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Atypical time-dependent magnetic behaviors of Fe–Bi films
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Films of metastable Fe–Bi solid solution were prepared by dc sputtering on Si�100� substrate. The
magnetic properties of Fe–Bi films are generally changing slowly with aging time. The as-prepared
films exhibit a large out-of-plane magnetic anisotropy. The natural aging process precipitates out Fe
atoms and forms nanograins with dead magnetic layers on the surface, reducing saturation
magnetization and eliminating the magnetic anisotropy of the as-prepared films. On the contrary,
Co–Bi films do not exhibit this weakly time-dependent behavior. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2173605�
INTRODUCTION

Our previous studies demonstrated a very long magnetic
relaxation time at room temperature in the Fe–Bi systems.1

This unique characteristic is attributable to the large spin-
orbital splitting of Bi, which prevents the magnetic element
from rapidly releasing its magnetic energy to the system.
Honda and Nagata recently discovered an enhanced Hall co-
efficient of 5.25�10−10 � cm/G in the Co–Bi film, which
exceeds that of pure Co bulk by two orders of magnitude.2

Hence, the combination of magnetic metal and semimetallic
bismuth gives rise to numerous peculiar and interesting re-
sults, because Bi has several unique physical properties. For
instance, the Fermi wavelength of the semimetallic Bi is as
large as 400 Å, in contrast to a few angstroms for most
metals.3 The carrier’s mean free path in Bi can be as long as
a few millimeters at 4.2 K, several orders of magnitude
larger than in most metals. This research continues work on
the Bi-based sample system and examines the time-
dependent magnetic behavior of Fe–Bi. The Co–Bi system is
also examined for comparison.

EXPERIMENT

FexBi1−x and CoxBi1−x �x represents the relative volume
fraction of the Fe and Co contents� films were fabricated by
dc magnetron sputtering using composite targets made from
the mixture of Bi and Fe or Co powders. The Si�100� wafers
were used as substrates. The thickness of the films was ap-
proximately 1 �m. The composition of the films was verified
using an electron probe x-ray microanalyzer �EPMA�. The
difference between the nominal and actual compositions was
under 10%. The structure of the film was determined by
x-ray powder diffraction �XRD� and the film morphology
was elucidated by transmission electron microscopy �TEM�.
Magnetic measurements were made using a vibrating sample
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magnetometer �VSM� with a maximum applied field of
1.2 T. The samples were kept in desiccators between mea-
surements to prevent oxidation.

RESULTS AND DISCUSSION

Figure 1 presents the XRD patterns of Fe–Bi and Co–Bi
films. In Fig. 1�a�, the XRD patterns of the as-prepared
samples clearly indicate the presence of only the rhombohe-
dral phase of bismuth. No diffraction peaks that correspond
to either Fe or Co are found in the pattern for any concen-
tration studied. Figure 1�a� also compares the Bragg angles
of Fe–Bi with those of a pure bismuth film. A slight Bi�006�-
peak shift is observed. If Fe and Bi atoms are present substi-
tutionally or interstitially and form a solid solution during the
sputtering process, then the large difference between the
atomic radii of Fe and Bi �rFe=1.26 Å and rBi=1.70 Å�
causes distortion of the bismuth lattice. Furthermore, the
change in the d spacing between the crystal planes shifts the
diffraction angle in the XRD pattern. A comparison of the
Bragg angles of Fe–Bi and pure bismuth films, according to
the Bragg law �n�=2d sin ��, reveal that Fe atoms preferen-
tially replace Bi atoms on Bi�006� crystal planes. This result
also yields a compression ratio of 0.996 �dFeBi�hkl� /dBi�hkl��
for the distance between planes. Figure 1�b� presents the rep-
resentative XRD patterns of the as-prepared and aged
samples. Aging does not markedly change the XRD patterns.
A more detailed discussion is presented below.

Figure 2�a� displays the electron diffraction pattern of
the as-prepared Fe0.4Bi0.6 sample. The pattern has sharp rings
and confirms that the film has a rhombohedral structure. Fig-
ures 2�b� and 2�c� are the bright field images of the as-
prepared Fe0.4Bi0.6 film and that aged for 20 days, respec-
tively. They are shown using a negative film to improve the
contrast. Bismuth grains of various sizes are present in the
as-prepared film, while the sample aged for 20 days contains
many nanograins that are distributed along the grain bound-
aries of Bi, generally with a diameter under 3 nm. From the
TEM energy dispersive x-ray spectrometer �EDS� analysis,

we confirm that the nanograins are Fe. Fe and Bi are com-
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pletely immiscible and no other intermetallic compounds are
present; the Bi lattice with sites occupied by Fe atoms is in
an unstable high-energy state. Spontaneous phase decompo-
sition occurs to lower the Gibbs free energy of the system.4

This system has sufficient driving force to initiate precipita-
tion even at room temperature.5 The natural aging effect at
room temperature contributes to the ongoing precipitation of
Fe at the grain boundaries and triggers changes in its physi-
cal characteristics. However, even when Fe precipitated, no
change in the XRD patterns was detected after aging, as
described earlier because the atomic number of Bi is large,
so the atomic scattering factor is much higher than those of
Fe and Co. Consequently, those peaks from Bi obscure the
diffraction peaks produced by Fe and Co in the XRD pat-
terns.

Figure 3 compares the M-H loop of the Fe0.4Bi0.6 film
aged for various aging periods and the insert presents the
variation of the saturation field �Hs� with aging periods. Due
to the uncertainty in the determination of film thickness �the
film surface is very rough because of the low melting point
of Bi�, the ordinate of Fig. 3 was represented by the total
magnetic moment m. The as-prepared Fe–Bi films exhibit a
strong out-of-plane magnetic anisotropy.6 When an in-plane
external magnetic field �H / / film� is applied to the film, be-
low Hs, the hysteresis loops show that the magnetization is
linearly dependent on the applied field. No linear relationship

FIG. 1. �a� XRD patterns of Fe–Bi and Co–Bi films during the early stages
of aging. �b� XRD patterns of Fe0.4Bi0.6 film at two aging periods. The
diffraction pattern of the Bi film is also displayed for comparison.
applies when the field is applied perpendicularly to the film.
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This anisotropy causes the saturation field �Hs� of the as-
prepared sample to rise to 0.5 T. Also the magnetic aniso-
tropy energy rises with the increase in concentration of Fe.
At x=0.5, 0.4, and 0.3, the values of Hs are 0.690, 0.516, and
0.336 T, respectively, for the as-prepared samples. The strong
magnetic anisotropy may originate from a preferred distribu-
tion of Fe atoms in some particular planes of the bismuth
lattice.7,8 A textured polycrystalline film thus exhibits an out-
of-plane magnetic anisotropy in the Fe–Bi solid solution. As
the duration increases, the anisotropy decreases and eventu-
ally vanishes, as shown in the insert of Fig. 3. The loop
becomes a normal ferromagnetic hysteresis loop after a long
period of natural aging precipitation. Furthermore, Hs de-
clines almost linearly with aging time, when H / / film.

Figure 4 plots the variation of the saturation magnetiza-
tion �ms�, the remanence �mr�, and the coercivity �Hc� at
different aging durations for x=0.5, 0.4, and 0.3. Regardless
of Fe concentration, ms and mr decrease and Hc rises with

FIG. 2. �a� Electron diffraction ring pattern of as-prepared Fe0.4Bi0.6, �b�
TEM bright-field micrographs �negative film� of the as-prepared Fe0.4Bi0.6,
and �c� TEM bright-field micrographs �negative film� of Fe0.4Bi0.6 after ag-
ing for 20 days.
aging time. The changes are most drastic in the early stage
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and tend to stabilize after about a month. The aging process
is characterized by time-dependent magnetic properties. The
precipitated Fe grains are very small and the surface proper-
ties of the nanograins dominate the behavior of the Fe grains,
so the saturation magnetization is reduced by decreasing the
particle size. During the precipitation process, a magnetic
dead layer will form on the surface of Fe nanograins, se-
verely reducing the magnetic moment and increasing the
coercivity.9 As the aging time increases, more Fe nanograins
with smaller magnetization will appear. Therefore, the satu-
ration magnetization is decreasing with aging time.

Different concentrations of Fe yield different rates of
magnetic variation. When the Fe concentration is small, the
magnitude of its variation appears to be larger. The term
�ms�ms�max�−ms�min�� is divided by ms�max�. The values of
�ms /ms�max�=0.43, 0.48, and 0.71 for x=0.5, 0.4, and 0.3,
respectively, were obtained. The solubility limit on the
amount of Bi atoms that can be replaced by Fe atoms causes

FIG. 3. Magnetization loops of Fe0.4Bi0.6 at room temperature at both field
directions. The insert reveals that the saturation field �Hs� shifts to a lower
field during aging with the in-plane field �H / / film�.

FIG. 4. Dependence of saturation magnetization �ms�, remanence �mr�, and

coercivity field �Hc� on aging time.

Downloaded 08 Dec 2008 to 140.112.113.225. Redistribution subject to
the number of insoluble Fe atoms in Bi to increase with Fe
concentration; these atoms do not participate in the precipi-
tation reaction. Therefore, the fractional change in magne-
tism with aging seems small when x is large.

A set of samples was sputtered with a protective layer of
Ag of 0.5 �m in thickness for comparison, to eliminate the
effect of oxidation on the samples. Similar results were ob-
tained; the values of ms and mr decrease and Hc increases
upon aging. Therefore oxidation is determined not to cause
the time dependence of the magnetic properties. Actually the
Fe–Bi alloy is highly resistant to oxidation at room
temperature.10 In addition, when the protective coated
sample was annealed at 200 °C for 1 h in an Ar atmosphere,
initially its ms and mr decreased rapidly. However, they
gradually increased as the heat treatment was increased, per-
haps because of the grain growth.

The same experiments were performed on Co–Bi; in
these experiments, aging had a much weaker influence on the
magnetic properties. The as-prepared sample did not exhibit
any magnetic anisotropy. Co–Bi has a typical ferromagnetic
hysteresis loop, without any linear magnetization due to an-
isotropy. Aging affects Co–Bi more weakly than Fe–Bi. The
variance of ms was estimated for films of different Co con-
centrations, whose �ms /ms�max� were determined to be 0.043,
0.078, and 0.135 when x=0.5, 0.4, and 0.3. As for Fe–Bi,
reducing the concentration of Co increased the variation, but
the variation remained smaller than that for Fe–Bi.

In summary, metastable films of Fe–Bi solid solution
were prepared and unique time-dependent magnetic behav-
iors, which are unusual in most composite systems, were
observed. The as-prepared Fe–Bi was in the metastable solid
solution phase and thus underwent natural aging. The Fe–Bi
solid solution exhibited strong out-of-plane magnetic aniso-
tropic behavior, which disappeared after a long aging time.
The development of the magnetic dead layer on the Fe par-
ticle surface caused by precipitation rapidly reduced satura-
tion magnetization.
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