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Abstract. We report a study on the structural and magnetic properties of iron–vanadium thin
films grown in multilayer form and mixed by thermal treatment. The multilayer was composed
of 30 Å Fe layers alternated by 30 Å of V. This typical bilayer was repeated 15 times. The
samples were structurally characterized by x-ray diffraction (XRD) in the (θ–2θ ) geometry. The
magnetic characterization was made using a conventional alternate gradient magnetometer (AGM)
with the magnetic field applied along the plane of the film, and by conversion electron Mössbauer
spectroscopy (CEMS). This multilayer was annealed at temperatures between 550 and 670 ◦C for
60 minutes. The XRD result for the as-deposited multilayer shows a high-degree crystallinity,
while CEMS suggests an abrupt interface, since no significant contribution from vanadium in iron
is observed. After the thermal treatment, the results from XRD show a phase transformation of
the bcc-disordered structure (α phase) into a tetragonal structure (σ phase). CEMS results show a
magnetic moment reduction for temperatures above 640 ◦C and an order–disorder transition. The
magnetic measurements suggest also a phase transformation.

1. Introduction

The Fe–V system presents a complete range of solid solubility in a bcc structure (α phase) at
high temperature. At the equiatomic composition region (37–57 at.% V) a tetragonal FeCr-
like phase (σ phase) occurs that is dissolved in the bcc solid solution around 1200 ◦C. At this
concentration the α phase may be retained by quenching from temperatures above 1200 ◦C. For
thermal treatments around 600 ◦C the transformation into σ phase is complete for annealing
times over 100 hours. This metastable α phase form a CsCl-type ordered structure (α′ phase)
by short time annealing at 600 ◦C [1].

The phase diagram and magnetic properties of the Fe–V system have been studied mainly
in relation to the order–disorder transition [2], the critical temperature for this transition as
a function of concentration [3] and the distribution density of the local magnetic moments
for disordered alloys [4]. Seki et al [3] have determined the critical temperature of the order–
disorder transformation (Tc) as a function of concentration ranging from 30 at.% V to 70 at.% V
and the σ phase transition. Graphically Tc shows a behaviour that approaches a parabolic
symmetry centred in the area of equiatomic concentration. Sanchez et al [2] have shown
that it is possible to retain the bcc solid solution at low temperature by forming a metastable
solid solution that has the tendency of ordering as the α′ phase. In this sense, Mössbauer
spectroscopy results from Preston et al [5] can be understood only if a CsCl-like ordering
exists over the range of compositions near 15–50 at.% Fe. Nevitt and Aldred [6] report that in
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the region 30–60 at.% Fe there are weak CsCl superlattice reflections in the x-ray diffraction
(XRD) with Cr Kα radiation after the sample is annealed for half an hour at 625 ◦C. Philip
and Beck [7] report weak CsCl superlattice reflections in the XRD with Cr Kα radiation for a
50 at.% Fe sample quenched from high temperature and an enhancement of these reflections
after the sample was annealed at 625 ◦C for a short time. Experimental results have indicated
a considerable decrease of magnetic moment of Fe in the Fe–V system when a transformation
of the disordered bcc phase into σ phase occurs through thermal treatment [8]. It is known
that in the Fe–V system a variation of the magnetization is observed when the number as well
as the configuration in the neighbourhood of Fe atoms is altered by changes in the crystalline
structure and in the atomic order. The formation of Fe magnetic moments in the α phase
begins around 30 at.% Fe but in the σ phase it begins around 45 at.% Fe [8]. In disordered bcc
structure more V atoms surround Fe atoms as nearest neighbours. This leads together with a
small volumetric concentration in the σ phase to a reduction of the iron magnetic moment. A
band structure calculation for 50 at.% Fe shows a vanishing magnetic moment at Fe sites [9].
Studies done by Maksymowicz [10] concerning the dependence of the local magnetic moment
have shown a linear decrease of the magnetic moment with increasing V concentration. The
rate of decrease of the Fe moment with the introduction of V atoms as nearest neighbours is
shown to be around 0.21 µB theoretically [11]. Other calculations [12] give 0.18 µB while
the experimental result is around 0.10 µB [4]. The study of formation of Fe–V alloys through
thermal treatment of Fe/V multilayers is still a field to be explored.

In this work we report the results of conversion electron Mössbauer spectroscopy (CEMS),
XRD and magnetization measurements for Fe–V alloys obtained from thermal treatments in
the range 550–670 ◦C of multilayers of Fe/V grown on Si substrate.

2. Experiment

The [Fe (30 Å)/V (30 Å)]15 multilayer was prepared at room temperature by alternate deposition
in ultra-high vacuum on commercial oxidized Si(111) substrate. This was achieved using the
electron beam technique in a Balzers UMS-500P system with a deposition rate of 1 Å s−1

monitored by a quartz microbalance. The total thickness of the film was 900 Å and the
thickness of the layers was chosen to give the concentration of 50–50. The multilayer was
annealed at 10−6 mbar for 60 minutes at temperatures ranging from 550–670 ◦C. After the
thermal treatments the films were cooled down to room temperature in vacuum.

The XRD was performed in a θ–2θ Bragg–Brentano geometry using Cu Kα radiation
(λ = 1.5406 Å) in a conventional Rigaku DM 200 diffractometer. A scan step of 0.1◦ in the 2θ

range from 30 to 50◦ was carried out under a fixed counting time of 40 s. CEMS measurements
were performed at room temperature using a constant acceleration electromechanical drive
system with a multichannel analyser for collecting and storing the data. The detector was a
homemade He–CH4 proportional counter and a 57Co in Rh matrix was used as the source at
room temperature. The hyperfine parameters were obtained by a least-squares fitting procedure
of the data using Lorentzian line shapes. The magnetization measurements were performed
at room temperature using a conventional alternate gradient magnetometer (AGM) with the
applied field always parallel to the film surface.

3. Results and discussions

The XRD patterns for the as-deposited multilayer and annealed samples are shown in figure 1.
The satellite structure for the as-deposited sample is typical of multilayer modulation and
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Figure 1. Representative parts of x-ray diffraction patterns for Fe/V multilayer as deposited and
for some annealing temperatures. FeV, V and Fe bcc (110) reflections and various tetragonal FeV
reflections are indicated.

indicates an abrupt interface. At an annealing temperature (TA) above 550 ◦C the multilayer
structure is destroyed and we observe the formation of an Fe–V alloy. The diffraction peak
in 2θ = 44.55◦ (d = 2.032 Å) is an indication that we have a bcc disordered α phase or
an ordered α′ phase. The determination of ordering in Fe–V by x-ray measurement is very
difficult because the atomic scattering factors of vanadium and iron are very similar and we
do not observe the presence of superstructure lines. For 670 ◦C the XRD pattern was indexed
to the space group P 42/mnm that corresponds to the tetragonal σ phase. An indication of
this phase is also seen for all the annealed samples by the large peak in the 40◦ region and one
superimposed with the 44.55◦ peak.

The CEMS spectra are shown in figure 2. Atomically disordered crystalline alloys often
display wide ranges of probe local environments leading to effectively continuous distributions
of hyperfine parameters. We have used the model of Wivel and Mørup [13] to fit all the
spectra with hyperfine field distributions (HFDs). The P(H) distribution is also shown in
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Figure 2. Room temperature CEMS spectra for Fe/V multilayer as deposited and different
annealing temperatures as fitted by the hyperfine field distributions shown.

figure 2 for each spectrum. For the multilayer we observe a spectrum with an HFD profile
centred around 330 kOe that is typical of bcc α-Fe. In this case the field range for the
HFD was limited at 175 to 400 kOe, to avoid meaningless small field oscillations due the
large background of the spectrum. The small amplitude oscillations around 200–250 kOe
can be ascribed to the interface. For 640 ◦C > TA � 550 ◦C the spectra show large HFD
profiles with an average hyperfine field around 250 kOe. This is an indication that we
have a disordered Fe1−xVx (x � 0.5) alloy with a distribution of V atoms in the vicinity
of the Fe atoms. Shiga and Nakamura [14] ascribed this peak in the HFD to the iron atoms
that occupy the V sites in Fe–V bulk alloys. This also indicates that we have destroyed
completely the multilayer structure for TA � 550 ◦C. For TA < 640 ◦C the spectra show
no significant modification with the TA variation. For TA = 640 ◦C we observe a single
line spectrum that corresponds to a low field distribution and a small high field distribution,
and with an isomer shift difference around 0.15 mm s−1 similar to that observed by Shiga
and Nakamura [14]. This is attributed to an order–disorder transition in the Fe–V alloy
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Figure 3. The in-plane magnetic hysteresis loops at room temperature for the Fe/V multilayer
as-deposited, 550, 610 (a), 640 and 670 ◦C (b) annealing temperatures.

for the temperature region 610 ◦C < TA < 640 ◦C. This transition is not observed in the
XRD pattern for TA = 640 ◦C where we see a cubic phase and an indication of a not well
crystallized tetragonal phase. For the TA = 670 ◦C Mössbauer spectrum we only note
a low field distribution in accordance with the XRD result. The iron magnetic moment
reduction for the tetragonal Fe–V phase was observed by van der Kraan et al [8] in the bulk
material. The single line in the TA = 640 ◦C Mössbauer spectrum cannot be attributed to the
tetragonal phase because it was also present in the XRD for low TA but not detectable in the
Mössbauer spectrum. These results can be understood if an ordered phase is present in the
sample.
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The magnetic hysteresis loops are shown in figure 3. We see a square form for the annealed
samples at TA � 610 ◦C that indicates a characteristic ferromagnetic curve and an increase
in the coercive field with TA (figure 3(a)). For the iron in the as-deposited multilayer we
observe a small anisotropy due a stress or defects in the deposition. For TA > 610 ◦C we
observe a modification in the hysteresis form and an increase in the saturation and coercive
fields (figure 3(b)). This increase in the crystalline anisotropy is probably due to the formation
of ordered α′ Fe–V alloy with a reduced magnetic moment, and consequently a decrease in the
saturation magnetization. For TA = 670 ◦C we see a decrease in the saturation and coercive
fields in comparison with the precedent temperature. This is an indication of the σ phase
formation.

4. Conclusions

Fe–V alloys in disordered bcc α, ordered CsCl-like and tetragonal phases have been obtained
by thermal treatments of Fe/V multilayers. CEMS, XRD and magnetic measurements show
that for temperatures up to 610 ◦C the multilayers are destroyed and formation of a cubic
ferromagnetic phase is observed. For temperatures above 610 ◦C an ordered bcc α′ phase
occurs with a decrease of the iron magnetic moments. Above 640 ◦C a tetragonal σ phase
is obtained also with a decrease of the Fe magnetic moments. Our results indicate that the
order–disorder transition and σ phase formation in the Fe–V system is faster when we start
from a multilayer. This is because the thin layers of each different element have great relative
interface with a high mobility in the vicinity of the grain boundaries and grain surface [15].
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