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Angular Distribution of the Photoelectron Yield Excited by Two Coherently Coupled Photon Beams
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The angular distribution of the photoelectron yield excited by two coherently related photon beams
has been calculated and measured. Dynamical Bragg diffraction from a Ge(111& single crystal was used
to generate the two beams, and L-shell photoelectron yields from an I overlayer were measured with a
variable-angular-acceptance detector. The use of two-beam photoelectric excitation to understand
final-state angular momentum symmetry is demonstrated.

PACS numbers: 79.60.—i, 32.80.Wr, 61.10.Jv, 78.70.Dm

The angular distribution of electrons ejected from an
atom as a result of the photoelectric effect is a classic
problem in quantum mechanics, one which is well under-
stood for the case of a single primary photon beam. For
instance, if the ejected electron initially has s angular
momentum symmetry, and only dipole transitions are
considered, then the final electron state consists of an ex-
pansion in terms of continuum wave functions to which
only p partial waves contribute. ' The resulting angular
distribution has a cos 8 dependence relative to a polar
axis which is aligned with the electric field polarization
vector of the incident photon beam. '

In this Letter, we examine the differential photoelec-
tric effect cross section for an atom in an external elec-
tric field arising from the superposition of two coherently
related photon plane waves. Experimentally, we use
dynamical Bragg x-ray diffraction from a perfect ger-
manium crystal to prepare the two beams, and simul-
taneously monitor the angular distribution of L-shell
photoelectrons from an ordered iodine overlayer. We

also show how two-beam photoelectric excitation can be
used to learn about the final-state angular momentum

symmetry.
An expression for the differential cross section for the

absorption of a photon plane wave by an atom; and con-
comitant ejection of a bound electron into a continuum
final state, can be found in Bethe and Jackiw's text-
book:
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The photoelectron emerges in a direction specified by
spherical angles 8 and p relative to the incident beam
electric field polarization vector i. The incident photon
has wave vector k and angular frequency co, and the pho-
toelectron is described by wave vector kf, initial (bound)
state I n&, and final (continuum) state I f&. Now consid-
er the case of two photon beams, the second one arising
from diffraction from the H set of Bragg planes of a per-
fect crystal. We first recast the matrix element in Eq.
(1) using the total electric field:
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where the total field is the sum of two fields of the form

(2)

sjij -E exp( —i[2trK" r —cot])el, (3)
with the index j being 0 for the incident beam and 0 for the diffracted beam. E~ is the complex electric field amplitude,
e~ is the unit polarization vector, and KJ is the photon wave vector. Equation (2) can be simplified by using the dipole
approximation to the photoelectric absorption cross section (exp[2triKi' r] ~ 1), Bragg s law (KH =Eo+H), and the
phase v and magnitude I Et /Eo I of Ep, relative to Eo (EH/Eo =

I EH/Eo I exp[iv] ), which are functionally related to the
angle of incidence on the Bragg planes, to obtain

2

cL
I &fl&o'Vln&l + l&fl eH'Vln&I + exp(i[v —2trH rl)&f le'o'Vln& &f1 eH Vln&dQ Ep Ep

EH+ exp( —i[v —2trH. r])&f I eo V I n&&f I
e'H. V I

n&* .
Ep

(4)

Since we are confining our attention to photoelectrons from surface atoms, depth attenuation of the electric field, the
"extinction" effect, has been ignored in this treatment.

1172 1989 The American Physical Society



VOLUME 63) NUMBER 11 PHYSICAL REVIEW LETTERS 11 SEPTEMBER 1989

The differential cross section, der/d 0,, contains
separate contributions from the incident and diffracted
beams acting alone, plus one of a mixed nature (last two
terms). The latter arises from interference between the
two outgoing photoelectron waves that are azimuthally
symmetric about the incident and diffracted beam polar-
ization vectors. In the a polarization scattering geo-
metry, in which the incident and diffracted electric field
vectors are perpendicular to the scattering plane, ep and
iH are collinear, and the matrix elements cancel out of
Eq. (4);

2
do' a: I+ +2 cos(v —2xH r) .

EH EH
dn Ep Ep

(5)

2
do' EH EH

cs: I +C| + 2C2 cos(v —2nH r),dQ Ep Ep
(6)

where Ci (cos8H/cos8p), C2 cos8H/cos8p, and 8p
and 8H are the polar angles relative to ep and iH, respec-
tively.

Figure 1 shows the two photoelectron angular yield
distributions, due to the incident and diffracted beams
acting alone, in the x scattering geometry. Suppose we
have an electron detector which can view the sample
along the azimuths labeled 0 and 180 in Fig. 1. If we
observe the photoelectron yield along the 0 azimuth as
the Bragg reAection from the sample is scanned, we
would expect to observe a relatively weak modulation,
since this azimuth is nearly perpendicular to the
diffracted beam polarization vector and thus insensitive
to the yield due to the diffracted beam. Along the 180'

In this case, da/d 0 behaves identically with the electric
field intensity at the observation point r as the Bragg
reAection is scanned; the electric field has the form of a
standing wave with nodal and antinodal planes parallel
to the diffraction planes, and whose period is the inter-
planar spacing. The standing-wave nodes shift inward
from alignment with the diffraction planes to between
the planes as the incidence angle is advanced through the
Bragg reAection, resulting in a predictable modulation in
the photoelectron yield from an atom at position r.

In the x polarization geometry, in which the incident
and diffracted electric field vectors lie in the scattering
plane, ep and iH are misaligned by the scattering angle
2eg, where eg is the nominal Bragg angle. Unlike the
a geometry situation, the angular momenta of the initial

i n) and final i f) state electron wave functions influence
the behavior of der/d Q as the Bragg reflection is
scanned; its functional dependence on the incidence an-
gle differs from that of the electric field intensity. For
example, if the initial state has s angular momentum
symmetry, then the final state has p symmetry (for a di-
pole transition) and the matrix elements in Eq. (4) have
a cos8 angular dependence with respect to the appropri-
ate polarization vector. In this case,
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FIG. 1. The x polarization scattering geometry is shown.
The polarization vectors io and iH serve as the polar axes for
the cos 8 photoelectron distributions (for s ~p dipole transi-
tions) due to the incident and diff'racted beams acting alone,
respectively. Experimentally, the CMA axis was misaligned
from booby 7 .

azimuth, however, we would expect a relative strong
modulation, since this azimuth is more aligned with the
polarization of the diffracted beam compared with that
of the incident beam.

To realize these notions experimentally, we measured
L-shell photoelectron yields from an I overlayer (of cov-
erage 1.5 monolayers) deposited on a clear Ge(111) sur-
face in ultrahigh vacuum (UHV), as the (111)reflection
from the substrate was scanned in the x geometry, using
a double-pass cylindrical mirror analyzer (CMA). The
CMA detects only those electrons emerging into a coni-
cal shell of half-angle 42.3 ~6 relative to its axis. It
has an internal rotatable annular aperture, which nar-
rows its field of view to any 12' azimuthal-angle interval
about the cone axis. Figure 1 shows the alignment of the
CMA axis, as well as its 0 and 180 azimuths, relative
to the x-ray scattering geometry. Further details regard-
ing the experimental setup and surface preparation can
be found in Ref. 7. The experiment was performed at
the Cornell High Energy Synchrotron Source (CHESS).
The white x-ray beam was monochromated by a pair of
Si(111) crystals. In the range of photon energies used
(6-7 keV), the CHESS x-ray beam was approximately
85% polarized in the scattering plane.

A first series of measurements was performed by mon-
itoring the I LI photoelectron yield, for which the initial
electron state has s angular momentum symmetry. Fig-
ure 2 shows the yields measured with the CMA's annu-
lar aperture centered on the (curve a) 0' and (curve b)
180' azimuths, as well as (curve c) the yield measured
with the aperture removed (i.e., integrated over the full
CMA cone) as the (111) reflection was scanned. The
nominal photoelectron kinetic energy was 1560 eV, and
the energy resolution of the CMA was 25 eV. The
lowest curve in Fig. 2 is the Ge(111) reflectivity. The
theoretical yields shown as solid lines in Fig. 2 were cal-
culated using Eq. (6). For case (a), Ci 0.22 and
C2 0.47; for case (b), Ci 2. 16 and C2 1.47; for case
(c), C| 0.90 and C2 0.88. The theoretical yields
shown as dashed lines have the same functional depen-
dence on incidence angle as the electric field intensity,
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FIG. 2. Shown are the I L& photoelectron yields, as func-
tions of the angular misalignment between monochromator and
sample relative to that at the center of the Bragg reflection,
measured with the CMA annular aperture oriented to view the
(curve a) 0' and (curve b) 180' azimuths, and (curve c) with
the aperture removed. The lowest curve is the Ge(111)
reflectivity. The theoretical yields shown as solid curves as-
sume an s p dipole transition; the ones shown as dashed
curves follow the electric field intensity. Each set of curves
(a), (c), and (b) is successively displaced by one unit along the
ordinate.

and were obtained by setting C~ 1 and C2-cos2e+
0.84, the x-ray polarization factor, in Eq. (6), for all

cases.
To complete the comparison of theory and experiment,

it is necessary to know the "observation" position H r in

Eq. (6). This represents the location of the I atoms with

respect to the (111)diffraction planes, expressed in units
of the (111) interplanar spacing. We determine this to
be —0.14+0.01 in a separate x-ray standing-wave mea-
surement of the same sample in which the I MNN Auger
yield at 490 eV was monitored; this yield in fact showed
no noticeable azimuthal anisotropy. If the I overlayer is
not perfectly ordered normal to the (111)planes, the last
term in Eq. (6) must also be weighted by the fraction of
I atoms which sit at the preferred position, with the
remainder randomly distributed normal to the (111)
planes. This fraction was determined to be 0.59~0.02
from the Auger yield measurement.

The agreement between theory and experiment in Fig.
2 improves when the electron angular momenta are tak-
en into account. The photoelectron yields show the be-
havior described earlier, a relatively weak modulation for

Relative Angle (arcseconds)

FIG. 3. Same as Fig. 2, but for the I L«& yields. The solid
curves are the theoretical yields assuming a pure p d dipole
transition, and the dashed curves would result from a pure
p s transition; the latter follow the variation of the electric
field intensity. The lowest curve is the Ge(111) refiectivity.

the 0' azimuth and a strong one for the 180' azimuth as
the Bragg reflection is scanned. The integrated yield
shown in Fig. 2(c) is close to the average modulation,
which follows the variation of the electric field intensity,
due to the extent of solid angle averaging.

We also measured I Lttt photoelectron yields, and
show the results in Fig. 3. Here, the initial electron state
has p angular momentum symmetry. Dipole selection
rules allow transitions to continuum states with pure s
and pure d character, as well as states of mixed s-d char-
acter, which can arise from interference of the outgoing s
and d photoelectron waves. ' The solid lines in Fig. 3
are the yields calculated using Eq. (6), assuming a pure

p d transition. For curves (a), the yield observed
along the 0' azimuth, C~ 0.64 and C2=0.63; for (b),
the yield observed along the 180 azimuth, C~ =1.40 and
C2 1.03; for (c), the integrated yield, C& =0.91 and
C2 0.84. The dashed lines assume a pure p s transi-
tion, for which C~ 1 and C2 0.81 for all cases. We
assumed no preferred alignment of the initial p state,
which should be valid for inner electron shells. For a
spherically symmetric s final state, of course, no azimu-
thal anisotropy is expected; the yield has the same
dependence on incidence angle as the electric field inten-
sity. The contrast between the yields observed at the
different azimuths are not as strong as for the L& yields,
since both s and d states have less pronounced angular
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features than p states. A stronger modulation is clearly
seen for the 180' azimuth data compared with the 0'
data, indicating that the final state is not pure s. From
the comparison of the data to the theoretical curves
shown in Fig. 3, it is evident that the photoelectron final
state has a stronger d than s character, which is con-
sistent with theoretical calculations' for the photoelec-
tron kinetic energy used (1540 eV).

Notice that insight into the final-state symmetry can
be obtained from a measurement using just one of the
azimuths. In conventional angle-resolved photoemission
studies of orbital symmetry, " using a single primary
photon beam, measurements at several azimuths are usu-

ally required. Two-beam photoelectric excitation can
hence be a useful tool for the study of orbital symmetry
for atoms and molecules adsorbed on perfect single-
crystal and multilayer surfaces.
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