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Spin Polarized Alkali Clusters: Observation of Quartet States of the Sodium Trimer
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Using helium cluster-isolation spectroscopy we have prepared and characterized the lowest quartet
state (*A}) of the sodium trimer. Upon excitation to th2*E’ electronic state, laser induced
fluorescence excitation and emission spectra have been obtained. With theahithitio calculations,
the spectra have been vibronically assigned and new insights on the nonadditivity of van der Waals
interactions have been obtained. It is found that approximately 80% of the interaction energy in the
1*A5 state of Na is due to nonadditive effects. [S0031-9007(96)01704-8]

PACS numbers: 36.40.Mr, 33.20.Kf

Alkali clusters are often viewed as small model sys-can be neglected. Using laser excitation and emission
tems of a metal and the size dependence of their elespectroscopy, we are able to identify the lowédb
tronic and geometrical properties has been the subject aftate of Na and obtain its vibrational frequencies. This
many investigations [1]. The main goal of these studiess done with the help ofb initio theory, carrying out
is to understand how the covalent bond of alkali dimerscoupled cluster calculations with single, double, and
evolves into the metallic binding of the bulk elements. Thenoniterative triple excitations [CCSD(T)] that show the
situation is different when aggregates of alkali atoms withpresence of strong nonadditive effects. In particular, the
parallel electron spins are formed. These high spin stateso determined asymmetric stretch frequency in the lowest
are bound only by van der Waals forces due to the balguartet state provides a sensitive measure of the three-
ance of long range dispersion attraction and short rangeody contributions to the potential energy.
overlap repulsion [2]. While typical model van der Waals In a typical supersonic beam expansion, molecules
systems (i.e., the inert gases) have rather undeformable vand clusters are produced predominantly in their lowest
lence electron shells, spin-polarized alkali clusters providenergetic state that possesses the strongest bonds. Weakly
excellent examples of systems in which Pauli repulsion cabound high spin states are generated only in small
cause large distortions in the spatial distribution of the vaquantities. Only recently, Farbeet al. [5] successfully
lence electrons. Since aggregates of spin polarized alkalgtudied sodium dimers in their lowest triplet state using
possess easily accessible optical spectra, they are partica- conventional molecular beam. Using large helium
larly suitable as a sensitive testing ground for the theory o€lusters as a substrate, we recently observed [4] the
van der Waals forces in systems with highly deformableformation of large quantities of alkali dimers in thés *
outer electron shells. state confirming and extending the results of Ref. [5].

Traditionally two-body forces are assumed to be domi- To extend our investigation to the high spin state of the
nant in van der Waals systems. However, it has beelrimers we used a modified version of an apparatus that
shown that many-body effects can play a crucial rolehas been described in more detail previously [6]. Helium
in the explanation of important material properties [3].clusters ranging in average size upl@ atoms per cluster
The balance between dispersion and overlap contributiorsre prepared in an expansion of helium gas through a
to three-body forces has been the subject of frequent0 wm nozzle at a temperature of 17.5 K and a stagnation
discussions in the literature. The study of a systenpressure of 5.4 MPa. A short distance after the beam
where this balance is different than in the usual closeds collimated by a400 um skimmer the clusters cross a
shell systems should increase our understanding of thigickup cell [7] that is connected to an alkali reservoir.
important question of molecular physics. A few centimeters downstream, the doped clusters cross

In this Letter, we report on the first spectroscopicthe output beam of a tunable continuous wave dye laser
analysis of alkali trimers in the quartet manifold. Theseat the center of a two-mirror laser induced fluorescence
spin-polarized clusters are produced by attaching alkalfLIF) detector. Emission spectra were obtained using a
atoms to large helium clusters where the formation ofmonochromator coupled to a liquid nitrogen cooled charge
the complexes can occur in the absence of spin relaxatiotoupled device. Figure 1 shows the previously unassigned
[4]. Since the alkalis are found to reside on the surfacdaser excitation spectrum taken in the region between
of the clusters, the perturbations introduced by the lattet5 800 and 16 500 cm™~! that has been reported in [6] and
are small, and for the purpose of the present workijs the starting point of the present investigation.
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1o} R are asymmetrically broadened16 cm™! FWHM, with a
Experiment tail towards the blue. Similar broadening is observed in
08 il our alkali dimer spectra [4] and is attributed to the inter-

action with the helium cluster and its excitations. Peak
positions are given in Table I.

The 2*E’ state experiences Jahn-Teller coupling that
should be weak due to similar geometries in the upper
and lower states. There is no analytical expression for the
energy in an intermediate case of vibronic coupling and
] the secular equation must be solved [11]. The variation
Calculation of energy versus the magnitude of the linear coupling
] parameter in th&€ ® ¢ problem is depicted in [11]. In
their report on the precise structure of the benzene cation,
Lindneret al. [12] recently displayed a correlation diagram
] for the ordering of levels due to the linear Jahn-Teller
effect. Accordingly, a linear coupling constanbetween
7 0.5 and 1 (in units ofy,) can produce the observed
spectral structure in Fig. 1. In this parameter regime, the
states are still characterized by, the quantum number
B for the degenerate asymmetric vibration, while the

Wave number (cm™) quantum number of the vibrational angular momentum,
FIG. 1. (a) Excitation spectrum of tf#E’ — 144} transition IS not meaningful any more, but has to be replaced by
of Na;. (b) Calculated spectrum using a linear and quadratithe pseudorotation quantum numbge [ + 1/2 with
Qahn-TeIIer mode!. M.odel spectrum is constructed by convolu-j =1/2,3/2,5/2,...,v> + 1/2[11].
tion with a Gaussian line shape. All excitation takes place from the lowest level of the
1*A} state that hagl] vibronic symmetry. The vibronic
levels v( j) of the 2*E’ state haveE symmetry forj =

The intensity of this optical system depends on the thirdl /2,5/2,7/2,11/2,... and A symmetry consisting of an
power of the Na partial pressure inside the pickup cellA;, A, pair forj =3/2,9/2,15/2,...[11]. The latter lev-
This is consistent with a trimer transition. The knownels cannot be excited from the ground state. For linear
B?A} — X?B, system of Nalies in this wave number re- Jahn-Teller coupling, only, (j=1/2) lines would ap-
gion but exhibits a different vibronic structure [8]. Our pear in the spectrum. Adding quadratic coupling makes
recent studies of the spectra of alkali dimers, carried outhe other E symmetry levels accessible from the zero
in the same apparatus [4,6], have revealed that triplet sygoint level of the ground state [11]. Diagonalization of
tems appear to be stronger than their singlet counterpartae Hamiltonian matrix using harmonic oscillator basis
by up to 3 orders of magnitude. This can be attributedunctions (see [12]) yields the result that the spectrum
to the fact that when an Na(X)1'>! ground state is in Fig. 1 is consistent with a vibrational constami=
formed, approximately000 cm~! of energy will be re- 88.2 cm™! and linear and quadratic Jahn-Teller interaction
leased and cause the evaporation of approximatedy
helium atoms from the cluster or even the desorption of
the alkali molecule. Théa)1°X state is bound only by TABLE I. Experimental and calculated peak positions of the
170 cm™! [9] the dissipation of which poses no problem 24E’ — 14A} transition of Na given in cnt.
for the survival of the alkali-helium cluster complex. For
the same reason, our experiment favors the observatich
of high spin states of trimers over the detection of theQ 0 15817.8 15817.8 0.00

0.6

0.4

0.2

0.0
1.0}

0.8 -

LIF Intensity (arb. units)

0.6
04

02

(b)

0.0 '
15800 15900 16000 16100 16200 16300 16400

j Experiment Calculated Difference

more strongly bound low spin complexes. Furthermore 1 1/2 158916 15893.5 -9
multireference configuration interaction calculations pre- ?g ig gggi ig 8;12451 __12'(3)
dict a2*E’ — 14A’2_tran15|t|on of the sodium trimer around 3 72 16011.8 16019.0 75
15500 = 1000 cm™! with an oscillator strength of 0.5, in 3 1/2 16 043.6 16 035.4 8.2
agreement with the spectrum depicted in Fig. 1. Becausg 5/2 16084.3 16068.0 16.3
of the low temperature of the cluster8.37 = 0.05 K 4 5/2 16117.9 16105.1 12.8
[10]), only the lowest vibrational level of the*A), state is 4 1/2 16128.7 16122.0 6.7
populated. All structure in Fig. 1 is due to the excitation4 7/2 16146.0 16155.9 9.9
of vibronic levels in the2*E’ state. The large intensityof 5 11/2 16177.9 16172.0 5.9
the lowest energy band indicates that the molecule has Zg ig ;?gg ig ;?}1'?‘ _?'(1)
similar geometry in both electronic states, with the Frank- 5/ 16234 2 16233 4 08

Condon principle favoringhv = 0 transitions. All bands
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parametersc = 0.72 and g = 0.48, respectively, and no configuration for the symmetric stretch coordinate at the
Franck-Condon activity in the symmetric stretching mode [CCSD(T)] level [14] using an extended one-electron ba-
These parameters indicate a rather small Jahn-Teller stais set. This approach yields a satisfactory pairwise po-
bilization of about22 cm™! [12]. The corresponding tential curve for the triplet dimer, with a calculated well
quantum number assignments of the peaks and calculateiépth of 176 cm~! compared to the experimental value
transition wave numbers are included in Table I. An exci-of 174.5 cm™! [9]. The total interaction energy for the
tation spectrum was calculated using a Gaussian line shapemer was represented as a sum of the two-body and
function and is depicted in Fig. 1. three-body terms. The two-body interaction energy be-
Information about the lowest quartet state was obtween two sodium atomsV{) with parallel spins was

tained by recording an emission spectrum with the laserepresented by the analytical form suggested by Douketis
frequency positioned at5817.8 cm™! shown in Fig. 2. et al. [15]:

The strongest fluorescence occurs at aldéu92 cm!, _ A pSCE CORR
35 cm™! to the red of the energetically lowest excita- Va(r) = AET(r) + AE ), (1)
tion. Additionally, other bands have been detected to the AESCE(r) = A rPre= @ + AyrPrear )

blue of the laser excitation frequency that are described

and analyzed in a separate paper [13]. They are related

to dissociative decay channels involving the coupling of AECORR(r) = —|:Z Cnr_"gn(pr)}f(f)r), 3)
the quartet to the doublet state followed by desorption of "

atomic and molecular fragments from the helium cluster. n==6,2810,.... (4)
The broad line shape in the emission spectrum shown in

Fig. 2 is caused by the excitation of the trimer displace-1h€ long range dispersion coefficieniSq(Cs, Cio) cal-

ment mode from the helium cluster surface. THe,  culated by Marinescu and Dalgamno [16] for Nawere
has two fundamental vibrational modesAffand’ sym- ~ Used. The universal damping functiohandg scale with
metry. Without vibronic coupling, fluorescence emission?> Which is determined by the ionization potentg%lg of the
from the lowest level i*E’ could lead into any vibra- WO interacting atoms [15]. The parametersioft ("2
tional level of the symmetric stretch of tHéA), state, but  Were determined by a fit to the SCF energy of 1He

only into even numbered quanta of the degenerate mod&!ate of Na. This two-body functional form was adopted
Because of the Jahn-Teller interaction in fe’ state, t© obtain the nonadditivity W3) of the potential surface

decay into all vibrational states becomes allowed. using the following equation applied to the equilateral ge-
The potential energy surface of the lowest quartePMely Wherer = rip = ry = ri:
state 145 of Na; was modeled to predict the emis- Vs(ria, ra3, r31) = Vé"c‘aSlD(T)(r) —3Va(r).  (5)

sion spectrum. The potential was calculated at i i .
P P g Theab initio three-bodyD;;, data were fit to the empirical

formula [17,18]:

opF——rm—m—r——F——" 11— 17— V3(ria, 123, 131) = Azf(riz)e” "2 f(rp3)e 7™
| Experiment (a)_ X f(ry)e ™, (6)

where f(r)=1—r"e *" is a damping function used to
reproduce the correct form of the nonadditivity at short
internuclear separationsds, v, n, and A are adjustable
parameters. Equation (6) was found to give a reliable es-
timation of the three-body term for an energy calculated
at aC,; geometry. The result is a potential whose bind-
ing energy relative to three free ground state Na atoms
is 850 cm™! at an internuclear separation é# A. At

this distance, the dimer is bound B cm™~!, showing the

0k strong nonadditivity of the potential energies. The param-
ewgon  (b)| etersofthe potential surface are listed in Table II.

0.8 - i

Emission Intensity (arb. units)

[ Caleulation The vibrational levels of thé*A} state were calculated
using theTRIATOM suite of programs [19]. The Hamil-
tonian for the triatomic system was set up using body-

. . fixed coordinatesr(, r,, 6) wherer, andr, are two bond
15400 15500 15600 15700 15800

lengths of the trimer and is the included angle. A Morse
Wave number (cm™) oscillator basis set consisting of 900 functions was used
FIG. 2. (a) Emission spectrum of tR¢E’— 144} transition and the Hamiltonian was diagonalized to give the corre-

of Na. (b) Calculated vibrational levels of the'A) state of ~ sponding eigenvalues. The .Comparisor) Of the calculatgd
Nas. energy levels and the experimental emission spectrum is
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TABLE Il. Parameters of the potential energy surface of thethese experiments possible. This work was carried out
“Aj state of Na. The parameters listed in the upper portion of with the support of the AFOSR (HEDM program) under
the table were not constrained while those in the bottom portiosrant No. F49620-95-1-0086.P0001

were constrained. ' ) '

Parameter Value
Ay 1.010 X 10°
Bi 5.7348 *On sabbatical leave from the Department of Physics,
a) 4.3736 Pennsylvania State University, University Park, PA
Ay 9.6005 X 10* 16802.
B2 1.7342 [1] T. Reiners, C. Ellert, M. Schmidt, and H. Haberland,
as 1.7861 Phys. Rev. Lett74, 1558 (1995); J. Blanc, V. Bonacic-
A; —1.3082 X 10° Koutecky, M. Broyer, J. Chevaleyre, Ph. Dugourd,
vy 0.5869 J. Koutecky, C. Scheuch, J.P. Wolf, and L. Wdste,
] 25.575 J. Chem. Phys96, 1793 (1992), and references therein.
A 9.8821 [2] G. Chaasiski and M. Gutowski, Chem. Re\88, 943
Ce 7.0789 X 10° (1988).
Cs 53813 X 108 [3] M.J. Elrod and R.J. Saykally, Chem. Re®94, 1875
Cho 5.3236 X 10'° (1994).
p 0.5261 [4] F. Stienkemeier, W.E. Ernst, J. Higgins, and G. Scoles,
. . ——— J. Chem. Physl02, 615 (1995).
“Values given forr in A and v in cm-". [5] A. Farbert, J. Koch, T. Platz, and W. Demtroder, Chem.
Phys. Lett.223 546 (1994); A. Farbert, P. Kowalczyk,
given in Fig. 2. The calculated vibrational fundamen- H.v. Busch, and W. Demtréder, Chem. Phys. Lett.

252, 243 (1996); A. Farbert, J. Lutz, T. Platz, and

tals of the two normal modes avg = 38 cm™! for the )
W. Demtréder, Z. Phys. [36, 249 (1996).

i — —1
Zg;nr?rﬁg;ﬁcsgﬁtg;hagﬁé arglir?rrg]]oogogé?ge?r?gr?tn\?\/ri?rtlethe[e] F. Stienkemeier, J. Higgins, W.E. Ernst, and G. Scoles,
Lo Phys. Rev. Lett74, 3592 (1995).
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