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Range study of Eu implanted into Si channeling directions: Evidence for theZ; effect
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Eu ions have been implanted along the 800), (111), and(110) directions at 623 K with energies ranging
from 15 keV to 50 keV. The depth profiles have been measured using Rutherford backscattering spectroscopy
(RBS). A signature of the nuclear,; effect, namely, the enhanced ion range found for some projectiles
penetrating into amorphous Si, has been observed under channeling conditions for the Eu ions, through the
appearance of extended long tails. The results have been compavedLtowe calculations using different
interatomic potentials in order to simulate the mechanism responsible fa, teéfect. In additionab initio
calculations for the Eu-Si interatomic potential have been performed in order to investigate the origin of the
nuclearZ, effect. These calculations show that the formation of quasimolecules at very low energies is
responsible for the enhanced ion range.
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[. INTRODUCTION a more general way, for the systematic difference between
the experimental data and theoretical predictions based on a
The interatomic potential is a very important issue con-common interatomic screening function and corresponding
cerning the physics of penetrating particles at relatively lowscreening lengthisuch as the ZBL interatomic potenial
incident energies. In connection with slowing down statis-found at low implantation energies.
tics, it determines several basic physical propeltspping Since theZ, effect comes from collisions at large impact
power, scattering cross section, damage) ¢bat have been parameters it is natural to address the question of its influ-
studied for many years in materials science. The currengénce for axial channeling implantations. In this case, the ions
strategy to compute the interatomic potential in atomic col-are focused and the ion flux has a maximum in the middle of
lisions in solids is the use of a common screening functiorthe channel. Then, a reduced energy loss due to the possible
and a corresponding screening length. This unifies the treatermation of a quasimolecule will give rise to larger ion
ment for all ion-target combinations and results in the simi-ranges than those predicted by standard calculations.
larity concept, largely investigated by Firsov and In this work we have investigated the, effect under
Lindhard, Scharff, and Schip(LSS). The use of a unique axial channeling conditions. In previous range stuids
interatomic screening function has recently been put forth byras been observed that Eu implanted into amorphous Si has
Ziegler and Biersack through the introduction of the Ziegler,Z, effect characteristics whereas Bi implanted ions do not.
Biersack, and LittmarkZBL) potential® grounded on free- Lately, it was also observed that even under channeling con-
electron gas(FEG) calculations! In general, remarkable ditions the Bi range profile at low energtésloes not present
agreement has been found between the results of range mehe Z, effect. Then, in view of the above considerations, it is
surements and the ZBL predictions. However, some imporinteresting to ask whether and how the effect appears for
tant differences have been found, among them, the so-calleglu implantations under channeling conditions. For this pur-
Z, effect or Z, oscillations. It was first found by Besen- pose, we have implanted Eu along &i00), (110), and
bacher and co-worket§ and Kalbitzer and co-workefs®  (111) directions at energies from 15 up to 50 keV, and de-
and systematically studied by Fichtner and co-work&f$. termined the corresponding depth profiles by using the Ru-
This effect appears when some heavy ions are implanted itherford backscatteringRBS) and RBS/channeling tech-
amorphous Si. The measured projected range of the imaiques. The implantations were performed at 623 K in order
planted ions is strongly underestimated by the theoreticalo avoid sizable damage on the Si substrate and consequently
predictions, the disagreement being a function of the implandechanneling during the implantation process. It will be
tation energy, which is very large at energies below 20 keVshown that the measured range profiles of Eu ions along Si
and vanishes a@E=70 keV. TheZ; oscillations cannot be main directions display pronounced tails that are not repro-
reproduced by using FEG calculations for each specific ionduced by standard range theories. Howeeér jnitio calcu-
target combination. They have been attributed to deformatations of the interatomic potential using pseudopotentials for
tion of the electronic clouds during the projectile-target col-Eu colliding on Si atoms can reproduce the measured profiles
lision. For simple gas systefhab initio calculations indicate for all channeling and also for random directions. In Sec. Il
the formation of a quasimolecule. However, for solids andthe experimental procedure for high-temperature implanta-
heavy projectiles, no direct calculations have been done stions and depth profile analysis is described. The binary col-
far. In what follows we will use the terrd, effect not for the lision programMARLOWE used to simulate the channeled
effect as a function ofneighboring atomic numbers, but in  depth profiles is also described in Sec. Il. The experimental
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results are found in Sec. Ill and discussed in Sec. IV inwere performed in channeling direction at the th{@@0),
connection with theoretical simulations aad initio calcu-  (110), and(111) main Si axes.
lations of the interatomic potential. The Eu as-implanted samples were analyzed both at chan-
neling and random directions. In the latter case the samples
were measured at a tilted geometry with the beam impinging
Il. EXPERIMENTAL AND THEORETICAL PROCEDURES at 40°-50° to the sample’s normal. Consequently, we im-
proved our depth resolution down to@@ . The energy to
depth conversion was performed using the He stopping pow-
The Eu ions were implanted into $100) and Si(111)  ers from Ref. 13 for the random case and the data from Ref.
samples. The implantations along th&l0) direction were 14 for the channeling measurements. The main error in the
performed with{100 samples, with a tilt angle of 45° to the conversion procedure is due to uncertainties in the stopping
sample’s normal relative to beam direction. Before each impower of the particles, estimated to be of the order of
plantation, the samples were cleaned and etched to remo@6.>1* On the other hand, the errors in the range measure-
the native oxide on the filmjand other impurities on the ments, estimated from the stability of the Si edge in several
surface by using 10% HF acid. Immediately after, the measurements, turned out to be better than 1.5 nm. It should
samples were mounted on a three-axis goniometer of 0.009%e stressed that special care was taken in order to avoid
precision. The evacuation of the implantation/RBS chambepile-up effects when the samples were analyzed. For this
started at once, yielding a final vacuum of the order 0f10 purpose a very lowlless than 10 nAHe current was used for
Torr. The Si wafers were initially aligned along the desiredthe Rutherford backscattering under channeling conditions
channeling direction using an 800 ke¥particle beam. The (RBS/CH experiments. In addition, an electronic pile-up re-
a particles were detected by a surfacé 8i barrier detector jection system was employed.
placed at 165° with respect to the beam direction. The over-
all resolution of the detecting system was about 12 keV and
the angular divergence of the beam better than 0.03°. Af-
ter the alignment the sample holder was heated to 623 K. The depth profile measurements were compared with the
Subsequently, the alignment of the sample was checked, #inary collision codevARLOWE by Robinson and Torrens.
order to rule out possible effect due to dilatation of the go-It is & comprehensive computer program that has been devel-

niometer. In the next step, the Eu implantation was peroped for the simulation of atomic displacement in a variety
formed. of crystalline solids using the binary-collision approximation

The implantation of a heavy ion like Eu into Si crystal to determine the particle trajectories. The atomic scattering is
presents a basic experimental difficulty: it produces defect§overned by a screened potentidoliere,"® ZBL,® etc).
on the sample, even for very low implanted fluences. For thid hese potentials are spherically symmetric and thus no solid-
reason, Eu implantations were performed at 623 K. At thisstate effects are taken into account. However, these effects
temperature, the dynamical annealing minimizes the damag®ay come into play only for very large impact parameters
produced by the ion implantation process. where the valence-electron density integrated along the ion

In order to find the best implantation conditions we havepath cannot be considered as uniform. This, nevertheless,
determined, for each implantation energy, the maximum flumay be possible only for the widest channel of §110)).
ence that does not introduce sizable damage on the Si subhe target atoms are distributed about their lattice positions
strate at 623 K. For this purpose, we have implanted, wittccording to a Gaussian distribution due to the thermal vi-
increasing Eu fluences, tH@00) aligned Si substrate. Sub- brations, the amplitude being taken from the Debye-Waller
sequently, we performed channeling experiments in order tg1odel!” The possible effect of spatial correlation between
determine the minimum backscattering yief¢d,,, immedi-  heighbor atoms is not taken into account in the simulations
ately behind the Si surface peak. This procedure was folbecause this effect is of minor importanieThe inelastic
lowed for each Eu implantation energy. In all cases the imenergy loss can be separated into local and nonlocal contri-
plantation current density was of the order of 20 nAlcm  butions. The program provides the positions of the implanted

For 30 keV Eu(at 623 K up to a fluence ofb=1.5 ions both for crystals as well as for amorphous targets. More
% 101 at./enf we did not observe any difference betweenrecently the program has been improved by taking into ac-
the as-implanted and the virgin sampléie x,;, was about ~count temporal_aspects of binary collisicisThis last ver-
4%). However, when the implantation fluence was raised tcésion was used in the present work.
3x 10" at./ent xmin increased to 8%, indicating the forma-

A. Experiment

B. Theoretical predictions

tion of sizable dgmage ir_1 the S.i substrate despite the high Ill. EXPERIMENTAL RESULTS
temperature of implantation. This tendency was more evi-
dent when the Eu fluence was increased and dor 8 As mentioned above, in order to study theeffect under

X 10 at./cnf, where the implanted region was completely axial channeling conditions, we performed implantations
damaged {min=100%). For this energy we estimated that along the Si100), (111), and(110 channeling directions
®=1x10"at./cn? was an adequate fluence to be implantedfor different incident energies. In Figs. 1-3 the depth profiles
without introducing a sizable damage in the substrate. Thef implanted Eu along th€100), (111), and(110 channel-
same procedure was followed for all implantation energiesing directions are shown for energies between 15 and 50
The implantation energies varied between 15 and 50 keV ankieV. All the range profiles show similar features: they have a
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FIG. 3. Experimental data for implantations along($10 di-

FIG. 1. Experimental data for implantations along($00) di-  rection. See caption of Fig. 1 for further details.

rection, for three implantation energi€sill circles). Top axis for
(a) and (b) and bottom axis foKc). The solid lines correspond to

MARLOWE calculations with the ZBL potential an@p—490 K gram we have used the ZBL interatomic potential, a modifi-

(Ref. 12. The dashed lines correspond N@RLOWE calculations cation t_hereof,_ and)D=4999K20as_the Debye temperature. AS

) . . . shown in previous work$21%?%his value describes the ther-

with the potential proposed in E¢l). In both cases, the electronic | vibrati f Si Iv. The choi f the electroni
stopping is described by the Oen and Robinson model, normalized'& Vi rations ot St properly. e choice 0. e. electronic
to the ZBL stopping cross section. stopping power has been shown to be of minor importance.
An inspection of Figs. 1 and 2 shows that although the

) o maximum of the range profile is well reproduced by the
deep maximum and much broader distributions than thosgimyiations, the experimental data have longer tails deep in-

observed in amorphous Si. In addition to the experimentakjge the target. This effect indicates that the energy loss of
data, the theoretical predictions by the Monte Carlothe well-channeled ions is overestimated by EnRLOWE

MARLOWE program are represented by solid and dashedtandard simulation. In a previous wdfkwe implanted Bi
lines. TheMARLOWE calculations were convoluted with the 4j0ng the Si(100) direction under the same conditions, in

resolution of the electronic system in order to be compareghe same energy rang20—40 ke, and following a similar
with the experimental data. As input to tARLOWE pro-  experimental procedure. These results were compared to
MARLOWE simulations and excellent agreement was ob-

: : : : : served. In particular, the Bi concentration tails were very
Eu (20 keV ) — Si<111> well reproduced by the calculations. Therefore, the appear-
ance of the Eu longer tails, not reproduced by the simulations
using the ZBL potential, can be considered to be the mani-
festation of theZ, effect under channeling conditions.

In principle, it could be questioned if the extended tails
are spurious, originating from Eu thermal diffusion due to
the high-temperature implantation, radiation-enhanced diffu-
sion (RED), or from pile-up effects during RBS analysis.
The RED mechanism can be ruled out because it would ap-
pear for all studied projectile energies and the extended tails
are observed only for low energies. It should be stressed that
in some few cases we have modified the Eu implantation
fluence without observing any changes in the depth profile
tails. Concerning the Eu diffusion mechanism, we have per-
formed Eu diffusion experiments by doing 623 K implanta-
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Depth (&) for 30 mln(whlch corresppnds to the Eu implantation time
In addition, some annealings were performed for longer pe-
FIG. 2. Experimental data for implantations along($i1) di-  riods of time at the same temperature. In all cases no signifi-
rection. See caption of Fig. 1 for further details. cant Eu diffusion was detected, the estimated upper limit for
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7. Effect within the experimental errors, between the experimental Si
1.20 — (110 data and thevaRLOWE simulation. It is also pointed
out that along this direction the Eu penetrates depths about
—e—<100> . . . :
25 times larger than those in random directions.
1.15 — #— <111> | ]
e <110>
1.10- .

IV. DISCUSSIONS

2 105- | A. Channeling depth profiles
' ] 1 I T l ] As was mentioned in the Introduction tizg effect was
T

first observed by Besenbachet al® and Kalbitzer and

1.00 T T ] co-worker§’ and further characterized by Fichtner and
1 co-workerst®!! |t was found that Au and Eu, among other
0.95 . ions implanted into amorphous Si, give rise to projected

ranges larger than standard theoretical predictions. The effect
0.9 was quite noticeable at very low implantation energies and
0 20 30 40 50 disappears completely f&=70 keV. The present results for
E (keV) the (100 ar_1d(11]> directions show the same characteris-
tics, but mainly regarding the tail distributions. They are not
FIG. 4. Magnitude of the nuclea, effect (Mz,) defined in reproduced byARLOWE calculations based on the ZBL in-
terms of the full widths at one fifth of the maximufWFM) of the  teratomic potential, the simulated distributions being shal-
Eu depth profiles. lower than the experimental ones. The difference decreases
with increasing implantation energy, reaching good agree-
e - . _ _ . ment for E~50 keV. This behavior differs from what was
the diffusion @efﬁment being 210 % m”s™%. Thus diffu- observed when Bi ions were implanted into(300) direc-
sion mechanism cannot account for the observed extendgg)n at different energie In this case tha1ARLOWE calcu-
tails. Concerning the pile-up effects it could be mentionedagions, using the same input parameters as in the present
that in addition to the analysis in random direction, the rangg.ase have reproduced quite well the experimental results for
profiles have also been determined in channeling directiongyg g implantation energies.
U_nder these conditions pile—gp effects are strongly reduced. Eq¢ random materials, a semiphenomenological approach
F}nally, it should be emphasized that we have not observeg, jescribe thez, effect has been successfully applied to a
differences between the Eu-RBS spectra taken under randogqe variety of projectiles implanted into amorphous!Si.

or channeling directions. This procedure was based on the reduction of the nuclear

Another feature shown in Figs. 1-3 that corroborates thenergy transfer by cutting the interatomic potential at the
manifestation of theZ, effect is the dependence of the ex- qm of the ionic radit* In order to reproduce the experimen-

tended long tails on the projectile energy. Thi's dependencg, channeling range profiles of Eu we have followed the
was already observed when the Eu implantations were pekame procedure. ThusiaARLOWE simulations were carried

formed in random directions and it has been taken as a SiQ)'ut cutting the potential energghe ZBL potential at dis-
10,11 . . y :
nature of theZ, effect.™"" We can quantify this effect by ances where a quasimolecule could be formed, about the

taking the width of the range distribution at 1/5 of the maxi- 5,m of ionic radii of Eu and Si. The results of the simula-
mum (FWFM). The ratioMz, between the FWFM for the  tjons  although reproducing the experimental findings for
experimental data and the FWFM from tkaRLOWE calcu-  amorphous Si—see Refs. 10 and 11, are in complete dis-
lations is displayed in Fig. 4, as a function of the projectileagreement with the channeling experimental data. In fact, the
energy, for the three channeling directions. As can be obintroduction of a cutoff in the interatomic potential not only
served from this figure, the effect is largest for the lowestreduces the stopping power of the ions, but also leads to an
implantation energy and decreases with increasing ion eneenhancement of the dechanneling. Figure 5 displays the pro-
gies, disappearing at 50 keV. Furthermore, the effect is verjectile scattering angle in the laboratory system as a function
similar for the Si(100 and (111) channeling directions. of the impact parameter for a collision of 20 keV Eu on Si.
These two channels have about the same cross section, #ler an impact parameter of about the cutoff distance
though the geometry is quite different, yielding almost the(~11a,5, , wherea,g, is the ZBL screening length for the
same maximum impact parameter in an ion-target collisiorEu-Si pai) a rainbow scattering is observed, namely, a di-
(1.4 A for the(100) and 1.5 A for thg111) direction. Since  vergent differential scattering cross section @t-0.6°,

the Z, effect is related to small energy transfers in ion-solidwhich strongly enhances the dechanneling probability.
collisions, we would expect larger effects for implantationsTherefore, the interatomic potential should be modified in a
along the widest channel of Si, namely, #1l0 direction.  different way in order to avoid artificial dechanneling pro-
However, as can be observed in Fig. 2, the range distributionesses at low-energy implantation.

of Eu implanted along thé110) direction, at energies rang- Here we implement a nonabrupt reduction of the inter-
ing from 15 keV to 50 keV, observed as well as in Fig. 4, theatomic potential energy by multiplying the ZBL interatomic
FWFM as a function of the Eu energy, there is no differencepotential by a Fermi-Dirac function as
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a function of the impact parameter in units &fg, (a,g =0.106
A), for the ZBL potential(solid line) and for the ZBL potential with
an abrupt cutoffdashed lingas proposed in Ref. 11.

FIG. 6. The magnitudAT of the nucleaiZ, effect, as a func-
tion of the impact parameter, for three projectiles energies 1, 10,
and 50 keV. See text for further details.

1
V(r)=V 1 energy collisions and disappears for projectile energies
o “Pr1texl(r—Ro)/AR] . highgythan 50 keV. Secondf)rt)he effect hF;sJa maximumgfor
where R, is a distance corresponding to the sum of ioniccollisions with a given impact parameter. This behavior is a
radii of the projectile and target, ardis a parameter related consequence of the dominance of the electronic energy loss
to the width above which the potential energy is negligible.Over nuclear one. It means that for very open channels, such
Thus, for finite values of this potential does not have any as the Si110), the Z, effect in the nuclear energy loss is
abrupt cut aR; . In fact, by choosingA=0.2, we have found overshadowed by the electronic stopping power.
a rather good agreement between therLOWE simulations
and all channeling experimental datsee dashed lines in
Figs. 3-5 for all implantation energies and directions as
well as for the depth profiles obtained in amorphous The interatomic potential from Eq1) is able to repro-
silicon—not shown here. The same holds true even for theluce all channeling depth distributions describing, in this
depth distributions along the $110), for which the original  way, the extended long tails observed for Eu implantation
agreement was already good. along Si(100 and (111). However, this potential comes
We are now in position to investigate why the effectis  from a best fit procedure with a single parameter. Then, in
negligible for the widest channel in Si, namely, thE10) order to verify that the observed extended tails really come
one. As mentioned in Sec. lll, the electronic energy lossfrom a reduction of the potential energy between the projec-
plays a very minor role in the determination of the implan-tile and target due to a formation of a quasimolecule, we
tation profile for channeling Eu in the present energy rangehave performedb initio calculations of the interatomic po-
However, due to the strong reduction of the nuclear energyential for the Eu-Si pair. TheAussIAN94 program was used
transfer at distances about the sum of the ionic radii, thehroughout®
electronic energy loss may dominate over the nuclear one at Although ground-state calculations involving two first
very large impact parameters. Then, in the case of a vergnd/or second row atoms are common in computational
open channel, the long tails are dominated by the electronichemistry, this is not so for heavier elements. Quantum
energy loss and thg, effect is much less pronounced. chemistry calculations involving lanthanide atoms have only
The Z, effect can be quantified by taking the differencerecently received greater attention due to their intrinsic
AT(b) between the nuclear energy transfer calculated wittchemical interest, theoretical challenge, and the appearance
the ZBL interatomic potential and the one with the potentialof more powerful computer resources.
V. from Eg. (1). In Fig. 6 AT(b) normalized to the total The ground-state electronic configuration of the two at-
energy transfefl,,(b) is displayed as a function of the oms are S[:Ne]3s?3p? (3P) and[Xe]4f’,6s* (8F), where
impact parameter for three projectile energies. Here we havieX] represents the electronic configuration of the nobleXgas
usedTota1= TzeL+ Q(b), whereQ(b) is the electronic en- The spin multiplicity is (Z5+1), S being the spin quantum
ergy loss according to the Oen and Robinson formitilan ~ number, and equals 3 for Si and 8 for the Eu. The Eu atom,
inspection of this figure shows, first, as expected, that thdike some lanthanides and some actinides, has a high spin
effect of reducing the interatomic potential is larger for low- multiplicity because its ground state is stabilized by having

B. Ab initio interatomic potential for Eu-Si
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1.6 18 Given the results of the DFT calculations, it would be
' @) highly desirable to introduce the DFT potentialMmRLOWE
and compare its predictions to our experimental data. How-
ever, the introduction irMARLOWE of a potential with an
atractive region is not a trivial task. In fact, the implementa-
tion of the binary collision approximation in our version of
MARLOWE (version 13¢ deals with strictly repulsive poten-
~2 tials. Nevertheless, it is possible to draw some interesting
. ~ conclusions by comparing the DFT potential with tkig
vV potential from Eq(1). For example, for the interatomic dis-
e tances above >1.4 A for which the potentiaV, differs
L from the DFT calculations, the interaction energy is of the
order of 10 eV. In the laboratory frame of reference, this
(b) corresponds to the potential energy at the distance of closest
140 ] DFT _ approach in a head-on collision between an Eu ion with 50
eV of kinetic energy and a Si atom. An Eu with such a low
energy has a range representing only a tiny contribution to its
total range. In other words, thé&, potential is identical to the
ab initio potentialin the region of interatomic distances rel-
evant to the determination of the implantation depth profiles.
In this way, one can foresee that the introduction of the DFT
potential inMARLOWE will not change substantially the pre-
s . : ! dictions of theV, potential.
05 10 15 20 25 30 35 40 The above discussion gives strong theoretical support to
R (A) the phenomenological potential that we have suggested in
Eq. (1). The introduction of the/. potential iINnMARLOWE is
FIG. 7. () ZBL potential (dashed lin compared to the DFT* able to reproduce all the available experimental data on Eu
(DFT potential subtracted by 10 ¢¥solid line) and to the potential ~ implantations on Siboth for random and channeling implan-
V. (dotted lin@ proposed in Eq(1). (b) DFT potential shown in tationg. Moreover, ab inito calculations of the interatomic
detail. As it can be seen, the DFT potential is attractive Ror  potential have also been performed for the Bi-Si system. In
=14 A this case the obtained potential is purely repulsive, that is, no
quasimolecule formation is observed. This feature is in
the greatest possible exchange energy, the value of Whicﬂgreemgrﬁ with the absence 2 effect for this _sy}?stem for
value is only nonzero for electrons having parallel spins. randp oas we.II as for channeling |mplaptat|q _T.hus,
we find strong evidence that tlZg effect has its origin in the

As the purpose of theb initio calculations was to check formation of quasimolecules during low-energy collisions
if the Si and Eu atoms, assumed to be in their ground states; q 9 9y '

would have a stabilization energy not provoked by an artifi-
cial binding due to spin pairinghe usual way that bonds are V. CONCLUSIONS
formed in stable moleculgswe computed thab initio en-

ergies assuming that each atom preserved its original spime

multiplicity. Therefore, we have performed the calculationsthe Si(100), (110), and(111) directions in the 15 to 50 keV
using a tota! spin multiplicity of 10 fpr the Eu-Si systgm. energy interval. The experimental results were compared
Further details of the present calculation are presented in ﬂ'\ﬁith the predictions oMARLOWE, a simulation program that
Appendix. o . requires, among other input parameters, an interatomic po-
Figure 7 shows the results of theb initio calculations  tentjal to describe the Eu-Si binary collision. The Eu depth
[density functional theoryDFT)] for the Eu-Si interatomic profiles along the S{100) and(111) directions show long
potential. In order to better compare the DFT withtheand  tajls deep in the Si bulk not reproduced by til@RLOWE
the ZBL potentials, Fig. (&) displays the DFT potential en- simulations. The theoretical-experimental disagreement is
ergy subtracted by 10 elsee DFT*). In fact, this does not maximum for the lowest implantation energies and decreases
change the dynamics of the collisions, but requires a redefiwith increasing energy, achieving quite good agreement for
nition of the energy in the center of mass frame. the highest energys0 keV). This behavior is a signature of
For interatomic distances smaller than 0.6 A the DFT pothe nuclearZ, effect already observed for the same ion-
tential is equal to the ZBL potential. For larger distances uparget combination but for amorphous Si. We have also ob-
to 1.2 A, the calculated potential is identical to tigand  served the absence of this effect for @10 direction. In
for r>1.4 A the DFT potential is attractive, with a minimum fact since this channel is the widest in Si, the electronic
nearr=2 A. Then, theab initio calculation shows the for- stopping plays an important role and is dominant over the
mation of an stable quasimolecule, even with the nonallownuclear one, hiding in this way thg,; effect. In order to
ance of spin pairing. reproduce our experimental results we have introduced a
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V(r) (eV)
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In the present work we have investigated the depth pro-
s of Eu ions implanted under channeling conditions along
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smooth cutoff in the ZBL potential at an interatomic distance The DFT theory is based on the electronic density distri-
corresponding to the sum of the ionic radii of Eu and Si.butionn(r). Its starting point is writing an energy functional
Following this procedure we were able to reproduce not onlydependent on the electronic distribuition,

all the channeling data but also the previous ones obtained

for Eu implanted in amorphous Si. It should be pointed out

that this agreement was obtained with only one free param- E[n(r)]EJ v(r)n(r)dr+{¥[n(r)]|T+U|¥[n(r)]),

eter in the interatomic potential, a parameter that has the (A1)
same value for all simulations. In order to get an inside view
on the underlying physics involved with this semiempirical
potential we have performedb initio calculations for the
Eu-Si interatomic potential based on density functional
theory. The results have shown that the formation of Eu-S

wherewv(r) is an arbitrary external potentidll is the inter-
electronic Coulomb repulsion between the electrdnis, the
kinetic energy of the electrons, an# is the full N-particle
: . . bround-state wave function. From this equation it is possible
quasimolecules is responsible for the nucl&areffect for i an upper bound for the ground-state energy. By
low-energy ion-target collisions. This argument was previ-naying suitable approximations to the second term in the
ously_advanced but never proved in a conclusive way aShove equationF[n(r)]=(¥[n(r)]|T+U[¥[n(r)]), it is
done in the present case. possible to rederive the Thomas-Fermi equations and its
refinement£®?” We may extract fromF[n(r)] its largest
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drdr’ +E¢yd n(r)],

whereTg n(r)] is the kinetic energy of aoninteractingsys-
tem with densityn(r), and the next term is the classical
The presentb initio calculations of the interatomic po- expression for the interaction energy. ThHg,. term is the
tential employed the Gaussian basis set known aso-called exchange correlation energy and it is defined by the
SBKJC?*?5The core electrons were assumed to be frozenabove equation.
described by an effective core potenti&CP for each atom. It is then possible to transform the Euler-Lagrange equa-
Therefore, the core electrons screen the Coulomb field frortion associated with the stationarity B, into a new set of
the nuclei, this physical effect being described by an ECPself-consistent equations, the so-called Kohn-Sham
The Gaussian basis set had 8 electrons as the Si*aamé  equationg®?’ If in principle an exact expression fdey.
46 electrons for E@° both cores described by ECP’s. The could be obtained, the Kohn-Sham equations would be exact.
remaining electronic shells were described by atom centereldowever, there is no exact expression iy, and the vari-
Gaussian functions. Both basis sets included relativistic efous variants of the DFT models are distinct one from another
fects in the description of their ECP’s, known to be espe-according to the form of the functioRe,.. In the present
cially important for heavy atoms such as the lanthanides. work we wused a correlation generalized gradient
The Hartree-Fock approximation does not give a balancedpproximatior®?’ for E,,. known as B3LYP, as it uses
description of potential energy curves over the whole rangdecke’s three-parameter exchange functighd@3) with the
of internuclear distanceR. The reason is that the interaction Lee-Yang-Parr correlation functiofal(LYP). This form of
between the electrons are treated in an average way. TherEg, has been used very much in the literature, and has given
fore, it is necessary to go beyond the Hartree-Fock approxigood results for a great variety of molecular systems. In or-
mation to describe the correlation of the electrons’ move-der to obtain the interatomic potential, we have also to add
ment. We accomplished this through density functionalthe contribution of the Eu and Si core electrons. This was
theory(DFT) calculations based on the self-consistent Kohn-performed by using the free-electron gas approximation
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