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The origin of the metal-to-insulator transition (MIT) in RNiO3 perovskites with R = trivalent 4 f ion has
challenged the condensed matter research community for almost three decades. A drawback for progress in this
direction has been the lack of studies combining physical properties and accurate structural data covering the
full nickelate phase diagram. Here we focus on a small region close to the itinerant limit (R = Pr, 1.5 K < T <

300 K), where we investigate the gap opening and the simultaneous emergence of charge order in PrNiO3. We
combine electrical resistivity, magnetization, and heat capacity measurements with high-resolution neutron and
synchrotron x-ray powder diffraction data that, in contrast to previous studies, we analyze in terms of symmetry-
adapted distortion modes. Such analysis allow us to identify the contribution of the different modes to the global
distortion in a broad temperature range. Moreover, it shows that the structural changes at the MIT, traditionally
described in terms of the evolution of the interatomic distances and angles, appear as abrupt increases of all
nonzero mode amplitudes at TMIT = TN ∼ 130 K accompanied by the appearance of new modes below this
temperature. A further interesting observation is the existence of a nearly perfect linear correlation between
the amplitude of the breathing mode associated to the charge order and the staggered magnetization below the
MIT. Our data also uncover a previously unnoticed anomaly at T ∗ ∼ 60 K (∼0.4 × TMIT), clearly visible in the
electrical resistivity, lattice parameters and some mode amplitudes. Since phase coexistence is only observed
in a small temperature region around TMIT (∼ ± 10 K), these observations suggest the existence of a hidden
symmetry in the insulating phase. We discuss some possible origins, among them the theoretically predicted
existence of polar distortions induced by the noncentrosymmetric magnetic order [Perez-Mato et al., J. Phys.:
Condens. Matter 28, 286001 (2016); Giovanetti et al., Phys. Rev. Lett. 103, 156401 (2009)].
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I. INTRODUCTION

The evolution of the physical properties at the crossover
from localized to itinerant behavior in highly correlated elec-
tron systems remains a fundamental problem in both, solid-
state physics and chemistry. RNiO3 perovskites with R =
trivalent 4 f ion constitute a particularly well suited system
to investigate this region because, in contrast to most oxide
systems, a complete evolution between these two extremes
can be achieved without doping. As shown in Refs. [1–7] and
illustrated in Fig. 1, bulk nickelates with R = Pr3+ to Lu3+

display spontaneous metal to insulator transitions (MITs)
at a temperatures TMIT between 130 to 600 K, allowing a
continuous study of such fascinating crossover region in a
particularly clean way.
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In spite of intense research activity during the last 30
years, the origin of the spontaneous electronic localization
observed below TMIT is still the subject of a lively debate
[23–32]. In particular, it is not clear what is the role of the
lattice, magnetic and electronic degrees of freedom, and how
their involvement changes along the series. The implication
of the lattice in the MIT was pointed out already in 1991,
after discovering the existence of abrupt volume anomalies
at the transition [1,6,9,18]. Further support came from the
observation of a large 16O-18O isotope effect on TMIT [33], and
more recently, from the possibility to control the MIT in thin
films by exciting some particular vibrational phonon modes
of the substrate [34]. The electronically unstable Jahn-Teller
(JT) configuration of Ni, which is formally trivalent in these
compounds (t6

2g e1
g), was believed to be at the origin of these

observations [35]. Interestingly, the structural modifications
observed below TMIT are not compatible with conventional
JT distortions but rather with the splitting of the unique
Ni3+ site present in the metallic state into two Ni sites with
different average Ni-O distances [36]. This has been inter-
preted as evidence of either a 2Ni3+ � Ni3+δ + Ni3−δ charge
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FIG. 1. State of the art phase diagram of bulk RNiO3 perovskites. The colors of the different markers indicate the reference at the origin
of the data, and their shape identify the different transition temperatures (squares: TMIT; rhombuses: TN or TMIT = TN ; triangles: linearly
extrapolated TN for R = Pr and Nd; circles: the Pbnm → R3̄c structural phase transition). For nickelates with monoclinic P21/n symmetry at
base temperature, the ionic radii in the abscissa correspond to the values tabulated in Ref. [8] for trivalent 4 f cations in 8-coordination. For the
nickelates with rhombohedral R3̄c symmetry at base temperature, we use instead the ionic radii for trivalent 4 f cations in 9-coordination. For
solid solutions, weighted averages of the trivalent 4 f cations ionic radii in the coordination corresponding to the space group of the mixed-R
nickelate at base temperature are used [1–7,9–22].

disproportionation (CD) [36,37] or a Ni-O bond dispropor-
tionation with constant charge (2+) at the Ni sites and distinct
amounts of holes at the O sites [38–41]. These observations
have led to the suggestion that the symmetry lowering and
concomitant charge ordering observed in the low-temperature
insulating phase could be the result of the softening and
further condensation of an oxygen-breathing phonon mode
[28], which would couple to the Ni electronic instability to
open a gap below TMIT [32].

The role of the magnetism is presently less clear, on one
side because the MIT exists independently of the proximity of
the antiferromagnetic state observed below TN � TMIT, but
also because of four recent reports suggesting the existence of
new magnetic phases in TlNiO3 [21] and LaNiO3 [14,42,43].
Moreover, there is increasing evidence suggesting that the
gap does not open in the same way when TMIT > TN (Lu
to Sm) than when the two transition temperatures coincide
(Nd and Pr). This was first noticed in the early photoemission
studies, where the sharp disappearance of the density of states
(DOS) in the vicinity of the Fermi level (EF ) for the heavier
nickelates contrasted with the persistence of nonzero DOS for
PrNiO3 and NdNiO3 down to T ∼ 0.4 × TMIT [16]. Further
experimental evidence in this sense was suggested by the
hysteretic behavior of the electrical resistivity, optical con-
ductivity and differential scanning calorimetry measurements
across the MIT, usually much larger when TMIT coincides with
the Néel temperature [44–52]. These observations have led to
the proposition that the MIT is first order when TMIT = TN ,
and only weakly first (or even second) order for the nickelates
with TMIT �= TN [29,32,53].

The aim of this study is to shed new light on the order
parameters involved in the MIT when TMIT and TN coincide.
For this purpose, we present here a detailed re-investigation of

the crystal structure of bulk PrNiO3 across TMIT = TN ∼ 130
K and within the insulating phase, that we compare with the
evolution of several physical properties measured on the same
sample. In contrast to early studies, we use here the correct
space group (SG) in the insulating phase (P21/n), as well as
the symmetry-adapted distortion mode formalism to analyze
the neutron powder diffraction data [54–58]. This approach
has the advantage of enabling the decomposition of the global
distortion of the crystal structure into contributions from the
different modes with symmetries given by the irreducible
representation of the undistorted parent SG. The evolution of
the individual mode amplitudes across the transition can thus
be determined. Since such amplitudes can be seen as order
parameters of the different individual distortions, they allow
us to describe the structural changes at the MIT and their link
with the physical properties from a fully different perspective.

Using this formalism, we show here that the lattice anoma-
lies at the MIT, traditionally described in terms of the evolu-
tion of the interatomic distances and angles, appear as sharp
rises of the orthorhombic mode amplitudes accompanied by
the appearance of new modes below TMIT = TN . Our data also
allow us to classify them according to their magnitude, to
identify primary-secondary coupling schemas, and to estab-
lish the existence of a nearly perfect linear correlation between
the amplitude of the breathing mode associated to the charge
order and the staggered magnetization below TMIT. More-
over, they uncover a previously unnoticed transient regime
characterized by anomalous temperature dependence of the
lattice parameters and several distortion mode amplitudes that
persists down to T ∗ ∼ 0.4 TMIT. Based on these observations,
we suggest that the transient region could be the signature
of a hidden symmetry in the insulating phase. We discuss
some possible origins, among them the theoretically predicted
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existence of polar distortions induced by the noncentrosym-
metric magnetic order.

II. EXPERIMENTAL DETAILS

A. Sample preparation

The PrNiO3 sample (S2) used in this work was synthesized
using a high-pressure setup [59–61] recently relocated at the
Paul Scherrer Institut (PSI) in Villigen, Switzerland. The
starting materials were Pr6O11 (99.996%, Sigma-Aldrich),
NiO (99.99%, Sigma-Aldrich), and aqueous (65%) HNO3

(99.999%, Alfa Aesar). Pr6O11 and NiO were dried in air
at 750 ◦C and 300 ◦C respectively for 24 h, and then cooled
to 150 ◦C. Freshly dried Pr6O11 (5.1043 g, 4.997 mmol) and
NiO (2.2395 g, 29.984 mmol) were suspended in deionized
water (20 ml), and aqueous HNO3 (80 ml) was added in small
portions. The clear green solution was heated at 350 ◦C for
∼4–6 h to evaporate water and decompose the nitrates. The
nitrates were further decomposed by heating in air in a furnace
at 350 ◦C for 6 h with intermediate regrinding into a fine
powder. The black powder was annealed at 650 ◦C under 1 bar
of oxygen flow for 48 h and cold pressed into a 5 mm rod using
a hydrostatic press by applying 4000 bar uniaxial pressure.
The rod was once annealed at 1150 ◦C and 167 bar oxygen
pressure (≈14 cm3 in volume) in a high-pressure furnace for
24 h to yield perovskite PrNiO3 (5.4353 g, 21.952 mmol,
73.2% based on Ni). Laboratory x-ray powder diffraction
indicated that the sample was very well crystallized and free
of impurities. Part of the as-prepared rod was cut in small
pieces (15–30 mg) for physical property measurements. The
rest was grinded into a fine powder that was subsequently used
for x-ray and neutron diffraction measurements.

B. Neutron and synchrotron x-ray diffraction

The synchrotron x-ray powder diffraction data were ob-
tained at the Material Science Beam Line (X04SA) of the
Swiss Ligh Source (SLS) of the PSI [62]. The sample was
loaded in a borosilicate glass capillary (D = 0.1 mm, μR =
0.29) and measured in transmission mode with a rotational
speed of ∼1 Hz and Si (111) λ = 0.49226 Å (Qmax =
18 Å

−1
). The primary beam was vertically focused and slitted

to about 300 × 4000 μm2. Powder diffraction patterns were
recorded for 10 s at temperatures between 80 and 500 K using
an Oxford nitrogen cryojet and a Mythen II 1D multistrip
detector with energy discrimination (2θmax = 90◦, 2θstep =
0.0018◦), and then binned into one pattern. The wavelength,
zero offset, and resolution function were determined using a
LaB6 powder standard (NIST SRM 660c). The measurements
were performed by heating after a stabilization time of about
3 minutes with a typical acquisition times of 15 minutes per
temperature.

The neutron powder diffraction (NPD) measurements were
carried out at the Swiss Spallation Neutron Source (SINQ)
of the PSI. About 5 g of PrNiO3 powder were introduced
into a cylindrical vanadium can (D = 6 mm, H = 5 cm)
and mounted on the stick of a He cryostat, whose con-
tribution to the powder diffraction patterns was eliminated
using an oscillating radial collimator. Several patterns were
collected at selected temperatures between 2 and 205 K at the

FIG. 2. Rietveld fit of the neutron powder diffraction patterns
for PrNiO3 (S2) measured at 2 K in HRPT. Red crosses: observed
data. Black lines: calculated and difference patterns. The vertical
ticks indicate the positions of the Bragg reflections for the crystal
structure (upper row) and the collinear antiferromagnetic magnetic
structure with k = (1/2, 0,1/2) (lower row) described in the text.
(Inset) Low-temperature (T < TMIT) crystal structure of PrNiO3.

high-resolution diffractometer HRPT [63] [primary beam col-

limations α1 = 12’; Ge(511) λ = 1.494 Å (Qmax = 8.33 Å
−1

);
2θstep = 0.05◦]. All measurements were performed by heating
after a stabilization time of 15 minutes with typical acquisition
times of 3 hours per temperature. The exact wavelength was
refined from combined refinements of the HRPT neutron
and the X04SA synchrotron x-ray diffraction data at 145K.
A second set of patterns was collected on the cold neu-
tron diffractometer DMC [64] (pyrolytic graphite (002); λ =
2.458 Å 2θstep = 0.1◦) while ramping the temperature from 2
to 300 K at 0.2 K/minute. A further pattern with high statistics
was recorded at 2 K. The exact value of the wavelength was
adjusted to match the lattice parameters refined on HRPT at
the same temperature.

All powder diffraction data were analyzed with the Ri-
etveld package FULLPROF SUITE [65]. For the refinements of
the NPD data, more sensible to the oxygen positions, we
employed the symmetry-adapted distortion mode formalism
for the description of the crystal structure. The mode de-
composition was performed using the program AMPLIMODES

[54,55], freely available at the Bilbao crystallographic server
[56–58]. Below TMIT = TN new reflections corresponding to
the k = (1/2, 0, 1/2) magnetic propagation vector were
observed. To describe them, a second phase was added to
the fits. Representative patterns of the Rietveld refinements
of HRPT and DMC data, as well as a contour plot showing
the evolution of the NPD patterns recorded on DMC between
2 and 162 K are shown in Figs. 2 and 3.

C. Physical properties

Magnetization measurements were performed in a su-
perconducting quantum interference device magnetometer
(MPMS-XL 7T, Quantum Design) between 2 and 400 K while
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FIG. 3. (Top) 2D contour plot showing the temperature depen-
dence of the NPD patterns for PrNiO3 (S2) measured on DMC.
The white arrows indicate the position of the magnetic reflections.
(Bottom) Rietveld fit of the neutron powder diffraction patterns
measured at 2 K on DMC. Red crosses: observed data. Black lines:
calculated and difference patterns. The vertical ticks indicate the
positions of the Bragg reflections for the crystal structure (upper row)
and the collinear antiferromagnetic magnetic structure with k = (1/2,
0, 1/2) (lower row) described in the text. (Inset) Collinear magnetic
structure of PrNiO3 used in the fit (see text for details).

heating under a magnetic field of μ0H = 0.5 T after being
cooled down to 2 K in zero field. Heat capacity measurements
between 2 and 300 K were carried out on a Physical Prop-
erty Measurement System (PPMS 9T, Quantum Design) by
heating using the relaxation method. The same instrument was
used to measure the electrical resistivity between 2 and 300 K
(both on cooling and heating) using the four-point method.
The sample was contacted with Pt wires fixed with silver
paste.

III. RESULTS

A. Anomalies in the physical properties

1. Electrical resistivity

Figure 4(a) shows the temperature (T ) dependence of the
electrical resistivity (ρ) measured in a cooling-heating cycle.
The sharp anomaly at TMIT reported in previous studies is
clearly observed, both by heating and cooling. The TMIT value,
as defined by the highest value of the first derivative, is 129 K
(heating) and 117 K (cooling). The resistivity at 2.5 K is
∼106 times larger than the value above TMIT and is similar

FIG. 4. Temperature dependence of selected physical properties
and lattice parameters of PrNiO3 (S2). (a) Electrical resistivity.
(b) First derivative of the RT product, multiplied by −1. (c) Heat
capacity Cp. (d) Cp/T. (e) Magnetic susceptibility χ = M/μ0H
measured in a magnetic field of 0.5 T. (f) First derivative dχ/dT of
the magnetic susceptibility. (g) Staggered magnetization of Ni from
neutron powder diffraction. The circles correspond of the results
obtained using the collinear model with identical Ni sites described
in the text. The discontinuous line corresponds to the calculation
using a Brillouin function with S = 1/2 and T ∗

N = 257 K. [(h)–(l)]
Temperature dependence of unit cell parameters a/

√
2, b/

√
2, c/2,

the monoclinic angle β, and the unit cell volume V . Error bars are
smaller than data points indicators, and the dashed lines are guides
for the eye. The dashed rectangle around TMIT indicates the region
where phase coexistence is clearly observed in the synchrotron XRD
data. The vertical dashed line shows the anomaly at ∼55 K.

to the best values reported for thin films with comparable
transition temperatures [66]. This, together with the very
small difference between the TMIT values measured by heating
and cooling (12 K) testify to the high sample quality.

Below the transition the resistivity displays a pronounced
hysteretic behavior down to 90 K, followed by a slope change
at ∼55 K. This is better appreciated in Fig. 4(b), showing the
first derivative of the RT product as a function of T . Given
that T is a monotonic variable, any change in its derivative
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reflects slope changes in ρ. We note that the heating and
cooling curves in Fig. 4(b) are very different between the
transition and 90 K, most probably due to the coexistence
of the metallic and insulating phases within this temperature
range. Interestingly, both curves become identical below 90 K,
indicating that below this temperature, the thermal variation of
R does not depend on the cooling/heating sense.

2. Heat capacity

The temperature dependence of the heat capacity Cp,
not reported previously to our best knowledge, is shown in
Fig. 4(c). The only noticeable anomaly of the curve, measured
by heating, is an extremely sharp peak at TMIT = TN = 129 K,
in excellent agreement with the value obtained from the resis-
tivity curve measured by heating. This results in a sharp dis-
continuity also in Cp/T [Fig. 4(d)] and the entropy S. A proper
evaluation of the 	S jump at the transition, which requires
estimations of the lattice contribution in absence of volume
anomaly, the contribution of the Pr3+ crystal field levels, and
the electronic contribution due to the delocalization process,
will require further experimental and theoretical work, and
will be presented separately. The sharpness of the entropy
anomaly at its nonlambda shape give nevertheless further
support to the first-order nature of the transition suggested by
the hysteretic behavior of the resistivity between 90 K and the
MIT, in full agreement with previous reports.

3. Magnetic susceptibility

The magnetic susceptibility χ = M/μ0H measured by
heating under a magnetic field of 0.5 T is shown in Fig. 4(e).
Although the curve is dominated by the paramagnetic contri-
bution of Pr (nominally Pr3+), the first derivative [Fig. 4(f)]
shows the presence of two clear anomalies. The first one,
extremely sharp, peaks at TN = TMIT = 130 K, in excellent
agreement with the value extracted from the resistivity mea-
sured by heating. The second, consisting of a broad max-
imum peaking around ∼10 K, is most probably related to
the magnetism of the praseodymium. Since no evidence of
neither, polarization nor cooperative magnetic order of the Pr
magnetic moments could be observed in the neutron pow-
der diffraction patterns, the anomaly could be related with
the thermal population of the Pr3+ crystalline electric field
levels [67].

The temperature dependence of the Ni staggered magne-
tization derived from neutron powder diffraction [Fig. 4(g)]
is again in agreement with the behavior expected for a first-
order transition and consistent with previous reports [16,68].
The value of the Ni magnetic moment, obtained from the
Rietveld fits performed using a collinear magnetic structure
with identical moments in the two Ni sites (see next section
for details), is nearly saturated below TN , reaching a value
of 0.95 (3) μB at 1.5 K. This value is very close to the
single-ion, spin-only Ni3+ moment (1 μB). We note also that,
according to the evolution of TN with the R ionic radius, the
Néel temperature of PrNiO3 in absence of MIT is expected
to be much higher (∼257 K by extrapolating linearly as in
shown in Fig. 1). The calculated temperature dependence of
the staggered magnetization using a Brillouin function with
S = 1/2 and TN = 257 K, shown as a dashed line in Fig. 4(g),

FIG. 5. Temperature dependence of the individual and average
Ni-O interatomic distances [(a) and (b)], Ni-O-Ni superexchange
angles [(c) and (d)], and cation bond valence sum model [(e) and
(f)] based on HRPT data for PrNiO3 (S2).

reproduces indeed very well the experimental observations
below TN . This is consistent with the idea that the magnetic
order, fully suppressed above TMIT, just reacts to the sudden
metallization, pointing towards a dominant role of the elec-
tronic degrees of freedom in the transition [27,29,31,32].

B. Anomalies in the lattice parameters, interatomic distances,
and angles

The temperature dependence of the lattice parameters of
bulk PrNiO3 between 1.5 K and RT has been reported in the
past from the analysis of low-resolution NPD data and using
the orthorhombic SG Pbnm for the full temperature range
[9]. Figures 4(h)–4(l) show the evolution of the pseudocubic
lattice parameters ap = a/

√
2, bp = b/

√
2, cp = c/2, and the

monoclinic angle β and the unit cell volume between 2
and 250 K obtained from the high-resolution NPD patterns
measured on HRPT. The data were measured by heating and
fitted using the monoclinic SG P21/n below TMIT. The sharp
anomalies at the transition reported in Ref. [9] are clearly
observed. However, our data reveal the presence of a further
discontinuity at ∼60 K, particularly pronounced in the case of
ap but clearly visible in all lattice parameters. We note also
that the anomaly is very close to the slope change observed in
the resistivity around ∼55 K.

The anomalies of the lattice parameters at the MIT have
been traditionally interpreted in terms of the changes in the
Ni-O interatomic distances and Ni-O-Ni superexchange an-
gles. In order to illustrate the full compatibility of previously
reported results with those obtained using the distortion mode
formalism we present in Figs. 5(a)–5(d) the evolution of the
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most relevant interatomic distances and angles obtained using
this last method. The splitting of the single NiO6 octahedron
present in the metallic state into two NiO6 octahedra with
different average Ni-O distances at TMIT is clearly observed, in
very good agreement with our previous work using a different
PrNiO3 sample [69] (note that we use here the same atom
labeling, see inset of Fig. 2 and Ref. [70]). A small but clear
anomaly around 60 K is also observed in all Ni-O distances.
This anomaly could not be observed in Ref. [69] due to the
lack of experimental points between 10 and 100 K.

The evolution of the Ni-O-Ni superexchange angles across
the transition has only been reported reported using the SG
Pbnm in the insulating phase [9]. Figures 5(c) and 5(d) show
the results obtained in this study using the monoclinic SG
P21/n. While the two symmetry-allowed angles are very
similar in the metallic phase, this is not the case anymore
below TMIT. The two identical in-plane angles become distinct
(Ni1-O2-Ni2 and Ni1-O3-Ni2), and undergo sharp decreases
at the transition. The out-of-plane angle Ni1-O1-Ni2 behaves
differently, remaining nearly constant down to 90 K after what
it suddenly decreases at ∼60 K. This is reflected in a small
anomaly in the average superexchange angle 〈Ni1-O-Ni2〉,
which decreases abruptly below TMIT. Moreover, it is consis-
tent with a smaller Ni 3d - O 2p overlap (and hence narrower
bandwidth) in the insulating phase, in full agreement with
early reports using the SG Pbnm.

The bond valence sums (BVS) of the Ni and Pr sites
calculated using the Ni-O/Pr-O interatomic distances and the
RT BV parameters for Ni3+, O2− and (8-coordinated) Pr3+

from refs. [71,72] are shown in Figs. 5(e) and 5(f). The values
obtained for the two Ni sites Ni3+δ and Ni3−δ at 2 K imply a
δ = 0.27(2), slightly larger than in our previous work [δ ∼
0.21(2)], but still smaller that the δ = 0.33(2) value reported
for LuNiO3 at RT. Although modest, we note that the change
of the Ni BVS at TMIT is about 1 order of magnitude larger
than the variation observed at the Pr sites, which, in absence
of an electronic anomaly, is just due to the thermal contraction
of the Pr-O bonds [Fig. 5(f)].

C. Magnetic structure and staggered magnetization

The PrNiO3 magnetic structure, characterized by the prop-
agation vector k = (1/2, 0, 1/2), was refined in early studies
using the SG Pbnm, where all Ni sites are described with the
(single) Wyckoff position 4b (0.5, 0, 0) [9]. In this work, we
use instead the SG P21/n with Ni sites splited in two distinct
positions: 2d (0.5, 0, 0) and 2c (0.5, 0, 0.5) to fit the data
obtained at 2 K on DMC. We conducted refinements with
both, the collinear [68] and noncollinear [20] models proposed
in previous works while refining the moments of the two Ni
sites jointly (i.e., forcing then to have the same value) and
separately (letting them converge to different values).

As shown in Ref. [70], all models give very similar reli-
ability indexes (slightly better for the models with different
Ni moments), making impossible to disentangle them from
the present data. To investigate the temperature dependence
of the Ni magnetic moments we thus used the simplest of the
four models (collinear with equal moments along a), whose
results are shown in Fig. 4(g).

FIG. 6. Contour plot showing the temperature dependence of the
(−223) + (223) reflection in the synchrotron x-ray powder diffrac-
tion patterns for PrNiO3 (S2) across the MIT measured by heating.
The solid/dashed red lines indicate respectively the thermal evolu-
tion of the metallic (Pbnm) and insulating (P21/n) phase fractions.

D. Phase coexistence

In order to check a possible link between the anomaly
observed in different structural parameters around 60 K and
the coexistence of the metallic and insulating phases we
followed their signature in the synchrotron x-ray diffraction
patterns (for more details see Ref. [70]). Figure 6 shows
the temperature dependence of the orthorhombic reflection
(223) and the monoclinic doublet (−223) + (223) between
110 and 141 K measured by heating. Above 135 K, i.e.,
well above TMIT, only the Pbnm (223) reflection is present.
However, a shoulder corresponding to the (−223) + (223)
doublet characteristic of the P21/n insulating phase starts to
be visible below this temperature. The insulating fraction,
which increases slowly down to 130 K, grows much faster
below this temperature, and at ∼126 K both phases are present
in nearly equal amounts.

Below 126 K the metallic fraction decreases, but the trans-
formation rate is clearly slower than above the transition. Such
asymmetry in the transformation rate leads to a significantly
larger coexistence region below TMIT. Although the tempera-
ture range of macroscopic phase coexistence, i.e., with both
phases present at least at 1% level, is restricted to a very nar-
row temperature range around TMIT (∼ ± 10 K), the signature
of both phases in the diffraction patterns can be tracked down
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to almost 90 K. This is consistent with the lower phase coex-
istence limit inferred from electrical resistivity measurements.
Moreover, it suggests that, by heating, small metallic domains
with sizes close to the detection limit of XRD (<4–5 nm) may
exist between 90 and 116 K. The anomaly in the resistivity, the
lattice parameters, interatomic distances and angles observed
around at 55–60 K, also measured by heating, can be thus
hardly attributed to the nucleation of the metallic phase in the
insulating matrix, which most probably starts around 90 K.

IV. DISTORTION MODE ANALYSIS

Having shown in the previous sections that the distortion
mode formalism, as implemented in the FULLPROF SUITE, is
able to reproduce the evolution of the interatomic distances
and angles reported in previous studies, we describe now the
lattice anomalies at the MIT from a fully different perspective,
namely, by tracking the evolution of the distortion mode
amplitudes as a function of temperature. Such amplitudes can
be seen as order parameters for the different individual dis-
tortions. Hence, their relative values, temperature dependence
and anomalies at TMIT encode the information on the most
relevant degrees of freedom involved in the global distortion
and their evolution across the transition.

The description of a crystal structure in terms of symmetry
modes involves some significant differences with respect to
the usual description in terms of fractional atomic coordinates
r(μ). An important point is that such description can only be
used if the crystal structure can be considered pseudosym-
metric with respect to some “parent” configuration of higher
symmetry. Such parent phase may actually exist, but it can
be also a virtual reference structure. A necessary condition is
the existence of a group-subgroup relation between the space
groups of the parent and the actual structure. In this case, the
latter can be then described as the high-symmetry structure
plus a static, symmetry-breaking structural distortion. Such
distortion can be then decomposed into contributions from
different “frozen” modes (i.e., collective correlated atomic
displacements) with symmetries given by irreducible repre-
sentations (irreps) of the parent space group [55]. Since the
basis vectors or the irreps are fixed by symmetry, the only free
parameters are the amplitudes of the different modes, which
can be refined in the same way as the atomic coordinates in
a standard least-square fit. The number of free parameters
is indeed identical in both descriptions. Here we have used
AMPLIMODES for the mode decomposition, and the different
mode amplitudes have been obtained from the fits of high-
resolution neutron powder diffraction data using FULLPROF

SUITE. To the best our knowledge, this is presently the only
freely available Rietveld code allowing the use both, atomic
coordinates and mode amplitudes, for the description of the
crystal structure.

A. Formalism

Let’s define r(μ) as the vector position of the atom μ

(μ = 1, . . . , s) within the asymmetric unit of the parent struc-
ture with SG H (higher symmetry). The asymmetric unit of
the observed distorted structure with lower symmetry SG L,
subgroup of H, will in general have a larger number of atoms

due to the splitting of the Wyckoff orbits in H. Thus, the atom
positions of the structure, described in the subgroup L, are
given in terms of the atom positions of the parent group H
described in the basis (unit cell) of the subgroup L as

r(μ, i) = r0(μ, i) + u(μ, i); μ = 1, 2, . . . , s;

i = 1, 2, . . . , nμ, (1)

u(μ, i) =
∑
τ,m

Aτ,mε(τ, m|μ, i). (2)

The displacement vectors u(μ, i) are written as linear
combinations of the polarization modes ε (basis vectors of
the irreps involved in the phase transition). The indices τ

and m label all possible distinct allowed symmetry-adapted
distortion modes. The index τ stands for the different irreps,
while m (m = 1, 2, . . . , nτ ) enumerates the possible different
independent modes within a given irrep, and the amplitudes
Aτ,m encode the magnitude of the distortions associated to
each mode. The normalization of the polarization vectors is
such as the values of amplitudes are directly in length units of
Angstroms. In order to enhance the role of the different irreps,
we redefine the displacement vectors as

u(μ, i) =
∑
τ,m

Aτ,mε(τ, m|μ, i) =
∑

τ

Aτ e(τ |μ, i) (3)

in which the global amplitude of the irrep Aτ and the new
polarization vectors are defined as

Aτ =
(∑

m

A2
τ,m

)1/2

, (4)

e(τ |μ, i) =
∑

m

aτ,mε(τ, m|μ, i); aτ,m = Aτ,m(∑
m A2

τ,m

)1/2 .

(5)

By examining which global amplitudes Aτ are nonzero we can
identify the irrep(s) actively contributing to the distortion of
the structure.

B. SGs setting and choice of the origin

As input for AMPLIMODES we used the cubic primitive
perovskite lattice (SG Pm3̄m) with one PrNiO3 formula per
unit cell, and the nonstandard Pbnm and P21/n settings with
Z = 4 and c as longest crystal axis for the orthorhombic
and monoclinic structures. In order to ease the comparison
between the parent and the distorted space groups, we locate
the Ni atom of the asymmetric unit at the origin. Note that this
choice differs from the convention used in most experimental
papers, where Ni is at (1/2 0 0). The transformation from the
high-symmetry into the low-symmetry setting is a = ap − bp,
b = ap + bp, c = 2cp; (0, 0, 0), the last vector indicating the
origin of the low-symmetry cell expressed in the basis of the
high-symmetry cell. Files with the AMPLIMODES input and the
obtained mode decomposition (in FullProf.pcr format) for the
two space groups are provided in Ref. [70]. In the following,
a, b, and c will denote the low-symmetry lattice parameters,
either of Pbnm or of P21/n.
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C. Mode decomposition in the metallic phase

Seven distortion modes corresponding to five different
irreps are allowed in the case of Pbnm. They are labeled
R+

4 , M+
3 , X +

5 , R+
5 , and M+

2 , the capital letter indicating their
k-vector in the first Brillouin zone of the cubic primitive
Pm3̄m parent cell. The modes of R+

4 and M+
3 symmetry

involve rotations of the NiO6 octahedra around the b and c
axes, respectively, whereas M+

2 is an in-plane stretching mode
acting on the basal oxygens. These three modes involve only
oxygen displacements. In contrast, those associated to the
X +

5 and R+
5 irreps allow both, apical oxygen and rare-earth

displacements.
Schematic representations of the seven Pbnm-allowed

modes are shown in Fig. 7 together with the temperature
dependence of the global amplitudes associated to each irrep.
The arrow lengths are arbitrary for the irreps with a single
mode (R+

4 , M+
3 , and M+

2 ), but for those with more than one
(X +

5 and R+
5 ), they reflect the refined relative amplitudes of

the individual O and Pr modes. The temperature dependence
of both, the global and the individual mode amplitudes for the
last two irreps is shown in Fig. 8. A list of the basis vectors
associated to each irrep is provided in Ref. [70].

For the individual mode amplitudes of Fig. 8 and the tables
of Ref. [70], we use the AMPLIMODES notation AnIR(Å) [e.g.,
A8X +

5 (Å)], in which IR is the symbol of the irrep and An (with
n = 1, 2,...) labels the amplitudes of the n individual modes
allowed by the SG.

D. Mode decomposition in the insulating phase

In the case of the monoclinic SG P21/n, five further distor-
tion modes are allowed. Three of them involve only oxygen
displacements and correspond to the new irreps R+

1 (breathing
distortion), R+

3 (Jahn-Teller distortion), and M+
5 (basal oxygen

rotation around the a axis). The two remaining ones have
R+

5 symmetry and correspond respectively to praseodymium
displacements along a, and stretching distortion involving the
basal oxygens. A total of four modes with R+

5 symmetry are
thus allowed in the monoclinic insulating phase.

Schematic representations of the P21/n-allowed modes
associated to the R+

1 , M+
5 , and R+

3 irreps are shown in Fig. 7
together with the temperature dependence of their amplitudes.
For the two extra modes with R+

5 symmetry, schematic repre-
sentations together with the temperature dependence of the
individual and the global amplitudes are shown in Fig. 8. A
list of the basis vectors associated to each irrep is provided in
Ref. [70].

V. TEMPERATURE DEPENDENCE OF THE
MODE AMPLITUDES

A. Metallic phase

As shown in Fig. 7, the largest amplitude values at any
temperature are those of the R+

4 (∼1.06 Å) and M+
3 (∼0.67 Å)

oxygen modes. The prime contribution of these two distortion
modes to the Pbnm structure was predicted in the past from
the rationalization of rigid octahedron tilting schemas in per-
ovskites [73–75]. In Glazer’s terminology, it can be expressed
as a−b−c+ (pseudocubic notation), the positive/negative signs
meaning that the rotations are in phase/out of phase for

successive octahedra along the same axis. More recently, such
distortion has been also interpreted in terms of Landau theory
as the result of the condensation of two order parameters with
k =(1/2, 1/2, 1/2) and k = (1/2, 1/2, 0) [54,55].

Application of symmetry arguments shows that distortion
modes belonging to other irreps and involving not only oxy-
gen sites, but also rare-earth sites, are also possible, and this
is indeed confirmed by our analysis. As shown in Fig. 8,
the amplitudes of the oxygen modes with X +

5 (A9) and R+
5

(A7) symmetry are very small for both irreps above TMIT

(∼0.07 Å), but nonzero within the experimental error. The
praseodymium displacements along a in R+

5 are also of this
order of magnitude, but those along b of X +

5 symmetry are
significantly larger (∼0.3 Å). The M+

2 mode amplitude is in
contrast nearly zero (∼0.01 Å), at least within our experimen-
tal resolution. Tables with the amplitudes and their sigmas at
all the investigated temperatures are provided in Ref. [70].

The temperature dependence of all mode amplitudes above
TMIT is approximately linear, but two different slopes are
clearly observed. As we will see later (see section “Repro-
ducibility”), this behavior is confirmed by an independent
data set measured in a different PrNiO3 sample up to RT.
We note also that the global amplitudes of R+

4 and R+
5 are

approximately constant above TMIT. In contrast, those of M+
3

and X +
5 increase by cooling at a much faster rate of about

10−5 Å/K. This behavior suggests that each primary mode
has an associate secondary (i.e., induced) mode: R+

5 is that of
R+

4 , and X +
5 that of M+

3 . The coupling of these last two modes
indicates that, in the metallic phase, the main impact in the
rare earth displacements along b comes from the octahedral
rotations around the c axis (M+

3 ), and not from those around
b (R+

4 ). Moreover, the pronounced temperature dependence of
both modes suggest that, in spite of having amplitudes much
smaller than R+

4 , they are the main responsible of the evolution
of the crystal structure between RT and TMIT.

B. Insulating phase

The approximately linear temperature dependence of the
global mode amplitudes observed in the metallic phase is
abruptly interrupted at the MIT. Below the transition all
modes of Pbnm parentage undergo sharp anomalies involving
amplitude increases between 0.02 and 0.15 Å. The only
exception is M+

2 , whose amplitude remains close to zero
also in the insulating phase. Interestingly, their temperature
dependencies display some important differences with respect
to the behavior observed in the metallic state.

As shown in Fig. 7, none of the five global amplitudes
present a simple linear behavior below TMIT. Moreover, only
those belonging to R+

4 , X +
5 , and R+

5 keep increasing by de-
creasing temperature. In contrast, the M+

3 amplitude decreases
in the insulating phase after the jump at TMIT. This observation
suggests that the in-plane rotation around c is the only Pbnm
mode destabilized by the appearance of the new monoclinic
modes. A further observation is the presence of a small
anomaly around 60 K, clearly visible in the two modes with
the largest amplitudes (R+

4 and M+
3 ).

The evolution of the individual X +
5 and R+

5 mode ampli-
tudes in the insulating phase is shown in Fig. 8. For X +

5 , the
amplitude of the oxygen displacements along b (A9) remains
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FIG. 7. Temperature dependence of the PrNiO3 (S2) global mode amplitudes across TMIT obtained from the fits of HRPT data, together
with a schematic representation of the atomic displacements. For the irreps with more than one mode (X +

5 and R+
5 ), the arrow lengths reflect

the refined relative amplitudes of the individual modes in the insulating P21/n phase. To make comparisons easier, the scale in the vertical axis
is the same for all mode amplitudes.

small without any significant change across the MIT. In con-
trast, the praseodymium displacements along this direction
(A8) increase substantially, being the main contributors to the
jump in the global amplitude. In the case of R+

5 , the amplitude

of the oxygen displacements of Bmab parentage (A7) remains
also small and nearly constant. The praseodymium displace-
ments along a (A4), in contrast, undergo a small increase. The
two additional monoclinic Pr (A5) and O (A6) modes of R+

5
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FIG. 8. Temperature dependence of the PrNiO3 (S2) individual (open symbols) and global (full symbols) mode amplitudes across the MIT
for the modes of X +

5 and R+
5 symmetry, as obtained from HRPT data fits. For each individual mode, the AMPLIMODES label is indicated. In

the case of the global amplitudes, the arrow lengths in the right panels reflect the refined relative amplitudes of the individual modes in the
insulating P21/n phase. To make comparison easier the scale in the vertical axis is the same for all mode amplitudes.

symmetry, which are forbidden in the metallic phase, display
zero amplitude also below the MIT within our experimental
resolution.

We discuss now the modes of the new irreps M+
5 , R+

3 , and
R+

1 absent in the orthorhombic phase. As shown in Fig. 8, the
amplitude of M+

5 and R+
3 is rather small but nonzero below
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FIG. 9. Temperature dependence of the R+
1 mode amplitude as

obtained from HRPT data refinements (left axis) and the Ni staggered
magnetization as obtained from DMC data fits (right axis) for PrNiO3

(S2). The vertical dashed line marks TMIT = TN (∼130 K). The small-
dashed line is a guideline for the eye.

TMIT. The breathing mode R+
1 , in contrast undergoes a huge

jump of ∼0.12 Å, much larger than the anomalies observed
in the remaining modes, and in particular the Jahn-Teller
distortion (R+

3 ). This clearly signals the breathing mode as
the leading structural response associated to the electronic
instability at TMIT, at least for PrNiO3. However, it does not
exclude that, as suggested by some authors [23,32] the relative
amplitudes of the breathing and JT modes could change along
the series, i.e., by moving towards a more insulating ground
state.

A further interesting observation is that the temperature de-
pendence of the breathing distortion amplitude follows closely
that of the staggered magnetization (Fig. 9). This is clearly
not the case for the two largest modes R+

4 and M+
3 , whose

pronounced temperature dependence below TMIT strongly dif-
fers from the nearly temperature-independent amplitude of
the breathing mode and the staggered magnetization. This ob-
servation implies a linear coupling of both order parameters,
further supporting a scenario where the magnetic order just
follows the electronically driven stabilization of the breathing
mode.

It is also worth stressing that the emergence of the breath-
ing mode has important consequences for the pre-existing
orthorhombic distortions, which become more pronounced
(and hence more stable) in the insulating phase. The only ex-
ception is the in-plane rotation M+

3 , whose amplitude decrease
indicates a progressive destabilization with the development
of the breathing distortion. This suggests that the modeling of
the changes in the electronic structure across the MIT should
explicitly consider the evolution of all modes across the MIT,
and not only that of the breathing mode. Moreover, it further
confirms the high responsiveness of M+

3 , which reacts in a
particularly pronounced (and distinct!) way to the electronic,
magnetic, and structural changes at the transition. It also
suggests that the role of this mode in the MIT could be more
important than foreseen.

FIG. 10. Rietveld fit of the SEPD powder neutron diffraction
data for PrNiO3 (S1) measured at 100 K. Red crosses: observed
data. Black lines: calculated patterns. The vertical ticks indicate the
positions of the Bragg reflections for the crystal structure of PrNiO3

(upper row) and NiO impurities (middle row), and the collinear
antiferromagnetic magnetic structure of PrNiO3 with k = (1/2,
0,1/2) (lower row) described in the text.

C. Reproducibility

The distortion mode analysis of the HRPT neutron powder
diffraction data presented in previous sections involves an
important number of new results. Besides providing the first
experimental determination of the different mode amplitudes
in a large temperature region covering both sides of the MIT,
they also point out to important aspects previously unnoticed
or even ignored. It is thus important to check the robustness of
the methodology, in particular against different data sets. With
this idea in mind we have used the distortion mode formalism
to reanalyze two older sets of temperature dependent neutron
powder diffraction data recorded on different instruments. The
same large PrNiO3 powder sample (about 5 g, referred here as
S1) was used.

The first data set, obtained on the high-resolution pow-
der diffractometer D2B at the Institute Laue Langevin in
Grenoble, France, was the same used in reference [69]. The
data were recorded using the high-resolution mode, with

Ge[335] λ = 1.594 Å (Qmax = 7.77 Å
−1

). The second set (un-
published) was obtained at time-of-flight medium resolution
diffractometer SEPD at Argonne National Laboratory, USA

(Qmax = 21.27 Å
−1

). In both instruments several patterns
were recorded as a function of temperature (10–170 K for
D2B, 10 K–RT for SEPD). All patterns were measured by
heating after a stabilization time of about 30 minutes with
typical acquisition times 5–6 hours per temperature. A repre-
sentative pattern showing the refinement of the data obtained
in SEPD at T = 100 K is shown in Fig. 10. A comparison of
the data obtained on the three instruments is shown in Fig. 11.

In spite of the different origin and slightly different prepa-
ration methods, the old PrNiO3 sample (S1) was found to
be very similar to the one described in previous sections
(S2) in terms of lattice parameters, phase coexistence and
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FIG. 11. Comparison between the data recorded on HRPT (S2),
D2B (S1), and SEPD (S1) for PrNiO3. (Inset) Magnification of
selected Q regions.

metal-to-insulator temperature. Figures 12(a) and 12(b) show
the temperature dependence of the magnetic reflection (1/2 0
1/2) and the nuclear reflection (162) across TMIT, as measured
on D2B by heating. In the low-temperature monoclinic phase
the doublet (−116) + (116) and the magnetic reflection (1/2
0 1/2) are clearly visible. At TMIT = TN = 130 K the Pbnm
reflection (162) is also observed, indicating a coexistence of
the Pbnm and P21/n phases at this temperature. For T �
140 K the reflections corresponding to the monoclinic and the
magnetic phases are absent, and only the Pbnm phase subsists.

FIG. 12. (a) Temperature dependence of the magnetic reflection
(1/2, 0, 1/2) (a) and the nuclear reflection (162) (b) of PrNiO3 (S1)
across TMIT. A coexistence of the Pbnm and P21/n phases is only
observed at TMIT = TN = 130 K. (c) Temperature dependence of the
lattice parameters as obtained from D2B and SEPD fits. Error bars
are smaller than data points indicators.

These observations indicate that the sample is single phase
at all the temperatures investigated with exception of TMIT =
TN = 130 K. The macroscopic phase coexistence region is
thus TMIT ± 10 K, nearly identical as in the sample measured
on HRPT.

The evolution of the pseudocubic lattice parameters and
the monoclinic angle β between room temperature (RT) and
10 K obtained from the joint fits of the D2B and SEPD data
is shown in Fig. 12(a) [76]. The sharp anomalies displayed by
ap = a/

√
2, bp = b/

√
2, and cp = c/2 at TMIT are consistent

with the narrow phase coexistence region around the transi-
tion. The anomaly around 60 K is also clearly observed.

For the Rietveld refinements of the D2B and SEPD data,
we used the same distortion mode decomposition described in
previous sections. In a first series of fits, we fixed to zero the
amplitude of the modes which, from the analysis of the HRPT
data, were found to display negligibly small amplitudes within
the experimental standard deviations in the full temperature
range. This concerns only the R+

5 Pr (A5) and O (A6) modes
of P21/n parentage (note that they are symmetry forbidden in
the metallic phase). The amplitude of the M+

2 mode, allowed
in both space groups and with a much smaller standard
deviation, was in contrast refined in the full temperature
range.

The obtained results for the global and individual mode
amplitudes are shown in Fig. 13 together with those obtained
from HRPT data. Altogether we found a very good agree-
ment between the three sets of data, indicating a very good
reproducibility when the described fitting strategy is used.
This is remarkable given the large differences in resolution
and Q-range of the three instruments, which may result in
different estimations of the background and the Debye-Waller
factors, and hence, of the integrated intensities. The small
discrepancies in the global amplitudes of the R+

1 , R+
3 , and

R+
4 modes are probably due to such differences. In the par-

ticular case of the breathing mode amplitude, we note that
SEPD fits tend to provide lower values than high-resolution
instruments such as D2B and HRPT, in particular close to
the transition where the monoclinic angle is smaller and the
degree of superposition in the powder diffraction patterns
higher.

In a second series of fits we allowed all mode amplitudes to
be refined. Although most of them remained unchanged, the
global amplitudes obtained from SEPD fits in the insulating
phase were significantly different for two irreps: R+

5 , with four
contributing modes (A4, A5, A6, and A7) below TMIT, and R+

1 ,
with a single one (the breathing mode), see Fig. 14. Moreover,
both global amplitudes displayed evident signs of correlation.
A similar result was obtained in joint fits combining data from
D2B (the instrument with the highest resolution of this study)
with those of SEPD. Looking to the individual amplitudes,
also shown in Fig. 14, it is straightforward to see that the
origin of the behavior is the anomalously large amplitude
of one of the two new modes R+

5 symmetry that appear in
the insulating phase (A6, involving displacement of the basal
oxygens). Given that both, HRPT and D2B fits give nearly
zero amplitude for this mode at low temperatures, where
breathing distortion is well established, the SEPD results are
probably due to the impossibility to resolve such a small
structural details with a medium-low resolution instrument.

205137-12



DISTORTION MODE ANOMALIES IN BULK PrNiO3: … PHYSICAL REVIEW B 100, 205137 (2019)

FIG. 13. Temperature dependence of the PrNiO3 mode ampli-
tudes obtained with HRPT data (S2, black points) with those ob-
tained from D2B (S1, red points) and SEPD (S1, blue points). The
data were obtained after nullifying the amplitudes of the purely
monoclinic Pr (A5) and O (A6) modes of R+

5 symmetry below TMIT.
(a) Global amplitudes. (b) Individual mode amplitudes of X +

5 and R+
5

symmetry together with their associated global amplitudes.

These results stress the importance of (a) choosing an
instrument adapted to the complexity of the structure for
precise structural studies and (b) making reasonable choices
for the restrictions applied. In the particular case of PrNiO3,
the limiting parameter appears to be the level of superposition
of the Bragg reflections in the monoclinic phase, particularly
high in the vicinity of TMIT where the monoclinic angle is
small. This favors high-resolution machines with moderate Q
range such as D2B and HRPT over medium-/low-resolution

FIG. 14. Temperature dependence of the PrNiO3 mode ampli-
tudes obtained with HRPT data (S2, black points) with those ob-
tained from D2B (S1, red points) and SEPD (S1, blue points). The
data were obtained after refining the amplitudes of all the new mono-
clinic modes below TMIT. (a) Global amplitudes. (b) Individual mode
amplitudes of X +

5 and R+
5 symmetry together with their associated

global amplitudes.

machines covering a large Q range. An important point is
the fact that the results obtained on SEPD can also provide
a good, correlation-free description of the structure if the fits
are carried out with the proper constraints. In this case, the
criterion is given by the values of the experimental sigmas,
which indicate which amplitudes may be susceptible to be
nullified. Systematic comparison of the results obtained with
different instruments appear in any case as desirable to pro-
vide definitive answers concerning the actual values of small
mode amplitudes.
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VI. ANOMALIES BELOW TMIT

Besides the lattice, electronic and magnetic anomalies at
the MIT, we showed in previous sections the presence of a
second discontinuity around ∼0.4 × TMIT ∼ 55–60 K. This
anomaly, clearly visible in the electrical resistivity, the lattice
and other structural parameters, marks the lower limit of a
region extending up to TMIT where the behavior of these
properties is anomalous. We also showed that an origin based
on the coexistence of the metallic and insulating phases is
neither supported by resistivity nor by XRD data. Indeed,
these techniques suggest that the nucleation of the metallic
phase starts around 90 K in the form of microscopic domains.
Such domains would growth in size by increasing temper-
ature, reaching sizes large enough to be observed by XRD
(4–5 nm) around 116 K.

In spite of these observations, the anomalous behavior
of the lattice below 90 K suggest that, at least by heat-
ing, the structural and electronic reorganization below TMIT

starts at significantly lower temperatures, around 55–60 K.
This unusual behavior displays a close resemblance with the
temperature dependence of the DOS in the vicinity of EF

reported in ref. [16] for bulk PrNiO3, NdNiO3, and other
solid solutions with TMIT = TN . As shown by Vobornik and
coworkers, the DOS is not fully suppressed at TMIT in none
of these materials. Instead, it smoothly decreases down to
a normalized temperature T ∗ ∼ 0.4 × TMIT common to all
the samples investigated. This contrasts with the behavior of
the nicklelates with TMIT > TN (R = Sm and Eu), where
the DOS is immediately suppressed a few degrees below
TMIT. To explain these observations these authors suggested
the existence of a possible interplay between electronic and
magnetic degrees of freedom in the nicklelates where the
two transition temperatures coincide. Even if the electronic
anomaly seems to be the leading mechanism, that would
imply that the gap opens “smoothly” when the magnetic
order is already well established, as in the case of PrNiO3

[see Fig. 4(f)]. Interestingly, the value of TMIT × 0.4 for our
PrNiO3 sample is 52 K, very close to the anomaly observed in
the lattice parameters, interatomic distances and mode ampli-
tudes, suggesting a possible connection between Vobornik’s
observations and our data.

A possible mechanism able to provide an interplay between
electronic, magnetic and lattice degrees of freedom below
TMIT = TN could be the presence of magnetism-induced polar
distortions. Such scenario has been theoretically predicted
[77,78], and the value of the spontaneous electric polarization
in the insulating antiferromagnetic phase estimated for several
nickelates using ab initio calculations. This prediction could
not be verified to date due to the leaky nature of the early
nickelates—the only available as thin films—as well as to
the absence of single crystals for the late (probably more
insulating) members of the RNiO3 family. However, it is
worth noting that if this prediction turns out to be true, the
actual symmetry of the crystal structure below TN should be
lower due to the loss of the inversion center, and this will
allow the existence a larger number of symmetry-adapted
distortion modes below TN . That would increase the num-
ber of candidates to display nonzero amplitude in the insu-
lating phase competing with the pre-existing orthorhombic

distortions. Within this scenario the structural anomalies at
55–60 K would be the result of a change in the relative
stability of the different modes, which could in turn result in
a change of the Ni 3d - O 2p orbital overlap and hence in
an anomaly in the electrical resistivity. Experiments on the
late nickelates, where TMIT and TN are well separated, will be
highly desirable to asess the validity of this scenario.

VII. SUMMARY AND CONCLUSIONS

To summarize, we have presented a detailed study of bulk
PrNiO3 which combines physical properties and accurate
structural data covering a large temperature window across
TMIT. We have compared the thermal behavior of the electrical
resistivity, magnetization, and heat capacity of PrNiO3 with
that of high-resolution neutron and synchrotron x-ray powder
diffraction data that, in contrast to previous studies, we an-
alyzed in terms of symmetry-adapted distortion modes. This
analysis allows to determine the evolution of the individual
mode amplitudes across the transition. Such amplitudes can
be seen as order parameters for the different individual dis-
tortions. Hence, their relative values, temperature dependence
and anomalies at TMIT encode the information on the most
relevant degrees of freedom involved in the global distortion
and their evolution across the MIT.

Using this formalism, we have shown that the anomalies
at the MIT, traditionally described in terms of changes in the
interatomic distances and angles, appear as abrupt increases
of the orthorhombic mode amplitudes accompanied by the
emergence of new modes below the transition. Our data also
allowed to classify them according to their magnitude and
temperature dependence, and to establish primary-secondary
mode coupling schemas. They also allowed to identify the
in-plane rotation M+

3 as the main responsible of the evolution
of the crystal structure in the metallic phase.

The largest anomaly at TMIT was observed in the amplitude
of the breathing mode R+

1 , which undergoes a sharp jump
of 0.12 Å. This clearly signals R+

1 as the leading structural
response associated to the electronic instability at TMIT, at
least for PrNiO3. We have also shown that the temperature
dependence of the R+

1 amplitude follows closely that of the
staggered magnetization. This observation implies a linear
coupling of both order parameters, further supporting a sce-
nario where the magnetic order just follows the electronically
driven stabilization of the breathing mode.

Since this kind of analysis is reported for the first time,
we dedicated a section to show that its results are compatible
with those of previous studies, in particular in what concerns
the evolution of the interatomic distances and angles across
the MIT. We also showed that the obtained mode amplitudes
are fully reproducible through a comparison of the results
obtained from the analysis of two additional data sets on a dif-
ferent sample measured in two neutron powder diffractome-
ters with different resolutions and Q ranges. Such comparison
showed the importance of choosing an instrument adapted to
the complexity of the structure for precise structural studies,
and pointed out the need of making reasonable restrictions
when low-resolution data are used.

To conclude, we would like to mention that our data also
uncover an unexpected, previously unnoticed transient regime

205137-14



DISTORTION MODE ANOMALIES IN BULK PrNiO3: … PHYSICAL REVIEW B 100, 205137 (2019)

characterized by anomalous temperature dependence of the
lattice parameters and several distortion mode amplitudes that
persists down to T ∗ ∼ 0.4 × TMIT. Since phase coexistence
is only observed in a small temperature region around TMIT,
these observations suggest the existence of a competition
between the high- and low-temperature modes that persists
well below TMIT. Given that anomalous behavior of the DOS
around EF has been reported in the same temperature in-
terval for the nickelates with TMIT = TN , our observations
may be specific of the RNiO3 compounds where the MIT
and the transition to the Néel state coincide. If this is the
case, the recently predicted existence of magnetism-driven
polar distortions below TN could be at the origin of this
intriguing behavior. Although a definitive answer can only
be provided by temperature-dependent diffraction studies for
the nickelates with TMIT �= TN , any future model of the MIT

in RNiO3 will have to address these novel experimental
facts.
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