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The magnetism of antiferromagnetic FexPt12x thin films (x50.27 and 0.30!epitaxially grown onto MgO
~110! anda-axis sapphire (a-Al2O3) substrates has been studied by elastic neutron and x-ray scattering. Bulk

chemically ordered FePt3 exhibits an antiferromagnetic spin structure with a wave vectorQ152p/a( 1
2

1
2 0)

below TN1;160 K. For slightly Fe-rich alloys (x*0.26) a spin-reorientation transition to a second antiferro-

magnetic phase with a wave vectorQ252p/a( 1
2 00) occurs belowTN2;100 K at the expense ofQ1 . For

increased Fe content (x;0.30) theQ1 phase is strongly suppressed with a dominantQ2 phase. For~111!-
oriented films grown ona-axis sapphire the spin structure is the same as that found in the bulk. Thex
50.27 film exhibits transitions atTN1 and TN2 . The film with x50.30 exhibits an almost completely sup-
pressedQ1 phase and a dominantQ2 phase with an enhanced ordering temperature ofTN2;140 K. In contrast
FePt3 ~110! films grown onto MgO~110! exhibit only theQ1 phase for both compositionsx50.27 andx
50.30 with the onset of theQ2 phase suppressed. The distinct behavior of the films grown onto MgO from
those grown ontoa-axis sapphire and bulk FePt3 may be explained by higher strain and defect densities
incorporated in the films grown onto MgO.

DOI: 10.1103/PhysRevB.63.134426 PACS number~s!: 75.50.Ee, 61.12.2q, 75.25.1z
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I. INTRODUCTION

The physics of metallic alloys with composition XP3

~where X is a 3d element!is rich and full of surprises. The
chemically ordered alloys crystallize in the cubicL12 struc-
ture and change from ferrimagnetic (X5Cr)1–3 to ferromag-
netic (X5Mn)1,4 to antiferromagnetic~AF! ~X5Fe!5,6 and
back to ferromagnetic~X5Co!,7,8 as X is varied across th
row of 3d elements in the periodic table. In CrPt3, the Pt
moments are aligned antiparallel to the Cr moments; in Fe3
the Pt atoms carry no moment and the Fe atoms form
antiferromagnetic lattice. In MnPt3 and CoPt3 the moments
of Mn or Co and Pt are aligned parallel. The chemica
disordered XPt3 fcc alloys behave very differently: CrPt3 and
MnPt3

3,4 are nonmagnetic while FePt3
5,6,9 and CoPt3 ~Ref. 8!

are ferromagnetic.
The physics of FePt3 is of particular interest: The chem

cally disordered phase is ferromagnetic with Fe moment
2mB , while the chemically ordered phase is antiferroma
netic and can exhibit two different types of AF order
depicted in Fig. 1. In the bulk, the appearance of these
AF phases depends strongly on the deviation from the id
composition.5,6 The FePt3 phase is maintained in FexPt12x
alloys for 0.22,x,0.41.10 Upon cooling, bulk FePt3 devel-
ops AF order belowTN15160 K, where the Fe moment
order in alternating ferromagnetic sheets in the~110! planes
~see Fig. 1!. This transition is of second order. The AF u
cell is obtained by doubling theL12 unit cell along thex and
y axis and the corresponding wave vector is of typeQ1

52p/a( 1
2

1
2 0). The moments carried by the Fe are 3.3mB ,
0163-1829/2001/63~13!/134426~8!/$20.00 63 1344
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which is an exceptionally high value for a 3d transition
metal. For bulk alloys with stoichiometric composition on
AF ordering of typeQ1 is found.5 For slightly Fe-rich alloys
a first-order transition into a second magnetic phase oc
below TN2;100 K. This phase orders in alternating ferr
magnetic sheets in the~100!planes. The AF unit cell for this
phase is obtained by doubling theL12 unit cell along thex
axis and the corresponding wave vector is of typeQ2

52p/a( 1
2 00). Mössbauer studies found that the excess

atoms occupy face centers randomly and couple ferrom
netically with the nearest neighbor Fe atoms into the~100!
sheets rather than forming ferromagnetic clusters, thus all

FIG. 1. The magnetic structure of FePt3 in theQ1 phase~a! and
the Q2 phase~b! are shown. The gray spheres represent the
atoms, which form a simple cubic lattice, and the white sphe
represent Pt atoms.

(a) T < 160 K (b) T < 100 K 

µFe: 3.3 µB µFe: 2.0 µB 

Q, = 2rc/a (1/2 1/2 0) Q 2 = 2rc/a (1/2 0 0) 
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FIG. 2. Growing FePt3 in the ~110! direction
results in either a spin-uncompensated interfa
for theQ1 phase or a spin-compensated interfa
for the Q2 phase~see Fig. 1!. The gray sphere
represent the Fe atoms; the white spheres rep
sent Pt atoms. The atomic spacing and crystall
directions are indicated.
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ing AF order to be maintained.6 As in the disordered ferro
magnetic phase the Fe atoms carry a moment of 2mB . The Pt
sites are nonmagnetic for bothQ1 andQ2 phases. In Fe-rich
samples, the two AF phases coexist initially, however,
phase fraction of the AFQ1 phase diminishes with furthe
increase of the Fe content until it vanishes. Both neutron
Mössbauer measurements revealed that theQ1 phase reori-
ents into theQ2 phase rather than forming a paramagne
phase as the temperature is increased.5,6

The spin-wave dispersion spectra for theQ1 phase have
been measured by inelastic neutron scattering11 and inter-
preted in terms of a simple Heisenberg model with localiz
Fe spins. Korringa-Kohn-Rostoker calculations ident
nested electron and hole pockets at theG and M symmetry
points of the simple cubic Brillouin zone of the paramagne
state as being responsible for theQ1 phase. These pocket
are similar in size and shape and coincide after doubling
original simple cubic cell in the~100! and ~010! directions.
The Q2 phase, however, is related to pockets atG and X
although the nesting conditions are not as well fulfilled as
the Q1 phase.12,13

In this work, we investigated the magnetism of chem
cally ordered epitaxially grown FePt3 films. In particular we
are interested in how epitaxial growth on different substra
will alter the spin reorientation observed for bulk FePt3. Part
of this work is also motivated by the potential use of FePt3 as
a model system for understanding mechanisms of excha
bias observed in AF-ferromagnetic bilayers. Exchange b
is a shift in the hysteresis loop of the ferromagnetic layer d
to interfacial unidirectional exchange coupling to an adjac
AF layer. Growing FePt3 single crystals in the~110! direc-
tion could result in spin-uncompensated or-compensated
faces for theQ1 and Q2 phases, respectively, as shown
Fig. 2. This is independent of the spin axis of the Fe m
ments. This scenario is ideal for testing current models
exchange bias, which strongly depend on the AF momen
the interface.14–17 By understanding the magnetic behavi
of FePt3 thin films, it may be possible to measure loop-sh
and coercivity enhancement for two different types of int
faces in one sample by simply changing temperature
then relating the behavior observed to current models
addition, because FePt3 is ferromagnetic if chemically disor
dered, it may also be an ideal candidate for growing latti
matched exchange coupled FePt3~AF!/FePt3~F! bilayers.
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II. EPITAXIAL GROWTH AND CHARACTERIZATION

Chemically ordered~110!- and~111!-oriented FePt3 films
were epitaxially grown simultaneously onto MgO~110! and
a-Al2O3 ~11-20! substrates, respectively. To obtain th
chemically ordered phase, the substrate was heated to 75
during deposition. The typical base pressure at this temp
ture was 231027 Torr. For comparison, the chemically dis
ordered phase was grown under the same conditions, ex
that the substrate was heated to only 150 °C. A 1-nm-th
Fe layer followed by a;2-nm-thick CrPt3 layer was depos-
ited prior to the deposition of the FePt3 films. The Fe layer
wets the MgO and we found that the CrPt3 layer improves
the crystalline orientation of the FePt3 films on sapphire and
suppresses growth of~100! impurity phases. 280-nm-thick
alloy films were deposited by cosputtering Fe and Pt fr
dc-magnetron sources at an Ar pressure of 3 mTorr. B
Fe27Pt73 ~denoted asM1 on MgO andS1 on Al2O3) and
Fe30Pt70 ~denoted asM2 on MgO andS2 on Al2O3) films
were produced and characterizedex situ. The stoichiometry
was determined within 1% uncertainty by Rutherford bac
scattering spectrometry and x-ray diffraction was used
analyze the chemical structure of the films. For the x-r
analysis we utilized a Philips X-pert x-ray spectrometer w
a Cu cathode (l@Ka#51.54 Å).

Figure 3 shows the out-of-planeu-2u x-ray diffraction

FIG. 3. Out-of-plane XRD spectra of FePt3 films grown at 150
and 750 °C. The higher deposition temperature induced the ch
cally ordered phase as is evident from the otherwise forbidden~110!
and ~330! reflections.
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~XRD! scan along the surface normal of ordered and dis
dered FePt3 ~110! films grown onto MgO~110! substrates.
Since the chemically disordered phase has cubic point s
metry and an fcc lattice, only the~220! fundamental peak is
allowed. However, the chemically ordered phase has tet
onal point symmetry and an fcc lattice and thus~110! and
~330! superstructure peaks are present. From the XRD s
tra the out-of-plane lattice constant was determined to ba
53.882 Å, slightly higher than for bulk FePt3 ~3.87 Å!. To
verify that the FePt3 film was indeed a single crystal, pol
figures were collected for various symmetry directions. T
pole figures are very clean and show that only one crystal
orientation is present on MgO~110! substrates with the in
plane epitaxial orientation MgO@001#//FePt3@001#. The in-
plane lattice constants measured along the@11̄0# and @001#
directions are 3.853 and 3.866 Å, respectively. This indica
that the FePt3 ~110!films are distorted from there cubic sym
metry. The full width at half maxima for the out-of-plan
rocking curves of the~110! and ~220! FePt3 film peaks on
MgO ~110! were 0.89° and 0.57°, respectively. By compa
ing the integrated intensities of the~110!, ~220!, and~330!
rocking curves of the ordered FePt3, the film was determined
to be fully ordered in theL12 structure.

Figure 4 shows the out-of-planeu-2u XRD scan for the
ordered FePt3 ~111!film on sapphire. The out-of-plane lattic
constants forS1 andS2 were determined to be 3.872 an
3.864 Å, respectively. ForS2, the in-plane lattice spacin
was determined to be 3.862 Å, suggesting that the F3
samples on sapphire are essentially strain free. The roc
curve of the FePt3 ~111! peak shown in the inset of Fig.
determined an out-of-plane mosaic spread of only 0.04°
dicating excellent crystal quality. Phi scans about the surf
normal for the FePt3 ~110!and~220! ~35.3° from the surface
normal!and the Al2O3 ~11-20! ~60° from the surface normal!
peaks, shown in Fig. 5, revealed that the FePt3 grows in two
bicrystalline orientations that are rotated 60° with respec
each other. The FePt3 ~11-2!axes of the bicrystals are rotate
by ;6° relative to the in-planec axis of the sapphire sub
strate. This rotational mode of strain relief was also obser
for Nb and Mo on~11-20!Al2O3 ~Ref. 18!and for Al on Si
~100!.19 Assuming a rigid lattice and no strain relie

FIG. 4. Out-of-plane XRD spectrum of a 280-nm thick FeP3

film grown at 750 °C ona-axis sapphire. The FePt3 grows as a
~111! bicrystal.
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the misfit for FePt3@11-2#//Al2O3@0001# and
FePt3@110#//Al2O3@1-100# is

12•d~11-2!~FePt3!/d~0001!~Al2O3!512.67 Å/12.98 Å;0.98

and

4•d~110!~FePt3!/d~1-100!~Al2O3!516.46 Å/16.47 Å;1.

The rotation in only one direction may be caused by
slight miscut of the sapphire surface, which may energ
cally favor one rotational sense over the other. A sketch
the resulting measured pole figure is shown in Fig. 6.

The surface morphology of the films was checked
atomic force microscopy~AFM!. A 5003500 nm2 scan of
sampleM1 is shown in Fig. 7~a!. The root-mean-squa
~rms! roughness is 0.5 nm. The streaks that run diagon
across the image suggest~111! facets, which are often ob
served in fcc metals grown in thê110& direction. A 5
35 mm2 scan of sampleS1 is shown in Fig. 7~b!. The sur
face shows ridges that are;4 nm high and measure;80 nm
across. The surface between the ridges is very smooth w
rms of 0.7 nm. We attribute the ridges, absent in samplesM1
and M2, as being either twin- or antiphase boundar
~APB’s!. The upper limit of the antiferromagnetic doma
size should then be given by the typical distance betw
these boundaries, which is;1 mm. APB boundaries in bulk
FePt3 ~25.6% Fe!have been studied by transmission electr
microscopy before.9 Their average width was reported to b
;13 nm.

III. NEUTRON SCATTERING

The AF ordering of the films was determined by elas
neutron diffraction measurements on beam-line HB1Al
52.357 Å) at the High Flux Isotope Reactor at the O
Ridge National Laboratory. The cross section of the neut
beam measured 232 cm, so that the samples were fully i
luminated by the beam for all orientations. For cooling, t
samples were mounted in a cryostat, which allow

FIG. 5. Phi scans of the FePt3 ~110!, ~220! and the Al2O3 ~11-
20! reflections of a 280-nm thick FePt3 film on a-axis sapphire. The
scan reveals an;6° rotation about the surface normal of the FeP3

lattice relative to the sapphire lattice and is attributed to a rotatio
mode of lattice relaxation.
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temperature-dependent measurements in the range of
300 K.

Although all the samples investigated are chemically
dered, unlike with x rays, chemical superlattice lines of
type ~100!and~110!are not measurable with neutrons, sin
Fe and Pt have almost the same coherent scattering le
for neutrons~9.45 and 9.60 fm, respectively!.

A. MgO substrates

For both films (M1 and M2) grown onto MgO~110!,
only ordering in theQ1 phase was found below 160 K. Th
samples were examined for theQ2 phase by searching fo
the presence of the magnetic^ 1

2 0 0& reflections, which were
observed in Fe-rich bulk FePt3.

5,6 Both the in-plane
@0 0 1

2# and the@1
2 0 0# reflections, 45° from the surfac

normal, were present in neither the Fe27Pt73 nor the Fe30Pt70
films at any temperature. Neither sample exhibited a m
netic ^1

2
1
2

1
2& reflection.

The temperature dependent scattering intensities of
in-plane magnetic@1

2 21
2 0# and out-of-plane@1

2
1
2 0# reflec-

tions were measured. Both peaks originate from a given
main state of theQ1 phase. Both the in-plane and the out-o
plane AF peaks vanished at;160 K in each sample, which
is in agreement with the Ne´el temperature of bulk FePt3.

Due to resolution limitations of the instrument, only
lower limit for the magnetic domain sizes in samplesM1
andM2 could be determined from the width of the magne
peaks: the magnetic domains in both samples are at leas
nm in size at all temperatures.

FIG. 6. Pole figure for FePt3 on a-axis sapphire. Solid white an
gray circles represent the FePt3 directions of twins 1 and 2, respec
tively. Half-white and half-gray circles represent a direction co
mon to twins 1 and 2. Solid black circles indicate the high symm
try directions of the sapphire substrate. The;6° rotation of the
FePt3 with respect to the sapphire has been taken into account

Sapphire Substrate 

211 101 
- =11g7 ~f t 
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Figures 8~a!and 8~b! show the temperature depende
integrated scattering intensities of the out-of-plane@1

2
1
2 0#

and the in-plane@1
2 21

2 0# AF peaks of samplesM1 andM2,
respectively. The integrated intensity was corrected for ba
ground by subtracting an identical scan collected at 220
which is well above the Ne´el temperature, from low-
temperatureq scans. The@ 1

2
1
2 0#: @1

2 21
2 0# ratio of the inte-

grated scattering intensities~out-of-plane: in-plane! for
samplesM1 andM2 are plotted in Fig. 8~c!. The ratios ar
;0.5 for M1 and;0.8 for M2 and are nearly temperatur
independent. We compared these intensities to the ou
plane@2 2 0# and the in-plane@2 22 0# scattering intensities
of the MgO in order to correct for geometric effects. The@2
2 0#: @2 22 0# ratio of the MgO peaks was 1.5 for bot
samples, so the corrected ratios are further decrease
;0.33 for M1 and;0.53 for M2 after correction.

-
-

FIG. 7. ~a! 5003500 nm2 topographic AFM image of sample
M1-Fe27Pt73 ~110! grown at 750 °C onto MgO~110!. The stripes
indicate ~111! facets, typical for~110! epitaxial films. The rms
roughness is 0.5 nm.~b! 535 mm2 topographic AFM image of
sampleS1-Fe27Pt73 ~111! bicrystal grown at 750 °C onto Al2O3

~11-20!. The surface shows ridges, that are;4 nm high and;80
nm wide. The rms of the surface between the ridges is 0.7 nm.
stripes that run diagonally across the picture are parallel to
Al2O3 c axis.
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The direction of the spin axis of a single domain can
determined from the differences between the integrated
tensities of symmetry equivalent magnetic reflections si
only the component of the moments perpendicular to
scattering vector contribute to the observed intensity.
samplesM1 and M2, the ratio of out-of-plane to in-plan
scattering intensities is computed as

I @ 1
2,

1
2,0#

I @ 1
2,2

1
2,0#

5
sin2 U

12sin2 U cos2 F
, ~1!

FIG. 8. ~a! @1
2

1
2 0# and@

1
2 2

1
2 0# integrated intensities of sampl

M1. The in-plane@ 1
2 2

1
2 0# reflections are stronger than the out-o

plane@1
2

1
2 0# reflections.~b! @1

2
1
2 0# and@

1
2 2

1
2 0# integrated inten-

sities of sampleM2. The in-plane@ 1
2 2

1
2 0# reflections are stronge

than the out-of-plane@ 1
2

1
2 0# reflections.~c! @1

2
1
2 0#: @

1
2 2

1
2 0# inte-

grated scattering intensity ratio for samplesM1 andM2. The ratio
is higher forM2 than forM1.
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whereU andF denote the polar and azimuthal spin angle
respectively, andU is measured from the surface norma
i.e., the @1 1 0# direction, andF is measured from the
@1 21 0# direction in the plane.

Bulk FePt3 crystallizes in the cubicL12 structure and the
spins are only allowed to point in high symmetry directio
assuming a perfect crystal. The angles and the scatterin
tios obtained from Eq.~1! for spins aligned along these hig
symmetry directions are listed in Table I. A~100!spin direc-
tion for the magnetic phases in bulk FePt3 was suggested by
diagrams in earlier publications on bulk FePt3.

5,6 However,
any ~100! single or multiple domain state of~100! domains
would yield an intensity ratio of 1, which is not observe
here.

The fact that the in-plane intensity is higher than the o
of-plane intensity requires domains with a significant out-
plane spin component@e.g., ~110! domains#. Since the scat
tering intensity for the in-plane@1

2 21
2 0# reflections is higher

for M1 than forM2 and the out-of-plane@1
2

1
2 0# reflections

are about the same for bothM1 andM2, more spins inM2
have to be closer to the in-plane@1 21 0# axis than inM1.

B. Al2O3 substrates

The magnetic ordering for the FePt3 on sapphire (S1 and
S2) was found to be very distinct from the ordering on Mg
and closer to that observed in bulk crystals. It is appar
from the pole figure in Fig. 6 that both twins contribute to t
out-of-plane nuclear@1 1 1# and all in-plane nuclear@2 22 0#
and magnetic@ 1

2 21
2 0# reflections. SampleS1 shows AF

ordering in both theQ1 and theQ2 phases and behaves ve
much like bulk FePt3. Since the FePt3 grows as a bicrystal on
sapphire both twins were measured@Figs. 9~a!and 9~b!#. The
out-of-plane@0 1

2 0# and @1
2 0 0# reflection of twins 1 and 2,

TABLE I. The polar and azimuthal angles for spins lying
different high symmetry directions are listed in the second and th
column, respectively. The theoretical out-of-plane to in-plane s
tering intensity ratio is listed in the fourth column.

hkl Q F
sin2 Q

12sin2 Q cos2 F

11̄0 90° 0° `

11̄1 90° 35.26° 3

1̄11 90° 144.74° 3

001 90° 90° 1
100 45° 0° 1
010 45° 180° 1
101 60° 54.74° 1

101̄ 60° 254.74° 1

011 60° 54.74° 1

011̄ 60° 254.74° 1

111 54.74° 90° 2
3

111̄ 54.74° 290° 2
3

110 0° N.A.a 0

aNot available.
6-5
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respectively, decrease with temperature in a Brillouin fu
tion like manner and both vanish atTN1;100 K. The in-
plane @0 1

2 2 1
2# and @ 1

2 0 2 1
2# reflections, which originate

from both twins and the out-of-plane@ 1
2

1
2 0# reflections of

twins 1 and 2, exhibit a plateau at low temperatures, p
aroundTN1 , and vanish atTN2;160 K. The^ 1

2
1
2 0& reflec-

tions are clearly suppressed upon the formation of theQ2
phase atTN2 . An asymmetry between twin 1 and 2 is o
served in the magnetic reflections: The peak exhibited by
@ 1

2
1
2 0# reflection of twin 2 is less pronounced than that by t

@1
2

1
2 0# reflection and the@0 0 1

2# reflection of twin 2 is less
intense than the@0 1

2 0# from twin 1. This indicates a highe
volume fraction of twin 1 than twin 2 in this crystal. Thi
asymmetry may be attributed to the 6° rotation of the Fe3
on the sapphire in only one sense.

Figure 10 shows the@0 1
2 21

2# and @0 1
2 0# intensities of

twin 1 in the Fe-rich sampleS2. For this sample theQ2
phase is the dominant phase with the@0 1

2 21
2# reflection

being almost entirely suppressed. However, a small amo
of the Q1 phase persists and its intensity peaks at;120 K,
where the@0 1

2 0# reflection has lost about half of its intensit
and maintains some intensity up to;200 K as shown in the
inset of Fig. 10. The@0 1

2 0# reflection is very strong and
vanishes atTN2;140 K, a higher critical temperature tha
for sampleS1. This increase ofTN2 with Fe content is con-
sistent with bulk data.5,6

FIG. 9. ~a! Magnetic peak intensities for the@0 1
2 2

1
2#, @0 1

2 0#,
and@ 1

2
1
2 0# reflections from twin 1 of sampleS1. ~b! Magnetic peak

intensities for the@ 1
2 0 2

1
2#, @ 1

2 0 0#, and @1
2

1
2 0# reflections from

twin 2 of sampleS1 ~compare to diagram in Fig. 6!.
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The width of the magnetic peaks in samplesS1 andS2
was comparable to those in samplesM1 andM2, so that 100
nm was also determined to be the lower limit for the ma
netic domain sizes forS1 andS2 at all temperatures.

A correlation between chemical and magnetic peaks
be found forS1. The in-plane@0 2 22# chemical peak@Fig.
11~a!# has a maximum atTN25100 K, where the magnetic
@0 1

2 0# peak disappears. With increasing temperature,
intensity of the@2 2 0# and @0 2 0# chemical peaks@Figs.
11~b! and 11~c!#begin to grow at;80 K, level at;200 K,
and remain constant up to room temperature. The nuclea@1
1 1# peak@Fig. 11~d!#decreases with increasing temperatu
and shows no correlation with the magnetic peaks.
anomaly was found in the chemical peak positions of sam
S1. All

FIG. 10. @0 1
2 2

1
2# and@0 1

2 0# magnetic reflections of sampleS2
~compare to diagram in Fig. 6!. The temperature behavior of th

@0 1
2 2

1
2# reflection, which is almost entirely suppressed, but pe

at ;120 K, is shown in the inset.

FIG. 11. Chemical peak intensities for sampleS1: ~a! the in-
plane@0 222# intensity peaks at 100 K, where the magnetic@ 1

2 0 0#
ordering disappears,~b! the @2 2 0# intensity, measured 35.26° from
the sample normal, increases up to;200 K, ~c! the@0 2 0# intensity,
measured 54.74° from the sample normal, increases up to;200 K,
and~d! the @1 1 1# intensity decreases monotonically with temper
ture.
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chemical peaks shift monotonically to lowerq, indicating an
expansion of the lattice with increasing temperature.

The peak at;100 K may be explained by spin frustratio
as the magnetic lattice goes through the spin-reorienta
transition from theQ2 to theQ1 phase, in which case som
of the Fe moments may align ferromagnetically and the
fore give rise to a ferromagnetic contribution to the intens
of the in-plane chemical Bragg peak. Relating the anoma
in the chemical peaks to the spin-reorientation transition
supported by the observation that the chemical peaks inS2
are well behaved as are those of theM1 andM2 films on
MgO. In these samples, the magnetic order is dominated
either theQ1 or theQ2 phase and the chemical peaks rem
constant over the temperature range measured from 2
300 K.

Superconducting quantum interference device magnet
etery was performed on samplesS1 andS2 to investigate the
magnetic behavior in more detail. In both samples, a sm
ferromagnetic signal can be measured and related to
magnetic ordering of the dominant AF phase. The samp
were field cooled in a 20 kOe field and in-plane hystere
loops for increasing temperature were acquired perpendic
to the in-planec axis of the sapphire. At 10 K after field
cooling, sampleS1 exhibits a coercivity ofHC;1.0 kOe and
a loop shift of; 270 Oe, and sampleS2 exhibits a coer-
civity of HC;4.1 kOe and a small loop shift of; 2100 Oe.
Both the ferromagnetic component and the small excha
biasing had been observed in bulk samples.5 SampleS2 is
almost paramagnetic at room temperature, whileS1 main-
tains some degree of ferromagnetic order. Hysteresis lo
of sampleS2 for four different temperatures are shown
Fig. 12~a!. The temperature dependent coercivity of sam
S1 andS2 is shown in Fig. 12~b! and 12~c!, respectively an
it is distinct from the behavior of uncoupled small Fe pa
ticles. The high coercivity suggests the presence of so
ordered FePt rather than Fe particles or a strong coup
term between the Fe or FePt particles and the AF FePt3 ma-
trix.

Figures 12~d!and 12~e!show the remnant moment (MR)
of S1 andS2, respectively.MR decays with temperature an
exhibits a plateau for sampleS2 at ;100 K, where a small
magnetic~ 1

2 0 1
2! peak was observed by neutron scatterin

The moment measured at 10 K is;1% of the moment of
bulk Fe for both samples, althoughS2 incorporates;7% of
excess Fe. The low moment supports the theory of exces
atoms preferentially occupying the face centers in theL12
unit cell rather than forming ferromagnetic Fe or FePt cl
ters.

IV. CONCLUSIONS

FePt3 is a very simple AF system, since the Fe atoms
arranged on a simple cubic lattice. Nevertheless its magn
properties are quite rich, since it exhibits two different kin
of AF ordering. We demonstrated that high quality epitax
FePt3 films can be grown onto MgO~110! and a-axis sap-
phire. Furthermore, we showed that substrate and film c
position affects the AF ordering of FePt3 thin films in a way
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not readily anticipated from the bulk data. For both Fe27Pt73
and Fe30Pt70 films on sapphire, the critical temperatures
which ~ 1

2 0 0! and~ 1
2

1
2 0! spin ordering occurs are the same

in bulk. However, we showed that~1
2 0 0! ordering can be

completely suppressed by growing FePt3 onto MgO ~110!
and that ~ 1

2
1
2 0! ordering can be suppressed by growi

Fe30Pt70 onto Al2O3 ~11–20!.
The existence of aQ2 phase inS1 andS2 may originate

from the existence of twin and/or antiphase boundaries
served in bulk FePt3 and films grown on sapphire. In thes
boundaries Fe can occupy Pt sites forming Fe-Fe next ne
bor pairs. Those pairs couple ferromagnetically and s
frustration could be avoided by ordering exclusively in t
Q2 phase. For Fe27Pt73 on sapphire the magneticQ2 to Q1
phase transition is reflected in some of the chemical Br
peaks at;100 K, which suggests additional ferromagne
ordering due to spin frustration during the spin-order tran
tion. The suppression of theQ2 phase for FePt3 films on
MgO most likely results from strain and higher density
defects reflected in the larger x-ray rocking-curve widths

The ~110! films grown onto MgO~110!result in a spin-

FIG. 12. ~a! Hyteresis loops for different temperatures measu
perpendicular to the in-planec axis of sampleS2. The complete
temperature dependence of the coercivity and remanent momen
samplesS1 andS2 are shown in~b!–~d!.
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uncompensated surface, while the~111! bicrystals grown
onto a-axis sapphire result in a spin-compensated surfa
Although it was not possible to obtain both compensated
uncompensated surfaces within a single film at different te
peratures, since theQ2 phase is absent in MgO, the resu
presented here suggest that growing FePt3 ~110! on alterna-
tive substrates to minimize the strain could produce sp
compensated and-uncompensated surfaces in the same
This would make FePt3 an ideal candidate material to te
current models of exchange bias. For this further understa
ing of the factors determining the spin configuration of Fe3
alloy films is needed.
,
gn

v

ys

n

13442
e.
d
-

-
lm.

d-

ACKNOWLEDGMENTS

We would like to thank Andrew Kellock for the compo
sitional analysis of our FePt3 films and Robin Farrow for
some helpful discussions on the epitaxial growth on s
phire. The Research of G.J.M. was sponsored by ARO G
No. DAAH-04-96-1-0316 and shared equipment throu
NSF MRSEC Grant No. DMR-9809423. The research
J.L.R. was sponsored by the U.S. Department of Energy
der Contract No. DE-AC05-00OR22725 with the Oak Rid
National Laboratory, managed by UT-Battelle, LLC.
m-

:

nd
1S. J. Pickart and R. Nathans, J. Appl. Phys.34, 1203~1963!.
2M. Maret, M. Albrecht, J. Ko¨hler, R. Poinsot, C. Ulhaq-Bouillet

J. M. Tonnerre, J. F. Berar, and E. Bucher, J. Magn. Ma
Mater.218, 151 ~2000!.

3M. J. Besnus and A. J. P. Meyer, Physica B55, 521 ~1973!.
4B. Antonini, F. Lucari, F. Menzinger, and A. Paoletti, Phys. Re

187, 611 ~1969!.
5G. E. Bacon and J. Crangle, Proc. R. Soc. London, Ser. A272,

387 ~1963!.
6D. Palaith, C. W. Kimball, R. S. Preston, and J. Crangle, Ph

Rev.178, 795 ~1969!.
7F. Menzinger and A. Paoletti, Phys. Rev.143, 365 ~1966!.
8M. C. Cadeville, C. E. Dahmani, and F. Kern, J. Magn. Mag

Mater.54–57, 1055~1986!.
9S. Takahashi and Y. Umakoshi, J. Phys.: Condens. Matter2, 2133

~1990!.
10O. Kubschewski,Iron-Binary Phase Diagrams~Springer, New
.

.

.

.

York, 1982!.
11M. Koghi, Y. Ishikawa, and P. Radhakrishna, Solid State Co

mun.27, 409 ~1978!.
12N. I. Kulikov, J. Phys. F: Met. Phys.15, 1139~1985!.
13N. I. Kulikov, E. T. Kulatov, and S. I. Yakhimovich, J. Phys. F

Met. Phys.15, 1127~1985!.
14A. P. Malozemoff, Phys. Rev. B35, 3679~1987!.
15A. P. Malozemoff, J. Appl. Phys.63, 3874~1988!.
16T. C. Schulthess and W. H. Butler, Phys. Rev. Lett.81, 4516

~1998!.
17T. C. Schulthess and W. H. Butler, J. Appl. Phys.85, 5510

~1999!.
18D. M. Tricker and W. M. Stobbs, Philos. Mag. A71, 1037

~1995!.
19F. J. Lamelas, M. T. Tang, K. Evans-Lutterodt, P. H. Fuoss, a

W. L. Brown, Phys. Rev. B46, 15 570~1992!.
6-8


