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Positron diffusion in solid and liquid metals
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We made a systematic study of the diffusion of positrons in several liquid and solid metals with a vertical
positron beam. Several interesting effects have been observed by studying the line shape parameterS, the
fraction of positronium formed at the surface, and the diffusion length of positrons in liquids. TheSparameter
and the fraction of positronium created and released at the surface~F parameter! were measured as a function
of temperature in the solid and liquid phases of Ga, Bi, Na, Sn, In, and Pb. An appreciable change just below
or across the melting point in theS parameter was measured in metals where positron trapping has not been
observed~Ga, Bi, and Sn!. In metals where positron trapping occurs in the solid phase, there is a small change
or none in theS parameter~Pb and In!, which indicates that there is only a small change in the nature of the
traps. Positron trapping was seen in all the liquid metals, indicating that they have a high density of defectlike
sites that trap positrons. The diffusion length of positrons in the liquid was extracted from the experimental
data. In Ga, Bi, and Sn, there is a large drop in the diffusion length upon melting; in Pb and In, only a small
change or none is seen. In all liquid metals the diffusion length increases as the temperature increases,
suggesting that diffusion is related to trapping in temporary fluctuations in the liquid’s structure. The positron
moves from fluctuation to fluctuation. The size of the traps strongly depends on temperature, and so when it
increases, the positron’s hopping motion increases. We also measured the reemitted energy spectra of positrons
from liquid and solid surfaces. No appreciable change was seen with increasing temperature or when the metals
melted.@S0163-1829~99!09521-1#
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I. INTRODUCTION

The study of liquid structure and its properties is impo
tant for scientific and technological reasons. For instan
many crystals are grown or refined from the molten sta
and a better knowledge of the dynamics of impurities c
improve crystal quality. However, our knowledge of the li
uid structure is much less than our knowledge of the crys
line structure of matter. This is due to the fewer techniqu
available to study liquids, as well as intrinsic difficulties
formulating models for them.1–3 Liquid metals can be con
sidered as an ensemble of ions and electrons in a disord
configuration with good electrical and thermal conductivi
In contrast to a solid metal, there is no long- or mediu
range order. Short-range order is evidenced by a strong p
in the pair correlation function as determined by x-ray
neutron diffraction experiments.2 Herein lies the basic diffi-
culty in formulating a model for a liquid: the theory mu
include the potentials between all pairs of ions. Simplific
tions that might be included in the model reflecting a pe
odic arrangement of atoms~as in a crystalline solid! or to a
completely disordered structure~as in a gas! are not appli-
cable to a liquid.

It is well known that positrons are strongly sensitive
vacancies and other open-volume defects in solids.4 Tech-
niques that use positrons as a probe, such as angular c
lation or lifetime, have been extensively used to meas
formation energies of vacancies and other defects in s
metals.4–9 Because of the irregular arrangement of ions
liquid can have regions of low ion density similar to vaca
cies or voids in a solid. Therefore, positrons can be an id
probe to study the structure and dynamics of these region
a liquid.
PRB 590163-1829/99/59~22!/14282~20!/$15.00
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The sensitivity of positrons to changes caused by melt
was demonstrated by early angular correlation9–11 and
lifetime12,13 studies of liquids. These techniques use hig
energy positrons from a radioactive source and probe
bulk region of the liquid. For several metals studied, t
lifetime increased 10–40 % on melting. In angular corre
tion studies,14 the proportion of conduction-electron annih
lations relative to core annihilations was considerably hig
in the liquid than in the solid phase. The changes obser
upon melting were qualitatively similar to those arising fro
positron trapping at thermal vacancies in solids.7 In addition,
a large change in annihilation characteristics was observe
metals where vacancy trapping does not occur in the s
phase12 ~for example, gallium and tin!, suggesting that the
disorder creates regions of low ion density, similar to vac
cies in solids, that can trap positrons. Metals that show la
changes in angular correlation and lifetime in the solid ph
upon heating~for example, lead or indium! demonstrate a
small or no change upon melting.15

In contrast to these techniques, which utilize positro
with a wide energy distribution (dE.100 keV), positron
beams have narrow energy (E,10 eV) distribution and
small size~a few millimeters!.6 Furthermore, positrons ca
be implanted into the sample at a depth that is known a
most important, can be controlled. Preliminary studies of l
uid metals using low-energy positrons have shown sev
interesting results,16 indicating that this technique is ver
powerful to study the structure of liquids.

Upon melting, the metal loses its crystalline structure,
coming a disordered array of atoms. There is an increas
the number of traps~considered as regions of low ion den
sity!, and positron localization increases. Because the f
tion of trapped positrons probably increases as the sam
14 282 ©1999 The American Physical Society
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PRB 59 14 283POSITRON DIFFUSION IN SOLID AND LIQUID METALS
melts, the mean free path will be shorter than in the so
phase and the diffusion coefficient will decrease. The dif
sion of thermalized positrons in solids is determined by th
interactions with phonons,6,17–21 impurities, or by trapping
~in vacancies, voids, or other defects!. In a defect-free metal
the diffusion coefficientD1 for positrons has a temperatu
dependence17 of D1;T21/2. In some metals, at temperatur
close to the melting point, positrons become trapped at t
mally generated vacancies, and the effective diffusion co
ficient decreases even faster.

In contrast, in the liquids we studied, the diffusion coe
ficient increases with temperature. This surprising result s
gests that a different mechanism is involved in the inter
tions of positrons with the liquid. Kanazawa22 recently
proposed a qualitative explanation for the increase with te
perature of the positron diffusion length in liquid metals.
this model, as the temperature increases, the effective m
of the positron decreases due to the restoration of the s
taneously broken density around the positron. Seeger23 sug-
gested that the interaction of the positron with a liquid is
two polaronic states, with large effective masses that dep
on the material. Upon heating, positrons that are in the h
m1 polaron state~as in Ga! increase their hopping motion
therefore increasing the diffusion length. Positrons that ar
the low-m1 polaron state~as in Bi! have a diffusion length
with a weaker temperature dependence.

To better understand the mechanism of diffusion in l
uids, we systematically studied the diffusion characteris
of positrons in several liquid and solid metals. A vertic
positron beam was designed and built to study low-melti
temperature metals under ultrahigh-vacuum conditions.
considerable interest to us was the study of surface def
~or regions of low ion density!, positron and positronium
states at the surface, and the relation between the diffu
coefficient and density fluctuations in liquids.

In Sec. II, we briefly discuss the different interactions
positrons with solid and liquid metals. The observable
rameters are defined in this section. We assume that the
tion of the thermalized positron is a random walk and d
scribe its motion with the diffusion equation. The fittin
routine used to obtain the diffusion length of positrons
liquid metals is described.

In Sec. III, we describe the vertical positron beam and
unique characteristics that allow it to measure liquids.

In Sec. IV, we present the experimental results. The m
als are separated into two groups according to whether or
the onset of trapping has been observed in the solid ph
The first group comprises Ga, Bi, Na, and Sn in which p
itrons do not become trapped in thermally generated vac
cies in the solid phase, but are trapped in the liquid pha
Consequently, there are large changes in theSandF param-
eters and in the diffusion coefficient. The second group
formed by Pb and In, in which positrons become trapped
thermally generated vacancies in the solid phase, and t
are no changes upon melting.

In Sec. IV A, the experimental values for the line sha
parameterS and positronium fractionF versus energy are
presented. Using these measurements, we can determin
state of the positron in the solid or liquid phase~freely dif-
fusing or trapped!. We discuss the sensitivity of positrons
the melting transition and the formation of positronium at t
d
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surface of the liquid. TheS andF parameters are measure
as a function of temperature for several incident energ
and the results are compared to previous studies of pos
lifetimes and Doppler broadening in liquids. A surface sta
is shown to exist in some liquids, and positronium formati
is observed at several surfaces.

In Sec. IV B, we present results of diffusion length me
surements in solid and liquid metals. The increase in
diffusion length with temperature is discussed in terms
positron hopping between traps and is related to density fl
tuations in the metal or to thermal desorption of the positro
from the traps. However, to obtain more quantitative info
mation of the fluctuations in liquid metals, we still need
theoretical model relating the diffusion length to dens
fluctuations.

We discuss our measurements of nonthermal positron
emission from the surface of liquid and solid metals in S
IV C. At '50 eV, a small fraction~5–15 %! is reemitted
from Bi, Sn, and In. This fraction is unchanged upon me
ing.

The conclusions and suggestions for future studies
given in Sec. V.

II. DIFFUSION MODEL

A. Diffusion of thermal positrons

When monoenergetic positrons from a beam reach th
mal energiesEth5

3
2 kBT, their spatial distribution within the

sample in the incident direction~z! can described by a Ma
khovian distribution24

P~z!5
mzm21

z0
m exp@2~z/z0!m#, ~1!

wherez05 z̄/G(1/m11); G is the gamma function. The dis
tribution is isotropic in a plane parallel to the surface. T
mean implantation depthz̄ is assumed to be a power law:

z̄5AEn, ~2!

whereE is the incident energy of the beam andA is a con-
stant, discussed below. The relation~2! between incident en-
ergy and mean implantation depth gives us a depth-sens
probe, which is essential for defect profiling, study of surfa
states, or surface melting. The value ofn depends on the
energy and varies from 1.16 at 3 MeV to 1.68 at 10 keV.25,26

From Monte Carlo simulations21 and from studies of
multilayer structures,26,27 it was found thatn'1.6 for posi-
trons, but there are indications that this value depends on
material.28

The shaping parameterm is close to 2 as shown from fit
to Monte Carlo simulations21 and from studies of multilayer
structures.26 Following Ref. 6, in this paper we useA
54.0/r @mg/cm2#.

B. Nonthermal positrons

Before complete thermalization, a small fraction of po
trons can return to the surface or become trapped at de
in the bulk of the sample. In lifetime measurements,29,30non-
thermal trapping of positrons was proposed to explain a d
with temperature inl f , the annihilation rate of untrappe
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positrons. Nonthermal positron trapping in vacancies w
observed only recently25,31 and was shown to affect th
analysis of the diffusion length of positrons. These expe
ments also showed that trapping is very efficient and
occur faster than 10215s. A recent theoretical model32

showed resonances in the trapping rate at energies of a
1–2 eV that can only enhance nonthermal trapping. T
analysis of lifetime data,33 as well as calculations of diffu
sion length, is affected by the fraction of nonthermal po
trons.

Nonthermal positron and positronium emission are not
cluded in the diffusion model. The effect of nonthermal r
emission of positrons in analyzing the diffusion length
discussed in Sec. IV B.

C. Diffusion model

When positrons have thermal energies, scattering w
phonons is isotropic, with typical mean free paths of ab
100 Å. Since the mean free path34 for positron scattering is
smaller than typical implantation depths~about 1000 Å!, it is
generally assumed that the motion of the positron is
equately described by the diffusion equation.

Mathematically, this model of positron motion can be re
resented by the diffusion equation in one dimension:35,36

]Np~z,t !

]t
5D1

]2Np~z,t !

]z2 2leffNp~z,t !, ~3!

wherez is the distance from the surface,Np is the positron
density, D1 is the positron diffusion coefficient,leff5lb
1lt is the effective annihilation rate of the positron,lb is the
bulk annihilation rate, andl t is the trapping rate. The for
mula does not include thermal detrapping of the positr
which, in most solids, is small. We discuss the relevance
detrapping in liquids in Sec. IV B.

By solving Eq.~3!, we can obtain the fractionFs of pos-
itrons that return to the surface for a given incident ener
The connection between theory and experiment is given
Fs, and this value can be directly compared with the exp
mental results.

At the surface, the interaction of positrons with ions, s
face, and core electrons produce a potential well that tr
the positrons.37 Trapped positrons eventually annihilate wi
a surface electron or form positronium an leave the surfa

During diffusion, some positrons approach the surface
fore annihilation, where several interactions can occur:6 ~1!
Binding to the surface potential well.~2! Free reemission if
the positron’s energy is higher than its work functionf1 or
if f1 is negative~W, Ni, Cu!. This effect is more pro-
nounced at low energies (Einc,4 keV). The signal from
these positrons can affect the analysis of the results an
discussed in Sec. IV B.~3! Positronium emission. If the sum
of the electron and positron work functions is less than
binding energy of Ps~6.8 eV!, positrons can pick up a sur
face electron and be reemitted as Ps or as excited states
(Ps* , Ps2). Nonthermal positrons also can pick up an ele
tron and be reemitted with higher energies.~5! Internal re-
flection at the surface. The alkali metals have a low elect
density, perhaps reducing the extent to which the electr
penetrate out into the vacuum. This, in turn, tends to crea
potential well outside the surface that is too narrow to ha
s
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bound states.38 Therefore, a positron reaching the surfa
will be reflected back to the bulk.

D. Observables

The technique used in this study consists of measuring
energy resolution of the annihilation theg rays. The spec-
trum obtained is a convolution of the energy resolution of
detection system and the Doppler broadening of the ann
lating g rays ~Fig. 1!.

Because of the momentum of the electron at the site
annihilation, the annihilation radiation exhibits a Doppl
shift around the mean energy value~511 keV!. In a metal,
typical valence-electron energies are of the order of
Fermi energy~3–10 eV!, core-electron energies are muc
higher, while a thermalized positron has only a few me
~;0.04 eV!. A localized positron has higher energy than
thermalized positron, but still much smaller than an electr
Therefore, theg rays resulting from the annihilation wil
have a spread in energy and angle that is proportional to
momentum of the electron only.

When positrons annihilate with core electrons, the Do
pler broadening is large because of the relatively large m
mentum of the core electrons, and the peak is broader. W
the positron annihilates with a low-momentum electron~con-
duction electron!, the peak is narrow. These two effects a
characterized by the line shape parameterS, introduced by
MacKenzieet al.39 and defined as the area of a central se
ment of the 511-keV peak divided by the total area~Fig. 1!.

If there are various annihilation modes~in defects, bulk,
surface, or from Ps!, each with a probabilityFi , having a
line shapeSi , the observedS is

S5
(SiFi

(Fi
. ~4!

The superposition property of theSparameter,39 Eq. ~4! is
essential for studying the diffusion length of positrons b
cause the probabilityFs of positrons reaching the surface ca
be obtained by solving the diffusion equation. The probab
ity of positrons annihilating in the bulk is just 12Fs , and
the result from an experiment will be

FIG. 1. Illustration of the areas used to define theS ~line shape!
parameter.S5n/N.
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S5
SsFs1SM~12Fs!

V
, ~5!

whereV is a normalization factor defined below,Ss is theS
parameter from positrons annihilating at the surface, andSM
is associated with positrons annihilating in the bulk. The s
ond term, in general, has contributions from positrons an
hilating in the defect-free bulk (Sbulk) and trapped at defect
~vacancies, voids, etc.!. If Fbulk and Ft are the free and
trapped fractions, the bulkS is given by SM5StFt
1SbulkFbulk .

The surface termSs has several contributions. Positron
can annihilate while trapped at the surface state, after fo
ing Ps, or after being emitted as free positrons. Two type
Ps atoms can be formed, each with a different decay sche
Twenty-five percent are para-Ps, the singlet spin state, w
has a short lifetime~;125 ps! and decays via twog rays;
thus, its signal falls into the 511-keV annihilation pea
Seventy-five percent of the Ps are ortho-Ps, the triplet s
state that has a long lifetime~142 ns!, and decays predomi
nantly via threeg rays; thus, the signal has a distribution
energy below 511 keV. Ortho-Ps atoms exist long enoug
travel far from the surface, and a small fraction is not d
tected. Only para-Ps atoms contribute to theS parameter.
Therefore, an expression forS at the surface is given by

Ss5
1

4
F0SPs1~12F0!Sss, ~6!

whereF0 is the fraction of positrons arriving at the surfa
that form Ps. SPs corresponds to theSparameter associate
with the fraction1

4 F0 of positrons that annihilate after form
ing para-Ps~the fraction 3

4 F0 that forms ortho-Ps does no
contribute toSs because the energy of each emittedg ray is
less than 511 keV!. Sss is associated with the fraction (1
2F0) annihilating with valence electrons from the surfa
state. Because of the low center-of-mass momentum of
Ps atom,SPs is higher thanSss.

In all metals that we studied, only a small fraction
positrons escape from the sample before complete therm
zation~less than 14% at energies below 600 eV!. Thus theS
parameter arising from nonthermal positrons that escape
eventually return to the sample can be neglected. The m
sured nonthermal fraction is discussed in Sec. IV C.

The calibration factorV is the sum of the different anni
hilation modes that contribute toS:

V5~12Fs!1FsS 12
3

4
F0D . ~7!

The positronium fraction, i.e., the fraction of positro
that forms positronium for a given incident energy and te
perature, isF(E,T)5Fs(E,T)F0 . Because of the factorV in
the definition ofS, the positronium fraction is a nonlinea
function of S.

The positronium fraction can also be determin
experimentally:40

F5S 11
P1

P0

~RF2R0!

~R12RF! D
21

, ~8!
-
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whereRF5(TF2PF)/TF , R05(T02P0)/T0 , andR15(T1
2P1)/T1 , which are independent of the beam’s intensityT
is the total number of counts of the spectrum below 511 ke
andP includes only the counts under the photopeak.T1 is the
total number of counts whenF51, andT0 the counts when
F50. P1 andP0 are defined accordingly.

R0 is calculated from the total energy spectrum andP0
from the 511-keV peak at high incident energies~when no
positrons can return to the surface!. P1 and R1 are more
difficult to determine because their values have to be
trapolated to zero incident energy, under very clean surf
conditions, at high temperature, and when all positrons
thermally desorbed as Ps. Even then it is difficult to det
mine R1 andP1 with confidence.40

E. Fitting procedure

Equation~5! can be fitted to theSparameter data to obtai
the diffusion lengthL15AD1teff of positrons at a given
temperature. The fitting routine used in this work was dev
oped by van Veenet al.41 and is a fast numerical schem
designed to solve the diffusion equation~3!. This scheme
allows several parameters related to the implantation pro
to be fitted: m, n, andA parameters, mean depth, trappin
rates, and electric fields in layered materials. The posit
diffusion parameters also are fitted:Sbulk , Ss , and the dif-
fusion lengthL1 . The last parameter is defined in terms
the effective lifetime and the diffusion coefficient,L1

5AD1teff. More detailed information is given by van Vee
et al.41

III. EXPERIMENT

The experiments were performed with a magnetica
guided vertical positron beam designed to study the inte
tion of positrons with low-vapor-pressure liquids at ultrahi
vacuum.42,75 High-energy positrons are obtained from a r
dioactive source and are moderated to a few eV. Sub
quently, they are guided to the sample and implanted at
desired energy. The resolution of the beam is 1 eV at 2
eV. The transport system, consisting of nine coils that m
netically guide the positrons to the target, is mounted ve
cally to allow study of liquid samples. The source andE
3B chamber can be floated up to 25 kV, while the sample
kept at ground or near ground potential.

The sample is located in the lower chamber, mounted
24-in. manipulator. The sample is heated with a nonind
tively wound W wire electrically isolated from the samp
holder. The maximum temperature to which the sample
be heated is;600 °C. The temperature is measured with
type-K thermocouple attached to the sample holder. Te
perature fluctuations depend on the sample’s tempera
Above 150 °C, fluctuations from the set point are less th
1°. At room temperature, the fluctuations are 2–5 °C. F
cooling, there is a liquid nitrogen line that fills a small Dew
close to the sample. The lowest temperature attainabl
;2100 °C.

A high-purity intrinsic Ge detector located outside th
chamber, on one side of the sample, is used for measu
Doppler broadening and the positronium fraction. The re
lution obtained with this detector is 1.4 keV full width at ha
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maximum~FWHM! at 477 keV (7Be source!.
A p- i -n photodiode coupled to a CsI~Tl! scintillator is

located below the sample and monitors the stability of
beam. When the beam does not hit the sample, more p
trons annihilate in the bottom of the chamber, increasing
count rate in this detector.

Liquid samples present geometric constraints; the s
ple’s surface must be horizontal. Therefore, the surf
analysis equipment must be usable without rotating
sample; this configuration is achieved by mounting the A
ger analyzer and low-energy electron diffraction~LEED!
system vertically. An ion gun is located in the same cham
and allows cleaning the samplein situ.

The beam transport is achieved with a magnetic field
;100 G produced by nine solenoid magnets. A gradien
the field is established to focus the beam and reduces
cross sectional area at the sample.

The current in the two solenoids positioned above
sample is controlled by computer. When the incident ene
of the beam is changed, the area of the spot and its pos
changes slightly. To correct this effect, the magnetic fi
produced by two magnets above the sample is adjusted
each incident energy. The effective diameter of the beam
the sample is;3 mm. The beam moves sideways less tha
mm when the energy varies from 100 eV to 25 keV.

IV. RESULTS

A. Temperature dependence ofS and F

We studied several liquid metals to identify the variab
that contribute to the diffusive motion of positrons. As wi
solids, we expected that positrons will diffuse freely or
trapped at defects or at the surface of the liquid.

The metals studied can be classified according to the s
of the positron in the solid phase. The first group of meta
Ga, Bi, Na, and Sn, is composed of those in which therm
vacancy trapping has not been observed in the solid ph
either by lifetime studies12,42,43 or by angular correlation
studies.9,15,44 The second group, Pb and In, is composed
those where positron trapping is observed at thermally g
erated vacancies.15 Table I shows some of the relevant pro
erties of these metals.

In the liquid phase, most likely there are regions of lo
ion density with varying sizes. Therefore, trapping is like

TABLE I. Lattice structure and other physical characteristics
the metals studied. orc5orthorhombic, rhl5rhombohedral,
bcc5body-centered cubic, fct5tetragonal, and fcc5face-centered
cubic.Z is the number of valence electrons;Tm is the melting tem-
perature. Trapping refers to trapping in thermally generated va
cies in the solid phase.

Metal Lattice Z
Tm

~°C!
Trapping

in vacancies

Ga orc 3 29.8 no
Bi rhl 5 273.3 no
Na bcc 1 95.7 no
Sn fct 4 232.0 no
Pb fcc 4 327.5 yes
In fct 3 156.6 yes
e
si-
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e
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to occur in all metals. For untrapped positrons, diffusive m
tion could be related to lattice scattering, as in the so
phase.

1. Measurements of S and F as a function of temperature
for Ga, Bi, Na, and Sn

a. Gallium.Solid and liquid gallium has been studied u
ing positron lifetime12 and angular correlation44 techniques.
Previous measurements of theF parameter in liquid and
solid Ga using a positron beam did not show a signific
difference between these phases.45 However, our preliminary
study of solid and liquid Ga shows a large difference in thS
parameter.16

Gallium is an interesting metal because it has a low m
ing point, 29.8 °C, and it contracts 3.1% on melting; its vap
pressure at 500 °C is only 231029 torr. These characteristic
allow studies over a large range of temperature in the liq
phase at ultrahigh vacuum (,1029 torr). The Ga sample
was obtained from ROC/RIC, Ca, 99.999% purity. Befo
placing it in vacuum, it was etched in 50% nitric acid, 50
distilled water,46 until its surface became shiny. Then it wa
cooled under vacuum to210 °C, sputtered with argon at
pressure of 431024 torr for 1 h, and annealed at 500 °C fo
12 h. No trace of contaminants was detected with retard
field Auger-electron spectroscopy. This cleaning proced
was performed on all samples before any of the meas
ments; the Auger spectra did not show contaminants for
of the samples. The spectra are not shown here to save s

The S parameter was measured as function of the te
perature at three incident energies~Fig. 2!. The three curves
correspond to positrons implanted close to the surfacz̄
,50 Å (E525 eV), in the bulkz̄'8200 Å (E520 keV),
and at an intermediate point where there are contributi
from the surface and the bulk,z̄'130 Å (E51.5 keV). The
mean implantation depth was calculated from the incid
energy using Eq.~2!.

f

n-

FIG. 2. Sparameter in Ga for three incident energies as funct
of temperature.E525 eV corresponds to positrons implanted clo
to the surface (z̄,50 Å), E520 keV are positrons implanted in th
bulk (z̄'8200 Å), and E51.5 keV positrons implanted atz̄
'130 Å; this curve has contributions from positrons annihilating
the bulk and surface.
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The S parameter at the surface (E525 eV) does not sig-
nificantly change at the melting temperature, suggesting
the ratio of positrons forming Ps or annihilating at the s
face is not altered; i.e., it is independent of the crystall
structure. The small fluctuation observed at the melting po
could be associated with changes in the geometry of
sample or by partial melting due to variations in temperat
across the material; also, solid and liquid phases in Ga
coexist at temperatures close to the melting point. Inter
ingly, the density of electron states increases significant47

near the Fermi energy when Ga melts, suggesting that t
are more energetic electrons available to pick up the p
trons and form positronium; an increase in positronium f
mation was expected on melting, but this was not observ

The positronium fraction curves are shown in Fig. 3 f
the same incident energies. The first curve (E525 eV)
shows that positronium begins to be thermally desorbed
'50 °C. Thermal desorption of Ps in liquids has not be
observed previously. These data show that a positron sur
state can exist on disordered surfaces. The small chang
positronium fraction at the melting point could reflect loc
melting or impurities being released from the surface.

We turn now to a quantitative treatment of positroniu
desorption. The activation energy of positronium,Ea , is re-
lated to the binding energy of positrons to the surface tr
Eb , the energy necessary to extract an electron from
surface,f2 , and the energy released~6.8 eV! when Ps is
created in a vacuum:48

Ea5f21Eb26.8 eV. ~9!

Typical values ofEb are 2–3 eV. The activation energy fo
desorption of positronium,Ea , can be calculated by fitting
the temperature dependence of the fraction of positrons
riving at the surface that form Ps:49

F~E,T!5Fe1
G exp~2Ea /kBT!

l1G exp~2Ea /kBT!
f ts , ~10!

FIG. 3. Positronium fraction~F! in Ga as function of tempera
ture. The first curve is forz̄,50 Å, the second curve is forz̄
'130 Å, and the lower curve is forz̄'8200 Å. The solid line is a
nonlinear fit using Eq.~10!.
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whereFe is a fraction of the nonthermal positrons that rea
the surface and are emitted as Ps directly~nonthermal Ps!.
The second term in Eq.~10! is the fraction of positronium
emitted from the surface state, withf ts being the fraction of
positrons trapped at the surface. It is generally assumed
the desorption rate49,50 is G exp(2Ea /kBT), where l is the
annihilation rate of positrons trapped at the surface state.
model has been fitted to the experimental values of the
fraction in Fig. 3 with a nonlinear fitting routine, usingFe ,
f ts , Ea , andG/l as free parameters. The solid line in Fig.
shows the fitted results, which areEa50.35(0.03) eV,Fe
50.36(0.01), f ts50.55(0.01), and G/l51.0(0.4)3104.
These results are also shown in Table III.

The electron work function in metals depends on the cr
tallographic direction of the surface; the difference betwe
different orientations is about 5%. However, the values
the work function obtained by different experiment
methods51 also differ by 5%. Therefore, we used the avera
from different orientations. From Ashcroft and Mermin,51

the electron work function in Ga isf253.96 eV. From Eq.
~10!, we obtain for the positron binding energyEb
53.19(0.03) eV. This value is higher than the theoreti
value Eb52.3 eV, obtained by Nieminen and Hodges52

However, these authors used an averaged electron dens
determine the correlation energyEcorr, and it was shown
later53 that this method gives variations in the absolute v
ues of the positron work function of up to 1 eV.

The curve atE51.5 keV in Fig. 2 shows theS parameter
for positrons implanted atz̄'130 Å. This curve has contri-
butions from positrons that annihilate in the surface and
the bulk. In Ga, the fraction of trapped and free positro
increases upon melting and theS parameter drops becaus
fewer positrons can reach the surface, indicating that the
fusion length reaches a minimum.

The bulk value ofS for Ga in Fig. 2 (Einc520 keV) in-
creases at the melting point due to positron trapping.12,44 An
increase12 in the bulk lifetime of Ga, from 190 to 260 ps, als
suggests that positrons become trapped in liquid Ga. We
that these traps do not affect positrons annihilating at
surface; because no change is seen inSs .

In solid Ga, positrons do not get trapped in therm
vacancies44 possibly because Ga has a very open-pac
structure; orthorhombic Ga has a coordination number47 Nc
57. Therefore, because of the large separation between
oms, potential wells capable of trapping positrons either
not created54 or they are too shallow. On melting, Ga co
tracts by 3.1%, and the coordination number increases
Nc59 – 10.47 Despite this decrease in the average int
atomic spacing, previous studies showed that trapping d
occur in the melt.12

Kishimoto and Tanigawa’s55 two-parameter correlation o
the lifetime of positrons and energy of the annihilation rad
tion suggests that more than one annihilation mode coex
in the melt. One mode is short lived, with a narrow mome
tum distribution, which is attributed to trapping and annih
lation in solidlike clusters in the liquid; the other is lon
lived, with a broad momentum distribution,55 attributed to
trapping in vacancylike defects. These two modes of ann
lation also were evident from the small decrease in the l
time of positrons in liquid Ga as the temperature increase12

Our results show only a small decrease inSM as temperature
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14 288 PRB 59E. GRAMSCH, K. G. LYNN, J. THROWE, AND I. KANAZAWA
increased; so we cannot conclude that there are two mod
annihilation. Rather, they could reflect an increase in
average size of the traps.

b. Bismuth.Bi is a semimetal with low melting pointTm
5273.3 °C, which also contracts on melting~3.3%!. Its va-
por pressure just above the melting point
'1310210 torr; its density at room temperature is 9
g/cm3. The Bi sample was obtained from Aesar/Johns
Matthey, 99.9999% purity. Before placing it in the vacuu
it was cleaned with a procedure similar to Ga.

As in Ga, previous studies with Bi~Ref. 56! showed that
there was no trapping of positrons in thermally genera
vacancies in the solid phase. Therefore, in solid Bi, the b
S parameter increases slightly following the thermal exp
sion of the lattice.56

The S parameter~Fig. 4! at low incident energyE
5200 eV corresponds to positrons implanted close to the
face (z̄,50 Å). This curve starts to increase at;80 °C and
levels off above the melting point. At the melting point the
is a jump which is due to a small increase in positroniu
fraction. This increase is seen in Fig. 5.

The curve atE55 keV in Fig. 4 shows theS parameter
from positrons implanted atz̄'540 Å and has a similar be
havior as for Ga. At the melting point, theSparameter drops
because fewer positrons can return to the surface, indica
that the diffusion length decreases on melting.

The positronium fraction is shown in Fig. 5 for the sam
incident energies as Fig. 4. The formation of thermally a
vated Ps is clearly seen in the curve atE5200 eV. Using Eq.
~10!, the curve atE5200 eV in Fig. 5 can be fitted to obtai
the formation energy of positronium. The results obtain
are Ea50.32(0.03) eV, Fe50.38(0.01), f ts50.58(0.02),
andG/l56(1)3103. The solid line shows the fitted resul
~see also Table III!. The electron work function51 of Bi is
f255.4 eV. Using Eq.~9!, we can obtain the binding en
ergy of positrons to the surface trap, which isEb
52.72(0.01) eV.

The change in positronium fraction at the melting po
seen in the third curve of Fig. 5 (E525 keV) reflects;3%

FIG. 4. Sparameter for Bi plotted as function of temperature
three incident energies.E5200 eV corresponds to positrons im
planted at z̄,50 Å, E55 keV to positrons implanted atz̄
'540 Å, andE525 keV corresponds toz̄'7040 Å.
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of the positrons reaching and annihilating at the surface
the solid. Upon melting, all positrons annihilate in the bu
of the sample.

The curve atE525 keV in Fig. 4 (z̄'7040 Å) shows a
slow increase with temperature and a small jump upon m
ing. There are two competing effects in this jump. One
them is the decrease in the positronium fraction in the liq
~it can be seen in Fig. 6!, which tends to reduce theSparam-
eter. The other effect is probably an increase in vaca
trapping57 or a change in the electronic configuration58 which
tends to increase theSparameter. The last effect is domina
because the total change is positive.

c. Sodium.Na is an alkali metal with a low melting poin
95.7 °C; its vapor pressure at 130 °C is'431028 torr. The
vapor pressure increases very rapidly as temperature
creases. Therefore, we could only obtain measurements
low 250 °C. Sodium reacts easily with oxygen and hydrog
and is very hard to keep clean, even at a pressure

FIG. 5. Positronium fraction in Bi as a function of temperatu
at the same incident energies as in Fig. 5. The solid line is a n
linear fit using Eq.~10!.

FIG. 6. S parameter in Na for positrons implanted close to t
surface (E5100 eV) and deep in the bulk (E525 keV) as a func-
tion of temperature. Both curves show similar features and are c
to each other, indicating that positrons annihilate in the bulk in b
cases. The solid line is a guide to the eye.
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PRB 59 14 289POSITRON DIFFUSION IN SOLID AND LIQUID METALS
231029 torr, our normal running conditions. Therefore,
ensure a clean sample, a sealed ampule from Aesar/Joh
Mathey, 99.95% purity, was inserted into the vacuum s
tem. When the pressure reached'131029 torr, the tip of
the ampule was broken and heated until liquid Na pou
into the sample holder; a large, clean meniscus was obtai
The surface subsequently was cleaned of impurities by sk
ming it with a flat, stainless-steel blade. Auger spectra ta
before and after measurements showed that the surface o
sample remained clean.

Previous theoretical studies34,53 predicted a large positive
value for the positron work function,f155.6 eV for so-
dium, and a positive value for the positronium work fun
tion, fPs'0.4 eV. Therefore, no positron or positroniu
emission from the surface was expected. In addition, it w
calculated that there would be no bound states at the sur
because the potential is too narrow.34 In consequence, al
thermal positrons reaching the surface from the inside of
metal would be reflected back and eventually annihilate
the bulk. This effect can be seen in Fig. 6, where we sh
theSparameter for two incident energies. The figure show
very small difference between positrons implanted close
surface (E5100 eV, z̄,50 Å) and positrons implanted dee
into the bulk (E525 keV, z̄571 000 Å) because most ann
hilate in the bulk. The solid line in Fig. 6 is a guide to th
eye.

The higher value of theS parameter forE5100 eV than
for E525 keV is associated with nonthermal positroniu
formation. Figure 7 also shows a small fraction of~nonther-
mal! positronium~;20%! in the solid and liquid phases.

The increase at the melting point of theS parameter for
both curves is associated with positron trapping in liquid
~same as Ga and Bi!. As mentioned before, trapping in soli
Na has not been observed: trapping in liquid Na was
served with lifetime techniques.12 In those experiments th
lifetime increased from'263 to'278 ps upon melting.

The measuredSparameter is thus given byS5SM , which
is independent of the incident energy. In consequence,
not possible to extract the diffusion length from the expe
mental data.

FIG. 7. Positronium fraction in Na as a function of temperatu
for the same incident energies as in Fig. 6.
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In Fig. 7, the Ps fraction is plotted as a function of tem
perature. At low incident energies, a small fraction is d
orbed from the surface, which, we believe, is due to nonth
mal positrons. The decrease upon melting may be due
decrease in the density of electron states at the Fermi ene
which reduces the probability of picking an electron to for
Ps.

d. Tin.Sn is a metal with a low melting point 232.0 °C. I
density is r57.3 g/cm3, and its vapor pressure atT
5900 °C is;131026 torr. Previous studies14,59 showed no
vacancy trapping in the solid phase, even at temperat
close to the melting point.

The S parameter, measured as a function of tempera
for three incident energies, is shown in Fig. 8. As with G
and Bi, we can calculate an approximate implantation de
using Eq.~2!. The curve atE5100 eV corresponds to pos
trons implanted less than 50 Å from the surface.E53 keV
corresponds to positrons implanted atz̄'320 Å and E
525 keV to positrons implanted atz̄'9450 Å.

In the solid phase theSparameter forE525 keV does not
change appreciably when the temperature increases, ind
ing that there is no trapping14 in thermally generated vacan
cies. Seeger54 argues that Sn is a metal with narrow io
cores, which preclude vacancy trapping of positrons beca
the potential well formed at a vacancy is too shallow. T
radius of Sn41 is 0.71 Å, which is small compared with th
interatomic distances~2.8 and 3.02 Å!. The lifetime14,43 in
solid Sn wast'202 ps, and no trapping was observed
thermally generated vacancies. Dedoussiset al.60 later found
a small increase in the lifetime before melting, which th
attribute to trapping by thermally generated vacancies.
did not find an increase in theSparameter below the melting
temperature within the error of the measurement. At
melting point, there is a'2% increase in theS parameter,
which indicates positron trapping. Early angular correlati
studies14,59 also indicated vacancy trapping in liquid Sn. W
found no published experimental values for the lifetime
liquid Sn.

FIG. 8. S parameter for solid and liquid Sn as function of tem
perature at three incident energies.E5100 eV corresponds to pos
itrons implanted atz̄,50 Å, E53 keV corresponds toz̄'320 Å,
andE525 keV corresponds toz̄'9450 Å.
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The S parameter curve atE5100 eV in Fig. 8 (z̄
,320 Å) does not change significantly at the melting poi
The small jump most likely reflects changes in the surfa
geometry. There is a continuous increase inSs with tempera-
ture ~even after melting! that is associated with thermal P
desorption. Figure 9 shows the Ps fraction as function
temperature for the same incident energies as Fig. 8. It
be seen that desorption continues in the liquid phase.

Upon melting, no difference is seen in Ps formati
~curve for E5100 eV). The electronic density of state
~DOS! for b-Sn on the average does not differ much fro
the liquid DOS.74 However, the DOS fora-Sn has a mini-
mum at the Fermi energy that is not seen in liquid Sn.74 Thus
measurements of Ps formation across the melting point
a-Sn should yield an increase in the Ps fraction. In our m
surements, polycrystalline Sn was used, a mixture ofa-Sn
and b-Sn, which may be the reason that we do not se
change in Ps formation.

The Ps fraction curve atE5100 eV in Fig. 9 can be fitted
with Eq. ~10!; the resulting values areEa50.23(0.01) eV,
Fe50.467(0.004), f ts50.47(0.01), andG/l55(1)3102

~see Table III!. The solid line shows the fitted results. Usin
Eq. ~9! and the value of the electron work function51 for Sn,
f254.4 eV, the positron binding energy isEb
52.63(0.01) eV, which is very close to the theoretical va
of Eb52.5 eV.52

Jeanet al.61 found the activation energy of Ps in Sn to b
Ea50.38(0.02) eV, which is 50% higher than our value
However, their measurements were made below the me
point, and our results show that Ps desorption continue
the liquid phase. This difference could introduce an error
their calibration of Ps fraction at low incident energies (R1),
giving an incorrect value in their fits of the activation ener
of Ps. In addition, the difference inEa could result from its
dependence on the crystallographic face. Jeanet al.61 used
crystalline Sn~110!, while our measurements were made w
polycrystalline Sn. Differences of 25% have been obser
for Ea in different faces of Ag.6 These effects could accoun
for the 50% difference in the activation energy.

FIG. 9. Positronium fraction for Sn, for the same incident en
gies as in Fig. 8. No change in Ps fraction is observed at the me
point; see discussion in text.
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2. Measurements of S and F for Pb and In as a function
of temperature

a. Lead.Lead has a low melting point of 327.5 °C, and i
vapor pressure at the melting point is'6.531029 torr. Its
density is 11.4 g/cm3 at room temperature, and it expand
3.5% upon melting.

Pb has been studied with angular correlation,15,62

lifetime,63 and positronium time-of-flight64 techniques.
Lifetime63 studies showed trapping of positrons in therma
generated vacancies, starting from'150 °C and reaching
saturation close to the melting point. Angular correlati
studies15 in bulk Pb showed similar behavior. Upon meltin
an increase in the coincidence count rate at the peak of
angular correlation curve~this is equivalent to theS param-
eter! shows that the nature of the traps change. It is not c
if this change is related to an expansion of their size or
appearance of a new kind of trap.

Figure 10 shows theS parameter as function of tempera
ture in Pb. As in the other metals, the three curves co
spond to positrons implanted atz̄,50 Å (E5200 eV), atz̄
'460 Å (E55 keV), and atz̄'6050 Å (E525 keV). A
small increase is seen in theS parameter curve forE
5200 eV, which could be due to thermal desorption of t
small fraction of positrons that are trapped at the surface
could be also due to a change in the characteristics of
surface trap. Time-of-flight experiments64 showed that the
positronium work function is negative, so that most positro
reaching the surface form positronium at all temperatur
This conclusion was confirmed by our measurements of
Ps fraction atE5200 eV in Fig. 11 that shows a high pos
tronium fraction at all temperatures. This curve also show
small decrease in Ps fraction at the melting point. Howev
the electronic DOS in liquid Pb~Ref. 74! increases at;2 eV
below the Fermi energyEF and decreases at;4 eV below
EF ; so it is difficult to determine the effect of the change
the DOS.

The curve atE525 keV in Fig. 10 shows a small increas
starting at 150 °C, reflecting the onset of trapping in th
mally generated vacancies. Triftha¨user’s results15 show an

-
g

FIG. 10. ExperimentalS parameter data for Pb plotted again
temperature. The top curve (E5200 eV) corresponds toz̄,50 Å,
the second curve (E55 keV) corresponds toz̄'460 Å, and the
third curve (E525 keV) is for z̄'6050 Å.
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appreciable increase in the angular correlation curve at
melting point. We do not observe such a large differen
because our resolution function is wider than in angular c
relation measurements. The formation;4% of Ps~seen in
Fig. 11, forE525 keV) is not enough to change the value
the S parameter below the melting point.

TheSparameter results atE55 keV in Fig. 10 show that
the fraction annihilating in the bulk and the fraction annih
lating at the surface are unchanged upon melting, indica
that the diffusion length is very similar below and above t
melting point.

The positronium fraction curve at low incident ener
~E5200 eV in Fig. 11! shows a small decrease upon melti
that can reflect a decrease in the density of electron stat74

The formation energy of positronium,Ea , and the binding
energy of positrons to the surface potential,Eb , cannot be
calculated because only a very small percentage of posit
remain at the surface to be later thermally desorbed as p
tronium. This small fraction does not allow fitting with Eq
~10!.

b. Indium. In has a low melting pointTm5156.6 °C and a
vapor pressure at temperatures close to the melting poin
1310212 torr. Thus In can be studied over a wide range
temperatures under UHV conditions. Its density is 7
g/cm3. Upon melting, its volume increases by 2.7%. Indiu
has been studied with angular correlation15,62 and lifetime
techniques.7,13,55 As with Pb, an increase in the lifetime in
dicates trapping in thermally generated vacancies. U
melting, the coincidence count rate of the angular correla
curve increases,15 suggesting that the size or type of the tra
ping centers changes or that the fraction of trapped posit
increases.15

The curve forE5150 eV in Fig. 12 corresponds to a
implantation depth ofz̄,50 Å, the curve atE52.5 keV is
for z̄'240 Å, and the curve atE525 keV is for z̄
'9400 Å. At E5150 eV, theS parameter increases wit
temperature and is associated with thermal desorption
positronium. Figure 13 shows the positronium fraction
the same incident energies as Fig. 12. The curve aE
5150 eV shows that Ps starts to be thermally desorbe

FIG. 11. Experimental values of the positronium fraction for P
for the same incident energies as Fig. 10. A small decrease is
upon melting in the curve forE5200 eV.
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'20 °C. As in the other metals, theS parameter does no
change appreciably upon melting~except for a jump due to
change in the geometry of the sample or release of impur
from the surface!.

From the data atE5150 eV in Fig. 13, we can see that th
Ps fraction decreases slightly upon melting. Also, the el
tronic density of states decreases slightly at;1 eV below the
Fermi energy47 upon melting; so there are fewer electro
with energy close to the Fermi energy available to form
These effects may explain the decrease in the Ps fractio

The S parameter curve forE52.5 keV in Fig. 12 de-
creases in the solid phase with temperature, indicating
the fraction of positrons that reach the surface decrease
the temperature increases. This effect also indicates tha
diffusion length decreases. This is very clearly seen in
measurements of the Ps fraction in Fig. 13, where the cu
for E52.5 keV shows a rapid decrease in Ps fraction.

TheSparameter curve atE525 keV and below the melt-
ing point in Fig. 12 corresponds to positrons annihilati

FIG. 13. Positronium fraction curves in In at the same th
different implantation depths as shown in Fig. 12. The decreas
Ps fraction forz̄,50 Å is consistent with a small decrease~Ref. 47!
in the DOS at 1 eV belowEF .

,
en

FIG. 12. S parameter curves in solid and liquid In for thre
implantation depths: z̄,50 Å (E5150 eV), z̄'240 Å (E
52.5 keV), andz̄'9400 Å (E525 keV).
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primarily in the bulk. At this implantation energy there is
small fraction of positrons that can diffuse back to the s
face and annihilate there. This effect can be seen m
clearly in Fig. 13. The positronium fraction even atE
525 keV is about 2–3 %, just below the melting point.

Figure 12 also shows a small increase below the mel
point in S for E525 keV when the temperature increase
This effect, seen before with angular correlati
techniques,14,15shows that positrons become trapped in th
mally generated vacancies. An early study7 of lifetime in
solid In revealed an increase from'200 ps at 25 °C, to 250
ps at 150 °C~just below the melting point!. Crisp et al.13

found that the bulk lifetime in In wastb5182 ps. Close to
the melting point, they found a vacancy lifetime oftv
5240 ps. Kishimoto and Tanigawa55 also showed that the
lifetime increases as the temperature increases from 220
25 °C to 260 ps at 130 °C. Very close to the melting poi
there was an additional fast rise in the lifetime, which th
attributed to formation of divacancies or to the presence
impurities in In.

Although the lifetime values from different experimen
differ, they all show an increase that can be attributed
positron trapping in thermally generated vacancies. T
change in angular correlation15 below Tm and the small
change upon melting indicate that positrons annihilate fr
trapping sites in the melt. The change that they obser
upon melting is probably due to a variation in the kind
traps.15

TheSparameter forE525 keV ~Fig. 12! does not change
at Tm . We cannot observe a difference between solid a
liquid In with the S parameter because of the large expe
mental error.

The solid line in Fig. 13 shows a fit to the positroniu
fraction curve using Eq.~10!, to obtain the activation energ
of Ps: Ea50.25(0.01) eV, F050.47(0.03), f ts
50.46(0.02), and G/l58(2)3103. The electron
work-function51 in In is f153.8 eV; therefore, from Eq.~9!,
the binding energy of positrons to the surface state isEb
53.25(0.01) eV. Nieminen and Hodges52 calculated the pos
itron binding energy to beEb52.4 eV and the positron work

FIG. 14. Fits to theS parameter data in Bi atT5408 °C. The
diffusion length was calculated withVEPFTT, selecting different cut-
off energies to start the fit.
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function to bef152.6 eV. They predicted that a surfac
state cannot exist in In. But our results in Fig. 13 show
existence of a surface state in liquid and solid In.

B. Diffusion length

1. Analysis of diffusion data

For all metals we investigated, the diffusion length in t
solid phase decreases with increasing temperature, decre
or remains constant on melting, and then increases with
ther increasing temperature in the melt. As in Sec. IV A, o
results are discussed separately according to the state o
positron in the solid phase below the melting point. The fi
group is the metals, Ga, Bi, Sn, and Na where positrons
not get trapped in thermally generated vacancies; the sec
group is Pb and In in which positrons are trapped at vac
cies in the solid phase.

The diffusion length was obtained by solving numerica
Eq. ~3! and fitting it to the data. The routine used wasVEPFIT,
developed by van Veenet al.41; the fitted parameters wer
the fractionFs of positrons reaching the surface, the diff
sion lengthL1 , theSparameter in the surfaceSs , and theS
parameter in the bulkSM . The parameters defining the Ma
khov profile,m andn, were fixed for each metal, following
Schultz and Lynn.6

TheF andSparameters were measured versus energy
several temperatures of interest. The model, described
Sec. II, was fitted withVEPFIT to the positronium fraction
data, calibrated according to the procedure described in
II D, to obtain the fractionF0 . TheSparameter arising from
Ps annihilation (SPs) was extrapolated from the curves ofS
as function of energy. At high temperatures, with low inc
dent energy, and in a clean surface, more than 90% of
contribution to the S parameter will come from para
positronium. The value obtained wasSPs50.62, extrapolated
at E50

Subsequently, theS parameter data was fitted with Eq
~5!, using the estimatedSPsand the deducedF0 as an input to
the program. These values are included in the calibra
factorV @Eq. ~7!#. The diffusion length, obtained from fits t
the F parameter, is not reliable because accurate calibra
factorsR0 , R1 , and P1 /P0 cannot be obtained. These p
rameters are also very dependent on the condition of
surface, which can change during the experiment. Theref
we show only the diffusion length obtained from fits to theS
parameter.

To estimate the error in the fit due to the contributi
from nonthermal positrons, a grid was placed in front of t
sample and biased to150 and250 V. For each bias, theS
parameter was measured as function of energy, using
same energies as those used to measure the diffusion le
With a bias of150 V, any nonthermal positron that is re
emitted from the sample will return to it. These positro
have less energy than the incident positrons, and they
tend to increase the value of theSat low incident energies. A
fit to these data will give a smaller diffusion length. With
bias of 250 V, nonthermal positrons are removed from t
sample and a fit to these data will give a higher diffusi
length. The difference in the diffusion length between t
150 and250 V will give an estimate of the error.
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Huomoet al.40 proposed another method to analyze theS
and F parameters when nonthermal positrons are pres
They chose a minimum implantation energy for the d
analysis and assumed thatS is a nearly linear function ofF.
The deviation from linearity is mainly associated with no
thermal positrons reaching the surface. Also, they conside
only energies above that where such deviation occurs. H
ever, the assumption of linearF with S is only valid for f 0
,0.3. One problem with the method of Huomoet al. is that
when the energy chosen to start the fit is increased, the
sulting diffusion length increases monotonically. Cons
quently, if the wrong minimum energy is chosen, the diff
sion lengths will not have an upper bound. To illustrate t
point, Fig. 14 shows the resulting diffusion length when d
ferent starting energies are used~the data were generate
from fits to theS parameter data in Bi at 408 °C!.

2. Measurements of diffusion length in Ga, Bi, Sn, and Na

a. Gallium.The data used to calculate the diffusion leng
were taken at a fixed temperature, varying the energy fr
100 eV to 20 keV. More points were measured from 100
to 2 keV because the changes inS or F parameters were
larger here than at high incident energies. Figure 15 sh
measurements ofS as function of energy for different tem
peratures.

The fits were performed with the fitting routineVEPFIT.
The values used form and n were 2 and 1.4, respectively
The second value was used because preliminary Monte C
simulations28 of the stopping profile shown'1.4 for Ga.
The error in the fit introduced by nonthermal positrons
caping the sample is estimated using the method explaine
Sec. IV B 1. Data with a grid in front of the sample at150,
250, and 0 V are shown in Fig. 16. In all cases the er
from this effect was less than the error obtained from
fitting routine.

The results of the fitting are shown in Fig. 17. The er
bars come from the fitting routine and are quoted in par
theses in the text. Below the melting point, the diffusi
length isL151200(100) Å. This large diffusion length con
firms the results obtained previously,12,65 that below the

FIG. 15. S parameter in Ga as function of incident energy f
different temperatures. These curves were fitted to obtain the d
sion length vs temperature.
nt.
a

ed
-

e-
-

s

m

s

rlo

-
in

r
e

r
-

melting point positrons are in a Bloch-like state and the d
fusion length is long. The diffusion coefficientD1 can be
calculated from the definition given in Sec. II E, using t
lifetime in solid Ga given by Segerset al.,44 t5193(5) ps.
The result isD150.75(0.06) cm2/s, larger than the theoret
ical value obtained by Bergersenet al.17 of D150.4 cm2/s.

Upon melting, the diffusion length drops toL1

560(5) Å, a change of almost two orders of magnitud
This large drop is consistent with the explanation that
positron changes from a Bloch-like state to a trapped st
As the temperature is increased further, there is an incre
in the diffusion length that starts at'150 °C.

The following scenario may explain the increase in t
diffusion length in the liquid phase. The time it takes to tr
a positron4 in a vacancy or defect is about 10215s, which is
much faster than the time scale for motion of ions
liquids1,2 (;10212s). Thus the positron can be seen as

u- FIG. 16. S parameter forT5600 °C, with a grid in front of the
sample biased at three different voltages. These data were us
estimate the experimental error from nonthermal positrons in
fitting routine.

FIG. 17. Diffusion length results for Ga as function of tempe
ture. A large drop is observed on melting. The inset shows the ra
increase of the diffusion length in the liquid phase. The error b
shown are statistical estimates from the fitting routine.
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teracting with an almost static array of ions and can adjus
any ionic displacement. Density fluctuations on a time sc
of 10212s could produce potential wells strong enough
trap positrons. These traps could later disappear~or change
in size!, forcing the positron to jump to a nearby fluctuatio
Thus positron diffusion in liquid Ga can be seen as a hopp
motion between traps, with trapping and detrapping happ
ing many times during the lifetime of the positron
(;10210s). As the temperature increases, the frequency
these fluctuations would increase, increasing the hopp
motion and the diffusion length. Thermally activated detra
ping alone is unlikely to explain the increase in the diffusi
length because the thermal energy of the positron is m
less than its binding energy to the trap.9

Such fluctuations can explain the decrease in lifetime w
higher temperatures12 in Ga, because the lifetime will be
given by the weighted average of the lifetime in the tra
~260 ps! and the lifetime in the bulk~193 ps!.

The trapping scenario in liquid Ga is similar to the hig
m1 state described by Seeger,23 where positrons couple to
acoustic phonons to create acoustice1 polarons. In this state
the positron wave function is strongly localized in the inte
stices between atoms, and its motion is well described
hopping.

b. Bismuth.Figure 18 shows the diffusion lengths for B
following the same fitting procedure as for Ga. At room te
perature,L1'650 Å; however, this value may be small
than the real value because of systematic errors in the fit
routine. VEPFIT assumes that, at high incident energies,
positrons annihilate in the bulk. However, the maximum e
ergy reached by the beam is 25 keV, at which energy so
positrons still can reach the surface. ThusS(E525 keV) is
different thanSM and the fitted diffusion length will be low
The error bars in the solid phase are larger than in the liq
because the dynamic range of theSparameter used to fit th
diffusion length is larger in the liquid. At 31 °C, theS pa-
rameter varies from;0.528 atE5100 eV to ;0.50 at E
525 keV, a 5% change, while at 276 °C, the change is fr
S;0.603 toS;0.50, a 20% change.

FIG. 18. Diffusion length results in solid and liquid Bi plotte
vs temperature. The large drop in the diffusion length at the mel
point can be easily seen.
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The theoretical value of the diffusion length can be o
tained from the model given by Bergersenet al.17 At 25 °C,
they obtain D150.33 cm2/s ~using Ed52 2

3 EF526.6 eV
andm* 51.8me) and the bulk lifetime is56 t5258 ps. Thus
L15920 Å, which is higher than our experimental valu
This discrepancy may be due to overestimating
asymptotic value ofS in the experimental data.

Diffusion of positrons in solid metals is dominated b
phonon scattering,17 and at temperatures above;25 K the
temperature dependence is expected to beD(T)5D0 /Th,
with h51/2 andD0 a constant. Using the diffusion length a
dependent variable, this equation is equivalent toL1(T)
5L0 /Th/2. There have been experimental results6 that
show higher values forh for several metals; so it is interes
ing to calculate it for Bi. The temperature range of our d
fusion data for Bi below the melting point is large enough
allow a nonlinear fitting using the previous equation. T
results ish50.9(1). This value is clearly higher than 1/2
which is expected by the theory.

Close to the melting point, our fitted value ofL1

'500 Å for solid Bi, which may still be lower than the ac
tual length. The theoretical value for the diffusion leng
calculated according to Ref. 17 isL15790 Å at 270 °C.
Upon melting,L1 drops to'190 Å. As mentioned in Sec
IV B 1, measurements were performed to estimate the e
in the calculation of the diffusion length arising from no
thermal positron emission. The experimental error from m
surements of theS parameter versus energy with a grid
front of the sample is640 Å in the solid and620 Å in the
liquid.

In liquid Bi, at high incident energies, all positrons ann
hilate in the bulk~as seen in Fig. 5 for positrons implante
deep into the sample atE525 keV) and the calculated dif
fusion length should not underestimated.

Diffusion in liquid Bi resembles the low-m1 state de-
scribed by Seeger.23 In this state, Bloch wave description o
the positrons also seems to be appropriate.

c. Sodium.As was mentioned in the discussion ofSandF
versus temperature, theS parameter in Na has only a wea
dependence with the incident energy. This effect can be s
in Fig. 19, that shows no appreciable difference between p
itrons implanted close to surface (E'100 eV) and positrons
implanted deep into the bulk (E525 keV) because all anni
hilate in the bulk. The small difference between the curve
associated with nonthermal positrons or positronium. T
measuredS parameter will have a large component fro
Sbulk and a small component from nonthermal positron a
positronium annihilation. In consequence, it is not possi
to extract the diffusion length from the experimental data

The positronium fraction versus incident energy is plott
in Fig. 20; there is a rapid decrease fromE5100 eV toE
51 keV. Theoretical calculations34 show that no Ps should
be formed at the surface. TheF parameter seen in Fig. 20 a
low incident energies is attributed to nonthermal positro
which have enough energy to overcome the potential ste
the surface and leave the sample. Because the mean free
for nonthermal positrons is short,34 they can reach the sur
face only if the mean implantation depth is small.40 Thus the
number of nonthermal positrons reaching the surface
creases rapidly as the incident energy is increased.

g
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Evidence that the data in Fig. 20 cannot arise from th
mal positronium formation is the following. We have plotte
in this figure the theoretical fraction of Ps that would
generated by thermal positrons reaching the surface.
fraction was calculated by inserting the theoretical value53 of
the diffusion length at room temperature (L1'1800 Å) into
the diffusion equation; then, the number of thermal positro
that return to the surface can be obtained for any given
ergy. This fraction is shown in Fig. 20~solid line!; along
with the measured Ps fraction, we have setF0'0.09 ~also
from Fig. 20!. It can be seen that the measured positroni
fraction decreases faster with energy than the theore
fraction. Another evidence that there is no Ps format
comes from the small difference inS the parameter at low

FIG. 19. S parameter in solid~70 °C! and liquid Na~100 °C!,
plotted as function of the incident energy. There is little chan
between low and high incident energies. The higherS parameter at
low energies is associated with nonthermal Ps formation. The s
lines are a guide to the eye.

FIG. 20. Positronium fraction in Na, as function of the incide
energy. A rapid decrease can be seen as the incident energ
creases. The solid line is the amount of Ps that would be form
from thermal positrons reaching the surface. The difference with
experimental data is an indication that there is only nontherma
formation at the surface.
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and high incident energies~;1%!. All other metals have a
larger difference~5–17 %!.

d. Tin. Figure 21 shows the diffusion length versus te
perature for Sn, which is similar to that of Bi. Below th
melting point, the diffusion length decreases slowly with i
creasing temperature. In both metals, positrons are i
Bloch-like state in the solid phase. Accordingly, the diff
sion length is expected17 to decrease as'T21/4 because pho-
non scattering is the dominant interaction between positr
and the metal. At temperatures below'100 °C, the diffusion
length is not accurate because the energy range of the b
is not high enough to reach the bulk value ofS.

The theoretical value for the diffusion length can be c
culated from Ref. 17. At 30 °C, we obtainD151.12 cm2/s
~Ed522/3EF56.7 eV, m* 51.8me , and the bulk lifetime43

is t5202 ps. Thus the theoretical value of the diffusio
length isL1'1500 Å, which is much larger than the fitte
diffusion length in Fig. 21,L1'950 Å at T530 °C. As in
Bi, overestimating the asymptotic value ofS in the fits leads
to smaller values forL1 .

As was the case for Bi, the temperature range of our
fusion data for Sn below the melting point is large enough
allow a nonlinear fit. The result ish50.7660.10, which is
higher than the theoretical value.17

Just below the melting point,L15750(50) Å; the theo-
retical value at this temperature isL1'1100 Å. Upon melt-
ing, the diffusion length drops to'260~20! Å. The error in
our values ofL1 was calculated from the fitting routine. I
Sn, the drop observed at the melting point can be explai
by vacancy trapping or increased scattering with the m
mobile ions in liquid Sn.

Early Ps fraction measurements with a positron bea61

showed thatE0 decreased as the temperature increasedE0
is related to the diffusion length by8 E05L1 /A). Jean
et al.61 attributed this decrease to trapping in thermally ge
erated vacancies. However, they used incident energies
up to 5 keV, which may be too low to extract the correctE0 .
Their diffusion length wasL1'300 Å, which is smaller
than our results.

There is a slight increase in the diffusion length with i
creasing temperature which resembles the Bloch-wave s
described by Seeger.23
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FIG. 21. Diffusion length results for Sn above and below t
melting point as a function of the temperature.
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3. Measurements of diffusion length in Pb and In

Pb and In show a pronounced trapping effect below
melting point, as was evidenced bySM and also by the dif-
fusion length. A rapid decrease in diffusion length occu
when positrons begin to get trapped at thermally genera
vacancies. Upon melting, the trapping sites may change,
the diffusion characteristics are not significantly affecte
and there is only a small decrease in the diffusion length

a. Lead.The results from fits to theS data are shown in
Fig. 22, where the diffusion length is plotted versus tempe
ture.

At room temperature,L1'350 Å. However, this value
may not be accurate because, at high incident energies
low temperatures, some positrons can still reach the surf
The theoretical value for the diffusion length53 is L1

51200 Å, usingt5168 ps for the bulk lifetime63 in solid
Pb. This is an order of magnitude larger than the fitted res

As the temperature increases, the diffusion length
creases rapidly in the solid phase because of the comb
effect of phonon scattering and thermal vacancy trapp
Just below the melting point,L1'180(20) Å and diffusion
is dominated by trapping. Upon melting, there was
change in the diffusion length, consistent with the assum
tion that all positrons are trapped in the solid phase below
melting point. An increase in the concentration of traps
decrease in the electronic density of states74 does not seem to
affect the diffusion length upon melting.

In contrast to any of the previous metals, we did not o
serve nonthermal positrons or Ps being emitted from
sample. The positronium work function is negative and th
is a high fraction of Ps at all temperatures. Thus nonther
Ps cannot be distinguished from thermal Ps. As the temp
ture increases, the diffusion length increases slightly, as
served for all metals.

b. Indium.Previous studies15 with In show a pronounced
trapping effect in the solid phase as the temperature is
creased. Therefore, as in Pb, the diffusion length in the s
phase varies strongly with temperature.

FIG. 22. Diffusion length in Pb from fits to theSparameter. No
change in the diffusion length at the melting point~indicated with
an arrow! is observed within the experimental error. The rapid d
crease with temperature in the solid phase is due to positron
ping in thermally generated defects.
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Figure 23 shows the results of the fit to theS parameter.
At room temperature,L1'530 Å. As in Pb, Bi, and Sn, this
value may underestimate the real value. At room tempe
ture, the bulk lifetime ist5220 ps,55 and D150.13 cm2/s.
The theoretical diffusion coefficient can be obtained fro
Ref. 17. At T527 °C, D150.4 cm2/s, which is larger than
the our fitted results.

The rapid decrease in the diffusion length from 50 °C
the melting point is attributed to trapping in thermally ge
erated vacancies.13 This decrease is much faster than the d
crease in metals with no vacancy trapping~Ga, Bi, or Sn! in
the solid phase. Close to the melting point, the diffusi
length is L1'245(20) Å ~Fig. 24!. The lifetime at this
temperature55 in solid In is t5280 ps. Thus the diffusion
coefficient isD150.021 cm2/s.

As with Pb, nonthermal positrons do not play a role
calculating diffusion length. Measurements of theS param-
eter with a grid in front of the sample do not show a
difference for different bias voltages.

4. Comparison of diffusion data to prediction
of e1-polaron model

Recently, Seeger23 has published an analysis of our diffu
sion length measurements16 for Ga and Bi, based on a mode
in which positrons couple to acoustic phonons to cre
acoustice1-polaron states. The model predicts two types
polarons, designated according to effective mass as low-m1

states and high-m1 states. In a low-e1 state, a Bloch-wave
description of the positron motion is valid, but the effecti
mass may exceed the positron mass by several order
magnitude because the positron’s motion is accompanied
displacement of ions. In a high-m1 state, the positron is
strongly localized interstitially, and its motion is best d
scribed by hopping. The high-m1 state would correspond to
the hopping motion picture described in our previo
paper.16

Seeger has made clear predictions of the behavior of p
itron diffusivity across the melting transition and as a fun
tion of temperature above the melting point for the two typ

-
p-

FIG. 23. Diffusion length in In as function of the temperatur
obtained from fits to theS parameter. As in Pb, no change in th
diffusion length is observed at the melting point.



PRB 59 14 297POSITRON DIFFUSION IN SOLID AND LIQUID METALS
FIG. 24. Fits to the temperature dependence of the positron diffusion length using the low-m1 state model~Ref. 23! in four metals
studied.~a! Diffusion length in Bi. The solid line is a fit using Eq.~12!. Diffusion length in~b! Sn, ~c! Pb, and~d! In.
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of polarons. The prediction of the change in diffusivity at t
melting transition assumes that the solid does not con
thermally generated vacancies. For systems with a low-m1

state, he predicts a drop in diffusivity at the melting po
and aT1/2 power temperature dependence above the m
For systems with a high-m1 state, he predicts a larger dro
in diffusivity at the melting point and an Arhenius-type tem
perature dependence in the liquid. He shows that our data
Ga are well described by the high-m1 case, while the data
for Bi fit the low-m1 case.

Examination of our diffusion data for Sn, Pb, and
shows that the Sn data are very similar to the Bi data, po
ing to a low-m1 state in liquid Sn. For Pb and In, therm
vacancy formation in the solid prevents application of t
model to the behavior at the phase transitions. However,
temperature dependence within the liquid is again simila
that of Bi, indicating a low-m1 state.

Following Seeger’s work, we can estimate the magnitu
of the effective mass of the positron in the low-m1 state. The
effective mass can be calculated from

D1' l S 3kBT

m1 D 1/2

, ~11!

where l 5^v2tm
2 &1/2 is the mean free path of the positron

which, in a liquid, can be identified with the interatom
distance.23 The interatomic distancel i can be obtained from
calculations of the interatomic pair potential in a liquid.74

For Sn, the interatomic distance74 is l i'4 Å, which we
can identify with the mean free path of the positrons,l. The
diffusion length just above the melting point isL1

5260 Å, and the positron lifetimet is 220 ps. Thus the
diffusion constant can be obtained fromD1

2 5L1
2 /t, which

for Sn is 3.431026 m2/s. Using Eq.~11!, we obtain, for the
effective mass in liquid Sn, 2.9310228kg. This mass corre-
sponds to;0.2mp (mp is the mass of the proton!, indicating
that the positron is in a low-m1 state.
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For Pb, the interatomic distance74 is l i'3.8 Å. The diffu-
sion length just above the melting point isL15180 Å, and
the positron lifetimet is 275 ps. Thus the diffusion constan
is 1.231026 m2/s. Using Eq.~11!, we obtain, for the effec-
tive mass in liquid Pb, 1.1310227kg (;0.7mp), also in a
low-m1 state.

For In, the interatomic distance74 is l i'4.5 Å. The diffu-
sion length just above the melting point isL15225 Å, the
positron lifetime ist5260 ps, and the diffusion constant
1.9531026 m2/s. Thus the effective mass of the positron
liquid In is 0.9310227kg (;0.6mp), also in a low-m1 state.

The temperature dependence of the diffusion length
liquid Bi is rather weak and is described quite well23 with the
low-m1 polaron state. We have seen in the previous secti
that for the other metals under investigation, the tempera
dependence is also weak and can also be described usin
low-m1 polaron state. Following Seeger’s model, the te
perature dependence of the diffusion length is

L15L0T1/4. ~12!

We have fitted Eq.~12! to the experimental data using
nonlinear fitting routine withL0 as a free parameter. The fit
results and the experimental data are shown in Fig. 24.
value obtained forL0 is shown in Table IV, below.

C. Nonthermal-positron effects

The energy loss process of charged particles in a solid
liquid recently has received much attention66–70 because the
analysis of theSandF parameter data strongly depends on
knowledge of the positron implantation profile.70

The energy analysis of the reemitted positrons was p
formed with two parallel grids in front of the sample. Th
sample was maintained at 30 V, and the grid bias var
from 10 to 50 V. Nonthermal positrons that leave the sam
having the normal component of the kinetic energy less t
the grid potential return to the metal where they annihila
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Positrons with higher energy pass through the grids and
removed by anE3B energy filter. By changing the grid bias
we can obtain an integral energy spectrum of reemitted n
thermal positrons. The energy spectrum is obtained by
ferentiating a Gaussian smoothed spectrum~1.1 eV at
FWHM!. The oscillations in the curves are produced by
smoothing routine.

In all metals studied, the positron work function is po
tive. Thus the spectra of the reemitted positrons reflect
energy distribution of positrons that have energy greater t
f1 .

The energy loss mechanism for positrons in metals is v
efficient, and the reemitted fraction strongly depends on
incident energy, as shown in Fig. 25. It can be seen tha
the incident energy is increased, the reemitted fraction
positrons decreases very rapidly. Because this fractio
small, the analysis of the diffusion length is not greatly
fected by nonthermal positrons.

a. Bismuth.The energy spectra from positrons reemitt
from metals with a negative work function should b
centered71 aroundE5f11dE, wheredE is the difference
in the contact potentials between the sample and grid in f
of the sample. For most metals the contact potential is
order of magnitude smaller than the work function.72 In ad-
dition, it can be expected that after having the sample at h
temperatures it would evaporate material over the grids,
ing no difference in contact potential.

The energy spectra from positrons reemitted from the s
face of Bi is shown in Fig. 26. For positrons implanted
E5270 eV and 30 °C, the peak of the energy spectra is c
tered aroundE50. This measurement indicates that the p
itron work function for Bi is smaller than the accuracy of o
measurements~'1 eV!#. To our knowledge, there are n
theoretical calculations of the positron work function in B
The curves at 310 and 440 °C are measured in liquid Bi;
curve at 30 °C is measured in polycrystalline Bi. As can
seen from the figure, the fraction of reemitted positrons
'10%, independent of temperature, which indicates that
mechanism of energy loss for positrons withE.f1 is inde-

FIG. 25. Fraction of incident positrons reemitted from seve
metals, plotted against the implantation energy. The rapid decr
reflects the efficient mechanism of energy loss in metals. The s
line is a guide to the eye.
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pendent of temperature or state~solid or liquid!. These data
also suggest that the implantation profile does not cha
appreciably upon melting.

Previous studies25 of nonthermal positron reemission i
aluminum found a large decrease in the reemitted frac
when the sample was heated. Above 570 °C, the fraction
reemitted positrons with energies less than 2 eV was
duced. This effect was attributed to the creation of therm
vacancies which trap nonthermal positrons before they
escape. This effect was not observed in liquid or solid B

b. Sodium.Because Na is a very reactive metal, with
high vapor pressure, only data at low temperatures could
obtained. Since its work function is highly positive (f1

54.8 eV), the reemitted fraction from the surface of Na
smaller than in Bi. AtE570 eV, the fraction was'7.0%.
We measured the reemitted spectra with an implantation
ergy of E570 eV, at 45 and 85 °C~solid Na! and 110 °C
~liquid Na!. The curves are similar to Bi, and the reemitt
fraction is independent of temperature.

c. Tin. The positron work function52 in Sn is 2.7 eV;
therefore, only nonthermal positrons withE.f1 can be re-
emitted. The fraction of incident positrons reemitted atE
570 eV from the surface of Sn was'13.6%. The sample
was measured at 31 and 180 °C~solid Sn! and at 240 °C
~liquid Sn!. As before, the curves for the three temperatu
are similar and centered atE50 eV.

In solid Sn (T531 and 180 °C!, thermal vacancies canno
trap positrons,14 indicating that nonthermal trapping occu
for positrons with energy2f1,E,0.

d. Indium. In contrast to previous metals, In shows pr
nounced thermal-vacancy trapping below the melting po
The positron work function52 in In is f152.6 eV; thus, only
positrons withE.f1 are reemitted. The fraction of inciden
positrons that are reemitted atE570 eV from the surface of
In was '11.4%. As with Bi, Sn, and Na, this fraction i
small ~compared with Al! because of the large positron wor
function, and the diffusion length is not greatly affected

l
se
id

FIG. 26. Differential energy distribution of positrons reemitte
from Bi, after being implanted atE5270 eV, at three different
temperatures.T5310 and 440 °C corresponds to liquid Bi. Th
fraction is independent of temperature, showing that there is
trapping of nonthermal positrons in the liquid phase.
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nonthermal positrons. The sample was measured at 31
152 °C ~solid In! and at 165 °C~liquid In!.

V. CONCLUSIONS

Using a vertical positron beam, we measured the Dop
broadening of annihilationg rays from positrons in six liquid
and solid metals. Preliminary results from Ga and Bi p
sented by Gramschet al.16 indicated large differences be
tween the solid and liquid phases of metals. From Dopp
broadening measurements, we calculated the diffusion c
ficient of positrons in liquid metals and the binding energy
positrons and positronium to solid and liquid metallic su
faces. The aim of this work was to extract information
density fluctuations of the ions in a liquid by measuring t
diffusion coefficient of positrons. We found that the diffu
sion length strongly depends on the density fluctuations,
the diffusion of positrons, at least in liquid Ga, is a hoppi
process between traps. For other metals, it is still relate
density fluctuations, but it may not be related to hopping23

This very interesting mechanism differs from the mechan
responsible for diffusion in solids, i.e., scattering wi
phonons.

We also were interested in the changes of the surf
potential caused by melting. Measurements of positron
formation, as well as of the fraction of nonthermal positro
released from the surface, allowed us to determine
change in the surface potential and the branching ratio
positrons or positronium.

The metals studied were Ga, Bi, Na, Sn, Pb, and In. T
primary reason for using them was their low melting po
and low vapor pressure in the liquid phase which allows
measure Doppler broadening at ultrahigh vacu
(;131029 torr) with a clean surface.

The S parameter was measured as function of the te
perature for all samples. Table II summarizes the bulkS
parameter across the melting point. These results show
the bulkS parameter (SM) is sensitive to whether positron
are freely diffusing or in a trapped state and are consis
with previous Doppler broadening9–11,15,55 and lifetime
experiments.12,13,44,56An appreciable change is observed
SM at the melting point. Metals that do not trap positrons
the solid phase~Ga, Bi, Na, Sn! show a large increase inSM
upon melting; we interpret this effect as due to the creat

TABLE II. Change in the bulk value of theS parameter below
and above the melting point. The largest change is observe
metals where positrons do not get trapped in thermally gener
vacancies in the solid phase. Changes in Ps fractionf o across the
melting point also are shown. The error is quoted in parentheses
corresponds to the last significant digit.

Metal
Sbulk

below Tm

Sbulk

aboveTm

F0

below Tm

F0

aboveTm

Ga 0.474~1! 0.488~1! 0.36~2! 0.36~2!

Bi 0.436~1! 0.439~1! 0.90~2! 0.91~2!

Na 0.539~1! 0.545~1! 0.28~4! 0.23~4!

Sn 0.447~1! 0.458~1! 0.79~1! 0.79~1!

Pb 0.430~1! 0.43~1! 0.96~1! 0.94~1!

In 0.446~1! 0.446~1! 0.91~1! 0.87~1!
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of centers that can trap positrons in the liquid phase. M
likely, these centers are regions where the ion density
lower than the average.

From measurements of theSparameter at the surface,Ss ,
we deduced that there is no change or only a small
across the melting point~within experimental error!, suggest-
ing that the branching ratio for Ps formation or annihilati
at the surface is not altered by a change from a crystallin
a disordered structure on melting. Furthermore, the cha
teristics of the surface state appear to be unchanged u
melting.

By fitting the temperature dependence of Ps formati
we obtained the formation energy of Ps and the binding
ergy of positrons to the surface. Both results are given
Table III, along with the theoretical calculations of bindin
energy by Nieminen and Hodges.52 The experimental results
are within 40% of the theoretical results. In contrast to so
of their calculations, a stable surface state (Eb.f1) was
found for all metals except Na.

The fraction of nonthermal positrons reemitted from the
metals was not affected by the transition from the solid
liquid phase. The reemitted fraction in Bi~for a beam energy
of Ei5270 eV), Na (Ei570 eV), Sn (Ei570 eV), and In
(Ei5120 eV) remained constant over a wide range of te
perature. The positron work function in all metals inves
gated is very large~2–5 eV!, which prevents low-energy
epithermal positrons from leaving the sample. These p
trons are more likely to be affected by a change in the nu
ber of traps25 due to melting or to an increase in temperatu
Thus the fraction that can escape is not very sensitive
melting or to changes in temperature.

Table IV summarizes of the diffusion lengths for the d
ferent metals investigated. The largest change in the di
sion length is observed in metals where the state of the p
itron changes from a Bloch-like state to a trapped state u
melting. In metals that trap positrons in thermally genera
vacancies, the drop in the diffusion length upon melting
small or nonexistent. In all liquid metals, the positron see
to be in a trapped state. Diffusion appears to be related
trapping in fluctuations in the ionic structure. The positr

in
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nd

TABLE III. Results from the fit to the thermal desorption of P
using Eq.~10!. Ea is the formation potential for Ps,Eb is the bind-
ing energy of positrons to the surface potential, andFe is the frac-
tion of nonthermal positrons reaching the surface that are emitte
Ps directly, after being implanted atE;0. f ts is the fraction
trapped at the surface,G is the desorption rate of positrons from th
surface at high temperatures, andl is the annihilation rate at the
surface state. The error is quoted in parentheses.

Metal
Ea

~eV! Fe f ts

G/l
(104)

Eb
a

~eV!
Eb

b

~eV!
Surface
states

Ga 0.35~3! 0.36~1! 0.55~1! 1.0~4! 3.19 2.3 yes
Bi 0.31~3! 0.38~1! 0.59~2! 0.5~1! 2.72 yes
Na 2.7 no
Sn 0.23~1! 0.467~4! 0.47~1! 0.05~1! 2.63 2.5 yes
Pb 2.8 yes
In 0.25~1! 0.47~3! 0.46~2! 0.8~2! 3.25 2.4 yes

aThis work.
bTheoretical work from Nieminen and Hodges~Ref. 52!.
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hops from fluctuation to fluctuation. The potential well of th
traps strongly depends on temperature, so that when
increased, the potential decreases and, therefore, the hop
motion increases.

In the liquid phase of all metals, diffusion length in
creased with temperature. In Ga, the increase is very
resembling a thermally activated process; all other me
showed a slow almost linear increase.

Using Seeger’s model,23 the increase of the diffusion
length in the liquid phase was fitted using Eq.~12!. Plots of
the diffusion length and the fitted results are shown in F
24, and the values obtained are presented in Table IV. In
metals studied~except Ga!, the positron seems to be in th
low-m1 state, with the effective positron mass being close
the proton mass. The effective mass is shown in Table I

The diffusion mechanism of positrons in liquids may be
combination of many diffusion modes:~1! a thermally ac-
tivated process that depends on the strength of the bindin
the trap, and also upon the availability of a void where
positron can jump, and~2! another mechanism that may r
sult from fluctuations in the size~and binding energy! of the
traps. In each metal, the relative importance of these me
nisms differs at different temperatures.

VI. FUTURE STUDIES

There are indications that melting of small metal clust
embedded in a larger metal host occurs at temperatures
low the melting point. The diffusion length andS parameter

TABLE IV. Diffusion length L1 results below and above th
melting point. The error is quoted in parentheses. The larg
change is observed in metals where positrons do not get trapp
thermally generated vacancies.m1 is the effective positron mass i
the low-m1 state;L0 is the constant defined in Eq.~12!.

Metal
L1 ~Å!

below Tm

L1 ~Å!
aboveTm

m1
a

aboveTm

L0

(Å/T1/4)

Ga 1200~100! 60~5!

Bi 500~40! 190~20! 0.8mp 40.0~4!

Na
Sn 750~50! 260~20! 0.2mp 66.1~7!

Pb 180~20! 180~20! 0.7mp 36.8~3!

In 245~20! 225~20! 0.6mp 49.5~3!

amp is the mass of the proton.
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in the bulk of a metal offer a unique opportunity to stud
melting of clusters or multilayers. TheSparameter length in
Bi, Ga, Sn, and Na is remarkably different in the solid a
liquid phase, offering an opportunity to study the tempe
ture dependence of the melting point of clusters of differ
sizes. Thus, if a cluster of any of these metals is embedde
another material with different bulk melting point, th
change inS parameter can reveal any deviation of the me
ing temperature of the cluster from the bulk melting tempe
ture.

Diffusion length offers the possibility of studying meltin
of overlayers of different metals. For example, a multilay
of Al/Sn/Al should show an increase in theSparameter if the
Sn layer melts, and simultaneously, there should be a la
decrease in the diffusion length of the Sn layer. If melting
thin layers occurs at temperatures below the melting poin
if a large number of defects are created, theS parameter or
the diffusion length should show a change different from t
in the bulk.

An interesting set of experiments is the study of surfa
melting. Recent studies73 show that the open-packed surfac
of Pb and Al lose their crystalline order a few hundred d
grees below the bulk melting point. A roughening transiti
is seen, even at lower temperatures. The thickness of
molten layer is only a few nm and increases logarithmica
as the temperature approaches the melting point.73 A useful
probe of this liquid layer is Ps formation. For several of t
metals studied~Bi, Na, Pb, and In!, a decrease in the P
fraction was observed upon melting. Because Ps is very
sitive to surface conditions, it may be an ideal probe
surface melting. A gradual decrease in the Ps fraction m
be observed in open-packed surfaces like Pb~110! approach-
ing the melting point because of the appearance of a liq
layer. In close-packed surfaces that do not show surf
melting effects, like Pb~111!, only a sudden decrease in P
fraction should be observed on melting.
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