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Ab initio spin-orbit CI calculations of the potential curves and radiative
lifetimes of low-lying states of lead monofluoride
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D-42097 Wuppertal, Germany

~Received 3 August 2001; accepted 11 October 2001!

The electronic structure of the lead monofluoride molecule is studied by means ofab initio
configuration interaction~CI! calculations including the spin-orbit interaction. Potential-energy
curves are generated for a large number of electronic states, of which only theX1

2P1/2 ground and
X2

2P3/2 andA 2S1 excited states have been observed experimentally. Two different methods are
compared for the inclusion of spin-orbit effects in the theoretical treatment, a contracted CI which
employs a basis of large-scaleL –S eigenfunctions to form a rather small matrix representation of
the full relativistic Hamiltonian ~two-step approach!, and a more computationally laborious
technique which involves solution of a secular equation of order 250 000S2 eigenfunctions of
different spin and spatial symmetry to achieve a potentially more evenly balanced description of
both relativistic and electron correlation effects~one-step approach!. In the present application, it is
found that both methods achieve quite good agreement with measured spectroscopic constants for
the X1 , X2 , andA states. The simpler of these methods is also employed to predict the radiative
lifetimes of the latter two states. The keyA 2S1 –X 2P transition moment in these calculations is
found to vary strongly with internuclear distance and to vanish in the neighborhood of the respective
equilibrium distances of both participating states. The computed lifetime for theA, v850 state of
16 ms overestimates the corresponding measured value by a factor of three, but those of higher
vibrational states are found to decrease rather sharply with increasingv8, suggesting that only a
slight displacement of the theoreticalA–X transition moment curve is needed to explain the above
discrepancy. ©2002 American Institute of Physics.@DOI: 10.1063/1.1423944#
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I. INTRODUCTION

The diatomic lead halides PbX have a simple low-ene
electronic spectrum, consisting of two boundL –S states, the
spin-orbit splitX 2P ground state and theA 2S1 first excited
state. Both converge to the same asymptotic limit: Pb(3P)
1X(2Po). They have recently been observed1 in the visible
and near-infrared region of the spectrum by allowing
corresponding lead dihalide vapors diluted in Ar carrier g
to undergo photolysis by radiation from rare-gas fluoride
cimer lasers in a flow system. In particular, it was possible
carry out time-resolved measurements for all four molecu
in this series to obtain radiative lifetimes for the first twoV
excited states,X2

2P3/2 andA 2S1/2
1 , both of which emit pri-

marily to theX1
2P1/2 ground state. It was found that theA

state’s lifetime decreases steadily with atomic number of
halogen atom, varying from 5.060.8 ms for PbF to 0.13
60.03 ms for PbI.1 On the other hand, the opposite trend
observed for theX2

2P3/2 state: 0.3660.05 ms for PbF and
4.060.6 ms for PbI.1 No explanation for these trends has y
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been given, but it seems clear that it can best be sough
carrying out accurate calculations of the corresponding
pole transition moments for these systems.

Over the past eight years, our research group has
ported numerous calculations of radiative lifetimes for ele
tronic and vibrational states of diatomic and triatomic m
ecules containing at least one heavy atom, beginning wi
series of Group 15 halides,2–5 hydrides6–8 and oxides,9–11

and more recently with various tellurium compounds,12–13

BiNa14 and TlH.15 In each case direct comparisons betwe
these theoretical and measured lifetimes by the group
Fink, Shestakov, and Setzer at the University of Wuppe
were possible and generally good agreement has been f
between these two sets of results. In the present study a
tion will be centered on the lead monofluoride molecule. T
calculations are carried out with the aid of relativistic effe
tive core potentials~RECPs!, including spin-orbit coupling,
similarly as in the previous examples cited above. A se
consistent field~SCF! treatment is combined with a large
scale configuration interaction~CI! treatment to obtain
highly correlated wave functions for PbF at theL –S level
~in the absence of spin-orbit coupling but with inclusion
other scalar relativistic effects!. This is followed by a con-
tracted spin-orbit CI~LSC–SO–CI! calculation in which a
relatively small secular equation is solved to mix theL –S
states to obtain the finalV states. Parallel thereto, however,
more computationally demanding approach is applied wh
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Downloaded 08 Dec
TABLE I. Details of the MRD-CI calculations carried out for various states of the PbF molecule~r
53.95a0 , selection thresholdT50.5mEh ).

C2v

symmetry
Number of refer-

ence configurations
Number of

generated SAFs
Number of

selected SAFs
Number of

roots Scp
2

2A1 92 981 813 35 810 9 95.8
2A2 82 1 175 316 41 096 8 95.4
2B1 , 2B2 134 1 390 421 40 969 9 96.3
4A1 78 1 085 514 24 760 3 96.3
4A2 76 1 119 108 26 460 4 96.1
4B1 , 4B2 81 1 053 566 24 348 3 96.5
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7,
was first employed in our research group to describe
electronic spectrum of BiH6 and has since been extended
deal with configuration spaces spanning up to 23106 S2

eigenfunctions.16,17 In this case the electrostatic and spi
orbit interactions are treated on an equal footing~one-step CI
as opposed to the two-step LSC–SO–CI treatment first
cussed!. In essence, a large secular equation is solved
which configurations from several different spin and spa
symmetries are allowed to interact directly without first o
taining L –S wave functions in a treatment which exclud
spin-orbit coupling. For relatively light atoms the two proc
dures should provide similar accuracy, as has been verifie
a number of cases in which explicit comparisons have b
made.17 The lead atom (Z582) is sufficiently heavy that one
can expect some significant differences in the results
tained from these two approaches, however, whereb
would seem likely that the more computationally expens
approach would be superior. This aspect of the theoret
calculations has been tested in the present work for the
system, albeit only for the total energies of the various el
tronic states treated.

II. DETAILS OF THE THEORETICAL TREATMENT

The present calculations have been carried out emp
ing an RECP of Christiansenet al.18 which leaves the 5d,
6s, and 6p shells of lead outside the core to be treated
plicitly in the SCF and CI optimizations. The original Cart
sian Gaussian atomic orbital~AO! basis recommended i
that study has also been used. It consists of fives and fivep
primitive functions taken in uncontracted form and a sin
six-component contractedd function. The fluorine 1s shell is
also represented by a core potential19 and the original fours
and fourp primitive basis is employed in uncontracted form
In addition,d andf polarization functions have been include
with exponents of 0.7 and 1.5a0

22, respectively. The first
step in the theoretical treatment was to carry out an S
calculation for the2S1 excited state of the PbF molecul
which has ap4s* electronic configuration. Since the subs
quent multireference single- and double-excitation confi
ration interaction~MRD-CI! treatment is carried out in for
mal C2v ~Abelian! symmetry, an SCF calculation for th
X 2P ground state has the disadvantage of leading to
equivalentpx andpy components, whereby this undesirab
feature is not present for a state ofS symmetry. Some tes
calculations were also carried out with the1S1 SCF MOs of
the PbF1 ion, and the results were found to be in excelle
agreement with those obtained with the PbF2S1 state MO
 2008 to 194.177.215.121. Redistribution subject to A
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basis for the same electronic states, as will be discusse
the following section. The F 2s and Pb 5d SCF orbitals were
kept doubly occupied in all configurations, reducing t
number of active electrons to nine in the present treatmen
standard perturbative selection procedure20,21was used to ob-
tain an appropriate CI space in each case. SeparateL –S
calculations have been carried out for a large series of in
nuclear distancesr for both doublet and quartet states of ea
C2v irreducible representation. The selection was made
threshold ofT50.5mEh for a single- and double-excitatio
space generated from a series of reference configurat
chosen on the basis of their contributions to the lowest e
tronic states of PbF based on the results of preliminary
calculations. The numbers of reference configurations
roots employed for eachL –S symmetry are given in Table I
along with typical numbers of selected and genera
symmetry-adapted functions~SAFs! for eachC2v represen-
tation.

The Table-CI algorithm22–24 is used to evaluate Hamil
tonian matrix elements between SAFs and a Direct-CI v
sion of the MRD-CI programs25–26 has been employed to
obtain the resulting energy eigenvalues and eigenfunctio
The sum over squared CI coefficientsScp

2 for each of the
lowest roots obtained is also given in Table I, and this qu
tity is generally found to lie in the 95–96% range. The orde
of secular equations solved explicitly in the present treatm
vary from 25 000 to 40 000, out of a total of (1.0– 1.4
3106 SAFs generated by single and double substitutio
relative to the reference configurations. An energy extrapo
tion procedure20–21is used to obtain accurate estimates of t
CI eigenvalues at zero threshold (T50) and the multirefer-
ence analogue of the Davidson correction27–28 is applied to
account for the effects of triple and higher excitations~re-
ferred to as the full-CI or FCI correction!. In the simpler of
the two spin-orbit CI treatments considered, the result
L –S wave functions are used as basis for the matrix rep
sentation of the full relativistic Hamiltonian from which th
final V-state wave functions are obtained by subsequent
agonalization. TheMs components of each doublet and qua
tet L –S state are divided into two degenerate subsets~E1

andE2! which form the basis for separate secular equati
of order 61 each from which identical LSC–SO–CI eige
values ensue~two-step procedure!. In the other, more flex-
ible, treatment a Direct SO–CI calculation is carried out
all the SAFs selected for the variousL –S spaces atT
51.0mEh . Near the PbFX 2P equilibrium distance (r
53.95a0) the resulting secular equation is of order 250 67
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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from which the lowest nine roots have been extracted, si
larly as at all other distances treated.

The final phase of the present theoretical treatment i
compute transition and dipole moments between all pair
L –S states~with S15S2 and MS1

5MS2
! considered above

in the LSC–SO–CI two-step approach. The selected-sp
CI wave functions are used for this purpose, similarly as
the spin-orbit matrix elements mentioned first. The result
mx , my , andmz matrices are transformed over theV-state
SO eigenfunctions, whereby only dipole moment matrix
ements for pairs of functions with the sameS, MS values are
retained.

All the above calculations have been carried out fo
series ofr values ranging from 3.2 to 12.0a0 , in steps of
0.1a0 up to r 57.5a0 , and of 0.5a0 , thereafter up tor
510.0a0 . Additional calculations have been carried out ne
the ground state’s potential minimum~3.85 and 3.95a0! and
also atr 511.0 and 12.0a0 . The resulting potential curve
are then fit to polynomials which are then used in on
dimensional nuclear motion Schroedinger equations wh
are solved numerically29–30to obtain vibrational energies an
eigenfunctions for each electronic state. The dipole mom
data are then combined in numerical form with the lat
functions to obtain transition moments between pairs of
brational states, which in turn are used to compute Eins
spontaneous emission coefficients in each case. The l
values for a given upper state are summed over all low
lying vibrational states to obtain the reciprocal of the latte
radiative lifetime.

III. POTENTIAL ENERGY RESULTS

The computed MRD-CI potential curves for the low
lying states of the PbF molecule obtained without the inc
sion of spin-orbit coupling are shown in Fig. 1. The ma
states of interest in the present study are theX 2P ground
state and theA 2S1 excited state. Their electronic configu
rations arep4p* andp4s* , respectively, near their equilib
rium r values. Both states are basically ion-pair in natu
(Pb1F2) but they dissociate to the same neutral atomic lim
Pb(3P)1F(2Po). As a result both of these potential curv
undergo an abrupt change in slope in ther 57.0– 8.0a0

range~Fig. 1!. Thep* MO is strongly localized on the lea
atom and is therefore nonbonding, whereas thes* is much
more antibonding and its charge distribution extends ove
fairly wide range ofr, and its charge center is located 0.27a0

farther away from the fluorine atom than isp* . Almost all
other low-lying electronic states have repulsive potentia
The next lowest-energy state is thea 4S2 with a sp4p* 2

configuration, and it is a slight exception to the above r
~see Fig. 1!. The 22S1 state of the same electronic config
ration has a deeper potential minimum than a4S2, but
its potential curve is crossed by a number of others
far from this minimum and thus is presumably strong
predissociated.

The correspondingV-state potential energy curves o
tained after inclusion of spin-orbit coupling in the theoretic
treatment are shown in Figs. 2~a! and 2~b!. The two sets of
potentials for the lowest three states are quite similar to
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another in the two SO-CI approaches@two-step LSC–SO–CI
in Fig. 2~a! and the one-step Direct SO–CI in Fig. 2~b!#. The
ten lowest-energy eigenvalues for the PbFV states have
been obtained with both the neutral molecule’s2S1 SCF
MO’s and the PbF1 1S1 SCF MOs as basis for the respe
tive LSC–SO–CI calculations, and these results are co
pared in Table II. The ground-state total energies at theL –S
level of treatment are283.213 328 and283.213 559Eh , re-
spectively at the FCI level of treatment, a difference of on
51 cm21, indicating a high level of convergence in the co
responding MRD-CI treatments. Moreover, computed tran
tion energies for corresponding levels differ by no more th
600 cm21, and on the average by less than 230 cm21.

There is a large splitting for theX 2P state because o
the fact that the open-shell MO in the dominant configurat
is localized on the lead atom. Computed spectroscopic c
stants ~Te , r e , and ve values! are compared with
experiment1 for the lowest threeV states of PbF in Table III.
First of all, it is found that the above splitting in the Direc
SO-CI calculations differs by only 23 cm21 from the corre-
sponding observed value of 8264 cm21. The two-step value
is still of quite respectable accuracy, however, giving an er
of 459 cm21 or 5.5%. Interestingly enough, however, th
opposite situation is found for the computedA 2S1/2

1 Te val-
ues. The simpler calculation gives a result which is only
cm21 in error ~LSC–SO–CI! for this quantity, whereas the
Direct SO-CI value is in error by 668 cm21 or 3.0%. In the
first case, one can argue that the more flexible SO–CI
proach is superior because it is better able to describe di
ences between the Pb 6p 1/2 and 3/2 spinors, which is a

FIG. 1. Computed MRD-CI potential-energy curves for various PbF el
tronic states obtained without spin-orbit coupling.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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critical factor in this computation, than does the two-st
approach, which relies on a rather truncated basis ofL –S
eigenfunctions to achieve the desired level of accuracy
the A 2S1 case there seems to be a cancellation of er
working in favor of the LSC–SO–CI approach. The sp

FIG. 2. ~a! Computed LSC–SO–CI potential energy curves for various P
V electronic states~V51/2—solid lines, 3/2—dashed lines, 5/2—dotte
line!. ~b! Computed Direct SO–CI potential energy curves for various P
V electronic states.
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orbit perturbation matrix element between theX 2P and
A 2S1 1/2 states is underestimated in the latter computat
and this effect then compensates for the overestimation
the 2S1 –2P excitation energy at theL –S level of treat-
ment.

The computed bond lengths in the two SO-CI a
proaches are quite similar in all three cases~Table III!, dif-
fering by 0.005 Å in the worst case. The calculations ov
estimate these quantities by 0.01–0.03 Å relative
experiment.1 The agreement between corresponding co
puted vibrational frequencies is similar on a percentage b
for the two SO-CI treatments. A slight exception occurs
the A 2S1/2

1 state ~16 cm21 discrepancy!, probably because
the corresponding potential well characteristics are relativ
sensitive to the description of large-r interactions, unlike the
case for theX 2P pair of V states.

One of the advantages of the LSC–SO–CI approac
that it provides a ready analysis of the spin-perturbed w
functions in terms of their respectiveL –S component states
The composition of the lowest fiveV states of PbF is given
in Table IV for a number of internuclear distances. As e
pected, the lowest twoV51/2 states are simply mixtures o
the 2P and 2S1 L –S components. The secondary config
ration contributes only 1.5% to the total wave functions
both cases atr 53.5a0 . Near the ground-state equilibrium
distance atr 53.9a0 this amount increases to 2.7%, byr
54.1a0 it reaches a value of 3.5%, and it continues growi
steadily thereafter~7.4% atr 54.9a0!. The intermediate 3/2
state is found to be almost pureX 2P throughout the same
range ofr ~Table IV!. Finally, the next highest-energy state
are composed primarily of thea 4S2 L –S state. The 3/2
root has virtually no other important contribution from oth
states, but the lower-energy 1/2 state has a 32S1 component
of 8.1% atr 53.9a0 .

The computed energy differences of the various atom
limits obtained with large-r molecular calculations are com
pared with the corresponding experimental values34 in Table
V. In general, the calculations are able to obtain the expec
degeneracies for the various dissociating states to a high
gree of accuracy@Figs. 2~a! and 2~b!#, which is another good
indication that the level of treatment is very close to that o
full valence CI. The F(2Po) 3/2–1/2 splitting is computed to
be 369 cm21, as compared to the measured value of 4
cm21. There are six molecular states which converge to

F

F

TABLE II. Comparison of calculated LSC–SO–CI vertical excitation en
gies ~cm21! at r 53.95a0 for two different SCF-MO basis sets~A 2S1 of
PbF andX 1S1 of PbF1!.

V state E ~2S1 MOs! E ~1S1 MOs! D

X1 1/2~I! 0 0
X2 3/2~I! 7832 7785 47
A 1/2~II ! 22 820 22 838 218
1/2~III ! 37 194 36 939 255
3/2~II ! 39 817 39 653 164
1/2~IV ! 45 431 45 405 26
3/2~III ! 47 036 46 463 573
1/2~V! 47 444 47 028 416
1/2~VI ! 48 123 47 696 427
3/2~IV ! 51 002 50 704 298
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TABLE III. Spectroscopic constants~excitation energyTe , bond lengthr e and vibrational frequencyve! for various states of the PbF molecule.

State

Te /cm21 r e /Å ve /cm21

LSC–SO–CI D–SO–CI Expt. LSC–SO–CI D–SO–CI Expt. LSC–SO–CI D–SO–CI Exp

X1
2P1/2 0 0 0 2.084 2.084 2.058a 530 522 507a

X2
2P3/2 7805 8241 8264b 2.066 2.065 2.034a 542 537 533c

A 2S1/2
1 22538 23225 22557b 2.168 2.173 2.160a 430 414 395b

aReference 31.
bReference 32.
cReference 33.
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next highest asymptote, Pb(3P1)1F(2P3/2
o ). Their average

computed atomic excitation energy is 7069 cm21, which un-
derestimates the measured value by 750 cm21, an error of
9.6%. The next limit again involves the F(2P1/2

o ) excited
state. In this case, the computed energy difference relativ
its 3/2 counterpart is 379 cm21, slightly closer to the mea
sured value for this quantity already mentioned.

IV. RADIATIVE LIFETIME CALCULATIONS

A. Transition and dipole moments

Fink and co-workers1 have measured radiative lifetime
of the A and X2 states of all four stable lead monohalide
The A 2S1 –X 2P is the key transition at theL –S level of
treatment and its transition dipole moment value is shown
a function ofr in Fig. 3. One can see that it varies strong
with bond distance and that it vanishes at ca. 3.95a0 , which
is close to the equilibrium distance of both theA and X
states. For the calculation of spin-forbidden intensities dip
moments of individualL –S states are often important a
well ~Fig. 4!. For example, the difference in theA and X
values makes a significant contribution to theA–X1 mz com-
ponent. It is evident from the above diagram that both sta
are ion-pair in nature. TheA 2S1 dipole moment is every-
Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to A
to

.

s

le

s

where smaller than that ofX 2P, whereby the polarity for
both is clearly Pb1-F2. The reason for this distinction is th
fact that thep* MO is almost perfectly localized on the lea
atom while thes* has its center of charge still farther from
the F atom. Thus ap*→s* transition tends to move elec
tronic charge in the direction of lead, and thereby lower
value of the dipole moment by roughly 0.27ea0 at each bond
distance.

At large r, both theA and X ~diabatic! potentials cross
with repulsive curves dissociating to the neutral ground-s
atoms~Fig. 1!. As a result, the corresponding dipole mome
curves abruptly change shape and fall off to zero values.
same holds true for theA–X transition moment. TheV-state
transition moments are shown in Fig. 5. It is clear that
A–X1 and A–X2 values are very similar to the
L –S2S1-2P results in Fig. 3. TheA–X2 ~perpendicular!
transition moment crosses that ofA–X1 nearr 53.6a0 , but
the two results never differ by more than a few hundredths
an ea0 . The z component of theA–X1 moment actually
decreases at first with increasingr ~Fig. 5!, contrary to what
one would conclude on the basis of simple two-term sp
orbit mixed states. Other contributions control the over
shape of the curve, so that a minimum is reached near
54.1a0 . The correspondingX2–X1 fine-structure transition
TABLE IV. Percentage composition of the lowest-energyV states of PbF at various internuclear distancesr.

V state r /a0
2P 1 2S1 2 2S1 3 2S1 2S2 4S2(3/2) 4S2(1/2) 2 4P

X1 3.5 97.4 1.5
3.9 96.0 2.7
4.5 93.6 5.4
4.9 91.6 7.4

X2 3.5 98.6
3.9 98.8
4.5 98.8
4.9 98.4

A 3.5 1.6 96.4
3.9 2.9 95.2
4.5 5.6 92.1
4.9 7.6 89.1

1/2~III ! 3.5 1.0 6.7 88.4
3.9 8.7 80.3
4.1 9.6 1.9 75.3 5.1
4.5 5.0 6.0 52.2

3/2~II ! 3.5 98.2
3.9 96.5
4.1 95.3
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TABLE V. Comparison of calculated and experimental atomic energy limits.

Atomic limit V states DE ~Calc.!/cm21 DEa ~Expt.!/cm21

Pb(3P0)1F(2P3/2
o ) 1/2, 3/2 0 0

Pb(3P0)1F(2P1/2
o ) 1/2 369 400

Pb(3P1)1F(2P3/2
o ) 5/2, 3/2, 3/2, 1/2, 1/2, 1/2 7069 7819

Pb(3P1)1F(2P1/2
o ) 3/2, 1/2, 1/2 7448 8219

aReference 34.
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moment is of similar magnitude at the ground-state equi
rium distance, but it gradually decreases to a zero valu
r 55.2a0 . Again all dipole moment values~Fig. 6! vanish at
large r because each of these states goes to neutral at
limits. The corresponding transition moment values also v
ish at larger after the aforementioned crossing of diaba
potentials has occurred.

B. Radiative lifetimes

There are three transition moments involved in the co
putation of the radiative lifetime of theA state of PbF~Fig.
5!. Two of these~A–X1 andA–X2! stem from the allowed
2S1-2P L –S transition with perpendicular polarization
while the third is the parallel~z! component for theA–X1

transition. The partial lifetimes computed in the prese
study for the lowest vibrational levels of theA andX2 states
are given in Table VI. They show that, at least forv8
50–5, the dominant contribution to theA state total radiative
lifetime does not come from the allowedA–X L –S transi-
tion moment but rather from theA–X1 parallel component.

FIG. 3. Computed MRD-CIA–X electric dipole transition moment for PbF
as a function of internuclear distancer.
 2008 to 194.177.215.121. Redistribution subject to A
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The reason for this, as already indicated in Sec. IV A, is t
the S1 –P moment vanishes in the neighborhood of theA
state’s potential minimum and thus has relatively little infl
ence on the overall emission intensity from this upper sta
For v850, the total lifetime is computed to be 16.1ms,
whereas the parallel component of theA–X1 transition mo-
ment corresponds to a partial lifetime which is only 50
longer. By contrast, that for theA–X1 perpendicular transi-
tion is nearly 150ms. The correspondingA–X2 value is
about twice as short, but it is still more than four tim
longer than the total. The latter quantity does not vary at
strongly withv8, but the perpendicularA–X1 partial lifetime
quickly decreases to the point that it becomes nearly equa
the parallel value atv855 ~Table VI!.

The PbFA state’s radiative lifetime forv850 has been
measured by Shestakovet al.1 to be 5.060.8 ms, which is in
quite good agreement with other reported values of C
et al. ~4.960.3 ms!35 and Shestakovet al. ~5.060.3 ms!.36

The present computed value is thus about three times la
than observed. As Table VI shows, however, the value of

FIG. 4. Computed MRD-CI dipole moments for theX 2P andA 2S1 elec-
tronic states of PbF as a function of internuclear distancer obtained without
spin-orbit coupling.
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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radiative lifetime decreases rather quickly withv8, so that it
is 9.2ms atv855. This relatively strong dependence onv8 is
clearly due to the strong variation in the keyA–X L –S per-
pendicular transition moment~Fig. 3!. Probably the simples
way to explain the discrepancy between calculation and
periment for thev850 lifetime is to assume that ther value
at which the latter transition moment vanishes is as much
0.03 Å ~see Table III! farther removed from the location o
the actual potential minimum for theA state than has bee
found in the present calculations. This eventuality wou
lead to a significant decrease in thev850 partial lifetime for
the perpendicularA–X1 transition and thus to a correspon
ing reduction in its total radiative lifetime, bringing it in fa
better agreement with the observed value. Thez component
for the A–X1 transition moment is also fairly sensitive t
theoretical treatment because it results from at least th
rather smallL –S contributions which are nearly equal i
magnitude. In any event, it would be very useful if theA
state’s radiative lifetime could be measured for more th
just thev850 level. It is clear from the shape of the com
puted A–X transition moment~Fig. 3! that this quantity
should depend rather strongly onv8, and it would be highly
desirable to check this result experimentally.

TheX2 radiative lifetime has also been measured,1,33 and
a value of 0.3660.05 ms has been found, some 72 tim
longer than for theA state’s value. The present comput
lifetime values are also given in Table VI as a function ofv8.
They again show a fairly large discrepancy relative to
observedv850 lifetime, but also that the computed lifetim

FIG. 5. Computed LSC–SO–CI electric dipole transition moments for v
ous low-lying V states of the PbF molecule as a function of internucl
distancer.
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drops rather quickly withv8. For example, forv853 the
computedX2 radiative lifetime is 0.39 ms, which is in muc
better agreement with what has been measured, albei
v850. One should note in general that it is increasing
more difficult to obtain high-percentage accuracy for su
quantities as their values increase to the ms range. Thus
level of agreement found between the present SO–CI ca
lations and experiment is still quite acceptable for both P
upper states, and this experience bodes well for the hoped
goal in the broader study of being able to satisfactorily e
plain the observed trends in such quantities throughout
lead monohalide series.

i-
rFIG. 6. Computed LSC–SO–CI dipole moments for theX1 , X2 and A
electronic states of the PbF molecule as a function of internuclear distanr.

TABLE VI. Computed partial and total radiative lifetimes~ms! of theA and
X2 states of PbF for various vibrational levelsv8.

v8 A–X1(') A–X1(i) A–X2(') A ~total! X2 ~total!

0 148.6 24.7 67.2 16.1 3374
1 68.1 24.0 64.4 13.9 965
2 44.6 23.3 62.5 12.3 560
3 33.3 22.6 61.9 11.1 395
4 26.6 21.9 61.7 10.1 304
5 22.2 21.3 61.6 9.2 297
6 19.2 20.8 61.6 8.6 209
7 17.0 20.2 61.8 8.0 182
8 15.4 19.5 62.3 7.6 161
9 14.2 18.8 62.8 7.2 144
10 13.2 18.1 63.5 6.8 131
11 12.3 17.4 64.2 6.5 120
IP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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V. CONCLUSION

Two different methods for obtaining SO–CI wave fun
tions and energies have been compared in the present s
It was found that the potential curves for the ground a
low-lying states of the PbF molecule are quite similar in bo
approaches and that the results are in good agreement
experiment. This experience demonstrates that the relati
simple method for including spin-orbit effects which h
been in use in our laboratory for nearly a decade, namel
form a matrix representation of the full relativistic Ham
tonian in the basis of a small number ofL –S states and then
to diagonalize to obtain spin-mixed eigenfunctions and th
energy eigenvalues, is quite accurate even for relativ
heavy atoms such as lead and bismuth. On the other han
is important to have SO–CI programs which are able to w
directly with many-electron configuration-state basis fun
tions ~or alternatively with Slater determinants! in order to
provide checks on the accuracy of the simpler~LSC–SO–
CI! method in any given situation, and that goal has be
reached in the present study.

It has also been demonstrated that the full-valence
limit has been closely approximated in the present ni
active-electron multireference treatment. TheV-state eigen-
values obtained with SCF MOs for both the PbF2S1 and the
PbF1 1S1 states for the first ten roots of the LSC–SO–
secular equations agree to within an average of less than
cm21. This result also indicates that the core electrons in
CI ~Pb 5d and F 2s shells! are nearly equally well describe
in these two SCF treatments.

The calculations show that there are only three low-ly
V states of PbF which are clearly bound, as all other pot
tial curves obtained are either repulsive or have at most w
shoulders. The dominantL –S excitation is the perpendicula
2S1 –2P transition, and its dipole moment matrix element
found to depend quite strongly on internuclear distance
becomes zero in the neighborhood of theA 2S1/2

1 potential
minimum, and as a consequence theA–X1 Einstein coeffi-
cient of spontaneous emission for thev850 upper state is
determined primarily from the parallel~z! component of the
corresponding transition moment. The corresponding ra
tive lifetime is calculated to be 16ms, as compared to th
measured value of only 5.0ms. The analogous results fo
higherA-state levels decrease rather strongly withv8, how-
ever, so that a value of 8.6ms is found for v856. It is
speculated that a slight shift in theA–X L –S transition mo-
ment curve which would move the aforementioned z
value away from theA-state’s Franck–Condon region by a
little as 0.03 Å would alter the calculations sufficiently
bring the computedv850 radiative lifetime into much bette
agreement with the measured value. At the same time,
should realize that for such relatively weak transitions, a f
tor of 2–3 accuracy is not unexpected, so the present disc
ancy in theA, v850 lifetime can still be considered as a
ceptably small.

The X2 radiative lifetime is measured to be 0.36 ms,
times longer still than that of theA state. The calculations
again find thev850 lifetime to be too long compared to th
value, but also that the lifetimes of the higher-lying leve
Downloaded 08 Dec 2008 to 194.177.215.121. Redistribution subject to A
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gradually decrease withv8, so that a value of 0.39 ms i
found forv853. This result again indicates that a slight sh
in the X1 and X2 potentials or the corresponding transitio
moment as a function of internuclear distance would resul
notably better agreement between the calculated and a
lifetimes of the vibrational levels of this upper state. Final
the results of the present calculations appear to be of s
cient accuracy to enable a clear understanding of trend
theA andX2 radiative lifetimes which have been observed
the lead monohalide series of radicals, and work is
progress to achieve this objective.
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