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In order to clarify the formation process bil, Fe—Pt ordered phase in Fgd/Pt (tp) multilayers,

we have evaluated the activation energy of orderi@g)(and of atomic interdiffusion at Fe/Pt
interfaces Qp). Qg for the multilayers takes a minimum value 6f0.7 eV whentg.=tp;, much

lower than that of Fe—Pt disordered alloy filtiks2 eV). This value is almost the same with the
activation energyQp 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 of 1, Fe—Pt in Fe/Pt multilayers. @003 American Institute of Physics.
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I. INTRODUCTION Pt12 They suggested that the reason for this lower energy is

gradient-assisted diffusion due to the multilayer structure and
For further improvement of ultrahigh-density magnetic also the large chemical diffusivity of Co in Pt.

recording media, a smaller grain size and isolation of ferro-  In this article, we determine the degree of orderigg)(

magnetic particles are essential. However, these requiref Fe/Pt multilayers annealed at various temperatures, and

ments conflict with the thermal stability of the media. Re-evaluate the activation energy of orderin@d). Further-

cently, thin films composed @f1, Fe—Pt particles have been more, we experimentally evaluate the activation energy of

reported-? Thermal fluctuation of the particles is expected tointerdiffusion at Fe/Pt interfacesQ) and clarify the rela-

be suppressed by their very large magnetocrystalline anisotionship between these two activation energies.

ropy of 10—1C erg/cc®* However, high temperature treat-

ment above 773 K is necessary for the formationLdf,

ordered phas;® and this treatment is contradictory to the IIl. EXPERIMENTAL PROCEDURE

stability of the particulate structure. There have been a few Multilayers of Fe/Pt were deposited on fused quartz sub-
reports concerming reduction  of  the  ordering syrates at ambient temperature in a dc magnetron sputtering
temperaturé”~'° We reported that some additives, such assystem. The base pressure of the sputtering system was less
Sn, Pb, Sb, Bi, and B, were effective in reducing the orderingnan 8.0< 10°% Pa and the Ar gas pressure during deposition
temperature of Co—P{:* The ordering temperature is Sig- \as maintained at 0.4 Pa. Layers of Fe and Pt were deposited
nificantly reduced by B which is interstitially incorporated gt 3 rate of 0.10-0.12 nm/s and 0.09—0.11 nm/s, respectively.
along thec axis of L1, ordered phase. On the other hand, itThe Fe layer thickness was fixedtat= 2.5 nm while the Pt

has been reported thdtl, Co— and Fe—Pt phases are |ayer thicknessp was varied from 0.5 to 5.0 nm. For all the
formed in Co/Pt and Fe/Pt multilayers after annealing at verynyitilayers studied in this article, the number of Fe and Pt
low temperature&’~**We reported that, when the Fe and Pt |ayers was fixed at 10. Annealing was performed at tempera-
layer thicknesses are exactly equal to each other, thgres of 473—=773 K in vacuum lower than ¥.20"% Pa. In
multilayer structure disappears after annealing at 573 K angddition, 100 nm thick FePt single layers were fabricated and
then the coercivity ki) tends to increase significantl¥%,">  annealed under the same conditions. Details of the sputtering
but the reason why the formation &fl, ordered phases is conditions are given in Ref. 16. The lattice consta@atand
promoted in the multilayers was not given explicitly in pre- ¢ axeg and the degree of orderin@{) were determined by
vious work. Artymowiczet al. reported that the activation x-ray diffraction (XRD) with Cu Kea radiation. The film
energy of ordering evaluated from the time dependence afompositions in Fe/Pt multilayers were confirmed by elec-
the PtCg00)) intensity in their multilayers is as low as 2.1 tron probe microanalysig€PMA) and XRD. The thicknesses
eV, significantly lower than that of self-diffusion of Co and of Fe and Pt layers were determined accurately by numerical
fitting to the small-angle XRD patterns and the composition
Author to whom correspondence should be addressed; electronic maias confirmed from the thickness ratio of each layer. The
endo@mat.eng.osaka-u.ac.jp room temperature magnetic properties were measured with a
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vibrating sample magnetometer in a maximum field of 1.2 (@ I
X 10® KA/m. Bilayers of Fe(100 nm/Pt (100 nm) were pre- g £88 = 3 g2 cgksc- kL §
pared specifically under the exact same sputtering conditions 5 3 §§ § 3 55 55553 %% 3%
as those described in Ref. 16 to evaluate the activation en- | ! _—
ergy (Qp) of interdiffusion at the Fe/Pt interface. In this X ®
case, annealing was carried out at 523—-673 K for 1 min; and | o 778 :
then these samples were quenched in water. Interdiffusion aiZ N 723K )
the interface of the Fe/Pt bilayers were determined by Auger  js&
electron spectroscop}AES) from which the diffusion con-  § L 698K
stant(D) andQp were evaluated. £l i 673K
T~ ok |
IIl. RESULTS AND DISCUSSION ML ety 623 K. k i
The degree of ordering is defined a¥ 20 40 60 80 20 40 60 80
20 (deg.) 20 (deg.)

S=2(y,— X =2(v5— Xpy), (1
( Ve Fe) Y6 Pt) ) FIG. 1. X-ray diffraction patterns forFe(2.5 nm)/Pt(2.5 nj), multilay-
where sitese and 8 are for Fe atoms and Pt atoms in the ers at various annealing temperaturds)¢ (a) high angle;(b): glancing

fully orderedL 1, structure, and,, andy are the fraction of angle @ scan.
a and g sites occupied by the right atom, arg. andxp; are
the atomic fractions of Fe and Pt, respectivéy: 1 means
that the phase is fully ordered when the composition is sto
ichiometric with y,= yz=1. Deviation of the composition
from 0.5 (deviation of githerya or yg from 1) results inS Wh(.erEtPt.zl'S’ 2.5, and 3.5 nm. Note thafa decreases
< 1. For the sample with nominal layer thickness of 2.5 nmrapldly with T, up to 698 K and then tends to become con-

for both Fe and Pt, the composition was determined to patant. It is obvious that the ratio ofa for Fe/Pt multilayers
Fe:Pt0.52:0.48 by, EPMA This is very close to 0.5:0.5 saturates at lower annealing temperatures than that for the
andSis evaluated as 0.94 by E(.) for the perfectly ordered ?r;g;g PI(ayer F/ePt f|][m. Eere, V}'el assume Jmﬁ fofr $a
L1,. Another way to evaluat8is accurate determination of IS (C/a)eq for the multilayers and that foff,
the lattice parameters by XRD. The degree of orderi&d) (
is given by®

1—cla T () d

2 _ e
ST T (e @

0.2%. Figure 3 shows the annealing temperature dependence
of the axial ratio ¢/a) for Fe (2.5 nm/Pt (tp) multilayers

where (€/a)¢q is the fully ordered lattice and is 0.96 for our ~
samples. The accuracy of the ratio/§) can be improved L7 i
appreciably by the Cohen meth&tilt is well known that the §CD i 7

systematic error for Bragg angkecan be described well by 7] ¥z

the Nelson—Riley functio”’ The Bragg condition for a te- i @02),-° G1M
tragonal lattice can be expressed with this function as L"(220)

L o2 J
(11%%111)

0 L el i I 1 | 1 1 1 1

sir’ 9=A(h?+k?)+BI?>+C

10sirf 26 —1 +1)
sl sing ' 6

whereA, B, andC are \?/4a?, \?/4c?, and a constant, re- 1 (b) e
spectively, and\ is the x-ray wavelength. The accuracy of e
this method was already confirmed in Ref. 21. The26 e
scans for the samples shown in Figa)lindicates that111) L
planes are preferably grown and the superstructure peaks<® ,n‘(’:nz)
cannot be identified. As shown in Fig(h, the glancing % (13;)'2)"(222)
angle incident of the x-ray beam made it possible to observe - (202 (311) .
them and to determine coefficienfs B, and C by least- (112), (mgzzn

square fitting. The results are shown in Fig. 2. All data points L (28%%.('201) N
determined by Eq(3) are exactly on a single straight line. (11(3,0(“,)

Thus lattice constants determined are=0.3844 0 ooy
+0.0002 nm,c=0.3765+-0.0005 nm forT,=623 K, anda 0 05 1
=0.3866:0.0001 nm, ¢=0.3713:0.0002 nm for T, 2 .2 .

=773 K. From these results, we can clarify variation of the Ah™+ kz) + BF + C(10sin"20 (1/sin6 + 1/8))
lattice constants of 1, Fe—Pt phase in Fe/Pt multilayers in gig. 2. Examples of determination of lattice constantsifby Fe—Pt phase

the annealing process dt,=~550 K within an error of in Fe/Pt multilayers using Cohen’s methdd,= (a) 623 andb) 773 K.
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FIG. 3. Annealing temperatureT{) dependence of the ratiocfa) for FIG. 5. Relationship betweeny and x for the postannealed

[Fe(2.5 nm)/Ptip) )10 (tp=1.5, 2.5, and 3.5 njnmultilayers. (O), (@), [Fe(2.5 nm)/Pt(2.5 nnj), multilayers.
(A): tp=1.5, 2.5, and 3.5 nm, respectively. The broken line represents a 100
nm thick FePt film.

=873 K is (c/a)¢q for the single layer sample, and by sub-

stituting these values in Eq2), S* was determined. The where

results are shown in Fig. 4. The behaviorSsfis obviously vy
analogous to that oH.. In particular, fortp=2.5nm A-'”(Uz),

(closed circle in Fig. % ordering has already started by an-

nealing at temperature as low as 573 K, and obviously this is S

the fastest among three samples. X= T)’
If the composition is nonstoichiometric ar8k 0, the

relationship betwee®s and S? is expressed as follow?: and
(1—v)—2ig4+1 2
vlexp{ st )/i(l—‘yi)—%s-i-%sz (4) :ln( 7|(1 'Y|) 2S 482>,
vy AT keT) ’ (1— )+ igsl
b2 KeT/  yi(1—y)+1S+18? Y(1=yi)+3S+i3S
respectively.

wherev; (i=1, 2) is the arbitrary parametey;(i=«,B) is
the fraction ofi sites occupied by the for B) atom, andkg
and T are the Boltzmann constant and the temperature, r
spectively. By rewriting Eq(4),

In Fig. 5,y is plotted versus. By least-square fittingQg
é’§ evaluated to be 0.7 eV from E¢p). Figure 6 shows the
activation energy foQg as a function of the thickness ratio
tpi/tge With Qg of a 100 nm thick FePt film as a reference.
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FIG. 4. Ordering parameterSf) for [Fe(2.5 nm)/Piip) 110 (tp=1.5, 2.5,

and 3.5 nm multilayers as a function of the annealing temperaturg) ( FIG. 6. Activation energy of orderingds) as a function of the thickness
(O), (@), (A): tp=1.5, 2.5, and 3.5 nm, respectively. The broken line rep- ratio (tp/tr). (@): 100 nm thick FePt films. The broken line is the activa-
resents a 100 nm thick FePt film. tion energy of interdiffusion Qp).
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FIG. 7. Depth profile of the K&00 nm/P{100 nm bilayer for T,
=623 K. -3
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For the samples withp/te<0.7 andtp;/tre>1.2,Qg IS Over 0.0014 0.0015 0.0016 _9'0017 0.0018
1.0 eV while for 0.&tp/tp<1.2, Qg takes a minimum 1T (K™)
value of 0'_70 ev. ThI_S value I,S much ;mgl_ler than that of theFIG. 9. Relationship between I and 1T for a Pt concentration of 50
100 nm thick FePt film, and is also significantly lower than 5 o,
that for self-diffusion energy of F€1.73 eV} and Pt(2.89
eV).22 So we conclude that the ordering process of Fe/Pt
multilayers which begins at lower annealing temperature igusion constantD is expressed a®=Dgexp(—Qp/ksT),
because of the smaller activation energys) in Fe/Pt mul- WhereD, andQp are a constant and the activation energy
tilayers with equal thicknesses of Fe and Pt. for the diffusion, respectivelyQp is determined to be 0.31

In order to clarify the origin of the small activation en- €V from the slope in Fig. 9. Th@p determined is depicted
ergy, we evaluated the diffusion constants of Fe and Pt dft Fig. 6 by the broken line in comparison wifQs for the
Fe/Pt interfaces using FELO0 nm)/Pt (100 nm diffusion ~ Multilayers. The multilayers have high@s thanQp. The
couples. After rapid annealing @t=523, 573, 623, and 673 reason is thaQg includes the process of crystal phase trans-
K for 60 s, we measured the compositional depth profiles aformation from face centered cubiécc) to face centered
the interfaces by Auger electron spectroscopy. A representivi€tragonal(fct) as ordering proceeds.
profile of the diffusion couple annealed @t=623K is Moreover, from the results of structural analyses and
shown in Fig. 7. By analyzing these depth profiles in accorinagnetic measurements, the absolute value of the thickness
dance with well-known Matano analysi$we determined of each layer should also be considered as the important
the compositional dependence of the diffusion constants foparameter for low temperature ordering of Fe—Pt in Fe/Pt
all the samples at various temperatures. These results afeultilayers. Ordering starts at temperatures as low as 573 K
given in Fig. 8. From these relations,Dnfor Pt concentra- When the absolute value of the thickness of each layer is
tion of 50 at. % were plotted against the inverse of the analmost equal and is in the range of 1.5-2.5 nm. This opti-

nealing temperature (L), shown in Fig. 9. Since the dif- Mum thickness range suggests a strong correlation between
the multilayer dimensions and the speed of interdiffusion and

it is an important subject to study in the future.

o
w

IV. CONCLUSION

In order to clarify the ordering process &fl, Fe—Pt
phase in Fe/Pt multilayers, we have evaluated the activation
energy of ordering @s) and of interdiffusion at the Fe/Pt
interface Qp). The activation energ@g takes a minimum
of ~0.70 eV when the Fe and Pt layer thicknesses are equal.
This value is much smaller than that of the Fe—Pt single
layer(1.15 eV), and also lower than the self-diffusion energy
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 the
Fe/Pt interface Qp). Therefore, it is concluded that the en-
hanced ordering process of the multilayers is directly corre-
lated with the rapid interdiffusion at the Fe/Pt interface.
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