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Abstract—Results of the experimental investigation of two-layer films in the Fe—Bi system are presented. It
is found that the order of sequential deposition of the magnetic and nonmagnetic layers influences both the
character of magnetization process and the magnetic resonance behavior. The obtained results are explained
by the formation of a strongly anisotropic sublayer of nanogranular iron in the Bi/Fe film structure.
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The interest in nanodimensional film structures is
related not only to solving fundamental problems of
the physics of condensed matter, but also to develop-
ing applied research, in particular, of spintronic
devices. In this context, tasks arise in the creation of
new nanodimensional materials and the search for
new effects applicable in practice. For example, the
use of semiconductor and semimetal materials as non-
magnetic spacers in magnetic structures significantly
expanded their functional possibilities (e.g., for the
creation of spin masers [1]). These spacers allow both
magnetic and semiconductor properties of initial
materials to be integrated in combined structures [2]
and can impart new properties to them that are not
inherent in the initial state.

In the series of semiconductor and semimetal ele-
ments, bismuth is distinguished by that it almost does
not form chemical compounds with 3d group metals
[3]. This specific feature makes bismuth a convenient
material for creating layered structures with sharp
interfaces. Depending on the manufacturing technol-
ogy, materials reported for the Fe—Bi system repre-
sented either solid solutions [4] synthesized at high
speeds and temperatures of deposition (Fe Bi; _ |
films) or Fe/Bi multilayer structures [5] formed at low
deposition rates. The former systems usually occurred
in a magnetic state of the “spin glass” type, while the
latter structures exhibited a much wider spectrum of
magnetic states.

Most thorough investigations were devoted to film
structures representing the Co—Bi system. In
[Co/Bi],y/Co structures [6] with total thicknesses of
<100 nm and various thicknesses of Co and Bi layers,
it was found that a sequence of Bi layers with inclu-

sions of Co granules was formed rather than clearly
defined bilayers. This result was explained by the fact
that Co atoms penetrated through Bi layers during
deposition and produced mixing of the interface. An
analogous result was obtained for MnBi films during
layer-by-layer deposition of elements followed by
annealing of the structure [7]. In three-layer
Co/Bi/Co films [8] with interlayer thicknesses fg; =
1—30 nm, postgrowth annealing resulted in the forma-
tion of a cobalt-based structure with randomly distrib-
uted bismuth granules.

The present work was devoted to studying the mag-
netic properties of two-layer films in the Fe—Bi system
as dependent on the order of deposition of the mag-
netic and nonmagnetic layers.

The films were prepared by the deposition of com-
ponents upon thermal evaporation in vacuum at a
residual gas pressure of P~ 10~° Torr. Iron was selected
as the magnetic component because it admitted easy
determination of metastable modifications so as to
avoid masking of the interlayer coupling. During
deposition, the easy magnetization axis was aligned by
applying a magnetic field of ~16 kA/m in the film
plane. Two-layer films of various compositions
(Fe/Fe, Fe/Bi, and Bi/Fe) were deposited onto glass
substrates in a single technological cycle of the vac-
uum deposition system. In all samples, the magnetic
layer thickness was #g, ~ 10 nm and the bismuth layer
thickness was #5; = 15 nm. The value of 7, was selected
so as to make it small enough but yet sufficient to
ensure that the magnetization of magnetic layer would
not change significantly with thickness fluctuations.

The thicknesses of deposited layers were deter-
mined by X-ray spectroscopy techniques. Electron
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Fig. 1. Magnetic hysteresis loops of (/) Fe/Bi and
(2) Bi/Fe two-layer films measured at 7= 300 K.

microscopy measurements showed that deposited lay-
ers are continuous over the entire surface area and
their compositions correspond to nominal. No traces
of the presence of 3d metal—bismuth compounds were
detected, and no iron oxides in deposited films were
found. The surface structure of deposited films was
studied on a Veeco MultiMode atomic force micro-
scope at a 1-nm spatial resolution. It was established
that the surface roughness height did not exceed 2.5 nm.
The magnetization was measured on an MPMS-XL
SQUID magnetometer. The magnetic field was ori-
ented in the film plane and directed along the easy
plane in all measurements. The resonance properties
were studied on a Bruker E 500 CW EPR spectrometer
operating frequency fywr = 9.48 GHz.

The results of magnetic measurements showed that
the shape of the magnetization curve of a two-layer
film depends on the order of depositing magnetic and
nonmagnetic semimetal layers. Figure 1 shows the
magnetization curves of (/) Fe/Bi and (2) Bi/Fe films,
in which the maximum magnetization is normalized
to the saturation magnetization of a reference film of
pure iron. As can be seen, the saturation magnetiza-
tion is almost the same in both films, but the coercivity
of two-layer films with the top (structure /) and bot-
tom (structure 2) bismuth layer relative to iron is sig-
nificantly (by about five times) different. In the given
case, the magnetization is oriented in the film plane
and directed along the easy axis, which implies that
the demagnetizing field in both structures / and 2 is
the same. As is known [9], the coercivity is propor-
tional to the magnetic anisotropy, which allows us to
assume that an additional interfacial anisotropy
appears at the ferromagnet/semimetal interface.

Additional data were obtained from a study of mag-
netic resonance properties. Figure 2 presents the spec-
tra of microwave absorption of the films studied. As
can be seen in comparison to the spectrum of a refer-
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Fig. 2. Microwave absorption spectra of (a) Fe/Fe,
(b) Fe/Bi, and (c) Bi/Fe two-layer films measured at 7=
300 K for the external magnetic field directed along the
easy axis in the film plane.

ence film of pure iron (Fig. 2a), the deposition of sec-
ond (bismuth) layer differently influences the spec-
trum of magnetic resonance, depending on the order
of depositing the magnetic and nonmagnetic layers
(cf. Figs. 2b, 2c). The most pronounced change was
observed for the Bi/Fe film composition.

Figure 3a shows the temperature dependences of
resonance fields. As is known [10], the dependence of
Vol. 45
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resonance frequency (®) on the magnetic field (with
allowance for the shape anisotropy and magnetic
anisotropy) can be expressed as follows:

(/Y)Y = HH + Hy + H,), (1)

where H,, = 4nM is the demagnetizing field, H, =
2K/(tM) is the anisotropy field, K is the anisotropy
constant, 7 is the magnetic layer thickness, and yis the
gyromagnetic ratio. Since the saturation magnetiza-
tion is the same for all films (Fig. 1), the H,, value is
also the same and, hence, formula (1) indicates that
the order of deposition of the magnetic and nonmag-
netic layers influences the anisotropy field. This dif-
ference is still more strongly manifested in the tem-
perature dependences of resonance line width AHpp
(Fig. 3b). Indeed, the line width for Bi/Fe film at liq-
uid-nitrogen temperature is almost ten times greater
than AHpp for the reference iron (Fe/Fe) and Fe/Bi
films.

A dependence of the magnetic properties of lay-
ered film structures on the state of interfaces was
also observed previously, e.g., in the Ni—Ge sys-
tem [11], where the atomic mixing at the interface
led to the formation of nickel germanide that is
stronger manifested for thinner nickel layers. The
Si(100)/Cu(1000)/Ni(60)/Co/Cu(30) multilayer
structure [12] exhibits orientational transition of the
easy axis—easy plane type depending on the cobalt
layer thickness, where the main role is played by the
state of the Co/Ni interface in which the anisotropy of
cobalt changes under the action of nearest environ-
ment.

However, in the case under consideration, no com-
pounds are formed at the interface of magnetic and
nonmagnetic layers [3]. Then, it can be suggested that
a reconstruction of the iron layer takes place that leads
to a change in its magnetic state. It should be recalled
that the melting temperature of iron is ~1812 K, while
that of bismuth is as low as ~545 K. In the case where
iron is the bottom layer (Fe/Bi film), bismuth ions
reaching the iron surface during deposition possess
relatively low energies and cannot penetrate deep into
the bulk of iron layer, so that a rather sharp interface is
formed in which geometry of the nearest environment
of iron is modified. This subset of iron atoms create a
small additional magnetic anisotropy, which is con-
firmed by a small difference between the resonance
fields and resonance line widths between Fe/Fe and
Fe/Bi films (Fig. 3, curves 1, 2).

The situation changes drastically for the Bi/Fe
structure, in which strongly heated, high-energy iron
ions fall the surface of low-melting bismuth layer. Iron
penetrates deep into the bulk of bismuth layer, which
results in the formation of nanodimensional iron gran-
ules. As is known, nanogranular iron particles possess
a much greater magnetic anisotropy. For example [13],
iron particles with diameter d = 5.5 nm possess a much
greater anisotropy constant of K= 1.3 x 10° J/m? as
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Fig. 3. Temperature dependences of the magnetic reso-
nance parameters (a) resonance field H,.and (b) resonance
line width AHpp in (I) Fe/Fe, (2) Fe/Bi, and (3) Bi/Fe
two-layer films.

compared to the value of K = 4.8 x 10* J/m? for the
bulk (bcc) phase. Thus, an additional subsystem of
strongly anisotropic iron granules dissolved in bis-
muth is formed in the Bi/Fe film, which is exchange-
coupled with the Fe layer. After deposition of the
Bi/Fe film, its cooling in a magnetic field leads to an
additional anisotropy that significantly influences
both the magnetization process and dynamics of the
magnetic system (Fig. 3, curve 3).

The results obtained in the present work are
important for the creation of multilayer structures
with semimetal bismuth spacers between magnetic
layers. In this system, it is important to take into
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account nonequivalence of the magnetic layers and
the presence of an additional interfacial anisotropy. A
more detailed investigation of peculiarities in the
influence of granular iron subsystem on the magnetic
properties of multilayer structures in the Fe—Bi system
and related spin dynamics will be reported in a sepa-
rate publication.
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