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Chemically disordered FePd epitaxial layers are grown at room temperature by molecular beam epitaxy on
a Pd(001) buffer layer and then annealed in order to induce the chemically orderedL10 (AuCu I) structure.
Contrary to what is observed in the case of ordering during growth above room temperature, the ordered
structure appears here with the three possible variants of theL10 phase. The ratio of the three different variant
volumes is set by the residual epitaxial strain in the layer before annealing. It thus explains that for long
annealing times, the long-range order parameter associated with theL10 variant withc along the(100) growth
direction saturates at a value close to 0.65, and never reaches unity. Magnetic consequences of the ordering are
studied.
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I. INTRODUCTION

The chemical ordering of metallic alloys is a problem of
wide interest, concerning for instance the magnetic proper-
ties associated with some ordered alloy phases[FePt,1 FePd
(Refs. 2–4)] or the change in plastic properties with chemi-
cally ordered structures.5 Much attention has been recently
paid to two important parameters that can influence the or-
dering of metallic alloys in thin films: first, the strain, due to
the epitaxial relationship between the layer and the substrate,
may promote metastable phase6,7 that are not observed in
bulk phases and second, the symmetry breaking due to the
surface can play a drastic role and drive the chemical order-
ing. This has been thoroughly studied, for instance by Bar-
bier et al.8 and Legoff9 in the case ofL12 ordered CuPd
alloys upon annealing.

FePd belongs to the metallic alloys that are widely studied
because of their large magnetic anisotropy along the qua-
dratic axis in theL10 chemically ordered structure(Fig. 1),
as for FePt(Ref. 1) and CoPt(Refs. 10 and 11) alloys. Fol-
lowing the phase diagram12 there is indeed aL10 phase for
temperatures below 650 °C near the Fe0.5Pd0.5 composition.
This structure is slightly tetragonal contrary to the chemi-
cally disordered structure(g phase) that is purely fcc. Three
possible variants are hence possible within thisL10 structure,
with the quadraticc axis along one of the threek100l direc-
tions in the cubic structure. For the sake of simplicity, in the
case of thin films grown on Pd(001), we will call Z the vari-
ant with c along [001] and X (resp.Y), those withc along
[100] (resp.[010]). The chemical ordering of the alloy dur-
ing growth has been shown13–15 to depend strongly on the
substrate temperature in the case of molecular beam epitaxy
(MBE) deposition. If they are grown above 350 °C, layers
grown by codeposition of Fe and Pd order almost perfectly
and exhibit just theZ variant of theL10 structure, i.e., thec
axis and the associated magnetic anisotropy are perpendicu-
lar to the plane of the film. It has been claimed7 that the

biaxial tensile strain due to epitaxial misfit greatly favored
the selection of the observedZ variant and thus was the key
to understand the FePd ordering. In fact, it has been recently
suggested that this ordering was mostly driven by diffusion
of Pd adatoms at the surface—respectively, of Pt adatoms in
FePt-,—during growth1,13 and that this would hence explain
the selection of variant withc parallel to the growth direc-
tion.

We here aim at studying post-growth ordered samples to
make a comparison with films ordered during growth and, by
this way, to highlight the role plaid by the surface in both
cases. We study by x-ray diffraction(XRD) and transmission
electron microscopy(TEM) the effect of post-growth anneal-
ing at 400 °C of disordered samples as a function of time.
We observe the size and shape of the different variant do-
mains of theL10 phase as well as the chemical long-range
order (LRO) parameter related to the different variants. We
suggest a stress-driven control of the proportion of the dif-
ferent variant domains, contrary to the case of films ordered
during epitaxial films. We also investigate the magnetic con-

FIG. 1. FePd unit cells in theL10 and L12 chemically ordered
structures with the associated superstructure spots in the reciprocal
space.C is the tetragonal axis in theL10 structure. TheL12 struc-
ture is cubic.
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sequences of this three-variant ordering of the FePd thin film
by measuring hysteresis loops by extraordinary Hall effect
and by vibrating sample magnetometry(VSM).

II. GROWTH AND ANNEALING

Bulk MgO(001) crystals provided by Earth Chemical
(Japan) were used as substrates for the epitaxial growth.
They were first degreased by successive baths in trichloroet-
hane, acetone, and methyl alcohol and next introduced in a
UHV-preparation chamber. There, they were annealed during
six hours up to 550 °C so as to obtain a clean surface. The
growth of the 70 nm Pd buffer was performed at room tem-
perature on a 3 nm Cr seed layer. Once grown, the buffer
was annealed at 450 °C during 15 min to smooth the
Pd(001) surface. The Pd and Fe fluxes from the electron
beam evaporators were then measured using the reflection
high-energy electron diffraction(RHEED) intensity oscilla-
tions corresponding to the growth of pure Pd and of FePd
alloy at room temperature on a Pd(001) sample. Thereafter,
Fe and Pd fluxes were both set to 0.16 monolayer(ML ) per
second and maintained constant by using the indications of
two quartz microbalances. The growth of the FePd layer was
next performed by simultaneous evaporation of both ele-
ments on the Pd(001) substrate held at room temperature.
The film thickness was 40 nm. The pressure remained in the
low 10−7 Pa range.

Annealings were performedin situ in an adjacent chamber
under ultra high vacuum(in the 10−8 Pa range). Before re-
moving the sample from the chamber, a 2 nm Pd capping
layer was deposited on top in order to prevent the film from
oxidation in air.

First, let us remind the main results4,13–16we already ob-
tained concerning films grown by codeposition: FePd films
grown at room temperature are disordered and the 2.3% ten-
sile epitaxial misfit(adisordered FePd=3.80 Å andaPd=3.89 Å)
is relaxed by1

2 [101] perfect dislocations at the FePd/Pd
interface. On the contrary, when the growth is performed at
higher temperature(above 350 °C), the films are wellL10
ordered withc along the growth direction[001] (Z variant).
In this case, the related long-range order parameter(LRO)
(see below) is close to 0.8. The 1% misfit(aa,b=3.85 Å, ac
=3.71 Å) is relaxed by 1/6[112] perfect dislocations which
pile up in microtwins. NoX or Y variants are in that case
observed.

III. X-RAY DIFFRACTION

XRD measurements were performed with a classical
u–2u homemade diffractometer working with a Cu anode.
As-deposited films do not show(001) and (003) reflections
on u–2u scans: they are forbidden in the fcc symmetry of the
FePd in the disorderedg phase. After a few hours annealing
at 400 °C, these extra reflections appear[Fig. 2(a)], showing
the onset ofL10 ordering. These two superstructure peaks are
associated with theZ variant only.

We define theL10 LRO parameter of FePd related to theZ
variant asSZ= unFe−nPdu wherenFe (resp.nPd) is the probabil-
ity of finding a Fe atom on the FeL10 sublattice(resp. on the

Pd L10 sublattice) corresponding to theZ variant. ThisSZ
value is calculated from the ratio of the integrated intensities
of the (001) and(003) superstructure peaks versus the(002)
and (004) fundamental peaks2,4,16–18[Fig. 2(b)]. It may vary
between 1 for the perfectly ordered alloy with only theZ
variant and 0 for the fully disordered alloy. Figure 2(c)
shows the increase ofSZ with the annealing time for different
samples grown in the same way and annealed at 400 °C. The
LRO parameter seems to saturate at a value close to 0.65
after long annealing. As we only take into account one of the

FIG. 2. (a) u-2u x-ray diffraction scans on FePd films after
different annealing times at 400 °C; spectra are normalized on the
Pd(002) peak(b) u-2u scan on Pd(002) and FePd(002) after 48 h
anneal at 400 °C. The shoulders on both peaks show the diffusion
of iron into the Pd buffer layer.(c) Long-range order parametersSd
on the same samples as for(a) as a function of annealing times.
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threeL10 variants(the one withc along[001]) in the calcu-
lation of SZ, we can make two assumptions to explain this
saturation: either the volume occupied by the perfectly or-
deredZ variant is limited and corresponds to a fraction of the
total volume of FePd or the film is homogenously and non-
perfectly ordered along[001] with a constant LRO parameter
of 0.65 in the whole FePd layer.

Moreover, it may be noticed that the crystalline quality
increases after annealing for 48 h: The mosaicity decreases
from about 1.4° to less than 0.7°. Also, the lateral size of the
ordered domains, deduced from the full width at half maxi-
mum of the (001) and (003) peaks obtained on rocking
curves is in the order of 120 Å. The measurements made on
the (113) and (002) FePd peaks indicate a lattice parameter
of 3.71±0.005 Å in the out-of-plane direction and
3.82±0.005 Å in the in-plane direction. Therefore, the struc-
ture is not yet completely relaxed(ain-plane=3.85 Å is ex-
pected if completely relaxed with theZ variant). A shoulder
may be observed[Fig. 2(b)] on the right side of theu–2u
scans on the FePd(002) and on the Pd(002) peaks, corre-
sponding to the diffusion of Fe into the Pd buffer during
annealing, that will be discussed later.

In order to check the presence of in-plane variants of the
L10 FePd(X andY variants), we tried to observe the associ-
ated(103) and(013) reflections: The intensity on these peaks
is yet too low to be measured. We thus performed in-plane
diffraction measurements, using the grazing incident diffrac-
tion technique, to have access to the more intense(100) and
(010) reflections that are related toX andY variants. In this
technique, both the incoming and outcoming beams make a
grazing angle with the surface and the Bragg conditions are
fulfilled by planes perpendicular to the surface.19 f is the
angle between the incident beam and the diffracting planes
normal. Figure 3 clearly shows these peaks onf–2u scans,
thus proving the presence of the two in-plane variants. The
(200) and (400) peaks exhibit a shoulder and can be fitted
with two contributions: The main one corresponds to an in-
plane lattice parameter of 3.85 Å and the other one with an
in-plane lattice parameter of 3.76 Å. The larger lattice may
be related to theZ and Y variant whereas the smaller one
may be related to theX variant. The latter lattice parameter
corresponding toX domains is larger than expected from
then bulks3.71 Åd. This will be explained below. From the
ratio of the two components of the fit on the(200) and(400)
reflections we deduce that the volume associated with theX

variant is about 1/6 of the total volume. The same 1/6 pro-
portion was observed on the symmetricalY variant, thus sug-
gesting that theZ variant occupies the majority of the vol-
ume (about 2/3).

We performed the integration byf scans of the(100),
(300), (110), (200), (400), and(220) peaks. We used widely
open slits in front of the detector in order to integrate the
whole peak. In the case of the fundamental(200) and (400)
peaks we therefore do not discriminate between the contri-
butions of the different variants. It means that the LRO pa-
rameter we obtain is related to the whole volume of the FePd
film, even if it is in fact due to a limited volume of this layer
(X, Y, or Z domains). From this, we obtained LRO param-
eters:Sz=0.66 for theZ variant andSx=0.29 for theX vari-
ant. The first value is consistent with the value obtained from
u–2u scanssSZ=0.65d (see above). These values can be nor-
malized with respect to the related volume of each variant if
we suppose that the intensity of the superstructure peaks is
proportional to the volume of domains corresponding to the
involved variant.

Isuperstructurea Vtotal sSid2=VisSi
locald2, whereSi

local is the lo-
cal LRO parameter(within a given domain) and Vi is the
volume of domains ordered with this varianti (i =X, Y, or Z).
With Vx,y=1/6 and Vz=2/3 this leads toSz

local=0.81 and
Sx

local=0.71. These values are relatively close to 1 and thus
show a highL10 ordering within the different variant do-
mains. The error bars on theSi values can be assessed at
0.1–0.15, due to experimental inaccuracies and to the extra
contribution of the smallL12 interdiffusion zone(see below)
to the superstructure peaks of FePd.

IV. TRANSMISSION ELECTRON MICROSCOPY (TEM)
AND ELECTRON ENERGY LOSS SPECTROSCOPY

(EELS)

We performed TEM cross sections and plane view obser-
vations using a 400 kV JEOL 4000EX. The samples were
prepared using mechanical polishing and Ar+ ion milling.
Figure 4 shows a(100) cross section of a FePd layer after
48 h annealing at 400 °C. The two dark field images made
with the(001) and the(100) reflections show complementary
domains for the two correspondingX andZ variants. As may
be seen, the in-plane ordered domains[variantX associated
with the (100) reflection] form thin (3–5 nm wide) prisms

FIG. 3. In plane X-Ray diffraction:f-2u scans on a FePd sample annealed at 400 °C for 24 h.(a) (200) peak fitted with two Gaussian
contributions due to theX variants on the one hand and to theY andZ variants on the other hand;(b) (100) peak associated to theX variant;
(c) (110) peak associated to theZ variant.
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crossing the whole FePd layer, with a tip-terminated end at
the bottom of the layer. The fraction of theX-variant do-
mains on these cross-section images may be estimated to be
1/8. Z-variant domains seem to occupy the rest of the layer,
quite homogenously, hence about3

4 of the layer, if we sup-
poseVx=Vy. The difference between this 0,75 value and the
0,66 value measured with x-rays lays within the error bar of
these techniques.

Antiphase boundaries(APBs) are observed in both types
of domains, as thin anisotropic dark lines13,15,20,21that corre-
spond to chemically disordered volumes. Furthermore, an
interfacial layer of about 8 nm is observed on both types of
dark field images at the FePd/Pd interface. We believe these
layers to be due to aL12 ordered zone. Indeed, such ordered
structures are expected to induce nonzero intensity on both
(100) and (001) superstructure spots with a lower intensity
than in the case of theL10 ordered structure. If this zone had
a L10 structure, it could not be observed on both dark field
images: It would appear on only one, with the same intensity
as in the upper part. Moreover, high-resolution images
clearly show that this interfacial layer has aL12 structure.
This L12 phase is expected to appear close to the FePd3
composition of the alloy.12 Its precise chemical composition
will be discussed below.

High resolution images performed on the same cross sec-
tions (Fig. 5) confirm the presence ofL10 in-plane ordering:
They show the alternated vertical dark and bright(100)
planes corresponding to Fe and Pd in theL10 X variant. The
same contrast may be seen for the horizontal(001) planes in
the Z variants. The interfaces between an in-plane ordered
domain and the adjacent out-of-plane ordered domains lay
along parallel(110) planes, forming a twinning plane be-
tween the two variants. This twinning interface seems to be
coherent, as we do not observe any dislocation along these
{110} planes. Moreover, the(100) planes in theX-variant
domains are not perfectly vertical but tilted of about 2°(Fig.
5). This can be explained by the tetragonalisation of theL10
cell (Fig. 5): the (101) mirror planes make an angle of

arctgsaa,b/acd=arctgs3.85/3.71d # 46° relative to the(001)
direction of Pd, thus leading to the observed misangle close
to 2° in theX-variant domains. It furthermore may explain
the relatively large value obtained for the in-plane lattice
parameter inX and Y domains from in-plane x-ray diffrac-
tion measurementss3.76 Åd. Indeed we measure with x-rays
the sum of the twoX-related peaks that are out-of-axis of 2°
relatively to the[100] scanning direction. Thus, theu–2u
scans are out-of axis forX-variant domains and cannot give
the right value for their out-of-plane lattice parameter. We
therefore cannot trust this 3.76 Å value; this also shows a
large error bar in the fit we performed on(200) peaks to
extract theX-volume ratio.

The configuration of the different variants is made clearer
by plane view observations of the ordered domains[Fig.
6(a)]. Dark field images show in-plane ordered domains with
a shape corresponding to long rectangless400–500 nmd, and
with a width of about 40 nm. This value corresponds to the
projection on the surface of the 45° domains observed on
cross-section images. The two types ofX and Y variants
coexist, forming a kind of grid in the FePd layer[Fig. 6(b)].
These domains appear in dark on(110) dark field(variantZ)
especially in the thin part of the plane view(where they are
not totally covered by the inclinedZ-variant domains). Each
domain stops on a perpendicular one that corresponds to the
other in-plane variant. The rest of the layer is ordered with
the Z variant. Again, APBs are clearly visible in the three
types of domains.

In order to evaluate the Fe diffusion in the Pd buffer layer,
which is observed by XRD and TEM, we performed electron
energy loss spectroscopy(EELS) measurements on the same

FIG. 4. TEM cross section along(010) (zone axis[010]) on a
40 nm FePd layer annealed at 400 °C for 48 h. Dark field images
on (001) spot (top) and on(100) spot (bottom), showing, respec-
tively, the complementaryZ andX variants domains, and for both
spots theL12 interfacial region. A zoom on aX-variant domain is
given, also showing some APB(dark lines within theX-variant
domain).

FIG. 5. TEM cross section along(010) (zone axis[010]) on a
40 nm FePd layer annealed at 400 °C for 48 h; high resolution
image showing the contrast between Fe and Pd(100) planes in
X-variant domain, and the twinning of this domain withZ variants
relatively to(101) planes. The disorientation of the(100) planes in
X variants is assessed at 2°.
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cross section as shown above. Experiments were performed
on a 300 keV JEOL 3010 microscope equipped with a Gatan
image filter. With this technique, we can image the spatial
distribution of the different chemical species in a film. The
chemical map of Iron was obtained on cross sections thanks
to the three-window method22 applied at theL2L3 ionization
edge of iron at 708 eV(Fig. 7). The Pd concentration map
was not recorded due to a large C contamination in the mi-
croscope during this experiment: The K edge of Cs284 eVd
has a strong component that overwhelms the Pd edge at
365 eV. In order to evaluate the Fe and Pd concentration, we
assumed that the alloy contained Pd and Fe only, and that the
top layer of the alloy was equiatomic. Using these assump-
tions, the evaluation of the concentrations is straightforward.

These analyses indicate a large stoechiometric zone cor-
responding to the Fe0.5Pd0.5 composition. The thickness of
this zone is close to 35 nm, a bit thinner than the initial
thickness of the deposited alloys40 nmd. A 20 nm thick
layer corresponds to the interface between this region and the
pure-Pd buffer layer. In this interfacial zone the Fe content
decreases from 0.5 to 0. The rest of the buffer layer does not
show a Fe content above the noise of this measurement. The
Fe concentration profile can be compared to dark field im-
ages of Fig. 4. TheL12 zone (8 nm in Fig. 4) is found to
correspond to a FexPd1−x composition range 0.15,x,0.38,
in perfect agreement with the FePd bulk phase diagram.12

This observation of the composition range of a given phase
in a stressed film is an original result. It gives an indication
on the influence of the stress on the stability of the structure.
In the case of the cubicL12 structure, the stress seems not to
modify the composition range, contrary to what was ob-
served for instance in tetragonal chemically ordered
structures.6,21,23

V. DISCUSSION

The appearance of the three variants of theL10 structure
stresses the differences between ordering during growth or
during annealing. It has been claimed that the uniaxialL10
ordering during codeposition could be induced by the epitax-
ial tensile stress that favors theZ variant.7 In that case the
uniaxialy Z-ordered structure would be the equilibrium state
of the stressed thin film and we would then observe a similar
ordering after annealing. Our results demonstrate that the
uniaxial ordering during codeposition above 350 °C is not
due to an equilibrium structure but rather to a kinetic process
occurring at the surface during growth, the ordered surface
structure being “frozen” as the growth is going on.13 We
have to stress that the structure that we obtained after anneal-
ing disordered thin films is very close to the structure which
has been observed in annealed bulk samples. In this case, the
three variants appear in equal proportions and different re-
gions are observed where two domains coexist(X+Y, Y+Z,
or X+Z).24,25 In a given region, the ordered domains appear
as alternated periodic lamellar domains twinned with respect
to the {110} planes. In our case we also observe the three
variants of theL10 phase forming also a lamellar structure:
Domains corresponding to the different variants are twinned

FIG. 6. TEM dark field plane views on a 40 nm FePd layer
annealed at 400 °C for 48 h.(a) On (100), showingX-variant do-
mains as longs300–400 nmd prisms along(010), with a width in
the order of 4–5 nm. APB are clearly visible; the diffractogram
confirms the presence of the threeL10 variants[X variant with the
related(100) spots,Y variant with(010), andZ variant with(110)]
(b) On (110), showingZ-variant domains and, in negative(dark),
both X and Y domains, along the(010) and (100) directions. This
observation is made possible as the layer is here very thin andZ
domains do not cover the whole surface on(001) projections. The
change in film thickness close to the edge of the film explains the
apparent change inX domains width.

FIG. 7. (a) EELS image[cross section along
(010)] on a 40 nm FePd layer annealed at 400 °C
for 48 h. The Fe map shows an interdiffusion of
the Fe into the buffer, rather than an abrupt inter-
face. (b) The Fe concentrationsCfed profile plot
as an average on a given bandwidth[shown in
(a)]. It is calculated assuming an equiatomic alloy
close to the free surface. As a comparison, we
show the profile obtained in Fig. 4 on the(100)
dark field, increasing its intensity when crossing
the L12 band.
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relative to{110} planes that are mirror planes for the tetrag-
onal axis in the two domains. As pointed out above, the
interface between domains along a twinning plane seems to
be coherent, without dislocations at this interface. Neverthe-
less some differences relative to the bulk case have to be
noticed: The three variants coexist in the same regions, are
not paired in given regions and no periodicity of the domains
is observed, contrary to the case of bulk samples. The most
striking feature is the asymmetry betweenZ-variant domains
on the one hand andX- or Y-variant domains on the other
hand: TheZ-variant dominates(about 2/3 of the FePd vol-
ume) whereas in bulk samples the three variants are equally
represented. This behavior can be explained by taking into
account the influence of stress on the selection of one or-
dered variant. As we have noticed, no extra dislocations ap-
pear at the interface between domains. Moreover, the aver-
age in-plane lattice parameter is the same after and before
annealing(see Ref. 23 for the in-plane lattice parameter mea-
surements by RHEED on disordered FePd films). So, we can
suppose that no new dislocation appears at the FePd/Pd in-
terface during annealing. It thus suggests that the extra strain
due to tetragonalization during ordering is accommodated by
elastic deformation. Let us consider the average in-plane lat-
tice parameter before annealing: For such a thickness it is
close toainitial =3.825 Å.26 After annealing, theVx, Vy, andVz
volume of the different variants should follow, in order to
keep the same average in-plane lattice parameter:Vx=Vy and
Vx sainitial −acd=sVy+Vzdsaa,b−ainitiald where ac=3.71 Å and
aa,b=3.85 Å in the bulk case. From this we obtainVz
=0.64Vtotal, that is in good agreement with the evaluated
value from XRD and TEM. Residual epitaxial strain in the
as-deposited layer thus fixes the proportion of the different
variant domains and this, in turn, explains the saturation
value observed for the LRO parameter associated with theZ
variant.

The strong effect of stress on theL10 ordering has already
been put forward in FePt by Ichitsubo23 on bulk samples:
Annealing such alloys under tensile stress favors theL10
variant havingc perpendicular to the applied stress. We, in
fact, observe exactly the same behavior in our epitaxial FePd
layers: The driving force here is due to the residual epitaxial
stress.

Finally, a last observation has to be made concerning the
shape ofX or Y domains: As may be seen on cross sections
(Fig. 4), all of them reach the surface. Some of them cross
the whole FePd layer until theL12 zone, but some of them

seem to stop above this zone, and to finish with a tip-ended
shape which is not compatible with a perfect twinning be-
tween parallel{101} planes. In contrast,Z variants seem to
be uniformly present in the whole thickness of the FePd film.
This indicates either surface-induced ordering forX and Y
variants or non-uniformity of residual epitaxial strain as a
function of the depth in the FePd layer. In fact, it has been
observed26 that the1

2f101g dislocations that allow the relax-
ation of the disordered FePd layer are not at the very inter-
face with the Pd buffer but rather spread above this interface,
at different heights. This could explain the higher strain re-
laxation closer to the surface, and thus a smaller in-plane
lattice parameter, favoring largerX and Y domains volume.
Both explanations are not incompatible: Even inX and Y
variants the chemical ordering might originate at the surface
and then propagate to the deeper regions of the film. What-
ever the kinetic of ordering may be, as we observed the
samples(for instance, on the cross section) after a long time
(the LRO parameter saturates), the whole film might have
reached a kind of equilibrium. We thus cannot expect theX
andY variants to grow any more toward the deeper regions.
So, their particular shape might reflect a real nonuniformity
of the strain. It again confirms the influence of the residual
strain on the apparition of the different variants.

VI. MAGNETIC MEASUREMENTS

After deposition at room temperature, the FePd films are
disordered, and their magnetization lays in the plane of the
film due to the demagnetization field.4,17 Hysteresis loops
were measured after a 48 h annealing at 400 °C: The in-
plane magnetization along[100] was measured with a vibrat-
ing sample magnetometer(VSM), and the perpendicular
magnetization by extraordinary Hall effect(Fig. 8). From the
difference between these two curves we can deduce a quality
factor which corresponds to the ratio of the energy for an
in-plane magnetization versus a perpendicular
magnetization.3,4,27 Q is found close to 1.25. As it is larger
than unity, the magnetization is now perpendicular to the
film. This is due to the magnetic anisotropy in the majority
L10 Z domains havingc along [001]. This Q value can be
compared to the expected value from structural observations:
Let us assume for the three ordered variants a local aniso-
tropy coefficient Ku equal to the one observed for well
uniaxially ordered layers4 (Ku/2pMs

2<2, whereMs is the
FePd saturation magnetization). This assumption is made

FIG. 8. Hysteresis loops on a 40 nm FePd
film, initially disordered and annealed at 400 °C
for 48 h. (a) VSM measurement of the in-plane
magnetization with H applied in-plane(b) ex-
traordinary Hall effect measurement of the mag-
netization perpendicular to the film, with H ap-
plied perpendicular to the film.
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consistent by the observation of a LRO parameter close to
unity in the different types of domains. If we callV the
volume fraction of the FePd layer that orders along[001], the
two other variants correspond to as1−Vd /2 fraction. Taking
into account the demagnetization energy in the case of a
perpendicular magnetizations2pMs

2d, Q is given by

Q =

VKu +
1 − V

2
Ku

s1 − VdKu + 2pMs
2 =

V + 1

3 − 2V
.

XRD measurements suggestV<2/3, that would yield
Q=1, slightly lower than the 1.25 measured value. This lat-
est value would correspond toV=0.75, equal to the value
obtained from dark field images by TEM. So, we can con-
sider that the structural results are clearly consistent with the
magnetic results and that our simple model explains the total
magnetic anisotropy of the layer.

VII. SUMMARY AND CONCLUSION

We have grown chemically disordered FePd epitaxial lay-
ers by MBE on Pd(001) and then annealed them in order to
induce the chemically orderedL10 structure. The long-range
order parameter associated with theL10 variant withc along
(001) saturates at a value close to 0.65. Moreover, the or-
dered structure appears in the three possible variants of the
L10 phase, in domains twinned relatively to{101} planes.
This is contrary to what is observed in the case of samples
ordered during growth. Because of the tetragonalization as-
sociated with theL10 ordering, the ratio of the three different
variant volumes is fixed by the residual strain in the layer
before annealing, and consequently explains the saturation

value of the LRO parameter. A large interdiffusion region at
the FePd/Pd interface showed aL12 chemically ordered
structure. We performed both chemical and structural mea-
surements on thisL12 region and proved that it corresponds
to the expected stoechiometry from the FePd bulk phase dia-
gram.

The L10 ordering of the layer leads in our case to a per-
pendicular magnetization relative to the film plane, due to
the magnetic anisotropy of majorityZ-ordered domains.
Nevertheless, it requires a very long annealing time(more
than 10 h), that makes this method not useable for technical
applications. The alternative of increasing the annealing tem-
perature to decrease the annealing time might face the prob-
lem of a large Fe diffusion into the Pd buffer layer.

As a conclusion, this study of post-growth chemical or-
dering clearly shows that theL10 monovariant structure can
hardly be reached by an annealing method on initially disor-
dered samples. The epitaxial stress alone does not lead to the
selection of theZ variant: We have to favor the creation ofZ
variants. For this purpose, two methods have been successful
up to now: (i) Either we induce during growth small
Z-variant domains at low temperature by an alternated Fe
and Pd deposition, followed by ion irradiation at low
temperature28 that makes theseZ domains occupy the whole
FePd layer;(ii ) or we can take advantage on the surfactant
properties of Pd adatoms as shown in the case of codeposi-
tion above 350 °C where theZ variant is selected by this
surface diffusion mechanism.13 The results that we obtained
here during annealing contributed to distinguishing between
the influence of the dynamics of ordering during growth on a
surface, and the influence of epitaxial stress on the equilib-
rium structure of FePd.
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