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Sub-Doppler spectroscopy of the PH radical: Hyperfine structure
in the A 3P state
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Sub-Doppler spectra of theA 3P –X 3S2~0,0! and~1,0! bands of the PH radical have been recorded
using an injection seeded single mode optical parametric oscillator in a supersonic jet expansion.
Most of the rotational lines in these laser-induced fluorescence spectra exhibit clear splittings or
asymmetry due to hyperfine structure. An analysis of this structure is presented in terms of the
electronic structure and bonding of the molecule. Comparisons are drawn with the corresponding
A 3P state of the NH radical, and some shortcomings in the accepted methods for interpretation are
highlighted and discussed. ©2003 American Institute of Physics.@DOI: 10.1063/1.1543946#
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I. INTRODUCTION

The hyperfine structure of free-radical spectra is w
known as a tool to probe their electronic structure.1 This
structure is typically dominated in radicals by a magne
interaction between nuclei with nonzero spin and the spin
orbital angular momentum of the unpaired electrons.2 Since
the experimentally measurable magnetic hyperfine par
eters are determined by averages over the wave function
these electrons, they provide a direct route to investiga
the composition of the electronic wave function. Valuab
information can be derived such as thes-character of the
unpaired electrons or the spatial distribution of the unpai
p electron density.3 The recent development in our group
a narrow bandwidth pulsed visible/UV laser system4,5 has
allowed us to obtain this information for excited states mu
more easily than before, and this paper presents such a s
of the PH radical.

The PH radical is a promising candidate for measur
hyperfine structure, as both nuclei have nonzero spin
phosphorus has a relatively large magnetic moment, wh
leads to easily resolvable hyperfine structure. T
A 3P –X 3S2 band system was studied previously at Do
pler limited resolution by Legay6 and Rostas,7 who provided
rotational and fine structure constants forv850 and 1. These
were refined in our recent spectroscopic study of the pre
sociation dynamics involving the~0,0!, ~1,0!, and~2,0! bands
of the A 3P –X 3S2 band system.8 Most of the rotational
lines are absent from the laser-induced fluorescence~LIF!
spectrum of the~1,0! band due to a spin–orbit-induced co
pling to the repulsive5S2 state which correlates with
ground-state atomic fragments. This coupling increases w
v8 andJ8, so the~2,0! band is void of any LIF signal excep
for one strong line withJ850, which is the only line which
cannot predissociate directly via the spin–orbit coupl
mechanism. The electronic ground state is well understo

a!Electronic mail: c.m.western@bristol.ac.uk
4530021-9606/2003/118(10)/4539/7/$20.00

Downloaded 20 Feb 2003 to 137.222.10.58. Redistribution subject to A
ll

c
r

-
of
g

d

h
dy

g
d
h

e
-

s-

th

d,

having been studied by laser magnetic resonance~LMR! by
Davieset al.9 and microwave~MW! spectroscopy by Goto
and Saito;10 these have provided accurate ground-state
and hyperfine structure constants including Fermi con
and nuclear–spin, electron–spin, dipole–dipole coupl
constants. There has also been some theoretical intere
calculating selected isotropic and anisotropic hyperfine c
pling constantsab initio for a range of phosphorus contain
ing radicals including PH.11,12 The calculations were re
stricted to the ground (X 3S2) electronic state and provide
values for the Fermi contact and the dipole–dipole terms
good agreement with experimental observations.

We present here the first measurements of the hyper
coupling constants for both the phosphorus and hydro
nuclei in the excited electronic state, along with refined
tational and fine structure constants for the~0,0! band of the
A 3P –X 3S2 system of the PH radical. The bonding in th
ground and excited electronic states is then interpreted u
these hyperfine parameters and a comparison is drawn
the high-resolution measurements of theA 3P –X 3S2 band
system of the NH radical.13

II. EXPERIMENT

The injection seeded OPO system used here to prod
narrow bandwidth light will be described only briefly, as i
design and performance has been published elsewhe4,5

The system is based on the design of Votavaet al.14 and
consists of two BBO crystals mounted in a walk-off compe
sation geometry15 situated inside a ring cavity defined b
four planar mirrors. Three of these mirrors are highly refle
tive ~.99.9%! in a window of 880–1050 nm, and one~the
output coupler! is ;85% reflective in the same waveleng
range. The crystals were pumped by the third harmonic o
injection seeded Spectra-Physics PRO 190 long pu
Nd:YAG laser. The pump light was coupled in and out of t
cavity by two Brewster steering mirrors, which were high
reflective for 355 nm at 56 deg. The seed source was a c
9 © 2003 American Institute of Physics
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4540 J. Chem. Phys., Vol. 118, No. 10, 8 March 2003 Fitzpatrick et al.
mercial external cavity diode laser~Sacher TEC 500! lasing
between 930 and 980 nm, which corresponds to a tun
range on the signal wave of 555–575 nm.

One of the highly reflective cavity mirrors was mount
on a piezo-driven mount~PZT!, which allowed adjustments
to be made to the cavity length to ensure that the cavity
always resonant with the injected seed wavelength. Ca
locking was achieved by the difference polarization locki
scheme of Ha¨nsch and Coulliard.16 The error signal gener
ated by this process was fed to a controlling computer, wh
in turn controlled the offset of the PZT via a simple feedba
algorithm. The algorithm provided discrimination against t
saturation of the photodiode during the pump pulse and
able to reset the cavity when the end of the PZT scan ra
was reached.

Narrow bandwidth UV light in the range of;340 nm
was generated by sum frequency mixing of the idler out
with 532 nm light from the Nd:YAG pump laser in a KD
crystal. The idler output was focused using a cylindrical le
( f 525 cm) in the plane perpendicular to the plane of ph
matching. PH radicals were generated in a supersonic
expansion of 4% PH3 in Ar at a backing pressure of 1 atmo
sphere using a pulsed electrical discharge system as
scribed in Ref. 17. Spectra were taken using laser-indu
fluorescence with the Doppler width minimized by sele
tively imaging the fluorescence from the center of the int
section of the laser beam with the supersonic
expansion.18 Analysis of the LIF spectra showed the u
broadened rotational lines were represented well by a Lor
zian function with a FWHM of 0.012 cm21 ~;350 MHz!.
This linewidth is greater than the bandwidth of the UV ligh
and is consistent with a width of;130 MHz from the fre-
quency mixed UV and;270 MHz from a residual Dopple
width at;20 K. The signal from the PMT was then record
via a digital oscilloscope on to a computer for data acqu
tion. A portion of the seed light was directed to a commerc
Lambdameter~Cluster LM-007!, which measured the wave
length of the idler wave and consequently allowed the g
eration of an accurate frequency scale. Note that relative
quencies were determined rather more accurately t
absolute positions because of the details of the way the s
tra were recorded. One limitation is not imaging the ex
center of the supersonic jet expansion leading to a system
s

nd
o
ur
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Doppler shift in all the spectra. A drift in the frequency of th
~stabilized! seed laser of the pump YAG would have a sim
lar effect. Tests have indicated both these effects to be sm
but this does reduce the precision with which we can qu
band origins. It does not affect any of the other parame
which are all determined from frequency differences.

III. RESULTS AND ANALYSIS

The~0,0! band of theA 3P –X 3S2 system was recorded
at sub-Doppler resolution at;29 500 cm21 @a low- and high-
resolution scan is illustrated in Figs. 1~a! and 1~b!#. Initially,
the rotational line positions were fitted to the Hamiltonian19

FIG. 1. ~a! A normal resolution~;0.2 cm21! dye laser scan of a single
rotational line (J52) from theF1 component.~b! A high-resolution OPO
scan revealing the underlying hyperfine structure. The notation used fo
quantum numbers~as defined in the text! is F82F9(F182F19).
Ĥ rot5BN̂22DN̂41HN̂61LN̂81AL̂ "Ŝ1gN̂"Ŝ1 1
2gD@N̂"Ŝ,N̂2#11 2

3l~3Ŝz
22Ŝ2!1 1

2lD@ 2
3~3Ŝz

22Ŝ2!,N̂2#1

2 1
2p~N̂1Ŝ1e22if1N̂2Ŝ2e12if!1 1

2q~N̂1
2 e22if1N̂2

2 e12if!1 1
2o~Ŝ1

2 e22if1Ŝ2
2 e12if!

1 1
4qD@N̂1

2 e22if1N̂2
2 e12if,N̂2#1 , ~1!
or-
.
ure

I.
where@Â,B̂#15ÂB̂1B̂Â. To fit all the observed transition
to within the accuracy of the Lambdameter~;0.003 cm21!, a
number of centrifugal distortion corrections to the lower a
upper state rotational and fine structure constants had t
included. Only the upper state rotational and fine struct
be
e

constants along with the first-order centrifugal distortion c
rections toB8 andg8 were included in the line position fit
This yielded an improved set of rotational and fine struct
constants with respect to Ref. 8 which is quoted in Table
Several unpredissociated lines from the~1,0! band were also
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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recorded at sub-Doppler resolution~Fig. 2!. As discussed in
the Introduction, the majority of the lines was missing fro
this band, so a fit was not undertaken.

As the lines in the electronic spectrum were wide
spaced, a selection of rotational lines from each spin–o
component were each scanned several times individuall
provide a number of alternate scans to fit and extract
hyperfine constants. Since there have been no previousl
ported hyperfine parameters for theA 3P state of PH, initial
guesses for the nuclear spin–orbit and Fermi contact c
pling constants were made by assuming percentages o
propriate atomic expectation values of^r 23& ~100% on P and
0% on H! anduC0u2 ~50% on each of P and H! from Morton
and Preston.20 This initial set of hyperfine constants allowe
the reproduction of the general appearance of the experim
tal spectrum. These constants were then refined in a
position fit along with the rotational and fine structure co
stants using a Hamiltonian with a rotational part and a
perfine part

Ĥ5Ĥ rot1Ĥhyp~P)1Ĥhyp~H), ~2!

TABLE I. Rotational and fine structure constants for thev850X 3S2 ~Ref.
10! andA 3P states of PH.

Parameter@cm21# X 3S2a A 3P

Origin ¯ 29 311.82b

B 8.412 514 8.026 90~79!c

D3104 4.437 3.16~67!
H3108 1.39 ¯

L31011 0.5 ¯

A ¯ 2115.653 7~71!
l 2.210 052 1.000 7~20!
lD3107 19.0 ¯

g 20.076 906 0.020 8~61!
gD3107 1.42 188.3~32!
o ¯ 20.145 34~18!
p ¯ 0.070 0~16!
q ¯ 20.007 8~59!

aConstants from Ref. 10.
bWe quote no error bar here due to the possible systematic uncertainti
the frequency positions as discussed in the Experiment section.

cFigures in parentheses denote one standard deviation in units of the
decimal place.

FIG. 2. A high-resolution scan of the unpredissociatedF3 , e parity lines in
the ~1,0! band of theA 3P –X 3S2 transition in PH.
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with Ĥ rot as is defined in Eq.~1!. The hyperfine part takes th
following form for both nuclei:21

Ĥhyp5aÎzL̂z1bF Î "Ŝ1 1
3c~3Î zL̂z2 Î "Ŝ!

1d~Ŝ1 Î 1e22if1Ŝ2 Î 2e12if!. ~3!

The angular momenta are coupled together in a pa
conserved Hund’s caseab basis

F̂15 Ĵ1 ÎP; F̂5F̂11 ÎH , ~4!

and the energy levels were calculated by diagonalizing
Hamiltonian@Eq. ~2!# using a basis containing allJ andF1

for a givenF.
Approximate values fora andbF could be obtained from

a line position fit to this Hamiltonian. These were then r
fined by fitting the line contours of the rotational line shap
to the simulated profiles.22 A combined fit to all the line
profiles simultaneously gave poor results, so individual
were performed to no more than one or two line profiles
any one time. There is not sufficient information in ind
vidual profiles to determine more than one or two para
eters, but this is in fact not a problem because most
profiles are mainly sensitive to a single combination of p
rameters for each nucleus. As theA state is essentially
Hund’s case b, it is not clear from the Hamiltonian@Eq. ~3!#
which combination of parameters is important for any giv
rotational state. We therefore took numerical derivatives
the simulated spectra with respect to each paramete
sample is illustrated in Fig. 3, from which it can be seen t
splittings in theJ51, F2 component are strongly depende
on a(P) but notbF(P), while in theJ52, F1 component a
key quantity is;a1b. Repeating the process for all th
magnetic parameters yields Table II, which leads to a
quence of determinations ofbF andd ~from F3 lines!, thena
~from F2 lines keepingbF , c, andd fixed!, thenc ~from F1

lines keepinga, bF, andd fixed!. The individual rotational
lines used in each case are shown in Table II. The proced
is repeated to ensure consistency, and the final results
shown in Table III, where the standard deviations are e
mated from the consistency between fits to four independ
sets of spectra.

in

ast

FIG. 3. The numerical derivative of the simulation with respect to thea and
bF hyperfine constants for phosphorus for two different rotational lines.~a!
J52, F1 and ~b! J51, F2 .
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. Indication of which hyperfine constants influence the form of the rotational lines from each spin–orbit component.

Parameter Influences Fit 1 Fit 2 Fit 3

a F1 F2 ¯ ¯ P21(2), R23(0), Q21(1), Q21(2), R21(1) ¯

bF F1 ¯ F3 P32(1), Q32(1), P31(1), Q31(1), R32(1) ¯ ¯

c F1 ¯ ¯ ¯ ¯ R12(1), Q11(2), R11(1), R11(2)
d ¯ F2 F3 P32(1), Q32(1), P31(1), Q31(1), R32(1) ¯ ¯
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We believe this fit to be unique, in that the same fin
values were obtained from several different starting points
different sets of data. A partial check is available from t
observed hyperfine structure of the unpredissociated r
tional lines fromv851 in the A 3P state shown in Fig. 2
The simulation shown used the fitted hyperfine consta
from v850. It is clear that this provides a good fit to th
spectrum, suggesting little change in the hyperfine const
upon vibrational excitation. This in turn suggests there
little change in the bonding character, consistent with
small change in the average internuclear separation betw
v850 and 1.

IV. DISCUSSION

It is now possible to discuss the electronic structure
PH as all experimentally measurable magnetic hyperfine
rameters are defined as averages over the electronic w
function,23

a52gNmBmN

1

L
^nSLSu(

j

l̂ jz

r j
3 unSLS&, ~5!

bF5
8p

3
gSgNmBmN

1

S
^nSLSu(

j
d~ r̂ j2Ĉ!ŝjzunSLS&, ~6!

c5
3

2
gSgNmBmN

1

S
^nSLSu(

j

~3 cos2 u j21!ŝjz

r j
3 unSLS&,

~7!

TABLE III. Hyperfine structure constants for theX 3S2 ~Ref. 10! andA 3P
states of PH.

Parameter@cm21# X 3S2a A 3P

a(P) ¯ 0.020 26~20!b

bF(P) 0.004 253 0.042 62~62!
c(P) 20.015 906 0.000 44~8!
d(P) ¯ 0.018 32~41!
a(H) ¯ 20.003 01~48!
bF(H) 20.001 551 0.019 6~12!
c(H) 0.000 647 20.012 52~33!
d(H) ¯ 0.000 2~35!

aConstants from Ref. 10.
bFigures in parentheses denote one standard deviation in units of the
decimal place.
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3^nSL21;S11u(
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sin2 u je
22if j ŝj 1

r j
3 unSL11;S&,

~8!

wheremB and mN are the Bohr and nuclear magnetons,gS

and gN are the free electron and nuclear sping-factors, re-
spectively, and (r ju jf j ) are the spherical polar coordinate
of electronj with respect to the nuclear center under cons
eration. The delta function in Eq.~6! is only nonzero at the
nuclear centerC. In these expressions the electronic angu
momentum operators have been left in to make clear
differences between the various averages. It is clear, for
ample, that the summations need only be taken over the
paired electrons due to the presence of thel̂ z andŝz operators
in each expression, which will mean that any electrons wh
are spin-paired will have a net contribution of zero. Note th
our definition of the d term is a generalization of the
Kristiansen and Veseth term which is specific to doub
states. Once the relevant substitutions have been made,
definitions are consistent.

To rationalize the hyperfine parameters, we shall start
assuming that both theX 3S2 and A 3P states are well de-
scribed by single electronic configurations

X 3S2: ¯4s21p45s22p2,

A 3P: ¯4s21p45s12p3,

and consider the constants in turn.

A. Fermi contact interaction

The Fermi contact interaction@Eq. ~6!# is a powerful tool
for the determination of thes-character of the unpaired elec
tron density as the matrix element involves only unpair
electrons which have density at the nucleus. ComparingbF

for hydrogen to the known24 value of the wave function a
the nucleus of an isolated hydrogen atom, a percentage o
H 1s character due to unpaired electrons can be obtain
For the excited state this gives a ratio of 40%~Table IV!.
This must come froms orbitals, and the simple molecula
orbital picture would predict 50%s-character for the 5s or-
bital given that it is aps bonding orbital. The difference is
significant, suggesting that some of the hydrogens-character
needs to be assigned to a filled molecular orbital, the m
likely one involving the 3s orbital on phosphorus. The cor
responding derived value for phosphorus using the ato
value from Morton and Preston20 is ;9%, while the simple

ast
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Downloaded 20 F
TABLE IV. Derived percentages of the spatial distribution ofp electron density and thes-character of the
unpaired electrons in theX 3S2 and A 3P states of the NH and PH radicals using the atomic values fr
Morton and Preston~Ref. 20! and from Bungeet al. ~Ref. 26!.

Morton and Preston Bungeet al.

X 3S2 A 3P X 3S2 A 3P
P H P H P H P H

a/^r 23&atomic3100 ¯ ¯ 66.2 ¯ ¯ ¯ 84.9 ¯

c/^r 23&atomic3100 252.0 ¯ 1.4 ¯ 266.6 ¯ 1.8 ¯

d/^r 23&atomic3100 ¯ ¯ 58.0 ¯ ¯ ¯ 74.3 ¯

bF /b(s)atomic3100 1.0 23.3 9.6 41.4 ¯ ¯ ¯ ¯

X 3S2 A 3P X 3S2 A 3P
N H N H N H N H

a/^r 23&atomic3100 ¯ ¯ 64.6 ¯ ¯ ¯ 75.0 ¯

c/^r 23&atomic3100 247.78 ¯ 11.0 ¯ 255.5 ¯ 12.7 ¯

d/^r 23&atomic3100 ¯ ¯ 47.8 ¯ ¯ ¯ 55.5 ¯

bF /b(s)atomic3100 1.1 24.7 8.8 21.2 ¯ ¯ ¯ ¯
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molecular orbital picture would predict nos-character as the
5s orbital is aps orbital located on phosphorus. This als
suggests that the orbital is better described as ansp-hybrid
rather than a pureps orbital.

The corresponding values in the ground state are b
small, consistent with all thes orbitals being filled. An ad-
ditional mechanism must be invoked to account for the ne
tive values found for hydrogen. This is essentially a corre
tion effect, with the two unpaired electrons in the 2p orbital
causing a distortion of the spin density in the filled orbita
This mechanism, known as spin-polarization, is well kno
and typically leads to small negative Fermi contact coupl
constants for protons and small positive constants for hea
nuclei,3 as is found here in the constants obtained from
MW study of Goto and Saito.10

B. Nuclear spin–electron orbit interaction

Comparison ofa @Eq. ~5!# with atomic values of̂ r 23&
allows the derivation of the unpairedp electron density at
phosphorus. The atomic expectation value of^r 23& used for
the comparison was initially taken from the accepted val
for interpretation of Morton and Preston20 calculated using
the Herman and Skillman method.25 The molecular orbital
picture predicts that the 2p orbital is localized solely on
phosphorus so values close to 100% might be expec
From Table IV, it can be seen that the actual value is o
;70% and it is hard to see what mixing could reduce
value from 100%. However, the Herman–Skillman meth
is limited in that it relies on an approximate local treatme
of the exchange term. If we use an alternate set of ato
expectation values calculated using the more accurate s
dard Hartree–Fock methods by Bungeet al.,26 the percent-

TABLE V. Calculated angular factors forc dipolar term assuming various
open-shell electronic configurations.

Configuration State Factor

upa
1pa

2u 3S2 23/5
upa

1sau 3P 3/10
eb 2003 to 137.222.10.58. Redistribution subject to A
th

a-
-

.

g
er
e

s

d.
y
e
d
t
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age increases to;85%, in reasonable agreement with th
zeroth-order picture. The possibility of whether more acc
rate atomic calculations would make a difference to the
terpretation is discussed later. It does, however, sug
shortcomings in the use of the Morton and Preston value
providing a satisfactory basis for the interpretation of t
experimental hyperfine constants. Note that a simple in
pretation of thea constant obtained for the hydrogen nucle
is not possible~as discussed by Hirota3! as it is dominated by
the effects of the adjacent atom.

C. Nuclear spin–electron spin dipolar interaction

In contrast toa andbF , the c dipole–dipole interaction
@Eq. ~7!# involves an angular factor. This angular factor w
depend on the orientation of the orbitals and will be differe
for ps andpp. These factors can be easily calculated if w
assume hydrogenicp orbitals, and the results for variou
open-shell configurations are given in Table V. The obser
ratios are given in Table IV. From this, we can see that
ratios for the excited state are much smaller than the 3
predicted for the simple molecular orbital picture~in this
case the differences between the two sources for atomic
ues of^r 23& is less significant!. This again suggests that th
5s orbital is actually ansp-hybrid because the angular facto
for an atomics orbital is zero, and consequently, any increa
in the s-character of the orbital means the measured ang
factor is reduced from that expected for a pureps orbital.
The ratios for the ground state are broadly in line with t
60% prediction of the simple molecular orbital picture.

The d dipolar term@Eq. ~8!# is slightly more difficult to
interpret as it is an off-diagonal matrix element. The on

TABLE VI. Ratios of hyperfine constants for phosphorus and nitrogen.

A 3P a/d a/
10
3 c

P 1.11~2! 13.8~6!a

N 1.35~3! 1.77~6!

aFigures in parentheses denote one standard deviation in units of the
decimal place.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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4544 J. Chem. Phys., Vol. 118, No. 10, 8 March 2003 Fitzpatrick et al.
nonzero contributions will come from unfilledp orbitals in
the P electronic state, and for the expectedA state configu-
ration of pa

1sa the angular factor derived using the sam
logic as for thec term would be 1. As a result we expect~as
for a! ratios of 100% for phosphorus. Table IV shows th
even with our preferred atomic values from Bungeet al.26

the ratio is only 75%. This value seems rather low, a
sp-hybridization would not change this value, so it may
that other configurations need to be considered. The ques
of whether or not the accuracy of the atomic values used
comparison is important can be investigated by using

FIG. 4. Ab initio Hartree–Fock molecular orbitals~a! 4s, ~b! 5s, and~c! 2p
calculated with an uncontracted cc-pV6Z basis set. The orbital inset in~c!
shows an atomic 3p orbital of phosphorus calculated using the same leve
theory and basis set.
Downloaded 20 Feb 2003 to 137.222.10.58. Redistribution subject to A
t
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logic of Varberget al.27 to establish a relationship betwee
the three constants~a, c, and d! which is independent of
^r 23&

a5 10
3 c5d. ~9!

It can be seen from Table VI that this relationship is on
approximately true, so the uncertainty in the atomic valu
does not account for the whole discrepancy.

D. Electronic structure from hyperfine interactions

The magnetic hyperfine constants@Eqs. ~5!–~8!# have
enabled detailed information about the electronic structure
PH to be derived, and this can be compared with the res
of ab initio calculations. Figure 4 shows molecular orbita
calculated with Hartree–Fock theory byMOLPRO28 using the
correlation-consistent basis sets of Dunninget al.29,30 Figure
4~c! shows the 2p molecular orbital and the same orbit
calculated at larger and there is no obvious difference, aga
consistent with the;90% pp character on phosphorus in
ferred from thea constant. Figures 4~a! and 4~b! show the 4s
and 5s molecular orbitals; clearly, the 4s orbital is not a 3s
orbital on phosphorus and the lack of electron density
tween phosphorus and hydrogen in the 5s orbital is not char-
acteristic of aps bonding orbital. The calculated orbital
could be generated if we invoke strong mixing between
3s and 3p orbitals on phosphorus making twosp hybrids.
This is entirely constant with the reduceds-character on hy-
drogen and the relatively low values forc. A revised molecu-
lar orbital diagram is shown in Fig. 5, reflecting the
changes.

E. Comparison between PH and NH

As hyperfine constants are available13 for the corre-
sponding state in NH, it is instructive to apply the abo
analysis to NH. Tables IV and VI include the ratios for N
and, as might be expected, the pattern of results is bro
similar. Most notable is the difference when comparinga and
d constants to the expectation values of^r 23&. Again, the
Morton and Preston atomic values give ratios that seem
realistically low, but even when the Bungeet al. atomic val-
ues are used, there is still a significant difference between
derived value of;75% and;56% with the expected value
of 100%. The ratios forc andbF show some difference, bu
this can simply be explained by a difference in the degree
sp-hybridization.

Preliminaryab initio calculations in NH suggest that, a
for PH, thep molecular orbital is very similar to that of th

f

FIG. 5. Molecular orbital diagram illustrating thesp hybridization effects
on phosphorus.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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atom. This suggests that more work needs to be underta
on the atomic values used for comparison; effects such
electron correlation may be more significant for these c
stants than, for example, the,5% contribution tobF . The
biggest problems seem to be in the excited electronic sta
so the interpretation of previous microwave studies
ground states is not much affected. We are currently un
taking high-levelab initio calculations of both atomic an
molecular hyperfine coupling constants, and a discussio
these will be presented later.

V. CONCLUSIONS

We present the first measurements of hyperfine coup
constants for the excitedA 3P state of PH which have en
abled detailed information about the electronic wave fu
tion of PH in the excited electronic state to be extract
Comparison with similar information available for the sam
excited electronic state of the NH radical indicates bro
similarities in the electronic structure with some differenc
in the detail. The analysis of the hyperfine constants has
indicated some shortcomings in the interpretation, partly
to the limitations in the atomic values used for compariso
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