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Spectroscopic characterization of the weakly bound Ca (4s4d o 3Dj3)
-Ar[33 *] state: Evidence for a substantial maximum in the potential
curve at long range

Allen W. K. Leung, John G. Kaup,? D. Bellert, John G. McCaffrey,”
and W. H. Breckenridge
Department of Chemistry, University of Utah, Salt Lake City, Utah 84112

(Received 13 April 1999; accepted 13 May 1999

The weakly bound Ca@do3D3)-Ar[33 "] state has been characterized by means of R2PI
(Resonant Two-Photon lonizatiprspectroscopy, using transitions from the Cs{gm 3P,)
-Ar[%I1,- ] metastable state prepared in a laser-vaporization/supersonic jet source. Because several
of the vibrational levels are above the dissociation lifit Ca(4s4d3D3)+Ar(1Sy)], it is
concluded that there must be a substantial maximum in the Ba@3D;) - Ar[33 "] potential

curve (>200 cm}) at largeR (>4.0 A). This is discussed, and shown to be consistent with our
earlier ideas of “penetration” of outerlobes of electron density of metal atom excited states by RG
(rare-gas atoms. Perturbations observed, due to possible potential curve crossings with states of
different electronic symmetry, are also discussed. 1999 American Institute of Physics.
[S0021-960629)00730-9

INTRODUCTION bond axis as the RG atom approaches than fdr(i\)

-RG states, where the Mns) electron density is uniformly

Duval et al. experimentally characterizédhe first case gistributed(angularly, so that larger potential maxima might

of a long-range potential curve maximum in & NRG ex-  well be expected. We report here an experimental spectro-
cited state (M*=electronically excited metal atom, scopic characterization of the excited Csgdo 3D.)
RG=rare-gas atomwhich was not due to an adiabatic . Ar[35*] state (formally “valence” in character which
avoided potential-curve crossing, when they showed, b¥hows that there must be a long-range maximum in the po-
means of careful laser double-resonance experiments, th@intial curve of at least 200 ¢m at R>4.0 A, and that the
the Hg(6s7s%S,)-Ar[®2"] excited Rydberg state had a actual bond strengthd() is only 134+ 50 cni . The bond-
small(~15 cn ') maximum in its potential curve at larq®  ing, as well as small perturbations apparently due to
(~5 A). They arguetithat the maximum was at much t00 potential-curve crossings of states of other electronic sym-
large a value oR to result from a curve crossing with the metries, is discussed.
only other lower-lying HgAréS, ™) state, and postulated that
the maximum was due to exchange repulsion of the Ar atom
electrons with the outerlobe electron density of the Hgy(7 Il. EXPERIMENT

Rydberg electrod? At shorter internuclear distance®, . . .
These experiments were carried out using an apparatus

Breckenridgeet al. postulated? that the Ar atom had sub- : >
. ¥ . . constructed for the spectroscopy of, and dynamics within,
stantially “penetrated” the diffuse Hg(§) electron cloud,
. . atom-(RG),, and atom-(moleculg) van der Waals com-
and thus experienced strong attractive forces somewhat aki . . .
. . : plexes using either laser-induced fluorescefdE) or reso-
to those in the H(6s) -Ar free ion [which hasRe, D val- nance two-photon ionizatiofR2P)) detection. The apparatus
ues very similar to those of the Hg§Bs3S;)-Ar[33 "] P ' P

Rydberg state Since then, several examples of these kinds® desprlbed In more detail elsewhéfe. .
Briefly, calcium vapor was produced by focusing the

of potenhgl—curve maxima have either been demonstrie\ted dgecond harmonic of a Molectron MY-32/10 Q-switched
rectly, or inferred, by our group as well as by oth&rs

Theoreticalab initio calculations have also shodffé—16 NA-YAG laser onto a calcium target rqd/4 in. diam ma-

. . ! . chined from Alpha/Aesar 99% pure ingoAn 800 us pulse
such maxima, in cases where avoided curve crossings ar .
) . . - . . 27 ~of gas produced by a double-solenoid pulsed valve operated
quite unlikely, confirming the original “penetration

Ppotneisof reckemidget al. (o such Fycber st 240,05 A backng pressve passed v e el o
For M* (npo) -RG or M*(ndo) - RG excited states, the P P ' P

. - argon pulse then passed through a 1.8 mm orifice after hav-
M* outer electron density is more concentrated along the X T
ing traveled 4 mm from the site of vaporization into the
chamber maintained at610™* Torr. The beam, after pass-
dpresent address: Department of Chemistry, Furman University, Greenvillq‘ng throug-l a 5 mmdiam skimmer 20 cm from the source,
SC 29613. iani7 ati ; ; i
byvisiting Associate Professor, University of Utah, 1998. Permanent ad-enterecl the |on|zat|qn region of a time-of-flight mass spec
dress: Department of Chemistry, National University of Ireland, May- trometer at a total distance of 60 cm from the source. R2PI

nooth, Co. Kildare, Ireland. spectra are obtained by scanning the output of a dye laser to

0021-9606/99/111(6)/2484/6/$15.00 2484 © 1999 American Institute of Physics
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FIG. 1. Low resolution spectrum of the Cao 3Dj)-Ar[3%7], v/
«—Ca(4sdpm 3Py) - Ar[3Il,-], v"=0 vibrational progressior{Transitions
to the Ca(4pmdpm 3P,)- Ar[33 "] state are indicated by asterisks.

FIG. 2. (a) High-resolution spectrum of thg,0) band of the transition to
the Ca(45s 3S,) - Ar[33 *] state.(b) High-resolution spectrum of the band

at 22 639.7 cmt in Fig. 1.(The horizontal axis scale for the two spectra, in
cm™?, is the same.

excite transitions from the Cag4pmw3P;)-RG(CI,-,v”

=0, J”) metastable states. Photoionization with a simulta-branch which heads to the red. All of the five bands in the
neously pumped ionization dye laser created ions whichprogression in Fig. 1 which we have been able to simulate
were detected aftea 1 mfree-flight region. Dyes used: Cou- successfully have this same kind of structure, so we can

marin 480(resonance Coumarin 500onization. clearly assign the electronic symmetry of the upper state in

I1l. RESULTS AND DISCUSSION o 3

A. Assignment of the electronic symmetry and the 5 + Fl

asymptotic atomic states of the upper state t I M
We recently reported the spectroscopic characteriza-

tion of the Ca(44dw3D;)-Ar[%II,-], Ca(4s4ds°D,) . -

-Ar[3A,] states, and the unusually strongly bound doubly 3 3 e

excited Ca(4m4pm3P;)-Ar[33 ] state, by laser excita- 1

tion of the Ca(44pw 3Py)-Ar[%II,-] metastable state in

the 22000—23300 cnit energy region. We now report the , s B

spectroscopic characterization of several bands of another ! 7y + F

vibrational progression in the 22500—22 900 ¢nregion

(see Fig. 1 which originally puzzled us. The rotational struc- L2 -

ture of some of the bands is virtually identical to bands in the 0 -

15800-16 400 cm* region which we earlier successfully o 1 + FI

simulated® as Ca(45s3S,)-Ar[33 "]« Ca(4s4pm3Py) )

-Ar[3I1,-] transitions[The upper state in this caseustbe

of 33 symmetry, since the Caéss3S,) state is the only Fi & ¥

asymptotic triplet atomic state of Ca within 4000 cht®] Pp Qq Rr

For example, shown in Fig.(@ is a high-resolution spec- op o Rq

trum of the (5,00 band of the 533" transitiort® as com-

pared tg Fig. 2(b)] a high-resolution spectrum of the band at 2 +

22639.7 cm? in the progression of Fig. 1. b, o0
Shown in Fig. 3 are the rotational branches expected for oy Mg+ - N=LT=2,F1

a 33 *(b)«">Iy+ o(a) transition. Since only the lowest en-
ergy multiplet Ca(4$4p773P0)-AI’[3HO—] is known to be FIG. 3. Schematic diagram showing the rotational branches3or (case

. . “b") <—3H0+,Of (case “a”) transitions. Branch notation: Capitol letter in-
pODUIated under our condltloﬁ§1here Is oneS-type branch dicates the “form” of the branchN’«J”, while the small letter following

spread O_Ut to the blue, three degene@@/pe branches ingicates the)’ —J” character of the branch. For example, for an Sr branch
spread slightly to the blue of the band origin, and@itype  N'=J"+2, andJ’'=J"+1.
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the progression in Fig. 1 & . (But see below for further
discussion of two of these bang€®ne of the problems with
this assignment, however, is that a linear Birge—Sponer ex
trapolation of the bands yields an approximate dissociatior
limit [given the estimatedDy=60+50cm ! of the
Ca(4s4p3Py) - Ar[°Il,-] lower staté?® which is nowhere
near any asymptotic excited Tastate which can yield a
CaAf 33 "] molecular state.

The Birge—Sponer extrapolated dissociation limit is
38229 cm! [with E=0 set as Ca(# 'S;) + Ar]. The clos-
est asymptotic staté$, Ca(3d4p°DY) at 38192-38259
cm™%, can only producés. —, *II, and°A states when bound
to Ar.?2 The Ca(4? °P;) states, at 38418-38551 ¢ can
also only yield®S ~ and®II states when bound to Af.The
next highest states, Cag8p °P9) at 39 333—39 340 cnt,
can yield®s, * and®II states’ but this would require a huge
bond energy for the observedS* state of Dg
~1709 cmL. Not only is this very unlikely, since the wave
function of this®> " state must haveome3da4po charac- 22520 22328 507 12926 2325
ter which will be extremelyrepulsive in naturéin addition, Energy(wavenumbers)
of course, to attractive &= ,4pw_, character it would
also require that the true dissociation energy be more thaRlC: 4 High-resolutio_n spez_:trum of ti{8,0) band. Computer si_nlulation is
1100 cm ! greater than the extrapolated linear Birge—SponerShown bﬁllo w.__Simulation  parameters: Bo=0.0555cm . | By
- . o ) =0.0761 cm?, T=0.8° K, laser linewidth: 0.09 cit, A\gs=—0.12cm*
value of ~605 cm %, Although true dissociation energies of (see text
these kinds of complexes are often slightly greater than the
linear Birge—Sponer values due to the fact that a Morse po- ) _
tential function cannot correctly represent the dispersive atC- Rotational analysis
tractive forces near dissociation, this is far outside such ex- Shown in F|gs 4—-8 are high-reso|ution spectra of the

pected minor differences, and Ca;(a)3P5’)+Ar therefore (v’ ,0) bands ¢'=0-4), along with the successful com-
cannot be the dissociation limit for th§+ State. TheRO puter simulations of the band contours, assumiﬁga(b)
value (3.31 A) is also much too large for a state bound by —3[1,-(a) transition, as discussed above. For ttig0),
~1700 cm'; the very strongly bound ‘“purer’ (2,0, and(3,0) bands, the spin—spin spliting constant was
Ca(4pmapmP;)-Ar[®Y "] state Do=1278cm ) has an  syccessfully set to zergas was the case with all the
Ry value of <3.0 A (see below, and Fig.)8 Finally, the Ca(4s5s3S,) - Ar[33 T« Ca(4sdpm3Py) - Ar[3I,-] tran-
vibrational frequency~61 cmi*, is about half that of the sjtions simulated earlié*® For the (0,0) and (4,0 bands,
strongly bound Ca(gm4pm3P;)-Ar[®3 ] state?® ~118  however, small spin—spin splitting constants afs g
cm ~—0.12cm ! were absolutely required to get a reasonable
y req g

We are therefore forced to conclude that the only rea-
sonable dissociation limit for this state is the lower-lying
Ca(4s4d °D3) state, which yields &5, * state with Ca(do)
alignment with respect to the Ar atom. Because several of
the observed vibrational levels aabovethe asymptotic en-
ergy of Ca(44d3D3)+Ar, the potential curve of the
Ca(4s4do 3Dj)-Ar[33 "] state must have a substantial
maximum(>200 cm %) at large internuclear distance® (
>4.0A). This is actually quite a reasonable possibility, as
we discuss below.

Intensity

Intensity

B. Vibrational assignments

The moderately strong band at 22 525.7 ¢nin Fig. 1
was assigned as thi6,0) band, since there was absolutely no
sign of another band to the red at the energy expected from ‘ ' ' ‘
the band origin progressior{The signal-to-noise was too 22588 22587 22586 22585 22584 22583
low for reliable “°Ca&"°Ar/*/C&°Ar isotopic splitting mea- Energy (wavemmbers)
surements, sincé*Ca has an isotopic abundance of only gig. 5. same as Fig. 4, bufl,00 band. B,=0.0741cm?,
2.1%,; Ar is essentially monoisotopjc. =0.00cnT™

AS.S.
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Intensity

22643 22642 22641 22640 22639
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FIG. 6. Same as Fig. 4, buf2,0 band. B,=0.0721cm?, Agg
=0.00 cmt.

fit. “Spin—spin” splitting?>?* causes the degeneraldevels

of eachN level to split, until at high values okgg the
33 *(b) state evolves into two casec” type states(Q
=0~ andQ=*1).2% (For a heavy atom like Ca, true “spin—
spin” coupling is very small, and the “spin—spin” splitting
is actually due to second-order spin-orbit coupfifig.

The signal-to-noise of thé6,0) band was too low for

The weakly bound state 2487

Intensity

22744 2743 22742 22741
Energy (wavenumbers)

FIG. 8. Same as Fig. 4, but4,00 band. B,=0.0679cm?, \gg
=-0.11cm™

an “extra” unassigned band-3.5 cm ! to the blue of the
(5,0 band, which could also not be simulated satisfactorily.
The (5,0) band thus appears to be severely perturbed, and we
will discuss possible perturbing states later. The band ori-
gins, andB,, values for the fit bands, are listed in Table |I.
The spectroscopic constants for the upper and lower states
are listed in Table If° The smallD, (andD,) values listed

rotational analysis, and we have also been unable to simulaia Table Il for the Ca(44do °D3)- Ar[33 7] state are calcu-

satisfactorily the rotational structure of tfi20) band assum-
ing a simple®3 " (b)«°I1,— (a) transition and either posi-
tive or negative\ 5 5 values up to several cil. There is also

Intensity

22696 22695 22694 22693 22692 22691
Energy (wavenumbers)

FIG. 7. Same as Fig. 4, but3,0 band. B;=0.0698 cm?i, \gg
=0.00cnm.

lated via a thermochemical cycle:
Do(32)=Dy(*ly-) +E(®D3) —E(®Pg) — v 0

using an estimaf8 of D(°I1,-) =60+ 50 cn .

D. Possible perturbations of the Ca (4s4do 3Dj3)
-Ar[3%*] levels by curve crossings

Shown in Fig. 9 are our estimates of the potential curves
of the states in this energy region which have been
characterized spectroscopically. The unusual, strongly
bound Ca(pmdpm3P;)-Ar[33~] state is severely
predissociated® washing out all rotational structure, bt
is accurately known. We estimated tRg value for this®3, ~
state by Franck—Condon simulations of the low-resolution

TABLE |. Band origins andB,, values for the Ca(#do °D3)-Ar[33*]
—Ca(4sdpm 3Pg)- Ar[®Ily-] transitions Bf=0.0555cm?). Values for
(5,0 and(6,0) bands are from low-resolution spectra.

Band Band origincm %) B, (cm™}
(0,0 22525.7 0.0761
(1,0 22 584.3 0.0741
(2,0 22 639.7 0.0721
(3,0 22 692.1 0.0698
(4,0 22741.8 0.0679
(5,0 22 788.8 -
(6,0 22 833.8
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TABLE II. Spectroscopic constants of the Capm °Py) - Ar[*T1,-] and
Ca(4s4do °Ds) - Ar[33 "] states. All units in cm?, exceptR, and R,,
which are in A.

3H07 32 +
voo e 22525.7
we 61.48-0.43
oXe 1.49-0.079
B, 0.0555+0.003 06" 0.0782+0.0030
Be 0.0772-0.0030
@ 0.002 0% 0.000 10
R, 3.90+0.10*° 3.31+0.06
Re 3.29-0.06
D, 60+ 50F 134+50
D 164+ 50

e

aReference 20.
PReference 13.
‘Reference 25.

vibrational progressiof, knowing R,=3.90A for the
Ca(4s4p 3Py) - Ar[°I1,- ] lower state™® Also shown in this
figure are thev’=0-6 vibrational levels of thé>* state.
Note that the’S ~ potential curve crosses th& ™ potential
curve near thé * (v’ =0) vibrational level.

The “Q=0""levels of a3 ~ state cannot interact with
the “Q=0"" levels of a3 " state because they have op-
posite parities(e versusf, respectively. However, thee/f
pairs of Q=1 levels of a®3~ statecan interact with the
e/f Q=1 pairs of levels of &3 " state?® If the 33 /33 F
curve crossing is just above thé=0 level of the®S " state,
as indicated, this would push th€@=1 level of the
33 *(v'=0) statebelowthat of theQ=0" level, resulting
in apparentlynegativevalues of\ g g for thev’' =0 level, as
observed. The interaction would be weals observedsince
the Ca(4p . 4pm_,)-Ar[33 ] molecular orbital configu-
ration is quite different from the Caééo4doy)-Ar[32 "]

Leung et al.

(Because of the similar energies of thd,34s, and 4 or-
bitals in Ca, there are several low-lying doubly excited
atomic state$! and thus many possibilities.

However, the’>, */33 ~ crossing indicated in Fig. 9 can-
not explain either thexg g~—0.12cm ! value for thev’
=4 band nor the apparently strong perturbation of e
=5 band. There will be another, fairly strongly bout¥l~
state from the Ca(@®p °D,) + Ar asymptote, howevefsee
Fig. 9: the “pure-r" Ca(3dm 4pm_1°Py)-Ar[33 7]
state. Now, if this state is slighthgessbound than the “pure-
" Ca(4pmdpm 3P,) - Ar[33 7] state[there should be more
repulsion with the Ar atom for Ca(@®) than for Ca(4 )],
the potential curve for this state might cross that foribé
state(shown in Fig. 9 verynear thev’ =5 level on the outer
wing of the 33" potential curve. If so, this could possibly
account for the severe perturbation of tHe=5 level as well
as the negativa 5 g value for thev’ =4 level as well, if the
interaction is stronger than for the’ =0 perturbation. We
admit this is quite speculative, but it is at least plausible.

There are also several other possibilities of curve-
crossing couplings from states which evolve frdawer-
energyCa* +Ar asymptotes:

1. Ca(4s4d D,)(E=37 298 cm ™)

Oddly, this singlet atomic state is actually slightly lower
in energy than the triplet Cag4d3D;) states because of
mixing of higher-energy Ca(@4p 'D,) character into the
nominally Ca(44d 'D,) state, pushing it down in enerdy.
The molecular states possible &% , 'I1;, and*A,. The
1 state could interact specifically with th&; compo-
nents, but this state should be fairly strongly bounith a
potential curve similar to that of thes4d °II state shown in
Fig. 9, and thus should not cross the4 33" potential
curve. Thelﬁg+ state(e parity) cannot interact directly with

configuration, so that the coupling is probably determined byhe 32;7 state (f parity), and the®A, state Q=2 cannot

how “mixed” these states are with other configurations.

39000

38750
3
T1
\_ 4PZ
38500+ ;
- ==CPp)
3 b .' - - 3A
38250 e . T~—{3ddp
~ p M—ZZ71CDy
- 4 ST
B . B
2 ya
= I+
37750 Z z =4
. /_-—":_:_'— (3D])
v L
/ o
37500 LN J S
\ ’/ . IZE*
NNl ST , 4s4d
LY -~ - —
37250+ \ N 7 L 1_[1 1 (IDZ)
N Ko A 4,
37000 ; . . . . .
2.5 3.0 35 4.0 45 50 55
Internuclear Distance (A)

interact with either of th€=0",1 components of th&>, "
state.

2. Ca(4s5p *P9) and Ca(4s5p °P) (E=36548-36732
cm™Y)

The!s™, I, 35", 31 Rydberg type states from these
asymptotes are probably all too bound to cross®thé po-
tential curve, and only the very bour#ll; state could inter-
act appropriately in any case.

3. Ca(3d4p DY) (E=35835cm™1)

Ofthe's ", 1, and'A, states possible here, thE -
state could interact specifically with th'ié;, component,
and thelll; state could interact specifically with tH& ;
components. However, th& ~ state will have a unique
3dw,4p7_4 type M.O. configuration, will thus be quite
bound, and should not cross the higher-lying4d 33"
potential curve. But thelll, state has “mixed”
(3d6 4p7_1+3dodpm+3dmdpo) character, may be
sufficiently repulsive to cross the high&X * potential curve

H H H [
FIG. 9. Plots of the potential curves of the relevant CaAr excited stateON IS Inner limb near thes’=5 level, and thus must be

which have been characterized experimentdBee texd.

considered a possible perturbing state.
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