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Probing the magnetic transitions in exchange-biased FePt3ÕFe bilayers
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Using magnetometry and ferromagnetic resonance~FMR!, we have investigated the magnetic properties of
exchange-biased FePt3 ~110!/Fe ~211! bilayer films epitaxially grown onto MgO~110!. The Fe layer exhibits a
large uniaxial anisotropy, the magnitude of which is quantitatively accounted for by epitaxial strains. The FePt3

layer is chemically ordered in theL12 phase which develops antiferromagnetic~AF! order below TN1

5160 K. Cooling throughTN1 , the Fe layer becomes exchange biased and its anisotropy is reduced as a result
of exchange coupling to the AF-ordered FePt3 . Negative exchange bias is observed for cooling fields directed
along the FePt3 in-plane@001# and out-of-plane@110# directions, whereas small positive bias is observed when
cooling along the in-plane@11̄0# direction. Both the biasing and reduction in anisotropy are consistent with
the FePt3 moments lying in the~11̄0! plane with the most likely spin directions being the out-of-plane@111#
and @111̄# axes. A second magnetic transition is observed atTN25100 K. This transition is reflected in
the temperature dependence of the coercive field, exchange bias, and FMR resonance and linewidth. Such a
transition has only been observed for slightly Fe-rich FePt3 bulk alloys as a reorientation into a second AF
phase. However, our films are slightly Pt rich and neutron scattering did not indicate evidence of a transition
at TN2 in similarly grown FePt3 films on MgO~110!. Possible origins of the second magnetic transition in the
coupled structure are discussed.

DOI: 10.1103/PhysRevB.66.054411 PACS number~s!: 75.50.Ee, 61.18.Fs, 75.30.Gw
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I. INTRODUCTION

Chemically ordered FePt3 crystallizes in the fccL12-type
structure with Fe atoms at the lattice corners and Pt at
at the face centers. In this structure FePt3 can exhibit two
different antiferromagnetic~AF! phases, which were identi
fied by unpolarized neutron-diffraction experiments on b
FePt3 samples. Stoichiometric FePt3 exhibits an antiferro-
magnetic phase belowTN1;160 K, in which the Fe mo-
ments align antiferromagnetically in alternating ferroma
netic sheets in the~110! planes with corresponding wav

vector Q152p/a( 1
2

1
2 0) wherea is the lattice constant.1

The second AF phase exists belowTN2;100 K for slightly
Fe-rich FePt3 . This phase is associated with a spin reorie
tation producing alternating ferromagnetic sheets in the~100!

planes with wave vectorQ252p/a( 1
2 0 0). Both phases

coexist belowTN2 without interaction and in both only th
Fe atoms carry a magnetic moment. Since unpolarized n
tron scattering was used to identify the two AF phases
spin direction was not determined but it was suggested
the spins point along the@100# directions.1

Calculations have shown that theQ1 phase originates
from nested electron and hole pockets at theG andM sym-
metry points of the simple cubic Brillouin zone of the par
magnetic phase, which are similar in size and shape.2,3 Simi-
larly the Q2 phase originates from nested electron and h
pockets at theG andX symmetry points. However, the nes
ing conditions forQ2 are not as well fulfilled as forQ1 ,
consistent with the lower ordering temperature forQ2 . The-
oretical analysis suggests that the spin reorientation obse
in the Fe-rich samples is triggered by the Fe-Fe ne
neighbor direct spin-spin interaction. The extra Fe atoms
0163-1829/2002/66~5!/054411~8!/$20.00 66 0544
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cupy the sites on one of the~100! faces of the fcc unit cell
and spin frustration is avoided by forming theQ2 phase,
which forms ferromagnetic~100! sheets and therefore be
comes energetically more favorable than theQ1 phase. Re-
cently, films of FexPt12x ~x50.27 and 0.30! were epitaxially
grown onto MgO~110! and a-axis sapphire.4 For the sap-
phire substrate, neutron scattering reveals a second mag
phase belowTN2;100 K as observed in the bulk. Howeve
neutron scattering reveals that thin films grown onto Mg
~110! substrates order only in theQ1 phase and showed tha
the spins were not pointing along the@100# directions as
speculated from bulk work. It was concluded that latti
strain from growth onto MgO prevents the spin reorientat
associated with the second magnetic transition.

In this work we use superconducting quantum interf
ence device~SQUID! magnetometry and ferromagnetic res
nance~FMR! to investigate the magnetic behavior of a thi
film sample of slightly Pt-rich FePt3 on an MgO ~110!
substrate coupled to a thin Fe layer. Both measurement t
niques are sensitive to the response from the Fe layer, bu
Fe film is sufficiently thin that the interfacial interaction b
tween the ferromagnetic~FM! Fe and the AF FePt3 is re-
flected in both measurements which provides a probe of
FePt3 magnetic order. In particular, the AF-FM interactio
results in exchange biasing~a shift of the FM hysteresis
loop! of the FM layer when cooled belowTN in a field and
induced magnetic anisotropies in the FM layer.5–7 Although
neutron scattering from similarly grown samples on Mg
~110! reveals no spin reorientation atTN2;100 K even for
Fe-rich samples, we find that the magnetic response of
composite system revealsTN1 as well as compelling evi-
dence of a second magnetic transition atTN2 . In the remain-
©2002 The American Physical Society11-1
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der of the paper we discuss the experimental details in S
II, the magnetometry and FMR results in Secs. III and
respectively, and discuss our finding in context of the kno
bulk properties of FePt3 in Sec. V.

II. EXPERIMENTAL DETAILS

A 120-nm-thick FePt3 ~110! layer was epitaxially grown
by dc magnetron sputtering onto the~110! surface of an
MgO single-crystal substrate similar to that described in R
4. The substrate was heated to;600 °C prior to deposition of
the FePt3 film from separate Fe and Pt sources. After t
sample cooled to,200 °C a 4-nm-thick Fe layer followed b
a 2-nm-thick Pt cap layer was deposited. Rutherford ba
scattering spectroscopy determined the FePt3 composition to
be Fe23Pt77, slightly Pt rich. X-ray diffraction confirms tha
the FePt3 ~110! layer grows in the chemically orderedL12
phase and that the Fe grows epitaxially~211! oriented onto
the FePt3 ~110! layer. Figure 1~a! shows the radialu-2u x-ray
scan of the FePt3 /Fe bilayer. The FePt3 ~110!, ~220!, and
~330! Bragg reflections can be identified. From these
FePt3 out-of-plane lattice constant of 3.880 Å was dete

FIG. 1. ~a! Radialu-2u scan and~b! evident epitaxial relations
Dark gray circles represent Fe atoms at FePt3 fcc corner sites. Open
circles represent Pt face centers. Light gray circles represent the
Fe overlayer.
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mined and full chemical order verified. The Fe layer is~211!
oriented and exhibits four twins.V scans of the FePt3 reflec-
tions revealed a full width at half maximum of;0.6°. From
additional in-plane scans of the FePt3 and Fe layer and the
MgO substrate we determined the epitaxial relationship
picted in Fig. 1~b!. The in-plane Fe@1̄11# and FePt3 @11̄0#
directions are aligned with the in-plane MgO@11̄0# direction
and the in-plane Fe@01̄1# and FePt3 @001# directions are
aligned with the MgO@001# direction. The in-plane FePt3

lattice constants were determined as 2.731 Å along the@11̄0#
and 3.868 Å along the@001# axis. The in-plane lattice con
stants are smaller than the out-of-plane lattice constant i
cating that the FePt3 ~110! film is distorted from its cubic
symmetry in agreement with Ref. 4. The Fe layer gro
highly strained on the FePt3 layer. The in-plane lattice spac
ing are contracted by22.5% along the@01̄1# direction to
1.98 Å and expanded by 0.8% along the@11̄1# direction to
1.67 Å, while the@211# out-of-plane spacing is expanded b
2.1% to 1.20 Å. The arrows in Fig. 1~b! represent the in-
plane projection of the Fe spins onto the Fe easy axis
deduced from the magnetometry and resonance experim
discussed in Sec. V.

Magnetic hysteresis loops were measured in a 5-T Qu
tum Design SQUID magnetometer. FMR measureme
were made with the sample lying film side down on t
bottom of an in-house, transverse electric~TE! 104 mode,
rectangular cavity~loadedQ of ;1500! operating at 35 GHz.
The cavity is situated inside an Oxford Instruments contin
ous flow cryostat that allows operation between 3.6 and
K. The cavity/cryostat assembly is placed between the p
of an electromagnet to allow measurements as a functio
in-plane angle. Except for room-temperature measureme
the sample was cooled in a field of 5 kG, applied along
in-plane Fe@01̄1# ~FePt3 @001#! for FMR measurements.

III. MAGNETIZATION RESULTS

Temperature-dependent magnetic hysteresis loops w
measured for various in-plane angles of the applied fi
ranging from 0–90° with respect to the Fe@01̄1# axis and
for the field perpendicular to the sample plane. For ea
series of measurements, the sample was cooled to 10 K
positive applied field sufficient to saturate the Fe layer a
then the sample was cycled in a field to reduce any train
effects. Hysteresis loops were then taken for increasing t
perature. Shown in Fig. 2 are magnetization hysteresis lo
measured at 200, 120, and 70 K for in-plane angles of
applied field with respect to the Fe@01̄1# axis of 0, 30, and
90°. At 200 K, aboveTN of the FePt3 , the hysteresis loop
indicates uniaxial in-plane anisotropy with the easy a
along the Fe@01̄1# axis. From the saturation of the hard-ax
loop along the Fe@1̄11# axis we estimate anHK value of;2
kOe. This high of an anisotropy is not expected from t
magnetocrystalline anisotropy of Fe but is growth induc
and is a common feature of Fe~211! thin films.8,9 The an-
isotropy and the easy axis coercivity~Fig. 3! increase with
decreasing temperature down to;180 K, aboveTN1 of the
FePt3 .
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PROBING THE MAGNETIC TRANSITIONS IN . . . PHYSICAL REVIEW B66, 054411 ~2002!
Field cooling the sample belowTN1 to 120 K ~but above
TN2! resulted in hysteresis loops that are qualitatively sim
to the 200 K data. However, there are changes in the c
civity and the onset of shifts in the hysteresis loops ab
H50 Oe. We define the exchange fieldHE5(HC1
1HC2)/2, whereHC1 andHC2 are the coercive fields mea
sured in the descending and ascending branches of the
teresis loops, respectively. Typically, a negativeHE is ob-
served after cooling in a positive field. This is observed
the 0° and 30° data. For increasingT, HE goes to zero at
TN15160 K @Fig. 3~b!#consistent with the Ne´el temperature
of bulk FePt3 and neutron studies of FePt3 films. Exchange
bias was also observed for field cooling perpendicular to
film plane. The perpendicular loops are hard-axis loops s
rating near 20 kOe, consistent with the shape anisotrop
Fe. Perpendicular bias was previously observed for Co/C
interfaces.10 For the FePt3 /Fe sample, the perpendicular bia
was comparable to that observed for the in-plane 0° and
directions, and also goes to zero at 160 K.

In contrast to the previous measurements, a small
positive exchange bias is measured along the in-plane
axis direction~90°!. That is, the hysteresis loop is shifte
to positive fields after being field cooled in a positive fie
Positive bias had previously only been observed

FIG. 2. In-plane magnetization hysteresis loops measured
the field measured along four in-plane directions.f50° corre-
sponds to the applied field along the Fe@011̄# direction andf590°
corresponds to Fe@1̄11#.
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MnF2 /Fe and FeF2 /Fe bilayers.11–13The magnitude of posi-
tive exchange bias has been related to the magnitude o
cooling fields.11 However, we observed no change in th
positive bias value cooling in 10-, 30-, or 50-kOe fields. T
positive bias vanished atTN1 showing it shares a commo
origin with the negative bias observed in the other directio
The temperature dependence ofHC andHE shown in Fig. 3
exhibits clear anomalies atTN15160 K consistent with the
onset of AF order in the FePt3 . At TN2;100 K we might
expect to see little change, since our sample is slightly
rich, and is deposited onto a substrate for which the sp
reorientation transition is not observed even at Fe-r
compositions.4

Instead, at 70 K we observe qualitative differences in
magnetic hysteresis loops. The magnetic response app
less uniaxial and more isotropic in the film plane. There
also clear differences in the biasing of the 0° and 30° d
that were not evident in the 120 K data. These differences
reflected in the temperature dependence ofHC andHE mea-
sured along different in-plane directions. When cooled alo
the Fe@01̄1# easy axis~0°!, there is a decrease inHC below
TN1 with a change in slope inHC vs T at ;100 K. HE
increases monotonically with decreasing temperatures. M
sured at 30° from the easy axis, bothHC and HE are non-
monotonic with temperature.HC initially decreases below
TN1 with decreasingT and then increases again below;80
K. Below TN1 HE initially increases with decreasingT,
reaches a maximum at 100 K and then decreases with
creasingT. Measured along the in-plane hard axis~90°! HC
increases monotonically belowTN1 while the positiveHE
reaches a broad maximum and decreases below 100 K. M
sured perpendicular to the film, bothHC and HE increase
monotonically with decreasingT.

FIG. 3. Temperature-dependent measurement of the coer
field HC and exchange-bias fieldHE for cooling fields applied per-
pendicular to the plane and in the planef50°, 30°, and 90° from
the Fe@011̄# easy axis.
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IV. FERROMAGNETIC RESONANCE RESULTS

A. Qualitative results

To gain further insight into this unusual magnetizati
behavior, we use FMR to examine the in-plane anisotro
behavior. Figure 4 shows the resonance field~open dia-
monds! and linewidth ~closed diamonds! as functions of
in-plane field angle at 300, 180, 140, 120, 100, and 70
The solid lines are theoretical fits to the resonance field d
and will be discussed later. The in-plane Fe@01̄1# easy axis
~the FePt3 @001# axis! corresponds to 0° in the figure; th
in-plane Fe@1̄11# hard axis ~the FePt3 @11̄0# axis! corre-
sponds to 90°. The angular dependence of the resonanc
havior measures the in-plane anisotropy, and the linewidt
the resonance provides additional information about the
tem dynamics.

For T.TN1 @300 and 180 K, Figs. 4~a! and ~b!, respec-
tively#, the resonance field is dominated by the growth
duced uniaxial anisotropy. The magnitude of the anisotro
given roughly by the difference between the 0° and 90° re
nant field values, increases with decreasing temperature.
cubic crystalline anisotropy of the Fe~211! layer, although
not readily apparent from the resonance data, can be
tracted from a fit. The linewidth features maxima at a ma
netization direction of;50° from the in-plane easy direc
tions. For reference we also measured a 14-Å-thick Fe~211!
layer epitaxially grown onto Cr-coated MgO~110! substrate.
Both the resonance fields and linewidth trends agree with
present sample at room temperature.

As the sample is cooled throughTN1 @140 and 120 K,
Figs. 4~c! and ~d!, respectively#, changes in the resonanc
behavior are observed. The uniaxial anisotropy, which pe
nearTN1 , decreases and a unidirectional anisotropy aris
from the FM/AF exchange biasing observed as a loop-s
in the magnetization data is present. Compared to the hig
temperatures the resonance linewidth measured around
Fe @01̄1# easy axis at 140 K is shifted upwards to;1 kOe at
140 K and;1.7 kOe at 120 K while the linewidth alon
the in-plane Fe@1̄11# hard axis remains constant at;500 Oe.
Linewidth broadening around the easy axis is typically o
served in exchange biased AF/FM samples and is attrib
to the increased magnetic disorder at the interface du
local variation of the exchange coupling arising from inte
face roughness.14–16 The linewidth peaks at;50° from the
easy axis observed at higher temperatures are still prese
120 K as shoulders in the peak in the easy directions, s
gesting that these features are independent effects.

As the sample is cooled throughTN2 @100 and 70 K, Figs.
4~e! and ~f!, respectively#, the resonance field along the in
plane easy directions at 0° and 180° develops a sharp m
mum previously observed only in the linewidth. The res
nance fields also develop shoulders;45° from either side of
the hard axis maximum. The linewidth peaks around the e
axis begin decreasing and additional peaks at;30° from
either side of the easy axis arise and become the domi
feature at 70 K. Significantly, the valleys along the Fe@1̄11#
(FePt3 @11̄0#! axis ~90° and 270°! remain fixed at 500 Oe
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The observed shifting and broadening of these linewi
peaks was not seen in the 14-Å Fe~211! film on Cr.

As with the magnetization data, FMR provides indicatio
of a second magnetic transition near 100 K. Figure 5~a!
shows the temperature dependence of the resonance fie

FIG. 4. FePt3 in-plane anisotropy shown at decreasing tempe
tures. Open diamonds are resonance data, closed diamond
linewidth data, the solid line is a theoretical fit to the resonan
data.~a! is at 300 K,~b! 180 K, ~c! 140 K, ~d! 120 K, ~e! 100 K, and
~f! 70 K. An in-plane angle of 0° corresponds to Fe@011̄# and FePt3
@001# while in-plane 90° corresponds to Fe@1̄11# and FePt3
@11̄0#.
1-4
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PROBING THE MAGNETIC TRANSITIONS IN . . . PHYSICAL REVIEW B66, 054411 ~2002!
0° and 90°, the Fe easy and hard axes, respectively, and
difference, which is roughly proportional to the uniaxial a
isotropy of the system. The difference increases with
creasing temperature, exhibits a maximum at 160 K (TN1),
then decreases down to 100 K (TN2), and increases agai
with lower temperatures, suggesting the presence of
magnetic transitions atTN1 andTN2 .

Transitions are also evident in Fig. 5~b! where the line-
width along 0° and 45° is plotted against temperature. Li
width along 0° displays sensitivity toTN1 while linewidth
along 45° displays sensitivity toTN2 . While the linewidth
broadening along 0° is consistent with an origin in exchan
bias, the linewidth broadening along 45° cannot easily
associated with FM/AF coupling occurring atTN1 .

B. Quantitative FMR results

To quantify the results in Fig. 4 the FMR in-plane res
nance behavior can be fit to an energy expression that refl
the different contributions to the resonance fields. ForT
.TN1 , the resonance fields were fit to the following ener
equation:

E~u,f!52MH sinu cos~f2fH!

12pM2 cos2 u2Kuasin2 u cos2 f

1
K1~211!

12
~3 cos4 u16 cos2 u sin2 u cos2 f

1sin4 u~3 cos4 f14 sin4 f!, ~1!

FIG. 5. ~a! Fe/FePt3 resonance data as a function of temperat
along the in-plane Fe@1̄11# hard axis~open diamonds! and in-plane
Fe @01̄1# easy axis~closed diamonds!. The difference~open circles!
gives a measure of uniaxial anisotropy.~b! Temperature dependenc
of FePt3 linewidth measured alongf545° ~triangles! and f50°
~circles!. Dotted vertical lines mark bulkTN1;160 K and TN2

;100 K.
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whereu andf are the polar and azimuthal angles of the
magnetization vectorM measured from the sample norm
~Fe @211#! and the in-plane Fe@01̄1# direction, respectively,
and fH is the azimuthal angle of the applied fieldH mea-
sured from the in-plane Fe easy axis. The first term is
Zeeman energy, the second the shape anisotropy, and
third and fourth describe the growth induced uniaxial anis
ropy Kua and the cubic crystalline anisotropyK1(211) pro-
jected into the~211! plane, respectively.

The resonance fields are calculated from the Land
Lifshitz equation of motion that relates the precessional f
quency to the effective field at resonance,

1

g

dM

dt
5M3Heff , ~2!

whereg is the gyromagnetic ratio, andHeff is the effective
field, arising from the magnetization gradient of the anis
ropy energies,

Heff52¹ME~u,f!. ~3!

The energy is minimized to provide an expression for
resonance field as a function of the in-plane magnetiza
direction. However, the resonance field is measured a
function of applied field direction, which can differ substa
tially from the magnetization direction, due to the larg
uniaxial anisotropy. The best fit to the data is obtain
through an iterative process which first estimates the ani
ropy constants from the resonance as a function offield di-
rection, then uses those estimates to obtain new anisot
constants from the resonance plotted as a function of ca
lated direction of magnetization. Table I summarizes
best-fit parameters.

Above 160 K, both the uniaxial and cubic crystallin
anisotropies vary linearly withT. Because the uniaxial an
isotropy is attributed to growth induced effects, it is not d
ficult to understand its monotonic behavior with temperatu
The temperature dependence ofK1 is somewhat less ex
pected, since the sign ofK1 changes near room temperatur
However, the cubic anisotropy of Fe films is sensitive to t
growth and strain properties. For example, surface aniso
pies in thin Fe~001! films grown onto MgO~001! have been
shown to have opposite sign to the cubic crystalline anis
ropy, although not resulting in a sign change of the effect
crystalline anisotropy constant.17,18

Exchange biasing belowTN1 requires the addition of a
unidirectional energy term,

Eud~u,f!52Kudsinu cosf, ~4!

to Eq. ~1! where Kud is the unidirectional anisotropy con
stant. The exchange bias field related to the unidirectio
anisotropy simply asHE5Kud/M and can be estimated from
the difference in the resonance field at 0° and 180°. For
K this corresponds to;30 Oe in agreement with Fig. 3.

In addition to exchange biasing, the data belowTN1 also
requires an energy term which reflects the symmetry of
FePt3 ~110! surface. We have used the form of cubic cryst
line anisotropy projected into the~110! plane,

E1~110!~u,f!5K1~110!@cos4 u1cos2 u sin2 u@113 cos~2f!#

1sin4 u~sin4 f14 sin2 f cos2 f!#/4. ~5!

e
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TABLE I. Anisotropy energy densities expressed in 103 erg/cm3.

T~K! Kud Kua K1(211) K1(110) K1(110 surf)

350 745 264
300 916 211
220 1230 67
180 1410 115
150 34 1460 142
140 34 1460 136
130 51 1310 183
120 49 1080 177
110 57 1110 186a 238 11
100 56 1060 196a 216 26
90 68 1050 207a 19 44
80 66 1080 217a 55 55
70 54 1090 228a 144 100

aThese values were extrapolated from higher temperature results, sinceK1(211) andK1(110) are nonorthogonal.
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Since this term competes withK1 belowTN1 , we extrapolate
K1 in order to resolveK1(110).

Finally, the onset of higher-order anisotropies also occ
somewhere belowTN1 . To highlight these higher-orde
terms we subtracted the 300 K resonance data from that m
sured at 70 K. The remainder plotted in Fig. 6 displays
eightfold structure. To account for this higher-order behav
we included the following energy to Eq.~1!:

E1~110surf!5K1~110surf!@36 cos~2f!

14 cos~4f!112 cos~6f!19 cos~8f!#. ~6!

This energy expression fits the overall shape of the resona
curve belowTN1 but only partially accommodates the sha
features at 0° and 180°. The possible origins of this high
order anisotropy will be discussed further in the followin
section.

V. DISCUSSION

A. TÌTN1

The magnetic properties of the Fe~211! film aboveTN1
are characterized by a strong uniaxial anisotropy with
@01̄1# easy axis that varies from 0.7 to 1.63106 ergs/cm3

FIG. 6. Subtraction of in-plane resonance and linewidth at 3
K from 70 K. Solid symbols represent the resonance differen
open symbols the linewidth difference.
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from 350 to 160 K. This anisotropy can be understood fr
magnetoelastic energy arising from strain. The measu
linear strains in the@01̄1#, the @1̄11#, and the@211# direction
are «xx520.025,«yy50.008, and«zz50.021, respectively.
After a coordinate transformation of the magnetization v
tor into the coordinate system of each of the four possible
~211! twins and averaging we arrive at the following ener
expression for the magnetoelastic energy:

Es5cos2 Q~ 1
4 l100sxx2

1
4 l100szz

2 1
2 l111sxx1

3
2 l111syy2l111szz!

2sin2 Q cos2 w~ 1
4 l100sxx2

1
4 l100szz

1 5
2 l111sxx2

3
2 l111syy2l111szz!, ~7!

wherel100 and l111 are the magnetostriction constants a
sxx , syy , and sxx are the stress values for the films. Th
stresses can be calculated by performing a Bond tra
formation19 of the elastic stiffness tensor (Ci j ) into the co-
ordinate system of each of the four Fe twins, averag
and subsequent multiplication with the measur
strains. This procedure yieldssxx522.2131010 dyn/cm2,
syy51.4731010 dyn/cm2, and szz52.8231010 dyn/cm2,
where we used the bulk Fe values for the elastic m
uli (c11523.731011 erg/cm3,c12514.131011 erg/cm3,c44
511.631011 erg/cm3).20 Substituting in the stress value
and the bulk magnetostriction constants~l10052131026

andl111522131026! ~Ref. 21! in Eq. ~7! yields

Es5~20.4 cos2 Q22.0 sin2 Q cos2 w!106 erg/cm3. ~8!

Thus due to magnetostriction we would expect a
3106-erg/cm3 uniaxial anisotropy with a@01̄1# easy axis
which is in close agreement with the measured value.

To determine the origin of the in-plane linewidth behav
aboveTN1 , a 14-Å epitaxial film of Fe~211! on MgO ~110!
was also measured. AboveTN1 the single layer Fe film be
haves exactly as the Fe/FePt3 bilayer, suggesting the behav
ior has its origin in sample orientation, possibly includin
effects of twinning, and does not bear on the question
linewidth broadening at lower temperatures. The 14-Å
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film, cooled to 100 K, exhibited no deviation from its 300-
linewidth behavior.

B. TN2ËTËTN1

For TN2,T,TN1 the magnetic behavior of the FeP3
~110!/Fe bilayer is characterized by a decrease in the unia
anisotropy and a negative exchange bias measured
field-cooling along the FePt3 out-of-plane@110# and in-plane
@001# directions while there is a small positive exchange b
observed after field cooling along the FePt3 in-plane @11̄0#
direction. The reduction of the uniaxial anisotropy can
viewed as an induced uniaxial anisotropy from the Fe3
along the FePt3 @11̄0# axis that is orthogonal to but weake
than the strain induced uniaxial anisotropy of the Fe la
observed aboveTN1 .

Similar biasing effects have been observed in the F2
~110!/Fe bilayer system,12,22 in which the FeF2 spins are
aligned along the in-plane@001# axis and aboveTN the Fe
layer exhibits a uniaxial anisotropy along the same a
Upon field cooling belowTN an induced uniaxial anisotrop
orthogonal to FeF2 spin axis is observed, which in this sy
tem is larger than the uniaxial anisotropy of the Fe aboveTN
resulting in an in-plane 90° rotation of the Fe easy axis fr
the FeF2 @001# to the FeF2 @11̄0# axis. The AF induced
uniaxial anisotropy orthogonal to the AF spin axis can
understood by spin frustration at the interface leading
spin-flop coupling between the FM and AF.23,24 Moreover,
large biasing is observed when field cooled parallel to the
spin axis, while small biasing of the opposite sign or
biasing when cooled perpendicular to the AF spin axis~i.e.,
parallel to the AF induced anisotropy axis!. A unique feature
of the FeF2 /Fe system is that the sign of the biasing depe
on the magnitude of the cooling field: for sufficiently larg
cooling-fields the biasing along the FeF2 @001# spin axis
changes from negative to positive. It was speculated that
positive bias arises from an antiferromagnetic interaction
the FeF2 /Fe interface.11,12 However, cooling field depen
dence of the exchange bias was not observed in the FePt3 /Fe
system.

Given the similarity between the present FePt3 /Fe results
for TN2,T,TN1 and those for FeF2 /Fe ~i.e., a change of
biasing magnitude and sign with in-plane cooling field dire
tion and an induced in-plane anisotropy along the Fe3
@11̄0# axis!, it suggests that the underlying spin structure
the FePt3 is similar to that known for FeF2 ~110!. That is, the
in-plane projection of the FePt3 spins is parallel to the FePt3
@001# axis. However, we also observe similar bias valu
after cooling perpendicular to the film~i.e., the FePt3 @110#
axis!. Previous studies found that in-plane together w
perpendicular-to-the-plane biasing10 measurements probe
the spin orientation in the AF. Given this we posit that t
FePt3 spins are lying in the~11̄0! plane and exhibiting an
out-of-plane component. In a perfect cubic system spins
aligned with a high-symmetry direction. The only hig
symmetry axes within the~11̄0! plane exhibiting both in-
plane and out-of-plane components are the@111# and the
@111̄# axes 35° from the sample plane normal. This conc
sion is consistent with the neutron results of Ref. 4. Ho
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ever, deviations from a high-symmetry direction are possi
due to sample strain.

C. TËTN2

Both the magnetization and FMR results indicate a sec
magnetic transition belowTN1 near the observedTN2 in Fe-
rich samples. This transition appears in the exchange b
coercivity, anisotropy, and FMR linewidth. The observati
of the transition atTN2 is surprising since our sample i
slightly Pt rich, and previous neutron-scattering experime
on FePt3 films on MgO ~110! substrate showed no anoma
or spin-reorientation transition nearTN2 even for Fe-rich
compositions.4 It was argued that strain suppressed the tr
sition atTN2 . This leaves the question of why we observ
clear evidence forTN2 in the exchange-coupled FePt3 /Fe
sample. There appear to be at least two possible expl
tions. The first is that there is a magnetic transition atTN2 in
FePt3 driven by nesting electron and hole pockets at theG
and X symmetry points that alters the magnetic propert
~e.g., the magnetic anisotropy!, but because of strain or lac
of additional Fe, is not reflected in a spin reorientation. T
exchange bias, coercivity, and FMR results from the Fe la
are tracking changes in the FePt3 properties that could be
viewed as a precursor to the spin reorientation.

The second explanation is that the presence of the
overlayer and the interaction between the Fe and FePt3 trig-
gers the spin-reorientation transition of the FePt3 at TN2 ,
either throughout the film or near the interface. It is possi
that Fe atoms from the overlayer occupy the face-cente
sites of the FePt3 normally occupied by Pt atoms. As pointe
out by Kulikov et al. the presence of these additional F
atoms may trigger the onset of theQ2 phase. In this picture
the magnetic anomalies atTN2 reflect the spin reorientation
of the underlying FePt3 . At this point, we are not able to
explain all the experimental data in a self-consistent w
using either explanation. However, the latter explanation
particularly appealing because theQ1-phase results in a un
compensated spin structure at the FePt3 ~110! surface while
the Q2 phase results in a spin-compensated surface.4 A tran-
sition from a spin-compensated to spin-uncompensated in
face could explain some of the dramatic changes in the
isotropy and exchange bias. For instance, the transition f
Q1 to Q2 could result in a breakup into AF domains at th
Fe/FePt3 interface.

Interface roughness can cause local variations in the
change energy across of the AF/FM interface and is a p
sible source for biquadratic exchange coupling.25 Similarly,
local variations of magnetic anisotropies at an interface
to interface inhomogeneities have been identified to pre
the creation of higher-order anisotropies, for example, a
axial term through local variations in a uniaxial term.26 Al-
though Slonczewski and Heinrichet al. only invoke spatial
inhomogeneities due to roughness, we propose that mag
inhomogeneities due to AF domain formation may have
similar effect. Following the derivation by Heinrichet al.,
the higher-order energy term has functional form,

Esurf}S ]E

]f D 2

. ~9!
1-7



q

ag
hl
io
et
m
,
F

a
th
o

ra
i-
In
e

u

h
a
e

ti
lan

ced

an-

bly
t

the

data
R.

ter-

ad-
Pt
ut
ta-

to
e of
nts
in

ic
No.
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For the case of Eq.~5!, which reflects the~110! symmetry of
the FePt3 surface, this results in the higher-order terms of E
~6!.

The idea of the interface inhomogeneities being of m
netic rather than structural origin is supported by the hig
broadened linewidth associated with the second transit
Increased linewidth is associated with chemical or magn
disorder. Because our linewidth grows with decreasing te
perature belowTN2 , we rule out chemical disorder. And
since we do not observe broadened linewidth in epitaxial
~211! on MgO ~110!, we look for a source in the FePt3 . The
broadening may be associated with increased disorder
explained by a two-magnon scattering model describing
damping of the ferromagnetic resonance. In the two-magn
or Sparks, Loudon, and Kittel~SLK! model,15,16 the uniform
mode precession of the ferromagnetic spins is degene
with a spin-wave mode of finite wavelength. Nonuniform
ties scatter the uniform mode into the spin-wave mode.
creased in-plane linewidth has been observed in other
change biased systems of Fe/MnF2 ,27 and has been
explained by local fluctuations in the AF/FM exchange co
pling, for example, due to interface roughness.

VI. SUMMARY

The magnetism of FePt3 ~110!/Fe ~211! bilayer films epi-
taxially grown onto MgO~110! has been investigated wit
SQUID magnetometry and FMR. The Fe film exhibits
large strain-induced uniaxial anisotropy, which is reduc
with the onset of exchange biasing belowTN1 . Positive bias
was observed along the in-plane Fe hard axis while nega
bias was observed along the out-of-plane and the in-p
:
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easy axis. This behavior can be explained by an indu
uniaxial anisotropy from the FePt3 that is perpendicular to
the strain induced Fe easy axis. The exchange bias and
isotropy data suggests that the FePt3 spins are lying in the
~11̄0! plane and exhibit an out-of-plane component, proba
close to the out-of-plane@111# and @111̄# axes in agreemen
with neutron-diffraction experiments on FePt3 films.4

Contrary to neutron scattering from similar FePt3 ~110!
films both SQUID and FMR data show clear evidence of
low-temperature AF phase belowTN2 . This is reflected in
the temperature-dependent coercivity on exchange-bias
as well as the resonance field and linewidth of the FM
Higher-order anisotropy terms are observed belowTN2 ,
which we addressed by microscopic fluctuations in the in
facial exchange coupling at the Fe/FePt3 interface. The exis-
tence of the low-temperature AF phase can either be
dressed by a change in the electronic structure of the Fe3 ,
which reflects itself in the magnetism of the Fe layer, b
which due to strain is too weak to trigger a spin reorien
tion, or by creating a Fe-rich FePt3 alloy at the FePt3 /Fe
interface, which could drive the spin reorientation close
the interface. The investigated system is a good exampl
how a combination of magnetometry and FMR experime
can probe the spin structure of both the FM and AF
exchange-biased systems.
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