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STUDIES OF THE MEAN DISPLACEMEl\lT OF SURFACE ATOMS IN THE 
(100) AND (110) FACES OF SILVER SINGLE CRYSTALS 

AT LOW TEMPERATURES 

* ** J. M. Morabito, Jr., R. f. Steiger, and G. A. Somorjai 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
Department of Chemistry, 

University of California, Berkeley, California 

ABSTRACT 

The intensities of back-diffracted low energy (10-500 eV) electrons 

have been measured as a function of temperature for the (110) and (100) 

faces of single crystal silver in the temperature range -195° to 85°C. 

From these data the mean displacements, (uI)' of surface atoms perpendicu

lar to the surface planes have been calculated and the magnitude of the 

parallel components, (ulI)' estimated. 

The perpendicular components of the surface mean displacements on 

silver (110) and (100) surfaces are 60% and 100% larger than those of bulk 

atoms. There is little differenc.e in magnitude between the parallel and 

perpendicular components for these faces as has also been reported for the 

(111) face. In addition, the parallel components of the mean displace-

ments did not exhibit anisotropy within the accuracy of the measurements, 

and the physical adsorption of several noble gases had no effect on any 

of these measurements. The surface mean displacement for silver and those 

other face centered cubic metals studied are larger than predicted by 

t.(-I€Ory which assurnesbulk force constants for the surface atoms. This 

suggests that force constants for ~urface atoms are smaller than those 

0:: bulk atoms • . 
* ?resent address: visiting scientist to Philips Research Laboratories, 

Eindhoven, The Netherlands 

** Present address: CIBA PhotOChemical Ltd., Fribourg, Switzerland 
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I. INTRODUCTION 

It has long been recognized that the mean displacements of surface 

. 1 
atoms should be different·from those of bulk atoms. Theoretical calcula-

tionswhich predict the magnitude of this difference have been reported 

for cubic metals,2 ionic,3 and molecular sOlids. 4 The calculations for 

the face-centered cubic metals indicate5 a larger (~~2) mean displacement 

perpendicular to the surface plane «ul». The mean displacements in the 

surface plane «ull» have also been calculated and found to be a function 

of ci:ystal orientation. In general" these computations2 ,5 make use of 

(1) the harmonic approximation and (2) force constants for surface atoms 

,~hich are identical to those in the bulk. The larger surface mean dis-

placements are primarily due to the change in the number of nearest 

neighbors for surface atoms.· The mean displacements of surface atoms are 

measurable by low energy electron diffraction (LEED) from the single 

crystal surface. The temperature dependence of the different diffracted 

electron beam intensities [(~ki) minus the background (IO)] is measured 

and the Debye-Waller factor 

const. 

is calculated from which either the effective surface mean displacement 

(ueff ) or the effective surface Debye temperature (e~ff). is readily . 

obtained. Since low energy electrons (5-~OO eV) back-scatter lJrimarily 

from the surface, the mean displacement calculated from Debye-Waller 

lb.ctor measurements at low electron energies is the property of the 
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, -
surface atoms. However, at higher energies a larger fraction of· the 

diffracted electrons may penetrate into the bulk, 6 and the calculated 

mean displacement values should approach the bulk ,value. 7 Such measure-

ments have previously been carried out using the different low index 

crystal faces of several face-centered cubic metals(pt, Pd, Po, Ag, and 

Ni).6~9_ For Platinum,6 palladium,7 and lead7 surfaces the mean displace~ 

ments perpendicula,r to the surface plane were found to be much larger 

than that predicted by the theory. However, the (111) crystal face of 

silver showed surface mean displacements (ul) of the ~gnitude predl'cted 
, 8' .' 

by the model calculations. Anisotropy in the parallel mean displacements 

is expected for the (110) face of face-centered cubic crystals due to 
. '. . 

the a symmetry in the atomic arrangements along [liO] 'and the [001] 

directions} Such anisotropy in the mean displacements parallel to the 

surface plane has been reported by MacRae9 for the Ni (110) surface~ 

In this study we shall attempt to elucidate the causes of the di5-

crepancy between the experimentally observed and calculated values of the 

surface mean displacements for face centered cubic crystals [(u) Obs' > " 

(u)calc)' For this purpose we have measured the perpendicular and the 

parallel components of ' the mean displacement of surface atoms in the (119) 

apd (100) crysta,l faces of silver, and have' extended the range of Debye-

Haller factor measurements to low temperatures from -195°C to +85°C.' 

It should be noted that hitherto, all of the surface Debye-Waller factor 

measurements were carried out at higher temperatures(~ 25°C). Low 

temper.ature measurements allow one to ver'ify the theoretically predicted5 

eXfJonential temperature dependence of the diffracted beam intensities for 

conditions of T < eD (bulk) and to improve the accuracy of the measurements~ 

• 

• 

• 
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We find that the mean displacements parallel to the Ag (100) and Ag (110) 

surfaces are just as large as the. mean displacements of surface atoms 

perpendicular to the surface. . In addition, there was no detectable 

difference between the magnitude of the two parallel components of the 

surface mean displacement in the (110) face of silver. These results and. 

those found on the other metals studied indicate that the force constants 

for surface 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 system of the post-acceleration 

·10 type was used in these studies.. The single crystals .of highest available 

purity were x-ray oriented, cut, polished, and etched. ll The silver 

samples (9.5 mm diam~ 1-2 mm· thick disks) were mounted on a silver coated 

copper block which is part of the low temperature holder shown in Fig. 1. 

The sample can be cooled to liquid nitrogen temperature or heated to 

. 600°C through the copper block. The holder allows one to rotate the 

sample 360° which is necessary for ion bombardment and for the purposes 
. . . 

of other, auxiliary measurements. 11 A thermocouple has been attached to· 

the copper block to determine the temperature of the specimen. The ambient 

pressure was in the range of 10-10 - 10-9 torr for all of the measurements. 

Diffraction patterns on the carefully prepared silver crystals werefre

quently observe·d· immediately after pump-down and bake-out of the diffrac

tion chamber. Ion bombardment (2X10-5 torr argon,. 300 eV) and subsequent 

annealing heat treatments were used, hovlever, to obtain a more ordered 

surface structure with sharper diffraction features. In the preliminary 

experiments with the Ag (110) surface it was found that the sample undergoes 

faceting in vacuum or in oxygen above 300°Co ll This appeared to be an 

irreversible process which affected the Debye-Waller measurements markedly 

as will be discussed later. Therefore, in order to avoid such faceting 

the (110) crystal face ,~as never annealed above 80°C and the intensity 

measurements were carried out in· the temperature range ';'195 0 + 85°C. 

The Ag(lOO) surface appeared to be stable even at elevated temperatures 

• 

... 

• 
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All of the measurements of the temperature dependence of the diffrac-

. 6 
ted electron beam intensities were carried out by the transient method • 

The silver crystal waschilied to -195°0 using liquid nitrogen and the 

intensity of a chosen reflection (00,01, etc.) has been monitored con-

tinuously at a given electron beam energy using a small angle -spot-

12 photometer, while the crystal was cooling to liquid nitrogen temperature. 

The photometer output (~£) and the thermocouple emf (T) were displayed 

simultaneously on an x-y recorder. A typical Ihk£ and IO vs T experimental 

curve is shown in Fig. ,2. 

We have measured the effective'mean displacement which is perpen-

eff ' 
dicular to the s~rface plane (ul ) from the temperature dependence of 

the intensity of the specularly reflected electron beam (OO-reflection). 

For these specularly reflected electrons the scattering vector, (it - ito)' 

is perpendicular to the surface Plane. 6 Therefore,' the data yield only 

the vertical component 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 (OO)-reflection. 

We found that the measured Debye-Waller factor, using the (00)-reflect1on, 

was not independent of the angle of incidence within the accuracy of our 

measurements (10%) as previously discussed by Jones et a1. 8 The parallel 

components of the effective mean displacement were measured by monitoring 

reT) for the different (hk£) reflections for which the scattering vector 

subtf'''lds a well-defined angle 0: with the surface normal ata given beam 

voltage. T'nus, the data yield a mean displacement v/hich 'is a weighted 

average of the parallel and perpendicular components. From the inde

pendent determin~tion of (ul
ff

) and from these data, the desired parallel-
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component is computed. The intensity of the fluorescent-screen background 
'. " 12 

has been monitored by scanning the spot-photometer about the reflection 

under investigation. Using the same sensitivity in monitoring the 

intensity of the diffraction~ots, the background intensity slightly 

decreases with decreasing temperature. It should be noted, however, 

that this change was much smaller than the intensity change of the diffrac-

tion spots with temperature and thus, had little effect on the ,intensity 

measurements. The 3bkl-vS -T curves were measured at different ,electron 

beam energies in the range 50-300 eVe Those beam energies were selected 

in every case which' corresponded to intensity maxima., 

Finally, it should also be mentioned that the reproducibility -of 

the low temperature measurements of this study was considerably better 

than those previous investigations which were carried out at high, 

temp'era'tures. 6-9 It th t h ti t tm t hi h ld i appears a ea ng rea en s w c cou g ve . 
rise to diffusion controlled surface rearrangements (growth of ordered 

domains, changes in step density) are mostly responsible for the un-, 

certainty observed in high temperature Debye-Waller factor measurements. 

-. 
t, 

• 
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III. RESULTS 

A. Working Equations 

The Debye-Waller factor is obtained from the experimental intensity 

curves (~ki v,s T) by subtracting the background intensity (Io). In this 

way the contribution of the.rmal diffuse scattering to the total intensity 

6 is removed. The intensity of scattered electrons is given by the 

2 equation 

I . \2 2 2 2 
I = Fhki exp[-16rr cos ¢/A ) <u~} (1) 

where the exponential term is the Debye-Waller factor, A, is the electron 
• 

wavelength, ¢ is the angle of incidence of the specular electron beam with 

respect to the surface normal, \ Fhki \2 is the scattered intensity by a. 

rigid lattice and <U~)iS the mean square displacement in the direction 

rlrl rl 0 of the scattering vector, & = k - k • Using the harmonic oscillator 

model in the high temperature limit, the mean square displacement is given 

by7 

(2 ) 

eff where eD is the effective Debye temperature at the high temperature 

limit', M and T are the atomic weight and the temperature of the solid,. 

respectively, N is Avogadro's number, and k and ~ are .the Boltzmann and 

Planck constants. Combining Eqs. (1) and (2) w'e have 

I 1
2 2 2 eff 2 

~ki = Fhki exp(-(12Nn /Mk)(cos ¢/A) [TieD )]) 

The loe;arithm of the intensity of a given reflection log(~kl-Io) plotted 

as a function of temperature T gives a straight line. From the slope, the 

effective Debye temperature or the mean effective displacement can be 
<'" 
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calculated. Using the (OO)-reflection in these measurements the mean 

displacement in the direction perpendicular to the surface plane, 
, eff 

or the normal component of the effective Debye temperature, 81 ' 
( eff) 
ul ' 

can 

be calculated. The use of any other reflection for the measurements will 

. eff eff y:Leld an effective Debye temperature aD with both parallel, 811 ' and 

perpendicular, 

a88,9 

eff a 1 ' components. For this case Eq. (3) may be rewritten 

~kl 
2' 

= I Fhkll, exp (4) 

where a is the scattering angle at which the particular reflection appears 

with respect to the surface normal. Thus, 
, 'eff 

using the value, 81 ' calcu-

lated from studies of the (OO)-reflection, and the sum of the two com-

'eN eN " " 
ponents 81 and 611 which is obtained from the intensi~y variation of 

other reflections through Eq. (4), the parallel component of the effective 

Debye temperature can readily be calculated. 

effeff 
It should be noted that the accuracy of the values of 81 or (ul ), 

eff eff , 
is, greater than that of the parallel components, 811 or (ulI, ) since 

they are obtained from direct measurements ,on the (OO)-reflection. The 

parallel components are obtained by subtraction of tw'o numbers of equal 

magnitude and th,erefore subject to greater uncertainty. , 

~. 
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We have found, as in the case of other face-centered cubic crystals, 

that the measured values of the effective Debye temperatures were strongly 

dependent on the electron beam energy. It is apparent that at increasing 

electron energies a larger fraction of electron scatter from atomic planes below 

the surface plane. There£ore, in order to compute effective Debye temperature 

which are characteristic of surface atoms the lhklovs. T curves obtained at 

the lowest beam voltages (~80 eV) were used. At such low energies for 

silver surfaces the largest fraction of the incident electrons back 

scatter from the surface atoms without penetrating deeper into the bulk. 

We have also found that in the temperature range of our study (-195° ... 

. +85°C), the log (I-IO) 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 of Wallis, et al. 5 They have conciuded 

that the linear dependance of the mean square displacement on absolute 

temperature should extend to temperatures well below the bulk Debye 

temperatur,e. 

B. Mean Displacementsin the Ag(lOO) Surface 

The perpendicular component of the effective mean displacement, • 

(urff ), plotted as . a function of beam voltage is shown in Fig. 4. 

These values were obtained from the log (I-Io) vs. T curves using Eqs. 

(2) and (3). It can be Been that the surface mean displacement is larger 

than the bulk value (dotted line) by about 10ofo. The effective- mean 

displacement has reached the bulk value at electron energies ~ 190 eVe 

It incrs:aBeB rapidly with decreasing electron energy, reaches a plateau 

between 90 - )20 eV then increases again between 57-90 eVe The rapid change 

in the effective mean displacement shows no sign of levelling off in the 
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range of the two lowest electron beam energies (57-68 eV) used 'in these 

measurements. Measurements could not be extended to even lower beam 

voltages due to the geometry of the low temperature holder used in these 

experiments. 

The I vs. T curves were measured for several reflections other than 

the specular reflection in order to obtain the parallel components of the 

mean displacement. In Table I we plot the different reflections, scattering,' 

angles and electron beam energies which were used. It was found that ,the' 

slopes of the log (I-IO)vs. T plots obtained by monitoring the intensity 

change of the different (hk£) reflections or the (OO)-reflection were 

almost identical at a given electron beam energy, certainly indistinguish

able within the accuracy of the measurements~ Thus, it becomes very 

difficult to evaluate the parallel mean displacement (Eq. 4) with any 

reasonable accuracy. Variations in the small background correction could 

eff' 
introduce large errors in the computed value of (ulI' ). Therefore, instead 

of reporting the parallel mean displacement for the (100) surface we give, ' 

in Table I, the slopes of the log (I-IO) VB. 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. ' 

As expected, there seems to be no detectable difference between the two 

components of the parallel mean displacements for the (100) orientation. 

Several noble",gases (xenon, argon and krypton) were introduced (s::::10-6: torr) 
.~, 

during the surface Debye-Waller factor measurements in order to investigate 

~l ,l 
their effect, if 'any, on the lbkL VB •. T curves. These gases are believed to 

5 

physically adaorb'.»n the Ag(lOO) surface in the studied temperature range 

.. 
• 

, ' .. 
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11 as disordered liquid-like patches. The presence of these gases had no 

detectable effect on the temperature dependence of the intensity • 

C. Mean Displacements in the Ag(llO) Surface 

The perpendicular component of the effective mean displacement (urff ), and 
, eff 

the effective Debye temperature 81 for the Ag(llO) orientation as a func-

tion of beam voltage is given in Fig. 5. It is apparent that the bulk 

values are not approached as rapidly with increasing electron, beam energy 

as for the (100) face. There are also marked differences at low beam 

voltages. After an initially rapid increase of (uff ). in the range 

100-160 eV with decreasing beam voltage the change in the mean 

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

value. Thus the perpedicular component of the surface mean displacement 

is appreciably smaller for'the (110) face than that for the (100) 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 displacement. At low beam 

voltages(~ 94 eV) the slopes, [d 10g(~ki-Io/dT]ev=con~t ~sing the (20) or (02) 

reflections were equal to the slopes which were obtained using the specular 

(00) reflection. Thus, it appears, that just as in the case of the (100) 

and (111)8 surfaces the mean displacements in the (110) surface are iso

tropic. At higher electron beam energies (> 160 eV) however, the slopes 

using the different (hki) reflections are different from the slopes using 

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

of the effective Debye temperatures are always somewhat smaller than the 

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

measured reflections, scattering angles and electron energies which were 

i 

I 
I 
I 
I 
I 
I 
I 
t 

I 
I 
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used. . eff eff 
The effective mean dl.splacements «ul ), (ull » 

eff eff) temperatures (81 ,8" are also tabulated. 

and effective 

Debye 

The parallel mean displacements were determined using both (h,O) 

and (O,h) reflections. Since there, is an anisotropy in the crystal 

orientation in these two perpendicular directions a difference in the 

2 , lateral mean displacements in these different directions was postulated. How-

ever, we have found the:.parallelmean displacement to be the ~ in both"direc

tions within'the accuracy of our experiments for all electron beam 

energies,.' Inspection of Table II also reveals that thE\ calculated parallel 

mean displacement'values show little angular dependence within the accuracy 

of our measurements. Intensity measurement at even higher, beam voltages 

could not be carried out. The magnitude of the Debye-Waller factor and 

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. 5 were obtained from silver crystals 

which were annealed ~t T .::s. 85°C'and the Debye' temperatures were obtained 

from measurements at low temp~railures (-195° ... +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. Low energy 

11 electron diffraction and ellipsometry studies have showed that the 

Ag( 110) surface undergoes thermal faceting above 300o'C, new' crystal faces 

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 reproducibly by low temperature measure-

ments which were carried out in this investigation. In the same figure 

'we also plot the perpendicular component of the effective Debye temperature , 

'. 
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8 for the Ag(lll) surface obtained by Jones et ale and our data on the 

unreconstructed Ag(llO) surface, for comparison. 

-In Table III we' list 'the surface and bulk Debye temperatures which 

"Iere obtained 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, platinum, palladium, and lead. The experimental and 

calculated values of the surface normal to bulk mean displacement 

ratios, (u~f}(surface)/(U)(bUlk), are also listed'for easy comparison 

with the calculations by Wallis et al. 5 ' 

...• 
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IV. DISCUSSION· 

The following statements sununarize some of the results obtained in 

the _experiments and additional information which may help in their 

interpretation. 

1. The exponential temperature dependence of the diffraction beam 

intensities from silver -surfaces has been found to persist to -195?C, the 

lowest temperatures used in these experiments. 

2. Calculations" within the- harmonic approximation, indicate that 

the mean displacemeIl:ts of surface at~ms 'perpendicular ~o the surface 

planes for the (100) and (110) orientations of silver crystals are larger 

by 100% and 60%, respectively, then the bulk value. 

eff 3. The perpendicular surface mean displacements, (ul ), for,the 

silver (100) and (no) crystal faces and for different crystal faces of 

,many other face-centered cubic metals were found to be larger by experi

ments than that pr'edicted by theor; which· uses buik force constants -,for 

the model calculations. 

4. The mean displacements in the Ag(llO) surface, parallel,to the 

surface plane shows no apparent anisotropy. The displacements along the 

[lio] and [001] directions are equal and certainly as large as the perpen-

dicular mean displacement within the accuracy of the measurements. There 

is also little difference be;tw·een the parallel and perpendicular components 
B, 

of the mean displacements of surface atoms in the Ag(lOO) and Ag(lll) 

surfaces. 

5. The Ag(llO) 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 

surfaces indicate tnat the exponential temperature dependence of the 

2 diffracted beam intensities which is predicted by the simple theory for 

high temperatures ,(T >, e;) is obeyed down' to liquid nitrogen temperature 

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

Wallis et al. 5 There.fore, we have analyzed our data using Eqs. (1) 

through (3) as carried out in previous high temperature experiments. In 

eff I every case, the experimentally determined ratio {ul ) (u)bulk· is 

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

values are only lower 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 calculat ions, "Tallis et a10 have assumed 

interatomic coupling constants (force con~tants) 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(J:IO) surface. 
. . . . . 

'The calculated mean displacement values were also 

insensitive to the inclusion of next-neare'st"neighbor interactions and 

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

multiple scattering effects in low energy electron diffractionl3 could 

be responsible for the observed larger mean displacements although they 

1. 

/ 
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may affect the penetration d~pth of the low energy electrons. All of the 

diffraction beams which appear in the IO vs. eV curves, primary or 

"secondary~' yield effective mean displacements which fit well on the 

experimental curves shown in Figs. 4 and 5. In addition, similar results 

were obtained in studies of the surface Debye temperature of other face

centered cubic metals6-7 which are listed in Table III. The surface mean 

displacement also approaches the bulk value with increasing electron 

energy which is determined by independent heat capacity measurements 

(Figs. 4 and 5). Thu·s, the experimental results s·eem to indicate that 

the force· constants for surface atoms is markedly smaller than for atoms 

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

be obtained by judicious adjustment of their values in the· modelcomputa

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

from the surface Debye temperatures using· the simple relationships 

. 14 
developed by Domb and Salter. 

The parallel mean displacements in the [liO] and [001] directions 

were identical within the accuracy of the experiments for the silver (UO) ... 

surface. This is somewhat surprising since the (110) crystal face shows 

marked anisotropy in these two directions. Model calculations
2 

predict 
. eft 

the parallel mean displacement in [001] direction to be the same as (ul ;) 

or even slightly larger and to be markedly smaller than (utff) in the 

[liO] direction. Debye-Waller measurements on the Ni(llO) surfa~e9 seems 

to have confirmed this effect qualitatively, if not its magnitude. There 

may be· several reasons for the lack o:f anisotropy in the parallel. mean 

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

for surface atoms in silver may cancel out any apparent asymmetry effect. 

:9 
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The use of smaller force constants in the model calculations tends to 

minimize this anisotropy.5 2) The temperature dependence of dominant 

multiple scattering events may masl{ the differe'nces between the surface 

mean displacement' components. ' 3) The experiments on Ni(llO) surfaces 

may have been affected by the possible diffusion controlled surface 

rearrangements, changes ,in step density, etc. which are precursors to 

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

. 11 
temperatures. The Debye-Waller experiments on nickel surfaces were carried 

out in the temperature ran ge of 100 ° to 600 °c. 4 Finally, 4) the accuracy 

of our experiment may be inadequate to detect small differences in the 

parallel mean displacements of surface atoms in silver. 

The lack of any marked dependence of the parallel mean displacements 

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

masked on account of the angular range used in the experiments. 

The parallel and perpendicular components .of the mean displacements 
. 8 

were also equal for the Ag(lOO) and Ag(lll) orientations. 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 is approached 

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

than for the (110) or (Ill) face. It appears that there is a greater bulk 

-contribution to the measured effective mean displacement at a given 

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

directions. This is contrary to observa~ions for other face centered cubic 

metals for which the effective mean displacements changes most rapidly 

with electron' energy along the [lllJ direction. 6,7 However,silver 
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appears to be different from other face centered cubic metals in the 

( eff) fact that the surface mean displacement, ul ' in the Ag(lOO) orientation . .:~ 

is markedly larger than the illO) or (111) directions. For the other 

metals which were studied (ulff) is relatively' insensitive to changes of \.1 

. . 6 7 
crystal orientation or surface density.' It is likely that differences 

in ~ 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 

indicate different net displacements' for the (100), (110) and (111) surfaces 
L 

for silv~r (6.4~, 4.7% and 1.9%, respective1y~. 

Weakly adsorbed noble gases had no effect on the surface Debye-Waller 

measurements. It i~ apparent that physical adsorption does not detectably 

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

with results obtained during the chemisorption of several gases on 
. 16 

tungsten surfaces where due to the formation of strong chemical bonds 

the surface Debye-Waller factor changes markedly. 

• 
i..,J 
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Table I. The slopes of the log (I-IO)'vs. T curves, 
the ,effective Debye'temperatures calculated 
for, Ag(lOO) at different reflections,scattering 
angles and electron geam energies. 

<J 

Reflection eV Sl(OK) slope (1) slope (II) 

(30) 103 0° 3l~13° 5.86x10-3 . 

(03) 10, 0° 31.13° - -" 6. 42xlO-3 , 

(30) 73· 0° : 33.87° '7.0 x10-3 

(00) 103 16.6° 0° 146° 6. 35x10-3 

(00) 103 16.6° 0° 146° 6. 35x10-3 

(00) 73 16.6° 0° 125° 6.21><10-3 

) 
.-' ..... 



Table II. The effective mean cisplacements and Debye temperatures 

. for the Ag(ll0) sur:a~e calculated' at different , 
reflections, scatte:dng ~ng1es' and e1e'ctron beam energies. 

-- ~ - - --

eeff( OK) 1'1' a 0 
eeff(OK) Reflection eV ex (u~-") (A) Reflection eV ¢ 

1/ Ii 1 
(40) 195 38.4° 159 0.126 (00) 195 19.2° 196 

(04) 195 38.4° 138 0.146 (00) 195 19.2° 196 

(30) 195 27.2° 113 0.178 (00) 195 19.2° 196 

(30) 160 29.7° III 0.181 (00) 160 17.10 192 

(03) 164 25.~0 121 0.166 (00) 164 13.80 193 

a Average . eff '. 0 (ull ) = .151 (A) 

,b 
Average . (Uleff

) = ~104 (A) 

-- .---~--~ 

(" c rJ 

-_._--
,---~ .... ---- --

(utff) b(A) 

0.~03 

0.103 

0.103 

0.105 to 
I\) 
I 

0.104. 
~ -_._-_.0._-,.-

• 

§ 
~ 
I 
I-' 
ex> 
~ 
\)01 
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Table III. Surface to bulk t~=,- displacement ratios (experimental and 
theoretical), sur:-a~e and bulk Debye te~pe~atures for 

Metal' 

.. 

Pd7 
(100), ,(111) 

Pb 7 
.- (111) _ 

pt6 
(100) , (110) ,(111) 

-8 
, Ag-

(lll) :This -work 

Ag 

(110) This work 

Ag 
(100) This.work 

N19 
(110) 

Pd, Ph, Pd, Ag, ar.i 1\1. 

( eff) -ul -. 

(u)(bulk) 

"",:" 

1.95 

'::,'" 

1 .. 64 

2.12 

1.46 

,l.~ 

:2.16 

i.71 

-~ 

exp 

(Ul) 

'(u:}(bulk). calc • 

~~1 

1 .. 41 

1.~1 

1.41 

.1.41 

,1~tl.l 

1.~1 

serf (OK) 
1 . 

" , 

'1~" 

55 

110 

155 

152 

104 

220 

4l. • 

9j)(bulk) (OK) 

273 

90 

23'4 

225 

225 

225 

390 

10 
\JoI 

. I' 

~ 
~ 
I 

~ 
~ 
\JoI 

--_. ----.- ----- -_. __ .. 
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Fig. 1 . 

Fig. 2 

Fig. 3 

Fig.' 4 

Fig. 5 

Fig. 6 
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FIGURE CAPl'IONS 

Low temperature ,manipulator 

(b) . lbkl vs.· T for silver (110) 

,'(8.) . IO VS. T for silver (llO) 

log (lbkt-Io) vs. T'forsilve~ (llO) 
eff eff 0, 

e1 (OK) and {u1 .)(A) plotted as a function of. beam 

vOlta'ge (eV) for silver (100). Error on eiff indicated· . 

by vertical line.·ebulk and (~Ulk) also indicated by 

the dashed lines. 

e ff (0 ) ( e ff ) (. 0 ) .. e1 K "and ~1 A plotted as a function of beam 
. eff 

, voltage (eV) for silver (ll~). Error on el -indicated 

,', 

by ve~tical line. 6bulk and (~ulk) also indicated by 

the dashed lines ... 

Surface Debye.temperatures fo~.a s11ver'(110) face after 

different surface treatments, indicating precursor to 
, . 

~aceting due to heating above 140°C. Broken line literature 

data for (111) face. 8 . 

..... . , 
<.. • 

. '<rL.' 
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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 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 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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