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Long-range charge order in the low-temperature insulating phase of PrNiO;
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We report the observation of a static long-range 2Ni** — Ni**9+Ni*~? charge redistribution in PrNiO5 below
Tyi=130 K by means of high-resolution powder neutron diffraction. In contrast to previous structural studies,
these present data show that the symmetry of the low-temperature insulating phase is not orthorhombic but
monoclinic P2,/n. The two available Ni sites host contracted and expanded NiOg octahedra which alternate
along the three pseudocubic perovskite axes, suggesting the existence of a Ni’*%/Ni>~? charge order similar to
that reported for the nickelates with heavier lanthanide ions. The difference between the average Ni-O dis-
tances in the two Ni sites at 7/ Tyy=0.08 is 0.052(2) A, which is almost two times smaller than the value
reported for LuNiO5 at 7/Ty;=0.50 [0.084(4) A]. This result suggests a progressive decrease in & by ap-
proaching the itinerant limit and gives further support to the charge disproportionation mechanism as an origin
of the metal-insulator transition in the whole RNiO;5 family.

DOLI: 10.1103/PhysRevB.78.212101

The mechanism of the gap opening in the Ni perovskite
family RNiO; (R=Y and rare earth # La) has been the sub-
ject of an increasing number of investigations since its dis-
covery in 1991.! With the exception of metallic LaNiOs, all
the members of the series undergo a first-order metal-to-
insulator (MI) transition at temperatures Ty ranging be-
tween 130 (Pr) and 600 K (Lu)."? The electronic localization
is accompanied by subtle structural changes involving the
Ni-O distances and the Ni-O-Ni angles whose fine details,
not yet fully elucidated, are still a matter of controversy.>

In contrast to earlier structural studies, the recent avail-
ability of the heavier nickelates made possible the observa-
tion of a symmetry decrease from orthorhombic Pbnm to
monoclinic P2;/n below Ty for some of these compounds
(R=Ho, Y, Er, Tm, and Lu).? The splitting of the unique
nominally Ni** site present in the metallic state into two
inequivalent Nil and Ni2 sites with slightly different average
Ni-O distances was interpreted as the signature of a charge
disproportionation (CD) of the type 2Ni**— Ni**o4+Ni’~?.
This mechanism, which contradicted previous charge-
transfer and negative-delta gap models,>’ was fairly unex-
pected for a 3d” system. Although CD is frequently encoun-
tered in compounds containing broad-band 6s' ions such as
Bi**, Pb*, or TI** due to their strong tendency to form 6s°
+6s2% closed shells, it is rather uncommon and « priori much
more expensive in narrow-band 3d transition-metal (TM) ox-
ides where Mott-Hubbard repulsion usually prevents charge
transfer between metallic sites. Interestingly, the few 3d ox-
ides for which the existence of CD has been reported are
exclusively e! orbitally degenerate systems close to the
boundary between localized and itinerant behaviors [such as
CaFeO5(13,e,).5 AgNiO, (15 e,).” or the RNiO; family]. The
occurrence of the e;e;—wge; process in these compounds
has been recently interpreted as an alternative to conven-
tional Jahn-Teller (JT) distortions.”-'°

Within this framework, larger bandwidths are expected to
reduce the JT effect, and at the same time, to ease the charge
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transfer between TM sites. In the particular case of the
RNiO; family, less distorted NiOg4 octahedra and a more
complete CD would be expected by approaching the itinerant
limit. Experimentally, only the first trend has been observed.
The strength of the CD, as measured by &, is larger for the
most insulating nickelates (Lu to Ho, ~0.35¢™) whereas for
the more conducting ones (Dy to Pr), attempts to observe the
associated long-range charge order by x-ray or neutron dif-
fraction have been unsuccessful. In spite of compelling evi-
dence for a symmetry decrease from other techniques,''~'#
no diffraction studies, even on single crystals,'>!® could pro-
vide full structure refinements supporting the existence of
CD for the early nickelates. Although a larger & could be
compatible with less pronounced structural changes if the
transferred electrons are progressively delocalized out of the
Ni-O bonds for increasing Ni e,-O 2p hybridization, recent
extended x-ray-absorption fine structure (EXAFS) and x-ray
absorption near-edge structure (XANES) measurements>®
suggest instead the existence of large but local (short-range)
distortions. The giant '°0-"%0 isotope effect on Ty and the
strong decrease in the lattice contribution to the thermal con-
ductivity below this temperature suggest also that the distor-
tions could have an important dynamic component.'”!8

The motivation of the present work was to determine the
precise boundary of a static long-range CD and to explore its
coexistence with local and/or dynamic structural distortions.
For this purpose, we decided to reinvestigate the crystallo-
graphic structures of the early nickelates. Here we report
high-resolution data on PrNiOs, the first member of the se-
ries, measured on the diffractometer D2B [Ge (335), \
=1.594 A] at the Institute Laue Langevin in Grenoble
(France). A large (6 g) sample was prepared as described in
Ref. 1. In contrast to most high-pressure synthesized materi-
als, it displayed an excellent crystallinity and was nearly free
of impurities (1% NiO). Thermogravimetric measurements
indicated an oxygen content of 3+ & with 6=0.00(0), very
close to the results obtained from neutron diffraction [&
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TABLE I. Refined structural parameters of PrNiO; at 7=10 K using the space group P2;/n with cell
parameters a=5.41139(2) A, b=5.38216(3) A, c=7.61141(4) A, and B=90.0715(5).

Biso
Atom W. Pos. Occ X y z (A?)
Nil 2d 0.5 12 0 0 0.16(1)
Ni2 2c 0.5 12 0 12 0.16(1)
Pr 4e 1.0 0.9946(5) 0.0327(4) 0.2510(8) 0.19(3)
o1 4e 1.030(1) 0.0704(3) 0.4926(4) 0.2528(5) 0.20(2)
02 4de 0.982(3) 0.7145(6) 0.2784(9) 0.0365(5) 0.37(6)
03 4e 1.055(3) 0.2219(7) 0.214(1) 0.9635(5) 0.40(6)

=0.067(7), see Table I]. Several neutron powder-diffraction
patterns were recorded by warming between 10 and 170 K
and analyzed using the Rietveld program FULLPROF.'® A rep-
resentative pattern is shown in Fig. 1(a).

Figures 1(b)-1(e) show two high-angle regions of the pat-
terns measured at 170 and 10 K. Although the high-
temperature data could be satisfactorily fitted using the space
group Pbnm proposed in previous works [Figs. 1(b) and
1(c)], the extra splitting of some of the reflections in the
low-temperature pattern could not be reproduced. This split-
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FIG. 1. (Color online) (a) Best fit of the neutron powder-
diffraction pattern of PrNiO; at 10 K using the space group P2,/n.
Inset: temperature dependence of the monoclinic angle B. (b) and
(c) Detail of the high-26 region of the pattern measured at 170 K
and fitted with the space group Pbnm. (d) and (e) Same region
measured at 10 K and fitted using the space group P2,/n.

ting, not observed in previous works presumably because of
lack of resolution and/or sample-related effects (size or strain
broadening), strongly suggested the existence of a static
long-range symmetry change below Tyy. Figures 1(d) and
1(e) show the fit of the 10 K pattern refined using the space
group P2,/n proposed for the low-temperature phase of the
nickelates with smaller rare earths. The splitting can be well
described now even at the largest measured 26 angle using
the same resolution function as in the high-temperature me-
tallic phase. This last point indicates that short-range charge
ordering, if existing, coexists with the long-range CD, con-
cerns only a very small sample volume and has a coherence
length below the detection limit of neutron powder diffrac-
tion (40—50 A). The refinement of the full 10 K pattern and
the temperature dependence of the monoclinic angle 3 are
shown in Fig. 1(a), and a summary of the refined cell param-
eters, atomic coordinates, and isotropic temperature factors
at 10 K is displayed in Table I.

The temperature dependence of the refined Ni-O distances
is displayed in Fig. 2(a). A clear splitting in two well-
separated sets is observed below Ty;. The distortion of the
NiOg octahedra, nearly absent in the metallic state, increases
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FIG. 2. (a) and (c) Temperature dependence of the individual
and site-averaged Ni-O distances across Ty for PrNiO;. (b) and (d)
The same data for LuNiO3 (adapted from Ref. 2).
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slightly just below Ty, but decreases again by lowering the
temperature for both the Nil and Ni2 sites. This behavior
contrasts with that reported for the end member of the series
LuNiO;, where the octahedra are strongly distorted in both
the metallic and the insulating phases [see Fig. 2(b)].> The
value of the distortion parameter A,=(1/6)%,_;[(d,
—(d))/{d)]? is even larger above Ty, a trend also reported
for the nickelates with R=Ho, Y, and Er.2 Since JT distor-
tions are expected to be absent in metals, the very similar
bond-length dispersions at both sides of the transition sug-
gest the existence of a stronger rare-earth-dependent steric
component superimposed to a possible—in any case much
smaller—JT distortion.

The evolution of the average Ni-O distances across the
transition is shown in Fig. 2(c) and 2(d). For PrNiO; the
single Ni site in the metallic state (1.9390 A at 150 K) splits
into Nil (contracted) and Ni2 (expanded) with average Ni-O
distances of 1.9168 and 1.9687 A at 10 K. The difference
Ad=0.052 A is slightly smaller than that measured by EX-
AFS for NdNiO; (~0.09 A) but is not inconsistent due to
the lower accuracy of the last technique.’ In the case of
LuNiO3;, both the value of the average Ni-O distance in the
metallic state (1.9624 A at 673 K) and the splitting of the
two Ni sites in the insulating state (dyij.o=1.999 A, dnin-o
=1.915 A, and Ad=0.084 A at RT) are significantly larger
than for Pr even at higher values of T/Tyy [see Fig. 2(d)].
Another important difference between the two end members
of the series is the exchange of the expanded and contracted
sites (see Fig. 2 and Table I). This is presumably due to the
crossing of the a and b cell parameters for R=Nd (a>b for
Pr, a~b for Nd, and a<b for the remaining rare earths').

In previous works, bond valence sum (BVS) calculations
using B=0.37 and ry=1.686 for the Ni-O pair yield 2.58(1)
(Nil), 3.24(1) (Ni2), and 6=0.33(2) for LuNiOj; at RT. Using
the same set and the structural data of PrNiO; at 10 K, we
obtain 2.80(1), 3.22(2), and 0.21(2) for Nil, Ni2, and &, re-
spectively. Qualitatively, these results suggest the existence
of a similar long range but somewhat less complete
Ni3*9/Ni*=? charge order than that reported for the heavier
nickelates. Quantitatively, this should nevertheless be consid-
ered with care. On one side, all tabulated BVS parameters
have been determined from RT structural data; on the other,
the published BVS parameters for the high-valence states of
Ni suffer from large statistical errors. Keeping this in mind, it
is perhaps more illustrative to compare the average Ni-O
distances of the Nil and Ni2 polyhedra with those reported
for oxides containing single-valent nickel (+2, +3, or +4) in
octahedral coordination. In Fig. 3 we have represented the
dependence of the RT (dy;.o) with the nominal oxidation
state in a few families of stoichiometric Ni oxides. It is to be
noted that for compounds with the same nominal Ni valence,
{dni.0) may change by more than 0.05 A depending on both
the type and the magnitude of the distortion displayed by the
NiOg octahedra (see caption). For PrNiO; and LuNiO;, the
average Ni-O distance in the metallic state is in both cases
larger than in LaNiO; (lowest pink square) and shorter than
in AgNiO,, the two extreme values reported for Ni** oxides.
In the insulating state, it is important to stress that both
{dnii-o) and (dyip.o) are well outside of this interval even in
the case of PrNiO; (see Fig. 3), although none of them
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FIG. 3. (Color online) Dependence of the average RT Ni-O
distance with the nominal oxidation state. Circles: Nd,BaNiOs-type
(Ref. 20). Rhombuses: K,NiF,-type (Ref. 21). Squares: perovskite-
like compounds (Refs. 22 and 23). Flattened rhombuses: delafos-
sitelike (Ref. 9). BaNiOj: (Ref. 24). NiO: NaCl-type KNilOg:(Ref.
25). For a given structural type, the order of the points in the figure
coincides with that of the legend.

reached the values reported for pure Ni** and Ni** oxides.

To investigate whether the incompleteness of the CD sug-
gested by the values of the average Nil-O and Ni2-O dis-
tances could arise from the simultaneous existence of charge
or bond-length fluctuations, either static or dynamic, we have
examined the evolution of the Debye-Waller (DW) factors
across Tyy. Figure 4 shows the thermal evolution of the iso-
tropic B factors of the Pr and O sites when refined using the
Pbnm space group above and below the transition (black
dots). A clear increase is observed in both cases below Ty,
which is in agreement with the evolution of the static disor-
der of the Ni first coordination shell determined from
EXAFS.> The white triangles in the same figure are the val-
ues obtained when using the P2;/n space group below Ty.
In contrast to the previous case, a smooth temperature depen-
dence is obtained, indicating that the monoclinic symmetry is
able to capture the contribution previously attributed to
short—range charge order.
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FIG. 4. Temperature dependence of the DW factors B for the Pr
and O sites using space groups Pbnm and P2,/n. For P2,/n,
Bopasa=(Boa+Bo3) /2.
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The existence of dynamic charge fluctuations above and
even below Tyy has been suggested from the analysis of
EXAFS and IR measurements. In this case, an extra contri-
bution to the DW factors below Ty; and an increase by en-
tering the metallic state will be expected if, as pointed out in
Ref. 5, two distinct slow-fluctuating Ni sites coexist in the
insulating state with the static charge order and subsist above
Ty as fast charge or bond fluctuations. In Fig. 4 no anomaly
at Ty is evident, at least within our experimental resolution
(Omax~6 A). The isotropic mean-square displacements
(u*)=B/87* at 10 K are 0.0025, 0.0047, and 0.0051 A? for
Ol1, 02, and O3, respectively. Although absolute DW factor
values should be considered with caution, these values—
especially those of the basal oxygens O2 and O3—are rela-
tively large for zero-point displacements. This result may be
compatible with the existence of charge or bond fluctuations
which could be at the origin of the reduced & value suggested
by the values of the average Ni-O distances. Further higher-
resolution x-ray diffraction experiments, preferably on single
crystals, would be necessary to confirm it, as well as to pro-
vide electron-density maps in order to estimate the degree of
delocalization of the Ni-O bonds and the total charge trans-
ferred between the two Ni sites.

In conclusion, we have reported high-resolution neutron
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powder-diffraction data which clearly prove the existence of
a static long-range charge order in PrNiO; below Ty
=130 K. The magnitude of the associated CD, as measured
by the difference between the average Ni-O distances in the
contracted Ni**® and expanded Ni*~? sites, appears to be sig-
nificantly smaller than in LuNiOs. This finding strongly sug-
gests the existence of a mechanism for the electronic local-
ization common to the whole RNiO5 family and a decrease in
6 by approaching the itinerant limit. Analysis of the DW
factors shows that the previously reported anomalies at Ty,
interpreted as evidence for short-range charge order are ab-
sent if the correct space group is used. The relatively large
value of the zero-point mean-square displacements for all the
atomic sites suggests nevertheless the existence of either a
residual dynamic component or a small additional static dis-
tortion. In particular, the existence of a noncentrosymmetric
space group below Ty, could explain the magnetic structure
and would support recent theoretical work predicting the ex-
istence of magnetism-induced electric polarization in these
compounds.?®
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