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Vibronic theory for the x-ray absorption spectrum of CF4 molecules
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The C 1s x-ray absorption spectrum of CF4 molecules 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 C 1s core electron to the antibonding valence orbitals which are coupled
with the CuF 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 structure.@S1050-2947~99!09312-9#

PACS number~s!: 33.20.Rm, 31.30.Gs
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I. INTRODUCTION

Recent advances in the techniques of synchrotron ra
tion as an intense light source opened a new stage in so
ray spectroscopy. The dramatic improvement of spec
resolution in the x-ray absorption spectrum has enabled u
observe fine structures such as vibrational side bands, w
have been smeared out by the instrumental broadenin
far. Since the discovery of the vibrational structures in
core absorption spectrum in the N2 molecule by Chenet al.
@1#, many experimental works have been carried out on
vibrational excitations in the x-ray absorption processes
molecules@2#. Recently, Uedaet al. have experimentally
investigated C 1s absorption spectra of CH4, CH3F,
CH2F2 , CH3F, and CF4, and found that the spectral shap
is systematically changed as a hydrogen atom is substit
by a fluorine atom one by one@3#: A broad absorption band
emerges below sharp Rydberg transition lines as the num
of the fluorine atoms increases. This broad absorption b
has been assigned to the transition to the antibonding val
orbitals. The large width of the absorption band suggests
the molecular vibrations are highly excited by strong
bronic couplings in the core excited state.

The experimental result obtained by Uedaet al. is shown
in Fig. 1 @3#. Essentially the same result has been obtai
also by Itchkawitczet al. @4#. The broad absorption ban
below 299.3 eV is assigned to the transition from C 1s to the
antibondings* (t2) state@5#, and the sharp peaks appeari
in the region from 299.3 eV to the ionization threshold a
attributed to the transition to the Rydberg states. The bro
band has a peculiar feature of a shoulder in the lower-ene
side of the main absorption peak, while a distinct dip appe
on the higher-energy side. It is speculated that the spe
line shape of the main band may be due to the Jahn-Te
splitting of s* (t2) states with threefold degeneracy@6#.
However, there has been no quantitative analysis of the s
tral shape. In particular, although the dipole forbidden
PRA 601050-2947/99/60~6!/4488~6!/$15.00
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lence orbital states* (a1) does exist around thes* (t2)
states, no attention has been paid to the significance of
s* (a1) state. On the other hand, the several Rydberg tra
tion lines have been interpreted as originating from the tr
sition to npt2 and ndt2 states accompanied by the vibr
tional side bands of the breathing mode@3#. But the dip
structure between the broad absorption band and the R
berg transition lines has not been fully discussed.

The molecular deformation induced by the core excitat
is one of the recent topics in soft-x-ray spectroscopy@7#.
Since the pioneering work by Morinet al. @8#, it has been
revealed that atomic displacement leading to a specific m
of molecular dissociation is triggered by the resonant exc
tion of the core electron to antibonding molecular orbitals
a number of simple molecules@9,10#. Relatively long life-
times of the core hole in light elements make it possible
the molecule to deform before Auger decay. Also in CF4, it
has been found that a certain channel of molecular disso
tion is enhanced by a resonant core excitation, which in
cates that a specific mode of deformation is induced in
core-excited state. In order to understand the mechanism
the ultrafast molecular deformation in the core-excited sta

FIG. 1. The experimental results of the high resolution Cs
x-ray absorption spectrum of the CF4 molecule@3#.
4488 ©1999 The American Physical Society
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it is important to obtain information on the vibronic cou
plings as well as on the electronic energy levels in the
cited states.

The aim of the present paper is to clarify the spec
features of C 1s absorption of a CF4 molecule by a relatively
simple vibronic coupling model. A full quantum-mechanic
calculation of the absorption spectrum is carried out fo
vibronic model, in which not only the Jahn-Teller couplin
within the subspace ofs* (t2) states but also the quasi-Jah
Teller coupling between thes* (a1) and s* (t2) states is
taken into account. It will be shown that the experimen
result of the C 1s absorption spectrum of CF4 is successfully
reproduced by an appropriate choice of a set of param
values in our theoretical model. It is found that the Cs
electron is excited also to thea1 state with the help of the
quasi-Jahn-Teller coupling, and this effect plays a cruc
role in determining the structure of the main band. Furth
more, we also consider the transition to the Rydberg sta
which are assumed to be hybridized with the valence orbi
through the configuration interaction. This hybridizatio
causes the interference between the two transitions, on
the vibronically broadened molecular orbitals and the ot
to the sharp Rydberg states, and results in the dip struct

In Sec. II, the model used here is presented. The ca
lated results are shown in Sec. III together with discussio
and concluding remarks are given in Sec. IV.

II. MODEL

The CF4 molecule has a tetrahedral structure belonging
theTd symmetry group as shown in Fig. 2. The ground-st
electronic configuration of molecular orbitals in CF4 is

~core! 1a1
21t2

62a1
22t2

61e43t2
61t1

6 ;4t2
03a1

0 .

The Rydberg states exist in an energy region higher than
molecular orbitals. By x-ray irradiation, a C 1s core electron
is excited to unoccupied molecular orbitals 4t2 and 3a1.
These states consist of the four equivalent antibonding o
als between Csp3 hybridized orbitals and F 2p orbitals, so
the 4t2 and 3a1 states are equivalent to thes* (t2) and
s* (a1) states mentioned in Sec. I, respectively. We den
the 4t2 and 3a1 states asut2i& ( i 5x,y,x) and ua1&, respec-
tively, and hereafter we use the abbreviation oft2 for the
former state anda1 for the latter state.

FIG. 2. The molecular structure of CF4 with Td symmetry.
Closed and open circles represents C atom and F atoms, re
tively. Qi ( i 51 –4) represent four stretching mode of CuF bonds.
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In addition to these molecular orbitals, we consider a
p-like Rydberg states denoted asupi& ( i 5x,y,z). These
states correspond to the lower series of the sharp trans
lines in Fig. 1. The higher one may be assigned to the tr
sition to d-like states, but we neglect them for simplicit
because the structure can be understood essentially as a
lica of thep-like states.

Because of the antibonding character of the molecular
bitals, the core excited states are strongly coupled with
molecular vibrations, which cause the bond-stretching d
placement. Therefore, we take into account four stretch
mode of CuF bonds:Q1 , Q2 , Q3, andQ4. In Td symme-
try, these vibrational modes are classified into two irred
ible representations, a symmetric modeA1 ~denoted asQa)
and threefold-degenerate asymmetric modesT2 ~denoted as
Qx , Qy , andQz!,

Qa5
1

4
~Q11Q21Q31Q4!,

Qx5
1

4
~2Q11Q22Q32Q4!,

Qy5
1

4
~2Q11Q21Q32Q4!,

Qz5
1

4
~Q12Q21Q32Q4!. ~1!

The A1 mode preserves theTd symmetry of the molecule
while the T2 mode causes the atomic displacement wh
makes the symmetry change fromTd to C3v . On the other
hand, the Rydberg states are considered to be coupled
the breathing mode only weakly because of their diffus
wave functions.

The Hamiltonian in the core excited state is given by

H5Ea1
ua1&^a1u1 (

i 5x,y,z
Et2

ut2i&^t2i u1 (
i 5x,y,z

ERupi&^pi u

1C (
i 5x,y,z

~ ut2i&^pi u1H.c.!1A (
i 5x,y,z

Qi~ ua1&

3^t2i u1H.c.!1B~Qxut2y&^t2zu1Qyut2z&

3^t2xu1Qzut2x&^t2yu1H.c.!1D1QaS ua1&^a1u

1 (
i 5x,y,z

ut2i&^t2i u D 1D2Qa (
i 5x,y,z

upi&^pi u1\vA1
a†a

1 (
i 5x,y,z

\vT2
bi

†bi ~2!

with

Qi5
1

A2
~bi

†1bi !, i 5x,y,z, ~3!

ec-
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Qa5
1

A2
~a†1a!. ~4!

In the above equation,Ea1
, Et2

, and ER are energies of

ua1&, ut2i&, and upi&, bi is the annihilation operator for th
asymmetric vibration modeT2 with energy\vT2

, anda is

the annihilation operator for the symmetric modeA1 with
energy\vA1

. The parameterA represents the coupling con

stant of the quasi-Jahn-Teller interaction betweenua1& and
ut2&, andB represents that for the Jahn-Teller interaction
should be noted that theT2 mode induces the Jahn-Telle
interaction and the quasi-Jahn-Teller interaction simu
neously because of the absence of inversion symmetry in
CF4 molecule. The vibronic interaction between the symm
ric mode and the antibonding molecular orbitals and the
dberg states is denoted asD1 andD2, respectively. We as
sume a hybridization between the Rydberg states and
molecular orbitals in the core excited state. The off-diago
coupling between these states is denoted asC.

Since the energies of the vibrational quanta are fa
large (;0.1 eV), we can safely assume that the molecul
in its ground state of the vibrational modes in the initial sta
The absorption spectrumF(V) for the x ray with energyV
is calculated by Fermi’s golden rule,

F~V!5(
k

(
i 5x,y,z

z^CkuP̂i uCg& z2d~V2Ek1Eg!. ~5!

In the above equation,P̂i is the dipole moment operato
uCk& and Ek are the kth eigenvector and eigenvalue o
H, Eg is the energy of the 1s state of C, anduCg& is the
ground-state wave function, which is given by the dire
product of the C 1s wave function and the vacuum state
the vibrational quanta. We considered transitions to the a
bonding states and Rydberg states. Therefore,P̂i is given by,
aside from irrelevant factors,

P̂i5~A12b2uT2i&1buRi&)^f1su1~H.c.!, ~6!

whereuf1s& is the C 1s state andb is the ratio of transition
amplitude to Rydberg state to that to the antibonding s
from the core state. The Hamiltonian~1! is diagonalized by
expandinguCk& in a series of basis vectors given by dire
products of the electronic states and the number states o
molecular vibrations. Since the vibronic coupling in the e
cited state is quite strong, the number of basis vectors nee
to guarantee convergence becomes fairly large, typically
order of 53106. Actual calculation has been done by usi
the Lanczos algorithm.

III. RESULTS AND DISCUSSION

The absorption spectrumF(V) has been calculated fo
various values of parameters. In Fig. 3, a result of calcula
is shown. The experimental result@3# is also shown in the
inset of Fig. 3 for comparison. The parameter values
chosen as Ea1

2Eg5298.72 eV, Et2
2Eg5298.67 eV,

ER2Eg5299.54 eV, A50.24 eV,B50.80 eV,C50.11
eV, D150.19 eV, D250.10 eV, andb50.07. The ener-
t
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gies of vibrational quanta are chosen as\vT2
50.16 eV and

\vA1
50.12 eV, which is consistent with the experimen

data@11#. The continuous spectrum is obtained by assum
a Lorentzian broadening width of the order of 50 meV f
each discrete transition line. As shown in Fig. 3, for a su
able choice of parameter values, the calculated result re
duces the experimental line shape very well except for
energy region of transition lines associated withd-like Ryd-
berg states, which is not being considered here. Although
number of parameters to be determined is fairly large,
optimum values are fixed within a relatively small rang
Specifically, it has been found that, in order to reproduce
overall features of the main band, it is essential to assume
quasi-Jahn-Teller coupling between thea1 state andt2 state
as shown below. The molecular orbital calculations of t
energy levels of CF4 have given controversial results abo
the relative energy positions ofa1 and t2 @12#. From our
theoretical analysis of the line shape, we conclude that thea1
state lies slightly above thet2 state in the core excited state

First we investigate the origin of the structure in the ma
band, neglecting the Rydberg transitions. This spectrum
denoted asF0(V). In Fig. 4, we compare theoretical resul
of the line shapeF0(V) calculated under three different lev
els of approximations. In Fig. 4~a!, the absorption spectrum
calculated by the semiclassical approximation for the Ja
Teller system is shown, where the quasi-Jahn-Teller c
pling between thea1 and t2 states is neglected. The trans
tion to the Rydberg state is also neglected. The param
values ofB andD2 are the same as used in Fig. 3. This res
is essentially the same as that given by Toyozawa and In
@13# in the analysis of the absorption spectrum of thet2
3T2 system, which corresponds to the Tl1-centers in alkali-
metal halides. According to them, the absorption spectr
has a logarithmic singularity at the energy of thet2 state and
a pair of side wings located symmetrically in the lower- a
higher-energy side of this central peak. It is seen from F
4~a! that the calculated result under the above assump
cannot explain the experimental result, even though
lower-energy side of the main band resembles the exp
mental data.

In order to investigate the quantum-mechanical effect
the vibration, we have calculated the absorption spectr
again for the same model as in Fig. 4~a!, not by the semi-
classical approximation but by an entirely quantu
mechanical treatment. The calculated spectrum is show
Fig. 4~b!. The intensity of the higher-energy side is reduc
and the spectral shape becomes asymmetric as comp

FIG. 3. The calculated C 1s absorption spectrum of the CF4

molecule. The parameter values are taken so as to reproduc
experimental results~shown in the inset! well.
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with the semiclassical calculation. This is a general tende
of the quantum-mechanical effect of vibronic couplin
@14,15#. It should be noted that, although the agreement w
the experimental data becomes improved, there still rem
a discrepancy: The calculated central peak is too sharp
has too much intensity as compared with the experime
one.

Finally, we consider the quasi-Jahn-Teller coupling b
tween thea1 and t2 states in addition to the Jahn-Telle
coupling. The result of the quantum-mechanical calculat
is shown in Fig. 4~c!. It is found that the agreement with th
experimental data becomes satisfactory except for the R
berg transition lines, which are not considered here. T
analysis confirms that the main band of the absorption sp
trum of CF4 is attributed to the transition to the unoccupi
valence orbitals strongly coupled with molecular deform
tion. From comparison of Fig. 3 and Fig. 4, it is conclud
that not only the Jahn-Teller coupling for thet2 states but
also the quasi-Jahn-Teller coupling between thea1 and t2
states is important in determining the line shape of the m
band. It is found that the spectral shape around the cen
peak is sensitive to the choice of the quasi-Jahn-Teller c

FIG. 4. The C 1s absorption spectra of the CF4 molecule by
semiclassical calculation~a!, and the quantum-mechanical calcul
tion for the Jahn-Teller system~b! without the quasi-Jahn-Telle
coupling.~c! is the result of the quantum-mechanical calculation
which both the Jahn-Teller and quasi-Jahn-Teller couplings are
sidered. The transition to the Rydberg state is neglected for sim
ity.
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pling constant as well as to the relative energy position of
a1 andt2 states. In our analysis, thet2 state is estimated to b
lying 50 meV lower than thea1 state.

It is instructive to see the calculated adiabatic potentials
the core excited state for the parameter values used in Fi
The cross-sectional view of the adiabatic potential surfa
along one of the CuF bond axes~chosen asQ1) is shown in
Fig. 5~a!, where the negative direction corresponds to
elongation of the CuF bond. The adiabatic potentials for th
Rydberg states lie far above in this energy scale. Thet2
states lie 50 meV lower than thea1 state atQ150. For Q1
Þ0, the molecular symmetry is lowered toC3v from Td ,
and thet2 states split intoa1 and e irreducible representa
tions of theC3v point group.

The potential surfaces alongQ1 for two a1 states inC3v
symmetry, one originating from the 4t2 states and the othe
from the 3a1 state, are strongly mixed with each other a
show an avoided crossing due to the quasi-Jahn-Teller c
pling as displayed in Fig. 5~b! in an enlarged scale. Thi
suggests that the resonant excitation of the C 1s electron to
the molecular orbitals in CF4 will trigger a bond-breaking
molecular deformation. Furthermore, it should be noted t
the adiabatic potential surfaces are so close to each o
nearQ150 that the nonadiabatic effect becomes import
in the absorption process. This indicates that, in order
reproduce the actual line shape of the absorption spectr
one must treat the vibronic interactions not semiclassic
but entirely quantum mechanically, as has been shown
Fig. 4.

Next, we investigate the Rydberg transition lines. In co
trast to the molecular orbitals, the Rydberg states are s
tially extended and are essentially of nonbonding charac

n-
c-

FIG. 5. The cross-sectional view of the adiabatic potential s
faces in the core excited state along one of the CuF bond axes
(Q1). The branches for thee state and twoa1 states inC3v sym-
metry are drawn by the solid and broken lines, respectively. T
overall feature of the potential surfaces is shown in~a!. In ~b!, the
potential surfaces are displayed in an enlarged scale.
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so that the vibronic couplings for these states are consid
to be weak. This is seen by the comparison of the ove
spectral features of C 1s absorption in CF4 and CH4 mol-
ecules@3#. In CF4, vibrational side bands for the breathin
mode are clearly seen in addition to the sharp fundame
Rydberg transition lines at 299.5 eV and at 300.3 eV. T
experimental line shape is well reproduced by our calcu
tion.

The most remarkable feature of the Rydberg transition
the existence of a sharp dip in the lower-energy side of
fundamental absorption line. This structure reminds us of
Fano effect@16# in the absorption spectra due to the interfe
ence between discrete autoionized states and ionized
tinua. It should be noted, however, that the dip struct
appears sufficiently below the ionization threshold. In t
case, the valence orbital states broadened by the vibr
couplings take the place of the electronic continuum in
usual case. The interference between the transitions to
valence orbital states and to the Rydberg states occurs
cause of the configuration interaction in the excited sta
Such avibronic Fano effect has been observed in large a
matic molecules and called Rydberg antiresonance@17,18#.
This type of antiresonance structure has also been foun
solids @19#. There are several theoretical works on the Ry
berg antiresonance@18,20#, most of which adopt the semi
classical approximation. In the present work, the densely
tributed vibronic states serve as a quasicontinuum and
interference effect is automatically incorporated in the n
merical solution of the vibronic problem.

It has been found that the line shape around the Rydb
transition is sensitive to the mixing strengthC. It is estimated
that C50.11 eV from the fitting of the experimental dat
The line shape is also sensitive to the relative sign of
transition amplitudes to the Rydberg state and the vale
states, as it should be. In Fig. 6~a!, we compare the calcu

FIG. 6. The calculated absorption spectraF(V) for positive
value~solid line! and negative value~dotted line! of b with a fixed
value of ubu ~a!. The total absorption intensity normalized by th
for the spectrum in which the Rydberg transition is neglected
shown in~b!.
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lated absorption spectra for a positive value~solid line! and a
negative value~dotted line! of b with a fixed value ofubu. In
order to see the interference effect more clearly, we show
Fig. 6~b! the ratioF(V)/F0(V), namely the total absorption
intensity normalized by that for the spectrum in which t
Rydberg transition is neglected, with the sign ofb as a pa-
rameter. As shown here, the position of the antiresonance
changes as the sign ofb is reversed. To be more precise,
depends on the relative sign ofC andb, and from this analy-
sis we conclude thatCb.0.

IV. CONCLUDING REMARKS

In this work, we have theoretically investigated the Cs
absorption spectrum of the CF4 molecule by a vibronic
model, in which the Jahn-Teller coupling within thet2 states,
the quasi-Jahn-Teller coupling between thea1 and the t2
states, and the mixing between the Rydberg states and
valence states are taken into account. The absorption s
trum is calculated rigorously by numerical diagonalization
the vibronic Hamiltonian. For an appropriate choice of p
rameter values, a good agreement between the calculated
observed spectra is obtained.

The main band with a broad width is attributed to t
transition to the valence orbitals, and the sharp lines are
tributed to the Rydberg transition lines with their vibration
side bands. It is found that the quasi-Jahn-Teller coupl
between thea1 and t2 states plays an essential role in dete
mining the line shape of the main band, and the quantu
mechanical effect of the vibronic coupling is important. As
result of the interaction between the energetically broade
valence orbitals and the Rydberg states, the interference
tween the transitions to both states causes the Rydberg
resonance.

As can be seen from Fig. 5, theTd-symmetric configura-
tion of the CF4 molecule is no longer stable in the co
excited state. When the core electron is excited resonant
the valence orbitals, one of the CuF bonds is elongated an
the excited electron is localized to this bond, reducing
symmetry fromTd to C3v . A similar situation has been en
countered in the case of lattice deformation in the C 1s core-
exciton state in diamond@21#. As has been discussed in d
tail in a previous paper@21#, whether the conformationa
deformation fromTd to C3v symmetry occurs or not depend
on the competition between the energy gains by the local
tion and the delocalization of the excited electron. Name
the symmetry breaking deformation occurs when the
bronic relaxation energy overcomes the energy gain du
the transfer effect of the electron over four equivalent an
bonding orbitals. Aphase diagramfor the stable configura-
tion has been derived in the parameter space (e,A,B), where
e5Et2

2Ea1
. In the present case, however, theTd-symmetric

configuration is always unstable sincee,0 @13,21#.
The study of molecular dissociation under core excitat

has been a very active field of research in recent years@9,22#.
It has recently been revealed that, in some molecules,
nuclear motion leading to molecular dissociation occ
within the lifetime of Auger decay of core holes@8,9#, in
contrast to the conventional idea that the Auger decay alw
precedes the dissociation. It is expected from Fig. 5 that s
an ultrafast nuclear motion in the core excited state occ

s
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also in CF4. In fact, Neebet al. @6# and Uedaet al. @23# have
experimentally verified, by resonant Auger electron and p
toion coincidence measurement, that a certain dissocia
mode is enhanced by resonant excitation of the C 1s electron
to the valence orbitals in CF4. The theoretical analysis o
molecular dissociation dynamics of CF4 under resonant x-ray
excitation based upon the vibronic model is now proceed
and will be published elsewhere.
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