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ABSTRACT

Compositionally graded Fe—Pt thin films were prepared on stationary 100 mm Si substrates
by magnetron sputtering a base target of Fe on which a piece of Pt is asymmetrically
positioned. Energy dispersive X-ray analysis was used to map the variation in film
composition across the substrate, as a function of the size of the Pt piece. A scanning polar
Magneto-Optical-Kerr-Effect system was used to probe the influence of composition and
post-deposition annealing conditions (temperature and time) on coercivity. In this way, the
maximum coercivity achievable for the sputtering system used could be established in a
high throughput fashion. The evolution in coercivity with composition was correlated with
the formation of L1, FePt and changes in its lattice parameters, as determined by scanning
X-ray diffraction. High throughput coercivity mapping was then carried out on homoge-
neous Fe—Pt thin films of different compositions treated to different annealing conditions.
This study serves as a step towards the integration of coercive FePt films into collectively
fabricated devices.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

during film fabrication. Combinatorial thin film studies, based
on the preparation and characterisation of compositionally
graded films, are being used for the high-throughput

The functional magnetic properties of magnetic films depend
on their crystallographic structure and microstructure (grain
size, grain orientation, secondary and grain boundary phases
...). These in turn depend on the films’ chemical composition
as well as the deposition and annealing conditions applied
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screening and optimization of a range of functional mate-
rials [1—4], including hard magnetic films [5—7]. In a recent
perspective, A. Ludwig [8] discussed the possibilities offered
by combinatorial synthesis and high-throughput character-
ization in combination with computational methods to
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efficiently identify new materials in multi-dimensional search
spaces, including ternary, quaternary and pentanary com-
pounds. The author also commented that, although combi-
natory deposition methods for thin films and multilayers are
well-established, further automatization of high throughput
characterization methods is needed to accelerate materials
discovery.

The L1, FePt phase of the Fe—Pt system has high magne-
tocrystalline anisotropy (K; = 6 MJ/m®) and excellent chemical
stability [9—-11]. Llp-based FePt thin films are extensively
studied for use in several advanced magnetic recording
techniques, including heat-assisted magnetic recording,
exchange-coupled composites, graded media and bit
patterned media as well as for micro-electromechanical sys-
tems (MEMS) applications [12]. Ludwig et al. [5] prepared Fe—Pt
wedged multilayer thin films with a broad composition range
and studied how coercivity and magnetisation varied as a
function of composition and annealing conditions. The
advantage of this combinatorial approach is that all compo-
sitions are treated to exactly the same set of annealing con-
ditions, thus avoiding sample-to-sample variations which
may occur when samples are prepared and annealed indi-
vidually. The continuous composition gradient also allows to
accurately determine the composition at which a transition
occurs. However, the magnetic characterization step used was
a bottleneck as it required samples to be diced for individual
measurement in a high field magnetometer, and such mea-
surements typically take some tens of minutes to perform.

Comparison of the results from that study and other
literature shows that the optimum reported composition and
annealing conditions for maximizing coercivity or anisotropy
energy in L1, FePt based bulk and thin film samples vary from
publication to publication [13—19]. In the case of composition,
the reported optimum values varied by a few atomic percent
and moved from the Fe-rich side [5,19,20] to the Pt-rich side
[18] of the phase diagram. Thus, when one wants to fabricate
coercive FePt films in a given deposition system for a given
application, one is faced with the task of selecting the
appropriate film composition and applying appropriate
annealing conditions. In this work, we prepared composi-
tionally graded Fe—Pt films and characterised them both
magnetically and structurally in a high throughput fashion, so
as to establish near-optimum composition and annealing
conditions. We then used high throughput magnetic charac-
terisation to optimise the composition and annealing condi-
tions of homogeneous films, so that they can be used to
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Pt size: 25 mm X 25 mm

37.5 mm x 25 mm

fabricate high coercivity films over large surfaces, rendering
them suitable for integration into collectively fabricated
devices.

2. Experimental

Fe—Pt films were fabricated by magnetron sputtering (DP850,
Alliance Concept) of an Fe target (99.9%, Goodfellow) of
diameter 75 mm, partially covered by Pt foil (99.95%, Good-
fellow), onto stationary substrates. In the main study,
compositionally graded films were produced by asymmetri-
cally positioning the piece of Pt foil on the Fe target and the
composition gradient was varied by changing the size of the Pt
piece: 25 x 25 mm? (target #1), 37.5 x 25 mm? (target #2) and
50 x 25 mm? (target #3), shown in Fig. 1. In a secondary study,
compositionally homogeneous films were produced by sym-
metrically positioning pieces of Pt foil on the concentric track
of the Fe base target where the sputtering rate is highest, and
the composition was varied by changing the size and dispo-
sition of the Pt pieces (Fig. 2). Films were deposited at room
temperature with a bias voltage of 100 V, sputtering power of
40 W and an argon flow of 20 sccm on thermally oxidised Si
substrates of diameter 100 mm. The target—substrate gap was
set at 50 mm. All films had the following architecture: Si/SiO,
(100 nm)/Ta (10 nm)/Fe—Pt (x nm)/Ta (10 nm), with nominal
thickness of x = 100 nm for the compositionally graded films
and x = 50 nm for the homogeneous films. 1D line-scans or 2D
maps of composition of as-deposited films were made using
energy dispersive X-ray (EDX, Oxford Instruments) analysis
(spot size ~ 1 um) in a scanning electron microscope (SEM,
ZEISS). The nominal accuracy of the estimated composition
values is of the order of +1-2 at.%. Film thicknesses were
measured using a stylus profilometer (Dektak, Veeco). Post-
deposition annealing was carried out on full substrates
using a rapid thermal annealing furnace (RTA, Jipelec), while it
was carried out on quarter wafers using a tube furnace. High
throughput magnetic characterisation was performed using
an in-house developed scanning polar Magneto-Optic Kerr
effect (MOKE) system with an integrated coolant-free bi-polar
pulsed magnetic field generator and a laser spot size of
roughly 50 pm [21]. The maximum field strength applied at the
film surface during a given loop measurement was 4 T, which
is significantly higher than the maximum field values of 0.3 T
[22] and 2.3 T [23] used in previous high throughput MOKE
studies of hard magnetic films. The duration of individual field

50 mm x 25 mm

Fig. 1 — Schematic diagrams of the targets used to produce compositionally graded Fe—Pt films indicating the position and
size of Pt foil on a base Fe target: (a) target #1, (b) target #2, (c) target #3.


https://doi.org/10.1016/j.jmrt.2022.03.055
https://doi.org/10.1016/j.jmrt.2022.03.055

JOURNAL OF MATERIALS

RESEARCH AND TECHNOLOGY 2022;18:1245—-1255

1247

(2) (b)

v

o X
10 mm x 10 mm

Bl Pt
T Fe

(d)

[12.5 mm X 10 mm

12.5mm x 10 mm

(c)

15mm x 10 mm

(e)

12.5 mm X 10 mm

Fig. 2 — Schematic diagrams of the targets used to produce compositionally homogeneous FePt films indicating the position
and size of Pt foils on a base Fe target: (a) target #4, (b) target #5, (c) target #6, (d) target #7, (e) target #8.

pulses is of the order of 16 us, and the delay between positive
and negative field pulses is roughly 10 ms. The coercivity of
some reference sample pieces extracted from a composi-
tionally graded film was measured using a SQUID-VSM
(MPMS-3, Quantum Design). The evolution of crystal struc-
ture along the composition gradient was characterized in a
high throughput fashion using scanning X-ray diffraction
(XRD, Rigaku SmartLab) with Cu-K, radiation.

3. Results and discussion

3.1.  Compositionally graded films

One dimensional (1D) composition line-scans measured along
the horizontal bi-sector (i.e., parallel to the y-direction) of
films made from targets #1 - #3 are compared in Fig. 3. The
equiatomic composition of FesoPtsg is found close to the centre

of the film made with target #2, while it is positioned on the
edges of the films made with the other two targets. Two
dimensional (2D) EDX scans consisting of a matrix of 19 x 17
points (distance between each point = 5 mm, measuring time
per point = 2 min) were made to probe for composition vari-
ations in both the x and y directions. Such a measurement
takes roughly 12 h to perform. 2D composition maps of the
films made using targets #2 and # 3 are compared in Fig. 4. The
same colour scale bar is used in both figures, to emphasize the
difference in composition spread. The observed variations in
composition in the x-direction, which gives a somewhat wavy
shape to the iso-composition lines, is attributed to slightly
asymmetric positioning of the Pt piece on the Fe base target
and/or to inhomogeneities of the plasma inside the sputtering
machine. Such variations are not picked up in the 1D vertical
scans, thus the interest in 2D scans. Having the expected op-
timum composition for the formation of L1, FePt close to the
centre of the film allows the study of structural and magnetic
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Fig. 3 — 1D EDX line scans of Fe and Pt content measured along the horizontal bi-sector (i.e., parallel to the y-axis) of samples

fabricated using targets (a) #1, (b) #2 and (c) #3.
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Fig. 4 — 2D EDX maps of Pt content measured over full wafers of films made using (a) target # 2 and (b) target # 3.

properties of films deposited under exactly the same condi-
tions, in a composition range which is sure to include the
optimum composition for a given annealing treatment. We
thus identified target #2 as the most suitable target and all
results reported on compositionally graded films hereafter
concern films made from this target. The atomic composition
of each element spans roughly 33—67% across the 100 mm
substrate, which is a little narrower than the composition
span of 25—75% reported by Ludwig et al. [5] for composi-
tionally graded Fe—Pt films deposited on 150 mm substrates. A
difference in the shape of the composition variations achieved
(non-linear here vs. linear in the study of Ludwig et al. [5]) may
be attributed to differences in the sputtering systems and the
fabrication protocols used (Ludwig et al. deposited alternating
opposing wedges of Fe and Pt).

To measure the variation in film thickness across the
substrate for films made using target #2, a film was deposited
onto a pre-patterned layer of resin. Post-deposition lift-off was
then performed to produce a regular array of Fe—Pt islands
with in-plane dimensions of 100 x 100 um? and a mechanical
stylus was used to measure the thickness of the micro-
islands. A map of film thickness as a function of position on
the wafer is shown in the supplementary materials file (S1).
The maximum measured thickness corresponds to the nom-
inal film thickness of 100 nm, and the region with this thick-
ness is centred in the Pt-rich part of the film. The fact that this
is off-centre with respect to the substrate is attributed to the
higher argon sputtering yield of Pt compared to Fe [24]. The
film thickness drops by roughly 30% on the Pt-rich upper edge
of the film and 50% on the Fe-rich lower edge.

A set of compositionally graded Fe—Pt films prepared under
identical conditions using target #2 were then annealed under
different conditions and scanning high field MOKE was used
for high throughput magnetic characterization. The first set of
samples were annealed for 30 min at 500, 600 and 700 °C. Note
that EDX mapping of the film annealed at the highest tem-
perature of 700 °C (supplementary materials file S2) shows
that annealing did not lead to any significant change in
composition variation. Maps of MOKE loops of these samples
are compared in Fig. 5. All three MOKE maps reveal the same
overall trend, with coercivity increasing from practically zero
in the Fe-rich bottom part of the wafer to a maximum value

above the mid-point of the wafer followed by a reduction in
the Pt-rich top of the wafer. Coercivity is a signature of the
presence of the L1, FePt phase as neither FePt; nor FesPt
phases have significant values of magnetocrystalline anisot-
ropy. The variations in coercivity values seen in the MOKE
maps are attributed to a combination of a number of factors.
Firstly, the fact that the optimum annealing conditions for the
ordering of the L1, phase depends on composition, as clearly
demonstrated in calorimetry studies of Fe—Pt films [14] and in-
situ neutron diffraction studies of ball milled Fe-Pt [9]. Sec-
ondly, the fact that coercivity is an extrinsic property that
depends on microstructure (grain size, defects ...), which can
be expected to vary with composition and annealing condi-
tions, even in single phase samples. Thirdly, intimate mixing
of the high anisotropy L1, phase with soft magnetic FePt; or
Fe;Pt phases could lead to a drop in coercivity due to exchange
and/or dipolar interactions between the phases. Finally, inti-
mate mixing of the high anisotropy L1, phase with non-
magnetic Fe-rich or Pt-rich phases could also modify coer-
civity through a modification in the microstructure.

The surface area over which relatively high coercivity
values (>1T) are found is somewhat larger in the film annealed
at the intermediate temperature of 600 °C, and the maximum
value of coercivity measured in this film was roughly 1.6T. The
highest values of coercivity (1.7—1.8 T) were found in the film
annealed at 700 °C (positions identified by the red boxes in
Fig. 5¢). The fact that maximum coercivity is found on the edge
of the film may be attributed to the observed drop in film
thickness at the edge of the film. The 30% drop in film thick-
ness at the Pt-rich film edge is thought to be too small to
modify L1, ordering kinetics [14]. However, it may be enough
to lead to an increase in coercivity through a reduction in grain
size (see further discussion about this below). A zoom-in of
some sample MOKE loops measured on the film annealed at
600 °C, at the regions identified by red boxes in Fig. 5b, are
shown in Fig. 5d.

A side-by-side comparison of the EDX map of an as-
deposited film made using target #2, and a map of coercivity
values extracted from the MOKE loops of the film annealed at
600 °C for 30 min (shown in Fig. 5b), is made in Fig. 6. The
coercivity is given by the averaged applied field value when
the MOKE signal crosses through zero in the downward and
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Fig. 5 — 2D Scanning polar MOKE maps of wafers, made from target #2, annealed at (a) 500 °C, (b) 600 °C and (c) 700 °C for
30 min (maximum applied field = 4 T; MOKE intensity values are normalised), (d) Enlarged typical MOKE loops from Fig. 5b
at the regions identified by red boxes. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

upward branches of the loop. The horizontal variations in
coercivity can clearly be associated with horizontal variations
in composition. Coercivity is plotted as a function of Pt con-
tent, measured over the entire wafer, in Fig. 6¢c. Coercivity is
seen to emerge at around 37.5 at.% Pt, peak at 1.6 T in the
range 55—60 at.% Pt and then drop to just under 1 T at the max
Pt content (~67.5 at.%). The spread in coercivity values seen for
a given composition, which reaches 10% of the peak value,
may reflect local variations in microstructure and film thick-
ness. TEM imaging of the samples identified by the red boxes
in Fig. 5b (supplementary materials file S3) reveals that these
Fe—Pt films are between 1 and 2 grains deep. Thus a reduction
in film thickness by 30% at the Pt-rich edges leads to a sig-
nificant reduction in grain size, which could explain the
observed increase in coercivity values at the film edges, for a
certain composition range. We recall here that the aim of the
present study is to identify the optimum nominal composition
and annealing conditions for a given sputtering system to
produce coercive FePt for subsequent integration into devices,
rather than a fundamental study of the influence of compo-
sition variations on the coercivity achieved.

Phase formation and the degree of order depends on both
the temperature and time of annealing and maps of MOKE
loops of samples annealed at 600 °C for durations of 1, 10 and
30 min are compared in Fig. 7. The area of the zone showing
high coercivity is found to increase with increasing annealing
time.

To relate the observed changes in magnetic properties with
variations in the crystallographic structure, X-ray analysis
was carried out. An XRD waterfall pattern measured along a
vertical section of the film annealed at 600 °C for 30 min,
identified by a blue rectangle in Fig. 7c, is shown in Fig. 8. The
distance between each measurement point is 2.5 mm while
the X-ray beam spot is roughly 2—3 mm, allowing us to probe
changes in crystallographic phases in an almost continuous
fashion. The experimental data set is overlaid with the
diffraction patterns of chemically ordered L1,-FePt;, L1o-FePt
and L1,-FesPt, taken from ICSD reference cards 04-017-4976,
03-065-9121 and 04-001-3171, respectively. Peak indexation is
the same for all three phases, with the L1, phase having
additional peaks due to its tetragonal nature. The Fe—Pt
diffraction peaks shift from higher to lower angle as we
move up from the lower end of the wafer, indicating an
expansion in lattice volume with increasing Pt content, since
the metallic radius of Pt (138.5 pm) is much larger than that of
Fe (126 pm). The experimental peaks at the Fe-rich end of the
film are at a higher angle than those expected for ordered
Fe;Pt, as are the peaks of disordered Fe;Pt [25]. This, together
with the fact that only fundamental peaks ((111), (200) and
(202)) are clearly identified, indicates the presence of disor-
dered and/or off-stoichiometric Fes, xPt; « in this region of the
film. A striking feature of this graph is the splitting of certain
peaks ((200)/(002), (220)/(202), (311)/(113)), starting at around
—25 mm on the y-axis, which can be clearly associated with
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extracted from MOKE loops measured on such a film annealed at 600 °C for 30 min (see Fig. 5b); (c) plot of coercivity as a

function of Pt content, measured over the entire wafer.

the formation of the tetragonally distorted L1, FePt phase,
with the degree of distortion increasing with Pt content. At the
Pt-rich end of the film, the 26 positions of most reflections are
closer to those of L1, FePt than FePts;, though lower angle
shoulders indicate the presence of a Pt-rich phase. This is
clearly seen in Fig. 9, which zooms in on the (111) diffraction
peaks. The high relative intensity of the (111) and (222) peaks,
compared to the expected intensities for an isotropic film is
indicative of (111) fibre texture. Such a texture has often been
reported for L1, FePt films. This apparent texture is sharpestin
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the upper Pt-rich part of the film and may explain the absence
of certain peaks in these parallel beam X-ray diffraction scans.
The unlabeled diffraction peak at 26 ~ 28° is attributed to the
presence of Ta,Os (ICSD 00-025-0922), owing to surface
oxidation of the Ta capping layer.

The a and c lattice parameters, estimated according to the
angular position of the (200) and (001) peaks, respectively, are
shown as a function of Pt content in Fig. 10, and compared
with the values of L1, FePt, ordered and disordered Fe;Pt and
FePt;. Distinct a and ¢ parameters emerge above 35 at.% Pt,

Fig. 7 — 2D Scanning polar MOKE maps of wafers, made from target #2, annealed at 600 °C for (a) 1 min, (b) 10 min (c) 30 min.
Reference samples at the positions #1 to #4 were diced out of the wafer to make SQUID-VSM measurements.
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Fig. 8 — An XRD waterfall pattern, measured along the vertical section of the film annealed at 600 °C for 30 min, identified by
the blue rectangle in Fig. 7c. The experimental data set is overlaid with the diffraction patterns of chemically ordered L1,-
FePt;, L1o-FePt and L1,-Fe3Pt, taken from ICSD reference cards 04-017-4976, 03-065-9121 and 04-001-3171, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

with the c value practically reaching that of L1, FePt above
37.5 at.% Pt, accounting for the emergence of coercivity at this
composition. The a parameter steadily grows until reaching
the value of the L1, phase at the composition where coercivity
is maximum. The lattice parameter of cubic Fe;,yPtsy,
labelled a*, emerges at about 57.5 at.% Pt and then steadily
grows with increasing Pt content, indicating improved order
with increasing Pt content. Intimate mixing of the high
anisotropy L1, phase with non-magnetic Pt-rich phase could
explain why the highest coercivity values are measured for a
Pt content in the range 55—60 at.%. The presence of a non-
magnetic secondary phase may increase coercivity by modi-
fying the microstructure (e.g. weakening exchange in-
teractions between grains of the L1, phase separated by the
non-magnetic phase, pinning at inclusions of the non-
magnetic phase ...). Establishing the actual coercivity mech-
anism at play is beyond the scope of the present paper.

To recap the complementary nature of high throughput
characterisation performed on compositionally graded Fe—Pt
films, in Fig. 11 we replot select sections of XRD patterns
together with the film composition, MOKE loops and coer-
civity values, plotted as a function of position along the ver-
tical section of the film annealed at 600 °C for 30 min,
identified by a blue rectangular box in Fig. 7c. The evolution in
the film's coercivity with composition can clearly be correlated
with the concomitant evolution in the crystallographic
structure, and this compilation of graphs showcases the
benefit of high throughput characterisation for screening the
properties of compositionally graded hard magnetic films. The
emergence of coercivity from the Fe-rich side coincides with
the beginning of tetragonal distortion, at the position —25 mm,
which has a nominal composition of around 36 at.% Pt. This is
in good agreement with what was observed by Ludwig et al. [5]
for compositionally graded Fe—Pt films annealed at 500 and
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Fig. 9 — Zoom of the XRD patterns of the (111) reflection of Fig. 8. The experimental data is overlaid with dashed lines
indicating the position of the (111) peak of chemically ordered L1,-FePtz, L1,-FePt and L1,-FesPt.
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Fig. 10 — The a and c lattice parameters, estimated according to the position of the (200) and (001) peaks, respectively, plotted
as a function of Pt content. The a* lattice parameters are estimated according to the position of the lowest angle peak at the
Pt-rich end of the film, which corresponds to the (100) peak of the Pt-rich phase. The dashed lines indicate the lattice
parameters of L1,-FePt (#03-065-9121), chemically ordered Fe;Pt (#04-001-3171), chemically disordered Fe;Pt (#01-071-8366),
chemically ordered FePt; (#04-017-4976) and chemically disordered FePt;(#04-001-8464).

700 °C. However, significant values of coercivity are main-
tained at higher Pt content in the present study. A difference
in the kinetics of phase ordering in both studies, which could
account for the difference in magnetic behaviour, may be
explained by the fact that in our case the as-deposited film is
an alloy, while in the other it is a wedged multilayer stack,
requiring interdiffusion of Fe and Pt layers during the
annealing process.

It is important to remark here that the time of acquisition
of a 2D set of MOKE loops (on average 323 loops) was
approximately 3 h. This is orders of magnitude shorter than

the time that would be needed to measure hysteresis loops
using a superconducting coil-based magnetometer. Besides,
the geometry of the MOKE system allows us to scan over the
surface of an intact wafer, while the use of a magnetometer
requires the sample to be diced into small pieces with a
maximum surface area typically limited to less than 5x
5 mm? Nevertheless, the MOKE technique has a number of
limitations. It doesn't measure magnetization but rather a
rotation of polarized light which is proportional to magneti-
zation. MOKE measurements probe only the properties at the
sample surface, to a depth of a few tens of nm, and are thus
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Fig. 11 — 2D Select sections of XRD patterns together with the film composition from EDX, MOKE loops and coercivity values
(black symbols), plotted as a function of position along a vertical section of the film annealed at 600 °C for 30 min. Coercivity
values estimated from SQUID-VSM measurements of select samples are overlaid on the MOKE coercivity graph (red

symbols). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this

article.)
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Fig. 12 — Polar MOKE loops and coercivity maps on a 50 x 50 mm? region of Fe—Pt films sputtered using targets #4 - #8 and

then annealed at 600 °C for 10 min.

not sensitive to any changes in magnetic properties within the
volume of the sample. As the technique is based on a mea-
surement of a reflected beam of light, it is not suitable for the
characterization of rough surfaces. Thus, scanning MOKE is
an ideal approach for high throughput characterization to
quickly screen the magnetic behaviour of thin films, and it can
be used to select certain samples for more detailed magnetic
characterization using traditional techniques such as SQUID-
VSM magnetometry. To validate the MOKE measurements,
reference out-of-plane SQUID-VSM measurements were
made at room temperature on four pieces of the film annealed
at 600 °C for 30 min (identified by red boxes in Fig. 7c). Coer-
civity values from SQUID-VSM measurements are overlaid on
the graph of coercivity values measured by MOKE (Fig. 11). The
corresponding SQUID-VSM hysteresis loops are shown in the
supplementary materials file (S4). The same trend in coer-
civity as a function of composition is found, though the ab-
solute values are higher for MOKE than for SQUID-VSM (in the
samples with highest coercivity, values of 1.13 T and 1.6 T are
extracted from SQUID-VSM and MOKE, respectively). The
higher values from the MOKE measurements are attributed to
viscosity effects [26,27] as a very high field sweep rate (10° T/s)
occurs during the MOKE measurement while the SQUID-VSM
measurement is made under a static field.

3.2.  High throughput preparation and characterization
of homogeneous Fe—Pt thin films

Having demonstrated the use of our scanning MOKE for the
high throughput characterization of compositionally graded
Fe—Pt films, we will now show another application of it,
namely to optimize the fabrication of homogeneous L1, Fe—Pt
films over a large surface area. This is motivated by the desire
to be able to integrate such films into parallel processed
devices.

A set of films were prepared using targets #4 - #8, which
consist of symmetrically positioned pieces of Pt on a base Fe
target (Fig. 2). The nominal thickness of the FePt layer was
reduced to 50 nm, to suit a specific application (high coercivity
coatings of Atomic Force Microscope (AFM) probes to be used

as Magnetic Force Microscopy (MFM) probes). Based on the
study of the influence of annealing temperature and time on
compositionally graded films, and to avoid the risk of diffu-
sion during eventual device fabrication, all films were
annealed at 600 °C for 10 min. Figure 12 shows arrays of MOKE
loops, together with coercivity maps extracted from these
loops, measured from a central section of 50 x 50 mm? (this
area corresponds to the footprint of the AFM probe holder
used in a follow-on study). The films made with the minimum
(#4) and maximum (#8) amount of Pt show low values of
coercivity, with the former having an inhomogeneous coer-
civity distribution. All other films show rather homogeneous
loops and the highest values of coercivity were measured on
the film prepared with target #6. An EDX map of a film
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Fig. 13 — 2D EDX map of Pt content measured over a full
wafer of a film made using target # 6. The red box indicates
the 50 x 50 mm? wafer zone probed in Fig. 12, the blue box
the 30 x 30 mm? region probed in Fig. 14. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this
article.)
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Fig. 14 — Polar MOKE loops and coercivity maps of sections of Fe—Pt films made using target #6, annealed at (a) 500 °GC, (b)

550 °G, (c) 600 °G, (d) 650 °C, (e) 700 °C for 10 min.

deposited using this target, shown in Fig. 13, indicates that the
composition of the film is rather homogeneous and close to
50 at.% Pt. The red box in Fig. 13 indicates the region probed by
scanning MOKE, displayed in Fig. 12. The difference in
composition of the samples with maximum coercivity in the
graded and homogeneous films may be due to the fact that in
the former case we necessarily probe all compositions, while
in the latter case we tested five different target geometries
which give distinct film compositions. It is possible that with
the homogeneous films we are slightly shifted with respect to
the optimum composition. Nevertheless, the maximum
coercivity values are comparable, so that the offset is not
problematic when integrating the films into applications.

The RTA furnace used to anneal the entire wafers of
compositionally graded and homogeneous films discussed so
far, is not necessarily suitable for the annealing of devices
containing Fe—Pt films. This is indeed the case for the first
targeted application (MFM probes). For this reason, we studied
the use of a tube furnace to anneal homogenous Fe—Pt films
and scanning MOKE was also used to re-optimise the
annealing temperature of films prepared with target #6. In this
case, films were diced roughly into quarters, and different
quarters were annealed at different temperatures. Figure 14
shows arrays of MOKE loops, together with coercivity maps
extracted from these loops, measured from sections of surface
area 30 x 30 mm? (an example of one such area is outlined by
the blue box in Fig. 13). From this image, we can see that
slightly higher values of coercivity can be achieved by
increasing the nominal annealing temperature from 600 to
650 °C, while annealing at lower or higher temperatures re-
sults in a small drop off in coercivity.

As a final comment, while we did not measure the thick-
ness homogeneity of these films, thanks to the symmetric
distribution of Pt pieces on the Fe base, we can expect a
radially symmetric thickness distribution. For industrial-scale
integration of hard magnetic FePt films into devices on wafers
of diameter 50 mm or more, the homogeneity of both thick-
ness and composition, and thus coercivity, can be increased

by using bigger targets and increasing the distance between
the target and the substrate.

4, Conclusions

A set of high throughput scanning characterization tech-
niques (EDX, high field MOKE and XRD) has been used to study
compositionally graded Fe—Pt films of nominal thickness
100 nm. High field MOKE mapping allowed to establish the
maximum coercivity values that can be achieved in such
Fe—Pt films prepared with the sputtering and annealing sys-
tems used in this study (in the case of films annealed at 600 °C
for 30 min, coercivity reached ~1.5 T in the composition range
55—60 at.%). The triptych of characterization techniques
exploited here holds much potential for the high throughput
development of hard magnetic materials through the estab-
lishment of massive magnetic and structural data sets. In
particular, it may be used to optimize the mixing of different
rare earths in known Rare Earth Transition Metal phases (2-
14-1, 1-5, 1-12), so as to address the RE-balance problem
[28,29]. Beyond this, it could be used to search for new hard
magnetic phases in multi-dimensional search spaces. Both
challenges will greatly benefit from combining our experi-
mental approach with machine learning approaches, to
establish clear correlations between magnetic and structural
properties. In a secondary study, the high field MOKE was used
to optimize the processing of homogeneous coercive Fe—Pt
films, in a step towards their integration into collectively
fabricated devices. This demonstrates the tool's potential for
use in in-line quality control during device production.
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