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Photoemission process leaves the target system in several final states that are lacking one electron with
respect to the initial state. Except for the trivial noninteracting case, the final state effect leads to nontrivial
features in the photoemission electron spectroscopy (PES). They are distinguished as the main feature and
its satellites. In this issue, we discuss the satellite features in PES when the final state is reached by the ex-
tended excitations, that is, corresponding to the collective excitations of charges, spins, or vibrations. In
particular, we focus on the basic PES problems of the metallic system with the Fermi sea of conduction
electrons.
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1. Introduction

Photoemission electron spectroscopy (PES) measures
the binding energies of electrons in an atom, a molecule,
or a solid [1]. However, the energies measured in PES
are generally different from the single-electron orbital
energies in the ground state of the material because of
the final state effect. The final state effect is originated
from the electron correlation by the Coulomb interaction
and is understood in terms of the screening of the photo-
hole. This is intimately connected with the true value of
PES as a tool for the fundamental understanding of the
material.

In this issue, we discuss the satellites in PES when the
final states are created by the extended excitations. The
simplest insight may be obtained from the Frank-Condon
problem. In the original Franck-Condon problem, a
molecule is coupled to the vibrational degrees of free-
dom so that just after the photoionization, the ionized
molecule ends up in an excited vibrational state. This
makes transitions possible from the ground state of the
neutral molecule to a number of excited vibrational states
of the ionized molecule. The Franck-Condon problem
could be slightly generalized by replacing the vibration
by its extended version (i.e., phonon) into the electronic
level coupled to the phonon. Such generalization could
provide an important prototypical problem for the pre-
sent discussion even if our main concern is the PES in
the metallic system with the Fermi sea of conduction
electrons. The reason is that all the extended excitations
in the Fermi sea are the same bosonic degrees of freedom
as the phonon and thus can be treated in the same
mathematical formulation. Therefore, our main discus-
sion will be started by briefly introducing the mathe-
matical solution of the Frank-Condon problem.

In metals, the screening of the photohole left behind
by the PES occurs in two types of phenomena when fo-
cusing on the electronic degrees of freedom. First, in
metals with narrow bands (e.g., 3d transition metal), the
positive photohole is neutralized by an electron moving
onto the site of the photoexcitation, from which the pos-
sible final states are made depending on various channels
with sp- or d-screenings. This is one example of the sat-
ellite by the local excitation in the metal, which has been
treated in the section IV of the previous issue of this se-
rial lecture [2]. Second, in metals with wide bands (i.e.,

with the Fermi sea of conduction electrons), the positive

photohole leads to two different extended excitations in a
process of its neutralization. One is the gapless elec-
tron-hole excitation. The excitation energies range be-
tween zero (just on the Fermi surface (or Fermi energy)
Ep) and the bandwidth of the metal. The other is the
quantized (gapped) excitation of the conduction electron
systems, called the (bulk) plasmon. During the penetra-
tion through the surface, surface plasmon can be also
excited. Of course, the plasmon could be gapless in a
special type of electron system (e.g., a stack of interact-
ing electron layers), but this would not be considered in
this discussion.

We shall be mainly concerned with the phenomena by
the two extended excitations mentioned in the second
category above. In the core level PES of the metals, the
electron-hole excitation leads to the singularity appearing
as an asymmetric lineshape of the core line [3] and the
plasmon excitation to the so-called multi-plasmon side-
bands with the intrinsic multi-plasmon creation rates [4].
In particular, the singularity in the lineshape of the core
line would be one of the most dramatic many-body ef-
fects in the physics of x-ray spectroscopy, which is
originated from an interaction between a photohole and
the gapless electron-hole excitation of a conduction elec-
tron system. The same origin also participates in the edge
singularity near the threshold of the x-ray absorption or
emission cross section [5]. Studies concerning the singu-
larities have been done mostly in the core level PES of
the simple metal. The simple metal means nearly free
electron metals with a valence band that consists mainly
of s- or p-electrons, for example, the alkali metals. On
the other hand, the valence level PES of the metal has
been usually compared with the density of states (DOS)
from the electron-structure calculation, i.e., sin-
gle-electron calculation. However, the many-body final
states in the valence level PES of the metal are more dif-
ficult to explore due to the recoil effects of the valence
level, which would not be in the core level. Even if it is
difficult to account for the recoil effects, fortunately, it is
known that the valence hole could be regarded as local as
the core hole.
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These metallic excitations cannot be generally isolated
in the PES because they occur simultaneously and inter-
fere with other excitations. They could be also assorted
as intrinsic and extrinsic contributions and their interfer-
ence to PES; the intrinsic contribution is the energy loss
from the intrinsic property of the photoemission process
within the sudden approximation (i.e., corresponding to
the spectral function of the single-electron Green’s func-
tion), while the extrinsic contribution is the loss from an
interaction of the outgoing photoelectron with the re-
maining solid during its travel to the surface beyond the
sudden approximation. If we are interested in the detailed
lineshape of PES, we should consider the extrinsic con-
tribution (i.e., extrinsic loss) beyond the sudden ap-
proximation [1]. For example, anomalous broadening
found in the PES of high Tc superconductor might be
attributed to such extrinsic loss [6]. A simple introduc-
tion of the study on the extrinsic loss will be given in a
later issue of this serial lecture.

2. Frank-Condon problem

The Frank-Condon problem is of importance in its
own right and also as a basis for the discussion of the
general bosonic model valid in describing the electronic
excitations in the metals. In a general electron-phonon
coupled system, the Fermi Golden-rule expression for
the PES accounting for the temperature distribution of

initial states can be written as

(v, A sle, ~£-0) O

D(a)) = Z”Zﬁ g,

where ‘\{J‘ f> and @) are the final and initial states

and E and E; their corresponding energies and A is the

dipole operator. g; is a statistical factor given by
g =e’" /Zie*/ﬂ and f=1/kgT (kg is the Boltzmann
constant and 7 is the temperature). We use the
Born-Oppenheimer approximation [7] to take the phonon

and thus have

into consideration like ‘Lp> N ‘Lp> 1‘¢> .
e pl

(v, A7) = <\P<°X>

A‘ \P(0)><¢;cx)

proximation, the phonon wave function depends on the

¢,-(0)> . Under the ap-

electronic state through the phonon potential change by

the electronic excitation. This is schematically described

in Fig. 1. Here we also note that A depends only on the

electronic coordinates. We then have

d ' ’ ex ’
D(a)):jﬁDel(w )Dr()h)(w_w )’

D,(w)=27Y [(¥[alw® >\2 S(E, - E, - o)

¢1(0)>‘2 5(a)‘(f") - - a)) (2)

DY (@)=27Y g, |#

The phonon energies

and o' (we put =1 unless
mentioned otherwise) are connected with the potential
I/ex (R) = Eex (R) - Eex (RO) and

V,(R) = E,(R) - E,(R,)» respectively, where R stands for

energies,

the configurational coordinate and R, the equilibrium for
the initial electronic configuration, as illustrated in Fig. 1.
The change of the phonon wave function by the elec-
tronic excitation can be formulated in terms of the

change in the potential energy AV for the phonon

AV = By (R) = E (R~ [E\(R)-E,(R)] (3
~(R-R,)OE, JOR+...

where we keep only the linear term in R-R,. Phonons can
then be formulated distinguishably before and after the
electronic excitation through the following phonon Ham-

iltonians

0 _ 7
th = vavavav 5

Héflx) = vavarav + zv B, (av + a:) 4)

E..(R)

/Eq(R)

RO
Fig. 1 Potential energies for the phonon for the initial and ex-
cited electronic configurations in the Frank-Condon problem. R
stands for the configurational coordinate of the lattice and R,
for the initial equilibrium.
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From H,,®, the phonon spectrum D,,*”(7) can be ob-
tained explicitly in terms of @, and B,. This has been
shown in numerous standard sources [7-9] and we here

just quote the result as a reference for further discussions

D;;") (a)) = Idr D (T) e,

ph

DY (r)= exp“oc dw B(j’) fior+
0 @

(e""“’ —1)(n(a))+1)+(€im ‘1)”(“’) }] ’

ﬁ(w)zzv 25(w—a)v), %)

BV

where n(w) is the Bose distribution function
n(w)y=1/[e"*-1].
Using Eq. (5), we examine the behavior of Dy,™(7).

Defining two important quantities & and 7 as
goz—j:de and ﬁ:_[:dw(2n(w)+l)ﬂ(7?)o we
@ @

have

D(ex) (T) ~ e—ﬁe—ieﬂr [1 +jow dw ﬂa()czo) (6)

{e'im (n(a)) + l) + ei”’n(a))}] .

Considering the limit of Dy, *(7) at large 7, we take the
Fourier transformation term by term and have Dph(e")(a))

as

D (w)~e"S(w-¢,)

Blew— (7
T PO E) gy 4]
(0-¢,)
+e” Mn(so -o).
(&) - @)

From Eq. (7), & and # would be interpreted as the
zero phonon line and the number of emitted phonons.
The typical behavior of the phonon spectra Dph(e")(a)) is
sketched in Fig. 2. The total spectra D(w) is then given
as a simple convolution of the electron spectral lines (i.e.,

Da(®)) and the phonon spectra Dy, ().

3. Core-level PES

In this section, we discuss the core-level PES of the
simple metals in terms of the plasmon excitation and the
gapless electron-hole excitation, respectively. In simple
metals, the creation of a photohole in a core state may be

treated as an instantaneously turned-on local potential.

3.1. Plasmon shake-up

The expression for the core-level PES could be written
in a similar way as for D(w) in the Frank-Condon prob-
lem. The electronic excitation in Eq. (2) corresponds to
the excitation of a core electron up to the vacuum and the
phonon shake-up corresponds to overlaps between va-
lence electron wave functions with fully occupied core
level (i.e., turned-off local potential) and with one core
hole (i.e., turned-on local potential). If we are interested
in plasmon production, we can adopt the two Hamilto-
nians in Eq.(4) where a, (or a,’) should be a plasmon
operator.

If we only consider the shake-up of plasmons, it is
possible to represent the total Hamiltonian by [10,11]

H=H, +&"b'b+Vbb' (®)

where b (or b") is a core electron operator and H, is the

valence-electron Hamiltonian, ie., g = z w a,ja
v q

(o~w,+q*/2m, where @, is the plasmon frequency,

w,=4mne’/m and n is the electron density and m the

electron mass) and ' the core-hole potential

v =3, B@)e, +a}) ©
i Dy (©)
g
€g ®

Fig. 2 Sketch of the typical phonon shake-up spectrum. The
zero-phonon line falls on & with its strength e " below the

center of gravity.
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By the f-sum rule for the structure factor for a homo-
geneous electron gas [11], B(g) is found to be
B(9)=((q)@p’/2,)"?, where v(g)=4ne’/q” is the Cou-

lomb interaction, so that f(w) is obtained by

Fo) - Zq V(;]a))wpl 5(@ B a)q) o)

V4 5
() @ o,
= ( : J AABL o ()(CD _-(vpl).

w12 o \o-a,

r, is the electron gas parameter defined by 4n(rap)’=n"'
(ap: Bohr radius, i.e., 0.53 A). By comparing with Eq. (2),
Dyn(-w) at the zero temperature (7=0) should be associ-
ated with the core-level spectral function Ac(aﬁ-gco).
From Eq.(5), we then have

Ac(a)+ gf): zifdr e
n

exp{ : do' A() (ei‘”/r -1 —ia)’r)} )

LD,Z

)

Introducing g(®) as g(w) = B(w)/w* , we consider the

core-level shift as o =g° +J'O°° dw wg(w) and the

strength of the zero plasmon line is e " with

7= -[: dw g(w) - Now, by expanding the exponential part

and performing the integration term by term, we can

have the core-level spectral function 4.(&-w)

Ale, —w)=e"[6(@+e,—¢, )+ glw+e, —¢,) (12)
+%J-dw' glo+e, —¢ —o)g(a)+-].

The first term is the quasi-particle peak at wte, with
strength of ¢ . The strength of the zero plasmon line
has an important physical meaning. It is interpreted as
the amount of coherent single-particle behavior of the
particle-like excitation in the metal, so called the
quasi-particle weight. In the noninteracting case, it is of
course ¢ =1, i.e., n=0. The second term is nonzero
only for wte-g<w, and has strength 7#e™ . The third

term is nonzero only for wte.-&<2w, and has strength

=2
" ,-7. These contributions term by term make the

2!

multi-plasmon sidebands. In Fig. 3, the plasmon satel-

lites for Na (r~4) are evaluated from Eq. (12). In Fig. 4,
we provide the experimental PES for Mg 2p and 2s lines,
both of which accompany clear multi-plasmon sidebands

by bulk and surface plasmons. The surface plasmon has

its energy of / J2

. .
W+ gc=3wp w+ec-2wp WHEC™ Wp W*€c  kinetic

energy
Fig. 3 The core-level spectral function showing multi-plasmon
sidebands for Na (r,=4), evaluated from Eq. (12). The figure is
taken from Ref. 11.

Mg 2s +2p+Plasmons

Mg 2s

~
[=]

Ay
"

Mg 2p

—_
=]

thaory

o

Counts per Channel =10°

W ) 2 0
Binding Energy Relative to E, eV

Fig .4 XPS 2p and 2s spectra of Mg metal over an extended
energy range. The Mg 2p and 2s lines are both accompanied by
a series of bulk (B) and surface (S) plasmons. In the theoretical
calculation, the extrinsic loss is also considered as the correc-
tion to the intrinsic loss. The figure is taken from Ref. 5.
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r & dn(rag)’=n" (ag!d Bohr ¥:£%, 47255 0.53 A)
THZONDETHTANRTA—=2ThH5bH. QR Ll
W5 ZET, MMFRE (T=0) TO Du(-0)l3Pk
YL AT VRS A(wtel) & BT B s Z b
N0, G)YERNSREANELND.

Ac(a)+ gco): zifdr e
n

exp“: do' A() (ei‘”/r —1—i a)'r)}.

a)rZ

)

g(w) =B(o))o® BEBATH LT, WkEfLDY 7
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3.2. Infrared singularity (gapless electron-hole pair
shake-up)

The electron-hole excitation in metals can be also ap-
proximately described by a quasi-boson model in a simi-
lar way to the plasmon. The boson operator a,’ in Eq. (4)
should correspond to the electron-hole operator, i.e.,
af=aqu=ck+chk and = @p=&p+q-& Here ¢ (or ¢p) is the
conduction electron operator and & is the band energy.
We have the restriction of &.,>Ep>&, where Ep is the
Fermi energy.

Within the random phase approximation (RPA) [7],
the effective quasi-boson Hamiltonian for describing the
electron-hole excitation would be written in the same

way as Eq. (8), that is,

]

_ v(q) »
V= qum(akq +a,

RPA dielectric

) (13)

with  the function

&q,w) and

HV :qua)kqanakq . From Eq (13)5 B(a)) can be ex-

pressed as

2

v(q)

&\q, wkq

B(a)):qu 5(8 - &, —a))~ (14)

k+q

An actual calculation of g(w) could be done numeri-
cally. Especially, A (w)
B(w)c o for small @ [12], which sharply contrasts
with B(@) of the plasmon (i.e., Eq. (10)) with the cut-

off at ay,. We now introduce B(r)= e’ A,(7) with the

is found to behave like

core-level spectral function A(r) ie.,
Bw)y=A.(w+¢.)>
B(r):lexp“wda)a(a))e _1} (15)
2z 0 @

where we take a(w)=/f(w)/w . Let us note that
B(7)satisfies the following two integral equation by con-

verting Eq. (15) [13]

%B(r) = zf: do a(®)e B(z)

ioB(w) = iJ.Om do' a(0")B(wo-a')- (16)

It is our main interest to obtain B(w) for small w,
where a(w) could be replaced bya(0) because of
S (w) « . From Eq. (16), we find

wB(0) = a(())jo”’ do' B(w) (17

and we can check the solution of Eq. (17) to be
B(w) < 1/ for small . Therefore, the core-level

spectral function 4 (¢, —w) has the threshold behavior

1

A (¢, - o) mm (18)
The quasi-particle peak is not a delta-function peak, but
has a singularity, called the infrared singularity. This
makes the lineshape of PES asymmetric. More extended
study of this singular lineshape has been done by Do-
niach and Sunjic [3]. Their result for the XPS lineshape
with a lifetime width 2yis

Il-ea) cos{m +(l-a) arctan[wﬂ
fl@)= ’ 724, 9)

(a)2 4 ]/2 )(]—u)/Z

where I" denotes the I'-function. =0 makes f{ @) reduce
to a Lorentzian (i.e., a delta-function with broadening).
Figure 5 corresponds to a magnification of the Mg 2p
line in Fig. 4 (but not actually same data), we can see
clearly the asymmetry of the spectrum, i.e., its skewing
to higher binding energies. The fit of the line with the
Doniach-Sunjic formula, i.e., Eq. (19) is very good. In
Fig. 6, the Na 2s lines are compared between Na metal
and its hydroxide [14]. From the figure, the origin of the
asymmetric singularity of the core XPS line is intuitively
understood. The Na 2s line in the metal is asymmetric
with tail to higher binding energies, while the same core
line in the hydroxide is symmetric enough. We note that
there is no conduction electron to make the gapless elec-
tron-hole excitation in NaOH because it is an insulator.
Another important feature of the experimental results is
that the same asymmetry index « is found for different
shells K, L,, L3, etc in the same atom [15].
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B@)=Y, —g—0) (14

k+q

B(r)= zi[exp{.[:dw a(w) eiw;)_l}, (15)

k?%%?h%) ::Ta(w):ﬁ(w)/wkbfl fcﬁ%,
BIX(15)AAZET LTIRD 2 DDOFESy JiFE 4 i
7297 [13].

% B(r) = iJ.: do a(w)e' B(r)»

ioB(w) = iJ;w do' a(0")B(w- ') - (16)

A ELEMN D D DIT/NE N0 TD Blo)eRbbHZ L

T, ZO%EB(@)co ThHDHZENDoAw)Ta0) L
BLIENTES. 16X D

wB(w) = a(0) jo do' B(@') (17

NEh, /J‘él/\a)’(“@(17)f@ﬁ7%j7j§B(a))ocl/a)l””(o)
ThHdHEMRTED., Thdz, NREMNAT K
B 4 (¢, — o) XA FE IR B &5

A (e —w)m%~ (18)
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f(w) =
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The same origin also participates in the edge singular-
ity near the threshold of the X-ray absorption/emission
cross section. Rigorous theoretical treatments have been
carried out by Mahan [16] and by Nozieres and De-
Dominicis [17]. Therefore, the related theory is called
the Mahan-Nozieres-DeDominicis (MND) theory or
MND singularity. Near the threshold, the absorption
cross section has the following form with the power-law
exponent

A(w)a:( ¢ j%, (20)

@ — Wy,

where @y, is the threshold frequency and ¢; the threshold
exponent with the angular momentum / of the conduction

electron in the final state. The exponent ¢; is

a =294, @1)

1
T
with o :22/(21+1)(5[/;;)2 . 0y is the phase shift from

the angular momentum channel / through the excitonic
contribution [18], while & is shown to be exactly same as
the asymmetry index in Eq. (19) or (0) in Eq. (18) [17].
In Fig.7, the x-ray absorption edges of the L, shell of
the Na metal by Callcott et al. [19] are shown. In the
figure, each of these two edges should have a power law

singularity.

Mg 2p,
n=0.13
2y= 0.03 eV

0.4 0.6 0.8
T

10* COUNTS PER CHANNEL

0.2
T

56 54 52 50 T a6
ELECTRON BINDING ENERGY ({eV)

Fig. 5 High resolution XPS 2p line of Mg metal. The full curve
is the Doniach-Sunjic lineshape. The figure is taken from Ref.
5.
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Fig. 6 XPS from Na 2s electrons in (a) metal and (b) hydroxide.
The metal spectrum is asymmetric with additional contribution
on the high-binding-energy side due to electron-hole pair pro-
duction. This is not in the insulator (hydroxide). In (a), peaks to
the left are plasmon satellites. The figure is taken from Ref. 14.
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Fig. 7 The x-ray absorption edge of the L, shell of the Na
metal. (a) shows the band structure calculation result by Gupta
and Freeman [20] convoluted with the edge singularity (and
also broadening function). (b) is the experimental data by
Callcott et al. [19]. The figure is taken from Ref. 19.

4. Valence-level PES
The valence level PES of the metal is usually com-
pared with the density of states (DOS) from the elec-

tron-structure calculation, i.e., single-electron calculation.

However, the many-body final states in the valence level
are more difficult to explore than the core level. The ex-
ponential expression of Eq. (6) (and also Egs. (11) and
(15)) from the Frank-Condon problem is an exact solu-
tion for the core-electron case. In the language of the
Feynman diagram, it is obtained by summing all the dia-
grams with only one electron line dressed by all possible
emission and absorption of bosons [21]. It may be rea-
sonable to approximate the valence-electron case by
summing the same set of diagrams. However, the dia-
grams cannot be summed exactly because the diagrams
must mix electrons and holes with different momenta
(i.e., electron polarizations, not a single electron line)
due to the recoil of electrons when emitting or absorbing
a boson.

One approximation in the same spirit as for the

core-electron case is to neglect the recoil effect like

g to, >etle, e to,)>e o, (22)
In other words, this approximation corresponds to ne-
glecting a change of boson dispersion like &.,-&+w,— @,
and also makes the exponential expression still valid
under the consideration of the dispersion of the valence
band. Hole propagation and plasmon losses have been
discussed using this approximation by McMullen and
Bergersen [22] and Hedin and his coworker [23]. In par-
ticular, it was found that the approximation should apply
for small k£ and high electron energies. In a recent work,
the exponential expression was evaluated for some real
systems using ab initio band structure calculations, and it
was shown that the satellite structure is closely related to
the electron energy loss function [24]. In Fig. 8, the spec-
tral function for the Na metal obtained from the expo-
nential expression is compared with GW approximation
(GWA) [25] for /=(2n/a)[1,1,1/2]. According to the ex-
ponential expression, the first satellite falls around @y
(~5.7 eV for Na). As a matter of fact, the plasmon side-
bands are also observed in the valence band spectra of
the simple metals [26].However, GWA is found to fail in
reproducing the satellite structure. It is known, for in-
stance, that the plasmon satellite in the core electron case
is positioned too low, 1.5, below the quasiparticle peak
rather than ay, [27].

These accumulated arguments and studies concerning
the possibility of using the approximation of Eq. (22)
could be practical justifications of the assumption that
the valence hole can be regarded as local as the core hole,
even if the fundamental justification is still a very diffi-
cult subject. Incidentally, a recent valence-level PES of
B(boron)-doped diamond shows nice multi-phonon
sidebands as shown in Fig. 9 [28], which would experi-
mentally support the assumption that the valence hole is
as local as the core hole. On the basis of the assumption,
various satellite problems have been explored to investi-

gate correlated electron systems [29].
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Fig. 8 The wvalence-level spectral function for Na with
k=(2m/a)[1,1,1/2]. The solid and dashed lines correspond to the
exponential expression and the GWA, respectively. The figure
is taken from Ref. 24.
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Fig. 9 The valence-level PES (angle-integrated spectra) of
B(boron)-doped diamond with respect to
Multi-phonon sidebands (phonon with ~150 meV) are clearly

temperature.

shown. The figure is taken from Ref. 28.

5. Summary

We have overviewed the satellites of PES as the fi-
nal-state effects, especially when such final states are
made from extended excitations. The discussion has been
started by introducing the solution of the Frank-Condon
problem, which can be a key to manage the general bos-
onic excitations within a unified framework. We have
concentrated on two different electronic excitations, i.e.,
plasmon and electron-hole excitation, in simple metals.
One gives rise to the multi-plasmon sidebands in the
core-level PES. The other gives the infrared singularity
leading to the asymmetric lineshape of the core-level line
and the edge singularity near the absorption threshold.
Finally, the final state effects in the valence-level PES of

the metal have been discussed.
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