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SURFACE PHASE TRANSFORMATIONS: AN INTERFRETATION OF LEED RESULTS
J. dJ. Burtoﬁ*and G. Jura
Inorganic Materials Research Division, Lawrence Radiation Laboratory,
Department of Chemistry, University of California,

- Berkeley, California

ABSTRACT

It ié possible for the normal (1x1) sfructure of the argon (100)
surfacé to transform to a c(2x1) structure below the'mélting point of
the solid. This transformation occurs withéut any accompanyigg trans-
fdrmation of the bulk. | |

The transfofmation tempefature is very sensitive to the presence
of impurities. Vacancies can cause the newvstruqture to disappear at
high temperatures.

LEED data for metals are examined and_anefouﬁd to correlate quite
well with the theory based on argon.

The transformed structures should differ substantially from the
normal structures in studies of Sﬁrface vibration frequencies, ad-atom

/
diffusion, and catalysis.

nt address: Dept. of Physics, University of Illinois, Urbana,
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I. INTRODUCTION

A number of theories have been proposed to explain the Low Energy
Electron Diffraction (LEED) patterns observed from the surfaces of metals.
\ : .
There are two basic areas of concern in understanding LEED data. Theories

have been advanced to account for the variation of the spot intensities

as a function of the voltage of the electfon:beam. These theories have

been baged primarily on either the kinematic model used in x-ray diffrac-

tion work or on multiple scattering; McRael’2 héskhad considerable success
in explaining and predicting experimental,intensity results using multiple
scattering.' The second area of concerrn has been the gxplanation of LEED
patterns which have periodicities not éorresponding to ﬁhe periodicity of
the substrafe. Explanations of this phenomenon have been based on large

L5

concentrations of surface vacancies,5 on surface impuritiesg, and on

: 6 v :
rumpled surface layers. This paper will attempt to explain the origin

of certain types of LEED patterns having unexpected periodicities.

In this papér we review briefly some LEED data (Sec. II), summarize

a theory of the authors' on phase transformations on solid surfaces (Sec, III) and

apply this theory to the interpretation of LEED data (sec. IV). Finally,

ﬁe examins some pred;cted properties of the transformed surfaces and
indicate scme possible experimentsz to confirm the authors' theory. We
show that the transformed surface structures should have catalytic pro-
perties, ad-atom surface diffusion coefficients, and surface vibrational'

stly frcm those of the normsl surface.
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II.- SUMMARY OF LEED_DATA
An exceilent review értic1e7.hés been‘written on LEED-aﬁd thé reader
is referred to it for general information bn the fechnidue. In this
section, we summariée those‘LEED results which are pentinent to this
paper.:

If a back diffraction experiment . is done from a two-dimensional
léttice;:the observéd diffraction pattern is'e#?ected to exhibit the
symmetry‘of the space reciprocél to the léttice. Low energy electrons
are beiieved to not peneﬁrate many layers into a crygtal éurface. The
diffraction patﬁerns are hence eipected tp exhibit a symmetry reciproéa;
to that of the cut plane of fhe crystal. The diffrabtion.pattern having
the_expected symmetry is known as a (1x1) péttern, using-the notation of
Wood;8 this means that the repeat.distance of the diffraction pattérn is
equal.to fhat expeéfed from the.surface net in bofh principle axis
directions. A diffraétion pattern with a repedt distance of l/n in one
direction and 1/m in the other is known as (nxm); this pattern has extra
spots not expected erm the bulk étructure.

LEED experiments have been carried.out on a number of FCC meféls.
Observed LEED patterns for various metallic crystal faces are tabulated
in Table I along with the temperature régions in which these patterns
form. The data presented in Table I afe for hominally clean surfaces.
Additional structures have been observed in the presence of high impurity
concentratiOns. _LEED patterns classifiable as (nx1) haﬁe not been ob- - ¢

served on the (111) surface of FCC metals except, of course, the expected

(1x1) pattern. We have not included the so-called ring structures in



‘have been extensively discussed by Somorjai.
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Table I; they are not related to the theory presented in this paper and
9

There are several interesting properties of the surface structures
observed by LEED which are relevant to our future discussion. J

1. Th

D

(nx1) and (nxm) structureé often require careful surface
preparatioﬁ,.ion bombardﬁent, and annealing before they can be observed.

2. Two (nxl) patterné can céexist, perpendicular to each‘other on‘
a (lOO) surface. -

3. Once an (nxl) structure is formed the solid may be cﬁoled beloﬁ
its temperature region of stability and the pattern disappears;g Sub-
sequént reheating causes the péttern to reappear.

L, Two or more different LEED patterns may be formed on the same
face of a particular metal in the same temperature range.

5. The (nX1) structures disappear at.tempefatures well below the
melting roint of the solid.9

6. The formation of surface structures on copper,ll nickel;7 and
platinum,lo have been found to be sénsitive to the presence of gases in.
the systen.

7. (5x1) LEED ratterns are found on the (100) surface of epitaxially

~n

8. Deposition of three mono-layers of gold on a (I1x1) structure of
s i 1
ormation of a (5Xl) gold pattern.

9. Devosition of z mono-layer of silver on a (5x1) structure of a

- e ' - 12
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III. THEORY

A safisfactory tﬁeory of‘surface structure mﬁsﬁiexﬁlain the ex-
ﬁerimgntal obséfvatidns cifed_above. Thé fhéory preéented in this section
will be shown in Sec. IV to explain most:of these‘daga. ' |

'Theraﬁfhofs ha&e pfeviously examined.fhé poSsibility of a rearrange-
meht'of the argonv(lod) surface without a change in the structure of the
bulk Crystal.l5 The argon'lattice Wés:réprésented‘by.a Sef‘of point:atomsf
interacting by a pair-wise additive Lennard-Jones 6~12;potentials. Only |
the pbﬁeﬁtiai energy éf the lattice was considefed.' The Einstein approx-
imation Wésvused'féffcaiculatingventropiéé énd‘zeré-point energies.‘ In
makingvcalculationévonlthe properties of the-argon surface, the relaxa-
tions of the ideally flat (100) argon surface were éonsidered.lg

This'mddelvhaé certain obvious disadvantageé; .Kinetié effects and
many -body forées-afe.négiectéd. Thé Lennard—Jonés’Gle pdféntidl prédicts
that the hexagonal-close-packed structure Should‘be;tﬁebstable structure
of argon,_whereas experiﬁéhfally; face-cente?ed-cubid is observed. Theée'~
prdblems are discussed in the earlier publicéﬁién,;B

Though this modgl is not an exact representatidﬁ of solid argon,
it is believed to;be“uséful for gaining insight into the real world.

As will be seen, this study of argdn éan also'yield some>valuable ideas
about metals, which are distinctly aifferen£>from solid argon.

‘ Using the model described above, the authors éhowedrthat it is

| thermodynamically possible for the normal (1x1) structure, Fig. 1, of
the argon (100) surface to undergo a phase transitioﬁ'to a C(2x1) struc-

ture, Fig. 2a, without any corresponding transformation of the bulk.
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Wevbeli tnis strncture c(2xl) as it hae a unit cell of‘normel leng hin
dne.directibn and twice as leng as normal in tne other direction; the
"C" refers to the‘centered'surface atom in the unit cell. In this
transformation, every other row)of the (1x1) structure is translated
one-half an atomic distance parallel to the eurface, Fig. 1 and 2a. The
translating atoms relax perpendicularlyoutwerds fron the surface.plane
eo.that the'C(2xl) structure has a saw tooth appearanee, Fig. 2b. The
C(Qxl) structure is thermodynamically steble with respect to the (lxl)
structure at 81;5°K,rwhich temperature is below the meiting'point of
argon, 8L°K. The transformation can occur because the potential energy
of the C(2x1) is not too much higher than that of the (1x1) and the C(2x1)
structure's zere point energy is loﬁer than that of the'(lxl) structure
vhile its entropy is hiéher.

The authors examined the effects of surface impurities on the tran—
sition temperaturef Neon and krypton impurities viere considered; Argon-
impurity intéractions Were represented by Lennard—Jones 6-12 potentials
based on impurity- 1mnur1ty and argon-argon potentlals. It was found that
the effect of the 1mpur1ty depended greatly on whether the Impurity went
into a shifted or a normal position and on the nature of the impurity.
For inétance, a 5 concentration of neon impurity atoms in the shifted
rows lowerg the transition temperature to T2°K; but krypton Impurities in
the unshifted rows raise the transition temperature. Surface impurities
can greatvly influ ence the temperature a2t whicn the C(2x1) structure is

PR - Y 1
formed from the (1x1).
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The effeéf of a vacancy in the surface layer-wésfcbnsidered. If a
vacancy 1is introduéed into a shifted row,veven if ﬁhe_vacancy is adjacént
to an impurity atom, the entire row of étoms éollapses back into the un-
shifted configﬁration és the atoms arévno“-longer loéated at potential
minima; At high enough temperatures, the normal formgfion Qf surface
vacéncieé could cause'the C(éxi) structure‘té trénsform,back to a (1x1)
‘structure. |

Maﬁy possible surface strﬁétures caﬁ,be obtainedvby shifting some
rows of surface‘atoms..:We have carried out Calculétibns for a C(5x1)
sfructuré in which two of every five rows are Shifted, Fig. 3. The
temperatﬁre at which this strﬁcture.becomeSVStable'relativé to the (1x1)
is essentially the same aé that required for formation of the'C(EXl) from
the (1x1) strﬁcturé."Anofher C(ﬁxl) stfucture can be formed by ﬁhifting
one row of evéry five; a C(3x1) could.bevférmed'byféhifting one row in
three. All of these structures ﬁould be e%pected fo:form at roughly the -
same temperature as their entropies ahd energieszbf formation should be
proportional to the nuﬁber éf atoms shifted. 'Many different surface
structures Can.be fbrméd by shifting surface réws. .All suchistructures
must be classifiable‘as C(nxl) as parallel rows of atomsrare shifted;
When many siﬁilar structures can be formed, it,is poséibie thatvthé one
which is formed is deterﬁined by the diétributioh qf impurities on the

surface.
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Iv. 'CORRELATION_CF THECORY WITH' LEED DATA

We have found that it is p§ssible to form a'variety of C(n)&) surface
structures on the (lOQ) face of a face;centeréd4cubic cryétalf' Becauge of
the.symmetryiof the (100) surface (squarej,'these structures can all have
two different oriéntations at 90° to each other. This ‘is oﬁservéd Tor
all.(nxi) LEED pattgrns.bn (100) surfaces.

If ve examine fhe appearance of (lld) face of a FCC crystal, Fig; ﬁa,
Jé sece that it 1s poszsible to form distinet (nXL) structures in two |
different fasﬁions. These arise from shifting‘ﬁhe rovs -along different.:

_ éxes, Figs.,hb and hc. A shift along the long axis, Fig. bb, brings the
ghifted atoms appreciably closer to the substra%e atéms; A shift alongv‘
the short aXis,'Fig.-hé, causes less7crowding. Ehﬁs it should be easier to
have a phase transformatién invol&ing shifts along the shorter axis than
along fhe longer axi§° Thus, we.woﬁld expect it %obbe possible to form
(nx1) structures on (llO) surfaces having only one of two conceivable
orientations. Lyonlo hés, in fact, observed (2x1) and (3x1) structures
on the_(llO) surface of platinum where only one orientation of the

.structure existed at a time. The patterns corresponding to shifts along
our long axis were easily removed. The étructures cqrresponding te shifts

along the short axis were found to be quite stable. This is in accord

with our expectat

$

on that thé one structure should be more stable than
the other.
We now turn to the (lll) face, Fig. 5. Any attempt to shift a row

n any direction will bring the

e

Y VRN A ~ - e ~JC Ry
of surface atoms an appreciable dlstance

atomg into cloge provimity with both substrate atoms and other swiace
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atoms./ This'occurs because the (lll) surfécé layer is close packed.
Furthermdfe, if we.shiff a row of surface atoms, thej will be moved to
positions of iow symmetry which would legd usito expéct‘the absence of a
potential minimum for the shiftéd row. Thus -v.Je would expect that we
cannotfform_(nxi) struct&feé on (111) surfaces by shifting some rows of
atoms. LEED pattérns correspondiné to (nxﬂ) stfﬁctures havé not been
observed‘on (111) faces of FCC crystals;

The ﬁheory developed in the prévious gection indicates that sufface
defects can be veryvimporfant in surface phase transformations. ’This may
explain why very careful treatmeﬁt of the:surface is ?equired ih order to:
- produce ILEED patterns other than (1x1).  The expected sensitivity of
stfﬁcture to impurities may detérmine which of several.possible surface
structures is’ébser&éd; On the nickel (110) éurfage,? only a (1x1)
pattérn is observed except in the presence of oxygen°; (QXI) structures
are ébserved on the (110) and (100) surfaces of coppefll éfter exposure
to oxygen.

We expéct the formation of shifted row surface structures to be a
normal first order phasé transformétions, There is no regéoﬁ to expect
that it should not be reversible. LEED experiments have shown thatboncé‘
an (nxl) pattern is fofmed, it ‘disappears on-cooling and reappears.on
“heating, Just as though an ordinary reveréible phasé éhange occurs.9

We have found that formation of surfaéevVacanciés‘will cause our
shifted row structures to revert o (lxl).' Experimenﬁally; (nxl) struc-
tures disappear as the temperature is‘raised.9 |

According to the theory developed above, a number of possible surface

structures are quite similar in free energy. Impurities may determine
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which structure is formed. Lyon and Somorjai9 have found that either-a.

'(5xl) or a (2x<1) LEED pafterh can be observed from a (iOO) platinum surface

in the same.temperature region. They found fhat prolonged heating of the
(2x1) pattern surface caﬁsed the (2x1) pattern to ‘disappear and a (5x1) to
aﬁpearf After the (Dxl)‘structure ﬁas formed,’the‘(Exi) could not be
regenerated. o |

- The shifted row surfaée structures afise from movements in thé surface
layer of atoms only. No rearrangément.of the bulk occurs. This is in
accord with the findings of Palmbergl2 on epitaxially grown single crystals;
depqsition of a mono-layer 5f gilver on gold destroyed the gold surface
structure and deposition of'&hee monc}layérs of gold on silver ceused the
appearance of a goid structure.

The theory presented in See. III has been éhown above to account for
mény of the Propérties of thebstructufes observediby LEED.V There is one
pilece of experimental dgta fors(nxl) structures for which it does not account.
The extra spots of the (5x1) structure on the gold5 and platinumgg(ioo)‘sur—
faces (that is,'spéts on the (5x1) LEED pattern which are not present in the
_(Lxl) pattern) are not single spots. Théy are slighfly gplit into pairs.
Our model does not accoﬁnt for fhis splitting. It is possible that a

careful calculation of LEED patterns based on our (5x1) structure model and

. -

considering multiple scattering effects would give rise to these pairs.

T

Our model also cannot account for the (rmxm) structures observed on a

s

nurber of metals and nonmetals. It is possible that these structures
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VQ SOME POSSIBLE EXPERIMENTAL TESTS

We have calculated the bptential diagrams for adsorptibn of an argon
atom on the (1x1), C(Exi), and C(5x1) structures 5f the‘argqn (100) surface.
These potentiél plbts ére_shown in Figs; 6, 7, énd 8. As can be seen from
these figures, the adsorption énérgy»of argon on argon is feducéd'from
~1380 cal/mole‘on thev(lxl) structure £o ~1200 cal/méle on thevC(Qxlj and
ilOO—lEOO cal/mole on the C(5x1). All adsorption sites are equivalent on
the (1x1) structure while there are two eneréetically different siﬁes on
the C(2x1) structure and fivé on the C(5x1) structure. This suggests that
very careful studies of heats of adsorbtion_at'very idW coverages could
distinguish between thése'strucfures. |

Figures 6, T, and 8 show that the symmetry»bf.the adsorption sites
varies‘from one stfucﬂure to anothér. Thus;<the threé struétures may héve»
very aifferent catalytic pfoperties..

Figures 6, 7, and 8 also show tﬁat.the.enérgy‘barriers to ad-atom
éurface diffusion vary froﬁ structure‘tq structure; “The (IX1) structure
is isotropic and the diffuéion barrier_is ~586 cal/mole; The c(2x1) “strue~
turerbarriers vary from ~100 to ~27O cal/mole. The'C(5X1) barriers vary 
from ~70 to ~260 cal/mole. The shifted rows of aﬁomglin the C(2x1) and‘
c(5x1) séructures cfeate pipes which allow very low éhergy'ad—atqm diffu-
sion in.the directioﬁ of the shift. Thus, it may be ﬁoésible to observe
very fasf ad-atom diffusibn on the>§hifféd row structures. Such fast
diffusion may-be nore réédily observed 6n (110) surfaces than 6n (lOO)
surfaces as it is possiblé to form shifted row structures on (110) surfaces
in which all the pipes have the same crystal orientation.

We have also calculated Einstein vibfational frequencies for the

surface atoms in the (Ix1) and C(2x1) structures of the argon (100)



-11- UCRL-18202

sufface, Table II. The vibrational frequencies parallel to thevsurféce
plane are lowered significantly in the shifted row structure--by about
30%. Such a change in_surface frequency may be detectablé'by LEED Debye -

16,17

Waller factor measurements.’

VI. CONCLUSIONS"

It is possible for phase transitions to occur on crystal surfaces
without any change in the structure of the bulk.crystal. In these tran-
sitions, réWs.of surface atoms.are shifted paréllel_to the crystal surface, -
forming éurféce structures.which_do not have the same symmetry as the bulk
cfystal._ Such phase transitions can occur on (100) and (110) surfaces of
FCC crystals, but not on (111) sﬁrfaces. The phase transitions are sen-
sitive to surface impurities. At sufficiently high'temperatures, the
generation of surface vacancies cén cause the transformed-structure to
disappear. These characteristics of fhe predictéd phase transformations
correlate ?ery well with LEED data.

The transformed surface structures should beha#e differently than the
normal structures in catalysis experiments, in adsorption experiments, and
in ad—atom surface diffusion experiments. The vibrational frequencies in
the transformed structures are drastically altered from the‘fréquenéies
in the.normal structures; this change in freQuency may be detectable by
LEED studies.
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Table I. Observed LEED surface Struétufeé for'the faCé-céntered-bubic_
metals. (The temperature region of observation of each structure is
given when available. ©Only data for clean surfaces are included.)

Metal . Surface Structure © Temperature " Reference
Pa S (00) . (1x) -
(2x1) ~  200°-300°C 3
(2x2) 250° -550°C
Pt (100) , (x1) o
| (5x1) ~  350°-500°C 9
(ox1) 300° -500° ¢ - 9
(110) (1x1) |
(2x1) R o 10
(3x1) .. 10
(hx1) A : © 10
(111) (1x1) _
' (ex2) 800° -1000°C 9
(3x3) - 800° -1000°C . 9
Ag (100) (1x1) . |
(2x2)  600° -750°C 3
Au (100) o (lxl) ,
' | (5x1) ~  150°-hod°c

- (6%6) 350°-100°C 3
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Table IT. The Einstein vibrational frequencies of atoms in the (le)
and C(1x1) and C(2x1) structures of the argon (100) surface. Frequencies

are given. for vibrations parallel and perpendicular to the surface plane.

Structure . Atom 'Vibration'f'v_ Frequency , e
1 -
(1x1) Parallel 1.2x107° cycles/sec
(1x1) Perpehdiculér '.9><lO12 cyCles/sec
c(zx1) unshifted Parallel ;9'cycles/sec
c(2x1) unshifted Perpendicular .9 cycles/sec
c(ex1) shifted Parallel .8 cycles/sec
c(2x1) shifted Perpendicular .9 cycles/sec_
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FIGURE CAPTIONS

 The (1x1) structure of the,(lOO) surface of a FCC crystal.

-The intersections of the lines are the normal surface sites

and the étoms are circles. The unit cell is indicated with
heaVy'lines aﬁd thé atbms in tﬁe.secénd,iayer with pluses;
The C(2x1) structure of the (loo) surface of a FCC crystal.
Thé'sélid cifcies represent shifted atoms. (a) Top view:
the intersections of the linéS’aré'the nérmal surface sites.
The unit cell is shown by heavy'linés. Unsﬁifted surface
atoms are open circles and second la&ef aféﬁs ére piuses.

(b) Cross section: atoms in unshifted positions aré open
circles.

The C(5x1) structure of the (100) surface of a FCC crystal.
The intersections of the lines ére the normal surface sites.
The unshiftéd surface atoms are open cifciés'and the shifted
atoms shaded‘circles. Thevsécond layer afdms are pluses.
The unit cell is shown by heavy lines.

The (llO) surface of a FCC crystal. The intersectioﬁs of
the lines are the normal éurface sites. The unshifted sur-
face atoms are open circles. Second layer atoms are pluses.
The unit cell is shown with heavy lines. (a) The (Ix1)
structure.. (b) A C(2x1) structure with shaded atoms
shifted along the long axis. (c) A C(Exl) structure

with shaded atoms shifted along the short axis.
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Fig. 6
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The normal'(lll)néurface of a FCC crystal. The intersections
of the lines aré the normal'surfaCé sites.  The surface atoms ' =

are open circles aﬁd the pluses. second layer atoms. The unit

LA

cell is indicated by heavy lines.

The ﬁééf of:adsorption of an argon atom on the'(lkl} Structure
of the argon (100) surface. The heaviest lines are the bound-
aries bf.the'unit ceil. The éifcies are thé surface atoms and
the plus a second.layér'étom. Energy contours are giveﬁ in
calories per mdle.

The heat bf‘adséfptioﬁ of an argon atom on: the c(2x1) structure
of the argon'(lOO)‘sufface.. The heaviest lines'are the béund— 
arie;lof the uﬁit cell.v The‘open,circles are thé unshifted
surface atons and thé shaded c¢ircle is a shifﬁed,surface éﬁom;
Thé pluses are sécond layer atoms. Enérgy contours are given
in calories per mole. -

The heat of adsorption of an argon atom on the C(5x1) structure

of the argon (100) surface. The heaviest lines are boundaries
6f_the unit cell. The open circles are unshifted surfacé

~ atoms and the shaded circles are shiftedvéurface atoms. = The

pluses are second layer atoms. Energy contours are given in

calories per mole.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A.

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

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

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








