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A theory of the ultraviolet photoemission spectroscopy of metals with adsorbate covered
surfaces yields Aj(~) ~ G„(~ -&uo) -DG~"(~ -~0). Aj(&u) is the excess current at the en-
ergy &u produced by the adsorbates, ~0 is the photon energy, (1/n)G~ is the density of
states at the adsorbate, and 6« is the real part of the Green s function at the adsorbate.
D is nonzero if ~ -~o is degenerate with the metal energy bands, and can be large (D 1)
for typical experimental conditions.

Recent work by Eastman and Cashion' (EC) has demonstrated that ultraviolet photoemission spectro-
scop. (UPS) can be used to determine the electronic energy levels of adsorbates on metal surfaces.
As pointed out by EC, UPS has certain advantages over other methods. It is not restricted to ener-
gies within a few eV of the Fermi energy as is field emission, and it has better energy resolution and
should be simpler to interpret than ion neutralization spectroscopy. Our purpose here is to present a
theory of UPS in the presence of adsorbate covered surfaces.

%e picture the process of photoemission as the photon excitation of an electron from the N-electron
ground state II) of the metal-adsorbate-vacuum complex to an excited state I f& in which it is not cor-
related with any other electrons. If) is the incoming wave solution. " The total wave function of the
N-electron excited state, IF), is an antisymmetrized product of the one-electron excited state If) and
a N- i particle state. The photoemission current per unit energy at energy (d produced by photons of
energy v, is

j(~) = (»/@)Z, l(F IB'lf &I'~(& F-&~ —~.)('(~ —si),

H' = (e/m c)Q, A, P, = Q, r, , (lb)

where E,. and Ef are the total energies of the ground state and the excited state, respectively, and ef
is the energy associated with If). The zero of energy is taken to be the vacuum level. Equation (l)
yields

j(~) = (»/+) f,(~ -~,)lmr P,(f~TG(~ —~,) 7~ f&&(u et)], -
7=A P

(2a)

(»)
where G(~ —ur, ) is the Green's function of the metal plus adsorbate at energy u& -ab, and f, is the Fer-
mi factor.

Our treatment is confined to the case in which the interaction between adsorbates is unimportant
compared to the adsorbate-metal interactions. This should be the case for many chemisorbed atoms
and molecules up to one monolayer coverage. The results of EC for both Co and 0 on Ni are consis-
tent with this assumption. Thus, multiple scattering from different adsorbates is neglected. The
ground state of the metal-adsorbate complex is assumed to be an eigenstate of the many-body Ander-
son Hamiltonian

H= Q e n +e,Qn, +Un, ltn, t,+g (V,a, td, + V, d ta„).
m, o

Equation (3) assumes a single adsorbate level with wave function p, -=la&. Equation (5) of Penn, Go-
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mer, and Cohen4 for G is used in (2a) to obtain

&i(&) i(~) -fo(~) = (o[ —,P) G„'((u —(u, ) + y G„"((u—(u, ),j pi&) jpi)

j,(+) = —Q I(fI rfm)f'5((u —~ —e„)5((u —e~),
m,f

n = [2f,((u —(u,)/hj, ]gq5(u) —e~) I uq I',

p = [2f,(& —&,)/kj, lp, &(~ —e,) I v, I
',

y = [2fo((u —(uo)/Sjo]g& 5((u —
e& )2 He(v&u& *),

u, =&ffrfa'&, fa'& = fa&+g -
Im&,

(d —(d p
—6

v& = 7'„(f I
Tfm) V, 5 (&u

—~, —e ).

(4b)

(4d)

(4g)

G„"and G„' are the real and imaginary parts of the Green's function at the adsorbate. j,(&u) is the
photoemission current in the absence of adsorbates. la') of (4f) is the adsorbate wave function in the
presence of the metal. In deriving (4) we have assumed that ~=ez is sufficiently large and the adsor-
bate coverage sufficiently low that the change in lf) due to the presence of adsorbates may be neglected.
Equation (4) for 4 j/j, treats H of Eq. (3) exactly. Should the resonant level e of the adsorbate lie be-
low the bottom of the metal conduction bands, e~, then in the energy region of primary interest, ~
= e„+[d„j,(v) = 0, and vz = 0. Consequently, for ~ (e~+ e„

j(~) = (2/@)Z, ~(~- ~,) I (f1 ~la'& I'G..'(~ —~,). (5)

In this energy regime the imaginary part of the self-energy, Z, , associated with G„I, is not due to
V, but arises from metal-adsorbate electron-electron Coulomb interactions. If these are weak com-
pared to V „then (5) will hold approximately, with Z, ' determined by the Coulomb interactions.

To estimate o., P, and y of (4), the metal wave functions (lm), l f)]. are approximated in the metal,
z(0, by(lk, I), lkz, n)j, the Bloch wave functions in the absence of a surface. The scattering of an
electron in the state lf) is described in a phenomenological manner by multiplying ikon) by e"', where
1 =X ' is the electron mean free path. ' For l much greater than the metal lattice spacing, these ap-
proximations give

1&fl ~f~&l' = (I/») &[„,p. l «„nl ~lk„ f&l'

in agreement with Mahan. L is the length of the metal in the z direction. Equation (6) is consistent
with the usual "three-step" picture of photoemission in which the wave functions entering (4b) are re-
placed by infinite-crystal wave functions, and the matrix element is multiplied by an escape probabil-
ity. In this approximation j, is given by the direct-transition model.

In a similar manner an approximate expression for [8 of (4a) is obtained:

P=-I-&2~[Z&(~ ~, .»(~--~. -~, , )l&k f~nlkf&l'IV, g,.l'I&, ~~tf ']
kgl

x [Z g(~ - ~, )~[(~ - ~.- ~, , , ) I &kn I
T lk I& I'] '

knl

-=-,'ix, &l V„.f'Iv„~„l '&, =-.'a, c,&ZV. f V„.f'Iv, ~„f '&„ (7)

where ( )0 denotes an average as defined by (7); N~ is the number of adsorbate atoms; ao= (V/V, )'~',
with V the volume of the metal and N, the number of atoms in the metal; and c~ is the rat:io of the num-
ber of adsorbate atoms to the number of metal surface atoms. Similarly, y and o. of (4a) are given
approximately by

~a N. I
(a'

f ~fkn& I'
l(at[v[an&[2~a, X, l(a'l 7 lkn) l2

7r l " ' l(kll7lk )i'

(8a)

(8b)
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where p is the metal density of sta. tes per atom. B of (8b) is defined by

iv. 'Z5(~ —~,„)I&a'I Tlj~&I'Z5(~- ~.—~„)=BZ5(~ —~„„)5(~—& —~„)I&a'IT Ij&I'.
kn knl

If n —P»y, then ~j/j, -G„(e—&uo) and UPS would Provide a direct measure of G„, the density of ad-
sorbate states. From (4c)-(4e), this obtains only if vz/u& is small, i.e., if y/n «1. EC find a. reso-
nant level of CO adsorbed on Ni at e„=8 eV below the Ni Fermi energy. For Ni, e~ =6.5 eV below the
Fermi energy. Equations (8) and (5) give for e„&es

y/n= a[i"(~)/I'0(~, ) l'"[ j(~, +~,)/j, (~+ ~,)] '",
where cr= 2csa, /lB, and u& is an energy greater
than e~ but less than the bottom of the Ni d bands.
In this region EC find that j,(&o+ ~,) is essentially
independent of v; I',(e„) is the width of the reso-
nant peak at e„, and I (2) =wN, (V», &,'p (~).
Equation (9) is valid for (u& —e„)/&u, «1. For e„
) es, Eqs. (8) and (4a) give y/ n= o[&j(e„+&a 0) /

(e y ~ )]-1/2

Our theory holds for large Av, and low adsor-
bate coverage. For Sco0=40.8 eV and c~ —2, EC
find j(e„+&u,)jj,(e+~,)- —,

' for CO on Ni. EC es-
timate a,/I - +. We take B = 1 and we guess that
I'/I', =2. These values yield y/n-2. This re-
sult must be regarded as a rough estimate be-
cause of the approximations used to obtain it;
nevertheless, we feel it is significant and demon-
strates that, for energies ~ & c~+ v„one cannot
assume a priori that UPS simply measures the
density of adsorbate states. G„~ may contribute
to hj/j, . An analysis of field emission in the
presence of adsorbates led to the conclusion that
for field emission G„"does not contribute to
hj/jo. The physical reason is that in field emis-
sion the relative contributions of G„"a.nd G„'
to the current depend on the ratio of tunneling
probabilities: metal-vacuum tunneling to adsor-

r bate vacuum tunneling.
The effect of G„"on Aj/j, is shown in Fig. 1.

If G„(u&) = (u —s„—iI") ', then (4a) gives

zj/j cc (1 —D2)/(92+1), (10)

where D= ly/(n —P)l and 2= (ur —e„)/I'. For D
= 0, i)j/j, is a I orentzian of width 1 centered at
2=0. As D increases, the peak shifts to lower
energies and the line shape becomes antisym-
metric. The curve in Fig. 2 shows the experi-
mental results of EC for hj. We expect Aj
~ G„'(~) for u& —~, &es and bj~ G„'(&u) —DG„"(~)
for co —~, &~~. The antiresonant behavior in hj
observed by EC is characteristic of a contribu-
tion from G„~; there is an additional negative
cont. ribution to 4j caused by the extra scattering
from a.dsorbates. For co —v, «» ~j is quite
symmetric as expected; EC also observed an
additional resonant peak a.t 10.7 eV below the
Fermi energy, which is fairly symmetric.

The antiresonant contribution to Aj arises from

0--

FIG. 1. Dj(cu) jjo(cu) as given by Eq. (10) of the text.
L3l, as defined in (10), is the strength of the antireso-
nance.
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FIG. 2. Experimental aj(~) as measured by EC for
Ni(100) plus 0.6 layers of CO. Photon energy, 40.8 eV.
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a degeneracy (or near degeneracy) between the
unperturbed adsorbate level e, and the continuum
of metal states e . It is a general phenomenon;
for example, antiresonances appear in inelastic
electron-atom scattering and in atomic ultraviolet
light adsorbtion. There, the interference arises
from a degeneracy of a discreet two-electron ex-
cited atomic state with the continuum of sing1e
ionized atomic states. The strength of the anti-
resonance is directly related to the coupling be-
tween the discreet and continuum states, i.e.,
V, in the case of photoemission.
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The interactions of bound holes with TO and LO phonons in InSb have been observed
in magneto-optical experiments. Theoretical estimates of the hole-phonon coupling
strengths have been obtained.

Magneto-optical studies of polarons have yield-
ed valuable information concerning the resonant
electron-optical-phonon interaction in semicon-
ductors. ' The interaction typically is manifested
as a splitting and broadening of a transition such
as cyclotron resonance, when the electron excita-
tion and optical-phonon energies are comparable.
Previous studies of this type have been restricted
to electron excitations in a number of n-type po-
lar semiconductors. In the present work, reso-
nant bound-hole-optical-phonon coupling in p-type
InSb is reported. Interactions with both TO and
LO phonons have been observed. The observa-
tions serve to illustrate several significant differ-
ences between the interactions of holes and of
electrons with optical phonons.

Before presenting the experimental results it
will be useful to discuss briefly two factors which
differentiate hole coupling from electron coupling
to optical phonons. Firstly, because of symmetry
considerations, ' the interaction of electrons with
TQ phonons is expected to vanish, whereas hole-
TO-phonon coupling is allowed, as confirmed by
optical' and tunneling' experiments. Secondly,
in contrast to the case for electrons in materials
previously studied, free holes occupy states in
both light- and heavy-mass bands. This leads to
a multiplicity of initial states for magneto-opti-
cal transitions, thus tremendously complicating
the study of free-hole polaron effects. It is there-

fore desirable to perform experiments on bound
holes which possess a unique state. Another con-
sequence of the valence-band structure is that in
the presence of a magnetic field, acceptor excit-
ed states exist in association both with the low-
lying heavy-hole Landau levels, and with the more
widely spaced light-hole levels. In subsequent
discussions, the terms "low mass" and "high
mass" will be used to distinguish between these
two types of acceptor excited states. Transitions
involving low-mass excited states in InSb and Ge
were previously investigated in some detail. "'

In the present experiments, the first few ac-
ceptor excitations to low-mass excited states
have been studied in a spectral region encom-
passing the optical-phonon energies in InSb.
Above a few kilo-oersteds the energies of these
acceptor excitations vary approximately linearly
with magnetic field. Structure in the absorption
spectra due to hole-phonon coupling would first
be expected when the transition energies approach
the optical-phonon energies. However, this spec-
tral region is inaccessible because of strong lat-
tice absorption and reflection. At higher field
strengths, the energy separations of the low-
mass and high-mass excited states are compara-
ble to the optical-phonon energies. It is this field
region in which structure in the acceptor excita-
tion spectra has been observed and studied.

InSb samples used in these experiments were
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