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Surface Structure: of Metals

At the micrescepic: level; mest materials can lbe considered as) a
collection or aggregate of singles crystall crystallites. The strface
chemistry: of the material as a whele is therefiere crucially dependent
Upon the nature andl type of surfaces exposed on these crystallites:
I principle; therefore, We cani understand the surface preperties of
any materaliwe

Know. the amount ofi each type of surface exposed: , and

have detailed knowledge of the preperties off each and every. type: of
surface plane.

It IS therefere vitally important that we canl independently’ study.
dififerent, well-defined surfaces. The most cammoenly employed
technigue, Is to prepare macroscopic (I.e. size — cm) single crystals
off metals and then to deliberately: cut-them 1 a way WhHICh ex|poses
a large area of the specific surface of Interest.



Most metals enly exist in ene bulk structural form - the
most common metallic: crystall structures being :

pec: hedy-centred cubic
fcc: face-centred cubic
hcp: hexagenal clese packed

Eor each ofi these: ery/stall systems;, there are: i principle an
Infinite: nUMBEr: off Possible surfaces WhICH can e exposed.
IR practice, Mowever, enly: alimited number of planes
(predominantly. the se-called “low-1ndex suifaces) are
fieund te exist In any sigRificant amoeunt and We'can
concentrate’ eur attentien on these surfaces. Eurthermore,
it IS possible to predict the ideal atomic arrangement at a
given surfiace ofi a particular metal by censidering how: the
pulk structure IS Intersected by the surface.



Miller Indexes

fhe enentation off a surface or a chystall plane
may. e defined by considering how, the plane
(Or Indeed any’ parallel plane) Intersects tihe
main; crystallographic axes of the solid.

he applicatien ofi a'set ofi rules leads to the
assignment off the Miller Indexes;, (/1x7) ; a Set
eff nUMIBErS WAHICH guantify: the Intercepts ana
tALUS may. e usead to uniguely: identify the plane
Olf surface.



The fellewing treatment of the precedure used! te assign
the Miller Indexes;isia simplifiediene and only a culic
cliystal system (ene having a cukic unit cellhwith
dimensions ax ax a) will be censidered.



The precedure isimest easily lllustrated using| an
example: so we will“first consider the fiellewing
stiface/plane:




Step 1 : [laentify the intercepts on thex-, V-
ana z- axes:

In this case the intercept on the x-axis Is at x' = a ( at the
poInt (2,0,0))), but the surface Is parallel te the y- and z-
axes - strictly therefere there Is ne Intercept en these two
axes but we: shall censider the Intercept te be: at Imfinity (¢)
for the specialicase Where: the plane s parallel teran axis.
The intercepts on the x- , )~ and z-axes are thus
Intercepts ;.  a, o, o



Step 2 : Specify the intercepts in fractional
CO-oKdinates

Co-erdinates ane convertead o firactional co-erdinates; vy
dividing by, the: respective: cell-ainmensions - for example, a
point O V;2) Infa unit cell ofi dimensions: ax o:x ¢ has
fractional co-erdinates off (( X/a., V/io:, Z.¢). In the case of a
cubIc NIt cell each’ co-erdinate will simply e dividea: by
the culic cell constant , . This gives
Fractional Intercepts : a&a/a,x /a8 o/a Le. 1,m, o



Step 3 : Take the reciprocals of the
fractional intercepts

This final- manipulation; generates; the Miller Indexes
Which (lby: conventien) should then e specified withoui
PEINg separated Py any commas or ether symboels. The

Miller Indexes; are alse enclosed within standard lhrackets

(C...) When| one Is Specliying a unigue surface such as

that PEeIng considered nere.

'he reciproecals ofi 1 and oo are 1 and Orrespectively, thus
yielding Miller Indexes : (100)

S0 thhe surface/plane lllustrated is the (100) plane of the
cubIc crystal.



The (110) surface
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The (111) surface
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The (100), (110) and (111) surfaces
considered aboeve are the se-called Iow,
Index surfaces: of a cukIc crystalisystem (the
“low” refers to the Miller indexes being small
Aumbers - 0 or 1 in this case). These
SUrfaces nave a particular Impertance: but
there an Infinite: nUMBEr: of other planes: that
may. be defined using Miller index noetation.



The (210) surface
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What are symmetny/-equivalent
surfaces ?




Surface Structure of fcc
Vietals

Many. eff the: techinelegically: mest Important metals
POSSESS the /cc structure: : for example the
catalytically imporiant precious metails (Pt R, Pd)
all-exnibit an 7/ccstructure.

The low Index faces of this system; are the; most
commonly: studied of suifaces : asiwe shallisee they
exnipit a range of

Surface symmetry
Surface atom coordination
Surface reactivity
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The diagram belew shows, the conventionall birds-eye View,
of the (100) surface - this IS ebtained by retating the
preceding diagrami threugih 455 ter give a View Which

emphasises; the 4-feldi (retatienal) symmetny ofi the' suriace

layer atem
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All the surface atoms are eguivalent
he surface Is relatively: smoeoetn at the atomic scale
Tihe surfiace ofifers vanous adsorption sites for melecules
whichr have different lecall symmetries anadilead 1o diffierent
coerdinatien geometres; - specifically there are::

On-top sites (aboeve: a single’ metal atem)
Biidging sites), hetWween twe atems
IHellow, Sites;, hetween four atems

Depending upen the site occupied, an adsorhate SPecies
(Withra single: point off attachments to the: surfiace) Is
therefore likely to be honded ter eitherr one, two or foul
metal atoms.






The diagram below shows: the cenventional birds-eye view
off the (110) surface - emphasising the rectangular
Symmetry/. off the surfiace layer atoms. IThe diagram; has
BEER| retated! such that the rows of atems Inl the first
atemic layer new, rin vertcally, rather than herzentally as
A the previous diagram.



It IS clear from this view: that the atoms of the tepmost layer are much
less closely packed than on the (100) surface - in one direction (along
the rews) the atems are in contact I.e. the distance between atems) Is
egual to twice the metallic(atemic) radius, but 1n the orthogenal
direction| there Is) a substaniial gap hetween the rews.
This means that the atems In the underlying second layer are also;, 1o
some extent, exposed at the surface




All first layer surface atoms are equivalent, but second! layer
atoms are also) exposed

he surface! 1s; atemically: rough;, and highly: anisetropic

Tfhe surfiace ofifers a wide varety of pessible adserptien Sites,
Including :

On-toep; sites
SHort BrdeIng| sites between two atems In' a single: rew,
Long Brdging Sites hetween two ateomsiin adjacent rews

IHigher cooerdination sites ( In the troughs )






The diagram: below shoews the conventional birds-eye view,
off the (111) surface - emphasising the hexagenal packing
of the surface layer atems. Since: this Is the most efficient
Way/ ofi packing atoms Withinra single: layer, they. are said o
Pe “close-packed™,
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Surface Structure of hep Metals

This iImportant class ofi metallic structures includes metals
such as Co, Zn, 1 & RuL.

The Miller Index notation’ Used te descrile the: erientation
off surface planes for all crystallegraphic systems IS slightly
more complex in this case sinee the crystall structure: does
not lend Itselfi to: deserption Using a standara cantesian set
Off axes- Instead the notation IS based: Upon; thiee axes at
120rdegrees in the clese-packed plane, and ene axis (the
c-axis) pPerpendicular to these planes.

This leads te a four-adigit Index structure ; ReWEVEr, since
the third of these Is redundant It IS sometimes, left out !






This Is the most straightferward of the /1cp surfaces
since It corresponads to a surface plane which Intersects
enly the: caxis, Belng coplanar With; the other 3, axes I.e.
it correspondsi te the close packed planes off nexagonally:
arfianged atems that feim the basis of the structure. It s

also semetimes; refened to as, the (001) surface.

All tihe surfiace atems are eguivalent and have CEN=9
he surface Is; almoest smooeth at the atemic scale
The surface offiers the fellowing adsoerptien Sites; :

On-top sites
BiidgIng sites, PetWeen tWwe atems
IHollow: sites, between| three atoms



Surface Structure of bcc
Metals

A numieer ofi Important metals (Ce.qg. ke,
W5 Me ) lhiave the hee structure. As a
iesult off the lew packing density. of the
pUlks strticture;, the suriaces also tend te
9e Ofi a rather epen nature withrsuriace
AtemIS often: exnibiting rather Iow.
Coordination NUMIBENS.



The b (IOO) JIJ feloe
100)r surtace IS o.’o"a"Je 0l DY’ cutting the metal parallel
o)

front surface of the bcc cubic Lm]'t Celll - IS EXPo ea

[LVVElY: OPEN; SUKface With' anl atemic airangement o

o

1olal symmetny:
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The diagram below: slhiows: a plan view: ofi this (100)
surface - the atems of the second layer (Sshoewnien
lefit) are clearly: visiple, altheughr prekhably:
Inaceessible torany gas phase molecules.




Y. aXes PUt creates a surface oflf mJJeJ Lo the z-axis -
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he fellowing diagiran shews a plan view: of the (110)
surface - the atems Inthe surface layer strctly: fierm an
array. ofi rectangular symmetry, Ut the surface: layer
cooerdinations eff ani individualfatemr s guite close: te
Hexagonal.



The bee (111) surface

The (111) surface of bece metals Is similar to the (111) face of fce
metals enly Inrthat It exnibits a surface atomic arrangement exhibiting
3-1old symmetny - In other respects It Is venry: different




I particular It Is; a Very muchi more epen sulface with
atems In; beth thersecond' and third layers clearly visinle
When the suriface: Is Viewed from: alkeve. Thisi epen
stirUcture s alse) clearly evident when the surfiace s Viewed
A CrOSS-SECTION' asi ShewWn! In: the: diagram; belew: Infwhaich
Atoms eif the: Various, Iayers have Been annetated.



Energetics ofi Solid Surfaces

AllFsurfiacess are: energetically, unifavouranie in: thait
they have a positive: firee energy: of fiermaten. A
simple ratienalisation: for Wiy this must ke the
CASE Comes; from censidenng the formation: off new.
surfiaces; oy cleavage ofi a solid and recognizing
that 9ends have: te e broken BetWeen atems on
either side of the cleavage plane: in erder to split
the solid and create tihe surfaces. Breaking benads
reguires, work te be done on the system, se the
surface free energy. (surface tensien) contrikdution
10’ the tetall firee energy 6f a system must
therefore lbe positive.



Minimize the free energy

By reducing the ameunt of surface: area
expesed

BY predominanily’ exposing| surface: planes
WhICh have a low surfiace fiiee enenay

By altering the'local surface atemic
geometry In a way: Whichi reduces the
surface free energy.



the most stable solid surfaces are those with :
a Nigh surface: atem: density

Surface atems off Righ coerdination NUMIBEr

(Note - the twe fiactors are ehviously net Independent, hut
are inevitaibly: strongly: correlated).

Consequently, for example, Ifi we censider the individual
surfiace planes of an fce metal, then wewould expect the
stalility te decrease In: the: erder

fcc (111) = fcc (100) = fcc (110)



Classification of Overlayer
Structures

Adsoerhed species on single crystal surfaces: are
frequently, found terexnibit leng-range
OrAEenng ; that IS te) say. that theradsorbead
Species form a well=defined: eVerayer
stritcture. Eachiparticular structure may,
enly exist ever a limited coverage: range: of
the adserhate, and in seme
adsorpate/sunstrate systems, a Whole
pProgression: of adsorbpate structures are
formed as the surfiace coverage: Is
giradually’ increased.



The Concept of the Surface
Unit Cell

The prmitive unit cellfis; the: simplest periodically
[epeating; unit WhIchr can be ldentified in an
erdered array - the array in this iInstance heing
the erdered armangement of sulface atems. By
repeated transiation: of a unit cell; the wiole
arfiay’ can e constructed.

Let us consider the: clean surface structures of
the low Index surface planes ofi fcec metals .



The 7ea(100) surface has 4-feldl rotational symmetry.
(“sguare symmetny™) - pernaps it should not surprise us
therefiere te findl that the: pramitive unit cell for this surface
IS sguUare In shape



Whichever we choose then |
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We new need to think how! toer define the unit cell shape,

Size and symmetry - this Is best done using twe) Vectors

WhIch have a cemmon erigin and define two Ssides of the
unit cell



Eor this: /ce(100) surface the twe Vectors which
define the unit celll; conventionally callediay &

a, , are :

the samerlengtari.e: jla; | = | a5l
muttally perpendicular

By  convention:, ene also selects the vectors such
that youl ge anticlockwise fifen 2, torget teras; .

[ Note : therlengtia of the Vectors a, & as IS
related te the bulk unit cell parameter, ar, by
la.l = la,l = a/V2]



TThe fcc(110) surface

In the case ofi the /ce(110) surface, which has 2-fold
retationall symmetny, the unit celliisyrectangular

By convention, Ja,| = |a,] -

If we also recall the convention that one goes anticlockwise
to get from al to a2 , then this leads to the choice of vectors
shown.



The fec(111) surface

With the 7ec(111) surfiace we again have a situation Where
the lengtn; off the two Vectors are the same I.e. | a,| = | &)
. We can either keeps the angle between| the Vectors less
than 90 degrees or let 1t be greater than 90 degrees. The
normal convention Is to cheese the latter, I.e. the [ght
nand cell off the twerlllustratediwithran angle ofi 120
degrees between the twe Vectors.
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Overlayer Structures

[iFwerhave anl ordered overlayer ofi adseraed SPECIEs
(ateoms or melecules), them we canr use: the: same
PasIc Ideas, asi eutlined In the previeus sectien te
define the: structure.

The adsoerbate unit cell 1s usually: definedl By the twe
VECtors 19y andiiay, e aveld ambiguities; It again
elps; lif We. stick 10 a Set: of conventions 1n choesing
the unit cell vectors. I this case: :

195, IS agalin selectedi to be anticlockwise firomi oy

i PESSIBIE; 195 IS Chesen tor e parallel tor e, and 19, parallel
o1 a, . Once the unit cell'vectors fior substiate and
adsorbate have been selected then It Is a relatively.
simple matter te woerk out how! to denote the
structure.



Ordered surface structures may. be described by
defining the adserbate unit cell in terms ofi that of
the underlying substrate using :

Wood's Netation = In Which the lengths ol 19y
and oy, are given'as simple: multiples ofi a; andias;
respectively, and thais isifollowed by the angle: of

etation of oy fromray (IF this' IS NORA-ZEKO).

Maitrixx Netation; : InfwWhich 1o, and 13, are
iIndependently defined as linear comhinations of a;
and a, and these: relationships are: expressed ini a

matrx fiermat.



Wood's Notation

Wooed's netation IS the: simplest and mest frequently: used
method for descrbing a surfiace structure - It only Works,
NOWEVEr, Iif the two Unit cells are ofi the same symmetry. or
closely-related symmetries (imore speciiically, the angle
PEtWEEN 19, & 195 MUST DErthe sameras that BEtWEEn a; &

a5 )k

In essence, Woeod'sinotation first involves specifying the
lengths; ofi the: twor overlayer VECtors; 19; & 10, , N/ terms of
ay & &, respectively - this Is thenwiritten in; the' format: :

(Ib 1/71a.] x |bs]/7]1a5] )

Le. a (2 x2) structure has |by | = 2]a;] and |b,] =
2]as] .



The following diagram shows a (2 x 2 ) adsorbpate

everayer on an 7cc(100) surface in Which the adsorbate IS
ponded terminally: on-tep of individual atems of the

substrate.

The unit cells of the (100) substrate and the ( 2 x 2 ) overlayer
are both highlighted.



The next diagram shows another ( 2 x 2 ) structure , but in
this case the adsorbate species Is bonded In the four-fold
nollows ofi the substrate surface. Ifhe unit cell shown weuld

repeat to give a cemplete overlayer structure extending
ACroess| the sulstrate surface.



Both this and the previeus structure are examples of primitive ( 2 x 2 ),
or p( 2 x 2) , structures. That Is te say that they are indeed the
simplest unit cells that may be used te) descrilbe the everlayer structure,
and contain enly’ ene “repeat unit™.

Such (2 x 2 ) structures are also found on ether surfaces, but they
may. dififer markedly in| superficial appearance. firem; the: structure on the
7ce(100) surface. Tihe follewing diagram, for example, shows a (2 x 2 )
structure on a /cc(110) surface
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e 1ollowing aiagram Snows Yet another (2 X 2 )



The next example Is a surface structure which Is clesely related! to the
(2 x 2 ) structure : It differs in that there Is an additional atem in the
middle/centre of the (2 x 2 ) adserbate unit cell.

Since: the middle atem Is “crystallographically’ equivalent™ te these: at
the cerners: (I.e. It IS net distinguishakble by means of different
coerdination te the underlying substrate or any. ether structural
feature), then this IS no lenger a primitive (2 x 2 structure.



Instead it may e classified i one of two ways; :

() As a centered ( 2 x 2 ) structure i.e.c(2x 2)
[ Where we: are Using a nen-primitive unit cell containing 2 repeat
units |

(i) As a ™ (V2 x \2) R45 " structure , where we are specifying the
true: prmitive unit cell™.

I Using the'latter Woeed's notation we: are stating that the adserbhate
unit cell is a factor of V2 larger than the substrate unit cell ini both
directionsiand Is also retated by 45 degrees with respect te the
supstrate unit cell.

Noter: Iither cential atom. /s oL completely: crystallograpricaly
equivalent, then e structurer ionmaly remanis a p2x2) umnit cell ourt
[0V 1145S & 19as]s: Of o aasoroate atolms, Per Uit ceyl.



In some Instances It IS possible to use a centered unit cell
description fier a structure for which the prmitive unit cell
cannot be descriked using Weod's netation - for example,
the ¢( 2 x 2 ) structure on the 7cc(110) surface shoewn

pelow.



The next diagram Illustrates a commonly-olhserved
structure on fea(111) surfaces, which cani be readily.
described! using WoodFs: netation.




Substrate : fcc(111) ( V3 x V3)R30
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Surface defects

A defect Is a break in periodicity (lattice or
basis)

All real surfaces show defects

Surfaces may show domain structure -
often observed for ordered monolayers

A well-prepared low-index metal surface
contains 0.1-1 % defects

Defects are sites of high reactivity - may
dominate surface chemistry
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