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The field of double perovskites is now advancing to three magnetic elements on the A, B and B′

sites. A series of iridium-based double perovskite compounds, Ln2CoIrO6 (Ln = Eu, Tb, Ho) with
three magnetic elements were synthesized as polycrystalline samples. The compounds crystalize
in monoclinic structures with the space group P21/n. Magnetic properties of these hetero-tri-
spin 3d-5d-4f systems were studied by magnetic susceptibility and field dependent magnetization
in both DC and pulsed magnetic fields. All these compounds show ferrimagnetic transitions at
temperatures TC above 100 K, which are attributable to antiferromagnetic coupling between Co2+

and Ir4+ spins. For Eu2CoIrO6, the magnetic properties are similar to those of La2CoIrO6. The
Eu3+ spins show Van Vleck paramagnetism that don’t significantly interact with transition-metal
cations. By contrast, Tb2CoIrO6 and Ho2CoIrO6 reveal a second transition to antiferromagnetic
order below a lower temperature TN . The temperature-induced ferrimagnetic-to-antiferromagnetic
phase transition might be explained by a spin-reorientation transition. Moreover, a magnetic-field-
induced spin-flop transition with a small hysteresis was observed below TN in these two compounds.
The magnetic moment of all three compounds do not saturate up to 60 T at low temperatures.
Moderate magnetocaloric effect was also observed in all three compounds. Our results should
motivate further investigation of the spin configuration on single crystals of these iridium-based
double perovskites.

PACS numbers: 75.50Ee, 75.50.Gg, 75.50.Lk

I. INTRODUCTION

The A2BB′O6 double perovskite family is a focus area
of magnetic research due to a wide range of magnetic,
magnetocaloric and multiferroic properties that reflect
the design flexibility and interplay between charge, spin
and lattice in these materials. [1]. The magnetic phases
are controlled by the choice of magnetic or nonmagnetic
cations on A, B and B′ sites in these compounds. In
general, the A site is occupied by an alkaline or lan-
thanides (Ln) cation and B/B′ are transition metal el-
ements. For a single magnetic B/B′-site compound,
the superexchange coupling between two nearest cations
through intermediate oxygen takes part in the magnetic
order. In case of two magnetic B/B′-site cations, the
magnetic properties of A2BB′O6 is usually dominated by
the magnetic coupling between the local spin moments
on B and B′ sites. In these compounds, the ferromag-
netic (FM) ordering in the B and B′ cation sublattices
can be explained by the indirect B-O-B′-O-B exchange
interaction [2]. Moreover, it is possible to have magnetic
cations on the A site as well [3, 4], i.e. in Nd2NiMnO6,
where the transition metal cations Ni2+ and Mn4+ order
ferromagnetically to each other at 195 K, while the anti-
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ferromagnetic exchange between Nd3+ and the transition
metals arise at 50 K [5].

Another focus area for double perovskite research is
Ir4+ B or B′ cations. Ir4+ provides strong and un-
usual spin-orbit-lattice coupling due to the comparable
energy scales between spin-orbit coupling (SOC), on-site
Coulomb interaction and crystal field energies [6]. For
perfect octahedral symmetry, it is know that the 5d lev-
els of Ir should split into a t2g triplet and an eg doublet by
the crystal electric field. Then, the strong SOC lifts the
t2g orbital degeneracy to an effective Jeff = 1/2 dou-
blet (e′ level) and an effective Jeff = 3/2 quartet (u′′

level) [7, 8]. For Ir4+ (5d5), the t2g level splits into a
fully occupied u′′ level and a half-filled e′ level, result-
ing in a total Jeff = 1/2 state. In La2CoIrO6 (mono-
clinic structure; P21/n), X-ray magnetic circular dichro-
ism (XMCD) experiments confirm the valence states of
the magnetic cations are Co2+ and Ir4+ [9, 10], while dis-
tortions from perfect octahedral symmetry of the Ir4+ B′

site can create a deviation from the Jeff = 1/2 state.
The temperature dependence of magnetization reveals
magnetic order below TC = 95 K and the hysteresis
loops at low temperatures indicate the presence of fer-
romagnetic (FM)-like components [9–12]. Further stud-
ies have verified a ferrimagnetic (FiM) ground state in
which a weak FM moment of canted Co2+ spins is anti-
ferromagnetically coupled to Ir4+ cations with a negative
moment [9–11]. This is explained in terms of the orbital
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hybridization of the high-spin (HS) Co2+ t2g state and
the Ir4+ Jeff = 1/2 state. Recently, an interesting reen-
trant spin-glass magnetic behavior was observed in this
compound [12]. Naturally, magnetic A-site substitution
modifies the magnetic properties as well as the structure
of Ln2CoIrO6 double perovskites. Increased complexity
of the magnetism is expected with interactions of three
magnetic cations.

In this paper, we focus on the Ln2CoIrO6 (Ln = Eu,
Tb, Ho) family of double perovskites which is a hetero-
tri-spin 3d-5d-4f system. Polycrystalline samples were
synthesized. The symmetry of those double perovskites is
compatible with the P21/n space group. We performed
a systematic investigation of these compounds through
DC and pulsed magnetic susceptibility for the first time.
All these compounds show a FiM transition at a high
temperature TC , which are attributable to antiferromag-
netic (AFM) coupling between Co2+ and Ir4+ spins. In
Eu2CoIrO6, the Van Vleck paramagnetic (PM) Eu3+

cations don’t interact with the transition-metal cations.
Meanwhile the magnetic behaviors of Tb2CoIrO6 and
Ho2CoIrO6 show a temperature-induced FiM-to-AFM
phase transition and a field-induced spin-flop transition
below TN . A field up to 60 T is not enough to saturate
their magnetic moments at low temperatures. Moder-
ate magnetocaloric effect are observed around magnetic
transitions for all three compounds.

II. EXPERIMENTAL

Polycrystalline samples of a series of lanthanide cobalt
iridium oxides Eu2CoIrO6, Tb2CoIrO6 and Ho2CoIrO6

were synthesized using the conventional solid-state-
reaction method. Stoichiometric Eu2O3 (99.9 %), Tb4O7

(99.9 %), Ho2O3 (99.9 %), CoO (99.9 %) and Ir (99.9 %)
powders were mixed, ground, pelleted and sintered at
1100 ◦C, 1200 ◦C and 1270 ◦C for the first, second and
third sintering, respectively. Powder X-ray diffraction
(XRD) measurements were collected on a Rikagu X-ray
diffraction instrument. The XRD data were analyzed by
Rietveld refinement using the software MAUD [13]. Mag-
netization was carried out between 2 and 300 K using a
14 T Quantum Design Physical Property Measurement
System (PPMS) with a vibrating sample magnetometry
(VSM) option in applied DC magnetic fields and in a 7
T Magnetic Property Measurement System (MPMS) Su-
perconducting Quantum Interference Device (SQUID).
The pulsed field magnetization measurements up to 60
T were performed at NHMFL in Los Alamos, in which
the temperature down to 1.36 K was controlled with a
4He system. The pulsed field magnetization data were
calibrated against DC measurements.
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FIG. 1. (color online) (a) The structure of double perovskite
Ln2CoIrO6. Powder XRD patterns of (b) Eu2CoIrO6, (c)
Tb2CoIrO6 and (d) Ho2CoIrO6, shown in black. Red curves
show the calculated pattern of the main phase Ln2CoIrO6

with the space group P21/n. Extra minor peaks are from the
impurity phase, the calculated pattern shown in blue.
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III. RESULTS AND WORKING MODEL

A. Structure

Figure 1(a) displays the general structure of double
perovskite Ln2CoIrO6. The corner-shared CoO6 and
IrO6 octahedra alternate along three directions of the
crystal, which form two monoclinic sublattices. The Ln
cations occupy the voids between the octahedra. The
powder XRD patterns of Eu2CoIrO6, Tb2CoIrO6 and
Ho2CoIrO6 measured at room temperature are shown in
Fig. 1(b-d), which look very similar to that of Eu2NiIrO6

with the monoclinic structure [3]. For Eu2CoIrO6, Ri-
etveld refinement shows that this compound is a single-
phase system with the space group P21/n, based on the
Eu2MgIrO6 structure data [14]. For Tb2CoIrO6, in ad-
dition to the Tb2CoIrO6 phase, a minor impurity phase
of Tb11O20 (space group P 1̄ [15]) with a volume fraction
of 6% was found. Tb11O20 is AFM with a Néel tem-
perature of 5.1 K [16]. For Ho2CoIrO6, less than 8.6% of
Ho2O3 (space group Ia-3 [17]) was present in the sample.
Ho2O3 shows a second-order AFM transition with a Néel
temperature of 2 K [18]. Structural parameters of these
samples are listed in Table I. The cation radius decreases
in the following order: La3+ >Eu3+ >Tb3+ >Ho3+. The
Rietveld fitting results reveal that the monoclinic struc-
ture is more distorted as the size of the Ln cation be-
comes smaller. As can be expected, the structural dis-
tortion will result in a change of Co-O-Ir bond angles,
which correlate with the magnetic ordering temperature.

B. Magnetism

1. Eu2CoIrO6

Temperature dependent zero-field-cooled (ZFC) and
field-cooled (FC) DC magnetic susceptibility χ(T ) mea-
surements of Eu2CoIrO6 performed at 0.2 T are pre-
sented in Fig. 2(a). The derivative of the FC suscep-
tibility dχ/dT reveals a FM-like magnetic transition be-
low the Curie temperature TC = 105 K. Compared to
La2CoIrO6, the Eu substitution of La at the A site results
in a substantial shift of the TC to a higher temperature.
The large contrast between the ZFC and FC data indi-
cates the presence of FM-like components, which is con-
firmed by the hysteresis in Fig. 2(b). A plateau is clearly
observed below TC in the FC curve. A peak exists at Tp
= 85 K in the ZFC curve. Tp shifts to lower temperatures
with increasing the external magnetic field, which is not
shown here. 1/χ at high temperatures violates the linear
Curie-Weiss law. Instead, the magnetic susceptibility fol-
lows a modified Curie-Weiss law with χ = χ0+C/(T −θ)
above 160 K, where χ0 is a fitting term and arises mainly
from Eu3+, C is the Curie constant and θ is the Curie-
Weiss temperature. This form of susceptibility is consis-
tent with Van Vleck paramagnetism [19], which is often
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FIG. 2. (color online) Magnetic properties of Eu2CoIrO6. (a)
Temperature dependence of ZFC and FC magnetic suscepti-
bility χ(T ) = M/H at H = 0.2 T. Inset: inverse FC data
1/χ(T ). The blue solid line is the modified Curie-Weiss fit.
(b) Isothermal curves of magnetization verses DC magnetic
field at various temperatures. (c) Pulsed field magnetization
data up to 60 T at 1.36 K.

seen in europium containing compounds [3, 20, 21]. As
shown in the inset of Fig. 2(a), the fit gives a Curie-Weiss
temperature of θ = -5.3 K, however we note that in these
materials single-ion anisotropies and level splittings can
influence or even dominate the Curie-Weiss temperature,
in addition to AFM and FM interactions. The effective
moment µeff = 5.5 µB/f.u. is calculated with χ0 taken
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out. As shown in Fig. 2(b), the remanent magnetiza-
tion of Eu2CoIrO6 at 2 K is found to be 0.5 µB per
formula unit (f.u.) which is smaller than 0.7 µB/f.u. of
La2CoIrO6 at 5 K [12]. The step-like magnetic transi-
tion happens at Hc = 1.3 T in the initial hysteresis loop,
which has been observed in La2CoIrO6 [12].

As its behavior is similar to that of the reference com-
pound La2CoIrO6 [10, 12], we can hypothesis that the
PM Eu3+ doesn’t interact with the other two magnetic
cations, and the ground state of the Co2+ and Ir4+ is
FiM [9, 10]. The peak in the ZFC curve below TC and
the step-like magnetic transition in the M(H) curve are
characteristics of AFM-FM evolutions seen in similar ma-
terials such as Lu2CoMnO6 [22], and have also been at-
tributed to spin-glass-like states in La2CoIrO6 [12]. The
strong linear contribution beyond the hysteresis loop is
most likely due to the gradual field alignment of the
canted Co2+ and Ir4+ magnetic moments away from the
easy axis [11]. The effective moment of the HS Co2+ has
been reported to be 4.8 µB in related double perovskites,
which is higher than the spin-only value of 3.87µB due
to the partial unquenched orbital contribution [23]. The
effective moment of Ir4+ was reported to be 1.3 µB in
La2MgIrO6 [3]. Therefore, the AFM coupling of Co2+

and Ir4+ should result in a saturated spin moment of 3.5
µB/f.u., neglecting the paramagnetism of Eu3+. How-
ever, as shown in Fig. 2(c), M does not saturate even up
to 60 T. M(H) varies almost linearly with increasing field
and reaches 3.37 µB/f.u. at 60 T. Since the Co2+ spin
is not fully aligned at 60 T, the effective moment of Ir4+

should be less than 1.43 µB . Nevertheless, Kolchinskaya
et al reported an unusually large total magnetic moment
0.38 µB/f.u. for Ir4+ in La2CoIrO6 by XMCD [9]. In this
case, the saturation moment of Co2+ and Ir4+ should be
4.42 µB/f.u., which needs to be confirmed by measure-
ments in higher magnetic fields. Thus, the effective mo-
ment of Ir4+ should be in the range of 0.4-1.4 µB/f.u. in
these double perovskites.

2. Tb2CoIrO6

Fig. 3(a) displays the temperature dependence of sus-
ceptibility of Tb2CoIrO6. 1/χ above 185 K is well fitted
by the Curie-Weiss expression, χ = C/(T − θ). We re-
port a Curie-Weiss temperature of -7.1 K, however as
noted previously this temperature can be strongly influ-
enced by factors besides magnetic exchange interactions.
The effective magnetic moment of Tb2CoIrO6 obtained
by the fitting is µexpeff =

√
3kBC = 14.70µB/f.u., where

kB is the Boltzmann constant. The expected moment of
Tb3+ is 9.72 µB , calculated by µTb = gTb

√
JTb(JTb + 1)

where gTb is the Landé g-factor. Based on the value of
µIr determined above, the expected effective moment of
Tb2CoIrO6 can be calculated to be 14.57-14.63 µB/f.u.

according to µeff =
√

2µ2
Tb + µ2

Co + µ2
Ir, which is close

to but slightly less than the value obtained experimen-
tally. A sudden jump at TC = 117 K signals the onset

of a FM-like ordering. The hysteresis below 100 K in
Fig. 3(c) could be explained by the FiM ordering due to
the AFM coupling between the canted Co2+ and Ir4+ as
was suggested for La2CoIrO6 and for Eu2CoIrO6. The
ZFC and FC curves also separate below TC with a peak
at 82 K in the ZFC curve, similar to Eu2CoIrO6 and
La2CoIrO6. As shown in Fig. 3(c), it is clear that the
remanent moment and the coercive field increase with
decreasing temperature from 100 to 60 K. Beyond the
FiM hysteresis, the magnetization increases nonlinearly
with increasing field, indicating a component of param-
agnetism of Tb3+.

As the temperature decreases further, a downturn oc-
curs clearly at 56 K in the FC curve. Moreover, an AFM
transition is signified by a kink in the ZFC curve around
10 K. Since the spins of magnetic rare earth cations usu-
ally order at low temperatures, the magnetic behavior
below TN = 10 K might be strongly affected by the align-
ment of Tb3+ spins. The AFM ordering is confirmed by
M(H) curves below 10 K in Fig. 3(c). At 2 K, M in-
creases almost linearly with the magnetic field at the be-
ginning, then undergoes a substantial increase at Hm =
2.4 T. Thus, a metamagnetic transition occurs. A hys-
teresis is observed in the metamagnetic transition, imply-
ing a weak first-order transition. It is worthwhile to note
that there is a tiny remanent moment of 0.02 µB/f.u. at
2 K after the magnetic field is turned off, as shown in the
inset of Fig. 3(e). This might come from the impurity
phase Tb11O20 which shows a remanence in the M(H)
curve at 1.9 K [16]. Generally, in an AFM system, the
metamagnetic transition corresponds to a spin-flop tran-
sition from an AFM state to a spin ferromagnetically
polarized state [24].

Especially interesting is that this compound exhibits
a FiM to AFM phase transition with decreasing temper-
ature, which might be caused by a change of the AFM
structure type or by the spin-reorientation (SR) transi-
tion [25]. Now let’s focus on the temperature region from
10 to 56 K. Below 56 K, the coercive field of the FiM hys-
teresis continues to increase with decreasing temperature
until it becomes undistinguishable at 10 K, while the re-
manence starts to decrease with decreasing temperature.
The change of the FiM hysteresis indicates that (i) the
AFM coupling between Co2+ and Ir4+ doesn’t change,
and (ii) The FM component of Co2+ becomes smaller
as temperature decreases. Meanwhile, the metamagnetic
hysteresis emerges in this temperature region, which is
clear at 20 K. Since the M(H) of polycrystalline samples
is the average of magnetic moments for different direc-
tions, one possible scenario is that the Co spins reori-
ented and antiferromagnetically ordered along the other
direction. This temperature-induced orientational tran-
sition can be caused by competing anisotropy of transi-
tion metal sublattices. Because of the impurity phase,
it’s hard to tell whether the magnetic moments of Co2+

and Ir4+ are compensated below TN .

The pulsed field magnetization of Tb2CoIrO6 was car-
ried out at 1.41 K. Since the signal voltage from the coil
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is proportion to dM/dt, the sharp transition at Hm re-
sults a large voltage which saturated the data acquisition
system in a 60 T shot. We solve this problem by combin-
ing 10 T data (no saturation problem at 2.4 T) and 60 T
(saturation problem near 2.4 T) in Fig. 3(e). Beyond the
hysteresis, M increases nonlinearly and does not saturate
up to 60 T. The moment reaches 15.33 µB/f.u. at 60 T.

3. Ho2CoIrO6

Ho2CoIrO6 shows similar magnetic properties as
Tb2CoIrO6. It undergoes a FiM transition at 123 K fol-
lowed by a divergence between the ZFC and FC curves
shown in Fig. 3(b). The inverse of susceptibility presents
a linear behavior at high temperature. A Curie-Weiss fit
above 185 K gives a Curie-Weiss temperature of θ = -
2.6 K. The obtained µexpeff = 15.87µB from the fit is in
reasonably good agreement with the theoretical moment
15.75-15.80 µB . Broad peaks are observed at 99 K in
ZFC curve and 98 K in FC curve which might indicate
the SR transition. The kink at 13 K indicates the AFM
transition. The increase of susceptibility below 5 K is pre-
sumably attributed to the existence of Ho2O6 impurity,
which has a strong Curie-Weiss increase at low tempera-
tures. Isothermal magnetization curves are shown in Fig.
3(d). Below TN , the magnetization increases linearly in
weak fields, as shown in the inset of Fig. 3(d). The field-
induced spin-flop transition happens at Hm with a small
hysteresis. The inset of Fig. 3(f) shows the amplified
view of the M(H) curve at 10 K. It is clear that there
is no remanence. Thus, the FiM moment vanishes below
TN . According to our working model, the SR transition
happens in a region from 13 to 98 K. Moreover, the mag-
netic moments of Co2+ and Ir4+ are compensated below
TN . The main frame of Fig. 3(f) shows further pulsed
field magnetization data. The transition at Hm was so
sharp that even a 10 T shot saturated the data acquisi-
tion system. Thus, the pulsed field data are a combined
plot of 5 T and 60 T shots. There is no saturation trend
up to 60 T at 4.02 K.

C. Magnetocaloric effect

The magnetocaloric effect (MCE) is defined as the adi-
abatic temperature change ∆T or isothermal magnetic
entropy change ∆SM of a magnetic material due to a
varying external magnetic field [26]. The magnetic en-
tropy change ∆SM can be measured directly with the
calorimetry method or indirectly calculated from magne-
tization measurements using Maxwell’s thermodynamic
relation:

∆SM (T,H) =

∫ H1

0

(
∂M(T,H)

∂T

)
H

dH.

−∆SM usually reaches a maximum around the magnetic
transition temperature, such as TC . In order to under-

60 80 100 120 140

0.0

0.3

0.6

1 T

8 T

-
S
M
 (

J/
kg

 K
)

T (K)

0 30 60 90 120 150

0.0

2.5

5.0

-
S
M
 (

J/
kg

 K
)

T (K)

0 30 60 90 120 150

0

3

6

-
S
M
 (

J/
kg

 K
)

T (K)

(a)

(b)

(c)

Eu2CoIrO6

Tb2CoIrO6

Ho2CoIrO6
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netic entropy change −∆SM under the applied field changing
form 1 to 8 T for (a) Eu2CoIrO6, (b) Tb2CoIrO6 and (c)
Ho2CoIrO6, respectively.

stand the field dependent magnetic behavior of the three
compounds and determine their magnetocaloric poten-
tial, M(H) curves of these samples were measured at
various temperatures. Fig. 4 summarizes the temper-
ature dependence of −∆SM of Ln2CoIrO6 samples ob-
tained at different magnetic field changes (from 1 T to 8
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T). They all show a moderate MCE and a peak around
TC . For Eu2CoIrO6, −∆SM reaches 0.58 J/Kg-K at 8 T.
For Tb2CoIrO6 and Ho2CoIrO6, in addition to the peak
around TC , −∆SM becomes negative for small fields be-
low TN which indicates the presence of an AFM compo-
nent. This behavior is known as the inverse MCE. As the
field increased above Hm, the sign of −∆SM changes to
positive. The magnitude increases with increasing field
and reaches a maximum around TN . The peak value
for Tb2CoIrO6 and Ho2CoIrO6 at 8 T are 4.91 and 6.32
J/Kg-K, respectively. The reversal of the sign of −∆SM
at low temperatures is consistent with the spin-flop tran-
sition observed in M(H) curves.

IV. DISCUSSIONS

Once we settle lanthanide cations on the A site of
A2BIrO6, the oxidation states of B and Ir are allowed
for combinations of +1/+5, +2/+4 and +3/+3. The
combination of +3/+3 is quite rare. To the best of
our knowledge, it was only found in La2FeIrO6 [28]. In
La2FeIrO6, the fully occupied u′′ level and fully occupied
e′ level of Ir3+ (5d6) lead to a nonmagnetic ground state
(Jeff = 0), thus there are only superexchange AFM cou-
pling between Fe3+ cations [29]. To achieve the combi-
nation of +1/+5, one way is to place alkali metal cations
on the B site. As is the case of La2LiIrO6, the Ir has
been found to be in the oxidation state of 5+ [30]. In
case of Ir5+ (5d4), a nonmagnetic Jeff = 0 ground state
is expected with a fully occupied u′′ level. Therefore, no
magnetic transition was found in La2LiIrO6. The com-
bination of +2/+4 is a good playground for studying the
magnetic coupling of 3d transition metals to the 5d Ir
with strong spin-orbit coupling. In Table I, we listed the
structural parameters and magnetic ordering tempera-
tures of our three compounds and the reference com-
pound La2CoIrO6, as well as the other Ln2B2+Ir4+O6

materials. It is clear that as the size of lanthanide cation
becomes smaller, the lattice constants a and c decrease,
enhancing the monoclinic distortion with decreasing the
unit-cell volume monotonically. This behavior is consis-
tent with the series of Ln2NiIrO6 [3] and Ln2CoMnO6 [4]
compounds. The enhanced structural distortion will re-
sult in smaller B-O-B′ bond angles which correlate with
the magnetic ordering temperature. In Ln2CoMnO6, the
magnetic transition temperature decreases linearly with
the enhancement of monoclinic distortion [4]. However,
in Ln2NiIrO6 and Ln2CoIrO6, TC increases gradually as
decreasing the size of rare earth cations, as listed in Table
I. Moreover, with magnetic 4f rare earth metals, there
is an AFM transition at low temperatures in the hetero-
tri-spin 3d-5d-4f system, which should be strongly influ-
enced by rare earth magnetic moments. TN also increases
with decreasing the size of magnetic rare earth cations.
The temperature-induced FiM-to-AFM phase transition
could be explained by the spin-reorientation transition
scenario. Instead of placing 3d transition metal cations

on the B site, the other way to achieve the combination
of +2/+4 for B/Ir is the choice of nonmagnetic alkaline
earth metal cations on the B site. In La2MgIrO6 [3] and
Eu2MgIrO6 [14], the Ir4+ cations order antiferromagnet-
ically below 10 K. For Nd2MgIrO6 and Gd2MgIrO6, they
belong to the hetero-bi-spin 5d-4f system which exhibits
slightly more complex magnetic behavior due to the mag-
netic coupling between the Ln3+ and Ir4+ cations [14].
There are two magnetic transitions in the susceptibility
of Nd2MgIrO6 at 5 and 9 K. For Gd2MgIrO6, there is no
AFM transition in the susceptibility.

The substitution of the trivalent rare earth cation by
the divalent alkaline earth cation on the A site tends
to change the Ir valence from 4+ to 5+. Since Ir5+

cations are nominally nonmagnetic, no magnetic tran-
sition is found for Ir5+ of the undistorted Sr2YIrO6

(Fm3m) [31, 32]. By gradually substituting Sr on the
A site of La2CoIrO6, the following phase transitions oc-
cur at room temperature: P21/n → P21/n + I2/m →
I2/m [11], as well as a change of valence state from
Co2+/Ir4+ to Co3+/Ir5+ [9]. Furthermore, the fully occu-
pied u′′ level of Ir5+ is expected to hamper its magnetic
coupling to the 3d transition metal elements on the B
site. This is exemplified in Sr2CoIrO6 (I2/m), Ir5+ has
a paramagnetic moment with almost no orbital contri-
bution, meanwhile Co3+ cations order antiferromagneti-
cally without canting [9].

Finally, by controlling the oxygen deficiency of
Sr2CoIrO6−δ, a rhombohedral phase with the composi-
tion Sr3CoIrO6 can be formed [33]. It contains parallel
one-dimensional chains along the c-axis [34].

V. CONCLUSIONS

In this work, we reported the synthesis, crystal struc-
tures and magnetic behavior of iridium-based double per-
ovskite Ln2CoIrO6 (Ln = Eu, Tb, Ho) polycrystalline
samples. These compounds crystalize in the monoclinic
space group P21/n. All of the compounds exhibited FiM
Co2+-Ir4+ interactions at high temperatures. The Eu3+

spins show Van Vleck paramagnetism in Eu2CoIrO6 that
don’t show observed interaction with Co2+ or Ir4+. How-
ever, with magnetic Tb3+ and Ho3+ cations on the A
site, a second AFM transition was observed at low tem-
peratures. A magnetic-field-induced spin-flop transition
with a small hysteresis occurred below TN in these two
compounds. We used a spin-reorientaion working model
to explain the temperature-induced FiM-to-AFM phase
transition in this hetero-tri-spin 3d-5d-4f system. A field
up to 60 T is not enough to saturate their magnetic
moments at low temperatures. Finally, moderate mag-
netocaloric effect was observed around magnetic transi-
tions for all three compounds. The intriguing magnetic
properties of these compounds call for high-quality single
crystals. Moreover, to further explore the spin configura-
tion and verify our working model, the spin structure ob-
tained from inelastic neutron scattering experiment will
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TABLE I. Structural parameters, magnetic ordering temperatures, Curie-Weiss temperature and effective moment of double
perovskites Ln2B2+Ir4+O6.

Ln2BIrO6 a(Å) b(Å) c(Å) β(deg.) V (Å3) TC(K) TN (K) θ(K) µeff (µB/f.u.)

La2CoIrO6 [11] 5.581(9) 5.657(6) 7.907(8) 89.98(1) 249.7(3) 95 n/a -13.9 4.71

Eu2CoIrO6 5.365(9) 5.741(3) 7.676(0) 90.028(4) 236.4(8) 105 n/a -5.3 5.50

Tb2CoIrO6 5.319(3) 5.724(7) 7.627(2) 90.047(9) 232.2(6) 117 10 -7.1 14.70

Ho2CoIrO6 5.271(6) 5.697(1) 7.577(4) 90.14(80) 227.5(7) 123 13 -2.6 15.87

La2NiIrO6 [3, 27] 5.575(3) 5.626(1) 7.898(1) 90.02(7) 247.7(4) 85 n/a -28 3.28

Nd2NiIrO6 [3] 5.433(0) 5.694(3) 7.763(9) 90.004(0) 240.1(9) 125 5 -32 6.19

Eu2NiIrO6 [3] 5.378(7) 5.715(0) 7.706(1) 90.035(0) 236.8(8) 162 n/a n/a n/a

Gd2NiIrO6 [3] 5.326(3) 5.718(9) 7.651(5) 90.026(0) 233.0(7) 170 8 ? 11.35

La2MgIrO6 [3, 14] 5.599(7) 5.606(7) 7.916(4) 90.005(7) 248.5(4) n/a 10 -10 1.31

Nd2MgIrO6 [3, 14] 5.478(7) 5.651(7) 7.812(5) 90.021(1) 241.9(1) 9? 5 -19 4.84

Eu2MgIrO6 [14] 5.391(9) 5.679(7) 7.725(8) 90.059(1) 236.(60) n/a 10 n/a n/a

Gd2MgIrO6 [14] 5.365(4) 5.687(1) 7.701(4) 90.193(3) 234.9(9) ? n/a 3 10.68

be needed.
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