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Abstract

The structural and magnetic properties of the  Dy2CoMnO6,  Dy2NiMnO6 and  Gd2CoMnO6 double perovskites are investigated 
using X-ray powder diffraction and squid magnetometry. The materials adopt an orthorhombic structure (space ground Pnma) 
with disordered Co(Ni)/Mn cations, and exhibit ferrimagnetic transitions near TC ~ 85, 95, and 115 K respectively. TC was 
found to monotonously depend on the orthorhombic distortion (a − c)/(a + c) of the compounds. The crystal structure of the 
compounds was investigated as a function of temperature (16–1100 K range), evidencing changes in the BO6 octahedron near 
TC. The magnetic entropy changes are estimated for comparison of the magnetocaloric properties to those from literature.

1 Introduction

The A2BʹB″O6 double perovskites (A: rare earth; Bʹ and B″: 
magnetic cations such as Mn, Fe, Co, or Ni) display cross-
correlated structural, electronic and magnetic properties 
owing to the strong coupling of spin, charge, orbital and lat-
tice degrees of freedom in these materials [1–4]. As a result, 
these transition metal oxides exhibit rich electronic phase 
diagrams, suggesting novel functionalities and industrial 
relevance. For example, some of these double perovskites 
display magnetoresistive [5] or magnetoelectric properties 
[6], making them relevant for spintronic applications [7]. 
Recently, also magnetocaloric properties of these materi-
als have become of interest [8–10]. Large magnetic entropy 
changes have indeed been observed near room temperature 

in some manganites at their ferromagnetic phase transition 
and at lower temperatures down to liquid helium tempera-
tures, in materials with specific interplay of 4f and 3d mag-
netic moments [11–19]. Several studies show that the change 
of magnetic entropy near room temperature in  La1−xAxMnO3 
(A = Ca, Sr, Ba) is close to, or in some cases even higher than 
that of pure gadolinium [18, 20–23]. The Curie temperature 
and other magnetic properties of these manganese oxides 
result from a complex interplay of various factors such as 
 Mn3+/Mn4+ cation ratio, the average A-site cation radius and 
size mismatch, the oxygen stoichiometry, charge ordering 
etc. [24–26]. In  Gd2CoMnO6, entropy changes related both 
to the ferrimagnetic ordering of Co/Mn cations near 110 K 
and at lower temperatures (T ~ 10 K) due to the presence of 
large Gd magnetic moments and their coupling to the 3d 
moments were recently reported [11, 12, 27, 28].

In recent years, rare earth double perovskites R2MMnO6 
(M being Ni or Co) have attracted widespread attention due 
to their rich physical properties, showing a complicated 
interplay between electric and magnetic properties [1–10, 
28–31]. However, in contrast to the extensively investigated 
 La2CoMnO6 compound, less consideration has been given to 
other perovskite manganites such as R2MMnO6 (R = Dy and 
Gd) [32–38]. In the R2CoMnO6 family, a change in the size 
of the rare-earth ion can induce significant alterations in the 
Co–O–Mn bond angle and bond length, which significantly 
modifies the superexchange interaction and consequently 
affects their electronic and magnetic ground states [3, 4, 8]. 
Among the rare earth elements, Gd and Dy are interesting 
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as A-cation due to their large magnetic moment [28, 31–35]. 
A few studies have attempted to correlate the changes in 
structure with the variations in the nature of magnetic order-
ing in these compounds [1, 2, 4, 8]. However, no systematic 
investigation of the evolution of the crystal structure from 
high temperatures to low temperatures through the magnetic 
phase transitions have been reported. The symmetry of the 
crystal structure of these perovskites has been a matter of 
discussion in several investigations [2, 4, 39–42]. Two differ-
ent space groups have been proposed: orthorhombic Pnma 
and monoclinic P21/n. This disagreement about the proper 
space group of these systems calls for further investiga-
tions of the entire family, including ordered and disordered 
models.

This investigation concerns structural and magnetic prop-
erties of the double perovskites  Dy2CoMnO6,  Dy2NiMnO6 
and  Gd2CoMnO6. The novelty of this study is a detailed 
structural characterization over a wide temperature range, 
16–1100 K, correlated with the magnetic transitions and the 
evolution of the magnetic properties from 200 K down to 
10 K.

2  Experimental

2.1  Synthesis

The samples of R2MMnO6 (R = Dy or Gd, M = Co or Ni) 
were obtained by the solid-phase reaction method from 
the simple oxides  Dy2O3,  Gd2O3,  Co3O4, NiO and  Mn2O3, 
which had purities greater than 99.95% of the main sub-
stance. Stoichiometric mixtures of reagent-grade precur-
sor materials were first weighed, thoroughly mixed and 
ball milled for several hours, pressed under the pressure of 
3000 kg/cm2, and sintered in air at temperatures 950, 1100, 
1250 and 1350 °C in electrical furnace with intermediate 
grinding after each 12 h, until the X-ray powder diffrac-
tion (XRPD) showed the expected patterns without impu-
rity lines. The overall duration of sintering was 48 h. Upon 
the final annealing, the specimens were cooled inside the 
furnace to room temperature. The mixtures were weighed 
before and after heat treatment to determine possible cation 
losses due to evaporation. In all cases, the weight differ-
ence was negligible (< 0.01%). Leaching with warm dilute 
nitric acid was used to eliminate small amount of unreacted 
dysprosium oxide.

2.2  X-ray powder diffraction

The phase purity of the powder samples was checked from 
XRPD patterns obtained with a D-5000 diffractometer using 
Cu  Kα radiation. The ceramic samples were crushed into 
powder in an agate mortar and suspended in ethanol. A Si 

substrate was covered with several drops of the resulting 
suspension, leaving randomly oriented crystallites after dry-
ing. The room temperature XRPD data for Rietveld analysis 
were collected on Bruker D8 Advance diffractometer (Ge-
monochromatized Cu  Kα1 radiation, Bragg–Brentano geom-
etry, a Lynx-eye position sensitive detector, DIFFRACT 
plus software) in the 2θ range 10–152° with a step size of 
0.02° (counting time was 15 s per step). The slit system 
was selected to ensure that the X-ray beam was completely 
within the sample for all 2θ angles. The X-ray diffraction 
measurements at variable temperature in the temperature 
range 16–1073 K were carried out using the same setup 
and an Anton Paar XRK 900 chamber (300–1073 K) or 
an Oxford Phenix cryostat (16–300 K). The temperature 
dependent measurements were performed using a 2θ-range 
of 20–90° with a step size of 0.017°. The duration of diffrac-
tion scan at fixed temperature was around 12 h. Structural 
refinements were performed using the Rietveld method as 
implemented in the FULLPROF software suite [43]. The 
difference between the high and low temperature setups 
was taken into account using a normalization of the lattice 
parameters to the room temperature values adding a refer-
ence material NIST SRM 660b  LaB6.

2.3  Chemical composition

The chemical composition of the prepared ceramic samples 
was analyzed by energy-dispersive spectroscopy (EDS) 
using a Philips Epsilon3 spectrometer. The analyses confirm 
the presence of the constituent elements (Dy(Gd), Ni(Co), 
Mn). For each sample, the composition was derived from 
the average of five consecutive measurements (see Table 1).

2.4  XPS

Photoelectron spectroscopy was conducted using an Ulvac-
Phi Quantera II spectrometer, which employs monochro-
matic Al Kα radiation (1486.7 eV). For the present experi-
ments the analysis spot was set to a diameter of 100 µm, 
and an electron take-off angle of 45° was used. The energy 
scale was calibrated against reference samples of Au, Ag and 
Cu, according to ISO 15472 standard [44]. Measurements 
were conducted on solid pieces of the perovskites directly 
from synthesis. To remove adsorbed surface contaminants 
(but not affect the sample), and increase the sample signal, 
a presputter step was employed using a 200 eV  Ar+ ionbeam 
for 0.2 min. As the samples are electrically insulating, they 
were measured under constant charge neutralization with 
an electron flood gun and low energy (10 eV)  Ar+ ions, as 
described in reference [45]. This procedure guarantees stable 
measurement conditions, but not an exact binding energy—a 
charge reference is needed. However, due to the presputter 
step the commonly used charge reference adventious carbon 
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could not be used, instead all spectra have been adjusted 
using O 1s at 530.0 eV as charge reference. Core level spec-
tra for all elements in the samples were collected for all 
samples.

2.5  Magnetization

Temperature and magnetic field dependent magnetization 
was measured using a Quantum Design MPMS SQUID 
magnetometer. The temperature dependent magnetization 
was recorded using zero field cooled,  MZFC(T), and field 
cooled,  MFC(T), protocols in the temperature interval 10 and 
200 K and at two different magnetic fields: H = 0.8 kA/m 
and H = 800 kA/m. Magnetization as a function of applied 
magnetic field was measured between ± 4000 kA/m at a few 
selected temperatures.

3  Results

According to the elemental analyses the cation composition 
of the samples are quite close to the expected ratios and per-
mit to conclude that the sample stoichiometry is the nominal. 
However, a minute deficit on the A-site may possibly be 
discerned in the case of the Dy samples (Table 1). The crys-
tallographic characterization of the samples was performed 
by X-ray powder diffraction analysis at room temperature. 
Figure 1a–c shows the XRPD patterns of the  Gd2CoMnO6 
(GCMO),  Dy2CoMnO6 (DCMO) and  Dy2NiMnO6 (DNMO) 
powders measured at 295 K. The Rietveld analyses of these 
diffractograms were conducted using the FULLPROF soft-
ware considering the different combinations of valence 
states for the B-cations (M2+/Mn4+ and M3+/Mn3+; M = Co, 
Ni) using orthorhombic (Pnma) and monoclinic (P21/n) 
structure models. The orthorhombic unit cell with a ~  √2ap, 
b ~ 2ap and c ~ √2ap was successfully applied for the indexa-
tion of the XRPD pattern and the Pnma space group was 
found to best describe the crystal structure of the samples. 
The lattice parameters of the tested compounds are in rea-
sonable agreement with those reported earlier in [31, 34, 

36–38] and theoretically calculated by the SPuDS program 
[46]. There is, however, some disagreement with the cell 
parameters reported in Ref [38]. This difference in lattice 
parameters could be explained by different sample prepara-
tion methods.

The R cations have coordination number 8 instead of 12 
in these compounds. The reduced coordination number of 
the A-type cations is due to large octahedral tilting which 
implies that some nearest neighbor anions fall outside of 
the first coordination sphere about the A-cation. It has been 
proposed [47] that any anion more than 3.00 Å away from 
the A-cation of double perovskites may be considered to be 
outside the coordination sphere.

The temperature dependence of the lattice parameters is 
shown in Figs. 2, 3, and 4. An anomaly in the temperature 
dependence of the lattice parameters can be discerned in 
all samples around TC (~ 100 K), in spite of relatively large 
temperature steps in between points. Below TC, the lattice 
parameters are weakly temperature dependent. At high tem-
peratures, a normal thermal expansion of the lattice param-
eters is observed and no phase transformations were found 
in any of the investigated compounds. In the orthorhombic 
unit cell there are the three crystallographically independ-
ent bond lengths (B‒O1(4c), B‒O2(8d) and B‒O2(8d)) 
and two bond angles (B‒O1‒B, B‒O2‒B) bond angles. 
The temperature dependencies of the B‒O bond lengths 
and B‒O‒B bond angles are presented in Fig. 5. There are 
abrupt changes in both the bond lengths and the bond angles 
for all samples near TC. The temperature dependence of the 
first B‒O2 bond exhibits an inverse behavior as compared to 
the other B‒O2 bond. The B‒O2‒B bond angles are larger 
as compared to the B‒O1‒B angles for all compositions and 
temperatures, but both values are substantially smaller than 
180°. According to the Goodenough-Kanamori rules [48, 
49], this indicates moderately strong ferro- or antiferromag-
netic interaction between the magnetic moments of the metal 
cations. In the case of orthorhombic Pnma structure a coop-
erative rotation of the BO6 octahedra remarkably reduces the 
B‒O‒B bond angle from 180°. Ordering of  Co2+ and  Mn4+ 
cations on the other hand leads to monoclinic P21/n structure 

Table 1  Cation concentrations 
estimated from EDS analysis 
compared to nominal ones 
(weight percentages)

R2MMnO6 R Exp. (wt%) Theo. (wt%) Actual formula

Dy2NiMnO6 Dy 74.01 (4) 74.09 Dy1.98(1)Ni1.01(1)Mn1.01(1)O6

Ni 13.42 (4) 13.38
Mn 12.57 (4) 12.53

Dy2CoMnO6 Dy 73.97 (4) 74.05 Dy1.99(1)Co1.01(1)Mn1.00(1)O6

Co 13.48 (5) 13.43
Mn 12.55 (4) 12.52

Gd2CoMnO6 Gd 73.45 (4) 73.41 Gd2.01(1)Co1.00(1)Mn0.99(1)O6

Co 13.69 (5) 13.76
Mn 12.86 (4) 12.83
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and strong 180°-superexchange interactions giving rise to 
high magnetic transition temperatures.

From the individual cation–anion distances, the valences 
of the cations were estimated via bond valence calculations 
[50]. The calculated values of the cation sites slightly differ 

Fig. 1  Room tempera-
ture XRPD patterns of a 
 Dy2NiMnO6, b  Dy2CoMnO6, 
and c  Gd2CoMnO6, Observed 
(black dots) and calculated (red 
solid line) intensities, and their 
difference (blue line at the bot-
tom) are plotted. The blue tick 
marks indicate the positions of 
the allowed Bragg reflections. 
The insets show the low-angle 
region in more details. (Color 
figure online)
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from the expected valences of the cations in these com-
pounds (see Table 2). The results suggest that the M and 
Mn cations exist in mixed (M2+, M3+,  Mn3+,  Mn4+) valences, 
and that the compounds may not be oxygen stoichiometric. 
A majority of the Ni and Mn cations existing as  Ni3+ and 
 Mn3+ in the Ni compound, and Co and Mn existing mainly 
as  Co2+ and  Mn3+ in the two Co compounds. Metal core 
level photoelectron spectra for all three samples are shown 
in Fig. 6. A comparison of the relative shifts gives some 
hints, but a conclusive determination of the metal valence 
states was not possible with the present data. An increase in 
the binding energy for the Mn 2p peak (Fig. 6a) for the Ni-
containing sample, compared to the Co-containing samples, 
indicate that the average Mn valence is higher for the Ni-
containing sample [51]. There is also a similar relative shift 
for the Dy 4d (Fig. 6d) and Dy 3d (not shown) peaks, also 
indicating a higher average valence for Dy in Ni-containing 
sample. Furthermore, a difference in the shake-up (+ 6.4 eV 
from main peak) of Co  2p3/2 (Fig. 6(c)) indicates a slight 
difference in average Co valence between samples with Dy 
and Gd, respectively. The Dy-containing sample has a larger 
shake-up peak, which is consistent with more  Co2+ in the 
sample [51], i.e. a slightly lower average valence than the 
Gd-containing sample.

Figure  7 presents data from the low magnetic field 
(H = 0.8 kA/m)  MZFC(T) and  MFC(T) measurements (a–c) 
and high field (H = 800  kA/m)  MFC(T) measurements 
(d–f). The temperature dependence of the magnetization 
suggests a ferrimagnetic arrangement of the 3d magnetic 
moments of the compounds. From the low field measure-
ments the transition temperature TC was estimated for the 
three samples; TC = 95 K for  Dy2NiMnO6, TC = 85 K for 
 Dy2CoMnO6, and TC  =  115  K for  Gd2CoMnO6. These 
transition temperatures agree well with what has earlier 
been reported in the literature;  Dy2NiMnO6 93  K and 
97 K [32, 52],  Dy2CoMnO6 85 K and 90 K [22, 28], and 
 Gd2CoMnO6 ∼ 112 K and 117 K [11, 28]. For  Dy2NiMnO6 
and  Gd2CoMnO6 a decrease in magnetization is seen below 
50 K indicating that the RE moments couple antiferromag-
netically to the spontaneous moment of the magnetically 
ordered 3d ions. In Fig. 8, which shows the data from mag-
netization as a function of temperature measurements in a 
high applied magnetic field, the low temperature contribu-
tion of the rare earth moments can be clearly seen. The dif-
ferent behavior observed for the three compounds indicates 
that they have different coupling strength and sign between 
the rare earth moments and the ordered 3d moments. From 
the high field data (µ0H = 1T) the magnetic entropy change 

Fig. 2  a–c Temperature dependence of the lattice parameters for  Dy2NiMnO6 extracted from the XRPD patterns. The temperature evolution of 
the (161) reflection is shown in (d)
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can be estimated using the formula ΔS ≈ dM/dT × µ0H [53], 
which yielded—ΔS(T ≈ TC) ≈ 0.45, 0.30 and 0.55 J/kgK for 
 Dy2NiMnO6,  Dy2CoMnO6 and  Gd2CoMnO6 respectively, in 
agreement with the results of recent studies [11, 17, 31, 32, 
35]. As seen from the insets of Fig. 8, the entropy change at 
low temperatures is much larger than that around TC, reflect-
ing the contribution of the 4f moments of Dy and Gd to the 
magnetic and magnetocaloric properties of the systems [12, 
17]. Data for measurements of the magnetization as a func-
tion of applied magnetic field for two temperatures (10 and 
70 K) are presented in Fig. 9. The curves at 70 K all exhibits 
characteristic ferrimagnetic behavior, with a linear increase 
of the magnetization at higher fields where the spontaneous 
magnetization has been aligned with the applied field. The 
data at 10 K shows that none of the compounds saturate at 
an applied field of 5 T. The coercivity of the three samples 
differ, with  Dy2NiMnO6 having a small coercivity, while 
 Dy2CoMnO6 and  Gd2CoMnO6 has a moderate and a large 
coercivity, respectively. This is reflected in the difference 
between the ZFC and FC magnetization curves presented 
in Fig. 7.

4  Discussion

The structural and magnetic properties of the perovskite 
R2CoMnO6 are strongly influenced by the synthesis method 
as well as by doping [4, 8, 10, 54–56]. In fact, the perfectly 
ordered double perovskite is difficult to obtain due to the 
ease at which formation of anti-site disorder occurs. The 
distribution of  CoO6 and  MnO6 octahedra is influenced by 
the annealing process and atmosphere [54–57]. Very often, 
the monoclinic structure is easier to form by slow-cooling 
while orthorhombic structure will appear under quenched 
conditions [2, 47, 57].

Neighbor pairs of Co and Mn atoms turn into  Co2+ and 
 Mn4+ in the case of structural order at B-sublattice, whereas 
the fraction of  Co3+/  Mn3+ (high spin) in R2CoMnO6 
increases as the disorder of Co and Mn ions is enhanced 
[58]. Factors influencing the extent of cation order in double 
perovskites are charge differences between the B-cations, 
their differences in ionic radii, the polarization of certain 
cations and synthetic conditions [59].

Because the symmetry of the crystal structure of 
R2CoMnO6 was a matter of discussion in several works [2, 4, 
8], an important part of the motivation for this research was 
to clarify the possibility of B-site ordering. The difference 

Fig. 3  a–c Temperature dependence of the lattice parameters for  Dy2CoMnO6 extracted from the XRPD patterns. The temperature evolution of 
the (161) reflection is shown in d 
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in charge between Bʹ and B″ cations is the most important 
factor influencing cation ordering [59]. If the difference 
in assigned oxidation state is two or less, several ordering 
arrangements are possible, dominated by completely disor-
dered and partially ordered arrangements. If the difference 
is greater than two, highly ordered compounds are generally 
observed. The second most influential factor is the cation 
size difference of the B-cations [59]. In general, larger dif-
ferences in ionic radii of B-site cations correlate to higher 
degrees of cation ordering.

For the investigated perovskites there are two space 
groups that correspond to the a+b−b− tilt system: 
orthorhombic Pnma and monoclinic P21/n. Pnma is 
assigned to disordered and simple perovskites, whereas 
P21/n is assigned to compounds with partial or complete 
rock-salt order of the B-site cations. The diffraction pat-
terns for compounds crystallizing in these space groups 
are very similar. In principle the monoclinic distortion 
would be detectable either through splitting of peaks as 
β angle is not 90°, or by the observation of additional 
diffraction peaks. Peaks with 0kl indices are observed 
in P21/n, but their appearance in Pnma is limited by the 
k + l = 2n reflection condition. For example, the (011) 

reflection is indicative of cation ordering and will not 
be observed if the compound has Pnma symmetry. The 
XRPD patterns for all compounds examined here were 
without any (011) reflections (see insets in Fig. 1), and 
thus the Pnma symmetry was used to refine each data set. 
The final fits after Rietveld refinement are shown in Fig. 1. 
The quality of refinements in space group P21/n were not 
significantly better than that of refinements in the disor-
dered orthorhombic model and the deviation of the refined 
value of β from 90° was not significant (in the frame of 
standard deviation). However, since the potential ordering 
is between Co (Ni) and Mn cations differing by only 2 (or 
3) electrons, the amplitude of an ordering peak in XRPD 
pattern is expected to be very weak.

These materials have been investigated previously but 
the reported structural models show discrepancies e.g. in 
the B–O bond distances derived from different diffraction 
techniques [1, 2, 4]. It has often been possible to only obtain 
accurate positions for the rare earth ions which could be 
due to both the low scattering power of oxygen compared 
to the lanthanide and the inability of the XRPD technique 
to distinguish between the two different B ions due to their 
similar scattering factors.

Fig. 4  a–c Temperature dependence of the lattice parameters for  Gd2CoMnO6 extracted from the XRPD patterns. The temperature evolution of 
the (161) reflection is shown in d 
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The M vs. H curves measured at 70  K show ferri-
magnetic behavior with rather weak net moments and 
characteristic linear increase of the magnetization at 
higher fields for all samples. The ferrimagnetic transi-
tion temperature does not vary monotonously with the 
B–O–B bond angles nor B–O bond lengths. However, 
Tc decreases nearly linearly as the orthorhombic distor-
tion (a − c)/(a + c) increases, as illustrated in Fig. 10. 
The M vs. H curves at 10 K reflect the combined effect 
of the ferrimagnetically ordered 3d moments and the 

Fig. 5  Temperature dependence of the bond angles (left) and angles (right) of  Dy2NiMnO6 (a, b),  Dy2CoMnO6 (c, d), and  Gd2CoMnO6 (e, f). 
The TC values determined from magnetization measurements are indicated with arrows

Table 2  Cations valences estimated from BVS calculations

R2MMnO6 R M Mn

Dy2NiMnO6 2.78(3) 2.73(2) 3.34(3)
Dy2CoMnO6 2.87(3) 2.31(2) 3.20(3)
Gd2CoMnO6 2.86(3) 2.35(2) 3.28(3)
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alignment of the 4f moments. The nonlinear behavior at 
all field strengths indicates significant coupling to the 
3d system in all three systems. The measured coercive 
fields extracted from Fig. 9 are 40 mT (DNMO), 160 mT 
(DCMO) and 340 mT (GCMO) at T = 5 K (6, 77, and 160 
mT, respectively, at 70 K). The different coercive fields 
of the three compounds are directly reflected in the low 
field M vs. T experiments, where the two Co based sam-
ples have coercivities much larger than 800 A/m (1 mT) 
already just below TC as is reflected in the behavior of the 
gap between the ZFC and FC curves and the peaked ZFC 

curve at TC. The difference in coercivity between the Ni 
and the Co containing compounds relates directly to the 
much lower single ion anisotropy of the Ni compared to 
the Co ions.

The temperature dependence of the magnetic entropy ΔS 
derived from the high field (1 T) M vs. T curves is plotted 
in the insets of Fig. 8 for all samples. The values of ΔS near 
TC are of similar magnitude for all three samples and quite 
modest due to the compensated low value of the spontaneous 
magnetization of ferrimagnets and the second order nature 
of the transition. The alignment of the large 4f moments 

Fig. 6  XPS spectra of a the three samples (Mn 2p binding energy region). b  Dy2NiMnO6 (Ni 2p); c  Dy2CoMnO6, and  Gd2CoMnO6 (Co 2p); d 
the three samples (Dy 4d–Gd 4d)

Fig. 7  Temperature dependence of the ZFC/FC magnetization for a  Dy2NiMnO6, b  Dy2CoMnO6, and c  Gd2CoMnO6, recorded in H = 0.8 kA/m
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introduces substantial and complex magnetocaloric effects 
at low temperatures reflecting the different strength and sign 

of the coupling between the ordered 3d atoms and the large 
paramagnetic 4f moments in the three compounds.

5  Conclusions

The structural and magnetic properties of the ferrimag-
netic double perovskites  Dy2CoMnO6,  Dy2NiMnO6 and 
 Gd2CoMnO6 have been investigated. The crystal structure 
of the compounds was investigated as a function of temper-
ature (16–1100 K). The materials adopt an orthorhombic 
structure with disordered Co(Ni)/Mn cations. The analysis 
of XRPD data shows that a clear change, although small, 
occurs in the BO6 octahedron near TC as evidenced by the 
B–O–B bond angles and B–O bond lengths. TC was found 
to monotonously depend on the orthorhombic distortion 
of the compounds. The magnetic entropy changes were 
estimated from the temperature-dependent magnetization 
measurements for comparison of the magnetocaloric prop-
erties to those from literature. Contributions both from 
the ferrimagnetic transition and the 4f or 4f/3d magnetic 
moment interplay can be observed.

Fig. 8  Temperature dependence of the FC magnetization for a 
 Dy2NiMnO6, b  Dy2CoMnO6, and c  Gd2CoMnO6, recorded in 
H = 800  kA/m. The insets show the corresponding variation of the 

magnetic entropy change estimated from the temperature derivative 
of the magnetization data (plotted as –ΔS)

Fig. 9  Magnetization versus magnetic field, M(H), curves recorded at T = 10 K and 70 K for a  Dy2NiMnO6, b  Dy2CoMnO6, and c  Gd2CoMnO6

Fig. 10  Variation of TC with the orthorhombic distortion (a − c)/
(a + c) calculated from the low-temperature XRPD data (T = 16  K) 
refined in the Pnma setting
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