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We report a comprehensive investigation of Ln2 NiIrO6 (Ln = La, Pr, Nd) using thermodynamic
and transport properties, neutron powder diffraction, resonant inelastic x-ray scattering, and density functional theory (DFT) calculations to investigate the role of A-site cations on the magnetic
interactions in this family of hybrid 3d-5d-4f compositions. Magnetic structure determination using
neutron diffraction reveals antiferromagnetism for La2 NiIrO6 , a collinear ferrimagnetic Ni/Ir state
that is driven to long range antiferromagnetism upon the onset of Nd ordering and a non-collinear
ferrimagnetic Ni/Ir sublattice interpenetrated by a ferromagnetic Pr lattice for Pr 2 NiIrO6 . For
Pr2 NiIrO6 heat capacity results reveal the presence of two independent magnetic sublattices and
transport resistivity indicates insulating behavior and a conduction pathway that is thermally mediated. First principles DFT calculation elucidates the existence of the two independent magnetic
sublattices within Pr2 NiIrO6 and offers insight into the behavior in La2 NiIrO6 and Nd2 NiIrO6 .
Resonant inelastic x-ray scattering is consistent with spin-orbit coupling splits the t 2g manifold of
octahedral Ir4+ into a Jeff = 21 and Jeff = 23 state for all members of the series considered.
I.

INTRODUCTION

Perovskites are one of the most studied solid-state materials due to their modular structure allowing for the
incorporation of a wide range of elements, within the
limitations outlined by the Goldschmidt tolerance factor
[1–4]. The ability to stabilize a wide variety of elements
with different, and often competing, physical properties
within the same material makes the perovskite structure
a model system to study a rich diversity of magnetic
and electronic properties. [5–24] Many hybrid 3d-5d(4d)
based materials that adopt the perovskite structure type
host an array of physical properties originating from a
delicate balance of interactions. For example, unpaired
3d electrons strongly correlate to 2p oxygen electrons in a
perovskite lattice, often resulting in technologically useful properties such as ferromagnetism [25], ferroelectricity [26], and multiferroicism [5]. By contrast, the greater
orbital extent of heavier 5d elements, weaker electron correlation strength, and stronger spin-orbit coupling (SOC)
can lead to metal-insulator transitions [27], topological
insulators [28], superconductivity [29] and a split of the
t2g manifold into a Jeff = 21 and Jeff = 32 state, as observed in Sr2 IrO4 [30], that can lead to new routes to
Mott and other exotic insulating states [30–41]. Hybrid
perovskites containing both 3d and 5d elements have been
reported to exhibit a wide range of properties characteristic of both 3d and 5d containing oxides, in addition to
extremely high magnetic ordering temperatures, (Curie
temperature of Tc = 725 K) such as that observed in
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Sr2 CrOsO6 , further motivating the study of perovskites
as a host lattice to investigate the balance of competing
interactions.
Compared to the single perovskite (ABO3 ) system
with only one B site, the double perovskite (A2 BB’O6 )
allows for two crystallographically unique sites on which
up to three magnetic ions may reside. Most studies of
double perovskites limit the number of magnetic cations
to one or two, often on the B and B’ site for ease of
study, although exceptions do exist [8, 13]. This allows
for the possibility of studying the interaction between superexchange (B-O-B’) and super-superexchange interactions (B-O-B’-O-B), such as that studied in Ca2 MOsO6
(M = Co, Ni) [14, 17]. There it was demonstrated
that strong antiferromagnetic coupling between Os and
Co/Ni stabilize the ferrimagnetic ground state, indicating strong superexchange interactions, and weak supersuperexchange interactions. Interestingly, the chemical
substitution of nonmagnetic Ca in these materials for Sr
results in Sr2 CoOsO6 , which has been shown to exhibit
strong super-superexchange interactions (Os-O-Co-O-Os
and Co-O-Os-O-Os) resulting in two interpenetrating antiferromagnetic magnetic sublattices [15]. These sublattices have independent magnetic ordering temperatures
(Os: TN = 108 K; Co: TN = 70 K) and distinct magnetic
propagation vectors (Os: k=( 21 , 12 ,0); Co: k=( 12 ,0, 21 ) )
[15], in direct contrast to the nearly isostructural and isovalent Ca2 CoOsO6 analog. The subtle structural change
associated with substitution of Ca for Sr resulted in a
drastic change in superexchange strength, magnetic ordering temperature, and the nature of the long range
magnetic order (ferrimagnetic Ca2 CoOsO6 and antiferromagnetic Sr2 CoOsO6 ), exemplifying how sensitive these
hybrid perovskites are to chemical changes [42].
The Kanamori-Goodenough rules [43] have provided a
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set of semi-empirical guidelines to understand the complex relationship between superexchange interactions and
magnetic order in condensed matter systems. These
rules provide a method for determining the sign of superexchange interactions, predicting antiferromagnetic
order for linear M-X-M interactions (where X is a bridging anionic unit such as a chalcogenide or halide) and
ferromagnetic order for 90◦ M-X-M interactions. Although these rules have been shown to successfully predict superexchange interactions for perovskites, poor energetic overlap between magnetic cations, such as those
in mixed 3d-5d oxides, can lead to violations of these
rules. One such example is the hybrid 3d-5d double perovskite Sr2 FeOsO6 , [44, 45] in which the bent Os-O-Fe
superexchange interaction in the ab-plane exhibited antiferromagnetic order, and these bonds exhibited ferromagnetism in the c-axis despite the 180◦ Os-O-Fe bond
angle. Exceptions such as these continue to motivate the
detailed study of hybrid 3d-5d complex oxides, and serve
as a motivating factor for this work, which extends to
3d-5d-4f compositions.
Here we report a comprehensive investigation of
Ln2 NiIrO6 (Ln = La, Pr, Nd). We begin with measurements of all compounds with neutron powder diffraction
and resonant inelastic x-ray scattering (RIXS) to determine the magnetic structure and explore how SOC affects the t2g manifold of the Ir ion. The remainder of
the manuscript focuses on Pr2 NiIrO6 using thermodynamic, transport property and density functional theory
(DFT) calculations. The results allow insights into the
role superexchange plays in these scarcely studied hybrid 3d-5d-4f compositions with variable A site cations.
These materials were previously reported by some of the
authors of this manuscript [8] and this study seeks to elucidate the magnetic structure of all three compositions.
Several magnetic ordered phases are observed as the different magnetic ions order. The presence of independent
magnetic sublattices in Pr2 NiIrO6 is explored in detail.

II.

EXPERIMENTAL DETAILS
A.

addition heating at 1025 ◦ C for 96 hours with intermediate grindings was necessary.

B.

Physical property measurements

Temperature dependent heat capacity was measured
using a Quantum Design physical property measurement
system (PPMS) on polycrystalline powder of Pr2 NiIrO6
that were pressed into a pellet and sintered at 400◦ C
for 72 hours. The electrical resistance of pressed and
sintered pellets cut into a rectangular shape was recorded
as a function of temperature by the four-probe method.
Silver paint electrodes using platinum wires were used as
contact points. The temperature was controlled from 380
K down to 1.8 K using a Quantum Design PPMS.

C.

Neutron powder diffraction

Neutron diffraction measurements were performed on 5
gram samples of Ln2 NiIrO6 at Oak Ridge National Laboratory on the HB-2A Powder diffraction instrument at
the High Flux Isotope Reactor (HFIR) [46, 47]. Measurements were performed with the samples loaded into 1 mm
Al annular cans to reduce neutron absorption from the Ir
ion. The outer diameter of the sample cans were 15 mm.
A wavelength of 2.41 Å was selected with a vertically
focusing germanium monochromator on the Ge(113) reflection. Data were collected over a 2θ angular range of 5◦
- 130◦ in steps of 0.05◦ . The detector efficiency was normalized with a vanadium measurement. The La2 NiIrO6
and Nd2 NiIrO6 samples were cooled in a top-loading
closed cycle refrigerator (CCR) to reach 4 K and a 4 He
cryostat was used for Pr2 NiIrO6 to get to the lower temperature of 1.5 K. FullProf was utilized for the Rietveld
refinement and determination of the propagation vectors
(k vectors) [48]. The magnetic space groups were determined using the Bilbao Crystallographic Server [49, 50].
Representational analysis was also used during the magnetic structure determination process with SARAh [51].

Sample synthesis
D.

Ln2 O3 (Alfa Aesar 99.99%) and Pr6 O11 (Alfa Aesar
99.9%) were all heated in air at 1000◦ C in a tube furnace overnight to remove any possible hydroxide or carbonate impurities. Pr6 O11 (Alfa Aesar, 99.99%) was reduced to Pr2 O3 under 5% hydrogen at 1000◦ C in a tube
furnace overnight. NiO (Sigma Aldrich, 99.999%) and
Ir powder (Engelhard, 99.9995%) were used as received.
Polycrystalline samples of Ln2 NiIrO6 were prepared by
intimately grinding Ln2 O3 , Ni, and Ir metal in stoichiometric amounts and heating the resultant powder in air
in an alumina crucible with a loose fitting lid. The samples were heated to 800◦ C for 72 hours, 900◦ C for 72
hours, and then 975◦ C for 168 hours with intermediate
grindings in a programmable furnace. For Pr2 NiIrO6 , an

Resonant Inelastic X-ray Scattering

RIXS was carried out on the MERIX spectrometer,
sector-27 at the Advanced Photon Source (APS) [52].
The incident energy was tuned to the Ir L3 -edge (11.215
keV) resonant edge to enhance the Ir scattering. The
inelastic energy was measured with the use of a Si(844)
analyzer. The energy resolution was determined to be
35 meV at full width half maximum (FWHM), based
on fitting the quasi-elastic line to a charge peak. The
scattering plane and incident photon polarization were
both horizontal, i.e. π incident polarization, with the incident beam focused to a size of 40 × 25 µm2 (H×V) at
the sample position. To minimize elastic scattering measurements were performed with 2θ at 90◦ in horizontal
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geometry. All measurements were performed on powder
samples mounted onto an Al block sealed with Kapton
paper with space for all three samples in a custom mount.
The temperature was controlled with a CCR and measurements taken at 5 K, 30 K and 150 K to cover the
different regions of magnetic ordering in the materials.

(a)

100 K

4 K (c)

(b)

E.

First Principles Calculations

First principles calculations were performed using the
all-electron linearized augmented planewave (LAPW)
DFT code WIEN2K [53], within the generalized gradient approximation of Perdew, Burke and Ernzerhof [54].
LAPW sphere radii of 1.62, 1.98, 1.98 and 2.35 Bohr
were used respectively for Oxygen, Nickel, Iridium and
Praseodymium, respectively, with an RKmax value of 8.0
employed. Here RKmax is the product of the smallest
sphere radius (in this case Oxygen) and the largest planewave expansion wavevector. All calculations used an optimized structure, with the lattice constants and space
group taken from the experimental measurement and all
internal coordinates not dictated by symmetry relaxed
within a ferromagnetic Pr-Ni configuration (note that in
this case Ir carries a small negative moment). Sufficient
numbers of k-points (generally between 200 and 600 in
the full Brillouin zone) to describe the magnetic order
were used for all calculations. For the detailed magnetic
calculations (not the optimization), a U value of 5 eV
was applied to the Pr 4f orbitals.

III.
A.

RESULTS AND DISCUSSION

Magnetic Structure Determination

Neutron powder diffraction measurements were performed on all Ln2 NiIrO6 materials to determine the magnetic structure in different temperature regimes. The
crystal structures were previously determined with single crystal x-ray diffraction to be P 21 /n (#14) [8].

1.

La
Ir
Ni
O1
O2
O3

x
0.008(1)
0
0
0.084(1)
0.211(4)
0.207(4)

La2 NiIrO6

y
0.546(5)
0
0
0.019(8)
0.280(2)
0.305(2)

z
0.753(2)
0
0.5
0.260(2)
-0.047(1)
0.540(2)

Site
4e
2a
2b
4e
4e
4e

TABLE I. Crystal structure of La2 NiIrO6 at 100 K from neutron refinement in the P 21 /n space group with a=5.566(2)Å,
b=5.630(2)Å, c=7.888(3)Å, β=90.09(2)◦ .
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c

c
a

a

FIG. 1. Magnetic structure of La2 NiIrO6 . (a) Refinement of
neutron powder diffraction data at 100 K to the P 21 /n crystal
structure (upper tick marks). Lower Tick marks correspond
to the Al scattering from the sample holder. (b) Intensity
of the reflection at 0.79 Å−1 as a function of temperature.
(c) Magnetic structure model fit to the intensity obtained by
subtracting the 100 K neutron diffraction data from the 4 K
measurement. (d) Polyhedral representation of the magnetic
and nuclear structure of La2 NiIrO6 and magnetic-atom only
representation with La (blue), Ni (green), Ir (grey) and O
(red) atoms shown. The non-magnetic unit cell is outlined
with the blue dashed line. The magnetic unit cell is doubled
along the a and b-axis.

We first begin with the magnetic structure determination of La2 NiIrO6 , that is expected to only contain
3d (Ni2+ ) and 5d (Ir4+ ) magnetic ion ordering and a
non-magnetic 4f ion (La3+ ). La2 NiIrO6 was reported
to undergo an antiferromagnetic transition around 75 K,
with further magnetic anomalies within this phase [8].
A powder sample of La2 NiIrO6 was measured at four
different temperatures: 4 K, 40 K, 65 K, and 100 K.
This allowed the anomalies in the reported SQUID measurements [8] to be explored and disentangle the evolution of any magnetic ordering. The 100 K measurement
is above the highest observed magnetic transition and
was used to obtain a structural model in the paramagnetic phase based on the previously reported structure
of P 21 /n, shown in Fig. 1(a) and Table I. No impurities were detected in the neutron data. Upon cooling
below 80 K, the temperature regime in which magnetic
order is expected for this material, the presence of additional intensity was observed. The intensity change at
a forbidden nuclear position was followed in Fig. 1(b) to
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track the onset of magnetic ordering. This indicated a
magnetic ordering below TN =80 K, consistent with the
SQUID data [8]. The same magnetic reflections were
present at 65 K, 40 K, and 4 K with no change indicative of further magnetic transitions. A propagation vector of k = ( 21 , 12 , 0) was determined. Using the Bilbao
Crystallographic Server and non-magnetic space group
P 21 /n (non-standard setting) with the determined kvector gives the PS -1 (#2.7) magnetic space group as
the only maximally allowed structure with non-zero moments. The direction of the moments is unconstrained in
this model. Confining the spins to the a-axis produced a
reasonable agreement to the data with an Rmag value of
22.1. Allowing the spins to have a component along the caxis further increased the agreement to the data with an
Rmag value of 6.25. This model is shown in Fig. 1(d). The
refined moment values were 1.53(5)µB /Ni2+ with components (ma ,mb ,mc )= (1.0,0,1.1) and 0.17(3)µB /Ir4+ with
components (ma ,mb ,mc )= (0.12,0,0.13). We note that
the low moment of Ir4+ is beyond the typical limit for
this measurement and therefore is presented as the best
fit model. The errors from the Rietveld refinement are
likely an underestimation and we cannot rule out the Ir4+
having a zero moment or the Ir and Ni sublattices ordering at different temperatures. Further measurements
sensitive to the Ir ion, such as resonant x-ray scattering,
would be of interest.

150 K

(a)

(c)

40 K (b)

1.41 Å-1

(d)

4K

(f)

(e)

1.15 Å-1

2.

Nd2 NiIrO6
(g)

Nd
Ir
Ni
O1
O2
O3

x
0.015(2)
0
0
0.099(2)
0.184(4)
0.202(4)

y
0.565(1)
0
0
0.029(2)
0.283(5)
0.312(5)

z
0.565(1)
0
0.5
0.267(3)
-0.057(3)
0.548(4)

Site
4e
2a
2b
4e
4e
4e

TABLE II. Crystal structure of Nd2 NiIrO6 at 150 K from neutron refinement in the P 21 /n space group with a=5.429(7)Å,
b=5.682(7)Å, c=7.753(9)Å, β=90.17(2)◦ .

We now turn to the compositions with magnetic
3d-5d-4f ions. Nd2 NiIrO6 was reported to have a
ferromagnetic-like transition around 125 K with a further anomaly at 6 K consistent with antiferromagnetic
interactions, based on SQUID measurements [8]. To follow the magnetic structure we therefore collected neutron diffraction measurements at 4, 40, and 150 K.
The high temperature measurement, shown in Fig. 2(a)
and Table II, was used to confirm purity and obtain
a non-magnetic structural model in the paramagnetic
regime. This was refined with the P 21 /n space group.
The 40 K measurement revealed additional scattering,
which is shown in Fig. 2(b) where the 150 K data has
been subtracted from the 40 K data. The intensity of
the scattering at 1.41 Å−1 was followed as a function

FIG. 2. Magnetic structure of Nd2 NiIrO6 . (a) Refinement of
the 150 K neutron diffraction pattern to the crystal structure
(upper reflections). Lower reflections correspond to Al sample
holder scattering. (b) Magnetic structure model obtained by
subtracting the 150 K neutron pattern from the 40 K data.
(c) Intensity of the reflection at 1.41 Å−1 as a function of
temperature. (d) 40 K magnetic structure model with Nd
(blue), Ni (green) and Ir (grey) atoms shown. (e) Magnetic
structure model obtained by subtracting the 150 K neutron
pattern from the 4 K data. (f) Intensity of the reflection at
1.15 Å−1 as a function of temperature. (g) 4 K magnetic
structure for Ni/Ir ions (left), Nd ions (middle) and all magnetic ions (right). One magnetic unit cell is shown with the
dashed lines correspond to the non-magnetic unit cell.

of temperature, see Fig. 2(c). The increase in intensity is consistent with the predicted magnetic ordering
at 125 K from bulk data [8]. The additional scattering could be indexed to a propagation vector of k =
(0, 0, 0). Given this k vector and P 21 /n symmetry of
the nuclear structure gives four maximally allowed mag-
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netic space groups: P 201 /c0 (#14.79), P 21 /c0 (#14.78),
P 201 /c(#14.77) and P 21 /c(#14.75). Magnetic space
groups #14.77 and #14.78 only allow moments on the
Nd ion and could be discarded. The remaining two magnetic space groups do not constrain the moments to any
fixed axis. The best fit to the data was obtained with
a ferrimagnetic arrangement of Ni and Ir in the b axis
in the magnetic space group P 21 /c(#14.75). Magnetic
moments of 1.71(2)µB (Ni) and 0.32(7)µB (Ir) were determined, corresponding to Rmag of 25.7. The higher agreement index of this fit compared to previous refinements
is due to the weaker intensity and limited number of the
magnetic reflections in this phase. Attempts to improve
this Rmag by introducing components away from the baxis did not appreciably improve the fit. A ferromagnetic
model is additionally in agreement with the data, however the ferrimagnetic model presented is more consistent
with bulk measurements previously reported [8]. We note
again that the low moment of Ir4+ is beyond the typical
limit for this measurement and therefore is presented as
the best fit model.
Upon cooling to 4 K, additional magnetic reflections
appeared in the diffraction pattern, shown in Fig. 2(e)
for the difference between the 4 K data and the 150 K
data. The intensity at the most intense reflection position
was followed as a function of temperature in Fig. 2(f).
This revealed the onset of magnetic ordering below 7 K,
consistent with reported SQUID results [8]. The magnetic reflections observed at 4 K were indexed to a k=( 12 ,
1
2 , 0) propagation vector within the non-magnetic space
group P 21 /n. Only one maximal magnetic space group
allows moments for Ni/Ir, as well as Nd: PS -1. A magnetic model with the spins still confined to the b-axis
but in an antiferromagnetic arrangement for all the ions
yields the best fit to the data. Magnetic moments of
2.20(4)µB /Nd3+ , 1.27(4)µB /Ni2+ and 0.32(5)µB /Ir4+
were determined.
The magnetic behavior of Nd2 NiIrO6 upon cooling is
therefore characterized as first undergoing ferrimagnetic
ordering of the Ni/Ir ions with the magnetic order keeping the unit cell size unaltered. Then only at the low
temperature of 7 K does the Nd ion order along with a
change in the ordering of the Ni/Ir magnetic order to antiferromagnetic to create a magnetic unit cell doubled in
size along the a and b axis.

3.

Pr2 NiIrO6

The composition Pr2 NiIrO6 was measured at 1.5, 20,
75, and 125 K temperatures to follow anomalies observed in previous SQUID measurements [8]. These indicated ferromagnetic-like ordering at 105 K with a further
transition at 5 K. The high temperature 125 K neutron
diffraction measurement shown in Fig. 3(a) was used to
confirm sample purity and the P 21 /n structural model
in the paramagnetic regime, see Table III. Upon cooling below 110 K, additional Bragg reflections appeared.

Pr
Ir
Ni
O1
O2
O3

x
0.012(3)
0
0
0.094(1)
0.186(3)
0.198(3)

y
0.560(1)
0
0
0.026(1)
0.296(4)
0.290(4)

z
0.754(5)
0
0.5
0.263(2)
-0.057(1)
0.532(2)

Site
4e
2a
2b
4e
4e
4e

TABLE III. Crystal structure of Pr2 NiIrO6 at 150 K
from neutron refinement in the P 21 /n space group with
a=5.473(2)Å, b=5.661(3)Å, c=7.790(3)Å, β=90.03(2)◦ .

This is shown in Fig. 3(b) by following the intensity
at 1.41 Å−1 . Figure 3(c) shows all the observed magnetic reflections by subtracting the 125 K data from the
20 K data. There was no difference between the 20
K and 75 K measurements apart from increased intensity of the new magnetic reflections at the lower temperature measurement. Both temperatures have a k =
(0, 0, 0) propagation vector. The scattering is similar to that observed for the Nd2 NiIrO6 20 K measurement, however here in the Pr2 NiIrO6 case the signal
to noise is improved and additional weaker reflections
were observed. Following an identical analysis described
above the magnetic space group of P 21 /c(#14.75) used
for Nd2 NiIrO6 was found to best fit the Pr2 NiIrO6
data at 20 K, shown in Fig. 3(c). The magnetic spins
are primarily along the b-axis, however to model all
the magnetic reflections a component along the a-axis
needed to be added. This gives the ferrimagnetic structure shown in Fig. 3(f) with the Ni ions ordered ferromagnetically and the Ir ions ordered ferromagnetically.
Magnetic moments of 1.61(4)µB /Ni2+ with components
(ma ,mb ,mc )= (0.6,1.5,0) and 0.34(8)µB /Ir4+ with components (ma ,mb ,mc )= (0.1,0.3,0) are found. Again the
small moment size for Ir is presented as a best fit model
and we cannot rule out a zero ordered moment.
Cooling further from 20 K to 1.5 K additional magnetic scattering is observed as new intensity at certain
reflections, while other positions such as at 1.38 Å−1 and
1.41 Å−1 , remain unchanged. The intensity change at
1.96 Å−1 is shown in Fig. 3(d). Figure 3(e) shows all
the observed magnetic reflections at 1.5 K by subtracting the 125 K data from the 1.5 K data. The propagation vector is also unchanged from the high temperature phase, k = (0, 0, 0). This behavior is consistent
with the ordering of the Pr ion while the Ni/Ir ions magnetic order remains unchanged. A clear contrast is observed with with the Nd2 NiIrO6 composition that showed
a change in the Ni/Ir ordering at the low temperature
magnetic phase transition. To model the 1.5 K data
for Pr2 NiIrO6 we keep the same magnetic space group
of P 21 /c(#14.75) and include a moment on the Pr ion.
The data refined to having the Pr ion in the ab-plane in a
ferromagnetic arrangement similar to the Ni/Ir ions. The
refinement to the 1.5 K data with the 125 K data subtracted is shown in Fig. 3(e) and the corresponding spin
model in Fig. 3(g). The best fit model corresponds to
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(b)
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0
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0

CpT-1 (J•Mol-1K-1)

(f)

(g)

1.1

1.2

1.0
110

1.0

120

c
b

1.0

0.6

0.6

magnetic moments of 1.63(4)µB /Ni2+ with components
(ma ,mb ,mc )= (0.6,1.5,0) and 0.39(7)µB /Ir4+ with components (ma ,mb ,mc )= (0.1,0.3,0) and 1.58(3)µB /Pr3+
with components (ma ,mb ,mc )= (1.0,1.2,0).
The onset of Pr ordering therefore contributes to the
overall ferrimagnetic ordering within Pr2 NiIrO6 , with the
Pr 1.58(3)µB ordering ferromagnetically along the b axis
in a zig-zag fashion due to a spin angle of 48.1(1)◦ off

0.2
0

2

3

4

5

100

50

6
150

T (K)

a b

FIG. 3. Magnetic structure of Pr2 NiIrO6 . (a) Refinement of
the 125 K neutron diffraction pattern to the crystal structure
(upper reflections). Lower reflections correspond to Al sample
holder scattering. (b) Intensity of the reflection at 1.41 Å−1 as
a function of temperature. (c) Magnetic structure model obtained by subtracting the 125 K neutron pattern from the 20
K data. Scattering around 1.6 Å−1 due to the strong nuclear
contribution. (d) Intensity of the reflection at 1.96 Å−1 as
a function of temperature. (e) Magnetic structure model obtained by subtracting the 125 K neutron pattern from the 1.5
K data. Scattering around 1.6 Å−1 due to the strong nuclear
contribution. (f) Magnetic-atom only representation of the
magnetic structure at 20 K of Pr2 NiIrO6 showing, Ni (green)
and Ir (black) ions. The unit cell is outlined with the blue
dashed line. (g) Polyhedral representation of the magnetic
(1.5 K) and nuclear structure of Pr2 NiIrO6 and magneticatom only representation of the 1.5 K magnetic structure of
Pr2 NiIrO6 showing Pr (blue), Ni (green) and Ir (black) magnetic ions.

130

1.4

0.8

0.2

8 10
150

1.2

0.4

c

4 6
100

T (K)

(b) 1.6
1.4

1.96 Å-1

50

FIG. 4. (a) Bulk heat capacity (Cp ) for Pr2 NiIrO6 in zero
field. The onset of Ni/Ir ordering is show more clearly in
the upper left inset, and the onset of Pr ordering is shown
in the bottom right inset. (b) Bulk heat capacity divided by
temperature (T) plotted against temperature for Pr2 NiIrO6 .

the b axis. The best fit model indicates the Pr and Ni
ordering with the spins in the same direction along the
b-axis and the Ir in the opposite direction. Further measurements on single crystals and with elemental specific
analysis available with resonant x-ray scattering will be
of interest to test this model and contrast it against a
fully ferromagnetic ordering of all three magnetic ions.

B.

Heat Capacity on Pr2 NiIrO6

Heat capacity measurements were undertaken on a
pressed and sintered pellet of Pr2 NiIrO6 , shown in
Fig. 4(a), to further investigate the long-range ordering
and probe for independent Pr and Ni/Ir magnetic sublattices. Two clear transitions are observed at 123 K
and 3.7 K, confirming the nature of long-range ordering
temperatures. The broadness of the high temperature
transition may be due to thermal fluctuation, a product
of measuring at high temperature, or may be due to poor
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C.

Electrical Resistivity of Pr2 NiIrO6

Temperature dependent electrical resistivity measurements for Pr2 NiIrO6 are shown in Fig. 5(a). The sharp
decrease in resistance as a function of increasing temperature indicates that the material is not metallic. Considering low measured resistance of 37 Ohms-cm at 380 K,
especially for oxide materials [57], semiconducting behavior is possible. This was further investigated by assessing the conduction mechanism via plotting the natural
logarithm of resistance against T-n, such that the value
of n indicates the dimensionality and type of transport
mechanism. For values of n = 1, linearity indicates a
simple thermally activated conduction pathway, whereas
values for n greater than 1 indicate a Mott variable range
hopping mechanism of variable dimensionality. Fig. 5(b)
depicts near perfect linearity is exhibited for n = 1, indicating the conduction pathway is thermally mediated.

D.

RIXS measurements of SOC-Induced t2g
manifold splitting

To gain insight into the electronic ground state of the
Ir4+ (5d5 ) ion in Ln2 NiIrO6 RIXS measurements were
performed. The energy was tuned to 11.215 keV corresponding to the Ir L3 -edge which allows for an isolation
of the Ir scattering. The 5 K data is shown in Fig. 6.
No change was observed in measurements collected at
higher temperatures. Each compounds spectra consisted
of two main features around 0.6 eV and 3.5 eV. The spectra are consistent with similar octahedrally coordinated
Ir4+ ion and provides all the signatures of a SOC split
Jeff = 21 state [55, 56]. The broad, higher energy (3.5
eV) peak corresponds to d-d excitations from transitions
between the t2g and eg orbitals, which are split because
of the crystal field. The sharper, lower energy scatter-
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sintering of this sample. This transition was further resolved by plotting heat capacity (Cp ) divided by temperature (Cp /T) against temperature, shown in Fig. 4(b).
Although broad features are still present, the 123 K transition is clear. As this transition is consistent with both
neutron and susceptibility measurements indicating the
onset of ferromagnetic-like order, its magnetic origin corresponds to the onset of Ni/Ir magnetic ordering. Interestingly, the transition at 3.7 K was found to be sharp
and lambda-like, and is consistent with the small transition observed in zero-field cooled measurements shown in
Fig. 4(b) and the 1.5 K powder neutron diffraction data,
suggesting the onset of Pr magnetic ordering. A small
change in slope of heat capacity data can be observed
below 2.7 K, but the nature of this transition is unclear.
Based on the neuron and susceptibility data measurements, it does not correspond to any long range nuclear
or magnetic order, suggesting possible crystal field effects
between the three present magnetic ions in this structure.
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FIG. 5. (a) Temperature dependence of the electrical resistivity for Pr2 NiIrO6 . The inset depicts that resistivity was not
measured below 82.5 K due to instrumental limits of Ohmscm capability. (b) Inverse temperature dependence of the
natural logarithm of resistance for Pr2 NiIrO6 . Linearity for
the case of T-n, such that n = 1, indicates thermally activated
conduction.

ing consists of two separate peaks, within the 35 meV
resolution of the instrument. This scattering can be assigned to d-d excitations from intraband t2g transitions
due to the splitting of the t2g manifold into a Jeff = 21
and Jeff = 23 state, characteristic of many complex iridates [40]. By fitting these reflections to simple Gaussian
peaks we extract peak energies as: La2 NiIrO6 = 0.60(2)
eV and 0.71(2) eV; Pr2 NiIrO6 = 0.58(1) eV and 0.65(1)
eV; Nd2 NiIrO6 = 0.59(2) and 0.71(3) eV. The presence of
two resolvable peaks is consistent with a small departure
from an ideal Jeff = 21 state due to the distortions inherent in the crystal structure that is observed in all reported
Ir materials in the literature [55, 56]. The singular unpaired electron present in the Jeff = 12 level for 5d5 Ir4+ is
commonly observed as possessing a significantly reduced
magnetic moment, such as that observed in Ln2 NiIrO6
reported above of ∼0.3µB , further supporting a Jeff = 12
state.
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FIG. 6. Resonant inelastic x-ray scattering measurements of
powder Ln2 NiIrO6 (Ln = La, Pr, Nd) at 5 K on the MERIX
spectrometer. The incident energy was 11.215 keV corresponding to the Ir L3 -edge. The data have been offset by
a constant factor for clarity.

E.

First Principles Calculations

In an attempt to better understand the complex magnetic behavior for Pr2 NiIrO6 , we have performed first
principles calculations of the magnetic order and energetics. Given both the complex monoclinic physical structure as well as the non-collinear canted magnetic structure, with effectively 3 different magnetic ions (the dominant Ni, less dominant Pr, and induced moment Ir), we
make certain simplifications in order to render the problem computationally and analytically tractable. First, we
consider only collinear states. While the actual observed
ground state in Pr2 NiIrO6 is not collinear, a detailed examination of Fig. 3(f) (Ni/Ir ordering) andFig. 3(g) (all
ions order) shows that deviations of the respective magnetic ions from collinearity are less than 30◦ off the b axis
for both Ni and Ir, but is a bit more significant for Pr.
Given the monoclinic symmetry, there is a large manifold of potential exchange interactions, with several potential nearly-nearest-neighbor interactions, with slightly
variable distances between Ni and Ni, Ni and Pr, Pr and
Pr, and these atoms with Ir. To simplify matters we consider only Ni-Ni, Ni-Pr and Pr-Pr effective exchange interactions and consider the several nearly degenerate distances in each of these categories into one interaction for
each category. We note in passing that it is not surprising that this compound exhibits a complex non-collinear
magnetic structure in view of the complex physical structure and the three effectively magnetic ions, along with
the disparate spin-orbit energy scales of Ni (∼50 meV),
Pr (∼0.5 eV), and Ir (∼1 eV).
For the purposes of determining the ground state and
associated excited state energetics, five distinct magnetic arrangements were considered, shown in Fig. 7 − a
ferromagnetic configuration, with Ni and Pr local mo-

FIG. 7. A depiction of the magnetic structures described
within the first principles calculations. Praseodymium atoms
are depicted as blue spheres, Nickel atoms as green spheres,
and Iridium atoms as dark grey spheres (no label), as indicated. For clarity, all spheres are shown as the same size,
regardless of atomic size. The Ni AF Pr AF state is shown
above. For the FM state, all Ni and Pr atoms are ferromagnetically coupled. For Ni Pr FI, the Ni and Pr atoms are antiferromagnetically coupled. For Ni AF Pr FM, the Ni1 and Ni2
atoms are antiferromagnetically coupled while all Pr atoms
are ferromagnetically coupled to Ni1. For Ni FM Pr AF, Ni1
and Ni2 are ferromagnetically coupled while Pr1 is ferromagnetically coupled to Ni1 and Ni2 while Pr2 is antiferromagnetically coupled to Ni1 and Ni2. For Ni AF Pr AF, Ni1 and
Ni2 are antiferromagnetically coupled and Pr1 and Pr2 are
also antiferromagnetically coupled. Note that the apparent
fourfold Pr2 falls on the a-face zone boundary (unlike Pr1,
which is within the cell), so that there are only two Pr2 per
unit cell. Similarly, the four Ni1 atoms fall on the zone edge,
so that there is only one Ni1 per unit cell, and the two Ni2
atoms fall on the c-face zone boundary. The vertical moment
orientation is for clarity of presentation; moment orientation
was not studied in these calculations.

ments aligned (FM), and four more complex arrangements. For these purposes spin-orbit coupling was omitted, though for a detailed examination of the FM ground
state below we include it. Here a crystallographic unit
cell contains 2 formula units. These arrangements were
as follows: a state with Ni and Pr antiparallel to each
other a ferrimagnetic state (Ni Pr FI;l total moment 6
µB /u.c), a state with the two unit cell Ni antiparallel,
with the Pr themselves aligned (Ni AF Pr FM, total moment 7.82 µB /u.c); a state with the 2 Ni ferromagnetically coupled, but 2 of the 4 Pr anti-aligned to the other
2; (Ni FM Pr AF, total moment 2 µB /u.c) and a state
with the 2 Ni antiferromagnetically coupled, and 2 of
the 4 Pr antiferromagnetically coupled to the other two
(Ni AF Pr AF, no net moment). Note that of these last
4 states, only the last is truly a zero-moment antiferromagnetic state. In general, individual spin moment mag-
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State

Energy relative to FM Total Spin Moment
(per u.c.)
(µB /u.c.)
FM
0.0
10.0
Ni Pr FI
41.96
6.0
Ni AF Pr FM
114.86
7.82
Ni FM Pr AF
37.68
2.0
Ni AF Pr AF
86.40
0.0
TABLE IV. Detailed magnetic properties of several magnetic
configurations of Pr2 NiIrO6 studied within density functional
theory. The configurations relative orientation of the Ni and
Pr spin magnetic moments are described in the text.

nitudes within these several magnetic states are generally
fairly rigid, with little variation (< 3%) between states;
typical values, in the absence of spin-orbit coupling and
thereby orbital moments, are 1.96 µB /Pr and 1.29 µB /Ni.
Details are given in Table IV. We will see below that despite the smaller moment and fewer atoms per cell, it is
the Ni atoms that are ultimately dictating most of the
magnetic character, due to the generally much larger spatial extent of the Ni 3d wavefunctions, relative to the Pr
4f wavefunctions, which are much more localized in the
Pr core.
We see that from Table IV, the state with the 2 Ni
atoms antiferromagnetically coupled, but the Pr ferromagnetically coupled, is the highest energy state in this
manifold, nearly 115 meV/u.c. above the ferromagnetic
ground state, while the reverse (Ni FM Pr AF) is only
37.7 meV/u.c. above. This accords with our intuitive
expectation that Ni-Ni exchange interactions should be
stronger than Pr-Pr exchange interactions, but what is
surprising is that this is the case even though the NiNi nearest neighbor distances are of the order of 5.7 Å
whereas those for Pr are only of order 4.1 Å. This is
reflective both of the general localization of the Pr 4f
electrons within the core, away from the Fermi level, and
also of recent findings in Cr1/3 NbS2 [58] where exchange
interactions mediated through electronegative elements
can be much more long range than would commonly be
expected. Quantitatively, mapping the above energetics to a Heisenberg model (appropriate in view of the
rigidity of the moments) finds Ni-Ni, Ni-Pr and Pr-Pr
exchange interactions of -4.32, -3.18 and -0.58 meV, (all
ferromagnetic) respectively, confirming the expectation
for the dominance of the Ni magnetic interaction here.
In particular, the Pr-Pr exchange interaction is relatively
weak and confirms our general expectation that the Pr
4f electrons are localized in the core and do not interact
strongly with other Pr atoms, reducing the Pr ordering
temperature.
It is also possible to relate the above energetics to the
observed ordering points of the Ni and Pr atoms, which
significantly differ in temperature. In an approximation
where the ordering point of a magnetic atom, in a local
moment approximation, is estimated at 1/3 the energy
difference, per magnetic atom, [54, 59, 60], between configurations with that atom ferromagnetically and antifer-

romagnetically coupled to the remainder of the system,
we use the Ni FM Pr AF state for the Pr atom (relative to the FM ground state) and, correspondingly, the
Ni AF Pr FM for the Ni atom, accounting for the different multiplicity of these atoms, and obtain estimated
ordering points for the Pr and Ni atoms as 36 and 222
K. While these are somewhat higher than the actual values (due to our wholesale neglect of fluctuations, among
other factors), their relative magnitudes are in accordance with the experimental facts. In particular, as seen
in experiment, the Nickel atoms are driving the magnetism, despite their roughly equivalent local moment
and substantial nearest-neighbor distances. This mainly
reflects the spatially extended nature of the 3d states associated with the Ni atom magnetism and the generally
core-localized nature of the Pr 4f electrons associated
with the Pr magnetism.
As mentioned previously, we now give a more complete
description of the FM ground state with spin-orbit coupling included for all atoms with the GGA+U approach.
This changes both the total spin moment significantly (it
increases to 10.68 µB /u.c.) and adds significant orbital
moment contributions. In particular, Pr exhibits a large
negative orbital moment of -0.795 µB , while Ni acquires
a significant orbital moment of 0.087 µB , and Ir also has
a significant negative orbital moment of -0.197 µB . This
yields total moments for these three atoms of 1.17 µB ,
1.45 µB , and -0.35 µB with a unit cell total of 7.28 µB , or
3.64 µB /f.u. The above values are comparable to the experimental values of 1.58(3) µB for Pr, 1.63(4) µB for Ni,
and 0.39(7) µB for Ir. It is of interest that the largest orbital moment magnitudes are for the heavy atoms (Pr
and Ir), corresponding to the generally stronger spinorbit coupling in these atoms, as well as the localized
nature of the Pr 4f states. The addition of spin-orbit
also changes the Iridium spin-moment from -0.30 µB to
a value half this, suggesting the particular relevance of
spin-orbit coupling here, as evidenced experimentally in
the RIXS measurements discussed above.

IV.

CONCLUSIONS

A series of double perovskite iridates of the formula
Ln2 NiIrO6 was investigated using thermodynamic and
transport properties, neutron powder diffraction, RIXS,
and DFT calculations to elucidate the role superexchange
plays in hybrid 3d-5d-4f compositions with variable Asite cations. The composition La2 NiIrO6 was determined to be a non-collinear antiferromagnet in the acplane with the ordering of Ni/Ir occurring simultaneously. For Nd2 NiIrO6 two distinct magnetic structures
were determined. The first high temperature magnetic
phase consists of ferromagnetically ordered Ni/Ir sublattices creating a ferrimagnetic structure primarily along
the b-axis. Cooling Nd2 NiIrO6 led to a agnetic structure
change where the Nd ion orders and the Ni/Ir ordering
also changes into a AFM Ni/Ir sublattices. Two inde-
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pendent magnetic sublattices (Pr and Ni/Ir) were found
in the composition Pr2 NiIrO6 , corresponding to ab-plane
ferrimagnetic order between Ni and Ir, and a zig-zag ferromagnetic order of Pr along the b-axis, resulting in an
overall ferrimagnetic order. The presence of two independent magnetic sublattices was corroborated by heat
capacity measurements, demonstrating transitions at 123
K (Ni/Ir ordering) and 3.7 K (Pr ordering). Resistivity measurements indicated semiconducting behavior and
thermally mediated conduction for Pr2 NiIrO6 . DFT results confirm the independent sublattice ordering and
demonstrate the primacy of the Ni atom in determining the magnetic character, despite the Ni-Ni nearestneighbor distances of some 5.7 Å. All compositions were
measured with RIXS, confirming that spin-orbit coupling
splits the t2g manifold of octahedral Ir4+ into a Jeff = 12
and Jeff = 32 state. Collectively the results demonstrate
the dramatic changes in magnetic ordering that can be induced within structurally similar 3d-5d-4f compounds as
the Ln ion is varied and as different temperature regimes
are accessed.
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A. Hoser, D. M. Többens, P. M. Abdala, P. Adler,
M. Jansen, and C. Felser, Phys. Rev. Lett. 111, 167205
(2013).
[45] A. E. Taylor, R. Morrow, M. D. Lumsden, S. Calder,
M. H. Upton, A. I. Kolesnikov, M. B. Stone, R. S. Fishman, A. Paramekanti, P. M. Woodward, and A. D.

Christianson, Phys. Rev. B 98, 214422 (2018).
[46] V. O. Garlea, B. C. Chakoumakos, S. A. Moore, G. B.
Taylor, T. Chae, R. G. Maples, R. A. Riedel, G. W. Lynn,
and D. L. Selby, Applied Physics A 99, 531 (2010).
[47] S. Calder, K. An, R. Boehler, C. R. Dela Cruz, M. D.
Frontzek, M. Guthrie, B. Haberl, A. Huq, S. A. J. Kimber, J. Liu, J. J. Molaison, J. Neuefeind, K. Page, A. M.
dos Santos, K. M. Taddei, C. Tulk, and M. G. Tucker,
Review of Scientific Instruments 89, 092701 (2018).
[48] J. Rodrguez-Carvajal, Physica B: Condensed Matter
192, 55 (1993).
[49] J. Perez-Mato, S. Gallego, E. Tasci, L. Elcoro, G. de la
Flor, and M. Aroyo, Annual Review of Materials Research 45, 217 (2015).
[50] Aroyo, M. I., Perez-Mato, J. M., Orobengoa, D., Tasci,
E., G. de la Flor, and A. Kirov, Bulgarian Chemical
Communications 43, 183 (2011).
[51] A. Wills, Physica B 276, 680 (2000).
[52] Y. Shvydko, J. Hill, C. Burns, D. Coburn, B. Brajuskovic, D. Casa, K. Goetze, T. Gog, R. Khachatryan, J.-H. Kim, C. Kodituwakku, M. Ramanathan,
T. Roberts, A. Said, H. Sinn, D. Shu, S. Stoupin, M. Upton, M. Wieczorek, and H. Yavas, Journal of Electron
Spectroscopy and Related Phenomena 188, 140 (2013),
progress in Resonant Inelastic X-Ray Scattering.
[53] P. Blaha, K. Schwarz, G. Madsen, D. Kvasnicka, and
J. Luitz, WIEN2k, An Augmented Plane Wave + Local
Orbitals Program for Calculating Crystal Properties (K.
Schwarz, Tech. Univ. Wien, Austria, 2001).
[54] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).
[55] A. A. Aczel, J. P. Clancy, Q. Chen, H. D. Zhou, D. Reig-i
Plessis, G. J. MacDougall, J. P. C. Ruff, M. H. Upton,
Z. Islam, T. J. Williams, S. Calder, and J.-Q. Yan, Phys.
Rev. B 99, 134417 (2019).
[56] A. Revelli, C. C. Loo, D. Kiese, P. Becker, T. Fröhlich,
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