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Dynamics in resonant x-ray emission of the core exciton state: Competition between electron
itinerancy and lattice relaxation
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Resonant x-ray emission spectrum from the core exciton state is theoretically investigated for a model of
one-dimensional covalent crystals. A theoretical prescription for the calculation of core level sepctra is pro-
posed in the model, where both the effects of the electronic itinerancy and the electron-phonon coupling in the
core excited state have been quantum mechanically treated. The dynamical changeover from a weak- to a
strong-coupling regime as the phonon relaxation proceeds is well reflected in the resonant x-ray emission
spectrum.
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[. INTRODUCTION localized nature of the core-exciton state allows us to treat
the dynamical processes by a molecular-like picture in the
Resonant x-ray emission spectroscopy is a powerful toofirst order approximation; however, there still remains a
for revealing the relaxation dynamics in the core-excitedproblem if one examines the whole optical processes of the
states. Since the lifetime of the core hole is very shori-ray absorption and the x-ray emission. In the experimental
(~fs) due to the ultrafast Auger decay, it has long been preeata of the x-ray absorption spectra of diambHd? and
sumed that only the electronic processes take part in the rgraphite!®-1¢ the core exciton has a relatively sharp peak
laxation dynamics in the core-excited state. The finding ofstructure below the conduction band edge. This indicates that
the existence of large lattice relaxation in the core excitorihe effective electron-phonon coupling is weak in the final
state in some materials is, therefore, a remarkable progress tate of the x-ray absorption, in contradiction with the strong
recent years:3 coupling model. This apparent discrepancy can be resolved
A decade ago, Ma and his coworkers showed in theiPy taking into account the dynamical aspect of the lattice

pioneering work that the resonant x-ray recombination emisl€laxation correlated with the electron itinerancy. Just after
sion spectrum in diamond has a long, low energy'taihich the x-ray absorption, the wave function of the core exciton is

indicates that a strong lattice deformation is taking place ir{p ?ilr?gviilyw%glliS%ddtsg;rlﬁtezt?:tsf:c(jtg‘%ren|1eaﬁg?1n_gpoh§sn%?| C(t)#e_:
the corg—excﬂegj state. Qun_e recently, Haragtaal. SUC” wave function shrinks, and the effective coupling constant
ceeded n preC|s_er_ measuring fche resonant x-ray EMISSIO reases cooperatively. The changeover from shallow to
spectra in _graphlte including thelr_p_olarlzatlon dependénce.deep level of the core exciton state has been treated in our
The experimental data have decisively shown that a lal

N L . . . rgﬁrevious paper by a simplified modél.
atomic displacement is induced in theé-core exciton state In the present work, we extend our study on the dynami-

of graphite. In addition, the observed strong polarization deg| aspect of lattice relaxation of core excitons. In contrast to
pendence of the x-ray emission line shape indicates that thge previous work, the more or less realistic nature of the
local symmetry around the core-excited atom is broken byore exciton state in semiconductors is taken into account
the vibronic coupling with the asymmetric phonon mode.here. It is important to notice that tiepoint of the conduc-
The evidence of strong lattice relaxation has also been raion band of diamond ow”-band of graphite has alike
ported for N 5 recombination emission spectrum of LINO symmetry composed of antibonding statesspfhybridized
crystals® Also in free molecules, e.g., BFCF,, etc., the orbitals. Therefore, the optical transition from the dore
energy splittings of the core excited states due to the vibronigtate to thes-like bound state is dipole forbidden, and the
Jahn-Teller couplings have been observed in the x-ray abs@oupling with the asymmetric local phonon mode becomes
prtion, resonant Auger emission, and resonant x-ray emissioimportant. As a first step, we show in the present work a
spectr=® It may well be conjectured that such a large formulation and the numerical results of the line shape analy-
atomic displacement effect is a universal characteristic fosis of the x-ray absorption and the resonant x-ray emission
light element materials in which thestore hole has a rela- spectra for a one-dimensional model of core excitons in
tively long lifetime (~10 fseg and the phonon frequency is semiconductors. It is shown that as long as the localized core
relatively high. exciton is coupled with the local phonon mode, the effect of

The present authors theoretically analyzed the experimerthe electron itinerancy is easily incorporated into the vi-
tal data by the vibronic cluster modt?in which the quan-  bronic model, in which the quasi Jahn-Teller effect is quan-
tum effect of the coupled phonon mode is fully taken intotum mechanically treated. It follows that the wave function
account. It proved that the essential features of the x-rapf the core exciton state eventually shrinks after the relax-
emission line shape are well reproduced by the small clusteaition, which is well reflected in the resonant x-ray emission
model strongly coupled with localized phonon modes. Thespectrum.
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0 t model described by Ed2b). In Eq. (2¢), a is the electron
<—>g él annihilator in thek-representation ang, represents the en-
1 2 ergy dispersion
€,=— 2t coskd, (3)

whered is the lattice constant. The effect of the energy dis-
sipation of the local phonon mode is neglected here. This is
justified for the case of the core excited state because the
—O-c lifetime of the excited state is very short.
Note that the suffix in the Hamiltonian(2b) represents
FIG. 1. One dimensional chain of the antibonding conductionnOt thesite of the atom but the antibondingbital between
states. A core electronis excited to the antibonding orbitals 1 and two atoms, which is composed of tisg-hybridized atomic
2 around the excited atom. orbitals. The conduction band is formed by the intra-atomic
electron transfer. This is a simplified one-band, tight-binding
II. MODEL model of the conduction band of covalent crystals. The vi-
bronic interaction in Eq(2d) then represents the modulation
We consider a resonant x-ray emission process of the c@f the energies of the antibonding orbitals around the core-
valent semiconductors, like graphite and diamond. For simexcited atom due to the antisymmetric translational mode.
plicity we consider a one-dimensional, covalent crystal. In  The 1s core electron makes a transition by the x-ray irra-
the process theslcore electron is excited to the conduction diation to the unoccupieg-orbital. Since thep-component
band characterized by trep hybridized, antibonding, unoc- of the hybridized orbital is proportional to the difference of
cupied state. The x-ray emission takes place through the rehe stategl) and|2), the transition operator is given by
combination radiative deexcitation of the excited electron to ~
the 1s core level. The model Hamiltonian for the initial and M =(a]-aba,+h.c., (4)

final states of the transition is given lfy2. =1 hereafter aside from irrelevant factors

We calculate the probabiliti(Q,,(),) that a photon with
energy(), is absorbed and a photon with enel@y is emit-
wherea, is the annihilation operator for thestore electron ted at a low temperature well belokw/kg. The probability
with energye.. The coordinate and the momentum operatords given by

Hy = ealag + (1/2)(P? + 0?Q?), (6h)

of the local phonon mode with frequenay, which is I K
coupled with the core exciton state, are denotedndP, 1(Q, Q)= | D M
respectively. The spin degrees of freedom are neglected. t | m Bt Qi-En-iy
In the intermediate state, the core electron is excited to the X S(E, + Oy~ E - Q) 5)
i 1 2/

antibonding states, labeled by 1 and 2, around the excited
atom (Fig. 1). The excited electron itinerates between thewhereli) is the ground state dfl, with energyE;, |f) is an
antibonding orbitals by the transfgrand the core hole exerts eigenstate oHg with energyE;, |[m) is an eigenstate dfl,
the attractive Coulomb potential on the excited electron, with energyE,,, andy is the decay constant of the core hole.
which is assumed to be a local interaction. In addition, theAny state of the electron-phonon system can be expanded in
excited electron is coupled with the local antisymmetric vi-terms of the direct product basis sgt;n)=|¢) ® [n), where
bration Q. Therefore the Hamiltonian for the intermediate |£)=allv), in which [v) is the vacuum of the electron arid
state reads runs overc (core statgandk (conduction band |n) is the
phonon number stat@=0,1,2;--). The initial state is writ-
He=Hp+V (2a)  ten asliy=|c;0) with energy €, and the final states are
Ic;n) (n=0,1,2;--), with energye.+nw. Here and hereaf-

- 1 - A ter, we neglect the zero point energy.

— T 2 212 . . .
Ho=—-t> afa; + E(P +0Q%) (2b) Substituting Eq(4) into Eq. (5), we then have

(BN
2 2
1. 121,09 =2 | X Gl Q1+ =iy | 8- Q- nw),
=2 a@act 5 (P*+ Q) (20 n =t
k (6)

whereGl(2) with z=Q,+e.~iy is a phonon Green’s func-
tion for the electronic statgs) and|j) defined by

whereg; denotes the annihilation operator of the antibondin ii . ~

statei,aiand a is the coupling congtant of the antibondingg Gy'(@) = (i,n[1/(z=H1]}.0). (7
states 1 and 2 with the local phonon m(fdeln Appendix A The Green’s functiOIGi,;j(z) represents the electron transition
we show how the tight binding Hamiltonian of a one- from thej-th toi-th site with simultaneous-phonon excita-
dimensional semiconductor can be reduced to the one-bartibn.

V=-v(ala, +ala,) - \2waQ(ala, - alay),  (2d)
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Because of the symmetry, E() is reduced to 30
20t 2
1(021,Q,) = 42 |G H(2) - GE (D) P8 Q1 - Qp— Nw). (8)
n 10t
Therefore, the x-ray emission spectrum reflects the probabil- 0
ity of the scattering of the excited electron back to the ex- 0l
cited atomic site accompanied with the simultaneous multi-
phonon excitations. As shown belo@;* andG3* are easily T 20
obtained because of the localized nature of the electron- §_30
phonon interaction. g -0 -5 8 5 10
Applying the Dyson equation tbl, in Eq. (2a), _30 6
-
b
1 1 1 -1 3
—= (9) go3
z-H, z-Hy z-Hg z-Hg 3
. 0
we derive a recurrence formula for the phonon Green'’s func-
tion Eq. (7). The explicit expression of the equations are
shown in the Appendix B. In the actual calculation, we trun- 03
cate the successive hierarchy of the equatj@s (B5)] at a

large phonon number state, confirming that the calculated '0-‘_301 o005 0 005 o

results are not being influenced by the truncation. The simul- ' ’ Q '

taneous equations f@!(z) are then numerically solved by a

conjugate gradient methdd. FIG. 2. Adiabatic potential curves alonQ for the Ioca!iz_ed
The x-ray absorptio,(€2) is obtained by using the solu- model: (a) overall feature andb) expanded feature. The origin of

tion of Eq.(B5), because the absorption is expressed in termgqe energy is takenez. The energy unit of the vertical axis is taken
of Green’s funé:tion' to be the unperturbed frequency of the local phonon medand

the unit of length of the horizontal axis is 1.

1,(QY) E |<m||\/|||>|2 vm 5 (109 axis is 1Nw. In the calculation, we used the parameters
(Ei+Q-En+y) «=5 andB=0.1w. The strong electron-phonon interaction
gives a large relaxation ener@r o’w=25w. If we evaluate
1 2 w by a typical value of the light element materials, which is
=ZImY, Gil(e+Q-iy). (10p)  about 0.1 e¥6-810 this relaxation energys amounts to
T =1 ~2 eV, which is also in the range of the realistic values for

these materials. Because of the firlgethe adiabatic poten-
tials for the stated1l) and |[2) show an avoided crossing
aroundQ=0, as shown in Fig. ®). At Q=0, we have two

Note that all of the information of the electronic band
structure is included in the lattice Green’s function

1 symmetrically different electronic eigenstates with respect to
(2= ——, (1)  the inversion for the excited atomic site: the symmetric
z-Hg |s)=1/2(|1)+|2)) state and the antisymmetrip)=1/2(]1)

|2>) state. To the lower and upper branches aroQa in
Fig. 2(b) correspond thés) and |p) states, respectively.

We show the calculated x-ray absorption spectrum for
the localized model in Fig.(&). The spectrum shows a sym-
6,i(x) =[1(B\X* - 1)] = g2, (129  Metric Gaussian line shape with a large width of about

' 2aw=10w, which is a typical spectral feature of the strong
electron-phonon coupling system. The quasi-Jahn-Teller cou-

G (¥) =[(=x+ V- DIB - 1] = ,(2), (12D pling which is due to the electronic transfer between |[the
wherex=z/B. These two lattice Green’s functions are usedand|2) states has an invisibly small effect on the absorption
in Egs.(B3)—~(B5). spectrum.

We show the calculated x-ray emission spectra of the lo-
IIl. NUMERICAL RESULTS calized model with the same parameter values in Fi¢s). 3
to 3(d), where the horizontal axis is the Stokes shift from the
First we show the calculated results of the localizedexcitation energies, which are marked by the arrows in Fig.
model in which the excited electronic states are essentiallg(a). The emission spectruiic) for the excitation to the ab-
composed of1) and|2) around the excited atomic site. The sorption peak shows a typical line shape of the second order
adiabatic potential curve alon@ is shown in Fig. 2, where optical process of a localized center with a short lifetith.
the origin of the energy is takenez The energy unit of the is composed of a strong Rayleigh line followed by a succes-
vertical axis is taken to be the unperturbed frequency of th&ion of higher order Raman lines. The gross structure of the
local phonon mod®, and the unit of length of the horizontal line shape is, however, understood more naturally as a hot

Wherel:|o is given in Eq.(2b). For the one-dimensional, tight
binding model treated here, the lattice Green’s function is
obtained as follows:
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FIG. 4. Adiabatic potential curves aloi@for B=30: (a) overall
0.02| = i
feature andb) expanded feature. The origin of the energy is taken
0.01+ I —-€.—B, the bottom of the conduction band. The energy and the
0% length units are the same as in Fig. 2.
150 100 50 0

1 2
) Q=0, there appears a single bound state below the conduc-
FIG. 3 C_:alculated results of x-ray abs_orptlbaj and resonant  tion pand with a small binding energy evaluated by
E-re}y emllsspn .spectr(3b)~(d) (f)f theh.lokc]alrllzed model..lrﬁ.a).thek EB|Q=0:2w852/(1+E)=O.06w, where T=uv/B. The
otntal s £ X1 Ty for W i ey o e e meters v the seme tice relation enery
c L ' L in the localized model. We have two equivalent potential
represents the energy loss denoted(by-(),, and the excitation minima both on the positive and negative sideQyfcorre-
energies are marked by the arrows(a. - posit gat
sponding to the localization of the excited electron on the

luminescence that originates from the Franck-Condon transftate|1) and|2), respectively. The feature arou@=0, how-

tion from the phonon wave packet that slides down the adia€Ve', is quite different from those seen in the localized
batic potential curvé® The intensity decreases rapidly to- Model. When we take a closer look arouge 0, we can find
ward the lower energy side because the wave packéf‘?‘t the bound core exciton state is locally stable aga@st
accelerates and because the population in the excited statddd- 4b)]. Indeed we can prove that forf B<1 the single
decreases due to the Auger decay. The hump in the lowe§Pe exciton state becomes locally stable as long as the con-

energy part corresponds to the hot luminescence from th@ition

classical turning point of the lattice oscillation. The overall B = wa?/B < {(1+ Z)/[165(1 +T)]} (13)

features of the line shape are essentially the same for excita-

tions below[Fig. 3(b)] and abovdFig. 3(d)] the absorption is satisfied.

peak, although the Rayleigh line becomes slightly prominent. We show in Fig. %) the calculated absorption spectrum
Now we consider the situation when the excited electrordue to the transition around the bottom of the conduction

can quantum mechanically itinerate over the entire crystaband. In Fig. %a), the origin of the x-ray energies are taken

with a largeB. In the one-dimensional system treated here, ate.—B, i.e., =0 corresponds to the transition to the bottom

least a one bound state, i.e., core exciton state, appears belofithe conduction band. The sharp absorption peak is attrib-

the conduction band &=0. The number of the bound states uted to the transition to the bound core exciton state, which

at Q=0 critically depends on the ratio of the strength of theis followed by the continuous absorption band corresponding

core hole potentiab to electronic transfeB; there appear a to the transition to the conduction band.

single bound state far <B and two bound states far>B. Since the transition to thelike single bound state is di-

A symmetric bound statks) always emerges below the con- pole forbidden as mentioned in Sec. 1, the transition to this

duction band, but the asymmetric bound state can appeatate becomes allowed due to the quasi-Jahn-Teller coupling

only forv/B>1. with the conduction band state through the antisymmetric
We show the adiabatic potential curves alofyyfor  vibration Q. It should be noted that the absorption peak is

the parameter8=30w,v=1.0w,a=7 in Fig. 4 where a rather sharp in spite of the large electron phonon interaction

shaded area represents the conduction band continuum. Athich gives the same phonon relaxation enefgy25w as
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the excited electron becomes more localized as the relaxation
proceeds.

It should be noted that the situation is quite different in
the case of the higher energy excitation in Fig. 5, which
should be compared to the higher energy excitation of the
localized modelFig. 3(d)]. Here, the x-ray emission spec-
trum has only the light scattering components of the Ray-
leigh and of the lower order Raman lines. This is because the
excited electron is diffused away instantaneously all over the
crystal, so that the lattice system cannot fully respond to the
excitation. The characteristic time scale of the electron mi-
gration is of the order of 1B, which is much faster than the
timescale of the lattice deformation @&/ The experimental
results obtained by Haradet al? are consistent with the
present calculation.

oL IV. SUMMARY
0.0012 1 . .

o001l d | We have proposed a model of core excitons with a strong
0.0008 | | quasi-Jahn-Teller electron phonon coupling system. The the-
0.0006 1 oretical treatment to calculate the resonant x-ray emission as
g'ggg; 1 well as x-ray absorption spectrum have been presented. The

o effect of the quantum electron diffusion is fully incorporated
150 100 30 0 into the model in terms of the lattice Green’s function, which
makes it possible to quantum mechanically treat the phonon

FIG. 5. Calculated results of x-ray absorptita) and resonant degrees of freedom. This is essentially important when the
X-ray emission spectréb) ~ (d) for the B=30 case. Ir(a) the hori-  Nonadiabatic transition between the core excited states oc-
zontal axis is x-ray energy for which the energy origin is taken asCurs.

Q+e¢,, consistent with Fig. 4. Irtb) to (d), the horizontal axis rep- The changeover from the weak to the strong coupling
resents the energy loss denoted®y-(),, and the excitation en- regime during the relaxation is well reflected in the spectral
ergies are marked by the arrows (@. feature: A long energy tail appears in the x-ray emission

spectrum at the resonant excitation to the core exciton state,
in Fig. 3(@). This indicates that the large itinerancy of the while we have a sharp absorption line for the state. The
excited electron suppresses the electron-phonon interactiaglectronic itinerant effect becomes significant when we go to
so much that the system behaves as a weak coupling systeire higher energy excitation.
right after the core excitation. In the x-ray absorption experiments with graphite, no dis-

The resonant x-ray emission spectra for the various excitinct peak has been observed below the main peak due to the
tation energies are shown in FiggbB-5(d), where the exci- core exciton staté.In the localized model, however, we
tation energies are indicated by the arrows. Just at the res@rould have a structure of phonon-assisted transition line be-
nant excitation to the core exciton stdi®, the long, low low the main peak corresponding to the symmetric core ex-
energy tail appears as seen in the localized model where ttaiton state. The present calculation suggests that the quantum
electron is strongly coupled with the antisymmetric localdiffusion of the excited electron is decisive to determine the
phonon modeQ. The spectral shape for the lower energy absorption spectral feature.
excitation(b) is essentially the same, though the elastic Ray- Here we have shown only the result fo=0. However,
leigh line is slightly more prominent. The fact that the ab-there is no difficulty to take into acccount the effect of a
sorption spectrum shows a feature of the weak coupling sydinite temperature through the Boltzmann distribution of the
tem on one hand, and the emission spectral feature imitial state. Even in this case, the spectral features would not
characteristic of a strong coupling system on the otherbe expected to be more changed than they would be in the
clearly reveals that the changeover from the weak to théocalized model because the energy fluctuation in the core
strong cooling takes place in a very short time scale of thexcited state is largely reduced by the electronic itinerancy as
order of 10 fsec. seen in Fig. 4.

Moreover, the low energy tail in Fig.(B) is more promi- The extension of the present method to a more realistic,
nent than that in the localized modé&lig. 3(b)], even though higher dimensional system like graphite or diamond is
the lattice relaxation energi&and the population decay rate straightforward. In this case we expect a strong polarization
v of the core excited state are the same for both cases. Thizependence in the spectra which is a direct signature of the
is also a consequence of the changeover from the weak ®ymmetry breaking of the core excited states due to the vi-
strong coupling regime: The radiative transition decay rateéoronic coupling with asymmetric vibratiodsThe result will
increases with the relaxation because the wave function dfe shown in the forthcoming paper.
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magnitude 2V-v) is located ak=/d. The wave function
of the conduction band is given by

v =2 éia|o), (A8)
J
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APPENDIX A: ONE-BAND MODEL OF
SEMICONDUCTORS

We start from the tight binding model of a one-
dimensional semiconductor composed of atoms withsan
state and @, state, where thg axis is in the direction of the
chain with lattice constard. The Hamiltonian is given by

H=-v>, (ajT,Raj,L + ajT,Laj,R) -V (ajT,Raj+1,L + ajT,L+1aj,R),
i i

(A1)

wherea; g and ;| are the annihilation operators for tis
hybridized state ajth atom given by

&jR= (1/\‘5)(3-]‘,5 +3 ), (A2)

(A3)

in terms of the annihilation operators for thestatea; s and
the p, statea, ,, respectively. The intra-atomic transfer inte-
gralv is related with the energy differenegs between the,
state ands state throughy=¢,s/2. The second term of Eq.

aL=(1\2)(as-ap),

(A1) represents the covalent bonding with the interatomic

transfer integraM(>v). The magnitude o¥ may be evalu-
ated through the formuls(=(Vpp ,+2Vsy,~Vss,) /2 and the
table of Harrisorf! for example.

The eigenvalue problem for the above Hamiltonian can b

easily solved by the usual procedure. The energy band Sp“fgnula: Forn=0.

into two, the conduction band and the valence band, th
eigenenergies of which are given by

E(®) = + v+ V2 + 20V coskd (A4)

for the wave numbek, 0<k=2s. If we write the eigen-
states as

W)y = 2 explikd))(C{¥al |0) + D'al 0), (A5)
J

(A9)

is the creation operator for the antibonding orbital between
the atomj andj +1. If we change the phase as—(-1)'a; in
order to shift the origin of the wave numbdr and set
t=v/2 we obtain the effective Hamiltonian given in Eq.
(2b). It can easily be shown that the bottom of the conduc-
tion band is made of a linear combination of pusretate.

T 5
al = (alg-al,; N2

APPENDIX B: EXPLICIT EXPRESSION OF THE
HIERARCHY OF THE EQUATION OF MOTION OF
GREEN FUNCTION

We shall derive here a recurrence formula for the phonon
Green’s function for the relevant electronic components
which are necessary to calculate the XAS and RXES spectra.

What we need in the calculation of the spectra are the
following components of the resolvefisee Eqgs.(6) and
(10p],

Fon(? = GEY2) =(1;n|[1/(z- HY]|1;0),  (Bla)

Fin(2) = G3(2) = (2;n([1/(z~ HY][1;0).
For the resolvent in EqB1) we apply the Dyson equation

1 1 1 1

(B1b)

z-H, z-Hp z—I:|0 z-Hg

: (B2)

éamd use the explicit form for the local perturbatigrdefined

0 Eqg. (2d). We then have the following the recurrence for-

Fon=0(2) = 90(2) — v(9o(2)Fo:0(2) + 91(2)F0.1(2))

— aw(9o(2)Fo,0(2) —01(2DF0.4(2), (B33
F1.0=0(2) = 91(2) = v(91(2)Fo.0(2) + 9o(2)Fo:1(2)
— aw(91(2)Fo,0(2) — 9o(2DF0.1(2),  (B3Db)

and forn=1,2, -+,

with |0) being the vacuum of the electron, the coefficients are  Fg.(2) = - v(go(z— Nw)Fgn(2) + 91(z = Nw)F1.4(2))

given by
1

g

v +V exp(—ikd)

=

cH= = ( 5 (A6)

1
DY = —=. A7
J= 5 (A7)
In the case V>v, we can approximately set
C(k*) T (1/y2)ekd and Eff)z +(V+v coskd). Therefore,
the conduction band has a widtl,2and the band gap with

02430

~ aw(9o(z— N)[ VN + 1Fgn.1(2) + \NFg_1(2)]

~ @[V + IF 1u1(2) + VNFoa(2]),  (B4a)

F1:n(2) = —v(92(z2 = Nw)Fon(2) + 9o(z— Nw)F1:n(2)
~ ae(go(z= No)[\N + 1Fg.1(2) + o 1(2)]
- 9o@[ N+ 1F101(2) + \nFa (2], (BAD)
where gyo(z) and g,(z) are the components of the lattice
Green'’s functions.
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Egs.(B3) and (B4) may be expressed in a compact way, F (2= {Foyn(z) } (B6)
. O[QO(Z) } . [go<z— nw) (2= no) ] 0o F1a(@
"L9:1(2) 91(z-Nw) go(z- Nw)
—u {QO(Z_W") gl(z—nw)} {(\nF,_1(2) Note that the first term in the curly bracket in E@4b)
01(z=nw) go(z- Nw) should be dropped fan=0.
+ v’nTlFm(z)}, (B5) The infinite series of Eq(B5) can be truncated at a large

value ofn, for which the spectral function is converged well.
where the components of the vectg(# are given in Eq. The closed equation fdf is numerically solved by the con-

(B3), jugate gradient method.
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