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Research Highlights

Research Highlight

Some important phonon effects observed in X-ray absorption and
X-ray photoemis- sion spectra are discussed on the basis of
nonequilibrium Green’s function theory. For the pre-edge structures,
the intensity associated with forbidden electric dipole transition is
sensitive to temperature compared with allowed electric quadrupole
transition. We also discuss the FC and their interference, which have
negligible contribution to pre- edge intensity and energy shift. The
quasi-particle energy is also influenced by the core displacement which
can be responsible for the peak shift of the pre-edges. We also discuss
the photoelectron angular distribution caused by the thermal atomic
vibration.
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Abstract

Some important phonon effects observed in X-ray absorption and X-ray photoemis-
sion spectra are discussed on the basis of nonequilibrium Green’s function theory.
This theoretical framework allows us to incorporate phonon effects, such as Debye-
Waller (DW) factors, Franck-Condon (FC) factors and electron-phonon interactions
in a natural way. In the case of core level excitations, we can take into account the
core-hole effects in lesser Green’s function ¢g< and photoelectron propagation in
greater Green’s function g~ . For the core-hole propagation we derive some formulas
to describe the thermally displaced core functions: we have p components even for
deep core s orbital due to the thermal motion. We should notice that the thermal
fluctuation is quite small but it is already in the order of the spread of the core
functions. Applying Mermin’s theorem, we can calculate the thermal average of the
hole propagator ¢g<: Here an important ingredient is the Debye-Waller factor used in
X-ray and neutron diffraction. For the pre-edge structures, the intensity associated
with forbidden electric dipole transition is sensitive to the temperature compared
with allowed electric quadrupole transition. We also discuss the FC and their inter-
ference, which have negligible contribution to pre-edge intensity and energy shift.
The quasi-particle energy is also influenced by the core displacement which can be
responsible for the peak shift of the pre-edges. We also discuss the changes of the
photoelectron angular distributions caused by the thermal atomic vibration.

Key words: XPS, XAFS, electron-phonon interaction, Debye-Waller factors,
Franck-Condon factors, nonequilibrium Green’s function, pre-edge structures, core
displacement
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1 Introduction

Among phonon effects on X-ray absorption spectra, the EXAFS Debye-Waller
(DW) factors have extensively been studied, whereas other factors like Franck-
Condon (FC) factors and electron-phonon interactions are rarely discussed.
Within the single-scattering EXAFS theory, both the DW and FC and their
interference terms are explicitly taken into account [1,2]. A more sophisti-
cated approach including electron-phonon interaction has been developed on
the basis of Keldysh Green’s function formalism [3]. ¢ *Ankudinov and Rehr
have shown that local atomic displacements are responsible for additional
XANES peaks [4]. They used a simple formula for the X-ray absorption in-
tensity I(w, @) considering the thermal average shown by < ... >

0’1(w, Q)

1
<, Q) >=1(w,Q") + 5 33 < Uaiug; > DieiO3;

ai (3]

lo, (1.1)
(Zuj = xay7z>a

where ) designates the assembly of nuclei ) = (R4, Rg,...). The above
equation takes small deviation from equilibrium atomic configuration Q°(u =
Q — Q). The first order terms cancel since < u,; >= 0. For solids the sum-
mation over o and 3 runs over all composite atoms. Prominent temperature
dependence of the pre-edge structures are observed in Ti K-edge XANES in
SrTiOz from 15 to 300K: One of the pre-edge peaks shows an increase of the
intensity with temperature as observed by Nozawa et al. [5]. More recently
Manuel et al. present the Al K-edge XANES spectra of corundum and beryl
for temperature range from 300 to 930 K [6]. These experimental results pro-
vide an evidence of the role of thermal fluctuation in XANES at the Al K
edge: The pre-edge grows and shifts to lower energy with temperature. They
use first principle density functional theory (DFT) calculations for both com-
pounds. They demonstrate that the pre-edge peak originates from forbidden
1s — 3s transition. The theoretical analyses used there are based on their
previous papers [7,8]. The electron-phonon interaction in XAFS spectra has
been studied on the basis of nonrelativistic Keldysh Green’s function theory
by Arai et al. [3], there they discuss the inelastic mean free path of electrons
due to the electron-phonon interaction in XANES spectra.

There is also a growing interest in phonon effects on photoemission spectra.
Plucinski et al. study the temperature dependence of W(110) soft X-ray angle
resolved photoemission spectra excited at w =260-870 eV and T" =300-780K
[9]. They have shown that meaningful band mapping can be done for the test
case of W at room temperature with photon energies up to 870 eV. High-
energy XPS spectra probe more accurately bulk rather than surface electronic
structures, but some questions are raised in regard to the possibility of band
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mapping. Osterwalder et al. report the photoelectron angular distribution from
Al (001) valence band excited at w = 1254 eV which presents strong maxima
of intensity at main crystallographic directions resembling very closely to the
angular distribution of photoelectrons from the 2s core level [10]. The occur-
rence of maxima of intensity at main interatomic directions is a well-known
phenomenon in core-level XPS because of forward focusing [11]. Vicent Al-
varez et al. proposed a model to analyze these phenomena based on one-
electron theory [12]. They successfully explain the interesting behavior of the
angular distributions of photoelectrons, however, it is hard to estimate the
relative importance of Debye-Waller (DW), Franck-Condon (FC) factors, and
electron-phonon interaction in that one-electron theory.

Recent experimental work by Takata et al. clearly shows that C 1s peak shift
to high binding energy side with increase of photon energy [13]. The energy
shift is well explained by

Aeg, = —pz/(QMA)

where M, is the mass of an X-ray absorbing atom A. This is just classical
free atom recoil energy shift. From physical point of view, this result looks so
funny because the X-ray absorbing atom is tightly bound in solids. The above
recoil energy shift and peak broadening are successfully explained by consid-
ering phonon excitation [14-16]. Recoil effects in valence band photoemission
of organic solids have been studied by Shang et al. [17,18]: Specific features
sensitive to photon energy are well explained by use of Gelius formula [19] and
harmonic approximation for the atomic vibration.

The FC factors have also been discussed for XPS [20] and EXAFS analy-
ses [1,2]. In EXAFS the FC factors play a minor role, whereas in XPS they
contribute to the temperature dependent peak broadenings. In contrast the
influence of electron-phonon interactions on the photoemission spectra are
discussed only within the sudden approximation in the UPS region [21,22].
A first principle theory is recently proposed [23] to handle the phonon effects
such as DW, FC factors and electron-phonon interactions on photoemission
spectra from deep cores, and also extended shallow valence levels based on
Keldysh Green’s function theory [24] and the Baym-Hedin approach [25,26].
Quite recently Braun et al. present a one-step relativistic theory of tempera-
ture dependent photoemission, where phonon effects are explicitly taken into
account [27]. These first principle theories, however, have neglected core dis-
placement effects on core excitation. Here we give an approach to incorporate
those effects in the Keldysh Green’s function theory to discuss the phonon
effects on XAFS and XPS spectra, since we can include those temperature
effects in a natural way:.
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2 Phonon Effects on XAFS

In this section we discuss phonon effects on XAFS spectra based on Keldysh
Green’s function formalism taking atomic thermal displacements.

2.1 General Consideration

In the Keldysh Green’s function approach the X-ray absorption intensity is
described by use of the reducible polarization propagator 7~ (1,2) [28,29]. The
absorption intensity for X-ray photon with energy w is then given by

I(w) = —Im[/ drdr' A*(x)A(z") / 7 (xt, 2") exp(iwt)dt] (2.1)

—00

The electron-photon interaction operator A is proportional to z for the linear
polarization parallel to the z-axis in the electric dipole approximation. The
reducible polarization 7 is given in terms of irreducible polarization propagator
P and the screened Coulomb interaction W (1= (xy,t1), z1 = (r1,01)),

7 (1,2) = P>(1,2) + /d3d4[P(1,3)W(3,4)P(4, 2. (2.2)

The integrals along the Keldysh contour are denoted as [, ... The lowest order
approximation in the skeleton expansion gives an explicit expression [28,29]

i (xt,2') = iP” (xt, 2') =~ g~ (xt, ") g= (', xt). (2.3)

The greater electron Green’s function g~ describes the propagation of excited
photoelectrons, and the lesser electron Green’s function ¢g< describes the hole
propagation. We should notice that both ¢~ and ¢g< already include some
correlation effects and phonon effects. In the core excitation processes the
latter is well approximated by

ig<(2,xt) = — < PN (at)(2)) >~ — < ¢ (x)de(2 )b ()b >, (2.4)

where b(b') is the annihilation (creation) operator of the core state ¢.. The
average in the above equation is taken over electronic and phonon states. From
now on we use the Born-Oppenheimer approximation (BOA) for simplicity.
The core function ¢, is well approximated
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Cbc(x) = Qsc(r - R?él - U—A)X(U>7 (25)
Ge(r) = Ry (r)Yr(F).

As shown in the Appendix, for the small deviation uy, the core function is
approximately given by

e(r =Ry —ua) = D04 (r — RY) o (ua). (2.6)

In eq. (2.4) bf(t) = exp(iHt)b' exp(—iHt) includes the total Hamiltonian H
which is given in the BOA

H=H,+ H,

vib T H: + H:zb’ (27)
where H, and HY,, are electronic and vibrational Hamiltonians with no core
hole, whereas H} and H, are those with the core hole on ¢.. They are ex-
plicitly written for the states before the core excitation [20] in terms of many-
electron Hamiltonian H, for the valence electrons and the core level energy
€e;

H.=H,+e, (2.8)
HY, = Zwy<b b, +1/2),

where b, (bf) is the phonon destruction (creation) operator for the mode
= (q,J); j is a phonon branch, q is the crystal momentum. After the core
excitation

H*=H,+V,, (2.9)

Hyy = Hyy + > (B, + B;bi)'

Here V, is the core-hole potential, and the second term of H; is related to
the displacement of the equilibrium configuration after the core excitation. We
thus have a useful expression for the hole propagator g= from eqs. (2.4), (2.6)

and (2.7)

ig=(r',rt) = =Y ¢%(r — RY)* 9%, (r — R))
LL
X < J}ch(uA)JL/LC(uA) eXp(iHSZ-bt) exp(—iH ,t) >vin
x < exp(iHt)b' exp(—i Ht)b >, (2.10)
5
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where < ... >, and < ... >, are the average over phonon states and elec-
tronic states. For example we have for the former

< X >uip= Trlexp(—FHy,) X]/Trlexp(—BH,y)]. (2.11)

The difference between the two vibrational Hamiltonian H?, and H?, can
contribute to the Franck-Condon factor [1,2]. At first we neglect the difference,
which yields the simple formula for the vibrational expectation value in eq.
(2.10) by use of the relation (A.12)

< Jir,(wa)Jpr,(ua) >ui
=< JLC (uy) JL’LC(UA) >vib
D' [ didityy (0o ()Y ()Y, ()
X < exp[auA (r' — r)} > pib - (2.12)
For the phonon systems we apply the simplest approximation, the harmonic

approximation. We can thus apply the Mermin’s theorem [30] for the average
in eq. (2.12)

< explaugy - (T — )] >u

a2

= exp| 5 < (wa- (£ 1)) >u]. (2.13)

The average < (uy - (¢ —1'))% >, is simplified for the isotropic systems

< (up-(®—1)) >p=20%(1 - cosf) (2.14)

where we have used the relations

< (ug-1)? =< (uyg - ) >p=< v > /3 =03,
< (ug-t)(ua - ) >,p= 07 cosb, (2.15)

with cos@ = r - /. From eqgs. (2.13)-(2.15), the average given by eq. (2.12) is
analytically given by

< J}:LC(U—A)JL’LC(UA) > vib
= 4r(=1)" exp(a®o?) 3 i jiy, (ia*0%)G(L Ly | L)G (L Ly L) (2.16)

L

The most important term in the above sum arises from the term with [y = 0
and the next from those with [ = 1, because jo(ix) = sinh(x)/xz and j;(ix)
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are represented in the region where r = a?c% < 1

Ji(iz) = (i)' /(20 + D), (1 > 1). (2.17)

We thus have an interesting formula for the deep core excitation from ¢y,
where atomic thermal motions are taken into account

ig=(2',ot) ~ [ — &5 (v — RY)6r, (' — RY) exp(a?o?)jo(ia*o?)
4w Y0 6 (r — R4 (1 — RY) exp(a®0?)ji (ia%0%)
LL

x> G(Lelmy |L)G(Lelmy |L') + - -+ | < exp(iHet)b exp(—iHt)b >, .
(2.18)

In the second term, the selection rule for the Gaunt integral allows to pick
up only the terms with [,!’ = [. + 1. We thus have finite contribution from
p—excitation even for the K-edge excitation because of the thermal motion of
nuclei.

The second term in the large parenthesis of eq. (2.18) is simply given for the
K-edge excitation (I. = 0),

Y i (= RY)GS,, (2 —RY) f(), (2.19)
f(7) = exp(7)(y coshy — sinh )/~ (2.20)
v = a’o?.

For the 2p excitation the large parenthesis of eq. (2.18) is given by a more
complicated formula

FN[D50960 + Ome0Ao(r, 1) 4 O 41 A4 (1, )], (2.21)

where Ag and Ay; are explicitly given in terms of ¢¢

2 (& C C C 3 Ck | C C*k C
Ap= 75 [$G0P50 + P20P50] + 5 { 21091+ 92 27*1}
4 C C
+ 3¢20¢207
1 C C C C
Ap = —75 (960950 + P50%50]

1 c Jc Cx c c* c
+g [¢20¢20 + 3051105 11 + 605 4o 2¢2} . (2.22)
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We use the simplified notation as ¢$¢%, = ¢%(r — R%)¢S, (r' — RY).

The electronic part in eq. (2.10) < exp(iH.t)b' exp(—iH}t)b >, is reduced to
the core spectral function A whose complex conjugate is defined by [20,28]

Ac(t) =< bl exp(iH t)bexp(—iH.t) >c= > |S,|* exp(—ient), (2.23)

n

= _1Sal*0(w — en), (2.24)
Sp=<n*bl0>, e, =Ey—E; Y |S.]=
where |n* > is the nth core-hole state which satisfies the equation (see eq.
(2.9))
Hln* >=E;n" > .
The nth intrinsic loss probability is given by |S,|>. The extrinsic loss can be

taken into account if we go beyond the lowest order skeleton expansion in eq.
(2.2) [28]. In the present paper we will not discuss it any more.

2.2 Pre-edge Structures

So far we have focussed on the hole propagator ¢=<. Here we discuss the photo-
electron or excited electron propagation. We thus discuss the particle propa-
gator g~. A useful expression of ¢~ is given in terms of particle Dyson orbital

fq

7 (at, 2") Z fo(x) fi(2!) exp(—iggt), (2.25)

fol@ )—<0,N|1/1( g, N +1>,
gq="E4(N +1) = Eo(N).

In one-electron approximation, f,(z) is simplified to a bound excited orbital
or a continuum photoelectron wave function. Substituting egs.(2.23)-(2.25),
(2.3) in eq. (2.1), we obtain a formula to describe the pre-edge structures in
K-edge X-ray absorption spectra where Franck-Condon effects are neglected
but core displacement effects are considered,

I(wk) :272‘ < fq’A|¢ls > ‘2f0(7)Ac(€q - wk)
L2 Y| < FlAl6N, > () Adle, — wi). (2.26)
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fo(7) =exp(v) sinh(v)/7. (2.27)

The first term describes the conventional X-ray absorption intensity for 1s —
fq transition, which has phonon effects in the factor fy(y). The second de-
scribes the absorption intensity induced by atomic displacement due to the
thermal motion. An explicit expression of the electron-photon interaction op-
erator A is now given neglecting unimportant numerical factor

A:e-r—l—;(e-r)(k-r),

+ oo L (229)

The first term describes the electric dipole (E1), the second the electric quadrupole

(E2), and the third the magnetic dipole (M1) transitions. In the above for-
mula, e and k are the photon polarization and the propagation vectors; we
notice that |e| = 1, wy = ck, and e - k = 0. We should note that both of the
first and the second terms in eq. (2.26) depend on temperature through fo(7)
and f(v) given by eq. (2.20).

A lowest order approximation for f,(z) to discuss pre-edge structures in X-ray
absorption spectra is thus given by

fo(x) = ¢4(x). (2.29)

where ¢,(x) is localized atomic orbital on the X-ray absorbing atom A. Even
though the function is localized, the "size” of the function ¢, is much larger
than the atomic thermal fluctuation. In contrast the deep core function ¢,
has non-negligible effects from the thermal motion. Now we consider 1s — 3d
transitions in transition metals, where they have vacant 3d levels on each
composite atom. As far as we discuss the transitions to the vacant quasi-
localized 3d levels, only 1s — 3d E2 transitions ( first term in eq. (2.26)) are
allowed in the static approximation. In addition we take the atomic thermal
motion into account, then the E1 transition ¢}3 — 3d (2nd term in eq.(2.26))
is also allowed.

Now let calculate the temperature dependence of the pre-edge intensity where
the incident linearly polarized X-ray || z is propagating along x direction. The
thermal factor o4 is the same as that used in X-ray diffraction analyses. We use
the harmonic approximation for the phonon modes, and in the temperature
range 100K < T the classical approximation is assumed to work well. We thus
use a simple expression for the thermal factor

9 T

o = otz (2.30)
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where o7 is the thermal factor at 300K. The Ti 1s exponent a is 21.44, 3d expo-
nent is 2.71. Figures 1 (a-d) show the temperature dependence of the pre-edge
intensity for Ti K-edge excitation. In this geometrical setup 1s — 3dy; tran-
sitions are allowed in the E2 transitions induced by the thermal displacement,
whereas ¢1%, — 3d11, 3dy are allowed in the E1 transition because of the ther-
mal atomic vibrations. We calculate the temperature dependences for four
different o02; from 1072 to 107> a.u.?. For small 4, we have the temperature
dependence in linear function of 7', however the nonlinear effect is prominent
for the large temperature factor 02 = 0.01a.u.?; there the E1 intensity caused
by the thermal vibration is much stronger than the E2 transition. Even for the
value o7 = 0.0001a.u.?, the E1 intensity is still stronger than the E2 absorp-
tion intensity. For the small value o5 = 10~°a.u.?, they are in the same order.
These behaviors are similar to those observed in Ti K-edge XANES (pre-edge
) spectra for SrTiOs [5].

2.8 XANES Spectra

For the XANES analyses, the detailed calculations of f,’s are too complicated
and impractical for condensed systems because they extend over the whole
systems. We again use the formula for the hole propagator ¢g< in terms of ¢
and ¢! for the K-edge excitation, and ¢, , ¢oh and ¢y, for the Losg-edge
excitation, but we use ¢~ for the photoelectron propagation, which yields a
XANES formula for the K-edge excitation,

1
Iwy) =— 2—1m[< P15| A" g7 (g0 + wi)Aldrs > fo(7)
+Z < G | A7 (20 + W) Aldrs, > F(0)]- (2.31)
In the above equation Im[< ¢|A*g” (g9 + wr)A|p > is rewritten in terms of

the retarded Green’s function ¢" instead of ¢~ [28] and the XANES formula
is now reduced to

(k) == (< 61,|A% (0 + wi) Al > fo()
+Z < <Z5 ‘A* "(e0 + Wk>A‘¢1m1 f()l- (2.32)

The retarded Green’s function ¢g" plays the same role as the scattering Green’s
function because of the same boundary condition. We can thus apply the
multiple scattering theory to both the first and the second terms in the above
equation.

For the description of photoelectron propagation, Debye-Waller factors play

10
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an important role in particular EXAFS region. Even in the XANES region
the Debye-Waller factors are essential to study the temperature dependence:
We have to take the spherical wave effects. XANES Debye-Waller factors have
been discussed before [32], however we give here a different practical formula to
clarify the mathematical structure of the matrix J discussed in the appendix A.
The XANES formula (2.32) is conveniently calculated by use of renormalized
multiple scattering series. ¢ *Both the first and the second terms in eq. (2.32)
are written in the form within the muffin-tin approximation

_§Im S expli(o + 61D (1)G(LAOIL)G(L10IL)
x[(t — Xt)~" 25 (2.33)

where 99, = 5905, ,,% and X is given by

X0 = t0(k)Grp (kRq — kRg) (1 — 6°7), (2.34)
ti' (k) = —lexp(2id;") — 1]/ (2ik).

The propagator G/(kR, — kRg3) describes the photoelectron propagation
from the site § with orbital angular momentum L’ to o with L. The radial
matrix element p.(l) = [ drR;(kr)R; (r)r® in eq. (2.33) is calculated by use of
Ry, and for the second by use of R}* for Ry,.

For small displacement u, the propagator G, (kR°+ku) is related to G/ (kRP)
by use of the matrix J [33]

GLL/(]{?RO + l-CLl) = Z GLL1 (kRO)leL/(k;u), (235)
Ly
o (ku) = / diY7 () exp(iku - #)Yy (£). (2.36)

We should note that the matrix .J is obtained from .J defined by eq. (A.12)
applying the analytical continuation a — —ik. Let us consider a double scat-
tering X-ray absorption formula for the A — o — [ — A path with atomic
displacement, which has a matrix product of Js

> GLLl(/fRAﬁ)leLg(kuAﬁ)XffngjLzL;(/fuﬂa)XffngngLf(kuaA)-

L1L,LaL}Ls

The thermal average of the above formula for the harmonic phonon systems
yields with aid of the Mermin’s theorem [30]

< leL/1<I€uA5)jL2L/2(kZUﬂa)jL3L/(]€uaA >

11
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= /drA]_IA'QdIA';gYEl (f'1>YL/1 (fl)YL*Q (f'g)Yle (f'g)YE3 (f‘g)YL/(f‘g,)

x < exp(ikuyg - 1) exp(ikug, - Ty) exp(ikuga - T3) >

= /dl‘lf‘gdf'gYEl (f‘l)YL’l (f‘l)YEZ (f'g)YL/Q (IA‘Q)YL*;), (f‘g)YL/(f'g)
]{?2

X eXp[—?( <(uag-11)2>+...+ < (ugs - 3)° > )]
X exp[—Z( < (llAg . fl)(uﬁa . f‘g) >+ )] (237)

In the complicated multiple scattering paths the cross terms as shown in the
last exponential term are expected to be canceled out because of their random
phases. By use of this assumption we can define the temperature dependent
path matrix X (7") instead of the temperature independent X defined by eq.
(2.34)

XP(T) = X XJo Ko,(T), (239)
L77
Ba VN k? A\ 2 A
K2 (T = / Y (F) expl = < (Wpa - 12 >]Vi (D) (2.39)

For the isotropic systems we can simplify the matrix K and X(7')

« (03 kQ
XP0(T) = X7, expl— < uZ, >. (2.40)

The thermal factor < uj, > is related to the conventional EXAFS thermal
factor

~

< (R-(up —u,))” >= AF,,
< uj, >=3A%,. (2.41)

For the systems with axial symmetry around z-axis the matrix K (7') is more
complicated and read

N k? k? )
K750 (T) = exp[—g <uj, >0 — gAagaa(L’zo|L )+..] (2.42)

where

2 2 2
Ao'ﬁa =< Uﬂa’z > — <K Uﬁa’w > .

12
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2.4 Franck-Condon factor

So far we have neglected the difference of the vibrational Hamiltonian for
the no-hole electronic states HY;, and that for the core-hole states H}; in

eq. (2.10). Now we study the influence of the difference responsible for the
Franck-Condon effects. By applying Schwinger’s technique [34,35] we have

exp(iHyt) exp(—iH,t) = exp [ —iC(t) + B(t)}, (2.43)
B(t) = lg.(t)b, — g;()bl), (2.44)
i)=Y '2' (- Sirj:”t), (2.45)

a(t) = A exp(—iw,t) — 1

Wy

The factor C(t) is not a g-number but a c-number. Substitution of eq. (2.43)
into eq. (2.10) in the average over the vibrational states yields a more compli-
cated formula than eq. (2.16)

< Jrp.(ua)Jpp,(ua) exp(iHyyt) exp(—iHjpt) > i
_ (1)l / didi'Y} (1) YL (8)Y7 ()Y, ()
X < explaug - (¥ — )] exp[B(t)] > exp[—iC()]. (2.46)

Again we apply the Mermin’s theorem [30]; the average over the phonon states
< ... >y is then given with aid of the isotropic and harmonic approximation
by

1
expla’ocy (1 —cos) +a <uy - (¥ —1)B(t) > —i—§ < B*(t) >].

The first term is just due to the thermal displacement of absorbing atom A,
the third is the Franck-Condon factor and the second is their interference
term, which is explicitly given by

a(t) - (¢ — 1),

where we have defined the vector a(t)
a(t) = 3 e (0n) — OIED () + 1, (247
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where M, is the mass of the X-ray absorbing atom A, n(w) is the average
phonon number n(w) = [exp(Bw) — 1]7%, e(v) is the phonon polarization vec-
tor for v = (q, j) (crystal momentum q, branch j). The first order contribution
from the interference to the average (2.46) should vanish because of the sym-
metry. The Franck-Condon factor < B?*(t) > /2 is easily calculated in the

harmonic vibration approximation [15,20], and is given by

Following Almbladh and Hedin [20], we define the spectral function

F(t) = exp[—iC(t) + ; < B*(t) >] = / F(w) exp(—iwt)dw,

— 00

which satisfies the normalization condition

/F(w)dw — F(t=0)=1.
We thus have

<w>:/wF(w)dw:iF(t:0):0,

<w>=-Ft=0)= 7de(w)[2n(w) +1].

(2.48)

(2.49)

(2.50)

(2.51)

(2.52)

(2.53)

The Franck-Condon broadening increases as a function of temperature 7. We
thus understand the Franck-Condon and also its interference with the core
displacement have no influence on the peak shift. The factor exp(—a) where
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« is given by eq. (2.50) has a finite contribution to the thermal damping due
to the Franck-Condon effects contrary to the core displacement.

2.5  quasi-particle energy for the core state

The quasi-particle energy (binding energy) of the core level ¢, = Ey — E
defined by eq. (2.24) is calculated by use of a pole of the retarded Green’s
function. We keep only the diagonal part of the electron selfenergy with respect
to the core function ¢,

gc =< clh+ Vgle >+ < c|¥"(e.)|e > (2.54)

where h is one-electron part and Vy is the temperature dependent Hartree
potential

Vi (r) = / dr'v(r —v') < p(r') >, (2.55)
< p(r) > :Z < wT(a:)w(x) > .

Of course h + Vg directly depends on atomic displacement and also thermal
electron excitations near Fermi level. These effects are however small compared
with the core displacement effects on the core wave functions as discussed
before. By use of the relations (2.6) and (2.16), we have an explicit formula
within the temperature Hartree approximation for the K-edge excitation

< clh+ Vile >u= &g fo(y) +>_enmf(v), (2.56)
c":‘,li =< qﬁlmlh + VH|¢1m > . (257)

We have used the conventional Hartree energy el without atomic displace-
ment, typically negative, and € the Hartree energy induced by core displace-
ment. Both fy(7) and f(7) are increasing function of the temperature 7.

We can obtain a similar formula as far as we neglect the atomic displacement
effects on the selfenergy 3",

< C|h + Vg + ET<EC)|C >= €0f()(’}/) + ZEmf(’)/) (258)

where ¢ and g, are quasi-particle energy without and with core displacement
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g0=< ¢clh+ Vi + X" ()| e >,
Em=< Oim|h+ Vg +X"(e)|P1m > - (2.59)

We thus have the binding energy shift with temperature

Ace = —¢o[fo(y) =1 =D emf(). (2.60)

For the very small deviation limit, the binding energy shift behaves as

1
Ae, = (g0 + 3 > em). (2.61)

If we neglect the sum )", €,,, induced by atomic displacement, negative ¢q gives
only the energy shift toward higher binding energy side. Recent experimental
results by Mannel et al. [6], however, show the pre-edge shift toward lower
energy for higher temperature, which suggests the finite contribution from the
second term of egs. (2.60) and (2.61).

Figure 2 shows the binding energy shifts Ae. as a function of temperature for
Ti K-edge excitation, where the ratio 3 defined by

B=> em/eo (2.62)

is changed from —2.85 to—3.15. For the ratios —2.85, —2.90 and —2.95, the
shift Ae. increases as T', whereas it decreases for the smaller rations,—3.00 ~
—3.15. The direct evaluation of &, is rather hard. So far no prominent binding
energy shift has been observed, which suggests that ¢y ~ —¢,,.

3 Core Photoemission

In this section, we discuss phonon effects on photoemission from a deep core
¢. excited by X-ray photons. In the Keldysh Green’s function approach to
the photoemission theory [24,36], the photoemission intensity without extrin-
sic losses and resonant processes is given in terms of dressed photoelectron
function f; under the influence of the optical potential (advanced electron
self-energy ¥ ) and g<,

I(p) o Im < f|Ag= (e, —w)A"|fy > (3.1)
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where g< (g, — w) is Fourier-transformed lesser Green’s function

g<(ep — ) = [ dtg= () expli(, — )] (3.2)
The integral (3.1) is thus given by use of eq. (2.10)

< 7185 A Sy >
=iy < [y lAlgL >< ¢7|AT|fy >
Lr
x < exp(iH )b exp(—iH t)b >,
x < Jip (wa)Jpr, (wa) exp(i Hyt) exp(—iH i t) > - (3.3)

3 K2

At first we neglect the difference between the phonon Hamiltonian H?, and

H;,. In this approximation the right hand side of eq. (3.3) is written for the
K-edge excitation,

< fplAg (A" f, >
~ || < 18166 > Pho(r) + D01 < £y lAlg5, > PF(7)]
x < exp(iH.t)b' exp(—iHt)b >, (3.4)

where f(7) is given by the thermal factor as shown by eq. (2.20), and fy(7) is
given by eq. (2.27). The first term in eq. (3.4) describes the photoemission pro-
cesses where the core function is not polarized, but the second term describes
those processes associated with the core polarization due to the atomic ther-
mal displacement. The thermal fluctuation, however, influences the first term
through fo(7v). The electric dipole transition yields p-wave in the first term,
whereas d- and s-waves in the second term at the excited atom because of
the E1 transition. After the excitation the photoelectron waves propagate in-
side solids and suffer multiple scatterings from surrounding composite atoms.
The last factor in eq. (3.4) is the same as A%(t) in eq. (2.23). We thus have a
formula for the photoemission intensity /(p) including the effects due to the
thermal atomic displacement at K-edge excitation

I(p) o< S 1Su2(| < £7 1AI650 > [2fo(7)
+ 301 < f5 1Al > PF(1))d(e, + B — By — w), (3.5)

where only the intrinsic loss effects are taken into account. The second term
in the large parenthesis is due to the atomic displacement, which gives rise
to quite different photoelectron angular distribution from the first term. As
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far as we completely neglect the elastic scatterings from nearby atoms, the
latter (the first term) shows simply cos? # angular distribution, where 6 is the
angle between the X-ray polarization and the photoelectron momentum p. e
For real systems, we cannot neglect the elastic scatterings as shown in the
studies of plasmon losses in XPS spectra [37,38]. We rather show here the
photoelectron angular distribution to demonstrate and to stress the influence
of the thermal atomic displacement without elastic scatterings

Figure 3 (a) and (b) show the photoelectron angular distribution excited from
Si K-edge at £, =100eV: In (a) o = 0.005a.u.? and 0.01a.w.? in (b). For sim-
plicity we neglect elastic scatterings from surrounding atoms. That is, only A
term in eq. (3.8) is taken into account. We normalize the intensity so that the
integrated intensity over # to be the same. We observe that the normalized
intensity decreases at # = 0, whereas increases at large 6 >~ 30° with tem-
perature. For the larger oy the angular deviation from the cos? § is prominent
as shown in Fig. 3 (b). Figure 4 (a) and (b) show the photoelectron angular
distribution excited from Ti K-edge at £, =100eV: In (a) of = 0.005a.u.? and
0.01a.u.? in (b). For simplicity we neglect elastic scatterings from surrounding
atoms, and normalize the intensity so that the integrated intensity over 6 to
be the same. We observe that the normalized intensity decreases at ¢ = 0,
whereas increases at large 8 >~ 30° with temperature. For the larger o the
angular deviation from the cos?# is prominent as shown in Fig. 4 (b). The
comparison with the result for Si K-edge excitation demonstrates that for the
heavier atom Ti the thermal deviation has prominent effects on the angular
distribution, because the core size is much smaller for Ti than Si. Figure 5
shows the similar results for Cu K-edge excitation. Even for the smaller DW
factors the prominent deviation from the cos? § angular dependence is observed
because of the smaller size of 1s core function of Cu.

Next we study the influence of the difference between H;, and HY, in eq.
(3.3) which contributes to the Franck-Condon effects. The thermal average
in eq. (3.3) gives rise to the quite similar formula shown in subsection 2.4:
The Franck-Condon and its interference with the core displacement have no
influence on the peak shift, but finite effects on the peak broadening and the

intensity damping.

In addition to this factor we should consider the Debye-Waller factors for poly-
atomic systems. The scattering effects from surrounding atoms are completely
neglected so far. The interference effects (photoelectron diffraction effects) are
suppressed because of the DW factors in particular in high-energy region. The
photoemission amplitude is then written in terms of the damping plane wave

g, full T-matrix T expanded in terms of site T-matrix t,, and damping free
propagator go(e) = (¢ + V?/2 +4I)~! (T > 0 is the imaginary part of the
optical potential ) [11,39-41]
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< fo |AJpe >=< ¢p|[1 + Tgo(ep)] Al >
=< ¢uplAlde >+ DY < Pltagal|o. >

o(ZA)

+ Y < ltsgotagallge > +. .., (3.6)
BAa(A)

< ¢ol(1+tag0) =< dapl, 94 = go + Gotago, (3.7)

where ¢, is localized on the site A. The first term describes the direct photoe-
mission process, the second a single elastic scattering, and so on. Let us write
the jth term of eq. (3.6) as Z;(j = 1,2,3,...). The photoemission intensity is
now given at instantaneous atomic configuration @),

| < folAkslpe > P =121+ Zo+ Zs+..P=A+B+C+D+...
A=1Z\*, B=2Re(Z;Z,),C = |Zs|*, D = 2Re(Z; Z3), . .. (3.8)

We then take thermal average over all phonon states. The direct term A has
no effects from thermal motion, whereas other terms B, C',.. are destructively
influenced by the thermal motion: Debye-Waller factors suppress the photo-
electron diffraction effects [11,42]. Of course the core displacement should have
some influence on the diffraction terms B, C, D, ..., however the DW factors
have to be more important. In recent high-energy XPS (w;, >5keV) analy-
ses, we find that recoil effects in the direct term A are affected by phonon
excitation [13-16].

4 Concluding Remarks

Some important phonon effects observed in core level XAFS and X-ray photoe-
mission spectra are discussed on the basis of nonequilibrium Green’s function
theory. This theoretical framework allows us to incorporate phonon effects,
such as Debye-Waller factors, Franck-Condon factors and electron-phonon in-
teractions in a natural way. The core hole effects are taken into account in the
lesser Green’s function ¢=, and the excited electron propagation is described
by the greater Green’s function g~ .

In the case of deep core excitation, the thermally displaced 1s core function
induces p component which plays an important role for pre-edge transitions.
In addition to the 1s — 3d E2 transitions, the thermally induced ”"1p” — 3d
E1 transitions are allowed, which should be sensitive to the temperature. In
EXAFS region, these thermal displacement plays a very minor role because
1s — ep E1 transitions are predominant. This thermally displaced core func-
tion is also responsible for the temperature dependent binding energy shift.

19

Page 20 of 32



In XPS spectra excited from deep core levels, those thermally induced ”p”
orbitals have significant influence on the photoemission angular distribution.
Even though excited from 1s levels, the angular distribution, where scatterings
from surrounding atoms are neglected, does not show cos? @ angular depen-
dence: The deviation is prominent for the heavier atoms because the deep 1s
orbitals are strongly localized.
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A Displaced Core Functions

Let first evaluate the Fourier transform of the core function ¢, given in eq.

(2.5).

/ 1. (r) exp(—ik - ¥)dr = dmi~le f (k)Yy, (k), (A.1)
filk) = [ i (k) B (1) (A-2)

When the atomic position is displaced from the equilibrium position with u,
the core function is thus given by

e —w) = [ 5 amio (0, () expl - (= w)

=83 i G(L L | L)Y ()Y (@) K (e, 1, 15 7, ), (A.3)
L’

Ko, 1,17, u) = / kK2 fi, (k) ju (k) (kw), (A.4)

where G(LL'|L") is the Gaunt integral defined by [ Y7 (r)Yy (r)Y} (r)dr.

For 1s and 2p core functions the radial parts are explicitly given by
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2 5/2
Ri(r) = 2a*? exp(—ar), Ryy(r) = f/gr exp(—ar), (A.5)

which yields fi5(k) and fa,(k) as

4a5/2
(k2+a2)27

1647k
k)= o

fls(k> -
(A.6)

By use of these explicit formulas, we can calculate the integral K (I.,[,l";r, u).
In order to apply residue analyses, we should extend the integral range from
(0,00) to (—o0,00). We notice that

jl(kr) = (_1)ljl<_k7n)> fls(k) = fls(_k)a
fop(k) = = fop(—Fk). (A7)

The non-zero Gaunt integrals G(L.L|L") in eq. (A3) are restricted to the terms
when [. + 1+ 1" = even and |l — [.| < I < [+ l.. For the K-edge excitation
(I. = 0), I and !’ should have the same parity. We thus understand that
fo(k)gi(kr)jy(ku) is an even function of k. In the same way fi(k)j;(kr)jy (ku)
is also an even function of k. The integral is thus written

Ko, 1,157 u) :jl [ ki (k) + B () ()2 (A.8)

As |z| — oo, ly(2) — i~ texp(iz)/z, so that hy(kr)jy(ku) therefore decreases
exponentially as |k| — oo on the upper half complex plane as far as r > u. We
can therefore add a large semi-circle to the contour in the upper half-plane,
and apply Cauchy’s theorem. We should note that hy(kr)jy(ku)k® behaves as
kY'~1 at small k. At k = 0 we can have an additional pole. As shown below
only |l — | < 1 have finite contribution, so that we have no need to worry
about the singularity at £ = 0. For 1s excitation, only 7a is the 2nd order pole
in the upper half-plane. The integral is thus given by

/ (]{;2_17_a2)2 ha(kr) ju (ku)dk

;; ((k fm>2hl(kr)) o (ku) + (k fmyhz(k?")(zfjw(kw]

k=ia

(A.9)
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As u is much smaller than r, the ratio of the first term to the second is in
the order of 1/(ao 4) which is typically much larger than 1. We thus keep only
the first term of eq. (A9). In the same way, we close the contour in the lower
half-plane in the term containing h;(kr)jy(ku) in eq. (A8). With the help of
the identity hj(—z) = (—1)'h(z), we finally obtain

¢15(r — u) Z¢L )JL00(1), (A.10)

where

L (r) =i Ry ()Y (2),
R (r) = 2a3[(1 + 1)y (2) — zhiga(2)], (2 = iar) (A.11)

The important matrix which describes the atomic displacement is given in
terms of spherical harmonics

Jrr.(u /Y* )exp(—ar - u)Yy, (T)dr. (A.12)

It is important to check that Jrz_(0) = dzz, and ¢l5(r) = ¢1s(r), which is
easy to be proved.

For 2p excitation, the integral K (1,1,1’;r, u) is calculated in the same way as
eq.(A.9). Here fi(k) has a third order pole at i¢a in the upper half plane. The
integral is thus approximated as

o0

/ M ha(kr) jy (ku)dk

~ i lij <(k_]:‘m)3hl(kr)> jl/(ku)] » (A.13)

which yields a relation

Pop,m. (T Z ¢L r)JLim.(0). (A.14)

The new functions ¢7”(r) are explicitly given by

o7 (r) = il_l“B?p(T)YL(f)a (A.15)
R (r) = —\2/%@3/2[(12 1= 2hy(2) + 2hia(2)], (A.16)
(z = dar).
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Explicit formulas of R!*, R3” and R5? are shown in terms of p = ar

RY*(r) = —2ia®*(1 4+ 1/p + 1/p*) exp(—p),

2 2ia®/?
Ry’ (r) = — 7 (=p+1+1/p)exp(—p),
2 —2ia3/? ) .
Ry(r) = T(ﬂ+2+5/P+9/P +9/p”) exp(—p). (A.17)
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Figure Caption

Fig.1 The temperature dependence of the pre-edge intensities for Ti K-edge
excitation for different thermal factors o3: (a) 1x1072 a.u.?, (b) 1x1072 a.u.?,
(c) 1x107* a.u.? and (d) 1x107° a.u.”2. Both E1(1s — np ) and E2 (1s — nd)
transitions are shown.

Fig.2 Temperature dependence of the binding energy shifts at Ti K-edge (see
eq. (2.60)) for different energy ratio 5 =3,, m/<0.

Fig.3 The photoelectron angular distribution excited from Si K-edge at e, =100eV:
In (a) 62 = 0.005a.u.? and 0.01la.u.? in (b) for various temperatures T from
10K to 300K. For simplicity we neglect elastic scatterings from surrounding
atoms. We normalize the intensity so that the integrated intensity over 6 to

be the same.

Fig.4 The photoelectron angular distribution excited from Ti K-edge at ¢, =100eV:
In (a) 62 = 0.005a.u.? and 0.0la.u.? in (b) for various temperatures T from
10K to 300K. For simplicity we neglect elastic scatterings from surrounding
atoms. We normalize the intensity so that the integrated intensity over 6 to

be the same.

Fig.5 The photoelectron angular distribution excited from Cu K-edge at
g, =100eV: In (a) 02 = 0.00la.u.®> and 0.005a.u.? in (b) for various tem-
peratures T from 10K to 300K. For simplicity we neglect elastic scatterings
from surrounding atoms. We normalize the intensity so that the integrated
intensity over 6 to be the same.
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