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Abstract. We have deposited a series of LaNi1–xTixO3 (x = 0–0.10) thin films on LaAlO3 (001) (LAO) single-crystal
substrates using pulsed laser deposition (PLD) method and studied the effect of Ti doping on the structural and electronic
properties. All the films are highly oriented towards the substrate (001) axis. The incorporation of Ti ions in LaNiO3
system causes an increase in the compressive strain. The temperature-dependent resistivity curves indicate that the films
remain metallic even at low-temperature range. In spite of a lower percentage of variation in Ti doping, the overall
resistivity of the system increases quite systematically with increase in Ti content. The power-law fitting of resistivity data
show the non-Fermi behaviour of the system. Besides, a systematic blue shift of Raman modes is observed with increase
in doping, which indicates a change in Ni–O–Ni bond angle and NiO6 octahedra distortion due to Ti doping in LaNiO3
thin films. The temperature-dependent Raman spectra show the red shift with increase in temperature in all the thin films.
The observed systematic variations in resistivity and Raman modes both originated due to Ti doping in the system.
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Introduction

The perovskite nickelates having chemical formula RNiO3
(R = rare-earth ion) show first-order metal to insulator
transition and have many applications in the field of ultrafast switching, optical electronics, fuel cells, gas sensing,
etc. [1–4]. In RNiO3 family, LaNiO3 (LNO) shows paramagnetic-metallic state throughout the temperature range
(12–300 K) and does not show any metal to insulator
transition. On the other hand, other RNiO3 compounds show
metal to insulator transition with temperature [3,4]. In bulk,
it is difficult to synthesis LNO in single-phase form [5], but
with the advancement of thin-film deposition techniques,
thin films can be synthesized easily. The electronic properties of LNO can be tuned by varying strain, doping,
thickness, etc. [6].
The LNO thin films have a wide range of applications
in electrode devices, thermal and gas sensors and switches
[7]. It is highly used in oxide electronic device applications because of its highly conductive nature. The electronic transport of LNO depends on the overlapping
between nickel (Ni) 3d and oxygen 2p orbitals, which is
very sensitive on the Ni–O–Ni bond angle. Other factors
like doping, pressure, strain affects the Ni–O–Ni bond
angle and charge carrier density, which results in tuning
the electronic behaviour [8,9].

Doping acts as a controlling parameter of electronic
transport in strongly correlated oxides by altering the carrier
concentration. Carrier concentration can be changed either
by doping of divalent Sr, trivalent Nd, tetravalent Th ion at
trivalent La-sites [10,11] or doping of Mn, Fe, Cu, Zn, Mo,
Ti and W at Ni sites [12–14]. For titanium (Ti), the most
stable oxidation state is 4? in its oxide form. Doping of Ti
ion at trivalent Ni sites can change valence state of Ni. As
Ti4? has no electron in its 3d band, so by replacing Ni with
less electronically active Ti ion, we can drive the system
towards the insulating state. To study the doping effect of
Ti, we have synthesized LaNi1–xTix (x = 0–0.10) thin films
on LaAlO3 (LAO) single-crystal substrate having a thickness of 8 nm. After synthesis, the structural, vibrational and
electronic properties of thin films have been studied.

2.

Experimental

The thin films of LaNi1–xTixO3 (x = 0–0.10) (LNTO) were
deposited on LAO (001) single-crystal substrate by pulsed
laser deposition (PLD) method. The pellets used to make
the thin films were prepared using solid-state reaction
method. The pellets were sintered at 1000°C. KrF excimer
laser (k = 248 nm) was used for the deposition of thin
films, and its energy was set at 310 mJ. Thin films of
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LaNi1–xTixO3 (x = 0–0.10) were prepared at the substrate
temperature of 720°C and oxygen partial pressure of 40 Pa.
Just after deposition, all the thin films were in-situ annealed
at 1000 Pa oxygen pressure for 3 min to maintain oxygen
stoichiometry. The distance between target and substrate
was 4 cm, and the repetition rate of the laser pulse was 4
Hz. The thickness of the films was 8 nm approximately. The
purity and structural orientation of the thin films was
studied using X-ray diffraction (XRD) measurement using
PanAlytical made set up. The temperature-dependent
resistivity measurements of thin films were performed using
the four-probe method in a Janis Research made closed
cycle refrigerator (CCR) cryostat. For the measurements,
Keithley-made source and measurement station (model no.:
2612A) was used. The range of temperature to measure
resistance was 12–300 K. Vibrational modes analysis of
thin films was done using LABRAM micro-Raman spectrometer with 632.8 nm wavelength of the laser. At room
temperature, 9100 lens was used to collect Raman scattered
signals while 950 lens was used to collect Raman scattered
signals in temperature-dependent Raman spectroscopy.
Liquid N2 was used as a coolant, and temperature range of
measurement was 93–300 K.

3.

Results and discussion

In order to check phase purity of the prepared thin films,
XRD measurements have been carried out. Figure 1a and
b shows the full-scale XRD pattern and enlarged view of
the (002) Bragg’s diffraction of LaNi1–xTixO3 (x = 0–0.10)
(LNTO) thin films, respectively. It can be seen from figure 1a that all the films are pure and grown in the same
direction of substrate LAO (001). The pseudo-cubic lattice
parameter of LaNiO3 is 3.837 Å and that of LAO is 3.789
Å, the lattice mismatch is approximately –1.26%; thus the
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film tries to compress itself, which results in an increase of
out-of-plane lattice parameter. Figure 1b shows the shift of
Bragg’s peak towards low 2h value with increase in Ti
doping. It is clear from figure 1b that all the Ti-doped
LNO films experience compressive strain on LaAlO3
substrate as they lie in the lower 2h side as compared to
the substrate. In addition, there is a systematic shift in
XRD peak positions representing (002) plane with Tidoping. From this XRD peak position, we have calculated
the lattice parameters of these thin films using Bragg’s
relation. The calculated lattice parameters are tabulated in
table 1.
It is clear from the table that the lattice parameters
increase with increase in Ti-doping content. Using this, we
have quantified the lattice mismatch for all the LNTO films
using the formula:
eð% Þ ¼

asubs  afilm
 100;
asubs

where asubs and afilm are the lattice parameters of substrate
and thin film, respectively. The calculated value of lattice
mismatch, proportional to strain, increase with increment in
Ti-doping as shown in table 1. It suggests that the extent of
compressive strain is increasing in LaNiO3 thin films with
incorporation of Ti doping.
The electronic transport of the Ti-doped LaNiO3 thin films
has been studied by temperature-dependent resistivity measurement. The corresponding resistivity vs. temperature plots
of LaNi1–xTixO3 (x = 0–0.10) thin films are shown in figure 2.
It is clear from the figure that all the films remain metallic
below room temperature and the overall resistivity increase
with Ti-doping systematically. As the most stable oxidation
state of Ti is tetravalent (4?), so doping of Ti in the LaNiO3
system having Ni3? state can cause some changes in the
electronic state of the system. This may result in a reduction in
the charge transfer between Ni3?–O–Ni3? pairs, thereby

Figure 1. (a) X-ray diffraction patterns of LaNi1–xTixO3 (x = 0–0.10) thin films grown on LAO
(001) substrate. (b) Enlarged view of (002) Bragg’s diffraction of LaNi1–xTixO3 (x = 0–0.10) thin
films.
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Table 1. XRD peak positions, lattice parameters and lattice
mismatch of LaNi1–xTixO3 (x = 0–0.10) thin films.
x

2h ( )

Lattice parameter (Å)

Lattice mismatch (%)

0
0.01
0.02
0.05
0.10

46.582
46.48
46.52
46.42
46.380

3.898
3.902
3.901
3.908
3.91

–2.84
–2.94
–2.92
–3.11
–3.16

Figure 3. Resistivity vs. temperature plots for LaNi1–xTixO3 (x =
0–0.10) thin films on LAO (001). The red line shows the fitting of
resistivity using the power law equation.
Table 2. Transport properties of LaNi1–xTixO3 (x = 0–0.10) thin
films deposited on LAO.
Figure 2. Resistivity vs. temperature plots for LaNi1–xTixO3 (x =
0–0.10) thin films on LAO (001). The inset figure shows resistivity
vs. doping plot at room temperature, i.e., 300 and 15 K.

causing weak localization of the charge carriers and an
increase in resistivity with Ti-doping [15]. Earlier, it was
reported that the LaNiO3 remain metallic throughout the
temperature range without any metal to insulator transition
[3,4]. Figure 2 shows that the resistivity of the system
increases with increase in doping amount of Ti. The resistivity at 15 and 300 K also indicate the same trend. There is no
metal to insulator transition observed in the system. However,
at low temperature, a flat curve is observed; this means that
the Ti doping is suppressing the metallic state. At a larger
amount of Ti doping, it may introduce metal to insulator
transition.
Power-law equation qNFL(T) = q0 ? ATn is used to fit the
resistivity curves, here n \ 2, q0 is residual resistivity (resistivity at absolute zero), A is a constant that represents the
electron–electron scattering strength [16]. For n = 2, compound falls in the category of Landau Fermi liquid, and n \
2 indicates the deviation from this classical behaviour
[17,18]. The parameter n is adjustable and n = 1.6 and 1.3
are obtained from the fittings of power-law equation indicating the persistence of non-Fermi liquid (NFL) behaviour.
Figure 3 shows the fitting of the curves with power law
equation, and the fitted parameters are shown in table 2. It is
clear from the table that for the undoped LNO film, n = 1.3,

x
0
0.01
0.02
0.05
0.10

n
1.3
1.6
1.6
1.6
1.6

A (910–9)
(X cm (Kn)–1)

q0 (910–5)
(X cm)

11.32
2.51
3.44
2.96
3.71

0.32
1.26
1.68
2.40
3.99

±
±
±
±
±

0.07
0.01
0.02
0.01
0.01

±
±
±
±
±

0.01
0.01
0.01
0.01
0.01

i.e., NFL behaviour is observed, while all the other LNTO
films show the NFL behaviour with n = 1.6. Also, residual
resistivity i.e., q0 increases with increase in Ti-doping, as
shown in table 2. This may be due to disorder induced in the
system due to Ti-doping.
Raman spectroscopy was used to investigate the vibrational modes of thin films. The group theory gives five
Raman active modes (A1g and four Eg) for bulk LaNiO3
[19–22]. In our case, we observed two modes A1g and Eg.
The A1g mode describes the rotations of NiO6 about the
trigonal axis [111], which is directly related to the octahedral tilt angle, and the Eg modes describe the bending of the
Ni–O bond [21]. Earlier, it has been reported that A1g and
Eg modes for a thin film of LNO on single-crystal LAO are
observed at 214 and 403 cm–1, respectively [19]. In the
present study, A1g and Eg (bending of Ni–O bond) modes
for the parent LNO are observed nearly at 196 and 402.5
cm–1, respectively, as shown in figure 4a. It is observed that
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Figure 4. (a) Room-temperature Raman spectra of LaNi1–xTixO3 (x = 0–0.10) thin films. (b) The
variation of Raman FWHM and peak position of A1g and Eg Raman modes with Ti doping
percentage in LaNi1–xTixO3 (x = 0–0.10) thin films.

both the A1g and Eg modes are blue-shifted by increasing Ti
doping percentage, but in case of Eg mode the Raman shift
is not systematic as shown in figure 4b. Earlier reports
suggested that the shifting of A1g mode is –23 cm–1 per
degree shift in NiO6 octahedral angle [20,23]. Therefore, by
increasing the doping of Ti from 0 to 10%, the shift in A1g
mode is nearly 13 cm–1. If this shift is converted into the tilt
in Ni–O–Ni octahedral angle, then it nearly equals to 0.56°
with respect to the undoped film. Moreover, broadening of
Raman modes is quantified by calculating FWHM (fullwidth at half-maximum) of the Raman modes. It was
observed that there is broadening of A1g and Eg modes with
the increase of Ti doping in the system, as shown in table 3.
This broadening is more pronounced for A1g mode.
At this point, it should be noted that Raman scattering has
a potential to probe the presence of compressive/tensile
strain in the sample. The presence of compressive or tensile
strain would result to shift in the position of Raman mode
towards higher wavenumber side (blue shift) and lower
wavenumber side (red shift), respectively [22,24]. In the
present investigations, the shifting of Raman modes towards
higher wavenumber with Ti-doping is clearly visible in

Table 3.

figure 4. This infers that compressive strain is increasing in
the material with Ti-doping, and this strain is responsible
for the increase in resistivity. This is also consistent with the
increase in lattice mismatch-induced strain calculated from
XRD patterns.
To study the effects of temperature variations on the
Raman modes, we performed the Raman measurements in
the temperature range of 93–300 K for all the samples and
shown in figure 5. Both the Raman modes A1g and Eg are
affected by the change in temperature, although neither
disappears. The A1g mode is red-shifted in all the systems
with an increase in temperature. Such a shift indicates the
influence of temperature on the rotation of NiO6 octahedra.
The Eg mode is also showing red shift (not as large as A1g
mode) for all the films with an increase in temperature and
suggests the bending of Ni–O–Ni bond. It is well known
that with increase in temperature, there is thermal expansion
and interatomic bond lengthening in the materials. As a
result, the force constant changes and the Raman active
vibrational modes undergo red shift with rise in temperature. This temperature-dependent red shift of Raman modes
has already been observed for various perovskites oxides

Fitting parameters of Raman FWHM and Raman shift position of LaNi1–xTixO3 (x = 0–0.10) thin films.
A1g mode

x
0
0.01
0.02
0.05
0.10

FWHM (cm–1)
24.75
27.10
28.41
28.85
35.78

±
±
±
±
±

1.29
1.43
1.58
1.64
1.84

Eg mode
Raman shift (cm–1)
196.22
197.57
197.32
200.47
205.34

±
±
±
±
±

0.28
0.29
0.33
0.38
0.40

FWHM (cm–1)
24.10
26.54
26.24
32.29
42.48

±
±
±
±
±

1.10
0.88
0.83
1.19
0.87

Raman shift (cm–1)
402.68
403.66
403.72
407.94
406.62

±
±
±
±
±

0.29
0.21
0.21
0.29
0.16
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Figure 5. (a–d) Temperature-dependent Raman spectra of LaNiO3, LaNi0.99Ti0.01O3,
LaNi0.95Ti0.05O3 and LaNi0.90Ti0.10O3 thin films, respectively.

also [19,20,23]. The red shift of Raman modes is also validated by the Balkanski model, in which the anharmonic
contribution to the temperature dependence of the phonon
position is given by [25]:
"
#
1
 hx 
wðT Þ ¼ wð0Þ  A 1 þ R
;
i
1
exp 2pkT
where the term w(0) is the Raman shift at 0° K, A (anharmonic coefficient) is the contribution from higher order
terms for three phonon processes. With increase in temperature, the terms with the factor A scales systematically,
which could be the main contributing factor for the red shift
of the Raman modes with temperature.
There is a significant change in FWHM of A1g and Eg
modes observed with temperature. In all samples, the
FWHM increases with increase in temperature as expected
due to thermal broadening. However, the overall spectrum
is maintained in all the films, and no drastic change occurs,
which suggests LaNiO3 does not go through any phase
transition in the investigated temperature range.

4.

Conclusion

We have studied the effects of moderate doping of Ti at Nisite in LaNiO3 thin films. Doping dependent systematic
variations in the Raman modes and resistivity are found to be
related. Systematic variations of doping on the structural and
the electronic properties of LaNi1–xTixO3 (x = 0–0.10) thin
films deposited on single-crystal LAO substrate have been
observed. XRD results suggest that incorporation of Ti ions in
the system resulted in an increase in the lattice parameter as
well as lattice mismatch-induced strain for LNTO thin films.
The effect of doping suggested that the resistivity of the
system increases with doping. The theoretical fitting of
resistivity suggested that in large temperature range system
persisted NFL behaviour. Raman spectra show a red shift and
increase in Raman FWHM with Ti-doping, thereby highlighting a structural disorder induced in the system due to Tidoping. Increase in bending and rotation of Ni–O–Ni bonds
with the reduction in temperature have been observed in the
temperature-dependent Raman spectra.
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