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Abstract
K 'a"0%a%a%av ¥ sV

" The intensity of specularly reflected (00-reflection)
low energy (5-500 eV) electrons have been"measured o
as a function of temperature for the (100) and (111)
faces of palladium and for the (111) face of lead in
the temperature ranges.25-600°c and 25-225°C,
respectively. From the data the root mean square
“displacements, (1{L>, of surface atoms perpendicular
to the surface planes and the surface Debye tempera-
tures have been calculated. The‘mean vibrational
amplitudes of surface atoms are 40 — 100% larger than
for bulk atoms. There is little difference between
the surface mean displacemenﬁs of different crystal
orientations; (11|>'appears to be relatively insensitive
- to changes of se;face structure or surface density. |
‘The experimenfal results correlate well with those

obtained for platinum and silver single crystal surfaces.
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Iﬁ is believed that all monatomic face-centered cubic
| crystal surfaces should have mean displacements markedly

larger than that in the bulk.

INTRODUCTION

4

It has long been postulated1 that the lattice vibration
spectra of atoms at the surface should be differeht frém tne
bulk atoms. Calculations by Maradudin2 and Wallis§’4 using
realistic models have shown that the anisotropy of the
‘atomic environment at the surface of face-centered cubic
metals gives fise to increased root mean square displacement
of surface atomg. This change was computed to be the largest
for the displacement component which is perpendicular to the
surface plane. Similar calculations for ionic5 and molecular6
crystals have also predicfted surface mean dlisplacements
which are different from that in the bulk.

Since this predicted large vibrational amplitude is-
restricted to atoms iq the surface plane, the vibrational
amplitude should rapidly approach the bulk value within a
few atomic planeé.zf3 Low energy electron diffraction appears
to be tne only ekperimental technique wnich can be used
conveniently to detect this effect. Since low energy
electrons (10-500 eV) back-scatter after penetrating only a
few atomic layers, fhis tecnnique has been eminently successful

"in monitoring surface phenomena on an atomic scale. The

temperature dependence of the diffracted low energy electiron
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beam intensity (Débyé-Waller factor) can yield the root mean
square displacement of surface atoms.7

Such measurements‘have been previously carried out using
three low index faces of platinum8 [(100), (111), and (110))

9 in thettemperature ranges

and the (111) face of silver
25-700°C and 25-300°C, respectively. The root mean square
- displacements of surface atoms‘perpendicular to the surface
planes were determined. 'Fof all of the faces which were
studied a root mean square displacement‘<11L>'which_was
(40-100%) larger than the meaﬁAdisplacement of bulk atoms
was measu_red.a’9 | o ’ |

In order to determine whether these results are repre- '
sentative of all face-centered cubic crystal surfacestﬁe have
" measured the root mean équare displacement in thé (100) and
(111) surfaces of palladium'and'the (111) face of lead using
" back-diffracted low energy electrons (10-500 eV) in the
temperature ranges 25-800°C and 25-230°C, respectively. We
shall attempt to correlate the surfacé mean displacements
obtained for the different face-céntered cubic single crystal
surfaces and shall discuss the experimental limitations which |
affect the accuracy‘of the results.

The vibrational amplitude of surface atoms was obtained

from the temperature dependence of the specularly reflected

8

electron beam (0O-reflection). For these specularly back-

scattered electrons the scattering vector, (X - ?;) is perpen-

dicular to the surface plane. Therefore, the data yields

%
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only the vertical component of the root mean éqﬁare displace-

ment, <11L>.
EXPERIMENTAL

The low energy electron diffraction system of the
post;acceleration-typelo was used in these studies. The single

11

crystals of the highest available™  purity were x-ray oriented,

12 mhe palladium samples (5 mm

cut, polished, and etchéd.
. diameter, 1-2 mm.thick disks) were mounted on tantalum holders.
During the experiments the crystals were heated by applying
d.c. current acrbss the holders. - . The 1ead crystals'(5 mm
diameter, 8 mm long cylinders) were placed in a high purity
nickel enclosure. A thermocouple was spot-welded to the back
face of the palladiﬁm samples to.determine the temperature of
the specimen. For the experiments with lead crystals the
thermocouple was attéched to the holder and was calibrated
.using the melting point of lead. The ambient pressure was in
the range of 10—10710-9 Torr for most of the measurements.
Diffraction patterns were obtained occasionally‘immediately
after pump-down and bake-out of the diffraction chambef on the
carefully prepared palladium crystals. Ion bombardment and
subsequent annealing heat treatments were used, however, to .

| obtain a‘more ordered surface with sharper diffraction features.

Ion bombardment was necessary ﬁo obtain the diffraction patterh

from the (111) face of lead crystals.
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The (100)-face of palladiuﬁ—ié known’td undergo surface
phaée transformations_ih thevstudied‘tempéra§Ure range.lz The
(2 x1), (2 x 2), and‘c(sz 2) surfaée S?ructures are formed R
with increasing temperature above 200—25090.12v

It was found
that, in fact, the appearance of the (2 X 2) surface structure
and then its partial transformation into the c(2 X 2) structure.
during the experiment could not be avoided. We have attempted
to measure the DebyeAWailer factor on the (100) face of
palladium in the absence of any surface structure by heating

the crystal to only 250°C, below the formatién temperature of
the surface Structures.’ This wéy the diffraction pattefn which .
is due to the substrate unit mesh (1 x 1) could be maintained
throughout the experiment. The mean displacement calculable

- from the data obtained in this study agreed well with the

values obtained in measurements which were carried out in the
presence of surface structures. . Therefore, most of the studies

were carried out in the presence of these surface structures in

order to extend the measurements to a wider temperature range

and thereby minimize the experimental error. The reproducibility .

of consecutive measureménts'was.uneffécted by the extended
heating cycles neceésary to perform the ekperiments.

During work on Pd(11l), a Pd(111W3(1 x 1) R30° surface
 étructure formed frequently during the course of the measure-
| ments. It appeared fo resuit from adsorption of ambient gases,
unlike the Pd(100) surface structures. Inasmuch as the heating
to 600°C for the DeﬁyeQWaller runs easily removed the contam-

inant and the surfacé'structure, it did not interfere with the
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‘-expeflments.' HoweQer}.its ability'to form even‘after extensive

v_ heatings and/or 1on bombardments upon overnight exposure to | N
the ambient at P ~ 2 x 107 -10 suggests the pOSSlblllty for '
future study whlch we have not pursued at this tlme.

The (lll) face of lead single crystals used in the exper-
'iments remalned unchanged throughout the runs. No surface
v'structure seems to form in the temperature range of this
'investlgation (25-230°C).

All of the measurements of the temperature dependence of
the specularly reflected electron beam (0O-reflection) wa.s
carried out by the transient method.8 The palladium crystal
was heateéd to 600°C (230° for lead) and then the heating
current was turned off. The intensity of the (OO)-refiectionv
was measured eontinuously using a small angle spot-photometerlsu
- as a function of temperature while the crystal was.cooling to'
room temperature. The photometer output and the thermocouple
emf were displayed simultaneously on an x-y recorder. This
transient technique avoids the difficulties which arise from
the interference of the heating current with the impinging
electron beam, which make measurements below 50 eV electron
~ beam energies very difficult to perform.
| The angle of incidence of the impinging electron beam was
(2.5-§°) with respect to the surface normal for most of the
" measurements. 2.5° is the smallest angle to the surface normal;
which can be used in the post-acceleration diffractien chamber.

: The intensity of the fluorescent screen background was monitored

by either rotating the crystal so that the (00)-reflection was
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directed back to the electron gun (which‘is ﬁb?mél to the
surface_plane) Qf by. ‘scanning with the spot‘photometer about

the (00)-reflection. The background intensity was found to

‘be virtually independeht of»temperature at low beam voltages'
(<200 eV). However, for palladium, at higher electron energies,
the background intensity was found to systematically increase u
slightly with increasing‘temperature; This intensity change‘
was taken into account in calculating the root mean square ‘
'displacements. The 1,, vs. T curves were measured at different
electron beam energies in the range of 10-400 eV. Those beam
enefgies were selected which correspond to intensity maxima.

It may be useful to list some of the experimental diffi-
culties which affect the accuracy of the measurements (5-10%). .
There is uncerﬁainty‘inAmeasuring the background intensity
since it may vary markedly in the vicinity of the (00)-reflection.
Also, the intensity of the (OO)—reflection varies along the |
crystal surface due to the #ariation of crystal perfection along
the surface, 1.e., changes in the number of domains of ordered
atoms in the crystal area hit by the electron beam flux
(~1'mm2). Therefore, care should be taken to standardize the
conditions of the experiments. |

It is advisable to use'ﬁs large temperature range as
- possible in order to improve the accuracy of the Debye-Waller
.factor measurements. This is difficult when working with solids

with low melting point or high vapor pressure{
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RESULTS "

In order to obtain the Debye—Waller’factor from the
'expérimental intensiﬁy curves the backgrbund intensity has
been' subtracted. This way the contributioh of thermal diffuse
scattering to the total ihtensity is removed.14 The intensity

of scattered electrons (neglecting multiple scattering events)

is then given by

I = IFhkllz exp[-(167r2 coszcb/?\z) <-uj>] ' ‘ (1)

where the exponential term is the Debye-Waller factor A is
the electron wavelength, ¢ is the angle of incidence with
respect to the surface normal, and IFhkllz is the scattered

intensity by a rigid lattice. Using the Debye model of lattice
4,15

vibrations in the high temperature limit the mean square

displacement 1s given by
KW= (awal/me)(T/6") | (2)

where Gm‘is the Debye temperaturelat the highrtemperature limit,-
M and T are the atomic weight and the temperature of the solid,
respectively,‘N is Avogadro'é numbér and k and3ﬁ are the

Boltzmann and Planck constants. Combining Egs. (1) and (2) we

. have

' . | 2 2 :
2 12Nh o T ‘
It = 1P | efp[ Mk (Cgf ) (em)zJ (3)

The logarithm of the intensify plotted as a function of temper-

ature, T, gives a straight line. From the slope the root mean
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square displacement in the-direction pefpendicular to the
surface plane, (1{L>, can be calculated. | .
We have found, just as:uuthe case of platinum and silver o
surfaces,8 E that the measured values of the root mean square )
~ displacements were strongly dependent on the electron beam
energy. It is apparent that with increasing electron energy
"a larger fraction of‘electrons scatter'from atomic planes which
.lielbelow the snrface plane. Thusb at higher electron energiles
the.experimentally determined.mean displacement approaches the
bulk mean displacement value. The mean displacement which is
characteristic of the surface atoms can be obtained from data
taken using very low energy electron beam (Z 15 eV).‘ At such
low energies the largest fraction of the impinging electrons
back-scatter from the surface atoms'without penetrating deeper
into the lattice. The effective root mean square displacement,
<uj?f:>ealcu1ated from the log I,, vs. T curves using Eq. (1)
is plotted as a function of beam voltage for the (100) and (111)
faces of palladium (Pigure 1). It is apparent tnat the surface
root mean square displacement is much_greater than that of the
bulk value (dotted line) for both orientations..®
The'effective nean displacement measured for the (111)
face of lead single crystals as a function of beam voltage is
plotted in Figure 2. The highest‘beam voltage at which meaningful
intensity measurements could be carried out was ~75 eV. The

" intensity of the diffracted beam decreases sharply with increasing'

beam voltage (decreasing electron wavelength) and approaches the
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backgrdﬁn&'intenéity at about 100- eV due to the large Debye-
s . : : 15

Waller factor for lead [6, ., (Pb) = 80°K'° compared with

Gbulk(Pd) = 274°K]217 Pallgdium yieldedjuseful‘experimental
information at beam voltages 400 ev. ' |
The root mean square displacements which were obtained at
the lowest eleétron beam energies were taken as values
characteristic of the mean vibrational amplitude of surface
atoms. These along;with the corresponding bulk mean displace-

ments, the calculated surface and bulk Debye temperature are

listed in Table 1. For comparison, we have included the values

8

obtained for the different platinum surfaces- and for the

(111)-face of silver® single crystal.

DISCUSSION

The Debye-Waller factor measurements usihg éeVeral faces
- of four different faqe;ce;tered cubic crystals indicate that
~the root mean square displacement of surface atoms 1s roughly
140 =» 200% of the bulk value. The variation of the effective
mean displacement with electron beam energy is clearly indicated
by PFigures 1 and 2. The effective mean'displacément changes
sharply as the contribution duévto atoms in the surféce plane
starts to dominate.

A'péeudo-kinematic model which takes into account the
relative contributions of the surface dnd,bulk atomic planes
to the diffracted intensity assuming different Debye-Waller

factors for the sufface,and for the bulk planes is discussed

in the Appendix.
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There seems td-be little difference in the mean displace-

&

ments of surface atoms in the different low index planes with

respect to the largé differénce between the bulk and surface

values. One would expect the highest density (111) plane to

show the smallest increase froh the bulk value while the
sparsely populated (100) and (110) faces the largest change.
Although there is some difference between the measured values

they are still equal'within the ‘accuracy of the measurements.

' The insensitivity of the mean displacement of surface atoms

normal to the sﬁrface plane to changes of surface'denéity

" (number of nearest neighbors) can also explain why changes in

the surface structﬁre of palladlum did not have observable

effect on the experimental results. It is likely that the

lateral displacement, <11||>; may show a more pronounced
dependence on the surface‘density of atoms than<(gl>.

We have found that the (u_l_> vs. eV curves for the (111) )
faces of both palladium and platinum seem to change more sharply
with'decreasing beam voltage than for the. other crystal faces
and appear to cross over the effective mean displacemeht curves

8 It may indicate that

obtained for the other orientations.
either the fractioﬂ of electrons wh;ch penetrate below the surface
plane decreases more rapidly with decreasing electron beam

energy for the (1l1l) face than for the other faces or, that the

effect of the surface anisotropy falls off more rapidly aloné

 the (111) axis than along other crystallographic orientations.
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- The effective Debye temperature Qf tbe (111) face oﬁ
silver seems to show liﬁtle'change.beldw 100 eV.9 Our measure- .t
ments on lead and palladium surfaces indicate a continued
change of the Debye temperature (or mean displacement) through-
out the range 100 — 20 eV. 1In fact, all of the experimental
information on the Debye-Waller factor of lead were obtained
in this range of electron energies. It is apparent that the
bulk atoms in these solids (Pd,Pb) are still contributing
to the intenéity scattéred into the 00-reflection dt these
low electron energies.
In calculating the root mean square displacements We have.
not corrected the electron beam voltage, (eV), for the
presence of the inner potential (ip). The attractive potenﬁial
the electron experienceé at the'surfaée adds an energy increment
to the electron beam energy which is of the order of 5-35 eV.19
Such a-correction‘would'have little effect on the efféctive
‘mean displacements which arexcalculated from measurements at
high electron energies. It.has large influence on the mean
displacements, however, which aré calculated from Debye-Waller
factors determined at low electron beam energies. A root mean
square displacement‘can be corrected for the presence of the /.
inner potential according to the fbrmula‘(gl)(corrected) =
(1{L> (uncorrected)/[(eV + ip)/eV]l/z. For example, at eV = 50 eV,
and for ip = 20 eV, <ui> (corrected) = 0.85 (ui> (uncorrected). |
Since its value has not been determined accurately, all of the
data ére given without the inner potentlal correction. An
inner potential correction would tend to decrease somewhat, the

calculated mean surface vibrational amplitudes.

o
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The scattering mechanism of low energy electrons by
surfaces is not well understood’ at the present. There are

20 and theofetica‘l,21 that

indications, both experimental
. ¢

multiple scattering of electrons between atomic planes may
play an important role ih low energy electxon diffraction.

Thus, the question arises how justified it is to use Eq. (l)

. in interpreting the temperature dependence of the'diffracted

intensity. Multiple scattering contributions may have a
marked influence oﬁ the magnitude and/or the form of the
Débye—Waller factor. There are several experimental informa-
tions, however, which indicate that multiple scattering effects.
‘do not have a marked influence on the Debye-Waller factor
measurements. The surface mean displacement approaches that
bulk mean displacemeht valu§ with increasing electron beam
energy, which was determined by independent heat capacityl7

' . 22 ' . :
or Mossbauer experiments. Intensity measurementvs which were

carried out at beam voltages which coincide with the appearance

of "fractional order" or "secondary"-Bragg peaks yleld effective”

mean displacéments which fit weli on the experimental curVes
as shown in Figures‘l and 2 within the accuracy‘of the
experimenvs. Simil;r results were obtained in studies of the
surface Dedbye température of platinum single crystal.surfaces.s

prh
Figure 3 snows a set of representative IOO vs. eV plots at dif-

ferent temperatures which were obtainad for the (100) Tace of

. . 23 . .. . .
platinunm. It is apparent that all of the diffraciion peaxs
which are due to either primary or "secondary" Bragg refleciions,
show uniformly decreasing intensities wiih increasing temperazure.

UCRL-17837 -

e v o v e
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'Debye~Walléf measurements do not yield the "net" dis-
placement of surfacé atoms. The‘lérge mean vibratiohal amplitude
indicates; however, that the surface atoms éither displacev
outward to new eQuilibrium positions and maintain a nearly
harmonic motion, or they,remain in'their equilibrium positions
similar to that for the bulk atoms and their vibration becomesb
stfongly anharmonic. . The phonon spectrum of surface atoms
which is different from that for the bulk atoms is the likely
reason for the formation of different surface structures.2®
The atoms in the surface plane may relax by moving to out-of-
plane positiohs in a periodic manner. The free energy for
out-of-plane relaxation of surface atoms which could lead. to
the formation of (NX1)-type surface structures [N is the
periodicity of the new unit mesh of a surface structure with
respect to the substrate (N = 1) unit mesh] is comparable to
 that necessary to place the atoms in theilr in-plane equilibrium
positions.zs’26 | | |
Calculations using a pseudo-kinématic model were successful
'.in reproducing many features of the Ioo-li' ev curveé'for
" several solid surfaces by assuming that there is an "asymmetry"
in the arrangementlbf atoms:in the surface plane with respect
to atoms in the'ﬁnderlyihg planes.27 It should be pointed out
that the larger Debye-Waller factor for surface atoms which is
markedly different from that for the bulk atoms introduces such

an asymmetry. The large difference in the Debye-Waller factors:

of the surface and bulk planes alone can generate fractional

L
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order Bragg peaks. Theﬂeffect of the 1arge mean disp1acement

~of surface atoms on the Wavelength dependence of the specularly

reflected electron beam will be discuSsed in detail elsewhere.

Correlation of the results of the Debye—Waller factor

measurements using Pd, Pb, Pt, and Ag surfaces indicate that,

(a) the surface vibrational amplitudes normal to the surface
plane are between 40-100% larger than the corresponding bulk
values for all of these metal surfaces; and (b) there is little
dlfference between the mean dlsplacements of the different

crystal orlentatlons, i.e., the perpendicular mean dlsplacements

. appear to be insensitive to changes in surface density. It is

believed that the mean displacement_of’surface atoms should
be marxedly larger than that in the bulk for a;l monatomic

face-centered cubic crystals.

APPENDIX
- . 28,29 .
Using a pseudo-kinematical theory the intensity

scattered by.a set of atomic planes is gilven by23

ER |2 2B + aM)2 | .,  B (Aél)

where £  is the atomic scattering factor per plane, A is the
amplitude of the incident beam, B is the Debye-Waller factor
for the surface plane and a 1is the Debye-Waller factor for the

bulk plane.. M is given:by‘
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- ‘ 2 | ;,-"f‘-._ S A
: S 1- ‘I' exp i[4(kD+ ¢/2)]
where D is the 1nterp1anar distance, k is the scattering vector,
f¢ is the phase angle and T is the transmission coefficient.
At the intensity maxima ‘predicted by the three-dlmen51onal
kinematic theory (2Dk = 2wn), M is equal to
2 - g ~ |
M = }_i_ig E - (A-3)°
1 -7 ' . : ,
For high energy electrons which pegetrate deep below the
'surface plane (T — 1)

I f2 AL M2 o2, - o (A-4)

'Thus,-the effect of a'different Debye-Waller factors for the
surface and bulk planes‘is washed out. For low energy
electrons Which back-scatter mostiy from the surface plane

(T = 0) the intensity is given by

2
I~ fo

Ol\)

(B + a)2 N o ~ (A-5)

The observed effective Debye-Waller factor is therefore
va mixture of the bulk and surface components. 'Aﬁ'the'lowest
vbeam voltage it yields the mean displacement of surface atoms
while at hlgh energies that of the bulk atoms. A realistic
model which takes into account -the fractional contributions of
bulk and surface planes to the effective Debye-Waller factor
may be useful to calculate the true surface mean displacement.
The use of such a model would eliminate the errors due to the

application of arbitrary inner potential corrections. It was
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found that using Eq. (7) the experimentajf<u1;>gg. eV curves

for the different platinum surifaces could be reproduced by

inserting the values listed in Table 1 and a mean inner

potential of 17 eV.

- Acknowledgement.- This work was performed under the

auspices of the United States Atonmic Energy Commission.
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Table 1. The surface and bulk root mean Square displace-

v

ments and Debye temperatures of palladium,

lead, platinum, and silver.

Pd Pb Pt Ag
- (r00)(111) (100) (100)(110)(111) (111)

: <‘{L> (surface) (&) 01144 0.263  0.135 0.129
(ud (vulk)(&) - 0.074 | 0.160  0.064 0.089

| eD’(surface)(°K) ~ 140%f10 5510 11010 155
6 (bulk)(°K) | 273.4 ' 90.3 S 234 225
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' FIGURE CAPI'I.ONS‘
Fig., 1 The effective root mean square displacement, < i >, of
9 surface atoms perpendicular to the surface plane in the (111)
and (lOO).faces of palladium‘as a function of electron beam
energy. .
Fig. 2 The effective root mean square dispiacement, <H l >, of
surface atoms perpendicular to the surface plane in the (111)
face of lead as a function of electron beam energy.
Fige 3 The specular (00)-reflection as a function of electron beam

energy at different temperatures for the (100)-face of

platinum.
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9 : This report was prepared as an account of Government
sponsored work: Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

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

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

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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