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Abstract
Fe–Tb multilayers and alloy films prepared by sputtering or evaporation are
found to have perpendicular magnetic anisotropy. In this work, Fe–Tb alloy
films with parallel magnetic anisotropy in a wide composition range, 3–30 at.%
Tb, are obtained for the first time, prepared by the ion beam-assisted deposition
technique. All the films have an easy magnetization axis in the film plane.
A supersaturated bcc solid solution phase with enlarged lattice and increased
saturation magnetization is obtained in the range of 6.5–13 at.% Tb; while in
the range of 21–30 at.% Tb, the films are amorphous and have lower saturation
magnetization. Thermodynamic calculation of the Gibbs free energy of the
Fe–Tb system shows that both the bcc solid solution and the amorphous phase
are energetically and dynamically favoured in the two composition regions,
respectively.

1. Introduction

Many rare earth–transition metal (RETM) compounds, crystalline or amorphous, have a
commercial potentiality ranging from permanent magnets to information storage media.
Among them, ferromagnetic films consisting of rare earth and transition metals are interesting
systems, because the phenomenon of perpendicular magnetic anisotropy (PMA) can be used
in high-density recording (e.g. [1]) and a sufficiently large Kerr effect can serve as magneto-
optic (MO) recording media [2]. For these reasons, much attention has been paid to the
RE–Fe system, especially Tb–Fe films. Studies of Fe/Tb multilayers show that the magnetic
ordering in the interface is the main origin of PMA [3, 4]. Amorphous Fe–Tb alloy films
also exhibit strong PMA due to preferred structure orientation [5, 6]. In a word, structure
anisotropy in the perpendicular direction induces PMA, even in alloy films without artificial
structure anisotropy. Based on this theory, it can be deduced that Fe–Tb films without structural
orientation anisotropy may have no PMA, yet such films have been observed in a very limited
composition range, i.e. when Tb content is less than 5 at.% [7, 8].
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Figure 1. Hysteresis loops in directions perpendicular and parallel to film plane measured for
Fe92Tb8 film.

Since ion beam mixing is a useful technique to obtain homogeneous films both in chemical
composition and structure, Fe–Tb alloy films are fabricated by ion beam-assisted vapour
deposition to investigate the magnetic performance of an evenly structured Fe–Tb film. Films
without PMA are obtained in the range of 3–30 at.% Tb. From another point of view, the
results confirm that structure anisotropy is the origin of PMA in RETM films.

2. Experimental details

Fe–Tb films are prepared by an ion beam-assisted deposition (IBAD) apparatus consisting of
an ion beam source and an electron beam evaporator, a sketch of which is shown in figure 1
of [9]. Fe and Tb are alternately electron beam deposited onto freshly cleaved NaCl single
crystals and glass substrates, while at the same time bombarded with an Ar+ ion beam provided
by an 8 cm-diameter Kaufmann ion source. The background vacuum before deposition is
8 × 10−5 Pa and the samples are deposited at a working argon pressure of 4.5 × 10−3 Pa.
To make a uniform mixing of the two metals, the incident ion beam is set normal to the
substrate surface. Ion bombardment energy is kept at 3 keV and the ion beam current density
is fixed at 12 µA cm−2. Deposition rates for Fe and Tb are both 0.03 nm s−1. Film thickness
is monitored by an in situ quartz crystal oscillator and kept at 50–60 nm. By changing the
individual Fe and Tb layer thickness, the overall composition of the Fe–Tb films are adjusted to
be in the range of 3–30 at.% Tb. The modulation wavelengths of Fe/Tb bilayers for alternate
e-beam deposition are around 5 nm, which is smaller than the ion project range calculated
by SRIM [10], so a homogeneous blending is achieved in the films. Transmission electron
microscope (TEM) bright field (BF) observation and selected area diffraction (SAD) are made
for microstructure analyses. M–H hysteresis loops are measured in fields up to 15 kOe with
an alternate gradient magnetometer (AGM). The films are dissolved in HCl after magnetic
measurements and inductively coupled plasma spectroscopy (ICP) is used to determine the Fe
and Tb contents in the samples.
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Figure 2. Saturated magnetization of IBAD Fe–Tb films versus Tb content.

3. Results and discussion

3.1. Phases formed by IBAD and their properties

With Tb content less than 30 at.%, the measured hysteresis loops of all the IBAD Fe–Tb films
at ambient temperature have an easy magnetization axis in the film plane and small coercivity
(a few dozens of Oe) in that direction, the M–H loops of one typical sample are shown in
figure 1. Saturation magnetization Ms values are deduced from the easy axis curves and are
presented corresponding to measured chemical composition in figure 2. The error forMs value
in our experiment is estimated to be less than 4%. As Tb content increases and Fe content
decreases, Ms of the alloy films decrease, except for a peak between 6.5 and 12 at.% Tb and a
valley at 25 at.% Tb. By considering different Ms values together with unlike structures and
morphologies, the overall range is separated into three regions: 3 at.% Tb, 6.5–13 at.% Tb,
and 21–30 at.% Tb. The properties of IBAD Fe–Tb films are discussed in the three regions.

3.1.1. 3 at.% Tb: region close to bcc Fe. The composition of this region is quite close to
that of pure iron. There is only one set of clear Fe diffraction rings discernable in the SAD
pattern of the Fe97Tb3 film, as shown in figure 3(a). As figure 2 shows, the measured Ms of
that sample is 220 emu g−1, which is very close to that of bulk iron, 218 emu g−1 [11].

The BF image of the sample has an interesting feature of numerous tiny needle-like
crystals, as shown in figure 4(a). It is traced to the ion irradiation, which has a similar kinetic
effect as rapid quenching, and calculations show that needle crystal growth is likely to occur
in undercooling circumstances [12, 13].

3.1.2. 6.5–13 at.% Tb: supersaturated bcc solid solution. In this region, SAD patterns of the
films have only one set of bcc crystalline diffraction rings, which imply a supersaturated solid
solution, as figure 3(b) shows. The equilibrium solubility of Tb in bcc Fe is less than 1 at.% at
ambient temperature [14]. In addition, the intermetallic compounds like Fe17Tb2 (hexagonal
or rhombohedral), Fe23Tb6 (cubic), Fe3Tb (rhombohedral), and Fe2Tb (rhombohedral) do not
have a bcc structure. It can be concluded that a Fe-based bcc supersaturated solid solution is
obtained in the range of 6.5–13 at.% Tb. Calibrated SAD quantitative analyses show that the
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Figure 3. SAD patterns of IBAD Fe–Tb films: (a) Fe97Tb3, (b) Fe92Tb8, (c) Fe79Tb21, and
(d) Fe70Tb30.

Figure 4. Typical morphology of IBAD Fe–Tb films under TEM BF observation: (a) Fe97Tb3,
(b) Fe92Tb8 and (c) Fe75Tb25.

bcc lattice constant expands in the solid solution compared to that of bulk iron. For example,
the cubic cell length of Fe92Tb8 is measured to be 2.908 ± 0.005 Å and that of bulk Fe is
2.866 Å. Since Tb atoms are much bigger than Fe atoms, the substitutional solid solution
should have a dilated lattice.
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Corresponding to that range there is a peak in the Ms-composition chart of figure 2. The
top of the peak is at Fe92Tb8, where the saturation magnetization is up to 240 emu g−1, which
is larger than Ms of bulk Fe, 218 emu g−1. The bcc solid solution is ferromagnetic, as shown
in figure 1. Ion irradiation during the film growth removes macroscopic structure anisotropy
as well as macroscopic magnetic coupling between Fe–Tb pairs. The expanded lattice may be
the reason for increased Ms according to calculations [15].

In TEM BF observation, the films in this range show evenly distributed tiny crystals, as
illustrated in figure 4(b). The grain size of these crystals is estimated to be no more than 20 nm.

To study the stability of the bcc solid solution, the structure of IBAD Fe–Tb films is
re-examined after keeping at room temperature in dry air for 60 days. Although the films
have lost their original metallic lustre and change colour from argent to light yellow, even
TEM observation shows some oxidation; SAD of the films reveal that the bcc solid solution
still exists in some unoxidized areas of the film. The results evince that the solid solution
does not decompose into separated Fe and Tb phases upon ageing at room temperature for
60 days.

3.1.3. 21–30 at.% Tb: partially amorphous phase. Films in this region have a much lower
Ms value, i.e. smaller than 150 emu g−1. In figures 3(c) and (d), the SAD patterns show a
partially amorphous structure different from the former bcc structure. Fe79Tb21 has diffused
loops and only Fe(110) but no other diffraction rings are discernable, as shown in figure 3(c);
Fe70Tb30 has only halos and no rings at all, as shown in figure 3(d). The results indicate that
the transition from crystalline to amorphous in IBAD Fe–Tb films does not occur abruptly but
gradually with the increasing of Tb content. In fact the amorphization of the iron phase is
the reason for the decreasing of magnetization. It should also be noted that the lowest Ms is
observed at Fe75Tb25, which has a composition close to 23 at.% Tb, the magnetic compensation
composition of the Fe–Tb system [8, 16].

Quite different to crystalline structure, the amorphous films in this region have a fractal-
like pattern morphology. Similar morphology has been observed in other ion-irradiated
films [17, 18].

3.2. Parallel magnetic anisotropy of IBAD Fe–Tb films

In previous studies, Tb content of films with in-plane easy axis is found to be no more
than 10 at.% in rf-sputtered films [7]. Investigation in sputtering or vapour-deposited
Tb/Fe multilayers all show PMA due to the coupling effect when the Fe layer is thinner
than 2.0 nm [19,20]. In addition, co-sputtering or co-evaporation deposited Fe–Tb amorphous
films have PMA in the range of 15–30 at.% Tb [7, 16, 21, 22]. The reason for the anisotropy
has been studied by various methods. By using linear polarized synchrotron radiation x-ray
absorption, Fujiwara et al [3,23] have proposed a structural anisotropy of the Fe–Tb interface in
multilayers as the origin of PMA; while in vapour-deposited amorphous Tb–Fe alloy films, the
preferred orientation of local adatom configuration could lead into energetically favourable
orientation by minimizing surface energy during deposition, i.e. these amorphous films are
structurally anisotropic, so the films exhibit PMA [5, 24].

In contrast, the Fe–Tb films prepared by IBAD all have in-plane magnetization when
Tb content is less than 30 at.%. Ion irradiation has three effects in Fe–Tb multilayers: the
demixing of Fe and Tb atoms at the interface, the mixing of layers, and the creation of defects
in the core of the bcc ion layers. With increasing ion fluence, the mixing effects increase
significantly yet the demixing effects decrease [25]. It is also found in Fe/Tb multilayers that
ion irradiation produces a rougher interface and decreasing PMA [26]. Since ion beams are
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bombarding continuously during film growth, the reorientation and consequent freezing [27]
in thermally evaporated Fe–Tb alloy film are totally disrupted by the atomic collision cascade
triggered by impinging ions [28]. Thus the short-range order of an Fe–Tb pair is non-
existent due to the mixing effect of ion bombardment, the film having parallel magnetic
anisotropy as other Fe–ME film, i.e. the macroscopic shape anisotropy energy of the film
makes the in-plane direction the easy axis of magnetization. On the other hand, it can be
concluded that the short-range order of an Fe–Tb pair is the main origin of PMA in Fe–Tb
multilayers.

The SAD patterns of the Fe–Tb films have a relatively strong Fe(110) diffraction ring
in the range of 6.5–28 at.% Tb. It has been found that films tend to have texture in the film
plane during IBAD [29] and the electrical and magnetic properties are strongly affected by the
texture. The resulting shape anisotropy is found to be responsible for in-plane anisotropy in
cobalt and nickel magnetic films [30]. Thus, the bcc (110) texture may be another factor that
contributes to the in-plane anisotropy of Fe–Tb films.

3.3. Thermodynamic calculation of Fe–Tb system

3.3.1. Thermodynamic model and construction of free-energy diagram. In IBAD Fe–Tb
films the formation of the bcc solid solution and amorphous phase, which are both metastable
phases, is a process far from equilibrium as a whole; consequently, some kinetic factors would
play an important role in influencing the phase formation. The ion mixing process is generally
divided into three steps [28]: first the atomic collision cascade triggered by impinging ions,
second the relaxation and third the delayed period. Whether crystalline or amorphous, the
structure of an alloy phase is fixed during the second step, as numerous atoms are excited to
be in motion during the first step. In the first step, as the energy of the irradiation ions is on
the order of several hundred keV, which is much higher than the typical binding energy of the
solids (5–10 eV), the irradiating ions would trigger a series of atomic collisions, which is called
the atomic collision cascade. This step is definitely far from equilibrium. After receiving an
adequate ion dose, the layered structure of the originally multilayered film is totally blended
into a homogeneous mixture of Fe and Tb, which is a highly energetic state. At the moment
of the termination of the first step, the high-energy state would relax towards lower energy
states and the system begins the second step, relaxation. It is at this very moment that the
equilibrium thermodynamics comes into play and governs the direction of the relaxation. The
possible lower energy state is thus decided and later conserved to form the metastable phase
that is observed in experiments. In this sense, the free-energy calculation based on equilibrium
thermodynamics can be applied to discuss metastable phase formation during the relaxation
period [31, 32].

In this work, Miedema et al ’s [33] and Liu and Zhang’s [32] models are applied to calculate
the free-energy curves of bcc and amorphous phases, and then a Gibbs free-energy diagram
of the system is constructed for discussing the thermodynamic possibility of metastable phase
formation in the Fe–Tb system. As a semi-empirical one, the model has successfully interpreted
the phase evolution in various bi-metal systems upon ion irradiation [34–39], and we will show
that it obtains a satisfactory result for the Fe–Tb system.

The free energy of mixing is given by �G = �H − T�S, where �H and �S are the
enthalpy and entropy of mixing, respectively. Taking the expression for the entropy of mixing,
as a first approximation, as that of an ideal solid solution [40], we obtain

�S = −R(XA lnXA + XB lnXB) (1)
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where R is the gas constant, XA and XB are the atomic concentration of A and B atoms,
respectively. According to Lopez et al [41,42], the enthalpy of the formation of a substitutional
solid solution of transition metals can be expressed as the sum of three terms:

�Hs = �Hc
s + �He

s + �Hs
s (2)

where�Hc
s , �He

s , �Hs
s represent the chemical contribution, elastic contribution and structure

contribution, respectively.
In this equation, �Hc

s is the chemical contribution due to the electron redistribution that
occurs when the alloy is formed, and it is given by [43] as

�Hc
s = �HampXAV

2/3
A f B

A (3)

in which VA is the atomic volume of atom A, f B
A is a function that accounts for the total area

of contact between A and B atomic cells [42], and �Hamp is an amplitude concerning the
magnitude of the electron redistribution interaction and is a constant for a specific system, e.g.
−17.621 kJ mol −1cm−2 for the Fe–Tb system.

�He
s in equation (2) is the elastic contribution from atomic size mismatch to the enthalpy

of the solid solution mixing. This term justifies the well-known Hume–Rothery rules stating
that a substantial atomic size mismatch prevents the formation of a substitutional solid solution.
This contribution can be derived from the equation

�He
s = XAXB[XB�He(A inB) + XA�He(B inA)] (4)

where �He (i in j ) is the elastic contribution to the heat of solution of i in j , a detailed
interpretation can be referred to in [33].

The third term in equation (2),�Hs
s , reflects the correlation between the number of valence

electrons and the crystalline structure of transition metals [44], as

�Hs
s = E(Zm) − XAEA(ZA) − XBEB(ZB) (5)

where Zm is the average number of valence (s + d) electrons per atom in the alloy, and E, EA,
and EB are the lattice stabilities of the alloy and two pure components, respectively. In our
calculation, the parameters are referred to in [45, 46]

On the other hand, the enthalpy of the amorphous alloy phase [45] can be written as

�Hamor = �Hc
amor + α(XATm,A + XBTm,B) (6)

where α is an empirical parameter being 3.5 J mol−1 K−1, and Tm,i is the melting point
of component i. �Hc

amor is the chemical contribution of the amorphous phase, and can be
calculated the same way as equation (3) for a substitutional solid solution. The second term
of equation (6) is an extra enthalpy caused by the difference of the reference states between
amorphous and solid solution phases.

By using the model mentioned earlier, the free-energy change of the formation of the solid
solution and amorphous phase is calculated for the Fe–Tb binary system.

3.3.2. Interpretation of the experimental results based on the calculated free-energy diagram.
Setting the equilibrium mixture of the two constituent metals as the reference state, figure 5
shows the calculated Gibbs free-energy curves of the Fe-rich bcc solid solution crystalline
phase and amorphous phase in the range of 0–30 at.% Tb, and the results can interpret the
experimental results in a satisfactory way. Firstly, the Gibbs free energy (�G) of the bcc
solid solution, as the left part of the chart shows, remains negative for Tb content lower
than 16 at.% Tb, which implies that the bcc state is actually the most stable in that composition
range. In fact, we obtain the bcc solid solution in the range below 13 at.% Tb. Also in
this region, the amorphous state has a positive �G, showing a more unstable state than the
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Figure 5. Calculated Gibbs free-energy diagram of the Fe–Tb system as a function of atomic
composition.

mechanical mixture of Fe and Tb. Secondly, �Gbcc increases to positive and obtains its peak
value at 20 at.% Tb, where the �Gamorphous reduces to a value close to that of �Gbcc. Thirdly,
further decreasing of �Gamorphous obtains negative values when Tb content exceeds 23%,
which is the exact point of magnetic compensation. Considering dynamic factors, it is clear
that there is a large energy gap between the reference state and the bcc solid solution, which
offers a great driving force for the formation of the bcc phase.

For Tb content over 23 at.%, although the bcc phase has a lower-E state than the amorphous
phase, the difference is quite small, i.e. smaller than 1.0 kJ mol−1, so the driving force of
phase transformation is possibly smaller than the energy barrier. Normally the span of the
collision cascade and relaxation process induced by impacting Ar+ is very short, lasting for
only 10−10–10−9 s; the temperature rise in the materials goes up to 103–104 K in such a
transient time, so the phases formed during ion bombardment only take simple forms such as
bcc, fcc, or amorphous [32]. The amorphous structure is even simpler than the bcc structure
when the system transforms from the ion-blended mixture to the alloy phase, which means that
the energy barrier is comparatively large. In addition, the mixing ion has an energy of 3 keV,
which has a significant blending effect [25]. On the other hand, the heat of mixing for Fe–Tb is
about −4 kJ/mole of atoms when Fe has the same atoms of Tb [33]. Furthermore, the atomic
radiuses of Fe and Tb atoms are 1.241 and 1.782 Å, respectively, i.e. the difference between the
two radiuses is as large as 43.6%. These two kinetic facts favour a solid-state amorphization
reaction (SSAR) [47] between Fe and Tb. In fact, the experiments show that Fe–Tb films are
indeed partially amorphous when Tb content exceeds 21 at.%.

As a summary, by the Gibbs free-energy calculation and considering dynamic factors, it
is concluded that the bcc solid solution forms when Tb content is below 13 at.% since it is
an energetic favourable state with lowest Gibbs free energy; the partially amorphous phase
is formed when Tb content surpasses 21 at.% because it is both a low energy state and a
kinetically preferred state.
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4. Conclusion

Fe–Tb alloy films are fabricated by IBAD in the composition range of 3–30 at.% Tb. A new
phase, the bcc solid solution, is obtained in the range of 6.5–13 at.% Tb. The bcc solid solution
has an expanded lattice and higher saturated magnetization compared to that of bulk iron. When
Tb content exceeds 21%, the IBAD Fe–Tb films are amorphous with low magnetizations. All
the films exhibit an easy magnetization axis in the film plane, which is induced by a full mixing
of atoms with ion beam irradiation and consequent homogeneous structure. The result strongly
confirms that PMA in other sputtered or evaporation deposited Fe–Tb films are related to the
short-range order of Fe–Tb pairs. Furthermore, thermodynamic calculation of the Gibbs free-
energy of the Fe–Tb system shows that both the bcc solid solution and the amorphous phase
are energetically favoured and the composition ranges of the calculated results resemble those
obtained by experiment.
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