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Overview of this article
For the future article in this serial lecture on the

photoemission, I'm thinking of the following heuristic

topics of

 Satellites by local excitations (mostly in insulators;
volume II),

* Satellites by extended excitations (mostly in metals;
volume III),

* Angle-resolved photoemission spectroscopy (volume
IV), and

* Novel issues (volume V).
Novel issues may include the issues of

(i) time-resolved photoemission and

(i1) photoemission beyond sudden approximation.

1. Introduction

Photoemission electron spectroscopy (PES), or simply
photoemission spectroscopy, generally refers to experi-
mental manipulations based on the photoelectric effect.
The photoelectric effect was originally observed in 1887
by Hertz [1], but it was truly understood only in 1905 by
Einstein [2]. This triggered the birth of quantum me-
chanics. Einstein recognized that the quantum nature of
light could explain the maximum kinetic energy of the
photoemitted electron, or photoelectron (an electron
emitted from material by absorbing a photon), to follow
ha—¢, where hiw is the photon energy and ¢, the material
work function, is the potential barrier confining the va-
lence electrons.

In Fig. 1, when light of an appropriate frequency (i.e.,
a phonon with appropriate energy) falls on a cathode
coated with certain elements, electrons are liberated and
the current is established in the circuit. The kinetic en-

ergy of the electrons is determined by the retarding volt-

light

photocell

age required to suppress the current. This implies that the
potential energy eU imposed by the retarding voltage
equals the maximum kinetic energy of the photoemitted
electrons when the current is suppressed. Therefore, we
have

eU=(E).  =ho—¢. (1

Schematic data of U with respect to @ for the materials,
for examples "A", "B", and "C" are given in the right
panel of Fig. 1. The intercepts with the abscissa give the
work functions, @a/fi, ¢g/h and @c/h, respectively, while
the slope of all lines is universal.

PES has undergone intensive and extensive develop-
ment in the last 40 years and has become the most popu-
lar and fundamental probe in the area of solid state phys-
ics [3-5]. It can be said that modern PES is performed
basically in the same way as depicted in Fig. 1. Figure 2
illustrates the principle of the modern PES experiment.
The photon impacts on the sample (photoemissive mate-
rial) and an electron is excited and escapes to the vacuum
by the photoelectric effect. Such an electron is analyzed
with respect to its kinetic energy £y and momentum di-
rection, such as Ey(6,¢, ...) in Fig. 2, where 8 and ¢ are
the polar and azimuthal angles, respectively, and could
be in principle further analyzed; for instance, the electron
spin o, depending on the analyzer. The whole set up of
Fig. 2 should be under ultrahigh vacuum (UHV, typically
<10 mbar (<10 Pa)). This technological difficulty is
the reason that PES has developed significantly only
since about 1970.

HA" IIB" H’C”

dc/ W
on/h ¢B/ﬁ

Fig. 1. Illustration of the photoelectric effect experiment. The work function ¢ of the material can be determined from a plot of the

retarding potential U.
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Fig. 2. Schematic drawing of the principle of the modern PES
experiment. The analyzer determines the energy and momen-
tum of the charged particle using several methods depending on
the instrument.

The photon energy is important and should be deter-
mined according to the purpose of the PES study [6].
With the range of photon energy, one can categorize PES
into ultraviolet PES (UPS) with Aiw = 10-100 eV, soft
x-ray PES (SXPS) with 7w = 100-1000 eV, and x-ray
PES (XPS) with 2w > 1000 eV. UPS would be mainly
for the valence band, while XPS for the deep core level.
The classical photon sources are the quasimonochro-
matic line spectra of either rare gas discharge lamps or
x-ray sources. Commonly used line sources are listed in
Table 1. Recently, a table-top laser-based PES has been
developed [7]; it not only reduces the cost and size of the
facility, but also achieves high bulk sensitivity because
of low photon energy. The typical energy of the laser
used is ~6 eV. The gap between UPS and XPS (i.e., the
energy range corresponding to SXPS) would be covered
by the synchrotron radiation. The high energy electrons,
of the order of 10° eV confined in the synchrotron stor-
age ring, emit a continuum of radiation extending from

the far infrared to several tens of keV.

Table I: Commonly used line sources for PES (from Ref.3).

Source Energy (eV) Linewidth (meV)
Hel 21.22 3

He Il 40.82 17

Mg K, 1253.6 680

Al K, 1486.6 830

The most fundamental quantity that should be resolved
in PES is the kinetic energy Ey of the photoelectron. If
one knows the photon energy 7o and the work function
@, one can determine the binding energy |Eg| of the pho-
toelectron from

|Es|=ho—p—E, - @)

The kinetic energy Ej determines the momentum of the
outgoing photoelectron, Alk|= J2mE,  (m: electron
mass). The vector direction of |k| is obtained from the
angular information about € and ¢ under the geometrical
arrangement of Fig. 2.

Figure 3 provides a schematic display of the relation
between the energy levels in a solid and the photoelec-
tron energy distribution for a fixed photon energy 7. In
a metal such as the one in Fig. 3, the Fermi level is at the
highest occupied energy level of the band and taken to
have |Eg| = 0 and the kinetic energy is measured from the
vacuum level. An actual energy distribution of the pho-
toelectrons would be usually proportional to the electron
energy distribution in the solid, i.e., the density of states
(DOS). This property is an essential key in understanding
the electronic structure of the solid from PES.

vacuum level

7 1

core level

PES

Fermi level

Fermi sea

Solid

Fig. 3. PES from a metallic surface: a schematic plot of the
energy levels in a solid vs the photoelectron energy distribution
for a photon of energy 7 ®. The secondary electron contribution
was not considered in this schematic energy distribution.
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Figure 4 depicts typical PES of Na metal over a wide
energy range. In the spectra, it is possible to observe the
valence band in the low binding energy and the core lev-

els in the high binding energy.

2p

Na

Valence band

Plasmons

Photoelectron intensity, a.u.

x100

1 1 1 1 i — | I

Binding energy, eV

Fig. 4. Typical wide energy range PES of Na metal (from Ref.
8). Weak valence band in the low binding energy and stark core
levels in the high binding energy are shown. Plasmons are me-
tallic satellites of the feature of core level, which will be dis-
cussed later.

2. Basic concepts

In this section, we discuss some basic concepts for
understanding the underlying physics of PES, which in-
corporates the photon-matter interaction.

2.1. Electron escape depth

The electron escape depth (or mean free path) is given
as a function of its kinetic energy. As shown in Fig. 5, it
is well known that the escape depth of photoelectrons is
very small (5-30 A for 10 - 2000 eV) and is rather uni-
versal without much dependence on the kind of material.
This means that PES samples electrons only within a
shallow layer of the solid. Therefore, it becomes impera-
tive to work with a clean surface under the UHV condi-
tion. Figure 5 also explains why the recent laser-based
PES [7] has a merit of the high bulk sensitivity.

The electron escape depth is determined by electron
scattering, i.e., electron-electron scattering and elec-
tron-phonon scattering. The dielectric response (also
called the loss function) —Im[&"(g,®)], which can in fact
be measured by electron energy loss spectroscopy
(EELS) [9], describes such scattering effects. The elec-
tron escape depth Ay is expressed as [10]

1
80 70 60 50 40 30 20 10 0

1 2e" (»dg (o -1
—= M m| —— |d (3)
e

In Eq. (3), e is the electron charge and v its speed. @iax
generally depends on the electronic band energy &, e.g.,

2
Opax = min{vq - zi > gkthi|
m

for a case of g=h’k*/2m. & is the Fermi energy. As
shown in Eq. (3), A is essentially determined by the di-
electric response. Since the dielectric response is specific
to the material under study, A, should also be material
specific. Nevertheless, the reason that 4, roughly yields a
universal curve is due to the effective approximation to
regard electrons in most solids as electron gas. This
would be valid except in case of very small kinetic en-
ergy. Incidentally, with the specific dielectric response
obtained from EELS, investigations of the behavior of Ay
are also carried out in the specific material, for instance,
in high temperature superconductor Bi,Sr,CaCu,Og
(Bi2212) [12,13].
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Fig. 5. Universal curve for the electron escape depth with re-
spect to the electron kinetic energy (from Ref. 11).
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RBNTVWA[12,13].
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2.2. Work function

A potential barrier in a solid confines the valence
electrons and keeps them from escaping at the surface.
The height of this potential barrier is defined as the work
function. Figure 6 presents an illustrated definition of the
work function. For a metal, at 7= 0 (7 is the tempera-
ture), the work function ¢ simply equals the photoelectric
threshold Et, while at 7> 0, due to the thermal broaden-
ing of the Fermi-Dirac distribution, £t would be smaller
than ¢. For a semiconductor or insulator, the Fermi level
is situated within the gap and one then has Er > ¢, i.e., Et

= Ex + E,. E, is the electron affinity and E, the energy
gap.

semiconductor
or insulator

metal

Fig. 6. Typical density of states of a metal (left) and a semi-
conductor or insulator (right). Definitions follow: the Fermi
level &, the work function ¢, the photoelectric threshold Er, the
energy gap E,, and the electron affinity E,.

The quantum mechanical understanding of the work
function incorporates a complicated many-body problem.
However, in the simplest consideration that regards the
surface charge distribution just as a continuation of the
bulk case, the work function would be calculated by the
difference Ey — Ex-, where E is the ground state energy
in the neutral state with N electrons and Ey_; the ground
state energy in the state of charge +e with N-1 electrons.
This calculation usually results in the chemical potential
4, that is, Ey— Ey-; = —u. However, a real surface does
not have the same charge distribution as the bulk. The
difference introduces a surface charge layer with a dipole
moment and finally the corresponding potential change

D. Therefore, in this case, the work function ¢ is

¢=-u+D “)
The potential drop or increase D due to the surface di-
pole moment contains the dependence of ¢ on the surface
orientation. For example, depending on the spacing of
lattice planes, ¢ decreases along the sequence
(111)-(100)-(110) for the fcc structure [14]. Further, it is
noted that general discussion about the work function
should be distinguished between simple metals (without
d-electrons), d-electron metals, and semiconductors or
insulators, depending on the detailed spread of the elec-

tronic charges.

2.3. Photoionization cross section

The liberation of photoelectrons from atoms in a solid

incorporates the electric dipole interaction A represented

by A= (e/mc)p . A, where c is the speed of light, p the
electron momentum, and A the vector potential, respec-
tively. The transition amplitude of the dipole interaction

is proportional to the dipole matrix element given by the

initial state ‘\{ﬂ) and the final state \‘Iﬂ) and deter-

mines the photoionization cross section. That is, one has

(P A ;) oc (¥ [ 7,)- A ®)
Here Wi(r) would be the atomic wave function, i.e.,
W,/(r) with its principal quantum number » and angular
momentum quantum number / (or W;(r) could also be the
Bloch state for the valence electron of a metal). For a
given subshell, W(r) is the continuum wave function,
whose radial part Pgp(7) with £ > 0 should satisfy the
radial Schrodinger equation [15,16]

n d’ I'(I'+1)n?
v I ), ) ©
where
2
lim /() =~ 426
o TE

(Z is the atomic number, & the vacuum permittivity), and

2
e

limV ()=

4re,r

and I’=1[/+ 1 due to the dipole selection rule.
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In Fig. 7, PES spectra of CuCl are provided with re-
spect to various photon energies. At low photon energy,
the state with low angular momentum has a large cross
section because the low energy final state and the low
angular momentum initial state can result in a large di-
pole matrix element in Eq. (5). By the same reasoning,
for the high-energy final state, one can expect a large
dipole matrix element for the state with the high angular
momentum initial state. This argument can explain the
trend of change in relative intensity between Cu 3d and
Cl 3p in Fig. 7. The dependence of the dipole matrix
element of PES would be a very useful property because
it enables selection of a specific orbital by tuning the

photon energy.
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Fig. 7. PES of solid CuCl with respect to photon energies (from
Ref. 17). The relative intensity of Cu 3d (left feature) and Cl 3p
(right feature) changes drastically with photon energies.

2.4. Resolution-implemented spectra

The experimental PES spectra become broad within a
certain size of energy window for several reasons. First,
there is a thermal broadening corresponding to the width
of the Fermi-Dirac distribution function ~4457 at a finite
temperature 7. This is an unavoidable broadening. Sec-
ond, an instrumental resolution should be considered,
which is determined by several components of the ex-
perimental arrangement, for instance, the linewidth of the

light source (see Table I, e.g., 3 meV for He I and 830
meV for Al K,) and the resolution specific to the ana-
lyzer.

Figure 8 shows a spectrum of Ag that has been ob-
tained with a resolution slightly better than 20 meV (ac-
tually, about 18 meV). Thanks to advancements in the
technologies of electronics and optics, such an instru-
mental resolution has improved greatly nowadays. The
state-of-the-art resolution in laser-based PES is reported
to be about 260 peV [19]. In addition, there would be
extrinsic effects such as the space charge effect and mir-
ror charge effect, which give rise to the extra broadening.
After escaping from the surface, the photoelectrons scat-
ter each other by Coulomb interaction (space charge ef-
fect) and scatter the mirror charges in the sample (mirror
charge effect) [20].
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Fig. 8. PES spectrum near the Fermi level from a polycrystal-
line Ag at 7=15 K with He I source (7@w=21.2 V) (from Ref.
18).

3. Theoretical description
In this section, we provide a simple view of conven-
tional formalisms for the theoretical description of PES

within the sudden approximation [21].
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3.1. Sudden approximation

In the sudden approximation [21], the word “sudden”
means that the photoelectron is suddenly created in the
detector without affecting the other electrons of the sam-
ple. It is essential to note that the photoemission can be
described as two independent (non-interfering) processes
within the sudden approximation, i.e., the transition from
an initial state to the final photoelectron (single electron)
state and the many-body response of the N—1 electron
system with the photohole left behind, i.e., the shake-up
or intrinsic loss. Mathematically, the key of the sudden

approximation can be written as

|N-1,s,k)=|k)|N-Ls) (7

for the final state of the whole system;

k> is the sin-
gle-electron state describing the photoelectron, i.e., the
time-inverted LEED state (LEED stands for low energy
electron diffraction) with the scattering state boundary
condition [22], and ‘ N-1, s> indicates the remaining
N-1 electron system in the state s. This approximation
neglects the interaction between the photoelectron and
the remaining solid, i.e., the extrinsic loss.

It is very important to ask when the sudden approxi-
mation would be valid. It might be argued that, in the
high energy limit, the photoelectron and the remaining
N-1 electrons could be distinguished and the exchange
between them neglected, so that Eq. (7) would be finally
satisfied. However, this is only half of the true argument.
Rigorously speaking, the sudden approximation can
never be valid in an infinite solid. At very high energies,
the extrinsic scattering rates go to zero, but at the same
time the mean free path goes to infinity. Therefore, we
come to have a finite contribution from the extrinsic loss
even at infinitely high energy [23]. That is, if we are in-
terested in the detailed line shape of the PES spectrum,
we should go beyond the sudden approximation. Never-
theless, the spectral function obtained within the sudden
approximation is commonly used to interpret photoemis-
sion experiments because it is still valid in understanding
the peak structures (mainly, peak positions) of PES.
Therefore, we keep within the sudden approximation
unless mentioned otherwise.

3.2. Fermi's golden rule

The photocurrent produced from PES can be obtained
from the scattering theory [24], which is proportional to
the transition probability from Fermi's golden rule ex-

pression,

J(k,@)= [N ~1s.k[A|N) 5(ho~E, ~¢,) (®)

K

Ey is the kinetic energy of the photoelectron, £y =
1*k*/2m, and & is the excited energy of the remaining
solid measured from the initial ground state as g =
E(N-1,s) — E(N,0). hiw is the photon energy. A is the di-
pole interaction (or optical transition) operator that ap-

pears in section 2.3,
A= (A jele;
i

where ¢ and c, are the electron creation and annihi-
lation operators, respectively, and i and j are the state

indices. For the noninteracting case, we have

‘N —l,s,k> =c,c,

N)

with the index s for an occupied one-electron state and

(VL k[AIN) = 34,V
i.j

+ +
c.c,c; cj‘N>

and finally

J(k,a)):g‘<k\A\s>‘25(hw—Ek—gs) ©

<k\A\ S> corresponds to the dipole matrix element dis-
cussed in section 2.3.
To go beyond the noninteracting theory, we return to

Eq. (8). Within the sudden approximation, we note

AIN)=> (N-1s

J

<N—1,s,k

(kla])e,[ V)

and, from Eq. (8), J(k,®) becomes

Ik, )= 1> (k|| )N -1,s

s J

xS(ho-E, ~¢,)

2

¢,|N)  (10)

Defining the single-particle spectral function 4, (@ ) as

4,@)=S(V-1s

s

c, ‘N)(N‘c;‘N—l,s>5(5+gs) (11)
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we can reexpress J(k,w)

Ik, 0)=> (k[Ai)4,(E, —no)jlalk) — (12)

i

It is a common level of approximation to put

<k ‘Am ~ A, and to have

Jk,o)=|a"> 4, (E, ~ho)
ij

In particular, for a core level, i.e., i =j = b, without any

approximation, we have

J(k,0)=|A]" A(E, ~ho)

with Ak:<kwb> and

A@)=Y|(N-1,s

s

e |N) 6@ +e,)

Here we find that the single-particle spectral function
would be a central quantity in understanding the photo-
current by PES. The single-particle spectral function can
be calculated by the well-defined and sophisticated
formalism called the

mathematical single-particle

Green's function.

3.3. Single-particle Green's function
We introduce the single-particle Green's function at
T=0 which is defined by [25]

G,(r)=-i(N[T[c, (r)c;1N) (13)

where ¢, (1): e" e e (zis the time and H the Ham-
iltonian of the system) and ci=c; (()) and T is the

time-ordering operator, i.e.,
Tle; () 1=—¢je, ()0(=7)+¢, (v)e;O(r)

with the Heaviside step function ®(7). If we insert a

complete set of eigenstates between c, (1) and c; in
Eq. (13) and take the Fourier transformation of G, (z)
in the time domain from Gg./(cT)): .[ dr G@/(T) o7, we

have the resulting G, (@)

_ (N=Ls|c,[N}N|c;|N-15)
Gij(w):z o+e —iOi
+Z<N ¢, le,t><1v+1,tc;\1v> (14)
; w—¢, +i0"
=G;(w)+G;(a))

where g = E(N-1,s) — E(N,0) and & = E(N+1,t) — E(N,0).

We find that llm[G;(a)] is the same as Al.j(E) for
T

the occupied states, Eq. (11), whereas _llm[(;f(a)]
T 7

would give the single-particle spectral function for the
unoccupied states. In inverse photoelectron emission
spectroscopy (IPES), an electron impinges on the sample
and decelerates by emitting photons and eventually falls
to an empty (unoccupied) final states (see Fig. 9).
Therefore, the single-particle spectral function for the

unoccupied states could be directly compared with IPES.

PES IPES

photonin  electron out

N\

electronin  photon out

Fig. 9. PES and IPES. IPES probes unoccupied states by adding
an electron and creating a negative ion state.
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In a different way from the derivation of Eq. (14), one
can reach the Green's function by the many-body pertur-

bative expansion starting from the noninteracting Green's

function Gg(]; 5), where k is an index for the occu-

pied single electron state (we use k in order to distin-

guish from the photoelectron wave vector k). G, (E D )

1 with the single elec-

is given by G; (/E,aﬁ): _ o
o+ —i

tron orbital energy & Its spectral function is simply
AO(/;@Fllm[Gg(/;,a)]z(g(@Jrgz). The Green's func-
7

tion reached in this way would be physically intuitive in
defining the quasiparticle. The quasiparticle has a finite
lifetime in contrast to the true particle with the infinite
lifetime. One could formally extend the Green’s function

to the interacting case by the perturbation expansion
from G (k@) [25].

= 1
G k@)= ———=—— (15)
( ) D+ - (ko)
by introducing the complex self-energy Z(}E,a), even
if the exact form of self-energy is not known. The
self-energy then includes all the interaction effects. The

spectral function A(];,a) becomes

Alfa)=L m¥ka) _ag
7@ +e, —ReY (k@) +Im Y (k,2)

We can find that ReZ(];a) determines the renor-

malization of the peak position (the quasi-particle en-

ergy) and lmZ(E 7] ) the width of the peak (its inverse

gives the lifetime of the quasiparticle) of PES.

Li metal
with oxydized surface

Li metal

4. PES-based applications

Nowadays, PES has wide practical applications in di-
verse forms for the investigation of, e.g., chemical prop-
erties, chemical analysis, determination of the electronic
structure of the bulk or surface. In this section, we intro-

duce various examples of PES-based applications.

4.1. ESCA

One of the most obvious properties to study in PES is
the core level energy &. The value of & varies depending
on the chemical environment of the atom that is excited.
For example, the 2p level of Al has a binding energy of
72.6 eV in Al metal and 75.3 eV in Al,O; [26]. This shift
of 2.7 eV is the typical chemical shift. Electron spec-
troscopy for chemical analysis (ESCA) has been devel-
oped for the accurate analysis of the chemical shift
through the core level PES [27], for which Kai Siegbahn
was awarded the Nobel Prize in 1981.

There are two important points to be clarified through
the chemical shift. First, the chemical shift can be used to
identify the chemical environments of an element by
comparison with the binding energies of a set of refer-
ence compounds involving the same element. Second,
the chemical shift can help our understanding of the un-
derlying physical and chemical information affecting the
binding energy. Here we provide a simple example of
what we can learn from the chemical shift. As shown in
Fig. 10, the chemical shift between a metal and its oxide
very often serves to monitor the surface cleanliness. That
is, the presence of the chemically shifted metal oxide line
(to higher binding energy) usually proves oxidation of
the surface. In Li metal, the 2s valence electron partially
screens the nuclear potential from the 1s? shell. In Li,0,
however, the outer 2s electron of Li is participating in the
covalent bonding with O. This makes the Li 1s level
more tightly bound in Li,O than in Li metal and leads to
a shift to the higher binding energy of Li 1Is level of
Li,O.

Limetal
with clean surface

Li metal

high Eg

low E

high Eg low Eg

Fig. 10. Schematic drawing of Li 1s core level PES spectrum for Li metal with an oxidized and clean surface.
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4.2. PEEM

Electron microscopy greatly contributes to the under-
standing of dynamical processes at the surface such as
adsorption, film growth, strain relief, chemical reactions,
or phase transition under UHV. Photoemission electron
microscopy (PEEM) is one of the widely used electron
microscopies together with low-energy electron micros-
copy (LEEM). PEEM records the local variation of elec-
trons emitted from a sample by the photoemission proc-
ess. Therefore, PEEM provides element-specific surface
mapping in contrast to LEEM. LEEM is not generally
element specific.

Depending on the kinetic energy of the detected pho-
toelectron, a few different modes of PEEM would be
considered [28]: (i) Slow inelastically scattered electrons
with kinetic energies close to 0 eV (actually, secondary
electrons), usually excited by UV light, provides the lo-
cal work function variations. (ii) An x-ray source causes
the emission of photoelectrons from specific atomic core
levels, thereby providing direct information about the
spatial distribution of the specific element or states. (iii)
An intermediate photon source creates a different imag-
ing by photoelectrons emitted from the valence band.

One example of PEEM (or LEEM) measurement is
provided in Fig. 11. In Fig. 11(a), atomic steps and is-
lands (elements are not distinguishable) are imaged as
dark patches. In Fig. 11(b), due to local work function
differences, the Au-covered area and the Ru substrate is
imaged differently. In this case, the unique identification

of the different surface is not yet available even if some

distinguishable distribution of several elements is noticed.

In Fig. 11(c), the photoelectron from Au 4f;, core level
is imaged by the x-ray source. This image produces a
direct map of the Au-covered area (bright patches).

4.3. PED or EXAFS

The photoexcited electrons are scattered on their ways
through the crystal to the surface by the crystal potential,
which leads to intensity modulation mainly as a function
of the photoelectron detection angle (or crystal orienta-
tion). The spectroscopic method to measure such inten-
sity modulations is photoelectron diffraction (PED). PED
could be described as a scattering problem. The electron
wave monitored by the detector is composed of primary
photoelectron waves (the same as the photoelectron wave
from an isolated atom) and a number of secondary scat-
tered waves from other atoms in the crystal (see Fig. 12),
which interfere with each other. PED finally gives in-
formation related to the coordination environment of

atoms in the crystal.

:atom

Fig. 12. Schematic drawing of the real-space diagram in PED
or EXAFS. The solid line is the primary photoelectron wave
and the dashed line the secondary scattered wave from the sur-
rounding atoms.

Fig. 11. Comparison of images produced by LEEM and PEEM of a submonolayer of Au on Ru(0001) (from Ref.28). (a) LEEM
(E,=6.5¢V) (b) PEEM using secondary electrons (£y = 0 ¢V) (c) X-ray PEEM with Au 4f;), core level (E,= 28.6 V).
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4.2. PEEM

A BAMERIE, UHV BREE N2 & 2 BRI TR 2
DA, WERE, SRR, (LR, HD VI
BB REDX AT I v 7 R e T 25 kL
LCIELS WL TV, HETHMSE (PEEM:
photoemission electron microscopy) (%, K 7-BAM
#i (LEEM: low-energy electron microscopy) & & it
T, RLESHWLN TV ETHEMED—>TH
%. PEEM [3NER R K » TRUBHEE D i &
NHE VORI EEZBLET HFETHS. £
D7 PEEM O J5 7%, LEEM XV & o IckfFE Lz
KEDO~ v B 7813 E LS. LEEM TlHE—#&IC
JLHRITKAF LT 137 B0,

PEEM TiE, M3 2 0E FOEH T R /LF—IC
wfbf WA TN ONDOT— K TOBEIN ]
RETH D[28]. () —MITESE Tk S 7% ICFE
#ﬁ% IHELENTIEIE 0 eV O R LX—% >
R E T (BRI RET) 3Rtk
Do3Ai % KM LT B &R T 5 . (i) X AR O YEE

TIIREEOWNBREM LD SN D720, Tk, b
DUNTIREE AT 2 B LT3 5 5. (iii) E{:’Fﬁ
DT IV F— % FEOWIR TR L7255 13 h7E

MBI S TR T &L of,ﬁ'efoCé{%‘k%%EETZ).

11 12 PEEM (3 %\ MZ LEEM) & D —fl| %71
T M N@IFEFAT 7 ETA4 70 K GeEIEX
BITE V) BV Ry T S LTS TWY
5. X 11(b)TiX, R FREROZD T DI
Ru A & Au T%ﬁ%éﬂf:ﬁﬁfﬂﬁﬁ/ﬂ:@ Hay hT A
M CEHEINTWS OEE, W DhDOLED
E%T%@\ﬁw%é&fb#ofwtkbf%
BbRuEER2ICERTLHZ &im%&w =
11(c)ix X ARFhEE D Au 4f,, NEREM O KE I L D
'V/E/ﬁ%rbfb%x\JM%TiAuT%%é
Nzl (50 FHEE) PNEE~ Yy B 7 &
T3,

4.3. KETEHH 5 VITIEE X SRR SHAE S
fEmN CTAERSINIOEEFIRmN O EN S
FCOMICHERART > v v VT Ko THEELE Z 1T
ZOREER, FIOLE ?Wﬁﬁﬁr(%éwi#mﬁ
fr) OBfE L TREOEREZZITH. DX 57
TR O A2 B E T D FIEEOLEF BT (PED:
photoelectron diffraction) &5 9. PED (F—MXAJITHL
ELEE LT fbh 5. Bl Chii s bsE
FHNE, —RONEEFHE N LT HEA226 0
B ERL) LGSR OO0 Dk S
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Another method, similar to PED, for obtaining the lo-
cal structural information is extended x-ray absorption
fine structure (EXAFS), which is used to measure the
fine structure in the x-ray absorption coefficient in a
wide range (typically, 500 - 1000 eV) from an absorption
edge. On the other hand, the x-ray absorption in a narrow
range (typically, < 50 eV) from an edge is usually called
x-ray absorption spectroscopy (XAS) or x-ray absorption
near edge structure (XANES). X-ray absorption in the
usual range of EXAFS is dominated by photoelectron
absorption [30]. Just as in PED, the primary wave and
the secondary waves scattered from the surrounding at-
oms are finally superposed (see Fig. 12). In Fig. 13, the
weak oscillatory wiggles above the Cu K absorption
edge are shown for Cu metal, which is in fact called
EXAFS. The EXAFS function y(k) transformed from
2(E) by a relation of k= W can give the coor-
dination information of surrounding atoms through its

Fourier transformation.

4
3_
> 2 —
° Ho
=
©
= 1
0 L
— X (X3)
- : : g ; . .
-200 -100 0 100 200 300 400 500

Energy (eV)

Fig. 13. X-ray absorption coefficient 4(E) with a smooth back-
ground g4(E) and EXAFS function y(E) for Cu K edge (from
Ref. 29). £ =0 is set to be the absorption edge. y(E) is given by

HE) = (il E)=10(E)}/po(0).-

5. Summary

Photoemission electron spectroscopy (PES) has been
already established as one of the most fundamental
probes in the materials science field but is still under
rapid development because of continuing improvement
in supporting technologies and the emergence of new
scientific needs. Fundamental concepts of theory and

experiment are well understood. In this paper, as the first

issue of a series of tutorial reviews of PES, we have re-
viewed these fundamental concepts of PES from theo-
retical and experimental points of view, together with a
historical overview. Finally, we have briefly introduced
some PES-based variant applications that have recently

become important in materials research.
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tended x-ray absorption fine structure) T, WU
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