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Introduction

EXAFS evidence for the spin—phonon coupling in
the monoclinic PrNiOz nickelate perovskitef

2 J. Lépez-Sanchez, (0 °° E. Sebastiani-Tofano,”®
©J. A. Alonso (2 *° and O. Mathon?

*@ A D. Rosa,
9 J. L. Martinez,

J. E. Rodrigues,
N. M. Nemes,

An understanding of the electronic and structural changes across the temperature-induced phase
transition in nickelates with a perovskite structure (RNiOz, with R being Y, Tl, rare-earths) is of key
importance to shape these materials as devices for industrial applications in several fields, ranging from
sensors, catalysts, and non-volatile memory devices. Particularly, PrNiOs has received special attention
because structural, electronic, and magnetic transitions coincide in this compound at temperatures of
125-130 K, which occur under differing pressure and temperature conditions in other nickelates. To
draw a refined picture of the origin of these transitions, we investigated the structural changes taking
place at a short-range order (local level) in PrNiOz around the Ni atoms by means of X-ray absorption
spectroscopy and at temperatures between 10 and 300 K. Ni K-edge extended X-ray-absorption fine
structure (EXAFS) data below Ty =~ 130 K confirm the monoclinic phase (P2;/n). At higher temperatures,
we observed the convergence of the pair-unit distances Ni—Pr, suggesting the stabilization of the
orthorhombic lattice (Pbnm). We derived the Einstein temperatures from the temperature-dependent
EXAFS data, which provided an estimate of the Ni—-O bond stiffness. We found an anomalous behaviour of
the Debye-Waller factors o of the Ni—O bond below the structural transition at 130 K. The anomalous
temperature evolution of o2 was modelled using a molecular field approximation for the scalar spin corre-
lation function for the pair-bond Ni—O. This model suggests strong spin—phonon coupling and the soften-
ing of the lattice vibrations below Ty &~ 130 K in agreement with the magnetic and vibrational properties of
this structure. The present results demonstrate that EXAFS is not only a powerful technique for depicting
structural changes, but also for exploring the coupling behaviour between the spin configuration and
phonons. The present approach provides new opportunities for such types of studies in related materials.

bandgap closure mechanism involves orbital overlapping between
adjacent Ni and O ions, the involvement of the R cation orbitals

Nickelates with a RNiO; perovskite structure (R =Y, Tl rare-earth
elements) undergo an important insulator-metal transition
(IMT), which can be easily tuned by temperature, external
pressure, and the R cation radius size." The origin and systema-
tics of this transition remain, however, highly debated despite
its importance for fine-tuning their properties for industrial
applications.”” While there is a general consensus that the
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remains less constrained.*’ Detailed information on the structural
and concomitant electronic changes occurring during this transi-
tion is required, but is presently only available for a restricted
amount of R cations. In this work, we have investigated the atomic
and electronic rearrangements in PrNiO; as a function of tem-
perature across the structural transition temperature. PrNiO;
represents a special case in the group of nickelates: while it has
strongly correlated 4f electrons, its R cation radius is intermediate
between small- and medium-sized cations (e.g. R = Y and La).
Besides, its structural phase transition, insulator-metal transition
(Tiv), and antiferromagnetic ordering (7y) temperatures coincide
at 125-130 K.® Therefore, understanding the behaviour of PrNiO;
allows identifying better systematic changes in the properties of
nickelates over a wide range of R cation radii.

Previous studies have proposed that the properties and the
critical temperature of the insulator-metal transition in nick-
elates are directly affected by the cation size.! For instance,
LaNiO; is metallic under ambient conditions because of its

This journal is © The Royal Society of Chemistry 2023
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large R, forming a rhombohedral atomic structure (R3c) that
inhibits the insulating and antiferromagnetic state at low
temperature. This contrasts with YNiO; that has an insulating
state with a highly distorted monoclinic lattice (P2,/n) under
ambient conditions due to the smaller cation size.” Upon
heating, YNiO; metallizes at 600 K and transforms into the
orthorhombic phase (Pbnm). In YNiO3, a rhombohedral phase
similar to LaNiO; was never detected. Instead, YNiO; under-
goes an antiferromagnetic ordering transition at around 143 K
(Tn) with a charge ordering between Ni**® and Ni*~°. The
itinerant behavior of the medium-sized rare-earths (R = Nd-Er
and Nd, ;La, ;) falls between those of LaNiO; and YNiOj;. These
medium-size R cation nickelates also exhibit the antiferro-
magnetic ordering state at low temperature. Studying the electro-
nic and structural transitions occurring in R = Pr could, therefore,
link the properties of the small and medium-size R cation
nickelates and may allow establishing a refined picture of the
systematic property changes as a function of R cation size.

So far, only a few studies have evaluated the atomic and
electronic changes in PrNiO; across the IMT at low temperature
and ambient pressure and, therefore, large discrepancies remain
on the proposed mechanisms. For example, Piamonteze et al.
proposed that the insulating state in PrNiO; is characterized by
the local distortions of the [NiOg] octahedra based on one
extended X-ray absorption fine structure (EXAFS) datum acquisi-
tion at 8 K.'® Acosta-Alejandro et al. suggested that the insulating
low temperature state is due to an inhomogeneous local-atomic
structure based on the X-ray absorption near edge structure
(XANES) data across the structural phase transition."* Both
results were later enlightened by the high-resolution neutron
diffraction results, demonstrating the occurrence of the mono-
clinic phase P2,/n below 130 K. The latter confirmed the long-
range charge ordering between Ni*"> and Ni*~°, as so-called
charge disproportionation at the Ni sites.® The magnetic transi-
tion has been so far only studied by neutron diffraction, showing
that the magnetic moment abruptly decreases above Ty. However,
the mechanism has only been investigated in related systems,
such as the LaMnO; manganites using Raman spectroscopy that
suggested a potential effect of the spin-phonon coupling.'” In this
compound, the IMT is absent leaving the question if the spins
couple with the lattice also in the PrNiO; perovskite.

Despite these achievements, the interplay between the elec-
tronic and atomic structural changes behind the insulator-
metal transition in PrNiO; is not fully resolved. Therefore, we
monitored the structural and electronic changes across the low
temperature-induced structural phase transitions in PrNiO;
using synchrotron X-ray absorption spectroscopy (XAS) at Ni
K-edge. Such a technique provides detailed information on
both the local-atomic structure and the electronic properties
around the absorber atom (Ni)."® In particular, EXAFS provides
detailed insights into the local-atomic scale, such as the pair-
bond distances, disorder, and coordination numbers around
the absorber."® We performed runs to cover the structural
phase transition/insulator-metal transition/magnetic ordering
in PrNiO; under vacuum conditions in the temperature range
of 10-300 K. Understating the underlying mechanisms for these

This journal is © The Royal Society of Chemistry 2023
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transitions has a pivotal consequence for further improvements
in devices used in different technological or industrial fields,
ranging from sensors, catalysts, non-volatile memory devices.
Here, we provide a careful analysis of the local-atomic structure
in PrNiO; at the onset of the aforementioned phase transition.
Our results show strong evidence for the spin—-phonon coupling
and the softening of the lattice vibrations below Ty ~ 130 K.

Methods

Highly polycrystalline PrNiO; nickelate was synthesized using
the liquid-mixture method.”” From a solution with metal
nitrates in citric acid, a black powder was obtained after a slow
decomposition of the formed resin at 600 °C. A thermal treat-
ment at 1000 °C under 200 bars under an O, atmosphere was
required for the stabilization of the perovskite single phase.

The detailed crystal structure under room conditions of the
PrNiO; powder was then determined from synchrotron X-ray
diffraction (SXRD) data at the beamline BM25 of the ESRF. For
these measurements, we used an incident X-ray beam with a
wavelength of 1 = 0.4959 A. The sample was contained in a
quartz capillary of 0.5 mm diameter, which was rotating during
data acquisition, in the angular 20 interval between 5 and 45°,
with 0.005° steps. A 2D photon-counting X-ray MAXIPIX detector
was employed and the data were processed using the BINoculars
software.'®'” The diffraction pattern was analysed by the Rietveld
method, using the Fullprof refinement program.’® A pseudo-
Voigt function generated the profile shape. The refined para-
meters included unit-cell constants, positional coordinates, and
isotropic displacement factors for all the atoms.

The Ni K-edge (at 8.333 keV) XAS run was performed on
PrNiO; aiming to determine the mechanism of the insulator-
metal transition/magnetic ordering using EXAFS and was con-
ducted in a temperature interval between 10 and 300 K at the
beamline BM23 at the ESRF.'® For this purpose, a compacted
pellet made of a mixture between PrNiO; and cellulose, in
appropriate proportions to achieve an edge jump of about 0.6,
was prepared. The pellet was placed inside a liquid He cryostat
under vacuum (work pressure: 107 ’-10® mbar). The tempera-
ture was monitored using a Pt-based thermocouple placed close
to the sample. XAS data at Ni K-edge were acquired using an
unfocused beam collimated to 3 x 1 mm” using slits. Harmonic
rejection was achieved by setting two parallel silicon mirrors with
an incident angle of 3 mrad. The ionization chambers filled with
an appropriate gas mixture were used to determine the photon
intensities before and after the sample. A third ionization was
placed to collect the photon flux after a Ni foil, which was
considered for monochromator angle-to-energy calibration.

Raw XAS data reductions were conducted using ATHENA
software for the pre-edge background subtraction, edge jump
normalization, and the extraction of the EXAFS oscillations.
Then, the EXAFS analyses were performed using ARTEMIS soft-
ware, based on FEFF’s multiple-scattering path expansion.”*!
Based on the standard EXAFS equation, the FEFF program
provides the amplitude, phase, and mean free path functions.

J. Mater. Chem. C, 2023, 11, 462-471 | 463
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Fourier-transform (FT) windows in both k- and R-spaces were set
to k = 2-13.5 A~ and R = 1.1-5.9 A, leading to 42 independent
parameters. Seven single scattering paths (I'y) up to the fourth
shell were considered. Fitted parameters encompassed the aver-
age distance and the Debye-Waller factor for each path, while the
coordination number was kept fixed as extracted from neutron
diffraction data to avoid correlation with the Debye-Waller factor.
The amplitude reduction factor S,> was fixed to 0.8053, which
was obtained from the fit of the reference Ni foil. A total of 21
parameters were used during the fitting procedure, which
includes the background coefficients. The average R-factors of
the fittings for all temperature points approached the value of
0.058(4), with an average E, correction of AE ~ —2.5(1.0) eV.

Magnetic measurements between 10 and 300 K were per-
formed using a SQUID magnetometer (MPMS-3) from Quantum
Design (San Diego, USA) under an applied magnetic field of
100 Oe. The sample was positioned in a residual vacuum under
a He atmosphere (pressure of 10~> torr) in the temperature
range from 10 up to 300 K.

Results and discussion

The results of this paper are presented as follows: first, a brief
crystal structure description under room conditions of the
as-obtained PrNiO; sample is provided. Then, a local structure
study across the insulator-metal transition temperature
(Ty =~ 125 K) is performed using EXAFS data collected in the
temperature range of 10-300 K. The results from EXAFS analyses
were used to model the Ni-O bond stiffness and the potential of
the spin-phonon coupling contributions across the transitions.

Crystal structure at room temperature

The diffraction data of the synthetic PrNiO; sample acquired at
room temperature (RT, 295 K) are represented in Fig. 1, together
with the Rietveld refinement. They confirmed that the sample is
mainly composed of PrNiO; in the orthorhombic structure, as
defined in the space group Pbnm (S.G. #62). In this structure, Pr is

o

S.G. Pbnm
R, =103
Raugs = 1:53
a=5.4034 A

b=53619 A
c=7.6045A

Ll

0 UTEUUTE T DR F0 0L FOR DRI R O 0 O 0 0 O
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Intensity [ arb. units ]
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20 [degree] % =0.4959 A

Fig.1 SXRD data refinement and crystal structure of PrNiOz at room
temperature. (a) Rietveld plot: observed (red circles) and calculated (black
line) synchrotron X-ray diffraction pattern for PrNiOz at 295 K shown
together with expected peak positions (green line underneath the pattern)
and the fit residual (blue line at the bottom). The second series of Bragg
ticks correspond to the expected peak positions of NiO, which is present
as a minor phase. (b) Crystal structure of orthorhombic PrNiOs: oxygen,
nickel, and praseodymium ions are given in red, silver, and yellow,
respectively.
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located at the low symmetry Wyckoff 4c (x, y, 1/4) sites; Ni atoms
occupy a high-symmetry site at 4b (1/2, 0, 0), while two oxygen
atoms exist including O1 and O2 that are located at low symmetry
sites 4c and 8b (x, y, 2), respectively. From the diffraction data, we
have detected a minor impurity of NiO (bustenite; a = 4.146 A) with
a weight percentage of 2.46(4)% wt., which was included in the
refinement. The refined unit-cell parameters of PrNiO; under
ambient conditions include a = 5.40337(7) A, b = 5.36198(7) A,
¢ = 7.6045(1) A, and V = 220.323(5) A®. They are comparable
with those described in the literature (e.g. a = 5.4161(5) A, b =
5.3737(5) A, ¢ = 7.6226(7) A; V = 221.85 A®). In Fig. 1a the raw and
fitted SXRD data together with the goodness of the fit is shown. In
Fig. 1b a schematic view of the crystal structure is presented
highlighting the slight tilting of the [NiOg] octahedra network in
the orthorhombic structure along the c-axis.

Evolution of the local structural environment across the IMT

EXAFS data were acquired up to 16 A™* in the k-space and
across the structural transition at 130 K using a liquid-helium
cryostat. This spectral dataset was used to monitor the local
structure around the Ni absorber in PrNiO; and the temperature
evolution of the pair-bond distances (Rr) and their associated
Debye-Waller factors (o1 or mean-square relative displace-
ments, MSRDs) across the structural phase transition from
P2,/n — Pbnm beyond the Ni-O bonds. In the case of PrNiOs,
this structural transition coincides with both insulator-metal and
magnetic ordering transitions in the phase diagram.® For fitting
the EXAFS spectra, seven scattering paths were used by setting
both k and R ranges to Ak = 11.5 A™* and AR = 4.8 A, respectively.
Details of the fitted parameters from the EXAFS data of PrNiO; at
10 K are listed and compared with neutron diffraction data in
Table 1, showing a reasonable agreement. In Fig. 2a, the experi-
mental and fitted EXAFS oscillations [y(k)] at 10 K are shown
together with individual oscillations (contributions) from the
single scattering paths I';, (k = 1-7). In Fig. 2b, both the modulus
and real part of the Fourier-transform (FT) oscillations [y(R)] are
represented.

To model the EXAFS signal at 10 K, we started from the
monoclinic phase (at 10 K) as the input structural model to
generate both single and multiple scattering paths using the
FEFF code integrated with the ARTEMIS software package. This
provided the amplitude, phase, and mean free path functions
for each path used as input parameters in the fitting procedure.
At 10 K, monoclinic PrNiO; is characterized by the charge
disproportionation between two Ni octahedra, here referred to
as Ni1 and Ni2, corresponding to Ni**" and Ni**~, respectively.
Each of the octahedra exhibits three sets of Ni-O distances (see
Fig. S1 of the ESIt). Averaging these three distances reveals that
the [Ni1Og] octahedron is smaller compared to [Ni2O¢] by
0.071 A. The EXAFS technique provides the resolving power to
study such differences in distances.

Our FEFF calculations reveal that the most intense first peak
at 2 A in the modulus of the Fourier transform function |(R)|
results from the contribution of these 6 single-scattering paths
(see the ESIT for a detailed explanation). However, including all
6 paths in the model EXAFS model at 10 K (monoclinic phase)

This journal is © The Royal Society of Chemistry 2023
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Table 1 Refined parameters from Ni K-edge EXAFS data at 10 K. Abbreviations: Rr- is the pair-unit distance, Ny- the average coordination number, o2 the
Debye-Waller exponent, 0¢ the Einstein temperature, ostatz the static disorder, and NPD is neutron diffraction data. Here, the coordination number for

each path was kept fixed and its value extracted from NPD data elsewhere®

EXAFS at 10 K

Einstein’s model

NPD at 10 K

Attribution Path Rr[A] Nr or? [x107° A% 05 [K] Ostad [X107° A?] d[A]
Iy Ni—Oyq 1.911(2) 2 4.4(3) 553(2) 0.1(2) 1.915-1.921
I, Ni,—Osq 1.962(2) 4 4.4(3) 553(2) 0.1(1) 1.961-1.972

I, Ni,~Pry 3.202(5) 2 3.0(5) 267(3) 0.0 3.149
I, Ni,-Pr, 3.339(5) 2 3.0(5) 267(3) 0.0 3.291-3.343

Is Ni,~Pr; 3.369(5) 2 3.4(5) 278(2) 1.2(5) 3.437
s Ni,~Ni; 3.921(8) 6 8.0(9) 315(2) 5.4(5) 3.806-3.816
Iy Ni,~Ni, 5.44(2) 12 4.3(4) — — 5.387-5.411
a b However, this last path seems to be very short for a Ni-O bond

20} 20 Ni-0 NN
— )

Ni-Ni
—

% 0 /\ Ni-0;,
= 'ZOW = 20 Mon
— T
< NiPr, o = Ni-Pr,
g U ) 5 30 VN AN
A Ni,Pr, =~ Ni,-Pr,
-40 ’ T 40 )
Ni,-Pry ~ =3 Ni,-Pry
-50 A J\ : 50

60| Ni-Ni; A

-70 -70

%

k [A'] R [A]

Fig. 2 Ni K-edge EXAFS fitting at 10 K. (a) k*-weighted oscillation (k).
(b) Fourier transform magnitude of ky(k) and the real part of x(R). As
shown in figure, the raw EXAFS signal can be reproduced by seven single
scattering path contributions, namely: Ni-O (2 A), Ni-Pr (3.3 A), Ni=Nji
(3.9 A), and Ni-Ni (5.4 A). Such a model provides a description of the
average octahedral unit [NiOgl, the distorted sublattice of Pr cations, and
the lattice distortion along the c-axis (pair-unit Ni,—Ni;), while Ni,—Ni has
a path encompassing the edges of the first-Brillouin zone. Experimental
data points are represented by open symbols, black solid line denotes the
best EXAFS fit. Coloured solid lines discriminate the individual single
scattering paths which compose the EXAFS oscillations.

is not reasonable, because this would result in overfitting and,
therefore, unreliable results. In general, in EXAFS analysis
overlapping distances below 0.01-0.02 A cannot be resolved,
which is due to the limited data range in k- and R-spaces.

To provide a reliable model of Ni-O distances, we considered
that the peak at 2 A is composed of only two sets of averaged
Ni-O distances, which will be referred to as Ni,—O,, and Ni,—O,,
(subscript “a” denoting “average’”). The first average distance
was obtained from averaging all paths with R < 1.89 A, which
are the 4 short Ni;-O,; (see Fig. S3 of the ESIf). The second
average distance was calculated by averaging the remaining 8
long Ni-distances with R > 1.89 A. To ensure correct weighting
of path contributions during fitting, we set the coordination
numbers (CN) to 2 and 4 for Ni,~O,, and Ni,-O,,, respectively.

These structural input models allow studying the local
structural variations due to the charge disproportionation in
PrNiO; below 130 K. This approach partially agrees with
that used by Piamonteze et al,'® which in addition included
a third scattering path Ni-O with a pair-distance of 1.82 A.

This journal is © The Royal Society of Chemistry 2023

distance, not agreeing with the structural data reported by
Medarde et al. from neutron diffraction.® The fitted path length
for Ni-O,, reveals a value of 1.911(2) A, which agrees well with a
contribution from the small [Ni10g] octahedra (Table 1). Finally,
we have constrained the paths Ni,-O;, and Ni,~O,, (referred to
as fitting paths I'; and I', in Table 1) to have the same Debye-
Waller factor, meaning that this parameter describes the aver-
age disorder at the level of the [NiOg] octahedron.

The broad peak at the radial interval of 3.2-3.4 A was partly
ascribed to the pair-units interaction between Ni and Pr,
comprising three paths here referred to as I';, Iy, and Is.
These paths describe the sublattice composed by the R-sites
(R = Pr). The lengths and their variations of these paths provide
information on the octahedral tilting in PrNiO3,>* because the
tilting process is strongly dependent on the radius of the R
element. For instance, previous studies demonstrated a linear
behaviour between the quasi-softmodes encompassing the
pair-unit R-Ni and the tilt angle of RNiO;.>*> Based on this
observation, the temperature evolution of these paths features
may be also be used as order parameters for describing
structural phase transitions in nickelates. To reduce uncertainties
of their fitted parameters, we have included constraints to their
Debye-Waller factors following the crystallographic symmetry
considerations: the paths I'; and I'y present the same disorder
parameter, while path I's shows an independent disorder expo-
nent for accounting for a fourth pair-unit Ni-Pr that is missing in
our model. Attempts to include it in the fitting failed probably
due to the high disorder of this scattering path or possible Pr
vacancies within the unit cell. Another possibility is that these
oscillations are almost out-phase, which hinders a precise char-
acterization of their features.

The contribution of pair-units Ni-Ni at 3.9 and 5.4 A were
included in the fit as paths I'¢ and I';, respectively. The path I's is
of particular importance because the length of R4 corresponds to
half of the lattice parameter c for the orthorhombic lattice Phnm.
Hence, it can provide information about the possible distortions
of the lattice and the suppression of the exchange interaction
between the Ni magnetic moments within the first-Brillouin
zone. For this path, the coordination number was kept equal to
6 with the same Debye-Waller factor. The path I'; encompasses a
trajectory to the edges of the first-Brillouin zone, with a reasonable
intensity in the Fourier-transform oscillations. For such a path,

J. Mater. Chem. C, 2023, 11, 462-471 | 465
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we have considered a coordination number fixed to 12 nickel atoms,
with the same disorder parameter in each pair-unit Ni,~Ni,.

With the model in Table 1, we have evaluated the local
structure in PrNiOj; nickelate across the structural phase transi-
tion at 125-130 K that has the insulator-metal transition (Tyy)

LIV A WIS
90 A ~ = B

150

-
O VAREREN
— 125 a0k 75
p g Mif\
s R Y : - GO_J/\M
= v = 130K
= 120K N 3
* PRI C e
3
=

20 ’ \ o~ 100K

k [A"] R [A]

Fig. 3 Temperature-dependent EXAFS data at Ni K-edge. (a) k*-weighted
EXAFS oscillations in k space. (b) Modulus and real part of the Fourier
transform oscillations x(R) in R space. The open symbols denote the
experimental data, whereas solid lines are the best EXAFS fit adjusted.
The data acquisition was performed under heating from 10 up to 300 K.
The temperature effect on the EXAFS data is visible through the damping
of k*;(k) and the peak broadening of |x(R)|.
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and antiferromagnetic ordering transition (Ty) occurring at the
same temperature value. For this purpose, XAS spectra of
PrNiO; were recorded from 10 to 300 K with fine temperature
steps in the vicinity of the structural transition. Fig. 3 exhibits
the k*-weighted EXAFS oscillations &*¢(k) and the moduli of y(R)
and their real parts Re[y(R)] at selected temperatures.

The temperature-dependence of the fitted EXAFS para-
meters extracted from the best spectral fitting are presented
in Fig. 4 together with a schematic representation of the
scattering paths used for the EXAFS oscillations. We have seen
an anomalous trend for the pair-unit distance (Rr) and Debye-
Waller factor (or%) for almost all the studied paths across the
structural transition at 125-130 K (i.e., as a departure from the
expected Einstein behaviour in black lines). Our results show a
slight change in the slope of the average Ni-O bond distance of
the [NiOg] octahedra at 130 K (Fig. 4a) that is concomitant with
a drop in the o values of the first two paths (Fig. 4b). The fact
that distances Ni,-O,, and Ni,-O,, are almost unaltered across
Ty means that the charge disproportionation remains at the
local level. At the Ni-Pr sublattice, variations along the Ry and
or” can also be noticed, as shown in Fig. 4c. The Ry values of
the three paths accounting for the Ni-Pr sublattice showed a
pronounced anomaly at the onset of structural transition. Such
an evolution is most obvious for the paths I'y and I's that
approached each other at around 130 K and for temperatures
above it. This converges around at the structural transition
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Fig. 4 Temperature dependence of the structural parameters extracted from the fits to the EXAFS data. A schematic representation of the single
scattering paths corresponding to the data shown below is given on the top of the figure. Symbols in the individual plots represent EXAFS parameters
extracted from the best fit together with their respective error bars, while the black solid lines denote Einstein’s model fitting for temperatures above
130 K (a) pair-unit distances Ni;—Oj, and Ni,—O,, and (b) their Debye—-Waller factors (I'y and I', have the same value for DW). (c) Pair-unit distances
Ni,—Pry, Ni;—Pr,, and Ni;—Prz and (d) their Debye—Waller factors (I's and I'y4 are described by the same DW, while I's has an independent DW value).
(e) Pair-unit distances Ni,—Ni; and Ni,—Ni, and (f) their Debye—Waller factors.
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temperature suggests that the Ni-Pr sublattice becomes more
symmetric with partial suppression of the charge ordering
between Ni**’ and Ni*~, taking place only in the monoclinic
phase P2,/n and it is absent in the orthorhombic Pbnm.>® The
evolution of the Debye-Waller factors with temperature for
these three paths I';_5 are drawn in Fig. 4d. They exhibited a
similar but subtler trend to the one seen for the pair-bonds
Ni-O. In summary, this indicates that such a transition is
accompanied by significant changes in the crystal structure at
the local-scale within the unit-cell (<5 A).

Fig. 4e displays the temperature evolution of the two Ni-Ni
cation distances for the paths I'g ; (pairs Ni,~Ni; and Ni,~Ni,).
The Ry values of I'g; behave almost in an opposite way to each
other until 130 K, showing a tendency to converge at higher
temperatures. The corresponding Debye-Waller factors and their
temperature evolution are depicted in Fig. 4f. They revealed a
small anomaly at the structural transition temperature at 130 K.
This anomaly lies within the uncertainty of o, making any
conclusion about the variation of this parameter unprecise.
However, it is evident that the anomalous behaviour of the
disorder parameters is more pronounced when the neighbouring
shell is closest to the absorber atom (Ni), the case of the paths I';
and I',. Therefore, this anomaly has a local origin that encom-
passes paths up to the second shell (R < 3.4 A) and it could be
associated with the local actions of the spin interaction between
Ni and its neighbourhood.

Evaluation of bond disorder and vibrational properties in
orthorhombic PrNiO;

We used the temperature-dependence of fitted EXAFS para-
meters to evaluate the lattice dynamics of PrNiO;. It details the
dynamic part of the Debye-Waller factor for the paths Iy
(k=1-6), which was fitted to Einstein’s model, as described below:

72 0
Urz(T; O, Osat) = Osta” + m coth (ﬁ) 1)

such that, u is the reduced mass of the pair-unit (e.g. Ni-O, Ni-Pr,
and Ni-Ni); o> is the intrinsic (or static) disorder; 0y is the
Einstein temperature; and (kg, 72, T) maintain their usual meaning.
From eqn (1) the Einstein temperature 6g, that is an intrinsic
property of the pair-bond unit and depends on its bond stiffness,
and o, at 0 K was extracted from data for the Debye-Waller
factor above 130 K. Then, the fitted curve was extrapolated for
lower temperatures to highlight the departure of the experimental
points below 130 K from Einstein’s model. The fitting results are
shown as solid black lines in Fig. 4. The approach of Einstein’s
model is more convenient than that of Debye’s model one,
because here the pair-units are treated as non-coupled quantum
harmonic oscillators.**** Otherwise, the Debye’s model is more
precise for describing thermal displacements, as extracted from
diffraction data, possessing an ordered scale at a long-range
which is valid for dozens or hundreds of unit-cells.* In the Debye
approach, the coupled harmonic oscillators are precise enough to
describe the thermal displacements and, then, to provide infor-
mation about the Debye’s temperature and specific heat.
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At the onset of the structural phase transition at 130 K and
below, a departure from the Einstein-like trend was clearly
noticed in Fig. 4b and d for the shells Ni-O (I'; ;) and Ni-Pr
(I'3,4), respectively. For the paths Ni-Pr (I's) and Ni-Ni (I'¢), it is
more difficult to say if this trend really takes place below the
transition temperature due to the error bars, see Fig. 4d and f,
respectively. Therefore, the fitting of o> using Einstein’s model
was conducted for temperatures above 130 K and the resulting
Einstein temperature of each path is listed in Table 1.

In the following, we compare the extracted Einstein-
temperatures for individual paths to known vibrational Raman
modes for better understanding the experimental observations.
This comparison is based on the nature of the Debye-Waller
factor extracted from EXAFS, which represents a mean-square
relative atomic displacement along the direction of the scatter-
ing path (i.e. parallel), being thus connected to some of the
vibrational modes of the system. For the orthorhombic PrNiO3,
24 Raman (I'gaman = 7A1; @ 7Big @ 5B,y @ 5Bj,) and 25
infrared (I'mfrared = 7B1u @ 9Bay @ 9B3,) active phonons are
predicted, such that most of them appear as accidental degen-
eracies or with very low intensities.” However, they are assigned
as symmetric and asymmetric stretching modes, bending
modes, librations (rigid rotations of [NiO¢] units), and transla-
tions (Pr movements against the [NiOg] units), appearing at
high down to low-wavenumbers, respectively, in both Raman
and infrared spectra.>”*® A direct correlation of the Debye-
Waller factor and the vibrational modes by comparing them with
the 0g values has to be done with caution, because o> projects
the normal modes along the radial direction (i.e. parallel to the
scattering path).

In PrNiOj;, the translational Raman modes appear in the
range of 100-200 cm™'. The paths Ni,~Pr (I';_s) have an 0y in
the range of 185-193 cm ™' and therefore they are likely related
to the displacements of Pr against Ni. The path Ni,-Ni (I's) has
a fg of 315(2) K which could be assigned to some extent to the
libration and/or bending Raman mode at 219 cm ™. The paths
Ni,~O, (I'y) with 0 of 553(2) K (385 cm™ ') with an intrinsic
disorder of 0.1(1) x 10~ A* may be linked to the asymmetric
stretching of [NiOg] units. The reasons for that are as follows:
(i) the symmetric stretching vibrations of PrNiO; occur above
400 cm ' and (ii) the uneven path distances are most likely
describing the out-of-phase displacements of apical and equa-
torial oxygens from the Ni absorber.”

Bond stiffness of Ni-O and Ni-Pr for orthorhombic PrNiO;

Using the Einstein temperature, an estimate of the bond stiffness
from the scattering paths (for the shells Ni-O and Ni-Pr) in
orthorhombic PrNiO; can be obtained from a harmonic approxi-
mation that defines an average force constant (xg),>”**

- ("B:E)z @)

The estimated force constant for the pair-bond Ni-O is around
6.8(4) eV A= (1.1 mdyn A™Y), which agrees with typical force
constant calculated for bonds M-X (M = Ni, Co, Mn; X = P, O) in

Le.
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29,30 The estima-

both tetrahedral and octahedral environments.
tion of the force constant for the pair-unit Ni-Pr is less reliable,
because this is not a chemical bond as in the case of Ni-O.
Regardless of that, the average force constant as calculated by
eqn (2) for the pair-unit Ni-Pr lies in the range of 5.2-5.7 eV A2
(0.8-0.9 mdyn A™"). This result shows a higher stiffness of the
octahedral environment [NiOg] than the sublattice containing Pr,
as a result of the strong covalent bonding between Ni and O ions.
A more precise evaluation of the Pr sublattice would be per-
formed by collecting EXAFS data at the Pr L;-edge, which is
beyond the scope of this work.

Spin-phonon coupling contributions in monoclinic PrNiO;

Similar anomalous temperature-evolutions of the Debye-Waller
factor or” extracted from EXAFS as observed here (i.e., the
departure from the Einstein-like trend at 130 K) have been
reported in orthoferrite at the temperature induced magnetic
ordering transition and at critical temperatures for layered
superconductors. DyFeO; orthoferrite has the same orthorhom-
bic crystal structure (Pbnm) of PrNiO; under room conditions.*
This orthoferrite is a magnetic system with a spin reorientation
transition (SRT) in the range of 50-100 K. Panchwanee et al.
reported a slight compression of the bond Fe-O above SRT and
an anomaly in o> similar to that seen for the bond Ni-O in
PrNiO; at magnetic ordering temperature Ty =~ 130 K, the
anomaly being absent in the paramagnetic YFeO; orthoferrite.
To our knowledge, both results showing the sensitivity of the
EXAFS Debye-Waller factors to magnetic transitions are novel.
Other prominent examples are the iron-based superconductors,
as the case of Li(NH;),Fe,Se,>> or Ba(Fe; ,Co,),As,” that
shows only slight bond-distance changes with temperature for
the pair-unit Fe-Fe, but its associated Debye-Waller factor has
a sharp and well-defined drop at T¢. For the superconductor
based on Laj g5Sty.15CuQy, two paths of Cu-O were considered
to describe the planar [CuO,] unit, where both bond-distance
and Debye-Waller factor depicted anomalies at the onset of the
critical temperature.®*

In contrast to the view EXAFS studies reporting vibrational
anomalies at the onset of the magnetic transitions, these
anomalies have been widely reported from vibrational spectro-
scopy, including Raman and infrared techniques.’****® For
instance, Granado et al. probed the temperature dependence of
the Raman modes around the magnetic ordering temperatures
in doped and undoped La; ,Mn,O; perovskite manganites,
showing a well-distinguished softening below Ty of the stretch-
ing mode of the [MnOs] units."” These results were extended for
different members of the manganite family, including RMnO;
(R = Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Y), where the role of the R
cation size was established for the phonon softening behaviour:
this effect is almost negligible for small R cations.?® Since the Pr
atom has an intermediate cation size among the rare-earth
elements, the softening was quite evident below Ty. Later, this
phonon anomaly at the onset of the magnetic ordering tem-
perature was reported in different systems. Rodrigues et al.
showed that this phonon softening also occurs in Ising-like
spin-glasses (i.e. a system with short-range magnetic order), as
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the case of Fe,TiOs, using low-temperature Raman data.’”
Calder et al. reported a large softening of the symmetric stretch-
ing in 5d NaOsO; osmate, which was the largest shift (x40 cm ™)
already recorded in the literature.>® Radionov et al. detected an
anomalous behaviour at the magnetic ordering temperature in
the magnetoelectric LiNiPO, single-crystals using polarized infra-
red reflectance.®® A recent paper on RNiOj; nickelates (R =Y, Er,
Ho, Dy, Sm, Nd) revealed phonon anomalies around both
magnetic ordering and insulator-metal transition temperatures
by means of Raman spectroscopy.”

In all of the papers mentioned above and others cited
elsewhere,**™** the phonon anomaly is in general explained by
considering the contribution of four physical effects: (i) lattice
expansion/contraction described by the volume change and
Griineisen parameter; (ii) intrinsic anharmonicity of the phonon
mode according to the Balkanski’s model;*? (iii) phonon renor-
malization due to the electronic states at the spin ordering
temperature; and (iv) modulation of the exchange integral as a
consequence of the spin-phonon coupling. The latter effect may
be stronger when the magnetic ordering appears concomitantly
with the insulator-metal transition, being the case of both
PrNiO; and NaOsO;. In PrNiO;, one may expect that all four
effects could occur, because the structural phase transition,
magnetic ordering, and insulator-metal transition take place
at T ~ 130 K.° In contrast to PrNiO;, systems that exhibit
neither concomitant structural transition nor magnetic order-
ing, only intrinsic anharmonicity is seen by Raman or infrared
spectroscopies.*>** This suggests that phonon anomalies can be
modelled as a first-order perturbation from the expected pho-
non anharmonicity. Based on this assumption and to account
for any of the four physical effects mentioned above, one may
propose a perturbative term (A0g) on the Einstein temperature
and a modified equation of the Einstein’s model:

"2 Ok
2(T: 0 + A6 at) = Og 24— coth—
or~(T;0g E, Ostat) Ostat 2k 05 cot

2T
80'1"2
+ (—391-: )AOE

®)

where, Afg contains four terms, such as (Afg)jae + (AOg)ann +
(AHE)ren + (AGE)SP'Ph‘

The quantity Afg can be extracted from the experimental
data in Fig. 4 by estimating the difference o(T; Afg + Og, Ggae) —
or’(T; Og, Gsae) and the first-order derivative the non-perturbated

. ., aﬂrz
Einstein’s model ( 20

). The former data extraction was per-
E

formed using a Python-SciPy code using the method interpolate
(linear procedure), while the latter depends on the non-
perturbated Einstein temperature that is the same value obtained
by Einstein’s model for T > Ty. We have obtained the quantity
Afg, from the Debye-Waller factors only for the shells Ni,~O,
('12). Some assumptions can be considered, as follows:
(i) contributions from the bond-distances Ni-O and, conse-
quently, their anharmonicities were disregarded in the tempera-
ture range of 10-200 K, meaning that Afg only departs from a
constant value of 0 = 553(2) K. Indeed, the anharmonic effects

This journal is © The Royal Society of Chemistry 2023
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take place at temperatures above 200-300 K in most of the known
compounds, including oxides; (ii) PrNiO; seems to present a
common mechanism for both Ty and Ty, meaning that the
renormalization of the electronic states is intimately connected
to the modulation of the exchange integral J;;. Then, the pertur-
bation A0 may be estimated by the term (A0g)s,pn that is
dependent on the scalar spin correlation function <§,v-§j), ie
Lo e
(ABE) oo = z*<sl- . S,-> = S0
)

where, 0g is the non-perturbed Einstein temperature; 2* is the
coupling constant; and J; is the exchange integral between ith
and jth magnetic nickel ions.*>*® Here, we can employ the
mechanism proposed by Granado et al. for undoped LaMnO;
which is described by the same orthorhombic space-group of
PrNiO;.'? In such a mechanism, the summation of eqn 4 was
evaluated along the stretching mode of the distorted [MnOg] units
that contains four equatorial and two apical oxygens around the
Mn cation, which can be extrapolated to the case of the [NiOg]
octahedra in PrNiO;, leading to the following approximation:

212 (82JFM> {Msub(T)] :

A0 ~
( E)sp-ph ,ukB20E 8u2 M()

()

where, Jry is the exchange integral evaluated at the plane that
has ferromagnetic coupling, while the magnetic coupling is
antiferromagnetic along orthogonal direction; Mg,,(7) denotes
the sublattice magnetization per Ni** ion (staggered).

In Fig. 5, we show (a) the extracted quantity 0 + Afg together
with (b) the average magnetization of Ni** (uy;) in PrNiO; from
neutron diffraction in Gawryluk et al.,’ (c) the first-derivative of
the DC magnetic susceptibility (M/H) under heating in a

a ggofT T T T c
- 009 —
X 550 ocoooooo s
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Fig. 5 Temperature variation of the Einstein temperature, staggered
magnetization, magnetic susceptibility, and resistivity in PrNiOs across
the IMT at Ty = 130 K. (a) Extracted quantity 0g + (AOg)sp_pn from the
Debye—-Waller factors of the first shell Ni,—O, (I'1 ). (b) Staggered mag-
netization of Ni ions in PrNiOz and LuNiOz as extracted from neutron
powder diffraction.®*” Both compounds show magnetic transition at Ty ~
125-130 K. (c) First-derivative of the DC magnetic susceptibility (M/H)
under heating in a magnetic field of 100 Oe, which display a magnetic
transition at 125 K. (d) Resistivity measurements of PrNiOsz as reported in
Mroginski et al.,?® which also exhibit the insulator—metal transition at 125 K.
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magnetic field of 100 Oe, and (d) the resistivity measurements
in Mroginski et al.>® For the sake of comparison, Fig. 5b also
has the average magnetization of Ni** in LuNiO; from the
neutron diffraction data.”” The magnetic susceptibility exhibits
a strong paramagnetic signal from Pr’*; however, the magnetic
d(M/H)
dr
Tn =~ 125 K. This value agrees with the insulator-metal transition
temperature at 125 K as obtained from electrical resistivity data,
then it corroborates that Ty = Tnv. The magnetization g is indeed
quite similar to the extracted (A0g)sppn, Le. the quadratic scaling
between those quantities is consistent with eqn (5). The magnetiza-
tion pn; of LuNiO; with Ty & 125 K also scales well to the quantity
A0Og. Both observations strongly suggest that the anomaly seen in
or” is related to a spin-phonon interaction. Physically, such a
phenomenon takes place when the active vibrational modes are
affected by an interaction among the magnetic ions within the
crystal structure, as shown in eqn (4). Beyond this finding, we

PJem

B ) of
~13 mRy A2 that is close to the one reported for undoped
LaMnO; (& 16 mRy A~?)."? This result demonstrates that the
parameter o for the shells Ni~O, (I'y,) represents the stretching
modes, which only involve oxygen displacements, while the central
atom (Ni or Mn) is fixed when they are Raman-active modes.

In the following, we discuss the likelihood of spin-phonon
coupling in PrNiO; based on the magnetic structure and the
phonons. The magnetic moment of Ni arises from a collinear
magnetic structure (S.G. P2,/n) with two Ni magnetic moments at
distinct Wyckoff sites. The magnetic propagation vector, as derived
%,0,%) and the
spin operator may be projected along both a- and c-axes.*”"*® For the
vibrational modes mainly concerning the stretching modes of the
apical (O1; parallel to c-axis) and equatorial (02; ab-plane) oxygens,
one may expect a stronger coupling between the magnetic propaga-
tion vector for Ni ions and the eigenvectors which describe the
normal modes. Therefore, this effect is seen through the softening
of the Einstein temperature below Ty, as predicted by eqn (5).

The Ni K-edge EXAFS data of PrNiO; across Ty & 130 K unveiled
a new ingredient for describing its itinerant behaviour, which is the
spin—phonon coupling. Our results establish the role of the lattice
dynamics together with orbital overlapping between Ni 3d and O 2p
for describing the insulator-metal transition in PrNiO; nickelate.
Additional EXAFS measurements on nickelates with differing R
cations are required to untangle the perturbation Af; from spin-
phonon coupling and phonon renormalization due to the electronic
states for drawing a complete picture of the underlying physics. It
would be mandatory to probe it in other nickelates with Ty and Ty
well separated in the phase diagram, as in the case of R = Lu, Ho, Tl.

ordering temperature in PrNiO; is clearly seen in at

obtained a value for the second-order derivative (

from neutron diffraction, was found to be k= (

Conclusions

In this work, high-purity PrNiO; nickelate has been successfully
synthesized using the liquid-mixture method combined with
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thermal treatments under 200 bars under an O, atmosphere.
Synchrotron X-ray diffraction data confirmed the occurrence of
the orthorhombic lattice (Phbnm) under room conditions, but
with small impurities of NiO (<2.5% wt). Low-temperature
EXAFS oscillations at Ni K-edge unveiled the very local units of
the PrNiO; lattice, which were modelled in agreement with the
monoclinic crystal structure (P24/n) for T < 125-130 K. Above
this temperature, a convergence of the pair-unit distances
Ni-Pr was clearly identified, denoting the stabilization of
the orthorhombic lattice (Pbnm). The lattice dynamics of the
PrNiO; nickelate across the structural transition were moni-
tored using temperature-dependent EXAFS data in the range of
10-300 K (under isobaric conditions). From the thermal evolu-
tion of the Debye-Waller factors above 130 K, we extracted the
Einstein temperatures of individual atomic pair-units and
estimated the Ni-O bond stiffness. The thermal evolution of
the Debye-Waller factors and bond-length evolution of the Ni-
O bonds and Ni-Pr pair showed strong anomalies across the
IMT. We modelled the evolution of the Ni-O bond Debye-
Waller factors by means of molecular field approximation for
the scalar spin correlation function. This model suggested a
continuous increase of the spin-phonon coupling below the
IMT transition temperature of 130 K, which was confirmed by
the magnetic and vibrational properties of this compound. Our
EXAFS results clearly showed that the insulator-metal transi-
tion in the PrNiO; nickelate has an important contribution
from the lattice dynamics. The approach presented here may be
further extended and applied to similar systems that show
magnetic or insulator-metal transitions to provide a physical
description of the underlying mechanisms.
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