
VOLUME 30, NUMBER 19 PHYSICAL REVIEW LETTERS 7 Mwv 1973

patterns. The intensity will decrease markedly
as the transition temperature is approached be-
cause the exponent in the Debye-Wailer factor be-
comes large (negative) as the frequency of the
surface mode goes to zero. '

We have shown that surface-induced dynamic
effective charges give rise to long-range dipole-
dipole interactions which can drive the surface
unstable and into a reconstructed periodic con-
figuration. We feel that the virtue of our theory
lies in its simplicity and we believe that it is ap-
plicable to all semiconductor surfaces which ex-
hibit reconstruction.
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Surface-Effect Characteristics of Photoemission from Clean Copper-Crystal Surfaces
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With photon energies within 1.5 eV above the threshold, photoelectric yields, as mea-
sured from Cu (100) and (111)with obliquely incident light, exhibit strong deviations
from the Yo= (~ —p) dependence found at normal incidence. A preliminary energy anal-
ysis shows the distribution of the emitted electrons to shift towards the high-energy
edge when the angle of incidence changes from 0 to 60'. The results are interpreted in
terms of a surface photoelectric effect.

An old controversy revolves around the question
of how to separate the surface and volume con-
tributions in the photoemission process. ' The
volume excitation arises through a coupling to
the periodic potential, while the surface barrier
is the momentum-conserving agent for excitations
in the surface region. At photon energies far
from the photoelectric threshold the volume con-
tribution is believed to be dominant, but close to
the threshold the surface effect should be impor-
tant. Explicit formulas for the energy and angu-
lar distributions, and the frequency dependence
of the total yield of this process have been given

by Mahan, ' who assumed a simple model for the
surface of a free-electron-like metal.

We wish to report here experimental evidence
from copper of an effect which, when compared
with Mahan's formulas, has several features

characteristic of the surface effect. Photoelec-
tric yields were measured with varying angle of
incidence of uv light within 1.5 eV above the
threshold. Our present collector geometry is
not ideal for energy analysis. Nevertheless, a
preliminary energy analysis of the electrons
emitted could be made.

The sample was a copper single crystal of high

purity, and large flat faces parallel to the crys-
tallographic planes (111) and (100) were prepared
and cleaned as described in a previous publica-
tion. ' The work functions given there were well
reproduced for the (100) face, while y(111) sta-
bilized at a value slightly lower in this experi-
ment.

At constant frequency we have measured the
ratio between the yield at an angle 0 and that at
normal incidence, using unpolarized light. By
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FIG. 1. The yield ratio as measured with unpolarized
light and a photon energy of ~ = 5.15 eV on a Cu {111)
surface {circles). The solid curve has been calculated
from the phenomenological theory of Ref. 2.

increasing the angle of incidence the photocur-
rent was observed to increase and pass through
a maximum at about 71'. Accurate measure-
ments were performed up to about 80'. The ex-
perimental points in Fig„1 show the angular de-
pendence of the yield ratio of the (111) surface
for a photon energy of 5.15 eV. Measurements
performed to the other side of the surface normal
produced a result nearly symmetric to that of
Fig. 1. Measurements on the (100) face gave the
same general features with a maximum in the
range 70'-73'.

The enhancement of the current at large angles
has previously been observed by others' and
named vectorial photoemission. Juenker, Wald-
ron, and Jaccodine' measured rather large en-
hancements on polycrystalline molybdenum, and

they suggested an explanation based on the clas-
sical refracting properties of a metal surface.
Assuming for each electric field component a
photocurrent proportional to its square, and as-
signing a special weight B to E„ the electric
field component normal to the surface, we may
write

Y(e)/Y(0) =as(z„'+F.,'+as, '),

where Y(8) is the photocurrent per incident pho-
ton at an angle of incidence 0, S is the illuminat-
ed surface area, and A is a phenomenological

constant. Treating the surface as a sharp bound-
ary between vacuum and a medium of dielectric
constant c =(n+ ik)', one can calculate the field
components as functions of the angle 0. With e

=(1.4+i1.7)', as obtained from the measurements
of Ehrenreich and Philipp, ' we have computed the
total yield ratio Y(6)/Y(0) based on Eq. (1). The
result is compared with experiment in Fig. 1.
B has been chosen to normalize the theoretical
curve to the measured value at 60'. The theoret-
ical prediction of a-maximum in the yield ratio,
which Juenker, Waldron, and Jaccodine were not
able to observe in their measurements on molyb-
denum, is here verified experimentally on cop-
per.

As discussed by Juenker, Waldron, and Jacco-
dine, this phenomenological theory does not dis-
tinguish between a surface and a volume effect.
Since

(E,') „„„,= (n'+ k') '(E,') (2)

one can equally well use the field value inside or
outside the optical discontinuity by choosing suit-
able values of the constant B„(vfor vacuum,
m for metal). The vectorial effect exists even
for B„=1, but the fit in Fig. 1 was made by the
choice B„=8or B =188.

In further contrast to the work of Juenker,
Waldron, and Jaccodine, we observed a highly
frequency-dependent B, i.e., the enhancement
Y(8)/Y(0) changed rather rapidly with the fre-
quency of the light. This means that the yield
of the current emitted by light at oblique inci-
dence must have a frequency dependence differ-
ent from that at normal incidence. We then mea-
sured the yields for the (111) and (100) surfaces
at 70' incidence. The results are shown in Fig.
2 together with the yield from (111)at normal
incidence. The latter is well described by the
usual quadratic function Y(a&) = o(K&u —y)', where
e is a constant,

The difference in frequency dependence sug-
gests the possibility that most of the extra elec-
trons emitted by light of oblique incidence are
due to a separate excitation process. If a vol-
ume effect were to be essential in an explanation
of this, we should find close correlations with
the band structure. Now, for copper at our en-
ergies there are no final states with momentum
in the [100] direction while there is a high den-
sity of states with momentum in the [111jdirec-
tion. ' In view of this essential difference, the
close similarity observed between the (100) and

(111)faces seems to rule out any important con-
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FIG. 2. Experimental photoelectric yields versus
photon energy (point symbols), The solid line is the
best fit by a Y ~ (~ —p) dependence to the yield at nor-
mal incidence.

for both surfaces. In Fig. 3 these measured val-
ues of y(v) are compared with the solid curves
as calculated with o. = P, and taking the frequency
dependence of Y„,.(~) to be that of Mahan's the-
ory. Near threshold the theory predicts a (h~
—y)' ' dependence of the surface yield. This dif-
fers from the observed third-power dependence
shown by the linear increase of the y(&u) curves,
but on the high-frequency side of the maxima,

tribution from a volume effect. In the theory of
the surface effect the photocurrent is propor-
tional to (e z)' where e is the polarization vector
and z the surface normal. Accordingly, the sur-
face effect should depend upon the variation of
E„but not upon E„or E, for an ideal surface.
Since our results show E, to be more efficient
than E„and E„by at lea, st 1 order of magnitude,
a natural hypothesis is that this is due to the sur-
face effect becoming important at oblique angles
of incidence. Therefore, at 0 = 70' we attempt to
separate the yield into two contributions:

I'„o(v) = P(R+ —y)'+ I;„,(u&),

where P is a constant, not necessarily equal to
o. , and &,».(&u) is the surface contribution at tj

=70'. In our measurements we cannot separate
out I'„,,(e) since we do not know the value of P,
but in order to contrast the two terms with re-
spect to their frequency dependence, we have in-
stead plotted the ratio
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FIG. B. The measured ratio I'(70')/Y(0') versus pho-
ton energy for the (100) and (111) surfaces. The solid
and dashed curves show the best fits obtained with the
theoretical frequency dependence of the surface effect.

the measured values of y(~) are well described
by the theory for a suitable choice of a parameter
V, . This parameter is defined as the energy dif-
ference between the vacuum level and the bottom
of the Fermi sea. The fits in Fig. 3 were ob-
tained by choosing the rather low values of V,
(111)= 5.3 eV and V(100) = 5.4 eV. If taken liter-
ally, these values mean that the extra electrons
emerge from a layer within the surface region
where the depth of the Fermi sea is rather well
defined and equal to about 0.45 and 0.80 eV for
the respective surfaces. Obviously the depth of
the Fermi sea changes smoothly from zero to its
interior value in the surface region. But since
the gradient of the surface barrier, &V/&z, is
large in this region, as required in order to give
sufficient strength to the transition matrix ele-
ment, the surface electrons have to be emitted
from an extremely narrow layer paralle1 to the
surface. Now, E,' changes by a. factor I/(n'+k')'
over the optical discontinuity, which is in fact no
real discontinuity, but a layer of finite thickness.
For copper, the factor 1/(n'+k')' is about —,', ,
and it might well be that the simultaneous chang-
es in light intensity, surface barrier gradient
BV/&z, and electron density at the surface com-
bine in such a way that electrons originating in
a narrow layer emerge with a rather well-de-
fined energy.

The energy analyses of the electrons are just
at a preliminary stage, since we have used the
retarding field technique in a planar geometry.
If the theory of Mahan' applies to our observa-
tions with such low values of V~, the energy dis-
tribution of electrons due to the surface effect
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TABLE I. Observed shifts ~ in the peak positions
of distorted energy distributions similar to the one in

Fig. 4 for increments ~~a in the photon energy &.
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FIG. 4. Energy distribution of electrons (circles)
emitted from the (111)face of Cu and measured with a
plane collector. The photon energy was ~ = 5.52 eV,
and the angle of incidence of the light 60'. The solid
curve is the distorted distribution calculated for the
planar geometry when the undistorted distribution of
the surface effect (dashed curve) is assumed.

should be shaped like the dashed curve in Fig. 4.
The distortion of this original distribution as
caused by the nonideal geometry has been calcu-
lated with a disk-shaped model of the plane col-
lector. In Fig. 4 this distorted theoretical curve
is shown together with the experimental results
of the energy analysis on the (111) face with 0

=60 . The peak of the experimental curve does
not coincide exactly with the theoretical one, but

a shift in the original theoretical distribution of

only 0.1 eV to lower energies will remove this
discrepancy. Thus, the undistorted distribution
behind the measured one must undoubtedly be
peaked near maximum energy. By varying the
photon energy, the distorted, theoretical curve,
as well as the peak position of the measured dis-
tribution, move nearly in proportion to the incre-
ment in photon energy. This proportionality is
shown for 6=60' in Table I. In contrast, the
electrons emitted by light of normal incidence

were found to have an energy distribution, in
planar geometry, with a broad maximum within
the range 0.1-0.2 eV. No significant shifts in the
peak positions of these curves were found when

the photon energy was varied.
Energy analysis of the electrons from the (100)

face has not been performed, but proper high-
resolution analysis of the energy distributions
from both surfaces are now in progress.

In part we have based our argument for a sur-
face effect on the similarity in behavior between
the (100) and (111) faces. Concentrating for a
moment on the quantitative difference, we note
that its explanation may possibly be found in the
different surface charge distributions which are
related to the anisotropy of the work functions.
However, as such differences may offer an op-
portunity to separate out volume effects, a more
detailed experimental investigation is planned.
Also the influence of a varying surface condition
will be studied.
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