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LaSrNilrOg adopts a B-site cation-ordered double perovskite structure with a strong aa ¢ * cooperative tilting
distortion (space group P2;/n a = 5.5931(1) A, b = 5.5676(1) A, ¢ = 7.8850(1) A, p = 90.01(1) °). Magnetization
and neutron diffraction data indicate LaSrNilrOg adopts a ‘type II' antiferromagnetic structure (Ty = 70 K) in
which the Ni spins are arranged in an antiferromagnetic manner with their next-nearest-neighbors, with no or-
dered moment observed for Ir. DFT calculations, including spin-orbit coupling effects, confirm S = 1 Ni** and Jeff

= 0 Ir>" local configurations and indicate strong Ni(SdXz,yz)1 —O(ZP)—II'(SdX2,y2)O—O(zp)—Ni(3dx2,y2)l o-type
super-super-exchange is the dominant magnetic coupling interaction in the system.

1. Introduction

Complex transition-metal oxides containing both 3d and 5d transition
metal cations have attracted considerable attention as their physical
behavior is often complex and not easily explained as a simple combi-
nation of component parts [1]. For example, perovskite oxides which
only contain 3d transition metals tend to be insulating (narrow 3d bands,
large onsite repulsion, U) with metal cations adopting high-spin states
(modest crystal field, A). The dominant magnetic interactions in these
insulating phases are super exchange couplings, which are generally well
described using the Goodenough-Kanamori rules [2]. In contrast the
complex oxides of 5d metals are more likely to be metallic (wide 5d
bands, small U) and tend to adopt low-spin states (large A) with local
electronic configurations which are further complicated by strong spin
orbit coupling (SOC) [3,4].

Systems which contain both 3d and 5d transition metals, such as
AyBB’Og double perovskite oxides, can show a wide variety of ordered
magnetic states which cannot be easily understood on the basis of simple
nearest-neighbor coupling interactions [1,5-7]. One such family of ma-
terials are the double perovskite oxides containing ordered arrays of Ir>"
and a 3d transition metal cation (Fe>t, Co®*, Co®*, Ni2*, Cu®*") which
exhibit ‘type II' antiferromagnetic ground states which do not appear to
be the result of nearest neighbor super exchange coupling [8-15]. This
magnetic ordering scheme contrasts with the ‘type I' arrangement
observed for the isovalent phase LaSrNiSbOg in which d'° Sb>* replaces
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the Ir°* in the extended oxide lattice [16].

The nature of the magnetic ordering in AyBIr’*Og double perovskite
oxides can be attributed to the unusual local electronic state adopted by
iridium in these phases. When octahedrally coordinated, d* Ir>* adopts a
diamagnetic electronic configuration for which there is no analogue
among 3d transition metal cations. This Jeg = O configuration arises from
the simultaneous application of a strong crystal field, which splits the
iridium 5d orbitals into the familiar ta¢ and e, sets, and strong SOC which
further splits the tag orbitals into quartet J = °/2 and doublet J = '; states.
The energy gap between the J = 3/, and J = % states is large, with the J
=3/, state lying at lower energy, so the d* electron count of Ir°*
completely fills the J =3/ level, resulting in a diamagnetic configuration
[17].

When arranged in AMIr®*Og (M = 3d transition metal) double
perovskite oxide phases, the diamagnetic configuration of Ir>" means
that the accompanying 3d transition metal centers are widely separated
(M-M ~ 5.5 A) within a diamagnetic framework, yet these systems
exhibit long-range magnetic order, to temperatures exceeding 100 K in
the case of SryFelrOg [8,9]. This suggests that strong magnetic exchange
pathways exist in these phases, and given the arrangement of the metal
cations, these pathways are likely to involve the Ir centers in some ca-
pacity, as has been observed in other 3d-5d double perovskite oxide
systems [7].

A previous report indicated LaSrNilrOg adopts an aa ¢ " distorted, B-
cation ordered double perovskite structure, as determined by powder X-
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ray diffraction, with magnetization data suggesting a low-temperature
antiferromagnetic state [14]. Here we describe a study using neutron
diffraction data which not only allows accurate M — O bond lengths to be
determined, but crucially enables the nature of the low-temperature
magnetic state to be determined, allowing the role of Ir°" in the mag-
netic coupling interactions in this material to be investigated via
computation.

2. Experimental section

Sample preparation. A sample of LaSrNilrOg was prepared using a
citrate gel method. Appropriate quantities of SrCO3 (99.994%), LayO3
(99.99%, dried at 900 °C) and Ni (99.996%) were dissolved in a minimal
quantity of a 1:1 mixture of conc. nitric acid and distilled water, then the
required amount of IrO5 (99.99%, dried at 700 °C for 2 h) was added.
Citric acid and analar ethylene glycol were added, and the solution was
heated whilst being stirred. The gel thus formed was allowed to combust
in air and the subsequent product was ground into a fine powder, placed
in an alumina crucible and heated at 1000 °C in air at a rate of 1 °C min~!
to remove the organic components of the sample. The resulting powder
was pressed into a 13 mm diameter pellet and heated in air for 2 days at
1200 °C and 2 days at 1300 °C.

Characterization. X-ray powder diffraction data were collected from
using instrument 111 at the Diamond Light Source Ltd. Samples were
ground with amorphous boron to limit X-ray absorption and minimize
preferred orientation and were sealed inside 0.5 mm diameter borosili-
cate glass capillaries. Diffraction patterns were measured using Si-
calibrated X-rays with an approximate wavelength 0.825 A using the
PSD detector. Neutron powder diffraction data were collected at a
wavelength of 1.5943 A using the D2B instrument, at the ILL neutron
source, from samples contained within vanadium cans. Rietveld profile
refinements were performed using the TOPAS suite of programs (v6)
[18]. Magnetization data were collected using a Quantum Design MPMS
SQUID magnetometer.

Computational methods. All density functional theory calculations
were carried out using the VASP software package [19,20], version 5.3.5,
with the PBE functional [21] and a plane-wave cutoff of 600 eV. The
effect of the core electrons was incorporated using PAW potentials [22],
and Hubbard U, values of 6.0 eV and 2.0 eV were used for Ni and Ir,
respectively [23]. For the J- and D-type unit cells, the Brillouin zone was
sampled on 3 x 6 x 2 and 4 x 4 x 2 I'-centered grids, respectively [24].
Spin-orbit coupling is included [25] with quantization axis along (0,0,1).

3. Results and discussion

Structural characterization. Synchrotron X-ray and neutron powder
diffraction data collected from LaSrNilrOg at room temperature could be
readily indexed using a monoclinic unit cell a = 5.593 A, b = 5.567 A, ¢
=7.885 A, B = 90.01° and extinction conditions consistent with P2;/n
space group symmetry. These parameters suggest a B-cation ordered
perovskite structure with an a ac" tilting distortion, consistent with
previous reports on LaSrNilrOg and analogous to the structure reported
for LaSrCoIrOg [12,14]. Therefore a model based on the reported struc-
ture of LaSrNilrOg was constructed and refined simultaneously against
both the X-ray and neutron diffraction data. A combined X-ray/neutron
data refinement as required to accurately study the Ni/Ir order of the
phase as these elements have very similar neutron scattering lengths (Ni
= 10.3 fm, Ir = 10.6 fm) [26]. The refinement converged smoothly to
give a good statistical fit to both data sets. Full details of the refined
structure of LaSrNilrOg are given in Table 1, with selected bond lengths
and angles in Table 2. Plots of observed and calculated data are shown in
Fig. 1, and a representation of the structure is shown in Fig. 2.

The refined structure detailed in Table 1 is broadly in line with the
structure determined previously from X-ray powder diffraction data [14],
differing only in the details of the oxide ion locations, as expected. The
bond lengths determined for the NiHO6 and IrV06 units (Table 2) yield
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Table 1
Structural parameters for LaSrNilrOg from the simultaneous refinement against
neutron and X-ray powder diffraction data collected at 298K.

X y Z Fraction Biso
¢S]
La/Sr 0.9964(6) 0.0266(3) 0.2513(6) 0.5/0.5 0.32(1)
Ni(1)/ Y 0 s 0.984(1)/ 0.05(1)
Ir(1) 0.016(1)
r(2)/ Ya 0 0 0.984(1)/ 0.05(1)
Ni(2) 0.016(1)
o(1) 0.0673(8) 0.4918(6) 0.2514(31) 1 0.51(4)
0(2) 0.7120(15)  0.2822(22)  0.0305(10) 1 0.76(3)
0(3) 0.2276(15)  0.2227(23)  0.9618(10) 1 0.66(2)

LaSrNilrOg — Space Group: P2;/n (#14)

a=5.5931(1) A, b = 5.5676(1) A, c = 7.8850(1) A, p = 90.01(1)°
volume = 245.54(1) A®

Formula weight = 573.44 g mol ', Z = 2

Radiation source: Synchrotron X-ray, A = 0.8268 A; neutron A = 1.5943 A
Temperature: 298 K

R, = 1.38%, wRp = 2.38%, SXRD Rpragg = 1.01%, NPD Rpagg = 1.94

Table 2
Selected bond lengths and angles from the structural refinement of LaSrNilrOg at
298 K and 5K.

Cation Anion Bond Length 298 K A) Bond Length at 5K A)
Ni(1)/Ir(1) o(1) 2.018(24) 2.005(26)

0(2) 2.031(10) 2.038(11)

0(3) 2.024(11) 2.019(12)
Ir(2)/Ni(2) o) 1.997(24) 2.007(26)

0(2) 1.983(11) 1.983(12)

0(3) 1.987(11) 1.982(11)

Bond angle at 298 K (°) Bond angle at 5 K (°)

Ni(1)-0(1)-Ir(2) 158.2(13) 157.7(14)
Ni(1)-0(2)-Ir(2) 158.9(5) 156.9(5)
Ni(1)-0(3)-Ir(2) 159.3(5) 159.9(5)

bond valence sums [27,28] of Ni+2.20 and Ir+4.92 respectively. The
Ir-O bond lengths observed for LaSrNilrOg are broadly in line with the
values observed for IrIVO6 units in other AZMIrVIO6 double perovskite
phases [8,10,12,13,15,29], with the IrOg unit being highly symmetric
(close to Oy, point group symmetry) in common with many other Ir'Og
units previously reported [8,9].

Magnetic characterization. Zero-field cooled and field-cooled
magnetization data collected from LaSrNilrOg as a function of tempera-
ture (Fig. 3) can be fitted by the Curie-Weiss law (y = C/(T-0)) in the
temperature range 140 < T/K < 300 to yield values of C = 1.868(3) cm®
Kmol ! and 6 = —184.9(5) K, which is significantly larger than would be
expected for a simple combination of S = 1, Ni?* and Jeg = 0, Ir>*
(Cexpected = 1 em® K mol ™), as noted previously [14].

The magnetization data exhibit a maximum at T ~ 70 K consistent
with the onset of magnetic order. Neutron powder diffraction data
collected from LaSrNilrOg at 5 K exhibit additional peaks compared to
the analogous data collected at room temperature. These additional
diffraction features can be indexed on the basis of a 1 x 2 x 2 geometric
expansion of the crystallographic unit cell. A magnetic analysis using the
ISODISTORT suite of programs [30,31] yielded two irreducible repre-
sentations described in space groups 2.7 and 14.80 respectively, which
both describe a type II antiferromagnetic structure and only differ in the
orientation of the ordered moments (parallel to the x-axis or y-axis).
Refinement of these models against the NPD data collected at 5 K
revealed that the model described in magnetic space group 2.7, with
ordered moments aligned parallel to the y-axis gave the best fit, yielding
an ordered moment of 1.24 pp per Ni center and no detectable moment
on the iridium centers. A complete description of the refined nuclear and
magnetic models is given in Table 3 with selected bond lengths in Table 2
and a plot of the data in Fig. 4. A representation of the magnetic structure
is shown in Fig. 2, with the monoclinic magnetic unit cell marked in red.
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Fig. 1. Observed, calculated and difference plots for the simultaneous structural refinement of LaSrNilrOg against NPD (top) and SXRD (bottom) data.

Electronic structure analysis. Our initial exploration of the elec-
tronic structure was based on spin-unrestricted DFT calculations using
the unit cell shown in Fig. 5a, denoted the J-cell, which corresponds to
the crystallographic unit cell described above, doubled along a and c.
Relaxation of the lattice parameters gave optimized values of a = 11.25
A, b =567 A and ¢ = 15.87 A, compared to experimental values of
11.186 A, 5.567 A and 15.770 A. In the absence of spin-orbit coupling,
the moments on the Ir and Ni centers are 1.75 pp and 1.14 pp, respec-
tively, consistent with the local triplet configurations of both ions,
modified by the greater covalence of the Ir-O bonds compared to Ni-O.
The inclusion of spin-orbit coupling leaves the moment on Ni unchanged

but reduces that on Ir to 0.50 pg due to the population of the J =3/, spin-
orbital coupled state of It (d4). In the following discussion of magnetic
coupling, we treat the Ir as effectively diamagnetic, as indicated by the
magnetic measurements.

The DFT-computed energies are then mapped on to the diagonal el-
ements of the Heisenberg spin Hamiltonian with Sy; = 1, where the
summation runs over only the paramagnetic Ni centers:

Hppyy = 72Jij§i.§j Our approach to constructing a suitable spin

=>]
Hamiltonian is to identify a minimal set of parameters that will yield an
acceptable fit to the DFT energies. We initially chose a 4-parameter
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Fig. 2. a) The crystal structure of LaSrNilrOg. b) The magnetic structure of LaSrNilrOg The crystallographic unit cell is marked in black, the magnetic unit cell is
marked in red. Grey, green, blue and red spheres represent La/Sr, Ni, Ir and O respectively and orange and blue arrows indicate spin orientations.
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Fig. 3. Zero-field cooled and field cooled magnetization data collected from
LaSrNilrOg in an applied field of 100 Oe. Inset shows fit to Curie-Weiss law in
the temperature range 140 < T/K < 300.

Hamiltonian which includes the nearest-neighbor (NN) (J; and J3), and
next-nearest neighbor (NNN) (J3 and J4) Ni-Ni exchange couplings (see
Fig. 5a and supporting information for full details of the calculations).
The best fit set of parameters is: J; = —1.8 em L J;=—-0.4cm™Y, J3 =
—17.8 cm ! and J; = —11.4 cm ™. From this analysis it is clear that the
dominant contributions to the magnetic order come from the NNN Ni-Ni
couplings (J3, J4), both of which are antiferromagnetic, and much larger
than their NN counterparts. Strong NNN coupling (“super-super-ex-
change”) is a well-established paradigm in double perovskites and
related systems [32-34], and in this case the highly covalent nature of
the IrY-O bonds is clearly significant in mediating the strong
Ni(3d2_,2)'-0(2p)-1r(5d,> ,2)°-O(2p)-Ni(3d,2 ,2)' interactions that
define J3 and Jy. Significant NNN couplings along M-O-M’-O-M chains
have been noted to play a significant role in the magnetism of related
perovskite systems [7,35].

The very marked a a ¢ " tilting distortion in this system, resulting in
Ir-O-Ni bond angles of 155°, complicates the analysis of the magnetic
coupling pathway because the reduction in local symmetry at the metal

Table 3
Parameters for LaSrNilrO from nuclear and magnetic refinement against
neutron powder diffraction data collected at 5 K.

X y Z Fraction Biso (A%
La/Sr 0.9968(6) 0.0296(3) 0.2515(22)  0.5/0.5 0.16(1)
Ni(1)/ 3 0 Y2 0.984/ 0.04(1)
Ir(1) 0.016
r(2)/ Vs 0 0 0.984/ 0.04(1)
Ni(2) 0.016
o) 0.0690(6) 0.4925(5) 0.2499(33) 1 0.29(1)
0(2) 0.7098(16)  0.2833(23)  0.0355(15) 1 0.32(2)
0(3) 0.2253(16)  0.2204(24) 0.9650(17) 1 0.31(2)

LaSrNilrOg — Space Group: P2;/n (#14) a = 5.5815(1) A, b = 5.5633(1) A, ¢ =
7.8736(1) A, p = 90.00(1)°

volume = 244.49(1) A®

Formula weight = 573.44 g mol ™', Z = 2

Magnetic space group: 2.7, a = 5.5815(1) A, b = 9.6407(1) A, ¢ = 11.252(1) A, a =
125.2(1)°

X y Z Fraction Biso (A%
Ni Ya 0 Ya 0.984 0.04(1)

My (pB) My (ps) M, (ps)

0 1.24(5) 0

Radiation source: neutron A = 1.5943 A
Temperature: 5 K
R, = 3.32%, wRp, = 4.31%, Rpragg = 1.40

Prerner e o
LINIRIRIEOREE O 0N

1
Laanne )

Y "

20 40 60 80 100 120 140
20 (degrees)

Fig. 4. Observed calculated and difference plots from the nuclear and magnetic
structural refinement of LaSrNilrOg against neutron powder diffraction data
collected at 5 K. Top tick marks indicate nuclear peak positions, middle tick
marks magnetic peak positions, bottom tick marks indicate contributions from
sample environment.
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Fig. 5. a) Expanded ‘J-cell’ used in DFT calculations. Green and blue spheres
represent Ni and Ir respectively. b) and ¢) Ni-O-Ir-O-Ni super-super-exchange
pathways utilizing Ir 5d orbitals with ¢ and © symmetry respectively.

centers mixes the M — O = (tzg) and M — O o (eg) pathways (Fig. 5b and
c). Itis possible, therefore, to envisage contributions to the NNN coupling
from both pathways. In order to clarify this issue we have considered two
further computational models, one where the I4/m space group is
imposed, enforcing linearity of the Ni-O-Ir triads along the c axis, and a
second with Fm-3m symmetry, where a perfect cubic arrangement with
all bond angles at 180° is imposed. In the I4/m model the coupling along
the c axis (J4) increases substantially in magnitude, to —55.9 cm’l, while
changes in the in-plane coupling (J3) are much smaller. A further increase
in symmetry to Fm-3m causes only a modest further change in Jy, but Js
increases in magnitude to —58.9 cm™!. The dramatic increase in the
strength of the NNN couplings as linearity of the Ni-O-Ir bonds is
imposed supports a model where the 6 symmetry orbitals play a domi-
nant role in the exchange coupling.

4. Conclusion

LaSrNilrOg adopts a double perovskite structure in which Ni%* and
Ir>" are ordered in an ‘rock salt’ manner. NPD data indicate that LaSr-
NilrOg adopts a type II antiferromagnetic state below Ty = 70 K with an
ordered moment of 1.24 pp on each Ni site, and no observed moment of
the Ir sites. DFT calculations show that strong spin orbit coupling reduces
the local moment on the Ir>" centers so they are effectively diamagnetic
(Jeff = 0). Furthermore, calculations indicate that the dominant magnetic
coupling interaction is a Ni(3de ,yz)l—O(Zp)—Ir(dez ,yz)O—O(Zp)—
Ni(?;dxz,yz)1 exchange which is observed to strengthen as the Ni-O-Ir

Journal of Solid State Chemistry 315 (2022) 123477

bond angles tend to 180°, consistent with a 6-type exchange pathway.
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