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The structural and magnetic properties of 10 nm FePt thin films annealed using a 1064 nm
wavelength laser with 10, 7.5, 5.0, and 2.5 ms pulses have been examined. The A1 to L10 phase
transformation was confirmed by x-ray diffraction �XRD�. The maximum order parameter of 0.53
and coercivity of 5.36 kOe can be obtained with 10 ms pulse width laser annealing at a laser energy
fluence of 10 J /cm2. The order parameter of the furnace annealed samples was approximately 1.0
suggesting that 10 ms is insufficient to obtain a fully ordered phase. The laser annealed grain size,
as measured by in-plane XRD analysis, is 24 % smaller than that of furnace annealed sample for an
equivalent order parameter demonstrating the merit of short time annealing. © 2009 American
Institute of Physics. �DOI: 10.1063/1.3068529�

I. INTRODUCTION

FePt with the magnetically hard L10 phase is a candidate
material for ultrahigh density perpendicular magnetic record-
ing media applications because of its high magnetocrystal-
line anisotropy.1 To date, heat treatments above 500 °C in
the time regime of minutes to tens of minutes is conducted to
phase transform from A1 to the magnetically hard L10 or-
dered phase. Usually, this annealing is accompanied by un-
desired grain growth, destroying the narrow grain size distri-
bution necessary for ultrahigh-density magnetic media
applications. There have been very limited experimental
studies of annealing FePt at much shorter time scales.2–5 Re-
cent modeling predicts that the ordering phase transforma-
tion commences on the time scale of tens to hundreds of
milliseconds.6,7 Though these results were for thicker films
than those studied in this paper, it does provide indications
on the time scales where diffusional ordering would occur in
FePt. In the current paper, we have explored the effect of
laser annealing in the millisecond regime for pulse widths of
2.5 and 10 ms at various delivered energy fluences.

II. EXPERIMENT

10 nm FePt thin films were deposited onto Corning 1737
2 in. square glass substrates by dc cosputtering with Fe and
Pt targets using an ATC-1500 magnetron sputtering system.
The film structure was Si3N4�5 nm� / �Fe�0.26 nm� /
Pt�0.20 nm��22 /Si3N4�5 nm� /glass substrate. All layers
were deposited at an Ar gas pressure of 2 mTorr. The thick-
ness ratio of Fe and Pt gave the composition Fe50Pt50. A
Si3N4 composite target was used to grow the Si3N4 barrier
layers by rf sputtering to eliminate undesired reactions with
either the substrate or atmosphere during laser annealing.

Postdeposition, the substrate with film was diced into 5
�5 mm2 squares for the laser and furnace annealing studies.

A neodymium doped yttrium aluminum garnet
�Nd:YAG� laser with a wavelength of 1064 nm was used to
anneal the thin film specimens. The specimens were placed
in a sample holder, which had a hole through the center. The
hole minimized the contact to �0.5 mm at the edges of the
specimen to reduce thermal contact with the mount. The
specimens were annealed in air using a single pulse with a
pulse width of 10, 7.5, 5.0, or 2.5 ms. The pulse width was
controlled by a mechanical shutter in the laser. The delivered
laser fluence was changed from 0 to 26 J /cm2. To minimize
potential delamination or thermal shock because of thermal
expansion differences between the film and the substrate dur-
ing the laser pulse, the specimens were preheated at a tem-
perature of 200 °C using a quartz lamp positioned under the
ceramic mount. This preheat temperature is below the A1 to
L10 ordering temperature. For microstructure comparisons to
the laser annealed thin films, representative specimens from
the same sample were annealed for 60 s in a conventional
tube furnace with the temperature settings from 400 to
800 °C. It took approximately 5 min to reach the peak tem-
perature after the furnace was turned on and approximately
20 min to cool down to room temperature after the sample
was removed from the tube furnace. The time at temperature
was taken when the specimens reached the desired set point.

The transmission electron microscopy �TEM� analysis
was performed using a 200 keV Field Emission FEI Tecnai
F20 Supertwin TEM. X-ray diffraction �XRD� spectra were
collected using a Bruker D8 Discovery General Area Diffrac-
tion Detection System using Co K� radiation ��=1.789 Å�.
The specimens were tilted 88° so that the in-plane XRD
diffracted vector was nearly in the plane for the grain size
analysis. In-plane hysteresis loops were measured with aa�Electronic mail: gthompson@eng.ua.edu.
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Princeton Instruments Model 2900 alternating gradient mag-
netometer with a maximum applied field of 18 kOe.

III. RESULTS AND DISCUSSION

A. Time-temperature profile

Figure 1 shows the time-temperature profile of a 10 nm
Pt thin film sandwiched with 5 nm Si3N4 on glass substrate
at pulse widths of 10, 7.5, 5.0, and 2.5 ms. The resistance
change in the Pt thin film was measured and recorded during
the laser pulse using an oscilloscope. The resistance of the Pt
changed linearly with changes in temperature. The thermal
properties of Pt and Fe50Pt50 are similar, so similar time-
temperature profiles are expected. Future work will couple
the resistance change to the actual peak temperature. The
vertical axis in Fig. 1 is shown as temperature in arbitrary
units and yields a qualitative representation of the heating
and cooling rates.

B. Structural and magnetic properties

Figure 2 shows coercivity, Hc, dependence on the deliv-
ered energy fluence for various pulse widths. Here, energy of
“0” corresponds to the as-deposited state and its Hc is almost
0, consistent with the magnetically soft A1 phase. As the
delivered laser energy fluence increased, Hc increased to a
maximum and then decreased with further increases in en-

ergy fluence. The peak Hc was dependent on pulse width, as
seen in Fig. 2. Interestingly, the maximum Hc for each pulse
width decreased as pulse width decreased.

Figure 3�a� shows the in-plane XRD profile for various
delivered energy fluences with a constant pulse width of 10
ms. Out-of-plane XRD measurements revealed that all of
these films showed strong �111� orientation. The intensity of
the �110� superlattice peak increased as the delivered energy
fluence increased up to a maximum value of 9.7 J /m2. Be-
yond this delivered energy fluence, this superlattice reflection
peak intensity decreased, which is consistent with the coer-
civity decrease. The presence of the �110� superlattice peak
indicates that the film has phase-transformed from A1 to L10,
again consistent with the higher Hc values as seen in Fig. 2.
This trend was the same for the other pulse widths. The
decrease in order at higher energy fluences is likely because
the higher temperature reduces the thermodynamic driving
force for ordering according to recent time-temperature-
transformation �TTT� diagram predictions.7

For energy fluence that gives maximum Hc, the superlat-
tice peak intensity decreased as the pulse width decreased, as
seen in Fig. 3�b�. This indicates insufficient time for ordering
even though the temperature may be higher for shorter pulse
widths.

Figure 4 shows average grain size �D� dependence on
the delivered energy fluence. A plan-view TEM image taken
from the as-deposited film is also included in this figure. The
grain size distribution followed the log normal distribution8

with an average grain size of 23.6 nm. The grain size of the
annealed samples was estimated using a Williamson–Hall
plot9 using several peaks from in-plane XRD measurements.
The grain size of the as-deposited state is estimated as 22.9
nm, which is in good agreement with TEM data. The grain
size increased as the delivered energy fluence increased for
all pulse widths. The incremental grain size increase was
smaller for the shorter pulse widths than for the longer pulse
widths. The grain size annealed with 2.5 ms pulse width is
20% smaller than that with 10 ms pulse width, which indi-
cates that short time millisecond annealing is effective in
minimizing grain growth.

FIG. 1. Time-temperature profile obtained with various pulse width settings.

FIG. 2. In-plane coercivity dependence on delivered energy fluence with
various pulse widths.

FIG. 3. In-plane XRD profile of �a� samples annealed with various delivered
energy fluences using 10 ms pulse width. �b� Samples annealed with various
pulse widths using constant delivered energy fluence of 10 J /cm2. Samples
were tilted to 88°.
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Figure 5 shows the order parameter, S, dependence on
average grain size. S was calculated using the ratio of the
�110� and �220� integrated intensities, as given in Eq. �1�,
from the in-plane XRD measurement,

S = 	 �I110/I220�exp

�I110/I220�calc

1/2

. �1�

In this figure, the data obtained with the furnace an-
nealed specimens are also shown for comparison. Laser an-
nealed specimens in the highlighted region had a larger S as
compared to those of the furnace annealed specimens at the
same grain size. For example, the maximum S of 0.53 was
obtained at the grain size of 38.5 nm for the 10 ms laser
annealed specimen, while almost 50 nm was obtained for the
furnace annealed specimen with the same order parameter.
The grain size of the laser annealed specimen is about 24%

smaller than that of the furnace annealed specimen, indicat-
ing short time annealing is effective in chemical ordering
while reducing grain growth.

The maximum S of 1.0 was achieved for the furnace
annealed specimens; whereas, the maximum S for the laser
annealed specimen was 0.53, which was for a 10 ms pulse.
The relationships among chemical ordering, pulse width time
scales, and delivered energy were in good agreement with
the TTT diagram predictions.7 The 10 ms pulse width may
not be sufficient to obtain the fully chemical ordered phase.
One possibility to increase S is to increase the pulse width or
apply multiple shorter pulses; however, as seen by the reduc-
tion in the �110� peak in Fig. 3, too much delivered energy
reduces the chemical ordering.

IV. CONCLUSION

It has been shown that L10 chemical ordering can be
obtained in FePt thin films using a pulsed laser with pulse
widths as short as 2.5 ms. Although grain growth occurs at
this short annealing time, as expected for continuous films,
the growth is less than obtained using furnace annealing to
obtain the same order parameter. Future work will focus on
pulse laser annealing of films with isolated granular grains
and annealing with multiple pulses.
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FIG. 4. Average grain size dependence on delivered energy fluence for
samples annealed with various pulse widths laser. Plan-view TEM image of
as-deposited state is shown as an inset. The scale-bar in the TEM image
indicates 100 nm.

FIG. 5. Order parameter dependence on average grain size. The data set
taken with furnace annealed samples is also shown as comparison. Meshed
area indicates that order parameter of laser annealed sample is larger than
that of furnace annealed sample with the same grain size.
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