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Positron Re8ection from the Surface Potential
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We show that thermal-positron reemission and positronium formation at clean Cu(111) and Al(110)
surfaces are strongly reduced at low temperatures. This is explained by quantum-mechanical reflection
of the positron wave function from the surface potential. Analysis of the data yields first estimates of the
diAerent transition rates for positrons at the surface. Information on the nature of the positron-surface
interaction can be obtained. We discuss the implications of our findings to other surface emission and
sticking processes.

PACS numbers: 71.60.+z, 78.70.Bj

Positron beams are used extensively to probe surface
and near-surface phenomena, e.g. , disorder at or near
surfaces, adsorbate and overlayer properties, and surface
electron structure (for a general review, see Ref. 1). keV
positrons implanted into a solid rapidly thermalize and
diA'use back to the surface, where a variety of surface in-
teraction channels become available. The main process-
es are (i) positron (e + ) reemission into vacuum for a
negative-work-function surface, (ii) positronium (Ps)
formation and emission, and (iii) e+ localization into
the image-charge-induced surface potential, with sub-
sequent annihilation or (iv) desorption as thermal Ps.
However, details of the positron-surface interaction are
not well understood. Surface transition rates are not
known and their temperature dependences have long
been subject to controversy: Elementary quantum-
mechanical considerations predict a strong decrease in
the transmitted e+ current (first two primarily elastic'
processes above) at low temperatures, due to reflection of
the e+ wave function off the surface potential. Thus
the surface should become fully opaque at 0 K for any
abruptly changing surface potential, and e + and Ps
yields should vanish at low temperatures. However, ex-
periment did not support these predictions, showing only
weakly temperature-dependent e+ and Ps yields down to
30 K. ' To account for this discrepancy Wilson pro-
posed that all surface processes are dominated by inelas-
tic processes, while Neilson, Nieminen, and Szymanski'
explained the high yields by allowing the reflected e+
many encounters with the surface.

In this Letter we show that the elastically transmitted
thermal e+ flux vanishes at 0 K for a negative-e+-
work-function surface. The data are consistent with sim-

ple quantum-mechanical reflection, showing that the
complicated e+-e interaction can be reduced to a one-
dimensional potential barrier problem. The potential
height at the surface corresponds to the e+ work func-
tion p+, which includes e -e correlation effects, the
surface dipole, and the zero-point energy of the e + Bloch
state. Furthermore, we extract first estimates of e+
transition rates to the diAerent interaction channels at

the surface. Our data suggest a new interpretation of the
Ps emission process and, more generally, give evidence
on the lack of sticking of low-energy particles on cold
surfaces.

Measurements of e+ branching ratios are almost ex-
clusively based on the determination of the backdiAusion
probability. However, it has recently been demonstrat-
ed'" that a significant fraction of the measured signal
up to fairly high incident energies originates from e+
which did not reach thermal equilibrium prior to escape
from the sample. Thermal e+ motion in solids can be
described by the diAusion equation, ' yielding the e+
backdiAusion probability, for an incident energy E,

J(E) = P(z,E)e + dz,
v+L+/r " o

where v = v, ++ vp, + v, is the total transition rate out of
the bulk. The subscripts denote e+ and Ps emission and
trapping to the surface state, respectively. L+ is the e+
diA'usion length, ~ is the mean lifetime of a freely
diH'using e+ (110 ps for Cu), and P(z, E) is the e+ im-

plantation profile. ' ' Usually v is assumed to be both
constant and large compared to I.+/r, i.e. , possible
reflection has been neglected. The problem can be re-
duced to one dimension, because parallel momentum is
conserved in all surface processes, and, on the other
hand, our experimental data are averaged over lateral di-
mensions. " Experimental emission yields are

f +(E) = ' J(E), fp(E) = J(E) (2)

The latter allows for e+ trapped at the surface to desorb
as Ps at elevated temperatures with fd =Ed/(kd+X, ),
where A, d and k, stand for the desorption and surface an-
nihilation rates, respectively. While v, represents a
deeply inelastic process, which can be assumed to be
temperature independent, the elastically transmitted
flux is subject to reflection. In metals Ps formation
occurs in the low-electron-density region outside the sur-
face, and thus both v, + and vp, should be proportional to
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FIG. l. Experimental Ps yields at 70 and 223 K. The solid
line is a fit by Eq. (1) describing thermal-positron motion.

the transmission probability T,

vp, =Pvo7, v, + =(1 P) vog— (3)

where P is the electron pickup probability outside the
surface' and vo is a constant. Since the initial e+ ener-
gy is thermal, T vanishes at 0 K.

Reemitted e+ and Ps yields for a clean Cu(111) sur-
face were measured as a function of incident e+ energy
at temperatures down to 24 K with a beam of 5x10
e+/s (Ref. 15) under UHV conditions having a base
pressure of 5x10 '' Torr. The (99.9999%+)-purity
single crystal was cleaned with standard Ar+ sputtering
and annealing cycles and the surface was monitored with
LEED and Auger-electron spectroscopy (AES). The
main contaminant was carbon at & 1 at.% coverage.
Even at 30 K the AES peak intensities and e+ and Ps
yields remained constant over 30 min, after flash heating
the surface to above room temperature, and then de-
creased, presumably due to hydrogen adsorption. No ox-
ygen contamination was observed. All measurements, at
each temperature, were completed within 15 min of
cleaning the surface. The yields were measured with
standard methods '

by observing annihilation y-ray spec-
tra with a Ge detector, with a grid in front of the sample
either repulsive or attractive to reemitted positrons. We
also measured the shape of the reemitted e+ energy dis-
tribution, by sweeping the grid bias through the sample
voltage. Because of the finite-energy resolution and the
absence of inelastic or large-angle reemission events' the
e+ work function p+ could only be determined to be—300 meV ( p+ (0 at all temperatures below 300 K.

Figures 1 and 2 show the experimental yields' at 70
and 223 K. To extract the thermal-e+ contribution two
different methods were used: (i) The low-energy data
were omitted until fits by Eq. (1) gave stationary values
of L+ and g = 1 (Ref. 12), and (ii) the epithermal e+

5 10
ENERGY (keV}

FIG. 2. Experimental e+ yields at 70 and 223 K. The solid
line is a fit by Eq. (1) describing thermal-positron motion. In-
set: The reemitted energy spectrum for 3-keV incident e+ at
70, 270, and 610 K.

contribution was modeled with another Laplace trans-
form with l+ —20 A. ' Both methods produced the
same results. We also determined L+ from annihilation
line-shape measurements' performed for an Ar+-sput-
tered and an oxidized surface. ' All methods gave the
same result for the e + diffusion length, L+ = 1240
x(160)[T/(300 K)] A. The implantation profile
was taken to be P(z, E) = —d{expl —(z/zo) lj/ dz, '

with zo=(4.5 @gem ) [E/(1 keV)] ' . The corre-
sponding fits, for the thermal yields, are shown as solid
lines in the figures. The inset in Fig. 2 shows the reemit-
ted e+ integral energy distribution at three different
temperatures for an incident e+ energy of 3 keV.

Figures 1 and 2 clearly demonstrate that both yields
are strongly depleted at low temperatures, while the
reemitted e+ energy distribution remains sharp, indicat-
ing an elastic escape process. The thermal yields, extra-
polated to zero incident energy, are shown in Fig. 3.
Both yields decrease monotonically below 300 K, vanish-
ing at 0 K in accord with reAection from the surface.
Above 300 K, where p+ is positive, fp (0) stays roughly
constant, while f,+(0) decreases and the reemitted e+
energy distribution (Fig. 2, inset) becomes very broad.
Finally, above 600 K (not shown), fp, exhibits the typi-
cal behavior of thermal desorption from the e+ surface
state, ' approaching fp, (0) = 1 at 1100 K, with
0:exp[[—0.9(2) eV]/k~T]. ' We have also measured
fp, between 24 and 600 K for a clean Al(110) surface. '

The overall behavior is qualitatively similar to the
present Cu(111) data.
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FIG. 3. Extrapolated zero-incident-energy e+ and Ps yields
as a function of temperature for Cu(111). The solid lines are
fits of the Ps yield by Eqs. (1)-(4), using the values given in

Table I and assuming 65% of the reemitted and returned e+ to
form Ps.

2[kg T(ksT —2y+)] '
T=

ks T —y+ + Ikg T (ks T —2y+ ) ] ' (4)

The values of p+(T) were obtained from the Ps work-
function data of Rosenberg, Howell, and Fluss com-
bined with electron work-function p- data. This gives
a linear p+ (T) = —260 meV+ (0.8 meV/K) T. Our
measured tI)++& data (Fig. 2, inset) agree with Ref.
22.

To describe ' the temperature dependence of the
branching ratios f, +(0) and fp, (0), 'T was calculated us-

ing the standard one-dimensional Schrodinger equation.
The e+ Bloch state inside the crystal was described as a
plane wave with thermal kinetic energy 2 kqT. Al-

though only the perpendicular momentum component is
considered, the kinetic energy in excess of the zero-point
energy of the e+ Bloch state is in fact truly small in all
three dimensions. This is not the case in most surface
scattering problems, where the parallel momentum
remains large. ' ' At very low perpendicular momenta
the surface potential appears as an infinite step and thus
reflects perfectly. To extract values of 7 vs T, the e+
surface potential was taken to be an abrupt step of
height

~ p+ ~. The solution for tt+ & 0 yields

The solid lines in Fig. 3 are the fitted yields, calculated
from Eqs. (1)-(4) below 300 K, using the three transi-
tion rates, v, +, vp„and v„as free parameters. The fit
was initially made for the Ps yield and the e+ yield is
calculated with the same values for the parameters
(Table I). A good overall agreement is seen in both
cases. We have also analyzed annihilation line-shape
data from clean Cu(111) and Al(110). A similar reflec-
tion model describes the data. For Cu(111) the temper-
ature behavior in all three measurements can be modeled
using the same parameter values. '

We have also calculated 7 for a more realistic shape
of the surface potential. ' Although its absolute value
varies significantly from that given by Eq. (4), the
overall temperature dependence is very similar. We em-
phasize that our data, especially below 100 K, can only
be explained if Y vanishes at 0 K. Agreement cannot be
reached by simply varying the work function or the
shape of the surface potential. However, the use of a
more realistic potential reverses the tt+ dependence of 'T

in comparison with that obtained from Eq. (4). This ex-
plains some of the findings of Gullikson, Mills, and Mur-
ray who observed an increase in the e+ yield with

at room temperature. ' As more accurate trans-
mission measurements become available, fits to the tem-
perature behavior of 7' can be used to obtain quantita-
tive information on the shape of the surface potential.

Our results are compatible with elementary predic-
tions of particle transmission through a potential barrier,
and the elastic current through the surface vanishes at 0
K. More surprisingly, Ps formation is governed by the
same wave-mechanical reflection, indicating a two-step
process, in which the electron pickup probability I' out-
side the surface, after elastic e+ transmission, has no ap-
parent temperature dependence. Information has also
been obtained, for the first time, on the absolute values
and temperature dependences of the various transition
rates at the surface. Both the present data and annihila-
tion line-shape measurements' show that the surface
trapping rate is v, =10 ms ' with practically no tem-
perature dependence. Our findings are direct observa-
tions of quantum-mechanical reflection, where we have
utilized the fact that positrons have thermalized, in all
three dimensions, down to at least 24 K. Inappropriate
separation of the thermal and epithermal contributions
from the measured data is one of the reasons explaining
the failure of the early experiments to observe e+
reflection. '

TABLE I. Values of the parameters used to fit the experimental data for Cu(111) and cal-
culated transition rates at 30 and 300 K. For definitions see the text.

(10' ms ')

1.0(7) 0,60(S)

vo/ vs

0.89 (2)

30 K

0.09(1)

v, +/v,
300 K

0.22(1)

30 K

0.13(1)

vps/v.
300 K

0.33(1)
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Reflection will also affect other experimental surface
studies: E.g. , the value of the sticking coefficient for low-

energy helium scattering at low temperatures is a long-
standing problem. Our observations suggest that a
low-energy particle approaching a cold surface has a
zero sticking probability. Also, fine structures in very-
low-energy e and e+ diffraction ' have been argued to
arise from reflection off the surface potential, but the
subject is still under debate. The suggested two-step na-
ture of Ps formation and emission process may also give
new insight into discussion on other surface emission
problems (e.g. , for photoemission, see Ref. 27).

In conclusion, our experimental data from clean
Cu(111) and Al(110) surfaces allow us to say the fol-
lowing: (i) Thermal-positron elastic transmission from
the bulk is strongly reduced at low T; (ii) the data can
be described by quantum-mechanical reflection of the
positron wave function from the surface potential; (iii)
first estimates of the different transition rates of posi-
trons at the surface and their temperature dependences
are obtained; (iv) positron and positronium emission can
be described by the same transmission model; (v) we

suggest that positronium emission is a two-step process
with T-independent electron pickup probability; and (vi)
our data support vanishing sticking of low-energy parti-
cles at cold surfaces.
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