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Abstract. Comparative study of the solid-state reaction (SSR) in a series of Ti/Ni multilayered films (MLF)
with a bilayer period of 0.65–22.2 nm and a constant Ti to Ni sublayer thickness ratio has been performed
by using the experimental and computer-simulated magneto-optical (MO) and optical spectroscopies as
well as X-ray diffraction (XRD). It was shown that alloyed-like regions in an amorphous structure is
spontaneously formed near the interfaces between pure elements during the film deposition. The thickness
of this region was estimated as 2–3.8 nm on the basis of the MO and optical studies. The SSR in the Ti/Ni
MLF caused by an annealing at 580 K for 60 min increases the thickness of these interfacial amorphous
regions. It was shown that SSR takes place mainly in the Ti/Ni MLF with relatively “thick” sublayers. The
existence of a threshold nominal Ni-sublayer thickness for observing the equatorial Kerr effect of about 3.0
and 4.5 nm for the as-deposited and annealed Ti/Ni MLF, respectively, is explained by formation of the
nonmagnetic alloyed regions between pure components during the film deposition as a result of the SSR.
For the case of Ti/Ni MLF, the MO and optical approaches turn out to be more sensitive in determining
the thickness of the reacted zone, while XRD is more useful for the structural analysis. It was also shown
that the very thin nonreacted Ni sublayers have different MO properties (and hence electronic structure)
from the bulk.

PACS. 68.35.Fx Diffusion; interface formation – 68.65-k Low-dimensional, mesoscopic, and nanoscale
systems: structure and nonelectronic properties – 71.55.Jv Disordered structures; amorphous and glassy
solids – 75.70.-i Magnetic properties of thin films, surfaces, and interfaces

1 Introduction

Ti/Ni multilayered films (MLF) can be considered as an
ideal candidate for neutron optics, in particular, in neu-
tron guides and focusing devices, because they have an
excellent contrast factor for thermal and cold neutrons. In
addition, Ni and Ti are magnetic and nonmagnetic mate-
rials, respectively, and therefore, the Ti/Ni MLF can be
used for polarizing neutrons [1,2]. The neutron reflectivity
of the Ti/Ni MLF is strongly influenced by their interfacial
properties [3]. To understand the properties of the MLF,
it is important to know how sharp the interfaces between
sublayers are.

On the other hand, this system is also interesting owing
to the tendency of amorphization through a solid-state re-
action (SSR) [4]. The Ti-Ni system satisfies the main con-
ditions for the occurrence of the SSR. These conditions
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are: a large and negative heat of mixing, an anomalous
diffusion of Ni in Ti, and a low mobility for one of the
elements in the amorphous phase [5]. The difference in
mobility of the Ti and Ni atoms plays a kinetic constraint
for the stability of amorphous phase at comparatively low
temperatures. Therefore, the Ti/Ni MLF can be also con-
sidered as a model object for the investigation of the SSR.

A lot of experimental techniques are usually involved
for the study of the SSR in multilayered systems: dif-
ferential scanning calorimetry [5,6], Auger electron spec-
troscopy [7], X-ray photoelectron spectroscopy [8,9], vari-
ous magnetic methods [10], and, of course, the traditional
direct methods, i.e., X-ray diffractometry and transmis-
sion electron microscopy [11]. Each method has its own
specific features and has advantages and disadvantages
for this study. Therefore, a more complete information on
the SSR can be obtained by employing the several exper-
imental techniques.
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Table 1. Parameters of the investigated Ti/Ni MLF. N is the
number of repetition, hTi(Ni) is the nominal thickness of the
Ti(Ni) sublayers, tTi(Ni) is the measured thicknesses of Ti(Ni)
sublayers, T is the total thickness of the MLF.

Sample No. N hTi hNi tTi tNi T Ni content
(nm) (nm) (nm) (nm) (nm) (at.%)

1 15 10.0 10.0 10.4 11.8 333.0 64.6
2 20 7.5 7.5 8.0 8.8 336.0 64.0
3 30 5.0 5.0 5.2 6.0 336.0 65.0
4 43 3.5 3.5 3.9 4.2 348.3 63.5
5 60 2.5 2.5 3.2 3.0 372.0 60.2
6 600 0.25 0.25 0.31 0.34 390.0 63.9
7 alloy 300.0 62.5

It is well known that both magneto-optical (MO)
and optical properties of metals depend strongly on their
electron energy structures which are correlated with the
atomic and magnetic ordering. The interdiffusion between
Ti and Ni atoms in the Ti/Ni MLF caused by a low tem-
perature annealing should decrease the thickness of pure
Ni (and hence the magnetic and MO response) as well as
the change in chemical and atomic ordering in the reac-
tive zone. In contrast to the usual magnetic methods or the
single-wave MO loop tracing, it can be expected that the
application of MO spectroscopy to the study of the SSR in
the Ti/Ni MLF allows us to obtain additional information
on the changes in atomic and chemical ordering in the re-
active zone. On the contrary to MO spectroscopy, optical
spectroscopy has no restriction on the magnetic state of
the constituent sublayers. Evidently, the real structures
and magnetic properties of the as-deposited and reacted
MLF may be verified by a comparison between experimen-
tal and computer-simulated MO and optical data, based
on an appropriate model for the structure of the MLF and
the properties of the constituent sublayers. To the best of
our knowledge, the MO and optical spectroscopy have not
been used for this purpose. At the same time, the MO and
optical properties themselves of the Ti/Ni MLF have not
been investigated yet.

In this work we applied a new method for studying the
SSR in the Ti/Ni MLF, which is based on the compar-
ison between spectroscopic computer-simulated and ex-
perimental MO and optical properties of the as-deposited
and annealed multilayers, with also referring to the results
of structural analysis by the traditional X-ray diffraction
(XRD). The comparison with the published results based
on other methods was also carried out [5,11].

2 Experimental and simulation details

A series of Ti/Ni MLF with a bilayer period of 0.65–
22.2 nm and a nearly constant (1:1) sublayer thickness
ratio, and a total thickness of about 330 nm were pre-
pared by using the computer-controlled double-pair tar-
get face-to-face sputtering onto glass substrates at room
temperature (RT). Table 1 contains the parameters for
the prepared and investigated Ti/Ni MLF. All the Ti/Ni

MLF have a Ti sublayer at the top. The sublayer thick-
nesses in the MLF were estimated by X-ray fluorescence.
The X-ray fluorescence data were additionally confirmed
by low-angle X-ray diffraction. The structures of samples
were analyzed by using low- and high-angle XRD.

The details of the experimental study of the MO and
optical properties of the Ti/Ni MLF can be found else-
where [12]. After the measurement of MO and optical
properties of the as-deposited samples, a SSR in the Ti/Ni
MLF was induced by an annealing at 580 K for 60 min in
a high vacuum and then their structures, MO and optical
properties were studied again.

It is known that, for the simulation of the MO and op-
tical properties of MLF, the MO and optical properties of
the constituent sublayers should be known in advance. In
order to use in the simulation the MO and optical param-
eters of the constituent sublayers relevant to the prepared
Ti/Ni MLF, pure Ti and Ni as well as Ti0.38Ni0.62 alloy
films of about 100 nm in thickness were also prepared at
the same deposition conditions, and their MO and opti-
cal properties were also investigated. The composition of
Ti0.38Ni0.62 alloy nearly corresponds to the overall com-
positions of the Ti/Ni MLF (see Tab. 1).

The theoretical simulations of the equatorial Kerr ef-
fect (EKE) spectra and optical properties for the Ti/Ni
MLF were performed by solving exactly a multireflection
problem using the scattering matrix approach [13], as-
suming several models of the MLF. These models are: a)
MLF with “sharp” (ideal) interfaces resulting in rectangu-
lar depth profiles of pure Ti and Ni; b) MLF with “mixed”
(alloy-like) interfaces of variable thickness between pure-
metal sublayers; and c) MLF with sharp interface and
partly “dead” (in magnetic sense) Ni sublayers. It is clear
that the composition in the actual mixed interfacial region
is gradually changed from, for example, pure Ti through
Ti-Ni alloy to pure Ni. Nevertheless, for the simplicity in
the calculations, the actual interfacial structure was rep-
resented by an idealized case of Ti0.38Ni0.62 alloy between
pure Ni and Ti sublayers. We also supposed that the con-
sumption of pure Ti and Ni for formation of Ti-Ni alloy
is carried out in a symmetrical way to form Ti0.38Ni0.62

alloy. For the nonmagnetic (or magnetically “dead”) Ni
layers, the off-diagonal components of the dielectric func-
tion (DF) were equalized to zero.

3 Results and discussion

3.1 X-ray diffraction study

Low-angle XRD patterns for the as-deposited Ti/Ni MLF
confirmed their layered structure down to the nomi-
nal sublayer thickness of about 3 nm (sample No. 5)
(see Fig. 1). The raw high-angle XRD patterns for the
as-deposited Ti/Ni MLF, together with pure Ni and
Ti0.38Ni0.62 alloy films, are shown in Figure 2a. It is seen
that only the Ni (111) sharp diffraction peak is observed
at 2Θmax = 44.62◦ for the pure Ni film. The Ni lattice
spacing calculated from the Ni (111) peak position reveals
dNi(111) = 0.2029 nm which is very close to the literature
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Fig. 1. Low-angle X-ray diffraction patterns for the as-
deposited and annealed Ti/Ni MLF (sample Nos. 3–5).

data for bulk Ni (dNi(111) = 0.2034 nm) [14]. On the con-
trary to the Ni diffraction peak, any visible manifestation
of Ti is not observed in the XRD spectra for the investi-
gated Ti/Ni MLF. Such a behavior can be explained by
the formation at our deposition conditions of textureless
fine grains or an amorphous structure in the Ti sublayers,
because even the XRD pattern for the prepared pure Ti
film exhibits only a weak and broad peak located at 2Θmax

= 36.62◦ which is attributed to the Ti (002) reflection.
The detailed analysis of the obtained results for the

as-deposited (and annealed) Ti/Ni MLF have been per-
formed. For this purpose the background for each high-
angle XRD spectrum was subtracted, first of all, and then
a multiple-peak fitting procedure was employed for the
remanent spectrum. Figure 3 illustrates this process in
detail for sample No. 3 as an example.

Such a deconvolution allowed us to determine the exact
angular positions 2Θmax, height (Ih) and integrated (Ii)
intensities, and full width at half maximum (FWHM) ξ
for all the constituent peaks. The results related to the
most-intense constituent peak are tabulated in Table 2.

It is known that the integral breadth of the diffrac-
tion peak β(≡ Ii/Ih) is inversely proportional to the size
Z of the coherently diffracting domains in the direction
perpendicular to the diffraction planes [11]. On the other
hand, if the peak shape remains constant during the an-
nealing, the change in ξ is also inversely proportional to

Fig. 2. X-ray diffraction patterns for the (a) as-deposited and
(b) annealed Ti/Ni MLF, as well as for Ti0.38Ni0.62 alloy and
pure Ni films. For the convenience of presentation all the curves
are shifted upward relatively lowest plot.

Fig. 3. Multiple peak analyses of X-ray diffraction patterns
for the (a) as-deposited and (b) annealed Ti/Ni MLF (sample
No. 3).
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Table 2. Parameters of the main diffraction peak for as-
deposited and annealed Ti/Ni MLF. State 1 and 2 indicate
the as-deposited and annealed states, respectively.

State of Sample No. tNi 2Θmax ξ β
the MLF (nm) (◦) (◦)

1 Ni 100.0 44.62 0.54 0.178
1 1 11.8 44.35 0.93 0.077
1 3 6.0 44.21 1.60 0.130
1 5 3.0 43.70 3.10 2.189
1 6 0.34 44.04 6.04 -
1 7 - 44.32 5.50 -
2 1 11.8 44.54 1.10 0.367
2 2 8.8 44.59 1.50 0.498
2 3 6.0 44.59 1.62 0.536
2 4 4.2 44.12 2.12 0.681
2 5 3.0 43.38 3.30 0.595

Fig. 4. Change in 2Θmax with tNi dependence for the as-
deposited (triangles) and annealed (circles) Ti/Ni MLF. Ar-
rows with numbers 6 and 7 indicate 2Θmax for samples 6 and
7 (Ti0.38Ni0.62 alloy film).

Z and the mean grain size. A part of the obtained results
relevant to the main diffraction peak is presented in Ta-
ble 2 and shown as a function of the Ni sublayer thickness
in Figures 4 and 5. It should be noticed here that the lines
in Figure 4 are only the guide for eye.

In comparison with the pure Ni film, the main (Ni
(111)) diffraction peak for the as-deposited Ti/Ni MLF
with a “thick” Ni sublayer (sample Nos. 1–3) is slightly
smeared and shifted to the low-angle side, and the smear-
ing and shift increases with decreasing the sublayer thick-
ness (see Figs. 2a, 4 and Tab. 2). The (0.31 nm Ti /
0.34 nm Ni)600 MLF has an high-angle XRD spectrum
similar to that for the Ti0.38Ni0.62 alloy film which was
prepared by co-sputtering of the Ti and Ni targets. Both
XRD spectra are significantly different from the others:
they exhibit a very tiny and broad diffraction peak at
2Θmax ≈ 44.0–44.3◦, manifesting the formation of a highly
disordered or amorphous structure (see Fig. 2a). It should
be mentioned here that, besides the main peak and a weak
low-angle satellite peak, a fitting procedure also revealed
for Ti/Ni MLF with a “thick” sublayers a broad peak
nearly at the same angles, i.e., at 44.45◦, whose existence

Fig. 5. Ni sublayer thickness dependences of the (a) reciprocal
FWHM of the Ni (111) diffraction peak and (b) normalized 1/β
with respect to sample 1 for the as-deposited (triangles) and
annealed (circles) Ti/Ni alloy films.

was not obvious from the visual inspection of the raw
data (see, for example, peak 4 in Fig. 3). The as-deposited
(3.2 nm Ti / 3.0 nm Ni)60 MLF shows an XRD spectrum
whose shape belongs to an intermediate between both
groups of samples, exhibiting a broad diffraction maxi-
mum at 2Θmax ≈ 43.7◦. The observed peak can be re-
lated to a strongly smeared Ni (111) peak but more prob-
ably to a significantly broadened peak originating from
the monoclinic NiTi (002) or Ni3Ti (004) diffraction peaks
(2ΘNiTi(002) ≈ 43.914◦ and 2ΘNi3Ti(004) ≈ 43.691◦).

In contrast to the pure Ni film, the XRD spectra of the
Ti/Ni MLF with “thick” sublayers also reveal the Laue
satellites on the low-angle side of the Ni (111) peak. The
Laue interference function should give rise to the satellites
in both sides of the main peak [15]. On the other hand,
Hollanders et al. has shown that the high-angle side satel-
lites have significantly smaller intensities than the low-
angle ones if the spacing of the diffraction planes is larger
at the top and bottom of the crystallite than in the middle
part [11]. It is known that the Ti atom has a bigger size
than Ni, and the substitutive dissolution of the Ti atoms
in Ni increases the Ni lattice by 0.1% per atomic per-
cent of the dissolved Ti [16]. Thus, the observed low-angle
satellite peaks of samples 1 and 3 can be explained by the
increased spacing at the top and bottom interfaces of the
Ni sublayers due to the dissolution of Ti in Ni. The fact of
the dissolution of the Ti atoms can be also confirmed by
the Ni sublayer thickness dependence of the position of the
main diffraction peak of the Ti/Ni MLF (see Fig. 4). The
observed peak shift to the low-angle side with decreasing
the Ni sublayer thickness is equivalent to an increase of
the dNi(111) spacing for sample Nos. 1 and 3 by 0.59 and
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0.89%, respectively. If the same thickness of the interfacial
regions with the dissolved Ti atom is presumed for all the
Ti/Ni MLF, the average increase in the Ni lattice param-
eter becomes larger with the thinner nominal thickness of
the Ni sublayers.

Figure 5 presents the Ni-sublayer thickness dependence
of the 1/ξ and 1/β. It is hard to imagine that the grain size
in the Ni sublayers is significantly larger than the sublayer
thickness. Therefore, it can be supposed that the decrease
in tNi is also accompanied by a decrease in the mean grain
size. Thus, it can be presumed that the observed depen-
dence of 1/ξ and 1/β on tNi reflects a nearly linear decrease
in thickness and grain size of the nonreacted Ni sublayers
on tNi in the as-deposited Ti/Ni MLF.

Thus, one can conclude that the as-deposited Ti/Ni
MLF with a thick sublayer thickness (sample Nos. 1 and 3)
have a certain amount of the dissolved Ti in the interfacial
regions, while the Ti/Ni MLF with thinner sublayers form
a significantly disordered or amorphous structure (sample
No. 5) or a structure with the short-range order or the lo-
cal environment close to NiTi or Ni3Ti (sample No. 4). The
structure of the reacted zone in the as-deposited Ti/Ni
MLF with “thick” sublayers can be considered as highly
disordered or amorphous. It should be also concluded that
the thickness of the reacted zone in the as-deposited Ti/Ni
MLF is hard to be determined quantitatively on the basis
of such analyses.

The annealing of the as-deposited Ti/Ni MLF at 580 K
for 60 min changes the structure of the films, and hence
their low- and high-angle XRD spectra (see Figs. 1–5).
According to the results of low-angle XRD study, the lay-
ered structure is still preserved in the Ti/Ni MLF after an-
nealing, however, the number of satellites is significantly
reduced in the Ti/Ni MLF with “thick”sublayers, while
for the Ti/Ni MLF with relatively “thin” sublayers the
low-angle XRD patterns are nearly the same as before an-
nealing (see Fig. 1). A prominent shift of the Ni (111) peak
for the Ti/Ni MLF with “thick” sublayers by about 0.2 -
0.4◦ to the high-angle side, and an increase of the peak
width is observed in the high-angle XRD patterns. On
the other hand, the 2Θmax for the annealed (3.2 nm Ti /
3.0 nm Ni)60 MLF is located at a lower angle than for the
corresponding as-deposited one. The shift of the Ni (111)
peak to the high-angle side for sample Nos. 1–3 indicates
either the restoring of the Ni sublayers to the crystalline
structure typical for the thick Ni film due to the annealing
or a certain compressive strain in the Ni sublayers. This
strain can be induced, for example, by the grain-boundary
diffusion of Ti. The high-angle shift of the Ni (111) diffrac-
tion peak was also observed by Hollanders et al. after an
1-hr annealing and explained by the compressive strain in
the Ni sublayers due to an inhomogeneous dissolution of
Ti in the contact zone [11].

The broadening of the high-angle XRD peak due to
annealing is observed mainly for samples with “thick” sub-
layers (see Fig. 5a) and can be explained by the diffusion
of Ti into the Ni sublayers. Additionally, the fact that
the relative increase in 1/β with tNi is more noticeable
for samples 3–5 than 1 and 2 (see Fig. 5b) allows us to

Fig. 6. (a) Experimental EKE spectra for a pure Ni and
simulated EKE spectra for a hypothetical (10.4 nm Ni /
11.8 nm Ni)15 MLF at ϕ = 66 and 75◦, and (b) calculated
spectra of the off-diagonal components of the DF for the pure
Ni film.

suppose that a reaction of Ni with Ti, caused by anneal-
ing, takes place mainly in the Ti/Ni MLF with “thick”
sublayers.

The prominent shift of the position of the main diffrac-
tion peak for the (3.2 nm Ti / 3.0 nm Ni)60 MLF to the
low-angle side caused by the annealing can be explained,
for example, by the redistribution of the Ti and Ni atoms
within the MLF, forming the local order which is close to
the cubic TiNi phase (2ΘNiTi (110) ≈ 42.992◦).

Thus, one can conclude that, in addition to the amor-
phous layer which is spontaneously formed near the in-
terfaces during the film deposition, the annealing induces
the SSR mainly in the Ti/Ni MLF with relatively thick
sublayers. At the same time, the mutual dissolution of Ni
and Ti in the Ti/Ni MLF with “thin” sublayers is already
terminated during the deposition and the annealing leads
to only a certain redistribution of the Ti and Ni atoms
towards the local environment close to the TiNi type.

3.2 Magneto-optical study

Figure 6 presents the experimental δp spectra measured
for a pure Ni film at two angles of incidence, and the
ε
′

1×(}ω)2 and ε
′

2×(}ω)2 spectra calculated on the basis of
these measurements. ε

′

1 and ε
′

2 are the imaginary and real
parts, respectively, of the off-diagonal components of the
DF. In general, the obtained δp, ε

′

1× (}ω)2 and ε
′

2× (}ω)2
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Fig. 7. (a) Experimental and (b) simulated (for the case of
sharp interfaces) EKE spectra for the Ti/Ni MLF (samples
1–4) and pure Ni. ϕ = 66◦.

spectra for the pure Ni film are in a reasonable agree-
ment in the spectrum shape with the corresponding lit-
erature data obtained experimentally mainly for the bulk
Ni and theoretically for the ideal Ni crystal [17–21]. On
the other hand, the intensities of these peaks are nearly
twice reduced in comparison with the corresponding peaks
for bulk Ni. This difference can be explained by a finer
grain structure in the film sample. Indeed, Nikitin et al.
has studied the EKE spectra of Ni films prepared in the
Penning discharge with a simultaneous bombardment by
Ar+, and has shown that the EKE values depend signifi-
cantly on the deposition conditions and the structure of Ni
films [21]. Thus, it is clear that a use of the tabulated MO
and optical parameters for bulk Ni and Ti for the simula-
tion of the MO properties of the Ti/Ni MLF might lead
to wrong results. The validity of the obtained off-diagonal
components of the DF for pure Ni, and of the multireflec-
tion approach employed in the simulation were tested by
the simulation of the EKE spectrum for the hypothetical
(10.4 nm Ni / 11.8 nm Ni)15 MLF, i.e., pure Ni. It is seen
in Figure 6a that the calculated and experimental EKE
spectra coincide perfectly.

Figure 7 presents the results of the experimental study
of the EKE for the as-deposited Ti/Ni MLF, together with
the modelled EKE spectra calculated for the MLF model
with sharp interfaces. It should be mentioned here that the
MO response was not experimentally detected for sample
Nos. 5 and 6, and for sample No. 7 (Ti0.38Ni0.62 alloy
film). The result for alloy film can be expected, because
in the Ni-Ti alloy system the Curie temperature is known
to fall to RT at about 10 at.% of Ti [22]. The experimental
EKE spectra conserve all the features of the correspond-

Fig. 8. Ni-sublayer thickness dependence of the simulated (for
the case of sharp interfaces) EKE values (circles) of the Ti/Ni
MLF and the experimental ones for the as-deposited (triangles)
and annealed (diamonds) MLF at }ω = 4 eV and ϕ = 66◦.
Thin solid lines represent linear fits of the experimental de-
pendences.

ing spectrum of pure Ni (Fig. 6) but have significantly
lower intensities, and also that the magnitude of δp for
the investigated Ti/Ni MLF decreases with decreasing the
nominal Ni sublayer thickness. The Ni-sublayer thickness
dependence of the experimental and simulated EKE val-
ues at ~ω = 4 eV for the Ti/Ni MLF is shown in Figure 8.
It seen that they are significantly different. The observed
δp(tNi) dependence for the modelled EKE spectra can be
explained by an increase of the Ni content in the skin pen-
etration depth (of about 15 nm for 4 eV) with decreasing
tNi. Indeed, owing to the extinction of the electromag-
netic wave from the top Ti layer, the MO response from
the constituent Ni layers should be larger as the sublayer
thicknesses are smaller.

The linear fit of the experimental δp(tNi) dependence
for the as-deposited Ti/Ni MLF allows us to determine a
threshold value of the nominal Ni-sublayer thickness (tthNi)
for the observation of the EKE to be 3.0 nm. The existence
of such a threshold can be explained, for example, by i)
the structural transformation in the Ni sublayers below a
“critical” thickness, which causes changes in the structure
and the magnetic properties of Ni [23,24]; ii) an existence
of the so-called “dead” (in the magnetic sense) surface Ni
layers neighboring with Ti sublayers [25]; iii) a decrease
in the pure Ni sublayer thickness due to the appearance
of a nonmagnetic alloy near the interfaces caused by the
interdiffusion of the Ti and Ni atoms. The first point can
be excluded from the consideration because it presumes
an abrupt change in the MO properties near the “critical”
thickness.

In general, an agreement in intensity between simu-
lated and experimental EKE spectra for the as-deposited
Ti/Ni MLF can be markedly improved by assuming the
nonmagnetic alloy-like regions between pure metals in the
model structure. Nearly the same correspondence between
experimental and modelled EKE spectra can be also ob-
tained by assuming the magnetically “dead” layers of vari-
able thickness at the top and bottom of the Ni sublayers.
Figures 9–11 present some examples of these modelled
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Fig. 9. Experimental EKE spectra for the as-deposited (trian-
gles) and annealed (circles) (8.0 nm Ti / 8.8 nm Ni)20 MLF, to-
gether with simulated EKE spectra for the models with mixed
interface (MI) of 3.7 and 7.0 nm in thickness (thick solid and
dashed lines, respectively), and magnetically “dead” layers of
2.3 and 3.5 nm in thickness (thin solid and dotted lines, re-
spectively).

EKE spectra. It is seen that the simulated EKE spec-
tra obtained in the framework of both models are rather
similar in shape; some discrepancies between them are ob-
served mainly in the low energy region. This similarity can
be explained by the resemblance in the measured optical
properties of the pure Ni and Ti0.38Ni0.62 films. Both ap-
proaches reveal very close results (see Figs. 9–11).

The best correspondence in the spectral shape, and
the location and intensity of the UV peak between exper-
imental and simulated EKE spectra was observed for the
Ti/Ni MLF with “thick” sublayer thickness (sample No. 1
and, especially, 2 (see Fig. 9)). This fact implies that the
actual MO and optical parameters of the Ni and Ti sub-
layers in such a Ti/Ni MLF are close to those used in the
simulation, i.e., the bulk-like values. A decrease in the Ni-
sublayer thickness leads to a shift of the experimental UV
peak to the low energy side in comparison with the mod-
elled one, and this shift becomes bigger as tNi is thinner (as
seen in Figs. 10 and 11). Such a behavior allows us to sup-
pose that the MO and optical properties of the relatively
“thin” sublayers are different from the bulk ones. Among
the possible origins for this deviation, an increase in the
lattice parameter of Ni can be also considered. In general,
the increased lattice parameter should lead to the squeeze
of the energy bands towards the Fermi level, reducing the
energy interval between initial and final states involved in
the peak formation [26]. Indeed, considering the nature of
the UV peak in the EKE spectrum of Ni [19,20] the ob-
served shift in the experimental EKE spectra is correlated
with the aforementioned shift of the Ni (111) diffraction
peak to the low-angle side with decrease in tNi.

The lack of the MO response for the as-deposited
(3.2 nm Ti / 3.0 nm Ni)60M̃LF means that all the Ni
atoms are already reacted and a nonmagnetic Ti-Ni alloy
is formed or all the ferromagnetic Ni atoms are converted
to a magnetically “dead” phase.

Fig. 10. Experimental EKE spectra for the as-deposited (tri-
angles) and annealed (circles) (5.2 nm Ti / 6.0 nm Ni)30 MLF,
together with simulated EKE spectra for the models with
mixed interface (MI) of 3.8 and 5.2 nm in thickness (thick
solid and dashed lines, respectively), and magnetically “dead”
layers of 2.0 and 2.8 nm in thickness (thin solid and dotted
lines, respectively).

Fig. 11. Experimental EKE spectra for the as-deposited (tri-
angles) and annealed (circles) (3.9 nm Ti / 4.2 nm Ni)43 MLF,
together with simulated EKE spectra for the models with
mixed interface (MI) of 3.9 nm in thickness (thick solid line)
and magnetically “dead” layers of 2.0 and 2.05 nm in thickness
(thin solid and dashed lines, respectively).

Thus, on the basis of the comparison between experi-
mental and simulated EKE spectra, one can conclude that
the actual thickness of the magnetic Ni layers in all the in-
vestigated as-deposited Ti/Ni MLF are less than the nom-
inal one. This fact can be explained by the formation of
a nonmagnetic Ti-Ni alloy between pure Ti and Ni or by
an appearance of the “dead” (in the magnetic sense) Ni
layers in the Ni sublayer.

The annealing of the Ti/Ni MLF leads to a notice-
able decrease in intensity of the EKE spectra as well as to
increase in tthNi up to 4.5 nm (see Figs. 8–11). The MO re-
sponse for the annealed sample No. 4 was extremely weak:
about two orders smaller than that for the pure Ni film
(Fig. 11), and we had no technical possibility to measure
it at 4 eV. Therefore, the EKE value at ~ω = 4 eV for
this sample was roughly estimated by extrapolating the
experimentally observed δp(~ω) dependence in the 3–4 eV
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energy region for this and other samples. It is also seen in
Figure 8 that the relative decrease in the MO response due
to the annealing is larger for the Ti/Ni MLF with “thick”
sublayers. The simulated (for the case of mixed interfaces)
EKE spectra of the annealed (3.9 nm Ti / 4.2 nm Ni)43

and (5.2 nm Ti / 6.0 nm Ni)30 MLF exceed the experi-
mental ones even if all the Ti sublayers are assumed to be
completely reacted (see Figs. 10 and 11). This result also
indicates that the MO properties of the very thin (0.3–
0.8 nm) nonreacted Ni layers (and hence their electronic
structure) differ from the bulk ones.

It is seen that both models (mixed interfaces and
“dead”Ni layer) reveal nearly the same result. Some ex-
planations on the nature of the “dead” layer are based on
a significant lattice mismatch between neighboring ferro-
magnetic and nonmagnetic layers [25]. It is hard to imag-
ine that the annealing “kill” additionally many ferromag-
netic Ni layers, while the interdiffusion and the formation
of a nonmagnetic alloy can. Furthermore, the existence of
a Ni “dead” layer of about 10 monolayers itself is not able
to be supported by the theory [27]. Therefore, we conclude
that the origin for the reduced MO response in the Ti/Ni
MLF is the formation of the nonmagnetic TiNi alloy layer
near the interfaces during the deposition as well as the
heat treatment. The increase in tthNi due to the annealing
can be considered as an evidence for the SSR in the Ti/Ni
MLF with a consumption of the pure Ni. Unfortunately,
we are not in position to provide with the exact structure
of the reacted zone by using the results of the MO study.

3.3 Optical study

The experimental spectra of optical conductivity (OC, σ)
and real part (ε1) of the diagonal components of the DF
for the as-deposited Ti/Ni MLF, and pure Ni and Ti films
are shown in Figure 12. The optical properties of Ni have
been widely investigated experimentally [28–30], and the
observed features were explained in terms of band struc-
tures [19,20,31]. The OC spectrum for the bulk Ni is char-
acterized by an intense absorption peak in the UV region
and a smaller peak at 1.4 eV. The OC spectrum for the Ni
film obtained in the present work also exhibits a prominent
absorption peak near 4.4 eV but its intensity is lower than
for the bulk Ni, and the 1.4 eV peak is not seen at all. As
in case of the MO properties, we think that the decrease
in magnitude of both peaks is the consequence of the fine
grain structure of the film. The optical properties of pure
Ti are also well known [32–34]. The OC spectrum for the
single-crystalline hcp Ti exhibits a group of intense peaks
in an energy range of 1–3 eV [34]. As aforementioned,
the prepared Ti film has a nearly amorphous structure.
Therefore, instead of an intense peak at 2 eV (which is
typical for the OC spectrum of the single-crystalline Ti),
a broad and tiny shoulder on the Drude-like background
is observed for the OC spectrum of the Ti films. The ε1

spectra for the Ni and Ti films show no bright feature ex-
cept a gradual increase in absolute value with decreasing
photon energy (being always negative).

Fig. 12. Experimental (a) optical conductivity and (b) ε1 spec-
tra for the as-deposited Ti/Ni MLF, and pure Ni and Ti films.

The optical properties of the Ti/Ni MLF with “thick”
sublayers (sample Nos. 2 and 3) do not exhibit any new
features in the σ and ε1 spectra in comparison with cor-
responding spectra of the Ti and Ni films. Because the
4.4 eV OC absorption peak of the pure Ni film is located
at the same energy as the local OC minimum of the Ti
film, the Ni peak is weakly manifested in the experimental
OC spectra for the Ti/Ni MLF. The ε1 spectra for sam-
ple Nos. 2 and 3 also lie between the frames marked by
the corresponding spectra for the Ni and Ti films. A de-
crease in the sublayer thickness of the Ti/Ni MLF leads to
a gradual change of both σ and ε1 experimental spectra
mainly in the visible and near IR regions: the thinner nom-
inal thickness of the sublayers, the smaller absolute value
of ε1 and the more prominent OC absorption peak near
2.2 eV, revealing all the features of the σ and ε1 spectra
for the Ti0.38Ni0.62 alloy film (sample No. 7). Such a be-
havior of the optical properties clearly shows the growth of
regions with the alloyed components in the as-deposited
Ti/Ni MLF with decreasing the sublayer thickness, and
confirms the conclusions made on the basis of the XRD
and MO studies. This conclusion is also supported by a
comparison with the literature data for the optical prop-
erties of the equiatomic TiNi alloy.

According to the phase diagram for the bulk Ni-Ti
alloys, Ti0.38Ni0.62 alloy consists of the mixture of the TiNi
and TiNi3 phases. It was shown that the OC spectra of
both possible phases of the equiatomic Ni-Ti alloy (i.e.,
with B2 and B19′ types of structure) are characterized by
an intense peak at ∼ 2.26 eV and an abrupt decrease of
σ in the IR region [35,36]. Therefore, we suppose that the
peak near 2.2 eV in the OC spectra of the Ti0.38Ni0.62 alloy
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Fig. 13. Experimental and simulated (a) optical conductivity
and (b) ε1 spectra for the as-deposited (triangles) and annealed
(circles) (5.2 nm Ti / 6.0 nm Ni)30 MLF. Solid, dashed, dotted
and dashed-dotted lines represent the corresponding simulated
spectra for the models of MLF with sharp and mixed interfaces
(MI) of 2.0, 3.4 and 5.2 nm in thickness, respectively.

film (sample No. 7) originates from the regions with the
local environment close to the TiNi phase, and that the
growth of the OC values with decreasing photon energy is
due to the TiNi3 phase.

Because all the investigated Ti/Ni MLF exhibit nearly
the same regularities for the changes in the optical prop-
erties caused by the annealing, we will discuss only one of
them, i.e., (5.2 nm Ti / 6.0 nm Ni)30 MLF. Figure 13 illus-
trates our attempts to interpret the optical properties of
the as-deposited and annealed (5.2 nm Ti / 6.0 nm Ni)30

MLF in the framework of the electromagnetic model.
It is seen that a reasonable agreement between sim-

ulated and experimental optical properties for the as-
deposited (5.2 nm Ti / 6.0 nm Ni)30 MLF can be obtained
either for the σ spectra using the model with alloyed in-
terfaces of 3.4 nm in thickness or for the ε1 spectra using
the model with alloyed interfaces of 2.0 nm in thickness.
It is thought that this uncertainty is possibly caused by
surface oxidation of the samples. Nevertheless, in general,
we can conclude that, according to the results of the opti-
cal study, all the as-deposited Ti/Ni MLF have the alloyed
interfacial regions between pure components, and these re-
sults are in an agreement with the mentioned conclusions
based on the XRD and MO studies.

The annealing of the Ti/Ni MLF leads to prominent
changes in the σ and ε1 spectra of all the investigated
MLF. The common features of these changes are: i) a de-
crease in the absolute value of ε1 at }ω < 2.0 eV; ii) a

reduced intensity or even the disappearance of the peak
at 2.2 eV in the σ spectra; iii) and also the appearance
of a feature (an interband absorption peak) in the UV re-
gion. While the ε1 spectra of the Ti/Ni MLF are changed
towards that of the Ti0.38Ni0.62 alloy (see Fig. 12), which
reflects the formation of an amorphous alloy, the others
ones can not be explained by such a process. It should be
reminded here that the agreement between experimental
and modelled EKE spectra for the annealed Ti/Ni MLF
was also significantly worse than that for the as-deposited
ones. Therefore, it can be also supposed that the sublay-
ers in the annealed Ti/Ni MLF have different optical (and
MO) properties from those used in the simulations, i.e.,
the bulk-like ones. These deviations may be caused by, for
example, strains or changes in the lattice parameter in the
very thin pure Ni or Ti sublayers due to the SSR process.

Here, we must note that, besides exhibiting their own
small features, in general, the OC and ε1 spectra of the
Ni and Ti films as well as the Ti0.38Ni0.62 alloy film are
rather similar (see Fig. 12), showing a low “optical con-
trast” between themselves. This fact can be considered as
unlucky circumstance for the Ti/Ni MLF system, which
embarrasses the use of optical spectroscopy for the quan-
titative interface analyses.

4 Conclusions

1. The study of the SSR in the Ti/Ni MLF has been per-
formed by using the experimental and computer simulated
MO and optical spectroscopies as well as XRD.

2. The optical and MO properties for pure Ni and Ti
films were determined experimentally and compared with
the corresponding properties of bulk Ni and Ti. It was
shown that they are noticeably different and that a use of
the tabulated MO and optical parameters related to bulk
Ni and Ti might lead to wrong results for the simulation
of the MO properties of the Ti/Ni MLF.

3. It was shown that alloyed-like regions in an amor-
phous structure is spontaneously formed near the inter-
faces between pure elements during the MLF fabrication.
The thickness of this region was estimated as 2–3.8 nm
on the basis of the results of the MO and partially op-
tical studies. On the other hand, a conclusion that these
alloyed regions are amorphous was made on the basis of
the XRD and partly optical investigations.

4. It was shown that the SSR in the Ti/Ni MLF caused
by an annealing at 580 K for 60 min increases the thickness
of these interfacial amorphous regions mainly in the Ti/Ni
MLF with “thick” sublayers. This result means that, in
the Ti/Ni MLF with thinner sublayers, the SSR occurs
spontaneously during the film deposition.

5. The spectral and sublayer-thickness dependences of
the MO and optical properties of the Ti/Ni MLF were
investigated experimentally and explained on the basis of
the electromagnetic theory.

6. It was also suggested that the very thin nonreacted
Ni sublayers have different MO properties (and hence elec-
tron energy structure) from the bulk.
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7. Because the constituent layers, i.e., Ni, Ti and Ti-
Ni alloy of the Ti/Ni MLF have rather similar optical
properties, the use of optical spectroscopy for studying the
SSR looks inappropriate for the case of the Ti/Ni MLF,
which shows a less sensitivity than the other employed
techniques.

Authors thank to C.S. Kim for the XRD measurements. This
work was supported by a Korea Research Foundation Grant
(KRF-99-D00048).
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