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THE GREEN’S FUNCTIONS AND DENSITY FUNCTIONAL APPROACH
TO VIBRATIONAL STRUCTURE IN THE PHOTOELECTRON SPECTRA

OF MOLECULES

We present the basis’s of the new combined theoretical approach to vibrational structure in pho-
toelectron spectra of molecules. The approach is based on the Green’s function method and quasipar-
ticle density functional theory (DFT). The density of states, which describe the vibrational structure in
photoelectron spectra, is defined with the use of combined DFT-Green’s-functions approach and is
well approximated by using only the first order coupling constants in the one-particle approximation.
Using the DFT theory leads to significant simplification of the calculation.

I. INTRODUCTION

A number of phenomena, provided by interac-
tion of electrons with vibrations of the atomic nuclei
in molecules or solids is manifested in the molecu-
lar photoelectron spectra. Indeed, the physics of the
interaction of electrons with vibrations of the atomic
nuclei in molecules or solids is more richer (c.f.[1-
16]). One could mention here a great field of the reso-
nant collisions of electrons with molecules, which are
one of the most efficient pathways for the transfer of
energy from electronic to nuclear motion. While the
corresponding theory has been refined over the years
with sophisticated and elaborate non-local treat-
ments of the reaction dynamics, such studies have
for the most part treated the nuclear dynamics in one
dimension. This situation has resulted from the fact
that, as the field of electron-molecule scattering de-
veloped, both experimentally and theoretically, the
phenomena of vibrational excitation and dissocia-
tive attachment were first understood for diatomics,
and it seemed natural to extend that understanding
to polyatomic molecules using one-dimensional or
single-mode models of the nuclear motion. However
a series of experimental measurements of these phe-
nomena in small polyatomic molecules have proven
to be uninterpretable in terms of atomic motion with
a single degree of freedom. Primary among these are
potential-energy surfaces which describe the behavior
of the electronic energy with respect to the locations
of the nuclei, subject to the underlying Born-Oppen-
heimer or clamped nuclei approximation. From the
ground- and excited-state wave functions one could
in principle obtain all properties that arise from a so-
lution to the vibrational Schrudinger equation that
gives the frequencies, and, with the derivatives of the
dipole moment, the infrared intensities [1-6]. Elec-
tronic excited states are also accessible along with
electronic and photoelectron spectra.

As it is often takes a place, the old multi-body
quantum theoretical approaches, which have been
primarily developed in a theory of superfluity and su-
perconductivity, and generally speaking in a theory
of solids, became by the powerful tools for develop-
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ing new conceptions in a theory of molecules [7-11].
Many of them offers a synthesis of cluster expansions,
Brueckner’s summation of ladder diagrams, the sum-
mation of ring diagrams Gell-Mann and an infi-
nite-order generalization of many-body perturbation
theory (MBPT). Using the quantum-field methods in
molecular theory allowed to obtain a very powerful ap-
proach for correlation in many-electron systems.

The Green’s method is very well known in a
quantum theory of field, quantum theory of solids
(c.f.[7,8]). Naturally, an attractive idea was to use
it in the molecular theory. Returning to problem of
description of the vibrational structure in photoelec-
tron spectra of molecules, it is easily understand that
this approach has great perspective (c.f.[12,13]). One
could note that the experimental photoelectron (PE)
spectra usually show a pronounced vibrational struc-
ture. Usually the electronic Green’s function is de-
fined for fixed position of the nuclei. As result, only
vertical ionization potentials (V.I.P.’s) can be calcu-
lated [14]. The cited method, however, requires as
input data the geometries, frequencies, and potential
functions of the initial and final states. Since in most
cases at least a part of these data are unavailable, the
calculations have been carried out with the objec-
tive of determining the missing data by comparison
with experiment. Naturally, the Franck-Condon
factors are functions of the derivatives of the differ-
ence between the potential curves of the initial and
final states with respect to the normal coordinates.
To avoid the difficulty and to gain additional infor-
mation about the ionization process, the Green’s
functions approach has been extended to include the
vibrational effects in the photoelectron spectra. Nev-
ertheless, there are well known great difficulties of
the correct interpretation of the photoelectron spec-
tra for any molecules.

Further let us remember that for larger molecules
and solids, far more approximate but more easily
applied methods such as density-functional theory
(DFT) [15-17] or from the wave-function world the
simplest correlated model MBPT are preferred [3].
Indeed, in the last decades DFT theory became by a
great, quickly developing field of the modern quan-
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tum computational chemistry of molecules, solids.
Naturally, this approach does not allow to reach a
spectroscopic accuracy in description of the different
molecular properties, nevertheless, the key idea is very
attractive and can be used in new combined theoreti-
cal approaches.

Here we present the basis’s of the new combined
theoretical approach to vibrational structure in pho-
toelectron spectra of molecules. The approach is
based on the Green’s function method (Cederbaum-
Domske version) [12,13] and Fermi-liquid DFT for-
malism [11,14] (see also [18-23,25]). The density of
states, which describe the vibrational structure in mo-
lecular photoelectron spectra, is calculated with the
help of combined DFT-Green’s-functions approach.
In addition to exact solution of one-bode problem
different approaches to calculate reorganization and
many-body effects are presented. The density of states
is well approximated by using only the first order cou-
pling constants in the one-particle approximation.
It is important that the calculational procedure is
significantly simplified with using the quasiparticle
DFT formalism. Thus quite simple method becomes
a powerful tool in interpreting the vibrational struc-
ture of photoelectron spectra for different molecular
systems.

2. The Hamiltonian of the system. The density of
states in one-body and many-body solution

The quantity which contains the information
about the ionization potentials and the molecular vi-
brational structure due to quick ionization is the den-
sity of occupied states [12]:

N, (€)= (1/2mh) [dte™“ (y, a; (0, (D]w,), (1)

where |‘P0) is the exact ground state wavefunction of
the reference molecule and ¢, (¢)is an electron de-
struction operator, both in the Heisenberg picture.
For particle attachment the quantity of interest is the
density of unoccupied states:

N, (€)= (1 2nh) [dre™ “(y [a, (Da; O)]w,)  (2)

Usually in order to calculate the value (1) states
for photon absorption one should express the Hamil-
tonian of the molecule in the second quantization for-
malism (see [12,13]). The corresponding Hamiltonian
is as follows:

H=T,(0/0x)+T,(8/8X)+U(x,X), (3)

where T} is the kinetic energy operator for the elec-
trons, 7, is the kinetic energy operator for the nuclei,
and U represents the interaction

Ux,X)=Ug () + U (X)) + U (%, X) , 4)

where x denotes electron coordinates, X denotes nu-
clear coordinates, U, represents the Coulomb inter-
action between electrons, etc. Introducing the field
operator:

Y(R,0,x)=)_ ¢,(x,R,0)a,(R,0) (5)

where the ¢, are Hartree-Fock (HF) one—particle
functions and the a,are destruction operators fora HF
particle in the “i” state them the Hamiltonian in a oc-
cupation number representation is given as
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H =H.(R,0,)+Uxw(R,0,)+ T (8/0R), (6)

Hpy Ze(R)azal+ Z kI(R)a a4
_Z Z Vikkj(R) aia‘/‘s

i kef
Vya =G| r=r| [ D)

The €, (R) are the one-particle HF energies and f
denotes the set of orbitals occupied in the HF ground
state. As usually in the adiabatic approximation one
could write the eigenfunctions to H as products
|x R.6,);x|Ry, ,and further expand €, (R), V,,(R),
and U,, (R,0) about R leaving the operators a,and
a; “unchanged [13]:

(7)

H=Y &R+ Y Vi(R)ddaa, -
_Z z 1kjL(R)

0 €
()on

o (R, )]a a,+

X(R.—R.o) laja, +..+ Uy (Ry,0,)+..+ Ty [

g ] ®)
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where M is the number of normal coordinates.
Choosing R, as the equilibrium geometry on the
HF level and introducing dimensionless normal co-
ordinates Q_one can write the following Hamiltonian
(the subscript 0 stands for R )) [13]:
H=H,+H,+H}) +H)

EN

l t
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n,=1 ief, 6c,=1 (ijkl)eo,
=0, ie¢f, =0 (jkh)eo,,

where the index set v, means that at least ¢, and ¢,
or ¢, and ¢,are unoccupied, v, that at most one of
the orbitals is unoccupied, and v, that ¢, and ¢, or ¢,
and ¢, are unoccupied. Besides, here for simplicity all
terms leading to anharmonicities are neglected. The
o, are the HF frequencies and the b, and b are de-
struction and creation operators for vibrational quanta
defined by

0, = (1/\2)(b, +1"),
8/00, = (1//2)(b, -b") (10)

The first term H, describes the electronic motion
for nuclei fixed at the HF ground state geometry. The
second term H, describes the motion of the nuclei in
the harmonic HF potential (the extension to anhar-
monic terms can easily be done). H')) represents the
coupling of the HF particles with the nuclear motion.
The coupling constants are the normal coordinate
derivatives of the HF one-particle energies. The first
sum in the expression for H{, is responsible for the
geometry shifts and the second one for the charge of
frequencies due to electrons. There is also a modifica-
tion of the interaction between electrons through the
coupling to the nuclear motion. The term H(}) , which
describes this modification, is due to its nature less im-
portant than H, .

The exact solution of the one-body HF problem
has been given in ref.[12]. Correspondingly in the
one-particle picture the density of occupied states is
given by

+in'H

Nf«:):ﬁj dre”* 00| & oy, (11)

with

M

H, = Z ho b'b, + i gl +b)+
s=1

s=1
M
Z ’st'(bs +b;)(bs’ +b5t')
s,8'=1
gi = —‘,—L ﬁ 'Yi = l azei
©o\2leg ), T T 4lega,. ),
In a diagrammatic method in order to obtain the
function N,(e) one should calculate the Green’s
function G,,.(¢) first:

G(e) == [ dre"™"
(| T{ a,(1)a,(0) } |wy)

where T'is Wick’s time ordering operator and the func-
tion &, ( ) then follows from the relation

(12)

7N, (¢)=almG,(e—ain) , (13)
a = —signe, ,

where nis a positive infinitesimal. Choosing the un-
perturbed Hamiltonian H, to be

Hozz € aa +H, (14)

one finds for the corresponding Green’s functions

Gl (€) = 8y, e €, ~ain) (15)
The Dyson equation
Gy = Gl?k' + Z Gl?kzkk"Gk”k' (16)
e

relates the Green’s functions to the free ones introduc-
ing a new function X,,.(¢) called the (proper) self-en-
ergy part. In in order to calculate X ,,., a well-known
diagrammatic method is used. The sum of Feynman
diagrams leading to the self-energy part is shown in
Fig. 1. All notations are standard.

T i d)

i et +

Fig. 1. The sum of diagrams contributing to the self-energy part

The one-body problem treated above results in the
exact solution of the Dyson equation with the self-
energy part given by the infinite number of diagrams
shown in the first row of Fig. 1 and the corresponding
Green’s function is as follows [12-14]:

G (1) =£5,,i e:xp[—z';f1 (e, F As)t} X

XZ <;Zk |Uk|0>‘2 exp (Lin, -%kt)

n

a7
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The corresponding Dyson-like equation is as fol-
lows:

Gy (€)=G (e)+ DG (eyeGre (€)

k"

(18)

[0-X-ED-10-[0

where @,,., is equal to X,,., less the diagrams of the
first row in Fig.1. The perturbation expansion of @ is
shown in Fig. 2 where iG;" , is symbolized by a double
solid line.

Fig. 2. Perturbation expansion of @,

The expression for a sum of the first 2 diagrams
appearing in Fig. 2 are written by a standard way:

Dy (€)= Z Z (kh]_

i,jeF m.n;.n €+E E E

iy oy e

i,jeF n.n;.m
leF

Vi WeU,,U, U

Klij~ mi ™~ n;j~ ml

Vg WU, U

Klij ™~ mi~ n;j n,l

€+E —E —E,

(19)
where

~ 2 ~
U,. ‘<ni|U,.|0>‘ and E, =e, FA e, Thni -

The direct method for calculation of V (‘€ ) as the
imaginary part of the corresponding Green’s function
implicitly includes the determination of the V. I. P. s of
the reference molecule and then of N, (e): The zeros
of the functions

D, (e)=¢ —[e”” +2 (e)]k ,

where (e”” +% ) denotes the kth eigenvalue of the di-
agonal matrix of the one-particle energies added to the
matrix of the self-energy part, are the negative V. I. P. ‘s
for a given geometry. Further it is easily to write [12]:

(V.LP), =—(c, +F,),

(20)

F, =%, (-(v.L.P),)~ = L

— 3% (<,).
Kk (ek)/ae kk( k)
Expanding the ionic energy E,'' about the equi-

librium geometry of the reference molecule in a power
series of the normal coordinates of this molecule:

B = B (0)- ;[a(ek +F, )lQ*_

00,00 @2

leads to a set of linear equations in the unknown nor-
mal coordinate shifts AQ,,

B 8(ek +Fk) B 62(ek +Fk)
)2 e @

s'#s anaQs’
o’ F,
" {(e"—jk)J “ho, 50,5 =1..M,
o0: ),

where o, are frequencies of the reference molecule.
The new coupling constants are then:

g =£(UN2) (e, +£)/00,],

Yo = i@[@z (&, +£,)/00,/00, |,

Thee coupling constants g, and y,. are calculated
by the well-known perturbation expansion of the self-
energy part using the Hamiltonian H,, of Eq. (6). In
second order one obtains:

ijI) ksij

syl

| & 62(6k +Fk—E5V)
T s |29
2!5,5':1
0

24)

+
€+€ 6/.

21) g )
ksy ijl ksij 25

Z €+ € —€ - E ( )

and the coupling constant g, can be written as

1 O¢, 1+qk(a/ae)Zkk|: )A:|
rt—= (26)

V200, 1-(0/0€)y [~ (V[P) 1
Z (ksy kle) |:a€5_a€i_aefj|
[~(v.1P) +e ¢~ 190 90 90

(27)

where q, =

( ksz] ks]z )

o€,
o0, 2
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It is suitable to use further the pole strength of the
corresponding Green’s function

P, = 1-£zkk [-.1.P),]
I3 |

and then

g ~gp+a.(p.-1)]. g =+2"0¢, /80, (29)

Below we firstly give the DFT definition of the pole
strength corresponding to V. I. P.”s and confirm earlier
data [13,14]: p,~0,8-0,95. The closeness of p, to 1 in
fact means that a role of the multi-body correlation
effects is small (g, = g/ ). The above presented results
can be usefully treated in the terms of the correlation
and reorganization effects. Usually it is introduced the
following expression for an I.P.:

(1pr), =-
Jje.ieF

l (Vki/'l Vi )
_2,; € +€ —€, (1 5)
JleF

Vi)
z ipg " kiap (1 8kp )(1 Skq)
rack € € —€, —€,
jeF
The first correction term is due to reorganization,
the remaining correction terms are due to correlation

effects. Then the coupling constant g, can be written as

-1

;12p, 20, (28)

Z ( kikj kyk)

E—E

(30)

>
g/zg/o I+Z(I/L)z_

ier (g; —ek)
1 (kal Vi )2

2
2 ier (ek+e —-€; —e)

(1-8,)+

(31

T ( ol TENEN

The second coupling constant can be written

& 0o 0 [ g
Yo=Y 2g
H[gl()] aQI( J

v, » is defined analogously g .

(32)

3. QUASIPARTICLE DENSITY FUNCTIONAL
THEORY

The quasiparticle Fermi-liquid version of the DFT
theory has been presented in ref. [11,14] (see also [18-
23,25]), starting from the problem of searching for the
optimal one-electron representation [2-5]. One of the
simplified recipes represents the Kohn-Sham DFT
theory [15]. Earlier new QED DFT version, based on
the formally exact QED perturbation theory (energy
approach), has been developed and a new approach
to construction of the optimized one-quasiparticle
representation has been proposed (look details in ref.

[11]). The energy approach uses the adiabatic Gell-
Mann and Low formula for the energy shift AE with
electrodynamic scattering matrice. In a modern the-
ory of molecules there is a number of tasks, where an
accurate account for the complex exchange-correla-
tion effects, including the continuum pressure, energy
dependence of a mass operator etc., is critically im-
portant. It includes also the calculation of the vibra-
tion structure for the molecular systems. In this case it
can be very useful the quasiparticle DFT [11,14].

In order to get the master equations and construct
an optimal basis of the one-particle wave functions
¢, one could use the Green’s function method. Let
us define the one-particle Hamiltonian for functions
¢, so that the Greens’ function pole part in the (o,
) representation is diagonal on A . Starting equation
is the Dyson equation for multi-electron (for example
atom or molecule):

(e-p° 12+ ).Z,11,)-G(x,x',&)—
—_[dx/Z(x,x/,s) =8(x—x")

where x = (r,s) are the spatial and spin variables, Z
is the mass operator; Z , as usually, a charge of a nu-
cleus (nuclei) “a ”, G is the Green’s function. In the
representation of auxiliary functions ¢, the equation
(67) has the following form:

(33)

2

Z
(68, <[5 -2 4 Y (w01, )G, =5,

where A, is an index of summation. It is natural to

choose ¢, so that the following expression will be di-
agonal:

[p*12-).Z, /1, +) (x,x &), =E,(e)-5,, (35)
Then the Green’s function is diagonal on A :

G, =G,8 =1/[e-E, ()]

(34)

(36)

)}\/3

and the functions ¢, , which diagonalizes G , satisfy to
equation as follows: :

(P*12-2.2,11)9,(x,8)+

+ [ ¥ o), (), — E, (e)oy (ve) (37

One could introduce the mixed representation for
a mass operator as follows:

> (5 p8) = [X(xx,8)expliCr—r)pld  (38)

Then equation (37) with account for of the expres-
sion (38) can be written as follows:

[p*/12=2Z, /1, + ) (x,p,8)]p) (x,€) =

= E, (€)@, (x,€) (39)
It can be shown that an operator p =iv in (33) acts
on functions which are on the right of » (x, p,¢). So,

in order to find the one-particle energies, defined by
the pole part of the Green’s function G, it is sufficient
to know the functions ¢, under ¢ =¢, . The Greens’
function pole part is as follows:

G, =d3d  le—¢, +iy,) (40)

A
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where

d =1/(1-0E, /3¢)|,., .(E/de)|,., = (@E /)|,

e=g;

&, = E,(e)={p’12-2.Z, /1, + 3 (x,p.e)} ], (4])

The functions ¢ (x) =, (x,¢,) are satisfying to
following equation:

pz/Z—ZZ /I" +Z(X,p,8x)]% :87(P;L(x) (42)

Introducmg an expansmn for self—energy part Z
into set on degrees x,e—¢,,p’ — p; (here ¢, and p,
are the Fermi energy and pulse correspondlngly)

Z(X’p’g) = Z 0(X)+
O /op* ) p® — pi )+ /0e)E—8,) + ..

then equation (42) is rewritten as follows:
[P* /2= Z, /1, + D (x)+

+p(8)/0p*) 1@, (x) = (1-0) /de)e, @, (x) (43)

The functions ®, in (77) are orthogonal with a
weight p,”’ =[1-0) /0¢]. Now one can introduce
the wave functlons of the quasiparticles ¢, =a @,
which are, as usually, orthogonal with weight 1. For
complete definition of {g,} it should be determined
the values » .0 /8p2,8§‘ /e . Naturally, the equa-
tions (43) can be obtained on the basis of the varia-
tional principle, if we start from a Lagrangian of a sys-
tem L, (density functional). It should be defined as a
functional of the following quasiparticle densities:

Vo (r) :an |q)x(”)| )

V(=Y n VO, ([, (44)

v,(r) = an [cD:LCDA —d)j\d)k].
”

The densities v, and v, are similar to the HF elec-
tron density p (p=v-a) and kinetical energy density
correspondingly; the density v, has no an analog in the
HF or standard Kohn-Sham theory and appears as re-
sult of account for the energy dependence of the mass
operator. A Lagrangian L can be written as a sum of a
free Lagrangian and Lagranglan of interaction:

0 int
Lq = Lq +Lq R
where a free Lagrangian L‘; has a standard form:

= jdrz n, @, (i0/ot-¢,)®, (45)

And an interaction Lagrangian is defined in the
form, which is characteristic for a standard Kohn-
Sham DFT theory (as a sum of the Coulomb and ex-
change-correlation terms), however, it takes into ac-
count for the energy dependence of a mass operator:

L=r Z [BiF o)V, )V, 3 e, (46)

i,k=0
where f3, are some constants (look below), Fis an effec-
tive potential of the exchange-correlation interaction. Let
us explain here the essence of the introduced constants.
Indeed, in some degree they have the same essence as the
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similar constants in the well-known Landau Fermi-lig-
uid theory and Migdal finite Fermi-systems theory. The
Coulomb interaction part L, looks as follows:

1
L == 1= 2. 00 ()l -
= )WV | 1 =1, | dridr, (47)
where , =0) /0e. Regarding the exchange-cor-

relation potential F, it should be noted the there are
many possible approximations (directly in the densi-
ty —functional theory and its modern generalizations).
One of the suitable forms for this potential is the Iva-
nov-Ivanova potential (look details in ref. [11]):

F(,n)= X(J.drp(o)m(r)/|r—r1||r—r2|—
— J.dr p(co)m(r/)/h —r/|~
J‘dr// (0>m(r//)/|r// -1 |)/ jdrpio)m (r)

where X is the numerical coefficient. It has been
obtained on the basis of calculating the Rayleigh-
Schrudinger perturbation theory Feynman diagrams
of the second and higher order (so called polarization
diagrams) in the Thomas-Fermi approximation [26].
The relativistic generalization of the potential (48) is
obtained in ref.[11].

In the local density approximation in the density
functional the potential F can be expressed through
the exchange-correlation pseudo-potential V,.. as fol-
lows [15,]:

F(’i,rz)ZSch/Svo'8(”1_”2)- (49)

Further, one can get the following expressions for
D =8l /By,

Do=U=D e+ &+
+— BOOSZVXC/SV Ve 4BV

+l301
B8V

(48)

/vy vy +
o 1OV v, By 8V 1 8Ve Vv, +

o 18V Vv, + B,V

Zl B0V

B0V ye /v v, + 8V

w10V, Vv, (50)
c/Ovy vy +

w1 OVy Vs

Zz :BOZSVXC /8\’0 Vot
+B,,0V e 10V -V, +B,,0V - 18V, - v,;

Here 7, isthe Coulomb term (look above), o isthe
exchange term. Usmg the known canonical relation-
ship H, =0, oL,/ 3D, +® 0L, /8D, — L, after some
transformatlons one can receive the expressmn for the
quasiparticle Hamiltonian, which is corresponding to
a Lagrangian L :

0 int

H .= H . T H .

1
= H;’ —-L +55005ch /8v, vy +

B8V / 8V v, -V, +%ﬁ”6VXC 18v, v —

1
_EBZZSVXC/SVO 'Vg (5D



In further applications as potential V. it is suit-
able to use the exchange-correlation pseudo-potential
which contains the correlation (Gunnarsson-Lun-
dqvist) potential and exchanger Kohn-Sham one
[11]:

VXC(r):f(O)VX(r)—0,0333-1n[1+18,376-p”3(r)] (52)
where
Ve ==(/m)Bn* - p(r)]"

isthe Kohn-Sham exchange potential, 6 =[3n°p]"’* /¢,
and function f(0) is some function. Using the above
written formula, one can simply define the values (46),
(50).

Further let us give the corresponding comments
regarding the constants B,. First of all, it is obvi-
ous that the terms with constants B,,B,,,B,,,B,, give
omitted contribution to the energy functional (at
least in the zeroth approximation in comparison
with others), so they can be equal to zero. The value
for a constant B, in some degree is dependent upon
the definition of the potential V.. Ifas V. it is use
one of the correct exchange-correlation potentials
from the standard density functional theory, then
without losing a community of statement, the con-
stant B,, can be equal to 1. The constant f,, can
be in principle calculated by analytical way, but it is
very useful to remember its connection with a spec-
troscopic factor F of the molecular system (it is
usually defined from the ionization cross-sections)
[11,14]:

F,= {1—iz w[FV.LP), ]} (53)
0e

The term 0) /oe is defined above. It is easily to
understand the this definition is in fact correspond-
ing to the pole strength of the corresponding Green’s
function. It is interesting to discuss the possible
analogous universality of B, and the constants in the
well-known Landau Fermi-liquid theory and Migdal
finite Fermi-systems theory. Indeed, as we know
now, the entire universality of the constants in the
last theories is absent, though a range of its changing
is quite little. Without a detailed explanation, we note
here that the corresponding constants in our theory
possess the same universality as ones in the Landau
Fermi-liquid theory and Migdal finite Fermi-systems
theory. More detailed explanation requires a careful
check. Further it is obvious that omitting the ener-
gy dependence of the mass operator (i.e. supposing
B,, =0) the quasiparticle density functional theory
can be resulted in the standard Kohn-Sham theory.
In this essence presented approach to definition of
the functions basis {®,} of Hamiltonian H_ can be
treated as an improved in comparison with similar
basise’s of other one-particle representations (HF,
Hatree-Fock-Slater, Kohn-Sham etc.). Naturally,
this advancement can be manifested during studying
those properties of the multi-electron systems, when
an accurate account for the complex exchange-cor-
relation effects, including a continuum pressure, en-
ergy dependence of a mass operator etc., is critically
important.

4. APPLICATION OF THE COMBINED
METHOD TO DIATOMICS
PHOTOELECTRON SPECTRA

As an object of studying we choose the diatom-
ic molecule of N, for application of the combined
Green’s function method and quasiparticle DFT ap-
proach. The nitrogen molecule has been naturally dis-
cussed in many papers. The valence V. I. P. ‘s of N
have been calculated [1,13,14,24] by the method o%
Green’s functions and therefore the pole strengths p,
are known and the mean values ¢, can be estimated. It
should be reminded that the N, molecule is the clas-
sical example where the known Koopmans’ theorem
even fails in reproducing the sequence of the V. I. P. ‘s
in the PE spectrum. From the HF calculation of Cade
et al.[24] one finds that including reorganization the
V. 1. P *s assigned by o, and o, improve while for n V.
I. P. the good agreement between the Koopmans value
and the experimental one is lost, leading to the same
sequence as given by Koopmans’ theorem. Earlier
[13,14] it has been shown that the nitrogen spectra can
be in principle reproduced by applying a one-particle
theory with account of the correlation and reorganiza-
tion effects. The above-mentioned Green’s functions
calculation which takes account of reorganization and
correlation effects leads to the experimental sequence
of V. 1. P’s. In Table 1 the experimental V. I. P. ‘s (a),
the one-particle HF energies (b), the V. I. P. ‘s cal-
culated by Koopmans’ theorem plus the contribution
of reorganization (c), the V. I. P. ‘s calculated with
Green’s functions method (d), the combined Green
functions and DFT approach (e) and the correspond-
ing pole strengths (d,e) are listed.

Table 1

The experimental and calculated V. 1. P.’s (in eV) of N.. R, is the
contribution of reorganization; p, stands for pole strength

Or- | Exptl® » _(e" ' Cales 4 | Calce .
bital | VI.Ps | ~S« R )’3 VIPs| Pi |VLPs| P

k
3 c, 15,60 | 17,36 | 16,01 | 15,50 | 0,91 | 15,52 | 0,913
1m, 16,98 | 17,10 | 15,67 | 16,83 | 0,94 | 16,85 | 0,942
20, | 18,78 (20,92 19,93 | 18,59 | 0,87 | 18,63 | 0,885

Analysis shows that the data, obtained within the
standard Green functions approach and combined
method are very much close. Taking into account a
simplification of the method scheme within the DFT
approach, the standard Green’s function theory ( in
particular the Cederbaum-Domske theory [12]) looks
more attractive else. As it is known, of the three bands
in the experimental low-energy spectrum of the N,
molecule ( Fig. 3), only the Ir, band exhibits a strong
vibrational structure.

When the change of frequency due to ionization is
small, the density of states can be well approximated
using only one parameter g:

00 » SVI
N, (e)= ;e ’ mS(e -, +tA¢g, +n~hg)
S =g (ho)’ (54)

125



i I [ i A 1 i | 1 L | 1
- I
i
i
o v | l I I
3w0 1 L 1 1 1 1 i i 1 1
B.75(9) 16.69(1)
F 4

PS?( 9

Count sec

|
,_MJ\J UUL
)

.MA.“MAJUULJ

1 L A L l L L 1
195 ©0 1B5 B0 75 70 5 €0 B85

A
150

Fig. 3. Experimental and calculated PE spectra of N,. The
uppermost spectrum is calculated with $? and Eq. (54). The mid-
dle spectrum is calculated with values of S from (29) (see text and
[12,14]).

In case the frequencies change considerably, the
intensity distribution of the most intensive lines can
analogously be well approximated by an effective pa-
rameter S. In fig.1 the experimental and calculated
photoelectron spectra for the N,.molecule are pre-
sented. The uppermost spectrum is calculated with
S’ (i.e. the constant S calculated with g° ) and Eq.
(54). The middle spectrum is calculated with val-
ues of S from Eq. (29). It is important to note that
the original Green’s functions and combined Green
functions +DFT approach coincide in the scale of
the figure. In a whole the agreement between the
calculated spectrum (the corrected g ) and the ex-
perimental one is improved. Regarding the inclu-
sion of the anharmonicites it should be mentioned
that a theory can be generalized by means a standard
normal coordinate expansion of the Hamiltonian to
third and higher orders.
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5. CONCLUSIONS

So, firstly we present a new combined theoretical
approach to vibrational structure in molecular photo-
electron spectra, which is based on the Green’s func-
tion method and DFT approach. The density of states,
which describe the vibrational structure in molecular
photoelectron spectra, is calculated with the help of
combined DFT-Green’s-functions approach. It is
important that the calculational procedure is signifi-
cantly simplified with using the quasiparticle DFT for-
malism. In result, we believe that quite simple theory
become a powerful tool in interpreting the vibrational
structure of the molecular photoelectron spectra.
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A. P. Fedchuk, A. V. Glushkov, Ya. I. Lepikh, A. V. Loboda

THE GREEN’S FUNCTIONS AND DENSITY FUNCTIONAL APPROACH TO VIBRATIONAL STRUCTURE IN THE
PHOTOELECTRON SPECTRA OF MOLECULES

Abstract

We present the basis’s of the new combined theoretical approach to vibrational structure in photoelectron spectra of molecules. The
approach is based on the Green’s function method and density functional theory (DFT). The density of states, which describe the vi-
brational structure in photoelectron spectra, is defined with the use of combined DFT-Green’s-functions approach and is well approxi-
mated by using only first order coupling constants in the one-particle approximation. It is important that the calculational procedure is
significantly simplified with using the DFT.

Key words: photoelectron spectra, Green’s functions method, density functional theory.

VIK 539.19+539.182
A. B. Inywkos, 4. U. Jlenux, A. I1. Peduyk, A. B. Jlo6oda

METOJT ®YHKIINI I'PUHA U ®YHKIINOHAJIA ITNIOTHOCTH B OITPEJAEJEHNN KOJEBATEJILHO
CTPYKTYPbBI ®OTODJIEKTPOHHBIX CIIEKTPOB MOJIEKYJI

Pesiome

M 310%eHbl OCHOBBI HOBOTO KOMOMHUPOBAHHOTO TEOPETUYECKOTO METO/IAa OTNTMCAHUS KOJIeOaTeIbHOM CTPYKTYPBI /151 hOTOEK-
TPOHHBIX CIIEKTPOB MOJIEKYJI, KOTOPBIH Ga3upyeTcst Ha MeToae yHKumit [prHa u Teopuu dyHkimonana rotHoct (TAIT). ITnot-
HOCTb COCTOSIHUIA, OMMCHIBAIOIIAsT KOJIEOATENbHYIO CTPYKTYPY CIIEKTpa, ONpeAessieTcs ¢ UCTOIb30BaHeM MeTona dbyHkuuit [puna
u kBasuyactuuHoit TOIT u mpreMaeMo anmpoKCUMHUPYETCSl C MCITOJIb30BAHUEM KOHCTAHT CBSI3M TOJIBKO IEPBOTO TOPSIAKA YXe B
OTHOYACTUYHOM TTPUOIKEHHUH.

KioueBble ciioBa: GoTO2eKTPOHHBIN CIIeKTp, MeToa hyHKLMiA [prHa, Teopust GyHKIIMOHAA TUIOTHOCTH.

VIK 539.19+539.182
O. B. Inywkos, 4. 1. Jlenix, O. I1. Peduyk, A. B. Jlo6oda

METO/JI ®YHKIII! TPIHA I ®YHKIIIOHAJLY I'YCTUHHA Y BU3HAYEHHI BIBPALIIMTHOI CTPYKTYPU
®OTOEJTEKTPOHHUX CITIEKTPIB MOJIEKYJI

Pesiome

BukitaneHi o0cHOBM HOBOrO KOMOIiHOBAaHOTO TEOPETUIHOTO METOIY OITUCY BiOpalLiiiHOI CTPYKTYpH ISl (DOTOECIEKTPOHHUX CITEKT-
PiB MOJIEKYJI, SIKWii 6a3yeThcst Ha MeTomi (pyHKLii [piHa i Teopii pyHkuioHany ryctunu (TPT). [yctrHa cTaHiB, 1110 ONMKMCYE Bibpartiii-
HY CTPYKTYpY CIIEKTPa, BU3HAYAETHCI 3 BUKOPUCTAaHHSIM MeTony ¢yHKIii [pina ta kBasivactuHkoBoi TDI i MpUHATHO alpOKCH-
MYETbCSI 3 BUKOPUCTAHHSIM CTaJIMX 3B’3KY TUJIbKU MEPLIOro MOPSIIKY HaBiTh Y OTHOYACTUHKOBOMY HaOJIMXKEHHI.

Kimo4ogi ciioBa: hoToeeKTpoHHMIA CrieKTp, MeTo (yHKIIii [piHa, Teopist pyHKITiOHAaA TYCTUHMU.
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