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Low Energy Flectron Diffraction Studies of Surface Meltlng and Free21ng

: of Lead, Blsmuth and Tin Slngle Crystal Surfaces.
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and the Inorganic Materials Research Division,
Lawrence Radiation Laborabory,
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Abstraet

The surface structures of the (lll), (lOO) and (110) faces of lead,
the (OOOl), (0112) faces of bismuth and the (110) face of tin 51ngle
crystals were monitored up to the meltlng temperatures and durlng melting
:by low energy electron diffraetion; Measurements of the Surfacebebye- ~
Waller factor from the different lead end bismuth surfaceslindicated mean
. 8quare displacements of surface atoms perpendicuiar to the surface plane,

2 S
<u, > £ » Which were much larger than the bulk mean square displacements

1" sur

at the meltingvpointsvas predicted by the Lindemaun melting model.' However, -
the diffraction features have persiéted in all of the crystal,faees up |
to the 5ulk'melting poiﬁts of these solids. These results indicate that ,
‘the surfaces remain ordered up to the bulk_meltihg poiﬁt and that the‘crystal
surface:plays'an ail impqrtant role in nucleating or initiating mélting.

Several experimental melting studies and pertinent melting models h@ve

also been discussed.
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The surface oriehtatiéﬁ of lead and bismﬁth ¢rystals weré moﬁitored
during free;ing and‘gfowth~from ﬁhe‘melts.‘ The'domihant surfaée structures
which forﬁedvuPon freezihgnwere dependent on the’éooling‘rate.' Slowjrates »
(< 0.5 C/sec) favored the formatlon of the Pb(lll) and Bl(OllQ) surfaces |
whlle durlng rapid cooling (> 0.5 C/sec) the Pb(lOO) and B1(OOOl) crystal

faces have predomlnated.
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Introduction

The thermodynamic parameters which'characterize the'melting process

(aH , ete.) have been well established for most

fusicn’ 4Sfusion’ AVfusion
monatomicnand diatomic solids. Detailed discussions of the thermodynamics
of melting are available( »2) along with recent 1mprovements of the thermo-
. dynamic datagl)fhe kinetics of melting however, that is the mechanism

bby whichlﬁhe melting’interface moves into the bulk of the solid, has
r'beenvinVestigated to a much iessen extent. Although several thecfies

(3,4,5,6) the experimental information

of melting have been proposed
which would allow one to develop a realistic mechanism of melting has been
'accumulating.only in fhe past several years. There are at least two

(7,8)

melting‘theories which indicate that theisurface pfbperties are

1mportant in understanding the mechanistic aspects of the melting process.

(9,1 )

- Recent kinetic studles of superheating have shown that surfaces play an

' 1mportant role'in 1n1t1at1ng or nucleating melting. Studies in this

(ll 12,13) and in others, (14,15)

laboratory, of the mean sduafe displacement
of surface atoms by measuring the temperature dependence of the lcw
energy electron diffraction beam intensities have shown that for Several
_monatomic face centeredcubu:metals the mean square dlsplacemenn of atoms
in the surface is apprec1ab¥y larger than the mean square dlsplacement

of atoms in the.bulk. Since there is at least'one model of melting(l6 17)
.which indicates that the mean square displacement plays an iﬁportant role
in determining the meiting tem@eratures,‘these results indicate that

surfaces may disorder(i.e. lose their long range order) at temperatures

below. the dulk melting point.
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In order to explore the importance of surfaces in the meltlng process
and to 1nvest1gate whether the surfaces premelt (that 1s, melt at a temperature
below the bulk meltlng p01nt) we undertook low energy electron dlffractlon'
studies to_monltor the surface structure up to the meltlng point, and the
. ofder-disaraei -phéﬁonmena'on the surface at thé.méltihg'point. ﬁe have  «
chosen inlfhése studies lead, bismuth, and tin singie cryétal_surfacés.
These metals wefé pérticulériy.sﬁitable for iow enéfgy;éiectrgn.diffraption
- studies whi¢h haVé to'be Qarfied‘out in ultra highiVacuum sihéé they have
. Very low &épbr’préssuré (< 10;8 torr) at their respéétive me;ting pointé.
There are; hbwever, impdrtént différencesvin many bhysidal-chemicay} ‘
pfoperties of these matefialsQ They have differént'éryétal structures.
vLéad and1tin; like most 56lids; expénd upon melting.ivBisﬁuth ﬁndéigdéé
a négative vblume éhangé on meltihg; it contracts. Thus, we can study
" the effect, if any, of these propertles on the meltlng and free21ng
Kinetics. We have studied the melting of the (111), (lOO) and (110)
cryétal faces of lead, the (0001) and (0112) faces of blsmuth and the
(110) crystal face of tin. 'We have found that thg'suiface Strﬁcﬁures
iemainéd.unéhanged and long range order in these sﬁrfaces wa$ maintained
up to their respeétivé bulk melting temperatures for all the cfystal faCe5
studied. From the reéults of our studies and from expefimental‘studies
of‘meltingvkineticé of different types on other materiaIS‘byvséveféi-
.investigators, a more complete physical-picture df.ﬁelting segms'to:emerge. »
These data are summarized in the hope that it ﬁill foster the develoﬁment
of a ﬁofe rigorous melting theory. A strong correlation beﬁwéen ﬁhéfrates
of freez1ng and the surface orientation of the growing crystallltes of

lead and bismuth has also been establlshed.
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_YExperimental

A modified low energy electron diffraction unit of the post-
acceleration type was used in these studies._ Ambient pressures of 2-5 x J_O_lO
torr were obtained and maintained during most of the melting experiments.

Single crystals of the highest available purity were used in these studies.

Spectroscopic analysis has shown copper,'iron and tin impurities in 10

3

L

‘ tovlo ppm concentrations to be present in lead while impurities in the
1-10 ppm range were reported_in,bisnutthr tin. The crystals were
oriented by‘XQray diffraction, and spark-cut. Chemical etchings of the
single crystal surfaces were carried out using glaCial acetic’ ac1d and
30% hydrogen peroxide (2 1) for lead concentrated hydrochlorlc acid
followed by a mixture of nitric a01d, glacial acetic ac1d and glycerln
(1:3:5) for tini and using concentrated nitric acid for bismuth surfaces.(ls)
The samples were used in the form of_cylinders (5 x 7 mm) or dises (4 x EC mm) .
The holders uhich were used to support the single‘crystal saméles were

high purity iron for_bismuth and lead and high purity-molybdenum for tin.
The‘crucibles were machined to fit each crystal snugly to'insure good

thermal contect and to prevent the sample from mcving during ion bomberdment.
The diffraction_chaMber was rotated by 90° (see Fig. la) to prevent'loss

-of molten samples. The diffraction spot intensities were measured by
monitcring the fluorescent screen intensity through the mirror as avfunctionv
cf the experimental variables such as'temperature, electron beam energy,

-and scattering angle, using a.photometer with fiber.optics. The crjstals

*were in general heated to their respective ‘bulk melting points 1n the

holders vhich were heated resistively. In some of the_mclting studies
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the crystal.was heated near to its melting point in this“manner. UFurther
heating was accomplished byvthermallimaging a tungsten_filamentronto the
crystal surface as shown in Fig. 1b. This way,lVariaole temperature'
gradients.from the surface of the samples to the oottom part oriacross'
the'surface could be introduced and maintained.“»Since the bulk melting
points’of'the studied'solids are fairly ldwv(Tm for lead 327’6, Tm for.
bismuth is 271°C and Tm for tin is 232°C), heating resistiveiy or by

thermal imaging could be adequately controlled to within %1 degree; '

The temperature'was measured continously during the course of the experiments

| us1ng a thermocouple attached to the cruclbles. The'melting.pointtof the
samples prov1ded an excellent means of callbratlon of the thermocouple

v response. In order to avoid 1nterference w1th the v1sual monltorlng

of the diffraction pattern by the perturbing magnetic fields'which are
introduced by the heating current,; a half—waue a.c. current was useddfor
heating,d The>circuit Was designed in such a uay that'the diffraction

(18)

pattern was v1ewed in the off- cycle perlods The intensity of the

dlffractlon spots at any temperature and 1nc1dent electron energy depends

(11)

on the surface DebyeJWaller factor, 2W,Wh1ch is glven by

2 _-on o o
Ihkl_thkll € . )
‘where
oy 12 cosPP T ()
T M A2 2 N
|,

where M is the atomic weight, ‘A is the wave length, ¢’is the scattering
angle and OD is the Debye temperature. The other constants have their

usual meaning. Thus, the 1ntens1ty of a given dlffractlon spot decreases

el
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exponentially with increasing temperature. The larger the atomic
weight and the Debye temperature, the higher the temperature at which
the dlffractlon spots are still dlstlngulshable from the background.
Conversely, the intensity should dlmlnlsh with 1ncrea51ng electron energy
(i.e. shorter wave length) at a given temperature. LEED experiments indicate
that equations 1 and 2 are obeyed in general and diffraction spots at lower
electron energles persist to higher temperatures mOne may use‘the product,
ld@D s as a flgure of merlt, the magnitude of which determines the
approximate:temperature»range in which the strongest diffraction beams
(generally the (00) and (le reflections) become indistinguisheble from
the background at the lowest electron energies (20535 eV); Our experiments
indicated that:for‘leed, bismuth,and tin; diffraction beans eould be
monitored upjto the bulk melting point.

The experimental criterion used to ascertain rmelting was the loss
of the diffraction features, i.e., the disappearance of theﬂdiffraction
isPots which are due to long range order in thebcrystal surfaces.. If:the
surface remalns ordered the diffraction spots should be visible rlght
‘ up to the meltlng p01nt or to the temperature at whlch the loss of
long range order occurs. It should be noted however, that the concentratlon
of. dlsordered surface atoms could be as. hlgh as 5-10% of the total surface
concentratlon before there is an experlmentally detectable decrease in

18)

the LEED spot intensities.( The low energy electrons which were
~ scattered from the liquid metal surfaces gave rise to broad intensity
- fluctuations which could be monitored using the fluorescent screen (see

Fig. 3a and 3b). 'The low energy electron diffraction features which were

characterlstlc of the liquid metal surfaces will be discussed in a subsequent

' paper.
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Results

A. Measurements of the mean'square displacements of surface atoms.

The mean square displacements of surface atoms perpendlcular to the
surface plane, <u2> in the (111) and (llO) surfaces of lead and in the
(OOOl) and (0112) surfaces of blsmuth were measured by monltorlng the
1nten81ty of the“(OO)-reflectlon'as a function of temperature. From
Defffatﬁa giVenlbeam

voltage, V, could be determlned from the formula(la)

the slope, the effective Debye temperature, °

d log(Ioo ” IB) _ KV cos'dy o (3)
ar o - eff ' '
| Mo “7F

where K is a constant (k = 66.6 g°K/mole eV) and I

is the background
(11 18) ' '

B

‘1nten31ty The same experiment was repeated at different beam

voltages and the results are given in Fig. 2 for lead and in Fig.l3 for
.blsmuth surfaces. The values of~‘3D§£f whlch were calculated from equatlon 3
are plotted as .a functlon of electron energy. The extrapolated value'
at zero electron energy is taken aS‘the surface Debye'temperatnre.v The
surface'ﬁean square displacements can be'computed ty uslng the equation
2 _ : R
<u%surf Mk e 5 S "(l_t)_'
' ' D, surf

At higher electron energies, when a larger fraction of the electrone '

‘penetrate into the bulk, the calculated Debye temperature approaches the
bulk valne'which may also be determined from independent measurements.

\
. The beam voltage at Whlch the bulk value 1s reached depends on the
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' penetration depth of the electrons which changes from material to

’ ﬁaterial, crystal face to crystal face, and is also a function of the

angle of inCidencé{(ll’le’l8)

eff
D

equation 4, the root mean square displacements of surface atoms of lead

This is the reason for the different

slopes of the © vs. eV curves which are shown in Figs. 2 and 3. Using

L » _ L : e .
and bismuth can be calculated to be <qf?s§rf for Pb(11l) = 0.298A; for
) o o -7

- Pb(110) = 0.3954; for Bi(0001) and (0112) = 0.302A.

(16,17)

There is at least one melting theory, the Lindemann théory,

‘which predicts a linear correlation between the mean'éqﬁare diSplacemeht
© and the melting'point. According to this model melting'commences, i.e.,'
' the crystal lattice collapses when the vibrational amplitude"of atoms. in

‘the solid réaches a critical vélue which is a certain-fractipﬁ of the

interatomic distance. Although Lindemann haé»only'proposed an empirical

(16)

relationship between the melting point and the Einstein frequency,

several alterations have been made in the theory to increase the accuracy

- of its "predictions." It is probably best to consider it in the form

an

which.was_proposediby Gilvarry,
, o Tm 1/ - | y
. D = const M—;é7—3- ‘ o (5)

where M is the atomic weight ahd a is the atomic volume. The surface

-Debye tempefatures which were obtained experimentally are, in fact,

- larger than the predicted bulk Debye temperatures at thé melting pbint—-

as predicted by the Lindemann model. Thus, according to this melting»'

modelﬁthe.Jarge experimental surface meanVsquare displacement indicate

that surface melting could occur below the bulk melting point.
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B. Surface melting studies.

In these»studiéé,vthe diffraction patterns‘of the differeﬁt‘crystal
faces of,lead, bismuth, and tin were monitored Yisually'and by the'
photoﬁeter'és a function of temperature up to and at the melting temperature.
The diffraction spot intensities decreased mogatdmiéally according to the
temperature7dependenée'pfedicted ﬁy'the Debye-Wéller faéﬁor but were
always defeétable until the bulk melting point“wés‘reached; vIn'evefy
_éxperiment.the diffractioh patfern remained intact uhtil;:atbthe bulk
melfingvﬁbint,'the:molten ihtérféce reéched that regidn of'the'surfécé
where the-electronvbeam‘was focused. Thén, the diffractibn spoﬁs,
disappeared. In one experiment using a large'Pb disc, a temperafuie
éradient:was introduced along'the surface such that melfing commenced
near oneiedge of the disc and the melting front pfécéeded across the
surfaée Véry siowly ( it took about 20 minﬁteé‘to me;t the entire disé).

By suitéﬁle'maniﬁulafion of the trimming magnets, the eléctron-beém was
focused near the hottest pért of thé‘crystal and as the'patterﬁ,ffom_l

this. area diéappeéréd due to melting the béam was ﬁbved to aﬁ édjacent
Stiii'sblid pOrtionvand‘diffracﬁibﬁ patterﬁ was agaiﬁ obféined unﬁiiv

,that regionbﬁelfed and so‘forth, In a particular eiperimént with Bi,‘heating
-  was peffbrméd from the bottom. Since.the'solidfis less densebthan thé"
ligquid, the'surféce solid remained infact‘and floafed on the molten

bismnth beneath. As thé crystal mélted completely fhe ldst'SOIid portion
would float around on the liduid and the diffraction spots‘wouid move
c¢rresp6ndingly.(18) o | | |

| The‘mélting 6f the Pb(110) surface was studied with particular care
since i% is the lowest density and the hiéhest surfaqe free energy |

‘surface of the three lead crystal faces studied. In fact, once melted,

I .
- e
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‘the'(ilO)‘ofientation has never appearéd on the recrystallized lead

samples. Nevertheless, thé (110) éurface proved to be ordered aﬁd,
stable to'the bulk melting point of lead just like the (111) and (100)
crystal fécés. | |

Lead has a face centered cubic structure while'biémuth has a rhombic
érystal étrupture. The bismuth lattice is similar to a simple cubic
lattice which is Slighﬁly distorted. - The Bi(0001) face correspdnds‘td.

a pseudo-cubic (111) orientation while the Bi(0112) face is a pseudo-

cubic (lOO)vcrystaI face. Lead, unlike bismuth expands on melting.

It appears that the surface melting chéracteristics'are not-inflﬁenced
by the differences in crysﬁal structure or voluﬁe change .during fusion.

-  'Freézing the molten lead_and_bismuthlsamples after a meiting
experiment by cooling the Qrucible bélow the freezing point of the
metals usually produced crystallites wifh sharp, high inténsity
diffractibn'features.i This was taken as convinéing evidence that the
métal surfacés were free of contamination during'thé mélting experiments.

‘Thé.%ufface melting experiments with'Sn(llO)'surfaées-wére'mofe:

difficult to perfbrm. In every case a surface structure has formed on v

this face. This structure agrees with the (3 x 1) surface structure

reported by Jackson and Hooker(lg) for slow epitaxial deposition of tin

on Nb(llQ) surfaces:. Surface contamination problems were certaihly

serious in the meiting studies with Sn(110) surfaces. Frequently, upon
heating_fhese_crystals to > 70°C there was a rapid irreversible decréasei
of the diffraction spot intensities. The sharp high‘intensity'difffactioh
pattern_cduldioniy be regenerated after extensive ion bombardﬁent.”,Due

to this deterioration of the diffracted beam intensities from crysfals

which have not previously been melted the diffraction spots were only
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visible to Within_6—8° of the melting point. The crystal surfaces, however,
~ which formed after recrystallizing the moltenrtin visible to the bulk

melting point and generally behaved'very much like the lead and bismuth

[

surfaces previously described. The (110) orientation could neVer bel
found on‘the‘regrown crystal surfaces. Unfortunately,”none of the
recrystalllzed surfaces could be readlly 1ndexed as any low index face
of‘whlteftln.' Thus, they may be a) ordered 1mpur1ty structures or b) . surface
'structureson low 1ndex tin surfaces. A more detalled dlscu331on of the
| different tin surface orientations which formed_after recrystallization
of molten tin is given elsewhere.(l8)>v |

In summary, the three crystal faces of lead, [(111) (lOO) and (110)]
two dlfferent erystal faces of bismuth, [(OOOl), (OllQ)] were studled and
showed no premelting. They remalned stable to the bulk meltlng point and
they nmelted spontaneously at that temperature. Contamlnatlon of lead '
and blsmuth surfaces could be completely av01ded Formatlon.of surface

structure and contananatlon problems made the meltlng studies with tln(llO)

surface dlfflcult to perform

C. Studies of Freezing of Molten Lead and Bismuth

These.inrestigations were performed to discover the experimental
parameters‘which influence the surface struoture of recrystallized metals
and their kinetics of freezing and growth. Studies of,the surface-structures%)
.of metal_crystals'during refreezing should provideua great deal of‘fv _ v
informatlon on the mechanism of crystal growth from the melt. The molten
lead and bismuth were oooled using cooling rates in the range of 2°C per
second to O“ C per second It was found thet during free21ng more than

one crystalllte lolmed These crystalllte were. nucleated at the holder

walls, as_expeCted. Although the size of these crystallltes varied, most

T . itoh
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- of them were large enough to show sharp diffraction features allowing

us to monitor their orientation and surface structure. Their orientation

i

was checked by locating the specular or (00)-spot for each prominent

crystallite. For example, if a hexagonal pattern was observed from lead

with a (OO)-snot 11° from the direction of . incidence of the electron beam that

crystallife could bevindexed to have its (111) axis orientated 11° with
respect to'the snrface normal. The'contraction of lead upon freezing-which
starts at the crucible Walls tended to creafe craters aﬁlthe sufface

of the crystal while conversely the expansion of blsmuth upon free21ng
tended to create protrusions on the crystal surface.

In discussing the effect of cooling rate on surface orientation one

may take the coollng rate of 0 5°C per second as a d1v1d1ng line between

rapid and slow free21ng‘rates. Rapld freez1ng rates (> 0.5° Cper second)
favored the growth of the (lOO) surfaces of lead while slow coollng rates

(< o;5°C'per second) favored the formation of the Pb(1ll) surfaces.

For bismuth surfaces, we have obtained the following results; rapid

cooling rates favored the appearance of crystallltes orientated with

the [(OOOl)] (pseudo-cubic [lll]) or hexagonal axis perpendlcular to the

crystal surface, while slow freezing rates favored crystallltes with the

[0112] (pseudo cubic [100]) axis oriented perpendicular to the crystal surface.

It should be mentloned that undercoollng of liquid lead of the order
of 8°, were frequently observed during studies of the recrystalllzatlon
of lead. However, bismuth did not show undercooling in any of the crystal

growth'experiments.
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Discussion

Low -energy electrbn_diffracﬁion studies of the’méltingvof iow
index lead, bismutﬁ, énd tin single crystél surfaces in which thé
disappeafance.of'the diffractioh pattern~charactefistié of lohg range
order was taken as the sign of‘:neltingvindicatedwnb surfacé.premelting.
The diffefenﬁ sﬁrfaces seémed to disorder at the respective.bulk meltang
temperaﬁﬁies. Although‘bismuth undergoes negativé &olumé‘changé upon
melting‘énd:has'a_crysfal structure differéﬁt from that of_leéd the -
melting behavior offifs'SUrfaces were similar to tﬁat of. lead surfaces.

. The ldw'energy.electrén diffraction'pattern is inéehsitive to the
présencé of-disqrdéréd.atoﬁs‘dn the éuifaées as long as their concentration
‘is only a feﬁ'percent of the total surface éoncéntration;(QO) 'Thus the
présence”of a LEED paftern'from the.differentvsurfaées which'suggests
the dominance of long fange order on the surface up to the bulk'ﬁelting
point_dﬁes not rule out the presence of-disordered.atoms in féﬁ atom
pergehf:suffdce-concenﬁrations; There aie,several additional experimental
observations accumulated in recent yearsrwhich shed 1ight on the mechanism
of melting. Turmbwil, et al,(972%) showed that Bulk 510, and B,0 crystals

could bé_sUperheated by 300°C and 50°C respecti&ély due to the slow

propagation of the viscous molten-interface into these solids. Melting
was found to nucleate always heterogeneously'at emerging dislocations or
imperfectidﬁs and then propagate into the bulk. In order to avoid hﬁcleating”

of the melt at the surface, Kass and Magun(lo)

heated the inside of an
ice single crystal while keeping the surface below the melting point.

This way they were succesful in observing superheating. Similar results
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‘Were dbtained by other investigators'using gallium crystals.
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(22)

-Several'experiments show that in the presence of small témperature

gradients; the melting rate varies along different crystallographic .

directions.(za) These observations indicate that melting has to be

nucleated and that the crystal surfaces appear to provide nucleation

- centers most efficiently. Thus, when melting occurs in the presence of

a surface, a condition almost always met in melting experlments, superheating
cannot be observed due to the large concentration of surface nucleation

‘sites. Although most of the surface remains ordered up to the bulk

nmelting p01nt, it is likely that the nucleation s1tes are already present

before meltlng commences As soon as the liquid phase becomes thermodynamicallyv
stable, the solid-melt 1nterface may propagate along the surface or into
the bulk from these nucleation centers-equally well.

A melting theory to be succeSSful should have to explain the kinetio,

thermbdynamic and statistical properties of”the melting phase.transformation.

. These are (1) low index surfaces of simple monatomic solids remain chiefly

ordered up to the bulk melting point, (2) superheating of solids occurs

only in the absence of nucleation sites or because of the slow propagation .

' of the melt 1nterface, (3) nucleatlon of melting occurs most easily at

the surface and the melt propagates 1nto the bulk from the selected surface

nucleation sites (4) X-ray, neutron and high energy electron diffraction

experlments 1nd1cate that meltlng occurs with the loss.of long range order,
and (5)'melting is a first order phase transition with well defined thermo-

dynamic parameters [(pn, , and AV )J. So far none of

. i
fusion’ fusion fusion

the meltlng,models which have been proposed have been able to account for

all of these properties. It is hoped that in the near future a judicious
syntheiis of the favorable features of some of these proposed models, which

will be enumerated below, w1ll produce a meltlng model which allows

-'quantitative prediction of the'melting characteristics'of different solids.
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There are several-melting:models which explain the kinetic properties
of melting which were uncovered by recent eXperiments. “Hillig and

Turnbull(s)‘have proposed a melting model which allows the computation

W

of the p;opagation velocity of the molten interface»in.a temperatpre
grédient ﬁhich is_provided by superheating; Good agreement‘between their
theory and thevexperiments could be reached only if they had assumed
that mélting occurs 6nly at a small fraction of the surface sites at )
the solidgmelt interface.

Whét i$ the nature of those surface sités Whére-melting may be
nucleated? ' None of fhe experimental melting stﬁdieé so far have béen
able tO'idéntify these centers.b They méy be‘vacanciés or facanéj aggregates,
or'disorderéd fegions éréund dislocations which emerge at the surface.
' 'Stérk(slu&;propdsed that the vacancy concentration at the'éurface builds
up fastér than in the bulk;v When a critical conéehtratioﬁ'of vacancies
is reachedgvmelting is nucleated at the surface. Straﬁéki(7) has fiewed
melting as the dissolution of a solid in its own mélt. He has observed
that certain cf&stal surfaces facet and‘aie~wetted by their own melt,A
~while éthgr faces remaiﬁ stable and are not wetted by the melt eveh at
temperéturés very near thé melting point. These.reSUlts.led to a’cdnsideratiqn
of meltihg as a function of crystal surface. Melﬁing in:his context fefers
to the ability of a c?ystal face to supporﬁ largé copcentrations of.adsorbed

atoms on its surface. The StraHski model postulates that melting is

.

initiated on high index faces; the low index faces being.étable at all
temperatures to the melting point. These melting models iecogniie'the‘i hd
importance of surfaces in nucleating melting. "Although they do not give

a full dgécription éf the melting process and do not.allowvthe prediction

of the thermodynamic ﬁelting properties (suoh_asvvolume change) or tﬁe

statistical properties of melting (loss of long range order during the
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phase trénsifioh)'many of their assumptions are born out by experiments.. -
There aré séVéral.oﬁherjmelting modelS'whiéh describe either thé thermo;
dynamic‘or the statistical properties‘of melting without consideration
of the importangé of the crystal surface in nucleating and initiating
melting.ﬂ Perhaps the most notable andvsuccessful is that‘prdeSed'by

- (3)

Lennard-Jones and Devonshire. They adoptéd~the Bragg-William'model
of one-dimensional order-disorder transition model in which the first,
order transition is generated with the help of the disorder parameter

Q (which is equal to the number of atoms on ordered laﬁtice‘sites relative

to the total number of atoms). As the value of Q decreases (it varies

between uhity for the perfectly ordered lattice and one-half forﬁthe completely‘

disordered solid), the energy to place an atom into a disordered site

vdecreases--léading to the'cboperafive collapsé of the ordered solid in

a very narfOW'tempefature range. Lennard-Jonés and Devonshire assumed

| a.6412 potential for-the.describtion of thévcfystal.bondiné and-wére
sugcésSfﬁl in calculating mahy of thé'thermodynaﬁicvpropérﬁieé of argohj
melting_[ﬁolﬁme changelupon fusion, enfropy of fusion, étc.]"However,for
other soliés, such as carbén dioxide of metals which do not.fit such a

potential, theif results differ greatly from the experimental values.

‘Their theory is reasonable in predicting a melting transitiqanith the

appropriate physical characteristies. Applying this model using a

pseudo-potential for metals might proﬁide reasonable quantitative
predictions fbr the melting properties., The addition of more realistic

" potentials may also make possible better descriptions of the kinetic

barriers which cause substances to superheat and undercool or selectively

(k)

melt at certain sites along certain crystallographic directions. 'Bbrn

‘has considered the major difference betweern the solid and the ligquid phase’
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is a lack of resistance of liquids to low frequency Shearing stresses. i
. . . |

Using the elastic continuum model he predicts that melting commences  when

the shear modulus. of the crystal, S vanishes (Cﬁh =’O). Sound'velocity

ff'\'

_ measufements in different crystals however, ‘did not bear out this prediction

and the model was later retracted.(23)'_ Kuhlmann-Wilsdorf has proposed

a.model in which the frée energy of fdrmation of a dislocatiqh is
taken'as positivefin solids and as‘negative forlliqﬁids. The melfing ,
’ teﬁperatﬁie is postulated t6 bevthe températuré at which the free enéfgj:

is zero. Thus, liquids are described as'infinitély'dislbcatéd-sblids.
The béSiC-assumption of this modél'is supported by experimentally established
prﬁpertiés of dislocations.. Unfortunately, the calculated melting |
temperatﬁre is a function of the modulus of rigidity which>is difficult
.to_obtainféccurately,by experimehts.' A recent model proposed by Vladimirov(eu)
who viewéd vacancies as the'key'defeéts rather than dislocations, also

leads to reasonable}&edictionsAoffSomé'of thé.melting ﬁarémeters.

We héfe-found fhat slow freezing rates &ielded dominantly"the

(111) sﬁiface'brientétion for leadvénd'thev(OliE)\érientatibn [péeudo—éubic(lOO)]:
for bismuth cfystallitéé.' Conversely)‘rapid cooling rates produded the
(100) orientation for lead and the (0001) [pseudo-cubic(11l)] surface for -
bismuth. One might argue that; near equilibrium, lead wﬁich hasvtb
contract upon freezing should prefer to build its lattice from surfaces
.whiéh shdw the densest packing of atoms'[(lll)vface]. Bisﬁuth, which expands
upon ffeezing should prefer a mére/open surface [ther(OliQ) face] which
stili has low surface free energy. The resﬁlt that érowth'condiﬁions far
vfroﬁ quilibrium.(fast cooling rates) producé opposite(surface,oriéntations
of the two solids‘shéuld have to be taken into account in futu;e theoretical.
StudieSgbf crystal growth kinetics. |
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Figure 2a. Effective Debye temperature as a function.of electron energy

for the (110) and (111) faces of lead.
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Figure 3a

Figure 3b
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Fig. 3a and 3b. Diffraction pattern of the Pb(11l) surface at
61 eV a) below the bulk melting point (< 327°C) and of the
molten surface Db) above the bulk melting point (328°C).
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A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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