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A section of the time-temperature-transformation �TTT� curve has been measured in the millisecond
regime to describe the A1 to L10 transformation of 10 nm FePt thin films. Short time annealing was
accomplished using a pulsed neodymium-doped yttrium aluminum garnet laser operating at a
wavelength of 1064 nm. The temperature-time profile of the films was measured using an optical
pyrometer and a platinum thin film resistor and it was numerically modeled. Effective thermal pulse
widths were determined from the time dependence of the atomic diffusion coefficient calculated
from the measured temperature profile. The measured TTT diagram involving average order
parameter is consistent with theoretical predictions of TTT diagrams involving ordered volume
fraction and shows that partial ordering can be obtained with a single effective thermal pulse as short
as 1.1 ms. © 2010 American Institute of Physics. �doi:10.1063/1.3506689�

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 Currently, heat treatments above 500 °C in
the time regime of minutes to tens of minutes are conducted
to phase transform from A1 to the magnetically hard L10

ordered phase. Usually, this annealing is accompanied by
undesired grain growth, destroying the narrow grain size dis-
tribution necessary for ultrahigh-density magnetic media ap-
plications.

Recent modeling predicts that the ordering phase trans-
formation can commence on the time scale of 10 to 100s of
milliseconds depending on the temperature.2,3 We have pre-
viously reported the effect of laser annealing on the L10 or-
dering and grain growth of continuous FePt films deposited
on Si or glass substrates at these time scales.4,5 Magnetic and
structural changes were measured as functions of delivered
energy fluence.

In this paper, the time-temperature profile resulting from
a laser pulse has been both modeled and measured providing
better comparison to previous modeling predictions.3 The re-
sults show that the choice of substrate can have a significant
effect on the time-temperature profile and that a glass sub-
strate allows for a much faster cooling rate than silicon. Con-
sequently, the pulse laser annealing experiments presented
here have focused on FePt films deposited onto glass. In
addition, the effective annealing times resulting from the la-
ser pulses have been calculated from the time dependence of

the atomic diffusion coefficient. The coercivity and order pa-
rameter have been measured as a function of peak tempera-
ture and time, and an experimentally constructed section of
the time-temperature-transformation �TTT� diagram has been
plotted in the millisecond regime and compared with
predictions.3

II. EXPERIMENTAL DETAILS

For laser processing, 10 nm FePt films were deposited
onto Corning 1737 2 in. square glass substrates6 by dc sput-
tering with commercially pure �99.5%� elemental Fe and Pt
targets in an AJA ATC-1500 magnetron sputtering system.
The base pressure was �5�10−8 Torr prior to sputtering at
which point ultrahigh-purity Ar was admitted at a flow rate
of 10 standard cubic centimeters per minute into the chamber
to a pressure of 2 mTorr. The films consisted of the structure
Si3N4�5 nm� /FePt�10 nm� /Si3N4�5 nm�/glass substrate.
The FePt film was deposited as a �Fe��0.24 nm� /Pt�
�0.3 nm��22 multilayer; however, atom probe tomography
studies of similar multilayered films deposited with the same
system under the same conditions have shown that the layers
are highly intermixed in the as-deposited state and have a
nearly equiatomic composition of FePt.7 The equiatomic
composition was confirmed by scanning transmission elec-
tron microscopy �TEM�-x-ray energy dispersive spectros-
copy analysis. A Si3N4 composite target was used to grow
the Si3N4 layers by RF sputtering. The Si3N4 acts as a diffu-
sion barrier to prevent any undesired substrate or atmo-
spheric reactions with the FePt thin film during annealing.a�Electronic mail: jharrell@bama.ua.edu.
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Post deposition, the substrate with film was cut into 5 mm
�5 mm squares for laser and furnace annealing and charac-
terization.

For temperature measurements, a thin film resistance
thermometer was made by depositing a similar film structure
with 10 nm of Pt in place of the FePt film. The real and
imaginary parts of the index of refraction, n and k, of Pt and
FePt at 1064 nm are very similar. For Pt, n=3.67 and k
=5.94,8 and for FePt, n�3.6 and k�5.0.9 The laser absor-
bance, A, calculated using these values are nearly the same.10

For Pt, A�calc�=0.37, and for FePt, A�calc�=0.39. The ab-
sorbance was also experimentally determined by measuring
the transmittance, T, and reflectance, R, �A=1−R-T� using a
15 mW cw laser at a wavelength of 980 nm. For Pt,
A�meas�=0.38�0.2, and for FePt, A�meas�=0.39�0.2. The
heat capacity and thermal conductivity are also very
similar;11–13 however, for millisecond pulses the peak tem-
perature is essentially independent of these latter film prop-
erties. �As will be discussed later, it depends strongly on the
thermal properties of the substrate.� Thus, the temperature
response to the laser pulses is expected to be nearly the same
in Pt and FePt thin films. The resistance of the FePt film
could not be used as a temperature monitor since the film
undergoes a phase transformation and grain growth during
the annealing. These structural changes would complicate the
temperature dependence of the resistance of the film. The Pt
film was preannealed so that the film resistance showed re-
liable and reproducible behavior. All layers were deposited
with a four-point mask to form contacts for the resistance
measurements. To measure resistance, the current was sup-
plied by a KEITHLEY 6200 current source and the voltage
was measured using either a KEITHLEY 2700 multimeter
�for steady-state measurements� or a digital oscilloscope �for
transient measurements�. A Laytek, Marathon-MM-2 ML op-
tical pyrometer with a response time of 2 ms was also used
to qualitatively measure the time-temperature profile. The
absolute temperature could not be measured with the pyrom-
eter since the effective emissivity of the thin film was not
known.

An Electrox Scorpion neodymium-doped yttrium alumi-
num garnet �Nd:YAG� laser with a wavelength of 1064 nm
was used to anneal the FePt thin films. The samples were
placed on a Corning MACOR machineable glass ceramic
holder with a circular hole underneath the sample. The hole
minimized the contact with the sample holder to less than 0.5
mm at the corners of the substrate. Thermal annealing was
done in air using a single pulse with a pulse width of 2.5, 5.0,
7.5, or 10 ms. The pulse width was controlled by a mechani-
cal shutter in the laser, and the laser energy fluence was
varied from 0 to 10 J /cm2. To minimize potential delamina-
tion or thermal shock because of thermal expansion differ-
ences between the film and the substrate during the laser
pulse, the FePt films were preheated at a temperature of
200 °C using a quartz lamp positioned under the ceramic
mount. For the Pt films, the preheat temperature was 150 °C.

The Si3N4 layer was effective in preventing damage to
the FePt film from the laser pulse. A TEM cross-section foil
was prepared using a standard in situ extraction focus ion
beam �FIB� milling procedure14 using a FEI Quanta 3D dual

electron and FIB microscope. The foil was analyzed in a FEI
F20 TEM. The cross section, Fig. 1, of a film that was an-
nealed with a 10 J /cm2 laser pulse for 10 ms �peak tempera-
ture �700 °C� shows that the silicon nitride barrier layer
remained intact and continuous over the surface. Addition-
ally, the FePt film does not indicate agglomeration over the
viewed area. Previous laser anneals of similar films has
shown that the film does not agglomerate but remain con-
tinuous at high pulse energies and produces a mazelike
microstructure.15

X-ray diffraction �XRD� spectra were collected using a
Bruker D8 discovery general area diffraction detection sys-
tem using Co K� radiation ��=1.790 Å� at 40 keV and 35
mA, and a Philips XRD using Cu K� radiation ��
=1.541 Å� at 45 kV and 40 mA. In-plane hysteresis loops
were measured with a Princeton Instruments Model 2900
alternating gradient magnetometer with a maximum applied
field of 18 kOe.

III. THERMAL TRANSPORT MODELING

The intensity profile of the laser pulse on the film was
measured and found to vary by less than 20% over the area
of the film �5 mm�5 mm�. Consequently, the thermal
transport was assumed to be approximately one-dimensional.
The temperature of the sample during and after the laser
pulse as a function of time and normal distance from the
surface is given as a solution to the equation16

�Cp
�T�x,t�

�t
− K

�2T�x,t�
�x2 = Q , �1�

where � is the mass density, Cp the specific heat, K the ther-
mal conductivity, and Q the heat source �W /m3�. For the
film on a glass substrate, the heat source is the laser energy
absorbed in the metal film. Absorption in the substrate and
Si3N4 layers17 is negligible. For the Si substrate, absorption

FIG. 1. A bright field TEM cross section of a film annealed with a
10 J /cm2, 10 ms laser pulse. The capping layers of the silicon nitride and
magnetic films are shown. The film appears continuous and does not appear
to agglomerated postannealing. The carbon and platinum caps provided a
protective surface during the FIB milling. The dark regions in the film are a
result of diffraction contrast of the columnar grain structure. Careful obser-
vation reveals a film diffraction contrast line parallel to the substrate show-
ing the distinct film layers between the silicon nitride and magnetic film
interfaces. Since the substrate was amorphous glass, tilting to a zone axis to
ensure the beam is normal to the cross-section could not be accomplished;
thus any small thickness discrepancy in the projected image via the scale
marker for the micrograph and those reported in the paper is explained.
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in Si must also be considered. �See Table I for substrate
parameters.�

The heat source is given by

Q = I � f�t� � � � exp�− �x� , �2�

where I is the net flux �W /m2� entering the film, f�t� is the
temporal shape of the laser pulse �assumed to be square�, �
is the absorption coefficient �m−1�, and x is the normal dis-
tance into the absorbing layer �m�. The net flux entering the
film is given by

I = I0�1 − R� , �3�

where I0 is the incident flux and R is the reflectance. The
reflectance, R, transmittance, T, and absorbance, A�=1
−R-T�, for the film can be calculated from the real and
imaginary parts of the index of refraction of the absorbing
film and the substrate and from the thickness of the film
using the method described by Heavens.10 Fig. 2 shows T, R,
and A as a function of film thickness for Pt on glass. At the
film thickness of 10 nm, T=0.20, R=0.43, and A=0.37.
Curves qualitatively similar to those in Fig. 2 were obtained
for Pt on Si. The dependence of the absorptance on film
thickness in Fig. 2 is quite similar to that measured by Ma-
han and Marple18 for Pt on Si at a wavelength of 3390 nm,
which also shows enhanced absorptance at a thickness of less
than 10 nm.

The effective absorption coefficient, �, can be calculated
from A using the relationship

A = �1 − R��1 − e−�h� , �4�

where h is the film thickness. This yields �=1.05�108 /m,
which is larger than the bulk value given by ��bulk�
=4�k /�=7.0�107 /m. The calculated effect of the thin,
nonabsorbing Si3N4 layers on the reflectance is negligible.10

The boundary conditions at the film and substrate inter-
faces are such that the temperature and the heat flow are
continuous.

The outer surface of the film and substrate cool by a
combination of convection, radiation, and contact of the sub-
strate with the sample holder. The relative importance of
convection and conduction depends on the value of the con-
vection coefficient for air, which depends on experimental
conditions but is nominally less than about 50 W /m2 K.19,20

For a convection coefficient of 50 W /m2 K, the initial con-
vective and radiative cool-down rates of the substrate at a
peak temperature of 700 °C are comparable, and the time for
the celsius temperature to drop by a factor of two is about 6
s. As will be discussed later, conduction to the sample holder
is likely the dominant cool-down process for the substrate.

Because of its high thermal diffusivity and small thick-
ness, the temperature of the Pt film is essentially spatially
uniform during the laser pulse. For a single absorbing layer
on a nonabsorbing substrate, it can be shown for a square
laser pulse profile that the film temperature during the pulse
is given by11,16,21

T = T0 +
2

��

I0A
��CsKs

�t , �5�

where T0 is the initial film and substrate temperature, � is the
mass density of the substrate, Cs is the specific heat of the
substrate, Ks is the thermal conductivity of the substrate, and
t is the laser pulse width. The temperature of the film during
cool down is given by21

T = T0 +
2

��

I0A
��CsKs

��t − �t − tp� , �6�

where tp is the laser pulse width. Equations �5� and �6� as-
sume a semi-infinite substrate and neglect external heat loss
from the surfaces. These are found to be good approxima-
tions during the pulse and for several pulse widths following
the pulse. Equation �5� shows that the peak temperature for a
single absorbing layer on glass depends only on the net en-
ergy absorbed in the film and the thermal properties of the
substrate, which determine the rate at which this energy is
transported from the film into the substrate.

The temperature of the Pt film on Si during the laser
pulse can be estimated by assuming that all the laser energy
absorbed by the Pt and by the Si quickly diffuses to yield a
uniform temperature and that the heat loss during the pulse is
negligible. In this case,

T = T0 +
I0At

�sdsCs
, �7�

where ds is the thickness of the substrate and A includes both
film and substrate absorption. Unlike the film on glass, the
cool-down time of the film on Si will be long compared to

TABLE I. Optical and thermal properties of the substrates at a wavelength
of 1064 nm used in the calculations.

Glass Si

Density, � �kg /m3� 2540a 2330b

Heat capacity, C �J /kg K� 1100a 143 T0.275 c

Thermal conductivity, K �W /m K� 1.4a �4.4�105� T−1.376 d

Refractive index, n 1.51a 3.56e

Extinction coefficient, k 0a 0e

Absorption coefficient, � �1/m� 0a 935e

aReference 6.
bReference 30.
cReference 31.
dReference 32.
eReference 33.
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FIG. 2. Transmittance �T�, reflectance �R�, and absorptance �A� of Pt on
glass substrate as a function of Pt film thickness.
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the laser pulse width and will be controlled by surface losses
�convection, radiation, and conduction to sample support�
from the film and substrate.

The transient temperature was also calculated using the
finite element program COMSOL �Ref. 22� assuming surface
cooling by convection. Figure 3�a� shows the calculated
time-temperature profile of the Pt film on glass and on Si
resulting from a 10 ms laser pulse with an intensity of 2
�107 W /m2. The temperature-time profiles determined
from the COMSOL calculations are in good agreement with
Eqs. �5�–�7�.

The peak temperature of the film is much higher and the
cool-down time of the film is much shorter on glass than on
Si. The difference in the substrate effect is because of the
much larger thermal conductivity of Si �Table I� and, to a
lesser extent, the fact that Si absorbs some of radiation while
glass is nonabsorbing. The high diffusivity of the Si allows
the heat absorbed in the Pt film to quickly diffuse into the
substrate during the laser pulse. The film and Si substrate are
nearly in thermal equilibrium during and after the pulse. This
has the effect of reducing the peak temperature and increas-
ing the cool down time of the film since both the film and
substrate must cool nearly simultaneously. On the other
hand, because of the lower thermal diffusivity of the glass
and the fact that it is nonabsorbing, the glass heats up much
less than the Si during the pulse and acts as a heat sink for
the film after the pulse, allowing a more rapid cool-down of
the film.

Figure 3�b� shows time-temperature profiles measured
with the optical pyrometer for the same conditions as in Fig.
3�a�. As previously mentioned, the absolute temperature
could not be determined since calibration of the pyrometer
requires knowing the emissivity of the film which is less than
the bulk value. Qualitatively, the measured and calculated
profiles are in good agreement. �The step in the curves at low
temperature—at a time of about 125 ms for glass—occurs
because the IR emission from the film drops below the re-
sponse threshold of the pyrometer.� The measured cool-down
time of the film on Si is shorter than calculated based on
convective and radiative cooling, although still much longer
than on glass. A possible explanation for the discrepancy in
calculated and measured cool down times with Si is that the
Si substrate, because of its large thermal diffusivity, may
cool by lateral conduction to the corners of the substrate
which rest on the sample holder during the laser processing.

The characteristic time for this lateral thermal diffusion is t
=x2 / �2Dt�, where x is the sample radius and Dt=K / ��C� is
the thermal diffusivity for Si. Using, x=2 mm and Dt=2
�10−5 m2 /s �Table I� gives a diffusion time of 0.1 s, which
is comparable to the measured cool down time in Fig. 3�b�.
Both the calculated and measured temperature profiles dem-
onstrate that the glass substrate is more appropriate for mini-
mizing the duration of the thermal pulse in the millisecond
regime.

IV. RESULTS AND DISCUSSION

A. Pt thin film temperature measurements

As described earlier, the Pt thin film was used as a re-
sistance thermometer to determine the film temperature as a
function of time during and after the laser pulse. The film
was pre-annealed in a furnace at 600 °C for 3 h in order to
improve the linearity and reproducibility of the temperature
dependence of resistance. Figure 4 shows the 	-2	 XRD
spectrum of the Pt film before and after annealing. After
annealing, the �111� peak narrows and shifts to a higher
angle, suggesting grain growth and a reduction in film stress.

Figure 5 shows the resistance of the Pt film as a function
of temperature before and after annealing. The temperature
was measured in a steady-state condition with a thermo-
couple attached near the film. Before preannealing, the resis-
tance increased nonlinearly with temperature, presumably
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because of grain growth and release of film stress. After an-
nealing at 600 °C for 3 h, the resistance was lower and the
response was much more linear.

Figure 6 shows the resistance-time profiles for the Pt
film for different laser pulse widths and fluences. The figure
also shows the corresponding temperatures calculated from
the calibration curve in Fig. 5. �The film was preheated to
150 °C and the curves were offset by an additional 50 °C to
correspond with the 200 °C preheat of the FePt films.� Fig.
6�a� shows profiles for a fixed pulse width of 10 ms for
different values of laser fluence, while Fig. 6�b� shows pro-
files for different pulse widths with the fluences adjusted to
give approximately the same peak temperature. These pro-
files are very similar to the calculated curves and those mea-
sured with the optical pyrometer.

Measured and calculated peak temperatures are shown
as a function of laser fluence in Fig. 7. The measured peak
temperatures correspond to laser pulse widths of 2.5, 5.0,
7.5, and 10 ms. For a given value of fluence, the peak tem-
perature increases as the pulse width decreases. This is ex-
pected since the shorter pulses allow less time for the energy
absorbed by the film to diffuse into the substrate. Specifi-
cally, for a fixed fluence F, I0=F / t, so Tp�1 /�t.

The calculated temperatures were obtained using Eq. �5�
for a fixed pulse width of 10 ms. The calculated temperature
increases are smaller than the measured values for the 10 ms
pulses by a factor of approximately two. The reason for this
discrepancy is not fully understood. The peak temperature is
directly proportional to the incident laser intensity I0 and the

absorptance A, so uncertainties in these quantities could be a
factor. Thermal interfacial resistance between the film and
the substrate can also lead to higher film temperatures.23 In-
terfacial resistance can be caused by imperfect contact in the
as-deposited films or partial film separation induced by the
intense laser pulse. The measured temperatures, however, are
expected to be reasonably accurate and these temperatures
are used in the following discussions.

B. Effective thermal pulse width

Although the laser pulse itself has a well-defined width,
with rise and fall times less than 1 ms, the width of the
temperature pulse in the film is not as well defined. While the
time for the film temperature to fall to its original value is
quite long, the effective thermal pulse can be shown to be
quite short since most of the atomic diffusion occurs near the
peak temperature. The diffusion coefficient can be written as

D = D0 exp�−
Ea

kBT
	 , �8�

where D0 is the pre-exponential factor, Ea the activation en-
ergy, kB the Boltzmann constant, and T the absolute tempera-
ture. Using the reported values for interlayer diffusion in
Fe/Pt multilayers of D0=1.37�10−6 m2 /s and
Ea=1.7 eV,24 the time dependent diffusion resulting from
the laser pulse was calculated. Figure 8 shows the measured
temperature profile and the corresponding diffusion coeffi-
cient profile for a 10 ms laser pulse.

The mean-square diffusion distance during and after the
laser pulse can be calculated as

x2 = 2
 D�t�dt . �9�

The effective pulse width can be defined as the width of a
square pulse at the peak temperature, Tp, which gives this
same mean-square diffusion distance. That is,

x2 = 2D�tp�tef f , �10�

where D�tp� is the maximum diffusion coefficient. For the 10
ms laser pulse �Fig. 8�, tef f =3.4 ms. The effective pulse
width varies slightly with peak temperature and with the
value of the diffusion coefficient. Average effective pulse
widths for the 2.5, 5.0, 7.5, and 10 ms laser pulses are 1.1
ms, 2.0 ms, 2.7 ms, and 3.8 ms, respectively. The actual
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effective pulse widths may be somewhat smaller since the
time resolution of the measurements is 1 ms. For a perfectly
square laser pulse, the calculated effective diffusion times
would be smaller than those calculated for the actual laser
pulse by a factor of about two. For the shortest pulse �tef f

=1.1 ms�, the root-mean-square diffusion distance is about
2.2 nm at a peak temperature of 700 °C, which is the ap-
proximate temperature where maximum ordering occurs.
This diffusion distance seems sufficiently large compared
with the lattice constant of FePt ��0.38 nm� to allow for
short-range diffusion necessary in this polymorphic phase
transformation.

The effective thermal pulse width depends on the choice
of activation energy for diffusion and does not depend on the
pre-exponential factor. Various activation energies have been
reported for diffusion in FePt, depending on the diffusing
element �Fe, Pt, or interdiffusion at Fe/Pt interfaces�, the
phase �A1 or L10�, the crystallographic orientation, and the
microstructure. For example, the activation energy for self-
diffusion of Fe in L10 films has been reported as 1.65 eV,25

which would yield an effective diffusion pulse width of 3.5
ms for a 10 ms laser pulse. An activation energy of 3.0 eV
has been reported for the self-diffusion of Pt in FePt, which
would yield an effective pulse width of 2.1 ms.26 These slight
differences do not appear to be critical, thus the effective
pulse widths based on Fe/Pt interlayer diffusion have been
used in this paper.

C. Coercivity of annealed FePt films

As previously mentioned, since the optical and thermal
properties of Pt and FePt are very similar, the peak tempera-
tures are expected to be similar for the Pt and FePt films for
a given laser pulse. Consequently, the measured curves
shown in Fig. 7 were used to estimate the peak temperature
during the laser annealing of the FePt films. Figure 9 shows
the coercivity of annealed FePt films as a function of tem-
perature for different pulse widths. The temperatures above
700 °C were determined by extrapolation of the R-T calibra-
tion curve in Fig. 5. �The coercivity measurements in Fig. 9
were previously reported in Ref. 4 as a function of laser
fluence.� For each pulse width, the coercivity increases with
temperature reaching a maximum at about 700 °C and de-
creases with further increase in temperature. The peak coer-

civity decreases with decreasing pulse width. The peak coer-
civity for the 10 ms pulse was about 5.4 kOe and the peak
coercivity for the 2.5 ms pulse was about 2.1 kOe. It is also
worth noting that the width of the coercivity versus tempera-
ture curve decreased with decreasing pulse width. This is
consistent with the shape of the TTT curve, as will be dis-
cussed later.

D. TTT curves

The average atomic order parameter, S, of the laser an-
nealed FePt films was calculated from the ratio of the inte-
grated �110� and �220� XRD peaks using the formula27

S2 =
�I110/I220�exp

�I110/I220�calc
. �11�

Figure 10 shows the order parameter as a function of peak
temperature for laser pulse widths of 2.5, 5.0, 7.5, and 10 ms.
The curves are qualitatively similar to those in Fig. 9 for the
coercivity. The maximum order parameter occurs at about
700 °C and increases with increasing pulse width. The larg-
est value obtained was S=0.53 using a single 10 ms laser
pulse �effective time of 3.8 ms�. For comparison, an order
parameter near unity and a coercivity of 16 kOe could be
obtained by annealing the films in a furnace for 60 s.

The longest pulse width obtainable with our pulse laser
system was 10 ms. We have recently shown that the laser
annealing time can be increased by using multiple pulses and
that the total effective annealing time is additive.2 This al-
lowed us to obtain order parameters near unity using mul-
tiple pulse laser annealing. Figure 11 shows the order param-
eter as a function of the total effective annealing time using
multiple laser pulses. The peak temperature was approxi-
mately 700 °C for each of the laser pulses, which is near the
optimum annealing temperature for single laser pulses. The
effective annealing time was calculated based on atomic dif-
fusion as described earlier in this paper. The results show
that the effective cumulative anneal time is approximately
independent of the width of each pulse. For example, a
single 10 ms laser pulse produces approximately the same
order parameter as two 5 ms laser pulses or four 2.5 ms laser
pulses.

The relationship between order parameter, peak tempera-
ture and effective annealing time for single laser pulses is
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FIG. 9. In-plane coercivity dependence on temperature for different pulse
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summarized in the TTT diagram in Fig. 12. The contour
curves correspond to a fixed value of order parameter. The
curves were obtained by interpolation of the measured values
shown in Fig. 10. The C-shapes of the curves at the mini-
mum ordering times are in good agreement with “k2�T�,
N�T�” model calculations given by Berry and Barmak.3 In
particular, the location of the “nose” of the C-curve in Fig.
12 for S=0.5, which occurs at about T�700 °C and t
�3.5 ms, is nearly identical to the predicted value for a
10-nm film with composition F47.5Pt52.5. It should be noted,
however, that the theoretical TTT diagrams given by Berry
and Barmak include volume fraction of ordered material
while Fig. 12 includes the average order parameter. The
model calculations of Berry and Barmak depend strongly on
the film composition. For the composition Fe54.4Pt45.6 the
predicted anneal time to achieve an ordered volume fraction
of 0.5 is more than 100 s. Ristau et al.28 measured the or-
dered volume fraction in 10 nm FePt films as a function of
furnace anneal time at 700 °C and found that about 600 s is
required for an ordered fraction of 0.5; however, their film
composition was not specified. �Note that our films were
nominally equiatomic based on sputtering rates and energy-
dispersive x-ray spectroscopy �EDS� verification using a
standard29 and our previous atom probe analysis;7 the experi-
mental investigations of composition changes to the shape of
the TTT diagram is the subject of future work.� The k2�T�,
N�T� model assumes both a temperature dependent pre-
exponential factor, k2�T�, for the growth velocity of the or-

dered domains and a temperature dependent density of or-
dered nuclei, N�T�. The C-shape curves in Fig. 12 do not
agree as well with the other models discussed by Berry and
Barmak in which either N or both N and k2 are assumed to
be independent of temperature.

It should be emphasized that our TTT curve measure-
ments are in the region below 4 ms and are thus not able to
distinguish between models at longer anneal times. Although
our multiple pulse and furnace anneals were done at longer
times, the temperature was fixed at �700 °C. Thus, these
measurements are not adequate to distinguish among models
for extended time scales. Reference 3 does include data at
longer times and lower temperatures than the present study
and those results are in better agreement with the k2�T�
model or the Michaelsen–Dahms model �constant k2�. How-
ever, these measurement were done on 1 
m FeCuPt films
rather than 10 nm FePt films. Since the TTT measurements
depend on film composition and thickness, measurements on
identical samples over a much wider range of temperature
and time would be required to differentiate among the vari-
ous models.

V. SUMMARY AND CONCLUSIONS

Time-temperature profiles of Pt films on glass and Si
substrates produced by laser pulses have been measured.
Since the film absorbencies are nearly the same, these pro-
files are expected to nearly mimic those of FePt. This was
experimentally confirmed by the similarity of the time-
temperature profiles for Pt and FePt measured with an optical
pyrometer. The measured profiles are comparable to numeri-
cally calculated profiles, although the calculated peak tem-
peratures are smaller. The temperature dependence of the
resistance of the Pt film was used to estimate the temperature
of the FePt films as a function of laser fluence. Both the
measurements and calculations show that the cool down time
of the thermal pulse is much faster for a film on glass than on
Si.

Effective annealing times were calculated from the mea-
sured time-temperature transient curves based on atomic dif-
fusion. The effective annealing times were less than one-half
the laser pulse widths.

The dependence of the order parameter of pulse laser
processed FePt films on peak temperature and pulse width
was used to determine a section of the TTT diagram below
�4 ms. Our diagram in this regime is consistent with theo-
retical predictions based on a temperature dependent pre-
exponential factor for ordered domain growth velocity and
on a temperature dependent density of ordered nuclei. The
limited range of our measurements does not allow us to com-
pare models at longer times. The dependence of the coerciv-
ity on peak temperature and pulse width is also consistent
with the TTT diagram. The measurements show partial or-
dering at an effective annealing time as low as 1.1 ms. To our
knowledge, this study is the first to give detailed measure-
ment of a TTT diagram for FePt that shows the lowest time
limits for atomic ordering.
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