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Correlation effects in photoemission from adsorbates: Hydrogen on narrow-band metals
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This paper deals with photoemission from a one-level atom adsorbed on a metal surface within
the context of Anderson’s Hamiltonian. The occupied part of the adsorbate density of states (DOS)
is calculated by means of a many-electron approach that incorporates the following ingredients: (1)
A neat separation between final-state interactions and initial (ground-state) effects. (2) The method
(a Lehmann-type representation) leans heavily on the resolvent operator, R (z)=(z —H)~!, which is
obtained by expressing Dyson’s equation in terms of the (N — 1)-electron states (configurations) that
diagonalize the hopping-free part of Anderson’s Hamiltonian, thereby including the atomic correla-
tion (U) in a nonperturbative way while expanding in powers of the hopping parameter (V). (3) By
using blocking methods, the matrix elements of R are grouped into equivalent 4 X 4 matrix blocks,
with residual interactions, which are then put in correspondence with the sites of a rectangular lat-
tice, thereby making the problem isomorphic to that of finding a noninteracting one-electron
Green’s function in the Wannier representation. (4) Renormalized perturbation theory, along with
a series of convolution theorems due to Hugenholtz and Van Hove, allows one to develop a self-
consistency equation that automatically takes into account an infinite number of configurations.
The resulting DOS is compared with photoemission spectra from hydrogen adsorbed on tungsten
(half-filled metal band) and nickel (almost full). Correlation effects turn out to produce peaks at the
appropriate energies, so that an unusually good agreement is found despite the featureless, semiel-
liptical DOS adopted for the metal. Only gross features of this quantity, such as width, center, and
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occupation of the band, seem to matter in a photoemission calculation.

I. INTRODUCTION

The last decade has witnessed an unprecedented
growth in our understanding of the electronic properties
of adsorbate-covered surfaces. This has been due mainly
to the generalized spread of surface spectroscopies as an
experimental probe for such systems. Since the connec-
tion between experimental spectra and the theoretically
calculated densities of states (DOS) is far from trivial, ow-
ing to several relaxation effects, a considerable effort has
also been made from the theoretical side.!

With special reference to photoemission, most theoreti-
cal work starts with Anderson’s Hamiltonian, usually
supplemented by some extra terms specially devised to
account for specific relaxation effects.” One then tries to
calculate the adsorbate one-electron Green’s function
G,(®) (or the core Green’s function, as the case may be)
by any of the methods available, such as the equation of
motion method with decoupling at some stage, the sum-
mation of selected classes of diagrams, etc. Although
there is nothing to say in principle against those ap-
proaches, they often lead to expressions difficult to inter-
pret in terms of relaxation processes, mainly because the
separation of final-state interactions from ground-state
effects is, as a rule, difficult within those schemes.

An alternative and recent approach®* is based on the
following standard expression for the advanced (or hole)
part of the adsorbate Green’s function G (E):

G,;(E):{c;

1
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where c,:r (c,) is the creation (annihilation) operator for an
electron of spin s in the adsorbate level €,, | 0) stands for
the ground state of energy EJ, and R;i(z)
=(i|(z—H)""'|j) are the matrix elements of the resol-
vent in a suitable basis set of (N —1)-electron states
(configurations) which we explain below. Equation (1) is
nothing more than the well-known Lehmann representa-
tion expressed in this basis set. A first advantage of such
an approach lies in the neat separation between final and
initial (ground-state) effects it provides: The final-state
effects are contained in the R;; while the ground-state
effects are given by the coefficients (i |c, |0). A second
advantage is the straightforward interpretation it pro-
vides of the DOS features: the different peaks arise from
the poles of R;; and can therefore be assigned to definite
configurations of N —1 electrons (usually one
configuration dominates in each case), which allows fol-
lowing the track to, for example, a relaxation process
which may be taking place. A third and final advantage
is that G < comes out positive-definite below the ioniza-
tion threshold, EY ~! —E}, something not necessarily
preserved a priori when other methods are used. The
main disadvantage of this approach is that the calcula-
tion of R usually requires a very large basis set, except in
the case of an infinitely degenerate impurity level,’ where
the first few configurations give accurate results.>*
Another disadvantage is that one must know the ground
state in order to find the coefficients {i | ¢, | 0).

In this work we shall apply the latter approach to pho-
toemission from a one-level adsorbate (hydrogen) on a
one-band metal. For this (spin) doubly degenerate case,
one must probably include many configurations to get a
reliable result. Although previous calculations* show
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that ground-state energies come out not very far from ex-
act results, when available, the situation is not clear for
excited states.>~3 Therefore, one cannot be satisfied with
the first few configurations in a photoemission calculation
and, accordingly, the main purpose of this work will be to
give a simple and efficient procedure to include a large
number of them. Our results will then be compared with
those of other work.

II. CHOICE OF THE BASIS SET

We adopt the standard Anderson-Newns Hamiltonian
for the one-impurity model, as conventionally applied to
chemisorption,® which we split as

H=H,+H', (2a)

where H describes the free (noninteracting) metal-plus-
adsorbate system,

HO_ 2 Ex My + 2 Eanas+UnaTnal (2b)
k,s

and H' is the adsorbate-metal mixing term,
2 Cascks +H C., (2C)

which describes hopping of one electron between the ad-
sorbate state |a,) (of enmergy e, and occupation
g =cjscas) and the N metal states | ks) (of energy g,
and occupation n =c,fscks ). V is assumed independent
of k for the sake of simplicity. U is the intra-adsorbate
Coulomb repulsion.

The basis set we adopt for the expansion of (1) is
formed by the (N —1)-electron states (configurations)
which diagonalize H,. The resolvent will thus be calcu-
lated from Dyson’s equation

1 1

Rz)= z—H, + z—H,

H'R(z), (3)

or, taking matrix elements between states of the above
basis,

5,
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with H |i)=E,;|i). We expand in H’s the hopping part
of the Hamiltonian, which mixes different configurations.
The adsorbate correlation U is treated nonperturbatively
from the start. Indeed, the doubly occupied
configurations, with two electrons in the adsorbate, feel
the full effect of U, which appears in the corresponding
matrix elements of the diagonal operator (z —H,)~ .
The importance of this choice of basis to expand R (z)
cannot be overemphasized. Any expansion which im-
plies, directly or indirectly, doing perturbation theory in
U fails to account for, e.g., the Kondo peak in the photo-
emission spectrum.’

III. TRANSFORMATION
TO A RECTANGULAR LATTICE

Solving (4) iteratively in a naive way, i.e., putting re-
peatedly just R;;(z)=38;;/(z —E;) on the right-hand side,
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gives the standard Born series which, usually, converges
very slowly. In other words, one has to invert a very
large (z — H),;; matrix to get a reliable result for R. We
now develop a method which avoids inverting large ma-
trices.

For this purpose it is best to represent graphically the
pattern of configurations generated by the Hamiltonian.
Let us start with the state

1P0>= H

k,s (occ)

i | vac) (5)

with the adsorbate level empty and the metal filled up to
the Fermi level, E =0. In this state the adsorbate is pos-
itively charged, i.e., one electron has been removed from
it and, consequently, is denoted by P,. It is the funda-
mental building block in our photoemission calculation.
Applying now z — H one gets

(z—Hy) | Py)=—= T e | P
z 0)| 0) ‘/-Nk(<EkF),5caSCkS| 0)
VS | 4o ©

where | A, ) are the normalized states

1
TR

k (<kg)

I AO: Czjsck: | PO) M

(N is the number of occupied k states) where one elec-
tron of spin s has jumped from the metal to the adsor-
bate. These states are neutral from the adsorbate stand-
point. In the derivation of (6) we have taken
Ey=3, <kp) Ek @S the reference energy and have writ-
ten ¥, =(N,/N)'"2V, i.e., V, appears scaled by the occu-
pied fraction of the band. This is only natural since only
electrons from occupied states can jump into the adsor-
bate.

Acting with z — H on the states | A, ), a second elec-
tron can be transferred to the adsorbate, leading to the
state

1 t
N,.)= e | Ag)
| 0ss (N )12k(§F) as ksl 0.

1 t ot
=N S caCrChsCis | Po)
U kk (<kp)

with two electrons in the adsorbate (negatively charged)
and two holes in the metal. Likewise, the adsorbate elec-
tron can jump to the metal leading to new states (N, is
the number of empty k states)

1 +
= Cp'C A )
(Nz)]/z y Ek’,) k's“as | Os

(independent of s) (8)

0ss

|Pl:)
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where the adsorbate is again ionized and one electron-
hole pair has been formed. These states we call, there-
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fore, P,,, i.e., positively charged states with one
electron-hole pair of spin s. It is not difficult to derive the
following equation relating the states (7)-(9):

(z—Hy) | Ag) =V | Py)+V [N +V, | Py), (10)

where V,=(N,/N)'?V, i.e., V appears in front of | P, )
scaled by the unoccupied fraction of the band. This is
physically clear since, in this process, the adsorbate elec-
tron is allowed to jump into empty metal states only.
Repeated applications of 2z —H introduce new
configurations, with an increasing number of electron-
hole pairs, leading to an infinite sequence of equations
which can be represented by the network of sites and
bonds shown in Fig. 1. The sites in this figure are in
correspondence with the different configurations, and the
bonds, of two kinds, correspond to ¥, and V,. Thus, P,
A, (two sites), and N, represent the states with the same
labels, (5), (7), and (8), respectively. For simplicity in the
labeling of the figure, we have not written explicitly A4,
and A, as no confusion should arise. Similarly, the sites
labeled P,, A,, and N, denote configurations where n
electron-hole pairs have been added to Py, 4,, and N,.
Since the addition of n electron-hole pairs to a given
configuration gives rise to n + 1 possible configurations,
P, and N, appear n + 1 times in the figure while 4, ap-
pears 2(n + 1) times. Figure 1 must be interpreted as fol-
lows: when H acts on P, this state is coupled with both
Ay’s through the hopping interaction V', (first-order cal-
culation, equivalent to first-order Brillouin-Wigner per-
turbation theory). A second application of H couples the
two states A, with the new states N, (through V) and
P, (through V,), etc. Each new application of the Hamil-
tonian takes us to the next diagonal, so that, e.g., after

Po—Ag = P — Ay = P, — A=

| | | | | |

Ap—No = Ay =Ny = A;—

1 1 1 1 1

P1 _— A'I - PZ _ Az -

| | | |

A1 - N1 - A2 -

1 1 1

P, — A, =

| |

A, — Pn — An

I | | <> |n
An - Nn

FIG. 1. Network of sites and bonds representing the

configuration pattern generated by repeated application of
Anderson’s Hamiltonian to the ionic configuration | Py). Light
and heavy bonds represent V| and V,.
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five applications of H, we reach the diagonal formed by
the sites labeled 4,.

A method based on the above scheme has been applied
elsewhere® to electron-loss spectroscopy of hydrogen ad-
sorbed on metals. Here we shall handle Fig. 1 somewhat
differently and shall thereby develop a new summation
scheme which is both more transparent and converges
more quickly. Notice simply that the square formed by
Py, Ay, Ny, and A, (labeled “0” in Fig. 2), can be taken
as a unit cell of a rectangular lattice with a corner (the
zeroth site), provided we ignore that different cells corre-
spond to configurations with a different number of
electron-hole pairs. The effective interactions between
blocks are the 4 X 4 matrices

0 00 0
v, 00 0
V=10 00 7,
0 00 0

and (11)
0 0 00
lo 0 00
V=10 v, 00
v, 0 00

By this blocking device, the problem of calculating the
matrix elements of the resolvent becomes isomorphic
with that of calculating the matrix elements of a nonin-
teracting one-electron Green function for a rectangular
lattice in the Wannier representation (again ignoring the
electron-hole pairs). This isomorphism does not apply to

¥
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o
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w
Y
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U

FIG. 2. Rectangular lattice obtained after condensing the
sites of Fig. 1 into blocks of four configurations
(P,, A, A, 1, N, )—n. Only the index n, indicating the number
of electron-hole pairs, survives. V and V' are the effective in-
teractions for adding spin-up and spin-down electron-hole pairs,
respectively.
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Fig. 1. because, there, one has three kinds of sites accord-
ing to the adsorbate occupancy (P, 4,N), so that an alto-
gether different scheme is required.?

IV. REDUCTION TO THE ZEROTH CELL:
SELF-CONSISTENT SUMMATION
OF ELECTRON-HOLE PAIRS

Now we deal with the difficulty posed by the electron-
hole pairs. For that purpose, consider one of the squares
labeled “1” in Fig. 2. If we cut its back bonds, this
square marks the beginning of a new rectangular lattice
which differs from the initial one by the consistent addi-
tion of one electron-hole pair. Let R, be the 4 X4 resol-
vent matrix associated with the top-left square, i.e., the
matrix formed by the R, among the first four
configurations (the zeroth cell), and let R}, denote the
4 X 4 matrix associated with the indented square (without
backbonds) just described. Then, according to a theorem
of Hugenholtz and Van Hove,” R |, must be the convolu-
tion of Ry, with the electron-hole—pair Green function,
that is,

R} =Ry®G,,

and, in general,

Rr:ann—l,n-1®Geh ’ (12)
where
G, (z)= S
eh NNy (Chpy 2= (=)
k' (>kpg)

This set of recurrence relations, Egs. (12), strongly
simplifies the evaluation of R since it allows expressing
any matrix element in terms of the matrix elements in the
zeroth cell (Ry,). In particular, Egs. (12), in connection
with renormalized perturbation theory arguments,'” lead
directly to a self-consistency equation for R,,. Indeed
this quantity is given by

L H)p—Zl2) (13)
ROO

where (z — H )y is the z — H matrix in the zeroth cell and
3o is the zeroth cell self-energy, given by the sum over
self-avoiding paths'®

S0 =VRY V' + V'R VT + VR V'R, VIR VT

FVRYVR, VR,V 4 - (14
in terms of the indented (backbonds and upward bonds
cut) Ry;.

Equations (12)-(14) give a self-consistency equation for
R oy, namely,
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z =(z—H)o—VR®G,, V' —V'Ry®G,, V"
00

—VRy®G,, V' Rpo® G, ®Go VIR po® G,y V'
—V'Rpy®G,,VRn®G,,8G,, V''Rp®G,, V'

(15)

where we have eliminated all reference to R;;’s outside
the zeroth cell. Equation (15) can be solved by iteration
starting from Ry, =0. The procedure is to be carried on
until self-consistency is achieved within a given accuracy.
Since each new iteration introduces a set of
configurations with one additional electron-hole pair, the
number of iterations required to achieve self-consistency
tells us the number of electron-hole pairs contained in the
last set of configurations retained within that accuracy.
Once Ry is known, the rest of the R;; can be readily ob-
tained by means of a set of recurrence relations easily de-
rived from Eq. (4). Now we have to find the ground
state, |0) = Syl i) in terms of some N-electron basis
set. The coefficients ¢, are found trivially from the first
column of the matrix R s evaluated at the maximum of
lowest energy. The required matrix elements are ob-
tained by a calculation similar to the one described
above, but starting from the state c,| | P, ).

V. THE RESOLVENT SPECTRAL DENSITY:
FINAL STATES

In the application of the method, we have taken a met-
al described by a half-occupied semielliptical DOS with a
bandwidth of 8 eV, intended to mimic metals halfway
across a transition series. The adsorbate ionization level
(—13.6 eV) and affinity level (—0.7 eV), appropriate for
hydrogen, were corrected by an image potential of 4 eV
(with a net intra-adsorbate repulsion of 4.9 eV).!! The
hopping strength ¥V was adjusted to give a chemisorption
energy of 3 eV when calculating the ground-state energy.
Figure 3 shows the resolvent DOS, A(E)
=(1/m)Im 3, R;,(Ey—E +in), for (a) the first block of
four configurations (zeroth cell) and (b) after iterating Eq.
(15) to self-consistency. At first sight, both curves look
rather dissimilar but, upon closer inspection. Figure 3(a)
is not unreasonable as far as the energy locations of the
peaks are concerned. There are two main differences:
first the appearance of a sharp, almost deltalike, peak of
the Kondo type at the Fermi level and, second, the line-
shape structure in Fig. 3(b) is almost absent in Fig. 3(a).
Most of the strength of the two deltalike peaks in Fig.
3(a) is distributed along the whole spectrum of Fig. 3(b)
with an accompanying small shift in peak locations. A
broad shoulder on the high-energy side of the spectrum,
at about 15 eV below the Fermi level, is also noticeable.

All these new features, not present in Fig. 3(a), suggest
that the self-consistent solution just presented seems
essential if one is to discuss line-shape or lifetime effects.
As is well known, these effects are most relevant for the
understanding of several electron- and photon-induced
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processes as, e.g., electron- and photon-stimulated
desorption (ESD and PSD) as well as many Auger-
induced processes where long-lived complex excitations
of two or more holes seem to play the dominant role in
desorption and/or dissociation.!>!3

The resolvent spectral density is just the density of final
states (DOFS), without any reference to the ground state
in which the system was before being excited. It contains
valuable information about the many-body interactions
among the (N — 1)-electron states into which the system
can evolve after the excitation. However, the interesting
quantity from the experimental point of view is the pro-
jected DOS to which we now turn.

VI. THE ADSORBATE DOS: COMPARISON
WITH PHOTOEMISSION SPECTRA

Figure 4(a) shows the occupied part of the adsorbate
DOS (Er=0), n(E)=(1/7)ImG(E), which is just the
projection of A (E), Fig. 3(b), onto the ground state [cf.
Eq. (1)]. This projection gives rise to a drastic rearrange-
ment in peak heights (Fig. 4 has been amplified by a fac-
tor of 5) which represents the ground-state effect. n(E)
and not A (E) is to be compared with the experimental

A(E)
3[

(a)

08 | (b)

06

02r

N TP B R SR |
-5 -10 -5
E(eV)

FIG. 3. Resolvent spectral density, 4(E), or density of final
states. (a) For the zeroth cell. (b) After iterating Eq. (15) to
self-consistency.
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spectra. Figure 4(b) gives n (E) for a similar calculation
with a metal DOS of 4 eV bandwidth and 0.9 occupancy,
intended to mimic metals at the end of the transition
series, Ni, Pd, or Pt. It is remarkable that, by simply ad-
justing the bandwidth and the position of the Fermi level
(rather the band center, since Er=0) we are able to pro-
duce DOS of such a different shape as Figs. 4(a) and 4(b).
Moreover, a preliminary attempt to compare with experi-
mental results'*!> shows that the structures of Figs. 4(a)
and 4(b) go in the right direction, reproducing qualita-
tively, and even semiquantitatively, the experimental
trends. Thus, Fig. 4(a), intended for metals halfway along
the transition series, shows (besides the sharp peak at the
Fermi level and some features on the high-energy side of
the spectrum which we leave for the end) a main peak at
—4.5 eV, surrounded by a lower peak at —2.5 eV and a
shoulder at —6.5 eV. This structure correlates quite
nicely with the experimental spectrum given by Blanchet
et al."* for normal photoemission from H on W(110)

n(E)

i (@)

015 +
01

0.05 -

L e R B |

(b)
015 +

O1r

0.05 -

L .1.‘..|,‘x\‘L
15 -10 -5 Ef=0
E(eV)

11 h

FIG. 4. Adsorbate density of states (DOS) for hydrogen ad-
sorbed on (a) a half-occupied semielliptical DOS of 8 eV band-
width and (b) a 0.9 occupied semielliptical DOS of 4 eV band-
width. Adsorbate parameters are (in eV) a = — 8.6 (with respect
to Er=0), U=12.9, image potential V ,, =4.
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with 50-eV photons [Fig. 1(b) of this reference], which
shows just the same structure, but displaced by 1 eV to-
wards the Fermi level. This is not surprising since we
have taken a work function of 5 eV in all cases. Figure
4(b), in contrast, shows a broad structure, centered at
about —2 eV, superimposed on the deltalike peak at the
Fermi level plus two broad features at —7 and —10 eV,
features which also correlate nicely with the photoemis-
sion spectrum at the ' point found by Greuter et al.'
for H on Ni(111) with 40-eV photons.

VII. COMPARISON WITH OTHER WORK
AND CONCLUDING REMARKS

Turning now to other theoretical work, the general
structure of Fig. 4(a) is in good qualitative agreement
with the DOS calculated by Stollhoff'® for H on jellium.
He used the equation-of-motion method supplemented by
a separate evaluation, via configuration mixing, of some
static correlation functions. The main difference with
respect to our n(E) lies in the Fermi-level peak, quite
pronounced in our case, in contrast to the rather inci-
pient one found by Stollholff. Finally, Figs. 4(a) and 4(b),
like StollhofP’s n (E), also show a high-energy structure
beyond —10 eV which probably can be correlated with
ESD processes. This aspect is being presently analyzed in
detail and will be the subject of a future publication.

It is most intriguing that a calculation based on
configuration interaction between a localized level and
such a simple metal DOS as that adopted here can repro-
duce the salient features of photoemission spectra. The
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interplay among different configurations seems to con-
spire to produce peaks at the appropriate energies in the
final result n (E). The heights and line shapes of these
peaks are, furthermore, in reasonable agreement with ex-
periment; this cannot be said of the spectral density of
final states, 4 (E). This quantity presents peaks at the
right energies (as well as some other peaks and shoulders
in many cases) but with shapes and heights quite at odds
with experimental spectra. It is just the process of
averaging over the ground state which makes the right
peaks survive with the right shape and height.

From this work, one is tempted to conclude that the
detailed form of the metal DOS is unimportant in a pho-
toemission calculation. Only gross features such as the
bandwidth, center of energy, and position of the Fermi
level seem to matter. This situation is familiar in the cal-
culation of other quantities like, e.g., the chemisorption
energy,!” but not in electron spectroscopies. It would be
most helpful in this connection to see calculations similar
to the one presented here using realistic metal DOS. One
could then learn something about the relative contribu-
tion of electron correlation and metal orbitals to photo-
emission spectra from simple adsorption systems.
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