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and Inorganic Materials Research Division, Lawrence Berkeley Laboratory
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ABSTRACT

The intensities of the low—energy eléctroﬁ‘diffraction-beams back-
5cattered froﬁ the clean platinum (111) surface are measured By a
photographic technique. The fluorescent screen in a conventional low-
energy electron diffraction (LEED) chamber is photographed at various
incident electron energies in electron volt intervals .in the range of
20-200 eV. The film is thenvmachine developed and scanned using a
computer—~controlled, digital—outpdt microdensitometer. The intensity
profiles of all of the diffraction beams can be obtained simultaneously
this way in ten minutes and these are identical to tﬁbse measured by
télephotometér. The film can readily monitor threé'ofders of magnitude
" change in intensity. The photographic diffraction'beam intensity
measurement is particularly useful when time-dependent chaﬁges in the
beam intensities due to adsorption, chemical reactions or electron beém—
surface interactions occur or when many diffraction bééms are present as
in the case of coincidence lattices or reconstructed surfaces. The ’
diffraction beams from the clean platinum (111) crystal face have been
measured by both photography and telephotometry and the inﬁensity profiies

necessary to carry out surface structure analysis are reported.



I. INTRODUCTION
The development of surface crystallography in the past several yéthE’

has required the accurate measurement of low-energy electron diffraction ;;
. beam intensities as well as the evolution of the theory of low-enetgy
_ electron diffraction from clean solid surfaces and from surfaces with
:adsorbed layers. Important advances in’theory have made surface structure
determination of clean monatomic solids possible wherever adeQuatelex-
perimental data has Become available. ln fact,‘the lack of’accurete
diffraction beam intensity data appears to be the'major obstecle at
present to the developmentvof the field of snrface‘structnre'analysis.7

~ There are goodlreasons'for the‘slow.eccumulation.of preciSe intensity
.data'in the pnblished literature. Theilow-energy electron diffraction
apparatus that is presently commercially available is not well-suited
for accurate determination of scatteting angles because of the presence
of stray magnetic fields and crystal holders lacking precise control of
crystal position. In an ultra—high vacuum system there are always time—
dependent changes in surface conditions duevto_the adsorption of onwanted
gases from the ambient.f Therefore, it is‘imperative to'measure‘diffraction
_beam intensities emanating from the sample surface as\rapidly as possible.
The reasons for the rapid obtainment of intensity data multiply when the
structure of adsorbed gases is to be determined. Competitlon of various
gases for adsorption sites, interactions of adsorbates with the electron
beam, and the easy transformation of certain surface structures to dis—
ordered layers or other structures are factors‘that mske diffraction bean

intensity determination difficult. In addition, the refinement of the




Caléuiated surface structure necessitates the aﬁailabiiity of intgnsity'
'daté from Sevefal diffraétion beams over a wide range of‘scattering.angles
and electfon enérgiés. |

‘A répid.aﬁd'écéurate mefhod'of taking difffactidn beam:inﬁensitieg
'is needed that permits measurement of all of the various ordéf diffrac-
tion beams simultaneously, and over wide ranges of angles and electron |
eneréieé._ The'preseﬁt1y évailable and mofé frequenfiy used techniques
that utilize séot photomefer oi Faraday cups'caﬁnot cérry ouf this tésk.

In this paper we report on the develophent)bf a new photographic
method to obtain\low—energy electron_diffraction beam intensities'
éccurately.and'rapidly and on the application of this technique to
measure the beam intensities from the platinum (111) crystal faée._ Thé
technique involves photographing the fluorescent screen ﬁsing a fast
film of suitable sensitivity to 6bfaih all of the diffraction beam in—
tensities simultaneously. We can measure the diffraction beam intensity
over three orders of magnitude range. .Photographs are machine devéloped
for uniformity and calibrated for point-by-point conversion from digital-
ized optical density ;o intensity; This is followed by computer analysis
of the integrated inﬁensities and background-éorregtign. Ihe diffraction
beam intensities from the clean platinum (111) crystal face that were
obtained this way have not been reported previously. The surface structure
aﬁalysis based on this data is provided in the paper follo&ing this
manuscript. | |

Using this photographic technique ﬁhe structure analysis of complex
.coincidence lattices and recoﬁstructed surfaces has become pﬁssible.v'

In order to facilitate wide-spread adoption of this technique of surface



Strucﬁure analysis, we compare the expgfimental intensities obtained by
photography and by spot_photometer and describe in detail how‘té obtaiﬁ,
a relationship between the diffraction beam current and ;he measured
optical densities. It should be noted that the'thfographic technique
yields only tﬁe relative intensities of the various diffraction Eeams‘

which'is certainly sufficient data to carry out surface structure analysis.



II. EXPERIMENT
A. Apparatus
A modified Varién UHV LEEDéAugef apparétus ﬁas used for these

‘measurements. The stainiéss steel chamber was maintained at a back-
ground préééure of 1 x 10—9 torr by an ﬁltek'ZOO f/sec ion pump and

a Varian, water jacketed titanium sublimation pump. Selected gases‘
could be introduced into the vicinity of the sémple'through a hypodermic
syringe needle separated from a bakable gas manifold by a Varian ad-
juStabie leak valve.

The LEED-Auger system had-é Varian four grid LEED optics which-uées

an ~5 kV post acceleration to display the diffraction pattern on a
fluorescent screen coated with P-11 phosphor. The electron -gun was -a
Varian'offfaxis gun with a direct heated tungsten‘filamept. A Varian
ElectronvGun Power Module‘with a LEED Control Module provided either a
beam current or filament voltage regulated electron beam ﬁith’a’voitage
vrange from'-2;5 V to -1.5 kV in thevLEED mode and from -5 V to -3 kV in
the Auger mode. The electron 5eam cﬁrrent was determined_by measurihg
the total current returning to the electron gun from ground and was
ﬁeasured to the 0.001 pamp level using a Kiethley model 160 Digital
Multimeter. |

| The platinum crystal sample was cut from a 99.9999% pﬁrity.single
crystal rod purchased froﬁ Materials Research Corporation. It;was Spbt
welded to high purity polycrystalline platinum strips to avdid poésible
contamination. The sample which could be heated resistively was mounted’
on a Varian High Precision Manipulétor modified so ﬁhat the "Flip

Mechanism' would provide rotation about the incident beam axis.



In addition to.heating and chemical treatmeﬁt, érystal cleanihg Vaé
facilitated by sputtering using a Varian Ion Bombardment gﬁn mounted at
a right angle Eo the LEED optics. | | |
One of ;he most important considerations involved in makihg accurate
intensity measurementé.was cfeating a field-free drift region for_the
incident electron'beam. Electric fields were eliminated by sh1eld1ng '
with conductlng materials, usually tantalum foil. Shielding from
external magnetic fields was acCOmplished by surr§unding the LEED opti¢s'
ah& the drift region from the end éf-;hevelectrbn gun to thevvieQing
window with a normalized u—mefal shield. This reduced the magnetic field
perpendicular to the incident electron beéﬁ to less than 10 milligauss,
which will deflect a 20 eV electron beam byvno more than 0.2 degrees.
Tﬁe dégree'to which an electric or magnetic fields might effect
the intensity prbfiles was checked by two methods.. In the first'methpd
the azimuthal aﬁgle of the Pt(111) crystal was cﬁqsen‘so that an eduatorial
rotation in either direction from normal incidence by the same.amoﬁnt
:would give the same'3pecular'intensity profile. The second method made
use of the fact that for the Pt(111l) surface the first—brder'non-sbecular
diffracton beams exhibit a three-fold degeneracy when fhe incident beam
is normal to the surface. At *10°, the specular 1ntensity proflles
were 1dent1cal from 10 eV to 50 eV, and from 50 eV to 85 eV the intensities
of the three-fold degenerate first-order beams were 1dent1cal (Figqrg 1).
The cutting, polishing, apd cleaning of platinum single crysﬁal has

1

been previously described. The cleanliness of the surface was

determined using Auger electron spectroscopy. Auger spectra
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were always faken both'Before and after taking an intensity measurement.
Accurate crystal positiohing was achieved‘by first establishing a

condition where thée incident electron bean wésvnormal to the crystal

surface as evidenced by the threefold degenefacy of the first-order Pt(111) .

diffraction features. The crystal was then rotated to the desired angle

Qf incidence by means of‘the angular scale on the maﬁipulator." A vernier

‘on’this scale implied that measurements could be made to the nearest 0.1°,

but the accuracy was not justified due to mechanical play in the manipulator.

Tﬁe azimuthal angle Was determined by measurement from a photograph, and

the accuracy was within 0.5°.

B. Telephotometer and Photographs

Diffraction intensities were measured from the fluoreégent screen in
two ways, by telethtometer and by analyzing photographs. The telephotometer .
used in these studies was a Gamma Scientifié Model 2000 Telephdtometér
employing fiber optics with an accuracy of *4% of full scalé and with the
‘capability.of‘meaéuring intensities over a range of bettér than tﬁree
orders of magnitude at a given aperture setting. The photographs Qere_
taken using a Nikon F camera using an 85 mm lens with‘a K3 + K4 + K2
extenéion ring, and a motor d?ive. The film used was Kodak Tri-X emulsion
#50-265. THe film waé machine deveioped using Dupont extré.fast x-ray
‘developer (XPD). The,develoéing, fixing, and washing times were all
lSO,Séc at a temperature of 83§F. The developed film was écanned using
a computer controlled, digital‘output,.ﬁicrodensitqmeter. The film was

advanced from one frame to the next by a motorized advancing mechanism,

also under computer control.



Wheﬁ taking intensity measurementS'uéing tﬁe télephotometef éﬁl
aperture was used which detected light from a solid angle of.ZO';'v
This corresponds to an area on the fluorescent screen of approximately
4 mm. All measurements were taken with the LEED power supply iﬁ.the
vConsfant Beam Current mode. Hoﬁever, for incident e1ectron énergiés
less. than ?50 eV the incident current was no longer held constant, bﬁt
the beam current was measuféd aé previously described, 'and ‘the intensities
were normalized to the-constant value maintained above SQ eV, .Ali.in— :
btensify measufeﬁents were made from'ZO'éV to 200 eV in 2 eV intervals.
The position of the telephotometer was checked_périédically throughout
the series of measurements to insure thaﬁ the maximum iﬁténsity’was
recorded at each eneérgy.

When taking intensity measurements photographically énvexpoéure time
of 1 sec was used with an aperture of eitherf/4.0 orf/2.8 depending upoﬁ
whether the diffraction feature of interest was the (00) beam or a non-
specular beam respectively. A portibn of the same film ba£ch was exposed
to a calibrated continuous gray wedge by light filtered through a #48
Wrattéﬁ filter and developed along'ﬁith each film sfrip. ‘'This '"sensi-
stripf was used fér calibrating the deﬁSity on the film to the intensity
which created it as described.in the next section. The developed fi1m
was scanne&,.énd the output analyzed by computer to de;ermihe thg.dif—

fraction intensities.




C. Conversion of Density to IntenSicy

' In order to measure intensities photographically the darkehed,
negative image on the film has to be related quantitatively to the light

intensity, I, which created that image. = ~The conventiohal quantitative

~measure for the darkening of a film negative is the optical density which'

is defined as the négative logarithm of the transmission (0.D. ='—log'T,
T ='I/i°).4 ‘For.fixed conditions of filmemulsion,developing ana spectral'
distribution in the incident light, thé optical density is a monotonic
function of the exposure where the exposure, E, is defined as E = [ Idt.4
For incident light intensities which reméin constaqt in time, which is the
case here, the exposure reducéd to E = It, 1If the exposure times afe.311
the same, then the optical density is a monotonic function of the in-
tensity, and a calibration between the O0.D.and the intensity is possible.
The calibration from density to intensity was'dpne in the:foiiGWing
way: ‘A piece of film from the same emulsion batch as was used in ﬁhotof
graphing the diffraction pattern was exposed to the image of é caliBrated,:
coﬁtinﬁous neutral dénsity wedge. This wedge was calibrated so tha; the
logarithm of the relative.intensity of the light transmitted varied
linearly éver the length of the wedge. Thus, the log(Irel)of.the light

incident on the film varied 1iﬁearly over theilength_of the image. This

image was the 'sensi-strip" referred to in the previous section. By

. measuring the optical density of the film along this image a relation

was obtained between the optical density and the incidént relative in-
tensity. By using the same emulsion batch any non-uniformity between

emulsion'batches was eliminated. The light used to expose the wedge was
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filtered through a Wratten #48 filter which has nearly ihe same trans-
mission spectrum as the emission spectium of P11 phosphor.z’3 This was
done because the film response depends upon the spectrel distribution of
the incident light. Finally, the calibration wedge was.exposed, and the
film strip was developed along with each set of diffraction pictures taken.
This minimized the effect of changes that may occur during devéloning;
Under exposure conditions where either I ié large and t is small, or
~vice versa, the.eXposure may no longer obey the’relationship E = it._ This
is celledvreciprocity failure.4 The exposure time when taking photographs
is 1 sec, but the.strobe which was used te expose tiie density wedge has.a
- flash time of i/lOO sec. To check for rebiprocity failure a-ploi of
, density vs. log(relative intensity) was generated by taking pictures of a
gray card through a series of neutral density fiiters end at the same time
measuring the inteneity of the light transmitted through the filfers using
the telephotometer. A comparison of the density VS. log(reietive-inieneity)
curve generated by the calibrated wedée to that generated-by’the camera
showed no significant differences (Figure 2).
Using the photographic teehnique of intensity measurement 90 frames
are.generate& at a given polan angle, 6,'and azimuthal angie, ¢, by a
single electron energy scan!e Since accuratevstrucfure analysis reéuires
taking intensities at several values of é.and ¢, it is imperative to scan-
the filﬁ automatically. ‘ |
| The mechanics of the seanning microde;éitometer makeévuse of the
'sensi-strip" calibration a routine operation.'. The instrument scans a
iectangle_qf selected'dimensions in a series of lines. Each line con—

sists of a series of steps where the film optical density is measured
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énd recorded on magnetic tape. The spacing between lines and steps

is precision regulated through micrometer linkages drivep by two stebping motors .
The minimum stép distance or line spacing is 0.0005'1nches. All mechanics

are under computer control. This generates a grid of dénsity values
corresponding to the positions in the rectangie scanhed, i.e, a two

dimensibnal dénsity map.

When scanning the'sensi-strip'each step in the scan corresponds to
a change in the intensity determined by the calibrated density wedge.

By averaging severalllines together to eliminate:fhehgraininesé‘in the
film image, a table is generated of measured densities and the corre-
sponding relative intensities. ‘ »

All of the data including the scanning of thébeqsi—striﬁis’recorded
on maénetic tape for computer analysis. The analysis consists of four
parts. First the data from scanning the"sensi—strip is averaged and
smoothed to generate a table of density vs. the corresponding relative
intensity. Next the data from scanning the diffrattibn plctures is
searched for diffraction spots. When a spot is foum&, the reiative
1ntehsity is computed by converting the density of each point within a
fixed radius of the maximum density into an intensity, subtracting

a logally determined background value and summing ﬁhéfintensities for
all points with intensities greater than the backgroﬁnd. The number of
points used in the integration is a measure of the'spot size but also
depends upon the distance chosen between steps and lines when ‘scanning.
Finally, the spots found in each scan are numbered and plotted within-

a rectangular boundary representing the border of the film frame, The

spot numbers and their intensities are listed next to. the plot, and a
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deck of cards is punched to be used as data for a Cal Comp plot

I-eV curve.

of the
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III. _RESULT’S AND DISCUSSION
 The diffraction intensities frqm a clean Pt(111) surfaée were
reCOrded.at normal inéidence and at polar angles off4f, 10°, and 16°.
‘fhe diffractioﬁ beamsvas well as the azimuthal angle, o, afe definéd
vfollowiné the convention established Sy Joha5 (Figure'7); Figures
3 and 4 show the normalized reiativé.intensity prbfiles as abfunction of
polar angle for thev(005 beam and the (10) beam'respecﬁively}' Figure 5
showé the normalized I vs. eV curves for the first-order'nthSPéculér

_.begm; ét normal incidence. Figure 6 shows the (11) bea@ and the (01)
beam at a éolar'angle of 4°. The intensity scales betWeen beams are:
not éonsistent so that the intensities,of differentnbeams cannot be
coﬁpared directly.

The intensities determined;photographicallyuare in ekcel;ent agree-
ment with those determined déing the telephotometéf’as can be seen in
Figure 3. The photographicvmeasurements were taken wiﬁh,the LEEDvpoﬁer
supply in the Constant Béam Current mode which causes the diffraqtion‘
intenSities at highef energieé to fall.below the thresh61d for,detectioﬁ
' by the photographic film, and since the theoretical analysis of the
intensities coula not be carried past'lOO eV due to»computafiqnal-1imitati6ns,6
no effort was made‘to anélyze photographic data at energies above 120 ev.
‘ Howe&er, with the LEED powef supply in the Constant Filament-Voltage mode
“the bgém current increasés with the incident beam energy so that ;here
is no significént decrease in the o?erall'diffraction.intensity all@winé
photographic determination of the inteﬁsity pfofiles.at highef énergies.
'The intensities may thén be normalizéd to unit beam current during the

computer analysis. If the intensity profile terminafes below 100 eV, this
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was dne to the diffraction beam being blocked from view by the sample‘hoider;’
A more compact crystal holder is currently being designed to‘minimize this
problem. Finally, since all measurements were taken with the first grid
at ground potential, the non—speeular beams were'not observable at their |
emergence energy.

It is important to nete that due to the nature of the calibration
from density to'intensity only relatine intensities can be determined
\photographicaily. 'in ad&ition, no attempt was made to telate the intensity
scales froﬁ one beam to another. Despite this limitation and the limited
- range of'ineident beam energies for which nata was avaiiable'the data was
sufficient for avcryStallographic characterization of the eurface.6

‘The value of the photographic technique comes into play when the

data must be recorded swiftly due to time dependent changes in the surfece
condition as a‘result.of adsorption or chemical reactions on the surface
or of intetaction with the electron beam. All of the:dateeavailable on
the dispiay ecreen may be recorded permanently on film within 10 minutes,
then analyzed at leisure, When coincidence latticee are present or in
the case of eurface reconstruction.(for example, the Si(111) or the>Pt(100))
'.there are so many diffraction beams present at a given electron‘energy'
that photographic detection'andIStorage of their relative intensities eppears
to be the only way to conpile‘sufficient data for_surfece sttucture‘AnalySis.
The photographic detection of 1ow-energy diffraction beams is likelf to

~remain the most versatile technique to collect intemsity data for gurface

structure analysis until a new display and rapid scanning techniques are

designed for use in a drastically modified LEED chamber.
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Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

-
. FIGURE CAPTIONS,

(a) Normalized relétive I vs.-eV profiles for Pt(lll), (OO)

beam, 6 = +10°, ¢ = 30°. (b) Noﬁ—hormalized;relative Ivs. eV

. profiles for Pt(11l), (10), (01), (I1) beams; 8 = 0°, ¢ = 0°.

-Film‘density vs. log relative intensity generated by the "sensi-strip"

(heavy circles) and by the camera (open circles).

.NQrmalized relative I vs. eV profiles for Pt(111), (00) beam as

a function of the polar angle, 6.. The intensity scales for
different polar angles are not comparable. |
Normaiized relétive I_gg.eVprofiles fér Pt(lll), (IO) beam as a
‘function of the‘pplar angle, 6; . The intensity scales fof
different polar ang;es are not comparable. -

Normalized relative I vs. eV profiles for Pt(lll),ﬂ(lO) beam and

(01) beam at normal incidence. The intensity scales between

beams are not comparable.

' Normalized rélative I vs. eV profiles fbr.Pt(lll), (11) beam and -

(01) beam, 6 = 4°, ¢ = 0°. The intensity scales between beams
are not comparable.
Diffraction beam labelling for the Pt(lli) diffracﬁidn_pattern

following the convention of Jona (Ref. 5).
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