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Formation of solid Kr nanoclusters in MgO
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The phenomenon of positron confinement enables us to investigate the electronic structure of nanoclusters
embedded in host matrices. Solid Kr nanoclusters are a very interesting subject of investigation because of the
very low predicted value of the positron affinity of bulk Kr. In this work, positron trapping in solid Kr
nanoclusters embedded in MgO is investigated. The Kr nanoclusters were created by means of 280 keV Kr ion
implantation in single crystals of MgQ@O00 and subsequent thermal annealing at a temperature of 1100 K. The
nanoclusters were observed by cross-sectional transmission electron microscopy in high-resolution mode. The
fcc Kr nanoclusters are rectangularly shaped with sizes of 2 to 5 nm and are in a cube-on-cube orientation
relationship with the MgO host matrix. From the Moifénges in high-resolution recordings, the lattice
parameter of the solid Kr was deduced and found to vary from 5.3 to 5.8 A. The corresponding pressures are
0.6-2.5 GPa as found using the Ronchi equation of state. The relationship between lattice parameter and
cluster size was investigated and it was found that the lattice parameter increases linearly with increasing
nanocluster size. The defect evolution during annealing was monitored by means optical absorption spectros-
copy and positron beam analysis. No evidence of positron trapping was found despite the very low positron
affinity of solid Kr. Alternative definitions of the positron affinity are proposed for application to insulator
materials.
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. INTRODUCTION insulators>'! and rare gasés, it is obvious that the solid
noble gases have by far the lowest positron affinity of all
Recently, great advances have been made in the invesglements(less than—10 eV), making them the most inter-
gation of the electronic structure of metallic nanoclusters byesting candidates to further pursue and exploit the phenom-
means of positron annihilation spectroscopy. When certaignon of positron confinement. In this work, we have created
requirements with respect to the positron affinity are ful-solid Kr nanoclusters as observed by means of transmission
filled, the vast majority of the positrons is trapped in embed-€lectron microscopyTEM) and investigated positron trap-
ded nanoclusters, thereby becoming a self-seeking probe f@Ng in this host-nanocluster system. Solid Kr clusters cre-
nanocluster material. When a positron technique such a8t€d by means of ion implantation were already observed in
two-dimensional angular correlation of annihilation radiationthe metals Ti, Ni, Cu, Mo, and Al in graphite and
(2D-ACAR) is used, the positrons reveal the electronic struc-3rafoil,"® and once in MgG?® Most of the work on solid Kr
ture of the nanoclusters. This discovery is very interestingnentioned above concerns the analysis of diffraction patterns
since below a certain cluster size, all material properties of? TEM and x-ray absorption studies. We show solid Kr clus-
the nanocluster start to change: structural phase transformfrs in TEM in high-resolution mode, similar to the_high-
tions, metal-insulator transitions, modification of optical fesolution work already performed on solid Xe clustefrs.
properties, and widening of the band gap for semiconductor
nanoclusters occﬁﬁ4 The three—dimengional spatial confine-' Il. EXPERIMENTS
ment of the positron wave function in the nanoclusters is
called positron confinementHost-nanocluster systems that  Several epi-polished Mg@00 single crystals of size 10
have been investigated very successfully are Li in MgOx10x1 mn? were implanted at room temperature with 280
(Refs. 5 and pand Cu in FgRefs. 7 and 8 Here the Liand keV Kr ions to a dose of 310 ions cm? and subse-
Cu nanoclusters adopt the unusual fcc Li and bcc Cu strucguently annealed in ambient air for periods of 30 min at
tures to be more coherent with the host matrix. The 2Dtemperatures of 900 K and 1100 K, respectively. After ion
ACAR experiments in the works mentioned above providedmplantation and after each annealing step, the evolution of
a unique opportunity to investigate the Fermi surface of thes@®n implantation defects was monitored with optical absorp-
unusual crystal structures. However, positron confinemertion spectroscopy and Doppler broadening positron beam
only works when the positron affinity of the nanocluster isanalysis® (PBA) using a monoenergetic positron beam with
lower than the positron affinity of the host material and whena variable acceleration energy of 0—30 keV. Cross-sectional
the host-nanocluster interface is without defects so that th#zansmission electron microscoTEM) was applied after
positron will not become trapped at the interface. Lookingthe 1100 K annealing step. The TEM was performed using a
through the literature that has predicted positron affinity forJEOL 4000 EX/II microscope operating at 400 kyoint-to-
almost all metald, a number of semiconductot®,a few point resolution 0.17 nim The specimen preparation is dis-
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TABLE |. Sample treatment and main experimental observations.

Sample treatment

lon implantation 3K 10'® Kr ions cm 2 at an energy of 280 keV.
Thermal anneal At 900 K and 1100 K for a period of 30 min.
Results

Optical absorption F andV centers present after implantation;

dissociation after 900 K anneal.
Cubical, solid Kr clusters at 70-130 nm depth, cluster size 2—4 nm.
Cubical nanovoids at 15-30 nm depth, cluster size 2—-5 nm.
Defect agglomeration during annealing.
High S parameter in nanovoids layer;
S parameter in Kr cluster layer higher than that of bulk MgO
and lower than thé& parameter of MgO with defects.

XTEM

PBA

cussed elsewhef@ The sample treatment and main observa-cancie$ and at a wavelength of 250 nm, there is another
tions are listed in Table I. absorption peak that can be attributed Focenters (O

vacancies?° Both absorption peaks vanish after annealing at
Ill. RESULTS 900 K.

First, the results of optical absorption spectroscopy will B. Cross-sectional TEM
be presented. Next, the XTEM results will be shown, focus-
ing both on the solid Kr nanoclusters and on the defects XTEM was performed on a sample after the 1100 K an-
created in the MgO. Finally the result of positron beamneal step. Figure 2 shows an overview image. The area be-
analysis is shown as an additional method to obtain deptHWeen 70 and 130 nm depth is a subsurface layer that con-
resolved information on the defect evolution in the compos{@ins Kr nanoclusters. The rectangular area in Fignarked
ite material during the sample treatment. Possible trapping iith the white brackefsis enlarged in the high-resolution
Kr nanoclusters is discussed in terms of the positron affinity] EM image of Fig. 3. Here the Kr nanoclusters can be
clearly observed. The clusters are rectangularly shaped and
. ' the sizes vary from 2 to 5 nm. Moiffeéinges are present due
A. Optical absorption spectroscopy to the lattice mismatch between solid Kr and MgO.
The results of the optical absorption spectroscopy are dis- The morphology of the nanoclusters is determined by the

played in Fig. 1. After ion implantation, two types of defects interface energy corresponding to the various Nig&inter-
can be distinguished. At a wavelength of 570 nm, there is an

absorption peak that can be attributedt@enters(Mg va-
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FIG. 1. Optical absorption spectra of a MO0 crystal im- FIG. 2. TEM overview image of Kr-implanted MgO. Solid Kr
planted with 280 keV X 10'® Kr ions cmi 2, as implanted and after nanoclusters are observed in a band at a depth of 70—130 nm. The
annealing in air at various temperatures. white brackets indicate the area shown in Fig. 3.
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. ) FIG. 4. High-resolution TEM image of a solid Kr nanocluster
FIG. 3. Solid Kr nanoclusters at a depth of 75-120 nm Wlthi

A . | ) also present in the center of Fig). Ihe lattice parameter of the
Moire fringes caused by the lattice mismatch between solid Kr and, ;4 kr can be derived from the Mairiginges (see text
MgO.

With a lattice parameteraygo of 4.212 A (dwgo.200
face facets; the shape of the cluster can be constructed usirg2.106 A), this yieldstly, 200= 18/(18- 5)dyg0.206= 2.9 A
the Wulff diagrani™-**if the interface energies are known. In and thus the lattice parameter for solid Ky, , equals 5.8 A.
this particular case, it is clear that tH&00 interface is  This corresponds to the lattice parameter of frozen Kr at a
energetically more favorable than thelQf and{111} inter-  temperature of 110 K* In a similar fashion, the Kr lattice
faces. The interface energy equals the sum of the surfaggarameters in the other clusters present in Fig. 3 can be ana-

energies of MgO and Kr minus the work of adhesion: lyzed and values of 5.3-5.8 A are found. These values for
ak, correspond reasonably well with values of 5.0-5.5 A
Yugolke= YMgoT Ykr— Wag- (1)  reported in the literatur€** The important advantage of the

use of Moirefringes in comparison with the experimental

Considering that the van der Waals bonding of the noble ga@'€thods mentioned in the Introduction is that the lattice pa-
Kr atoms is very weak, the interface energy of Kr and thef@meter can be determined for every Kr cluster separately. In
work of adhesion will be negligible with respect to the sur- Fig- 5, the Kr lattice parameter is plotted as a function of the
face energy of MgO, i.e., by approximation the MdQ@ cluster size. It is clear that 'there is a positive correla’ugn
interface energy equals the MgO surface energy. Waggon Petweenay, and the cluster size; the straight line plotted in
al.?® calculated surface energies of 1.25 J%m for

MgO{100}, 1.87 Jm2 for MgO{11@}, and 2.5 Jm? for 6.0
MgO{11L. The last two values are valid for microfaceted
surfaces, but the surface energies for unfacéted; and

{111} MgO surfaces are even higheér.Considering the < 58
Wulff diagram?:?? the absence of th¢11Q facets in the 3
rectangular Kr nanoclusters means that the NI} sur- %’ 56|
face energy should be at leag@ times larger than the g
MgO{100; surface energy, which is in agreement with the g
theoretical values given above. £ 547
Figure 4 shows a magnification of the large cluster present ‘—:
in the center of Fig. 3. There are five Moifénges in 18 X

MgO lattice spacings. Since Kr is fcc in fcc host mqtri‘ées 527 a,=46+039b,,.
and the Kr clusters are in a cube-on-cube orientation rela-
tionship with the MgO, the following relationship can be

used to calculate the lattice parameter of solid &g, : 5'01_5 20 25 3.0 35
Cluster size b (nm)
1 1 1 . , .
3 = 3 — d_ . (2 FIG. 5. Relationship between the Kr lattice parameter and the
fringes MgO Kr cluster size.
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the figure is a linear least squares fit to the data. The cluster
size (defined as the cube root of the nanocluster volume
cannot be determined accurately since the cluster dimension
perpendicular to the plane in Fig. 3 or 4 cannot be deter-
mined. Therefore, the cluster size was estimated as the
square root of the cluster area that is visible in the figures.
The lattice parameter in small clusters is smaller due to the
higher pressure in small clusters. The lattice parameter can
be related to the pressure using the Ronchi equation of state
(EOS. A lattice parameter of 5.3-5.8 A for fcc Kr corre-
sponds to a molar volume of 22—30 €nUsing the EOS for
solid Kr at a temperature of 300 %, the pressure in the
largest cluster is 0.6 GPa and the pressure in the smallest
cluster 2.5 GPa. These pressures are in reasonable agreement
with the minimum pressure of 0.83 GPa that is necessary for
the formation of solid K8 It is also in good agreement with
the following equations, describing the relationship between
pressure and interface energy. The energy of the cluster sys-
tem is minimized when

dE dav ds
dE=pdV-ydS= 0=3a~Paa Yda 3 FIG. 6. TEM image showing the vacancy cluster band located at

a depth of 15-30 nm.
For the case of a cube with site volumeV=b?, and sur-

face S=6b?, it follows that _ _
MgO facets(see the discussion above on the rectangular

p= 4_7 (4) shape of the Kr clustersThese voids are formed due to
b . - . . .
accumulation of vacancies created by the Kr implantation. It

Since the interface energy is completely determined by thés: however, peculiar that this vacancy band is located so far
surface energy of MgQdsee Eq.(1) and the discussion 2Wway from the main I_<r cluster band, since nprm_ally the
abovd, the pressure in the cluster can be calculated. It should@mage depth distribution and the Kr depth distribution from
be realized that Eqs3) and (4) are only valid when the the same implantation are overlappmg t_o a large extent.
material is in thermal equilibrium, i.e., at the temperature at Figure 7 shows the Kr depth distribution and the damage
which the clusters were formed. The pressure and surfacgi€ated by ion implantation as simulated by _meansé(;f the
energy mentioned in Eq4) should therefore be considered SRIM2000 code (Stopping and Range of lons in Matt

at 1100 K. The Mg@®100} surface energy at 1100 K is 1.17 Here d;gplacement energies of 55 eV were used for both Mg
Jm 2 (Ref. 26. Using Eq.(4), a cluster size of 3 nm then @nd O For the applied dose ,°f>3,1016 ions cm 2, the
yields a pressure of 1.7 GPa at 1100 K. How can this prespeak value of the Kr concentration is 4.1 at. % and the peak
sure be compared with the pressures of 0.6-2.5 GPa found

in the electron microscope at 300 K? MgO is a rather incom- 16
pressible material with a linear thermal expansion coefficient vacancies
that varies with temperature. Over the temperature interval of 14 ¢ Krions (x 1000) |
300-1100 K, the average linear thermal expansion coeffi- o
cient a;, is 12x10°® K1 (Ref. 27. Since MgO is very g€ 127
incompressible compared to Kr, we assume that the shrink- F'C:) 10l
age of the cluster is completely determined by MgO. With <
ayo=3a;,, the change in volume of the cluster is 2.9%. g gl /
Therefore, the molar volumes of 22—30 tras found at 2 /
room temperature correspond to molar volumes of 23-31 Z 6 |
cm® at 1100 K. Using again the Ronchi equation of state, h I
but now for a temperature of 1100 K, we find pressures of a 4
1.5-4.6 GPa. This is in good agreement with the pressure of a
1.7 GPa that was found from E(). 27
Figure 6 shows an enlarged TEM image of the subsurface 0 , ‘ , _
area down to a depth of 60 nm. It is clear that a band of 0 50 100 150 200 250

rectangularly shaped nanovoids is present at a depth of
15-30 nm. These large vacancy clusters are 2—5 nm in size
and are rectangularly shaped, similar to the nanovoids found FIG. 7. Kr depth distributior(after implantation, prior to ther-
previously in ion-implanted Mg&® The rectangular shape is mal anneal and damage depth distribution as calculated using the
again caused by the different surface energies of the variousim2o00 code(Ref. 29.

depth (nm)
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damage level is 37 dpé&displacements per target athm average impl. depth (nm)
First, it is clear that the predicted Kr depth distribution is in 15 70130 300 1000
excellent agreement with the location of the Kr nanocluster 058 G Vv T
layer at a depth of 70—130 nm as observed by TEM in Fig. 2. R é

It is also clear that the predicted damage depth distribution is 0.56 Rty '

located shallower than the predicted Kr distribution. How-
ever, this does not explain the presence of a distinct vacancy
cluster band at a depth of 15—30 nm as observed by TEM: in
the srIM simulation the vacancy and Kr distribution are not
separated but overlap to a large extent. A possible explana-
tion is that the vacancies and Kr atoms recombine at the
intermediate depth range of 30—70 nm: the presence of Kr in
the vacancy clusters slows down the mobility of Kr-filled
vacancy clusters so that large vacancy clusters are not
formed. At the same time, the concentration of Kr in this 0.48
intermediate layer is not high enough to form solid Kr nano-

clusters that are large enough to be observed by means of

reference MgO
as implanted
anneal 900K
anneal 1100K
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positron energy (keV)
C. Positron beam analysis FIG. 8. S parameter vs positron energy measured for reference

The defect evolution during the annealing procedure Waé/'go and for MgO:Kr after implantatioh apd after thermal annegl-
monitored by Doppler broadening PBA Annihilation of  IN9S: The_scale at the top of the graph indicates the average positron
positrons with electrons in solids yields information on the/MPlantation depth. The Roman numerals are the layer numbers
momentum distribution of these electrons. The electronir{see Table i and the solid lines are the result\epPFIT fitting (see
momentum distribution is reflected in the Doppler broaden-eXt)'
ing of the 511 keV annihilation peak. Positron annihilation
with low-momentum valence or conduction electrons resultdike bound state of a positrore{) and an electrong").
in a small Doppler shift, contributing to the center of the Positronium formation leads to a dramatic increase inShe
peak. Annihilation with high-momentum core electrons re-parametet® In order to analyze the PBA results in more
sults in a large Doppler shift, contributing to the wings of thedetail, theverFIT cod€ was used to find th& parameter
511 keV annihilation peak. The shape of the 511 keV peak igorresponding to every defect layer. TBgarameter found
characterized by the so-callesl (shapg parameter, which at certain positron energy in Fig. 8 consists of contributions
gives the ratio of the number of counts in the center of theof various layers due to the broadness of the positron implan-
peak to the number of counts in the whole pé&kBy using  tation profile (which is increasing with increasing positron
a monoenergetic positron beam with variable energy,She energy and due to positron diffusion processes. M&eFIT
parameter can be recorded as a function of depth. Howevetpde takes these effects into account and yields the depth-
at larger depths the depth resolution decreases due to broagsolvedS parameters for every defect layer. Based on the
ening of the implantation profile of the implanted positrons. TEM observations, a six-layer model was used as defined in

The S parameter is displayed in Fig. 8 as a function of Table Il. The chosen diffusion lengths are reasonable esti-
positron implantation energy. The average positron implanmates. When considering the number of clusters in Figs. 3
tation depth is indicated on top of the figure. The solid linesand 6, it is clear that here the diffusion length will be 5 nm or
show the results of theepFIT simulation that will be dis- less. The layers and the corresponding depths are indicated at
cussed below. It is clear that after implantation, 8aram-  the top of the graph in Fig. 8. Layer V with a depth of
eter increases with respect to reference MgO in the ion130—300 nm is the so-called ion-implantation tail. Due to
implantation zone and it increases further after annealing athanneling effects, the implantation damage in MgO extends
900 K and 1100 K over a wide range. Tlgeparameter in  much further than the maximum range as predictecshiy
ion-implanted MgO always increases after ion implantation(Fig. 7) as this code assumes the atoms in the target material
due to the efficient formation of vacancy-type defects in theto be randomly distributed. Only for ttf&parameter curve of
Schottky material MgG8 It is observed that th& parameter  reference(nonimplanted MgO, a single-layer model was
increases after annealing at 900 K. Simultaneously, the optidsed with theS parameter value of bulk MgO, 0.475.
cal F andV centers dissociate after annealing at this tempera- The solid lines in Fig. 8 are the result eEpFIT fitting and
ture as observed with optical absorption spectrosc@e@e it is clear that the model as discussed above is well able to fit
Fig. 1). This clearly indicates aggregation of vacancy-typethe experimentalS parameter curves. Figure 9 shows the
defects(the larger the vacancy clusters, the larger yea-  depth-resolvedS parameters found usingeprIT for the
ramete). The peak at 1.5 keV positron implantation energysample after the 1100 K annealing steghere XTEM was
in Fig. 8 can be attributed to the presence of the vacancwlso performefl As expected, thé& parameter in the nano-
cluster band that was observed with TEM in Fig. 6. Thesevoids layer(layer ll) is rather high, 0.59. Th& parameter in
voids are large enough to form positroniRs, a hydrogen- the layer with Kr nanocluster$ayer 1V) is lower than that of

235409-5



van HUIS, van VEEN, SCHUT, KOOI, AND de HOSSON PHYSICAL REVIEW®, 235409 (2003

TABLE II. Model used forveprFIT simulation. Note that th& parameters of layers I, Ill, and V are fitted
with the same parameter.

Layer Description Deptlinm) Spar. Diff. length(nm)
| MgO with defects 0-15 Sqet (fitted) 5

Il nanovoids 15-30 Syoigs (fitted) 5

I} MgO with defects 30-70 Sqer (fitted) 5

\ Kr clusters 70-130 S, (fitted) 5

V MgO with defects 130-300 Sqet (fitted) 20

VI MgO bulk >300 Swgo=0.475 100

the adjacent layers but higher than that of bulk MgO. Thisis in contradiction with the expectation that positrons are
explains the “dip” in theS parameter curve in Fig. 8 at 4.5 very effectively trapped in Kr nanoclusters because of the
keV positron implantation energy. The fact that iparam-  very low positron affinity of solid KrRef. 12 compared to
eter in the layer with Kr nanoclusters is not much differentthat of MgO® So why do the Doppler broadening and 2D-
from adjacent layers points to the low interaction of posi-ACAR results not give evidence of positron trapping in the
trons with Kr nanoclusters. The reason that $ygarameter  Kr nanoclusters?
in the nanocluster layer is lower than in the adjacent layers
(Figs. 8 and 9is probably due to Kr filling of vacancy-type D. Positron trapping and positron affinities
defects. Thus there are less open volume defects for the pos-
itrons to become trapped in and the value of 8y@rameter
is closer to that of bulk MgO.

In order to investigate the behavior of positrons with re-
spect to the nanoclusters in more detail, a 2D-ACAR experi

ment was carried out on the nanoclusters after the 1100 P@Oth the electronic energy levels and the positronic energy

annealing step. 2D-ACAR allows a detailed investigation oflevels in the same material are defined With respect to the
the electronic structure of a materfal®® Experimental de- crystal zero(CZ). The crystal zero level is defined as the

tails of the setup can be found in Refs. 5 and 6, where po Coulomb potential far away from a single atomic sphtre.

itron confinement in Li nanoclusters in MgO is investigated. _he electron chemical potential_ is deflne_d as the energy
The positrons were implanted at 4.5 keV energy, corresponoq'ffere.znce betwee_n the top of the conduction bémincpl-
ing to implantation in the center of the Kr nanocluster Iayer.mg| W'.th the Ferm| 'e"‘?' and_the crystal zero. The _posnron
No anisotropic contribution other that that of MgO could bechemlcal potentiaks., is deflngd as the energy difference
observed in the 2D-ACAR spectrum after accumulation of2€tween the bottom of the positron barttls  and the crys-

7x10f 2y-coincidence eventS, thus supporting the idea of tal ZE€ro. iofth'“—_ and g, are usuallﬁ fnega_tive. The ﬁlec-
negligible trapping in and interaction with Kr clusters. This tronic work function_ (positron work functiong.) is the

work to be done to bring an electrgpositron from the
Fermi level(positron ground levelto vacuum. The surface

Whether positrons become trapped in nanoclusters is de-
pendent on the positron affinity.® First we deduce the defi-
nition of positron affinity for metals, following the derivation
by Puska and co-workefs* Let us first consider Fig. 10.

0.62 ) . : L
dipole potential ste@\ is the potential difference for elec-
0.60 k11 nanovoids | trons between the vacuum level and the crystal zero. Posi-
/ trons experience the same potential step, but then with oppo-

0.58 | site sign:—A. The following relationships hold:
oy
@ 0.56 I | T
IS Kr cluster layer | )
[ electrons | positrons
g 054r MgO with defects I I 1
@ |
o 052+t v L | J
L >
E ) |
050 v 8 | cz|cz 1
[]
0.48 | MgO bulk S Ee : Heo A
VI r | VAC |
0.46 : : : : | e
0 100 200 300 400 500 L l e + -
7; |
depth (nm) 7
L | i
FIG. 9. Depth-resolve® parameter as a function of depth in the
sample after the 1100 K annealing step, as found usinyegheit FIG. 10. Schematic diagram showing the relevant electronic and
code. The applied six-layer model is given in Table Il. The layerspositronic energy levels with respect to the crystal 2€8) for the
are indicated in Roman numerals. case of a metal.
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i electrons this potential step is equal in magnitude but opposite in di-
rection. The difference between the lowest positron energies
L of material A and B equals

cz METAL _ A B _ A B A B
Asign e AEpg+ =Eo+—Egi=pi—pitu-—un, (6)

pt | which is also clear from Fig. 11. When the positron affinity is
defined as

Energy (eV)
=

AYEP =yt u_=— (.t o), (7)

- / it follows from Eq. (6) that the difference in positron ground
’ levels between the two metals is simply the difference be-
tween the positron affinities,

positrons
AEpg =A% —AR. (8)

Values for the positron affinity are commonly expressed in

o eV and are negative for most materials. The positron affinity

r RN ;;*Aangn is an entity that is characteristic of a material and it has been
Hs ez calculated for almost all metals, a number of

— semiconductors? a few insulators;!! and rare gase$. A

" AE, Hy necessary condition of the positron quantum confinement in

+0 a cluster(A) embedded in a hosiB) is that AE,g . <O.

L Then the cluster represents a three-dimensional potential

well for positrons’ If AEag +>0, the cluster acts as a po-

FIG. 11. Schematic diagram showing alignment of the Fermi . - . - .
levels for the case of two metals in contact. Note that the alignmenﬁﬁm""lI bgrrler. Finally, the pOSSIb!lIty should be considered
that positrons are trapped at the interface.

shift of the crystal zeros id=u” — u® for electrons and- A for . ) .
positrons. The question now arises whether the concept of positron

affinity as defined in Eq(7) can be applied to an insulator-
insulator interface. The alignment of the Fermi levels is ex-

Energy (eV)

¢-=—n-FA, (58 pressed in the term® — uB = AN on the right-hand side
of Eq. (6). This is true for metals where the position of the
b.=—u,—A. (5b) electronic chemical potentials coincides with the position of

the Fermi levels. This is not true, however, for insulators. In
insulators the electronic chemical potential is defined as the
When two metals surfaces are in contact, electrons wilistance between the top of the valence band and the crystal
flow from one material to the other until the Fermi levels arezero!? as depicted in Fig. 12E,, is the top of the valence
aligned, thereby establishing thermal equilibrium. This situ-band,E is the bottom of the conduction band, a&d is the
ation is shown in Fig. 11. The result is an interface dipoleFermi level positioned in the middle of the band g&p.

with potential differenced jig\*" = u” — u® . For positrons,  Figure 12 shows the electronic and positronic energy levels

8
10 electrons MgO electrons Kr i 6 positrons MgO positrons Kr i
8 - 4
¥ cz 41 .
6 E JE— —_
Ec —~ 2 L CZ h
Saf — S
© E. o) 0 "
S > L + 4
a 2 E, Aalign E, o
& 7]
2t _ i
2or ~E E (D Ero | han
L " 4l |
-2
-4+ 7/ CévZ g S AE,=-6.7 eV i
>
L.
/A 7 R +
Bt . 10

FIG. 12. Electronic and positronic energy levels for MgO in contact with solid Kr, based on the data listed in Table Ill. The alignment
of the Fermi levels is achieved by an energy shiffs = u* + E4— u® — 3E¢ between the crystal zeros of the two materials.
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TABLE lll. Electronic and positronic data for MgO and K. electrons available to align the Fermi levels, thermal equilib-
rium cannot be established and the vacuum levels will be
MgO Kr Reference or equation  aligned instead® In addition, it is well known that the en-

ergy levels of rare-gas solids physisorbed on various metal

% ('(&)V) ztzllg _51;23 Flj effs.1122 ’jll surfaces are aligned to the vacuum Ie¥fef® Therefore, we
pote ' . e =% have also considered alignment of the vacuum levels. This is
pv (€V) —50 ~13 Refs. 12, 41 achieved analogous to the alignment procedure shown in Fig.
¢~ (V) 3.8 119 Refs. 12, 39 12. The final result is that the difference between the positron
b+ (&V) 2.2 2.1 Eq.(5b), Ref. 12 ground states of the two materials is simply the difference
A (eV) 2.8 —14 Ea.(53 between the positron work functions,

Ec (eV) 6.8 -17 Refs. 12, 41

Eg (eV) 7.8 11.6 Refs. 12, 41 VAC _ _ (/A _ 4B

EF (eV) a 29 -75 w + %Eg AEAB,Jr (¢+ ¢+)v (11)
AYETE (ev) -6.0 146 Eq.(7) so that— ¢, takes the role of the positron affinity when the
A® (ev) -21 -88 Eq.(10) vacuum levels are aligngg¢ompare with Eq(8)]. With the
AfC=—¢, (ev) -22 -27 Eq.(1D) values given in Table Ill, this yields-0.5 eV for AEXY,

indicating that the nanocluster still acts aéhallow) poten-
tial well. However, the differences in calculated energies be-
. . tween various theoretical models are approximately 1%eV.
for MgO and Krin contact for the case that thellsserml vaelsFurthermore, we have combined experimental and theoreti-
are illgn%d. 1“ BfOIIOWS from the figure thalzig=r=  ca| results, and the electronic and positronic data for Kr
+3Eg—u-—3E5. The energies and energy levels dis-given in Table Il are only valid for a lattice parameter of
played in the figure are to scale. The numerical values of thg 72 A while in reality there is a distribution. Therefore, we
electronic and positronic entities for MgO and Kr are listedggtimate the systematic error&E g ; to be at least 1.5 eV,
in Table Ill and are mainly obtained from Refs. 5 and 12.54 that it is not clear whether positrons will trap in Kr nano-
Considering Fig. 12, it is clear that the difference betweernt|ysters when the vacuum levels are aligned. The various
the positron ground potentials of the two materials is notypssipilities for alignment of the electronic energy levels and

¥Defined with respect to the crystal zero in Fig. 12.

described by Eq(6), but by the following formula: the corresponding differences in positronic ground potentials
1 1 are summarized in Table IV.
AERE, =EA—ES=ph — B+ —uB+ EES_ EEQB' One more aspect to be considered is that Kr is commonly
used as a moderator because positrons thermalize ineffec-

9 tively in solid rare gase® This means that positrons hardly
Therefore, the positron affinity for insulators can be defined®0se energy when moving in “bulk” solid Kr. So even if the
alternatively as Kr nanoclusters would act as a potential well, a positron
entering a nanocluster might not loose enough energy to be
INS 1 thermalized and to remain trapped inside the cluster until
AY7=pptp_+ EEg' (10 annihilation. In the literature, trapping in spherical Kr
bubbles in meta(Ni, Cu) is reported®* and these authors
so that Eq.(8) is still valid. Using Eq.(9) and the values conclude that the trapping occurs at the interface rather than
given in Table Ill, we find a difference in positron ground in the nanocluster itself. We cannot fully exclude that posi-
potentialSAE\s , of —6.7 eV. SOAEg <0 and the Kr  trons are also trapped at the MiJQ interface, but it is not
nanoclusters should act as potential wells, in contradictioikely. First, the TEM results suggest that the cubically
with our experimental observations that do not show evishaped Kr clusters fit very well in the MgO lattice, reducing
dence of positron trapping in Kr. the probability of interface defects that can act as trapping
One possible explanation is that the Fermi levels are nosites. Second, if the positrons would trap at the interface, one
equalized. MgO and Kr are both insulators with large bandwvould still expect an anisotropic contribution from Kr to the
gaps of 7.8 and 12 eV respectively. When there are no 2D-ACAR spectrum due to overlap of the positron wave

TABLE IV. Positronic potential difference between the Kr cluster and MgO in contact assuming align-
ment of the Fermi levels in metal&q. (6)], in insulators[Eg. (9)], or assuming alignment of the vacuum
levels[Eg. (11)]. The data of Table Ill have been used to calculate the numerical values.

Level alignment AE=EK —EM© Result(eV)
Fermi (metal AENETA (4 ) — (0.1 50 NS
Fermi (insulator$ AENS= (S + M+ 3EE") — (uM90+ uM9© -6.7x15
+ lEMg )
2Eg
Vacuum AEVC=(— ¢k — (— ¢M99) -0.5+1.5

aNot applicable: Does not apply to the M{Kr insulator-insulator interface.
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functions with the solid Kr. Unfortunately, the anisotropy in parameters of the solid Kr in the clusters varies from 5.3 A
the electronic/positronic structure for bulk Kr is not known for small clusters to 5.8 A for large clusters, with the lattice
theoretically nor experimentally, so that we cannot analyzgparameter increasing with increasing nanocluster size. Using
our experimental results into more detail. the Ronchi equation of sta{&O9), this corresponds to local
pressures of 0.6—2.5 GPa. Both optical absorption spectros-
copy and Doppler broadening positron beam analysis show
that small defects are present in the MgO after the ion im-
Solid Kr nanoclusters were successfully created in MgOplantation and that defect aggregation occurs during anneal-
by means of 280 keV Kr ion implantation and subsequening. Experimentally, no evidence was found for positron con-
thermal annealing at 1100 K. The nanoclusters were obfinement in Kr nanoclusters. The nonequalization of Fermi
served by cross-sectional transmission electron microscopgvels, the poor thermalization of positrons in solid Kr, and
(XTEM) in high-resolution mode. The fcc Kr nanoclusters the absence of trapping sites at the/MgO interface might
are rectangularly shaped with sizes of 2 to 4 nm. The latticée the reason why positrons are not trapped in Kr clusters.
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