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' Abstract 

 The intensities of elastiéally scattered low energy elecfrons
from liquidbiead, bismuth and tin surfaces were measured as a funct?on
of scattering angle and electron enefgy. Contour maps were constructed
which diSp;ay ail three variables simultaneously. The intensity
distribution apﬁéarsiﬁq be due to uncorreiated.atoé scattering and
thus»giveé directly the low energy electron-atomic scaftering factor.
Intepsity fluctuations due to the radial distribu#ion function in the
liqﬁid surface'could not be detécted.. Seyeial écattering processes
are discusééd(which‘could all increase the overali backg;ound.intensity
and would render the intensityAchanges which'are due to the liquid

structure undetectable.
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Introducfion'

In étpaies of low energy electtoﬁ diffraction‘(LEED), the e1ectrons
incident oﬁ the single cfystal surface are scatfered predominantly by
tﬁe'surfécé layer or the first few afomicilayers. Just as it is use-
ful to detétmine the struééure of‘solid surfaces, 1ow enefgy electton
diffractiéh might alsc be empioyed'to obtain infofmatioﬁ aboqt thg
'strﬁctUrevdf liquid surfaces. It is well known from studies bybxfréy

(1) (2)

diffraction,”’ neutron diffraction,

(3

and high energy electron diffraction
that the long-range order which is characteristic of solids is absent in

gu)using LEED have clearly

' the liquid state. Our sﬁfface melting studie
indicated the loss df-loﬁg—fange order at tﬁe bulk melting point. The
spot pattern diéépﬁéafé'and_the broad intensity fiuctuafion which apﬁears
in the background indicate the éhénged d;stfibutionVof'elastically
scattered electrons from liquid Surféces; Itvwésbthe purpose of this
investigation to look at the 1iquid éurfaces byflow énergy electron
diffrgction_and from the intensity of the background learn as much’as
possible?about'tﬁe struc;ure.and the scattering properties of liquid
surfaces. From studies of the scattered iqtensity of neufrons, X~rays
and high énergy electrons asba'fuhction of the scattering angle, density
fluctuafions'in the liquid can usually be extracted. From thevénalysis
_Qf-these dat; thé interatoﬁig distance and the coordination numbér in
thelliquid are computed. It waslhoped'that from éimilaf‘studies uéipg‘
low enerxrgy electron diffraction oﬁé~éan obtain the radial distributiqn in
}iquid éurféces. We have foﬁnd,.héwever, that low energy electron diffractioﬁ
) déta from 1iquid surféces do not yield thg radial aistfibution'function.

The intensity fluctuations which were detectable in the low energy range
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(<150 eV) were due dominantly to single atom elasticiscattering which

allows the experimental determination of the atomic scattering factor. v .

Ekperimental
_Low energy electron diffraction unit of the post-acceleration
type was used in these studies. Background pressureé of the order of
10_9 torr were obtainéd in all of the studies of iiquid surfaces. The
starting materials were ultra-high purity single crystals of lead,.
bismuﬁh and‘tin, whicﬁ were used as cylinders of diéés of various dia-

(4,5)

metets-described previously. The samples were supported in crucible
materials which appeared to show no chemical reaction with the solid or the
molten phases. The experimental proéedure was similar to. that used in

- (4,5)

our surface melting studies which were described previously. The
half-wave A.C. resistance heating was used in order to avoid interference
between the heatihg current and the incident electron beam. The circuit
was designed in such a manner that only during the half-cycle while no
current was,flowing through the sample was fhe diffraction pattern monitore&.
When the crystal was completely melted and the temperature waé

5bout 5° éBove the bulk mélting point the experiment was com;éhced.
.Phofographic énd/or visual observations were made of the diffraction
screen} fhen'the'telephotometer‘was focused on thé diffraction screen.
The three-grid energy analyzer system has been adju;ted to minimize the
~through pénetration of the inelastically scattergd electrons.in order

to reduce the inelastic contribution to the total scattered intensity
detectablg on the fluorescent screen. The output of the telephotoﬁeter

was plotted on the ordinate of an x-y recorder while the electron energy

was plotted on the abscissa. This way, the plot of screen intensity as
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a functioh of beam voltagé could be obtained as the voitage is scanned.
| Dﬁe'to ;he low screen inténsity (the eieétrons scattered by the liquid

surface are more evenlybdistributed than those scatterea by solid surfaces)
a'lafge aperture optical fibér and high sensitivity spot photometer setting
had to be used in theée séudies. Thé'voltagé waé scanned in the range of
0-125 electron volts. After‘a voltage scén the fiﬁef bptics was focused -
'at‘a new pésition.on the sgreén, generally in about 55 to 6° intervals
alongbthé radius from the electrbn gun to the edge of the screen,aﬁd the

' L . (

elegtron enefgy was scanned again. As a result, a set of 6 or 7 scans

were obtéiﬁed corresponding to 6 or 7 different screéﬁvangles. Since the
intensity variations in the -scattered intensity for molten métal surfaces
pfoved to be very gfadual,'thié was ébﬁsidéred ﬁo'be sufficient to map

the eﬁtire screen intensity profile. The visual and photographic evidence
'indicéted that the intensity fluctuation had radial symmetry about theelecﬁrbn
" gun aiis; Tests madé-by:rdcking ﬁhe‘crﬁcible to cause the liquid éu;faces

to move convinced us that our results were independent of the oriéntation

of the liquid surface;vv’r o : - ) o .

 The cleanliness of the molten surface is most.readily checked by‘
.cooling the crystal below its.freezing point and observing the resultant
diffraction pétterh of the crystal surface.v The recrystalized SUrféceé
always displayed sharp diffraction patterns and thus, fhe liquid surfaces
were éonsidered to be ciean. |
| | Results
.'The experiaental results obtainea from the Vbltage scans at different

Scatte%iﬁg»angles were normaliéed.to_cohstantlelectroﬁ emission in order

"to eliminate one of the experimental variables from the experimental curves.
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The most convenient presentation of the measured intensity at different
scattering angles and beam voltages from liquid surfaces is in the form

of contour waps. The ordinate is taken as the screen angle, ¢, with
respect to fhe electron gun which is in the center .of the screen (surface
normal). The abscissa is the beam voitage gnd the éontours are normalized
intensitieé_in arbitrary units. Figures 1, 2, and 3 show'results from
molten lead, bismuth and tin surfaces respectively. The intensity contours
connect those scattering angle and bean voltage values which are character-
ized by uniform intensity. To convert the scréen angle, ¢, to a moré

usual angular variable let the scattering angle, 6, be equal to 6 = 180° - ¢
where ¢ = 0 refers to the éxact back-scattering or 180° scattering. Thev
intensity units, even though. arbitrary, are directly comparable on ail'.
three contoﬁr maps (Figures 1, 2 énd 3) since the scales were made using
the same telephotometer seftingé and same sensitivity of the électron
optics. The dotted line in the figures refers'.to.the locus of points in
our coordinate'systemvfor the first intensity maximum éharacteristic of

(6)

high energy electron diffraction studies of molten metals. Figure 4 is

an intensity map calculated from x-ray data by Kaplo&7) on liquid lead.
Similar results were obtained 5y Richter, et a1€3) using high energy‘eleetron
diffréction; Their data was extrapolated to our region of low enefgies;

the dotted line connects the points where the first maximum should appear.

it is readily apparent that none of the experimental curves show features
comparable with this calculated éur?e. Thus, the intensity fluétﬁatioﬁs‘
which we have detected cannot be used to calculate the radial distribution
funcfioﬁ~from-1iquid surfaces. The reasons for thé absénce oflény

4

indication of density fluctuations in surfaces jin the scattered low energv
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electron beém iﬁtensity will be discﬁssed below. It ié, of courée,
possible'thaf the surfaces of liquids are characterized by very differenf
distribu£i0n>functions then bulk liquids and interference between the
differeﬁt scattering disﬁributions (surf;ce and bulk) may mask the radial
distribﬁtidn‘function intensity fluctuations. Howévef; Qe consider this
impfobable.

It is of interest to analyze the intensities which afé obtained
from the three 1i§uid surfaces whicﬁ we have studied in more detéii.
For lead, there are no sharp features but rather a general intgnsify
maximum about:SS elecfron volts af a screen angle of roughly - ¢ ;:0?
witﬁ a fairly uniformly deéreasing intensity towardrlérge anglés and
tdwatd lower and:higher eﬁérgies. There is a small ridge.startiﬁg at
large angles and low energies and sloping towards.thé primary maximum.
For bismﬁth’we'have well-defined ridges running unifbrmly between ¢ =
20° - 24° at all energies and'at 20 and 55 electron volts qu all'angles.
The intérsecéion of tﬁeée intensity lines produces peaks about 20° and |
20 volts,vand 24° at 55 volts with a saddle point at 22°vand 25 yolts.
At higher energies, about 60eV, the pattern showsvunifprm decréaSe of
dntensity away from the central maximum very siﬁilar to the behavior
for lead. For tin, (figure 3) the.major fgaturés are the high ﬁeak'ét
#bout 65eV and ¢ = 0°. There is a fairly sharp depression at 25eV from
$ =.33°_upward. Inladdition; there is aAsiight ridge running from
¢ > §8°'and 35 eiectron volts diagonally to&afd a central maximum at
.about 20° and.SS.eV. *A large shallow depression is found at ¢ = 48°
for - all énergie; iaréer than 80 eV.

in dinterpreving these results, several factors must pe kept in mind
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‘which limit the accuracy of the experiments; 1) The sample obscures

‘o

part of the screen near ¢ = Q incidence. This was especially troublesome
for the large lead discs whieh covered + 8° solid angle about the surfaee
normal.> 2) The screen only extends to 48° from the surface normal so
intensity changes at lerger angles could net be observed with our instru-
'menf. The use of Faraday collectors should be consi&ered to extend these
measurements to larger angles. 3) Inhomogeneities in magnetic fields
might slightly modify the distribution of scattered electrons. 4)_Dee to
lov screen intensities one must use large photometer apertures and high
thtomultiélier gain which leads to noiSe‘and loss of precision.'Sj Thek
'_Possibility of séme degree of serface contamination can never be’ruled
out on liquid surfaces. Diffusion rates of impurities could be mény,
orders of magnitude faster in liquids than in solids. Low solubiiity
impurities might float to the surface of the liquid and obscure‘SOme
of fhe scattered intensity features.
vefbiscﬁesiOn“- SRR

The elastically scattered.electrons from 1liquid surfaces should
show a distribution which reflects,two scaftering mechanismsgg) 1) Uncor-~
related scattering from individual atoms in the liquid surface, and:
2) Scaetering which is modulated by thevéensify fluctuatioens in the:liquid
surfacef (The 1aeter,sh0u1d give rise to intensity fluctuations whiéh'
can be used to obtain the radial distribution function;

Figure 5 gives the x-ray intensities obtained By liquid lead af
327;406 as a function of scattering angle; %7}= Ei%—g; which are mainly

H

the result of these two scattering mechanisms. It should be noted that

the peak intensities are, at best, twice the backyround intensity.
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Perhaps the most significant result of our LEED sﬁudies of liquid
surfaces would be if we could'aséociate the observed intensity distribution.
as solely due to single atom scatfering mechanism. In that case the data
dirgctl?,gives the atomic scattering factor, f. This parameter enters
‘into caiculations of sﬁfface stfﬁctufe from the diffracted beam intensities
“and its experimental determination would eliminafe the hncertaintiés
inherent in its theoretical evaluation using an assumed atomic pdtengial.
It appearé from the‘éXperimental data‘(Figures 1, 2 and 3) that ihtensity
flﬁctﬁatidﬁs_which would reflect the density changes in thevliqﬁid-sur—
face are missing from oﬁr intensity distribution.

Let us consider additional scatterings mechaniéms whicﬁ could
contribute to the intensities observed by scattéringlof low energy
‘electrops fromvliquid surfaces. a) Inelastic electrons which lost small
energy (< 2 eV) may penetrate the rebelling grids and contribute uniforﬁly
to the backgroﬁnd intensity thereby diminishing the mégnitude of the
intensify:fiuctuation. b) Multiplé‘scattering effects wﬁich are due fo
further interéctioné betﬁeen the scattered electron.béamsiand c)“therﬁal
diffuse scattering which attenuates the intensities of the diffraction
features from liquid surfaces due to increased vibtations of atoms.in ;he
disordgred surface. | | |

Ineiastic contributions to the séattéred intensity would uniformly
increase the béckground and may‘mask smallkintensityvflucfuatioﬁé. vThug,
this term would not bé expected to change the_intensity distributions dﬁe
to 1) and/br 2). The effect of multiple écattering is difficult to
assess. It might iﬁtrdduée adéitidﬁal intensity fluctuationsthiéh would

be superposed on the single scattering distribution so that single and
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multiple scattering contributions could not be separated. Thermél »
diffusg scattering has been discussed by.Webb et al. in some detailgg)
Since this term is proportional to the atomic séattering factor énd
t§ the Debye-Waller factor, it should not change the intensity distri--
bution markedlygs)' |
Therefote,_it.may be concluded‘that the intensity distribution of
the low energy electrons scattered by lead, bismuth and tin liquid
surfacesvgiveé us‘airectly tﬁe loﬁ energy electron atomic séattering
factor for which single-andvmultiple scatfering coﬁtributions-are
indistinguishable. |
AlthOugh it is somewhat disappointing that intensity fluctuations
due to the radial distribution function in the liquid surfacevcoﬁld not
be detectea by low energy electron diffraction’(LEED) (iﬁ Qiew of the easy
detectability of this effect in the bulk liquid by high energy electron

diffraction (HEED), x-ray and neutron diffraction) the absence of these

features can easily be rationalized. Allathxeeleffecﬁs, éy;~b9; andQC),

which were_mentioned above would be instrumental in reducing the intensity.

changes by.increasing appreciably the background intensity. It should.
be remembered that the peak intensitiés are never mofe than a factor of
two higher than the background intensity in all of these ekpériments

- with bulk liquids near the melting point. Thére may be an additional

" reason for rasking the‘scattering‘due to the liquid "surfaCe-sfrugﬁure"
(i.e., correlated disorder(g)). Due to the low penetfation depth éf the
_eleétron beam in LEED experiments the number of atoms which cqntribute

to cdherent scattering is at least two orders of magnitude smaller than

in HEED experiments. An estimate of the number of atoms which can contribute

U
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to coherent scattering as a function of electron energy is given in
the appendix.

There is a great deal of evidence that the low energy electron
atomic scattering factor can also be obtained by monitoring the
background'intensity'from disordered solid surfaces in LEED experi-
(10) (11) |
2D s

ments.

' Howevéf; it should be harder to interpret these experiments and
to extraé; the atomic.scatteringvfaétbr from the intensity data. - Due
to the cryétai périodicity'belowithe disordered surface layer there
- are additional scattering mechanisﬁs which would strongly modulate the
baékground'intensity, These are:diffraction effects and Kikuéhi scatter-
ing. . iherefore, it appears to be of'advéntage to use iiquid éurfaceé
to determine the atomic scattering factor by direct measuremenf»of
the inteﬁsity as a function of scattering angle at different incident
beam voltages. |

The three dimensionél contour maps employed here (Figures. 1, 2 -and

3)'should be useful to récord low energy electron diffraction déta aﬁd
to éorrelété trends as a function of all three vafiablés, electron energy,

- scattering angle and'intensity, simultaneously.
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Appendix

There is an upper limit to the area of the crystal surface:

(12)

which receives coherent radiation from a finite electron source.

An estimate of the coherency of incident electrons can be made for

the typical LEED electron .optics for which BS, the half angle indeter-

minéncy of the source is BS = 10—3'radiané. The coherence length,
AX, in the surface which receives coherent radiation of energy E and

energy Spéed AE is given by

BX = A - (A1)
2(1 + 5 )8,

which reduces for electrons in LEED or HEED TO

f150.6\Y2 1+ S
X = \Tev 2% | )

S

since A = (}SO/eV}l/z and AE < leV so that %E- << 1. The number of

atoms contained within the '"coherence area," N, is given by

2 ' .
N = ;Té%}) _ 150.; 1 : _(A3)
4eVBS T -

where r is the atomic radius. In order to estimate the penetration

depth, L, of electrons as a function of electron energy we use the

data given by Heidenreich(l3) which suggests L f (eV)n'where n= 2f 

The following formula is taken as a good estimate,

; ’ ' ' ev/

L (penetration in units of atomicrlayefs) =2+ ( 150)2 (A4)

e g e e
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although n = 1.5 to 1.9 is frequently chosen. Using (A3) and (Aé) and
o’ -3 ’ .

the values r ~ 2A and Bsu” 10'3 radian, we .can estimate the total

number ofvatomS'NT, in the scattering volume Np = NL as a function of

electronjénergy. We obtain the following values,

ev 15 45 150 450 1.5x10% . 4.5x10%  1.5x10°

N..

r  5x105  7x105  2x106  7x106 2x108 7x108  2x10°

Thus, for LEED experiments Np o~ 106 while for HEED, NT_:'109.. Since

2

7 it is expected that HEED should be more

the inténsity varies as N
sensitive to small degree of ordering than LEED.
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Figure 1. Low energy electron diffraction intensity contours as a

.- -function of screen angle, ® , and beam voltage, eV, from

molten lead surfaées. ‘ ’
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Figure 2. Low energy electron diffraction intensity cohtours as a function

of screen angle, ¢ , and beam voltage, eV, from molten bismuth

surfaces.



Sk , . UCRL-19153

Figure 3. Low energy electron diffraction intensity contours as a
function of screen angle, ¢, and beam voltage, eV, from

molten tin surfaces.
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Figure L. Predicted intensity contours as a function of screen -

angle, ¢, and beam voltage, eV, from LEED and x-ray

diffraction studies of molten lead.
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