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Angle-resolved resonant photoemission at theM III absorption threshold of Co and Fe metal

A. Gutiérrez and M. F. Lo´pez
Departamento de Corrosio´n y Proteccio´n, Centro Nacional de Investigaciones Metalu´rgicas, CSIC,

Avenida Gregorio del Amo 8, E-28040 Madrid, Spain
~Received 5 February 1997!

We report on an angle-resolved resonant photoemission study of Co and Fe metal at theM III absorption
threshold. The intensity of the various spectral components was measured as a function of the electron emis-
sion angle relative to theE vector of the incident light. OnM III resonance, the main valence-band photoemis-
sion ~PE! intensity of Co and Fe metal, located betweenEF and 3 eV, follows a cos

2u behavior, as is expected
for a photoemission process. However, the intensity of the enhanced feature located at'5 eV is found to be
almost independent of the emission angle, as expected for an incoherent Auger process. This clearly shows that
the enhancement of the 5 eV PE signal is mainly caused by an incoherent Auger decay and not by a resonant
PE process.@S0163-1829~97!03128-7#
-
ea
a

to
p
io
t
er
ite
re
i
ly
re
er

c
ve
m
en
e

t
,

t
C
o

a

d

go

b
ct
tr

w
in
e

ons
ron-
was
the
om-
d a
so-
de-
ects
m-

ly-
.
ea-
e to
of
o a

, as
rees

am-

d
e of
les
s
to

ples
he
was

rys-

e

the

Au-
er
na-
The resonant photoemission~PE! phenomenon is under
stood as an interference between two different channels l
ing to the same final state. The two channels considered
the direct PE and the dipole transition of a core electron
discrete unoccupied state, ocurring at energies close to a
ticular absorption threshold. The result is a strong variat
of the PE cross section.1–3 Since the probability for resonan
PE critically depends on the strength of configuration int
action and, therefore, on the localization of the core-exc
state, the question arises whether the signal observed in
nant PE reflects exclusively this excitation process or is
part due to a secondary process of the excited state. On
the first case can the spectral features be interpreted as
nant PE, whereas in the second case an incoherent sup
sition of PE and Auger signals occurs.4–6 The distinction
between resonant PE and noncoherent Auger decay pro
is of great interest for a proper interpretation of the obser
spectral structures. In the past two decades, one of the
studied resonant PE processes has been the enhancem
the 6 eV valence-band PE satellite of Ni metal, produc
when the photon energy is varied across theM III absorption
threshold. This phenomenon was identified as a resonan
process.7–9 For other transition metals, such as Co and Fe
resonant photoemission process at theM III absorption thresh-
old has also been reported.10 In a previous work, however, i
was shown that the photoelectron spectra of Ni, Fe, and
metal at theL III thresholds have to be described by an inc
herent superposition of an intenseL3M4,5M4,5 Coster-Kronig
Auger with a relatively weak PE signal.11 This finding dra-
matically deviates from the established picture of reson
PE, especially in the case of Ni metal, and was explained
a loss of coherence between the two channels originate
the itinerant character of the intermediate state, 2p53dn11.
Therefore, it became necessary to test whether an analo
mechanism was responsible for the establishedresonant PE
of the 6 eV valence-band satellite at theM III threshold in the
photoelectron spectrum of Ni metal. This question can
addressed by measuring the intensity of the various spe
components of the valence band as a function of the elec
emission angle relative to theE vector of the incident light.
In the case of a PE process the intensity should sho
cos2 behavior, while an Auger signal ought to be isotropic
the case of a polycrystalline sample. On the basis of th
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arguments, a distinction between PE and Auger contributi
should be possible by means of angle-dependent elect
spectroscopy measurements. This kind of experiment
performed in the case of Ni metal, and demonstrated that
resonant enhancement of the 6 eV satellite is almost c
pletely due to an incoherent superposition of an Auger an
PE signal.12,13This has been recently corroborated in a re
nant photoemission study with both angular and energy
pencence, where it is concluded that the interference eff
at the 6-eV satellite are very small, resulting in a Fano asy
metry parameterq*9.14

In this work, we report on a resonant PE study of po
crystalline Fe and Co metal at theM III absorption threshold
The intensity of the various spectral components was m
sured as a function of the electron emission angle relativ
the E vector of the incident light. Whereas the intensity
the valence-band PE signal varies roughly according t
cos2 law, the intensity of the enhanced feature at'5 eV is
found to be almost independent of the emission angle
expected for an incoherent Auger process. This result ag
with the previous work on Ni metal.

The measurements were performed at the TGM-5 be
line of the Berliner Elektronenspeicherring fu¨r Synchrotron-
strahlung ~BESSY! using a VSW-ARIES angle-resolve
electron spectrometer with an electron-acceptance con
62°. The photoelectrons were collected at different ang
with respect to theE vector. The total energy resolution wa
better than 0.4 eV. Polycrystalline samples were used
avoid angular dispersion effects. The surfaces of the sam
were cleaned by scraping with a diamond file. During t
experiments, the pressure in the experimental chamber
better than 2310210 mbar.

Figure 1 shows the valence-band PE spectra of polyc
talline Co metal, taken athn568 eV ~off resonance! for
three different values ofu, whereu is the angle between th
electron emission direction and theE vector of the incident
light. The spectra can be separated into three regions:
valence-band emission at binding energies~BE’s! between
EF and 3 eV, the emission at'5 eV, and theM3M4,5M4,5
Super-Coster-Kronig~SCK! Auger emission at'12 eV. The
spectra have been normalized to equal intensities of the
ger signal. This is justified on the basis of an isotropic Aug
emission for a polycrystalline sample. All spectra were a
1111 © 1997 The American Physical Society
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lyzed by means of a least-squares fit procedure, usin
Gaussian and a Lorentzian to model the Auger sig
~dashed subspectrum!, three Gaussians for the valence-ba
signal ~dotted subspectrum!, and one Gaussian for the 5-e
emission~dash-dotted subspectrum!. The solid lines through
the data points represent the result of least-squares fit an
ses. The position and width of these lines was kept cons
for all spectra. Table I summarizes the relative intensity v
ues obtained for the main valence-band emission after
malization for the different angles studied. The theoreti
value, corresponding to cos2u is also shown. From these da
we can conclude that the intensity of the nonresonant vale
band varies roughly as cos2u, as expected for a PE proces

Figure 2 shows the valence-band PE spectra of polyc
talline Co metal, taken at hn560 eV ~onM III resonance! for
three different values ofu. In order to normalize the on
resonance spectra, the same angular dependence o
valence-band emission withu as in the nonresonant case w
assumed. Therefore, the spectra were analyzed followin
analogous least-squares fit analysis as in the nonreso
case, normalizing the intensity of the valence-band emiss
to the values given in Table I for Co. The solid lines throu
the data points represent the results of the fit analysis.

FIG. 1. Photoelectron spectra of Co metal taken at a photon energy o
eV ~off resonance! for three different angles,u, whereu is the angle be-
tween the electron emission direction and theE vector of the incident light.
The solid lines through the data points represent the result of least-sq
fits ~see text!. The dotted line represents the PE signal, the dashed line
Auger emission, and the dash-dotted line the emission at'5 eV.
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valence-band emission was modeled with three Gauss
with the same energy positions and widths as in the o
resonance case. For the 5-eV emission one Lorentzian
one Gaussian were used. The dotted subspectrum desc
the valence-band PE signal and the dashed curve the fe
located at'5 eV. By appliyng the normalization procedur
with the values of Table I, the intensity of the 5 eV featu
remains almost independent ofu with only a small decrease
that reaches a 5% atu560°. At this point one has to con
sider that, on resonance, the Auger component and the 5

TABLE I. Relative intensities of the valence band PE of Fe and
metal for different values ofu with respect to the intensity foru50. The
corresponding cos2u values are also shown for comparison.

Co Fe

u I (u)/I (u50°) I (u)/I (u50°) cos2u

0° 1 1 1

30° 0.67 0.78 0.75

60° 0.25 0.27 0.22

68

res
e

FIG. 2. Photoelectron spectra of Co metal taken at a photon energy o
eV ~on resonance! for three different angles,u, whereu is the angle between
the electron emission direction and theE vector of the incident light. The
solid lines through the data points represent the result of least-square
~see text!. The dotted line represents the PE signal and the dashed line
emission at 5 eV.
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component are at the same energy position. Assuming
same intensity ratio between the main valence-band emis
and the 5-eV emission as in the off-resonance case, the
tensity decrease should have reached a 10% atu560°. This
deviation with the measured value indicates that, though
5-eV peak on-resonance behaves mainly like an Auger si
with almost isotropic behavior, a small resonant effect is a
present. In any case, the Auger process is predominantly
sponsible for the observed enhancement of the 5-eV ph
electron peak at the ‘‘on-resonance’’ photon energy.

Figure 3 shows the valence-band PE spectra of polyc
talline Fe metal, taken athn554 eV ~on resonance! for three
different values ofu. The spectra show two main feature
the main valence-band emission, at binding energies betw
EF and 2.5 eV, and the emission located at 5 eV. To norm
ize these on-resonance spectra the same procedure as
Co metal case was followed. Valence-band PE spectra o
metal off resonance (hn560 eV! for three vaues ofu were
measured, analyzed by least-squares fit analysis, and no
ized to obtain the same Auger intensity for all angles. T
resulting intensities of the main valence-band emission a
normalization are listed in Table I. The same angular dep
dence of the valence-band emission as in the nonreso
case was assumed for the on-resonance spectra, which
analyzed following an analogous least-squares fit analysi
the nonresonant case. The solid lines through the data p
represent the results of the fit analysis. The valence-b
emission was modeled with three Gaussians with the s
positions and widths as in the off-resonance case. For th
eV emission one Lorentzian and one Gaussian were u
The dotted subspectrum describes the valence-band PE
nal and the dashed curve the feature located at'5 eV. After
the normalization procedure, the 5 eV emission intensity
mains almost constant with only a 5% decrease foru560°.
This indicates that, onM III resonance, Fe behaves similar
to Co, with the Auger decay being the main responsible
the observed enhancement of the 5-eV photoelectron pe

In conclusion, we have shown that the resonant enha
ment of the 5-eV feature in the on-resonance spectra of
valence-band signal on Fe and Co metal is mainly due to
Auger emission. This result agrees with a previous ang
resolved resonant PE work performed on Ni metal,12,13 and
with a resonant PE study on theL III threshold on Fe and Co
metal.11 The reason for this phenomenon is the lack of c
herence between the two channels necessary for the o
rence of the resonant PE process. This loss of coheren
probably originated by the relatively weak localization of t
3d states in the transition metals. The situation is differen
resonant PE from rare-earth materials, where the resona
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enhanced signal reflects a true PE process.15,16The main dif-
ference between both cases is the degree of localizatio
the discrete excited state. While the excited 4f state in the
case of rare earths is highly localized, the more band
character of the transition metal 3d states favors a decay o
the core-excited state by a secondary SCK process.
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FIG. 3. Photoelectron spectra of Fe metal taken at a photon energy o
eV ~on resonance! for three different angles,u, whereu is the angle between
the electron emission direction and theE vector of the incident light. The
solid lines through the data points represent the result of least-square
~see text!. The dotted line represents the PE signal and the dashed line
emission at 5 eV.
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