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Positronium at surface»
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%e analyze the problem of a positron at a jellium surface assuming that it is a weakly physisorbed

positronium.

Recently there has been a great deal of interest in the
behavior of modest energy (E=-1 keV) positron beams in-
teracting with solids. ' These positrons when implanted in
a metal stop within a few hundred angstroms of the sur-
face, thermalize, and then diffuse to the surface. At the
surface they can be and are (with some branching ratio)
emitted as positrons (small negative work function) or po-
sitronium (bigger negative work function), or are trapped
in a surface state. When the metal, exposed to the posi-
tron beam, is heated the trapped positrons are desorbed as
Ps whose binding energy, Ep„ to the surface is typically
several tenths of an eV. ( Ep, & 0.5 eV for Al. )

The positron (positronium) trapped at the surface of a
simple metal is a very interesting quantum-mechanical ob-
ject. It is light and it clearly has very strong correlations
with the inhomogeneous electron fluid at the surface. To
date theoretical descriptions have started with an image
potential at large distances and used the calculated elec-
tron charge density at the surface in a metal in the ab-
sence of the positron as a starting point for calculating en-

ergies at small distances. The positron is then assumed to
exist in this slowly Uarying inhomogeneous electron gas.
Such descriptions encounter some difficulty since the elec-
tron density is rapidly varying (on the scale of the energies
involved), outside a metal surface, and realistically the
charge density in such a picture would be severely distort-
ed by the interaction with the positron.

In a low density electron gas it is known that it is more
appropriate to think of the positron as forming positroni-
um Ps with an electron which rapidly exchanges with the
host material. This approach works very well at densities
which are about a factor of ten lower than those in ordi-
nary metals. However, even at metallic densities it gives
some qualitatively accurate results for the lifetime and an-
gular correlation.

The density outside a metal falls off from the surface
dropping to one tenth its value at about 0.7 A from the
end of the jellium background. In this case it is certainly
sensible to assume that most of the correlation between
e+ and the electrons in the metal may be accounted for
by thinking of the e+ surface state as Ps. Of course the
Ps at large distances is attracted to the surface by a weak
1/Z van der Waals polarization potential. At short dis-
tances the effective potential (if it exists) is more compli-
cated. The singular potential begins to level off and ulti-
mately becomes repulsive. The repulsion comes from the
short-range repulsion between electrons in the metal of the
same spin as the one on the Ps. Electrons of the opposite

+e4(R —r/2} —e4(R+r/2).

In Eq. (1) Hp is the Hamiltonian for vacuum Ps with a
center of mass (CM) coordinate R=—ZR and a relative
coordinate r. The operator ak (ak ) is the annihilation

(creation) operator for surface plasmons (two-dimensional
wave vector k+ and frequency ok ). The electrostatic

+
potential 4(r) of the surface plasmon iss s
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FIG. 1. Schematic of the surface Ps and the electron density
profile of the metal.

spin feel a net weak attraction characteristic of Ps . Of
course the bound e exchanges rapidly with the bulk
electrons. Unlike the long-range part, the short-range
part, as we shall so:, can only be estimated.

This picture, despite its drawbacks, leads to a new and
physically consistent picture of the surface state whose
properties may be related to experiments. The reason we
believe that such a picture is consistent is that Ep, ——0.5
eV implies, by simple uncertainty principle arguments
(small Ps mass), that the mean distance from the surface
of Ps is about 2.5 A. In addition Ep, &Ez -—6.5 eV, the
binding energy of Ps. Thus Ps in its surface state can be
thought of as a well-defined object. A rough picture of
the physical situation is shown in Fig. 1.

In general the coupling of the Ps system (no exchange
of the e in the Ps atom} to the metal is simply the sum
of direct Coulomb interactions between e+ and the e in
Ps and the e in the metal. However at large distances
Z & 1 A (roughly the diameter of the Ps atom) the poten-
tial energy of interaction between Ps and the surface is
determined by the coupling to the density fluctuations of
the unperturbed metal. The Ps atom has an effective cou-
pling to surface plasmons with a Hamiltonian9 (8=1),

I = Hp + g~k uk uk
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4(r) = g f(k+)(ak e + + +H c ).

k+

with

f (k+) = mop(2k+ok )

and co& is the bulk plasmon frequency. At large R,

4(R—r/2) —4(R+r/2) -=r VR4(R) .
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i
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with ro=fi/me =0.5 A then,

Sro

s+Eno

ro

ro

Ng +E~o
(9)

The quantity E„o is slightly larger than the 1S—2I' ener-

gy difference for Ps. A rough calculation shows that
3E„,=—
I6 me =-5 ev.

At shorter distances we cannot "nail" the CM down.
%e must include the CM kinetic energy, i.e., larger k+
does lead to a recoil of the CM. The problem is more
complicated. However, because of the fact that the cou-
pling [Eq. (12)] is exponential in character, we know that
typical k+ are of order 1/Z, i.e., the CM recoil parallel
to the plane wi11 be comparable to the kinetic energy per-
pendicular to the surface after the Schrodinger equation is

This approximation gives the leading large distance
behavior.

To obtain the effective Ps atom potential we calculate
the second-order shift in energy of the Ps atom due to P
assuming that the CM coordinate of Ps is fixed, i.e.,

1(n,k+ I
er VRC'«) IO o& I

'
EE2(Z) =— (5)

n, k+ En —Eo+&k

In this expression
~
n, k+ & specifies the internal state of

positronium, i.e., n=0 is the ground state and k+ the
momentum of the one surface plasmon with energy hark

The internal coordinate r connects n =0 to all internal
states with angular momentum one. The positronium
atom in its ground state at 8 =Z emits a surface
plasmon and goes to an excited I' state eventually reab-
sorbing the surface plasmon and returning to the ground
state.

This procedure, "nailing down" the CM and calculating
to lowest order in perturbation theory, is only valid at
large Z (small Ep, ) where the important surface plasmon
momenta are small. In this case we take
hark =r0~/~-2=co, and Eq. (5) becomes

AEz(Z) = (e co, /2) —J dk+k2+e + a(a), ). (6)

In addition if we approximate the polarizability,

~ (0/z Jn&(n /z )0&

cps+En Eo

by

solved. In addition, since the energy E„and O.
k increase
o+

with k+ we expect, at distances of roughly 1 A, a soften-
ing of the 1/Z potential. Such softening has been con-
sidered by other authors.

In this 1-A regime and at still shorter distances several
new physical effects characteristic of weak physisorption
come into play. ' The edge of the rather large "rigid" Ps
atom begins to encounter a very dilute electron gas. The
interaction is best described by adding u an effective me-
tallic electron Ps atom pseudopotential. ' The screening of
the e e+ interaction in the Ps atom may be neglected. "
This potential is made up of two parts. A rather weak
long range attractive (van der Waals) part which in vacu-
um accounts for the Ps and in this problem is correctly
taken into account by the coupling to surface plasmons of
shorter wavelengths. In addition there is a short-range
repulsive pseudopotential. The repulsive part of the poten-
tial comes from the fact that for a dilute electron gas
(EF g&Es ) the conduction electrons, with spins parallel to
the electron in the pseudo-Ps atom, must orthogonalize
their wave function with respect to the tightly bound elec-
tron.

The repulsive part of the interaction is well simulated

by a Gaussian pseudopotential,

2 2
U(r) = Uoe (10)

In Eq. (11), Z is again the CM coordinate of Ps and Zo
characterizes the ambiguities in measuring the origin in
the real material relative to our simple model. The spatial
dependence of the energy b,E& is determined by the size of
the Ps atom (scattering length) and not by the characteris-
tic fall off length of the electron gas. This results from
the fact that the electron density fall off distance is much
shorter than the Ps diameter, and thus the overlap integral
of the electron density with the pseudopotential has a
characteristic fall off distance equal to the size of the Ps
atom. Vp is proportional to Up and some function of g
and the work function of the metal which can be calculat-
ed in simple models. However, it is most appropriate to
think of Vp and Zp and q as parameters which are known
only approximately and express our ignorance of the
short-range many-body aspects of the Ps metal interac-
tions. High-order effects will still result in a potential of
the form given in Eq. (11). They will also lead a dramatic

where Uo is 4—8 eV (of the order of Es) and g
' is of the

order of the electron positronium atom scattering length,
i.e., of order ro, '0 the size of the Ps atom. The exact func-
tional form of U(r) is unimportant since it will be includ-
ed phenomenologically. To obtain the Ps atom surface
potential we must add up the effects of U(r) from all the
electrons in the metal. Assuming that they are nonin-

teracting and contained in a box whose height is deter-
mined by the work function we may very roughly, since
the important energies are small compared to internal Ps
binding energy or the electron work function, calculate
the effects of U(r) in second-order perturbation theory.
Such a procedure, since the electrons in the metal have a
rapidly varying wave function compared to g ', yields
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decrease of the electron density in the neighborhood of the
edge of the Ps atom which should make our surface Ps
model even better.

Combining hei with &&2, the attractive part of the
potential, gives a total V(Z) which is sketched in Fig. 2
(dashed curve). In this figure we have taken Zo-=1 A,
Vo ——6 eV to fit the correct (for Al) work function for Ps,
71=4 A ', and have cut off the incoming 1/Z potential
at 1 A. This procedure is consistent with the fiattening of
the 1/Z due to recoil effects and plasmon dispersion as
discussed earlier. In order to calculate properties of sur-
face Ps we have replaced the dashed potential by the solid
potential and treated d as a single parameter to fit the
binding energy. Since the "short-range" potential is sure-
ly sharply rising above zero energy for all those metals
which emit Ps and since we know that 1/Z is softened,
the proposed form is probably as accurate a description as
we can get. For d = 1.08 A we obtain a binding energy of
0.5 eV, the known Ep, for Al. 2

The important point here is not agreement of binding
energies since we have at least one parameter in our model
but the other predictions one makes when considering
such a picture.

(i) The van der Waals potential is almost universal for
most simple metals and even for insulators. The softening
region and the position of the hard core is mostly in the
1 A range, so that we can simply understand why

~
Ep,

~

is always a few tenths of an eV." Thinking about a sin-
gle e+ bound to a surface with energy ~E,+ ~

by the
combination of a universal image potential and a repulsive
self-energy effect leads to some difficulties. In such a pic-
ture

~

E
~

=
~
Ep,

~

—
~ W, ~

+6.5 eV with W the
work function for the electron. When submonolayers of,
for example, alkalis are chemisorbed onto the surface of
Ni (Ref. 12) the work function of the electron is changed
by several eV yet the Ep, is still roughly a few tenths of
an eV. This would imply that the binding of e+ must
change by several volts and mirror the changes in the elec-
tron work function, a phenomenon, while not impossible,
is not simply understood.

(ii) Recent very beautiful measurements of the lifetime

of e+ trapped at the surface of Al seem to substantiate
our model. ' The observed surface e+ lifetime r was
found to be 580+10 psec; about 1S'Fo longer than the
spin a-ueraged vacuum Ps lifetime ro -—500 psec. ' In our
picture Ps is rattling back and forth on a very short time
scale (tz ——A/Ep, -=10 ' sec). When it is in the core re-
gion its electron will spin exchange with the unpolarized
e of the solid. Since the Ps is mostly in a region of very
low electron density the lifetime should be close to ro

While the binding energy is quite sensitive to d, the po-
sitronium atom spends most of its time in the van der
Waals potential region where it experiences a 1/Z poten-
tial, i.e., g(Z}dz =—0.8 for Ep, ——O.S eV. In this region

j
the electric field from the image potential polarizes the Ps
atom, i.e., mixes in excited P states and, as suggested in
Ref. 13, lengthens the lifetime. For Z & 1 A we can reli-
ably calculate the probability 5 of surface Ps being in the
excited I' state, i.e.,

fico,5=
2ro (~ +E„o)

Here

'l 3
To

(12)

~ p(Z}dz E3n
Ps

and r/ro-=1+5. We have found 5=-9% for Ep = 0.5
eV for Al (cop -—15 eV}. We can also predict the function-
al form for low Ep, of ~/~o (see Fig. 3). We conjecture
that the lifetime should show a maximum, decreasing at
large Ep, to the positron lifetime in a metal. While we
cannot calculate the exact position of the maximum in r
we expect it to occur for Ep, y 1 eV. The experimental
value for Al is shown as the solid dot in Fig. 3 in good
(possibly too good) agreement with the theory.

(iii) If this picture (Ps weakly bound to the surface) is
correct, then angular correlation of the 2y annihilation ra-
diation (ACAR} can yield important information about it.
Recent experiments' on clean Al(100) show an isotropic
ACAR with a full width at half maximum of
7.1+O.SX10 ' radians. This is about 50%%uo narrower
than the bulk ACAR curves. If the main correlation is Ps
the CM motion will be the only thing which will show up
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FIG. 2. The effective potential for Ps interacting with a sur-
face. The solid curve is the parametrized version of the more
accurate dashed curve.

FIG. 3. The curve is meant to indicate the qualitative
behavior of the surface Ps lifetime as a function of Ep, . The
value 0.5X10 9 sec in the rough spin-averaged value, while
0.2X10 is an approximate lifetime in a metal like Al. The
dot is the experimental point of Ref. 12.
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in the width of the ACAR curves. In our Ps model, look-
ing parallel to the surface we see the CM motion in V(Z)
(Fig. 2) and the shape of the angular correlation is simply
related to the Fourier transform of the wave function in
V(Z), i.e., approximately a Lorentzian squared with
(k )jr=0.6 A ', which converts to

S

'NhAVi p

b,8~~=2(k )j =4.8)&10 rad.
PEC

(14)

Perpendicular to the surface the situation is more compli-
cated. We have pointed out that the average recoil
momentum of the CM due to emission of a surface
plasmon [Eq. (5)] is comparable to the Z momentum.
However in our picture (dipole coupling) this plasmon
emission leads to an excited P state of Ps which does not
annihilate. Fortunately there are other processes, which
are of the same order and which do contribute to the
ACAR (see Fig. 4). Such virtual plasmon processes are
higher order in the metal-electron Ps interaction. They
lead to an intermediate state with a metallic electron
correlated to Ps in its ground state. These processes give
rise to a parallel spread of CM momentum comparable to
(k ) i~ . These effects can in fact be thought of as a Ps
like, i.e., polaronic (electron polarization) in the plane. '

This picture then suggests a rather isotropic Lorentzian-
squared angular distribution with a 2.4 mrad half-width.
This is about 40% narrower than the observed profile.
However, in the experiment, other effects at the surface,
steps, etc. could lead to an experimental width which is
broader and a line which is more isotropic than the intrin-
sic width on a perfect surface.

The conventional e+ model at the surfaces has its diffi-
culties. It is hard to make the binding independent of
work-function changes due to the addition of monolayer
coverages of the surface. Estimates of the lifetime are
complicated and the angular correlation is broader than
the experiment. The Ps model is appealing because it is
easy to understand why the binding is universal and weak,
and why the lifetime should be longer than the spin-

FIG. 4. Feynman diagrams which give rise to in-plane recoil
effects which broaden the annihilation angular width looking
perpendicular to the surface. The double line is Ps, the single
solid line an electron or hole in the Fermi sea, and the wiggly
line a surface plasmon.

averaged vacuum value. The fact that the angular corre-
lation is narrower than experiment is also encouraging.
Most important though is that the Ps model agrees with
one's physical intuition that at low electron densities the
major correlations between e+ and e are accounted for
by vacuum Ps. This does not mean that the Ps picture is
completely accurate, but merely that it is a good starting
point. The correct picture of the e+ surface state prob-
ably lies between these two extreme starting points. Clari-
fication of this rather basic absorption problem will in-
volve a strong interplay between theory and experiment.
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