PHYSICAL REVIEW B

VOLUME 10,

NUMBER 12 15 DECEMBER 1974

Surface molecules and chemisorption. II. Photoemission angular distributions

J. W. Gadzuk
National Bureau of Standards, Washington, D. C. 20234
(Received 18 March 1974)

A theory of the angular distributions of electrons photoemitted from submonolayer films of
chemisorbed atoms is presented. Chemisorption is treated within the surface-molecule limit of the
Anderson model. It is shown that the key features which differentiate between solid-state photoemission
and atomic photoionization are the localization of the hole left behind in the photoexcitation process
and the preferential orientation of atomic or molecular orbitals (in photoemission from solids or
chemisorbed atoms). The differential photoionization cross sections or angular distributions for spatially
oriented atoms and surface molecules are obtained and contours of constant emission intensity, as
projected on a flat fluorescent screen which is parallel to the surface, are presented. It is shown that
the chemisorption bonding geometry can be ascertained from such measurements.

L. INTRODUCTION

Ultraviolet photoemission studies have become
very useful in determining the electronic structure
of atoms chemisorbed on metal surfaces.!™® The
importance of the angular distribution (AD) of photo-
emitted electrons from clean surfaces has been
noted theoretically.” Such angular effects have sub-
sequently been observed experimentally®®=1° a]-
though the full implication of these effects has yet
to be understood. It has also been suggested!! that
angular dependences in the electrons which are
photoemitted from chemisorbed atoms!?~!7 could
also provide additional useful information pertain-
ing to chemisorption. In some cases, the AD would
be related to the AD of electrons which are photo-
ionized from gas-phase atoms!®?° or molecules,?®
although certain fundamental modifications to the
gas-phase theories would be required. It has re-
cently been realized!! that one of the major distinc-
tions between gas-phase and chemisorption photo-
ionization results from the fact that in the gas phase
the orientation of the atoms is random, thus result-
ing in differential photoionization cross sections
with the simple form do/dQ =a + b cos?6, where 6
is the angle between the ejected electron momentum
and some photon variable, either polarization or
momentum, depending upon the polarization state
of the photon.!® The only atomic-physics informa-
tion obtainable is indirectly through the value of the
ratio b/a. On the other hand, for an atom chem-
isorbed on a surface, the orientation of the atom is
not random, a much more complicated expression
for the differential cross section or AD is obtained,
and much more information is contained in the re-
sultant AD. In particular, by observing the AD
from the molecular orbitals involved in the chem-
ical bond, it is possible, in a relatively simple
manner, to ascertain whether the atom is in a four-
fold symmetric, bridge, or head-on bonding site.
This information is crucial to a quantitative under-
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standing of chemisorption. The remainder of this
paper will be devoted to the theory of photoemission
AD’s from chemisorbed atoms. Attention will be
directed towards the angular variations caused by
the angular dependence of the initial-state wave
function. Since completion of this manuscript,
Liebsch® ® has presented a theory of photoemis-
sion AD’s in which the emphasis is on the angular
effects due to the final-state wave function, which

in essence is a superposition of plane waves in the
vacuum, matched onto Bloch functions in the solid.
The angular effects he obtains could be of compar-
able magnitude with those described in this paper 2!
Thus a complete theory must properly treat both the
initial and final states on an equal footing.

The structure of the paper is the following. The
necessary background chemisorption theory is pre-
sented in Sec. II. The general theory of photoemis-
sion from chemisorbed atoms is dealt with in Sec.
III. Section IV relates the chemisorption theory,
in the surface-molecule limit, to the theory of
photoemission AD’s, The numerical results and
interpretive discussion are given in Sec. V., Final
conclusions appear in Sec. VI. The relationship
between the gas-phase and solid-state photoejection
AD is discussed in Appendix A.

II. CHEMISORPTION THEORY

A general method (based upon a self-consistent-
field molecular-orbital theory) for describing the
electronic properties of a transition-metal surface
with a chemisorbed layer of atoms has been the
subject of paper I in this series.® The basic idea
within the surface-molecule approach is that an
adatom with a valence-electron level ¢, (appropri-
ately modified to include magnetic effects if neces-
sary'#-1%18,22) forms a chemical bond with the di-
rected d orbitals on the nearest-neighbor substrate
atoms. Owing to band effects in the solid, the d-
orbital “eigenvalue” is replaced by the density of
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FIG. 1. Relevant densities of states in chemisorption
on transition metals, On the left are shown the uncou-
pled metal s- and d-band densities of states ps(s) and
pgl€) and also the adatom valence level €,. On the right
in (a), (), and (c) are shown three possible surface-
molecule density of states, The full curve results from
the coupling of €, and py(€). The dashed curve results
from turning on the coupling with p,(€).

states p,(€) as shown in Fig. 1. The coupling be-
tween the adatom and metal is represented by the
matrix element

V,z=(a|H|K), 1)

in which Ig) is the discrete valence state of the
adatom, [k) is an eigenstate of the substrate with
k vector (K,, |%,1) and energy €(k), z is normal
to the surface, and H is the full Hamiltonian of the
combined system,

It has been demonstrated'?~1%18:22 that the elec-
tronic properties of such a chemisorbed atom can
be obtained from the adatom Green’s function

Gule) =[e— ¢, — A(e) +i A ()], (2a)
where
Aa(€)=ﬂ;lVa;|zé(€—€(;)), (2b)
P+ A (EI) ’
_;L L) ae, 2¢)

and P denotes a principal-part integral. The den-
sity of states per spin at the adatom is given by

(1/7) Im G,4(e). (3)

The energy of the adatom-metal level is given by
the “poles” of the adatom Green’s function, Eq. (2a),

Af€) =0, 4)

If this value of € falls w1th1n the substrate d band,
then there are some €(k)=¢. Consequently, from
Eq. (2b), A,(€) is nonzero, in which case the adatom
level can be thought of as a resonance or virtual
state rather than a true eigenstate. The resulting
density of states, from Egs. (2a) and (3), is

paa(e) ==

€~ €~

Three examples of such a density of states are
shown as the solid curves in Figs, 1(a)-1(c). In
Fig. 1(a), the spectral weight is distributed fairly
uniformly throughout the band, whereas in Fig. 1(b),
the virtual state displays a peak or resonance with-
in the band,

It is also possible for truly localized states to
form if € given by Eq. (4) falls outside the band.
When this occurs, the density of localized states
is given by

Paai(€) =), 8(e - €;), (62)
and from Eqgs. (2a) and (3)
<na>z=< _3Ale)

Y (8b)
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with subscript / denoting localized. Examples of
adatom densities of states in which localized states
are removed from the band are shown in Figs. 1(b)
and 1(c). In these cases the spectral weight is
divided between one or two localized states plus a
distributed virtual state. The particular form of
P.(€), for a given system, is determined by factors
such as the position of ¢, relative to the 4 band, the
strength and % dependence of V,z, and the substrate
band structure. The thrust of this paper will be
directed towards a theory of the photoemission AD
from surface-molecule states which are split off
from the d band. Complicated interference effects
between adatom and substrate emission occur when
the photoemitted electrons originate from the virtual
states, and at present the theory of bulk photoemis-
sion is not sufficiently developed to handle this situ-
ation.

1Il. PHOTOEMISSION THEORY

In a photoemission experiment, photons with en-
ergy hv, vector potential K, and angle of incidence
6; are directed towards the adsorbate-covered sur-
face. Electrons which occupy the surface molecular
levels are excited by the photon into final states
If) with energy ¢, = #%p?/2m and wave vector p in
the vacuum half-space,

Intuitively from the Golden Rule or formally from
Penn, ® the photoemission energy distribution from
a split-off surface-molecule state of the type dis-
cussed in Sec, II is

G2 T e 6L m G e ) 7] e,
(7a)
with
1=—=R%.3, (7o)
mce
and
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The sum on f is over all final states which conserve
energy and satisfy the relevant optical selection
rules which follow from the calculation of the matrix
element. This point is discussed at more length in
Appendix A, Following Schaich and Ashcroft,?* the
sum on final states in Eq. (7a) is replaced by the
integration

d3
Z-.f(—z—nf;—s-%y(’%ﬂ—)g pde; d9, 8)

f

(7c)

where d§2 is the differential solid angle of the ejected
electron, Substituting Eq. (8) into Eq. (7a) and in-
tegrating on €, the AD from the surface molecule
is

172
G-t Jae(%) “Lamute-ml(s sl

(9)
The adatom density of states from Eq. (6a) is

(1/m)Im G, (€ - ) =(n,), (e = hv - ¢,),

with €, the discrete value of the localized state.
Consequently,

Teccltrirlaple,

(10)
where now
o= (2 o) "),
and
V,ilk)
lal>:

!a>+; E,—i(i;) :

3ince in real systems, weak coupling of the surface
molecular levels to the s-band continuum broadens
the molecular levels, % a5 depicted by the dashed
curves in Fig. 1, it would be more appropriate to
take the split-off density of states as

A

_1_ _<na>l S
7 1m Gagl€ — hv) = T (e—-hv—~€)° +4%’

where A is the natural width due to decay into the
s band. Typically A;$0.5 eV, It is easily shown
that the optical matrix element varies slowly with
energy over the width of the broadened level, so it
can be removed from the integral of Eq. (9). The
resulting AD has exactly the same form as Eq. (10)
but now the value of ¢ is slightly different. This is
of no importance here, however,

Equation (10) is similar to the gas-phase differ-
ential photoionization cross section with one impor-
tant distinction. In the gas phase, the orientation
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of the atomic orbitals is random and thus the rele-
vant cross section is obtained by averaging over
all azimuthal quantum numbers m. Under these
circumstances, the apparent initial state is spher-
ically symmetric and as a result the cross section
varies as a +bcos?9, with ¢ defined previously. The
situation in the surface molecule is different since
the directions of la), |k), A, and D are defined with
respect to a fixed coordinate system determined by
the surface geometry. It is for this reason that a
careful experimental study of photoemission AD’s
can provide new information on chemisorption ge-
ometry.

IV. OPTICAL MATRIX ELEMENTS

In order to obtain analytic and numerical re-
sults for the AD, Eq. (10), the initial state {a,)
must be simplified. According to the surface-
molecule approach to chemisorption, the adatom
orbital overlaps directional orbitals on the nearest-
neighbor substrate atoms to form chemisorption
bonds. A number of possible hydrogen bond con-
figurations are shown in Fig. 2. It is then as~
sumed that the dominant coupling between the ad-
atom and metal is through a metal group orbital 217

(9= 3" ale,®,) (11)
i

with a; =+1 depending upon the adsorption site and
orbital symmetry, N, the number of centers in the
group orbital, R; the location of the ith atom, and
Pe the substrate orbltal of g symmetry (g=xy, xz,
yz, x®2~y% 3z%-y%for d bands). Under these
circumstances, the atom-metal coupling, Eq. (1),
is approximately®

Vi~ {a|H|g)g|k). (12)
It is convenient to express the metal wave functions
in the tight-binding form
[k =@/ Y e R sin(k,R,, + 8)| 0, (F - R,), (13)

4
where N is the number of atoms in the crystal,
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FIG. 2. Some possible chemisorption geometries for

an adatom with an s valence level and a d-band substrate.
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ET(k,) is the transverse (normal) component of the
wave vector, R, is the z coordinate of the substrate
ion cores in the ith layer, and & is the phase shift
required to satisfy some imposed surface boundary
condition.?® Details and further discussion of this
model have been given in I,

It can readily be shown that Eqs. (11)~(13) lead
to an initial-state wave function of the form

la) = |a)+ E ai('—BL—) |‘P:(ﬁi)>,

P (14)

where the specific value of € depends on the details
of the band structure but whose value falls within
the band and B, = (1/N,) };a@,(R)) | Hl a).

In order to calculate the optical excitation matrix
element for Eq. (10), an appropriate final state
must be chosen. For simplicity and ease in illus-
trating the role of initial-state symmetries, a
plane wave has been chosen, bearing in mind that
the complete theory should include the effects dis-
cussed by Liebsch.?® Owing to screening and hole
delocalization,?"?8 final-state interactions? be-
tween the electron and hole should be small and
short range, thus obviating the need for Coulomb
waves.

To be specific, consider photoexcitation from ¢,
on any site ﬁi defined with respect to a coordinate
system with origin at the adatom center. The real-
space matrix element becomes

fl7]e,®)) =§%K-fdsre"3'?v;¢,(?— R). (5)

Transforming coordinates ¥~ 7' + R, and letting vz
operate on the final state (because of its Hermitian
character), Eq. (15) becomes

| 0y ® )= (e /me) & Be®Figfp),  (16)

with ¢,(p) the Fourier transform of the initial-state
wave function. The transform must be performed

in a way which preserves the nonrandom orientation
of ¢,(T). Podolsky and Pauling®® were the first to
show that if an oriented atomic wave function is of
the form ¢(T)=R,,(r)S,Cn¥;, (63, w3) then
@(B)=Fn 1 PYY Cn¥1,m (85, 03) , amn
m

where c,, is a coefficient depending upon the orbital
orientation, f, ;(p) is a complicated function dis-
cussed in Appendix B, 6z, ¢z are the polar angles
of T in the established coordinate system, and
03, @3 are the polar angles of the ejected-electron
momentum vectors p in the same coordinate sys-
tem.

Combining Eqs. (10), (14), and (17), the complete
AD from the surface molecule is given by

2

dj, . N, B a;, _z=3
-d—S% cos?y (pa(ﬁ) +?ll:l_€—_¢’(§) zi:ﬁ;e iR, , (18)
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with y=¢ D, K, cosy =cosf;cosf; + sinf;sinb; cos(w;
- ¢2), and 67 and @¢ the polar angles of the photon
polarization vectors. The expressions for o)
must be obtained according to the prescription given
by Eq. (17). Specification of the bond geometry is
required to evaluate the sum on lattice sites. The
effects of preferential orientation appear in several
ways in Eq. (18). The particular angular depen-
dences in ¢,(®) and ¢, () are defined by the bond
geometry as is the bond-site structure factor:

Sla,g;9)= 2 %‘-e“;'“*, (19)
i 8

where the indices a and g label the adatom angular

quantum numbers and group orbital symmetry, re-

spectively.

In Sec. V, three specific chemisorption systems
will be considered. First an adsorbate with an ori-
ented p valence level in the limit in which N,8,/

(€¢; - €)= 0 will be discussed. Under these condi-
tions the substrate emission is negligible and thus
the question of substrate properties need not be
raised. Next an s adsorbate on the (100) face of a
d-band metal is investigated since this represents
H adsorption on a transition metal, Lastly, the
more complicated case of a p adsorbate on a d-band
metal will be studied since this could be the model
for O or C on transition metals,

V. RESULTS
A. Oriented p orbitals

The simplest illustration of the power of AD mea-
surements occurs when the adatom emission, at a
given energy €,, is much larger than the substrate
emission. Under these circumstances, the second
term in Eq. (18) can be neglected, and Egs. (17)
and (18) yield

dj
ZIp ~ 2
T cos’y (20)

2
Zchl,m(GE’ 5) .
m

Now consider the four bonding configurations of an
adsorbate with a bonding p orbital on the simple-
cubic face of a crystal. The y-oriented bridge bond
is given by ¢;=¢c; =1, &, ~Y, , +¥, _; ~isind; sing;,
the x-oriented bridge bond by ¢;=-c_;=1 and &,
~Y, - Y. ~sinf; cosy;, the fourfold configuration
by &,~ &, +d, ~sinf;e*' s, and the head-on site by
®,~Y;,0~ cosf;. These quantities are the angular
dependences within the modulus squared in Eq. (4).
In order to proceed, take the photon angle of in-
cidence to be 45° and let the y-z plane be the plane
of incidence. The polar angles for s-polarized
photons are 6;,=7/2, ¢, =0 and for p-polarized
photons 6, = /4, Pe, = 7/2. From the equation for
cosy,

cosY, = sind cosy, (21a)
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FIG. 3. Schematic picture of the photoemission angu-
lar-distribution visual display due to Plummer and Wac-
lawski. The coordinate system, photon polarization vec-
tors, and polar angles are shown.

cosy, = (1/V2)(cosé +sinf sing), (21p)
and for unpolarized light,
cos®Y,, = 3 (cos?y, +cos?y,). (21c)

The complete AD’s are given by combining Egs,
(20), (21), and the angular factors determined by
the bonding wave functions,

Plummer and Waclawski®’® have designed an ex-
periment in which a visual display of the photoemis-
sion AD can be observed and recorded. This is

p Adatom | Head on x-bridge
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shown schematically in Fig. 3. Energy discrimina-
tion is accomplished by the three-grid retarding-po-
tential analyzer, The electrons are accelerated to
a channel-plate image intensifier and the multiplied
current impinges on a flat fluorescent screen. Once
the background or substrate emission is removed
from the image (using either digital techniques or
color superpositioning techniques of field ion micro-
scopy®!) the resulting pattern is a projection of the
AD from the oriented atoms onto a flat screen.

The AD given by Eqs. (20) and (21) has been ex-
pressed in terms of Cartesian coordinates on the
flat screen through siné = (x 2 +y2)/2 /(x% + 32 + D?)1/2,
sing =y/(x% +1%2 + D22 etc., with D the sample-to-
screen separation, The measured quantity in the
projection on the flat screen is the intensity per
unit area (= dj/da), which is related to the calcu-
lated AD through dj/da=(cos®6/D?®)(dj/dR). Con-
tours of constant intensity have been drawn in the
lower three rows of Fig. 4 for the four bond sites
and three polarization states mentioned. The max-
imum-intensity contour usually is given as a dot.
The difference between the maximum and minimum
intensity is divided into ten equal increments. The
contours are bounded by Ixi, |yl =3D.

It is to be noted that there is no simple one-to-
one correspondence between the symmetry of the
bond configuration and the symmetry of the emis-

y~-bridge

1

FIG. 4. Bond geometries and constant-intensity contours of photoemitted electrons from oriented p orbitals as pro-

jected on a screen parallel to the emitting surface.

The incident angle of the photons is 45° and 2~y plane is the plane of

incidence. Bond geometries for the particular columns are labeled in the first row. The constant-intensity contours are
shown in the remaining rows for s, p, and unpolarized photons, respectively. The maximum intensity is a factor of 10
larger than the minimum-intensity curved displayed. The interval between adjacent curves is (g —Jpyqo)/10. The curves

are bounded by |xpagl, || ¥magl =3D.
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TABLE 1. Angular functions for the substrate d orbi- Clearly the relative intensity of substrate to ad-
tals. sorbate emission is determined by the value of .

: ’ s :
Label sum of Yy, Function of angle To estimate » ’ the Yalue of fnz/flo ’ _VVhICh 1s.a
; VPPNV 3 — measure of the relative photoionization amplitudes

ey (L/2HY 0+ ¥y, ) 50157471 %5106 (cos 9 — sin@) . X .
p AN Fr 1) (1574011 5106 0086 from substrate to adsorbate, is required. Consid-

~ {12 sy — Y 3 “si 5 . . . . .
* T " " ”ff"”emb e ering a W substrate in which # =5, this ratio has
s Wi =To ) 4")‘ s swne cose been calculated using both Slater and Herman-Skill-

— 1702 A * 574=)1 24 . i .
e 1R Fa) U5 einG cosd sing man®? W 5d wave functions. The results vary by
a2 Yoo 1 3(5/74mV 33 cos™0 - 3)

sion pattern, The important point is that for each
bond configuration, there is a distinctly different
pattern for a given polarization state and certainly
it would be possible to ascertain the bonding geom-
etry by correctly analyzing experimental data of
this sort.

B. s adatom on d-band substrate

The importance of the substrate orbital symmetry
and the bond-site structure factor are emphasized
in the AD from a system of an s adatom on a d-band
substrate. Since hydrogen chemisorption on tran-
sition metals has been a testing ground for both
theoretical models and new experimental techniques
the additional information from an AD would be
useful, especially for determination of the bonding
geometry.

The bond geometries to be considered are shown
in Fig. 2. The adatom (which is taken to be hydro-
gen) and substrate momentum distributions are
given, from Eq. (20), by ¢,,B)=f1(P)¥(8, ¢) and
@B) = fn2(P)d,(6, ®). Explicit expressions for the
d.’s are given in Table I, where d is the atom-sub-
strate separation. The bond-site structure factor,
Eq. (19), has been evaluated for the geometry in
Fig. 2 with both s and p adsorbates and the results
are shown in Table II. Since Y,(6, ¢)=1/(4n)'/2,
Eq. (18) can be written

dj , d (6 2
Ya . costy|t +7 —‘—(—’—ﬂs(s,g;ﬁ) s

as Yoolb, @) (22a)
with

N8y fuglP)

T ) (220)

an order of magnitude, depending on the particular
approximate wave functions. Owing to this uncer-
tainty, f;,/fio will also be treated as a free param-
eter. Actually the AD given by Eq. (22a) has only
one adjustable parameter, 7’ given by Eq. (22b),
which is a combination of several unknowns. Typ-
ically N,B,/(€; - €) =1 so f5,/fy, determines 7',
From the calculated values in the far-uv energy
range, 0.25%5f;,/f1053.

Plummer and Waclawski® and also Feuerbacher
and Fitton®® have observed structure in an ultra-
violet-photoemission spectrum of H on (100) W
~ 10 eV below the vacuum level which is possibly
a localized-surface-molecule level,'® With 21. 2-
eV photons, the ejected-electron wave number is
p~1.7 A, InW, the lattice constant @ =3.16 A.
In these calculations, d=a/2 will be assumed.
Combining Eqs. (21) and (22), using the expres-
sions for d, and S(s, g ;) given in Tables I and 1I,
and using the parameters just mentioned, contours
of constant emission intensity per area have been
obtained for the same incident-light conditions used
in Fig. 4. Contours in which f;,/f;,=0. 25 are
shown in Fig. 5 with |x[, |yl =2D, as is the case
for all subsequent plots. Since emission from the
H is so strong, the angular anisotropies due to
d,(8, ) and S(s, g ; p) are suppressed in these con-
tours. Letting f;,/f;0=3, the calculated upper
limit, the resulting set of contours is shown in
Fig. 6. As is evident, angular anisotropies are
much more dramatic, owing to the dominating in-
fluence of both d, and S. The d-orbital symmetries
are reflected in d,. Owing to the different path
lengths between each W atom in the surface mole:
cule and the detector, the coherent emission from
each of the N, W atoms interferes, producing the
angular anisotropies accounted for in S(s, g; p).
For p=1.7 A" differential path-length distances

TABLE II. Bond-site structure factors for s and p adsorbates on d-band substrates.

Bond site g S(s,g; D) Sp,g; D
(i) Head on z* et s — Pzl
(ii) Flat bridge | x x% —y? +cos(p,,, a/2) ¥4 sinfp, , a/2)
1y }
(iii) Out-of-plane bridge {x 1 (xz} ie?# (sinp, , a/2) —efdcos(p, ,a/2)
vf vz
(iv) Flat fourfold xy - sinlp, a/2) sin(pya/2)  —i costp, ,a/2) sinlp, , a/2)
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sond
p=17 R Head x~bridge y-bridge x-bridge y- bridge Flat
r'=e25 in in 4-fold

S

P

U

FIG. 5. Constant-intensity curves for an s atom on d-band substrate, The bond geometry and polarization state are

labeled. The photon state is the same as in Fig. 4. The value of €;=-10 eV with respect to the vacuum so for hv=21.2
eV, p=1.7 A, The parameter »'=0,25. These curves and all remaining ones are bounded by |%pg |y |Pmex | =2D.

of the order of % the electron wavelength occur only
at larger 6 where dj/da is reduced by the cos®8
geometrical factor. In Fig. 7, several sets of con-
tours are shown for emission from the fourfold
bond site using unpolarized light. The energy of the
ejected electron is treated parametrically and it is
assumed that #'>>1. As €, and thus p increase, the
interference effects described by S(s, g ; P) become
more important at smaller 8, nearer to the center
of the screen, as is evidenced in Fig. 7. It would
seem possible to separate the angular anisotropies

due to orbital symmetries in d, from the surface-
molecule geometry in S, by measuring and analyz-
ing the AD as a function of photon frequency. In-
deed there is a wealth of information concerning
surface-molecule structure in such data which
should be accessible if the data are carefully ana-
lyzed.

C. p adatom on d-band substrate

The case of an adatom with a p valence shell ad-
sorbed on a d-band substrate is particularly rele-

ond
Ps=|.7l-' Head x-bridge y-bridge x-bridge y-bridge Flat
r'=3,0 _on B in in out out 4-fold
o f f‘ginfﬁuir*rj - ' FL :\\ W’/**f?
00 L ‘
= NS {\\%
s o-X-
090 -
e |V
S I
€Y
Qe
; P=
AN

FIG. 6. Same as Fig. 5 but with »’=3.
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sond
4 - fold

hyv = 21.2 eV

40.8 eV

1O eV

FIG. 7. Constant-intensity contours for emission from
an s adatom in the flat fourfold site of a d-band sub-
strate. In these curves »’>>1. With€;=—-10 eV, the
photon energy is treated parametrically with Av=21.2,
40.6, and 110 eV as labeled.

vant since chemisorptions of either O or C on tran-
sition metals are some of the most important and
studied systems.

Again we will let the adatom adsorb in the six
sites considered in Sec. VB. The normalized an-
gular portions of the p orbitals are given in Table
III. The bond-site structure factors, for p adsor-
bates, S(p,g;P) are given in Table II. Special at-
tention will be focused on the flat fourfold configu-
ration shortly. As shown in Appendix B, the Fou-
rier transform of an =1 wave function is ¢, ,,.(®)
=~ 4ni Ym(8s , 93)fn(p), whereas the transform of
an /=2 wave function is @pp, me (D) = — 47 ¥, (65,
@3)fwa(P), where n,n’ are the principal quantum
numbers. Consequently the expression for the p-d
AD, obtained from Eqgs. (18) and (19), is

d o -
d—’7n“-~(:0827\pj(9, 90) = W”d,(e, V’)S(Pj,g;l)) Ia ) (23)

with 7' =[N,B8,/(€; = O] [ fsa(2)/f25(»)] and the sub-
script j denoting x, v, or z. To be specific, we
consider the 5d W orbitals and the 2p O orbitals,
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TABLE III. Angular functions for adsorbate p orbitals.

Label Sum of Y; Function of angle

Dy WL/V2)[Yy,q~ Yy,
by G/N2)(¥y, + Yy, ) (3m)!/?siné sing

Pe Yy, (Gr)t/2cos0

(3r)!/2sinb cose

The same uncertainties in calculating 7' as in Sec.
VB are still with us, so 7' will be treated paramet-
rically with »'=0.1, 1.0, and 3.0. The photon
angle of incidence is 45° and the plane of incidence
is the y-z plane.

A degree of ambiguity arises when considering
the fourfold bond site. In Fig. 8 two plausible or-
bital configurations for the p-shell adsorbate are
shown. In Fig. 8(a) the orbitals are just ¥, =p, and
Yo=p,. There is a definite bond-site structure
factor associated with each of these orbitals. In
Fig. 8(b) two new orthogonal orbitals y;~p,+e'1p,
and ¥,~ p,+e'*p, are constructed from linear com-
binations of p, and p, with 6, and 8, phase factors.

o]

|o

FIG. 8. Alternate, but equivalent, orbital configura-
tions for a p~valence adatom in the flat fourfold site of
a d-band metal,
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No physical observable such as the AD can be a
function of the arbitrary phases. Thus the AD from
configuration (a) must be the same as that from

(b). Furthermore the relative phase between ¥,
and ¥, in Fig. 8(a) cannot be allowed to produce any
physical consequence. The only scheme consistent
with these requirements is one in which the emis-
sion from ¥, and ¢, or ¢, and ¥, adds incoherently.
Thus the fourfold AD is

d . N
Lt~ costy] | py - ir'dy, S(b, 333 D)

+|p,~ir'd, S(py, xy; D) |?], (24)

where S(p,) and S(p,) are the two possibilites in the
right-hand column, row four of Table II.

It is also worthwhile at this point to consider the
theoretical distinction between a surface with uni-
form fourfold bond coordination and a surface with
many domains of x- and y-oriented bridge bonds.
As an example consider the expression for the AD
from a surface with equal areas of x- and y-ori-
ented flat-bridge-bond domains:

dj (ay .
Ad;%-a'vcosz‘y[lpx_’n,,d,z-yas(px,xz _yz;s)l’z

+ ipy_i’r'dxz_yzs(py’xz—ya;ﬁwz] . (25)

Owing to the different angular dependences between
d.yand d, ,, and also between the different struc-
ture factors, Eqs. (24) and (25) are quite distinct
and thus, in principle, an observation of the AD
should allow one to differentiate between the four-
fold bond and the degenerate x and y bridge bond.
Only in the limit in which »'=0, implicitly assumed
in Sec. V A, would the two cases be indistinguish-
able.

In Figs. 9-11, contours of constant intensity
per unit area, as projected on the fluorescent
screen, have been drawn for the three polarization
states and six bond geometries. As expected, the
contours for small 7', those in which emission from
the p orbital dominates, are very similar to the
contours in Fig. 4 for emission from simple-ori-
ented p orbitals. As 7’ increases, the angular
anisotropies become much more striking because
of the effects of both the adsorbate and substrate
orbitals and the bond-site structure factor. Note
that in these contours, as in the previous ones, the
maximum intensity often occurs at the positions of
the dots in the figures.

In order to check whether fourfold-versus—de-~
generate-twofold bonding can be differentiated in an
AD measurement, constant-intensity contours ob-
tained from Eqs. (24) and (25) [i.e., dj/da~cos®0
X (dj/df)] for the case of normal-incidence unpolar-
ized light have been calculated and are shown in
Fig. 12. The ejected-electron wave number is
1.7 A and #’ is treated parametrically. It is ap-
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parent that distinctly different AD’s result in the
two cases, for a given value of #’, and thus there
should be no problem, in principle, of distinguish-
ing between the two. Note that for normal-incidence
light, cosy=sinf. Thus the quantity sin®6 cos®6
multiplies the bracketed terms in Eqs. (24) and

(25). This prefactor is peaked when tan?0 =  or
6~39°, which accounts, in part, for the radial lo-
cation of the maxima in Fig. 12.

Finally consider the actual case of O chemi-
sorbed on (100) W. In the gas phase, the p,, Dy,
and p, orbitals are degenerate. Upon chemisorp-
tion, it would be expected that at least some of this
degeneracy would be lifted. Consider first the pos-
sibility of bonding in the head-on position. In this
case, a molecular orbital is formed from a com-
bination of the O p, and W d,,2_,2 orbitals and the
resulting bonding orbital would lie lower in energy
than either the unperturbed p or d orbitals do. On
the other hand, the p, and p, orbitals do not par-
ticipate in the bond, to first order, and thus their
energy levels would be higher than the bonding or-
bital which includes p,. Alternatively, if the O
chemisorbs in either a bridge or fourfold site which
involves p, and p, but not p,, then the threefold
degenerate O level is again split, but in this case
the lower-lying bonding level contains p, and p,
whereas the higher level contains p,. It would be
expected that the splitting would be of order 1 eV,
the order of the chemisorption energy.

Using the photoemission apparatus shown in
Fig. 3, Waclawski, Vorburger, and Stein**have ob-
tained some preliminary data on the photoemission
AD fromOQOon (100)W. First theenergy distribution,
with 21.2-eV photons, was observed and two levels
at ~ ~ 5.8 and - 7.0 eV with respect to the Fermi
level were noted when O was chemisorbed. The
lower level is interpreted here to be a bonding-
surface molecular orbital and the higher one to be
basically the remaining O orbital(s) not involved in
the bond. Next, using phase-sensitive detection
and a scanning-spot photometer, the differences
between the AD with and without O, in the energy
ranges -5.8+~0.3 eV and -~ 7+~0.3 eV were ob-
tained. The AD from the - 5. 8-eV level had a cen-
tral maximum and no other significant structure
characteristic of a p, orbital. The lower level at
-7 eV did have local maxima on either side of the
plane of incidence, which is consistent with bridge
or fourfold bonding. Owing to 2 number of techni~
cal problems in the experiment, a more quantita-
tive analysis of the preliminary data would not be
meaningful at this time. Among the problems are
electron-optics effects which influence the 6 depen-
dence of the trajectories and a nonuniform gain
across the channel-plate multiplier. In spite of
these problems, it is encouraging to see that the
AD technique can be implemented to provide bond-
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FIG. 9. Constant-intensity contours for a p adatom on a d-band substrate. The bond geometry and polarization state

are labeled, The photon state is the same as in Fig. 4.
=21.2eV, p=1.7 A, The parameter '/ =0.1,

geometry information. Small as this first specific
conclusion is, thatQOon (100) W bonds is either in the
bridge or fourfold site but not the head-on one,
there is every reason to believe that future im-
provements in measurement systems will produce
more quantitative information pertaining to bond
geometry.

Since the submission of this manuscript, Traum
and co-workers® ® have observed photoemission
AD’s from the layered compound TaSe,, which can
roughly be regarded as a two-dimensional layer
similar to a chemisorbed film. Their results offer

pond
p=1,7R"!

The value of €;=~10 eV with respect to the vacuum so for hv

encouragement that measurements of the type pro-
posed here will provide useful structural informa-
tion.

V1. CONCLUSIONS

A theory has been presented which attempts to
explain the characteristics of electrons which have
been photoejected from surface-molecule states
formed in chemisorption of gases on transition-
metal surfaces. In particular, the theory of the
angular distribution of the photoejected electrons
has been emphasized and it has been demonstrated

FIG. 10, Same as Fig. 9 but with »’=1,0,
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r'=3.0 in i

FIG. 11,

that the AD contains sufficient information to de-
termine the chemisorption geometry. Numerous
theoretical angular distributions have been pre-
sented for various combinations of adatom and sub-
strate orbitals, bond geometries, photon energies,
and the parameter ', which is a function of many
unknown variables. In all cases, for set input pa-
rameters, photoemission from a surface molecule
of a given bond geometry is distinctly different
from that of any other geometry. There is the free
parameter »’ which cannot be specified from theo-
retical calculations more exactly than within an
order-of-magnitude spread. However, it seems
reasonable to follow the analytical procedure used
by low-energy-electron-diffraction (LEED) theorists
in analyzing data for determining bond geometries.
That is, assume a particular geometry, calculate
AD’s for various values of 7', and then repeat the
procedure assuming a different geometry. This is
ultimately repeated for all plausible geometries
and values of 7’ and the geometry and value of 7’
which results in calculated curves agreeing best
with the data is then declared the bonding geometry
and experimentally determined value of ', This
operating procedure has allowed LEED theorists to
make conclusions on chemisorption geometry®*~%
and there is no a priori reason why such a proce-
dure should not be at least as applicable in photo-
emission AD analysis.

It appears that the presently suggested experi-
ment is more straightforward than a LEED deter-
mination of the two-dimensional bond geometry for
a fundamental reason. In LEED, the dominant an-
gular effects are caused by coherent scattering
from an array, and the angular dependence of the

Same as Fig. 9 but with »*=3,0,

individual-atom scattering factor, which contains
the presently desired information, is suppressed.
On the other hand, in photoemission from submono-

. x andy
p=1.7A" 4-fold Flat bridge
[ =N p
r'=0.1 I@% N

)
1.0
3.0

FIG. 12, Comparison between the constant-intensity
contours from a p orbital in the flat fourfold site of a d -
band substrate, the left column, and degenerate flat x
and y bridge sites. Here unpolarized normal-incidence
21,2-eV light is used. With €,=~10 eV, p=1.7 A",
The parameter »/=0.1, 1.0, and 3.0,
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layer films where two-dimensional band effects
have yet to occur, the emission from a surface
molecule is incoherent with respect to the emission
from all other surface molecules and thus any an-
gular effects reflect directly the angular dependence
due to the individual atoms. For the same reasons,
angular distributions of ions produced in electron-
stimulated desorption are currently yielding rather
unambiguous pictures of the bond geometry of in-
dividual chemisorbed atoms. %

Lastly, mention should be made of where to go
from here. It would be desirable to repeat these
calculations with a non-plane-wave final-state wave
function. Aside from the excitonic final-state in-
teractions, the plane-wave approximation should
not be too severe, since the electrons which feel
the surface and substrate periodic potential are
those excited electrons which are directed into the
solid and few of them will be elastically reflected
back out towards the measuring apparatus, 2”24
Another improvement would be to include more
than first nearest neighbors in the surface mole-
cule. Finally two-dimensional band effects be-
tween neighboring surface molecules could be
treated. With this improvement, it would be a
simple matter to adapt the formalism to a theory
of bulk photoemission using a layer-upon-~layer ap-
proach in a mixed k (transverse) and z (normal to
surface) representation. 3°
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APPENDIX A

Throughout the text, it has been mentioned that
one of the fundamental distinguishing features be-
tween atomiclike photoionization and solid-state
photoemission is the degree of hole localization in
the final state. In gas-phase photoionization, the
hole is necessarily localized at one atomic center.
Consequently, photoionization from each atom is an
independent event, and thus there are no interfer-
ence effects between photoionization amplitudes
from each of the atoms in the ensemble. Even if
the atoms were frozen into a crystalline array
(with a very large lattice constant), if the hole re-
mains localized, the photoionization from each
atom adds incoherently and as a result, the con-
servation laws Al=+1, Am=0,+1 arise. This has
already been noticed by Mahan’ in the case of x~ray
photoemission from core states in solids. On the
other hand if the hole delocalizes onto all atomic
centers, as is usually implicitly assumed in solid-
state photoemission, then the amplitudes for photo-
ionization from each center add coherently and in-
terference effects result. If the atoms are ar-
ranged in a crystalline array, the interference ef-
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fects result in Bragg restrictions on the wave num-
ber of the final-state electron and thus conserva-
tion of kK becomes meaningful. In either case, the
dynamics of the hole determine the form of the
final-state wave function, which in turn determines
the importance of interference effects. Feynman®’
stated this effect (with specific reference to spin-
flip—versus—non-spin-flip neutron scattering in
magnetic materials) in terms of “records.” If a
probe such as the photon or neutron changes the
internal state of one of the many possible scat-
terers and it is thus possible, in principle, to de-
termine which scatterer or energy absorber was
involved in a given event (due to spin flip in neu-
tron scattering or localization of the hole in photo-
ejection), then tt_l_e amplitude for an event to occur
at the center at R; adds incoherently with the am-
plitude for the event to occur at each of the re-
maining centers. The fact that there is or is not a
record of the event enters mathematically in our
choice of final-state wave functions.

The preceding verbiage is easily illustrated ex-
plicitly for photoejection from a diatomic molecule
of arbitrary internuclear separation, and the gener-
alization to a many-center system (such as a solid)
is straightforward. Consider an initial-state wave
function of the Heitler-London form:

Yin =(1/ﬁ)[§0i(1)‘/’1(2)i‘ﬂi(z)‘h(l)], (A1)

where ¢; (;, is the atomic orbital on center i (5)
and 1, 2 are the coordinates of electron 1,2, The
Heitler-London form has the desirable character-
istic that it gives the correct atomic behavior for
the large internuclear separations experienced in
the gas phase and is a reasonable approximation
for small (~ atomic dimensions) separations. The
two-electron—photon interaction is

T=(fre/imc) K - (V5 +V3,). (A2)

The final-state wave function falls into a domain
bounded by two extremes. In the case of a local-
ized hole, the photoejected electron originates
from one center, say Z, and the other electron re~
mains on center j, at least for a time span which
is long compared to the time in which the ejected
electron is near the molecular ion, where there
are strong final-state interactions. Consequently

Yrin = (1/V2)[B(1)0,(2) £ 9(2)0,;(1)] (A3a)
bean = (L/V2)[9(1)04(2) £ 9(2) 04 (1)] . (A3Db)

Combing Eqs. (Al) and (A3a), the optical matrix
element is

oo = in| 7 in) = e/ ime) & - [ 431 ¥ Fr0,(F)
(A4)
If we make the further (but not essential) assump-
tion that ¥(F) =e'®'?, then since ¢,(F)=9(F -R,)
with ¢ an atomic orbital with good angular mo-
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mentum quantum numbers about ﬁ,., Eq. (4) be-
comes

thoo = (Tie/ime) (A -p) e Rig(p)
and (A5)

L4100 |2 ~ cos?y] 0(p) 2,

independent of ﬁ,-. This is the form of the gas-
phase mod-squared matrix element since hole
localization has been assumed.

The other extreme is complete hole delocaliza-
tion, in which case (for a homonuclear molecule)
the final-state wave functions are

Yein = 39(V[@:(2) £ 0;(2)] £ 202 [@: (1) 2 95(1)],  (A6)

and the same with 1,2 reversed. Equation (A6)
implies that the electron left behind on the mole-
cule is shared between the two centers. Thus
there is no record left concerning which center
the ejected electron originated from. Combining
Egs. (Al), (A2), and (A6),

taeroe = (e /ime D) & - [ @ 424l 0, F) + 0,(F)]
. (A7)
or with p=e**'f
taproe = 7/ imeV2) (R D)o@ (e7F i 4 7B Ry)

The generalization of Eq. (A7) to N identical cen-
ters is straightforward and yields

Uagroc = (e/imeVR) (B +5) 9 @) 20 €™,
i
which in the case of crystalline ordering becomes

| taer0c] 2~ 5_; cos?y| p(®)|2 6™ 5 -G),  (A8B)

where 7 is the dimensionality of the array and G
are the reciprocal-lattice vectors.

It can be argued that the Heitler-London initial-
state overemphasizes correlations in the solid
state and thus a molecular-orbital (for the diatom-
ic molecule) or tight-binding Bloch function

L id oo =
b= T 2o TR -R) (a9)
t

is more appropriate, where k is the wave vector of
the initial-band electron. Combining Egs. (A2), (A8),
and (A9) and using the same arguments leading to
Eq. (A8), it is easy to show, for the crystalline
array, that

| tgeto| 2~ ZG: costy| o) |26 (& -5 -G). (A10)

In either Eq. (A8) or (A10), the momentum-con-
serving 6 function, the “solid-state effect,” is a
result of the assumption of complete hole delocali~
zation. From this discussion it has become ap-
parent that both crystalline ordering and hole de-
localization are necessary but not individually suf-

ficient conditions for photoejection behavior usual-
ly associated with solid-state photoemission.

APPENDIX B

Here we consider the mathematical details of
the Fourier transforms of atomic orbitals in fixed
coordinate systems. The general atomic orbital is

(P(-I:) = R,,;(’V) Ylm(gw (/7,) (Bl)
and the Fourier transform is
o) = [2Pre 5T o(d). (B2)

The partial-wave expansion of the plane wave is

® +1!
r 3 000 3 Vil )
XY Em(6,, @), (B3)

where 6,, ¢, are the angles of p and 6,, ¢, the
angles of ¥ in the fixed coordinate system. Com-
bining Egs. (B1)-(B3),

0B) = 47(= ) Vin(8yy ) | ¥5 (0P Ru(P)r,  (BY)

which is just of the form @) =f,,i(£) Yim(0p, ©5)
given by Eq. (17). The important point is that
(D) possesses the same angular symmetry as
@(F). For the cases considered in this paper,

@1.0(B) =47 Yyo( 6y, q’p)j”’zjo(ﬁr)Rm(V) dv, (B5a)

@B) = = 4Ti Y065, @) [ P (PR (M) a7, (BSD)

912(B) =~ 47T20(6,, 0,) | PPV E(r)dr.  (BSC)

Podolsky and Pauling®® have evaluated Egs. (B5a)-
(B5c) for hydrogenic wave functions. If instead
Slater functions,

(pnlm(;) = Nny"-le-‘r Yl, m(G, (P) ]
are chosen for the atomic orbital, with N, = (2&)"*/2/
((2n)!1)'/2, then Egs. (B5a)-(B5c) are easily eval-
uated as
P10(B) =47 Yoo(6,, )N [48°/2/ (F + £, (B6a)

5/2
@nez, 11D = = 4Ty (6, ©,) Ny (:1757_ (77271&_)7

ST ——)

(B6b)
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b 8
@nas, 120} = — 47 Vo, (6, @) Ns (W

SEp )

—G;g%)gg—) sin[6 tan™ (%)]

I °°S[5ta“'l<§)]})~

(B6c)
Equations (B6a)—-(B6c) were used to obtain values
of fs»(p)/f.(p) mentioned in the text. The Slater con-
stant was determined by setting £ =n/(»), where
{7} is the radius of maximum charge density of the
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particular orbital. Unfortunately the Slater func-
tions severely underestimate ¢, (p) compared to
Herman-Skillman functions since the Slater func-
tions drop off approximately exponentially for

¥ >(r). On the other hand, Herman-Skillman 5d
functions drop off very slowly with » and may over-
estimate the charge density at large ». For p
=1.7A", j,(p7) in Eq. (B5c) has its maximum val-
ue at ¥=2.25 A, where the Slater function is a poor
approximation due to its smallness in this region.
In contrast, the Herman-Skillman function may be
too large at this radius. For this reason we have
used the Slater and Herman-Skillman matrix ele-
ments as lower and upper limits when assigning
values to f5/fy (n=1,2, 1=0,1).
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