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Spin-orbit coupling in unoccupied quantum well states: Experiment and theory for Co/Cu(001)
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The influence of spin-orbit coupling in the unoccupied sp, quantum well states in ultrathin Co films is
investigated by two-photon photoemission spectroscopy with linearly polarized light. The asymmetry of the
experimental two-photon photoemission intensities upon magnetization reversal is as large as 10%, which is in
striking contrast to expectations based on the weakness of spin-orbit coupling in the observed quantum well
states. The magnetic dichroic signal depends strongly on the polarization of the incident light as well as on the
spin polarization of the quantum well states. These findings are explained by detailed electronic structure
calculations and one-photon photoemission calculations. Our conclusions are supported by analytical consid-
erations. In this way, a detailed picture of spin-orbit coupling in the unoccupied Co/Cu(001) quantum well

states is provided.
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I. INTRODUCTION

The coupling between spin and orbital angular momen-
tum in the relativistic electronic structure is essential in the
interplay between the electronic and lattice degrees of free-
dom with the electron spin in solid state systems, including
their dynamical properties. In particular, the mechanism of
spin-orbit coupling (SOC) can be exploited to provide access
to the electron spin via purely optical excitation,' which is
relevant in investigations of the relativistic band structure of
nonmagnetic and magnetic solids by photoemission,>? in
laser-based ultrafast magnetism,* and in optically controlled
spintronics.’ In a magnetic system, the optical transition rates
between electronic states can be strongly influenced by the
spin-orbit interaction. This leads to element-specific dichro-
ism in optical absorption® and photoemission”® and gives
access to magnetic properties of materials without an experi-
mentally more demanding external spin analysis.>? Powerful
applications of magnetic dichroism include the element-
specific imaging of magnetic domains in photoemission elec-
tron microscopy,'’ the determination of spin and orbital mag-
netic moments and their anisotropy by core-level x-ray
magnetic circular dichroism (XMCD),!! and the study of the
hybridization of occupied electronic states by angle-resolved
photoemission spectroscopy (ARPES).>!>14 Moreover, by
exploiting the time resolution given by ultrashort laser
pulses, magnetic dichroism can provide access also to the
dynamics of spin and orbital angular momentum down to the
femtosecond regime. !0

Since excited states naturally play a key role in optically
driven processes, it is important to characterize to which de-
gree these states are influenced by spin-orbit coupling. For
this purpose, investigations of magnetic dichroism have to be
extended to the unoccupied states with energies between the
Fermi and the vacuum level. Inaccessible by conventional
ARPES experiments based on one-photon photoemission
(IPPE), these states can be approached by two-photon pho-
toemission (2PPE) using lasers with photon energies in the
order of a few electron volts.!”!3 In such 2PPE experiments,
magnetic linear'® and circular®® dichroism were recently ob-
served. In these investigations, however, the dichroic signal
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was not related to specific unoccupied states. In another
2PPE investigation, we have demonstrated magnetic dichro-
ism from unoccupied states for the well understood and char-
acterized Co films on Cu(001).2' These experiments ad-
dressed the dispersion of unoccupied quantum well states in
the Co film in connection with magnetic circular dichroism
(MCD) and magnetic linear dichroism (MLD). The sizable
MLD, with a maximum intensity asymmetry under magneti-
zation reversal of about 10%, is particularly astonishing
since it is common knowledge that MLD is large in band
structure regions where electronic states hybridize strongly
due to spin-orbit coupling; see, for example, Ref. 13 for
Fe(110). The unoccupied Co quantum well states on
Cu(001), however, are derived from the exchange-split sp,
bands?*> which are thought to be negligibly affected by spin-
orbit coupling but are found to show considerable MLD at
energies far away from hybridization regions. Apparently,
this finding questions the interpretation of magnetic dichro-
ism studies performed so far. It thus seems necessary to es-
tablish whether the experimentally observed MLD can in-
deed be attributed to the unoccupied quantum well states.
Because not only the unoccupied intermediate states but also
the occupied initial states and the final outgoing photoelec-
tron states are involved in the 2PPE process, we have to take
into account the possible contributions from the occupied Co
states”> or even the final state?® as origins of magnetic di-
chroism in the 2PPE experiments from Co/Cu(001). We will
show that the established interpretation of MLD is still valid.
In fact, we will demonstrate that MLD in 2PPE is a suitable
tool for investigating even marginal hybridizations, which
are mediated by spin-orbit coupling, provided an appropriate
setup is chosen.

The above questions can hardly be answered by experi-
ments alone. Thus, there is need for a joint experimental and
theoretical investigation of Co/Cu(001) on which we report
in this paper. The major issues to be addressed are: how large
is the spin-orbit induced hybridization in the unoccupied Co
quantum well states? If it is tiny, as expected, is it neverthe-
less large enough to produce the significant MLD found in
experiment? How crucial is the choice of the setup, in par-
ticular the polarization of the excitation light and its inci-
dence angle, for obtaining large asymmetries? A detailed pic-
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FIG. 1. (Color online) Setup for magnetic linear dichroism in
2PPE from Co/Cu(001). The 2PPE intensities /..y, are detected in
normal emission (blue arrow along [001]), with the in-plane mag-
netizations along [110] (+M) or [110] (-M). The optical plane (OP)
is spanned by the surface normal and the incidence direction of the
linearly polarized light (red arrow; polar angle 42°). The electric
field vector (red double arrow) is rotated by an angle a out of the
OP and can be tuned continously between s and p polarization.

ture of the unoccupied quantum well states is obtained by
relating results of 2PPE experiments, first-principles elec-
tronic structure calculations, 1PPE calculations, and analyti-
cal considerations.

The paper is organized as follows. Methodical aspects of
both experiment and theory are addressed in Sec. II. Results
are discussed in Sec. III, and conclusions are given in
Sec. IV.

II. METHODICAL ASPECTS
A. Experimental

The experiments were performed at 300 K in an
ultrahigh vacuum chamber with base pressure lower than
1X 107! mbar. Ultrashort laser pulses with photon energy
hiw=3.1 eV served as the excitation light source for two-
photon photoemission. The pulse width was about 20 fs, with
an energy per pulse of about 1 nJ. The repetition rate was 81
MHz. The linear polarization of the incident light was con-
trolled by an achromatic A/2 waveplate, which tuned the
electric field vector E to any angle a with respect to the
optical plane (Fig. 1). The latter is spanned by the incident
direction (polar angle fixed to 42°) and the sample surface

normal, parallel to a (110) plane containing the magnetic
easy axis of the Co films. The photoelectrons were collected
in normal emission by an electrostatic cylindrical sector en-
ergy analyzer (CSA 300, Focus GmbH). The energy reso-
lution was about 100 meV, as was estimated from the
vacuum cutoff at the low energy edge of the photoemission
spectra.

Before growing the Co films, the Cu(001) substrate was
cleaned by 2 keV Ar ion sputtering, followed by annealing
up to 900 K in order to recover a smooth surface morphol-
ogy. After cooling down to room temperature, the cleanness
and crystalline structure of the surface were confirmed by the
clean Cu Auger electron spectrum and sharp low energy
electron diffraction spots. Subsequently, Co films with a
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thickness of several atomic layers were deposited on the
well-prepared Cu(001) single crystal by an electron beam
evaporator (EFM 3, Omicron) from a cobalt rod of 99.995%
purity.

We measured 2PPE spectra continuously during film
growth. The thickness-dependent intensity modulations with
a period of one monolayer (ML) served as a self-calibrated
indication of film thickness.2! Moreover, we observed the
characteristic features of 2PPE through unoccupied quantum
well states in the Co film and their evolution as a function of
film thickness.?! For the magnetic dichroism measurements,
the Co films are magnetized along the crystalline [110]

(+M) and [110] (-M) directions by a magnetic field pulse
generated from a copper coil (Fig. 1). 2PPE intensities 1.y,
were then measured for =M.

B. Computational

The first-principles electronic structure calculations rely
on the local spin-density approximation to density-functional
theory. The computations were performed with our scalar-
relativistic and fully relativistic multiple-scattering codes
[Korringa-Kohn-Rostoker (KKR) (Ref. 25) and layer KKR
(Ref. 26)], using the Perdew-Wang exchange-correlation
functional.?’

The 1PPE calculations were performed with our relativis-
tic layer-KKR code in which spin-orbit coupling and magne-
tism are treated on equal footing (Dirac equation). The spin-
density matrix of the photoelectrons is computed within the
relativistic one-step model of photoemission,?®?® using the
potentials from the self-consistent electronic structure calcu-
lations as input. For photon energies in the optical region, as
in this work, it is essential to include the dielectric response
of the system by means of Fresnel’s equations.

The systems comprise a semi-infinite face-centered cubic
Cu(001) substrate, n monolayers of face-centered tetragonal
Co layers (n=1,...,12), and a semi-infinite vacuum region.
The latter is modeled by so-called empty muffin-tin spheres.
The Co films are assumed to continue epitaxially the
Cu(001) substrate, with identical in-plane lattice constant
(2.65 A). A lattice contraction in perpendicular direction of
2% 1is assumed homogenous within the entire Co film, in
reasonable agreement with crystallographic structure analy-
ses (e.g., Refs. 29 and 30).

C. Setup and magnetic linear dichroism

Magnetic dichroism is the change in the photocurrent /
upon reversal of the magnetization, M — —M. It is quantified
by the asymmetry A of the two intensities I.,,

Ly—1
A M‘ (1)
Liy+1y

Our setup (Fig. 1) differs from the standard setup for
MLD,?! in which the magnetization is normal to the optical
plane and p-polarized light is commonly chosen. To observe
MLD in the present setup, the electric field vector E of the
light has to be rotated out of the optical plane by an angle a:
For a=0° or =90°, one has p-polarized (E within optical
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plane) or s-polarized light (E normal to optical plane), re-
spectively: E(a)=E, cos a+E,sin a. In accordance with
previous analytical and numerical considerations,* there is
no MLD for a=0° and =90°.

The present setup is rather similar to the standard setup
for MCD in which the helicity vector and the magnetization
are parallel or antiparallel (or are at least coplanar).’> One
might think that, because of the complex dielectric constant,
the incident linearly polarized light produces elliptically po-
larized light in the sample and consequently the magnetic
linear dichroism is close to magnetic circular dichroism. It
has been shown theoretically for Ni(001), however, that this
assumption does not hold.** Experimental evidence is pro-
vided further by the different shapes of the asymmetries of
MLD and MCD in 2PPE from Co/Cu(001); confer Fig. 3 in
Ref. 21.

To analyze the dichroic intensities in more detail, the cal-
culated electronic states are decomposed into the basis func-
tions of the single-group representations A; of the point
group 4mm (Cy, in Schonflies notation; i=1, 2, 2’, and 5;
A,/ contributions show up for f states’* and are thus consid-
ered irrelevant in this work, which focuses on s, p, and d
states). Due to the dipole selection rules, s-polarized light
excites the Ay part into the A, part of the electronic states,
whereas p-polarized light excites both the A; and A5 parts
into the A, part.>> According to the acknowledged picture,!
MLD is expected to be large for electronic states in which
sizable A; and As contributions are simultaneously present.
We will show below that the A; and A5 contributions hybrid-
ize only marginally in the unoccupied quantum well states of
the Co films.

In two-photon photoemission, three types of electronic
states are involved: the occupied initial state, the intermedi-
ate state, and the final state, all of which can in principle
contribute to the magnetic dichroism. To pinpoint that the
experimentally observed MLD is indeed due to the interme-
diate Co quantum well states we compare the experimental
MLD in 2PPE with calculated MLD in 1PPE. On the one
hand we consider 1PPE from the quantum well states into
the same final state as in the 2PPE experiment, with photon
energy fiw=3.1 eV. Here, the quantum well states are as-
sumed to be equally populated, which might not be true in
2PPE. With respect to these approximations we expect at
least qualitative agreement of the theoretical 1PPE and the
experimental 2PPE spectra. On the other hand we consider
IPPE from the occupied states of the 2PPE experiment into
the final state, with photon energy iw=6.2 eV; thus the Co
quantum well states are not involved in this process.

The comparison of experimental 2PPE and theoretical
1PPE motivated above assumes that 2PPE via an intermedi-
ate state (i.e., a quantum well state) can be treated as two
independent sequential one-photon transitions: First, a one-
photon transition from the initial state to the intermediate
state and, second, one from the intermediate state to the final
state. Within this approximation, the contribution in 2PPE
that is solely due to the polarization from the coherent super-
position of initial and final state is neglected; it does not
involve the population of the intermediate state. Conse-
quently, we are only concerned with the dichroic signal from
the transition from the intermediate to the final state. As will

PHYSICAL REVIEW B 81, 115130 (2010)

be shown in the following, this conveys information on spin-
orbit coupling in the quantum well state and is in agreement
with the experimental 2PPE results.

III. RESULTS AND DISCUSSION
A. Spin-orbit coupling in unoccupied Co quantum well states

First, we address the formation of the unoccupied quan-
tum well states in Co films on Cu(001) (Fig. 2). These states
are derived from the strongly dispersive and exchange-split
sp, bands of fct Co. Without spin-orbit coupling these belong

at T (i. e. k;=0) to the representation A,. They are confined
on the vacuum side of the film by the image-potential barrier
(surface barrier) and on the substrate side by a gap in the A,
bands of the Cu band structure along I'-A-X. Such a band
gap shows up at energies higher than the maximum of the sp,
band, that is at E> Eg+1.63 eV (horizontal arrow in Fig. 2).
Consequently, majority quantum well states can exist from
this energy up to the maximum of the Co majority sp, band
at Eg+2.85 eV [dark gray area in Fig. 2(b)]. Likewise, mi-
nority quantum well states appear at energies up to Eg
+3.04 eV [light gray area in Fig. 2(b)].

In both the Cu and Co band structure, several band gaps
appear as a consequence of the spin-orbit interaction.'® In
particular if majority and minority states of Co hybridize,
their spin-polarization changes sign (confer the bands turning
from blue to red or vice versa in Fig. 2(b); note that spin is
not a good quantum number due to spin-orbit coupling). The
spin-orbit induced gaps appear mainly in the regime of the
weakly dispersive d bands. In contrast, the strongly disper-
sive sp, bands do not show any signature of spin-orbit cou-
pling in the regions of the unoccupied quantum well states.
Consequently, the associated Bloch states should be almost
exclusively of A, character. That this is indeed the case is
shown by displaying the relative weights of the single-group
representations for each band (Fig. 3).

As addressed in Sec. II C, the relevant representations for
the present photoemission setup are A; and As whose
weights are displayed in Figs. 3(a) and 3(b). The exchange-
split sp, bands hybridize with the minority A5 band at about
E=1.0 eV and k, =0.8(I"-A-X) [this region is marked by
circles in (a) and (b)]. As a result, a minority As contribution
is mixed into the sp. states [Fig. 3(b)]; and, vice versa, A,
contributions are mixed into the minority A5 band [Fig. 3(a)].
Both additional contributions, however, decrease rapidly
when leaving the hybridization region. To be more specific,
the As contribution to the sp, bands is less than 1% in the
regime of the quantum well states [gray areas in Fig. 3(b)].
We also performed a symmetry analysis of the Bloch spectral
functions of the quantum well states in Co,/Cu(001); it fully
confirms the picture derived from the bulk-band structure of
fct Co, namely, that the quantum well states are marginally
affected by hybridization and are almost of pure A; type.

Summarizing at this point, we find that the effect of spin-
orbit coupling is very weak in the energy regime of the un-
occupied Co sp, quantum well states. Since hybridization
due to the spin-orbit interaction is a prerequisite for MLD,
this finding calls into question that the MLD observed in the
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FIG. 2. (Color online) Formation of unoccupied quantum well states in Co/Cu(001). (a, b) Relativistic band structures of Cu (a) and fct
Co (b) for the I'-A-X direction. (¢) Theoretical dispersion of unoccupied quantum well states in fct Co films on Cu(001) with thickness n
from 2 to 12 ML. The two branches of states are labeled 1% and 2"%. The region in which unoccupied quantum well states can exist is
highlighted by gray stripes in b and c. The horizontal arrow at the top of the Cu sp band marks the minimum energy for the unoccupied
quantum well states. For Co, majority and minority spin orientations are indicated by blue and red symbols, respectively.

2PPE experiments can be attributed to the quantum well
states.

B. Dispersion of the unoccupied Co quantum well states

To show that the exchange-split Co quantum well states
are well described by the theory we address now their dis-
persion, that is the dependence of their energies on the Co

the maxima in the layer- and spin-resolved Bloch spectral
function (Fig. 4).

A first set of bands is already present in the “window of
quantum well states” [gray area in Fig. 2(c)] at 2 ML thick-
ness (labeled “1°*’). A parabolic dispersion, however, is ob-
tained at thicknesses larger than about 3 to 4 ML, in agree-
ment with experiment. A second set (“2"%”) shows up at
7 ML (minority spin) and 9 ML (majority spin), which is in

film thickness n. The energy positions were obtained from  agreement with experiment as well.”! Note that the exchange
4 T T T T T T T T T T R T T
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FIG. 3. (Color online) Relativistic band structure of fct Co along I'-A-X, decomposed into representations A; (a), As (b), A, (c), and A,
(d) of the single-group 4 mm. Blue and red lines indicate majority and minority spin orientation, respectively. The line width is proportional
to the relative weight of the representation of the associated Bloch state. The minimum weight shown is 1%. For clarity, the band structure
itself is represented by green lines with fixed width. The region in which unoccupied quantum well states in fct Co/Cu(001) can exist is
highlighted by gray stripes, as in Fig. 2(b). The circles in (a) and (b) guide to hybridization regions, which are discussed in the text.
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FIG. 4. (Color online) Bloch spectral function of the surface Co
layer in Co,/Cu(001). Blue and red lines indicate majority and
minority spin orientation, respectively. The Co film thickness n is
given at the right of each data set; the spectra are offset vertically by
100 states/Hartree for clarity. The region in which unoccupied
quantum well states can exist is highlighted by gray stripes, as in
Fig. 2(b).

splitting increases with n. The dispersions for n>3 ML can
be well approximated by parabolae, indicating that the
Co sp, electrons can be regarded as nearly free.

The agreement between the theoretical dispersions and
their experimental counterparts is addressed in Fig. 5. In our
2PPE experiments, electrons are selectively pumped into the
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majority quantum well states, due to the majority character
of the relevant initial states. This scheme is supported by the
agreement of the experimental dispersion obtained from
2PPE and the calculated results for the first majority branch
I in Fig. 5(a)]. The dispersions determined from spin-
integrated inverse photoemission (Ortega et al., Ref. 36) sup-
port our findings for the first branch. Spin-resolved inverse
photoemission data (Yu et al., Ref. 22) show also the second
branches, which have higher energies than those in our cal-
culations and, in particular for the thin Co films, lie outside
the theoretically calculated region of quantum well states
(confer the gray stripes in Fig. 2).

C. Magnetic linear dichroism in the unoccupied
Co quantum well states

We now address the question whether the A5 contribution,
which is mixed into the A; quantum well states (Sec. III A),
is sufficient to produce a significant MLD. It is important to
stress that not only the weight of these contributions in the
wave function is important but also the transition matrix el-
ements; the latter enter explicitly the analytical expression
for the photocurrent (Appendix).

Taking advantage of the dipole selection rules, we can
disentangle the hybridized A; and A5 components of the
quantum well states by tilting the electric field vector E of
the incident light by an angle « out of the optical plane (cf.
Sec. II C, Appendix, and Fig. 1). We have experimentally
investigated the a-dependence of the quantum well states at
film thicknesses 3.5 ML, 6 ML, and 16 ML; because all
spectra show the same qualitative behavior we focus in the
following on 6 ML as a representative (Fig. 6).

The experimental 2PPE intensities are maximum at «
=0°, that is for p-polarized light. Here, only the A, contri-

35 £ T I T T T
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30
g 25
qu‘ 20
Rt

(b) Minority

L5 — i + ond nd
Calculations: @ Calculations:
—@— majority —@— minority
1.0 é Experiments: Experiments: _
' O Yu et al. majority O Yu et al. minority
O Ortega et al. O Ortegaetal.
>f}.|4 B Chiang et al. W Chiang et al.
05 | | | | | | | | | L 7
2 4 6 8 10 2 4 6 8 10 12
Cobalt thickness (ML)

FIG. 5. (Color online) Dispersions of the unoccupied majority (a) and minority (b) quantum well states in Co/Cu(001). Experimental data
are extracted from inverse photoemission [Yu et al. (Ref. 22) and Ortega et al. (Ref. 36)] and 2PPE (Chiang e al., Ref. 21). Theoretical data
are taken from Fig. 2(c). The two sets of quantum well states are labeled by 1% and 2",
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FIG. 6. (Color online) Magnetic linear dichroism in 2PPE ex-
periments from the majority quantum well state in (6 +=0.5) ML
Co/Cu(001) with energy E=Ep+(2.35%+0.05) eV. The tilt angle «
of the electric field vector of the incident light is defined in Fig. 1.
(a) Photoemission intensities /.y, for opposite magnetization direc-
tions =M (Please note the corrected photoemission intensity com-
pared to Fig. 4 in Ref. 21). (b and ¢) Difference I,3,—1_y, and
asymmetry derived from the raw intensities in (a). The photon en-
ergy hw is 3.1 eV. Solid lines display the a-dependence of the
phenomenological model [cf. Appendix and Eq. (2)] with da=5°; I,
and 7, label the intensities for s- and p-polarized light [dashed lines

in (a)].

bution to the quantum well state is probed. In contrast, the
intensities are minimal for *90° (s-polarized light) for
which the As contribution is probed. Neglecting for a mo-
ment matrix elements effects, this finding supports nicely the
orbital character derived theoretically (Sec. III A): a strong
A, but a weak As contribution.

The intensities show a cosine dependence on the tilt angle
« [Fig. 6(a)]. Further, the intensity difference I,y —1_p is
largest (in absolute value) at +45° [Fig. 6(b)] whereas the
asymmetry is largest at =75° [Fig. 6(c)]. As will become
clear from what follows, the position of the asymmetry ex-
trema reflects the ratio of the dipole transition matrix ele-
ments that are related to excitations from the A, and the Aj
contributions of the quantum well state.

The a-dependence of the dichroic intensities is phenom-
enologically modeled as (Appendix)

Lioy(@) =1 sin*(a = Sa/2) +1, cos’(a * dal2), (2)
with I; and 7, defined in Fig. 6(a). A fit to the experimental

data gives da=(5=*1)°. The asymmetry defined in Eq. (1)
can thus be approximated as
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-1, sin(2a)sin da

Ala)= Ly 3

. 3
2 Issin2a+1pcos a ®)

The first term in the above expression determines mainly the
amplitude of the asymmetry. The second term relates the tilt
angle a,,, for which the asymmetry becomes extremal to the
ratio of the intensities /; and , for s and p polarization.
Ignoring again the transition matrix elements, it reflects the
As and A contributions to the quantum well state. From Sec.
IIT A, we know already that the A5 contribution (equivalent
to a small ) is very small. Consequently, to obtain roughly
similar weights of the two contributions, «,,,, must be close
to £90°, as is confirmed by its numerical values of *75°
(see also Appendix). This analysis supports the experimental
value of da of about 5° and rules out effects due to the
magneto-optical Kerr effect since typical Kerr rotation
angles are significantly smaller.

In the following, we provide theoretical evidence that the
experimental findings are related to the unoccupied quantum
well states and not to the occupied initial states. For this
purpose, we calculated 1PPE spectra for which the quantum
well states are assumed to be occupied, as is motivated in
Sec. I C. The magnetic linear dichroism shows (in absolute
value) largest numerical values at about a,,,= = 76°, with
about 6% peak value [Fig. 7(c)]. The a dependence as well
as the maximum asymmetry agree astonishingly well with
those found in the 2PPE experiments (Fig. 6). Since occu-
pied Co states are not involved in this 1PPE calculation, our
finding corroborates that either the unoccupied Co quantum
well states or, rather unlikely, the final states produce the
sizable MLD.

The optical response of the system is taken into account
by Fresnel’s equations. With a dielectric constant e=1, the
linearly polarized light in the vacuum is transferred unaltered
into the solid; with a complex dielectric constant (Ve=1.61
+3.051 for Co at Aw=3.0 eV; Ref. 37), however, the inci-
dent light turns into a superposition of linearly and circularly
polarized light within the solid. As a consequence, one ob-
serves in the former case a purely magnetic linear dichroism,
whereas in the latter case one is concerned with superim-
posed linear and circular dichroisms.

Since the circular dichroism produces no a-dependence at
all, the dependence on the tilt angle « can be solely ascribed
to linear dichroism; this finding is evident from the asymme-
tries for e#1 and e=1 [Fig. 7(c)], which display identical
shapes and, in particular, identical positions of the extrema.
The asymmetry for e # 1 is, however, sizably larger than that
for e=1 [note the scale factor of 20 in Fig. 7(c)]. Thus, the
magnitude of the effect is influenced by the additional circu-
lar dichroism introduced by the optical response, while the
position of the asymmetry extrema is determined by the lin-
ear dichroism. This important effect of the optical response
can be understood from Eq. (A2), where the two terms in-
volving real and imaginary parts of sin §'E E'" will corre-
spond to purely linear (Re term) and circular dichroism (Im
term) only in the limit of vanishing optical response (e=1).
With e#1, both terms contribute to the magnetic
dichroism.3?
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FIG. 7. (Color online) Theoretical magnetic linear dichroism in
IPPE from the unoccupied majority quantum well state in 6ML
Co/Cu(001) with energy Er+2.14 eV (cf. Figure 2(c)). (a) Intensi-
ties /. for magnetization direction +M (blue, solid) and —M (red,
dotted) versus tilt angle « of the incident light. (b) Difference of
Iy (c) Asymmetries derived from intensities that have been com-
puted with optical response (e# 1; filled circles; shown in a) and
without optical response (e=1; filled squares, scaled by a factor of
20; intensities not shown). a=*=90° correspond to s-polarized
light, a=0° to p-polarized light. The photon energy Aw is 3.1eV.

These observations emphasize that the optical response is
essential for quantitatively understanding the magnetic di-
chroism. We note in passing that the intensities from the
minority quantum well state with energy Ep+2.35 eV are
very similar to those from the majority state. Its opposite
spin polarization, however, manifests itself in an opposite
sign of the asymmetry.

To rule out the final states of the photoemission process as
origin of the magnetic linear dichroism we calculated 1PPE
spectra for 6.2 eV photon energy, using the same final states
as for Aiw=3.1 eV. Here, the unoccupied Co quantum well
states are not involved but the occupied Co states serve as
initial states. The theoretical spectra (not shown) reveal a
cosine-dependence on « as well but an «,,,, close to =45°
follows from almost equally large I, and I,. This finding
clearly contrasts the experimental 2PPE observation. Assum-
ing 2PPE as two sequential one-photon excitation processes,
it supports that the A, and the As parts of the quantum well
states become probably equally populated in 2PPE by the
initial excitation process; we note that the final state in pho-
toemission (i.e., the photoelectron’s wave function) belongs
to the A, representation,® as do the unoccupied quantum
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well states except for the tiny As contribution mixed in by
spin-orbit coupling. In conclusion, the agreement of the cal-
culations for 1PPE from the unoccupied quantum well states
and the disagreement of similar calculations from the occu-
pied Co states with the 2PPE experiment, supports that the
origin of the MLD in 2PPE are the unoccupied quantum well
states.

IV. SUMMARY AND CONCLUSIONS

In summary, by relating results of 2PPE experiments,
electronic structure and photoemission calculations, as well
as analytical considerations, we have derived a more com-
plete picture of the unoccupied quantum well states in Co
films on Cu(001). The magnetic linear dichroism in 2PPE,
here in a nonstandard setup, is found to be a valuable tool for
the investigation of spin-orbit coupling in unoccupied states.
Although the spin-orbit mediated hybridization is very weak,
we showed that it can be clearly probed in 2PPE experiments
when the excitation conditions are chosen properly.

Besides demonstrating the characterization of spin-orbit
coupling in unoccupied states via magnetic linear dichroism
in 2PPE, our results should be directly relevant for PEEM
imaging of magnetization dynamics down to the fs-time
scales provided by ultrashort laser pulses.>**’ In addition to
the magnetization contrast provided by initial states near the
Fermi level in threshold photoemission,*'*? the magnetic di-
chroism from the unoccupied Co quantum well states pro-
vides enhanced analytical potential because it is element-
specific and it is sensitive to the film thickness.
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APPENDIX: ANALYTICAL DESCRIPTION
OF MAGNETIC LINEAR DICHROISM

In order to better understand the mechanism behind the
observed dichroism, we use an analytical model, in addition
to the numerical results presented in Sec. III C, to extract
different contributions to the magnetic dichroism.

The electric field vector of the incident light is decom-
posed into components perpendicular to (subscript L) and
within (subscript |) the optical plane, respectively. The field
inside the solid (quantities within the solid are marked by a
prime) is given by Fresnel’s formulas,

E' =2E cos 0sin a (Ala)
= 7 R a
- Ocos 9+ e —sin? 0
) n' cos 6 cos a
E|=2E, : (Alb)

i .
€ cos O+ e —sin® @

where €’ is the complex dielectric constant and n'=\e. 0
and « are the polar angle of incidence and the tilt angle of
the electric field vector with respect to the optical plane,
respectively.
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According to the analytical analysis of Ref. 32, the di-
chroic photoemission intensity can be written schematically
as

Loy = (EL* +[sin 0 PIE[)A ) + [cos 0[] B
* 2 Re(sin 'E[E'")Im C, )

+ 2 Im(sin 0'E[E"")Re Cy 5). (A2)

A(, 5) abbreviates an expression, which comprises terms of
transition matrix elements for excitation from the A and Aj
parts of the initial state; it is even under magnetization rever-
sal. Likewise, the even Bs) is for excitations from the A
part. On the contrary, C(; 5 is odd under magnetization re-
versal; thus the magnetic linear dichroism is described by the
last two terms in Eq. (A2), with an angular dependence given
by sin @'E E"" (Section IL.C in Ref. 32; note that the sub-
script “(1,5)” reflects that hybridization among A; and As
parts is necessary for magnetic dichroism in our experimen-
tal geometry).

According to Snell’s law, n’ sin 8 =sin 8 and n’ cos 6’
=—€ —sin? 6, the internal polar angle #" does not depend
on the tilt angle «. Thus, the a-dependence of the dichroism
is solely due to E' and E| in sin ¢ E[E'", which with Eq.
(A1) yields sin acos @ or equivalently sin(2a)/2. Its
maxima at a= *45° [orange and cyan in Fig. 8(a)] agree
with the experimental and computational findings [Figs. 6(c)
and 7(b)]. Consequently, we can condense Eq. (A2) further
to

I=A cos® a+ B sin®> a = Csin(2a). (A3)

In contrast to the intensity difference, the experimental and
theoretical asymmetries are maximum at about a= *75°
[Fig. 6(d) and Fig. 7(c)], which is explained by the transition
matrix elements. The emission from the A, part of the initial-
state wave function, which is represented by A in Eq. (A3) is
sizably stronger than that from the A5 part, which is given by
B in Eq. (A3), an argument that is supported by the group
theoretical analysis given in Sec. III A. The experimental
a-dependence is roughly reproduced by assuming A=9, B
~1, and C=0.35 [Fig. 8(b) and 8(c)]. Note that the dichroic
intensities appear mutually shifted by a small angle da. In-
deed, Eq. (A3) can be rewritten approximately as in Eq. (2),
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FIG. 8. (Color online) Analytical magnetic linear dichroism in
1PPE versus tilt angle « of the incident light. (a) Angular-dependent
prefactors of the photoemission intensity Eq. (A2). Black: E'| dash-
dotted and E| dashed, from eq. (a). Color: |E'\|*+|sin ¢'[*|E|[?
blue, [cos ¢'[*|E[|* red, Re(sin 'E[E") orange dashed, and
Im(sin ¢'E[E"") cyan dash-dotted. The photon energy, the dielectric
constant of Co, and the polar angle of incidence are 3.1 eV, €'
=1.61+3.051, and #=42°, respectively. (b) Photoemission intensi-
ties for +M (blue) and —M (red dash-dotted), calculated according
to Eq. (A3). Their difference is shown as dashed line. The matrix
element expressions that appear in Eq. (A3) are chosen to reproduce
roughly the experimental results (A/B/C=9/1/0.35). The angular
shift Sa=5.5° in Eq. (2) is indicated. (c) Asymmetry of the inten-
sities shown in (b).

keeping terms up to first order in da. From Fig. 8(b), we
obtain da=5.5°, which agrees nicely with the (5+1)° de-
duced from experiment.
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