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TheL; edge x-ray absorption near edge spect{dMANES) of the ground electronic state and the

metal to ligand charge transfer state of ruthenium tris-Bj@yridine is calculated. The final valence

states and energies in the presence of the photoelectron and core hole, and the corresponding
transition intensities are computed using time dependent density functional theory with the Becke
three-parameter density functional with the Lee-Yang-Parr correlation functional. Calculations show

a valence shift of the primary XANES peak and the appearance of the new XANES transition to the
hole created by the optical excitation, in agreement with experiffMdnBaes, C. Bressler, R. Abela,

D. Grolimund, S. L. Johnson, P. A. Heimann, and M. Chergui, Phys. Rev.9@&t47403(2003)].

© 2004 American Institute of Physic§DOI: 10.1063/1.1814101

I. INTRODUCTION for the electronic ground state of an arbitrary atomic geom-
etry, such as the real space multiple scattering Green’s func-
X-ray absorption near edge spectroscOBANES) uses  tion codererF (Ref. 3 and the transition state density func-
x-ray photons tuned to just abov@—10 eV} the absorption tional theory codesToBe-DEMON* However, simulations of
threshold of a target element. The absorption of such photortime resolved optical pump, x-ray probe experiments require
promotes an electron from a selected core into an unoccupieshlculating XANES of electronic excited states. In Sec. Il we
bound valence orbital. Because the transition can only occysresent a computational algorithm which accomplishes this.
when the final orbital has a significant amplitude near theSection IIl applies this method to the organometallic com-
core orbital, this technique essentially measures the unoccylex ruthenium tris-2,2bipyridine, and comparison is made
pied density of states in the vicinity of the absorbing atom. with experimental spectraSection IV discusses the impor-
The advent of picosecond to attosecond x-ray pulses haance of many-electron effects and outlines possible future
opened the door to time resolved x-ray spectroscdples. work.
optical pump/x-ray probe measuremehss) ultrafast optical
!aser pulse prepares the system in a trar_1$|ent .sta_te, and CI‘?.”THE DEEP-CORE HAMILTONIAN
induce geometry changes upon electronic excitation due to
photodissociation, changes in conformation, vibrations, and The deep-core Hamiltonian first proposed by Nozieres
other relaxation processes. These are then monitored by tled The DeDominicis, and by Langrétff has long been
x-ray probe pulse. The shifts in atomic positions will affect used for the modeling of core hole excitations. When a core
the final state energies and the intensity of the transitionsgrbital g becomes unoccupied by the absorption of an x-ray
and can thus be seen in XANES as shifts in peak positionphoton, the valence electrons respond to the potential created
and intensities. The change in charge distribution upon eleddy the core hole. Since only one core hole is present at any
tronic excitation will also affect the final state energies. Thistime, we can consider noninteracting core electrons. Core-
effect can be demonstrated in a charge transfer excitation; ifalence exchange is neglected except insofar as it can be
an electron is taken away from the absorbing atom, it willincluded in the core hole—valence potential. We take a form
take more energy to excite the core electron to orbitals faref this Hamiltonian that explicitly represents the electron-
ther from the now more highly charged atom. Furthermoreglectron interactions among finite molecular valence orbitals

when electrons are removed from orbitals, new XANES val core val

peaks can appear because of the newly opengd trans!tiqns H=> emCcmt > egc;cg+_2 ij|mC,-TClCmC|
from the core to the recently vacated valence orbitals. This is Im g jkim

illustrated in Fig. 1. Similarly, if an electron is put into a core val

previously unoccupied orbital, a peak in the ground state +> > U gcfcmcgc;, (1)
XANES can disappear. g Im ’

There already exist codes that can calculate the XANEShere C (CiT) is the annihilation(creation operator for an
electron in orbitali. We work in atomic units wheren,=7
dE|ectronic mail: smukamel@uci.edu =e=1.
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A B wherer is the position of the absorbing atom.

Initially the molecule is in the electronic stat#;) with
energyE;, which can be either the ground state or an elec-
tronic excited state. We denote the final electronic states after

% absorption of the x-ray photon d¥;) with energiesE; .
O Fermi's golden rule describes the absorption of the x-ray
P photon with frequency»s and polarizatiorv as

) o 2
FIG. 1. Schematic of the expected effects of a charge transfer excitation.

T
— 2
Above: When an optical excitation increases the charge of an atom, it takes Tapd @, V)= C Z |<\I’| |Mv|q’f>| Sw+Ei—Ef). (2
more energy to excite the core electron away from the extra overall positive

charge. This is diagramed on the right, whéerepresents the ground state The electronic dlp0|e operator in the directiornis
and (b) the charge transfer state. The picture on the left illustrates the ex-

pected change to the XANES as a result of this charge transfer; the ground

state(a) is shown as a solid line and the charge transfer statés shown = 2 ngcgc;r , 3)
dashed and exhibits blueshifting. Below: After a charge transfer excitation, a g]

new transition for the core hole is possible to the hole that resulted from the

charge transfer. This is illustrated with the new arrow on diaganon the ~ Whereug; is the one electron dipole matrix element,

right hand side, and by a new peak in the expeétledhegl spectrum on the _
left. pgi={alv-plj), (4)

wherev is the unit vector along.

Valence electron-electron interactions are accounted for In our model, any given core .e?q:lted final state can.be
by the Vi, potential, which is the Coulomb operator be- coupled to the fully core occupied initial state by the creation
jkim '

tween orbitalg, k, I, andm or annihilation operator for a single core orbital. Thus, sub-
Y ' stituting Eq.(3) in Eq. (2) gives

dxqdxoj [ x4 )(K|x X1|1){(Xo|m 47
V= [ dactoli o) ki) i Gl ) rado= TS s ioce
and we use the variable=(r,s) to represent both space and '
spin coordinates. The one electron Hamiltonian includes the ><<\I'f|cgch|‘lfi)6(w+ E—Ej). (5)
electron kinetic energy, the Coulomb attraction to the nuclei,

The deep-core HamiltoniafEq. (1)] gives separate ei-
{arr;(rjlsthe Coulomb and exchange interaction with all core elecgenvalue problems for the core and valence electrons, allow-

ing us to factorize the all-electron wave functiph) into a
2 nucl product of a fully correlatedN electron valence wave func-
tion |®N) and the ground state core wave functify),
|W,)=|®N)|Gy); or anN+1 electron valence wave func-
core tion |®’N*1) and the core wave function when the core or-
+§g‘4 [Vigmg— ViggmlCqCq > bital g is unoccupiedGy), =|®'N*1)|Gg). The prime
implies that the valence wave function is calculated in the
where nucleus has charg&, and positiorr,, and wherg presence of the core potential. Using this notation, we re-
and p are the electron position and momentum operatorswrite the deep-core Hamiltonian as
The core energy is the energy required to remove the core
electron in the absence of valence relaxation. H=|Gg)H (G| +E |G§>H?<Gél, (6)
Strictly speaking, the core hole—valence electron inter- 9
action U g includes both the Coulomb attraction and the,yhere we have defined the effective valence electron Hamil-
exchange interaction between the electrons in valence orbitynians
als I, m and the core hole in orbitad), Uy g=—Vigmg
+V,qam- However, we will take the core hole into account in
an aggproximate way: since it is highly localized in a volume Hi:z,: Eg’+% E'mCrCerj%:fn Vikme{iCnCi, (1)
much smaller than the typical extent of the valence electrons
we will replace the core hole by a point charge at the
nucleus. This is equivalent to the valence electrons being E Eg’+z [eim+ Ui glc/cm
subjected to the field of a nucleus of chaige 1 for the 9’9
absorbing atom rather thah The practical consequence of val
this “Z+1 approximation? is that we may focus solely on + ; VikimC] CkCmCi - (8)
valence excitations in the core excited state without having "
to worry about calculations of the deep-core excitation. Thishe note thatcy|Go)=|Gg), cT|GO> 0, H Gg)=1Go) gg,
is an additional approximation to E€L), in which the core- and thatcﬂG ) takes us out of the reIevant space of single
valence potential is taken as core eXC|tat|ons

€im— <||

val val

val
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FIG. 2. The geometry of the complex Ehp)y)%*. The three bipyridine

ligands are mutually perpendicular, with the nitrogens octahedrally coordi
nated about the ruthenium.

FIG. 3. The experimental XANES of Ropy)3* (Ref. 5. The spectrum
originating from the MLCT(ground state is shown as circléstarg. Peaks

B andC appear in the ground state spectrum. In the MLCT state, these peaks
are blueshifted by a valence shift ® and C’, while a new peakA’

. . . . appears due to the new transition to the optically created hole.
When the wave functions in E5) are factorized into i pacaty

products of core and valence states, we obtain

472
Tapd 0, V)= w_CEf > igrg (DN | @Nh)

T 300 fs!? The triplet MLCT state, however, is long lived with
RTRTINY a lifetime of microseconds. Recent experimental XANES
X(@7 e @) o+ Ei— Ey). ©) measurements of the ground and triplet MLCT are displayed

The orbitals in the sum are those computed self-consistenti? Fig. 3° They show a valence shift of pe&to B and the

for the filled core state. We write]|®N)=|cf®N) to em- ~ appearance of a new XANES peak correspo_nding to the op-
phasize that this is a nonstationary stateHff and that tical hole, Iabeleq as peak’. Our goal is to simulate these
(@Y cf DNy is a many-body overlap in thé+ 1 electron ~ SPectra at theb initio level.

. . 2 .
space. To account for the core-hole lifetime broadening, we A singlet ground state calculation of Rapy);" using
add a finite linewidthl” which can be read from tabulated the 3-21G basis set was carried out with the Becke three-

values for any given core orbitg. In addition, for an iso- ~Parameter density functiorfaland the Lee-Yang-Parr corre-
tropic sample, we will need to average over all x-ray polar-ation functionat® with the Gaussian 03 code. The

izations. This finally leads to Ru(bpy)3* geometry was taken from x-ray crystal-
lography'®~*" The first 15 singlet and 5 triplet excited states

Tl @)= 4m 2 2 2 it were calculated with time dependent density functional

ab 3wcF §n 5 eem theory(TDDFT). To describe the lowest energy core state we

N NS e NSt N use the same basis set and density functionals as for the
X<(I)i C i e @) 10 ground state, but include the core hole via the 1 approxi-
(w+E;—Ef)2+T?2 ’ mation with a calculation on the doublet spin (Epy)?.
The first 50 excitations were calculated with TDDFT. Table |

Calculating the x-ray absorption thus requires three inyists the overlaps between orbitals in the ground s|t@t§>

gredients whose calculations are detailed in the appendixegyq the lowest core excited St¢@6N+l> that are important
the dipole matrix elementgjq (A,Ppﬁ”d'x A, o,\'/\‘e+rllaps be- for our analysis, chosen as the valence orbitals present in the
tween the many-electron states ") and [®¢™"%) (AP~ cajculated excited states that had the greatest dipole coupling

pendix B, and the resonant transition energi&s-E (Ap- {4 the excited core orbitals. Orbital 144 froiky) and 141
pendix Q. In the following section we apply this procedure from |®6N+1> are clearly identifiable as thes,> 2 ruthe-

to the XANES of a metal to ligand charge transt®LCT)  im atomic orbital. Orbitals 142, 143, 157, and 158 from
state of an organometallic complex. |®Y) are also primarily of rutheniund character, as are or-
, bitals 139, 140, 148, and 149 sb;N"1), although these are
g'l'Pﬁ;%:ﬁéﬂON TO RUTHENIUM TRIS-2,2 mixture_s of the_pure angular_ momentwh?eigenstates_. All
other listed orbitals are localized primarily on the ligands.
We now focus our attention on thHe; edge XANES of  The core excitation energies were computed using the single
ruthenium tris-2,2-bipyridine [Ru(bpy)?] (Fig. 2. The configuration Dirac—Fock codscrDAT (Ref. 18 to pin
photophysics of this organometallic complex has been weltlown the absorption edge, as described in Appendix C.
studied'®!* Upon optical excitation to a Franck-Condon The calculation of XANES from an optically excited
state, a rapid cascade of decays occurs to a singlet MLC§State involves two particle-hole excitations, one for the initial
state, which undergoes intersystem crossing to a tripledptical transition and one for the x-ray transition. Our factor-
MLCT state. These initial reactions are complete withinization of the full wave function into a valence and core
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TABLE I. The overlap matrix between selected orbitals of the ground §&®) wave function(with 144 alpha spin electrohand theZ+ 1 wave function

(with 145 alpha spin electronsThe table is spit into “occupied{orbitals 139—14band “unoccupied”(orbital numbers-145) blocks, using the conventions

given in the main text. The small elements in the off-diagonal blocks allow us to use single excitations of the grounhéd statave function to represent

the excited states important to XANES. The orbitals listed here are either states with significduchRuw@cter, and thus with a large dipole coupling to the

2p core orbitals, or are the ligand centered orbitals occupied in the MLCT excitations, in addition to being the highest occupied and lowest umbitalgied o
(these are the orbitals for which occupied-unoccupied block mixing is of most concern, as deeper orbitals tend to mix among themselves, as timhigher vir
orbitalg. Orbital 144 from the ground state and 141 from thel state are clearly identifiable as tlig,>_,2 ruthenium atomic orbital. Ground state orbitals

142, 143, 157, and 158 are also primarily of ruthenidicharacter, as are orbitals 139, 140, 148, and 149 oZthé state, although these are mixtures of

the pure angular momentutheigenstates. All other listed orbitals are primarily located on the ligands.

Z+1\G.S. 139 140 141 142 143 144 145 146 147 157 158
139 0.02 —0.13 0.10 0.77 0.39 -0.13 0.01 -0.11 -0.01 0.00 0.00
140 0.08 0.18 -0.13 0.38 —-0.79 —0.10 0.00 0.01 -0.12 0.00 —0.00
141 —0.37 0.01 —0.09 0.18 —0.04 0.82 0.01 —0.02 —0.02 0.00 0.00
142 —-0.57 0.74 0.24 0.10 —0.08 —-0.24 0.00 0.00 -0.01 0.00 0.00
143 0.69 0.65 0.14 0.11 0.04 0.24 0.00 -0.01 0.00 0.00 0.00
144 0.22 —0.09 0.94 —0.03 —0.15 0.18 0.00 0.01 -0.01 0.00 0.00
145 0.00 0.00 0.00 0.00 0.00 0.01 0.99 -0.06 —0.05 —0.03 —0.03
146 0.00 0.01 -0.01 —0.10 —0.10 -0.01 —0.04 —0.95 0.24 0.02 —0.01
147 0.00 0.01 0.01 —0.10 0.10 0.00 —0.06 —-0.24 —0.95 0.00 0.00
148 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.01 0.00 0.93 0.05
149 0.00 0.00 0.00 0.01 0.00 0.01 0.02 -0.01 0.00 —0.08 0.94

wave function replaces the core excitation with the problenjtl)é”“) are those which will have significant overlap with
of finding the excitations of the additional electron put into |c! ®N), and thus for this state, only single excitations need
the final valence statéd;N*1). As a result, for XANES be considered. The true initial ground stiie)) is one such
calculations of an arbitrary initial excited state, we need tcstate, as are excitations |(§I>3‘) from any occupied orbital to
include doubly excited Slater determinar(tsvo electron-  orbital | 5. This is illustrated in Fig. 5.

hole pairg as illustrated in Fig. 4. TDDFT excited states For more general electronic excitations, there will be
involve only single excitations. However, there are initial blocks of orbitals in the overlap matrik,, between orbitals
states for which only single excitations of the lowest corel in |¢>6N+1> and m in |<D’3') which are not approximately
excited statécb(’)’\‘”) are necessary to describe the XANES. diagonal. For such systems, only single excitations are nec-
This can be illustrated by considering a system where thessary to describe the XANES as long as all the large ele-
orbitals hardly change between the core occupied and unoeaents of T are confined to the “occupied-occupiedf,n
cupied states. The stalt@é”“) has a highest occupied mo- <lI,,,) and “unoccupied-unoccupied(m>1 ) blocks of
lecular orbitalHOMO) denoted 5, all orbitals with lower
energy are occupied. Consider an initial state wave function
|<I>iN) for which no orbital with higher energy than,., is
occupied, and which has one hole in orbitaduch thate,

<e€__. The excitations of the electron in orbitdl of ~ l ! -
R O — ) R
- - - —e———
_ —_— ——— ——— ——
—— l —_— ——— ——o— ———
— ——— ——— ———
—— %
- S ™
——— —0—0—>
—— ——=
—e—o— ———
——— — ———
(a) (b) (c)
——— —_—

FIG. 5. Diagram(a) illustrates the x-ray induced transition of a core electron
(a) (b) to orbitall for the ground state of a molecule withvalence electrons. The
single excitatior{labeled 1} of the ground\N+ 1 valence electron state of the
FIG. 4. Diagram(a) represents a molecule with a single particle-hole type core excited molecule to orbital[shown in diagram(b)] will give signifi-
excitation among it valence electrons. The x-ray induced transition from cant overlap with the state illustrated (@). A single excitation of the state
the core to orbital is shown. Diagrantb) shows the ground valence state of (b) can also give significant overlap with a certain set of valence excited
the core excited molecule, witi+ 1 valence electrons. The two excitations states, an example of which is shown in diagr@rand which is reached by
of (b) necessary to achieve significant overlap betwé@nand (a) are the excitation labeled 2. The excitations are shown as arrows, occupied
shown as arrows, occupied orbitals are designated by solid circles, and thebitals are designated by dots, and the orbitals about to be occupied by the
orbitals about to be occupied by the transitions are shown with open circlegransitions are shown with circles.
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FIG. 6. Stick spectrum: the calculated optical transitions ofty);” . FIG. 7. The energies of the excited states involved inlthec-ray transi-

Dots: calculated optical spectrum broadened by a Lorentzian linewidth Witr}
a full width at half maximum of 40 nm. Dashes: the experimental optical
absorption spectrurtRef. 12.

ions from the ground stat@ and MLCT statgb) of Ru(bpy)§+ and in the
optical transitions(c). The energies of the states are plotted on the x axis
zeroed at the valence ground sate energy, with a height given by the inten-
sity of the transition. This demonstrates that XANES and optical measure-
ments access different excited states.

the matrix.(Note that the term occupied-occupied is a bit of

a misnomer, sinc¢<I>-N> will have at least one unoccupied ) ) ) )
NI ' N Ru(bpy)z™ in vacuo. The experimental optical absorption
orbital in this block) Further,|®) must have one and only PY)s : P P P

2 e
one unoccupied orbital within the occupied-occupied blockSPeCtrum® shows two strong transitions at 425 nm and 460

and no occupied orbitals in the unoccupied-unoccupied™ ©f similar intensity fof Ru(bpy)s](PFs), in CH;CN so-
block. lution. The calculated and experimental spectra are compared

Table | shows the important segments of the orbital over!" Fig. 6. The agreement is reasonable given the difference in

lap matrix. The elements of the “occupied-unoccupied” andSOVents. Our calculated XANES spectrum is dominated by
“unoccupied-occupied” blocks are small. The lowest threelransitions of the rutheniumg2core orbitals to a ruthenium
TDDFT calculated excited states of core filled (Rpy)2* 4d orbital. The _o_pt|cal spectrum, on the othe_r hand, is domi-
are nearly degenerate triplet MLCT states depopulating thgated by transitions from thﬁ two lowest lyingl 4rbitals
4d,_, orbital. The third of these is almost entirely composed(©rbitals 142 and 143 frorfiby)) to the tht\ree lowest unoc-

of a transition from the HOMO to LUMQlowest unoccu-  CuPied orbitalg145, 146, and 147 frorfiby)) located on the
pied molecular orbitalof the ground state, with amplitude i9ands.[Note that after electronic relaxation to the long
0.95. The TDDFT final state excitations can thus describe thived t”plﬁt MLCT state, the hole is in thedd,>_ Srbnal
XANES from this initial state. Because x-ray absorption is144 0f| ®o) and the electron in 145, 146, or 147|df;).] X
local to the absorbing atom, and the differences between tH&YS thus access significantly different orbitals compared to

three triplet MLCT states occur well out on the ligands, weViSible light. Figure 7 shows the final excited state energies
expect the XANES from all three to be similar, and use theOf the x ray and optical transitions weighted by their transi-

calculation of the one state as representative of all thredion Strengths. This again demonstrates that the x rays reveal
Since orbital 144 ind}) most closely corresponds to orbital & different part of the manifold of electronic excitations than
141 in|®,N*1) excited statesd!N*1) resulting from single  Visible light. . o
excitations from orbital 141 ifd,N* %) will be the dominant When an electron from a doubly occupied core orbital is
contribution to the XANES from this excited state. excited to the valence levels, it is equally likely to be spin up

TDDFT represents the excited state as a single slate?” SPIn down with respect to any spin orientation of the
determinant with a different set of orbitals than the groundorlglnal valence state. Ideally, for single excitation methods,

state. The excited states can alternatively be expanded as a
linear combination of the excited Slater determinants of . ) i

d stat bitals. Thi fi fi int e TABLE II. Matrix of the product of dipole matrix elementsy, uigtgm
groun S a e orbl as.. IS configuration m. erac(. ) rgp- summed over the |2 coresg and x-ray polarizations for the six orbitals
resentation is convenient for the present simulation, since thgith the strongest dipole coupling to the Zore orbitals.

orbital overlaps need only be described for the ground va=

lence statd®y) and the lowest core excited valence state!'™ 144 146 147 157 158 162
|®sN*1) (as will be done beloyy and need not be repeated 144 168 -002 001 0.00 001 0.00
for every excited statpb;N"1). 146 -0.02 015 0.00 -002  0.01 0.00
The TDDFT calculation for the core filled Ropy)s™ 147 0.01 0.00  0.17 0.01 001 0.00

- : o 157 000 -0.02 001 1.63 001 -0.40

gave two strongly optically active transitions at 2.9776 eV

158 0.01 001 001 0.01  1.60 0.10

(416.38 nm and 2.9829 eV(415.65 nm of nearly equal 14, 0.00 0.00 000 —0.40 0.10 0.10

intensity (f=0.0990 and 0.0980, respectively for
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TABLE IIl. Matrix of overlap factors(®;c|®{)(®{|cld;) for the two excited final states that give the largest contribution to the ground state XANES
spectrum. The transition strength to a given final excited state is proportional to the trace of the product of the matrix given in Table Il andotheatrwerla
for the final state.

Excited state 3 Excited state 4
\m 146 147 157 158 162 \m 146 147 157 158 162
146 0.00 0.00 0.01 0.00 0.00 146 0.00 0.00 0.00 -0.01 0.00
147 0.00 0.00 0.01 0.00 0.00 147 0.00 0.00 0.00 0.00 0.00
157 0.01 0.00 0.69 0.05 -0.12 157 0.00 0.00 0.00 —0.04 0.00
158 0.00 0.00 0.05 0.00 -0.01 158 -0.01 0.00 —0.04 0.68 0.04
162 0.00 0.00 —-0.12 -0.01 0.02 162 0.00 0.00 0.00 0.04 0.00

the sum over all excited statt@§”“> used to represent this matrix of dipole coupling factors for the most important or-

photoelectron would thus include spin flip excitations frombitals is given in Table IIl. The average dipole coupling to the

the ground state core excited valence wave functiomd orbitals 144, 157, and 158 i|mD§> is dominant. The d
rN+1 H H

|®y" 7). Standard methods for calculating excited states)pitals 142 and 143 in®N) are not shown since they are

however, such as TDDFT or CIS, maintain the electron spingavs occupied, and thus do not participate in the x-ray
As such, for initial valence states with a definite spin orien- - - citions

tation we only calculated the excited state configurations The overlan matrices of the dominant excitations are
with one particular photoelectron spithis should be obvi- P

ous by examining Fig. 5 and trying to represent both SIOmshown in Table IIl for the ground state and in Table IV for
occupations of orbitalin the right hand configuration with a the MLCT state. Figure 8 depicts the transition intensities
single excitation from the center configuration plotted against the x-ray energy of the transition while Tables
To work with single excitations that do not include spin V and VI list the intensities. It is clear from Fig. 8 and Table
flips, we made the approximation that the energy is invarianV that the ground state XANES is dominated by two closely
to spin flips of the photoelectron. Thigassuming a singlet spaced transitions, corresponding to the third and fourth ex-
ground stat for any given spatial core orbital there are two cited states of®;N"1). In these states the wave function is

core excitations to initial state orbitalswhich do not have  gimost entirely described by the excitation of ligand located
the optical hole or the optically excited electron, but only 0N pital 145 Of|q)rN+1> to one of the unoccupieddorbitals
such excitation wheh contains the optical hole or optically 0

: rN+1 H H
excited electron. As such, the transition intensity is muIti—(e'ther 148 or 149 of®,” ), corresponding to orbitals 157

plied by 2 to account for both possible spin states when th@"d 158 of|®)). No other significant XANES, traq5|t|ons
transition is to an initial state orbital not involved in the ©Ccur in the 50 excited states calculated. The situation for the

optical transition. MLCT state is more complex. There is a strong transition
As expected, the dipole coupling from the ruthenium 2 Where the photoelectron occupies thes£ 2 optical hole,

core orbitals to the orbitals with strong rutheniurd éhar-  corresponding to the ground state N1y, The peaks

acter is the strongest of any coupling to the @bitals. The  corresponding to the photoelectron occupying the higher 4

TABLE IV. Matrix of overlap factors(®;c,|®;)(Pf|cl ;) for the four excited final states that give the largest contribution to the MLCT state XANES
spectrum. The transition strength to a given final excited state is proportional to the trace of the product of the matrix given in Table Il andptheatwerla
for the final state.

Ground state Excited state 18

\m 144 146 147 157 158 162 I\m 144 146 147 157 158 162
144 0.71 0.00 0.00 0.00 0.00 0.00 144 0.00 0.00 0.00 0.00 0.00 0.00
146 0.00 0.00 0.00 0.00 0.00 0.00 146 0.00 0.00 0.00 0.00 0.00 0.00
147 0.00 0.00 0.00 0.00 0.00 0.00 147 0.00 0.00 0.00 0.00 0.00 0.00
157 0.00 0.00 0.00 0.00 0.00 0.00 157 0.00 0.00 0.00 0.21 0.02-0.03
158 0.00 0.00 0.00 0.00 0.00 0.00 158 0.00 0.00 0.00 0.02 0.00 0.00
162 0.00 0.00 0.00 0.00 0.00 0.00 162 0.00 0.00 0.00 —0.03 0.00 0.01

Excited state 19 Excited state 31
\m 144 146 147 157 158 162 I\m 144 146 147 157 158 162
144 0.00 0.00 0.00 0.00 0.00 0.00 144 0.00 0.00 0.00 0.00 0.00 0.00
146 0.00 0.00 0.00 0.00 0.00 0.00 146 0.00 0.00 0.00 0.02 0.00 0.00
147 0.00 0.00 0.00 0.00 0.00 0.00 147 0.00 0.00 0.00 0.02 0.00 0.00
157 0.00 0.00 0.00 0.00 -0.01 0.00 157 0.00 0.02 0.02 0.13 -0.01 -0.02
158 0.00 0.00 0.00 -0.01 0.15 0.01 158 0.00 0.00 0.00 -0.01 0.00 0.00
162 0.00 0.00 0.00 0.00 0.01 0.00 162 0.00 0.00 0.00 —0.02 0.00 0.00
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TABLE VI. Excited states participating in the MLCT state XANES. The
transition intensity is listed when all orbitals are includghird column

or when only the six orbitals of Tables Il and IV are considet&xlrth
column.

Intensity Intensity
State Energy all orbitals selected orbitals

0 2839.965 0.94 1.19
2 2840.030 0.03 0.04
15 2843.324 0.01 0.01
16 2843.367 0.01 0.01
18 2843.647 0.93 0.74
19 2843.711 0.67 0.48
20 2843.833 0.02 0.01
21 2843.934 0.08 0.06
22 2843.958 0.02 0.01
25 2844.019 0.05 0.03
28 2844.092 0.07 0.05
29 2844.105 0.01 0.01
30 2844.126 0.03 0.03
31 2844.133 0.60 0.48
32 2844.149 0.22 0.17
33 2844.151 0.05 0.03
34 2844.159 0.03 0.02
35 2844.190 0.10 0.08
36 2844.192 0.24 0.17
37 2844.209 0.15 0.11
38 2844.279 0.01 0.01
39 2844.292 0.04 0.03
40 2844.300 0.07 0.05
42 2844.324 0.03 0.02
43 2844.340 0.05 0.03
44 2844.362 0.02 0.01
45 2844.370 0.01 0.01
46 2844.374 0.04 0.03
a7 2844.393 0.01 0.01
48 2844.401 0.01 0.01
49 2844.410 0.01 0.01
50 2844.428 0.01 0.01

orbitals are made up of many low amplitude excitations, only
a few of which have overlap factors greater than 0.1. The
contributions from the six orbitals listed in the dipole andamplitude contributions from the other 261 unoccupied or-
overlap matrices of Tables Il, lll, and IV make up about 70%bitals. Likewise, the amplitude for all the transitions to the
of the intensity of the ground state XANES transitions tostates between 2831 and 2833 eV in the MLCT state XANES
excited states 3 and 4. The remainder comes from the lowas about 80% of its intensity from the orbitals listed in the

tables, with the remaining intensity coming from the other
unlisted orbitals. Interference of these other orbitals lowers

TABLE V. Excited states participating in the ground state XANES. The the peak intensity from the transition to the optical hole in

transition intensity is listed when all orbitals are includéurd column or
when only the six orbitals of Tables Il and Ill are considetézlrth col-

umn).
Intensity Intensity
State Energy all orbitals selected orbitals

1 2842.447 0.35 0.25

2 2842.512 0.32 0.23

3 2843.047 3.07 2.43
4 2843.107 3.06 2.20

5 2843.322 0.01 0.01

6 2843.553 0.18 0.03

7 2843.595 0.06 0.03

8 2843.633 0.06 0.02

9 2843.689 0.09 0.00
10 2843.730 0.11 0.00
11 2845.006 0.03 0.00

the MLCT XANES by about 20%.

The raw simulations are shown in Fig. 9. Pdaakor the
ground state XANES is nearly a factor of 2 stronger than
peakB’ from the MLCT XANES, which differs from experi-
ment where th@& andB’ peaks are equally strong. Our simu-
lations, redshifted by 2.5 eV to correct for thg edge en-
ergy, are compared with experiment in Fig. 10. The primary
features of the measured XANES shown in Fig. 3 are the 1
eV “valence shift” of peakB to B’ between the excited and
ground state XANES, and the 4 eV splitting between peaks
A’ andB’ in the excited stafe(peaksC andC’ are too high
of an energy and lie outside the 50 calculated excited states
The peak splittings, valence shift, and relative amplitudes of
the A’ andB’ peaks are all in excellent agreement with the
experiment.
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IV. DISCUSSION

To examine the role of the many-body overlap factors,
let us consider a system of noninteracting valence electrons.
The x-ray transition is then from the core orbitgio a given

Absorption (arbitrary units)

FIG. 10. The simulated ; edge XANES of Ribpy)3" (lines), compared
with experiment(pointy. The simulation spectra are scaled and redshifted
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FIG. 11. Dashed lines: only the orbitals listed in Tables II, Ill, and IV are

used to compute the; edge XANES of Ribpy)3" and we assume that
only a single overlap factor with unit weight is present for any given orbital.
Solid lines: the calculation using all orbitals and the full many-body overlap
factors. The ground state XANES is nearly identical in both c&spper
pane). The MLCT state XANES of the full calculation is smaller by a factor
of close to 2 than the approximate calculatitswer pane); in this case the
approximate calculation is in better agreement with experiment, where the
primary peak is nearly unchanged in amplitude in both ground and MLCT
state XANES. The approximate MLCT state XANES calculation shows a
slight redshift of the main peak compared to the full calculation.

valence orbitall of the lowest core excited state. For each
orbital, there will be a single excited state for which the
overlap factor ®'c;|@{N*1) will be unity, all other excited
states will give zero for that orbital. When electron-electron
interactions are turned on, the energies of the valence orbitals
| are modified, leading to a shift in peak position. The im-
portance of many-electron effects can thus be seen by mak-
ing certain simplifying approximations for the overlap fac-
tors (®Ne)| PN DNTYcTdN). We assume that for
each orbital there is a unique final staté;"**) for which
(dNc)|@{N*1y=1, and the contribution from all other states
is zero. We take this state to be the one for which the calcu-
lated (®Nc)|P;N*1) is the maximum. The result of this ap-
proximation is shown in Fig. 11 when only the six orbitals

by 2.5 eV. Upper panel: ground state XANES. Lower panel: MLCT stateIiSted in Tables I, 1ll, and 1V are included in the sum, and
XANES.

compared to the full calculation. We see that p8akis also
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redshifted compared to the full calculation. This is because 4772 e
two orbitals(157 and 158 of®})) are primarily responsible Tapd @, )= ——~—Im Ef f dte' e’ (W | Wy)

for this peak, and thus only two excitation®;"N*1) are '

selected when the overlaps are neglected while, as discussed X e B W | uT| W)

earlier, this peak results from many low amplitude excita- 472

tions. The two final states with the maximum overlap happen =—1Im> J' dteel(w; et e M)
to be among the lowest energy of these, thus shifting Beak wC f

to the red. The relative amplitudes of the ground to the

+
MLCT state are in closer agreement to experiment than the X(WluT¥)
full calculation. 4772 ot :
When the same calculation is repeated using all orbitals, =c M f dte N W|w(t) ' (0)| W)
the small dipole factors from many orbitals add up to a large
intensity, as shown in Fig. 12. We can interpret this as the _ 4772| Z f q
overlaps acting to filter out the contribution from the many “oc M  Higtgm t
“spectator” orbitals, allowing us to concentrate on the orbit- o et ot it +
als primarily responsible for the signal. x el (*"9(D;|eMa'cie”Ma'S(t) e | Dy).

Electronic excited states typically have a different geom—ln our model, the core hole is static and structureless and

etry than the ground state. Short x-ray pulses can follow th%oes not affect the dynamics of the valence electrons except

:'me. reso.I;/etq ge_|<_) mgtrylc?angsrs] r?;:s r?g:ﬁ?:}'é ?)frtlczr e;efté]rough its potential. This is equivalent to the scattering
ronic excitation. 1o simulate su u ' WOUom the potential of an impurity, which is an exactly solv-

start in the ground state geometry but with the excited stat ble model for noninteracting systems. This procedure is dis-

electronic structure. A molecular dynamics simulation shoul tussed, for example, in Mat&for infinite systems by the

then be performed to follow the trajectories of the ator’nssummation of ladder diagrams. For finite systems, a new set

W.ith time, anq the .XANES should be computed from theseof eigenstates could be found by diagonalizing the valence
different configurations.

. .Hamiltonian with the core-hole potentiéd,. The Fourier
The procedure developed here is useful for the trans B §

iz : . ¢ .
. . . .~ transform of the Green’s functiofib;|c,(t)c,|®;) gives
tions to and from the lowest lying electronic valence excited leienl®i) g

states, which can be calculated accurately with quantum ,

chemistry codes. At present, only a select class of initial dte @Y d;[ci(t)ch(0)| D)

electronic states can be calculated, but arbitrary low lying

excited states could be described once double or higher t

particle-hole excitations are included. Since only the lowest =<‘I’i|C|w_(H —EY)—i Cr| D) (11)
energy transitions are available with this procedure, it com- e 4

pliments rather than replaces existing extended x-ray absorger H,|®;)=E}|®;). By choosing the set of orbitals af

tion fine structurd EXAFS) calculation methods, such as the and C?n for which H, is diagonal, the one electron Green’s
FEFF code which has proven itself in the high energy x-rayfunction in frequency space and hence the x-ray spectrum
absorption regime but lacks chemical accuracy in the neafmmediately follows without the need for laborious calcula-
edge region. tions of excited states. For interacting systems, the noninter-

To extend the present simulation to arbitrary excitedacting case could be solved at, for example, the Hartree-Fock
states, we will need to go beyond single excitations. This caievel, and this could be used as the beginning of a perturba-
be done by the configuration active state approach whiclive calculation for the one-electron Green’s function using,
also reduces the number of calculations needed over futbr example, Hedin's GW method which approximates the
doubly excited methods. In this approach, all possible exGreen function as a product of a bare Green function G and
cited configurations are calculated within a restricted set of polarization W
orbitals. Typically, several of the highest occupied and low-  Higher order optical processes can be expressed in a
est unoccupied orbitals are selected to account for correlatiosimilar fashion but as higher order correlation functions of
effects. However, using this machinery, it should be possiblehe dipole operatd®® When one of the interactions is with an
to include several orbitals suspected of being important in -ray photon, an extension of this method could be applied to
given x-ray transition. Excited states thus only need to behese nonlinear spectroscopies. In this way, x-ray pump, op-
calculated within this “active space.” tical probe experiments could be simulated.

The limiting factor in our calculations is the computation In this work we have used a quantum chemistry code
of the excited states. It may thus be desirable to avoid suctvhich represents the electronic structure as an expansion in
calculations altogether. By recasting Fermi's golden rule agaussian basis functions in real space. This works quite well
the imaginary part of the Fourier transform of a time-timefor chemical energieéup to about 10 eYbut at higher en-
correlation function of dipole operators we can perform aergies the limited basis set is inadequate for the necessary
perturbation expansion on the core-hole—valence potentiglhotoelectron states. A plane wave basis set has the possibil-
U=Z,mU,m,gc|chn using the time evolution operator in the ity of enabling the calculation of parts of the extended x-ray
interaction pictureS(t) =exp,[—iftU(7)d7], where exp in-  absorption spectrum for excited states, including the EXAFS,
dicates a time ordered exponential. This gives which is useful for structure determination.
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where

L " _ N=(r{—rqy)™a(ro,—r,,)"2a(r,—ro,)"3a
30 i Gl'ound Xa( ) ( 1 la) ( 2 2a) ( 3 Sa)

XE Baa qu_Saa|r_ra|2)-

|
20} 1 Here,B,, is @ normalization coefficient,;, r,, andrs are
i the Cartesian coordinates ofand the basis function is cen-
\ tered atr, .

; The polarization matrix element in the directioris

10

this type?! The computation ofA” is incorporated in quan-
tum chemistry packages.

) _ d
E <d|pv|l>=—|hj d°r g (r) 5= (1) (A3)
ot

= , . . =—ih2, CaeCpiAzp, A4
g ;%332 2837 2842 2847 2852 % ad=blZab A4)
g whereA"” is the dipole matrix between basis elements
& / MLCT _ J

§ | ab= f 0rxa (1) 5 xa(1). (AS)

= :

! ] Standard procedures are available for calculating integrals of

APPENDIX B: THE MANY-ELECTRON OVERLAPS

Determining the overlap factofsbNc |®;N"1) requires
the N+1 electron valence wave functiorj®;"**) and
|cf®N). This is routine for the ground state and low lying
2832 2837 2842 2847 2852 valence excitations using quantum chemistry codes. Rather

Photon energy (eV) than explicitly calculating deep-core excited states to deter-

mine the energi nd dipole matrix elements, w m
FIG. 12. When we assume that only a single overlap factor with unit weighth e. t. € eﬁf .g eSI 6} d ?pode atrix ele e. ts, h € assu de
is present for any given orbital in our simulations but we include all orbitaIsF at it 'S' sufficiently loca 'lze to act as a point ¢ arg_e' an
(dashed lines the results have significantly increased amplitude comparednclude its effect by replacing the nucleus of chargg with
to the calculation with full overlapésolid lineg. The overlaps thus serve to g nucleus of charge Z+ 1. ThisZ+ 1 approximation allows
filter out the contributions from all the spectator orbitals. us to focus solely on the valence excitations.

The TDDFT or CI many-electron states are superposi-
tions of Slater determinants
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APPENDIX A: THE DIPOLE MATRIX ELEMENTS j=ab. (B3)

We expand the molecular orbitals in Gaussian basié"ere'Pn is one of the N+1)! possible permutations of the

functiont N+ 1 occupied orbitals. The factor<{1)n is 1 (—1) if an
even(odd) number of interchanges of the orbitals has been
_ i made.
(ﬁd(r)_; Caaxalr), (A1) The overlap involves states calculated with a different

set of orbitals, since the final state orbitals are computed in
é (r)=2 C Xf(r) (A2) the field of the core hole, and, in the case of TDDFT ex-
' 5 bIAb pressed as a single slater determinant, in the field of the
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electron—valence hole excitation. The overlap of two Slater

determinants with different sets bf+ 1 occupied orbitals is
given by

(Sal Sp)=[(N+1)!]7*

X % (— 1)P”+Pr’"{<¢p1| ¢;,i>' : '<¢’pN+1| ¢;&+1>}

(B4
=[(N+1)!1]T7Y (- 1)PtPmT?® o2
n,m P1Py PN+1PN+1
(B5)
_ _ 4 \P,Tab tab
_é (—1) mT1pi TNHP&H (B6)
=DetT?®, (B7)

X-ray spectra of excited ruthenium bipyridine 12333

To estimate the initial and final state energies, we sepa-
rate the energy of the system into a component coming from
the core electrons of the absorbing atOmthe energy of the
valence electrong”, and the energy of the remaining atomic
coresE. If the core contains a hole, we label the core energy
with an asteriskQ*. Thus E;=E/ +Q+E, E;=E{+Q*

+E, andE;—E;=E/—E{+Q—Q*. A quantum chemistry
code can provide an accurate energy for the valence elec-
tronsEY and a relativistic atom code gives an accurate en-
ergy for the ground state ,, and lowest energy core ex-
cited stateE* ,, atoms. The poorly estimated core energy
from the quantum chemistry code will be denot@éc for

the core filled atom an€);.* for the Z+1 atom. The total
energy from the quantum chemistry code will be denoted by
the superscriptic, thus E9°. We can now writeE{°=E/
+Q5+Eqe, Ef=Ef+QTTHE, E 4 =E 4 +Q,

E* 4 =E*% +Q%, chat =B’ +Qqc, and E*vgsz*“at

where T5°=(¢i|¢/) are the individual orbital overlaps and +0gt

in the third step we have reordered thé+ 1)!? terms in the

sum. Note thaﬁ'i"’}b only contains overlaps between occupied

orbitals. The difference in the matric@8® for different ex-

citationsa andb come from the inclusion of different sets of

occupied orbitals.
Combining Egs(B1), (B2), and(B7) we finally obtain
for the overlaps of the many-body states
(@) @Y1 =2 I53,Det T (B8)
ab

To calculate the orbital overlap matrix we expand the

It is now easy to verify that

—qc c =
E=EMC+E g —E% —Eqc+

I

act =, (CD

Ef=Ef*+E" o —E* '~ Eqc T E, (€2
which gives for the resonant energy
Ei—E=E°—Ef*+E 4 —E* 4 —E%% +E" .
(C3

All guantities in Eq.(C3) can be computed with standard
software packages.

orbitals in a Gaussian basis set as described in Appendix A to

find
Ti=(¢il¢]) (B9)
=f d3r (1) ¢ (1) (B10)
:Ed CciCdjkcd, (B11)

wherex is the overlap matrix between basis elements

Ked= f A3 (nxh(r). (B12)
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