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Abstract. Fe/Ti metallic multilayers with an average Fe,;Tig; composition have been studied
by x-ray diffraction, Mdssbauer spectroscopy and electrical resistivity as a function of period.
For small periods. broad diffraction peaks characteristic of a disordered, amorphous-like
structure are observed, although composition modulation still exists along the growth direc-
tion. Beyond A = 4 nm, crystalline Ti appears with a BcC structure. It then reverts to its
stable HCP form for A = 6 nm. with its ¢ axis along the growth direction. At a period of 8 nm,
the iron-rich layer in turn crystallises. This correlates to a sudden decrease of the electrical
resistivity. The appearance of this Fe-rich Bcc phase, corresponding to the onset of magnetic
ordering in the Mdssbauer spectra, induces a change in the texture of the titanium layer, the
¢ axis now lying preferentially in the plane. Anomalies in both the lattice parameters and
size of the crystallites occur from this period up to about 12 nm, whereas a plateauis observed
for the electrical resistivity. For larger periods, the Ti content of the Fe-rich BCC phase
decreases, corresponding to the further decrease of the electrical resistivity and increase of
both hyperfine field and magnetic contribution in the M&ssbauer spectra.

1. Introduction

In the last few years an increasing number of studies has developed concerning the
structure and properties of artificially composition-modulated films [1]. Such an interest
stems from their novel structural, electrical and magnetic properties induced by the
reduced thickness of each elemental layer, which can be made as thin as an atomic plane
[2]. The structure of the individual layers, the organisation of the interfacial region and
the coherency between layers depend mainly on the multilayer period and will influence
the properties of these materials and their subsequent evolution upon annealing.

This paper presents x-ray diffraction, Mdssbauer spectroscopy and electrical con-
ductivity results in Fe/Ti multilayers prepared by DC sputtering with average atomic
composition Fe;;Tig;. It focuses on the influence of the multilayer period A (A = tg, + t,
where tis the thickness of the layers) on the structural, magnetic and electrical properties
of the samples. A forthcoming publication will report on their evolution upon thermal
treatment.

In their stable form, HCP «-Ti (structure type Mg, a = 0.295 nm, ¢ = 0.468 nm) and
BCC a-Fe (structure type W, a = 0.2866 nm) present a size mismatch of about 15% in
atomic radius. The respective solubilities are 0.04% Fe in o-Ti and 10% Ti in o-Fe [3].
In addition to the two compounds, Bcc FeTi (CsCl type) and Hcp Fe, Ti (Zn,Mg type),
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there exists a metastable BCC solid solution extending from 0% Fe (5-Ti, structure type
W, a = 0.33 nm) to 50% Fe, which can be retained by rapid cooling [4]. On the other
side of the phase diagram, the solubility of Tiin o-Fe can also be extended to about 20%
Ti by quenching [5]. Finally, fast quenching at the FeTi, composition can produce a
metastable FcC phase (type NiTi;, a = 1.13 nm) or a quasicrystalline structure [6].
Amorphous Fe-Ti alloys have also been produced by sputtering in a wide composition
range extending from 30% to 80% Fe [7-9]. It is thus interesting to look at Fe/Ti
multilayers around the Fes;Tig; composition since a variety of different crystallographic
structures can be obtained depending on the preparation conditions.

We recently presented some x-ray diffraction and Mdssbauer spectroscopy results
on Fe/Ti multilayers [10] in which the thickness of the iron layer was kept constant at
1.5 nm while that of the titanium layer was varied between 0.5 and 8.9 nm. From
these results we concluded that, although composition modulation could be observed
whatever the thickness of the Ti layer, some mixing of Fe and Ti occurred in all the
samples studied, leading to amorphous-like diffraction patterns and Mdssbauer spectra
for Fe and Ti layers of about the same nominal thickness. Similar conclusions were also
drawn by Chason et al [11] from a study of the influence of the period on the structure
of Fe/Ti multilayers at the average Fes,Tis, composition.

2. Sample preparation

Fe/Ti multilayers were grown by triode DC sputtering by alternately depositing Fe and
Tilayers on a water-cooled glass substrate from Fe (99.995%) and Ti (99.95% ) targets.
The targets being shielded from one another, alternating deposition was carried out by
feeding either the Fe or Ti target, the substrate being rotated to ensure a good planar
homogeneity of the thickness of the deposit. Under these conditions it was possible to
obtain relatively thick samples (=4 um) with a planar variation of thickness (that is of
period) lower than 2% over an area of about 6 cm?. This was inferred from x-ray and
electrical resistivity measurements on a series of strips 2.8 mm wide covering the whole
surface of the substrate. The thickness of the layers was monitored by use of a quartz
resonator calibrated with pure Fe and Ti films about 1 um thick. Deposition rates of
about 7 nm min~! for Fe and 5 nm min™! for Ti were used. On account of the bulk
densities ofiron and titanium, samples with average composition Fes; Tig; were prepared,
leading to a nominal thickness ratio of § to 3 for the Fe and Ti elemental layers respect-
ively. The period of the multilayers was varied between about 1 to 100 nm.

Two kinds of sample were prepared, thin ones (=800 nm) adherent to the glass
substrate and thicker ones (=4 um) which could be removed from the substrate for
transmission experiments (x-ray diffraction or Mdssbauer spectroscopy). No difference
in the structure was detected between the two types of sample obtained under similar
experimental conditions, except total thickness.

For the sake of comparison, other series of samples were prepared in order to study
the influence of the deposition temperature (liquid N, instead of water as cooling agent)
or the influence of the relative thickness of the Fe and Ti layers (average atomic
composition of FegTiy, instead of Fes;Tig,, leading to equally thick Fe and Ti layers).

The accuracy in the multilayer period and the reproducibility of the samples were
further checked by small-angle x-ray diffraction. Measured and nominal values were
found to agree within 2% over the whole range of periods studied.
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3. Results and discussion

3.1. X-ray diffraction

X-ray diffraction is a valuable tool for the study of multilayers since it can probe different
directions of the scattering vector g (= 4z sin 8/A, where 20 is the diffraction angle and
4 is the wavelength of the radiation) with respect to the layer plane. For example, the
scattering vector g lies in the layer plane in symmetric transmission geometry, thus
probing the crystallographic structure and crystalline coherence in the plane. On the
contrary, g is normal to the layer plane in symmetric reflection geometry, then probing
the structure and coherence along the growth direction. In this latter case the diffracted
intensity can be written as the product of two contributions [12, 13]:

(q) ~ |F(q)|* x £(q)

where F(q) is the structure factor of the bilayer and £(g) (the Laue function) is a
summation term of the contributions of the N bilayers of period A. This function £(gq)
will exhibit maxima at g, = n X 27t/A, where the integer n is the order of the reflection.
The other term | F(q) | will exhibit maxima at q,, = m X 27/d;, where d, is the Fe or Ti
lattice spacing, that is for g, values much larger than g, since A > d,. As a consequence
of the limited thickness of the individual layers, | F(g)|* will exhibit secondary maxima
on both sides of the main Bragg reflections at gq,,,.

Whereas the diffracted intensity at small scattering vectors will be dominated by the
contribution of £(q) (i.e. superlattice peaks at ¢, = n X 27/A), its shape at large g will
depend on the extent of coherency between layers. Imperfections such as fluctuations
in the period [12, 13] will lead to a damping of the oscillations of £(g) at large g, and
consequently the Bragg peaks coming from F{gq) will practically not be affected by this
modulation. This means that, in this range of scattering vectors, the layers can be
considered as incoherent with respect to one another.

Inversely, since the oscillations (secondary maxima) of | F(g)|* extend on both sides
of the main Bragg peaks located at q,,, and thus in particular down to ¢ = 0, the intensity
of the successive maxima of £(q) will in turn be modulated. Some of these maxima can
even be absent when | F(g) [ = 0. This will be the case for a square composition profile
for example when the thicknesses of the individual layers are commensurate. As an
example, if the thickness of one of the layers is one-fourth of the period, all superlattice
reflections of order n = 4 X integer will be absent.

Figures 1 to 3 display the observed x-ray spectra. All the diffraction patterns pre-
sented in this paper were recorded with Co Ko radiation (A = 0.179 nm). Figure 1(a)
shows the small-angle part of the diffraction pattern of a Fe/Ti multilayer with period
40 nm. More than 30 superlattice peaks are visible, illustrating the good quality of these
metallic multilayers. Such small-angle peaks were observed in all the samples studied
down to the smallest period examined (A = 1.1 nm). As stated above, the position of
these superlattice peaks can be used to determine the period of the multilayer with good
accuracy if one takes into account the refraction effects for the radiation used [14]. In
this case the position of the nth peak is related to the period through:

sin? 6 = (nA/2A)% + 26

where ¢ is the deviation from unity of the refraction index.
In addition one can see in figure 1(a) that the 4 X m orders (4, 8, 12, 16, 20) up to
m =3 are practically absent, in agreement with the fact that the thickness of the iron
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Figure 1. Small-angle superlattice peaks
0 . 2 i : 3 for Fe/Ti multilayers with (a) A = 40 nm
and (b) A = 8 nm. The numbers indicate
the order of the reflection.

6 (deg)

layer is one-fourth of the period. On the contrary, one can see in figure 1(b) that this is
not the case for smaller periods (here A = 8 nm). The » =4 and n = 8§ orders are no
longer absent, whereas the n = 3 one is very weak. In the simplest model of arectangular
composition profile, this result would indicate that now the Fe layer has grown thicker
than A/4, as a possible result of some Ti diffusion into it. We will see that this is in
agreement with the large-angle results presented below.

Figure 2 presents the evolution of the large-angle diffraction patterns in reflection
geometry in the region of the first Bragg peaks, whereas figure 3 shows some of the
results obtained in transmission geometry in a larger angular range. In every figure the
diffracted intensities are given in normalised arbitrary units.

For small periods (figures 2(a) and 3(a), A = 2 nm), both transmission and reflection
spectra are very similar, with a broad peak around 8 = 24°. Both the similarity between
spectra and the weak scattered intensity indicate that the scattering is isotropic in this
range of periods, and that the Fe and Ti layers are mixed to quite a large extent, leading
to an amorphous-like structure (the positions of the main peak and of a second one
around 43°in figure 3(a) are close to the first two diffraction peaks of the homogeneous
Fe;;Tig; amorphous alloy). Nevertheless such an amorphous phase is not homogeneous
along the growth direction since superlattice peaks are present.

As A increases, the reflection and transmission spectra are no longer identical, as
can be seen in figures 2(b) and 3(b) for A = 4 nm. In reflection geometry, the broad
signalis now much more intense and shifts towards smaller angle, at a position very close
to that of the (0002) reflection for HCP Ti. The increase of the diffracted intensity can be
attributed to texture effects. In transmission geometry, the main peak is now the
superimposition of two contributions (figure 3(b)), with a sharp peak at about 23° on
top of the broad signal identical to that observed in figure 3(a). However a small peak
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Figure 2. X-ray diffraction spectra in symmetric reflection geometry. The numbers give the
value of the period. Note the enlarged intensity scale for spectrum (a).

also appears at about 34°. Such a peak cannot be indexed as a HCP reflection, but rather
as the (200) reflection of Bcc 3-Ti. Since the position of the (0002) reflection for Hcp Ti
and of the (110) one for Bcc Ti almost coincide, both structures will give the same
diffraction pattern in reflection geometry in the case of textured samples. It is pointed
out that cubic Ti has already been identified in Nb/Ti multilayers with small periods
[15].

For A = 6 nm (figure 3(c)), a supplementary peak appears at about 20.7°, whereas
that at 34° characteristic of Bcc Ti is less visible. This evolution corresponds to a
transformation of Bcc Ti into HCP Ti as the thickness of the Ti layer increases, since the
peak at 207° almost coincides with the (1010) reflection of Hcp Ti. Other reflections of
Hep Ti can be observed in figure 3(c) ((1120) at & = 37° for example). The Ti layers are
thus strongly textured, the c axis being oriented preferentially along the growth direction
(only the (0002) and (0004) reflections are observed in reflection geometry). In addition,
broad peaks at about 24° and 43° are still visible in transmission geometry, indicating
that part of the sample is still amorphous, but iron-enriched since pure, crystalline Ti has



100

B Rodmacq et al

—a =8
258 gg8
e g i
T T T T T T T T T T
R oo [ | :
7.5 nm (d)
O -
50 -
la)
Zom 400 -
2 o -
£
2 200 -
>
g
£ 8 le)
fa)
E . i
> S0 ~
]
é 800}= -~
= L 6)
ob - 600 -1
LO0) -
504 -1
6 200 ~
le) ()
L0
ol ) 1 1 1 oJ 1
20 30 &0 50 60 20 30 40 50 80
9 (deg) 6 (deg)

Figure 3. As figure 2 but for symmetric transmission geometry.

now appeared in the diffraction spectra. Surprisingly, the peak at 22.7° in transmission
geometry is still present, despite the (0001) texture. This can be attributed to remaining
BcC Ti. Finally, the small peak at about 24° in figure 2(d) is identified as a secondary
maximum of the main reflection (as a consequence of the limited thickness of the Ti
layer). From its position relative to the main peak, the thickness of the titanium layer
can be estimated to lie between about 3 to 4 nm. This value is in good agreement with
that derived from the width of the main peak by use of the Scherrer formula [16], and it
is found to be systematically a bit smaller than the nominal thickness of the Tilayer. The
fact that this secondary maximum is only observed on one side of the main peak indicates
that the lattice parameter of Ti is not constant throughout the layer [17, 18]. The
enhancement of the high-angle maximum compared to the low-angle one corresponds
to a decrease of the lattice spacing near the interface, which could result from either
some Fe diffusion into the Ti layer or distortions induced by the Fe-rich one.

As A reaches 8 nm (figures 2(f) and 3(e)), two important modifications occur in the
diffraction spectra. The first is the appearance of an intense diffraction peak at about
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25.5°both in reflection and transmission geometries {which could already be guessed in
figures 2(e) and 3(d) for A = 7.5 nm), corresponding to the (110) reflection of a Bcc Fe-
rich phase. The second modification is the strong decrease of the (0002) contribution of
a-Ti to the benefit of the (1010) one at 8 = 20.7° in reflection geometry. This suggests
that the crystallisation of the amorphous Fe-rich layer induces a change of the texture
of the Ti layer, the ¢ axis being now preferentially in the plane of the layers, as shown
by the transmission spectrum in figure 3(e) where the (1010) reflection of a-Ti has
disappeared to the benefit of the (0002) one. The Fe-rich layer is also strongly textured
since only the (110) and (220) reflections are present in the diffraction pattern in
reflection geometry, whereas all the reflections observed in transmission geometry
correspond to (110) zone planes.

As was the case for Ti in the diffraction pattern of figure 2(d), secondary maxima of
the main Fe Bragg peak can also be observed beyond A = 8 nm, but now they appear
on the low-angle side of the main peak, indicating that the Fe lattice spacing is larger
near the interface. Up to five secondary maxima can be observed in figure 2(/) for A =
40 nm. The values of the thickness of the Fe-rich layer obtained either from the width
of the main peak or from the position of the secondary maxima are in very good
agreement and now correspond to a layer thickness larger than the nominal pure Fe one
by about 0.5 to 1 nm, whereas the thickness of the Ti layer is smaller than the nominal
one, as mentioned above. Let us note that the peak at about 22.5°%in figures 2(f) to 2(J)
cannot be only a secondary maximum since it does not shift towards the Fe reflection as
A increases. Its intensity is also too large (cf figure 2(/)). It has thus to be attributed to
some remaining (0001) texture of HCP Ti, which is consistent with the existence of a small
contribution of (1010) HCP planes at 6 = 20.7° in transmission geometry (figure 3(f)).
With increasing A the relative contribution of this (0001) texture seems to increase
slightly. The position of the (110) peak of the BcC Fe-rich phase progressively shifts
towards larger angles up to the position of the (110) reflection of pure iron.

Taken together, these changes in the diffraction patterns with multilayer period can
be understood by assuming that some mixing of Fe and Ti atoms takes place during the
sputtering process and that the thickness of the mixed region stays the same whatever
the period. Such a mixing would typically affect 1 to 1.5 nm of Fe and Ti, leading to a
disordered layer with approximate thickness 2 to 3 nm. For small periods (A < 4 nm,
that is t;, < 1 nm and #; < 3 nm), the contribution of this mixed layer predominates,
and corresponds to the broad diffraction peak in figures 2(a) and 3(a). The presence of
small-angle superlattice peaks indicates that there exists a gradual composition variation
throughout the bilayer. As the period is increased, the thickness of the pure Ti layer
increasesrelative to that of the mixed layer, leading to the observed shift of the diffraction
peak towards smaller angle (i.e. both the mixed layer and the pure Ti layer contribute
to this peak). Crystalline Ti appears with a BCC structure in this range of periods. At a
period of 6 nm, both (Fe, Ti) and Tilayers have approximately the same thickness. The
Ti layer has now reverted to its stable HCP structure. It is well crystallised and textured,
thus giving a more intense peak in reflection geometry than the still non-textured mixed
(Fe, Ti) layer. Besides, the thickness ratio of the layers is different from § to £, which
explains why the small-angle peaks with n = 4 X m are visible. This also agrees with our
recent high-resolution electron microscopy results on samples with A =7 nm which
show that the bilayer consists of an amorphous layer and a HCP layer with comparable
thicknesses [19]. The microscopy results also confirm the existence of Bcc -Ti in this
range of periods.

For larger periods (A = 8 nm, that is t;, = 2 nm), iron is then available in excess to
the amountincluded in the mixed (Fe, Ti}layer. From the diffraction resultsitis inferred
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that this extra iron induces both a crystallisation of the mixed layer with a (110) texture
and a change of the texture of the Ti layer, the (1010) direction now being parailel to the
growth direction. Such a change occurs in a very narrow interval of periods of the order
of 1 nm, corresponding to about one Fe atomic plane. Beyond A = 8 nm, the (110) peak
of the BCC phase shifts progressively towards the position for pure iron, indicating that
allthe Fe atomsdissolveinto this Fe-rich Bcc phase, thusincreasing the Fe concentration.
On the contrary, this does not seem to be the case for the titanium layer, whose lattice
parameters are found to be less dependent on the mulitilayer period, in agreement with
the much smaller solubility of Fe into HCp Ti [3].

One should note that the size L of the Fe-rich crystallites in the plane of the layers
(obtained from the width of the diffraction peaksin transmission geometry) goes through
amaximum for periods between 8 and 20 nm, increasing first from L = 14to L = 17 nm
for A = 10 nm and then decreasing to L = 10 nm for A = 20 nm before increasing again
slightly up to L = 12 nm for A = 40 nm. Although less marked, similar behaviour was
observed for the size of the Ti crystallites. From the position of the (110) peak of the Fe-
rich phase and (1010) peak of -Ti, it also appears that the respective lattice parameters,
a, of the BCC phase and of the HCP phase are very close to each other up to periods of
about 20 nm.

At still larger periods the Ti content of the Fe layers becomes negligible, and the
position of the diffraction peaks tends towards that of pure BcCiron. The thickness ratio
of the layers tends towards the nominal one, as shown by the absence of the n = 4 X m
reflections in the small-angle region. Both (1010) and (0001) textures are observed for
Hep Ti, probably indicating that, far from the Fe layer, titanium tends to grow with the
densest (0001) planes parallel to the layer plane.

For the sake of comparison, multilayered samples with the same average composition
were also prepared, the substrate now being held at liquid nitrogen temperature. The
X-ray scattering results show the same evolution of the structure with multilayer period
as observed above, except for a larger intensity of the small-angle peaks and a less
marked texture of the crystalline phases. Such a behaviour can be explained by the
reduced mobility of the iron and titanium atoms (as a consequence of the lower substrate
temperature), leading to both sharper interfaces and less perfect orientation of the
crystallites. Nevertheless, the changes in the structure of the layers take place at the
same critical thicknesses, indicating that mixing mainly occurs during the sputtering
process.

In the same way, such a picture is also consistent with the results obtained on
multilayers with average composition FegTiy (i.e. tg = ty). Samples with A <3 nm
(tpe = tr; = 1.5 nm) exhibit only a broad amorphous-like diffraction pattern, whereas
HCP Ti and BcC Fe simultaneously appear for A = 4 nm (¢, = t1; = 2 nm).

3.2. Méssbauer spectroscopy

S’Fe Mdssbauer experiments were carried out on free-standing samples 4 um thick in
transmission geometry. Such a technique probes the local environment of the iron
atoms, thus enabling direct comparison with the x-ray results presented above. Figure
4 shows the evolution of the room-temperature Mdssbauer spectra as a function of the
period of the multilayer. The spectrum in figure 4(a) (A = 2 nm) consists of a slightly
dissymmetrical doublet with a mean isomeric shift 1s = 0.22 mm s~ (relative to metallic
iron) and mean quadrupole splitting @s = 0.34 mm s~!. Both the values of the hyperfine
parameters and the dissymmetry of the spectrum are similar to those observed in a
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Figure 4. Evolution of the room-temperature Mossbauer spectra with period.

homogeneous Fe;;Tig; amorphous alloy [8], which confirms that, in this range of periods,
the multilayer consists mainly of a mixed (Fe, Ti) disordered phase, as we concluded
from the x-ray experiments. For A = 8 nm (figure 4()), the Mossbauer spectrum
suddenly changes and a magnetic contribution appears in addition to the paramagnetic
one. The six peaks of this magnetic contribution are rather broad and their position
corresponds to a hyperfine field H of about 310 to 320 kOe, typical of the Fe-rich Bcc
phase [7]. The relative intensity of the six peaks of the magnetic contribution indicates
that the magnetisation preferentially lies in the plane of the layers, as is usually observed
in thin magnetic films. The width of the peaks of the magnetic contribution corresponds
to a distribution in the number of nearest-neighbour iron atoms in this BCC phase since,
according to the x-ray results, it contains some titanium. The magnetic spectrum will
thus be the sum of contributions from iron atoms with different numbers of titanium
atoms in their first coordination shell. The paramagnetic contribution can have two
origins, since it can correspond either to iron atoms close to the titanium layer (and thus
with a number of nearest-neighbour iron atoms smaller than that required for BCC iron
to be magnetic), or to some remaining amorphous (Fe, Ti) layer at the interface.

As the period increases (figures 4(b) to 4(d)), both the width of the peaks of the
magnetic spectrum and the weight of the paramagnetic contribution decrease, whereas
the mean hyperfine field increases, in agreement with both a smaller Ti content of the
BCC phase and a smaller relative contribution of the interfacial non-magnetic Fe atoms.

3.3. Electrical resistivity

The resistance of the as-deposited samples was measured parallel to the layers using a
conventional four-probe method, witha 100 nV resolution digital voltmeter determining
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Figure 5. Variation of the room-temperature electrical resistivity with inverse period.

the voltage drop for a constant 20 mA current. The results are shown in figure 5 as a
function of reciprocal bilayer thickness, A™!, for a series of samples with average
composition Fey; Tig;. The measurement temperature was 293 K. The major feature of
the data is the rise of the resistivity as the period decreases. The resistivity first varies
inversely with A from about 65 uQ cm at 40 nm to about 170 uQ cm at 6 nm, before it
levels off at the shortest periodicities. We also prepared pure Fe and Ti films under
identical sputtering conditions. The Fe films had a room-temperature resistivity of
between 23 and 28 ¢ cm, for thicknesses going from 250 to 5 nm, compared with the
usual value of 10 to 12 uQ c¢m determined in the bulk condition. Measurements on Ti
films with thicknesses between 75 and 1000 nm yielded resistivities in the interval 100 to
130 uQ cm, well above the bulk reference value of 42 uQ cm [20].

In a first attempt, the observed dependence of resistivity on A can be interpreted in
the light of the conventional size-effect theory for electrons undergoing diffuse scattering
atsurfaces (or interfaces), originally developed by Fuchs and Sondheimer in unimetallic
thin films [21, 22]. When the electronic mean-free path is comparable to the film or
elementallayer thickness, the resistivity is expected to vary proportionally to the recipro-
cal of A. This is the observed trend in the Fe/Ti samples studied, at least for periods not
too small (figure 5). Below about 6 nm, a saturation effect prevails since the thinnest
elemental films (the Fe ones) are then only a few atomic layers thick and one is approach-
ing the loffe~Regel resistivity limit, which is reached when the mean-free path becomes
of the order of the interatomic spacing [23]. This overall behaviour has already been
observed in a number of stratified metallic systems and appears to be inherent in these
structures.

The importance of the interface effect depends on a number of parameters, such as
surface roughness, eventual contamination of the interface by residual gases, possible
chemical mixing and mismatch between the adjacent crystal arrays. A noticeable feature
of the present system is precisely the large size mismatch of the constituent elements,
which is likely to result in elastic distortions and topological disorder at the interface.
On the other hand any intermixing occurring during the course of the sputtering also
results in a disordered transition zone which may extend over several atomic planes.
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coefficient of resistance against multilayer period.

More importantly, like other thin films, the multilayered film structures are also
subject to the grain-size effect. The grain size of the present samples has been determined
by x-ray scattering (see above) to be as low as 10 to 17 nm. Thus modifications of bulk
relaxation times by the grain-boundary scattering may bring a substantial contribution.
In particular this is a likely explanation for the large resistivity values found in the
sputtered, unimetallic Fe or Ti films. Altogether this suggests that, over a broad range
of intermediate periods, the transport properties of the structures under consideration
are influenced by boundary scattering, in the as-produced state. A similar view has
recently been expressed to interpret resistivity effects in MoCu and MoSi stratified
samples [24, 25].

Interface and grain-size effects are the most current ways of interpreting the overall
dependence of resistivity on period, in multilayers. Although proper, these inter-
pretations are often too restrictive. The reason is that they ignore the real differences
which characterise the successive structural states as the period is varied. In fact deeper
insight should reveal these differences. This is exemplified in figure 6(a). It is seen that
the variation profile of resistivity with period is in reality not smooth. In contrast, it
exhibits a marked structure. The salient feature is that the evolution of resistivity occurs
in two distinct steps, a sudden drop between 6 and 8 nm and a progressive decrease
above 12 nm, respectively, separated by an extended plateau. This structure, although
detectable, was less apparent in the p against A™! plot, on account of the contracted
abscissa in the region of interest, in that representation.

Valuable structural information can be extracted from the results obtained. In the
first place, consider the significance of the resistivity drop. It is plain that it reflects the
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transition from the composition-modulated amorphous material characteristic of the
shortest periods to a more ordered, stratified structure. This drastic resistivity change
has indeed a striking correspondence with the advent of the iron crystallisation detected
in the x-ray investigations. The appearance of iron-rich crystallites produces definite
shunts for the electrical conductivity, provided that the crystallites percolate.

Next, analysis of the level of the further resistivity plateau is also informative. The
finding that resistivity is not decreased below about 110 4 cm leads to the conclusion
that the Fe-rich solid solution which is formed above 8 nm is still highly resistive. This
high resistivity may simply be due to the high degree of disorder, topological and/or
chemical, which presumably exists in this crystalline phase. The extent of the plateau is
to be interpreted also in relationship to the x-ray study, which indicates that lattice
coherency at the Fe-based solid solution/Ti interface is maintained until about 12 nm.
This implies that the respective crystal lattices are strongly distorted, on account of the
size difference between iron and titanium, thus producing displacive disorder, that is
enhanced resistivity, as hinted just before. A further indication of this underlying
phenomenon is brought by consideration of the grain size of the Fe-rich layers, which
tends to increase for periods up to 10 nm before, contrary to expectation, it appears to
decline at higher periods. This behaviour stems from the fact that elastic accommodation
is made the more difficult the higher the period, that is the lower the lattice parameter
of the Fe-rich strata, on account of the enriched Fe concentration. Finally, above say
12 nm, coherency no longer holds. The dominant effect is then the progressive evolution
towards purer Fe strata, which explains the gradual resistivity decrease.

We turn now to the temperature coefficient of resistance (TCR). Being a differential
quantity, its determination is more accurate, since all the problems linked to correcting
for sample shape and dimensions drop. The TCR of about 40 samples (taken out of 20
different sputtering runs) with various bilayer thickness was determined between 253
and 293 K. The variations of this physical parameter with bilayer thickness are presented
in figure 6(b). The detailed pattern closely resembles that of resistivity (figure 6(a)).
Note that at the lowest periods the TCR becomes negative. It tends to a constant value
identical to that for the homogeneous amorphous alloy (indicated by a full square in the
figure). The negative sign of the average TCR is not specific to the metallic multilayered
alloys. It has already been observed in some crystalline and a lot of amorphous alloys
and metallic thin films alike. According to the Mooij rule [26], this anomaly simply
denotes a transition from metallic-like behaviour to non-metallic-like behaviour in
highly resistive materials. Conversely, at the highest periods. the TCR is not higher than
17 x 10~ K1, which is well below the values of 65 X 107 and 35-55 x 10™* commonly
found in bulk, well crystallised iron and titanium samples respectively [20, 27]. This
difference is tentatively ascribed to the unusually small grain size even at the highest
periods.

Finally, similar measurements performed in stratified samples too, but with com-
position FegTi,o, showed an earlier transition, starting at 4 nm. The plateau, if it exists,
then looks much narrower than in the case of the Fe;;Tig; composition. These features
are in satisfactory agreement with the x-ray observation that the first signs of crys-
tallisation are manifested precisely at 4 nm, quasi-simultaneously for the Fe and Ti
strata.

4. Conclusions

The various experimental approaches we followed to study the Fe/Ti multilayers lead
to consistent results about the structural features and associated magnetic and transport
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properties of these stratified structures. In fact, depending on bilayer thickness, four
types of behaviour are distinguished.

(i) The smallest periods are characterised by composition-modulated, amorphous-
like structures, as revealed by the small- and large-angle x-ray scattering experiments.

(ii) In a second class of periods, titanium is selectively crystallised, since its nominal
thicknessis larger than that of iron. The first signs of crystallinity appear in the diffraction
pattern at a period of 4 nm. Unexpectedly enough, the observed crystalline form is then
body-centred cubic. However, as soon as the period reaches 6 nm, the stable HCP
structure of titanium prevails, with the ¢ axis along the growth direction.

(iii) Around a critical period of 8 nm, that is a nominal Fe layer thickness of 2 nm,
the iron-based layers are in turn crystallised in the form of a Fe-rich BccC phase, which
brings a magnetic contribution to the Mdssbauer spectra. Concomitantly the resistivity
is sharply decreased. This crystallisation induces a change in texture of the Tilayers, the
caxis now lyingin the plane of the strata. The plateau in the electrical resistivity observed
atlarger periods coincides with rather unusual variations of the crystallite size and lattice
parameter, which suggests that the elastic distortions generated by the lattice mismatch
at interfaces and their accomodation play a role.

(iv) Finally, for still larger periods, the lattice parameter of the iron-rich BCcC phase
tends towards that for pure iron. This agrees with both the observed increase of the
hyperfine field in the Mdssbauer spectra and the further decrease of the electrical
resistivity.

To close, it is underlined that the large size misfit between the constitutive elements
and arrays confer on the Fe/Ti structures a spectrum of specific properties, including
variable preferential textures, peculiar crystallisation modes and granularity, in addition
to the inherent displacive disorder in the solid solutions formed. Other points of interest
and further research deal with the diffusional regimes and resulting structural states
which are developed upon thermal annealing.
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