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Abstract

An analysis of low-energy electron diffraction rotation diagrams for
the A1(001) surface at E = 20 eV is made using an accurate multiple-scattering
model. We show for the first time that detailed agreement is achieved
fér all features of the experimental data relatiﬁg to simple multiple—-
scattering procgsses. However, we propose that the sharp resoﬁance
structure in.the specular beam data isvassociated with localized surface

electronic states via a Lennard-Jones type resonance scattering.

In 1971 Lauzier.gglgl.lireported in;eresting'results of lo&-energy
electron'diffraction (LEED) rotation diagram experiméhts forlthe cléan
(001) surface of Al. In a rotation diagram experimeht, the beam intensity
(dendted by I($)) is measured as a function of the aéimuthal angle ¢,
while.the poiaf angle 0 and the energy E are held constant. The interest
in this method lies in the fact that all structure in the I(9) curves is,'
in principlé;'due to multiple—séattering effects or resonance effects and
the (00) beam is .generally smooth. This is in cﬁhtfast to_the mdfe
~common intensity vs. energy (I-V) profiles (E.varied, 6 aﬁd $ fixed), which
show pronounced kinematic (single-scattering) inté:ferénce”peaks as well
' aé strong multiéle—scattering features and which are Widely.usedvfor
surfaée struéture'anaiysis. "The experiment of Lauziér.gg_gl. generated
considerable interest because of the presence éf sharp, resonancelike

structure in the (00) beam I(¢) curve for E = 20.8 eV which persisted over - -

(&)

a wide range of 6 and ¢. This structure was seen to be of the Breit-Wigze
form and was partly associated with emergence conditions (threshold_effects)

. . : 1
of certain non-specular beams. On this basis, Lauzier et al.” suggested
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that the observed structure was possibly due to some kind'of~sﬁfféce
‘'resonance, but did not_give a cleaf explanation of the aata and deferred
further comment until multiple-scattering calculations wefe pefformed.
_Unfortunateiy, these subsequent calculationsvgave éither Very poor2 or
only marginai3’4 agreément with the I(¢) curves at E - 20.8 eV, 6 = 50°
where the ;ésonance structure was clearly observed._ This cauéed

further confuéion over the nature of this structure, i.e., whether it is
associated with simple multiple scattering eventé, threshold effe¢ts; or.
surface resonances. o

In this'ﬁetter we clarify the results of Lauzierlgg‘gl. and give a
physical interpretation of their data; (i) we present‘for the fifst.time
calculétions of the I(9) curves which show detaiied'agreement,with " |
exﬁerimentbfof‘those features relating to simpleHmﬁltiple—séa;téfing
events, (ii)'we'assert, in contrast, that the resbnaﬁcelike features are
‘gssociatedvWith localized states and support this Qifh a model calculation,
and (iii) we show thatvfurther impoftant aSpécts bf the data arefinv
agreéﬁent with electronic surface states calculaﬁiéné for the'Al(OOI)
surfaée.

We.firsﬁ consider the calcﬁlation of the 1(¢) curves. _We employ é
T-matrix multiple-scat;ering'method of LEED which has yieldéd accurate
.descfiptions ofo—V profiles of several'materials,_most recently of Pt.6
The real.péft of the.scattering potgntial waévcharaCterized by fivé‘
phase shifts from the Snow self-consistent Hartree—chk—Slater_potentia1f7
‘The effect of inelastic collisions was treated with a pérametérized*férm
of thévimaginary part of the seif—energy Lo = 2 eV from.electton gas

calcula_tions8 for E v 20 eV above the vacuum level. - Bulk values were
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used for theblatﬁice distances and the Debye temperature describing
vibrational effects. The only adjustable parameter used was the inner
poten;ial, V;, and the value V, = 11 eV was found to give by far the -
best fit to the I($) curves in agreément with.the optimum valuevfound
independently9 in matching I-V profiles in the low—energj region. An
"important pdiﬁt for this discussion ié that our'method of calculation
includes lattice multiple—scattering and threshbld effecté, buﬁ neglgcts'
the effects of Sﬁrface.states which must be treated by matéhing of wave-
functions at thé vacuum-solid interface. |
Figure 1 shows the results of our calculations as compared to the
éxperiment. In the data for the (00) beém fbr .= 50° there is a sharﬁy
resonance (R1) at ¢ v 30° and a much weaker one (Rp) at ¢ &‘38°.10 VThe.
calculation féproduces all features in thé experimentalvcurves with
surprising aécuracy except these resonance structures. This is in éontrast
to previous wpsz—4 which failed to describe accuratély not only the
resonance sttuctﬁre, but also the additional featureé._ There is also a
weak structuré (T) near ¢ ~ 25° which we found to be inéensitivé té V, in
position and which is clearly a threshold.effect diréctly»related ﬁo the.

11 This threshold structure'waé

vacuum submergence of the (11) beam.
present in previous work3’4 at ¢ & 25°, and it is not to beAconfuséd with'
the R} resonance. We also made calculations (Figure 3 below) for 6 = 40°
with excelleht agreemenf with experiment.

The ébncluSion to be reached from the above results seems clear.
Our calculation has described in great detail all mdltiple—scattering-

features in the data except those which it explicitly neglects, namely

those associated with surface states. We, therefore, propose a
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connection between these states and the resonance structure in ‘the IOO(¢)
curve, and we give below further evidence for this intefpretation, The
model we consider has a rather direct analogy with the resonances
discussed by Lepnérd—Joneslz in connection with‘atom—éurface scattéring;
first observed py Frisch and Stérn,13 and present in.recenf_atom¥surface
scattering théories.l4 _In this model, the inqident particle or wave is
diffracted by a %—beam (surface recipropal lattice vector)parallelJto

the surface and becomes 'trapped" in the potential.wéil_perpendicular to

the surface. More explicitly, we may write,

1

ky = ky +g | - | ,_ : _(1)
and
2 ' 2 ' 2 ‘
ke,. = 2mEhS - Gy + g (2)
ny

where E”-aﬁd k“' refer to incident and diffracted wavevector components
parallel to the surface and kgz refers to the diffracted component
perpendiéular to the surface for the % beam. Suppose that a surface.state
satisfies the dispersion relation |
o EGgp = e + Bay+ im0
Here é refers to tﬁe surface state energy calcuiated.from an appropriate
surfacé potentiallaveraged oper the planar directions (the surface statef"
energy at the I point in the two-dimensional surface‘Brillouin:zpne (SBZ)) .
and the second.térm deséribesvfree electron dispersion in the plane. It
has been’shown15 that resonance scattering can occﬁr when"k%z2 in Eq. (2) approaches

2 .
ZmE/h in Eq. (3). 0f course, the real state will not exhibit free—

electron behavior and Eq. (3) becomes a secular equation when all g-vectors
Y
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are included. Therefore, € (roughly speaking, a kiﬁd of energy component .
normal to_the:surface) is not éonstan: and depends 6n k|i. | |
We show in Figure 2 how these considerations relate -to thé diffraction
vdata'of Ref. 1. .In Figﬁre 2a we have plotfed k|| from thé (6,¢) COofdinatesl
of the obsérved reSonanées, and we have mapped them to the irfeducible
element of thé SBZ. In Figure 2b we plot the éorresponding véluesvof
€ determined from'Eq.(é)—(3) in eV below the vacuuﬁ level with g = a1).
The path in the‘SBZ of Figure 2a essentially turns'back’on'itself near
thé poiﬁt labelied 5, and we see that the'values of é‘also<éhow this
symmetric”behayior. Furthermore, the values of £ are in_agfeemént Qith
surface electronic states calculations for Al5 which show a surface state
gap 9-10 gV above the band minimum at T. Using € = -2.5 eV from
" Figure 2, we arrive at a corresponding value of lOfll'eV for the Sfoace -
states? taking into account the inner potential correction. |
froh the_above consideratibns the wavevector componeﬁt of theb-
scattered eledtfon-perpendicular to the surface should acquire a decay -
cohstant Y describing surface state attenuation into thé'soiid in contrast
to propagating bﬁlk states. ‘ Tﬁis suggested to us an approximate ﬁethod‘
of ipcluding the resonance effeCt'in the mulﬁiple—scattering;ppogtéﬁ;» In
this mbdel the terﬁs describing the propagation betwéén layers of the
intermediate scéttered beam % are modified near  the ?eéoﬁahce conditién
:by giVing an atteﬁﬁafion factor y to these waves in addition fo the
.inelasﬁic;cbllisionvattenuation. ‘In Figure.3 we shbw_the.re3qlts using
Yy = .06 K-l which is representative of y values fér Al surface states -
caléulations.5 We see that this seemingly small chahge'in’the intefiayéf '

scattering propagator (which contains the collective effects of many beams)
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produces changés7in the intensities at the resonance angles in good

agreement with experiment. Furthermore, for 6 = 50° the R} resonance

caused by the (ii)_béam.iS'much stronger than the Ry reSonance aésociated'

with the (02) beam, also in agreement with_ekperiment. This is due to

the much greater intensity of the (11) beam as compared to the (02) beam.

The effeéts on the other beams are insignificant as shéwn in experimént.
_Calculations made for Yy ='.20 K—; gave proportionately larger iﬁtensity
changes;' We'emphasizé that we bave incorpprated oné,aspect of ;he
physics in this model, but we do not purport to-describe the detailed

. shape of. the resonance.

In conClusibn,vconsideriﬁg'the Strbng evidence that we give in.our
surface state interpretatioﬁ wé suggesf the possibility 6f:using LEED
rotatiop diagrams to locate the positions of both occupied and dnocdupied
electronic surface states. Also, this is the fifst analysis of experi¥

mental data that evidences the existence of surface states in metals. and

the method seems promising also for determination of surface states near

the bottom of the‘valehce band, since few experiments now exist for such ,

statés.' .Experiments are in progress to study this question.

We would like to thank Professor Gabor A. Somorjai for his interest

in and suppbrtcf this work and also Professor J. M. Rdjo for discussions.
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Figure Captions

Fig. 1. 'Cbmparison of-experimgntal1 and caiculated (dashed line) rotation
diagrams for E = 20.8 eV, O = 50° for AL(001). The experimental
curves are normalized to theory_at ¢ = 45° for the (00) and (11)
.beams and at ¢ = 20° for the (11) beam. The labels T, Ry, Ry
refer to threshold.and resonance effeéts (see_text). Vo ié the
inner potential above the APW muffin-tin zero. | |
Fig. 2. (a) Plot of the éxperimeﬁtal (Ref. 1, Figure 3) positions for %”
vand mapping to SBZ.. The arc shown describes a circle of conétant
I%"(S) >+ %(ii)|. The points dep;rting.from.this arc indicate
dispersion in e€(see Eq.(3)).
(b) Values of € determined from the experimental data and Egs.(2)-(3)
corresponding to the points in (a).
.Fig; 3. | Comparison of theory (dashed line) and expefimentl for E = 20.8 eV.
The model gives the resonance structure R}, Ry by inclusion of

additional surface state damping Y(see text).



(%)

Reflectivity

-10-

I I 1 r— 1T 1T © 1T "1 1 I T T

E=20.8 eV 6:50° v =llev ~ Re
Y

e —————— "

I
+
-+

+

-

4
+

-
B L 1 L 1 ] L1 L ] .1‘ i
-0 0 10 20 30 4_0. 50 60
| ¢ (deg)

XBL753-2568

Figure 1



ey

00 + U «d 38U S0 9 4

~11-

(a)

olll)

T
(00)
(b)
| 2 3 4 56 7 8 9 10 n
T T T 717 T T T T 1
| € (n) (eV)
- -1.0} |
| | 2 €(|
B ol ew (o)
‘ 6('5 ) 6(03)6?42)'0 ;(5) .‘ . o 6(9) _
6(2) ° L{G)G(T) . .
- 3ok .

. XBL753- 2566

_ Figurev 2




(%)

Reflectivity

AY)

Co=-12-~

3.

T

(00)

LB

E=20.8eV 8:50° V,=llev =~ Ry

LS L L] LI

o

1 A l 1 L | | 1

20 30 40 50 60

XBL753-2567

~ Figure 3 . /



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 INF ORMA 7"I ON DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



