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

The advanced combined theoretical approach to vibrational structure in photoelectron spectra of diatomic molecules,
which is based on the density functional theory (DFT) and the Green’s-functions approach, is used for quantitative treating
the diatomic photoelectron spectra. 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.

1. Introduction

The Green’s method is very well known in
a quantum theory of field, quantum theory of
solids. Naturally, an attractive idea was to use
it in the molecular theory. Regarding a problem
of description of the vibrational structure in
photoelectron spectra of molecules, it is easily
understand that this approach has great perspective
(c.f.[1-51]). One could note that the experimental
photoelectron (PE) spectra usually show a
pronounced vibrational structure. Usually the
electronic Green’s function is defined for fixed
position of the nuclei. As result, only vertical
ionization potentials (V.I.P.’s) can be calculated
[11,2,11,12]. 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 objective of determining the missing
data by comparison with experiment. Naturally,
the Franck-Condon factors are functions of the
derivatives of the difference between the potential
curves of the initial and final states with respect to
the normal coordinates. To avoid the difficulty and
to gain additional information about the ionization
process, the Green’s functions approach has
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been extended to include the vibrational effects
in the photoelectron spectra. Nevertheless, there
are well known great difficulties of the correct
interpretation of the photoelectron spectra for any
molecules.

Here we present the advanced combined
theoretical approach to vibrational structure in
photoelectron spectra of diatomic molecules
and use it for effective quantitative treating the
diatomics photoelectron spectra. The advanced
approach is based on the Green’s function
method (Cederbaum-Domske version) [11,12],
Fermi-liquid DFT formalism [1-8] and use of
the novel effective density functionals (see also
[13-16]). As usually (see Refs. [2,4,11]), 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. 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 coupling 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 structure of
photoelectron spectra for different molecular
systems.

2. Method: Density of states in one-body
and many-body solution

As usually (see details in refs. [1-12]), the
quantity which contains the information about
the ionization potentials (I.LP.) and molecular
vibrational structure due to quick ionization is the
density of occupied states:

N, (€) = (1/27) [die™ “ (yfa, (0)a, (D, » (1)
where |‘P0> is the exact ground state wave function

of the reference molecule and a,(¢) is an electron
destruction operator, both in the Heisenberg
picture. For particle attachment the quantity of
interest is the density of unoccupied states:

N, (e) = (1/ 27h) [ dte™ “ (yla, (D2, (O)w,)  (2)

Usually in order to calculate the value (1)
states for photon absorption one should express
the Hamiltonian of the molecule in the second
quantization formalism. The Hamiltonian is as
follows:
H=T,(8/x)+Ty(8/0X)+U, (x)+
+Uy (X)+Ug (x,X)

€)

where 7, and T, are the kinetic energy operators
for electrons and nuclei, and U represents the

interaction; Up represents the Coulomb
interaction between electrons, etc; x (X) denotes
electron (nuclear) coordinates. As usually,
introducing a field operator
¥(R,0,x)=D #(x,R,0)a,(R,0) ,

i with the
Hartree-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 [2,11]:
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with n,=1 (0), ief (i¢f), 65,=1 (0) , (ijkl)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. Here for simplicity all
terms leading to anharmonicities are neglected.

The ,are the HF frequencies; b,,b. are
destruction and creation operators for vibrational

quanta as
0, =(1/N2i b, +b)

8100, =(1/2§ b —b!). (5)

The interpretation of the above Hamiltonian and
an exact solution of the one-body HF problem is
given in refs. [1,2,11,12]. The HF-single-particle

component FH, of the Hamiltonian (4) is as
follows:
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Correspondingly in the one-particle picture the
density of occupied states is given by
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Introducing new operators
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with real coefficients ﬂf , /12 , defined in such a

~

way that H, in new operators is

M M
H,= z haocle, + Z g.(c,+c)+k.

(11)
eq. = (7) s=is as follows:
N @)= |G| oy [0 £A° £n-had)

(12)
where 6 function in (12) naturally contains the
information about adiabatic ionization potential
and the spacing of the vibrational peaks;

| (n U |0> |2 is the well-known Franck-Condon
factor. In a diagrammatic method to get function

N,(?) one should calculate the GF G, .(°)first
[1,2,11,12]:
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G (== [ dre™" | Of a,(1)a(0) } ) (13)

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

AN, (°)=al G, (°—a n), a=-sign’,. (14)
Choosing the unperturbed Hamiltonian /|, to be

Hy=Y

known approximation GF is as follows:

°a;a,+H, one finds the GF. In the

[t e |
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The direct method for calculation of N (€ ) 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 N f (e) The zeros of the functions

D,(e)= —[e” +Z(G)L, (16)

where (e"" +E)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. I. P. ‘s for a given geometry. One can write
[2,11,12]:

(V.1P), =—(e, +F,)

1
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(17)

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:

& = i(l/\/il@(ek +F, )/an]o

€

(18)
Yu = i@[@z(ek +£,)/00,100, |

The coupling constants g, and y, are calculated
by the well-known perturbation expansion of the



self-energy part using the Hamiltonian H, of Eq.
(3). Insecond order one obtains:
( kélj Vks/z )Vk.sz/
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and the coupling constant g, are written as
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It is suitable to use further the pole strength of the
corresponding GF:

P :{l_a_ank [_(V-1~P) k]}l;IZPk 20,
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g’ =+2"%0¢, /00, (21)
Below we give the DFT definition of the pole
strength corresponding to V. I. P.’s and confirm
the earlier data [11-15]: p,=0,8-0,95. The coupling
constant is:

1 P
= —2¢" [g’] 22
! [ng an (22)

3. Fermi-liquid quasiparticle density function-
al theory

Further we consider the quasiparticle Fermi-
liquid version of the DFT, following to refs. [1-
3,8,17]. The master equations can be obtained
on the basis of variational principle, if we start
from a Lagrangian of a molecule L . It should be

defined as a functional of quasiparticle densities:

Vo)=Y n, @,

V()= Vo, ),  (23)

v,(r) = Zni[cp’;cpﬂ —DD,]
A

The densities v, and v, are similar to the HF
electron density and kinetical energy density cor-
respondingly; 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 inter-
action: L = Lq" +L ™, where a free Lagrangian Lq"
has a standard form:

=[d Y @010t -¢,)0,> (24
A
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), however, it takes into account for the
energy dependence of a mass operator X :

LM =L —— Zjﬁ,kF(n,mv (n)Vi (ry)drdr,  (25)

1k0

where [, are some constants (look below), F is
an effective potential of the exchange-correlation

interaction. The Coulomb interaction part L,
looks as follows:
L == [11= 2200 ()l -

_Zz(”z)]vo(”z)””l_rz | dr,dr, (26)

where  X,=0%/0¢. In the local density
approximation the potential /' can be expressed

through the exchange-correlation pseudo-
potential ¥ as follows:
F(l"],l"g)=5ch/§V0'5(V1—V2). (27)

Further, one can get the following expressions for

2, =-6L" / 5v,:, in particular:

i
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=80V I 6vy vy + BV 16V - v, +
+ BV ye 0V, v,

2, = ﬂOZWXC /§V0 Vo +ﬂ125VXC/5VO Vit

+ BV e 16V, v, (28)

Here V is the Coulomb term, X7 is the ex-
change term. Using the known canonical relation-
ship, one can derive the quasiparticle Hamiltoni-

an, which is corresponding to Lq .Further con-
stants £, should be defined. In some degree they
have the same essence as the similar constants in
the well-known Landau Fermi-liquid theory and
the Migdal finite Fermi-systems theory. Regard-
ing universality of f,,, indeed, as we know now,
the total universality of the constants in the last
theories is absent, though a range of its changing
is quite small [2,17]. The value of f,, is depen-
dent on definition of V_. If as V_ it is used one of
the DFT exchange-correlation potentials from,
then without losing a community of statement,
B,,=1. The constant 8, can be in principle calcu-
lated by analytical way, but it is very useful to
remember its connection with a spectroscopic
factor F' » of the system [18]:

0
F, :{1_EZ" [-(.1.P) k]} (29)

The terms 0> Jos and Y, is directly linked
[2,17]. In the terms of the Green function method
expression (7) is in fact corresponding to the pole
strength of the Green’s function [2]. The new
element of an approach can be connected with us-
ing the DFT correlation functional of the Lee-
Yang-Parr (LYP) (look details in ref. [13-16]).

3. Results and conclusions

As illustration, we choose the diatomic mole-
cule of N, for application of the combined Green’s
function method and quasiparticle DFT approach.
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 meth-
od of Green’s functions and therefore the pole
strengths p, are known and the mean values g, can
be estimated. It should be reminded that the N,
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molecule is the classical example where the
known Koopmans’ theorem even fails in reproduc-
ing the sequence of the V. I. P. ‘s in the PE spec-
trum. From the HF calculation of Cade et al.[24]
one finds that including reorganization the V. I. P.

‘s assigned by o, and o, improve while for 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’ theo-
rem. In Table 1 the experimental V. I. P. ‘s (a), the
one-particle HF energies (b), the V. I. P. ‘s calcu-
lated 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), the similar our
results (f).

Table 1

The experimental and calculated V. I. P.’s

(in eV) of N,. R, is the contribution of
reorganization; p, stands for pole strength.

Orbital Exptl* . )
VIPs| -Si ~(& +R,
15,60 17,36 16,01
3 o,
16,98 17,10 15,67
l7,
18,78 20,92 19,93
20,
Orbital Calc¢ Calce® Calcf
V.I.P:s V.I.P:s V.I.P.:
o
15,50 15,52 15,58
3 o,
16,83 16,85 16,96
Iz,
18,59 18,63 18,76
20,

The important point of all consideration is
connected the principal possibility to reproduce
diatomic spectra by applying a one-particle theory
with account of the correlation and reorganization
effects. The combined theoretical approach, which
is based on the quasiparticle DFT with using



correct DF and the Green’s-functions approach
can be prospectively used for quantitative treating
the diatomic photoelectron spectra. It is very
important that the computational complexity of
the combined approach is significantly lower in
comparison with original version of the Green’s-
functions method.
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A. A. Kuznetsova, Yu. V. Dubrovskaya, A. V. Glushkov, Ya. I Lepikh

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

Summary

The advanced combined theoretical approach to vibrational structure in photoelectron spectra of
molecules, which is based on the density functional theory (DFT) and the Green’s-functions (GF)
approach, is used for quantitative treating the diatomics photoelectron spectra. The density of states,
which describe the vibrational structure in photoelectron spectra, is defined with the use of combined
‘density functional-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 sim-
plification of the molecular calculations.

Key words: photoelectron spectra of molecules, Green’s functions, density functional theory
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A. A. Kysuneyosa, FO. B. J[yoposckas, A. B. I'ywxos, A. U. Jlenux

OBOBIIEHHBII METO/J ®YHKIUN I'PUHA U ®YHKIIUOHAJIA INIOTHOCTHU
B ONIPEJEJJEHUU KOJEBATEJIbHOM CTPYKTYPBI ®OTOJIEKTPOHHOI'O
CIIEKTPA JIBYXATOMHbIX MOJIEKYJI

Pesrome

VYCoBepIICHCTBOBAHHBIH KOMOMHUPOBAHHBIN TEOPETUUECKUN METOJ OMHMCAaHUS BUOpAIIMOHHOMN
CTPYKTYpPHI s (JOTOINEKTPOHHBIX CIIEKTPOB MOJIEKYJI, OCHOBAHHBIN Ha MeTozie pyHkiwmii ['puna u te-
OpHH (PYHKIIMOHAA JIOTHOCTH, TPUMEHEH K KOJIMYECTBEHHOMY OITMCAHHIO (POTOIEKTPOHHOTO CIIeK-
Tpa IByXaTOMHBIX MOJIEKYJ. [IJIOTHOCTh COCTOSIHUM, KOTOPbIE OMUCHIBAIOT KOJIEOATENBHYIO CTPYKTY-
Py B (DOTODTIEKTPOHHBIX CIIEKTPAX, ONPEENISAETCS C HCIOIb30BaHNEM KOMOMHMPOBAHHOTO TOAXO/A
(MeTox (yHKIMOHAJA TUIOTHOCTH M (QyHKIMKA [prHA) U XOPOIIO anmpOKCUMUPYETCS C UCTIOIb30Ba-
HUEM TOJIBKO TIEPBOTO TMOPSIIKa KOHCTAHT CBSA3M B OJHOKBAa3HUAaCTHMYHOM NpuOnmxenuu. HMcmons3o-
BaHHE TEOPUH (PYHKIMOHAJIA TUIOTHOCTH MPHUBOAUT K 3HAUYUTEIHFHOMY YIPOLICHHIO MOJICKYISPHBIX
pacyeTos.

KiroueBble ciioBa: (hOTOIEKTPOHHBIN CIIEKTP MOJIEKYII, MeTo pyHKIMi [ puna, Teopust GyHKIM-
OHaJla INIOTHOCTHU

VK 539.186

I O. Kysueyosa, IO. B. [[yoposcoka, O. B. Inywxos, A. 1. Jlenix

VIOCKOHAJIEHU METO/I ®YHKIIIV I'PIHA I ®YHKIIIOHAJTTY TYCTUHH Y
BU3HAUYEHHI BIBPAIIIMHOI CTPYKTYPU ®OTOEJEKTPOHHOI'O CIIEKTPY
JABOATOMHUX MOJIEKYJI

Pesrome

VYnockoHaneHU KOMOIHOBAaHMM TEOPETHYHUM METOJ| ONuCy BiOpauiiHOI CTPYKTYpH ajsi $oTo-
eJIEKTPOHHMX CIIEKTPIB MOJEKYN, sIKMi 0a3zyeThcst Ha MeToni ¢yHkuiid ['piHa i Teopii (yHKLIIOHATY
T'YCTHHHU , 3aCTOCOBAHO /0 KIJIBKICHOTO ONMHUCY (POTOENIEKTPOHHOTO CHEKTPY JBOATOMHHMX MOJEKYII.
['yctuHa cTaHiB, sIKi OMHUCYIOTH KOJMBAJIbHY CTPYKTYPY Y (DOTOECIEKTPOHHHX CHEKTPaX, BU3HAYAETHCS
3 BUKOpPHCTaHHAM KoMOiHOBaHoro ['pina minxony (Meron dyHkmioHany ryctuau 1 (yHkuiii ['pina) Ta
n00pe anpoKCUMY€ETHCSI 3 BUKOPUCTAHHSAM TUTBKU HEPIIOTO MOPSAIKY KOHCTAHT 3B 3Ky B OJHOKBA3i-
YaCTUHKOBOMY HaONMkeHH1. Bukopucranus Teopii (pyHKIIOHATY I'YCTHHU NMPU3BOAUTH 0 3HAYHOTO
CIIPOIICHHS MOJICKYJIIPHUX PO3PaXyHKIB.

KrouoBi ciioBa: GoToeneKTpOHHUN CIIEKTpP MOJIEKYJ1, MeTo (pyHKLiN ['piHa, Teopist pyHKIIOHATA
I'YCTHHU
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