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Energy Distribution of Slow Positrons Diffusing from Incomplete d-Shell Transition Metals*
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The energy distribution of slow positrons diffusing from chemically cleaned and partial-
ly outgassed polycrystalline tungsten, molybdenum, and chromium is made up of two
principal parts, a broad asymmetric peak at 0.2+ 0.1 eV with a width of -2 eV, and a
second sharp, usually symmetric, peak with an energy which depends upon the material
under study. The second peak is believed to be associated with the bulk properties of the
material, in particular, with the electronic density of states.

The energy distribution of slow positrons dif-
fusing from a variety of materials has been stud-
ied in several laboratories. " In high-positron-
yield materials like Cu and Au there is but one
sharp peak at 0.2 +0.1 eV with a full width at balf-
maximum (FWHM) -0.35 eV after correcting for
the electron contact-potential difference (cpd) be-
tween the energy analyzer and the moderator'
and the finite resolution of the analyzer. How-
ever, all metals do not produce such narrow dis-
tributions. In fact, none of those discussed in
this note do.

In this report we discuss a new pbonemenon
which is observed for some of the incomplete @-
shell transition metals. The energy distributions
of the slow positrons from low-yield materials
like W, Mo, and Cr show a second, nearly sym-
metric, narrow peak superimposed on the long
decaying tail of the first. The position and inten-
sity of the second peak depend on the material.
Its width is less than 0.4 eV. This second peak
is absent altogether in Ta, Zr, Nb, and Fe (data
not shown), which belong to the same group of
incomplete d-shell metals. While the present re-
sults are preliminary, they are of interest to
those concerned with the positron behavior in
metals. Hitherto, it was believed that in metals,
positrons with energies around a few eV quickly
thermalize, without being affected by the finer
details of the electronic structure of metals.
This does not appear to be the case for the met-
als under discussion here.

A brief description of the apparatus was given
earlier. ' The spectra of slow positrons were
taken in a backscattering geometry shown in
Fig. 1. All samples were at least 0.1 cm thick
and the surfaces were mechanically polished to
mirror finish using SiC paper and finally with a
4- p, m diamond polish. The samples were de-
greased, etched in HC1 (1N), and finally rinsed
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with distilled water before being introduced into
the experimental chamber, maintained at a pres-
sure below 10 ' Torr. Because of the relatively
high pressure we cannot expect ultraclean sur-
face conditions. The time required to take each
spectrum is several hours which would require
a vacuum of at least 10 "Torr to insure less
than a monolayer formation.

Fast positrons from a Co" radioactive source,
electrodeposited on a copper grid, strike the
polished surface of the moderator, and some of
them reach equilibrium with the solid and diffuse
back into the vacuum through the same surface.
Those which leave the surface pass through the
source grid to a Kuyatt-Simpson-type hemispher-
ical electrostatic analyzer. The energy resolu-
tion was fixed at 0.12 eV (1.1%) by the acceptance
angle - 5'.

The cpd's for various samples, with respect to
the electrostatic analyzer, are different and de-
pend on the material and surface conditions of the
samples. After the positron spectrum was taken
an in situ experiment determined the onset of the
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spectrum of secondary electrons produced from
the sample by the bombarding positrons and y
rays from the radioactive source. The difference
between the zero of the energy scale (as mea-
sured by a meter) and the onset of secondary
electrons (corrected for analyzer resolution) is
the cpd. For these samples, where it is deter-
mined, the corrected zero of energy in vacuum
is indicated by an arrow in Fig. 2." For pur-
poses of discussing the second narrow peak we

mill refer all energies to the uncorrected energy
scale, since this scale, in principle, relates to
the zero of the kinetic energy of a positron inside
the solid. '

The spectra of positrons from W, Mo, Cr, Ta,
Zr, and Nb are shown in Fig. 2. Also the spec-
trum from an unbaked high-yield Cu sample is
shown for comparison. Figure 2(a) is the spec-
trum for a polycrystalline W sample. The spec-
trum consists of a broad asymmetric peak at
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FIG. 2. Energy distribution of slow positrons diffusing from room-temperature polycrystalline (a) %, (c) Mo,

(d) Cr, (e) Ta, {f) Zr, (g) Nb, and (h) Cu. In (b) the W sample was baked for 10 h at 475'K. Here the spectrum
was taken at 475 K. The arrows and the horizontal dashed lines indicate the zero of the kinetic energy in vacuum
after correcting for the contact potential difference and the background counting level in each case, respectively.
Each channel is 50 meV.
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-0.2+0.1 eV with a width = 2.2 eV. A relatively
intense, sharp peak can be seen at 2.2+0.1 eV
with a FWHM (corrected for resolution) &0.4 eV.
The same sample was then heated to 475'K (the
thermal limit of our heating element) inside the
vacuum chamber for at least 10 h, and the spec-
trum was taken at 475'K [Fig. 2(b)]. After cool-
ing the specimen to room temperature another
spectrum was taken. The distribution was the
same as the distribution in Fig. 2(b). Also spec-
tra at room temperature were taken for a single-
crystal W sample along the [110]and [116]direc-
tions. Except in the case of [116]direction, all
of the spectra from different tungsten samples
gave results similar to Figs. 2(a) and 2(b). The
results from the [116]direction showed a sub-
stantial change in relative peak height and width
for the second peak.

Figure 2(c) is the spectrum from an unbaked
polycrystalline Mo sample which had been under
vacuum for at least 8 h. ' There are two distinct
peaks as in the case of W, with the second peak
around 1.6 eV.

The spectrum from an unbaked polycrystalline
Cr sample is shown in Fig. 2(d). In this case the
second peak in the vicinity of 1.4 eV is not clear-
ly defined but is identifiable.

The results from Ta, Zr, and Nb are shown in
Figs. 2(e), 2(f), and 2(g), respectively. These
spectra have an asymmetric distribution similar
to the first peak in W, but no second peak is ob-
served.

It should be noted that there was nearly 0.4 eV
change in the position of the first peak in 2(b) in
comparison to that in 2(a), whereas the change in
the position of the second peak was near 0.1 eV,
the uncertainty of our measurements. We con-
clude that the large change in the position of the
first peak upon heating is primarily due to change
in cpd, and hence, the corresponding change in
the barrier height (positron work function), ' for
the escaping positrons. The second peak is un-
affected by surface conditions, thus reflecting
bulk properties of the sample. By comparison,
in the case of high-yield samples like Cu, shown
in Fig. 2(h), a similar change in the specimen
temperature produces a positive shift in the en-
ergy scale of approximately 0.6 eV and a corre-
sponding decrease in intensity of more than 2
orders of magnitude. "' In contrast to this, only
a small change in yield is recorded in these ex-
periments.

In virtually all cases studied in our laboratory
any change in the magnitude of the low-energy

peak and a shift in the contact-potential differ-
ence can be related to a change in the surface
conditions resulting from partial outgassing of
the surface, which is also reflected in similar
changes in the secondary-electron spectra from
these samples.

Among the incomplete d-shell transition metals
studied by us only W, Mo, and Cr, which belong
to group VIB of the periodic table, produced
double peaks. Ta and Nb, which belong to group
VB, Zr, which belongs to group IV@, and Fe,
which belongs to group VIII (results not shown
here), produced a single asymmetric peak.

From the experimental re.suits, the presence
or the absence of a second peak in these metals
can be correlated with the position of the elec-
tron Fermi level in the electron density-of-states
curves for these metals. ' When the Fermi ener-
gy is at a low-density point. (only W, Mo, and
Cr), that material gives rise to two peaks; where-
as the second peak is absent (Ta, Zr, Nb, Fe)
when the Fermi energy is at a high-density point
in the density-of -states curve. Qualitatively the
intensity of the first peak seems to be an inverse
function of the electron density of states at the
Fermi energy, for these two groups of metals.
Our preliminary experiments clearly demon-
strate that the energy distribution of slow posi-
trons diffusing from metals, besides providing
an understanding of the electrostatic barrier at
the metal surface, apparently yield information
about the electronic properties of the solid, anal-
ogous to the soft-x-ray spectroscopy of metals.
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help in the preparation of the samples.
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an Anisotropic Model of Photoemission*
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An anisotropic direct-transition model for single-crystal semiconductors is shown to
predict the direct-transition features seen in experimental photoemission spectra for
Ge(111) for h v & 20 eV. By comparing theory with experiment, all the conduction and
valence bands at L and &within 1 Ry of the gap are determined. Comparison of experi-
ment with current band models suggests that an 10% self-energy correction may be
needed to describe high-energy optical transitions.

Germanium is a prototype semiconductor for
band-structure studies, and a. variety of experi-
mental techniques have been applied to the deter-
mination of selected aspects of its band struc-
ture. These have included optical measurements"
(which determine energy-band separations), pho-
toemission measurements interpreted using sym-
metry line analyses, '4 and photoemission val-
ence-band overviews' (which give overall band-
widths).

In spite of the large amount of information rep-
resented by the above studies, many significant
features of the valence and conduction bands of
Qe have remained undetermined. In the present
paper, we obtain from photoemission and optical
data all the energy-band eigenvalues for Ge at I.
and at X within —1 Ry of the gap using an analy-
sis which contains two fundamental new results.
There is, first, a demonstration that the anisot-
ropy in photoexcited electron transport to and
escape through a (111)cleaved surface is vital
for obtaining calculated spectra which replicate
experimental spectra for hv ~ 15 eV. Second, ex-

!
perimental band positions are determined by com-

paring data with features in theoretical spectra
which include those which arise from transitions
at general points' in the Brillouin zone (BZ).

Besides our determination of Ge band positions
over a wide range of conduction- and valence-
band energies, there are three other implica-
tions of this work. These are the demonstration
that final-state crystal-momentum information
is preserved in the transport and escape steps of
the photoemission process for cleaved semicon-
ductor surfaces; the observation that direct-
transition features are seen in spectra for all Av( 20-25 eV; and the realization that a "self-en-
ergy" term, e.g. , one linear in energy, appears
to be needed in the Hamiltonian to produce the
proper high-lying conduction-band structure.

Our anisotropic model sta, rts with the energy
bands E„(k) determined by the t = 2 nonlocal pseu-
dopotential described by Phillips and Pandey. '
This potential has been shown' to provide a good
description of valence bandwidths and low-lying
optical transitions in Ge. Photoemission spectra
P(E„hv) for primary (unscattered) electrons,
from states-of initial energy E„are then calculat-
ed using an anisotropic, direct-transition model:

P(E;, hv) =K Q fd'& j&(E„(k)—E;)~(E. (k) —E, —»)I&„„(k)I')D„(&)T„(k).
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