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Lowering of ordering temperature for fct Fe–Pt in Fe ÕPt multilayers
Yasushi Endo,a) Nobuaki Kikuchi, Osamu Kitakami, and Yutaka Shimada
Research Institute for Scientific Measurements, Tohoku University, 2-1-1 Katahita, Aoba-ku,
Sendai 980-8577, Japan

We have explored magnetic properties and structural characteristics of Fe/Pt multilayers after
annealing at various temperatures in order to clarify the growth process of the ordered Fe–Pt phase
in the Fe/Pt multilayer structures. It is found that rapid diffusion at Fe/Pt interface occurs at
temperatures 275–325 °C and the multilayer structure directly transforms to the ordered~fct! phase
when Fe and Pt layer thickness is almost equal. The ordering parameterS is evaluated to be
0.50–0.65 after annealing at 300–325 °C, and then is significantly enhanced to;1.00 with
increasing annealing temperatures. By comparing the thermal processes of these different multilayer
structures, it is found that the rapid formation of the fct phase in the multilayers with Fe/Pt>1 is due
to relatively rapid diffusion at the interface. ©2001 American Institute of Physics.
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In the rapid development of the high-density magne
recording media, the low noise and high thermal stability
needed with the reduction of the grain size. Recently,
equiatomic Co–Pt, Fe–Pd, and Fe–Pt alloy thin films h
attracted much attention owing to very high magne
anisotropies. In particular, the fct Fe–Pt alloy possess
highest magnetic anisotropy ofKu;73107 erg/cc ~Ref. 1!
among these materials. The origin of the high magnetic
isotropy of this alloy is the ordered~fct! phase. However, the
growth temperature of the fct phase in the granu
Fe–Pt:SiO2 films2,3 and the sputter deposited Fe–Pt films4,5

is higher than 500 °C except for the molecular beam epit
films.6 On the other hand, it was reported that this grow
temperature in the multilayered Fe/Pt films is much low
than the others,7 although the details of the ordering proce
in the multilayered Fe/Pt films have not been clarified.7,8

In this article, we investigate the magnetic properties a
structural characteristics of as-prepared and annealed F
multilayers, and the thermal process of transformation fr
the multilayer structure to a fct ordered single layer film
studied in detail.

Fe/Pt multilayers were grown on quartz substrates at
bient temperature in a dc magnetron sputtering system,
a base pressure less than 6.031027 Torr and an argon ga
pressure of 3 mTorr. The deposition rate of Fe and Pt la
was 0.95–1.15 and 0.90–1.10 Å/s, respectively. The mu
layers were grown with the Fe layer thicknesstFe fixed at 25
Å and the nominal Pt layer thicknesstPt varied from 5–50 Å,
with ten bilayers. The as-prepared samples were subjecte
vacuum annealing at temperature (Ta) in the range of 200–
500 °C for 1 h, in a vacuum higher than 131026 Torr. The
periodic and crystallographic structure of Fe/Pt multilay
were characterized by low-angle, high-angle, and 2u-scan
x-ray diffractions~XRD! using CuKa radiation. The super-
lattice period~L! were evaluated by the kinematical Bragg
law L5 ll/2 sinu for the l-th order reflection, herel is the
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x-ray wavelength andu is the observed diffraction angle
Since the lower order reflection is seriously influenced by
refraction effect, we improved precision evaluating the pe
ods for largerl by analyzing all detected Bragg reflections9

The film compositions were determined by electron pro
microanalysis~EPMA!. Magnetic properties at room tem
perature were measured by a vibrating sample magneto
ter.

Figure 1 shows annealing temperature (Ta) dependence
of coercivity (Hc) on the Pt layer thickness (tPt) for
@Fe(25 Å)/Pt(tPtÅ) #10 multilayers. As shown in Fig. 1,Hc

for all tPt is almost null atTa,300 °C. At Ta>300 °C, Hc

for 15 Å<tPt,40 Å remarkably increases with increasin
annealing temperature. In particular,Hc for tPt525 Å shows
the maximum value in this range of Pt layer thickne
Meanwhile, Hc for tPt,15 Å remains low, andHc for tPt

>40 Å slightly increases up to 1–2 kOe by annealing ov
Ta5350 °C. Thus, the thermal change ofHc is found to be
sensitive to Pt layer thickness. So, we minutely investiga

il:

FIG. 1. Annealing temperature (Ta) dependence of coercivity (Hc) on the
Pt layer thickness (tPt) for @Fe(25 Å)/Pt(tPt Å) #10 multilayers. The external
field for the measurement is in the sample plane. The marks~s!, ~d!, ~n!,
~m!, ~h!, ~j!, and~L!, respectively, are for as-prepared samples, annea
at Ta5200 °C, 300 °C, 350 °C, 400 °C, 450 °C, and 500 °C.
5 © 2001 American Institute of Physics
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Hc for tPt510, 25, and 50 Å at the various annealing te
peratures. As seen in Fig. 2,Hc for tPt525 Å is significantly
enhanced from 0.2 to;10 kOe after annealed 275 °C<Ta

,425 °C. This rapid change should be attributed to form
tion of the ordered~fct! phase at the Fe/Pt interface, as w
mentioned later. As compared with the single layer Fe
films4,5 and the granular FePt:SiO2 films,2,3 the ordering tem-
perature is reduced by nearly 300 °C. According toM –H
loops after annealing atTa5300 °C~Fig. 3!, the easy axis of
the magnetization fortPt525 Å mainly lies in the sample
plane, and this feature holds for all annealing temperatu
On the other hand,Hc for tPt550 Å starts to increase atTa

5350 °C, but it increases very slowly with annealing te
peratures. Moreover,Hc for tPt510 Å is very low and almost
independent ofTa . This suggests that the different Fe–
phases such as Fe3Pt and FePt3 are formed at the Fe/Pt in
terface when the ratio of Fe and Pt layer thicknesstFe/tPt

deviates from one.
In order to study formation of the different Fe–Pt phas

depending on Fe and Pt layer thickness, we carefully
plored the structural change for anneal
@Fe(25 Å)/Pt(tPtÅ) #10 (tPt510, 25, and 50 Å! multilayers.
The low-, high-angle, and 2u-scan XRD patterns of as
prepared and annealed@Fe(25 Å)/Pt(25 Å)#10 multilayers
are shown in Fig. 4. This sample possesses well defi
multilayer structures atTa,300 °C. AtTa5300 °C, the sec-
ond and third order reflections disappear in the low-an

FIG. 2. Coercivity for tPt510, 25, and 50 Å as a function of annealin
temperature~Ta!. The external field is induced in the sample plane. T
marks~s!, ~d!, and~n! are for tPt510, 25, and 50 Å, respectively.

FIG. 3. M –H loops for @Fe(25 Å)/Pt(25 Å)#10 multilayer atTa5300 °C.
The solid line and broken line indicate the external field in the sample p
and perpendicular to the sample plane.
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XRD patterns@Fig. 4~a!#. And also, in the high-angle XRD
patterns@Fig. 4~b!#, the satellite peak by multilayer structur
is completely lost and Pt~111! peak is very weak atTa

5300 °C, and then the ordered~fct! FePt~111! and ~222!
peak can be observed at 2u541.1° and 89°, respectively
These results indicate that the rapid diffusion at Fe/Pt in
face occurs at lower temperatures and the multilayer st
ture directly transforms to the fct FePt phase. Furthermo
residuals of Fe and Pt seem negligible after annealing ab
300 °C. In order to investigate the growth degree of the
phase fortPt525 Å in more detail, the ordering parameterS
was evaluated as follows. In the ordered~fct! phase, there are
two kinds of atomic sites which are designated asa andb.
For the ideal stoichiometric composition of Fe0.50Pt0.50 and
the perfect long-range ordering, thea sites are all occupied
by Fe atoms andb sites by Pt atoms. The ordering parame
S is defined as10

S52~ga2xFe!52~gb2xPt!, ~1!

wherexFe andxPt are atomic fractions of Fe and Pt, andga

and gb the fraction ofa and b sites occupied by the righ
atom, respectively.S51 means that the phase is fully o
dered if the composition is stoichiometric andga5gb51;
Deviation of either composition from 0.5 orgFe ~or gPt) from
1 results inS,1. For the sample withtPt525 Å, the com-
position was determined to be Fe:Pt50.52:0.48 by EPMA,11

and so,S should be 0.94 from Eq.~1! if the sample is per-
fectly ordered. The fully ordered phase was confirmed
Ta>450 °C by the high-angle XRD@Fig. 4~b!#. At 300 °C
<Ta<425 °C, the superstructure peaks such as~001!, ~110!,
and~002! etc. are not detectable in the high-angle XRD p
terns, as seen in Fig. 4~b!. However, for the sample a
e

FIG. 4. The low-angle~a!, high-angle~b!, and 2u-scan XRD patterns for
@Fe(25 Å)/Pt(25 Å)#10 multilayer at various annealing temperatures.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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300 °C<Ta<425 °C, the partially ordered phase should
formed because the coercivity is remarkably enhanced as
scribed above. For the partially ordered phase, the orde
parameterS can be determined from the axial ratioc/a, and
is in good agreement with theS values determined from th
x-ray intensity measurements. The ordering parameterS is
given by12

S25
12~c/a!

12~c/a!sf

, ~2!

where (c/a)Sf
is the axial ratio for the fully ordered phas

(Sf), and (c/a) is for the partially ordered phase.S51 in
Eq. ~2! means the fully ordered phase regardless of com
sition deviation, and is different from that in Eq.~1!. In Fig.
4~c!, the several superstructure peaks can be observed inu-
scan XRD patterns, and so, (c/a) of the sample after annea
ing at Ta<425 °C can be evaluated from the superstruct
and fundamental peaks in these patterns. Moreover, (c/a)Sf

was determined to be 0.961 from the position of~110! and
~002! peaks from the fully ordered phase after annealing
Ta5500 °C. Accordingly, the ordering parameterSobtained
by Eq. ~2! using 2u-scan XRD patterns is shown in Fig. 5.S
is significantly enhanced from 0.50 to 0.90 with increas
annealing temperatures up to 425 °C. After annealing o
450 °C,S is almost 1.00 suggesting the fully ordered pha
This thermal change ofS coincides with that ofHc , and
supports the inference that the fct Fe–Pt phase is dire
formed via the rapid diffusion at the Fe/Pt interface when
and Pt layer thickness is almost equal.

On the other hand, the different phases such as Fe3Pt and
FePt3 crystalline phase are formed fortPt510 and 50 Å, as
seen in Fig. 6. In constract totPt525 Å, these multilayer
structures are stable up to nearTa5400 °C. In the case o
tPt510 Å, Fe3Pt~200! peak is observed at 2u548.5°. And
also, fortPt550 Å, FePt3~200! and~311! peaks are observe
at 2u547.0° and 82.7°, respectively. This indicates that
different phases, such as Fe3Pt and FePt3 phases, are formed
from the multilayer structure when the ratio of Fe and
layer thickness deviates from one.

FIG. 5. Annealing temperature (Ta) dependence of the ordering parame
~S! for @Fe(25 Å)/Pt(25 Å)#10 multilayer.
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In summary, from the relation between the magne
properties and the structural characteristics for as-prep
and annealed Fe/Pt multilayers, it is found that the order
temperature is drastically reduced and the ordering param
S is evaluated to be 0.50–0.65 after annealing at 300–325
when Fe and Pt layer thickness is equal. This apprecia
reduction is correlated with rapid diffusion at the interface
Fe/Pt, and subsequently, the faster corruption of
multilayer structure. On the other hand, the different Fe–
crystalline phases such as Fe3Pt and FePt3 phase are formed
when the thickness ratio of Fe/Pt deviates from one a
annealing by relatively high temperature annealing.
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FIG. 6. The high-angle XRD patterns of~a! @Fe(25 Å)/Pt(10 Å)#10 and~b!
@Fe(25 Å)/Pt(50 Å)#10 multilayers at various annealing temperatures.
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