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A pronounced difference in magnetic behavior at distinct lattice sites has been found for recoil-
implanted >*Fe ions in fcc cerium metal using the perturbed-angular-distribution method. Of the im-
planted ions 25(5)% show predominantly spin magnetism while 75(5)% appear to be nonmagnetic.
Based on the Anderson model, the magnetic fraction is assigned to regular lattice sites and the nonmag-
netic fraction is inferred to occupy interstitial positions. This interpretation is supported by Monte Carlo

simulations describing the transport of ions in matter.

PACS numbers: 76.30.Fc, 61.80.Jh, 75.20.Hr, 75.30.Hx

With the increasing numbers of experimental studies
in radiation effects, in ion-beam modification of solids,
and especially in ion-implantation techniques, the deter-
mination of the final site of implanted ions in host ma-
terials gains importance for any detailed understanding.
The creation of damage and related effects is investigat-
ed by standard methods, such as resistivity measure-
ments or electron and x-ray diffraction. However, the
determination of the final lattice site of the implanted ion
requires the application of microscopic methods which
are sensitive to local environments on an atomic scale,
such as channeling, Mossbauer spectroscopy, low-
temperature nuclear orientation, or the perturbed-
angular-correlation (PAC) and -distribution (PAD)
methods.

The PAD method in particular combines ion implanta-
tion and the investigation of ion location on a microscop-
ic scale simultaneously. Ions are produced by nuclear re-
actions and implanted by their recoil energy into any
host. Hyperfine interactions of the nuclear moments in
the lattice sensitively depend on the electric-field gra-
dients and/or magnetic fields of the local environment.
One advantage of this method is that it is applicable for
a large variety of elements since many probe nuclei with
suitable nuclear properties are known.'

Theoretical predictions concerning the final site of im-
planted ions are scarce and suffer from major uncertain-
ties. Several approaches have been proposed. Within
the Hume-Rothery rules, particularly the metallurgical
aspects of the system are considered.? Miedema and
Niessen> propose a binary-alloy model on the basis of or-
dering phenomena. Brice* considers the ion-implan-
tation process to be a succession of single two-particle
collisions. In a recent in-beam Méssbauer experiment®
on °’Fe nuclei in aluminum metal, the fraction of im-
planted Fe ions on interstitial lattice sites was found to
be 60%, in good agreement with this collision model.

In this paper we present an extended experimental in-
vestigation of ion implantation utilizing the magnetic

hyperfine interaction in a PAD measurement.® Fe ions
were implanted into the two isomorphous face-centered-
cubic phases of Ce metal. The results are compared with
predictions of a refined Monte Carlo simulation for the
transport of ions in matter (TRIM),”® leading to an ex-
cellent agreement in this first application of such a code
for the prediction of final lattice site occupancies.

The experiment was performed at the heavy-ion ac-
celerator combination VICKSI. The excited and spin-
aligned isomeric **Fe nuclei were created in the nuclear
reaction **Sc('2C,2np)34Fe with a pulsed '*C-ion beam
of 42-MeV kinetic energy hitting the target of a thin Sc
foil (1 mg/cm?) closely attached to the sample of Ce
metal. By their recoil energy of approximately 9 MeV,
the Fe ions were implanted (up to a depth of about 5
um) into the samples mounted on the cold tip of a
temperature-controlled continuous-He-flow cryostat suit-
able for ion-beam measurements in the high-field super-
conducting split-pair magnet SULEIMA.®° The Ce sam-
ples (99.999% nominal purity) were prepared in an ar-
gon glove box and transferred to the accelerator vacuum
by an air lock. The a phase of cerium was obtained from
annealed (700 K for 20 min) y-Ce by lowering the tem-
perature as well as by application of pressure at 0.8 GPa
at room temperature. In the latter case, the pure a-Ce
sample was cooled to 78 K, reduced to normal pressure,
and, while held at 78 K, mounted on a precooled cold
plate, using an air lock.

Magnetic hyperfine interactions of the nuclear mo-
ment (g=0.7281) of the isomeric /*=10" state (=515
ns), at an excitation energy of 6527 keV in >*Fe,' were
measured in an external magnetic field of By, =8.15 T.
The field at the site of the nucleus is modified by
hyperfine-field contributions Bys, when spin or orbital
moments are involved. The paramagnetic enhancement
factor is defined as B(T) =B.q/Bcx (Ref. 10) (effective
field Begr =Bex + Bnr). In the case of B(T) < 1, the orbit-
al moment of the Fe probes is quenched and only the
spin moment is preserved. Here (7)=1 indicates non-
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FIG. 1. (a) Spin-rotation pattern of *Fe in Ce at T =143 0.94 5 L °
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B(T) is deduced from the Larmour precession w;(T) o o 20 30 20

=h "'gunBer(T), where uy denotes the nuclear mag- T (K1)

neton. Thus B(T) =w; (Bg(T))/w; (Bex). The values
for w; were extracted from the spin-rotation-time spec-
tra.'' In order to allow for two distinct frequencies, i.e.,
w;1 and w; , the function

R(t)=A4,G cosl2(w; ;1 —6)1+A4,G,cos[2(w;2—6)] (1)

was used to fit the spin-rotation spectra. Here, 4; denote
the amplitudes of the Larmor frequencies w;;, which
directly indicate the fractions of implanted ions. The
damping functions G;(¢) =[0.245+0.755lexp(—r2t?/
0.370) are governed by the respective damping parame-
ters A;;'""'2 6 denotes the detector angle with respect to
the beam direction.

In Fig. 1 an example of a spin-rotation spectrum is
shown. The data are fitted with Eq. (1). The fact that
two frequencies are involved is revealed by the beat
structure found at all measurements below 350 K. At
about room temperature the two frequencies differ only
by approximately 1%. Their discrimination was achieved
by the application of the high external field, which allows
a sufficiently precise measurement. Results of all fre-
quency measurements are presented in Fig. 2, where f is
plotted as a function of the inverse temperature.
Whereas one fraction is nearly temperature independent
(nearly constant w; values), the second one clearly ex-
hibits Curie-like behavior explained by a preserved spin
moment. From a linear fit to the data, the two functions

B1=1.0161(12) —0.103(75)/T, nonmagnetic fraction,
B2=1.0162(42) —4.08(41)/T, magnetic fraction ,

are obtained and shown as solid lines in Fig. 2. The sum
A=A+ A; of the related amplitudes slightly increases
with increasing temperature, as is generally expected due
to defect annealing. The analysis of the amplitudes re-
vealed the ratio 4,/A4, to be constant with temperature
over a wide range, indicating that dynamical effects such
as diffusion seem to play no role in this temperature re-
gion. The nonmagnetic fraction comes out to be the con-
siderably larger one. Of the probe nuclei 75(5)% are
nonmagnetic while only 25(5)% show a Curie-like
magnetism. At 350 K no discrimination of two frequen-
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FIG. 2. The paramagnetic enhancement factor B(T) as a
function of the inverse temperature. The B(T) values for the
two probe fractions show different, magnetic (®) and nonmag-
netic (A), behavior. The vertical dashed lines represent the a-
y phase transitions in cerium. Inset: The values of the hybridi-
zation width A (see text) for substitutional lattice sites in a-
and y-cerium. The Anderson criterion for the formation of lo-
cal moments for Fe ions in Ce is indicated by a shadowed bar.

cies was possible. A plot of the relative amplitudes
versus temperature is given in Fig. 3. In the present ex-
periment, a small fraction (20%-25%; estimated from
comparison of anisotropy amplitudes of **Fe probes in
different metallic hosts at higher temperatures'?) of the
implanted ions come to rest in disturbed lattice areas,
where strong electric-field gradients decrease the nuclear
alignment in very short times. Thus, these probe nuclei
do not contribute the the measurements at all. Our re-
sults are thereby representative for implanted ions locat-
ed in lattice sites with a well-defined local environment.
We now discuss the conditions for magnetic and non-
magnetic behavior of Fe ions in the fcc lattices of Ce
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FIG. 3. Relative amplitudes of the spin-rotation spectra as
a function of temperature. Dashed lines represent averaged
values.
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metal. In cerium, the conduction band predominantly
contains d-like electrons. The formation of a local spin
moment depends on the balance of the hybridization be-
tween the iron 3d electrons with the conduction electrons
of the cerium host and the intra-atomic Coulomb (U)
and exchange (J) energies of the 3d electrons. This in-
teraction leads to broadened virtual bound d states which
are characterized by their hybridization width A (half
width at half maximum). According to the Anderson
model, ' conditions favoring the formation of a local spin
moment can be quantified by A=< (U+4J)/n. Using
values for U and J based on recent spectroscopic data, '’
(U+4J)/n=2.0(5) eV was estimated. A measure of A
may be obtained by the ratio of the volume of the
transition-element ion, r3;, and the volume of the
Wigner-Seitz cell, riws. An estimate according to van
der Marel and Sawatzky'> results in A=3ErZ[ri/
rwsl®. (Z and Ef denote the valence and Fermi energy
of the host, respectively.)

For a first approximation we took the uncorrected
Wigner-Seitz cell volumes of y-Ce (20.7 cm?/mole) and
a-Ce (15% reduced) for regularly positioned Fe atoms in
the Ce host.' The Fermi energies for y-Ce and a-Ce
were taken from Pickett, Freeman, and Koelling.!” The
intra-atomic energy (U +4J)/x in these host metals is
compared with the hybridization width A in the inset in
Fig. 2. As is illustrated in Fig. 2, the magnetic behavior
of Fe in the two different sites in Ce is not influenced by
the phase transition. In the case of the host atom Ce it-
self, or recoil-implanted Sm,'® the local magnetic behav-
ior, in fact, relates to the Ce phases. The inset in Fig. 2
in addition gives the explanation of why the considerable
volume decrease, when going from the y to the a phase
of cerium, does not suffice to destroy the magnetic mo-
ments of Fe probes at substitutional sites. Although
quantitative estimates of the volumes occupied by inter-
stitially positioned Fe atoms are rather difficult, their
smaller volumes will certainly result in larger A values
towards the nonmagnetic region (see inset, Fig. 2). We
therefore conclude that the magnetic Fe ions replace
substitutional Ce ions, while the nonmagnetic fraction is
assigned to interstitial sites.

So far we have considered the magnetic behavior in
order to identify the lattice positions of the implanted
ions. A different approach for the identification of the
two fractions is achieved by the application of alloying
and implantation models. Miedema and Niessen® have
used experimental data on the formation of binary alloys
in order to predict macroscopic variations in the alloy
volume compared to the volumes of the components.
These empirical predictions are based on an atomic mod-
el, in which volume effects are related to charge transfer.

With the parametrization of Miedema and Niessen, a
volume decrease AV,, = —2.9 cm3/mole is calculated for
Fe in Ce. It reveals that the apparent molar volume of
Fe in the cerium host, ¥V =Vg.+AV,, =4.2 cm>/mole, is
strongly reduced compared with the molar volume of

pure iron, Vg.=7.1 cm?/mole. The large decrease in
volume clearly favors interstitial occupation as Miedema
and Niessen have pointed out for comparable cases like
Fe in La. Consistency with this alloying model is
achieved if we again assign the Fe ions of the larger frac-
tion (75%) with interstitial ones. In order to obtain a
quantitative estimate of the interstitial and substitutional
lattice site occupations, we now discuss two implantation
models.

In a collision model, Brice* treats the implantation as
a succession of binary collisions. Generaly, a host atom
is displaced if the energy T transformed from the in-
cident projectile with kinetic energy E is larger than the
displacement threshold energy E; of the host atoms.
The scattered projectile is assumed to be captured by the
resultant vacancy, if its remaining energy, E — T, is less
than E,, the capture threshold energy. Brice’s model
predicts this probability to depend on E,, the kinematic
factor Y =4MhostMprobe/(Mhost - Mprobe) 29 and the pa-
rameter p, which is a function of the interaction poten-
tial between two collision partners, the impact parame-
ter, and E;. Taking E; =20 eV,'® the probability for
substitutional lattice positions becomes 34(5)% for y-Ce
and 38(4)% for a-Ce, in reasonable agreement with the
experimental values.

The results of the application of the TRIM (Refs. 7
and 8) program are in remarkably good agreement with
the experimental data. In TRIM, the ions or recoils are
followed throughout their slowing-down process in
three-dimensional motion. The electronic loss during
their free flight path between collisions is subtracted be-
fore entering the next elastic binary collision. This
means that electronic and nuclear energy losses are
separated, which is a necessary approach at low energies,
where the electronic stopping is due to the conduction
electrons and no inner-shell excitation occurs. Here,
semiempirical stopping powers?® are used which are suit-
able for projectile motions in metals. The implantation
process ends in a replacement collision, when the follow-
ing three conditions are fulfilled simultaneously: (1)
T>Ey,, 2) E-T< T—FE,, and Q3) E —T<Edp,-oj.
Eproj denotes the displacement threshold energy of the
projectile. It is usually defined as the minimum energy
which the projectile needs to move out of the recombina-
tion volume of the vacancy. E, describes the binding en-
ergy of the host atoms in their stable lattice sites, which
is usually set equal to the heat of the formation of a va-
cancy, AH}"=1—3 eV in metals. The above-mentioned
conditions reflect the following considerations: Condi-
tion (1) is the necessary condition to create a vacancy in
the host material (at least temporarily). Condition (2)
means that the energy of the projectile after the collision,
E —T, is smaller than the energy of the removed target
atom; i.e., the projectile stops sooner and has a higher
probability for recombination with the vacancy than the
recoiling target atom. The final condition (3) requires
that the projectile energy is small enough to ensure that
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the projectile does not escape from the recombination
volume. With simple kinematic considerations, we ob-
tained a critical energy window of 5.5 eV < E <176 eV
where replacement collisions may occur, in the case of
host and projectile masses of Mpo =140 (Ce) and
M probe =54 (Fe) and assuming E, =3 eV and Ejpro; =40
eV. Displacement energies have been measured in the
regime of 15 eV (for light elements) to 40 eV (heavy ele-
ments), e.g., Ref. 21. In our example, 40 eV was chosen
to obtain the largest possible energy window. At higher
projectile energies large cascades may be created, but
the projectile always escapes the cascade region.

In the Monte Carlo simulations all histories were
started well above E..x=176 €V in order to obtain a
well distributed slowing-down flux when entering the
critical window. With sufficiently high statistics, i.e., us-
ing more than 10* histories, it was found that the re-
placements are very weakly dependent on E, and E; as
well as on the density of the host material (y-Ce and a-
Ce), but strongly dependent on the kinematic factor y.
The final result of the computations is that 24(1)% of
the Fe ions occupy substitutional lattice positions in Ce
metal after implantation.

In conclusion, the present experiment illustrates how
the different magnetic responses to an external applied
field are used to determine different lattice sites. The
majority of Fe ions, when implanted into cerium, come
to rest at interstitial lattice sites in agreement with
theoretical considerations. The experimental results in-
dicate that 25(5)% of the probe ions replace regularly lo-
cated host atoms. No influence of the different lattice
parameters in y-Ce and a-Ce was observed. These
findings are also confirmed by the TRIM calculations.

This behavior of Fe in Ce is not unique. For compar-
ison, >*Fe ions were also implanted into La, Sc, and Bi.
In these noncubic hosts as well we observed two-
frequency spin-rotation patterns with somewhat different
fractions. The measurements of their temperature
dependence are not yet completed. Many other PAD ex-
periments on local magnetic moments have been per-
formed, where, however, a lattice-site determination was
not considered or a substitutional occupation was as-
sumed (e.g., Ref. 22), or it was not at all clear where the
magnetic ions were located.?* Even two-frequency mea-
surements have been mentioned, without any identi-
fication of lattice sites.?* The present Letter describes
the first example where the final site occupation—as an
important aspect in any detailed study of the implanta-
tion process— is determined.
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