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Abstract
The present paper deals with a systemic investigation of the interface electronic
structure of as-deposited as well as annealed Ti/Ni multilayer (ML) samples up
to 400 ◦C using core level and valence band (VB) photoemission techniques.
For this purpose [Ti(50 Å)/Ni(50 Å)] × 10 ML samples have been prepared
by employing an electron beam evaporation technique under ultrahigh vacuum
conditions.

The depth profile core level photoemission investigation carried out on
annealed ML samples indicates a gradual change in the nature of the electronic
bonding at the interface with temperature. In particular the ML samples
annealed at 300 and 400 ◦C clearly show shifts in the Ni 2p3/2 and Ti 2p3/2

core levels towards the higher binding energy side as compared to as-deposited
samples, suggesting the formation of a TiNi alloy phase at the interface. The
corresponding VB spectra also show appreciable changes and provide strong
evidence for TiNi alloy formation. Further confirmation of this alloy phase
formation is clearly reflected in the x-ray diffraction measurements carried
out on these samples. The recorded x-ray diffraction patterns show a solid
state reaction leading to amorphization when the ML sample is annealed at
300 ◦C and recrystallization to a TiNi alloy phase at the annealing temperature
of 400 ◦C.

In order to determine the charge transfer between Ti and Ni atoms in the
formation of the TiNi alloy phase, the 2p3/2 core levels and the x-ray excited
Auger regions of Ti and Ni were carefully investigated. The experimentally
measured core level shifts for Ti and Ni were both found to be positive, leading
to the conclusion that electronegativity criteria cannot be used to decide the
direction of charge transfer in this case. The observed shifts in modified Auger
parameters determined from recorded experimental data show a positive value
for Ti and a negative one for Ni. This provides clear evidence that the direction of
charge transfer is from Ni to Ti atoms during the formation of the TiNi alloy at the
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interface. The charge on ionized atoms calculated by using a simple electrostatic
model indicates similar trends for the charge transfer deduced from Auger
parameters and chemical shifts. In addition to this, areas under the core level
peaks have been calculated by employing Shirley and Touggard background
methods. The difference between the backgrounds, when normalized with
respect to the elemental values, provides information about the density of states
at the Fermi level (EF). The density of states at EF calculated in this way
shows reductions in values for both Ti and Ni when the ML sample is annealed
at different temperatures. This is in complete agreement with corresponding
theoretically calculated densities of states.

1. Introduction

It is now well established that thin film ML structures when synthesized on the nanometre
length scale exhibit unusual physical properties and, because of this, they are recognized
as potential candidates for various technological applications. Among the vast varieties of
thin film ML structures that exist today, Ti/Ni is of special interest for the following two
reasons. Firstly, the Ti/Ni MLs are found to be useful for applications in the fields of soft
x-rays [1, 2] and neutron optics [3], where they are considered as optical elements such as
highly reflecting mirrors, supermirrors, polarizers and monochromators. Further, TiNi alloy
prepared in thin film form shows an interesting shape memory effect [4] and this has been
utilized to develop different microelectromechanical systems (MEMS) such as cantilevers and
actuators. In addition to this, TiNi materials are biocompatible; therefore they are used in
making biomedical systems [5–8]. The second reason for which Ti/Ni MLs are identified as
interesting is because they show amorphization through solid state reaction (SSR) [9, 10]. The
Ti/Ni ML system satisfies the main conditions for SSR. These conditions are a large negative
heat of mixing, anomalous fast diffusion of Ni atoms into the Ti layer and a low mobility for
one of the elements in the amorphous phase. Because of this, Ti/Ni MLs are considered as
model objects for studying the basic phenomena of SSR and phase transformation.

Generally ML structures are susceptible to thermal degradation and show deterioration in
their physical properties. In order to achieve optimum performance of a particular ML structure
either in device application or when creating a desired physical property, it is essential to
understand the role of various microstructural parameters such as the individual layer thickness,
surface and interface quality in terms of roughness, width and electron density gradation. The
quality of the interface is strongly influenced by interdiffusion, intermixing and phase formation
at the interface; it is therefore very interesting to investigate the role of various microstructural
parameters at the interface. In this respect, while many structural and thermal stability
studies on Ti/Ni MLs have been extensively reported in the literature [11–15], surprisingly
few reports are available on corresponding magnetic [16–21] and electronic property [16, 22]
investigations. Recently, in our investigation carried out on annealed Ti/Ni MLs [16], we
have reported a correlation study of structural, chemical and magnetic properties and it has
been found that the Ti/Ni ML structures show amorphization in the temperature range of 300–
400 ◦C. However, to the best of our knowledge no studies have been reported so far in the
literature regarding the interface electronic property investigation of as-deposited as well as
annealed Ti/Ni ML structures. Since the Ti/Ni ML system undergoes interesting structural
transformations upon thermal treatment, it is expected that such a system will also show
interesting structure dependent electronic properties. The aim of the present paper is therefore
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to investigate the interface electronic properties of as-deposited as well as annealed Ti/Ni ML
structures in detail. In particular, the emphasis has been placed on determining carefully the
shift in core level binding energy positions of Ti and Ni, the chemical shift, changes in Ni 3d
satellites and shifts in modified Auger parameters, to determine the direction of charge transfer
when TiNi phase is formed at the interface. Both core level and VB spectroscopy along with
the depth profile technique have been used for this purpose, to provide complete information
about the shift in core levels, evolution of the VB, change in satellite structure and nature of
the charge transfer when samples are alloyed at the interface due to annealing treatment.

2. Experimental details

Ten bilayers of Ti/Ni ML structures each having the layer thickness of 50 Å were deposited on
float glass substrates using the electron beam evaporation technique under ultrahigh vacuum
(UHV) conditions [23]. In order to avoid contamination during deposition, the system was
thoroughly baked to a temperature of 200 ◦C for 12 h to achieve a background pressure of
∼1 ×10−10 Torr. The quality of the vacuum was checked using a residual gas analyser (RGA)
before the start of deposition. The deposition was carried out at the background pressure of
∼5 × 10−10 Torr. Deposition of both Ti and Ni layers was carried out at a rate of 0.1 Å s−1.
During deposition the thickness of each layer was monitored using a water-cooled quartz
crystal thickness monitor. Since Ti is the top deposited layer and has a higher affinity to
oxygen, a C capping layer of 20 Å is also deposited on the top in order to avoid oxidation
when there is exposure to the atmosphere for other measurements. This C capping layer was
deposited in the same run. For this purpose, pure carbon was loaded in another pocket of the
e-gun along with Ti and Ni and evaporated on top after ML deposition was completed. ML
samples prepared in this way were annealed at 100, 200, 300 and 400 ◦C for 1 h under a high
vacuum of the order of 1 × 10−7 Torr. The structural characterizations of these as-deposited
and annealed ML samples were carried out using an x-ray diffraction (XRD) technique. All
the XRD measurements were carried out on a diffractometer (Rigaku model No RTP300 RC)
equipped with an 18 kW rotating Cu anode as a source of x-rays.

Core level and VB measurements on as-deposited as well as annealed ML samples were
carried out using the photoelectron spectroscopy (PES) beamline workstation installed on
Indus-1 [24]. This workstation consists of a 180◦ hemispherical analyser (Omicron EAC-
125), a µ-metal experimental chamber, a sample preparation chamber and a twin anode x-ray
source. Other facilities, such as in situ sample heating up to 600 ◦C, cooling to LN2 temperature
and an argon ion source for depth profiling, are also incorporated in this workstation. Depth
profilings of the ML samples were carried out using an Ar+ ion etching gun (SPECS model
No-IQE 11/35). Knowing that energetic Ar+ ions used for sputtering may cause intermixing
between C, Ti and Ni elements leading to broadening of the interface profile, we have used
2 keV Ar+ ions (in a flux of ∼3 × 1010–1011 ion cm−2) for etching the samples. In each case,
sputtering was also carried out at oblique incidence geometry, so the penetration depth of the
Ar+ ions is reduced further. The above value of the ion energy was decided on the basis of a
calculation carried out using the SRIM computer code [25]. All core level spectra presented
in this investigation were recorded using Mg Kα radiation at a constant analyser pass energy
of 50 eV. The spectrometer was calibrated using the Pt 4f7/2, Au 4f7/2 and Ag 3d5/2 core level
lines. Since all the samples were metallic in nature, we have not observed any charging of
the samples during measurements. The VB photoemission measurements on as-deposited
and annealed ML samples were recorded using the PES beamline installed on the Indus-1
synchrotron radiation source at 134 eV photon energy. The details of this PES beamline are
reported elsewhere [26]. The contamination of the sample surface due to oxygen was checked
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Figure 1. Core level spectra for as-deposited and annealed ML samples corresponding to 0 min of
sputtering time; (a) fitted Ti 2p3/2 and (b) Ni 2p3/2 core level regions.

by monitoring the oxygen 1 s signal and no appreciable oxygen presence on the sample surface
was detected.

3. Results and discussion

3.1. 2 p3/2 core level analysis

Figure 1(a) shows measured and fitted x-ray photoelectron (XP) spectral data corresponding
to as-deposited ML samples as well as ones annealed at 200, 300 and 400 ◦C. The spectra
recorded for as-deposited ML samples show a peak at the binding energy position of 453.7 eV,
matching well with the reported values [27, 28]. The sample annealed at 200 ◦C shows no shift
in the Ti 2p3/2 peak binding energy position except some reduction in intensity. However, the
ML samples annealed at 300 and 400 ◦C show shifts in the 2p3/2 peak position to the higher
binding energy side. These shifted peaks at 455.0 eV are assigned to the formation of TiC
compound. At this higher temperature of annealing the presence of a TiC peak is evident,
since a 20 Å C capping layer is purposely deposited on top of the ML samples to avoid the
oxidation of the samples when they are exposed to the atmosphere after depositions for other
measurements. Such formation of TiC is also reported by Mahesh Vadpathak et al [22] in their
investigation carried out on Ti/Ni MLs. The corresponding XP spectra recorded in the Ni 2p3/2

spectral region are shown in figure 1(b). The recorded spectra do not show any presence of a
peak corresponding to Ni 2p3/2 up to the annealing temperature of 400 ◦C because the recorded
information is mostly from the top 50 Å thick deposited layer, consisting of Ti and C. In order to
get some quantitative information about the atomic percentage concentration, recorded spectra
are fitted using an appropriate fitting procedure [29]. From the fitted spectra, it is seen that for an
as-deposited ML sample, 93% atomic Ti is present in elemental form while the remaining 7%
contribution is due to the formation of TiC compound. This indicates that during deposition,
there is formation of small amount of TiC phase. With increased temperature of annealing, the
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Figure 2. Core level spectra for as-deposited and annealed ML samples corresponding to 15 min
of sputtering time; (a) fitted Ti 2p3/2 and (b) Ni 2p3/2 core levels.

amount of this phase is found to be increased. In particular, at annealing temperatures of 300
and 400 ◦C mostly 91% and 96% contributions, respectively, are shown due to the formation
of TiC phase.

The fitted Ti 2p3/2 XP spectra recorded after 15 min of sputtering time for as-deposited
and ML samples annealed at 200, 300 and 400 ◦C are shown in figure 2(a). For depth profiling
the ML samples, we have used a sputtering rate of 2 Å min−1 for both Ti and Ni layers. This
rate was established separately by carrying out experiments on Ti and Ni single-layer films of
known thicknesses using the sputtering parameters mentioned in the experimental section. The
spectrum corresponding to the as-deposited ML sample shows a peak at the binding energy
position of 453.7 eV and this is assigned to elemental Ti. Recorded Ti 2p3/2 XP spectra for
ML samples annealed at 200, 300 and 400 ◦C show no shift in binding energy position except a
decrease in intensity with increasing temperature. This indicates that after 15 min of sputtering,
the recorded information is mainly from the top deposited Ti layer. From the fitted spectrum, it
is seen that in the case of the as-deposited ML sample after 15 min of sputtering time, 96% Ti
is present. At higher temperatures of annealing, the Ti concentration shows a reduction from
96% to 70% at 400 ◦C, indicating intermixing of the Ti and Ni layers, particularly at higher
temperatures of annealing of 300 and 400 ◦C. The corresponding Ni 2p3/2 XP spectra are
shown in figure 2(b). No Ni 2p3/2 peak is observed for as-deposited ML samples annealed up
to 200 ◦C. However, ML samples annealed at 300 and 400 ◦C show the clear presence of an
Ni 2p3/2 peak at the binding energy position of 852.5 eV. This observation also indicates the
intermixing at higher temperatures of annealing due to the faster diffusion of Ni atoms into Ti
layers. The fitted spectra show around 17% and 30% atomic concentrations of Ni respectively
for the ML samples annealed at 300 and 400 ◦C.

Although Ni is not observed in the case of the ML sample annealed at 200 ◦C, the
corresponding Ti Auger transitions, which are very sensitive to local environmental changes
of the atoms, fall in the spectral region of the Ni 2p1/2 core level and give a clear indication
of the changes that have occurred due to annealing at this temperature. The XP Auger spectra
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Figure 3. Auger spectra of as-deposited as well as ML samples annealed at different temperatures
for (a) the Ti Auger region, recorded after 15 min of sputtering, and (b) the Ni Auger region, after
45 min of sputtering time.

corresponding to as-deposited as well as annealed ML samples at 200, 300 and 400 ◦C and
recorded after 15 min of sputtering time for Ti and after 45 min for Ni are shown in figures 3(a)
and (b) respectively. These two figures together provide important information about the
changes in the Auger parameters and hence the modifications at the interface with annealing
treatment. The peaks at binding energy positions of 865.4 and 871.3 eV (in figure 3(a)) in
the case of as-deposited samples are due to the Ti L3M23M23 Auger transition and match well
with the reported literature [27, 30]. The sample annealed at 200 ◦C shows modification in
this observed Auger transition. In this case, the Auger peak intensity is observed to be reduced
with the shift in binding energy positions to the higher energy side. The well defined Auger
peak features in the as-deposited case are merged into one peak structure as the samples are
annealed. The further annealing of ML samples at 300 and 400 ◦C results in a narrowing of
the main Auger peak structure. In addition to this, an additional peak at the binding energy
position of 852.4 eV is also observed due to the Ni 2p core level. All these changes in the
Auger transition as compared to the as-deposited case indicate a substantial modification of
the chemical environment due to Ni diffusion at the 200 ◦C temperature of annealing, while
the changes observed at 300 and 400 ◦C may be due to TiNi phase formation.
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Figure 4. Core level spectra for as-deposited and annealed ML samples corresponding to 30 min
of sputtering time; (a) fitted Ti 2p3/2 and (b) fitted Ni 2p3/2 core levels.

The fitted Ti 2p3/2 XP core level spectra recorded after 30 min of sputtering time
corresponding to as-deposited and annealed samples are shown in figure 4(a). Considering the
sputtering rate of 2 Å min−1, it is expected that the recorded spectra will provide information
essentially from the first interface region of the ML samples. The recorded spectrum of the as-
deposited sample shows substantial reduction in the Ti 2p3/2 peak intensity. The corresponding
spectrum recorded in the binding energy region of 845–864 eV shows clearly the presence of the
Ni 2p3/2 peak at 852.5 eV (figure 4(b)) suggesting that the information obtained is indeed from
an interface region. This indicates intermixing at the interface during deposition. ML samples
annealed at 200 ◦C show further reduction of the Ti 2p3/2 peak intensity with corresponding
increase of the Ni 2p3/2 peak intensity. After annealing the ML sample at 300 ◦C, the recorded
Ti 2p3/2 core level spectra show a shift in the Ti 2p3/2 binding energy position of 0.7 eV from it
original position. Similarly the Ni 2p3/2 peak (figure 4(b)) also shows a shift in binding energy
position towards the higher side of 0.6 eV, indicating formation of TiNi phase at the interface.
The observed shift in Ti 2p3/2 and Ni 2p3/2 in the present case matches well with the values
reported by Hillerbrecht et al [31] and Shabalovskaya et al [32] in the case of TiNi alloy phase
formation. Further annealing of the ML sample at 400 ◦C shows substantial reduction in the
Ti 2p3/2 peak intensity with a shift in the binding energy position of 0.7 eV. The corresponding
Ni 2p3/2 peak also shows a similar shift of 0.6 eV in the binding energy. The calculated atomic
percentage Ti concentration is about 11%, which is much less than the observed value of 82%
in the case of samples sputtered for 15 min. The fitted spectra show a systematic decrease in
Ti atomic concentration with a corresponding increase in the contribution of the TiNi phase at
higher temperatures of annealing. Similar trends are also observed in the cases of Ni and TiNi
phase concentrations with increase in the annealing temperature.

The fitted Ti and Ni 2p3/2 core level spectra of as-deposited as well as annealed ML samples
recorded after 45 min of sputtering time are shown in figures 5(a) and (b) respectively. In this
case the information obtained is mainly from the Ni layers after the first interface. The peak
intensity is observed to be drastically reduced with increase in the annealing temperature. At
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Figure 5. Core level spectra for as-deposited and annealed ML samples corresponding to 45 min
of sputtering time at up to 400 ◦C for (a) fitted Ti 2p3/2 and (b) fitted Ni 2p3/2 core levels.

Table 1. Calculated atomic percentage concentration values for as-deposited and ML samples
annealed at 200, 300 and 400◦C for 0, 15, 30 and 45 min of sputtering time.

Atomic percentage (%) concentration of as-deposited and annealed samples at

0 min 15 min 30 min 45 min

Samples TiC Ti Ni Ti Ni Ti TiNi Ni TiNi Ti TiNi Ni TiNi

As deposited 7 93 — 96 — 24 — 76 — 13 — 87 —
200 ◦C 10 90 — 90 — 20 — 80 — 12 — 88 —
300 ◦C 91 9 — 82 17 11 40 5 44 10 8 60 22
400 ◦C 96 4 — 70 30 10 43 6 41 5 45 4 46

400 ◦C temperature of annealing, mostly the peak corresponding to the TiNi phase is observed.
Similar behaviour is also observed in the case of core level spectra recorded for Ni 2p3/2. These
spectra show a reduction in the Ti atomic concentration with a corresponding increase in the Ni
concentration in the case of as-deposited and 200 ◦C annealed ML samples. The ML samples
annealed at 300 and 400 ◦C show reductions in both Ti and Ni. In each case, as mentioned
earlier, atomic percentage concentration values are obtained after subtracting the background
by using the Shirley method. For fitting the curve, we have used the XPSPEAK-41 computer
program [29], which has the option of using mixed Gaussian/Lorentzian functions. The values
thus obtained are listed in table 1.

3.2. Background correction and estimation of the DOS at EF

The background correction techniques can be used effectively to obtain meaningful quantitative
information about the changes in the DOS at EF, particularly when two elements are brought
together to form an alloy phase. However, one has to select the appropriate background
correction procedure for this. During the formation of the alloy phase, the number and
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distribution of the final density of states (DOS) of photoexcited ions show changes. This
gives rise to an asymmetry in the shape of the peaks in the spectrum. Such features are
referred to as intrinsic loss structures. The intrinsic loss features are therefore indicative of
the available states at EF. Generally the background under the measured spectrum includes
both intrinsic and extrinsic loss contributions. The intrinsic contribution can be considered
to be associated with the processes within the photoexcited atom and arising from interaction
with its nearest neighbours. The extrinsic loss, on the other hand, can be considered as that
originating from the transport of electrons to the surface through the solid. Although such
losses are inherently mixed and their separation is difficult, they can be approximated using
several background correction techniques [33–36]. Among these, the most widely used are
the Shirley method [33] and the Tougaard method [37]. In the following paragraph, initially
a brief description of these two methods is given and an attempt has been made to extract
information about the DOS at EF from them.

The background corrected spectrum for the Shirley method is given by [33, 38]

Fn(i) = J (i) − kn

∑
Fn−1( j)�E (1)

where J (i) is the intensity in channel i and �E is the channel width. The factor kn is found
from the requirement that Fn(imin) = 0. The series converges rapidly and after three to four
iterations we have Fn ∼ Fn−1.

The background corrected spectrum for the Tougaard method is given by [37]

FT(E) = J (E) − B1

∫
{(E ′ − E)/[C + (E ′ − E)2]2}J (E ′) dE ′

where C = 1643 eV2 and B1 is an adjustable parameter. For a channel of width �E , the
background corrected spectral intensity in channel i is obtained from the equation

FT(i) = J (i) − B1{[( j − i)�E]/[C + ( j − i)2�E2]2}J ( j)�E

where J (i) is the intensity in channel i . The maximum kinetic energy Emax is chosen to lie a
few electronvolts on the high energy side of the peak structure. The parameter B1 is adjusted
to give FT ∼ 0 over a wide energy range below the peak structure. FT should vanish, not only
at a single energy but over a wide energy range. Using a higher value for B1 will cause FT(E)

to be negative further away from the peak, whereas a lower value for B1 will result in a failure
to get FT to be zero at any energy. The parameter B1 can be expressed [37] as

B1 = B × L/(L + λ cos θ) (2)

where B = 2866 eV2, λ is the inelastic mean free path, θ is the photoelectron emission
angle with respect to the surface normal and L is the thickness of the sample. The Tougaard
model [39, 40] gives a very good approximation of the extrinsic losses from a priori principles.
The removal of the extrinsic background would therefore leave a peak with a strong intrinsic
tail. The Tougaard model is well suited for transition metal use. The total background is
the one that requires no a priori knowledge of the peak shape and spectrum structure. This
type of background is best modelled by the Shirley method. This simply assumes that the
total background at any energy is proportional to the integrated intensity at higher energy
with the condition that the background matches the spectrum outside the region of the peak
within a small energy range. The difference between these two backgrounds should therefore
correspond to the intrinsic loss feature and hence to the distribution of the final states. The
Ti 2p3/2 and Ni 2p3/2 core level spectra are therefore fitted by both Shirley and Tougaard
methods and are shown in figures 6(a) and (b) respectively. Similarly, the areas under the
Ti 2p3/2 and Ni 2p3/2 peaks have also been estimated in the case of as-deposited as well as ML
samples annealed at 200, 300 and 400 ◦C. The values corresponding to 15, 30 and 45 min of
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Figure 6. Fitted core level spectra of (a) Ti 2p and (b) Ni 2p with Shirley and Tougaard backgrounds.

sputtering time intervals in each case are listed in table 2. The intrinsic loss features obtained
as differences between two backgrounds are normalized with respect to the corresponding
elemental values of Ti and Ni. For normalization, data presented in figures 6(a) and (b) have
been used. The normalized data represent the DOS at EF. It can be seen that, as compared
to the elemental data for Ti and Ni, the DOS at EF are found to be decreased with increasing
annealing temperature, both for Ti and for Ni. The successive decrease in the DOS of Ti
in the cases of samples annealed at 200, 300 and 400 ◦C and sputtered for 15 min is due to
diffusion of Ni atoms into Ti layers. This result is consistent with the conclusion drawn from
the corresponding recorded Ti 2p core level spectra, where we observed a decrease in atomic
percentage concentration of Ti with increase in the annealing temperature. For 30 min of
sputtering and annealing at different temperatures, the Ti DOS are further reduced; however,
the Ni DOS show increases in value, particularly at 300 and 400 ◦C annealing temperatures.
As discussed earlier in section 1, the clear shift in binding energy of the recorded core level
spectra of Ni 2p3/2 indicates the formation of TiNi phase at the interface region and hence
the observed enhancement in the DOS in this case can be attributed to TiNi phase formation.
Similar behaviour is also observed for samples annealed at 400 ◦C and sputtered for 45 min.
Thus the normalized background difference method can provide useful information about the
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Table 2. Area under the 2p3/2 core levels of Ti and Ni fitted with both Shirley and Tougaard
background models for as-deposited and 200, 300 and 400 ◦C annealed ML samples with different
sputtering time intervals.

As dep. 200 ◦C 300 ◦C 400 ◦C

Ti Ni Ti Ni Ti Ni Ti Ni
Samples 2p3/2 2p3/2 2p3/2 2p3/2 2p3/2 2p3/2 2p3/2 2p3/2

15 min
Shirley 12 215.0 — 10 069.2 — 7 250.0 1 046.6 7 053.1 9 473.4
Tougaard 29 434.6 — 24 977.5 — 20 238.0 2 150.2 14 825.2 15 604.9

Difference 17 219.6 — 14 908.3 — 13 110.0 1 104.0 7 773.3 6 131.5
Normalized 1.0 — 0.86 — 0.76 0.01 0.45 0.08

30 min
Shirley 14 321.7 2 624.5 10 135.1 8 932.0 9 298.5 72 090.7 5 836.5 75 942.6
Tougaard 27 256.9 3 562.6 19 596.8 12 414.2 18 307 99 499.8 14 465.9 111 393.2

Difference 12 935.2 938.6 9 461.6 3 482.2 9 008.5 27 409.1 8 629.4 35 450.6
Normalized 0.75 0.01 0.54 0.04 0.52 0.37 0.50 0.48

45 min
Shirley 4 915.71 88 946.6 9 476.9 64 164.2 4 364.0 55 929.1 4 461.7 52 396.3
Tougaard 6 687.9 162 252.0 11 177.2 126 820.2 5 324.1 112 854.6 6 434.3 95 806.8

Difference 1 772.4 73 306.0 1700.2 62 656.0 960.1 56 925.5 1 473.3 43 410.5
Normalized 0.1 1.0 0.09 0.85 0.05 0.77 0.08 0.59

chemical change that has occurred due to the thermal treatment in the constituent elements of
Ti/Ni MLs. Similar work has also been carried out recently by Seablot et al [41] on amorphous
TiNi alloy thin films with different Ni atomic compositions.

3.3. Nature of the charge transfer in Ti/Ni annealed multilayers

From the discussion on Ti 2p3/2 and Ni 2p3/2 core level spectra and the corresponding
atomic percentage concentration values listed in table 1 for ML samples annealed at different
temperatures, it is seen that Ti and Ni show mostly metallic character in the cases of samples
annealed up to 200 ◦C and sputtered for 15 min. In addition to this, the recorded Ti 2p3/2

and Ni 2p3/2 core levels for 30 min of sputtering time show a slight intermixing of layers at
the interface during deposition. The extent of this mixing is found to be increased when the
sample is annealed at 200 ◦C. The higher temperature annealing at 300 and 400 ◦C, results in
a clear shift in binding energy position, confirming the formation of TiNi alloy phase. The
experimentally observed core level shifts in binding energy position of Ti 2p3/2 and Ni 2p3/2 are
listed in table 3. When compared with the respective elemental values, substantial differences
in binding energy positions are seen to exist for TiNi phase formation. This indicates a
significant change in the electronic configuration of Ti and Ni when they are alloyed. The
reported value of the electronegativity for Ti is 1.5 while for Ni it is 1.9 [42]. On the basis
of the electronegativity criteria, the 2p3/2 core level of Ti should show a positive shift while
Ni 2p3/2 should show a negative shift if the charge transfer occurs from Ti to Ni. However,
the data in table 3 show positive shifts for both Ti and Ni 2p3/2 core levels, indicating that the
electronegativity criteria cannot be applied to the experimentally observed core level shift to
obtain a conclusion about the direction of the charge transfer between the constituent elements.
Therefore, in order to obtain information on the charge transfer between titanium and nickel,
we have investigated the Ti and Ni Auger regions of the spectra. The normalized spectra in
the x-ray excited Auger regions of titanium (L2,3M2,3M2,3) and nickel (L3VV) are shown in
figures 3(a) and (b) respectively. The binding energies of the most prominent peaks in these
regions are also listed in table 3.
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Table 3. Calculated core level shift, Auger parameter and shift in Auger parameter for as-deposited
and annealed ML samples.

Core level B.E. (eV) of Auger Shift in Auger
Core level B.E. shift �E intense Auger parameter parameter

(eV) (eV) peak α′ �α′

Sample Ti-2p3/2 Ni-2p3/2 Ti Ni Ti Ni Ti Ni Ti Ni

As-deposited 453.7 852.5 — — 871.3 407.6 835.0 1698.1 — —
200 ◦C 453.6 852.5 — — 871.3 407.6 835.0 1698.1 — —
300 ◦C 454.4 853.1 +0.7 +0.6 870.3 408.4 836.6 1697.7 1.6 −0.4
400 ◦C 454.4 853.1 +0.7 +0.6 870.1 408.7 836.8 1697.5 1.8 −0.6

3.3.1. Auger parameters. The Auger parameter (AP) has been found to be very sensitive to
changes in the chemical state of the constituents [43]. The modified AP (α′) is defined by the
equation

α′ = hν − BEAuger + BEPE (3)

where hν is the energy of the incident photons, BEAuger is the binding energy (BE) of the
prominent peak in the Auger region and BEPE is the BE of the photoelectric peak. The
advantage of this modified AP is that it becomes independent of the x-ray source used for
excitation and facilitates comparison with values obtained from different instruments. The AP
(α′) and shift in AP (�α′) values obtained in the present study are listed in table 2.

A change in the AP is a measure of a change in the extra-atomic relaxation, or screening of
the final state ion in the Auger transition by electrons from neighbouring atoms or by conduction
electrons [44–46]. The chemical shift in the AP is to a first approximation half of the difference
in this relaxation energy, or twice the difference in the relaxation energy associated with the
singly charged final ion states in the photoelectric transition. Snyder [47] used Slater’s rules
for the atomic shielding constant and the Slater–Zener expression for the energy of an atom
and has shown that the relaxation energy for the core hole state is proportional to the number
of electrons in shells outside the core hole. In addition to this, the relaxation energy is found to
be independent of the nuclear charge and quadratic in the charge of the shielding constant for
each shell upon core hole formation. Adopting Snyder’s theoretical approach for the present
case, the positive values of �α′ for Ti and negative values for Ni show that there is a charge
transfer from nickel to titanium during formation of the TiNi alloy phase. As can be seen from
the listed �α′ values in table 2, no shift in Auger parameters has been observed corresponding
to ML samples annealed up to 200 ◦C. The ML samples annealed at 300 and 400 ◦C show a
positive shift for Ti and a negative shift for Ni. This shows that there is charge transfer from
Ni to Ti during TiNi phase formation at the interface at these temperatures of annealing. The
calculated atomic percentage values listed in table 1 show that the TiNi alloy phase formed at
the interface has about 50–50 composition.

3.3.2. Chemical shift. The core level shift is a very significant parameter in XP spectroscopy
(XPS). It provides the most direct information about the change of the character of the bonding
due to alloying and charge transfer between the atoms [48, 49]. If we denote by �ε(i) the
change of the Hartree–Fock one-electron energy of the core level i due to the redistribution of
the valence electrons upon alloying, we can write [49] the core level shift �E(i) as

�E(i) = −�ε(i) + �εF − �Er. (4)
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We see that experimentally measured core level shift �E(i) is not simply determined by �ε(i)
alone; there are also contributions from two more terms. The term �εF arises because �ε(i)
is relative to the vacuum level, whereas EB is measured experimentally with respect to the
Fermi level of the sample. The second term �Er is the difference of relaxation energies in the
presence of core holes between the alloy and the metal. This final state effect in XPS has been
neglected or treated incompletely in most of the previously reported works on core level shifts.
However, studies [50, 51] on metallic systems clearly show the importance of this final state
screening energy. A theoretical calculation [52] predicts that �Er is generally important and
can be as large as 1–2 eV in some binary alloys, so the inclusion of this term can change the
conclusion about the direction and magnitude of the charge transfer in alloy systems. In the
literature [53–57] the Mössbauer shift and core ionization energy shift have been used to provide
some insight into the degree of charge transfer in binary alloys. An earlier potential model has
been used to analyse these core level shifts, but this was plagued by a host of difficulties. The
main problem is that one cannot analyse ionization energy shifts to give the ground state charge
distribution without making a correction for the final state charge rearrangement (screening of
the core hole, or relaxation). In recent work carried out on Ag–Pd and Pd–Mn alloy systems,
Olovsson et al and Abrikosov et al [58, 59] have reported the precisely calculated core level
and Augur energy shifts obtained from a ‘complete screening picture’ using first-principles
theory. In this ‘complete screening picture’ the conduction electrons have attained a fully
relaxed configuration in the presence of the core hole. Therefore in this model, both the
initial and final state effects are fully included and are treated within the same scheme and
not as two separate contributions. However, a rigorous theoretical treatment with elaborate
computational work is required in order to take into consideration the effect of these terms.
An alternative simple approach for determining the relaxation energy term is to obtain this
value from experimentally measured Auger parameter shifts. They depend on the change in
the potential at the core when an inner shell electron is removed. The detailed treatment of
this method has been reported by Thomas et al [60].

Thus, from above discussion, it is clear that the experimentally observed core level shifts
(�E) may be due to the different local chemical and electronic environments of the central
atom and can be expressed in terms of the various components by

�E = �Ec + �Ech + �ER. (5)

where �Ec is the contribution due to the configuration changes (distribution of electrons among
s, p and d states, as appropriate), �Ech is the chemical shift due to the charge transfer and �ER

is the relaxation shift. Ignoring �Ec, we have calculated the chemical shifts for Ti 2p3/2 and
Ni 2p3/2 core levels using this relation. The changes in AP, �α′, have been used for calculating
�ER. The values of the chemical shifts thus obtained for the samples studied are listed in
table 4. We observe a negative chemical shift for the titanium 2p3/2 core level and a positive
chemical shift for the nickel 2p3/2 core level in the ML samples annealed at 300 and 400 ◦C.
The chemical shift data indicate the direction of charge transfer from nickel to titanium for
ML samples annealed at 300 and 400 ◦C.

The chemical shifts �Ech to a good approximation reflect the changes in charge, �q , on
the ionized atom, i.e. �Ech ∝ �q . A simple model can be applied to deduce a relationship
between the chemical shifts and �q . The chemical shift can be considered to be a change in
the electrostatic potential felt by the core electrons when a certain amount of charge is removed
from the spherical shell of one atom and transferred to the spherical shell of the neighbouring
atom. According to this model,

�q = f × �Ech (6)
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Table 4. Interatomic distances, calculated chemical shifts and charge transfers in as-deposited
and annealed ML samples at different temperatures.

Interatomic distance Chemical shift Charge transfer
( f ) (�Ech) (�q)

Samples RA (Å) Ti Ni Ti Ni Ti Ni

As-deposited — — — — — — —
200 ◦C — — — — — — —
300 ◦C 2.40 −0.26 −0.17 −0.9 +1.0 +0.234 −0.170
400 ◦C 2.40 −0.26 −0.17 −1.1 +1.2 +0.286 −0.204

where f = [14.4(1/RA − 1/RM)]−1. The factor 14.4 accounts for the numerical constants
necessary to have the energy in eV when the radius is expressed in Å and the valence charge in
units of the electron charge. Here RA is the interatomic distance and RM is the atomic radius
of the metal. The values of RA and RM have been obtained from previously reported EXAFS
studies [61] and from [62] and are listed in table 4. The values of �q in the case of ML samples
annealed at 300 and 400 ◦C have been calculated using the above equation and are listed in
table 4. We observe negative values for Ni and positive values for Ti with reference to the
corresponding elements. These values indicate that the direction of charge transfer is from Ni
to Ti in these alloy films. This is in complete agreement with the direction of charge transfer
deduced from the AP and the chemical shift data.

3.4. XRD measurements

In order to support the results discussed in earlier sections concerning the formation of TiNi
alloy phase due to annealing treatment,we have carried out XRD measurements on ML samples
annealed up to 400 ◦C. The recorded XRD patterns are shown in figure 7. The XRD pattern for
as-deposited samples show mainly crystalline peaks due to Ti(002) and Ni(111) at 2θ values
of 38.4◦ and 44.4◦ respectively [63]. There is no appreciable change in the recorded XRD
pattern for the ML sample annealed at 200 ◦C. However, an interesting structural change is
observed at 300 ◦C annealing temperature. The recorded pattern shows a clear broad hump
around a 2θ value of 44.1◦ indicating amorphization of the as-deposited ML structure. The
amorphization at this temperature is triggered by diffusion of one element. In the case of the
Ti/Ni ML structure, Ni atoms are more mobile [64] and would start diffusing into the relatively
immobile lattice of Ti layers. The faster diffusion of Ni atoms at these lower temperatures is
the main cause of SSR leading to amorphization at the interface in this ML structure. The ML
sample annealed at 400 ◦C again shows crystalline peaks at 2θ values of 37.7◦ and 44.1◦ due to
recrystallization of ML samples and also shows shifts in the Ti(002) and Ni(111) peak positions.
These new peaks are assigned to the TiNi alloy phase [63]. Thus the XRD spectrum clearly
indicates the recrystallization and formation of TiNi phase at 400 ◦C annealing temperature.

3.5. Valence band photoemission measurements

In this section, we present VB photoemission measurements carried out on as-deposited and
annealed Ti/Ni ML samples in order to follow the evolution and modifications due to the
annealing treatment. The VB XP spectra are recorded each time after sputtering the sample
for 15, 30 and 45 min using Mg Kα radiation (hν = 1253.6 eV), while a synchrotron radiation
source is used to record the VB spectra at lower photon energies of 134 eV and below. Figure 8
shows VB XP spectra for as-deposited and annealed ML samples sputtered for different time
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Figure 7. XRD patterns of as-deposited and ML samples annealed at 200, 300 and 400 ◦C.

intervals of 15, 30 and 45 min. The spectra corresponding to 0 min of sputtering time for each
case are not shown in this figure, since carbon is deposited as the top layer and the recorded
spectrum resembles that of the amorphous carbon VB. The VB spectra recorded for the as-
deposited ML sample sputtered for 15 min show mixed features due to the photoemission
from Ti 3d and TiC bands. However, the spectra recorded after 30 min of sputtering time
show a clear emission at 0.8 eV due to the Ni 3d band. It is to be noted that, considering
the 2 Å min−1 sputtering rate, the recorded spectrum in this case is mostly obtained from the
first interface region of the ML structure. A spectrum recorded after 45 min of sputtering
time shows photoemission due to the Ni 3d band at the binding energy position of 0.8 eV. The
centroid of this band is located at 1.35 eV from EF. In addition to this, a peak at 6.1 eV is
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Figure 8. VB XP spectra of as-deposited and ML samples annealed at 200, 300 and 400 ◦C and
sputtered for 15, 30 and 45 min.

also seen and this is assigned to the Ni 3d satellite, indicting that the observed VB features are
due to the elemental Ni and match well with the VB spectra reported in the literature [65, 32].
No photoemission VB feature corresponding to Ti 3d states is observed. It is known that the
photoionization cross-section of the Ti 3d state is one to two orders of magnitude smaller than
that of Ni [66] at this photon energy of excitation. The recorded VB XP spectrum therefore
mainly reproduces the shape of the local density of Ni 3d states.

The VB spectra recorded for the as-deposited ML sample using the synchrotron radiation
source at 134 eV are shown in (figure 9(a)). The recorded spectra after 15 min of sputtering
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Figure 9. VB spectra of (a) as-deposited and (b) 400 ◦C annealed ML samples recorded using
134 eV synchrotron radiation after 15, 30 and 45 min of sputtering.

time clearly show a photoemission peak corresponding to Ti 3d at 1.0 eV. Further, a strong
emission at binding energy position at 6.8 eV is also observed due to O 2p and resembles
the Ti2O3 VB spectrum reported in the literature [67]. This is expected because, in deposited
Ti/Ni ML structures, Ti is the top deposited layer and it may have oxidized during exposure
to air, even though a 20 Å protective C capping layer was deposited to prevent oxidation. The
spectra recorded after 30 min of sputtering time show overall features similar to those for the
15 min of sputtering sample. No photoemission peak due to the Ni 3d band is observed in spite
of the fact that the spectrum obtained is mostly from the interface region. In this situation,
one would expect a contribution due to the Ni 3d density of states near the Fermi level. This
is because of the large difference in the d photoionization cross-section between Ti and Ni
metals and suggests more favourable conditions at lower photon excitation energy for the
study of Ti bands, which does not develop in recorded VB XP spectra. However, the spectrum
corresponding to 45 min sputtering time shows feature like those for elemental Ni, because
the signal obtained is mostly from the Ni layer after crossing the interface region. Thus depth
profile VB photoemission measurements carried out at the photon energy of 1256.6 eV using
the Mg Kα excitation source are mainly dominated by photoemission due to Ni 3d states, while
the spectra recorded using synchrotron radiation at 134 eV show the presence of an emission
band mostly due to Ti 3d states. These measurements together indicate the intermixing of Ti
and Ni layers during deposition at the interface without any chemical bonding between them.

The VB XP spectra recorded for the ML sample annealed at 200 ◦C are shown in figure 8.
The spectrum recorded after 15 min of sputtering of the sample shows broad features around
0.9 and 6.1 eV. The observed emission bands at these binding energy positions are assigned to
Ni 3d and its satellite respectively. The observation of Ni 3d and its satellite is a consequence
of diffusion of Ni atoms due to faster mobility into the Ti layer at this temperature of annealing,



7482 P Bhatt and S M Chaudhari

as mentioned earlier in the text. The enhancements in the intensity of these emission bands are
more clearly seen as the temperature of annealing is increased to 300 and 400 ◦C, indicating
the still faster diffusion of Ni atoms. The VB spectra recorded after 30 min of sputtering time
show an emission band due to Ni 3d and its satellite at binding energy positions of 1.2 and
6.4 eV, which are observed to be shifted from its corresponding elemental Ni 3d band position.
The recorded VB spectra clearly show emission at 1.5 and 1.7 eV due to Ni 3d bands at 300
and 400 ◦C temperatures of annealing respectively. The observed shift in the Ni 3d binding
energy position to the higher energy side as compared to its elemental value may arise due
to the microalloy formation of TiNi phase at the interface and the subsequent increase in the
extent of this phase at 300 ◦C and 400 ◦C temperatures of annealing. The VB spectra of the
ML sample recorded after 45 min of sputtering time also clearly show a shift in the Ni 3d band
as well as its satellite peak position when the ML sample is annealed at 400 ◦C. The observed
shift is 0.9 eV from the value for the as-deposited case for the Ni 3d band, while it is 1.1 eV
for the Ni 3d satellite. This observed shift and the reduced density of states at the Fermi level
are consequences of the formation of TiNi alloy phase at the interface due to the annealing
treatment. A similar shift in the Ni 3d photoemission band and reduction in the density of
states due to the formation of TiNi alloy phase are also reported by Shabalovskaya et al [32]
and Fuggle et al [68] in their investigation on bulk Ti and Ni based alloy and intermetallic
compounds.

The VB spectra recorded at 134 eV using synchrotron radiation for the ML sample annealed
at 400 ◦C (figure 9(b)) and etched for 45 min show behaviour similar to that discussed above.
In this case, the position of the Ni 3d photoemission band is observed to be shifted by 0.9 eV
as compared to as-deposited position. The Ni 3d satellite observed at 7.2 eV is also shifted
by 1.1 eV. Recorded VB spectra obtained after 30 and 15 min of sputtering time mainly show
mixed photoemission features due to Ni and Ti bands. In particular, the peak close to the
Fermi level is due to the Ti 3d band, which is not observed in the VB XP spectra recorded.
The presence of a Ti DOS near the Fermi level is clearly seen when the spectra are recorded at
photon energy even lower than 134 eV (figure 10(b)). In addition to this, spectra recorded at
lower photon energies clearly indicate the presence of a satellite at the binding energy position
of 7.2 eV. In the cases of both as-deposited and annealed ML samples, the position and presence
of this satellite peak are confirmed by varying the photon energy. The VB spectra recorded at
different photon energies are shown in figure 10 and indicate enhancement in the satellite peak
intensity at 67 eV which is due to the well known photoresonance effect [67]. The variation
in photon energy above and below (not shown in figure 10) shows the reduction in the satellite
peak intensity.

3.5.1. Variation in the Ni 3d satellite intensity and FWHM upon annealing. From measured
and fitted VB spectra we have calculated the intensities of the Ni 3d VB and its satellite for
both as-deposited and ML samples annealed at 400 ◦C and sputtered for 45 min. Similar
calculations were also carried out for the Ni 2p3/2 core level and the corresponding satellite
peak. Figures 11(a) and (b) show background subtracted and fitted Ni 3d VB and Ni 2p3/2

core level spectra, for both as-deposited and ML samples annealed at 400 ◦C. The calculated
intensity of the Ni 3d satellite shows a reduction in the value of the intensity from 34% (as-
deposited) to 24% (when the ML sample is annealed at 400 ◦C). From a similar calculation
for the Ni 2p3/2 core level peak, the satellite peak intensity is found to decrease from 39%
to 24%. This suggests filling of the Ni 3d band due to the formation of TiNi alloy phase at
the interface upon annealing. The decrease of the Ni d8 satellite peak intensity when Ni is
alloyed with different elements is also reported by Fuggle et al [68] and attributed to Ni 3d
band filling. In addition to this, they also report a decrease in the Ni 3d bandwidth when Ni
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Figure 10. VB spectra recorded at different photon energies; (a) as-deposited and (b) 400 ◦C
annealed ML samples.

Table 5. Ni 3d peak position, centroid, width, FWHM and satellite positions for as-deposited and
annealed ML samples at different temperatures (all positions are in eV).

Peak position
Samples Ni 3d Centroid Width FWHM Satellite

As-deposited 0.8 1.35 4.5 2.4 6.1
200 ◦C 1.2 1.30 4.2 2.3 6.3
300 ◦C 1.5 1.73 3.8 2.4 6.7
400 ◦C 1.7 1.77 2.8 2.2 7.2

is alloyed with different metals. In all cases studied by them, the observed Ni d bandwidth
decreases with decreasing Ni concentration. A similar type of behaviour—bandwidth decrease
with decreasing Ni concentration—is also observed in the present case when the ML samples
are annealed at different temperatures to form TiNi alloy phase at the interface. In the as-
deposited case the bandwidth calculated using the procedure outlined in [68] is 4.5 eV and it
decreases to 2.8 eV when the ML sample is annealed at 400 ◦C. Ni 3d band parameters such
as the peak and centroid positions, widths of the Ni 3d band, FWHM and satellite positions
for ML samples annealed at different temperatures are shown in table 5.

The experimentally measured VB spectra of pure Ti, Ni and TiNi alloy phase in the
present study are compared with theoretically calculated density of states. The details of the
computational programme and results obtained are discussed below.
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3.5.2. Computational details for the FPLMTO calculations. To calculate the DOS, we have
used a full potential plane wave linear muffin-tin orbital technique [69, 70] using the LMTART
6.05 code. The calculated DOS along with the experimentally observed DOS for elemental
Ti, Ni and TiNi alloy phase are shown in figure 12. In general, the calculated DOS are in good
agreement with experimentally recorded VB spectra except for a slight shift in the binding
energy positions of Ti and Ni. In measured VB spectra, the Ni and Ti d band are observed to be
shifted further to the higher binding energy side than the calculated values by 0.7 and 0.3 eV
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respectively. The experimentally recorded VB spectra of 400 ◦C annealed ML samples also
show shifts in the Ni 3d bands to the higher binding energy side, by 1.1 eV. The theoretically
calculated DOS of Ti, Ni and TiNi in the present case match well with the DOS for B2 TiNi
phase calculated by others [71–73]. In addition to this, it can be seen that there is a reduction
in the DOS of Ni 3d at the Fermi level and it is also moved to the higher binding energy side as
compared to that for elemental Ni. One can also see that the Ti 3d contribution is substantially
less than that of Ni 3d when they formed the TiNi alloy phase, indicating a greater possibility
of Ni d band filling and localization of the Ni 3d band. The calculated percentage contribution
of Ni 3d in TiNi is about 78%, whereas for Ti 3d states it is only 22%. These results suggest
that in the case of TiNi alloy phase formation, the mixing of levels (3d, 4s, 4p) is mainly
responsible for the band filling rather than the charge transfer process.

Thus, on the basis of the above studies we can say that the main difference in VB features
observed between as-deposited and annealed Ti/Ni ML samples are therefore:

(i) the increase in the energy of the main maximum of the VB relative to the Fermi level and
accordingly a shift in the centroid of the binding energy by 0.52 eV, indicating shifting of
the Ni 3d band to the bottom of the VB as compared to its elemental state;

(ii) the reduction in intensity of the Ni 3d density of states at the Fermi level, indicating
enhancements of the Ni 3d electron localization in the TiNi alloy phase;

(iii) the decrease in the Ni 3d satellite peak intensity due to the filling of the Ni d bands and
the shift in binding energy position from 6.1 to 7.2 eV as Ni is alloyed with Ti forming
the TiNi alloy phase at higher temperatures of annealing;

(iv) the decrease in the Ni 3d bandwidth due to the hybridization (mixing) between the levels
of Ni and those of neighbour atoms, giving rise to the Ni–Ti–Ni type of interaction, when
alloying occurs.

All these observed changes are indicative of TiNi phase at the interface in annealed ML
samples.

4. Conclusion

The core level and VB photoemission measurements, along with quantitative analysis of these
recorded spectra, corresponding to as-deposited as well as annealed Ti/Ni ML samples, show
interesting changes in the electronic properties related to the structural modifications that have
occurred in the ML stack due to annealing treatment. The depth profile core level and VB
photoemission measurements made on the as-deposited sample show slight intermixing of
constituent elements during deposition at the interface without any chemical phase formation.
The Ti XPS Auger measurements carried out on the ML sample annealed at 200 ◦C and
sputtered for 15 min time intervals indicate a change in the chemical environment of Ti and
this is attributed to diffusion of Ni into Ti layers. The corresponding core level measurements
do not show a Ni 2p3/2 peak; however, for the ML sample annealed at 300 and 400 ◦C the
appearance of the Ni 2p3/2 peak at the binding energy position of 852.5 eV corresponding to
pure elemental Ni is clear, indicating faster diffusion of Ni into Ti layers at higher temperatures
of annealing. In the case of the ML samples annealed at 300 and 400 ◦C and sputtered for
30 min, the shift in binding energy positions of Ni 2p3/2 and Ti 2p3/2 indicates TiNi alloy phase
formation at the interface. XRD measurements carried out on these ML samples show SSR
leading to amorphization at 300 ◦C and subsequent recrystallization into the TiNi alloy phase
at 400 ◦C.

The observed shifts in core level binding energies of Ti and Ni are found to be positive for
both elements and hence electronegativity criteria cannot be used to decide on the direction
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of the charge transfer in the TiNi alloy phase formed at the interface due to the annealing
treatment. However, calculated modified Auger parameters show a positive value for Ti and
a negative one for Ni indicating the direction of charge transfer from Ni to Ti. Similar trends
have also been observed from calculated chemical shifts and charges on ionized atoms using
a simple electrostatic potential model.

The evolution and modifications in the VB photoemission spectra that occurred in the ML
samples due to the annealing treatment have been studied using both Mg Kα and synchrotron
radiation. VB photoemission measurements carried out at the photon energy of 1256.6 eV
(Mg Kα) are mainly dominated by photoemission due to Ni 3d states, while the spectra
recorded using synchrotron radiation at 134 eV show the presence of an emission band mostly
due to Ti 3d states. These measurements taken together indicate the intermixing of Ti and Ni
layers during deposition at the interface without any chemical bonding between them in the
as-deposited ML samples. The recorded VB spectra corresponding to 300 and 400 ◦C annealed
samples and sputtering for 45 min time intervals clearly show a shift in position of Ni 3d to 1.5
and 1.7 eV from its normal position of 0.8 eV. This observed shift also supports the conclusion
drawn from core level studies as regards the formation of TiNi alloy phase at the interface. In
addition to this, the Ni 3d satellite structure also shows a reduction in its intensity and a shift
in peak position as compared to the as-deposited case, again indicating the formation of TiNi
alloy phase at the interface.
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