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Chemical-order-dependent magnetic anisotropy and exchange stiffness constant of FePt„001…
epitaxial films
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Anomalous Hall voltage was measured for FePtL10 films having very high magnetic anisotropy. The
magnetic anisotropyK1 and K2 were determined with high accuracy by analyzing the magnetization curves
obtained from the Hall voltage measurement. The saturation magnetizationMs of the samples with different
chemical-order parameter~S! exhibits a different temperature dependence, implying that the Curie temperature
weakly depends onS. The first-order anisotropyK1 gradually increases withS, while the second-order anisot-
ropy K2 remains almost constant of about 53106 erg/cc. The temperature dependence ofK1 is correlated with
S, that is,K1 with a smallS is more temperature dependent than that with a largeS. These behaviors are quite
similar to the temperature dependence ofMs with differentS, and can be explained by the conventional model
based on thermal spin fluctuations. The domain wall energysw evaluated by the theoretical analysis of the
stripe-domain structure tends to increase linearly withS, in a similar manner as that ofK1 , whereas the
exchange stiffness constantA of about 131026 erg/cm deduced fromsw andKu(5K11K2) hardly depends
on S.

DOI: 10.1103/PhysRevB.66.024413 PACS number~s!: 75.30.Gw, 75.30.Et, 75.50.Bb, 75.60.Ch
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I. INTRODUCTION

For the past few decades, magnetic recording has be
major technology of high-density information storage. In t
near future, however, the so-called superparamagnetic l
tation will emerge as a serious problem. To overcome
problem, intensive researches on materials having hig
uniaxial magnetic anisotropy constantKu than that of widely
used CoCr-based alloys (Ku'1;23106 erg/cc)1,2 have
been carried out. TheL10-type equiatomically ordered
Fe~Co!Pt alloy is one of the most promising candidates a
new medium material because of its extremely highKu of
4 – 103107 erg/cc.3–6 For this reason, extensive studies ha
been carried out on this alloy in the forms of epitaxia
grown single-crystal films,5–8 granular films,9–11 chemically
synthesized nanoparticles,12 and isolated island particles.13

Most of these researches have focused on the technolo
issues of high-density recording media, while the fundam
tal magnetic properties of Fe~Co!Pt L10 , such as the tem
perature dependence of the magnetic anisotropy cons
and the exchange stiffness constant, have been scarce
ported so far.

The first-principles calculations conclude that the stro
Ku of Fe~Co!Pt L10 should be attributed to the large spi
orbit coupling of the Pt atom and hybridization ofd bands
between Fe~Co! and Pt atoms.14,15 In addition, it should be
emphasized that the marked feature of Fe~Co!Pt L10 is the
structural anisotropy, that is, alternatively stacked Fe~Co!
and Pt monolayers along thec axis. The uniaxial anisotropy
Ku along thec axis that originates not only from the prox
imity effect between Fe~Co! and Pt atoms but also from th
structural anisotropy is very similar to that of Fe/Pt a
Co/Pt multilayers.16,17 Experimentally, a strong dependen
0163-1829/2002/66~2!/024413~9!/$20.00 66 0244
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of Ku on the degree of chemical order and a slight enhan
ment of magnetization caused by transformation from
disordered state to the ordered state have been repor5

These results imply that the fundamental magnetic proper
of Fe~Co!Pt L10 are very sensitive to the chemical-orde
Further investigation of these properties, however, exp
mental difficulties such as preparation of a perfectly orien
L10 single crystal film and accurate determination of a ve
high Ku must be overcome.

In the present study, we have prepared and character
high quality FePtL10 epitaxial films with various degree o
chemical order and developed a simple method to mea
and evaluate accurately the very highKu . The magnetization
and the magnetic anisotropy constants in association with
chemical order have been investigated. Furthermore, the
main wall energy and the exchange stiffness constant a
function of S have been determined.

II. EXPERIMENTS

The films were grown on MgO~100! single crystal sub-
strates by dc magnetron sputtering. In the many of previ
reports, a Pt or Cr buffer layer has been adopted to impr
the crystal orientation of FePtL10 .6,7,17 However, atomic
diffusion at the buffer/FePt interface is unavoidable duri
deposition or annealing at high temperatures. In the pre
study the films were directly deposited on the MgO~100!,
and perfect crystal orientation was available by seeking
the optimum deposition condition. The sputtering cham
was evacuated down to 331028 Torr prior to film deposi-
tion and the sputtering gas pressurePAr was adjusted in the
range from 1 to 10 mTorr. The substrate temperatureTs and
FePt thicknessd were adjusted in the range of 673–973
and 110–490 Å, respectively. After deposition, a 20 Å thi
©2002 The American Physical Society13-1
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Pt protective layer was deposited at room temperature.
deposition rate for FePt was fixed within 22–24 Å/min. T
film composition was confirmed to be equiatomic by usi
the energy-dispersive x-ray spectroscopy~EDX!. The crystal
structure was identified by the reflection high-energy el
tron diffraction ~RHEED! and x-ray diffraction~XRD! with
Cu-Ka radiation. The chemical-order parameterS was de-
fined as the probability of correct site occupation in theL10
lattice, and is given by the following Eq.~1!:

S25~ I 001/I 002!meas/~ I 001/I 002!calc, ~1!

whereI 001 and I 002 are the integrated intensity of 001 supe
lattice and 002 fundamental diffractions and (I 001/I 002)meas
and (I 001/I 002)calc are the measured and calculated diffracti
intensity ratio, respectively. By taking the x-ray penetrati
depth18 and Debye-Waller factor7 into account, (I 001/I 002)calc
was calculated to be 2.0–1.9 for the film thickness rang
from 110 to 490 Å. The magnetizations were measured w
a vibrating sample magnetometer~VSM! and a supercon
ducting quantum interference device~SQUID!. The magne-
tization loops were obtained by using the polar magne
optical Kerr effect~PMOKE! and the anomalous Hall effec
~AHE!. The Hall effect measurement was carried out usin
four probe ac resistance bridge at 980 Hz with a very l
bias current of 10mA. The magnetic domain structures we
observed with a magnetic force microscope~MFM!.

III. RESULTS AND DISCUSSION

A. Growth of FePt L10„001…

Figure 1 shows theu22u scans for 200 Å thick FeP
films deposited at the substrate temperatureTs5673 and 973
K. The Ar pressurePAr during sputtering was adjusted as
and 10 mTorr for eachTs . The XRD profiles for the sample
grown atTs5673 K @Figs. 1~a! and 1~b!# clearly exhibit ep-
itaxial growth of FePt on MgO~100!, but no superlattice
diffractions are observable in Fig. 1~a!, indicating that the

FIG. 1. XRD profiles for 200 Å thick FePt films grown at~a!
substrate temperatureTs5673 K and Ar pressurePAr51 mTorr, ~b!
Ts5673 K andPAr510 mTorr, ~c! Ts5973 K andPAr51 mTorr,
and ~d! Ts5973 K andPAr510 mTorr.
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sample grown atPAr51 mTorr is in a perfectly disordered
state, whereas the sample grown atPAr510 mTorr is par-
tially ordered judging from the weak 001 superlattice diffra
tion in Fig. 1~b!. Obviously adjusting the gas pressure
effective to enhance the chemical ordering, and a sim
effect was also found in the samples grown atTs5973 K as
shown in Figs. 1~c! and 1~d!. These profiles exhibit strong
001 superlattice diffraction, indicating well ordered Fe
L10. However, one may notice that the 002 fundamen
diffraction from FePt grown atPAr51 mTorr @Fig. 1~c!# has
an asymmetric shape spreading toward the lower angle,
gesting the presence of~100! variants. Since the peaks 00
and 200 are too close to each other to confirm thec axis
orientation of FePtL10 , we have investigated orientation o
FePt L10 ~112! with the XRD configuration illustrated in
Fig. 2~a!. By adjusting the azimuthal anglef and the polar
anglew, FePtL10 ~112! can meet the Bragg condition. Th
condition is satisfied atf'45° andw'34° for ~001! orien-
tation andf'27° andw'66° for ~100! orientation, which
are denoted as (112a) and (112b) in Figs. 2~b! and 2~c!.
Figure 3 presents 112a and 112b diffraction profiles of the
samples given in Fig. 1. No 112b diffractions is detected in
the samples grown atPAr510 mTorr as seen in Figs. 3~b!
and 3~d!, indicating that deposition under high Ar pressu
promotes the chemical ordering as well as thec axis orien-
tation.

Suzukiet al. have observed a similar phenomenon tha
accompanied by an appreciable decrease of the lattice s
ing of FePt~001! with increase of sputtering gas pressure19

They inferred that vertical compressive stress during sput
ing affects chemical ordering andc axis orientation in FePt
L10 . However, these phenomena should be attributed t

FIG. 2. ~a! Schematic configuration off andw for detection of
FePtL10 112 diffraction.f andw are the azimuthal and polar ang
from MgO @100# and @001#, respectively. X-ray incidence is in th
x-z plane.~b! and~c! are illustrations of (112a) and (112b) shown
as hatched areas in~001! and ~100! orientations of FePtL10 , re-
spectively. The open and solid circles denote the Fe and Pt s
respectively.
3-2
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natural bilayer stacking growth observed in various th
films.20–22 The natural bilayer stacking has been origina
found at the surface of several binary alloys, such as Ni-P23

Ni-Ag,24 and Co-Pt.25 The periodic compositional modula
tion in several layers at these alloy surface has been obse
and explained by the size mismatch and surface ten
effects.26,27 Recently, using molecular beam epitaxy~MBE!,
a new type stacked hcp superlattice has been reported
Co-Pt ~Refs. 20 and 21! and Co-Ru,22 which is caused by a
alternative segregation on the advancing surface during
film growth. This is the reason for the preferentialc axis
orientation in epitaxial FePtL10 on MgO ~100!, because Fe
and Pt monolayers are alternatively stacked along thec axis
in FePtL10 . However, the natural stacking process along
film growth direction is severely disturbed by bombardme
of high-energy particles.28 This is the reason why the long
range ordering is attained more easily by MBE than the sp
tering process.29 A similar discussion is valid for the sputte
ing gas pressure effect in the present experiment, where
high Ar gas pressure decreases the kinetic energy of inci
particles due to frequent collisions in the plasma space.
the samples for further study are the ones deposited atPAr
510 mTorr, which have excellentc axis orientation as con
firmed by the XRD measurements mentioned above.

B. Magnetic anisotropy

Regardless of the order parameterS which varies in the
range of 0.4–0.9, the magnetizationMs of all FePtL10 films
is 11006100 emu/cc at room temperature which coincid
with the value of bulk FePtL10 ,4 and no significant differ-
ence is observed. On the other hand, the temperature de
dence of the magnetization is sensitive to the parameteS.
Shown in Fig. 4 is temperature dependence of the satura
magnetizationMs(T) for 140 Å thick FePt films withS
50.52, 0.61, 0.72, and 0.79. Note that the samples w
smallerS exhibit a faster decrease ofMs with T. The solid
and broken lines are the fitting results using the Brillou

FIG. 3. XRD profiles of 112a ~upper! and 112b diffractions~bot-
tom! for 200 Å thick FePt films grown at~a! substrate temperatur
Ts5673 K and Ar pressurePAr51 mTorr, ~b! Ts5673 K andPAr

510 mTorr, ~c! Ts5973 K andPAr51 mTorr, and~d! Ts5973 K
andPAr510 mTorr.
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function within a framework of the molecular fiel
approximation.30 The fitting parameters are the momentu
quantum numberJ and the Curie temperatureTc . The best
fitting was obtained withJ56 andTc5750 K for the larger
Sof 0.72 and 0.79 andJ510 andTc5700 K for the smaller
S of 0.52 and 0.61. The Curie temperature of 750 K for t
larger S coincides with the reported value of the bulk Fe
L10 .31 The values ofJ assumed in the fitting calculations a
much larger than that usually used for Fe (J51). The
anomalously large value ofJ in the molecular field approxi-
mation have been reported for several materials,2,32 not liter-
ally indicating the large magnetic moment, because this
proximation is based on the one-body model. As is w
known, the largerJ becomes, the more sensitively th
Ms(T)/Ms(0)2T/Tc curve in the molecular field approxi
mation, as seen from the inset in Fig. 4. If the decrease
Ms(T) at low temperatures is attributed to the spin wa
excitation, the exchange stiffness constantA should be in-
versely proportional to the coefficient ofT2/3 law.32 This im-
plies that the constantA in FePtL10 is much smaller than
that in Fe and weakly dependent onS. Experimental and
quantitative discussions onA of FePtL10 will be given in
Sec. III C.

Because of the extremely high anisotropy fieldHk of
about 100 kOe, the accurate determination of anisotropy c
stants of FePtL10 is difficult by the conventional method
such as torque curve analyses5,7 and the magnetization curv
along the hard axis.6 In the previous works, both of thes
methods have been carried out in external fields much lo
than Hk .5–7 Measurements in low fields may cause serio
errors in evaluation and separation of the anisotropy c
stants,K1 , K2 ,..., in theuniaxial anisotropy energy expres
sion E(u)5K1 sin2 u1K2 sin4 u1¯ , where u denotes the
angle of magnetization with respect to the easy axis.33 In the
present work, these constants are determined from
anomalous Hall effect, because it gives the magnetiza
vector along the film normal with very high sensitivity with
out no background signals from diamagnetism of a subst

FIG. 4. Temperature dependence of normalized magnetiza
Ms(T)/Ms(10) for 140 Å thick FePt films with the chemical-orde
parameterS50.52, 0.61, 0.72, and 0.79. The solid and broken lin
are the calculatedMs(T)/Ms(0) curves using the Brillouin function
within the molecular field approximation for the momentum qua
tum numberJ56 and the Curie temperatureTc5750 K and forJ
510 andTc5700 K. The inset shows the calculatedMs(T)/Ms(0)
vs T/Tc curves forJ51, 6, and 10.
3-3
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or a sample holder. By using the generalized Sucksm
Thompson~GST! method34 the anisotropy constantsK1 and
K2 were accurately determined by analysis of the magn
zation curve from the Hall effect. The GST is an improv
ment of Sucksmith-Thompson~ST! method.33,35 Formation
of reversed domains during the magnetization process ca
completely inhibited by the field component along the fi
normal, as will be described below.34 In addition to the high
accuracy mentioned above, it should be stressed that a
high field to saturate the sample is not required in the G
method.

The Hall voltageVHE in a magnetic film is given by36

VHE5VNHE1VAHE , ~2!

whereVNHE andVAHE , respectively, denote the normal an
the anomalous Hall voltages, and are expressed as

VNHE5
R0I

d
Hz , Hz5cosuH ~3!

and

VAHE5
RsI

d
Mz , Mz5Ms cosuM , ~4!

where R0 and Rs are the normal and the anomalous H
coefficients, respectively,uH anduM are the directions of the
external fieldH and the magnetizationMs from the film
normal,d is the film thickness, andI is the current flow in the
sample. SinceRs is much larger thanR0 for FePt~Refs. 37
and 38! and VNHE is negligibly small foruH close to 90°,
VHE is nearly equal toVAHE . Consequently,VHE-H curves
coincide with Mz-H. Shown in Fig. 5 are typicalVHE-H
curves for a 140 Å thick FePt film withS50.72 when the
field is decreased from 70 to 0 kOe. TheM -H loop in the
inset measured by PMOKE has a good squareness, givin
evidence that the magnetic easy axis is parallel to thec axis.
The point to be noted in Fig. 5 is that allVHE measured at
variousuH converge on the same value atH50. These re-
sults apparently indicate that, regardless ofuH , the magne-

FIG. 5. VHF-H curves for a 140 Å thick FePt film with the
chemical-order parameterS50.72 as a function of field direction
uH . The inset is a PMOKE loop.
02441
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tization maintains the uniform rotation process without a
reversed domains during the measurement.

The magnetic anisotropy constants of the films can
determined by analyzing the normalizedVHE curves by the
GST method. From the equilibrium magnetization conditio
the relation is deduced as34

2K1
eff14K2~12mz

2!5aHMs , ~5!

with

a5
mz sinuH2A12mz

2 cosuH

mzA12mz
2

,

where mz is the normalizedMz , K1
eff includesK1 and the

demagnetizing energy 2pMs
2. By plotting aHMs vs (1

2mz
2), one can determine bothK1

eff andK2 . A representative
result is shown in Fig. 6~a!, where the normalizedVHE
(5mz) curve was measured atuH580° for a 140 Å thick
FePt film withS50.72. By replotting the data in Fig. 6~a! in
accordance with Eq.~5!, we can obtain theaHMs vs (1
2mz

2) curve as given in Fig. 6~b!. From intersection with the
ordinate and the slope of the curve,K1

eff and K2 are deter-
mined as K1

eff52.1360.063107 erg/cc andK256.760.7
3106 erg/cc. What has to be stressed here is that the
determined anisotropy constants perfectly reproduce the
perimentalVHE-H curve as shown by the solid line in Fig
6~a!, indicating that the magnetization uniformly rotates
mentioned above.

The chemical-order dependence ofK1 and K2 was mea-
sured at room temperature for the 140 Å thick FePt films

FIG. 6. ~a! NormalizedVHE-H curve measured atuH580° for a
140 Å thick FePt film with the chemical-order parameterS50.72.
~b! aHMs vs (12mz

2). TheVHE curve in~a! is replotted using the
equilibrium relation Eq.~5! in the text. The solid line in~a! is the
calculatedmz curve usingK1

eff andK2 determined from intersection
with the ordinate and the slope of the fitted line in~b!.
3-4
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CHEMICAL-ORDER-DEPENDENT MAGNETIC . . . PHYSICAL REVIEW B 66, 024413 ~2002!
shown in Fig. 7. With increasingS, K1 gradually increases in
agreement with the previous report,5 whereasK2 remains
almost constant and is about 53106 erg/cc. The data of the
other samples with thickness of 110–490 Å exhibit similar
the results given in Fig. 7. Moreover, the temperature dep
dences ofK1 andK2 were investigated, and is shown in Fi
8. The values ofK1 andK2 for the 140 Å thick sample with
S50.72 decrease monotonically with temperature. Fig
9~a! summarizes the temperature dependence ofK1(T) nor-
malized to the values at 10 K for the samples withS
50.52, 0.61, 0.72, and 0.79. The smallerS the more sensi-
tive the temperature dependence ofK1 , similar to the tem-
perature dependence ofMs .

According to the theory within the framework of therm
fluctuations of magnetic moments,39,40 the temperature de
pendence ofK1 is expressed as

K1~T!/K1~0!'@Ms~T!/Ms~0!#n~n11!/2, ~6!

with n52 for the first-order uniaxial anisotropy constan
The log-log plot of K1(T)/K1(10) vs Ms(T)/Ms(10) ob-
tained from Fig. 9~a! is presented in Fig. 9~b!. All K1(T)

FIG. 7. The first- and the second-order uniaxial anisotropy c
stantsK1 andK2 at room temperature for 140 Å thick FePt films
a function of chemical-order parameterS. The solid lines are guides
to the eye.

FIG. 8. Temperature dependence of the first- and the sec
order uniaxial anisotropy constantsK1 and K2 for a 140 Å thick
FePt film with the chemical-order parameterS50.72.
02441
n-

edata for variousS fall on the same straight line, implying tha
the temperature dependence ofK1 of FePtL10 can be treated
by the model mentioned above. Strictly, the slope in Fig. 9~b!
is about 2.1, that is smaller than 3 expected fromn52, and a
slight deviation from the linear relation is seen in the hi
temperature regionT>300 K. This deviation suggests tha
the presence of other contributions such as thermal lat
expansion and/or the higher order anisotropy.40

C. Domain structure and exchange stiffness

Figures 10~a!, 10~b!, and 10~c! demonstrate MFM images
for the 110, 210, and 320 Å thick FePt films withS
50.4– 0.5, and~d! is an illustration of the stripe-domain
structure. After ac demagnetization, very clear stripe
mains with a period ofL'2000 Å were observed in the
films thicker than 200 Å. While ford,200 Å, the structure
abruptly changes from the well defined stripe domains
irregular and larger domains. Variation of the domain per
L with d for the samples with nearly the sameS of 0.4–0.5,
K151.0;1.53107 erg/cc, and K2 of 53106 erg/cc is
shown in Fig. 11. We see thatL decreases very graduall
with d. This change ofL is closely related with the magne
tization process of the FePtL10 films. Shown in Fig. 12~a! is
the initial magnetization curve along the film normal after
demagnetization for the same sample given in Fig. 10~c!.
The magnetization increases very gradually up to a cer
field Hp , and linearly increases aboveHp . Below Hp , pin-
ning sites such as grain boundaries hinder the domain
displacement. The domains with the magnetization direct
opposite to the external field shrink with increasing the fie
aboveH>Hp . For further increase of the field the stripe
domain structure changes into bubble domains, as comm

-

d-

FIG. 9. ~a! Temperature dependences ofK1(T)/K1(10) for 140
Å thick FePt films with the chemical-order parameterS50.52,
0.61, 0.72, and 0.79.~b! log-log plot of K1(T)/K1(10) vs
Ms(T)/Ms(10). The solid line in~b! is least-square fitting with a
slope of 2.1.
3-5
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observed in perpendicular magnetization films.41 In the
analysis of the stripe-domain behavior in FePtL10 films, we
define two kinds of saturation fieldsHS1 and HS2 (5HS1

2Hp) by extrapolating the linear part of the magnetizati
curve as given in Fig. 12~a!. Figure 13 showsHS1 andHS2

as functions of film thicknessd for the samples given in Fig
11. Both HS1 and HS2 rapidly increase with increasingd
above 200 Å.

FIG. 10. MFM images for~a! 110 Å, ~b! 210 Å, and~c! 320 Å
thick FePt films with the chemical-order parameterS50.4– 0.5.~d!
is an illustration of the stripe-domain structure.L and d are the
domain period and the film thickness, respectively. The thick arro
indicate the magnetization direction in the domains.

FIG. 11. The domain periodL as a function ofd for the FePt
films having the chemical-order parameterS50.4– 0.5 (K151.0
;1.53107 erg/cc,K2'53106 erg/cc). The solid and broken lin
are the calculated domain periodLcalc assuming the dipolar length
D05200 and 225 Å, respectively.
02441
We analyze these behaviors by using the domain the
given by Kooy and Enz.41 The characteristic length, or th
so-called dipolar length,42 is defined as

D05sw/2pMs
2, ~7!

wheresw is the wall energy density per unit area. Physica
D0 is the measure for the critical thickness between sing
and multiple-domain states, as originally discussed
Kittel.43 Kooy and Enz41 derived the analytical expressio
for the magnetization process of stripe-domain structures

s

FIG. 12. ~a! Initial magnetization curve~open circles! for a 320
Å thick FePt film with the chemical-order parameterS50.52. ~b!
Calculated magnetization curve~solid circles! for the reduced field
(h5H/4pMs) assuming D05230 Å, d5320 Å, and Ku51.5
3107 erg/cc.

FIG. 13. Thickness dependence of the saturation fieldsHs1 and
Hs2 for FePt films with the chemical-order parameterS50.4;0.5
(K151.0;1.53107 erg/cc,K2'53106 erg/cc). The solid and
dashed line are the calculated saturation fieldHs

calc for the dipolar
lengthD05200 and 225 Å, respectively. The right-hand ordinate
the corresponding reduced saturation field (hs5Hs/4pMs).
3-6
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CHEMICAL-ORDER-DEPENDENT MAGNETIC . . . PHYSICAL REVIEW B 66, 024413 ~2002!
sumingd@D0 . However, this assumption is invalid for th
thickness range of the present samples, and hence we
carried out more rigorous calculation without the assumpt
mentioned above. The total energyet in this calculation in-
cludes the wall energyew , the applied field energyeh and
the demagnetization energyed . Each energy normalized t
the maximum demagnetizing energy 2pMs

2 is expressed as

ew5
2D0

L
5

2D0b

dAm
, ~8!

eh52hm, ~9!

ed5m21
8Am

p3b (
n

1

n3 sin3Fnp

2
~1

1m!G sinh~npb!

sinh~npb!1Am cosh~npb!
, ~10!

where m5M /Ms , h5H/4pMs , b5dAm/L, and m51
12pMs

2/Ku . The energy minimum conditions of]et /]b
50 and]et /]m50 give the equilibrium values ofL andm.
The magnetization thus calculated using the parameter
D05230 Å, d5320 Å, andKu51.53107 erg/cc is shown

FIG. 14. Domain periodL vs the uniaxial anisotropy constan
Ku (5K11K2) for 290 Å thick FePt films. The broken lines stan
for the calculated domain periodLcalc assuming various dipola
lengthsD0 .

FIG. 15. Dipolar lengthD0 as a function of the uniaxial anisot
ropy constantKu (5K11K2) for 290 Å thick FePt films. The right-
hand ordinate is the corresponding wall energysw .
02441
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with solid circles in Fig. 12~b!. The shape of the calculate
curve is obviously different from the measured one, es
cially near the saturation region. This is because the calc
tion ignores formation of bubbles near the saturat
region.41 Therefore, we predict the saturation fieldHS

calc by
extrapolating the linear part of the calculated curve as
picted in Fig. 12~b!. By assuming a proper value forD0
together with the experimentalKu (5K11K2'1.5
3107 erg/cc), we can reproduce accurately the measu
HS1 and HS2 , as shown by the solid and broken lines f
D05200 and 225 Å in Fig. 13. The calculated domain peri
Lcalc in the demagnetized state withD0 as a parameter is
given in Fig. 11. It is noteworthy thatLcalc for D05225 Å is
in good agreement with the experimentalL. As a result, the
experimental saturation fieldHS2 , which eliminates the ef-
fect of wall pinning, and the domain periodL are consis-
tently reproduced by assuming the parameterD0 to be 225
Å. From the analyses of the FePt films with the same or
of Ku , it has been confirmed that the stripe-domains of F
L10 are correctly described with Kooy and Enz’s theory41

Then, we will use this theoretical relation amongL, Ku , and
D0 to figure out how the degree of chemical order of Fe
L10 affects the wall energysw and the exchange stiffnes
constantA.

The relationship between the measuredL and Ku (5K1
1K2) for the 290 Å thick samples with variousS is given in
Fig. 14. The broken lines indicateLcalc calculated assuming
variousD0 . The assumedD0 which coincide with the ex-
perimentalL and Ku are plotted in Fig. 15. The right-han
ordinate indicates the corresponding wall energysw derived
from Eq. ~7!. The values ofD0 of FePtL10 evaluated here
are much smaller than the previous data of about 500 Å
Thiele et al.7 They derived D0 by using the theoretica
model44 calculated by Kaplanet al.,42 assumingd!D0 .
However, their FePt thickness ranged 1000–2000 Å,
from the thickness range valid for Kaplan’s assumption.42,44

The exchange stiffness constantA versusKu is shown in Fig.
16, in which A was derived assuming the 180° Bloch-typ
wall energy expressed as

sw54AAKu. ~11!

FIG. 16. The exchange stiffness constantA vs the uniaxial an-
isotropy constantKu (5K11K2) for a 290 Å thick FePt film.
3-7
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The value ofA'131026 erg/cm is much smaller than tha
of Fe'231026 erg/cm,45 and almost independent ofKu .
This fact is consistent with the larger temperature dep
dence ofMs discussed in Sec. III B. Although there seems
be a slight dependence ofA on Ku in Fig. 16, it is almost
within the experimental error of60.131026 erg/cm.

IV. SUMMARY

We have fabricated fully orientated equiatomic FePtL10
~001! films on MgO~100! substrates. Using these specime
the basic magnetic propertied, namely, the magnetic an
ropy constantsK1 and K2 , their temperature dependenc
and the exchange stiffness constantA, have been investigate
in correlation with the degree of chemical order.

The sputter deposition under higher Ar pressures p
moted the chemical order as well as itsc axis orientation of
FePt L10 , and perfectly orientated FePtL10 ~001! films
were obtained at Ar pressure of 10 mTorr.

The FePt films with different chemical-order parameterS
exhibit a different temperature dependence of satura
magnetizationMs . At low temperatures and for smallS it
tends to decrease rapidly with increasing temperature.
first- and second-order magnetic anisotropy constantsK1 and
Y.

d

z.

l-

l.

pl.

i-

ce

gn

y

02441
-

s
t-

-

n

he

K2 were accurately determined from the generaliz
Sucksmith-Thompson’s method using magnetization cur
obtained by the anomalous Hall effect. The value ofK1
gradually increases withS, whereasK2 is insensitive toS.
The temperature dependence ofK1 is larger for smallerS.
This temperature dependence is similar to that ofMs and is
explained by the thermal spin fluctuation.

The experiments and the analysis of the stripe-dom
structures with the film thickness as a parameter under
condition of constantKu revealed that the domain structu
is consistent with the model by Kooy and Enz. By using th
consistent relation the dipolar lengthD0 was evaluated by
measuredL for the films with the same thickness but diffe
entKu andS. The exchange stiffness constantA derived from
the experimentalKu and D0 has little correlation withKu
andS.
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