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Department of Chemistry,
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ABSTRACT

The intensities of back-diffracted low energy (10-500 eV) electrons
have been measured as & function of temperature for the (110) and (100)
faces of single crystal silver in the temperaturé\range -i959 to 85°cC. |

. : .
From these data the mean displacements, (gL), of surface atoms perpendicu-
lar to the surfaceiplanés have been caléul&ted and the magnitude of the
‘parallel éomponehts, (u”); estimated.

The perpendicular components of the surface mean displacements on
silver (110) an& (100) surfaces are 60% and 100% larger than those of bulk
“atoms. Theré is little difference'in magnitude bétween the parallel and
perpendicular coméonents for these faces as>has aiso beén reported fof_the
(111) face. In>addition, fhe parallel componehﬁs of the mean displace-
ments did not exhibit énisotropy'within the aécuracy of the measurements,
and the physical adsorption of several noble gases had no éffect on any
of these meaéurements. The surface mean displacement for sil#er and those ;
other face éentered’cubic metals studied are larger than predicted by
theory which.aséumesfbulk force constants for the surface atoms. This‘
| _suggests that force'constants for surface atoms are smaller than those

.

of bulk atoms.
. *
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I. INTRODUCTION

- It has long been recognized that the mean dispiaeementsbof surface
‘, atoms' should be different . from those of bulk_aﬁems,l Theoretical calcula=~

tions which predict the magnitude of this difference have been reported
3 and molecular’_solids.l+ The calculations for

5

;, for cubic metals,2 ionic,
'.tbe face-centered cubic metals indicete a larger (~~J§) mean dieplacementvv
perpendicular to the surface plane ((mL)) The mean dlsplacements in the
surface plane ((u“)) have also been calculated and found to be a function
of crystal orlentatlon. In general these computatlons ’5 maae use of
(1) the harmonic approximation and (2) force eonstants for surface atoms L
_which are identical to those in the bulk. The larger surface meem dis-»
placements are primarily due to the change in the number of nearest |
'neighbors for surface atoms,' The mean displaeements of surface atoms are
- measurable by low energy electron diffraetien (LEED) from thebsimgle
crystal surface. The temperature dependenca of the dlfferent dirf fracted
electron beam intensities [(Ihkz) minus the background (IO)] is measured

and the Debye—Waller factor

d log (I ,-T;)

aT

eV = const,

is calculated from which either the effective surface mean displacement_'
{u eff) or the effective surface Debye temperature (@ )'is readilyv
obtained. Since low'energy electrons (5=500 eV) back-scatter primarily

from the surface, theAmean displaeemenﬁ calculated from Debye-Wailer .

fuctor measurements at low electron energies is the property of the
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surface atoms. Howevér, at higher energies a iarger'fraction'of-the
diffracted electrons may penetrate into the'bulk,6 an& the.calculatedv

7

mean displacement values should approach the bulk value. Such measuré- .
ments have previously been carried out using the different low inaex
crysﬁal faces of several face-centered cubic metals (Pt, Pd, Po, Ag, and

T

.Ni).6'9,'For platinum,6 palladium,7 and lead’ surfaces the mean displace-

- ments perpendicular to the surface plane were found to be'much larger
than that predicted by'the‘theory. However, the‘(lll) crystal face'ofy
silver showed surface mean diéplacements (gL) of the mégnitude predibted;
by the model calculétions.8 Anisot?opy in the parallel mean 'displac‘ements-;_f
is expected for the (;lb) face of face-centeréd cubicAc:ystals dué tb '
the asymmetry in the atomic arrangemeﬁts along [iiO]'and the [001] |
directions.2 Such anisotropy in the mean displacements parallel to the
surface plane has been reported by MacRae® for the Ni (110) surfacé;

In this study we shall attempt to eluéidate the causes of the dis-.
crepancy betweeﬂ the experimentally observed and calculated values of the
surface mean displacements for face centered cubic erystals {(u)ogs'>~ 

(u)

parallel components of the mean displacement of surface atoms in the (llQ) .

calc]° For fhis purpose we have measured thg‘perpendicular and the

and (100) crystal faces of silver,‘and haveiextended the range of Debye-
VWaller factor measurements to low tempefatures'from ~195°C to +85°C.

It should be noted that hitherto, all of the surface Debye5Waller factor
measurements were carried out at higher temperatures (>25°C). Low
temperature measurements allow one to vefify the ﬁheoret{cally pre&igte_d5
efponential temperature dependence of the diff;acted begmvinteﬁsifies for'

conditions of T < GD (bulk) and to improve the accuracy of the measurementsi
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We find that the mean qisplaceménts ﬁarallel to the Ag (160) and Ag (110)
surfaces afe just as large as the. mean displacements of surface atoms
perpendicular té the surface., In addition, there was no detectable
difference between the magnitude of the two éarallel components ofathe
surface mean displacement in the (110) face of silver. These resuit; and.
those found on the other metals studied indicate that the force constants’
for surfaée atoms of most face centered cubic metals are isotropic and

smaller than the force constants for bulk atoms.
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II. EXPERIMENTAL ‘
The low energy electron diffraction éystem of the post-acceleration
type was used in thgse studies.lo vThe single crystals of highest availAble
purity were x-ray oriented; cut, polished, and etched.l:L The silver
samples (9.5 mm diam, 1-2 mm thick disﬁs)vwere mounted on a silver coaéed.

copper biock which is part of the low temperature holder shbwn in Fig. 1;
The sample canibe’cooled to liquid nitrogen temperature or heated to
‘600°C through the éopper block. The holder allows 6ne to rotate the
sample 360° which is necessary for ion bombafdmentAgnd for the purposes

: . . .

of other, auxiliary‘measurements'..ll A thermocouple has been attached to. -
the copper bloék to‘determine the temperaﬁure of the sPecimeh. The ambignti- 

pressdre was in the range of :l.O"lo

- 10" torr for all of the measurements,
Diffraction patteéns on the carefully prepared Silvér crystals were fre- ;‘
quently observed - immediately after pump~down and bake-out of the diffréc-'j'
tion chamber. Ion bombardment .(2><10'5 torr argon, 3500 eV) and subseqﬁent
anneﬁling heat treatmenté were used, however, to obtain‘é more ordered
éurface strﬁcture with sharper diffraction features. In the preliminary B
experiments Qith the Ag (llO) surface it was found that the sample undergoes”
faceting in vacuum or in oxygen above 300°C.ll This appeared to be an
.irreversiblevprocess which affected the Debye-Waller measureﬁents ﬁérkedlyv
as will be discus§ed later, Therefore, in order to avdid'such faceting

the (llO) crystal face was neverlannealed above 80°C and the intenéity
measurements were carried out in'the temperature range ~195° + 85°C..

The Ag{100) surface appeared to be stable even at elevated temperatures

(> 200°c).
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All of the neasurements.of the>tempereture dependence of the diffrac-
ted electron beanm intensities were carried out by the transient method.
The silver crystal was chilled to -195°C using 1iquid nitrogen and the =
intensit& of a chosen reflection (00, Ol, etc.) has been monitored con-
vtinuouSly at a given electron beam energy using a small angleLSpot-
photometer,12 whille the crystalAwas cooling to liquid nitrogen tempereture.'
The photometer output (Ihﬁl) and the thermocouple emf (T) were displayed
v simultaneously on an x-y recorder. A typical I and I. vs T experimentalvi

hk{ 0

curve is shown in Fig. 2.

We have measured the effective mean displacement ;hich is perpen-
- dicular to the surface plane (cL ) from the temperature dependence of
the intensity of the specularly reflected electron beam. (OO-reflection)
For these specularly reflected electrons the scattering vector, (k - ?’),
is perpendicular to the surface plane.6 Therefore,'the data yield.only
vtne vertical coﬁponent of the effective displacement. The angle of
incidence, ¢, was in the range of 6°-20° with respect to the surface
normal for the measurements of the properties of the (00)-reflection, '’
We found that the measuredvDebye-Waller factor, using the (00)-reflection, -
was not independent of the angle'of incidence within the accuracy of our 4
.measnrements (10%) as oreviously discussed by Jones et ai.a The parallel
components of the effective mean displacement were measnred by monitoring -
I(T) for the different (hkf) reflections for which the scattering vector
subtends a well-defined angle.a with the surface normal at a given beam
voltage. Thus, the data yield a mean displacement which is a weighted -

average of the parallel and perpendicular components. From the inde-

pendent determination of (uiff) and from these data, the desired parallel"
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component is computed. The intensity of the fluorescent;screen background‘
has been monitored by scanning the spof-bhotomet;erl2 ebo@tvthe'reflectioﬂ -
under investigation. Using the same seneitivity in monitoring the
intensity of the diffraotionspots, the background intensity slightly
decreases with decreasing:temperature, It should be noted, however, .

that this ehange wae much smaller than the intensity change of the diffrac-o
tion-spots ﬁith temperature'and thus, had little effect on the-intensity |
meesurements. The Ihkl-vs-T curves wereimeasured at different,electron
.beam energies in the range 50-300 eV. Those beam energies were selected
in every case whlch corresponded to intensity maxima.

Finally, it should also be mentioned that the reproducibllity of
the low temperature measurements of this study was con51derably better
than those previous investlgations whlch were carried out at high -
temperatures.6 -3 It appears that heating treatments which could give
rise to diffu31on controlled surface rearrangements (growth of ordered
domains, changes in step density) are mostly responsible for the uﬁ-‘

certainty observed in high temperature Debye-Waller factor mea surements. '
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ITI. RESULTS
A. Working Equations -

The Debye-Waller factor is obtained from the experimental intensity

curves (Ihkl vs T) by subtracting the background intensity (Io). In this

‘way the contribution of thermal diffuse scattering to the total intensity

isvrembved.6‘ The intensity of scattered electrons is givén by the

equation2

I=|F. |2

ks exp( -16m cose¢/A2) (uik) ' (1)

where the exponential term is the Debye-Waller factor, A, is the electron
. L L]

vwavelength, ¢ is the‘angle of incidence of the specular electron beam with

respect to the surface normal, thklle

rigid lattice and (uzk)_is the mean square displacement in the direction

1s the scattered intensity by a .

of the scattering vector, MR =F - Tt’o. - Using the harmonic oscillator

‘model in the high temperatufe limit, the mean square displacement is given .

by7

(o) = (3 /Mk)w/@eff | (2)

where Geff

is the effective Debye temperature at the high temperature
1imit, M and T are the atomic weight and the fempefature of the solid,

respectively, N is Avogadro's number, and k and X are the Boltzmann and -

" Planck constants. Combining Eqs. (1) and (2) we have

Lo, = B, 12 expl-(12m2 ) (cos @/ [7/0ST)P) )

‘The lOgarithm of the intensity of a given reflection log( -I )'plotted'1 
kl R

as a function of temperature T gives a straight line. From the SIOpe,7the :

- effective Debye temperature or the mean effective displacement can be
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calculated. Using the (00)-reflection in these measurements the mean

displacement in the direction perpendicular to the surface plane, (ui.f)

or the normal component of the effective Debye temperature, @l.f, can
be calculated. The use of any other reflection for the measurements will
yield an effective Debye temperature ng with both parallel, @ﬁff, and

perpendicular, Giff, components. For this case Eq. (3) may be rewritten
asd?9

| 2, .2 1]
2 2., 2 1
Thxe = |Freel” exp { -(1200872/00007) 6:?; % + ;e;faz M
L -

where a is the scattering angle at which the particular reflection apoeardem
"with respect to the surface normal. Thus, usihg the value, éiff, calcueb |
‘lated from studies of the (OO)-reflection, and the sum of the two com-_ |
ponents eLff and Gﬁff which is obtained from the intensity variation of
other.reflections through Eq. (4), the parallel component of»the effective-ff

Debye temperature can readily be calculated.

-

It should be noted that the accuracy of the values of @iff or ( L

is greater than that of the parallel components, 8“ T or (u” ) since
they are obtained from direct measurements .on the (00)-reflection. The |
parallel components are obtained by subtraction of two numbers of equal

magnitude and therefore subject to greater uncertainty..'
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We have found, as in the case of other faceséentered cubic cryétals,

that the measured values of the effective Debye temperatures were étrongly
"dependent on the elecfron.beam energy. It is apparenfbthat at increasing R
electron energies allafger fractionvof electron scatter from atomic planes below
the sufface plane.v‘Therefore, in order to compute effective Debye temperature
.which aré characteristic of surface atoms the Ihk!.vs. T curves obtained at B
the lowest beam voltages (< 80 eV) were used. At such low energies for

silver surfaces the'larg¢3t fraction of the incidept electrons back

scatter froﬁ the surface atoms without penetrating deeper into‘theAbulk.

. . .

We have also found that in the temperature range of our study (~195° -
+85°C), the log (I-14) vs. T plots invariably gave straight lines. A

typical curve for silver (110) is shown in Fig. 3. This.observation is in
accordance with the calculations évaallis, et a1.5 They have concluded‘

that the linear dependance of the mean square displacement on>absolute'

" temperature should extend to temperatures well below the bulk Debye

temperature.

B. Mean Displacementsin the Ag(100) Surface

The perpendicular component of the effective mean displacement, = .- .

. (ui?f), plotted as a function of beam voltaée is shown in Fig; h, ,,-;
These values wére.ébtained from the log (I-Ib) vs.IT curves using Egs.

:(2) and (3). It can be seen that the sgrfaée'mean displacement is larger
tﬁan the bulk value (doﬁted line) by about 100%. The effectivé:ﬁean
displacement has reached the.bulk value at electron energies Zvl90 eV, =

It increases rapidly with decreasing electron energy, reaéhés a plateau

between 90 =~ 120 eV then increases again between 57-90 eV. The rapid change ..

in the effective mean displacement shows no sign of levelling off in the
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range of the two iewest electron beam energies (57-68 eV) used ‘in these
measufements. Measerements could not be extended to even lewer beam |
voltages due to the geometry of the low temperature holder used in these eiv*
experiments. |

The I vs. T curves were measured for several reflections other than v
the specular reflectlon in order to obtaln the parallel components of the
mean d isplacement. In Table I we plot the different reflections, scattering
angles and electren beam energies which were used. It was found that -the
slopes of the log (I-Io)vs. T plots obtailned by monitoring the intensity 2' 
change of the different.(hkl) reflections or the (OO)-refiection were
.elmost identical at a given electron beam energy, certalnly 1nd1stinguish-
able withln the accuracy of the measurements. Thus, it becomes very
difficult to evaluate the parallel mean displacemenf (Eq. 4) with eny
reasonable accuraey. Variatiens in the small background correction coe1d efjﬁ""'
introduce large errors in the computed value of‘(uﬁff)‘. Therefore,'insteee-"
of reporting the'pafallelvmean displacement for the (100) surface we give,
in Table I, the slopes of the log (I—IO) vs. T plots. - The parallel and
perpendicular components of the effective mean displacements appear to be
identical within the accuracy of the measurements., Also.the slopes, ob~ -
tained by monitoring.the (30) and (03) reflections are nearly the same..v
v'As eXpected, there seems to.be no detectable difference between the.fwon'
.components of the parallel mean displacements for the (100) orientation.

Se&eral noble gases (xenon, argon and krypton) were introduced(%10-6'torr)
during the. surface Debye-Waller factor measurements in ordér to investigate

their effect, if: any, on the Ihkl vs,.T curves. These gases are believed to

physically adsorb on the Ag(lOO) surface in the studied temperature range
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- as disordered 1iqu1d-like patches.11 The presence of these gases had_nof'

detectable effect on the temperature dependence of the intensity;

C. Mean Displacements in the Ag(110) Surface

The perpendicular component of the effective mean displacement (uiff -and

the effective Debye temperature @iff for the Ag(110) orientation as a func-
tion of beam voltage is given in Fige 5. It is apparent that the bulk
valaes are not approached as rapidly with‘increasing electron beam energy
‘as for the (100) face., There are also marked differences at low beam

voltagess After an initially rapid increase of (ueff)' in the range
L g

. 100-160 eV w1th decreasing beam voltage the change in the mean

displacement levels off and remains about 50~60% hlgher than the bulk -

value. Thus the perpedlcular component of the surface mean displacement
is appreclably smaller for the (110) face than that for the (lOO) crystal
face, but both are markedly larger than the bulk value.

The I vs. T curves were measured for several reflections in order to
obtain both parallel components of the mean dlsplacement. At low beam
eV= const
reflectlons were equal to the slopes which were obtalned us1ng the specular
(00) reflections Thus, it appears, that Just as in the case of the (100) -

and (lll) surfaces the mean displacements in the (llO) surface are 1so-'

tropic. At higher electron beam energles (> 160 ev) however, the slopes

;us1ng the different (nkz) reflectlons are different from the slopes u51ng

the (00) reflection at the same scattering angle. The parallel components

“of-the efiective Debye temperatures are always somewhat smaller than»the-

perpendicular component. [This is shown in Table II. Here we list the

" measured reflections,vscattering angles and electron energies which were

using the (20) or (02)
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" used. The effective mean displacements ((dL ), (uﬁff)) and effective
Debye temperatures (Gje_ff ﬁff) are also tabulated,

The parallel mean displacements were determined using both (h,O)
.and (0,h) reflections. Since there is an anisotropy in the crystal
orientation in these'two perpendicular directions a difference in the
"lateral meanpdisplacements in these different directions was“pos’culated.2 HOW;'
' ever, we have found theEparallel-mean displacement to be the sgge'in both -direc-
tions withinnthe'accuracy of our experiments for all electron beam. |
energies. Inspection of‘Table IT also reveals that the caiculated‘parallel
‘mean displacementlvaiues show little‘angular dependence within the accuracyp'
' of our measurements. Intensity measurement at even higher.beem voltages - E
couldvnot be carried out, The magnitude of theyDebye-Waller‘factor end ”‘
its wavelength dependence decreases the diffraction beam intensities which
makes the I—vs-T measurements unreliable at higher beam voltages. |

All of the results shown in Fig. 5Jwere obtained from silver crystaLS'»:
which were annealed et T 5‘85°Caand the bebye'temperatures_were obtained ;fH 
from measurements at IOW‘temperahures (~195° -A+85°C). Different and
somewhat irreproducible results.were obtained when a (110) crystal was‘
heated above 80°C to 200°C. These are shown in Fig. 6. ILow energy |
electron diffsaction and ellipsometry studies 1l have showed that the’
Ag(110) surface undergoes thermal Taceting above 300°C, new crystal faces E:p
develop which replace the (110) orientation. -Since faceting is an
‘irreversible process it appears that the surface properties of the (110)
orientation can only be studied reproduclbly‘by low temperature measure-
ments which were carried out in this 1nvest1gation. In the same figure

"we also plot the perpendicular component of the effective Debye temperature
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for the Ag(111) surface obtained by Jones et al.8 and our data on the
unreconstructed Ag(ilQ) surface, for cqmparison.

+In Table III we list the surface and bulk Debye temperatures which
were obtaihed by these experiments,  We also list all of the values which

were obtained from studies on other face-centered cubic cryStal surfaces

.such as nickel, piatinum, palladium, and lead. The experimental and

calculated values of the surface normal to bulk mean displacement

ratios, (uiff)(surface)/(u)(bulk), are also listed for easy comparison'

with the calculations hy Wallis et a1.5..

L}
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IV. DISCUSSION

4

The following statements summarize some of the results obtained in .
the.éxperiments ané additiona; information which may help in their
interpretafion. | |

'l. The exporiential temperature dependence of the diffraction beam
intensities from silver .surfaces has been'foundvto persisf to -195?C, fhe
lowest temperatures used in these experiments,

2.  Calculations, within the harmonic approximation? indicate that
the mean diépiacéments of surfaée atoms perpendicular to the surface
planés for the (lQO) and (110) orientations of silver crystals are larger
by 100% and 60%, respectively, then the bﬁlk value,

3. The perpendicular surface meaﬁ displacements, (uiff), for. the
silver (100) and (110) crystal faces and'for differenp'cryStalAfaées of
.many other face~-centered cubic metéls were found to be larger by expe}i-\
ments than that predicted by theorys which‘uses buik force constants ‘for |
the model caleulations, - ' .

| 4, The mean displacements in the Ag(110) surfaee, paréllel.to tﬁe

surface plane shows no apparent anisotropy. The displacements along the

[1210] and [001] directions are equal and certainly as large as the perpenw .._f»':

dicular mean'displacement within the accuracy of.the measurements., There
is Also little difference between the pérallel and peipendicular cowponénté'
of the mean displacements of suifaée atoms in the Ag(100) and'Ag(lll)8‘
surfaces. \ .

= 5 The Ag(110) face shows anomalous behaviorll above 140°C which

strongly effects the surface Debye~Waller factor measurements. Therefore,
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studies on this crystal face should be carried out only at low tempera- -

" tures. Our experiments,'in the temperature range -195° to + 85°C have

yielded reproducible results.

The low temperature studies on the clean silver single crystal
aurfaces indicate that theexponential temperature dependence of the
diffracted beam intensitles which is predicted by the simple theory2 for

high temperatures (T >i®D) is obeyed down to liquid nitrogen temperature'

(-195°C) at any electron beam energy. This behavior was predicted by

-Wallis et al.5 Therefore, we have analyzed our'data'using Eqs. (1)

| -

through (3) as carried out in previous hlgh temperature experlments. In -
every case, the experlmentally determined ratio L )/(u)bulk is

larger than predicted by the theory.5 It should be noted that the tabulated

values are only lowver limits to the true effective Debye temperature,,for

they were computed from measurements at a finite, instead of zero electron

energy. Thus, they may contain contributions from atomic planes which lie

" below the surface plane, In their calculations, Wallis et al. have assumed
‘interatomic coupling constants (force constants) for surface atoms which

are the same as that for bulk atoms. They have indicated, however, that

this assumption is most likely incorrect; in fact, by assuming a force

constant for surface atoms which is one-half of that of the bulk, they have

‘obtained good agreement with the mean displacement values measured for .

- the Ni(1i0) surface. ‘The calculated mean displaeement valuea were also

insehsitive to the inclusion of next-nearest neighbor interactions and

 angle-bending forces in the computations., It is also unlikely that

13

could

be responsible for the observed larger mean displaéements'although they
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may affect the penetration dgpth of the low.energy eléctrons. All of thé
‘diffraction beams which appear in the I, vs. eV curves, primary or
"secondéryf yield effective mean displacementsvwhich fit well on the
experimental curves shown in Figs. 4 and 5. In additién, similar results
were obtained in studies of the surface Debye tempefature of_other face=-
centered cubic mete\ls6-7 which are'listed.in'Table ITII. The surface mean
diéplacement also approaches the bulk vaiue with increasing electron
energy which is determined by indepéﬁdent heat capacity measurements

(Figs. 4 and 5). Thus, the experimental results- seem to indicate ’ch>at

thé force‘constants’for surface atomé islmarkedly smaller than for atoms g

in the interior of the solid. The magnitude of the force constants could o

be obtained by judicious adjustment of their values in the model computa-

‘tions to fit the experimental data. They may also be readily estimated N

from the surface Debye temperatures using'the siméle-relationships
developed by Domb and Salter.lu

The parallel mean.displaceménts in the [110] and [001] direétions
wére identical within the accuracy of the experiments for the silver (110);;
surface. This is somewhat surprising since the (llO)'crystai fége sﬁdWsu |
marked anisotropy in these two directions. Model calchlaﬁioﬁga pre&ic£
the parallel meaﬁ’displacement in [001] direétioﬁ to be thé'same as (uiff) |
or even slightly larger and to be markedly smaller than (uiff) in the - |
{110} diréction. Debye-Waller measurements on the Ni(110) surfage9 seems -
to have confirmed this effect qualitatively, if ﬁot its magnitude. . There |
may be:several reasons for the lack of anisotropy in theiéarallel mean

displacements in the Ag(110) surface. 1) Changes in the force constants

for surface atoms in silver may cancel out any apparent asymmetry effect.
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The use. of smaller force constants in the model calculatlons tends to
minimize this anisotropy'.5 2) The temperature dependence of domlnant
multiple scattering events may mask the differences between the surface |
mean displacement'components.' 3) The experiments on Ni(llO) surfaces
may have been affected by the possible diffusion controiled surface

rearrangements, changesin step density, etc. which are precursors to

faceting and seem to be unavoidable for this crystal orientation at elevated

'temperatures.ll The Debye-Waller experiments on nickel surfaces were carried

out in the temperature range of 100° ‘c.o"6OO°C.l+ Finally, 4) the accuracy
of our experiment may'be inadequate to detect small differences in the |
parallel mean dlsplacements of surface atoms in silver.

The lack of any marked dependence of the parallel mean dlsnlacements

on the scattering'angle indicates that the anisotropy effects may not be

~ masked on account of the angularlrange used in the experiments;

The parallel and perpendicular componentsnof the mean displacements
were also equal for the Ag(100) and Ag(11l) oi‘ientations.a This result .'

could indicate that the force constants for surface atoms are isotropic

for all crystal orientations.

It is interesting to note that the bulk mean displacement 1s approached

with increasing electron energy more rapidly for the (100) face of silver

then for the (110) or (111) face. It appears that there is a greater bulk
contribution to the measured‘Effective mean disp;acement at a given:

. electron beam energy along the [100] axis than along other crystallographic

directions.' This is contrary'to observations for other face centered cubic
metals for which the effective mean displacements changes most rapidly

with electron energy along the (111] dlrectlon.6’7 However, silver
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appears to be different from other face centered cubic metals.in the

fact that the surface mean displacement, (cL ), in the Ag(100) orientation ‘u‘;
-is markedly larger than ﬁhe 1110) or (111) dlrections. For the"other :
metals which were studied (cL ) is relatively insen81tive to changes of - Kf
crystal orientation or surface density.6’7 It is likely that differences |

in net displacements along'the different crystal orientations could

markedly influence both, the observed effective mean displacements and
the'change of the effective mean displacements with beam voltage. Cal-
culations by Burton and Jura15 for several face centered cubic metals--

'bindicate different ret displacements for the (lOO), (110) and (111) surfaces ~'e'.i

. for silver (6.4%, 4.7% and 1.9%, respectively) NVL |
Weakly adsorbed noble gases had no effect on the surface Debye-Wailef"

ﬁeasurements. It is apparent that physical adsorption does not deﬁecﬁably

affect the anisotropy of the surface environment. This is to be compared

~with results obtained during the chemisorption of several gases'on'

tungsten suffacesl6 where due to the formation of strong chemical bords =

the surface Debye~Waller factor changes markedly.



(s

-19- . . UCRL-18533

- ACKNOWLEDGEMENTS

' We are happy to gcknowledge the fruitful discussions with Dr. R. F.
Wallis. This work was supported by the United States Atomic Energy

Commission.



1.
.2.

o 3.

s

.7.

,{8.
9 -

10. '

11,

13,

14,
_15,
16.

E. W Mbntroll, J. Chem. Phys. 18, 183 (1950).

H. B. Lyon and G, A. Somor:jai, J. Chem. Phys. 4, 5707 (1966).

and Ellipsometry, (Surface Science) to be published.

20-

mmmmm,

B. C, Clark, R. Herman and R. T. Wallis, Fhys. Rev. _gg, A188 (196&)

G Co, Benson, P. e Freeman and’ E. Dempsey, Jo Chem. Phys. 39, 302 (1963)
B. J. Alder, J. R. Va.isnys and G. Jura, J. Phys, Chem. Solids, ll
182 (1959). | |

“Re Fo Wallis, in The Structure and Chemistry of Solid Surfaces, G. Ae

Somorjai, ed., John Wiley and Sons, Inc., New York, 1969, Chape 17. - )

Re M. Goodman, H. H. Farrell and G. A, Somorjai, J. Chem. Phys. _’+§,
1046 (1968) ' .

E. R. Jones , Jo To MeKinney and M, B. Webb, Phys. Rev. _2_, l¢76 (1966)
A. U McRae, s Surface Science 2 2,522 (1961&) ‘ '
LEED by Varian Associates ,vPalo Alto, Ca.lifornia .

R. E, Steiger, J. M. Morabito, Jre,y G.-A. Somor;jai and R, H. Muller, .\ '
A Study of, the Optical Properties and of the Physical Adsorption of

Gases on Silver Single Crystal Surfaces by I.ow Energy Electron Diffraction

-

Telephotometer Model 2000, Gaime Scientific Instruments, San Diego, -

California.

R, M, Stern, in Proceedings of Symposium on Low Energy Electron .
Diffraction, America.n Crystallographic Association, 1968 Tucson, Ariz.
C. Domb,and L. Salter, Proc. Roy. Soc. , 1083 (1953). SR ;ij!*}%f
3."J. Burton.and G. Jura, J. Phys, Chem, TL, 1829 (1967). .

P. Estrup, in The Structure and Chemistry of Solid Surfaces, G, A. _Somor:jai

ed., John Wiley and Sons, Inc., New York, 1969, chapter 19.



21- |  UCRL-18533

Table I, The slopes of the log (I-I;) vs. T curves,
the effective Debye temperatures calculated
for Ag(100) at different reflections, scattering
' angles and electron beam energles. -

Reflection eV - | () a o Gl‘°K) ~ slope (]) Sl?Pe'(”)
(30) 103 o©° 31130 —_ — s.86x07
(03) 103 0°  31.13° — - 6.l¢2x10'5.'
() 3. 0° ‘33.87° = —  — 7.0 x107
(00) 1203 ;6.6° 0% | 1k6® | 6.3_5x1_o'3 -
(00) = 103 16.6° ©0° 1k6° 6310 —

(00) T3 16.6°  0° 125° - 6.2lx10';_3 -




Teble II. The effective mean displacéments and Debye temperatures
for the Ag(110) sur‘zce calculated at different

reflections, scattering angles and electron beam energies.

" Reflection eV o 9ﬁff( °K) (uie;ff) a(.z\.) Reflection eV . ¢ eiff(°K) (u iff) b(A)
: ] : .
(k0) 1195 _38.&‘? 159 0.126 (00) 195 19.é°- 196_ © 0.103
(0k) 195 38.4° 138 0.146 (00) - 195 19.2° = 196 © 0.103
(30) 195 | 27.2° 113 0.178 (00) 195 19.2° 196 ' 0.103
(30) 160 29.7° 111 © 0.181 (00) 160 17.1° 192 _ 0.105 8
. v - . o : ‘ ]
(03) 164 25.L4° 121 0.166 (00) 164 13.8° 193 0.10L4. '
Averagé_ | (ﬁ“eff) = -i5l (;\)
Average (afff ) = 210k (&)
3
&
W



Table III. Surface to bulk meen disgxlacement ratios (experlmental and

.o Pd, Po, P4, Ag, azi Ki.

Metal = ,. . (giff) Do -‘(EL) o eiff_(°x)A eS(bﬁlk) (°K)

S - (u)(bl!lk) exp ‘i m) calc. .'

I S o R | .
‘ (1oo), (111) T L.95 E Lm0 ko -3
_:Pb7 o N s B | o :.f | o .
~(a) . B B 22 R . 55 .- . 90
" (1w00),(110),(111) - 2,22 - SRR P R ooono 23Y
: Aés - S f,':‘i o B S . o .
(111) .This work - L6 _ Cll.ll ' 155 - 225
T I S | |
(110) This work. . 1Lk ‘ RS . S 12 225
(100) This work 2,16 - L b _ © 104 - 225

N19 . - ’ _ ' " _ _ o _
(110) - 1. 77 - 1.1 220 . 390

4' -,‘Qa-_ s

¢cccgr-mion
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FIGURE CAPTIONS

. )
Iow temperature manipulator
(b) I,y Vs. T for silver (110) '--vj
- - (a) I, vs. T for silver (110) 2
log (I, ,- Io) vs. T for silver (110)
iff( °K) and (dl )(A) plotted as a function of beam
voltage (eV) for silver (100)., Error on eiff indicated
-by vertical line. '8, ... and <ubulk) also indicated by
the dashed ‘lines. ' j ‘
eeff ° eff
| (°K)  and (dL )(A) plotted as a function of beam
voltage (eV) for silver (110). Error on GL -indicated e
by vertical line, ebulk and <ubulk) also indicated by
the dashed. lines.;
Surface Debye temperatures for a silver (110) face after B
different surface treatments, indicating precursor to ' '
faceting due to heating atove 140°C, Broken line literatore"" ”
~data for (111) face.d - N |
Y

3 ~Q,"
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person af:ting on
behalf of the Commission: .

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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