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Nd; Ti;O3pn+2, phases with n nominally 4.5, 5, 5.5, 6 and 6.5 have been prepared by the technique of arc-
melting. As n is increased, (or, as oxygen is removed from Nd4Ti4O7), there is a large decrease in the
measured resistances, although the materials remained semiconducting/insulating. Values of activation
energies E, ranging from ~0.086 to 140 meV are observed and are similar to those observed for other

isostructural layered systems. Although lattice parameters could not be extracted due to the multiphase

Keywords:

Rare earth alloys and compounds
Chemical synthesis

Electrical transport

X-ray diffraction

charge carrier density.

nature of our samples, the results overall correlate with electron microscopy studies and with studies on
isostructural materials. It is suggested that these materials may be useful in studying the electrical prop-
erties of 1-dimensional materials, as sensors, or possibly materials/systems with electric-field controlled

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite oxide materials (ABO3) are fascinating due to the
range of properties they possess. Moreover, many closely related
phases exist in which thin slabs of the “three dimensional” per-
ovskite structure are joined by planes which, in effect, alter the
stoichiometry of the material. When the slab interface is fixed and
the slab thickness varies a homologous series of phases result.
In these “two dimensional” phases the variation in properties
becomes even more pronounced, ranging from ferroelectric insula-
tors to high-T, superconductors, including giant-magnetoresistive
materials and one and two-dimensional metals [1-5].

The compounds Nd;Ti;O3,+2 form such a homologous series.
Electron microscopy has shown that well-ordered Nd;TiO3,+2
phases with n=4, 5, 6 can be prepared by the technique of arc-
melting [6-9] as well as materials composed of ordered and
disordered intergrowths with varying slab thickness. When the
nominal value of the composition is greater than NdgTigO5q, this
latter structure coexisted with a non-stoichiometric perovskite
phase with approximate composition NdTiOs3 15.

The Nd,Ti;O3,+2 phases have a crystal structure composed
of n-octahedra-thick {110} slabs of perovskite-like material,
separated by NdO rock-salt type layers (Fig. 1). The parent
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structure Nd4Ti4zO14 is the most oxygen rich, with a composition
NdTiO35. This phase contains Ti** (3d%) and is a ferroelec-
tric insulator with extremely high Curie temperature (>1500°C)
that could have applications as high temperature transduc-
ers and high-K microwave dielectrics. As the thickness of the
layers (n) increases, the composition moves towards NdTiOs.
Concurrently, the dimensionality of the structures moves from
the 2-dimensional layered material NdTiO3s5 towards the 3-
dimensional perovskite NdTiOs. This material has Ti in a Ti3*
(3d') state, and is insulating with ferromagnetic properties [10].
For the material NdTiOs,5, both ferromagnetic properties van-
ish and an insulator-to-metal transition occurs for § >~0.1, while
still maintaining the parent (3D) perovskite structure. [11]. As
remarked, above §~0.15, the layered Nd,Ti;O3,+, phases begin
to appear. An interesting question to be addressed is how
the electrical properties change as the oxygen content (nomi-
nal Ti valence or more correctly the charge distribution) varies
between 3.00 and 3.5. Studies of the electrical properties of
systems where there is a crossover from 2-dimensional to 3-
dimensional structures generally show that the conductivity
increases with the dimensionality [12,13]. Conductivity measure-
ments on the closely related La,Ti;Os,+2 system show a large
increase in conductivity of LasTisO;7 compared to LagTizOq4
[14,15].

In view of the fact that for the Nd;Ti;O3,+ system values of
n>5 were reported, whereas only n=4 and n=>5 (plus intergrowths
between them) have been reported for the corresponding La sys-
tem, we have prepared, by the arc-melting technique, phases with
nominal compositions n=4.5, 5, 5.5, 6, and 6.5.
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Fig. 1. Schematic view of undistorted Nd,Ti,Osn+> structures along the a-axis: (a)
n=oo (the c-axis is parallel to the perovskite [11 0] direction), (b) n=4.5 (a regular
intergrowth structure with stacking sequence n=4, 5, 4, 5, 4, 5,....), (c) n=5. The
squares represent the TiOg octahedra and the circles represent the Nd cations. The
light circles in (b) and (c) signify that these perovskite slabs are raised/lowered out
of the drawing plane by half an octahedra body diagonal (~0.2 nm). Typically the
structures are distorted by tilting of the TiOg octahedra and displacements of the
Nd cation at the interface between adjacent perovskite slabs.

2. Experimental

The starting materials were Nd,O3, ex Alfa industries (99.99%) and Johnson
Matthey “Specpure” grade TiO, and Ti sponge. In all preparations the Nd,03; and
TiO, powders were dried at 900°C and weighed rapidly so as to minimise com-
position drift due to water absorption, especially by Nd,03;. Samples of nominal
composition Nd,Ti, O3, with n=4.5, 5, 5.5, 6, and 6.5 were made by weighing out
appropriate amounts of these chemicals, mixed in an agate mortar and then pressed
inadieata pressure of 900 bar into 1-cm diameter pellets. The resultant pellets were
arc-melted on a water-cooled copper hearth under flowing argon. The global com-
position of the samples was determined gravimetrically by oxidation to Nd4TizO14
in air at 1000°C.

After reaction part of each sample was examined by powder X-ray diffraction
using a Guinier-Hégg focusing camera (Expectron XDC-1000) employing strictly
monochromatic CuK1 radiation and KCl as an internal standard (ao=6.2923 A at
25°C). Lattice parameters were refined using standard least squares techniques
[16,17]. X-ray diffraction data for other samples were examined via a Siefert model
XRD 3000TT diffractometer. Reflections obtained were compared with PDF data
[18-21].

Electrical resistance of the samples was measured from 77K to 300K using a
standard four-probe method. For the purpose of these measurements, the arc melted
beads were ground on two parallel faces using standard wet/dry grinding/polishing
techniques. Resistance measurements were performed using an evacuated Oxford
Instruments type CF1104 cryostat, with an ITC-500 temperature controller. The
sample temperature was held at the set-point temperature for about 30 min before
taking any measurements, to ensure that thermal equilibrium had been established.
A test current supplied by a Keithley type 224 constant current source was mon-
itored via a Keithley type 181 nanovoltmeter. The temperature was monitored by
means of an Au-0.3%Fe/Chromel thermocouple. The whole process was automated
and monitored by purpose-written software.

3. Results
3.1. X-ray powder pattern phase analysis

Images of the X-ray films obtained from our samples are shown
in Fig. 2(b)-(f), and can be compared with a simulation of the
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Fig. 2. (a) PDF simulation for Nd4TizO14 [18]; X-ray powder diffraction images for
(b) NdTi03,475, (C) NdTiO3‘44g, (d) NdTi03,414, (e) NdTi03,375, and (f) NdTi03,353. The
black triangles below indicate KCl internal reference lines. The outlined region is
enlarged below for clarity.

Table 1
Indexing of n=4.5 compared to the PDF data.

PDF Nd4TisO14 (n=4)
diffraction pattern ref. [18]

observed n=4.5
preparation diffraction

pattern

d-spacing [A] hkl d-spacing [A] Obs. difference [A]
4.162 014 3.995 -0.167
3.797 20-2/200 3.765 —0.032
3.119 210/21-2 3.113 —0.006
3.077 20-6/204 3.075 —0.002
2.950 212/21-4 2.905 —0.045
2.732 020 2.705 -0.027
2.681 21-6/214 2.652 -0.029
2.043 22-6/224 2.024 -0.019
1.9043 226/22-8 1.9045 +0.0002

literature [18] diffraction pattern, shown in Fig. 2(a). None of the
powder diffraction patterns could be indexed uniquely and it is
concluded that the arc-melted samples were generally multipha-
sic. Nevertheless, X-ray patterns were able to provide an overall
phase analysis and confirmed that our arc-melted samples had a
similar, monoclinic, crystal structure to those reported in the litera-
ture [10]. As can be seen, the X-ray powder pattern recorded for the
nominal composition n=4.5 was found to correspond, with slightly
altered d-values, to that recorded in the literature for Nd4TizO14.
Some of the reflections obtained for the n=4.5 sample could be
indexed and the corresponding d-values are tabulated, along with
the PDF d-values for Nd4TizO14, in Table 1.
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Table 2
XRD phase analysis showing reflections present based on respective ICSD PDF files refs. [18-21] for the Nd,,Ti,O3n+» preparations: n=4.5-6.5.
Nominal n Composition (after oxidation) Nd4TigO14 NdsTis 047 (based on LasTis017) NdTiO3 Nd,TiOs

4.5 NdTiO3 476 (014)— (015)— (221) (031)
(20-2)/(200)— (20-2)— (020) very faint (400)
(210)/(21-2) (0010) (410) very faint
(20-6)/(204) (208) faint
(212)/(21-4)— (226)
(020)— (21-13)/(2111)—
(21-6)/(214)—
(22-6)/(224) <
(226)/(22-8)

5 NdTiO3 449 (014)— (015)— (221) « (031)
(20-2)/(200)— (20-2)— (400)
(016) very faint (0010)—
(008) very faint (208)— faint
(210)/(21-2) (226)—
(20-6)/(204)— (21-13)/(2111)—
(212)/(21-4)—
(020)—
(21-6)/(214)—
(22-6)/(224)
(226)/(22-8) «

5.5 NdTiO3 414 (014)— (015)— (221) « (230)
(20-2)/(200)—~ (20-2)— (220) « (031)
(008) very faint (0111) (004) < faint (400)
(20-6)/(204) (21-13)/(2111)
(212)/(21-4)— (0115) faint
(020)—~ (0212) very faint —
(21-6)/(214)—
(30-2)/(10-10)—
(40-2) very faint
(226)/(22-8) <

6 NdTiO3376 (014)— (015)— (220) « (230)
(20-2)/(200)— (20-2)— (004) <« faint (031)
(008) very faint (0111) (400)
(20-6)/(204) (21-13)/(2111)
(212)/(21-4)— (0115) very faint
(020)— (0212)—
(21-6)/(214)—
(30-2)/(10-10)—
(40-2)
(226)/(22-8) «

6.5 NdTiO3 368 (014)— (015)— (220) « (230)
(20-2)/(200)— (20-2)— (004) < very faint (031)«
(008) very faint (0111) (400) <

(20-6)/(204)
(212)/(21-4)—
(020)—
(21-6)/(214)—
(30-2)/(10-10)—
(40-2) faint
(226)/(22-8) «

(21-13)/(2111)
(0115) very faint
(0212)—

— [« indicates observed reflections are shifted right/left relative to ICSD PDF data.

Table 2 shows a summary of the phase analysis. Small amounts
of Nd,TiO5 seem to be present in all the patterns, but the amount
seems approximately constant. Similarly, small amounts of NdTiO3
seem to be present.

Powder patterns for the nominally prepared n=4.5, 5, 5.5, 6, and
6.5 samples were all basically similar to each other. Each retained
the (014),(20-2)/(200),(20-6)/(204),(-212)/(21-4),(020),
(21-6)/(214),(22-6)/(224)and (2 26)/(2 2 —8)reflections found
in the Nd,Ti,0; pattern, with increasingly altered d-values (as
n increased). There seemed to be a slight shift of some of these
powder diffraction pattern lines to the right, possibly indicat-
ing a decrease in unit cell volume as oxygen is removed from
NdTiOs 5, similar to that described for increasing § in NdTiOs,s
[11]. A reflection indexed as (210)/(21-2) appeared in sam-
ples with nominal composition n=4.5 and n=>5. Other reflections
appearing across the series were: (016) (in n=5 composition),
(008)(inn=5,5.5,6,and 6.5 compositions),and (30-2)/(10-10),

(40-2) (in n=5, 5.5, and 6 compositions). The (002) reflection,
and many other reflections with an 00!/ component were weak
or absent. A line indexed as (0010) from the NdsTisO¢7 phase
[19] is present in n=4.5 and n=5 compositions, but is absent in
n=5.5,6and 6.5 compositions. A line indexed as (0 1 11) appears in
n=5.5, 6 and 6.5 compositions. Similarly, a line indexed as (02 12)
appears very weakly in n=5.5, and is stronger in n=6 and n=6.5
compositions.

The conclusions to be drawn from the X-ray analysis is that the
preparations are multiphasic, but that the trend is to pass along the
series from Nd4 TigO14 towards Ndg TigO»g as anticipated.

3.2. Oxidation to determine oxygen content of made samples

The global composition of most samples was determined gravi-
metrically by oxidation to Nd4Ti4O14 in air at 1000°C. Table 3
shows the value of n aimed for, with both the nominal and made
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Table 3
Preparations for the Nd,Ti,O3n+2 System and summary of resistance measurements; n=4.5-6.5.
Nominal composition nd Composition (after oxidation) AP R (300K) [2] R(75K) [€2] Eq4 [meV]
NdTiO3 44 4.5 NdTiO3 476 0.036 ~15 ~200 ~67 (HT); ~17 (LT)
NdTiO3 40 5 NdTiO3 449 0.049 ~40 ~3000 ~39
NdTiO3 36 5.5 NdTiO3.414 0.054 ~5 115 ~8.6
NdTiO333 6 NdTiO3376 0.046 0.097 0.11 ~0.086
NdTiOs3 307 6.5 NdTiO3 368-3.393¢ 0.061-0.086¢ 0.004 0.098 ~140 (HT); ~9.48 (LT)

3 n=the number of TiOg octahedral layers.

b A is the excess oxygen of the prepared samples compared to the nominal compositions.

¢ ‘Oxidation’ of different parts of the same sample, showing a spread of ~0.02.

d E, is the activation energy estimated from the slope of InR v. 1/T plots; some samples showed a change in the activation energy with temperature: HT and LT stand for

high (T>200K) and low (T<200K) temperatures respectively.
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Fig. 3. Resistance-temperature data between 75K and 300K for NdTiOs476
(n=4.5 preparation), NdTiO3 449 (1 =5 preparation), NdTiO3 414 (n1=5.5 preparation),
NdTiOs 376 (n=6 preparation) and NdTiOs 363 (n=6.5 preparation).

compositions, and the excess oxygen A, for preparations of
NdjTinO3p+2. As with NdTiOs,s materials [11], the final composi-
tions typically had ~0.05 excess oxygen.

3.3. Electrical conductivity

A summary of the electrical conductivity results is shown in
Table 3, and Fig. 3. It can be seen that as n is increased, (or, as oxy-
gen is removed from Nd4TizO7), there is an overall decrease in the
measured resistances, R (300K) and R (75K). Activation energies,
Eq, of the form p ~exp(—E4/ksT) were extracted from the slope of
In(1/R) v. 1/T plots and are also tabulated with the conductivity data
in Table 3. Values of E; show a decrease with increasing n (i.e. with
increasing dimensionality).

4. Discussion

The decrease in resistance (or equivalently, the increase in
conductivity) with increasing dimensionality is consistent with
other work on similar materials [12-15]. Samples with n=6
were found to form more readily within the Nd;Ti;O3p+2 Sys-
tem, compared to the corresponding La, Ti; 03,42 System. Thus, the
increased ability to form phases with higher values of n has been
attributed to the fact that Nd has a smaller ionic radius than La
[22].

In the compound NdTiO35, or Nd4TizOq4, the crystal struc-
ture is composed of 4-octahedra-thick layers, sandwiched between
rock-salt-type layers of NdO,. For this crystal structure an ionic
model would predict that Nd4TizO14 is an insulator because local
charge balancing requires Ti to exist as Ti**. This would imply that
the d-electron levels are empty (3d°). An elementary band-theory
approach would suggest that Nd4TizO14 is an insulator because
there is an energy gap, Eg, between bands formed from the ‘full’
0-2p and ‘empty’ Ti-3d levels. When the composition is changed to
NdTiOs3 4, which forms as NdsTi5047, the average Ti valence must

be Ti38*, Assuming that the only important difference in crystal
structures between Nd4TizO14 and Nd5TisOq7 - as far as electrical
conductivity is concerned - is the thickness of the octahedral lay-
ers, then the value of Eg would be expected to be similar for the two
structures.

The decrease in resistance as n increases, measured for our sam-
ples, might be then rationalised as either holes forming in an O-2p
valence band, or, with the formation of delocalised Ti3*, possibly by
3d band conduction or by hopping conduction.

Values of activation energies are similar to those observed for
other isostructural layered systems [5], where it was also observed
that a decrease in activation energies often occurred at lower tem-
peratures (T< 150K).

Resistance measurements on single-crystal samples generally
reveal a higher resistance, or lower conductivity in the c-direction
compared to the a- and b-directions, caused by the anisotropy
in the crystal structure [5]. Due to the multi-phase nature of our
samples it is expected that our resistance measurements will be
dominated by the electrical properties of the c-direction (i.e. higher
resistivity pathways). This could explain why a sample with com-
position NdTiOs 376 was found to have negligible activation energy
(0.086 meV) but still had increasing resistance for decreasing tem-
perature, typical of semiconducting or insulating behaviour. Single
crystal samples of LasTisO17, and other n=4 and n=5 materials
[5] show anisotropic electrical conductivities with insulating or
semiconducting behaviour for the c- and b-directions and metallic
or almost metallic behaviour for the a-direction, with activa-
tion energies in the range 0.5-58 meV. Such quasi-1-dimensional
metals, which can simultaneously display high dielectric polaris-
ability in the c-direction with semiconducting properties in the
b-direction and metallic conductivity in the a-direction are very
interesting for their electrical, magnetic and optical properties.
Lichtenberg et al. [5] suggest that this quasi-1-dimensional metal-
lic behaviour is dependant on the distortion of the BOg octahedra
within the perovskite layers, with more pronounced 1-dimensional
metallic behaviour for more distorted octahedra. A structural char-
acterisation of NdsTis017 [9] found that the TiOg octahedra were
significantly more distorted than in LasTisO17 (most likely due to
the smaller Nd ion), which could imply that if careful measurements
were made on single-crystal samples, the Nd material could have
more pronounced 1-dimensional electrical properties, allowing a
clearer understanding of 1-dimensional electrical and magnetic
phenomena.

Often it is required for applications to have materials with dif-
ferent properties in close proximity. For example, capacitive based
sensors usually require high conductivity sensing electrodes sepa-
rated by a dielectric sensing material. Or perhaps magnetic-based
systems may require magnetic and non-magnetic materials to be
in close proximity. The ‘proximity’ of these properties (structurally
and compositionally) is likely to be utilised especially by systems
which need ‘integrated properties’, perhaps sensor systems such as
layered metal/insulator/metal nanostructures such as Nd;Tip 03,42
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phases with n=oo/n=4/n= oo (the phase n= oo with a small amount
of excess oxygen is metallic [11]), or Nd;TinOs,+2 phases with
n=4/n=6/n=4 to form insulator/1-dimensional metal/insulator
structures for use as improved selectivity gas sensors, or for mate-
rials/systems with electric-field controlled charge carrier density
[23].
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