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Regular and irregular vibrational states: Localized anharmonic modes
and transition-state spectroscopy of Na 5

Nicholas J. Wright® and Jeremy M. Hutson®
Department of Chemistry, University of Durham, South Road, Durham, DH1 3LE, United Kingdom

(Received 10 November 1999; accepted 24 November)1999

We have calculated the lowest 900 vibrational energy levels and wave functions for the quartet
(1%A}) state of Ng. The equilibrium geometry of the trimer is triangular, but the calculations
include many states that lie above the barrier to linearity. Most of the high-lying states are irregular,
but there are a few relatively localized states embedded in the irregular bath. The localized modes
observed include a “horseshoe” mode and a symmetric stretch centered on the linear transition
state. The density of states and couplings are such that in most cases the “horseshoe” character is
spread over several bath states, while the symmetric stretch states exist in a purer form. The
localized states could be observed in laser-induced fluorescence, stimulated-emission pumping or
ion photodetachment spectroscopy from a state with a linear equilibrium geometr00®
American Institute of Physic§S0021-9606)0)00807-2

I. INTRODUCTION tude was concentrated about the linear transition-state
configurationt* For Arg,** as for Hj ,*>2°the regular nodal
The vibrational energy levels of polyatomic molecules patterns were shown to be localized around the trajectories of
govern many important chemical processes. The wave fungtable periodic orbits.
tions and level distribution reflect the underlying structure of ~ Highly excited states of Armay be difficult to observe.
the phase space for the molecule. Because of the chaotitowever, there are other systems that are more amenable to
nature of the phase space at high energies, the high-lyingxperiment. For example, Higgiret al'® have recently ob-
vibrational states might be expected to be irregular. It haserved laser-induced fluorescence spectra of quartet states of
been found in several studies, however, that this is far fronNa; on the surface of helium droplets. They excite from the
the case: Some states in the “classically chaotic” region ardowest quartet state (A5), which is bound principally by
strongly localized, with wave functions that exhibit regular van der Waals forces, to thé R’ state. When the zero-point
nodal patterns and do not sample all of the available phasievel of the ZE’ state is excited, the resulting fluorescence
space. Previous studies off HH°LiCN,” KCN® and A®~*'  spectra probe levels of the lowest quartet state with up to 350
have identified several different localization features, whichcm™* of vibrational energy. The “E’ state has a nonequi-
have been termed “localized anharmonic modés.” lateral geometry because of the Jahn—Teller eff&btinitio
Prominent amongst the localization features observed ipotential energy surfaces have been computed and bound-
H; and Ay, are the so-called “horseshoe” states. These corstate calculations performed to assign the transitions
respond to a motion in which the molecule passes from oneneasured®!’ The calculated potential energy surface for the
equilateral triangle geometry to another equivalent one: ontwest quartet state is highly nonadditive.
atom moves between the other two, with the two outer atoms  The computational method used in Refs. 16 and 17 is
moving apart to make way for it. Classical calculations bysuitable for low-lying states, but would be very difficult to
Gomez Llorente, and Pollék suggested that these statesconverge for horseshoe states. The purpose of the present
were responsible for the coarse-grained features in the Hwork is to carry out calculations on the higher-lying states, to
photofragmentation spectra of Carrington and Kennddy. assess the role of localized anharmonic modes and suggest
Further studies by Le Sueur, Henderson, and Tennysohow they could be observed.
showed that horseshoe states corresponded to intensity peaks
in the calculated spectra for excitation from the ground
state? In calculations on Ay, the regular nodal patterns of
the horseshoe states were clearly visible in the wavél. THEORY
functions? ! and it was also possible to identify a “linear

symmetric stretch mode,” where the wave function ampli- The theoretical methods used in this work are identical

to those used in Ref. 11. A more detailed description can be
) " - cn . bfound there.
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(where atom B is the heavier of B and C if they are differ-the grid of basis functions to be tailored to the region of
end. The vectorR of lengthR runs from the center of mass interest. In addition, the DVR Hamiltonian matrix is very
of BC to atom A.# is the angle betweenandR.We use a sparse, so that it can be diagonalized efficiently using an
discrete variable representatidBVR)*®!° to describe the iterative diagonalizer. In the notation of Choi and Light,
wave functions. The DVR is advantageous because it allowthe DVR Hamiltonian matrix elements are
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The first two terms are the kinetic energy operators assoctom” nuclei, which has the effec#— 7— 6. Use of the Ja-
ated with the two radial coordinateR,andr, the third term  cobi coordinate system effectively reduces the molecular
is the angular kinetic energy, the fourth term contains thesymmetry group tcC,,(M). The Hamiltonian matrix splits
centrifugal term and the Coriolis coupling, and the final terminto two blocks, symmetric and antisymmetric with respect
is the potential energy. The transformation matrideare  to the permutation. In terms of labels Bf;,(M), the even
labeled by superscriptR, r, andK  to indicate the coordi- block containsA; and E (component 1 and the odd block
nate that they refer to. Greek suffixes refer to DVR pointscontainsA, andE (component 2 The even symmetric block
and Roman suffixes to functions in the corresponding finitecontains only functions with even in Eq.(2) and the odd
basis representation. The reduced magsgand u, corre-  block contains only functions with odd.
spond to the complete complex NR,/3 herg and the dia- We obtain the eigenvalues and eigenvectors of the
tom (MpJ/2 herg, respectively. All calculations in the Hamiltonian matrix using the implicitly restarted Lanczos
present work are fod=0, so that the centrifugal term and method(IRLM) as described by Sorens&t> The method
the Coriolis coupling are zero. does not require explicit construction of the Hamiltonian ma-
The nth wave function of the system, with parityand  trix; only matrix-vector products involving the Hamiltonian
total angular momentund, may be expanded in the finite are needed. This allows diagonalization of matrices far larger
basis representation as than could be stored in computer memory. To improve the
convergence rate of the IRLM scheme we use the Chebychev
polynomial preconditioning scheme described by Koram-
PR, 0)=R ! —12 cifkn OR(R)@(r)P[(cosh), (2)  bath, Wu, and Haye¥.

where the funct|on§>| (cos&) are associated Legendre poly- || pOTENTIAL ENERGY SUREACE

nomials. The functlons¢I (R) and ¢>J(r) are potential-

optimized basis functions iR andr. These are obtained as In this work we use the potential of Higgiret all’ to

solutions of one-dimensionallD) Schralinger equations describe the 4A} state of Ng. This potential was obtained

with one-dimensional effective potentials for the motions infrom a grid of coupled-clustdiCCSIO(T)] calculations with a

R andr. The effective potentials are constructed in the samdarge basis set, interpolated using the reproducing-kernel Hil-

way as in Ref. 11. From these 1D functions the DVR quadrabert space scheme of Ho and RaBiZThe potential has a

ture points are obtained using the method of Harris, Engerglobal minimum at—849.4 cm !, with the atoms in an equi-

holm, and GwinnHEG).? lateral triangle configuration 4.41 A apart. The barrier to lin-
The molecular symmetry group of Nis D3,(M). The  earity is at—385.3 cm (464.1 cm'* above the minimum

only symmetry operation that appears naturally in Jacobi cowith r=5.10 A. Comparison with the corresponding Na—Na

ordinates, however, is permutation of the labels of the “dia-pair potentiaP® which has R,=5.192 A andD,=177.7
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FIG. 1. The vibrational eigenvalue distribution for th&AL state of Ng.
The density of states is the gradient of the curve.

cm 1, shows that large nonadditive effects are present in
Na; and that they are especially prominent at the equilibrium
geometry.

The large nonadditive contribution to the Npotential
energy surface makes its shape qualitatively different from
that for Ar;, where the nonadditive effects are small and can,
to a good first approximation, be neglected. The nonadditive
forces significantly decrease the Na—Na distances at the
equilibrium configuration when compared with both the

A, /E no. 239 (NS

dimer and the linear configuration.
Y —3727em §
IV. RESULTS AND DISCUSSION 3 : : : : : :
0 1 2 3 4 5 6 7

We have calculated the lowest 906-0 energy levels
and wave functions of Na(1%A}). The DVR basis set was
constructed from 28 points i@, 40 points inR and 38 points
in r. The 40 points irR were obtained by integrating the 1D FIG. 2. Vibrational wave functions of quartet Naplotted in Jacobi coor-

Schr"cdinger equation from 0 to 10 A. The quadrature pointsdinates as a function dR andr for #=90°. The dotted line shows the
boundary of the classically allowed region at the energy concerned. Solid

in r were obtained Slm"ar_ly' propag_at!ng from3 to 12 A. and dashed contours show positive and negative values of the wave func-
Our present calculations are limited to the lowest 900tion. Contours are for 0.64, 0.32, 0.16, 0.08 and 0.04 of the maximum

states by memory restrictions. However they provide onemplitude.

over 400 energy levels above the barrier to linearity, which is

sufficient to examine the dynamics in this region. The differ-

ence between the energies of the corresponélingvels in ity because a significant amount of extra phase space be-

the even and odd symmetry blocks can give a measure of theomes available at that poiht.in quartet Ng, by contrast,

convergence of the calculation. For Nauch a comparison is no such sharp increase is present. In this system the much

only possible for the lowest 400 levels or so and indicategleeper well provides more phase space below the barrier, so

that our calculation is converged to approximately 0.5 ém that the extra encounted on reaching the barrier to linearity is

in this region(though much better near the bottom of the less significant.

well). For higher levels the density of states is simply too  Selected vibrational wave functions for Nare shown

great to be able to identify the corresponding components adis contour plots in Figs. 2—4. Although the wave functions

E levels from the two symmetries. Although the calculationare functions of three coordinates, they are presented here as

is not of spectroscopic accuracy above the barrier, we believeuts at fixedd as this provides the clearest representation for

that the properties we are interested in, the localization feathe present study.

tures present in the wave functions, will not be significantly It is possible to assign the lowest vibrational levels of

altered by increasing the convergence of the calculation. quartet Na in terms of the normal mode quantum numbers
The cumulative energy level distribution is shown in of a D3, molecule. Such an assignment can be made from

Fig. 1; the density of states is the gradient of this. A similarvisual inspection of the wave functions up to approximately

plot in Ar; shows a sharp increase near the barrier to linear—480 cm* (~300 cm'! above the ground stateAbove
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FIG. 3. Vibrational wave functions of quartet Naplotted as in Fig. 2.
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normal-mode quantum numbers. These are usually pure
overtones or combinations with only 1 or 2 quanta of exci-
tation in one of the modes. For examphg,/E state number
131 is shown in Fig. @) and is clearly a state with 9 quanta
of excitation in the asymmetric stretch mode. This behavior
persists up to the barrier to linearitd; /E state number 239,
which has 10 quanta of excitation in the symmetric stretch
mode and 1 in the asymmetric mode, is shown in Fig) 2
and is the last that is assignable in this way.

The horseshoe states previously observedjnad Ar
are also present in NaThey are however present in a much
less “pure” form. The larger barrier in Nameans that there
are many more energy levels below the barrier than ig. Ar
At the barrier the density of states is already about 3 states
per cm ! in Nag. This large density of states means that the
localization features that are present above the barrier have
many more “bath” states to couple to, so that their features
are spread over many more eigenstates.

A complete assignment of all the horseshoe states based
on inspection of their wave functions, which was achieved
for both H; and Ag, is not possible for Na The best
example of a horseshoe state insN& shown in Fig. 8).

The horseshoe features are clearly visible and, with careful
counting, this state can be assigned as having 20 quanta of
excitation. However it is far from typical. The state shown in
Fig. 3(b) is much more representative. By comparison with
the typical bath state shown in Fig(c3B, it clearly has some
horseshoe character. However the nodal structure<ar A

has no regularity; the nodal planes are no longer perpendicu-
lar to the path of the horseshoe motion and any quantum
number assignment is fraught with uncertainty. This con-
trasts with Ag and H; , for both of which the horseshoe
states show clear localization features across the whole range
inr (andR).

The horseshoes are not the only regular states above the
barrier. Indeed, the linear symmetric stretch states exist in a
purer and more localized form than the horseshoes. Figure 4
shows states with quantum numbers=0-3 in this mode.

As in Hy and Ar;, states corresponding to combinations of
the linear symmetric stretch mode and the horseshoe are also
visible.

It is of great interest to consider how the localized an-
harmonic modes could be observed experimentally. Their
characteristic feature is that they all show regular behavior
around the barrier to linearity: they are in a real sense
“transition-state modes.” In K, Le Sueur, Henderson, and
Tennysofi showed that horseshoe states produced intensity
peaks in spectra involving direct excitation from the triangu-
lar ground state. This may be true in quartetda well, but
the intensities are likely to be very low. A more promising
approach is to access the transition-state modes from an ex-
cited electronic state, using laser-induced fluorescence or
stimulated-emission pumping. The localization features
might be visible in transitions from the*E’ state already
observed, which has a nonequilateral geometry because of

this energy the regular nodal patterns in the wave functionthe Jahn—Teller effect. However, they would be most promi-
begin to disappear, making such an assignment impossiblgent in emission from a state with a linear or near-linear
and to some extent meaningless. Even in this region, howgeometry. Alternatively, transition-state spectra could be ob-
ever, a few of the states remain assignable in terms aferved by photodetachment from a state of the anion with a
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FIG. 4. Vibrational wave functions of quartet Neor states involving excitation in the linear symmetric stretch mode, plotted as in K@—2d) States with
ns=1-4 quanta of stretch excitation.

linear equilibrium geometry. Unfortunately, not enough Localization effects such as these will not be confined to

work has yet been done to establish whether such lineaguartet Ng. They may be expected for any trimer with a

states exist for quartet Naor triplet Ng; . triangular equilibrium geometry and an accessible linear
To investigate how the localized anharmonic modedransition state. Indeed, analogous localization features cen-

would appear in transitions from a linear species, we havéered around transition-state geometries may be found for a

calculated the overlap between each vibrational wave funcmuch wider range of species and geometries.

tion and a function localized @&=0 and 6=90°, with a

Gaussian profile in (center_ed §t=9.75 A with Wldth 0.5 V. CONCLUSIONS

A). The results are shown in Fig. 5, both as a stick spectrum

and smoothed by convoluting with a Gaussian of width 0.4  We have calculated vibrational energy levels and wave

cm™ 1. The individual states give widely varying intensities, functions for the lowest quartet {A}) state of Ng. The

because the localized character is usually spread over severjuilibrium structure of this species is triangular, but the

eigenstates. Nevertheless, the localized modes do give rise ¢alculations extend to states well above the barrier to linear-

fairly regular progressions in the low-resolution spectrumiity.

and these might well be experimentally observable. With the  In quartet Ng, as for H; and Ar, most of the states

aid of visual inspection of the wave functions, the peaks inabove the barrier are irregular in nature; they fill all the en-

the low-resolution spectrum can be assigned to progressioregetically available configuration space and their wave

in the horseshoe mode for different excitations of the lineafunctions have no obvious nodal pattern. However there are

symmetric stretch as shown by the “combs” in Fig. 5. regular states embedded in the bath of irregular states, analo-
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