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Abstract. Photoemission spectra obtained from the (110) surface of the ordered CoAl alloy,
calculated in the framework of a fully relativistic one-step model of photoemission, are presented.
The comparison of the theoretical spectra with experimental results shows good agreement over
a wide range of photon energies and emission angles. Additionally we simulate partial disorder
by taking into consideration Co antistructure atoms.

1. Introduction

The one-step model of photoemission, originally formulated by Pendry [1], is a useful
tool for the understanding of angle-resolved ultraviolet photoemission (ARUPS) spectra.
Nowadays, the model includes relativistic effects [2–5], the possibility of having several
atoms per unit cell [6] and a realistic model for the surface potential [7, 8]. In the framework
of this model, photoemission spectra of the stoichiometric binary alloy CoAl(110) were
calculated for several photon energies and different orientations of polarization and emission
angles. The bulk potentials in use were calculated by Ufer [9] within the tight-binding
LMTO method.

The calculated spectra are compared with experimental results obtained by one of the
authors [10] using synchrotron radiation. The experiments were always set up with the
polarization vector of the electromagnetic field lying in the scattering plane defined by
the directions of incident light and detected electrons. The experiments were performed
along the0 X and the0 Y directions. The experimental spectra shown in this contribution
were normalized to equal photocurrent emitted from a gold foil since the intensity of the
synchrotron radiation varies with photon energy and time.

The electronic structure of CoAl is of both technological and theoretical interest.
Because of its high melting point and high stability, this alloy is especially attractive for
high-temperature applications [11]. The good strength-to-weight ratio and the high corrosion
and oxidation resistance extend the field of application [12].

CoAl persists over a wide composition range (46–58 at.% Co [13]). The main reasons
for this variation from stoichiometry are Co antistructure atoms in the Al sublattice
and vacancies in the Co sublattice [14]. Therefore we tried to simulate the random
deviations from stoichiometric composition by using larger unit cells each with one Co
antistructure atom.

It should be mentioned here that a wealth of experimental and theoretical results are
available for NiAl, which also is a transition metal aluminide. QuantitativeI–V LEED
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and angle-resolved photoemission measurements for example can be found in the literature
[15, 18, 19], as well as theoretical investigations concerning the electronic structure of
this compound performed by using the LAPW method [17] and the full-potential LAPW
method [19]. Furthermore, self-consistent electronic structure calculations, based on pseudo-
potentials [18], as well as calculations of the oscillatory surface relaxation [16] have been
carried out.

2. Theory

A detailed description of the relativistic photoemission theory is given elsewhere [20].
Therefore, we present here only the basic formulae of a relativistic one-step theory. In the
framework of the one-step model of photoemission, the spin-averaged electron current is
given by the following expression:

I (k‖, εf ) = − 1

π
Im
〈
k‖, εf

∣∣G+21G+11+G−2 ∣∣k‖, εf 〉. (1)

G±2 andG+1 are 4× 4 matrices and denote the relativistic retarded(G+) and advanced
(G−) single-particle Green functions for the final(G2) and the initial state(G1). In a
relativistic theory, the interaction of an electron with the electromagnetic field is described
by the operator

1 = −α ·A0 (2)

whereA0 denotes the spatially constant amplitude of the electromagnetic vector potential.
The three componentsαk of the vectorα are defined through the tensor product

αk = σ1⊗ σk k = 1, 2, 3

where theσk denote the Pauli spin matrices.
In the space representation we obtain

ρ = − 1

π
Im
∫

dr
∫

dr′ 9†f (r)1G
+
1 (r, r

′)1†9f (r′) (3)

with the time-reversed SPLEED state

9
†
f (r) = 〈r|G+2 |εf ,k‖〉. (4)

The spin-averaged photocurrentI follows:

I = tr(ρ). (5)

As a consequence of multiple-scattering theory, the spin-density matrix is divided into
four different contributions:

ρ(εf ,k‖) = ρatom(εf ,k‖)+ ρ intra(εf ,k‖)+ ρ inter(εf ,k‖)+ ρsurf(εf ,k‖). (6)

Evaluation of the atomic contributionρatom for a semi-infinite crystal gives

ρatom(εf ,k‖) = 1

π
Im

(
ik1

∑
jn

∑
κκ ′κ ′′

∑
µµ′µ′′

A
µn

jκ Dκµκ ′µ′M
n
κκ ′κ ′′D

∗
κ ′µ′κ ′′µ′′A

µ′′∗n
jκ ′′

)
. (7)

HereinAµnjκ ,Dκµκ ′µ′ andMn
κκ ′κ ′′ denote the spherical coefficients for the final-state wave

field, the angular matrix elements and the radial double-matrix elements. The summation
indicesn andj denote then′th atom in the unit cell and thej ′th layer of the semi-infinite
crystal.
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Evaluation of the multiple-scattering contributionsρ intra,inter, involving the multiple
scattering of the initial state inside and between the bulk crystal layers, results in

ρ intra+inter(εf ,k‖) = 1

π
Im

(
ik1

∑
jn

∑
κκ ′

∑
µµ′

A
µn

jκ M̃
n
κκ ′Dκµκ ′µ′(B

µ′n
jκ ′ +Gµ′n

jκ ′ )

)
. (8)

HereinBµ
′n

jκ ′ andGµ′n
jκ ′ denote the spherical coefficients for the intralayer (interlayer) part

of the initial-state wave field and̃Mn
κκ ′ the radial single-matrix elements. Final evaluation

of the surface contribution gives

ρsurf(k‖, εf ) = − 1

π

Az

2ωc
Im

(
eiq‖·c1‖

∑
gs

∫ c1z

−∞
dz ψ2gs(z)

dVB
dz

φ1gs(z)e
iqzz

)
. (9)

Hereinφ1gs(z) andψ2gs(z) denote the regular solutions of the Schrödinger equation to
the spin indexs for VB(z) in the range−∞ < z < c1z. The valuec1z defines the point
where the surface potential goes smoothly into the inner potential of the bulk crystal.Az is
the z-component of the amplitudeA0 andq is the wave vector of the photon field.

Figure 1. The KKR bandstructure of an infinite CoAl crystal.
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Figure 2. A series of normal-emission spectra for different photon energies obtained using
p-polarized light along0 X. Left: experimental spectra; right: calculated spectra (angle of
photon incidence2ω = 75◦; angle of electron emission2e = 0◦).

3. Methods of calculation

In order to calculate the bulk potentials for CoAl in the CsCl structure we have applied the
tight-binding linear muffin-tin orbital method [21, 22] in the atomic sphere approximation
(TB-LMTO-ASA), by using equal and space-filling atomic sphere radii on Al and Co sites.
According to previous studies [23], this choice, for example for CoAl, results in an optimal
description of the electron density in the ASA. Exchange–correlation effects are considered
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according to the exchange–correlation potential given by von Barth and Hedin [24]. For both
constituent atoms, basis functions up tol = 2 were used explicitly, whereasl = 3 functions
have been included via the downfolding procedure [25, 26]. Furthermore, the effect of non-
local corrections [27, 28] to the local density approximation has been specially addressed
in the calculations. The theoretical equilibrium lattice constant, determined to be 2.83Å,
underestimates the measured value [29] by about 1% with somewhat better agreement with
the experiment in the case where non-local corrections are employed. In our analysis, CoAl
fails to develop any magnetic ordered state, in agreement with all previous bulk calculations.
Nevertheless, it should be mentioned at this stage that slab calculations performed within
the full-potential linear augmented-plane-wave (FLAPW) formalism resulted in a magnetic
ordering for the CoAl(100) surface [30]. The photoemission experiments shown here are
spin-integrated ones and present the intensity distributions only. The main aspect of this
contribution consists in a precise band mapping of CoAl along this direction. Therefore,
the paramagnetic bulk potentials that we calculated by the procedure described are adequate
for a quantitative interpretation of the measured spectra. For the surface potential, a spin-
independent surface barrier of Rundgren–Malmström type [7] has been used in order to
describe the electronic structure quantitatively in the surface region. Possible damping
effects were included in a phenomenological way by adding a layer-independent imaginary
contribution−iVi0 to the muffin-tin potentials. For the initial state,V0i has been chosen to
be energy dependent, with

V0i1 = 2 arctan(0.1+ 0.0001(x − 0.5)4).

For the final state, we used a value ofV0i2 = −1 eV for a photon energy of 12 eV varying
to V0i2 = −2.6 eV at 28 eV photon energy in our theoretical investigation. Finally, all
of the calculated raw spectra were convoluted with a Gaussian with FWHM= 0.2 eV to
account for the experimental resolution of the spectrometer.

Figure 3. The top view of the (110) surface of CoAl with a Co antistructure atom in the second
layer.



10844 D Mayer et al

4. Structure

Theβ-phase of CoAl crystallizes in a CsCl structure with a lattice constant of 2.86Å [29].
For our photoemission analysis we have used the theoretical lattice constant of 2.81Å, which
is about 1% smaller than the measured one. The corresponding relativistic bandstructure
along0M is shown in figure 1. It has been calculated by using the TB-LMTO potentials in
our photoemission code based on a relativistic Korringa–Kohn–Rostoker (KKR) multiple-
scattering formalism. Spin–orbit coupling leads to a cancellation of the energy degeneracy
of the 63

5 and 62
5 bands at the symmetry points0 and M. Also, as a consequence of

relativistic effects, the crossing of the lower61
5 and64

5 bands is now forbidden.
It has been determined byI–V LEED measurements that the distance between the Co

atoms of the first and second layer is 0.4% larger than the bulk value. The corresponding

Figure 4. A series of normal-emission spectra for different photon energies obtained using
s-polarized light along0 X. Left: experimental spectra; right: calculated spectra (2ω = 17◦;
2e = 2◦).
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Figure 5. A series of normal-emission spectra for different photon energies obtained using
s-polarized light along0 Y. Left: experimental spectra; right: calculated spectra (2ω = 15◦;
2e = 0◦).

value for the Al atoms is 4.7%. To take into account this structural behaviour, we have
performed photoemission calculations for a half-infinite crystal with a rumpled layer as
the first bulk layer. By considering the net relaxation of about 0.4% together with the
rumpling of the Al atoms, it was possible to reduce the intensity ratio of the main peaks
from 63% to 39%. The experimental value is 23%. This result is shown in figure 2
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as a series of calculated spectra for excitation energies between 14 and 28 eV. Because
we were able to reproduce the correct trends in our photoemission calculations, it follows
that the intensity ratio is mainly determined by multiple-scattering effects, which we have
considered via a rumpled layer. Further improvements in the photoemission analysis can
be expected from using layer-dependent potentials resulting from a slab calculation or by
applying a Green’s-function formalism. It is known that B2 transition metal aluminides
inhibit high concentrations of point defects [31]. Combinations of vacancies on transition
metal sites and so-called antistructure atoms are predominant. This means that transition
metal atoms substitute for Al atoms. LEED studies, for example, indicate a 20% surplus
of Co in the second layer [32]. In order to take into account these structural properties in
our photoemission investigation on CoAl, we used a four-times-larger unit cell with a Co
antistructure atom. Figure 3 shows the additional Co atom (arrow), which is located 0.05Å
above the second-layer Al position. Although our approximation can be seen as a first step
only, considerable improvement has been achieved in the calculated spectra as compared
with the experimental data. This will be shown later on. A more sophisticated approach to
the disorder and to the onset of magnetism in CoAl and other transition metal aluminides
consists in the coherent potential approximation (CPA). Photoemission calculations based
on this method should unambiguously result in a further improved agreement with our
experimental photoelectron spectra. We concentrate in this contribution mainly on the
ordered structure of CoAl; in two forthcoming publications the electronic structure of
disordered FeAl, CoAl and NiAl and the corresponding photoemission intensities will be
discussed in more detail within the CPA method.

Figure 6. A comparison of measured off-normal-emission spectra (middle) obtained using
s-polarized light along0 Y with spectra calculated for different angles between the scattering
plane and0 Y. Left: φ = 0◦; right: φ = 5◦.
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5. Results for the ordered structure

At first we show a series of normal-emission spectra (2e = 0 for different photon energies
obtained using s-polarized light along0 X (figure 4). To achieve a better agreement with
the experimental curves, the calculations were performed for an angle of incidence of
2ω = 17◦ and an emission angle of2e = 2◦. The difference from the experimental set-up
lies within the inaccuracy of the measurement. In general we observe a good agreement
between experimental and calculated spectra. The peak at about−1 eV arises due to direct
61

5 → 61
5 transitions. The decrease in intensity and the shift to lower binding energies with

increasing photon energy is very well reproduced. The intensities of the other peaks, namely
nearEF and at−3 eV, which are due to direct64

5 → 61
5 transitions, are overestimated at

higher excitation energies. The difference in the positions of the peaks, especially for the64
5

Figure 7. A series of spectra for different angles of emission obtained using s-polarized light
(hν = 14 eV) along0 Y. In the calculations the scattering plane is rotated by 5◦ around the
surface normal. Left: experimental spectra; right: calculated spectra (2ω = 15◦).
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state with the highest binding energy (i.e.−3 eV), are probably due to correlation effects not
included in the LDA framework. In figure 2 we show a comparison between experimental
and calculated normal-emission spectra for p-polarized light (2ω = 75◦; 2e = 0◦) along
0 X. Again the dispersion and the course of the intensity of the61

5 peak at about−1 eV
are quantitatively reproduced. The peak with the highest binding energy is also due to a
direct61

5 → 61
5 transition. The intensity ratio is correct but the energy positions of this

peak differ by 0.3 to 0.4 eV compared to the experimental values. The peak near the Fermi
level which can be seen in the experimental spectra for photon energies of 14 and 16 eV
could not be reproduced in the calculations.

The next figure (figure 5) shows a series of normal-emission spectra for s-polarized light
along0 Y. The agreement in energetic position and intensity of the63

5 bulk state between
measured and calculated curves is again very good. The intensity of the non-dispersing

Figure 8. A series of spectra for different angles of emission obtained using s-polarized light
(hν = 14 eV) along0 Y. In the calculations the scattering plane is rotated by 5◦ around the
surface normal. Left: experimental spectra; right: calculated spectra (2ω = 0◦).
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peak near the Fermi level (−0.4 eV in the experimental spectra,−0.25 eV in the theoretical
spectra), which is due to a surface state, seems to be overestimated at higher excitation
energies.

For the off-normal-emission spectra we achieve a better agreement with the experiment
by rotating the scattering plane about the surface normal. The left-hand panel of figure 6
shows calculated off-normal-emission spectra with the scattering plane parallel to0 Y. For
higher detection angles an additional peak appears at about−0.75 eV. This peak, which
is probably due to a62

5 state, is not visible in the experimental curves (middle panel)
and disappears when the scattering plane is rotated azimuthally by 5◦ (right-hand panel).
The series of off-normal spectra shown in figure 7 and figure 8 were calculated with this
geometry.

Figure 7 depicts spectra for detection angles from 0◦ to 18◦ and light incidence of 15◦.
The63

5 bulk peak shifts to higher binding energies with increasing emission angles in both
experiment and theory. In contrast to the experimental result, the surface state disperses and
loses some intensity in the theoretical spectra. This could be an indication of a deviation
from the stoichiometric composition at the surface.

For detection angles greater than 18◦ the experiments could be performed with
completely s-polarized light (normal incidence). As shown in figure 8 the dispersion of
the bulk peak could not be reproduced as accurately for higher emission angles. In the
calculated spectra the peak shifts between 18◦ and 60◦ by about 0.2 eV to lower binding

Figure 9. A comparison of measured normal-emission spectra (middle) obtained using
s-polarized light along0 Y with spectra calculated for the ordered (left) and disordered structure
(right).
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energies whereas in the experimental curves it disperses by about 0.1 eV in the opposite
direction. At detection angles of 54◦ and 60◦ a shoulder at−1.8 eV is visible in the
theoretical spectra, which might be due to excitation of a62

5 state. This feature is not
resolved in the experimental curves.

6. Results for the disordered structure

In figure 9 we compare calculated spectra for the ordered and disordered structure with the
corresponding experimental data. It is clearly visible that the agreement between experiment
and theory is improved by taking into account an antistructure atom. For all three different
excitation energies, the peak positions as well as the intensity ratios are found to be closer
to the experiment. In particular, the surface state located near the Fermi edge is shifted
slightly to higher binding energies. An explanation can be found in the change of the
electronic structure induced by the supercell geometry, which should influence the energetic
position and intensity of a bulk-like surface state. As one would expect, another effect of
the simulated disordering consists in a broadening of the intensity distributions. This is
also shown in figure 10, which depicts a series of normal-emission spectra calculated for
p-polarized light. Even when the overall agreement between experiment and theory is very
good, some details could be improved. For example, the calculated intensity ratios should

Figure 10. A comparison of measured normal-emission spectra (middle) obtained using
p-polarized light along0 X with spectra calculated for the ordered (left) and disordered structure
(right).
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decrease for increasing photon energies for both cases. A CPA photoemission investigation
based on the correct configurational average is expected to produce these experimental
findings.

7. Summary

We have presented calculations of photoemission spectra of CoAl(110) and compared these
results with experimental data [10].

For the ordered structure the overall agreement between theoretical and experimental
curves is very satisfactory. The position and dispersion of the bulk and surface states
appearing could be reproduced very well over a wide range of excitation energies and for
different polarizations. The deviations for the more tightly bound states could be due to
correlation effects. Further improvement, especially for the intensity ratio, should also be
achieved by using the full-potential photoemission theory in which the transition-matrix
elements are calculated for atomic potentials with non-spherical contributions.

Since CoAl persists over a wide range of composition, we have tried to simulate a
partially disordered structure by using a larger unit cell with a Co antistructure atom in the
second layer. This leads to an improvement in the position of the bulk-induced surface
state and to a broadening of the bulk peaks. At the same time the calculations for s-
polarized light along0 X show less agreement with experimental spectra. An improvement
might be achieved by using larger unit cells and considering vacancies in the Co sublattice.
Performing CPA photoemission calculations should lead to a better agreement between
experiment and theory.
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