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STRUCTURE DETERMINATION OF THE PLATINDUM (lll)‘CRYSTAL FACE
BY LOW~ENERGY ELECTRON DIFFRACTION
L. L. Kesmodel and G. A. Somorjai
Department of Chemistry, University of California

and Inorganic Materials Research Division, Lawrence Berkeley Laboratory

Berkeley, California 94720

ABSTRACT

An analysis of low-energy electron diffraction intensity profiles from
the clean (111) face of platinum is carried out. Célculated intensities
are compared with experimental results for specular and non-specular beams
at several angles of incidence for electron energies <100 eV. The
calculations are based on a T-matrix multiple-scattering theory with
corrections for lattice vibratioms. The scattering from a single atomic
site is modeled with a conventionalvband,structure potential pafaﬁeterized
by six partial—wa&e phase shifts. The constant inner potential V, determined
from addition of the Fermi energy and a measured value of thé work function
is found to predict thé peak positions accurately. The calculations adequately
describe the Bhapes and relative intensities of primary and secondary features
in the experimental intensity profiles. Analysis of’the data indicates
that the spacing of the tOPmMOSt atomic layer is the same as the bulk value

to within 5% (or approximately 0.12).
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I. INTRODUCTION

In the preceding paper, Stair; Kaminska and the nresent authors have
presented'lcw-energy electron diffraction intensity vs. voltage (I—V)
profiles for the (111) faée:of clean platinum in the energy‘range 20-200 eV
by both photometric and phétographicexnerimental techniques.1 | In this
paper a multiple—scatteriné theory of low-energy electron diffracticn is
anplied to the analysis of the data and conclusiors are drawn as tc the
structure of the clean Pt(111) sUrface. We regard these results as
significant in two general respects. firstly, there‘is great current
interest in understanding'the structures of adsorbed overlayers of.various
molecules on platinum because of its important catalytic properties.v The
demonstration of the anpliCability of low-energy electron diffraction theory
to the determination of the structure of the clean platinum surface is a
first step tonard this goal. Secondly, these resnlts are the firstvthat'
are reported for a 5d transition metal andiindicate that the’theoretical
models used successfully for the lighter elements are applicable to the
heavier, strong-scattering elements. Our results on platinum taken together
with previousbwork.on aluminum,z-s nickel,G_8 co'pper,z’g-‘ll and'silverz’12
argue for the validity of the rather simple theoretical models used to
describe the scattering of the 1ow—energy electrons from the clean faces of
transition and noble metals as well as the more free—electron—like metals. ' -

The central components of the theory of elastic low-energy electron
diffraction from solid surfaces are a description of muitiple—scattering
processes, the inclusion of reasonable atomic scattering potentials, and an

approximate treatment of the effects of inelastic scattering on the elastic

electron beam. Moreover, refined models should have some provision for
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the effects of lattice vibrations and may also include a treétment'qf the
scattering of the electrons from the va¢Uum—sélid barrier éotential. of
course, all of these édmponents may‘ﬁe_only approxima;ely_accoun;ed»fof,ahd;
thereforé, the underlying aséumptiéh in all éuch model analyses is ;hat the
lattice geometry itself is the dominant parameter in the diffraction process.
This assumption has been borne out by the general success of ldw—energy
"electron difffaqtion model calculations in the past few years. In the present
work, we apply a T—mafrix multiple scattering theoryl3_15-to the structure
analysis of the Pt(111) surface.. The calcuiations employ fhe computer
program used earlier»by Tong and Kesmodel.7 As discussed below, the model
calculations are carried out uéing a cén?entional band strﬁéture potential‘
and a simple treatmént éf the inner - potential, An effort was made in
this.work to give an accurate nﬁmerical calculation within the framewérk
ofvthe model parameters. In this way, differenceé_beéweén eﬁperimental

and caléulated I-V profiles are directly attributable to inaééuracies in
the model*itself. In particular, we found that six partial wave phase
shifts were necessary to give an accurate description of the platinum atomic
9cattering factor for energies 50-100 eV above the vacuum and that a larger
number of phase shifts wéuld be necessary above 100 eV. In order to achieve
‘numerical accuracy and at the same time fall within computer core size_énd
time limitations we restricted the calculations to the energy range

20 eV £ E £ 100 eV and used si# parti#l wave phasé shifts, Comparisons
between calculated and experimental I-V profiles indicates overall agreément

within 2 eV in peak positions and adeqﬁate agreement in relative peak heights

and peak shapes. Analysis of the data indicates that the upper layer



.
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spacing for Pt(111) is the same as the bulk value tc within 5% (or

approximately 0. 14).
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II.  OUTLINE OF'THEv'YTHEOIRETICAL‘MODEL.

Thé'theorefical modél used in this workvfo: calcuiating tﬁe I-V
profilesﬁffom platinﬁm has been used previoqsly by the pfesent'authors
as well as}bj Duke;vLaramdre,'and co~workers and Tong and co—workgrs.

The féfmalism'is based on.an exact multiple scattering method originally..
proﬁosea by Beeby.13 The theory was subsequently modified to include
inelasticééollision damping by Dukerahd Tuckérl4 and the approxim&te éffects
of léttice vibrations by Duke and Laramore.ls_ The.details of our'method
have been outlined in a recent paper‘on ﬁickel By Tong and Kesmode17 and
rgferences contained therein. The reader is also referred to Refs. 18-19
for a.general review of low-energy electron diffraction-theory as well as
experimentation. In this section, we discuss.thosevfeatures'of'the.modei
relevant to the scatteriné from platinum.

Qf fundamental importance is the atomic scattering potential that |
describes ‘the ééattering of the electron by a single atomic site. Previous
work on élean'metalbsurfaces has indicated that conventional ban& structure
potentials construcéed for electrons near the Fermi energy of tﬁe solid also
work adequately for the higher energies relevant to low—energy electron

diffraction. ' In this work we used the muffin-tin .potential constructed

by Andersen and Mackintosh 16 in their-relativistic—augmented—planeewave,

(RAPW) band structure calculation on platinum.  Their calculation employed

the Slater™ free-electron approximation for the exchange in its full strength.

- The potential was not self-consistent but its accuracy was rather judged by

the agreement with Fermi-surface dimensions and velocities.  The calculation

used a lattice constant of 3{922 and a muffin—tin'radius of 1;37&. The
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Fermi enaréy was éalculated to be 8.9 eV'#hove the constant value of ;he
potential between muffin-tin spheres (the ﬁuffin—;ip zero (MTO)). We

use the so-called "no—refiection" boundary condition on’the’incident and
outgoing electroﬁ, meaning ﬁhat:we consider the surféce barrier potential
to Smoothly‘acéelerate the electron in the direction'normal to the surface,
and we do not consider réflgdtions from the bérfier itsélf; ' This
approximation has been discusSgd in several éérlier treatméﬁts‘and Has
shown to be valid for enefgieé greater than about 20 eV above the vacuum
level. Therefore, the main efféét of the bafrier in thié treatment is

- to shift the eneréy of the electron in solid by an inner potential, Vos
above its energy in vacuum. The value of the inner potential, Vo, used
in thé Célculations_herein was simply taken tq'be the sum of the Fermi
energy and the measured vglue of 5.4’eV’f6r the_piatinumbwork function.,20
giving Vo = 14.3 ev. Strictly speaking this value of V5, is only.
épprobrigte f&r an electron near the Fermi'energy siﬁcé the e#éhange-
cqrrelation part of the vaéqumrsolid Barrier potentiél seen by én

electron is in generai energy dependeﬁt. One may also consider an
effeqtive energy dependence in the parameter V, due to depth dépendence

in the inner potential. However, as discussed below in Sec. III, we

find the constant value of Vo determined above to give an egcellent 
description of the.peak positions in the I-V profiles within tﬁe anticipated
error of about 2 eV attendant with low-energy electron diffraction théorj.

The phase shifts calculated from the spherically symmetric wuffin-tin

potential are shown in Figure 1 in the energy range 0-180 eV above the MTO.



Platinum is a strong scatterer and we note that thé-£ =v0-z'pﬁase shifts

are quite strong for most énergies and the'£w= 5,6 phasebshifts become
significant at the higher energies;. The total élasgic.scattering

cross secfion calculated from these phase shifts is fair;y cdnstant throughout
the energy range 15?200 eV above vacuum, having é méxiﬁuﬁ value of 9.722 at

45 eV. This area is fo be compared with thévcrOSS—sectionalvarea of

6;612 of the unit mgsh of the densely packed (111) planes of platiﬁum.

The atomic scattering factor £(6) given by the formula21

£(0) = %2:(u+1nﬁﬂ“;mum)numm (W
£=0 '

deséribes the dependence of the scattering at energy E from a single atomic

site on thé scattering angle 6 from the forward direction. Here

k =/ mEMAZ , the Sy are the phase shifts and the Pp ére‘the Legendre
polynomials. The modulus of.the atomic scattering.factor_for platinum at
100 eV abové the vacuum level is shown as a function of thé scattering angle
in Figure 2.- The series in Equation.(l) is essentially converged after six
phase shifts (£ = 0, ... , 5) for E < 100 eV but the neglect of the £ = 5
phasé shift leéds to significaﬁtvdiffereﬁces in the éngular structure of
f(ej forvE 2 50 eV. Although thesé differences are primarily in the

part of ghe curve 40°< 8 < 180° whére £(0) is ;elétively small, they will,
of course, influencg the back—scattering.¢ontribution to thevintensity
profiles. Indeed,“trial calculations have indicated that thé use of only

* five phasé shifts causessignificant errors in I-V peék intensities for

E 2 50 eV and leads to major differences in peak positions for E 2 90 eV.

As would be expected, these errorsare most pronounced for the (Od) beam



at near-normal incidence where fh_.e single-scattering contribution comes from
p =~ 180° ségttering. In order to allow a'precise.dgscription of'thé
model scaffering factor and keep computer requirements manageable it was
decided to restrict the calculation to enefgies‘E 3 160 eV and use six
partial'wave'phase shifts. This is not a drawback sincé the data is.
available 6n both specular and non-specular beams at four anglesfof
incidence. Moreover, this is the energy range ih which low—énergy'electrons
~are moét éeqsitive to the sutface'region. |

Finally, we mention the remaining parameters in the calculation
dealing with the inelast;é damping and the lattice vibrations. The value
of the electron damping as parameterized by thg imaginary pa;t of the
electron self-energy is génerally takgn to be 3-5 eV in the energy range
of interest. We fbund‘that a const#nt value of 4_éV for this dampiﬁg
parameter gave a good descx_":‘lpt'ion of peak widths and secondary features in

the I—V’profiles. Fortunately, thé‘peak positions are rather insensitive

to the value of the'damping parameter. With the chosen yalue of the damping the

ihteqsity calculafions were weli—converged using five atdmic layers, the
bulk interiayer spacing béing d = 2.26% for the Pt(111) planes."

The correétion to thé intensity pfofiles due to the finite—témperaturev.
phonon scgttering was accqunted for by the-DebYe—Waller reﬁormalizétion
discussed previously by Duke and Léramoré.15 The magnifude of this
corréction in a kinematic model may be parameterized in femms of the
tempergtﬁrg, the energy, the atomic mass, and the bebye tempefatﬁré GD.
Using the platinum bulk Debye temperature of 234°k%2 one estimates the

room~-temperature Debye-Waller correction to reduce the rigid 1lattice

scattering by approximately 20% at E = 100 eV. This correction is.small




due to the large atomic mass of platinum. The lattice wibrations in the
surfaceitegion are eipected'to differ considerably‘from‘the bulk vibratioﬁs
but since the Debye—Wallér factor using bulk lattice vibrations is small

we do nét expect changes in the surface vibrations to radically afféct the
intensify profiles at rooﬁ temperature for energieszlessrthan 100 eV. Fbr
this_reason, and for 1ack.of detailed knowledge of fhe surfacé vibrations,
‘wevdescfibed the atomic 1ayets parallel to the surface by a single (bulk)

Debye temperature of Op = 234°K.
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IIT. RESULTS AND DISCUSSION

In'this section we compare the results ofvcaloulations of the I-V~
profiles for clean Pt(111) with the experimental data of Stair et al.,

Ref. 1. The conparison is made to photometric data‘for the speCularvbeam
intensities and to photographic data for the non-specular beams " As
discussed in Ref 1, differences between the sets of data obtained by the

two methods are small. The calculated IeV profiles Were/obtained with a
computer program constructed by Tong and Kesmodel7 which solves the scattering
equations by an exact matrix inversion procedure. Details of»the method
irelevant to the scattering from platinum have been discussed in Sec. 1I.

As discussed in Ref. 1, only.relative intensities were ueasured, and no

effort was made_to relate the intensity scale from one beam to another.

The diffraction'pattern from Pt(l1l) (Fiéure 3) has tbe hexagonal
geometry expected from the simple termination of the bulk fecc structure in
the direction perpendicular-to the (111) planes. There is no evidence
for a reconstruction as occurs, for example, in Pt(100) or Pt(llO), but
~One may reasonably postulate the possible movement of the topmost or top
few layers in the direction perpendicular to the surface. The syumetry
of the diffractidn pattern intensities‘at normal ineddence is three-fold
as follows from the ABC ABC ... close—packed stacking sequence, the (10)
and (01) beams of Figure 3 being non—degenerate._ ' The question, of course,
. arises as,to the orientation of‘the‘spot pattern with.respect to the.two
nonequiyalent 60°-rotated orientations of the surface crystallographic
unit cell. ‘The orientation shown in»Figure.3 was deternined by intensity
analysis of theinon-specular beams and provides an unambiguousviabelling of

these beams.
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- The experinental and calculated I-v profiles for both specular and -’
non—specular beams are shown in Figures 4—6 The calculations were made
first assuming ‘the bulk interlayer spac1ng of d = 2 26A. .vThe results for
the (00) and (T0) beams at ¢ 0°, 6= 4°, 10° and¢" 4 3°, 0= 16° are
shown in Figure 4. 'The agreement in peak p051tions is excellent for both
(OO) and (ID) beams. There 1is also adequate agreementvin relative peak
intensities. 'Almost all of the secondaryifeatures of‘thebenperimental
Curves'are broughtvout in the. calculations. A notable example of this is
the detailed structure in the I-V profile_of the (10) beambat o = 10°. "

,Thefmain discrepancies arevin the relative intensities of“some peaks- in.
the (00) beam at 6 = 10° and 6 - 16°. That is, the'relative intensities
of the doublet featureS’occurring in the range 56—60'eV are not correctly
reproduced;in the_theory. The results for the (10) and (o1 beams at
normal incidence are shown'in Figure 5. Unfortunately, exper1menta1
measurements were not made of these beams just above their emergence
energies and so the primary peaks occurring near 40 eV . were not’ measured;
The agreement for these beams is notvas satisfactorp‘as for the (00) and
(10) beams shown in Figure 4. The nain discrepancy here is the shoulder
peak occurring near 55 eV in both beams. | This peak is”absent in the
theory except as a broad shoulder in the (01) beam calculation. However,
the othex peaks are adequately_reproduced in the-theory.

In order to make such comparisons more quantitative, a detailed

tabulation of the experimental and calculated peak p031t10ns in the energy

range 15 < E < 105 eV is given for the (00) beam in Table 1 and for the

-non—specular beamsvin Table 2. An_analysis of 28 peaks indicates the average
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error of IXI = 1'.'.6 eV in calculated peak positions for the’ cryetal surface
ﬁavlog the Bulk interlayer'spacing and inner potenrial V§ = 14.3 eV. We
have.also’COnsidered'the possibilit& of a small expansion or'contraction
~of the topmost atomi¢ layer in the directiop perpendicularﬁto'the»surface.

The '"relaxed" vlayer spacing given by
d' = (1+y)d I ¢

. was considered with Y = t;05}> " We were'not 1ed'to consider larger
displacements due to the‘good'agreemeot“wirh experiment,uSing'the bulk
spacing'(yl= 0). ‘The results for the relaxed surface geometries are
compared in Figure 6 for the (00) and (10) beams -at ¢ 0°,v6 = 10°."

The calculated peak positons are also included in Tables 1 and 2. 'Ihese

) comparisons indicate better overall agreement for the unrelaxed structure
(y=0). - Both~thercohtracted ahd'egoanded geometries‘fail to reproduce
experimenral peaks ﬁhich'are reproduced>oy.thelunrelaxed_geometry. .We
.note'the-clear failure of the y = +,05 cases to correctly describe the

75 —,160 eV structure in the (00) beam. The expanded geometry gives a
slight improvemeot in -the relative magoitudes of rherdoublet peaks at |

46 and 65:eV lh the (00)_beam but gives a lese satisfac;ory»description

of the (T0) beam features. Conversely, the contracted geometryvcase gives
the best description of the beak shapes in the (lb).data but gives by

.far the worst description of the (00) beam.data. As noted in Tables;l and 2,
the unrelaxed surface geometry also gives noticeably'betrer agreement in
peak positions for both the specular and non-specular beams for the data

_ analyzed. One may, of course, legitimately argue that the peak positions
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for the relaxed surface structures could be improved by a Change'iﬁ the
inner potéﬁtial Vo of a few el¢ctfon volts. Indeed, the tabulated rgsults
indicate that a systematic shift ovao in'opposite"direCtionS'will’improve
fhg-aveiaée agreement in peak positions for the Y’='i.05 cases. Thié is
cbnsistent with~physi¢a1 considerations which suggest that the eiﬁanded

(contracted) geometry should give peak positions systematically lower (higﬁer)

‘than the unrelaxed case. As discussed above, the relaxed surface geometries

fail to adequately reproduce important spectral features which the unrelaxed

geometry describes well. | We feél thése results aré compelling evidence
that the outer layer spacing of the Pt(111l) planes is equal to the bulk
vaiue to.within 5%, A refinemen; in the model would be an expansion or
contraction of the.seéond layer spacing. éimple physiéal.considerations
would suggest that this Effect ﬁéuld 5e quite small, and'wg ha§é therefore

not considered this case.
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TABLE 1

'PLATINUM (111) PEAK POSITIONS: (00) BEAM (Values in Electron Volts)

Angle ’ Exp. (Ref.l) ' Theory - A - Remarks
0=4° ¢=0° _ 22 162 -6 | Exp. position
uncertain
47 48 | 41
12 70 | -2 shoulder
92 1 912 -1 shoulder
103 1012 -2 |
|E]=2.4® | Avg. based on 5
fpeaks '
6=10° ¢=0° <20 17?‘  | Exp. position
: undetermined
16°
| 18°
34 348 0
3P 0
' 35¢ +1 Weak shoulder in
: theory
46 | 512 +5
49° +3
54c +8 Shoulder_iﬁ‘theory
65 | 4 -1
63° -2
64 -1




Table }, cont'd.

. =18-

co78 | 182 )
75° -3
81¢ +3
91 90° -1 Shoulder
_'90b -1 |Major peak in theory
( )c Peak_abseqt'in fheory
98 . 98 0
( )b _ Peak.absent invtheory
100(+) o
[E]=1.2% [Avg.based on 6 peaks
|B]=1.8° [ Avg. based on 5 peaks
.|31=3.3c_ Avg. based'on'4‘peak3'
0=16° ¢=4.3° <20 | l6a Exp. position undeten
_ mined.

49 _ 51® +2 Major peak of doublet
_ ‘ éﬁbéﬁﬁkr in theory.
57 572 0 -Minor peak of doublet

n exp.
, _ Major ‘peak in theory.
68 692 +1 Minor peak of doublet|
Shoulder in theory.

77 762 - -1 Majbr peak of doublet

101 103% +2 |
- - [A[=1.28 | Avg. based on 5 peaks

|E] = 1.6*

" Average for (00) Beam based on analysis of 16 peaks:

a Theory with bulk interlayér spacing for Pt(11l1) plénes‘(y=0).”

Theory with 57 expansion of outer layer in direction normal to surface (y=0.05)

c . .
_Theory with 5% contraction gfuggpgr_;ayer in direction normal to surface (y=-0.05).
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TABLE 2

PLATINUM (111) PEAK POSITIONS: NON-SPECULAR BEAMS "(Values in Electron Volts)

Bean Ang.le Exp.(Ref.1l) | Theory A o Remarks
(T0) 0=4° ¢=0° 41 422 +1
60 61° +1
(10) 6=10° ¢=0° 29 [ 30 +4
32 | 43
34° +5
47 482 | +1
47° 0
49°¢ +2
59 592 0
582 | -1
60° +1
68 68° 0
65° -3 | Shoulder iﬁ theory
68¢ 0
(To) o=16°¢=4.9 29 312 | +2
42 442 +2
|K|=1.4a Avg.based on 8 peaks
|K|=1,8b ' A__irg.based on 4 peaks
N =2,0% | Avg.based on 4 peaks




‘ -_-20_
Table 2, cont'd.

(01) 6=¢?06 <44 . 402 '"Exp.posiﬁion undeter-
. . - mined. :
55 | ¢ »®| | shoulder peak in exp.
. : Peak absent except as
broad shoulder in
theory '
3 | 13 0 |
82 | 822 . 0
(10) | B=¢=0° <46 |44 Exp.position undeter-
1 mined .
52 ()2 - . | Narrow shoulder peak in
exp. '
Peak absent in theory
60 |- 62 +2
79 862 +7 Broad flat peak
|Z1=2.3a Avg.based on 4 peaks

Average for non-specular beams based on analysis of 12'peaks:'

|B] = 1.72 " | .

a Theory‘with bulk interléyer‘spaéing'for Pt(111) planes (Y=0)'
Theory with 57 expansion of outer léyer in direction normal to surface (y=0.05)

¢ Theory with 5% contréction_of outer layer in direction normal to surface (y=-0.05)
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FIGURE CAPTIONS

Fig.‘l. Platinum phase shifts in radians for the model potential used
in the band struéture caiculation of Referencev16. The energy
scale is referred relative to the constant value of tﬁe potential
between muffin—tin spheres.
“Fig. 2. Modulus of the platinum atomic scattering factor_zg..scattering
| angle at 100 eV abo&e the vacuum level as calculated from the médel
potential.
Fig. 3. Schematic illustrating (a) the platinum(11l) diffraction pattefn
aSFViewed on the fluorescent screen and (B) the origntation of
the atoms in the surface unit cell with respect po the diffraction
pattern. The labels A, B, aﬁd C refer'to‘atoms in the first,
second, aﬁd'third atomic layers from the'surfaqé:(the stécking
sequence is ABC ABC ...).. The diagram is to be regarded from
the perspective of looking "through" the.crys#al.sample (tafget)
towards the diffraction pétterg; i.e., the topmost atomic layer:
is farthest frém the observer. - The electron-béam is incident
horizéntally frqm thé‘left; The beam labelling and deéignatioﬁ
of azimuthal orientations follow the convention of Jona (Reference 23).
fig. 4. Comparisons of theory and‘experiment for intensity-energy profiles
 from Pt(lll) at room temperéture for (a) the (OO) beam and |
(b) tﬁe (10) beém at three angles of incidence. The vertical
scales are of relative intensity in arbitrary units and are not
_ necessarily comﬁatiEle from one curve to the next. The theoretical
results were calculated on the assumption of the bulk interplahar
spacing for all atomic layers parallel to the surface and an inner

potential V, = 14.3 eV. The experimental data is taken from Reference 1.
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Fig. Capt., cont 'd.

Fig. 5.

Fig. 6.

Comparisons of theory and experiment for inten;ity—enefgy profiles
from Pt(111) at room temperature for (a) the (01) = (Ib)= aI) beam
and (b) the (10) = (0I)=(11) beam at normal incidence.  Other
conditions are as in Figure 4. o . - .
Effect of a small change.in the lattice spacing of the topmost
atomic layer in thedirectionperpendicular to the.surfécé on

0

the calculated inteﬁsity'profiles. The designation Y

corresponds to a spacing equal to the bulk value and Y .05
and Y = -.05 correspond to 57 expansion and contraction,
respectively, relative to the bulk spacing. The vertical scales

are relative intensities in arbitrary units and are not necessarily

compatible from one curve to the next. - The comparisons are made

"

at ¢ = 0°, 0O 10° for (a) the (00) beam and (b) the (I0) beamn.

The experimental data is taken from Reference 1.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





