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DENSITY FUNCTIONAL AND GREEN’S FUNCTIONS
METHOD TO COMPUTING SPECTRAL PARAMETERS OF
DIATOMIC MOLECULES

It is presented a new effective method of calculating the energy and spectral parameters of diato-
mic molecules based on the hybrid theory of the quasi-particle density functional and the theory of
Green's functions. As an illustration, the data of the calculation of the vertical ionization potentials and
the coupling constants (vibrational structure) of the photoelectron spectra of a number of diatomic mo-
lecules, in particular, N,, are received. It is presented a detailed comparison of the received results
with the data of standard theories of the Hartree-Fock type, the multi-configuration electron propaga-
tor method, and the extended theory based on Koopmans' theorem using multi-configurational self-
consistent field wave functions with different sets of basis functions. Iit is shown that the consistent,
maximally precise consideration of exchange-correlation effects and reorganization effects within the
framework of the combined theory leads to a rather significant improvement in the agreement of the-
oretical and experimental data both in terms of ionization potentials and photoelectron spectra in gene-

ral..

1. Introduction

Currently, the optics and spectroscopy of
ordinary molecular, as well as combined and
hybrid photon-atom-molecular systems, and,
as a part of it, photoelectron spectroscopy
(PES), belong to one of the directions of
modern optics and spectroscopy, which are
intensively developing, which, firstly, is
associated with the use of fundamentally new
methods and technologies in relevant
experimental research, in particular, based on
new powerful sources of laser radiation, and
secondly, with the sharply increasing
theoretical and applied value of relevant data
regarding energy and spectral properties of
ordinary molecular (diatomic and polyatomic
molecules), as well as combined and hybrid

photon-atom-molecular  systems, that is,
molecules in the field of intense
electromagnetic  radiation for numerous
physical and other applications and

applications [1-28]. Modern molecular optics
and spectroscopy has in its theoretical and
computational arsenal a rather huge number of
diverse  theoretical approaches to the

calculation of energy and spectroscopic
characteristics of molecules (ionization and
excitation potentials, spectra of excited states,
potential  energy curves, spectroscopic
molecular steels, dipole moments, parameters
of the vibrational and rotational structure of
the spectra, etc.). Among them, such well-
known powerful and consistent approaches as
self-consistent field methods of the Hartree-
Fock-Rothaan (HFR), Hartree-Fock-Slater
(HFS), X ¥ -method, in multi- and even mega-
configurational versions should be especially
noted and highlighted, the density functional
method (DFT) in numerous implementations,
the Green's function method (GF), coupled-
cluster theories (CCT), the wvalence bond
method (RCI-VB)  with  configuration
interaction and various versions formalism of
perturbation theory (RT), etc.

In this paper we present new effective
method of calculating the energy and spectral
parameters of diatomic molecules based on the
hybrid theory of the quasi-particle density
functional and the theory of Green's functions
[1,9-11]. As an illustration, the data of the
computing vertical ionization potentials and
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the coupling constants (vibrational structure)
of the photoelectron spectra of a number of
diatomic molecules, in particular, N,, are
given, and a detailed comparison of some
available data.The approach is based on the
Green’s function method (Cederbaum-Domske
and Khetselius versions) [2-4] and Fermi-
liquid DFT formalism [5-8].

2. Combined Green’s functions and
Fermi-liquid quasiparticle density
functional theory

As the key moments of the combined
method have been presented in Refs. [1,9-11],
here we concern only such a points, which are
important for computing vertical ionization
potentials and the coupling constants (vibra-
tional structure) of the photoelectron spectra of
diatomic molecules. According to [1,2, 9] the
molecular Hamiltonian van be written in the
following form as follows:
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with n,=1 (0), ief (igf), oo=1 (0), (ijkl)eoy.
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;
€ [R)are the one-particle HF energies and f
denotes the set of orbitals occupied in the HF
ground state; R, is the equilibrium geometry
on the HF level); the @,are the HF frequencies;
b,,b; are destruction and creation operators for
vibrational quanta, Q, are dimensionless nor-
mal coordinates are as follows:

The usual way is to define the HF-single-
particle component H, of the Hamiltonian (4)
is as in Refs. [1,2]. Correspondingly in the
one-particle picture the density of occupied
states is given by
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To get function N, (E) one calculates the GF
G,.-|€)(see details in Refs. [1,2,9]:

Gkk,(e) :_ih_l_[: dteih?lﬁ <l//0| T{ ak(t)allc (0) } |l//0>
(8)

Choosing the unperturbed H, to be
HOZZ €,a; a;+ H, one could define GF as

G2 (1) = 5,0 exp [— in'(g, F As)t]-

. Zkﬁk |Uk ‘0>‘2 exp(i in, - CZ)kl‘) , (9)

The direct method for calculation of Ni(€ )
as the imaginary part of the GF includes a
definition of the vertical I.P. (V.I.P.s) of the
reference molecule and then of Ni(€ .

The zeros of the functions:
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Dl )=e -[e®+z(e)],  (10)

where (e » +Z)kden0tes the A-th eigenvalue of
the diagonal matrix of the one-particle ener-
gies added to matrix of the self-energy part,
are the negative V. I. P. 's for a given geo-
metry. One can write [1,5,9]:

(V.I.P.)k:—(ek+li“k)’
F,=X, -(V.I.P.) |~ PIMES
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(11)
Expanding the ionic energy E, 'about the

equilibrium geometry of the reference mo-
lecule in a power series of the normal coordin-
ates leads to a set of linear equations for the
unknown normal coordinate shifts 0Qs, and
new coupling constants:

gi=t(12)[a(e ,+FJI0Q),  (12)
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The coupling constants g, Y, are calculated by
the well-known perturbation expansion of the
self-energy part. One could write:

€+€ E+€ —§ —E
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(13)
and the coupling constant g, are as [1,3]:
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The pole strength of the corresponding GF:
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It is important to underline that computing
the latter parameters by the standard methods
requires serious resources. But there is more

effective and quite precise approach to this
problem. It is connected with using quasi-
particle Fermi-liquid theory of the DFT in ver-
sions [1,5-7,9]. Especially this approach is ef-
fective in computing he vertical I.P. (V.I.P.s),
phoelectron spectra (the coupling constants of
vibrational structure). The master equations
can be obtained on the basis of variational
principle, if one starts from a Lagrangian of a
molecule L, [5,7]. It should be defined as a

functional of quasiparticle densities:
Vo) =2, |, (16)
A
n=Yn ve,mf, (17
A
(18)

Vv,(r) = an[CDZ(Dl _(D;(Dz]-
7

The densities v and v, are similar to the HF
electron density and kinetical energy density
correspondingly; the density v, has no an ana-
log in the HF or DFT theory and appears as
result of account for the energy dependence of
the mass operator . A Lagrangian L, can be
written as a sum of a free Lagrangian and Lag-
rangian of interaction: L, = L, + L,™, where
the interaction Lagrangian is defined in the
form, which is characteristic for a standard
DFT (as a sum of the Coulomb and exchange-
correlation terms), but, it takes into account for
a mass operator energy dependence of X:

LM=Lg—— Z [ BiF (r,15)v, (), (5)drdry

tk 0
(19)
where F is an effective exchange-correlation
interaction potential. The constants fi are
defined in Refs. [1,5,6]. The constant (). can
be calculated by analytical way, but it is very

useful to keep in mind its connection with a
spectroscopic factor Fy,[5-7]:

Fsp = {l—aiz Kk [_ (V'['P')k ]}

(20)

The multiplier [1-X,] is easily calculated if the
Gunnarsson-Lundqvist-like correlation poten-
tial is used as Vxc and X, is determined as fol-
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lows:

D (r)=0,254p(r)[0,328p 7" (r) +
(21)
+0,204 0723 (1) 11418376 0" (r)}]

The new element is linked with using the DFT
correlation Gunnarsson-Lundqvist as well as
the Lee-Yang-Parrr functionals etc. (c.g.[12-
16]). For all calculations it has been used the
PC code Supermolecule (version 93).

4. Results and conclusions

As an illustration, Table 1 shows the exper-
imental values of VIP (a), single-particle HF
energies (b), the value of VIP calculated on the
basis of the Koopmans theorem (KT) plus the
reorganization correction (EKT; ¢), VIP calcu-
lated by the usual and extended GF method
(d,f,g ), our data within the combined GF-DFT
theory (h). For comparison, the data of the
multi-configuration electron  propagator
(MCEP) method, an extended theory using
Koopmans' theorem (EKT) are also given (the
extended EKT theory uses multi-configura-
tional self-consistent wave functions with dif-
ferent sets of electron orbital basis functions
(from res. [1-3,7,8,13,14]).

Table 1. Theoretical and experimental VIPs (eV) for the
nitrogen molecule: experiment (a), HF single-particle
energies (b), VIP values based on Koopmans' theorem
(KT) plus reorganization correction (EKT; c), VIP cal-
culated by the conventional and extended method GF
(d,f,g ), data from the multi-configuration electron
propagator (MCEP;e) method, our data from the com-
bined GF-DFT theory (h).

Orbital| Exp KT EKT GF
@ | -e; < €,

(b) (€] (d)
30, 15.6 17.24 | 16.37;16.13 | 15.31

16.84; 15.66

17 16.98 16.73 16.73 16.80
2T, 18.78 | 21.13 21.13 19.01
Orbital| MCEP| GF+ GF-All Our
-} | Reorg (2) Data

(e) ® (h)
30, 15.52 16.0 15.50 15.58
17 17.24 15.7 16.83 16.97
2T, 18.56 19.9 18.59 18.77

In table 2. given data for the bond constants
g (in eV) for the N, molecule in different ap-
proximations: g’— the value of the constant g
in the HF approximation without taking into
account corrections for correlation and reor-
ganization; g® is the value of the constant g,
taking into account only the correction for the
effect of reorganization; g*“® and g**“® - are
values of the constant g, taking into account
corrections for correlation and reorganization,
obtained within the framework of the
Sederbaum-Domsky DFT method (a) and our
QP-DFT (b).

Table 2 Bond constant g (in eV) in different
approximations for the N, molecule (see text)

Orbital g’ gt
30, -0.095 -0.074
17w -0.344 -0.334
20, +0.268 +0.267
Orbital gR+C () gR+C (b)
30, -0.0965 -0.0964
T 20337 20.3302
50, 10.177 10.1635

The results listed in the tables show slightly
better agreement between data of the presented
approach and experiment than the results of
calculations in other versions of the DV
method.

It is obvious that a carrying out more
perfect than the existing methods to computing
spectral molecular characteristics of molecular
systems should include more careful
accounting for correlation effects,. Developed
one-quasiparticle representation used here can
be taken as the zeroth approximation in one of
the sophisticated versions of the many-body
PT such as , for example, the Moller-Plesset
PT etc.
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DENSITY FUNCTIONAL AND GREEN’S FUNCTIONS METHOD TO COMPUTING
SPECTRAL PARAMETERS OF DIATOMIC MOLECULES

Summary. A new effective method of calculating the energy and spectral parameters of dia-
tomic molecules based on the hybrid theory of the quasi-particle density functional and the the-
ory of Green's functions is described. As an illustration, the data of the calculation of the vertical
ionization potentials of the coupling constants (vibrational structure) of the photoelectron spectra
of a number of diatomic molecules, in particular, N,, are given. It is presented a detailed compa-
rison of the received data with the data of standard theories of the Hartree-Fock type, the multi-
configuration electron propagator method, and the extended theory based on Koopmans' theorem
using multi-configurational self-consistent field wave functions with different sets of basis func-
tions. It is shown that the consistent, maximally precise consideration of exchange-correlation ef-
fects and reorganization effects within the framework of the combined theory leads to a rather si-
gnificant improvement in the agreement of theoretical and experimental data both in terms of i0-
nization potentials and photoelectron spectra in general.

Keywords: optimized one-quasiparticle approximation, Green's function, density functional,
diatomic molecules, spectral characteristics
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METO/]I ® YHKIIIOHAJTY TYCTUHHU TA ®YHKIIIA I'PIHA JIJI1 OBYUCJIEHHS
CIHHEKTPAJIBHUX ITAPAMETPIB IBOXATOMHUX MOJIEKY.I

Pe3iome. BuknageHo HOBUH epEKTMBHHUH METOJ OOYHMCICHHS EHEPreTMYHUX Ta
CHEKTPAIbHUX MapaMeTpiB JIBOATOMHHUX MOJIEKYJ, 10 0a3yeThcs Ha TiOpuaHii Teopii KBasiua-
CTUHKOBOTO (PyHKITIOHAIA TYCTUHH 1 Teopii ¢pyHkmii ['pina. Sk imrocTpallis HaBeIeHi 1aHi 004M -
CJIGHHSI BEPTUKAJIBHUX MOTEHINIaJiB 10HI3alil 1 KOHCTAHT 3B'A3KY ( KOJMBAJIBHOI CTPYKTYpH) (o-
TOENIEKTPOHHUX CIIEKTPIB DSy JBOXaTOMHUX MOJIEKyNd, 30kpema, N,. IlpoBeaeno moknaane
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MOPIBHSAHHA JEAKUX OTPUMAHUX JAHMX 3 JAHUMM CTaHAAPTHUX Teopid Tumy Xaptpi-Doka,
MeToay OaraToKOH(QITYpaIiifHOTO EJIEKTPOHHOTO TMpOMaratopy, pO3IIMPEHOI0 TEOpi€lo Ha
ocHOBI TeopeMu Koopmans’ 3 BUKOPUCTaHHSAM OaraTOKOH(IrypariifHux caMoy3roJKeHUX XBH-
JHOBUX (PYHKIIN 3 pi3HUMHU Habopamu OasucHUX QyHKuii. [loka3aHo, 110 MOCHIIOBHE MaKCH-
MaJIbHO KOPEKTHE BpaxyBaHHS OOMIHHO-KOpENALIHHUX eQeKTiB, e(peKTiB peopraxizauii B
paMKax KOMOIHOBaHOI TeOopii MPU3BOIUTH 1O JIOCUTH ICTOTHOTO TOJIIMIIEHHS 3TOJU TEOPETH-
YHUX Ta EKCIEPUMEHTATbHUX JaHUX SK MO MOTEHIlanaM i0Hi3allii, Tak i (OTOEIEKTPOHHUM
CIIEKTpaM B3arali.

Karo4oBi cjioBa: onTMi3oBaHe OJJHOKBa314aCTMHKOBE HAaOJIMkKeHHs, ¢pyHKuig ['piHa, GpyHK-
I[I0OHAJI TYCTHUHHM, IBOATOMHI MOJIEKYJIH, CIIEKTpaIbHl XapaKTepUCTUKU
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