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Abstract. The microstructure and magnetic properties of Fe/Ti multilayer films prepared by
rf-sputtering deposition are studied via conversion electrésdauer spectroscopy (CEMS), x-

ray diffraction (XRD), and magnetic techniques. Samples with the two Ti-to-Fe thickness ratios
B =1 andg = 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
phasesd-Fe, the interfacial FeTi crystalline phase and the amorphous phase) were determined.
The thickness of the mixed interfacial region was estimated for various valugs arfd §.

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 A = 5 nm are almost entirely amorphous. The relative fraction of the amorphous phase
decreases dramatically with increasing

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-Reg6, 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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guenching [9]. The amorphous He;_, phase can be produced over a wide composition
range(0.25 < x < 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 tigeTi(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
FeTi 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 amorphouydike, alloys forx < 0.6 and
decreases almost linearly from about 0.36 mrh ® 0.29 mm s for x ~ 0.25 and 0.6,
respectively. The QS value remains almost constantcfer 0.6-0.7 and then increases
again to about 0.31 mnT$ for x ~ 0.8. The isomer shiftd) is less sensitive to the alloy
composition. It increases from abou0.22 mm s? for 0.25 < x < 0.5 to about—0.15
mm s for x ~ 0.8. The bcc-Fe(Ti) alloy is magnetic with a hyperfine field of about 29 T
ands ~ 0.02 mm s at room temperature. The formation of such a bcc-Fe(Ti) alloy as a
result of Ti-ion implantation inta-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 layégs &nd d+;), the structural
modulation wavelengtihA = dre+ d1; and the composition of the system determined by the
thickness ratio of the Ti and Fe layes= dyi/dre.

In this paper we have studied a Fe/Ti multilayer system prepared by rf-sputtering
deposition. Samples with two nominal compositions were preparegsThg (8 = 1.5)
and FggTigs (B = 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 to
and 8 via Mossbauer 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 ofx1107° Pa. The pressure during the sputtering of the argon gas was
0.7 Pa and the deposition rates were 0.6 nfand 0.5 nm st for Fe and Ti, respectively.
Samples with the two thickness rati@s= d+j/dre = 1.5 (nominal composition FgTigs)

and 8 = 1 (FegTigs) Were prepared. The elemental thicknesses of the Fe and Ti layers
were 2.5, 5, 10, 20, 30 and 40 nm fgr= 1, and 2, 4, 8, 16, 24 and 32 nm of Fe
and 3, 6, 12, 24, 36 and 48 nm of Ti fgQr = 1.5. Thus, the modulation wavelengths

A = dre + dyj 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 accura€y/2ofm.

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% CH
gas-flow electron counter. A computer-controlled spectrometer witfCa-in-Rh source
was used. The isomer shifts are given with respect toottt@® standard. The Bbsbauer
spectral parameters (hyperfine fields,;, quadrupole splittings, QS, and isomer shifi},
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 distribuf¢@S) were performed by
using the constrained Hesseaidrtsch method (see [18, 19]). The NORMOS program was
used.
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Figure 1. CEM spectra obtained for Fe/Ti multilayers Figure 2. CEM spectra obtained for Fe/Ti multilayers
with 8 = 1. The elemental layer thicknesses are giverwith 8 = 1.5. The elemental layer thicknesses are
given.

The XRD measurements were carried out in the Bragg—Brentano geometry by using Co
Ko 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 Mssbauer 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 electroiddgbauer (CEM) spectra clearly reveal this
dependence. In figures 1 and 2 the CEM spectra recorded for Fe/Ti multilayerg with
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and 8 = 1.5, respectively, and for a decreasing modulation wavelergtare shown.

As can be seen the multilayer films with > 60 nm are almost completely crystalline
(figures 1(a), 2(a)). The CEM spectra consist of the magnetic-hyperfine-split sextet with
the hyperfine fieldH,; ~ 32.8 T and isomer shif6 = 0.00 mm s characteristic for-Fe

at room temperatureHys is slightly reduced as compared with the value for buHee;

this is related to the stresses in the film. Traces (about 2% of the total spectral area) of the
guadrupole doublet (QS) can be detected o= 60 nm andg = 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 decraasing
as revealed by the increase of the spectral contribution of the QS doublet £d20 nm
and both film compositions (figures 1(c), 2(c)) the CEM spectra consist of a QS doublet
(QS~ 0.40 mm s! ands ~ —0.09 mm s!) and three magnetically split components:

(i) that corresponding te-Fe (H,; = 32.8 T, § = 0.00 mm s!), (i) that corresponding

to the bcc-Fe(Ti) alloy formed at the interfa¢#l,; = 285-29.9 T,6 ~ 0.00 mm s1),

and (iii) that corresponding to the Fe atoms in the interface with Ti atoms in the vicinity,
which reduceH,, to about 12 T(§ ~ 0.35 mm s!). The quadrupole splitting of about
0.40 mm st suggests that the amorphous phase is iron-poor [10, 11]. A similar shape
of the CEM spectra was observed far = 10 nm (figures 1(d), 2(d)). In this case the
relative spectral contribution of the QS doublet and the magnetic sextetsHyjth- 29 T

and H,y ~ 12 T markedly increase at the expense of éhEe sextet. The multilayers
with the smallest modulation wavelengths & 5 nm for bothg = 1 andg = 1.5) are
almost completely amorphous. The CEM spectra consist of a dominating quadrupole doublet
(figures 1(e), 2(e)). The value Q$0.33 mm s determined for this doublet by fitting two
Lorentzian lines with the linewidth of 0.4 mnTcorresponds to the E&,_, amorphous
phase withy ~ 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 foe 1 (figure 1(e)). The spectrum recorded for the

B =1.5andA = 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 tojthey direction. In all of
the Mossbauer measurements theays were perpendicular to the plane of the sample. In
the general case the line intensity ratio in the Zeeman sexteti%:3:x:3, where

4sirt ®
O[=1+co§® (1)

(® is the angle between the direction of the hyperfine figjgd and the propagation direction
of the gamma rays). The parametewaries from 0 to 4 depending o®. For instance,
a = 0 for ® = 0° (H,, parallel to they-ray direction, i.e. the spins are perpendicular to
the plane of the sampleyy = 4 for 0 = 90° (the spins are aligned in the plane of the
sample), andx = 2 for random spin orientation. In most of the cases shown in figures 1
and 2 the parameter is close to 4 in the subspectrum corresponding todtHee 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 regien2 which suggests
random spin orientation at the interfaces.

For the films with A = 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
distribution P(QS) (&), (b")).

The quadrupole-splitting distributionsP(QS), were extracted from the CEM spectra
(figures 3(a), 3(b)) by using the constrained HessdsaRsch method (see [18, 19]). A linear
correlation between the isomer shift and the quadrupole splitting was assumed, as the first
approximation in the calculations?(QS) consists of two quite distinct peaks (figurgd 3

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 ofP{@S)
distribution was attributed to the phase separation in the amorphoys &, system.

This interpretation was based on a model which predicts the local maximum in the free-
energy curve of the amorphous kg, Zr, system atc ~ 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 shap®@S) observed in figures(&)

and 3b") 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 ¥gsrsus
and versusA 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
increasingdre and A, but for a givenA it is usually higher for the Ti-richg = 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
A, 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 fraction\ F' of the various phasese—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 thickpess
and the modulation wavelength (b).

Table 1. Relative fractions of the various phases-Fe, interfacial FeTif,s ~ 29 T and 12 T)
and amorphous FeTi—determined from CEMS measurements.

Relative fraction of a given phaseé\ §) (%)

Interfacial FeTi

dri/dre (nm) A (nm) «-Fe 29T 12T Amorphous FeTi

2525 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]

Ax =nd AF/2 (2)

wheren is the number of monolayers of Fe per Fe-Ti bilayér= 0.203 nm is thed-

spacing in the Fe layers (i.e. the Fe monolayer thickness),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 fractioasHor

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 componentg) fod 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 film2&l.02 nm thick (per interface) iron layer is
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Figure 5. XRD patterns of the FeTi multilayers with different sublayer thicknesseg fer 1

(a). The dashed lines correspond to the positions of the bulk bcc-Fe (110), hep-Ti (100) and
hcp-Ti (002) diffraction peaks. Theé-spacing (b) and the sizé, of the Ti and Fe crystallites

(c) versusA are shown.

consumed for the formation of the amorphous phase. IiBthel.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 thicknesseg fer1.5

(a). The dashed lines correspond to the positions of the bulk bcc-Fe (110), hep-Ti (100) and
hcp-Ti (002) diffraction peaks. Theé-spacing (b) and the sizé, of the Ti and Fe crystallites

(c) versusA are shown.

values ofA in the two systems. However, the amorphous phase is more abundant in the
Fe/Ti systems with smalk (A = 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§ = 1, A = 5 nm), respectively. This finding is a little surprising, because the heat
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Figure 7. The magnetization and coercive fielf} versus modulation wavelength for g =1
and g = 1.5 are shown in (a) and (b), respectively, aHd versus Fe grain siz&ge is shown
in (c).

of formation of the amorphous phase is larger for the Fe/Zr systeH, (. = —25 kJ mot™)

than for the Fe/Ti one AH,., = —17 kJ mot?) [22]. These values oA H,,,, 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 A =5 nm whereas in the Fe/Zr multilayer system with=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 with= 1 andg = 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 wavelengttor 8 = 1 andg = 1.5.

packed (110) planes of bcc-Fe and (100) hep-Ti. The plane spacigsiculated from

the (110) Fe and (100) Ti peak positions were about 0.2028 nm and 0.2558 nm for Fe and
Ti, respectively. Thel-spacing in the Ti layers is smaller than the bulk value of the (100)
hcp-Ti peak, with the maximum deviation of about 6% for~ 60 nm (figures 5(b), 6(b)).

For Fe layers th@-spacing is almost independent affor A > 20 nm but forA < 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
(Dre and D1y) by using the Scherrer formula. For both film compositions the sizes of the
Fe crystallites are comparable dlpe, while those of the Ti crystallites are systematically
smaller than the corresponding valuesigf over the whole range ok (figures 5(c), 6(c)).

For all A 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, hep-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 decreasingh good qualitative agreement

with the CEMS results (figure 4). In the Fe/Ti multilayers with> 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() and the coercive fieldH,.) were determined from
the hysteresis loop by using a vibrating-sample magnetometer (VSM)gFerl.5 the
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magnetization remains constant (about 0.065 T)Aoe 10 nm and then rapidly decreases
to less than 0.01 T foA = 5 nm (figure 7(a)). FoB = 1 the magnetization exceeds that
recorded forg = 1.5 over the whole range oA and similarly drastically decreases for
A =5 nm. The coercive fieldH,) is similar for both compositions (about 180 Oe) for
A > 20 nm (figure 7(b)), and it decreases rapidly with decreagingror A =5 nm, H, is
about 30 Oe and 75 Oe fg@ = 1.5 andg = 1, respectively. Such changes Mf and H,
indicate the transition from the polycrystallin®ge ~ 10 nm) to the amorphou®ee < 2
nm) structure (figure 7). A similarly drastic decrease of the coercive field for stnalas
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 magnetoresistivityR/R almost vanishes for the smallest value /of
for film with g = 1.5, confirming that the Fe/Ti multilayer films with < 5 nm are
almost entirely amorphous (figure 8). HowevarR /R for film with 8 =1 andA =5 nm
does not vanish yet because this multilayer is not completely amorphous and still contains
a considerable amount of the ferromagnetié-e phase, as shown by the CEMS results
(figures 1(e) and 4), which contribute to about 20% of the total spectral area.

[
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Figure 9. The electrical resistivity versus the reciprocal of the modulation wavelengtihe
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 conductivity
versus YA is shown in figure 9. Our experimental data, which are similar to those reported
by Rodmacget 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
[oF
0 = ~"[6Zre(0) + Fre(dre — 2Zre(0)) + Fri(d — 4Z¢e(0))] 3)

where Zeo(0) = 1 nm is the initial thickness of the crystalline Fe sublayer which was

reduced by the thickness of the amorphous interface sublayer.

_ Ri+1+f/i(1—R) @
R+1— fil—R)

is the crystallite distribution function where grains are in the form of very thin cylinders (the

two-dimensional model) [28, 29] in sublayer ifi Fe, Ti), Rj = pi/pam (pam = 20012 cm,

pri = 130 u2 cm, pre = 30 u2 cm), andfi(L) = Viic)/ Viqor (determined from XRD and

CEMS measurements) is the relative amount of crystalline phase in the crystalline sublayer

i. If fi =0, theno =oam if 1/A — 0 and f; = 1, then equation (3) transforms into one

for a parallel connection of resistances and

- ﬂff%ﬂfﬁ ®)

The solid and dashed lines in figure 9, calculated by using equation (38 ferl and
B = 1.5, respectively, show good agreement wittmeasured forA < 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 ®6sbauer spectroscopy, x-ray diffraction, hysteresis loop,
magnetoresistance and electric conductivity methods. From these measurements we can
conclude that the Fe/Ti multilayers with > 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
A < 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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