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Photoemission process leaves the target system in various final states that are lacking one electron with
respect to the initial state. Except for the trivial noninteracting case, the final-state effects result in separate
features in the photoemission electron spectra (PES). They are distinguished as the main feature and its sat-
ellites. Knowledge about those features for a given material is fundamentally important in understanding
the electronic property of the material. We discuss the main and satellite features signaled in PES especially
when the final states are reached by the local excitations, usually corresponding to the atoms, molecules, or
strongly correlated electron solids like transition metal or rare earth metal compounds or several organic
compounds. In particular, we focus on a few famous and prototypical PES problems of transition metal
compounds (i.e., 3d-valence insulators, or sometimes narrow band 3d metals) and their understanding.

WEFHEE I FBEEEICEXD T4 b

(%%)  1.D.Lee™
(AAFERE) KEME" KBHAE>™
(BeaRa) s —e ™™
CWEFIRFI AN K PR F: ~ T J Tt = IFFEFRE T923-1292 £ /I/REEFE T A 1-1
P ABAK S K TAIER) By el LA W iy TFa i T565-0871  AMRPA T4 17 2-1
C FOTEEFIAS: RO HTREIE SRR A TE T > 5 —  T278-8510  THELZEFIH ifr /Ll 2641
“idlee@jaist.ac.jp
™ nagatomi@mls.eng.osaka-u.ac.jp

" mizutani@jaist.ac.jp

****endo-kz@nifty.com

(2009 49 A 1 HZH)

YA E L L2 OREINIR 1%, OIHRRBICH R CTE R 2D W IREEZ 5. Z o
FORABIZITRR 2 ZRHEN B D 7D, FRIEBITAFAET D2 EAL L B AIEH L2 WEE 2RV T,
HEF AT kv (PES) XY 774 MESENRAOLNE. oY T T4 b —213FEE—7
ERBIEND. BOIMELRICBIT DYV T T4 MEGEICHT 28R, MElOEFIRELZEFET D
TODOHAL L TEETHD. AfETIE, FRCREL LRiEfE 2 8 TRIRBBIZE 55412 PES
WCBWTALNDIEE—7 VT4 PE—IHWEICOWTHEmT D. b, 'Y, o,

Copyright (c) 2009 by The Surface Analysis Society of Japan
-127-



Journal of Surface Analysis Vol.16, No. 2 (2009) pp. 127-152
J. D. Lee Photoemission electron spectroscopy II: Satellites by local excitations

H D VTEBERESCH LESROLEY, WL OOFEMEH: EOEMBE 7R ERIZBWVT
RONDBELRTHD. RTINS, BEBESRIEY (Thabb, 3dMiE R, &5k
NUR3AER) ITALND W DODF4L THEAMNZ PES ME L ORI OW TR S,

1. Introduction

Photoemission electron spectroscopy (PES) produces
final states which are lacking one electron with respect to
the initial ground state and measures their energies [1].
The energies measured in PES are, of course, the
hole-state energies and depend on the final-state con-
figurations, and thus they are generally different from the
single-electron orbital energies in the ground state of the
material. The utmost origin of such nontrivial final-state
effects is the electron correlation by the Coulomb inter-
action, which is met in the many-body systems. It should
be noted that atoms, molecules, and solids are
many-body systems.

Emission of one electron by the PES process must lead
to nontrivial effects in the remaining system, i.e., the
final-state effects. The most elementary example of the
final-state effect in the PES would be found in an argu-
ment of the binding energy of the atomic orbital. In Fig.
1, the simple PES processes for Ne atom which has three

atomic orbitals containing electrons are displayed. The

(a)

PES measures the energy difference between the initial
ground state energy with N electrons £ and the final
state with N-1 electrons £{"" and gives the binding en-
ergy Epas Eg=E{'-E]. Neglecting the electronic rear-
rangement such as the orbital relaxation, the binding en-
ergy is stated to equal the negative energy of the orbital
from which the photohole is created. From Fig.1, for the
orbitals of Ne, one may have —g,~ E[(1s)']- EIN S
~6,, ~E[29)'1-E) . —¢,, ~E[2p,,)']-E" . and
-¢,, ~E[Q2p; I'1-EY, where the splitting between
2p1» and 2p;; is due to the spin-orbit coupling between
the unpaired spin and orbital angular momentum. This is
known as the Koopmans’ approximation [2], or a “bare”
or “undressed” hole in solid state terminology. Another
important example regarding the atomic binding energy
is the chemical shift, the change in the binding energy

between two different chemical environments surround-

ing the same atoms.
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Fig. 1. (a) Schematic illustration of the initial state and final states (depending on the orbital where the electron is ejected) before

and after the PES of Ne atom. (b) Energy levels corresponding to the initial state and final states. Due to the spin-orbit coupling,
2ps/ and 2p;, would be split. Closed dots represent the electrons and the open dots the photoholes, respectively.
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More explicit electron correlation could be discussed
through the excited states of the remaining system led to
by the photohole created in the PES process. Except for
the particular cases like valence states of wide-band sol-
ids (e.g., the free-electron final state model is well ap-
plied for the valence states of Cu metal [3]), the photo-
hole is generally not fully screened. The core-level PES
creates final states with spin and orbital angular momen-
tum. In particular, if the system has the open valence
configuration, the spin of the photohole can couple par-
allel or antiparallel to the spin of the outer valence con-
figuration. This gives the exchange splitting at given
atomic levels, so called the core polarization. It is possi-
ble to specify the spectral lines into the final state with
lower energy and higher energy by the exchange split-
ting.

Satellite (also called shake-up structure) in the core
level PES has been a research area of intensive and ex-
tensive theoretical and experimental efforts [4,5]. The
Coulomb interaction felt by the valence electrons when a
core-level electron is ejected in the PES causes their
screening collapse towards the positive photohole, lead-
ing to the excitations of the remaining system. These
excitations require energy and give the photoelectron
signals with smaller kinetic energies (larger binding en-
ergies) than the signal corresponding to the ground state.
Therefore, in a general sense, the PES consists of a main
line (corresponding to the ground state after the PES, i.e.,
no-loss line) and several features of satellites (corre-
sponding to excited states, i.e., loss lines). Except for a
noninteracting system (or simply a system where the
photohole is completely screened), satellites could be
observed as lines additional to the main line in any in-
teracting system. Satellite structures observed in com-
pounds of transition metals or rare earth metals, alakali
metal halides, and several organic compounds are espe-
cially interesting and important because they deliver
abundant physics of the electron correlation. Such elec-
tron correlation is believed to play a central role in the
most attractive materials of the solid state physics or
materials science, like high 7. superconductors. In these
cases, the satellites are usually excited through the
charge-transfer excitation between outer valences or the
Mott excitation between d electrons, which will be dis-
cussed later. These charge-transfer or Mott excitations

are distinguished from the core polarization and they

could occur together with the core polarization without
interference.

A photohole left raises, in principle, various kinds of
excitations in the remaining system, for instance, the
charge excitations, the spin excitations, vibrational (nu-
clear) excitations, and so on. Some would be the local
excitations, i.e., the atomic-like excitations of charges,
spins, and vibrations, while others would be the extended
excitations, i.e., the collective excitations of charges,
spins, and vibrations (in other words, plasmons, magnons,
and phonons). Physics of satellites would be very differ-
ent depending on the local or extended excitations. In
this issue, we mainly treat the satellites by the local ex-
citations, which are usually relevant in the compounds
including 3d transition metal elements or rare-earth ele-
ments and incorporating the strong electron correlation.
The satellite by the extended excitations would be treated

in the next issue of this serial lecture.

2. Elementary multiplet splitting

The multiplet splitting generally constructs the most
essential interpretation of the PES by characterizing the
binding energies of the excited states of the system. As
an origin of the elementary line-splitting, we firstly in-
troduce the spin-orbit coupling. For Ar atom, the final
state after making a hole in the outer p orbital has (3p)’
configuration so that the unpaired spin and orbital angu-
lar momentum couple to each other. In Fig. 2, the PES of
Ar gas gives the simplest structure of the split features of
3ps» and 3p;, with the statistical weight in the ratio 2:1
(2x3/2+1: 2x1/2+1) by the spin-orbit coupling because
the gaseous phase does not contain other possible excita-
tions to make several substructures in the spectra, e.g.,
vibrational excitation. The general features of the
spin-orbit splitting of the core-level PES would be un-
derstood as follows; (i) the s orbital is not split, giving a
singlet, (ii) the p, d, f, ... orbitals are split, giving a dou-
blet, (iii) a state with lower j-value has higher binding
energy (see Fig. 2; we find that 3p;,, has higher binding
energy than 3p;;), and (iv) the splitting increases with
the atomic number.
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Unlike the monoatomic gas (e.g., Ar gas), for the dia-
tomic molecule, the vibrational or rotational excitations
of the nuclei are inherent in the PES process. A part of
the kinetic energy of the escaping electron can be ab-
sorbed in the excitation of vibration or rotation of the
nuclei. Therefore, the kinetic energy Ey of the escaping

electron satisfies hiw-E=Egt+E i, +E,, Where o is the
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Fig. 2. PES of Ar gas with Ne I source (16.85 eV). 3p;, and
3py; are split with the weight ratio 2:1 due to the spin-orbit
coupling. The figure is taken from Ref. 7.
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photon energy and E,;, and E, are vibrational and rota-
tional excitation energies, respectively. The relation
represents several high binding energy features beyond
the fundamental binding energy Eg (or the ionization
potential energy for a given orbital). The energy distribu-
tion and spectral weights of those high binding energy
features are determined by the Franck-Condon problem
[6].

Another kind of elementary multiplet splitting would
be found in the chemical shift. As mentioned previously,
the binding energy in the PES not only depends on the
atomic level where the electron is ejected but also the
local chemical environments. Therefore, the chemical
shift would be useful to identify the chemical environ-
ment of an element. For this purpose, the electron spec-
troscopy for chemical analysis (ESCA) has been devel-
oped through the core-level PES [8]. Figure 3 shows that
the PES line of an element (C 1s) is found to vary over a
few electron volts according to the state of chemical
combination of the atom and the nature of its immediate
neighbors. The binding energies of a given atomic level
under various chemical coordination are tabulated in the

available databases [9].

H.C

3
C=0
_/'

/\/U\/( Cls) M Clis)
29(} SDD

l

Blnding energy (V)

Fig. 3. C 1s core-level PES in ethyl trifluoroacetate (left panel; CF;CO,C,Hs) and acetone (right panel; (CH3),CO). The figure is

taken from Ref. 7.
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3. Core polarization

The core-level PES frequently makes the final state
with definite values of the spin and orbital angular mo-
mentum. In the case, unless the atom has the completely
closed valence configuration, there occurs an interesting
exchange splitting in the core-level PES line due to the
exchange coupling. This is the core polarization. In Fig.
4, we give the schematic descriptions of the 1s core-level
PES in Li atom and Be atom. For Li atom, it is readily
noted that, from the initial state Li(lSZZS;ZS), two final
states could be reached as

L)oo | TSN R

Li* (3S)+ e :Fig.4(b)
Due to the exchange integral depending on the spin states,
two final states are energetically different and give the

splitting of the 1s line. On the other hand, for Be atom,

Li 1s PES of Li atom

from the initial state Be(1s°2s%'S), the only possible fi-

nal state to be reached would be Be* (2 S)+ e, as shown

in Fig. 4(c).

In Fig. 5, another example of the core polarization are
provided. In Fig. 5(a), we give the O 1s lines from a
mixture of gaseous O, and H,O. First, we note that the
energy splitting of 3.5 eV between O, and H,O is due to
the chemical shift, i.e., signifying the different chemical
environment surrounding O atom between O, and H,O.
Second, interestingly, the O 1s line from O, is split by
1.1 eV, while the O 1s line from H,O is not split. This
should be understood from the core polarization. For O,,
from the initial state (15)*(2s)*(2p)* with a total spin S=1,
two possible final states could be reached as

Be 1s PES of Be atom

(c)

Fig. 4. Schematic illustration of Li 1s PES of Li atom and Be 1s PES of Be atom. Li atom has the open outer shell, while Be the
closed outer shell. Due to the reason, Li has two possible final states [(a) and (b)], but Be has only one possible final state [(c)].
Closed dots represent the electrons and the open dots the photoholes, respectively. Arrows signify the electron spins.
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Fig. 5. (a) Oxygen ls core-level XPS (i.e., x-ray PES) from a mixture of O, and H,O. The figure is taken from Ref.8. (b) Gd 4s

core-level XPS in GdF;. The figure is taken from Ref. 10.
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S=1/2
§=3/2

(1) (2s)"(2p)" +neo > (1) (2s)° (2p)“{

by way of the coupling of the spin s=1/2 of a photohole
in Is to the valence spin. The splitting of 1.1 eV corre-
sponds to the exchange integral due to the spin coupling.
On the other hand, for H,O, the initial state of O is
(15)*(2s)*(2p)® with =0, that is, the outer shell is closed,
and the final state becomes (1s)'(2s)*(2p)°, i.e., S=1/2.
The spin of the 1s photohole have no spin state to couple
so that there is no splitting in O 1s line for H,O. The
splitting of Gd 4s lines of GdF; given in Fig. 5(b) can be
also understood in the same way. The spin of the 4s
photohole can couple to the spin of the final state
4f(SS7/2), i.e., $=7/2, which gives the exchange splitting
between S=3 and S=4.

The peak splitting also varies depending on the envi-
ronment of the atom concerned. Figure 6 shows the dif-
ferent doublet splittings observed in the Cr 3s lines for a
series of Cr compounds. This could provide chemically
useful information and have an advantage compared to
the chemical shift in the previous section. Comparison of
the energy splitting does not require the calibration of the
absolute binding energy necessary for the discussion of
the chemical shift.

4. Satellites
Remembering the basic PES theory of the previous
issue [1], the Fermi golden rule expression for the

core-level PES includes the following transition matrix

element
(N =1Lk;8|A e | N) = (N =155 [(K|A e | D) N 1) )
In Eq.(1), k> is the single-electron state describing

the photoelectron and ‘ N—l;s> is the remaining N-1
electrons in the state s, while \b) is the core level under
consideration and \b)\ N—1> the initial ground state

before the PES process. Agipolc is the dipole operator. The

photocurrent J(k,w) can then be expressed as

Tk, @)=k || )] SN L5 | N -1) S +e,) @

where & is the binding energy of the excited state meas-

ured from the no-loss line. If ‘ N-— 1;0> ~ ‘ N-— 1> , we have

only a peak from KN ~1,0|N - 1>‘2 ~1 for s=0 and O for

s#0. That is, there is no satellite. This case occurs basi-
cally only in a noninteracting system, where it is said that
the photohole is completely screened. On the other hand,
generally, J(k,w) consists of the core line correspond-
ing to ‘ b> and its accompanying satellites according to
the number of excited states s in the PES process. It
should be also noted that the present argument could be
applied not only to the core line but also the valence
spectra. In the following subsections, we provide some
examples of rather famous satellite problems of the PES

and their proper understanding.
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Fig. 6. Cr 3s core-level XPS from a series of Cr'"' compounds
(Cry03, Cr3S,, CrFs, and CrCl; from top to bottom) showing
the splitting of the 3s level. Cr'™ means that its oxidation state

is +3. The figure is taken from Ref. 11.
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4.1. Copper dihalides

We introduce the problem of Cu 2p lines of copper
dihalides like CuF,, CuCl,, and CuBr,. Firstly, the Cu 2p
line is split to 2ps, and 2p;,, lines due to the spin-orbit
coupling. Incidentally, each of two lines (2p;,, and 2p,,)
is further split to the main line (lower binding energy
feature) and satellite (higher binding energy feature) as
shown in Fig. 7. In the ground states of copper dihalides,
Cu*" has one hole in the 3d shell and the ligand shell is
completely filled. This is usually written as (3d)°’L,
where (3d)’ refers to Cu®* and L the outer filled shells of
the halide ligands, i.e., (2p)° for F,, (3p)° for CI', and
(4p)° for Br. A final state one may consider most imme-
diately, where no valence change occurs before and after
the PES, might be

(3dfL—>c¢'(3d)L

where ¢ means the photohole in the core-level. Now
one may ask “Does the final state of ¢’'(3d)’L give trivi-
ally the main line?” This question or an effort to answer
this question would be a starting point to understand the
electronic structure of the strongly correlated electron
systems like transition metal compounds.

Simply speaking, the final state of ¢”'(3d)’L does not
give the main line for copper dihalides. Another final
state, where after the core-hole creation one electron is
transferred from the ligand into the d shell, leading to
¢'(3d)'""L™" gives the main line, while ¢”'(3d)’L gives the
satellite [12], as inscribed in Fig. 7. This can be under-
stood by considering the additional Coulomb attraction
U, between the core hole and the 3d shell electron. A
photohole on the metal ion acts as a positive charge for
electrons with orbital radius larger than that of the shell
on which the photohole resides. This lowers the energy
of the 3d valence shell by pulling it down below the top
of the ligand valence band. This picture neglects the infi-
nite nature of a solid, but could be applied to open d or f
shell ions with the localized nature of the orbital by
Kotani and Toyozawa [13]. For a rigorous understanding,
the theoretical calculation of the band structure for
one-hole final state may be necessary, but it would not be
easy. Instead, owing to the local nature, much simpler
model with a single metal ion and the ligand cluster sur-
rounding the metal ion is available. This approach using
the molecular-orbital model was first taken by Asada and

Sugano [14]. Similar approaches have been resorted to

thereafter by many researchers [4,12,15]. The situation
can be further simplified to the two-level problem by
taking both a metal ion and the ligand as single levels.

In Fig. 8, valence configurations to interpret the Cu 2p
lines are given in the two-level picture. The metal ion
and ligand couples to each other and makes two hybrid-
ized levels. As mentioned previously, two valence con-
figurations (3d)'’L" and (3d)’L (due to the hybridization
between two, it would be actually more correct to say
“mostly (3d)'’L™"” and “mostly (3d)’L") are possible in
the initial states. Here we importantly note that which of
two would be the lowest valence configuration depends
on the relative competition between U, and AE. AE is the
energy difference between two initial states of valence
band, i.e., AE=E[(3d)'°L"']-E[(3d)’L]. It is found that the
copper dihalides correspond to the cases of U>AE. More
consideration of this picture can lead to the analytic
analysis of Cu 2p lines [16]. Let us think of the following

Hamiltonian H

2payy13d1Lt 2pyp 1300

'p'l
A
[\ 2py,3dL
/'“ IHL /%{) "

v q \"\H/ 1\‘/&'\\ CuF2
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Fig. 7. Cu 2p core-level XPS of CuF,, CuCl,, and CuBr,. Two
main lines split due to the spin-orbit coupling are
(2p3n) ' (3d)'°L! and (2p;,)"(3d)'°L! and their accompanying
satellites are (2ps»)'(3d)Y°L and (2p;)"'(3d)’L, respectively.
The figure is taken from Ref. 12.

-138-



Journal of Surface Analysis Vol.16, No. 2 (2009) pp. 127-152
J. D. Lee Photoemission electron spectroscopy II: Satellites by local excitations

4.1. »ua AL

CuF,, CuCl,, CuBr, 72 D a7 AR/ B
% Cup DV T T4 MZOWTHENTH. £7 Culp
E— 27 13 AE = {EMAEERIZ L > T2psn & 21
BT 5. WIZ, “EHHE Qpy, & 2pip) ETNE
ﬂ,l7_ﬁ%ﬂéiim,ﬁﬁéiiw¥~M®
FE—7 LEEATRAX—OYT T A MIEL
BT 5. e F AR O L EIRRE T, &Fﬁ
3dmL E%% SFF L, BN DORITSE ISR
Lheh. ZHUTEE, AL EREND. T ZTEBA’
O BE%RL, Lix e ROl Sz
Sk, Thb b, FOQRp), CIro@Bp)®, Brd(4p)t
ZHRLTWAD. PES ORifE CMEF 2L L&
RAEL L TTITBABNDLDON

(BdL—>c'(3d)L

Thd. 22T IINRONELEZERT S, 22
T [tkne c@@%#ft I EHZL00?) &
WO RN TS 2. ZORMIZEA LI ET52
Lix, EBRERBLAWR EOE ROV ROE
FREE A FRET A0 D AL — M UETH 5.
HHICE 21T, &REE CGWLiAm&/mﬁm
Fr—rxz5 270, K778, AICIESL
PAERINTZZIC 1 BEFDPEA 05 d uE~EF
L7z ke ¢'Gd)' 'L v —2 252, ¢'3d)’L
BT T4 he—7 L72B[12]. ZHIENZOIELL
E3dFEOEFELD—a U HEEH U 2E25 2
L CHETX D, &BA A VICHFET DN EALIT
HEADFAET D3k L0 b IMUDOFEIZAFAET DB
TIoxt L TIEEM E LTHE<. ZoMAEERICE -
T, 3dfliE D= R X —PENL T D b T RV
X—DMEFDOZXNLF LD HIELS D, Z0O
HICIE, EARERICHS Z L A BAE L TV LR
Kotani & Toyozawa (2 & - THE SN2 #0E 1 RAT
{ELTWD &9 FRE[13]1%2 VT, BZR Tl 72 d
HUESC fHLEA A~ TE 5. X0 IEfERER
ELTE, 1 EAZEFEORKIRREBIZH T 53 R
OHFRMFHRNSMLETH D08, ZIUIES Tlideu.
ZORDLY, FFTRIRLIBENEEEL, 1| & A
Fr L ENERY B BN D7 T AL —THERKS
o X0 HEMARET VOBANAETHL. DN
FEEETVEEREA LT 7o —F 1%, Asada &
Sugano (2 X > THRMNZHW L [14]. [FEEOT 7
1 —FIEED%HL < OMEHIZ L > THO BTN
5[4,12,15]. 1 &J@ A 4> LB T OW 5 & EnEh
1AL F DL LT 2 & T, Ra L E{b L7z 2

YENRIEE LTI &b T 5.
@2p5 IOV T T4 M T 57D 8
2 N COME FEER~T. &RA 4k

ﬁﬂ%iﬁﬁ@%b,ﬂ47)&4? D= ING e

LoT 2 oOWIRERSND. EikLZ@Y,

(Bd)'°L" £ (3dY’L @ 2 SOl %frﬁk(m%@/\w

YA —va ok, EBECE NTEGED)" L
ﬁﬂﬁﬁ¢k§5ﬁﬁi@£%)“#ﬁ%&b

THEETHD. 22T, ELLDOMEEEDT xR

X —=PMENNE, U, EAE OB TIRED Z &N

HETHD. AE 1L 2 DOfE - OMEIRED = 1L

X —EAE=E[(3d)"°L"]-E[3d)’L] TH BH. Ak

L USADRTH D Z EBDND. 2 b OHHED

W HEEITLY Cu 2p DFENTNTZ H[16]. kD

NINVR=T L HEEZD.

-139-



Journal of Surface Analysis Vol.16, No. 2 (2009) pp. 127-152
J. D. Lee Photoemission electron spectroscopy II: Satellites by local excitations

E, :%(e‘a +&,)F OE/2

H=¢|c)e|+(e, +Uan Ja)al +e|b)b] 3
+t{a)(b|+[b)(al)

where &, &, and g, signify the energies of Cu 2p level,

(E) are energies of two possible final states). Therefore,
the binding energy separation OF, that is, the distance

between the main line and satellite, is

4)

(3d)°L, and (3d)'"°L"', respectively, and ¢ is the hybridiza-
a) and Bd)'LY, ie., b).-

tion between (3d)’L, i.e.,
O = (e, - &, +41 =(AE) +42°

The initial ground state ‘\}10> with n.=1 is
—sinH‘c)‘a)+cosH‘c>‘b>
’ where AE is given by AE=g,-¢&,. Further, the peak ratio is

|¥,) =
obtained by

where
tand =2t/(¢, +U, —&,) ;
K\Pl ‘<C‘\P0>‘

and

E,=¢, +l(e3a +U, +8b)—%\/(€a +U, —¢,) +4t°

(Ey is the initial ground state energy) are noted. In the
same way, the final states with n.=0 are

|¥,) =cosg|a)—sing|b)

and
|, ) =sing|a)+cosg|b)

where we note
tan2¢ = 2t/(g, — ¢, )

and
initial final | finalll
“well-screened” “unscreened”
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b Vo3dL — . 3% —@—. 3PL
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Fig. 8. Schematic representation of valence configurations before and after the Cu 2p core-level PES in copper dihalides. U>AE

is assumed in this case.
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4.2. 6 eV satellites of Ni

In many cases, the d or f electrons are quite localized 40 - 3
even in metallic solids so that the previous discussion - M EV OPATED J
employing the atomic or cluster picture could be still 201 satellite [ || main |
valid in those metals. Of course, in insulators and semi- = - e |
conductors, this statement would be valid much more oL L |
strongly. In this subsection, we introduce the problem of 7 = oEs £
6 eV satellite of Ni metal [17]. Figure 9 explains the 6 E 2ol ]
eV satellite problem of Ni metal. In the figure, several E LI e
core-lines and valence band spectra (3d spectra) of Ni O b= 1
metal are shown. It is found that each main line accom- '?g 0 el e —jkzs
panies a satellite at about 6 eV larger binding energy. For
the understanding, the picture of Kotani and Toyozawa ‘E ol = |
which was introduced in the previous subsection will be S I 140 o ]
used in a similar way (see Fig.10). But, the simplified o or 3
two-level model will not be employed because of the = olt |
metallic bands. 2py,5 =

870 ]
0{ 20,2 1—/ k P
50 - 890 | edoev g
0

Electron Binding Energy (eV)

Fig. 9. XPS of the 3d, 3p, 3s, 2ps3,, and 2py, of Ni metal. The
main lines have been lined up to demonstrate the mostly uni-
versal 6 eV satellite for each line. The figure is taken from Ref.

17.
Ni-metal, core pholoionization core Hi ¢ ?alence
: : an /\ \
‘5"'1I.Ii|_,. .
e Er B & 2 E M
=]
P (o L P9 6 - Phoigegnesg lgn
1% -screening i soreening
y o
ln-::-u |  @-streenng
E|—| ks
—
ca e F LT G W
li!
rtval £tate final state final stote
satellite line main line Vs ~LCTRENCY
c3dLs el1d’ Lef e*3dLs . :
E L ;} E- ¥l

Fig. 10. Schematic density of states of Ni, indicating the origin of the main and satellite for the core-level (left panel) and the va-
lence level (right panel) PES. The figure is taken from Ref. 5.
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The initial state of Ni metal has (3d)’(4s)" and two fi-
nal states are possible according to two different screen-
ing channels when the conduction band is pulled down
below the Fermi energy (£r) by the Coulomb attraction
caused by the core hole, as illustrated in the left panel of
Fig. 10. First, the conduction band pulled down below Ef
could be filled with an additional electron and make a
¢'(3d)"°(4s)" configuration. This is found to be the
ground state to give the main line and called
“d-screening”. Second, the screening electron could not
fill the 3d band even if a localized hole is left below EFf,
but fill the wide 4s band, that is, “s-screening”. This
makes a two-hole configuration c¢”'(3d)’(4s)’, which
leads to the satellite. The energy of the satellite measured
from the main line is SE=E[(3d)’(4s)*]-E[(3d)""(4s)']=6
eV, which is approximately same for all core lines. The 6
eV satellite is also observed in the valence-band spectra
(top panel of Fig. 9). In the right panel of Fig. 10, the
main line corresponds to the (3d)’(4s)' by the
d-screening and the satellite to the (3d)*(4s)’ by the
s-screening of the Coulomb correlation between d elec-
trons. The energy separation between the main line and
the satellite in this case is SE=E[(3d)*(4s)*]-E[(3d)’(4s)'],
which is found close to the core-level case, i.e.,
E[(3d)°(4s)*]-E[(3d)'°(4s)']=6 eV. This is the origin of
the 6 eV satellite of Ni metal.

Resonant PES (RPES) makes it possible to convinc-
ingly observe the origin of the 6 eV satellite of Ni metal.
In RPES, it is likely to intensify the PES signal of a par-
ticular final state using the interfering resonance between
the directly photoemitted electron and the Auger electron,
so called the Fano resonance [18]. For Ni metal, the
3p—3d excitation can be used for a resonating channel
by the photon energy corresponding to the 3p binding
energy Es, (67 V). In the case, the direct PES process
leading to the valence satellite is

(3d) +ho— (3d) (4s) +e”

where the kinetic energy Ei of the photoelectron is
E=E5,-Eq and (4s)l is a screening electron. On the other
hand, the M,3VV Auger process (M,;VV means that the
core states of 3p;, or 3psp, i.e., My; and two valence

states, i.e., VV, are incorporated) gives

(3p) (3d)" —(3p) (3d)" —=(3p)"(3d) (4s) +&~

where the photoelectron kinetic energy is same as in the
direct PES at the resonance. Two processes overlap co-
herently and can give rise to an enhancement of the sig-
nal of the valence satellite (3d)*(4s)' when the photon
energy sweeps through the binding energy Es,. Actual
experimental results by Guillot et al. [19] are illustrated
in Fig. 11.

4.3. NiO problem

NiO is a prototype material for the transition metal
compounds, where the d electrons derive many of in-
triguing electron correlation effects [20]. The transition
metal compound is currently one of the most important
research topics of the solid state physics [21]. For in-
stance, the high 7. superconductors like La,CuOy,
Bi,Sr,CaCu,0s, and YBa,Cu;0,, or the colossal magne-
toresistance (CMR) manganese oxides like LaMnOs; still
attract much active consideration.

NiO is an insulator with a gap of about 4 eV. The in-
sulating nature of NiO has been a matter of controversy
for a long time. In this subsection, we treat a question
whether NiO is a Mott insulator or not. The Mott insula-
tor [22], which will be discussed in a more systematic
way in the next subsection, is a type of insulator resulting
from the correlation between the d electrons and leading
to a d™' — d""' transition as the lowest optical transition.
A key to answer the question is the proper understanding
of the valence-band PES of NiO. In Fig. 12, the XPS
valence-band spectrum of NiO is provided. We need to
elucidate the main line (at about 2 eV) and satellite (at
about 9 eV). The initial state of NiO is (3d)* ((3d)* means
(3d)’L, i.e., the filled ligand L could be simply omitted).
For some time, it was assumed the main d-emission (i.e.,
main line) near the Fermi level is essentially a structure
produced by a (3d)’ final state and the satellite is due to
the multi-electron excitation. Along the line, it was
thought that the lowest optical transition occurs like (3d)’
— (3d)’, which concluded that NiO is a Mott insulator.
However, this is not correct for NiO. If one remembers
the analyses of copper dihalides and Ni metal in the pre-
vious subsections, one could make a correct start by as-
signing the main line as (3d)*L™" and the satellite as (3d)’.
This has been checked by the RPES like the case of the 6
eV satellite of Ni metal. Oh et al. [24] have adopted the
M,3VV Auger process (Esy=65 eV for NiO) and made
two following interfering processes
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Fig. 11. Left panel: RPES of a clean Ni(100) surface for photon energy /o between 63 and 85 eV. The shaded structure is the 6 eV
satellite and the arrows indicate the Auger transitions. Right panel: Plot of the area of the shaded structure with respect to the photon

energy. The figure is taken from Ref. 19.
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Fig. 12. XPS valence-band spectra of NiO. Besides the main line and oxygen bands, two structures are indicated by arrows. The

figure is taken from Ref. 23.
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Fig. 13. Complete band structure of NiO, combined PES and BIS. The bar diagram is from the cluster calculation. The arrows indi-
cate the possible nonexcitonic optical transitions. The figure is taken from Ref. 28.
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(3p)'(3d)" +hw — (3p)’ (3d)’ - (3p)'(3d)" +e”
(3p)°(3d)’ +hw — (3p)°'(3d) +e”

and found the signal enhancement of the satellite corre-
sponding to the final state (3d)’ in the RPES. Fujimori
and Minami have analyzed the main and satellite struc-
ture of NiO and drawn the same conclusion from the
cluster calculation of a Ni ion with its six O neighbors
[25]. A small structure (the arrowed one at about 3.5 eV)
beside the main line is also found to result mainly from
(3d)°L", but mixed with other configurations. Such mix-
ing of wave functions are directly observed in the L;VV
Auger spectra [26] and found to be consistent with the
theoretical result. Recently, more refined reexamination
of NiO is available [27]. The nonlocal screening beyond
a single cluster is found to result in the Zhang-Rice (ZR)
doublet bound state (i.e., roughly speaking, a new dou-
blet eigenstate made from the mixing of delocalized d
and p (ligand) hole states), from which the lowest energy
final state near the Fermi level is proposed to be (3d)*Z!
rather than (3d)*L"', where Z' means a hole in the bound
state.

In order to discuss the optical transition across the op-

tical gap, a combination of PES and the inverse PES

(IPES) with the same reference point would be necessary.

Combined PES and Bremsstrahlung isochromate spec-
troscopy (BIS; a particular mode of doing IPES) for NiO

2d" + U > dt + g+t

E_

oS0

2d°L+ A = d'Lt + d™IL

e-

/\
Qe Qe

™

is given in Fig. 13. According to the figure, the lowest
optical transition indicated by “A” is a (3d)°L" — (3d)’
(i.e., a p — d transition), corresponding to a
ligand-to-metal charge transfer. This is clearly different
from a (3d)” — (3d)’ transition expected in the Mott in-
sulator. Therefore, NiO is confirmed to be so called a
charge-transfer insulator, not the Mott insulator. More
systematic discussion of the charge-transfer insulator

will be given in the next subsection.

4.4. Systematics of transition metal compounds

The excitation of a d electron from a transition metal
ion and its transfer to another distant transition metal ion
is governed by the correlation energy U (i.e., the on-site
Coulomb repulsion U) between d electrons, U=E(d™")+
E(d™")-2E(d") (see the upper left panel of Fig. 14). On
the other hand, a ligand electron can also transfer to an-
other distant transition metal ion. This is described by the
charge-transfer energy A, A=E(d"")+ E(L™")-E(d")-E(L)
(see the lower left panel of Fig.14). The relative size of
these two energy scales determines the insulating nature
of the transition metal compounds, that is, whether a
Mott insulator or a charge-transfer insulator, as illus-
trated in the right panel of Fig. 14. Further, we note that
the optical gap transition is d — d transition (d"' — d™*")
for the Mott insulator, while p — d transition (d"L™" —

d™) for the charge-transfer insulator.

A = U Mott insulator

o TM(3d)
U A
Th:(3d)™1
O:(2p)®

A < U : charge-transfer insulator

2 Tha:{3d)™2
Al U
0:(2p)*
ThA:{3d]1

Fig. 14. Left panel: Sketch of charge transition in a transition metal compounds (TM means the transition metal and O (i.e., oxy-

gen) could be replaced by other ligands). Two important parameters are defined as the electron correlation U=E(d™")+
E(d"")-2E(d") and the charge-transfer energy A=E(d™")+ E(L")-E(d")-E(L). Right panel: Depending on the relative size of U and
A, the insulating nature is determined and classified to the Mott insulator or charge-transfer insulator. (2p)’ corresponds to L.
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Zaanen, Sawatzky, and Allen have proposed a classi-
fication scheme of the transition metal compounds (i.e.,
the 3d-valence insulator) based on the relative size of U
and A [29]. In Fig. 15, the simple diagram of the
Zaan-Sawatzky-Allen scheme is represented, where
various insulating (also metallic) natures found among
transition metal compounds could be understood. For U
< A, the transition metal compound is the Mott insulator
whose gap is scaled by U. On the other hand, for U > A,
the insulator is the charge-transfer type with its gap
scaled by A. The on-site repulsion U depends strongly on
the kind of transition metal, while the charge-transfer
energy A depends on the kind of ligand, i.e., the electro-
negativity of the ligand (electronegativity is the tendency
to attract electrons towards itself in a covalent bond). The
difference in Madelung potential between the transition
metal and ligand also influences A (Madelung potential
is the electrostatic potential of a single ion in a crystal).
More detailed works would be necessary to reveal the
competition between two. However, it is known that the
on-site repulsion U decreases in going from Cu?'((3d)°)
to Ti*"((3d)"). This means that the transition metal oxides
with the element at the beginning of the 3d series like Ti,
V, and Cr would tend to be the Mott insulators. In those
systems, the final state to which the feature near the
Fermi level is attributed in the valence-band PES spectra
would correspond to (3d)" — (3d)™" without any partici-
pation of the ligand, differently from NiO in the previous

subsection. As a matter of fact, according to the extended

s ! oC
= g ; Egap A yd
g | charge-transfer .,V
o . e \)
Pl insulator -
Q| ) yd
E "'/m o
S “gop U
L Mott insulator
Wy t----- oo
; d-type metal
(wgtw,) / 2 A

Fig. 15. Diagram of Zaanen-Sawatzky-Allen scheme for classi-
fication of transition metal compounds based on the relative
size of U and A. wy and w, are the bandwidths of d- and
p-bands, respectively.

PES studies, TiO and Cr,0; are found to be the Mott
insulator and Ti,O3 and V,0; the Mott compound (not
actually insulators, but metals; signifying the generalized
Mott-type electronic structure near the Fermi level). On
the other hand, NiO, CuO, and high Tc superconducting
materials are found to be typical charge-transfer insula-
tors. The boundary between two types of insulators is not
always sharp. In FeF,, the two final states ((3d)’ and
(3d)°L™") are strongly mixed and thus the above classifi-
cation could not be applied [30].

5. Summary

We have overviewed the final states of the material
after the PES process and the satellites of PES as the
final-state-effects, especially when such final states are
made from the local (atomic-like or cluster-like) excita-
tions. This topic frequently includes the transition metal
compounds because the fundamental excitation in those
systems is basically local due to the strong electron cor-
relation. The transition metal compound might be actu-
ally one of the most important issues in the materials
science. We have briefly introduced a few famous and
prototypical problems related to the satellites of PES of

such transition metal compounds.

6. Acknowledgment

We acknowledge Prof. Goro Mizutani for encouraging
this review work on the photoemission electron spec-
troscopy. We also acknowledge Dr. SangWook Han and
Dr. Yukiko Yamada-Takamura for reading the manuscript.
This work was supported by Special Coordination Funds
for Promoting Science and Technology from MEXT,

Japan.

7. References

[11J.D. Lee, J. Surf. Anal. 16, 42 (2009).

[2] T. Koopmans, Physica 1, 104 (1933).

[3] P. Thiry, D. Chandesris, J. Lecante, G. Guillot, P.
Pinchaux, and Y. Petroff, Phys. Rev. Lett. 43, 82
(1979).

[4] Core-level spectroscopy in condensed systems, ed. by
J. Kanamori and A. Kotani (Springer-Verlag, 1988).

[5] S. Hiifner,
(Springer-Verlag, 2003).

[6] G. D. Mahan, Many-particle physics (Kluwer Aca-
demic/ Plenum Publishers, 2000).

Photoelectron spectroscopy

-150-



Journal of Surface Analysis Vol.16, No. 2 (2009) pp. 127-152
J. D. Lee Photoemission electron spectroscopy II: Satellites by local excitations

Zaanen, Sawatzky & Allen (X U & ADOFEXIHIR X
STEDWTER S RIGHIA (T2 b 3d il 1
IR) 2T oA ZRRE LT2[29]. X 15 1%
Zaanen-Sawatzky-Allen DA D Bl 7oK % 7
LTkY, BEBEEBILAEMDSL Ozt (KD
B DNEfiECE L. U<ATIE, EBERILAEWIX
Mott #fifxiK TH Y, ZDOX ¥ v X UIC L > TR E
5. —F, USATIIMERIKITEMBEN T, v

AZE>THRED. ZOERFETRNLF—U 1L
EReROMBEITMKFL, EMBEHT= L F—
AXBNL T OFESE, 770 b BHENL T OEXEMEE (&
REME A ESICBWTE T 25 &M DI
DT &) IEFT 5. EBERE LB OO 3
NF—=<—=F N TRT VY VDEBAEE %
525 (w—=F N TRT v L B IEE R o —
DA T DERCDEERT YLD L), 2h
A OBEA Z T 21213 X 0 s E s B
Thd. LnLeRs, ZORKBETRLF—UIL
Cu*'((3d)’) 75 TR )~ THDTH Z &
DS TS, T3k, Ti, V, Cr DX D7 3d &
DEAND 7 DER B ITHE OB Mott ki
THHEANRHDZEE2RLTND. ZNHDHRT
%, fliEE 74 PES IZA 6D 7 = /b I HERLIT R D A
N7 MVIIRZ R D D HARAEDS, BAL 125 B L 72
WN3EA)" - G ITHRYS TS LB B, ZHUERTR
DNIO DIGH & BipH . FEEL LT, YLk I 4172 PES
ZRWTHFFEIZ L Y, TiO & Cr05 23 Mott fafxik ¢
H Y, Ti03 & V,03 28 Mott (LAY (BRI ITHERZRIA

TliER<l&E, 7=V IO HEO b3 n-
Mott BUEE A1l THRIEAHT D) THDH Z LA
HENTWD., —J, NiO, CuO X°E B =S AL
BHE, ﬁi@éﬁ@%ﬁ%%ﬁ@@n’@@%f%é. 2 FE¥E
DA IR DB UL E 1T & 1ZBR 572V . FeF, 123
WTIE 2 DOFIREE ((3d)° & (Bd)°L") 2358 < IR
ST 5720, RO AITIEH T E 220 [30].

5. &8

$ﬁfi PES iFRE DT AL S 45 WE DOREIR

EHRIEZNR L L TOPESOH T T4 ML T,
%b%@ioﬁ%% EN AT R0, H2
WME 7 T AZ—Te) I K o> TR SN D55
WZOWTHERL L. 2D X9 RBBOERICRBNT
FUXUIZEBS B NGEEEE 725, iU
BEBA R RICB T D R 22 R AR Y, ﬁmﬁ
FHBIZ L 0 EARMICITRFTICE X 5720 Th 5.
ERERILAWIIMER FICB W T b R ifE

Thbd. £, BEBREREAEYD PES IR BN
T4 MTEEE L7\ OO F 4 THARM 72 R
IZHOWTHEEN LT,

6. HEF

JeEF BT D ARFROREZRE L TV
72U 7= Prof. Goro Mizutani {Z/&#W - LET. £/,
AKfgzaTF =27 LTW=7EWiz Dr. SangWook Han
I TNZ Dr. Yukiko Yamada-Takamura (2 & J&#f 0 7= L
T, ARRITSCHREFE DS Ol 2 b & IZEHEFEN
7oLFELT.

-151-



Journal of Surface Analysis Vol.16, No. 2 (2009) pp. 127-152
J. D. Lee Photoemission electron spectroscopy II: Satellites by local excitations

[7]1 W. C. Price, in Electron spectroscopy: theory, tech-
niques, and applications, vol.1, ed. by C. R.
Brundle and A. D. Barker (Academic Press, 1977).

[8] K. Siegbahn, C. Nordling, G. Johansson, J. Hedman,
P. F. Heden, K. Hamrin, U. Gelius, T. Bergmark,
L.O. Werme, R. Manne, and Y. Baer, ESCA: ap-
plied to free molecules (North-Holland, 1969).

[9] For example, see NIST X-ray photoemission spec-
troscopy database, ver. 3.5 (National Institute of
Standards and 2003);
http://srdata.nist.gov/xps/.

Technology,

[10] R. L. Cohen, G. K. Wertheim, A. Rosencwaig, and H.

J. Guggenheim, Phys. Rev. B5,1037 (1972).

[11] J. C. Carver, T. A. Carlson, L. C. Cain, and G. K.
Schweitzer, in Electron spectroscopy, ed. by D.
Shirley (North-Holland, 1972).

[12] G. van der Laan, C. Westra, C. Haas, and G. A. Sa-
watzKky, Phys. Rev. B 23, 4369 (1981); M. A. van
Veenendaal and G. A. Sawatzky, Phys. Rev. B 49,
3473 (1994).

[13] A. Kotani and Y. Toyozawa, J. Phys. Soc. Jpn. 35,
1073 (1973); ibid. 35, 1082 (1973); ibid. 37, 912
(1974).

[14] S. Asada and S. Sugano, J. Phys. Soc. Jpn. 41, 1291
(1976).

[15] A. Fujimori, Phys. Rev. B 27,3992 (1983); ibid. 28,
2281 (1983); ibid. 28, 4489 (1983).

[16] J. D. Lee, O. Gunnarsson, and L. Hedin, Phys. Rev.
B 60, 8034 (1999).

[17] S. Hiifner and G. K. Wertheim, Phys. Lett. 5S1A, 299
(1975).

[18] U. Fano, Phys. Rev. 124, 1866 (1961).

[19] C. Guillot, Y. Ballu, J. Paigne, J. Lecante, K. P. Jain,
P. Thiry, R. Pinchaux, Y. Petroff, and L. M. Falicov,
Phys. Rev. Lett. 39, 1632 (1977).

[20] J. A. Wilson, Adv. Phys. 26, 143 (1972).

[21] M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod.
Phys. 70, 1039 (1998).

[22] N. F. Mott, Proc. Phys. Soc. London A 62, 416
(1949).

[23] G K. Wertheim and S. Hiifner, Phys. Rev. Lett. 28,
1028 (1972).

[24] S.J. Oh, J. W. Allen, I. Lindau, and J. C. Mikkelson,
Phys. Rev. B 26, 4845 (1982).

[25] A. Fujimori and F. Minami, Phys. Rev. B 30, 957
(1984).

[26] S. Hiifner, F. Hulliger, J. Osterwalder, and T. Ri-
esterer, Solid State Commun. 50, 83 (1984).

[27] J. Kunes, V. 1. Anisimov, S. L. Skornyakov, A. V.
Lukoyanov, and D. Vollhardt, Phys. Rev. Lett. 99,
156404 (2007); M. Taguchi, M. Matsunami, Y,
Ishida, R. Eguchi, A. Chainiani, Y. Takata, M. Ya-
bashi, K. Tamasaku, Y. Nishino, T. Ishikawa, Y.
Senba, H. Ohashi, and S. Shin, Phys. Rev. Lett. 100,
206401 (2008).

[28] G. A. Sawatzky and J. W. Allen, Phys. Rev. Lett. 53,
2339 (1984).

[29] J. Zaanen, G. A. Sawatzky, and J. W. Allen, Phys.
Rev. Lett. 55,418 (1985).

[30] G. K. Wertheim, H. J. Guggenheim, and S. Hiifner,
Phys. Rev. Lett. 30, 1050 (1973).

-152-




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


