants, The detection sensitivity of lO-.12 torr partial presSure
of the instrumént which is used in this study ailowg one to moﬁitor changes
in the'maés-spéctrum which are caused by less than 1% of the monoiayer

provided that the desorption takes place in short times (ébout one minute),

‘We have used a quadrupole mass spectrometer which was attached to the dif-

fraction chamber throughout these measurements,

We can therefore define the clean solid surface in low energy diffrac-

. tion_sﬁudies.as one in which the concentration of ordered impurities is

2 -2 .

_ . . . , .
. below the detection limit of our present techniques (less than 10 cm

impurities). There should also be no change in the maés-spectrometer

trace which is due to the sample surface when it is heated to elevated

temperatures at which layers of substrate étoms may be removed by vaporiza-
tion.
Platinum single crystals of the highest purity (99.9999%) were used

in the experiments, Table I lists the impurities and typical values of

*It should be noted, however,‘that there are several adsorbed species the
presence of which do not affect the intensity of the elastically reflected

electron beam, For example, Né on the (111)-face of platinum,
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their concentrations in the samples, The samples (0.5-2 mm thick and 6 mm

¢

in diameter) were cut (diamond saw or spark cutter) after orienting the

particular face by X-ray within one degree. The'crystals were then polished

(1/% p diamond paste) and etched by dilute aque regia (50% H,0 by volume )
at 100°C, This treafment produced smooth surfaces relati?ely free from
etch pits. On one sample large etch pits were allowed, but their presence
had no noticé;ble éffect on'thé diffraction features. Chemical etching
removes most of the surface'damage introduced by the mechanical treatments.

The sample was then spotwelded to a holder which was subsequently
mounted"on‘the.crystal manipulator. In every case the holder was attached
to the thin sides of the disk shaped sample.i Either uniform reéistahce
heating (d;c.) or temperature gradient:along the sample surface could be
produced using holders of different thickness with respect to that of the
crystal. It was found that surface structures could.be_pfoduced mofe
easily in the presence of a temperature gradient along the surface. 1In
order to avoid contamination of the platinum surface from the holder
matérial,;the holder wasféléo fabricated from high purity platinum.v No
difference, however, has resulted in the observed diffraction featurés
when using tantalum holders instead of platinum,

The temperature gfadient aloﬁg the crystal surface was monitored by
several Pt-Pt 10% Rh‘thermocouples-which were spotwelded onto the sample
surface. After the temperature gradient has been established.the tempera-
ture was monitored by one thermocouple which was mountéd on the>back side
of the sample; In experiments which were performed torprove.that~the |
observed surfaée structures are the property of the clean surface, the

thermocouple was eliminated after a‘calibration of heater current versus
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surface temperature was determined, The diffraction features were not

affected by the presence of the thermocouple.,
Ioh bombardment using high purity xenon or argon was employed in order
to. a) remove the surface damage which was caused by the méchanidal surface

treatments or b) remove the disordered surface structure which formed

irreversibly at high temperatures (T > 75Q°C)¢ 1Mbre‘careful surface pre-

'pération eliminated the need for excessive ion sputtering. Usual conditions

of ion bombardment were 2 X 10"5 torr A or Xe, 3HO ev accelerating potential
for two hours. Heating the samples té T > 900°C has also produced diffrac-
tion features without ion bombardment, At these elevated temperatures,
however, the ring-like diffraction patterns which are charactefistic of

the disordered surface structure‘formed irreversibly and therefore studies
of the platinum surface structures which are present at lower temperatureé
could not be‘mdde. fhus, ion bpmbardment and subsequenf heat treatment

wa.s neéessary to generate the clean substrate structure or the low tempera-
ture surface structures., All of the surféce structures report;d in this

paper were feproducible under all conditions of surface preparations and

ion bombardment treatments unless otherwise noted.

Experimental Procedure

{
/

The low energy electron diffraction apparatus which was ‘used ‘In these

- experiments was of the post-acceleration type.* 'The”electrostaticaliy

- focused electrons (1 p amp, 5-450 ev * 0,2 ev) are back-reflected from the

crystal surface and after separétion of the inelastically scattered frac-
tion by a retarding potential, the elastic electrons are accelerated and

strike a fluorescent screen. Although bhetter focusing22 and energy selection

25
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'techniques have been reported which could give almost-an order of magnitude
better resolution with some sacrifice of the beam intensity, the electrén .
optics proved to be adequate for these studies. Filgure 1 shows the fraction |
of elastically reflected electrons as a function of electron energy. It ¥
is seen that Just as in the case of éilicon surfaceseu the platinum surface

" becomes more reflecting to low:energy electrons with decreasing accelerat-

ing potential. Other physical characteristics of the system will not be
reported here since it is outside the scope.of this paper. After békeoUt

and degassing diffraction chamber preséures of the order of 5 X 10-10

torr were obtained. During heat treatments or annealing of the samples

the pressure remained in the 5 leO_lO to 2 x 1072 range.

In order td monitor the compositioh of the ambient andvdetect the
presence of possible surface contaminants a Quadrupolé masg.spectrometer
(EAT 210) was permanently mounted on the diffraction chamber., This way we
could continuously monitor the background ambient cbmpositionvduring heat
treatments and thevcompOSition of the gases used for ioﬁ boﬁbardment.'

In order to further pfobe the nature of the différent surface struc-
ﬁures, they were heated in oxygen and in hydrogen in their température
range of stability. In this manﬁer, surface contaminants whichvform vola=
tile oxide products OrAreact in a reducing atmosphere could be detected
by the mass spectrometer and éliminated from the surface.

The diffraction-patterns yield a great deal of information as to the e
structures of the sﬁrface. Intensity analysis of the diffractibn features
is necessarj, however, to distinguish between several structures whicﬁ could .
yield similar diffraction patterns.gv This is carried out by monitoring

the intensity of the diffracted beam as a function of electron energy and
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‘scattering angle, Variation of the intensity of a given diffraction spot

with heat treatment or in the*preéence of gases can give information on
the kinetics’Of‘surface diffusion or adsorption, .Intensity measurements
were made using a telephotometer with fiber 0ptics.(Gamma Sci, Instr. Model

2000) which allowed highly reproducible measurements of intensity fluctua-

‘tion with beam voltage which were plotted on an x-y recorder. These were

then taken at various angles of incidence. The fluorescent screen has also
been photdgraphed directlyvto obtain the diffraction patterns;‘ The relative

intensities could then be obtained by using a densitometer,

Clean Substrate Structures

In order to investigate the structure and the chemistry of platinum
singie crystal surfaces the intensity of the diffracted low energy electrons.
is to be analyzed as‘a function of electron energy and diffraction angle.
For this pufpose the preparation of the clean Single crystal substrate
which has reproducible diffraction chafacterietics'is'of major importance.
Therefore, we' shall describe the precedure ueed to obtain the clean (100)
substrate of platinum which produces reproducible diffraction features.
After the,sﬁrface preparation and mounﬁing of_the platinum sample in the
diffraction chamber.(which was described above), the system was evacuated
and baked out. When the partial pressure of different feactive gases
(02? H,, CO, HéO) was reduced ﬁelOW'lO'lo torr, the surfacé wae ion bom=
barded with high purity argon or xenon using 340 ev accelefating potential
at & gas pressure of 2 X 10_5 torr, for two hours, After the first ion
bombardment most of the suffaee damage which was ihtroducedvduring the

crystal preparation has been removed. Subsequent ion bombardments which
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were. carried out to remove the unwanted surface structures which were formed,
required less than 30 minutes ion bombardment under identigal conditions.

The initial ion bombardment was following By-vacuum annealing (lO'lO torr,
600°C) for ‘one hour, The diffrgction pattern of the clean (100) substrate Vé
obtained this way 1s shown in Fig. 2. The intensity and the siie of'the .
diffraction spots and othér physical prbperties.(oxygen adsorption, for
example ) were fbund to be reproducible, The parameters whiéh'ﬁay affect

the production of this pattern are thé accuracy of crystal orientation,
polishing, etching and the ambienﬁ.during the heat treatment.

_ The clean (111) subsfrate could also be prepared feproducibly'by using
tﬁe same procedures which wére described above for the preparation of the
(100) erystal face.‘ |

The (110) crystal face, ﬁoWever, showed faceting when héating above
600°C in vacuum, This‘face has a more open structure which was found to
undergo reconstruction readily., The surface appears to hafe a:high degree
of diéordef since the background intensity was always high whehl compafed
to the spot intensity, Extended heating'of the (100)-face above: lQOO°C
in vacuum has also produced faceting. The facets are chafacterized by the
appearance of four extra specular reflections: The angles bétween’these
specular reflections and the (100) surface normal is 15.5°, The new crystal
planes which seem to form have Miller indices- (410), The highest density
(111) surface remains stable even under éevere.heat'treatmentS‘ngar the .
melting point (< 1769°C). On some of the (111) crystal faces there is a |
doubling of the diffraction spots, i.e., two sets of diffraction spots

appear near each other as a result of heat treatment close to the melting

L

point. This is similar to the mosaic structures which are frequently



L\

"diffraction spots in one direction, i.e., (Ol), more intense than those fn

)
. ' } J
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observed in electron diffraction studiese5 and which are due to a small

angle slip of the surface planes,
Figures 3a and 3b show the IOO vs. beam voltage curves obtained for
the (100) and (111) clean platinum substrate, These curves are for an

angle of incidence of 12°,

Surface Structures

The surface structures which were observed on the different platinﬁm
substrates are summarized in Table II, The notation which was adopted is
that'éuggested by W’ood.26 These surface structures can be easily reproduged
on all of the single crystal samplés uSéd unless otherwise noted. The
structures are divided into two types,.ordered and diéofdergd. The proper-

ties of the different surface structﬁres are described below,

1. Properties of the ordered surface structures. Pt(100)-(5 x 1), :
This structure was formed by heating the crystal in the temperature range

350-500°C after ion bombardment., Figure 4 shows a characteristic diffrac-

tion pattern at 70 ev. The pattern has appeared with the fractional ordgr

1

the other (lO) direction.15 Tﬁevintensity of the rows of extra spots varies
independently aloné the two perpendicular axes on all of the sampleé; Thus,
the intensity of the fractional order diffréétion spbts for a given sample.
may be stronger in one direction (x-axis, for example) than in the other

direction, There are also no diffraction spots in between the rows which

, . .
“emanate from the (00)-reflection., These observations lead us to, propose

that the pattern is due to a surface'étructure'with a unit cell of dimen-

sions five times that of the substrate along one principal axis and the
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same‘as‘the substrate along the cher. These are surface domains in which
the large spacing of thevsurface structure 1s élong the x-axis while in other
' domains it is along the y—akis.' The patfernvaé seen -in the photograph is
due to the superpoéition_of twovpattgrns rotated 90% to one another, As
long as the size of thé domains is much sﬁaller than the electron beam size
(5 1 mm?) many domains will cpntribute to the observed diffraction pattern;l5
The (5 X 1) structure ié observabie only at low electron enérgies

(< 150 ev). The'io vs, E curve of the clean (100) substrate remains vir-

0
tually unaffected by the presence of this new structure oh the surface,
The doubling of’sdﬁe.of the fractional order diffraction spots may be due
to moéaic structure effects. The surface structure is resistant to heating
in hydrogen or oxygen in its temperature rahge of stability. The surface
structure, which is due to oxygen and was.‘'reported'by.Tucke:r27 for the
Pt(lOO) face, was found to coexist with the (5 x 1) diffraction péttern.

The pattern will slowly anneal out if the sample is left at room
temperatufé. After five to twelve hours the extra diffraction spots have
completel& disappeared. Reheating'the sample to 350-500°C causéé the pat-
ternAto reappear.v Oncg heated above its temperature range of stability
the surface structure disappeafs irreversiﬁly, i,e,, cannot be regenerated
withoutifepeated ion-bonbardment, .

The rate of formation of the (5 x 1) surface structure can be measured
by monitoring the iptensity variation of the diffractioﬁ spots as a func- »
tion of time at a giVen temperature, This is displayed in Figures 55, b
and é.‘ Since the intensity of the diffraction spofs on the fluorescent

screen was found to be a linear function of the electron current density,

such intehsity data whern taken at different temperatures may be used to
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_determine the activation énergy for the formation of surface structures,

It wass found to be roughly 38 kcal/mble for the (5 X l) structure,

| The intensity of the (2/5, 0) spot seems to be independéht of heating
temperature within the stability range of the (5 X 1) surface structure
provided that-the»conditions of surface preparation (ion bombardment, ete. )
which are carried out prior to heating the (100) substrate, are standardized.

When the ion bombarded sample is heated above 500°C the (5 x 1) diffraction

pattern appears rapidly then slowly disappears. This effect is shown in

Figure 6 at T = 515°C,

Analysis of the intensity of the (5 X 1) diffraction features has been
carried out to find out whatvarrangement of surface atoms gives rise to
this pattern. This structure'is not complex, easily reproducible and the -
relative intensities of the different order diffraction spots are well
defined, The model which was used in the computations of the structure
factor was a fﬁce centered cubié crystal lattice of ten planes, fifty atoms
vin each plane; Only single electron scattering was considered. The atyenua-
tion of the electron begm with penetration depth was also taken into acéount
by the use of suitable transmission'coefficiénts. Possible lattice exp;n-

sion or contraction has also been allowed., The atomic scattering factor

was computed via the partial wave method. The detailed structure analysis

1 f Y

will be reported elsewhere.28 Preliminary results indicate that the ob;
served intensities*give a fit to a model in ‘which therebare arrays of
vacancles in every fifth row of surface atoms in the almost coﬁpletely
filled subsfrate plane. The intensities of the diffréction spots which
are attributed to the_(5 X 1) surface structure are of the same order of

magnitude as the intensities due to the substrate unit mesh, This can be
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‘seen from Figure 5c, = The vacancy model can give rise to such intensity

ratios., If extra atoms wouldibe present on top of the platinum substrate

. : ‘ . _ JURN =
the intens;ty ratio would be much larger [IOO/I(5xl) f 10 ]{

Pt(100)-(2 x 1), This surface structure was observed to develop prior
to the formation of the (5 X 1) structure. Its temperdture‘range of
stability overlaps with that of the (5 x 1) pattern.

Pt(111)-(2 X 2). This diffraction pattern forms as a result of the

same type of heat treatment used to obtain the surface structures on the
(100) substrate, The surface structure did not cover the entire face of
_ﬁhe crystal, however; as did the (100) surface structures. It was repro-7
ducible on that portion of the (111) substrate where a steep temperature
gradient existed, Upon remounting the sample to reduce this gradient the
paﬁtern was not reproducible, ‘The intensity of the fractional order dif-
fraction features decreases slowly when the sample'is allowed to stand at
room temperature, The diffraction spots will disappear in about 6 days;
They can be regenerated again wﬁen reheated In their temperature range of
stability. This pattern, as all the other surface structures, is not
detectable at high electron energies (> 150 ev), Similar surface struc-
ture can be obtained when the (lil) substrate is heated in oxygen. The
condifions of its formation, however, are différent from the experimental

conditions which were necessary to produce the pattern on the clean sub-

strate.

© Pt(111)-(3 x 3). Prolonged heating of the (2 X 2) surface structure
above 800°C causes it to convert into the (3 X 3) structure. The tempera-
ture range of stability of these two ordered structures is the same as

that of the disordered surface phase which gives rise to ring-like diffraction
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' patterns, to be discussed'below. Thus, the ordered and disordered surface

b,

structures were often found to .coexist on the (111) substraté{
.'The followiﬁg statements éummarize the'exﬁerimental'infofmation'con- V

cerning the orderedzsurface stfuctures which appear on the different platin-

um substrates, |

a. The surface structures which appear onlthe different crystal faces

-

of platinum are stable only in well defined temperature rarges. The stabil-
ity range of two structures may overlap on the glven substrate.

bil The surface structures are not affected by heat.tfédtments in
oxXygen or hydrogeh in their temperature range of stdbility.

¢c. The structures are in registry with the substrate (not rotated)

and are characterized by lattice parameters which are integral multiples

of that of the substrate [(5 x 1),(2 x 1),(2 x 2),(3 x 3)].

d. The surface structures anneal out at temperatures below their

. range of stability but reappear readily when reheated in their stability

range. Once heafed above this‘temperature range they disappéar irreversibly.

e, The surface structures were obtained only after ion bbmbardment;

The properties of the surface structures, hoﬁever, were independent of the
type of ions which wére used in the lon bonbardment.

f. The surface structures could rapidly be obtained by apblying a
steep temperaﬁure gradient aloﬁg the substrate surface. The structures
could also -be formed on the (iOO) suﬁstrate by heating the‘crystals in a
well-defined temperature range. |

g. The intensity of the diffractéd beams emanating from the surface
structures is of fﬁe same order of magnitude as the intensity of the sub-

strate reflections. Structure analysis shows that at least one of the
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surface»struotures [Pt(lOO)-(5 x 1)] 1s due to ordered arrays of vacancies
in the substrate plane, | . : t i »'v - R 1:

h: The different heat treatments have not resulted in any appreciable.
rise in the ambient pressure or in the appearance of volatile impurities,
either when the heating wag commenced or during the heating period?.'

i, The bresence of these surface structures causes no change in the
positions of the intensity maxima in the I, vs; E(ey) curves which were
taken for the clean substrates.

J. Several surface structures were found to exist on the (lOO)eface
of silver,.gold, and palladium single orystals.16’17v The ordered surface

structures on the gold substrate are similar to those found on the (100)-

face of platinum,

2, PrOperties of the disordered surface structures.

[Pt(lOO)-O Pt(lll) 0, Pt(llO)-O]. When the (100) substrate was heated in

the temperature range 500-700 C no extra surface structure WaS formed and
the diffraction pattern was that of the clean substrate unit mesh ,Above
T00° C,,however, a new diffraction pattern slowly appears. Thls is cnarac-
terized by narrow, circnlar segments, Six such segments appear at first |
(Figure Ta), then with.increased heating.time'or higher neating temperature,
12 and then 24 segments form (Figure 7b) whicn finally join into a ring

(Figure Tc).

-»-

The ring-like patterns can be obtained without ion bombardment, only
by heating the sample between T700°C and the melting temperature (1769°C). "
Their formation is irreversible, i,e,, once they have been created they v

are stable indefinitely at any temperature below the melting point and can 7



L ’ . UCRL-1T1T0

only be removed by lon bombardment, They remain unchanged during heat

treatment in oxygen and/or hydrogen.,

If the sample is heated above 1000°C for an extended period (4-6 nours),
thé intensity of the diffraction features ﬁhich &fe due to the substrate
unit mesh and which coexist with the ring pattern decreases while the in-
tensity of the rings increases, When heated near.the melting point, the
ring-like diffraction'pattefn finally rémains the only diffraction feature
on a presumably greatly disordered surfacé.

The rings are concéntric about the (00)-reflection, have ‘sharp out-
lines éndehOW'the usual diffraction features of other surface'structures,
(a) appear only at low electron energies (5-150 ev) and (b) appear at de-~
creasing angles with respect to the (00)-spot with increasing electron
energy. One striking feature of the ring pattern is that it does notvover—
lap with any of thé’diffraction spots which are due to the substrate unit
mesh, | - |

| Ring-like diffractioﬁ patterns were also found‘to exist on both the
(111) and (110) platinum surfaces as well, They also form in narrow
‘segments qhich éhOW'sixfold:symmetry. The rate of ring formation 'is some-

what slower on the (111) face; one has to heat to temperatures above 1000°C

‘to obtain formation rates comparable to that on the (100) face at 750°,

 Figure 8a shows the disordered surface structure on the (111)~face in its

first stages of development., There are six twin segments which are symmetri-
cally positioned between the first order diffraction spots of the substrate.
There are six additional segments near the diffraction spots. The segments

which appear in twins we have also observed separately, Flgure 8b shows

the ring paftern in a later stage of development. Under no conditions did
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the ring Segments overiap the first ordér sﬁbsfrate diffraction épofs. ' -
The ring structure formed on the (110) faée at temperatures mich lower
than the other faces, This face has shown disorder.as the background ing
' teﬁsity was always -high with respect to the‘spot intensity. Faceting,“
which occurs simultaneously, gives rise to complex diffraction patterns.
Several rings were found to-férm on the (100) and (111) substrates.
All of the rings were concentric aﬁout the (OO)&reflection of the substrate;
They da not appear to be higher order reflection of the first ring which
* 1s nearest to the (OO)-reflection of the substrate, The apparent lattice‘
parameter,which may be assigned to these ring-like patterns, is smaller .
than the interplanar distance in the substrate plane on all platinum sur-
faces. There are uncertéinties in the measurement of the lattice parameter
which are due to several factors, These are, a) angular distortion due
to stray magnetic or electrostatic fields; b) possible éxpansibn or con-
tracfion in the substrate plane with respect to the bulk lattice spacing;
c)‘ihaccurate posifioning of the sample in the chamber; or d) inner
potential corrections, In orde; to overcome these difficulties in charac-
terizing the ring-like diffraction patterns we give our data 1nsteéd as an
apparent lattice parameter in terms of the ratio dc/dis' dis is the inter-’
planar spacing in the different crystal faces.in real space and dO is the
real space lattice.dimension_which is characteristic of the diffraction
ring.,' They are calculated frdm the ratio, sin:6 /sin 0 o+ Lt should be .
" noted that for the (lOO) and (llO) crystal faces the interplanar spacing
is equal to the nearest nelghbor diatance. In the (111) face the inter- .
planar spacing is 4375. times the nearest neighbor distance. - Thus, it .

is appreciably smaller than in the other two crystal faces, The first
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: cblumn in Table III gives a summary of the observed ratios. Wevdesignatev

as "first" the ring which is nearest to the (OO)-reflectlon. The ratios

. were found to be independent of beam voltage,

There 1s no noticeable change in the positions of the maxima in the

- Tso VSe E(;v) curves of the clean platinum (100) and (111) substrates due

to the presence of the ring patterns,

The following statements summarize some of the important properties

- of the disordered surface structures ahd other pertinent information wﬁich

' could be used to interpret these structures.

a) The ring-like diffraction patterns form on the (111), (110), and

(100) substrates of platinum via sets of radially symmetric segments at

elevated temperatures,

b) Their formation is 1rreversiﬁle and they begome the only diffrac~.
tioh feature of thé surface as the melting'point 1s approached. They may
be formed without the use of ion bombardment, by\heating the(éubstrate in
theif temperature range of stability,

c) The ring patterns are unéffected by heat treatment in ﬁydrogen or
oxygen atmospheres., | N |

a) The ringslappear to have apparént lattice parameters which are
sméller ﬁhan the smaliest interplanﬁr distance in the éubstrate plahe.

e) The surface structure which gives rise to the ring pattern is

parallel to the surface upon which it forms and shows diffraction features

similar to other surface structures,

f) The ring-like pattefns are narrow and well-defined and always

appear in the same posiﬁion on a given substfaté. They are unlike the

29

radial distribution functions observed by neutron diffraction orvX-ray
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difrfactiop studies of 1liguids near the melting poiﬁt*30
| g) Thé formation of these ring patterns-refiects the gradual loss of
long range.order ét the_surface As heating'time or‘temperature-is'ihcréased.
h) Riﬁg-like diffraction patterns were also found:to'form on other
metal surfaces.l6’l7 They have appérenﬁ lattice dimensions which are
smaller (Ir, Au) or larger (Ag) than the distance of closest approaéh in
“the ordérea substraté. | |
1) There is no évidence of any macroscopic change in the surface
structure of platinum as observed in a photomicrograph (1000 X magnifica-

tion) when the ring-like diffraction pattern is formed,

Discussion

Two types of surfacé_structufes were found to exist on the stﬁdiedv
low index platinum surfaces. One type 1s_ordered and stable only aﬁ iower.
temperatures, roughly belOW'oné~half thie mglting temperétxre; The oﬁner
type is disordéred and appears at highitempefatures, All.of the experi-
mental observations Seem'to indicate that both tyfes of surface stiuctures
are.the property of the clean-platinum surfgces.‘ No single impurity could
produce the'variety of diffraction features which were Observéd as a func-

tion of substrate temperature in the high purity platinum surfaces.* The

*An impurity,‘in order to.cause the observed diffracfion features, must
have large bulk and surface concentrations (> 1017 cm'j) invplatinum
which are uniform from sample to.sample. It éhould be able to form a
variety of surface_structpres ordered and disordered which afe stable in
only certain temperature ranges. It should also be nonvolatile in oxi-

dizing or reducing media or in vacuum ...

-

¥
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surface structures sth'a broad range of different physical properties
(stability rangé; long or short range order, diffeient tyﬁes_of surface
structures on eaéh'substrate). |

Heat treatments in ultra high vacuum; 1n o;idizing or reducing ambients,

have not produced any new volatile species which could be detected by the

mass spectrometer,

A, Ordered Surface Structures

All of the ordered surface structures were ‘obtained after ion bombard-

. ment although their formation was not a function of the type of ions which

" were used. Bombardment by high energy lons can create high concentrations

of defects at the surface and can produce a nonequilibrium distribution of
Surfaceatoms.31 This is easily discernible from the diffraction patterns
one obtains after such treatment. The ordered surface structures seem to
represent intermediate steps in the annealing process during which the sur-
face atoms diffuse to their equilibrium atomic positions. The surface
structures aﬁpear to be made up of orderedba?rays Qf vacancies in the sub-
strate plane., The vacancy model is supported by the following observationst
a) The intensities qf(the fractlional order diffraction spots afe of the
same order of magnitude as the intensities due to the substrate for most

of the surface structures. Our intensity_analysis of the Pt(100)-(5 x 1)
surface structure nsing>a realistic model indicates that a vacancy surface
structure could explain these high intensities.28 Ifeextra,atoms were
placed on top of the substrate the intensities of the fractiona} order
spots would be two orders of magnitude smaller. b) If the‘stability range

of two surface structures overlap, increased heating time or temperature

i

R o
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favors the formatlon of the more open structure, For example,
Pt(100) - (2x 1) 2920C,5 p100) - (5% 1).

Thus, if ﬁe assume that all of the ordered surface structures are composed
of ordered arrays of vécancies we fipd that the nonequiiibrium vacancy
concentration is reduced as would be expected to occur with increasing
annealing timé or temperature.,

‘The formétioh of thé surface structures ié reversible as long as they
are not heated above their temperature range of stability, It eppears 7
that at loﬁ'temperatures, below the stabilityirange of aAgiven sufface.
structure, vacancy clustering fakes pléce which destroys the long range
order. The pattern can be regeneratéd at wiil, by heating repeatedly in
its temperature range df stability. The're@ppearance of the surface struc-
tures indicates that, in a well defined temperature range, the long range
ordering of vacancies represents the more stable configuration,

When the surface structures are heated above theirvtemperature range
~of stability they anneal out irreversibly. Thug, the surface atoms attain
a more stable configuration which may be characterized by the absence of
any surface structure or by a structure which is compatible with the
equilibrium concenﬁration of vacancles,

The propertiesvof the ordered surface structures coupled with the "
vacancy model indicafe that, a) a nonequilibrium concentration of va=-
cancies in the platinum surfécé could be maintained at room temperatire; o

b) these vacancies are randomly distributed or clustered at room tempera-

ture as to show no diffraction features; c) at elevated temperatﬁres long
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range ordering of the vacancies takes place which gives rise to surface
structures of remarkabie stabilify. The formafion of these structures is

likély to be surface diffusion controlled. d) At temperatures above the

» stability range of the surface structures the vacancy concentration ap-

proaches its equilibrium value and the surface structures are removed

- irreversibly.

The activation enthalpy for surface diffusion seems to be higher for

the (111) than for the (100) face of platinum. All of the surface struc=-

tures form in a higher temperature range on the (111) substrate.
If the presenée of a nonequilibrium concentration of disordered sur-
face atoms is needed for the formation of the ordered surface structures,

they may'not form at all when the surface is at equilibrium at the onset

" of the heat treatments, - In order to study the stability of the platinum
- surface structures in equilibrium, substrates with equilibrium vacancy

~concentrations should be prepared (without the use of heat treatments).2

B, Disordered Surface Structures

The'disofdered éurface‘strﬁcturés are characterized by ring-like dif-
fraction patterns, These devélop gradually via segments which have sixfold
symmetry. When the ;ubstrate is hgated near the melting point they remain
the bnly diffraction féature of the platinum surface. They form irfever—
sibly on all of the platinﬁm}substrates which were studied and could be‘
obtained without ion bombardment, It appears that the ring diffracfion
patterns are characteristic of a disordered surface phase which seems to
be the equilibrium surface structure bf platinum near its meltiﬁg point.

At elevated temperatures, above the stability range of all of the ordered
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surface stxucfures the substrate atoms undergo an order-~disorder transition,
Once formed there is apparently a large activation energy required to re- ' N

store the long range order; hence the disordered surface structures are

e

"frozen in" below the transition temperature.

' The apparent lattice parameters which can be assigned to the disordered.
surface structures afe extremely reproducible from samplg to sample, Closer
inspeqfion of the ratios, dcﬂﬁis’ obtained for the different platinum sur-
faces, reveals that the values computed for the (100) and (110) substrates
are identical within the accurdcy of the measurements, - The ratios obtained
for the (111) face are larger., ‘These ratios, however, were obtained by
using the interplanaf spacing-in‘the:(lll)-plane which is_'J37§-times smal-
ler than the&interplanar distancé—in the (lOd) and (110) planes.

If we assume that the surface structures which give rise to the ring
' patterns'in the (100) and (110) surfaces have the same interplanar épacing
as in the (111) substrate of platinum their ratios, which are listed in
the firsf column of Table III, should be multiplied by',Q/Jg. The corrected.
values are shown in the second column of Table III, The ratios now have
identical values for all three substraﬁes within the accuracy of our measure-
ment, Also, thé ratio of latticé spacinés which can ﬁe assigned to the dif-
ferent rings are dg/déf = Jg..and dé/ﬁgfl = 2 within our accuracy. The
data suggest that the ring-like diffraction paﬁterns are due to domains of
(111) surface structuies on all faces of platinum with réduced nearest‘ .
neigﬁbor spacing, These hexagonal surface structures appear at preferred
orientations at first as shown by.the presence of ring segments, After : #
extended heating time or as the melting temperature is approaéhed they can

be freely rotated in the substrate plane. If we assume that the disordered



-25- , UCRL-17170

hexagonal surface“sﬁructufes show an 11% coﬁtraction_with respecf'to the
intérplanar spacings in the (lll)'substrate; this model gives/ratﬁos,
do/his’ fér the first,three ringS,.O.89, O,Sl,land OfﬁS, respectively,
This is in good agreement with the values listed in Table III.,

In addition to the ring-like patterns on the plétinum surfaceés, ring
or segmented ring-like surface structures have been observed on gold (100),
silver (100) and iridium (111) surfaces.l6’17 In no case do the diffrac-
tion rings coincide with the diffraction spots of the substrate, but show
_ "contraction" or "exﬁansidn" of different magﬁitudes.. For example, in
éilver the apparent lattice parameter which can be assigned to the ring
pattefn indicates a 13% expansion with respect to the nearest neighbor
'distanée in the ordered substrate while gold shows a "contraction" which
is similar to that of platinum, It is likely that the disordered phase
is ﬁresent at high temperdturés on many face centered cubic metal surfaces
which have low enough evaporation rate not to permit the removal of the
new phase into the vapor as soon as it forms.

The formation of a disordered surface structure at temperatures where

>no such disorder is apparent in the'bulk of the platinum single crystals
is not very surprising. Surface Debye temperature measurements7 indicate
lérge mean square disPIacéments of surface atoms with re§pect to fhat of
‘«thé bulk, Lindeman's theory of melting which has been exfended recentlng’55
predicts that the melting temperature is proporticnal to the mean square
Qisplacemeﬁt of atoms, Thus, it may be possible that me}ting at:thé sur-
face occurs at temperatures appreciably below the melting temperature for

the bulk, It should be pointed out, however, that the ring-like diffrac-

tion patterné are always narrow and well defined and do not resemble the



. ~26~ _ - UCRL-17170

radiﬁl distribution functiéns obtained by X-ray and neutron diffraction
studies of liquidsvneﬁr the melting point.Bl’51+ The observed closed
packed héxagonal surface structure on the different‘platinum surfaces
may be the precursor df'fhe "random close packed structures" which have
been postulated55 to exist in the melt,

The irreversible nature of the observed order~disoraer phase‘trans-
formation has been considered by Ubbelohde,56 when he postulated the
presence of "noncrystalliéable clusters” in addition to the crysfalline

clusters to explain the undercooling phenomenon,
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Tshle. I, Major Impurities in the Platinum Sample
Used in LEED Study

Tmpurity

(wt ppm)
Fe 30
- Cr 25
Rh 15
Ag < %0
Au <10
Ir T
Pb <6
si I
2

Pq’
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Table II, Iist of Surface Structures Which Were Detected .
on the Different Low Index Surfaces of Platinum and
Their Approximate Temperature Range of Stability

3

/ o
RS Lo Approximate
Substrate Surface Structure Temperature Range
: of Stability
Pt (100) (5 x 1) 350-500°C
(2 x 1) 300-500°C
o8 > 700°C
Pt (110) SO > 600°C
Pt (111) . (2 x2) 800-1000°C
| (3 x 3) 800-1000°C
o8 > 900°C

g The notatibn, C»(indicates a ring-like diffraction

pattern, .

giﬂ
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Table III, The Ratio of the Lattice Parameters dO/dis for: the
Different Sets of Rings on the (100), (111) and (110)
Substrates of Platinum™ o

' dG)/dis ' d(D/dis
(Experimental) (Corrected)
Pt (100) first 0.75 * 0,03 '0.87 £ .0,0%
second 0.43 £ 0,03 ~0.50 % 0,03
third 0.4 % 0,03 0.47 £ 0.03
S Pt (111) © first 0,89 % 0,03 0.89 * 0.03
| second 0.51 £ 0.03 : 0.51 * 0.03
Pt (110) first - _ 0.78 % b.oa, 0,90 £ 0,03

a

dO is the apparent lattice parameter which can be assigned to
a diffraction ring and dis is the interplanar distance in the

substrate,
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FIGURE CAPTIONS

The fractlion of elastically reflected electrons from the

(111)-face of platinum as a function of electron energy.

Diffraction pattern of the clean Pt(100) substrate ét

E = 73 eve

The intensity of the (00)-reflection as a function of beam

voltage for the a) Pt(lOO) and, b) Pt(111l) substrates, The
afrows are at the positions of the calculated Bragg reflectlons,
The incident beam is at 12° ﬁoAthe surface normal,

Diffraction pattern of the Pt(100)-(5 x 1) surface structure

at E =n65 ev,

The Intensity variation of the diffraction spots along the

(II) - (0I) direction as a function of heating time at 500°C

(ta =0, t, =20 min, £ =30 min),

The intensity variation of the (2/5, 0) diffraction spot of
the (5x1) surface structure as a function of heating time at
515°C,

The development of the ring diffraction pattern on the Pt(100)

;substrate as a function of heating time or increased heating

temperature,

The development of the ring diffraction pattern on the Pt(111)

. substrate as a function of heating time or Increased heating

temperature,
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ZN-6024

Fig, 2
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ZN-6025

Fig, 4
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ZN-6026

Fig, 7a
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ZN-6027

Fig. 7b
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ZN-6028

Fig. 7¢
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ZN-6029

Fig. 8a



-43 UCRL-17170

' ZN-6030

Fig. 8b
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mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
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mission, or employee of such contractor, to the extent that
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of such contractor prepares, disseminates, or provides access

to, any information pursuant to his employment or contract
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