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Abstract
The temperature dependences of the electronic structure, spin-resolved photo-
emission, and magnetic linear dichroism of the prototypical system 2 ML Co
on Cu(001) (ML stands for monolayer(s)) are presented in a detailed theor-
etical study. Relativistic ab initio electronic structure calculations were carried
out within the framework of multiple-scattering theory; the spin-resolved
photoemission was calculated within the one-step model. The temperature
dependence was taken into account within the disordered local moment picture.
The spectral features show a distinct dispersion and broadening with
temperature, in particular those derived from quantum-well states in the Co
film. These findings can be traced back to the layer- and spin-resolved Bloch
spectral function. Further, Co-derived maxima in the photoemission intensities
behave significantly differently with temperature to Cu-derived ones. The
spin-resolved photoemission intensities compare well with experimental data
and with theoretical data obtained within the fluctuating local moment picture.
Magnetic linear dichroism in spin-resolved photoemission is discussed in terms
of asymmetries which are related to the spin polarizations.

1. Introduction

Joint experimental and theoretical investigations of solids, in particular those of 3d ferro-
magnets, by photoelectron spectroscopy have proved to be very successful and allowed detailed
statements to be made as regards the spin- and symmetry-resolved electronic structure (see
for example [1]). Theoretical photoemission calculations are—like the underlying ab initio
band-structure calculations—usually performed for zero temperature. The corresponding
experiments, however, are carried out at elevated temperatures, e.g. at room temperature.
Theoretical and experimental photoemission spectra agree well in general for ferromagnetic
systems with the Curie temperatures 7¢ which are high compared to the actual temperature at
which the experiments were performed. However, the agreement is rather poor for systems
with low Curie temperatures, for example ultrathin films. For two monolayers (ML) of Co on
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Cu(001), T¢ was estimated at only 320 K [2], as compared to a bulk T¢ of 1388 K [3] (Huang
et al found a value of about 500 K by means of the surface magneto-optic Kerr effect [4]). In
order to overcome this temperature ‘mismatch’ between theory and experiment, one can either
cool the samples in experiment down to temperatures close enough to zero or extend the theory
to non-zero temperatures—obviously a far better approach. The latter allows detailed studies
of the temperature dependence of significant electron-spectroscopic quantities: for example
magnetic moments, spin polarization, and magnetic dichroism (MD) in photoemission.

Temperature effects can be divided into vibrational and electronic effects. The former,
i.e. phonons, are treated in multiple-scattering theories of electron spectroscopies (e.g. low-
energy electron diffraction (LEED) and photoemission) via temperature-dependent scatt-
ering phase shifts (see for example [5, 6]). The electronic temperature effects can be taken
into account by an energy-, spin-, and temperature-dependent self-energy ¥ which can
be approached in different ways. In a first approach, one can combine density-functional
theory and many-body treatments. For example, a Hubbard-type multiband model allows the
computation of spin-resolved photoemission spectra within a generalized one-step model [7-9].
For low-index surfaces of Ni the comparison of spectra calculated within this framework
showed good agreement with experimental data. No indication of a stationary exchange
splitting independent of temperature could be found. Instead, majority and minority spin
states merged in energy upon approaching 7¢. Another treatment is based on a periodic cluster
approach with exact diagonalization of the many-particle Hamiltonian for ultrathin transition-
metal films [10].

A further approach is based on the coherent potential approximation (CPA) [11] as
formulated in the Korringa—Kohn—Rostoker (KKR) method [12—-14]. The disorder in the solid
gives rise to the electron self-energy operator ¥ [15]. Therefore, the electronic structure has
to be described by means of the Bloch spectral function (BSF) Ag(E, k) (i.e. the energy- and
wavevector-resolved density of states) instead of by means of the more familiar band structure
E(k). The real part of X shifts the energy levels (e.g. defined as maxima in Ag(E, k)); its
imaginary part gives rise to broadening, i.e. to a finite lifetime of the quasi-particles. The CPA
can be used for binary substitutional alloys A,B;_, to formulate a first-principles theory of
phase transitions in ferromagnets [16,17]: in the disordered local moment (DLM) picture, one
identifies the atomic species A and B as atoms of the same kind but with opposite orientations
of the local magnetic moment M: M, = —Mpg. For given concentration x and energy E,
an effective medium is computed, which is determined by the condition that inserting a defect
of type A weighted with its concentration x and inserting a defect of type B weighted with
its concentration 1 — x into the effective medium imposes no additional scattering (for details
see references [14, 15]). For example, for concentration x = 0 all local magnetic moments
are aligned parallel and one has the ferromagnetic case for 7 = 0, since all sites are occupied
by atoms of species B. For x = 0.5 the net magnetization vanishes due to there being equal
numbers of sites occupied by species A and B; hence one is concerned with the paramagnetic
case for T = T¢. A theory of photoemission from binary substitutional alloys has been
formulated by Durham [18] and successfully applied within the DLM picture to Fe at elevated
temperatures [19].

If the CPA calculations are performed within the single-site approximation, magnetic
short-range order (SRO), i.e. correlation between the local magnetic moments, is neglected
(note that within the embedded-cluster method, SRO can of course be treated [20]). In order to
take into account the spin—spin correlations, Haines et al [21,22] proposed the fluctuating local
moment (FLM) picture which uses clusters with a magnetic moment located at each site. The
configurations of local magnetic moments have to be compatible with a given average magnetic
moment (m(7T)) and a spin—spin correlation length A(7T") [23]. Physical quantities are then
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obtained by averaging over the configurations. Gollisch and Feder applied this approach
successfully to photoemission from Ni(111) and Fe;Pt [24-26]. The joint effect of lattice
vibrations and magnetic fluctuations in Ni has been investigated by Delgadillo et al [27].

As mentioned above, ultrathin films show a low T with respect to the bulk system. Thus,
significant temperature effects on spin-resolved photoemission intensities can be expected even
at room temperature. Reiser et al [28] investigated theoretically 2 ML Co on Cu(001) within
the FLM theory and found good agreement with experiment at T = 0.65 T [29] for a certain
pair of average magnetic moment and correlation length ({(m (7)) = 0.2m(0) and A(T) less
than the intersite distance). However, they applied an empirical tight-binding description of
the electronic structure and did not take into account spin—orbit coupling (SOC), an essential
ingredient for the description of magnetic dichroism (MD) in photoemission, i.e. the change
of the photocurrent upon reversal of the magnetization orientation [30]. Hence, there appears
to be a need for a theoretical investigation of the temperature dependences of the electronic
structure, spin-resolved photoemission, and MD from ultrathin films. Its basis should be an
ab initio electronic structure calculation which treats exchange and spin—orbit interactions on
an equal footing. In this paper we present results of such an investigation by means of the
fully relativistic layer-KKR method but within the DLM picture instead of the FLM picture.
As a prototypical system we chose 2 ML Co/Cu(001) and address further the temperature
dependence of the magnetic linear dichroism (MLD) in valence band photoemission. Since
we are dealing with spin-resolved MLD, we introduce asymmetries which turn out to be related
to the exchange- and the spin—orbit-induced photoelectron spin polarizations (ESPs). In recent
works the temperature dependence of the MD has been exclusively (at least to our knowledge)
investigated in an element-specific way, exploiting core levels [31,32]. Further, Alders et al
presented a joint experimental and theoretical study of the spin—spin correlation function and
magnetic long-range order in x-ray absorption in NiO [33].

This paper is organized as follows. In section 2 we sketch the theoretical methods, in
particular the numerical details (section 2.1) and the asymmetries (section 2.2). Results are
presented and discussed in section 3, in particular for the electronic structure (section 3.1),
photoemission (section 3.2), and magnetic linear dichroism (section 3.3). Concluding remarks
are made in section 4.

2. Theoretical aspects

2.1. Numerical details

As a prototypical system we chose 2 ML Co on Cu(001) in order to allow comparison of our
results with experiment [29] and previous theoretical results [28]. Cobalt grows in a layer-by-
layer mode on Cu(001) and continues the fcc Cu lattice but with a slight tetragonal distortion
(for growth of Co on Cu(001), see for example [34—36]). In our calculations we did not take
into account any tetragonal distortion at the surface, but assumed the fcc parent Cu lattice to
extend throughout the whole semi-infinite system. Nor do we consider Cu—Co intermixing
at the interface. The layers are denoted as S, S — 1, S — 2, ..., starting from the outermost
surface layer. Bulk layers are denoted by B.

As the first step of the calculations, spin-dependent muffin-tin potentials V4 (r) were self-
consistently determined by the spin-polarized scalar-relativistic layer-KKR method (within
the local spin-density approximation of density-functional theory). We used the exchange—
correlation potential of Perdew and Wang [37]. At this step, spin—orbit coupling (SOC)
was not taken into account. For maximum angular momentum /,,x = 3, the magnetic
moments of the Co sites are m(S) = 1.79 ug and m(S — 1) = 1.62 ug. These values
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correspond to changes of +7.8% and —2.4% of the bulk moment (m(B) = 1.66 ug) and
compare well with those obtained by other self-consistent methods (Clemens et al give
m(S) = 1.84 ug and m(S — 1) = 1.60 up [29]; Niklasson gives m(S) = 1.81 ug,
m(S — 1) = 1.61 ug, and m(B) = 1.68 up [38]). The induced spin moment in the adjacent
Cu layeris m(S — 2) = 0.02 ug. We found no significant charge transfer from Co to Cu. The
spin-dependent potentials V. serve as input for the fully relativistic layer-KKR calculations.

The description of magnetic dichroism in photoemission—one of the aims in this
investigation—has to deal with both SOC and exchange splitting, which are best treated on
an equal footing. Therefore, we applied in the second step the spin-polarized relativistic
layer-KKR method [39] in order to determine the layer-resolved Green function, the most
important quantity in electronic structure and photoemission calculations, from which all
observables can be calculated. Following the ideas of the DLM picture, the electronic
temperature effects are treated within the inhomogeneous CPA for binary substitutional
alloys [16, 17]. As input for atomic species A we took the spin-dependent potentials from
the first step, for species B the same but with opposite spin orientation (i.e. VA = Vf; thus
M, = —Mp). For concentration x = 0O the layer- and spin-resolved Bloch spectral functions
(BSFs) obtained from the fully relativistic and the scalar-relativistic calculations agreed almost
perfectly. The slight deviations can unambiguously be attributed to the inclusion of SOC in
the former, as can easily be checked by scaling the SOC while keeping the other relativistic
effects unchanged [40,41].

For selected concentrations x ranging from 0 (7 = 0) to 0.5 (T = T¢), we calculated
from the Green function the layer- and spin-resolved BSF Ag(FE, k) and the spin-resolved
photoemission intensities within the one-step model following the work of Durham et al [19].
Instead of treating the photoelectron state, i.e. the time-reversed spin-polarized LEED state,
within the averaged 7r-matrix approximation (ATA), we treated it like the hole state within
the CPA because of the rather small number of CPA self-consistency iterations required.
Additionally, the CPA results were compared with those obtained within the virtual-crystal
approximation (VCA) and the ATA. The ATA yielded the same general trends as the CPA but
the results at certain energies differed significantly. As expected, the VCA results did not agree
well with those obtained within the CPA or with those obtained within the ATA.

Finally, we present some technical details. From the layer-dependent ‘impurity matrices’
D and DB (see for example [13]), the configurationally averaged D was obtained from
D¢ = x D® +(1 —x) D&, from which the effective single-site #-matrices of the coherent system
were calculated. Starting from the ATA ¢-matrices we did not encounter any convergence
problems in the CPA self-consistency loop. Further, the averaging over reciprocal space was
carefully checked, applying both special-point sets as well as self-adapting grid methods (see
for example [42]). Note that the Fermi energy EF is independent of the concentration x because
it is fixed by the non-magnetic Cu substrate.

Many-particle effects play an important role for transition metals, one prominent example
being the 6 eV satellite for Ni. These effects are expected to be larger in systems with reduced
dimensionality, e.g. ultrathin films, than in bulk systems. In a series of publications (see for
example references [43-45]), Chen investigated in detail many-particle effects in ultrathin Co
films within a non-perturbative many-body approach [46]. One of the main results was the
importance of hybridization between the Co d states of the film and the Cu s states of the
substrate [10]. The photoemission intensity of a strong satellite peak in the theoretical spectra
was considerably reduced if the Co d/Cu s hybridization was taken into account, thus improving
the agreement between experiment [29] and theory. Further, many-body effects showed up as
a transfer of spectral weight to lower energies than predicted by a single-particle approach (in
particular at energies £ < —5.2 eV).
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Such sophisticated many-body calculations are beyond the scope of our investigation.
Instead, in our single-particle calculations we model many-particle effects via an energy-
dependent optical potential. In the calculations of the BSF a constant imaginary part of
the energy of 0.025 eV was used. In the photoemission calculations the hole lifetimes were
simulated via an energy-dependent imaginary part of the energy of Im E = 0.1(E — Ef) for Co
layersandIm E = 0.025(E — Ef) for Culayers. For the photoelectron states a constant value of
3.5 eV was taken (note that due to the larger imaginary parts in the photoemission calculations,
a slight shift of the electronic states to higher energies with respect to the BSF calculations
occurs). Further, the photoemission intensities were collected from the first 20 outermost
layers, the maximum angular momentum was I,x = 4, and the number of reciprocal-lattice
vectors was about 50. Fresnel’s equations and Snell’s law were not taken into account.

We wish to stress that our aim was to investigate the basic temperature effects on photo-
emission and magnetic dichroism. Therefore, we did not optimize the above parameters
in order to achieve perfect agreement with experiment. However, in future work we shall
incorporate the self-energy X within the G W approximation [47—49]. This would account for
changes in both the layer- and energy-dependent exchange splitting and in the quasi-particle
lifetimes via Re X and Im X, respectively.

Finally, we briefly compare the approach of Nolting et al [9] with the DLM approach. In
the former, one first computes the electronic band structure of the paramagnetic bulk system.
This is used in a second step as input for a Hubbard-type many-particle model with Coulomb
and exchange parameters U and J, respectively. The latter are chosen to reproduce the ground-
state magnetization at T = 0 K. The resulting set of equations is solved self-consistently and
yields the energy-, spin-, and temperature-dependent self-energy for the occupied states. In
a third step, the spin-resolved photocurrent is calculated in a generalized one-step model of
photoemission, in which the many-particle effects are taken into account only for the occupied
states. This approach has the advantage (like that of Chen [10]) that correlations are accounted
for in a sophisticated manner. In the DLM approach, however, these are considered in a
rather rudimentary form (see above). In favour of the DLM approach one can say that it
can easily be applied to ultrathin films (since it does not rely on bulk properties), that the
temperature dependence is considered for both occupied states and the photoelectron state,
and that additional parameters do not enter.

2.2. Asymmetries for magnetic dichroism in spin-resolved photoemission

In the following we introduce the asymmetries used in the discussion of magnetic linear
dichroism (MLD) in spin-resolved photoemission (see section 3.3 below). In an experiment
or a calculation for magnetic dichroism, one records the photocurrent / as a function of the
magnetization orientation, I (£M). If the photocurrent is further spin-analysed (+o) with
respect to the direction of + M, one is concerned with a set of four spectra, I (+o, =M), or
for short, I4.

The electron spin polarization (ESP) can be decomposed into an even part and an odd
part in terms of M: P(M) = Py(M) + Pyo(M), with Px(M) = —Py(—M) and
Pso (M) = Pyo(—M). In terms of the intensities, these ESPs are given by

L, —1_4 N I —1__
21 21_
Ly -1 I, —1_

P, = —
o 21, 21

Pso:

ey
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with the spin-averaged intensities 1, = )__ I,,. Vice versa, the intensities can be written as

Itru, = %[1+U(P90+Mpex)] Ip. o, U= =+. (2)
The origins of the ESP contributions become evident on considering the following limiting
cases for I, = I_. If there is no magnetization (M = 0) the ESP is exclusively due to SOC
(Pso # 0 and P.x = 0). If on the other hand there is no SOC, the polarization changes sign
upon reversal of M (Pex # 0 and Py, = 0). In short, P can be attributed to exchange
splitting, Py, to SOC.
The four intensities 7+ allow the definition of three asymmetries:

1
Aun = _(I++ +I -1 - I——)
Il

1
A= —Upy — I +1_—1__) 3)
Iy
1
Aex = _(I++ I, —1_+ I——)
Iy

with the total current Iy = )__ , I,,, which in terms of the ESPs can be compactly written as

on

1
Ap =—U,— I
10(+ )

Ago = Pyo + PexAun (4)
Aex = Pex + PsoAun-

There is no dichroism (Ay, = 0) if there is either no exchange splitting or no SOC. In
the first case, I++ = I+ leads to Py = 0 and, thus, A, = 0 but Ay, = Py In the second
case, [4++ = I4 leads to P, = 0 and Ay, = 0 but A,x = Pex. Now consider ‘perfect’
dichroism, i.e. Ay, = £1. For Ay, = lonehas I, 0, I_ = 0, and Ay, = Aex = Pso + Pex;
for Ayy = —1, I, =0, I_ # 0, and Ay, = —Aex = Pso — Pex. In conclusion, Ay, is the
commonly used spin-averaged asymmetry, whereas A, and A¢x probe asymmetries which can
be attributed to SOC and exchange splitting, respectively, if the dichroism is rather small. The
asymmetries defined above can thus be regarded as generalizations of spin polarizations to the
case of magnetic dichroism.

Sometimes it is stated that MD can be used as a substitute for spin-resolved measurements
(for a discussion see [50]), possibly with the ulterior motive of achieving information on the
spin polarization Pk from the spin-averaged asymmetry Ay, (the apparent advantage of MD
measurements is the much higher count rate with respect to that in spin-resolved experiments).
Considering (4), this is impossible, because the three asymmetries are linearly independent.
Further, the expression for A,, contains neither P, nor Pg,. Therefore, in order to obtain
the ESP one has to measure A¢x or Ay, which requires spin resolution. Nevertheless, we
shall briefly analyse our results for spin-resolved MLD with regard to the relations of the
asymmetries to the ESPs (see section 3.3 below).

3. Results and discussion

In the following we present and discuss results for 2 ML fcc Co on Cu(001) which have
been obtained by the spin-polarized relativistic layer-KKR method sketched in section 2.1.
First, we turn to the electronic valence band structure which is essential for understanding the
photoemission results (sections 3.2 and 3.3).
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3.1. Electronic structure of 2 ML Co on Cu(001)

In figure 1 the spin- and layer-resolved Bloch spectral function Ag(E, k) is shown for kj =0
and concentration x varied from 0 (T = 0) to 0.5 (T = T¢). Due to SOC, spin is not a
good quantum number and, hence, the spin polarization of individual states is not equal to
+1. Despite this, we use the terms ‘majority’ and ‘minority’ because in general the spin
polarization is rather close to +1 (majority) or —1 (minority). Exceptions are for example
states near spin—orbit-induced band gaps (see e.g. [51]).

We first address the case x = 0; cf. the uppermost curves in figure 1.

600 | 1 600
~~
2
2
; 500 | 1500
g
N’
§ 400 | 1400
=
Q
g
300 | 1300
[as]
=
3
2200 | 1{ 200
=
Q
=
/M 100 100
0 0

3 2 -l 30 2 -l 302 -l
Energy (eV) Energy (eV) Energy (eV)

Figure 1. The spin- and layer-resolved Bloch spectral function of 2 ML Co on Cu(001) for kj = 0
and concentrations x = 0.0, ..., 0.5, as indicated in (a). Majority-spin (‘maj’, ——) and minority-
spin (‘min’, - - - -) projections are shown for the three outermost layers: Co S (a), Co S — 1 (b),
and Cu S — 2 (c). In (a) maxima discussed in the text are connected by lines to guide the eye, three
of them labelled A, B, and C. The respective zero abscissae are marked by dotted (- - - - - - ) lines in
(c). The Fermi energy is 0 eV. For x = 0.5, the majority and minority curves coincide.

Due to the reflection at the Co/Cu interface and at the surface barrier, electrons become
confined to the Co film and thus show up as spin-split quantum-well states (QWSs) and
quantum-well resonances in the Co layers S and S — 1 (cf. panels (a) and (b)). Within the
sp-band range of Cu, i.e. at energies larger than ~—1.8 eV, there is a strong minority state at
—0.35 eV (labelled A in panel (a)). A majority double maximum is found at —0.78 eV and
—0.84 eV (labelled B). Distinct traces of these QW Ss are visible in the adjacent Cu layer S — 2
(panel (c)). Another important majority-spin state is indicated by the rather broad maximum
at —1.83 eV which is resonant with the d bands of Cu (labelled C). The spin polarization
of the individual states in the Co film can easily be derived from the bulk band structure of
fce Co [52].

With increasing concentration x the sharp maxima become smeared out, which can be
explained by the CPA. Within this approximation, the BSF is given by a sum of concentration-
weighted terms which either depend explicitly on the actual kj or which include averaging
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over reciprocal space [14,15]. For x = 0 the k| -averaged terms cancel and one is left with the
sharp maxima at k; = 0. Upon increasing x the kj-averaged terms become mixed in and thus
lead to broadening of the peaks.

The Co states within the Cu sp-band range become rather continuously smeared out with
increasing x. However, there are states whose BSF depends strongly on the concentration. For
example the minority state at —2.45 eV (panel (a)) shows a high density of states for x = 0
but has practically disappeared for x = 0.1. Its majority partner at —2.83 eV, however, can be
traced even up to x = 0.4 (cf. the guiding lines in panel (a)). On the other hand, one can find
states which show sharp maxima for x = 0.5 but broad ones at x = 0.0, for example in layer
S the peak at —3.28 eV.

For x = 0.5 the spin polarization of all layers vanishes because the net magnetic moment
is zero (T = Tc, paramagnetic case). In a Stoner-type model one would expect majority and
minority maxima to merge with decreasing exchange splitting. The maxima in the BSF do
indeed show a slight dispersion with x (cf. the lines to guide the eye in panel (a)). Majority
maxima disperse to higher energies, minority ones to lower energies, as expected. A very
clear example of peak merging is found in layer S at —3.28 eV for x = 0.5: with decreasing x
this maximum splits into two with opposite spin orientations. Note that the dispersion is non-
symmetric, i.e. the majority peak shows less dispersion than its minority partner (<0.12 eV
versus 20.38 eV). This behaviour can be attributed to the Cu band structure. The latter affects
the reflection properties at the Co/Cu interface—in particular the phase shift—in a spin- and
energy-dependent manner [53]. These reflection properties determine the energy positions
of the QWSs: viewing the Co film as an interferometer [54], a QWS occurs at an energy at
which the round-trip criterion is fulfilled, i.e. the phase accumulated in a round-trip is an even
multiple of 7. There are no further sharp maxima in layers S and S — 1 for x = 0.5. The
individual peaks at x = 0 cannot be traced well to x = 0.5 because of the broadening and
decay of the spectral weight upon increasing x. However, from figure 1 it is evident that there
is dispersion with x, but it is difficult to strictly evidence merging of maxima.

Summing up, our results for the spin- and layer-resolved BSF at various concentrations
x reveal splitting, broadening, and in some cases merging of individual electronic states in
the Co film. The individual maxima show a rather different behaviour as regards the spectral
weight: some depend rather strongly on x, while others do not. In the following we turn to the
temperature dependence of the photoemission and discuss whether the findings for the BSF
can also be observed in the spin-resolved intensities.

3.2. Spin-resolved photoemission from 2 ML Co on Cu(001)

Spin-resolved experimental data for 2.5 ML Co/Cu(001) were recorded for s-polarized light at
45 eV photon energy and normal emission (k) = 0) by Clemens et al [29] (cf. the bottom spectra
in figure 2). The spectra were taken at room temperature, which corresponds to 7 =~ 0.65 T¢
with Tc(2.5 ML) =~ 465 K according to [2]. Note that in this set-up there is no magnetic
dichroism because Py, vanishes [55]. The main question that arises is that of whether our
theoretical approach which neglects magnetic SRO is able to reproduce the experimental data
or whether magnetic SRO has to be taken into account.

In the current set-up the electric field vector of the s-polarized light is parallel to the surface
plane and lies within a mirror plane of the solid. Therefore, only transitions from initial states
of the representations Asi to the Af final states are allowed [55] (here we prefer the more
familiar but strictly speaking incorrect notation of single-group representations combined with
a spin index instead of that of magnetic double groups).
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Figure 2. Spin-resolved photoemission intensities for 2 ML Co on Cu(001) for normal emission
(ky = 0) and concentrations x = 0.0, ...,0.5. The photon energy of the s-polarized light is
45 eV. Majority (‘maj’) and minority (‘min’) spin projections are indicated by full ( ) and
dashed (- - - -) lines, respectively, whereas the zero abscissae are marked by dotted (- - - - - - ) lines.
Maxima discussed in the text are denoted as A-D; almost vertical lines serve to guide the eye.
The experimental spectra for 2.5 ML Co on Cu(001) were taken at room temperature (reproduced
from [29]). Note that there is no magnetic dichroism in this set-up. The Fermi energy is 0 eV.

Before discussing the ESP in more detail we have to sketch its origins. As mentioned
above, the spin—orbit-induced part Py, of the ESP vanishes in the current set-up and we are
therefore concerned only with its exchange-induced part P.x. The valence electrons in the Co
film are spin polarized and this polarization is transferred in the excitation process to that of the
outgoing photoelectrons (note that the ESP of the photoelectrons is not identical to those of the
valence electrons, due to matrix-element effects). The valence electrons in the Cu substrate,
however, are not spin polarized, and, hence, neither are the photoelectrons in the substrate.
These photoelectrons have to pass the magnetic Co film on their path to the detector, and the
spin-dependent transmission of the latter induces a spin polarization of the outgoing electrons.
In turn, if one produces spin-polarized photoelectrons in the non-magnetic substrate, e.g. by
optical orientation, the magnetic film can be exploited as a spin detector [56]. Summing up,
the spatial origin of the photoelectrons—either the Co film or the Cu substrate—is reflected by
two different mechanisms for producing ESP. And further, the latter should differ considerably
in their temperature dependence since in the first case both initial and final states are affected
by T whereas in the other only the final states are affected.
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The top curves in figure 2 are theoretical spin-resolved spectra for concentration x = 0.
At —0.35 eV the minority QWS A (cf. panel (a) in figure 1) gives rise to a very strong intensity
maximum, whereas the majority QWS B at —0.84 eV shows up as a comparably small peak
(the ‘matrix-element effect’). The rather broad majority maximum C at —1.85 eV is related
to that in the BSF. In contrast to these spectral features which show strong ESP, the maximum
D at —3.10 eV contains considerable contributions from both spin orientations. Since the
BSF at this energy is very small in the Co layers but comparably large in the Cu layers, it
seems likely that D is due to emission from the Cu substrate. Its spin polarization can thus be
attributed to the Co-induced magnetic moments in the Cu layers at the Co/Cu interface or to
the spin-dependent transmission of the photoelectron through the Co film (‘spin filter’). But
since the magnetic moment induced in Cu layer S — 2 is too small (0.02 up) to be regarded
as responsible for the D ESP of about 20%, the ESP can be attributed unambiguously to the
spin-dependent transmission through the Co film.

The origin of peak D becomes even more evident when considering the temperature
dependence of the intensity: with increasing concentration x there is no shift in energy of this
particular maximum because the electronic structure in the substrate does not depend on x (of
course, the electronic structure of the Cu layers near the Co/Cu interface slightly depends on
x due to the Co film; see panel (c¢) in figure 1). The most prominent effect is a reduction of the
spin polarization which vanishes for x = 0.5. Asin the BSF (figure 1), QWSs A and C show no
significant intensity maximum for x = 0.5. Their intensity drops rapidly upon increasing x, in
contrast to that of the Cu-related state D. Further, A and C disperse with x: those maxima with
majority spin orientation (C) to higher energies, those with minority spin orientation (A) to
lower energies (cf. the guiding lines in figure 2). For example, C disperses by approximately
0.3 eV, A by —0.2 eV. These dispersions are considerably larger than those obtained from
the BSF (from figure 1 one can extract for A and C —0.09 eV and 0.04 eV, respectively)
which nicely confirms that there is no strict one-to-one correspondence between maxima in
the BSF and those in the photoemission spectra. This ‘dispersion feature’ can be attributed
to the broadening of maxima A and C: we recall that the intensity of the photoemission from
a QWS shows a maximum right at its binding energy, even if the k, -selection is weak for
ultrathin films [52]. With increasing x, QWSs become ‘less well defined’ in energy due to the
mixing in of kj-averaged contributions and, thus, a shift in the photoemission maximum via
the k| -selection may occur.

In order to compare our theoretical results with the experimental ones, we first recall that
the experiment has been carried out for a 2.5 ML film. Thus, the positions and intensities of
the Co-related peaks might differ from those for a 2.0 ML film due to the excess of 0.5 ML
Co. The Cu-related peak D is about 0.5 eV too high in energy compared to experiment which
can be explained by shortcomings of the local density approximation used in the ab initio
calculations. An extension to a non-local density approximation shifts the Cu d bands by
about 0.5 eV to lower energies and gives almost perfect agreement with experimental data for
Cu(111) [57]. Despite this shortcoming, the theoretical spectrum for x = 0.45 corresponds
rather well to the experimental one as regards the number of maxima, the intensity relations
of the individual maxima, and the spectral shape near Er. In particular, the relative heights of
the intensity peaks from QWS A and that of the Cu d-band peak D agree well and illustrate
clearly the failure of describing the experiment by the zero-temperature theory. The most
striking difference is that in experiment the majority spectrum exceeds the minority spectrum
over the whole energy range. A definitive explanation of this feature is still lacking (for a brief
discussion see [28]).

Comparing the results for x = 0 with those obtained by Reiser ef al we find good agreement
(cf. figure 2 in [28]). The small differences in the intensity relations between the individual
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maxima can be traced back to differences in the parameters—for example, electron and hole
lifetimes—and approximations in the transition-matrix elements in the work of Reiser et al.
Even our spectra for x ~ (.45 obtained within the DLM picture compare well with those of
Reiser et al for (m(T)) = 0.2m(0) and moderate correlation length A(T") obtained within
the FLM picture. In summary, the different methods used—the ab initio layer-KKR method
combined with CPA versus the empirical tight-binding method combined with a real-space
cluster approach—give essentially the same results if the spin—spin correlation length A (T) is
small, i.e. if magnetic SRO can be neglected.

Another aspect seems worth mentioning. Our results and those of Reiser et al agree with
experiment if the net magnetization is rather low: (m (7)) ~ 0.2m(0) or x ~ 0.45,i.e.if T is
very close to Tc. The experimental data were recorded at a temperature 7 ~ 0.65 T¢ which
is not too close to T¢. This apparent discrepancy might be explained by imperfections of the
film (e.g. defects and interdiffusion) which lower the actual Curie temperature in experiment.
As noted in [2], the magnetism of ultrathin films—and therefore their 7c—is rather sensitive
to the preparation conditions (see also [58] for Gd/W(110)).

The electron spin polarization obtained from the spectra of figure 2 is shown in figure 3.
As mentioned above, the ESP is due solely to exchange splitting. Its global shape can be
described as of moderate majority character at the Cu-related emissions (around D), of strong
majority character around the Co quantum-well resonance C, and of strong minority character
at the Co QWS A. The fact that maximum B shows identifiable intensity only for x = 0.0 and
0.1 is also reflected in the ESP. A strong maximum appears for x = 0.0 which for x = 0.1
shows up as a shoulder and has disappeared for larger x. The ESP of the other states, A, C,
and D, can be traced clearly over the whole range of concentration, allowing a discussion of
the concentration dependence.

1.0
0.5
500
Q—i .
-0.5
-1.0
4 3 2 -1 0
Energy (eV)
Figure 3. Spin polarization of the photocurrent from 2 ML Co on Cu(001) for normal emission,
as obtained from the theoretical spectra of figure 2. For concentrations x = 0.0, ..., 0.5 the line
styles alternate between full ( ) and dashed (- - - -). For a better orientation, the polarizations
of maxima A-D from figure 2 are indicated by lines to guide the eye and dots. The Fermi energy

isOeV.

As argued above, the different origins of the states A, C, and D should also be reflected
in differences in the temperature dependences of the photo-ESP (cf. the dots in figure 3 and
figure 4). In order to achieve quantitative results we fitted the ESP of maxima A, C, and D
obtained for the set of concentrations x to a phenomenological power law

Pex(x) = Py (0)[1 — (2x)"]
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Figure 4. The dependence of the spin polarization Pex for maxima A, C, and D as obtained from
figure 3 on the concentration x (dots). The lines show fits of Pex (x) (——) and of Pex (x) (- - - -)—
see the text—to the numerical data with the parameters Pex (0), b, Pex (0), and b taken from table 1.

and to
Px(x) = Px(O[(1 = 00" = x"1/[(1 = x)" + 2]

forx € [0, .. oy 0.5] (cf. the lines in figure 4). As can be seen from ﬁgur~e 4, the ﬁts~are almost
perfect, with P yielding a slightly better fit. The results for Pex(0), b, Pex(0), and b are given
in table 1. For A and C we obtain exponents b and b which differ considerably from those for
D, i.e. the latter indicate an almost perfect linear dependence over the whole range of concen-
trations. Critical exponents f for the ESP can be obtained by considering lim, o5 o (1 — 2x)5.
Expansion of both P (x) and Pex(x) in Taylor series around x = 0.5 gives S-values very close
to 1 for all three peaks.

Table 1. Parameters describing the dependence of the electron spin polarization for peaks A, C,
and D on the concentration x. The values of Pex(0), b, Pex(0), and b have been obtained by fitting

the numerical data to Pex (x) and to Pex (x) (see the text) for x € [0, ..., 0.5].
Peak Py (0) b Po(0) b

A —0.98 1.70 —0.98 1.58

C 0.83 1.84 0.82 1.69

D 0.20 0.98 0.20 0.99

Summing up, the behaviours of the maxima in the BSF, e.g. the dispersion, broadening,
and merging, show up also in the spin-resolved photoemission intensities. The spatial origin
of individual peaks, Co film or Cu substrate, can be discriminated by considering their ESPs.
Also, the theoretical spectra compare reasonably well with their experimental counterparts.

3.3. Magnetic linear dichroism for 2 ML Co on Cu(001)

Magnetic dichroism in angle-resolved photoemission is the change of the photocurrent upon
magnetization reversal. In the case of magnetic linear dichroism (MLD) in angular distribution,
the incoming light is linearly polarized, in contrast to magnetic circular dichroism, for which
the light is circularly polarized. In the standard set-up of MLD, p-polarized light impinges
off-normally onto the sample, and the photoelectrons are detected in normal emission. The
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surface-parallel magnetization direction M is normal to the reaction plane which is spanned by
the directions of the light incidence and the electron emission. For magnetization orientations
£+ M one records the photocurrents I (£M). Or, equivalently, one fixes the magnetization
and changes the azimuth of light incidence by 180°, the associated electric field vectors being
denoted as p,; and p_. The spin-averaged asymmetry then reads

Auw = [I(ps) = I(p )]/l (ps) + I(p-)]
where I(py) are the photocurrents recorded for py light incidence (cf. also (3)). Note
that / (M, p+) = I(FM, ps). Since the surface-parallel component of the electric field
vector mediates excitations from the A? initial states, its surface-normal component allows
for excitations of the Af initial states. Thus, we expect additional maxima in the MLD spectra
with respect to those presented in figure 2.

In contrast to the case of s-polarized light, there is now an ESP component perpendicular
to the reaction plane (i.e. parallel to the magnetization) which is due to SOC (see [30] and
references therein) and therefore is present even at x = 0.5. The ‘general rule’ of MD states
that if in the non-magnetic case (x = 0.5) there is a non-zero ESP component and if in
the ferromagnetic case (x < 0.5) there is a magnetization component parallel to this ESP
component, then there will be MD in the ferromagnetic case.

In order to investigate the temperature dependence of the standard MLD for ultrathin films,
we performed the same calculations as in section 3.2 but with the light chosen in accordance
with the set-up described above. The photoemission spectra I (p+) for x = 0 are shown at the
top of figure 5. Besides changes in the intensities and the occurrence of the additional maximum
E which is due to a A initial state, the most important difference from the spectra in figure 2
is the dichroism. The maxima show the same general trends with increasing concentration x

Figure 5. Magnetic linear dichroism (MLD) for 2 ML Co
on Cu(001) for normal emission (k = 0). In the standard
set-up for MLD, p-polarized light with photon energy
45 eV impinges at a 45° polar angle onto the surface.

Photoemission intensity (arb. units)

For concentrations x = 0.0, ..., 0.5, the photoemission

intensities for incidence directions p; (——) and p_

0 1 1 1 1 1 (- - - -) are shown, with zero abscissae marked by dotted
4 3 2 -1 0 [CEERRR ) lines. The maxima discussed in the text are
Energy ( eV ) denoted as A-E; almost vertical lines serve as guides to

the eye. The Fermi energy is 0 eV.
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as in figure 2, in particular broadening and dispersion. Exceptions are features D and E which
remain sharp and show no dispersion, both hints of their Cu origin.

In figure 6, the contributions Ps, and P to the ESP are shown. The exchange-induced
part P.x shows essentially the same global shape as in figure 3, and the spin—orbit-induced part
Py, does not vanish for x = 0.5. Since for 3d transition metals the spin—orbit interaction is
small compared to the exchange interaction, P is much larger in absolute value than Py,. At
energies less than —2.2 eV, Py, is virtually independent of x which can be attributed to the fact
that emissions in that energy range stem almost exclusively from the Cu substrate.

_1.0 1 1 1 1

30 2 -1 0
Energy (eV)

Figure 6. Spin polarizations of the photocurrent from 2 ML Co on Cu(001) for normal emission,
as obtained from the theoretical spectra of figure 5. The exchange-related (Pex, (a)) and the
spin—orbit-related (Ps,, (b)) spin polarizations are calculated according to (1) for concentrations
x =0.0,...,0.5, as indicated. Note the different ordinate scales. The Fermi energy is 0 eV.

We now discuss the x-dependence of the asymmetries which have been introduced in
section 2.2. In figure 7 the spin-averaged (Ayy), the spin—orbit-related (As,), and the exchange-
related (A.x) spin asymmetries are shown. Because the dichroism and Py, are comparably
small (both A, and Py, are less than 10% in absolute value), Aex = Pey + Pso Ay coincides
almost perfectly with P (cf. panel (a) in figure 6). As mentioned above, for x = 0.5 we
have Pex = Aex = 0 and thus Ay, = Ps,. Upon decreasing x, Pex becomes mixed into
Aso = Pso + Pex Aun. Therefore, one observes a rather strong effect on A, at energies at which
Ay, 1s changed considerably, for example at energies higher than ~—2.5 eV and in particular
at —0.5 eV (note that this is the energy range of Co-related emissions). At lower energies, A,
is virtually independent of x because in this energy range A,, is also very small.

We now briefly analyse our spin-resolved results with regard to relations between the spin
asymmetries and the ESPs. For example, at those energies where Ay, = 0, both Ay, and A are
in general non-zero and show negative as well as positive values. Further, one could hope that
Aex would govern the behaviour of the other asymmetries. But A, shows a general +/— shape
which is reflected neither in Ay, nor in Ay,. Summarizing briefly, we would like to emphasize
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Figure 7. Asymmetries of the photocurrent from 2 ML Co on Cu(001) for normal emission, as
obtained from the theoretical spectra of figure 5. The exchange-related (Aex, (a)), the spin—orbit-
related (Aso, (b)), and the spin-averaged (Ayp, (c)) asymmetries are calculated according to (3)
for concentrations x = 0.0, ..., 0.5, as indicated. Note the different ordinate scales. The Fermi
energy is 0 eV.

that MD and spin-resolved photoemission complement each other [50]. Therefore, it appears
desirable from our point of view to perform a more complete experiment or calculation, e.g. one
based on spin-resolved instead of spin-averaged MD.

Finally, the ‘critical exponents’ of the spin asymmetries are discussed very briefly. As for
P in the case of s-polarized light, we find a perfect linear dependence on x of Ay, for maxima
D and E which again evidences the bulk origin of the respective initial states. For states A and
C the x-dependence is monotonic but cannot be fitted well with a power law.

4. Conclusions

For the prototypical system 2 ML Co on Cu(001) we carried out relativistic ab initio layer-KKR
calculations in order to investigate the temperature dependences of the electronic structure and
spin-resolved (dichroic) photoemission within the disordered local moment picture.

In particular, for quantum-well states in the Co film, our results show distinct dispersion,
broadening, and in some cases merging with temperature in the Bloch spectral function and
in the photocurrent. In contrast, Cu-derived maxima show no dispersion and significantly
different dependences of both the electron spin polarization and the magnetic linear dichroism.
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We would like to stress that this can be used in experiments to discriminate between Cu- and
Co-derived states. Further, the spin-resolved photoemission intensities compare well with
experimental data and other theoretical ones, the latter obtained within the fluctuating local
moment picture.

As an extension of the present study one might think of treating the spin—spin correlation
within the FLM picture, i.e. taking into account magnetic short-range order. This can be done
for example within the real-space KKR approach. We hope that the present study will prompt
experimental investigations of the temperature dependence of magnetic dichroism in valence
band photoemission.
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