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This paper presents a study of angle- and spin-resolved photoelectron spectroscopy in a randomly
oriented nonlinear molecule in the nonrelativistic, electric dipole approximation. The theory for-
mulated in the preceding paper has been used along with the methods of the extended point (or
spin-double) group to develop, perhaps in their simplest possible forms, the expressions for the five

parameters needed to specify the angular distribution of spin-polarized electrons ejected in photo-
ionization by unpolarized, or by linearly or circularly polarized light in the a i orbital of a Td mole-
cule. The polarization of the photoelectrons in this case is due directly to the spin-orbit interaction
in molecular continua. Such angle- and spin-resolved studies will therefore provide more stringent
tests of theoretical models, probes of photoionization dynamics, and a measure of the influence of
the spin-orbit interaction on the continuum part of the spectrum. The procedure adopted and the
formulation presented here set a methodology and a framework for the analysis of measurements
and calculations of spin-resolved spectra in nonlinear systems in general and Td molecules in partic-
ular. The specific examples treated in this paper are those of photoionization in the respective 4a ~,

6a ~, and 7a
&

orbitals of unoriented CF4, CC14, and SiC14 molecular targets. Without any dynamical
calculations, and by use instead of the experimentally measured values of the angular asymmetry (P)
as a function of the photon wavelength, the variations in g, 5 —y, and 2@+5with respect to the en-

ergy of the incident radiation and to the phases involved have been studied in detail. These three
quantities (where y, 5, and g are the spin parameters) determine the degree of spin polarization of
photoelectrons in various experimental configurations. While 6 —y is found to be independent of
phase, both g and 2y +6 depend very strongly upon it. The phase, in turn, is inAuenced by the
spin-orbit interaction. This study has helped also in analyzing and revealing the nature of the Coop-
er minima observed in CC14(6a& )

' and SiC14(7a', )
' spectra and in predicting the values of the

spin parameters ), 5, and g in the corresponding energy regions.

I. INTRODUCTION

Recent' experimental studies have shown that an
electron can be spin polarized even if ejected from a ran-
domly oriented molecule due to photoionization by unpo-
larized or linearly or circularly polarized light. This spin
resolution of photoelectrons arises due to the influence of
the spin-orbit interaction (SOI) on the ground, ionic, or
the continuum state of the molecular target. Because the
degree of polarization of an ejected electron depends also
on its direction of propagation, the photoemission experi-
ments measuring the spin polarization have therefore to
be performed both angle and spin resolved.

The spin-unresolved photoelectron angular distribu-
tions are already known to have dependence upon the
phase shifts of the various partial waves which describe
the outgoing electron and to give information on the
phase of the ionization matrix elements, rather than just
their absolute squares. The angular distributions of
spin-detected photoelectrons will therefore provide addi-
tional information about the influence of the SOI upon
photoionization dynamics and also stringent tests of
theoretical models used for such studies.

The techniques' of angle-, energy-, and spin-resolved
photoelectron spectroscopy have been applied very suc-
cessfully to photoionization in both linear (CO~,N20),

(Br~,I, ), and nonlinear (CH38r), ' (CH3I) unoriented
molecules. The spin-polarization parameters for HI and
HBr diatomics have been calculated by Lefebvre-Brion
et al. and by Raseev et al. by the use of, and if neces-
sary the extention of the theories developed by Cherep-
kov for linear molecular systems.

Hitherto, there have probably been no calculations of
angle- and spin-resolved photoelectron spectroscopy
(ASRPES) for nonlinear targets. In this paper we report
the results of a first theoretical study of angular distribu-
tion of spin-resolved electrons produced by photoioniza-
tion in the respective 4a &, 6a &, and 7a, orbitals of
unoriented CF4, CC14, and S1C14 molecules which trans-
forrn according to the Td point symmetry group.

The present study is based on the general multichannel
theory of ASRPES in nonlinear molecules developed in
the preceding article. (A short account of this work has
earlier been reported elsewhere. '

) In this paper we show
how the application of this theory, along with the con-
cepts of extended point (or spin double) groups, "
simplifies a formidable problem so that the whole physi-
cal process becomes as transparent as possible. This pa-
per therefore develops a methodology, by means of an ex-
ample of photoionization in a, orbital in Td molecules,
on the very first application of the group-theoretical
methods to those continuum processes in nonlinear
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molecular systems where SOI is taken into account.
In Sec. II we first determine the double-valued irreduc-

ible representations (IR's)" ' of the molecular orbitals
participating in the photoionization process of interest on
the inclusion of SOI with the spin s =

—,'. The wave func-
tions for the bound and continuum spin orbitals are then
written in terms of the basis functions' ' of these IR's.
Section III contains the calculations of the photoioniza-
tion matrix elements in the electric dipole (El) length ap-
proximation.

It has already been shown in the preceding paper that
the angular momentum transfer treatment considerably
simplifies formulas for ASRPES in nonlinear molecules.
In order to be able to use these expressions, it is, howev-
er, necessary to know "reduced" matrix elements for
photoionization. In Sec. IV we show how these ampli-
tudes can be calculated from the transition moments ob-
tained in the last section and subsequently be used to ob-
tain explicit expressions for the five parameters (o, P, y,
5, and g) needed to specify the angular distribution of
spin-resolved photoelectrons. These formulas will pro-
vide a framework for the analysis of measurements and
calculations of ASRPES of the a, orbital in Tz mole-
cules.

The magnitude and phase of all the transition moments
involved in the formulas obtained in Sec. IV are left as
parameters. Section V A shows, on the other hand, that
by introducing certain approximations, the five expres-
sions can be simplified to the point where knowledge of
any two of the four quantities (/3, y, 5, and g) is sufficient
to determine the other two and to calculate the magni-
tudes and the relative phase of the two transition ampli-
tudes involved. The validity of the approximations and
the properties of the resulting expressions are also dis-
cussed in the Sec. VA.

Section VB contains results on spin-resolved photo-
electron angular distribution for ionization in the highest
valance a, orbital of unoriented CF4, CC14, and SiC14 by
unpolarized and linearly and circularly polarized light.
Using the experimentally measured values of P as a func-
tion of the photon wavelength, the variations of g, 5 —y,
and 2y+6 with respect to the energy of the ejected elec-
tron and also to the phase (which is treated as a parame-
ter) are studied in detail. The three quantities g, 5 —y,
and 2y+6 determine the degree of spin polarization of
the photocurrent produced by the incident radiation in
various experimental configurations.

Section V 8 contains also an interpretation of the
Cooper minima' observed in ionization in 6a, orbital'
of CC14 and in 7a, orbital' of SiC14. In addition to pre-
dicting the approximate values of P, y, 5, and g, this sub-
section indicates the transitions whose contributions to
photoionization are likely to vanish in the observed ener-

gy region of nonzero cross-section minima in the two
spectra. ' ' The conclusions of this study are presented
in Sec. VI.

II. MOLECULAR ORBITALS

In order to calculate the spin-resolved photoelectron
angular distribution [as defined in Eq. (I.35) of Paper I],'

we need to know the F. l transition amplitudes dg&', b(A„)
as defined in Eq. (17) of I. [Unless specified otherwise, all
the symbols used in this paper have meanings explained
in I. References to equations therein will be listed with a
I, e.g. , Eq. (I.17) means Eq. (17) of the preceding paper. ]
Let us make two assumptions: (i) The initial state ~%b )
and the channel functions ~%'~i, l', ) are each represented

by a single Slater determinant consisting of only one elec-
tron spin orbital expanded about the center of mass of the
molecule in the body-fixed frame of reference; (ii) the
one-electron states not directly involved in the photoion-
izing transition remain unchanged, i.e., neglect the core-
relaxation eff'ects. The matrix [as defined in Eq. (17) of
paper I] then becomes the one-electron dipole integral

dg('„b(X„)= A ' f F/)', (gi Q")gbdx,

where integration over the space and summation over the
spin variables (both collectively denoted by x) has to be
carried out. In (1)

(2)

is the bound spin orbital in which photoionization takes
place and Ff~ is the continuum spin orbital of the eject-
ed electron, as defined in Eq. (5) of Paper I.

The selection rules for photoionization in nonlinear
molecules in the E1 approximation in the absence of SOI,
when no measurements of the spin of the ejected electron
are made, have already been discussed by us. Accord-
ingly, the continuum orbital of the photoelectron ejected
from the nondegenerate a, orbital in a T& molecule
should belong to the triply degenerate T2 IR of this point
group.

All the electronic shells in molecular systems like CF4,
CC14, SiC14, etc. are completely filled. The SOI in the ini-
tial electronic state ~%& ) of the target is therefore zero.
An a, orbital in these molecules can contain up to two
electrons and corresponds to an s or o. shell in atoms or
linear molecules, respectively, where SOI always van-
ishes. Hence the SOI in the ionic state formed by the loss
of an electron in an a, orbital in T& molecular targets will
be zero as well. On the other hand, the SOI in a singly
occupied t2 orbital of such molecules is certainly present.
Consequently, similar to Fano effect in ns' or ns atom-
ic shells, ' the spin polarization of photoelectrons eject-
ed from a] orbital in a randomly oriented T& molecule
will be due completely to the SOI in the continuum part
of the molecular spectrum.

Because the total spin in the continuum tz orbital is
I/2 (i.e. , half integer), in order to describe the SOI prop-
erly, one therefore needs to consider the extended T&

point group. " ' The spin- —,
' functions transform ac-

cording to the E,&2 double-valued IR of this extended
group. " ' [Here, and in the following, we have used
the notations discussed by Herzberg" and by Bunker'
for spin-double (extended) point group. ] Therefore, the
symmetries of the bound and continuum molecular orbit-
als, when the SOI with s =

—,
' is also taken into account

for studying the spin polarization of photoelectrons, are
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given by the direct products 2, (3E, /2
=E, /2 and

T2E]/2 E5/2kB 63/2 of the extended Td group. Hence
an electron photoionization from a, bound orbital has
available to it two continuum channels which belong to
the E5/2 and G3/2 double-valued IR's of the extended
group of a Td molecule. The corresponding bound-free
transitions are therefore

a) a, (e)&2)kryo(esyz)
2 1

and

)()b(x) =r
b'Lb, hb, Ib

(
Pb b qb b )egqb

( )
Pb qb b( )vb Whb Ib +hb Ib

(9)

and

um spin orbitals (2) and (I.5), respectively, in terms of the
basis functions of the double-valued IR's of the extended
point group of the target molecule. We therefore write,
in view of the relation (8),

a) ~a) (e)i2)kr, (
2 1 (a' ' " )*Uhl h'l'(")Xh l' '(") (10)

respectively. Here, while both E»2 and E5/2 are doubly
degenerate, g3/2 is a quadruply degenerate IR.

Cracknell' ' ' and Cracknell and Joshua' have
developed symmetry-adapted basis functions for the
double-valued IR's of most of the 32 extended point
groups. For the sake of convenience in the present study,
we write these functions in the following form

with

lim Uhq, „,l, (r)=i
f' —+ oo

me

2+6' k

' 1/2
(' qt[e (S )

LO(
~hh'~ll']

+(P)qi( ) y (Pr)qcXP(r)q&( (3)

I [X(g)q"(x)]*X(p)"(x)dx =S„,S„,

and satisfy the completeness relation

y [X(g)q (x )]*X(h,)q (x) =u(x —x ) .

(4)

Here Xt', l' [or, Xh'l" in Eq. (2)], [already explained in Eq.
b b

(6) of Paper I], is a GH for the pth single-valued IR of a
point group in the absence of SOI. The superscript q
denotes one of the double-valued representations which is
associated with the pth IR of this point group. The sym-
bol ~ stands for the dimensionality, i.e., degeneracy of the
qth IR of the extended group. The interesting thing to
note here is that the two associated single- and double-
valued IR's of a point group have same number [denoted
by the subscript h in the expansion (3)] of different basis
for the same I.

The basis functions developed by Cracknell' ' and by
Cracknell and Joshua' are orthonormal, i.e.,

)t)b(x) =r
qb Lb'hb' 1b'

I I
~b) b

I

(a Pb b qb b)*a Pb bqb byqb
( )

b b b b

XXh'l '(r)C)(vb ) (12)

and

analogous to the incoming-wave asymptotic wave bound-
ary conditions [Eq. (I.7)] satisfied by the radial part of the
wave function of the ejected electron. On substituting
the expansion (3), the respective bound and continuum
spin orbitals (9) and (10) can finally be written in terms of
the GH of the single-valued IR's of the molecular point
group:

q, L

One can then show that the expansion coefficients in (3)
are such that

F/)', , (x) =r
q, L, h', I'

7)V

(pr)qi )s (pr )qc'
V V

7) V

(pr)q'i' )s (p )qt —rg
V V qq LL (6) X Uhl h, (r)Xg', (r)4 (v') . (13)

and

(pr')q~ )s (pr)qc
V' V T7 VV

q, L

(7)

Also, a relation inverse to (3) is

Xt', ;(r)+(v)= y (a' ' ')*X'hp q'( )

q) L

The symmetry-adapted basis functions for the double-
valued IR's of an extended Td point group of interest in
the present and in our planned future articles are given
in the Appendix in this paper.

One can now expand both the bound and the continu-

Both of the results (12) and (13) are exact and in their
most general forms. They can be used to obtain bound
and continuum molecular spin orbitals participating in a
photoionization process in a target of any symmetry be-
longing to one of the 32 point groups in the presence of
SOI.

Let us specialize (12) and (13) to the present example of
photoionization in a1 orbital in a Td molecule. Accord-
ing to the discussion given after Eq. (2), we obviously
have p& =a1, q&=e]/2, ~& =2, and v&, v& =

—,'. Because
the 41 IR in a Td molecule is one dimensional and there
is always one GH for each value of I in this case, we
therefore have qb, hb = 1. The expansion (12) for the
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bound orbital then becomes

( )
—1 y [( 1 1/2 )» I 1/2

I
b vb

lb) vb

1 1/2 )» (
1 1/2 ]

b b

dix, we finally obtain

, /2(x)=ar ' g P('"(r)X( '(r),
/b

, /2(x)=Pr 'g P('"(r)X( '(r) .
b

(14)

Xp('"(r)X( ' (r)C&(3/'h ) . (13)

On substituting for the coefficients a's from the Appen-

For the continuum orbital we have, on the other hand,
p =t2, r= 1 —3, q =e, /2, and g3/2 Equation (13), there-
fore, yields

3 1/2
2 (x)—r

—1 y y y [( 2 3/2" )» 2 3/2 U 5/2
( ) (

2 s3/2 )» 2 g3/2 Ug3/2
( )]X 2 (~)q)( r

)
»

h ', I ', t, r' = 1 v' = —1/2

where ~=1—2 and 1 —4, respectively, for E5/2 and G3/2 double-valued IR's of the extended Td point group. After
evaluating the sums over ~', v', and c, and substituting for the coefficient a's from the Appendix, we finally obtain the
following expressions for the continuum spin orbital of the photoelectron:

t21- t2 1 . t22 e5/2— t21 t22 5/2 g3/2
Fh ( (/2 (x) = rg—

I a[(Xh (. + (Xh ( ) Uh( h ( + (2Xh (
—(Xh ( ) Uh( h ( ]+pXh ( ( Uhl h'l' Uh( h (

h ', I'

t21— —1 t21 t22 e5/2 2 2 g3/2 2 5/2 ~3/2
Fh (, (/2(x)= ——,r g I p[(Xh, l, —

iXh ( )Uh(, h ( +(2Xh ( +iXh ()Uh(.h..l ]—aXh l (Uhl h l
—

Uhl h. l. )I,
h 'I'

t22— t22 t21 g3/2 . 23 5/2 g3/2
Fh, (, 1/2(x = r X [a[( h'(' ' h'l')Uh(, h'(' +(2Xh'('+'Xh ( )Uh(, h ( ] 'pXh ( (Uh(, h'( Uh(, h ( )1

h ', I '

t22— —1 t22 t21 e5/2 2 ~ 2 g3/2 2 5/2 g3/2
Fh, (, —(/2(»= " X IP[(Xh'( +'Xh'(')Uh(h'(' +(2Xh'(' 'Xh'(' )Uh(, h'(' ]

h', I'

(lsa)

(15b)

(15c)

(15d)

t23— 2 . 2 5/2 g3/2 t23
Fh, l, 1/2(x) = r—g[p(Xh.(, —(Xh ( )( —

Uh( h ( + Uh(, h'(" ) +aXh ( ( Uh( h (, +2Uh( h.(. )]
h ', I'

23 —1 t21 t22 e5/2 ~3/2 eS/2 g3/2
Fh, l, —1/2(x) X [a(Xh'I' + Xh'l' )( Uhl, h'I' Uhl, h'I' )+pXh'l'( Uhl, h'l' + hl, h'l'

h', I'

(15e)

(15f)

No approximations are involved in the derivations of the bound and continuum spin orbitals (14) and (15), respectively.
Both of these are therefore exact.

III. DIPOLE MATRIX ELEMENTS

The one-electron integral (1) for the photoionization matrix element takes the following form:
1/2

(Fh(. ~rY(" ~q. , )

in the El length approximation. ' This integral can be evaluated by substituting any of the two bound and continu-
um orbitals (12) or (14), and (13) or (15), respectively. In the present case, it will, however, be convenient if we use (13)

t27-
for Fhl and (14) for 2J/, , Because the spin functions a and p are orthonormal, we therefore obtain

1 b

1/2

h', I', w' q, t, Ib

Remembering that h, h'=1 for GH belonging to the t2 IR in Td molecules with I, l 4, and substituting the expan-
t2w alsion (I.6) for Xh l and Xl, the transition moment becomes

1/2

d(' (/(. , ) =

where

4m

3 X X a-'
1', m', 7', q, t,

Ib, mb

(16)

I'((( l
= A'"j UP *(r)rP(' '(r)dr (17)
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is the radial dipole integral.
In order to proceed further, it is necessary to specify the values of 1„ in (16). In the present study, only the two lowest

of the permitted values, Ib =0 and 3, are considered. Extension to still higher values of lb is straightforward. Then
the allowed values of 1 so that the angular integral over the three spherical harmonics present in (16) does not identical-

ai
ly vanish, are (1) and (2), (4) for Ib =0 and l[, =3, respectively. Using the expansion coeKcients bl

' and b[' for GH
b b

from Appendix 3 in Ref. 20, we obtain following expressions:

(t2r e5/21 — (t2 g3/22d[~. ]/2(Ar)= — —5oz [a~ R[(1;es/2) —&2a„R[(1;g3/2)]

1 2 r) 5/2 2 g3/2 1 2 g3/2+ —(5 ]2
—5]), ) a, R[(1;es/2)+3'3/2 a +

r 3
R[(1 g 3/2)

[ ('2r)'S/22 (t&r)g)/&3 1 (t2r)g3/24+
&

—(5 ]z +5]& ) a R[(2;es/2) —3/'3/2 a, — —a Rl(2;g3/2 )
r r 3

(18a)

for vb=+ —,
' and

1 2 r)e&/22 — ( t2 r)g3/24dl, j/2(A'. ) = —5o2 [a„R[(1'es/2) &2a, Rl(1;g3/2)]

2 r e2s/ ( t r2) g) /12I ( t2 r)g3/22+ —(5 ]z
—5]z a R[(1'es/2)+'/ 3/2 a„+ —a Rl( 1 g3/2 )

r r 3

[ ( t2 r)e5/2 1 2 g3/2 1 ( 2 )g3/2—(5 ]), +5)& ) a R[(2'es/2) ~'3/2(a — —a, )R, (2;g3/2)
r r 3

(18b)

for vb= —,'. Here

1 q 1 2
R( ( 1 '

(I): —I[1 () + —Ip~ 3 —Ij21
(19a)

1 1 2
Rl (2;q ) = —IPj p —Ifp 3 + —I/4 3

3 ' 7 ' 2l

are the E1 ionization integrals.
Taking r= 1 —3 and v=+ —,

' in (18), we finally obtain the 12 ionization amplitudes

(19b)

d[1/2;]/2(kr , ) ~—I5 ]2. [R[(1+) iR[(2—)—]—5]& [R[(1+)+iR[(2—)]},
33/2 r

d(' j/2. )/2(Ar ) = —dl ]/2. ]/2(/(r ) = 35P), R[(1—),

(20a)

(20b)

dl 1/2. 1/2(A )= —I5 ]3 [R[(1 + )+lR[(2 )] 5']2 [Rl( 1 + ) l'Rl(2 )]}
3 2 r

(20c)

d;, , (A,„)= — —I5, [R,(2+ )+iR, (1 —)]+5, [R,(2+ ) —'R, (1 —)]},
3 2 r

. 1
d '[, /. 2]/(2A, )r=d' j 1 (A,„)= i 5o). R

(20d)

(20e)

dl, 1/2; —]/2(kr ) —~—[5 ]2 [Rl(2+ ) —iR[(1—)]+5)2.„[R[(2+)+iR[(1—)]},

I, 1/2;1/2 ~r ) dl, —1/2, —1/2(~r )
p 50K,RI( + )

(20f)

(20g)

d[ 1/2 ]/2(A, „)= —I5 ]2 [R[(1 )+[R[(2 )] 5][ [R[(1 ) [R[(2 )]}33/2 r
(20h)

d[', 1/2, —j/2(ir) ~ [5 )2, [R[(1—) —iR[(2 —)]—5]2 [Rl(1—)+iR[(2—)]}33/2

for each of the three values of A, „=O,+1. Here we have defined

R[ (i —)= R[ (i;g 3/2 ) R[( i; es/2 ), —

Rl(i +)=2R[(i 'g3/2)+Rl(i 'es/2)

(20i)

(21)



PHOTOELECTRON SPECTROSCOPIC STUDIES OF. . . 773

with i =1-2, and the superscript p =r2 has not been written on the d's in (20} for brevity. The radial integrals I
defined in (17) can be the goal of a particular calculational study to obtain the ionization integrals (19), hence the amph-
tudes (20},by ab initio methods. In this paper they will however be treated as parameters.

The structure of the transition moments (20) becomes more transparent if they are written in matrix forms

Vb
1

d' '( —1)= — R (1+) i—R (2 —
)I 33/t2 I I

0

0 —1
di' '(0) =

—,'R/(1 —)

V 1

b

R/(1+ )+iR/(2 —)

V
—1

2

v= ——'
2

(22a)

(22b)

di' '(+ 1)=—
33/2

di'='( —1)=-
3&2

R/(1+ )+iR/(2 )—
0

R/(2+ )+iR/(1 —)

0

0

Ri (1+ ) iR—I (2 )—
0

R/(2+ ) iRI—(1—)

(22c)

(22d)

0 1d' (0)= ——R (1—
)1 3 1 1 0

R/(2+ ) iRI(1——)
1

3&2
d'= (+ 1)=—

0

di' (0)= —,'Ri(1+ )1,

0
d' ( —1)=

3+2 [R/(1 —)+R/(2 —)]

0

R/(2+ )+iRI(1—)

R/(1 —) iRI(—2 —
)

0

(22e)

(22f)

(22g)

(22h)

0
d'= (+1)= R, (1 —

)
—iR, (2 —)

—[R/(1 —)+iRI(2 )]—
0 (22i)

5/2 I~3/2
ll, lb ll, lb

= ll, lb
(23)

where 1 is a 2 X 2 unit matrix in (22h).
In the absence of the SOI, the radial integrals (17) for

Ill'l' and Ill'l' will be equal, i.e.,

Here the quantities on the right-hand side of (25) are
defined ' for a spin-unresolved a

&
~kt 2 transition in ran-

domly oriented Td molecules. Consequently, (21) in the
absence of SOI becomes

R/(1 )=R/(2 —)=0,
We then obtain from (19)

R/( 1 e5/2 } Rl(1 g3/2 }

=R/(1)

1 1 2
~—I!1,0+ ~—I/2 3 ~—I/4 3

3 ' 7 ' 21

and

RI(2;e5/2) =Ri(2;g3/2

=R/(2)

(24a)

R/(1+ ) =3R/(1) = 3d/' (0), (26)

—di' (0)= —R, (1+ )12' 3 2

R/(2+ ) =3R/(2) = —3V'2d/'=2(+1) .
The matrices (22) now reduce to the following

simplified forms:
di' '(0) =di' (0)

=di' ( —1)=di'= (+1)=0,
di' '( —1)= —di'='(+1)

1 1 2~- Ill, O ~—II2 3+ ~—II4 3
3 ' 7 ' 21

(24b)
1

R/(1)1I (27)

On comparing (24) with Eqs. (8b) and (8c) derived in Ref.
21, we find that

di' ( —1)=di' (+ 1)= — Ri(2+ )1
1

1—Ri(2)1,

R/(2) = —&2d/' (+ 1) .
(25) where 0 is a 2X2 null matrix. Because all the nonzero

amplitudes (27) are proportional to a unit matrix, they
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will therefore not give rise to any spin polarization of
photoelectrons. Furthermore, all of the transition mo-
ments (27) are exactly the same as we found in our previ-
ous study ' of photoionization in a, orbital in a T& mole-
cule without any spin detection.

IV. PHOTOELECTRON ANGULAR DISTRIBUTION

The angular distribution of spin-polarized electrons
ejected in photoionization of randomly oriented non-

linear molecules is given by Eq. (I.35). Although the ex-
pressions (I.36b) —(I.40b) in terms of the angular momen-
tum transfer for the five parameters present in (I.35) are
considerably simpler compared to their counterpart for-
mulas (I.36a) —(I.40a), the actual evaluation of the former
is still a tedious process. In order to be able to use
(I.36b) —(I.40b), one first needs to know the reduced am-
plitudes (I.34). In the present example of a, ~ktz transi-
tion in a T„molecule one has

d& (j,m, ) =( —i)'e '(2j + 1)V2l +1

3 I +1 +1/2 jXXX X X X
2

(28)

5/2 7/2
2 g (2j, +1)+ g (2j, +1) =60

j, =3/2j, =1/2

Here we have not written, for brevity, the superscript
p =t2, the subscripts —,

' and h present in the original ex-
pression (I.34). Because m, = —j„—j, +1, . . . , j, —1, j,
and vb =+—,', there will therefore be 2(2j, +1) reduced
amplitudes (28) for each value of j, .

Let us consider l=1 and 2 in the t2 continuum orbital,
i.e., the photoelectron represented by p and d partial
waves only. Then the allowed values of j and j, are
j =-,' -'„j,=(-,', -', ), (-,', —,', —,') «r i=1, j=-,', —,', j =(-'
—', , —', ), ( ~z, —', , —', ) for 1=2. The total number of reduced am-
plitudes (28) is therefore

3/2 S/2
2 g (2j, +1)+ g (2j, +1) =36

j, =1/2 j, =1/2

for (=1 and l=2, respectively. In the present example
we found that half of these reduced amplitudes in each
case exactly vanish. Half of the remaining nonzero am-
plitudes are an integral multiple of the rest of the half.
Therefore the number of independent nonzero amplitudes
is 9 for 1=1 and 15 for 1=2. These reduced amplitudes
can be written in terms of R&(i —) and R&(i+) defined in
(21), using the expressions (20) for the transition moments
d&' (k„) present in (28). One will readily find with the

help of the relations (25)—(27) that in the absence of SOI,
the nonzero reduced amplitudes become identical to
those derived by us earlier ' in spin-unresolved studies
of an a, ~kt2 transition in a T& molecule.

Next we simplify the expressions (I.36b) —(I.40b) using
these amplitudes and obtain the following results for five
parameters needed to study angular distribution of spin-
resolved photoelectrons ejected by ionization in the a, or-
bital in a T& molecule:

2
~=

27 & [IRi(2—)I'+21Ri(1 —)I'+ IRi(1+)I'+-,'IRi(2+)I'],
I=1

(29)

[2IR, (2+ ) I'+7IR, (1+ ) I' —7IR, (1 —) I' —2IR, (2 —
) I'

+6[Re[R &(2+ )R
&
(1+)]+Re[R&(1 —)R f (2 —)]]

——', (2IR, (2+ ) I'+ IR ~(1+ ) I' —IR, (1—
) I' —2IR p(2 —

) I'

+6[

Re[Ran(2+

)R z (1+)]+ Re[Re(1 —)R z (2 —)] ] )],
2

y = g [ IR&(1 —
)

I
+2 Re[R&(1+ )R&*(1—)]}27o

(30)

(31)

2

( —,'6» —
—,'5&& ) [ PIR&(1 —

) I

—Re[R&(2—)R&*(1—)]——,'Re[R~(1+ )R~'( I —)]—Re[R&(2+ )R&*(1—)]],

and
(32)

(Im[R, (2+ )R
&

(1—)]+4Im[R, (1+ )R
&

(1—)]+Im[R
&

(1—)R, (2 —)]450.

—
—,
' [Im[R~(2+ )R ~ (1 —)]+Im[R ~ (1—)R~(2 —)]] ) .
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In these expressions and hereafter Re and Im, respectively, mean the real and imaginary parts of the expressions en-
closed in the brackets that immediately follow.

On substituting for R((i —) and R((i+) from (21) in (29)—(33), we find that

2

~=—& (2[2IR((1;g„,)l'+ IR((1;es/z)l']+2IR((2;g3„)l'+ IR((2;es/z)l'J, (34)

g3/z)l'+IR(( gs/z)l'+5«[Ri(1 g3/z) (( gs/z)]45cr

+7 Re[R, (1;g3/z )R *, ( I;es/z)l+Re[R, (1;g3/z )R*, (2;es/z)1

+Re[R, (2;g3/2)R1 (1'es/z)]+2 Re[R ((2;gs/z )R ( (2;es/z)1+2 Re[R i(1'es/z )R i (2;es/z )]

z( g3/z)l +
I z( 'g3/z)l +5Re[Rz(1'g3/z) z (2'g3/z)]

+Re[R z( 1;g3/z )R z (1;es/z )]+Re[R z(1;g3/z )R z (2;e, /z )]

+Re[R (z2;g3 2/)R z (1;es/z)]+2 Re[Rz(2;g3/2)R z (2;es/z )]+2Re[Rz(1;es/z)R z (2;es/z)1] )

2

y = 2 [5IR((1 g3/z) I' IR((1 es/z) I' 4 «[R((1'g3/2)R(*(1 es/z )]]
27o

2K
('51( 7'(szl )(-', [ IR(( 1 g3/2 ) 2IR(( I'es/z )I +Re[R(( I g3/z )R("( I'es/z )] ]45r (=)

(35)

(36)

+3Re[[R((1;g3/z) —R((1;es/z)]R(*(2;g3/2) I ) (37)

15o.
(4 Im[R ', ( I;g3/z )R, (1;es/z ) 1 1m [ [R, (1;g3/2) —R, (1;es/z )]R *, (2;g3/2 )]

+ —,
' Im[[Rz(1;g&/z) Rz(1;es/z—)]R z (2;g3/z)] ) . (38)

A straightforward application of the relations (24) and (25) show that the five parameters (34)—(38) in the absence of
SOI become

2

v = g [ldt' '( l ) I'+ Idt'='(0) I'],
1=1

(39a)

8=—( —,', [4ld~)=z(1) lz+7ld~)=z(0) lz] —
—,', [4ld y=z(1) '+ ld~~='(0) lz]

—4&2[ —,'Re[d~i (1)d~( (0)]——,'Re[dz z(1)dz 3 (0)])), (39b)

and

y=5=$=0. (39c)

The respective expressions (39a) and (39b) for o and f3 are
exactly the same as derived by us earlier in Eq. (11) in
Ref. 21 for photoionization in an a, orbital in an
unoriented Tz molecule when no spin effects are taken
into account. Because the degree of polarization (I.42) of
photoelectrons completely depend upon y, 5, and g, the
vanishing of these three spin parameters in Eq. (39c) sim-

ply means that the ejected electrons have no spin polar-
ization when the SOI in the photoionizing transition
a, ~kt2 in a T& molecule is not included.

In order to write the expressions (29)—(33) in an alter-
native form, let us define

and

X((i ) =R((i + ) /R((i —) (40a)

X((2, 1)=R((2+ )/R((1 —), (40b)

where R((i+) and R((i —) have already been introduced
through Eqs. (21). The five parameters therefore become
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2

y I 2IRi(1 —) I'[2+ IX((1)I']+ IRi(2 —
) I'[2+ IXi(2) I']),27 (

13= — [7IR )( I —)I'[I —IXi(I) I']+2IR )(2 —
) I'[I —IX)(»l'] —6 «IR i(I —)R i (2 —)[I+Xi(I») (»] I

(41a)

—-', ( IR 2(1 —
) I'[I —IX,(1)I']+2IR 2(2 —) I'[1—IX,(2) I']

—6 Re I R2(1 —)R ~ (2—)[ I+X~(1)X2 (2)] ) )], (41b)

y= g IRi(1 —)I [I+Xi(1)+Xi*(1)],
27 1=,

2

g ($„——',$» )( IR&(1 —
) I [X,(1)+X&*(1)—2]+3 «[Rl(1 —)R&*(2—)[I+XI*(2)] I ),

135o

(41c)

(41d)

[IR, (1—
)I (41mX, (1)+1m[X,(2, 1)[1+X,(2)]/X)(2) j )

45o.

—
—,
' R~(1 —

)I ImIX2(2, 1)[1+X2(2)]/Xz(2)) ] . (41e)

V. DEGREE OF SPIN POLARIZATION

A. Approximations and their validity

In order to proceed further, both the magnitude as well
as phase of the F. l ionization integrals RI(i;q), which are
defined in Eqs. (19) and are present in the five expressions
(34)—(38), are needed. It can be the goal of a particular
calculational study to obtain these quantities from
ab initio methods. In the present work, however, we do
not perform any dynamical calculations. These ioniza-
tion integrals are, instead, extracted from whatever ex-
perimental information we have on photoionization in
the a, orbital of an unoriented Td molecule.

It is obvious that for each /th partial wave used to
represent the photoelectron, one requires four R's, i.e.,
R&(1;es/2), R&(1;g,/2), RI(2;es/2), and Ri(2;g3/p). Hith-
erto, on the other hand, the only measurements available
are on cr and f3 for angular distribution of photoelectrons
produced by a spin-unresolved bound-free transition in

1
Rt(1;q) =R, (2;q) = IP, o =—R((q),

3
(42)

where the radial dipole integral II[.
&

is defined in (17).
On the application of the approximation (42), the expres-
sions (34)—(38) take the following simplified forms:

those targets whose point symmetry group is Td. In or-
der to determine R (ii;q) from the available experimental
data, it thus becomes necessary that their number be re-
duced. It can readily be done by using some of those as-
sumptions which were introduced in studying the photo-
ionization in a Td molecule with both random ' ' as
well as fixed orientation in space in the absence of SOI.

In particular, we consider only the lowest l& =0 term
in the single-center expansion (2) for the bound a

&
orbital

in a Td molecule. In this approximation, the dipole in-
tegrals IP~ s and I«3, which are associated with the
second (i.e. , li, =3) term in the expansion (2), will not
occur. The two Eqs. (19) therefore give

2

~ =—2 (2IRI(g3/2) I
+ IRI(es/2) I'»

1=13
(43)

2K 2 2/3= (19IR,(g3/p)l +4 R, (e ~)sl/+22 Re[R, (gs/2)R,*(es/~)]
45o.

IR2(gs/2)l + IR2(es/2)l + o [ 2(g3n) 2 (es/z)]I ) (44)

y= g [5IRi(g&/z)' IRI(es/2)l 4«[RI(gs/2)RI (es/2)]] '
27o

(45)

2

y (n„—-', S„)I » IR,(g„,) I' —4IR, (e„,) I' —7 «[Ri(gs/. )Ri*(es/»1]
135o.

(46)

I lm[R, (g„,)R, (e„,)] —,Im[R, (g„,)R,(e„,)]I .
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The expressions (21), (40), and (41), on the other hand,
become

R, (1—) =RI(2 —) =RI(gs/z ) R—t(es/z ) =Rr(

p= I 9IR i(g3/2)1'+41R i(es/2)1'
450.

+22 Re[R, (gs/z )R ", (es/z ) ]I, (50b)

R, (1+ ) =R,(2+ ) =2RI(g3/z)+R, (es/z)=Ri(+ )

Xi(1)=Xi(2) =Xi(2, 1)=Ri(+ )/Ri( —) =XI,
2

v= —y IR, (
—

) I'(2+ lx, I'),
9 i

[ IR, ( —) I'(I —s lx, I')

(48a)

(48b)

(48c)

(49a)

y = [5IR|(g3/z)I' —IR (es/z) I'
270

—4 Re[R, (g&/z )R, (es/z ) ] l

2K 2 2

1350.
I11IR i(g3/2) I IR i(es/2) I

—7 Re[R, (gs/z)R; (es/z)]i

K
30

Im[R |(g3/2)R, (es/z)] .

(50c)

(sod)

(50e)

+,' IR, (
—) I'(1+31x,I')],

2

y = g IRI( —
)I (1+XI+XI*),

270 1=1

2
5= g (5, I

—
—,'5z() IRI( —)I ( —', +Xi+Xi"),

270

( I R, ( —) I Itnx, ——'
I
R z (

—) I ImXz ) .

(49b)

(49c)

(49d)

(49e)

Equations (50a) and (50b) show that, when
R, (g3/z) Ri(es/z) in the absence of SOI, P=2. This re-
sult has already been shown by us ' for the a, ~kt2
transition in a Td molecule if the ejected electron without
any spin selection is represented by a p wave only. The
same value of P is obtained when an s shell in an atomic
target is photoionized in the absence of SOI. Equation
(50a) further shows that for the integrated partial cross
section to be nonzero at the Cooper minimum, ' it is
necessary that R, (es/z) and R, (g3/z) must vanish at
different photon energies. Therefore at a Cooper
minimum corresponding to R, (es/z) =0, we have

Let us introduce one more approximation by represent-
ing the photoelectron by a single p (I = 1) partial wave.
Obviously, one cannot expect that such simple considera-
tions will adequately describe the angle- and spin-
resolved photoionization in the a, orbital of an unorient-
ed Td molecule. However, the motivation for the present
study is, in addition to other reasons, to demonstrate as
to how the multichannel theory developed in the preced-
ing paper for ASPRES in nonlinear molecules can be ap-
plied to a real situation, the use of the group-theoretical
methods simplifies an otherwise extremely complex prob-
lem to maximum possible extent, and to show that in gen-
eral spin-polarized electrons can be expected in photoion-
ization of even randomly oriented nonlinear targets by
linearly and circularly, as well as unpolarized, light when
the SOI is present only in the continuum part of the
molecular spectrum. Therefore, while the procedure fol-
lowed and the formulas derived in this paper develop a
methodology and set a framework for the analysis of
measurements and calculations of spin-resolved spectra
in these molecules, our calculation serves as a reference
point for comparing more involved calculations that
properly take into account the anisotropic interaction be-
tween the photoelectron and the residual molecule, in ad-
dition to representing the bound and continuum molecu-
lar orbitals more satisfactorily. Needless to say, it will
prohibitively be difficult to perform such ab initio calcu-
lations for complicated nonlinear molecules whose point
symmetry group is Td.

Equations (43)—(47) now become

s 5 —i&
g
—0

On the other hand, if R, (g3/z) =0, then

P—8
y

— I 5 — 8
g
—0

(Sla)

(52a)

and

It should therefore be possible to determine experimen-
tally the photon wavelengths when either of the two tran-
sition moments R, (es/z) or R, (g3/z) becomes zero. (In
the case of photoionization in an atomic target, p is in-
stead 1 and 0 when the dipole matrix elements for the
transitions ns~kp, i2 and ns —+k@3/2 vanish, respective-

23, 30)

It has already been shown in the preceding paper that
the degree of spin polarization of the photoelectrons is
proportional to g when the incident light is either linearly
polarized [Eqs. (I.44) and (I.45)] or unpolarized [Eqs.
(I.50) and (I.s 1)]. Equation (I.48) further shows that
P(m„= 1, u,'„„,(; k') for electrons ejected even by a cir-
cularly polarized photon beam is also proportional to g.
According to Eqs. (51a) and (52a), there will not be any
spin selection of photoelectrons in the region of Cooper
minimum in these three cases.

It is, furthermore, obvious from Eqs. (I.47) and (I.49)
that the degrees P(m„=+1, u,

' „;k') and P(m„=+1,
u,'„„,ii, k') of spin polarization of electrons ejected by cir-
cularly polarized light are respectively proportional to
5 —y and 2y+5. Equations (51a) and (52a), on the other
hand, give

S—y = —
—,'„2@+6=-', (5 lb)

o =—[21R,(g3/z)1 + IRi(es/z)1 ],
3

(Soa) 6 —y = —
—,', , 2y+6= ——' (52b)
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when Ri(e~&2)=0 and Ri(g3&2)=0, respectively. One
therefore obtains from Eqs. (I.47), (I.49), and (51b) that at
the magic angle (8'=54.74')

P(m„=+1,u,',„;k')= —m,' 30&3

P (m„=+1,u,'„„,
,
~,

k') =m, —', &2/3

(51c)

(51d)

when R, (esrz) =0 for circularly polarized light in the re-
gion of Cooper' minimum. On combining (I.47) and
(I.49) with the result (52b) for Cooper minimum with
R, (g&rz) =0, one further has

P(m, =+1,ui, „',k') = —m„
15 3

P( „=+1, ,'„„, ;k') = — „—,'&2/3

(52c)

for photoionization by circularly polarized light at the
magic angle again.

The simplified form of Eqs. (49), obtained by represent-
ing the departing electron by a p (I = 1) wave only, is

~ =—IR, (
—

) I'(2+ lx, I'),
9

2 1 —six, i'

2+ lx I'

1+2IX, Icosb, ,

2+ix I'

2 —,'+ IXi icosb, ,

2+ix I'

IXi I sindhi

2+IxiI' '

16—
s(2+ lx, I')

—', + IX, Icosb, i2y+6=2
2+ Ix, I'

(53a)

(53b)

(53c)

(53e)

with

x, =lx, l. ' (5311)

Equations (53f) and (53g) have here been obtained by
combining (53c) and (53d). The relationship (53f) obvi-
ously means that y & 6 always.

We know from (I.43) that the degree of spin polariza-
tion of the total photocurrent is proportional to y for cir-
cularly polarized incident light. On comparing our Eq.
(53c) for y with Eq. (5) given by Pano, one can say that
the parameter X, defined in Eqs. (40) in this paper is a
multichannel generalization in the context of molecular
photoionization of x introduced by Fano in his Eq. (6)
for describing the spin-polarization of atomic photoelec-
trons ejected by circularly polarized light. (In Fano's
case, x is real. )

The two quantities, defined in (53h), now needed are
the magnitude IXi I

and the phase b, , of X, . These can be
obtained from a knowledge of any of the two parameters

P, y, 6, and g'. The inverse of (53b) directly gives the
magnitude

—,'+p
lx, l'=2 '

2— (54)

It is well known that the asymmetry in the angular distri-
bution of electrons ejected in photoionization of unorient-
ed molecules is always in the range —1(p(2. Equation
(54) will give IX, I

to be negative if —1 (p( —
—,'. For all

the Td molecules' ' ' ' whose angle-resolved photo-
electron spectra (ARPES) of the a, orbital has been taken
so far, p is always greater than —

—,'. Equation (54) can
therefore be used to extract the magnitude of L, from the
experimental data on p in all such cases.

In order to determine the phase A~, knowledge of any
one of the three spin-parameters y', 5, and g is required.
It is obvious from Eqs. (53) that only g is proportional to
sink&, whereas the rest involve the cosine of 6, . Hence, a
measurement of g will give us information on both sign
and magnitude of the phase angle A~. According to Eqs.
(144) and (I.50), g can be obtained by measuring the de-
gree of spin polarization of electrons ejected by either
linearly polarized or unpolarized light, respectively. If
circularly polarized light is used, on the other hand, one
then needs to measure P(m„=+1, u,'„,„,1; k') to find g
from Eq. (I.48).

B. Results

The results presented in the following are based on
Eqs. (53e)—(53g) and (54). The three examples considered
in this paper are photoionization in 4a &, 6a &, and 7a

&
or-

bitals of CF4, CCl4, and SiC14, respectively. The only
measurement available to us in all these cases, in addition
to the integrated cross section o. , is that of p as a function
of photon wave length. Equations (54) and (53f), neither
of which invoke ves the phase 6„should describe the
energy-dependent behavior of the magnitude IXi I

and of
6 —y, respectively. The later of these two, according to
Eq. (I.47), determines the degree P(m„=+1, ui, „', k') of
spin polarization of photoelectrons produced by circular-
ly polarized light. Application of Eqs. (53e) and (53g) re-
quires, on the other hand, knowledge of the angle 6&
which has here been treated as a parameter. 2y+6 in
(53g) is needed in calculating P(m„= 1, u,'„.„, ~~,

' k') from
Eq. (I.49); whereas g, given by (53e), is required in (I.44),
(I.48), and (I.50).

Furthermore, because c s(~ob. , ) =cos(~+ 6, ,
—), 2y+5

is thus symmetric about A, =~. It is therefore sufhcient
to consider (53g) for Q(b. , (~ only. g in (53e), on the
other hand, is symmetric about A&=~/2 because of the
property sin(vr/2 —6, ) = sin(m /2+ b. , ). One therefore
needs to consider in this case only 0 ~ 6, ~ ~/2. Howev-
er, if 5, & m, one can then obtain g from its values for
b i (rr using the relation sin(rr bi)= —sin(n+b i). Ilt-
is, of course, obvious from (53e) that g always vanishes
whenever h, =nrr, n =0—2.j The following calculations
of g and of 2y+5 have therefore been done only for
b, , =(rr/6, m/3, rr/2) and (nor/4, n =0—4), respectively.
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Photoionization in 4a& orbital of CF~

Carlson et al. have extracted both cr and /3 from
their ARPES of 4a

&
orbital in gaseous, unoriented CF4

for incident photon energies from 28 to 70 eV. Novak
et al. have also reported measurements of /3 for this
process. There is in general good agreement on the angu-
lar asymmetry measured by the two different groups. Be-
cause P in this case is always greater than —

—,', we have
therefore used Eqs. (53) and (54) for studying angle- and

transitions 4a, ~4a,'

2.40—

spin-resolved photoionizing
(e»2)k~2(es/2 g3/z) in CF4.

Our results for g and 5 —y calculated from Eqs. (53e)
and (53f), respectively, along with lXtl obtained from
(54), and the measured values of P are shown in Fig. 1(a)
as a function of energy (E„) of the incident radiation.
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FIG. 2. (a) Same as Fig. 1(a) but for photoionization in the
6a', orbital of randomly oriented CC1&. The values of p shown
are those measured by Carlson et al. (Ref. 17). (b) Same as Fig.
1(b) but for photoionization in the 6a l orbital of freely rotating
CC14. The values of lX, l used are those shown in (a).

F&A. 1. (a) Variation of p lX& l, 6 y, and of g with photon
energy for ionization in 4a, orbital of unoriented CF4. Experi-
mental values of p measured by Carlson et ol. (Ref. 32), +; lX, l

calculated from Eq. (54), 0; 5 —y calculated from Eq. (53f), ~;
1.40$ calculated from Eq. (53e) for b, , =sr/6 (curve 1), ~/3
(curve 2), and m /2 (curve 3). (g is zero for b. , =O, vr )(b) Varia-.
tion of 2y+6 with photon energy for ionization in the 4a

&
or-

bital of freely rotating CF~ calculated from Eq. (53g) using lX, l

shown in (a). Al =0, curve 1; 6& =~/4, curve 2; 6& =m. /2, curve
3; 6, = 3m/4, curve 4; 6, =m. , curve 5.
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Figure 1(b), on the other hand, contains 2y+5 computed
using Eq. (53g) as a function of the energy of the ionizing
photon. While 6 —y does not seem to change much with
E„on the scale of Fig. 1(a), the behavior of ~X, ~

with the
photon energy is very similar to that of P. Both g and
2y+5 vary most with the energy of ionizing radiation for
E„up to about 40 eV for all values of the phase angle 5,
[=(rr/6, m/3, m/2) and (nm'/4, n =0—4), respectively]
considered in this paper. The interesting thing here is
that while g in Fig. 1(a) increases and 2y+5 in Fig. 1(b)
either decreases or increases following rapid fall in P,
where it becomes negative for E„between about 30—35
eV, 5 —y remains unaffected even in this part of the ion-
ization region.

Furthermore, there is a significant change in g as well
as in 2y+ 5 with the phase angle 6, over the whole range
of photon energies shown in the two parts of Fig. 1.
[5—y is not affected by a change in the phase because
Eq. (53f) is independent of 6, . ] Particularly, in the case
of 2y+ 5, a valley between E, =30—35 eV for 6

&
(m /2

begins to grow in the shape of a large hump as 6& in-
creases from rr/2. Such behavior of both g and 2y+5
suggests that both of them are very sensitive to a change
in the phase 6&.

photons of energy between about 43—50 eV, R, (e5&2 ) is
almost zero, X, =2 (with b, , =0), and the photocurrent
produced by linearly polarized or unpolarized light will
probably have no spin polarization. On the other hand,
the degree of spin polarization of electrons ejected at the
magic angle by circularly polarized light in the region of
Cooper minimum is given by (51c) and (51d).

0

SiCI&(7a 2

5.00

3. Photoionization in 7at orbitals of SiCl&

Carlson et al. ' have taken ARPES of 7a& orbital in
freely rotating SiC14 molecules for photon energies from
19 to 80 eV. Because P in this case is always greater than—

—,', the measurements of Carlson et al. ' have therefore

2. Photoionization in 6a & orbital of CCI~

The values of P used in Eq. (54) in this case are those
measured by Carlson et al. ' for spin-unresolved photo-
ionization in 6a

&
orbital of randomly oriented CC14. The

energies of the incident radiation considered are from 23
to 55 eV. The observed' P, corresponding ~X, ~, and also
5—y as well as g calculated from Eqs. (53f) and (53e), re-
spectively, are shown in Fig. 2(a) as a function of the pho-
ton energy. The 2y+5 obtained from (53g) for five
different values of b, , is plotted in Fig. 2(b).

Here again we see that, similar to what we found in
Fig. 1(a) for photoionization in 4a

&
orbital of CF4, the be-

havior of the magnitude of ~X, ~
with E„ in Fig. 2(a) is

about the same as that of P and also 5 —
y does not vary

much on the scale of this figure. Further, both g in Fig.
2(a) and 2y+5 in Fig. 2(b) have very strong dependence
on the phase 6, . However, unlike in the previous case,
neither of the two has variations similar to those of P in
any part of the ionization region considered in Figs. 2.
Also, both in Figs. 1(a) and 2(a), ~5 —

y~ is minimum
among the three quantities ( ~g~, ~5 —y~, and ~2y+5~) at
almost all the energies of the incident radiation con-
sidered in the two respective experiments of Carlson
et ah ""

The present analysis further shows that the cross-
section minimum' in the CC14 (6a, )

' spectrum ob-
served by Carlson et al. ' is due probably to a vanishing
contribution of the transition 6a f ~6a I (e, &2)kt2(e~&2)
to ionization by -45-eV photons. Because the mea-
sured' values of P in the range E„=43—50 eV, where o
becomes minimum, and the correspondingly calculated
values of 5 —y and of 2y+5 (for b.

&
=0) shown in Figs.

2(a) and 2(b), respectively, are almost in agreement with
those given in Eqs. (5 la) and (51b). One can therefore say
that for ionization in 6a, orbital of unoriented CC14 by

ig0

0.40—

0.00—
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FIG. 3. (a) Same Fig. 1(a) but for photoionization in the 7a',
orbital of unoriented SiC14. P measured by Carlson et al. (Ref.
18) has been used in this figure. (b) Same as Fig. 1(b) but for
photoionization in the 7a l orbital of randomly oriented SiC14.
The values of ~X, ~

used are taken from (a).
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been used here to study spin-resolved photoionization in
7a, orbital of unoriented SiC14.

The values of ~X, ~
calculated from Eq. (54) and those

of g and of 5—y obtained from (53e) and (53f), respec-
tively, are shown in Fig. 3(a) as a function of E„. Figure
3(b) shows 2y+5 calculated using Eq. (53g). Although
~X, ~

again in Fig. 3(a) varies as P with the energy of the
incident radiation, the other three quantities 5—y, g, and
2y+6 have small changes with respect to E„on the scale
used in the two parts of Fig. 3. However, both g and
2@+5 again have a very strong dependence on 6&, and
~5 —y ~

is always the minimum at all photon energies con-
sidered in these two figures.

Carlson et aI. ' have reported a Cooper minimum'
between E„=38—45 eV in the (7a

&
)

' spectrum of
unoriented SiC14. On analyzing this data, one finds that
the observed P, the corresponding 5 —y and 2y+5 (for
b, , =sr) shown in Fig. 3 between 38—45 eV are in reason-
able agreement with those given in Eqs. (52a) and (52b).
Therefore the Cooper minimum' in this part of the spec-
trum is due probably to a vanishing contribution of the
ionization integral R, (g3/2) associated with the spin-
resolved transition 7a, ~7a ', (a, /z)kt2(g3/2) in SiC14.
Here X, = —1 (with b. , =m) and the degree of spin-
polarization of photoelectrons ejected at the magic angle
is given by Eqs. (52c) and (52d).

VI. CONCLUSION

In this paper we have applied the theory for ASPRES
of nonlinear molecules, developed in the preceding arti-
cle, to study a, ~kt2 photoionizing transition in ran-
domly oriented Td molecules. The spin polarization of
ejected electrons in this case is due directly to the SOI in
the continuum t2 orbital of the molecular target. After
showing that on the inclusion of SOI with spin s =

—,
' the

3, and T2 single-evaluated IR's should, respectively, be
associated with the E»2 and (E5/2 63/p) IR's of the ex-
tended Td group, the wave functions for the bound and
continuum spin orbitals involved in the photoionizing
process are written in terms of the basis functions of ap-
propriate double-valued representations. These orbitals
are used to obtain expressions for the ionization ampli-
tudes, in the E1 length approximation. The amplitudes
have been shown to reduce, in the absence of SOI, to
those derived by us ' for spin-unresolved a, ~kt, transi-
tion in a Td molecule.

The explicit expressions for the five parameters (in-
tegrated partial cross section o, angular asymmetry P,
and the three spin parameters y, 5, and g), needed to de-
scribe the angular distribution of spin-polarized photo-
electrons, are obtained using the angular momentum
transfer formalism given in the companion paper. In the
absence of SOI, the expressions for reduced amplitudes,
o. and P become identical to those derived earlier ' for
spin-unresolved photoionization; whereas y, 5, and
vanish identically. The five formulas for o, P, y, 5, and g
have been written in yet another form by introducing a
complex parameter XI, which is probably a multichannel
molecular analog for the lth partial wave of the real vari-
able x used by Fano in his classic paper on spin polar-

ization of total photocurrent produced by interaction of
circularly polarized light with Cs atom.

This theory is then applied to photoionization in 4a &,

6a „and 7a, orbitals of CF4, CC14, and SiC14 respectively.
The three quantities needed to calculate the degree of
spin polarization of electrons ejected by ionization in an
unoriented target by unpolarized or linearly or circularly
polarized light are g, 5 —y, and 2y+5. The simple quali-
tative predictions for each of these are made on the as-
sumptions that only the first Ib =0 term is taken into ac-
count in the e, &2 orbital of the bound electron, whereas
the photoelectron in either of its two continuum channels
e5/z and g3/2 is represented by a p (/= I) partial wave
only. These approximations also help in finding the
values of /3, y, 5, and g for the two cases when contribu-
tion to photoionization of one of the two transitions

a i ~ad (ei/z)ktz(es/z) and ai ~ai (ai/z)k 2(g5n) van-2 1 2 1

ishes. Either of these situations will give rise to a Cooper
minimum' in photoionization in a Td molecule.

It is also shown that while the magnitude ~X, ~
of X,

(i.e., X& for I= 1) can be extracted from the data on P;
knowledge of g, on the other hand, is essential to deter-
mine both the sign and the magnitude of the phase 5& of
X&. Although, both g and 2y+5 depend upon b, &, 5 —y
is independent of this angle. In our calculations for the
three examples considered in this paper, we use P as a
function of the energy of the ionizing radiation and treat
5& as a parameter. The results presented here therefore

describe the energy-dependent behavior of ~X, ~
and of

5 —y. Both g and 2y+5, on the other hand, are found to
have very strong dependence on A„which in turn de-
pends upon the phases of the dipole matrix elements, and
hence is inAuenced by the SOI in the continuum part of
the molecular spectra.

This study has further revealed that the Cooper mini-
ma observed in CC14(6a f )

' and SiC14(7a
&

)
' spec-

tra' ' are probably due, respectively, to the vanishing
values of the integrals R, (e5/2) and R, (g3/2), which
represent the contributions to the photoionization pro-
cess of the transitions 6a, ~6aI (e, /2)ktz(e5/z) and
7a f ~7aI (e, /2)kt2(g3/p). We have thus been able to
predict the spin parameters y, 5, and g, and both the
magnitude as well as the phase of X, in the region of the
nonzero cross-section minima observed in the two respec-
tive spectra.

It is, however, possible that in order to properly take
into account the energy-dependent effects and the aniso-
tropic final-state interaction, one needs to perform
dynamical calculations including both many-electron
forces, the values of lb )0 in the single-center expansion
of the e, &2 orbital, and represent the photoelectron by
partial waves higher than p. But such studies for com-
plex nonlinear targets like those belonging to a Td point
group will be prohibitively arduous.

This article, along with its companion paper, presents
a methodology for performing such involved ab initio or
semiempirical calculations and shows how the powerful
group-theoretical methods can be used to make a compli-
cated physical problem as transparent as possible. In this
respect, the various formulas derived in this paper set a
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framework for the analysis of measurements and compu-
tation of angle- and spin-resolved photoelectron spectra
in a Td molecule, whereas the results given herein can be
used as a reference point for comparing more accurate
calculations.

(2) For p = A2, q =E3&2, L= I —2,

X(g)q~
= I —&Xgr= I

X(g)qr.2=pxgr=2
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APPENDIX

Here we give the basis functions XIji Iq'( x ) for the
double-valued IR's of the extended Td point group which
is of particular interest in the present paper. This group
has two one-dimensional (p = AI, A2,' r= 1), one two-
dimensional (p =E; r= 1 —2), and two three-dimensional
(p = T, , T2, r = 1 —3 ) single-valued IR's. The GH,
Xf( (r ), for these IR's are already given in Appendix 3 in
Ref. 20. A spin- —,

' function belongs to the E1/2 double-
valued IR of the extended Td group. On the inclusion of
SOI, the double-valued representations of this group are
therefore given by"

~ 1 E1/2 E1/2

~ 2 E1/2 E5/2

1/2 3/2

1E1/2 E1/2 3/2 ~

T2 E1/2 =ES/2 63/2

where both E, /, and E,/, are two dimensional, and 63/2
is four dimensional. The bases or symmetry-adapted
functions for these IR's are as follows. '

(1) For p = a, , q =E„,, L =1-2,

Xg(iq(. =2 pxgr= I

(3) For p =E, q =6„,, L =1-4,
X(g)qi = I —&Xg~r I

X(g)qua = 3 pX~r= I

X(g)q&=4 pXgr=2

(4) For p = T, , q =E,~2, L= I 2, -
XI/Iq~= I =p(xgr= —txt

=
) —ctxgr=

X'h'I""='= (Xt'I'='+ XII' '')+PXt'I' '

(5) For p =T,, q =63/2 L I 4,

hi'
'= ' = P(xti'—' ixt'I'— ) 2ax—t'I'

x'h'I"" '=+3p(xk' '+Ixtli'
Xhi'q'= = —a(xg' '+ ixg' )+2pxf(

Xh"' '=&3~(XI," ' I'Xf," '—
)

(6) For p = T2, q =E5&2, L I—2,

X(g)qua=1 p(xgr= I ixgr=2) ~X/ r=3

XIgIq 2=~(=XI,'; '+ IX=g; ')+ p=X~;

(7) For p = T2, q =63&2, L
=I 4, —

(g)qua=1 +3p(Xgr= I+ Xgr=2)

X'j,'"' '=P(xg( = ' IXI'I'=2)+2ctXg'='—

X(g)qua=3 +3~(xgr= I Xg 2r)

=a(xt,'; '+i'; =
) 2PXg;=—
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