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Positron confinement in embedded lithium nanoclusters
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Quantum confinement of positrons in nanoclusters offers the opportunity to obtain detailed information on
the electronic structure of nanoclusters by application of positron annihilation spectroscopy techniques. In this
work, positron confinement is investigated in lithium nanoclusters embedded in monocrystalline MgO. These
nanoclusters were created by means of ion implantation and subsequent annealing. It was found from the
results of Doppler broadening positron beam analysis that approximately 92% of the implanted positrons
annihilate in lithium nanoclusters rather than in the embedding MgO, while the local fraction of lithium at the
implantation depth is only 1.3 at. %. The results of two-dimensional angular correlation of annihilation radia-
tion confirm the presence of crystalline bulk lithium. The confinement of positrons is ascribed to the difference
in positron affinity between lithium and MgO. The nanocluster acts as a potential well for positrons, where the
depth of the potential well is equal to the difference in the positron affinities of lithium and MgO. These
affinities were calculated using the linear muffin-tin orbital atomic sphere approximation method. This yields
a positronic potential step at the MgOiLi interface of 1.8 eV using the generalized gradient approximation and
2.8 eV using the insulator model.

DOI: 10.1103/PhysRevB.65.085416 PACS number~s!: 61.46.1w, 71.60.1z, 78.70.Bj
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I. INTRODUCTION

Metal and semiconductor nanoclusters are studied ex
sively because of their linear and nonlinear optic
properties1–3 and their electronic features as quantu
dots.4–6 The optical and electronic properties are stron
dependent on the nanocluster size, which is due to quan
size effects such as the confinement of surface plasmons
the discretization of energy levels below a certain clus
size. The engineering of quantum dots offers great oppo
nities for the future as the material properties, such as
band gap and melting temperature of semiconductor clus
can be tuned by varying the cluster size.7

Positron confinement is a newly investigated type
quantum confinement in nanoclusters and can serve
powerful tool to investigate the electronic structure of nan
clusters. Positrons are known as sensitive self-seeking pr
of defects in materials and can provide detailed informat
on the electronic structure of defects or bulk materials8,9 such
as the morphology of Fermi surfaces.10,11 The concept of
positron confinement was introduced by Nagaiet al.12 Under
certain conditions, nanoclusters act as a potential well to p
itrons; i.e., the wave function of the positron is spatially co
fined within the nanocluster in three dimensions. A positr
confined in a nanocluster will annihilate there and will th
provide unique information on the electronic and crys
structure of the nanocluster, which can be quite differ
from the bulk material of the atoms constituting the nan
cluster. Previously, positron confinement in Cu nanoclus
embedded in Fe was investigated.12 By analysis of theSand
W parameters of the Doppler broadening curves these
thors found that, after thermal aging, approximately 90%
all positrons annihilate in the Cu nanoclusters while
makes up only 1.0 wt % of the Fe:Cu composite mater
0163-1829/2002/65~8!/085416~11!/$20.00 65 0854
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The positron confinement was confirmed by coinciden
Doppler broadening~CDB! measurements and was ascrib
to a difference in positron affinity between Cu and Fe of 1
eV. If the positron affinity of the cluster material is lowe
than the positron affinity of the host material, the cluster w
act as a potential well to positrons, as will be explained
Sec. II.

In this work, positron confinement is investigated in
nanoclusters embedded in monocrystalline MgO. In orde
study the material properties of nanoclusters, it can be us
to embed nanoclusters in stable and inert ceramics suc
MgO, which can be achieved by ion implantation and su
sequent annealing.13 It is expected that the wide-band-ga
material MgO~7.8 eV! does not interact with the electroni
structure of metal and semiconductor clusters.14,7 It is also
optically transparent in a large frequency band, which fac
tates optical studies. Furthermore, the high melting point
MgO ~3070 K! allows a study of phase transitions of nan
clusters. The optical and structural properties of Li nanocl
ters embedded in MgO have been investigated previously
photoabsorption spectroscopy, transmission electron mic
copy, and electron diffraction.15–17It was found that small Li
clusters (,20 nm) adopt the unusual fcc crystal structu
while large Li clusters (.40 nm) adopt the regular bc
crystal structure. This is a so-called extrinsic size effe
small Li clusters adopt a different phase in order to fit bet
in the MgO matrix. The lattice parameter of fcc lithium
closer to that of MgO, which reduces the formation energy
the MgOiLi interface. The fcc phase for bulk Li is otherwis
only observed at low temperatures and high pressures.18,19A
similar effect was reported in the work mentioned abov12

where the crystal structure of Cu nanoclusters embedde
Fe is expected, on the basis of lattice parameter similarity
be bcc rather than fcc.
©2002 The American Physical Society16-1
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The nanoclusters investigated in this work were crea
by ion implantation and subsequent annealing. It was sho
previously20 that Doppler broadening positron beam analy
~PBA! and two-dimensional angular correlation of annihi
tion radiation~2D-ACAR! measurements show a very hig
fraction of positron annihilations in Li nanoclusters, indica
ing possible positron quantum confinement. Below we w
first discuss the concepts of positron affinity and t
positronic potential well. After describing the experimen
techniques and procedures, the results from positron an
lation techniques are presented and analyzed in order to
tain a value for the fraction of positrons annihilating
lithium nanoclusters. Furthermore, the positron affinities
MgO and fcc and bcc lithium are calculated in order to d
termine the drop of the positronic potential at the MgOiLi
interface. The confinement of positrons in Li nanocluster
then discussed using the experimental and computati
results.

II. THEORETICAL METHODS AND CONCEPTS

Annihilation of positrons with electrons in solids yield
information on the momentum distribution of these ele
trons. The electronic momentum distribution is reflected
the Doppler broadening of the 511 keV annihilation pe
Positron annihilation with low-momentum valence or co
duction electrons results in a small Doppler shift, contrib
ing to the center of the peak. Annihilation with high
momentum core electrons results in a large Doppler sh
contributing to the wings of the 511 keV annihilation pea
The shape of the 511 keV peak is characterized by the
calledSandW parameters,21,22as defined in Fig. 1. Here th
S parameter indicates the relative contribution from valen
and conduction electrons while theW parameter represent
the relative contribution from core electrons. When co
bined with a slow positron beam, this method is called Do
pler broadening positron beam analysis. TheSandW param-
eters can be considered as a specific bulk property for e
material. In the case of composite materials, e.g., meta
nanoclusters embedded in insulating oxides, the overall
nihilation distribution can be modeled as a linear combi
tion of the annihilation distribution of each of the composi
materials. TheS parameter of the composite material th
equals

Scomp5 f clusterScluster1 f hostShost, ~1!

whereSclusterandShost are the bulkSparameters of the nano
clusters and the embedding material, respectively.f clusterand
f hostare the fractions of annihilation in the clusters and in
embedding host material (f cluster1 f host51). Here it is as-
sumed that the composite material is defect free and
positrons do not annihilate at the cluster-host interface.
course, the principle of superposition of annihilation dist
bution can be applied to other positron annihilation meth
as well, including coincidence Doppler broadening and tw
dimensional angular correlation of annihilation radiatio
Equation~1! applies to a ‘‘bulk’’ composite material. In the
case of, e.g., an ion-implanted layer investigated using a
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itron beam, theS parameter obtained at a certain positr
implantation energy consists of contributions from the s
face and various layers,

S~E!5 f surf~E!Ssurf1 f 1~E!S11 f 2~E!S21•••1 f n~E!Sn .
~2!

Here the material consists ofn layers and the distribution o
the fractions (f surf1 f 11•••1 f n51) depends on the posi
tron energy. Please note that Eq.~1! refers to defect~or ma-
terial! fractions while Eq.~2! refers to layer fractions. For
mulas analogous to Eqs.~1! and ~2! are valid for theW
parameter. Fitting methods such asVEPFIT ~Ref. 23! and
SWAN ~Ref. 24! exist, which yield accurate values for theS
andW parameters of the various layers and the fractions
positrons annihilating in these layers as a function of po
tron implantation energy. This is achieved by solving t
time-averaged diffusion equation.23 Once theS parameter of
a certain layer has been found using theVEPFIT code, Eq.~1!
can be used in order to analyze further the defect fracti
within that layer.

Assuming that the nanoclusters are homogeneously
tributed, the annihilation fractionsf cluster and f host are deter-
mined by the diffusion length of the positrons, the conce
tration of clusters, and the difference in positron affin
between both materials. Although the overall concentrat
of atoms constituting the clusters in the host material is u
ally small, the annihilation fraction in the clusters can

FIG. 1. Definition of theS and W parameter with the corre
sponding energy windows used in the analysis of the 511 keV p
itron annihilation peak.
6-2
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POSITRON CONFINEMENT IN EMBEDDED LITHIUM . . . PHYSICAL REVIEW B65 085416
high with respect to the annihilation fraction in the host m
terial when certain conditions with respect to the positr
affinities are met.

Since the Fermi levels of the materials in contact beco
equal,25 the positron affinity is defined as26

A15m21m152~f21f1!, ~3!

where m2 and m1 are the electron and positron chemic
potentials, andf2 and f1 the electron and positron wor
functions, respectively. Values for the positron affinity a
commonly expressed in eV and are negative for most m
rials. At the interface between two materials, positrons w
encounter a potential step that is equal to the differenc
the positron affinities of both materials,26

DE1
AB5A1

A 2A1
B . ~4!

A necessary condition for positron confinement in a clus
~A! embedded in a host~B! is DE1

AB,0. Then the cluster
represents a potential well for positrons. However, th
must be at least one bound state in such a well, which de
mines the minimum size of the cluster. Assuming a spher
potential well this condition reads26

Rmin.
p\

A8m0DE1
AB

, ~5!

whereR is the radius of the cluster andm0 is the positron
mass. In Fig. 2, several possibilities for the positron poten
energy as a function of the distance from the center of
nanocluster are plotted schematically. In Fig. 2~a!, DE1

AB

,0. Here the nanocluster acts as a positronic potential w

FIG. 2. Diagram of the positron potential energy as a function
the distance from the center of the nanocluster.~a! Nanocluster acts
as a positronic potential well with depthDE1 . ~b! Nanocluster acts
as a potential barrier with step sizeDE1 . ~c! Positron trapping at
defects at the cluster-host interface.
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with depth DE1
AB . Positrons can be confined in this nan

cluster provided that condition~5! is satisfied. In Fig. 2~b!,
DE1

AB.0. The nanocluster acts as a three-dimensional
tential barrier and cannot confine positrons. Figure 2~c!
shows a situation where the positron affinity of the nanocl
ter material is lower than the positron affinity of the ho
material, but positron confinement is unlikely as the positr
is trapped at the interface. Often there is some lattice m
match due to the different crystal structures of the cluster
the embedding matrix. At the interface, this may result
structural and electronic defects, which can act as a trap
positrons. In the case of, e.g., a SiiSiO2 interface, there is
evidence of preferential trapping at this interface.27

Usually, the positron affinity is determined experimenta
by measuring the electron and positron work functions28 @see
Eq. ~3!#. Alternatively, the positron affinity can be derive
from the positronium~Ps! formation potential«Ps , which
can be determined experimentally as the negative of
maximum kinetic energy of positronium atoms ejected fro
the sample into vacuum. The positronium formation poten
is related to the positron affinity as26

«Ps5f11f226.8 eV52A126.8 eV, ~6!

where 6.8 eV is the binding energy of the positron-electr
pair constituting a positronium atom in vacuum. Two expe
mental time-of-flight studies of MgO~Refs. 29 and 30! re-
port positronium emission peak energies of 4.5 and 2.6
respectively. Applying Eq.~6! then yields values for the pos
itron affinity for MgO of 22.3 and24.2 eV, respectively.
Apart from the quantitative discrepancy, the interpretation
these results is complicated by the fact that the emiss
energy spectra are quite broad. Furthermore, the unkn
binding energy of Ps at the MgO surface~MgO is too dense
a material for Ps to be formed in the bulk! and the uncer-
tainty about whether valence or conduction electrons par
pate in Ps formation obscure a direct translation to the p
tron affinity for MgO.29,30 Summarizing, determining
positronium formation potentials at the surface of insulat
oxides such as MgO is experimentally difficult, which resu
in the different values reported in the literature.

Therefore, we turn toab initio calculations to determine
the positron affinities. As the calculation of electron and p
itron work functions requires a careful treatment of the m
terial’s surface, we prefer to determineA1 through the elec-
tron and positron chemical potentials@see Eq. ~3!#, the
calculation of which is a standard procedure in ‘‘bulk’’ ele
tronic structure computational methods. It should be no
thatA1 is a bulk characteristic of a material~see Refs. 9 and
26 for details!. For the calculation of the positron affinitie
and lifetimes in the materials studied,9 the linear-muffin-tin-
orbital ~LMTO! method was used within the atomic sphe
approximation ~ASA!.31,32 Within the framework of this
method the crystal is divided into slightly overlappin
spheres~called atomic spheres! centered at the positions o
the nuclei. The sum of the volumes of the spheres is equa
the volume of the crystal. However, the rocksalt structure
MgO is not as closely packed as the fcc and bcc structu
considered for Li.16 Therefore we had to introduce emp

f

6-3
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M. A. van HUIS et al. PHYSICAL REVIEW B 65 085416
spheres31 into the MgO lattice to describe properly the di
tribution of the electron and positron densities and potent
in the interstitial region. We considered the case where
empty spheres occupied 30% of the cell volume. In the
lowing this case is referred to as MgO II, in contrast to Mg
I where no empty spheres were included for comparis
Choosing the 30% filling with empty spheres leads to a r
sonable overlap between neighboring Mg-O spheres in
MgO lattice.31 The lattice constantsa0 used in our calcula-
tions are collected in Table I. As for the positron calculatio
in Li we used the parametrizations of the positron correlat
potential and enhancement factor given by Boron´ski and
Nieminen33 within the framework of the local density ap
proximation ~LDA !. The corresponding results will furthe
be denoted as LDA, whereas the results obtained using
generalized gradient approximation34 will be marked GGA.
In the case of MgO we also employed the GGA, but inste
of the LDA we made use of the so-called semiconduc
~SM! and insulator~IM ! models,35 which take into accoun
incomplete positron screening in nonmetallic systems~i.e.,
systems having a band gap; MgO is an insulator!. A high-
frequency dielectric constant«`53.0 was employed in the
SM and IM calculations. This constant was derived from
optical constants of MgO~Ref. 36! in the visible spectrum
(n,k)5(1.73,0.00) using the relationship«5n22k2. Fi-
nally, the exchange-correlation potential for electrons para
etrized according to Von Barth and Hedin37 was used in the
calculations of the electronic structure of MgO and Li.

For completeness, the positron lifetime (t) in defect-free
MgO and Li was calculated employing the well-know
formula9

1/t5pr 0
2cE n2~r !n1~r !g@n2~r !#dr . ~7!

Here, n2 and n1 denote the electron and positron densi
respectively, andg stands for the enhancement factor d
scribing the pileup of electrons around a positron (r 0 is the
classical radius of the electron andc the speed of light!. The
form of g within the LDA, GGA, SM, and IM approache
was used in the corresponding calculations. Other comp
tional details are described in Ref. 38.

III. EXPERIMENT

Epi-polished monocrystals of MgO~100! of size 10310
31 mm3 were implanted with 1.031016 cm22 6Li ions at
an energy of 30 keV. After the implantation the crystals we
annealed in air in steps from room temperature to 1200

TABLE I. Structural data.

Structure a0 ~Å! at. volume (Å3)

MgO rocksalt 4.212a –
Li fcc 4.40b 21.3
Li bcc 3.51b 21.6

aRef. 52.
bRef. 16.
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The annealing temperatures were 550, 750, 950, 1100,
1200 K for periods of 30 min. Photoabsorption spectrosco
was used to detect Mie plasmon resonance due to the p
ence of lithium nanoclusters. Furthermore, the neutron de
profiling ~NDP! technique, using the nuclear reactio
6Li(n,a)3H, was applied to determine the depth profile
6Li after the annealing steps. The results of these two me
ods have already been discussed in an earlier paper, w
focused on the defect evolution during the anneal
procedure.20 In the present work we address the confinem
of positrons in lithium nanoclusters, and therefore only t
positron experimental techniques applied to the samples
presented in this paper.

After ion implantation and after each annealing step,
samples were analyzed with Doppler broadening posit
beam analysis using a monoenergetic 0–30 keV posi
beam. The energy resolution of the PBA setup is 1.2 k
After the 950 K annealing step, one of the samples was a
analyzed with 2D-ACAR. The 2D-ACAR setup of th
Anger-camera type is coupled to a high-intensity positr
beam with a flux of 83107e1s21, allowing depth-selective
2D-ACAR.39 The angular resolution of this system is 1
31.4 mrad2. The sample measured with 2D-ACAR wa
identical to the other samples~which was ascertained b
means of photoabsorption spectroscopy and PBA!, apart
from a 15-nm-thick layer of Al deposited on the sample s
face after the 950 K annealing step to prevent buildup
electric charge. The 2D-ACAR distribution was collected
a positron implantation energy of 4 keV, which correspon
to a mean positron implantation depth at the center of
layer containing the lithium nanoclusters. This energy w
chosen on the basis of depth profiling performed on the sa
sample by means of Doppler broadening PBA. Furthermo
an MgO bulk 2D-ACAR distribution was collected for re
erence purposes from an as-received sample of MgO~100!.
The use of a conventional22Na source in this latter measure
ment renders any surface effects negligible.

IV. RESULTS

A. Positron beam analysis

Figure 3 shows theS andW parameters as a function o
positron implantation energy after lithium ion implantatio
and after annealing at the indicated temperatures. The s
lines represent the result of simulations performed with
VEPFIT code, as will be discussed below. TheS parameter
shows a spectacular increase in the lithium ion implantat
range~corresponding to a positron energy of 3–4 keV! after
annealing at temperatures of 750 K and 950 K. At high
annealing temperatures theS parameter in the ion implanta
tion layer drops considerably and after annealing at 120
the peak almost disappears in this range. At larger dep
~corresponding to positron implantation energies of 7–
keV in Fig. 3!, theSparameter drops below the bulk value
MgO ~i.e., 0.468! after annealing at 1200 K. Such a drop
the S parameter below the bulk value of MgO as a result
ion implantation and subsequent annealing has not been
6-4
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served before and we attribute this effect to positron ann
lation in small Li-related defects, as will be discussed
more detail below.

The experimentalSandW parameter curves shown in Fig
3 have been fitted using theVEPFIT code23 in order to gain
more insight into defect evolution and in order to derive t
contributions of the various layers to the annihilation dis
bution. A four-layer model was used. The principal defe
types and the corresponding diffusion lengths that were u
as input to theVEPFIT code are listed in Table II. The choic
for this model is mainly based on defect analysis perform
on previously ion-implanted MgO samples that were a
lyzed with techniques such as transmission electron mic
copy, positron annihilation spectroscopy, and neutron de
profiling.20,40,41In particular, there is a subsurface layer co

FIG. 3. S and W parameters as a function of positron ener
The solid lines are the result ofVEPFIT modeling.
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taining the ion implanted species and the main implantat
defects~layer 2!. Dislocation loops are formed at smalle
depths in the MgO top layer~layer 1! and below the ion
implantation layer.40 The presence of dislocation loops
MgO does not affect theSparameter significantly, but it doe
shorten the diffusion length compared to the bulk values
the layer below the ion implantation layer~layer 3! there are
not only dislocation loops but also a tail of implanted spec
as observed by NDP,20 possibly because of channeling e
fects. It was estimated that about 6% of the implanted s
cies end up in this range. Due to the low atomic concen
tion of Li in this layer, we expect small Li-related defec
rather than metallic Li clusters~see the discussion on th
defect evolution of layer 3 in Fig. 3 below!. The fourth layer
is the MgO bulk. In order to monitor the defect evolution, t
S and W parameters of layer 2~ion implantation layer! and
layer 3 ~ion implantation tail! were fitted. The layer bound
aries determining the position of the ion implantation lay
have been allowed to relax as theS parameter peak shifts to
somewhat lower positron energies when the annealing t
perature increases~compare, for example, the 750 K an
1100 KSparameter curves in Fig. 3!. This might be due to a
recombination of implanted lithium atoms and lithium clu
ters with vacancies and small vacancy clusters created by
implantation. The main ion implantation damage is alwa
located at slightly smaller depths than the range of the
planted ions.

The fitted curves are depicted as solid lines in Fig. 3. T
agreement with the experimental results is reasonable,
sidering the fact that the same model has been applied t
data sets. In the case of theSandW graphs corresponding to
the 1200 K annealing step the MgO top layer was omit
since it was not possible to distinguish between the ion
planted layer and the MgO top layer. The fitted results yi
boundariesd1 andd2 of the ion implanted layer of approxi
mately 45 and 115 nm, respectively, shifting to slightly low
values with increasing annealing temperature. The fitted
ues ofS andW are presented in Fig. 4~b!.

Figure 4 shows theS parameter plotted versus theW pa-
rameter. Every bulk material and every defect type ha
characteristicSandW parameter. A few of these typicalS,W
combinations are indicated in Fig. 4 with open circles a
are called cluster points. The cluster points correspondin
pure MgO and bcc Li were determined experimentally fro
bulk samples of these materials. By plotting experimenta
fitted S,W values in anS-W plot with, e.g., the positron
energy as the running parameter, the defect status at a ce
depth in the material can be analyzed by means of comp
son with the characteristicS,W cluster points for defects an

.

TABLE II. VEPFIT model used to fit theS andW parameter curves shown in Fig. 3.

depth~nm! diff. length ~nm! S par. W par. Description

Layer 1a 0 –d1 50 0.468 0.078 MgO top layer
Layer 2 d1–d2 15 fitted fitted MgO:Li
Layer 3 d2–300 50 fitted fitted ion impl. tail
Layer 4 .300 100 0.468 0.078 MgO bulk

aIn the case of the 1200 K annealing step, layer 1 was omitted (d150).
6-5
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FIG. 4. ~a! S-W plot with the positron energy
as running parameter. The experimental data
plotted for the 950 K and 1200 K annealing ste
only. ~b! S-W plot with the annealing treatment a
running parameter. The fitted values are plott
for all of the four layers~see Table II!.
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bulk materials. In Fig. 4~a!, the experimentally obtainedS,W
parameters are plotted with the positron energy as the
ning parameter. Figure 4~b! shows theS-W plot using the
fitted S and W values for every layer with the annealin
treatment as the running parameter. The main difference
tween the two plots is that in Fig. 4~a!, all layers contribute
to the experimentalS,W points, while in Fig. 4~b! the S,W
parameters are layer resolved with the aid of theVEPFIT code
i.e., theSandW parameters corresponding to only one lay
are shown@see also Eq.~2!#.

Considering the defect evolution of layer 3~ion implan-
tation tail! in Fig. 4~b!, it is clear that theS,W combination
moves away from the bulk Li cluster point during the anne
ing procedure, while the NDP measurements show tha
small fraction~approximately 6%! of the implanted Li atoms
is present in this layer. Therefore, the Li atoms should be
an electronic state that is different from metallic bulk L
Research performed previously on Li-doped MgO cryst
has revealed defect types such as Li2O precipitates, isolated
Li1 ions, and so-called@Li #0 centers.17 These defects will
yield S,W parameters that are quite different from bulk Li
bulk MgO. Another observation that can be made with
spect to Fig. 4~b! is that theS,W characteristic points corre
sponding to the ion implantation layer~layer 2! move
roughly along the line connecting the MgO bulk cluster po
and the bcc bulk Li cluster point. It is also clear that t
experimentalS,W point corresponding to MgO containing L
clusters after the 950 K annealing step in Fig. 4~a! does not
reach the fittedS,W combination of layer 2~MgO containing
lithium clusters! after the 950 K annealing step in Fig. 4~b!.
Due to the broadness of the positron implantation profile
positron diffusion processes, only a certain fraction of
positrons implanted at 3.5 keV~with a mean implantation
depth that corresponds to the center of the implanta
layer! annihilate in the MgO:Li layer. This is also clear from
Fig. 5 where the fraction of annihilations per layer is plott
as a function of positron implantation energy. It is found th
69% of the positrons with 3.5 keV implantation energy a
nihilate in MgO:Li ~layer 2!.

Calculation of the efficiency of positron confinement in
nanoclusters using Eq.~1! requires numerical values for th
S parameter of the composite MgO:Li material~i.e., theS
parameter of layer 2!, the S parameter of bulk lithium, and
the S parameter of bulk MgO. TheS parameter of the
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MgO:Li layer (SMgO:Li) after the 950 K annealing step wa
found to be 0.662 by means ofVEPFIT modeling @Table II,
Fig. 4~b!#. The S parameters of bulk lithium and bulk MgO
were measured using the same Doppler broadening P
setup and were evaluated to be 0.678 for polycrystalline b
bcc Li and 0.468 for monocrystalline bulk MgO. The me
surement of theS parameter of bulk Li was carried out at
positron implantation energy of 27 keV. This energy is s
ficiently high to make the contribution of the lithium oxid
layer at the surface to the measured distribution negligib
which was ascertained by means of positron depth profili
The S parameter for bulk lithium is much higher than theS
parameter for bulk MgO. This is due to the rather sm
Fermi cutoff for metallic lithium of 0.58 a.u.~Ref. 42!
~equivalent to 4.2 mrad! while the window for the measure
ments of theS parameter is set at energies corresponding
63.2 mrad. Consequently, most of the Doppler broaden
curve falls within the window and theS parameter for
lithium is therefore relatively high. This is also clear fro
Fig. 6 where the experimentally obtained 511 keV annihi
tion peaks of bulk MgO, bulk bcc Li, and MgO:Li are dis

FIG. 5. Layer fractions of the PBA sample as a function of t
positron implantation energy. Annihilation fractions per layer we
found byVEPFIT modeling of the PBA data obtained after the 950
annealing step. The numbers indicate the layer number as liste
Table II. Layer 0 is the surface~thermal and epithermal positrons!.
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played. The fraction of annihilations in lithium can be calc
lated rewriting Eq.~1! and usingf MgO1 f Li51:

f Li5
SMgO:Li2SMgO

SLi 2SMgO
. ~8!

Here it should be realized that contributions from the surf
and any other layers have already been filtered out by
VEPFIT code. Substituting theS parameters mentioned abov
then yields a fraction of annihilations in lithium,f Li , of 92
65 %. This shows a very effective confinement of positro
in Li nanoclusters, which occupy only 1.3 at. % of th
MgO:Li layer. In the calculation above, it is assumed that
Sparameters for bcc Li and fcc Li do not differ significant
and that theSparameter of the lithium nanoclusters~without
surrounding MgO! is similar to theS parameter of lithium
bulk.

FIG. 6. Experimentally obtained 511 keV Doppler broaden
peaks for bulk MgO, bulk bcc Li, and MgO containing Li nanoclu
ters ~after the 950 K annealing step!.
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A question that now arises is whether the positron is rea
confined within the Li nanocluster or whether it is trapped
the MgOiLi interface prior to annihilation. We shall post
pone the discussion of this point until Sec. V.

B. 2D-ACAR

The 2D-ACAR results are shown in Fig. 7. Part~a! shows
the anisotropic contribution43 of the MgO bulk distribution
~total number of counts 6.43107) obtained from an as-
received single crystal of MgO~100!. Part~b! of Fig. 7 shows
the anisotropic part of the 2D-ACAR distribution obtaine
from a Li-implanted sample after annealing at 950 K~total
number of counts 1.03107). This distribution was collected
at 4 keV positron implantation energy, which corresponds
a mean positron implantation depth at the center of
lithium nanocluster layer~MgO:Li material!. This energy
was chosen on the basis of depth profiling performed on
2D-ACAR sample by means of Doppler broadening PB
Both distributions have been corrected for the difference
resolution between the directions parallel and perpendic
to the sample surface (1.131.4 mrad2) and were symme-
trized by reflection with respect to the~100! and~001! mirror
planes. The anisotropy plot of the MgO:Li layer is striking
different from the bulk MgO anisotropy plot. The bulk MgO
anisotropy is still observable in Fig. 7~b!, but another, very
dominant anisotropic contribution is present in the cen
part of the figure. The major part of this contribution has
nearly perfect fourfold symmetry with peaks positioned ne
the Fermi radius of lithium~see below!. Therefore, we at-
tribute the 2D-ACAR anisotropy in the center of Fig. 7~b! to
annihilation in bcc or fcc lithium clusters. Treilleux an
Chassagne16 found by means of electron diffraction an
cross-sectional transmission electron microscopy~X-TEM!
analysis that, depending on the nanocluster size, met
lithium nanoclusters in MgO can adopt either the fcc or
rotated bcc crystal structure. Whether the lithium clust
found in the 2D-ACAR distribution of Fig. 7~b! are in the fcc
or rotated bcc phase has not yet been established uneq
cally. The fact that the anisotropic contributions displayed
Figs. 7~a! and 7~b! both have the same symmetry and ide
y

-
3
d
ed

d

FIG. 7. Anisotropic part of the@010#-axis-
projected momentum distribution obtained b
2D-ACAR measurements for~a! bulk MgO~100!
and ~b! MgO containing Li crystalline nanoclus
ters. The average Fermi cutoff for bulk Li of 4.
mrad ~see Sec. IV. B! is displayed as a dashe
circle. The distributions have been symmetriz
by reflection with respect to the~100! and ~001!
mirror planes. The contour interval is 10%~5%!
of the peak height for solid~dotted! contours. The
projection of the Brillouin zones is shown base
on the lattice parameters of MgO~a! and fcc Li
~b!.
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TABLE III. Calculated positron lifetime, positron affinity and electron and positron chemical poten
for bcc and fcc Li.

LDA GGA
m2 ~eV! t ~ps! m1 ~eV! A1 ~eV! t ~ps! m1 ~eV! A1 ~eV!

bcc Li 22.8 299 25.2 28.0 283 25.0 27.8
fcc Li 22.8 297 25.3 28.1 282 25.0 27.8
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tical mirror planes shows that there is a distinct orientat
relationship between the crystalline Li clusters and the M
host matrix. Therefore, the lithium clusters will be cohere
or semicoherent with the MgO crystal lattice. Comparing
ion implantation settings and annealing temperature use
this work with the experimental parameters of Ref. 16,
presence of fcc lithium is most likely. In that case, t
lithium nanoclusters are in a simple cube-on-cube orienta
relationship with the MgO host matrix. Cube-on-cube bcc
is excluded by the anisotropy in Fig. 7~b! as it would pro-
duce peaks along thê100& directions. The anisotropy in th
central part of Fig. 7~b! agrees very well with the results o
preliminary calculations performed on the momentum dis
bution of fcc Li using the Korringa-Kohn-Rostoker~KKR!
method. The free-electron Fermi sphere for fcc Li (a0
54.4 Å; cf. Table I! is displayed in Fig. 7~b! as a circle of
radius 0.591 a.u., equivalent to 4.3 mrad. The peaks in
anisotropy then derive from bulges of the Fermi surfa
pointing towards the hexagonal Brillouin zone faces. T
results of the momentum density calculations for fcc and
Li and a more detailed analysis of the experimental 2
ACAR distributions will be presented elsewhere.44

The fraction of positron annihilations in Li nanocluste
f Li was also estimated from the 2D-ACAR distribution, u
ing Eq. ~1! in combination with aVEPFIT layer fraction
analysis~giving the relative contributions of the layers to th
annihilation distribution at a certain positron implantati
energy!. The fraction found~90%! was not significantly dif-
ferent from the one derived from the PBA results discus
in Sec. IV A.

C. Positron affinities

Above it was found that the fraction of annihilations in
as deduced from the Doppler broadening PBA spectra is
65 % in the ion-implanted layer. It will be shown that th
effective positron confinement can be ascribed to the dif
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ent positron affinities of MgO and Li. These positron affin
ties were calculated using the various models discusse
Sec. II. The results of calculations of the positron lifetim
affinity, and electron and positron chemical potentials for
are shown in Table III. Very similar lifetimes and affinitie
are obtained for bcc and fcc Li. This is related to the fact t
the atomic volumes of bcc and fcc Li are almost equal~Table
I!. The affinities found are in good agreement with theore
cal values from the literature.45,26To our knowledge, the pos
itron affinity of Li has never been determined experime
tally.

The electron and positron chemical potentials, posit
affinity and lifetime for MgO determined using three diffe
ent models are given in Table IV. The IM and GGA a
proaches yield values for the bulk lifetime that are close
the experimentally obtained lifetimet of 150–170 ps in
MgO,46,47 which is not the case for the SM results. We no
that the incorporation of empty spheres into the MgO latt
~MgO II case! leads to a slight increase of the lifetime valu
because the interstitial space is better described compare
the case without empty spheres~MgO I!. Table IV also in-
cludes the calculated lifetimes by Puskaet al.35 In the
present work, the lifetimes found using the SM and the
are somewhat higher and lower, respectively, than the va
reported by Puskaet al., while the same SM and IM model
have been used. This is mainly due to a different treatmen
the core electrons. In addition, the electron density of M
in Ref. 26 was approximated by the superposition of atom
densities without consideration of the charge transfer
tween Mg and O atoms. Anyhow, it turns out that the sem
conductor model does not describe reasonably the lifet
experiment~both in the present work and in Ref. 26! so that
we will not consider this model when calculating the diffe
ence between positron affinities of MgO and Li.

The values ofA1 presented in Table IV depend obvious
on the models used to calculate them. The lowest va
s for
t

TABLE IV. Calculated lifetimes, positron affinities, and electron and positron chemical potential
MgO without empty spheres~MgO I! and including empty spheres~MgO II!. GGA: generalized gradien
approximation. SM: semiconductor model. IM: insulator model.

GGA SM IM
m2 t m1 A1 t m1 A1 t m1 A1

~eV! ~ps! ~eV! ~eV! ~ps! ~eV! ~eV! ~ps! ~eV! ~eV!

MgO I 22.9 139 23.2 26.1 121 24.0 26.9 141 22.6 25.5
MgO II 21.0 140 25.0 26.0 126 25.5 26.5 147 24.0 25.0
MgOa 119 167

aRef. 35.
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comes from the SM, whereas the IM yields the largest va
Also, the affinity results depend slightly on whether t
empty spheres are included or not. In the following cons
erations we will employ the MgO II case. The positron
energy step at the MgOiLi interface can now be calculate
using Eq.~4!. Combining the GGA and IM positron affinitie
for MgO II ~Table IV! and the GGA results for bcc and fc
lithium ~Table III; LDA and GGA results differ only margin
ally!, the positronic potential drop at the MgOiLi interface
equals 1.8 eV using the GGA and 2.8 eV using the I
Regardless of this uncertainty in the affinity difference, it
plausible to assume that clusters of Li in MgO act as posit
traps.

In this context it is useful to mention recent work38 in
which the positron affinity was studied in several polytyp
of SiC, which is a semiconductor. It was found that all th
oretical approaches~GGA, SM, IM! overestimate~in magni-
tude! the positron affinity in SiC. This was ascribed to ce
tain inadequacies in the theoretical description of both
electron and the positron part of the problem. Consider
this conclusion and the above mentioned experimental va
of the positron affinity for MgO~Refs. 29 and 30! it turns out
that the values ofA1 calculated here for MgO are probab
too large~in magnitude!. Further theoretical and experimen
tal work is therefore needed to clarify this point.

A final remark in this section concerns the sensitivity
the values of the positron affinity with respect to the cho
of the LDA exchange-correlation potential for electrons.
addition to the exchange-correlation potential of Von Ba
and Hedin37 we also examined the potential of Ceperley a
Alder48 as parametrized by Perdew and Zunger.49 Surpris-
ingly, the calculated positron affinities increase~magnitudes
decrease! by about 0.5 eV in all cases presented in Tables
and IV. The inspection of electron and positron chemi
potentials leads to the conclusion that this effect can be
tributed to the change of the electron chemical potent
only. It shows that, although the resulting difference of t
positron affinity of MgO and Li remains unchanged, one h
to be careful when comparing affinity results obtained us
different exchange-correlation potentials for electrons~cf.
Ref. 50!.

V. DISCUSSION

Our results show a very high fraction of annihilations
lithium, indicating a very effective positron confinement
Li nanoclusters. Two aspects are important when conside
the efficiency of positron confinement in nanoclusters:~a!
the probability of trapping and reflection when a positr
encounters a nanocluster acting as a potential well and~b!
the probability of reaching a nanocluster, assuming that
positron is thermalized in the embedding MgO material.

The kinetic energy of delocalized positrons is of the ord
of tens of meV, while the size of the potential step at t
MgOiLi interface is a few eV~1.8 eV using the GGA and 2.8
eV using the insulator model!. Thus, the depth of the poten
tial well as determined by the difference in positron affiniti
is two orders of magnitude larger than the kinetic energy
the positron after thermalization. Therefore, when a posit
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is thermalized and diffuses within the embedding MgO, t
probability of reflection when encountering the MgOiLi in-
terface is negligible at room temperature. Every positr
reaching a lithium nanocluster will thus be confined in th
cluster. Once inside the cluster, the positron will be reflec
at the walls. A necessary condition for the process descri
above is that the size of the nanoclusters is large enoug
accommodate at least one bound state. Applying the th
dimensional spherical well model with a finite potential, t
critical radius is given by Eq.~5!. Substituting a value of 1.8
eV for the depth of the potential well then yields a critic
cluster diameter of 0.4 nm. As the confinement of positro
is quite obvious from the results described in Secs. IV A a
IV B, the actual size of the nanoclusters will be larger th
this value.

The probability of encountering a nanocluster is det
mined by the positron diffusion length and the concentrat
and spatial distribution of the Li clusters. Trapping of th
vast majority of the positrons is only possible if the me
distance between the Li nanoclusters is smaller than the
fusion length for positrons diffusing in MgO within th
MgO:Li layer. Here it is assumed that the positron is pres
in MgO after thermalization, as Li occupies only 3 vol. %
the MgO:Li layer. In the diffusion-limited trapping mode
described by Hautoja¨rvi and Corbel,51 the diffusion to the
defect is slow compared to the transition to the localiz
state. The depth of the nanocluster potential well is of
order of a few eV, so this condition is well satisfied. Th
possibility of detrapping is neglected. Assuming spherica
shaped clusters, the fraction of positrons annihilating in
clusters is given by

f Li5
k

k1lMgO
5

4pr clD1ccl

4pr clD1ccl1lMgO
, ~9!

where k is the positron trapping rate with respect to t
clusters (s21), lMgO is the annihilation rate in MgO (s21),
r cl is the radius of the cluster~m!, ccl is the concentration of
clusters (m23), andD1 is the diffusion coefficient (m2 s21).
The diffusion coefficient is related to the diffusion lengthL1

~m! and to the positron lifetimet ~s! as

L15AD1t. ~10!

By means of Eqs.~9! and ~10!, the fraction of annihilations
in lithium clusters can be estimated. No detailed informat
is available on the size of the nanoclusters, so we perform
order-of-magnitude calculation. The mass density of bulk
is 543 kg m23, so the 1016 implanted Li atoms occupy a
total volume of 2.1310213 m3 independent of the cluste
size. If the radius of the lithium nanoclusters is, e.g., 5
nm,16 the total number of clusters is 4.131011 and the con-
centration of clusters will be 5.831022 m23 considering that
all clusters are present in the ion implantation layer with
thickness of 70 nm~estimated fromVEPFIT, Table II! and an
area of 1.031.0 cm2. At this concentration, the average in
tercluster distance is 26 nm. The annihilation rate in Mg
lMgO, equals 6.53109 s21 as it is the inverse of the lifetime
t in MgO, 155 ps.46 A value for the diffusion length for
positrons in MgO of 50 nm can be assumed~equal to the
6-9
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M. A. van HUIS et al. PHYSICAL REVIEW B 65 085416
diffusion lengths for layers 1 and 3 in theVEPFIT model!.
Substituting Eq.~10! into Eq. ~9! and using the numerica
values given above, the fraction of annihilations in Li,f Li ,
can be calculated. This yields a fraction of 90%, whi
agrees very well with the experimental results. Although
cluster size and the diffusion length are estimated, the ab
calculation demonstrates that the annihilation fraction
lithium can be lower than 100% due to diffusion-related p
cesses even if every positron encountering a nanoclust
trapped in that cluster. The calculated fraction is stron
dependent on the cluster size and the diffusion length.
clusters with a radius of 3–7 nm and a diffusion length
50–100 nm, the trapped fraction varies from 82% to 99%

Finally, the possibility should be discussed that positro
are not present in either MgO or Li but are trapped at
interface, corresponding to the situation depicted in Fig. 2~c!.
This phenomenon is observed, e.g., for the SiiSiO2
interface.27 Open volume defects or lattice mismatch at t
interface can induce positron trapping. No evidence of po
tronium formation was found in the analysis of the 2
ACAR distribution, showing that large vacancy-type defe
are not present. Positrons can also trap in interface def
that are too small for the formation of positronium. Howev
positron annihilation distributions corresponding to positr
annihilation at interfaces usually bear characteristics of b
materials. Thus, if positron trapping would occur at t
MgOiLi interface, a considerably higher contribution fro
MgO to the Doppler broadening and 2D-ACAR distributio
would be expected. Therefore, interface trapping in the c
of the MgOiLi interface is not likely on the basis of th
above observations. On the other hand, the fraction of a
hilations in Li nanoclusters might be influenced by loc
electric fields near the interface. These can be present
result of charge redistribution associated with the equal
tion of the Fermi levels of MgO and Li in thermal equilib
rium. We have, however, no means to investigate whe
this last aspect plays a significant role.

VI. CONCLUSIONS

It has been shown that positrons are very effectively c
fined in crystalline lithium nanoclusters that are embedde
MgO. The fraction of positron annihilations in lithium nano
clusters was deduced by analysis of the Doppler broade
PBA spectra and found to be 9265 %. This annihilation
fraction is very high, considering the fact that the lithiu
o

l
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content in the MgO:Li layer is only 1.3 at. %. The anis
tropic contribution of the 2D-ACAR distribution collected i
the layer containing Li nanoclusters shows a fourfold sy
metry ~most likely indicating an fcc crystal structure! with
peaks at positions near the average Fermi radius of lithi
This proves that crystalline bulk lithium is present. The sy
metry of the 2D-ACAR anisotropic contributions also show
that the lithium clusters are coherent or semicoherent w
the MgO host matrix. The difference in positron affinities
lithium and MgO yields a positronic potential step down
the MgOiLi interface. Therefore, the nanoclusters act as
potential well for positrons with a depth equal to the diffe
ence in the positron affinities. These positron affinities w
calculated using the LMTO-ASA method, and values for t
depth of the positronic potential well of 1.8 and 2.8 eV we
obtained using the GGA and the insulator model, resp
tively. The depth of the potential well is so large that t
trapping probability of positrons meeting a nanocluster
approximately equal to 1.

In future research, positron confinement can facilitate
investigation of metal and semiconductor quantum dots
of unusual crystal structures, such as the electronic struc
of fcc Li nanoclusters in MgO or of bcc Cu nanoclusters
Fe. In order to predict beforehand whether positron confi
ment is feasible, it would be useful to know the experime
tally determined or calculated positron affinities of embe
ding transparent materials commonly used in optical stud
such as SiO2 , TiO2, and Al2O3. These affinities can then b
compared with the known positron affinities of many nan
cluster materials.

Note added in proof. Very recently, Nagaiet al. have in-
vestigated successfully the Fermi surface of coherently
bedded Cu nanoclusters having the unusual bcc cry
structure.53 Here the concept of position confinement in em
bedded nanoclusters was used in combination with the
ACAR technique.
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