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Vibronic theory for the x-ray absorption spectrum of CF, molecules
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The C 1s x-ray absorption spectrum of Ginolecules is theoretically investigated by calculating the line
shape quantum mechanically based upon a vibronic model. It is found that the main peak with a broad width
is attributed to the transition of the GsXore electron to the antibonding valence orbitals which are coupled
with the G—F bond-stretching modes through the Jahn-Teller and the quasi-Jahn-Teller interactions. It is also
clarified that the sharp asymmetric absorption line at the higher-energy side of the main band comes from the
transition to the Rydberg states, where the interference effect between the Rydberg states and the vibronic state
of the antibonding molecular orbitals leads to the asymmetric strudiBi€®©50-294799)09312-9

PACS numbd(s): 33.20.Rm, 31.30.Gs

[. INTRODUCTION lence orbital statec*(a;) does exist around the™* (t,)
states, no attention has been paid to the significance of the

Recent advances in the techniques of synchrotron radias* (a,) state. On the other hand, the several Rydberg transi-
tion as an intense light source opened a new stage in soft-tion lines have been interpreted as originating from the tran-
ray spectroscopy. The dramatic improvement of spectrasition to npt, and ndt, states accompanied by the vibra-
resolution in the x-ray absorption spectrum has enabled us tiional side bands of the breathing mofi&. But the dip
observe fine structures such as vibrational side bands, whictructure between the broad absorption band and the Ryd-
have been smeared out by the instrumental broadening dwerg transition lines has not been fully discussed.
far. Since the discovery of the vibrational structures in the The molecular deformation induced by the core excitation
core absorption spectrum in the, folecule by Cheret al.  is one of the recent topics in soft-x-ray spectroscpy
[1], many experimental works have been carried out on th&ince the pioneering work by Morigt al. [8], it has been
vibrational excitations in the x-ray absorption processes ofevealed that atomic displacement leading to a specific mode
molecules[2]. Recently, Uedaet al. have experimentally of molecular dissociation is triggered by the resonant excita-
investigated C & absorption spectra of CH CH;F, tion of the core electron to antibonding molecular orbitals in
CH,F,, CHsF, and Ck, and found that the spectral shape @ number of simple moleculg®,10]. Relatively long life-
is systematically changed as a hydrogen atom is substitutgéimes of the core hole in light elements make it possible for
by a fluorine atom one by or{@]: A broad absorption band the molecule to deform before Auger decay. Also in,CiE
emerges below sharp Rydberg transition lines as the numbéas been found that a certain channel of molecular dissocia-
of the fluorine atoms increases. This broad absorption bantion is enhanced by a resonant core excitation, which indi-
has been assigned to the transition to the antibonding valenegites that a specific mode of deformation is induced in the
orbitals. The large width of the absorption band suggests thatore-excited state. In order to understand the mechanism of
the molecular vibrations are highly excited by strong vi-the ultrafast molecular deformation in the core-excited states,
bronic couplings in the core excited state.

The experimental result obtained by Uestaal. is shown TR TN T T
in Fig. 1[3]. Essentially the same result has been obtained

also by ltchkawitczet al. [4]. The broad absorption band 2] ™\ 1 F
below 299.3 eV is assigned to the transition from €£td the 53 /../ \ - d
antibondingo™* (t,) state[5], and the sharp peaks appearing g g ‘\;l

in the region from 299.3 eV to the ionization threshold are e by, f
attributed to the transition to the Rydberg states. The broad- ‘§ _{ ¥ " L
band has a peculiar feature of a shoulder in the lower-energy g / v '\‘\A

side of the main absorption peak, while a distinct dip appears
on the higher-energy side. It is speculated that the spectral AR
line shape of the main band may be due to the Jahn-Teller 296 297 298 299 300 301

- * . Photon Energy (eV)
splitting of o*(t,) states with threefold degenera¢g].
However, there has been no quantitative analysis of the spec- FIG. 1. The experimental results of the high resolution € 1
tral shape. In particular, although the dipole forbidden va-x-ray absorption spectrum of the £Rolecule[3].

.
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In addition to these molecular orbitals, we consider also
p-like Rydberg states denoted &g;) (i=x,y,z). These
states correspond to the lower series of the sharp transition
lines in Fig. 1. The higher one may be assigned to the tran-
sition to d-like states, but we neglect them for simplicity,
because the structure can be understood essentially as a rep-
lica of thep-like states.

Because of the antibonding character of the molecular or-
bitals, the core excited states are strongly coupled with the
molecular vibrations, which cause the bond-stretching dis-
placement. Therefore, we take into account four stretching

FIG. 2. The molecular structure of GRwvith T, symmetry. mOdti of G_E btqndsl:Ql’ sz’ Qs, Iand.?‘;aI'n;l'd tsym.me;j
Closed and open circles represents C atom and F atoms, respé » these vibralional modes are classiiied into two Irreduc-

tively. Q; (i=1-4) represent four stretching mode of& bonds. iIble representations, a symmetric mgﬁig (denoted ag,)
and threefold-degenerate asymmetric modiggdenoted as

it is important to obtain information on the vibronic cou- Qx, Qy, andQy),
plings as well as on the electronic energy levels in the ex- 1
cited states. _

The aim of the present paper is to clarify the spectral Qa=7(Qu+ Q2 Q3% Qu),
features of C & absorption of a CfFmolecule by a relatively
simple vibronic coupling model. A full quantum-mechanical 1
calculation of the absorption spectrum is carried out for a QX:Z(_Q1+ Q,—Q5—Q,),
vibronic model, in which not only the Jahn-Teller coupling
within the subspace af* (t,) states but also the quasi-Jahn-
Teller coupling between the*(a;) and o*(t,) states is
taken into account. It will be shown that the experimental
result of the C % absorption spectrum of GHs successfully
reproduced by an appropriate choice of a set of parameter 1
values in our theoretical model. It is found that the € 1 QZ:Z(Ql—Qer Q3—Q.). (1)
electron is excited also to thee, state with the help of the
qguasi-Jahn-Teller coupling, and this effect plays a crucial
role in determining the structure of the main band. FurtherThe A; mode preserves théq symmetry of the molecule,
more, we also consider the transition to the Rydberg stategvhile the T, mode causes the atomic displacement which
which are assumed to be hybridized with the valence orbital§1akes the symmetry change frofg to C3, . On the other
through the configuration interaction. This hybridization hand, the Rydberg states are considered to be coupled with
causes the interference between the two transitions, one t§€ breathing mode only weakly because of their diffused
the vibronically broadened molecular orbitals and the othefvave functions.
to the sharp Rydberg states, and results in the dip structure. The Hamiltonian in the core excited state is given by

In Sec. Il, the model used here is presented. The calcu-
lated results are shown in Sec. Il together with discussions,

1
Qu=7(~Qi+Qo+Qs~Qy),

and concluding remarks are given in Sec. IV. H:Ea1|a1><a1|+i:;y’2 Etz|t2i><t2i|+i:;y’2 Erlpi)(pil
Il. MODEL +C X (Jta)pil+Hc)+A X Qi(lay)
i=xy,z i=xy,z

The CK, molecule has a tetrahedral structure belonging to
the T4 symmetry group as shown in Fig. 2. The ground-state X {tail + H.C) + B(Q,ltay){t2,|+ Qy[t2;)
electronic configuration of molecular orbitals in £i5
X (toul + Qlto)(tay| + H.C) + DlQa( la;)(ay|
(core) 1a?1t52az2t51e*3t51t%;4t93a).

+ DzQai > piX(pil+ fiwa a'a

+ > |ta)(tal
i=x,y,z

The Rydberg states exist in an energy region higher than the

=X,Y,Z
molecular orbitals. By x-ray irradiatiora C 1s core electron
is excited to unoccupied molecular orbital$,4and 3;. " 2 ho- bib: @
These states consist of the four equivalent antibonding orbit- iy T2

als between Gp? hybridized orbitals and F 2 orbitals, so

the 4, and 3, states are equivalent to the*(t,) and  \ith

o*(a;) states mentioned in Sec. |, respectively. We denote

the 4, and 33, states as$t,;) (i=x,y,x) and|a,), respec- 1

tively, and hereafter we use the abbreviationtgffor the Qi=—=(bf+by), i=x,y,2, 3
former state and; for the latter state. V2
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Qa= %(aT+ a). 4) *”g’ ,A\' |
ER i
In the above equatiorE, , E;, and Er are energies of 2:29'6 RO
|ai), |tzi), and|p;), b; is the annihilation operator for the ¢ |
asymmetric vibration mod#&, with energy/iwr,, anda is E ]
the annihilation operator for the symmetric mode with 294 295 296 297 298 299 300 301
energyﬁwAl. The parameteA represents the coupling con- Photon Energy (V)

stant of the quasi-Jahn-Teller interaction betwéay) and FIG. 3. The calculated C <l absorption spectrum of the GF

|t), andB represents that for the Jahn-Teller interaction. Itmojecule. The parameter values are taken so as to reproduce the

ShOU|d be nOted that th§2 mOde IndUCGS the Jahn-Te”el’ experimenta| resultShown in the |nsetwe||

interaction and the quasi-Jahn-Teller interaction simulta-

neously because of _the a_bs_ence of_ inversion symmetry in tl“@es of vibrational quanta are chosenfas;. =0.16 eV and

CF, molecule. The vibronic interaction between the symmet- L . 2 .

ric mode and the antibonding molecular orbitals and the Ry-h“)/*l:o'12 eV, which is consistent with the experimental

dberg states is denoted Bs andD,, respectively. We as- data[11]. The continuous spectrum is obtained by assuming

sume a hybridization between the Rydberg states and th@ Lorentzian broadening width of the order of 50 meV for

molecular orbitals in the core excited state. The off-diagonafach discrete transition line. As shown in Fig. 3, for a suit-

coupling between these states is denote@.as able choice of parameter values, the calculated result repro-
Since the energies of the vibrational quanta are fairlyduces the experimental line shape very well except for the

large (~0.1 eV), we can safely assume that the molecule i€nergy region of transition lines associated vthike Ryd-

in its ground state of the vibrational modes in the initial state Perg states, which is not being considered here. Although the

The absorption spectruf({2) for the x ray with energy) number of parameters to be. d(.atermined. is fairly large, the
is calculated by Fermi's golden rule, optimum values are fixed within a relatively small range.

Specifically, it has been found that, in order to reproduce the
. overall features of the main band, it is essential to assume the
F(Q)Zg 2 (WP PS(Q-E+Ey). (5)  quasi-Jahn-Teller coupling between tagstate and, state
e as shown below. The molecular orbital calculations of the
energy levels of Cl-have given controversial results about
the relative energy positions @; andt, [12]. From our
theoretical analysis of the line shape, we conclude thaathe
state lies slightly above thtg state in the core excited state.
First we investigate the origin of the structure in the main

In the above equation®' is the dipole moment operator,
|¥,) and E, are thekth eigenvector and eigenvalue of
H, E4 is the energy of the 4 state of C, and‘lfg> is the
ground-state wave function, which is given by the direct

g}rodggt ?f thel Cs \{[vav\t/avfunctlo'rcli an(gj ';he vfa;'cuun: S:ﬁte Oft_band, neglecting the Rydberg transitions. This spectrum is
€ vibrational quanta. YWe considered transitions 1o the anlige ngeq a$,(Q). In Fig. 4, we compare theoretical results

bonding states and Rydberg states. Thereftés given by,  of the line shapé,(Q) calculated under three different lev-

aside from irrelevant factors, els of approximations. In Fig.(d), the absorption spectrum
. calculated by the semiclassical approximation for the Jahn-
P'=(V1-BTx)+BIR)) (15l +(H.C), (6)  Teller system is shown, where the quasi-Jahn-Teller cou-

pling between the; andt, states is neglected. The transi-

where| ) is the C Is state and3 is the ratio of transition  tion to the Rydberg state is also neglected. The parameter
amplitude to Rydberg state to that to the antibonding statgalues ofB andD, are the same as used in Fig. 3. This result
from the core state. The Hamiltonidf) is diagonalized by s essentially the same as that given by Toyozawa and Inoue
expanding| W) in a series of basis vectors given by direct[13] in the analysis of the absorption spectrum of the
products of the electronic states and the number states of theT, system, which corresponds to the T¢enters in alkali-
molecular vibrations. Since the vibronic coupling in the ex-metal halides. According to them, the absorption spectrum
cited state is quite strong, the number of basis vectors needgfhs a logarithmic singularity at the energy of thestate and

to guarantee convergence becomes fairly large, typically o pair of side wings located symmetrically in the lower- and
order of 5<10P. Actual calculation has been done by using higher-energy side of this central peak. It is seen from Fig.

the Lanczos algorithm. 4(a) that the calculated result under the above assumption
cannot explain the experimental result, even though the
IIl. RESULTS AND DISCUSSION lower-energy side of the main band resembles the experi-
) mental data.
The absorption spectruri((2) has been calculated for |4 order to investigate the quantum-mechanical effect of

various values of parameters. In Fig. 3, a result of calculatioRne vipration, we have calculated the absorption spectrum
is shown. The experimental res{i}] is also shown in the 4gain for the same model as in Figa® not by the semi-
inset of Fig. 3 for comparison. The parameter values arg|assical approximation but by an entirely quantum-
chosen as E, —E;=298.72 eV, E,,—E;=298.67 eV, mechanical treatment. The calculated spectrum is shown in
Er—E4=299.54 eV, A=0.24 eV,B=0.80 eV,C=0.11  Fig. 4b). The intensity of the higher-energy side is reduced
eV, D;=0.19 eV, D,=0.10 eV, and3=0.07. The ener- and the spectral shape becomes asymmetric as compared
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§ FIG. 5. The cross-sectional view of the adiabatic potential sur-
P faces in the core excited state along one of the-EEbond axes
& (Q1). The branches for the state and twa, states inC5, sym-
2 metry are drawn by the solid and broken lines, respectively. The
qE; overall feature of the potential surfaces is showran In (b), the
g potential surfaces are displayed in an enlarged scale.

296 297 298 299 300 301 pling constant as well as to the relative energy position of the

Photon Energy (V) . . .
a, andt, states. In our analysis, the state is estimated to be

FIG. 4. The C & absorption spectra of the gfnolecule by  lying 50 meV lower than tha; state.
semiclassical calculatiote), and the quantum-mechanical calcula- |t is instructive to see the calculated adiabatic potentials in
tion for the Jahn-Teller systertb) without the quasi-Jahn-Teller the core excited state for the parameter values used in Fig. 3.
coupling. (c) is the result of the quantum-mechanical calculation inThe cross-sectional view of the adiabatic potential surfaces
whlch both the Jahq-TeIIer and qua5|-Jahn-'I_'eIIer couplings are corglong one of the G-F bond axegchosen ag);) is shown in
§|dered. The transition to the Rydberg state is neglected for S|mpI|c|—_-ig_ 5(@), where the negative direction corresponds to the
ity. elongation of the C-F bond. The adiabatic potentials for the

Rydberg states lie far above in this energy scale. The

with the semiclassical calculation. This is a general tendencgtates lie 50 meV lower than treg state atQ,;=0. ForQ,
of the quantum-mechanical effect of vibronic couplings#0, the molecular symmetry is lowered @, from Ty,
[14,15. It should be noted that, although the agreement witrand thet, states split intaa, and e irreducible representa-
the experimental data becomes improved, there still remaintons of theCs, point group.
a discrepancy: The calculated central peak is too sharp and The potential surfaces alon@; for two a; states inCs,
has too much intensity as compared with the experimentaymmetry, one originating from thet4states and the other
one. from the 3, state, are strongly mixed with each other and

Finally, we consider the quasi-Jahn-Teller coupling be-show an avoided crossing due to the quasi-Jahn-Teller cou-
tween thea; andt, states in addition to the Jahn-Teller pling as displayed in Fig. (6) in an enlarged scale. This
coupling. The result of the quantum-mechanical calculatiorsuggests that the resonant excitation of thesGlectron to
is shown in Fig. 4c). It is found that the agreement with the the molecular orbitals in GFwill trigger a bond-breaking
experimental data becomes satisfactory except for the Rydnolecular deformation. Furthermore, it should be noted that
berg transition lines, which are not considered here. Thishe adiabatic potential surfaces are so close to each other
analysis confirms that the main band of the absorption spegearQ,=0 that the nonadiabatic effect becomes important
trum of CF, is attributed to the transition to the unoccupiedin the absorption process. This indicates that, in order to
valence orbitals strongly coupled with molecular deforma-reproduce the actual line shape of the absorption spectrum,
tion. From comparison of Fig. 3 and Fig. 4, it is concludedone must treat the vibronic interactions not semiclassically
that not only the Jahn-Teller coupling for tlig states but but entirely quantum mechanically, as has been shown in
also the quasi-Jahn-Teller coupling between #heand t, Fig. 4.
states is important in determining the line shape of the main Next, we investigate the Rydberg transition lines. In con-
band. It is found that the spectral shape around the centralast to the molecular orbitals, the Rydberg states are spa-
peak is sensitive to the choice of the quasi-Jahn-Teller couially extended and are essentially of nonbonding character,
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lated absorption spectra for a positive valgelid line) and a
negative valuédotted ling of 8 with a fixed value of 8|. In
order to see the interference effect more clearly, we show in
Fig. 6(b) the ratioF (Q)/Fy(L), namely the total absorption
intensity normalized by that for the spectrum in which the
Rydberg transition is neglected, with the signg®fas a pa-
rameter. As shown here, the position of the antiresonance dip
changes as the sign @ is reversed. To be more precise, it
depends on the relative sign @fand 8, and from this analy-

sis we conclude that3>0.

(a)

Imtemsity (arb. units)

1.2
5 1.1 IV. CONCLUDING REMARKS
% 1] In this work, we have theoretically investigated the € 1
= absorption spectrum of the ¢Fmolecule by a vibronic

e
L.

model, in which the Jahn-Teller coupling within thestates,

¥ the quasi-Jahn-Teller coupling between the and thet,
0.8 796 597 595 355 300 301 states, and the mixing beMeen the Rydberg states and the
Photon Energy (eV) valence states are taken into account. The absorption spec-

. » trum is calculated rigorously by numerical diagonalization of
FIG. 6. The calculated absorption spec&) for positive e yjipronic Hamiltonian. For an appropriate choice of pa-
value(solid line) and negative valuédotted ling of S with a fixed 5 eter values, a good agreement between the calculated and
value of|B| (a). The total absorption intensity normalized by that observed specira is obtained
for the spectrum in which the Rydberg transition is neglected is The main band with a br(')ad width is attributed to the
shown in(b). o . .
transition to the valence orbitals, and the sharp lines are at-
tributed to the Rydberg transition lines with their vibrational

so that the vibronic couplings for these states are consideredd® Pands. It is found that the quasi-Jahn-Teller coupling
to be weak. This is seen by the comparison of the overalP€Ween the, andt, states plays an essential role in deter-
spectral features of Cslabsorption in Ckand CH, mol- ~ mining the line shape of the main band, and the quantum-
ecules[3]. In CF,, vibrational side bands for the breathing mechanical e_ffect of_the vibronic coupling is important. As a
mode are clearly seen in addition to the sharp fundamentdfsult of the interaction between the energetically broadened

Rydberg transition lines at 299.5 eV and at 300.3 eV. Thevalence orbitals and the Rydberg states, the interference be-

experimental line shape is well reproduced by our calculatween the transitions to both states causes the Rydberg anti-

tion. resonance.

The most remarkable feature of the Rydberg transition is, AS ¢&n be seen from Fig. 5, thig-symmetric configura-
the existence of a sharp dip in the lower-energy side of thdon of the Cl molecule is no longer stable in the core
fundamental absorption line. This structure reminds us of th&Xcited state. When the core electron is excited resonantly to
Fano effec{16] in the absorption spectra due to the interfer-the valence orbitals, one of the-GF bonds is elongated and
ence between discrete autoionized states and ionized coll€ €xcited electron is localized to this bond, reducing the
tinua. It should be noted, however, that the dip structuréYmmetry fromT, to Cs, . A similar situation has been en-
appears sufficiently below the ionization threshold. In thiscountered in the case of lattice deformation in thesare-
case, the valence orbital states broadened by the vibronXCiton state in diamonf21]. As has been discussed in de-
couplings take the place of the electronic continuum in thdail in a previous papef21], whether the conformational
usual case. The interference between the transitions to trfi€formation fromry to C, symmetry occurs or not depends
valence orbital states and to the Rydberg states occurs b@D the competition between the energy gains by the localiza-
cause of the configuration interaction in the excited statedion and the delocalization of the excited electron. Namely,
Such avibronic Fano effect has been observed in large aroih® Symmetry breaking deformation occurs when the vi-
matic molecules and called Rydberg antiresondiddel§). bronic relaxation energy overcomes the energy gain due to
This type of antiresonance structure has also been found e transfer effect of the electron over four equivalent anti-
solids[19]. There are several theoretical works on the Ryd-Ponding orbitals. Aphase diagranfor the stable configura-
berg antiresonancgl8,20, most of which adopt the semi- tion has been derived in the parameter spacA,B), where
classical approximation. In the present work, the densely dis¢ = Et,~ Ea,. In the present case, however, thesymmetric
tributed vibronic states serve as a quasicontinuum and theonfiguration is always unstable sinee0 [13,21.
interference effect is automatically incorporated in the nu- The study of molecular dissociation under core excitation
merical solution of the vibronic problem. has been a very active field of research in recent \€a?g|.

It has been found that the line shape around the Rydbertj has recently been revealed that, in some molecules, the
transition is sensitive to the mixing strengihlt is estimated nuclear motion leading to molecular dissociation occurs
that C=0.11 eV from the fitting of the experimental data. within the lifetime of Auger decay of core holé8,9], in
The line shape is also sensitive to the relative sign of theontrast to the conventional idea that the Auger decay always
transition amplitudes to the Rydberg state and the valencprecedes the dissociation. It is expected from Fig. 5 that such
states, as it should be. In Fig(ah, we compare the calcu- an ultrafast nuclear motion in the core excited state occurs
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