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We report our systematic investigation of structural, magnetic, and magnetocaloric properties of double
perovskite compounds Ho2FeMnO6, Ho2CoMnO6, and Ho2NiMnO6, which crystallize into monoclinic crystal
structure with P21/n space group. The magnetic phase transition temperatures are determined to be 7.5 K for
Ho2FeMnO6, 69 K for Ho2CoMnO6, and 71.5 K for Ho2NiMnO6, where Ho2FeMnO6 exhibits an antiferromagnetic
to paramagnetic phase transition, while Ho2CoMnO6 and Ho2NiMnO6 exhibits ferromagnetic to paramagnetic
phase transitions. The magnetic entropy change (− ΔSM), which are found to be 10.2, 3.4 and 4.7 J/kgK at ΔH =
7 T for Ho2FeMnO6, Ho2CoMnO6, and Ho2NiMnO6 samples, respectively. The magnetic and magnetocaloric
characteristics of double perovskite compounds are well explained based on structural and electronic properties.
For future applications, our quantitative method provides a guideline for magnetic property engineering of
double perovskite systems containing ferromagnetic 3d transition metals.

1. Introduction
Magnetic cooling technology working based on the magnetocaloric
effect (MCE) has attracted much attention thanks to its high conversion
efficiency and environmental friendliness [1–6]. It is an intrinsic prop
erty of a magnetic material in which the temperature varies by the
application or removal of a magnetic field [7,8]. MCE has been inves
tigated extensively in a various magnetic material, including Gd5(Ge1xSix)4 [9], LaFe13-xSix [10], MnAs1-xSbx [11], rare earth oxides [12,13],
perovskites [14,15], and double perovskites [16–20]. Recently, it has
been shown that the MCE and relative cooling power is improved in the
perovskite and double perovskite oxides, while the production cost is
reduced in comparison to conventional metallic alloys [21–24].
Rare-earth based double perovskite (DP) materials with the general
formula of A2BB’O6, where A is rare-earth, alkali or alkaline-earth ion,
and B, B’ are transition metal ions, have been extensively investigated in
recent decades [25]. It has been reported that the magnetic properties
including MCE are correlated to their structure and structural disorder of

DPs. Recently, La2NiMnO6 with ferromagnetic transition metal ions at B
and B’ sites have been reported to have the ferromagnetic-paramagnetic
phase transition at Curie temperature, TC, about room temperature [26],
where the superexchange interaction of Ni2+–O–Mn4+ in La2NiMnO6 is
responsible for magnetic properties of DPs. Similarly, another 3d tran
sition metal (Co) can induce the ferromagnetic state in Y2CoMnO6,
exhibiting significant MCE at TC about 80 K [27,28]. Due to the potential
MCE applications at cryogenic temperatures, DP materials including 3d
transition metal and 4f rare earth element have received a lot of interest.
Attempts have been made to alter the electronic/magnetic and MCE
characteristics of DPs. For instance, the MCE properties with Co and Ni
additions in Gd2NiMnO6/Gd2CoMnO6 systems have been reported [29].
A few MCE studies have been devoted to understanding the effect of
variations of A site elements in A2NiMnO6 with A = Pr, Nd, Ho, and Y
[19] and A = Dy, Ho, and Er [30]. The key aspects of determining the
electronic/magnetic properties of DP materials are cation ordering be
tween B and B’ atoms as well as the detailed structural distortion in this
bonding, which are thought to be the origin of many contrasting reports
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Table 1
Structural parameters for HFMO, HCMO and HNMO from the Rietveld
refinement.
Space Group
Cell Mass (g/mol)
Cell Volume (Å3)
Crystal Density (g/cm3)
Lattice Parameters:

Rexp
Rwp
GoF

8.114
a (Å)
b (Å)
c (Å)
β (◦ )

Ho2FeMnO6

Ho2CoMnO6

Ho2NiMnO6

P21/n
1073.28(2)
219.65(1)
8.009
5.2381(3)
5.6112(3)
7.4732(4)
90.001(8)
0.84
3.05
3.36

P21/n
1079.45(2)
223.79(2)
8.202
5.2658(1)
5.6662(1)
7.5007(2)
90.001(4)
0.86
2.99
3.47

P21/n
1078.98(2)
218.44(1)
5.2337(4)
5.5726(4)
7.4899(4)
89.882(4)
1.05
4.24
4.14

temperatures around the phase transition under a magnetic field, ΔH =
0–7 T were measured by using a Superconducting Quantum Interference
Device (Quantum Design, SQUID-VSM).
3. Results and discussions
The X-ray diffraction patterns of HFMO, HCMO, and HNMO are
refined with Ba2LaRuO6 crystal structure from ICDD database which
have monoclinic crystal system with the space group of P21/n and
shown in Fig. 1. The R-factor confirms the excellent agreement between
the experimental data and the predicted pattern. Table 1 summarizes the
Rietveld refinement parameters in which the lattice parameters, unit cell
volume and fitting parameters were found to be comparable with pre
viously reported values [30]. Fig. 2(a–c) shows the polyhedral of metal
ion (M) inside the crystal structure of HFMO, HCMO, and HNMO. The
polyhedral structure is used to calculate the average bond length
(M− O), bond angle (∠M− O− Mn), and their distortion from the center of
the polyhedral (distortion index) tabulated in Table 2. Moreover, to
visualize the M− O2,3–Mn bond, the 3D electron density structure is cut
along (002)-plane as shown in Fig. 2(d–f) where the oxygen intensity
(O2, O3) shows its distance towards the plane as the result of the specific
metal ion (M) at the center of polyhedral.
Fig. 3(a and b) shows variation of average bond length, polyhedral
volume, curie temperature and ∠M− O− Mn with ionic radii of Fe, Co,
and Ni for the HFMO, HCMO, and HNMO samples. Fig. 3(a) shows that
the polyhedral volume and the mean bond length increase with the in
crease of ionic radii. On the other hand, Fig. 3(b) shows that the
∠M− O− Mn and Curie temperature decreased. As the result of changing
∠M− O− Mn by replacing M (B-site), the octahedral is tilted to maintain
the double perovskite structure, which affects the degree of overlap of
M− O and Mn-O orbitals [37]. Furthermore, a reduction in Curie tem
perature with increasing ionic radius is predicted because magnetic
properties in double perovskite are controlled by lattice parameters,
ionic radius, and octahedral tilting [38,39].
Fig. 4(a) shows the XPS spectra of the Ho4d state for the HNMO
sample, and the fitted data is deconvoluted with Gaussian peaks. In the
figure black line represent experimental data, the red line represents the
overall envelop of the XPS spectrum, the blue lines represent Ho4d or
bitals, and the pink and green lines represent satellite peaks. The figure
clearly indicates that the peak for Ho4d5/2 is located at 160.2 eV. The
XPS spectrum and peak position of 4d core level reveals that the Ho
cation are resent in +3 oxidation states [40]. The XPS spectra of Ni2p3/2
from the HNMO sample is shown in Fig. 4(b). A blue curve denotes the
Ni2+ peak at 855 eV, whereas a pink curve denotes the satellite peak at
861 eV.
Fig. 4(c) depicts the XPS spectra of Mn2p for the HNMO sample. The
Mn2p binding energy of double perovskites appears near the theoretical
values of Mn3+ (641 eV) and Mn4+ (643 eV), which provides evidence
that the Mn in the present DP materials has mixed oxidation states
[41,42]. However, the Mn2p peak splitting between the Mn2p3/2 and

Fig. 1. Rietveld refined powder XRD patterns of Ho2FeMnO6, Ho2CoMnO6 and
Ho2NiMnO6 at room temperature. The experimental data are indicated by dots,
and the calculated profile is shown by the solid line. The short vertical lines
show the positions of the Bragg diffraction peak.

so far, because small distortion by defects and disorders may lead to
redistribution of electron density, thereby significantly changing elec
tronic properties as well as magnetic ordering. Unfortunately, little
research has been devoted to quantitatively revealing the correlation
between the structure of DP in particular, B–O–B’ bonding, and subse
quent magnetic/magnetocaloric properties in these DP systems [31,32].
Here, we report the systematic investigation of structural and mag
netic/magnetocaloric properties of Ho2MMnO6 compounds with M =
Fe, Co, and Ni, which are representative 3d transition metals. An X-ray
photoemission (XPS) analysis was performed to reveal the Mn4+/Mn3+
ionic distribution. It is shown that various 3d transition metals (M) may
be used to regulate antisite disorder in Ho2MMnO6.
2. Experimental
Double perovskite compounds Ho2FeMnO6 (HFMO), Ho2CoMnO6
(HCMO) and Ho2NiMnO6 (HNMO) were prepared by solid-state reac
tion. The stoichiometric quantity of high-purity Ho2O3, Fe2O3, Co3O4,
NiO, and MnO3 were mixed and calcined in the air at 900 ◦ C for 5 hrs.
The powders were pressed and calcined at 1100 ◦ C for 24 hrs. The
powder x-ray diffraction (PXRD) measurements were performed on a
Bruker D8 Advance by using copper anode operated at 40 kV and 40 mA.
A set of optical configurations (0.6 mm divergence slit, 2.5◦ primary
soller slit, 2.5◦ secondary soller slit, β-filter removed) was selected to
ensure symmetric instrument profile as well as maintaining high in
tensity (peak to background ratio >50). Data were collected with a
position-sensitive detector (LYNXEYE-XE) in the range of 20 – 90◦ 2θ,
step size of 0.02◦ 2θ and scan time of 0.10 s. The Topas software was
used to analyze the data by using the Rietveld refinement [33], the
Maximum Entropy Method (MEM) in Rietan–FP [34,35], and structural
analysis software VESTA [36]. The XPS measurements were performed
with base pressure 1010 mbar using an electron energy analyzer (PHI
Quantera II) and a monochromatic Al Kα X-ray source (hν = 1486.6 eV).
The XPS peakfit41 software has been used to analyze the XPS data. The
samples used for the XPS study are prepared in a form of a pellet with
being sputtered by an ion beam to keep clean surfaces before mea
surements. The temperature dependence of magnetization, M(T), with
H = 500 Oe and field-dependent magnetization, M(H), at different
2
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Fig. 2. Crystal structure of HFNO, HCMO and HNMO; (a,b,c) and (d,e,f) 2D electron density distribution at (002)-plane.
Table 2
Polyhedral analysis of HFNO, HCMO and HNMO.
Ho2FeMnO6
Ionic Radii
Av. bond length M− O (Å)
Polyhedral volume (Å3)
Distortion Index
Effective coordination No
Bond angle Mn-O1-M
Mn-O2-M
Mn-O3-M

Ho
1.01
2.43
24.17
–
6.8

Ho2CoMnO6
Fe
0.78
2.06
11.71
0.01
5.9
145.3
145.6
147.7

Mn
0.83
1.93
9.69
0.08
5.9

Ho
1.01
2.42
23.75
–
6.8

Ho2NiMnO6
Co
0.75
2.05
11.51
0.02
5.9
145.4
145.7
147.6

Mn
0.83
1.92
9.52
0.08
5.9

Ho
1.01
2.42
23.58
–
6.8

Ni
0.69
2.04
11.43
0.01
5.9
145.5
145.5
147.5

Mn
0.83
1.92
9.46
0.06
5.9

Fig. 3. Structural parameters of Ho2XMnO6 (X = Fe, Co, Ni) double perovskites as a function of the transition metal ion radius (a) Bond length and polyhedral
volume (b) ∠Ni-O-Mn and curie temperature.

Mn2p1/2 levels is nearly equal to 12 eV and Mn2+ does not emerge
during the deconvolution, implying that Mn of HNMO had two oxida
tion states, Mn3 + at lower binding energy and Mn4+ at higher binding
energy. The ratio of Mn4+/Mn3+ for HFMO, HCMO, and HNMO are
found to be 0.80, 1.19, and 1.34 respectively, suggesting that Mn3+ is

more prevalent in the case of HFMO than HNMO and HCMO.
The XPS spectra of O1s for the HNMO sample are shown in Fig. 4(d).
The fitted curves at 529 eV represent the lattice oxygen, whereas the
other two peaks are satellite peaks associated with the adsorbed oxygen.
According to the XPS analysis, the cationic oxidation states in
3
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Fig. 4. Ho4d, Ni2p, Mn2p and O1s XPS spectra of Ho2NiMnO6 sample.

Fig. 5. Temperature dependence of the magnetization of the (a) HFMO (b) HCMO and (c) HNMO samples at 500 Oe. Inset, shows Curie-Weiss law fitting of inverse
susceptibility. (d) MT curve for HFMO at lower temperature region (<20 K).
4
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Table 3
Magnetic properties and Magnetic entropy change, Curie temperature and RCP of different double perovskite obtained at ΔH = 2 T.
Compound

Tc (K)

–ΔSM (J/kgK)

RCP (J/kg)

Nd2NiMnO6
Pr2NiMnO6
Y2NiMnO6
Ho2NiMnO6
Ho2NiMnO6
Ho2CoMnO6
Ho2FeMnO6

191
213
81
86
71.5
69.0
7.5

1.1
2.4
2.9
3.1
1.2
0.5
2.5

24.0
41.3
74.8
59.1
58.2
13.2
36.5

θ (K)

9.2
39.8
− 10.2

Curie constant

27.49
28.37
29.71

Ho2NiMnO6 includes Ho3+, Ni2+, and mixed Mn4+/Mn3+. A similar
tendency can be seen in Ho2CoMnO6, Ho2FeMnO6 samples provided in
the supplementary material, Fig. S1 and Fig. S2.
The temperature-dependent magnetization M(T) has been measured
for the field-cooled (FC) samples while warming in the temperature
range of 2–150 K at H = 500 Oe, as shown in Fig. 5(a–c) for HFMO,
HCMO and HNMO. The Curie temperatures (TC), defined by the
maximum in the absolute value of dM/dT, have been determined from
the M(T) curve and the values are about 7.5, 69.0, and 71.5 K, respec
tively. Fig. 5(d) shows M(T) curve for HFMO sample at low temperature
region (2–20 K). At lower temperature, magnetization increases sharply
and with increasing temperature magnetization decreases gradually
which confirm antiferromagnetic nature of sample, while the other two
samples, HCMO and HNMO exhibit ferromagnetic nature. In double
perovskite, the mechanisms which control the magnetic property of the
material are the antiferromagnetic super-exchange interaction in Fe2+
–O–Mn4+/Co2+ –O–Mn4+/Ni2+ –O–Mn4+ bonds and the ferromagnetic
double-exchange interaction in Mn3+ –O–Mn4+ bonds. The relative
strength of these two interactions can be strongly influenced by oxida
tion states, resulting in the change of Mn4+/Mn3+ ratio as well as Mn–O
bond length and M− O− Mn bond angle. We have calculated these
changes by Rietveld refinement is given in Table 3, where in addition to
the conventional Rietveld method, pattern fitting based on the
maximum entropy method (MEM) and further processing with Bond
Valence Sum (BVS) are applied [34]. The XPS analysis shows the studied
samples have different percentage of Mn4+/Mn3+ in HNMO which
changes cation ordering as well as Ni2+ –O–Mn4+ superexchange. The
different cationic ordering observed from XPS analysis suggest the large
difference in Curie temperature when we replace B-site element with
transition metal (Fe, Co, and Ni).
The temperature dependence of inverse susceptibility χ -1(T) has been
illustrated in the inset of Fig. 5(a–c). The linear fitting of the experi
mental χ -1(T) curve with the Curie-Weiss (C-W) law of the form χ = T−C θ
in the paramagnetic region, where C =

Nμ2eff
3kB

µeff (µB) Calcu.

14.83
15.07
15.41

µeff (µB) Theo.

15.73
15.95
16.57

Mn4+/Mn3+

Ref.

1.34
1.19
0.80

[19]
[19]
[19]
[19]
Present
Present
Present

calculated effective magnetic moment values are 15.41, 15.07, 14.83
µB/f.u. for HFMO, HCMO, and HNMO, respectively, and are equivalent
to the corresponding theoretical values [30]. The inverse magnetic
susceptibility (χ -1) for HCMO and HNMO shows a deviation in para
magnetic region. It is observed that with decrease in temperature from
150 K, χ -1 obeys Curie-Weiss law up to the temperature 80 K and 105 K,
respectively, with a further decrease in temperature a sharp downturn is
observed in χ -1 vs T plot, which is a typical characteristic of Griffiths
phase, suggesting that there exists an intermediate system between
disordered paramagnetic and ordered ferromagnetic state [43]. The
absence of Griffiths phase in HFMO is due to the abundance of Mn3+
ions. Griffith’s theory states that, there is a low probability of finding
ferromagnetic clusters with randomly distributed spins in the tempera
ture range TC < T < TG. Griffith phase is supposed to exist in the tem
perature regime TCR < T < TG, where TCR is the critical temperature of the
ferromagnetic clusters and TG is the Griffith temperature. Griffith’s
phase is analyzed by using a power law relation to the inverse suscep
tibility [44,45],
1− λ

χ − 1 = (T − TCR )

(1)

where λ is the magnetic susceptibility exponent, and it lies between 0< λ
<1. The value of λ represents the deviation from C-W behavior that is
supposed to be zero in the paramagnetic region and in the ferromagnetic
region nearly equal to one [46]. Although it is commonly assumed that θ
= TCR , but the determination of TCR value is important for the correct
determination of λ. The double logarithmic plot of χ-1 vs (T − TCR ) is
shown in Fig. 6(a and b) for HCMO and HNMO samples. The values of λ
are determined by fitting with Eq. (1) for the linear portion of curve. In
the high temperature regime above TG, λPM is close to zero since it is
completely paramagnetic. The estimated values of λPM are 0.064 and
0.005 while λGP are 0.831 and 0.972 for HCMO and HNMO samples,
respectively, which indicates the existence of Griffith phase in HCMO
and HNMO samples.
The isothermal magnetization curves have been measured in the
fields up to 70 kOe at several temperatures around Tc for the samples of
HFMO, HCMO and HNMO, as plotted in Fig. 7. The nature of the

is the Curie constant and θ

stands for paramagnetic Curie-Weiss temperature, kB is Boltzmann
constant, and N is number of magnetic ions per unit volume. The

Fig. 6. Inverse of susceptibility (χ-1) and temperature (T- TCR ) plotted with double logarithmic scale on to yield λPM and λGP values for (a) HCMO (b) HNMO samples.
5
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Fig. 7. Magnetization isotherms measured in the vicinity of magnetic transition for a) HFMO (b) HCMO and (c) HNMO samples.

plot for the HFMO sample shows similar pattern. At certain tempera
tures, the HCMO sample exhibits a negative slope, suggesting a combi
nation of first and the second-order phase transitions, as seen in the
supplementary material, Fig. S3.
According to the thermodynamic theory, the isothermal magnetic
entropy change induced by a magnetic field variation from 0 to H is
given by [49],
∫ H( )
∂M
(2)
ΔSM (T, H) = SM (T, H) − SM (T, 0) =
∂H T
0
By using the thermodynamic Maxwell relation (∂ S/∂ H)T = (∂ M/∂ T)
H, the magnetic entropy change ΔSM can be expressed in an alternative
form as,
∫ H( )
∂M
ΔSM (T, H) =
dH
(3)
∂T H
0
The magnetic entropy change (– ΔSM) as a function of temperature
for the HFMO, HCMO, and HNMO samples at ΔH = 1, 2, 3, 4, 5, 6 and 7
T are shown in Fig. 9(a–c). The magnetic entropy change is shown to be
significantly dependent on temperature and magnetic field. The calcu
lated – ΔSM around 8, 69, and 75 K are 10.2, 3.4 and 4.7 J/kgK for
HFMO, HCMO, and HNMO samples, respectively. The large value and
lower TC in HFMO are considered to be associated with absence of
Griffiths phase. The magnitude of –ΔSM showed a maximum at TC and
dropped down on both sides of TC, resulting in a single peak. In case of
HCMO and HNMO the –ΔSM values increased at low-temperature re
gion, which can be attributed to the presence of different magnetic
phases present in the samples which can be seen in M(T) curves. The
relative cooling power (RCP) of a magnetocaloric material can be
evaluated by considering the magnitude of –ΔSM and its full-width at

Fig. 8. Arrott plots for HNMO sample. The positive slope of all plots suggests
second order phase transition present in the sample.

magnetic transitions can be analyzed based on the Banerjee criterion
[47]. According to the criterion, the negative and positive slope of M2 vs
H/M curves (Arrott plots) suggests a first-order and second-order phase
transition, respectively [48]. The so-called Arrott plot of M2 vs H/M is
plotted in Fig. 8, where all the M2 vs H/M curves exhibit the positive
slope indicating that the transition between the ferromagnetic and
paramagnetic phase is of the second-order for HNMO sample. The Arrott
6
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Fig. 9. Magnetic entropy change curves as a function of temperature for (a) HFMO (b) HCMO and (c) HNMO samples for different magnetic field changes (d) MCE
with respect to ionic radius of transition metals.

half maximum (δTFWHM) by using relation as RCP = –ΔSM × δTFWHM,
where ΔSM – maximum entropy change value near TC and δTFWHM, the
full-width at half maximum of – ΔSM (T) curve [50]. At 2 T, where it is
considered to be moderate magnetic field from an application point of
view, the calculated value of RCP for HFMO is 36.5 J/kgK with –ΔSM =
2.5 J/kgK, 3.2 J/kg with – ΔSM = 0.5 J/kgK for HCMO and 58.2 J/kg
with – ΔSM = 1.2 J/kgK for HNMO. The RCP value is comparable with
the reported value for HNMO by Chakraborty et al [19]. The TC, – ΔSM
and RCP for studied and other double perovskite materials are tabulated
in Table 3.
Fig. 9(d) shows the magnetic entropy change with different ionic
radius of B-site elements (Fe, Co, and Ni) in double perovskite structure.
It has been well known that with increasing atomic number of transition
metal, ionic radius decreases due to the element from same row of pe
riodic table. The magnetic entropy changes with B-site element of Fe,
Co, and Ni are, – ΔSM = 4.7, 3.4 and 10.2 J/kgK which does not exhibit a
simple monotonic increase. The change in MCE properties in these
compounds is associated with different ionic size of B-site elements
which causes change B-O-B’ bond angle as well as coupling of 4f-rare
earth element (Ho) having high magnetic moment with 3d-transition
elements (Fe, Co, and Ni) in double perovskite compounds. Further
theoretical studies might be required to fully correlate the structural and
magnetocaloric behavior.

the second-order magnetic phase transition, but with substantially
different TC. The difference in TC is explainable based on the super
exchange mechanism, tilting of the octahedron in double perovskite
structure due to different ionic radius of B-site elements (3d-transition
metal) and its coupling with A-site element (4f-highly magnetic rare
earth). We propose that the DP systems with conventional 3d ferro
magnetic elements such as Fe, Co, and Ni with Mn can be reliable and
systematic playground in engineering structural/electronic/magnetic
properties for future applications.
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Appendix A. Supplementary data

4. Conclusions

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jmmm.2021.168666.

In summary, we used solid state reaction to synthesize Ho2FeMnO6
(HFMO), Ho2CoMnO6 (HCMO) and Ho2FeMnO6 (HNMO) double
perovskite materials, where all samples are confirmed to have a mono
clinic structure P21/n space group. XRD, XPS, M(T), and MCE mea
surements have been systematically carried out. All the samples exhibit
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