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THE METAL-INSULATOR TRANSITION OF RNiO3 PEROVSKITES
What can we learn from neutron diffraction?

MARIA LUISA MEDARDE
Laboratory for Neutron Scattering, ETH Zurich & Paul Scherrer Institute

CH-5332 Villigen PSI, Switzerland.

ABSTRACT
RNiO3 perovskites (R = rare earth) provide a remarkable opportunity to study the relationship
between structural and physical properties since by moving along the 4f rare earth series, the
evolution of several transport and magnetic properties can be nicely correlated to the steric
effects associated with the lanthanide contraction. The most appealing example is probably the
metal-insulator transition discovered for the compounds with R * La, whose critical temperature
TM-I increases with decreasing size of the rare earth ion. In this lecture, a summary of the most
relevant neutron diffraction results on this system is presented. Moreover, the nickelates are used
as an example to illustrate the performances of the diffractometers HRPT and DMCG to be
installed at the SINQ.

1. Why RNiO3 perovskites?

Very few systems allow the study of the relationship between structural changes and
physical properties in such a clear way as RNiC>3 perovskites (R = rare earth).
Synthesized for the first time by Demazeau et al. [1] in 1971 and completely forgotten for
almost twenty years, these compounds have regained interest since the discovery of high
temperature superconductivity and giant magnetoresistive effects in other perovskite-
related systems.

Although the nickelates do not display any of these exotic properties, they are,
together with cuprates and manganites, one of the rare families of oxides which show
metallic conductivity. Moreover, resistivity measurements have revealed the existence of
a very sharp metal-insulator (M-I) transition in the compounds with R * La [2, 3] (see
figure la). The evolution of TM-I along the series can be correlated with the degree of
deviation of each compound from the ideal perovskite structure, which increases as La is
substituted by the smaller rare earth ions. Moreover, the M-I transition is accompanied by
a small expansion of the unit cell volume (about 0.2%, see figure lb) [4]. For the earliest
members of the series (PrNiC>3 and NdNiC>3), a sudden appearance of 3D (three-
dimensional) ordered magnetic moments at the Ni sites has also been observed
simultaneously with the electronic localization. In contrast, for the remaining rare earths,
the onset of the Ni magnetic ordering takes place at a temperature TN considerably lower
than TM-I (see figure lc).
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In spite of some theoretical calculations [5], which suggest a charge-transfer nature
for the gap, the mechanism responsible for the M-I transition is controversial at the
present time [6]. Although several origins can b.e considered, the main difficulty,
especially for the Pr and Nd compounds is to establish the hierarchy between the three
kinds of effects (structural, electronic and magnetic) which coexist at
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Figure 1.
a) Electrical resistance of
LaNiO3, PrNiO3, NdNiO3

and SmNiC>3 showing their
metal-insulator transitions.

b) Temperature dependence of
the relative unit cell volume
showing the anomaly at TM-I-
c)Paramagnetic fraction as
determined from muon+ - spin
rotation experiments, which
drops suddenly at the
antiferromagnetic ordering
temperature (from ref. [3],
reproduced with permission
of the authors).
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In this lecture, a summary of the most important neutron diffraction results on this
system will be presented. The main objective will be to show how this technique has been
the fundamental tool for the understanding of the unusual properties concomitant with the
M-I transition. In addition, the nickelates will be taken as example for a comparison of
the performances of 5 constant wavelength neutron diffractometers (2 from ILL, one
from the reactor Saphir and two from SINQ). Thus, in each section, the description of the
experimental results and the subsequent interpretation will be followed by a computer
simulation showing what would be obtained on each instrument.
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3. Resolution functions of the diffractometers D2B, DIB, DMC, DMCG and HRPT

The diffractometers chosen for the simulation are D2B and DIB (currently at the
ELL), HRTP and DMCG (to ne installed at the SINQ) and DMC (operating at the reactor
Saphir until end 1993). Three of them are optimised for high resolution (HR) structural
studies (D2B, HRPT and DMC in HR mode) whereas the three remainders are more
suitable for applications where high neutron fluxes (HI) are required. The resolution
functions of each diffractometer, calculated with the technical parameters listed on table
I, are displayed in Fig. 2. The best resolution corresponds to D2B, followed by HRPT,
DMC (HR), DMC (HI), DIB and DMCG. The fluxes at the sample position are inversely
proportional to the resolution. Nothe that the "first day" operating conditions have been
choosen for HRPT and DMCG (HI modes). When the nominal neutron flux will be
reached (= 2 times larger), other options allowing higher resolution measurements will be
also operative (see the notes of Peter Fischer's lecture).
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Figure 2. Resolution functions of the 5 diffractometers as a function of Q. a) FWHM. b) Ad/d.
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Instrument 6M Reflection p X U V W

D2B (ffl)a)
HRPT (HI)(2)
DMC (HR)
DMC (HI)
DIB
DMCG (HI)C

135
120
60
60
44.22

*) 40.80

Ge335
Ge511
Ge311
Ge311
PG002
PG002

20
13
20
20
40
40

1.594
1.886
1.71
1.71
2.52
2.338

0.1525
0.2963
0.8485
2.6667
1.0540
9.0863

-0.3682
-0.5132
-0.8398
-1.5396
-0.4520
-2.7198

0.3032
0.2835
0.2915
0.3588
0.1880
0.2835

Table I. Some technical parameters of the diffractometers. Here, 8 M is the take-off angle of the
monochromator, P is the mosaic spread, X is the wave length and U, V and W the coefficients of the
Cagiotti, Paoletti and Ricci formula for FWHM [7].
(1) These parameters correspond to the old monochromator working on HI mode. Since spring 1996 D2B is
euiped with a new composite Ge 335 monochromator.
(2) First-day conditions.

3. Crystallographic structure of RNiC>3 perovskites

From the structural point of view, the RNiC>3 compounds are orthorhombically
distorted perovskites [8]. The aristotype of this structural family, whose chemical formula
can be written in a general way as ABX3, is the mineral "perovskite" (CaTiC>3). The ideal
cubic structure, which is displayed by CaTiC>3 above 900 °C, consists of a 3D array of
corner-sharing BX$ octahedra, located at the nodes of a simple cubic lattice (see Fig. 3).
At the center of the unit cell ((1/2 1/2 1/2) position) there is room for the A cation, which
will fit perfectly if the following condition is fufilled:

dA.x = dB.x<2 (1)

OA

• B

O X

Figure 3. The ideal perovskite structure.

The stability of the perovskite structure requires X to be an anion and B a cation
showing preference for octahedral coordination. The A position must be occupied by a
cation with the adequate oxidation state (in order to assure the electrical neutrality) and
whose size satisfies the condition (1). In the case of the RN1O3 perovskites, the rare earth
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is too small to satisfy this criterion. Thus, the NiOg octahedra, which have been found to
remain practically undistorted along the series, are tilted to fill the extra interstitial space.
These rotations cause the unit cell to be smaller and more distorted than the ideal cubic
cell. Since the magnitude of this distortion is related to the relative distances d^i-o and
dji.Q, it can be discussed in terms of the tolerance factor [9] defined as

(2)

Experimentally, it is observed that when t is slightly less than 1, the NiC>6 octahedra
are rotated around the [11 l]-axis [10]. For even smaller t, the octahedra tilt around the
[110] and [001] directions, resulting in the orthorhombic GdFeC>3 structure [11]. For t <
0.7 other, non-perovskite structures are preferred[8].

The crystallographic structure of the nickelates with R * La is orthorhombic (Pbnm
space group with a unit cell two times larger than the cubic parent shown in Fig. 3).
LaNiC>3 is, however, rhombohedral (space group R3c) and displays a unit cell 6 times
larger. In figure 4 we have represented the variation of the lattice parameters as a function
of the tolerance factor. From this picture we deduce that the orthorhombic distortion,
which becomes more important with decreasing radius of the rare earth ion, is stable
from t « 0.861 (Lu) to t = 0.922 (Pr). In the case of LaNiO3, the high value of the
tolerance factor allows the less distorted rhombohedral structure to be stabilized.

5.6

0.86 0.87 0.88 0.89 0.9 0.91 0.92 0.93

Tolerance factor

Figure 4 Variation of the cell parameters as a function of the tolerance factor in the RNiO3 series.

An interesting trend, which has been observed in all the presently available
nickelates, is the quasi-invariance of the average Ni-0 distance (see Fig. 5). The NiC>6
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octahedra behave approximately as rigid bodies, the departure from the ideal perovskite
structure along the series being due to their cooperative tilts. The cosine of the tilt angle co
is, to a first approximation, a linear function of TM-I-[12] Although this tendency has to
be tested for the remaining nickelates (from EUN1O3 to LuNiC>3 ), it strongly suggests that
this angle is the relevant structural parameter controlling the evolution of TM-i along the
series.

4. Structural changes across the M-I transition

The variation of the unit cell volume is the result of a small increase in the Ni-O
distance (0.2 %) and a simultaneous decrease of the Ni-O-Ni superexchange angle 6 (0.4
%, see Fig. 5). Here, 8 is defined as 8 = n-2(a, where £0 is the tilt angle of the NiC>6

1.9S5

100 200 300 400 500

Figure 5. Thermal evolution of a) the average Ni-O distance and b) the average Ni-O-Ni angle for RNiO3-
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octahedra. The collective displacement of O atoms, shown schematically in figure 6,
corresponds to coupled tilts of the octahedra in the sense of increasing rotation angles
around the b and c axes. In other words, the structural changes simply consist of an
enhancement of the orthorhombic distortion. Thus, within the experimental uncertainty
imposed by the resolution, the crystallographic structure at T < TM-I is also well described
in the space group Pbnm.

A very interesting feature of this subtle structural transition is that the oxygen
displacements seem to be merely a regular accommodation of the perovskite framework
to the sudden enhancement of the Ni-0 distance. All happens as if a certain (probably
electronic in origin) mechanism produces at T = TM-I a sudden increase of the Ni-0
distance and then, the structure reacts in a purely steric way by increasing the tilt angle of
the octahedra. The magnitude and sign of the variation of the Ni-O-Ni angle 9 can be
easily derived by using the following expression [4]

(3)

The substitution of ^dm-o by the observed value across the transition obtained from
neutron diffraction measurements (« 0.0035 A) yields to AQNI-O-M- -0.46°. This is the
expected A6 value if steric effects predominate. Looking at the figure 4, we see that it has
the same sign and the same order of magnitude as the A8 experimentally determined.

a

Figure 6. Scheme of the atomic displacements across the metal-insulator transition.
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Fig. 7 shows the neutron diffraction patterns of PrNiC>3 calculated by using the A,,
angular range and resolution functions of the 6 diffractometers described in section 2. The
counting statistics is the same for all the patterns (15000 neutron counts). Note that in the
abcises we have used Q instead of 26 in order to facilitate the comparison between the 6
sets of data.
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Fig. 7. Calculated neutron diffraction patterns of PrNi(>3.
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Figs. 8 and 9 show the values of the average Ni-0 distance dNj_o and the average Ni-
O-Ni superexchange angle 6 obtained from Rietved refinements of those patterns. Note
that the small variations of </M-0 and 8 at TM-I are only observable with D2B, HRPT and
DMC (HR). With the other diffractometers, the size of the errors is too large to separate
the points before and after the M-I transition. Note also that HRPT is a very promising
machine for such kind of studies. Taking into account that the simulation was made by
using the "first day" SINQ conditions, it is reasonable to expect resolutions and counting
times very close of that of D2B when the nominal source conditions will be operative.
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Fig. 8. Temperature dependence of the average Ni-0 distance for PrNiC>3 (note the step at T^.j = 130K).
The data are the results of the Rietveld refinements performed for the simulated powder neutron diffraction
data displayed in Fig. 7.
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Fig. 9. Temperature dependence of the average Ni-O-Ni superexchange angle for PrNiC>3 (note the step at
TM-I = 130K). The data are the results of the Rietveld refinements performed for the simulated powder
neutron diffraction data displayed in Fig. 7.

5. Magnetic structure

5.1. Ni sublattice
The proposed magnetic structure (Ni sublattice) for PrNiC>3, NdNiC>3 and SmNiC>3

[13, 14] is shown in figure 10 (k = (1/2 0 1/2), fiNi =* *M«)- The most interesting (and
surprising!) feature of such a magnetic arrangement is that it supposes the existence of an
equal number of ferromagnetic (F) and antiferromagnetic (AF) couplings between
nearest-neighbours. In other words, each Ni magnetic moment is coupled with three of its
six nearest-neighbors via an AF interaction (full lines), whereas the coupling with the
three remainders is F (dotted lines). As far as we know, this magnetic arrangement is
unprecedented in an oxide with perovskite structure.
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Fig. 10. Magnetic structure of RNiO3 perovskites. a) as predicted by Demazeau. b) As found experimentaly (only Ni sublattice).
c). The same as b) but by including the rare earth sublattice.
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5.2. Rare earth sublattice
Whereas in PrNiC>3 no traces of cooperative magnetic ordering have been found in the

Pr sublattice, the sharp rise of some magnetic reflections observed below ~ 30 K indicate
the existence of induced magnetic ordering of the rare earth moments in NdNiC>3 and
SmNiO3.

The proposed magnetic structure below 30 K [14, 15] is shown in figure 10c. Notice
that, due to the particular arrangement of the Ni magnetic moments, the exchange field at
the R3+ positions is practically zero in half of them (z=3/8,7/8) and different from zero in
the other half (z=l/8, 5/8). The consequence is the existence of two different values for
the rare earth magnetic moment (big and small arrows at the R positions in figure 9c)
which, at T = 1.5 K are 2.0(2) - 0.8(2) \iB and 0.33(5) - « 0 OB for NdNiO3 and SmNiC>3,
respectively.

5.5. Comparison of the diffractometers
Due to the smallness of the Ni magnetic moment in RNiC>3 perovskites (=1|1B)» high

intensity neutron diffraction experiments were necessary to determine the magnetic
structure. The very first were made on DIB. After 10 minutes, a spectrum with about
35000 counts (larger nuclear peak) was obtained. The reflections associated to the three-
dimensional magnetic ordering were about 40 times smaller than the largest nuclear
reflection. With the statistics of such a pattern, the magnetic moment of Ni can be
determined with an accuracy of about 5% (0.87(5) \i&).

The approximate counting times needed to get the same statistics with the other
diffractometers are displayed in table n . Note the difference between the high resolution
and high intensity instruments. Note also that DMCG, even operating with the first-day
conditions, will be a very promising machine for magnetic studies (just 4 times slower
than DIB).

A comparison of the sensibilities of the 6 instruments for equal counting times has
been performed by simulating the PrNiO3 patterns which would be obtained on each
instrument after 10 minutes. The refined magnetic moments of Ni are displayed on the
last column of table II. Although in almost all the cases the errors are smaller than the
refined value (DMC in high resolution mode is the only exception), it is clear that the
large counting times needed to get a reasonable accuracy prevent the use of the three high
resolution machines for this kind of studies.

Instrument

DIB
DMCG (HI)
DMC (HI)
DMC (HR)
HRPT(HI)
D2B (HI)

26
step

0.2
0.2
0.2
0.1
0.1
0.1

angular
range

80
80
80

135
160
160

detector
positions

1
1
1

4
1

25

counting time

Id)
4(2)

10 0)
160(D
20(2)
20(D

refined UNI (UB)

0.87(5)
0.86(5)
0.9(2)
1(4)
0.8(4)
0.8(4)

Table II. Measuring conditions, counting times and values of the refined Ni magnetic moment for the 5

diffractometers.

(D Determined experimentaly.

(2) Estimated taking into account a) the calculated SINQ flux ("first day"), the detector efficencies and, for

DMCG, the material of the neutron guide.
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6. Interpretation of the magnetic structure: the orbital ordering

In RNiC>3 perovskites, the Ni3+ ions have the 3d7 configuration. Because they are
located in octahedra with relative small Ni-0 distances (= 1.94A), the crystal field leaves
the degenerancy of the 3d orbitals in the way shown in Fig. H. As the energy separation
betweenthe t2g and eg levels is large enough to overcome the first Hund rule, the triplet t2g

is completly occupied. The remaining electron is then in the doubly degenerated eg level,
giving rise to the experimentally observed magnetic moment (= 1|XB) (note that, if the
crystal field splitting were smaller than the intra-atomic exchange energy, the moment of
Ni would be = 3 | IB)

If this single eg ' electron is located either in the 3dx2-y2 or in the 3d3Z2-r2 orbitals, the
Goodenough-Kanamori rules predict the existence of AF coupling betwen the S=l/2 Ni111

low spin magnetic moments. The expected magnetic structure is shown in figure 10a. The
experimentally observed arrangement in PrNiC>3 and NdNiO3 is, however, very different
(Fig. 10b), and it is in contradiction to a uniform distribution of the eg orbital.

f
e (dx2-y*, ctaz'-r1)

3 d 7
ntm+ /

\\ t* n t+
d x z )

bM=b

Figure 11. a) Schema of the crystal field splitting of the Ni 3d orbitals in an octahedral environement.
b) Schematic representation of the orbital superlattice in the nickelates.
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A possible explanation has been proposed by Garcia Mufioz et al. [13] following the
theoretical calculations of Cyrot and Lyon-Caen [16]. These authors suggest that the
actually observed magnetic structure results from the set-up of an orbital superlattice.
Thus, whereas the t2g orbitals are expected to be fully occupied, the 3dx2-y2 and the
3d3Z2-r2 orbitals are probably not degenerate due to the orthorhombic distortion. But the
difference in energy between them may be very small, perhaps not very different from the
intra-atomic ferromagnetic exchange. Thus, the competition between intraatomic
exchange correlations and the energy gain by the electrons occupying the lower energy
orbital can lead to a ground state in which the lattice breaks up into two sublattices, each
with predominantly one of the 3dx2-y2 or the 3d3z2-r2 orbitals half occupied. The nearest
neighbouring Ni atoms with the eg electron in the same orbital will be then AF coupled
and those with a different orbital occupancies will prefer to align their S = 1/2 spins
parallel. This situation is schematically shown in figure 11.

Another mechanism which may induce an orbital ordering is the the cooperative
Jahn-Teller effect. This is for example the case of LaMnC>3 [17] In this compound, the
electronic configuration of Mn3+ is t2g

3 eg1. To break the degenerancy of the eg1 orbitals, a
strong elongation of the MnC>6 octahedra takes place. Thus, the 3d3Z2-r2 orbital has lower
energy than the 3dx2-y2 and the eg1 electron will be exclusively located in it. In this case
the orientation of the eg orbitals can be directly deduced from the alternating arrangement
of the elongated MnO6 octahedra. In RNiC>3 perovskites, however, no appreciable Jahn-
Teller distortion has been observed, the existence of an orbital superlattice being
invoked uniquely to explain the existence of such an unusual magnetic structure.

If the orbital ordering produces a significative distortion of the NiO6 octahedra, it
could be possible to observe superstructure peaks corresponding to the propagation vector
k = (1/2 0 1/2) in the paramagnetic insulating state. The ideal nickelate to test this
hypothesis is SmNiC>3 because in it, the magnetic and the M-I transition are well
separated (for Pr and Nd the reflections associated to the orbital superlattice will be
superimposed to the magnetic reflections). Thus, we have attempted to detect the
signature of the orbital ordering (that we assume to be established in the insulating
regime) by a high intensity neutron diffraction measurement on DIB. The difference
pattern between low (insulating state) anf high (metallic state) temperature is shown in
Fig. 12.

We could not see any indication of superstructure peaks. However, we could find a
upper limit for their size. Taking into account that the most intense peak has 5xlO6 counts
and that the statistical noise is about 500 counts, the superstructure reflections, if existing,
should be at most 104 times smaller than the largest diffraction peak. Our conclusion is
that, if the orbital ordering exists, it is not possible to detect it with the available neutron
fluxes for powder neutron diffraction. Single crystals and/or high intensity x-ray
synchrotron investigations are then of absolute necessity to unambiguosly state that the
orbital ordering is a relevant concept in these materials. Another possibility is that our
ideas about superexchange interactions are too simplistic and the Googenough-Kanamori
rules do not apply to the present system. In any case, the existence of other subtle
interactions able to stalilize the observed spin arrangement should not be disregarded.
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Fig. 12. Difference pattern showing the absence of superstructure peaks in the insulating paramagnetic state

of SmNiO3- The arrows indicate the positions corresponding to the propagation vector k = (1/2 0 1.2).
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