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Magnetic domains in epitaxial ordered FePd„001… thin films with perpendicular
magnetic anisotropy
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Small magnetic domains~70 nm! have been observed by magnetic force microscopy in ordered FePd thin
films grown by molecular-beam epitaxy. The layers exhibit a perpendicular magnetic anisotropy induced by
uniaxial L10 @CuAu~I!-type# chemical ordering. The magnetization curves show that the easy magnetization
axis is perpendicular to the film plane and their interpretation with a micromagnetic model leads to the correct
size of the domains.@S0163-1829~97!00318-4#
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Magnetic layers with a high perpendicular anisotropy a
pear as an attractive solution to increase the information d
sity in magneto-optic recording media. Currently, longitu
nal magnetic recording systems reach densities
10 Gbits/in2, while computer simulations based on the p
pendicular magnetic recording~PMR! mode anticipate den
sities of 300 Gbits/in2 for the 21st century.1 To achieve the
PMR configuration, many efforts are devoted to the mater
exhibiting a uniaxial magnetic anisotropy. To take advanta
of the magnetocrystalline anisotropy, it is critical to contr
the elaboration conditions so that the direction of the e
axis of magnetization is perpendicular to the film plane. R
cently, research focused on binary metallic alloys develop
a uniaxial magnetic anisotropy associated with a chem
ordering phase transition. In this way, magnetic layers
ordered PtCo and PtFe with perpendicular magnetic ani
ropy have been elaborated.2,3 The magnetocrystalline aniso
ropy was strong enough to exceed the demagnetizing
which tends to confine the magnetization in the plane of
layers. Since the chemical ordering was shown to be acc
panied by a large enhancement of the Kerr rotation in th
layers, this type of material is very promising for magne
optic applications.

The FePd system exhibits a phase transition at the e
atomic composition around 920 K between a disorde
face-centered-cubic phase and anL10 @CuAu~I!-type# or-
dered tetragonal structure.4 This ordered structure consists
alternating planes of Fe and Pd atoms so that it has only
fourfold symmetry axis which is expected to be an easy m
netization axis.5,6 In this letter, we report on the observatio
of nanometric magnetic domains in ordered FePd thin fi
having the easy axis normal to the surface. The crysta
graphic structure of the metallic layer was investigated
detail with x-ray-diffraction~XRD! experiments as well a
transmission electron microscopy~TEM! observations. The
magnetic properties were studied by standard vibra
550163-1829/97/55~18!/12552~4!/$10.00
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sample magnetometry~VSM! and magnetic force micros
copy ~MFM!. We show that the models developed in t
1960’s for garnet materials7 may be applied to ordered me
tallic alloys with nanometric magnetic domains.

The FePd thin film was deposited onto a Pd~001!-oriented
surface held at a temperature of 600 K during the deposi
of the alloy. We found that this temperature, being consid
ably lower than the bulk order-disorder transition tempe
ture, is high enough to induce ordering at the surface dur
deposition. Pd was chosen as the buffer layer since its la
parameter has a misfit of 1% with the in-plane lattice para
eter of the ordered FePd phase.8 Indeed the minimization of
the epitaxial strains in the growing layer should favor t
formation of the ordered phase with the fourfold-symme
axis parallel to the growth axis.

The samples were prepared by molecular-beam epit
~MBE! under ultrahigh vacuum (1027 Pa). A 2-nm seed
layer of Cr was deposited onto a MgO~001!-oriented surface
in order to induce the epitaxial growth of the 60-nm sing
crystal Pd buffer layer. During a 10 min annealing at 700
the reflection high-energy electron-diffraction~RHEED! pat-
tern transformed from spots to rods indicating the smooth
of the Pd~001!-oriented surface.9 Then the buffer layer was
cooled down to 600 K and a 50-nm equiatomic FePd la
was codeposited at the rate of 0.2 atomic monolayer
second. This was performed by simultaneous evaporatio
pure Fe and pure Pd from two independently control
electron-beam sources. The incident fluxes of Fe and
were each set to 0.1 atomic monolayer per second. E
electron-beam source was controlled by a quartz crystal
sor calibrated using the RHEED oscillations induced by
pseudomorphic growth of pure Fe and pure Pd on a Pd~001!
surface. The layer was covered by a 2-nm Pd capping
prevent from oxidation. The RHEED diagram reveal
the cube-on-cube epitaxial relationship~001!@001#Pd/
~001!@001#FePd with no visible relaxation of the in-plan
12 552 © 1997 The American Physical Society
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55 12 553MAGNETIC DOMAINS IN EPITAXIAL ORDERED . . .
FePd lattice parameter occurring during deposition. The
tensity of the specular reflection of the electron beam on
surface of the growing layer is presented in Fig. 1. We
serve oscillations with a period corresponding to the ti
required for the deposition of 2 atomic layers, indicating th
the growth proceeds bilayer by bilayer. Since theL10 or-
dered structure has a spatial period of 2 monolayers,
suggests that chemical ordering is occurring at the sur
during the growth. One may note that the double layer per
is commonly observed during the epitaxial growth of Ga
by MBE.10 The explanation is quite similar: one oscillatio
corresponds to the growth of one complete layer of Ga, p
one complete layer of As.

The evidence for theL10 ordering is given by a transmis
sion electron microscopy diffraction pattern of a plan vie
sample@Fig. 2~a!#. In addition to the$200% and$220% funda-
mental reflections of the face-centered-cubic lattice, str
and sharp$110% superlattice spots are present, indicati
L10 ordering along the growth direction. Moreover, from t
absence of the$100% reflections, we deduce that the orderin
is uniaxial with only one of the three possible variants of t
L10 ordered structure.

For comparison, we present the diffraction pattern o
sample codeposited at 300 K@Fig. 2~b!#. It differs from the
precedent pattern by the absence of the$110% superlattice
reflections. This reveals that the disordered face-cente
cubic phase has been obtained during the deposition at
K. We conclude that the temperature of the substrate du
the deposition is a critical parameter that controls the lo
range order in the growing layer.

A quantitative measurement of the degree of order
been obtained from XRD experiments. The symmetric XR
scans~Fig. 3! exhibit the ~002! fundamental peak for the
MgO substrate, the Pd buffer layer and the FePd layer.
presence of an intense~001! superlattice reflection for the
alloy layer confirms theL10 ordering. The long-range orde
parameter defined asS5unFe2nPdu, wherenFe~Pd! stands for
the site occupancy on the Fe~Pd! sublattice, is estimated
from the ratio of the integrated intensities of any fundam
tal and superlattice reflection.11 For the calculation we took
into account the Lorentz-polarization correction factor a
the thin layer effect. We used tabulated values for the ato
scattering factors.12 The integration of the two superlattic
diffraction peaks~001! and ~003! and the two fundamenta

FIG. 1. RHEED intensity oscillations during the codeposition
FePd at 600 K on the Pd~001! surface. The period of the oscillation
corresponds to the time required to form two atomic layers of all
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reflections~002! and ~004! allowed us to extract values fo
both the Debye-Waller factors and the long-range order
rameter estimated atS50.860.1. SinceS ranges from 0 for
a completely disordered film to 1 for a perfectly ordered fil
this experiment demonstrates the high degree of chem
order in the layer.

f

.

FIG. 2. TEM diffraction pattern taken with the electron bea
parallel to the~001! growth axis: ~a! codeposition at 600 K,~b!
codeposition at 300 K. The two diagrams exhibit the cubic symm
try with the$200% and$020% spots corresponding to the fundamen
reflections of the face-centered-cubic lattice. The pattern co
sponding to the sample codeposited at 600 K exhibits$110% spots:
they result from theL10 ordering with the direction of the fourfold-
symmetry axis along the growth direction. Note the absence of
~100! and ~010! spots corresponding to the two other possible o
entations of the ordered phase, i.e., with the fourfold symmetry a
in the plane of the thin film parallel to the~100! or ~010! axis.

FIG. 3. Q–2Q x-ray-diffraction scan along the~001! direction,
i.e., the growth direction, taken with the CuAu (Ka) radiation. The
~002! peaks for the MgO substrate, the Pd buffer layer and the F
layer correspond to the fundamental reflection of the face-cente
cubic lattice. The~001! peak for FePd results from the CuAu~I!
ordering with the fourfold-symmetry axis of the structure normal
the film.
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The magnetization curves@Fig. 4~a!# were measured usin
a VSM with the external field either parallel or perpendicu
to the layer plane. We deduce from the measurements
the saturation magnetizationMs is 12006100 emu/cm3

which is in agreement with the values given in the literatu
for bulk FePd ordered alloys.5,6 The magnetization curve
clearly show that the sample is more easily magnetized w
the field is applied perpendicularly to the layer, indicating
preferred orientation of the magnetization out-of-the pla
For comparison, we present the magnetization curves of
sample codeposited at 300 K@Fig. 4~b!#. This thin layer of
the disordered phase is more easily magnetized when
field is applied in the plane of the layer: this demonstra
that, due to the absence of uniaxial magnetocrystalline
isotropy, the minimization of the demagnetizing ener
keeps the magnetization in the plane of the layer under z
field. For the sample codeposited at 600 K, the uniaxial m
netocrystalline anisotropy resulting from theL10 ordering
exceeds the demagnetizing factor: this results in a perp
dicularly magnetized thin film. The comparison between
two samples clearly reveals the importance of the chem
degree of order to obtain perpendicular anisotropy. A met
for measuring the uniaxial anisotropy constantKu has been
developed by Druyvesteyn, Dorleijn, and Rijnierse.13 They
obtained a relation between the in-plane saturation fi
Hs
paraand the uniaxial anisotropy fieldHk52Ku /Ms depend-

FIG. 4. The unbroken lines represent the experimental hyste
loops measured on a VSM with the external field parallel~i! or
perpendicular~'! to the film plane.~a! The sample was codeposite
at 600 K: it is more easily magnetized when the field is applied
of the plane of the layer. The shape of the curve with the out
plane external field is characteristic of the presence of magn
domains. The broken line corresponds to the curve calculated
cording to the model of Kooy and Enz~Ref. 7! to fit the experiment.
~b! The sample was codeposited at 300 K: it is more easily mag
tized when the field is applied in the plane of the layer.
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ing on the value of a characteristic magnetic lengthl of the
material. They showed that, whatever the value ofl , Hk is
always larger thanHs

para leading in our case to 1.2
3107 erg/cm3 as a lower limit for the uniaxial anisotrop
constantKu whose value will be estimated below. The co
tribution of the magnetoelastic effects was estimated to
less than 106 erg/cm3 according to the deformation induce
by the epitaxial strains and the magnetoelastic constan14

Therefore we can consider that the measured value of
anisotropy results only from the magnetocrystalline anis
ropy. Finally the present experiment shows that it is su
cient to exceed the demagnetizing factor. Moreover
shape of the magnetization curve with the perpendicular fi
reveals that the sample is not homogeneously magneti
since this would give a square-shaped hysteresis loop, b
is divided into magnetic domains, the direction of the ma
netization being alternatively up and down in the layer.

This kind of shape and the one already observed in t
layers of garnet materials which also exhibit perpendicu
anisotropy are very alike. Kooy and Enz proposed a mode
the 1960’s to explain the observed domain size in th
materials.7 We can use the same expression for the total
ergy of the layer as composed of the wall energyEw , the
demagnetizing energyED , and the energyEH of the sample
in the external fieldH applied perpendicularly to the laye
The model assumes that the domain structure consist
straight domains with the demagnetization field as well
the 180° Bloch walls perpendicular to the surface~Fig. 5!.
The parametersd1 and d2 stand for the widths of the do
mains where the magnetization is parallel or antiparalle
the direction of the applied field andh is the thickness of the
layer. Under these assumptions the wall energy densityEw in
the layer isEw5sw2h/(d11d2) wheresw54AAKu is the
wall-surface energy density andA is the exchange constan
of the material. The energy densityEH of the sample in the
applied fieldH is given byEH52hHM whereM5Ms(d1
2d2)/(d11d2) is the resultant magnetization of the samp
andMs is the saturation magnetization of the material. T
demagnetizing energy densityED of the domain configura-
tion is given by

ED52phM2

5
2Am

11Am

8

p2 Ms
2 h

a (
n51

`
1

n3
sin2Fnp

2 S 11
M

Ms
D G

3@12exp~22npa!#,

where a5hAm/(d11d2). It includes them effect (m51
12pMs

2/Ku) due to the fact that the uniaxial anisotrop
energyKu is only slightly higher than the demagnetizin
energy 2pMs
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FIG. 5. Schematic representation of the domain structure po
lated for the modeling.
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55 12 555MAGNETIC DOMAINS IN EPITAXIAL ORDERED . . .
This model based on a postulated domain structure all
us to evaluate the contribution of the different energy term
It shows how the formation of magnetic domains is induc
by the diminution of the magnetostatic energy. The width
the stripes when no external field is applied follows from t
equilibrium between the wall energyEw and the magneto
static energyED . Furthermore hysteresis loops with norm
external fields can be calculated by minimizing the total
ergy of the systemEtot5Ew1ED1EH with respect to the do-
main size. Both the stripe width under zero field and
calculated hysteresis curve depend on the parameterh/ l
where l5sw /(4pMs

2) is the characteristic material length
We have fitted the experimental magnetization curve
varying the parameterh/ l and we foundh/ l510 for the
calculated curve reproduced in Fig. 4. This value is used
estimate the uniaxial magnetic constant according to
model of Druyvesteyn, Dorleijn, and Rijnierse.13 This yields
Ku5(1.560.2)107 erg/cm3. As expected according to th
high value of the long-range order parameter,Ku is only
slightly lower than the magnetic anisotropy constant
(2–3) 107 erg/cm3 given in the literature for the bulk or
dered structure.5,6 The value of the characteristic length giv
also the theoretical width of the stripes at equilibrium w
no external field: 50 nm.

Such small domains were indeed directly visible
MFM. Measurements were performed using a nanoscope
from Digital Instruments, in the ac mode where the for
gradient~second derivative of the magnetic field! between a
magnetic tip and the sample is detected.16 The as-grown
sample exhibits highly interconnected stripes correspond
to the alternate up and down orientations of the magnet
tion ~Fig. 6!. Despite their small size, the domains are i
aged with a high contrast which allows a precise determ
tion of their well-defined characteristic width: 7065 nm.
This size is of the same order of magnitude than the
predicted by the model.

Magnetic domains so small have been recently obser
by Hehn et al. in perpendicularly magnetized cobalt th
films.17 In this system, the uniaxial magnetic anisotropy
sulting from the magnetocrystalline anisotropy of the
phase is lower than the demagnetizing energy:K̂5Ku/
-
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2pMs
250,35. Consequently, the magnetization lies in t

plane of the layer when the thickness falls below about
nm. This is not expected in the FePd system where the m
netic anisotropy induced by the chemical ordering is sign
cantly larger than the demagnetizing energy:K̂51.66. As a
result, perpendicularly magnetized FePd thin films can
obtained in a wide thickness range. This should allow
extensive study of the domain configuration with respect
the layer thickness. Current research efforts are devote
this task.

The MFM image demonstrates that nanometric magn
domains are the lowest energy configuration in thin Fe
layers having the magnetization perpendicular to the fi
plane. The required magnetic anisotropy is induced by
high uniaxialL10 chemical order obtained during the MB
growth. Since the growth process leads to only one var
and thus to a purely perpendicular anisotropy axis, the qu
titative analysis of the structural state of order and magn
configuration is greatly simplified. Therefore this epitax
system opens opportunities to investigate the relationship
tween the magnetic anisotropy, the magnetic configurat
and structural parameters such as the chemical order.

The authors would like to thank P. Auric, A. Chambero
B. Pras, G. Patrat, J. Eymery, and M. Dynna for stimulat
discussions and helpful assistance.

FIG. 6. Magnetic domain structure of the ordered FePd thin fi
observed with a MFM. Taken in the ac mode this image maps
phase shifts in the cantilever oscillations. Dark and bright ar
correspond to up and down perpendicularly magnetized doma
The image size is 2mm32mm.
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