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Abstract. RNiOz 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 Ra, whose
critical temperaturel),_; increases with decreasing size of the rare earth ion. On the other
hand, several experimental results show that in RNp@rovskites the degree of Ni 3d-O 2p
hybridization is extremely high. The purely ionic @i O>~) configuration, first suggested by
neutron diffraction experiments, has been then substituted by a ground state wheré2fe 3d
(Ni¥t 0%7) and 3&L (Ni*t O~) configurations are strongly mixed. In this paper, a summary

of the scientific work performed on the RNiGystem during the last 6 years is presented.
The results of the different experimental techniques are successively reviewed, with special
emphasis on the relationship between the structural and the physical properties. The possible
mechanisms responsible for the metal-insulator transition, which is the major open question for
RNiO3 perovskites, are also discussed.
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1. Introduction

Very few systems allow the study of the relationship between structural changes and physical
properties in such a clear way as RNiQerovskites (R= rare earth). Synthesized for
the first time by Demazeaet 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) transition in the compounds witi Ra [2, 3] (see figure 1(a)).
The evolution of F,_; 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-sized rare earth ions. Moreover, the M-I transition is accompanied by a small
expansion of the unit cell volume (about 0.2%, see figure 1(b)) [4]. For the first members
of the series (PrNi@and NdNiQ), a sudden appearance of 3D (three-dimensional) ordered
S = 1/2 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 tempera@yyeconsiderably lower thaf,,_; (see
figure 1(c) and table 1).

Table 1. Room-temperature structural data, M-I temperature and thel mperature for
RNiOs perovskites.

S.G. a(A) b (A) ¢ (A) t dyi—o (B) 6 () Tu-1 (K) Ty (K)

LaNiOs R3c 5.4573(1% 5.4573(1% 13.1462(3} 0.9856 1.935(H) 165.2(1}% metallic paramagnetic
PrNiOs  Pbnm 5.4193(1} 5.3801(1} 7.6263(1} 0.9751 1.942(® 158.7(1} 130° 13C¢°
NdNiO3 Pbnm 5.3891(3} 5.3816(2} 7.6101(3} 0.9711 1.942(® 157.1(6% 200° 20CF
SmNIO; Pbnm 5.3252(2Y 5.4247(2Y 7.5608(2§ 0.9642 1.949(8) 153.4(1} 400 225°

EuNiOz Pbnm 5.293(2) 5.466(2) 7.542(3) 0.9620 9 147.9 420 209%e
GdNiOs Pbnm 5.258(2) 5.492(2§  7.506(3) 0.9569 ¢ 143.1 9 1809
DyNiOz Pbnm 5.212(2% 5.500(2  7.445(3) 0.9507 ¢ 139.8' 9 16391
HoNiO3 Pbnm 5.181(2) 5.510(2)  7.425(3) 0.9460 9 136.2' 9 1489
YNiO3  Pbnm 5.178(2) 5.516(2§  7419(3§ 0.9452 ¢ 135.8 9 145
ErNiOz Pbnm 5.160(2) 5.514(2) 7.381(3} 0.9423 ¢ 135.4 9 1449i
TmNiOz Pbnm 5.149(2) 5.495(2) 7.375(8) 0.9379 ¢ 135.4 9 1481
YbNiO3 Pbnm 5.131(2) 5.496(2) 7.353(3) 0.9354 9 134.9 9 1389
LuNiO3 Pbnm 5.117(2) 5.499(2) 7.356(3) 0.9318 9 132.8' 9 13¢¢

@ Neutron diffraction data [4].

b From [2].

¢ From neutron diffraction [27].
d Neutron diffraction data [28].
€ From u+SR [3].

f X-ray diffraction data [1].

9 Not measured.

h Calculated from the cell parameters given in [1] by using the relatienr — 2a coga?,/2/bc).
i From [3].

I Extrapolated.

k From susceptibility data [1].

Concerning the electronic structure, the value of the magnetic morsenfug) first
suggested a ground state not too far from the purely ionic Ni Gd2@ (Ni®t 0%°)
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Figure 1. (a) The electrical resistance of LaNyOPrNiOz, NdNiOs and SmNiQ showing their
metal-insulator transitions. (b) The temperature dependence of the relative unit cell volume
showing the anomaly &fy,_;. (c) The paramagnetic fraction as determined from muspin
rotation experiments, which drops suddenly at the antiferromagnetic ordering temperature (from
[3], reproduced with permission of the authors).

configuration. However, recent spectroscopic measurements indicate that the degree of
hybridization between the Ni 3d and O 2p orbitals is extremely high [5—7]. A description
including covalency has then been proposed by several authors. The ground state is then
described agw?® , ) = «|3d2p°) + B3P L), the weight of the 38 L configuration

ranging between 30 and 70%.
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In spite of some theoretical calculations [8], which suggest a charge-transfer nature for
the gap, the mechanism responsible for the M-I transition is controversial at the present
time [5]. Several origins can be considered, but the main difficulty, especially for the Pr
and Nd compounds, is to establish the hierarchy between the three kind of effect (structural,
electronic and magnetic) which coexist@j_;.

Before proceeding to a more detailed presentation of the physical properties og RNiO
perovskites, we would like to recall an important feature of these oxides, namely, their
perfect oxygen stoichiometry. In contrast to the highsuperconductors, where the
non-stoichiometry is the basic tool to change the physical properties, Rpkvskites
transform from metals to insulators, or from paramagnets to antiferromagnets, just by
changing the temperature. Thus, all the difficulties associated with the description of the
local disorder, which constitute one of the major problems found by the theoreticians trying
to give a proper description of the ground state of the Higlsuperconductors, are absent
from the nickelates.

Finally, it is important to stress that the basic feature which makes this system an almost
ideal ‘text-book example, is theontinuousand monotonic dependence of the physical
properties upon the size of the rare earth. This fact provides a remarkable opportunity to
verify (or even to establish) several empirical relations, as well as to test some theoretical
results concerning magnetism and M-I transitions.

In the following text, we present a summary of the experimental work made on this
system during the last 6 years, as well as some (not yet published) recent high-pressure
and very low-temperature results. The structural, magnetic and electronic properties will
be successively reviewed, with an effort in each section to relate the results to those of
the previous ones. In conclusion, a phase diagram relating structural changes and physical
properties will be proposed.

2. Synthesis

As pointed out in the introduction, the RNi@ompounds were prepared for the first time by
Demazeatet al in 1971 [1]; they succeeded in synthesizing the whole series of nickelates
except those containing Ce, Pr and Tb (probably due to the intermediate 11I/IV oxidation
state of these rare earth ions). Surprisingly, no studies (except for the first member of the
series, LaNiQ@) have been published since this date up to 1989 [9]. The reason for this
apparent lack of interest was in fact the extreme experimental conditions needed to carry
out the synthesis procedure. Thus, whereas Ni(ll) oxides are in general easily synthesized at
low oxygen pressures(l bar) and high temperatures (800-1009, the oxidation of Ni to
Ni(lll), necessary to obtain RNiQperovskites, does not proceed in the former conditions,
and either higher pressures or lower temperatures are necessary to stabiliz&" ti@nNi

In their original work, the Bordeaux group used a mixture @OR NiO and KCIG
in molar proportions 1:2:1.5. A few grams of this mixture, enclosed in a sealed platinum
crucible, were introduced into a ‘Belt’-type pressure generator equipped with a microfurnace,
and heated at 95@ at a pressure of 60 kbar. With this procedure, the thermal
decomposition of the potassium chlorate produesitu a very high oxygen pressure,
which allows the stabilization of the+43 oxidation state of Ni. This procedure has the
advantage of being very fast, but unfortunately, the experimental set-up (‘Belt’ pressure
device) is not easily available for most inorganic chemistry laboratories. Moreover, the
small volume of powder obtained in every synthesis (a few cubic millimetres) made it
rather tedious, especially if a large volume of sample was needed for further measurements.

Recently, alternative procedures have been described by different authors [9,2]. The
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Figure 2. (a) The ideal perovskite structure (cubic ﬁ’mm). (b) Rhombohedral distortiorR@c).
(c) Ortho-rhombic distortion Rbnm).

major interest of these new methods of synthesis is the fact that only moderate oxygen
pressures and/or temperatures are needed. Thus, Vasgil@(i9] succeeded in preparing
NdNiO3 at 650°C in 1 bar oxygen, and Lacorret al [2] were able to obtain LaNiQ
PrNiOs;, NdNiOs;, SmNiIO; and EuNiQ at 1000°C and 150-200 bar. Other important
advantages are (i) the better availability of the equipment, (ii) the possibility of producing
larger amounts of sample and (iii) the availability of samples as sintered pellets, which is
very convenient for performing transport measurements.

3. Crystallographic structure

3.1. Introduction

From the structural point of view, the RNiGcompounds are orthorhombically distorted
perovskites [10]. The aristotype of this structural family, whose chemical formula can be
written in a general way as ABxX is the mineral ‘perovskite’ (CaTi§). The ideal cubic
structure, which is displayed by CaTj@bove 900C (see figure 2(a)), consists of a 3D
array of corner-sharing BXoctahedra, located at the nodes of a simple cubic lattice. At
the centre of the unit cell ((1/2 1/2 1/2) position) there is room for the A cation, which will
fit perfectly if

di_x = dp_xV2. 1)

The stability of the perovskite structure requires X to be an ani@ghBam 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 RNi@erovskites, the rare earth is too
small to satisfy this criterion. Thus, the Nj@ctahedra, 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 distadgesy anddg_o, it can

be discussed in terms of the tolerance factor [11] defined as

t :dA_X/dB_X\/E. (2)
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Figure 3. The variation of the lattice parameters as a function of the tolerance factor in the
RNiOs series. The values afhave been calculated by usidg; o = 1.94 A (the same for all

the nickelates) and the R—O distances given in [49] for trivalent rare earth ions in coordination
12.

Experimentally, it is observed that whens slightly less than 1 unity, the Nioctahedra
are rotated around the [111] cubic axis [12] (figure 2(b)). For even smaltbe octahedra
tilt around the [110] and [001] cubic directions, resulting in the orthorhombic GgFeO
structure [13] (figure 2(c)). Far < 0.7 other, non-perovskite structures are preferred [10].

3.2. Room-temperature crystallographic structure

The earliest papers dealing with LaNiOvhich were published four decades ago [14,12],
attributed to this compound thR3c rhombohedral symmetry (figure 2(b)). This assignment
was confirmed in subsequent papers [1,4]. The crystallographic structure of the remaining
nickelates was, however, found to be orthorhombic and described by the spacePgroup
(GdFeQ type, see table 1 and figure 2(c)).

In figure 3 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 ~ 0.932 (Lu) tor ~ 0.975 (Pr). In the case of LaNi)the high value of the tolerance
factor ¢ ~ 0.986) allows the less distorted rhombohedral structure to be stabilized. The
boundary between these two phases has been situated by Latatrat r ~ 0.985 [2].

An interesting trend, which has been observed in all the presently available nickelates
(from LaNiO; to EuNiG;) is the practical invariance of the average Ni-O distance (see
table 1). The Ni@ 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
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the tilt anglew is, to a first approximation, Bnear function of 7, _; [15]. Although this
tendency has to be tested for the remaining nickelates, it strongly suggest that this angle is
the relevant structural parameter controlling the evolutio,gf,; along the series.

3.3. The structural phase transition

Figure 1(b) shows the thermal evolution of the relative unit cell voluiié, (V; is the
volume at 1.5 K) for PrNi@, NdNiO; and SmNiQ. These measurements clearly show
the existence of a sudden (first-order), small expansion of the unit cell (about 0.2%) at the
temperature where the M-I transition takes place.

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 éngle
(~0.4%, see figure 4). Here), is defined a® ~ 7-2w, wherew is the tilt angle of the
NiOg octahedra. The collective displacement of O atoms, shown schematically in figure 5,
corresponds to coupled tilts of the octahedra in the sense of increasing rotation angles around
the b andc 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 structureTat< T),_; is also well described in th@bnm
space group.

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—O distance. This all happens as if a certain (probably
electronic in origin) mechanism produces &Aat= Ty _; a sudden increase of the Ni—-O
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 &ngkn be
easily derived by using the following expression [4]:

AOni—o-ni ~ —273611%70/611%1,;0\/2) Adyi-o. )

The substitution ofAdy;_o by the obsegved value across the transition obtained from
neutron diffraction measurements 0.0035A) yields Afy;_o_n; ~ —0.46°. This is the
expectedAd value if steric effects predominate. Looking at figure 4, we see that it has the
same sign and the same order of magnitude as\thexperimentally determined.

4. Transport properties

4.1. Electrical resistance

Perhaps the most interesting transport property in these compounds is their electrical
resistance, whose temperature dependence for the first members of the series is shown
in figure 1(a). As can be appreciated, Lai@mains metallic from 10 K to RT, whereas

a very sharp M-I transition takes place for the remaining members of the series.

Although it is difficult to establish the nature of the gap only from resistance
measurements, other valuable information can however be obtained. For example, in the
case of PrNi@ and NdNiQ, the low-temperature region can be reasonably well fitted by
supposing a simple activated behaviour, the activation energies being respectively 22 and
25 meV [16,17]. These activation energies are slightly larger than the thermal energy
kgT atT = Ty, (see table 2) but smaller than the gap estimated by optical measurements
(between 100 and 250 meV for NdN§QL8]) or by high-resolution ultraviolet photoemission
(=200 meV [19]). In any case, it is worth noting that these values are between one and



1686 M L Medarde

1.955 oy

1.950 |

°

Average Ni-O distance (A)

1.945

1.940 [

1.935

(a) 0 100 200 300 400 500
T(K)

162 | .

160 | La, ,Nd, ,

i Pr ]
158 ;’/‘///‘ .
156¢ .

154 _ Sm ..
I .
152 P T WY T [T ST WO YO W N ST AT ST TN ST S S T N SN S T T 1
0 100 200 300 400 500
T(K)

Average Ni-O-Ni superexchange angle (°)

i

(b)

Figure 4. The thermal evolution of (a) the average Ni—O distance and (b) the average Ni—-O—Ni
angle for the nickelates with R La, Pr, Nd [4], Sm [28] and LgNdo 7 [22].



Properties of RNi@ perovskites 1687

2

é‘
[—‘ a
Figure 5. A scheme of the atomic displacements across the M-I transition (adapted from [4]).

Table 2. Thermal energiegz T);—; for RNiO3 perovskites.

kpTy—1 (MeV)

LaNiO3 metallic

PNiOs  11.2
NdNiO3  17.2
SmNiO;  34.5
EuNiO;  41.4

two orders of magnitude smaller than those reported for other Ni oxiBgs( 4 eV in
both NiO and LaNiO,4 [20]).

4.2. The Seebeck coefficient

The nature of the carriers can be deduced from the sign of the Seebeck coeffi@igntts
thermal behaviour, which is displayed in figure 6(a) for PrjJi€hows a linear dependence
for T > Ty_;. Moreover, it is small in magnitude and negative 10 uV K~1). These
values are typical for a metal witT -like particles as charge carriersAssuming a simple
free-electron model, the observed slopes@f) in the metallic regime indicates an effective
charge concentration of abouB4 10?° e~ cm3, that is, 0.025 &/Ni atom. If we compare
this result with the effective electron densities of pure 3d transition metals (see for example
[21]), we find a difference of about two orders of magnitude. RN@@rovskites are, then,
very bad metals. Even if this is only a very qualitative argument, this fact would explain
the smallness of some of the effects (the structural changes (section 3) or the variation of
the density of states (section 7)) observed at the M-I transition.

As expected across an M-I transitiafi,7) decreases abruptly belo#y,_;, becoming
very large in magnitudeS(= —270V K1 at 77 K). However, its sign is always negative,
thus indicating thatarriers are also electrons in the insulating state

4.3. Hysteresis across the metal—insulator transition

Due to the first-order nature of the M-I transition, a coexistence of the high-temperature
metallic phase and the low-temperature insulating phase over a certain temperature range
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Figure 6. The hysteresis below),_; = 130 K in (a) the Seebeck coefficient and (b) the
electrical resistance of PrNgJXadapted from [16]).

close toTy_; could be expected, thus leading to a hysteretic behaviour of the transport

properties. Figure 6(a) shows the Seebeck coefficient and the resistance of Rd&€ured

in a cooling—heating cycle [16], where this hysteretic behaviour is clearly observed. Notice

that the upper and lower limits of the hysteretic regidiy (; and Tcg) are well defined

and do not depend, within the experimental resolution, on the thermal history of the sample
The analysis of these data has been performed by Graredag16], in terms of a

mixture of metallic and semiconducting phases. They show that the temperature dependence

of both the resistivity and the Seebeck coefficient can be well described by the expressions
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moment of La3Ndg7NiOs.

derived for transport properties of mixed systems and they have extracted the volume
fraction of both the metallic and the insulating phase arofipd; Their conclusions can

be summarized as follows. Abovg,_,, only a metallic phase exists. Just beldyy_,, the
semiconducting phase starts to nucleate, but the percolation of the metallic matrix continues
down to lower temperatures. The suppression of the last connected path between metallic
domains corresponds to the inflection point observed in the resistance at about 102 K.
Finally, at T¢x, the transformation is accomplished, the sample becoming single phase and

insulating forT < Tck.
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Figure 8. The magnetic structure of PrNiO(a) as predicted by Demazeatial [1] (notice that

the absolute direction of the Ni magnetic moments has been arbitrarily chosen in this picture);
(b) as found experimentally [27]. (c) The magnetic structure of NGNE2#] and SmNIQ [28]

below 30 K.

The hysteretic behaviour has also been recently observed in the solid solution
Lag3Ndo7NiO3 (Ty—; ~ 104 K) by means of neutron diffraction [22]. Figure 7 shows
the evolution of the cell volume and the Ni magnetic moment (see section 5) around the
M-I transition. Even if the accuracy of these data is lower than in the case of the transport
measurements, the different rate of transformation on cooling and on heating is also clearly
observable. Moreover, the evolution of the Ni sublattice magnetization on cooling indicates
thatthe ordered magnetic moments are only present in the insulating phase

5. Magnetic properties

5.1. Introduction

Before the nineties, very little was known about the magnetic behaviour of RNIO
compounds. For LaNi§) which was at that time the only available member of the series,
some susceptibility measurements [23] as well as neutron diffraction studies [24] were
however available. In these works, no evidence of magnetic ordering was found above 10 K,
and the value and temperature dependence of the magnetic susceptibility were consistent
with a Pauli paramagnetic behaviour.

Even though they synthesized 12 different rare earth nickelates, Demazeau and co-
workers [1] reported magnetic susceptibility measurements only for LaN®liO3 and
LuNiOs, that is, only for those compounds with diamagnetit” Rons. Thus, whereas
their results for LaNi@ agree with those of Goodenough and Raccah [23], they found
Curie-Weiss behaviour for YNiQand LuNiQ;. A sudden increase of ! at 145 K (Y)
and 130 K (Lu) was interpreted as the onset of cooperative ordering of the Ni magnetic
moments. From the refined values of the Curie constant they concluded that Ni ions were
trivalent with the low-spin eél, configuration. The magnetic structure proposed by these
authors is shown in figure 8(a) (G-type).

Since 1989, several authors reported magnetic susceptibility measurements og PrNiO
and NdNiG [9, 25,26]. Due to the enormous contribution of thé*Pand Nd+t ions,
no information could be derived about the behaviour of the Ni magnetic moments from
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Figure 9. The thermal evolution of the Ni magnetic moment for different nickelates: (a) RyNiO
(Ty—; = 130 K) [33] and NdNiQ (Ty—; = 200 K) [27]; (b) SmNIQ (Ty—; = 400 K) [28].

their data. Concerning the remaining nickelates, no susceptibility measurements have been
published so far, but the sudden decrease of the paramagnetic fraction observed by Torrance
et al [3] in a muon spin rotation experiment (see figure 1(c)) suggests the onset of 3D
magnetic ordering aly = 130 K (Pr), 200 K (Nd), 225 K (Sm) and 205 K (Eu). These
results have been confirmed by recent neutron diffraction experiments in the cases af, PrNiO
NdNiO3 [27] and SmNIQ [28].

5.2. Magnetic structure

5.2.1. The Ni sublattice. The magnetic structure of PrNiOand NdNiQ was solved

by Garda-Muioz et al [27], who observed the appearance of several small reflections
below T),_,;. Their magnetic origin was probed by means of polarized neutrons and they
were indexed with the propagation vecter= (1/2,0,1/2) (k = (1/4,1/4,1/4) in the
pseudocubic parent perovskite cell). A similar magnetic structure has been recently found
for SmNIO; [28].
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The proposed magnetic structure (Ni sublattice) is shown in figure 8(b). 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 neighbours via an AF interaction (full lines), whereas the coupling
with the three others is F (dotted lines). As far as we know, this magnetic arrangement is
unprecedented in an oxide with perovskite structure.

Figure 9(a) shows the evolution of the ordered moments in the Ni sublattices of £rNiO
and NdNiQ down to 1.5 K. In the first compound, the Ni moments are completely saturated
to approximately 1up (Ni’’! low spin) just belowTy (Ty = 135 K), suggesting that the
virtual Néel temperature is actually higher. In NdNi@he situation is less clear, but the
evolution of the Ni sublattice magnetization close to the M-I transition also suggests a
virtual Néel temperature located somewhere in the temperature range between 210 and
250 K. This is confirmed by the well known positive correlation betw&gnand the Ni—

O-Ni superexchange angle [29]. As shown in figure 10, this angle decreases going
from La to Luf. Thus, extrapolating the experimentally observEd versus co¥6)
dependence, we would expect th&eéll temperature to be 257 K for PrNj@ind 250 K

for NdNiO3. As mentioned in the introduction, these two nickelates are the only ones
where the electronic localization and théél state occur at the same temperature. Thus,
the sudden disappearance of the 3D ordered magnetic moment can be directly related to the
abrupt change from insulating to metallic conductivity. For the nickelates Ttk Ty,

(from Sm to Lu) the Nel state is not perturbed by the appearance of the metallic state
and the Ni sublattice magnetization as a function7oflisplays a normal Brillouin-type
dependence (see figure 9(b)).

5.2.2. The origin of the magnetic structureln the orthorhombicPbnm structure, the g
orbitals are split into two non-degeneratg and a , orbitals. Because of the orthorhombic
distortion of the NiQ octahedra is very small, these orbitals can be expressed, at least to a
first approximation, as a linear combination of the octahedrairbitalsd,>_,> anddz,2_,2:

81 = a10,2_y2 + B1dgo_,2 (4a)
o= Olzdxz,yz + Bodz2_ 2. (4b)

If only one of the a orbitals were occupied, the Goodenough—Kanamori rules would
predict the existence of AF coupling between the Ni magnetic moments. The expected
magnetic structure is shown in figure 8(a). The experimentally observed arrangement
in PrNiOz, NdNiO;z and SmNiQ is, however, very different (figure 8(b)), and it is in
contradiction to a uniform occupation of the arbitals (only one of them occupied).

A possible explanation has been proposed by @awuioz et al [28] following the
theoretical calculations of Cyrot and Lyon-Caen [30]. These authors suggettdlzatually
observed magnetic structure results from the occurrence of an orbital superlatigghe
difference in energy between theg ;aand g, orbitals may be very small (perhaps not
very different from the intra-atomic ferromagnetic exchange), 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,

1 The value of the Ni-O-Ni superexchange angles experimentally known for LaNig PrNiOsz, NdNiOs and
SmNiGs. For the remaining nickelates, only the lattice parameters are available [1]. However, by supposing
that the Ni@ octahedra are perfectly regular and behave as rigid bodies along the 8eras,be calculated as

0 = 1 — 2a coga?/2/bc).
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Figure 10. The evolution of7y as a function of the average superexchange angle for the RNiO
series. The full dots correspond to the experimentally measured values and the open dots to the
extrapolated values.

each with predominantly one of the aor the @, orbitals half occupied. The nearest-
neighbouring Ni atoms with the electron in the same orbital will be then AF coupled and
those with a different orbital occupancies will prefer to align thei= 1/2 spins parallel.
This situation is schematically shown in figure 11(a).

Another mechanism which may induce an orbital ordering is the the cooperative Jahn—
Teller effect. This is for example the case in LaMnA1]. In this compound, the electronic
configuration of MA* is tggei To break the degenerancy of th§ erbitals, a strong
elongation of the Mn@ octahedra takes place. Thus, the,3d- orbital has lower energy
than the 3¢t_,. and the %electron will be exclusively located intit The resulting orbital
ordering is schematically shown in figure 11(b). In this case, the orientation of trbi¢als
can be directly deduced from the alternating arrangement of the elongateg ddtededra.

In RNiO3 perovskites, howeveno 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 MNi@tahedra, it
could be possible to observe superstructure peaks corresponding to the propagation vector

= (1/201/2) belowTy_;. In the case of PrNi@and NdNiQ, this is a difficult task due
to the existence of magnetic reflections at exactly the same positions. SrsNiprinciple
a more suitable candidate because the magnetic and the M-I transitions are well separated.

T This description is again a first approximation to the problem. As in RNi€rovskites, the Ni@ octahedra

present an orthorhombic distortion, the description in terms qb 3d and 3d.2_,» being no longer valid.
However, the use of the proper notation does not change the final conclusion, namely, the appearance of the
orbital ordering displayed in figure 11(b).
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However, a recent high-intensity neutron powder diffraction experiment performed on a
1545mNiO; sample indicates that, if they exist, the superstructure reflections are at least
10* times smaller than the largest nuclear reflection. The effective existence of the orbital
ordering remains then to be demonstrated in RNp@rovskites. Another possibility is

that our ideas about superexchange interactions are too simplistic and the Goodenough—
Kanamori rules do not apply to the present system. In any case, the existence of other subtle
interactions able to stabilize the observed spin arrangement should not be disregarded.

5.2.3. The rare earth sublattice.Whereas in PrNi@ no traces of cooperative magnetic
ordering have been found in the Pr sublattice, the sharp rise of some magnetic reflections
observed below approximately 30 K indicate the existence of induced magnetic ordering of
the N+ moments in NdNi@. At T ~ 200 mK, a new, even sharper increase has been
also observed [32, 33].

The proposed magnetic structure between 30 K and 200 mK [32—-34] is shown in
figure 8(c). Notice that, because of the particular arrangement of the Ni magnetic moments,
the exchange field at the Nd positions is practically zero in half of therm 3/8, 7/8)
and different from zero in the other half & 1/8, 5/8). The consequence is the existence
of two different values for the Nd magnetic moments (large and small arrows at the Nd
positions in figure 8(c)) which & = 200 mK are 2(2) up (‘large’ Nd) and approximately
0.8(2) up (‘small’ Nd).

Below 200 mK, two different hypotheses can be considered. As a first possibility, the
diffraction patterns can be analysed by considering a ‘normal’ electronic magnetic origin for
the extra intensity. In fact, it has been recently shown that it can be perfectly reproduced
if the magnetic structure is basically the same as at 1.5 K, but with a sudden increase of
the Nd magnetic moment taking place at approximately 200 mK (maybe the set-up of the
Nd-Nd interactions). With this model, the refined magnetic moments at 10 mK.&8re 2
and Q7 up. This possibility is, however, in contradiction with the magnetic ground state
of Nd derived from crystal-field measurements. As shown in [33], the expected saturation
moment of the N& ion in NdNiO; is approximately 2.5, as the refined value just before
the sudden increase of the magnetic reflections.

As a second possibility, the existence of a polarization of the Nd nuclear spins in the
hyperfine field created by the electronic Nd magnetic moments may also be considered.
The coherent signal from this effect is expected to be quite small since the abundance
of the only two Nd isotopes with non-zero nuclear spiféNd and'4°Nd) is only about
20% . However, recent investigations in other Nd-based perovskite compounds show that
the contribution of the large nuclear moment of both isotoges-(7/2) as well as their
unusually large incoherent Fermi lengtlis & 21.1 and 13 fm, respectively) are able to
overcome this limitation [35]. The analysis of the neutron diffraction patterns by including
this possibility gives a value of.2 up for the ‘large’ Nd and a nuclear polarization along
the [100] direction of 56(5)% [33].

6. High-pressure measurements

The first measurements of the electrical resistance under high presgyres( 15 kbar)
have been simultaneously reported by two independent groups [36, 37]. In both papers, the
authors find a strong decrease Bf_; with pressure (see figure 12). However, whereas

 The high neutron absorption cross section of ¥%m isotope prevents the realization of such an experiment
using natural Sm.
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Obradorset al [36] report a linear dependence Bf;_, on pressure, the data of Canfield and
co-workers [37] fit better with an approximately quadratic function. The average values of
dTy_;/d P reported by these authors arel.2 K kbar! and —7.6 K kbar 1, respectively,

for pressures between 0 and 15 kbar. However, in both publicatddhg,,; /0 P appears to

be the samefor all the examined nickelates.
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Figure 12. The pressure dependenceTaf_; ([36, 37]).

This last feature indicates that a common structural and/or electronic parameter is
controlling the evolution ofT),_; with pressure. In the opinion of both Canfield and
Obradors, this parameters is, as in the case of the internal pressure (substitution of one rare
earth by another with a larger ionic radius), the Ni-O—Ni superexchange @nglewever,
they predict respectively a positive and a negative signafro P.

The first neutron diffraction experiments performed at relatively low pressures on £rNiO
(up to approximately 5 kbar) [38] indicated that the main structural changes consist of a
small diminution of the Ni—O distanaéy,;_o and the simultaneous increase of the Ni-O—Ni
superexchange angte (see figure 13). The sign @&f9/d P is then positive, as predicted
by Canfieldet al. Recent neutron powder diffraction experiments up to 80 kbar have fully
confirmed the low-pressure results. Moreover, they have shbatnfor pressures higher
than approximately 40 kbar, the symmetry of the unit cell changes from orthorhombic (Pbnm)
to rhombohedral (Rc) [39, 40]. The evolution of the structure under external pressure is
then qualitatively similar to that observed by substituting the rare earth ion by another
with larger ionic radius (chemical pressure). In both cases a less distorted perovskite
framework, together with enhanced metallic conductivity, is progressively reached. A
detailed quantitative study of the differences between these two mechanisms is currently in
progress.
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angle in PrNiQ [38].

7. Electronic structure

7.1. Introduction

In section 1, it was pointed out that the RNiQerovskites are one of the few families of
oxides to show metallic conductivity. Why these compounds are metals and most of the
transition metal (TM) monoxides (MnO, FeO, CoO, NiO, CuO), TM perovskites LafMO
(TM =V, Cr, Mn, Fe, Co) or LaTMO, (K2NiF4-like) compounds (TM:=Co, Ni, Cu)

are insulators has been for 40 years an open question. From elementary electron band
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Figure 14. A schematic representation of the single-particle density of states (DOS) for the (a)
Mott—Hubbard, (b) charge-transfer and (c) negativénsulators. The shaded and open areas
represent respectively the TM 3d- and ligand O 2p-derived DOS.

structure calculations, which can be considered as the simplest approach to the problem,
compounds in which the TM cation has an odd number of electrons are expected to be
metallic, whereas those with an even number of electrons would be insulating. However,
these predictions are not verified by most of the TM oxides (see, for example, the excellent
review by Torranceet al [8]). Although more sophisticated band structure calculations can
be used to examine each compound in detail, the use of this approach for the description
of the electronic structure of TM oxides has been and is still seriously controversial. The
main reason is the difficulty in properly taking into account the effects of (i) the electronic
correlation (very important for the late TMs) and (ii) the appearance of magnetic ordering,
which have been shown to be crucial features in an understanding the electronic behaviour
of these compounds.

An alternative, very simple and rather powerful method has been developed by Zaanen
et al [41]. The most interesting feature of this approach is that, using only a few parameters
(fundamental electronic energies), it has been able to account for the electronic behaviour
of a great number of 3d TM oxides. The parameters involved are (i) the d—d Coulomb
interactionU (which also includes exchange), defined as the excitation energy necessary
to produce charge fluctuations of the typgdt = d;"ld;?“ (herei and j label 3d
metal sites and: the 3d orbital occupation), (ii) the charge-transfer enetgydefined as
E(d?”d’;g) — E(d'd}), where L represents an anion (ligand) hole, and (iii) the ligand
(W) and metal @) one-electron bandwidths (see figure 14). Thus, by comparing the
corresponding values df, A, W andw, TM oxides can be easily classified as insulators
(Mott—Hubbard ifW < U < A and charge transfer %W < A < U) or metals (lowU if
U <wandlowA if A < W).

Since the predictions of this formalism depend (not only!) on correct valués, af,
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W andw, it would be interesting to have a simple method to estimate them. A very nice
procedure has been recently developed by Torrehak[8] who, using only crystallographic

data, gas-phase ionization potentials and Madelung energies, have been able to reproduce
the electronic behaviour of a great number of oxides.

The prediction of these authors for RNi@erovskites places these compounds not in
the metallic but in the insulating region, although very close to the dividing line between
charge-transfer insulators and lotwv-metals. Thuswithin the framework of this simple
model, the M-I transition would take place due to the opening of a charge-transfer type gap
belowTy,_;. This mechanism is schematically shown in figure 15. The narrowing of the
O 2p-derived valence band is caused by the less efficient overlap of the Ni 3d and O 2p
orbitals in the insulating phase.

In spite of the support given to the charge-transfer model by the discovery of the
M-I transition in the nickelates with B La, there is a debate concerning the mechanism
responsible for the electronic localization in these compounds [5]. Thus, recently, Mizokawa
et al [42] pointed out that, with increasing atomic number or increasing formal valence of
the metal elementA systematically decreases. These authors stressed thety become
very small or negative with unusually high valences such &5 FNit or Cl#t. In
this case, the dL configuration should be as favourable as or even more favourable
than the 38 one. The expected charge fluctuations in the metallic state are of the type
d"HLd"L = d'*'d"t1L? and the existence of a gap would be only possible in the
presence of O 2p—O 2p hole correlations strong enough to split the O 2p band (p—p gap; see
figure 14). This seems to be the case for the insulator NaCwbere XPS measurements
and the cluster calculation reported by Mizokastal [42] give a value ofA = —2(+1) eV.
Following these authors, the gap in NaGu® neither of the Mott—Hubbard type nor of the
charge-transfer type, but of the p—p type.

Like Cu in NaCuQ, Ni in RNiO3 shows an unusually high 43 formal valence.
However, the existence of a p—p gap in the insulating state would requirtLa(Rif* O™)
ground-state configuration instead of the classical assumptitp3@Ni** 0?7). Even if
the valence-bond calculations indicate that the latter possibility is a good starting point for
an understanding of the electronic structure of these compounds [4], the absende of Ni
reported for systems as NiLi,O or La_,Sr,Nis s raises severe doubts about the validity
of such a crude description.

From the analysis of the x-ray absorption and photoemission spectra, a more realistic
ground state, which includes the Ni—-O hybridization, has been recently proposed. Thus, the
relevant electronic structure of this nickelates can be described as a mixture of #pé 3d
(Ni¥+ 0%) and the 38L (Ni?* O~) configurations. In the next sections we will discuss
the experimental facts which lead to this conclusion and the degree of mixing proposed by
the different authors as well as its relevance in deciding between the different mechanisms
responsible for the M-I transition.

7.2. Spectroscopic measurements

7.2.1. X-ray absorption.

O 1s edge Figure 16 shows the O 1s edges of Lahli®rNiO; and NdNiGQ measured
at RT [5]. The most important feature is the sharp and intense pre-peak situated at 528.4
(La), 528.6 (Pr) and 528.8 (Nd) eV, whose integrated intensity decreases when going from
La to Pr (9%) and Nd (20%). A similar structure is also present in the NiO O 1s edge (see
figure 17), but its position (532 eV) is about 3 eV higher than that of the BNi®-peak.
This feature, which has been also found in the O 1s edges of the other TM monoxides, is
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Figure 16. O 1s edges of LaNi@ PrNiO; and NdNiQ; at RT [5].

due to the O 2p weight in states of predominantly Ni 3d character.

To explain the origin of the sharp pre-peak structure, it is necessary to introduce the
Ni 3d and O 2p hybridization. Though very different methods have been used in the
literature to describe covalency effects, the most widely used among XAS spectroscopists
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Figure 17. O 1s edges of PrNi@and NiO at RT [5].

is the configuration interaction method. Within this formalism, the partial charge transfer
from the anion to the cation is described by adding to the original ionic configuration an
admixture of configurations in which one or more electrons have been transferred. In the
RNiO3; case, we can write the ground state of an ‘ionic’ Ni@tahedral cluster as

W) = [3d2p°) ®)

ionic

and including covalency as

[WE o) = @13d720°%) + BI3PL) + y[3PL?). (6)

covalent

Here,a?+ 82 +y2 =1 and usuallyy « B < «. The values ofr, g andy can in principle

be obtained by combining the results of several x-ray spectroscopies. At the O 1s K edge,
and allowing only intra-atomic XAS transition matrix elements, the intensity of the pre-
peak is proportional t@? and it is a measure of the covalency in the ground state. Thus, it
should be very useful to compare the integrated intensities of the NiO (see figure 17) and
the RNiQ; pre-peaks since, for the first compound, several calculations of the degree of
hybridization are available. Unfortunately, the presence of R 4f and 5d orbitals prevents a
direct comparison since is impossible to perform a correct normalization.

Although it is hard to quantify the values af and g without performing a full
configuration-interaction calculation, they can be estimated by using the well known
dependence of the Ni 3d-O 2p transfer integrals,, on the interatomic distance
(Tpa ~ B ~ 1/d3% ) [43]. In NiO, Ni atoms are surrounded by six equivalent
O atoms {y;_o = 2.090 A) and the ground state can be described| &8, ,;.,..) =
|3P2pP) + BI3ALPL) + y[3d'OL?) with o? ~ 0.82, g% ~ 0.18 andy? ~ 0 [44]. In the
RNiOz compounds{dy;_o) = 1.942A. Thus, using thel,,, ~ B ~ 1/d5>_, dependence,
we find a value of82(RNiO3) = 0.30 for the weight of the 3. configuration. Though
it is only approximatethis result suggests that the Ni 3d—O 2p hybridization is stronger in
RNiG; than in NiQ.



1702 M L Medarde

T T T
0 " NdNiO,
= cl

S D A
A A -
; _.“w/ \"w——-v'/ )

= A Q PrNuO3
S P& R

s & N

E ,:: L_J

m *

s | ad NiO
I b ef

o : ]

845 855 865 875 885
Energy {(eV)

Figure 18. Ni 2p edges of NiO, PrNi@ and NdNiQ at RT [5].

Ni 2p edge In figure 18 the RT Ni 2p edges for the compounds Pi\i®dNiOz
and NiO are shown [5]. Ni 2p edges of divalent Ni compounds, as NiO or Ni dihalides,
have been extensively studied during recent years. The main features appearing in the
spectra are quite similar in all the divalent compounds, and the presence of small satellites
or the decrease of the multiplet splitting with smaller anion electronegativities is now well
understood in terms of a covalent ground state of main§* NBd®) character plus an
anion-dependent fraction of the dand 3d°L? configurations.

For Ni** compounds, both experimental results and theoretical calculations are quite
scarce. To our knowledge, the only published Ni 2p edges on compounds containing
nominally trivalent Ni ions are those of PrNiGnd NdNiQG [5, 7], and the only available
theoretical calculations of the & 2p XAS edge have been performed by de Grebal
[45], considering a pure 3cconfiguration. Intuitively, the Nit 2p edge will show a much
richer multiplet structure and higher integrated intensity thadt Miue to its extra 3d hole.

The experimental data, which show much broader structures than NiO, can in principle be
interpreted as corresponding to3Ni Unfortunately, the absence of fine structure does not
allow a direct comparison with the available calculations [45]. It should be noted that, in
this case, broadening is not due to the lack of experimental resolution. The quality of the
NiO spectrum, obtained with the same experimental set-up, is comparable with the data
obtained with the Dragon monochromator [46,47] thus indicating that the origin of the
broadening is an intrinsic property of the sample.

In order to obtain additional information about the Ni 3d—O 2p hybridization, it is very
interesting to compare the RNi@pectra with the much more accessibléCoctahedrically
coordinated experimental data [45]. Due to the atomic origin of the main features appearing
in the 2p absorption edges of 3d transition metals, we expect strong similarities between
Co?t and NPt spectra due to their common Bdonfiguration. Thus, looking at the data
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Figure 19. Co 2p edges of CoR©®,4 and Cok. Bottom, a theoretical calculation of the Co 2p
edge [5].

reported by Setteet al [46,47] (see figure 19) for the Co 2p edge of the inverse spinel
CoFe0,[CoFe]FetO,, we found very similar structures, which gives us confidence in the
validity of our hypothesis. A possible origin for the small differences between the two
spectra is the different spin state of &o(high spin in CoFgO,) and N+ (low spin in
RNiOgz). Calculations including high- and low-spin states are necessary in order to establish
their influence on the XAS spectra.

It is also very interesting to compare the Co 2p edges of gokand Cok (rutile-
type structure). In both compounds Loshows octahedral coordination and high-spin
configuration §,€%), but important differences between Co-O and Co—F bonds are expected
due to the stronger electronegativity of the fluorine ion. Thus, covalency is expected to be
more important in the oxide that in the fluoride. Looking at the spectra, the similarities
between the Co 2p edges of the two compounds are evident. However, the fine structure
predicted by the atomic theoretical calculations is clearly visible only in the latter. Taking
into account the more ionic nature of the Co—F bonding, we can tentatively establish a
direct correlation between spectral smearing and covalency. Although this is only a very
qualitative argument, it explains the smooth shape of the RN@ctra and gives additional
support to the existence of a highly hybridized ground state in these compounds.

Ni 1s edge. An extensive experimental and theoretical analysis of the Ni K edge on
LaNiOz; and NdNiQ has been performed by Gaacet al [6]. By using the multiple-
scattering formalism, they were able to extract the degree of mixing of the Ni 3d and O 2p
orbitals in the ground state. The proposed weights of tH@dand 3&L configurations
were 60 and 40%, respectively. This result agrees qualitatively with that derived from the
analysis of the O 1s edge (70 and 30%), the degree of mixing being even larger.

7.2.2. Photoemission.X-ray and ultraviolet photoemission experiments have been reported
by different authors [7, 48]. An interesting point revealed by these measurements is that the
analysis of the spectra using configuration-interaction calculations seems to give support to
the charge-transfer schemaA & 1-2 eV). The valence band, which for a charge-transfer
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insulator is expected to be mainly of O 2p parentage, has however been shown to be Ni 3d
based, at least in the vicinity of the Fermi level (down-t&.5 eV). This finding has been
used to explain the evolution of the XPS spectra across the M-I transition reported in
[19]. The loss of spectral weight on going from the metallic to the insulating state would
correspond to a reduction of Ni 3d character in the valence band, as expected from the
structural changes observed across the transition.

Another interesting, but rather surprising conclusion, is that the degree of hybridization
of the Ni 3d and O 2p orbitals derived from these measurements is much larger than
that reported in previous works. Mizokaved al [7], for example, found a ground state
constituted by 24% of 3@p® and 76% 38L. The weight of the 38 configuration would
be much more important than that of the’3she. The situation in the nickelates seems
however to be different from that encountered in Nagu®s previously mentioned, the
refined value ofA is small but positive, in contrast with the negative valu €V) reported
for NaCuQ. The charge transfer model for the transition seems then to be more reliable
than the opening of a p—p gap, but a clear experimental verification is still lacking.

8. Summary and conclusions

In the foregoing text, the structural, magnetic and electronic behaviour of RdE@Vskites
has been presented. As mentioned in section 1, a close connection exists between the
physical properties and the steric effects associated with the decrease in size of the lanthanide
ions. The relevant parameter controlling the metal—-insulator tempergjure and the Nel
temperaturd’y as well as the stability of the different crystallographic structures found along
the series is the Ni-O-Ni superexchange amgl@he increasing overlap between the O 2p
and Ni 3d orbitals which occurs on moving from Ly, €= 0.977 A) to La (r, = 1.160A)
favours the metallic stateT),—; decreases) as well as the AF stal@ (increases). The
collapse of both tendencies occurs fgr~ 1.10 A, Ty being identical toT,,_, for the
nickelates with larger ionic radius (NdNiCand PrNiQ). This behaviour is illustrated in
figure 20, where the evolution dfy,_;, Ty and the orthorhombic—rhombohedral transition
temperaturelz_, as a function of, has been displayed.

The results of the different techniques reviewed along the paper give some elements
for the understanding of the mechanism responsible for the M-I transition in the nickelates.
The most important points to be retained are the following.

(i) The change in the transport propertiesiat ; is abrupt.

(ii) The associated structural changes are also discontinuous although very small.

(iii) A rather unusual 3D antiferromagnetic order develops in the insulating state, which,
within the framework of the current theories about superexchange in oxides, can be only
explained by supposing the existence of an orbital superlattice.

The three kinds of effect (structural, electronic and magnetic) which coexig, at
(at least for PrNiQ and NdNiQ), suggest several possibilities for the driving mechanism
of the gap opening. A magnetic origin, which was at the beginning one of the most exiting
possibilities, has been recently disregarded after the observation in SMINGCZ Ty—;)
of the same magnetic structure as in the nickelates Wjth; = T. To definitively reject
this possibility, it would be however necessary to verify whether, as in the case ofhigh-
superconductors, magnetic correlations are still present iffghe T < Ty,_; range.
Concerning the possibility of a Jahn—Teller distortion, high-intensity neutron diffraction
experiments show that, if they exist, the superstructure peaks associated with the orbital
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Figure 20. Phase diagram for the RNiperovskites.

ordering are at least f0times smaller than the main nuclear peaks. Thus, within the
present experimental accuracy, the structural changes bEjpw simply consist of an
enhancement of the orthorhombic distortion existing at higher temperatures. Single crystals
and/or high-intensity synchrotron measurements would be necessary to decide about the
existence of an additional structural distortion concomitant with the M-I transition.

Considering pure (not magnetic) electronic correlation, three kinds of gap are likely to
occur: Mott—Hubbard type, charge-transfer type and negativgpe. The first estimation
of A and U reported by Torranceet al [8] for LaNiO3 gave U — A ~ 5 eV, that
is, they suggested the opening of a charge transfer gap bEjpw. The experimental
verification of the hypothesis, which has since remained the consensus view, is however
not straightforward. Though some x-ray spectroscopic measurements are actually available,
their analysis is far from trivial and depends strongly on the particular technique used.

In summary, the nature of the mechanism responsible for the M-I transition in RNIO
perovskites is still an open question. Though some ‘key’ experiments (most of them rather
difficult to realize) would help to decide between the different possibilities, one of the major
limitations to advance in our current understanding is the limited scope of the actual theories.
More sophisticated mechanisms going beyond the classical ideas about superexchange in
oxides should be considered, as well as new models and/or interactions able to produce M-I
transitions.
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