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Evidence for Quantum Sticking of Slow Positronium
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We have measured the energy spectrum of positronium (Ps) thermally desorbed from Al(111) sur-
faces. For sample temperatures as low as 84 K and Ps perpendicular energies between 5 and 50 meV the
spectrum is a beam-Maxwellian, i.e., a simple exponential. We argue that the surface must be essential-
ly a blackbody for Ps emission, and that we thus have the first example of a system that fails to exhibit
the expected perfect reflection of a very slow particle from a cold surface. We suggest that the effect is
associated with the breakdown of the perturbation expansion for the Ps reflection probability.

PACS numbers: 68.10.Jy, 03.65.—w, 36.10.Dr

One quantity characterizing the interaction' of a rela-
tively slow neutral particle with a solid surface at a tem-
perature T is the probability S(k,7) that the particle
will stick when it impinges upon the surface with
momentum k. A question of fundamental importance to
quantum many-body theory is: What is the probability
So=S(0,0) in the limit of zero velocity and zero T?
Given a very weak short-ranged coupling to some type of
inelastic channel such as phonon or electron-hole pair
emission, it is possible to show that So=0 due to the
vanishing of the scattering particle’s wave function at the
surface.? Higher-order virtual processes, which may be
characterized by a dimensionless coupling constant A,
renormalize the wave function near the surface, increase
the effective mass of the particle, and thus enhance the
possibilities for sticking. It has been suggested that for
A of order unity, where the perturbation series breaks
down, the inelastic channels will overcome the universal
tendency of a particle to quantum reflect from a poten-
tial whose characteristic size is much less than a de Bro-
glie wavelength.*’

The basic questions about quantum sticking are as fol-
lows: (1) May Sy ever be greater than 0 for a realizable
system? (2) If so, may S have values between 0 and 1
or may it only have the extreme values 0 and 1? (3) In
the latter case, might it be possible to vary the conditions
of a sample surface so as to exhibit the sudden transition
from Sp=0 to So=1 suggested by a recent calcula-
tion?%?

Possible systems for experimental study of the quan-
tum-sticking problem would include scattering from solid
surfaces using atoms with de Broglie wavelengths
A ==100 A so that the range of the surface potential and
the corrugations of the surface become negligible. The
scattering of atomic H and He from He films'®'? are
well-known examples of studies that yield the extrapolat-
ed result So==0 with a nontrivial momentum dependence
of S(k,7). In these examples the surface potential is
weak, so perhaps the lack of sticking is not surprising.

An almost ideal atom in this regard would be positroni-
um (Ps), which is as reactive as H, but has a light mass
that allows us to attain A=100 A at a relatively con-
venient kinetic energy of 7.5 meV. In this paper we
present new measurements of the thermal desorption of
Ps from which we extract information about S¢ using de-
tailed balance argumc»:nts.2 We argue that So> 0, thus
answering question (1) in the affirmative, and explain
our result by estimates of the Ps-surface interaction and
the breakdown of the perturbation expansion for the
reflection probability.

In a typical experiment positrons from a slow e
beam'? are implanted with kinetic energies of several
keV into a target. In a good single crystal, thermalized
e diffuse about 1000 A and thus have a high probabili-
ty of encountering the sample surface. At low tempera-
ture the e* inside the solid exhibit quantum reflection
from the surface potential'* so that the probability of
their escape from the bulk diminishes. However, those
that do reach the surface may be captured into a surface
state that exists because of the image-correlation poten-
tial well seen by a positron just outside the solid. While
the surface e * state is complex, it is possible to desorb
the surface et into the vacuum by heating the solid.
The desorbed e form Ps with a thermal energy distri-
bution, and the yield of thermal Ps measured as a func-
tion of sample temperature may be used to determine
Eg, the Ps surface binding energy.

If Ps on the surface is a free particle in 2D with a sin-
gle well-defined binding energy Ejp, and if all the excited
states on the surface can be characterized by the temper-
ature T, and if the density of e™ in the bulk is low
enough, then thermodynamics gives us the total desorp-
tion rate, 2

z2=(kT/h)S(T)expi— Ez/kT} . 1)

+

Here S=(S(k,T)) is a suitable average of the sticking
coefficient for Ps incident upon the surface from the vac-
uum. The explicit form of the average will depend on
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the detailed many-body quantum-mechanical nature of
the states of the system. For real, decaying Ps atoms,
the desorption rate is in competition with the annihila-
tion rate y of the surface Ps, leading to a thermal Ps
desorption probability '®

fes=z/(z+ 7). 2)

The predicted energy spectrum of the perpendicular
component of the emitted Ps kinetic energy, E ,, should
be a beam Maxwell-Boltzmann distribution times the
sticking coefficient $(E ,,T) which is the average of
Sk, T) over the transverse components of the Ps veloci-
ty, i.e.,

dN/dE , =exp{—E ,/kT} x$(E ., T)/kT . 3)

Experiments using a clean A1(111) sample have shown
that the temperature dependence of fps over the range
300 K < 7 < 740 K can be explained by Egs. (1) and (2)
if the value S=1 is used.'® Furthermore, a measure-
ment of dN/dE , required §(E ,,T) to be constant to
within = 10% over the range 10 meV < E; <200 meV
for T=692 K. However, we may not necessarily con-
clude that So=1, because of the elevated sample and Ps
temperatures where A== 10 A. In the present study we
go to lower T by making use of a submonolayer coverage
of oxygen on Al surfaces to cause a decrease in Ep.'™'®

Our new measurements were made using e * generat-
ed by an accelerator '’ in 7-nsec pulses containing 5x10*
slow et. The e’ are implanted with 1-2-keV kinetic
energy into an Al target and the Ps energy distributions
dN/dE, are measured by a time-of-flight method as
previously described.?’ In making these measurements it
is important to maintain the sample 7 <300 K in order
to keep the surface atoms from diffusing into the bulk?'
and to properly subtract the component of the spectrum
due to the directly emitted Ps.??

Our 99.999%-pure Al(111) sample was prepared by
electropolishing in a (1:5) perchloric-acid-ethanol mix-
ture and by repeated cycles of Ar*-ion bombardment
and annealing at 820 K. Auger spectroscopy in situ
showed that the surfaces were initially contaminated by
less than 1% of a monolayer of C and O. The sample
was cooled to 205+ 5 K and then exposed to 5x10 %
torr of O, for 15 min. Correcting for the geometry of
the vacuum chamber and the location of the leak valve,
sample, and pressure gauge, we estimate that the O, ex-

posure was equivalent to 24 L (1 L=10"° torrsec) and.

resulted in roughly a one-third monolayer of O on the Al
surface. After the exposure the pressure in the vacuum
chamber fell below 10 ~'° torr in a few minutes, and
below the limit of the gauge (3x10~!" torr) about 30
min after starting to cool a 4-K cold shield surrounding
the sample manipulator. Time-of-flight spectra were
then recorded every 2 min as the sample was cooled over
the course of 1 h to 45 K and then warmed for 30 min at
a constant rate up to 284 K.
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The time-of-flight data due to the thermal component
of the Ps were obtained by subtracting a suitably nor-
malized 45-K spectrum from each of the higher-
temperature runs. The effect of Ps decay was removed
by multiplying the data by exp(+¢/7), where 7 is the
142-nsec lifetime of 0-Ps in vacuum. After subtracting a
constant background due to the detection of scattered
photons from thermal-Ps decay in the vicinity of the
sample, the time-of-flight spectra were converted to ener-
gy spectra by multiplying by t2 and plotting on an ener-
gy scale. Figure 1 displays a representative set of energy
spectra and the fitted exponential curves. In addition to
statistical uncertainties, the total areas under the curves
are affected by the opposing temperature dependences of
e™ reflection and diffusion, the former'* decreasing and
the latter increasing the number of e * reaching the sur-
face as the temperature is lowered. Taking into account
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FIG. 1. Spectra of the perpendicular component of the ener-
gy of Ps thermally desorbed at various temperatures from an
Al(111) surface exposed to 24x10 ¢ torrsec of Q.. The solid
lines are fitted exponential functions of E .. The dashed line is
an example of a spectrum one would have if the sticking
coefficient were proportional to k., for E, <25 meV, and con-
stant for greater E ..
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the lack of thermalization of the implanted e *, we esti-
mate that such effects produce a systematic shift in the
areas roughly the size of the statistical errors. Figure 2
shows the areas of a set of eighteen curves that include
the six shown in Fig. 1. The areas of the latter curves
are indicated by the solid circles in Fig. 2. An uncon-
strained fit to the data of Fig. 2 using Egs. (1) and (2)
(dotted curve) yields Ez=27+7 meV and §=22%}
x10 3. If we constrain S=1 (solid curve), the optimal
binding energy is Eg =100 meV, but the fit is poor. Un-
like the previous measurements on a clean Al(111) sur-
face, however, it is possible that the O;-exposed surface
is not uniform, but contains patches of variable E». For
example, we obtain a good fit to the areas of our time-
of-flight curves by using the sum (dashed curve in Fig.
2) of two curves obtained from Egs. (1) and (2) with
S=1 and Ez=60 and 120 meV with relative weights in
the ratio 1:2. The binding energies of about 100 meV
are probably more reasonable than 27 meV, considering
the clean-Al value of 300 meV.

Since the energy distributions in Fig. 1 are simple ex-
ponential functions of E ,, we infer that S(E,,T) is a
constant for £, between 5 and 50 meV for 84 K< T
<284 K. If & were proportional to k, for E, <25
meV and constant for E ; > 25 meV, by analogy with the
internal e * reflectivity found in Ref. 14, then dN/dE .
would be much smaller than observed at small values of
E ,, as indicated by the dashed curve in Fig. 1. Since the
perpendicular projection of the Ps de Broglie wavelength
is longer than 100 A for much of the (E,,T) region ex-
plored, it seems safe to conclude that Sy may be extrapo-
lated from our measurements, and therefore that Sy is
not zero. Our previous result that gave S=1 for clean
Al, the plausibility of the dashed fit in Fig. 2, and recent
theoretical work suggest that So=1 is a definite possibil-

ity.
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FIG. 2. Total thermal-Ps yield vs sample temperature. The
data shown as solid circles correspond to the areas of the
curves in Fig. 1. The three fitted curves are discussed in the
text.

The coupling of a Ps atom at distances z greater than
a few angstroms from a metal surface is due to the fluc-
tuating potential ¢(r,7) generated by the electrons in the
solid. The coupling in this case is given by a suitably
defined average over the internal coordinates (x) of the
Ps atom, i.c.,

V=((x-V9)?). C))

The fluctuations of ¢(r,z) associated with the high-
frequency surface plasmon degrees of freedom lead natu-
rally to a long-range 1/z3 van der Waals potential. 2 At
short distances z <z, the van der Waals potential satu-
rates, and a repulsive potential develops due to overlap of
the Ps atom with the surface electrons. Similarly, the
important low-frequency fluctuations (particle-hole pairs
in the metal) give rise to an interaction potential at large
distances given by?* Vi, = — 18(V¢)2a3, where aj is the
Bohr radius of H. The explicit form of the low-
frequency ¢(r,z) is obtained? using a simple jellium
model of the surface.

A lowest-order distorted-wave Born-approximation
calculation of the sticking probability using Eq. (4) [see
Fig. 3(a)] shows that quantum reflection reduces the am-
plitude of the wave function near the surface and prohi-
bits sticking, i.e., &k, ,00xk,. A detailed calcula-
tion? of the higher-order corrections [see Fig. 3(b)]
shows that the dimensionless coupling constant charac-
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FIG. 3. (a) Schematic of the jellium surface model and (b)
the important correction to the leading Born-approximation
matrix element for the sticking rate. The double solid line rep-
resents Ps labeled by a continuum index K and a bound-state
index B. A single line describes electron-hole excitations. A
dashed line terminated by a solid dots describes an effective in-
stantaneous momentum-dependent vertex.
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terizing the perturbation series for this system is

12,

A=~0.28kpa [-’-] e L, )
z rg Eg

where z, is the classical turning point for the bound

state, and rg=(QmEg)"% For clean Al, z,=~2 A, z.

=0.7 A, krag=0.92, Eg=~0.3¢eV,and A= 1.7.

Whenever a reactive atom like Ps or H interacts with
a metal surface, the coupling constant will be of the form
given in Eq. (5). As long as the surface binding energy,
the Fermi energy, and the excitation energy of the neu-
tral atom are the same size, A will be of order 1 and
there is the possibility of quantum sticking. This is very
different from H on He or He on He where there are no
low-lying particle-hole pair excitations and where the
bound-state energy and the electronic energies differ by
4 orders of magnitude.

It is interesting to note that Eq. (5) predicts that as
the binding energy is lowered, i.e., the wave function
moves out from the surface, the coupling constant in-
creases. This is related to a much better overlap of the
incoming wave function with the bound-state wave func-
tion and a not so rapid falloff of the intrinsic coupling to
the low-lying excitations. On the other hand, opening a
gap in the pair excitation spectrum should prevent stick-
ing. At this point it would be important to verify our
conclusions by direct measurements of $(E ,T) using a
beam of slow Ps atoms, and to see if we could decrease
the coupling constant continuously in order to observe a
possible sudden “transition” to perfect reflection.

()present address: IBM Watson Research Center, York-
town Heights, NY 10598.
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