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Abstract

The electrical and magnetic properties of NdJiChave been measured and correlated with unit cell parameters and composition of the
samples. NdTi@s exhibited the GdFe@type structure across the whole of the composition range, which in our investigations was found
to extend approximately from NdTiQs to NdTiOs ;5. Over this range, the lattice contracted slightly, consistent with a rotation of the TiO
octahedra in tha—cplane. At compositions closest to NdHg, the materials were semiconducting and displayed a ferromagnetic transition
at atemperature of about 90 K. At compositions above about NgiTithe materials were metallic and did not show any magnetic transitions.
Several samples of composition close to Ndfioshowed a metal-insulator transition at typicalif05 K. Electron microscopy revealed
the presence of a microdomain texture in some samples, indicating that the results apply to an average structure rather than a genuine single
phase. The results mirror those found for non-stoichiometric LaJi@&nhd can be explained in a similar fashion.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction netic and electronic properti¢8—5]. Measurements on the

system Nd_xAxTiO3 (A =Ca, Sr, Ba) have revealed the exis-
Oxides with the perovskite structure have long attracted tence of a compositionally dependent semiconductor to metal

attention because of the range of physical properties that theytransition[6] and the magnetic properties of NgTiO3 have

display and the ease with which these properties can be modbeen shown to be similar to related REi@haterials, espe-

ified by chemical procedures. The parent structure consists ofcially LaTiOs [7-11] The purpose of this paper is to ex-

a cubic three-dimensional (3D) corner-linked array ofBO tend these observations by presenting data on the variation of

octahedra, with A cations occupying the 12-coordinate cage the electrical and magnetic properties of the phase NgFiO

sites between them to give a composition of ABBowever, (Ndy TiyOz3) as a function of the composition and microstruc-

most ABG; phases show small distortions of the octahedra ture of the samples.

and off-centre displacements of the cations in the structure

which have the effect of lowering the symmetry somewhat.

One of the major structure types so produced is the GgFeO 2. Experimental

type in which a certain amount of tilt of the octahedra has oc-

curred1] as shownirrig. 1. NdTiO3 belongsto this structure The starting materials were M@3, ex Alfa industries

type and forms part of an important family of isostructural (99.99%) and Johnson Matthey “Specpure” grade,Ta@d

rare-earth titanates, RTiOwhich have been extensively in-  Ti sponge. In all preparations, the Nk and TiQ powders

vestigated structurally with a view to explaining their mag- were dried at 900C and weighed rapidly so as to minimise
composition drift due to water absorption, especially by

* Corresponding author. Tel.: +31 15 278 6518; fax: +31 15 278 6730. N0203. Appropriate amounts of these chemicals were mixed
E-mail addresse.j.connolly@its.tudelft.nl (E.J. Connolly). in an agate mortar and then pressed in a die at a pressure
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View along [001] Magnetic susceptibility measurements in the range
18-300K were carried out using a Lewis-coil force mag-
netometer.

3. Results

3.1. X-ray powder diffraction and composition

None of the starting materials were detected in any of
the reacted beads by X-ray diffraction. However, the ex-
act composition NdTi@go could not be prepared, and all
our samples were slightly oxygen-rich. The X-ray pow-
der patterns of the samples were in agreement with that
published for single-crystal NdTi#[14], but they were
Fig. 1. Aview of the NdTiQ; structure along the [0 0 1] direction, showing slightly variable from sample to sample This was par-
the slightly rotated Ti@ octahedra. . . . . .

ticularly noticeable in the sharpness of the lines and the

of 900 bar into 1-cm diameter pellets. The resultant pellets degree of splitting of the (110) and (200) pair, and is
in sealed, evacuated silica tubes at 1000for between  indexed in terms of the expected orthorhombic unit cell.
16h and 5 days, and cooled slowly to room temperature. For an annealed sample of composition NdJies a unit-

The global composition of most samples was determined Cell with a=0.5623+0.0002nm,b=0.778%+0.0001 nm
gravimetrically by oxidation to NgTi4Ois in air at andc=0.5506+0.0001 nm was found, in good agreement

1000°C. with the literature values 0A=0.5589 nm,b=0.7779 nm,
After reaction part of each sample was examined by ¢=0.5495 nn{14]. The composition range of the perovskite
powder X-ray diffraction using a Guinier-dgg focus- phase prepared in these experiments, determined from the X-

ing camera (Expectron XDC-1000) employing strictly &y powder photographs, was from approximately NcId§)
monochromatic Cu K radiation and KCl as an internal 0 NdTiOz.15 — powder patterns from samples which were
standard & = 6.2923A at 25°C). Lattice parameters were ~more oxygen-rich than this showed extra lines, which could

refined using standard least-squares technida@sl3] be attributed to the layered phases related tgMN®sn+2
X-ray diffraction data for other samples were examined via SyStem15,16} o _ .
a Siefert model XRD 3000TT diffractometer. Details of the variation of lattice parameter with compo-

Selected samples were also examined by transmissionSition are given infable landFig. 2 It was found that the

electron microscopy. For this, small pieces of the arc-melted b-axis varied less than both ttee and c-axes as the oxy-
beads were crushed undesbutanol in an agate mortar. A 9en content increased. Theaxis seemed to decrease more

drop of the resultant suspension was placed onto a cop-fapidly than thec-axis, possibly indicating that the structure
per grid that had previously been coated with a holey car- Pe€comes more cubic as oxygen content is increased.

bon film. Fragments of crystal were examined in a JEM
200CX transmission electron microscope fitted with a go-

niometer stage operating at 200kV and equipped withaLaB  The microstructure of the NdTi§s phase was variable.

filament._ . Sometimes crystal fragments showed a mottled contrast cor-
Electrical resistance of the samples was measured from 77
0.78

to 300 K using a standard four-probe method. For the purpose 2 0se2f

of these measurements, the arc-melted beads were ground 08 (sl 1; T 0.7795
two parallel faces using standard wet/dry grinding/polishing &z

techniques. Resistance measurements were performed usin £ "7 | ——=—=_ , [l
an evacuated Oxford Instruments type CF1104 cryostat, with %3¢ T e +0.7785
an ITC-500 temperature controller. The sample temperature 3 055 T
was held at the set-point temperature for about 30 min before = o.552 +
taking any measurements, to ensure that thermal equilibrium-z 55 — " ——my = 707775
had been established. A test current supplied by a Keithley 3 ., 1 1 : 1 , , e
type 224 constant current source was monitored via a Keithley 004 006 008 01 012 014 016 0.18
type 181 nanovoltmeter. The temperature was monitored by 5

means of an Au—0.3%Fe/chromel thermocouple. The whole

process was automated and monitored by purpose-writtengig. 2. variation of the lattice parameters of NdFiQas a function of
software. error bars indicate the uncertainty in the valué.of

3.2. Transmission electron microscopy

T 0.778

b lattice parameter (nm)
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Table 1
Lattice parametefsfor NdTiO3.5
sb a(d) b (A) c(A) Cell volume @3) R(Q)

300K 75K

0.068 5.623t 0.0016 7.78%0.0012 5.506:0.0012 241.149 2.8 ~200
0.11A 5.599+0.0015 7.785:0.0016 5.50%0.0016 239.778 45 ~250
0.11B 5.60Gt 0.0015 7.786:-0.0017 5.502-0.0017 239.896 0.01 .07
0.147 5.592+ 0.0019 7.783:0.0020 5.49% 0.0021 239.243 0.045 .2
0.23 5.592+ 0.0020 7.773:0.0040 5.478 0.0070 238.110 0.23 02

a Lattice parameter refinement using standard least-squares techdig e
b The value ofs shown (in NdTiQss) is that obtained gravimetrically after oxidation to Ni;O14 (NdTiO3 5). The samples witli=0.11A ands=0.11B
were insulating/semiconducting and metallic (with a M-I transitiol -at105 K), respectively (se€ig. 3).

responding to a microdomain texture, while other fragments smoothly as the oxygen content increased. At compositions
showed no microdomains or other defects except those at-greater than about NdTi#) 1, metallic (i.e. decreasing re-
tributed to fracture damage. In a similar way, some electron sistance with decreasing temperature) behaviour was ob-
diffraction patterns indicated that a supercell existed in which served. Activation energiegs, estimated from the slope of
the a and ¢ parameters were double that found by X-ray In(R) versus 1T plots were~65 meV for boths =0.068 and
diffraction. These effects are very similarto those found inthe 0.11A samples. Metallic, or almost temperature-independent
Nd,TioO7—SrTiO; system and illustrated earlig5,16] so resistance properties were found in all samples in which
will not be shown here. In samples with an overall composi- the (3D) NdTiG.s; phases coexisted with layered per-
tion of above approximately NdTi}, electron microscopy ~ ovskite (2D) phases, provided that the (3D) perovskite
showed that the perovskite phase co-existed with ordered lay-phase was in the majority — see the 0.23 data shown in
ered perovskite phases of general formula NgO3n+2, as Fig. 3
well as disordered structures very similar to those described The resistance of the metallic samples at 300 K was gen-
previously. erally between 0.01 and 01 (see alsdable ). For several
samples of composition close to NdBQ a metal to insula-
tor transition occurred at typically ~ 105 K, similar to the
§=0.11B data shown ifig. 3.

The preparation method utilised did not always give ho-
mogeneous samples, and sometimes different fragments o 4. Magnetic susceptibility
an arc-melted pellet showed slightly different conductivity.

This was so even for samples annealed under vacuum for 5 The DC magnetic susceptibility data for three samples are
days. The conductivity results did though, present a consis-shown inFig. 4. Also shown in the inset dig. 4 are plots
tentpattern overall, with annealed samples showing improved of reciprocal susceptibility versus temperature. The samples
consistency. NdTiOs+s with §=0.07 (insulating) and =0.11 (metallic)
Samples which were closest in composition to N&IiO  show ferromagnetic transitions as can be seen in the re-
behaved as insulators/semiconductors (i.e. increasing re<iprocal susceptibility data, while the sample with 0.23
sistance with decreasing temperature). Typical resistance—(a|50 metallic) does not. The transition temperatufeg,
temperature curves are shownfiy. 3. The resistance of  for the §=0.07 and 0.11 samples, are approximately 90 and
these (semiconducting/insulating) samples at 300K was of 5o K, respectively. Plots of susceptibility with field, shown
the order of 1-1®@ (see alsdTable J), and this decreased jn Fig. 5, confirm the occurrence of ferromagnetism below
Tem. The sample witts =0.07 shows field-dependent mag-
1000 o050 | netic susceptibility at temperatures below the magnetic or-
—m 0115A dering temperature, both while increasing and decreasing the
field (for clarity only the increasing field data is shown, but
the decreasing field data was almost identical). In contrast,
the sample with$ = 0.23 does not show any significant field
dependence (see inset Big. 5. For the samples=0.07
and 0.11, a Curie—Weiss fit of the reciprocal magnetic sus-
ceptibility data well aboveTgy gave Weiss temperatures
of ~—25K, indicating a high-temperature antiferromagnetic
order.

3.3. Electrical conductivity
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Fig. 3. Temperature variation of the relative resistaRCE/R(300 K) for

NdTiOs+s, §=0.068, 0.11A, 0.11B, 0.147, 0.23. 1 The layered (2D) materials Nli,Ogn+2 are electrically insulatinff. 7].
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Fig. 4. Temperature variation of the magnetic susceptibility and inset, reciprocal magnetic susceptibility, ofNdiit® §=0.07 Tgm ~ 90K; insula-
tor/semiconductor)j=0.11 (Tem ~ 60 K; metallic), andd = 0.23 (no magnetic transition observed down to 18 K; metallic).

4. Discussion cause in our preparations the Nd:Ti ratio was maintained at
1.1, and because oxidation did not show any other phases

The present study shows that the Nd¥ipQphase was apart from NdTi4O14, it is likely that this ratio still holds
oxygen-rich in our preparations. Moreover, the samples werein the perovskite phase. In such a case, the composition of a
never completely homogeneous. Nevertheless, the results obgiven sample would involve vacancies on both the Nd and Ti
tained are internally consistent and allow one to arrive at sites, leading to a formula N@iyO3 o which includes a small
reasonable conclusions about the material. In general, we espopulation of T#* ions present to maintain charge balance.
timated a (single phase, 3D perovskite) composition range  The fact that the unit cell decreases (Jedle ) as the
from (probably below} ~ 0.05 to~0.15 for our specimens.  composition becomes oxygen-rich supports a vacancy hy-
It is likely, in common with other non-stoichiometric oxides pothesis. Additionally, substitution of ¥ (rionic ~ 0.81,&)
that this composition range is temperature-sensitive. Carefulby Ti** (rionic ~ 0.745,&) contributes to the lattice contrac-
equilibration experiments are needed to map it fully. tion. It is seen that the-axis hardly changes, which means

It is unlikely that the material contains an excess of oxy- that the actual dimension of the octahedra (or at least the
gen over the composition NdT¥, and the true composition  octahedral diagonal) alters very little. The changes observed
is probably better represented by N @Oz, that is to say, are then consistent with a rotation of the octahedra imtice
there is a population of vacancies on either the A (Nd) sites plane towards a more cubic orientation, coupled with a slight
or the B (Ti) sites or on both. In terms of an ionic model, contraction due to the vacancy population plus the partial
the charges on both the Nd (3+) and O-{2are fixed but substitution of smaller i for Ti®*. In our samples, this pro-
the Ti can adopt a nominal charge of either 3+ or 4+. Be- cess was stable up to a composition of about NdT€that
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Fig. 5. Field variation of magnetic susceptibility (increasing field) for N&li@and inset for NdTiQ »3.
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is to say about NglgsTio.9503.00, after which layered phases
of the Nd, TinOsn+2 System[16] started to appear.

The domain contrast observed via transmission electron  E.J.C. is indebted to the School of Engineering, University
microscopy[15,16]may also be associated with this vacancy of Cardiff, for a grant that made this study possible. The
population. Similar contrast has been reported for LaTiO authors also thank J. Sloan for assistance with the electron
[9], Ndx TioO7—SrTiO3 [15,16]and La sLig 5TiO3 [18]. This microscope study.
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