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Interferometric Line Shape Modulation in Alkali-Halide Photoabsorption
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An ab initio calculation of the photoabsorption spectrum of ground state LiF below the ionic
Li* + F~ threshold predicts a periodic modulation of the predissociation line shapes. Specifically,
we predict a periodic reversal of Fano’s line shape asymmetry parametdn this case, reversal
of the ¢ parameter occurs because of the interference of vibrational wave functions propagating
alternatively along diabatic and adiabatic potentials. The interference modulates the predissociation
spectrum giving rise to both extremely long-lived resonances and broad window resonances. These
anomalous resonances occur periodically on an energy scale greater than the Rydberg energy spacing
and are finite in number. [S0031-9007(99)08649-4]

PACS numbers: 33.20.-t, 34.50.-s, 34.60.+z

A simple and intuitive picture of vibrational predis- from phase differences accumulated along various disso-
sociation in molecular systems emerges when a repukiation pathways. This interferometric periodicity gives
sive Born-Oppenheimer electronic potential energy curveise, for energies corresponding to destructive interfer-
crosses a second electronic energy curve that supporgsce, to very long-lived vibrationally hot and rotationally
bound vibrational levels. A curve crossing of this type cold molecules [4].
occurs for the lowestS * states of the alkali-halides, as  Our calculated photoabsorption spectrum of the ground
depicted in Fig. 1 for the specific case of lithium fluo- rovibrational level of LiF is plotted in Fig. 2(a) in an
ride (LiF) [1,2]. The ground electronic state of LiF has energy range between the covalent and ionic thresholds.
an ionic configuration, resulting in a potential curve thatTo obtain this cross section, we have developed a multi-
tends (diabatically) td.i* andF~ at infinite separations. channel algorithm which treats separately the long-range
The covalent configuration, on the other hand, is insuffi-and short-range physics. It relies on propagating solutions
cient to bind the molecule, and yields a relatively flat po-of the coupled-channel Schrédinger equation through the
tential curve that tends to the energy of the neutral grounghort and intermediate internuclear regions [5] where
state atoms at infinite separation. The gap (of roughlynost of the complicated interactions occur. For large
2 eV) between the ionic and covalent energy thresholdsternuclear distances, where the potentials take on simple
results from the energy difference between the ionizatioiorms, highly accurate, analytic multichannel quantum-
potential of Li and the electron affinity of F. defect theory (MQDT) [6—8] wave functions that de-

The long-range, attractive Coulomb potential in thescribe either ionic or covalent dissociation are employed.
ionic channel results in a single Rydberg series of vi-The spectrum in Fig. 2(a) is obtained upon calculating
brationally bound levels that follows the usual Rydberg
progression with energies proportional ¢@*) 2, where 0.1
n* is the effective principal quantum number [3]. Those
members of the serie@47 < n* < «) which lie above

the Li + F threshold predissociate through coupling to the : 0.0

covalent channel. This situation is similar to the autoion-

izing electronicRydberg series common in atomic spec- & 4

tra. Here, however, the large reduced mass (9265 a.u.\§ -0.1p E

associated with vibrational motion results in striking = 1

departures of the photoabsorption spectrum from more & 1
5 -0.2F 3
5 .

familiar two-channel atomic autoionization spectra.

In this Letter we (a) report on a quantum mechani-
cal calculation of predissociation in LiF, (b) demonstrate
that this two-channel system possesses a rich spectroscop o 5 10 15 20
reminiscent of interloper effects in atomic autoioniza- Internuclear Separation, R (a.u.)

tion spectra, and (c) show that the complex spectrum reIEIG. 1. LiF'S" molecular potential energy curves: solid line,

SU|tS_ from ‘n?m interference be_tween alternafuve pathwayﬁiabatic representation; dashed line, adiabatic representation.
to dissociation. Inteferences in the production of neutralrhe inset shows an enlargement of the adiabatic avoided

atomic fragments as a function of photon energy resultrossing region.
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4 nance has a Lorentzian profile, whilega= 0 “window”
(a) resonance appears as a symmetric dip. A positive (nega-
tive) value of ¢ indicates that the intensity of the line
rises (falls) as the energy is increased frems= 0. The
parametrization of resonance profiles with a single
parameter is also well known in solid-state physics [12],
in scattering from semiconductor surfaces, and for the
interpretation of giant resonances in nuclei [13].

Typically, two-channelatomic spectra, in which a
bound series interacts with a single continuum, are char-
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03000 55000 7000 59000 53000 acterized by a series of resonances v_wth slow]y varying
Photon Energy (cm™) values. In contrast, the sign qf in Fig. 2 varies peri-
) X odically through the spectrum. Close examination of the
(b) figures shows thay changes sign twice per cycle; one

sign change occurs at each of the extremely narrow lines,
and these are interspersed with zerogyahat occur at
symmetric dips (window resonances).

The periodicity of the spectrum is also apparent when
the delay time, shown in Fig. 3, is plotted in the same en-
ergy range as in Fig. 2(b). (The delay time is proportional
M to the derivative of the phase shift in the covalent channel

j with respect to energy [14].) The peak of each Lorentzian
o ‘ profile gives twice the predissociative lifetime of the reso-
54000 54500 56000 nance. Although not shown, the narrowest resonances,
Photon Energy (em™) appearing as vertical lines, have lifetimes of hundreds of
FIG. 2. Photopredissociation spectrum from the ground rovipicoseconds.
brationa' level of LiF; (a) shows the envelopt_e of the SpeCtrL.Im, Reversals in the sign Qj are common in atomic spec-
while (b) shows an expanded view of a typical energy regiofy, -\ here they indicate the presence of interloping (or
demonstrating thg reversal of the line shapes. perturbing) states within a Rydberg series [15-17]. Ex-
amples of interloper interactions in atomic spectra are

dipole transition matrix elements between the initialfound in the comprehensive review by Aymetral. [18].
ground state wave function in the diabatic ionic poten-Giusti-Suzor and Lefebrve-Brion [17] examined the cou-
tial curve and the final dipole-allowed, coupled-channepling of two discrete series of levels with a continuum
wave function. The electronic part of the transition dipoleand showed that the parameter contains both a pole and
matrix element is taken from Ref. [1]. We will describe & zero as a function of energy [19]. At the pole, the width
an outline of the theory below; details will be presentedof the resonance vanishes and a bound state is created in
elsewhere [9].

Three features of the spectrum are apparent. On
average, the spectrum gently rises and falls over the o ; ' ' T]
energy range shown, a feature that can be attributed to [ ]
the overlap of initial and final vibrational wave functions. Br
Second, this broad background is comprised of a single
series of resonances [10] whose energies approximately
follow the expectedn*)~2 Rydberg progression. Third,
the shapes and widths of the individual resonance profiles
vary systematically, resulting in a periodic modulation of i ]
the average intensity. The line shape variations are more 2r ] 5
apparent in the narrower energy range of Fig. 2(b). 1

The profiles of the individual resonances are expected, ol Aaak, M L]
within the configuration interaction picture [11], to have OO O gy (e 38 008
the Fano line shape,
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) FIG. 3. Delay time of the predissociating states in picosec-
(g + ¢ 1) onds over the same energy region as Fig. 2(b). The energy

1+ €2 in atomic units is measured relative to the ion-pair formation
) ) ) threshold. The ionic dissociation energy is 0.28743 a.u. The
wheree is a scaled dimensionless energy parameter thaharp resonances are truncated in the figure, but have lifetimes
vanishes at the center of the resonance. A largeso- of the order of tenths of nanoseconds.
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the continuum. At the zero, the resonance appears asrange parameters show regular modulations with the same
dip or window in the spectrum. periodicity as the spectrum discussed above. Note, in
Alkali-halide photoabsorption is a novel process inparticular, that the very narrow resonances occur in the
which ¢ reversal occurperiodicallyandin the absence of vicinity of the zeros ofiS{,|>. At energies for which the
perturbing levelss a consequence of interference betweemixing angle tends to 0 otr/2 the channels become
alternative pathways to dissociation. The emergence ddffectively decoupled, and Rydberg states in the ionic
the periodicity is here traced to coupling between the ionigotential are stabilized against predissociation. The zeros
and covalent channels at distances less than the crossingaff |S7,|> do not occur precisely on resonance; such an
the diabatic curves shown in Fig. 1. To this end, a shortaccidental degeneracy would result in a true bound state of
range scattering matri’, unique to MQDT, is determined zero width and infinite cross section (and correspondingly
without imposing long-range boundary conditions on thenfinite ¢). We note that the two terms in Eq. (6) oscillate
solutions. As shown below§* is smooth on the energy nearly in phase, but it is the first term that actually passes
scale of the Rydberg spacing but has the same periodicitynrough zero on each cycle.
as the line shape asymmetry parameter A simple interpretation ofS},|> emerges from a semi-
Linear superpositions of analytical solutions of classical analysis of propagation in the two potentials of
Schrédinger’s equatiory;;(R) andg;(R), in the covalent Fig. 1, based on a Landau-Zener analysis [20] of the curve
(j = 1) and ionic(j = 2) channels are matched to the crossing. Standard texts [21] show that the probability of
multichannel solutions¥;, to determine a short-range a transition between the two adiabatic states, evaluated in-
reaction matrixk* defined by side the turning point of the ionic channel, is given by

Py, =4p(1 — p)sirt A, (7)

whereA ¢ is related to the difference in phases accumu-
lated along adiabatic and diabatic paths and wheisethe
single-pass Landau-Zener diabatic transition probability at
dhe crossing. Py, is the semiclassical equivalent ;5 |2

as is demonstrated in Fig. 4(a), where the semiclassical re-
sult is represented by open diamonds. The envelope of

W = > O[fi(R)S; — Kjig;R)], R>R,. (2)
J

where ®; is the electronic wave function in channgl
The matching is done at an internuclear separafgn
that lies between the crossing of the potential curves
R = 13.3 a.u. and the outer turning point in the ionic
channel over the energy range of interest. Héfé,is
represented by its eigenvalues tan, and eigenvectors
U. For a two-channel systen/ is parametrized by a
mixing angled,

v = @)

The short-range matriX* is related to the phase shift
in the covalent channel by
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wherev is related to the binding energyand the reduced Energy (a-u.)
massM by the Rydberg formul& = —M /2(v)>. 0.67 . ; : ;
. . m r (b) ]
The eigenquantum defeciqe;, u>) and the mixing 2 oub ]
angle # vary smoothly with energy on the scale of the § [ \\4
Rydberg spacing//(n*)?, unlike the physical phase shift 2 0.2f ]
8. These smooth parameters can be used to define ashort-3 _, J
range scattering matrix, g ; ]
o -0.2 5
S* =1[I + iK*][I — iK*]", 5 £ .
el O g N\A :
where I is the identity matrix, so that the short-range = _ I . . .
scattering probability between covalent and ionic chan- -0.046 -0.037 -0.028 -0.019 -0.010
nels is Energy (a.u.)
FIG. 4. (a) The short-range scattering probability; the solid

IS5,1> = si? 20 sir? (1 — o). (6)

The short-range scattering probability of Eg. (6) is

Landau-Zener probability.

line is the MQDT calculation, and the open diamonds are
the semiclassical form. The dashed line is twice the average
(b) The eigenquantum defects

shown as the solid line in Fig. 4(a), while the two (the discontinuities simply refiect quadrant changes in the

eigenquantum defects are shown in Fig. 4(b). These shogigenvalues ok*).
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