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ABSTRACT: In2NiMnO6, a new compound extending the
family of double rare-earth perovskites R2NiMnO6 (R = rare
earth, Y) to smaller R ions, was prepared using a high-pressure
and high-temperature technique (6 GPa and 1600 K). Its
crystal structure was investigated by synchrotron X-ray powder
diffraction at room temperature: space group P21/n (No. 14,
cell choice 2), Z = 2, a = 5.13520(1) Å, b = 5.33728(1) Å, c =
7.54559(4) Å, and β = 90.1343(1)°. A significant degree of
ordering of Mn4+ and Ni2+ ions was observed. The dc and ac
magnetization and specific heat measurements showed that
In2NiMnO6 is an antiferromagnet with a Neél temperature TN
of 26 K. Its antiferromagnetism puts it apart from other
members of the R2NiMnO6 family where a ferromagnetic
ground state was observed, which is attributed to the superexchange interaction between Mn4+ and Ni2+ ions according to the
Kanamori−Goodenough rules. A field-induced phase transition to a ferromagnetic state was observed from 18 kOe at 5 K,
indicating that In2NiMnO6 is close to the antiferromagnetic−ferromagnetic transition boundary. First-principles calculations
allowed us to explain its antiferromagnetism and the field-induced phase transition and predict the E* type antiferromagnetic
ground state.

1. INTRODUCTION

In recent years, multiferroic materials, in which ferromagnetic
(FM) and ferroelectric (FE) orders coexist, have attracted a
great deal of attention in fundamental physics and chemistry1−6

because of their great potential for device applications such as
nonvolatile memories and sensors.4,6 Unfortunately, there exist
relatively few magnetoelectric multiferroics in nature and most
of them are antiferromagnetic (AFM).7−10 For example,
BiFeO3 is a well-known AFM-FE material, with both the
Neél temperature TN = 650 K and the ferroelectric Curie
temperature TE = 1123 K above room temperature.11,12 (Bi,Pb)
MO3 (M = Ni, Co, Cr, V) were also found to be AFM.13−16

This is due to an AFM superexchange interaction between
transition-metal (TM) ions via oxygen ions according to the
Kanamori−Goodenough (KG) rules.17,18 In simple perovskite
(ABO3) materials, the AFM superexchange interaction is
induced between the same TM ion orbitals (t2g or eg) via
overlapping with oxygen ion orbitals (pπ or pσ) in a B−O−B
(almost) linear arrangement. Note that there is one exception:
the ferromagnetism of BiMnO3 is believed to originate from a
specific orbital order.19 Therefore, double perovskite oxides
with general formula A2BB′O6 are needed, where there are two

different 3d TM ions (B and B′), in order to give rise to an
intrinsic strong FM interaction. According to the KG rules,
ferromagnetism appears if one TM ion with eg electrons (B)
and another without eg electrons (B′) are ordered (B−O−B′)
in a rock-salt manner at the B sites of the perovskite structure.
This strategy has resulted in FM La2MMnO6 (M = Co, Ni, Cu)
materials,20−23 multiferroic R2CoMnO6 (R = Y, Lu) materials,24

and the design and realization of the new FM FE material
Bi2NiMnO6.

25−28

R2NiMnO6 (R = rare earth, Y) have attracted much interest
and have been studied extensively. The reason is not only
because of their ferromagnetism (when Ni2+ and Mn4+ are
ordered) and different magnetic properties depending on the
degree of ordering of Ni2+ and Mn4+ ions29−31 but also because
of magnetic-field-induced changes in electrical resistivity and
dielectric properties.32 Especially, when R = La, the FM Curie
temperature TC can be 280 K, close to room temperature. A
progressive increase of distortions of the perovskite structure
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and a decrease of FM ordering temperature were observed with
the decrease of R3+ ionic radius from La3+ to Lu3+.29,31

In-based and Sc-based perovskites have recently attracted
more and more attention in the search for new room-
temperature multiferroic materials and exotic physical proper-
t i es . 3 3−41 So far , ScVO3 ,

37 ScCrO3 ,
38ScRhO3 ,

39

ScCr1−xFexO3,
38,40 ScMnO3,

41 InCrO3,
38 InCr1−xFexO3,

38

(In1−xMnx)MnO3,
34 and InRhO3

39 compounds and their
solid solutions can be prepared by the high-pressure−high-
temperature (HP-HT) method. We thus focused on the In-
based double perovskite In2NiMnO6. Several compounds are
known in the In−Ni−Mn−O system: InMnO3, (In1−xMnx)-
MnO3, and In2Mn2O7. Stoichiometric InMnO3 has so far been
obtained only in the hexagonal modification isostructural with
h-RMnO3 (R = Sc, Y, Ho−Lu) even using the HP-HT
method.35,42 Nonstoichiometric (In1−xMnx)MnO3 was stabi-
lized in a monoclinically distorted GdFeO3-type perovskite
structure (space group P21/n).

34 Manganites with the
composition R2Mn2O7 (R = In, Tl, Sc, Y, Dy−Lu) crystallize
in the pyrochlore structure with space group Fd3 ̅m. All
R2Mn2O7 compounds are FM. In order to stabilize the only
Mn4+ oxidation state, higher pressure is required for smaller
cations (R = In, Tl, Sc) in comparison with R = Dy−Lu, Y.43−45
To the best of our knowledge, there is no information about
InNiO3 or other compounds in the In−Ni−O system.
In the R2NiMnO6 family, on further decrease of the R3+ ionic

radius from Lu3+ to In3+, increased structural distortions might
lead to interesting physical properties, although the perovskite
structure becomes unstable (at ambient pressure). Indeed, the
preparation of the “exotic” double perovskite In2NiMnO6
requires HP-HT conditions, because its tolerance factor (t =
0.774 with rVI(In

3+) = 0.80 Å or t = 0.816 with rVIII(In
3+) = 0.92

Å) is beyond the stability range of perovskites at ambient
pressure.46 Here, we report on the synthesis and physical
properties of In2NiMnO6.

2. EXPERIMENTAL SECTION
Polycrystalline samples were prepared from stoichiometric mixtures of
In2O3 (99.99%), NiO (99.9%), and MnO2 (99.997%) in a molar ratio
of 1:1:1. The mixtures were carefully ground using an agate mortar and
then sealed in Au capsules. In2NiMnO6 was synthesized by the solid-
state reaction method in a belt-type high-pressure apparatus. After a
high pressure of 6 GPa and a high temperature of 1600 K were
maintained for 2 h, the samples were quenched to room temperature,
and then the pressure was slowly released. No noticeable changes in
the weight of Au capsules were found after the synthesis, indicating
that the target oxygen content in samples did not change during the
reaction. The accuracy of the balance used in this work was 0.01 mg.
The resultant samples were black dense pellets with a mass of about
0.5 g (for each pellet). The phase purity and oxygen content of MnO2
were checked and confirmed before its use.
X-ray powder diffraction (XRPD) data for phase analysis were

collected at room temperature on a RIGAKU Ultima III diffractometer
using Cu Kα radiation. The step-scan measuring method was carried
out with a 2θ range of 10−80°, a step width of 0.02°, and a counting
time of 10 s/step. Synchrotron X-ray powder diffraction (SXRPD)
data for the structure refinements were collected at room temperature
using a large Debye−Scherrer camera at the BL15XU NIMS beamline
in SPring-8.47 The incident beam using an undulator was
monochromated to λ = 0.63043 Å. The sample was contained in a
Lindenmann glass capillary tube with an inner diameter of 0.1 mm,
and the capillary tube was rotated during measurement. The SXRPD
data was collected with 2θ between 1 and 57° and a step interval of
0.003°. The diffraction data were analyzed by the Rietveld method.48

The Rietveld refinement was performed using the program RIETAN-
FP.49 The background was fit with a polynomial function with 12

refined parameters. The occupation factors were fixed at unity for all
atoms in the final refinement. Isotropic atomic displacement
parameters, B, were assigned to all atoms. For impurities, we refined
only scale factors and lattice parameters fixing their structure
parameters.

Surface area measurements were carried out using a Hitachi S-4800
field emission scanning electron microscope (FE-SEM) equipped with
an energy-dispersive X-ray spectrometer (EDX). EDX analyses were
performed with an accelerating voltage of 15 kV. Electron probe
microanalysis (EPMA) was performed using a JEOL JXA-8500F
instrument. The surface was polished with a fine alumina (0.3 μm)
coated film before the EPMA measurements, and MnO, NiO, and
In2Se3 were used as standard samples for Mn, Ni, and In, respectively.

The dc magnetic susceptibilities (χ = M/H) were measured on a
SQUID magnetometer (Quantum Design, MPMS) between 2 and
400 K in applied fields of 0.1, 1.0, 10, 20, 30, 40, 50, 60, and 70 kOe
under both zero-field-cooled (ZFC) and field-cooled (FC) conditions
(FC curves were measured on cooling after ZFC measurements).
Isothermal magnetization measurements were performed on the
MPMS between −70 and 70 kOe at 5, 50, and 300 K. The ac magnetic
susceptibilities at a zero static magnetic field (Hdc) were measured on
the MPMS from 2 to 70 K at frequencies ( f) of 0.5, 2, 7, 25, 110, and
300 Hz and an applied oscillating magnetic field (Hac) of 5 Oe (the
maximum Hac value of our instrument). The specific heat, Cp, at
different magnetic fields (H = 0, 10, 20, 30, 40, 50, 60, 70, 80, and 90
kOe) was recorded between 2 and 300 K (using an N Apiezon grease
to make good thermal contacts between a sample and a holder) on a
Quantum Design PPMS instrument.

The AFM and FM spin arrangement models were also investigated
by density functional theory (DFT) calculations using the Vienna ab
initio simulation package (VASP)50 with the projected augmented
plane-wave (PAW) method and the generalized gradient approx-
imation (GGA) by Perdew, Burke, and Ernzerhof for the exchange
correlation function.51 An energy cutoff of 400 eV was employed, and
a 6 × 6 × 6 momentum mesh was used to ensure the convergence of
calculations.

3. RESULTS AND DISCUSSION

The SXRPD pattern at room temperature showed that the
sample contained small amounts of impurities: In2Mn2O7, NiO,
and rhombohedral In2O3. The weight fraction of the main
phase was estimated to be more than 93% after the Rietveld
analysis. All of our attempts to eliminate impurities by varying
synthesis conditions and starting stoichiometry failed. All
reflections of the main phase were indexed using TREOR52

in a monoclinic system. The observed reflection conditions of k
+ l = 2n for h0l, h00, and 00l and k = 2n for 0k0 afforded the
possible centrosymmetric space group P21/n (No. 14, cell
choice 2) similar to the case for the double rare-earth
perovskites R2NiMnO6 (R = rare earth, Y). Therefore, the
structure parameters of Tb2NiMnO6 were used as the initial
values for the refinement of In2NiMnO6.

31

The refined structural parameters, R values, selected bond
lengths, and bond-valence sums (BVS)53 of In2NiMnO6 are
given in Tables 1 and 2. Experimental, calculated, and
difference SXRPD profiles are shown in Figure 1. The crystal
structure of In2NiMnO6 is shown in the inset of Figure 1. The
BVS values of +2.003(9) for the Ni site (2d site) and +4.048(8)
for the Mn site (2c site) support the proposed ionic
distribution and oxidation states. The refinement of occupation
factors (g) of the Ni and Mn sites resulted in g(Ni) = 1.005(2)
and g(Mn) = 0.984(2) with g = 1 for all other sites and fixed
B(Ni) and B(Mn) (and with the refinement of all other
structural parameters (given in Table 1), profile parameters,
zero-shift parameters, and background parameters).
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We note that the structural analysis with a random
distribution of Ni2+ and Mn4+ ions between the 2d and 2c
sites gave larger R values (Rwp = 6.93%, Rp = 4.78%, RB =
3.55%, and RF = 2.30%), but most importantly the subsequent
refinement of the occupation factors for a virtual atom (VA),
VA = 0.5Mn4+ + 0.5Ni2+, resulted in g = 0.900(3) for the 2c site

and g = 1.081(3) for the 2d site. These facts and the monoclinic
structure of In2NiMnO6 suggested that there was a significant
degree of ordering of Ni2+ and Mn4+ ions. For the precise
determination of the degree of Ni2+ and Mn4+ ordering,
neutron diffraction data are needed. We note that indium atoms
strongly adsorb neutrons; therefore, it is challenging to measure
good neutron diffraction data.
The occupation factors for oxygen sites were refined to be

g(O1) = 1.026(4), g(O2) = 1.002(6), and g(O3) = 1.053(6)
with fixed g = 1 for other sites. The occupation factor of the In
site was refined to be g(In) = 1.000(1) with fixed g = 1 for other
sites. These results strongly suggested that all of the cation and
oxygen sites in In2NiMnO6 are fully occupied (g = 1). This was
in agreement with the result of the EPMA analysis, which gave
Ni:Mn = 1.00(3):1.00, and the EDX analysis, which gave
In:Ni:Mn = 2.09(18):1.05(9):1.00 (see the Supporting
Information). Note that the In content by EPMA was not
reliable, probably because of the specific standard material.
The dc magnetic susceptibility ZFC curves of In2NiMnO6

between 2 and 200 K at different magnetic fields from 0.1 to 70
kOe are shown in Figure 2. There was almost no difference
between the ZFC and FC curves at a given magnetic field,
except for the curves at 0.1 kOe (see the Supporting
Information). At small magnetic fields, there were noticeable
FM anomalies at around 130 K and a difference between the
ZFC and FC curves (at 0.1 kOe) at lower temperature
originating from the FM impurity In2Mn2O7.

44,45 However, the
contribution from In2Mn2O7 was completely suppressed at
larger magnetic fields. In the range 0.1−10 kOe, clear AFM-like
sharp peaks were observed on both ZFC and FC curves, and
the TN value was almost independent of the field. From 20
kOe, the peak positions started to move to lower temperatures,
and the peaks became much broader. At magnetic fields above
50 kOe, almost no peak was observed, and magnetic
susceptibilities were typical for ferromagnets (if measured at
large magnetic fields).29,31,45,54 Therefore, dc magnetic
susceptibility measurements showed that there are some
changes in the behavior (a field-induced transition) between
10 and 20 kOe.
The magnetic susceptibility curves at 10−70 kOe were fit

between 200 and 400 K with the Curie−Weiss equation

χ μ= − Θ− T k T N( ) 3 ( )/( )1
B eff

2
A (1)

where μeff is the effective magnetic moment, NA is Avogadro’s
number, kB is Boltzmann’s constant, and Θ is the Curie−Weiss
temperature (see the Supporting Information). At 70 kOe, the
fitting parameters μeff = 4.891(2)μB and Θ = +58.3(2) K were
obtained as shown in the inset of Figure 2. The positive Curie−
Weiss temperature of 58.3(2) K indicates that FM interactions
are dominant. It should be noted that a positive Curie−Weiss
temperature was also observed in AFM LaMnO3 because of the
dominant FM interactions in layers.55 The effective magnetic
moment is in good agreement with the calculated value of
4.796μB/fu, expected for Mn4+ (d3: t2g

3eg
0) and Ni2+ (d8:

t2g
6eg

2). The ac susceptibility χ′ vs T and χ′′ vs T curves
obtained at different frequencies ( f) are plotted in Figure 3.
The χ′ vs T curves show frequency-independent peaks at about
26 K, and no anomalies were observed on the χ′′ vs T curves,
indicating that a transition to a long-range AFM state occurs.
The isothermal magnetization (M vs H) curves of

In2NiMnO6 at 5, 50, and 300 K are plotted in Figure 4. An
anomaly near the origin at 5 and 50 K originated from the

Table 1. Crystallographic Parameters of In2NiMnO6 at
Room Temperaturea

site
Wyckoff
position x y z B (Å2)

Mn 2c 0.5 0.0 0.5 0.28(2)
Ni 2d 0.5 0.0 0.0 0.26(1)
In 4e 0.98048(6) 0.06111(5) 0.25257(6) 0.402(6)
O1 4e 0.3804(5) 0.9363(5) 0.2621(4) 0.49(5)
O2 4e 0.1992(6) 0.1844(6) 0.5626(4) 0.44(6)
O3 4e 0.6784(5) 0.2914(6) 0.4313(4) 0.34(6)

aParameters: wavelength λ = 0.63043 Å, space group P21/n (No. 14
cell choice 2), Z = 2, a = 5.13520(1) Å, b = 5.33728(1) Å, c =
7.54559(4) Å, β = 90.1343(1)°, ρcalc = 7.054 g/cm3, V = 206.809(5)
Å3. Occupation factors of all of the sites are unity. R values (%): Rwp =
6.66, Rp = 4.58, RB = 3.49, and RF = 2.28. The weight fractions of
In2O3, NiO, and In2Mn2O7 are 4.6%, 0.5%, and 1.1%, respectively.

Table 2. Selected Bond Lengths (Å), Bond-Valence Sums
(BVS), and Bond Angles (deg) for In2NiMnO6

a

Mn−O1 (×2) 1.926(3) In−O2 2.126(3)
Mn−O2 (×2) 1.893(3) In−O1 2.129(3)
Mn−O3 (×2) 1.879(3) In−O3 2.158(3)
BVS (Mn4+) 4.048(8) In−O1 2.160(3)

In−O3 2.397(3)
Ni−O1 (×2) 2.100(3) In−O2 2.445(3)
Ni−O2 (×2) 2.057(3) In−O2 2.675(3)
Ni−O3 (×2) 2.057(3) In−O3 2.746(3)
BVS (Ni2+) 2.003(9) BVS (In3+) 2.804(5)
Mn−O3−Ni 140.4(2) Mn−O2−Ni 141.8(2)
Mn−O1−Ni 139.1(1)

aBVS =∑i = 1
N vi, νi = exp[(R0 − li)/B], N is the coordination number, B

= 0.37, R0(Mn4+) = 1.753, R0(Ni
2+) = 1.654, and R0(In

3+) = 1.902.53

Figure 1. Fragment of the observed (+), calculated (−), and difference
synchrotron XRPD patterns of In2NiMnO6. Bragg reflections are
indicated by tick marks for In2NiMnO6 (top). The lower tick marks
are given for the impurity phases In2O3 (second from top), NiO (third
from top), and In2Mn2O7 (bottom). The inset shows a fragment of the
crystal structure of In2NiMnO6 along the a axis. NiO6 and MnO6
octahedra are shown.
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In2Mn2O7 impurity with soft FM behavior.44,45 The M vs H
curves at 5 K clearly showed that In2NiMnO6 behaves as a fully
compensated antiferromagnet at magnetic fields below about
18 kOe, confirming the results of the temperature-dependent
measurements (Figure 2). Above 18 kOe, a field-induced
transition was observed with sharper increase of magnetization,
again in agreement with the temperature-dependent measure-
ments. The magnetization of In2NiMnO6 reached about
4.3μB/fu at 70 kOe and 5 K, approaching the full magnetization
value of 5μB/fu.

Figure 5 shows the specific heat of InNi0.5Mn0.5O3 plotted as
Cp/T versus temperature (Cp/T vs T) in the temperature range
2−100 K at magnetic fields from 0 to 90 kOe. The specific heat
showed one peak at 26 K at 0 Oe, which was consistent with
the peaks on the χ vs T curves and χ′ vs T curves. The peaks
gradually shifted to lower temperatures (as expected for
antiferromagnets) and smeared with an increase in the
magnetic field. However, at the same time, a magnetic
contribution increased at high temperatures above 30 K up to
100 K. This behavior is quite typical for ferromagnets: for
example, BiMnO3,

54 where a magnetic field (of 90 kOe)
completely removed a specific heat anomaly at TC = 102 K and
introduced a magnetic contribution to the specific heat up to
170 K. The magnetic entropy of InNi0.5Mn0.5O3 at 0 Oe was
estimated to be 8.65 J K−1 mol−1 (see the Supporting

Figure 2. ZFC dc magnetic susceptibility (χ = M/H) curves (χ vs T) of In2NiMnO6 measured at different external static magnetic fields. The inset
shows the inverse ZFC magnetic susceptibility curve measured at 70 kOe. The red solid line shows fitting result at temperature range of 200 to 400 K
with eq 1.

Figure 3. Real (top) and imaginary (bottom) parts of the ac
susceptibility vs temperature (χ′ vs T and χ″ vs T) at different
frequencies ( f) in an applied oscillating magnetic field (Hac) of 5 Oe.
Measurements were performed in the temperature range 2−70 K and
zero static magnetic field (Hdc = 0 Oe).

Figure 4. Isothermal magnetization (M vs H) curves of In2NiMnO6 at
5 K (circles), 50 K (triangles), and 300 K (diamonds) between −70
and 70 kOe. The inset presents the M vs H curves at 5 K (circles) and
50 K (triangles) in the magnetic field range 0−20 kOe.
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Information), close to the magnetic entropy of InCrO3 (9.04 J
K−1 mol−1).38

In Figure 6, we compare the lattice parameters, unit cell
volume, Ni−O−Mn bond angles, and magnetic ordering
temperature of In2NiMnO6 with those of the R2NiMnO6
family.29,31 Monotonic changes as a function of the R3+ ionic
radius were observed in the unit cell volumes, Ni−O−Mn bond
angles, and magnetic ordering temperatures. However, the
lattice parameters of In2NiMnO6 exhibit nonmonotonic
changes. Similar features in the lattice parameters were found
in RRhO3 and RCrO3 (R = Sc, In, Y, La−Lu) and attributed to
significant hybridization of In−O bonds resulting in more
covalent bonds in comparison with R−O (R = Sc, Y, La−Lu)

bonds.39 In comparison with the other members of R2NiMnO6,
the Ni−O−Mn bond angles in In2NiMnO6 (139.1, 141.8, and
140.4°) were the smallest and deviated the most from 180°.
The empirical KG rules predicted the right FM ground states

for all of the previously known members in the R2NiMnO6
family with a scenario of superexchange interaction between the
half-filled eg orbital of Ni

2+ and the vacant eg orbital of Mn4+

through the p orbital of O2−. However, due to the structural
distortion of the perovskites, the Ni−O−Mn angles deviated
from 180° with a decrease in the radius of R3+ cations. Smaller
Ni−O−Mn angles give rise to smaller hopping strengths
between the cations and O anions and, therefore, effectively
reduce the FM coupling between the cations. First, this effect
results in a monotonic decrease of the FM ordering
temperature TC with a decrease in the Ni−O−Mn bond angles
(Figure 6d).29,31 Second, the effect of decreasing the Ni−O−
Mn bond angles could result in the stabilization of an AFM
ground state. Indeed, it was theoretically predicted by Kumar et
al.56 that the magnetic ground state should change from FM for
La2NiMnO6 to AFM for Y2NiMnO6 due to a decrease of the
rare-earth ionic size from La3+ (1.160 Å) to Y3+ (1.019 Å), in
disagreement with the experimental observations that
Y2NiMnO6 is a FM insulator with TC = 79 K.31 An AFM
ground state is realized in In2NiMnO6 with smaller In3+ ions
(0.92 Å) at the A site in comparison with Y3+ (1.019 Å). To
understand the possible reasons, we performed density
functional calculations as described below.
The DFT total energies of the different magnetic structures

were investigated when GGA + U (U is the effective local two-
electron repulsion term) was applied with the value of U in the
range 0−5 eV. When U < 2.0 eV, the first-principles calculation
results showed that many AFM spin arrangements are
energetically more stable than the FM spin arrangement.

Figure 5. Cp/T vs T curves between 2 and 100 K for InNi0.5Mn0.5O3
(the molecular weight is calculated for the ABO3 composition) at
different magnetic fields (from 0 to 90 kOe with a step of 10 kOe).

Figure 6. (a) Lattice parameters, (b) unit cell volumes, (c) Ni−O−Mn bond angles, and (d) magnetic ordering temperatures (TN for AFM and TC
for FM) as a function of the R3+ ionic radius (in the 8-fold coordination) in R2NiMnO6 (R = La−Lu, Y,29,31 In). The lines are drawn as guides for the
eye.
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When the value of U is higher than 2.0 eV, the FM spin
configuration is energetically more stable. Among possible
AFM spin arrangements in a doubled unit cell at small U
region, we found that an E*-type AFM (E*AFM) spin
arrangement (Figure 7)56 has the lowest total energy, which
could be the correct ground state of In2NiMnO6. The total
energy difference between E*AFM and FM (EFM‑E*AFM) as a
function of U from 0 to 5 eV is shown in Figure 7. In this
E*AFM spin configuration, spins couple ferromagnetically in
the bc plane, while in the a axis they are arranged in an up−up−
down−down zigzag configuration. With this layered AFM spin
arrangement, we can explain the experimental fact that
In2NiMnO6 has an AFM ground state but has strong FM
coupling, as evidenced by the positive Curie−Weiss temper-
ature. It must be noted that the energy difference EFM‑E*AFM was
very small when the U value was equal to 2 eV. Therefore, an
external magnetic field could overcome a small energy
difference and induce an AFM to FM transition, as was
observed experimentally from 18 kOe at 5 K in In2NiMnO6. To
be in agreement with the experimental observations for
In2NiMnO6 the U values should not exceed 2 eV. Therefore,
we suggest that an effective U value of 2 eV, although smaller
than typical values for 3d transition-metal oxides (about 3 eV in
La2NiMnO6;

57 UMn = 3.5 eV and UNi = 4.0 eV in
Bi2NiMnO6

58), should be adopted for the R2NiMnO6 family.
Using the same set of U parameters on Ni and Mn d electrons,
we obtained the FM ground state for Y2NiMnO6 and
La2NiMnO6. Previous DFT calculations without U correction56

produced an AFM ground state, which obviously disagrees with
the experimental FM ground state.29,31

The magnetic ground state of In2NiMnO6 can be probed
directly by neutron diffraction. However, we have some indirect
evidence for the proposed E*AFM ground state. First, the
magnetic unit cell is doubled in the E*AFM structure in
comparison with the crystallographic unit cell. Therefore, the
E*AFM structure cannot support weak ferromagnetism (or
spin canting) by the symmetry;59 we indeed observed that
In2NiMnO6 is a fully compensated antiferromagnet (below 18

kOe) similar to RMnO3 (R = Ho−Lu), which have a close
collinear E-type AFM structure.60,61 Second, the E*AFM
structure breaks the inversion symmetry56 and results in
electrical polarization;24,60,62 we indeed observed sharp
dielectric anomalies at TN of In2NiMnO6. Detailed dielectric
studies of In2NiMnO6 will be reported elsewhere.

4. CONCLUSION

A new compound, In2NiMnO6, extending the family of double
perovskites R2NiMnO6 was prepared using a HP-HT technique
(at 6 GPa and 1600 K). Its crystal structure was investigated by
synchrotron X-ray powder diffraction, and it crystallizes in the
B-site-ordered structure with space group P21/n. A significant
degree of ordering of Mn4+ and Ni2+ ions was found. Magnetic
properties were studied using dc and ac magnetization and
specific heat measurements. In2NiMnO6 is an antiferromagnet
with a Neél temperature of 26 K, in contrast with other
members of the R2NiMnO6 family, which are ferromagnetic. A
field-induced phase transition to a ferromagnetic state was
observed from 18 kOe at 5 K, indicating that In2NiMnO6 is
close to the antiferromagetic−ferromagnetic transition boun-
dary. First-principles calculations allowed us to explain its
antiferromagnetism and the field-induced phase transition. In
our future work, Sc2NiMnO6 with even smaller Sc3+ cations at
the A site will be investigated and compared with In2NiMnO6.
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Figure 7. Total energy difference per two unit cells (along the a axis) between an E*-type antiferromagnetic arrangement and ferromagnetic
arrangement (EFM‑E*AFM) as a function of U (black solid squares). The lines are drawn as guides for the eye. The insets show the E*-type
antiferromagnetic (lower left)56 and ferromagnetic (upper right) arrangements in the 2 × 1 × 1 unit cell. Arrows show the direction of magnetic
spins.
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