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Electronic structure and orientation relationship of Li nanoclusters embedded in MgO
studied by depth-selective positron annihilation two-dimensional angular correlation
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Quantum-confined positrons are sensitive probes for determining the electronic structure of nanoclusters
embedded in materials. In this work, a depth-selective positron annihilation 2D-A@&&dimensional
angular correlation of annihilation radiatiomethod is used to determine the electronic structure of Li nano-
clusters formed by implantation of ¥9cm 2 30-keV SLi ions in MgO (100) and (110 crystals and by
subsequent annealing at 950 K. Owing to the difference between the positron affinities of lithium and MgO, the
Li nanoclusters act as quantum dots for positrons. 2D-ACAR distributions for different projections reveal a
semicoherent fitting of the embedded metallic Li nanoclusters to the host MgO l&tcmitio Korringa-
Kohn-Rostoker calculations of the momentum density show that the anisotropies of the experimental distribu-
tions are consistent with an fcc crystal structure of the Li nanoclusters. The observed reduction of the width of
the experimental 2D-ACAR distribution is attributed to positron trapping in vacancies associated with Li
clusters. This work proposes a method for studying the electronic structure of metallic quantum dots embedded
in an insulating material.
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[. INTRODUCTION can be confined in a nanocluster and upon annihilation
provide unique information on the electronic properties of
In view of the current interest in properties of quantumthat nanoclustef~® Therefore, depth-selective positron-
dots, the study of metallic and semiconductor nanoclusters iannihilation spectroscopies are promising techniques for the
materials has grown considerably in recent yéat®Owing  characterization of nanoclusters produced by ion implanta-
to their linear and nonlinear optical properties, metallic andion. Two-dimensional angular correlation of annihilation ra-
semiconductor nanoclusters are of great importance for thdiation (2D-ACAR), which measures the angular deviation
field of optoelectronic&® Nanoclusters embedded in inert from collinearity of the coincident photons, offers the ad-
matrices are usually produced by ion implantation and subvantage of mapping the momentum distribution of the elec-
sequent annealiny’ Their size can be influenced by the se- trons in two dimensions with a high resolutibhTherefore,
lection of the type of matrix, the ion implantation fluence and2D-ACAR yields information regarding the electronic struc-
energy, and the time and temperature of the annealing stageire of the nanoclusters. One can use either a conventional
Consequently, one can modify the electronic and opticaP’Na e source for bulk studies or a variable energy sk
properties of the matrix in which the nanoclusters are embeam for depth-resolved experiments. However, because of
bedded. count rate limitations, application of the 2D-ACAR method
The structural properties of nanoclusters are usually chato depth profiling studies had to wait for the development of
acterized by high-resolution x-ray diffractioKkRD) and  high-intensity beams of slow positrons. Nowadays, several
cross-sectional transmission electron microscOpFEM),®°  high-intensity beams are either operational or under con-
while for a determination of the nanocluster size, optical abstruction'® At the Positron Center Delft, a 2D-ACAR setup
sorption spectroscopy can also be u¥ettHowever, XTEM coupled to the intense (810°e*/s) monochromatic slow
requires destruction of the sample while specimen prepara®™ beam POSHpOSitrons from the HOR reactois used
tion is time consuming. Furthermore, small nanoclusters anébr depth-selective 2D-ACAR studies on ion implanted and
nanoclusters of light elements cannot be easily detected witlayered materials?2*
XRD and XTEM techniques. Positrons ) are known to be In the present paper, Li nanoclusters embedded in mono-
nondestructive probes of low atomic density regidagy., crystalline MgO are studied by depth-resolved positron an-
vacancies, vacancy clusters, microcavijtiesmaterials over nihilation 2D-ACAR spectroscopy. The paper is organized as
a wide range of depths, from the surface to depths of hunfollows. In Sec. Il we give details of the Korringa-Kohn-
dreds of nanometer$.Under favorable conditions of posi- Rostoker(KKR) momentum density calculations for fcc and
tron affinity, e.g., when the positron affinity of the nanoclus-bcc Li and for MgO. Section Il describes the experimental
ter material is lower than that of the host material, positrongprocedures, while in Sec. IV the results obtained with the
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2D-ACAR technique are presented and analyzed in order to MgO(100) MgO(110)
extract the orientation relationship of the Li nanoclusters em- )
bedded in MgO. To this end three different projections of the =| 00 | Mo
2y momentum density are considered in order to character- 8. © ~8 ,@i';('\\
ize better the electronic structure of the Li nanoclusters: two N ,,.{3’5‘; <

for Li implanted MgQ110 and one for Li implanted b

MgO(100). The results are discussed in Sec. V. Section VI [010] 1101

summarizes the conclusions of this work.

FIG. 1. Sample geometry and crystalline axes of NM)
IIl. COMPUTATIONAL DETAILS (left) and MgQ110) (right) single crystals.

The electronic structures of MgO and of bcc and fcc Li
were computed using the all-electron self-consistent KKRproduction in a 2MW reactor core are trapped by means of a
method?>~2’ The crystal potentials possess the muffin-tinsystem of a few electrostatic lenses and magnetically
form and are based on the von Barth—Hedin local-density~0.01 T) guided in vacuum+ 10~ mbars) over a distance
approximation to the exchange-correlation functiciafhe  of ~25 m with a system of long solenoids and Helmholtz
band structures were solved to a high degree of selfeoils® Positrons produced at 1.5 keV are accelerated up to
consistency; the bands, Fermi energy, and crystal potentiglbout 20 keV in an accelerator stage, positionetl m be-
were converged to better than 0.1 mRy. The lattice parafore the target and consisting of 11 electrostatic lenses. Pos-
meters were 4.21MgO), 3.51(bcc Li), and 4.40 Afcc Li),  tron implantation energies lower than 1.5 keV can also be
respectively. The positron potential consists of the Hartregsed, but at the expense of a substantial loss of intensity due
term with a minu§ sign and a positron-electron correlation, the conversion of forward momentum into angular
term given by Boroski and Nieminerf? The 2y momentum  momentur®® The beam is focused to a3 .5-mm-diameter

densityp2”(p=k+G), given by spot at the ACAR target by a 1.37-T NdFeB magnet placed
2 behind the sampl# The Anger cameras, used to detect the
p27(p);7-rrgc2 “ dre“p"wj(r)¢+(r)x/y(r) ) 511-keV vy radiation stemming from the annihilation of pos-
]

itrons in the sample, consist of 41.8-cm-diameter 1.25-cm-
2.1 thick Nal crystal scintillators, optically coupled to a close-
was also evaluated with the aid of the KKR method accordPacked honeycomb array of 61 photomultipliers. A detector-
ing to Ref. 30. Herey;(r) and 4. (r) are the electron and detector distance ofv23_m prc_)wdes an angular view of
positron wave functions, and/(r) is the enhancement ~51x51 mrad (1 mrad is equivalent to 0.137 momentum
function, which takes into account the formation of a cloud@.U) in @ 256<256 pixel matrix. A coordinate system
of electrons around the positron owing to electron-positror{Px:Py.P) is defined withp, along the line connecting the
correlation effect$®3! The summation runs over all occu- cameras ang, along the positron beam, whifg lies in the
pied stateg. The bands and eigenfunctions are computed aplane of the sample which is mounted perpendiculapto
819 (bcc Li) and 489(MgO and fcc L) k points in the The estimated overall experimental resolution is 1.4
ireducible 1/48th part of the Brillouin zone. The KKR va- X 1.1 mrad full width at half maximum(FWHM) for the p,
lence electron wave functions and the positron wave functio@nd py directions, respectively. In order to make the resolu-
(the latter atk, =0) are then transformed into plane-wave tion the same for both directions we convolute the measured
representations which are convoluted with one another, usingistributions with a Gaussian along thg direction. For the
981 (MgO and fcc L) or 959 (bce Li) plane waves for the MgO(100) single crystal the integration axfs, is along the
positron wave function. At everly point the momentum den- [010] direction, while thep, andp, directions are parallel to
sity is computed for 1007981) G's for the bee(fee) struc-  [001] and[100], respectively. For the MgQ10) single crys-
ture. In this mannep??(p) was obtained in a sphere of ra- tal, p, is along[110], while p, and p, are parallel tq001]
dius 7.85 a.u(MgO), 7.93 a.u(bcc Li), or 7.52 a.u(fcc Li) ~ and[110]. respectively. In order to perform measurements
in p space. The various 2D-ACAR distributiomg(p,,p,)  for the (111) projection, the Mg@L10) single crystal is ro-
= [dp,p?”(p) were obtained by projection onto the desiredtated by 35° around thg110] direction (see Fig. 1 Hence,
plane. p, is then alond 111], while p, andp, are parallel td 112]
and[110].
. EXPERIMENT In view of the insulating properties of MgO, a 15-nm-
thick layer of Al was deposited on the sample surface and
In this work 10< 10X 1 mn? epipolished single crystals electrically connected to the sample holder to prevent a
of MgO(100 and MgQ110 implanted with (1 buildup of electric charge. In order to select the optimum
X 10*6)-cm~2 30-keVOLi ions and postannealed to 950 K positron implantation energies for use in the 2D-ACAR ex-
for 30 min were used for the depth-selective positron experiperiments the MgO sample was analyzed with Doppler
ments. The depth-selective 2D-ACAR measurements werbroadening positron beam analysis using both POSH and
carried out using an Anger-camera-type setup coupled witNVEP (a ?°Na based slow positron beam
POSH, the high-intensity monoenergetic positron beam with A 2D-ACAR distribution containing 10410° events
a flux of 8x10’e*/s. The slow positrons produced by pair was collected at a positron implantation energy of 4 keV,

075426-2



ELECTRONIC STRUCTURE AND ORIENTATION . ..

0.66
0.64
0.62

depth (nm)
300 500

1000
1

—o— MgO(100):Li - VEP
—=— MgO(110):Li - VEP

PHYSICAL REVIEW B6, 075426 (2002

—a— MgO(110):Li - POSH
0.60

058 [4

056
0.54
0.52
0.50
0.48

0.46 | 2D-ACAR |2D-ACAR

aab N N N .

0 5 10 15 20 25
positron energy {(keV)

S-parameter

FIG. 2. Sparameter vs positron implantation energy for Li im-
planted Mg@100) and MgQ110). Peak 1 corresponds to the Al
layer; peak 2 to the Li implantation range.

which corresponds to a mean positron implantation depth
coinciding with the center of the Li nanocluster layer, FIG. 3. 2D-ACAR distributions for Li implanted MgQO00) at
MgO(100):Li. Additionally, 2D-ACAR spectra were col- positron energies ofa) 4 keV, (b) 7.5 keV, and(c) 11.5 keV; (d)
lected at 7.5 keV and 11.5 keV, containing 1480 and  2D-ACAR spectrum for bulk MgQ@L.00). The distributions are nor-
3.9x 10° counts, respectively. For comparison, a 2D-ACAR malized to equal total numbers of counts.
distribution (containing 64.X10° county was measured
with a conventionaf?Na source on an as received sample of| implantation layer (MgO:Li), a layer with the Li im-
MgO(100 in order to obtain the MgO bulk contribution. For ,jantation tail, and the MgO bulk. This model is consistent
the Mggll())dsmgle cz)rGystaI two measur?mer(t(.;ontammg_ with the earlier defect analysis of ion implanted MgO
t16'9>.<1 | art] t'15'2<1 coufn;fs) Ilm\a/re Per ormed_at aanS" materials that were analyzed with transmission electron mi-
ron implantation energy o ev, corréspon ing (4.0 . croscopy, positron-anihilation spectroscopy, and neutron
and(111) projections of the momentum density of the anni- - 10,34,35 . ; .
o . . depth profiling. In order to obtain more information on
hilation photons, respectively. For comparison, bulk 2D- L . . .
the Li implantation layer, three values of the positron im-

ACAR spectra(containing 14.% 10° and 18.4< 10° counts, plantation energy&, ) for the 2D-ACAR experiments were

respectively were measured for the same orientations wit )
the conventional®®Na source. To improve statistics all mea- selected: 4 keV, 7.5 keV, and 11.5 keV. The energy corre-
sponding to optimum implantation in the lithium layer

sured spectra were symmetrized by reflection in phe 0 g X
andp,=0 mirror planes. (MgO.Ll). is =4 keV if one uses the POSH bggm, and about
3.5 keV if one uses the VEP beam. The additional energy of
~0.5 keV is necessary to make up for the transformation of
forward momentum into rotational momentum when posi-
After implantation of monoenergetifLi ions in the crys-  trons travel in the nonuniform magnetic field generated by
talline MgO matrix and subsequent annealing at 950 K, dhe strong NdFeB focusing magriét.
layer of Li nanoclusters is formed below the surfat&ig- Figures 3a), 3(b), and 3c) present the 2D-ACAR spectra
ure 2 shows theS parametef (corresponding to positrons for the Li implanted Mg®100 sample corresponding to
annihilating mostly with valence electroneersus the posi- E, =4 keV, 7.5 keV, and 11.5 keV, respectively. For com-
tron implantation energy for Li implanted Md@00) and  parison, the bulk spectrum obtained with positrons from
MgO(110), as obtained from Doppler broadening of annihi- &?Na source on an as received MJ00 single crystal is
lation radiation (DBAR) experiments using the VEP and presented in Fig. @l). It is clear that the 4-keV spectrum
POSH beams. The measur@garameter exhibits two peaks: is much sharper than the bulk spectrum, consistent with
a sharp peakl) around 0.5 keV corresponding to the 15-nm-the DBAR results, which show a strong increase of &he
thick Al top layer which contains many defects, and aparameter in the Li implantation range. This increase is cor-
broader ong2) with a maximum around 4 keV, which cor- related with the formation of Li nanoclusters in Mg®The
responds to the lithium ion implantation ran¢g@bout 100 7.5-keV spectrum is still sharp compared to the bulk spec-
nm) (see Fig. 2 A detailed analysis by means of the fitting trum, thus showing that at 7.5 keV the contribution of the Li
code™VEPFIT has shown that th& parameter curves depicted nanoclusters is significant. In the 11.5-keV spectrum this
in Fig. 2 can be fitted very well with a model consisting of contribution, although weak, is still present, but the spectrum
five layers*® an Al top layer, an intermediate MgO layer, a resembles more the bulk spectrum.

IV. RESULTS
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FIG. 5. Cross sections alonm, of the 2D-ACAR distributions
for Li implanted MgO at a few positron implantation energies. The
cross section of the bulk 2D-ACAR distribution obtained with fast
positrons from &?Na source, and the bulk fractions are also shown.
FIG. 4. Anisotropy of the 2D-ACAR distributions in Fig. 3. The The cross sections are normalized to the total number of counts in
distributions are symmetrized and normalized to equal total numthe distributions.
bers of counts.

tropy of the bulk spectrum scaled down in order to fit the
MgO(100) features. In this manner one finds that in the
Figures 4a), 4(b), 4(c), and 4d) show the anisotropy of 4-keV, 7.5-keV, and 11.5-keV distributions, 43%, 66%, and

the 2D-ACAR spectra for 4 keV, 7.5 keV, 11.5 keV, and bulk, 84% of the annihilations, respectively, take place with the
respectively. The anisotropic part of each 2D-ACAR specMgO(100 electrons. Furthermore, it is shown in Fig. 5 that
trum in Fig. 3 was determined by subtracting a radiallythe bulk 2D-ACAR spectrum of MgQ00) scaled down to
smoothed isotropic distribution that remains everywherghese percentages providésgithin =2%) a good fit to the
within the measured spectrum. The anisotropy is therefor@igh-momentum range of the 4-keV, 7.5-keV, and 11.5-keV
everywhere positive. One observes a large difference bespectra, respectively.
tween the anisotropy of the 4-keV and the bulk distribution. \We have shown that the Li nanoclusters are coherent or
In the 4-keV 2D-ACAR spectrum the bulk Mg@00) aniso-  semicoherent with the Mg@O00) host matrix since the an-
tropy is still visible, but the main contribution consists of isotropic contributions displayed in Figs(a# and 4d) have
four prominent peaks positioned at a radius of 4.1the same symmetry and identical mirror planes. However,
X 10 3mqc, i.e., near the Fermi radius of lithium. Hema,  from the above observations alone it cannot be established
is the electronic rest mass ands the speed of light. There- whether the Li nanoclusters are in the bcc or fcc phase.
fore, one can attribute the anisotropy in the center of FigTreilleux and Chassagfi@found by means of electron dif-
4(a) to annihilations in the Li nanoclusters, and the fourfoldfraction and cross-sectional transmission electron micros-
symmetry of this anisotropy suggests that there is an oriencopy (XTEM) that, depending on the nanocluster size, me-
tation relationship between the Li nanoclusters and theallic lithium can have either the normal bcc or the unusual
MgO(100 host matrix. In the anisotropy of the 7.5-keV fcc structure. Furthermore, these authors found the following
spectrum, shown in Fig. (8), the four Li peaks are still orientation relationships of the Li nanoclusters in a
present, but they are weaker compared to those found in thegO(100) crystal.
4-keV spectrum. Furthermore, the M@IDO contribution is (1) Small Li nanoclustergless than 15 ninhave the un-
enhanced due to the fact that more positrons annihilate withisual fcc structure and are in simple epitaxy with the matrix:
the MgQ(100) host electrons. The anisotropy of the 11.5-keVLi (100 || MgO (100 and Li[100] || MgO [100];
spectrum in Fig. &) closely resembles the Md@00 bulk (2) Large Li nanoclusterglarger than 35 nmhave a
spectrum since most of the positrons are implanted in thécc structure which follows the orientation relationship:
bulk. The anisotropy of the 11.5-keV spectrum shows aLi (110 | MgO (111) and Li[111] || MgO [011].
larger contribution of bulk Mg@L00), while the peaks attrib- Comparing the experimental settings of the ion implanta-
uted to annihilations in Li have a lower intensity than thosetion and subsequent annealing performed for our sarfples
present in the 4-keV and 7.5-keV spectra. The NI@)  with those of other workéRefs. 8 and § the presence of fcc
contributions to the 4-keV, 7.5-keV, and 11.5-keV 2D-ACAR Li is most likely. We have checked this by calculating the
distributions have been determined by subtracting the anis@lectronic structure of fcc Li in the KKR formalism. How-
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ever, before discussing the results of these calculations ar@aussian of 1.41.4 (10 myc)? FWHM resembling the
comparing them with experiment we show the anisotropy ofresolution function of the 2D-ACAR setup. The anisotropy
the 2D-ACAR distributions for nonimplanted MgO as a of the calculated spectrum exhibits a fourfold symmetry, and
reference. Figure 6 shows the measured and calculated aifie four prominent peaks in both the theoretical and experi-
isotropy in the 2D-ACAR distributions corresponding to pro- mental anisotropy coincide in position. These peaks are lo-
jections along th§010], [110], and[111] directions. There is cated at the projections of the positions where the Fermi
a good agreement between experiment and theory with ré:_urface(_FS) touches the hexagonal faces of the first Bnlloum
spect to the various structure elements in these distributiongone. Figure 8 presents the band-structure calculation of fcc
The most important difference is found in tiEl1] projec-  Li. The relevant feature is the energy difference between the
tion where theory yields two rings of six peaks each, theéermi energy and the energy of the state:Er—E, =1.2
peaks in the inner ring having a height 6f75% of those in  mRYy, equivalent to 16 meV, which implies that the FS dis-
the second ring. The measurement clearly shows the peaks pllays small necks in thél11) directions. These necks have a
the second ring, but the first ring appears to be much weaketfiameter of 25% of those in Cif.Because of the subtlety of
than expected, although careful examination of Fifc) 6 this feature the potential for fcc Li was converged to better
shows a set of weak peaks at the expected positions with than 10 ® Ry. The density of states and the Fermi level were
height ~40% of those of the second ring. calculated using a fine mesh of 67 626 initio k points in
Having established nonimplanted MgO as our referencehe irreducible 1/48th of the Brillouin zone. The four maxima
material, Fig. 7 now presents the anisotropy in the 2D-n the anisotropy are strong since the eight necks of the FS
ACAR distributions of Li implanted MgO. The three rows above and below thél00) plane coincide in pairs in projec-
correspond to projections along th@10], [110], and[111]  tion. In the (200) zones centered atp(,p,)=(0,+11.5)
directions. The first two columns show the results of thex 10 3myc and (+11.5,0)x 10 3myc one discerns in the
4-keV measurements for Li implanted MgIDO) before and  theoretical anisotropy presented in Figc)7the weak(200)
after subtraction of the scaled distribution for bulk high-momentum componentsiMC) due to umklapp anni-
MgO(100), while the third column shows the calculated an- hilation. The HMC are not visible in the experimental anisot-
isotropy of fcc Li. Figure 7a) shows weak features centered ropy, presumably due to their low intensitpf the same
at  (px, py)=(*=9.5,0)x 10 3myc, (0,+29.5)X 10 3myc, order as the background in the 2D-ACAR experimgaisd
and (+10,-10)x 10 ®myc. These features are attributed to to the overlapping with MgO features.
MgO(100 since they are present in the anisotropy of the To gain more insight into the structural properties of the
bulk MgO(100) spectrum shown in Fig.(6). By subtracting Li nanoclusters, a Li implanted Mg@10 sample has been
the bulk MgQ100 contribution (43%) these features are studied with 2D-ACAR. For this sample, th& parameter
completely removedFig. 7(b)]. Figure 7c) shows the cal- shows the same trend as for the Li implanted Mb@D)
culated anisotropy for fcc Li obtained by projecting the 3D- sample, with a sharp peak near the surface attributed to the
momentum density of Li onto thé€l00) plane®*3” Before Al top layer and a broader one with a maximum at 4 keV
subtracting the isotropic distribution, the calculated 2D-corresponding to the Li nanoclustdeee Fig. 2 Figure 7d)
ACAR spectrum was convoluted with a two-dimensional presents the anisotropy of the 4-keV 2D-ACAR spectrum for
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Li implanted MgQ110. As in the case of the Li implanted

annihilations with the Mg@L10) electrons since they are

MgO(100 sample, one observes large differences with re-also observed in the bulk anisotropy shown in Figb) @nd

spect to the anisotropy of the bulk M@T10, shown in
Figs. Gb) and Ge). The two peaks centered apyp,)
=(+9.5,0)x10 3mgc in Fig. 7(d) can be attributed to

Energy (Ry)

0.290

0.285 ]

0.1+ ]
0.280

w

r X

6(e). Indeed, by subtracting the bulk Mg@L0 spectrum,
scaled down to 43%, from the 4-keV spectrum, the two
peaks along thep, direction are removedlsee Fig. Te)].
Figure 7f) presents the calculated anisotropy of the theoret-
ical fcc Li(110 spectrum obtained by projecting the 3D-
momentum density of Li onto th€l10) plane. There is a
good agreement between the relevant structure elements of
the experimental and theoretical anisotropy shown in Figs.
7(e) and Tf). The two strong peaks, centered at3

x 10" 3myc along thep, direction, are due to the FS touch-
ing the hexagonal zone faces above and below (fli®)
plane. The four weaker peaks correspond to the high-
momentum components in tH&11) zones, particularly the
necks, and are found in both the experimental and theoretical
spectra. The necks in the experiment seem to be stronger
than in the theory; this may be an effect of enhancement due
to positron-electron correlatioti.

So far, the results for Li implanted Md®00 and
MgO(110 are consistent with Li nanoclusters which have
the fcc structure. Additional proof has been obtained by mea-
suring the 2D-ACAR spectrum of Li implanted M@0

FIG. 8. Band structure of fcc Li. The inset shows the neckoriented with thg 111] direction along the integration axis of
atL on a magnified energy scale; the horizontal scale is unchangethe experiment {§,). In this situation, thep, and p, axes
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are parallel to the[TlZ] and [110] directions, respectively. 15

15 -
Figure 7g) shows the anisotropy of the 4-keY11l)- —10 —10k - b)'__
projected 2D-ACAR spectrum of Li implanted Md@L.0). § é ;
The figure shows six prominent peaks centered at 5.3 5. 5>

X 10 3myc surrounded by six weaker peaks centered at 9§ 0} § 0=

x 10 3myc, all arranged in a sixfold pattern. Another six g-s g-s

peaks, very weak, are present betweerx 10 3mqc and & & |

15X 10~ ®myc. Comparing this anisotropy to the anisotropy -10 DN ; -10

shown in Fig. c) obtained for the same sample using the -15 : 15

45 10 6 0 &5 10 15 45 10 5 0 &5 10 15

2D-ACAR setup with the faseé® source, one can attribute p, (10°mqc) [100] p, (10°myc) [100]

the six prominent peaks to Li and the other 12 peaks to MgO.
By subtracting the bulk MgO spectrum, which has been 1s
scaled down to 43%, the 12 peaks in the medium- and high-

momentum ranges are removed as seen in Fig. The bulk g 10 S 10
MgO fraction of 43% is also obtained by fitting the 4-kev = 5 % 5
spectrum with the bulk spectrum in the high-momentum & ¢ £ of
range. Figure () presents the calculated anisotropy of fcc :é’:_ 5
Li(111) after convolution of the theoretical spectrum with the "% ‘Fé N

-
=]

resolution function of the 2D-ACAR setup. This anisotropy -10
closely resembles the experimental anisotropy shown in Fig 45 N
7(h), with small differences consisting of radially somewhat  -16 <105 0 5 10 15 .. 4 =5 4 5 10 15
broader theoretical Li peaks that are shifted slightly toward Py (10°mgc) [110] py (10°mgc) [100]
higher momenta.

'
-
[+,]

FIG. 9. (a) Anisotropy of the calculated bcc (1i00) distribution;
(b) same, rotated by 45°%c) anisotropy of the calculated bcc
V. DISCUSSION Li (110 distribution; (d) anisotropy of the calculated distribution

L btained by summing the contributions corresponding to the three
. Our resuIFs show that'the metallic Li nanqclusters formeaf:)omciguratignS preser?ted in Fig. 10. P ¢
in MgO are in simple epitaxycube-on-cubewith the crys-
talline host matrix. They are consistent with an fcc structure ) )
of the Li nanoclusters. In fact, this is expected if one com-10(b—d. In this manner, the spectrum contains the bcc
pares our experimental settings for ion implantation withli(100 spectrum rotated over 45°, the be¢110) spectrum,
those of Refs. 8 and 9. However, a possible bce structure @hd the bee Li(110) rotated by 90° around thg01] axis.
the Li nanoclusters has not yet been excluded. Therefore, wign€ observes a striking similarity with the experimental an-
have also performed KKR calculations of the projections ofiSOtropy shown in Fig. (), and therefore, based only on the
the 3D-momentum density of bce Li onto tii#00), (110, 2D-ACAR results_, this hypothetlca_ll case cannot be_excluded.
and (111) planes. Figure @) presents the anisotropy of the _Howev_er, the lattice paramet_er misfit in one of the interfaces
calculated bee L{L00) distribution, convoluted with the ex- 1S @S high as 41%, as seen in Table I. Therefore, the surface
perimental resolution. One observes the presence of folfnergy of the bee Li nanoclusters embedded in MgO would
prominent peaks positioned  at p,py)=(*4,+4) be S|gn|f|cantly h|ghe.r than in the case of t_he fcc Li nano-
X 10 3myc. Since the anisotropy of the calculated bccclust_ers, which are o_rlenteo_l cube-on-cube with the MgO host
Li(100 distribution and the experimental anisotropy shownMmatrix. Therefore, this particular case can be excluded. Fur-
in Fig. 7(b) are different, one can say that if Li nanoclusters
with a bcc structure exist in the sample they are not oriented
cube-on-cube with the MgQ@00 host matrix, in agreement
with Refs. 8 and 9. One can also argue that a simple epitaxy
of the fcc Li nanoclusters is most likely if one considers the
lattice misfits of fcc(4.7% and bcc(16.6% Li nanoclusters
with the MgO host matrix. A larger misfit between the lattice Px[001]
parameters of the nanoclusters and the host generates a
higher surface energy, thereby reducing the probability of
formation of these nanoclusters. However, it is clear that
the anisotropy of bcc (100 could be obtained from the
anisotropy of fcc L{100) by a rotation by 45°see Fig.
10(b)]. Assuming the presence of bcc Li nanoclusters rotated
by 45° (around the[001] axis, as depicted in Figs. (),
then nanoclusters oriented as in Fig(dCand 1@d) should
also be present. Figurdd) shows the anisotropy of the the-  FIG. 10. (a) Unit cell of MgO single crystal(b)—(d) hypotheti-
oretical spectrum obtained by summing the contributionsal orientations of bce Li nanoclusters with respect to the MgO host
corresponding to the three configurations presented in Figsnatrix.

p, [100] e

e-0
o -Li

p, [010]

1
e
!
1
1
'
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TABLE I. Misfit along different directionghkl] (with respect to 15 T
MgO) at interfaces MgO/bcc-Li. ¥

10} -
Interface Mg@100/bcc-Li(100) MgO(110/bcc-Li(100) R SN

[hkI] [010] [001] [110] [001]

Misfit (%) 17.8 17.8 16.6 41

thermore, this hypothetical orientation relationship for the
bcc Li nanoclusters has not been observed by Treilleux and

p, (10°myc) [001]
o

Chassagn&?® -0} -
In order to completely exclude the hypothesis of the bcc g .
Li nanoclusters, one has to examine the orientation relation- 15 n
ship for large bee Li nanoclusters (110) || MgO (111) and 15 -10 -5 0 5 10 15
Li [111] || MgO [011], found in Ref. 8, with the aid of KKR Py (10'3moc) [110]

calculations. The authors of Ref. 8 have determined this ori-

entation relationship by performing electron-diffraction ex-  FIG. 11. Anisotropy of the calculated 2D-ACAR spectrum for
periments on a single precipitate. However, our positrorbcc Li (110 obtained by summing all possible configurations cor-
beam has a diameter of about 3 mm FWHM. Therefore, imesponding to the orientation relationship(LiL0) | MgO (111) and
the presence of bcc Li nanoclusters, the experimental 2Dk [111]| MgO [011].

ACAR spectra should contain information from all bcc Li

nanqclustgrs that' are oriented according tp the orie_ntatiogf Li has also been observed by Treilleux and Chas<signe
relationship mentioned above ora S-‘/mme_"'cﬁ‘"y equalentsma” Li nanocluster§<<15 nm). The physical mechanism
one. Thus_, we want to determ|r_1e the prolecnon_of the MO hich induces the small nanoclusters to adopt the fcc struc-
mentum distribution of the bcc Li nanoclusters, oriented with : . :

. ture is not exactly known. For a better understanding of this
respect to the MgO host according to Ref. 8, onto (0, behavior one should keep in mind that the Li nanoclusters
(110, and (111 planes and to compare the results with the i thebLi i P .
experimental 2D-ACAR spectra. For every Mg@l1) plane are formed in the’Li implanted MgO smg_le crystals by an-
there are six different but crystallographically equivalent ori-n€aling up to 950 K follgwed by a.coolmg ‘?'OW“ to room
entations of the L{110) plane consistent with the orientation {€mMperature. Hence, during annealing the Li aggregates are
condition Li[111] || MgO [011]. Since there are four distinct formed in the liquid phase and upon cooling they crystallize
MgO (111) planes, the final spectrum should contain the conand form the nanoclusters. Furthermore, it should be pointed
tributions of 24 different configurations. However, on closerout that for small Li nanoclusters the surface plays an impor-
examination one finds that the six configurations correspondant role since a considerable fraction of the Li atoms are
ing to one(111) plane are enough to describe the contribu-located at the periphery of the nanoclusteTherefore, the
tion to the spectrum of the bcc Li nanoclusters. The other 1&anocluster will adopthat crystalline phase which mini-
configurations corresponding to the remaining three planesiizes the formation energy of the MgO/Li interface, in other
can be obtained from the first six by symmetry operationswords, one that fits better in the MgO matrix. Since the lat-
e.g., rotations around the direction of projection. Althoughtice parameter of fcc Li is closer to that of MgO, the fcc
we performed the projections for Mg@.00), (110, and crystalline structure of small Li nanoclusters is more likely. A
(111), we present only the results for ti#10 case, which similar effect was reported in Ref. 13 where the crystal struc-
shows the largest difference between theory and experimerture of Cu nanoclusters embedded in Fe is expected, on the
Figure 11 shows the anisotropy of the calculated 2D-ACARbasis of lattice-parameter similarity, to be bcc rather than fcc.
spectrum of bce Li110 obtained by summing all possible  Another important aspect is the fraction of annihilations
configurations corresponding to the orientation relationshipn the Li nanoclusters. Our results show that under condi-
Li (110 || MgO (111) and Li[111] | MgO [011]. The spec- tions of optimum implantation in the MgO:Li layerE(
trum has been convoluted with the experimental resolution=4 keV), 43% of the total number of annihilations is attrib-
function. The major difference between this anisotropy andited to MgO electrons. Owing to the broad implantation pro-
the experimental one presented ife)7consists in the exis- file, this fraction includes annihilations from adjacent layers.
tence of two strong peaks along fHe.0] direction in the bcc  VEPFIT fraction analysis of the Doppler broadening experi-
Li(110 spectrum. Since these peaks do not appear in calcunents shows that 63% of the 4-keV positrons annihilate in
lated fcc L(110) and 4-keV spectra, one can exclude thethe MgO:Li layer and that 37% of the 4-keV positrons anni-
presence of bcc Li nanoclusters in our sample. hilate in MgO above or below this layer. Therefore, the frac-

Thus, the Li nanoclusters formed in the studied MgOtion of positrons annihilating with the MgO electrons in the
samples have the fcc structure. This is quite unusual since NgO:Li layer is only (43—37)/63=10%, while ~90% anni-
is known that Li occurs in nature only as bcc, the fcc phasénilates in lithium nanoclusters. This indicates a high effi-
being only observed at low temperatures and highciency of positron confinement in Li nanoclusters due to the
pressureé®** As mentioned before, the fcc crystal structure different positron affinities of MgO and P
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\ o MgO:Li (4 keV e")
\ —— fec Li(100) (KKR)
\ — 0.21"KKR

Intensity (normalized counts)

p (10°mgc) [110]

FIG. 13. Cross sections of the experimentdll-keV
MgO(100:Li] and theoreticalfcc Li(100] anisotropy along the
[110] direction.

mental and theoretical anisotropy and, moreover aténi-
tio calculations were performed in the independent-particle
FIG. 12. (a) Experimental 2D-ACAR distribution after subtract- model (IPM) _approxmatlon, e.g., without enhancement. En-
ing the bulk Mg@100) contribution(43%); (b) theoretical spectrum hanpeqlent is known to affect the shape of the 2D-ACAR
of fce Li(100); (c) and(d) anisotropies of the distributions {a) and ~ Profile.™ Furthermore, core annihilation, which contributes a
(b). The distributions are normalized with respect to the total num-Proad background, is also not taken into account. Thus, the
ber of counts. determined fraction of 12% from the 4-keV spectrum attrib-
uted to bulk fcc L{100 should be taken with reserve. How-
However, the question arises whether the remaining 57%ver, this suggests that besides the bulk NMdi) and fcc
of annihilations in the 4-keV spectrum can be attributed enLi(100 contributions a significant part of the 4-keV spec-
tirely to trapping in Li nanoclusters, or whether other phe-trum is caused by annihilation processes that have not been
nomenale.g., annihilation of positroniuniPg atoms, anni- taken into account.
hilation of positrons at the MgO/Li interface, annihilation of ~ van Huiset al!® show on the basis of calculations of the
positrons in Li vacancigscontribute to the distribution. positron affinity of MgO and Li that a positron reaching the
Figure 12 compares the experimental distribution with theMgO/Li interface is confined in the Li nanocluster. There-
results of the KKR computation. The reason to compare théore, positron trapping at a pure MgO/Li interface is not
experimental spectrum of Li implanted MgO with the theo- likely to happen. Furthermore, according to Refs. 15 and 45,
retical spectrum of fcc Li is based on the fact that Li is annihilation of Ps atoms in cavities is also not likely, since
present in nature only as bcc and to our knowledge there am&fter annealing of the MgO samples at 950 K, the MgO
no available 2D-ACAR data on fcc Li. Figure  shows vacancies responsible for the formation of cavities disappear.
the experimental spectrum after subtraction of the bulkHowever, larger cavities can survive this temperature, but
MgO(100) contribution(43%). Figure 12b) presents the the- they are not observed by XTERA.
oretical spectrum for the valence electrons of fc€1DD) We present three possible causes that could explain the
obtained using the KKR formalisfif. These distributions ex- difference between the shapes of the calculated and experi-
hibit a very similar anisotropy, as shown in Figs.(d2and  mental spectra.
12(d). The height of the peaks in the calculated anisotropy is (&) Positron trapping in vacancies and vacancy clusters
12% of the height of the calculated 2D-ACAR distribution present in the Li nanoclusteré possible reason for the nar-
without the core(see belowy, but the anisotropy of the ex- rowing of the 4-keV spectrum could be positron trapping in
perimental spectrum is much weak@#6), which is reflected  different kinds of Li vacancies present in the nanoclusters. At
in a smoother 2D-ACAR spectrum. Also, the experimentalroom temperature, which is at already about 2/3 of the bulk
distribution is more pointed than the computed one. One cahi melting temperature T,,,=453.7 K), a considerable con-
estimate the fraction of annihilations with bulk fcc(100) centration of Li vacancies can be expected. It is known
by looking at the difference in height of the peaks in thethat annihilation of positrons in vacancy-type defects results
experimental and theoretical anisotropy. Figure 13 show#&n a sharper momentum distribution. The presence of
that ~21% of the remaining spectrum after subtracting thevacancies is also suggested by the absence of the HMC in
bulk MgO(100) contribution(43%) can be attributed to an- the experimental distributiongsee Fig. 12 Positron-
nihilations with bulk fcc L{100). This brings the fraction of annihilation 2D-ACAR studies in aluminuth*®show a large
bulk fcc Li(100) in the 4-keV spectrum to 12%. However, increase of the ACAR peak height with increasing tempera-
this percentage was determined by comparing the experiure. Those studies show that at 613 K, i.e., about 2/3 of the
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melting temperature of AlT,,=933.5 K), the ACAR distri- explain the considerable narrowing of the experimental dis-
bution is sharper by-20% in FWHM than the ACAR at 293 tribution. A more serious limitation of the calculations is the
K because of annihilations of positrons trapped in thermallygpproximation of the small nanoclusters by an infinite Li
generated monovacancies and divacancies. Furthermore, thg/stal, since the contribution of the interface energy of these
shape and linewidth narrowing~22% lower FWHM ob-  nanoclusters is significant. Confinement of electrons and
tained in the present study are comparable. Moreover, both ipositron in small nanoclusters will also affect the width of
the present case and in that of vacancy related annihilation ithe 2D-ACAR distribution.
Al it was found that the anisotropy of the ACAR spectra is
weak. Thergfc')reZ based on these o.bservati'ons_, one cannot V1. CONCLUSIONS
exclude annihilation of positrons at Li vacancies in the nano-
clusters in our case. It should, however, be noted that the In this work, Li nanoclusters embedded in MO0 and
binding energy of a positron in a Li monovacancy is too low MgO(110) single crystals by low-doséLi ion implantation
to cause trappinf®~>! Neither positron lifetime nor 1D- have been studied with a 2D-ACAR setup coupled to the
ACAR measurements in the alkali metals have indicated evihigh-intensity monoenergetic slow positron beam POSH.
dence of trapping by vacancigs>? The anisotropic contribution of the 4-keV 2D-ACAR spec-
Future investigations including measurements at low temtrum, corresponding to optimum implantation in the layer
perature to reduce the thermal generation of vacancies agontaining the Li nanoclusters, exhibits the same fourfold
necessary to accurately quantify the fraction of annihilationssymmetry and mirror planes as the crystalline MgO host ma-
in Li vacancies and to identify the type of vacancies. Attrix. This proves that the Li nanoclusters are semicoherent
present, we do not have the means to perform depth-selectiwgth the MgO host matrix. The anisotropy of the measured
2D-ACAR experiments at low temperature, but we plan to2D-ACAR distributions in our samples agrees well with
extend our facility in this direction. initio calculations of the anisotropy for bulk fcc Li. A simple
(b) Positron trapping in interface defect®ositron trap- epitaxy of bcc nanoclusters is excluded, as is the more com-
ping in defects(e.g., vacancies or vacancy clusjeliscated  plicated orientation relationship found by Treilleux and
at the MgO/Li interface could contribute to the 4-keV spec-Chassagne for large Li nanoclusters. In order to explain the
trum. These defects can be formed as a consequence of tharrowing of the experimental distributions with respect to
relative thermal contraction of the Li nanoclusters with re-those calculated, different scenarios have been proposed. The
spect to the surrounding MgO matrix during cooling from most likely are trapping of positrons at defects located at the
950 K to room temperatur.lt is not exactly known how a MgO/fcc-Li interface. It has also been pointed out thatabe
positron behaves when it is trapped in such an interface denitio calculations have limitations, e.g., they were performed
fect. However, the wave function of the trapped positronon perfect crystals of infinite size. Therefore, they should be
would not significantly probe the bulk MgO since otherwiseextended to include small Li nanoclusters embedded in
a larger contribution from MgO, would be found in the spec-MgO.
trum. Thus, positrons trapped in defects at the MgO/Li inter-
face would rather carry the signature of defects and Li atoms
at the periphery of the nanocluster than the signature of
MgO. As a corollary of this, a small part of the observed fcc  We would like to thank A. Bansil and B. Barbiellini for
Li anisotropy may stem from positrons annihilating in inter- useful discussions. This work was sponsored by the Stichting
face defects. Nationale Computer Faciliteiten for the use of supercom-
(c) Calculations Since our calculations were performed puter facilities, with financial support from the Netherlands
in the IPM formalism and the core electrons were not takerOrganization for Scientific Resear¢NWO), and benefited
into account, the theoretical 2D-ACAR distributions can befrom the allocation of supercomputer time at the Northeast-
somewhat different from the experimental ones. The negleatrn University Advanced Scientific Computation Center
of enhancement and core annihilation alone, however, cannéhNU-ASCC).
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