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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 M0 interface of 1.8 eV using the generalized gradient approximation and
2.8 eV using the insulator model.
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I. INTRODUCTION The positron confinement was confirmed by coincidence
Doppler broadeningCDB) measurements and was ascribed
Metal and semiconductor nanoclusters are studied exterte a difference in positron affinity between Cu and Fe of 1.0
sively because of their linear and nonlinear opticaleV. If the positron affinity of the cluster material is lower
propertie$™® and their electronic features as quantumthan the positron affinity of the host material, the cluster will
dots?~® The optical and electronic properties are stronglyact as a potential well to positrons, as will be explained in
dependent on the nanocluster size, which is due to quantu®ec. II.
size effects such as the confinement of surface plasmons and In this work, positron confinement is investigated in Li
the discretization of energy levels below a certain clustenanoclusters embedded in monocrystalline MgO. In order to
size. The engineering of quantum dots offers great opportustudy the material properties of nanoclusters, it can be useful
nities for the future as the material properties, such as th&o embed nanoclusters in stable and inert ceramics such as
band gap and melting temperature of semiconductor cluster$/gO, which can be achieved by ion implantation and sub-
can be tuned by varying the cluster size. sequent annealin. It is expected that the wide-band-gap
Positron confinement is a newly investigated type ofmaterial MgO(7.8 e\) does not interact with the electronic
quantum confinement in nanoclusters and can serve as sructure of metal and semiconductor clustérsit is also
powerful tool to investigate the electronic structure of nano-optically transparent in a large frequency band, which facili-
clusters. Positrons are known as sensitive self-seeking probéates optical studies. Furthermore, the high melting point of
of defects in materials and can provide detailed informatiorMgO (3070 K) allows a study of phase transitions of nano-
on the electronic structure of defects or bulk matefidtsich  clusters. The optical and structural properties of Li nanoclus-
as the morphology of Fermi surfacEs:! The concept of ters embedded in MgO have been investigated previously by
positron confinement was introduced by Naggal'? Under  photoabsorption spectroscopy, transmission electron micros-
certain conditions, nanoclusters act as a potential well to possopy, and electron diffractiot’*" It was found that small Li
itrons; i.e., the wave function of the positron is spatially con-clusters €20 nm) adopt the unusual fcc crystal structure
fined within the nanocluster in three dimensions. A positronwhile large Li clusters £40 nm) adopt the regular bcc
confined in a nanocluster will annihilate there and will thuscrystal structure. This is a so-called extrinsic size effect:
provide unique information on the electronic and crystalsmall Li clusters adopt a different phase in order to fit better
structure of the nanocluster, which can be quite differenin the MgO matrix. The lattice parameter of fcc lithium is
from the bulk material of the atoms constituting the nano-closer to that of MgO, which reduces the formation energy of
cluster. Previously, positron confinement in Cu nanoclusterthe MgQ|Li interface. The fcc phase for bulk Li is otherwise
embedded in Fe was investigatéBy analysis of theSand  only observed at low temperatures and high pressirea
W parameters of the Doppler broadening curves these awsimilar effect was reported in the work mentioned abdéve
thors found that, after thermal aging, approximately 90% ofwhere the crystal structure of Cu nanoclusters embedded in
all positrons annihilate in the Cu nanoclusters while CuFe is expected, on the basis of lattice parameter similarity, to
makes up only 1.0 wt% of the Fe:Cu composite materialbe bcc rather than fcc.
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The nanoclusters investigated in this work were created — T T
by ion implantation and subsequent annealing. It was shown
previously® that Doppler broadening positron beam analysis S= B
(PBA) and two-dimensional angular correlation of annihila- T A+B+C /\
tion radiation(2D-ACAR) measurements show a very high
fraction of positron annihilations in Li nanoclusters, indicat-
ing possible positron quantum confinement. Below we will
first discuss the concepts of positron affinity and the
positronic potential well. After describing the experimental
techniques and procedures, the results from positron annihi-
lation techniques are presented and analyzed in order to ob- Al Blc
tain a value for the fraction of positrons annihilating in , S
lithium nanoclusters. Furthermore, the positron affinities of ' o
MgO and fcc and bcc lithium are calculated in order to de-
termine the drop of the positronic potential at the MgO
interface. The confinement of positrons in Li nanoclusters is
then discussed using the experimental and computational
results.

counts (arb. units)

D+F

IIl. THEORETICAL METHODS AND CONCEPTS

counts (arb. units)

Annihilation of positrons with electrons in solids yields
information on the momentum distribution of these elec-
trons. The electronic momentum distribution is reflected in ' ‘ A
the Doppler broadening of the 511 keV annihilation peak. 505 510 515
Positron annihilation with low-momentum valence or con- positron energy (keV)
duction electrons results in a small Doppler shift, contribut-
ing to the center of the peak. Annihilation with high-  FIG. 1. Definition of theS and W parameter with the corre-
momentum core electrons results in a large Doppler shiftsponding energy windows used in the analysis of the 511 keV pos-
contributing to the wings of the 511 keV annihilation peak. itron annihilation peak.

The shape of the 511 keV peak is characterized by the so-
calledSandW parameteré*?as defined in Fig. 1. Here the itron beam, theS parameter obtained at a certain positron
S parameter indicates the relative contribution from valencemplantation energy consists of contributions from the sur-
and conduction electrons while th§¥ parameter represents face and various layers,
the relative contribution from core electrons. When com-
bined with a slow positron beam, this method is called Dop- g(g)=f_ (E)S. .+ f1(E)S;+ fo(E)Sy+ - - - +f,(E)S,.
pler broadening positron beam analysis. BendW param- 2)
eters can be considered as a specific bulk property for every
material. In the case of composite materials, e.g., metallitiere the material consists aflayers and the distribution of
nar'loc'luste.rs gmbedded in insulating OX|des! the overal! anhe fractions fgt+fi+---+f,=1) depends on the posi-
nihilation distribution can be modeled as a linear combinatron energy. Please note that Ed) refers to defector ma-
tion of the annihilation distribution of each of the composingterial) fractions while Eq.(2) refers to layer fractions. For-
materials. TheS parameter of the composite material thenmuylas analogous to Eqs$l) and (2) are valid for theW
equals parameter. Fitting methods such aspFIT (Ref. 23 and
SWAN (Ref. 29 exist, which yield accurate values for ti%e
Scomp= fclusteSclustert fhosShosts (1) and W parameters of the various layers and the fractions of
positrons annihilating in these layers as a function of posi-
whereS; sier@Nd Sy are the bulkS parameters of the nano- tron implantation energy. This is achieved by solving the
clusters and the embedding material, respectiigy;and  time-averaged diffusion equatiéhOnce theS parameter of
fhostare the fractions of annihilation in the clusters and in thea certain layer has been found using #eerFIT code, Eq(1)
embedding host materialf et frose=1). Here it is as- can be used in order to analyze further the defect fractions
sumed that the composite material is defect free and thawithin that layer.
positrons do not annihilate at the cluster-host interface. Of Assuming that the nanoclusters are homogeneously dis-
course, the principle of superposition of annihilation distri- tributed, the annihilation fraction&,ster @and f s are deter-
bution can be applied to other positron annihilation methodsnined by the diffusion length of the positrons, the concen-
as well, including coincidence Doppler broadening and two-4ration of clusters, and the difference in positron affinity
dimensional angular correlation of annihilation radiation.between both materials. Although the overall concentration
Equation(1) applies to a “bulk” composite material. In the of atoms constituting the clusters in the host material is usu-
case of, e.g., an ion-implanted layer investigated using a postly small, the annihilation fraction in the clusters can be
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with depth AE2®. Positrons can be confined in this nano-
cluster provided that conditiofb) is satisfied. In Fig. &),
AE“P>0. The nanocluster acts as a three-dimensional po-
tential barrier and cannot confine positrons. Figure) 2
shows a situation where the positron affinity of the nanoclus-
ter material is lower than the positron affinity of the host
E. i i material, but positron confinement is unlikely as the positron
a) is trapped at the interface. Often there is some lattice mis-
match due to the different crystal structures of the cluster and
l AE. <0 the embedding matrix. At the interface, this may result in
structural and electronic defects, which can act as a trap for
positrons. In the case of, e.g., d/SiO, interface, there is
evidence of preferential trapping at this interfae.
Usually, the positron affinity is determined experimentally
by measuring the electron and positron work functtBfisee
¢) Eqg. (3)]. Alternatively, the positron affinity can be derived
from the positronium(P9 formation potentialeps, which
l AE.<0 can be determined experimentally as the negative of the
_|_|_ maximum kinetic energy of positronium atoms ejected from
the sample into vacuum. The positronium formation potential
is related to the positron affinity &s
FIG. 2. Diagram of the positron potential energy as a function of
the distance from the.center of. the nanoclug@rNanocluster acts eps—dh,+¢d_—6.8 eV=—A,—6.8 eV, (6)
as a positronic potential well with depttE , . (b) Nanocluster acts
as a potential barrier with step si2E, . (c) Positron trapping at
defects at the cluster-host interface.

b)

o

where 6.8 eV is the binding energy of the positron-electron
pair constituting a positronium atom in vacuum. Two experi-
hig_h with respect to the qqnihilati_on fraction in the host .ma—:)noer?t;:i?sn?ljrzI%r;izgijgrl]ege%fkhgggiss' sfg 4?2 iﬁ?rze_e eV,
ter!a_l 'When certain conditions with respect to the pos'tronrespectively. Applying Eq(6) then yields values for the pos-
affln!tles are met. : L itron affinity for MgO of —2.3 and—4.2 eV, respectively.
SmZ%e the Fe_rm| Ieve_ls_ of_the ”?ate“gés In contact becom%\part from the quantitative discrepancy, the interpretation of
equal;” the positron affinity is defined these results is complicated by the fact that the emission
_ _ energy spectra are quite broad. Furthermore, the unknown
Av=p-tus==(d-+¢s), @ binding energy of Ps at the MgO surfaddgO is too dense
where u_ and u, are the electron and positron chemical a material for Ps to be formed in the buland the uncer-
potentials, andp_ and ¢, the electron and positron work tainty about whether valence or conduction electrons partici-
functions, respectively. Values for the positron affinity arepate in Ps formation obscure a direct translation to the posi-
commonly expressed in eV and are negative for most matd¥on affinity for MgO?**° Summarizing, determining
rials. At the interface between two materials, positrons willpositronium formation potentials at the surface of insulating
encounter a potential step that is equal to the difference imxides such as MgO is experimentally difficult, which results

the positron affinities of both material$, in the different values reported in the literature.
Therefore, we turn t@b initio calculations to determine
AELB=A% —AB (4)  the positron affinities. As the calculation of electron and pos-

. . . . itron work functions requires a careful treatment of the ma-
A necessary condition for positron confinement in a Clusmlierial’s surface, we prefer to determide. through the elec-

(A) embedded in a hod®) is AEZ’<0. Then the cluster o."-ng positron chemical potentialsee Eq.(3)], the
represents a potential well for positrons. However, therg.,cjation of which is a standard procedure in “bulk” elec-
must be at least one bound state in such a well, which detefrqnic structure computational methods. It should be noted
mines _the minimum S|z.e.of the cluster. Assuming a spheric hatA ., is a bulk characteristic of a materi@ee Refs. 9 and
potential well this condition reads 26 for detaily. For the calculation of the positron affinities
and lifetimes in the materials studiédhe linear-muffin-tin-
mh (5) orbital (LMTO) method was used within the atomic sphere
JBMoAERR’ approximation (ASA).2132 Within the framework of this
method the crystal is divided into slightly overlapping
whereR is the radius of the cluster and is the positron  spheregcalled atomic sphergsentered at the positions of
mass. In Fig. 2, several possibilities for the positron potentiathe nuclei. The sum of the volumes of the spheres is equal to
energy as a function of the distance from the center of théhe volume of the crystal. However, the rocksalt structure of
nanocluster are plotted schematically. In Figa)2 AE’iB MgO is not as closely packed as the fcc and bcc structures
<0. Here the nanocluster acts as a positronic potential wettonsidered for L Therefore we had to introduce empty

Rmin>
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TABLE |I. Structural data. The annealing temperatures were 550, 750, 950, 1100, and

1200 K for periods of 30 min. Photoabsorption spectroscopy

Structure ap (A) at. volume (F)  \yas used to detect Mie plasmon resonance due to the pres-

MgO rocksalt 4.212 _ ence of lithium nanoclusters. Furthermore, the neutron depth
Li fee 4.40° 213 profiling (NDP) technique, using the nuclear reaction
Li bee 35P 216 8Li(n, @)®H, was applied to determine the depth profile of
SLi after the annealing steps. The results of these two meth-

aRef. 52. ods have already been discussed in an earlier paper, which
PRef. 16. focused on the defect evolution during the annealing

procedure?? In the present work we address the confinement
sphered' into the MgO lattice to describe properly the dis- of positrons in lithium nanoclusters, and therefore only the
tribution of the electron and pOSitron densities and potential%)ositron experimenta| techniques app“ed to the Samp|es are
in the interstitial region. We considered the case where th%resented in this paper.
empty spheres occupied 30% of the cell volume. In the fol-  afier ion implantation and after each annealing step, the
lowing this case is referred to as MgO II, in contrast to Mgosamples were analyzed with Doppler broadening positron
| where no empty spheres were included for comparisonbeam analysis using a monoenergetic 0~30 keV positron
Choosing the 30% filling with empty spheres leads to a reap.om. The energy resolution of the PBA setup is 1.2 keV.

sonable overlap between neighboring Mg-O spheres in thﬁfter the 950 K annealing step, one of the samples was also

MgO lattice”™ The _Iatt|ce constanta, used in our calculg analyzed with 2D-ACAR. The 2D-ACAR setup of the
tions are collected in Table I. As for the positron calculations,

in Li we used the parametrizations of the positron correIatiorﬁ‘nger'mfm]era type I C%“E'ef’l to a hlgh-mtensny positron
potential and enhancement factor given by Beidnand eam W'thsg flux of &10°e"s ™, gllowmg _depth-selec_:twe
Nieminer?® within the framework of the local density ap- 2D-ACAR: The angular resolution of this system is 1.1
proximation (LDA). The corresponding results will further <1.4 mrad. The sample measured with 2D-ACAR was
be denoted as LDA, whereas the results obtained using tHéentical to the other sample@vhich was ascertained by
generalized gradient approximatirwill be marked GGA. means of photoabsorption spectroscopy and RBs#part
In the case of MgO we also employed the GGA, but insteadrom a 15-nm-thick layer of Al deposited on the sample sur-
of the LDA we made use of the so-called semiconductoface after the 950 K annealing step to prevent buildup of
(SM) and insulator(IM) models3® which take into account electric charge. The 2D-ACAR distribution was collected at
incomplete positron screening in nonmetallic systgires, @ positron implantation energy of 4 keV, which corresponds
systems having a band gap; MgO is an insulatdrhigh- ~ to @ mean positron implantation depth at the center of the
frequency dielectric constant, = 3.0 was emp|oyed in the Iayer containing the lithium nanoclusters. This energy was
SM and IM calculations. This constant was derived from thechosen on the basis of depth profiling performed on the same
optical constants of MgQRef. 36 in the visible spectrum sample by means of Doppler broadening PBA. Furthermore,
(n,k)=(1.73,0.00) using the relationship=n?—k?. Fi- an MgO bulk 2D-ACAR distribution was collected for ref-
nally, the exchange-correlation potential for electrons paramerence purposes from an as-received sample of (19Q.
etrized according to Von Barth and Hetfiwas used in the The use of a convention&fNa source in this latter measure-
calculations of the electronic structure of MgO and Li. ment renders any surface effects negligible.

For completeness, the positron lifetime) (in defect-free
MgO and Li was calculated employing the well-known
formula® IV. RESULTS

A. Positron beam analysis

Ur= wrgcf n_(rn(r)yn_(r)]dr. @) Figure 3 shows thé& and W parameters as a function of

positron implantation energy after lithium ion implantation

Here,n_ andn, denote the electron and positron density,and after annealing at the indicated temperatures. The solid

respectively, andy stands for the enhancement factor de-lines represent the result of simulations performed with the

scribing the pileup of electrons around a positrop i6 the  VEPFIT code, as will be discussed below. TBeparameter

classical radius of the electron andhe speed of light The  shows a spectacular increase in the lithium ion implantation

form of y within the LDA, GGA, SM, and IM approaches range(corresponding to a positron energy of 3—4 keifter

was used in the corresponding calculations. Other computannealing at temperatures of 750 K and 950 K. At higher

tional details are described in Ref. 38. annealing temperatures ti$gparameter in the ion implanta-
tion layer drops considerably and after annealing at 1200 K
. EXPERIMENT the peak almost disappears in this range. At larger depths

(corresponding to positron implantation energies of 7-15
Epi-polished monocrystals of Mg@00) of size 1010  keV in Fig. 3, the S parameter drops below the bulk value of
X1 mn? were implanted with 1.8 10'® cm2 ®Liions at  MgO (i.e., 0.468 after annealing at 1200 K. Such a drop of
an energy of 30 keV. After the implantation the crystals werethe S parameter below the bulk value of MgO as a result of
annealed in air in steps from room temperature to 1200 Kion implantation and subsequent annealing has not been ob-
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mean impl. depth (nm) taining the ion implanted species and the main implantation
50 100 300 500 1(:00 _ defects(layer 2. Dislocation loops are formed at sm_aller
0.62 950K 3 depths in the MgO top layeflayer 1) and below the ion
~ ] implantation layef® The presence of dislocation loops in
0.60 750K MgO does not affect thg parameter significantly, but it does
0.58 shorten the diffusion length compared to the bulk values. In
w the layer below the ion implantation layéayer 3 there are
2 056 not only dislocation loops but also a tail of implanted species
§ osef as observed by ND#, possibly because of channeling ef-
g : fects. It was estimated that about 6% of the implanted spe-
o 052 cies end up in this range. Due to the low atomic concentra-
0.50 tion of Li in this layer, we expect small Li-related defects
' rather than metallic Li clusterésee the discussion on the
0.48 defect evolution of layer 3 in Fig. 3 belowThe fourth layer
0.46 is the MgO bulk. In order to monitor the defe_ct evolution, the
' S and W parameters of layer @on implantation layerand
layer 3 (ion implantation taijl were fitted. The layer bound-
0.080 aries determining the position of the ion implantation layer
0.075 have been allowed to relax as tBgarameter peak shifts to
5 0.070 somewhat lower positron energies when the annealing tem-
© perature increase@&ompare, for example, the 750 K and
g 0.065 K 1100 K Sparameter curves in Fig).3This might be due to a
S 0.060 Fg recombination of implanted lithium atoms and lithium clus-
: & ters with vacancies and small vacancy clusters created by ion
X 0.055#§ . X T 4 ;
- implantation. The main ion implantation damage is always
0.050 located at slightly smaller depths than the range of the im-
0.045 planted ions.
N T I The fitted curves are depicted as solid lines in Fig. 3. The
0'0400 5 10 15 20 agreement with the experimental results is reasonable, con-

sidering the fact that the same model has been applied to all
data sets. In the case of tBandW graphs corresponding to
FIG. 3. Sand W parameters as a function of positron energy.the 1200 K annealing step the MgO top layer was omitted
The solid lines are the result @EPFIT modeling. since it was not possible to distinguish between the ion im-
planted layer and the MgO top layer. The fitted results yield
served before and we attribute this effect to positron annihiboundariesd; andd, of the ion implanted layer of approxi-
lation in small Li-related defects, as will be discussed inmately 45 and 115 nm, respectively, shifting to slightly lower

positron energy (keV)

more detail below. values with increasing annealing temperature. The fitted val-
The experimentabandW parameter curves shown in Fig. ues ofSandW are presented in Fig.(8).
3 have been fitted using thespFIT codé® in order to gain Figure 4 shows th& parameter plotted versus th pa-

more insight into defect evolution and in order to derive therameter. Every bulk material and every defect type has a
contributions of the various layers to the annihilation distri- characteristiS andW parameter. A few of these typic8|W
bution. A four-layer model was used. The principal defectcombinations are indicated in Fig. 4 with open circles and
types and the corresponding diffusion lengths that were usedre called cluster points. The cluster points corresponding to
as input to thevEPFIT code are listed in Table Il. The choice pure MgO and bcc Li were determined experimentally from
for this model is mainly based on defect analysis performedulk samples of these materials. By plotting experimental or
on previously ion-implanted MgO samples that were anafitted S,W values in anS-W plot with, e.g., the positron
lyzed with techniques such as transmission electron microsenergy as the running parameter, the defect status at a certain
copy, positron annihilation spectroscopy, and neutron deptldepth in the material can be analyzed by means of compari-
profiling.2°4%*1In particular, there is a subsurface layer con-son with the characteristi,W cluster points for defects and

TABLE Il. veprIT model used to fit thé&s andW parameter curves shown in Fig. 3.

depth(nm) diff. length (nm) Spar. W par. Description
Layer 0—-d; 50 0.468 0.078 MgO top layer
Layer 2 d,—d, 15 fitted fitted MgO:Li
Layer 3 d,—300 50 fitted fitted ion impl. tail
Layer 4 >300 100 0.468 0.078 MgO bulk

4n the case of the 1200 K annealing step, layer 1 was omitlige: Q).
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0.09 e e e e e e e 0.09
:a) /small Li-related defects T b) small Li-related defects
0.08 [

__ MgO bulk

007 |

g r . 8 FIG. 4. (a) S'W plot with the positron energy
2 006 + Joo0e 2 ; ;
£ r MgO with 1100K ; £ as running parameter. The experimental data are
g - Li clusters T Mg wilh 3 o5 s plotted for the 950 K and 1200 K annealing step
< F e /e T fited) 1 = only. (b) S-\W plot with the annealing treatment as

- I Joo running parameter. The fitted values are plotted

¥ ] for all of the four layergsee Table I\
N 1 —e— layer1, 4: MgO 750K 950K ]
0.03 e anneal 950K I —v— layer 2: MgO-:Li - 0.03

| 1200K I - i i
—8— anneal 1200 bulk Li O + —&— layer 3: impl. tail bulk LiO
ERELTiG

0.02_|||1IA||‘I||1|I||‘|I|1||I||||I1"||A|I‘|1|I||1|I|x1||
040 045 050 055 060 065 07040 045 050 055 060 065 070

S - parameter S - parameter

bulk materials. In Fig. &), the experimentally obtainélW ~ MgO:Li layer (Sygo.;) after the 950 K annealing step was
parameters are plotted with the positron energy as the rurfound to be 0.662 by means wEPFIT modeling[Table II,
ning parameter. Figure(d) shows theS-W plot using the  Fig. 4(b)]. The S parameters of bulk lithium and bulk MgO
fited S and W values for every layer with the annealing were measured using the same Doppler broadening PBA
treatment as the running parameter. The main difference b&etup and were evaluated to be 0.678 for polycrystalline bulk
tween the two plots is that in Fig(@), all layers contribute  bcc Li and 0.468 for monocrystalline bulk MgO. The mea-
to the experimenta$, W points, while in Fig. 4b) the SW  surement of theS parameter of bulk Li was carried out at a
parameters are layer resolved with the aid oftheriT code  positron implantation energy of 27 keV. This energy is suf-
i.e., theSandW parameters corresponding to only one layerficiently high to make the contribution of the lithium oxide
are showr[see also Eq(2)]. layer at the surface to the measured distribution negligible,
Considering the defect evolution of layer(i®n implan-  which was ascertained by means of positron depth profiling.
tation tail in Fig. 4(b), it is clear that theS,W combination  The S parameter for bulk lithium is much higher than tBe
moves away from the bulk Li cluster point during the anneal-parameter for bulk MgO. This is due to the rather small
ing procedure, while the NDP measurements show that &ermi cutoff for metallic lithium of 0.58 a.u(Ref. 42
small fraction(approximately 6%of the implanted Li atoms  (equivalent to 4.2 mradwhile the window for the measure-
is present in this layer. Therefore, the Li atoms should be itments of theS parameter is set at energies corresponding to
an electronic state that is different from metallic bulk Li. +3.2 mrad. Consequently, most of the Doppler broadening
Research performed previously on Li-doped MgO crystalsurve falls within the window and thé& parameter for
has revealed defect types such agQ_precipitates, isolated [ithium is therefore relatively high. This is also clear from
Li* ions, and so-calledLi]® centers.’ These defects will Fig. 6 where the experimentally obtained 511 keV annihila-
yield S,W parameters that are quite different from bulk Li or tion peaks of bulk MgO, bulk bcc Li, and MgO:Li are dis-
bulk MgO. Another observation that can be made with re-

spect to Fig. ) is that theS,W characteristic points corre- WO T 1 T '
sponding to the ion implantation layeflayer 2 move 0.9+ \g 4/,/-/"—
roughly along the line connecting the MgO bulk cluster point u; 08 - e |
and the bcc bulk Li cluster point. It is also clear that the & v
experimentals, W point corresponding to MgO containing Li E 0.7 _4\2 '/ ]
clusters after the 950 K annealing step in Figa)4does not S 441 / "\ / |
reach the fitteds, W combination of layer ZMgO containing ‘EE /’ . ‘

lithium clusters after the 950 K annealing step in Fight € °°f \/ {/' l
Due to the broadness of the positron implantation profile and® o4 ! - .
positron diffusion processes, only a certain fraction of the g oal i / - ./ \ |
positrons implanted at 3.5 keWith a mean implantation .2 /" / \/ AN

depth that corresponds to the center of the implantation§ 0.2 / . - 7
queﬁ annihilate in thg MgO:Li Ia}ygr. .ThIS is also clgar from T 41 :}’T\ / N ~ _
Fig. 5 where the fraction of annihilations per layer is plotted VAT . . "\--‘\‘I.___‘_T_:
as a function of positron implantation energy. It is found that 5 0 " 20

69% of the positrons with 3.5 keV implantation energy an-
nihilate in MgO:Li (layer 2.

Calculation of the efficiency of positron confinementin Li  FiG. 5. Layer fractions of the PBA sample as a function of the
nanoclusters using E@l) requires numerical values for the positron implantation energy. Annihilation fractions per layer were
S parameter of the composite MgO:Li materi@le., theS  found byverriT modeling of the PBA data obtained after the 950 K
parameter of layer)?2 the S parameter of bulk lithium, and annealing step. The numbers indicate the layer number as listed in
the S parameter of bulk MgO. Thes parameter of the Table Il. Layer O is the surfacghermal and epithermal positrons

positron energy (keV)
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0.6 A question that now arises is whether the positron is really
S-parameter window confined wﬁthin the Li ngnocluster or whether it is trapped at
GE | — the Mgd|Li interface prior to annihilation. We shall post-
= e MgO bulk pone the discussion of this point until Sec. V.
o ':'n v  MgO:Li
o E .
g 0.4 DD'W‘D B bee Li bulk B. 2D-ACAR
v
3 (= '5' The 2D-ACAR results are shown in Fig. 7. Péa shows
= A - I the anisotropic contributidii of the MgO bulk distribution
£ ff\ (= (total number of counts 6x410) obtained from an as-
S o2 4 :& received single crystal of Mg@O00. Part(b) of Fig. 7 shows
- R the anisotropic part of the 2D-ACAR distribution obtained
.f | % from a Li-implanted sample after annealing at 95(Qt&tal
0.11 j i Y number of counts 10107). This distribution was collected
Eﬁ | at 4 keV positron implantation energy, which corresponds to
0.0 . : , ' 1 . , | a mean positron implantation depth at the center of the

5 4 3 2 4 0 1 2 3 4 5 lithium nanocluster laye(MgO:Li materia). This energy
was chosen on the basis of depth profiling performed on the
2D-ACAR sample by means of Doppler broadening PBA.
FIG. 6. Experimentally obtained 511 keV Doppler broadeningBOth distributions have been corrected for the difference in
peaks for bulk MgO, bulk bee Li, and MgO containing Li nanoclus- esolution between the directions parallel and perpendicular
ters (after the 950 K annealing step to the sample surface (2x11.4 mrad) and were symme-
trized by reflection with respect to tH&00 and(001) mirror
played. The fraction of annihilations in lithium can be calcu-Planes. The anisotropy plot of the MgO:Li layer is strikingly
lated rewriting Eq.(1) and usingfygo+ f;=1: dlfferent fro_m the bulk MgO ar'nsoFropy plot. The bulk MgO
anisotropy is still observable in Fig(h), but another, very
dominant anisotropic contribution is present in the central
:SMgO:Li_SMgO (8) part of the figure. The major part of this contribution has a
Sti —Swgo nearly perfect fourfold symmetry with peaks positioned near
the Fermi radius of lithiumsee below. Therefore, we at-
Here it should be realized that contributions from the surfaceribute the 2D-ACAR anisotropy in the center of Figbyto
and any other layers have already been filtered out by thannihilation in bcc or fcc lithium clusters. Treilleux and
VEPFIT code. Substituting th& parameters mentioned above Chassagni@ found by means of electron diffraction and
then yields a fraction of annihilations in lithiunf,;, of 92  cross-sectional transmission electron microscO$YTEM)
+5%. This shows a very effective confinement of positronsanalysis that, depending on the nanocluster size, metallic
in Li nanoclusters, which occupy only 1.3 at.% of the lithium nanoclusters in MgO can adopt either the fcc or a
MgO:Li layer. In the calculation above, it is assumed that therotated bcc crystal structure. Whether the lithium clusters
S parameters for bcc Li and fcc Li do not differ significantly found in the 2D-ACAR distribution of Fig.(b) are in the fcc
and that theS parameter of the lithium nanoclustdisithout  or rotated bcc phase has not yet been established unequivo-
surrounding MgQ is similar to theS parameter of lithium cally. The fact that the anisotropic contributions displayed in

Energy (keV)

fLi

bulk. Figs. 7a) and 7b) both have the same symmetry and iden-

a) Mgo b) MgO:Li FIG. 7. Anisotropic part of thg010]-axis-
15 . " y T 15 PN S NZ projected momentum distribution obtained by

/’," %;% i A 2D-ACAR measurements fag) bulk MgO(100)

= 10 Q%V@@‘ = 10 ; and (b) MgO containing Li crystalline nanoclus-

8 e { 8 5 3 ters. The average Fermi cutoff for bulk Li of 4.3

= » v (!!) _. = mrad (see Sec. IV. Bis displayed as a dashed

23 0 W@é@ gé\((r@\\\\\l ;o 0 circle. The distributions have been symmetrized

Q@ @)\%? wg/&w @ by reflection with respect to thel00) and (001

o ) . . . o

= -5 R e / d~g = b mirror planes. The contour interval is 10%%)

x N7 - x g of the peak height for soli(totted contours. The
=10 ﬁ ' 7 101 projection of the Brillouin zones is shown based
15 NV 15 Y AN R Y on the lattice parameters of Mg@) and fcc Li
15 10 5 0 5 10 15 15 10 5 0 5 10 15 (©).

py (10-*mgc) [100] py (10-*mgc) [100]
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TABLE Ill. Calculated positron lifetime, positron affinity and electron and positron chemical potentials
for bce and fec Li.

LDA GGA
- (ev) 7 (ps) e (8V) As (eV) 7 (ps) My (8V) As (eV)
bce Li -28 299 -52 -8.0 283 -5.0 -7.8
fcc Li -28 297 -5.3 -8.1 282 -5.0 -7.8

tical mirror planes shows that there is a distinct orientatiorent positron affinities of MgO and Li. These positron affini-
relationship between the crystalline Li clusters and the MgQties were calculated using the various models discussed in
host matrix. Therefore, the lithium clusters will be coherentSec. Il. The results of calculations of the positron lifetime,
or semicoherent with the MgO crystal lattice. Comparing theaffinity, and electron and positron chemical potentials for Li
ion implantation settings and annealing temperature used igre shown in Table IIl. Very similar lifetimes and affinities
this work with the experimental parameters of Ref. 16, thegre obtained for bce and fcc Li. This is related to the fact that
presence of fcc lithium is most likely. In that case, theihe atomic volumes of bee and fec Li are almost eqifable
lithium nanoclusters are in a simple cube-on-cube orientationp)_ The affinities found are in good agreement with theoreti-
relationship with the MgO host matrix. Cube-on-cube bec Lig v alues from the literatu®:2 To our knowledge, the pos-
is excluded by the anlsotrqpy n Fig(y as '.t would Pro= itron affinity of Li has never been determined experimen-
duce peaks along thg.00) directions. The anisotropy in the tally
central part of Fig. ) agrees very well with the results of T.he electron and positron chemical potentials, positron
preliminary calculations performed on the momentum distri-afﬁnity and lifetime for MgO determined using thrée differ-
bution of fcc Li using the Korringa-Kohn-RostokéKKR) . .
method. The free-electron Fermi sphere for fcc ld, ( ent models_ are given in Table IV._Th.e IM and GGA ap-
—4.4 A; cf. Table ) is displayed in Fig. ) as a circle of proaches yleld values fqr the _bul!< lifetime that are clo_se to
radius 0.591 a.u., equivalent to 4.3 mrad. The peaks in thi'® €xperimentally obtained lifetime of 150-170 ps in
anisotropy then derive from bulges of the Fermi surfacd190, " which is not the case for the SM results. We note
pointing towards the hexagonal Brillouin zone faces. Thethat the incorporation of empty spheres into the MgO lattice
results of the momentum density calculations for fcc and bedMIO 11 case leads to a slight increase of the lifetime values
Li and a more detailed analysis of the experimental op-Pecause th_e interstitial space is better described compared to
ACAR distributions will be presented elsewhéfe. the case without empty spherédgO I). Table ';é also in-
The fraction of positron annihilations in Li nanoclusters €ludes the calculated lifetimes by Puskaal™ In the

f; was also estimated from the 2D-ACAR distribution, us-Present work, the lifetimes found using the SM and the IM
ing Eq. (1) in combination with avepFIT layer fraction are somewhat higher and lower, respectively, than the values

analysis(giving the relative contributions of the layers to the réPorted by Puskat al, while the same SM and IM models
annihilation distribution at a certain positron implantation "@ve been used. This is mainly due to a different treatment of
energy. The fraction found90% was not significantly dif- the core electrons. In addition, the electron density of MgO

ferent from the one derived from the PBA results discussed]) Ref- 26 was approximated by the superposition of atomic
in Sec. IVA. densities without consideration of the charge transfer be-

tween Mg and O atoms. Anyhow, it turns out that the semi-

conductor model does not describe reasonably the lifetime

experiment(both in the present work and in Ref.)2€0 that
Above it was found that the fraction of annihilations in Li we will not consider this model when calculating the differ-

as deduced from the Doppler broadening PBA spectra is 98nce between positron affinities of MgO and Li.

+5 % in the ion-implanted layer. It will be shown that the  The values oA, presented in Table IV depend obviously

effective positron confinement can be ascribed to the differon the models used to calculate them. The lowest value

C. Positron affinities

TABLE |V. Calculated lifetimes, positron affinities, and electron and positron chemical potentials for
MgO without empty sphere@MgO 1) and including empty spherd&igO 11). GGA: generalized gradient
approximation. SM: semiconductor model. IM: insulator model.

GGA SM IM
M- T Mt Al T Mt A T Mt Al
ev) (ps  (eV) ev) (ps  (eV) ev) (ps  (eV) (eV)
MgO | -29 139 -32 -61 121 -40 -69 141 -26 -55
MgO II -10 140 -50 -60 126 -55 -65 147 -40 -50
MgO? 119 167

aRef. 35.
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comes from the SM, whereas the IM yields the largest valueis thermalized and diffuses within the embedding MgO, the
Also, the affinity results depend slightly on whether theprobability of reflection when encountering the Mg®in-
empty spheres are included or not. In the following considterface is negligible at room temperature. Every positron
erations we will employ the MgO Il case. The positronic reaching a lithium nanocluster will thus be confined in that
energy step at the Md[Qi interface can now be calculated cluster. Once inside the cluster, the positron will be reflected
using Eq.(4). Combining the GGA and IM positron affinities at the walls. A necessary condition for the process described
for MgO Il (Table IV) and the GGA results for bcc and fcc above is that the size of the nanoclusters is large enough to
lithium (Table IIl; LDA and GGA results differ only margin- accommodate at least one bound state. Applying the three-
ally), the positronic potential drop at the M0 interface  dimensional spherical well model with a finite potential, the
equals 1.8 eV using the GGA and 2.8 eV using the IM.critical radius is given by Eq5). Substituting a value of 1.8
Regardless of this uncertainty in the affinity difference, it iseV for the depth of the potential well then yields a critical
plausible to assume that clusters of Li in MgO act as positrorcluster diameter of 0.4 nm. As the confinement of positrons
traps. is quite obvious from the results described in Secs. IV A and

In this context it is useful to mention recent wdftkn IV B, the actual size of the nanoclusters will be larger than
which the positron affinity was studied in several polytypesthis value.
of SiC, which is a semiconductor. It was found that all the- The probability of encountering a nanocluster is deter-
oretical approacheGGA, SM, IM) overestimatdin magni-  mined by the positron diffusion length and the concentration
tude the positron affinity in SiC. This was ascribed to cer-and spatial distribution of the Li clusters. Trapping of the
tain inadequacies in the theoretical description of both thevast majority of the positrons is only possible if the mean
electron and the positron part of the problem. Consideringlistance between the Li nanoclusters is smaller than the dif-
this conclusion and the above mentioned experimental valudsision length for positrons diffusing in MgO within the
of the positron affinity for MgQRefs. 29 and 30it turns out ~ MgO:Li layer. Here it is assumed that the positron is present
that the values oA, calculated here for MgO are probably in MgO after thermalization, as Li occupies only 3 vol. % of
too large(in magnitude. Further theoretical and experimen- the MgO:Li layer. In the diffusion-limited trapping model,
tal work is therefore needed to clarify this point. described by Hautojai and Corbef! the diffusion to the

A final remark in this section concerns the sensitivity of defect is slow compared to the transition to the localized
the values of the positron affinity with respect to the choicestate. The depth of the nanocluster potential well is of the
of the LDA exchange-correlation potential for electrons. Inorder of a few eV, so this condition is well satisfied. The
addition to the exchange-correlation potential of Von Barthpossibility of detrapping is neglected. Assuming spherically
and Hedif’ we also examined the potential of Ceperley andshaped clusters, the fraction of positrons annihilating in the
Alder*® as parametrized by Perdew and ZurfjeGurpris-  clusters is given by
ingly, the calculated positron affinities increageagnitudes
decreasgby about 0.5 eV in all cases presented in Tables Il P S 4mr D Ce ©
and IV. The inspection of electron and positron chemical Tk )\Mgo_47ﬂc|D+Cc|+7\Mgo'
potentials leads to the conclusion that this effect can be at- . . . .
tributed to the change of the electron chemical potentiald/Ne€re « |§1the positron trapping rate with respect to the
only. It shows that, although the resulting difference of the®lUSters (S7), Augo is the annihilation rate in Mgo (s).
positron affinity of MgO and Li remains unchanged, one had ¢! IS the radius of the clustém), c., is the concentration of

_3 . - - - - _l
to be careful when comparing affinity results obtained using®'USters (m~), andD . is the diffusion coefficient (fhs™?).
different exchange-correlation potentials for electrdn® he diffusion coefficient is related to the diffusion length

Ref. 50. (m) and to the positron lifetime (s) as
L,=JD,r. (10

V- DISCUSSION By means of Eqs(9) and (10), the fraction of annihilations

Our results show a very high fraction of annihilations in in lithium clusters can be estimated. No detailed information
lithium, indicating a very effective positron confinement in is available on the size of the nanoclusters, so we perform an
Li nanoclusters. Two aspects are important when consideringrder-of-magnitude calculation. The mass density of bulk Li
the efficiency of positron confinement in nanoclustee: is 543 kg m 3, so the 16° implanted Li atoms occupy a
the probability of trapping and reflection when a positrontotal volume of 2. 10 ** m? independent of the cluster
encounters a nanocluster acting as a potential well(ahd size. If the radius of the lithium nanoclusters is, e.g., 5.0
the probability of reaching a nanocluster, assuming that them,' the total number of clusters is 410" and the con-
positron is thermalized in the embedding MgO material.  centration of clusters will be 5:810°2 m~3 considering that

The kinetic energy of delocalized positrons is of the orderall clusters are present in the ion implantation layer with a
of tens of meV, while the size of the potential step at thethickness of 70 nntestimated fromvepriT, Table 1)) and an
MgO||Li interface is a few e\M(1.8 eV using the GGA and 2.8 area of 1.0¢1.0 cn?. At this concentration, the average in-
eV using the insulator modelThus, the depth of the poten- tercluster distance is 26 nm. The annihilation rate in MgO,
tial well as determined by the difference in positron affinitiesA yq0, €quals 6.% 10° s !asitis the inverse of the lifetime
is two orders of magnitude larger than the kinetic energy ofr in MgO, 155 ps*® A value for the diffusion length for
the positron after thermalization. Therefore, when a positrompositrons in MgO of 50 nm can be assum@djual to the
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diffusion lengths for layers 1 and 3 in theePFIT mode). content in the MgO:Li layer is only 1.3 at. %. The aniso-
Substituting Eq.(10) into Eqg. (9) and using the numerical tropic contribution of the 2D-ACAR distribution collected in
values given above, the fraction of annihilations in iji,, the layer containing Li nanoclusters shows a fourfold sym-
can be calculated. This yields a fraction of 90%, whichmetry (most likely indicating an fcc crystal structyravith
agrees very well with the experimental results. Although thepeaks at positions near the average Fermi radius of lithium.
cluster size and the diffusion length are estimated, the abovEhis proves that crystalline bulk lithium is present. The sym-
calculation demonstrates that the annihilation fraction inmetry of the 2D-ACAR anisotropic contributions also shows
lithium can be lower than 100% due to diffusion-related pro-that the lithium clusters are coherent or semicoherent with
cesses even if every positron encountering a nanocluster tee MgO host matrix. The difference in positron affinities of
trapped in that cluster. The calculated fraction is stronglylithium and MgO vyields a positronic potential step down at
dependent on the cluster size and the diffusion length. Faihe Mgd|Li interface. Therefore, the nanoclusters act as a
clusters with a radius of 3—7 nm and a diffusion length ofpotential well for positrons with a depth equal to the differ-
50—100 nm, the trapped fraction varies from 82% to 99%. ence in the positron affinities. These positron affinities were

Finally, the possibility should be discussed that positrongalculated using the LMTO-ASA method, and values for the
are not present in either MgO or Li but are trapped at thadepth of the positronic potential well of 1.8 and 2.8 eV were
interface, corresponding to the situation depicted in Figl.2 obtained using the GGA and the insulator model, respec-
This phenomenon is observed, e.g., for the|S8D, tively. The depth of the potential well is so large that the
interface?’ Open volume defects or lattice mismatch at thetrapping probability of positrons meeting a nanocluster is
interface can induce positron trapping. No evidence of posiapproximately equal to 1.
tronium formation was found in the analysis of the 2D- In future research, positron confinement can facilitate the
ACAR distribution, showing that large vacancy-type defectsinvestigation of metal and semiconductor quantum dots and
are not present. Positrons can also trap in interface defectsf unusual crystal structures, such as the electronic structure
that are too small for the formation of positronium. However,of fcc Li nanoclusters in MgO or of bcc Cu nanoclusters in
positron annihilation distributions corresponding to positronFe. In order to predict beforehand whether positron confine-
annihilation at interfaces usually bear characteristics of botlment is feasible, it would be useful to know the experimen-
materials. Thus, if positron trapping would occur at thetally determined or calculated positron affinities of embed-
MgO||Li interface, a considerably higher contribution from ding transparent materials commonly used in optical studies,
MgO to the Doppler broadening and 2D-ACAR distributions such as Sig, TiO,, and ALO;. These affinities can then be
would be expected. Therefore, interface trapping in the caseompared with the known positron affinities of many nano-
of the Mgd|Li interface is not likely on the basis of the cluster materials.
above observations. On the other hand, the fraction of anni- Note added in proofVery recently, Nagaet al. have in-
hilations in Li nanoclusters might be influenced by local vestigated successfully the Fermi surface of coherently em-
electric fields near the interface. These can be present asb&dded Cu nanoclusters having the unusual bcc crystal
result of charge redistribution associated with the equalizastructure>® Here the concept of position confinement in em-
tion of the Fermi levels of MgO and Li in thermal equilib- bedded nanoclusters was used in combination with the 2D-
rium. We have, however, no means to investigate whetheACAR technique.
this last aspect plays a significant role.
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