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Vectorial Photoelectric Effect
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(Received 12 January 1971)

Experimental results and their analysis are presented which indicate that the vectorial
photoelectric effect originates neither in excitation at the surface nor in pure volume optical
absorption, but is a unique combined surface-volume effect which depends only on optical
absorption as influenced by the interface. This effect can be phenomenologically regarded as
surface-enhanced optical absorption (SEOA) in which, for certain transitions excited by light
polarized perpendicular to the surface, obtical absorption in the volume near the surface can
be increased manifoldly (100 times or more) by the presence of certain surface conditions.
Our results show a large decrease in this absorption by controlled modification of the surface
for the system investigated, which is single-crystal silicon in ultrahigh vacuum with surfaces
oriented parallel to (111), (110), and (100) planes. Photoelectric yields are shown at angles
of incidence from 0° to 60° for both polarized and unpolarized light with photon energies in the
range 4.6—6.4 eV, Some interface effects are illustrated by photoemission from samples
covered with thin (20-100 &) oxide layers; electron emission is considered in terms of the
system silicon-silicon oxide-vacuum. Essential requirements are discussed for a theory of
SEOA, the existence of which calls for a reexamination of present approaches to the fundamental
theory of photoelectric emission.

I. INTRODUCTION tion components perpendicular to the surface. This

result was called the “vectorial photoelectric ef-

Photoelectric emission includes several process-
es: optical absorption by excitation of electrons,
motion of the excited carriers, and emission into
the collecting medium through the interface. The
determination of the spatial and temporal location
of these processes, from the earliest days, has
been central to the analysis of photoelectric emis-
sion, which requires, whatever the mechanism,
that conservation of momentum be provided for in
the photon-electron interaction.

For many years it was believed, for metals at
least, that all processes occurred simultaneously
at (within a few angstroms of) the surface. Conser-
vation of momentum in theories!™ taking this view-
point (the “surface photoeffect”) is provided at the
potential step between the surface and collecting
medium (usually vacuum). In such theories, only
the component of polarization of the light parallel
to the gradient of the potential step, and thus per-

pendicular to the surface, will cause photoexcitation.

And indeed, earlier experimental results®® seemed
to be consistent with the qualitative predictions of
these theories in that photoelectric measurements
showed greater yields for radiation with polariza-

fect” by Ives® for reasons which, it is now realized,
are not applicable; however, we shall continue with
the same terminology, since it has become estab-
lished by usage. In fact, the difficulties in com-
paring experiment with theory were not in observing
the vectorial effect, but rather in explaining the
appreciable yields measured with illumination at
normal incidence (necessarily with polarization
parallel to the plane of the surface). Normal-in-
cidence yields were generally explained by the in-
troduction of the obvious mechanism of surface
roughness. ! However, the required amount of sur-
face roughness has seemed arbitrary, and there
has been no direct correlation available between
experiment and theory.

The opposing concept, that optical absorption oc-
curs simply within the volume of the material, was
introduced and theoretically developed in 1945 by
Fan, " who pointed out that momentum would be con-
served in volume absorption because electrons move
in a periodic potential. Subsequently, the resolu-
tion of the surface-volume question was apparently
obtained by Thomas and co-workers who, in a series
of papers®~'® on photoelectric emission from thin
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films of alkali metals, demonstrated that the optical
absorption responsible for their observed photo-
electrons occurred within the volume: Observed
vectorial effects were considered to be only a con-
sequence of the predicted variation with incidence

of classical optical absorption. The subject was
reviewed in 1961 and further discussed in 1968 by
Meesen, '* who took the volume point of view.

For semiconductors, the volume origin of photo-
emission has been generally accepted for some
time, both because of experiments on band bending
near the surface'’~'® and because yields and energy
distributions were found to be consistent with vol-
ume excitation within the band structures, 6~ al-
though considered only for normal-incidence illum-
ination. For metals, much work has esta.blished,‘zo’z1
also at normal incidence, that observed photoelec-
trons originate in the volume.

There has been much less work on vectorial
photoemission, perhaps partly because of additional
experimental requirements (polarized light and
variable incidence), but probably mainly because
of the lack of definite knowledge of fundamental pro-
cesses underlying the effect. Recent observations
include vectorial effects on evaporated potassium
layers, 22 and on semiconductor photocathodes®;
in each case, yields were greatest when the polar-
ization was parallel to the plane of incidence, but
no definite mechanism for this dependence was es-
tablished. It has been difficult to relate vectorial
experiments to the main body of photoelectric work,
since investigations which could reveal the effect
were not performed under the highly controlled con-
ditions of surface, crystallography, and ambience
which typify the more recent experiments using un-
polarized light at normal incidence.

The subject was reopened by Juenker, Waldron,
and Jaccodine® (hereafter referred to as JWJ),
who in 1964 reported the results of experiments in
ultrahigh vacuum on carefully controlled polycrys-
talline molybdenum. Vectorial effects were ob-
served which were much too large to be explained
by the conventional volume excitation process, but
were also not consistent with any simple surface
mechanism; the magnitudes of their vectorial yields
were found to depend greatly on the method of sam-
p:e preparation, with the largest effects being ob-
served for samples which had the least apparent
roughness as seen in the optical microscope.
Agreement with experimental data was obtained by
using a parameter B, which designates the extent
to which the component of electric field intensity
normal to the surface is favored over the tangential
component in effecting photoemission. Their re-
sults provided considerable illumination but did not
yet allow them to decide between the surface and
the volume hypotheses or to determine the physical
mechanism involved in the parameter B. They sug-
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gest: “Careful measurement of B under controlled
experimental conditions would seem to be one way
to acquire valuable information concerning the local-
ity of the photoelectric excitation, the nature of the
potential variation in which it takes place, and the
types of interaction in which the excited electron
can take part.” The results presented in the pres-
ent paper provide considerable progress towards
the resolution of these questions.

In the work reported here, # evidence has been
obtained for the existence of a unique phenomenon
underlying vectorial photoelectric emission, which,
our results indicate, is due neither to excitation at
the surface nor to pure volume absorption. Rather,
it is a combined volume-surface effect which is due
only to the fact that volume optical absorption is in-
fluenced by conditions at the interface (and not due
to a large number of other possibilities, many of
which were suggested by JWJ, such as: carrier
transport effects, anisotropy of the excitation,
crystallographic selection rules, intercrystallite
barrier effects, etc.), where the terms “surface”
and “interface” are used only in the strict sense
to refer to the angstrom-sized transition region.
The effect can be regarded phenomenologically as
surface-enhanced optical absorption (SEOA) in
which, for certain transitions excited by light po-
larized perpendicular to the surface, optical ab-
sorption (only for these transitions) in the volume
near the interface can be increased manifoldly (as
much as 100 times or more) by the presence of
proper surface conditions. It appears that band
structures near the interface are similar to those
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FIG. 1. Angular yield ratios for clean (111) silicon
as a function of angle of incidence, obtained for polar-
ization in the plane of incidence Y, , and perpendicular
to the plane of incidence Y,. The curves are computed
from Egs. (5) and (6) using the values for ».given in the
text.
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FIG. 2. Angular yield ratios for clean (110) silicon
as a function of angle of incidence obtained for polar-
ization in the plane of incidence Y, and perpendicular
to the plane of incidence Y,. The curves are computed
from Egs. (5) and (6) using the values for 7 given in the
text.

in the volume, but they can be perturbed by the
presence of the surface in such a manner that en-

hanced absorption occurs for certain electron states.

This viewpoint is supported by several experimen-
tal results on silicon and their analyses, which
show a large decrease in this absorption with known
and controlled modification of the (transition region)
surface for a given sample. The experimental re-
sults are, to our knowledge, the first such vector-
ial effects reported on elemental semiconductors
and on clean well-categorized single-crystal ma-
terial, which is, here, silicon in ultrahigh vacuum.
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FIG. 3. Photoelectric yields obtained with unpolar-
ized light at normal incidence for (111) silicon with
special thin (20-100 A) oxide layer due to air ex-
posure and with clean surface.
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FIG. 4. Photoelectric yields obtained with unpolar-
ized light at normal incidence for (110) silicon with
special thin (20—100 &) oxide layer due to air exposure
and with clean surface.

The similarity of some of our silicon results with
data of JWJ* from molybdenum implies that vector-
ial photoemission originates from the same basic
phenomenon in both metals and semiconductors. If
this is so, their vectorial observations could also
be attributed to SEOA, and observed sample-to-
sample variation would be ascribed to the effects of
preparation methods on the (transition region) inter-
face. Since our results are obtained on clean dam-
age-free single crystals, one may eliminate the
possibility that previously observed vectorial photo-
electric effects are due to volume imperfections
within the optical-abosrption depth (about 60 A in the
present uv region for silicon and molybdenum), such
as, damage caused by the method of sample prepara-
tion or intercrystalline boundaries (which one could
be otherwise led to suspect, since the one single-
crystal sample investigated by JWJ did not show the
vectorial effect). Of course, effects due to imper-
fections are not ruled out in general.

The existence of SEOQA calls for a reexamination
and some modification of the present theoretical ap-
proach to photoemission, for it essentially specifies
that the excitation responsible for observed photo-
electrons originates in interaction between electro-
magnetic energy and extended electron states,
whereas most present theory assumes localized ex-
citation. Apparently, the vectorial effect can be
theoretically obtained only from approaches such
as those now being developed by Schaich and Ash-
croft, 2® who derive photoelectric currents from
the interaction of the incident electromagnetic field
and the electrons in the solid which are in states
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determined by their interactions with themselves,
the ions, and the surface.

Although the vectorial photoelectric effect is as-
sociated with the component of polarization perpen-
dicular to the plane of the surface, it is unlikely
that the theoretical modifications suggested by our
and JWJ’s results will leave untouched the large
body of work in the field which has been performed
at normal incidence (necessarily with tangential
polarization).

II. EXPERIMENTAL PROCEDURES

Experimental arrangements are essentially the
same as those described in a previous paper!® (here-
after referred to as I) except for the utilization of
capabilities for rotation of the whole sample-holder
assembly about the vertical axis so that the angle
of incidence could be varied between — 60° and +60°.
Polarized light was obtained by use of a Glan-
Thomson calcite prism, which was rotatable about
the direction of incidence. All samples were chosen
for perfection and stability by the criteria estab-
lished in I.

III. EXPERIMENTAL RESULTS
A. Polarized Light, Variable Incidence, and Vacuum Interface

Photoelectric yields were obtained as a function
of angle of incidence 6 at three wavelengths, for
polarization parallel to the plane of incidence [¥,(6)]
and perpendicular to the plane of incidence [¥,(8)]
for (111) and (110) surfaces as shown in Figs. 1 and
2 normalized to 0° incidence.. Yields were found to
be symmetrical about 0° and are therefore shown
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FIG. 5. Photoelectric yields obtained with unpolar-

ized light at normal incidence for (100) silicon with
special thin (20—-100 A) oxide layer due to air exposure
and with clean surface.
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only for positive angles. The “vectorial effect” is
associated with the large increase with angle of in-
cidence of Y ,(9).

B. Unpolarized Light, Normal Incidence, and Oxide Interface

The essential role played by the interface in the
vectorial effect is illustrated in Sec. IIIC (below) by
yields obtained with polarized light from samples
covered with the thin oxide layer which occurs be-
cause of air exposure (thickness from 20 to 100 A).
Although similar normalized vectorial results were
found for all oxide-covered silicon, it is more illus-
trative to consider yields from a special class of
such samples: those which had oxide layers which
were essentially transparent to photoelectrons emit-
ted from the silicon. Several experimental proce-
dures were found to provide such layers, but the
easiest procedure was simply to use samples which
were prepared by methods described in I with no
special preparation other than the usual 250 °C bake
required for ultrahigh vacuum. Use of samples
covered with these oxide layers minimizes compli-
cations due to scattering in the oxide and provides
much larger experimental photocurrents.

The emission of electrons into the vacuum from
samples covered with the special oxide layers can
be illustrated by photoelectrons which are provided
by simple normal-incidence illumination. The elim-
ination of electron loss (in contrast to the usual large
decrease in yields observed!” in most oxide-covered
silicon) makes available information about potential
barriers on both sides of the oxide, which is also
of general interest. Figures 3-5 show yields ob-
tained at normal incidence with unpolarized light for
(111), (110), and (100) surfaces covered with these
oxide layers for comparison with yields shown for
the same samples with the oxides removed (by the
usual annealing at 850 °C). Note that all (111) and
(110) yields are almost identical above about 5.6 eV
and that at lower optical energies, oxide-interface
yields are greater than clean surface yields.

To understand these results, let us recall, as
shown in I for vacuum interfaces, that above 5.6 eV
all electrons directed toward the surface above the
vacuum level will emerge, but that as 2v decreases,
conservation of E.. across the interface restricts
emission to more nearly normal electrons. Using
this information, we make the following interpreta-
tions: (i) The silicon oxide-vacuum potential bar-
rier is 4.6 eV, i.e., the same as the (111) and
(110) silicon-vacuum barrier butlower than the (100)
silicon-vacuum barrier (= 4. 78 eV). The near iden-
tity of all high-energy yields shows that oxide-vac-
uum barriers are almost the same for all orienta-
tions, being slightly greater for the (100) sample.
The identity of oxide and vacuum yields at higher
energies establishes the value of 4.6 eV. (ii) There
is negligible loss of electrons by scattering within
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FIG. 6. Angular yield ratios for thin oxide-covered
(111) silicon as a function of angle of incidence obtained
for polarization in the plane of incidence Y,, and perpen-
dicular to the plane of incidence Y,. The curves are
computed from Eqgs. (5) and (6) with =1,

the oxide since oxide-covered yields are no smaller
than those from vacuum interfaces. (iii) The re-
strictions on conservation of E,. have been relaxed
or eliminated for the silicon-silicon oxide-vacuum
system. The increased yields from oxide-covered
surfaces at lower optical energies can be ascribed
to the emission of non-normal electrons which would
not have been able to emerge through the silicon-
vacuum interface because of the requirement for
conservation of i., across the interface (see Sec. VI
of I for discussion of this point). This viewpoint is
consistent with estimates which show that observed
oxide-surface yields are no greater than the maxi-
mum possible if all electrons at all directions could
emerge (escape angle always is 90°) below 5.6 eV
as well as above. (iv) The silicon-silicon oxide
barrier <4.6 eV; otherwise some of the emission
would be cut off.

Therefore, it has been shown that for 2v=5.6 eV,
one collects all electrons excited in the silicon for
both oxide and vacuum interface systems (directed
toward the surface, of course); and for ~v<5.6eV,
one collects at least as many of the excited electrons
for the oxide-covered surface. Thus, the effective
difference for photoemission between special oxide-
covered samples and clean-surface samples is that
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FIG. 7. Angular yield ratios for thin oxide-covered
(110) silicon as a function of angle of incidence obtained
for polarization in the plane of incidence Y, and perpen-
dicular to the plane of incidence Y,. The curves are
computed from Eqgs. (5) and (6) with »=1.
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the interface is silicon-silicon oxide, in one case,
and silicon-vacuum, in the other. With this under-
standing, the remarkable role played by the inter-
face in the vectorial effect can be seen in the follow-
ing data.

C. Polarized Light, Variable Incidence, and Oxide Interface

Photoelectric yields were obtained as a function
of angle of incidence at the same three wavelengths
for both parallel and perpendicular polarization for
(111) and (110) oxide-covered surfaces, as shown
in Figs. 6 and 7 normalized to 0° incidence. These
are to be compared with Figs. 1 and 2.

Note that yield ratios for perpendicular polariza-
tion are essentially identical to those from vacuum
interfaces. But yield ratios for parallel polariza-
tion are much smallerv. The vectorial effect is
greatly diminished; in fact, it will be shown that,
within experimental error, it has completely van-
ished.

D. Unpolarized Light, Variable Incidence, and Vacuum Interface

Since Y, () is larger than Y, (6) in Figs. 1 and 2,
it would be expected that yields obtained at variable
incidence with unpolarized light [defined simply as
Y(6)] would increase with 6. In fact, we have veri-
fied by experimental measurements on several sam-
ples that the simple average applies:

Y(0)=3(Y.(6)+Y.(6)], )

as required by the cubic symmetry of the material.
Thus, a useful measure of vectorial effects can be
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FIG. 8. Photoelectric yields from (111) silicon. Mea-
sured yields per total absorbed photon obtained with un-
polarized light at 0° and 45° incidence associated with
the ordinate on the left-hand side of figure. Computed
yield per absorbed normally polarized photon using these
measured yields and Eq. (7) is shown by dashed line
associated with the ordinate on the right-hand side of
figure. Note that the scale is 100 times larger, thus
these yields are much greater.
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FIG. 9. Photoelectric yields from (110) silicon. Mea-

sured yields per total absorbed photon obtained with
unpolarized light at 0° and 45° incidence associated with
the ordinate on the left-hand side of figure. Computed
yield per absorbed normally polarized photon using these
measured yields and Eq. (7) is shown by dashed line
associated with ordinate on the right-hand side of figure.
Note that the scale is 100 times larger, thus these yields
are much greater.

obtained simply by measurement of Y (6). A con-
venient procedure is tomeasure yields at45° [¥(45)]
for comparison with yields at 0° [Y(0)]. The experi-
mental results for Y (45) and Y (0) over the full spec-
tral range are shown in Figs. 8-10 for (111), (110),
and (100) surfaces, respectively. The dashed
curves in the figures will be discussed later.

Note that the differences between Y (45) and Y (0)
are large and readily measurable. Moreover, they
turn out to be a complete measure of the vectorial
effect for this system since, as will be seen later,

Y, (6) can be obtained from known optical parameters.

Figures 8.—10 indicate the continuity of vectorial
yields over the whole spectral range.

E. Unpolarized Light, Variable Incidence, and Oxide Interface

It was found, as would be expected from Eq. (1)
and Figs. 6 and 7, that over the whole spectral
range, Y(45)~ Y (0). The results of large numbers
of observations on many samples permitted the de-
termination that Y (45) is on the average about 1 to
2% larger than Y(0).

IV. INTERPRETATION AND ANALYSIS

A. Basic Viewpoints

We present here an analysis which is consistent
with all experimental results and which phenomen-
ologically indicates that the basic process underly-
ing the vectorial effect is SEOA. The analysis is
based on the following viewpoints:

(1) The optical energy in the volume can be deter-
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mined from classical electromagnetic theory, and
thus can be calculated anywhere in the system for
any angle of incidence using only known values of

the complex index of refraction n +ik. This has been
recognized and implemented by Fan” and JWJ. %
Electromagnetic radiation, with propagation vector
% and specified polarization, is incident upon the me-
dium which, being polarizable, interacts with the
radiation within a short distance of the interface d
to set up new values for k and new phase relations.
It has been recognized for many years”?"%® that d,
is less than a few angstroms. Hence, it is much
smaller than the presently applicable optical absorp-
tion distance of about 60 f&, and classical electro-
magnetic theory is applicable to most of the medium.

(ii) In this system, the optical energies are de-
termined not by the operant excitations (those lead-
ing to photoemission), but by the far greater amount
of optical absorption due to excitations which termi-
nate below the vacuum level. This is easily seen
both from observation of the band structure and
from the fact that photocurrents become several or-
ders of magnitude larger when barrier heights are
lowered by the application of cesium. ?® These tran-
sitions then determine the optical properties of the
material, which in turn determine the electromag-
netic energies in the volume.

(iii) Observed photoelectric yields are directly
related to the optical absorption due to the operant
transitions in the volume. This viewpoint must be
considered as an ansatz to be supported by experi-
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FIG. 10. Photoelectric yields from (100) silicon.
Measured yields per total absorbed photon obtained with
unpolarized light at 0° and 45° incidence associated with
the ordinate on the left-hand side of figure. Computed
yield per absorbed normally polarized photon using
these measured yields and Eq. (7) is shown by dashed
line associated with the ordinate on the right-hand side
of figure. Note that the scale is 100 times larger, thus
these yields are much greater.
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mental yields for all polarizations and angles of in-
cidence. It is suggested by the extensive informa-
tion on photoelectric emission excited by normal-
incidence illumination: Scattering, emission, and
transport effects, if present, do not change with the
intensity of illumination. Hence, for a fixed value
of hv, yields will be proportional to optical excita-
tion. For silicon, it is possible to broaden this
viewpoint, since it has been shown in I'® that, in the
present energy range, there is negligible loss of
electrons due to scattering. Moreover, above kv
5.6 eV, the escape angle approaches 90°, and
therefore photocurrents are proportional to 3(opti-
cal absorption due to all electrons excited above

the vacuum level); below 5.6 eV, the escape angle
narrows, and the constant of proportionality becomes
a function of kv,

B. Basic Ansatz

Taking the internal excitation approach of JWJ,
let E4p(6) be the electromagnetic energy within the
solid which is associated with the electric vector
parallel to the plane of the surface (TP stands for
“tangential polarization”), and let Eyp(0) be the
same for light which is polarized perpendicular to
the surface (NP stands for “normal polarization”),
The basic ansatz is that all yields are due only to
excitations within the volume and are thus generated
by, and proportional to, Erp(6) and Eyp(6), which
can be treated independently, but which are not
necessarily equally effective in causing optical ex-
citations. Letting the effectiveness in causing op-
tical excitations be proportional to a and 8, re-
spectively, any yield can be written

Y'(6)= 0E1p(6)+BEx»(6) )

or

Y'(6)= o[Eqp(6)+7 Exp (6)] . @)

The ratio (= 8/ @) is essentially the parameter B
used by JWJ, whichour results suggest is associated
with SEOA. The vectorial effect occurs when B, or
7, which can be called the “enhancement ratio,” is
greater than 1. Comparison is made with experi-
mental angular ratios, so that we use the following
form of Eq. (3):

Y'(6)_Exp(6)
Y'(0) Erp(0)

, Exp(6)

Erp(0) ’ @

since Eyp(0)=0. By experimentally changing the
angle of incidence for known polarization, Ep(6)/
E1p(0) and Eyp(6)/Erp(0) are made to vary in a def-
inite manner with 8, which can be calculated from
classical electromagnetic theory. If the ansatz is
correct, then it is necessary that Eq. (3) hold with
7 being constant, i.e., independent of 6; if SEOA is
applicable, then 7 will depend only on the condition
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of the interface (for a given material and crystalline
orientation).

The following coordinate system is used. The z
direction is normal to the plane of the surface, and
x and y are tangential to the plane of the surface.
The plane of incidence is the yz plane and the angle
of incidence 6 is, therefore, the angle between the
direction of incidence and the z direction. E(6)rep-
resents the electromagnetic energy in the solid as-
sociated with the electric vector polarized in the x
direction, and similarly for y and z. When the in-
cident light is polarized perpendicular to the plane
of incidence, the polarization vector remains in the
plane of the surface and there is no NP component.
Hence, Eq. (4) becomes

Y,(6) _E.(9)

Y.0) E.0)’

(5)
and for polarization parallel to the plane of inci-

dence, it becomes

E,(6)
E,0) °

Y,(6) _ E,6)
Y,(0) " E,©0)

(6)

Energy ratios on the right-hand sides of Eqs. (5)
and (6) were calculated from classical electromag-
netic theory, as shown in the Appendix, and were
compared with the experimental yield ratios shown
in Figs. 1,2,6, and 7 for (111) and (110) samples
with both vacuum and oxide interfaces. When this
was done, it was indeed found, in support of the an-
satz, that Eqs. (5) and (6) were satisfied for all
samples, clean and oxide covered, and at all wave-
lengths, with # independent of 0, as required.

For the oxide-interface samples, all yield ratios
(NP and TP) were found to be directly proportional
to energy ratios in the solid, since Eq. (6) was found
to be satisfied with » =1 (which we have established
on many samples) for all 4y and all crystalline ori-
entations. Thus, yield ratios are proportional to
the ratios of energy absorbed in the solid and equal
to [1-R(8)]/[1- R(0)], where R(6) and R(0) are re-
flectances for either the parallel or perpendicular
case, i.e., if yield ratios shown in Figs. 6 and 7
were expressed in terms of absorbed energy ratios
at each angle of incidence, then all curves would be
straight lines of value equal to 1.

For the vacuum interface, Eq. (6) was satisfied
for much larger values of 7(independent of 6, as
required), which were, for the (111) sample, 7 =94,
70, and 44, at hv=5.16, 5.39, and 5.68 eV, re-
spectively; for the (110) sample, » =35, 33, and 24
(all £5) for the same photon energies.

These results are illustrated in Figs. 1, 2,6, and
7 by comparison of experimental data with curves
computed from energy ratios in Egs. (5) and (6)
using the above values of 7.

It is the comparison between vacuum- and oxide-
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interface samples that phenomenologically suggests
SEOA. All oxide-interface yields are simply pro-
portional to energies in the volume (i.e., a=8, thus
7 =1), and there is no enhancement. Then, when
nothing is changed except conditions at the interface
(same sample, same orientation, etc.,), yields for
the vacuum interface due to NP photons are greatly
increased, and yields due to TP photons remain un-
changed, while both remain independently propor-
tional to energy ratios in the volume. Furthermore,
we have found that upon increasing exposure of the
clean surface to oxygen, beginning with fractional
monolayer amounts, the degree of enhancement de-
creases continuously from its clean-surface value
towards zero (v - 1).

C. Determination of r throughout the Spectral Region

The enhancement ratio can also be determined
from yield ratios measured with unpolarized light
because of the applicability of Eq. (1) to this sys-
tem. Using Egs. (1), (5), and (6), we find

_ (E40)\(2Y(45) _E.(45)+E,(45)
7'(&(45))( Y(0) E,(0) ) - M

Remembering the definition of », Eq. (7) enables
the easy determination of spectral yields per ab-
sorbed NP photon from the data showninFigs. 8~10,
for Y (0) and Y (45) as a function of zv. The results
of this computation for clean-surface samples are
also displayed in Figs. 8-10. Note the continuity
and much greatev efficiency of NP yields over the
complete spectral range.

V. DISCUSSION
A. Volume Absorption

The considerations of Sec. IV have shown that
yields for both NP and TP illumination are propor-
tional to energies in the volume (i.e., inside the
optical-transition distance d,). However, they alone
cannot specify the depth from which operant elec-
trons originate. This is because, as shown by JWJ
(see Appendix of this paper) energy ratios depend
very weakly on distance within the solid. For exam-
ple, the possibility must be considered that NP
photoelectrons (those generated by NP radiation)
could originate from surface states just inside d;.

Evidence which indicates that NP photoelectrons
are due to the same processes as TP electrons, and
thus originate well withinthe volume optical-absorp-
tion distance, can be deduced from inspection of the
spectral dependences shown in Figs. 8-10 for both
NP and TP illumination. Let us recall that exten-
sive work at normal incidence (necessarily TP) has
related photoelectric yields and energy distributions
to volume band structures. Therefore, it is well-
established that TP yields are determined by (i)
transition probabilities and (ii) densities of state in
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(iii) the band structure; and spectral dependences
of the yield are determined by (iv) variation with v
of available densities of state and variations with hv
of Ehe escape angle (which depends on conservation
of k, across the boundary). Now, all effects (i)~ (iv)
depend on specific volume properties of the materi-
al. Thus, the almost identical spectral dependences
of NP and TP yields at lower energies (although the
former are much more efficient) strongly suggest
that photoelectrons excited by NP radiation also
originate in the volume, although their excitation is
affected by the interface. Similar evidence for vol-
ume optical absorption can be drawn for molybdenum
from the observation of JWJ (shown in their Fig. 7)
that spectral dependences of the yield were indepen-
dent of angle of incidence for polarization parallel
to the plane of incidence.

In view of this discussion and viewpoint (iii) of Sec.
IV A, which indicate that transport effects are ab-
sent, we are led to propose that the vectorial ef-
fect is due only to optical absorption in the volume
of NP radiation; but this absorption is strongly in-
fluenced by the condition of the surface. Note that
the pertinent absorption is related only to the oper-
ant excitations which, by viewpoint (ii) of Sec. IVA,
represent only a small fraction of the total.

B. Crystallographic Vectorial Effects

Effects of crystal symmetry on optical absorption
must be considered. Selection rules for absorp-
tion of light in crystalline media predict strong de-
pendence of excitation probabilities on the direction
of polarization for electrons with crystal momen-
tum k in symmetry directions.

Qualitative theoretical predictions and confirming
experimental results of such effects were presented
by Gobeli, Allen, and Kane® using normally inci-
dent polarized light on (111) silicon in experiments
which showed large variations in photocurrents of
electrons emerging in (110) and (112) symmetry di-
rections as the angle of polarization was rotated in
the plane of the surface.

For illumination at variable angle of incidence 0,
it has been shown by Gourary® from group theoreti-
cal considerations that transition probabilities for
electrons with k in (111), (110), or (100) directions
will go either as sin?(8) or as cos?(9) depending on
the symmetry of the wave functions for the operant
transitions. When k is not in a symmetry direction,
the relations are more complicated, and no simple
relation is to be expected.

Selection rules must be considered in general, but
they can be ruled out as the source of our vectorial
observations (and presumably those of JWJ and
others as well) for several reasons, the most direct
being our observations of the influence of the sur-
face, which is not encompassed in volume selection
rules (in a broader sense, SEOA might be thought



3 VECTORIAL PHOTOELECTRIC EFFECT

of as a surface-volume-determined selection rule).
In addition, previous work on this system (I"’) has
shown that the escape angle becomes quite large for
hv only a few tenths of an eV above threshold, and
therefore, observed yields can originate from elec-
trons over a large solid angle, thus decreasing sym-
metry effects. (Note, for example, that all effects
of crystal symmetry must disappear at an escape
angle of 90°, since the total excitation of cubic sys-
tems is independent of direction of polarization. )
We have substantiated these conclusions in experi-
ments performed with polarized light normally in-
cident on (110) silicon in which the yield was found
to be independent of the direction of polarization in
the plane of the surface; if selection rule effects
were important, then anisotropy of the yield would
have been observed.

Volume vectorial effects have also been investi-
gated by Puff*? in theories of photoemission, based
on a quasi-free-electron model, which predict ex-
citation probabilities proportional to _I_é- Gl 2 where
¢ is the direction of polarization and G is a recipro-
cal-lattice vector. These effects can also be ruled
out as the source of our observations for the same
reasons as above.

It can be speculated that the observed dependences
of 7 on crystal orientation could be related to the
possibility that SEOA would be a maximum for elec-
trons with k normal to the surface, and decrease
as k moves away from the normal. This is consis-
tent with results presented in I which showed qual-
itatively that at lower optical energies, the (111)
sample has the largest normal component of E, the
(100) has less, and the (110) least of the three; in
agreement with differences in NP yields shown in
Figs. 8-10 and in parallel yields shown in Figs. 1
and 2. At higher optical energies, when the excita-
tion becomes almost completely isotropic, NP yields
should approach the same value for all orientations,
as observed. In this context, the noticeable change
in slope of yields near 5.6 eVwould occur because the
escape angle becomes very close to 90°, so that
large numbers of presumably less-effective nearly
tangential electrons can emerge.

C. Source and Significance of SEOA in Photoemission

It is evident that the existence of SEOA requires
some modification and extension of present theories
of photoemission, most of which are based on local-
ized excitation (for example, see Berglund and
Spicer®®). To illustrate: If the yield formula of
Sec. IV had been considered in context of these the-
ories, Eqs. (2) and (3) could have been expressed
as

Y 0)= [* 8.2, )| X(2)Pe)dz ®)

vi@0)= [ 8,6, 6)|*X@)P(e)dz
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+ [718.0,0)* X' )P’ 2)dz , (9)

where 8,(z, 6) is the amplitude of the component of
the electric field in the y direction as a function of
depth and angle of incidence; and similarly for the
x and 2z directions. X(z) represents the total exci-
tations per unit field at the depth 2 which terminate
above the vacuum level, and P(z) is an escape func-
tion which designates the fraction of electrons ex-
cited at depth z which eventually emerge into the
collecting medium, both referring to tangential po-
larization; X’ (z) and P’(z) represent the same oper-
ations for normal polarization. Note, for complete-
ness, that the following relation is applicable to
8.z, 0):

|8.(z, 0)| = | 8.(2 =0, 6)|e~®* (10)

and similarly for y and z, where a(f) is the absorp-
tion coefficient, which depends only weakly on 6.

If one attempts to apply such a local theory to in-
clude SEOA, differences in effectiveness of normal
and tangential illumination in generating photoelec-
trons would have to originate in possible differences
between X(z)P(z) and X’ (z)P’(z). If only known phy-
sical mechanisms are considered, X(z) cannot de-
pend on z since it is a volume excitation, and there
remains only the possibility of volume crystallo-
graphy effects, which have been eliminated above.
Otherwise, ad hoc dependences of X(z) and P(z) on
z and on polarization would be required. Thus, the
need is indicated for a theory based on excitation
of extended electron states, such as that of Schaich
and Ashcroft, 2 which is discussed in the Intro-
duction.

For other theoretical suggestions, it may be pos-
sible that the appearance of SEOA depends on the
mean free path of the operant electrons being larger
than, or the order of, the optical-absorption depth
(which has been shown for this system!®). Hence, it
could be a high-energy analog to the well-known
anomalous skin effect, 33 which has been observed
in metals and derived for the quite different situa-
tion of a free-electron gas at low photon energies
(intraband rather than interband transitions) by nec-
essarily nonlocal theories. In addition, Stern® has
discussed anomalous absorptions in alkali metals,
and has shown® that if electron scattering at the
interface is specular, k conservation requires mix-
ing and changing of electron states within a mean
free path, although this model was also illustrated
only for a nearly free-electron gas.

D. Applications

The considerations of this paper indicate that the
vectorial effect originates in SEOA, and thus de-
pends on electron states near interfaces. Thus,
photoelectric experiments, such as those reported
here, can provide information not only about these
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states, but about the interface itself, as shown by
our results upon exposure of the clean surface to
oxygen gas.
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APPENDIX

Energy relations are available from classical
electromagnetic theory, which we have used differ-
ently than JWJ in some respects. The coordinate
system is described in Sec. IV. The total energy
absorbed [and, hence, available for excitation of
operant electrons—see Sec. IV A (ii)] is obtained
from reflectances®® which, using the terminology
of JWJ, are given by

R,(6)= |sicosd-s|?/ |sicosh+s|?, (A1)

R,(6)=|s —cosf|?/|s +cosb|?, (A2)
where

s=(sg-sin?®6)2 so=n+ik (A3)

and R, (6) and R, (6) are the reflectances for illumin-
ation with polarization parallel and perpendicular
to the plane of incidence, respectively.

Also required are the components of the electric
field just inside the surface optical-transition dis-
tance d, which have been derived, e.g., by Fan'

8,/8;=2cosb/(s +cosb) , (A4)
8,/8,=2s cosb/ (s +sicosb), (A5)
&,/8;=2sin6 cosd/ (s +sicosh) . (A8)

The &, is the (complex) component of the electric
field just inside the surface in the x direction, and
similarly for y and z. The §; is the amplitude of
the incident field.

One wishes to calculate two types of angular ratios
(quantities normalized to 0° angle of incidence): to-
tal energy ratios and ratios of electric fields just
inside the medium.

Let EL(9) be the fotal energy absorbed within the
medium which corresponds to electromagnetic ra-
diation with the component of polarization in the x
direction, and similarly for y and z. Since the elec-
tric vector remains in the plane of the surface at all
angles of incidence when it is perpendicular to the
plane of incidence, R,(6) determines E.(9) directly.
But polarization parallel to the plane of incidence
contains components in both the y and z directions
for which one must determine energies independent-
ly. This information can be provided from the com-
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ponents of the electric vectors just inside the sur-
face. Although amplitudes decrease, relative
phases and magnitudes remain unchanged as energy
propagates into the medium, so that we can write

_EL(6)_1-R,(6)

PTE0) T-£,0)" wo
_EY6) 1-R,(6) 18,(0)1°

p;-Ef,(O) T1-R,(0) 18,0)I*+18,(6)I% * (48)
_Ey8) _1-R,() 18,(6) 7

p:“E;(O) 1-R,(0) 18,(6)1%+18,(6)1° (49)

Electric field intensity ratios are calculated from

(A4)-(A8). Then dividing by cosf for proper area
relations we have
m_ 1 18,012 [1+5g]2
"= Cost 18,01 = % s rcoserr 0 A10)
X
1 18,(0)12 [s12]1 45,2
m= » - 0
¥ cosh 18,(0)1° [s+sicosf|? » (AlD)
1 18,0)1% ., 11+541%
m— r4 -
: " Cos6 18,(0)F %" 6 cosf3 +sZcosf|?
(A12)

Values of #» and % for silicon can be obtained from
Eden, *" and are also available in graphical form
from Philip and Taft. %

It is important to determine the dependence of
energy ratios on the depth from which operant elec-
trons originate, as shown by JWJ. If they are pro-
duced just inside the surface optical-transition dis-
tance d,, then yield ratios would be determined by
intensity ratios of the electric fields shown in Eqgs.
(A10)-(A12). If they are produced throughout the
complete optical-absorption depth, then yield ratios
would be determined by the total energy ratios
shown in Egs. (A7)-(A9). Comparison between
these two possibilities by straightforward calcula-
tion gives

py/P¥ =Res/Resg, (A13)
t t 2

Py Pz Re(s*sg) 1

T “piT Res, IsI%+sin (A14)

For the values of » and k applicable to these sys-
tems (e.g., 7=1.30 and & =3. 00 for silicon at 5. 68
eV), the quantities in Eqs. (A13) and (A14) deviate
no more than a few percent from a value of 1 at all
angles of incidence. Hence, in agreement with
JWJ, we see that one cannot readily distinguish the
depth from which photoelectrons originate by yield
ratio measurements alone—additional criteria are
needed,
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The electron paramagnetic resonance (EPR) of the coupled spin system Gd,Zr_.Zn, was mea-
sured as a function of the temperature T and the Gd concentration x. By varying x and T we
were able to vary the relaxation parameters in a systematic way and obtain appreciable var-
iation of both the EPR g shift and linewidth. We succeeded in correlating the variation of the
relaxation parameters with the modified Hasegawa model. This is the first time that such
a correlation has been obtained in a nonbottlenecked system.

The dynamic and static behavior of conduction
electrons and paramagnetic ions coupled by ex-
change interactions is a subject of considerable
interest. Hasegawa! was the first to suggest that
these coupled spin systems may be described by
phenomenological Bloch-type equations. The solu-
tions of Hasegawa’s equations give the transverse
susceptibility as well as the electron paramagnetic
resonance (EPR) g shift and linewidth of both the
paramagnetic ions and conduction electrons. These

solutions also indicate the existence of the well-
known “bottleneck” effect? and dynamic effects.

In the past few years these problems have been
studied extensively both theoretically* and experi-
mentally.® There exists experimental studies that
confirm Hasegawa’s theory. 5% Most of these
studies are concerned with the CuMn system and
in the extreme bottleneck regime. LaNi. is some-
what exceptional in that the variation of the g shift
arises from dynamic effects. However, as yet



