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Abstract 

Spin-polarized photoelectron spectroscopy has developed into a versatile tool for the 

study of surface and thin film magnetism. In this chapter, we examine the methodology 

of the technique and its recent application to a number of different problems.  We first 

examine the photoemission process itself followed by a detailed review of spin-

polarization measurement techniques and the related experimental requirements.  We 

review studies of spin polarized surface states, interface states and quantum well states 

followed by studies of the technologically important oxide systems including half-

metallic transition metal oxides, ferromagnet/oxide interfaces and the antiferromagnetic 

cuprates that exhibit high Tc Superconductivity.    We also discuss the application of 

high-resolution photoemission with spin resolving capabilities to the study of spin 

dependent self energy effects. 
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1.  Introduction 

Driven by the requirements for new information storage technologies and the 

potential of “spintronics” the last two decades have seen a rapid increase in research 

devoted to studies of low dimensional magnetic systems.  New technologies such as 

molecular beam epitaxy, previously developed in the semiconductor industry, are now 

being applied to the development of new magnetic materials with unique properties. The 

understanding of the properties of these two-dimensional (2D) systems has provided a 

number of exciting challenges for the scientific community, both experimental and 

theoretical. 

On the experimental side a whole range of electron spectroscopies previously 

developed for the study of metallic surfaces have been ‘spin-sensitized’ through the 

addition of spin polarimeters.  Electron-based techniques are particularly suited to the 

study of surfaces and thin films because the strong Coulomb interaction between 

electrons results in a relatively short mean free path and associated probing depth.  In this 

chapter we examine in detail the recent developments of one such technique, spin 

polarized photoemission.  Photoemission itself has already seen widespread application 

to the study of the electronic structure of a range of different materials (Kevan 1992, 

Hüfner, 2003).  The spin-polarized counterpart has a history spanning a period in time 

that is almost as long as the ‘modern’ era of photoemission. However, it has taken several 

years for the complete angle-resolved, spin-resolved photoemission experiment to be 

developed to the point where it provides spectra with a signal-to-noise ratio comparable 

to that of its non-spin-resolved counterpart. 



Several reviews of spin-polarized photoelectron spectroscopy (SPPES) have 

already appeared in the literature (Feder 1985, Kisker 1987, Johnson 1997). The present 

review represents an attempt to provide a perspective on the rapid developments in the 

last ten years.  We first examine the physics of the photoemission process itself with 

particular reference to the excitation of spin-polarized electrons. The experimental 

aspects including the different spin polarimeters that are currently available and the 

unique requirements of a polarimetry measurement are discussed. We then examine a 

whole range of recent experiments.  We discuss recent studies of magnetic surface states 

observed on non-magnetic materials, spin polarized quantum well states that develop in 

nonmagnetic thin films deposited on ferromagnetic substrates, the measurement of spin-

dependent self energy effects and finally studies of a range of magnetic oxides including 

both ferromagnetic and antiferromagnetic materials and ferromagnet/oxide interfaces.  

The properties of the quantum well states observed in thin films are particularly relevant 

to the discussion of the giant magneto-resistance (GMR) property observed in magnetic 

multilayers and studies of the oxides are relevant to the development of new capabilities 

in spintronics. 

 

2.  The Photoemission Process 

In studies of condensed matter systems, photoemission represents the excitation 

of an electron from an initial state below the Fermi level to a final state above the vacuum 

level. As illustrated in figure 1, the initial state may fall within the delocalized valence 

bands or it may represent a more localized core level.  In the absence of spin–orbit 

coupling, it can be shown for linearly polarized incident light that the non-relativistic 



SchrÖdinger equation, with the momentum operator p replaced by p – (e/c)A,  represents 

an adequate description of the spin-conserving transitions.  Here tieAA ω
0= is the vector 

potential of the electromagnetic field.  From Fermi’s Golden rule, the differential cross 

section Ωdd /σ  for excitation from some initial state iψ  to some final state fψ  is 

given by 
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where the δ  function describes the energy conservation of the process.  Measuring the 

kinetic energy of the electron in the final state Ef and knowing the incident photon 

energy, ωh , the experimentalist can trace back to the binding energy of the electron in 

the initial state Ei.. 

Neglecting the diamagnetic term |A|2 which is always small and noting that A.∇  

is non-zero only in the surface region, equation (1) is usually reduced to the simpler form 
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The matrix element introduces selection rules which can be exploited to determine the 

symmetry of the initial state. In the non-relativistic limit, excitation by linearly polarized 

light between one electron states of the form lnlm is restricted to transitions such that 

Δl= ± 1 and Δml = 0.  In the event that the incident light is circularly polarized, the second 

selection rule becomes Δml = ± 1 dependent on the handedness of the polarization.  In the 

fully relativistic treatment with spin–orbit coupling included, the selection rules become 

Δj= 0, ± 1 and Δmj = ± 1 with j and mj now referring to the total angular momentum. 



A more complete description of the photoemission process will allow for the 

many-body response of the system to the excitation. Here the δ function of equation (2) is 

replaced by the single particle spectral function of the hole state A(k,ω) such that 
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where the real component of the self energy, ( )ω,1 kΣ , gives a shift in energy and 

associated mass enhancement and the imaginary component of the self energy, ( )ω,2 kΣ , 

gives the lifetime broadening.   Note that ω in equation (3) represents the initial state 

energy Ei and εk represents the bare band dispersion in the absence of any many-body 

interactions.  In ferromagnetic systems, because of the spin polarization of the electronic 

structure, we may anticipate a spin-dependence in the response of the system. 

Extending the technique and measuring the photoemitted current at some 

emission angle θ it becomes possible to map the dispersion of the different initial-state 

bands.  As illustrated in figure 2, at a well defined k||, the process represents a direct 

transition between two bands of the same spin. In the solid state environment, momentum 

conservation is maintained through the mediation of the crystal momentum giving 

kf = ki + G     (4) 

where ki and kf are the wavevectors associated with the initial and final states and G 

represents a suitable lattice vector.  If Ekin represents the kinetic energy in the final state 

then to within a reciprocal lattice vector the parallel momentum k|| of the photoelectron 

given by 
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and is conserved on crossing from the solid into the vacuum. Thus a measurement of this 

component in the vacuum supplies a good measure of the parallel component of the 

momentum in the solid. The perpendicular component is ill-defined due to the breaking 

of translational symmetry perpendicular to the surface plane. 

 

3.  The experimental methodolgy 

As in any electron spectroscopy, spin-polarized photoemission requires the use of 

an electron spectrometer. These instruments can take many different forms although, as 

illustrated in figure 3, the hemispherical analyzer represents the most commonly used 

instrument in SPES at the present time. A more complete discussion of the properties of 

such an analyser can be found elsewhere (e.g. Roy and Carette 1977). Here we note that 

in such an instrument the kinetic energy of the electron is measured by retarding 

electrostatic fields applied between the two hemispheres and the momentum is selected 

by defining a small angle of collection.  As also illustrated in figure 3, some form of 

electrostatic lens is required to couple this analyser to whichever spin polarimeter is 

selected for the experiment. 

An overview of the practicalities of coupling spin polarimeters to electron 

spectrometers has been given by Pierce et al (1988). In particular, these authors 

emphasize the requirement for optimizing the experiment by matching the phase space or 

acceptances of the source, the electron spectrometer and finally of the spin polarimeter 

itself. At any point on the pathway of the electron beam the Helmholz–Lagrange law 

states that there will be a conservation of the product EAΩ, where E is the energy, Ω the 

solid angle and A the cross sectional area.  In the optimum configuration this product will 



be matched to the acceptance phase space of the polarimeter. Pierce et al (1988) have 

tabulated the latter for a number of different spin polarimeters. 

 

3.1  Measuring the spin polarization 

The two principal means of measuring spin polarization involve either the use of 

spin dependent scattering via the spin-orbit interaction with a heavy atom or the use of an 

exchange interaction with a ferromagnetic material.  We briefly examine these two 

different approaches.  Much of the pioneering work in spin-polarized photoemission was 

carried out with spin polarimeters of the high-energy Mott-scattering type (Kisker et al 

1982). Here the electrons to be analyzed are scattered off gold atoms at energies typically 

of the order of 100 keV. Spin–orbit coupling of the electron in the potential of the gold 

atom leads to an asymmetry in the scattering, left and right, dependent on the spin of the 

electron.  Because of the high energies involved in the earlier designs, Mott polarimeters 

tended to be large.  However, there have recently been a number of successful 

modifications that have allowed the polarimeter to be scaled down in size. Figure 4 

shows the configuration used in one such device as described by Huang et al (2002). 

After initially passing through a deceleration lens the incident beam of electrons is 

accelerated onto the gold foil at an energy of 20 keV.  As in the earlier designs (Kisker et 

al 1982), those electrons elastically scattered through 120o are detected by two 

symmetrically opposite channeltrons. Retarding fields in front of the latter collectors 

remove any electrons that have undergone inelastic losses. The spin polarization P of the 

incident electron beam is given by 

BA

BA

II
II

S
P

+
−

=
1      (6) 



where S, the Sherman function of the device, is a measure of its ability to distinguish 

different spins and AI  and BI represent the intensities measured in opposite channels. 

Mott polarimeters of this type are now sufficiently small that they can in principle be 

readily moved inside a vacuum system and, therefore, be used for angle-resolved 

polarization measurements.  The figure of merit (FOM) used in comparing different 

polarimeters is defined as 
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where again S is the Sherman function, I is the sum of the current collected by the two 

opposite detectors and I0 is the incident beam current (Kessler 1985). The FOM for the 

traditional Mott polarimeter is typically 10-4; that of the compact low-energy Mott device 

was initially of the order of 2 x 10-5 (Tang et al 1988).  However through the use of large 

area electron detectors and careful optimization of the electron optics the FOM of the 

compact devices has gradually been improved.  Burnett et al. reported an FOM of 

approximately 1.6 x 10-4.  More recently Huang et al. (2002) have refined the electron 

optics further to achieve an FOM of ~ 2 x 10-4.  The advantage of the Mott polarimeters, 

both large and small, is that they are relatively easy to operate in a reproducible fashion.   

Originally designed for use in secondary electron microscopy with polarization 

analysis (SEMPA) studies (Unguris et al 1986, Scheinfein et al 1989), low energy diffuse 

scattering from polycrystalline gold films has also proved an excellent device for energy- 

and angle-resolved spin-polarized photoemission studies (Johnson et al 1992). Rather 

than the high energies, characteristic of the Mott devices, the electrons to be spin 

analysed are now scattered from a polycrystalline gold surface at the much lower energy 

of 150 eV, an energy at which the Sherman function of gold exhibits a local maximum.  



The back-scattered electrons pass through retarding grids to remove low-energy 

secondary electrons, and are then collected by four discrete anodes allowing a 

measurement of two components of the polarization to be made in parallel.  This type of 

detector has an FOM of the order of 1.0 x 10-4 (Unguris et al 1986), i.e. comparable to the 

traditional Mott detector. 

If the scattering surface is a single crystal rather than polycrystalline it is possible 

to use spin-dependent diffraction to measure the polarization. The spin asymmetry in the 

scattering again reflects the spin–orbit interaction. Detectors of this type include a low-

energy detector, which relies on spin–orbit effects in the diffraction of the electrons from 

a single-crystal tungsten (001) surface. (Kirschner and Feder, 1979)  The intensities of 

the symmetrically opposite (2;0) and ( 2 ;0) diffracted beams are measured with the 

electrons incident at an energy of 100 eV. The authors report an FOM for this detector of 

1.6 x 10-4. 

 Spin polarimeters based on an exchange interaction fall into two categories, those 

employing reflection and those employing transmission.   In practice only the reflection 

technique has been used in working spin polarimeters to date.  A detector based on low-

energy reflection from a ferromagnetic film has been described by Tillman et al (1989). 

Here the scattering surface is a 400 Å thick Fe(001) film grown on an Ag(001) substrate. 

Reflected intensities are measured when the electrons to be analysed are incident on a 

magnetized iron surface at an energy of approximately 10.0 eV.  The asymmetry in the 

scattering, A, in such a detector is given by 
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where P is the spin polarization in the incident beam and ↑↑I  and ↑↓I are the scattered 

intensities obtained when the target and primary beam magnetic moments are parallel and 

anti-parallel, respectively. The FOM of such a device is then given by 

P
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where IR and IP are the reflected and primary beam currents, respectively.  One difficulty 

with an instrument of this type is that with the reflecting or analyzing surface being 

effectively another ‘sample’, two samples have to be successfully prepared and 

magnetized.  However, at 10.6 eV analyzing energy, the authors report a value of 0.21 for 

A and an FOM of 3.5 x 10-3. 

 More recently the spin dependent reflectivity of electrons from Fe single crystal 

films, 2-8 monolayers thick, grown on a W(110) substrate has been studied by Zdyb and 

Bauer (Zdyb and Bauer, 2002).  These authors analyzed their data in terms of the 

quantum well structure associated with the thin films, that we discuss in detail later.  The 

authors went on to point out the importance of considerations of the quantum well 

structure in the design of future spin polarimeters.  In a later study, Graf et al extended 

these ideas to studies of both Fe and Co thin films grown on W(110) (Graf et al., 2005).  

Again by measuring the spin dependent reflectivities as a function of film thickness the 

authors determined that a five monolayer thick film of Co/W(110) represented the 

optimum configuration for a spin polarimeter.  They further indicated that the FOM of 

such a device would be of the order of 0.02, some two orders of magnitude higher than 

that achieved in the miniature Mott detectors. 

Turning to transmission, Schönhense and Siegmann (1993) have suggested the 

possibility of using the spin-dependent transmission through ferromagnetic thin films as a 



means of detecting spin polarization. That such a spin dependence in transmission exists 

is evident in that the low-energy secondary electron cascade in all electron spectroscopies 

is known to display an enhanced spin polarization.  The latter polarization which is 

typically larger than would be expected simply on the basis of the bulk valence band 

polarization reflects the spin-dependent mean free paths of the transmitted electrons.  

Schönhense and Siegmann examined a number of experiments in detail. As shown in 

figure 5 they find that the total scattering cross section σ(E) = 1/λ is well described by the 

expression 

σ = σ0 + σd(5 – n)     (10) 

where σd accounts for scattering into the d-holes and σ0 is a constant accounting for other 

inelastic scattering events. They define a transport polarization α such that an electron 

beam with small initial polarization P0 will acquire a polarization after travelling a 

distance x such that 

P(x) = P0 + α(x)     (11) 

The transport polarization α is given by 
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with σ(±) representing the spin-dependent cross sections.  In their picture the spin 

polarization is, therefore, dominated by the inelastic scattering involving unoccupied 

states above the Fermi level. 

Schönhense and Siegmann note that a spin polarimeter based on the use of spin 

dependent transmission will have an FOM given by α2I where xeI σ−=  represents the 

total spin-integrated transmission through the film and σ is the spin-averaged total cross 



section. On the basis of their experimental observations they show that the FOM for an 

iron film will peak at approximately 7x10-2 for film thicknesses of approximately 1.0 nm.  

For Co they predict an FOM of 6 x 10-2 for a film thickness of approximately 1.5 nm.  

These ideas have been given some support in studies of the spin-dependent transmission 

through a free standing Co film (Lassailly et al 1994, van der Sluijs et al 1994).   The 

authors of the latter study found that at low energies, close to the surface vacuum level, 

the transmission coefficient for the minority spin electrons was 0.7 that found for the 

majority spin electrons. The total transmitted current was of the order of 10-5 of the 

primary beam. By cesiating both sides of the film, this transmission ratio was increased to 

3 x 10-4 and a Sherman function of S = 0.4 was measured (van der Sluijs et al 1994). 

 

3.2. Using the spin polarimeter 

Before closing our discussion of the experimental details we offer a brief 

introduction to the practicalities of a spin-polarization measurement. A more detailed 

discussion can be found elsewhere (Kessler 1985) 

In order to measure a spin polarization it is necessary to define a quantization 

direction for the spin of the electrons.  In studies of ferromagnetic or ferrimagnetic 

systems this is achieved by ensuring the sample is magnetically saturated.  As an 

example, ferromagnetic thin films can be magnetized by discharging a current pulse 

through a small coil in close proximity to the film.  As we discuss later, it is also possible 

to perform spin polarization measurements on antiferromagnetic or even non-magnetic 

systems when spin-orbit effects are present.  In this case the quantization direction is 



defined by the polarization vector of the incident light with the latter being circularly 

polarized. 

To avoid any error being introduced into the measurement by apparatus 

asymmetries it is necessary, in the case of ferromagnetic systems, to make two 

measurements of the spin polarization, one with the sample magnetized ‘up’ ( )++
RL II ,  and 

one with the sample magnetized ‘down’ ( )−−
RL II , .  Here IL and IR represent the number of 

electrons scattered from the target into the left and right channels, respectively. Assuming 

that the incident beam does not move between the ‘+’ and ‘-’ measurements, any 

instrumental asymmetry derived from a misalignment of the beam incident on the 

scattering target can then be removed by combining the four measurements such that the 

true spin polarization P is given by 
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where as before S represents the Sherman function of the instrument. The measured 

intensities combined in this manner remove, to first order, any instrumental asymmetry.  

The two measurements, ‘+’ and ‘-’, may have different count rates without affecting the 

measured polarization. Assuming that there is not an asymmetry that changes with the 

two magnetization directions, the instrumental asymmetry A is given by 
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The individual spin-up and spin-down spectra are obtained from the polarization P by  

( )PII +=↑ 1         ( )PII −=↓ 1    (15) 

where 



 
4
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In studies employing incident circularly polarized light equations 13-16 still apply 

but (+,-) represent the direction of polarization of the incident light. 

 

4.  Some recent applications of SPPES 

In the following we highlight some recent applications of spin-polarized 

photoemission to problems in condensed matter physics.  In particular we highlight some 

of the latest developments in the study of spin-polarized surface states and quantum well 

states, we examine the application of high resolution spin polarized photoelectron 

spectroscopy (SPPES) to the study of spin dependent self-energy effects and finally we 

review some recent studies of magnetic oxide systems and ferromagnetic/oxide 

interfaces.  The latter oxide systems present a range of exotic phenomena and are 

currently the subject of intense research activity with respect to spin functionality in 

spintronics.  Primarily we will restrict our discussion to studies of materials that display 

magnetic properties.  However we will also review the application of SPPES to the study 

of the properties of the cuprates, the basis of the high Tc superconductors. 

 

4.1.  Spin-polarized surface states. 

Discussed in detail elsewhere (Johnson, 1997), there have previously been a 

number of studies of spin-polarized surface states.  In general the spin polarization of the 

states investigated in those studies reflected the reduced dimensionality present at the 

surface or solid/vacuum interface of ferromagnetic materials.  Examples include states 



localized on the Fe(001) (Brookes et al., 1990) and Fe(110) surfaces (Vescovo et al., 

1993). 

It has recently been shown that electronic states at the surface of certain non-

magnetic materials can also display a measurable spin polarization.  In this case the spin-

polarization reflects a spin-orbit interaction.  Shown in figure 6, a state showing this 

property was first identified on the surface of Au(111).(LaShell et al., 1996)  In a high 

resolution photoemission study these authors found that an s-p derived Shockley state 

displaying parabolic dispersion actually split into two bands as the state moved away 

from the center of the zone.  The authors concluded that the splitting reflected the spin-

orbit term in the Hamiltonian given by 

( )pVx
cm

H SO ∇= .
4 22 σh     (17) 

where σ is the Pauli spin operator and, V∇ is the local potential gradient and p is the 

electron momentum.  The lack of inversion symmetry at the surface allows this spin-orbit 

interaction to lift the degeneracy between the two spin states.  Similar results and hence 

confirmation were found in a later study of Au(111) but not Ag(111). (Nicolay et al., 

2001) 

Examination of equation (17) shows that the energy of an electron depends on its 

spin direction and its momentum.  With a given momentum the effect with reverses for 

different spin directions and for a given spin the effect reverses either side of the zone 

center.  Such effects were confirmed in spin resolved studies of a surface state on the 

W(110) surface (Hochstrasser et al, 2002) and for the Au(111) surface state (Hoesch et 

al., 2004).  The results of the latter study are shown in figure 7 where the sign convention 

(spin-up vs spin-down) is defined in a spin coordinate axis that is the counter-clockwise 



tangent to the Fermi surface contour.  The effect has also been reported in a study of the 

magnetic Gadolinium (0001) surface state that we discuss in detail below (Krupin et al., 

2005)  In their study Krupin et al. reported the observation of the “Rashba effect” and 

reported that it was enhanced upon oxidation of the surface.   

As Hoesch et al. note, such an effect will be unobservable in the bulk of a material 

such as gold due to the combined restrictions of the time reversal-symmetry 

( ) ( )kEkE −= ↓↑  and the inversion symmetry ( ) ( )kEkE −= ↑↑  leading to the Kramers 

degeneracy ( ) ( )kEkE ↓↑ = . 

 

 

4.2.  Thin Films and Magnetic Multilayers 

 Magnetic multilayers and related thin films have been an important area of study 

in magnetism.  This interest reflects the many potential technological applications of the 

giant magneto resistance (GMR) property observed in the multilayers.  Indeed, this effect 

first discovered in 1987 by Fert and Grünberg, has already seen widespread use in a 

number of commercial applications. 

 GMR is observed in metallic multilayes consisting of ferromagnetic layers 

separated by non-magnetic spacer layers   Depending on the thickness of the spacer layer 

the adjacent ferromagnetic layers are aligned either ferromagnetically or 

antiferromagnetically.  In the latter configuration a magnetic field may be applied to 

realign the magnetic layers and thereby modify the spin-dependent transport or resistance 

through the system.  It is this ability to substantially modify the spin-dependent  

resistance in these “GMR” materials that makes them so important. 



In order to understand this phenomenon we must first understand the factors that 

determine the different alignments of the adjacent magnetic layers.  In fact the spacer 

layer thickness that results in the antiferromagnetic alignment can correspond to several 

atomic layers.  Insight into this property comes from the recognition that the system can 

be treated as a series of 1-dimensinal quantum wells.  Within these wells the electronic 

structure will be quantized with an energy separation that reflects the width or thickness 

of the spacer layer.  Let us consider this quantization.  In the vicinity of the interface with 

the adjacent magnetic layer the wavefunction of the electron state within the well takes 

the form 

ikzi
c

ikz eere cφ+=Ψ −

    (18) 

where ci
cer φ represents the complex reflectivity at the interface with the substrate and φc 

gives the phase change of the wavefunction.  A stationary or bound state exists whenever 

the total phase change within the well is given by the Bohr-Sommerfeld quantization 

condition  

nkmac πφ 222 =+     (19) 

Here we are considering a well bound by two adjacent magnetic layers and hence two 

identical interfaces.  2kma represents the phase change accumulated on the round trip 

across a well consisting of m atomic layers with interlayer spacing a.  Thus we see that as 

the number of layers changes, the quantization condition changes and the energy of the 

stationary state changes to accommodate additional nodes within the wavefunction.  

Modifying equation (19) accordingly we obtain  

( )( ) ( )11 +=+Δ++ namkkC πφ    (20) 



 As we will see later, the spin dependent scattering at the interface results in 

quantum well states showing a strong spin polarization.  As the thickness of the non-

magnetic layer changes the quantum well states move to lower energy and cross the 

Fermi level with a well defined periodicity.  The total energy of the system is at a 

maximum when an occupied quantum well state is sitting right at the Fermi level.  

Because the states are spin polarized the system can achieve a lower total energy by 

having adjacent ferromagnetic layers realign to an anti-ferromagnetic configuration.  By 

doing so the quantum well state is allowed to “leak” away through one interface and the 

total energy is reduced. 

The above represents a quantum well description of the interlayer exchange 

coupling.  In a more detailed analysis of this picture, Smith et al (1994) concluded that 

the appropriate quantum numbers for classifying the quantum well states were not n, the 

number of nodes, or m, the number of layers, but rather ν = (m – n) as illustrated in figure 

8 for silver films deposited on an Fe(001) substrate.  In this classification scheme the 

thickness against energy relationship may be written 
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where kBZ = π/a represents the zone boundary wavevector and D = ma.  A quantum well 

state crosses the Fermi level each time ν increments by one.   It is clear from equation 

(21) that the Fermi surface will therefore be sampled every Δm layers such that 

Δm = (1-kF/kBZ)-1     (22) 

where kF represents the Fermi wavevector.  Recognizing that 2(kBZ−kF) gives the 

associated bulk Fermi surface spanning vectors, q, one immediately retrieves from 



equation (22) a period length Δma given by 2π/q identical to that obtained by Bruno and 

Chappert (1991) in an analytical description of the thickness dependence of the 

oscillatory interlayer exchange coupling in magnetic multilayers. 

 With a relatively short mean free path for the escaping electrons photoemission 

does not lend itself to direct studies of the electronic structure of a multilayer.  As such 

the spin polarized photoemission studies relevant to these materials are studies that have 

focused on the properties of the associated overlayers or thin films.  Here we refer to, for 

instance, silver films on Fe(001) substrates and copper films on Co(001) substrates. 

 The first study that identified the role of spin-dependent interfacial scattering was 

a study of the quantum well states that form in silver films deposited on an Fe(001) 

substrate (Brookes et al 1991).  In the study the authors identified an interface state or 

quantum well state characterizing a monolayer thick silver film.   With increasing 

thickness this state evolves into a series of states that move up to and through the Fermi 

level as shown in figure 9. The movement to lower binding energy simply reflects the 

fact that with each new layer the wavefunction describing the quantum well state has to 

gain an extra half-wavelength to accommodate the new atomic potential (Smith et al 

1994).  We can use the same quantization condition given above for the multilayers but 

now the φc of one interface is replaced by the φB describing the phase shift of the 

wavefunction at the solid/vacuum interface.  Thus the quantization condition of equation 

(19) now becomes 

nkma BC πφφ 22 =++     (23) 

The spin-polarized photoemission study of Brookes et al (1991) revealed that the 

Ag quantum well states are highly spin-polarized, preferentially with minority spin. As 



discussed earlier the observation of a strong spin polarization can be explained in terms 

of the spin-dependent reflectivities at the interface with the ferromagnetic substrate. If 

one considers the spin-dependent bandstructure of iron in the ΓH direction, figure 10, one 

observes that in the minority spin band structure a s–d hybridization gap exists in the 

vicinity of the Fermi level. At binding energies corresponding to this gap, the propagating 

waves will be reflected back into the silver layer. Thus, it is the gap that defines the 

degree of confinement of the minority spin quantum well state. In the majority spin band 

structure, on the other hand, the hybridization gap is displaced to higher binding energies 

and the majority spin states in the silver layer in the vicinity of the Fermi level will be 

less strongly confined. The quantum well states that survive in the silver layer will, 

therefore, preferentially carry minority spin as observed experimentally. 

Subsequent inverse photoemission studies of the Ag/Fe(001) system tracked the 

quantum well states as they continued to evolve above the Fermi level eventually 

converging on the bulk '
4X critical point (Ortega and Himpsel 1992, Ortega et al 1993).  

These studies clearly demonstrated  in this and a number of other systems that the Fermi 

surface was sampled by the quantum well states with a frequency identical to that 

observed for the oscillatory exchange coupling in the associated multilayers. This is 

illustrated in figure 11 where the intensity observed at the Fermi level in inverse 

photoemission studies of copper films deposited on a Co(001) substrate is compared with 

the oscillatory coupling observed in the associated Cu/Co(001) multilayers.   

An interesting question arises as to whether or not majority spin quantum well 

states exist in the spin-polarized photoemission spectra recorded from these films. 

Examination of figure 10 shows that in the Fe majority spin band structure the top of the 



s–d hybridization gap falls only 0.8 eV below the Fermi level and the top of the Ag d-

bands falls 3.0 eV below. Thus one might anticipate seeing strong majority spin states in 

the region above the silver d-bands up to 0.8 eV below the Fermi level. In fact such states 

are predicted in calculations using both the phase model approach of equation (23) and 

the tight-binding method (Smith et al 1994) and ab initio calculations of the layered KKR 

type (Crampin et al 1996). 

 The spin-polarized photoemission study of Ag on Fe(001) (Brookes et al 1991) 

represented a study of the spin-polarization effects in very thin films. Indeed, at the 

monolayer limit it is probably more reasonable to describe the induced state as an 

interface state as we have discussed earlier in section 6.2.  Two studies have examined 

the spin polarization characteristics of quantum well states in thicker films. In both cases 

the studies were of copper films deposited on a fcc Co(001) substrate (Garrison et al 

1993, Carbone et al 1993). As in the earlier Ag/Fe (001) study, the quantum well states 

shown in figure 12 were found to be highly spin polarized with minority spin. However, 

now the Cu films were grown to thicknesses of the order of six atomic layers or more. In 

fact in a more recent study Carbone et al (1996) reported the observation of quantum well 

states in copper films of the order of 50 atomic layers thick. At such thicknesses the 

escape depth of the photoelectrons ensures that the spin-polarization information in the 

spectrum clearly reflects emission from the Cu film itself rather than the cobalt substrate. 

In their study, Carbone et al also claimed the observation of majority spin quantum well 

states with considerably less intensity than the minority spin counterparts. They 

determined an exchange splitting of 0.15 eV between the two spin components. 



In order to obtain a better understanding of the photoemission spectra in their 

study Garrison et al (1993) calculated the electronic structure of the different thickness 

copper films using a spin-dependent tight-binding scheme in a slab formulation.  These 

tight binding calculations were carried out using an effective Hamiltonian of the form 
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Where the first term reflects the non-magnetic band structure and the second term 

represents the modification due to the on site spin-dependent potential U.  The latter was 

simply taken as the effective Stoner parameter.  Using such an approach the authors 

sought a self-consistent solution such that for each layer Δl = Ulml where Δl is the layer-

dependent splitting introduced into the d orbitals, Ul the layer dependent Stoner 

parameter and ml the calculated moment for each layer.  Based on their calculation 

Garrison et al. concluded that the quantum well states have significant d as well as sp 

character. This interesting observation stems from the fact that, within the Cu film, as in 

bulk Cu, the s,p bands will hybridize with the d-bands of the same symmetry. This 

hybridization results in a small fraction of the d-electrons being carried up to and through 

the Fermi level and indeed in bulk Cu, approximately 3% of the d-electron manifold is 

unoccupied. A similar observation has also been made in a recent ab initio layered KKR 

calculation of copper films deposited on Co(001) (Van Gelderen et al 1996). 

The observation that there is a small spin polarization in the Cu d-band, and 

further that this band crosses the Fermi level, is a clear indication that a small magnetic 

moment of d-character must exist on the Cu site, an observation that was confirmed in a  

MCD study of Cu/Co multilayers (Samant et al 1994, Held et al 1996). Here the authors, 

exploiting the dipole selection rules, studied absorption at the Cu L-edge to obtain site 



and spin specific information on the unoccupied d-bands. The study found a small 

moment of d-character on the copper sites and further concluded that the largest moments 

exist in the interface where the hybridization with the neighboring Co layers will be 

strongest.  This observation of a localized interfacial magnetic interaction has also been 

confirmed in numerous other SPPES studies of the d-bands in overlayer films deposited 

on ferromagnetic substrates.  As a few examples, we cite the Pd(111)/Fe(110) interface 

(Weber et al., 1991, Weber et al., 1992), the Pt/Co(0001) interface (Weber et al., 1993), 

the Ag/Fe(001) interface (Brookes et al., 1994) and Ru and Rh deposited on Co(0001) 

(Rampe et al., 1995).  In general these studies all identified a moment on the interfacial 

overlayer atoms but the induced polarization rapidly decayed away with deposition of 

subsequent overlayers. 

More recently Qiu and coworkers have continued to investigate the properties of 

quantum well systems and their relationship to the oscillatory exchange coupling. (Zhang 

et al., 2000, Qiu and Smith, 2002, Wu et al., 2006).  In particular these authors have 

focused on the thickness dependence of the quantum well electronic structure (Rotenberg 

et al., 2006) and on the properties of double quantum well structures (Ling et al., 2002, 

Wu et al., 2006). 

There is also the possibility of quantizing the electronic structure of d-bands in a 

thin film.  The role of this has been explored in a SPPES study of chromium films grown 

on an Fe(001) whisker with particular reference to the oscillatory exchange coupling in 

Fe/Cr multilayers (Li et al., 1997).  In another PES study, Krajl et al. examined the 

quantization of the d-bands in silver films grown on an V(001) substrate (Krajl et al., 

2003).  The authors were successfully able to explain the quantum well structure both in 



terms of the phase models described above and in terms of tight-binding calculations.   It 

is interesting to speculate on the possible role of quantized d-bands in the multilayer 

structures.  Indeed it is known that scattering from a d-resonance at energy Ed can induce 

a phase shift δl such that (Harrison, 1980) 
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Thus the scattering induces a phase shift at energy E that increases from 0 to π over the 

range Γ of the resonance.  A phase shift of π will shift the quantum well states from one 

thickness dependent branch to the next.   

 

4.3.  Collective excitations and self energy effects 

In recent years the energy and momentum resolution of angle-resolved 

photoemission have improved to a degree that allows detailed studies of self energy 

effects.  Thus it has become routinely possible to study the lifetime and dispersion 

modifications associated with a variety of collective modes including phonons, spin 

excitations, and charge density waves.  In magnetic systems, with the added complexity 

of spin detection, the studies of magnetic systems have been considerably more limited   

Here we review the only detailed study of spin dependent self energy effects, namely a 

recent study of gadolinium.   The spin dependent electronic structure of this material had 

previously been studied extensively with spin-resolved photoemission.  

The ground state of gadolinium is ferromagnetic with a Curie temperature TC of 

293K.  The (0001) surface of this material has been shown both theoretically (Wu et al., 

1991) and experimentally (Li et al., 1991) to support a surface state derived from the Gd 

5d orbitals.  The state, which is spin polarized through an exchange interaction with the 



localized 4f orbitals has an important history and indeed it was spin-resolved 

photoemission studies of the surface state that finally confirmed that the surface moments 

were ferromagnetically aligned with the bulk of the material. (Mulhollan et al., 1992) 

The results of a more recent photoemission study of this same state held at 20K 

with both high energy and spin resolution are illustrated in figure 13. (Fedorov et al., 

2002)  As noted earlier, both experiment (Mulhollan et al., 1992, Li et al., 1993) and 

theoretical calculations (Wu et al., 1991) indicate that the surface state should be 100% 

majority spin, reflecting parallel alignment of the surface and bulk moments.  The 

coexistence of both spin components at the same energy in figure 13 is therefore an 

intrinsic property of the surface state arising from a combination of spin-orbit and spin 

exchange processes.  A simple model yields a polarization 22/ ζ+ΔΔ=P  for each 

quasiparticle state.  With a spin-orbit parameter ξ = 0.3 eV and an exchange splitting Δ = 

0.7 eV at 0K, we get a spin-orbit induced mixing R = (n/n-) = (1-P)/(1+P) ~ 5%.  This 

increases to 8% at T=150K as the exchange splitting between the occupied and 

unoccupied surface states gets smaller. Fedorov et al., 1994, Weshke et al., 1996)  

 Fitting the spectra in figure 13 with Lorentzian line shapes shows that the 

minority spin peak has a larger width than its majority spin counterpart, 116 meV as 

opposed to 86 meV.  Removing the contribution from the experimental resolution, these 

widths become approximately 105 meV in the minority spin channel and 70 meV in the 

majority channel.  Possible decay modes for either spin photohole can involve electron-

phonon, electron-magnon and electron-electron scattering.  Each of these different 

mechanisms will give distinct spin dependent contributions to the scattering rate. 

Electron-electron scattering by exchange processes favors the two holes in the final state 



being of opposite spin. (Sinkovic et al., 1995) From consideration of the total density of 

states in the spin channels, the authors of the spin resolved study estimated the scattering 

rate from the process to be equal for a majority spin hole and a minority spin hole. The 

electron-phonon and impurity scattering rate are proportional to the density of states at 

the hole binding energy for the same spin while the electron-magnon rate is proportional 

to the density of states for the opposite spin.  Since the majority-spin density of states is 

large while the minority-spin part is small and from consideration of the required 

momentum transfer, impurity and electron-phonon scattering should be more important 

in the majority spin channel. The observation that the minority spin channel is broader 

suggests electron-magnon scattering is the dominant decay mechanism.  At T=0K, the 

minority-spin component of a photo-hole can scatter to the majority spin component of a 

hole state higher in the surface band by emitting a spin wave (tilting the spins of the 

localized f-electrons). The corresponding spin- flip process is not available to the 

majority-spin component of the photo-hole at T=0 because the localized f-spins have 

saturated magnetization and are not able to tilt upwards when the hole tilts down. At 

higher temperatures, inelastic scattering can occur back and forth between the two spin 

channels mediated by the emission or absorption of magnons, but the minority-spin 

component always has the higher density of final states to scatter into. An approximate 

treatment (Allen, 2001) using the “s – f  ” Hamiltonian (Zener, 1951) found the result 
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for the decay of the minority (↓) spin component due to spin flip scattering with magnon 

emission. Here J is the s-f exchange parameter giving the exchange splitting 2JS =0.65 

measured for the surface state, m* = 1.21 is the effective mass measured for the surface 



band, and P(↑) = 0.87 is the experimentally measured majority component of the band.  

With S = 7/2 and a = 3.6 Å, ( ) 095.0/ =↓τh eV.  Conversely, replacement of P(↑) by P(↓) 

= 1 - P(↑) gives 014.0)(/ ≈↑τh  eV for the majority spin component.  Thus at low T, the 

majority spin channel is dominated by electron-phonon scattering whereas the minority 

spin channel is dominated by electron-magnon scattering. Based on the relative spin-

dependent densities of states it is possible to provide estimates of the contribution of 

phonon scattering in the two spin channels. These would be 46 meV in the majority spin 

channel and 10 meV in the minority spin channel, leaving approximately l0 meV in each 

channel due to impurity scattering.  This system has also been studied by the group of 

Kaindl using scanning tunneling spectroscopy. (Rehbein et al., 2003)  They arrived at 

slightly different values for the different contributions but also concluded that the 

occupied majority spin surface state preferentially decays via electron-phonon scattering.  

The important experimental observation in the study described above is that the occupied 

minority spin component of that state has a shorter lifetime.  The only way that that can 

occur is through the participation of magnon scattering. 

 

4.4.  Half-metallic ferromagnetic oxides 

Half-metallic ferromagnets (HMF) show in the ideal case a 100% spin 

polarization at the Fermi level EF.  The high polarization reflects a metallic density of 

states for one spin direction and a band gap for the other spin direction. This class of 

materials was first discovered via ab-initio calculations by de Groot et al. (de Groot et al., 

1983) for Mn-based Heusler alloys, such as NiMnSb. Besides the expectation for 

exceptional magnetooptical properties, these materials have recently attracted 



considerable attention because of their potential application in the field of spintronics 

(Pickett and Moodera, 2001). In principle, half-metallic ferromagnets are ideal spin 

injectors and detectors because under moderate voltage they can carry current of only one 

spin direction. A wealth of theoretical work has been devoted to the spin-dependent 

electronic structure of metal-based HMF (Kübler, 2003), (Wurmehl et al., 2005) or zinc-

blende chalcogenide HMF (Mavropoulos et al., 2005). Here we focus on transition metal 

oxide HMF, the existence of which, again, had all been predicted by ab initio electronic 

structure calculations. Examples include Fe3O4 (Yanase and Siratori, 1984, Zhang and 

Satpathy, 1991), CrO2 (Schwarz, 1986, Korotin et al., 1998), La1-xSrxMnO3 (Pickett and 

Singh, 1996) and Sr2FeMoO6 (Kobayashi et al., 1998). The experimental challenge ever 

since has been to prove the half-metallic nature of these ferromagnetic or ferrimagnetic 

materials. While this task would best be carried out using polycrystalline materials to 

yield an average over all k-states of the Brillouin zone, the experimental studies have 

mostly been aimed at using single crystalline material or thin epitaxial films. This was 

neccessary because the particular experimental techniques used for measuring spin 

polarization all show a subtle surface sensitivity. Among these are spin-polarized 

tunnelling into superconductors, superconducting point-contact spectroscopy using 

Andreev reflection, magnetic tunnel junctions and spin-polarized photoemission. While 

most of the techniques depend critically on interface qualities, photoemission relies 

particularly on ultra-clean surfaces. Another crucial point concerns the different nature of 

the electronic states probed by transport and by photoemission measurements. In this 

section we give an account of the progress made in the field of oxidic HMF using SPPES. 

 



i) Fe3O4 (111), (100): SPPES studies of magnetite (Fe3O4) began in 1975 (Alvarado et al., 

1975). The interpretation of the valence-band photoemission spectra has been a subject of 

controversial debate ever since (Alvarado et al., 1976, Alvarado and Bagus, 1978, Cai et 

al., 1998, Dedkov et al., 2002a, Dedkov et al., 2004, Fonin et al., 2005). Alvarado et al. 

performed the first SPPES measurements on cleaved Fe3O4 (100) single crystals. 

(Alvarado et al., 1975, 1976, 1978)  The spin polarization of the photoelectrons showing 

a maximum value of −60% near the Fermi energy EF was measured at 10K using an 

incident photon energy of 5 eV (Alvarado et al., 1976). From a single-ion-in-a-crystal-

field (SICF) model, a maximum value of P = −66.6% was obtained for the spin 

polarization at T=0K (Alvarado et al., 1976, 1978). This was considered to be in 

agreement with the measured value of −60%. However, subsequent spin polarization 

measurements on epitaxial thin films of Fe3O4(111) and Fe3O4(100) yielded at room 

temperature,  values of − (80±5) % and –(40-55)% near EF respectively (Dedkov et al., 

2002a, Morton et al., 2002, Huang et al., 2002, Fonin et al., 2005). Figure 14 shows in the 

left panel the spin-resolved photoemission intensities (▲ spin up, ▼ spin down) together 

with the total intensity (●) of Fe(110) (bottom) and Fe3O4(111) (top). The spin 

polarization is shown in the right panel for Fe(110) (■) and Fe3O4(111) (●). In both cases 

the spin polarization at EF is accidentally – 80%. For Fe3O4(111) this provided evidence 

closer to the theoretically predicted half-metallic nature of magnetite (Yanase and 

Siratori, 1984, Zhang and Satpathy, 1991), at least for the [111] direction. 

For the interface between a 25-nm thick Fe3O4(111) thin film and a 2-nm thick                  

γ-Al2O3(111) layer a negative spin polarization of  about −40% was found by SPPES 

(Bataille et al., 2006). 



Interestingly, for the (100)-oriented epitaxial thin films of Fe3O4 spin polarization 

values of only −(40–55) % near EF were obtained (Morton et al., 2002, Huang et al., 

2002). These values are significantly lower than the −100 % predicted by local spin 

density approximation (LSDA) calculations for the bulk material (Zhang and Satpathy, 

1991) as well as the - (80±5) % measured at room temperature on the (111)-oriented 

Fe3O4 surface near EF (Dedkov et al., 2002a). The low value for the (100) surface was 

ascribed either to surface imperfection (Morton et al., 2002) or to strong electron 

correlation effects (Huang et al., 2002). Recent measurements of SPPES on epitaxial thin 

films of Fe3O4(100) gave a spin polarization of – (55 ± 10) % at EF (Fonin et al., 2005). 

In an effort to explain this result on the basis of density functional theory (DFT) and ab 

initio thermodynamics calculations it was discovered that the surface electronic structure 

of Fe3O4(100) differs distinctly from the bulk one. A 2( x 2 )R450 wavelike surface 

atom reconstruction due to a Jahn-Teller effect was found to lead to surface states in the 

majority spin band gap, resulting in a calculated spin polarization of – 40 % at EF (Fonin 

et al., 2005). However, for all of these comparisons between experiment and theory it has 

to be remembered that, except for the latter reference, the electronic structure calculations 

have been performed for the bulk material without taking account of subtle surface 

reconstruction and relaxation or charge redistribution effects, particularly for (100) polar 

surfaces. These surface effects certainly play an important role in VUV-PES and SPPES 

measurements. 

For correlated electron systems, such as Fe3O4, an atomic configuration-based 

approach had initially been chosen for the interpretation of the SP-PES data (Alvarado et 

al., 1976, 1978). Recent investigations (Cai et al., 1998, Dedkov et al., 2002a), however, 



showed that band dispersions (Yanase and Siratori, 1984, Zhang and Satpathy 1991) must 

be taken into account for the interpretation of photoelectron spectra of Fe3O4. In 

particular, surface symmetry-related band dispersions were identified for Fe3O4(111). 

Angle-resolved PES determinations of the electronic band structure of well-ordered 

Fe3O4(111) surfaces using synchrotron radiation (Dedkov et al., 2004) gave direct 

evidence for surface-Brillouin-zone (SBZ) symmetry-related contributions of the oxygen 

and iron sublattices. In the Μ−Γ  direction of the Fe3O4(111) SBZ, two types of 

dispersing states were identified. They originate from a periodic multilayered structure of 

iron and oxygen ions, with Fe2+ and Fe3+ cations incorporated into the close-packed fcc 

oxygen sublattice. For Fe3O4(100) a “wave-like” atom pattern observed by STM along 

the [110] direction (Tarrach et al., 1993, Stanka et al., 2000, Fonin et al., 2005) gave the 

first hint of surface reconstruction effects, which were finally corroborated by DFT 

calculations (Fonin et al., 2005).  Over a broad range of oxygen pressures, the modified 

B-layer bulk termination, consisting of oxygen and iron (FeB) in octahedral B-sites and 

showing a pairwise “wave-like” shift of iron atoms perpendicular to the B-rows, was 

identified as lowest energy configuration. As a consequence of this reconstruction, 

surface states appear in the band gap of the majority spin subband leading to a reduction 

of the spin polarization to about –40% at EF and a loss of half-metallicity of the 

Fe3O4(100) surface. These surface states are a hybridization of dx2 – y2 states of octahedral 

iron in the surface layer and px, py states of the surface oxygen without a subsurface 

tetrahedral iron neighbor.                                

 
ii) CrO2(100): In spite of applications in magnetic tapes and potential use for magneto-

optical storage, the electronic structure of CrO2 was theoretically predicted only in 1986 



using the local spin density approximation (LSDA) to DFT (Schwarz, 1986). The first 

SPPES investigations revealed a spin polarization of up to 90% near 2 eV binding energy 

below EF (Kämper et al., 1987). No spin analysis using a 100-kV Mott spin detector 

(Kisker et al., 1982) was feasible at the time between EF and 2 eV binding energy 

because of the low photoemission intensity. The low emission intensity was attributed to 

oxygen deficiencies. However, high quality epitaxial thin films of CrO2(100) grown on 

Ti(100) single crystal substrates showed a spin polarization of up to 95% at  EF  (Dedkov 

et al., 2002b). Figure 15 shows in the right panel the spin polarization as a function of 

binding energy of an epitaxial CrO2(100) film (a) after Ar+ sputtering for 210 secs at 500 

eV and (b) after 750 secs sputtering and an additional annealing treatment at 150 °C for 

12 hrs. The left panel shows spin-polarized photoemission spectra (▼spin down, ▲ spin 

up) and total photoemission intensity (●). The value of P = 95 % at EF in figure 15a 

agrees with measurements using superconducting point contact spectroscopy (Soulen et 

al., 1998, Ji et al., 2001). The good agreement between spin polarization values from 

photoemission and transport measurements has to be attributed to the unsusually strong 

2p(O)-3d(Cr) hybridization found in electronic structure calculations based on LSDA+U 

(Korotin et al., 1998). A value of 90% spin polarization for unoccupied states above EF 

was also found using spin-resolved O 1s X-ray absorption spectroscopy (Huang et al., 

2003). These data give evidence that the presence of holes in the oxygen band prevents 

CrO2 from being an insulator and supporting the notion that the material is a self-doped 

or p-type metal (Korotin et al., 1998). 

The shoulder in the photoemission intensity in figure 15a,b, which becomes most 

pronounced after sputtering for 750 sec, has been associated with the localized Cr(3d) 



states. These, however, were found in LSDA+U calculations (Korotin et al., 1998) to be 

near 1 eV binding energy. The photoemission intensity near 2 eV was more recently 

attributed to emission from the Cr2O3 surface layer (Chang et al., 2005). This conclusion 

was reached on the basis of magnetic circular dichroism (MCD) in resonant 

photoemission studies with hν tuned to the Cr 2p absorption edge. The energy positions 

of the Cr 3d bands in CrO2 are then determined with no contribution from 

antiferromagnetic Cr2O3. However, this conclusion contradicts the finding of the peak at 

2 eV binding energy after prolonged sputtering (750 sec), removing all Cr2O3 (Dedkov et 

al., 2002b). Hence the peak at 2 eV is of intrinsic origin, most likely associated with the 

lower Hubbard band (LHB).  The upper Hubbard band (UHB) may be evident in the 

atomic-like Cr 3d state observed in spin-resolved O 1s X-ray absorption near 0.6 eV 

above EF (Huang et al., 2003).  These observations combined give a Coulomb correlation 

energy U in agreement with the value U = 3 eV used in LSDA+U electronic structure 

calculations (Korotin et al., 1998). Further, in agreement with these calculations, a more 

localized Cr 3d derived spectral weight near 1 eV is found by MCD in resonant 

photoemission (Chang et al., 2005). In the most recent bulk sensitive PES measurements 

using hard X-rays (HAX-PES, hν = 7942 eV) (Suga, 2006) dispersionless Cr(3d) states 

were found near 1 eV binding energy.  Most interesting in the HAX-PES measurements 

is the rather small spectral weight near EF, similar to the previous VUV-PES data by 

Kämper et al. (Kämper et al., 1987). This is in strong contrast to a theoretical study using 

LSDA+DMFT (dynamic mean field theory) and applying the iterated perturbation theory 

(IPT) as “Anderson-impurity solver” to the multi-orbital case (Craco et al., 2003).  In this 

calculation CrO2 is found to exhibit a rather unusually high density of states at EF. The 



authors stress the importance of dynamical correlation leading to a collective orbital 

Kondo effect and the emergence of a correlated Fermi liquid scale. However, the puzzle 

of the low intensity or missing Fermi edge in the earlier surface-sensitive VUV (hν = 

21.2 eV) photoemission data (Kämper et al., 1987) has recently been attributed to a 

surface relaxation of CrO2(100) deduced from LSDA-based first principles calculations 

(Hong and Che, 2006). The distorted tetrahedral oxygen coordination of each surface Cr 

ion gives rise to an inversion of the t2g-eg  splitting of the Cr 3d orbitals, with EF lying in a 

gap between the occupied eg and unoccupied t2g states for a local electronic structure at 

the surface. For future photoemission intensity calculations of CrO2 it appears 

indispensable to apply computational schemes merging the local density approximation 

(LDA) with dynamical mean-field theory (DMFT) and using quantum Monte-Carlo 

simulations (QMC) to solve the effective Anderson impurity model of  DMFT. 

 
iii) Manganites: The manganite class of materials is unusual not only because of the 

occurrence of the colossal magnetoresistance (CMR), but also because of its dense 

granular magnetoresistance, and the development of concepts like double exchange and 

Jahn-Teller polarons. The rich electronic phase diagrams reflect the fine balance of 

interactions which determine the electronic ground state. The different competing, novel 

phases, including orbital order and orbiton excitations, arise from an interaction between 

different microscopic degrees of freedom, including charge, spin, orbitals and lattice. The 

most straightforward evidence of a minority spin gap and a concomitant 95% spin 

polarization near EF was obtained in La0.7Sr0.3MnO3 at 40 K by means of SPPES (Park et 

al., 1998). This observation was consistent with first principles calculations of La1-

xCaxMnO3 (Pickett and Singh, 1996). Figure 16 shows the temperature dependence of the 



spin polarization of the Mn 3d states, eg at 1.0 eV binding energy and t2g at 2.2 eV 

binding energy, obtained with hν = 40 eV (Park et al., 1998). The half-metallic nature of 

La0.7Sr0.3MnO3 had a crucial impact on spin-polarized tunneling into Co through a SrTiO3 

tunnel barrier (de Teresa et al., 1999). 

 
4.5  Ferromagnet-oxide interfaces 

Interfaces between electrodes of itinerant ferromagnets and insulating oxide 

layers play a decisive role in magnetic tunnel junctions (MTJs), giving rise to the tunnel 

magnetoresistance (TMR). A most prominent and successful example is 

Fe(100)/MgO(100)/Fe(100), which was theoretically predicted to yield a TMR of the 

order of about 1000 % (Butler et al., 2001, Mathon and Umersky, 2001). The presently 

highest TMR values that have currently been achieved experimentally are 220% at room 

temperature (300% at 4K) for sputtered and textured Fe(100)/MgO(100)/Fe(100) (Parkin 

et al., 2004) and 180% at room temperature for epitaxial, MBE grown 

Fe(100)/MgO(100)/Fe(100) (Yuasa et al., 2004). Other materials combinations yielded 

260% at RT (361% after annealing; 403% at 5 K) for CoFeB/MgO/CoFeB (Hayakawa et 

al., 2005, Lee et al., 2006) and 410% at room temperature (507% at 20K) for bcc 

Co(001)/MgO(001)/Co(001) (Yuasa et al., 2006).  

 
i) Fe/MgO:  However there also appears to be a problem with the formation of a sub-

monolayer (ML) of FeO at the Fe/MgO interface (Meyerheim et al., 2001, Meyerheim et 

al., 2002), which may be responsible for reduced TMR values (Zhang et al., 2003). The 

formation of FeO at the interface of MBE grown Fe(110)/MgO(111) could be identified 

via STM  as well as by SPPES (Dedkov et al., 2006). Figure 17 shows the spin-resolved 



photoemission spectra (left panel) as well as the spin polarization (right panel) for clean 

Fe(110) and the same with 2Å MgO and 5Å MgO overlayers (from bottom to top).  With 

increasing overlayer thickness the polarization is attenuated from -80% to -50% and -

20%, respectively. This attenuation of the spin polarization as a function of thickness of 

the MgO overlayer is represented in figure 18.  

 In figure 18 exponential fits to the experimentally observed depolarization of 

electrons (P0 = 23.5%) excited by circularly polarized light (hν = 3.05 eV) in germanium 

after traversing an evaporated overlayer of Ni (dashed line), Gd (dotted line), and Ce 

(dot-dashed line) are shown. All curves show an exponential dependence of the 

polarization on the thickness of the overlayer possessing valence d-electrons in the 

vicinity of EF.  The mean free path for spin-flip scattering decreases as a function of the 

number of unoccupied d states in the valence band from Ni via Gd to Ce (Ni: two 

unoccupied d orbitals, 4s23d8; Gd: nine unoccupied d orbitals, 6s25d1; Ce: ten unoccupied 

d orbitals, 6s25d0) (Meier et al., 1984). The reference curves for the Gd/Ge and Ce/Ge 

systems are very close to the experimentally observed sharp decrease of spin polarization 

in the MgO/Fe(110) system and can qualitatively be used as additional argument for the 

presence of a depolarizing FeO layer at the MgO/Fe(110) interface, i.e. spin scattering 

into the four unoccupied d orbitals of Fe2+ (3d6) in FeO. The comparison is only 

qualitative with respect to the absolute number of hole states as there may be additional 

spin-scattering at the FeO/MgO interface. The presence of such an FeO interfacial layer 

and the increase of the FeO layer thickness at the MgO/Fe interface with increasing MgO 

layer thickness is supported by AES and STM measurements (Dedkov et al., 2006). For 



these MTJs values of the TMR at RT of 32% (54% at 1.5 K) were obtained (Guerrero et 

al., 2005, Hauch et al., 2006). 

The influence of MgO overlayers deposited on 16 ML Fe grown on GaAs(100) 

has been investigated for direct transitions between different symmetry Fe bulk and final 

states by means of SPPES (Matthes et al., 2004). A spin-dependent attenuation for direct 

transitions related to Fe bulk initial states has been observed as a function of the MgO 

thickness. 

 

ii) α-Al2O3/Fe(110): The optimization of the oxidation process of thin Al films deposited 

on an Fe(110) surface was characterized in a spin-, angle-, as well as energy-resolved 

photoemission study (SPARPES) of the valence band (Dedkov et al., 2002c). The spin-

resolved spectra together with the total intensity and the spin polarization respectively, as 

a function of the binding energy for W(110), Fe(110), 7Å Al on Fe(110) as well as α-

Al2O3/Fe(110) are presented in figures 19(a) and 19(b). For the 7Å-Al/Fe system the spin 

polarization near EF is decreased from -80% characteristic of the clean Fe(110) surface to 

about -(35±5)%. Aluminum has no d electrons in the valence band and, therefore, the 

scattering of spin-polarized electrons from the valence band of Fe can be described by the 

spin-averaged scattering cross section (Siegmann, 1994). The spin polarization of 

photoelectrons for adlayer/ferromagnet systems can be calculated (Siegmann, 1994) by 

P=P0 exp(-d·σ), where P0= -80% is the polarization of the pure Fe(110) film, d the 

thickness of the adlayer (7Å for Al and 13 Å for 1 ML of α-Al2O3), and σ the total 

scattering cross section, which in our case is equal to the spin-independent part of σ, σ0 = 

1/8 Å-1 for both materials (Al and Al2O3) without d-electrons in the valence band 



(Siegmann, 1994). In this case the spin polarization would be attenuated to (-33%) which 

is in reasonably good agreement with the value of – (35±5) % observed experimentally.  

 The spin-resolved spectra following oxidation of the 7-Å thick Al layer on 

Fe(110) via subsequent annealing at 250 °C are presented in figure 19(a) (top curves). 

The spin polarization of the α-Al2O3 /Fe(110) system decreases to - (15±5) % near EF. 

The reason for the decrease of the spin polarization can be due to additional attenuation 

of the spin-polarized photoelectrons by the Al2O3 layer with an estimated thickness of 11 

Å, close to the thickness of 1 ML of α-Al2O3. The estimated spin polarization of 1 ML α-

Al2O3/Fe(110) is -17%, which is in the range of the experimental value of - (15±5) %. 

The spin polarization of -15% in the α-Al2O3/Fe(110)/W(110) system obtained by 

SPARPES is in contrast to the positive value determined by spin-polarized tunneling into 

superconductors (Merservey and Tedrow, 1994). For the photon energy of hν=21.2 eV, 

the cross section of the photoemission process from the valence band of Fe is larger for 

3d electrons than for 4s electrons. Therefore, an attenuation of the negative spin 

polarization of Fe without change in sign, due to the coverage with α-Al2O3 can be 

described by the spin-independent part of the scattering cross section (Siegmann, 1994).  

In tunneling experiments 4s electrons from the valence band of Fe have a higher 

tunneling probability in comparison with 3d electrons.  It is the participation of the 4s 

electrons that explains the positive sign of the spin polarization as calculated (Tsymbal 

and Pettifor, 1997) and experimentally observed (Meservey and Tedrow, 1994) for 

tunneling from the ferromagnet into the superconductor. 

 

4.6  The Antiferromagnetic Cuprates: 



The origin of the high Tc superconductivity observed in the cuprates presents one 

of the greatest challenges in condensed matter physics today.  As such it is particularly 

important to understand the nature of the low-energy excitations in these materials.  It is 

generally accepted that the superconductivity in the cuprates evolves from a parent 

insulating state by doping carriers into the 2-dimensional CuO2 planes. The ground state 

of the parent compound is an antiferromagnetic Mott insulator.  With doping, the systems 

move from the antiferromagnetic state to a regime where superconductivity is possible.  

Cluster calculations indicate that the ground state associated with the CuO2 planes 

consists of a linear combination of 3d9 and 3d10L states, and the photoemission final state 

as a combination of 3d8, 3d9L and 3d10L2 states, where L denotes an oxygen ligand hole 

orbital.  Most theories predict that the 3d8 states close to the Fermi level are of local 

singlet character rather than the high spin triplet state favored by Hund’s first rule. 

 To investigate this possibility Tjeng and coworkers have used incident circularly 

polarized light and spin-resolved the electrons emitted in a resonant photoemission 

process involving the 2p spin-orbit split core level (L.H. Tjeng et al., 1997, L.H. Tjeng et 

al., 1999, L.H. Tjeng et al., 2001).  The authors of these studies point out the critical 

importance of initially exciting from the spin-orbit split core level.  In the absence of such 

an excitation the measured polarization from the valence bands would be zero for an 

antiferromagnetic material.  The results of their study of optimally doped 

Bi2Sr2CaCu2O8+δ (Brookes et al., 2001) are shown in figure 20, which shows the spin-

integrated photoemission spectrum, the same spectrum resolved into triplet and singlet 

contributions and the measured spin polarization.  The latter polarization, defined as (↑↑-

↑↓)/( ↑↑+↑↓) where ↑↑ refers to parallel alignment of the photon spin and electron spin, 



σ+e↑ + σ-e↓, and ↑↓ refers anti-parallel alignment of the same, σ+e↓ + σ-e↑, is calculated to 

be 5/6 or 83.3% for pure singlet states and -1/3*5/6 or -27.8% for triplet states.  It is clear 

from the lower panel of figure 20 that the measured polarization provides strong evidence 

for the presence of the so-called Zhang-Rice singlets (Zhang and Rice, 1988) in the 

vicinity of the Fermi level. 

 

5.0 Summary and future outlook 

We have seen that in the past 20 years the development and application of spin-

polarized photoemission has been extensive. Because of its sensitivity to the surface 

region it has offered a number of new insights into the electronic structure of 

ferromagnetic surfaces and thin films. Studies of the latter have been particularly relevant 

to understanding the properties of the GMR materials.  Further with the increased photon 

fluxes now available from synchrotron radiation sources it has become possible to 

develop new methodologies and extend the technique to the study of non-magnetic and 

antiferromagnetic materials.  We may anticipate still further developments in the future 

particularly in the area of development of more efficient spin polarimeters.  Such 

developments will allow experiments to be carried out with higher energy resolution than 

has been achieved to date.  Amongst other things this will make accessible studies of the 

fine details associated with magnetic anisotropies in thin films. We may also anticipate 

further developments in the combination of spin polarized photoemission and 

microscopy.  This will be particularly relevant as detailed studies of nanoscale systems 

are pursued, particularly with reference to materials investigated for their potential use in 

spintronics. 
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Figure Captions:- 

 

Figure 1.   A schematic of the photoemission process. The incident photon with energy 

ħω excites an electron from an initial state below the Fermi level EF to some final state 

above the vacuum level Evac. The left panel shows the electron originating either from the 

valence band or the more localized core level. The right panel displays the excited 

electron energy distribution in the final state. 

 

Figure 2.   A schematic of the direct k-conserving transition in the photoemission process. 

The incident photon excites an electron from an initial state Ei below the Fermi level EF 

to some final state Ef above the vacuum level EV. Spin conservation is maintained in the 

transition. 

 

Figure 3.  Overview of a spin-resolved spectrometer system.  A Mott spin polarimeter is 

coupled to a hemispherical electron energy analyzer via an input lens.  An electron 

multiplier array assembly located in the exit plane of the energy analyzer is 

used for non-spin-resolved multichannel detection.  

 

Figure 4.  Cross-sectional view of the Mott spin polarimeter with enlarged 

conic-type collection angle. Only one pair of electron multipliers is shown; 

the other pair is located in the perpendicular plane. 

 



Figure 5.   Total scattering cross section σ = 1/λ in nm-1 against the number of 

unoccupied d-orbitals for the transition metals indicated. The data are obtained by 

analysing the electron spin polarization in overlayer films and are valid for electron 

energies within 5 eV of the vacuum level. 

 

Figure 6.  Experimentally determined E vs k dispersion for the surface state at the center 

of the zone on a Au(111) surface.  The measured data points are indicated by the open 

circles and filled triangles; the solid and dashed lines are parabolic fits. The fit results are 

(eV and Å-1): E1(k) = 15.2(k - 0.0117)2 - 0.416, and E2(k) = 15.3(k + 0.0117)2 - 0.418. 

(From La Shell et al., 1996) 

 

Figure 7.  Spin-resolved photoemission spectra from the Au(111) surface state at various 

polar emission angles.  The photon energy was ħω = 21.1 eV.  The spin assignment was 

determined from the transverse in-plane component of the polarization vector. Spin-up 

and spin-down intensities are marked with filled and open triangles, respectively. (From 

Hoesch et al., 2004) 

 

Figure 8.  Graphical solutions (full circles) for the energies of quantum well states of Ag 

overlayers on Fe(001) using the phase accumulation model. Full bold waves represent the 

phase 2πn−φC−φB and dashed curves represent the quantum well phase accumulation 

m2ka. States characterized by the quantum number v = (m − n) are connected by the full 

thin curves. (From Smith et al., 2004) 

 



Figure 9.   Spin-integrated photoemission spectra recorded from silver films deposited on 

an Fe(001) substrate.  The different film thicknesses are indicated. 

 

Figure 10.  Energy bands of Fe and Ag along the Δ direction for both minority and 

majority spins.  The toned areas indicate the range of the s-d hybridization gap in Fe for 

states of Δ1 symmetry. 

 

Figure 11.  (a) Oscillations in the inverse photoemission intensity at EF for copper films 

deposited on a fcc Co(001) substrate from the study of Ortega et al (1993). (b) Results of 

a Kerr effect study showing the oscillatory antifferomagnetic coupling in Cu/Co(001) 

multilayers as a function of the copper thickness from the study of Qiu et al (1992). 

 

Figure 12.  Spin-resolved photoemission spectra recorded from two, six and eight 

monolayer thick copper films deposited on a fcc Co(001) substrate. The minority and 

majority spin spectra are represented by the open and full diamonds, respectively. The 

spectra are recorded for photoelectrons emitted along the surface normal. 

 

Figure 13   Spin-resolved photoemission spectra recorded from the Gd(0001) surface at 

20 K. The upper and lower spectra represent the emission in the majority- and minority-

spin channels, respectively.  The lines indicate Lorentzian fits to the spectra 

superimposed on appropriate backgrounds. The inset shows the relative intensities in the 

two spin channels. 

 



Figure 14   Left panel: Spin-resolved photoemission intensities (Δ spin up, ▼ spin down) 

measured at hν = 21.2 eV together with the total intensity (●) of 5 nm thick Fe(110) 

(bottom) and Fe3O4(111) (top), obtained by oxidizing Fe(110) in oxygen atmosphere at 

2500C. Right panel: Spin polarization of Fe(110) () and Fe3O4(111) (●). (Dedkov et al., 

2002a) 

 

Figure 15.  Right panel: Spin polarization as a function of binding energy of an epitaxial 

CrO2(100) film (a) after Ar+ sputtering for 210 s at 500 eV and (b) after 750 s sputtering 

and an additional annealing treatment at 150 °C for 12 h. Left panel: Corresponding spin-

polarized photoemission spectra at hν = 21.2 eV (  spin down, ▲ spin up) and total 

photoemission intensity (●). (Dedkov et al., 2002b) 

 

Figure 16.  Temperature dependence of spin polarization of Mn 3d states, eg at 1.0 eV 

binding energy and t2g at 2.2 eV binding energy obtained with hy = 40 eV. The inset 

shows the spin-polarized photoemission spectra for the majority and minority spins and 

the difference at 40 K; after (Park et al., 1998) 

 

Figure 17   Left panel: The spin-resolved photoemission spectra (▼spin down, Δ spin up) 

together with the total emission intensity (●) of Fe(110), 2 Å MgO on Fe(110), and 5 Å 

MgO on Fe(110) (from bottom to top). Right panel: The spin polarization as function of 

binding energy of a 50-Å thick Fe(110) film (■), 2 Å MgO on Fe(110) ( ), and 5 Å 

MgO on Fe(110) (●). (Dedkov et al., 2006) 

 



Figure 18.  The change of the normalized spin polarization at EF of the MgO/Fe(110) 

system with increasing MgO layer thickness. The spline fit to the experimental data is 

shown by a solid line. The reference curves for depolarization of polarized electrons (P0 

= 23.5%) optically excited in germanium after traversing an evaporated overlayer of Ni 

(dashed line), Gd (dotted line), and Ce (dot-dashed line) are taken from (Meier et al., 

1984). (Dedkov et al., 2006). 

 

Figure  19 (a) The spin-resolved photoemission spectra (▼spin down, Δ spin up ) 

together with the total emission intensity (●) for W(110), Fe(110), 7Å Al on Fe(110), and 

approximately 1 ML Al2O3 on Fe(110). (b) The spin polarization as function of binding 

energy of a 50-Å-thick Fe(110) film (■), 7Å Al on Fe(110) (▲), and approximately 1 

ML α-Al2O3 on Fe(110) (●). (Dedkov et al., 2002c). 

 

Figure 20.  Spin-polarized photoemission spectra from Bi2Sr2CaCu2O8+δ. (a) The spin-

integrated resonant photoemission spectra taken at the Cu L3 absorption edge (full line). 

The symbols show the integrated spectra separated into its singlet (■) and triplet (▲) 

components. (b) The measured spin polarization corresponding to the spectra in panel (a). 
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