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Angular Distribution of Molecular K-Shell Auger Electrons: Spectroscopy of
Photoabsorption Anisotropy
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The angular distribution of Auger electrons emitted in the decay of molecular Z-shell
vacancies created by photoabsorption is predicted to be a direct probe of the anisotropy
of molecular photoabsorption. The o —s discrete absorption and the o —o f wave sh-ape

resonance in N2 and CO are given as examples.

PACS numbers: 33.80.Eh

Atomic K-shell vacancies are isotropic and
hence electrons emitted by Auger decay of such
vacancies have an isotropic angular distribu-
tion. ' ' Molecules are different, however, for
two reasons. First, molecular photoabsorption
is highly anisotropic, both in the discrete, be-
cause excited states have definite symmetries
but generally different energies, and in the con-
tinuum, where shape resonances can enhance
photoabsorption along characteristic directions
of the molecule. ' ' As a result, molecular photo-
absorption produces neutral-molecular excited
states with definite, characteristic orientations
and shape-resonant photoionization produces mol-
ecular ions with energy-dependent orientations
characteristic of each resonance. Second, sub-
sequent decay of the K-shell vacancy is a fast
process compared with molecular rotation, so
that the orientation of the molecular excited state/
ion will be reflected in the angular distribution of
the emitted Auger electrons. For example, in

CQ and N, there is a very intense discrete absorp-
tion of r symmetry about 1 Ry below the K-shell
ionization threshold and a broad 0-symmetry
shape resonance centered about 1 Ry above thresh-
old.""The photoabsorption to the & excited
states preferentially creates excited molecules
perpendicular to the electric vector of the light
while photoionization within the 0 shape resonance
yields molecular ions preferentially parallel.
The angular distribution of a particular Auger
electron will mirror these alternative orienta-
tions as one scans through the photoabsorption
spectrum. Thus, molecular Auger-electron angu-
lar distributions, as a function of photoexcitation
energy, provide us with a spectroscopy of the
anisotropy of molecular photoabsorption. This
spectroscopy permits an identification of the sym-
metry of discrete excited states as well as a sym-
metry decomposition of continuum states.

For randomly oriented molecules in the gas
phase, the molecular orientation induced by pho-
toabsorption is given by Eq. (13) of Ref. 11 as
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do "~/dQ = —,vahv(4n)' ' P P~ (2K+1) 'ReI Z„„&(u)Ysu(8„, cp )],
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in terms of the azimuthal and polar angles 0
= (8, y ) of the molecule with respect to the lab-
oratory coordinates, with z axis along the elec-
tric vector for linearly polarized light (I~=0) or
along the propagation direction for left- and right-
circularly polarized light (m~= +1). The maximum
harmonic K= 2 reflects the dipole character of
the photoabsorption. The dynamics of the molecu-

lar orientation is contained in the coefficients Z,
which depend on the photon energy hv, Explicit
expressions for them in terms of photoabsorption
dipole amplitudes are given in Ref. 11. If we de-
note by d'&, /dk, dQ„ the probability of Auger
emission along the direction k„with the mole-
cule oriented along 0, then the basic expression
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for the Auger-electron angular distribution can
be written

dP, ~(v) 2w-=—(4w) 'Qpz(cos&, ) Q ( —1)"(l',0;K, 0!l 0)(l, m; K, m' —m ll', m')
a E ll',m') m

&& Rel:lz~..—.-~(v)/z„"~(v))M. , -*M. ,-]
in terms of complex amplitudes'

!
(4) The asymmetry parameter measures the differ-

ence between the photoabsorption strengths Dq'
for molecular orientation along (a) or perpendicu-er lar to (m) the electric vector of the light".

M, ~ =i 'exp(io, )(e. !pele )

for Auger decay by Coulomb interaction Vc of
the molecular excited state or ion 4„ to the Aug
state 4', , normalized with incoming-wave bound-
ary conditions (denoted by the superscript "-")
appropriate to the Auger electron ejected along
k „with kinetic ener gy k, ', Coulomb phase 0, ,
and asymptotic orbital momentum / and projec-
tion m along the molecular z axis, denoted as L
=(l, m). The key result here is that, while the
harmonic composition of the angular distribution
(3) depends on the orbital momenta, of the Auger
electrons, through the Clebsch-Gordan coeffi-
cients, each harmonic is directly proportional
to the corresponding harmonic in the orientation
(1) of the excited molecules, through the coeffi-
cients Z». In particular, the maximum harmon-
ic of the angular distribution (3) can be no great-
er than K= 2, because of the dipole nature of the
photo absorption.

To illustrate these results we can apply them
to photoabsorption in N, and CO. Because these
molecules are cylindrically symmetric, all har-
monics of the molecular orientation vanish except
K=O and K=2, M=0, and Eq. (1) then takes the
particularly simple form (here we choose linear
polarization, m~= 0)"'":

P (v) = 2[D.'(v) —D, '(v)l/[D, '(v) + 2D„'(v) j. (6)

This asymmetry parameter is complimentary to
the more familiar asymmetry parameter P, (v)
characterizing the angular distribution of the pho-
toelectron; in particular, P, (v) contains interfer-
ence terms, not present in P (v), between o and
v ionization amplitudes. " The allowed range of
P„extends from 2 (oriented along the electric
vector), through 0 (no orientation), to —1 (orienta-
tion perpendicular to the electric vector). Equa-
tion (6) is the basis of the intuitive results stated
earlier: For discrete absorption, on the one
hand, o- o transitions have tl = 2 (parallel orien-
tation) while o- v transitions have p = -1 (per-
pendicular orientation); for continuum absorption,
on the other hand, the strengths D q' have been
calculated' in the vicinity of the 0-0 shape reso-
nance, using the one-electron multiple-scattering
model, "'"and the resulting asymmetry param-
eters P„ for the K shells of N, and CO are shown
in Fig. 1. Orientation along the electric vector is
seen to be considerable through the shape reso-
nance.

The Auger-electron angular distribution be-
comes

cy and its subsequent decay by Auger emission.
This is reasonable since Auger widths are typical-
ly 0.2-1 eV' while rotational spacings are typi-

dp. ~(v) 1 do ~(v) d'p,
dQ

cally 0.001 eV. This is analogous to the axial-re-
dk, o (v) dg dkdQ„ coil approximation used in photofragment angular-

distribution theory. "'" We also treat the photo-
Here we make the assumption that Q changes ionization and Auger decay as independent proc-
negligibly between creation of the K-shell vacan- esses. ' As we show in detail elsewhere, "Eq. (2)

can be written as

dp, "~(v)/dk, =(P, /4m)[1+P„(v)c, &P,(cosg, )l,

showing the direct connection with P, i.e. , the asymmetry of molecular orientation following photoab-
sorption. The constant c, is characteristic of each Auger decay and independent of photoexcitation en-
ergy. It is given by

c, & = —'(2 —3m~') P(l ', 0; 2, Oll, 0)(l, g„2, 01l, a, ) Re[M, , & x, M, , ~x, i&1M„~x,
t, s'
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FIG. 1. Molecular orientation asymmetry parameter

for photoionization of the & shells of N2 and CO, in
the vicinity of the o f-wave shape resonance. Electron
kinetic energy is A, v —ionization potential.

where A. , is the projection (0 for o or 1 for v) of
the Auger-electron orbital momentum, depending
on the particular Auger transition. The require-
ment that Eq. (7) be nonnegative restricts c, to
the range ——,

' to 1. Equatior) (8) can be interpreted
as the relative contribution to the angular distrib-
ution of the Auger electron, in the molecular
frame, of the harmonic K = 2, I= 0. Because
molecular charge distributions are highly aniso-
tropic, the c, can be expected to be nonzero in
general. Their evaluation requires direct calcu-
lation of the Auger amplitudes (4), except in the
special case that only a single orbital momentum
contributes, for which Eq. (8) is easily evaluated
analytically. Alternatively, they can be deter-
mined by measuring Eq. (7) for a discrete absorp-
tion of known symmetry, or from fitting Eq. (7)
across a shape resonance by use of the (in gener-
al easier to calculate) molecular asymmetry pa-
rameter (8).

A key aspect of the result in Eq. (7) is that the
effect is expected for any Auger transition filling
the K-shell vacancy. That is, the effect probes
not only the intrinsic anisotropy of the Auger
process (though there must be some anisotropy,
i.e., c, must be nonzero) but rather the anisot-
ropy in the creation of the K-shell vacancy. The
KLL Auger spectra of N, and Co have been ana-
lyzed in detail by Moddeman et al."and show
many lines which should be accessible to study.
For-example, in N, there is a series of strong
lines with Auger electron kinetic energies from
367-359 eV. In CO there are similar series of
lines from 254-246 eV for a carbon K hole and
from 500-491 eP for an oxygen K hole. These
lines should show angular variation with a de-
pendence on the frequency of the light used to
create the K-shell hole determined by the mole-

cular alignment asymmetry parameter P .
%e can make similar analyses for each of the

molecular point groups to determine the charac-
teristic molecular orientation for each symmetry
group of discrete absorption lines and the charac-
teristic energy dependence of each continuum
shape resonance, because of the symmetry of its
resonant component. (In general, for molecules
without cylindrical symmetry harmonics K= 2,
&=1, and K=2, M=2 can also contribute" and
their contribution will depend on photoabsorption
dynamics as well as symmetry. ) Thereby, the
variation of the Auger-electron angular distribu-
tion throughout a photoabsorption spectrum should
allow the decomposition of that spectrum into its
component molecular symmetries. For this rea-
son, we feel that Auger-electron angular distribu-
tions provide us with a significant new molecular
photoabsorption spectros copy.
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This Letter presents the first application of the Schwinger variational principle for
multichannel scattering. Results are presented for an exactly soluble two-channel model
problem. The accuracy and convergence of the Schwinger variational principle are shown
to be extremely good and superior to those of other variational methods.
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In spite of several desirable features, the
Schwinger variational principle" has not been
applied extensively to scattering problems. Sev-
eral recent applications' ' of the Schwinger prin-
ciple to single-channel electron-molecule colli-
sion problems demonstrated the potential of the
Schwinger method. Furthermore, we are current-
ly extending the Schwinger method to multichan-
nel problems on the basis of a new formulation.
In order to assess the effectiveness and accuracy
of the Schwinger method for multichannel cases,
we have solved the model two-channel problem
proposed by Huck' prior to its application to actu-
al systems. In this application, we have found
that the Schwinger method is extremely effective
yielding results far more striking than those of
sophisticated versions of the standard variational
principles. ' " As far as we know, this is the
first example of the application of the Schwinger
principle to a multichannel problem.

The exactly soluble two-channel model problem
used by Huck, ' Nesbet, ' "and more recently by
Harris, "is defined by the Hamiltonian II =II, + V
with

II.=
I x,& (- -'d'/«')(x,

l

+
I xg[- ld'/«'+ &&j(x.l,

and (X„IX„)=5 „. In terms of the regular eigen-
functlons of Ho,

S (r„r,)=X (r, )k "'sink r„m=1,2, (4)

the variational functional for the K matrix is giv-
en by

i
(e Uls„)(s IU e„)
(4 (UG,U —U) 0„)' (5)

G, (r „r„r,'r, ').

=- P S.(r„r,)C„(r,', r, ),

where C is the irregular solution of H„and y&
= max(r„r, ') and r, = min(r„r, '). It should be
noted that the above Green's function has a very
simple structure, since no permutation symme-
try is imposed on the wave functions 4' (m = 1,2).
As usual, the wave function is expanded in terms
of a basis set frt; lm =1,2;i =1, . . . , N jI. From
the stationary condition 5[K „]=0, the K-matrix
elements can be written as

2 N
= g P &~.IUln )D;,"&rt, 'IUIS. &,

a, b i, j
where

where U=2V. In Eq. (5), the free-particle (stand-
ing-wave) Green's function G, is

v= p Ix.&v..&x. l, (2)
(D ');,"=&a I(UG.U —U)lrt, '& (8)

where In order to compare with the previous results
of Nesbet et al. ' "and Harris and Michels" and
the exact results, ' we also choose the potential
parameters a =1.0 and C'=10.0, and the energies
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