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Distinct magnetic ground states of R2ZnIrO6 (R=La, Nd) determined by neutron powder diffraction
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Double-perovskite iridates A2ZnIrO6 (A=alkaline or lanthanide) show complex magnetic behaviors ranging
from weak ferromagnetism to successive antiferromagnetic transitions. Here we report the static (dc) and dy-
namic (ac) magnetic susceptibility and neutron powder diffraction measurements for A=La and Nd compounds
to elucidate the magnetic ground state. Below 10 K, the A=La compound is best described as canted iridium
moments in an antiferromagnet arrangement with a propagation vector k = 0 and a net ferromagnetic component
along the c axis. On the other hand, Nd2ZnIrO6 is described well as an antiferromagnet with a propagation vector
k = ( 1

2
1
2 0) below TN ∼ 17 K. Scattering from both the Nd and Ir magnetic sublattices was required to describe

the data, and both were found to lie almost completely within the ab plane. The dc susceptibility revealed a
bifurcation between the zero-field-cooled and field-cooled curves below ∼13 K in Nd2ZnIrO6. A glassy state
was ruled out by ac susceptibility but detailed magnetic isotherms revealed the opening of the loop below 13 K.
These results suggest a delicate balance exists between the Dzyaloshinskii-Moriya, crystal field schemes, and
d-f interaction in this series of compounds.
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A double perovskite with the general formula A2B′B′′O6

forms an ordered rocksaltlike structure when the B′ and B′′
ions are physically and/or chemically significantly different.
In general, the A site is occupied by an alkaline or lanthanide
cation, and B′/B′′ are transition-metal elements. This structure
is incredibly versatile, hosting a wide variety of ions on the
A, B′, and B′′ sites. The interplay between crystal structure,
orbital and spin degrees of freedom, and electron-lattice cou-
pling leads to a diverse range of physical properties from
metal-insulator transition [1] to multiferroicity [2] and a large
magnetoresistance effect [3] to photolysis [4]. For a single
magnetic B′-/B′′-site compound, the superexchange coupling
between two nearest cations through intermediate oxygen
takes part in the magnetic order. Generally, when the A site is
occupied by a magnetic cation, the trivalent lanthanide orders
at a lower temperature than the transition-metal sublattice
[5,6]. Recently, double perovskites with Ir ions at the B′′ site
have attracted much attention [5,7–13] due to the relatively
large spin-orbit coupling (SOC) of the Ir4+ ion, which may
lead to novel phenomena such as the SOC-driven Mott insu-
lator [14] and complex magnetism [15–17]. Some A2B′IrO6

have been synthesized, but the magnetic ground states are
still not well understood. La2MgIrO6 shows antiferromagnetic
behavior below TN = 12 K [7]. Isovalent substitution of Zn
for Mg results in a different magnetic ground state, where
the magnetic susceptibility increases substantially below 10 K
and hysteresis is observed in magnetic isothermals below this
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temperature, suggesting a ferromagnetic component to the
magnetic structure [7]. More recent studies on small single
crystals suggested a canted antiferromagnetic state with a net
moment along the crystallographic b axis [18]. Introducing
rare-earth moments on the A site gives rise to complex mag-
netic properties [12], and in Nd2ZnIrO6 two transitions have
been observed in the magnetic susceptibility below ∼17 K.
Preliminary neutron powder diffraction (NPD) measurements
exist for these compounds, but a reliable model to explain the
materials with two magnetic sublattices has so far eluded sci-
entists. The relatively large neutron absorption by Ir ions and
their comparatively small magnetic moment limit the statistics
and reduce the uniqueness of models.

In this paper, we perform NPD measurements, as well
as bulk dc and ac magnetic susceptibility measurements on
polycrystalline La2ZnIrO6 and Nd2ZnIrO6, in order to in-
vestigate the static magnetic ground state. La2ZnIrO6 forms
a canted antiferromagnetic structure where the moments are
constrained within the bc plane with a finite ferromagnetic
component along the long c axis. This result differs from the
earlier neutron diffraction and first-principles calculations that
did not detect a ferromagnetic component [7]. Our results
are similar to, but also inconsistent with, the single-crystal
magnetization data that found the easy axis along the crys-
tallographic b axis [18]. Substituting the nonmagnetic La3+

with the magnetic Nd3+, we found long-range antiferromag-
netic order below 17 K in Nd2ZnIrO6. Data at 1.8 K are
described well as an antiferromagnet with the moments (Nd
and Ir) lying almost exactly within the ab plane and with no
net moment. Interestingly, only one transition was detected
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FIG. 1. Rietveld refined patterns from R2ZnIrO6. These high-
resolution data were collected at room temperature on the D2B
diffractometer. The lattice parameters are a = 5.5906(2) Å, b =
5.6871(2) Å, c = 7.9312(2) Å, β = 90.00(1)◦ for (a) the R = La
sample and a = 5.4697(2) Å, b = 5.7313(2) Å, c = 7.8058(2) Å,
β = 89.97(1)◦ for (b) the R = Nd sample. A small peak originating
from the cryofurnace has been excluded from the refinement in
(b), and the asterisk marks the peak originating from the Nd2Ir2O7

phase.

in both NPD and ac susceptibility measurements at TN ∼
17 K, while two are seen in the bulk static susceptibility.
The distinct ground states of these two double perovskites re-
veal the delicate balance between the Dzyaloshinskii-Moriya
interaction and d-f superexchange interaction within these
compounds.

Polycrystalline samples of La2ZnIrO6 and Nd2ZnIrO6

were prepared by the solid-state reaction method. Stoichio-
metric amounts of raw materials of La2O3, Nd2O3, ZnO, and
IrO2 were mixed and ground thoroughly in an agate mor-
tar. The powders were then pressed into pellets and sintered
between 900 ◦C and 1100 ◦C in air for about 20 days with
several intermediate grindings. Phase purity was checked by
x-ray diffraction (XRD) and NPD measurements. Magne-
tization measurements were performed using the vibrating
sample magnetometer (MPMS3, Quantum Design). The ac
susceptibility was measured in a physical property measure-
ment system (Quantum Design) with an ac excitation field
of 5 Oe. NPD measurements were performed at the Institut

Laue-Langevin (ILL) in Grenoble, France. High-Q-resolution
measurements, for crystal structure determination, were per-
formed on the D2B diffractometer with 1.594-Å neutrons
selected by a Ge(335) monochromator, while the D20 diffrac-
tometer produced a higher flux beam of 2.394-Å neutrons,
albeit with lower resolution suitable for magnetic structure
refinements. Approximately 7 g of samples were loaded into
annular vanadium cans to reduce the neutron flight path within
the sample, overcoming the high neutron absorption from
naturally abundant Ir. The La2ZnIrO6 sample was measured
on the D20 diffractometer for 10.25 h at 20 and 1.8 K. Due to
the stronger magnetic signal from the Nd2ZnIrO6 sample, 2-h
measurements at 1.8, 13.5, 15.1, and 19.3 K, were performed.
In addition, a series of 15-min measurements were carried
out while ramping the temperature at 0.1 K/200 s and 0.1
K/450 s between 1.8–12 and 12–20 K, respectively. These
data allowed the temperature dependence of the magnetic
peak intensities to be determined, which is proportional to
the magnetization squared. To determine the magnetic con-
tribution to the NPD, a high-temperature (paramagnetic) data
set was subtracted from that collected at lower temperatures.
Rietveld refinements were performed using the FULLPROF

software suite [19] together with SARAH for symmetry anal-
ysis [20].

Both XRD and NPD measurements indicate an impurity-
free phase for the La2ZnIrO6 sample, but a small amount
of Nd2Ir2O7 (about 0.1 wt %) was found in the Nd2ZnIrO6

sample. Refinement of the crystal structure confirms both
samples crystallize into a monoclinic structure with space
group P21/n (No. 14; see Fig. 1). In addition, NPD measure-
ments were able to investigate the presence of B-site disorder.
In La2ZnIrO6, this amounts to between 6(4)% from the D2B
measurement and 13(4)% from the D20 measurement, as will
be discussed later. Similar antisite disorder was found to be
negligible in Nd2ZnIrO6.

The temperature dependence of the magnetic susceptibility
and isothermal magnetization measurements are shown in
Fig. 2. For La2ZnIrO6, the magnetic susceptibility increases
abruptly below 10 K, concomitant with a splitting between the
zero-field-cooled (ZFC) and field-cooled (FC) magnetization
curves and hysteresis in the isothermal magnetization loop,
suggesting a weak ferromagnetic component in the ground
state. On the other hand, the Nd2ZnIrO6 sample shows a
more complicated path to the ground state. A broad peak can
be found at 17 K below which long-range antiferromagnetic
order is observed, but a second magnetic phase is revealed in
the splitting between the ZFC and FC magnetization curves
below 13 K. Note that the magnitude of the susceptibility
in Nd2ZnIrO6 is much smaller than that of the La2ZnIrO6

sample, although the net magnetic moment is larger [see
Figs. 2(a2) and 2(b2)] due to the much larger Nd3+ mo-
ment. These bulk results are consistent with those reported
in the literature [7,12]. The temperature dependence of the
real component of the dynamic susceptibility of Nd2ZnIrO6

is shown in the inset of Fig. 2(b1) when measured in a
zero dc field. These data reveal no dependence on excitation
frequency excluding a possible spin-glass-like origin of the
13 K anomaly in the static magnetization similar to that seen
in the double perovskite La2CoIrO6 by Song et al. [21]. In
order to study the magnetic phase below 13 K further, careful
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FIG. 2. Temperature dependence of the magnetic susceptibility and isothermal magnetization measurements for (a1) and (a2) La2ZnIrO6

and (b1) and (b2) Nd2ZnIrO6. The susceptibility was measured with a field of 1000 Oe. The temperature dependence of the magnetic peak
intensity, measured on D20, is also shown in (b1), where the 13 K transition is absent. The inset in (b1) shows the real component χ ′ of the
zero-field ac susceptibility with frequencies of 13, 113, 1333, 5330, and 9918 Hz. The top inset in (b2) is an enlargement of the low-field region
measured at 2 K (blue), 8 K (cyan), 10 K (magenta), 12 K (wine), and 14 K (green). The bottom inset shows the temperature dependence of
the coercive field Hc.

magnetic isotherms were collected around this temperature
up to 7 T. Unlike La2ZnIrO6 [Fig. 2(a2)], in which an anti-
ferromagnet develops a ferromagnetic component and a loop
opens up around the origin below the critical temperature, in
Nd2ZnIrO6 below the high-temperature transition no gap is
seen in the magnetization loops, consistent with a simple an-
tiferromagnet. However, below the second transition at 13 K,
the loops take on a S shape, typical of a metamagnet, and on
closer inspection [top inset in Fig. 2(b2)] a small gap opens up
around the origin, suggestive of a ferromagnetic component to
the ordering, similar to that in La2ZnIrO6.

In order to determine the underlying magnetic structures
for both compounds, we have performed NPD measurements
on the high-flux D20 diffractometer at the ILL in the absence
of a magnetic field. Atomic structure refinements were per-
formed at 20 K in the paramagnetic state, allowing the scale
factors to be determined and fixed for subsequent magnetic
structure refinements. All measurements were performed after
cooling in zero field. We first concentrate on the La2ZnIrO6

sample, where the magnetic peaks can be indexed with a k =
0 propagation vector using the K-SEARCH program. These data
and the magnetic structure refinements confirmed the Zn/Ir
mixing (B-site disorder) previously observed in the crystallo-
graphic data collected on D2B. Magnetic symmetry analysis
of the Ir1 moment (2c site) and the cation-disordered Ir2
moment on the Zn position (2d site) with the monoclinic space
group P21/n shows that the reducible magnetic representation
is decomposed into two irreducible representations (IRs) as
� = �1 + �3. The basis vectors (BVs) for each IR can be

found in the Supplemental Material (SM) in Table S1 [22].
The magnetic intensities can be well described by the IR �3.
As can be seen from Fig. 3, a B-site ordered model results in
a poorer fit and RB value compared to the B-site disordered
model. Note that in order to have the same magnitude of mag-
netic moment at the Ir1 and Ir2 atoms, the degree of disorder
obtained from the magnetic refinement is ∼13(4)%, which is
slightly larger than the 6(4)% found from the D2B refinement.
The obtained magnetic structure is shown in Figs. 4(a) and
4(b). The magnitude of the moment is 0.87μB/Ir at 1.8 K,
and the Ir moments are lying predominately within the bc
plane with μb = 0.403(7)μB and μc = 0.773(8)μB at B′′
and μb = 0.30(5)μB and μc = 0.82(5)μB for the Ir that has
accidentally substituted for Zn on the B′ site. As can be seen,
there is a canting of these spins resulting in a net moment
along the c axis, which explains the ferromagnetic component
observed by bulk magnetic susceptibility measurements [see
Fig. 2(a2) at base temperature]. Single-crystal magnetization
measurements led Han et al. to conclude that the b axis was
the easy axis [18], which would correspond to the IR �1.
However, the IR �1 does not describe our neutron data (see
Fig. S1 in the SM [22]). Also incompatible with our data, Cao
et al. suggested that the moments lie within the ab plane by
local-density approximation + U calculations [7], which need
to be revisited in light of our conclusions.

As mentioned above, the static magnetic susceptibility
suggests a different magnetic ground state for Nd2ZnIrO6

compared to La2ZnIrO6. Additional magnetic peaks can be
observed below TN ∼ 17 K, which can be indexed with a
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FIG. 3. Rietveld refinement of the magnetic diffraction from
La2ZnIrO6 at 1.8 K. A paramagnetic data set, taken at 20 K, has
been subtracted to remove the scattering from the crystal lattice. The
calculated patterns are according to the IR �3 with (a) a perfectly
ordered B-site model and (b) a B-site disordered model where the
best model found 13(4)% site substitution between Zn and Ir ions.
Red dots: experimental data; black curve: calculated data; vertical
bars: magnetic peak position; blue curve: difference between the
experimental and calculated data.

FIG. 4. Magnetic structure of (a) and (b) La2ZnIrO6 and (c) and
(d) Nd2ZnIrO6 viewed along different directions. The Ir moments
have been enlarged for clarity. Note that the smaller Ir2 moments in
(a) and (b) are visualized taking into account the partial occupation
effect.

propagation vector k = ( 1
2

1
2 0), consistent with an earlier

report [12]. The temperature dependence of the integrated
peak intensity at 2� ∼ 25.1◦ monotonically increases as the
temperature is lowered through TN, and no anomaly is seen at
13 K, where bulk magnetic susceptibility reveals a splitting of
the ZFC and FC curves [see Fig. 2(b1)].

Symmetry analysis of the Nd ions at the 4e site and Ir
ions at the 2c site with the propagation vector k = ( 1

2
1
2 0)

shows that the reducible magnetic representations decompose
as follows:

�Ir = �1 + �3, (1)

�Nd = �1 + �2 + �3 + �4. (2)

The corresponding BVs are listed in SM Tables S2 and S3
[22]. As pointed out by an earlier report [12], half of the mag-
netic moments are not ordered for either of these IRs, and a
combination of the two IRs is required in order to form a fully
ordered state. In addition, if a coupling exists between the
two magnetic sublattices and the magnetic transition is second
order in character [23], both sublattices should order under
the same IR. An earlier report [12] determined the ordering
of the Nd3+ moments, but Vogl et al. were not able to resolve
the ordering of the Ir4+ moments due to insufficient statistics.
Using the high-flux diffractometer, D20, at the ILL, we are
able to solve the magnetic structure of this compound, which
must include static moments on both the Nd and Ir sublattices
to describe the data well. Consistent with the high-resolution
neutron diffraction data, no antisite disorder was required to
describe these data.

As can be seen from SM Table S2 [22], only one solution,
i.e., �1 + �3, is possible. The best refinements with Nd and
Ir sublattices ordering under �1 + �3 are shown in Fig. 5. Fo-
cusing on the low-intensity peaks in the right panels of Fig. 5,
it is clear that a model with only the Nd sublattice ordering
cannot account for the peak intensities around 2� ∼ 40◦.
This is more apparent close to TN, where the sizes of both the
Nd and Ir moments are expected to be small and comparable,
producing a more significant interference effect, as observed
in the pyrochlore iridate Nd2Ir2O7 [16]. The refined magnetic
moments at 1.8 K are listed in Table I, and the magnetic
structure is shown in Figs. 4(c) and 4(d). The moments for
both Nd and Ir ions prefer to lie within the ab plane, in contrast
to the La2ZnIrO6 case.

The value of the Nd moment is much smaller than the
free-ion value (gJ = 8/11, J = 9/2), presumably due to the
crystal electric field effect, as observed in similar compounds
[24]. It can be seen in Table I that although both magnetic sub-
lattices develop concomitantly, the Nd moment at 15.1 K (2 K
below the transition temperature) is only 39% of that at 1.8 K,
while the Ir moment is already 72% of the low-temperature
value by 15.1 K. This observation suggests the Ir sublattice
is the driving force of the magnetic ordering. The obtained
antiferromagnetic structure has zero net moment along any
crystallographic direction; thus, the origin of the weak fer-
romagnetic component seen in static magnetic susceptibility
and FC/ZFC splitting measurements is still a puzzle. This
bulk susceptibility character seems to be ubiquitous in the
iridates. The pyrochlore iridates show all-in/all-out magnetic
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FIG. 5. Rietveld magnetic refinement of the difference pattern at various temperatures for Nd2ZnIrO6 according to IR �1 + �3. The left
panels show the refinement results with perfectly ordered Nd and Ir sublattices, and the right panels highlight an expanded region of low
peak intensities, comparing our best model and that with only the Nd sublattice ordering. Red dots: experimental data; black curve: calculated
data; vertical bars: magnetic peak position; blue curve: difference between the experimental and calculated data. A small angular range around
2� = 62◦ was excluded from the fits due to contamination from the atomic scattering that did not subtract well.

structure with zero net moment, whereas the static magnetic
susceptibility also shows the bifurcation below TN and was
attributed to the formation of antiferromagnetic domain walls
[25–27]. One difference is that the bifurcation occurs at TN for
the pyrochlore iridate, while it appears at lower temperature
for Nd2ZnIrO6. Another possibility is a subtle change in the
magnetic symmetry at this temperature, which could result
in a small net moment; this was not detected in our current
study but may require higher-resolution, single-crystal mag-
netic structural refinement studies. The former scenario would
correspond to a phase separation, while the latter would occur

within one phase. Future studies using a local probe would be
helpful to elucidate this point.

To conclude we have determined with the aid of neu-
tron powder diffraction and symmetry analysis the long-range
magnetic structure of La2ZnIrO6, albeit with approximately
1
8 disorder on the B site. This simple k = 0 structure has a
net moment along the c axis. Further studies are needed to
elucidate the role of site disorder in these findings. Adding
Nd3+ with a magnetic moment to the rare-earth site results in
a significant change in the chemistry and bulk magnetic prop-
erties. No crystallographic disorder was found in this sample,
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TABLE I. Moment size for the Nd and Ir ions at different tem-
peratures according to the best refinement assuming both sublattices
order under the same IR �1 + �3. The unit of the moment is μB.

1.8 K 13.5 K 15.1 K

μa 0.94(2) 0.47(2) 0.27(3)
μb 1.98(1) 1.10(1) 0.78(1)

Nd
μc 0.38(7) 0.24(4) 0.24(4)
|μ| 2.23(2) 1.22(1) 0.87(2)

μa −0.47(5) −0.41(4) −0.37(5)
μb −0.53(4) −0.40(3) −0.36(3)

Ir
μc 0.15(4) 0.10(3) 0.08(4)
|μ| 0.72(4) 0.58(4) 0.52(4)

and all moments are predominantly in the ab plane. The
iridium sublattice was found to drive the magnetic transition,

but the 5d-4f interactions are clearly important, increasing
the ordering temperature by 70%. Moreover, the single-ion
anisotropy of the Nd3+ ion probably govern the spin direction,
in this case rotating the preferred plane from the bc plane to
the ab plane.

Double perovskites have been shown to be an excellent
playground to investigate the interplay of spin-lattice and
electron degrees of freedom. With the wide array of chemical
diversity many double perovskites have also been shown to be
technologically relevant. We hope this study motivates others
to study Ir4+-based double perovskites where spin-orbit cou-
pling, on-site Coulomb interaction, and crystal field energies
are of comparable energy. For example, in Nd2ZnIrO6 the
isothermal magnetization curve at 2 K has the signature of a
metamagnetic transition at about 2 T which should be studied
in more detail, but this is true for many of the iridate-based
double perovskites [5].
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