Intramolecular dynamics by photoelectron spectroscopy.
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The Fourier transform of an electronic spectrum leads to an autocorrelation function which provides
information on the propagation of a wave packet on the potential energy surface of the electronic state
reached in the transition. The formula is valid even when nonadiabatic interaction is present, i.e., when the
wave packet splits at a particular surface crossing with one part branching off to another potential energy
surface. An explicit expression of the correlation function is given for a model of several discrete states
interacting with a continuum. Closed-form solutions are given in the case of one and two resonances. A very
simple formula valid in the strong coupling limit is also derived. The method is applied to the photoelectron
spectrum of state 4 23 * of HBr*, which is shown to correspond to the strong coupling case.

I. INTRODUCTION

In 1978, Heller demonstrated that an electronic spec-
trum could be converted into an autocorrelation function
by a Fourier transform operation. ! Such a correlation
function describes the evolution in time of the wave packet
created by the Franck-Condon transition, as it propa-
gates on the potential energy surface of the electronic
upper state. More precisely, it is equal to the modulus
of the overlap integral between the initial position of the
wave packet and its instantaneous position at some later
time {. This technique thus allows a visualization of
wave packet motion on a potential energy surface and has
proven its usefulness in problems of intramolecular dy-
namics. 2** In practice, the method is limited to a time
range which does not exceed 10-% s after the initial exci-
tation. Therefore, only very fast molecular processes
taking place within the first few molecular vibrational
periods can be studied.

It is well known that nonadiabatic processes often give
rise to such ultrafast processes, 4~/ First, internal con-
versions are among the fastest processes known.? Re-
cent research has shown that they were still faster when
brought about by a conical intersection, >~ Correlation
functions pertaining to such situations have been obtained
and analyzed by Fourier transformation of a calculated
spectrum, !

The present paper is organized as follows. In Sec.
1I, we demonsirate that the validity of Heller’s formula
extends to cases for which discrete states interact with
a dissociation continuum. We then work out (Sec. I}
an analytic expression for the correlation function which
reduces to a very simple expression in the case of strong
coupling, i.e., in the case of very fast predissociations.
In Sec. IV, the predissociation of the A%Z* state of HBr*
by a repulsive quartet is analyzed and is shown to cor-
respond to this limit case.
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11. NONADIABATIC PROCESSES

A demonstration of the validity of Heller’s formula is
implicitly contained in Mies and Krauss’s paper, 8 put
this result was not explicitly stated by these authors.
Let us consider a situation (represented in Fig. 1) in
which a series of zero-order discrete states |¢,) inter-
act with a dissociation continuum | E). In the correspond-
ing predissociation problem, all the levels which are
above the dissociation asymptote are in principle coupled
with the continuum, but the interaction becomes large
only at the crossing point, or slightly below it (because
of the tunnel effect). In a model, it is sensible to intro-
duce a certain critical energy E, above which all the upper
members of set | ¢) interact with the continuum by a
coupling operator V which may result either from spin-
orbit interaction, or from nonadiabatic coupling asso-
ciated with the breakdown of the Born-Oppenheimer ap-
proximation. Direct optical transition to the continuum
states is assumed to be forbidden. The populated states
are the members of the discrete set | ¢,). Since they
are not eigenstates of the total Hamiltonian, evolution
in time takes place. As a result, dissociation proceeds.
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FIG. 1. Coupling between discrete states andadissociation con-

tinuum. The discrete states | ¢;) whose energy is above the
dissociation asymptote are in principle coupled with the con-
tinuum, but the coupling becomes noticeable only when the
energy is greater than a certain limit E ,
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What is the meaning of the Fourier transform of the
optical profile under such conditions? Below energy E
the spectrum is discrete and the eigenfunctions are given
by a set {lg,)} 0=k=n-1; E,<E,). Above E_ the spec-
trum is continuous; following the Fano-Mies-Krauss
theory, 8% we expand the eigenfunctions |¥;) over the
zero-order functions:

N +00
4= alo)+ [ B b(B) E, (I 1)
F} E¢

=n

where |¢,) is the first state coupled to the continuum.

We adopt the usual assumptions concerning coupling
matrix elements;

(pilV]gy) =0, (IL 22)
(E'|ViE)=0, (IL 2b)
(@,|VIEY=V=Cte (n=j=N), (IL. 2¢)
I=n|v|?. (IL 2d)

Thus, in the absence of any better information, we
resort to the usual agssumption of a coupling matrix ele-
ment which is independent of energy and which has the
same value for all resonances. We assume further that
only discrete states | ¢,) can be populated from the elec-
tronic ground state |0). Thus, at time £=0, the expres-
sion of the wave packet is given by®

i¢(0)>=$;Twl¢;> (IL. 3)
with
Ty ={o,|T|0), (I1. 4)
whereas
(E'|T|0)=0, (IL. 5)
where T is the dipole-moment operator.
The spectral intensity is then given by
nei
I(E)/E= ; |T,;|26(E~E;), when E<E, (IL6a)
=0
and
N 2
I(E)/E=|D_ a,(E¥T,,| , when E>E,. (I1. 6b)
Jen

Following Mies and Krauss, the expression of the prop-
agated wave packet is given by

|#®) :5; Tosexp(—iEyt/h) | p)
N 0
+Z: f dE exp(-iEt/R) ay(E*Top| ¥g) . (L 7)
n “Ego
This first term constitutes the contribution of the dis-
crete eigenstates (E<E_), whereas the second one im-
plies the continuum states (E>E.). Multiplying Eq.

(11. 3) and (II. 7), we obtain easily:

<¢<o>|¢<z>>=§'; |Tos|? expliE,t/m)

NN Vo
+ 353y 1 j; dEa, (E)a, (E}*exp(—iEt/ )

J=n Rzn
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E¢ -
(#(0)| o (t)) =f dE[}:; | Tos|? 6(E -E,)]exp(-z‘Et/ﬁ)

S0
+f dE
Ec
Comparing with Eq. (II. 8), we conclude that

(o(0)|9(t)) = ” I—(EI::—) exp(-iEt/R)dE .

N 2
D Ty, @,(E)| exp(-iEt/h) .(II. 8)

5=n

(II. 9)

This establishes the validity of Heller’s formula in a
situation where discrete states interact with a continuum.
It is thus possible to study by this method electronic re-
laxation processes brought about by nonadiabatic or spin-
orbit coupling among potential energy surfaces. A first
example has been recently studied by Koppel. !

il. EXPRESSION OF THE CORRELATION FUNCTION

We now attempt to derive an explicit expression for
the correlation function. Two methods are a priori
possible to calculate the time-dependent wave function
1¢(t)). They differ in the nature of the basis set used in
the expansion. In the first method, 1¢ the propagated wave
packet is expanded in the set of eigenfunctions of the
zero-order Hamiltonian H:

lo@) = g b,(0)exp(—iEt/R) |@;)

N
+ D by(t)exp(—iEt/B) | @)

J=n

+ f dEb(E,t )exp(-iEt/h)| E) . (I 1)
Ec
When the simplifying assumptions (IL. 2) are made,
this method leads to a set of coupled differential equations
with a very simple form

N
bult)= - 3 b4 expli(E, - E)e/n] (UL 2)

with k=n, ..., N.

These equations can be numerically integrated (e.g.,
by the Adams —Moulton method!!). Equation (IIL 1) can
be converted into a correlation function which clearly
exhibits the contribution of bound and coupled levels:

C(t)= | p(0) |9 (2)) l=| ;: |5,(0)|2exp(~iE /)

N
+ 2 b,(0y*b,(t) exp(~iE t/h) (1L 3)
J=n

Alternatively, a Fano-Mies-Krauss®® expansion in the
set of eigenfunctions | ¥ ) of the total Hamiltonian H,
can be carried out [Egs. (II.3), (II. 7), and (IL 8)]. The
correlation function then takes the form

ct)=( 806} <| 5 1702 exot-imp/m)

N N
+ Z THToldws(8)] (T11. 4)

unt Ren

where the matrix elements I,, are equal to

Lt)= ]E " 4B a(EY*a, (E)exp(-iEL/F) . (IIL. 5)
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Since a¥(E)a, (E) decreases rapidly as the energy goes
below E,, I,, can be calculated by replacing E, by - .
We can then use the theorem of residues with a semi-
circular infinite contour in the lower half plane. A few
additional details on both methods are given in the Ap-
pendix.

Three terms appear in the general expressions of the
square of the correlation function as given by Eqgs.
(ITL. 3) or (INL. 4):
C(t)* = Fy(t)+ Fy(t) + F4(t) , (IIL 6)

F, is associated with the stable levels | ¢,); it always
has the following expression:

Fit)= S‘: 2 T,T,cos[(E, - E)t/%] (M. 7)
= =
with
Ty=0,00)[*=[Ty|*. (IIL. 8)
T, and T, are thus Franck— Condon factors. F, is asso-

ciated with the resonances and Fy is the interference
term. When a single level only l¢,) is coupled to the
continuum, one has

F,=T2 exp(-2T't/K), (I11. 9)

Fy=2 }:T,Tmexp(—rt/)‘i)cos[(E,-E,)t/h’] . (I11. 10)

Thus, the contribution of the resonance decreases ex-
ponentially both with time and with the magnitude of the
coupling parameter.

When two states | ¢,) and } g, ) are coupled with the

continuum, an analytical solution is also possible. The

solution involves the Mies -Krauss parameter®
R=T/|E,-E,| =T/AE ; (1L 11)

when R <0. 5, two related quantities appear:
5=(1-4RY)1/2 (111, 12)
¢ =AEb/2K . (111, 13)

One finds that F, and Fy contain the same exponentially
decreasing factors modulated by oscillatory functions:

Fy=exp(-2Tt/B){(T, + Ts)* cos® ot
+07[(Ty — Ty)? + 16T, Ty R?] sin® ¢t
-8ROUT,T) 2 (T, + Ty) cos ¢t sin pt} , (IIL. 14)
Fy=4exp(- I‘t/ﬁ){ : T,cos[(E, + E,)/2 - E,}t/i
§=i

X[(Tq + Tg)cos ¢t — (R/b)(T‘,TB)stinzpt]} . (IIL 15)

When R> 0. 5, the solution has the same form, except
that parameter 6 is replaced by a quantity y equal to
(4R? -1)!/%; ¢ is then equal to ABy/2% and the circular
functions sin and cos must be replaced by hyperbolic
functions sinh and cosh.

The contribution of F, and Fy; may again be expected
to become negligible after a sufficient lapse of time if the
coupling is large enough. The correlation function then
reduces to VF; only, i.e., toa very simple expression
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FIG. 2. Hel (58.4 nm) photoelectron spectrum of the A T * ionic
state of HBr,

whose evaluation is immediate once the energies E, and
Franck-Condon factors T, of the unpredissociated levels
are known,

When more than two levels are coupled with the con-
tinuum, an analytic expression of F, and F; cannot be
derived, and the solution has to be calculated numeri-
cally. This has been done for various coupling strengths
T and for a number of predissociated levels equal to
six, It was observed that, the larger the number of
resonances, the smaller the contribution of F, and F;
and the sooner m becomes equal to the genuine cor-
relation function.

The physical significance of a situation in which C(¢)
is practically equal to VF,(t) already at the first reso-
nance is then clear. The wave packet is initially prepared
in the Franck-Condon zone. After it has gone through
the nonadiabatic coupling region (i. e., after half a vi-
brational period), it splits into two parts. The first
part, which results from the superposition of low-energy
vibrational bound states, remains trapped in the attrac-
tive potential. The second part of the wave packet is
made up of high-energy components coupled with the
continuum. After undergoing a nonadiabatic transition
to the repulsive state, it travels away along the dissocia-
tion asymptote.

IV. PREDISSOCIATION OF STATE A *Z* OF HBr*

The photoelectron spectrum of state A2S* exhibits a
sequence of four narrow vibrational peaks followed by at
least four broader maxima (Fig. 2). Several previous
experimental studies'?"'® lead to the conclusion that
state A?Z* is predissociated by a repulsive ‘Il which
correlates with the first dissociation asymptote (viz. ,
Br"'(3P2)+ H(®S) at 15.594 eV). The crossing presumably
takes place between the fourth and fifth vibrational lev-
els of state A Z*. With the definitions given in Eq. (II. 2),
the width of a broadened peak (FWHM) is equal to 2I" and
the lifetime 7 to 7#/2T". A rough measurement led to ap-
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TABLE I. Energies (in eV) and intensities of the vibrational
levels of state A *=* of HBr*. Intensities are determined by
measuring the peak areas and not the relative heights, Asa
result of peak overlap, the values given for the predissociated
levels (v’ =4 to 8) are not very accurate, It is, however, not
crucial since these levels do not appear in the strong coupling
limit formula,

Vibrational level Energies Franck—Condon factors
0 15, 288 0.09
1 15,463 0.16
2 15,607 0.19
3 15, 748 0,14
4 15, 89 0.11
5 16,05 0,10
6 16,17 0,08
7 16, 26 0.07
8 16, 34 0, 06

proximate values of I'~0. 025 eV and 71, 5x10!4 s,
The lifetime is thus estimated to be of the order of a half
vibrational period. This value of 7, when introduced into
the Landau-Zener formula together with a reasonable
estimate of the slopes leads to a value of the electronic
coupling matrix element V*! =(*lI|H*°|2Z*) equal to about
0.14 eV. The matrix element V*! should not be confused
with the V of Eq. (IL. 2) which is the total interaction ma-
trix element, thus including the nuclear part. The value
of V*! is high, but not unreasonable. The probable elec-
tronic configurations at the crossing point!¢ . .. (70)}(80)!
X (47)* for A%Z* and ... (70)%(80)! (47 )*(90)! for *TI differ by
a single spin orbital. In addition, the presence of a bro-
mine atom brings about a large spin-orbit coupling con~
stant ({4 =0.3 eV for the Br atom).

The corresponding correlation function is represented
in Fig. 3. It is characterized by a rapid decrease fol~
lowed by three recurrences whose maxima are all approx-
imately equal to 0. 5. This suggests that the situation
corresponds to the limit case described in Sec. III,

i.e., that the correlation function is given by vVF,{f)
with F, given by Eq. (IIL 7). This implies that the wave

Clt)

1
20

FIG. 3. Correlation function of the A ’Z* state of HBr*. Dot—
dash line: Fourier transform of the experimental photoelectron
spectrum, Dashed line: same after correction for finite energy
resolution. Solid line: same after correction for rotation.
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FIG. 4. Comparison between experimental and theoretical
correlation functions of state A °Z* of HBr* in the strong coupling
limit, Dashed line: experimental function (the same as in Fig.
3). Solid line: calculated function [using the square root of

F, given by Eq, (I, D).

packet splits into two parts after going across the non-
adiabatic coupling zone, i.e., after atime equal to one-
half vibrational period. One part flies away to infinity,
whereas the bound part, which remains trapped in the
attractive potential is responsible for the recurrences
of the correlation function. However, state A*Z*is
known to be strongly anharmonic (w,=1452 cm"; WeXq
= 52 cm’i). As a result, very conspicuous flattening
and deformation of the wave packet take place, as
shown by the correlation function, whose maximum height
at the recurrences slightly decreases while evidence

of distortion progressively shows up.

This simple interpretation is correct, as shown by the
excellent agreement between the experimental correlation
function (Fig. 3) and the square root of Fy, as given by
Eq. (II. 7) (Fig. 4). The energy levels and Franck—
Condon factors are reported in Table I.

V. CONCLUSIONS

The excellent agreement between the calculated and ex-
perimental results asserts the validity of the qualitative
picture according to which the first four vibrational levels
of state A2Z* are not predissociated within the time scale
of our experiment, whereas the upper levels are strongly
coupled to the continuum with a very short lifetime of the
order of one-half vibrational period. Numerical studies
of Eq. (II. 6) with energy levels and Franck—Condon fac-
tors adjusted to the present case led to a value of I at
least equal to 0. 027 eV, in excellent agreement with the
approximate value (0. 025 eV) deduced in the previous
section from the width of the broadened peaks.

This spectroscopic language is entirely equivalent to
the dynamic picture of a wave packet splitting into two
parts after having crossed the nonadiabatic coupling
zone. However, the study of the correlation function
reveals aspects which are absent, or at least not very
obvious in the energy spectrum: the further evolution
and deformation of the trapped part, which can be vis-
ualized in a very pictorial and appealing way.

The problem may be trivial for a diatomic molecule,
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but becomes much more interesting in a polyatomic mol-
ecule. In practice, it is not easy to decide whether a
predissociation is purely electronic or purely vibra-
tional. !" In actual life, the predissociation of a polyatom-
ic molecule involves coupling processes where both kinds
of degrees of freedom play a role. For a polyatomic
molecule undergoing a nonadiabatic process, there is no
such thing as a crossing point, but rather a seam, a line,
a locus whose energy is a function of the nuclear coor-
dinates. Thus, electronic predissociation is most effi-
cient in particular nuclear geometries, i.e., when one
or several particular normal modes are excited.!® The
same idea can be put forward by saying that energy gaps
are “modulated” by the excitation of totally symmetric
modes®*!? The correlation function method, which has
been tested here in a simple case should be adequate for
a study of more complicated coupling schemes. This
will be attempted in a forthcoming paper.
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APPENDIX

In the Appendix, we derive the analytical expression
of C(t) by the two methods mentioned in Sec. III, in the
case where two resonances E, and Eg are coupled to
the continuum,

(A) When 1¥(¢)) is expanded in the set of eigenfunc-
tions of H,, C(t) is given by Eq. (IIl. 3), and one has to
solve the coupled equations (III. 2) with N=n+1,

It is convenient to make the following substitution?:
Ay, ot)= by g(t)exp(-iE, zt/F) . (A1)

Equations (III. 2) may then be written in matrix form:

6 cos ¢t +isinpt

9 = exp{—[2T + i(E, + E,))t/2} o

3723
i(t)=-i/naa(t), (A2)
where a(t) is the column vector
a,(t)
as(t)
and @ is a symmetric, non-Hermitian constant matrix:
G- E, -iT - (A3)
-i E, -il

@ is diagonalized by a complex, orthogonal but not uni-
tary matrix 8, so that

sasl=A.

After multiplication by 8§, Eq. (A2) can be written:
si(t)=-i/ns@s1a(t)

from which one gets:
sa(t)=exp(~iAt/R) a(0)

or equivalently:

a(t)=Ma(0)=Mb(0) (A4)
with

9 =81 exp(—iAL/F)S . (A5)
The eigenvalues of @ are

A,p=(Eq + Eg + AES)/2 —iT (A86)

with 6 and R defined, respectively, by Eqgs. (III. 12) and
(IT1. 11). We shall give details of calculations for § real,
i.e., 2I'<AE which corresponds to the most widely en-
countered situation. Nevertheless the case 2I'> AFE will
be discussed in part B of this Appendix. Starting from
the eigenvalues (A6), the orthogonal nonunitary matrix

$ is easily obtained:

a/(l + az)l /2

1/(1+a2)1/2

B/(1+Bz)1/2
1/(1+82)I/2

(A7)

with @ = - 2¢R/(1 + 8) and 8= -2iR/(1 - 6).
tion (A5), one gets after some algebra:

From defini-

—2—6}1 sin ¢t
(A8)

b cos ¢t —isin ¢t

_251_?_ sin ¢t

or M = exp{~[2T +i(E, + E;)]¢/2k}M’ with ¢ given by Eq.
(IIL. 13).

After substitution of (A8) into (A4) and (Al), one ob-
tains b,(f) and b,{¢), so that Eq. (IIL. 3) becomes

Ccit)= ‘2 T, exp(-iEt/h) + exp{- [2T +i(E, + E,)t)/ 2k}

[T I0{, + Ty, + 2(T o Tp) /290, ] (A9)

5

|
with T;=15,(0)|2, which then leads to Eq. (IIL 6).

(B) An alternative way to derive C(¢) consists in ex~-
panding | ¥(¢)) in the set of eigenfunctions | ¥g) of Hr;
C(t) takes the form given by Eq. (III. 4).

One has then to calculate the symmetric matrix I,,(¢)
whose elements are defined by Eq. (III. 5). Let us re-
mark that, at time /=0, this matrix is equal to the unity
matrix, so that the following relation results:
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D Tondk(0) =Ty . (A10)

Mies and Krauss® have derived the analytical expression
of the a,(E):

aB)= 2 EL 7()

with Z(E)=[1+iA(E)]" and

(A1)

N
A(E)=n Z,: |V, (E)|%/(E~E,).

Taking account of the simplifying hypothesis of Eqgs.
(I1. 2), I,,(t) becomes, after substitution by Eq. (Al1),

N
r (E-E)NE-E,) ) (E-E,fexp(-iEt/K)
l,,,(t):;r—de Ll ,

dE-2)

E)

(A12)
where A; are the complex roots of the following 2N degree
polynomial P(E) given by

} N

N N 2
P(E):H(E—E,)2+ r? [}: II & —E,)] ,

T ]
which is the same for all the I,,().

Each I,,(¢) may then be evaluated by contour integration
in the complex plane. The contour coincides with the in-
finite half-circle across the negative imaginary axis.
The residues are therefore multiplied by (- 27i). The

only difficulty of the method is the calculation of the com-
plex roots A; which requires a great numerical precision.

If there are only two resonances E, and Ez, the four
complex roots of P(E) depend on the parameters 8 and R
defined by Egs. (ITL. 12) and (III. 11). Two cases must be
distinguished according to the real or imaginary charac-
ter of 6. In the real case corresponding to 2I'<AE, one
gets:

M,o=(E,+E3+AES)/2 -iT |
A3, = (E, + Eg £ AES)/2+il,

Ay, Only are located inside the integration contour. 20
Evaluation of the two residues leads to:

I,.(8)=B(t)(5 cos ¢t +isinet),
Lg(t)=B(¢)(5 cos ¢t —isingt),
I5(t)= - B@#)(2T'/AES)sin ¢t ,

with B(t)= exp{- [2T + i(E, + E,)}t/2K}/5 .

(A13)

Dehareng et a/.: Intramolecular dynamics. ||

In the case where § is imaginary, i.e., 2I'> AE, the
same form is obtained but 6 is replaced by a quantity y
= (4R% ~1)!/2 and the cos and sin functions by cosh and
sinh.

After substitution of Egs. (A13) into Eq. (III. 4), the
final expression (III. 9) is again recovered.
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