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lel to the c axis, the resonance is with the & ex-
citon series in which &»= 2.56S eV.) The Raman
efficiency of the forbidden 1LO at 4S65 A [(E„
-~, )/&u, =1.8] may be found from Table I and
absolute measurements" of the &, TO intensity
at 5145 A to be 0.6x 10 '/cm sr in excellent
agreement with the theory.

Consider now the alternative interpretation
based on extrinsic bound excitons. For ~y or
type impurity states one expects 1LO to be great-
ly broadened (-2LO width); this has been ob-
served by Colwell and Klein. ' In the present
work, however, the 1LO width is invariant (2
+ 0.2 cm ') for allowed or forbidden lines at all
reported tu;. Our data could be explained (in-
cluding the resonance enhancement) by a very
shallow unknown impurity state of radius -100 A,
but it would be unlikely that a state with such
large oscillator strength would escape detection
in absorption and luminescence. Forward scat-
tering measurements which would also distin-
guish between intrinsic and extrinsic processes
have not been made because of difficulties in
analyzing measured intensities.

In conclusion, large forbidden 1LO Raman
scattering has been observed near resonance in
good agreement with theoretical calculations in
which the resonant intermediate states are in-
trinsic hydrogenic excitons. All theoretical re-
sults are independent of crystal symmetry; con-
sequently large forbidden 1LO lines near reso-
nance are expected in a wide range of crystals,
including many for which 1LO is completely in-

active and cannot be detected in any geometry far
from resonance.

We are indebted to J. F. Scott and E. O. Kane
for many helpful discussions and to P. J. Colwell
and M. V. Klein for a preprint of their work be-
fore publication.
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We have observed electron standing-wave states in thin Pb films by electron tunneling.
The simple theory includes the important fact that oriented crystalline films will vary
in thickness only by discrete steps. As a result, certain "commensurate" energy lev-
els play an important role in the experiment.

The description of a particle confined to a box
of finite dimensions is a basic problem in quan-
tum mechanics. As is well known, the particle
has available to it a series of energy levels
whose spacing varies with the size of the box.
This Letter reports a direct observation and
study of these states in crystalline Pb, in the
form of thin films. The term crystalline is used

to emphasize that, while real metal films are
not perfectly smooth, they nevertheless may
vary in thickness onIy by discrete steps. This
fact has very significant experimental consequen-
ces related to the observability of the box-quan-
tized energy levels in Pb films. Briefly, the en-
ergy-level structure of these crystalline films
is found to possess special "commensurate" Iev-
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els. These energy levels will be aligned so long
as only discrete variations in thickness are per-
mitted. Such states are related to momenta
whose wavelengths are commensurate with the
crystal lattice spacing.

The theory of quantum size effects in electron
tunneling' can be discussed most simply in terms
of standing-wave states obtained by requiring
nodes of the wave function at the boundaries of
the metal film. The component of the crystal
momentum k normal to the film surface is re-
stricted to the values

t =Nd) (2)

where N is an integer and d is the appropriate
lattice spacing for the particular orientation of
the film. (For the [111]orientation d=a/v3,
where a is the lattice constant. ) Equation (1)
then will be

k =nn/Nd. (3)

Therefore, a real metal film composed of sec-
tions of differing N values will yield a tunneling
spectrum which is a sum of the conductances
contributed by those areas of different N values.
In general the energy levels of a given N will not
line up with those of any other N value. However,
there are certain states, which we call commen-
surate states, whose energy levels are indepen-
dent of the value of ¹ These states are those
whose wavelength is commensurate with the lat-
tice spacing d. For example, the state k= m/d2

will exactly "fit" in the crystalline box for all
even values of ¹ Therefore the energy levels

k=nm/t, n= 1, 2,

where t is the film thickness.
The energy levels are E„=E(k)+E(k~~), where

k~] is the component of momentum parallel to
the film. It would be expected that such a series
of quantized energy levels would be observable
as a series of peaks in the tunneling conductance
G =dI/dV. For specular tunneling only states
with small k~~ and small E(k~~) will be involved.
The successful observation of these states would
require good orientation of all crystal grains and
a mean free path at least comparable with the
film thickness. These requirements can be met,
it appears, to a satisfying degree. It would also
appear that film smoothness of a fraction of an
electron wavelength is required, a difficult
achievement. In this regard, however, it is
essential to note that the thickness of a crystal-
line box is given by

E(,w-/d) are the same for any even value of ¹

This level, and nearby levels, will tend to line
up and be resolved in the tunneling measurement
with the level E(-,'w/d) being the most prominent.
Other levels near this commensurate one will
be observed, since their values wiII depend only
weakly on ¹ The peaks will gradually die out
in intensity away from the commensurate one.
Also, those film sections of odd N will yield a
set of states which just interleave those from
the even set. For example if the average N is
100, then N might range between 95 and 105 for
typical surface roughness. It is easy to do a
simple graphical summation for this model and
see these general features. If such a commen-
surate point is observed by a tunneling experi-
ment, states in the band structure related to
well-defined k values can be located with respect
to the Fermi level. Also, the observed spacing
yields a value of the group velocity

1 ~E 2~V/
v = ——=Q Q=l 2 3

h ~k t P t 7

where hV is the observed spacing in the tunnel-
ing spectrum. The proper value of Q depends
upon the commensurate state around which the
spectrum is observed. For simplicity, consider
the commensurate states for which Q = 1 or 2.
Q = 1 corresponds to the commensurate state k
=n/d which is, of course, the zone boundary.
Here energy levels for states of any N will line
up. Q=2 corresponds to the commensurate state
k = —,n/d which was discussed above For h. igher
Q values, a greater amount of interleaving of
the levels from different N will occur and hence
will make observability more and more difficult.

The tunneling experiments were carried out
with Al-(Al oxide)-Pb or Mg-(Mg oxide)-Pb tun-
neling diodes fabricated according to established
procedures. ' The Al or Mg films (1000-A thick-
ness) were vacuum deposited on glazed alumina
or fused silica substrates, and the oxide layer
was formed by exposure to a gas discharge. To
promote smoothness, the Pb was deposited with
the substrate cooled to about 100'K and then
warmed up to room temperature in vacuum in
about one-half hour. The vacuum system was
oil free and pressures below 5& 10 ' Torr were
maintained during Pb deposition. X-ray examin-
ation of the Pb films revealed a strong [111] tex-
ture which is characteristic of fcc films. Opti-
cally, the Pb films were quite smooth and did
not show the obvious roughness usually obtained
for room-temperature-deposited films. The
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FIG. 1. Experimental traces of dI/dV and d~I/dV2 for
0

an Al-{Al oxide)-Pb (250 A) showing the strong size-
dependent structure. Peak spacing 4U is nearly uni-
form over the voltage range. A small amount of back-
ground ha, s been subtracted from the d2I/dV curves.

actual roughness could not be measured, but ex-
amination with an electron microscope showed
the grain size to be several hundred angstroms.
Film thicknesses were determined by optical in-
terferometry. Tunneling resistances in the range
50-1000 Q were obtained for areas of several
square millimeter s. Measurements of G = dI/d V

and d'I/d V' versus U were made at 4 and 77 K
using an established ac technique. '

Experimental traces of dI/dV and d I/dV
versus Vere shown in Fig. l for an Al-(Al oxide)-
Pb diode with a Pb film of 250-A thickness. The
evenly spaced structure is observed with the Pb
positive with respect to the Al elec" ode over a
voltage range from about 0.1 to 1."' V. This
means that the energy levels located above the
Fermi level of Pb are involved. The peak spac-
ing varies inversely with thickness, a clear in-
dication of a size effect. Although weaker, the
structure is present at 77'K, which rules out
size effects related to superconductivity. ' These
structures have been observed for Pb thicknesses

A) (500A) (250A) (200A)
I

.001 .002 .003 .004 .005

(A)

FIG. 2. Plot of experimental peak spacings &U in
the vicinity of 0.8 V versus t for several diodes at
O'K. These were made on fused-silica substrates to
facilitate thickness measurement. By simple standing-
wave theory, the straight line corresponds to a group
velocity of 2 X10 cm/sec.

from 250 to 900 A and the effects exist indepen-
dently of whether the counterelectrode is Mg or
Al. In magnitude, the largest peaks correspond
to a 10% change in diode conductance. Magnetic
fields up to 10 kG do not affect the structure.

A significant fact is that the dI/d V spectra at
4'K are nearly symmetric about the prominent
peak near 0.8 V. For spectra taken from differ-
ent Pb thicknesses, this peak remains fixed,
while the others move about. Thus, the positions
of peaks in the wings of the spectra are much
more sensitive to thickness than the O. B-V line.
A slight shift of this central line occurs on warm-
ing to 77'K.

The spacing 6 V of the structure varied with
thickness according to the data shown in Fig. 2

where ~ V is plotted versus t '. The points
shown are obtained from diodes made on fused
silica substrates in order that the film thick-
nesses could be measured as accurately as pos-
sible. The straight line is a reasonable fit to the
data. All the diodes studied produced a 6 t/'which

fitted this line, within experimental accuracy.
Further observational details can be listed as
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Theory (Ref. 5)
Experiment

V

(cm/sec)

1.9x 10
2.0 x 10'

E (2~/d)
(eV)

0.75
0.78

The agreement is satisfactory. The measure-
ment of these parameters is new and yields in-
formation about band structure not accessible
by other methods.

Other details of the experiment agree with ex-
pectations in a reasonable manner. Since the

0
structure vanishes for t &1000 A, it can be es-
timated from mean-free-path considerations
that the lifetime for a state would limit resolu-
tion for these thicknesses, Another resolution
limit will be encountered as soon as the level
spacing is so small that the finite angle of the

follows. Films deposited in oil-pumped vacuum
systems did not show the full periodic structure.
However, structure still is apparent near 0.8 V.
An overlayer of Ag (1000-A thickness) extin-
guishes the structure while 500 A of Sn or Ge
weakens it severely. AII of these observations
probably relate to film purity, smoothness,
grain size and texture, and boundary conditions.

These results can be understood in terms of
the simple picture of electron standing waves in
a Pb film of variable thickness as presented
above. An examination of the Pb band structure
calculated by Anderson and Gold' indicates that
a state 0.75 eV above the Pb Fermi level would
correspond to the E(-,'v/d) commensurate level
for a momentum halfway through the second
band in the [111]direction. In Fig. 3, this por-
tion of the E(k) curve is shown together with a
schematic energy level spectrum for 250- and
300-A thicknesses. These represent the expected
structure for a composite film with variations in
thickness of about 10%%uo. The spectra are con-
structed by adding up the contribution to the tun-
neling conductance from each section of the film
with a given X value. A perfectly uniform film
would yield a set of lines of equal amplitude with
twice the spacing shown. The spectra are cen-
tered about the point E(-,n/d) which is located
at 0.75 eV above the Fermi energy, in close
agreement with the actual data, The lines on the
wings shift with thickness, in agreement with ex-
periment. The two important parameters for
comparing this experiment to theory are v, and
the central commensurate point E(2w/d). Theo-
retical values for these quantities obtained from
the curve of Fig. 3 are shown in the following
table:

2.0—
t=250A —,

I.O—

0
0

UJ

—l.O—

—20—

FIG. 3. Plot of a portion of the curve of E(k} versus
k for Pb from Anderson and Gold. The slope yields a
group velocity of 1.9 X10' cm/sec at 0.75 eV above the
Fermi level. This energy level is the E(2n/d} com-
mensurate level. (The zone-boundary momentum is
kz =x/d=W37t/a. ) Two schematic tunneling spectra are
indicated, for two hypothetical average thicknesses
with a roughness of +10%. Note the coincidence of the
E(2n/d) level for both cases with gradual misalignment
away from this level.

tunneling cone includes more than one level.
This also limits observation to thicknesses of
the order of 1000 A or less.

This discussion has not considered in any de-
tail other aspects of this problem. For example,
any significant dependence of mean free path on
k would modify the predicted spectra. Similarly
the specularity of tunneling and reflection plays
an important role. It might be expected that the
state E(sr/d) should be observed since it is
about 1.3 eV below the Fermi level. In fact it is
not seen. These and other questions must be
left for future work.

In summary, these experiments show directly
the existence of electron standing-wave states
in thin films. This is a new experimental ap-
proach to the measurement of certain character-
istics of energy bands. A simple theoretical
model has been presented which underscores
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the fact that surface roughness consisting of dis-
crete steps plays a vital role in these observa-
tions.
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Recent field-emission tunneling experiments have shown a current-dependent tail in
the energy distribution for energies above the Fermi energy. This tail can be under-
stood in terms of the products of a cascade process initiated by the injection of hot holes
(removal of electrons by field emission) into the interacting electron gas or metal con-
duction band. The derived shapes of the tails, numerical values of the high-energy dis-
tributions, and field dependences of the current in the tails are in good agreement with
our experimentally observed results.

Measurements of the total-energy distribution
(TED) of electrons which are field emitted from
metal electrodes have provided useful informa-
tion pertaining to the electronic states of both the
surface and interior of the metal. ' ' In these
studies, aside from the thermal field-emission
work, ' only electronic states with energies less
than the Fermi energy have been accessible to
measurements. Recently Plummer' and also Lea
and Gomer' have observed unexpected high-ener-
gy tails in TED's from tungsten. The usual ex-
pression for the TED or incremental change in
current per unit change in energy is'

what one would expect from Eq. (1). At lower en-
ergies band-structure and surface-state effects
give rise to the added structures. ' The dotted
line above the Fermi energy is the Boltzmann
tail predicted at 78 K. The rather striking de-
parture from the Boltzmann tail at high energies,

and the total current

J,= (4mmed'/It')e ',

(la)

(lb)

UJ

3

with & =&-E F the energy relative to the Fermi
level; 1/d =1.025''I't(E, y)/+ eV ', f(&) the Fer-
mi function, c = 0.68@' 'v(E, y)/+, t and U tabu-
lated elliptic functions accounting for the image
potential rounding of the surface barrier, "g
the electron work function given in electron volts,
and I" the applied field in volts per angstrom.
Some experimentally observed TED's from the
(111)plane of tungsten are shown in Fig. 1 for
various fields, and thus current densities. For
energies 7 eV & - 0, the behavior of the TED is

I

0
E. (eV)

FIG. 1. TED from (111)W at 78 K. The fields and
current densities calculated from the slope of the Fow-
ler-Nordheim (FN) plot are 0.326, 0.355. and 0.37 V/g
and 4.7&10~, 2.5&&103, and 5.2&103 A/cm . The curves
are normalized properly from FN plots.
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