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ABSTRACT

Several high Miller Index cryStal surfaces of platinuﬁ have been
_examiﬁed by low energy electron_diff?acfion (IEED) and have been shown to
consist of low index (lil) or (100) terraces of constant width, linked
. by steps of monatomic height. - The ordered stepbed sﬁrfaces were found to
be stable in ultraehigh vacuum up to 1500°K, and fhe'reasons for this
remérkable'stébility are discussed. The presence of ordered atomic steps
may-be‘cbnsidered as a‘geheral structural property of high:index surfaces
fegardieés of the:chemical bbnding in the crystal. A nomenclature is

suggestéd to identify the surface structures of stepped surfaces.

N
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INTRODUCTION

Low energy electron aiffraéﬁiéﬁ (LEED) studies have been carried out,
in general, on close Packed crystal‘faces of low Miller Index. These sur-‘
faces are éhosen for structural investigation'sihce they have the lowest
surfdcé free'éﬁergy'and‘are'therefbré stablé with respect to rearrangement

to other crystal faces or to disordering up to or near the melting point.

Studies of surfaces of high Miller Index and higher surface free energy |

afe important in theirvown right té elucidate their:atbmiclstructure and
stability under'a variety ofvexpefimental'conditions in the presence of
reactive and inert gases and iﬁ Vacuum.

Recent'studiesl;3 ihdicaté that the surfaces of crystals'cut to
éxposeba high index ?lan¢ consist of ﬁerfacesof low index planes linked
by stebs often of'monatomic héight.' LEED investigations of copper, gérﬁanium,
gallium'arsenidé and urani#m dioxide showed orderéd step afrays, with
terraceé of constant width and steps of constant height. The ordered
stepped surfaces displayed varying degrees of thermal Stability.

The thermal stability and the chemical properties of stepped surfaces

are of interest in many areas of surface science. Structural changes which

occur may give information about surface phase transformation and surface

free energy. If the stepped surface struqturé is stable in the temperature

range where catalytic reactioﬁs are carried out (300°-lOQO°K); the steps

may play an important part in surface reaction mechanisms. = The structure

of ChemiSOrbéq layers is also likely.to be ‘different on stepped surfaces.



:Inthis-paperlwe report_on LEEDfinyestigations of the'surface‘structure
Of:three high lndex’surfaces of platinum. Crystals cut at small angles
from low: 1ndex planes developed ordered step structures, the terrace/step
geometry reflectlng the cuttlng angle Slnceithe_steps are ordered the
LEEthechnique is very suitable for their study. Platinum step structures g
were found to have remarkable thcrmal stablllty, ‘thus theynmay play an -
1mportant role in surface catalyzed reactlons, at least at temperatures
below 1500°K. The poss1b1evreasons-for_the thermal stabllltygof these
surfaces‘are_discussed andetheirtusefulness in Studies‘of the;orientation

i

dependence of surface free energy (r) is indicated.

EXPERIMENTAL

Platlnum S1ngle crystals)+ contalnlng 50 ppm of metallic 1mpur1t1es
and lOO ppm of non-metalllc 1mpur1t1es were used Samples wereacut by
.sparkmachlnlng at 6 5° from the (111) face towards the (111) plane,.”

9. 5 from the (lll) face towards the (100) plane, and 9.0° from the

' (lOO) face towards the (lll) plane They were mechanlcally pollshed
with (l/hhlalumlna and etched in 50% aqua regia. "The-orlentatlons were
determined by the back reflectlon Laue X- ray technlque w1th an accuracy
of l/2° and were checked at each stage of the crystal preparatlon
.Flgure 1 shows the dlrectlons of the cuts in the crystallographlc zones,
together w1th the X- ray Laue pattern of one of the crystals The
crystals vere mounted on platrnum supports. |

Two Varlan ultra hlgh vacuum systems were used in these studles,.each

=,

‘belng routlncly capablc of pressures ‘<lO" torr, LEP patternsiwere'




- commonly found on the Pt(100) crystal face,

monitored using Varian %-Grid optics. 'Auyer llectron Spectroscopy (A.E.S.)
measuremontu, uSlng a Vacuum Genorators analyser attached to the LIEED
optics; indicated thatvgraphltlc carbon and carbon monoxide were the most
common contaminants and were not always removed from the surface by ion

bombardment. Clean platlnum surfaces, as indicated by A.E.S., were

generated by heating in oxygen (lx 1077 torr) at 850 C for an dpproprlate

time (lO-6O mlnutes). Production of an atomically clean platinum surface

p)

is discussed-elsewhere. Auvger spectra of clean platinum agree well with

kthose reported by Palmberg 6

On removal of the crystals from the vacuum chamber the X-ray patterns

 were found to be unchanged.

RESULTS

Figure 2 shows the diffraction patterns from the clean stepped surfaces. .

The stepped surfaces with (111) terraces have the usual (lxl) surface struc-

‘.ture. The stepped surface with (lOO) terraces has the (5x1) surface structure

Ta

but there is only one domain

w1th 1ts perlod of five normal to the step dlrectlon.' The patterns differ

.from those expected from crystals with low index faces only in that the spots

are split into doublets at certaln voltages. It has been shown -3 that thls

spllttlng is a’ functlon of ordered steps ex1st1ng on the surface. The dif-

_fractlon features are as sharp as those observed w1th a nomlnalLy flat, low

index surface; In the case of (lOO)'terraces with a (5xl) surface structure,

the doublet spot) are not easily detectable because of the hlgh spot density.



'fHowever on adsorption of CO or HQ,.which»eliminates the (5x1) diffraction
tfeatures, the doublet spots characteristic of the ordered steps are readily
'dlsccrnlch |

The 1ntra doublet separatlon.ls dependent on. the dlotancc between

steps (1 e. ; the terrace w1dth) and klnematlc analy51s shows that the

1ntens1ty dlstrlbutlon w1th1n the doublets is a functlon of step helght 3
Thus, for the 00 spot the voltages ‘at whlch a 31nglet spot exists w1th ‘
max1mum lnten51ty are given by the equatlon.

Voo(Singlet Max.) = 150 (%) o

where'dfis:the step height and S is’an'integer; For.half-integral‘ralnes
of 8 doublet spots.of'equal lntenSityfexiSt;” Since'Voo(Siﬁélet M@X-) is
inrersely’proportional;to'd27tthe'voltage dependence is a senSitive neaSure
‘of step helght whlch can ea31ly be determlned
| The terrace w1dth as calculated from the doublet separatlon of the ‘00 -

beam is given in Tables I and II for two_crystal faces used in this study,
,togetherlwith'that predicted from'the.cutting angle; good agreenent exists,
iso.that:the surfaces-can‘be‘identified‘by the angle of the'original cut.
vTables I and‘II also glte the voltages for singlets of maximum 1nten51ty
* (Slnglet Max. )] and doublets of equal intensity [V (Equal Doublet)]
for the respective crystals, together with those predicted assumlng mon-
vatomlc step helght Agaln good agreement ex1sts, although no account has
been taken of the inner potentlal |

| “Thus therhigh index surfaces consist of terraces‘of Tow MillereIndeX'
5llnkedtby steps,of monatomic height;-_SChematic diagrams of the stepped

ey

(]



sﬁrfacés corresponding to thevdiffraction patﬁerns of'Fig. 2 are shown in
Fig. 3. Indices give little physiéal iﬁsight into the atomic structure

of stepped surfaces, so a suitabie convention for tﬁé nomenclature of these
surfaces has.béen devised and is detailed in an appendix to this paﬁer.
-Using this abproach'the'surfaccs exam%ned heré afe'designated in Tablé ITT.
Each of the ofdered step Structﬁreé is stable in vacuum up to 1500°K and

is readily reordered by heating after ion bombardment.'vHeating the P%(S)—
[9(111) x (111) ] cfystalito.950—llOO°K in 107° torr of oxygen followed by
cooling in oxygén caused elongation of the doublets, asvis shown in Fig. 4.
This indiéates disordering of the surface, with terrace widths noﬁ greater
'énd less than 9; Removai of the adsorbed oxygeniby heating in vacuumvat
800°K restored:the surface to its original ordered state. It shouldvbe
:noted that‘chemisbrption of oxygen on the low index planés of platinum has
not been oﬁserved,_while it readily occurred at the stepped surfaces of
jplatinﬁm. Hydrogen shong preferential adsorption at the atomic steps at
.low7temperatures (300-900°K) . Hydrogen adsorption takes place only at the
higheét temperatures (>1300°K) and ﬁréssures (>1073 tofr) on the Pt(100)

Ta

face and reports indicate that similar high temperatures and hydrogen
preSSUres'are necessary'for the ordered chemisorption of hydrogen on the
Pt(111) face.7bv Detailed results of chemisorption and reaction at the

steps will be reported in a subsequent paper.
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DISCUSSION

Platlnum crystals cut 1n dlffcrent crystaLlographlc zones ;at small
angleo from (111) and (lOO) planes possess_surfaces ‘of ordered steps of
monatomic helght whlch ‘show remarkabieethermal Stability. These~ordered
'stepsfhaVe heen noted on other metals:and.on send-conductors and thus must
be aﬂgenerai'property of'hiéh'inder'surfaces‘of.all types of crystalline“
materials'£;3 | |

- It is of interest to examine the thermodynamlc stablllty of this
type of surface with respect to that of the lowest free energy, low 1ndex‘i
surface, The varlatlon of surface free energy w1th orlentatlon is descrlhed
.by'a'polar replot in whlch.a vector n in avpartlcular crystallographlc
vdirection hascmagnitude-proportional’to'the surface free energy (v) in
.9

" that direction. Herring” has shown that‘at_O°K’the Y plot has cusps (loecal

miniﬁa in y) for each plane of‘ratiohal.Miller Index and has indicated that
'f;stthé teﬁperature ihcreases’most of‘the cusps”disappear. At hiéher.tem_
peratures, for example 700dK,_onLyvthose‘directiohs'corresponding to low
' ihdex planes wiil possess cusps:_ Winterbottomlo has stated that'the high
-temperature polar'plot for platinum has minima'only‘for the (111)"and (lOO)

planes 1herefore the terraced surfaces considered here are not thermo— :

v dynamlcally stable w1th respect to the (lll) and (lOO) surfaces of platlnum.

. The stepped surfaces may, on these grounds, be expected to d1sorder at

temperatures where‘thls study has shown them to be'stable The-remarkable
'thermal Stdblllty whlch has been observed is llkely to be due to the dif-

~f1cult routes whlch the crystal mus t take to develop -an equlllbrlum shape




T

There afe only two ways in which the ordefed suiface can transform into
a low’ffee energy (lll) or ilOO) face,.namcly thermal faceﬁing or dis-
-ordering and rearrangement‘by_éurface-diffusion; o )

In the case'of'thermal faceting fhe surface would transform into a
hill and valley‘network of intersectihg'low index faces.  The available
criteria for this to occﬁrll indicate that for é sﬁrface at an angle «
té a low index surface: |

. ‘2‘
-%%; < 1
 McLéan'and'Mykural2 have“examihe@ the'stability of platinum foils of
'Varidus.orientations towards thermal facetihg.v Theyvhévé estimated vy for
:ﬁariouS'a using the technique based on measuring angles at twin boundaries.
V ;They'conciﬁde that surfaces close to the (lll) orientation are stable with
;,fespeét'to faceting up to.l900°K,‘iﬁ agfeement'with this»study. Surfaces
‘close to the (lCO) face were found to be iess stable, faceting above
'f-;SOO°K. Their piatinum surfaces were not cleaﬁed in ultra-high vacuum
-and in consequence were prébgbly covérea with several monolayers of
graphitic carbdn. Neverthéless, froﬁ the relationshib_between faceting

oY

 and. 3o  the ofiepﬁations herein conSidgred are not expected-to undergo
therﬁal-faceting; | |

We now consider the possiblity that the surfaces may seek a thermo-
dynamicglly stable arrangement by sﬁrface diffusion. Bﬁrtoﬁ, Cabrera
and Frankl3 considered surf;ce roughening by the formation of kinks and _:
sugéested the existence of a critical_temberaﬁure‘Tc above ﬁhich complete '

B2
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rrougheninQAOf the surface will occur. Wintcrbottom has suggested that T

may be about one half of the’ meltinb point, Ior platinum about lOOO°K 10

McLean and Mykura,l2 however, could detect no eVidence of surface roughcning y

of platinum foils, nor was‘roughening indicated in this study. It scems
'likel&ttnat earliervideas on the critical temperature'for surface roughening
should be modified; In the case at least of'face centered cubic metals,
the-results'of'wariOus-studies on’platinum_and copper2 suggest that Tc for
'thé (111) facebmay be close to the melting point of the metal. Low energy
felectron diffractionastudies of.oraered stepped surfaces of semi—conductors
r'(diamond-structure) by Hen'zler3 provide.good'evidenCe'of the ihstability of

» certain sucppcd surfaces towards surface diffu51on. | |

| The effect of surface’ difquion has been treated from a different
'standpoint by Schwoebel and _Shi_p_sey,lLL who consider a stepped_array similar
to that treateabhere{ .They examine the_time dépendent change in terrace
"width as‘aifunction of the capture probability'at the step of atoms arriving
from different directions. Thus a diffusing atom’ arriving at the step from |
the right is assumed‘tovhave a different probability of incorporation into
theistep-compared to an atom arriving_at the sten.from the left. Their
calculations show tnat for an array of constant step height and terrace
Width the structure is time 1ndependent i.e., it is stablefunder'conditions
»of surfacegdifquion, This.result is of obvious 1mportance for the inter-

g pretation of‘our stunies of‘stepped surfaces .of platinum, s1ncevd1ffus1on

of platinum atoms on the surface is known to be rapid at temperatures as

low as 9OO K the temperature at which ion bombarded surfaces can be annealed.

The’calculations ol SChWOebel and.ShipSey_predict that ordered stepped -

e,
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suffades will'remain stéble'even in the presehcevbf the considerablé
surface diffusion which is knoWn to occur.

We méy now seé ﬁhy the ordered steppéd surfaces do not tf&ﬁsform
into'the lower free energy, more stable, low index faces. Because of the
Shépe of the valot'the surfaces éonsidefeihere_are stableiwith respect
to thermal faceting. in éddition the surfaces should be stable under
conditions of surface diffusion.‘ AS has been suggested above, no ener-
getically feasible route is likely to exist by which the array of ordered
“steps may rearrange to a thermodynamically more favorable surfaée_structure.
If is of interest to consider the degree of disorder on the atomic
' scale which would be detectable from LEED bbservations; this question has
been éonsidered in detail by Hbuston and Pérkl5 inﬂa recent paper dealing
_Specifically with the effect of stepped surféées on LEED‘pattérhs.l6'-These
authors indicate that a well-ordered diffraction pattern such as is re-
»ported here may arise even froﬁ avrather disordered array of steps. Because
of this and the-disorder known to arise from the mechanical preparation of
- single crystal surfaces, it is.not ouf contention that the stepped surfaces
'possess perfect order on an atémic scale. It is'suggeéted, nevertheless,
that LEED.iS é useful indicator of the‘greatést degreé of order at the
3surfaée, The technique differenﬁiated easily between two.crystals, one
‘cﬁt at an angle of 6.5° andrthé othér at.an angle of 9.5° tb the (111)

_ planc. it‘has also been shqﬁn'that gross disorder, resﬁlting for example
'from.oxygen'treatmént, isldetected in thé diffraction pattern. Future

-examination of this type'of'sufface'by'LEED, in conjUnctionvwith the
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‘analypical.fechniques suggested by.Houston’and Park,vmey yield detailed
1nformatlon on surface topographv. o

' The thermal stablllty of orderedvstepped surfaces indicates that
they are~11kely to be present on metal pertlcleS'that are commonly.ueed
as cdte1ystS iﬁ’Sﬁrface“chemical‘reactions. The presence of steps7changes

the.netﬁre of chemisorption and thus plays an all-important role in sub-

sequenﬁ surface reactions. Indeed studies in this laboratory have revealed

B the chemlsorptlon and orderlng of several gases that would not’ chemisorb
or ordér under the same condltlonu on low index (lll) and (110) crystal
faces of platlnum Adsorption occurs preferentlally at the:steps and
:Orderlng of the adsorbed atoms’is hucleated'at'the steps,'»Theeeistudies,
topbe‘repopted in deteil ;n a.subsequent:paper,svare ofvsignificance in

‘the field of heterogeneous catalysis. The atomiccstructure of stepped

1 surfaces should be similar to the atomic surface structure of polydispersed

catalytic particles on poroﬁs supports. It is'believed that LEED studies
of surface reactions on ordered stepped SUIfacesfwill yield the structural
information so_farliacking and neCessary to elucidate the mechaniSms_of

catalytic surface reactions.
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TABLE I

Pt(s)-[6(111)x (100) ] surface: vgltages for singlets of maximum

" intensity and doubletsvof equal‘iﬁtensiﬁy andﬂterrace width.

o s VOO(Singlet Max.)  VOO(Equal Doublef) ‘ ,Terface Width - -
(from Eg.1) | o ' ~ (number of periods)

calc. meas. calc. meas.
: N : v .calc. | meas.

2 29 29 S |
2.5 . %6 b7 5¢2=5.67  5.87
3 6 e | |
3.5 R | S | 90 ) - 89
oy 118 123 N
hs o w163
: 5 - | 184 '_.‘.  193 e i [i..
5.5 . e 225
6 . 265 213
65 -~ m 35

N

‘$ o
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RESES
. S . TABIE IT

Pt(S)4[9(lll)X (111) ] surface: voltages for singlets of maximum

’intensity and doublets of equal intensity and terrace width;

o s Vdo(Singlet Max.) VOO(EqQal'Doublét) Terrace Width
."- (from Eq.1) calc. | measf “‘ calc.. '  " meas. <ngzgif ofﬂp;z;gés)
| 29 33 - . -
-5 S U6 51 82=8.33 8.75
66 67 o -
3.5 ; 90 9
4 118 125 - |
s B a9 159
5 a8y 190 | -
5.5 | - e 237
6 265 270 ' -

6.5 S 31 36
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TABLE IIX

Angles of cut, Miller Index, and désignation of three

stepped surfaces of platinum.

-Angle of cut - Miller Index | Designation-

6.5° from (111) (99 Be(s)-[9(111) x (1))
9.5° from (111) | (755) o f 'Pt(S)g[6(lli)'x (100) ]

0 from (00) (1) P(8)-[5(100) x (121)]
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APPERUIX

" Nomenclature for Ordered Stepped-Surfaces

The appearance of ordered stepped surfaces has been observed on

3

germanlum,3 gallium arsenide,” copper, uranium dioxide  and on platinum.

Since the rearrangement to ordered low index terraces secems to take place

'regardless of the chemical bonding in the crystal, it may be fegarded as

a general structural property of high index surfaces. As studies of

this type of crystal are likely to become more important, it would be of

value to have a standardized nomenclature. to identify stepped surface

- structures and we would like to propose one which we have found convenient.

A étépped.surface is indicated by the postscript (S), so the Pt(S)

‘indicates a stepped platinum crystal surfaée.',The érdered step array can

then be completely designated by the width and orientation of the terraces
and the heighf and orientatioﬁ of the steps. We suggest that this informa-

tion be presented as:

Pt(8) -_[m(lll) x n(100) ]

where m(111) designates a terrace of (111) orientation, m atomic rows

in width, and n(100) indicates a step of (100) orientation and n atomic

layers high;"For example the Stepped’surface shown "in Fig. 3B is

designated as Pt(S)-[6(111) x 1(100)]. In the case of steps of monatomic

" height the prefix n=1 may be omitted. Thus "a surface may be designated

as Pe(8)-[6(111) x 1(200)] or as Pb(8)-[6(112) x (100) .

A problem arises when the step may be assipgned two orientations.

Thus, if the step in Fig. 3a is defincd by the rows AA' and BB', its ™
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oriehtation’is (llO). klf.vhowever; the stcpvisvdefincd bydthc.rows ALY
and cc', .lt orlent ition is (lJl) This problem can be solved 1f we
define thc step by the plane which ma}es the °mallcst angle w1th the
_te;race_normal. In thls way the step is AL'-CC" with a (lll) orlentTtlon.
.Consideration'of various ball models of stepped surfaces suggests that
this'is thejmost mealist view of the terrace/step geometry;

It is~also valuable.to characterize’the surface"structUre of the“
adsorbed molecules ori’ the stcppcd surface, partlcularly in the case
wlhiere the structure of the adsorbed layer is nucleated at the step or
the'stePS'parti01pate in the formation of the surface structure. It

,t'he‘ ad‘s-dri:stioﬁ structure is nat-}estrig_teg to the 'sbtep.:and it',s'_vun-it cell
is'related only'to the uhit’eell‘of:tce'terraCe‘planez the~standarde
notation:can te uSed:"Thus;It(S)}[g(lll)ﬂx (lll)]f(éx2)—H indicates a
vsteppedﬂsumfacevwith‘h&drogen adSOrbed on'the*terface-planeS'in'a'(éXE)

~ unit cell. ‘ | |
'The.simplest case of'adsOrbtion Which is nucleated atvthe'step is

~ the case in which ordered adsorption occuis,only at the step. We
.Esuégest the use of, for example pt(s)-[6(111) xv(lob)]—E(ld)—H:to indicate
”a one-dimensional hydrogen'stiucture at'the-steos of a platinum surface,
} the: one d1mens1onal repeat dlstance belng tw1ce the perlod of the'd
‘platlnumvatoms in the step 8V lhe notatlon 1d is often used toideslgnate
»one—dimensional ordered surface structures.

The-rcmalnlng and mo°t complex case ls when thc ads orbed laycr has
4 unit'cell which is a multiplc of the unit cell of the stepped surface.

SRR 2 ' S i " . sy
Perdereau and Rhead ™ have reported examples of surface structures with. .

-

7~ P
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rather iarge unit cells oveflapping one or more terracgs; The_notation
sugrested by these authors may lead to difficulties'and ve suégest the
.folléwing modific@tionf. Fig. 5WshOWS'several examples of unit célls of
~various-surface structures on a stepped surfacé. The létter.s is ﬁsed

to indicate that a structure is referred to the unit cell (sx.l) Sf the
clean stepped surface and not tofthé ﬁnit cell (l){l) of thg teriace,
piane; as in the previous cases (Fig. 5). The unit cell (sx 3) covers

one terrace and is ekpanded thrée'times_parallel to the step direction.
The wnit cell (2s x 1) overlaps two terréees, while keeping thé periodicity

- of the clean stepped surface parallel to the step direction.
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" FIGURE CAPTTONS

Fig. la. nystallographinorientatiqns of'thc’high.indéx'facesiof'

Fig[

Fig.

' Fig.

Fig.

' pi@tihum'which-Were examined in this study.

. 1b.

X-ray. Laue pattern of the (911) crystal face .of platinum.

' Diffraction patterns .of the various clean stepped surfaces

of platinum:

e PU(S)-[9(1D)x (D), WOV

. Pe(8)-[6(111) x (100) ], 140 V

o

e Pi(s)f[5(loo);¢(111)]; 68;v‘

Schematic_representationvof the -atomic structures pf'two

Stepped‘suifaces:‘
d. 'Pt(S);[9(lll)x (111)] o

b. Pt(8)-[6(111)x (100)]

Diffraction pattern of the Pt(sS)-[9(111)x(111)] surface

after heat treatment in bxygen, 95 V.

.~ Examples of unit cells of various surface structures on'a -

o steppedvsurface;. .
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Fig. 5



LEGAL NOTICE

This report was preparéd as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or -
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
-] . .
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