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Abstract. The microstructure and magnetic properties of Fe/Ti multilayer films prepared by
rf-sputtering deposition are studied via conversion electron Mössbauer spectroscopy (CEMS), x-
ray diffraction (XRD), and magnetic techniques. Samples with the two Ti-to-Fe thickness ratios
β = 1 andβ = 1.5, and with modulation wavelengths of 5 to 80 nm were studied. The XRD,
electrical conductivity and coercive-field measurements revealed that the amorphous phase is
formed during deposition and is distributed in the plane between the crystalline sublayers as
well as in the grain boundaries. From CEMS measurements the relative fractions of the various
phases (α-Fe, the interfacial FeTi crystalline phase and the amorphous phase) were determined.
The thickness of the mixed interfacial region was estimated for various values of3 and β.
The CEM spectra revealed that the spins in the Fe sublayers are aligned in the plane of the
film, while in the interfacial regions they are randomly oriented. It is shown that the films
with 3 = 5 nm are almost entirely amorphous. The relative fraction of the amorphous phase
decreases dramatically with increasing3.

1. Introduction

Artificially composition-modulated materials whose microstructure and magnetic properties
depend strongly on the thickness of the individual elemental layers have been attracting
considerable attention in recent years. A good example of such materials is the Fe/Ti
system which is interesting both from the point of view of basic research and because of its
applications (e.g. as a buffer layer in the multilayer structure for a giant-magnetoresistance
(GMR) sensor [1] and as a hydrogen-storage material [2, 3]). Another material studied
extensively is the Fe/Zr system which reveals considerable similarities as well as distinct
differences when compared to the Fe/Ti system with a corresponding range of layer
thicknesses. Recently, systematic studies of the microstructure of the Fe/Zr multilayer
system, including the structural transformation from the predominantly crystalline to the
almost completely amorphous state induced by ion-beam mixing, were performed [4, 5].

Under equilibrium conditions the bulk Fe–Ti system exists either as a crystalline
intermetallic compound or as an amorphous alloy. The only crystalline intermetallic
compounds known of are bcc-Fe(Ti) and hcp-Fe2Ti [6, 7]. However, because of the low
solubility of Ti in Fe (a few per cent) only the iron-rich crystalline FeTi alloy with the bcc
structure can be formed [8, 9]. The solubility range can be extended to about 20% by fast
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quenching [9]. The amorphous FexTi1−x phase can be produced over a wide composition
range(0.25 6 x 6 0.80) by vapour-quenching or sputtering deposition [10–13]. However,
the melt-quenching technique, commonly used for the production of numerous amorphous
alloys, does not produce FeTi alloys in the amorphous state [14]. The FeTi alloys prepared
by splat cooling from the melt are either theβ-Ti(Fe) or TiFe(Ti) solid solutions with a
solubility range extended up to 50% [15]. Very different structural and magnetic properties
and hyperfine interactions have been observed for the amorphous FeTi state as compared
with crystalline alloys and compounds [10, 11].

It is fairly easy to distinguish the amorphous FeTi phase from the crystalline FeTi and
Fe2Ti compounds thanks to the clearly different quadrupole splittings and isomer shifts
of the latter [10–13, 16]. As shown in references [10] and [11], the quadrupole splitting
(QS) depends strongly on the iron content in amorphous FexTi1−x alloys for x < 0.6 and
decreases almost linearly from about 0.36 mm s−1 to 0.29 mm s−1 for x ≈ 0.25 and 0.6,
respectively. The QS value remains almost constant forx ≈ 0.6–0.7 and then increases
again to about 0.31 mm s−1 for x ≈ 0.8. The isomer shift (δ) is less sensitive to the alloy
composition. It increases from about−0.22 mm s−1 for 0.25 6 x 6 0.5 to about−0.15
mm s−1 for x ≈ 0.8. The bcc-Fe(Ti) alloy is magnetic with a hyperfine field of about 29 T
andδ ≈ 0.02 mm s−1 at room temperature. The formation of such a bcc-Fe(Ti) alloy as a
result of Ti-ion implantation intoα-Fe has been observed recently [17].

The microstructure and magnetic properties of the Fe/Ti multilayer system depend
strongly on the thicknesses of the individual Fe and Ti layers (dFe and dTi), the structural
modulation wavelength3 = dFe+dTi and the composition of the system determined by the
thickness ratio of the Ti and Fe layersβ = dTi/dFe.

In this paper we have studied a Fe/Ti multilayer system prepared by rf-sputtering
deposition. Samples with two nominal compositions were prepared: Fe0.5Ti0.5 (β = 1.5)
and Fe0.6Ti0.4 (β = 1). The modulation wavelength ranged from 5 nm to 80 nm for both
compositions. The structural properties of the Fe/Ti system were studied with respect to3

and β via Mössbauer spectroscopy (the conversion electron technique, CEMS) and x-ray
diffraction (XRD). The magnetic properties were investigated via the CEMS technique and
via conventional magnetic measurements (hysteresis loop, magnetoresistivity).

2. Experiment

Multilayer Fe/Ti films were prepared by rf-sputtering deposition by using Fe and Ti targets
at a base pressure of 1× 10−5 Pa. The pressure during the sputtering of the argon gas was
0.7 Pa and the deposition rates were 0.6 nm s−1 and 0.5 nm s−1 for Fe and Ti, respectively.
Samples with the two thickness ratiosβ = dTi/dFe = 1.5 (nominal composition Fe0.5Ti0.5)
and β = 1 (Fe0.6Ti0.4) were prepared. The elemental thicknesses of the Fe and Ti layers
were 2.5, 5, 10, 20, 30 and 40 nm forβ = 1, and 2, 4, 8, 16, 24 and 32 nm of Fe
and 3, 6, 12, 24, 36 and 48 nm of Ti forβ = 1.5. Thus, the modulation wavelengths
3 = dFe + dTi varied from 5 to 80 nm for both compositions. The total thickness of the
film stacks deposited on Corning glass was about 240 nm. The thickness of the elemental
layers was measured during deposition with a quartz sensor with an accuracy of±0.2 nm.

The microstructure of the Fe/Ti multilayers was characterized by CEMS and XRD.
The CEMS measurements were performed at room temperature by using a He–6% CH4

gas-flow electron counter. A computer-controlled spectrometer with a57Co-in-Rh source
was used. The isomer shifts are given with respect to theα-Fe standard. The M̈ossbauer
spectral parameters (hyperfine fields,Hhf , quadrupole splittings, QS, and isomer shifts,δ)
were obtained by fitting Lorentzian line shapes to the experimental data by the least-squares
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method. The calculations of the quadrupole-splitting distributionP (QS) were performed by
using the constrained Hesse–Rübartsch method (see [18, 19]). The NORMOS program was
used.

Figure 1. CEM spectra obtained for Fe/Ti multilayers
with β = 1. The elemental layer thicknesses are given.

Figure 2. CEM spectra obtained for Fe/Ti multilayers
with β = 1.5. The elemental layer thicknesses are
given.

The XRD measurements were carried out in the Bragg–Brentano geometry by using Co
Kα radiation. The magnetoresistivity and the magnetic hysteresis loop were measured at
room temperature for the samples prepared simultaneously in the same deposition process as
those for CEMS experiments. These studies were supplemented by electrical conductivity
measurements.

3. Results and discussion

3.1. The M¨ossbauer studies

The properties of Fe/Ti multilayers with modulated atomic (crystalline/amorphous) and
magnetic structures (ferromagnetic/paramagnetic) depend strongly on the thickness of
each constituent. The conversion electron Mössbauer (CEM) spectra clearly reveal this
dependence. In figures 1 and 2 the CEM spectra recorded for Fe/Ti multilayers withβ = 1
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and β = 1.5, respectively, and for a decreasing modulation wavelength3 are shown.
As can be seen the multilayer films with3 > 60 nm are almost completely crystalline
(figures 1(a), 2(a)). The CEM spectra consist of the magnetic-hyperfine-split sextet with
the hyperfine fieldHhf ≈ 32.8 T and isomer shiftδ = 0.00 mm s−1 characteristic forα-Fe
at room temperature.Hhf is slightly reduced as compared with the value for bulkα-Fe;
this is related to the stresses in the film. Traces (about 2% of the total spectral area) of the
quadrupole doublet (QS) can be detected for3 = 60 nm andβ = 1 (figure 1(a)). The QS
doublet corresponds to the amorphous FeTi phase formed during deposition at the interfaces
between Fe and Ti layers.

The relative amount of the amorphous FeTi phase rapidly increases with decreasing3

as revealed by the increase of the spectral contribution of the QS doublet. For3 = 20 nm
and both film compositions (figures 1(c), 2(c)) the CEM spectra consist of a QS doublet
(QS ≈ 0.40 mm s−1 and δ ≈ −0.09 mm s−1) and three magnetically split components:
(i) that corresponding toα-Fe (Hhf = 32.8 T, δ = 0.00 mm s−1), (ii) that corresponding
to the bcc-Fe(Ti) alloy formed at the interface(Hhf = 28.5–29.9 T,δ ≈ 0.00 mm s−1),
and (iii) that corresponding to the Fe atoms in the interface with Ti atoms in the vicinity,
which reduceHhf to about 12 T(δ ≈ 0.35 mm s−1). The quadrupole splitting of about
0.40 mm s−1 suggests that the amorphous phase is iron-poor [10, 11]. A similar shape
of the CEM spectra was observed for3 = 10 nm (figures 1(d), 2(d)). In this case the
relative spectral contribution of the QS doublet and the magnetic sextets withHhf ≈ 29 T
and Hhf ≈ 12 T markedly increase at the expense of theα-Fe sextet. The multilayers
with the smallest modulation wavelengths (3 = 5 nm for bothβ = 1 andβ = 1.5) are
almost completely amorphous. The CEM spectra consist of a dominating quadrupole doublet
(figures 1(e), 2(e)). The value QS≈ 0.33 mm s−1 determined for this doublet by fitting two
Lorentzian lines with the linewidth of 0.4 mm s−1 corresponds to the FexTi1−x amorphous
phase withx ≈ 0.4–0.5 [10, 11]. The residual magnetic-hyperfine-split component with two
characteristic magnetic hyperfine fields of 29.9 T and 13.5 T contributing to about 18% of
the total spectral area is clearly seen forβ = 1 (figure 1(e)). The spectrum recorded for the
β = 1.5 and3 = 5 nm film shows that this film is almost entirely amorphous (figure 2(e)).
Traces of the magnetic component contribute to less than 3% of the spectral area.

From the magnetically split spectral component corresponding to the Fe layer and
interfacial FeTi components (figures 1(a)–1(d) and 2(a)–2(d)) it is possible to determine
the spin orientation in the multilayer system with respect to theγ -ray direction. In all of
the Mössbauer measurements theγ -rays were perpendicular to the plane of the sample. In
the general case the line intensity ratio in the Zeeman sextet is 3:α:1:1:α:3, where

α = 4 sin2 2

1 + cos2 2
(1)

(2 is the angle between the direction of the hyperfine fieldHhf and the propagation direction
of the gamma rays). The parameterα varies from 0 to 4 depending on2. For instance,
α = 0 for 2 = 0◦ (Hhf parallel to theγ -ray direction, i.e. the spins are perpendicular to
the plane of the sample),α = 4 for Q = 90◦ (the spins are aligned in the plane of the
sample), andα = 2 for random spin orientation. In most of the cases shown in figures 1
and 2 the parameterα is close to 4 in the subspectrum corresponding to theα-Fe phase,
which shows that the spins are aligned predominantly in the plane of the film. However, in
the spectral components corresponding to the FeTi interfacial regionsα ≈ 2 which suggests
random spin orientation at the interfaces.

For the films with 3 = 5 nm the CEM spectra were measured over a reduced
velocity range which allowed the quadrupole-splitting distributions to be extracted (figure 3).
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Figure 3. CEMS analysis of the amorphous phase with a reduced velocity range. The solid
line passing through the data points ((a), (b)) is the result of the fit of a quadrupole-splitting
distributionP (QS) ((a′), (b′)).

The quadrupole-splitting distributions,P (QS), were extracted from the CEM spectra
(figures 3(a), 3(b)) by using the constrained Hesse–Rübartsch method (see [18, 19]). A linear
correlation between the isomer shift and the quadrupole splitting was assumed, as the first
approximation in the calculations.P (QS) consists of two quite distinct peaks (figures 3(a′),
3(b′)). Similar structure inP (QS) was observed recently for the Fe/Zr multilayer system
which was amorphized due to ion-beam mixing [5]. The complex shape of theP (QS)
distribution was attributed to the phase separation in the amorphous Fe100−xZrx system.
This interpretation was based on a model which predicts the local maximum in the free-
energy curve of the amorphous Fe100−xZrx system atx ≈ 50 and suggests that amorphous
phases with the Fe-to-Zr ratios of 1:2 and 2:1 are more stable and therefore more likely to
appear [20]. The composition modulation in the amorphous phase was also detected by the
small-angle x-ray diffraction technique an the earlier study of the Fe/Zr multilayer system
amorphized due to solid-state reaction [4]. The shape ofP (QS) observed in figures 3(a′)
and 3(b′) suggests that the amorphous FeTi phase is inhomogeneous and consists of layers
with high and low iron content.

The spectral contribution of the QS doublet corresponding to the amorphous FeTi phase
depends on the thickness of the Fe layer. The relative amorphous fractions versusdFe

and versus3 for both film compositions are shown in figures 4(a) and 4(b). As can be
seen, the spectral contribution related to the amorphous phase continuously decreases with
increasingdFe and3, but for a given3 it is usually higher for the Ti-rich (β = 1.5) system
(figure 4(b)).

The amorphous phase is formed during the rf-sputtering deposition process at the
interfaces. Thus, because of the decreasing number of interfaces in the samples with large
3, the relative amount of Fe atoms belonging to the amorphous phase and to the interfacial
regions is too small to be detected by CEMS.

The relative fractions1F of the various phases—α-Fe, interfacial FeTi and amorphous
FeTi—formed during the deposition process are given in table 1. From these values one can
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Figure 4. The relative abundance of the amorphous phase versus iron layer thicknessdFe (a)
and the modulation wavelength3 (b).

Table 1. Relative fractions of the various phases—α-Fe, interfacial FeTi (Hhf ≈ 29 T and 12 T)
and amorphous FeTi—determined from CEMS measurements.

Relative fraction of a given phase (1F ) (%)

Interfacial FeTi

dTi/dFe (nm) 3 (nm) α-Fe 29 T 12 T Amorphous FeTi

2.5/2.5 5 — 14 5 81
5/5 10 68 19 6 7

10/10 20 81 12 3 4
20/20 40 97 — — 3
30/30 60 98 — — 2
40/40 80 100 — — —

3/2 5 — — — 100
6/4 10 45 37 9 9

12/8 20 70 20 4 6
24/16 40 81 16 — 3
36/24 60 100 — — —
48/32 80 100 — — —

estimate the average thickness of the iron layer converted into the amorphous or interfacial
FeTi phases. The mixed-layer thickness is [4, 21]

1x = nd 1F/2 (2)

wheren is the number of monolayers of Fe per Fe–Ti bilayer,d = 0.203 nm is thed-
spacing in the Fe layers (i.e. the Fe monolayer thickness),1F is the spectral area fraction
of a given phase and the factor 2 accounts for there being two Fe–Ti interfaces per Fe
layer. The density differences and possible differences in the recoilless fractions forα-Fe
and the amorphous and interfacial FeTi phases are neglected. The thickness of the Fe layer
converted into the interfacial FeTi phase (29 T and 12 T components) forβ = 1 multilayers
estimated in this way is about 0.65 nm (per interface) for the 5/5 nm film and 0.75 nm for
the 10/10 nm one. In the 2.5/2.5 nm film a'1.02 nm thick (per interface) iron layer is
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Figure 5. XRD patterns of the FeTi multilayers with different sublayer thicknesses forβ = 1
(a). The dashed lines correspond to the positions of the bulk bcc-Fe (110), hcp-Ti (100) and
hcp-Ti (002) diffraction peaks. Thed-spacing (b) and the size,D, of the Ti and Fe crystallites
(c) versus3 are shown.

consumed for the formation of the amorphous phase. In theβ = 1.5 systems slightly thicker
Fe layers are converted to form the interfacial FeTi phase (about 0.92 nm per interface for
the 6/4 nm film and about 0.96 nm per interface for the 12/8 nm one).

The CEMS results obtained for the Fe/Ti multilayers show a great similarity to those
recently obtained for the Fe/Zr multilayer system with comparable modulation wavelengths
and average compositions [5]. The amorphous and interfacial phases appear for similar
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Figure 6. XRD patterns of the FeTi multilayers with different sublayer thicknesses forβ = 1.5
(a). The dashed lines correspond to the positions of the bulk bcc-Fe (110), hcp-Ti (100) and
hcp-Ti (002) diffraction peaks. Thed-spacing (b) and the size,D, of the Ti and Fe crystallites
(c) versus3 are shown.

values of3 in the two systems. However, the amorphous phase is more abundant in the
Fe/Ti systems with small3 (3 = 5 nm) than in the corresponding Fe/Zr one; the amorphous
phases contribute to about 97% and 35% of the total spectral area for the Fe/Ti and Fe/Zr
systems (β = 1, 3 = 5 nm), respectively. This finding is a little surprising, because the heat
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Figure 7. The magnetization and coercive fieldHc versus modulation wavelength3 for β = 1
andβ = 1.5 are shown in (a) and (b), respectively, andHc versus Fe grain sizeDFe is shown
in (c).

of formation of the amorphous phase is larger for the Fe/Zr system (1Hmax = −25 kJ mol−1)
than for the Fe/Ti one (1Hmax = −17 kJ mol−1) [22]. These values of1Hmax were
calculated in terms of the Miedema model [23]. Thus, one can expect the FeZr amorphous
phase to be formed more efficiently than the FeTi one. Our results show, however, that
almost all Fe atoms experience amorphous short-range order (SRO) in the Fe/Ti multilayers
with 3 = 5 nm whereas in the Fe/Zr multilayer system with3 = 5 nm only about 35% of
Fe atoms are contained in the amorphous phase.

3.2. X-ray diffraction measurements

The structure of the Fe/Ti multilayers was studied also by the XRD method. The XRD
patterns recorded for the films withβ = 1 andβ = 1.5 are shown in figures 5(a) and 6(a),
respectively. These results show that the Fe/Ti system is composed predominantly of closely
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Figure 8. The magnetoresistivity versus the modulation wavelength3 for β = 1 andβ = 1.5.

packed (110) planes of bcc-Fe and (100) hcp-Ti. The plane spacings (d) calculated from
the (110) Fe and (100) Ti peak positions were about 0.2028 nm and 0.2558 nm for Fe and
Ti, respectively. Thed-spacing in the Ti layers is smaller than the bulk value of the (100)
hcp-Ti peak, with the maximum deviation of about 6% for3 ≈ 60 nm (figures 5(b), 6(b)).
For Fe layers thed-spacing is almost independent of3 for 3 > 20 nm but for3 < 20 nm
d decreases by about 1.7% as compared with the bulk value (figures 5(b), 6(b)).

The XRD measurements allowed determination of the size of the Fe and Ti crystallites
(DFe andDTi) by using the Scherrer formula. For both film compositions the sizes of the
Fe crystallites are comparable todFe, while those of the Ti crystallites are systematically
smaller than the corresponding values ofdTi over the whole range of3 (figures 5(c), 6(c)).
For all 3 the average size of the Fe crystallites is larger than that of the Ti ones because
of the grain boundary diffusion during which the Ti grains convert more quickly to the
amorphous state than the Fe ones. This effect can be easily seen in the XRD patterns: the
intensity of the (100) hcp-Ti peak decreases much faster than that of the (110) bcc-Fe peak
(figures 5(a) and 6(a)) when the elemental layer thickness becomes smaller. The relative
fractions of the crystalline bcc-Fe, hcp-Ti and amorphous FeTi phases were determined from
the integrated intensities of the XRD lines corresponding to a given phase. The pseudo-Voigt
shape of the diffraction peaks was used in the calculations [24]. The amorphous fraction
determined in this way rapidly increases for decreasing3 in good qualitative agreement
with the CEMS results (figure 4). In the Fe/Ti multilayers with3 > 20 nm the Fe and Ti
layers are predominantly crystalline.

3.3. Magnetic measurements

The magnetic properties of the Fe/Ti multilayers were investigated using conventional
techniques. The magnetization (Ms) and the coercive field (Hc) were determined from
the hysteresis loop by using a vibrating-sample magnetometer (VSM). Forβ = 1.5 the
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magnetization remains constant (about 0.065 T) for3 > 10 nm and then rapidly decreases
to less than 0.01 T for3 = 5 nm (figure 7(a)). Forβ = 1 the magnetization exceeds that
recorded forβ = 1.5 over the whole range of3 and similarly drastically decreases for
3 = 5 nm. The coercive field(Hc) is similar for both compositions (about 180 Oe) for
3 > 20 nm (figure 7(b)), and it decreases rapidly with decreasing3. For 3 = 5 nm,Hc is
about 30 Oe and 75 Oe forβ = 1.5 andβ = 1, respectively. Such changes ofMs andHc

indicate the transition from the polycrystalline (DFe ∼ 10 nm) to the amorphous (DFe < 2
nm) structure (figure 7). A similarly drastic decrease of the coercive field for small3 was
observed recently in the Fe/Zr [25] and Co/Ti [26] multilayer systems due to transformation
from the crystalline to the amorphous state.

The anisotropic magnetoresistivity1R/R almost vanishes for the smallest value of3

for film with β = 1.5, confirming that the Fe/Ti multilayer films with3 6 5 nm are
almost entirely amorphous (figure 8). However,1R/R for film with β = 1 and3 = 5 nm
does not vanish yet because this multilayer is not completely amorphous and still contains
a considerable amount of the ferromagneticα-Fe phase, as shown by the CEMS results
(figures 1(e) and 4), which contribute to about 20% of the total spectral area.

Figure 9. The electrical resistivity versus the reciprocal of the modulation wavelength3. The
solid and dashed lines are calculated according to equation (3) in terms of the model discussed
in the text.

The magnetic measurements were supplemented by the measurements of the electric
conductivity as a function of the modulation wavelength. The electric conductivityσ

versus 1/3 is shown in figure 9. Our experimental data, which are similar to those reported
by Rodmacqet al [12], were interpreted in terms of the model which assumes that the
amorphous phase is formed during sputter deposition not only in the plane between the
crystalline layers of Fe and Ti but also distributed in the grain boundaries due to diffusion in
the grain boundaries being stronger than the volume diffusion [27]. The resulting electrical
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conductivity is then

σ = σam

3
[6ZFe(0) + FFe(dFe − 2ZFe(0)) + FTi(dTi − 4ZFe(0))] (3)

where ZFe(0) = 1 nm is the initial thickness of the crystalline Fe sublayer which was
reduced by the thickness of the amorphous interface sublayer.

Fi = Ri + 1 + fi(1 − Ri)

Ri + 1 − fi(1 − Ri)
(4)

is the crystallite distribution function where grains are in the form of very thin cylinders (the
two-dimensional model) [28, 29] in sublayer i (i= Fe, Ti),Ri = ρi/ρam (ρam = 200µ� cm,
ρTi = 130 µ� cm, ρFe = 30 µ� cm), andfi(L) = Vi(C)/Vi(tot) (determined from XRD and
CEMS measurements) is the relative amount of crystalline phase in the crystalline sublayer
i. If fi = 0, thenσ = σam; if 1/3 → 0 andfi = 1, then equation (3) transforms into one
for a parallel connection of resistances and

σ = βσFe + σTi

1 + β
. (5)

The solid and dashed lines in figure 9, calculated by using equation (3), forβ = 1 and
β = 1.5, respectively, show good agreement withσ measured for3 6 40 nm.

4. Conclusions

A detailed systematic investigation of the Fe/Ti multilayer system over a wide range of
elemental layer thicknesses for two nominal compositions was performed by complementary
techniques including the M̈ossbauer spectroscopy, x-ray diffraction, hysteresis loop,
magnetoresistance and electric conductivity methods. From these measurements we can
conclude that the Fe/Ti multilayers with3 > 10 nm consist of predominantly crystalline
Fe and Ti layers. The amorphous phase is formed during sputter deposition in the plane
between crystalline sublayers as well as in the grain boundaries. The Fe/Ti multilayers with
3 6 5 nm are entirely amorphous. The spin orientation in Fe layers determined from CEMS
measurements shows strong alignment in the plane of the film. However, in the spectral
components corresponding to the interfacial regions, random spin orientation was observed.
The thickness of the mixed interfacial region formed during the deposition process was
determined.
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