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The behavior of hydrogen on Nb, and possibly
several other transition metals, can be qualita-
tively understood with use of the simple thermo-
dynamic model which was recently solved to ex-
plain hydrogen uptake by Nb.? In this model the
surface and bulk concentrations of hydrogen are
in equilibrium, with the relative concentrations
depending on temperature and the difference be-
tween the heat of solution and the heat of desorp-
tion. When the difference is small the hydrogen
moves more readily into the bulk and the surface
must be cooled to “freeze in” the surface cover-
age. For Nb at room temperature the hydrogen
is in the near-surface region but has some equi-
librium distribution trailing into the bulk. In this
picture, the meaning of “surface region” is cru-
cial since Ti and Pd are stated to have two-di-
mensional adlayers of hydrogen®® while the re-
sults presented here show this not to be the case
for Nb at room temperature. It is apparent that
the model in Ref. 8 should be modified to include
a “near-surface” distribution, and that the stud-
ies presented here suggest a means of further un-
derstanding the interaction of hydrogen with tran-
sition-metal surfaces.
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High-resolution low-energy electron-diffraction measurements of the (00) beam from
Cu(001) are reported. Fine structure near the (11) beam threshold is explained by an
interference between the directly reflected wave and a wave internally reflected at the
surface potential barrier. With use of this interpretation, the observed lineshapes have
been fitted by adjusting two parameters describing the shape of the potential. It is con-
cluded that the long-range potential saturates to a value about one-half the crystal inner

potential.

PACS numbers: 73.20.Cw

The shape of the potential acting on electrons
near a metal surface is a fundamental question
that has long attracted theoretical interest.!”3 At
large distances z from the surface, the potential
U(z) has the “image” form - 1/4(z —z,) (Hartree
atomic units), where z, denotes the image-poten-
tial origin, For decreasing distances in the near
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region z =z, the potential is progressively weaker
than the image potential and eventually approach-
es the inner potential of the metal. The satura-
tion of the image potential has been described the-
oretically for certain hypothetical cases, (e.g.,
stationary electrons) but no calculations for real-
istic models nor experiments bearing on this top-
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ic have been reported. In this paper we show that
the saturation of the image potential can be ob-
served in high-resolution low-energy electron-
diffraction (LEED) experiments. The specific re-
sult is that for 10-eV electrons travelling almost
parallel to the Cu(001) surface, the lateral poten-
tial in the near region z =z, is nearly linear and
extrapolates at the surface to a value about one-
half that of the inner potential. The larger impli-
cation is that experiments of this type promise a
check of theory for models of the interaction of
electrons with metal surfaces.

Our approach centers on the Rydberg-like LEED
intensity fine structure that is observed in nar-
row energy ranges just below the thresholds of
diffracted beams. Jenning and co-workers*® and
others® have shown that this fine structure might
be interpreted to verify the image form of the po-
tential in the far region z >z, and to determine
the image-potential origin z,. The present pro-
gram consists of measurements with sufficiently
high resolution and analysis with sufficient pre-
cision to trace the shape of the potential into the
near region where the image potential saturates.

The physical mechanism underlying our analy-
sis has been described as part of a general theo-
ry of LEED.”® A simplified form of it is shown
schematically in Fig. 1. Figure 1 refers specifi-
cally to the (00) beam in the vicinity of the thresh-
old for the gth diffracted beam. The essential
element of the mechanism is “indirect” reflec-
tion involving a “preemergent” beam—i.e., a
beam whose surface normal momentum is slight-
ly less than required for grazing emergence. The
indirect processes consist of (1) diffraction into
the pre-emergent beam traveling almost parallel
to the surface, (2) multiple scattering of the pre-
emergent beam between the substrate and sur-
face potential barrier, and (3) diffraction from
the preemergent to an outgoing propagating beam.
By summing the geometric series in the reflec-
tion amplitudes at the right of Fig. 1, we get an
expression for the total reflection amplitude T'y,:
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The second term in the brackets is the ratio of
the indirect amplitude contribution to the “direct”
contribution T’ that is due to single reflection
at the substrate. Symbols S,, and T,,° denote am-
plitude coefficients of specular reflection of the
preemergent beam at the surface potential barri-
er and substrate, respectively, while R =T,°T,’
T,,” denotes the product of diffraction amplitudes

DA
—

NN

(a)

oy
Too

Tog Sgg Tag Sgg Tgo

(c) _.)__ng

T4g Tq6
+

XYY}
LYYY)

FIG. 1. Physical mechanism of threshold structure
in LEED (schematic). The figure refers to the (00)
beam in the vicinity of the threshold for the gth diffrac-
ted beam. In each panel the horizontal lines represent
the surface potential barrier and substrate, respec-
tively. Panel (a) represents direct reflection and the
other panels represent indirect reflection processes.
Arrows marked 0 indicate the incident and specularly
reflected beams. Arrows marked g indicate preemerg-
ent beams. The expressions at the right are contribu-
tions to the amplitude Ty, from the corresponding re-
flection processes. Amplitude coefficients of transmis-
sion and reflection of the Oth beam at the surface po-
tential barrier are taken in a simplifying assumption
to be 1 and 0, respectively. Summation over these
amplitude contributions gives Eq. (1) in the text.

into and out of the preemergent beam, divided by
the direct reflection amplitude.

The existence of sequences of LEED peaks near
beam thresholds derives essentially from varia-
tion of the phase argS,, of the surface potential
barrier reflection amplitude S,, in Eq. (1). Ap-
proaching the threshold, the phase varies increas-
ingly rapidly as a function of electron energy E
and reduced parallel momentum k. This rapid
phase variation arises from the long-range char-
acter of the potential. It is quite sensitive to the
shape of the surface barrier. Therefore, the bar-
rier shape can be determined by trial fits to ob-
served LEED line shapes with use of intensities
|Tol% as given by Eq. (1) with phases calculated
for assumed barrier shapes.

Measurements of the elastic specularly reflect-
ed current of electrons from Cu(001) were car-
ried out using a low-energy scattering spectrom-
eter equipped with a 127° cylindrical-sector elec-
trostatic monochromator and analyzer. Meas-
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urements of the specularly scattered beam cur-
rent were made for polar angles 25°< 9 < 85°,
along both (11) and (10) azimuths. The energy
and angular widths of the incident beam were
less than 20 meV and 0.5°, respectively. A typi-
cal spectrum (points) is shown in Fig. 2. Small
ambient magnetic and electrostatic fields tended
to deflect the beam across the entrance apera-
ture of the analyzer as E was scanned over inter-
vals >1 eV. This caused an apparent energy de-
pendence of the sensitivity of the measurement.
To compensate in part for the resulting distortion
of the line shape we have separately normalized
the data above and below 12 eV.

In applications of Eq. (1) to LEED results for
Cu(001) surface such as those of Fig, 2, we have
consistently found that the best fits to the data
are obtained with T,,° equal to zero. This means
that the resonance effect deriving from the varia-
tion of the denominator 1-7T,°S,, in Eq. (1) is
quite unimportant in the present instance. Aside
from putting T,,°=0, we also find from fitting Eq.
(1) that R is independent of (E,k,) over the range
of the experiment. The surface barrier potential
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FIG. 2. Specularly reflected current from Cu(001)
surface, plotted as a function of incident energy: (11)
azimuth, polar angle 6 =61.7°. Points: experimental
data normalized as described in the text. Note the
change of scale at 12.0 eV. Lines: calculations by Eq.
(1) (text) with use of the straight-line continuation to
the image potential with 2y=3.8 a.u., U(0)=—"7 eV,
argR =1.387 (full line) and 2;=3.0 a.u., U(0)=—"7 eV,
argR =1.657 (broken line). In both cases |[RS|=1.0 and
IT“, °|=0. The fitting proceeded by choosing |k S| so as
to give the correct peak to background intensity ratio.
Then for a given choice of z;, argR was adjusted to
- bring a calculated peak into agreement with the experi-
mental one at 12.7 eV. Then U(0) was adjusted to fit
the position of the lowest-energy peak. The validity of
the model potential is confirmed by the agreement of
the resulting shapes. The expected Rydberg series
near threshold is broadened into an error function by
convoluting with a Gaussian of 0.050 eV width, which
reflects the experimental spread in both energy and
momentum.
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is assumed one dimensional, so that argS,, de-
pends on € =E —E (K,), where E ,, is the threshold
energy, rather than on E and E“ independently.
We assume that |S,,| has a constant value for €
<0 and is zero for €>0.

The form of potential U(z) adopted to fit the da-
ta is linear for z =z, and joins smoothly to the
image form for larger z. Its intercept U(0) is in
general different from the inner potential - U,
(see Fig. 3, inset). The potential is character-
ized by the two parameters U(0) and z,. The ver-
tical drop of the potential to —U, at z =0 is an ob-
viously unrealistic property of the assumed poten-
tial that does not, however, have any important
bearing on the present results. It does not con-
tribute to the calculated value of argS,,. Correc-
tions allowing the potential to drop smoothly to
- U, may be important for calculating intensities
far from threshold, but we find that in fitting with
both linear and quadratic terms the linear term
is dominant for the energy range shown in Fig. 2,
The origin z =0 is defined as the plane on which
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FIG. 3. The range of values of the surface-barrier
shape parameters z, and U(0) that give a good fit to the
data of Fig. 2 (line) and the values used in calculating
the curves shown in Fig. 2 (circles). The solid and
open circles refer, respectively, to the full and broken
curves in Fig. 2. The inset shows the assumed form
of potential (full line) and the image potential (broken
line).
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d(argR)/dE =0. Intwo-beam diffraction theory
for a range of (E,K,) outside any band gap, this
plane is the same as the positive-charge-density
boundary in the jellium model.’ The energy inde-
pendence of argR is confirmed by experiment as
discussed below,

We have also tried a potential introduced in this
context by Jennings.*® This potential is essen-
tially an image potential which is truncated to a
flat potential at U =-U,, In using this form for
the potential barrier, we have not been able to
compute reflectivity spectra in agreement with
our experimental data.

In all cases argS,, was calculated by numerical
integration of the Schrodinger equation for the
potential U(z) followed by matching of the solu-
tion at z =0 to the superposition of plane waves
e'* +S,,e” "%, where k={2[e -U(0)]}2

Figure 2 shows reflectivity curves calculated
for two slightly different potentials of the type
shown in Fig. 3, inset. The values of the poten-
tial parameters U(0) and z, used in calculating
the full and broken curves in Fig. 2 are indicated
in Fig. 3 by the solid and open circles, respec-
tively.

The full curve in Fig. 2 represents very nearly
the best fit to experiment that can be obtained
with the present model. An equally good fit is ob-
tained for all [U(0),z,] values on the line in Fig.
3. This “best-fit” line thus summarizes all po-
tentials (Fig. 3, inset) that reproduce the experi-
mental line shape.

The sensitivity of the line shape to departures
from the “best-fit” line (Fig. 3) is indicated by
the difference between the full and broken curves
in Fig, 2. For energies close to the threshold,
the line shape is insensitive to changes of U(0) or
z,. This insensitivity is due in part to our pro-
cedure of adjusting argR to keep one of the peak
positions constant. But the absence of any resid-
ual dependence on U(0) or z, and the extremely
good fit to experiment indicate that for energies
close to threshold the line shape depends prima-
rily on the potential at large distances where the
image form [Eq. (1)] applies. The opposite situa-
tion applies for energies near the lowest-energy
peak and relatively far from threshold. As illus-
trated in Fig, 2, the line shape near the lowest-
energy peak depends sensitively on variations of
U(0) or z, which in our model describe the shape
of the potential close to the surface.

We have verified that the results summarized
by the “best-fit” line in Fig. 3 are a property of
the potential only and do not derive from any sys-

tematic variation of R with electron energy. This
result was obtained by examining data similar to
that of Fig. 2 taken over the entire angle range
of observation. The corresponding range of
threshold energies is 12—-20 eV. In all of these
data, the line shape up to the second resolved
peak from threshold was independent of the thresh-
old energy. This is possible in our description
only if R and also z, are independent of energy.

Our conclusion (Fig. 3) is that the potential lies
between the following limits: (a) |U(0)| is much
smaller than the inner potential (about 12 eV for
Cu; (b) z, is much larger than theoretical esti-
mates of the distance of the average-potential
origin from the jellium boundary for static mod-
els of simple metals (1-2 a.u. for Al).> A sepa-
rate theoretical calculation of argR, such as has
been carried out by Jennings and co-workers,*®
would be needed to locate the potential between
these limits. However, considerations of the de-
pendence of the potential on the electron velocity
favor a description close to limit (a). In the pres-
ent experiments the surface-barrier potential is
sensed by an electron traveling almost parallel
to the surface with kinetic energy several times
the plasma energy of Cu. Thus the long-range
part of the potential ought to saturate to a value
much smaller than the inner potential. On the
other hand the value of z, is independent of elec-
tron velocity and should not be grossly different
from theoretical estimates for static models.

Our observation of the saturation of the image
potential calls for an extension of existing theory
to describe the potential acting on electrons trav-
eling almost parallel to metal surfaces as in pre-
emergent LEED beams. We anticipate that such
theory will describe not only the z dependence of
the potential but also its dependence on the elec-
tron energy and surface-parallel momentum. Ex-
periments are in progress to follow the energy
and momentum dependence of the potential for
both Al and Cu surfaces, and to extend the meas-
urements farther from the threshold so as to
probe the shape of the potential closer to the sur-
face.

We acknowledge helpful discussions with T. M.
Rice.
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A new ac bridge technique allows detailed photoelectric studies on very small particles
suspended in gases. The photoelectric yield ¥ near threshold & still follows the Fowler-
Nordheim law Y =c(hv— @)2; yet ¢ is generally much larger compared to surfaces of
extended solids. For Ag particles of radius 20 A in an airlike mixture of N, and Oy, ¢
= 100c,, where ¢, applies to a macroscopic Ag surface in the same environment.

PACS numbers:

The purpose of this Letter is to report on a
large enhancement of the yield Y of photoelec-
trons per incident photon if ultrafine particles
with radii R <50 A are chosen as photoemitters.
The results were obtained with Ag and WO, by
use of a novel technique in which the density Z
of the particles does not have to be known.

The particles are suspended in an N,-O, mix-
ture similar to air. The photoelectric size effect
to be reported here has wide implications includ-
ing photoemission from interstellar dust grains
by starlight,! atmospheric electricity,? nucleation,
and smog photochemistry,'* simply because pho-
toemission from small particles has been under-
estimated so far. It also may become the physi-
cal basis for characterizing and measuring very
small particles suspended in gases.

For the determination of Y and the particle
radius R, the aerosol is illuminated with mono-
chromatic light from a Xe high-pressure arc and
the conductivity arising from photoelectron emis-
sion by the particles is measured. For this photo-
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conductivity measurement an alternating electric
field (amplitude, 30 V/cm; frequency, 90 s™) is
applied to the aerosol in two cylindrical condens-
ers, one of which is exposed to uv light. Here,
an in-phase current component is caused by the
oscillatory motions of the charge carriers pro-
duced by photoemission.® The differential con-
ductivity in the two condensers is measured in
an ac bridge circuit by means of a phase-sensi-
tive amplifier.® In this way, the capacitive com-
ponent, typically 10° times higher than the photo-
conductivity, can be suppressed and the aerosol
conductivity arising from ionization by cosmic
rays and natural radioactivity is eliminated.
Aerosol photoconductivity Z arises from the
negative small ions formed by the photoelectrons®
and the particles left behind with a positive charge.
With ultrafine particles (R = 30 A), small ion re-
attachment is negligible.” Multiple photoelectric
particle charging can also be neglected with the
low photon energies applied here, because of the
strong Coulomb attraction between a doubly
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