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Potential energy, dipole moment, and electronic transition moment functions for the A 377 and 
X 3Z~ states of PH have been calculated from highly correlated electronic wavefunctions. The 
electric dipole moments in the vibrational ground state of PH are calculated to be 0.637 Debye 
(A3 77) and 0.403 Debye (X32"_). The predicted rates of spontaneous emission between low lying 
vibrational states of the X state lie in the range of 46 to 109 sec-1 (PH) and 12 to 30 sec-1 (PD). 
The calculated radiative lifetime of the v' = 0 level in the A377 state of 400 ns is lower by about
10 percent than the most recent experimental value. The classical intersection of the 5I ~  and the 
A3 77 state has been calculated to lie between v' =  2 and 3 with an expected uncertainty of about 
500 cm "1, whereas the onset of the rotationally dependent predissociation lies at v' =  0, J' =  11.

I. Introduction

The A 37 7 - X 32 '_ electronic transitions in the PH 
and PD radicals have been extensively studied by 
absorption [1-3] and emission [4] experiments. Due 
to the predissociation of the A  state the pure 
emission rates, however, are experimentally acces
sible only for v' = 0. Recently, it was shown that the 
lifetime in v' = 0 is almost independent of J ’ up to 
J ' =  10, whereas for higher rotational quantum 
numbers the apparent lifetimes are reduced due to 
the predissociation of the A state [5]. The average 
lifetime for J' <  10 was found to be 450 ns, and it is 
assumed that this corresponds to a pure radiative 
decay. Previously, two strongly differing lifetimes 
based on low resolution data have been reported. 
Since in both experiments the predissociating 
rotational levels could not be separated, it is to be 
expected that the observed lifetimes are lower than 
the pure radiative lifetime. In fact, Sam and Yard- 
ley [6] reported, at 6 A spectral resolution, a lifetime 
of 355 ns for the 377 i and 3772 and 265 ns for the 
3/7 0 sublevels. Fink and Welge [7] found an average 
value of 445 ±  50 ns at 10 A spectral resolution.

In the present work the transition moment func
tion for the A 3/ 7 - X 327_ transition has been 
calculated from highly correlated MCSCF-CI wave-
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functions. After scaling for small remaining errors 
this function allows evaluating of the radiative 
transition probabilities of any level in the A state, 
and it might thus contribute to a detailed under
standing of the A state decay mechanism.

Recently, the v" = 0 and 1 levels in the X 3Z~ state 
of PH and PD have been precisely investigated by 
diode laser [8] and by laser magnetic resonance 
spectroscopy [9]. To our knowledge, no radiative 
transition probabilities of the rotation-vibration 
transitions are so far known from experiments. Also, 
the dipole moment in the vibrational ground state is 
experimentally unknown. The MCSCF-CI calcula
tions reported in the present work yield dipole 
moments with an expected accuracy of about 
0.02 Debye and radiative transition probabilities 
within about 10 percent.

An extended theoretical work on electronically 
excited states of PH has been published by Bruna et 
al. [10]. Those authors also calculated a mean 
oscillator strength of 0.011 for the A 37 7 -X 3r - 
transition, which corresponds to a lifetime value of 
315 ns. This too short value indicates that the 
correlation contributions to the transition moment 
have not been fully accounted for (cf. Section III).

Previously, the electronic ground state of PH has 
been investigated theoretically by Meyer and 
Rosmus [11], using PNO-CEPA wavefunctions. The 
present MCSCF-CI dipole moment function for the
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X state is expected to be more accurate and should 
yield radiative transition probabilities with an 
accuracy of about 10 percent.

II. Computational Details and Potential Energy 
Functions

The Gaussian-type basis set employed in the calcu
lation consisted of 14s, l ip , 4d, I f  for phosphorus 
and 8s, 3p, Id for hydrogen contracted to 10s, 8 p, 
4d, I f  and 6s, 3p, Id. The phosphorus basis was 
derived from Veillard’s 12s, 10p set [12] by replacing 
the 2 most diffuse s-functions by four functions with 
exponents 0.43, 0.21, 0.1 and 0.048, and the last 
p-function by two functions with exponents 0.091 
and 0.035. The exponents of the polarization func
tions were 2.1, 0.7, 0.25 and 0.09 for the d-functions 
and 0.35 for the f-function. The standard hydrogen 
7s set [13] was augmented by one function with an 
exponent of 0.03. The p- and d-exponents were 1.2, 
0.3, 0.08, and 0.7, respectively. Complete active 
space (CASSCF) [14] and large scale MCSCF [15] 
calculations were performed in order to select the 
reference configurations for the final MCSCF-CI
[16] calculations. In order to facilitate the calculation 
of the electronic transition moment, both states were 
described in a single molecular orbital basis. These 
orbitals were obtained by minimizing the energy 
average of the X and A states in the MCSCF 
procedure. With 13 reference configurations for the 
X 3r~  ground state, 23 for the A 3/7 and 12 for the 
repulsive state the total number of variational

parameters in the internally contracted Cl [16] was 
33858, 37461, and 20116, respectively. The Schrö
dinger equation of nuclear motion was solved by the 
method of Cooley [17],

The present MCSCF-CI wavefunctions are so far 
the most accurate obtained for PH. The variational 
energies of the X and the A state (cf. Table 1) are 
lower by about 0.03 a.u. than the previous vari
ational energies. In Fig. 1 the potential energy func
tions for the X 3r~ , A 3/7 and 5Z~ states are dis
played. The spectroscopic constants derived from 
these potentials are in close agreement with experi
mental data (cf. Table 1). The equilibrium distances 
deviate by 0.002 A (X) and 0.001 A (A), the har
monic cue constants by 10 cm-1 (X) and 1 cm-1 (A) 
from the experimental values. Since only very small 
parts of the potentials can be characterized by the 
experimental spectroscopic data, the calculated 
potential energy functions were used in the evalu
ation of the vibrationally averaged dipole matrix 
elements. The dissociation energy of the X 32T_ state 
has not yet been accurately determined from 
spectroscopic data. The onset of predissociation at 
J ' =  11 yields an upper limit of 3.74 eV [5], This 
value is about 30% higher than the theoretical 
values from the MRD-CI and PNO-CEPA calcula
tions and also higher than the value of 3.17 eV 
derived from thermochemical cycles [18], The 
present MCSCF-CI De value of 3.05 eV agrees with 
the previous theoretical results (cf. Table 1) and is 
expected to be accurate within ±  0.15 eV. An even 
better accuracy has been achieved for the De of the 
A state (cf. Table 1).

Table 1. Calculated spectroscopic data for PH.

State Method Ref. E “ e coe ,xe Me /̂ e T± e
(a.u.) (A) (cm •) (cm-1) (cm-1) (cm-1) (D) (D/A) (eV) (cm-1)

x 3z - MCSCF(13)-CI This -341.4260 1.423 8.524 0.253 2379 42 0.431 -1 .30 3.05
work

Exp. [4, 8, 9] 1.4214 8.5327 0.2522 2366.8 45.3 3.17
PNO-CEPA [11] -341.4240 1.426 8.49 0.251 2366 45 0.481 -1 .39 3.04
MRD-CI [10] -341.3984 1.4226 8.533 0.254 2380 43.9 3.03

A 3/7 MCSCF(23)-CI This
work

-341.2912 1.446 8.262 0.450 2029 87 0.584 1.60 0.86 29 783

Exp. [4] 1.4463a 8.2572a 0.47 2030a 98.5 b 0.89c 29 519.6
MRD-CI [10] -341.2565 1.4420 8.306 0.45 2071 87.8 31 132.7

a R0 = 1.4673 A, B0 =  8.0222 cm ', zJGI/2 =  1833 cm — b Estimated from isotope relations. 
c Calculated from Z)e(X 3r - ), Te and AE (P, 4S - 2D).
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III. The A 3/7 -  X 31  Transition Probabilities

The calculated MCSCF-CI transition moment 
function is listed in Table 2 and plotted together 
with the potential energy functions in Figure 1. The 
Einstein coefficients of spontaneous emission, 
radiative lifetimes, and absorption oscillator strengths 
for the two lowest levels in both electronic states are 
given in Table 3. The v' =  0 lifetime of 399 ns is 
smaller than the experimental value by about 51 ns. 
As discussed below, this effect is due to the fact that 
the correlation contributions to the transition 
moment are very large and probably not fully 
accounted for.

Very frequently, the Hartree-Fock transition 
moments of diatomic hydrides are too large, the 
correlation contributions lie in the range 50-100%. 
Even if highly correlated electronic wavefunctions 
are employed, it is possible that this large correla
tion effect is not fully accounted for. Therefore, in 
order to check the convergence of the transition 
moment with respect to the selection of the refer
ence wavefunction, a series of test calculations at 
R = 2.7 a.u. has been performed *. The Hartree-Fock 
calculations yielded total energies of -341.287445 
and -341.144274 a.u. for the X 3£~  and the A 3/7 
state, respectively, and a transition moment of 
0.588 a.u. In all further calculations the Is, 2s and 
2 p shells of the phosphorus atom were treated as 
core and taken from the previous Hartree-Fock 
calculation. In order to select the reference con
figurations for the MCSCF-CI procedure, state 
averaged complete active space (CASSCF) calcula
tions with different active orbital sets have been 
performed. This yielded 13 configurations for 
the X 3Z~ state and 23 configurations for the 
A 3T1 state in the orbital space 4 a, 5 a, 6 a, 2 n, 3n, 
and 1 Ö. The increased number of configurations for 
the A 3/7 state is demanded by the averaging 
procedure. In particular, the reference wavefunction 
for the A state was made invariant with respect to 
rotations between the 4 a and 5 a  orbitals in order to 
achieve a balanced description of the strongly inter
acting states with the dominant configurations 
4 a 25a and 4 a 5 a 2. Further investigations with 
CASSCF wavefunctions also showed considerable 
amounts of <5-type orbital contribution. Although 
the Cl energy was nearly unaffected by additional 
reference configurations with these orbitals, they 
considerably changed the transition moment*. For

that reason 5-type orbitals have been included into 
the final reference set used in the present calcula
tions. This leads to MCSCF energy values of
-  341.324883 and -  341.178804 a.u. for the X 32T 
and A 3/7 states, respectively, and a transition 
moment of 0.308 a.u. The MCSCF-CI procedure 
yielded -  341.426902 a.u., -  341.291054 a.u., and 
0.234 a.u., respectively. Calculations with even 
larger configuration sets did not result in consider
able changes. Nevertheless the calculated lifetime of 
399 ns is too short compared to the most recent 
experimental value. Thus we conclude that the 
remaining error in the transition moment of about 
5-6% is due to missing parts of the large correla
tion contribution of more than 0.35 a.u. relative to 
the Hartree-Fock transition moment. Similar errors 
have been found for other diatomic hydrides like 
OH, HC1+ [19] and SH [20]. If the electronic 
transition moment function is shifted by only 
0.014 a.u. to lower values, a lifetime of 450 ns in 
v' x 0 is obtained. Thus, we recommend a linear 
shift of the function in Table 2 for the evaluation of

Table 2. Dipole and transition moment functions for PH 
(all values in a.u.).

Distance
, , x + i y  
<A3/7 — —

V2
jx3i;-> x 3r- A 3/7

2.0 0.3249 0.3181 0.0244
2.4 0.2774 0.2402 0.1229
2.6 0.2490 0.1929 0.1854
2.7 0.2338 0.1666 0.2182
3.0 0.1852 0.0828 0.3192
3.3 0.1342 -  0.0029 0.3831
3.6 0.0841 -  0.0835 0.3612
4.0 0.0269 -  0.1580 0.2220
4.5 -  0.0185 -  0.1835 0.0509

Table 2a. Transition moment in atomic units at R = 2.7 a.u.

Method Transition moment

Hartree-Fock 0.588 a
CASSCF 0.409 b-d
CASSCF 0.245 c’d
MCSCF( 13/23) 0.255 c d
MCSCF (13/23)-CI 0.234

a States optimized separately. 
b Active orbitals 4 er 5 a 6 a 2n 3n. 
c Active orbitals 4 a  5 a 6 a 2n 3n 1 <5. 
d Single set of orthogonal molecular orbitals optimized by 

minimizing the energy average of both states.

* cf. Table 2 a.
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Table 3. Einstein coefficients of spontaneous emission, radiative lifetimes and absorption oscillator strengths for the 
A 3/ 7 - X 3r ~  transition in PH and PD.

Species v' A £ (s - ') Af (s ') A l2 (S - 1 ) r (ns) fv 'O /■ i

PH 0 2.49- 107 1.35 ■ 105 7.97 • 102 399 8.6 • 10-3 5.5 • IO“5
1 3.16- 105 1.74- 107 4.98 • 104 473 9.7 • 10"4 6.2- 10"3

PD 0 2.52 - 107 3.24- 105 1.53- 103 390 8.7- 10"3 1.3 ■ IO’ 4
1 3.08 • 105 1.87 • 107 8.77- 104 439 9.7 • 10~4 6.6 • 10“3

I n t e rn uc l e a r  Distance (a.u.)

Fig. 1. MCSCF-CI potential energy and electronic transi
tion moment functions for the X*£~, A 3/7 and 5Z~ states 
of PH.

A -X  radiative transition probabilities in possible 
future applications.

The radiative lifetimes in the A state increase 
with increasing vibrational quantum numbers, but 
since the nonradiative decay is expected to be much 
faster, only values for v' = 0 and 1 are listed in 
Table 3. The deuterium substitution lowers the life
time in v' =  0 by about 2 percent, in v' = 1 by about 
7 percent.

The predissociation of the A state is due to the 
intersection with the 5Z~ state correlating with the 
lowest dissociation asymptote P (4S) + H (2S). The 
intersection is calculated at R = 3.6 a.u., i.e. between 
the outer classical turning points of v' = 2 and 3. We 
expect a relative error in our calculated total 
energies of about 500 cm-1. In order to describe the 
dissociative process quantitatively the R depen
dence of the 52-' - 3/7 coupling and the possible 
tunneling from the low lying levels of the A state 
would have to be calculated. In this connection it 
would also be of interest to measure the differ
ences in the lifetimes of PH versus PD.

IV. The Dipole Moments and Radiative Transition 
Probabilities in the X 3! - State

The MCSCF-CI dipole moments calculated as 
expectation values for the X and A states are listed 
in Table 2 and plotted in Figure 2. The value of
0.431 Debye is lower by 0.05 Debye than the PNO- 
CEPA value (cf. Table 1). Similar deviations

I n t e rn u c l e a r  Distance (a.u.)

Fig. 2. MCSCF-CI electric dipole moment functions of the 
X vT“ and A 3/7 states of PH.
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Table 4. Vibrational electric dipole matrix elements 
(Debye) and rates of spontaneous emission (sec-1).

Species State V R'r Rl;+2 A[+' A[+2

PH X 32T- 0 0.403 - 0 . 1 1 1 0.006 45.8 0.9
1 0.355 -0 .160 0.009 81.2 2.0
2 0.312 -0 .199 0.016 109.8 5.4

A 3/7 0 0.638 0.143 -0 .034 40.8 14.6
1 0.714 0.169 -0 .080 36.8 47.5

PD X 3Z - 0 0.410 -0 .094 0.004 12.7 0.2
1 0.373 -0 .135 0.006 23.0 0.3
2 0.344 -0 .168 0.009 31.4 0.7

A 377 0 0.626 0.124 -0.021 12.7 2.5
1 0.687 0.163 -0.047 16.8 9.3

between both theoretical approaches have been 
found for SH [20], and also between the experi
mental and PNO-CEPA values for HC1. From this 
systematic behavior it can be concluded that the 
previous CEPA results yielded somewhat too large 
dipole moments and we expect that the present 
MCSCF-CI values are accurate within about
0.02 Debye. In v" — 0 of PH the electric dipole 
moment amounts to 0.403 Debye, for PD to
0.409 Debye. This small increase is due to the 
decrease of the dipole moment function close to the 
equilibrium distance. For the A state the first
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