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Spectroscopic characterization of the ZnNe van der Waals molecule in theX0¿
„4 1S0…

and D1„4 1P1… energy states

J. Koperski* and M. Czajkowski†

Department of Physics, University of Windsor, Windsor, Ontario, Canada N9B 3P4
~Received 21 December 1998; revised manuscript received 8 October 1999; published 8 June 2000!

A molecular jet-expansion beam of ZnNe seeded in Ne was crossed with a pulsed-laser beam produced by
a Nd:YAG ~yttrium aluminum garnet! laser-pumped dye laser. The dye laser was frequency doubled with a
BBO-C second-harmonic-generation~SHG! crystal. Both the dye laser and the SHG were synchronously
scanned over a range ofl52130– 2170 Å in the vicinity of the Zn atomic 41P1– 4 1S0 resonance line
~2138.65 Å!, producing an excitation spectrum related to theD1(4 1P1)←X01(4 1S0) transition in the ZnNe
molecule. The spectral traces, which show a pronounced vibrational structure, were subjected to LeRoy’s
near-dissociation expansion~NDE! analysis, yieldingve , vexe , De , and long-range molecular potential
parameters. Computer simulation of the excitation spectrum, based on a calculation of the Franck-Condon
factors, yielded additional information on the equilibrium internuclear separation for theD1 andX01 states.
The NDE analysis provided long-range characteristics for theX01 state of the CdNe and HgNe molecules as
well. A simple dispersive model, and a combination rule for van der Waals interactions in the ground state of
ZnNe, CdNe, and HgNe molecules, are discussed.

PACS number~s!: 33.20.Lg, 33.20.Tp, 33.15.Fm
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I. INTRODUCTION

A precise knowledge of the potential-energy~PE! curves
of diatomic molecules is of primary interest for understan
ing basic quantum-mechanical phenomena such as c
sional energy transfer, recombination and scattering p
cesses, chemical reactivity involving excited states, l
broadening phenomena, atom-~or molecule-! surface inter-
action, and many others. On the other hand, the most d
way to investigate experimentally such interactions betw
two electrically neutral atoms and/or molecules and, con
quently, to obtain precise information on the interaction p
tentials, seems to be~in most cases! the utilization of modern
methods of laser spectroscopy~in various forms! combined
with jet-expansion atomic~molecular-! beam techniques@1#.
These methods allow one to observe emission and/or abs
tion spectra related to even very weakly bound species w
are known under the common name of van der Waals~vdW!
molecules~or clusters! @2#. The last decade showed an av
lanche of papers on the subject of molecules which can
generally described as MRG diatomic clusters. Here
stands for a metal atom~e.g., Na, K, Zn, Cd, Hg, etc.!, and
RG represents a rare-gas atom~He, Ne, Ar, Kr, and Xe!. The
combination of such atoms forms a truly vdW molecu
which represents the most simple theoretical example o
induced-dipole–induced-dipole-type interaction. Con
quently, some very interesting studies have been perfor
on systems such as NaRG@3,4#, HgRG @5–9#, CdRG @10–
15#, and AgRG@16,17#, and quite recently on ZnRG@18–
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20. In reality, all these molecules do not exist under ordin
laboratory conditions of normal temperature and press
Due to their very weak bonding they dissociate rapidly wh
colliding with other atomic~molecular! partners. Therefore
they can be investigated only under extremely demand
conditions of low temperature and a very low number
collisions with environmental partners. Indeed, all the e
perimental work mentioned above utilized supersonic be
methods to form and to observe the vdW molecules. T
experimental results provide a full spectroscopic charac
ization of the molecules in their excited states and poss
their ground states. Consequently, the main features of
forces responsible for molecule formation and its persiste
in ground or excited states can be evaluated from the spe
and they can be further compared with theoretical pred
tions of quantum mechanical calculations~see e.g., Refs
@21–23#!.

At present, ZnRG molecules are the subject of extens
investigation as the last kind of unobserved vdW molecu
consisting of a IIb-group M atom and a RG partner. T
most recent work has been reported by Breckenridge
co-workers on ZnAr, ZnKr, and ZnXe@18–20#. They pro-
vided spectroscopic potential parameters for theD1(4 1P1)
molecular state and, to a lesser extent, attempted to des
theX01(4 1S0) ground state of the molecules. Furthermo
Czajkowski and Koperski reported on ZnAr and ZnKr com
plexes, presenting more details regarding the ground sta
these molecules. Preliminary results on the subject were
sented at the TWICOLS’95 and EGAS’96 international co
ferences, and published in the conference proceed
@24,25#.

In our present work we report on the excitation spectra
the D1(4 1P1)←X01(4 1S0) transition in ZnNe molecules
observed in a supersonic beam seeded in a cold environm
of Ne. Figure 1 illustrates the PE curves drawn for theX01

ground state andD1 excited state. ZnNe is a very simp
ic
©2000 The American Physical Society05-1
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J. KOPERSKI AND M. CZAJKOWSKI PHYSICAL REVIEW A62 012505
FIG. 1. Potential-energy curves for the ZnNe molecule in
X01(4 1S0) ground state and theD1(4 1P1) excited state. The
curves are drawn according to the experimental molecular par
eters using a simple Morse approximation. Depicted are one o
observed transitions,n00, as well as the dissociation energies of t
excited and ground states,D08 andD09 , the dissociation limit of the
excited state,D8, and the energy corresponding to the 41P1– 4 1S0

atomic transition,Eat .
01250
molecule which, to the best of our knowledge, has no rec
in the scientific literature~see the Note added in proof!. We
have observed the vibrational spectra of this complex at
ferent temperatures of the beam, and, hence, we obta
some ‘‘hot’’ vibrational bands, which provided direct infor
mation on the ground state of the molecule. LeRoy’s ne
dissociation-expansion~NDE! analysis as well as theoretica
calculation of the Franck-Condon~FC! factors@26# enabled
us to obtain spectroscopic potential parameters of ZnNe
D1 andX01 states.

II. EXPERIMENT

The arrangement of the apparatus is shown in Fig.
Laser-induced fluorescence~LIF! was observed in an evacu
ated expansion chamber into which the Zn atoms seede
neon were injected through a nozzle~150mm in diameter,D!
constituting part of the molecular-beam source made o
solid molybdenum. This material, in spite of the fact that it
very difficult to machine, is essential for production of ZnN
molecules in their ground state by means of thermal sou
Metallic zinc at high temperature~920–1020 K! is chemi-
cally very active with other metals, which may be used
fabricate the source@27#. A stainless-steel source, for in
stance, which we have used before@28#, began to corrode
soon after the oven reached 870 K. The fine nozzle would
damaged severely and eventually clogged in a short t
after a relatively high saturated vapor pressure of zinc
established in the source. Conversely, the molybden
source keeps the nozzle clear for many hours, and the so
can be recharged many times over. Some details of the t
mal source fabrication were described previously@28#.

The ZnNe vdW molecules in the beam were irradiat
with a second-harmonic output of an in-house-built dye la
utilizing a 7.031024 M /L solution of Coumarin 460 in di-
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-
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f
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-
-
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FIG. 2. Schematic diagram o
the apparatus. THG, third har
monic generator of the Nd:YAG
laser frequency. BS, beam splitte
BBO-C, dye-laser frequency dou
bling crystal. SHS, second
harmonic separator. FP, Fabry
Perot interferometer. MB,
molecular beam.O, oven. V,
vacuum pump system. BD, lase
beam dump. L lens. F, filter.
PMT, photomultiplier tube. W,
wave meter.C, scanning control
device. PD, photodiode.
5-2
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SPECTROSCOPIC CHARACTERIZATION OF THE ZnNe . . . PHYSICAL REVIEW A 62 012505
methyl sulphoxide pumped with the third-harmonic output
a Q-switched Nd:YAG~yttrium aluminum garnet! laser. A
BBO-C frequency doubling crystal used in conjunction w
the dye laser was scanned by a computer simultaneo
with the dye laser over the range ofl52130– 2170 Å. The
wavelength calibration of the dye laser was frequently ve
fied against a Fizeau-wedge wave meter~W! @29#. The spec-
tral line width of the dye laser output, monitored with
Fabry-Perot etalon, was found to be approximately 1.5–
cm21.

The resulting excitation spectrum was monitored at a ri
angle to the plane containing the crossed molecular and l
beams, and detected with a Schlumberger EMR-541
03-14 photomultiplier tube~PMT! with its peak sensitivity in
the UV and blue spectral response regions. In fact, the P
was practically insensitive to wavelengths longer thanl
'6200 Å. Additionally, a narrow band filter~F! with Dl
5100 Å ~half width at half maximum! centered atl
52140 Å was placed in front of the PMT to reject stray lig
and improve the signal-to-noise ratio. The PMT signal w
recorded with a transient digitizer~Hewlett-Packard, mode
HP54510A Digitizing Oscilloscope! and stored in a com
puter.

The beam source was operated at a temperature of a
Toven5920– 950 K, which corresponded to a Zn-satura
vapor pressure of about 50 torr. The carrier gas backing p
sureP0 was maintained in the range from 10 to 14 atm wh
the X/D parameter ratio was varied from 27 to 64, whereX
is a distance measured from the nozzle to the laser b
~excitation region!. Thus the excitation distanceX was varied
from 4.0 to 9.6 mm. This permitted observations of the L
in different regions of the supersonic beam correspondin
different conditions of temperature and appropriate num
of collisions between the ZnNe molecules and the carrier
atoms@30#. Successively, we observed some ‘‘hot’’ vibr
tional bands produced inv8(50,1,2)←v9(51) of the
D1(4 1P1)←X01(4 1S0) transition. We also found that a
lower Ne pressures an insufficient number of ZnNe m
ecules was produced, while a further increase of the dista
X(X.10 mm), which might improve the cooling efficienc
@30#, resulted in a rapid decline of the LIF signal as t
density of the molecules in the beam decreased. On
whole, the mechanical and thermal stability of the appara
was very satisfactory, as was the reproducibility of the sp
tra.

III. RESULTS AND ANALYSIS OF THE
SPECTROSCOPIC DATA

The excitation spectrum of the D1(4 1P1)
←X01(4 1S0) transition of ZnNe is shown in Fig. 3. Th
vibrational bands are located very close to the 41P1
←4 1S0 atomic transition, and the entire spectrum span
range of approximately 3 Å, which in this spectral regi
corresponds to about 65 cm21. Excitation spectra were re
corded for several values of theX/D ratio. Results forX/D
527, 40, and 54, shown in Fig. 3, are labeled~a!, ~b!, and
~c!, respectively. Hot bands originating fromv951 are evi-
dent in the spectra recorded withX/D527 and 40. The pro-
01250
f

ly

i-

.0

t
er
-

T

s

out
d
s-

m

to
r
s

-
ce

he
s

c-

a

nounced vibrational band with the longest wavelength@see
trace~c!# has been assigned to the fundamentalv850←v9
50 transition. This is similar to our observation of the CdN
excitation spectrum@31#. Some fluorescence measureme
and a computer simulation of the spectrum confirmed t
assignment. The frequencies of the vibrational bands in
D1←X01 band system are collected in Table I.

A. Near-dissociation theory analysis

1. X0¿(4 1S0) state

Table I also lists the experimental frequencies of t
‘‘hot’’ bands observed in theD1←X01 transition of ZnNe.
From ‘‘cold’’ and ‘‘hot’’ progressions the first vibrationa

spacing in the ground state was estimated to beDG( 1
2 )

59.860.4 cm21. It is known @32,33# that for very weakly
bound vdW systems a Morse-type linear Birge-Sponer~BS!
extrapolation@34# is not adequate to describe the long-ran
behavior of the internuclear potential. As the dissociat
limit is approached, the vibrational spacingsDG(v911/2)
depend mainly on the asymptotically dominant invers
power contribution to the interatomic potential,

U~R!.D92
Cn

Rn , ~1!

with an appropriate exponentn to describe the dominan
long-range interactions present, whereD9 is the ground-state
dissociation limit~here equal toD09), andCn is a constant.
For the ZnNe ground state, the long-range interaction
tween Zn and Ne atomic closed shells~with 4s2 and 2p6

symmetries, respectively! is purely vdW in nature@i.e., n
56 in Eq. ~1!#, and the dispersion coefficientC69 provides
the dominant contribution to the binding. Since the high

FIG. 3. D1(4 1P1)←X01(4 1S0) excitation spectra of the
ZnNe molecule recorded for~a! X/D527, ~b! X/D540, and~c!
X/D554 parameters. D5150 mm, Toven5920 K, and P0

'10 atm.~d! Theoretical simulation of the totalD1←X01 excita-
tion spectrum. A FWHM of 2.2 cm21 was used for the Lorentzian
convolution function.
5-3
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observed vibrational spacing for the ground state is m
smaller than that for theD1 state, and because a reasona
good C69 can be estimated from theory~see below!, we
started our analysis from a determination of the ground-s
properties. When the close-to-dissociation vibrational lev
are measured experimentally, it is advisable to employ
limiting near-dissociation procedure of LeRoy and Bernst
~LRB! @35#, especially when a plausible estimate of the lim
iting C69 coefficient can be generated. In situations like t
present one, with no close-to-dissociation experimental
dence, it is recommended to apply a recently developed g
eralized NDE method, and use theGVNDE program of Le
Roy and co-workers@36,37# for fitting vibrational energies to
the NDE. The program allows one to determine the lon
range potential characteristics~i.e., D9 or vD9 , the effective
vibrational quantum number at dissociation! even when the
close-to-dissociation limit vibrational transitions are n
measured. It was successfully applied in many cases@36–
38#, and proved itself to be a very good tool that suppleme
the limiting near-dissociation LRB procedure. In Ref.@37#
the author provided a detailed description of the proced
for fitting vibrational-level energies to the NDE. Here w
present only a general idea of the method.

The generalized NDE procedure is based on the equa
~written for ground-state characteristics!.

Ev95D92X0~n!~vD9 2v9!2n/~n22! f ~vD9 2v9!, ~2!

TABLE I. Energies of theD1←X01 transitions of the ZnNe
molecule.*Using theGVNDE program~see text!.

v8←v9

n ~cm21!

DG(v811/2)Experimental Calculated*

0←0 46698.760.2 -
20.560.4

1←0 46719.260.2 -
16.460.4

2←0 46735.660.2 -
12.260.2

3←0 - 46747.79
8.10

4←0 - 46755.89
4.37

5←0 - 46760.26
1.67

6←0 - 46761.93
0.26

7←0 - 46762.19

‘‘Hot’’ bands

0←1 46688.960.2 - -
1←1 46709.460.3 - -
2←1 46724.760.5 - -

n5n1(v8←v950)2n2(v8←v951)59.860.4 cm21
01250
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whereEv9 is an energy of the ground-state vibrational lev

v9, X0(n)5X̃0(n)/@mn(Cn)2#1/(n22), m is a reduced mass o
the ZnNe molecule~in amu!, X̃0(n) is a known numerical
factor depending only on physical constants and the valu
n @35,36,39#, and thef (vD9 2v9) term is some empirically
determined analytic function which is constrained to a
proach 1 asv9 approachesvD9 . In the GVNDE program the
f (vD9 2v9) term is represented by a ratio of polynomials
f (vD9 2v9). Equation~2! incorporates the limiting behavio
of the limiting near-dissociation procedure@i.e., Eq.~2! with-
out the f (vD9 2v9)# into empirical expansions that accou
for the observed pattern of energies of thelower vibrational
levels v9. The program performs fits to a variety of the
f (vD9 2v9) forms, and generates weighted averages of
physically significant parameters (D9, vD9 , or Cn). This
eventually yields more realistic estimates of these parame
that could otherwise be obtained. In particular, it replac
unrestrained empirical extrapolation by an interpolation
tween experimental data for levels lying far from the diss
ciation limit, and the exactly known functional behavior
the limit. This known limit behavior is introduced into th
program by the plausible estimate of the leadingCn , coeffi-
cient and hence the program gives a more realistic extra
lation.

As already stated above, in the case of the ZnNe gro
state the dominant inverse-power term in the long-range
termolecular potential corresponds to anR26 term. A plau-
sible estimate for theC69 coefficient could be evaluated wit
the help of a Slater-Kirkwood@40# formula: C6953aZnaNe/
2@(aZn /NZn)

1/21(aNe/NNe)
1/2#, where aZn and aNe are

static polarizabilities~in a.u.! in their ground electronic
states, andNZn andNNe are numbers of electrons in the out
shell of Zn and Ne atoms, respectively. To evaluateC69
~ZnNe!, we usedaNe52.67 a.u.@41# and a recently pub-
lished value for the static polarizability of Zn atomaZn

538.860.8 a.u.@42,43#. We obtainedC69~ZnNe!531.2 a.u.
~i.e., 0.1503106 cm21Å 6), and this value was used in th
GVNDE program. With average atomic masses of Zn and
atoms and a first vibrational spacing in the ground st
DG(1/2), the program generated the effective vibrational
dex at the dissociation limitvD9 53.5860.30 and the disso-
ciation limit for the ZnNe ground stateD95D09516.8
61.2 cm21, as well as other characteristics of theX01 state
~i.e., ve9 , ve9 xe9 , and De9) and remaining energies of th
ground-state vibrational levelsEv952514.90 cm1 and
Ev953516.64 cm1. The X01-state potential parameters a
collected in Table II.

2. D1(41P1) state

Having determined the ground-state characteristics,
considers a simple relationship

Eat1D095n001D085D8, ~3!

whereD08 is the D1-state dissociation energy, andEat and
n00 are energies corresponding to the 41P1-4 1S0 atomic
andD1(v850)←X01(v950) transitions, respectively~see
5-4
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SPECTROSCOPIC CHARACTERIZATION OF THE ZnNe . . . PHYSICAL REVIEW A 62 012505
Fig. 1!. Using Eq.~3! we calculated the excited-state pro
ertiesD08563.561.4 cm21 andD8546762.261.4 cm21. As
the first three transitions in thev8←v950 progression were
measured we attempted to characterize a close
equilibrium region of theD1-state potential well with the
help of a Morse-type linear BS extrapolation@DG vs (v8
1 1

2 ) plot#. From the BS plot we evaluatedv08 ~a short ex-
trapolation, i.e., an intercept with the vertical axis! and
v08x08've8xe8 ~a slope! values, and then ave8'v081v08x08
value which characterizes the potential only in the vicinity
Re8 . To describe the long-range part of the potential we e
ployed theGVNDE program to fit theD1-state vibrational
levels near the dissociation. As input parameters we used
experimentally measuredEv8 energies of thev850,1,2
←v950 transitions ~see Table I!. While an accurate
C68(D1) is not readily available for this state, the fact that t
limiting near dissociation theory coefficient depends on
fractional power ofC68 means that the uncertainty in its valu
should not affect the extrapolation too much. The const
C68(D1) should be significantly larger thanC69(X01), and a
factor of 2 difference seems plausible. We varied
C68(D1) estimate in the program within the range
0.2– 0.43106 cm21 Å 6, and with D8 fixed at the value de-
termined above the program generatedEv8 values up to dis-
sociation, as well as the effective vibrational index at t
dissociation limit,vD8 and otherD1-state characteristics. Th
DG vs (v81 1

2 ) plot shown in Fig. 4 presents a comparis
between results of both BS and general NDE methods

TABLE II. Molecular constants for the ZnNe X01 and D1
states.

Designation X01 D1

D0 ~cm21! 16.861.2a

20c
63.661.0a; 63.561.4b

69c

ve ~cm21! 15.0661.8a

1563c
25.3561.07a; 24.6d

25.860.4c

vexe ~cm21! 2.6860.9a

2.1c
2.9960.89a; 2.05d

2.3460.2c

De ~cm21! 23.661.2a

27c
75.5361.00a; 73.8e

81c

vD 3.5860.30a 7.08– 7.4360.31a

Re ~Å! 4.4260.06f 3.5860.08g

4.1660.10c 3.4860.06c

DRe5Re82Re9 ~Å! 20.8560.02h

Tvib ~K! ;8.0h

aFrom a GVNDE program for generalized near-dissociation expa
sion ~recommended values!.
bFrom Eq.~3!.
cReference@61# ~see Note added in proof!.
dFrom a Birge-Sponer extrapolation.
eFrom theDe8'(ve8)

2/4ve8xe8 approximation.
fEstimated from theDe9 and aRG correlation ~Luiti and Pirani
method!.
gEstimated usingRe9 and the best fit ofDRe .
hFrom the best fit of the simulated excitation spectra forv8←v9
50 andv8←v951 transitions.
01250
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illustrates that theD1-state dissociation energy,D08 , andvD8
would be underestimated if determined with the BS pl
Therefore, the characteristics obtained using theGVNDE pro-
gram are the recommended values from this study as
take into account the fact that the nature of the long-ra
behavior of the potential provides the dominant contribut
to the bonding. The results are collected in Tables I and

3. Simulation of the excitation spectrum

The simulation of the excitation spectrum provided so
additional information on the ground- and excited-state
rameters. The simulation employed a computer program@26#
designed to calculate the FC factors, based on an assum
that both initial and final states are well represented b
Morse potential. The result of the simulation is shown in F
5. Next to thev8←v950 progression~thick bars! the simu-
lation also includes the ‘‘hot’’ band,v8←v951 progression
~thin bars!. The ‘‘best’’ simulated spectrum required the v
brational temperature ofTvib'8 K. Then, having determined
all the FC factors, we simulated the totalD1(v8)
←X01(v950,1) spectrum. The experimental trace w
quite well reproduced assuming that the laser is represe
by a Lorentzian convolution function with a width o
2.2-cm21 full width at half maximum~FWHM!, a conclusion
which agrees with our earlier experimental determinati
The result of the total simulation is shown in Fig. 3~d!, and
should be compared with the experimental trace of Fig. 3~c!.

The main reason to perform the simulation of the to
spectrum was to obtain a value for the differenceDRe5Re8
2Re9 of the equilibrium internuclear separation in the excit
(Re8) and ground (Re9) states. It has been found thatDRe

FIG. 4. DG vs (v81
1
2 ) plot for the v8 progression in theD1

←X01 spectrum of ZnNe. Experimental and generated~using the
GVNDE program! points are indicated~also see Table I!. The effec-
tive vibrational index at the dissociation limit,vD8 , obtained from
the general NDE theory, is depicted. The plot illustrates an in
equacy of using the BS method to determine true value for
D1-state dissociation energy andvD8 ~underestimation!. Error bars
for the experimental points are shown.

-
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J. KOPERSKI AND M. CZAJKOWSKI PHYSICAL REVIEW A62 012505
520.8560.02 Å, indicating that the minimum of the P
curve of the excited state is shifted by 0.85 Å toward t
shorter equilibrium distance with respect to the location
the ground-state minimum. This is supported by the fact t
the experimental profiles of the vibrational bands a
‘‘shaded’’ toward blue. It should be mentioned here that
did not attempted to reproduce the blue shading of the vib
tional bands. Our intention was to show an influence of
neighboring atomic line, which is large in amplitude, a
apparently affects the intensity distribution among particu
vibrational bands.

B. Estimation of Re9 of the ZnNe molecule

Liuti and Pirani @44# found some useful regularities re
lated to the vdW interactions. They discovered a correlat
between the potential parameters and atomic polarizabil
which leads, as a consequence, to a correlation of theC6
constants describing the long-range interaction to the po
tial well depthDe and equilibrium distanceRe . References
@44# and@45# cite about 50 systems~among them MRG com-
plexes! for which the correlation works with a remarkab
accuracy, assuming that the long-range forces are in op
tion only. We applied this correlation to our system to es
mateRe9 in the ZnNe molecule:

Re9~MRG!5F De9~ref!

De9~MRG!G
1/6FC69~MRG!

C69~ref! G1/6

Re9~ref!, ~4!

whereRe9(MRG) is the equilibrium distance of the invest
gated MRG molecule;Re9(ref) is the equilibrium distance o
a ‘‘reference’’ ref molecule;De9(MRG) andDe9(ref) are the
dissociation energies of the investigated and reference m
ecules, respectively; andC69(MRG) and C69(ref) are the
long-range coefficient (C6 /R6) of the investigated and ref
erence molecules, respectively. As suggested in Ref.@44# the

FIG. 5. Computer simulation of the ZnNeD1←X01 excitation
spectrum forv8←v950 ~thick bars! and v8←v951 hot ~thin
bars!, progressions. Morse potentials were assumed for both st
DRe5Re82Re9520.8560.02 Å, andTvib'8 K was obtained as a
result of the simulation~‘‘best fit’’ !.
01250
e
f
at
e
e
a-
e

r

n
s

n-

ra-
-

l-

C69 values were evaluated using the Slater-Kirkwood form
@40#. In our estimation ofRe9(ZnNe) we employed seven
reference~ref! molecules: CdNe@11#, HgNe @5#, NaNe @3#,
MgNe @46#, ZnAr @18#, CdAr @11,47#, and HgAr @5#. We
used accurately measured values of the equilibrium inter
clear separationsRe9(ref) ~from analysis of rotationally re-
solved spectra! and dissociation energiesDe9(ref) that were
reported for these molecules, as well as theDe9(ZnNe)
523.6 cm21 obtained in our experiment. For Cd and H
atomic polarizabilities, as for Zn, we used recently publish
values:aCd549.761.6 a.u.@43,48# andaHg533.960.3 a.u.
@43,49#, that are known with higher accuracy than those
Refs.@41,50#. As the result of the numerical estimation@Eq.
~4!# we obtained Re9(ZnNe)54.4260.06 Å. Next, using
DRe520.8560.02 Å, we obtained theRe853.5860.08 Å
for the excitedD1 state. Both results seem to be very re
sonable as compared to the sizes of the molecules in
CdRG and HgRG families@51,5–7,9,11–13#. We included
these values in Table II.

IV. DISCUSSION AND CONCLUSIONS

A. ZnNe, CdNe, and HgNe families of molecules

Table III summarizes some potential parameters de
mined in this study for the ZnNe molecule in the grou
X01 state and excitedD1 state. For comparison, the molec
lar parameters of CdNe and HgNe in the same molec
states are included as well. Additionally, assuming that
ground states of the CdNe and HgNe molecules in the lo
range approximation are also governed by a pure vdW in
action, we applied theGVNDE program to determineD9
5D09(CdNe), D95D09(HgNe), vD9 (CdNe), andvD9 (HgNe),
as we did for the ZnNe molecule. As input parameters
used known n5n1(v8←v950)2n2(v8←v951) separa-
tions @7,31,52#, and plausible estimates ofC69 obtained using
the Slater-Kirkwood formula. An interesting experiment
trend can be observed. The binding energies of the gro
state increase in the sequence:De9(HgNe).De9(CdNe)
.De9(ZnNe). This trend in binding energies is similar as
analogousMAr, MKr, and MXe (M5Zn, Cd, Hg) com-
plexes @47,51#. However, theMNe complexes considere
here are very simple, and are bound only by dispersive for
which can be treated quantitatively using models, e.g.,
those proposed by London@53# and Drude@54#. According
to these models the dispersive interaction betweenM and Ne
atoms is expressed byUMNe52C6 /R6, where C6
53I MI NeaMaNe/2(I M1I Ne)53F21aMaNe/2, I M and I Ne
are approximated by the ionization potentials of atomsM and
Ne, andaM and aNe are their respective static polarizabi
ities. Cited in Table III are the polarizabilities of Zn, Cd, an
Hg, which were taken from Refs.@41–43,48–50#. However,
the values of atomic polarizabilities of Zn, Cd, and Hg do n
exhibit any particular trend which may be responsible
any influence on the interaction energy. In fact, their valu
are close to each other~seeaM

(Tab) in Table III!, and so are the
reduced ionization potentialsF related to ZnNe, CdNe, and
HgNe molecules. Contrary to this, the binding energ

es;
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TABLE III. Potential parameters of the ZnNe, CdNe, and HgNe in theX01 andD1 states.

Potential parameter

ZnNe CdNe HgNe

X01 D1 X01 D1a X01 D1b

De ~cm21! 23.6c; ~20.3!d,e 73.0 28.3a; ~31.4!c 76.0 42.0f; ~44.2!c 94.7
Re ~Å! 4.42 3.58 4.30a; 4.20f 3.54 3.90f 3.41
aMe

~Tab! ~Å3! 5.6g; 5.7h - 6.0g; 7.2i; 7.3h - 5.7g; 5.1h -
F21@1/(cm21)# j 52 757 - 51 171 - 56 692 -
931026 (cm21 Å6) 0.150k; 0.178e - 0.172k; 0.222e - 0.141k; 0.172e -

aReferences@31,52#. gReference@50#.
bReference@60#. hReferences@42,43,48,49#.
cFrom theGVNDE program~this work!. iReference@41#.
dFrom the Birge-Sponer approximation~previous studies!. jReference@59#.
eLondon-Drude model, and Refs.@24,25#. kFrom the Slater-Kirkwood formula~see text!.
fReference@7#.
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which should be proportional to theC69 parameters, indicate
a well-defined increase running from 23.6 cm21 for ZnNe, to
31.4 cm21 for CdNe, and finally reaching 44.2 cm21 for
HgNe ~as obtained in a long-range approximation using
GVNDE program!. Following a suggestion of Ref.@55#, and
particularly one of Ref.@56# and the London-Drude mode
this observed trend can be explained qualitatively in a sim
manner by assuming asteric effect@55#, which relates to
differences in electron charge density of thes2 shell in M
atoms. In the sequence of Zn:Cd:Hg atoms their atomic r
calculated as a half distance of closest appro
of atomic centres in the crystalline state are 1.
Å: 1.48 Å: 1.56 Å @41#, respectively. Assuming a simpl
picture of spherical interacting atoms, it is possible that t
neutral atoms like Zn and Ne may establish an equilibri
distance of interaction which would be effectively long
that the one established by the same Ne atom and large
atoms. This apparently surprising conclusion may be a re
of the different electron charge of the outers2 shell of M
atoms. The Ne atom may partially penetrate the outerns2

shells; therefore, the penetration is more effective in the c
of the Hg(6s2) outer shell than in case of the Zn(4s2) shell.
Under such an assumption this is a result of the effec
difference in the8e2-e28 repulsive interaction of the oute
electrons of both atoms. At this point it is worthwhile
mention that the bond lengths of the discussed molec
also change, decreasing fromRe9(ZnNe)54.42 Å, through
Re9(CdNe)54.27 Å, to Re9(HgNe)53.90 Å ~see Table III!,
that supports the general model described above.

B. UnobservedA0¿
„4 3P1…]X0¿

„4 1S0… and
B1„4 3P1…]X0¿

„4 1S0… transitions

Some interesting although unwanted effects may be
served in a supersonic beam if the excited species hav
abnormally large lifetime in the excited state. This is the c
of ZnRG molecules when they are excited to t
A01(4 3P1) and B1(4 3P1) states. The length of the life
time t can be conveniently converted into a distance~L!
which an excited atom or molecule travels in the beam w
the speed of the gas flow. IfL is large enough then th
01250
e

le
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h
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molecule traveling along the straight line path~without ra-
diation! may easily leave the ‘‘region of visibility’’ of the
detection system. The region of visibility is defined by t
geometry of the experiment, but it is usually limited b
means of a set of optical baffles as a protection against s
tered light. Therefore, due to the specifics of the j
expansion beam@30#, the excited molecule may vanish com
pletely from the observation window, later being deactiva
rapidly by collisions. If we consider a specific case of ZnN
and employ theoretical considerations, notation, and form
las of Ref.@30#, we can obtain a very instructive numeric
conclusion. ForP0510 atm of Ne,TT'2 K ~the transla-
tional temperature in the beam!, usingt(Zn 4 3P1)527ms
@57#, and X/D553, we calculated the ‘‘terminal distance
XT ~the location of the ‘‘Mach disk’’! and the distanceL to
be 1.3 and 4.7 cm, respectively. Since the ‘‘Mach disk’’
the limit of the so-called ‘‘zone of silence’’ in the jet
expansion beam, this means that the excited molecule
enter the region of high-temperature chaos and dissoc
rapidly due to extensive collision processes. This pheno
enon may be one of the possible explanation why the n
mally visible triplet asymptoticA01(n 3P1) andB1(n 3P1)
~with n55 and 6 for CdNe and HgNe, respectively! is not
observed in case of ZnRG molecules (n54) @18#. Here we
excluded any relation of this failure to a lack of the detecti
sensitivity of our experimental systems as a possible cau

Another possibility, which is so far purely speculativ
may be related to an ‘‘abnormally’’ largeDRe5Re82Re9 , the
difference in the equilibrium positions of the excited a
ground states of ZnRG, which makes the bound-state exc
tion process impossible for Franck-Condon reasons. S
both of the lowest excited states seem to be inaccessible
excitation, then we have to assume thatDRe is too large for
the A01 state (Re8,Re9), and too small for theB1 state
(Re8.Re9). Such a requirement appears to be too much o
coincidence, since the whole family of five different mo
ecules~ZnRG! must exhibit such anomalous behavior. Thu
in our opinion, the former explanation is more plausib
bearing in mind a very small oscillator strength of th
4 3P1– 4 1S0 atomic transition which plays the main role i
5-7
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defining the values of probabilities of the molecular tran
tions, as it was shown in the case of a CdAr molecule@58#.
An experiment is prepared in our laboratory to make
observation geometry of the instrumental setup most fav
able for excited molecules to be detected at a long dista
away from the nozzle and, hence, to observe the excita
spectra of theA01←X01 andB1←X01 transitions.

V. CONCLUSIONS

We report an observation~see the Note added in proof! of
the ZnNe excitation spectrum of theD1(4 1P1)
←X01(4 1S0) transition. We analyzed the spectrum inclu
ing several ‘‘hot’’ bands, and evaluated the potential para
eters for the molecule in itsD1 andX01 states. Long-range
characteristics by means of LeRoy’s near-dissociation exp
sion~NDE! analysis have been determined. Simulation of
excitation spectrum yielded information on the equilibriu
internuclear separation for the excited and ground states.
NDE analysis also provided long-range characteristics
the X01 state of the CdNe and HgNe molecules. Groun
stateC69 parameters for theMNe (M5Zn, Cd, and Hg! mol-
n-

J.
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ecules were generated using a simple combination rule
vdW interaction.

Note added. Recently an article of McCaffreyet al. @61#
on the spectroscopic characterization of ZnNe1S1 and 1P1
vdW states was published. Partially resolved rotational sp
tra presented there allowed for excited-state characteriza
and ~since ‘‘hot’’ bands were not observed! for an indirect
ground-state characterization. Spectroscopic characteri
of the ground and excited states obtained in Ref.@61# are
collected in Table II for comparison.
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