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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 p&aheter
fraction of positronium formed at the surface, and the diffusion length of positrons in liquidsS pllameter
and the fraction of positronium created and released at the suffguarameterwere 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 th& parameter was measured in metals where positron trapping has not been
observedGa, Bi, and Sh In metals where positron trapping occurs in the solid phase, there is a small change
or none in theS parametefPb 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.[S0163-182609)09521-1

I. INTRODUCTION The sensitivity of positrons to changes caused by melting
was demonstrated by early angular correlatioh and

The study of liquid structure and its properties is impor-lifetime!?*2 studies of liquids. These techniques use high-
tant for scientific and technological reasons. For instancegnergy positrons from a radioactive source and probe the
many crystals are grown or refined from the molten statebulk region of the liquid. For several metals studied, the
and a better knowledge of the dynamics of impurities carlifetime increased 10—-40% on melting. In angular correla-
improve crystal quality. However, our knowledge of the lig- tion studies;* the proportion of conduction-electron annihi-
uid structure is much less than our knowledge of the crystallations relative to core annihilations was considerably higher
line structure of matter. This is due to the fewer techniquesn the liquid than in the solid phase. The changes observed
available to study liquids, as well as intrinsic difficulties in upon melting were qualitatively similar to those arising from
formulating models for therhiz® Liquid metals can be con- positron trapping at thermal vacancies in solids.addition,
sidered as an ensemble of ions and electrons in a disorderedarge change in annihilation characteristics was observed in
configuration with good electrical and thermal conductivity. metals where vacancy trapping does not occur in the solid
In contrast to a solid metal, there is no long- or medium-phasé? (for example, gallium and tin suggesting that the
range order. Short-range order is evidenced by a strong pealisorder creates regions of low ion density, similar to vacan-
in the pair correlation function as determined by x-ray orcies in solids, that can trap positrons. Metals that show large
neutron diffraction experimentsHerein lies the basic diffi- changes in angular correlation and lifetime in the solid phase
culty in formulating a model for a liquid: the theory must upon heating(for example, lead or indiuindemonstrate a
include the potentials between all pairs of ions. Simplifica-small or no change upon meltifg.
tions that might be included in the model reflecting a peri- In contrast to these techniques, which utilize positrons
odic arrangement of aton(as in a crystalline solidor to a  with a wide energy distribution JE>100keV), positron
completely disordered structufas in a gasare not appli- beams have narrow energyfe€10eV) distribution and
cable to a liquid. small size(a few millimeters.° Furthermore, positrons can

It is well known that positrons are strongly sensitive to be implanted into the sample at a depth that is known and,
vacancies and other open-volume defects in séliiech-  most important, can be controlled. Preliminary studies of lig-
nigues that use positrons as a probe, such as angular cortgd metals using low-energy positrons have shown several
lation or lifetime, have been extensively used to measurénteresting results indicating that this technique is very
formation energies of vacancies and other defects in soligowerful to study the structure of liquids.
metals®~® Because of the irregular arrangement of ions, a Upon melting, the metal loses its crystalline structure, be-
liquid can have regions of low ion density similar to vacan-coming a disordered array of atoms. There is an increase in
cies or voids in a solid. Therefore, positrons can be an ideghe number of trapgconsidered as regions of low ion den-
probe to study the structure and dynamics of these regions isity), and positron localization increases. Because the frac-
a liquid. tion of trapped positrons probably increases as the sample
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melts, the mean free path will be shorter than in the solicsurface of the liquid. Th& and F parameters are measured
phase and the diffusion coefficient will decrease. The diffu-as a function of temperature for several incident energies,
sion of thermalized positrons in solids is determined by theiand the results are compared to previous studies of positron
interactions with phonon%}7‘21impurities, or by trapping lifetimes and Doppler broadening in liquids. A surface state
(in vacancies, voids, or other defect® a defect-free metal, is shown to exist in some liquids, and positronium formation
the diffusion coefficienD , for positrons has a temperature iS Observed at several surfaces. -

dependendé of D, ~ T2 In some metals, at temperatures N Sec. IVB, we present results of diffusion length mea-
close to the melting point, positrons become trapped at thessurements in solid and liquid metals. The increase in the

mally generated vacancies, and the effective diffusion coef‘—jiffu.Sion Ienth with temperaure is. discussed in terms of
ficient decreases even faster. positron hopping between traps and is related to density fluc-

In contrast, in the liquids we studied, the diffusion coef- tuations in the metal or to thermal desorption of the positrons
’ ' from the traps. However, to obtain more quantitative infor-

ficient increases with temperature. This surprising result sug-

gests that a different mechanism is involved in the interacMation of the fluctuations in liquid metals, we still need a

tions of positrons with the liquid. Kanazaffarecently theoretical model relating the diffusion length to density

proposed a qualitative explanation for the increase with temfluctuations. .
We discuss our measurements of nonthermal positron re-

perature of the positron diffusion length in liquid metals. In "~ ; h ; £ liquid and solid IS |
this model, as the temperature increases, the effective magnssion from the surface of liquid and solid metals in Sec.

of the positron decreases due to the restoration of the sporlw\-/c' At ~50 eV, a S'T‘a” fra_ct|or_(5—15% is reemitted
taneously broken density around the positron. Sédgei- from Bi, Sn, and In. This fraction is unchanged upon melt-
gested that the interaction of the positron with a liquid is via'™9: _ , _

two polaronic states, with large effective masses that depend The_ conclusions and suggestions for future studies are
on the material. Upon heating, positrons that are in the high9'Ven in Sec. V.

m* polaron statgas in Ga increase their hopping motion,

therefore increasing the diffusion length. Positrons that are in . DIFFUSION MODEL

the lowim* polaron statgas in Bj have a diffusion length
with a weaker temperature dependence. ) i

To better understand the mechanism of diffusion in lig- When monoenergetic positrons from a beam reach ther-
uids, we systematically studied the diffusion characteristicgnal energiesEy= 3kgT, their spatial distribution within the
of positrons in several liquid and solid metals. A vertical Sample in the incident directiofz) can described by a Ma-
positron beam was designed and built to study low-meltingkhovian distributiod®
temperature metals under ultrahigh-vacuum conditions. Of 1
considerable interest to us was the study of surface defects P(2)= mz" exd — (2/20)™] 1)

(or regions of low ion densify positron and positronium zy' o b
states at the surface, and the relation between the diffusion . ) .
coefficient and density fluctuations in liquids. wherezo=2/I'(1/m+1); I is the gamma function. The dis-

In Sec. Il, we briefly discuss the different interactions of ribution is isotropic in a plane parallel to the surface. The
positrons with solid and liquid metals. The observable paMean implantation depthis assumed to be a power law:
rameters are defined in this section. We assume that the mo- —
tion of the thermalized positron is a random walk and de- z=AE, 2

scribe its motion with the diffusion equation. The fitting hereE is the incident energy of the beam aAds a con-
routine used to obtain the diffusion length of positrons ingtant, discussed below. The relati@ between incident en-

A. Diffusion of thermal positrons

liquid metals is described. . . ergy and mean implantation depth gives us a depth-sensitive
In Sec. lll, we describe the vertical positron beam and therobe which is essential for defect profiling, study of surface
unique characteristics that allow it to measure liquids. states, or surface melting. The value mfdepends on the

In Sec. IV, we present the experimental results. The Metanergy and varies from 1.16 at 3 MeV to 1.68 at 10 &P
als are separated into two groups according to whether or n@lom ~ Monte Carlo simulatiod and from studies of
the onset of trapping has been observed in the solid phasgytilayer structure®?’ it was found than~1.6 for posi-
The first group comprises Ga, Bi, Na, and Sn in which posyrons, but there are indications that this value depends on the
itrons do not become trapped in thermally generated vacangaterial2®
cies in the solid phase, but are trapped_ in the liquid phase. The shaping parameter is close to 2 as shown from fits
Consequently, there are large changes inSk@dF param- g Monte Carlo simulatiorf and from studies of multilayer

eters and in the diffusion coefficient. The second group issyrycture2® Following Ref. 6, in this paper we usé
formed by Pb and In, in which positrons become trapped at 4.0/p [ wglcn?].

thermally generated vacancies in the solid phase, and there
are no changes upon melting.

In Sec. IV A, the experimental values for the line shape
parameterS and positronium fractiorF versus energy are Before complete thermalization, a small fraction of posi-
presented. Using these measurements, we can determine thens can return to the surface or become trapped at defects
state of the positron in the solid or liquid phageeely dif-  in the bulk of the sample. In lifetime measuremefit?’ non-
fusing or trapped We discuss the sensitivity of positrons to thermal trapping of positrons was proposed to explain a drop
the melting transition and the formation of positronium at thewith temperature in\;, the annihilation rate of untrapped

B. Nonthermal positrons
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positrons. Nonthermal positron trapping in vacancies was

observed only recentfy®! and was shown to affect the
analysis of the diffusion length of positrons. These experi-
ments also showed that trapping is very efficient and can
occur faster than I0"s. A recent theoretical moddl
showed resonances in the trapping rate at energies of about
1-2 eV that can only enhance nonthermal trapping. The

Z|>

analysis of lifetime datd> as well as calculations of diffu-
sion length, is affected by the fraction of nonthermal posi-
trons.

Nonthermal positron and positronium emission are not in-

cluded in the diffusion model. The effect of nonthermal re-
emission of positrons in analyzing the diffusion length is
discussed in Sec. IV B.

C. Diffusion model

When positrons have thermal energies, scattering wit
phonons is isotropic, with typical mean free paths of abou
100 A. Since the mean free pattor positron scattering is
smaller than typical implantation depttebout 1000 A, it is

Counts (arb. units)

SN
515

510
Energy (keV)

FIG. 1. lllustration of the areas used to define 8¥ine shapg
arameterS=n/N.

bound stated® Therefore, a positron reaching the surface

will be reflected back to the bulk.

generally assumed that the motion of the positron is ad-

equately described by the diffusion equation.
Mathematically, this model of positron motion can be rep-
resented by the diffusion equation in one dimensiif:

*Np(z,1)

IN,(z,)
p\&=*/
=D.—

ot

+ _)\ef‘pr(Zat)a (3)
wherez is the distance from the surfacd, is the positron
density, D, is the positron diffusion coefficient\ =X\,
+\; is the effective annihilation rate of the positrog, is the
bulk annihilation rate, and; is the trapping rate. The for-
mula does not include thermal detrapping of the positron
which, in most solids, is small. We discuss the relevance o
detrapping in liquids in Sec. IV B.

By solving Eq.(3), we can obtain the fractioR of pos-
itrons that return to the surface for a given incident energy
The connection between theory and experiment is given b
Fs, and this value can be directly compared with the experi
mental results.

At the surface, the interaction of positrons with ions, sur-

face, and core electrons produce a potential well that trap

the positrons! Trapped positrons eventually annihilate with
a surface electron or form positronium an leave the surfac
During diffusion, some positrons approach the surface b
fore annihilation, where several interactions can o€cuf1)
Binding to the surface potential well2) Free reemission if
the positron’s energy is higher than its work functi¢n or
if ¢, is negative(W, Ni, Cu). This effect is more pro-
nounced at low energiesE(,.<4 keV). The signal from
these positrons can affect the analysis of the results and
discussed in Sec. IV B3) Positronium emission. If the sum

of the electron and positron work functions is less than the

binding energy of P$6.8 eV), positrons can pick up a sur-

e
e

D. Observables

The technique used in this study consists of measuring the
energy resolution of the annihilation therays. The spec-
trum obtained is a convolution of the energy resolution of the
detection system and the Doppler broadening of the annihi-
lating y rays (Fig. 1.

Because of the momentum of the electron at the site of
annihilation, the annihilation radiation exhibits a Doppler
shift around the mean energy val(&ll ke\). In a metal,
typical valence-electron energies are of the order of the
Eermi energy(3—10 eV}, core-electron energies are much

igher, while a thermalized positron has only a few meV
(~0.04 eV. A localized positron has higher energy than a
thermalized positron, but still much smaller than an electron.
Therefore, they rays resulting from the annihilation will

Yave a spread in energy and angle that is proportional to the

momentum of the electron only.
When positrons annihilate with core electrons, the Dop-
gler broadening is large because of the relatively large mo-
mentum of the core electrons, and the peak is broader. When
the positron annihilates with a low-momentum electfoon-
duction electrop the peak is narrow. These two effects are
characterized by the line shape param&eintroduced by
MacKenzieet al® and defined as the area of a central seg-
ment of the 511-keV peak divided by the total af€a. 1).
If there are various annihilation modés defects, bulk,
surface, or from Ps each with a probability;, having a
Iisne shapeS;, the observe®is
>SF;

= SFE (4)

face electron and be reemitted as Ps or as excited states of Ps

(Ps*, Ps™). Nonthermal positrons also can pick up an elec-
tron and be reemitted with higher energi€s) Internal re-

The superposition property of ti&parametef? Eq. (4) is
essential for studying the diffusion length of positrons be-

flection at the surface. The alkali metals have a low electrorrause the probabilit s of positrons reaching the surface can
density, perhaps reducing the extent to which the electronBe obtained by solving the diffusion equation. The probabil-
penetrate out into the vacuum. This, in turn, tends to create gy of positrons annihilating in the bulk is just-1F4, and
potential well outside the surface that is too narrow to havehe result from an experiment will be
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Where R[:: (TF_ PF)/TF y ROZ (TO_ Po)/To, and R]_: (Tl
—P;)/T4, which are independent of the beam’s intensity.

is the total number of counts of the spectrum below 511 keV,
andP includes only the counts under the photopélkis the
total number of counts whelR=1, andT, the counts when

is associated with positrons annihilating in the bulk. The secF=0. P, andP, are defined accordingly.

ond term, in general, has contributions from positrons anni-

hilating in the defect-free bulkS,,,) and trapped at defects
(vacancies, voids, efc.If F,, and F, are the free and
trapped fractions, the bulkS is given by Sy,=SF;

+ SpuiF buik -

R, is calculated from the total energy spectrum dhgl
from the 511-keV peak at high incident energi@hen no
positrons can return to the surfac€®; and R; are more
difficult to determine because their values have to be ex-
trapolated to zero incident energy, under very clean surface

The surface terns; has several contributions. Positrons conditions, at high temperature, and when all positrons are
can annihilate while trapped at the surface state, after formthermally desorbed as Ps. Even then it is difficult to deter-
ing Ps, or after being emitted as free positrons. Two types ofine Ry and P, with confidencé?

Ps atoms can be formed, each with a different decay scheme.

Twenty-five percent are para-Ps, the singlet spin state, which

has a short lifetimg~125 ps and decays via twoy rays;
thus, its signal falls into the 511-keV annihilation peak.

Seventy-five percent of the Ps are ortho-Ps, the triplet spi

state that has a long lifetim@42 ng, and decays predomi-
nantly via threey rays; thus, the signal has a distribution in

energy below 511 keV. Ortho-Ps atoms exist long enough t

travel far from the surface, and a small fraction is not de
tected. Only para-Ps atoms contribute to ®earameter.
Therefore, an expression f&at the surface is given by

1
Ss=7FoSest (1-Fo)Sss, (6)
whereF is the fraction of positrons arriving at the surface
that form Ps. Spgcorresponds to th8 parameter associated
with the fraction; F, of positrons that annihilate after form-
ing para-Ps(the fraction3F, that forms ortho-Ps does not
contribute toS; because the energy of each emitteday is

E. Fitting procedure
Equation(5) can be fitted to th& parameter data to obtain

Hwe diffusion lengthL , = yD, 7o Of positrons at a given

temperature. The fitting routine used in this work was devel-
oped by van Veeret al*! and is a fast numerical scheme

gesigned to solve the diffusion equati¢8). This scheme

allows several parameters related to the implantation profile

to be fitted: m, n, andA parameters, mean depth, trapping
rates, and electric fields in layered materials. The positron
diffusion parameters also are fittedS,, Ss, and the dif-
fusion lengthL , . The last parameter is defined in terms of
the effective lifetime and the diffusion coefficient,

= \/D4Jlr Tef- MoOre detailed information is given by van Veen
et al.

lll. EXPERIMENT

The experiments were performed with a magnetically

less than 511 ke S, is associated with the fraction (1 guided vertical positron beam designed to study the interac-
—F,) annihilating with valence electrons from the surfacetion of positrons with low-vapor-pressure liquids at ultrahigh
state. Because of the low center-of-mass momentum of théacuum??’® High-energy positrons are obtained from a ra-
Ps atom,Spis higher thanS,,. dioactive source and are moderated to a few eV. Subse-
In all metals that we studied, only a small fraction of quently, they are guided to the sample and implanted at the
positrons escape from the sample before complete thermaldlesired energy. The resolution of the beam is 1 eV at 200
zation(less than 14% at energies below 600 €Vhus theS ~ €V. The transport system, consisting of nine coils that mag-
parameter arising from nonthermal positrons that escape aritetically guide the positrons to the target, is mounted verti-
eventually return to the sample can be neglected. The megally to allow study of liquid samples. The source afd
sured nonthermal fraction is discussed in Sec. IV C. X B chamber can be floated up to 25 kV, while the sample is
The calibration factof) is the sum of the different anni- kept at ground or near ground potential.
hilation modes that contribute & The sample is located in the lower chamber, mounted in a
24-in. manipulator. The sample is heated with a noninduc-
tively wound W wire electrically isolated from the sample
holder. The maximum temperature to which the sample can
be heated is~600 °C. The temperature is measured with a
typeK thermocouple attached to the sample holder. Tem-

The positronium fraction, i.e., the fraction of positrons . ,
that forms positronium for a given incident energy and tem_perature fluctuations depend on the sample’s temperature.

perature, i (E,T) = Fo(E. T)F,. Because of the factdd in Above 150 °C, fluctuations from the set point are less than

o /0 L : 1°. At room temperature, the fluctuations are 2—-5°C. For
the definition ofS the positronium fraction is a nonlinear i h i< a lauid ni | hat fil iD
function ofS. cooling, there is a liquid nitrogen line that fills a small Dewar

The positronium fraction can also be determinedilo_sfogooéhe sample. The lowest temperature attainable is
experimentally*® ST .

A high-purity intrinsic Ge detector located outside the
chamber, on one side of the sample, is used for measuring
Doppler broadening and the positronium fraction. The reso-
lution obtained with this detector is 1.4 keV full width at half

3
Q=(1-F+Fg 1~ ;F (7)

0 .

P; (Re—Rp)| !

F={1+ - |
Po (Ri—Re)

8
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TABLE I. Lattice structure and other physical characteristics of 055
the metals studied. oreorthorhombic, rhirhombohedral, :
bcc=body-centered cubic, fettetragonal, and fceface-centered 0.54 f
cubic. Z is the number of valence electrorig;, is the melting tem-
perature. Trapping refers to trapping in thermally generated vacan-
cies in the solid phase.

: EREN
EEEEEEI L] 3 itd ]

o =25eV(<50A)

f=d

w

[
T

B o5 4 =15keV(130A) ]
T Trappin o - ]
‘ m  Trapping g + =20keV (8200A)
Metal Lattice V4 (°C) in vacancies £ 050 3
G 3 29.8 o Fmirzsgt FEax FE T
a orc . no 049 F Ty pox ]
¥ ¥ ¥ ¥ x ]
Bi rhi 5 273.3 no oush B i TR
Na bce 1 95.7 no e 111111-;,5; .
Sn fct 4 232.0 no 047F m 3
Pb fcc 4 327.5 yes 0.46 Buww, TR L |....l.....| ......... Levnivns T Lo Lo Leiisin
In fot 3 156.6 yes 40 20 0 20 40 60 8 100 120 140 160
Temperature (°C)
maximum(FWHM) at 477 keV (Be sourcg FIG. 2. Sparameter in Ga for three incident energies as function

A p-i-n photodiode coupled to a G3l) scintillator is  of temperatureE=25 eV corresponds to positrons implanted close
located below the sample and monitors the stability of theo the surfaceZ<50 A), E=20keV are positrons implanted in the
beam. When the beam does not hit the sample, more poshulk (z=8200A), and E=1.5keV positrons implanted &z
trons annihilate in the bottom of the chamber, increasing the=130 A; this curve has contributions from positrons annihilating in
count rate in this detector. the bulk and surface.

Liquid samples present geometric constraints; the sam-

ple’s surface must be horizontal. Therefore, the surfacgy occur in all metals. For untrapped positrons, diffusive mo-

analysis equipment must be usable without rotating theion could be related to lattice scattering, as in the solid
sample; this configuration is achieved by mounting the Auphase.

ger analyzer and low-energy electron diffractiGnEED)
system vertically. An ion gun is located in the same chamber
and allows cleaning the sampie situ.

The beam transport is achieved with a magnetic field of
~100 G produced by nine solenoid magnets. A gradient in a. Gallium.Solid and liquid gallium has been studied us-
the field is established to focus the beam and reduces iifg positron lifetimé® and angular correlatidfi techniques.
cross sectional area at the sample. Previous measurements of the parameter in liquid and

The current in the two solenoids positioned above thesolid Ga using a positron beam did not show a significant
sample is controlled by computer. When the incident energylifference between these pha&&slowever, our preliminary
of the beam is changed, the area of the spot and its positiostudy of solid and liquid Ga shows a large difference in$he
changes slightly. To correct this effect, the magnetic fieldparametef®
produced by two magnets above the sample is adjusted for Gallium is an interesting metal because it has a low melt-
each incident energy. The effective diameter of the beam dng point, 29.8 °C, and it contracts 3.1% on melting; its vapor
the sample is~3 mm. The beam moves sideways less than Zpressure at 500 °C is only>210™° torr. These characteristics

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

mm when the energy varies from 100 eV to 25 keV. allow studies over a large range of temperature in the liquid
phase at ultrahigh vacuum<{0 °torr). The Ga sample
IV. RESULTS was obtained from ROC/RIC, Ca, 99.999% purity. Before
placing it in vacuum, it was etched in 50% nitric acid, 50%
A. Temperature dependence ofSand F distilled water*® until its surface became shiny. Then it was

We studied several liquid metals to identify the variablescooled under vacuum te-10 °C, sputtered with argon at a
that contribute to the diffusive motion of positrons. As with pressure of & 10™“torr for 1 h, and annealed at 500 °C for
solids, we expected that positrons will diffuse freely or bel2 h. No trace of contaminants was detected with retarding
trapped at defects or at the surface of the liquid. field Auger-electron spectroscopy. This cleaning procedure

The metals studied can be classified according to the stawas performed on all samples before any of the measure-
of the positron in the solid phase. The first group of metalsments; the Auger spectra did not show contaminants for any
Ga, Bi, Na, and Sn, is composed of those in which thermapf the samples. The spectra are not shown here to save space.
vacancy trapping has not been observed in the solid phase, The S parameter was measured as function of the tem-
either by lifetime studig$*?*3 or by angular correlation perature at three incident energi€sg. 2). The three curves
studies?>*®>** The second group, Pb and In, is composed ofcorrespond to positrons implanted close to the surface
those where positron trapping is observed at thermally gen<50A (E=25eV), in the bulkz=8200A (E=20keV),
erated vacancieS. Table | shows some of the relevant prop- and at an intermediate point where there are contributions
erties of these metals. from the surface and the bulk~130A (E=1.5keV). The

In the liquid phase, most likely there are regions of lowmean implantation depth was calculated from the incident
ion density with varying sizes. Therefore, trapping is likely energy using Eq(2).
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L e e A AR AAAAN A AARAL LALAL RAA AR whereF, is a fraction of the nonthermal positrons that reach
0of ° 25eV(<50A : R the surface and are emitted as Ps dire¢tignthermal Ps
osb ° 13keV30A) F The second term in Eq10) is the fraction of positronium
E T 2(_) ke_V (82004) Ga ] emitted from the surface state, withy being the fraction of
07 p— Fitusing eq. 10 E positrons trapped at the surface. It is generally assumed that
5 06F 3 the desorption raf@*° is I exp(—E,/ksT), where\ is the
B o5k 3 annihilation rate of positrons trapped at the surface state. The
g oak 3 model has been fitted to the experimental values of the Ps
= z z ] ] fraction in Fig. 3 with a nonlinear fitting routine, usirkg,,
=03 £ zf 3 fis, E4, andI'/\ as free parameters. The solid line in Fig. 3
02F  ZuEEE 3 ] shows the fitted results, which aie,=0.35(0.03) eV,F,
o1k T 3 =0.36(0.01), f,s=0.55(0.01), andI'/\=1.0(0.4)x 10"
3 it ] These results are also shown in Table Il
OO, Sewmmgpes s r *: 2 % 222 2. 2.

The electron work function in metals depends on the crys-
tallographic direction of the surface; the difference between
T Temperature (°C) different orientations is about 5%. However, the values of
the work function obtained by different experimental
methods! also differ by 5%. Therefore, we used the average
from different orientations. From Ashcroft and Merniin,
the electron work function in Ga i$_=3.96 eV. From Eq.
(10, we obtain for the positron binding energ,

) =3.19(0.03) eV. This value is higher than the theoretical
The S parameter at the surfac& {25 eV) does not sig- ,oe E,=2.3eV, obtained by Nieminen and Hodd®s.

nificantly change at the melting temperature, suggesting thglq,yeer, these authors used an averaged electron density to
the ratio of positrons forming Ps or annihilating at the sur-yatermine the correlation enerd§,o, and it was shown

face is not altered; i.e., it is independent of the crystallingge 53 that this method gives variations in the absolute val-
structure. The small fluctuation observed at the melting POINfaq of the positron work function of up to 1 eV.

could be associated with changes in the geometry of the
sample or by partial melting due to variations in temperaturg, positrons implanted &~ 130 A. This curve has contri-

across the material; also, solid and Ilqwd_phase_s in Ga C3futions from positrons that annihilate in the surface and in
coexist at temperatures close to the melting point. Interesty o pulk. In Ga, the fraction of trapped and free positrons

ingly, the density of electron states increases significhtly increases upon melting and tiSeparameter drops because

near the Fermi energy when Ga ”.‘e'ts’ suggesting that the,’fgwer positrons can reach the surface, indicating that the dif-
are more energetic electrons available to pick up the POSk <ion length reaches a minimum

trons and form positronium; an increase in positronium for- b ik value ofS for Ga in Fig. 2 €,.=20keV) in-

mation was expected on melting, but this was not observeq o e 4t the melting point due to positron trappfidAn
The positronium fraction curves are shown in Fig. 3 forincreasézin the bulk lifetime of Ga, from 190 to 260 ps, also

the same incident energies. The first cunié=25eV) suggests that positrons become trapped in liquid Ga. We note

shows that positronium b_egins to b_e ”_‘efma”y desorbed ghat these traps do not affect positrons annihilating at the
~50°C. Thermal desorption of Ps in liquids has not beensurface' because no change is seeB.in

observed previously. These data show that a positron surfac

. . € In solid Ga, positrons do not get trapped in thermal
state can exist on disordered surfaces. The small change o qje# possibly because Ga has a very open-packed
positronium fraction at the melting point could reflect local

i : ities bei | df th ‘ structure; orthorhombic Ga has a coordination nurtibi,
meV\;ggtSrrnITg\l/Jvntloez el:r;?wtir;"[ai\?:etrea:?nr?enteo?uroi(i:tfbnium:7' Therefore, because of the large separation between at-
) a at ent of pos oms, potential wells capable of trapping positrons either are
desorption. The activation energy of positroniugy,, is re-

lated 1o the bindi f i o th f i not createtf or they are too shallow. On melting, Ga con-
ated 1o the binding energy of positrons 1o the surtace trapy ;g by 3.1%, and the coordination number increases to
E,, the energy necessary to extract an electron from th

. =9-10%" Despite this decrease in the average inter-
A C

surface,g&,, and the energy releas¢@.8 eV) when Ps is atomic spacing, previous studies showed that trapping does
created in a vacuutf

occur in the melt?

Kishimoto and Tanigawa® two-parameter correlation of
E,=¢_+E,—6.8 eV. (9) the lifetime of positrons and energy of the annihilation radia-
tion suggests that more than one annihilation mode coexists

Typical values ofE, are 2—3 eV. The activation energy for in the melt. One mode is short lived, with a narrow momen-
desorption of positroniumE,, can be calculated by fitting tUm distribution, which is attributed to trapping and annihi-

the temperature dependence of the fraction of positrons afétion in solidlike clusters in the liquid; the other is long
riving at the surface that form P& lived, with a broad momentum distributicn,attributed to

trapping in vacancylike defects. These two modes of annihi-
lation also were evident from the small decrease in the life-
F(E,T)=F + I exp(—Ea/kgT) f (10) time of positrons in liquid Ga as the temperature increaed.
' e N+l exp(—E,/kgT) ' Our results show only a small decreaseSjp as temperature

50 0 TSO 100 150 200 250 300 350 400 450 500

FIG. 3. Positronium fractioriF) in Ga as function of tempera-
ture. The first curve is foz<50A, the second curve is far
~130A, and the lower curve is f@~8200 A. The solid line is a
nonlinear fit using Eq(10).

The curve aE=1.5keV in Fig. 2 shows th& parameter
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FIG. 5. Positronium fraction in Bi as a function of temperature
at the same incident energies as in Fig. 5. The solid line is a non-
linear fit using Eq.(10).

FIG. 4. Sparameter for Bi plotted as function of temperature for
three incident energie€=200eV corresponds to positrons im-
planted atz<50A, E=5keV to positrons implanted at

~540 A, andE=25 keV corresponds fa~7040 A. ) ) N
of the positrons reaching and annihilating at the surface of

solid. Upon melting, all positrons annihilate in the bulk
the sample.
The curve atE=25keV in Fig. 4 g~7040A) shows a
slow increase with temperature and a small jump upon melt-
ing. There are two competing effects in this jump. One of
: : ; . them is the decrease in the positronium fraction in the liquid
por  pressure just above  the —melting point is (it can be seen in Fig.)6which tends to reduce tH&param-

~1x10 torr; its density at room temperature is 9.8 ) ; .
glcn?. The Bi sample was obtained from Aesar/Johnsorfter: The other effect is probably an increase in vacancy

Matthey, 99.9999% purity. Before placing it in the vacuum,trappingt‘7 or a change in the electronic configurafidwhich

it was cleaned with a procedure similar to Ga. tends to increase tif@parameter. The last effect is dominant
As in Ga, previous studies with BRef. 56 showed that becaused_the tota] Chan?lf II'S posTve..h | i .

there was no trapping of positrons in thermally generated C'OSO_ liumNa is an alkali meta \f,v't ' a ow_rr;e ting point

vacancies in the solid phase. Therefore, in solid Bi, the buli®®-7 “C; its vapor pressure at 130 °C~stx 10 “torr. The

S parameter increases slightly following the thermal expanY@POr pressure increases very rapidly as temperature in-
sion of the lattic&® creases. Therefore, we could only obtain measurements be-

The S parameter(Fig. 4 at low incident energyE low 250 °C. Sodium reacts easily with oxygen and hydrogen,

=200 eV corresponds to positrons implanted close to the suralnd is very hard to keep clean, even at a pressure of
face Z<50A). This curve starts to increase aB0 °C and
levels off above the melting point. At the melting point there
is @ jump which is due to a small increase in positronium /.t o 100V (<504) Na
fraction. This increase is seen in Fig. 5. T 4 25keV (71000 A)

The curve atE=5 keV in Fig. 4 shows thé& parameter .
from positrons implanted &~540A and has a similar be-
havior as for Ga. At the melting point, tf&parameter drops
because fewer positrons can return to the surface, indicating
that the diffusion length decreases on melting. g

The positronium fraction is shown in Fig. 5 for the same w
incident energies as Fig. 4. The formation of thermally acti-  os4f .
vated Ps is clearly seen in the curveeat 200 eV. Using Eq. { ]
(10), the curve aE=200eV in Fig. 5 can be fitted to obtain i Ta
the formation energy of positronium. The results obtained F l ]
are E,=0.32(0.03) eV, F,=0.38(0.01), f;s=0.58(0.02), S oo e T e Tse
andI'/A=6(1)x 10%. The solid line shows the fitted results
(see also Table I}l The electron work functict of Bi is
¢-=5.4eV. Using Eq(9), we can obtain the binding en- [, 6. S parameter in Na for positrons implanted close to the
ergy of positrons to the surface trap, which B,  surface E=100eV) and deep in the bullEE 25 keV) as a func-
=2.72(0.01) eV. tion of temperature. Both curves show similar features and are close

The change in positronium fraction at the melting pointto each other, indicating that positrons annihilate in the bulk in both
seen in the third curve of Fig. FEE 25 keV) reflects~3%  cases. The solid line is a guide to the eye.

increased; so we cannot conclude that there are two modes
annihilation. Rather, they could reflect an increase in thé®
average size of the traps.

b. Bismuth Bi is a semimetal with low melting point,,
=273.3°C, which also contracts on melti8;3%. Its va-

8 ossf ‘
g 4

Temperature (°C)
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FIG. 7. Positronium fraction in Na as a function of temperature
for the same incident energies as in Fig. 6. FIG. 8. S parameter for solid and liquid Sn as function of tem-
perature at three incident energi&= 100 eV corresponds to pos-

g . " itrons implanted az<50 A, E=3 keV corresponds ta~320 A,
2X 10" "torr, our normal running conditions. Therefore, to _ =55 o\ corresponds f@~9450 A.

ensure a clean sample, a sealed ampule from Aesar/Johnson

Mathey, 99.95% purity, was inserted into the vacuum sys- |n Fig. 7, the Ps fraction is plotted as a function of tem-
tem. When the pressure reached X 10 °torr, the tip of  perature. At low incident energies, a small fraction is des-
the ampule was broken and heated until liquid Na pouregrbed from the surface, which, we believe, is due to nonther-
into the sample holder; a large, clean meniscus was obtaineghal positrons. The decrease upon melting may be due to a
The surface subsequently was cleaned of impurities by skimdecrease in the density of electron states at the Fermi energy,
ming it with a flat, stainless-steel blade. Auger spectra takewhich reduces the probability of picking an electron to form
before and after measurements showed that the surface of ths.

sample remained clean. d. Tin.Sn is a metal with a low melting point 232.0 °C. Its
Previous theoretical studi¥s*® predicted a large positive density is p=7.3g/cnd, and its vapor pressure dt
value for the positron work functiong, =5.6eV for so-  =900°C is~1x10 ®torr. Previous studié&®® showed no

dium, and a positive value for the positronium work func-vacancy trapping in the solid phase, even at temperatures
tion, ¢ps~0.4€V. Therefore, no positron or positronium close to the melting point.
emission from the surface was expected. In addition, it was The S parameter, measured as a function of temperature
calculated that there would be no bound states at the surfager three incident energies, is shown in Fig. 8. As with Ga
because the potential is too narrdfvin consequence, all and Bi, we can calculate an approximate implantation depth
thermal positrons reaching the surface from the inside of th@sing Eq.(2). The curve aE=100eV corresponds to posi-
metal would be reflected back and eventually annihilate inrons implanted less than 50 A from the surfaBe= 3 keV
the bulk. This effect can be seen in Fig. 6, where we ShOV‘torresponds to positrons implanted Z2~320A and E
the Sparameter for two incident energies. The figure shows a- 25 keV to positrons implanted @&~ 9450 A.
very small differen(E between positrons implanted close to | the solid phase th8 parameter foE = 25 keV does not
surface E=100eV,z<50A) and positrons implanted deep change appreciably when the temperature increases, indicat-
into the bulk €=25keV,z=71000A) because most anni- ing that there is no trappiA§in thermally generated vacan-
hilate in the bulk. The solid line in Flg 6is a guide to the cies. Seegéf argues that Sn is a metal with narrow ion
eye. cores, which preclude vacancy trapping of positrons because
The higher value of th& parameter folE=100eV than  the potential well formed at a vacancy is too shallow. The
for E=25keV is associated with nonthermal positroniumadius of SA* is 0.71 A, which is small compared with the
formation. Figure 7 also shows a small fraction(obnther-  interatomic distance€2.8 and 3.02 A The lifetimé**3in
mal) positronium(~20%) in the solid and liquid phases.  solid Sn wasr~202ps, and no trapping was observed at
The increase at the melting point of tieparameter for  thermally generated vacancies. Dedoussial %° later found
both curves is associated with positron trapping in liquid Nag small increase in the lifetime before melting, which they
(same as Ga and BiAs mentioned before, trapping in solid attribute to trapping by thermally generated vacancies. We
Na has not been observed: trapping in liquid Na was obgid not find an increase in tféparameter below the melting
served with lifetime techniquéd.In those experiments the temperature within the error of the measurement. At the
lifetime increased from=263 to~278 ps upon melting. melting point, there is a2% increase in thé& parameter,
The measure& parameter is thus given I8= Sy, which  which indicates positron trapping. Early angular correlation
is independent of the incident energy. In consequence, it istudied**°also indicated vacancy trapping in liquid Sn. We
not possible to extract the diffusion length from the experi-found no published experimental values for the lifetime in
mental data. liquid Sn.
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FIG. 9. Positronium fraction for Sn, for the same incident ener- FIG. 10. Experimenta$ parameter data for Pb plotted against
gies as in Fig. 8. No change in Ps fraction is observed at the meltintemperature. The top curvéE 200 eV) corresponds <50 A,

point; see discussion in text. the second curveH=5 keV) corresponds t@~460A, and the
third curve E=25keV) is forz~6050 A.
The S parameter curve aE=100eVv in Fig.. 8 —(Z_. 2. Measurements of S and F for Pb and In as a function
<320A) does not change significantly at the melting point. of temperature

The small jump most likely reflects changes in the surface
geometry. There is a continuous increas&Jmvith tempera-

ture (even after meltingthat is associated with thermal Ps
desorption. Figure 9 shows the Ps fraction as function o

temperature for the same incident energies as Fig. 8. It can Pb has been studied with angular correlafiof?
be seen that desorption continues in the liquid phase. lifetime.® and positronium time-of-fligf techniques.

Upon melting, no difference is seen in Ps formation jte(ime® studies showed trapping of positrons in thermally
(curve for E=100eV). The electronic density of states generated vacancies, starting froml50°C and reaching
(DOS for B-Sn on the average does not differ much fromgatyration close to the melting point. Angular correlation
the liquid DOS’* However, the DOS fo-Sn has a mini-  studied® in bulk Pb showed similar behavior. Upon melting,
mum at the Fermi energy that is not seen in liquid’$fihus  an increase in the coincidence count rate at the peak of the
measurements of Ps formation across the melting point fosngular correlation curvéhis is equivalent to th& param-
a-Sn should yield an increase in the Ps fraction. In our meaeten shows that the nature of the traps change. It is not clear
surements, polycrystalline Sn was used, a mixturex®&n if this change is related to an expansion of their size or the
and -Sn, which may be the reason that we do not see appearance of a new kind of trap.
change in Ps formation. Figure 10 shows th& parameter as function of tempera-

The Ps fraction curve &=100eV in Fig. 9 can be fitted ture in Pb. As in the other metals, the three curves corre-
with Eq. (10); the resulting values arE,=0.23(0.01) eV, spond to positrons implanted 250 A (E=200eV), afz
F.=0.467(0.004), f,c=0.47(0.01), andl'/A=5(1)x10? ~460A (E=5keV), and atz~=6050A (E=25keV). A
(see Table Il. The solid line shows the fitted results. Using small increase is seen in th® parameter curve foiE
Eq. (9) and the value of the electron work functidrior Sn, =200 eV, which could be due to thermal desorption of the
¢_=4.4eV, the positron binding energy isE, small fraction of positrons that are trapped at the surface. It
=2.63(0.01) eV, which is very close to the theoretical valuecould be also due to a change in the characteristics of the
of E,=2.5eV>? surface trap. Time-of-flight experimefitsshowed that the

Jeanet al®! found the activation energy of Ps in Sn to be positronium work function is negative, so that most positrons
E,=0.38(0.02) eV, which is 50% higher than our values.reaching the surface form positronium at all temperatures.
However, their measurements were made below the meltinghis conclusion was confirmed by our measurements of the
point, and our results show that Ps desorption continues iRs fraction aE=200eV in Fig. 11 that shows a high posi-
the liquid phase. This difference could introduce an error intronium fraction at all temperatures. This curve also shows a
their calibration of Ps fraction at low incident energi€y ) small decrease in Ps fraction at the melting point. However,
giving an incorrect value in their fits of the activation energythe electronic DOS in liquid PtRef. 79 increases at-2 eV
of Ps. In addition, the difference i, could result from its below the Fermi energ¥# and decreases at4 eV below
dependence on the crystallographic face. Jeaal® used Er: so it is difficult to determine the effect of the change in
crystalline Si110), while our measurements were made withthe DOS.
polycrystalline Sn. Differences of 25% have been observed The curve aE=25keV in Fig. 10 shows a small increase
for E, in different faces of Ad. These effects could account starting at 150 °C, reflecting the onset of trapping in ther-
for the 50% difference in the activation energy. mally generated vacancies. Trifthger's resultS show an

a. Lead.Lead has a low melting point of 327.5 °C, and its
vapor pressure at the melting point+s6.5x 10" °torr. Its
ensity is 11.4 g/crhat room temperature, and it expands
.5% upon melting.
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FIG. 11. Experimental values of the positronium fraction for Pb,  FIG. 12. S parameter curves in solid and liquid In for three
for the same incident energies as Fig. 10. A small decrease is seémplantation depths:z<50A (E=150eV), z~240A (E
upon melting in the curve foE=200eV. =2.5keV), andz~9400 A (E=25keV).

appreciable increase in the angular correlation curve at thee20°C. As in the other metals, th® parameter does not
melting point. We do not observe such a large differencechange appreciably upon meltiigxcept for a jump due to
because our resolution function is wider than in angular corchange in the geometry of the sample or release of impurities
relation measurements. The formatie#% of Ps(seen in  from the surfack
Fig. 11, forE=25keV) is not enough to change the value of ~From the data dE=150eV in Fig. 13, we can see that the
the S parameter below the melting point. Ps fraction decreases slightly upon melting. Also, the elec-
The S parameter results &=5 keV in Fig. 10 show that tronic density of states decreases slightly-dteV below the
the fraction annihilating in the bulk and the fraction annihi- Fermi energy’ upon melting; so there are fewer electrons
lating at the surface are unchanged upon melting, indicatiniy/ith energy close to the Fermi energy available to form Ps.
that the diffusion length is very similar below and above theThese effects may explain the decrease in the Ps fraction.
melting point. The S parameter curve foE=2.5keV in Fig. 12 de-
The positronium fraction curve at low incident energy creases in the solid phase with temperature, indicating that
(E=200eV in Fig. 11 shows a small decrease upon meltingthe fraction of positrons that reach the surface decreases as

that can reflect a decrease in the density of electron s7l”ates.the temperature increases. This effect also indicates that the

The formation energy of positroniunk,, and the binding diffusion length decreases. This is very clearly seen in the
energy of positrons to the surface potenti),, cannot be measurements of the Ps fra_lctlon in F|g._13, where_ the curve
calculated because only a very small percentage of positrorl@" E=2-5keV shows a rapid decrease in Ps fraction.
remain at the surface to be later thermally desorbed as posi- The'S p?‘famewr curve & =25keV and.below the.m'elt'-
tronium. This small fraction does not allow fitting with Eq. Ing point in Fig. 12 corresponds to positrons annihilating
(10).

b. Indium In has a low melting poinT ,,=156.6 °C and a :
vapor pressure at temperatures close to the melting point of ~ 09
1x10 *?torr. Thus In can be studied over a wide range of 08}
temperatures under UHV conditions. Its density is 7.31 07k
g/cnt. Upon melting, its volume increases by 2.7%. Indium 06k
has been studied with angular correlatidf and lifetime
techniques:*3%° As with Pb, an increase in the lifetime in-

10 ¢

05 F

parameter

dicates trapping in thermally generated vacancies. Upon 0'4; s o 150eV(<504)
melting, the coincidence count rate of the angular correlation -, 03 s 25keV(2404)
curve increases, suggesting that the size or type of the trap- 02F « 25keV(94004) 7
ping centers changes or that the fraction of trapped positrons ;£ Fit using eq. 10 3
increases® L ———— e,
The curve forE=150eV in Fig. 12 corresponds to an 0oF T Wefarrtoe fouow s 3
implantation depth 0E<50A, the curve aE=2.5keV is B P e— PP o0 00 Py 00

for Z=240A, and the curve atE=25keV is for Z
~9400A. At E=150eV, theS parameter increases with
temperature and is associated with thermal desorption of FiG. 13. Positronium fraction curves in In at the same three
positronium. Figure 13 shows the positronium fraction for different implantation depths as shown in Fig. 12. The decrease in
the same incident energies as Fig. 12. The curveEat Ps fraction forz<50 A is consistent with a small decregd&ef. 47)
=150eV shows that Ps starts to be thermally desorbed &t the DOS at 1 eV belovE .

Temperature (°C)
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800 ] function to be¢,=2.6eV. They predicted that a surface
F % ] state cannot exist in In. But our results in Fig. 13 show the
00 E existence of a surface state in liquid and solid In.
600 | Bi -
Ef 500 | i h B. Diffusion length
g" a00 b 5 ] 1. Analysis of diffusion data
§ 300k s ] For all metals we investigated, the diffusion length in the
& o ] solid phase decreases with increasing temperature, decreases
a 200 F . : 3 or remains constant on melting, and then increases with fur-
- ] ther increasing temperature in the melt. As in Sec. IV A, our
100 £ E results are discussed separately according to the state of the
of . , T positron in the solid phase below the melting point. The first
0 1 2 3 4 5 6 7 group is the metals, Ga, Bi, Sn, and Na where positrons do
Cut-off energy (keV) not get trapped in thermally generated vacancies; the second

group is Pb and In in which positrons are trapped at vacan-

FIG. 14. Fits to theS parameter data in Bi af=408°C. The  cjes in the solid phase.
diffusion length was calculated witrepFTT, selecting different cut- The diffusion length was obtained by solving numerically
off energies to start the fit. Eq. (3) and fitting it to the data. The routine used WeFIT,

developed by van Veest al*; the fitted parameters were
primarily in the bulk. At this implantation energy there is a the fractionF of positrons reaching the surface, the diffu-
small fraction of positrons that can diffuse back to the sursjon lengthL . , the S parameter in the surfac®, and theS
face and annihilate there. This effect can be seen morgarameter in the bul§, . The parameters defining the Ma-
clearly in Fig. 13. The positronium fraction even Bt  khov profile,m andn, were fixed for each metal, following
=25keV is about 2—3 %, just below the melting point. Schultz and Lynr‘?_

Figure 12 also shows a small increase below the melting TheF andS parameters were measured versus energy for
point in S for E=25keV when the temperature increases.several temperatures of interest. The model, described in
This effect, seen before with angular correlationSec. I, was fitted withvEPFIT to the positronium fraction
techniques;!®shows that positrons become trapped in ther-data, calibrated according to the procedure described in Sec.
mally generated vacancies. An early stlayf lifetime in 1D, to obtain the fractiorF,. The S parameter arising from
solid In revealed an increase from200 ps at 25°C, to 250 Ps annihilation §,9 was extrapolated from the curves $f
ps at 150 °C(just below the melting poit Crisp et al!®*  as function of energy. At high temperatures, with low inci-
found that the bulk lifetime in In was,=182ps. Close to dent energy, and in a clean surface, more than 90% of the
the melting point, they found a vacancy lifetime @f  contribution to theS parameter will come from para-
=240ps. Kishimoto and Tanigawaalso showed that the positronium. The value obtained w8ss=0.62, extrapolated
lifetime increases as the temperature increases from 220 ps&tE=0
25°C to 260 ps at 130 °C. Very close to the melting point, Subsequently, thé& parameter data was fitted with Eq.
there was an additional fast rise in the lifetime, which they(5), using the estimateSp.and the deduceB, as an input to
attributed to formation of divacancies or to the presence ofhe program. These values are included in the calibration
impurities in In. factorQ [Eq. (7)]. The diffusion length, obtained from fits to

Although the lifetime values from different experiments the F parameter, is not reliable because accurate calibration
differ, they all show an increase that can be attributed tGactorsR,, R;, andP;/P, cannot be obtained. These pa-
positron trapping in thermally generated vacancies. Theameters are also very dependent on the condition of the
change in angular correlatibhbelow T, and the small surface, which can change during the experiment. Therefore,
change upon melting indicate that positrons annihilate fronwe show only the diffusion length obtained from fits to ®ie
trapping sites in the melt. The change that they observegarameter.
upon melting is probably due to a variation in the kind of To estimate the error in the fit due to the contribution
traps®® from nonthermal positrons, a grid was placed in front of the

The Sparameter foE=25keV (Fig. 12 does not change sample and biased t©50 and—50 V. For each bias, thg
at T,,. We cannot observe a difference between solid angharameter was measured as function of energy, using the
liquid In with the S parameter because of the large experi-same energies as those used to measure the diffusion length.
mental error. With a bias of +50 V, any nonthermal positron that is re-

The solid line in Fig. 13 shows a fit to the positronium emitted from the sample will return to it. These positrons
fraction curve using Eq10), to obtain the activation energy have less energy than the incident positrons, and they will
of Ps: E,=0.25(0.01) eV, F,=0.47(0.03), fis tend toincrease the value of tBat low incident energies. A
=0.46(0.02), and T'/A=8(2)x10°. The electron fit to these data will give a smaller diffusion length. With a
work-functiorrtin In is ¢ = 3.8 eV; therefore, from Eq9), bias of —50 V, nonthermal positrons are removed from the
the binding energy of positrons to the surface staté&js sample and a fit to these data will give a higher diffusion
=3.25(0.01) eV. Nieminen and Hodgésalculated the pos- length. The difference in the diffusion length between the
itron binding energy to b&,= 2.4 eV and the positron work +50 and—50 V will give an estimate of the error.
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FIG. 15. S parameter in Ga as function of incident energy for s . o
different temperatures. These curves were fitted to obtain the diffu- G- 16. Sparameter foff =600 °C, with a grid in front of the
sion length vs temperature. sample biased at three different voltages. These data were used to
estimate the experimental error from nonthermal positrons in the

40 fitting routine.

Huomoet al.™ proposed another method to analyze $he
and F parameters when nonthermal positrons are presen
They chose a minimum implantation energy for the dat
analysis and assumed thaits a nearly linear function of.
The deviation from linearity is mainly associated with NON- |itatime in solid Ga given by Segewt al,** r=193(5) ps.
thermal positrons reaching the surface. Also, they consider he result isD , =0.75(0.06) cri/s Iarge,r than the theoret-
only energies above that where such deviation occurs. How- to ' 17 B 2
ever, the assumption of line&r with Sis only valid for f ical value obta_med by Bergersm al.” of D =0.4 crrifs.
<g).3. (ﬁne problemhwith the methor(]j off_ Huc_)moal. is ;hart] :6%?;’;1 Amglt:;r;%ngtgeof (ggljzlsc'zntwlgn(?rt(;]ersrgfp?}wazd;]ﬁu de
when the energy chosen to start the fit is increased, the re- ' ; . . : :
sulting diffusion length increases monotonically. Conseﬁ—h's. large drop is consistent W'.th the explanation that the
quently, if the wrong minimum energy is chosen, the diffu- positron changes fro.m.a Bloch-like state to a t.rappe.d state.
sion lengths will not have an upper bound. To illustrate thisfo‘S the temperature Is increased furthero, there is an increase
point, Fig. 14 shows the resulting diffusion length when dif- " t-?y? d]'cffllljs'o_n length th_at starts atl|5_0 t% : in th
ferent starting energies are usétie data were generated diff € Tollowing scenario may explain the increase in the
from fits to theS parameter data in Bi at 408 JC iffusion Ie'ngth in the liquid phasg. The time it take.s tq trap
a positrofl in a vacancy or defect is about 1¥'s, which is
much faster than the time scale for motion of ions in
liquids®? (~10*?s). Thus the positron can be seen as in-

Fnelting point positrons are in a Bloch-like state and the dif-
Fusion length is long. The diffusion coefficiel, can be
calculated from the definition given in Sec. Il E, using the

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

a. Gallium.The data used to calculate the diffusion length
were taken at a fixed temperature, varying the energy from
100 eV to 20 keV. More points were measured from 100 eV~ #® fg T T
to 2 keV because the changes $hor F parameters were 1 = o
larger here than at high incident energies. Figure 15 shows 1000 i
measurements db as function of energy for different tem- < :
peratures.

The fits were performed with the fitting routingeprIT.
The values used fom andn were 2 and 1.4, respectively.
The second value was used because preliminary Monte Carlc
simulationg® of the stopping profile shom~1.4 for Ga.
The error in the fit introduced by nonthermal positrons es- ;
caping the sample is estimated using the method explained ir ] ]
Sec. IV B 1. Data with a grid in front of the sample -a60, 200 f Ta g =¥ ° E
—50, and 0 V are shown in Fig. 16. In all cases the error o oo o PR St i
from this effect was less than the error obtained from the 0 Bl b b L L
flttlng rOUtine. 0 50 100 150 200 250 300 350 400 450 6500 550

The results of the fitting are shown in Fig. 17. The error Temperature  C)

bars come from the fitting routine and are quoted in paren- FiG. 17. Diffusion length results for Ga as function of tempera-

theses in the text. Below the melting point, the diffusionture. A large drop is observed on melting. The inset shows the rapid
length isL , =1200(100) A. This large diffusion length con- increase of the diffusion length in the liquid phase. The error bars
firms the results obtained previousR?® that below the shown are statistical estimates from the fitting routine.
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The theoretical value of the diffusion length can be ob-

800 g T tained from the model given by Bergersenal’ At 25 °C,
00F 1o g Bi 1 they obtainD, =0.33cnf/s (using Eq=— 2E.=-6.6eV
i i i i ] andm* =1.8m,) and the bulk lifetime i¥ =258 ps. Thus
- 600;' ii; 3 ] L, =920A, which is higher than our experimental value.
< so0 b : iiié g This discrepancy may be due to overestimating the
5 | . asymptotic value ofin the experimental data.
5 400 f ] Diffusion of positrons in solid metals is dominated by
£ ok 1 phonon scatterind, and at temperatures above25 K the
é s vy temperature dependence is expected toD{§@)=Dy/T7,
8 200 PTIPLEE I Ll LI with »=1/2 andD, a constant. Using the diffusion length as
F ' ] dependent variable, this equation is equivalentLto(T)
100 le E =Lo/T"?. There have been experimental resultsat
obmt e e show higher values foy for several metals; so it is interest-
0 50 100 150 200 250 300 350 400 450 500 ing to calculate it for Bi. The temperature range of our dif-
Temperature (°C) fusion data for Bi below the melting point is large enough to

T allow a nonlinear fitting using the previous equation. The
FIG. 18. Diffusion length results in solid and liquid Bi plotted 9 9 P N

vs temperature. The large drop in the diffusion length at the melting:{r;s.ugs. 'Sﬂ:o'g(é)t') Thrl]s vglue is clearly higher than 1/2,
point can be easily seen. ich is expected by the theory.

Close to the melting point, our fitted value df,

. . . , i ~500 A for solid Bi, which may still be lower than the ac-
teracting with an almost static array of ions and can adjust tq 5| |ength. The theoretical value for the diffusion length

any icirlizc displacement. Density _fluctuations on a time Scal%alculated according to Ref. 17 Is, =790 A at 270°C.
of 10 S could produce potential Wells_strong enough tOUpon melting,L , drops to~190 A. As mentioned in Sec.
trap positrons. These traps could later disapfgeaichange /g1 measurements were performed to estimate the error
in size), forcing the positron to jump to a nearby fluctuation. jy the calculation of the diffusion length arising from non-
Thus positron diffusion in liquid Ga can be seen as a hoppingnhermal positron emission. The experimental error from mea-
motion between traps, with trapping and detrapping happensurements of thé parameter versus energy with a grid in
ing many times during the lifetime of the positron front of the sample isc40 A in the solid and+20 A in the
(~10 '%s). As the temperature increases, the frequency oliquid.
these fluctuations would increase, increasing the hopping In liquid Bi, at high incident energies, all positrons anni-
motion and the diffusion length. Thermally activated detrap-hilate in the bulk(as seen in Fig. 5 for positrons implanted
ping alone is unlikely to explain the increase in the diffusiondeep into the sample &=25keV) and the calculated dif-
length because the thermal energy of the positron is mucfusion length should not underestimated.
less than its binding energy to the trap. Diffusion in liquid Bi resembles the lown™ state de-
Such fluctuations can explain the decrease in lifetime withscribed by Seegér In this state, Bloch wave description of
higher temperaturé% in Ga, because the lifetime will be the positrons also seems to be appropriate.
given by the weighted average of the lifetime in the traps c. SodiumAs was mentioned in the discussion®&ndF
(260 ps and the lifetime in the bulk193 ps. versus temperature, ttigparameter in Na has only a weak
The trapping scenario in liquid Ga is similar to the high- dependence with the incident energy. This effect can be seen
m" state described by Seedérwhere positrons couple to in Fig. 19, that shows no appreciable difference between pos-
acoustic phonons to create acousticpolarons. In this state, itrons implanted close to surfac&4 100 eV) and positrons
the positron wave function is strongly localized in the inter-implanted deep into the bulke(= 25 keV) because all anni-
stices between atoms, and its motion is well described bilate in the bulk. The small difference between the curves is
hopping. associated with nonthermal positrons or positronium. The
b. Bismuth.Figure 18 shows the diffusion lengths for Bi measuredS parameter will have a large component from
following the same fitting procedure as for Ga. At room tem-S,,, and a small component from nonthermal positron and
perature,L , ~650 A; however, this value may be smaller positronium annihilation. In consequence, it is not possible
than the real value because of systematic errors in the fittingp extract the diffusion length from the experimental data.
routine. VEPFIT assumes that, at high incident energies, all The positronium fraction versus incident energy is plotted
positrons annihilate in the bulk. However, the maximum en-4n Fig. 20; there is a rapid decrease frdf=100eV toE
ergy reached by the beam is 25 keV, at which energy some-1keV. Theoretical calculatiof$show that no Ps should
positrons still can reach the surface. TH(&E=25keV) is  be formed at the surface. Theparameter seen in Fig. 20 at
different thanS,, and the fitted diffusion length will be low. low incident energies is attributed to nonthermal positrons,
The error bars in the solid phase are larger than in the liquidvhich have enough energy to overcome the potential step at
because the dynamic range of th@arameter used to fit the the surface and leave the sample. Because the mean free path
diffusion length is larger in the liquid. At 31°C, thi®@ pa-  for nonthermal positrons is shot,they can reach the sur-
rameter varies from~0.528 atE=100eV to ~0.50 atE  face only if the mean implantation depth is snfdllThus the
=25keV, a 5% change, while at 276 °C, the change is froonumber of nonthermal positrons reaching the surface de-
S~0.603 toS~0.50, a 20% change. creases rapidly as the incident energy is increased.
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FIG. 19. S parameter in solid70 °C) and liquid Na(100 °Q, FIG. 21. Diffusion length results for Sn above and below the
plotted as function of the incident energy. There is little changemelting point as a function of the temperature.
between low and high incident energies. The highgarameter at o .
low energies is associated with nonthermal Ps formation. The soli@nd high incident energies-1%). All other metals have a
lines are a guide to the eye. larger difference5-17 %. o
d. Tin. Figure 21 shows the diffusion length versus tem-

) o ) perature for Sn, which is similar to that of Bi. Below the
Evidence that the data in Fig. 20 cannot arise from thermeiting point, the diffusion length decreases slowly with in-
mal pOSitroniUm formation is the fO”OWing. We have plotted Creasing temperature. In both metals, positrons are in a

in this figure the theoretical fraction of Ps that would beBloch-like state in the solid phase. Accordingly, the diffu-
generated by thermal positrons reaching the surface. Thision length is expectédto decrease as T~ Y*because pho-
fraction was calculated by inserting the theoretical véloé  non scattering is the dominant interaction between positrons
the diffusion length at room temperature,(~1800A) into  and the metal. At temperatures belewl00 °C, the diffusion
the diffusion equation; then, the number of thermal positrongength is not accurate because the energy range of the beam
that return to the surface can be obtained for any given ers not high enough to reach the bulk valueSf
ergy. This fraction is shown in Fig. 2Golid line); along The theoretical value for the diffusion length can be cal-
with the measured Ps fraction, we have Bgt=0.09 (also  culated from Ref. 17. At 30 °C, we obtald, =1.12 cnf/s
from Fig. 20. It can be seen that the measured positroniume, = — 2/3E.=6.7 eV, m* =1.8m,, and the bulk lifetimé
fraction decreases faster with energy than the theoretica4 7=202ps. Thus the theoretical value of the diffusion
fraction. Another evidence that there is no Ps formatioqength isL.~1500A, which is much larger than the fitted
comes from the small difference @ the parameter at low giffusion length in Fig. 211, ~950A atT=30°C. As in
Bi, overestimating the asymptotic value $in the fits leads
to smaller values fot , .

As was the case for Bi, the temperature range of our dif-
fusion data for Sn below the melting point is large enough to

0.10 g T
Na

0.08 .

T =70 °C (solid)

0.06

allow a nonlinear fit. The result ig=0.76=0.10, which is
higher than the theoretical valdé.

Just below the melting point, , =750(50) A; the theo-
retical value at this temperaturelis ~1100 A. Upon melt-

8 oo04f
% . H ing, the diffusion length drops te=260(20) A. The error in
5 002f Hﬂ{ { our values ofL . was calculated from the fitting routine. In
o ‘ 1 { { 1 ] J I I Sn, the drop observed at the melting point can be explained
0.00 | =1 1 { y by vacancy trapping or increased scattering with the more
[ ‘ : mobile ions in liquid Sn.
0.02 F ] Early Ps fraction measurements with a positron H&am
. showed thakE, decreased as the temperature increaggd (
P T S S— is reé?ted to the diffusion length ByE,=L, /A). Jean
Energy (keV) et al’>* attributed this decrease to trapping in thermally gen-

erated vacancies. However, they used incident energies only

FIG. 20. Positronium fraction in Na, as function of the incident UP t0 5 keV, which may be too low to extract the corregt
energy. A rapid decrease can be seen as the incident energy ikheir diffusion length wasl . ~300A, which is smaller
creases. The solid line is the amount of Ps that would be formedhan our results.
from thermal positrons reaching the surface. The difference with the There is a slight increase in the diffusion length with in-
experimental data is an indication that there is only nonthermal Psreasing temperature which resembles the Bloch-wave state

formation at the surface.

described by Seegét.
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FIG. 22. Diffusion length in Pb from fits to th& parameter. No FIG. 23. Diffusion length in In as function of the temperature,

change in the diffusion length at the melting pofintdicated with  obtained from fits to theS parameter. As in Pb, no change in the
an arrow is observed within the experimental error. The rapid de-diffusion length is observed at the melting point.
crease with temperature in the solid phase is due to positron trap-

ing in th I ted defects. . .
ping In thermaly generated delects Figure 23 shows the results of the fit to tBgarameter.

At room temperature, , ~530 A. As in Pb, Bi, and Sn, this
value may underestimate the real value. At room tempera-
Pb and In show a pronounced trapping effect below thdure, the bulk lifetime isr=220 ps?® and D , =0.13 cnf/s.
melting point, as was evidenced By, and also by the dif- The theoretical diffusion coefficient can bg obtained from
fusion length. A rapid decrease in diffusion length occursRef. 17. AtT=27°C, D, =0.4cnf/s, which is larger than
when positrons begin to get trapped at thermally generatete our fitted results.
vacancies. Upon melting, the trapping sites may change, but The rapid decrease in the diffusion length from 50°C to
the diffusion characteristics are not significantly affected,the melting point is attributed to trapping in thermally gen-
and there is only a small decrease in the diffusion length. erated vacanci€S. This decrease is much faster than the de-
a. Lead.The results from fits to th& data are shown in crease in metals with no vacancy trappi@g, Bi, or Spin
Fig. 22, where the diffusion length is plotted versus temperathe solid phase. Close to the melting point, the diffusion
ture. length is L, ~245(20) A (Fig. 24. The lifetime at this
At room temperatureL+%350A_ However, this value temperaturrés in solid In is 7=280 ps. Thus the diffusion
may not be accurate because, at high incident energies as@efficient isD, =0.021 cnd/s.
low temperatures, some positrons can still reach the surface. As With Pb, nonthermal positrons do not play a role in
The theoretical value for the diffusion lengthis L,  calculating diffusion length. Measurements of tB@aram-
=1200A, usingr=168ps for the bulk lifetim® in solid ~ eter with a grid in front of the sample do not show any
Pb. This is an order of magnitude larger than the fitted resulidifference for different bias voltages.
As the temperature increases, the diffusion length de-
creases rapidly in the solid phase because of the combined 4. Comparison of diffusion data to prediction
effect of phonon scattering and thermal }:Q/acancy trapping. of e*-polaron model
ﬁsusé Obrﬁ:g\gtéze g;e'ttrlggp?r? J_‘Lljpoﬁsorgiﬁ?ng,aﬂ? e?;ffl\j\‘j’;c;n no Recently, Seegét has published an e_malysis of our diffu-
change in the diffusion length, consistent with the assumpSion length m(_easuremei'ﬁsor Ga and Bi, based on a model
tion that all positrons are trapped in the solid phase below th#! Which positrons couple to acoustic phonons to create
melting point. An increase in the concentration of traps orCoustice”-polaron states. The model predicts two types of
decrease in the electronic density of st4temes not seem to  Polarons, designated according to effective mass asiow-
affect the diffusion length upon melting. states and higm™ states. In a love” state, a Bloch-wave
In contrast to any of the previous metals, we did not ob-description of the positron motion is valid, but the effective
serve nonthermal positrons or Ps being emitted from thénass may exceed the positron mass by several orders of
sample. The positronium work function is negative and therénagnitude because the positron’s motion is accompanied by
is a high fraction of Ps at all temperatures. Thus nonthermaflisplacement of ions. In a higi" state, the positron is
Ps cannot be distinguished from thermal Ps. As the temper&trongly localized interstitially, and its motion is best de-
ture increases, the diffusion length increases slightly, as okscribed by hopping. The higm" state would correspond to
served for all metals. the hopping motion picture described in our previous
b. Indium.Previous studiés with In show a pronounced paper®
trapping effect in the solid phase as the temperature is in- Seeger has made clear predictions of the behavior of pos-
creased. Therefore, as in Pb, the diffusion length in the solidtron diffusivity across the melting transition and as a func-
phase varies strongly with temperature. tion of temperature above the melting point for the two types

3. Measurements of diffusion length in Pb and In
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FIG. 24. Fits to the temperature dependence of the positron diffusion length using time*lstate modelRef. 23 in four metals
studied.(a) Diffusion length in Bi. The solid line is a fit using E¢12). Diffusion length in(b) Sn, (c) Pb, and(d) In.

of polarons. The prediction of the change in diffusivity at the  For Pb, the interatomic distan@ds |;~3.8 A. The diffu-

melting transition assumes that the solid does not contaigion length just above the melting pointlis =180 A, and

thermally generated vacancies. For systems with arfow- the positron lifetimer is 275 ps. Thus the diffusion constant

state, he predicts a drop in diffusivity at the melting pointis 1.2< 10" ® m%s. Using Eq.(11), we obtain, for the effec-

and aT? power temperature dependence above the meltive mass in liquid Pb, 1:X10 2’kg (~0.7m,), also in a

For systems with a higm™ state, he predicts a larger drop low-m* state.

in diffusivity at the melting point and an Arhenius-type tem-  For In, the interatomic distanbis |;~4.5A. The diffu-

perature dependence in the liquid. He shows that our data fasion length just above the melting pointlis =225A, the

Ga are well described by the high® case, while the data positron lifetime isT=260 ps, and the diffusion constant is

for Bi fit the low-m* case. 1.95< 10 ®m?/s. Thus the effective mass of the positron in
Examination of our diffusion data for Sn, Pb, and In liquid Inis 0.9x 10 ?"kg (~0.6m,), also in a lowm™ state.

shows that the Sn data are very similar to the Bi data, point- The temperature dependence of the diffusion length for

ing to a lowm™ state in liquid Sn. For Pb and In, thermal liquid Bi is rather weak and is described quite &With the

vacancy formation in the solid prevents application of thelow-m™ polaron state. We have seen in the previous sections

model to the behavior at the phase transitions. However, thehat for the other metals under investigation, the temperature

temperature dependence within the liquid is again similar talependence is also weak and can also be described using the

that of Bi, indicating a lowm™ state. low-m™ polaron state. Following Seeger's model, the tem-
Following Seeger’s work, we can estimate the magnitudegperature dependence of the diffusion length is

of the effective mass of the positron in the low- state. The

effective mass can be calculated from

D+~|(3kBT>1’2
~I| == .

L,=LoT¥ (12)

We have fitted Eq(12) to the experimental data using a
(11 nonlinear fitting routine with_, as a free parameter. The fits

results and the experimental data are shown in Fig. 24. The
wherel =(v272)2 is the mean free path of the positrons, value obtained fot_y is shown in Table 1V, below.
which, in a liquid, can be identified with the interatomic
distanceé®® The interatomic distanck can be obtained from
calculations of the interatomic pair potential in a liqufd.

For Sn, the interatomic distarféeis |;~4 A, which we

can identify with the mean free path of the positronsfhe
diffusion length just above the melting point ik,
=260A, and the positron lifetimer is 220 ps. Thus the
diffusion constant can be obtained frddf =L2/7, which
for Sn is 3.4< 10" ®m?s. Using Eq(11), we obtain, for the
effective mass in liquid Sn, 22910 28kg. This mass corre-
sponds to~0.2m, (m, is the mass of the protgnindicating
that the positron is in a lown™ state.

C. Nonthermal-positron effects

The energy loss process of charged particles in a solid or
liquid recently has received much attenfibi{® because the
analysis of the&sandF parameter data strongly depends on a
knowledge of the positron implantation profife.

The energy analysis of the reemitted positrons was per-
formed with two parallel grids in front of the sample. The
sample was maintained at 30 V, and the grid bias varied
from 10 to 50 V. Nonthermal positrons that leave the sample
having the normal component of the kinetic energy less than
the grid potential return to the metal where they annihilate.
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FIG. 26. Differential energy distribution of positrons reemitted
from Bi, after being implanted aE=270eV, at three different
8mperatures?|’=310 and 440°C corresponds to liquid Bi. The

action is independent of temperature, showing that there is no
trapping of nonthermal positrons in the liquid phase.

FIG. 25. Fraction of incident positrons reemitted from several
metals, plotted against the implantation energy. The rapid decrea
reflects the efficient mechanism of energy loss in metals. The soli
line is a guide to the eye.

Positrons with higher energy pass through the grids and are i o

removed by arE X B energy filter. By changing the grid bias, Pendent of temperature or stag®lid or liquid. These data
we can obtain an integral energy spectrum of reemitted norRISO suggest that the implantation profile does not change
thermal positrons. The energy spectrum is obtained by dif2Ppreciably upon melting.

ferentiating a Gaussian smoothed spectrginl eV at Previous studi€S of nonthermal positron reemission in
FWHM). The oscillations in the curves are produced by thealuminum found a large decrease in the reemitted fraction
smoothing routine. when the sample was heated. Above 570 °C, the fraction of

In all metals studied, the positron work function is posi- reemitted positrons with energies less than 2 eV was re-
tive. Thus the spectra of the reemitted positrons reflect theluced. This effect was attributed to the creation of thermal
energy distribution of positrons that have energy greater thagacancies which trap nonthermal positrons before they can
by . escape. This effect was not observed in liquid or solid Bi.

The energy loss mechanism for positrons in metals is very b. Sodium.Because Na is a very reactive metal, with a
efficient, and the reemitted fraction strongly depends on thejigh vapor pressure, only data at low temperatures could be
incident energy, as shown in Fig. 25. It can be seen that agptained. Since its work function is highly positives (
the incident energy is increased, the reemitted fraction ot 4 g ev), the reemitted fraction from the surface of Na is
positrons decreases very rapidly. Because this fraction igmaiier than in Bi. AtE=70 eV, the fraction was=7.0%.

small, the analysis of the diffusion length is not greatly af-\ye measured the reemitted spectra with an implantation en-

feCtEdB.by ”‘t’;‘t%e]rma' pOSi”O”S't f " 1070y Of E=706V, at 45 and 85°Csolid Na and 110°C
a. bismuth.1he energy spectra trom positrons reemitte (liguid Na). The curves are similar to Bi, and the reemitted

from metals with a negative work function should be T
- . ] fraction is independent of temperature.

centered" aroundE= ¢, + SE, where 5E is the difference . : o | . )
in the contact potentials between the sample and grid in fron c. Tin. The positron work fP”C“O In Snis 2.7 eV;
of the sample. For most metals the contact potential is aﬁwe_refore, only nor!therme_ll p_osﬂrons Wm‘i’* can be re-
order of magnitude smaller than the work functiérin ad- emitted. The fraction of incident positrons reemittedEat
dition, it can be expected that after having the sample at higfr 70V from the surface of Sn was13.6%. The sample
temperatures it would evaporate material over the grids, givwas measured at 31 and 180 téblid Sn and at 240°C
ing no difference in contact potential. (liquid Sn). As before, the curves for the three temperatures

The energy spectra from positrons reemitted from the surare similar and centered &t=0 eV.
face of Bi is shown in Fig. 26. For positrons implanted at In solid Sn (T=31 and 180 °¢, thermal vacancies cannot
E=270eV and 30 °C, the peak of the energy spectra is certrap positrons? indicating that nonthermal trapping occurs
tered aroundE=0. This measurement indicates that the pos{for positrons with energy- ¢, <E<O0.
itron work function for Bi is smaller than the accuracy of our  d. Indium.In contrast to previous metals, In shows pro-
measurement$~1 eV)]. To our knowledge, there are no nounced thermal-vacancy trapping below the melting point.
theoretical calculations of the positron work function in Bi. The positron work functiotf in In is ¢, =2.6 eV; thus, only
The curves at 310 and 440 °C are measured in liquid Bi; thgositrons withE> ¢, are reemitted. The fraction of incident
curve at 30 °C is measured in polycrystalline Bi. As can bepositrons that are reemitted Bt=70 eV from the surface of
seen from the figure, the fraction of reemitted positrons idn was ~11.4%. As with Bi, Sn, and Na, this fraction is
~10%, independent of temperature, which indicates that themall (compared with Al because of the large positron work
mechanism of energy loss for positrons Wik ¢ is inde-  function, and the diffusion length is not greatly affected by
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TABLE Il. Change in the bulk value of th& parameter below TABLE lIl. Results from the fit to the thermal desorption of Ps
and above the melting point. The largest change is observed insing Eq.(10). E, is the formation potential for P&, is the bind-
metals where positrons do not get trapped in thermally generateithg energy of positrons to the surface potential, &ads the frac-
vacancies in the solid phase. Changes in Ps fradtjoacross the tion of nonthermal positrons reaching the surface that are emitted as
melting point also are shown. The error is quoted in parentheses arfes directly, after being implanted &~0. f, is the fraction

corresponds to the last significant digit. trapped at the surface,is the desorption rate of positrons from the
surface at high temperatures, ands the annihilation rate at the
Soulk Soulk Fo Fo surface state. The error is quoted in parentheses.
Metal below T, aboveT,, below T, aboveT,,
E, [/  E2 Ep° Surface
Ga 04741) 048&1) 03&2) 03&2) Metal (ev) Fe fts (104) (e\/) (ev) states
Bi 0.4361) 0.4391) 0.902) 0.91(2)
Na 0.5391) 0.5451) 0.284) 0.234) Ga  0.3%3) 0.361) 0551) 1.04) 3.19 23 yes
Sn 0.4471) 0.4581) 0.791) 0.791) Bi 0.31(3) 0.381) 0.592 051 272 yes
Pb 0.4301) 0.431) 0.961) 0.941) Na 2.7 no
In 0.44€1) 0.4461) 0.91(1) 0.871) Sn 0.231) 0.4674) 0.471) 0.051) 263 25 yes
Pb 2.8 yes

In 0.251) 0.473) 0.462) 0.82) 3.25 24 yes
nonthermal positrons. The sample was measured at 31 and

152 °C(solid In) and at 165 °Qliquid In). ®This work.
bTheoretical work from Nieminen and HodgéRef. 52.

V. CONCLUSIONS . . -
of centers that can trap positrons in the liquid phase. Most

Using a vertical positron beam, we measured the Dopplefikely, these centers are regions where the ion density is
broadening of annihilatiory rays from positrons in six liquid  |ower than the average.
and solid metals. Preliminary results from Ga and Bi pre- From measurements of ti&parameter at the surfacg,,
sented by Gramsckt all® indicated large differences be- we deduced that there is no change or only a small one
tween the solid and liquid phases of metals. From Dopplegcross the melting poirttvithin experimental errdr suggest-
broadening measurements, we calculated the diffusion coefng that the branching ratio for Ps formation or annihilation
ficient of positrons in liquid metals and the binding energy ofat the surface is not altered by a change from a crystalline to
positrons and positronium to solid and liquid metallic sur-a disordered structure on melting. Furthermore, the charac-
faces. The aim of this work was to extract information ONteristics of the surface state appear to be unchanged upon
density fluctuations of the ions in a liquid by measuring themelting.
diffusion coefficient of positrons. We found that the diffu- By f|tt|ng the temperature dependence of Ps formation,
sion length strongly depends on the density fluctuations, angie obtained the formation energy of Ps and the binding en-
the diffusion of positrons, at least in liquid Ga, is a hoppingergy of positrons to the surface. Both results are given in
process between traps. For other metals, it is still related tqaple 111, along with the theoretical calculations of binding
density fluctuations, but it may not be related to hopgihg. energy by Nieminen and HodgesThe experimental results
This very interesting mechanism differs from the mechanismyre within 40% of the theoretical results. In contrast to some
responsible for diffusion in solids, i.e., scattering with of their calculations, a stable surface stafg ¢t ¢, ) was
phonons. found for all metals except Na.

We also were interested in the changes of the surface The fraction of nonthermal positrons reemitted from these
potential caused by melting. Measurements of positroniunietals was not affected by the transition from the solid to
formation, as well as of the fraction of nonthermal positronsjiquid phase. The reemitted fraction in Bor a beam energy
released from the surface, allowed us to determine thgf g.=270eV), Na E;=70eV), Sn E;=70eV), and In
change in the s_urfa(_:e potential and the branching ratio o(Eizlzo eV) remained constant over a wide range of tem-
positrons or positronium. ) perature. The positron work function in all metals investi-

The metals studied were Ga, Bi, Na, Sn, Pb, and In. Th%;ated is very largg2—5 e\), which prevents low-energy
primary reason for using them was their low melting pointepithermal positrons from leaving the sample. These posi-
and low vapor pressure in the liquid phase which allows tarons are more likely to be affected by a change in the num-
measure Doppler broadening at ultrahigh vacuumper of trapé® due to melting or to an increase in temperature.
(~1x10"°torr) with a clean surface. Thus the fraction that can escape is not very sensitive to

The S parameter was measured as function of the teMmelting or to changes in temperature.
perature for all samples. Table Il summarizes the bk  Taple IV summarizes of the diffusion lengths for the dif-
parameter across the melting point. These results show th@drent metals investigated. The largest change in the diffu-
the bulk S parameter §y) is sensitive to whether positrons sjon length is observed in metals where the state of the pos-
are freely diffusing or in a trapped state and are consistentron changes from a Bloch-like state to a trapped state upon
with previous Doppler broadeniig'*>* and lifetime  melting. In metals that trap positrons in thermally generated
experimentg2134456An appreciable change is observed in vacancies, the drop in the diffusion length upon melting is
Sy at the melting point. Metals that do not trap positrons insmall or nonexistent. In all liquid metals, the positron seems
the solid phaséGa, Bi, Na, Smshow a large increase B, to be in a trapped state. Diffusion appears to be related to
upon melting; we interpret this effect as due to the creatiorirapping in fluctuations in the ionic structure. The positron
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TABLE IV. Diffusion length L, results below and above the in the bulk of a metal offer a unique opportunity to study
melting point. The error is quoted in parentheses. The largesinelting of clusters or multilayers. THeparameter length in
change is observed in metals where positrons do not get trapped Bj, Ga, Sn, and Na is remarkably different in the solid and
thermally generated vacancies, is the effective positron mass in liquid phase, offering an opportunity to study the tempera-
the low-m" state;L, is the constant defined in E¢L2). ture dependence of the melting point of clusters of different
sizes. Thus, if a cluster of any of these metals is embedded in

L. (A) L. (A) m..® '-01,4 another material with different bulk melting point, the

Metal belowT,  aboveTr  aboveTn  (A/T™) change inS parameter can reveal any deviation of the melt-

Ga 1200100) 60(5) ing temperature of the cluster from the bulk melting tempera-

Bi 500400  190(20) 0.8m, 40.04) ture. - _ _

Na Diffusion length offers the possibility of studying melting

Sn 7550) 260(20) 0.2m, 66.17) of overlayers of different m_etals. For example, a ml_JItllayer

Pb 18G20) 18020) 0.7m 36.93) of Al/Sn/Al should shoyv an increase in tlSparameter if the

in 24520) 225(20) 0.6mp 49.53) Sn layer r_nelts, and ;lmultaneously, there should be a Ia_rge
P decrease in the diffusion length of the Sn layer. If melting in

“m, is the mass of the proton. thin layers occurs at temperatures below the melting point or

if a large number of defects are created, $\parameter or

hops from fluctuation to fluctuation. The potential well of the the diffusion length should show a change different from that
traps strongly depends on temperature, so that when it i the bulk.
increased, the potential decreases and, therefore, the hoppingAn interesting set of experiments is the study of surface
motion increases. melting. Recent studié$show that the open-packed surfaces

In the liquid phase of all metals, diffusion length in- Of Pb and Al lose their crystalline order a few hundred de-
creased with temperature. In Ga, the increase is very fasgirees below the bulk melting point. A roughening transition
resembling a thermally activated process; all other metalé seen, even at lower temperatures. The thickness of the
showed a slow almost linear increase. molten layer is only a few nm and increases logarithmically

Using Seeger's mod&?, the increase of the diffusion as the temperature approaches the melting gdiAtuseful
length in the liquid phase was fitted using Efj2). Plots of ~ Pprobe of this liquid layer is Ps formation. For several of the
the diffusion length and the fitted results are shown in Figmetals studiedBi, Na, Pb, and Iiy a decrease in the Ps
24, and the values obtained are presented in Table IV. In affaction was observed upon melting. Because Ps is very sen-
metals studiedexcept G the positron seems to be in the Sitive to surface conditions, it may be an ideal probe for
low-m* state, with the effective positron mass being close tosurface melting. A gradual decrease in the Ps fraction might
the proton mass. The effective mass is shown in Table Iv. be observed in open-packed surfaces lik¢€lRB) approach-

The diffusion mechanism of positrons in liquids may be aing the melting point because of the appearance of a liquid
combination of many diffusion modesi(1) a thermally ac- layer. In close-packed surfaces that do not show surface
tivated process that depends on the strength of the binding fdelting effects, like PA11), only a sudden decrease in Ps
the trap, and also upon the availability of a void where thefraction should be observed on melting.
positron can jump, an{?) another mechanism that may re-
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