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We have fabricated multilayer samples with varying superlattice periodicity and interlayer
thicknesses to determine the nature of the enhanced moment in this intriguing thin film system.
Magnetic characterization experiments show an enhanced magnetic moment in the multilayers as
compared to a single layer film containing the same amount of FeCo. However, since the
magnetization is defined as the magnetic moment divided by the sample volume, the sample exhibits
an overall reduction in the magnetization when the volume of the Pd layers is also taken into
account. Our experimental findings are also supported by theoretical calculations which identify the
origin of the increased magnetic moment in the multilayer system. Polarized neutron reflectivity
experiments will be used to determine the lateral distribution of the magnetization in a number of

superlattice samples. © 2008 American Vacuum Society. �DOI: 10.1116/1.2830631�
I. INTRODUCTION

A high saturation magnetization is very advantageous in
magnetic recording. Among the 3d ferromagnetic materials,
the FeCo bcc-alloy system has the highest known magnetic
moment along the Slater-Pauling curve.1 As a result, this
group of materials are widely used in the magnetic recording
industry. However, recent advances in areal storage density
have stretched this system to its magnetic limit. Further ad-
vances will require either a new class of materials or im-
provements on the current set. Here, we investigate a pos-
sible method of improvement on the current set of FeCo bcc
alloys.

Increasing the saturation magnetization of FeCo alloys is
a possible answer. This may be accomplished by adding Pd,
either as an impurity or as a thin spacer layer within a super-
lattice. In the case of pure Fe, the addition of Pd, either as an
impurity or as a thin film in a multilayer structure, reveals an
increase in the Fe magnet moment. This is due to interfacial
mixing of the Fe 3d and Pd 4d majority spin channels. This
mixing results in an increased moment on the Fe and an
induced moment on the Pd.2 While the interaction between
Fe and Pd has been well documented,3–7 there is little re-
search on the introduction of Pd into FeCo.8,9 This article
reports on the structural and magnetic properties of a
Fe65Co35 /Pd heterostructure.
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II. EXPERIMENT

The samples consisted of n=1 and 16 repetitions of
Fe65Co35 /Pd on 1 cm2, a-plane sapphire substrates, with a
6.7 nm Cr buffer layer and a 5 nm Pd capping layer. The
Fe65Co35 and Pd thicknesses were adjusted to maintain total
thicknesses of 9.76 and 4.0 nm, respectively. All the samples
were prepared in a dc magnetron sputtering system, with a

FIG. 1. X-ray reflectivity spectra of the single layer �n=1� and multilayer

�n=16� Fe65Co35 /Pd samples.
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base pressure of 6.6�10−7� Pa and an argon-working pressure
of 0.36 Pa. All targets have greater than 99.9% purity. A
quartz crystal microbalance calibrated the deposition rates of
Cr, Fe65Co35, and Pd at 0.067, 0.15, and 0.033 nm /s, respec-

TABLE I. X-ray reflectivity results for the single laye

Sample Material Periodicity
Th

�

n=1 Cr 1
Fe65Co35 1
Pd 1
PdOx 1

n=16 Cr 1 1
Fe65Co35 16
Pd 15
Pd 1
PdOx 1

FIG. 2. X-ray diffraction patterns of the �a� single layer and �b� multilayer
Fe65Co35 /Pd samples.
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tively. The resulting multilayer samples were structurally
characterized by x-ray reflectivity and diffraction. A DMS
model 1660 vibrating sample magnetometer was used for the
magnetic characterization.

III. RESULTS AND DISCUSSION

A. Structural characterization

Structural characterization was carried out on a Philips
X’Pert MPD Pro diffractometer with a Cu K� radiation
source. The geometry of x-ray reflectivity �XRR� and x-ray
diffraction �XRD� are similar with one exception. For XRR,
there is a glancing angle of incidence, 0° �20�10°. For
XRD, the angle of incidence is higher, greater than 2�
�10°. Reflectivity curves, as shown in Fig. 1, are fitted to
determine sample thickness, density, and interfacial rough-
ness. Once acquired, the data is fit10 to a sample model using
Parratt recursive formalism,11 with a Névot-Croce error func-
tion accounting for the interfacial roughness.12 Typical re-
sults are presented in Fig. 1. The fitting program yielded
layer thicknesses which deviated from the nominal thick-

1� and multilayer �n=16� Fe65Co35 /Pd samples.

ss Roughness
�nm�

Density
�kg /m3�

Atomic
number

0.01 7896.72 23.8
0.01 9329.15 24.6
0.019 12194.92 45.9
0.46 10900.28 3.0

2.77 6415.58 23.8
0.14 8405.67 24.6
0.22 9609.96 45.9
0.01 13450.09 45.9
0.03 7731.49 3.0

FIG. 3. Hystersis loops of the single layer and multilayer Fe65Co35 /Pd
samples. The saturation moments are for the n=1 and n=16 samples,
respectively.
r �n=

ickne
nm�

7.175
9.365
7.478
1.479

0.351
9.941
5.156
2.053
1.013
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nesses. These deviations, which are summarized in Table I,
result in a 6% variation in the Fe65Co35 volume, and a 4%
variation in the Pd volume, between the samples. The fitting
also revealed an oxide layer of about 1.5 nm on the surface
of the samples.

XRD scans in the 2�-� mode on the multilayer structures
are used to identify the crystallographic phases, as shown in
Fig. 2. The Pd layers are found in the fcc phase, with a lattice
constant of 0.385 nm. The Fe65Co35 layers are in the bcc

TABLE II. Magnetic characterization results for the single layer and multilay

Sample

Magnetic
moment
��Am2�

Using only Fe65Co35

Magnetic volume
�m3�

Magnetiza
�kA/m

n=1 3.0�0.15 �9.365�0.03��10−13 320�1

n=16 3.17�0.16 �9.941�0.03��10−13 320�1

FIG. 4. Simulated polarized neutron reflectivity results depicting the non-
spin-flip reflectivity states, �a� R++ and �b� R−−, of a 25-layer Fe70Co30

�2.0 nm� /Pd �1.0 nm� sample. The inset graphs illustrate the area in vicinity
of the critical angle. The Fe70Co30 has a magnetic scattering length density
of 4.71�10−4 nm−2; the Pd has a magnetic scattering length density of

−4 −2
0.5�10 nm .

JVST A - Vacuum, Surfaces, and Films
phase with a lattice constant of 0.360 nm. Careful inspection
of the peak positions indicates that the Fe65Co35 and Pd lat-
tice constants remain constant with increasing interfaces.

B. Magnetic Characterization

The use of Pd in a multilayer has a significant effect on
the magnetic environment. Figure 3 shows the room tem-
perature VSM results for the multilayer sample and the ref-
erence sample, which are further summarized in Table II.
There is a clear enhancement of the magnetic moment of the
n=16 sample. However, if we calculate the magnetization,
the moment per unit volume, using only the volume of the
Fe65Co35 layers, the magnetization is only enhanced by
0.18% for the n=16 sample. However, once the Pd volume is
included in the calculation of magnetization, the overall
magnetization decreases by 53%. From a qualitative point of
view, these results are in agreement with our theoretical
calculations.13

While these results are enticing, the accuracy of our mag-
netization measurements and the resulting moment calcula-
tions pose problems. While the sample area was constant
within 0.2%, the x-ray reflectivity curves determined that the
Fe65Co35 thicknesses varied by 2% and 4%, for n=1 and n
=16, respectively. As there is some uncertainty in the XRR
fitting, we can place an uncertainty of approximately 5.5% in
the determination of the magnetization. This uncertainty in
the magnetization is on the same order as the observed mag-
netic moment enhancement.

All of the measurements presented here were taken at
room temperature. If we assume that the magnetization fol-
lows a temperature dependent phenomenological power law
with an exponent of 0.37�0.02,14 and that phenomenologi-
cal the Fe65Co35 layers have a Curie temperature of 1250 °C,
then the zero temperature magnetization will increase by
9.4%. We would expect that the Fe65Co35 layers would have
a bulklike Curie temperature since the predictions of the
finite-size scaling model show a marked decrease in the Cu-
rie temperature only for films less than 0.34 nm thick.15

Thus, we can conservatively estimate that the zero tempera-
ture magnetization will be approximately 9% larger than the
room temperature values.

C. Polarized neutron reflectometry

Our theoretical calculations13 and other experimental
results2,3 show the origin of the enhanced magnetization is an
induced magnetic moment on the Pd layers. We plan to use

65Co35 /Pd samples.

Using Fe65Co35 and Pd
Magnetization

at absolute
zero

Magnetic volume
�m3�

Magnetization
�kA/m�

�9.365�0.03��10−13 320�10 350�11

�15�3��10−13 200�50 230�50
er Fe

tion
�

0

2

polarized neutron reflectivity �PNR� to detect the origin of
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the enhanced moment of this system. PNR can be used to
determine the interfacial structure, magnetic roughness, and
the distribution of the magnetization vector within multilayer
samples.16 This is accomplished by comparing the spin-flip
states and non-spin-flip states of the neutrons.17

We have performed simulations18 to show the sensitivity
of the Vertical Surface Magnetism Reflectometer, Spallation
Neutron Source Beamline 4A, is sufficient to resolve the
differences in the neutron reflectivity. We used the stacking
order developed by Noma et al.1,2 to simulate the multilayer
sample. Figure 4 shows simulated PNR results for a 25-
bilayer system of Fe70Co30 �2.0 nm� /Pd �1.0 nm�; the mag-
netic scattering length density of the Fe70Co30 is 4.71
�10−4 nm−2, In the case of an induced Pd moment, the mag-
netic scattering length density is 0.5�10−4 nm−2. The rela-
tively small layer dimensions and low magnetic scattering
length density of Pd were chosen to demonstrate an ex-
tremely low effect in the reflectivity spectra. The simulations
demonstrate that the range of the reflectivity can be observed
with the instrument in its current status.

IV. CONCLUSIONS AND FUTURE WORK

Multilayer samples of Fe65Co35 /Pd were characterized in
order to investigate the magnetic moment enhancement re-
ported in the system. Our theoretical calculations show an
increase in the magnetization of the Fe65Co35 layers and a
decrease in the overall magnetization. Our experimental re-
sults confirm the decrease in the overall magnetization of the
system. However, we cannot confirm the increase in the
Fe65Co35 layer magnetization. Our future work will attempt
to confirm the theoretical results through polarized neutron

reflectivity.
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