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Department of Chemistry and Inorganic Materials Research Division 
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ABSTRACT 

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

were studied as a function of tep1perature 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 property 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 concentration of defects at the surface may be necessary 

to induce their formation. 

The disordered surface structures appear at high temperatures, above 

the stability range of most of the ordered structures. They are charac-.. 

terized by ring-like diffraction features which develop gradually as a 

function of increased heating time or temperature. The formation of these 

structures is irreversible and they can only be removed by ion bombardment. 
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Near the melting point the ring patterns remain the only diffraction fea­

tures of the presumably greatly disordered surfaces. 

The ratio of lattice parameters assigned to the diffraction rings on 

each substrate indicate that they can be due to domains of (lll) surface 

structures. These hexagonal structures appear on all of the platinum sur­

faces, are freely rotated in the s~bstrate plane, and show an ~11% contrac­

tion with respect to the interplanar spacing in the ordered (lll) 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 '.'clean" solid surfaces ( tb be defined later) is the discovery that the 
. r 

. . . . . . 1 
substrate atoms may res1de in surface structures of d1fferent kind. The 

presence of these surface structures is indicated by the appearance of 

extra diffraction features which are superimposed on the diffraction pat-

tern of the substrate unit mesh predicted by the bulk unit cell. One can 

assign lattice parameters to these surface structures which, in general, 

were found to be integral multiples of the lattice parameters which charac­

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. 2 ' 3 The exact arrange-

rnent of atoms which produce these structures is still in question. Their 

appearance, however, indicates a) long range order on the surface, and 

b) that transformation (reversible or irreversible) from one type of surface 

structure to another can readily occur. Thus, these structure·s which may 

be called surface phases have a temperature range of stability, and phase 

transformations at the surface can take place without any apparent effect 

on the bulk structure. 

There are several reasons for the existence of surface structures 
. 2 

which are indicated by recent experiments. The activation energy for 

surface diffusion is.appreciably smaller than either the activation energy 

for bulk diffusion or the heat of sublimation in monatomic solids.
4' 5 The 

surface atoms are shielded by large potential energy barriers from rapid 
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exchange with the bulk or·vacuum. The phonon spectrum of surface atoms is 

different from that of the bulk atoms as shown by surface Debye temperature 
6 . 

measurements. ,7 There is also some experimental evidence that, in addition 

to the change in the mean square displacement of atom at the surface, there 

is a net exparts:i.on or contraction with respect to the bUlk lattice spaCing. 
8

;9 

The "clean" surfaces of metal single crystals have been studi.ed to a 

lesser extent than semiconductor surfaces. Different crystal faces of 

10 11 
nickel have been investigated extensively ' . but no surface structures 

were reported which could be attributed to the substrate. This may be the 

reason why further studies on metal surfaces ):lave not been aimed at inves-

tigating the. substrate properties but rather the structure of adsorbed 

gases or condensible impurities. 12 It has even been proposed that surface 

structures which are the property of the clean substrate cannot occur on 

metal surfaces. '.I'hus, their presence is likely only on semiconductor sur-

faces, 

Farnsworth,l3 however, has reported the presence of fractional order 

diffract:i.on features on the clean copper (100) surface as early as 1957. 

. 14 
Boggio and Farnsworth have reported on a Ta(ll0)5 surface structure, 

being quite reproducible, and serving as a convenient reference for the 

study of surface oxidation, We have found surface structures to be present 

on the (100) platinum substrate15 and on the (100) surfaces of other face­

centered cubic crystals. 16,l7 It is the purpose of this paper to report 

on the surface properties of the "clean" (100), (lll) and (no) faces of 

platinum single crystals. 

Platinum is partl.cularly suitable for studies of the "clean surface" 

.... ' 

1 . d 18 ~ 
since it can be prepared in high purity, does not form stable car n es 
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and has.a slow oxidation .rate evert at elevated temperatures. 19 It is also 

inert in many chemical reactions, which can therefore serve to eliminate 

the more reactive impurities from the crystal. In addition, platinum is 

an excellent catalyst in many oxidation or dehydrogenation reactions. It 

is well known20 that the catalytJ.c activity is a strong function of the 

method of surface preparation and the temperature at which the reaction 

is carried out. Therefore, understanding of the surface properties of 

"clean" platinum is a prerequisite for definitive studies of catalytic 

surface reactions. 

The platinum single crystal surfaces were studied in ultra high vacuum 

as a function of temperature. Several surface structures were found to 

exist on the (100) and (111) crystal faces. The low temperature surface 

structures (T < 750°C) are ordered and characterized by lattice parameters 

which are integral multiples of that of the substrate lattice/parameter, 
r .L-. 

similar to those found on the monatomic semiconductor surfaces. They are 

stable only in well-defined temperature ranges. Transition from one type 

of ordered surface structure to another can be reversible or irreversible. 

If their temperature range of stability overlaps they may coexist on the 

same crystal surface. 

At elevated temperatures (T > 750°C) the ordered surface structures 

seem to be unstable. A new disord~red phase appears on all faces of 

platinum which were studied, which is characterized by ring-like diffrac-

tion patterns. The formation of the ring pattern represents an irreversible 

phase transformation. The disordered surface structure is stable indefinitely 

and can oniy 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 intensity of the ring :patterns increase. Thus, :rrore surface atoms 

transfer into the disordered :phase., 

T'ne conditions which were necessary to :produce each surface structure 

will be discussed in this :paper along w·ith the :properties of these struc­

tures. The surface structures reported could always be reproduced on all 

of the :platinum samples which were studied. In order to :prove that a given 

surface structure is the :property of the clean platinum substrate the low 

energy electron diffraction studies were implemented by other investigations. 

These included heat treatments in reactive ambients to cause· selective 

chemical reactions which could be used to remove impurities from the samples, 

the use of a mass spectrometer to monitor the ambient composition and 

detect the presence of volatile impurities, and chemical analysis of the 

samples. 

Definition and Preparation of the Clean Platinum Surface 

The definition of what is a "clean" surface should re fleet the experi­

mental conditions which determine the limit of detection of impurities. 

Low energy electron diffraction studies of semiconductor
2 

and meta1
15 

sur­

faces revealed the presence of open surface structures which occupy less 

the.r. 5% of the total number of surface sites (total surface concentration 

on the Ft(lOO) substrate is 1.29 X 1015 atoms/cm
2

). 

The detection limit is a function of several exper:imental :parameters, 

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 crystal surface 

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

• 

I~ 
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preparation). The presence 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. F6r example, May21 has 

reported that the variation of the intensity of the specularly reflected 

electron beam (00-reflection) could be used to monitor the adsorption of 

amorphous layers of oxygen on tungsten.* 

The use of a mass spectrometer can greatly aid the detection of sur­

face contaminants~ The detection sensitivity of 10-12 torr partial pressure 

of the instrument which is used in this study allow~ one to monitor changes 

in the mass-spectrum which are caused by less than l'{o of the monolayer 

provided that-the desorption takes place in short times (~bout 6ne 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 studies as one in which the concentration of ordered impurities 'is 

) . ( 12 ~ ·below the detection limit of our present techniques less than 10 em 

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

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

temperatures at which layers of substrate atoms 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, N on the (111)-face of platinum. . 2 
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their concentrations in the samples. The samples (0.5-.2 :mm thick and 6 mrn 

' 
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 

(l/4 fl. diamond paste) and etched by dilute aqua regia (50% ~0 by volume) 

at l00°C. This treatment produced smooth surfaces relatively free from 

etch pits. On one sample large etch pits were allowed, but thei.r presence 

had no noticeable effect on the 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. Either uniform resistance 

heating (d.c.) or temperature gradient along the sample surface could be 

produced using holders of different thickness with respectto that of the 

crystal. It was found that surface structures could be produced more 

easily in the presence of a temperature gradient along .the surface. In 

order to avoid contamination of the platinum surface from the holder 

material,. the holder was also fabricated from high purity platinum. No 

difference, however, has resulted in the observed diffraction features 

when using tantalum holders instead of platinum. 

The temperature gradient along the crystal surface was monitored by 

several Pt-Ft 10% Rh thermocouples which were spotwelded onto the sample 

surface. After the temperature gradient has been estab:)..ished the tempera- • 

ture was monitored by one thermocouple which was mounted on the bad:: side 

of the sample. In experiments which were performed to prove that the 

observed surface structures are the property of the clean surface, the 

thermocouple vJas eliminated after a· calibration of heater current versus 
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surface temperature w·as determined~ The diffract:km features were not 

affected by the presence of the thermocouple., 

Ion bombardment using high purity xenon or argon was employed in order 

to a) remove the surface damage which was caused by the mechanical surface 

treatments or b) remove the disordered surface structure .which formed 

irreversibly at high temperatures (T > 750°C)., More careful surface pre-

. paration eliminated the need for excessive ion sputtering. Usual conditions 

of ion,bombardment were 2 X 10-5 torr A or Xe, 340 ev accelerating potential 

for two hours. Heating the samples to T > 900°C has also produced diffrac-

tion features ·,-Jithout ion bombardmento At these elevated temperatures, 

how·ever, the ring-like diffraction patterns which are characteristic of 

the disordered surface structure. formed irreversibly and therefore studies 

of the plat:lnum surface structures which are present at lovJer temperatures 

could not be made. Thus, ion bombardment and subsequent heat tr'eatment 

was necessary to generate the clean substrate structm'e or the low tempera-

ture surface structures. All of the surface structures reported in this 

paper were reproducible under all conditions of surface preparations and 

ion bombardment treatments unless otherwise notede 

Experimental Procedure 

The low energy electron diffraction apparatus which was ;used lln these 

experiments was of the pos t-a<7celeration type.* The·· electrostatically 

focused electrons ( 1 J..L amp 1 5-450 ev ± o. 2 ev) are back-re fleeted from the 

crystal surface and after separation of the inelastically scattered frac-

tion by a retarding potential, the elastic electrons are accelerated and 

strike a fluorescent screen. Although better focusing
22 

and energy selection
23 
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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 electron 

optics .proved to be adequate for these studies. Figure 1 show-s the fraction 

of elastically re fleeted electrons as a function of electron energy. It 

is seen that just as in the case of silicon surfaces
24 

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 bakeout 

and degassing diffraction chamber pressures of the order of 5 x 10-lO 

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

the pressure remained in the 5 X .10-lO to 2 X 10-9 range. 

In order to monitor the composition of the ambient and detect the 

presence of possible surface contaminants ~ quadrupole mass spectrometer 

(EAI 210) was permanently mounted on the diffraction chamber. This way we 

could continuously monitor the background ambient composition during heat 

treatments and the composition of the gases used for ion bombardment. 

In order to further probe the nature of the different surface struc-

tures, they were heated in oxygen and in hydrogen in their temperature 

range of stability. In this manner, surface contaminants which form vola-

tile oxide products or react in a reducing atmosphere could be detected 

by the mass spectrometer and eliminated from the surface. 

.. 

The diffraction patterns yield a great deal of information as to the • 

structures of the surface. Intensity analysis of the diffraction features 

is necessary, however, to distinguish between several structures which could 

yield similar diffraction patterns. 2 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 :Presence of gases can give information on 

the kinetics of surface diffUsion or adsorption •. Intensity measurements 

were made using a telephotometer with fiber optics (Garmna Sci. Instr. Model 

2000) which allow·ed 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 screenhas also 

been photographed directly to 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 

single crystal surfaces the intensity of the diffracted low energy electrons. 

is to be analyzed as a function of electron energy and di-ffraction angle. 

For this purpose the preparation of the clean single crystal substrate 

which has reproducible diffraction characteristics is of major importance. 

Therefore, we shall describe the procedure used to obtain the clean (100) 

substrate of platinum which produces reproducible diffract ion features. 

After the. surface preparation and mounting of the platinum sample in the 

diffraction chamber (which was described above), the system was evacuated 

and baked out. When the partial pressure 

( ) -10 o2 , ~' co, ~0 was reduced below 10 

of different reactive gases 

torr, the surface was ion born-

barded with high purity argon or xenon using 340 ev accelerating potential 

at a gas pressure of 2 X 10-5 torr, for two hours. After the first ion 

bombardment most of the surface damage which was introduced during 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 identical conditions. 

( 
-10 The initial ion bombardment was following by vacuum annealing 10 torr, 

600°C) for 'one hour., The diffraction pattern of the clean (100) substrate ~< . 

obtained this way is shown in Fig. 2. The intensity and the size of the 

diffraction spots and other physical properties (oxygen adsorption, for 

example) were found to be reproducible., The parameters which may affect 

the production of this pattern are the accuracy of crystal orientation, 

polishing, etching a.nd the ambient during the heat treatment~ 

The clean (111) substrate could also be. prepared reproducibly by using 

the same procedures which were described above for the preparation of the 

(100) crystal face. 

The (1.10) crystal face, however, showed faceting when heating above 

600°C in vacuum. This face has a· more open structure which was found to 

undergo reconstruction readily. The surface appears to have a~high degree 

of disorder since the background intensity was always high 'vhen compared 

to the spot intensity. Extended heating of the (100)-face above l000°C 

in vacuum has also produced faceting. The facets are characterized by the 

appearance of four extra specular reflections• The angles between these 

specular reDections 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 severe heat treatments near 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 

point. This is similar to the mosaic structures· whi.ch are frequently 

~. 
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observed in electron diffraction studies25 and which are due to a small 

angle slip of the surface planes. 

Figures 3a and 3b show the r00 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 platinum 

substrates are summarized in Table II. ·The notation which was adopted is 

. 26 
that suggested by Wood. These· surface structures can be easily reproduced 

on all of the single crystal samples used unless otherwise noted. The 

structlp'es are divided into two types, ordered and disordered. The proper-

ties of the different surface structures are 9-.escribed below. 

1. Properties of the ordered surface structures. Ft(l00)-(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 ord~r 
t 

·diffraction spots in one direction, i.e., (oi), more intense than those $n 
i 

the other (10) direction. 15 The intensity of the rows of extra spots varies 

independently along the two perpendicular axes on all of the samples. Thus, 

the intensity of the fractional order diffraction spots 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 structure 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 other. These are surface domains in which 

the large spacing of the surface structure is along the x-axis while in other 

domains it is along the y-axis. The pattern as seen -in the photograph is 

due to the superposition of two patt~rns rotated 90° to one another. As 

long as the size of the domains is much smaller than the electron beam size 

(~ l mm
2

) many domains will contribute to the observed diffraction pattern~ l5 

The (5 x l) structure is observable only at low electron energies 

( < 150 ev). The r
00 

vs. E curve of the clean ( 100) substrate remains vir­

tually unaffected by the presence of this new structure on the surface. 

The doubling of some of the .fractional order diffraction spots may be due 

to mosaic structure effects. The surface structure is resistant to heating 

in hydrogen or oxygen in its temperature range of stability. The surface 

structure, which is due to oxygen and was reported by Tucke/7 for the 

Pt(lOO) face, was found to coexist with the (5 x l) diffraction pattern. 

The pattern will slowly anneal out if the sample is left at room 

temperature. After five to twelve hours the. extra diffraction spots have 

completely disappeared. Reheating the sample to 350-500°C causes the pat.­

tern to reappear. Once heated above its temperature range of stability 

the surface structure disappears irreversibly, i.e., cannot be regenerated 

without repeated ion-borrmarffinent. 

The rate of formation of the (5 X l) surface structure can be measured 

•. 

. by monitoring the i~tensity variation of the diffraction spots as a func- • , 

tion of time at a given temperature. This is displayed in Figures 5a, b 

and c. Since the intensity of the diffraction spots on the fluorescent 

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

such intensity data wheri ·taken at different "temperatures may be used to 

~ I 
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.determine the activation energy for the formation of surface structures. 

It wa& found to be roughly 38 kcal/mole for the (5 X 1) structure. 

The intensity of the (2/5, 0) spot seems to be independent of heating 

temperature within the stability range of the (5 X l) surface structure 

provided that the conditions of surface preparation (ion bombardment, etc.) 

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 slow·ly disappears. This effect is shown in 

Figure 6 at T = 5l5°C. 

Analysis of the intensity of the (5 X 1) diffraction features has been 

carried out to find out what arrangement of surface atoms gives rise to 

this pattern. This structure is not complex, easily reproducibleand 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 face centered cubic crystal lattice of ten planes, fifty atoms 

in each plane. Only single electron scatteringwas considered. The attenua-

tion of the electron beam with penetration depth was also taken into account 

by the use of suitable transmission coefficients. Possible lattice expan-

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

was computed via the partial wave method. The detailed struc1ture analysis 

28 will be reported elsewhere • Preliminary results indicate that the ob-

served intensities give a fit to a model in ·which there are arrays of 

vacancies in every fifth row of surface atoms in the almost completely 

filled substrate plane. The intensities of the diffraction spots which 

are attributed to the (5 X l) 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 would be present on top ofthe platinum substrate 

2 
the intensity ratio would be much larger [ r00/I(

5
xl) !:::: 10 ] • 

Ft(lOO )-(2 X 1). This surface structure was observed to deyelop prior "· 

to the formation of the (5 X l) structure. Its temperature range of 

stability overlaps with that of the (5 x l) pattern. 

Ft(lil)-(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 

the crystal, however, as did the (100) surface structures. It was repro-

ducible on that portion of the (111) substrate where a steep temperature 

gradient existed. Upon remounting the sample to reduce this gradient the 

pattern 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 when 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 (111) substrate is heated in oxyg~n. The 

conditions of its formation, however, are different from the experimental 

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

strate. 

Ft(lll)-(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-lilce diffractj_on 

" 
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patterns, to be discussed ·below·. Thus, the ordered and disordered surface 

structures were often found to coexist on the (111) substrate~ •-. 

The followtng statements summarize the experimental information con­

cerning the ordered. surface structures which appear on the different platin-

um substrates. 

a. The surface structures which appear on the different crystal faces 

of platinum are stable only in well defined temperature rarges. The stabil­

ity range of two structures may overlap on the given substrate. 

b. The surface structures are not affected by heat treatments in 

oxygen or hydrogen in their temperature range of stability. 

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

and are characterized by lattice p,arameters 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 the.ir stability 

range. Once heated above this temperature range they disappear irreversibly. 

e. The surface structures were obtained only after ion bombardment. 

The properties of the surface structures, however, were independent of the 

type of ions which were used in the ion bombardment. 

f. The surface structures could rapidly be obtained by applying a 

steep temperature gradient along the substrate surface. The structures 

could also· be formed on the (100) substrate by heating the crystals in a 

well-defined temperature range. 

g. The intensity of the diffracted beams emanating from the surface 

structures ·is of the 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 structures [Ft(lOO )-(5 X 1)] is due to ordered arrays .of vacancies 

in the substrate plane. 

h. The different heat treatments have not resulted ~n any appreciable 

rise in the ambient pressure or in the appearance of volatile impurities, 

either when the heating was commenced or during the heating period •. 

i~ The presence of these surface structures causes no change in the 

positions of the intensity maxima in the r00 vs. E(ev) curves which were 

taken for the clean substrates. 

j. Several surface structures were found to exist on the (100)-face 

of silver, gold, and palladium single crystals. 16,l7 The ordered surface 

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

face of platim.urto 

2. Properties of the disordered surface structures. 

[Ft(l00)-0, Pt(lll)-0, Ft(llO)-O]. When the (100) substrate was heated in 

. 0 
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 

0 . 

700 c, .however, a new diffraction pattern slowly appears. This is charac-

terized by narrow, circular segments. Six such segments appear at first 

(Figure 7a ), then with increased heating time or higher heating temperature, 

12 and then 24 segments form (Figure 7b) whi.ch fi.nally join into a ring 

(Figure 7c). 

The ring-like patterns can be obtained without ion bombardment, only 

I .. 

by heating the sample between 700°C and the melting temperature (l769°C ). \,:, 

Their formation is irreversible, i.e., once they have been created they 

are stable indefinitely at any temperature below the melting point and can ~ 
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only be·removed by ion bombardment. They remain unchanged during heat 

treatment in ~xygen and/or hydrogen. 

If the sample is heated above 1000°C for an extended period ( 4-6 hours), 

the intensity of the diffraction features wht ch are 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 pattern finally remains the only diffraction feature 

on a presumably greatly disordered surface. 

The rings are con~entric about the (oo)-reflection, have sharp out­

lines and show· the usual diffraction features of other surface structures, 

(a) appear only at low electron energies (5-150 ev) and (b) appear at de- i· 

creasing angles with respect to the (00)-spot with increasing electron 

energy. One striking feature. of the ring pattern is that it does not over-

lap with any of the diffraction spots which are due to the substrate unit 

mesh. 

Ring-like diffraction patterns were also found to exist on both the 

(lll) and (110) platin~ surfaces as well. They also form in narrow 

segments ~hi.ch show sixfold symmetry. The rate of ring formation is some-
' 

what slower on the (lll) face; one has to heat to temperatures above l000°C 

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

Figure 8a shows the disordered surface structure on the (lll)-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. Figure Bb shows 

the ring pattern in a later stage of development. Under no conditions did 
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the ring segments overlap the first order substrate diffraction spots. 

The ring structure formed on the ( 110) face at tenpera ture s much low·er 

than the other faces. This face has shown disorder as the background in-

tensity was always-high with respect to the spot intensity. Facetihg, 

which occurs simultaneously, gives. rise to complex diffraction, pattern~. 

Several rings were found to form on the (100) and (111) substrates. 

All of the rings were concentric about the (OO).;oreflection of the substrate. 

They do not appear to be higher o;rder reflection of the first ring which 

is nearest to the (00 )-reflection of the substrate. The apparent latt:i.ce 

parameter, which may be assigned to these ring-like patterns, is smaller 

than the interplanar distance in the substrate plane on all platmwn sur.-

faces. There are uncertainties 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 expansion or con-

traction in the substrate ·ple,.ne with respect to the bulle lattice spacing; 

c) inaccurate positioning of the sample in the chamber; or d) inner 

potential corrections. 
f . 

In order to overcome these difficulties in charac-

terizing the ring-like diffract.ion pB.tterns we give our data instead as an 

apparent lattice parameter in terms of the ratio dddis• dis is the inter­

planar spacing in the different crystal faces in real space and d0 is the 

real space lattice dimension which is characteristic of the diffraction 

ring.' They a:re calculated from the ratio, sin eis/sin eo. It should, be 

noted that for the ( 100) ~d ( 110) crystal faces the interplanar spacing 

is equal to the nearest neighbor distance. In the (111) face the inter­

planar spacing is .J3j2. times the nearest neighbor distance. Thus, it 

is appreciably smaller than in the other two crystal faces. The first 

.. 
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colwnn in Table III gives a sunnnary of the observed ratios. We designate 

as "first" the ring which is nearest to the (00)-reflection. The ratios 

were found to bE:! independent of beam voltage, 

There·is no noticeable change in the positions of the maxima in the 

r00 vs. E(ev) 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 and other pertinent information wl'fich 

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 irreversible and they become the only diffrac-

tion feature of the surface as the melting point is approached. They may 

be formed without the use of ion bombardment, by heating the substrate in 

their temperature range of stability. 

c) The ring patterns are unaffected by heat treatment in hydrogen or 

oxygen atmospheres. 

d) The rings appear to have apparent lattice parameters which are 

smaller than the smallest interplanar distance in· the substrate plane. 

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 patterns are narrow and well-defined and alvmys 

appear in the same position on a given substrate. They are unlike the 

radial distribution functions observed by neutron diffraction
2

9 or X-ray 
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diffraction studies of liquids near the melti.ng point~30 

g) The formation of these ring patterns reflects the gradual loss of 
... 

long range order at the surface as heating time ortemperature is increased. 

h) Ring-like diffraction patterns were also found to form on other ~ 

metal Surfaces. l6,l7 Th h t 1 tti di . hi h ey ave apparen a ce menslons w c are 

smaller (Ir, Au) or larger (Ag) than the distance of closest approach in 

the ordered substrate. 

i) There is no evidence 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 surface structures were found to exist on the studied 

low index platinum surfaces. One type is ordered and stable only at lower 

temperatures, roughly below one-half the melting tempera"b.lre. The other 

type is diso.rdered and appears at high temperatures. All of the experi-

mental observations seem to indicate that both types of surface structures 

are the property of the clean platinum surfaces. No single impurity could 

produce the variety of diffraction features which were observed as a func-

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

*An impurity, in order to cause the observed diffraction features, must 

have large bulk and surface concentrations (> 1017 cm-3 ) in platinum 

which are uniform from·sample to sample. It should be able to form a 

variety of surface structures ordered and disordered which are 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 show a broad range of different physical properties 

(stability range, long or short range order, different types of surface 

structures on each substrate). 

Heat treatments in ultra high vacuum, in oxidizing or reducing ambients, 

have riot 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 ions can create high concentrat·~ons 

of defects at the surface and can produce a nonequilibrium distribution of 

surface atoms. 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 appear to be made up of ordered arrays of vacancies in the sub-

strate plane. The vacancy model is supported by the following observations: 

a) The intensities of the fracttonal order diffraction spots are of the 

same order of magnitude as the intensities due to the substrate for most 

of the surface structures. Our intensity analysis of the ?t(l00)-(5 X l) 

surface structure using a realistic model indicates that a vacancy surface 

t t . th i .... 'h • t . t. 28 
s rue ure could expla1n ese h &• 1n ens1 1es. If extra atoms were 

placed on top of the substrate the intensities of the fractional order 

spots would be two orders of magnitude smaller. b) If the 1 stability range 

of two surface structures overlap, increased heating time or temperature 
I 

./ ~-
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favors the formation of the more open structure. For example, 

pt(lOO) (2 X 1) 300-500°C , ( ) ( ) 
7 pt 100 - 5 X l • 

Thus, if we assume that all of the ordered surface structures are composed 

of ordered arrays of vacancies we find that the nonequilibrium vacancy 

concentration is reduced as would be expected to occur with increasing 

annealing time or temperature. 

The formation of the surface structures is reversible as long as they 

are not heated above the1x temperature range of stability. It appears 

that at low temperatures, below the stability range of a given surface 

structure, vacancy clustering takes place which destroys the long range 

order. The pattern can be regenerated at will, by heating repeatedly in 

its temperature range of 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 m::>re stable configuration. 

When the surface structures are heated above their temperature range 

of stability they anneal out irreversibly. Thus, 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 

equilib~ium concentration of vacancies. 

The properties of the ordered surface structures coupled with the 

vac_ancy model indicate that, a) a nonequilibrium concentration of va-

cancies in the platinum surface could be maintained at room tempe ram re; 

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

ture as to show no diffraction features; c) at elevated temperatures long 



• 
-23- UCRL-17170 

range ordering of the vacancies ~akes place which gives rise to surface 

structures of remarkable stability. The formation of these structures is 

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

'"' stability range of the surface structures the vacancy concentration ap-

preaches its equilibrium value and the surface structures are removed 

irreversibly. 

The activation enthalpy for surface diffusion seems to be higher for 

the (111) than fa~ the (100) face of platinum. All of the surface struc-

tures form in a higher t~mperatu~e range on the (111) substrate. 

If the presence 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 equi~ibrium vacancy 

2 concentrations should be prepared (without tqe use of heat treatments). 
r 

B. Disordered SUrface Structures 

\ 

The disordered surface structures are characterized by ring-like dif-

fraction patterns. These develop gradually via segments which have sixfold 

symmetry. When the substrate is h~ated near the melting point they remain 

the only diffraction feature of the platinum surface. They form irrever-

sibly on all of the platinum substrates which were studied and could be 

obtained without ion bombardment. It appears that the ring diffraction 

patterns are characteristic of a disordered surface phase which seems to 

be the equilibrium surface structure of platinum near its melting point. 

At elevated temperatures, above the stability range of all of the ordered 
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surface st~uctures the substrate atoms undergo an order-disorder transition. 

Once formed there is apparently a large activatio~ energy required to re-

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

"frozen in" below the transition temperature. 

The apparent lattice parameters which can be assigned to the disordered 

surface structures are extremely reproducible from sample to sample. Closer 

irispection of the ratios, d0 /dis' obtained for the different platinum sur­

faces, reveals that the values coml?uted for the (100) and (110) substrates 

are identical within the accuracy of the measurements. The ratios obtained 

for the (111) face are largero These ratios, however, were obtained by 

using the interplanar spacing in the (111)-plane which is ../3/2 times smal­

ler than the interplanar distance in the (100) 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 spacing 

as in the (111) substrate of platinum their ratios, which are listed in 

the first column of Table III, should be multiplied by 2/../3. The corrected 

values are shown in the second column of Table III. The ratios now have 

identical values for all three substrates within the accuracy of our measure-

ment. Also, the ratio of lattice spacings which can be assigned to the dif-

ferent rings are di ldiii ;:: 2 
(f 0 within our accuracy. The 

data suggest that the ring-like diffraction patterns are due to domains of 

(111) surface structures on all faces of· platinum with reduced nearest 

neighbor 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 approached they can 

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

'';!, 

,.,, ,.._, 
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hexagonal surface struct~es show· an ll'% contraction with respect to the 
I 

, I 

interplanar spacings in the (lll) substrate, this model gives' ratios, 

d0 /dis' for the first three rings, 0.89, 0.51, and 0.45, respectively. 

This is in good agreement with the values listed in Table III. 

In addition to the ring-like patterns on the platinum surfaces, ring 

or segmented ring-like surface structures have been observed on gold (100), 

silver (100) and iridium (lll) surfaces. 16,l7 In no case do the diffrac-

tion rings coincide with the diffraction spots of the substrate, but show 

"contraction" or "expansion" of different magnitudes. For example, in 

silver the apparent lattice parameter which can be assigned to the ring 

pattern indicates a 13% expansion with respect to the nearest neighbor 

distance in the ordered substrate while gold shows a "contraction" which 

is similar to that of platinum. It is likely that the disordered phase 

is present at high temperatures 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 

large mean square displacements of surface atoms with respect to that of 

~the bulk. Li~deman's theory of melting which has been extended recent1~2 ,33 

predicts that the melting temperature is proportional to the mean square 

displacement of atoms. Thus, it may be possible that melting at the 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 patterns are always narrow and well defined and do not resemble the 
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radial distribution functions obtained by: X-ray and neutron diffraction 

studies of liqui.ds near the melting point. 31, 34 The observed closed 

packed hexagonal surface structure on the different platinum surfaces 

may be the precursor of the "random close packed structures" which have 

been postulated35 to exist in the melt. 

The irreversible nature of the observed order-disorder phase trans-
. 36 . 

formation has been considered by Ubbelohde, when he postulated the 

presence of "noncrystallizable clusters" in addition to the crystalline 

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

~purity (wt ppm) 

Fe 30 

cr 25 

Rh 15 

Ag < 30 

Au < 10. 

Ir 7 

Pb < 6 

Si 4 

Pd ' 2 

UCRL-17170 
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Table IIo List of Surface Structures Which Were Detected 
on the Different Low Index Surfaces of Platinum and 
~eir Approximate Temperature Range of Stability 

I .L..._ 
' Approximate 

Substrate Surface Structure Temperature Range 
of Stability 

Pt (100) (5 X i) 350-500oC 

(2 X l) 300-500°C 

oa > 700°C 

pt (110) oa > 600°C 

pt (111) (2 X 2) 800-l000°C 

(3 X 3) 800-l000°C 

oa > 900°C 

a The notation, 0, indicates a ring-like diffraction 

pattern. 
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Table III. . The Ratio of the Lattice Parameters dddis for the · 

Different Sets of Rings on the (100), (111) and (110) 
a SUbstrates of Platinum 

dddis do/dis 
(Experimental) (Corrected) 

/ pt (100) first o. 75 ± 0.03 o.87 ± o.o3 

second 0.43 ± 0.03 0.50 ± 0.03 

third 0.41 ± 0.03 0.47 ± 0.03 

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 ± 0.03 0.90 ± 0.03 

a d is the apparent lattice parameter which can be assigned to 
0 

a diffraction ririg and dis is the interplanar distance in the 

substrate. 

!. 
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FIGURE CAP!'IONS 

The fraction of elastically reflected electrons from the 

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

Diffraction pattern of the clean Ft(lOO) substrate at 

E = 73 ev. 

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

voltage for the a) Ft(lOO) and, b) Ft(lll) substrates. The 

arrows are at the positions of the calculated Bragg reflections. 

The incident beam is at 12° to the surface normal. 

Diffraction pattern of the Ft(l00)-(5 X 1) surface structure 

at E = 63 ev. 

The intensity variation of the diffraction spots along the 

(ii) - (oi) direction as a function of heating time at 500°C 

(t = 0, t c: 20 min, t == 30 min). a o c 

The intensity variation of the (2/5, o) diffraction spot of 

the (5Xl) surface structure as a function of heating time at 

515°C. 

The development of the ring diffraction pattern on the Ft(lOO) 

. substrate as a function of heating time or increased heating 

temperature. 

The development of the ring diffraction pattern on the Ft(lll) 

substrate as a function of heating time or increased heating 

temperature. · 
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