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Photoemission spectroscopy has been an active area of re-
search for almost a century. Einstein’s explanation of the pho-
toelectric effect was one of the early triumphs of the quantum
theory and earned him the Nobel prize. Even upon its initial
observation, researchers realized that the photoelectric effect
can provide important information about material properties.
In the ensuing years, the energy and angular distributions of
electrons photoemitted from solids have been investigated
with increasing interest. With the recent construction of
‘‘third-generation’’ synchrotron radiation facilities that may
be used as high-intensity, high-resolution, variable-energy
photon sources, there is no sign of this activity waning.

The tremendous utility of photoemission as a tool for mate-
rials analysis comes from the fact that the kinetic energy dis-
tribution of primary features in a photoemission spectrum is
directly related to the energy distribution of electrons in the
solid prior to photoexcitation. Since electronic structure gov-
erns all physical, chemical, electrical, and magnetic proper-
ties of a solid, photoemission can provide the essential under-
pinning to our understanding of how materials function in
practical applications. Moreover, most primary photoelectrons
originate within 1 nm to 2 nm of the sample surface. As the
critical dimension of a widening array of devices approaches
nanometer length scales, the region most directly probed by
photoemission is increasingly relevant. Even in applications
that do not demand materials control with nanometer toler-
ances, the interaction of a solid with its environment occurs
through the window of the surface. Understanding the nature
of this window is essential to understanding and predicting
device performance.

In this article, the basic processes and mechanisms of pho-
toemission are described, along with many of the most com-
mon applications for materials analysis. We refer the reader
to the bibliography for more extensive discussions of the top-
ics addressed in this work. We note that this list is a repre-
sentative sampling of the literature in the field and is by no
means intended to be an exhaustive compilation. In the sec-
tion entitled ‘‘The Basic Properties of the Photoemission Spec-
trum,’’ the basic properties of the photoemission spectrum are
discussed. The section entitled ‘‘Experimental Considera-
tions’’ describes experimental implementation of the tech-
nique, while the section entitled ‘‘Elementary Principles of
Photoemission’’ addresses the elementary principles of photo-
emission. Finally, in the section entitled ‘‘Applications of Pho-
toemission,’’ the most common uses of photoemission spec-
troscopy are discussed, including core-level, valence-band,
spin-polarized, and angle-resolved photoemission as well as
inverse photoemission spectroscopy.

THE BASIC PROPERTIES OF THE PHOTOEMISSION SPECTRUM

The close relationship between the photoemission spectrum
and the electronic states of a solid is illustrated in Fig. 1.
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mary electrons have less kinetic energy than those originat-
ing from EF. The difference between the high energy cut off of
the spectrum and the kinetic energy of an emitted primary
electron is called the binding energy:

EB = (�ω − �) − EK (2)

As indicated by Fig. 1, the binding energy is associated with
the energy of the electron prior to excitation. Typically, less
energy is required to eject an electron from the valence band,
so often a UV photon is employed and one speaks of ultravio-
let photoemission spectroscopy (UPS). To study core levels,
excitation by X rays is typically needed and the associated
analytical technique is called X-ray photoelectron spectros-
copy (XPS). The possible sensitivity of core-level binding en-
ergy to the environment of the atom is indicated by an energy
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Figure 1. The relationship of photoelectrons to the electronic struc- Two other photoelectron-based techniques, Auger electron
ture of a solid. Energetically, the electronic states of a solid can be spectroscopy (AES) and inverse photoemission (IPE) spectros-
divided into two types, the loosely bound valence levels and the copy, are summarized in Fig. 2. The Auger effect is a relax-tightly bound core levels. If an electron of the solid is excited by a

ation process initiated by the creation of a core hole. If thephoton of sufficient energy, the electron will be emitted as a photo-
core hole in the atom has energy Ec, and the two holes left inelectron. Since all the energy of the photon is given to the photoelec-
the final state have energies Ei and Ej, then energy balancetron, one can directly relate the kinetic energy distribution of photo-
gives Ei � Ej � EA � Ec, where EA is the kinetic energy of theelectrons to the energy distribution of electrons in the solid.
Auger electron. Solving for EA we find EA � Ec � (Ei � Ej).
This relationship shows that the kinetic energy of the Auger
electron is independent of how the core hole is created. AsTypically, the occupied states are conceptually divided into
such, an Auger feature can be identified in a photoemissiontwo parts: (1) the valence band, which contains the electrons
spectrum because its kinetic energy is independent of thethat determine the bonding, chemical, electrical, optical, and

magnetic properties of the solid, and (2) the core levels, which
are filled, largely inert orbitals which, even in the solid state
environment, are only moderately changed from their atomic
character. When an ultraviolet (UV) or X-ray photon is ab-
sorbed by an atom in a solid, an electron is excited and, if it
has sufficient energy, may escape the solid. This emitted elec-
tron is called a photoelectron.

Figure 1 shows how the kinetic energy of a photoelectron
is related to the energy of the electron before excitation. To a
first approximation, there are two contributions to the kinetic
energy distribution of emitted electrons: primary emission
and secondary emission. Primary emission consists of those
photoelectrons that escape the solid without suffering inelas-
tic collisions. Secondary emission contains electrons that have
lost energy before emerging from the solid. Primary photo-
emission typically is superimposed on a background of sec-
ondary electrons. In principle, it is not possible to distinguish
between primary and secondary electrons on an event-by-
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event basis. However, in most applications a practical back- Figure 2. A schematic energy diagram of Auger electron spectros-
ground can be established and subsequently removed from copy (AES) and inverse photoemission spectroscopy (IPE). In AES a
the spectrum, leaving the primary features to be analyzed. core hole is excited either by photoemission or electron bombardment.
We confine our discussion to primary photoelectrons. In the subsequent Auger decay process, a less tightly bound electron

drops into the core hole and a second electron is emitted to conserveMeasured with respect to the vacuum level of the solid,
energy. Illustrated in this figure is a core-valence-valence (CVV)EV, the maximum kinetic energy of the photoelectron, EKmax

,
Auger transition where the two electrons involved in the decay origi-differs from the photon energy by an amount equal to the
nate in the valence band. In IPE, an electron that is incident on thework function �:
sample couples to high-lying unoccupied states. It then may decay to
a lower-lying unoccupied state by emission of a photon. In IPE, oneEKmax

= �ω − � (1)
measures the intensity distribution of photon energies generated by
the decay of electrons of a fixed energy, or else one measures the

Equation (1) is the famous Einstein relation, where � repre- intensity of photons at a fixed energy (usually in the vacuum ultravio-
sents the work function, that is the minimum energy needed let range) as a function of incident electron energy. The inverse photo-
by an electron to overcome the surface potential barrier and emission spectrum maps the unoccupied electronic states of a solid

much as photoemission maps the occupied levels.escape the sample. As indicated in the figure, all other pri-
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has been the theoretical justification for associating photo-
electron binding energies with ground-state orbital energies
in atoms and solids. Although it is an approximation in prin-
ciple, in most circumstances the binding energy can be associ-
ated with electron energy levels of the solid.

EXPERIMENTAL CONSIDERATIONS
�����
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Figure 3. A schematic representation of the photoexcitation of a
The minimal experimental requirements of photoemissionsolid. The initial state is an N-electron solid in its ground state and
spectroscopy are (1) excitation of the sample by monochro-a photon. The final state is an (N � 1) electron ion plus the emitted
matic UV or X-ray photons and (2) energy (and perhaps emis-photoelectron. It is important to remember that photoemission probes
sion angle) analysis of the emitted photoelectrons. Typically,the excited states of a solid. Therefore, any connection between the
soft X-rays are used to excite the sample, resulting in photo-photoemission spectrum of a solid and its properties of a solid re-

quires several approximations. electron kinetic energies in the 10 eV to 1000 eV range. Fig-
ure 4 (2) shows a plot of electron mean free path (MFP) as a
function of kinetic energy for a large collection of solids. This
so-called universal curve shows that in the kinetic energyphoton energy. We note here that the initial core hole excita-
range typical of photoelectrons (10 eV � KE � 1000 eV), es-tion is often accomplished by electron excitation where an in-
cape depths are subnanometer and hence photoemission is acident electron has kinetic energy in the range of 2 keV to 3
surface-sensitive technique. This has the advantage of en-keV. Although electron excitation of Auger electrons often is
abling one to examine the surface properties of a solid, but itsimpler experimentally than photoexcitation, the Auger spec-
also imposes the additional constraint that, to prevent sampletrum contains a larger background of inelastic electrons often
contamination, experiments must be performed in an ultra-necessitating modulation techniques to extract the signal.
high vacuum (UHV) environment. Consequently, the sample,The energetics of IPE is also shown in Fig. 2. Although we
photon source, and electron analyzer are typically housed inwill discuss it in more detail later, we only briefly mention
a vacuum chamber capable of reaching a pressure of 10�9 torrinverse photoemission here. In IPE, an incident electron en-
or lower. Furthermore, sample manipulation or treatment, asters a high-lying unoccupied state of the sample and then
well as any electrical, mechanical, or fluid requirements ofmakes a transition to a lower-energy conduction band state
the apparatus, must be provided by hermetically sealed feed-by the emission of a photon. Note that IPE can provide infor-
throughs, and only UHV-compatible materials may be usedmation about the electronic states between the Fermi level
within the chamber. The chamber itself is typically con-and the vacuum level, an energy region that cannot be probed
structed of stainless steel, and internal components are usu-by photoemission since the electron cannot escape the solid.
ally nonporous metals or oxides with extremely low vaporThese states are of key importance since the conduction
pressures. To facilitate sample introduction into the UHV en-bands of semiconductors and the minority spin states in mag-
vironment, experimental chambers are connected to smallnetic systems fall in this energy range.
preparation chambers that can be rapidly isolated and evacu-As a final point in this introductory section, the reader is
ated. By this method, the sample chamber will experiencereminded that in principle, photoemission is an ion spectros-
only a brief pressure rise when a new sample is inserted.copy and does not probe the ground state of the solid. As illus-

In almost any variation of the photoemission experiment,trated in Fig. 3, the initial state consists of a solid containing
the sample is excited with monochromatic photons. ThreeN electrons with ground state energy EN, and an incident pho-
types of photon sources are most commonly used: gas dis-ton of energy �	. The final state is comprised of the solid in
charge lamps, X-ray anodes, and synchrotron radiationan N � 1 electron ionic state of energy E*N�1, along with a
sources. A typical work function for a solid is about 5 eV, andphotoelectron of kinetic energy EK. Energy conservation re-
it is desirable to produce photoelectrons with kinetic energiesquires that final total energy of the system equal the initial
	5 eV because they are relatively impervious to typical straytotal energy, that is, Ef � Ei. Substituting in this expression
electric and magnetic fields and final state effects are mini-yields
mized. Thus, typical photon energies used for valence band
photoemission experiments are in the 10 eV to 40 eV range.EN + �ω = E∗

N−1 + EK (3)
Because almost all materials are opaque in this energy range
(with LiF having the highest energy transmission cutoff ofSolving for the quantity E*N�1 � EN gives
�11.6 eV), most systems have no window between the photon
source and the sample. Gas discharge lamps are the most(E∗

N−1 − EN ) = �ω − EK (4)
popular sources of the intense quasi-monochromatic UV radi-
ation needed for an efficient valence-band photoemission ex-Modulo the work function, the quantity E*N�1 � EN is the bind-

ing energy EB quoted above. Therefore, the binding energy is periment. The lamp contains a small tubular region that is
fed with an inert gas. An electrical discharge is struck andin principle the difference between an excited ionic state of

the N � 1 particle system and the ground state of the initial tuned so that a single atomic transition dominates the emis-
sion from the plasma. The discharge region is separated fromN-particle system. It can be shown that within the frozen or-

bital approximation of Hartree–Fock theory, this energy dif- the main experimental chamber by a quartz capillary and
several stages of differential pumping. Several such sourcesference is exactly equal to the energy eigenvalue of the empty

orbital. This observation, known as Koopmans’ theorem (1), are commercially available, and the photon energies of some



288 PHOTOEMISSION

Figure 4. The ‘‘universal curve’’ of elec-
tron mean free path versus electron ki-
netic energy in solids. The points are mea-
surements made on several solids. The
dashed curve is a theoretical result. Most
photoemission experiments involve elec-
trons with kinetic energies in the 10 eV to
1000 eV range, where the mean free path
is less than 10 Å. Therefore, photoemis-
sion is a very surface-sensitive probe.
From Ref. (2).
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commonly used gases are shown in Table 1. The vast majority By far the most versatile photon source, but also the most
complicated to use, is a synchrotron radiation source. Takingof valence band photoemission data available to date have

been obtained using He-I radiation. Recently, high-resolution advantage of high brightness and continuum nature of syn-
chrotron radiation produced at an electron storage ring, thephotoemission experiments have employed lower-energy pho-

tons provided by Hg discharge lamps (3). Such sources often photon energy gap between discharge lamps and X-ray
anodes is easily bridged. In fact, with the latest innovationsoperate below the LiF cutoff and can be isolated from the

sample chamber. in insertion devices and monochromators, synchrotron radia-
The most popular photon source for XPS is the metal X-ray tion sources can provide photon fluxes that rival laser

anode source. Once again, this source relies upon the sharp sources, but over a much broader spectral range and in an
emission lines of atomic transitions for its intense, quasi- energy region all but inaccessible to current laser technology.
monochromatic nature, but in this case the transitions in- Synchrotron radiation also offers features that are difficult to
volve the inner shells of the anode material. The anode con- include with conventional sources such as a high degree of
sists of a metal target, most commonly an Al- or Mg-coated polarization (both linear and circular) and a pulsed nature
Cu rod, that is held at a high positive potential in the vicinity that is very convenient for time resolved experiments. The
of a hot filament. Electrons thermionically emitted from the price one must pay for the increased flexibility and capability
filament are accelerated and bombard the anode ejecting in- of a synchrotron source is the added complexity and expense
ner shell electrons. Radiative decay of these excited ions pro- of maintaining the storage ring, as well as the beamlines
duce X-rays at the characteristic shell energies of the atom. which transport, disperse, and focus the radiation. Since the
Typically the K� radiation is most intense. X-ray sources are photon energy range of interest is from the hard UV to the
often separated from the experimental chamber by a thin Al soft X-ray, beamlines must be evacuated and employ reflec-
foil that serves both to reduce the background of undesired tion optics operating near glancing incidence to minimize
photons and to separate the sample chamber from the anode losses. In addition, curved diffractive elements are used to
environment. Occasionally, if high-energy resolution is combine focusing and dispersive functions, thereby reducing
needed, a monochromator is placed between the X-ray source the number of optical elements.
and the sample. Once an excitation source is chosen, one must consider en-

ergy analysis and detection of the photoemitted electrons.
There are only a few modes of collection and analysis that are
commonly employed, and they are sketched in Fig. 5. Most
analyzers use a combination of (1) electrostatic deflection
(which will generate different trajectories for different kinetic
energy electrons) and (2) a slit or aperture for energy selec-
tion. A most efficient analyzer that is commercially available
is the cylindrical mirror analyzer (CMA) shown in Fig. 5(a).
This analyzer accepts a cone of width �12� about an average
angle of 42.6� from the cylinder axis. As such, it is an angle
integrating analyzer used primarily for applications that re-
quire high counting efficiency. A drawback of this analyzer is
that it has a cylinder diameter of approximately 15 cm and
requires rather close sample-to-analyzer distance. As a result,
the sample region must be relatively free from other obstruc-

Table 1. Photon Energies of Resonance Lines

Line Energy (eV)

He I 21.21
He II 40.82
Ne I 16.85

16.67
Ne II 26.9

27.8
30.5

Ar I 11.83
11.62

Ar II 13.84
13.30
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tions for effective use. Furthermore, optimal efficiency is ob-
tained if the sample normal is along the cylinder axis. The
rather large average angle of the acceptance cone means that
significant loss of signal will be encountered if the sample
normal is more than �45� from the CMA axis.

A second very popular analyzer design is the concentric
hemispherical analyzer. A sketch of such an analyzer is
shown in Fig. 5(b). Typically, such an analyzer will have a set
of electron optics on the entrance end of the device so that
electrons emitted from the sample with a certain acceptance
cone can be properly focused and decelerated for optimal en-
ergy resolution and transmission through the analyzer. There
are several important advantages to this analyzer. The en-
trance optics is often rather compact and removed from the
analyzing hemispheres. Therefore one can access a sample
more easily than with a CMA. Furthermore, the input optics
can allow for adjustment of the acceptance conditions. With
an appropriate lens design, the angular acceptance, as well
as energy resolution of the analyzer, may be independently
adjusted to the specific application. Finally, it is possible to
remove the exit aperture at the exit plane of the hemisphere
to allow parallel energy detection with a position-sensitive de-
tector.

A third type of analyzer that has been gaining in popular-
ity in recent years is the ellipsoidal mirror analyzer of Fig.
5(c) (4). In this approach, the sample is placed at one focus of
an ellipsoidal electron mirror, and an aperture is placed at
the second focus. Photoelectrons emitted from the sample
with kinetic energy less than the mirror bias will be reflected
refocused to the aperture. As such, this leg of the analyzer
acts as a low-pass filter. After the aperture, a retarding grid
system is used as a high-pass filter so that the combination
acts as a band-pass filter and provides the energy-resolving
capabilities of the analyzer. After the exit grids, the electrons
are detected on a position-sensitive detector. There are two
primary advantages to this approach. First, since the ana-
lyzer captures a large solid angle around the sample, it is
extremely efficient. Moreover, since the angles are main-
tained throughout the analyzer, the position of the electron
emission on the detector corresponds directly to an emission
angle from the sample. Therefore, one can perform angle-re-
solved photoemission measurements by simultaneously ac-
quiring a large range of emission angles. The principal draw-
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Figure 5. Electron energy analyzers commonly used for photoemis-
sion experiments. (a) Cylindrical mirror analyzer (CMA). The CMA energies may be simultaneously acquired. (c) Elliptical mirror ana-
consists of two concentric cylinders that are held at different poten- lyzer (EMA). The electrodes in this instrument possess elliptical sym-
tials. Electrons generated at the sample pass through grids in the metry. Photoelectrons emitted by the sample, which is placed at one
inner cylinder and are deflected by the electric fields between the two focus of the ellipse, are deflected by an electrostatic mirror that also
electrodes. Electrons that have the desired energy will pass through acts as a low-pass filter. They pass through an aperture at the second
a second set of grids and a restricting axial aperture. A double-pass focus and pass through a grid system that acts as a high-pass filter.
CMA is illustrated where the electrons must pass through a second The electrons that survive this energy band-pass filter are then de-
identical arrangement of cylinders before passing through the exit tected by a multichannel plate and imaged by a position-sensitive
aperture and being detected by a channel electron multiplier (CEM). detector. This analyzer has an unusually large acceptance angle and
This analyser integrates over azimuthal angles about its axis of sym- provides both energy and angular information about the photoelec-
metry. (b) Hemispherical analyzer. In this instrument, energy analy- trons. From Ref. (4). (d) Time-of-flight (TOF) analyzer. For this tech-
sis is achieved by deflecting electrons in the gap between two concen- nique, photoelectrons from the sample enter a flight tube after pass-
tric hemispherical electrodes. The electrons are focused on the ing through several grids that prevent unwanted electric fields. There
entrance to the gap by a series of cylindrically symmetric electrostatic are often two tubes, as shown, so that the electrons may be either
lenses. This enables variation of angular, spatial, and energy resolu- accelerated or decelerated to match the optimum performance of the
tion. Upon exiting the analyzer, electrons may pass through a slit tube. The electrons are then detected by either a CEM or an MCP.
into a CEM, or they may be detected by a microchannel plate followed The TOF technique requires a pulsed source as a reference for the
by a position-sensitive detector. In the latter mode, several electron timing signal.
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backs of this analyzer are that it is a complicated and delicate where
instrument so mechanical stability is critical. Furthermore,
the sample is in a very confined region during data acquisi-
tion, and there are often considerable distortions throughout Hint = e2

2mc2 AAA2 − e
2mc

(AAA · ppp + ppp · AAA) + eφ
the optical system. Nevertheless, this type of analyzer is be-
coming particularly popular for performing photoelectron dif-

We can choose a gauge where the � � 0, and usually the termfraction experiments (see below) where variation in the inten-
in A2 is small and can be neglected. From the commutationsity of photoemission signal as a function of either polar or
relation A � p � p � A � �i� � � A, we can solve for p � A. Fur-azimuthal angle is related to the atomic arrangement of the
thermore, since the wavelength of the photons is much largersample surface.
than atomic dimensions, � � A is negligible. Combining theseThere are a number of other electron energy analysis and
results, the form of the interaction Hamiltonian is simplifieddetection schemes that are currently used in research situa-
totions, but none is as widely employed as those discussed

above. Nevertheless, time-of-flight (TOF) energy analysis de-
serves some mention since it finds application in other spec-
troscopic techniques as well. The technique is based on the Hint =

� e
mc

�
AAA · ppp (7)

principle that it takes different time periods for electrons
emitted with different kinetic energies to follow the same Considering this as a perturbation, the transition rate for
path to the detector. As shown in Fig. 5(d), electrons exiting photoexcitation obtained from Fermi’s Golden Rule is given
the sample traverse a field-free region before encountering an by
accelerating field between two grids. The electrons then enter
a field-free drift tube providing sufficient flight time to give
the desired energy resolution. By measuring this time period, � ∝ 2π

�
|〈ψ f | −

� e
mc

�
AAA · ppp|ψi〉|2δ(Ef − Ei − �ω) (8)

the kinetic energy spectrum of photoemitted electrons can be
determined. Clearly, this technique is tailored for pulsed
sources such as synchrotrons or laser sources. Ultimately, the Since the wavelength of the electromagnetic field is large
energy resolution depends upon the duration of the photon compared to a unit cell of the crystal, we neglect the spatial
pulse compared to the analysis time. dependence of A in the matrix element and write

ELEMENTARY PRINCIPLES OF PHOTOEMISSION
� ∝ 2π

�

∣∣∣∣
�−e

mc

�
AAA · 〈ψf| ppp|ψi〉

∣∣∣∣
2

δ(Ef − Ei − �ω) (9)

In the section entitled ‘‘The Basic Properties of the Photo-
emission Spectrum,’’ the energetic considerations of the pho-

This is the dipole approximation to the photoexcitation rate.toexcitation process and the interpretation of the spectrum in
Up to this point, we have not specified the wave functionsterms of the independent electron approximation were dis-
that enter this equation. In principle, the full many-bodycussed. Here we will describe what is known as the three-step
wave functions should be used for the initial and final states.model of photoemission, where the photoemission process is
In practice, however, it is usually both useful and sufficientlydivided into photoexcitation, transport to the surface, and
accurate to use the single-particle states of the solid as theemission. Photoexcitation is taken to be a direct transition
initial state and use a free electron as the final state. That is,within the dipole approximation. During transport to the sur-
we use atomic wave functions to approximate the core levelsface, elastic and inelastic scattering processes may occur, the
and Bloch states for the valence band.latter being the primary source of secondary electrons. Fi-

Equation (9) indicates that within the three-step model,nally, emission from the surface influences the conservation
photoexcitation from the valance band can be viewed as a di-rules that relate the kinetic energy and momentum of the de-

tected electron to those of the photoelectron prior to exci- rect optical transition between the bands of the solid. This
tation. notion is illustrated in Fig. 6. The initial state is some occu-

The Hamiltonian obeyed by the electrons in a solid may be pied level of the valence band, while the final state is an unoc-
written as cupied state that is separated in energy from the initial state

by the photon energy. For typical energies (�1000 eV), the
momentum of the photon is negligible compared to that of
the electron and is ignored. Conservation of momentum then

H0 =
� 1

2m

�
ppp · ppp + V (rrr) (5)

dictates that the initial and final states have the same mo-
where p is the momentum operator and V(r) is the electro- mentum in the reduced zone scheme, and the excitation is
static potential, including interactions with both the ions and represented by a vertical transition in the band structure. In
the other electrons in the system. In the presence of an elec- general, the momentum of the photoexcited electron has com-
tromagnetic field, the Hamiltonian is modified to the follow- ponents parallel and perpendicular to the surface. The angle
ing form: of emission is therefore related to the momentum of the elec-

tron within the solid. We will discuss this point in detail when
we address angle-resolved photoemission below.

If we return to Eq. (9), we can derive an expression for
N(E, �	), the total number of photoelectrons emitted at en-

H = 1
2m

�
ppp − e

c
AAA(rrr, t)

�2
+ eφ(rrr, t) + V (rrr)

= H0 + Hint (6)
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where the presence of the lattice potential is accounted for by
the inclusion of an effective mass, m*. With these assump-
tions, we have

N(E, �ω) ∝
∑

ij

|Mfi|2 (E − �ω) (14)D

where

(E − �ω)D

is the density of states (DOS) of the solid at energy (E � �	).
Finally, neglecting the energy dependence of the matrix ele-
ments, and recognizing through energy conservation that
E � �	 � Ei, we see that

N(E, �ω) ∝ (Ei) (15)D

In other words, the kinetic energy distribution of the photo-
emission spectrum reflects the density of states in the solid.
Much of the time, this is a rather good approximation, as il-
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lustrated in Figs. 7(a), 7(b), and 7(c) (5). Here for the noble
Figure 6. (a) The relationship between photoemission and the band metals we see that the experimental spectrum agrees quite
structure of a hypothetical solid. Photoexcitation in a crystalline solid well with theoretical predictions of the valence-band DOS. On
may be viewed as a direct transition of an electron from a filled band the other hand, as seen for the Ni spectrum in Fig. 7(d) (5),
to an empty band in the reduced zone scheme. (b) Crystal momentum this approximation is not always successful. Here, one sees
of a photoexcited electron both inside and outside the solid, along extra structure, particularly an extra peak at �6 eV binding
with a schematic diagram of the crystal potential near the surface. energy, for which there is no corresponding feature in the Ni
After excitation, the photoelectron must propagate to the surface. In-

DOS. In this particular case, this additional feature is causedside the solid it has a definite crystal momentum, ki. As translational
by excitation effects and serves as a reminder that photoemis-symmetry parallel to the surface is maintained, k� is conserved upon
sion spectra do not reflect the ground-state properties of theemission so k0

� � ki
�. The lack of translational symmetry normal to the

system.surface implies that k� is not conserved in the photoemission process.
After photoexcitation, one must consider the electron’s

propagation to, and emission from, the surface. Typically, UV
ergy E (with respect to the Fermi level) after excitation with and X-ray photons penetrate several tens or hundreds of
photon of energy �	. This quantity is given by nanometers into the solid. Therefore, photoexcitation may oc-

cur far from the surface. Owing to the short MFP, the main
consideration regarding propagation to the surface is the pos-
sibility for inelastic collisions with other electrons in the solid.
Inelastic scattering has two effects. First, it limits the escape

N(E, �ω) ∝
∑

ij

∫
|AAA · 〈ψf|ppp|ψψψ i〉|2δ(Ef(k)

− Ei(k) − �ω)δ(Ef(k) − E) d3k (10)
depth of primary photoelectrons. The probability of escaping
the solid without suffering and inelastic collision goes asor equivalently

P(x) = e−x/λ (16)

where x is the depth beneath the surface that the photoelec-

N(E,�ω) ∝
∑

ij

∫
|Mfi|2δ(Ef(k) − Ei(k) − �ω)δ(Ef(k) − E) d3k

(11)
tron was created, and � is the inelastic mean free path. With
� � 1 nm, most of the photoemission signal comes from thewhere Mfi is known as the dipole matrix element. In princi-
first or second layer of the sample. Furthermore, this expres-ple, Mfi is complicated and depends upon the momentum of
sion enables one to determine the concentration and depththe electrons participating in the transition. Often, however,
profile of species in a system either by comparison to knownit is sufficient to assume that the matrix element is indepen-
standards or by comparison to other components in thedent of k, that is,
system.

The second result of the short MFP is that many photoelec-Mfi �= Mfi(k) (12)
trons generated deep in the sample lose some energy but still

Furthermore, it is usually sufficient to assume that the final are able to escape from the sample. These electrons are the
states are well-described by a free-electron-like dispersion. main contribution to the secondary electron background illus-
That is, the final state energy depends only on the square of trated in Fig. 1. The exact shape of this background is difficult
the magnitude of the k vector: to determine owing to the large array of possible scattering

events that may occur. However, a very useful and physically
reasonable approximation has been developed by Shirley (6),
where the background at a given kinetic energy is propor-

Ef(kkk) = Ef(k) = �
2k2

2m∗ (13)
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The last stage of the three-step model is emission from the
surface. The most important aspect of this step is its influence
on the momentum of the photoelectron. A truncated single
crystal is periodic in translations by a lattice vector parallel
to the surface, but is not periodic perpendicular to the surface.
As a result, momentum parallel to the surface is conserved
up to a surface reciprocal lattice vector, while perpendicular
momentum is not conserved. This means that the component
of the photoemitted electron’s wave vector parallel to the sur-
face is the same as its wave vector prior to emission, k0

� � ki
�.

In contrast, the perpendicular momentum of the detected
photoelectron cannot be readily associated with the electron
momentum in the solid. These effects have important conse-
quences in the context of angle-resolved photoemission and
will be discussed in more detail below.

As a final note in this section, we point out that one must
remain cautious because, while legitimate much of the time,
the assumptions and approximations cited above may not al-
ways be valid. We have already encountered an example of
excitation effects influencing the valence-band photoemission
spectrum of Ni. Similarly, for �	 near the plasmon energy,
� � A is not small and dramatically affects photoemission cross
sections. Furthermore, Mfi is not truly independent of energy
and momentum. In fact, one can take advantage of this fact to
help identify the orbital character of features in the spectrum.
These points notwithstanding, the description given here is
a good starting point for the interpretation and analysis of
photoemission spectra.

APPLICATIONS OF PHOTOEMISSION

A wealth of information about the material under consider-
ation, as well as photoexcitation and decay processes, is re-
vealed in the photoemission spectrum. In this section, we will
describe some of the most basic information that is contained
in the photoemission spectrum. We divide the discussion into
five sections, each dealing with a primary application of the
technique.

Core-Level Photoemission

We will focus on the two properties of core-level features in
photoemission spectra: energy position and intensity. In prin-
ciple, core level line shapes are given by what is known as a
Doniach-Sunjic line shape (8). This is essentially a Lorentzian
line shape, associated with the life time of the core hole, dis-
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torted with increased intensity at low kinetic energies by the
Figure 7. Angle-integrated photoemission spectra (left panel) and possibility of low energy electron-hole pair excitations. In
density of states calculations (right panel) from (a) Cu, (b) Ag, (c) Au, many cases, however, poor instrumental resolution obscures
and (d) Ni. Good agreement between experiment and theory is seen this phenomenon and the experimental line shape can be ap-
for the noble metals. For Ni, a feature near 6 eV, associated with proximated by a Gaussian.
different screening states, appears in the photoemission spectrum but Core-level photoemission spectra from Ta(100) (9,10) and
is absent in the calculation. From Ref. (5).

Si(100) (11) excited by synchroton radiation are shown in Fig.
8. Figure 8(a) shows how the core levels are pronounced fea-
tures in a wide energy scan. The most common use of core-
level photoemission is for elemental identification. As thetional to the integrated intensity of all primary electrons at

higher energy, and more recently using a more extensive con- binding energy of a particular core level is specific to that
species, the technique can be easily employed to determinesideration of energy loss mechanisms by Tougaard (7). The

intensity of the secondary electron background increases at the composition of the surface region of the sample. Further-
more, as the relative photoemission cross sections for differ-low kinetic energies, indicating that it is advantageous to in-

crease the kinetic energy of the photoelectron to minimize ent levels of each element are well known, one can estimate
the composition depth profile of a sample. It is also possible tothis contribution.
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monitor core-level intensities as a function of some processing
parameter, such as gas dosage or metal overlayer thickness,
so that the compositional or morphological properties of the
surface may be determined.

Well-ordered samples often exhibit a surface core-level
shift. This shift occurs even in elemental solids and is the
result of a difference in potential at a surface atom as com-
pared to bulk atoms. For the narrow and well-separated 4f
levels of Ta(100) in Fig. 8(b), the surface-shifted core levels
are easily observed. Surface core-level shifts have been ob-
served on many metals and semiconductors and have been
very useful in determining the structure and chemical inter-
actions with surfaces.

Another important use of core-level photoemission is to as-
sess the bonding properties at the sample surface. Although
they do not participate directly in the chemical bonding pro-
cess, the binding energy of core electron is influenced by its
environment. For example, when oxidized, metal atoms tend
to donate charge to the oxygen atoms to which they are chem-
ically bonded. As a result, the core electrons of the metal are
less efficiently screened from the nucleus, and the additional
Coulomb attraction leads to an increase in binding energy.
This is illustrated in Fig. 8(c), where the core levels for Si in
different oxidation states can be clearly resolved.

The intensity of core levels in photoemission spectra de-
pend upon several factors. For a particular core level, the
cross section as a function of photon energy is typically char-
acteristic of its orbital angular momentum quantum number.
For example, the 3d levels of Ag and the 4d levels of Au ex-
hibit very similar photon-energy-dependent cross-section
variations when the differences in binding energies is taken
into account. On the other hand, the profile differs greatly
from the 3p level of either. Moreover, the cross section often
is a nonmonotonic function of energy, and it may exhibit sev-
eral local maxima. One of the most interesting phenomena
causing such behavior is called resonant photoemission and
will be discussed in the next section.

Valence-Band Photoemission

Valence-band photoemission is typically conducted using the
He-I or He-II UV radiation from a resonance discharge lamp.
In an angle-integrated mode, the spectrum can provide some
very basic information, such as (1) revealing the presence of
electron density at the Fermi level or (2) the presence of elec-
tron charge of different orbital character. For example, the
intense emission �3 eV below the Fermi level in the Cu pho-
toemission spectrum of Fig. 7(a) is caused by the Cu 3d band,
as opposed to the weak emission near the Fermi level that is
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associated with the lower electron density of the sp band.Figure 8. Photoemission spectra containing the core levels of Ta and
One of the most important uses of photoemission is toSi. (a) A wide scan photoemission spectrum from Ta(100) obtained at

characterize changes in the electronic structure of a solid or�	 � 80 eV. Note that the Ta 4f levels exhibit four sharp peaks. From
surface upon a controlled modification, such as the adsorptionRef. (9). (b) A close-up scan of the Ta 4f levels illustrating that the
of small molecules. Figure 9(a) (12) shows the UPS spectrum4f 7/5 and 4f 5/2 members of the spin–orbit split doublet each has a well-

resolved surface-shifted component. From Ref. (10). (c) The Si 2p core from Ni obtained before and after adsorption of benzene at
level from Si(100) after the surface has been exposed to oxygen. The room temperature. The most obvious changes in the spectrum
upper curve is the raw data which contains contributions from both are (1) a reduced intensity in the region of the Ni d bands
the Si 2p1/2 and 2p3/2 core levels. In the lower curve, the 2p1/2 contribu- and (2) the addition of four new peaks at binding energies
tion has been removed and the remaining curve fit to different Si greater than 4 eV. By comparison to the gas-phase photoemis-oxidation states illustrating substoichiometric regions at the oxide–

sion spectrum of molecular benzene, one can conclude thatsemiconductor interface. From Ref. (11).
the adsorbate remains intact on the surface, and the energy
shift of the highest energy 
 level indicates its participation
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in the bonding. This sort of fingerprinting of adsorbates is a
common use of photoemission, and a survey of CO adsorption
on several transition metals is shown in Fig. 9(c) (13). Once
again, the highest energy 5� level of the CO molecule is
shifted down in energy, by different amounts for different
substrates, indicating its role in bonding of the molecule to
the surface.

The valence band of many compound solids contain contri-
butions from several orbitals, perhaps even from different
species. Often, it is possible to use the cross-section variations
as a function of excitation energy to distinguish orbital char-
acter or detect hybridization among the constituent elements.
An important example of this is the resonant photoemission
process where the quantum mechanical interference between
two excitation channels, one of which has a well-defined exci-
tation energy, causes dramatic intensity modulations. The
phenomenon is nicely illustrated in the UPS spectra from
Ti2O3(1012) shown in Fig. 10 (14). Identification of the weak
emission near the Fermi level seen in the 30 eV spectrum as
occupied Ti 3d levels was verified by its excitation energy de-
pendence. As can be seen in the figure, this feature exhibits
strong resonant behavior as the photon energy crosses the Ti
3p � 3d optical absorption threshold near �	 � 46 eV. It is
interesting to note that the nominal O 2p band also shows
resonance effects indicating hybridization with the Ti 3d
levels.
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adsorbed on several transition metal surfaces. (a) (upper panel) Clean
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eV binding energy are from adsorbate orbitals. By comparison with
the photoemission spectrum of benzene in the gas phase (lower
panel), identification of the adsorbate states can be made. Note that
the orbitals closest to the Fermi level are shifted owing to the bonding
process. From Ref. (12). (b) Photoemission spectra from CO adsorbed
on several transition metal surfaces. On different surfaces, the CO
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two adsorbate-induced peaks rather than the three that are seen in Figure 10. Resonant photoemission spectra from Ti2O3(1010). Note
the gas-phase spectrum (lower curve). This is because of a bonding how the intensity of the Ti 3d levels near the Fermi level undergo
shift of the 5� orbital to lower energy so that is nearly degenerate strong intensity oscillations as the photon intensity is increased.
with the 1
 level. From Ref. (13). From Ref. (14).
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Angle-Resolved Photoemission retical calculations (16). The level of agreement between the-
ory and experiment seen in Fig. 11 shows that angle-resolved

Equation (10) gave an expression for the number of photoelec- photoemission data can provide a rigorous test of our under-
trons emitted as a function of energy without regard to the standing of electronic structure of solids.
angle of emission. Furthermore, it was pointed out that pho- Recently, high-resolution angle-resolved photoemission
toexcitation in the solid is an energy- and momentum-con- has become one of the most important tools for understanding
serving process, and it was noted that momentum informa- and exploring the Fermi level properties of several important
tion is preserved for those electrons that do not suffer new materials such as the high-temperature superconductors
inelastic scattering. Furthermore, upon emission from the and the colossal magnetoresistance materials (17). The loca-
surface, k� is also conserved. Therefore, by measuring the en- tion in the surface Brillouin zone where different states cross
ergy and emission angle of a photoelectron we can determine the Fermi level has been key evidence for d-like symmetry for
its parallel momentum prior to emission, which in turn is di- the superconducting order parameter in these systems. How-
rectly related to the parallel momentum of the electron prior ever, these systems exhibit a complicated lineshape in the re-
to excitation. gion of the Fermi level, and interpretation of the spectra are

When the photoelectron has escaped the solid, it may be in part dependent upon how this background is treated. To
treated as a free electron. Therefore, the magnitude of its better understand these effects, there has been considerable
wave vector is simply related to its energy by the expression effort concentrated on high-resolution photoemission spectra

of surface states on metals.
In contrast to valence-band photoemission, the angular

distribution of core-level photoelectrons is understood inE = �
2k2

2m
(17)

terms of photoelectron diffraction. Here, angular effects result
from the transport of the photoexcited electron to the surface.where E is the kinetic energy of the electron. As is illustrated
Part of the excited electron’s wave function propagates di-in Fig. 6, the magnitude component of the wave vector paral-
rectly to the detector, while other parts scatter from neigh-lel to the surface is given by
boring atoms. The direct and scattered waves recombine, pro-
ducing diffraction effects that influence the photoemissionk‖ = k sin(θ ) (18)
intensity as a function of both excitation energy and emission
angle. A relatively simple analysis of the form factor for the

where � is the angle of emission measured with respect to scattered wave shows that for electron kinetic energies �500
the surface normal. Combining Eqs. (17) and (18) we find an eV, the intensity distribution is strongly peaked in the for-
expression for k� in terms of experimentally measurable quan- ward scattering direction. This means that for an emitter
tities: atom below the surface, the photoemission intensity is peaked

along the bonding direction to nearest neighbors. This so-
called forward-focusing effect is very useful in determining
the geometric structure of adsorbates or overlayers. More-k‖ =

√
2mE
�

sin(θ ) (19)

over, since the core levels under investigation may undergo
chemical shifts, it is possible to independently determine theThe implications of measuring the parallel momentum of the
geometric structure of atoms of the same system that are inphotoelectron is suggested by Eq. (10). Rather than measur-
different chemical states. Symmetry determinations, such asing the density of states, one can now associate the peaks in
whether an overlayer has face-centered cubic (fcc) or body-an angle-resolved photoemission spectrum to direct transi-
centered cubic (bcc) structure, can be most easily determined.

tions between energy levels of the solid, as illustrated in Fig.
Typically, bond length determination is more difficult and has

6. Since the parallel momentum of the detected photoelectron an accuracy of order 0.05 Å. There has been considerable ef-
is the same as that of the final state, and the direct transition fort devoted to taking photoelectron diffraction to its ultimate
satisfies momentum conservation, the parallel momentum of limit: photoelectron holography. This analysis exploits coher-
the initial state is directly determined. On the other hand, ence between the emitted and scattered waves in order to pro-
the perpendicular momentum is not known a priori. However, duce a real-space holographic image of the atomic geometry
since the energy of the photoexcited electron is typically sev- around the emitter atom. Very promising results have been
eral tens of electronvolts, the final states are well-described obtained from some systems with known atomic geometries.
by a free-electron-like dispersion, perhaps with an effective The application of this technique to new systems is a very
mass. Using this procedure, the final energy can be associated active topic of current research.
with a perpendicular momentum, and thus the momentum of
the initial state energy is determined.

Magnetic Measurements with Spin Analysis of PhotoelectronsEmploying a variable photon energy source, one can use
angle-resolved photoemission to map the valence bands of a Many transition metals exhibit magnetic behavior owing to a
solid. The simplest procedure is to consider electron emission strong exchange interaction of the itinerant electrons in the
normal to the surface—that is, for k� � 0. Under these condi- valence band. In addition, theoretical calculations have pre-
tions, changes in the kinetic energy of a photoemission fea- dicted that magnetism should be enhanced at surfaces or for
ture represents changes in perpendicular momentum only. thin films owing to the reduced dimensionality. These impor-
Using free electron final states, the valence band of GaAs tant effects can be observed and analyzed by resolving the
along the (100) or �X direction of the bulk Brillouin zone have spin state of the photoemitted electrons. This is a technically

demanding experiment where the efficiency of spin detectorsbeen experimentally determined (15) and compared to theo-
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is typically in the 10�3 to 10�5 range. As a result, most spin-
polarized photoemission experiments are performed using a
synchrotron radiation source.

Spin-polarized photoemission can allow very direct mea-
surement of the exchange splitting in the valence band. This
is illustrated quite dramatically in Fig. 12(a) (18) where dif-
ferent symmetry points of the majority and minority spin
band structure are identified in the spin-up and spin-down
photoemission spectra of Fe(001). Owing to the spin–orbit in-
teraction, nonmagnetic samples also exhibit spin-dependent
effects in photoemission. An interesting example is shown in
Fig. 12(b) (19), where the W 4f levels show dramatic and com-
plementary spin-dependent spectra when excited with left- or
right-handed circularly polarized light.

One of the most interesting recent developments in mag-
netic materials is the observation of the giant magnetoresis-
tance (GMR) effect in metallic multilayers with ferromagnetic
(FM) films separated by nonmagnetic (NM) spacer layers. In
the NM layer, the electronic states near the Fermi level are
largely confined to the layer by quantum size effects, and
spin-polarization of these states owing to scattering from the
FM layer has been suggested. Both conventional and spin-
polarized photoemission spectra from the Ag/Fe(100) metallic
quantum well (MQW) system are shown in Fig. 13 (20). The
strong feature at about 2 eV binding energy in the spin-inte-
grated spectrum is the Ag-MQW state. It is clear from the
spin-polarized spectra that this state has indeed become spin-
polarized, and it has minority polarization owing to gap in the
minority states of Fe. Studies such as these are having a ma-
jor impact on our understanding of the magnetic properties of
nanoscale systems.

Inverse Photoemission Spectroscopy

The previous sections indicated how photoemission can be
used to investigate the occupied electronic states of a solid.
For example, angle-resolved, ultraviolet photoemission en-
ables one to map the valance band. However, it is well known
that the physical properties of materials depend strongly on
the nature of both the occupied and unoccupied states. In par-
ticular, the empty states near the Fermi level, such as the
conduction band minimum, band gap states, and minority
spin states, play key roles in determining the electrical, mag-
netic, and chemical properties of the solid. The technique of
inverse photoemission provides a means of investigating
these states, particularly the states between the Fermi level
and the vacuum level.

As the name implies, inverse photoemission can to a good
approximation be considered as the time-reversed process of
photoemission. As illustrated in Fig. 14, the technique in-
volves bombarding the sample with a well-collimated beam of
monochromatic low-energy electrons, typically 5 eV � Ep �
25 eV. A small fraction of these electrons will decay radia-
tively, emitting a UV photon. A spectrum can be obtained in
two modes. In the isochromat mode, photons of a fixed energy
are collected as a function of incident electron energy. Al-
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Figure 11. (a) Angle-resolved photoemission spectra from GaAs(110) different photon energies. (b) Dispersion plot of energy versus perpen-
at normal emission. The spectra are shifted by the photon energy so dicular momentum for the peaks in the photoemission spectra of (a).
that emission from the Fermi level is aligned in each case. The peaks From Ref. (15). The dashed lines show the calculated dispersions
in the spectra are associated with direct transitions of the type de- along the direction probed by the spectra in (a). Note the excellent
scribed in Fig. 6. Note that the peaks change binding energy with agreement between theory (16) and experiment.
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Figure 13. Angle-resolved spin-polarized photoemission spectra
from metallic quantum well states of the Ag/Fe(100) system. The
solid curve is the spin-integrated spectrum. The sharp feature at 1.8
eV binding energy is a metallic quantum well state in the Ag over-
layer. Note that the spin-polarized spectra indicate that this feature
is almost exclusively of minority spin character, and that there is
some related emission of majority character that is very difficult to
uniquely identify in the conventional spectrum. From Ref. (20).

though this approach is relatively easy to implement, it is
limited in the information it provides. A more versatile ap-
proach is to fix the incident electron energy and disperse and
detect the radiation emitted from the sample. As such, photon
energy spectra can be obtained for different excitation ener-
gies, and it enables one to vary essentially all of the parame-
ters that synchrotron radiation enables for photoemission.

Inverse photoemission in the UV range was first demon-
strated by Dose and collaborators in the early 1980s (21) us-
ing the isochromat mode. One aspect of IPE that was recog-
nized very early in its history is that the cross section for
inverse photoemission is �10�4 smaller than that of a photo-
emission transition in the same energy range. In practical
terms, this means that inverse photoemission spectrometers
should accept as much radiation from the sample as possible.
Higher efficiency such as this is not an issue for the isochro-
mat spectrometers that use Geiger–Mueller tubes. However,
for grating spectrographs, the use of faster (low f -number)
optics comes at the expense of greater aberrations. Because it
is relatively easy to produce a well-collimated beam of elec-
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trons in the desired energy range, inverse photoemission is
Figure 12. Angle-integrated spin-polarized photoemission spectra. almost exclusively conducted in the angle-resolved mode.
(a) Spectra from the valence band of Fe(001). The upward-pointing Figure 15 (22) shows a series of inverse photoemission
triangles probe the majority states, and the downward pointing trian- spectra from the Cu(111) surface as a function of incident
gles probe the minority states. Note the strong minority feature near electron angle. The spectrum near normal incidence is domi-
the Fermi level that can be unambiguously identified using spin-po-

nated by a single peak about 4.25 eV above the Fermi level.larized photoemission. �	 � 60 eV. From Ref. (18). (b) Spectra from
This feature corresponds to the image potential state of thethe W 4f levels using circularly polarized light. Note the symmetric
surface. When the incident electron approaches the surface,change of intensity between the spin-up and spin-down contributions
it is attracted by the positive image charge it induced in theto the 4f 7/2 and 4f 5/2 peaks when the light is changed from left circu-
metal. If the substrate has a projected band gap in the regionlarly polarized (top) to right circularly polarized (bottom). From Ref.

(19). of the vacuum level, then the electron can lose energy by
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Probing the magnetic properties of the unoccupied states
near EF is a powerful capability of spin-polarized IPE. In Fig.
16 (23), conventional and spin-resolved IPE spectra for N(110)
are shown. The conventional spectra show a strong peak at
�0.25 eV above EF originating from Ni 3d levels of minority
spin. In the spin-resolved spectra of the second and third pan-
els, it is clearly demonstrated that this feature has essentially
100% minority character. By measurements such as these,
the spin-dependent band structure of the unoccupied states
can be mapped.

As a final illustration, we discuss the TiO2(110) surface
where the highly complementary nature of direct and inverse
photoemission is very evident. TiO2(110) is a maximal valence
oxide where the occupied states are predominantly O2p in
character and the unoccupied levels are derived from the Ti
3d orbitals. As a result, the information contained in UPS
spectra is dominated by the anion sites while IPE results re-
flect the state of the cation. When the TiO2(110) surface is
reduced, the Ti ions adjacent to oxygen vacancies should be
strongly affected. Figure 17 (24) shows UPS and IPE spectra
from the stoichiometric and reduced TiO2(110) surfaces. As
can be seen, significant changes occur in the IPE spectrum
after ion bombardment with a dose that is less than 1% of
that producing the dashed UPS spectrum. Furthermore, by
comparison with theoretical calculations, the enhanced inten-
sity near 4 eV in the IPE spectrum can be directly associated
with a particular oxygen vacancy structure on the surface,
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Figure 14. (a) The experimental configuration for inverse photoemis-
sion. A well-colimated beam of monochromatic electrons is incident
on the sample with an angle � with respect to the surface normal.
Some electrons decay and emit photons that are energy dispersed and
detected, or detected using an instrument sensitive to only one photon
energy. (b) Schematic diagram indicating the interpretation of in-
verse photoemission spectra. Analogous to Fig. 6, incident electrons
couple to high-lying unoccupied states. A fraction of these electrons
will make transition to low-lying empty states and emit a photon.
The diagram illustrates the isochromat mode where a single-photon
energy is detected while a monoenergetic beam of electrons is swept
in energy. The peaks in the spectrum are related to direct transitions
and are interpreted in terms of the unoccupied bands of the solid.
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Figure 15. (a) Isochromat inverse photoemission spectra from the
Cu(111) surface taken as a function of incident electron angle. Theemitting a photon and become bound between the surface po-
feature near 4 eV in the spectra near normal incidence is the imagetential and the repulsive potential of the crystal. A detailed
potential state. At larger angles, another surface state passes throughanalysis of the image state can give considerable information
the Fermi level and is observed to disperse to higher electron energy.regarding the nature of the surface potential barrier. Further-
Near 40� a second large feature emerges and is associated with themore, as the wave function of the image state is peaked well Cu bulk bands. (b) A plot of the crystal momentum parallel to the

outside the surface, the state is long-lived has been used as a surface, k�, of the features in the inverse photoemission spectra of (a).
laboratory for examining electron dynamics at surfaces. Other The surface state (SS) and image state (IS) have very different effec-
features in these IPE spectra are well-described by direct tive masses. The bulk state near the right of the figure is well repro-

duced by calculations (solid lines). From Ref. (22).transitions between unoccupied states of Cu.
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while the photoemission features simply indicate the presence
of reduced Ti ions.
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