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We report on the time evolution of mass transport upon annealing nonequilibrium Fe-Pt nanocomposite
films, leading to nucleation of L1, chemically ordered phase. The nonequilibrium nanocomposite films were
fabricated by applying Fe* ion implantation to epitaxial Pt films grown on (001) MgO substrates, yielding Fe
nanoclusters embedded in a Pt matrix at a tailored penetration depth. Time-resolved x-ray diffraction studies
were carried out using synchrotron radiation, allowing determination of the activation energy for nucleation of
the FePt L1, phase within the segregated nanoclusters during annealing. The growth of the segregated L1
ordered phase was modeled using ideal grain-size law and found to be dominated by strain-driven surface
nucleation. The activation energies were found to correlate with the nanocluster size. Magnetic characterization
of selected annealed samples indicates perpendicular magnetic anisotropy with high coercive field coincident

with high value of the chemical order parameter of the ordered phase within the magnetic nanoclusters.
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I. INTRODUCTION

Nanocomposite materials with tailored properties are of
interest for specific applications, and therefore it is important
to understand the main processes involved during their syn-
thesis. An important case to consider is nanocomposite thin
films where the materials in the composite can form a binary
alloy. These alloys often exhibit interesting phase diagrams,
where some of the phases can have chemical order that in
turn may affect physical properties in the material, as it is,
for example, the case of the FePd and FePt alloys.! In the
latter systems, the chemical order also induces important
changes in the magnetic anisotropy, and therefore these ma-
terials have potential applications, e.g., next generation mag-
netic media when in thin-film form.” In general the phase
behavior of such binary A-B system is determined by a bal-
ance between the interactions AA, BB, and AB which are
typically of the order of 1 eV.? Nevertheless, in some cases
the resulting effective pair interactions can be significantly
smaller and can compete with thermal excitations in the sys-
tem. In the Fe-Pt system a balance of three different types of
energies determines the stability of a specific phase: (a) the
formation enthalpy of the ordered structures, (b) the mixing
enthalpy of the random alloy, and (c) the strain energy from
atomic size mismatch.* Of particular interest is the study of
phase nucleation and ordering in nonequilibrium nanocom-
posite thin films consisting of nanometer-sized clusters or Fe
particles embedded at a specific penetration depth within a Pt
matrix.

One possible method to achieve nonequilibrium nano-
composite films is to utilize ion beams. In fact, ion implan-
tation has been extensively used to modify the properties of
materials, where the energy of the ions and the dose can be
tailored to achieve specific properties.’ Very recently the use
of low-energy self-ions demonstrated surface modification
with creation of pans and mesas of dimensions up to 10 um
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on the surfaces of metallic crystals,® indicating that there is
significant potential to use ion beams to modify materials in
a useful way. In the case of nanocomposite thin films the
dose can be selected to tailor the average nanocluster size
and intercluster distance while the energy can be tuned to
select the penetration depth of the clusters into the matrix.’
Specific to Fe-Pt, White et al.3? considered the implantation
of Fe and Pt ions into Al,O5 and SiO, matrices, followed by
thermal annealing at 1100 °C to synthesize 2—-10 nm nano-
particles with multiple crystalline orientations where a few
exhibited perpendicular magnetic anisotropy. Additional re-
ports indicate that annealing,' rapid thermal annealing
(RTA),"" and x-ray rapid thermal annealing (XRTA) (Ref.
12) promote chemical ordering in stoichiometric FePt thin
films.

Here, we have applied ion beams to obtain a segregated
nonequilibrium nanocomposite thin film of Fe clusters im-
planted within a specific penetration depth into a Pt matrix
where subsequent annealing treatments lead to a nanocom-
posite material with desired magnetic properties, i.e., decou-
pled nanoclusters with large perpendicular magnetic aniso-
tropy embedded in a nonmagnetic Pt matrix. We have used
synchrotron radiation in order to track the microstructure
real-time evolution of the films under annealing. We find that
the subsequent annealing treatments after implantation give
rise to highly oriented and chemically ordered L1, FePt crys-
tallites with large magnetic anisotropy where the ¢ axis is
determined by the Pt matrix crystal structure.

II. EXPERIMENTAL APPROACH

Epitaxial 30-nm-thick Pt films were grown at room tem-
perature (RT) on MgO(001) substrates by dc triode sputter-
ing in a system working in ultrahigh vacuum (UHV) condi-
tions (background pressure of 5X 107 Torr). X-ray
diffraction (XRD) scans were performed on selected films
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using a standard four-circle diffractometer with Cu K, radia-
tion (\=1.5418 A) in the Bragg-Brentano configuration and
with j; degree slits. Subsequently, the films were implanted
using 30 keV Fe singly-charged ions in a heavy-ion accel-
erator described elsewhere.!? Ton implantation was carried
out at RT and at a pressure of 10 Torr. The implantation
conditions were chosen after stopping and range of ions in
matter simulations'*!> were carried out to estimate the opti-
mal conditions for 1:1 stoichiometry at a mean projected
depth of 8 nm from the film surface. Implanted doses were in
the 10'® ions/cm? range with typical ion-implanting current
density ~200 nA/cm?.

In order to investigate the mass-transport kinetics for the
FePt alloy formation and to determine a suitable temperature,
time, and activation energy required to nucleate a specific
phase, e.g., chemically ordered L1, FePt clusters, sequential
isothermal annealing treatments and XRD experiments using
9.2 keV synchrotron radiation were performed at the Sector 7
beamline of the Advanced Photon Source. The samples were
mounted inside a high-vacuum chamber (base pressure of
~3.0X 1077 Torr) equipped with a resistive heating oven
and provided with a Be dome to allow x-ray penetration. The
annealing temperature was monitored via multiple thermo-
couples as well as the angular position of the MgO(004)
reflection using the known thermal-expansion coefficient of
MgO.!¢ Simultaneously, isothermal XRD scans were carried
out in real time in the Bragg-Brentano geometry.

Finally, selected samples with different Fe™ implanted
doses were annealed at 450 °C for different time periods
ranging from 1 min to several hours in an UHV chamber
(base pressure of ~5 X 10~ Torr) to investigate the correla-
tion between cluster microstructure and magnetic anisotropy.
The magnetic anisotropy was studied ex sifu by measuring
polar Kerr hysteresis loops using 2.3 eV radiation and per-
pendicular magnetic fields of up to 1.5 T before and after
annealing the sample. Magnetic force microscopy (MFM)
images mapping the magnetic poles at the sample surface
were also obtained after a demagnetization process with the
magnetic field applied along the perpendicular direction.

A. Activation energy determination using synchrotron
radiation

For this study, the epitaxial Pt thin-film samples were im-
planted with a Fe* dose of ~3 X 10'® ions/cm? at 30 keV.
The superlattice FePt(001) reflection, characteristic of the
L1, ordered phase, was tracked in real time for each anneal-
ing temperature in the range of 400—600 °C. We found that
mass transport leading to the onset of the FePt(001) reflec-
tion occurs at moderate temperature (i.e., around 450 °C).
We notice that this temperature is well below the 1100 °C
reported for clusters embedded in dielectric matrices.” We
also find that the ordered-phase nucleates with the ¢ axis
following the crystallography of the Pt matrix, i.e., in (111)
films the ¢ axis of the ordered L1, FePt clusters maintains a
similar orientation with respect to the film crystallographic
directions rather than being parallel to the surface normal as
the case in (001)-oriented films. The time evolution of the
signature peaks under annealing was investigated to establish
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FIG. 1. (Color online) Time-dependent grain-size evolution
upon two annealing temperatures (490 and 510 °C). Two grain
sizes are found at both temperatures; the upper two curves corre-
spond to the larger grain size (d>20 nm), whereas the lower two
curves correspond to the smaller grain size (d<<10 nm). A larger
grain growth exponent [Eq. (1)] n=15 is found for the larger grain
size, whereas the smaller grain size exhibits n=6.

scaling laws for coarsening of the ordered nanoclusters with
time. The activation energy could be estimated from the time
evolution of these isothermal scans as discussed below. A
Gaussian fitting of the FePt(001) reflections revealed two
typical average nanocluster sizes since two Gaussian curves
were needed to fit the peaks plus an additional broad Gauss-
ian for the background, the latter is probably due to thermal
diffuse scattering. The average grain size d of the L1, FePt
nanoclusters was calculated from the full width at half maxi-
mum (FWHM) of the Gaussian curves using the Scherrer
equation.!” Figure 1 depicts the evolution of the nanoclusters
grain size as a function of the annealing time for two differ-
ent annealing temperatures, namely, 490 and 510 °C. As can
be observed, both grain-size populations increase their size
as the annealing time increases. It is worth noticing that the
Scherrer equation does not take into account the broadening
of the peaks associated with the strain present in the system.
Nevertheless, this contribution was estimated to be around
1.5 % in the grain size for the smaller grains (d<<10 nm)
and well below 10% for the larger grains size (d>20 nm).
The corresponding error bars were added to Fig. 1.

Internal interfaces may evolve to minimize surface energy
via grain growth or Ostwald ripening.'® Alternately, they
may move due to a volumetric change such as recrystalliza-
tion or a phase transition. In this case we observe the nucle-
ation of a different phase (FePt L1 that grows under anneal-
ing. We have used the Burke and Turnbull'® (B-T) model to
explain the growth of the L1, FePt nanoclusters. In the iso-
thermal B-T model it is assumed that grain growth is caused
by the movement of grain boundaries and atom transport
across these boundaries?® where the driving pressure on a
grain boundary arises from its curvature. The evolution of
the average L1, FePt grain size d shown in Fig. 1 yields a
similar form to B-T’s equation for the kinetics of grain
growth,

d=kt"", (1)

where n is the grain growth exponent and k is the grain
growth parameter. In the ideal B-T model, n=2, but many
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experimental results have shown that n can be larger than 2
and varies with composition and temperature.”! The growth
of the L1, FePt nanoclusters is also a thermally activated
process where the average grain size d increases with the
annealing temperature 7. Thus, the grain growth rate param-
eter k can be written as

k= koe_EG/kT, (2)

where kg is the Boltzmann constant, T is the temperature in
K, ky is a constant, and E; is the activation energy for grain
growth. Our studies reveal that the typical activation energies
for grain growth in our samples with grain sizes less than 10
nm is ~0.3*0.1 eV, while for larger sizes it is
~0.5%0.1 eV. We also find that the grain growth exponent
n has a typical value of around 5-6 for smaller grains (d
<10 nm) while it was much larger (n=15) for larger grains
(d>20 nm), indicating different growth kinetics. As men-
tioned above, grains can also grow due to Ostwald ripening
Ref. 18. In this process atoms detached from small clusters
of the newly formed phase must diffuse through the matrix to
attach to large clusters of the same phase so that large grains
grow at the expense of small particles. Thus, the interfacial
energy between the matrix and the new phase is reduced. The
grain growth exponent for Ostwald ripening of particles in
polycrystalline materials can be as large as n=4 or 5 in the
case of grain-boundary diffusion controlled grain growth,??
and in the case where grain growth is controlled by surface
nucleation, the value of n can be randomly large.?* Thus, we
postulate that our values for n are controlled by surface
nucleation and Ostwald ripening.?’ The main driving force
for surface nucleation is the interfacial strain between the Fe
clusters and the Pt matrix. Evidence of strain in the Pt matrix
will be discussed further in Sec. II B. It is worth commenting
here that many kinetic and thermodynamic investigations on
near stoichiometric bulk and thin-film FePt samples have
been reported in the literature?*?*2 using techniques such as
differential scanning calorimetry, XRD, and transmission
electron microscopy to extract activation energies for the for-
mation of different phases (e.g., Al to L1,), and models such
as the Johnson-Mehl-Avrami-Kolmogorov formulation?® and
saturation-state growth rate model® were used. For example,
typical values reported for activation energies in bulk FePt
alloys using differential scanning calorimetry are in the vi-
cinity of 1-2 eV (Ref. 26) while in the case of FePt thin films
grown by dc magnetron sputtering from a stoichiometric
FePt target, Li et al.” found activation energies around 0.9
eV. Thus, our smaller values indicate that the activation en-
ergy for nucleation of the ordered phase in the nanocompos-
ite films investigated may be dominated by strain-induced
surface mass-transport mechanisms, particularly noticeable
in smaller clusters. Typically surface dominated mass trans-
port leads to smaller activation energy than bulk dominated
processes®® and hence lower temperature for the onset of the
nucleation of the L1 phase.

B. Microstructure and magnetic anisotropy study

It is well known that the FePt L1, ordered-phase lattice
distortion leads to high magnetic anisotropy along the c¢ axis
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FIG. 2. (Color online) XRD symmetric scans for (a) Pt film as
deposited, (b) Pt film after Fe ion implantation (dose:5
X 10'% jons/cm?), and (c) Fe-implanted Pt film after 1 h annealing
at 450 °C. The onset of L1, FePt ordered phase after annealing is
evidenced by the fundamental FePt(002) and the superlattice
FePt(001) reflections. A Gaussian fitting of the reflections is shown,
with the Pt film reflections being represented by blue lines, the
ordered FePt phase with green lines, and the cumulative fitting with
red lines.

and constitutes a characteristic signature of its formation. In
the present case the correlation between microstructure as
determined from XRD and the magnetic anisotropy was in-
vestigated before and after annealing treatments with
magneto-optical Kerr hysteresis loops, measured both in po-
lar and transverse geometries after tailoring the Fe* im-
planted dose and the annealing temperature in selected
samples. Complementary, MFM images mapped the mag-
netic poles at the sample surface after a demagnetization pro-
cess with the magnetic field applied along the perpendicular
direction.

For this study, epitaxial 30-nm-thick Pt (001) films [Fig.
2(a)] were implanted with two different Fe* doses and two
typical samples will be presented; sample A was implanted
with a Fe* dose of 5% 10'% ions/cm? whereas half this dose
was applied in sample B in order to investigate the early
stages of nanocluster formation and magnetic coupling. Sub-
sequently to the implantation the films were annealed at
450 °C [a value determined from our previous studies, well
below the reported FePt bulk order-disorder temperature
~1300 °C (Ref. 29)] for different periods of time ranging
from 1 min to several hours under ultrahigh vacuum condi-
tions (base pressure of ~5X 10~ Torr).

XRD scans obtained for sample A reveal broadening and
an overall shift of the Pt(200) reflection toward higher angles
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after Fe ion implantation [Fig. 2(b)], evidencing a decrease
in the crystalline grain size and contraction of the lattice, i.e.,
evidence of strain in the Pt matrix. No trace of crystalline Fe
was found despite of the large amount of Fe ions implanted,
signifying a random distribution of highly disordered Fe
nanoclusters. To favor the migration of the intervening atoms
toward formation of FePt ordered alloy nanoclusters, sample
A was UHV annealed for 1 h at 450 °C. The onset of chemi-
cally ordered L1, phase was evidenced in the XRD scans
[Fig. 2(c)] by the appearance of the superlattice reflection
(001), corresponding to the doubled periodicity in the unit
cell. From the position of the FePt(001) symmetric and the
FePt(220) asymmetric reflections, perpendicular (¢) and an
in-plane (a) lattice parameters of 3.783+0.001 and
3.904 £ 0.001 A, respectively, were calculated. Thus, a te-
tragonal distortion characteristic of the L1, chemically or-
dered phase is observed in the ordered FePt phase with a c/a
ratio of 0.969 = 0.001. From the FWHM of the symmetric
FePt(001) reflection it was inferred a vertical grain size of
4.10*+0.06 nm for the FePt ordered phase. It is worth notic-
ing that the epitaxial relationship of the FePt nanocrystallites
with the substrate is the same as the predominant one found
between the Pt film and the substrate, namely,
[010](001)FePt//[010](001)MgO. This result corroborates
that the Pt lattice determines the direction of growth of the
FePt alloy clusters and gives rise to highly oriented
FePt(001) nanocrystallites.

In order to correlate the microstructure with the magnetic
anisotropy achieved after sequential implantation and an-
nealing processes, a complete magnetic characterization was
carried out on sample A. In Fig. 3, polar (upper row) and
transverse (lower row) Kerr hysteresis loops measured on
this sample before and after annealing at 450 °C for 1 h are
shown. Before annealing [Fig. 3(a)], clear in-plane magnetic
anisotropy is observed, demonstrated by in-plane coercivity
(60 Oe) and large remanence (92 %), along with large per-
pendicular saturation field (15 kOe). These characteristics are
consistent with the presence of disordered Fe small clusters
inside the Pt film, although large enough to overcome super-
paramagnetic behavior at RT [~25 nm for Fe (Ref. 30) con-
sidering spherical clusters]. Moreover, the squareness of the
in-plane loop suggests strong coupling between the Fe clus-
ters since isolated clusters would not produce a sharp transi-
tion but rather a smoother one due to the distribution of
individual coercive fields. Such coupling can be attributed to
polarized Pt at the interface and between adjacent Fe clusters
that acts as exchange transmitter.3! These collective behavior
is corroborated by MFM experiments (bottom row, left) in-
dicating that the sample exhibited magnetic domains with
in-plane magnetization that were locally modified by a mag-
netically harder MFM tip after consecutive scans because of
the soft magnetic nature of the sample.3> An important mag-
netic anisotropy change is observed in the implanted film
after annealing at 450 °C for 1 h [Fig. 3(b)] where remark-
able increase in the perpendicular coercivity (2.7 kOe) and
remanence are observed, along with a large in-plane satura-
tion field value (10 kOe), evidencing the onset of perpen-
dicular magnetic anisotropy in the system, compatible with
the XRD observation of FePt L1, ordered phase after anneal-
ing. It is worth noticing that the shape of the perpendicular
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FIG. 3. Polar and transverse Kerr loops along with MFM images
for the Fe-implanted (dose:5 X 10'® ions/cm?) Pt film (sample A)
(a) before and (b) after annealing at 450 °C for 1 h. The perpen-
dicular loop measured after annealing shows the inhomogeneity of
the sample, where areas with opposite magneto-optical constants
are illuminated. MFM images before and after annealing (please
notice their different scale) show the anisotropy change and the
onset of domains with perpendicular magnetization for the latter in
the region labeled as P, while the region without perpendicular mag-
netization is labeled O.

loop after annealing evidences the somewhat inhomogeneous
nature of this sample. Polar Kerr spectra measured with
smaller spot size sampling different areas revealed opposite
values of the polar Kerr rotation due to differences in order-
ing degree and interparticle coupling. The resultant compo-
sition of various such areas in the sample gives rise to the
loop shape shown in Fig. 3(b). MFM observations [Fig.
3(b),bottom] corroborate the inhomogeneity of the sample
since regions with perpendicular magnetic anisotropy (area
labeled P) with black and white contrast due to opposite
magnetic poles at the sample surface are observed,’* whereas
outside (area labeled O) there is no magnetic contrast. It is
worth noticing that consecutive scans did not show any sig-
nificant change because the sample coercivity is now several
times larger than the tip stray field. The observed inhomoge-
neity is attributed to nonuniform ion beam and the high Fe*
ion dose applied to sample A (5X 10'® ions/cm?) and con-
sequent charge effects leading to inhomogeneous implanted
regions. It is worth noticing that this inhomogeneity was not
detected before annealing due to the soft in-plane magnetic
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FIG. 4. Polar Kerr loops for the Fe-implanted (dose:2.5
X 10'® jons/cm?) Pt film (sample B) (a) after implantation and (b)
after 5 min annealing at 450 °C. At this stage the sample exhibits
magnetically decoupled nanoregions with strong perpendicular
magnetic anisotropy. (c) After additional 8 min (13 min total) an-
nealing at 450 °C. The inset to (c) depicts a MFM image of such
sample after the two annealings, showing a homogeneous mazelike
domain pattern on the surface indicating magnetic coupling.

anisotropy observed with significantly larger magnetic do-
mains. Further, this inhomogeneity cannot be attributed to
differential mass transport of Fe atoms within the Pt film
since their diffusion coefficient at the annealing temperature
[~0.2 nm?/s (Ref. 34)] leads to diffusion lengths several
orders of magnitude shorter than the observed inhomogene-
ities.

In order to further investigate the magnetic coupling be-
tween clusters during early stages of nucleation of the or-
dered phase, it was necessary to improve the homogeneity in
the implanted area. Therefore a second Pt film grown under
identical conditions (sample B) was implanted with half the
dose, namely, 2.5X 10'® ions/cm?. No perpendicular mag-
netic anisotropy was detected before annealing, demon-
strated by the polar Kerr loop shown in Fig. 4(a). In this
case, the annealing time was also reduced to monitor the
early stages of formation for the ordered phase. A short 5
min annealing was carried out under UHV conditions at
450 °C. Due to the small amount of Fe implanted, no trace
of ordered phases was found in the XRD scans after implan-
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tation, but the polar Kerr loop shown in Fig. 4(b) demon-
strates the onset of perpendicular magnetic anisotropy related
to the appearance of the FePt L1, phase. At this point the
film exhibits a “two-shoulder” hysteresis loop, attributed to
the superposition of two phases, both with perpendicular
magnetic anisotropies but with different coercive and satura-
tion fields. This behavior is characteristic of two different
FePt ordered phases with different L1, ordering degree
present in the film and with little or no exchange coupling
between them, as has also been reported previously.>*¢ To
achieve a single ordered phase, a second UHV annealing at
450 °C was carried out during 8 min. As can be observed in
Fig. 4(c), only the phase with higher coercive field (400 Oe)
and 100 % remanence prevails, corresponding to a phase
with higher degree of chemical order and also illustrating
that the growth of this phase evolved from Ostwald ripening.
MEFM images after such second annealing show the charac-
teristic maze pattern of L1, thin films,3” indicating that there
is magnetic coupling between clusters and good homogene-
ity since only regions with perpendicular magnetization are
observed.

III. CONCLUSIONS

In summary, we have investigated time evolution of mass
transport leading to binary-alloy nucleation and ordering
(i.e., L1, phase) in far-from-equilibrium nanocomposite
Fe-Pt films. The films consisted of highly anisotropic FePt
nanoclusters embedded on a Pt matrix obtained after im-
planting 30 keV Fe singly-charged ions on Pt films, and sub-
sequently annealing at moderate temperature during different
time periods. Mass-transport mechanisms during nucleation
of the ordered phase were investigated in real time using
synchrotron radiation and found to be dominated by surface
diffusion mechanisms driven by interfacial strain. The acti-
vation energy found for the formation of the ordered phase
(0.3-0.5 eV) depends on the cluster size and is smaller than
that reported for bulk and stoichiometric thin-film samples
leading to lower temperature for nucleation of the L1, phase.
To test our understanding of the correlated anisotropy-
microstructure properties studies, specific implantation and
annealing conditions were applied to selected samples lead-
ing to nanocomposite films with vertically ordered nanoclus-
ters of 4 nm average grain size exhibiting strong perpendicu-
lar magnetic anisotropy and high coercivity. Upon annealing
during 5 min at 450 °C a sample implanted with half the
dose than the previous, the nanocluster regions appear mag-
netically decoupled, while increasing the annealing time pro-
motes magnetic coupling. These findings may have impor-
tant implications for magnetic media applications as well as
for the design of other nanocomposites with materials that
can form binary alloys.
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