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Abstract: Single crystals of PrNiO3; were grown under an oxygen pressure of 295 bar using a
unique high-pressure optical-image floating zone furnace. The crystals, with volume in excess of
1 mm?, were characterized structurally using single crystal and powder X-ray diffraction. Resistivity,
specific heat, and magnetic susceptibility were measured, all of which evidenced an abrupt, first
order metal-insulator transition (MIT) at ~130 K, in agreement with previous literature reports
on polycrystalline specimens. Temperature-dependent single crystal diffraction was performed
to investigate changes through the MIT. Our study demonstrates the opportunity space for high
fugacity, reactive environments for single crystal growth specifically of perovskite nickelates but more

generally to correlated electron oxides.

Keywords: high pressure crystal growth; floating zone method; perovskite; nickelate; metal-insulator
transition

1. Introduction

The perovskite nickelates, RNiO; (R =Y, La, Pr-Lu), have received ongoing attention due to their
complex magnetic, transport, and structural phase diagram [1-23]. Except for LaNiO; [1-3,6,24-30],
all of the perovskite nickelates undergo a first-order metal-insulator transition (MIT) as a function
of temperature. The transition temperature of the MIT depends on the size of the rare-earth ions,
and correlates with the Ni-O-Ni bond angle [1-3]. The nature of the MIT has been discussed in the
literature in terms of charge disproportionation [14,16,31-34], negative charge transfer [5], and bipolaron
condensation [4], but no consensus has been reached. In addition to the MIT, antiferromagnetic order
at Ty occurs concomitantly with MIT for R = Pr3* and Nd3*, and below Tyt for rare earth ions
smaller than Nd. However, the magnetic structure of the ground state remains an open question.
In particular, three magnetic structures have been proposed based on powder neutron diffraction
that are consistent with an observed propagation vector q = (%, }I' }1); however, no experiments
have been able to differentiate among them [15]. Polycrystalline powders and thin films provide an
incomplete means to understand the nature of the structural and magnetic transitions in the perovskite
nickelates [1,2]. Thus, single crystals of size and quality suitable for neutron diffraction are necessary.

It is well-established that high oxygen partial pressure (pO;) is needed to prepare polycrystalline
specimens of RNiOj3 [35-37]. For single crystal growth, it was reported that single crystals of PrNiO3
with dimensions of ~0.5 mm on an edge could be grown by slowly cooling the melt of PrsOq; +
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6NiO + 0.5 KCIO4 + 0.5 KCI + 0.5 NaClOy4 + 0.5 NaCl at 4.5 GPa by Saito et al. in 2003 [38,39].
Micrometer-sized single crystals of NdNiO3 (~100 um on an edge) were grown in a belt-type press at 4
GPa by Alonso et al. [40]. Recently, we reported the successful single crystal growth of LaNiO3 using a
high pressure floating zone furnace [27], and subsequently so did Guo et al. [26], reviving interest in
this strongly correlated metallic oxide. The required pO, for stabilizing PrNiOj3 is expected to exceed
that of the LaNiOj case, as is true for polycrystalline synthesis of nickelates of the smaller rare-earth
ions [36].

In this paper, we report successful crystal growth of PrNiOjz at 295 bar of oxygen pressure
via the floating-zone technique. Single crystal X-ray scattering demonstrates the quality of the
single crystals and reveals temperature-induced changes near Tyy7. Electrical resistance and heat
capacity measurements on the grown single crystals evidence MITs and show how the MITs and the
low-temperature states respond to oxygen stoichiometry.

2. Experimental Section

Crystal Growth. As-purchased PrqOq; (Alfa Aesar, 99.99%) was baked at 600 °C for at least 48 h
before use. A stoichiometric ratio of PrgOq; and NiO (Alfa Aesar, 99.99%) powder was weighed, and the
mixture was thoroughly ground, loaded into a Pt crucible, heated in flowing O, to 1050 °C at a rate of
3 °C/min, allowed to dwell for 24 h, and then furnace-cooled to room temperature. The solid was then
reground and fired twice at 1050 °C, with intermediate grinding, using the same atmosphere and heating
protocol. The powder was then hydrostatically pressed into polycrystalline rods (length ~80 mm,
diameter ~6 mm) at 15,000 psi and sintered at 950 to 1050 °C for 24 h for crystal growth. PrNiOj crystals
were grown using the 300 bar high pressure floating zone furnace (SciDre GmbH) at the Platform for
the Accelerated Realization, Analysis and Discovery of Interface Materials (PARADIM) user facility at
Johns Hopkins University [41]. A 5 kW Xenon arc lamp was utilized as a heating source at pressure
of 295 bar with an oxygen flow rate of 0.2 L/min. Feed and seed rods were counter-rotated at 20 and
15 rpm, respectively. The feed rod and the seed rod was advanced at rates of 10 to 20 mm/h and 5 mm/h
respectively. Figure 1a shows crystal boules of PrNiO3_,, and large single crystals can be seen in the
polished cross section (see Figure 1b). The crystallinity of the of the as-grown boule was characterized
using high-energy synchrotron X-ray diffraction at Beamline 11-ID-C (A = 0.11165 A, beam size = 0.5 X
0.5 mm?) of the Advanced Photon Source at Argonne National Laboratory (Details of this beamline and
its capabilities can be found at: https://www.aps.anl.gov/Beamlines/Directory/Details?beamline_id=15),
shown in Figure 1c.

Powder X-ray Diffraction. Powder X-ray diffraction data were collected at room temperature on
pulverized single crystals using a PANalytical X'Pert Pro powder diffractometer with Cu K radiation
(Malvern PANalytical, Royston, United Kingdom) (A = 1.5418 A) in the 26 range of 5-80°. The data
were analyzed using GSAS-II software [42] using a structural model from the literature [35]. Refined
parameters include scale factor, sample displacement, background (8th-degree polynomial), lattice
parameters, isotropic domain size, isotropic microstrain, and isotropic atomic displacement parameters,
Uiso (constrained to be the same).

Single Crystal X-ray Diffraction. Single crystal X-ray diffraction was performed at Beamline
6-ID-D at the Advanced Photon Source using a wavelength of 0.14238 A and a 2M CdTe Pilatus detector.
Data collection was performed under continuous rotation, and data were transformed from detector
space to reciprocal space using NeXpy. Symmetrization was not applied to the data shown in Figure 5,
but symmetrization was applied to the data shown in Figure 6.

Electrical Transport. The resistivity of PrNiOj; single crystals was measured on a Quantum
Design Physical Properties Measurement System (PPMS, Quantum Design, San Diego, CA, USA) in
the temperature range 1.8-300 K using the van der Pauw method with indium contacts.

Specific Heat. Specific heat measurements were performed on a Quantum Design PPMS in the
temperature range 2 to 260 K. Apiezon-N vacuum grease was employed to fix ~20 mg crystals to the
sapphire sample platform. Addenda were subtracted.
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Magnetic Susceptibility. Magnetic susceptibility measurements were performed using a Quantum
Design MPMS-3 SQUID magnetometer (Quantum Design, San Diego, CA, USA). A small piece of
PrNiOj crystal cut from the crystal boule, was attached to a quartz rod using a minimum amount of
Apiezon grease. Zero-field cooled (ZFC) and field cooled (FC) data were collected under a magnetic
field of 0.1 T. The sample was cooled in zero field to 2 K at a rate of 35 K/min, after which the field
was applied, and DC magnetization measurement was performed on warming at 2 K/min (ZFC). The
sample was then cooled in field at 35 K/min to 2 K, and then DC magnetization data were collected on
warming at 2 K/min (FC).
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Figure 1. (a) PrNiOj crystal boule grown under 295 bar of oxygen. Grid size is 1 mm. (b) A polished
surface of a slice from the PrNiO3; boule. (c) X-ray single crystal diffraction patterns measured at
various locations along the length of the boule at 11-ID-C.

3. Results and Discussion

High oxygen fugacity environments are essential to prepare bulk RNiOs specimens [35,36],
motivating attempts to grow single crystals under extreme high oxygen pressure. For instance,
~0.5 mme-size single crystals of PrNiO3 were grown by by Saito et al. at 4.5 GPa [38], but the nature
of the high pressure flux growth experiment put significant constraints on the obtained crystal size.
Recently, we and others have found that RNiOj; crystals can be grown at significantly lower pO,
using a floating-zone approach at high oxygen fugacity. For example, LaNiOs crystals were grown by
our group [27] and subsequently by the MPI-Dresden group [26] using high oxygen pressure (pO,
~30-150 bar). Unfortunately, our attempts to grow PrNiO3 using the 150 bar floating zone furnace in
our Laboratory were unsuccessful. However, crystal growth was successful using the 300 bar floating
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zone furnace installed at the NSF-sponsored PARADIM crystal growth facility located at Johns Hopkins
University. Indeed, success in this case was serendipitous, as we observed the appearance of PrNiO3
as a biproduct of growth of the trilayer Ruddlesden-Popper phase PrsNizOqg [43,44]. As shown in
Figure 2, PrNiO; was observed as a minor phase at 220 bar pO,, but as a significant component at
260 bar. The PrNiO3 phase was not observed in growth at or below 180 bar. Thus, increasing pO,
favors the perovskite phase (nominal Ni%*) at the expense of the layered phase (nominal Ni>¢7*),
consistent with our work on the La-Ni-O system [43].
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Figure 2. X-ray powder diffraction patterns of the phases obtained during floating zone growth under
different pO, with a feed rod composition of Pr: Ni = 4:3. The PrNiOj3 phase is observed to increase
in volume fraction upon increasing pO,. Bottom three curves in each panel are calculated patterns
for PrNiO3, PryNizOqp, and PryNiOy. The * and # mark reflections from NiO and PrgOq; second
phases, respectively.

We then attempted to grow PrNiO3 with a molar ratio of Pr:Ni = 1:1 at pO, = 295 bar of oxygen,
which was close to the upper limit of the furnace (300 bar). The starting rod itself was not a single
PrNiOj; phase. Rather, it consisted of a mixture of PrOy, NiO, and Pr,NiOy4 because the PrNiO3 phase
is formed only at elevated oxygen pressure. During initial growth efforts, we found that stability of
the zone was difficult to maintain both because of cracks that formed on the feed rod itself prior to
melting, and because of the low viscosity of the molten liquid in the zone, which led to frequent zone
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loss. To improve the stability and prevent cracking in the feed rod, we found that preparing the rods at
low sintering temperatures (950 °C) was beneficial, as severe cracks were less likely to appear when
the feed rods were less dense. We surmise that small amounts of molten liquid penetrate into the feed
rod and seal the cracks before they can expand catastrophically. Fortunately, excessive penetration of
the liquid into the feed rod was not observed, which would have led to a deleterious ‘pre-melt’ zone
often found with low-density feed rods.

Figure 1a shows a PrNiOj3 crystal boule grown under 295 bar pO; at a traveling rate of 5 mm/h for
seed rod, and Figure 1b shows a part of polished cross section surface from the boule. It is apparent
that the inside core of the boule (right side of Figure 1b) consists of several ~ mm size single crystals,
whereas the outside of the boule consists of a polycrystalline shell. Despite several attempts, we have
so far been unable to prepare single crystal boule. Both the single crystals on the inside core and the
polycrystalline shell on the outside consist of the PrNiO3; phase without any second phases, as shown
by laboratory X-ray powder diffraction. The mechanism leading to this polycrystalline shell is not
understood. It is not unreasonable to speculate that this effect is due to the surface contact with the
supercritical Oy fluid growth environment, which could increase rapid cooling at the surface related
to the bulk and/or dissolution of PrNiO; and the surface [41]. However, verifying this will require
further experiments. Figure 1c shows single crystal diffraction patterns measured in transmission
mode along the length of the boule at the beamline 11-ID-C of the APS. The evolution from a ceramic
rod to single crystals can be seen by the transition from a textured ring of scattering to well-defined
Bragg reflections along the growth direction. The constellation of diffraction spots reflects the fact that
the crystal boule consists of multiple grains, as shown in Figure 1b.

Figure 3 shows Rietveld refinement of laboratory powder x-ray diffraction collected from a
pulverized quarter disc cut from the crystal boule, representing a bulk average of the resultant growth.
No secondary phases were found. All peaks can be indexed in the space group Pbnm, with lattice
parameters a = 5.4242(3) A, b =5.3781(3) A, c = 7.6323(5) A, which are comparable to the powder
results reported by Lacorre et al. [35] for a polycrystalline specimen, a = 5. 4154(1) A, b = 5.3755(1) A,
c=7.6192(2) A.
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Figure 3. Rietveld refinement of laboratory-based x-ray powder diffraction of PrNiO3 measured at
room temperature.

Physical Properties. We explored the physical properties of several specimens extracted from the
boule. Among the samples studied, we found two classes of temperature-dependent transport behavior
in the crystals. Data are presented here for three such samples, labeled A, B, and C. Electrical transport
and specific heat data are plotted in Figure 4a for sample A. Because of the irregularity in the shape
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of the samples, we plot resistance rather than resistivity. Sample A exhibits a sharp metal-insulator
transition (MIT) at Ty;7~128 K spanning more than three orders of magnitude in resistance. This
behavior is consistent with literature data reported on single crystals [38], although there the dynamic
range is smaller (~10?). Correspondingly, the specific heat exhibits one sharp first-order-like peak at
128 K as shown in Figure 4a. The temperature dependence of both DC magnetic susceptibility (x) and
the inverse magnetic susceptibility (1/(x — Xo)) are shown in Figure 4b. No anomaly, discontinuity;,
or change in slope, which would mark the onset of magnetic ordering, was observed down to 2 K as
Saito et al. mentioned [38]. This is likely because the susceptibility is dominated by the paramagnetic
signal from Pr3*. A Curie-Weiss fit to the data in the range from 150 K to 300 K, x = xo + C/(T - 0),
where X( accounts for T-independent contributions, and C and 6 are the Curie and Weiss constants,
respectively, yields 0 = — 48 K and C = 1.89 emu K mole™ Oe~!. The derived effective moment is
Heff = 3.9 up/f.u., which is close to the 3.58 ug/f.u. expected for a free ion Pr3* [45]. Other crystals,
as exemplified by Sample B in Figure 4c, exhibit a clear transition in the transport around the MIT
and then a re-entrance to a metallic behavior (dR/dT > 0) at lower temperatures. The DC magnetic
susceptibility for sample B agrees with that of sample A. Samples exemplified by B showed a large
temperature hysteresis, the width of which exhibited sample to sample variation. Such re-entrant
behavior has previously been reported in polycrystalline samples, induced by high pressure, and
attributed to oxygen non-stoichiometry [46]. To test whether oxygen deficiency was the cause of this
behavior, we annealed Sample C, which showed a hysteresis in resistance, at pO, = 200 bar at 600 °C,
followed by a slow cooling 0.5 °C/min to room temperature under 200 bar pressure. The resistance
before and after annealing treatment are plotted in Figure 4d, which shows that the annealing yields a
resistance akin to that exhibited by Sample A: a sharp transition with narrow hysteresis. This response
suggests that the observed re-entrant behavior was a consequence of oxygen vacancies in the as-grown
sample and that post-growth annealing reduces the vacancy concentration. However, we cannot rule
out other possibilities, for instance, that microstructural defects are removed by annealing.
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Figure 4. (a) Transport measurement (left) and specific heat (right) for sample A. (b) DC susceptibility
X (left) vs temperature and inverse magnetic susceptibility 1/(x-xo) (right) vs temperature for sample
A. Open and filled circles are experiment data; Solid line is fit. (c) Transport measurement (left) and
specific heat (right) for sample B. (d) Transport measurements of as-grown and high pressure post
annealing for sample C.
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It is reasonable to question whether samples of type A or of annealed type C are indeed
stoichiometric, PrNiO3;. We do not have a direct measure of this oxygen stoichiometry; however,
we note that the MIT temperature for sample A and for annealed sample C are identical, suggesting
that they share a common stoichiometry. It strikes us as unlikely that these two samples, prepared in
different ways, would coincidentally have the same oxygen stoichiometry unless this stoichiometry
was that of a line phase. Of course, the transport measurement represents a bulk average, and some
inhomogeneity may be present in one or both samples. Should this be the case, then the transport
would be dominated by a fraction of the sample with composition PrNiOs.

X-ray Scattering. Motivated by the substantial interest in the community regarding the structural
transitions in nickelates, we considered whether single crystal X-ray diffraction could be used to
determine the symmetry of the low temperature and high temperature phases. This is complicated by
the twinning of the crystal which causes the observed diffraction pattern to appear as a superposition
of the patterns of all possible domains for a given distortion. It is thus most useful to view the structure
in pseudocubic coordinates (2 = b = c~3.9 A); the lower symmetries, which possess larger unit cells
than the pseudocubic cell, then generate additional Bragg reflections that that possess half-integer
pseudocubic indices. Details of the transformation of systematic absences for twinned crystals can be
found in the Supplementary Materials.

Figure 5 shows the observed (hk0), (hk1), and (hk%) planes, each at 100 K, 150 K, and 300 K for
sample A. The points marked by circles are forbidden for both the Pbnm and P21/n space groups, the
points marked by triangles are forbidden by Pbnm but allowed for P21/n, and all other points indexed
by integer/half-integer indices are allowed for both Pbnm and P2,/n. Points at (1/2, n/2, 0), where n is
an odd integer, are systematically forbidden for both Pbnm and P2;/n (Figure 5a—c), though they are
strongest at 100 K and significantly weaker at 300 K. In principle, this could mean that the symmetry is
lower than P2;/n in both phases; however, other potential sources of these violators include multiple
scattering (also known as Renninger reflections) and the possibility of a dilute presence of vacancy
ordered superstructures of oxygen anions. Neither of these would be expected to have a strong
temperature dependence, however, so it is useful to consider the temperature dependence of one
of the stronger violators, such as (=5/2, =5/2, 0), which is shown as one dimensional cuts along k in
Figure 6a. The amplitude of (=5/2, —5/2, 0) is comparable at 150 K and 300 K, but it is enhanced at
100 K. One possible interpretation of this temperature dependence is that the constant amplitude in
the high temperature phase (150 and 100 K) is not intrinsic to the crystal (e.g., arising from multiple
scattering), but that the enhancement in the low temperature phase is intrinsic. We note that recently
Gawryluk et al. performed an analysis of the distortion modes of PrNiO3, which suggested that the
symmetry of the low temperature phase may be lower than P2;/n [47]. We considered the effect of
removing the n-glide, but because of the twinning the systematic absences are no different than for
P21/n. Thus, removal of the n-glide would not explain the violators that we observed in the (hk0) plane.
On the other hand, removal of the 27 screw axis would allow the violators observed at (n/2, /2, 0).

The (hk1) and (hk%) planes possess points that differentiate the Pbnm and P21/n space groups. Thus,
the phase transition should generate some additional peaks in these planes. However, like the case of
the (hkO) plane, the pattern of reflections appeared the same in both the low- and high-temperature
phases, although enhancement of the peak amplitudes was observed in the low temperature phase.
A particular example is the (=5/2, —5/2, 1) point, which is shown as one-dimensional cuts along k in
Figure 6b. Whereas the peak is weak at 300 K, it is somewhat stronger at 150 K, and significantly
stronger at 100 K. Again, a potential interpretation is that the high temperature component is extrinsic,
whereas the low temperature component is intrinsic, though if this interpretation is correct then the
enhancement at 150 K, which should be well into the high temperature phase, is puzzling. Ultimately,
we could not arrive at a firm conclusion regarding the intrinsic symmetries of the low and high
temperature phases because of the combined effects of twinning and potential multiple scattering;
diffraction from a single untwinned grain would be highly favorable for addressing the correct space
group and structure.
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Figure 5. Pseudocubic (hk0), (hk1) and (hk%) planes measured by single crystal X-ray diffraction at 100
K, 150 K, and 300 K. Points that are forbidden by both Pbnm and P2;/n space groups are circles, and
points that are forbidden by Pbnm but allowed by P2;/n are surrounded by triangles.
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Figure 6. Cuts along k through the (-5/2, =5/2,0) and (-5/2, —=5/2,1) points, shown in A and B respectively,
at 100 K, 150 K, and 300 K. These cuts were made over integration ranges of 0.04 reciprocal lattice units
in both h and 1. The direction and center of the cuts in (A) and (B) are shown by the arrows in the insets.

4. Conclusions

Crystals of perovskite nickelate PrNiO3 have been grown under an oxygen pressure of 295 bar
using a unique high-pressure optical-image floating zone furnace. Single crystal and powder X-ray
diffraction, resistivity, specific heat, and magnetic susceptibility measurements have confirmed the
phase and quality. We found two types of behavior from the transport measurements, a MIT at
Tamr~128 K and a clear transition in the transport around Ty and a re-entrance to a metallic state at
lower temperatures. The re-entrant behavior can be modified by high pressure oxygen post—growth
annealing, which we attributed to filling of oxygen vacancies in the as-grown sample. Single crystal
X-ray scattering evidenced extremely weak peaks that violated the systematic absence condition from
Pbnm and P2;/n and others that violated only Pbnm; these peaks were enhanced in the low temperature
phase. However, it is unclear whether or not they are related to an actual breaking of the symmetry of
stoichiometric PrNiOj3, and more work is needed on this front.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/7/324/s1:
Details of the transformation of systematic absences for twinned crystals.

Author Contributions: Conceptualization, ]. EM., H.Z. and ].Z.; methodology, H.Z., ].Z. and B.W,; validation,
H.Z.,].Z. and D.P,; formal analysis, D.P, ].Z., and M.].K.; investigation, W.A.P.,, O.C., H.Z. and ]J.Z.; resources,
Y.R., OM. and B.P; writing—original draft preparation, H.Z.; writing—review and editing, D.P, J.Z., ] J EM.;
supervision, J.EM.

Funding: This work was supported by the US Department of Energy, Office of Science, Basic Energy Sciences,

Materials Science and Engineering Division. This research used resources of the Advanced Photon Source, a
U.S. Department of Energy (DOE) Office of Science User Facility operated for the DOE Office of Science by


http://www.mdpi.com/2073-4352/9/7/324/s1

Crystals 2019, 9, 324 10 of 12

Argonne National Laboratory under Contract No. DE-AC02-06CH11357. This research has been supported in
part by ORNL Postdoctoral Development Fund by UT-Battelle, LLC under Contract No. DE-AC05-000R22725
with the U.S. Department of Energy. Work performed at the Platform for the Accelerated Realization, Analysis,
and Discovery of Interface Materials (PARADIM) was supported by a National Science Foundation Materials
Innovation Platform grant #1539918.

Acknowledgments: We thank Tyrel McQueen for very helpful discussions, as well as Mekuola Sinha for making
polycrystal rods.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Catalano, S.; Gibert, M.; Fowlie, J.; fﬁiguez, J.; Triscone, ].M.; Kreisel, J. Rare-earth nickelates RNiOj3: Thin
films and heterostructures. Rep. Prog. Phys. 2018, 81, 046501. [CrossRef] [PubMed]

2. Catalan, G. Progress in perovskite nickelate research. Phase Transit. 2008, 81, 729-749. [CrossRef]

3. Maria Luisa, M. Structural, magnetic and electronic properties of RNiO3 perovskites (R = rare earth). J. Phys.
Condens. Matter 1997, 9, 1679.

4. Shamblin, J.; Heres, M.; Zhou, H.; Sangoro, J.; Lang, M.; Neuefeind, J.; Alonso, J.A.; Johnston, S. Experimental
evidence for bipolaron condensation as a mechanism for the metal-insulator transition in rare-earth nickelates.
Nat. Commun. 2018, 9, 86. [CrossRef] [PubMed]

5. Bisogni, V.; Catalano, S.; Green, R.J.; Gibert, M.; Scherwitzl, R.; Huang, Y.; Strocov, V.N.; Zubko, P;
Balandeh, S.; Triscone, ].M.; et al. Ground-state oxygen holes and the metal-insulator transition in the
negative charge-transfer rare-earth nickelates. Nat. Commun. 2016, 7, 13017. [CrossRef] [PubMed]

6. Allen,S.J.; Hauser, A.].; Mikheev, E.; Zhang, ].Y.; Moreno, N.E.; Son, J.; Ouellette, D.G.; Kally, J.; Kozhanov, A.;
Balents, L.; et al. Gaps and pseudogaps in perovskite rare earth nickelates. APL Mater. 2015, 3, 062503.
[CrossRef]

7. Misra, D. Possible ground states of rare-earth nickelates (RNiO3, R = La, Nd, Pr): A mean-field study.
Phase Transit. 2014, 87, 398-407. [CrossRef]

8.  Jaramillo, R.; Ha, S.D.; Silevitch, D.M.; Ramanathan, S. Origins of bad-metal conductivity and the
insulator-metal transition in the rare-earth nickelates. Nat. Phys. 2014, 10, 304-307. [CrossRef]

9. Lau, B.; Millis, A.J. Theory of the magnetic and metal-insulator transitions in RNiO3 bulk and layered
structures. Phys. Rev. Lett. 2013, 110, 126404. [CrossRef]

10. Kumar, D.; Rajeev, K.P,; Alonso, J.A.; Martinez-Lope, M.]. Spin-canted magnetism and decoupling of charge
and spin ordering in NdNiOj3. Phys. Rev. B 2013, 88, 014410. [CrossRef]

11. Caviglia, A.D.; Forst, M.; Scherwitzl, R.; Khanna, V.; Bromberger, H.; Mankowsky, R.; Singla, R.; Chuang, Y.D.;
Lee, W.S.; Krupin, O; et al. Photoinduced melting of magnetic order in the correlated electron insulator
NdNiOs. Phys. Rev. B 2013, 88, 220401. [CrossRef]

12.  Lee, S.; Chen, R.; Balents, L. Landau theory of charge and spin ordering in the nickelates. Phys. Rev. Lett.
2011, 106, 016405. [CrossRef] [PubMed]

13. Bodenthin, Y.; Staub, U.; Piamonteze, C.; Garcia-Fernandez, M.; Martinez-Lope, M.].; Alonso, ].A. Magnetic
and electronic properties of RNiOj3 (R = Pr, Nd, Eu, Ho and Y) perovskites studied by resonant soft x-ray
magnetic powder diffraction. J. Phys. Condens. Matter 2011, 23, 036002. [CrossRef] [PubMed]

14. Medarde, M.; Dallera, C.; Grioni, M.; Delley, B.; Vernay, F; Mesot, ]J.; Sikora, M.; Alonso, J.A.;
Martinez-Lope, M.]. Charge disproportionation in RNiO3 perovskites (R = rare earth) from high-resolution
x-ray absorption spectroscopy. Phys. Rev. B 2009, 80, 245105. [CrossRef]

15. Giovannetti, G.; Kumar, S.; Khomskii, D.; Picozzi, S.; van den Brink, J. Multiferroicity in rare-earth nickelates
RNiOj3. Phys. Rev. Lett. 2009, 103, 156401. [CrossRef] [PubMed]

16. Medarde, M.; Fernandez-Diaz, M.T.; Lacorre, P. Long-range charge order in the low-temperature insulating
phase of PrNiOj3. Phys. Rev. B 2008, 78, 212101. [CrossRef]

17.  Scagnoli, V.; Staub, U.; Mulders, A.M.; Meijer, G.I,; Hammerl, G.; Tonnerre, ].M. Magnetic and orbital
ordering in NdNiO3. Phys. B 2006, 378-380, 541-542. [CrossRef]

18.  Zhou, J.S.; Goodenough, J.B.; Dabrowski, B. Pressure-induced non-Fermi-liquid behavior of PrNiOj3.
Phys. Rev. Lett. 2005, 94, 226602. [CrossRef]


http://dx.doi.org/10.1088/1361-6633/aaa37a
http://www.ncbi.nlm.nih.gov/pubmed/29266004
http://dx.doi.org/10.1080/01411590801992463
http://dx.doi.org/10.1038/s41467-017-02561-6
http://www.ncbi.nlm.nih.gov/pubmed/29311661
http://dx.doi.org/10.1038/ncomms13017
http://www.ncbi.nlm.nih.gov/pubmed/27725665
http://dx.doi.org/10.1063/1.4907771
http://dx.doi.org/10.1080/01411594.2013.853767
http://dx.doi.org/10.1038/nphys2907
http://dx.doi.org/10.1103/PhysRevLett.110.126404
http://dx.doi.org/10.1103/PhysRevB.88.014410
http://dx.doi.org/10.1103/PhysRevB.88.220401
http://dx.doi.org/10.1103/PhysRevLett.106.016405
http://www.ncbi.nlm.nih.gov/pubmed/21231760
http://dx.doi.org/10.1088/0953-8984/23/3/036002
http://www.ncbi.nlm.nih.gov/pubmed/21406873
http://dx.doi.org/10.1103/PhysRevB.80.245105
http://dx.doi.org/10.1103/PhysRevLett.103.156401
http://www.ncbi.nlm.nih.gov/pubmed/19905654
http://dx.doi.org/10.1103/PhysRevB.78.212101
http://dx.doi.org/10.1016/j.physb.2006.01.525
http://dx.doi.org/10.1103/PhysRevLett.94.226602

Crystals 2019, 9, 324 11 of 12

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Piamonteze, C.; Tolentino, H.C.N.; Ramos, A.Y.; Massa, N.E.; Alonso, ].A.; Martinez-Lope, M.J.; Casais, M.T.
Short-range charge order in RNiOj3 perovskites (R = Pr, Nd, Eu, Y) probed by X-ray-absorption spectroscopy.
Phys. Rev. B 2005, 71, 012104. [CrossRef]

Zhou, J.S.; Goodenough, ].B.; Dabrowski, B.; Klamut, PW.; Bukowski, Z. Enhanced susceptibility in LNiO3
Perovskites (L= La, Pr, Nd, Ndg55mg5). Phys. Rev. Lett. 2000, 84, 526-529. [CrossRef]

Rosenkranz, S.; Medarde, M.; Fauth, F.; Mesot, J.; Zolliker, M.; Furrer, A.; Staub, U.; Lacorre, P.; Osborn, R.;
Eccleston, R.S.; et al. Crystalline electric field of the rare-earth nickelates RNiO3 (R = Pr, Nd, Sm, Eu,
and Pry_4Lay, 0 < x < 0.7) determined by inelastic neutron scattering. Phys. Rev. B 1999, 60, 14857-14867.
[CrossRef]

Medarde, M.; Lacorre, P.; Conder, K.; Fauth, F; Furrer, A. Giant oxygen isotope effect on the metal-insulator
transition of RNiOj3 perovskites. J. Supercond. 1999, 12, 189-191. [CrossRef]

Alonso, J.A.; Martinez-Lope, M.].; Casais, M.T.; Aranda, M.A.G.; Fernandez-Diaz, M.T. Metal-insulator
transitions, structural and microstructural evolution of RNiO; (R = Sm, Eu, Gd, Dy, Ho, Y) perovskites:
Evidence for room-temperature charge disproportionation in monoclinic HoNiO3 and YNiOs;. ]. Am.
Chem. Soc. 1999, 121, 4754-4762. [CrossRef]

Liu, C.; Wrobel, F; Hoffman, ].D.; Hong, D.; Pearson, J.E.; Benckiser, E.; Bhattacharya, A. Counter-thermal
flow of holes in high-mobility LaNiOj3 thin films. Phys. Rev. B 2019, 99, 041114. [CrossRef]

Wang, B.X.; Rosenkranz, S.; Rui, X.; Zhang, J.; Ye, F; Zheng, H.; Klie, R.F,; Mitchell, ]J.F.; Phelan, D.
Antiferromagnetic defect structure in LaNiOs_s single crystals. Phys. Rev. Mater. 2018, 2, 064404. [CrossRef]
Guo, H,; Li, ZW.; Zhao, L.; Hu, Z.; Chang, C.E; Kuo, C.Y,; Schmidt, W.; Piovano, A.; Pi, TW.; Sobolev, O.; et al.
Antiferromagnetic correlations in the metallic strongly correlated transition metal oxide LaNiO3. Nat. Commun.
2018, 9, 43. [CrossRef] [PubMed]

Zhang, J.; Zheng, H.; Ren, Y.; Mitchell, ].F. High-pressure floating-zone growth of perovskite nickelate
LaNiOj single crystals. Cryst. Growth Des. 2017, 17, 2730-2735. [CrossRef]

Li, B,; Louca, D.; Yano, S.; Marshall, L.G.; Zhou, ].; Goodenough, ]J.B. Insulating Pockets in Metallic LaNiOs.
Adv. Electron. Mater. 2016, 2, 1500261. [CrossRef]

Zhou, ].S.; Marshall, L.G.; Goodenough, J.B. Mass enhancement versus Stoner enhancement in strongly
correlated metallic perovskites: LaNiO3 and LaCuOs. Phys. Rev. B 2014, 89, 245138. [CrossRef]

King, PD.C.; Wei, H.I; Nie, Y.F,; Uchida, M.; Adamo, C.; Zhu, S.; He, X.; Bozovic, I.; Schlom, D.G.; Shen, K.M.
Atomic-scale control of competing electronic phases in ultrathin LaNiO3. Nat. Nanotech. 2014, 9, 443—447.
[CrossRef]

Fernandez-Diaz, M.T.; Alonso, J.A.; Martinez-Lope, M.].; Casais, M.T.; Garcia-Munoz, J.L.; Aranda, M.A.G.
Charge disproportionation in RNiO3 perovskites. Phys. B 2000, 276, 218-221. [CrossRef]

Scagnoli, V.; Staub, U.; Janousch, M.; Mulders, A.; Shi, M.; Meijer, G.; Rosenkranz, S.; Wilkins, S.; Paolasini, L.;
Karpinski, J.; et al. Charge disproportionation and search for orbital ordering in NdNiOj3 by use of resonant
x-ray diffraction. Phys. Rev. B 2005, 72, 155111. [CrossRef]

Alonso, J.A.; Martinez-Lope, M.]J.; Presniakov, L.A.; Sobolev, A.V.; Rusakov, V.S.; Gapochka, A.M.;
Demazeau, G.; Fernandez-Diaz, M.T. Charge disproportionation in RNiO3 (R = Tm, Yb) perovskites
observed in situ by neutron diffraction and Fe-57 probe Mossbauer spectroscopy. Phys. Rev. B 2013, 87,
184111. [CrossRef]

Garcia-Mufioz, ].L.; Aranda, M.A.G.; Alonso, J.A.; Martinez-Lope, M.J. Structure and charge order in the
antiferromagnetic band-insulating phase of NdNiOj3. Phys. Rev. B 2009, 79, 134432. [CrossRef]

Lacorre, P; Torrance, ].B.; Pannetier, J.; Nazzal, A.I; Wang, PW.; Huang, T.C. Synthesis, crystal structure, and
properties of metallic PrNiO3: Comparison with metallic NdANiO3 and semiconducting SmNiOs. J. Solid
State Chem. 1991, 91, 225-237. [CrossRef]

Demazeau, G.; Marbeuf, A.; Pouchard, M.; Hagenmuller, P. Sur une série de composés oxygenes du nickel
trivalent derivés de la perovskite. J. Solid State Chem. 1971, 3, 582-589. [CrossRef]

Alonso, ].A.; Martinez-Lope, M.].; Casais, M.T.; Martinez, ].L.; Demazeau, G.; Largeteau, A.; Garcia-Mufioz, J.L.;
Mufioz, A.; Fernandez-Diaz, M.T. High-pressure preparation, crystal structure, magnetic properties, and
phase transitions in GANiO3 and DyNiOj3 perovskites. Chem. Mater. 1999, 11, 2463-2469. [CrossRef]

Saito, T.; Azuma, M.; Nishibori, E.; Takata, M.; Sakata, M.; Nakayama, N.; Arima, T.; Kimura, T.; Urano, C.;
Takano, M. Monoclinic distortion in the insulating phase of PrNiOs. Phys. B 2003, 329-333 Pt 2, 866-867.
[CrossRef]


http://dx.doi.org/10.1103/PhysRevB.71.012104
http://dx.doi.org/10.1103/PhysRevLett.84.526
http://dx.doi.org/10.1103/PhysRevB.60.14857
http://dx.doi.org/10.1023/A:1007779232565
http://dx.doi.org/10.1021/ja984015x
http://dx.doi.org/10.1103/PhysRevB.99.041114
http://dx.doi.org/10.1103/PhysRevMaterials.2.064404
http://dx.doi.org/10.1038/s41467-017-02524-x
http://www.ncbi.nlm.nih.gov/pubmed/29298977
http://dx.doi.org/10.1021/acs.cgd.7b00205
http://dx.doi.org/10.1002/aelm.201500261
http://dx.doi.org/10.1103/PhysRevB.89.245138
http://dx.doi.org/10.1038/nnano.2014.59
http://dx.doi.org/10.1016/S0921-4526(99)01416-7
http://dx.doi.org/10.1103/PhysRevB.72.155111
http://dx.doi.org/10.1103/PhysRevB.87.184111
http://dx.doi.org/10.1103/PhysRevB.79.134432
http://dx.doi.org/10.1016/0022-4596(91)90077-U
http://dx.doi.org/10.1016/0022-4596(71)90105-8
http://dx.doi.org/10.1021/cm991033k
http://dx.doi.org/10.1016/S0921-4526(02)02584-X

Crystals 2019, 9, 324 12 of 12

39.

40.

41.

42.

43.

44.

45.
46.

47.

Azuma, M.; Saito, T.; Ishiwata, S.; Yamada, I.; Kohsaka, Y.; Takagi, H.; Takano, M. Single crystal growth of
transition metal oxides at high pressures of several GPa. Phys. C 2003, 392-396 Pt 1, 22-28. [CrossRef]
Alonso, J.A.; Mufioz, A.; Largeteau, A.; Demazeau, G. Crystal growth of NdNiOj; perovskite under high
oxygen pressure. J. Phys. Condens. Matter 2004, 16, S1277. [CrossRef]

Phelan, W.A.; Zahn, J.; Kennedy, Z.; McQueen, T.M. Pushing boundaries: High pressure, supercritical optical
floating zone materials discovery. J. Solid State Chem. 2018, 270, 705-709. [CrossRef]

Toby, B.H.; Von Dreele, R.B. GSAS-II: The genesis of a modern open-source all purpose crystallography
software package. |. Appl. Crystallogr. 2013, 46, 544-549. [CrossRef]

Zhang, J.; Zheng, H.; Chen, Y.S.; Ren, Y.; Yonemura, M.; Huq, A.; Mitchell, J.F. High oxygen pressure
floating zone growth and crystal structure of the layered nickelates R4Ni3010 (R = La, Pr). arXiv 2019,
arXiv:1904.10048. Available online: https://arxiv.org/ftp/arxiv/papers/1904/1904.10048.pdf (accessed on 21
June 2019).

Zhang, ].; Botana, A.S.; Freeland, ] W.; Phelan, D.; Zheng, H.; Pardo, V.; Norman, M.R.; Mitchell, J.F. Large
orbital polarization in a metallic square-planar nickelate. Nat. Phys. 2017, 13, 864-869. [CrossRef]

Kittel, C. Introduction to Solid State Physics, 8th ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2005.
Takeda, Y.; Hashimoto, H.; Sato, A.; Imanishi, N.; Yamamoto, O. Oxygen deficiency and electrical conductivity
in LnNiO3—-z (Ln=La, Pr) and LaCuO3—z. ]. Jpn. Soc. Powder Powder Metall. 1992, 39, 345-348. [CrossRef]
Gawryluk, D.J.; Rodriguez-Carvajal, J.; Lacorre, P.; Fernandez-Diaz, M.T.; Medarde, M. Distortion mode
anomalies in bulk PrNiOs3. arXiv 2018, arXiv:1809.10914. Available online: https://arxiv.org/pdf/1809.10914.
pdf (accessed on 21 June 2019).

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0921-4534(03)00794-9
http://dx.doi.org/10.1088/0953-8984/16/14/040
http://dx.doi.org/10.1016/j.jssc.2018.12.013
http://dx.doi.org/10.1107/S0021889813003531
https://arxiv.org/ftp/arxiv/papers/1904/1904.10048.pdf
http://dx.doi.org/10.1038/nphys4149
http://dx.doi.org/10.2497/jjspm.39.345
https://arxiv.org/pdf/1809.10914.pdf
https://arxiv.org/pdf/1809.10914.pdf
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Results and Discussion 
	Conclusions 
	References

