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Shivani Sharma ,1,2,* C. Ritter ,3,† D. T. Adroja ,1,4,‡ G. B. Stenning,1 A. Sundaresan,2 and S. Langridge1

1ISIS facility, Rutherford Appleton Laboratory, Chilton Oxon, OX11 0QX, United Kingdom
2Jawaharlal Nehru Centre for Advanced Scientific Research, Jakkur, Bangalore 560064, India
3Institut Laue-Langevin, 71 Avenue des Martyrs, CS 20156, 38042, Grenoble Cedex 9, France

4Highly Correlated Matter Research Group, Physics Department, University of Johannesburg, Auckland Park 2006, South Africa

(Received 16 November 2021; accepted 11 January 2022; published 28 January 2022)

A polycrystalline sample of La2NiIrO6 has been synthesized and characterized using magnetization and
neutron powder diffraction to explore the magnetic ground state. Three anomalies are evident in the bulk
magnetization measurements at 28, 50, and 74 K, of which only the 74 K transition is associated with long-range
ordering of Ni2+ and Ir4+ spins. The neutron thermodiffractogram recorded between 1.5 and 90 K and Rietveld
refinements of the temperature difference data 1.5–90 K, 40–90 K, and 62–90 K confirm that both the Ni and
Ir moments order at the same temperature below 74 K. No change in the magnetic peak intensities or new
peaks have been found further below 50 and 28 K indicating that the spin structure remains the same down to
1.5 K. The magnetic propagation vector is k = (1/2, 1/2, 0) and the estimated magnetic moment values at 1.5 K
are μNi = 1.39(8)μB and μIr = 0.35(3)μB. Contrary to a recent publication by Ferreira et al. [Phys. Rev. Mater.
5, 064406 (2021)] on the same compound, the improved data quality allows now to ascertain the presence of
an ordered moment on the iridium sites. The magnetic structure proposed by Ferreira et al. is discussed and it
is shown that there are several magnetic structures compatible with the data but indistinguishable by neutron
powder diffraction methods.

DOI: 10.1103/PhysRevMaterials.6.014407

I. INTRODUCTION

Strongly correlated transition-metal oxides (TMOs) with
partially filled d orbitals have been the subject of extensive
investigations following the discovery of a variety of novel
physical phenomena and a diversity of new phases [1–5].
Among these TMOs compounds, iridium (Ir)-based materials
have very recently attracted considerable attention as the
Ir ion can adopt different valence states, i.e., Ir4+ (5d5,
S = 1/2), Ir5+ (5d4, S = 1), and Ir6+ (5d3, S = 3/2) and
thereby provides a tuning parameter for their physical
properties. Ir compounds often possess comparable energy
scales for the strong spin-orbit coupling (SOC), the on-site
Coulomb repulsion (U ), the crystal-field energy, the Hund
coupling (JH), the intersite hopping (thop), and the electronic
bandwidth (W ) which altogether affect in a variety of ways
the ground state in these systems. Due to the fascinating
physics and the possibility of tuning the ground state,
iridates are interesting materials to study the various novel
phases which originate from the spin-orbit entanglement
combined with the crystal field. Iridium compounds with
Ir4+ in IrO6 octahedral environment host for example various
captivating phenomena as revealed by experimental and
theoretical results, such as Kitaev quantum spin liquid
behavior in Li2IrO3 and Na2IrO3 [6], the quantum spin
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Hall effect in Na2IrO3 [7], topological Mott insulator
behavior in Ir pyrochlores [8,9], the Weyl semimetal state
coexisting with noncollinear magnetic order in Y2Ir2O7 [10],
Jeff = 1/2 Mott insulators [11–13], axion insulators [10,14],
a half-metallic ferromagnet with the highest TC in Sr2CrIrO6

[15], and theoretically predicted superconductivity in
Sr2IrO4 [16].

One such class of materials which sees a significant role
of Ir in determining the magnetic and transport properties is
formed by iridium-based double perovskites with the gen-
eral formula A2BB′O6 with A = Ca, Ba, Sr, rare earth; B =
magnetic 3d/4d ions and nonmagnetic ions, such as Zn, Mg,
In; and B′ = Ir [17–22]. The ability of Ir to display different
oxidation states, through doping and substitution at the A
and B sites of the double-perovskite structure has resulted in
a rich variety of properties [23]. Although Ir4+ is the most
common oxidation state, Ir+3 has been found at the octahedral
site of double perovskites such as Sr2TaIrO6 and Sr2NbIrO6

[24]. A wide range of magnetic ground states observed in
the double perovskites range from antiferromagnetic (AFM)
to ferri- and ferromagnetic or short-range ordered spin-glass
states [25–28].

The Ir-based double perovskites having a 3d metal at the
B site have drawn special attention due to their interesting
properties originating from the interplay of the 3d ion having
strong electron correlation with the Ir ion where SOC plays
a major role in deciding the physical and chemical properties
[29–36]. In Ir-based double perovskites having IrO6 octahe-
dra, the Ir 5d levels split into eg and t2g levels under the
octahedral crystal electric field (CEF). Due to the strong SOC,
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the t2g levels further split into a quartet (Jeff = 3/2) and a
doublet (Jeff = 1/2) which plays a major role in deciding the
magnetic ground state and most of the transport and magnetic
properties in these oxides. In double perovskites having Ir
ions in the Ir+4 oxidation state, the 5d5 electrons fill the low-
lying quartet (Jeff = 3/2) and half of the doublet (Jeff = 1/2)
states leading to a Jeff = 1/2 Mott spin-orbit insulating state.
This leads to the interesting physical properties and magnetic
ground states with a reduced moment of Ir in these systems
[37]. The experimental observation by neutron diffraction of
the ordered low-spin Ir moment is notoriously difficult due
to its reduced moment value and due to the relatively strong
neutron absorption of iridium. Nonetheless, high-intensity
neutron powder diffraction (NPD) has recently been shown to
detect the small Ir4+ moments as found in, e.g., the pyrochlore
Nd2Ir2O7 [38].

In the present work, we report x-ray diffraction (XRD),
bulk magnetization, and detailed NPD results on La2NiIrO6

to elucidate the magnetic ground state. Based on the Rietveld
refinement of high-intensity neutron powder diffraction data,
La2NiIrO6 is found to undergo an AFM transition below
74 K with additional anomalies at low temperatures visible in
the magnetization data, consistent with the literature [39]. The
Rietveld refinement of the data reveals various possible mag-
netic ground states in La2NiIrO6, which are indistinguishable
by NPD. Recently, Ferreira et al. [36], have presented a spin
configuration for La2NiIrO6 which, as shown by this work,
represents only one of the possible solutions. The presence of
an ordered iridium ordering at the same temperature as the Ni
moment can now be ascertained.

II. EXPERIMENT

A polycrystalline sample of La2NiIrO6 has been prepared
via a solid-state reaction route [29]. The starting materials
La2O3, NiO, and IrO2 are mixed and grinded in stoichiometric
ratio. The powder sample was calcined at 900 °C for 24 h
and 1100 °C for 48 h. The powder was pressed into 10-mm
pellets and the pellets were annealed at 1200 °C for 24 h.
The annealed pellets were then crushed into a fine powder
to check the phase purity via a Rigaku x-ray diffractometer
equipped with a Cu-Kα source. The DC and AC magneti-
zation have been measured as a function of temperature and
magnetic field using a superconducting quantum interference
device–vibrating-sample magnetometer. NPD measurements
have been performed on the powdered samples using the high-
intensity powder diffractometer D20 and the high-resolution
powder diffractometer D2B, both situated at the Institut Laue-
Langevin, Grenoble, France. Data were taken at 1.5 K and
room temperature on D2B while temperature-dependent data
were taken between 1.5 and 90 K on D20 using a ramp
speed of 0.1 K every 48 s. Data were recorded for 10 min
giving a temperature resolution of 1.25 K between adjacent
datasets. Long measurements of 3 h each were taken at
1.5, 40, 62, and 90 K. Rietveld refinement of the powder
XRD and NPD data have been performed using the FULL-
PROF suite of programs [40]. Symmetry analysis was done
using the program MAXMAGN of the Bilbao Crystallographic
Server [41].

FIG. 1. Rietveld refined room-temperature (a) x-ray diffraction
and (b) neutron powder diffraction patterns of La2NiIrO6.

III. RESULTS AND DISCUSSION

Rietveld refined room-temperature XRD and NPD patterns
of La2NiIrO6 are shown in Figs. 1(a) and 1(b). The refined
lattice parameters are detailed in Fig. 1(a). All peaks are well
indexed with the monoclinic space group P21/n, consistent
with the literature [23], and there is no sign of any impurity
phase.

Figures 2(a) and 2(b) display the zero-field cooled (ZFC)
and field-cooled (FC) DC magnetization curves measured for
La2NiIrO6 as a function of temperature and magnetic field.
The ZFC and FC curves measured at 500 Oe are shown in
Fig. 2(a) and the inset shows the ZFC curves measured by
applying 100 Oe, 500 Oe, 1 kOe, and 10 kOe fields.

As the sample is cooled from room temperature, a small
cusp appears at 74 K corresponding to the AFM ordering of
Ni2+ and Ir4+ moments as confirmed by the neutron diffrac-
tion study discussed below. In addition to this AFM ordering,
two additional anomalies are evident in the ZFC curve at 50
and 28 K, consistent with the magnetization results on single-
crystal samples of La2NiIrO6, which show two additional
magnetic transitions at roughly 30 and 60 K in the applied
field of 1 kOe that are suppressed in the applied of 10 kOe,
shown in Ref. [39]. A similar anomaly at low temperature
(54 K) has also been observed in La2CuIrO6 and has been
attributed to a weak ferromagnetic component [34], similar to
the Ru-based double perovskites where a weak ferromagnetic
component was expected [26,28]. With increasing applied
field, the two transitions at 28 and 50 K smear out and only
a broad peak can be seen in the ZFC curve measured at
10 kOe. The inverse susceptibility is plotted in the inset of
Fig. 2(b). The Curie-Weiss fit gives the value of the effec-
tive paramagnetic moment (μeff ) to be 3.38 μB/f.u. and the
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FIG. 2. (a) The ZFC and FC DC susceptibility of La2NiIrO6 as
a function of temperature measured with 500-Oe field. The inset
shows the ZFC curves measured with 100 Oe, 500 Oe, 1 kOe, and
10 kOe applied field. The arrows highlight the anomalies observed
as a function of temperature. (b) Magnetization isotherms recorded
at various temperatures. A clear hysteresis is observed at 2 K. The
inset shows the inverse susceptibility vs temperature curve and the
solid line shows the fit to Curie-Weiss behavior.

Curie-Weiss temperature θC to be −36 K. The value of μeff is
in close agreement with the spin-only value expected for Ni2+

(S = 1, μeff = 2.83 μB) and Ir4+ (S = 1/2, μeff = 1.73 μB)

FIG. 3. The AC susceptibility of La2NiIrO6 measured with 10,
107, and 307 Hz.

FIG. 4. Thermal neutron powder diffractogram recorded be-
tween 1.5 and 88 K showing the appearance of magnetic peaks at
about 74 K.

ions which is 3.32 μB. The isothermal magnetization curves
measured at 2, 60, and 300 K are displayed in Fig. 2(b). The
M vs H curves for 300 and 60 K are almost linear while
a small hysteresis is observed at 2 K which indicates that a
small ferromagnetic component exists at 2 K with dominating
AFM interactions. This agrees with the FC susceptibility data,
which reveal FM-type behavior [Fig. 2(a)].

Figure 3 exhibits the AC susceptibility behavior of
La2NiIrO6 measured with different frequencies. The tem-
peratures of all the anomalies are frequency independent as
highlighted by the arrows in the figure. The 74 K anomaly is
hard to see in the AC susceptibility data and can only be seen
in an enlarged view.

High-resolution NPD from D2B at 1.5 K confirm that the
monoclinic structure with symmetry P21/n remains the same
at low temperature. While the unit-cell a and c parameters
have decreased at 1.5 K [a = 5.5624(2) Å, b = 5.6205(2) Å,
c = 7.8805(3) Å] the b parameter expands slightly com-
pared to the room-temperature values. The high-intensity
temperature-dependent neutron diffraction data (Fig. 4)

FIG. 5. Temperature dependence of the (000)+k magnetic peak.
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FIG. 6. Neutron diffraction patterns recorded at 1.5 and 90 K
along with the difference curve (1.5–90 K) shown at the bottom using
the blue curve. The difference curve has been magnified by a factor
of 10.

reveals the appearance of new peaks (at, e.g., 2θ = 17.55◦,
24.9°, etc.) below about 74 K. All magnetic peaks can be in-
dexed with the propagation vector k = (1/2, 1/2, 0). It can be
noted that no new peaks appear below the other two magnetic
anomalies, i.e., 50 and 28 K. Furthermore, the temperature
variation of the magnetic peaks does not show any change
in position or intensity at these macroscopically determined
anomalies.

This is further illustrated in Fig. 5, where the temperature
dependence of the strongest magnetic peak (000+k ) is shown.
The increase in intensity is continuous below 74 K down to
20 K where the intensity plateaus down to 1.5 K without
showing any anomalies, as seen in the macroscopic magne-
tization data, at the temperatures 28 and 50 K.

This indicates that the magnetic structure does not change
over the whole temperature range below TN = 74 K down to
1.5 K. Figure 6 shows the NPD patterns at 1.5 and 90 K mea-
sured with increased statistics as well as the difference curve

1.5–90 K (plotted with a blue color line at the bottom) which
has been strongly magnified to allow a better visualization of
the new peaks appearing at low temperature.

Magnetic symmetry analysis was performed using the pro-
gram MAXMAGN of the Bilbao Crystallographic server. Only
one magnetic space group [2-Ps-1 (No. 2.7)] allows for the
presence of magnetic moments on the cation sites. Both the
Ni site on 2d (½ 0 0) and the Ir site on 2c (½ 0 ½) get split
under the action of the propagation vector. Each of the two
Ni and two Ir sites are allowed to have magnetic components
in the three unit-cell directions corresponding to the basis
vectors (BVs) (100), (010), and (001). As visible from Fig. 6
the magnetic scattering contributes only a very small part of
the total diffraction intensity, and a direct refinement of the
low-temperature data does not allow a sensible determination
of the details of the magnetic structure. Data taken with high
statistics at 90 K in the paramagnetic state have therefore been
refined using the crystallographic structure and the resulting
scale factor has been used for the subsequent refinement of
the temperature difference data sets 1.5–90 K, 40–90 K, and
6–90 K. Due to the splitting of both cation sites (2d for Ni
and 2c for Ir) there are in theory 12 independent parameters
available for the refinement of the magnetic structure. The
limited number of magnetic peaks does not allow a refinement
which gives all these 12 parameters simultaneously with the
result that the refinement diverges. Constraining the compo-
nents of the two Ni sites and of the two Ir sites to be the
same in absolute values stabilizes the fits. Testing the different
relative orientations of the magnetic components (BVs) in
(100), (010), and (001) directions within the two Ni sites
and relative to the couple of Ir sites leads rapidly to several
excellent refinements having identical goodness of fit values.
Figure 7(a) displays one of these refinements which all return
identical absolute values of the magnetic components and of
the total magnetic moments. The two Ni sites see 1.5 K com-
ponents of |μx| = 1.30(5) μB, |μy| = 0.22(6) μB, and |μz| =
0.43(22)μB and a total moment of μNi = 1.39 μB, while the
two Ir sites have |μx| = 0.14(6)μB, |μy| = 0.32(8) μB, and
|μz| = 0.14(24) μB giving μIr = 0.38 μB. The magnetic form

FIG. 7. (a) Rietveld refinement of the temperature difference data set 1.5–90 K with moments on both Ni and Ir sites; (b) the same assuming
no magnetic moment on the Ir sites.
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FIG. 8. Three different models of the magnetic structure which are all compatible with the refinement of the neutron data; see Table I.

factor of Ir4+ as published by Kobayashi et al. [42] has been
used for the refinements.

Three of these solutions are shown in Fig. 8, and
Table I lists the corresponding relative orientations of the
BVs. The corresponding mcif files are provided in the Supple-
mental Material [43]. Neutron powder data cannot distinguish
between these solutions as the magnetic reflections which
change intensity dependent on the model chosen are posi-
tioned at exactly the same 2θ values as, e.g., the (000)+k

and the (0−10)+k reflections which form the first magnetic
peak at 2θ = 17.5◦. Single-crystal data would be required
to differentiate between the possible models. Apart from the
three models shown in Fig. 8 and Table I there are three
further possible solutions which are created by applying a
phase shift of π on Ni2 and Ir2 or on Ni1 and Ir1. These six
solutions have identical values of RMag = 8.2 and χ2 = 6.1.
The model shown in Fig. 8(b) corresponds to the solution
presented in Ref. [36] if the component in the b direction is
ignored. Using our data, this solution returns notably poorer
agreement: RMag = 9.4 and χ2 = 7.6. The presence of an
ordered magnetic moment on the Ir site was not conclusively
answered in Ref. [36] as the determined value of 0.17(3) μB

was said to be at the detection limit of the measurement and a
zero moment on the Ir site could not be excluded. Figure 7(b)
demonstrates that ignoring the magnetic moment on the Ir site

results in a poorer refinement of our high statistics data with
differences clearly visible for several magnetic peaks and an
increase in RMag = 11.8 and χ2 = 11.7.

The question of the simultaneous onset of magnetic order
on both cation sites can be answered by looking at Fig. 9,
which shows the temperature dependence of the Ni2+ and
Ir4+ moments as determined using the high statistics differ-
ence datasets. The moment sizes decrease as the sample is
warmed towards TN = 74 K but even at 62 K, the Ir moment
is 0.24(5)μB and clearly measurable. The inset of Fig. 9 shows
a refinement assuming the absence of an ordered magnetic
moment on the Ir site. The same imperfections as seen in
Fig. 7(b) can be noted and indicate strongly that both cation
sites order simultaneously at TN.

A possible ferromagnetic component as indicated by the
field-cooled susceptibility data [Fig. 2(a)] and the isothermal
magnetization data at 2 K [Fig. 2(b)] cannot be inferred from
the NPD. This may be due to this component being induced
by the application of a magnetic field or/and the sensitivity
of NPD to a very small magnetic moment having k = 0 and
giving additional magnetic intensity only on top of the nuclear
peaks. The ferromagnetic moment seen in the FC suscep-
tibility data of La2NiIrO6 [Fig. 2(a)] can be calculated to
be approximately 7 × 10−3μB, a value which is significantly
below the detection limit for neutron diffraction.

TABLE I. Orientations of the three basis vectors in the three models presented in Fig. 8. The refined absolute values of the BVs (T = 1.5 K)
are identical for the three models.

Figure 8(a) Figure 8(b) Figure 8(c)

(100) (010) (001) (100) (010) (001) (100) (010) (001)

Ni1 on ½ 0 0 + − + + + + + + −
Ni2 on 0 ½ ½ + − + − − + − − +
Ir1 on ½ 0 ½ + + + + − + + − −
Ir2 on 0 ½ 0 + + + − + + − + +

Refined absolute values of the magnetic moments
μNi μIr

(100) 1.30(5) 0.14(6)
(010) 0.22(6) 0.32(8)
(001) 0.43(22) 0.14(24)
μB

a 1.39(8) 0.35(3)

aDetermined after setting the (001) components which have very large error bars to zero.
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FIG. 9. Temperature dependence of the magnetic moment of
Ni2+ and Ir4+. As the error on the magnetic components in (001)
direction is very large (see Table I for T = 1.6 K) this component
was set to zero for the refinements.

IV. CONCLUSIONS

The magnetism of the double-perovskite La2NiIrO6 has
been investigated using magnetization and neutron powder
diffraction measurements. Temperature-dependent DC mag-
netization measurements reveal three anomalies at 28, 50, and
74 K, out of which only the 74 K transition is associated
with the long-range ordering of Ni2+ and Ir4+ moments as
confirmed from the temperature-dependent neutron diffrac-
tion study. Using very high-intensity neutron diffraction data,

additional information on the magnetic structure of La2NiIrO6

is presented and compared to those reported by Ferreira
et al. [36]. Different relative orientations of the magnetic
components (basis vectors) in the (100), (010), and (001)
directions for the two Ni and Ir sites have been tested and
shown to lead to several excellent refinements with iden-
tical goodness of fit values. All solutions return identical
absolute values of the magnetic components and of the total
magnetic moments. Hence, all three components (at 1.5 K)
of the moment |μx| = 1.30(5) μB, |μy| = 0.22(6) μB, and
|μz| = 0.43(22) μB and a total moment of μNi = 1.39 μB for
the two Ni sites, and of |μx| = 0.14(6) μB, |μy| = 0.32(8) μB,
and |μz| = 0.14(24) μB giving μIr = 0.35 μB for the two Ir
sites can be determined unambiguously. The analysis of neu-
tron diffraction data at various temperatures demonstrates that
both the Ni and Ir moments order simultaneously at 74 K
and no changes in the magnetic structure are visible in the
temperature region where the magnetic data detected further
anomalies. This might be related to the limits of neutron
powder diffraction methods to detect very small ferromagnetic
components. Further single-crystal neutron diffraction mea-
surements and element selective resonance x-ray diffraction
measurements of La2NiIrO6 are essential to determine the
actual magnetic structure among the different solutions pro-
posed by powder diffraction methods and to study a possible
additional spin canting at low temperatures.
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