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Abstract. It is developed the optimized version of the hybrid combined density functional theory
(DFT) and the Green’s-functions (GF) approach to quantitative treating the diatomic photoelectron
spectra and molecular constants. The Fermi-liquid quasiparticle version of the density functional
theory is used. The density of states, which describe the vibrational structure in photoelectron
spectra, is defined with the use of combined DFT-GF approach and is well approximated by using
only the first order coupling constants in the optimized one-quasiparticle approximation. Using the
combined DFT-GF approach leads to significant simplification of the calculation and increasing an
accuracy of theoretical prediction that is confirmed by computing the molecular spectral parameters
for the molecules of CH, CO, HF etc.
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®OTOEJIEKTPOHHA CIHEKTPOCKOIIIA ABOATOMHUX MOJIEKYJI:
I'BPUIHUNA METO/I ®YHKIJIOHAJTY TYCTUHHU TA ®YHKIII I'PIHA Y
BU3HAYEHHI MOJIEKYJIAPHUX KOHCTAHT

I’ B. Ienamenxo, O. B. Itywrxos, O. FO. Xeyeniyc, FO. A. bynsakoesa, A. A. Ceunapenxo

AHoTauis. Po3BuHyTa onTuMizoBaHa Bepcis riOpuIHoi KoMOiHOBaHOT Teopii (PyHKIIIOHATY TyC-
tuan (DFT) i merony ¢ynxmiit ['puna (I'®) m1st KibKICHOTO ONUCY (POTOECTEKTPOHHUX CIIEKTPIB
JTIBOXaTOMHHX MOJICKYJI Ta MOJIEKYSIPHUX KOHCTAaHT. HoBuiil ribpuaHuii miaxig cyTreBo 06a3yeThb-
csi Ha (epMi-piTUHHINA KBa3i4acTUUHIN Bepcii Teopii GpyHKIioHany ryctiuad. ['yctuHa crany, sika
OIUCYE KOJIMBAJIBbHY CTPYKTYPY B (POTOEIEKTPOHHUX CHEKTpPaX, BU3HAYAETHCS 3 BUKOPUCTAHHIM
kom6OinoBanoro DFT-GF migxomy Ta ¢i3WYHO PO3yMHO ampOKCUMYETHCS 32 JOMOMOTOIO TiJIbKU
MEPUIOTO MOPSAKY KOHCTAHT 3B'SI3Ky B ONTHMI30BAHOMY OJIHOKBAa314aCTUHKOBOMY HaOIIIKEHHI.
Bukopucranns komGiHoBanoro DFT-GF migxomy nmpu3BOIuTh A0 3HAYHOTO CHPOIICHHS MOJIEKY-
JSIPHUX OOYMCIICHb Ta 30UIBIICHHS! TOYHOCTI TEOPETHYHOTO MPOTHO3YBAHHSA, IO TOBHICTIO Tij-
TBEP/DKYETHCS BIAMOBITHUMU OOUMCIICHHSIMH CIEKTpajJbHHUX mapamerpiB ais monekyna CH, CO,
HF Tomo.

Kurouosi ciioBa: GoToenekTpoHHUI CIIEKTp MOJIEKYIT, HOBHI TOpUAHUH MiXin, MeToa (pyHK-
uiit ['pina, Teopis QyHKIIOHATA TyCTHHH

®OTOIJIEKTPOHHASA CIIEKTPOCKOIIUSA ABYXATOMHBIX MOJIEKVYJI:
TUBPUJHBIIA METO/ ®YHKIIUOHAJIA IINIOTHOCTHU U ®YHKIUIA T'PUHA B
ONPEJAEJIEHUU MOJIEKYJISAIPHBIX KOHCTAHT

A. B. Uenamenxo, A. B. [iywkos, O. FO. Xeyenuyc, FO. A. Byusakosa, A. A. Ceunapenko

AnHoTanus. Pa3paborana onTUMU3UPOBAHHAS BEPCUS THOPUIHON KOMOMHUPOBAHHOW TEOPUU
¢ynkumonana wiotHoctu (DFT) u merona dynkumii I'puna (GF) s konM4ecTBEHHOTO OINuUca-
HUSL (POTOIIEKTPOHHBIX CIIEKTPOB JBYXaTOMHBIX MOJICKYJI W MOJEKYJSPHBIX KOHCTaHT. HoOBBIi
MOJXOJI CYIIECTBEHHO Oa3zupyercs Ha GepMHU-KUIKOCTHOM KBa3UIaCTUIHON BEPCUU TEOPHH (YyHK-
LMOHAJIA ITUIOTHOCTU. [II0THOCTH COCTOSHMMN, KOTOpasi OMMCHIBAIOT KOJEOATENbHYIO CTPYKTYpPY
B ()OTORIEKTPOHHBIX CIIEKTPAX, OMPEIEIAETCS C UCIOJIb30BaHUEM komMOuHUpoBaHHOro DFT-GF
MOJAX0Ja U (PU3UYECKU Pa3syMHO alIPOKCUMUPYETCS C UCIIOJIb30BAaHUEM TOJIBKO IEPBOTO MOPSII-
Ka KOHCTAHT CBS3M B ONTHMU3HPOBAHHOM OJIHOKBAa3MYaCTUYHOM INpHUOIMKkeHuu. Vcnonp3oBanue
xoMOuHupoBanHoro DFT-GF nonxona npuBOANUT K 3HAYUTEIBHOMY YIPOIIEHHUIO MOJIEKYJISPHBIX
pPac4eToB U yBEIMYEHHUIO TOYHOCTH TEOPETUYECKOTO MTPEACKA3aHUs], YTO MTOJIHOCTHIO TIOATBEPK 1A~
€TCsl pacueTaMy MOJIEKYJISIPHBIX CIIEKTpasIbHbIX apameTpos s mosiekyn CH, CO, HF u np.

KuroueBbie ciioBa: (pOTO31EKTPOHHBINA CIIEKTP MOJIEKYJ, HOBBI TMOPUAHBIN MOIXOM, METOA
¢byukuuii ['puna, Teopust GyHKIIMOHATA TUIOTHOCTH
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1. Introduction

The Green’s function (GF) method is very
well known in a quantum theory of field, quan-
tum electrodynamics, quantum theory of solids.
This approach naturally provided the known
progress in treating atoms, solids and molecules,
as it has been shown in many papers (c.f.[1-4]).
The experimental photoelectron spectra (PES)
of molecules usually show a pronounced vibra-
tional structure [1,2]. Many papers have been
devoted to treatment of the vibrational spec-
tra by construction of potential curves for the
reference molecule (the molecule which is to
be ionized) and the molecular ion. Usually the
electronic GF is defined for fixed position of the
nuclei. The cited method, however, requires as
input data the geometries, frequencies, and po-
tential functions of the initial and final states.
Since in most cases at least a part of these data
are unavailable, the calculations have been car-
ried out with the objective of determining the
missing data by comparison with experiment.
To avoid this difficulty and to gain additional
information about the ionization process, Ced-
erbaum et al [2] extended the GF approach to in-
clude the vibrational effects and showed that the
GF method allowed ab initio calculation of the
intensity distribution of the vibrational lines etc.
For large molecules far more approximate but
more easily applied methods such as DFT [3]
or from the wave-function world the simplest
correlated model MBPT are preferred [10]. In-
deed, in the last decades DFT theory became by
a great, quickly developing field of the modern
computational chemistry of molecules. In Refs.
[4,5] the authors underlined the elements of the
generalized approach to vibrational structure
in the PES of molecules, which is based on the
DFT and the GF approach and presented some
numerical illustrations of quantitative treating
the carbon oxide molecule parameters. It is im-
portant that calculational procedure can be sig-
nificantly simplified with using DFT formalism
in comparison with the classical GF method re-
alization.

In this paper we present the optimized ver-
sion of the hybrid combined DFT-GF approach
to quantitative treating the diatomic photoelec-
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tron spectra. The approach is based on the GF
method in the Cederbaum-Domske version [2],
Fermi-liquid DFT formalism [6-13] and use of
the novel effective density functionals (see also
[14-26]). The density of states is well approxi-
mated by using only the first order coupling
constants in the one-particle approximation. It
is important that the calculational procedure is
significantly simplified with using the quasipar-
ticle DFT formalism. Thus quite simple method
becomes a powerful tool in interpreting the vi-
brational structure of photoelectron spectra for
different molecular systems.

2. The hybrid quasiparticle DFT- opti-
mized GF approach

As usually, introducing a field operator
Y(R,0,x) = 4,(x,R,0)a,(R,0) with the Har-

tree-Fock (HF) one—particle functions ¢, (€, (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)
and dimensionless normal coordinates Q_ one
can write the standard Hamiltonian as follows:
H=H,+H,+H} +Hy)
o L (D
H, :Z €, (Ry)ala, +EZ Vu(R)ala\a,a, -
=2 Y ViR~V (Ry)lala, ’
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with n,=1(0), ief (igf), do=1(0), (ijkl) e, 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. The , are the
HF frequencies; b, ,b! are destruction and crea-
tion operators for vibrational quanta as

0, =(U/V2)(b, +b)),

0180, = (1/\2)(b, =) )
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The interpretation of the above Hamilto-
nian and an exact solution of the one-body
HF problem is given in refs. [1,2,4]. The usual
way is to define the HF-single-particle compo-
nent H, of the Hamiltonian (4) is as in Refs.
[1,5]. Correspondingly in the one-particle pic-
ture the density of occupied states is given by

J' dteih" (e—¢; )t<0|

—00

- M
Hy=3%, hob,
s=1

M
+ Z }/fs‘(bs + b;)(bs' + b;')

s,8'=1
gl 2]yl T 16)
2060, S T 4le000, ),

In a diagrammatic method to get function
N, () one should calculate the GF G,.(¢) first
[1,2,5]:

1 +in ' H
No(e)=— "10),
L (€) 2 e N

A3)
b, +f g, +b)+ 4

Gyle) == [" dte” " (y| T{ a,())a;(0) } ) (6)

and the function N, (¢) can be found from the
relation

N, (€) =almG,, (e —ain), a =—signe, . (7)
Choosing the unperturbed Hamiltonian

tobe H, = Z(C)za, a, + H,, one could define the
GF as follows:

G (t)=+5, iexp [— in'(e, ¥ Ag)t]~
Y| T ®

The direct method for calculation of N,(€ ) as
the imaginary part of the GF includes a defini-
tion of the vertical I.P. (V.I.P.s) of the reference
molecule and then of N, (e) The zeros of the
functions

J0) exp (£ in, - i)

=e —[e"p +2(e)L

B

D) ©)
where (e”” +2)k denotes the k-th eigenvalue of
the diagonal matrix of the one-particle energies
added to matrix of the self-energy part, are the

negative V. L. P. ‘s for a given geometry. One
can write [1]:

(V.LP) =s +F,)

1 0
1-02,(g, )/ 0. kk(e")( )

F,=%,(-(v.1P))=~
Expanding the ionic energy E, ' about the
equilibrium geometry of the reference molecule
in a power series of the normal coordinates of
this molecule leads to a set of linear equations in
the unknown normal coordinate shifts 60, and
new coupling constants are then:

g ==(1/\2 o, +F,)/00)],
i = i@[@z (e +£)100,100, |

(11)

The coupling constants g, and Y, are cal-
culated by the well-known perturbation expan-
sion of the self-energy part. In second order
one obtains:

(2) _ (/m, X)V/g, (k/ )Vk/
Zkk(E) ZE+€ —-€; —G z€+€ —€, —€
:gF :gF

+(12)
and the coupling constant g, are written as [2,5]:

1 o¢, 1+q,(0/0€)> ,[-(V.1.P)]
V200, 1-(0/0€)> [-(vapr)] (13)

The pole strength of the corresponding GF:

0= {1—6%2 wl-(V.1LP), ]}_ 1z p, 20, (14)
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The above presented results can be usefully
treated in the terms of the correlation and reor-
ganization effects. Usually it is introduced the
following expression for an [.P.:

4
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The first correction term is due to re-
organization, the remaining correction terms are
due to correlation effects. Then the coupling
constant g, can be written as

(V"W)z . 1[2
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The second coupling constant can be written

_ .ol & 1 0o 0 [ &

& y”(gfjuﬁg’ agl(g;’J (17)
72, is defined analogously g,

The key elements of novelty of our advanced
theory are connected with implementation of el-
ements of the quasiparticle Fermi-liquid version
of the DFT (QFLDFT) [1-3,8,17] to the GF ap-
proach. Let us note that the QFLDFT was de-
veloped in Refs. [1-3,8,17] is used to determine
the coupling constants etc. The master equa-
tions can be obtained on the basis of variational
principle with using the corresponding Lagrang-
ian of a molecule L.1It should be defined as a
functional of quasiparticle densities:

vo(r) = n, |©, ),

V(=Y n, VO, ([,
’ (18)

v, (1) =2 m[ @, ~D,D,].
A

The densities v, and v, 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 dependence of the mass
operator X. A Lagrangian L, can be written as
a sum of a free Lagrangian and Lagrangian of
interaction: Lq = Lq" + L ™ where the interac-
tion Lagrangian is defined in the form, which is
characteristic for a standard DFT (as a sum of
the Coulomb and exchange-correlation terms),
however, it takes into account for the energy de-
pendence of a mass operator X:
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2

=L S Ao v, ), (19)
where F is an effective potential of the ex-
change-correlation interaction. The constants f,
are defined in Ref. [7]. The single used constant
B,, can be calculated by analytical way, but it is
very useful to remember its connection with a
spectroscopic factor F of the system [7]:

0
F,={1-—> [~ 20
sp {1 e kk[ (VIP)k ]} ( )

The terms 8)./0¢ and 2 .is directly linked
[6]. In the terms of the Green function method
expression (7) is in fact corresponding to the GF
pole strength. The new element of an approach
is connected with using the DFT correlation
functionals , in particular, the Gunnarsson-Lun-
dqvist, Lee-Yang-Parr ones etc.(look details in
ref. [1,22]).

3. Some results and conclusions

In further calculation as potential V. we
use the exchange-correlation pseudo-potential
which contains the correlation (Gunnarsson-
Lundqvist) potential and relativistic exchanger
Kohn-Sham one [1,3]. As an object of studying
we choose the diatomic molecules of HF, CH,
CO for application of the combined Green’s
function method and quasiparticle DFT ap-
proach. In refs. [2,4] it was presented an analy-
sis and calculation of the photoelectron spec-
trum for the sufficiently complicated from the
theoretical veiwpoint molecules such as the
N, and CO molecules, where the known Koo-
pmans’ theorem even fails in reproducing the
sequence of the V. I. P.’s in the PES spectrum
[1-3]. Itis stressing, however it has been possi-
ble to get the full sufficiently correct description
of the diatomics PES already in the effective
one-quasiparticle approximation [1,2,5]. Anoth-
er essential aspect is sufficiently simple calcu-
lational procedure, provided by using the DFT.
Moreover, here the cumbersome calculation is
not necessary, if the detailed Hartree-Fock (Har-
tree-Fock-Rothaan) data (separate HF-potential
curves of molecule and ion) for the studied dia-
tomic molecule are available. Further it is easily
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to estimate the pole strengths p, and the values
g, When the change of frequency due to ioniza-
tion is small, the density of states can be well
approximated using only one parameter g:

0 n

Nk(e)zz.e_s S

n=0 n!

S =g*(how)” .

5(6 —€,+A€, +n- h(?)),

21)

In case the frequencies change considerably,
the intensity distribution of the most intensive
lines can analogously be well approximated
by an effective parameter S. Below we mean
that S° denotes the constant S calculated with
g° and S®? denotes the value derived from the
experimental spectrum. The deviations of the
one-particle constants g from the experimen-
tal ones are practically fully arisen due to the
correlation effects. In table 1 the experimental
(S°**) and theoretical (S™) values of the S param-
eter are presented for the molecules of CH, HF:
SYis the value without accounting for the cor-
relation and reorganization corrections [2]; S®
— the values of the parameter with accounting
correlation and reorganization corrections with-
in the simple (non-optimized) GF-DFT version
[5] and the present work results (see [1-5] and
Refs. therein).

Table 1.
The experimental (S*?) and theoretical (S*™)
values of the S parameter are presented for
different molecules (CH, HF): Sis the value
without accounting correlation and reorgani-
zation corrections; S® — the combined GF-

DFT method (b).
Molecule S 1w 3o

CH SO 0.22 0.105
S® 0.27 0.1134

S(th-this work) 0.38 0.120

HF SO 0.126 1.900
S® 0.192 2.053

Sth-this work) 0.313 2.115

Sexp) 0.35 2.13

It is interesting to list the similar data for
the CO molecule: S**(1m)=2.30; S*r(46)=0.27,
Se**(56)=0.04. It should be noted that more so-
phisticated calculation by Cederbaum et al [2]
gives the theoretical value S(4,56), which is
practically identical to the experimental values,
however the value S(1m)=2.59 is in some de-
gree different from S*P. The similar our data
are as follows: S"(1m)=2.32; S%(46)=0.268;
S"(56)=0.041. Note that our data are in physi-
cally reasonable agreement with the experi-
mental data. It is interesting to present the data
on the ionization potentials of the hydrogen
fluoride (say, the ion state *[1): the experimen-
tal value (16.01 eV), the Koopmans' theorem
(17.79 eV), the Hartree-Fock approximation
(15.6 eV), the equations-of-motion approach
(15.87 eV), this approach with accounting
for correlation and reorganization corrections
(15.97 eV). This results confirms the result
[1-3] that the correlation and reorganization ef-
fects are the important corrections to Koopmans'
theorem for this specific ionization potential.
The most important aspect of all consideration is
connected the principal possibility to reproduce
diatomic spectra by applying a one-particle the-
ory with accurate accounting for the correlation
and reorganization effects. The hybrid DFT-GF
theoretical approach can be prospectively used
for quantitative treating photoelectron spectra of
more complicated diatomic molecules.
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PHOTOELECTRON SPECTROSCOPY OF DIATOMIC MOLECULES:
HYBRID DENSITY FUNCTIONAL AND GREEN’S FUNCTIONS APPROACH
TO SENSING MOLECULAR CONSTANTS
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Summary

The aim of the work is to develop and present a new effective approach to analysis and calcula-
tion of the photoelectron spectra of diatomic molecules, vibrational structure characteristics and at
whole molecular spectral constants.

It is developed the optimized version of the hybrid combined density functional theory (DFT)
and the Green’s-functions (GF) approach to quantitative treating the diatomic photoelectron spectra
and molecular constants. The Fermi-liquid quasiparticle version of the density functional theory
is used. The density of states, which describe the vibrational structure in photoelectron spectra,
is defined with the use of combined DFT-GF approach and is well approximated by using only the
first order coupling constants in the optimized one-quasiparticle approximation.

Using the combined DFT-GF approach leads to significant simplification of the calculation and
increasing an accuracy of theoretical prediction that is confirmed by computing the molecular spec-
tral parameters for the molecules of CH, CO, HF etc.

Keywords: photoelectron spectra of molecules, new hybrid approach, Green’s functions, den-
sity functional theory
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Pedepar

Mertoro poboTu € po3poOKa Ta MpeCTaBIeHHS HOBOTO e()eKTUBHOTO IMIAX0AY A0 aHaIi3y Ta PO3-
paxyHKy ()OTOEIEKTPOHHUX CIEKTPIB IBOATOMHUX MOJIEKYJI, XapaKTEPHUCTUK KOJUBAIBLHOI CTPYK-
TYPH CIIEKTPY 1 B LIIJIOMY MOJIEKYJISIPHUX CHEKTPaIbHUX KOHCTAHT.

Po3BunyTa ontumizoBaHa Bepcis ridpuaHoi komOiHOBaHOi Teopii ¢pyHKIioHamy ryctunu (DFT)
1 metony ¢yHskuiil ['puna (I'dD) ans KibkicHOTro onucy (GoTOEIEeKTPOHHUX CIIEKTPIB ABOXATOMHUX
MOJIEKYJT Ta MOJICKYISIPHUX KOHCTaHT. HoBuii TiOpuaHuii miaxin cyTreBo 0asyeTbes Ha (hepmi-
piauHHIN KBaziyacTW4HINA Bepcii Teopii QyHKIIOHANY TyCTHHHU. ['yCTHHA CTaHy, SIKa ONHUCY€E KO-
JMBAIIBHY CTPYKTYPY B (POTOETIEKTPOHHUX CIIEKTPAX, BU3HAYAETHCS 3 BUKOPHCTAHHIM KOMOIHO-
BaHoro DFT-GF ninxony Ta ¢i3uuHO po3yMHO anpoOKCUMYETHCS 3a IOMIOMOIOK0 TIJBKH MEPIIOro
MOPS/IKY KOHCTAHT 3B’ 513Ky B ONTHMiI30BaHOMY OJHOKBA314aCTHHKOBOMY HAOIMKEHHI.

Buxopucranuns kom6inoBanoro DFT-GF niaxoay npu3BoauTh 10 3HaYHOTO CIIPOLIEHHS MoJIe-
KyJISpHUX OOYMCIIEHb Ta 30UIbIICHHS] TOYUHOCTI TEOPETUYHOTO MTPOTHO3YBAHHS, 1110 TIOBHICTIO MiJI-
TBEP/UKYETHCS BIAMOBITHUMU OOUMCIICHHIMH CIEKTpajbHUX mapamerpiB ais monekyia CH, CO,
HF romo.

KurouoBi cjioBa: poToeIEKTPOHHMI CIIEKTP MOJICKYJI, HOBHM T1OpUAHUH TTiX1/1, METOI (PyHK-
it I'pina, Teopis (pyHKLIOHATA T'yCTUHH
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