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OPTIMIZED QUASIPARTICLE DENSITY FUNCTIONAL
AND GREEN’S FUNCTIONS METHOD TO COMPUTING BOND ENERGIES
OF DIATOMIC MOLECULES

It is presented an advanced approach to computing the energy and spectral parameters of the diatomic mole-
cules, which is based on the hybrid combined density functional theory (DFT) and the Green’s-functions (GF)
approach. The Fermi-liquid quasiparticle version of the density functional theory is modified and used. The den-
sity of states, which describe the vibrational structure in photoelectron spectra, is defined with the use of com-
bined DFT-GF approach and is well approximated by using only the first order coupling constants in the opti-
mized one-quasiparticle approximation. Using the combined DFT-GF approach to computing the spectroscopic
factors of diatomic molecules leads to significant simplification of the calculation procedure and increasing an
accuracy of theoretical prediction. As illustration, the results of computing the bond energies in a number of
known diatomic molecules are presented and compared with alternative theoretical results, obtained within dis-

crete-variational X » Muffin-tin orbitals and other methods.

1. Introduction

In this paper we study the problem of cal-
culating the important spectroscopic charac-
teristics of multielectron systems (atoms and
molecules), namely, the spectroscopic fac-
tor. The spectroscopic factor is one of the
most important characteristics of atomic and
molecular systems and the precise infor-
mation about it is very important for many
applications [1-47].

In calculations based on the density func-
tional theory (DFT) methods in the local
density (LP) approximation, invariants have
become widespread: discrete-variational X,

(DV- X, ), muffin-tin orbitals (MTO) method

in a version of the linear MTO method and
localized orbitals, modified DV- X , method

with using a scheme of the transition state
(TS) (see [1]). Although, in computational
terms, these methods are highly economical,
the error in calculating complex molecules
based on them can reach several eV

In this paper we present an advanced ap-
proach to computing the spectroscopic fac-
tors of the diatomic molecules within the
hybrid combined density functional theory
(DFT) in the Fermi-liquid formulation and
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the Green’s-functions (GF) approach to
quantitative determination of the spectro-
scopic factors for some molecular systems.
The approach is based on the Green’s func-
tion method (Cederbaum-Domske version)
[1,2] and Fermi-liquid DFT formalism [3-7]
and using the novel effective density func-
tionaler (see also [11-22]). It is important
that the calculational procedure is significant-
ly simplified with using the quasiparticle
DFT formalism.

2. Many-body theory

As usually, introducing a field operator
Y(R,60,%) =Y 4(xR,0a(R,6) with the

Hartree-Fock (HF) one—particle functions ¢
(g (R) are the one-particle HF energies and f
denotes the set of orbitals occupied in the HF
ground state; Ry is the equilibrium geometry
on the HF level) and dimensionless normal
coordinates Qs one can write the standard
Hamiltonian as follows [2,7]:

H=H.+H,+HE +HZ, (@)
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To get function N,(e) one calculates the

H@ = _3/22 Z ( umJ (b, +b")[ov,a'a‘a, GF G, (¢) (see details in Refs. [1-7,31-35]:
0
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with ni=1 (0), ief (igf), oa=1 (0), (ijkl) ect
, 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
vz that ¢, and ¢;or g and ¢, are unoccu-

pied. The w,are the HF frequencies; b, ,b,

s1s
are destruction and creation operators for vi-
brational quanta as

Q = (U/V2)(b, +bY),
016Q, = (W/2)(b, -bl). (4

The interpretation of the above Hamiltonian
and an exact solution of the one-body HF
problem is given in refs. [1,-7]. The usual
way is to define the HF-single-particle com-
ponent H, of the Hamiltonian (4) is as in
Refs. [1,4]. Correspondingly in the one-
particle picture the density of occupied states
is given by

Gy (e) =i [~ dte" " (| T{ a, )& (0) } |wo)

(8)

Choosing the wunperturbed H, to be
H —Z c.a;a +H, one could define GF as

G (t) = +£5,,.i exp|-in

The direct method for calculation of Ny(€)
as the imaginary part of the GF includes a
definition of the vertical I.P. (V.1.P.s) of the
reference molecule and then of Ny ().

The zeros of the functions:

_1(‘9k + Ag)t]-

>‘2 exp(in, - @,t) O

D (e)=€ —[eOp +Z(e)]k , (10)

where (e"p +2)k denotes the k-th eigenvalue

of the diagonal matrix of the one-particle en-
ergies added to matrix of the self-energy part,
are the negative V. I. P.'s for a given geome-
try. One can write [2,4]:

V.1.P.), =—(e +F.),
Fo=SuC VP ey 2ue)
(12)
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Expanding the ionic energy E,'*about the
equilibrium geometry of the reference mole-
cule in a power series of the normal coordi-
nates leads to a set of linear equations for the
unknown normal coordinate shifts 6Qs, and
new coupling constants:

0, =+/V2Joc, +F)I0Q],  (12)

Y = i[%)[@z(ek +Fk)/an /an']o

The coupling constants g,, Y, are calculated

by the well-known perturbation expansion of
the self-energy part. One could write:

Z ﬁi)(e) — Z (Vksij _Vksji )‘/ksij +Z (Vksij _Vksji )‘/ksij
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and the coupling constant g, are as [17]:

1 0e1+q(0/0€)y ([-(V.1.P)]
glN_ﬁ oQ, 1_(8/86)Zkk[_(V'I'P')k]

(14)
The pole strength of the corresponding GF:

Pk :{1_;;Z kk[_(V'I'P')k]} 1= p, =20,

g, = g|O[Pk +0Q, (pk _1)]’

o) =20 ¢, 16Q, (15)
3. Fermi-liquid quasiparticle density
functional theory

The quasiparticle Fermi-liquid version of
the DFT [3-8,31,36] is used to determine the
coupling constants etc. The master equations
can be obtained on the basis of variational
principle, if we start from a Lagrangian of a
molecule Lq. It should be defined as a func-
tional of quasiparticle densities:

vo=>n, @,
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vn=>nvo,mf,  (16)

v,(r) = Zm[‘lf;% _q);(DA]-
7

The densities v, and vy are similar to the HF
electron density and kinetical energy density
correspondingly; the density v, has no an
analog in the HF or DFT theory and appears
as result of account for the energy depend-
ence of the mass operator X. A Lagrangian L
can be written as a sum of a free Lagrangian
and Lagrangian of interaction: Ly = Lg° +
L™, where the interaction Lagrangian is de-
fined 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 depend-
ence of X :

in 1 2
th = Ly -5 ZjﬂikF(rl, r,)v;(r)v, (r,)drdr,

i,k=0

(17)
where F is an effective exchange-correlation
interaction potential. The constants S are
defined in Refs. [3-5]. The constant £y, can
be calculated by analytical way, but it is very
useful to keep in mind its connection with a
spectroscopic factor Fg, [4,5]:

Fsp :{1_;;62 kk[_(\/lp)k]} (18)

The new element is linked with using the
DFT correlation Gunnarsson-Lundqvist, Lee-
Yang-Parrr functionals (c.g.[12-16]).

The multiplier [1-3" ,] is easily calculated

if the Gunnarsson-Lundqvist-like correlation
potential is used as Vxc and z , Is deter-

mined as follows:

D (r) =0,254p(r)[0,328p '* (r) +

+0,204p "3 (r) I{1+18,376p"* (N }]



4. Results and conclusions

Let us present the results of calculating the
binding energies and equilibrium distances in
molecules N,,0,,F, belonging to the class
of complex from the point of view of taking
into account the correlation effects. Effective
approach to this topic can be performed with-
in different versions of the standard DV ap-
proach such as: DV-X,, DV-X_( TS),
MTO (see Table 1, where experimental data
are also presented for comparison).

Table 1
Bond energies (eV) and equilibrium distanc-

es (a.u.): 1 —experiment; 2- DV- X ,, 3- DV-
X,-TS, 4- MTO, 5 — Green function ap-
proach, 6 - present work

EB Re EB Re EB Re
N2 02 FZ
1] 9,91[2,07

219,392,111

3/110,86 2,11

4| 7,8 12,16

5] 9,99(2,11 3,21| 2,6

6] 9,95|2,09 1,58 (2,70

As follows from the comparison of the ener-
gy values presented in Table 1 and the values
of the molecular constants are sensitive to the
calculation scheme. A more careful consider-
ation of multiparticle correlation effects with-
in the framework of this procedure leads to
an improvement in the agreement between
the calculation and experiment (in particular,
this is observed for molecules; for there is
some deterioration). The results obtained in
this calculation are in slightly better agree-
ment with experiment than the results of cal-
culations in other versions of the DV method.

It can be concluded that the development
of a more perfect than the existing methods

to computing molecular constants may be
associated with careful consideration of
complex correlation effects, including many-
body corrections. The one-quasiparticle rep-
resentation used here can be taken as the ze-
roth one in one of the sophisticated versions
of the many-body PT such as , for example,
the Moller-Plesset PT (see e.g. [6]).
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Summary. It is presented an advanced approach to computing the energy and spectral pa-
rameters of the diatomic molecules, which is based on the hybrid combined density functional
theory (DFT) and the Green’s-functions (GF) approach. The Fermi-liquid quasiparticle version
of the density functional theory is modified and used. The density of states, which describe the
vibrational structure in photoelectron spectra, is defined with the use of combined DFT-GF ap-
proach and is well approximated by using only the first order coupling constants in the opti-
mized one-quasiparticle approximation. Using the combined DFT-GF approach to computing
the spectroscopic factors of diatomic molecules leads to significant simplification of the calcula-
tion procedure and increasing an accuracy of theoretical prediction. As illustration, the results of
computing the bond energies in a number of known diatomic molecules are presented and com-
pared with alternative theoretical results, obtained within discrete-variational X ,, muffin-tin
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OINITUMM3UPOBAHHBIN METOJ ®YHKIIUOHAJIA IINIOTHOCTHU U ® YHKIIUI
I'PUHA B PACUETAX DHEPI'MU CBA3U IBYXATOMHBIX MOJIEKY.JI

Pesrome. IIpeacraBieH yCOBEPIIEHCTBOBAHHBIA MOAXO0/ K BBIUHUCICHUIO YHEPTETUYECKUX U
CHEKTpaJIbHbIX MapaMeTPOB JBYXaTOMHBIX MOJIEKYJ, Oa3upyrouuiicss Ha THOPUAHON KOMOUHU-
poBaHHOM Teopun ¢yHkimoHana miotHoctu (TOII) u merone dynkuuit 'puna (OI'). Ucnons-
3yeTcs MoAenb hepMU-KUIKOCTHas kBazudacThuHas Bepcust TOII. IInoTHOCTE COCTOSIHUM, KO-
TOpasi OMUCHIBACT KOJIEOATEIbHYIO CTPYKTYPY B (POTOIIEKTPOHHBIX CIIEKTpax, ONpeAesseTcs ¢
UCIOJIb30BaHNuEM KOMOMHHpoBaHHOTO nojaxoaa TAOII - ®I'. Ucnonb3oBanre KOMOMHUPOBAHHO-
ro TOII-®I' noxxona NpUBOAUT K 3HAYUTEIBHOMY YIIPOIEHHUIO IIPOLEIYPhI pacuyeTa U MOBbI-
LICHUIO TOYHOCTU TEOPETHUYECKOr0 MPOrHO3UPOBAaHUSA. B KauecTBe WILIIOCTpALUU MIPEACTaBIIE-
HBI PE3YJIBTATBl pACYeTa DHEPIUM CBA3U B PSAJE U3BECTHBIX JABYXaTOMHBIX MOJIEKYJ, KOTOpPbIE
CPaBHUBAIOTCS C AJIBTEPHATHUBHBIMU TEOPETUYECKUMH PE3YNbTATAMH, IOJYYEHHBIMU C IIOMO-
IILIO JIUCKPETHO-BAPHALIMOHHOIO X , U JIPYTUX IOAXO0B.

KuroueBble cjioBa: IByXaTOMHbIE MOJEKYJbl, QyHKIMs ['pyuHa, QyHKIIMOHAN MIIIOTHOCTH
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PACS 33.20.-t
lenamenxo I'.B., Ceunapenxo A.A., Mancapaniticokuii B.®. , Caxyn T.M.

ONTUMI3ZOBAHUI METO/ ®YHKIIIOHAJTY TYCTAHM I ®YHKIIN I'PTHA
B PO3PAXYHKAX EHEPTTI 3B'SI3KY JIBOATOMHHNX MOJIEKY.I

Pe3iome. [IpencraBnennii BIOCKOHAICHUI METOJ OOYHMCICHHS €HEPreTUYHHUX Ta CIEKT-
palbHUX MapaMeTpiB 2-aTOMHUX MOJIEKYJ, 10 0a3yeThCsl Ha TiOpHIHIA Teopii (yHKIIOHAIA
misHOCTI (T®IT) 1 MmeToxi ¢pynkuiit ['pina (PI'). Bukopucrano ¢epmi-piauHHy KBa3i4acTHH-
koBy Bepcito TOII. I'yctuHa cTaHiB, SIKI ONUCYE KOJIMBAIBHY CTPYKTYPY (DOTOEIEKTPOHHOIO
CHEKTpy, Bu3HavyaeThesi B Mexkax TOII-OI merony. Bukopucranus komGinoBanoro TOII-OI
METOAY MPU3BOAUTH 10 CIPOLIEHHS IIPOLEypH OOUUCIIEHb, M1BUIIEHHS TOYHOCTI IPOTHO3Y.
B sikocTi imrocTpariii mpeacTaBieHi pe3yabTaTi po3paxyHKy €Heprii 3B'sS3Ky B Pl BiIOMHX
JIBOATOMHUX MOJIEKYJ, sIKI MOPIBHIOIOTHCS 3 AJbTEPHATUBHUMU TEOPETUYHUMH pe3yibTaTa-
MU, OTPUMAHUMH 32 JIOTIOMOTOI0 JUCKPETHO-BapiaIliifHOTO 1 IHIHMX MiIXOIiB.

KurouoBi ciioBa: 1Boaromui Mosnekynu, GyHkiis I'pina, pyHKIIOHAT TYCTHHHU.
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