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This article presents a brief review of insights gained about metallic ferromagnetism using

spin-polarized electrons as probes. In ferromagnets, the electronic structure is spin-polarized

because of the exchange interaction, allowing the fundamental properties of ferromagnets to be

measured by spin-polarized versions of techniques such as photoemission and inverse photoemission.

Not only can the static electronic structure be measured, but also magnetic excitations can be

measured using spin polarized versions of techniques like electron energy loss spectroscopy.

Further, since the polarization is a vector, mapping it maps the underlying domain structure

of the ferromagnet. A brief discussion is presented of both early and contemporary

applications of spin polarized measurement techniques and what has been learned.

[doi:10.1063/1.3537960]

I. INTRODUCTION

Various types of electron spectroscopy and microscopy

have provided us with enormous insight into metallic ferro-

magnetism. Since the ordering of electron spins is at the

heart of ferromagnetism, it is not surprising that electron

probes that give information about the spin state are particu-

larly useful. In this brief review, I limit the scope of the dis-

cussion to electron probes where either the incident electron

is spin polarized or the spin polarization of electrons emitted

after excitation is measured. I do not discuss other very use-

ful probes of ferromagnetism, also involving electrons, such

as x-ray magnetic circular dichroism and photoemission

electron microscopy in which the spin dependence relies on

the incident photon polarization. An in depth discussion of

such photon based techniques and further exposition of spin-

polarized electron probes can be found elsewhere.1

The elemental room temperature ferromagnetic metals

Fe, Co, Ni, and their alloys dominate technological applica-

tions, particularly in electronics and information storage.

The discovery of giant magnetoresistance2,3 (GMR) has led

to an explosion of applications using GMR and subsequently

tunneling magnetoresistance, most dramatically in hard drive

read heads. Ferromagnetic metals are also important in con-

junction with semiconductor spintronics for spin injection

through a tunnel barrier or over a Schottky barrier, and many

device concepts rely on spin filtering by a ferromagnetic

layer or spin valve. The use of currents to reorient magnet-

ization by spin transfer torque opens up the possibility of

new devices for memory, and other spintronics applications.

II. SPIN DEPENDENT ELECTRONIC STRUCTURE

Spin dependent photoemission spectroscopy (PES) and

inverse photoemission spectroscopy (IPES) have become im-

portant probes of the electronic structure of ferromagnets. In

PES an incident photon excites an electron which is detected.

Measuring the spin requires a spin analyzer. Spin analyzers

used to measure the spin polarization of photoemitted elec-

trons rely on an asymmetry in the scattering of electrons from

a target caused by either the spin-orbit interaction or the

exchange interaction. Traditionally, spin analysis has been

achieved with a Mott detector4,5 in which an asymmetry due

to the spin-orbit interaction is measured when electrons are

scattered at high energy (�100 keV) from a high atomic num-

ber target such as gold. Numerous configurations of the Mott

detector have been developed, including those that operate at

lower energy.6–9 Spin analyzers based on exchange scattering

at a ferromagnetic surface can be relatively efficient and are

particularly well suited to experiments where the electron

beam is well resolved in energy and angle.10–12

Early spin polarized photoemission experiments used 100

keV Mott scattering to measure the polarization of the total elec-

tron current near photothreshold without energy analysis.13–15

The polarization is defined as P¼ (nþ� n�)=(nþþ n�), where

nþ(n�) are the number of electrons with spin parallel (antipar-

allel) to a quantization direction. Here we define nþ as the

number of electrons with spin in the direction of the majority

electrons in the ferromagnet. The polarization of photoelec-

trons emitted from a Ni(100) single crystal near photothres-

hold was found to be negative.14 This means that the electrons

at the Fermi energy, those excited to photothreshold, are pre-

dominantly minority spin as expected from band structure cal-

culations for Ni. Spin polarized photoemission measurements

soon developed to resolve energy, angle, and spin.16 Such

detailed measurements of the spin dependent electronic struc-

ture of Ni(110) highlight the importance of correlation effects

which are not adequately treated in band calculations.17 The

reduction in d bandwidth is found to be larger in the majority

spin spectra, and the exchange splitting is found to be k-de-

pendent. Of particular interest is the behavior at finite temper-

atures. In Ni, the exchange splitting near TC was observed to

collapse,16 but in Fe the d band peak positions remained

nearly stationary with increasing temperature while the spin

polarization of the peaks decreased.18 Spin-resolved two-pho-

ton photoemission using image potential states as sensors
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recently probed the magnetic order in a two monolayer Fe

film below and above the Curie temperature.19 Although the

long range magnetic order vanishes at the Curie temperature,

the data give clear evidence for local magnetic order persist-

ing well above TC. Such results challenge electronic structure

calculations which must go beyond an independent particle

approximation to obtain a unified picture of an itinerant ferro-

magnet with strong electron correlation.

Early spin polarized photoemission measurements,

which established the predominance of minority electrons at

the Fermi level, seemed to conflict with spin dependent tun-

neling results20 from Ni into a superconducting Al thin film,

which showed that the current carriers were predominantly

majority spin electrons. While puzzling at the time, we now

understand that the polarization of the tunneling current

includes factors of the Fermi velocity and is different than

the polarization of the density of states probed in photoemis-

sion.21 This understanding of the variety of polarizations is

important in present day investigations of spintronic devices.

Inverse photoemission spectroscopy can measure the

spin-dependent electronic structure of the unfilled states if the

electron beam exciting the photon is spin-polarized. While

there are a number of ways to form a spin-polarized electron

beam,22 the best source of spin-polarized electrons relies on

photoemission from negative electron affinity GaAs. In the

GaAs polarized electron source, circularly polarized light

excites electrons from the top of the spin-orbit split valence

band to the bottom of the conduction band. Selection rules are

such that up to 50% polarization is possible.23 Polarization

approaching 100% is possible if the degeneracy of the light-

hole and heavy-hole bands at the valence band maximum is

lifted, for example, by straining the GaAs layer.24 The ability

to modulate the spin-polarization of the electron beam parallel

or antiparallel to the sample magnetization, by simply switch-

ing the helicity of the incident photons, makes it possible to

pick out small spin-dependent effects. The same type of opti-

cal pumping in GaAs is important for creating and studying

spin-polarized electrons in materials and devices for

spintronics.25

The first spin-polarized IPES of a Ni(110) surface, shown

in Fig. 1,26 exhibits a peak in the photon intensity N�, which is

due to transitions of incident minority spin electrons to final

states above EF, but not in the Nþ photon intensity. This differ-

ence clearly indicates that the unfilled d-band states in Ni that

give rise to the ferromagnetism are of minority character. In

subsequent measurements, the unfilled magnetic states in Ni

along the X-W direction were measured as a function of tem-

perature with spin-polarized IPES.27 The data show the minor-

ity and majority spin peaks merging with increasing

temperature with the exchange splitting decreasing as the bulk

magnetization.28 Spin-polarized inverse photoemission studies

were also able to determine the spin-dependent features of sur-

face states and resonances, such as crystal-induced surface

states and image-potential-induced surface states.29 The spin

dependent properties at the surface vacuum interface, and like-

wise at an interface with another material, can be quite differ-

ent from the bulk and must be considered when seeking to

understand, for example, spin transport across an interface.

III. SPIN-DEPENDENT MEAN FREE PATHS

Spin-polarized electron measurements show that the elec-

tron mean free path is spin dependent, which causes ferromag-

netic metals to act as spin filters. Indications that the inelastic

electron mean free path is spin dependent were first observed

in measurements of the spin polarization of photoemission30

and secondary electron emission.31,32 A significant enhance-

ment of the spin polarization was found for secondary electron

kinetic energies less than about 5 eV seen in measurements of

Ni(110) (Ref. 32) shown in Fig. 2. Without spin filtering, one

would expect the secondary electron polarization to reflect the

polarization of the valence band of Ni given by P¼ nB/n
where nB¼ 0.51 is the spin part of the magnetic moment per

atom in Bohr magnetons at room temperature T, T/TC¼ 0.48,

and n¼ 10 is the number of valence electrons per Ni atom. In

FIG. 1. Inverse photoemission spectra for Ni(110) at an angle of incidence

of 20� show the photon intensity resulting from 9.7 eV transitions of incident

spin-polarized electrons to unfilled states just above the Fermi level.

Reprinted with permission from J. Unguris, A. Seiler, R. J. Celotta, D. T.

Pierce, P. D. Johnson, and N. V. Smith, Phys. Rev. Lett. 49, 1047 (1982).

Copyright VC 1982, The American Physical Society.

FIG. 2. Spin polarization of secondary electrons from Ni(110) as a function

of kinetic energy. The heavy solid line is the calculated spin polarization

including scattering of minority-spin electrons into empty d states. Reprinted

with permission from D. R. Penn, S. P. Apell, and S. M. Girvin, Phys. Rev.

Lett. 55, 518 (1985). Copyright VC 1985, The American Physical Society.

07E106-2 D. T. Pierce J. Appl. Phys. 109, 07E106 (2011)

Downloaded 01 Apr 2011 to 129.6.134.131. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



Fig. 2, above 5 eV, a polarization of about 5% at higher ki-

netic energy is observed as expected, except for some band

structure effects33 around 15 eV. The key to understanding the

increase in the polarization below 5 eV by about a factor of 3

is that minority spins are preferentially scattered out of the

secondary electron distribution due to the excess of unfilled

minority spin states.34 The positive polarization from the ma-

jority electrons is thus enhanced.

The electron mean free path is also quite short in the

energy range of experiments discussed here. Thus, the prob-

ing depth of electron spectroscopies, which is determined by

the inelastic mean free path of incident or emitted electrons,

is typically only a few atomic layers. Because of this, the

spectroscopic data can contain information from both bulk-

derived and surface-derived states and some care is neces-

sary to distinguish them.

The preferential filtering of minority spin electrons was

clearly demonstrated in spin-polarized photoemission meas-

urements of thin Fe films on Cu.35 Because the peaks in the

spectra due to photoelectrons from the Cu substrate and the

Fe overlayer occur at different energies, it was possible to

determine that the electrons originating in the Cu were spin

polarized after they had traversed the Fe overlayer. If the

inelastic mean free path (which is the attenuation length if

elastic scattering is negligible) is different for majority and

minority spin electrons, the individual spin currents meas-

ured in photoemission can be written Iþ,�¼ (1/2) I0 exp (�d/

kþ,�), where Iþ(I�) are the measured electron intensities

with spin parallel (antiparallel) to the majority spins in the

ferromagnet, d is the distance, and I0 is the unpolarized in-

tensity from the Cu. The selective absorption of minority

spin electrons in the Fe overlayer leads to a positive polariza-

tion of the Cu peak. The ratio of the majority electron mean

free path kþ¼ 0.58 nm to the minority electron mean free

path k�¼ 0.46 nm was found to be kþ/k�¼ 1.25 for an elec-

tron energy of 12 eV above the Fermi energy.

Spin filtering is important in solid state spintronic devices

designed to manipulate spin-polarized currents. In the spin

valve transistor36 ballistic electrons were injected from the Si

emitter over a Schottky barrier into the spin valve base and col-

lected over another Schottky barrier in the Si collector. The

electron energy of interest for spin filtering by the spin valve

base in this device is about 1 eV above EF. Measurements can

be made of the mean free path for electrons with energy 1 to 2

eV above EF if the injection into the ferromagnetic base is from

the emitter through a tunnel barrier and the bias between the

emitter and the base is varied. For example, at an energy of 1.4

eV above EF, kþ¼ 5.0 nm and k�¼ 0.9 nm for Co84Fe16, mak-

ing it a better spin filter than Ni81Fe19.
37 A recent application of

spin filtering demonstrated coherent spin transport in Si where

spin-dependent hot electron filtering through ferromagnetic

films was used for both spin injection and spin detection.38

IV. SPIN WAVES

Spin-polarized electron scattering from surfaces is pro-

portional to the ferromagnetic order at the surface and there-

fore can be used to measure surface hysteresis curves,39,40

the temperature dependence of the magnetization, and the

excitation of spin waves. When an electron scatters from a

surface, the unpolarized Coulomb scattering dominates.

Because the incident electron polarization can be repeatedly

reversed without otherwise disturbing the beam by simply

reversing the helicity of the light exciting the electrons in the

GaAs photocathode, it is possible using lock-in techniques to

measure a very small spin dependent asymmetry on a large

background of Coulomb scattering.

The decrease in the magnetization of a ferromagnet with

temperature up to about 0.3TC, is due to the excitation of long

wavelength spin waves or magnons. The temperature depend-

ence follows the Bloch T3=2 law M(T)=M(0)¼ 1� jBT3=2,

where B is a constant, and j¼ 1 for the bulk. At the surface,

the temperature dependence can be different. Because a spin

wave becomes a standing wave with an antinode at the surface,

the spin deviation is twice as large as the bulk. The decrease in

the surface magnetization with temperature was predicted to

decrease with the same power law but with j¼ 2 and hence

faster than the bulk.41,42 Several years after the predictions

were made, they were tested43 by measuring the spin-depend-

ent scattering asymmetry of a polarized electron beam. The

scattering asymmetry, proportional to M(T), followed a T3=2 fit

to the data with j¼ 3. The larger than predicted j could be

explained if the exchange coupling perpendicular to the surface

layer is less than the intraplanar exchange.44 Subsequent meas-

urements showed that adsorbates on the surface can alter the

exchange interaction parallel and perpendicular to the surface

and cause j to be greater than or less than 2.45

Measuring the spin wave dispersion of shorter wavelength

spin waves in ferromagnetic surfaces and thin films is a signifi-

cant challenge but is possible with polarized electrons. For some

years spin polarized electron energy loss spectroscopy

(SPEELS) has been used to measure Stoner excitations, an exci-

tation of an electron from a filled state in a majority band to an

empty state in the minority spin band.46,47 Recently, in a

SPEELS experiment with very high energy resolution and low

kinetic energy of the incident electrons, the spin wave dispersion

was measured without spin analysis of the scattered electrons.48

It is possible to distinguish spin excitations from vibrational

excitations by varying the polarization of the incident beam.

Only incident electrons with spin parallel to the minority spins

in the sample I� can excite spin waves. This process is illus-

trated in Fig. 3(a) for electrons scattering from an 8 monolayer

(ML) hcp Co film.49 The spin wave dispersion from many such

measurements is shown in Fig. 3(b) all the way to the boundary

of the surface Brillouin zone. The figure also includes previous

measurements from an 8 ML fcc Co film.48 The dashed lines,

which are the dispersion relations for an acoustic surface spin

wave mode calculated in the nearest-neighbor Heisenberg

approximation, are in good agreement with the data. The full

width at half maximum of the hcp Co spin wave peak, corrected

for experimental broadening, increases with scattering wave

vector indicating a short lifetime explained by rapid decay into

single particle Stoner excitations.50

V. SURFACE AND INTERFACE ANISOTROPY

In this and the next two sections, we discuss two very

powerful techniques to image magnetization, and demonstrate
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their efficacy with some examples. The first is spin-polarized

low energy electron microscopy (SPLEEM),51 which utilizes a

spin-polarized electron beam from a GaAs photocathode

directed to the sample surface at normal incidence. The dif-

fracted specular beam is magnified in an optical column to

form a real space image of the sample surface. Under appropri-

ate diffraction conditions, single layer height differences are

readily resolved. Contributions to the magnetic contrast come

from the spin dependent inelastic mean free path discussed in

Sec. III and the quasielastic exchange scattering discussed in

Sec. IV. Again, modulation of the spin polarization of the inci-

dent electrons allows the isolation of spin dependent effects.

SPLEEM can provide a magnetic image while following the

thin film growth layer by layer.

The strengths of SPLEEM are illustrated by measurements

of a spin reorientation transition, which occurs due to changes

in the balance of contributions to the total magnetic anisotropy.

The reduced coordination at the surface of a ferromagnet can

cause the surface anisotropy to be different from the bulk. The

anisotropy at a surface or interface is a delicate balance of elec-

tronic and structural effects such as strain. A large uniaxial ani-

sotropy, predicted for some ferromagnetic films, causes the

easy axis to be perpendicular to the surface.52 As the film thick-

ness is increased, the shape anisotropy becomes stronger and

causes a spin reorientation transition forcing the magnetization

to lie in the plane of the film. The anisotropy at interfaces of

thin films forming multilayers can be exploited to make materi-

als with perpendicular anisotropy such as CoPt and CoPd.53

SPLEEM provides a very sensitive way to observe a spin

reorientation transition. As an example, Co on Ru(0001) grows

layer-by-layer without intermixing. SPLEEM measurements

reveal two spin reorientation transitions.54 The first monolayer

is magnetized in plane; with the second layer added, the magnet-

ization orients perpendicular to the plane of the film; and with

the third and more layers the magnetization is again in plane.

Only for the 2 ML film does the interplay between strain, inter-

face, and surface effects lead to a perpendicular magnetization.

VI. MAGNETIC NANOSTRUCTURE

Another magnetic imaging technique is scanning elec-

tron microscopy with polarization analysis (SEMPA),55 in

which the spin polarization of secondary electrons excited

with a finely focused scanning electron microscope (SEM)

beam is measured to give high resolution images of the mag-

netic microstructure. SEMPA measures the direction of the

magnetization directly, independently of, but along with the

usual SEM topography image. The spatial resolution of

SEMPA is 10 nm, and the probing depth is 1 nm.

SEMPA can readily image the magnetic nanostructure

of a wide variety of materials and devices. When the energy

to form a domain wall is less than the stray field energy, the

ferromagnet breaks up into domains. In sub 100 nm struc-

tures of soft ferromagnetic materials, the energy cost to sup-

port multidomain structures becomes prohibitive. Circular

nanodisks, depending on the ratio of thickness to diameter,

can be single domain with magnetization in plane, out of

plane, or in a vortex configuration. SEMPA was recently

used to map out a phase diagram for such structures.56 The

vortex configuration is described by its chirality, the sense of

the circulation of the magnetization, and its polarity, the

direction of the perpendicular magnetization in the vortex

core. SEMPA measurements of the in-plane and out-of-plane

components of the magnetization were able to determine the

vortex chirality and polarity in a single measurement.57

VII. COUPLING OF MAGNETIC LAYERS

SEMPA measurements of indirect exchange in magnetic

multilayers quantify the dramatic oscillatory behavior. Ferro-

magnetic layers separated by a nonmagnetic layer can be

coupled ferromagnetically or antiferromagnetically, that is,

with magnetizations respectively parallel or antiparallel. In

high quality multilayers, the coupling oscillates with increas-

ing thickness of the spacer layer.58 Giant magnetoresistance

was discovered in such antiferromagnetically coupled

films.2,3 When a magnetic field causes parallel alignment,

there is a large drop in resistance. SEMPA measurements on

samples with nearly perfect interfaces confirmed theoretical

models for the strength and periodicity of the oscillatory cou-

pling. Theory suggests that the periods are determined by the

extremal spanning vectors of the spacer layer Fermi sur-

face.59 The strength depends on the Fermi surface geometry

and the reflection amplitudes for electrons scattering at the

interfaces between the spacer layer and the ferromagnetic

layers that produce quantum well states.60

An example of the precise determination of the periods

of oscillatory coupling is seen in measurements of a trilayer

consisting of an Fe(100) whisker, a linearly increasing thick-

ness (wedge) Au spacer layer, and an Fe top layer.61 The

Fe(100)=Au wedge=Fe overlayer structure is shown if Fig. 4.

A key to these measurements is the very flat Fe whisker with

terraces of order 1 lm.62 The Au growth is layer-by-layer. In

the SEMPA images of Fig. 4, white (black) indicates that Mx

is directed to the þx(�x) direction while the gray indicates

that Mx¼ 0; a similar definition applies to My. The periods of

the coupling were determined to be 2.48 6 0.05 layers and

8.6 6 0.3 layers in good agreement with expectations from

the Au Fermi surface.59 Similar very precise measurements

were made of the periods of oscillation for the case of a Cr

spacer layer.63,64 The strength of the coupling of Fe/Au/Fe

FIG. 3. (a) SPEELS spectra for Iþ and I� measured for a wave vector transfer

of 8.8 nm�1 on an 8 ML Co film. (b) Spin wave dispersion for 8 ML hcp Co on

W(110) and 8 ML fcc Co on Cu(100) measured by SPEELS. The dashed lines

are the dispersion relations for an acoustic surface spin wave mode calculated

using a nearest-neighbor Heisenberg model. Reprinted with permission from

M. Etzkorn, P. S. Anil Kumar, W. Tang, Y. Zhang, and J. Kirschner, Phys.

Rev. B 72, 184420 (2005). Copyright VC 2005, The American Physical Society.
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was determined with a combination of magneto-optic Kerr

measurements in a magnetic field and SEMPA and reflection

high-energy electron diffraction measurements to monitor the

quality of the trilayer structure.65 The coupling strengths meas-

ured for these nearly perfect samples substantially agreed with

calculations.66,67

VIII. OUTLOOK

Spin polarized electron spectroscopies have contributed

greatly to our understanding of metallic ferromagnetism and

should continue to do so. Further investigations of ultrafast

magnetization dynamics are expected.68 Spin polarized photo-

emission is being applied to numerous nonmagnetic materials.

Spin-resolved two photon photoemission has measured spin

injection efficiency and spin transport properties in an organic

semiconductor.69 Spin polarized photoemission has shown a

spin-orbit split and spin-polarized Fermi surface in quasi-free-

standing graphene.70 Finally, topological insulators are now

being investigated by spin-resolved photoemission.71,72
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