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Photoelectron spectroscopic studies of polyatomic molecules: Theory for spin polarization
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A general, nonrelativistic, multichannel theory for angle- and spin-resolved photoelectron spec-

troscopy of polyatomic molecules in the electric dipole approximation has been developed. Expres-
sions for angular distribution of electrons ejected with defined spin polarization, both in molecule-

and laboratory-fixed frames of reference from molecular targets with fixed as well as with random
orientation in space, are derived. The transformation properties of the molecular point symmetry

group are used to their full advantage to reduce these expressions to their simplest possible forms.
The ionization amplitude is thus shown to decompose into a sum of transitions each involving the
final-state wave function belonging to an irreducible representation of the point group of the target
molecule. The formulas obtained herein can therefore be used to study spin-resolved photoioniza-
tion in both linear and nonlinear molecules of any symmetry corresponding to one of the 32 point
groups, either in their gaseous phase or oriented on liquid and solid surfaces. In order to study both
the angular distribution as well as the degree of spin polarization of photoelectrons in terms of alter-
native contributions of the angular momentum transfer (j, ) from photon to the ejected electron, a
new set of ionization amplitudes is introduced whose contributions to the angular distribution add
incoherently. This new approach not only simplifies the resulting expressions, but also eliminates
the interference terms j,Wj,' which were present in an earlier expression for angular distribution of
spin-polarized atomic photoelectrons. The theory developed in this paper has been used in the ac-
companying article to analyze photoionization in a nonlinear molecule whose point symmetry

gloup 1s Td

I. INTRODUCTION

In order to obtain a complete understanding of the
photoionization dynamics in atoms and molecules, an
analysis of the angular distribution of electrons with
defined spin polarization is needed. Such angle- and
spin-resolved photoelectron spectroscopic (ASRPES)
studies as a function of the wavelength of the incident ra-
diation are essential to investigate the influence of the
spin-orbit interaction (SOI) on dynamics of photoioniza-
tion and also to determine both the magnitude and the
phase of the transition moments. The availability of in-
tense tunable radiation from synchrotron sources, com-
bined with the advent of high-resolution, angle- and
spin-resolving electron spectrometers, have made such
studies experimentally possible. ' The ASRPES mea-
surements on atoms, along with related theoretical devel-
opments, have been in vogue for quite some time.
Those investigations have provided significant insight
into the dynamical aspects of atomic photoionization.

The photoionization studies in diatomic as well as po-
lyatomic (both linear and nonlinear) molecules, on the
other hand, have primarily been confined so far to deter-
mining the behavior with photon wavelength of integrat-
ed and di8'erential cross sections of electrons ejected
without spin selection. ' However, recent experiments
by Heinzmann et al. ' ' and by Schonhense et a/. ' have
shown that, similar to the atomic case, spin-polarized
photoelectrons can be produced also from randomly
oriented linear as wel1 as nonlinear molecules if the in-
cident photon flux is circularly or linearly polarized, or

even unpolarized. The spin polarization of electrons
ejected by photoionization in CO2, N20, CH3Br, and in

Br2, I2, CH3Br, and CH3I have, respectively, been mea-
sured by Heinzmann et al. ' and by Schonhense et al. '

Simultaneous to these experimental investigations,
Cherepkov " has developed expressions for angle- and
spin-resolved photoionization in linear molecules with ar-
bitrary orientation in space. This formulation has been
applied by Lefebvre-Brion et al. ' for the calculation of
the two spin-polarization parameters for photoionization
of HI in the spin-orbit autoionization region between the
two H thresholds of the ionic ground state. Raseev
et al. ,

' on the other hand, have extended Cherepkov's
work " from the Hund's coupling scheme (a) to the
scheme (c) for the description of the residual ionic state
of a linear molecule and used' it to calculate the spin-
polarization parameters in the case of vr np outer-shell
and d inner-shell photoionization of HBr and HI diatom-
ics. Cherepkov' and Cherepkov and Kuznetsov' '
have further extended earlier work '" from freely rotat-
ing targets to photoionization in molecules with fixed
orientation in space.

While there have thus been several" ' ASRPES stud-
ies of linear molecules, the theories appropriate for simi-
lar investigations in nonlinear targets, on the other hand,
are just beginning to emerge. ' The basic di6'erence be-
tween the linear and nonlinear systems comes from the
fact that the molecular field in the latter case is no longer
cylindrically symmetric. The loss of this symmetry re-
sults in two additional complications in nonlinear targets.
(i) The projection m of the electronic orbital angular
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momentum I along the axis of the highest symmetry in a
molecule (i.e., the molecular axis) ceases to be a good
quantum number. Consequently, neither can the elec-
tronic energy levels nor the molecular orbitals be
specified by the axial angular momentum m. (ii) The
spherical harmonics are no longer the basis angular func-
tions for the molecular orbitals.

This situation is further complicated if one needs to
take into account the SOI in order to explain the spin po-
larization of photoelectrons, because the spin functions
will now be molecule fixed and hence be affected by the
symmetry of the target.

Molecules of different symmetry are known to have
different spectroscopic and other properties. The symme-
try considerations therefore become fundamentally im-
perative whenever polyatomic molecules are the objects
of a study. These are of much greater importance for
nonlinear systems than for linear ones, since for the form-
er many more diff'erent types of symmetry (i.e., point
groups) are possible than for the latter, which display
only the D „„(homonuclear) and the C„, (heteronuclear)
varieties.

The symmetry properties of a molecule can be properly
accounted for by taking recourse to the powerful
methods of the theory of point groups. For example, a
molecule will have as many kinds of bound or continuum
orbitals as there are irreducible representations (IR's) in
its point group. Both the energy levels and orbitals in a
nonlinear molecule are specified by the corresponding
ER's.

Furthermore, there are well-developed purely angular'
and coupled angular-spin' functions which transform ac-
cording to the various IR's of the point group to which
they belong. These symmetry-adapted functions form a
complete set whose members diagonalize the molecular
Hamiltonian without' or with' SOI. These functions
provide a most natural and convenient basis set both for
the bound and the continuum molecular orbitals.

It is probably for these and other similar reasons that
both quantum chemists and solid-state physicists have
long been using group-theoretical methods in their
respective fields of study. These methods were applied,
probably for the first time, to the continuum process of
electron scattering from polyatomic molecules by Burke
et al. This theory has since then been used quite suc-
cessfully to study both electron and positron scattering
from a number of nonlinear molecular targets. ' Group-
theoretieal techniques have also been recently adapted to
angle-resolved photoelectron spectroscopic (ARPES)
studies of polyatomic molecules. Application of this
theory to angular distribution of spin-unresolved elec-
trons ejected by photoionization in the electric dipole
(F. 1 ) approximation from both freely rotating and
oriented nonlinear molecules has been very en-
couraging.

In this paper we further develop these group-
theoretical approaches by formulating a multichannel,
nonrelativistic theory for ASRPES of polyatomic mole-
cules with fixed as well as random orientation in space.
(A short early account of this work has been presented
elsewhere. ) The interaction of the incident radiation

with the target is treated in the El approximation. The
various formulas derived herein are in their most general
forms and can be used for photoionization in any mole-
cule, linear or nonlinear, belonging to one of the 32 point
groups.

Furthermore, it is well known that studies of photo-
electron angular distributions constitute a sensitive probe
of the anisotropic interaction between the residual ion
and the ejected electron. A theory for photoionization
should therefore be capable of properly analyzing this
electron-ion final-state interaction. The expressions for
angular distribution of photoelectrons, on the other hand,
have a very complicated structure because of the pres-
ence of a large number of coherent sums. In order to
simplify these formulas so that the electron-ion-
interaction mechanism becomes as transparent as possi-
ble, Fano and Dill, ' Dill and Fano, and Dill intro-
duced a new set of ionization amplitudes specified by

t=lr 1=Jf +s—Jb

in the context of spin-unresolved photoionization. Here,
1„(~1„~=1 for an El process) is the angular momentum
of the incident radiation; I is the orbital and s the spin-
angular momenta of the photoelectron; Jb and Jf are, re-
spectively, the angular momenta of the initial bound state
and of the finaI ionic state after photoionization of the
atomic or molecular target. The vector t is the angular
momentum transferred from the photon to the ejected
electron. The resulting photoelectron angular distribu-
tion in terms of the new set of transition amplitudes
specified by t was much simpler, because a large number
of coherent sums present in the original expression were
replaced by a single incoherent sum over t.

Hitherto, a theory for angular distribution of spin-
resolved photoelectrons in terms of angular momentum
transfer has only been formulated by Klar in the con-
text of atomic photoionization. Unfortunately, Klar's ex-
tension of the Fano-Dill work ' contains, in place of
a single sum over t, two coherent sums over t and t'. The
presence of interference terms with tWt' increases the
complexity of the angular distribution formulas, hence
making them less useful as well as transparent for analyz-
ing the electron-ion interaction.

It has already been pointed out ' that Eq. (1) defines
that angular momentum which is exchanged between the
unobse~Ued initial and final angular momenta involved in
a photoionization process, i.e., between J& and Jf +s.
The definition (1) of t is therefore no longer valid for
those photoionization experiments in which the spin of
the ejected electron is also detected. In this paper we
therefore introduce a new angular momentum transfer j,
to study the spin polarization of photoelectrons. Since
the ejected electron is observed with its spin, we therefore
define

This analysis results in a much simpler expression where
a large number (more than ten) coherent sums present in
the original formulas for angular distribution of spin-
polarized molecular photoelectrons are replaced by two
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coherent and two incoherent sums. More importantly,
because there is now a single sum over j„the final expres-
sion does not contain the interference term j,Wj,'.

In one of his recent papers with Kuznetsov, Cherep-
kov' has also discussed the angular distribution of pho-
toelectrons with defined spin polarization ejected from
molecules of relatively low symmetry. However, their
treatment is very diff'erent from the one given here in
several respects: First, Cherepkov and Kuznetsov' have
used the independent-particle model of Cooper and
Zare, ' extending it from unpolarized to polarized photo-
electrons. Their' approach therefore does not include
the anisotropic interactions between the residual ion and
the photoelectron, which have been found to be very im-
portant but are completely ignored in the Cooper-Zare
model. Second, similar to their other papers, "' ' the
theory developed by Cherepkov and Kuznetsov' is most
suitable for linear molecules which can belong to either
C, or D h point groups. It is because they' expand
molecular orbitals in terms of spherical harmonics which
form a natural angular basis for an electron moving in a
cylindrically symmetric field. It will be a very difficult
task to introduce in their' formulation those symmetry
elements which do not occur in C, or D h targets, but
are known to be present in general in a very large number
of molecules, in order to adapt the expressions derived by
Cherepkov and Kuznetsov' to angle- and spin-resolved
photoionization in molecular systems belonging to other
than these two linear point groups.

It has already been pointed out in this paper that syrn-
metry considerations are of crucial importance for proper
understanding of any physical process taking place in a
nonlinear system. In the absence of such adaptations, the
treatment developed by Cherepkov and Kuznetsov' be-
cornes very difficult to use. More importantly, one will
not be able to identify in their' formulation the sym-
metries and the kind of molecular orbitals participating
in a reaction to be studied. Furthermore, because
Cherepkov and Kuznetsov' have not developed their
theory in terms of angular momentum transfer, the ex-
pressions derived by them are in very complicated forms
as they contain a 1arge number of coherent sums. On the
other hand, the present theory, which is a multichannel
treatment of ASRPES of nonlinear mo1ecules in its most
general form, is free from a11 such weaknesses.

We first obtain, in the next section, an expression for
the final state of the postphotoionization system e +M+,
where M+ is the residual ion of the target molecule M.
Section III presents the angular distribution of spin-
polarized photoelectrons ejected from nonlinear systems
in both molecule- and laboratory-fixed frames of refer-
ence. In order to obtain photoelectron angular distribu-
tion for ionization in randomly oriented (i.e., freely rotat-
ing) targets, the expressions derived in Sec. III are aver-
aged over all possible orientations of a molecule in space
in Sec. IV. Section V, on the other hand, presents the an-
gular rnomenturn transfer treatment of the ASRPES in
molecules using the coupling scheme introduced in Eq.
(2). The analyses of the angular distribution and of the
degree of spin polarization of the photoelectrons is car-
ried out in Secs. VI and VII, respectively. The last sec-

tion, Sec. VIII, contains the conclusion of this study.
The theory developed in this paper has been applied in
the following article to study in detail photoionization
in a bound orbital belonging to the 3, IR of a randomly
oriented Td molecule.

II. FINAL-STATE WAVE FUNCTION

H
~ 4(, (',, ) = (Ef + Ef )

~ 4„( ) . (4)

Here A is the antisymmetrization operator, H is the
Hamiltonian of the e+M system containing the elec-
trostatic interactions as well as the SOI's, +f is the elec-
tronic state of the residual ion M with energy Ef, and

It,'(', =r ' g Ul,'„„.( ~ (r)Xf,"( (r)@(v') (5)

is the spin orbital of the ejected electron moving in the
molecular continuum with energy cf. The superscript-
on a function indicates that it asymptotically satisfies the
incoming-wave boundary conditions appropriate for pho-
toionization. 4(v) in (5) is the spin function, i.e., the
spinor

0
=—/3

of the photoelectron with spin component vA along the
molecular axis. This axis is taken to be the polar (i.e. ,
OZ ) axis of the molecule- (body-) fixed frame of reference.
The origin of the corresponding coordinate system is the
center of mass of the molecule.

The angular parts Xf&'(r), called generalized harmonics
(GH, or the basis angular functions), ' in the spin orbital
(5) transform according to the pth IR of the point group
of the target M. While the dimensionality (i.e., the de-
generacy) of this IR is represented by r, its different bases
belonging to the same value of I are distinguished by h.
These GH can be written' ' in terms of linear combina-
tions of spherical harmonics

m= —l

where the b's are the appropriate expansion coefficients.
Finally, the radial functions in (5) satisfy the complex,
asymptotic incoming-wave boundary conditions

In order to develop a theory for ASRPES of a poly-
atomic molecule, one requires a wave function for the
e+M system. This function, while representing the
molecular residue M+, should describe the departing
electron with its directions of propagation and of spin po-
larization. For a general multichannel formulation, we
define a complete set of basis channel functions

=A ( I'f Ft,'(', )

which are solutions of the following Schrodinger equa-
tion:
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hm Ut'i~ h, i,~ (r) =r'+ 5hh'~ii'~vv ~r~O

lim Ug, „h, . (r)r~ 00

e+M system with spin quantization along u, rather
than along OZ, is then given by

(10)

2m% k
r

)hl ', h', I', ' e ~hh'~II'~

2me
for k = cf )0,

lim ZP
—

. . .(„)=e —(l~l~+n»I&lhl~&)b
hl v, h 'l'v' hh ' ll' vv'

for k (0.
Here

V, =kr —
—,'t~ —~ ln2kr+o, ,

ki)= —m, gZ, —(n, —1) e /A' (8)

with

o I =arg[I (l+1+iq)],
the Coulomb phase and m, the reduced mass of the pho-
toelectron. Z, in (8) is the charge of the ith nucleus
present in the target molecule which contains n, total
number of electrons before ionization.

The required final-state function can now be expanded
in terms of the channel state (3) using the procedures de-

scribed earlier

1/2

k'p
me

i'e '(bt,'i' )*

Here co„($„,0„,0) are the Euler angles which rotate u in
coincidence with the OZ axis of the molecule frame and
the 2)'s are the rotation matrices. ' (Note that in both of
the states +k and 4k the photoelectron propagation
direction k is the same. )

If one is interested in studying molecular photoioniza-
tion in a laboratory frame, a final state for the e+M
system with both the propagation direction and the spin-
quantization axis of the ejected electron referred to the
photon frame of reference is needed. We introduce for
this purpose a so-called photon (i.e. , laboratory-) fixed
frame of reference. The origin of this coordinate system
is the same as that of the body frame, i.e., the center of
mass of the target molecule; the polar {OZ') axis of this
new frame, on the other hand, is along the direction of
electric vector (incidence) for linearly polarized (unpolar-
ized, circularly polarized) light. Further, if (P, a) are the
spherical polar angles of the OZ axis with respect to the
photon frame, rotations by the Euler angles —a, —P, —y
(collectively denoted by cu=aPy) will bring the coordi-
nate axes of the molecule frame in coincidence with those
of the lat ter. ' The space variables referred to the
photon- (molecule-) fixed coordinate system, in the fol-
lowing, will be primed {unprimed).

If the spin of the photoelectron is quantized along the
OZ' axis with component pA, the final state referred to in
the photon frame is then given by

1/2
g2

m, p, r, h, l

(9) Xl)' „(co)[Yi"(k')]*

Here k(k, 0,$) is the propagation vector of the photoelec-
tron in the molecule frame of reference. The significant
point about (9) is that both the functions Xt,'&'(k) and the
expansion coefficients %phl' transform according to the
various IR's of the point group of the e+M+ system.
The important implications of this property will become
apparent when we derive expressions for the ionization
amplitude in Sec. III. This final state has the following
normalization:

XXl,'„(co)'@~hi',

Qn the other hand, if the spin angular momentum of the
ejected electron has a component pofi along u'(0„,$„.) in
the photon frame, we then obviously have

which corresponds to the unit density of states in the
continuum and the orthonormality of the discrete part of
the e+M+ system.

Let us assume for generality that the spin of the photo-
electron is quantized along the unit vector u(0„,$„) re-
ferred to the molecule-fixed frame with voA the projection
of the spin angular momentum along this direction. A
final state which describes the ejected electron in the

2 1/2
g2

i 'e '(bg; )*2)' „(cu)[Yi"(k')]*
p, r, h, l
m, n, v, p

X [cgi/2( )]ecgi/2( )qiP~—

(12)

where co„($„,0„., 0) are the Euler angles which rotate the
u' direction in the OZ' axis.
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III. I(3NIZATIQN IN MQLKCULES WITH FIXED QRIKNTATIQN IN SPACE

A. Angular distribution in molecule frame of reference

The angular distribution of electrons ejected with spin component voA along u into the solid angle dk about the direc-
tion of propagation k by photoionization in a polyatomic molecule whose orientation" in space is defined by the Euler
angles co can be written as

d cr( m„, u, vo)

d~dk

1/2

(e„-.~F~+, , lm„) (13)

Here K =3ir(e laoE„), with ao the dimensionless fine-structure constant and E„ the energy of the incident radiation
whose state of [linear or left (right) circular] polarization is specified by m„[=0 or +1 (

—1), respectively]. +b ) is the
initial bound state of the molecule before ionization with the energy Eb related by ef =(Eb+E„)—Ef, and with the sta-
tistical weight (degeneracy) 8'b. The expression (13) includes sum over all degenerate states (DS) of both M and M
The relationship between the matrix elements of the photoionization operator F and those of the E 1 operator of an n,
electron system are the same as described by us earlier ' for photoionization in diatomic molecules.

On substituting the final-state function (10), using the expansions (6) and (9), the angular distribution (13) becomes

d o.(m„, u, vo)

DS p, y, h, l, m, v

( —i) e 'bg&' YP(k)23,', (co„)(%~h&'„~F~+i„1m„) (14)

Thus the ionization amplitude (%k ~F~+b, lm„) in (13) is decomposed in the distribution (14) into a sum of transitions

each involving the continuum wave function for an IR belonging to the symmetry group of the e+M+ system. It has
already been pointed out in Sec. I in this paper that orbitals in nonlinear targets are specified by the IR of the molecular
point group. Thus the decomposition carried out in (14) makes possible not only the identification of the molecular or-
bitals which participate in photoionization, but also the calculation of their individual contribution to the actual physi-
cal process. This result is a consequence of the relation (9) whereby both the channel functions +~&&' and the
coefficients Xg, (k) present in the expansion of the final state function Ok transform according to the various IR's of the
point group of the e+M+ system.

After substituting the expansion

~lm„) = yn,'
r r

r

(I S)

for the photon state in the molecule frame and using the coupling rules ' for the products of two 2) functions and of two
spherical harmonics, the distribution (14) can be written in the following form:

with

d'o. (m„u, vo) =( —1) " g g g AIM(co, co„,m„, vo;k)YL (k),
dt's dk DS L =0M= —L

(16a)

AIM(co, egg~, mr, vo, k )

p, —,h, l, m, v, k,
p*, ~', h', l', m', v', g'

1/2
i(~, —e, , ) m+x„—v (2l + 1)(2I'+ 1)(2L + 1)

l e
4~

I

0 0 0
I

)*dt's:,b(~, )[dEI'. ,
b(~', )]"

I

2 S1 S
X g g {25+1)

S=OM = —SS
o ~o 0

1

2
S

&o~ (~. )
S

2 r 1 L„
X g g {2L+1)

L =OM =—L r
r r

1 L,
M X'",.( )

r
{16b)
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and1& = max(l, I'). Here

dt,'i' i, (&„)—= (q"„i'. IFIqr, , I&„)
n

—g (&) qpp~
— . (a) qp

rs=1

is the ionization amplitude with g& the spherical unit

vector ' in the direction of polarization of the photon
beam in the molecule frame. The appropriate forms of
the F. 1 operator Q," and of the corresponding
coefficients A" in both length (a = 1) and velocity
(a =2) approximations have been defined by us else-
where.

Equation (16) is the most general result for angular dis-
tribution of spin-resolved electrons ejected by photoion-
ization in the E1 approximation in a polyatomic mole-
cule held with a fixed orientation in space. This expres-
sion, which is probably in its simplest possible form, is
equally applicable to photoionization in all molecular sys-

Because of the property '

g( —1) '
I

2

=( —1) irz~26—v v 00 0
OS

we therefore obtain

tems belonging to one of the 32 point groups. Because
the orbital angular momentum is not a good quantum
number in molecules, therefore, in principle, there should
be an infinite number of partial waves (/, 1') present in
(16) to represent the departing electron. Hence this angu-
lar distribution contains six infinite sums over l, l,L, m

( = —I to l), m' ( = —1' to I'), and M ( = L t—o L).
In order to obtain from (16) the angular distribution of

photoelectrons without spin selection, one merely needs
to sum it over v0=+ —,', i.e.,

d cr(m„) d cr(m„, u, vo)

Gco Jk Jco 8k

d cr(m„) =( —1) "

dao dk ~b

DS L, M p, ~, h, l, m, A.„,
p', 8, h', 1', m', A, ,

1 {0 l 0'(i ) P7 +A.

( i j e —
( —1)

(2l+ 1)(21'+1)(2L + 1)
4~

& I2

0 0 0
l l' L

b(;,„(bf;)*Yc, , (Ic, )

1 1 L„
X g (2L„+1)

,

—mr m, 0
L„

XX) ", (co) g df;, i, (X„)[dg;,i, (A, '„)]* . (19)

This result is equivalent to Eq. (11) already derived by us for spin-unresolved photoionization in polyatomic molecules
in Ref. 22.

The total spin-polarized photocurrent

d cr( m„, u, vo)

8co

d'cr(m„, u, vo)
dk,

Qco 8k (20)

X r (
—I) '

dEI'. ,b(~, )t'ai'. ,
b(~', )l*

DS p, ~, h, l,

V, V, k

1

2
S 1

2
S

X g (2S + 1)(2L„+1)
v0 v0 0 v v ~s

S
L„,M„

&ow, (~. »M" o(~»
r r r

1 L„1 1 L
X —mr mr 0

produced by ionization in an oriented molecular target, involves only a single infinite sum over /.
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B. Angular distribution in laboratory frame of reference

The angular distribution of electrons ejected in photon frame of reference, into the solid angle dk about the direction
of propagation k and with the spin component po along the direction u from a molecule with fixed orientation co in

space can be obtained in two ways. One can either find it directly from the last subsection by making the following two
substitutions:

Y (k)= g [2) ( )]*Y (k')
N

and

&oM (~. ) —g [&M,x,(~)] &o~,(~. )

Ns

1/2
d cr(m„, u', po) ~ m,

Xdmdk' ~b DS
(22)

On substituting the final state (12) and the expansion (15), we obtain

in (16). The other procedure is to follow the ab initio method used in Sec. III A to obtain angular distribution of polar-
ized photoelectrons in molecule frame of reference. In this paper we shall, however, adopt the second procedure as it
will also be useful to us in Sec. V as well.

The desired distribution is given by
2

d rc(m„, u', Icco)

dc' dk DS p, r, h, l, m, n, v, p, k.„,
p', r', h ', I', m', n', v', p', k„

(
—i)' 'e ' '

hfdf' (bt,
'

i' )*2)„' (co„)

X [Xl„'i~ (co„)]*[2),'„(co)]*2)'„(co)[2)' „(co)]*&' „(co)

X&q (co)[g)', (co)]*dl,'I', 1, (k„)[dt,'i' q(A.„')]*Yi"(k')[ Yi" (k')]*
r r

(23)

Similar to what was found in (14), we see here that the ionization amplitude is again decomposed into a sum of transi-
tions each involving the continuum wave function of the e+M system belonging to a different IR of its symmetry
group. On coupling

p Q)u p COu 7 vp CO vp CO 7 mn Q) mn CO & km CO l CO 7

the spherical harmonics, and using the orthogonality relations ' for 3-j symbols, one can write

cr( m„,u, po) —( ) g g g ALM(co, co„,m„,po, k) YL (k'),
dc' dk b DS L =0M= —L

where

A LM ( co, co„,m „,po, k )

(24a)

N= —L p, r, h, l, m, v, k, „,

1/2

(
—i) e ' '( —1)

(ul —ai, ) m —~+A, (2i + 1 )(2i + 1 )(2L + 1 ) 1 1' L

4~ 0 0 0

p', r', h', 1', m ', v', 1,„

l l' L
bt,'~(bt,'.I'. ~ )*dg,', b(k„)[dt,'.('.~ ~(A, )]*

1 S
X g g (2S+1)

S =0 Ms, Ns

1

2

Po Po +oM

Lr

L =ON = —Lr

(2L„+1)
1 L„

—m„m, 0

1 L,
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L+S J
x

J= lL —Si MJ, XJ = —J

L S J L S J'2J+" X X, X,

J+L„ J L„ K J L, K
X X N M 0 —MK=~J—I j~ = —K J r K J J

r

The expression (24) is in its most general form and no approximations have been made in its derivation.
The angular distribution

d o.(m, ) d o(m„,u', pp)

dc' dk p dco dk

(24b)

') "~ XX
b DS L, M p, r, h, l, m, k. ,

p ', ~', h ', I', m ', k

I /2
i(~, —~, ) I+&'„(2l+ 1)(2I'+ 1)(2L+1)i)i —I' i i'

4~

I I' L
000

I L

X g (2L„+1)(2K+1)
L„K

1 L„
—m„m„0

L L„ K L L„ K
~K

I,„g—
X g dti', „(A,„)[dt i'„,b(k. )] (25)

of spin-unresolved electrons ejected by photoionization in
an oriented polyatomic molecule in photon frame of
reference is obtained by using (18). This result is the
same as previously obtained in Eqs. (13) in Ref. 22.

On comparing (24) with (16) and (25) with (19), we find
that angular distributions both for spin-resolved and
spin-unresolved photoelectrons are much more compli-
cated in a photon frame of reference. In addition to the
coherent, infinite sums over (I,m), (I', m'), and (L,M)
present in both (16) and (24), the latter contains six more
(I&l L,J,K, IM, I

~ J, IX, I
&Z, IKI ~K) such sums.

Similarly, in the case of spin-unresolved photoelectrons,
the angular distribution (25) in the photon frame has one
more infinite sum over K, in addition to those six

I

(I, I', L, m, m', M) present in (19) for molecule frame of
reference. One can therefore conclude that each term in
the angular distribution of spin-resolved as we11 as spin-
unresolved photoelectrons in a molecu1e frame of refer-
ence is equivalent to many terms present in a photon
frame of reference whenever a molecular target with fixed
orientation in space is being ionized. However the total
number of ionization amplitudes in the two cases will
remain the same because it depends upon the number of
partial waves (i.e., I, I') considered to represent the photo-
electron.

The total spin-detected photocurrent for ionization in a
laboratory frame of reference is obtained by substituting
(24) in (20):

d (7 ( pi „,u, p p )

du 8'b
(
—1) ' d~i' b(k„)[dt'„"„b(A'„)]*,

1

2

X g (
—1) (2S+ 1)

S,Ms ~ Po Po

S
V ~' NS

XXlpM (co ) g (2L„+1)
L„,X„

1 L,
—m„m„0

S L, K

1 L„

X g (2K+1)

S L, K

0 M [+N, M

Similar to the result derived in Eq. (21), (26) too contains a single infinite sum over I only.
(26)
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IV. IONIZATION IN MOLECULKS WITH RANDOM ORIENTATION IN SPACE

The most direct procedure to obtain an expression for angular distribution of electrons ejected by photoionization in
a freely rotating molecule is to average (24) over all possible orientations of the target in space. The differential ioniza-
tion cross section

do (m„, u ', po) d cr(m„, u ', po)
dc'dk' dcodk' 8~

(27)

for photoelectrons propagating into the solid angle dk ' about k ' with the projection poA of their spin angular momen-
turn along u ' in a photon frame of reference therefore becomes

do (m„, u ', po)
dk' I)' DS L,s M

where

(28a)

1

2

ALUM(m„, u', po,'k)= &(2L +1)(2S+1)
Po Po

S

1V p, r, h, l, m, v, A, ,

p', 7', h', I', m', v', 1,„

r

( —i)' 'e ' '
( —1) ' V(2l +1)(2l'+ I)

I I' L
000

l l' L
bf(' (bt,'I' ~ )*dg(' b(X„)[dt,' I ~ b(k„')]*

S
Xg, ~ g (2J+1)

~s
les

1 1 J 1 1 J
—mr m, 0

(28b)

If in an experimental arrangement on molecular photoionization, spin direction of ejected electrons is not detected,
the corresponding angular distribution is given by

do(m„)
dk'

dcr(m„, u ',po)
dk' (29)

On substituting (28) in (29) and using the property (18), we obtain

dcr(m„)
dk'

p, r, h, l, m, A.„,
p ', ~', h ', 1', m ', A, '„

i) e ( —1) "(2L + 1)V (21+1)(21'+1)

l l'L
000

1 1 L 1 1 L
—m„mr 0

l
bf~' (bt,

'
I ~ )*PI (cos8') g dg&'„~(A.„)[dg.;,„~(A,„')]* .

r r v

(30)

This expression agrees exactly with that derived by us in Eq. (14) in Ref. 22 for angular distribution of spin-unresolved
electrons ejected by interaction of light with unoriented molecules in the E1 approximation.

V. ANGULAR MOMENTUM TRANSFER TREATMENT

In order to introduce the angular momentum transfer j, defined by Eq. (2) in the ASRPES of polyatomic molecules,
let us go back to distribution (23) in a photon frame of reference and couple the 2) functions present therein as follows:
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1

2

2)' '(co )[2)' '(~ )]'=(—1) ' y &4~(2S+1)
p()p, Q pop Po Po

5

S
—p p' M Y (u')

1

2

(31a)

2)2 (co)I[2)' „(co)]*[2)'~'(co)]*I= g ( —1) ' ' (2j+1)(2j,+1)
JI j I jI
J,m1, m2

—v m.J

X —n —p n A,„—m rn
&

Jl

1' J 2

(3 lb)

and

[&„'. (~)]*[2)' „(~)2)'„'(~)]=
r r Ij,m.„n.„

. I I I
j, , m1, m2

I

2

(
—1) ' ' (2j'+1)(2j,'+1)

J

—n'

1

2

~ I
Jl

~ (~) .—n' m ™1m2J 2
(31c)

On substituting (31) and using the coupling rule ' for spherical harmonics, expression (23) for angular distribution of
electrons ejected into the solid angle dk ' about the direction of propagation k ' and with the spin component poA along
the direction u by photoionization in a molecule with fixed orientation cu in space becomes

d cr(m„, u', )Mo) =(—1)
dec dk ' ~b

DS p, ~, h, l, m, v, k„, L,S,J,

p ~&~

l (O') lT) )

1 1' L
X(21+i)&(21+1)(21'+l)(2L+1)(2S+1)

O () ()
L

1

2
S L S J

r

I —,
' J

X
po po 0 ML ~s ~J

L S J

I'+ j'+2(m. + m. , —n, )
—3n.j j j

J, m -, n.
'Ij,m.„n.,

Jl, m 1,m2
. I I Ij, , m1, m2

X(2j+1)(2j'+1)(2j,+1)(2j,'+1)
1

2

v m.
J

—m m,
1

2
j' 1

—m ' —v' mJ.
~ I

I
m& m„ n m2

(32)

is result is obtained by using an identity which expresses a sum over four 3-j symbols in terms of the sum of a prod-
uct of two 3-j symbols and one 9-j symbol.

In order to obtain the angular distribution of spin-polarized photoelectrons for ionization in randomly oriented mole-
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cules, we substitute (32) in (27) and use orthogonality of 2) functions. ' Qne finds, after making some additional simpli-
cations,

do (m„u ', po) —1
' " g g ALsM(m„, u', po, k) YL (k ') Ys™(u')

~b DS LSM
(33a)

1

2
S

AL&M ( m„, u ', po', k ) = &(2L + 1 )(2S + 1 )
pp pp 0

l I' L,
X g ( —1) '(2J, +1) 0 0 0 dr, &n, ';b(J')m,')[di »2 ' b(j, m. , )]*

1 J L.~(»+I)—
J r r

S J 1 1 J
—M 0 j j' j,

S J
(33b)

Here we have introduced a new set of amplitudes,

d»&2 ~ b(j, m, . .) =( —i)'e '(2j + 1)&21+1

1

2 j 1

—
ping

—v pyg g —
ping ~ elm hl v, b rbbP' dbP' (X )

J . . " J
(34)

called "reduced" amplitudes. The continuum channels in
these new amplitudes are characterized by j„the angular
momentum transferred [according to the definition (2)]
from the photon to the ejected electron which is observed
with its spin, and by the projection —j, ~ rn, ~ j, along
the molecular axis.

The angular distribution (33) is much simpler than (28)
derived in Sec. IV. The 12 sums over the variables p, ~,
h, m, v, A,„p', ~', h ', I ', v', and A,,' along with their cross
terms, which are present in the angular distribution (28)
for photoionization in unoriented molecules, have been
replaced in (33) by a double sum over j and j' and by two
"incoherent" sums over j, and m, . The 12 "coherent"
sums which are absent in (33) are actually hidden in the
definition (34) of the reduced amplitudes.

Thus, unlike the expression derived by Klar, the
spin-resolved photoelectron angular distribution (33) for
ionization in randomly oriented targets does not contain
interference terms j,Wj,'. This comes about because we
have introduced through Eq. (2) in this paper a different
(and probably correct) angular momentum exchanged be-
tween the unobserved initial and final angular momenta
than that defined by Eq. (1) used by Klar. "

The presence of a sum in (33) over the projection m, of
j, along the molecular axis, on the other hand, is a mani-
festation of the fact that the axial angular momentum for
nonlinear molecules, unlike for linear systems, is not a
conserved quantity. A similar situation has already been
found by us ' in angular distribution of spin-

unpolarized electrons ejected by photoionization in freely
rotating nonlinear molecules. On the basis of the previ-
ous study, one can readily conclude that the reduced
amplitude introduced in (34) will be extremely useful in
analyzing the contributions of various dipole matrix ele-
ments to ASRPES of polyatomic molecules according to
parity-favored and -unfavored transitions. Such an inves-
tigation will be the subject of one of our future communi-
cations.

VI. ANALYSIS OF THE PHOTOELECTRON
ANGULAR DISTRIBUTION

In order to be able to study the structure of the angular
distribution and use it further below, it is necessary to
simplify the expressions obtained in Secs. III—V and
make them as transparent as possible. For simplicity and
ease in analysis„we shall henceforth discuss in this paper
photoionization in molecules with only random orienta-
tion in space.

In both of the expressions (28) and (33) we always have
S =0, 1 and J =0,1,2. Consequently, the allowed values
of I. are 0, 1, 2, and 3. However, when the summation
over degenerate states of both the preionization target M
and postionization residue M+ is carried out, the contri-
butions of the odd L (i.e., 1 and 3) vanish identically.
After using the Racah algebra, one can show that each of
the two expressions (28) and (33) can be written in the fol-
lowing form:
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do(m„, tt', po)
t 1+—,'(2 —3m, )PPz(cos8') —2m„poy cos8„

Sm.

+2m„p05[P2 (cos8')cos8„+ —,'P z (cos8')sin8„cos(P„—P') ]

+ —,'(3m„—2)pogP& (cos8')sin8„sin(P„—P') I (35a)

I 1+—,'(2 —3m„)P(3 cos 8' —1)—2m„poy cos8„.

+m„po5[(3 cos 8' —1)cos8„+—,
' sin28'sin8„cos(P„—P') ]

+(3m„—2)pg sin28'sin8„sin(P„—P')] . (35b)

Here, P2 and P2 are the associated Legendre polynomials of second order but of degrees zero and one, respectively.
The five parameters a, P, y, 5, and g present in the Eq. (35) are as follows:

~= 3~ X X id&i:, b(~, )l'
3~b Ds,„,h, l,.~„

(36a)

(2j, +1)[(21+1)(2j+1)] 'ld~, zz b(j, m. , )l
b DS lj g, , m

(36b)

1/2
5 K
6 Pb DS p, v, h, l, m, A, , v

p', ~', h', l', m', A. ',

I I' 2
i ' —'e ' '

(
—1) "V(21+1)(21'+1)

I I' 2
—m m' N

1 1 2

N bfli'rn (bE i'm )'d~Vv, b(~r )[dE i'.
,
b(~', )]'

r r

2 5 K I I'('j+' o o
b DS l, l',j,j',

g, , m,

Xd, „2,.b(j, mi)[di, in, , ;b &r

2 1 1 2

J J J~

I' 2

J

(37b)

y= —
( —1)'' g g g ( —1)"

& ~b DS p, ~, h, l g

V, V

N df(„b(A„)[df; b(X„',)]*, (38a)

~~b DS I j j', j, , m,

1 1 1

X(2j, +1)(21+1) ',
1

' ', . di, l/2j;b(jim, )[d,, ir2, ';b(jrm
J&

8= &—3O
O. 8'b

DS p, r, h, l, m, v, k.„,
p', ~', h', I', m', v', A.„

I I' 2
(
—i) 'e ' '

(
—1) " V(21+1)(21'+1)

X bt'im(bt,
'

('m )*dpi'„b(kr )[dg (', b(kr )]*
r

I I' 2 2 2
1 2 1 1

—m m' M —v v' N —M M N —M N—
M

1 1 1

N

(39a)
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K I I' 2 1 1 1
(
—1) '(2j, +1)

~b DS1,1,j,j, 0 0 0 j J' j
j, , m, 2 1 1

I, !/2j;b(Jt t )[dl', !/2, j';b(j, (39b)

i 5& ——3/2
K

~~b DS p. h, 1, m, v, ~„
p ', 7-', h ', 1', m ', v', A.

I

i ' 'e— ' '
( —1) " &(2l +1)(21'+I)

I I' 2 1 1 2

p p p & &, bg~(bg;~, )'d1l' b(A„)[dpi;, b(k, )]
r r

I I' 2
—m m' MM

1

2 2 1 2 1 2
v' N —M M N —M —N (40a)

I I I
=;5+3/2 g g ( —1) '(2j +1) ()

DS 1, 1',j,j',
jism

I'

0
2 1 1

0 j j'
I —' j

' 1 — j 'd/ f/2, j;b(jtm )["I', I/2, j', b(~

2 1 2

(40b)

do. (m„)
dk' [1+—,

' (2 —3m„')PP2 (cosO') ]4~

for photoionization in the absence of any spin detection
of ejected electrons is obtained by substituting (35) in

All the five expressions (36)—(40) are exact and in their
most general forms. These can be used to study ASRPES
in F.1 approximation of unoriented molecules of any sym-
metry belonging to one of the 32 point groups. Also,
these expressions are applicable to photoionization by
linearly (m„=p), and left (m„= + 1) and right (m„= —1)
circularly polarized incident light. In the case of unpo-
larized radiation, one needs to average (35) over m„=+ 1.
We also note from the relation (40b) that the parameter g
will always be zero whenever I =I' and j =j'. Because,
in such cases, the 9-j symbol presented in this expression
vanishes identically. Only the interference terms IXI'
and/or jWj' will therefore contribute to g.

The differential cross section

(29). This expression has the well-known form. In the
angular distribution (35) of the spin-polarized photoelec-
trons o is therefore the integrated partial-photoionization
cross section and P is the asymmetry parameter. The
respective two expressions (36) and (37) for these quanti-
ties are same as derived by us earlier in differential cross
sections of spin-unresolved photoelectrons. y, 5, and g,
on the other hand, are the three parameters needed to
study the degree of spin polarization of photoelectrons.

Let us assume that the propagation vector k'(k, O', P')
of the departing electron lies in the X'-Z' plane of our
photon frame, i.e., X'-Z' is the scattering plane. The OY'
axis is then perpendicular to this plane. We then obvi-
ously have k' (O'=O, P'=0). If we take (O„=a,
P„.=P) to be the spherical polar angles of the direction

u ' of the spin quantization of the photoelectron, the dis-
tribution (35a) then assumes the following simple form
for ionization by right circularly polarized (m„= —1)
light:

dcT( m„, u, pp)

dk' [1—
—,'f3Pl(cosO )+y cosa —5[P2(cosOp)cosa+ —,'P~(cosO„)sina cosP]+ ,'(Pz(cosO )sina sing)—

8~

for m, = —1, po=+ —,
'
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The angular structure of this equation is exactly the same
as given by Cherepkov" in Eq. (Al) in his paper on pho-
toionization in unoriented linear molecules. However,
the expressions (36)—(40) for the five parameters obtained
in this paper are different from those given earlier by
Cherepkov. " According to the discussion in Sec. I in
this paper, the differences between the two cases stern
from the facts that, unlike the previous derivations, "
the present formulation (i) uses the symmetry group of
the molecule to maximum possible extent, (ii) is applic-
able to photoionization in both linear and nonlinear tar-
gets, and (iii) takes full account of the anisotropic final-
state interaction between the departing photoelectron
and the residual molecular ion.

The other interesting and important feature of the re-
sults obtained herein is that the expressions (36b) —(40b)
for the five parameters in terms of (j„m, ) are always
much simpler compared to their counterpart formulas
(36a)—(40a) which are not based on angular momentum
transfer treatment. And also, unlike those formulas
which are derived by Klar for ASRPES studies in atom-
ic targets, none of (36b) —(40b) contains more than one
sum over j„so that the interference terms j,Wj,

' are not
present as well. It will therefore certainly be much easier
to calculate cr, /3, y, 5, and g using these expressions than
otherwise. Relations (36b) —(40b) will further be useful in

analyzing the contributions of parity-favored and parity-
unfavored transitions to the five parameters o, P, y, 5,
and g. 4'

0=—(1 —2m„pay cos8„.) . (41)

It is therefore only y, out of the three spin parameters
(38)—(40), which contributes to the spin-polarized total
photocurrent.

VII. ANALYSIS OF THE DEGREE
OF SPIN POLARIZATION

The degree of spin polarization of photoelectrons eject-
ed with the propagation vector k', in the photon frame of
reference by interaction with an atomic or molecular tar-
get of light whose state of polarization is specified by rn,
is given by

P (m„,u ';k')

do'(m„, u', pa=+ —,') dcr(m„u', @0=—
—,')

dk' dk'
do (m„,u ',@0=+—,

'
) do (m„,u ', pa= —

—,
'

)

dk' dk'
On substituting (35b), it becomes

The integrated partial cross section for spin-polarized
photoelectrons is given by

d V(m„, u ',I,)
cr(m„, u ',p0) = f dk '

dk'

P(m„, u ', k')= —,
'

I
—2m„y cos8„+m„fi[(3cos 8' —1)cos8„+—,'sin2. 8'sin8„.cos(P„—P')]

+(3m„—2)g sin28'sin8„sin(P„, —P') I [1+—,'(2 —3m„)PP2(cos8')] (42)

P(m„, u')= cr(m„, u', pa=+ —,
'

)
—cr(m„, u', p,0= —

—,
'

)

o (m„,u ',@0=+—,
' )+o (m„u ', p0= —

—,
'

)

Use of (41) shows

P(m„, u ') = —m„y cos8„ (43)

i.e., the integrated photoionization cross section is spin
polarized only for circularly polarized incident radia-
tion.

The degree of spin polarization of the angularly distri-
buted photocurrent produced by interaction of linearly
polarized radiation with an unoriented molecule is ob-
tained by taking m„=O in (42),

sin28'sin8„sin(P„. —P')
P(m„=O, u ', k') = —

g 1+PP2(cos8')
(44)

The degree of polarization for the total photocurrent can
be obtained either by integrating (42) or directly from

sin20'

1+PP2 ( cos8' )
(45)

We also have from (44) that P(m„=O, u';k')=0 if (i)
0'=n~/2, i.e., the propagation vector is either along
(n=0, 2) or perpendicular (n =1) to the polar axis which
is along the electric vector in the linearly polarized in-
cident light; (ii) 8„.=nor, i.e., u' is along (n=0, 1) the
electric vector; (iii) P„=P'+ no, i.e., u ' lies (n =0,1,2) in
the scattering plane.

The degree of spin polarization

The maximum polarization in this case is obviously for
8„=m./2 and P„=~/2+/', i.e., u' is perpendicular to
the plane containing the OZ' axis and the direction of
propagation, i.e., the scattering plane, and photoelectrons
are polarized transversely to the direction of propagation,
denoted by u,'„„,i. Hence

P,„(m„=O;k')=P (m„=O, u,'„„,i;k')

P (m„=+1,u ';k') =
—,
'

I
—2m„y cos8„.+m„5[(3cos 8' —1)cos8„.+ —,

' sin28'sin8„cos(P„—P')]

+g sin28'sin8„. sin(P„, —P') I /[1 —
—,'PPz(cos8')] (46)
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of differential cross section for photoionization by circu-
larly polarized light is again obtained by the relation (42).
Let us consider the following cases discussed by Klar.

(a) 8„.=8' and P„.=P', i.e. , u' is parallel to k'. There-
fore, for longitudina11y polarized photoe1ectrons,

P(m, =+1,u I,„s;k')=m„+ - . ~ (5—y)cosO
1 —

—,
' PP& ( cos8' )

(47)

(b) O„=m/2 and P„=P'+7r/2, i.e., u ' is perpendicu-
lar to the scattering plane and photoelectrons are polar-
ized transversely to the direction of propagation,

g sin28'

1 —,'PP2 (c—osO')
(48)

(c) 8„=8'+m./2 and P„.=P' for 0 (8' ~ vr/2 or
8„.=3m. /2 —8' and P„=P'+~ for m. /2 8' vr, i e , u' .is.

parallel to the scattering plane but the photoelectrons are
polarized transversely to their direction of propagation,

(2y+ 5)sinO'

2[1 ,'P—P2—(cosO')]
(49)

sin28'sin 8„sin( P„—P' )
1$

1 —
—,'PP2(cosO')

(50)

Therefore, analogous to Eq. (45) for photoionization by
linearly polarized light, we have

sin 20'

1 —
—,'PP2(cosO')

(51)

[The polar axis of the photon frame is along the direction
of incidence of the unpolarized (or circularly polarized)
light. ] Thus, in view of Eqs. (50) and (51), the discussion
given after Eqs. (44) and (45) for linearly polarized in-
cident beam is also applicable to photoionization by un-
polarized light.

Finally, the degree of spin polarization of photoelec-
trons produced by unpolarized light is given by

P"""(u';k}=—,'[P(m„=+ l, u ';k')+P(m„= —l, u';k'}]

VIII. CONCLUSION

In this paper we have developed a multichannel theory
for ASRPES of molecules with fixed as well as random
orientation in space. The formulation is based on an ap-
plication of the group-theoretical methods to describe the
symmetry properties of the molecular targets. Conse-
quently, the expressions derived herein are not only exact
and most general, but also are in their simplest possible
forms. The theory is applicable to ASRPES studies in
any molecule, linear or nonlinear, which belongs to one
of the 32 points groups. This formulation takes properly
into account also the anisotropic Anal-state interaction
between the departing electron and the residual molecu-
1ar ion. For oriented targets, the expressions for photo-
electron angular distribution are obtained for ionization
in both the molecule and photon frame of reference.

Further, the angular momentum transfer treatment of
the desired process is also presented in this paper. A new
coupling scheme, which is different from those used hith-
erto by other workers, is introduced to define the angular
momentum j, transferred from the incident photon to the
ejected electron. This new scheme not only considerably
simplifies the resulting expressions both for photoelectron
angular distribution and spin-polarization parameters,
but also eliminates the coherence terms (i.e., the interfer-
ence terms with j,Wj,') which were present in earlier an-
gular momentum transfer treatment of the ASRPES
studi s in randomly oriented targets.

A detailed application of the theory developed in this
paper to angle- and spin-resolved photoionization in
unoriented Td molecules is presented in the succeeding
article. The three spin-polarization parameters y, 6,
and g are calculated for ionization in 4a, , 6a „and 7a,
orbitals of CF4, CC14, and SiC14, respectively.
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