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We report on the interplay of 3d- and 5d-sublattice magnetism in polycrystalline samples of the double
perovskite substitution series La,Zn;_,Co,IrO¢. Powder x-ray diffraction reveals no major structural changes
within the series. In magnetization measurements, a gradual shift of the transition temperature from Ty ~ 91 K
for the Co parent compound to Ty = 8.7 K for the Zn parent compound is observed. The data on the Zn-rich
members of the substitution series indicate that this is accompanied by changing roles of the 3d sublattice of
Co?* and the strongly spin-orbit coupled 5d-sublattice of Ir** with its j.; = 1/2 ground state, as a function of the
Co/Zn ratio. Temperature-dependent specific-heat studies revealed a reduced magnetic entropy, pointing towards
a large spin-orbit coupling and orbital contribution in the system.
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I. INTRODUCTION

In recent years, transition metal oxides with 4d and 5d ele-
ments have drawn great interest due to their unique combina-
tion of crystal-field splitting, large spin-orbit coupling (SOC),
and Coulomb repulsion [1-3]. The competition between these
different energetic contributions can lead to exotic ground
states such as Mott insulators, topological insulators, topolog-
ical superconductors, and Weyl semimetals [2,4-7]. Iridates
with Ir** states in particular have shown interesting features.
The jegf = 1/2 ground state, caused by the aforementioned
interactions, has been the subject of many recent research
activities, e.g., the search for unique magnetic phases such
as quantum spin liquids [8-10].

Another intriguing field in which to study unique magnetic
behavior has been perovskite-structure-type materials with the
universal formula ABOj3. In general, the perovskite structure
is built up by corner-sharing BOg octahedra. The A cations
occupy the space in between the octahedra. Simple perovskite
materials have received research interest mainly due to their
intriguing multiferroic properties [11-14]. In the double per-
ovskite structure, two different B cations are present, leading
to the general formula A,BB’'Og. An important aspect of the
crystal structure is the B-site cation ordering. In the most
common “rock-salt”-structure, BOg and B'O¢ octahedra are
alternating, although compounds with layered or columnar
order are also known [15]. As the most common A cations, e.g.,
La3* and alkaline earth metal ions, are nonmagnetic, the mag-
netic properties of these materials are determined by the
B/B’ cations. In a “rock-salt”-ordered double perovskite, the
B and B’ sublattices can be viewed as two interpenetrating
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face-centered cubic (fce) lattices. In this case, a multitude of
different magnetic exchange interactions ranging from short-
range nearest-neighbor (B-B’) or next-nearest-neighbor (B-
B/B'-B') interactions to long-range B/B’-sublattice orderings
are possible. The interplay of these interactions can lead to
a variety of unique magnetic ground states [16-25]. Another
common feature in perovskites is the tilting of the octahedra
[26,27]. As an effect, the strong deviation of the B-O-B’ angle
from 180° can lead to anisotropic exchange interactions, such
as Dzyaloshinskii-Moriya interactions, allowing the formation
of canted spin structures [28,29].

In this paper, we discuss the case of double perovskites
with a 3d transition metal (Co*") on one B site and the
strongly spin-orbit coupled 5d transition metal Ir** on the
2nd B position. Additional to its spin-contribution, Co** is
known to have a significant orbital moment [30,31]. La, ColrOg
has been recently investigated by Narayanan et al. [19]. It
shows a ferromagnetic-like transition at 98 K. X-ray magnetic
circular dichroism-studies by Kolchinskaya et al. revealed
that the microscopic magnetic ordering is a canted antifer-
romagnetic (CAFM) order of the Co sublattice, leading to a
net-ferromagnetic moment, to which the jer = 1/2 moments
of the Ir** ions align antiferromagnetically. A contribution of
interactions within the Ir-sublattice to the overall magnetism
of the compound was not observed [20].

However, when Co”" is replaced by nonmagnetic Zn>*
in LayZnlrOg, the Ir-sublattice magnetism can be directly
investigated. The ionic radii of the two 3d transition metals
are very similar (rys—_coq = 0.745 A; rzaan = 0.74 A)
[32] and both compounds crystallize in the same space group,
monoclinic P 2;/n. Thus, the change of the Ir-Ir interactions
due to lattice changes can be presumed to be negligibly small.
Additionally, the equal oxidation state of Co>* and Zn>* means
that achange in the oxidation state of iridium, which would lead
to deviations from the j. = 1/2 ground state, is not expected.
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La,ZnlrOg shows a ferromagnetic-like transition at 7.5 K [21].
A recent study by Zhu et al. revealed that the underlying
magnetic order is cAFM. A second phase transition, which
the authors attribute to a change of the canting angle, can be
observed in magnetization measurements in low external fields
(H < 100 Oe) [22].

Based on the similarity of the crystal structures of
La;ZnlrOg and La,ColrOg, a comparison between the mag-
netism of both compounds leads to the conclusion that Ir-
Ir interactions must also be present in La,ColrOg, but are
overruled by the stronger Co-Co and Ir-Co interactions. In this
paper, we report on the synthesis of La,Zn;_,Co,IrO¢ and
investigate the changes of the magnetic properties when the
Co/Zn ratio is varied.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of the parent compounds
La;ZnlrOg and La,ColrOg were prepared by a conventional
solid-state reaction. For La,ZnlrOg, stoichiometric amounts
of Lay 03, ZnO, and IrO, were mixed, ground thoroughly in an
agate mortar, and heated to 600 °C overnight. Then the mixture
was reground and heated to 1050 °C, dwelled for three days,
and later cooled to 500 °C by 15°/h and subsequently cooled
to room temperature. Polycrystalline samples of La,ColrOg
were prepared from stoichiometric amounts of La;03, Co304
and Ir metal powder, which were mixed together, pelletized,
and heated to 1200 °C for 50 h with one intermediate grinding.
The mixed compounds La,Zn;_,Co,IrO¢ were prepared from
stoichiometric amounts of La;03, ZnO, Co3;04, and IrO,
that were mixed, ground, and pressed to pellets. The pellets
were placed in an alumina crucible and heated to 1100°C
with a dwelling time of 60 h, followed by cooling the furnace
to 500°C with a cooling rate of 15°C/h, and subsequently
furnace-cooled to room temperature.

For the structural analysis, x-ray diffraction measurements
were carried out in the transmission mode on a StoeStadi-
Powder diffractometer with Mo-Ke; radiation. Rietveld re-
finement was performed using the FullProf software package
[33,34]. Scanning electron microscopy (SEM) and energy
dispersive x-ray spectroscopy (EDXS) were performed on a
nanoSEM by FEI. The analysis was carried out on pressed
powder pellets. Magnetic measurements were performed using
a Quantum Design MPMS-XL SQUID magnetometer. Field-
cooled (FC) measurements were done in the cooling mode.
Specific-heat measurements were performed using a heat-
pulse relaxation method in a Physical Properties Measurement
System from Quantum Design.

III. RESULTS AND DISCUSSION

A. Crystal structure

X-ray powder diffraction confirms that all synthesized
compounds are obtained phase pure. In particular, no signs of
remaining starting materials are visible. Both La,ZnlIrO¢ and
La;ColrOg crystallize in the monoclinic space group P 2;/n
(space group #14), which is in agreement with earlier reports
[19-21]. This space group is indicative for a double perovskite
structure with octahedral tilting following the Glazer notation
a~a~ct [35].
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FIG. 1. Selected example illustrating the Rietveld refinement for
LaZZn043C00,7IrOO.

Powder x-ray measurements on the intermediate com-
pounds La;Zn;_,Co,IrO¢ reveal no major structural changes
within the series as the space group remains unchanged.
Rietveld refinements were performed for all samples. Figure 1
shows the pattern and refinement of La;Zng3Co¢7IrOg as
a representative example. Refined parameters were lattice
constants as well as atomic positions. Anti-site disorder was not
investigated as the presence of three different B cations did not
allow a distinguished refinement of the site occupancies for all
transition metals. All refinements reached a fit quality of x2 <
2.2.Itis important to notice that the double perovskite structure
remains intact over the whole substitution series. Hence, Ir**
is octahedrally coordinated in all reported compounds, which
means that the jer = 1/2 state, which requires local cubic
symmetry, can be assumed to be unaffected by the substitution.
Figure 2 shows the evolution of the derived cell parameters.
Very small changes of less than 1% are observed, as expected
from the almost equal ionic radii of Zn>* and high-spin
Co?*. The unit cell volume shows an approximately linear
decrease from the Zn parent compound to the Co parent
compound following Vegard’s law as shown in Fig. 2 (bottom)
[36].

B. SEM and EDXS

A compositional analysis was carried out by SEM equipped
with EDXS. SEM pictures of all compounds—one example
for x = 0.6 is shown in Fig. 3—were taken with a secondary
electron-detector, showing the topography of the sample,
and a backscattered electron-detector (BSED), displaying the
chemical contrast. A comparison of the topography and the
chemical contrast images confirms the chemical homogeneity
of the samples, as color differences in the BSED pictures can
be attributed to the rough sample surface. This was also cross-
checked by EDXS. A comparison of nominal and measured Zn
and Co contents for all compositions is shown in Fig. 4. Small
deviations from the nominal composition can be attributed to
the rough sample surface, leading to an unequal excitation of
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FIG. 2. Evolution of cell parameters a, b, ¢ (top) and cell volume V
(bottom). Only small changes in a, b, and ¢ are observed. V decreases
approximately linearly towards high Co-contents. The error bars give
an estimate on the combined error of measurement and Rietveld
refinement. The line serves as guide to the eye.

the elements. Furthermore, the small standard deviations of
the values measured at different points of the samples indicate
a good homogeneity. In total, the EDXS data point towards
full miscibility and a successful formation of the targeted
compositions.

C. Magnetic properties

The temperature-dependent magnetization for La,ColrOg
(Fig. 5) is in good agreement with earlier reports [19,20]. In the
FC curve, a ferromagnetic-like transition is observed at Ty ~

30um

FIG. 3. Topography (left) and chemical contrast (right) images of
L32ZHO‘4C00'()II'O6.
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FIG. 4. Confirmation of the gradual Co/Zn ratio change in
La;Zn,_,Co,IrO¢ by EDXS. Error bars indicate the statistical error
as a measure of sample homogeneity. The lines show the expected
values for the nominal composition.

90 K (all transition temperatures have been determined using
the second derivative method, i.e., the transition temperature is
defined as the inflection point of the curve). As the Co sublattice
reportedly plays the major role in this behavior, dilution of
the magnetic 3d ions by nonmagnetic Zn>* can be expected
to strongly influence the magnetic properties of the system.
Indeed, in the magnetization data for La;Zn;_, Co,IrOg, a shift
of Ty towards lower temperatures is observed with decreasing
Co content, as shown in Fig. 5. Notably, the shape of the
curve remains unchanged for 1 > x > 0.3, indicating that
the underlying magnetic order is still similar to the one of
La,;ColrOeg, in the sense that the magnetic ordering of the Co
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FIG. 5. Field-cooled magnetization of La,Zn;_,Co,IrOg at 0.3 T.
The magnetic transition is shifted to lower temperatures as the Co
content decreases.
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FIG. 6. Field-cooled magnetization for the Zn-rich samples of
La,Zn,_,Co,IrO¢ (x = 0, 0.033, 0.067, 0.1) at 0.3 T. A gradual
suppression of the magnetic moment with increasing Co content is
observed.

sublattice remains dominant even in highly diluted samples
with Co contents down to 30%. For La,Zng §Cog »IrOg, a broad
transition is observed. Using the second derivative method
to determine the transition temperature leads to Ty = 9 K,
close to the value known for the Zn parent compound. But an
onset in the magnetization curve can already be seen at higher
temperatures around 20 K, indicating a remaining contribution
of the Co sublattice to the magnetization of this compound. For
La;Zng9Cop 1 IrOg and La,ZnlrOg, a sharp ferromagnetic-like
transition is observed at 7-9 K. This is in agreement with
earlier reports for the Zn parent compound [21,22]. Apparently,
for x = 0.1, the Co sublattice has been so much diluted
that its magnetism has almost vanished and is incapable of
influencing the Ir-spins. Therefore, the cAFM order known
from La,ZnlrOg seems to be already formed in the 10% Co
compound.

The magnetization at 7= 2 K and poH = 0.3 T decreases
over most of the series as the Co content decreases (Fig. 5).
Only the step from x = 0.2 to x = 0.1 and x = O leads
to an increase of the moment. To further investigate the
behavior of Co-poor samples, two additional compositions,
LaZZno_967C00_033Ir06 and La2Zn0.933C00,067IrO6, were syn-
thesized. Figure 6 shows the FC magnetization measurements
for 0.1 > x > 0. A general monotonous trend of a decreasing
moment with increasing Co-doping is evident. Considering
the cAFM ground state of La,ZnlrOg, there are two possible
explanations for this behavior. A change in the canting angle
of the Ir moments, induced by lattice changes upon addition
of small amounts of Co, could be the cause for the reduced
moments. A similar scenario has been explored in detail by
Gatimu et al. in Sr,Iry_, Ti, Oy4, in which structural differences
between the two end members, specifically a change of the
Ir-O-Ir bond angle, cause significant variations of the Ir-Ir
interactions and therefore in the magnetic properties of the
materials [37]. However, as no similar structural evolution as a
function of substitution can be observed in La;Zn;_, Co,IrOg,

another explanation has to be considered. It is possible that,
similar to the Co-rich samples, an antiparallel alignment of Co
and Ir spins is also present in the Zn-rich samples. In this case,
inverted roles of the Ir and Co sublattices can be suggested.
As the Co sublattice is strongly diluted, the Ir sublattice
plays the dominant role, and the isolated Co moments cou-
ple to the Ir magnetism antiferromagnetically, reducing the
overall magnetic moment of the samples as more Co is
added.

For the zero-field-cooled (ZFC) magnetization of
La;Zn;_,Co,IrOg, three regimes can be observed. The data
for 0.9 > x > 0.5 qualitatively resembles the curve shape for
La,ColrOg, while the transition temperatures are shifted to
lower temperatures [Fig. 7(a)]. This behavior gives another
hint that, for x > 0.5, the underlying exchange mechanism
resembles the one of La,ColrOg. For 0.4 > x > 0.2, a peak
is present in the ZFC curves just like in the Co-rich samples,
only further shifted to lower temperatures. Additionally, a
cusp appears below 15 K, close to the transition temperature
in La,ZnlrOg [Fig. 7(b)]. This can be assumed as a sign of
Ir-sublattice interaction, arising from the increased dilution of
Co?* by Zn*", which continuously weakened the Co-Co and
Co-Ir interactions, thus, allowing Ir-Ir interactions to leave
their mark on the system. Just like in the FC data, the data
of LayZn 9Cop 1IrOg (x = 0.1) strongly resembles the parent
compound La,ZnlrOg [Fig. 7(b)].

Field-dependent magnetization measurements were per-
formed on the parent compounds as well as on selected inter-
mediate compositions. Our data for the Co parent compound
(x = 1), taken at 2 K, is in good agreement with earlier
literature reports (Fig. 8) [19]. In particular, the steplike feature
in the hysteresis, that was observed by Narayanan et al., is con-
firmed. Narayanan et al. attribute this step to a field-dependent
change of the canting angle of the noncollinear magnetism in
La;ColrOg. As a representative for an intermediate compound
with high Co content, the data for La;Zng3Co071rO¢ (x =
0.7) are additionally shown in Fig. 8. The steplike shape of
the hysteresis curve is conserved, once again hinting at a
similar magnetic ground state as in La,ColrOg. Additional
measurements were performed at 40 K, a temperature well
below the Co-sublattice ordering (Ty =~ 90 K for x = 1;
Ty ~ 73 K for x = 0.7), but above the ordering temperature
of the Ir sublattice (Ty ~ 7.6 K). As can be observed in the
inset of Fig. 8, the step has disappeared. This hints towards a
combination of both magnetic sublattices being responsible for
the step, as it is only present at temperatures at which both the
Co and the Ir sublattice are magnetically active. This finding
also implies that the ordering of the Ir sublattice relative to
the Co moments in the Co-rich compounds occurs only at low
temperatures close to the Ir-sublattice ordering known from
LayZnlrOg.

Another indication that the step is caused by the presence
of two magnetic sublattices is the fact that no similar feature is
known for the Zn parent compound [21,22]. This is confirmed
by our data. Likewise, a step-free hysteresis at 2 K is found
for Co contents up to x = 0.3 (Fig. 9). In addition, the M(H)
data confirms the suppression of Ir moments as an effect of
Co doping into La,;ZnlrOg since a lower moment is measured
over the field range up to 7 T, when the Co content is gradually
increased from x = 0 to x = 0.3.
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FIG. 7. Comparison of field-cooled (FC) and zero-field-cooled (ZFC) magnetization for the parent compounds La,ColrO¢ (x = 1) and
La,ZnlrO¢ (x = 0) as well as selected intermediate compositions with x = 0.1, 0.3, 0.7, 0.8 at 0.3 T. The curves for high Co contents resemble
the one for La,ColrOg [19]. For x = 0.3, a kink appears at approximately T = 15 K. The curve for x = 0.1 resembles La,ZnIrOg.

D. Specific heat

The magnetic behavior of the La;Zn;_,Co,IrOg series was
further analyzed by specific-heat measurements as a function
of temperature and applied magnetic field. The curves for the
parent compounds (x =0 and x = 1) are shown in Fig. 10. For
La;ZnlrOg (x = 0), a magnetic transition occurs at Ty =8.7K
(determined from an entropy-conserving construction), which
is gradually suppressed and broadened by the application of a
magnetic field [Fig. 10(a)]. The double transition as observed
by Zhu et al. is much less pronounced for our sample and only
detectable for zero field [22]. Still, the behavior is consistent
with the one reported by Cao et al., showing a slight shift of the
transition to higher temperature in applied magnetic fields, in
accordance with the ferromagnetic moment from the cAFM or-
dering of this material [21]. For the Co-parent compound (x =
1), a transition is observed at Ty =~ 91 K in zero magnetic field,
which is broadened and slightly shifted to higher temperatures
by the application of magnetic fields up to 9 T [Fig. 10(b)].

The specific-heat coefficient C, /T of other representative
samples from the series is shown in Fig. 11. All the transition
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FIG. 8. Field-dependent magnetization of La,ColrO¢ and
La;Zng3Co¢71rOg at 2 K and 40 K (inset). The step in the hysteresis
disappears at elevated temperatures.

temperatures were determined using an entropy-conserving
construction. The samples with the Cocontentx =0.1 andx =
0.2—Fig. 11(a) — show magnetic transitions at Ty = 10.1 K
and at Ty = 9.3 K, respectively, with a suppression and a
noticeable shift in applied magnetic fields.

In agreement with the magnetization measurements, the
magnetic behavior for these samples still resembles the one for
the Zn parent compound. For the x = 0.6 sample [Fig. 11(b)],
the magnetic transition is detected near 66 K. It is worth notic-
ing that, in all cases, the transition is shifted to higher temper-
ature, showing that the rather strong ferromagnetic component
of the cAFM structure is maintained along the full series.

With the aim of calculating the magnetic contribution to
the specific heat for the samples with higher Co content (x =
0.6 and x = 1), the lattice contribution was subtracted from
the C,(T) data. The phononic background was taken from the
high temperature data of the Zn compound (x = 0, not shown),
whose magnetic transition lies well below those of the analyzed
x =0.6and x = 1 samples. Due to the differences between the
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FIG. 9. Field-dependent magnetization for the Zn-rich samples
of La,Zn,_,Co,IrO¢ (x = 0, 0.033, 0.067, 0.1, 0.3) at 2 K. Lower
g /fu. values are obtained when the Co content is increased.
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mass and volume of Zn and Co, the La,ZnlrOg specific-heat
curve was scaled to the Co parent compound by the Lindemann
factor 1.005 [18]. Since the difference between the scaling
factor for both x = 1 and x = 0.6 compounds is less than 0.3%,
the same factor was taken for both samples. It is known that
short-range magnetic correlations are present in La,ZnlIrOg up
to about 40 K [18]. As a consequence, the analysis could only
be performed in the temperature range of 40 K < T < 250 K.

The magnetic contribution to the specific heat for both
samples is plotted as Cpae/T in Fig. 12. A sharp magnetic
transition can be observed for both samples as well as some
non-negligible magnetic entropy for T > Ty, which hints
towards short-range magnetic correlations up to about 200 K.
This is similar to La,CulrOg, where short-range correlations
were observed via different methods up to high temperatures
[18]. The right scale in Figs. 12(a) and 12(b) shows the mag-
netic entropy Smag, Which was obtained by integrating Cpag /T
over T. The obtained values of Sy,s = 5.8 J/mol K (x = 0.6)
and Sy = 5.9 J/mol K (x = 1) are very close to each other,
and at the same time much lower than the expected values,
taking into account the S = 3/2 from Co’TandJeq = 1 /2 from
Ir**. For x = 0.6, Spae = 0.6 - RIn(2S¢, + 1) + RIn(2J;, +
1) =12.67 J/mol K, and for x = 1, Syyae = RIn(2S¢, + 1) +
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FIG. 11. C,(T)/T curves in zero field and under the application
of magnetic fields for the samples (a) x = 0.1, and x = 0.2 (inset), (b)
x = 0.6 (the small discontinuity at 85 K corresponds to a measurement
artifact). The dashed lines indicate the Néel temperature for zero field.

R1In(2J;, 4+ 1) = 17.28 J/mol K can be expected theoretically,
using a single-ion approach.

Due to magnetic correlations in the low temperature region
T < 40 K, for our reference compound La;ZnlrOg, some
magnetic entropy is missing in the calculated values for x =
0.6 and x = 1 in our analysis due to the missing phononic
background. Still, an approximate extrapolation of the Cyag /T
curves down to lowest temperature can be performed. We
roughly estimate that the missing entropy is of the order of
~1 J/mol K for the x = 0.6 sample and of ~0.7 J/mol K for
the Co parent compound, resulting in Sy, = 6.8 J/mol K and
Smag = 6.6 J/mol K, respectively.

Despite the limits of our phononic background, the entropy
reduction in both systems is evident. A probable scenario is
the existence of a large SOC (from Ir) and a large orbital
contribution/reduction (from Co) that the system experiences.
On the other hand, the magnetization measurements of the
samples with high Co content clearly indicated the comparably
small Ir-Ir interactions and, thus, magnetic contributions,
which are overruled by the stronger Co contribution. Thus,
the observed small values for the entropy could reflect the
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FIG. 12. Zero-field magnetic specific heat of the samples with
Co content (a) x = 0.6 and (b) x = 1, plotted as Cpye/T vs T (left
scale) and the calculated magnetic entropy Sy,(T) (right scale) in the
temperature range 40 K < T < 220 K. The kink at 85 K is due to the
same artifact observed in Fig. 11(b).

dominating Co*" entropy, which would be even more reduced
in combination with the first proposed scenario.

IV. CONCLUSION

Polycrystalline samples of La,Zn;_,Co,IrO¢ were suc-
cessfully synthesized. While structural changes are minor, a
strong dependence of the magnetic transition temperature on
the Co/Zn ratio was observed. The system shows non trivial
magnetism and a strong interplay of the Ir and Co sublattices
can be assumed. Both field-cooled and ZFC magnetization
measurements show signs of a transition from a 3d sublattice
dominated magnetic order to an independent order of the
5d sublattice for x < 0.2, in line with the fact that small
amounts of Co doping into La,ZnlrOg were found to suppress
the magnetic moment of the material. Specific-heat studies
on selected compounds confirm the transition temperatures
derived from the magnetization measurements. The calculation
of the magnetic entropy reveals an entropy reduction, which
points towards a large SOC and orbital contributions.

Taking the transition temperatures obtained from both the
magnetization measurements and the specific-heat studies, the
phase diagram of La,Zn;_,Co,IrOg has been mapped out, as
shown in Fig. 13. With lower Co contents, the paramagnetic
(PM) phase remains stable down to progressively lower tem-

100
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Co-content

FIG. 13. Phase diagram of La,Zn;_,Co,IrO¢ illustrating the
shift of the transition temperature between paramagnetic (PM) and
canted antiferromagnetic (cAFM) phases. Open squares represent
transition temperatures from magnetization measurements. Filled
circles represent transition temperatures from the specific-heat study.
The additions Co-dominated and Ir-dominated refer to cAFM orders
primarily caused by Co-Co or Ir-Ir interactions, respectively.

peratures before the system undergoes the transition towards
the cAFM state.

To fully understand the magnetic ground states present in the
intermediate compositions of La,Zn;_,Co,IrOg, further ex-
perimental and theoretical work is needed. A neutron-powder
diffraction study similar to the one done for La,ColrO¢ by
Narayanan et al. in Ref. [19] could, for example, shed light
on the evolution of the canting angle in the Co sublattice as a
function of dilution by Zn, as well as help to understand the
role of the Co moments in the suppression of the magnetism
in the Zn-rich samples. Detailed x-ray spectroscopy methods
like resonant inelastic x-ray scattering could also reveal more
information on the individual orderings of the two magnetic
sublattices and thus deepen the understanding of the interac-
tions between the 3d and the 5d magnetic ions.

Theoretical studies on the nature of magnetic exchange
interactions between 3d and 54 magnetic ions in double
perovskites have so far been done on osmates and rhenates
[38—40]. For iridates, the focus has been on double perovskites
with with Ir(V) states [41,42], as well as the Ir(IV) compounds
La;ZnlrOg and La,MglrOg, which possess a geometrically
frustrated fcc lattice of iridium as the only magnetic ion [43].
Further theoretical work on Ir(IV)-based double perovskites
with two magnetic sublattices could shed more light on the
intriguing phenomena observed experimentally in La,ColrOg,
as well as La,CulrOg and La,NilrOg [16-18].
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