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Chapter 1

Introduction

The electronic structure of materials is fundamental in understanding their electrical,

optical, and magnetic properties. Besides the energy and momentum of electrons, the

electron spin offers an additional degree of freedom and introduces the exchange and

spin-orbit interaction into the electronic structure. The exchange interaction is connected

to the Pauli-exclusion principle, and results in an effective coupling between the spins

of electrons. The spin-orbit interaction is based on the relativistic coupling between

the spin and the motion of a single electron. Both interactions are two essential ingre-

dients of magnetism and spin-dynamics. Their simultaneous presence leads to diverse

magneto-transport and magneto-optical phenomena such as the anomalous Hall effect

[1, 2] and the Faraday effect [3–5]. Spin-orbit coupling gives rise to the magnetocrys-

talline anisotropy in magnetic systems [6–9], and in non-magnetic systems it contributes

significantly to spin-dependent transport [10–14]. As also intensively studied in recent

years, the spin-orbit interaction plays a crucial role in optically driven spin-dynamics [15],

in the dispersion of spin-waves [16] as well as in non-collinear spin structures at surfaces

[17–20]. It is therefore important to have analytical access to spin-orbit coupling in a sys-

tem of interest. For ferromagnets, the spin-orbit coupling in the electronic structure can

be analyzed with energy and momentum resolution by observation e. g. of the intensity

change of spectra features in angle-resolved photoelectron spectroscopy upon magneti-

zation reversal (magnetic dichroism) [21, 22]. For non-magnetic materials the effects of

spin-orbit coupling can be revealed in spin-resolved photoemission measurements [23–25].

The spin-analysis of photoelectrons from ferromagnets provides a direct observation of

the exchange interaction in the electronic structure [26, 27]. Photoelectron spectroscopy

combined with spin-resolution and magnetic dichroic methods is therefore a very general

tool to investigate the spin-orbit coupling in materials.

Although the influence of spin-orbit interaction to photoemission processes has been

shown from more than two decades [28–31], most photoemission experiments at solid

state surfaces could only detect the spin-orbit coupling in occupied electronic states. It is

schematically shown in Fig. 1.1 that both conventional valence as well as core-level photoe-

mission couple the initial states below the Fermi level to the final states above the vacuum
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Figure 1.1: Comparison between selected methods for investigating the electronic struc-
ture of materials. The relevant initial and final states are marked by the color blocks.
The transitions are marked by arrows. The magnetic and spin-resolved information can
be gained by additional methods written on the right.

level. These linear photoemission processes can therefore barely give any information on

the unoccupied states between the Fermi and vacuum levels (gray-hatched area). These

unoccupied states are relevant e. g. to optically driven spin- and magnetization-dynamics.

The electronic states within this energy range can also be probed with momentum resolu-

tion by inverse photoemission which, however, not yet be capable to resolve the spin-orbit

coupling despite its spin-resolution [32, 33].

In this work, we use spin-resolved two-photon photoemission (2PPE) to probe unoccu-

pied electronic states at magnetic surfaces. The 2PPE process is sensitive to the interme-

diate states located between the Fermi and vacuum levels (Fig. 1.1). 2PPE has established

itself as a powerful method to study the unoccupied electronic structure and the dynamics

of excited electrons at surfaces [34–36]. There are also several previous investigations of

magnetic systems using 2PPE [37]. Wallauer et al. investigated the exchange splitting

of image potential states around 4 eV above the Fermi level on Fe/Cu(001) as well as

Co/Cu(001) [38]. Schmidt et al. studied the spin-dynamics of excited electrons in the im-

age potential states on Fe/Cu(001) in the femtosecond time scale [39]. Aeschlimann et al.

probed the spin-dependent lifetime of unoccupied states in Co/Cu(001) around 0.6-1.1 eV

above the Fermi level [40] and Andreyev et al. analyzed the influence of unoccupied image

resonance states to the spin-polarization in 2PPE [41]. Recently, Pickel et al. utilized

the image potential states as sensors for detecting the exchange and spin-orbit interac-

tion in the occupied electronic structure of cobalt and iron films [42, 43]. They observed

evidence of exchange splitting in Fe/Cu(001) films above the Curie temperature [42] and
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magnetic linear dichroism from the spin-orbit coupling in the occupied electronic states

of Co/Cu(001) films [43]. Hild et al. [44] and Nakagawa et al. [45] observed magnetic

circular dichroism in the total yield of two-photon photoemission, which did not resolve

specific intermediate electronic states. In our spectroscopic two-photon photoemission

experiments, by analyzing the photoelectrons with energy-, angle- and spin-resolution,

we identify unoccupied quantum well states in ultrathin cobalt films grown on Cu(001)

surfaces. We observe magnetic dichroic signals from the excited quantum well states [46].

This is systematically examined by varying the cobalt thickness in experiments and by

comparison to the theoretical band structure. We also compare our experimental results

with theoretical photoemission calculations [47].

By analyzing the photoelectron spin polarization and using it as an additional informa-

tion channel, we further elucidate the role of the intermediate quantum well states in the

two-photon photoexcitation process. Significant differences are observed when comparing

the 2PPE to the one-photon photoemission (1PPE) measurements, in which electrons are

excited directly from the occupied states without the influence of any intermediate states.

Our observations not only provide insight into the spin-dependent two-photon photoemis-

sion processes but are also generally relevant to nonlinear optical excitations in magnetic

systems. These excitation processes can be influenced by the exchange interaction in the

intermediate states, possibly strongly modulating the spin-polarization of excited states.

This work is organized as follows. In chapter 2, two-photon photoemission is intro-

duced, and basic concepts of magnetic dichroism and spin-resolved photoemission are

described. In addition, the properties of cobalt thin films on Cu(001) are summarized.

In chapter 3, the experimental details are described, and, in chapter 4, the results are

presented. The results of our investigations are discussed in chapter 5. Finally, the con-

clusions are presented.



Chapter 2

Basic concepts of two-photon

photoemission from magnetic thin

films

In this chapter, the basic concepts underlying our experimental investigations are sum-

marized. First, the results of perturbation theory for one- and two-photon photoemission

processes are shown in section 2.1. This allows us to identify the signatures of the elec-

tronic structure in the photoemission spectra. Then, the effect of sample magnetization to

photoemission is introduced in section 2.2, based on the concepts of hybridization between

electronic states induced by spin-orbit coupling. This is followed by an introduction to

the spin-polarization analysis of photoelectrons in section 2.3, which gives access to the

spin-resolved band structure and allows to disentangle the influence of exchange and spin-

orbit interaction in the electronic structure. In section 2.4, the quantum well states, which

are the electronic states confined in thin films, are introduced. Finally in section 2.5, the

well-known structural, magnetic as well as electronic properties of cobalt thin films grown

on Cu(001) is summarized.

2.1 Two-photon photoemission

Photoemission experiments provide access to the electronic structure of various systems,

ranging from atomic and molecular gases to solid state materials [48–50]. Modern pho-

toemission spectroscopy relies on a well-characterized light source and a high resolution

electron energy analyzer. Both of them are currently in remarkable progress aiming at

attosecond time resolution and milli-electron-volt energy resolution [51–54].

The photoemission process is based on the coupling between incident electric field and

the electronic states in the system. The current of photoemitted electrons can be derived

perturbatively when the incident electric field is much weaker than the ionic potential

that binds the electrons. Under this circumstance and when we restrict ourselves to the

single particle excitation picture, the number of photoelectrons per unit time interval (I)
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emitted with certain momentum, kinetic energy and spin (p‖, Ek, s) can be obtained by

the second order expansion of the population in the initially unoccupied states above the

vacuum level in terms of the incident electric field, up to a proportional constant, by

[48–50]:

I1PPE(p‖, s, Ek = Ef − Φ) ∝ |〈Ψf |∆|Ψi〉|2 δ(Ef − Ei − hν). (2.1)

Here Ψi and Ψf are the electron initial and final state wave function at energy Ei

and Ef . ∆ is the interaction operator between electronic states and the incident light

with photon energy hν, which is often approximated by the electric dipole interaction

∆ = − ~E · ~µ between the incident electric field ~E and the electric dipole moment ~µfi

between the electronic states Ψi and Ψf [48–50, 55]. Here ~µ = −e~r is the electric dipole

operator, with e the electron charge and ~r the position operator, and ~µfi = 〈Ψf |~µ|Ψi〉
is its expectation value between states Ψi and Ψf . This coupling leads to selective ex-

citation of certain transition between electronic states Ψi and Ψf by polarized light, as

formulated by the dipole selection rules [56, 57]. Φ is the sample work function. p‖ and

Ek are the photoelectron momentum parallel to the sample surface and its kinetic energy,

which can be measured by the detection of photoelectrons using an electrostatic energy

analyzer (see section 3.2). We use s to indicate the component of spin of photoelectrons

along the measured direction which can only be ±h̄/2 for the case of spin-up and spin-

down. In Eq. 2.1 we consider only the elastic transition, as indicated by the delta function

δ(Ef−Ei−hν) that the initial and final states are separated by exact the same amount of

energy as the incident photon energy (Fermi golden rule). The photoemission spectrum

is usually shown by the number of collected photoelectrons as a function of kinetic energy

Ek or parallel momentum p‖ (or wave vector k‖ = p‖/h̄). In an angle-resolved photoemis-

sion measurement, photoelectrons are collected at several off-normal angles θ around the

sample surface, providing the distribution of photoelectrons over parallel wave vector k‖

as derived by k‖ =
√

2mEk/h̄
2 sin θ (m: electron mass) [58].

By relating the photoelectron wave vector k‖ to the momentum p‖ through p‖ = h̄k‖

and by the wave matching condition at the surface between the outgoing photoelectron

and the wave function of electronic states in the sample (or at the sample surface) [49], the

wave vector of the electronic states parallel to the surface (kin‖ ) can be determined up to an

additional constant of reciprocal lattice vector parallel to the surface (G‖). This relation

reads: kin‖ = k‖ + G‖ [49]. From the kinetic energy of photoelectrons Ek, surface work

function Φ and the employed photon energy hν, the energy of the initial state Ei which

is involved in the photoemission process is obtained. The dispersion of electronic state

energy Ei versus the parallel wave vector kin‖ constitutes the band structure information

in the angle-resolved photoemission spectroscopy (ARPES) with fixed photon energy. In

this work, the dispersion of quantum well state in the cobalt thin films will be shown in

Fig. 5.3. If the complete energy dispersion including the wave vector perpendicular to the

surface kin⊥ is required, one may need to (i) have an input from the calculated final state

dispersion and a photon energy dependent study [59], or (ii) investigate different surface
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orientations and search for energy coincidence of features from the electronic bands [60].

In Eq. 2.1, the final states are located above the initial states by one photon energy

and we call this process one-photon photoemission (1PPE). If we expand perturbatively

the photoelectron current due to the incident light to the fourth-order of the electric field,

there is additionally a contribution as [55, 61, 62]:

I2PPE(p‖, s, Ek = Ef − Φ) ∝
∣∣∣∣∣∑
m

〈Ψf |∆|Ψm〉 〈Ψm |∆|Ψi〉
Em − Ei − hν

∣∣∣∣∣
2

δ(Ef − Ei − 2hν). (2.2)

Here Ψm is an intermediate state wave function at energy Em. The contribution from

the initial states are located in the photocurrent I2PPE at twice the photon energy above

the initial state energy and this process is called two-photon photoemission (2PPE). Since

there are additional intermediate states involved in 2PPE, one can obtain information on

the originally unoccupied electronic states above the Fermi level. To distinguish the

spectral features of the initial states from those of the intermediate states, it is helpful

to investigate the position of spectral features as a function of photon energy. In the

case without specific resonance between continuous bands, the energy of spectral features

due to the initial state should disperse with twice the amount of the change in photon

energy, whereas the features from the intermediate states should disperse with the same

amount as the change in the photon energy [43, 62–64]. An other method to distinguish

the features of intermediate states from those of the initial states is to compare the

two-photon photoemission spectrum obtained with photon energy hν to the one-photon

photoemission spectrum with doubled photon energy 2hν, which results from the same

initial and final states and is not influenced by the intermediate states explicitly. This

method will be explored and discussed in section 5.3.

In addition, one would expect a spin dependence in the transition going through the

spin dependent intermediate states in 2PPE. In the non-relativistic approximation with

incident linearly polarized light, the optical excitation conserves the electron spin and

therefore only the electrons in the initial state with spin direction parallel to that of the

intermediate state can be excited into the intermediate state. In this picture, a spin-

polarized intermediate state effectively selects the spin of photoelectrons. This effect will

be discussed in section 5.3.

2.2 Magnetic dichroism in photoemission

In magnetic materials, the intensity of photoemission can strongly depend on the relative

orientation of sample magnetization with respect to the incident polarization of light. The

mechanism leading to the magnetization dependent optical transition rate is the combined

influence of the exchange interaction and spin-orbit coupling in the electronic structure

[3, 65]. This results in diverse magneto-optical phenomena [3–5] as well as magnetic

dichroism in X-ray absorption [28] and photoemission [21, 29, 66]. In the case of X-ray
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absorption, magnetic dichroism has been used to image magnetic domains with element

resolution in the nanometer scale [67] and to obtain the absolute values of the orbital

and spin magnetic moments [30, 31]. The magnetic dichroism observed in photoemission

spectroscopy is a tool to resolve the influence of spin-orbit coupling in the electronic band

structure of magnetic materials, which leads to the hybridization of electronic bands with

different spatial symmetry properties as well as different electron spins [21, 65].

Experimentally, the magnetic dichroic signal in photoemission is represented by the

normalized intensity change under sample magnetization reversal A (dichroic asymme-

try), as determined by the magnetization dependent photoemission intensities I±M . For

incident circularly (AMCD) and linearly polarized light (AMLD) we have magnetic circular

and magnetic linear dichroism according to [29]:

AMCD,MLD = (I+M − I−M)/(I+M + I−M). (2.3)

In the literature, the magnetic circular and linear dichroism are usually measured in

different geometries, the former with circularly polarized light and sample magnetization

in the optical plane whereas the latter with incident p-polarized light and sample mag-

netization perpendicular to the optical plane [21]. In our experiment we use the identical

geometry for both circularly and linearly polarized incident light, namely, the sample

magnetization in the optical plane for both cases (Fig. 3.2). As will be shown by the

experiments in section 4.2 and discussed in section 5.2, this geometry indeed yields a mag-

netic linear dichroism and can actually give us detailed information about the electronic

structure. Despite the difference in the experimental geometries, all the magnetic dichroic

phenomena in angle-resolved photoemission from valence band structure appears when

there is an interference between photoexcitation channels [65, 68]. This will be deduced

here for our experimental geometry in Fig. 3.2, that is, sample magnetization parallel to

the surface and in the optical plane, and the photoelectrons are collected normal from the

surface [68]. For the other cases the reader is referred to the experiments from Kuch and

Rampe et al. [69, 70] and analytical relations from Henk et al. [65, 68].

In the following, we use an analytical description for the magnetic dichroism in one-

photon photoemission (1PPE) within the electric dipole approximation. The electric field

of incident light couples the transition dipole matrix element between electronic states,

and the coupling results in the photoelectron current described by Eq. 2.1 with ∆ = − ~E ·~µ.

Here we use ~µfi for the expectation value of the transition dipole operator between initial

and final states, and Eq. 2.1 reads [49]:

Ifi(Ef ) ∝
∣∣∣ ~E · ~µfi∣∣∣2 = ( ~E · ~µfi)( ~E · ~µfi)∗

=
∣∣∣E⊥µfi⊥ ∣∣∣2 +

∣∣∣E‖,pµfi‖,p∣∣∣2 +
∣∣∣E‖,sµfi‖,s∣∣∣2

+2<
[
E⊥E

∗
‖,pµ

fi
⊥µ

fi∗
‖,p
]

+ 2<
[
E⊥E

∗
‖,sµ

fi
⊥µ

fi∗
‖,s
]

+2<
[
E‖,sE

∗
‖,pµ

fi
‖,sµ

fi∗
‖,p
]
. (2.4)
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Here Ifi(Ef ) is the one-photon photoemission (1PPE) intensity for a chosen initial (i)

to final state (f) transition and is proportional to the square amplitude of the transition

matrix element, which is the inner product of transition dipole moments ~µfi and the

incident electric field vector ~E. From the first to the second line we decompose the electric

field and transition dipole moment into the Cartesian coordinates as shown in Fig. 2.1a.

Electric field components E‖,p and E‖,s are parallel to the surface and originate from the

p- and the s-polarized incident light components. E⊥ is the electric field component

perpendicular to the surface and originates solely from the incident p-polarized light

component. The inner product of the electric field and the transition dipole moment

contains only pairs along the same direction and therefore with the same subscript in

our orthogonal basis of coordinates. The asterisk (∗) indicates conjugation of a complex

number. < [z] represents the real part of the complex number z. In the above formula we

consider only the elastic photoemission processes so that the initial state energy level Ei

is located one photon energy (hν) lower than the final state energy level Ef . We see the

interference effect in the last three terms of Eq. 2.4, each of which contains two mutually

perpendicular components of the electric field, and they correspond to the interference

between photoemission channels established by different components of the transition

dipole moments. We schematically show these three channels in Fig. 2.1b.

The important information in Eq. 2.4 is a trace of the photoemission intensity back to

the optical transition induced by specific Cartesian components of the dipole moment ~µfi.

Due to the inner product of electric field and dipole moment, the electric field components

E⊥, E‖,p and E‖,s couple components of transition dipole moment µfi⊥ , µfi‖,p, and µfi‖,s
respectively, and through all of these channels the same initial |Ψi〉 and final states |Ψf〉
are coupled simultaneously. A selective excitation through one of these channels can be

done by choosing one of the polarization component of electric field E⊥, E‖,p or E‖,s, which

is the essence of the dipole selection rules [49, 56, 57]. By choosing a proper superposition

of the polarization of light, we can simultaneously induce transitions through more than

one of the channels described by µfi⊥ , µfi‖,p and µfi‖,s and consequently create an effect of

interference in the final state population, as shown in Fig. 2.1b. The final state population

is then measured by the photoemission intensity at the energy level Ef .

Depending on the symmetry properties of the sample crystal structure and the direc-

tion of the sample magnetization, some of the discussed interference terms may vanish.

Combined with the chosen light polarization, this leads to different geometries which are

employed for the different orientations of sample magnetization in the magnetic dichroic

experiments [21, 70]. In our experiments on Co/Cu(001), the sample magnetization is

parallel to the sample surface plane and aligned with the optical plane. The photoelec-

trons are detected normal to the surface (experimental geometry in Fig. 3.2). It can be

shown, by using the symmetry property of initial and final states with respect to the

mirror planes perpendicular to the optical plane [71–74], that the relevant interference

terms in our geometry are reduced to the terms where µfi‖,s and µfi⊥ simultaneously exist.
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into E⊥, E‖,p and E‖,s components. E⊥ is perpendicular to the sample surface, E‖,p and
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channels between the initial and final states in the transition matrix elements: E⊥µ
fi
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E‖,pµ
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‖,p and E‖,sµ

fi
‖,s.

The one-photon photoemission intensity now condenses from Eq. 2.4 into:

Ifi(Ef ) ∝
∣∣∣E⊥µfi⊥ ∣∣∣2 +

∣∣∣E‖,pµfi‖,p∣∣∣2 +
∣∣∣E‖,sµfi‖,s∣∣∣2

+2<
[
E⊥E

∗
‖,sµ

fi
⊥µ

fi∗
‖,s
]
. (2.5)

As has been theoretically derived by Henk and Venus et al. [65, 68, 75] and experi-

mentally verified [21, 43], the interference terms in photoemission intensity, the last term

in Eq. 2.5, can give rise to magnetic dichroism in photoemission. This will be made clear

in the following. In addition, the interference term in Eq. 2.5 depends on the details of

the wave functions of initial and final states through the magnitude and phase of matrix

elements µfi⊥ and µfi‖,s. If there is no spin-orbit coupling in the electronic structure, there

will exist only one Cartesian component of the transition dipole moment pointing along

one of the high symmetry directions of sample, hindering the simultaneous light induced

coupling via different channels. These symmetry properties of electronic states, as have

been shown by Henk et al. in analytical forms for magnetic dichroism in photoemission

[65, 68], points to the spin-orbit coupling and the related hybridization between electronic

states as a prerequisite of interference in photoemission in our geometry. This is in ac-

cordance with the general statement that the simultaneous existence of spin-orbit and

exchange interaction is required for magnetic dichroism [21].

To describe the magnetic dichroic signal in photoemission upon sample magnetization

reversal, approaches based on the symmetry operations are used in the literature [21,

70, 76, 77]. It is found that the electric field perpendicular to the magnetization and
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lying in the sample surface plane (E‖,s in Eq. 2.5) changes its sign in the equivalent

geometry when the sample magnetization is reversed. This is also in agreement with the

analytical descriptions from Venus and Henk [65, 75] and points out a sign change of

the corresponding transition dipole moment upon sample magnetization reversal (µfi‖,s in

Eq. 2.5). In our experimental geometry (Fig. 3.2), we have the consequent change in the

photoemission intensity as the magnetization is reversed, following Eq. 2.5:

Ifi,±M(Ef ) ∝
∣∣∣E⊥µfi,+M⊥

∣∣∣2 +
∣∣∣E‖,pµfi,+M‖,p

∣∣∣2 +
∣∣∣E‖,sµfi,+M‖,s

∣∣∣2
±2<

[
E⊥E∗‖,sµ

fi,+M
⊥ µfi,+M∗‖,s

]
. (2.6)

The +M index on the electric dipole moments refers quantities when the magnetization

is along [110] crystalline direction of cobalt films. In addition, the material optical response

such as refraction can be included by using Fresnel coefficients [68, 78] and will lead to

an additional mixing of the real and imaginary parts of µfi,+M⊥ µfi,+M∗‖,s in the magnetic

dichroic signal [47, 68]. The magnetic dichroism can be deduced from Eq. 2.6 according

to Eq. 2.3:

AfiMD(Ef ) =
2<

[
E⊥E∗‖,sµ

fi,+M
⊥ µfi,+M∗‖,s

]
∣∣∣E⊥µfi,+M⊥

∣∣∣2 +
∣∣∣E‖,pµfi,+M‖,p

∣∣∣2 +
∣∣∣E‖,sµfi,+M‖,s

∣∣∣2 . (2.7)

To adapt the experimental geometry in Fig. 3.2, the incident circular polarization of

light is assigned by (E⊥,E‖,s,E‖,p)=(E sin θ,±iE,E cos θ) with θ as the angle of incidence

and the imaginary number ±i for left-/right-circular polarization. For the linearly po-

larized light such p- and s-polarization, the electric field components are described by

(E⊥,E‖,s,E‖,p)=(E sin θ,0,E cos θ), and (E⊥,E‖,s,E‖,p)=(0,E,0) respectively. The p- and

s-polarized components can be superimposed to form a linear polarization with a tunable

angle α respect to the optical plane. The controllable angle α is a degree of freedom of

the linearly polarized light and will be explored in the measurement of magnetic dichro-

ism in Fig. 4.5. From Eq. 2.6 and Eq. 2.7 we can describe the magnetic dichroism in our

experiments and they will be compared with the results in section 5.2.

2.3 Spin-polarized photoemission

The spin-polarization of photoelectrons is analyzed after the electron energy analyzer [26].

The electrostatic field in the energy analyzer influences the electron spin only negligibly

in our case since the electrons move much slower than the speed of light (EK ≤10 eV,

v/c ≤ 0.7%) [79]. Details of our spin-detector are specifically described in section 3.3.

The spin-polarization of photoelectrons is defined as:

P =
I+s − I−s
I+s + I−s

. (2.8)
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I±s is the number of photoelectrons with spin-up and spin-down, along a defined direction

in space (quantization axis). We use ±s here for the two opposite projections of electron

spin on the quantization axis, and they correspond to the conventional symbol ms in

atomic physics. The spin-polarization is a three-dimensional vector quantity, and the spin-

polarization in Eq. 2.8 is the projection of the spin-polarization vector along a quantization

axis defined by the measurement [79].

The spin-polarization of photoelectrons has been analyzed for various systems. For

non-magnetic materials, one can selectively photoexcite spin-polarized electrons from the

spin-orbit split bulk electronic bands by polarized light [23, 26]. This process is described

by the relativistic selection rule for photoemission which explicitly connects the electron

spin with the transition dipole matrix elements [23, 24, 26]. In addition, on the surface

of non-magnetic materials, the inversion symmetry is broken and there can exist Rashba-

splitting in the electronic structure, resulting a shift in the electron wave vector between

bands with opposite spins components [17, 18, 25]. For these cases, the spin-resolved

photoemission spectra provide a way to measure the strength of spin-orbit coupling in

the electronic structure.

For magnetic systems, spin-polarized photoemission has provided fundamental insight

for an understanding of itinerant magnetism [26, 27], especially by measurements of the

exchange splitting [80–84] and the absolute value of electron spin-polarization [85–89] in

the valence band structure. Spin-resolved photoemission spectroscopy has also been used

to resolve the spin-orbit splitting in the core levels in ferromagnets, which provides an

explanation for the magnetic dichroic phenomena [66, 90–92].

Generally, the spin-polarization of photoelectrons depends on the sample magnetiza-

tion as well as on the incident light polarization [65]. The effect of polarized light can

be considered in analog to the case of non-magnetic systems according to the relativis-

tic selection rules, while the magnetization plays a role due to the exchange interaction.

Phenomenologically we can decompose the spin-polarization of photoelectrons into two

components, one of them changes its sign as the sample magnetization is reversed (Pex),

and the other remains unchanged regardless of magnetization reversal (Pso). They are

defined as the ”exchange spin-polarization” (Pex) and ”spin-orbit spin-polarization” (Pso)

[93, 94]. Here we use P±σ±M for the photoelectron spin-polarization measured from two

different sample magnetization directions ±M with left- or right-circularly polarized light

±σ, and we use I±σ±s,±M for the spin-up/down photoemission intensity from a sample

magnetized along ±M with ±σ incident light. Then the exchange and spin-orbit spin-

polarization Pex and Pso are defined as [93, 94]:

P±σex =
P±σ+M − P±σ−M

2
=

1

2

(
I±σ+s,+M − I±σ−s,+M
I±σ+s,+M + I±σ−s,+M

− I±σ+s,−M − I±σ−s,−M
I±σ+s,−M + I±σ−s,−M

)
(2.9)

P±σso =
P±σ+M + P±σ−M

2
=

1

2

(
I±σ+s,+M − I±σ−s,+M
I±σ+s,+M + I±σ−s,+M

+
I±σ+s,−M − I±σ−s,−M
I±σ+s,−M + I±σ−s,−M

)
. (2.10)
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In the limit of vanishing magnetization, P±σex reduces to zero since P±σ+M = P±σ−M , justi-

fying its connection to the exchange interaction. The P±σso , however, can remain finite in

this ideal limit according to our definition, corresponding to the spin-dependent photoex-

citation from non-magnetic systems. The quantities P±σex and P±σso will be used to analyze

the magnetic dichroism in our two-photon photoemission experiments in section 4.4 and

discussed in section 5.4.

2.4 Quantum well states in ultrathin films

Modern technology makes it possible to fabricate smaller and thinner structures for device

applications. In such small dimension of several nanometers, the electronic structure

and consequently the optical and magnetic properties of materials can be dramatically

different from the bulk materials. An ultrathin film system composed of several atomic

layers is a typical example. Heteroepitaxy of thin layers on crystalline substrates can

result in a spatially mismatched electronic structure due to different electronic properties

of the substrate and the grown materials [95, 96]. As a consequence of the mismatch,

there can be electronic states confined in the thin films, whose wave functions have only

small penetration into the substrate, provided that the substrate has band gaps at the

corresponding energies (see Fig. 2.2 as an example). Those confined electronic states in

the film are named after the ”quantum well states” which realize the particle in a box

model of quantum mechanics [71, 96, 97].

For the case of metallic heteroepitaxy, if there is a band gap in the substrate within

certain energy range, the electrons in the film within that energy range are strongly

scattered by the periodic potential in the substrate, and then the electrons are reflected

back to the film from the interface. At the surface of the film, if the electrons do not have

enough energy to escape from the surface, the electrons within the film are reflected back to

the film from the film surface by the surface potential barrier. The consequence of multiple

reflection between the interface and surface is the existence of an electronic state with a

standing-wave wave function in the film [96, 98, 99]. This picture is in analogy to the

optical Febry-Pérot interferometer [100, 101] and has provided quantitative understanding

of the quantum well states and various types of surface states (phase-accumulation model,

see Eq. 5.1) [98, 99, 102]. This model will be used later to evaluate the dispersion of

the unoccupied quantum well states in Co/Cu(001) films and for comparison with the

observations in section 5.1.1.

As a result of the spatial localization within the film, the binding energy of quan-

tum well states depends strongly on the film thickness. This is because of the thickness

dependent quantization condition for the electron wave function (Eq. 5.1), whose origin

comes from the phase accumulation within the film and at the interface and surface (wave

matching) [71, 99]. This thickness dependence can be used as a signature of quantum

well states in electron spectroscopy experiments [96, 101] as well as in transport measure-
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Figure 2.2: Relativistic face-centered cubic (fcc) bulk cobalt [47, 104] and copper band
structure [105] along the [001] direction (Γ −∆ −X line in the fcc first Brillouin zone).
The hatched area represents the band gap in copper and cobalt, and their mismatch from
about 1.6 to 3.0 eV above the Fermi level is indicated by the blue area in the cobalt band
structure. The cobalt band structure are adapted from Schmidt et. al. [104] for energy
below the 1.2 eV, above which the unoccupied sp-band dispersion as well as the quantum
well states energy are calculated by Henk for fct cobalt [47]. For simplicity, only the
majority quantum well states for 4, 6 and 12 ML are shown. SR indicates the minority
surface resonance state. Solid curves represent bands of dominant ∆1 or ∆5 symmetry,
and dashed curves for ∆2 or ∆2′ .

ments [103]. It is used in our photoemission study to identify the features of unoccupied

quantum well states in Fig. 4.1.

2.5 Cobalt films on Cu(001)

The growth of cobalt thin films on Cu(001) has been widely studied by different micro-

scopies [106, 107], diffraction and ion scattering experiments [108–117] as well as electron

spectroscopies [111, 117, 118]. The cobalt layers grow in a layer-by-layer mode (Frank-

van der Merve mode) after bilayer growth of first two monolayers (ML) on Cu(001)[106,

107, 112, 113, 117]. The structure is face-centered tetragonally distorted (fct) with in-

terlayer spacing around 1.70 Å for the uppermost layer and 1.75 Å for the deeper layers

[108–111, 118]. These values are smaller compared to the bulk interlayer spacing of

face-centered cubic Co(001) (β-Co, 1.77 Å [119, 120]) and Cu(001) (1.805 Å [121]). The
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lateral lattice constants of cobalt films follow the square lattice of Cu(001) up to 10-

15 ML [108, 109, 118] until the tetragonal distortion starts to relax [115, 116]. After

about 150 ML [122] the face-centered cubic structure gradually transforms into a hexago-

nal close-packed (hcp) structure, which is the bulk stable phase at 300 K. The growth of

cobalt films at 150-170 K leads to small islands with structural disorder and rough mor-

phology [114, 123]. The difference between 300 K and 150 K growth can be used to reveal

the electronic states which are sensitive to the surface morphology (see section 5.3). Be-

sides the growth mode, there are experimental observations indicating about 0.1-0.2 ML

copper atoms on the surface of 300 K grown 5-7 ML cobalt films [113, 117] and a fast

surface diffusion of substrate copper atoms through pin holes in 4 ML films after several

minutes of annealing at 490 K [124]. Both of them are explained by the higher surface

free energy of cobalt as compared to the sum of surface free energy of copper and the

cobalt-copper interface energy [113, 117, 124].

The magnetic properties of fct cobalt films on Cu(001) have been characterized by

various magneto-optical effects [112, 122, 125], spin-polarized electron spectroscopy and

microscopy [126, 127] as well as ferromagnetic resonance (FMR) [128] and Brillouin light

scattering experiments [129]. The films are ferromagnetic and have a Curie temperature

that strongly depends on the film thickness. The Curie temperature rises above 300 K at

around 1.8 ML and then increases to 600 K at around 3 ML [125, 129]. The easy axis of

magnetization is in the surface plane (001) and parallel to the crystalline axis [110] and

its equivalent directions [127–129]. This orientation of magnetization serves as the basis

of our measurement geometry (Fig. 3.2).

The electronic structure of Co/Cu(001) thin films has been investigated by photoemis-

sion [22, 40, 41, 43, 81, 104, 130–134] and inverse photoemission spectroscopies [135, 136].

In the literature, several band structures have been calculated by various methods and

used to interpret the experimental data [47, 104, 130, 132, 134, 137]. One of the example

is shown in Fig. 2.2. It is instructive to notice their general features instead of compar-

ing the precise energies of calculated electronic bands. There are generally majority and

minority bands at different energies, signifying the exchange splitting in the electronic

structure. The size of the exchange splitting, which can be estimated by the energy dif-

ference between majority and minority bands of the same spatial symmetry, can be large

as 1 eV. Among the electronic bands, there are the less dispersive majority d-bands be-

low the Fermi level and the minority d-bands near and above the Fermi level. Both the

majority and minority sp-bands show significantly dispersion up to around 2 eV above

the Fermi level. As we will see later, these are the electronic bands from which the unoc-

cupied quantum well states are derived. Besides, there is significant spin-orbit coupling

within most of the bands. This is best seen from the hybridization between majority and

minority bands, with a strength being estimated from the splitting at spin-orbit induced

band gap up to 150 meV [43, 47, 104]. The spin-orbit coupling induced hybridization also

occurs between bands of the same spin but different spatial symmetry properties [47].
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Experimental setup

In this chapter the main instruments in the experiments are introduced. This includes

the femtosecond laser system and the electron energy analyzer with an electron spin-

polarization analyzer. In the end the sample preparation procedure is described.

3.1 Femtosecond laser system

We use the frequency-doubled output from a Ti:sapphire oscillator as the light source for

two-photon photoemission measurements (λ≈400 nm, hν≈3.1 eV). For one-photon pho-

toemission, this output is again frequency-doubled (λ≈200 nm, hν≈6.0 eV). The setup

of the oscillator and the optical path are shown in Fig. 3.1.

The Ti:sapphire crystal is pumped by a commercial laser (frequency-doubled Nd:YVO4

laser, λ=532 nm, Millennia from Spectra-Physics). After mode-locking, the output of the

Ti:sapphire oscillator has a repetition rate of 81 MHz, an average power around 700 mW,

with central wavelength around 800 nm, and an estimated pulse width about 10 fs. This

light beam is then focused into a nonlinear optical crystal (β-BaB2O4, BBO) to generate

a frequency-doubled beam (λ≈ 400 nm), which is then guided into the ultrahigh vacuum

(UHV) chamber. In addition, in the path there is a Mach-Zehnder interferometer, which

can be used to split an optical pulse into two pulses with adjustable time delay with

respect to each other [34], and several dielectric mirrors that control the phase between

components of different wavelength within a pulse (chirp) [138]. The optical pulse width

at the sample position in the UHV chamber is checked by the interferometric autocorre-

lation with the surface second-harmonic-generation (SSHG) signal [139], which gives an

estimation of pulse width around 20 fs. The average power the frequency-doubled output

at ≈ 400 nm can be varied up to 130 mW by inserting a λ/2 wave plate in front of the

BBO crystal. This gives a maximum pulse energy of 1.6 nJ/pulse.

The linear and circular polarization of the incident light are controlled by achromatic

λ/2 and λ/4 wave plates in the optical path before entering into the chamber (Fig. 3.1,

inset). An optional setup for frequency-doubling can be inserted in order to obtain the

light with wavelength ≈ 200 nm for one-photon photoemission experiments.
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Figure 3.1: Top view drawing of the optical setup designed by Nývlt and Petek. For
clarity, the optical elements are not shown with their true scale. The inset in the up-right
corner shows the side view of erect optical path into the chamber after mirror A.
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3.2 Angle-resolved photoemission

The geometry of the experiments is shown in Fig. 3.2. The polarization of the incident

light can be selected to be circular or linear, with the latter at an angle α with respect to

the optical plane. The adjustment of the polarization is done by the wave plates in the

optical setup as shown in the inset of Fig. 3.1. The optical plane is defined by the incident

direction and the sample surface normal.

Except when mentioned otherwise, the photoelectrons were collected in the normal di-

rection of the surface at 300 K in the measurements. In an angle-dependent measurement,

the sample can be rotated and the detected photoelectrons have non-zero momentum par-

allel to the surface. The photoelectrons were analyzed energy resolved by a commercial

electrostatic cylindrical sector analyzer (CSA 300, Focus GmbH). The energy resolution

was about 50 meV for the pass energy 2 eV and 100 meV for the pass energy 4 eV, as

estimated from the vacuum cutoff of the photoemission spectra. The former setting was

used for spin-integrated measurements and the latter was used for magnetic dichroism as

well as spin-resolved measurements. Previous angle-dependent measurements on Cu(001),

Cu(111) and Ag(111) give an estimation of the angular resolution better than 2◦. The

sample was biased by -1 V during the measurements in order to have higher transmission

through the energy analyzer and to better observe the vacuum cutoff in the photoemission

spectra. The resultant electric field distribution degraded slightly the angular resolution

[140].

The [110] crystalline direction of Co/Cu(001) was aligned with the optical plane. The

cobalt films were magnetized in the optical plane along [110] by a pulse current through a

copper coil near the sample. The sensitivity direction of the spin-detector, as determined

by the magnetization of the O/Fe/W(001) film (see sec. 3.3), was aligned parallel to the

sample magnetization in the optical plane, detecting the component of spin-polarization

of the photoelectrons along the direction of sample magnetization.

3.3 Spin-polarization analysis

In our measurement, an electron scattering process is used to measure the spin-polarization

of photoelectrons. The spin dependence in scattering processes generally comes from two

mechanisms. The first one is the coupling between the electron spin and its motion

(spin-orbit coupling). For this type of experiments, one requires a sizable electric field

in the scatter target and a high incident velocity of electron, which are combined into

sizable effective magnetic field in the rest frame of the electron that couples the elec-

tron spin [79, 141]. The electron spin-detectors built according to this principle are the

various types of Mott-detectors operating at incident electron kinetic energies around

100 keV [141, 142]. Alternative spin-polarimeters are based on the electron diffraction

where the ionic potential of heavy atoms contributes significant spin-orbit interaction

for electrons even with kinetic energy in the range of 100 eV. This underlies the princi-
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3.3. Spin-polarization analysis 19

  

iron evaporator

back channeltron

direct channeltronelectrostatic lenses
magnet

5 cm

preparation / spin-integrated measurement

spin-resolved measurement

Figure 3.3: Simplified drawing of the spin detector designed by Hartung, Engelhard and
Kirschner [152]. The arrows indicate the incident electron beam, which in the case of
a spin-integrated measurement (dashed) goes into the direct channeltron and in a spin-
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ple of spin-polarized low-energy electron diffraction (SPLEED) [143] and the SPLEED

spin-polarization analyzer [144, 145].

A second mechanism for spin dependent scattering is the exchange interaction in a

ferromagnetic target. Pronounced effects were found, for example, at the energies between

majority and minority band edges where one of the electron spin is more strongly reflected

compared to the other spin channel [146–148]. More specifically, the surface of Fe(001)

covered with oxygen is an ideal candidate for the spin-detector because of its enhanced

exchange splitting near the band edge as well as its resistance against residual gas ad-

sorption [149]. Based on these properties several spin-detectors have been built [150–152].

The basic setup of our spin detector is shown in Fig. 3.3, consisting of two channeltrons.

One of them is responsible for a spin-integrated measurement and faces directly to the

incoming electron beam (direct channeltron). The other (back) channeltron is responsible

for the spin-resolved measurement, detecting the reflected specular electron beam from a

ferromagnetic, oxygen covered iron film about 10 nm thick on W(001). The iron film is

surrounded by an electromagnet which switches the direction of the film magnetization,

and it can be moved out of the incident electron beam for the spin-integrated measure-

ment. In our setup the angle of incidence is 15◦ with respect to the surface normal of the

iron film [152].

To measure the number of spin-up and spin-down electrons in the incoming photo-

electrons (I0), the number of reflected electrons from the iron film are measured for two

opposite directions of the magnetization of the iron film. This gives us two intensities

I±M . From this we derive the intensity asymmetry A as A = (I+M − I−M)/(I+M + I−M).

This quantity is proportional to the spin-polarization of the incident electron beam P
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along +M by P = A/S. The proportional constant S (in analogy to the Sherman func-

tion of Mott detectors) depends strongly on the incident electron kinetic energy and was

characterized by using a known spin-polarized electron beam. The value of S corresponds

to the reflected intensity asymmetry (A) upon magnetization reversal of the iron film

when a completely spin-polarized electron beam is analyzed (P = 1). In our measure-

ments, the optimal condition of scattering is set at a maximum relative figure of merit

F = S2 × (I+M + I−M)/I0 which is inversely proportional to the required measurement

time for a given statistical error of spin-polarization [79]. The obtained S is 0.24± 0.03,

as calibrated with secondary electrons from cobalt and iron films [152]. In short, the pro-

jection of spin-polarization (P ) of the electron beam along the magnetization direction of

the iron film (along +M) is obtained by:

P =
1

S

I+M − I−M
I+M + I−M

. (3.1)

The spin-up and spin-down intensities (I±s) are derived from the total number of measured

electrons and the spin-polarization as [79]:

I±s =
(1± P )

2
(I+M + I−M). (3.2)

In experiments, the magnetization of the iron film inside the spin-detector is sequentially

switched between ±M so that intensities I±M can be accumulated independently with

small time delay, reducing the extrinsic error due to intensity fluctuation of the laser

or sample degradation. The experimental error is obtained by taking into account the

statistical error of counting electrons, which is the standard deviation in Poisson statistics

and is the square root of the measured number of electrons [79]. The error indicated in

the spin-polarization as well as in the partial spectra are derived by error propagation.

For the geometry in Fig. 3.2, we analyze the photoelectron spin in the direction along

the sample magnetization. The spin-up (-down) photoelectrons are defined to have their

spin with component −h̄/2 (+h̄/2) along the quantization direction parallel to sample

magnetization. They correspond to ms in atomic physics and are labeled in this work as

±s. The electrons in the sample are called majority (minority) electrons if they have spin

component −h̄/2 (+h̄/2) projected along the sample magnetization. In our definition, the

spin-up photoelectrons have the same −h̄/2 projection of electron spin as the majority

electrons. In our experiment, the projection of spin-polarization of photoelectrons along

[110] is analyzed and it is equal to the intensity asymmetry between spin-up photoelectrons

and spin-down photoelectrons according to Eq. 2.8.

3.4 Sample preparation

The Cu(001) substrate was cleaned by cycles of 2 keV Ar ion sputtering, with a sample

current of around 3 µA and an estimated scanning range of 2 cm2. The cleanness of
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sample was checked by the Auger electron spectroscopy of copper. After the sputtering,

the copper substrate was annealed up to 900 K in order to recover a smooth surface

morphology. The resultant surface quality was confirmed by sharp low-energy-electron-

diffraction (LEED) spots and photoemission signal through the image potential state

[35, 153]. The cobalt films were deposited on the prepared Cu(001) single crystal by an

electron beam evaporator (EFM 3, Omicron) from a cobalt rod of 99.995% purity. The

thickness of the cobalt films was estimated by the periodic intensity oscillations in medium-

energy-electron-diffraction (MEED), as well as confirmed by the onset of magnetic signal

in the surface second harmonic generation (SSHG) at around 1.8 ML at 300 K. The SSHG

signal was measured in the reflection geometry by using prism pairs to select the ≈200 nm

component of light [139]. The intensity change of SSHG signal upon sample magnetization

reversal was observed when circularly incident light was used [154]. The estimated cobalt

film thickness was also cross-checked by Auger electron spectroscopy, which shows no

noticable copper LMM Auger signal at around 15 ML of cobalt.
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Results

In this chapter the experimental results are presented. Ultrathin cobalt thin films of sev-

eral atomic layer thickness were investigated by photoemission spectroscopy. We observed

photoemission intensity changes upon sample magnetization reversal, indicating the mag-

netic dichroism. The spin-analysis of photoelectrons allows us to identify the relevant

spin-polarized electronic states in the photoemission processes.

4.1 Film growth monitored by photoemission

We measured the thickness dependent photoemission spectra in normal-emission geometry

using p-polarized light simultaneously with the cobalt film growth (experimental setup:

Fig. 3.2). The spectra are displayed in Fig. 4.1a as a function of cobalt film thickness for

a photon energy of 3.1 eV and in Fig. 4.1b for a photon energy 6.0 eV.

In Fig. 4.1a we can see three dominant features. The first is located at the energy

around 7.0 to 7.4 eV above the Fermi level. This corresponds to the resonant three-photon

photoemission (3PPE) from the Cu d-bands through the unoccupied image potential state

[63, 155], as can be seen here by the high intensity before cobalt is deposited. The second

feature is located at around 6.0 eV, nearby the feature at 6.2 eV due to the two-photon

photoemission (2PPE) from the Fermi edge, whose energy remains fixed and the intensity

increases gradually until 10 to 12 ML. This is attributed to the higher density of states in

the cobalt d-bands near the Fermi level, as compared to the lower density of states in the

copper sp-band near the Fermi level. The third feature is the dispersive intensity which

starts from 4.8 eV at 4 ML and goes towards higher energy, remains clearly visible until

5.6 eV at 9 ML before it merges into the cobalt d-band feature. As will be characterized in

detail in section 5.1, this feature is a result of the unoccupied quantum well states in the

cobalt films. Its unoccupied nature can be proved by a comparison with the one-photon

photoemission data as follows.

Comparing the one-photon photoemission data in Fig. 4.1b to the two-photon photoe-

mission data in Fig. 4.1a within the energy range from 4.5 eV to 6.2 eV (dashed rectangle),

the increasing photoemission intensity from just below the Fermi level is present again,



4.1. Film growth monitored by photoemission 23

  

(a)

(b)

cobalt thickness (ML)

cobalt thickness (ML)

fin
al

 s
ta

te
 e

ne
rg

y 
E

-E
F (e

V
)

fin
al

 s
ta

te
 e

ne
rg

y 
E

-E
F (e

V
)

three-photon
photoemission

(3PPE)

two-photon
photoemission

(2PPE)

one-photon
photoemission

(1PPE)

photoemission
intensity (counts)

0 3000

photoemission
intensity (counts)

0 1500

Figure 4.1: (a) Thickness dependent two- and three-photon photoemission (2PPE and
3PPE) spectra (hν=3.1 eV) measured in normal emission during the deposition of several
monolayers (ML) of cobalt film on Cu(001). (b) Experiment as in (a) but with one-photon
photoemission (1PPE, hν=6.0 eV). The excitation light is p-polarized in both cases. The
dashed-rectangle indicates the comparable region of 2PPE to 1PPE.
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centered at around 5.8 eV. However, the strongly dispersive feature is missing. If the

dispersive feature in two-photon photoemission spectra comes from the initial state below

the Fermi level, it should also be present in the one-photon photoemission spectra under

the chosen condition. Its absence in Fig. 4.1b therefore indicates its origin in the unoc-

cupied states. The states themselves are detected in a two-photon photoemission process

as intermediate states in the transition, and they do not participate the one-photon pho-

toemission process. This conclusion agrees with observations by inverse photoemission

experiments [135, 136], as well as the recent theoretical calculations [47].

In addition, we clearly observe an intensity oscillation over all the observed energy

range with monolayer cobalt thickness period up to 5 ML in two- and three-photon pho-

toemission. The overall intensity oscillation is weaker in one-photon photoemission, but

still visible. The intensity oscillation in the one- and two-photon photoemission energy

range (4.5 eV to 6.2 eV) has lower intensity at integer thickness than that at the nominal

half-integer thickness, whereas the three-photon photoemission intensity (around 7.2 eV)

has the opposite behavior. We ascribe these out-of-phase monolayer oscillations to the

enhanced photoemission intensity due to scattering at defects [35, 156, 157]. This will be

further discussed in section 5.5.

4.2 Magnetic dichroism in photoemission

In the upper panels of Fig. 4.2a and Fig. 4.2b the two-photon photoemission spectra mea-

sured in normal emission geometry are shown for two magnetization directions along [110]

and [110] (±M). The normalized intensity asymmetry under magnetization reversal A

(Eq. 2.3) is displayed in the lower panels. Photoemission through the quantum well state

and from the Fermi level are indicated by EQW + hν and EF + 2hν respectively.

The 2PPE spectra observed using circularly polarized light are shown in the upper

panel of Fig. 4.2a, and the derived AMCD curves for right- as well as for left-circularly

polarized light (∓σ) are shown in the lower panel. The AMCD signal is about 5% for two-

photon photoemission from near the Fermi level, comparable to the previous observations

with conventional one-photon photoemission from Schneider et al. [22] and Nakagawa

et al. [158]. More importantly, a signal of about 3% is observed at the position of the

unoccupied QW state (EQW + hν). In the case of circular dichroism, reversal of the

light helicity combined with a reversal of the sample magnetization should not change

the photoemission intensity in our setup (Fig. 3.2) [21, 65]. The average of AMCD from

−σ and +σ light, shown in the lower panel (gray diamonds), would thus give zero in the

ideal case. We ascribe the remaining experimental average of below 1% to the apparatus

asymmetry.

For the case of linearly polarized light in Fig. 4.2b, we cannot observe any dichroic

asymmetry within our detection limit for nominally p- and s-polarized light. The magnetic

dichroism only appears for a tilted polarization plane: α 6= 0◦,±90◦,180◦, in agreement
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with symmetry requirements [21]. When we choose α = 82◦, we observe a change in the

photoemission spectra when we switch the sample magnetization, as shown in upper the

panel of Fig. 4.2b. The derived dichroic asymmetry AMLD is around 10% at the quantum

well state peak (EQW + hν) and 4% from the Fermi level (EF + 2hν) as shown in the

lower panel.

The magnetic dichroic signal at EQW + hν is special, since it may signal spin-orbit

coupling in the unoccupied state if the dichroic signal would indeed come from the unoc-

cupied quantum well state. As we always detect photoelectrons at the final state energy

EQW + hν, contributions from the spin-orbit coupling at the final state itself as well as

from the initial states at energy EQW − hν is also present. To elucidate the origin of the

dichroic signal at EQW + hν further, we investigated the influence of quantum well states

at different cobalt thickness to the magnetic dichroism. The photoemission spectra from

the 9 ML and 12 ML films are shown in Fig. 4.3a and b. The upper panels for circular

dichroism and the middle panels are for linear dichroism. For the 9 ML film, the quan-

tum well state is located at a higher energy of 5.7 eV compared to 5.45 eV on the 7 ML

film. For the 12 ML film, the quantum well state feature overlaps with the initial d-band

feature at around 6.0 eV. As marked by the dashed lines, there is an obvious intensity

change in photoemission through the quantum well states for both film thicknesses, either

with circularly or linearly polarized light. The derived dichroic signals are displayed in

the lower panels. By this systematic cobalt thickness variation, we observe a roughly con-

stant 10% magnetic linear dichroic signal associated with the quantum well states from

7 ML to 12 ML, as well as a small about 3% circularly dichroic signal overlapping with

5% signal from the Fermi level. The coincidence of the dichroic signal with the photoe-

mission feature of the quantum well states at several different cobalt thicknesses points to

the quantum well states themselves as the source of magnetic dichroism, and is therefore

an indication of the spin-orbit coupling in the unoccupied quantum well states. This

will be discussed in section 5.1.2. A measurement of magnetic circular dichroism during

the growth of cobalt films is shown in Fig. 4.4. The contribution from the quantum well

states in the photoemission intensity as well as in the dichroic signal are indicated by

the arrows. The onset of magnetic dichroism is observed around 3 ML at energy 5.8 eV

and 6.1 eV (near 2PPE from the Fermi level), closely related to the fact that the Curie

temperature of Co/Cu(001) rises to 300 K at around 2 ML [125].

The photoemission intensity as a function of the incident linear polarization of light is

shown in Fig. 4.5. In Fig. 4.5a, the two-photon photoemission intensities at the quantum

well state feature for the 7 ML cobalt film, with magnetization ±M , are displayed as

functions of the angle α in Fig. 3.2. The intensities I±M can be fitted by a model I±M(α) =

Is + Ip cos2(α ± ∆α/2) with ∆α = 5◦ (solid curves), with Is and Ip labeled in Fig. 4.5a.

In Fig. 4.5b we derive the dichroism from the intensity asymmetry upon magnetization

reversal. The dichroic signal is zero when we use incident s-polarized light (α = ±90◦)

and p-polarized light (α = 0◦) (discussed in section 5.2).
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4.3 Spin-resolved measurements

In this section, the spin-polarization of photoelectrons from Co/Cu(001) is analyzed. The

role of the unoccupied quantum well states is investigated by cobalt thickness dependent

measurements and by examining the spin-polarization with variable linear polarization of

light. Moreover, the comparison between spin-resolved one- and two-photon photoemis-

sion reveals the different spin character of the electronic states involved in these photoe-

mission processes.

4.3.1 Films grown at 310 K

We analyzed the spin-polarization of photoelectrons emitted from cobalt films in the

thickness range from 3 to 14 ML. The spin-resolved two-photon photoemission (2PPE)

spectra and spin-polarization are shown in the left and right panels of Fig. 4.6, for (a)

p-polarized and (b) s-polarized incident light.

For all 2PPE spectra we can find characteristic cutoffs at 6.2 eV (Fermi level) and

at around 4.7 to 4.8 eV (work function). The spin-polarization for the p- and s-polarized

cases shows a weak variation from the low energy cutoff up to about 6.0 eV and then drops

at around 6.2 eV. This general trend in spin-polarization can be expected from the cobalt

electronic structure: the majority d-band gives rise to the positive spin-polarization up to

near the Fermi level, where the minority d- and sp- bands start to contribute and therefore

reduce the spin-polarization (see band structure in Fig. 2.2). Within our thickness range,

we observe an increasing spin-polarization for the full energy range as the cobalt thickness

increases. This can be attributed to the influence of a finite electron mean free path, which

decreases the number of unpolarized photoelectrons coming from the copper substrate

with increased cobalt film thickness (see section 5.6).

In the 2PPE spectra obtained with p-polarized light, after 4 ML we observe clear

features due to the enhanced photoemission intensity through the unoccupied quantum

well states in the cobalt films, as is indicated by the arrows in Fig. 4.6a, left panel. As

the thickness increases from 4 to 11 ML, the quantum well state feature disperses upward

in energy. The arrows in the right panel indicate the same energies as that in the left

panel. For 6 to 11 ML cobalt films, the spin-polarization around the feature of quantum

well state is about 10% higher than that of the lower energy side. When the thickness

increases further to 14 ML, the second quantum well state appears at about 5.2 eV and

one can identify a corresponding enhancement in the spin-polarization as compared to

the 11 ML.

With s-polarized light, the intensity of 2PPE through the quantum well states is

suppressed as is shown in Fig. 4.6b and comparing with spectra in Fig. 4.6a. This is

consistent with the dominant ∆1 symmetry of the cobalt sp-band, from which the quantum

well states are derived, because the selection rules allow only intermediate states with ∆5

symmetry to be detected in our normal emission geometry using s-polarized light [56, 57].
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In the spin-polarization on the right side, we observe the positive spin-polarization plateau

and the drop near the two-photon Fermi edge at 6.2 eV, as found in the p-polarized case

in Fig. 4.6a. This general shape of spin-polarization is dominant over our cobalt thickness

range whereas the features owing to the quantum well states are apparently suppressed.

The effect of selection rules in photoemission [49, 56, 57] is further studied by tuning

the linear polarization of light from p- to s-polarization. This is shown in Fig. 4.7a where

the spin-up and spin-down photoemission intensities measured at the quantum well state

feature on a 6 ML cobalt film are shown as functions of the linear polarization of light,

indicated by the angle α (see Fig. 3.2). The sample is magnetized along the [110] direction

(−M). Dashed curves are the spin-up and spin-down intensity from a phenomenological

model as previously used for magnetic dichroism (section 4.2): Iup/down = Iup/downs +

Iup/downp cos2(α − ∆α/2)), with Iup/downs and Iup/downp indicated in the graph and ∆α is

4.5◦. The spin-polarization is shown in Fig. 4.7b. The magnitude of spin-polarization

is slightly (≈5%) higher in the p-polarized case than the s-polarized case. This is a

consequence of a higher spin-down photoelectrons intensity when we used p-polarized

light as compared to the case with s-polarized light, i.e., Idownp /Iupp > Idowns /Iups . This

slightly higher spin-polarization in photoemission through the quantum well states is also

observed in the comparison with the spin-polarization at 0.3 eV lower than the quantum

well state feature (black squares in Fig. 4.7). The spin dependence in photoemission

through the quantum well states will be discussed in secion 5.3.

4.3.2 Films grown at 170 K

Two-photon photoemission (2PPE) spectra were measured from 5 ML cobalt films de-

posited at 170 K. The spectra were subsequently measured with p-polarized light at var-

ious temperatures as shown in Fig. 4.8a. Each measurement took about 2 minutes. The

grown film at 170 K has the lowest work function as compared to the values at elevated

temperature. This implies a rough surface morphology of the 170 K grown film. This

interpretation agrees with the suppressed oscillation in reflection high energy electron

diffraction (RHEED) [114] and helium ion reflection [117] during low temperature growth

of Co/Cu(001). As the temperature increases, we observe an increasing intensity of 2PPE

through the unoccupied quantum well states (EQW + hν) as well as 3PPE via the image

potential state (EIP + hν). They are summarized in Fig. 4.8b. This enhanced intensity

can be attributed to the smoothing of an originally rough surface by thermally activated

surface diffusion [114]. Substantial interdiffusion at the buried cobalt-copper interface

during our annealing process is unlikely because it will degrade the quantum well states

strongly [113, 117, 124, 160], contrary to our increasing intensity at EQW + hν up to

370 K. Other photoemission studies also show similar evolution of quantum well states

due to annealing [160–162].

The spin-resolved 2PPE spectra from 6 ML cobalt films grown at 170 K are displayed

in Fig. 4.9a, in comparison with the spectra from the film grown at 330 K. The feature of
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and measured at 170 K (upper panels) and from 6 ML films grown and measured at 330 K
(middle panels). The spin-polarization is derived in the lower panels for comparison, in
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resonance state is observed at ESS + hν2. The photon energies used for 2PPE and 1PPE
are hν1 = 3.1 eV and hν2 = 6.0 eV. The light is p-polarized for all the cases.

quantum well state is missing at 5.2 eV for the 170 K grown film (at EQW + hν), and the

spin-polarization is lower by 10% at the same energy. This comparison shows clearly the

enhanced spin-polarization at EQW + hν when the quantum well state is present. This

enhanced spin-polarization at EQW +hν due to the quantum well state is consistent with

the value derived from the cobalt thickness dependent experiments in section 4.3.1.

In addition, we compare the above 2PPE data with the spin-resolved one-photon

photoemission (1PPE) using photon energy hν2 = 6.0 eV. The 1PPE spectra are shown in

Fig. 4.9b. The major difference between the 170 K grown film (upper panel) and the 330 K

grown film (middle panel) is in the spin-down spectrum, whose peak intensity increases

noticeably and shifts from 5.85 eV to 5.65 eV (ESS + hν2). This leads to a negative spin-

polarization near 5.6 eV for the 330 K grown film and is in strong contrast to the overall

positive spin-polarization of the 170 K grown film (lower panel). The spin-down feature at
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around 5.6 eV coincides with the known energy of the minority occupied surface resonance

state on Co/Cu(001) at 0.4 eV below the Fermi level [104, 130]. This is in agreement with

our expectation that the surface quality is poor for the low temperature grown films and

the surface electronic state is strongly influenced. This comparison between 1PPE and

2PPE will be further discussed in section 5.3.

4.4 Spin-resolved magnetic dichroism

In this section, measurements of magnetic dichroism and spin-resolved photoemission are

combined to study the role of the spin-polarized photoelectrons in contributing to the

magnetic dichroism. This is done by explicitly analyzing the even and odd components

of the spin-polarization upon sample magnetization reversal (section 2.3).

The experiments were performed with circularly polarized light at room temperature.

In the measurement we switched the sample magnetization (±M), the polarization of light

(±σ), and the magnetization of the iron film in the spin-detector in sequence so that the

eight different photoemission spectra are accumulated independently. After taking into

account the finite spin sensitivity of the spin-detector, we obtained the eight spin-resolved

partial spectra I±σ±s,±M , with ±s denoting the spin-up and spin-down directions parallel

to [110] and [110] (Fig. 3.2). The results are displayed in Fig. 4.10a,b for the 7 ML cobalt

film and in Fig. 4.11a,b for the 12 ML film.

The magnetic dichroic signal and the photoelectron spin-polarization are derived by

relevant combinations of partial intensities. By summing I±σ±s,±M over opposite spin direc-

tions ±s, we can derive the spin-integrated intensities from which the magnetic dichroic

asymmetry A±σMCD for each helicity of light is obtained (Eq. 2.3). They are shown in

Fig. 4.10c, and Fig. 4.11c. On the other hand, the intensity asymmetry between I±σ±s,±M
over opposite spin directions gives us the spin-polarization P±σ±M for each sample mag-

netization and light polarization (Eq. 2.8). They are shown in Fig. 4.10d and Fig. 4.11d.

The P±σ±M are similar to previous cases with p-polarized light (Fig. 4.6a) since the circu-

larly polarized light has also the p-polarized component which contributes dominantly the

photoemission intensity as compared to the s-polarized component, as shown in Fig. 4.7.

Moreover, the above four different spin-polarization P±σ±M are analyzed into two compo-

nents, one of them changes its sign as the sample magnetization is reversed, the ”exchange

spin-polarization” (P±σex ), and the other one which does not change sign with the sample

magnetization, the ”spin-orbit spin-polarization” (P±σso ) [93]. They are defined as the odd

(P±σex ) and even (P±σso ) components of the spin-polarization upon sample magnetization

reversal (in Eq. 2.9 and Eq. 2.10). They are shown in Fig. 4.10e,f and Fig. 4.11e,f.

As we can clearly see from the magnitude of the exchange spin-polarization P±σex in

Fig. 4.10e for 7 ML film, it dominates the measured photoelectron spin-polarization. This

reflects the fact that the measured spin-polarization of photoelectrons almost changes its

sign completely when the sample magnetization is reversed (Fig. 4.10d). The rest spin-
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Figure 4.10: The eight spin-resolved photoemission spectra I±σ±S,±M measured from a 7 ML
cobalt film for magnetization directions along +M : [110] and −M : [110] with (a) right-
and (b) left-circularly polarized light (±σ). hν=3.1 eV. (c) Magnetic circular dichroic
signal AσMCD, (d) total spin-polarization P±σ±M , (e) exchange spin-polarization P±σex and (f)
spin-orbit spin-polarization P±σSO . Dashed lines mark the photoemission from the Fermi
level. The peak feature of spectra in (a) and (b) are 2PPE through the unoccupied
quantum well state.
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Figure 4.11: Same as Fig. 4.10, but for 12 ML Co/Cu(001).
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polarization which does not reverse with magnetization (P±σso ) is within our resolution

smaller than 1% over the energy range from 4.9 to 5.9 eV, and shows small signature at

around the 6.0 eV, where the photoemission takes place from near the Fermi level. This

small signal in P±σso is in coincidence in energy to the largest magnetic dichroic signal

A±σMCD around the Fermi level in Fig. 4.10c. Both P±σso and A±σMCD reverse upon light

helicity reversal. This implies a relation between the spin-orbit spin-polarization P±σso and

the magnetic dichroism, which will be discussed in section 5.4. For the case of 12 ML cobalt

film, the exchange spin-polarization P±σex also domintes the photoelectron spin-polarization

as shown by the large magnitude in Fig. 4.11e. The spin-obit spin-polarization P±σso in

Fig. 4.11f is smaller than the statistical error over the whole investigated energy range

from 4.9 eV to 6.4 eV.

Our results show that the exchange spin-polarization dominates the photoelectron

spin-polarization in our experiments. This is in contrast to many core-level photoemission

experiments from ferromagnetic materials [66, 90–92], in which the strength of spin-orbit

coupling is large in the core level and the exchange interaction due to the spin-polarized

valence electrons is small. This will be further discussed in section 5.4.

4.5 Excitation power dependence

It has been shown by several groups that the incident laser power may strongly influence

the precise energy position as well as the energy broadening of spectral features through

the different density of photoelectrons above the sample. The origins of this effect are the

Coulomb interaction between the photoelectrons themselves (space-charge) and between

photoelectron and their mirror charges in the sample [163–165]. In the following, the

incident power dependent spectral shift and broadening in magnetic dichroism and spin-

polarization are summarized for reference. The incident power of the laser beam has been

measured just before the entrance lens of the chamber. The diameter of the focus spot at

the sample is estimated to be in the order of 50 µm.

Based on the experimental conditions, the number of photoelectrons per pulse can be

estimated. The total number of electrons emitted from the sample during every single

laser pulse is estimated from the sample current, which is around 1 nA with incident

laser power of 80 mW on Cu(001) and 3 nA on Co/Cu(001). Considering the repetition

rate 81 MHz of our laser pulses, this gives an estimation of a total amount of 80 and

200 electrons/pulse on Cu(001) and Co/Cu(001). The number of photoelectrons going

through the energy analyzer for each laser pulse is evaluated by numerical integration

of the photoemission spectrum in Fig. 4.12 and then divided by the integration time for

acquiring the spectra and divided by the repetition rate. This gives a value of 0.3-1.0

electron/pulse. With these parameters, the induced energy broadening (δE) and energy

shift (ES) of an assumed 40 fs Gaussian electron pulse can be estimated by models in

the literature: δE ≤10 meV and ES ≤10 meV according to Hellmann et al. [164], and
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Figure 4.12: Photoemission spectra measured from (a) Cu(001) and (b) a 6 ML cobalt film
on Cu(001). The central photon energy is 3.06 eV for both cases and the incident light
is p-polarized. Three solid/dashed lines mark the vacuum edge (Φ), the photoemission
Fermi edge (EF ) and the peak from n=1 image potential state (IP) determined from the
spectra measured with high/low power (80/30 mW in (a) and 80/20 mW in (b)). In (b)
the features of the cobalt unoccupied quantum well state are also marked (QW ).

δE ≤70 meV according to Passlack et al [163].

The dependence of photoemission spectra on the incident laser power for p-polarized

light is displayed in Fig. 4.12. In the top panel of Fig. 4.12a, the spectra taken on Cu(001)

with average power 80 mW show the vacuum level cutoff feature at a final state energy of

4.6 eV and the Fermi level feature at 6.15 eV. The three-photon photoemission through the

image potential states gives rise to a peak at around 7.15 eV. These features are marked by

the vertical dashed lines. The same features determined from the spectra measured with

30 mW are marked by the solid lines, which are located roughly at the same energies as

those determined from the spectra measured with s-polarized light in the bottom. From

this comparison we clearly observe, as the laser power is reduced from 80 mW to 30 mW,

that the vacuum cutoff remains at the same energy around 4.6 eV, whereas the feature

from the Fermi level shifts by about 0.05 eV and the image potential state peak shift by

0.1 eV.

We further investigate the power dependence in the spectra measured from cobalt

films in Fig. 4.12b. The feature from the Fermi level shifts to lower energy by 0.2 eV when

we reduced the laser power from 80 mW to 20 mW, and the peak due to photoemission

through the quantum well state shifts to higher energy by 0.1 eV. The image potential

state peak moves to lower energy by 0.2 eV.
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From these laser power dependent measurements we can have an estimation that

the space charge effect is almost negligible at 20-30 mW incident laser power, which is

determined by the agreement of Fermi level features in the spectra obtained by the p-

polarized light with that of the s-polarized light, as shown in the lowest two panels in

Fig. 4.12a and Fig. 4.12b.

More importantly, we compare the photoemission spectra from 7 ML cobalt films for

80 mW and 20 mW laser incident power, measured with circularly polarized light. In

Fig. 4.13a, the spectra for two opposite magnetization directions (+M : [110],−M : [110])

are shown in the upper and middle panels for 80 mW and 20 mW, and the intensity

asymmetry upon sample magnetization reversal is derived in the bottom panel. The

features of vacuum level, quantum well states and the Fermi edge are determined from

the spectra and marked by the vertical lines. There is a difference in the dichroic signal

between the results obtained with 80 mW and 20 mW, which is a shift in energy by about

50 meV. Despite this shift, contribution from the unoccupied quantum well state and from

the Fermi level are clearly seen for both cases.

In Fig. 4.13b the spin-resolved photoemission spectra are shown, where we also mark

the spectral features. As displayed in the bottom panel, the observed spin-polarization

does not show significant differences beyond the statistical error. For both cases, the

spin-polarization is dominated by the spin-up contribution and the slightly enhanced

spin-polarization at the quantum well state feature remains visible at around 5.6 eV.

We summarize that we do observe a spectral shift in the photoemission spectra, which

depends on the incident laser power and originates from the excitation density of pho-

toelectrons above the surface. This gives rise to an energy shift ES ≤ 0.2 eV at photoe-

mission from the Fermi level between the average incident power density 2.6GW/cm2

and 0.6GW/cm2 during the laser pulse for p-polarized light, and ES ≤ 0.05 eV for the

circularly polarized light. Comparing the observation between these two incident power

densities, we conclude a corresponding deviation in the values of magnetic dichroic sig-

nal and spin-polarization as 2% and 5%. These effects, however, do not influence our

conclusion of the spin-resolved and magnetic dichroic measurements.
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Chapter 5

Discussion

In this chapter, the experimental results of chapter 4 are discussed. First we compare

the characteristics of unoccupied quantum well states in section 5.1 with the theoretical

modeling, numerical calculations, as well as previous reports in the literature. The selec-

tion rules and the interference between photoemission pathways underlying the magnetic

dichroism are discussed in section 5.2. The spin-dependent role of the intermediate states

in two-photon photoemission is discussed in section 5.3. The exchange and spin-orbit

parts of spin-polarization are discussed in section 5.4. In section 5.5 and section 5.6 the

intensity oscillation during cobalt film growth and the photoemission probing depth are

discussed.

5.1 Characterization of unoccupied quantum well states

5.1.1 Energy dispersion

The comparison between Fig. 4.1a and Fig. 4.1b indicates that the dispersive photoemis-

sion feature as a function of cobalt thickness is due to an unoccupied state in the cobalt

films. In Fig. 5.1 the intermediate state energy of this unoccupied state is shown by the

black squares. These energy values are derived by subtracting their final state energies

in Fig. 4.1a by the photon energy. Since their energies depend characteristically on the

cobalt thickness, it is plausible to assign them to quantum well states in the cobalt film.

To support this assignment, a model calculation is performed, based on the phase accu-

mulation of the electron wave function being scattering between the cobalt film surface

and the cobalt-copper interface, in the direction perpendicular to the film surface [99].

The majority states from the cobalt unoccupied sp-band are selected in our model since

the spin-resolved measurements (Fig. 4.6a) have shown a dominant majority spin signal at

these unoccupied state features (discussion in section 5.1.2). The one-dimensional phase

accumulation model imposes a restriction on the total phase change of wave function after

a round trip between the interface and the surface, which is required to be a multiple of
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2π. This is explicitly written as [99]:

2k⊥(E)t+ φC(E) + φB(E) = 2mπ. (5.1)

The dependence of wave vector k⊥(E) on the energy E is extracted from the bulk

band structure of fct cobalt (Fig. 2.2) [47], d is the film thickness and m is an integer.

The crystal phase φC(E) and the barrier phase φB(E) are the phase shifts of the electron

wave function after reflection from the periodic potential of copper substrate and from

the surface barrier on the cobalt film. They are modeled by [99]:

φC(E) = 2 sin−1
[
E − EL
EU − EL

]
− π (5.2)

φB(E) = π
[

3.4eV

ΦV − E
] 1

2

− π. (5.3)

We take EL=1.63 eV for the copper lower bulk band edge X4′ and 2.85 eV for the

cobalt majority lower band edge at X4′ . These values are from the numerical calculations

by Henk (see: Fig. 2.2) [47]. We use EU=7.0 eV for the copper upper band edge at X1

from van Gelderen et al [166]. These values are referred to the Fermi level, and they are

reasonable as compared to other values in the literature (Tab. 5.1). ΦV is the cobalt surface

work function and is set to a value of 4.75 eV, which is measured from the low energy

cutoff in the photoemission spectra (Fig. 4.1a) and is in good agreement to the reported
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band edges at X-point energy with respect to the Fermi level

X4′ copper 1.63 eV [47] ; 1.6 eV [166] ; 1.8 eV [171]
X1 copper 7.0 eV [166] ; 7.1 eV [105] ; 7.8 eV [167]

X4′ cobalt, majority 2.85 eV [47] ; 2.5 eV [167] ; 2.4 eV [166]

Table 5.1: Values of the energy of band edges in fcc copper and fct cobalt band structures
reported in the literature.

value 4.72 eV in the literature [167]. The crystal phase φC in Eq. 5.2 is an empirical form

[99] which has an approximated energy dependence [168] and a change of π over the band

gap. The surface barrier phase φB is derived from the Wentzel-Kramers-Brillouin (WKB)

approximation using an image potential like function (1/z) away from the surface with a

saturation near the surface [169, 170]. Both the phases φB and φC were originally derived

from the matching of the wave functions at the interface and at the surface [98, 102].

With k⊥(E), φC(E), and φB(E) given from the bulk band structures of copper and

cobalt as mentioned above, the energy at which Eq. 5.1 is satisfied can be solved for

each integer thickness of the cobalt film (t is equal to a multiple of the cobalt interlayer

spacing dCo = 1.73 Å[108]). The result is shown in Fig. 5.1a by the solid circles. The

agreement between our model and experiments in Fig. 5.1a is good, especially for the

cobalt thickness above 5 ML. Below 5 ML the use of the bulk cobalt band structure should

be less appropriate. The agreement supports our assignment of the dispersive features

in two-photon photoemission spectra to the unoccupied quantum well states (Fig. 4.1a).

In addition, we compare the data with theoretical calculations by Henk [47] in Fig. 5.1a

and inverse photoemission experiments in Fig. 5.1b. Both our experimental data and

model agree well with the theoretical calculations, and agree reasonably to the inverse

photoemission data from Ortega et al. [136], whereas a larger deviation appears when we

compare with the spin-resolved inverse photoemission data from Yu et al [135].

In addition to the thickness dependent energy of the quantum well states, the electron

density of quantum well states can be estimated for further understanding. By using the

nearly free-electron approximation [172], the dispersion of bulk sp-bands of copper and

cobalt from Henk [47] are fitted by two plane waves in the region near the first Brillouin

zone boundary (X1 and X4′ points). The modeled two plane waves are hybridized by the

potential Vint with period equal to the interlayer distance d (dCu(001) = 1.805 Å [121] and

dCo(001) = 1.73 Å [108]). In our model, Vint is responsible for the band gap in the band

structure at X-point in the Brillouin zone. In addition, a constant potential V0 is used to

align the absolute energy position to fit the band structure from Henk [47]. To reproduce

the copper band structures along the ∆ direction (parallel to the surface normal), we

use values of the potential V Cu
int =2.7 eV and V Cu

0 =-7.3 eV. To reproduce the lower branch

of the cobalt band below the band gap, V Co
int =3.2 eV and V Co

0 =-6.6 eV are used. This

nearly-free electron approximation provides us not only the real part of wave vectors at

each energy, but also an imaginary part of the wave vector [98, 172, 173], describing

the decay of electron wave function within the band gap. The complex wave vector for
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electronic states in copper and cobalt are shown in Fig. 5.2a by the blue and red curves,

in the region near the top of the sp-bands (X4′) along the ΓX direction perpendicular to

the film surface. The electron wave functions of the quantum well states are obtained by

matching the wave functions at the cobalt-copper interface and the cobalt film surface,

as imposed by Eq. 5.1, determining the allowed wave vectors inside the cobalt film. The

probability density of derived wave functions are shown in Fig. 5.2b for the case of 12 ML

cobalt film. For simplicity, the wave function in the vacuum region is approximated by an

exponential decay determined by the energy relative to the vacuum level (ΦV ≈4.75 eV).

For the 12 ML cobalt film, we have two quantum well states satisfying Eq. 5.1, as

indicated by QWS A and QWS B in Fig. 5.2a, with probability density shown in Fig. 5.2b.

The envelopes (dashed curves) have one and two maxima for QWS A and B, corresponding

to the conventional terminology n=1 and n=2 quantum well states [96]. If the wave vector

k⊥ in Eq. 5.1 is replaced by its deviation from the Brillouin zone boundary: kBZ − k⊥,

with kBZ = π/dCo, the number of maxima in the envelope (n) and the integer number

m in Eq. 5.1 will be identical [101]. This explains the envelopes as a beating pattern of

the electron wave function due to the mismatch between the wave vector and the cobalt

interlayer periodicity [136]. By Eq. 5.1 this beating pattern (envelope) is matched to the

boundary at the interface and the surface. Moreover, as shown in Fig. 5.2b, the quantum

well states have a finite probability in the copper substrate. This penetration of quantum

well state wave function in the substrate is more pronounced at energies closer to the

copper substrate band edge (QWS B) than that at higher energy (QWS A). The same

physical picture was also found for quantum well states in Ag/Au(111) [96, 174, 175] and

provides explanation for the hybridization between the quantum well states and the bulk

substrate electronic bands [176–179]. A similar phenomenon exist as well at the surface

side in Fig. 5.2b, where the quantum well states have a tail in the near surface region,

allowing a possible hybridization with surface electronic states [180, 181].

By our experimental results and model calculations, the confinement of the quantum

well states along the surface normal direction is illustrated. In the directions parallel to

the film surface we observed the dispersion with the parallel component of the electron

wave vector k‖, as shown in the angle-dependent photoemission spectra in Fig. 5.3. A

parabolic fit to the dispersion in Fig. 5.3b yields an effective mass about half of the free

electron mass (0.5 me), which is close to the value of 0.46 me [182] for unoccupied quantum

well states which has been found for copper sp-bands at 1 eV above the Fermi level.

This fit value does not, however, necessarily correspond to the real curvature of cobalt

sp-bands because the confinement at the interface and surface of the quantum well states

depends also on the parallel wave vector k‖. This can be easily seen in Fig. 5.3b where

the copper band edge depends strongly on k‖ and consequently provides a k‖ dependent

reflection from the interface. In our phase accumulation model this means a k‖ dependent

phase shift φC in Eq. 5.2, leading to a quantized momentum k⊥ which depends on the value

of k‖ (Eq. 5.1). The resultant energy dispersion of quantum well states, therefore, can not
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electron. The black triangles are from the phase accumulation model (Eq. 5.1).

be described by a simple relation such as E(k) = E(k‖)+E(k⊥), in which we assume that

k⊥ is independent of k‖. The dependence of the quantized k⊥ on the continuous k‖ was

reported in the literature for quantum well states as well as for the image potential states

[183, 184] and can be taken into account by the phase accumulation model including

the k‖ dependence of the copper band gap. The results are shown in Fig. 5.3b by the

black triangles. For simplicity, only the dispersion of the lower band edge of copper is

considered, and the effective mass of the cobalt sp-band along [110] is modeled as half of

the free electron mass. The deviation between the model calculation and the parabolic

dispersion in our case is still small due to the limited k‖ range under our investigation.

5.1.2 Spin character and spin-orbit coupling

In our spin-resolved measurements in Fig. 4.6a the majority spin signal dominates the two-

photon photoemission through the unoccupied quantum well states. Since the experiments

for data in Fig. 4.6a were performed with linearly polarized light, the non-relativistic



5.1. Characterization of unoccupied quantum well states 49

selection rules in our geometry preserve the electron spin in the optical transition [23]. The

dominant majority signal in photoemission measured at the final state energy consequently

indicates the majority intermediate and initial states in the photoemission process. The

unoccupied quantum well states, involved as intermediate states here, are therefore of

majority spin character.

The spin-resolved 2PPE spectra from 6 ML and 9 ML Co/Cu(001) with p-polarized

light are shown in Fig 5.4a and Fig 5.4b, compared with the theoretical band structure.

For both cases, the one-photon transition from majority bands below the Fermi level

(EF ) to unoccupied quantum well states is possible as indicated by the arrows. This

leads to higher 2PPE intensity at the final state energy one photon energy higher than

the quantum well states, and this is observed as a peak in 6 ML spin-up spectrum as

well as a shoulder in the 9 ML spin-up spectrum. The majority ∆5 band near EF has

less dispersion near the X-point, indicating a higher density of states and explains the

increasing 2PPE intensity near 6 eV in both spin-up spectra. In the spin-down spectra,

we observed features similar to the spin-up spectra with a lower intensity, and there is

no apparent feature of minority quantum well states. The data will be further compared

with one-photon photoemission, as shown in Fig. 4.9 and discussed in section 5.3.

To further characterize the quantum well states, we now consider not only the exchange

splitting between majority and minority bands, but also the spin-orbit interaction. As

a result, the electron spin is not a good quantum number to classify the energy bands,

and the hybridization between bands of different spatial symmetry (∆1, ∆5 for example)

and different spin occurs. The strongly hybridized regions are marked in Fig 5.4 by the

gray circles. Moreover, this hybridization between electronic bands has consequences to

the optical transition, leading to the magnetic dichroism in photoemission (section 2.2).

As follows, the spin-orbit coupling in the quantum well states is discussed based on our

magnetic dichroic measurements.

Here we focus on the magnetic linear dichroism in two-photon photoemission shown

in Fig. 4.2 and Fig. 4.3. They are summarized in Fig. 5.5. The magnetic linear dichroism

shows a maximum dichroic asymmetry of about 10% at the feature of quantum well states

(dashed lines), and at the same energies a small magnetic circular dichroic signal 3% is also

observed, overlapping with a larger contribution near 6.0 eV. Since spin-orbit coupling is

required for forming magnetic dichroism, our observations indicate the influence of spin-

orbit coupling in the two-photon photoemission process through the intermediate quantum

well states. To identify the source of spin-orbit coupling in the electronic structure, we

take the calculated cobalt band structure as a reference. As shown in Fig. 5.4, the cobalt

initial states which are relevant for photoexcitation through the quantum well states

show a spin-orbit hybridization between ∆5 and ∆2 majority bands at about EF -0.6 eV

(gray circle), and a spin-orbit influenced minority surface resonance at EF -0.4 eV [130].

A significant effect from these initial states on the observed dichroism is not compatible

with the fact that the dichroic signal of the dispersing quantum well state feature for
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linearly polarized light shows almost no variation in Fig. 5.5 while the relevant initial

states move through the strongly variable region of the band structure between EF -0.8 eV

and EF -0.2 eV.

Concerning the final states, which are required to have ∆1 symmetry for our normal

emission geometry (Fig. 3.2), we can exclude final state diffraction [186, 187] and surface

transmission [188, 189] effects because they are forbidden in a normal-emission geometry

with magnetization and optical plane along a high symmetry crystal direction [187, 189].

This is also supported by the zero signals in the linear polarization dependent measure-

ments as shown in Fig. 4.5, where we obviously have AMLD(α = 0◦,±90◦) = 0, which will

not be strictly satisfied if the photoemission direction deviates from the optical plane.

Since initial and final states are unlikely to dominantly cause our observed dichroic sig-

nals, we are lead to consider the intermediate quantum well states. In the cobalt band

structure (Fig 5.4), at energy about 1.2 eV above the Fermi level, there is a hybridiza-

tion between the unoccupied sp-bands and the unoccupied cobalt minority d-band due to

spin-orbit coupling [47]. This specific hybridization point is about 1.5 eV lower in energy

than the intermediate quantum well states we observed (2.4 to 2.9 eV above EF ). In

this case, the strength of spin-orbit coupling decreases gradually from the hybridization

point up to the energy region of quantum well states and the phase difference between

hybridized bands of different spatial symmetry does not have a sign change in the ob-

servable range. This generally leads to a single-signed magnetic dichroism in both AMCD

and AMLD [188] and is in agreement with the observed dichroic signal throughout our

investigation (Fig. 5.5).

We also exclude the possible contribution of magneto-optical effects to the dichroic

signal in photoemission. The magneto-optical effect can lead to to magnetic dichroism,

when the incident polarized light is transmitted into the sample differently depending

on the sample magnetization [190]. The Kerr rotation and ellipticity can change the

polarization of transmitted light and consequently influence the photoemission intensity.

This is, however, contradicted by our observation in Fig. 4.5 of an α-independent shift

angle ∆α in AMLD, which in addition is too large for a linear magneto-optical rotation as

estimated from known magneto-optical constants (θKerr ≈ 0.5◦ at hν =3 eV [191]).

Following the above qualitative considerations, the magnetic dichroism in our obser-

vation is ascribed to the spin-orbit coupling in the intermediate unoccupied quantum

well states. This picture is confirmed recently by the numerical calculations from Henk

[47] where direct one-photon photoemission from the quantum well states is considered

and is discussed in section 5.2. The dominant majority character of the quantum well

states in our observation is consistent with the absence of a zero point in the magnetic

dichroic signal (Fig. 5.5) due to marginal spin-orbit interaction away from the hybridiza-

tion point. For the case of strong spin-orbit hybridization, the spin character of electronic

bands can change across the spin-orbit hybridization gap and gives rise to a sign change

of spin-polarization [43, 47].
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5.2 Tunning interference between photoexcitation

channels in ferromagnets

To explain the magnetic linear dichroic signals we observed, an interpretation based on

an incoherent sum of contributions from p- and s-polarized light is insufficient, since no

dichroic signal can be detected under the action of p- or s-polarized incident light alone

(section 4.2). Rather, an explanation based on a coherent superposition of the transitions

induced by the p- and s-polarized light is required. In our experiment we used variable

linear polarization of light defined by the angle α (Fig. 3.2). Considering the one-photon

photoemission (1PPE) intensity I±M in our geometry after Eq. 2.6, the intensity depends

on the magnetization and is a function of α :

Ifi,±M(Ef ) ∝ cos2 α
(

sin2 θ
∣∣∣Eµfi,+M⊥

∣∣∣2 + cos2 θ
∣∣∣Eµfi,+M‖,p

∣∣∣2)+ sin2 α
∣∣∣Eµfi,+M‖,s

∣∣∣2
± sin 2α×<

[
E2 sin θµfi,+M⊥ µfi,+M∗‖,s

]
. (5.4)

This result is obtained by Eq. 2.6 using the notation in Fig. 2.1a, which describes

the linearly polarized light by (E⊥,E‖,s,E‖,p)=(E cosα sin θ,E sinα,E cosα cos θ) for our

geometry. θ is the angle of refraction in the sample. The material optical response is

neglected at this moment and can be included by the Fresnel coefficients, which gives a

complex value of angle θ [78, 192].

The magnetization dependent intensities in Eq. 5.4 vary as functions of the incident

linear polarization (angle α). Experimentally we measured the magnetization depen-

dent intensities of two-photon photoemission (2PPE) through the quantum well states in

Fig. 4.5 and the polarization dependence is very pronounced. The data are reproduced

here in Fig. 5.6 and are compared to the analytical 1PPE form in Eq. 5.4 in the following.

This comparison is based on the assumption that the initial states of 2PPE do not con-

tribute strongly to the polarization dependence of the photoemission intensity and the

magnetic dichroic signal. Based on these two assumptions, we can effectively compare the

transition between intermediate state and the final state in 2PPE to the 1PPE formula in

Eq. 5.4. For the magnetic dichroic signal in 2PPE via quantum well states, the contribu-

tion of initial states is examined experimentally in Fig. 5.5. The magnetic linear dichroic

signal follows the dispersion of quantum well states as a function of cobalt thickness and

does not show strong dependence on the initial states that are coupled. This observation

suggests a relative weak contribution in the dichroic signal from the initial states in 2PPE

through the quantum well states.

For better comparison, we decompose the photoemission intensity into components

which are the sum of intensities over sample magnetization ±M (Isum) and the difference

between intensities with ±M (Idiff ). The analytical results follow from Eq. 5.4 as:
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Ifi,sum(Ef ) = Ifi,+M + Ifi,−M

∝ cos2 α
(

2 sin2 θ
∣∣∣Eµfi,+M⊥

∣∣∣2 + 2 cos2 θ
∣∣∣Eµfi,+M‖,p

∣∣∣2 − 2
∣∣∣Eµfi,+M‖,s

∣∣∣2)︸ ︷︷ ︸
A

+ 2
∣∣∣Eµfi,+M‖,s

∣∣∣2︸ ︷︷ ︸
B

Ifi,diff (Ef ) = Ifi,+M − Ifi,−M ∝ sin 2α×<
[
2E2 sin θµfi,+M⊥ µfi,+M∗‖,s

]
︸ ︷︷ ︸

−C

(5.5)

The experimentally observed difference and sum intensities Ifi,diff (Ef ) and Ifi,sum(Ef )

as well as the magnetic dichroic asymmetry (AMLD = Ifi,diff/Ifi,sum) are shown in

Fig. 5.6. They are compared with the analytical results from Eq. 5.5 (solid curves). We

use the experimental values A, B and C in Fig. 5.6 to model the analytical terms relating

to the transition dipole matrix elements in Eq. 5.5. This leads to: Isum(α) = A cos2(α)+B

and Idiff (α) = −C sin(2α). As we can see in Fig. 5.6, the α-dependent variation A is much

larger than the α-independent intensity B and the magnetization difference intensity C.

As we go back to Eq. 5.5, the experimental findings A>B,C means that the transition

dipole elements between quantum well states and the 2PPE final state satisfy the condi-

tion µ⊥ > µ‖,s or µ‖,p > µ‖,s. This is consistent with the expectation µ⊥ � µ‖,s as a result

of the dominant ∆1 symmetry of the sp-bands, where the quantum well states are derived

(Fig. 5.4), and the ∆1 symmetry of the final states in our normal emission geometry.

From the experimentally determined relative size of A, B, and C, we have AB � C2

and Eq. 5.5 can be approximated to give a simple description of the magnetization depen-

dent intensity I±M(α):

I±M(α) =
Isum(α)± Idiff (α)

2

∝ A

2
cos2 α +

B

2
∓ C

2
sin 2α

=
A

2
(cos2 α∓ 2C

A
sinα cosα) +

B

2

=
A

2
(cosα∓ C

A
sinα)2 +

B

2
− C2

2A
sin2 α

=
A2 + C2

2A
(

A√
A2 + C2

cosα∓ C√
A2 + C2

sinα)2 +
B

2
− C2

2A
sin2 α

=
A2 + C2

2A
[cos(α±∆α/2)]2 +

B

2
− C2

2A
sin2 α

≈ A2 + C2

2A
cos2(α±∆α/2) +

B

2
(5.6)

Here we use a notation: ∆α = 2 tan−1(C/A). The result of this approximation is

the phenomenological expression used in Fig. 4.5a for the magnetization dependent 2PPE
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difference, and (c) asymmetry over sample magnetization reversal are derived from the
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function for describing a 2PPE process with ∆1 symmetry of initial, intermediate and final
states, plus a background intensity B. The dashed curve is the modeled α-dependence
based on indirect 2PPE process [61].
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intensity I±M . The experimental shift angle ∆α is thus traced back to the ratio between

transition dipole moments.

The A cos2 α variation of the measured sum intensity Isum in Fig. 5.6a can provide

us with further information about the dominant symmetry of the initial states in two-

photon photoemission (2PPE). If we have all initial, intermediate and final states with

dominant ∆1 symmetry (2PPE process: ∆1 → ∆1 → ∆1), for example, Isum should

show a variation as cos4 α function because the transitions can only be coupled by the

electric field perpendicular to the surface from the p-polarized component according to

the selection rules [56, 57, 61]. This variation is shown in Fig. 5.6 by the dashed-dotted

curve and does not agree with the data. If we have the initial states with ∆5 symmetry,

we have a 2PPE process ∆5 → ∆1 → ∆1 and the intensity Isum varies as cos2 α because

only the second transition ∆1 → ∆1 requires the p-polarized component of electric field.

The polarization (α) dependence of the first transition ∆5 → ∆1 can be estimated by the

electric field component parallel to the surface using the known angle of incidence and the

Fresnel coefficients [78] (index of refraction n=1.61+3.05i at 3 eV [193]). The transition

∆5 → ∆1 turns out to be α-independent because the strength of the electric field parallel

to the surface, which is responsible for the ∆5 → ∆1 transition, is the same for s- and

p-polarized light (E‖,s = E
√

0.15e−i45◦ sinα,E‖,p = E
√

0.15e−i57◦ cosα). The resultant

α-dependence for 2PPE process ∆5 → ∆1 → ∆1 varies as cos2 α and shows the same

variation as the 1PPE formula in Eq. 5.5 (solid curve in Fig. 5.6a).

We also compare our polarization dependent 2PPE intensity with another model,

which has been used to identify the symmetry of adsorbate states on metals by Wolf et al.

[61]. In this model, the mechanism of a polarization dependent 2PPE intensity comes from

the indirect 2PPE process, in which the intermediate states are populated by an amount

proportional to the absorption of light. The absorption of light is given by the absorbance

A, defined as A=(1 − |r|2). r is the complex Fresnel reflection coefficient and depends

on the incident polarization of light [78]. For the incident light of photon energy 3 eV,

the absorbance is 0.32 for s-polarized light and 0.48 for p-polarized light in our geometry,

and their difference gives rise to an α-dependent population in the intermediate state.

According to the model from Wolf et al. [61], the population of the intermediate quantum

well state varies as 0.48 cos2 α+ 0.32 sin2 α in our case. By multiplying the α-dependence

of transition from the quantum well state to the final state, which are dominated by the

∆1 → ∆1 transition with a cos2 α dependence, the total variation of 2PPE intensity is

proportional to (0.48 cos2 α+0.32 sin2 α)×cos2 α, which gives us a small but still apparent

deviation from our data in Fig. 5.6a (dashed curve).

The above comparison shows that the α-dependence in experiments is consistent with

the assumption that the initial states in 2PPE through unoccupied quantum well states

have a ∆5 symmetry. This is reasonable when we refer to the band structure in Fig. 5.4.

There are indeed ∆5 occupied bands near the accessible initial states energy region. Also,

the ∆5 bands have higher density of states due to its less dispersion as compared to the
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∆1 bands and could therefore dominate as initial states in our 2PPE process.

We further compare our results with theoretical first-principle calculations performed

by Henk [47]. By a fully relativistic multiple-scattering method (layer Korringa-Kohn-

Rostocker), Henk investigated the electronic structure of cobalt thin films grown on

Cu(001) [47]. The bulk cobalt band structure of fct cobalt (2% tetragonal compres-

sion) was calculated as shown in Fig. 5.7. The circles in Fig. 5.7a and Fig. 5.7b highlight

the hybridization between electronic bands due to spin-orbit coupling. The unoccupied

quantum well states were calculated, and are used in Fig. 5.1a to compare with our exper-

imental observations. The quantum well states are located in the energy range labeled by

the gray areas in Fig. 5.7, just above the strongly spin-orbit hybridized region (circles). To

confirm the observed magnetic dichroism in 2PPE by theoretical calculations, Henk used

a one-step photoemission calculation [194, 195] and calculated the 1PPE intensity from

the quantum well states in a 6 ML cobalt film on Cu(001) at 2.15 eV above the Fermi

level. This calculation was performed by assuming the originally unoccupied quantum

well state to be populated and act as the initial state in the 1PPE with incident pho-

ton energy 3.1 eV. This theoretical 1PPE process couples the same quantum well state

with the same final state as in the experimental 2PPE process through the intermediate

quantum well state. The 1PPE intensities from the quantum well states for two opposite

directions of sample magnetization (±M as in experiments) are shown in Fig. 5.8a. The

intensity difference upon magnetization reversal is shown in Fig. 5.8b and the intensity

asymmetry, which corresponds to the dichroic signal, is shown in Fig. 5.8c. In addition,

the influence of material optical response, which gives rise to refraction of light in the

material, is included by the Fresnel’s coefficients calculated from the tabulated index of

refraction. Inclusion of the optical response leads to a pronounced change in the dichroic

signal calculated in Fig. 5.8c.

We compare the results from the calculations (Fig. 5.8) with the experiments (Fig. 5.6).

The calculated intensity in Fig. 5.8a varies in a similar way as in the experiments in

Fig. 5.6a, with maximum at α = 0◦ indicating the dominant ∆1 symmetry of the unoccu-

pied quantum well states. This is also in agreement with the calculated band structure

in Fig. 5.7a that the sp-bands in the gray areas, from which the quantum well states are

derived, are dominated by the ∆1 symmetry. The calculated intensity difference upon

magnetization reversal in Fig. 5.8b is similar to the experimental results in Fig. 5.6b.

Both of them have maxima near α=±45◦ and nodes at α=0◦,±90◦. Both the calculated

(Fig. 5.8c) and measured (Fig. 5.6c) intensity asymmetry have maximum around α=±75◦

and their shape are in good agreement. This comparison shows that the dichroic signal

can be explained by only considering the spin-orbit coupling in the quantum well states

and its influence to the one-photon transition from the quantum well states to the final

states. This confirms the origin of observed dichroic signal as a result of the spin-orbit

coupling in the quantum well states.

Looking at the calculated dichroic asymmetry in Fig. 5.8c closely, we see a large in-
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Figure 5.7: Band calculations of fct cobalt by Henk [47]. (a),(b) Electronic bands are
shown by the green curves. They are decomposed into components satisfying different
spatial symmetry properties in (a)-(d), as indicated by the blue and red curves for the
majority spin and the minority spin bands. The minimum weight that is displayed in
each column is 1%. The circles around 1 eV above the Fermi level (EF ) indicate the
hybridization between different symmetry components in the electronic bands due to spin-
orbit coupling. The gray areas show the energy range where the unoccupied quantum well
states exist, blue arrorw for majority and red arrow for minority states.

-6
-4
-2

0
2
4
6
8

-90 -60 -30 0 30 60 90

(c)

-0.02

-0.01

0.0

0.01

0.02

s p s

(b)

0.0

0.2

0.4

0.6

0.8

-90 -60 -30 0 30 60 90

(a)

A
sy

m
m

et
ry

(%
)

α (◦)

ε 6= 1

ε = 1 (×20)

D
iff

er
en

ce
(a

rb
.

u
n
it

s)
In

te
n
si

ty
(a

rb
.

u
n
it

s) majority Ei = EF + 2.14 eV

+ ~M

− ~M
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(Fig. 3.2 and Fig. 5.6).
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crease in the magnitude of the signal when we introduce the effect of refraction by the

Fresnel coefficients. The increased magnitude corresponds better to the experimental ob-

servation in Fig. 5.6c. The complex index of refraction (n = ε2 = 1.61 + 3.05i at 3 eV

[193]) leads to complex Fresnel coefficients, describing the phase shifts and magnitude

changes of p- and s-polarized components of light in the sample after refraction [78].

Due to the phase shift between the p- and s-polarized components, the linearly polar-

ized light becomes elliptically polarized in the cobalt films, with exception for only pure

p- or s-polarized incident light. The magnetic dichroism therefore includes contribution

not only from the magnetic linear dichroism with purely linearly polarized light, but also

contribution from the magnetic circular dichroism with circularly polarized light. This

phenomena was pointed out by Henk earlier [68]. To see the influence of refraction to

the magnetic dichroic signals analytically, we refer to the term labeled as C in Eq. 5.5,

which governs the size of the magnetic difference intensity. The relative phase between

electric field components is introduced into C through the angle of refraction θ, which is

a complex number in material with complex index of refraction [192]. The magnitude of

the dichroic signal is therefore altered when the complex index of refraction is introduced.

The α-dependence, which is determined by the factor sin 2α before the term C in Eq. 5.5,

however, is independent of the angle of refraction and is therefore not influenced by the

refraction. This is seen in Fig. 5.8c by the same α-dependence for the cases ε 6= 1 and

ε = 1.

In Fig. 5.6b and Fig. 5.6c, the magnetic dichroic signal is seen in the form of the

intensity difference and the asymmetry. At α = ±90◦ or 0◦ there is only one excitation

channel coupled by s- or p-polarized light and no dichroism is observed. When both

s- and p-polarized components exist and with equal intensities (α = 45◦), the intensity

difference in Fig. 5.6b reaches its maximum, indicating a mechanism which requires both

p- and s-polarized components. This is nicely explained by the interference model (solid

curves in Fig. 5.6 and Eq. 5.4). By tuning the incident polarization of light, the interference

between photoexcitation channels coupled by p- and s-polarized components is suppressed

at α = ±90◦ and 0◦ according to Eq. 5.5 as well as shown by the zero signal in our

observation in Fig. 5.6b.

5.3 Comparison between one- and two-photon pho-

toemission

Here we discuss the electronic states involved in one- and two-photon photoemission

(1PPE and 2PPE). These electronic states are: the initial states below the Fermi level,

the final states above the vacuum level, and the intermediate states between the Fermi

and vacuum levels. They are schematically shown in Fig. 5.9. As one can intuitively see

in Fig. 5.9, the 1PPE and 2PPE processes could share the same initial and final states,

provided the photon energy for 1PPE is exact twice of that for 2PPE (hν2 = 2hν1).
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One of the possible initial states in our case are the spin-polarized electronic states

in the cobalt film. The other candidates are the electronic states in the copper sub-

strate. Since the optical extinction length λ0 is much larger than the film thickness

(12 ML≈ 2 nm), the initial states in the copper substrate can also be photoexcited. The

optical extinction length can be estimated from the electric field decay inside the cobalt

film according to the imaginary part of the index of refraction Im(n) [192]. The optical

penetration depth (λo) is [192]: λ0 = [4πIm(nCo)
400nm

]−1 ≈ 10 nm for photon energy 3.0 eV de-

rived from n = 1.61 + 3.05i [193], and λ0 = [4πIm(nCo)
200nm

]−1 ≈ 9 nm from n = 1.36 + 1.78i for

photon energy 5.98 eV [193].

The final states of both 1PPE and 2PPE are located in a cobalt band gap and are

described by evanescent waves decaying inside the cobalt film and propagating in the

vacuum [50, 196]. The decay length is estimated to be about 4 to 5 Å in the energy range

4.5 to 6.5 eV above the Fermi level by the slowly varying imaginary part of the wave vector

perpendicular to the sample surface Im(k⊥) ≈ 0.22Å−1 in that energy range. This value

can be obtained from the nearly-free-electron band structure as we previously mentioned

in section 5.1.1. The decay behavior of the final state provides us the surface sensitivity

in our present experiments and is discussed in section 5.6. The other cause of the surface

sensitivity in photoemission is the electron mean free path for electrons propagating in

the cobalt films, which is 2 to 3 nm at energy 2 eV above EF for majority electrons and

first decreases toward higher energy [197, 198], and then increases after about 20-50 eV

[199]. Further discussion on the depth range of photoemission is in section 5.6 where we

compare the thickness dependent dichroic signals and spin-polarization together.

Since the energy levels of the initial and the final states in our 1PPE and 2PPE

experiments are similar, it is expected that the large difference between 1PPE and 2PPE

is due to the intermediate state, which plays no role in 1PPE but is relevant in 2PPE

[55, 61–63, 200]. This effect has been shown in Fig. 4.1, where a direct comparison between

2PPE in Fig. 4.1a and 1PPE in Fig. 4.1b allows to identify the spectral feature due to the

presence of the unoccupied quantum well states. The similar d-band features in both

1PPE and 2PPE from near the Fermi level in Fig. 4.1 are consistent with the expectation

that the initial states are common in 1PPE and 2PPE. In addition, we refer to the spin-

polarization in 1PPE and 2PPE data in Fig. 4.9, which are summarized here in Fig. 5.10.

Fig. 5.10a provides evidence that the minority surface resonance state (SR) observed in

1PPE contributes negligibly to 2PPE. This is indicated by the observation that the spin-

polarization measured from the 330 K grown film (HT) shows a dominant majority signal

in 2PPE, and, in strong contrast to the 2PPE, a sign change of the spin-polarization is

observed in 1PPE from the same sample. For the measurements on the 170 K grown film

(LT), the spin-polarization of photoelectrons is dominated by the majority signals in both

2PPE and 1PPE.

In Fig. 5.10b, the difference in the spin-polarization between films grown at HT and LT

is derived from the data in Fig. 5.10a. In addition to the different size of spin-polarization
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Figure 5.9: Schematic of electronic states in our one- and two-photon photoemission
experiments (1PPE and 2PPE). The initial and final states participate in the former
process, and additional intermediate state is involved in the latter. The projected bulk
bands (gray) and band gap of fcc copper and cobalt along the ΓX direction are shown.

in 1PPE and 2PPE over the whole energy range in Fig. 5.10a, we clearly observe a very

different change in the spin-polarization between the 170 K and the 330 K grown sample

in Fig. 5.10b. The energy at which a maximum change of spin-polarization occurs in

2PPE coincides with the feature of the unoccupied quantum well state (empty squares in

Fig. 5.10b, EQW +hν1) and the change of spin-polarization is around +10%. This positive

value means that the spin-polarization at this specific energy increases as we go from the

170 K (LT) grown film to the 330 K (HT) grown film, and is closely related to the fact

that the unoccupied quantum well state is well developed in the HT-grown film, but not

observed in the LT-grown film due to the poor surface quality [160–162].

In one-photon photoemission (1PPE), the maximum change of spin-polarization in

Fig. 5.10 is located at around 5.6 eV (ESR+hν2). This energy coincides with the spin-down

peak in the photoemission spectra (Fig. 4.9b middle panel), coming from the minority

surface resonance state at 0.4 eV below the Fermi level [104, 130]. We relate this change

of spin-polarization to the poorly ordered surface quality of the 170 K grown sample, on

which the surface resonance state is strongly damped. In this comparison between 2PPE

and 1PPE with different growth temperature, we can check not only the influence of the

growth on different electronic states, i.e., the surface state and the quantum well state

are sensitive to the surface quality, but also draw conclusions on the relative importance

of the electronic states involved in these two different photoemission processes. From

the change of spin-polarization in Fig. 5.10b we conclude a dominating influence of the

intermediate majority quantum well states in 2PPE and the influence of initial minority
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Figure 5.10: (a) Photoelectron spin-polarization in one- and two-photon photoemission
(1PPE and 2PPE) from Fig. 4.9, measured from the 6 ML Co/Cu(001) sample grown at
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squares) and 2PPE (empty squares) between films grown at 330 K and 170 K. They are
derived from (a). ESR and EQW denote the energies of surface resonance state and
unoccupied quantum well state.

surface resonance state in 1PPE, and, more importantly, the almost vanishing contribution

from the initial minority surface resonance state to the 2PPE signal. The last conclusion is

based on the fact that the observed spin-polarization in 2PPE almost shows no change at

the corresponding energy of the surface resonance state in Fig. 5.10b (ESR+2hν1 = 5.8 eV).

To check the critical influence of the initial and final states in 1PPE and 2PPE, which

can be slightly different due to the small mismatch between photon energies (hν2=6.0

eV< 2hν1=6.2 eV), additional experiments were also performed with the photon energies

chosen as 2hν1 = hν2=6.0 eV (reduced light intensity). The result is shown in Fig. 5.11.

Almost the same spin-polarization in 2PPE as the earlier 2PPE case is observed (HT in

Fig. 5.10a), especially for the enhancement of spin-polarization at the majority quantum

well state (EQW + hν1 = 5.3 eV) and the missing contribution from the minority surface

resonance state (ESR + 2hν1 = 5.6 eV).

Since the initial and final states of 1PPE are at the same energies as those in 2PPE

for the chosen condition in Fig. 5.11, the overall higher spin-polarization in 2PPE com-

pared to 1PPE can be interpreted by the spin-conserving photoemission process through

the intermediate majority quantum well states. The optical transition occurs between

electronic states, with a probability determined by the transition dipole matrix element.

In the non-relativistic approximation, the electric dipole operator does not contain any

spin dependence and only the states with the same electron spin can be coupled. With a

majority quantum well state as the intermediate state, we can only couple it to the ma-
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jority initial state as well as majority final states. This coupling between majority states

results in a positive spin-polarization in 2PPE if only majority intermediate state exists

and if there are available majority initial states. For the case of 1PPE, no intermediate

states should be involved in the optical transition, and both majority and minority initial

states can contribute, coupling to the majority and minority final states.

In our present case, the unoccupied minority quantum well state derived from the un-

occupied sp-band is not observed, whose existence in the cobalt film at energies near the

majority counterpart has been shown by inverse photoemission experiments and theoret-

ical calculations (exchange splitting between them:∆Eex ≈ 0.2 eV)[47, 135]. The absence

of unoccupied minority quantum well states in the 2PPE spectra can be discussed from

two aspects. The first aspect is concerning the suitable initial states where electrons

can be excited into the the minority quantum well states. As shown by the cobalt band

structure in Fig. 5.4, the minority initial bands which can be coupled with p-polarized

light in our normal emission geometry, i.e., the ∆1 and ∆5 bands, exist only above 0.6 eV

below the Fermi level. This means that, if we consider strict energy conservation in the

photoexcitation, that only the minority intermediate states with above energy 2.4 eV can

be coupled for incident photon energy 3.0 eV. In addition, if we consider only vertical

transitions in k⊥ (momentum conservation) as in Fig. 5.4, the available initial states near-

est to the minority quantum well states in k⊥ at suitable energies are located around

k⊥= 0.5XΓ and -0.3 eV below the Fermi level, indicating a possible transition only to the

intermediate state at 2.7 eV above the Fermi level with photon energy 3.0 eV. This value

is already close to the top of cobalt minority sp-band at X-point (≈ 3.0 eV) in the band

structure (Fig. 5.4), and it is already above the minority quantum well states energy for

the cobalt thickness range up to 12 ML in numerical calculations [47]. The consideration

of the momentum and energy conservation in the optical transition therefore provides us

a possible explanation for the absence of 2PPE features from minority quantum well state

for the cobalt film in our investigation range.

The second aspect is the shorter lifetime of the minority quantum well states due

to the larger phase space for energy relaxation processes as compared to the majority

states. This shorter lifetime can result in a spectral broadening and lower intensity in

the photoemission spectrum, preventing observation of a sharp feature. Since minority

quantum well states are located at higher energy levels than the majority quantum well

states, there exist more empty minority states lying energetically below the minority

quantum well states than the majority ones below the majority quantum well states.

This can be easily seen from the band structure in Fig. 5.4. This difference between

minority and majority quantum well states gives rise to a higher probability for electrons

in the minority quantum well states to be scattered into lower energy states because

there are more empty final states available [201]. The scattering process itself, which

mediates the energy relaxation of excited electrons in the quantum well states, is not

necessarily spin-dependent and can be such as electron-phonon scattering. There are
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also the spin-dependent electron-hole pair excitation (Stoner excitation) [202], as well

as the strongly spin-dependent inelastic scattering with spin-waves, which allows, as a

consequence of angular momentum conservation, only the minority electrons for the energy

loss process that emits the spin-wave [39, 203, 204]. The spin-wave modes in the cobalt

thin films could be excited by the minority photoexcited electrons in the unoccupied

quantum well states, which are located about 1.5 eV to 2.7 eV above the Fermi level, with

energy much more than the spin-wave energy in Co/Cu(001) (ESW ≤0.5 eV [126]). In

summary, the higher probability of energy relaxation for excited minority electrons than

that of the majority electrons should lead to a shorter lifetime of photoexcited minority

electrons, and consequently a more severe broadening of minoriy quantum well states in

the photoemission spectra [39].

In addition, we consider the overlap between the initial occupied states and the un-

occupied quantum well states, which plays an important role in the transition matrix

element of photoexcitation. The initial cobalt bands in the bulk band structure and the

quantum well states have their dominant weighting in the cobalt film (Fig. 5.2b). In con-

trast, the surface resonance state has a dominant weighting in the near surface region.

This leads to a reduced overlap between the minority surface resonance state and the

minority quantum well states as compared to that between the majority bulk bands and

the majority quantum well states. Consequently, the transition matrix elements between

the minority surface resonance state and the minority quantum well states are smaller

than the transition matrix elements between the majority bulk bands and the majority

quantum well states. From this we expect a smaller contribution in photoemission inten-

sity from the transition between the minority surface resonance state and the minority

unoccupied quantum well states as compared the contribution from the transition between

the majority bulk bands and the majority quantum well states.

To summarize, our comparison between spin-resolved one-photon and two-photon pho-

toemission directly reveals the spin-dependent influence of the majority intermediate

quantum well state. Due to the spin-conserving optical transition induced by the lin-

early polarized light, the large difference in the photoelectron spin-polarization between

1PPE and 2PPE comes from the opposite spin alignment between the initial surface reso-

nance state (minority) with the intermediate quantum well state (majority). The former

has sizable contribution in 1PPE, leading to a sign change in the spin-polarization, but

contributes negligibly in the 2PPE signal. We discussed possible reasons for the ab-

sence of spectral features of the unoccupied minority quantum well states by considering

the energy- and momentum-conservation in the optical transition as well as the lifetime

broadening in the photoemission spectra and the overlap between wave functions.
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5.4 Relation between spin-polarization and magnetic

dichroism

The spin-resolved photoemission experiments in section 4.4 have shown an additional spin-

polarization accompanying the magnetic circular dichroism (Pso, Eq. 2.10). This is seen

for a 7 ML cobalt film in Fig. 4.10f. In addition, a sign reversal as in the magnetic cir-

cular dichroism between right- and left-circularly polarized light also exists in Pso, in-

dicating an underlying relation between the magnetic dichroism and the photoelectron

spin-polarization in our geometry.

We begin our discussion by looking at the mirror symmetry in our experiments with

respect to the optical plane (Fig. 3.2). This is exemplified in Fig. 5.12 for the case of right-

and left- circularly-polarized light (RCP/LCP) incident on the sample ±M for magne-

tization along [110] and [110]. The spin-resolved photoemission intensity is represented

by Iσs,M , with σ = ±σ indicating the left-/right-circularly polarized incident light, and

s = ±s for the spin-up/down partial intensities emitted from a sample magnetization

along [110] or [110], as denoted by M = ±M . Since we use a normal emission geometry

where the detected photoelectrons are emitting along the surface normal direction in the

optical plane (OP), a mirror operation with respect to the optical plane for the whole ex-

perimental geometry (mOP ) keeps the photoemission intensity (current) invariant because

it is the amount of photoelectrons per unit time along the surface normal. The mirror

operation, however, changes the photoelectron spin, as well as the circular polarization

of light and the sample magnetization because they are axial vectors. The effect of this

mirror operation on the polarization of light, sample magnetization, the electron spin as

well as the photoelectron intensity is summarized in Tab. 5.2.

According to the symmetry properties listed in Tab. 5.2, the necessary relations with

different light polarization, magnetization and photoelectron spin (σ,M, s) in order to

keep the photoemission intensity Iσs,M invariant can be given. For example, when we use

the right-circularly-polarized incident light +σ on the sample magnetization +M and

measured the spin-up +s intensity as shown in Fig. 5.12a, the mirror operation mOP will

transform the whole system into the geometry in Fig. 5.12b with left-circularly-polarized

light +σ, sample magnetization −M and spin-down photoelectron −s, while keeping the

number of photoelectrons I invariant. From the invariant intensities linked through this

mirror transformation mOP between geometries in Fig. 5.12a and Fig. 5.12b, we obtain

physical quantities before mirroring mOP after mirroring mOP

light polarization +σ −σ
sample magnetization +M −M

photoelectron spin +s −s
number of photoelectrons I I

Table 5.2: Quantities in the normal-emission photoemission experiments and their sym-
metry properties upon the mirror operation with respect to the optical plane (mOP ).
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before mirroring mOP after mirroring mOP resultant relation note

+σ
+M

+s

−σ
−M −s I+σ

+s,+M = I−σ−s,−M
−s +s I+σ

−s,+M = I−σ+s,−M

−M +s
+M

−s I+σ
+s,−M = I−σ−s,+M Fig. 5.12c-d

−s +s I+σ
−s,−M = I−σ+s,+M Fig. 5.12a-b

Table 5.3: Relation between the eight spin-resolved partial intensities linked by the sym-
metry properties of the mirror operation with respect to the optical plane (mOP ), based
on the symmetry property of experimental quantities in Tab. 5.2. The cases in the last
two lines are illustrated in Fig. 5.12c-d and Fig. 5.12a-b.

a relation I−σ+s,+M=I+σ
−s,−M . Similar situations are shown for the spin-resolved intensity

in Fig. 5.12c and Fig. 5.12d and the result is I−σ−s,+M=I+σ
+s,−M . The sum over spin-up and

spin-down intensities gives us a relation I−σ+M = I+σ
−M between the spin-integrated intensity

for the case of magnetization +M and −M as shown in Fig. 5.12e and Fig. 5.12f. The

relations for all the eight spin-resolved partial intensities obtained through application of

mOP are listed in Tab. 5.3, in which the last two rows correspond to the cases in Fig. 5.12.

By using the mirror operation with respect to the optical plane mOP , we can con-

ceive that only four intensities from the total eight spin-resolved intensities (I±σ±s,±M) are

independent, as listed in Tab. 5.3. This is strictly due to our experimental geometry

where the sample magnetization and the high symmetry directions of sample surface are

aligned in the optical plane, and the photoemission intensities are measured along the

surface normal (Fig 3.2). The reduced number of independent photoemission intensities

has direct consequences on the photoelectron spin-polarization as well as for the magnetic

dichroism which are derived from these intensities. The magnetic circular dichroism, for

instance, is represented by the intensity asymmetry between the spin-integrated number

of photoelectrons emitted from the sample with two opposite directions of magnetization

A = (I+M − I+M)/(I+M + I+M) (Eq. 2.3), and these intensities (I±M) are related to each

other as illustrated in Fig. 5.12e-f as a result of the relation between partial intensities in

Tab. 5.3.

For example, the number of photoelectrons are the same when we use right-circularly-

polarized light on a +M sample as with incident left-circularly-polarized light on a -M

sample (I−σ+M = I+σ
−M , explicitly shown in Fig. 5.12e-f as a result of the sum over last two

rows in Tab. 5.3). Similarly, we will also have the counterpart I+σ
+M = I−σ−M , as a result of

I+σ
+s,+M = I−σ−s,−M and I+σ

−s,+M = I−σ+s,−M from the first two rows in Tab. 5.3. These identities

give rise to a relation between the magnetic dichroic signal obtained by the right- and

left-circularly-polarized light (A−σMCD and A+σ
MCD) as follows:

A−σMCD =
I−σ+M − I−σ−M
I−σ+M + I−σ−M

=
I+σ
−M − I+σ

+M

I+σ
−M + I+σ

+M

= −A+σ
MCD (5.7)

For the second equality we use the identities in Tab. 5.3. The last equality follows di-

rectly from the definition of dichroic asymmetry (Eq. 2.3). The result in Eq. 5.7 indicates
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derived quantity from I±σ±s,±M relation lead by mOP

magnetic circular dichroism A−σMCD = −A+σ
MCD

photoelectron spin-polarization P−σ+M = −P+σ
−M ; P−σ−M = −P+σ

+M

exchange spin-polarization P−σex = P+σ
ex

spin-orbit spin-polarization P−σso = −P+σ
so

Table 5.4: Symmetry relations for magnetic dichroism and photoelectron spin-
polarization. These are based on the partial intensities with relations in Tab. 5.3 linked
by the mirror operation with respect to the optical plane (mOP ).

that the magnetic circular dichroic signal changes its sign when we switch from right- to

left-circularly polarized light. This is satisfactorily fulfilled by our experimental magnetic

dichroism shown in Fig. 4.2, Fig. 4.10 and Fig. 4.11 within an accuracy of 1%. More im-

portantly, as a result of the reduced independent partial intensities in Tab. 5.3, symmetry

relations also exist for the photoelectron spin-polarization (P±σ±M):

P−σ+M =
I−σ+s,+M − I−σ−s,+M
I−σ+s,+M + I−σ−s,+M

=
I+σ
−s,−M − I+σ

+s,−M
I+σ
−s,−M + I+σ

+s,−M
= −P+σ

−M

P−σ−M =
I−σ+s,−M − I−σ−s,−M
I−σ+s,−M + I−σ−s,−M

=
I+σ
−s,+M − I+σ

+s,+M

I+σ
−s,+M + I+σ

+s,+M

= −P+σ
+M (5.8)

Further consequences for the spin-polarization can be found, when we use the above

relations to derive the spin-orbit- and exchange-polarization (Pso and Pex) from Eq. 2.9

and Eq. 2.10 where the values of the spin-polarization measured from different directions

of the sample magnetization are compared:

P−σso =
P−σ+M + P−σ−M

2
=
−P+σ
−M − P+σ

+M

2
= −P+σ

so

P−σex =
P−σ+M − P−σ−M

2
=
−P+σ
−M + P+σ

+M

2
= P+σ

ex (5.9)

The above symmetry properties of magnetic circular dichroic signals and spin-polarization

are summarized in Tab. 5.4. This indicates the relevant symmetry properties of the mag-

netic dichroism as well as of the photoelectron spin-polarization which we show in sec-

tion 4.2 and section 4.4. The sign reversal for both the magnetic dichroic signal and

spin-orbit spin-polarization upon reversal of the light helicity can be seen as a conse-

quence of the symmetry of mirroring with respect to the optical plane mOP , which is a

symmetry plane of the sample in our case. According to the analytical and numerical cal-

culations [65, 68], the mechanism responsible for this correspondence between dichroism

and spin-polarization is the interference between photoexcitation channels.

The necessity to have both spin-orbit and exchange interaction in a magnetic dichroic

valence band photoemission phenomena is understood as discussed in section 2.2 and sec-

tion 5.2. The spin-orbit interaction provides a hybridization in the electronic structure,

leading to an interference between photoexcitation channels, and exchange interaction

gives rise to a macroscopic magnetization as a reference from the symmetry point of
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view. This has been shown explicitly in section 5.2 in line with the theories as well as

experiments reported in the literature [21, 65, 69, 70, 75, 76]. This interference be-

tween photoexcitation channels leads to an intensity change in the photoemission, and a

constant contribution in the photoelectron spin-polarization with respect to the sample

magnetization reversal [65, 68]. This constant contribution in the spin-polarization is

defined phenomenologically in Eq. 2.10 as P±σso [93]. In contrast, the spin-polarization due

to exchange interaction changes its sign as the magnetization changes (P±σex , Eq. 2.9). The

definitions of P±σso and P±σex are formulated by Henk [93] and are in accordance with the

definitions in spin-polarized low-energy electron scattering [94], where the exchange and

spin-orbit scattering asymmetries (Aex,Aso) are also defined to represent the scattering

potentials due to exchange and spin-orbit interactions [26, 205]. In addition to the issue

whether the exchange scattering asymmetry can represent the sample magnetization [206],

the scattering asymmetries and potentials are not explicitly involved in the photoemission

as in the electron scattering experiments.

Our observations in Fig. 4.10 as well as in Fig. 4.11 show a dominating exchange spin-

polarization (P±σex ) over the spin-orbit spin-polarization (P±σso ). This result can be ex-

plained by the relatively weak spin-orbit coupling as compared to the exchange interac-

tion in the valence band structure of cobalt within our energy range. The strength of

spin-orbit coupling can be roughly estimated by the spin-orbit splitting (∆Eso ≈ 0.10 eV

around 0.4ΓX between split ∆1 bands [43, 47]) and compared to the exchange splitting

(∆Eex ≈ 1.5 eV at Γ for both ∆1 and ∆5 bands [43, 47]). In magnetic dichroic exper-

iments in core-level photoemission, a strong spin-orbit coupling is present with a weak

apparent exchange splitting (∆Eso ≈ 13 eV, ∆E
2p1/2
ex ≈ 0.3 eV, ∆E

2p3/2
ex ≈ 0.5 eV for Fe 2p

levels [29]), leading to a size of spin-orbit spin-polarization Pso that is comparable to the

exchange spin-polarization Pex [66, 90–92].

The symmetry relations as well as the principles regarding the size of exchange and

spin-orbit spin-polarization can also be applied to the magnetic linear dichroism. Then,

we have to replace the circular polarization of light ±σ by the linear polarization ±α. The

spin-orbit spin-polarization Pso in the linear dichroism is, however, below our experimental

uncertainty of about 2% even though there is a dichroic signal of about 10% at α = 82◦.

Besides, we need to disentangle the small signal Pso from the weak but still detactable α

dependence of the total spin-polarization as shown in Fig. 4.7b. The small signal of Pso

is assigned to the small spin-orbit hybridization between the ∆1 and ∆5 electronic states

in the quantum well states, as discussed in section 5.1.2 and section 5.2.

5.5 Photoemission intensity oscillations as a function

of cobalt thickness

We observed oscillations in the photoemission intensity during the cobalt film growth as

shown in Fig. 4.1. The period of the oscillation was assigned to have monolayer (ML) peri-
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odicity in Fig. 5.13. This assignment is in agreement with the cobalt thickness estimation

based on the calibrated evaporation rate as well as other information such as the onset

of ferromagnetic signal in magnetic dichroism (Fig. 4.4), the quantum well state energy

dispersion (section 5.1) and the characteristic initial double layer growth. As shown by

the photoemission intensities at fixed final state energies in Fig. 5.13, the oscillations are

detectable up to 5 ML and generally exist for all the measured energies (dashed lines).

Moreover, the phase of oscillation in the two-photon photoemission (2PPE) energy range

(b,c panels) is shifted by half of a monolayer from the oscillation in the three-photon

photoemission (3PPE). This can be seen clearly by the the peak positions, which locate

at integer thickness in 3PPE (a) but half-integer thickness in 2PPE (b,c). The weak

oscillation amplitude at 2 ML coincides with the initial bilayer growth mode of cobalt on

Cu(001) [106, 108]. Similar oscillations are also observed in the work function as shown

in Fig. 5.13d.

Since the oscillations exist for different energies, we exclude an origin from specific

electronic states proposed by Eckstein et al. [207] as well as a a surface stoichiometry

change during film growth, which were used to interpret the photoemission intensity oscil-

lation during growth of semiconductor compounds [208]. The variation of photoemission

intensities due to variation in the sample work function can also be excluded, since it

should give rise to an in-phase oscillation for all energies, hardly explaining the phase

difference between 2PPE and 3PPE. Although the minimum of 2PPE intensities agree

with the maximum of the work function at 2, 3 and 4 ML (Fig. 5.13d), the 3PPE shows

an enhancement at those integer thicknesses. We relate our observation to the periodic

change of densities of adatoms as well as step edges during the layer-by-layer growth of

cobalt films on Cu(001) [106]. The adatom or step edge density can lead to additional

momentum scattering events for the photoexcited electrons, which breaks the momen-

tum conservation within the surface (∆k|| 6= 0) and alters the photoelectron angular

distribution. The momentum scattering can mediate additional photoexcited electrons

to escape from the surface, which originally have energies higher than the vacuum level

but are bound to the surface due to the energy-momentum conservation, leading to an

enhanced photoemission intensity. At the same time, the scattering at adatoms or step

edges contribute to a decrease of the lifetime of image potential (IP) states, resulting in

a lower photoemission intensity in three-photon photoemission (3PPE) through IP states

[35, 153]. A line width analysis of the 3PPE feature in Fig. 5.13a does not apparently

resolve any oscillation. This can be due to the relatively small variation in the linewidth

(δ∆E ≈0.07 eV for Cu/Cu(001)[153]) compared to the line width we observed for the image

potential states (∆E ≈ 0.3 eV), which is below our experimental resolution.

Our observation reveals the sensitivity of two-photon photoemission to the surface

morphology change. The mechanism could be the adatoms induced scattering of electrons

on the surface [35, 153]. The periodic intensity change as a function of overlayer thickness

can be used as a tool for monitoring the in situ layer-by-layer growth of thin films.
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Figure 5.13: Photoemission intensity extracted from Fig. 4.1. Each curve displays the
intensity averaged over a 0.2 eV window with central energy indicated. The one-, two- and
three-photon photoemission (1PPE, 2PPE and 3PPE) processes are shown. In panel (a)
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5.6 Information depth of two-photon photoemission

From the monolayer (ML) oscillations in the photoemission intensity (section 5.5), it is

evident that the photoemission process is very surface sensitive. A probing depth of

photoemission equal to 1 ML is certainly an overestimation of the surface sensitivity since

the oscillation amplitude in Fig. 5.13 is at most only about one third of the total intensity.

An estimation from the imaginary part of the wave vector (Imk⊥) within the cobalt band

gap at X gives a value of the final state decay length around 4.5 Å at 6 eV above the

Fermi level (section 5.3). Roughly the same value can be obtained from a totally different

aspect, which is concerning the photoelectron mean free path limited by the absorption

into unoccupied d-bands [201]. From our experiment, an upper bound of the probing

depth in two-photon photoemission (2PPE) can be estimated by the thickness dependent

magnetic dichroic signal as well as photoelectron spin-polarization as in Fig. 5.14. We

estimate a value of around 20Å from the saturation of signals at cobalt thickness near

11 ML.

This interpretation of a cobalt thickness dependent dichroic signal and spin-polarization

by a finite information depth in the photoemission can only been viewed as an estima-

tion since the properties of cobalt films alter significantly within 5 ML, as also has been

investigated by other photoemission studies [104, 133] as well as magneto-optical mea-

surements [125]. Nevertheless, a less pronounced thickness dependence in the occupied

electronic structure is observed in the one-photon photoemission data in Fig. 4.1b which

shows no apparent change after 3 ML. A better quantitative estimation of photoemission

probing depth from the data would require detailed information regarding the change

of cobalt electronic structure, and a proper model which describes the decay mechanism

of photoelectrons through cobalt layers. A possible mechanism, suitable for our low ex-

citation energy (3 eV or 6 eV) and consequently low final state energy (≈6 eV), is the

electron-electron interaction, which could lead to the Stoner excitation and an energy loss

of photoexcited electrons. The contribution of Stoner excitation has been shown to domi-

nate in our energy region over the spin-wave scattering in theory [209], giving an inelastic

mean free path for minority electrons in the range of 10-60 Å at 6 eV above the Fermi level

in a model cobalt system [209]. This value is comparable with the spin-integrated lifetime

extracted from time-resolved two-photon photoemission measurements on cesiated cobalt

films, with a value about 1 fs at 3 eV above the Fermi level and resulting an upper bound

of the mean free path to be around 30 Å [40]. The contribution from plasmon excitation

is estimated from the ”universal curve” [199, 210] and gives a value close to 30 Å at 6 eV

above the Fermi level.

To summarize, the probing depth of two-photon photoemission in our case with 3 eV

photon energy is estimated to be around 20Å at 6 eV above the Fermi level by the cobalt

thickness dependent dichroic signal and spin-polarization of photoelectrons. This value

is comparable with the mean free path of photoelectrons when we consider the spin-

dependent (spin-wave, Stoner excitation) or spin-independent (plasmon) scattering events
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Chapter 6

Conclusion and outlook

In this work, we used spin-resolved linear and nonlinear photoemission to study electronic

properties of ultrathin cobalt thin films grown on Cu(001) surfaces. For the first time, we

could demonstrate magnetic dichroism from spectroscopically identified optically excited

states, namely the unoccupied quantum well states in Co/Cu(001).

The cobalt majority unoccupied quantum well states are identified by comparing one-

and two-photon photoemission. By the cobalt thickness dependent photoemission spec-

tra, the dispersion of majority, unoccupied quantum well states is obtained, and the

result is in agreement to an analytical model (phase-accumulation model) based on the

bulk cobalt band structure as well as to recent numerical calculations [47]. The reversal

of sample magnetization leads to pronounced photoemission intensity changes when cir-

cularly, or linearly polarized light that contains both p- and s-polarized components is

used. Moreover, as revealed by the cobalt thickness dependence of the dichroic signal, the

contribution from the unoccupied quantum well states in the dichroic signal is identified

and is attributed to the spin-orbit coupling in the quantum well states, which leads to a

mixing between electronic states with different spatial symmetry. This is also confirmed

by light polarization-dependent measurements of photoemission intensity and magnetic

dichroism.

The spin-resolved two-photon photoemission measurements directly identify the spin-

character of relevant electronic states involved in the photoexcitation process. The ma-

jority unoccupied cobalt quantum well states and occupied cobalt d-bands are observed.

By comparing with spin-resolved one-photon photoemission spectra, we clearly distin-

guish the significant spin-dependence in the two-photon photoemission process through

intermediate majority quantum well states, resulting in an overall majority spin signal

in the two-photon photoemission spectra. This majority spin signal strongly contrasts

with the sign-changing spin-polarization in the one-photon photoemission. The negligi-

ble contribution from the occupied minority cobalt surface resonance state in two-photon

photoemission is attributed to a reduced overlap with the minority quantum well states

and a shorter lifetime of the minority quantum well states than the majority ones. The

role of quantum well states to the spin-dependence of two-photon photoemission is further
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checked by comparison of measurements on films grown at different temperatures. More-

over, the spin-polarization for opposite directions of sample magnetization is measured,

which in principle helps to disentangle the contribution from exchange and spin-orbit in-

teraction in the photoelectron spin-polarization. The overall spin-orbit spin-polarization

is one order of magnitude smaller than the exchange spin-polarization and the small de-

tectable spin-orbit part obeys the general symmetry relations within the accuracy of our

experiments.

Besides the demonstration of magnetic dichroism from the unoccupied quantum well

states and the spin-dependence in the two-photon photoemission process, this work iden-

tifies the relevant initial, intermediate and final states in two-photon photoemission from

Co/Cu(001) with photon energy around 3 eV, which can provide a ground for further time-

resolved two-photon photoemission measurements. Ideally, such measurements should

provide the spin-dependent lifetimes and coherence time in and between the relevant elec-

tronic states. In addition, with 3 eV photon energy, nonlinear optical processes such as

magnetic second harmonic generation can be studied, which has been demonstrated to

depend sensitively on the electronic states involved [211–213]. The nonlinear optical inves-

tigations can be nicely combined with two-photon photoemission which helps to identify

the electronic states and serves as an additional input for the simultaneously detected

nonlinear optical signals, as has been demonstrated on Cu(001) surfaces [214].
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[155] F. Bisio, M. Nývlt, J. Franta, H. Petek, and J. Kirschner. Mechanisms of high-order perturbative
photoemission from Cu(001). Physical Review Letters 96, 087601 (2006).

[156] J. N. Eckstein, C. Webb, S.-L. Weng, and K. A. Bertness. Photoemission oscillations during
epitaxial growth. Applied Physics Letters 51, 1833 (1987).

[157] A. Laamouri, M. Djafari Rouhani, A. M. Gue, N. Fazouan, and D. Esteve. Photoemission applied
to the in situ study of epitaxial growth: theoretical modelling. Surface and Interface Analysis 18,
505 (1992).

[158] T. Nakagawa and T. Yokoyama. Magnetic circular dichroism near the Fermi level. Physical Review
Letters 96, 237402 (2006).

[159] M. Pickel. Image-potential states as a sensor for magnetism. PhD thesis in Freien Universität
Berlin (2007).

[160] K. Meinel, A. Beckmann, M. Klaua, and H. Bethge. The dependence of quantum-well features in
photoemission on film quality. physica status solidi (a) 150, 521 (1995).

[161] D.-A. Luh, C.-M. Cheng, C.-T. Tsai, K.-D. Tsuei, and J.-M. Tang. Transition from disorder to
order in thin metallic films studied with angle-resolved photoelectron spectroscopy. Physical Review
Letters 100, 027603 (2008).

[162] D. A. Evans, M. Alonso, R. Cimino, and K. Horn. Observation of quantum size effects in photoe-
mission from Ag islands on GaAs(110). Physical Review Letters 70, 3483 (1993).

[163] S. Passlack, S. Mathias, O. Andreyev, D. Mittnacht, M. Aeschlimann, and M. Bauer. Space chage
effects in photoemission with a low repetition, high intensity femtosecond laser souce. Journal of
Applied Physics 100, 024912 (2006).

[164] S. Hellmann, K. Rossnagel, M. Marczynski-Bühlow, and L. Kipp. Vaccum space-charge effects in
solid-state photoemission. Physical Review B 79, 035402 (2009).

[165] X. J. Zhou, B. Wannberg, W. L. Yang, V. Brouet, Z. Sun, J. F. Douglas, D. Dessau, Z. Hussain,
and Z. X. Shen. Space charge effect and mirror charge effect in photoemission spectroscopy. Journal
of Electron Spectroscopy and Related Phenomena 142, 27 (2005).

[166] P. van Gelderen, S. Crampin, and J. E. Inglesfield. Quantum-well states in Cu/Co overlayers and
sandwiches. Physical Review B 53, 9115 (1996).

[167] G. J. Mankey, R. F. Willis, and F. J. Himpsel. Band structure of the magnetic fcc pseudomorphs:
Ni(100), Co(100), and Fe(100). Physical Review B 48, 10284 (1993).

[168] M. A. Mueller, A. Samsavar, T. Miller, and T.-C. Chiang. Probing interfacial properties with Bloch
electrons: Ag on Cu(111). Physical Review B 40, 5845 (1989).

[169] E.G. McRae and M.L. Kane. Calculations on the effect of the surface potential barrier in LEED.
Surface Science 108, 435 (1981).

[170] R. E. Dietz, E. G. McRae, and R. L. Campbell. Saturation of the image potential observed in
low-energy electron reflection at Cu(001) surface. Physical Review Letters 45, 1280 (1980).

[171] F. J. Himpsel and J. E. Ortega. Electronic structure of Cu(100), Ag(100), Au(100), and Cu3Au(100)
from inverse photoemission. Physical Review B 46, 9719 (1992).



86 Bibliography

[172] N. Memmel. Monitoring and modifying properties of metal surfaces by electronic surface states.
Surface Science Reports 32, 91 (1998).

[173] F. Forstmann. The concepts of surface states. Progress in Surface Science 42, 21 (1993).

[174] W. Jaskólski, V. R. Velasco, and F. Garćıa-Moliner. Electronic states in a metallic quantum well.
Physica Scripta 43, 337 (1991).

[175] A. Beckmann, M. Klaua, and K. Meinel. Bound states in the sp-band gap of Ag/Au(111) thin
films. Physical Review B 48, 1844 (1993).

[176] E. Rotenberg, Y. Z. Wu, J. M. An, M. A. Van Hove, A. Canning, L. W. Wang, and Z. Q. Qiu.
Non-free-electron momentum- and thickness-dependent evolution of quantum well states in the
Cu/Co/Cu(001) system. Physical Review B 73, 075426 (2006).

[177] N. J. Speer, S.-J. Tang, T. Miller, and T.-C. Chiang. Coherent electronic fringe structure in
incommensurate silver-silicon quantum wells. Science 314, 804 (2006).

[178] A. M. Shikin, A. Varykhalov, G. V. Prudnikova, D. Usachov, V. K. Adamchuk, Y. Yamada, J. D.
Riley, and O. Rader. Origin of spin-orbit splitting for monolayers of Au and Ag on W(110) and
Mo(110). Physical Review Letters 100, 057601 (2008).

[179] S.-J. Tang, L. Basile, T. Miller, and T.-C. Chiang. Breakup of quasiparticles in thin-film quantum
wells. Physical Review Letters 93, 216804 (2004).

[180] K. He, T. Hirahara, T. Okuda, S. Hasegawa, A. Kakizaki, and I. Matsuda. Spin polarization of
quantum well states in Ag films induced by the Rashba effect at the surface. Physical Review
Letters 101, 107604 (2008).

[181] T. Hirahara, T. Nagao, I. Matsuda, G. Bihlmayer, E. V. Chulkov, Yu. M. Koroteev, P. M.
Echenique, M. Saito, and S. Hasegawa. Role of spin-orbit coupling and hybridization effects in
the electronic structure of ultrathin Bi films. Physical Review Letters 97, 146803 (2006).

[182] F. G. Curti, A. Danese, and R. A. Bartynski. Experimental and model theoretical dispersions of
unoccupied metallic quantum well states in the Cu/fccCo/Cu(100) system. Physical Review Letters
80, 2213 (1998).

[183] Y. Z. Wu, C. Y. Won, E. Rotenberg, H. W. Zhao, F. Toyoma, N. V. Smith, and Z. Q. Qiu.
Dispersion of quantum well states in Cu/Co/Cu(001). Physical Review B 66, 245418 (2002).

[184] K. Giesen, F. Hage, F. J. Himpsel, H. J. Riess, W. Steinmann, and N. V. Smith. Effective mass of
image-potential states. Physical Review B 35, 975 (1987).

[185] G. A. Burdick. Energy band structure of copper. Physical Review 129, 138 (1963).

[186] C. Westphal, A. P. Kaduwela, C. S. Fadley, and M. A. Van Hove. Photoelectron-diffraction effects
and circular dichroism in core-level photoemission. Physical Review B 50, 6203 (1994).

[187] F. U. Hillebrecht, H. B. Rose, T. Kinoshita, Y. U. Idzerda, G. van der Laan, R. Denecke, and
L. Ley. Photoelectron diffraction in magnetic linear dichroism. Physical Review Letters 75, 2883
(1995).

[188] D. Venus. Interpretation of magnetic dichroism in angle-resolved UV photoemission from valence
bands. Journal of Magnetism and Magnetic Materials 170, 29 (1997).
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