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Abstract. The vibronic structure of the B’ system in the two-photon ionization spectrum of Nag is inves-
tigated theoretically, based on an earlier coupling scheme with three interacting potential energy surfaces
(pseudo Jahn-Teller coupling). This is extended in the present work to allow for additional ab initio data in
the modeling, to include the totally symmetric vibrational mode and to treat a higher excited state in the
electronic manifold. Important features of the experimental recording can thus be reproduced, although
some unsatisfactory aspects remain. The implications for the nonadiabatic nature of the underlying nuclear
motion, as well as directions for future work, are discussed.

PACS. 36.40.-c Atomic and molecular clusters — 36.20.Ng Vibrational and rotational structure, infrared
and Raman spectra — 36.40.Mr Spectroscopy and geometrical structure of clusters

1 Introduction

The sodium trimer, Nag, has received continuous attention
in the literature as a representative example of a small
metal atom cluster, and because of its unusual and in-
teresting spectroscopic and dynamical properties (see, for
example, references [1-16] and references cited therein).
In its electronic ground state it is a Jahn-Teller (JT) dis-
torted equilateral triangle with three equivalent (obtuse-
angled) 2B, minima and three (acute-angled) 2A; saddle
points [1,2,4]. Similar effects are operative also in excited
electronic states, leading to fluxional nuclear motion and
geometric phase effects for the so-called pseudo-rotation
(see, for example, references [3-6,9-14,16]). These have
their origin in specific properties of the potential energy
surfaces and have been investigated extensively in the ex-
perimental and theoretical work mentioned above.

An intriguing aspect emerging from this work is the
possibility of multi-state vibronic interactions, involving
more than two coupled potential energy surfaces. It has
been previously shown that the electronic B state of Nag
can be successfully described theoretically within the so-
called pseudo-Jahn-Teller (PJT)-model, based on an in-
teraction of a doubly degenerate electronic E state with a
close-lying electronic A state [4,6,17-19]. A variety of ex-
perimental findings on the B system, including femtosec-
ond time-resolved spectroscopy, have been correctly repro-
duced by the theoretical approach [6,17-19], in spite of
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certain simplifications: the number of independent model
parameters has been reduced as much as possible and the
totally symmetric (stretching, or breathing) vibrational
coordinate has been ignored.

According to the PJT approach the B state is the low-
est of three coupled states (two being degenerate at the
D3y, conformation), for which the nonadiabatic coupling
effects are weak. The situation becomes more complex,
and also interesting, for transitions to higher states of this
coupled manifold for which strong nonadiabatic coupling
effects are expected. A typical candidate for such a state
is the so-called B’ state with an excitation wavelength of
~560 nm [20,21]. It has been characterized in some detail
experimentally [21] and occurs at the expected energy (see
also below), with a degree of complexity as is typical for
such a situation.

In the present paper we aim to describe the two-photon
ionization (TPI) spectrum of the B’ excited state of the
Nag molecule using the same conceptual approach as in
our earlier work on the B state [6,17]. In the first stage
of the investigation, we have employed the same Hamil-
tonian and parameter values used previously [6,17]. How-
ever, it turned out that the TPI spectrum of the B’ system
obtained in this way considerably differs from the exper-
imental one [21]. In order to improve the agreement be-
tween theory and experiment, we progressively extended
the model Hamiltonian of references [6,17] to account for
the available ab initio data for Nag [4,22,23] and also in-
cluded the totally-symmetric vibrational mode. The ap-
proach is briefly described below, followed by a discussion
of the results achieved and, finally, of directions for future
work.
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2 Theoretical considerations

As is well-known, the vibrational motion of the Nag clus-
ter can be described by three normal modes, which are
expressed in terms of the Cartesian coordinates 1 2 3 and
y1,2,3 of the three atoms as follows [24]:

qs = (—21 +x2/2—y2m+$3/2+y3\/ﬁ)/\/§,
Go = (Y1 +227/3/2 — y2/2 — 231/3/2 — y3/2)/ V3,
qy = (+71 —352/2—92\/%—%3/24-1]3\/%)/\/3(1)

gs,z,y describe the symmetric stretching (or breathing, or
totally symmetric), asymmetric stretching and bending
modes, respectively, where the latter two combine to yield
the doubly degenerate mode at the Dgsj, conformation. The
corresponding dimensionless coordinates will be denoted
by Qs,z,y, respectively.

To describe the B’ state of Nag, we shall adopt, as
usual, a diabatic basis for the electronic states which de-
pends only weakly on the nuclear coordinates. Neglecting
this weak dependence the kinetic energy part of the Hamil-
tonian matrix becomes diagonal. The vibronic coupling of
the electronic states is taken into account by expanding
the off-diagonal terms of the potential energy matrix up
to the second order [6,17] in the nuclear displacements
from the Ds;, conformation. By choosing D3, as reference
geometry, the Hamiltonians Hx for the ground state and
H_. for the excited state manifold take the following forms:

X X

Hy = {va‘ + 50 2 Q- @)2]
X () (W ] + [P ) (@)
+ [|Q7+> (kxpe*i‘ls 4+ I erM’) (P_|+ h.c.} , (2)
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+ [Py (k:pe i 49 T M) (@_| +h.c.}. (3)
In the r.h.s. of these equations the indices X, E, and A
denote the electronic state in question. The polar coordi-
nates p and ¢ for the latter are related to the dimensionless
normal coordinates @, and @, by pett = Qy + 1Qz. The
Tn’s denote the corresponding kinetic energy operators,
e.g.: 2T = —wX(82/0Q2% +0%/0Q2) —wX 0%/0Q2. In the
calculations, we have always used w? = w?!.

The interaction of the molecule with the radiation field
will be treated within the dipole approximation, which is
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fully justified for weak field strengths. The expression of
the dipole operator D follows from the requirement that

D forms the basis of an E’ irreducible representation of
Dsy, [6,18,19]:

—

D = |¢_) i " (0| + |0 ) iZF (0|

D) FEA W | — [ @AV EEA |, (4)
where jif¥ couples the ground and excited E states, if4
the ground state E with the excited A state (g% =
fy % ijig;e = EE,EA). The transition dipole elements
in the diabatic ba81s are assumed independent of nuclear
coordinates (generalized Condon approximation). Lacking
further information about the u’s, we assume them to be
real constants with the same magnitude.

The TPI spectrum is determined by the transi-
tion probability for the electronic excitation Nag(X) —
Nag(B’) (first photon) and for ionization Nag(B') —
Nag' (second photon). The latter is expected to depend
smoothly on the excitation energy. Since only a qualitative
rather than quantitative comparison of the theory with ex-
periment is possible at present, we shall simply disregard
the second photon and approximate the TPI intensities
by those of the first (dipole) transition. To compute this
by means of the golden rule, one needs the initial vibronic
state before excitation. For this, even at very low temper-
atures, one has to consider both the vibronic ground state
and the next one (a tunnel partner), because the (tunnel-
ing) splitting between them is extremely small [17]. For
symmetry reasons, the total spectrum is a superposition
of three independent spectra, similar to the case of the
B system [17].

In the actual calculations, we have not used the three
lowest, almost degenerate vibronic eigenstates of Hx from
equation (2). Instead, we have approximated the initial
vibronic state by the product of Gaussian wave packets
corresponding to the three modes:

2 - 2 -
20% 203

e [ Q=02 (@ =@ (Q:—Q)
This initial wave packet has been localized at one of
the three classically equivalent minima of the electronic
ground state, in agreement with available ab initio and
experimental results. Based on ab initio studies [4,22]
and previous investigations of the B system [6,19], we set
Qy = 6.859 (corresponding to X = 0.737 A), Q=0
(X, =0), 0, = 1.2083, and 0, = 1.5648. Within the ap-
proach based on the initial wave packet (5), out of the
model parameters entering equation (2), we only need the
frequency wX of the symmetric mode in the ground elec-
tronic state, since it determines the width parameter oy

according to:
o5 = \Jwi[w. (6)

In accord with the experimental [21] and ab initio [4] data,
we have employed a value of wX = 140 cm~!. For reasons
exposed below, the packet center has been placed at a
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Table 1. Values of the model parameters used in the various stages of the present investigation. These values have been deduced

from references [4,22] in the manner described in the text.

Parameter a b c d e f g h
w?® (cm ™) 127 127 127 127 127 127 127 127
wP (em™1) 127 127 62 62 62 62 62 62
e — et (em™) 0 0 275 275 275 275 275 275
/\/wA 3.07 307 1.85 1.85 1.85 1.85 1.85 1.85
flw? x 10° 45 45 45 45 45 45 45 45
k/wA 0 0 0 0 0.356 —0.356 0.356 —0.356
g/w? x 10° 0 0 0 0 0865 0.865 0.865 0.865
w¥ (em™h) - 140 - 140 - - 140 140
wf =w? (em™) - 127 - 105 - - 105 105
KE/wSE - 2.304 - 2.304 - - 2.304 2.304
KA/u)gl - 0.780 - 0.780 - - 0.780 0.780
value Q. of the dimensionless coordinate corresponding 2.7
to X, =3.70 A. 06l , ;]
In the course of the investigations, we have varied sys- ’ Nag (B, B)
tematically the frequencies and the coupling strengths in < 2.
order to reproduce features of experimental spectra. For N
each set of parameters, we have adjusted the zero of en- B 2
ergy (by setting the value € = (e¥ + ¢?)/2 appropriately) E 5
to reproduce the onset (~625 nm) of the experimental B |
spectrum [20]. E 2.
Let us now consider the excited electronic states in b
more detail. In Cy, symmetry (¢ = m, p = —Q,), the % 2.
adiabatic potential energies corresponding to equation (3) a 5
can be expressed as: ’
Vo(Qy, Qs) = Vi(Qy, Qs) = Vir(Qy), S T,
1 -0.8 -0.4 0. 0.4 0.8
Vi(an Qa) = 5 [VE(an Qa) + VA(Qy; Qa) + VJT(Qy)] dy (ji)

. (i V(@ Q) — Va(Qy: Qu)

[N

V(@) + 2v1%JT<Qy>> , (7)

where:
Ve a(QQ0) = P4 1 2wP Q2+ 0P (Q.- Q)
~Kpa (Q - Q).
Veor(@) = —AQy + 552
(8)

Within the present approach, the three adiabatic curves
Vo,+ of equation (7) will be employed to describe the B sys-
tem and the B’ system of Nag. The lower curve (V_) corre-
sponds to the final state of the B system (the 4 2A; state in
the ab initio study of Ref. [4]), while the middle (V5) and
the upper (V4) curves (degenerate at the Dsj, conforma-
tion @, = 0, cf. Egs. (7, 8)) should model the B’ system,
more precisely the 32B, and 52A; curves of reference [4],
respectively. To this aim, the ab initio curves 42A, 32B,

Vir(Qu) = —Qy + 5023,

Fig. 1. Adiabatic potential energy curves computed ab initio
by Cocchini et al. [4] (solid lines) and fitted analytically
(dashed lines) by using wt = 127em™!, WP = 62 emY,
Mw? = 41.85, f/w? =0.0045, Ex — Ea = 275 cm™ ! in equa-
tions (7, 8). The solid lines correspond to the states 4%A1, 3°Bs
and 52A; of reference [4], the dashed lines correspond to V_,
Vo, and V4 (energies in increasing order in both cases). The
value of the bending coordinate at the ground state minimum
is g, = +0.737 A.

and 52A; [4] (represented by solid lines in Fig. 1) should
be fitted by V_, Vg, and V., respectively, to determine the
model parameters entering equations (7, 8).

In references [6,17] the attention has been focused on
the B system within a two-dimensional (2D) approach
where the stretching mode (Qy) has been ignored. Equa-
tions (3, 8) reduce to the 2D case of references [6,17] if the
constraints used there are imposed: € = €4, w¥ = w4,
and k = g = 0. With these constraints and by optimiz-
ing for the B system one obtains [6] a set of parameter
values (parameter set a in Tab. 1), yielding a TPI spec-
trum of the B’ system at variance with the experimental
one; compare Figures 2 and 3a. Therefore, in order to
improve the agreement between theory and experiment,
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Fig. 2. Experimental B’ system in the two-photon ionization
spectrum of Nas.
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Fig. 3. Spectrum obtained by means of: (a) two-dimensional
calculations using parameter set a, and (b) three-dimensional
calculations using parameter set b. (For the parameter values,
see Tab. 1.)

we have progressively modified the parameter values used
in references [6,17] to account for information provided by
available ab initio studies. This will be discussed in detail
in Section 3.

In all the cases presented in this paper, the line spec-
tra obtained by exact numerical diagonalization have been
convoluted by using a Lorentzian function of halfwidth
I' = 0.25meV. For the subsequent considerations, it is
worth noting that the B’ system of Nag is determined by
the transitions from the ground state to the lower curve
(Vo) of the degenerate, or E, state of the present electronic
manifold; this is located in the middle of Figures 1 and 5.
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3 Results and discussion

In an attempt to obtain theoretical spectra which are in
better agreement with the experimental spectrum (Fig. 2)
than that of Figure 3a, we have included the stretching
mode (Qs) in the calculations. In addition, we have re-
considered the parameter values used earlier [6,17].

To estimate the parameters characterizing the stretch-
ing mode, we have used the @)s;-dependent curves com-
puted ab initio [4]. The two @Qs-dependent curves for the
states 42A; (= 22A) at Dzj) and 5%A; = 3°B; (= 3%E’
at Dsp) computed ab initio at @, = @, = 0 (Figs. 6a
and 6b in Ref. [4]) can be well fitted around their minimum
(located at g5 ~ 3.83 A and ¢, ~ 4.03 A, respectively),
by using a common value w? = w# = 105 cm~! in the
formulae (7) for V_(Q, = 0,Q) and V5(Q, = 0,Q5) =
Vi(Qy = 0,Qs), respectively. The values of K4 and Kg
could be determined from the shift of the minima of these
states along the QQs-axis with respect to the ground state
minimum (located at ¢, ~ 3.50 A). This procedure yields
Kg/wF ~ 500 and K4/w? ~ 3.80. These values are
unusually large, but, as we immediately argue, this es-
timate is unrealistic. The reason is that, while the ground
state minimum at @, = 0 is located at ¢s ~ 3.50 A,
the absolute, JT-distorted minimum extracted from Fig-
ure 5a of reference [4] is at X, ~ 3.70 A. Therefore,
one should evaluate Kg 4 from the slope of the adiabatic
curves mentioned above, but corresponding to the point
¢s = X, ~ 3.70A, and not to ¢; ~ 3.50 A. This leads to
the values Kg/w? ~ 2.304 and K4/wZ ~ 0.780 used in
Table 1.

Since the frequency of the stretching mode estimated
previously both in the ground state (w™ ~ 140 cm™!, cf.
Ref. [4]) and in the excited state (w? = w? ~ 105 ecm™*,
see above) does not differ too much from the value w? =
wA =127 cm™! used earlier [17], we have performed a pre-
liminary three-dimensional (3D) calculation by employing
the same value for all frequencies w? = w? = WF = W4 =
127 cm™! (parameter set b in Tab. 1). These results are
presented in the lower panel of Figure 3. The main differ-
ence with respect to the corresponding 2D results (upper
panel of Fig. 3, parameter set a in Tab. 1) is the fact that
this 3D-TPI spectrum is broader (by ~20 nm) and blue
shifted. The computed 3D spectrum remains regular, sim-
ilar to the 2D spectrum; compare Figures 3a and 3b. In
both spectra, the spacing between the lines with higher
intensities is practically the same (~127 ecm™1!). At vari-
ance to these, the experimental spectrum (see Fig. 2) of
the B’ system is rather chaotic and the spacing between
intense lines is roughly one third of the above value; com-
pare Figure 2 with Figure 3. Even more significant that
the discrepancies just mentioned is the fact that the wave-
length ranges in Figures 2 and 3 are completely different.
The theoretical spectrum (both for 2D and 3D calcula-
tions, see Figs. 3a and 3b) is located at significantly higher
energies than the experimental one (Fig. 2).

Therefore, in the subsequent attempts we have aban-
doned the old values of w?, w®, X\, and f and optimized
these parameters for the B’ system. Namely, we have
looked for the best fit of the adiabatic potentials computed



1. Baldea and H. Képpel: Three-dimensional vibronic analysis of the B’ system of Nag

2D (a)

Relative Intensity

530 540 550 560 570
Wavelength (nm)

Fig. 4. Spectrum obtained by means of: (a) two-dimensional
calculations using parameter set ¢, and (b) three-dimensional
calculations using parameter set d. (For the parameter values,
see Tab. 1.)

ab initio (curves 42A4, 32Bg and 5%2A; in Fig. 4c of Ref. [4],
shown as solid lines in Fig. 1) by using the analytic for-
mulae (7) and (8) for V_, Vp, and V., respectively. This
fit, presented as dashed lines in Figure 1, yields signifi-
cantly different values: w? = 127 em™!, w¥ = 62 cm™!,
and A\/w? = 1.85 (note that, with the new w®, the
value of the ratio A\/wPf = 3.789 is relatively close to
the old value 3.07). Because the f-dependence of these
adiabatic curves is insignificant, we have kept the old
value for this parameter. Besides, we have accounted for
a small difference between the values € and ¢ (and set
e? — et =275 cm™!), as revealed by the ab initio calcu-
lations [4].

These new values have been used in all parameter sets
of Table 1 starting with set c. So, parameter set ¢ under-
lies the 2D calculation representing the best fit of available
ab initio data [4] based on the PJT model. By augment-
ing parameter set ¢ to fit ab initio data for the stretching
mode, one arrives at parameter set d of Table 1. There-
fore, the results of the 3D calculation relying upon param-
eter set d are the best one can obtain at present for the
B’ system within a pure PJT model including all three
vibrational modes of Nas.

The results of the corresponding 2D and 3D calcula-
tions are presented in Figures 4a and 4b, respectively. By
comparing the theoretical TPI spectra of Figure 4 and
of Figure 4 with the spectrum recorded experimentally
(Fig. 2) [21], one can see that the parameter values de-
duced by optimizing to the B’ system lead to a substantial
improvement with respect to those derived earlier by op-
timized to the B system, in both 2D and 3D cases. Most
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-0.4 0. 0.4

gy (1)
Fig. 5. Curves of the adiabatic potentials Vi, Vi, and V_
(from top to bottom) of equations (7, 8) without Jahn-Teller
coupling (k = 0, g = 0; dotted lines, identical to the dashed
lines of Fig. 1), plotted along with those obtained by including
Jahn-Teller couplings (cf. Ref. [17]): g = f/5.2 and k = F\/5.2
(solid and dashed lines for upper and lower signs, respectively).
In all cases, the values of the pseudo-Jahn-Teller couplings are
the same as in Figure 1.

significantly, the wavelength range of the theoretical spec-
trum (both for 2D and 3D cases) agrees very well with
the spectrum recorded experimentally; compare Figures 4
and 2. Considerably more structure is visible in Figure 4b,
the spectrum being significantly less regular than that of
Figure 3b. This agrees qualitatively with the experimental
spectrum, which displays the same feature. However, the
details in the spectra of Figures 4b and 2 are too different
and make a quantitative comparison impossible.

Above, we have disregarded possible JT couplings in
the B’-excited state of Nas. In fact, a simplified point
charge model [25] has indicated that they are substan-
tially smaller than the PJT couplings. Nevertheless, we
have further performed 2D and 3D calculations by allow-
ing for such small but nonvanishing JT terms k = £X/5.2
and g = f/5.2, in accord with reference [25] (parame-
ter sets e to h) [26]. These calculations demonstrate that,
although small, the JT couplings may have a significant
impact on the TPI spectrum.

An interesting effect obtained by using k& = +)\/5.2
(parameter sets e and g) is that the spectra of the B and
B’ systems become very close, a feature displayed by the
experimental data [21]. This feature can be easily under-
stood by inspecting the corresponding adiabatic potential
energy curves in Figure 5. It is related to the location of
the curves V_ and Vj, which determine the B spectrum
and B’ spectrum, respectively. For positive values of Q,
and k > 0, the potential energy curves V_ and V; (dashed
lines in Fig. 5) are closer than the dotted lines in the same
figure, corresponding to k = g = 0. (Positive @, values are
of interest since the ground state minimum is located at
qy = +0.737 A.)
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Fig. 6. Spectrum obtained by means of two-dimensional calcu-
lations accounting for both pseudo-Jahn-Teller and Jahn-Teller
coupling terms using: (a) parameter set e, and (b) parameter
set f. (For the parameter values, see Tab. 1.)

However, choosing a positive k-value one gets spectra
exhibiting unambiguously less structure than seen exper-
imentally; compare Figures 6a and 7a with Figure 2. On
the other side, the spectra computed using a negative k-
value (Figs. 6b and 7b) display richer structure. However,
the weak point of this modelling is that the B- and B'-
spectra become even more separated than for k = g = 0;
that is, the B spectrum is further blue shifted with re-
spect to Figure 4. Again, this behavior can be understand
by inspecting the adiabatic curves for this case (solid lines
in Fig. 5); indeed, the curves for V_ and Vj become more
distant from each other for ), > 0. Thus, the comparison
between the spectra based on parameter sets ¢, e and g,
or d, f, and h demonstrates not only the important part
played by the JT couplings, but also the fact that the
relative signs of the linear PJT and JT couplings have a
significant influence on the calculated spectrum; this holds
for both 2D and 3D cases.

Despite these open issues, let us emphasize the im-
portant implications of the present investigations for the
nonadiabatic nuclear motion underlying the B’ system of
Nagz. As pointed out above this is interpreted as aris-
ing from transitions to the middle of the three poten-
tial energy surfaces of Figures 1 and 5, which becomes
degenerate with the upper surface for vanishing bending
distortion (Dsj, conformation, center of the figures). More-
over, owing to the additional totally symmetric mode, not
included in the present figures, the E-A energy gap be-
comes modulated by the latter coordinate )5 and also
vanishes for a relevant displacement of the latter, beyond
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Fig. 7. Spectrum obtained by means of three-dimensional
calculations accounting for both pseudo-Jahn-Teller and
Jahn-Teller coupling terms using: (a) parameter set g, and (b)
parameter set h. (For the parameter values, see Tab. 1.)

which the energetic ordering of the E and A states is re-
versed. The latter phenomenon amounts to a triple con-
ical intersection. The nuclear motion at conical intersec-
tions is generally known to be highly nonadiabatic, i.e.
proceeds on two (or more) potential energy surfaces si-
multaneously [27-29]. The same holds for degeneracies in
general, such as those presented in Figures 1 and 5. The
nuclear motion in the B’ system is thus subject to mul-
tiple nonadiabatic coupling effects. Other systems of this
type have been addressed earlier in the literature [30-32].
However, what makes the B’ system unique is the presence
of a Jahn-Teller distortion already in the initial state, i.e.
the optical transition occurs for a finite value of the bend-
ing coordinate (of g, = 0.737 A, see above). This leads to
higher final state vibronic energies and, thus, to an even
richer variety of multi-state vibronic effects. The combi-
nation of initial-state and final-state vibronic effects rep-
resents an intriguing phenomenon which calls for further
attention in future work.

4 Concluding remarks

In conclusion, in the present work on the nuclear dynamics
of Nas we extended an earlier PJT approach to a higher-
energy electronic state (B’ state). More coupling terms
than before, and also the symmetric stretching mode have
been included in this study, and all information available
from existing ab initio data has been exhausted. Salient
features of the experimental TPI spectrum of Nag(B’)
are also present in the calculated one, which allows us to
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conclude on the importance of nonadiabatic interactions
in this system. The particularly rich variety of (even mul-
tiple) nonadiabatic couplings has been emphasized. This
once more underlines the unusual, and interesting, dynam-
ical properties of electronically excited Nas.

Nevertheless, the agreement between theory and ex-
periment remains somewhat unsatisfactory. We believe
that, in order to improve the understanding of the B’ state
of Nag, the theory should be extended in two direc-
tions. First, it is highly desirable to conduct more reliable
ab initio studies. Second, dynamical calculations includ-
ing more higher-order terms could also lead to theoreti-
cal spectra closer to those recorded experimentally. It is
hoped that that these findings stimulate further, experi-
mental and theoretical, work on this system.

This work has been supported financially by the Deutsche
Forschungsgemeinschaft.
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