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Focused ion beam was utilized to locally modify magnetism and structure of L1, FePt perpendicular
thin films. As a first step, we have performed a magnetic, morphological, and structural study of
completely irradiated FePt films with different Ga* doses (1 X 10'* —4 X 10'® ions/cm?) and ion
beam energy of 30 keV. For doses of 1X 10'* ions/cm? and above a complete transition from the
ordered L1, to the disordered Al phase was found to occur, resulting in a drop of magnetic
anisotropy and in the consequent moment reorientation from out-of-plane to in-plane. The lowest
effective dose in disordering the structure (1 X 10'* ions/cm?) was found not to affect the film
morphology. Taking advantage of these results, continuous two-dimensional (2D) patterns of
perpendicular magnetic structures (250 nm dots, 1 wm dots, 1 wm-large stripes) were produced by
focused ion beam without affecting the morphology. The 2D patterns were revealed by means of
magnetic force microscopy, that evidenced peculiar domain structures in the case of 1 um dots.
© 2008 American Institute of Physics. [DOI: 10.1063/1.2975217]

I. INTRODUCTION

FePt L1,-ordered alloy is a “natural” multilayer consti-
tuted of pure Fe and pure Pt layers. Pt sublattice, which is
spin polarized by neighboring 3d atoms, gives a small con-
tribution to saturation magnetization. On the other hand it
plays a primary role in determining huge values of magne-
tocrystalline anisotropy (>10° J/m?) due to spin-orbit cou-
pling on Pt and to a strong hybridization between Pt 5d and
Fe 3d states.' This property makes the material very promis-
ing for a variety of advanced applications concerning hard
magnetism (see Refs. 2—4 and references therein).

Recently, it has been widely studied for possible appli-
cations in magnetic recording media where the high magne-
tocrystalline anisotropy allows the ferromagnetic stability in
particles of few nanometers, and consequently the achieve-
ment of ultrahigh density of information.>® The perpendicu-
lar geometry of recording is a viable solution to postpone the
superparamagnetic limit.”® FePt L1, with (001) orientation
represents a suitable material.” The perpendicular orientation
of the easy axis (i.e., c-axis, the shortest) can be obtained by
high-temperature epitaxial growth on suitable substrates.'*!!

A further approach to address the superparamagnetic
challenge in order to increase the information density is the
realization of patterned magnetic media.>"? Examples are
represented by single-grain-per-bit media or by discrete track
recording media."® In order to preserve surface flatness of the
medium and to avoid the detrimental effects due to the wors-
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ening of surface quality, two-dimensional (2D) magnetic pat-
terns in continuous films obtained by ion irradiation have
also been proposed.14

Ion irradiation has revealed to be a very flexible tool to
tailor the main magnetic properties (e.g., anisotropy, coerciv-
ity, exchange interaction, Curie temperature) of thin films
and multilayers, giving rise to several effects, depending on
the choice of ions, doses and energies, like intermixing,
modification of morphology, interface quality and strain,
modification of crystallinity and chemical composition, pro-
duction of vacancies and pinning centers.'>

Several investigations have been performed on Co/Pt
and Fe/Pt multilayers.m’23 In this case, two main effects are
produced by ion irradiation: alloying of the two elements
resulting in the modification of the magnetic state
(ferromagnetic/paramagnetic) and intermixing at interfaces
resulting in the modification of the magnetic anisotropy
(parallel/perpendicular).

Recently, some papers have also been devoted to thin
films based on FePt and CoPt alloys. On the one side, ion
irradiation was found to induce chemical order in FePt dis-
ordered Al structure, triggering and controlling the ordering
process at temperatures well below the standard ones.”* ¢
On the other side, ion irradiation with suitable conditions
was found to destroy chemical order in L1 thin films.””*° In
particular, on FePt L1, the effects of irradiation with differ-
ent ions and beam energy have been investigated in nonori-
ented thin films.*

It is worth noticing that in (001) epitaxial L1, FePt the
direction and the intensity of the magnetocrystalline aniso-

© 2008 American Institute of Physics
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tropy are very sensitive to structural order and crystallo-
graphic orientation. Therefore it appears to be the ideal can-
didate for the realization of smooth and continuous patterned
perpendicular systems, by locally modifying the degree of
structural order by ion irradiation. The aim of the present
investigation is to obtain 2D patterns of perpendicular mag-
netic structures based on FePt (001) epitaxial thin films, by
controlling coercivity and direction of magnetization (i.e.,
out-of-plane versus in-plane) by means of maskless Ga* ir-
radiation with focused ion beam (FIB). In order to get a
precise control of the properties during patterning, a detailed
study of the effects of different Ga* doses on structure, mor-
phology and magnetism of FePt (001) epitaxial thin films
was performed.

Il. EXPERIMENTAL PROCEDURES

Epitaxial L1, (001) perpendicular thin films of thickness
t=10 nm were grown on MgO (100) by RF sputtering by
alternating the deposition of very thin Fe and Pt layers with
nominal thickness of about 0.2 nm. Due to the miscibility of
the two metals and the relatively high growth temperatures,
the growth proceeds under conditions similar to codeposi-
tion. The chosen ratio between the individual thicknesses
corresponds to a nominal atomic composition of Fes;Pty;.
The growth was performed at a 75=400 °C, directly mea-
sured with a thermocouple in contact with the substrate.

The films were subsequently exposed to ion irradiation
by FIB apparatus, FEI DB235M Dual Beam system, combin-
ing a Ga* FIB and a thermal field emission scanning electron
microscope (SEM), working at coincidence on the sample
with doses up to 4 X 10'® ions/cm’. An ion energy of 30
keV and currents in the nA range were employed.

Structural characterization was done by means of x-ray
diffraction in theta-2theta and grazing incidence (GiXRD)
configuration, using a Thermo ARL X’tra diffractometer
equipped with parabolic mirror on the Cu K« incident beam
and a Si(Li) Peltier detector.

Auger electron spectroscopy (AES) was used to extract
information on the Ga concentration in the irradiated areas.
A scanning Auger system with a primary beam energy of 3
keV was used.

Morphological characterization was performed by
atomic force microscopy (AFM) in tapping mode by a Di-
mension 3100 Scanning Probe Microscope equipped with a
Nanoscope I'Va controller (Veeco Instruments) and by scan-
ning tunnel microscopy (STM) by an Omicron UHV AFM/
STM (biased sample and grounded tip).

Magnetic measurements were performed at room tem-
perature by alternating gradient force magnetometry
(AGFM) in parallel and perpendicular configuration.
Magneto-optical Kerr effect (MOKE) magnetometry in the
longitudinal and polar configurations was also used to char-
acterize the magnetic properties. The laser beam was focused
to a spot with a diameter of about 30 um (uMOKE). Mag-
netic force microscopy (MFM) in interleave mode was per-
formed to characterize magnetic domain structure of as-
deposited and patterned thin films.
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FIG. 1. XRD patterns of FePt films: as-deposited (a) and subjected to Ga*
ions irradiation with doses 1 X 103 (b) and 1 X 10 (c); relative intensities
between patterns are not in scale.

lll. RESULTS AND DISCUSSION
A. As-deposited films

Structural measurements performed by XRD, GiXRD,
and selected area electron diffraction’’ confirmed the epitax-
ial growth on MgO (100) of the high-anisotropy L1, phase,
with a perpendicular orientation of the c-axis. The formation
of the ordered L1, phase is proved by the appearance of the
(001) superstructure reflection in the theta-2theta XRD plots
of the as-deposited films [Fig. 1(a)].

Parallel and perpendicular magnetization loops mea-
sured by AGFM confirm the structural results, showing high
values of magnetocrystalline anisotropy and high degree of
perpendicular orientation (Fig. 2). However, a 5.7% parallel
remanence ratio, calculated as (M,Il/My), is present. This
point out that a small amount of disordered phase, not appar-
ent in the XRD spectrum, is present. In order to have infor-
mation on possible in-plane anisotropies in the residual
phase we measured longitudinal MOKE hysteresis cycles
with the magnetic field applied along different in-plane di-
rections. The cycles on a 180° range in steps of 30° starting
from one of the [100] directions are shown in Fig. 3. The
measurements were performed in the longitudinal configura-
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FIG. 2. Parallel (open symbols) and perpendicular (full symbols) magnetic
hysteresis loops measured by alternating gradient force magnetometer at
room temperature of as-deposited FePt thin film.
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FIG. 3. Longitudinal MOKE hysteresis loops of as-deposited FePt film. The
cycles were measured at room temperature with the magnetic field applied
along different in-plane directions.

tion using the modulation polarization technique. In this con-
figuration the measured signal contains contributions arising
from the magnetization component perpendicular to the
plane of the film as well as from the in-plane component
parallel to the applied field.*? In order to isolate the in-plane
component of the soft phase from the contributions coming
from the in- and out-of-plane magnetization components of
the hard phase, we subtracted from each loop a line and a
parabola, respectively. No relevant differences in the shape
of the cycles could be detected, indicating that the residual
soft phase is isotropic in plane and it has a coercive field of
approximately 300 Oe.

The effective magnetocrystalline anisotropy constant
K., calculated as K =H Mg/2, resulted to be ~1.5
X 10° J/m3, where H, is the anisotropy field, obtained by
extrapolating the parallel loop to the perpendicular saturation
magnetization, as measured by AGFM. Other important
magnetic properties of perpendicular loops are the following:
squareness Sq=0.9 (Sq=area of the loop in the second quad-
rant divided by the product H-0M,) and perpendicular coer-
civity poH-=0.38 T. The above characteristics (i.e., high
anisotropy, squareness close to 1 and moderate coercivity)
satisfy important requirements for perpendicular recording
media." They have also been exploited for the realization of
the hard phase in perpendicular hard-soft exchange-coupled
bilayers.3’4’33

The obtained characteristics are likely to be linked to the
peculiar morphology obtained by using the present growth
method. Accurate morphology characterization was per-
formed by means of AFM, STM, and SEM. AFM measure-
ments show interconnected grains with a maze-like morphol-
ogy. In order to increase sensitivity and to exclude tip-
convolution effects, STM measurements were also
performed [Fig. 4(a)]. The good quality of the STM images
definitely confirms that the grains are interconnected. The
presence of regions of uncovered MgO surface between the
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FIG. 4. (Color online) Morphology characterization of as-deposited FePt
film. (a) 500 nm X500 nm STM image with 0.1 nA and V,,,.==0.5 V;
(b) height profile along the marked line in (a).

grains would in fact preclude the possibility of applying this
technique. The profile plots of STM measurements for as-
deposited samples show that the maximum height of the
grains is approximately half the films thickness [Fig. 4(b)].
The measured roughness is 1-1.5 nm for the as-deposited
film. The maze-like morphology of the films is given by
interconnected square or rectangular grains with sides ori-
ented along the FePt [110] direction and with a transversal
dimension ranging from 20 to 40 nm [Fig. 4(a)].

With the present preparation method we obtained con-
tinuous films with high anisotropy. In the literature similar
anisotropy values were found for noncontinuous films char-
acterized by an island-like morphology obtained at a higher
deposition temperature, and displaying much higher
coercivity.9 This fact could indicate that with our deposition
technique, i.e., alternated-layer deposition by RF sputtering,
it is possible to obtain higher anisotropy at lower growth
te:mpe,rature,s.31’34 On the other hand, a direct comparison be-
tween growth temperatures in different apparatus is quite dif-
ficult.

The high ratio between anisotropy and coercivity &
=H,/Hc=11 and the high values of squareness have to be
attributed to the continuous morphology (non-island-like).
Such a morphology also allows the presence of continuous
domain patterns characterized by demagnetizing factors
much lower than 1.>'%° Magnetic force microscopy measure-
ments (Fig. 5) confirm a similar scenario. The domains are
reminiscent of the maze-like pattern shown by thick platelets
with perpendicular magnetization and low coercivity,3 % but
show irregularities both in the domain shape and size. The
Fourier analysis of the MFM image does not show one defi-
nite periodicity but different predominant values in the range
250-610 nm.
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FIG. 5. (Color online) 5 umX5 um MFM image of as-deposited FePt
film.

B. Effects of Ga* irradiation

The obtained FePt (001) epitaxial thin films were subse-
quently processed by Ga* irradiation, with doses ranging
from 1X 10" to 4X10'® ions/cm?, to study in detail the
effects of different Ga* doses on structure, morphology and
magnetism. TRIM simulations allowed to calculate the opti-
mum ion energy to be used.’’ The simulations were per-
formed for Ga* ions on a 10 nm thick FePt layer changing
the ion energy within the experimentally accessible range,
i.e., from 5 to 30 keV. The fraction of incident ions implanted
within the FePt film decreases from 100% at 5 keV to 54% at
30 keV, due to the increasing penetration range.

Therefore, in order to minimize the Ga content into the
film, in the present paper we have chosen an ion beam en-
ergy of 30 keV. On the other hand, it is known that besides
the dose, the energy of ions plays an important role in chang-
ing the magnetic properties of materials.” This point would
deserve further investigations in view of possible industrial
applications.

The concentration of implanted Ga* ions within the film
was also measured by AES on the uniformly irradiated FePt
films, after removing the surface contamination by 10 min
mild sputtering. The average Ga concentration was estimated
to be 10% at 2X10'® ions/cm? and was found to fastly
decrease to values around 2% at ion doses of 1
X 10'® ions/cm?. Such a rapid drop of Ga concentration
suggests that at the lowest doses the magnetic moment dilu-
tion due to implanted Ga* ions is negligible.

TRIM simulations have also allowed to calculate the av-
erage number of displaced atoms within the FePt film to be
about 2.8 X 107! per incoming ion per nm. The number of
vacancies created in FePt corresponds to less than 1% of the
number of atoms at 1 X 10" ions/cm?, where no significant
amorphization effect is expected to occur. However, at a
much higher dose (1.3 X 10'® ions/cm?) the concentration of
vacancies is calculated to be of the same order of magnitude
of the atomic density, and therefore a more relevant presence
of defects is expected.

From x-ray analysis it was found that the irradiation pro-
cess worsens the order extent; even the smallest dose of Ga*
ions makes the long-range order parameter S decrease: i.e.,
an irradiating dose of 1 X 10" ions/cm? worsens the order
parameter S from the initial value of 0.53 to 0.17, as calcu-
lated from the integrated intensities of the (001) and (002)
peaks.38 X-ray diffraction patterns for as grown and irradi-
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TABLE I. Structural parameters measured by means of x-ray diffraction for
as-deposited L1, FePt and irradiated samples. As a reference, literature re-
ports the following bulk values as FePt cell parameters: L1, a=3.8525(3)
¢=3.7133(5). Al cubic phase a=3.816(5) (Ref. 39). The long-range order
parameter S has been calculated following Cebollada et al. (Ref. 38).

Irradiation S d(001) 2 X d(002)
(ions/cm?) (A) (A)

0 0.53(2) 3.742(7) 3.759(7)
1X101 0.17(2) 3.745(7) 3.761(7)
1X10" 3.798(7)
5x 10 3.804(7)
1x10° 3.804(7)
2%10' 3.797(7)
3x 10 3.806(7)

ated samples with doses of 1 X 10'% and 1 X 10'* are reported
in Fig. 1, while the structural parameters of films irradiated
with different doses are shown in Table I.

The lowest effective dose for which the complete disor-
dering from L1, to Al phase takes place was found to be 1
X 10" ions/cm? The FePt (001) superstructure reflection
completely disappears [Fig. 1(c)] and the lattice parameter
assumes a value typical of the g-axis of the disordered Al
phase.39 Further irradiation does not bring any change in the
structural parameters (Table I).

The magnetization loops measured by AGFM in parallel
and perpendicular configuration for the film irradiated with
the above dose (1 10'* jons/cm?) are reported in Fig. 6.
The disordering from tetragonal L1 to cubic Al eliminates
the perpendicular magnetocrystalline anisotropy that arises
from the ordered structure, made of pure Fe and Pt layers. As
a consequence, the perpendicular coercivity drops from
MmoH-=0.38 T to uyH-=0.016 T. It is also worth noticing
that the drop of perpendicular anisotropy produces a spin
reorientation transition corresponding to a change of easy-
magnetization direction from perpendicular to in-plane. Con-
comitantly, MFM signal drops to zero. In fact it is sensitive
to the perpendicular component of the force due to stray
fields gradients exerted on a perpendicularly magnetized tip.
The saturation field in the perpendicular loop corresponds to
the shape-anisotropy field. Its value is consistent with the

800
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-400
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-800
45 -1
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FIG. 6. Parallel (open symbols) and perpendicular (full symbols) magnetic

hysteresis loops measured by alternating gradient force magnetometer at
room temperature of irradiated FePt film (dose=1X 10'* ions/cm?).
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FIG. 7. (Color online) Longitudinal MOKE hysteresis measurements of the irradiated FePt film (dose=1X 10'* ions/cm?) at room temperature with the
magnetic field applied along different in-plane directions: (a) magnetization hysteresis loops; (b) polar plot of magnetic coercivity as a function of the applied
field direction; (c) polar plot of the normalized magnetic remanence (M /M) as a function of the applied field direction.

choice of a demagnetizing factor N~ 1 (infinite plate). The
same behavior was found to occur also for higher doses.

Hysteresis loops of irradiated films with a dose of 1
X 10" jons/cm? were also measured by Kerr magnetometry
in s polarization with the field applied along different in-
plane directions on a 187.5° range in steps of 7.5° starting
from the [100] one. A selection of the measured loops is
shown in Fig. 7(a). The magnetic coercivity [Fig. 7(b)]
shows maximum values uoH-~0.1 T along the (100) and
(110) directions and minimum values in between. The
Mpg/Mg value instead shows minimum values along the
(100) directions and maxima (~0.97) along the (110) direc-
tions, suggesting the presence of a magnetization easy axis
along the (110) directions. In this case, differently from the
easy-plane residual phase in as-deposited film, the soft phase
displays an in-plane preferential magnetization orientation,
due to the high degree of crystalline (100) orientation of Al
phase on MgO (100).

The effect of ion irradiation on thin film morphology
was also investigated. In particular, at the lowest effective

- iradiated

- non_imadiated”."

FIG. 8. In-situ high-resolution SEM image of a partially irradiated FePt film
(dose=1X 10" ions/cm?).

dose for a complete disordering of L1, structure (1
X 10" ions/cm?), the morphology was found not to be af-
fected by ion irradiation. In Fig. 8 we report a SEM picture
of a partially irradiated sample with 1X 10" ions/cm?,
showing a perfect continuity of the maze-like granular struc-
ture, passing through the boundary between irradiated and
nonirradiated (left-hand side) zones. No noticeable effect on
morphology was found to occur in irradiated samples with
doses up to 3X 10" jons/cm?. In order to have a better in-
sight into the sputtering effects on the surface morphology,
small areas of 100 um X 100 wm were irradiated with
doses from 8 X 10" up to 4 X 10'® ions/cm? and studied by
AFM. In Fig. 9 images for selected doses have been re-
ported. A small enlargement of grains, accompanied by an
increase of the surface roughness from 0.5 nm to 0.9 nm is
the main effect of the Ga* irradiation with doses in the range
8 X 101X 10" ions/cm?. The effects of surface erosion
become pronounced after irradiation with 2 10'® and 4
X 10'® jons/cm?: At these doses, the original maze-like mor-
phology is completely destroyed, leaving a dot-like pattern
with roughness of about 1.5 nm, as shown in Fig. 9(c).

C. Patterned films

By using the lowest effective dose (1 X 10'* ions/cm?)
two-dimensional continuous patterns were fabricated. In par-
ticular, three patterns composed of hard magnetic L1 per-
pendicular and soft Al parallel structures were produced.

FIG. 9. (Color online) Tapping-mode AFM images of FePt films irradiated
with doses: (a) 8 X 10", (b) 1 X 10'°, and (c) 4 X 10'® jons/cm?.
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FIG. 10. SEM images of the patterned arrays obtained by irradiating se-
lected regions of FePt film with a dose of 1X 10 ions/cm?: (a) 1 wm
stripes, (b) 1 um-diameter dots, and (c) 250 nm-diameter dots.

The first pattern was made by alternating irradiated (soft) and
nonirradiated (hard) stripes with lateral size of 1 wm. The
others consisted of nonirradiated dots surrounded by an irra-
diated matrix. Dots have 1 um and 250 nm diameters (D)
and are arranged in square array with period d=2D.

In Fig. 10 in-situ high-resolution images of the patterned
arrays obtained by SEM are reported. It is worth noticing
that the morphology of the film shows the same maze-like
interconnected grains, with no evidence of swelling effects.
This is in agreement with results on FIB-irradiated metals,
where swelling is not typically observed; moreover, the
empty space in between the grains would probably allow to
accommodate a volume increase in the film by lateral expan-
sion. Due to the preservation of surface quality after irradia-
tion, the AFM measurements in standard tapping mode are
practically insensitive to ion irradiation. On the other hand,
MFM, performed with a tip magnetized perpendicularly to
the film is sensitive to the perpendicular stray field gradients
emanating from the sample and consequently to the magnetic
patterns.40 In fact they present hard and soft zones corre-
sponding respectively to perpendicular and parallel magneti-
zation directions. MFM large-scale images are reported in
Fig. 11. The signal in the irradiated regions is due to back-
ground noise.

FIG. 11. (Color online) Large-area MFM images of the 2D patterned FePt
films obtained by ion irradiation (dose=1X 10'* ions/cm?) showing con-
trast from hard/soft regions: (a) 1 um stripes, (b) 1 um-diameter dots ar-
ray. The signal in the dark-irradiated regions is due to background noise.
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FIG. 12. (Color online) MFM image of the 2D patterned FePt films of
1 wm-diameter nonirradiated dots in an irradiated matrix (dose=1
X 10" ions/cm?), showing concentric perpendicular magnetic domains.

At a lower scale it is possible to analyze the domain
structure of patterned samples (Fig. 12). The images have
been acquired in the dc demagnetized state. The
1 wm-diameter nonirradiated dots in an irradiated matrix
show a domain structure different from the continuous film,
with concentric magnetic domains reflecting the shape of the
dot, as theoretically predicted for laterally confined perpen-
dicular structures.*'** On the other hand, the 250 nm dots
appear as single domain structures (Fig. 13). The occurrence
of bidomain state in symmetry broken systems is the analog
of the vortex state. Such a phenomenology consists of two
coaxial oppositely magnetized domains, of cylindrical sym-
metry, stable at zero-bias field. It depends on film thickness,
dot radius, and intrinsic magnetic parameters (exchange
length and anisotropy).42 In order to compare properties of
1 wm-diameter dots with the corresponding physically iso-
lated nanostructures we have also produced three-
dimensional (3D) patterns of 1 wm dots by FIB milling with
an ion dose of 2.6 10'® ions/cm?.

The 1 um-diameter milled dots do not show any evi-
dent domain structure (Fig. 14). This suggests that the cou-

FIG. 13. (Color online) MFM image of the 2D patterned FePt films of 250
nm-diameter nonirradiated dots in an irradiated matrix (dose=1
X 10 ions/cm?).



053907-7

Albertini et al.

FIG. 14. (Color online) MFM image of the 3D patterned FePt films of
1 um-diameter dots obtained by milling FePt films with a dose of 2.6
X 10! ions/cm?.

pling with the soft matrix influences the magnetic properties
of the structures. The details of such couplings deserve fur-
ther analysis.

IV. CONCLUSIONS

FePt perpendicular thin films of thickness =10 nm
were (001) epitaxially grown on MgO by RF sputtering and
subsequently exposed to Ga* irradiation with ion beam en-
ergy of 30 keV. It was found that a Ga* dose of 1
% 10" jons/cm? and above induce a complete transition
from the ordered L1 to the disordered Al phase, leading to
a drastic decrease of the magnetic anisotropy and coercivity,
and to a spin reorientation transition from out-of-plane to
in-plane. At the same time, for low doses (up to 3 X 10') we
found that the surface topography was not affected by ion
irradiation.

Taking advantage of these results, 2D continuous pat-
terns with controlled magnetization direction and coercivity
were produced by locally modifying the film by FIB, using
the lowest effective dose (1 X 10'* ions/cm?). Arrays of L1,
nonirradiated dots and stripes with perpendicular direction of
magnetization in a soft Al (irradiated) matrix with in-plane
magnetization were obtained.

The 2D patterns were revealed by means of magnetic
force microscopy. While no evident domain structure was
observed in 250 nm dots, the 1 um-diameter dots show a
peculiar bidomain state with concentric magnetic domains
that were found to be influenced by a coupling with the soft
matrix.
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