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Characteristic features of Auger spectra from adatoms on metals
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In this work we perform a fullab initio density-functional theory calculation, within the embedding method,
of the Auger spectra of atomic impurities both inside a metal bulk and just inside the solid surface and
chemisorbed on it. We consider a Na atom on and in a jellium-Ag host. In particular, the Auger spectra of the
electronic transitionsKL1V and KL2,3V ~core-core-valence! are worked out. The calculated profiles display
features which are different for the same atom adsorbed on a metal and inside the same bulk material. Such
specific features could help identifying the contribution to the measured Auger signal only due to adsorbates.
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I. INTRODUCTION

The fact that Auger spectroscopy could provide valua
information about local electronic structures is w
established,1,2 since several experimental and theoreti
works on simple metals3–5 and alloys6–9 have shown that the
Auger profile allows one to gain insight into the nature of t
distortion of the local density of states around an ioniz
core site. Because of the sensitivity of this quantity to
local environment, it follows that an Auger line related to
given transition recorded by electron spectroscopy may c
prise several contributions appearing as a consequenc
differences in the electronic properties of bulk and ne
surface regions. However, the possibility that surface effe
may appear is strongly related to the energy of the Au
electron: when the energies are of the order of 100 eV
electron mean free path is quite short and one would ex
surface effects to manifest themselves; on the other han
higher energies the escape depth is larger and the cont
tion to the Auger spectra is mainly from the bulk.

The technique of the Auger photoelectron coinciden
spectroscopy~APECS! could be a useful tool to directly se
lect and study the Auger decay at distinct sites in a sam
since it takes advantage of the temporal relationship betw
the photoelectron and the Auger electron emitted from
single excitation event and exploits the core-level shift fro
inequivalent sites in a crystal.10,11 So far the APECS has
revealed correlation features hidden in the standard Au
and photoemission spectra,11 but recent improvements in th
count rates are expected to allow for the measuremen
electronic structures characteristic of adsorption.

Though it is now possible to probe and investigate
Auger emission from surface regions, there are only very
ab initio theoretical calculations that go beyond the bulk a
proximation, including surface effects.12–14 In bulk calcula-
tions the decaying atom is inside the solid and the crea
Auger electrons are implicitly taken as a measure of the
perimentally observed spectrum. To go beyond this appr
mation it is necessary to calculate losses and scattering
cesses involving Auger electrons, and to consider decay
atoms near the surface.

In the present work we shall confine ourselves to the
loss part of unscattered Auger electrons and we shall o
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deal with the effect of different electronic environments
the Auger transition probabilities. We perform a fullab initio
calculation, within the density-functional theory framewo
in the local-density approximation, of the core-core-valen
~CCV! KLV Auger transition rates of an atomic impurit
located inside a metal bulk and, for the first time~to our
knowledge!, both just inside the solid and chemisorbed on
In particular, the Auger spectra from the CCV electron
transitionsKL1V andKL2,3V are worked out for Na in and
on an Ag~jelliumlike! host. We observe that in general th
Auger decay dominates the deexcitation process of light
oms such as Na, when a core hole is created in the K she
this case bothKLL andKLV Auger processes are possibl
We concentrate on the latter ones since the emission
may be significantly affected by the interaction with the ho
electrons. We also recall that there are several experime
and theoretical investigations of Auger spectra of Na,3,4,15,16

and that Ag is a suitable host for a Na impurity, which al
chemisorbs on this surface without diffusing into the bulk.
is worth noting that the jellium model is not able to accou
for the Ag d band which could, as proposed in Ref. 6 f
Mg-Ag alloys, influence the Auger line shape of the imp
rity. We also observe that our approach is based upon
single-particle approximation so that many-body effects s
as shake-up satellites are not treated. Such many-body
tures which are more important for core-valence-valen
~CVV! transitions can be taken into account by phenome
logical models explicitly considering a continuum substrat17

or by multiconfigurational interaction.
In Sec. II we present the theoretical approach describ

the main assumptions of our one-electron calculation. S
tion III illustrates the calculatedKLV Auger profiles of the
impurity in three different positions with respect to the su
strate. The results display different characteristic features
cording to the location of the atom. Finally the last section
devoted to conclusions and discussion.

II. THEORETICAL FRAMEWORK

Our theoretical treatment of the core-core-valence~CCV!
Auger process of an atom in and on a metal host is base
a two-step model, in which the Auger decay is independ
of the creation of the initial core hole. We assume that wh
©2001 The American Physical Society24-1
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the Auger event takes place, the electrons refer to a rela
quasi-ground-state corresponding to an effective poten
with a core hole present.4,17 We treat such systems solvin
the Kohn and Sham~KS! equation of the density-functiona
theory ~DFT! in the local-density approximation~LDA ! by
the Green-function embedding approach.18,19 The KS equa-
tion is expanded on a linear augmented plane-wave LA
basis set and an all-electron calculation is performed for
impurity.20 We recall that our approach is able to account
a single isolated impurity so that our results are to be c
sidered as a low-density limit. However, we expect excit
state spectra to be mainly influenced for a certain atom o
specific substrate by local geometry more than by impur
impurity interactions. But the advantage of the Gree
function method compared to others, such as the supe
geometry, is that it can deal with a true continuum spectr
such as the valence band of the metal, whose descriptio
fundamental for the understanding of the Auger profiles.

The transition-matrix elements describing the Auger p
cess are calculated by the Slater determinant formed by
eigenstates solution of the KS single-particle equation as
tial and final states. In the KS equation the effective poten
includes the potential of a self-consistently screened 1s core
hole. Though in aKLV Auger transition the initial- and
final-state core holes are different, we consider the two c
holes to have the same effect on valence electrons.21 This is
an accurate approximation since we have checked that
tinct core holes affect the local density of states very littl4

To calculate the Auger transition probability from the mat
elements we use the Fermi golden rule, extending the
proach in Ref. 5 for an impurity in bulk jellium. In fact, th
lower symmetry of an atom-surface system breaks
spherical symmetry of the previous configuration.

We now present the main equations of our treatme
starting with the Auger transition probabilityP(E) for an
electron emitted with kinetic energyE ~atomic units are used
hereafter!,

P~E!52p(
A,v

(
mcf

,scf

1

2

1

2l ci
11

3 (
mci

,sci

uDA,ci ,cf ,v2EA,ci ,cf ,vu2

3d~E1Eci
2Ecf

2Ev!, ~1!

whereA, ci , cf , v represent the Auger, the initial- and fina
state core hole, and the valence electron, respectively. In
~1!, the directDA,ci ,cf ,v and exchangeEA,ci ,cf ,v matrix ele-
ments are given by

DA,ci ,cf ,v5E dr1dr2ccf
* ~r1!cci

~r1!
1

ur12r2u
cv* ~r2!cA~r2!

~2!

and
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EA,ci ,cf ,v5E dr1dr2ccf
* ~r1!cA~r1!

1

ur12r2u
cv* ~r2!cci

~r2!.

~3!

In Eq. ~1! we have averaged over the magnetic quant
number mci

and the spinsci
of the decaying hole and

summed over the other states involved in the transition. T
core wave functions of the atom are

cc~r !5Rl c
~Ec ,r !Yl c ,mc

~V!x~sc!, ~4!

whereYl ,m(V) are spherical harmonics andx~s! denote the
spin states. The radial part,Rl c

(Ec ,r ), of these wave func-
tions is evaluated solving the semirelativistic22 Schrödinger
equation self-consistently. The Auger-electron wave funct
has the following partial-wave expansion:

cA~r !5(
l

(
m52 l

l

Rl~kA ,r !Yl ,m~V!Yl ,m* ~ k̂A!x~sA!. ~5!

As CCV transitions produce rather high-energy Auger el
trons, the dispersion relationship of the Auger electron w
wave vectorkA is taken as a free particle oneE5kA

2/2. In
Eq. ~5! Rl(kA ,r ) is the solution of the radial semirelativisti
Schrödinger equation up to the Wigner-Seitz radius, match
outside it with a free-electron wave function~energy normal-
ization is used!.4,5 The energy of the Auger electron is dete
mined by thed function in Eq.~1! ~see also the discussion i
Sec. III!.

In the calculation of the transition probability in Eq.~1!
we have to evaluate products of valence-electron wave fu
tions times the energy conservationd of Dirac, and sum over
the continuum of all valence states. This can be easily d
exploiting the following relationship with the Green functio
G(r ,r 8;E) of the system23 ~hereafterE5E81 id, with E8
the energy belonging to the continuous spectrum of the s
tem andd a positive, infinitesimal quantity!

(
v

d~E2Ev!cv~r !cv* ~r 8!

5
1

2p i
@G~r ,r 8;E!2G* ~r 8,r ;E!#. ~6!

Direct use of the Green function naturally accounts for
continuous distribution of the valence electronic states. In
grating in a volumeV Eq. ~6! for r5r 8, one obtains the loca
density of states~LDOS!

rV~E!5
1

pEV
dr ImG~r ,r ;E!. ~7!

In our calculation we expand the Green function on a LAP
basis set20

G~r ,r 8;E!

5(
n,L

(
n8,L8

Gn,n8,L,L8~E! f n,l~r ! f n8,l 8~r 8!YL~V!YL8
* ~V8!,

~8!
4-2
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CHARACTERISTIC FEATURES OF AUGER SPECTRA . . . PHYSICAL REVIEW B64 035424
whereL5 l ,m and f n,l(r ) are real.
We proceed by summing over spins~we neglect spin-orbit

coupling! and integrating onk̂A over a full solid angle, since
in the present work we are not interested in angle-resol
Auger emission. Hence, forKL1V transitions, which corre-
spond tol ci

5 l cf
50, we find

PKL1V~E!52(
n,n8

(
L

DGn,n8,L,L~E1Eci
2Ecf

!

3FD0,n~ l ,0,0,l ;E!D0,n8~ l ,0,0,l ;E!1
1

~2l 11!2

3El ,n8~ l ,0,0,l ;E!El ,n~ l ,0,0,l ;E!G
2

Re@DGn,n8,L,L~E1Eci
2Ecf

!#

2l 11

3D0,n8~ l ,0,0,l ;E!El ,n~ l ,0,0,l ;E!, ~9!

and forKL2,3V transitions, wherel ci
50 andl cf

51, we ob-
tain

PKL2,3V
~E!58p(

n,n8
(
L,L8

(
LA

(
mcf

521

1

C1,mcf
,L8,LA

* C1,mcf
,L,LA

3H DGn,n8,L,L8~E1Eci
2Ecf

!

3F1

9
D1,n8~ l A,0,1,l 8;E!D1,n~ l A,0,1,l ;E!

1
1

~2l 11!~2l 811!

3El 8,n8~ l A,0,1,l 8;E!El ,n~ l A,0,1,l ;E!G
2

Re@DGn,n8,L,L8~E1Eci
2Ecf

!#

3~2l 11!

3D1,n8~ l A,0,1,l 8;E!El ,n~ l A,0,1,l ;E!J , ~10!

where

DGn,n8,L,L8~E!5
1

2i
@Gn,n8,L,L8~E!2Gn8,n,L8,L

* ~E!#,

~11!

CL,L1 ,L2
5E dVYL~V!YL1

~V!YL2
* ~V!, ~12!
03542
d

Dk,n~ l A ,l ci
,l cf

,l ;E!

5E r 2drE r 82dr8Rl cf
~Ecf

,r !

3Rl ci
~Eci

,r !
r ,

k

r .
k11

f n,l~r 8!Rl A
~kA ,r 8!, ~13!

Ek,n~ l A ,l ci
,l cf

,l ;E!

5E r 2drE r 82dr8Rl cf
~Ecf

,r !

3Rl A
~kA ,r !

r ,
k

r .
k11

f n,l~r 8!Rl ci
~Eci

,r 8!. ~14!

It is worth noting that the expressions given in Eqs.~9!
and~10! reduce to those in Ref. 5 in the case of a spherica
symmetric system. In such a case one exploits the prop
that the Green-function expansion coefficients a
symmetric,24 i.e., DGn,n8,L,L85ImGn,n8,L,L8 , and by observ-
ing that they are diagonal inL and independent ofm, one can
write Gn,n8,ld l ,l 8dm,m8 in Eq. ~8!. Finally, we stress that ou
approach allows one to obtain both bulk and surface res
consistently using the same approximations. This is nec
sary to assess the importance of surface effects.

III. RESULTS

First, in order to test our model and to make a comparis
with previous works, we performed bulk calculations on tw
widely studied simple metals, i.e., Na and Mg.3–5 Our theo-
retical results forKL1V and KL2,3V Auger transitions on
such systems show a quite satisfactory agreement with
experimental results shown in Refs. 3–5. Such agreem
confirms that our simple model, which neglects ban
structure effects, is able to take into account the main f
tures ofKLV Auger profiles. We have also checked that o
calculated results for Mg in Mg bulk reproduce exactly tho
of Ref. 5 because, as already stressed, our method reduc
that in Ref. 5 for an impurity in bulk.

We now present the results for a Na atom interacting w
an Ag host with different geometries of the system, nam
we consider the impurity in bulk, just inside the metal atz
522.0a0 (a0 is the Bohr radius! and chemisorbed on th
surface atz52.5a0 ~the direction of thez axis is normal to
the positive background edge atz50, and points outside
jellium!. The Ag substrate is described by a jellium wi
charge densityrb53/(4pr s

3) wherer s53.02a0. In our cal-
culations we use an embedding sphere of radiusr emb
57a0, a muffin-tin of radiusr MT52.8a0, while the LDA
exchange-correlation functional is that of Ceperly a
Alder.25 The cutoff energy for the basis functions in the i
terstitial region is 22 Ry, and the maximum angular mome
tum for the Green-function expansion,l max, is chosen as 8
The integrals in Eqs.~13! and ~14! should, in principle, be
evaluated over the whole space. Nevertheless, we perf
the integrals up to the radius of the embedding sphere. T
4-3
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N. BONINI, M. I. TRIONI, AND G. P. BRIVIO PHYSICAL REVIEW B64 035424
is a good approximation because in the exchange term@Eq.
~14!# the localized core wave functions limit the range
both integrations, while for the direct term@Eq. ~13!# we
have checked that the integral reaches a constant value f
integration radius much less thanr emb, essentially becaus
of the strong orthogonality between the valence and Au
wave functions.

As already shown for atoms in metal bulk,5,9 our model is
able to well account for the line shape of CCV Auger tra
sitions, but we expect that our calculations of the Auger el
tron kinetic energy will not agree with experiment. This
because the LDA generally underestimates the binding
ergy of atomic core-hole states and Koopmans’s theor
which we use to evaluate the kinetic energy of the Au
electron, is known to neglect any electronic relaxation p
cesses.

In Figs. 1, 2, and 3 we show the LDOS@panels~a!# and
the core-ionized LDOS@panels ~b!#, the KL1V transition
rates@panels~c!#, andKL2,3V transition rates@panels~d!# of
the Auger decay, for a Na atom in Ag bulk, atz522.0a0,
and atz52.5a0 from the Ag surface. The LDOS’s are ca
culated using Eq.~7! and performing the spatial integral in
sphere of radiusr s53.02a0 around the impurity. In fact it is
in such a volume that the properties of the valence-elec
wave functions essentially affect the Auger transitions sin
as we have checked, the matrix elements in Eqs.~13! and
~14! are negligible outside this sphere. The Auger transit
rates are calculated using Eqs.~9! and ~10! and the energies
of the Auger electrons are shifted so that the top of the em
sion band is at the Fermi edge.

We describe first the case of Na in Ag bulk. The LDOS
Fig. 1~a! shows the characteristic square-root behavior o
free-electron metal. This result is the expected one if
consider such a system in term of the equivalent co
approximation7 since the difference in local charge betwe
the host and the Na impurity,DZ, is 0. The comparison
between Fig. 1~a! and Fig. 1~b! shows that the presence of
core hole in the impurity atom drastically changes the sh
of the LDOS around Na. We find that the core hole cause
significant localization of thes electrons near the bottom o
the valence band and an increase of the LDOS of thep elec-
trons. This distortion is what we expect sinceDZ changes
from 0 to11 after core ionization,7 and is in agreement with
the result of previous studies on simple bulk metals.4,5 The
calculatedKL1V @Fig. 1~c!# and KL2,3V @Fig. 1~d!# Auger
transition rates closely resemble the shape of the LD
around core-ionized impurity and the difference between
two spectra is a consequence of distinct matrix elements.
results for Na atz522.0a0 display other new features wit
respect to the same impurity in bulk. The bump at low e
ergy in the LDOS@Fig. 2~a!# is essentially due to the contr
bution of sodium 3s resonance. Such a resonance, which
absent for Na in Ag bulk, arises here because the presen
the surface reduces the symmetry of the system. After
removal of an electron from the core, the attractive elec
static potential created by the hole shifts this peak to low
energies@Fig. 2~b!# compared to that in Fig. 2~a!. The de-
crease in the density of metal states seen by this resonan
it moves towards the bottom of the metal band yields a n
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rowing of the corresponding peak in LDOS. The Auger tra
sition rates in Figs. 2~c! and 2~d! clearly reflect the distortion
of the LDOS due to the presence of a core hole. In Fig. 3
report the results for Na atz52.5a0. We observe that the Na
3s resonance is peaked much above the Fermi energy
hence only partially occupied in the LDOS in Fig. 3~a!. Thus
the main effect in the bond formation is the charge trans
of the Na 3s electron towards the metal surface. When
electron is removed from the core, the attractive poten
created by the hole lowers this resonance below the Fe
energy yielding an almost complete occupation of this le
@Fig. 3~b!#. The charge that occupies this resonance is es

FIG. 1. Na in Ag jelliumlike bulk:~a! ~solid line! the LDOS of
the ground state,~b! ~solid line! the LDOS of the core-ionized im-
purity (s, p, andd valence states are shown by dashed, dotted,
dash-dotted lines, respectively!, ~c! theKL1V Auger transition rate,
and~d! theKL2,3V Auger transition rate. The dotted vertical line
the Fermi level. The LDOS’s are evaluated inside the Wigner-S
sphere (r s53.02a0).
4-4
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CHARACTERISTIC FEATURES OF AUGER SPECTRA . . . PHYSICAL REVIEW B64 035424
tially that which screens the core hole. Though with differe
matrix element effects, theKL1V andKL2,3V Auger transi-
tion rates@Figs. 3~c! and 3~d!# closely reflect the profile of
the LDOS around the core ionized chemisorbed atom
comparison among the Auger transition rates in Figs. 1
and 3 shows that the low-energy peak shifts towards the
of the emission band as the atom is moved from bulk
surface. This is a consequence of the shift of the ene
positions of the valence resonances@see LDOS’s in Figs.
1~b!, 2~b!, and 3~b!# that tend to follow the bare-metal su
face potential which increases as the atom moves from b
to surface.26

In Figs. 4 and 5 we reportKL1V andKL2,3V Auger emis-
sion spectra obtained by convoluting the calculated transi
rates with a Lorentzian of widths 0.75 and 0.42 e
respectively.16 As explained in Ref. 16, each width accoun
for the finite lifetime of the core hole and for instrument
broadening. Inspection of the spectra in Figs. 4 and 5 d

FIG. 2. The same as in Fig. 1 but for Na atz522.0a0.
03542
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onstrates the different characteristic features of the Au
profiles according to the location of the atom with respect
the host. For example, a Na atom just inside the Ag surf
shows Auger line shapes more structured than those of
same atom in bulk, displaying two well-defined peaks in t
band. On the other hand, when the atom is moved outside
solid, the Auger emission band presents again a single p
which is, however, narrower than that of the same impu
in bulk.

IV. CONCLUSIONS

In this paper we have presented a fullab initio DFT
calculation of the Auger line shapes of atomic impuriti
inside a metal bulk and both just inside the solid surface
chemisorbed on it. Our results show different characteri
features of the spectra according to the location of the a
with respect to the host. Such specific features could h

FIG. 3. The same as in Fig. 2 but for Na atz52.5a0.
4-5
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N. BONINI, M. I. TRIONI, AND G. P. BRIVIO PHYSICAL REVIEW B64 035424
identifying different contributions to the measured Aug
signal due to atoms near the surface. Besides, due to
sensitivity of Auger profiles to the local chemical enviro
ment, the investigation of Auger transitions of adatoms c
provide important information about the adsorbate-subst
bond.

We wish to point out that our DFT formalism is surfac
specific so that our self-consistent results are not ada
from a bulk calculation where surface properties may be
cluded within a linear-response theory framework. Also

FIG. 4. KL1V Auger profiles for~a! Na in Ag bulk, ~b! Na at
z522.0a0, and ~c! Na at z52.5a0. These spectral profiles ar
obtained by convoluting the results in Figs. 1, 2, and 3 as discu
in the text.
o

03542
r
he

n
te

ed
-

e

Green-function method that we use is most suited to tr
surface phenomena where continuous spectra are to be
culated such as for spectroscopic data. And for excited-s
properties the jellium model is a good enough approximat
for the metal substrate. Of course in general the LDA has
be implemented to include correlation effects, which a
much more relevant if one deals with Auger CVV transitio
than with the CCV ones treated in this paper. Another fi
of possible application of our method is Auger neutralizati
of He1 ions27,28 in order to study both the charge transf
and the spectra of the emitted electrons in a consistent
face approach.

ed

FIG. 5. The same as in Fig. 4 but forKL2,3V Auger profiles.
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