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Abstract. We synthesized nonequilibrium EuxFe1−x (x = 0–0.95) alloy thin films by co-
evaporation and studied their structural, magnetic and transport properties using x-ray diffraction
(XRD), Mössbauer spectroscopy, a SQUID and a DC four-probe method. The XRD and
Mössbauer spectroscopy suggested that Fe atoms supersaturate in the bcc-Eu phase up to
approximately 30 at.% Fe. On the other hand, these methods gave no indication of an extension
in the solubility limit of Eu in the bcc-Fe phase. These nonequilibrium films possess the
following properties: in the Fe-rich side, they exhibit a ferrimagnetic behaviour characterized
by compensation temperatures at which magnetization is nonzero. In the Eu-rich side, the
magnetization curve at 4.2 K exhibits a small, irreversible kink at about 8 T. At the same
applied field, the magnetoresistance ratio (MR) changes irreversibly from positive to negative
values, while subsequent runs yield only reversible, decreasing MR curves. These observations
on Eu-rich films suggest that the dissolved Fe atoms disturb the long-range helical order of the Eu
spins, and that the spin structure changes irreversibly at about 8 T. At present, it remains unclear
whether the above magnetic and transport behaviours are caused by the magnetic moments of
Fe or simply by a structural disorder.

1. Introduction

Nonequilibrium forms of rare-earth (RE)–transition-metal (TM) alloy systems exhibit a
variety of magnetic and transport behaviours, as a number of studies reveal [1–3]. Systems
consisting of heavy RE, such as Gd, Tb, Dy or Ho, and magnetic TM in particular have
been the object of active research. Some studies have also dealt with nonequilibrium phases
of Fe and light RE, including La [4], Pr [5] and Nd [6]. Thus, it is rather surprising to
realize how little is actually known about the Eu–Fe system, despite the fact that Eu2+ is
isoelectronic to Gd3+. The lack of research in this area is partly due to the fact that the
Eu–Fe phase diagram and the thermodynamic properties of the Eu–Fe system have not yet
been experimentally determined [7, 8]. In fact, prior to a report regarding the formation
of an EuFe2 intermetallic phase [9], Eu and Fe were thought to be immiscible [10]. In
addition, divalent Eu and Yb have always been regarded as exceptions from the systematic
trend of trivalent RE elements, thereby drawing less attention.

Nevertheless, further study of the nonequilibrium Eu–Fe alloy system remains important.
From a structural point of view, the possibility of amorphous phase formation needs to be
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examined, even though the driving force of that formation is not expected to be large [11].
Even if an amorphous phase is not realized, we can still anticipate an extension of the
single-phase domains of the bcc-Eu and bcc-Fe phases, as observed in other immiscible
systems [12, 13]. The magnetic and transport properties of these metastable phases have
not been studied so far. In the Fe-rich side, we can expect the coupling between Eu and Fe
to resemble that of Gd and Fe. If so, the Eu–Fe system should display ferrimagnetism, as
the Gd–Fe system does [14]. Assuming that the dissolved Fe disturbs the helical order of
the Eu moments [15, 16], then the magnetic and/or transport behaviours of the Eu–Fe alloy
will differ from those of pure Eu.

Pure bulk Eu metal possesses a helical spin structure with a pitch of 3.5–3.6a0 (a0: lattice
parameter), and an interplanar turn angle of approximately 50◦ [15, 16]. The easy and hard
magnetization directions of Eu are〈110〉 and 〈100〉, respectively [17], and magnetization
proceeds via lifting of the ordered moments, forming a conical spin structure [1, 18, 19]. The
anisotropy energy of Eu is, however, small: previous experiments on single crystals indicate
that the magnetization along〈110〉 is only 5% to 10% greater than that along〈100〉 [20, 21].
Neutron diffraction also shows that an applied field in a given direction effectively stabilizes
the helical ordering in that direction [18]. Thus, the helical order of the bcc-Eu phase differs
in nature from that of heavy lanthanides, i.e., Dy, Ho, and Er [22], because bcc-Eu lacks
the combined presence of orbital moments and of an anisotropic crystal structure. Hence,
a possible disorder brought in by the introduction of Fe will likely influence the magnetic
structure of Eu metal in a straightforward way. We can also compare the magnetization
behaviour of Eu–Fe polycrystalline thin films with that of single crystal films based upon
available data given the fact that the anisotropy of the Eu metal is small. Accordingly,
we made nonequilibrium Eu–Fe alloy films across the entire composition range by vapour
synthesis and examined their physical properties. Our preliminary results indicated that the
miscibilities in the Eu–Fe system are considerably extended in nonequilibrium alloys and that
Eu-rich alloys have metamagnetic properties [23]. However, no systematic investigation of
this system has been reported. The present article thus describes the structure and magnetic
and transport properties of nonequilibrium Eu–Fe films in detail.

2. Experimental procedures

Eu–Fe nonequilibrium films of about 1µm in thickness were prepared by co-evaporation.
For the Fe source, we used zirconia and molybdenum for the inner and outer crucibles,
respectively, and a molybdenum crucible for the Eu source. The crucibles were placed
about 0.2 m away from the substrate position in a vacuum chamber. The base pressure of
the chamber, obtained with a diffusion pump, was about 10−4 Pa. A few grams of Fe metal
were heated by electron bombardment, while roughly the same amount of Eu metal was
heated by conventional radiation from tungsten filaments. The purity of both metals was
99.99%. The deposition rates of Fe and Eu were assessed using an oscillation thickness
monitor. We used polyimide films and Si(100) wafers as substrates for magnetic and
structural characterization. The deposition was carried out at room temperature; however,
we also prepared Eu0.50Fe0.50 alloys at 200, 300 and 400◦C in order to confirm that the
films made at room temperature were indeed in a nonequilibrium state.

We employed a Rigaku x-ray diffractometer equipped with a Cu target, in the
standard Bragg–Brentano geometry, for the x-ray diffraction (XRD) study. The specimens
were tilted 8 degrees in order to avoid Si{400} reflection from the substrate. The
chemical composition of the films was determined by electron probe microanalyser
(EPMA). Mössbauer spectroscopy was carried out at room temperature with a constant
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acceleration-type spectrometer using a57Co source doped in rhodium. The magnetic
moments of the films up to 5 T were measured using a superconducting quantum interference
device (SQUID) magnetometor, while those up to 23 T at 4.2 K were measured employing
an extraction method in a hybrid-type high-field magnet [24]. In this report, we express the
observed magnetic moments in terms of Bohr magnetons,µB , per atom, averaged over Eu
and Fe according to composition. A standard DC four-probe method was used to measure
the electrical resistivity of specimens at 4.2 K in magnetic fields up to 14 T applied in a
parallel or perpendicular way to the current direction. The magnetoresistance ratio, MR, is
defined by1ρ(H)/ρ(0) = [ρ(H) − ρ(0)]/ρ(0), whereρ(H) is electrical resistivity as a
function of magnetic field,H .

3. Results

3.1. Structure

Figure 1 shows a series of XRD patterns of the EuxFe1−x films (x = 0 to 0.90). With
increasing Eu content, the intensity of the Fe(110) peak decreases rapidly, and the peak
almost disappears atx = 0.28. It should be noted that this value is close to the stoichiometric
composition of the reported EuFe2 phase. However, we did not observe any peak attributable
to the intermetallic compound, nor did we detect a halo due to the presence of an amorphous
phase. In contrast, the (110) and (200) peaks due to the bcc-Eu phase appear atx = 0.19
and 0.53, respectively. It should also be mentioned that the presence of peaks due to the
EuO phase indicates that some of the Eu atoms are oxidized.
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Figure 1. XRD patterns of EuxFe1−x films. The samples were tilted 8◦ in order to avoid the
(400) reflection from the Si substrates. Note that the Fe(110) peak almost vanishes atx = 0.28.
The presence of peaks due to EuO indicates that a part of Eu was oxidized during sample
handling.
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Figure 2 shows the lattice parameters of the bcc-Fe phase estimated from the Fe(110)
position and of the bcc-Eu phases estimated from the Eu(110) or Eu(200) peak position.
The error bars are estimated from the full-width of the half-maximum of these peaks.
The hatched area indicates a possible two-phase region, as suggested from the XRD and
Mössbauer spectroscopic data. As shown here, the lattice parameter of the bcc-Fe phase
(2.87 Å) does not change appreciably, while that of the bcc-Eu phase (4.58Å) decreases
slightly with increasing Fe content. The fact that the Fe lattice parameter does not change
with Eu content suggests that the solubility of Eu in the bcc-Fe phase is negligibly small.
On the other hand, the slight decrease of the Eu lattice parameter with increasing Fe content
suggests that the Fe atoms do dissolve into the bcc-Eu phase. However, the decrease of the
lattice parameter is substantially smaller than that expected from Vegard’s law.
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Figure 2. Lattice parameters of the bcc-Fe and bcc-Eu phases in the EuxFe1−x films as functions
of Eu content, estimated from Fe(110) and Eu(200) positions, respectively. The hatched area
represents a possible two-phase region, as suggested by the XRD and Mössbauer spectroscopic
data.

In order to confirm that Eu and Fe are alloyed by room temperature deposition, we
deposited Eu0.50Fe0.50 films on heated substrates and compared the XRD intensities of the
bcc-Fe phase. Figure 3 shows the XRD patterns of the films prepared at 25, 200, 300 and
400◦C. Since Eu metal is extremely vulnerable to oxidation, the formation of a EuO phase
was inevitable. Nevertheless, the patterns reveal the effect of raises in substrate temperature,
Tsub. Namely, the diffraction peaks due to the bcc-Fe phase become pronounced only when
Tsub is as high as 400◦C, though a very weak Fe(110) peak is visible for the 300◦C-annealed
sample. These observations indicate that a large amount of Fe atoms is alloyed with Eu
upon co-evaporation at 25◦C and, to a lesser extent, at slightly higher temperatures.

To further examine the alloying behaviour, we carried out57Fe Mössbauer spectroscopy.
Figure 4 shows the spectra obtained at room temperature for the EuxFe1−x films with
x = 0.19, 0.28, 0.42, 0.62 and 0.71. The absorption lines of Fe-rich samples are
characterized by a sextet whose relative intensities are close to 3:4:1:1:4:3, as expected
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Figure 3. XRD patterns of the Eu0.50Fe0.50 films, deposited at 25, 200, 300 and 400◦C, showing
that peaks due to the bcc-Fe phase, which appear at the substrate temperature of 300◦C, become
pronounced at 400◦C.

from the in-plane magnetization of Fe. We fitted the observed spectra with four subspectra:
(i) a sextet with an internal magnetic field,Hint , of 33 T, representing a contribution from
the pure ferromagnetic Fe phase (hereafter designated as sextet 1), (ii) a sextet with an
adjustableHint , representing a signal from ferromagnetic Fe atoms, whose local molecular
field is weaker than that of pure Fe (sextet 2), (iii) a doublet and (iv) a singlet. The
doublet and singlet represent contributions from nonmagnetic Fe dissolved in the bcc-Eu
phase. The presence of these two subspectra due to the nonmagnetic Fe is evident in the
obtained spectra of Eu-rich samples, while its presence is not clear in the case of Fe-rich
samples. Nevertheless, we used all of the above-mentioned four subspectra for the fitting.
Accordingly, there are large errors in the Mössbauer parameters of a minor component(s),
even though the fitting routine itself converged well for all the spectra. These errors are
indicated in table 1. We also assumed that the full-width at half-maximum (FWHM) is the
same for the four subspectra for a given composition. Thus, the obtained FWHM values
represent the value of a major component(s) in a given spectrum.

Figure 5 shows the relative intensities of the four standard subspectra as functions of the
Eu content of the films, while table 1 shows Mössbauer parameters employed for the fitting.
As the figure shows, the intensity of sextet 1 monotonically decreases with the increase in
Eu content, while that of sextet 2 reveals a broad peak in the composition range of 40–60%.
Above Eu≈ 70%, however, the sextets disappear. Concurrently, the relative intensities of
the singlet and doublet gradually increase. These changes in intensity indicate that portions
of Eu and Fe are indeed alloyed. It should be mentioned that in the Eu concentration range
of 40–60%, the sextets do possess nonzero intensities, but that the corresponding XRD
patterns of these films do not indicate peaks due to the bcc-Fe phase. This observation
implies that the Fe atoms in these middle compositions exist in small bcc-Fe particles.
Therefore, it is possible to assume that, in the films richer in Eu, smaller Fe particles exist
in a superparamagnetic state and exhibit a ferromagnetic behaviour at low temperatures,
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Figure 4. 57Fe Mössbauer spectra of the EuxFe1−x films at room temperature. Each spectrum
was fitted using two sextets, a doublet and a singlet (see text). The poor signal-to-noise ratios
of these Eu-rich films spectra are due to the strong absorption by Eu. Note that the sextet
disappears atx = 71%.

especially in the samples with Eu> 70%. Unfortunately, the very strong absorption of
γ -rays by Eu made it very difficult to obtain meaningful results for the Eu-rich samples.
Nevertheless, a comparison of the magnetic and transport behaviours of the annealed and
unannealed Eu-rich films did suggest that Eu and Fe in these compositions are alloyed, as
shown later (figures 7 and 11).

The Mössbauer parameters listed in table 1 deserve some comments. The hyperfine
field,Hhf , of sextet 2 is 30–31 T. In Fe-based amorphous alloys,Hhf is known to correlate
with heat of formation,1H . Namely, it is close to 30 T for a system with positive1H ,
while it decreases for a system with negative1H . For example, in the La–Fe system where
1H is positive, the observedHhf is 29.8 T, while in the Lu–Fe system, in which1H is
negative, theHhf is 19.5 T [25]. Thus, the observed largeHhf for the Eu–Fe thin films is
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Table 1. Room temperature M̈ossbauer parameters obtained by the spectral analysis of the
profiles of the co-evaporated EuxFe1−x films shown in figure 4.Hhf is the hyperfine field, IS is
the isomer shift, QS is the quadruple splitting and FWHM is the full-width at half-maximum. The
IS, QS and FWHM are given relative to bcc-Fe. The values in parentheses are for subspectra
whose fraction of the total absorption is less than 2%. The estimated errors depend on the
relative intensity of a subspectrum, except that the error in FWHM is±0.05 mm s−1 for all the
compositions (see text).

19 at.% Eu 28 at.% Eu 42 at.% Eu 62 at.% Eu 71 at.% Eu

Sextet 2 Hhf (T) (29± 1) 30.1± 0.2 31.3± 0.2 31.3± 0.2 (30± 1)
IS (mm s−1) (0.1± 0.1) −0.1± 0.1 0.03± 0.05 −0.03± 0.05 (0± 0.1)
QS (mm s−1) (−0.1± 0.3) 0.0± 0.1 0.03± 0.05 0.02± 0.05 (0± 0.1)

Doublet IS (mm s−1) (0.0± 0.1) (−0.2± 0.1) 0.00± 0.05 0.00± 0.02 0.01± 0.02
QS (mm s−1) (0.6± 0.3) (1.1± 0.3) 0.7± 0.1 0.67± 0.05 0.58± 0.5

Singlet IS (mm s−1) (0.0± 0.1) (−0.1± 0.1) −0.10± 0.05 −0.03± 0.02 −0.01± 0.02

All subspectra FWHM (mm s−1) 0.29 0.35 0.33 0.38 0.36
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Figure 5. Relative intensities of the standard subspectra, used to fit the57Fe Mössbauer spectra
of the EuxFe1−x films. Estimated errors are also shown. The sextets are significant up to about
60% Eu, while the paramagnetic components increase as Eu content increases.

in qualitative agreement with the positive1H of the system. In addition, the quadrupole
splitting, QS, of sextet 2 is very small, indicating that a departure from cubic symmetry
around Fe atoms in the bcc-Fe phase is small. On the other hand, the QS of the doublet
is 0.6–0.7 mm s−1, indicating that nonmagnetic Fe atoms are surrounded by an anisotropic
environment. Finally, the isomer shift (IS) of the doublet and singlet is mostly negative.
This is in qualitative agreement with the values predicted by Miedema and van der Woude
[26]. Namely, the IS of Fe is negative when Fe atoms are surrounded by Y, which is
chemically similar to Eu [27].

3.2. Magnetic properties

Figure 6(a) shows magnetic moments,M, per atom for the EuxFe1−x films with x = 0.09–
0.42 atH = 1 T as functions of temperature,T . The moment of Eu0.09Fe0.91 increases
with increasing temperature, while that of Eu0.19Fe0.81 exhibits a minimum at about 70 K,
followed by a gradual increase. For Eu0.28Fe0.72, there is still a shallow minimum around
170 K, even though the overall curve is dominated by a monotonic decrease. The
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Figure 6. Magnetic moments as functions of temperature atH = 1 T. (a) Fe-rich films exhibit
compensation temperatures at which the moments are nonzero, while (b) Eu-rich films show
only a monotonic decrease with temperature.
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Figure 7. Magnetic moments as a function of temperature for the Eu0.50Fe0.50 films deposited
at 25, 200, 300 and 400◦C, indicating that the constant component due to the bcc-Fe phase
increases as the substrate temperature increases.

M–T curves for films with more than 40% Eu exhibit a monotonic decrease up to about
200 K, followed by a nearly constant value. Figure 6(b) shows theM–T curves of the Eu-
rich side of the EuxFe1−x films (x = 0.62–0.90). The moments decrease rapidly with
increasing temperature up to about 30 K, then gradually decrease and become almost
constant above 180 K. These features are in qualitative agreement with the behaviour
reported for pure Eu [25], except that (i) the absolute magnetic moment at 4.2 K is smaller
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than 7µB (the value expected from pure Eu), and (ii) the peak at 95 K arising from the helical
ordering of the moments in the pure bcc-Eu phase [1, 17, 28] is not present. As for the Eu-
rich films, the observed shape of theirM–T curves is also similar to that found in the
Eu-rich EuO films made by vapour-phase synthesis. That is, the Curie temperature of the
Eu-rich EuO film is approximately 150 K and theM–T curve shows a shoulder at about
100 K [29].

Figure 7 shows theM–T curves atH = 1 T for the Eu0.50Fe0.50 films deposited at 25,
200, 300 and 400◦C. The effect of raisingTsub is to add a constant magnetic moment to
a monotonically decreasing curve. Considering that the Néel point of the bcc Eu phase is
about 90 K [18, 30], we can assume that the decreasing component in the low temperature
region, 5–150 K, arises from the bcc-Eu phase and also possibly from the minor EuO phase,
while we may also presume that the constant component is due to the bcc-Fe phase. The
constant part of the 400◦C-deposited sample is about 1.2±0.1µB , a value that is reasonably
close to the expected value of 1.1µB if all the Fe atoms are segregated to form the bcc-Fe
phase. The decrease of this constant component with decreasingTsub indicates that Fe is
progressively dissolved into the Eu phase during deposition as the substrate temperature is
lowered, and that the dissolved Fe atoms do not appreciably contribute to the magnetization
of the sample.
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Figure 8. Magnetic moments as a function of external field at 4.2 K for (a) Eu0.80Fe0.20 and
(b) Eu0.90Fe0.10 films, showing a hysteric behaviour. The insets show the curves in the low field
regions, indicative of residual magnetic moments at zero field.

Figures 8(a) and (b) show the magnetic moments per atom at 4.2 K as functions ofH

for Eu0.80Fe0.20 and Eu0.90Fe0.10 films, respectively. The curves show that, with increasing
H , the moment initially rises to about 1.5µB , then gradually increases and exhibits a small,
but distinct, ‘kink’ at aroundH = 8 T. After that, the moment increases monotonically and
does not saturate even atH = 23 T. With decreasing magnetic field, the moment decreases
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monotonically, without exhibiting any kink. Thus, the kink at about 8 T appears irreversibly
in the magnetization curve. Furthermore, the insets show that both samples exhibit residual
moments of about 0.5µB /atom. No kink is observed in the magnetization curve of pure
Eu [20, 21], and the presence of a kink in the magnetization curve of the Eu–Fe film suggests
that the introduction of Fe alters the magnetic behaviours of pure Eu.

3.3. Transport properties

Figure 9 shows the longitudinal (L-) and transverse (T-) MR of the Eu0.95Fe0.05 film at 4.2 K.
We measured MR in both increasing field, up to 14 T, and decreasing field, and repeated
the measurements twice to monitor any possible hysteric behaviour. From the figure, we
can see that in the first run, L-MR increases to about 5% at 8 T, and then decreases rapidly,
giving about−1% at 14 T. In the decreasing field, L-MR deviates from that in the increasing
field at about 8 T, resulting in a residual value of about 4–5%. In the second run, L-MR
exhibits an almost identical behaviour to that observed in the latter half (decreasing field)
of the first run. Likewise here, T-MR exhibits a small maximum at about 5 T, followed by
a large decrease. In the decreasing field, T-MR also deviates considerably from the initial
curve, giving a residual value of about−2%.
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Figure 9. L- and T-MR of the Eu0.95Fe0.05 film at 4.2 K. L(1), L(2), T(1) and T(2) indicate L-MR
(first cycle), L-MR (second cycle), T-MR (first cycle) and T-MR (second cycle), respectively.
Note that the MR curves comprise irreversible and reversible components.

Figure 10 shows L-MR at 4.2 K of EuxFe1−x films with x = 0.90, 0.85, 0.70, 0.60. As
shown, the L-MR curves of all specimens exhibit a positive-to-negative transition at about
8 T, as well as residual MR.

Figure 11 shows L-MR at 4.2 K of Eu0.50Fe0.50 films deposited at 25, 200, 300 and
400◦C. The L-MR of the 25◦C-deposited sample exhibits a positive-to-negative transition
at H = 8 T, a behaviour that constitutes the essential feature found in other Eu–Fe films.
The 200◦C-deposited specimen, on the other hand, departs from this behaviour and exhibits
only positive values. Finally, the L-MR of the 400◦C deposited specimen shows only a
monotonic increase with increasing field. This observation is in good agreement with the
reported findings on the L-MR of pure Eu measured up toH = 8 T, which also exhibits a
monotonic increase [31]. This leads us to conclude that the positive-to-negative transition
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Figure 10. L-MR of the EuxFe1−x films at 4.2 K. The solid and dotted curves correspond to the
first and second cycle, respectively. All specimens exhibit an anomalous positive-to-negative
change at about 8 T.

in MR atH = 8 T, as well as the kink in the magnetization curve, are intrinsic properties
of the nonequilibrium Eu–Fe films.

4. Discussion

4.1. Structure

The structural characterization of the vapour-synthesized Eu–Fe films reveals the following
results: (i) the solubility of Eu in the bcc-Fe phase is not extended to an appreciable degree,
(ii) the formation of EuFe2 or of an amorphous phase does not take place and (iii) in Eu-rich
films (Eu> 70%), a majority of Fe atoms dissolve into the bcc-Eu phase. In addition, all
the films contain an EuO phase as a minor component.

The fact that we did not observe an amorphous phase corresponding to EuFe2 reveals
a contrast with the behaviour of the Gd–Fe system [32, 33]. However, this may be justified
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Figure 11. L-MR of the Eu0.50Fe0.50 films deposited at 25, 200, 300, and 400◦C, indicating
that the anomalous effect disappears as the substrate temperature increases.

by the small driving force in this system [11]. In fact, a system with a large glass-forming
ability is generally associated with a large enthalpy change upon mixing [34] and normally
exhibits a deep eutectic phase diagram [35]. The comparison of the Eu–Fe phase diagram
with other RE–Fe phase diagrams [8] shows that the Eu–Fe system does not fall into
such a class. We may thus conclude that vapour quenching does not produce a chemical
bonding comparable to that which exists in EuFe2 or in the Gd–Fe system due to a lack of
thermodynamical driving force.

4.2. Magnetic properties of Fe-rich films

The M–T curves atH = 1 T for Fe-rich samples (up to 30% Eu) are characterized by
the presence of a shallow minimum, which suggests that Eu and Fe moments align in an
anti-parallel direction at different magnetic transition temperatures. This is a ferrimagnetic
behaviour found in a number of amorphous RE–TM systems, including Gd–Fe, where
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the M–T curves exhibit a clear compensation temperature,Tcomp [3, 36, 37]. The anti-
parallel arrangement of the magnetic moments of Fe and divalent Eu is expected from the
indirect coupling scheme proposed by Campbell [38]. However, in the present study, the
magnetization is nonzero atTcomp. It has not yet been possible to determine with certainty
the origin of the nonzero moment, but we suspect that these moments arise from either
(i) the non-collinear distribution (within a cone) of the Fe spins, or (ii) the heterogeneous
structure of the films, which are composed of ferromagnetic bcc-Fe and EuO phases and a
ferrimagnetic Eu–Fe alloy, or (iii) a combination of both (i) and (ii). The first mechanism
is thought to be the origin of the nonzero moments atTcomp of a Dy–Fe amorphous alloy
[39, 40]. It is known that Fe–Fe exchange coupling is a sensitive function of interatomic
separation, giving rise to the conical distribution of Fe moments, while the parallel alignment
of Co spins is said to be due to the positive distribution of Co–Co exchange fields [39–41].
On the other hand, the second mechanism can be responsible for the appearance of the
compensation temperature. For instance, calculations of antiferromagnetically coupled
multilayers, such as Gd and Fe, indicate that the coupled phases can exhibit a ferrimagnetic
behaviour [42]. Thus, we can expect that divalent Eu, which is isoelectronic to Gd, and Fe to
behave similarly. Furthermore, when such ferrimagnetic behaviour is superimposed on the
ferromagnetic behaviour of Fe, nonzero compensation temperatures can also be expected.

4.3. Magnetic properties of Eu-rich films

We will start by discussing the initial rise in the magnetization curve and overall
susceptibility of Eu-rich films. The magnetization curve of a single crystal Eu in the
[100] direction shows an initial rise to about 0.6µB /atom at 0.8 T due to the formation of a
single domain [21]. Neutron diffraction indicates that a small magnetic field of below 1 T
is sufficient to create a single domain state [18]. Thus, it is reasonable to ascribe the initial
rise of about 1.5µB /atom shown in theM–H curve (figure 8) to single domain formation,
though this rise is slightly greater than the value reported for pure Eu. This difference might
stem from the ferromagnetic EuO phase that acts as a minority component. Once the single
domain state is established, the overall susceptibility of the Eu-rich Eu–Fe alloy becomes
similar to that of the pure Eu. Namely, the value of the moments of pure Eu in the [110]
direction is approximately 3.8µB /atom at 23 T [21], a value comparable to that observed
for the Eu0.90Fe0.10 film of about 5µB /atom at 23 T (figure 8).

A kink in the magnetization curve of RE–TM alloys is often associated with a change in
noncollinear spin structure, such as spin flopping [43, 44]. The noncollinear spin structure
in amorphous RE–TM alloys can be categorized into two classes, the first in which both
RE and TM possess magnetic moments, and the second in which only RE possesses the
moments. Noncollinearity in the former arises from antiferromagnetic coupling between
RE and TM moments and from random anisotropy [39, 41], while in the latter it arises
solely from random anisotropy fields [45, 46]. In the present work, we were not able to
determine, by M̈ossbauer spectroscopy, whether or not the introduced Fe atoms possess
magnetic moments in the Eu-rich alloys because of the strong absorption ofγ -rays by
the Eu atoms. If the Fe atoms do possess moments, then the antiferromagnetic Eu–Fe
coupling must compete with similarly antiferromagnetic Eu-Eu coupling. The former is a
short-range effect [38], while the latter constitutes a long-range interaction via conduction
electrons. Thus, the randomly distributed Fe moments are likely to disturb the helical order
and produce a frustrated spin structure. On the other hand, if the Fe atoms do not possess
magnetic moments, then the helical order is disturbed by the structural disorder alone.
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4.4. Transport properties of Eu-rich films

The observed MR behaviours of Eu-rich films are in striking contrast to the positive
and monotonically increasing MR of pure Eu. In this section, we will briefly review
several important mechanisms and propose a model that could eventually explain anomalous
behaviours.

Ján̂os et al showed that the L-MR of pure Eu up to 8 T increases monotonically
and exhibits a hysteresis in the 0–2 T range [31]. Boyarskii and Dikovskii separated the
irreversible components of L- and T-MR of pure Eu [47], and ascribed the irreversibility
observed up to 2 T to (i) the formation of a single domain state, and (ii) the possible
irreversible reorientation of the helix axis. A positive MR at a small applied field due to
the formation of a single domain has also been reported to exist in other RE including
Nd [48] and Gd [49]. We thus know that the irreversible MR components of pure Eu are
significant up to about 0.8–2 T. However, the irreversible MR components of Eu–Fe alloys
manifest themselves up to about 8 T, so it is difficult to ascribe them to the formation of
a single domain. Our magnetization measurements also indicate that a single domain state
is probably established within the initial 1 T. Furthermore, the presence of a minority EuO
phase should not have any effect above 1 T since EuO is ferromagnetic and its moments
saturate easily.

A positive MR can arise also from normal MR (a change of resistivity by the Lorentz
force acting on the conduction electron trajectories) [49]. This mechanism is found to
be operative in REs with a helical spin structure, including Tb and Ho [50, 51]. Single
crystal Gd also exhibits positive MR at 4.2 K due to normal MR [49, 52]. However, even
though the MR of pure Eu is likely to be caused by normal MR, this mechanism does not
appropriately explain the irreversible positive-to-negative MR change of the Eu–Fe alloy.
Also, the collision frequency of conduction electrons in a disordered alloy is much higher
than the cyclotron frequency. Thus it is quite unlikely that normal MR plays a significant
role in the MR behaviour of Eu–Fe alloys.

Besides normal MR, there are two effects that can influence the MR of REs with a
helical spin structure: the superzone effect and the spin fluctuation effect. The former
arises from the disappearance of the superzone [53–56] due to a transition from helical to
fan structures, as observed in Ho [57, 58]. However, the magnetization measurements of
the Eu–Fe alloys do not indicate a helical to fan transition, and the mechanism based on
superzone formation must therefore be discarded.

Hence, we were led to propose that the spin fluctuation effect is the dominant
factor influencing the transport behaviour of Eu–Fe alloys. Calculations by Yamada and
Takada, based on the spin wave scattering model, indicate that the MR of a simple two-
sublattice antiferromagnet increases with field(∝H 2), since spin fluctuation in the sublattice
antiparallel to the field direction increases with the applied field [59, 60]. This effect prevails
until the spin-flop transition occurs, after which the MR decreases. On the basis of this
model we put forth the assumption that a small number of spins are initially in an unstable
state, thereby contributing to a positive MR. With increasing field, the spins eventually flop
to form a stable conical spin structure, resulting in a negative MR.

Figure 12 shows a tentative schematic model of the spin structure of Eu-rich Eu–Fe
alloys. As mentioned before, the moments in pure Eu align helically at an interplanar turn
angle of approximately 50◦ [15, 16, 18] In Eu–Fe alloys, the randomly dissolved Fe atoms
scatter the Eu moments out of the helical plane, creating a metastable spin configuration, as
indicated in figure 12(a). The application of a magnetic field lifts most of the Eu moments
in the field direction, but some of the Eu moments cannot tilt in that direction due to
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Eu

H
H

Figure 12. Schematic model of the tentatively proposed spin structure of the Eu–Fe alloy.
(a) Eu spins are displaced from the helical plane because of Fe impurities; (b) with an external
magnetic field, most of the Eu spins tilt in the field direction, while some remain unchanged.
Spins in the anti-parallel direction give rise to a positive MR; (c) above the critical field, the
anti-parallel spins flop, forming a conical spin structure.

the presence of impurities (figure 12(b)). Above the critical field, the minority spins flop,
forming a conical ferromagnetic configuration which gives rise to an overall negative MR
(figure 12(c)). The presence of these minority spins and their flopping are also the origin
of the kink in the magnetization curve.

In the present work, we were not able to determine whether or not the introduced Fe
atoms possess magnetic moments in the Eu-rich films. Thus, the role of Fe impurities in
the above postulate could best be clarified by similar magnetization and MR experiments
on an Eu–TM system with nonmagnetic TM. This study has already been undertaken and
will be the subject of a forthcoming paper.

5. Conclusion

We synthesized nonequilibrium EuxFe1−x (x = 0-0.95) alloy thin films by co-evaporation.
In general, these films are composed of the bcc-Fe, bcc-Eu and minor EuO phases. The
XRD and Mössbauer spectroscopy indicate that Fe atoms dissolve rather extensively in
the bcc-Eu phase(x > 0.7), but reveal no appreciable extension of the solubility limit of
Eu in the bcc-Fe phase. In the Fe-rich side(x 6 0.3), the Fe and Eu moments couple
antiferromagnetically, and the films exhibit a ferrimagnetic character, with theM–T curves
showing nonzero magnetic moments at compensation temperatures. In the Eu-rich side,
the magnetization curves show a kink at about 8 T and the MR changes from positive to
negative values. These anomalous features are in marked contrast with the behaviour of
pure Eu, suggesting that the Fe atoms disturb the long-range helical order of Eu spins. At
present, it remains unclear whether or not these features are caused by the direct interaction
of Fe moments with the helically ordered Eu moments or merely by the presence of Fe
atoms which change the interaction among the Eu moments and thereby indirectly disturb
the helical order of Eu.
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