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Polycrystalline EuNiO, has been prepared by a citrate tech-
nique and a subsequent thermal treatment at 1000°C under 200
bar of oxygen pressure. The crystal structure was refined by
the Rietveld method from X-ray powder diffraction data.
EuNiO, is an orthorhombic perovskite with a = 5.2938(1),
b = 5.456{(1), c =7.5359%(2) A, space group Pbnm, Z = 4. Abond
valence study shows that Eu and Ni cations are slightly over- and
underbonded, respectively, giving rise to compressive/tensile
stresses in the Eu—O/Ni-( bonds which are thought to be in the
origin of the metastable character of the structure. The trend of
Ni to increase its binding power leads to the observed distortion
of the NiO; octahedra. The first-order metal-to-insulator (MI)
transition was studied by differential scanning calorimetry
(Tw = 463 or 459 K on the heating or cooling runs, respectively).
The corresponding heat flow is about half the value observed for
NdNiQ,, in which a magnetic transition is associated to the M1
transition. @ 1995 Academic Press, Inc.

INTRODUCTION

Recently the perovskites RNiQ; (R = rare earth) have
attracted considerable attention since they are among the
few transition metal oxides that exhibit metallic properties
or metal-to-insulator (MI) transitions (1). In this family
of oxides the MI transition seems to occur without any
noticeable changes in lattice symmetry, which makes easier
the study of the different phenomena involved. The transi-
tion temperature Ty, rises systematically as the rare-earth
size becomes smaller, i.e., as the distortion of the perovskite
with respect to the ideal structure (aristotype) increases
(2). For LaNiQ; the large size of La determines a slightly
distorted rombohedral structure {space group R3¢) which,
in fact, keeps its metaliic character down to 1.5 K, showing
no MI transition (3). RNiO; oxides (R = Pr, Nd, Sm,
Eu) are orthorhombic, erystallize in the GdlFeQy structure
(space group Pbam), and exhibit M1 transitions at 130
(Pr), 200 (Nd), 4000 (Sm), and 460 K (Eu) (2).

Reliable structural information about some of these pe-
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rovskites has been obtained by neutron powder diffraction
for R = La, Pr, Nd (4). The precise knowledge of the crystal
structure of these phases has shown to be of paramount
importance in the interpretation of the MI transitions, the
temperature of which can be correlated to the Ni—O-Ni
angles, poverning the transfer integral between Ni-3d and
Q-2p orbitals. For R = Sm or Eu, the high neutron absorp-
tion cross section did not allow us to perform such struc-
tural studies for the corresponding perovskites. The struc-
ture of SmNiO; was refined from X-ray diffraction data
(1) but, hitherto, no structural information about EuNiO;
is available; this is probably due to the difficulties inherent
to the stabilization of this perovskite, of metastable charac-
ter, which must be prepared under high oxygen pressure.
Only the unit-cell parameters of EuNiQO; have been pre-
viously reported by Démazeau ef al. (5), @ = 5293, b =
5.466, ¢ = 7.542 A, who prepared the complete series of
RNiO; perovskites (R = Y, La, Nd, Sm, Eu, G4, Dy, Ho,
Er, Tm, Yb, Lu) under 60 kbar of oxygen pressure.

In the course of our current research about rare-earth
nickelates, we were able to prepare a sufficiently pure
EuNiO; powder sample, working at a moderate oxygen
pressure of 200 bar. The aim of this paper is to report the
preparation and structural data of EuNiQOs, to discuss some
structural features on the light of a bond-valence study,
and to characterize the MI transition of this perovskite by
differential scanning calorimetry above room temperature,

EXPERIMENTAL

EuNiQ; was prepared as a black polycrystalline powder
starting from stoichiometric amounts of analytical grade
Eu,O; and Ni(NO5), - 6H,0, which were solved in citric
acid. The citrate solution was slowly evaporated and de-
composed at temperatures up to 600°C. All the organic
materials were eliminated in a subsequent treatment at
800°C in air, alter which the sample was slowly heated
(1°C min~") up to 1000°C under 200 bar of oxygen pressure
and held at this temperature for 12 hr. The product was
finally cooled at 300°C hr™! to room temperature. _

X-ray powder diffraction (XRD) patterns were collected
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FIG. 1. XRD pattern of EuNiQ3, indexed on the basis of the ortho-

rhombic GdFeQs-type perovskite structure. The star indicates the most
intense reflection of Eu,Oj;.

with CuKa radiation in a Siemens D-501 goniometer con-
trolled by a DACO-MP computer. For the structural re-
finement the diagram was recorded by step-scanning from
10° to 130° in 24, in increments of 0.025° and a counting
time of 15 sec each step. The XRD pattern was analyzed
by the Rietveld {6) method, using a strongly modified ver-
sion (7) of the Wiles and Young refinement program (8).
A pseudo-Voigt function was chosen to generate the line
shape of the diffraction peaks. No regions were excluded
in the refinement. Since small amounts of unreacted NiQ
(with rock-salt structure) and Eu,O; were detected in the
pattern, the profile refinement of the mixture was per-
formed. In the final run the following parameters were
refined: background coefficients, zero-point, half-width,
pseudo-Voigt, and asymmetry parameters for the peak
shape; scale factors, positional, and unit-cell parameters.
Isotropic thermal factors were set to 0.3 and 0.7 A? for
metals and oxygen atoms, respectively, and an overall ther-
mal factor was also refined.

Differential scanning calorimetry (DSC) experiments
were performed in a Mettler TA3000 system equipped
with a DSC30 unit, the temperature range 300 to 863 K.
The heating rate was 10°C min™’, using about 70 mg of
sample in each run.

RESULTS AND DISCUSSION

EuNiO; was obtained as a black, well crystallized pow-
der. The XRD diagram is characteristic of a perovskite
showing sharp, well defined superstructure reflections cor-
responding to an orthorhombic distortion of the aristotype
(ideal cubic perovskite, a = 4 A) with unit-cell parameters
related to a, as a = \/iao, b = \/iao, ¢ = 2a,. Figure 1
shows the indexed XRD diagram, and Table 1 includes
the observed and calculated d-spacings and observed inten-
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TABLE 1
Miller Indices, Observed and Calculated
d-Spacings, and Observed Intensities of the
Peaks of the XRD Pattern of EuNiO;

hkl ot deal v
in 432(1) 432 3
110 3.79(1) 3.79 19
002 3.76(1) 3.76 12
11 3.39(1) 339 18
020 2.722(5) 2723 20
112 2.668(4) 2.671 100
200 2.641(4) 2.643 27
021 2.561(4) 2561 11
211 2.266(3) 2268 5
103

022 2.204(3) 2207 7
202 2.162(2) 2.163 11
113 2.093(2) 2003 7
122 2.033(2) 2.037 2
212 2.008(2) 2011 2
220 1.897(2) 1.898 21
004 1.882(2) 1.882 16
023 1.845(2) 1.846 8
221 1.841(2) 1.840 12
123 1.746(2) 1.743 2
222 1.697(2) 1.696 4
114 1.687(1) 1.686 5
310 1.675(1) 1675 1
131

311 1.639(1) 1.637 3
132 1.563(1) 1.563 8
024 1.549(1) 1.549 7
204 1.533(1) 1532 21
312

223 1.514(1) 1.514 4

sities. The structural refinement was performed by the
Rietveld method taking as starting parameters those of the
SmNiOj structure (1). The final atomic coordinates, unit-
cell parameters, and discrepancy factors after the refine-
ment are included in Table 2, Figure 2 shows the goodness
of the fit. The amount of Eu,0, and NiQ detected in the

TABLE 2
Room Temperature Structural Parameters for EuNiQ,
Atom Site xia y/b zlc B (A}
Eu 4 0.9861(2) 0.0569(1) 0.25 03
Ni 46 0.5 0 0 0.3
o1 4 00913(18)  0.4828(15) 025 0.7
02 84 0710i(16)  0.2901(15)  0.0422(10) 0.7

Note.a = 5.2938(1), b = 54560(1), ¢ = 7.5359(2) A, space group Pbnm,
Z=4 B, =-017 A2 R, =563, R,y = 720, Reyr = 5.51, Ry = 3.24%;
X =17
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FIG. 2. Observed (crosses), calculated (solid line), and difference
(at the bottom) XRD profiles for EuNiO, at 295 K. The three series of
tick marks indicate the positions of the allowed Bragg reflections for the
main phase, Eu,(s, and NiO. For the sake of clarity, oaly half of the
experimental points are represented.

diagram could be estimated from the scale factors 1o be
lower than 0.5% in volume.

Table 3 contains a selected list of distances and angles,
and a view of the structure is shown in Fig. 3. The perov-
skite structure of EuNiQj; is fairly distorted due to the small
size of the Eu®* ¢ations, which force the NiQ, octahedra to
tilt in order to optimize the Eu-O distances. The tilting
description proposed by (U’Keefe and Hyde (9) for the
orthorhombic GdFeOa-type perovskites (standard space
group Pnma) involves main rotation axes in the (011)
planes of the arystotype®. In the space group Pbnm, the
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FIG. 3. View of the EuNiO; structure. O1 are in the apical positions
of the NiOg octahedra. Small and large circles represent 02 and Eu, te-
spectively.

rotation angle ¢ can be obtained from the z parameter of
the oxygen at 8(d), as ¢ = arctg[z(02)V48]. The refine-
ment of the XRD data of EuNiQ, led to z(02) = 0.042,
therefore, ¢ = 16.2°. For the sake of comparison, the same
calculation has been performed for the other members of
the RNiO; series (R = La, Pr, Nd, Sm, Ho) for which
structural data are availabie (Table 4). A progressive in-
crease of the tilting angle is observed as the rare-earth size
decreases, except for Eu and Sm which display an almost
similar ¢ value. Rotation angles within a similar range of

TABLE 4
Tilting Angle of the NiQ,; Octahedra, Mean Ni—-O and R-0O
Distances, Tolerance ¢t Factors, and Lattice Volumes for the
RNiO, Perovskites

R Ref. ¢ (Ni-O)  (R-0) t v (AY)
la (4 9.0 19341) 2632(1) 0962  339.06(2)
Pr (4 134 1942(1)  2541(3) 0925  222.36(1)
Nd (4 147 1.942(3) 2514(6) 0915  22071(1)
Sm (1) 164 1955(6) 2468(8) 0893  219.25(2)
Eu Thiswork 162 1.949(6) 2459(8) 0892  217.66(1)
Ho (5 180 1938(5) 2.419(9) 0883  211.96(25)

TABLE 3
Selected Distances (A) and Angles (°) for EuNiQ;
Ni-O1 (x2)  1947(2) Eu-01 2.273(10)
Ni-02 (x2) 1941(8) Eu-0Ol 2.390(8)
Ni-02 {%2) 196)8) Eu-O1° 3.083(10)
(Ni-0) 1.949(6)  Eu-01° 3.181(8)
- Eu-02 (x2)  2377(8)
Eu-02 (x2)  2491(8)
Eu-02 (x2)  2.637(8)
Eu-02° (=2 3319(8)
(Eu-O)g shost 2.459(8)
{Eu-0) 2.715(8)
O1-Ni-02 91.3(5) Ni-~O1-Ni 150.7(4)
01-Ni-02 90.5(5) Ni—Q2-Ni 153.9(15)
02-Ni-O2 90.1(6)

¢ Long Eu—0O distances.

2 For undistorted octahedra, a main rotation of ¢ demands a secondary
tilt {of the octahedra and the primary axes) of 4 about an axis normal
to the first, as ¢ = tan~'[V2(1 - cos ¢)/(2 + cos ¢)] (Ref. 9).

“ For rhombohedral LaNiO; (R3c) the tilting angle ¢is obtained from
the x coordinate of the oxygen position at {x 0 U/4), as ¢ =
arctg[x(O)\/i_ — V3. For orthothombic {(Pbnm) RNiO; (R = Pr. ...,
Ho), ¢ is calculated from the z coordinate of 02, at {x y 2), as ¢ =
arctg(z(Q2)V48) (Ref. 9). ~

& For rhombohedral LaNiQ; (R3¢, Z = 6) the normalized volume
corresponding to 4 formula units (to compare with the orthorhombic
structures, Phnm, Z = 4) is 226.04(2) A3,
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values have been reported for other perovskite series, such
as the lanthanoid orthoferrites RFeQs, in which a sequence
across a range of ¢ from 15° to 23° has been observed (10).

The relative distortion of EuNiO; with respect to the
other members of the RNiO; perovskites can also be dis-
cussed in terms of the tolerance factor, defined as ¢ =
dR_or’\/idNi_o (11}, in the framework of a purely ionic
model. Below t = 1 {corresponding to the cubic aristotype),
the smailer the value of ¢, the larger the degree of distortion
of the structure. Table 4 also includes the average (Ni-O)
and (R-0) distances obtained from neutron {4) or X-ray
(1, 5) diffraction data, the tolerance factors, and the unit-
cell volumes of the RNiCy perovskites. It should be noticed
that the tolerance factors for EuNiQ; and SmNi(Q, are
very close, which again suggests a similar magnitude of the
distortion for both perovskites and is consistent with the
close values of the g tilting angle of the NiOy octahedra
determined in both compounds from the z{O2) atomic pa-
rameters.

The fact that the {Ni—O) distances progressively increase
from the La to the Sm perovskites in spite of the decrease
observed in the lattice volume as R becomes smaller is
striking. This behavior can be correlated with the chemical
nature of the rare-earth cations present in the RNi(Q;
phases. The large, basic La** cations are suitable to stabi-
lize the highly charged Ni** cations: along the La—O-Ni
bonds, La** allows the electronic density to be preferably
shifted toward the short Ni—-O bonds. With smaller, more
acid R* cations as a partner, some electron density is
progressively kept in the somewhat more covalent R-O
bondings, thus weakening (lengthening) the Ni-O bonds.

This effect is predominant for K ranging from La to Sm; .

for smaller rare earths the reduction in volume, which
scales with the reduction in R** size and plays in the oppo-
site direction, becomes predominant and explains the pro-
gressive decrease of (Ni—-O) distances from Sm to Ho.

The trend to optimize the Eu-O bend lengths through
the tilting of the octabhedra can be easily checked by the
calculation of the valence of the cations and anions present
in the solid, following the Brown’s bond valence model
(12, 13). This model gives a phenomenological relationship
between the formal valence of a bond and the correspond-
ing bond length. In perfect nonstrained structures the bond
valence sum (BVS) rule states that the formal charge of
the cation (anion) is equal to the sum of the bond valences
around this cation (anion). This rule is satisfied only if the
stress introduced by the coexistence of different structural
units can be relieved by the existence of enough degrees
of freedom in the crystallographic structure. The departure
of the BVS rule is a measure of the existing stress in the
bonds of the structure.

Table 5 lists the valences calculated for Ni, Eu, and O
from the individual Ni-O and Eu-O distances of Table 3.
Ni and Eu atoms exhibit valences of 2,90 and 3.18 v.u.,
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TABLE 5
Bond Valences® (5;} for Eu-0 and Ni—Q Bonds, Multiplicity
of the Bonds [m}, and Valences (Z,) for Eu, Ni, and O Atoms
within the Respective Coordination Polyhedra in the EuNiO,
Structure

Atom 8 [m) 2,
Eu 059, [1] 0.43, [1] 0.07, [1] 0.05, [1]
044, 2} 032} e22.2) 0032 318
Ni 049,[2] 049, [2] 047, [2] 2.90
ot 059.[1]  043.J1]  049.[2] 007, [1]
0.05, [1] 212
02 044, {1} 033, (1}  022,[1] 049, [1]
047,[1] 003, [1] 1.98

“Bond valences are calculated as 5, = exp((ro — r}/B]; B = 0.37;
r{E) = 2.076, ry(Ni) = 1.68 A for the Eu"'—0? and Nil'-Q?" pairs,
respectively (from Ref. 14)). Individual Eu-O and Ni-O distances are
taken from Table 3.

respectively, somewhat below or above the expected value
of +3 for both cations. This fact seems to indicate that Ni
cations are slightly underbonded and hence Ni-O bonds
are under tensile stress, whereas Eu cations are over-
bonded and under compressive stress, giving rise to a struc-
ture with some metastable character (this is useful to com-
pare with the LaNiO; structure (4), in which Ni and La
exhibit valences of +3.01 and 3.00 v.u., respectively).

The contrast between the almost regular NiQg octahedra
observed in RNiO; for the largest rare earths (R = La,
Pr, Ndj (4} and the distortion observed in the NiQ; octahe-
dra of EuNiQO;, in which Ni-O distances range between
1.94 and 1.96 A, is also noteworthy. This distortion is stili
more evident in HoNiQj;, with Ni-O bond lengths in the
range 1.92-1.96 A (5). The origin of such behavior can be
found in the “distortion theorem” enunciated by Brown
and Shannon (12, 14), which states that “in any coordina-
tion sphere in which the average bond length is kept con-
stant, any deviation of the individual bond lengths from this
value will increase the valence sum at the central atom.” If
we consider Ni as the central atom of a coordination sphere
formed by O anions, it follows from the theorem that the
observed departure of the individual bond lengths with
respect to the average value, thus increasing the distortion
of the NiQg octahedra, is driven by the trend of the un-
derbonded Ni cations to increase its valence.

Figure 4 shows the DSC curves for EuNiO; obtained
during the heating and cooling runs, respectively. The heat-
ing process exhibits an endothermic peak centered at
189.3°C (462.5 K) corresponding to the first-order insula-
tor-to-metal transition. The reverse transition is observed
during the cooling run, showing an exothermic peak at
185.4°C (458.6 K). The observed thermal hysteresis is in-
herent to the first-order character of the transition. The
temperature tfransition is in good agreement with that de-
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FIG. 4. DSC curves, obtained on heating and cooling, of EuNiQ;.

termined elsewhere (2) from the endothermic DSC peak
and resistivity measurements {460 K).

The vaiues obtained for the enthalpy changes are
AH = 184 I mole™ and AH = 190 J mole™! for the endo-
thermic and the exothermic processes, respectively. These
figures are much lower than those reported for the insula-
tor-to-metal transition of NdNiQs, 353 J mole* (15) or
376 ] mole™! (16) during the heating process. The origin
of such a difference can be found in the fact that NdNiQ,
undergoes an antiferromagnetic-to-paramagnetic transi-
tion associated, at the same temperature (203 K on heating
(15)), to the insulator-to-metal transition, whereas in the
highly distorted compounds such as SmNi1O; or EuNi(O,
there is a clear separation between both transitions. The
Néel temperature of EuNi(};, determined from positive
muon-spin relaxation {2 SR), is 205 K, dramatically lower
than that found for the insulator-to-metal transition (2).
Hence, the heat transfer observed at 463 K accounts only
for the gain in energy corresponding to the electronic delo-
calization when reaching the metallic state, above this tem-
perature.

CONCLUSIONS

A citrate route was shown to be an adequate synthesis
procedure for the obtention of the highly metastable
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EuNiQj; perovskite. This compound is the last member of
the RNiQ, series that can be prepared at moderate oxygen
pressures (£ = 200 bar). EuNiO; crystallizes in a very
distorted orthorhombic perovskite structure, with a toler-
ance factor ¢t = 0.892. The observed valences for Ni and Eu,
determined from bond valence considerations, are slightly
lower or higher, respectively, than the expected value of
+3 for both cations. This fact conld be in the origin of the
metastable character of the structure. The MI transition
of EuNiO; shows the hysteretic behavior expected for a
first-order transition, as shown by DSC measurements. The
heat transfer corresponding to the MI transition of EuNiQO;
(at ~460 K) is by far lower than that observed for NANiQO,
(at ~200 K}; in the latter compound the MI transition is
associated 1o a paramagnetic-antiferromagnetic transition,
whereas in the former perovskite the magnetic ordering
takes place at much lower temperatures, of about 205 K.
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