
VOLUME 41, NUMBER 15 PHYSICAL REVIEW LETTERS 9 OCTOBER 1978

Slow-Positron Emission from Metal Surfaces
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Slow (&5 eV) positrons (e+) are observed
nated) single-crystal metal surfaces which
tion of the emitted slow e+ from Al(100) has
ture-dependent intensity which suggests that
have a negative work function op+
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spectrum has a temperature-independent int

The generation of slow positrons from radio-
active sources' 4 and the utilization of these posi-
trons to study fundamental properties of positroni-
um in vacuum" and a variety of phenomena in

' gases' ' and at solid surfaces' '" is by now an
active field of research. The interaction of mod-
erate-energy positrons with solids at some point
involves the strong coupling of these particles
with surfaces on the angstrom scale. To date,
most experiments to probe the behavior of posi-
trons at solid surfaces have involved complex
and possibly contaminated surfaces. Thus, the
detailed nature of the microscopic mechanism
involved, for example, in slow positron emission
and absorption has remained unknown. jn this
Letter, we would like to report the first observa-
tion of slow e' emission from well-characterized
surfaces.

A 100-mCi source of Co" and Pt moderator
produces a flux of slow e' in vacuum (10 ' Torr)
at one end of a 3-m-long, 30-cm-i. d. , -150-Q
solenoid. The source and moderator can be bi-
ased positive to yield a beam of e+ with a well-
defined energy up to 3 keV. The e' beam is initi-
ally moving parallel to the magnetic induction B
along the axis of the solenoid. After acceleration,
the beam is E && Bdeflected through two off-axis
apertures and then back to the axis. The beam
passes through a final on-axis aperture and ex-
periences a 25-eV deceleration as it enters the
beam tube which leads to the ultrahigh-vacuum
(10 ' Torr) target chamber. Since the E&&B

drift is independent of the direction of the e ve-
locity component vii parallel to B, the e' beam
structure is totally absorbent to re-emitted e+
returning from the target.

The annihilation of e+ at the target is detected
by a 3-in. &&3-in. Nal(Tl) scintillator located be-
hind the target. The target samples are mounted
on a heater stage which can be moved to differ-
ent positions for ion bombardment and analysis
by low-energy electron diffraction (LEED) and
Auger spectroscopy. The integral longitudinal
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FiG. 1. Background-corrected retarding-potential
spectra of slow e+ emitted by Al(100). The target tem-
perature and incident e+ energy are indicated.

emanating from -clean (submonolayer contami-
are being bombarded by 0.1-8-keV e+. A por-

a narrow range of energies and a tempera-
these e+ are thermalized in the bulk and
eV. A higher-energy portion of the slow-e+

ensity attributable to nonthermalized e+.

(—,mvii') energy spectrum of slow e' emitted by
the target is measured by recording the annihila-
tion rate versus target bias using a multiscaler.
To ensure that re-emitted e+ will travel back to
the source region and be absorbed, the target is
located behind a positively biased grid. When

'

the target is biased positive, all emitted e are
swept away and the count rate is low. As the bi-
as becomes more negative, more and more low-
energy e' are attracted back to the target and the
counting rate increases.

Figure 1(a) shows the integral energy spectra
of the slow-positron yield from a single-crystal
sample of Al(100) which has been cleaned with an
argon ion beam and annealed at a temperature of
600'C for a period of 10 min. The sample shows
well-defined LEED spots and the Auger spectrum
shows the surface to be less than 0.2%%uo contami-
nated with oxygen. Surface conditions were
checked both before and after the e yield experi-
ments and no notable deterioration of the surface
took place. The yield curves shown in Fig. 1(a)
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are for several different incident e' energies
ranging from 100 to 2000 eV. On those runs,
the sample was kept at a constant temperature
of 30'C. The target bias is measured with re-
spect to the positively biased (4.87 V) Cu grid.
All of the curves show a steep rise near zero
bias. More specifically, they are made up of a
very rapid jump whose width (&E) is of the order
0.2 eV superimposed on a broader rise. The
overall yield of slow positrons decreases as the
incident energy E increases while the fraction of
the rise in the slowly varying part of the curves
also decreases.

The slow-positron yield is temperature depen-
dent in a way shown in Figs. 1(b) and 2. Figure
1(b) shows, for E =200 eV, spectra, taken at 30
and 3V6'C. The spectrum at the higher tempera-
ture has lost its sharp rise and is completely
characterized by its broad increase. Figure 2
shows that the e' yield for Al with E =1000 eV
decreases to zero as the temperature is increased
to 400'C. The yield y is defined as the difference
between the counting rate for negative bias
(- 0.63 to —4.82 V) and the rate for positive bias
(+1.62 to +5.36 V) divided by the rate for nega-
tive bias.

Figure 3 shows that y decreases with increas-
ing incident energy E in a way which is very sim-

ilar to the variation of the positronium yield"
with E. If we ignore the two data points at the
lowest energies, at which the positrons appear
to be significantly nonthermal in the bulk (see dis-
cussion below), tHe 30'C data of Fig. 3(b) is fitted
by the function

with y0=0.39+ 0.01, and ED=720+ 30 V. Equa-
tion (1) was derived in Ref. 11 assuming (1) that
the incident e' stop in the target with an exponen-
tial distribution whose mean depth is linear in
F.; (2) that the e' then diffuse through the target
in order to reach the surface.

All these results for Al can be understood on
the basis of quite simple arguments if we keep in
mind that the present measurements as a function
of bias give us a direct measure of ~ nzvii' for e'
which are emitted from the surface. In addition
we must assume, as seems reasonable, that the
e' emerge with random direction. Thus the
width in bias voltage is a direct measure of the
spread in energy of the e' being emitted. Posi-
trons with energies E) 200 eV enter the sample
and begin losing energy to the electrons in the
metal. Typical loss processes involve plasmon
emission and some interband and core-level ex-
citation, The mean free path for these processes
varies from a low of perhaps 10 A at 200 eV to a
high of 200A for a few thousand eV e'. After
-10 "sec, the positrons have energies in the
eV range and they probably come to equilibrium
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FIG. 2. Slow-e+ yield y from Al(100) vs temperature;
E =1000 eV. The curve is fitted Arrhenius function y
= (yo+zy )/(1+z) where z =zo exp(- T/To). The best-fit
parameters are yp

——16.9, y =0.9, zp=8.52&&10, and Tp
= 7840 + 160 K with a rather poor )( /v = 81.6/11 which
can be attributed to temperature uncertainties. To cor-
rect for background, the data of this figure should be
multiplied by 1.15.

e+ ENERGY (10~eV)

FIG. B. Slow-e+ yield y from Al(100) vs incident e+
energy. The curve through the 80'C data is a fit of Eq.
(1) to the five highest-energy data points. To correct
for background, the data of this figure should be multi-
plied by 1.15.
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with the lattice in about 10 "sec.
While in the process of thermalizing with the

lattice, the positrons diffuse toward the surface"
with a diffusion constant of order D= 0.1 cm'
sec '. A typica1 nonthermal e' will diffuse about
30 A in 10 "sec, its thermalization time. Thus,
positrons in the 1000-eV range, which have stop-
ping distances in the hundred-angstrom range,
will be thermalized when they reach the surface.
At the surface, some of the e' will form posi-
tronium (Ps)'c" and some will be emitted (if the
work function is negative) with an energy spread
of &nzvI~' which is a direct measure of the equi-
librium work function. It is also possible that as
much as l(Po of the thermal e+ reaching the sur-
face become trapped in a surface state. " A

large portion of low incident energy (E = 200 eV)
e+ is not thermalized before reaching the surface.
These e+ are emitted with an energy spread char-
acteristic of their nonthermal distribution. Thus
we are able to understand the shape of the curves
in Fig. 1 which show that the amount of nonther-
mal e' emitted increases as E decreases. The
amplitude of the curves is a measure of the
branching ratio for slow-e' emission versus Ps
formation at the surface.

The above discussion makes it plausible that
the 1(Po-9' width of the retarding-potential
curves equals the e+ work function y+ when the
incident e' energy is E &1000 eV. In Fig. 4, we
show some E =1000 eV yield curves for clean
single-crystal Al(100), Cr, and Si(100)~ These
data give the e+ work function for three materi-
als: Al, y+ = —0.2+0.1 eV; Cr, y, = —1.7+0.2
eV; Si, p, = —1.0+0.2 eV. These are no experi-
ments on clean surfaces to compare with; how-

ever, Pendayala et al.4 and Cherry' both observed
slow e+ from their Cr samples. Nieminen and
Hodges" calculate for Cr y, = —2.2 eV; Hodges
and Stott'4 calcu1ate for Al cp+=+ 0.7 eV.

The reason for the temperature effect in Fig.
3 is not yet certain. The data can be fitted by an
Arrhenius plot with an activation energy of 0.68
+ 0.02 eV, a value which is similar to the vacan-
cy activation energy" in bulk Al. It is also ob-
served" that the Ps formation probability has a
behavior complementary to the slow-e yield ver-
sus temperature. A possible model would be
that at low temperatures, e' are not trapped in
vacancies and slow-e' emission occurs. At high
temperatures, all the e' become trapped and
slow-e' emission becomes energetically impos-
sible, although Ps emission is not forbidden. Of
course, nonthermal positrons are not trapped
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and the persistence, in the presence of defects,
of the nonthermal spread of emitted e' is ex-
plained.

We have thus demonstrated that the positron
work function is negative in several clean single-
crystal samples. A detailed understanding of
this work function and the possible implications
of slow-positron emission, positronium yield,
low-energy positron reflection, and low-energy
positron capture to form positronium awaits
further theoretical and experimental develop-
ments.

As a first step in making use of these findings,
an Al(100) crystal, bombarded with 1-keV Ar
ions and annealed in situ at 590'C, has been used
as a slow-e' moderator. With a beam energy of
19.4 eV, the l(Po-9(Po energy width of the slow-e'
beam is 0.16+0.02 eV in agreement with the data
of Fig. 4. The 63%%uo width 0.09+ 0.02 eV, is as
narrow as the beam produced by the coated boron
moderator of Stein, Kauppilla, and Hoellig. "
The total counting rate of 2&&10' sec ' implies
that the slow-e' conversion efficiency is e = (3
+ 1)x10 '. While this efficiency is comparable
to the best reported values, ' it is small when
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FIG. 4. Background-corrected retarding potential
curves of the slow-e+ spectra emitted by Al(100), Cr,
snd Si(100) for 1000-eV incident e+. The Al showed a,

(100) LEED pattern; the surface contamination in mono-
layers was estimated by Auger analysis to be 1% Sn,
&0.2% 0&, and (1% C. The Cr was evaporated onto
mica and proved to be contaminated with 25% C. No
LKED pattern was observed although the orientation is
supposed to be (110). The Si sample was cleaned by
heating to near the melting point. The differences in
the target bias voltages at which the curves begin to
rise equal the contact-potential (electron work function)
differences for the three targets.
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compared with estimates""'" which predict E
= 10 '. For example, if we approximate a P'
spectrum by N(E) =12E ~E(E -E )' and inte-
grate over the slow-e' yield y(E) of Eq. (1), we
find

s = f, -y(E)X(E)dE=4yP, /E,
Using a P+ end-point energy E =500 keV and the
values of yo and Eo measured for Al, we have &

= 10 ' for a 2m geometry. The order of magni-
tude discrepancy between these theoretical and
experimental values for & may mean that the P'
spectrum is deficient in low-energy e' because
of self-absorption in the source. In any case,
further improvements in the efficiency of slow-
e' moderators seem possible.
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P4 Domain Walls in Thin Ferromagnetic Films: Occurrence of a Novel Critical Point
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We consider the magnetic-field (II} dependence of the magnetization (I}of a thin low-
anisotropy ferromagnetic film near T, placed on a magnetically hard substrate well below
its Curie temperature. Our mean-field-theory analysis uses a free-energy functional
analogous to the y4 Lagrangian for a complex scalar field used recently in a description
of solitons in charge-density-wave condensates. Vfe find a novel critical point in the ap-
propriate M Hplane and comm-ent on its accessibility to experimental investigation.

There is currently a great deal of interest in
physical manifestations of solitary-wave solu-
tions that emerge from certain classes of non-
linear equations. ' The Bloch wall in a ferromag-
net with uniaxial anisotropy offers, in its most
elementary form, 2 a physical realization of the

soliton associated with the sine-Gordon equation.
More recently Rice, Bishop, Krumhansl, and
Trullinger' have suggested that solitons could
provide a means for conductivity in commensura-
bility-pinned charge-density-wave (CDW) con-
densate s.4
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