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In order to clarify the formation process ofL10 Fe–Pt ordered phase in Fe (tFe)/Pt (tPt) multilayers,
we have evaluated the activation energy of ordering (QS) and of atomic interdiffusion at Fe/Pt
interfaces (QD). QS for the multilayers takes a minimum value of;0.7 eV whentFe5tPt, much
lower than that of Fe–Pt disordered alloy films~1.2 eV!. This value is almost the same with the
activation energyQD of atomic interdiffusion at Fe/Pt interfaces. From these results, it is concluded
that the interdiffusion at Fe/Pt interfaces which occurs at relatively low temperature dominates the
formation process ofL10 Fe–Pt in Fe/Pt multilayers. ©2003 American Institute of Physics.
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I. INTRODUCTION

For further improvement of ultrahigh-density magne
recording media, a smaller grain size and isolation of fer
magnetic particles are essential. However, these requ
ments conflict with the thermal stability of the media. R
cently, thin films composed ofL10 Fe–Pt particles have bee
reported.1,2 Thermal fluctuation of the particles is expected
be suppressed by their very large magnetocrystalline an
ropy of 107– 108 erg/cc.3,4 However, high temperature trea
ment above 773 K is necessary for the formation ofL10

ordered phase,5–9 and this treatment is contradictory to th
stability of the particulate structure. There have been a
reports concerning reduction of the orderin
temperature.10–15 We reported that some additives, such
Sn, Pb, Sb, Bi, and B, were effective in reducing the order
temperature of Co–Pt.10,11 The ordering temperature is sig
nificantly reduced by B which is interstitially incorporate
along thec axis of L10 ordered phase. On the other hand
has been reported thatL10 Co– and Fe–Pt phases a
formed in Co/Pt and Fe/Pt multilayers after annealing at v
low temperatures.12–15We reported that, when the Fe and
layer thicknesses are exactly equal to each other,
multilayer structure disappears after annealing at 573 K
then the coercivity (Hc) tends to increase significantly,14,15

but the reason why the formation ofL10 ordered phases i
promoted in the multilayers was not given explicitly in pr
vious work. Artymowiczet al. reported that the activation
energy of ordering evaluated from the time dependence
the PtCo~001! intensity in their multilayers is as low as 2.
eV, significantly lower than that of self-diffusion of Co an
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Pt.12 They suggested that the reason for this lower energ
gradient-assisted diffusion due to the multilayer structure
also the large chemical diffusivity of Co in Pt.

In this article, we determine the degree of ordering (S2)
of Fe/Pt multilayers annealed at various temperatures,
evaluate the activation energy of ordering (QS). Further-
more, we experimentally evaluate the activation energy
interdiffusion at Fe/Pt interfaces (QD) and clarify the rela-
tionship between these two activation energies.

II. EXPERIMENTAL PROCEDURE

Multilayers of Fe/Pt were deposited on fused quartz s
strates at ambient temperature in a dc magnetron sputte
system. The base pressure of the sputtering system was
than 8.031025 Pa and the Ar gas pressure during deposit
was maintained at 0.4 Pa. Layers of Fe and Pt were depo
at a rate of 0.10–0.12 nm/s and 0.09–0.11 nm/s, respectiv
The Fe layer thickness was fixed attFe52.5 nm while the Pt
layer thicknesstPt was varied from 0.5 to 5.0 nm. For all th
multilayers studied in this article, the number of Fe and
layers was fixed at 10. Annealing was performed at tempe
tures of 473–773 K in vacuum lower than 1.331024 Pa. In
addition, 100 nm thick FePt single layers were fabricated a
annealed under the same conditions. Details of the sputte
conditions are given in Ref. 16. The lattice constants~a and
c axes! and the degree of ordering (S2) were determined by
x-ray diffraction ~XRD! with Cu Ka radiation. The film
compositions in Fe/Pt multilayers were confirmed by ele
tron probe microanalysis~EPMA! and XRD. The thicknesse
of Fe and Pt layers were determined accurately by numer
fitting to the small-angle XRD patterns and the composit
was confirmed from the thickness ratio of each layer. T
room temperature magnetic properties were measured w
il:
2 © 2003 American Institute of Physics
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vibrating sample magnetometer in a maximum field of 1
3103 kA/m. Bilayers of Fe~100 nm!/Pt ~100 nm! were pre-
pared specifically under the exact same sputtering condit
as those described in Ref. 16 to evaluate the activation
ergy (QD) of interdiffusion at the Fe/Pt interface. In th
case, annealing was carried out at 523–673 K for 1 min;
then these samples were quenched in water. Interdiffusio
the interface of the Fe/Pt bilayers were determined by Au
electron spectroscopy~AES! from which the diffusion con-
stant~D! andQD were evaluated.

III. RESULTS AND DISCUSSION

The degree of orderingS is defined as17

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

where sitesa and b are for Fe atoms and Pt atoms in th
fully orderedL10 structure, andga andgb are the fraction of
a andb sites occupied by the right atom, andxFe andxPt are
the atomic fractions of Fe and Pt, respectively.S51 means
that the phase is fully ordered when the composition is s
ichiometric with ga5gb51. Deviation of the composition
from 0.5 ~deviation of eitherga or gb from 1! results inS
,1. For the sample with nominal layer thickness of 2.5 n
for both Fe and Pt, the composition was determined to
Fe:Pt50.52:0.48 by EPMA.14 This is very close to 0.5:0.5
andS is evaluated as 0.94 by Eq.~1! for the perfectly ordered
L10 . Another way to evaluateS is accurate determination o
the lattice parameters by XRD. The degree of ordering (S2)
is given by18

S25
12c/a

12~c/a!eq
, ~2!

where (c/a)eq is the fully ordered lattice and is 0.96 for ou
samples. The accuracy of the ratio (c/a) can be improved
appreciably by the Cohen method.19 It is well known that the
systematic error for Bragg angleu can be described well by
the Nelson–Riley function.20 The Bragg condition for a te
tragonal lattice can be expressed with this function as

sin2 u5A~h21k2!1Bl21CH 10 sin2 2uS 1

sinu
1

1

u D J ,

~3!

whereA, B, and C are l2/4a2, l2/4c2, and a constant, re
spectively, andl is the x-ray wavelength. The accuracy
this method was already confirmed in Ref. 21. Theu–2u
scans for the samples shown in Fig. 1~a! indicates that~111!
planes are preferably grown and the superstructure p
cannot be identified. As shown in Fig. 1~b!, the glancing
angle incident of the x-ray beam made it possible to obse
them and to determine coefficientsA, B, and C by least-
square fitting. The results are shown in Fig. 2. All data poi
determined by Eq.~3! are exactly on a single straight line
Thus lattice constants determined area50.3844
60.0002 nm,c50.376560.0005 nm forTa5623 K, anda
50.386660.0001 nm, c50.371360.0002 nm for Ta

5773 K. From these results, we can clarify variation of t
lattice constants ofL10 Fe–Pt phase in Fe/Pt multilayers
the annealing process atTa>;550 K within an error of
Downloaded 26 Mar 2010 to 130.34.135.83. Redistribution subject to AIP
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0.2%. Figure 3 shows the annealing temperature depend
of the axial ratio (c/a) for Fe ~2.5 nm!/Pt (tPt) multilayers
where tPt51.5, 2.5, and 3.5 nm. Note thatc/a decreases
rapidly with Ta up to 698 K and then tends to become co
stant. It is obvious that the ratio ofc/a for Fe/Pt multilayers
saturates at lower annealing temperatures than that for
single layer FePt film. Here, we assume thatc/a for Ta

5773 K is (c/a)eq for the multilayers and that forTa

FIG. 1. X-ray diffraction patterns for@Fe(2.5 nm)/Pt(2.5 nm)#10 multilay-
ers at various annealing temperatures (Ta): ~a! high angle;~b!: glancing
angle 2u scan.

FIG. 2. Examples of determination of lattice constants forL10 Fe–Pt phase
in Fe/Pt multilayers using Cohen’s method.Ta5(a) 623 and~b! 773 K.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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5873 K is (c/a)eq for the single layer sample, and by su
stituting these values in Eq.~2!, S2 was determined. The
results are shown in Fig. 4. The behavior ofS2 is obviously
analogous to that ofHc . In particular, for tPt52.5 nm
~closed circle in Fig. 4!, ordering has already started by a
nealing at temperature as low as 573 K, and obviously thi
the fastest among three samples.

If the composition is nonstoichiometric andSÞ0, the
relationship betweenQS andS2 is expressed as follows:22

v1

v2
expS 2

QSS

kBT D5
g i~12g i !2 1

2S1 1
4S

2

g i~12g i !1 1
2S1 1

4S
2

, ~4!

wherev i ( i 51, 2) is the arbitrary parameter,g i( i 5a,b) is
the fraction ofi sites occupied by the A~or B! atom, andkB

and T are the Boltzmann constant and the temperature,
spectively. By rewriting Eq.~4!,

FIG. 3. Annealing temperature (Ta) dependence of the ratio (c/a) for
@Fe(2.5 nm)/Pt(tPt)#10 (tPt51.5, 2.5, and 3.5 nm! multilayers. ~s!, ~d!,
~n!: tPt51.5, 2.5, and 3.5 nm, respectively. The broken line represents a
nm thick FePt film.

FIG. 4. Ordering parameter (S2) for @Fe(2.5 nm)/Pt(tPt)#10 (tPt51.5, 2.5,
and 3.5 nm! multilayers as a function of the annealing temperature (Ta).
~s!, ~d!, ~n!: tPt51.5, 2.5, and 3.5 nm, respectively. The broken line re
resents a 100 nm thick FePt film.
Downloaded 26 Mar 2010 to 130.34.135.83. Redistribution subject to AIP
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y5A2S QS

kB
D x, ~5!

where

A5 lnS v1

v2
D ,

x5S S

TD ,

and

y5 lnS g i~12g i !2 1
2S1 1

4S
2

g i~12g i !1 1
2S1 1

4S
2D ,

respectively.
In Fig. 5,y is plotted versusx. By least-square fitting,QS

is evaluated to be 0.7 eV from Eq.~5!. Figure 6 shows the
activation energy forQS as a function of the thickness rati
tPt/tFe with QS of a 100 nm thick FePt film as a referenc

00

-

FIG. 5. Relationship betweeny and x for the postannealed
@Fe(2.5 nm)/Pt(2.5 nm)#10 multilayers.

FIG. 6. Activation energy of ordering (QS) as a function of the thickness
ratio (tPt /tFe). ~d!: 100 nm thick FePt films. The broken line is the activ
tion energy of interdiffusion (QD).
 license or copyright; see http://jap.aip.org/jap/copyright.jsp



th
an

/P

-
t

s
ti

o

f

an
-

gy

ns-

nd
ness
tant
/Pt
3 K
r is
pti-
een
nd

tion
t

ual.
gle
y

he
-
re-

tion
rm-
or

P
-

7225J. Appl. Phys., Vol. 94, No. 11, 1 December 2003 Endo et al.
For the samples withtPt/tFe,0.7 andtPt/tFe.1.2,QS is over
1.0 eV while for 0.7<tPt/tFe<1.2, QS takes a minimum
value of 0.70 eV. This value is much smaller than that of
100 nm thick FePt film, and is also significantly lower th
that for self-diffusion energy of Fe~1.73 eV! and Pt~2.89
eV!.23 So we conclude that the ordering process of Fe
multilayers which begins at lower annealing temperature
because of the smaller activation energy (QS) in Fe/Pt mul-
tilayers with equal thicknesses of Fe and Pt.

In order to clarify the origin of the small activation en
ergy, we evaluated the diffusion constants of Fe and P
Fe/Pt interfaces using Fe~100 nm!/Pt ~100 nm! diffusion
couples. After rapid annealing atT5523, 573, 623, and 673
K for 60 s, we measured the compositional depth profile
the interfaces by Auger electron spectroscopy. A represen
profile of the diffusion couple annealed atT5623 K is
shown in Fig. 7. By analyzing these depth profiles in acc
dance with well-known Matano analysis,24 we determined
the compositional dependence of the diffusion constants
all the samples at various temperatures. These results
given in Fig. 8. From these relations, lnD for Pt concentra-
tion of 50 at. % were plotted against the inverse of the
nealing temperature (1/Ta), shown in Fig. 9. Since the dif

FIG. 7. Depth profile of the Fe~100 nm!/Pt~100 nm! bilayer for Ta

5623 K.

FIG. 8. Diffusion constants determined by AES as a function of the
concentration.~s!, ~d!, ~n!, ~m!: Ta5523, 583, 623, and 673 K, respec
tively.
Downloaded 26 Mar 2010 to 130.34.135.83. Redistribution subject to AIP
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fusion constantD is expressed asD5D0 exp(2QD /kBT),
whereD0 and QD are a constant and the activation ener
for the diffusion, respectively,QD is determined to be 0.31
eV from the slope in Fig. 9. TheQD determined is depicted
in Fig. 6 by the broken line in comparison withQS for the
multilayers. The multilayers have higherQS than QD . The
reason is thatQS includes the process of crystal phase tra
formation from face centered cubic~fcc! to face centered
tetragonal~fct! as ordering proceeds.

Moreover, from the results of structural analyses a
magnetic measurements, the absolute value of the thick
of each layer should also be considered as the impor
parameter for low temperature ordering of Fe–Pt in Fe
multilayers. Ordering starts at temperatures as low as 57
when the absolute value of the thickness of each laye
almost equal and is in the range of 1.5–2.5 nm. This o
mum thickness range suggests a strong correlation betw
the multilayer dimensions and the speed of interdiffusion a
it is an important subject to study in the future.

IV. CONCLUSION

In order to clarify the ordering process ofL10 Fe–Pt
phase in Fe/Pt multilayers, we have evaluated the activa
energy of ordering (QS) and of interdiffusion at the Fe/P
interface (QD). The activation energyQS takes a minimum
of ;0.70 eV when the Fe and Pt layer thicknesses are eq
This value is much smaller than that of the Fe–Pt sin
layer ~1.15 eV!, and also lower than the self-diffusion energ
for Fe ~1.73 eV! and Pt ~2.89 eV!. It turned out that this
value is close to the activation energy of interdiffusion at t
Fe/Pt interface (QD). Therefore, it is concluded that the en
hanced ordering process of the multilayers is directly cor
lated with the rapid interdiffusion at the Fe/Pt interface.
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