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We have investigated the pressure effect on magnetic ordering of the ferromagnetic double perovskite
Lu2NiMnO6 by magnetization, ac magnetic susceptibility, and neutron diffraction experiments up to 8.0 GPa
in order to understand the ferromagnetic-to-antiferromagnetic phase transition by substitution of the A sites
in A2NiMnO6 from rare-earth to indium or scandium ions. Strong ferromagnetic spin correlation seen in
the susceptibility at low pressure is significantly suppressed by increasing pressure. In a neutron diffraction
experiment, the magnetic Bragg reflections associated with ferromagnetic ordering disappear above 4.5 GPa.
For the high-pressure region above 4.5 GPa, an antiferromagnetic ordering with long-period incommensurate
modulation appears, which is coexistent with ferromagnetic short-range order. From mean-field calculations,
we infer that pressure modification of the delicate balance of the competing next-nearest-neighbor exchange
interactions between Ni and Ni, or Mn and Mn, plays an important role in the phase transition from ferromagnetic
to antiferromagnetic ordering in A2NiMnO6.

DOI: 10.1103/PhysRevB.102.094412

I. INTRODUCTION

Ordered double perovskite oxides with the chemical com-
position A2B′B′′O6 (A is an alkaline-earth ion, Y, or a
rare-earth ion) have been studied extensively since the 1960s
[1–3]. Since the B′ and B′′ sites are occupied by transition-
metal ions, they exhibit various types of spin-related physical
phenomena as a result of coupling between spin and another
degree of freedom of electrons [4,5]. Magnetoelectric multi-
ferroic phenomena have attracted much attention in the past
15 years, since the discovery of magnetic-field-controlled fer-
roelectricity in TbMnO3 [6–8]. The multiferroic behavior has
been investigated for various types of crystal structure in order
to understand the mechanism regarding spin-order-induced
ferroelectricity and with the goal of practical application.
Double perovskite compounds have been studied as multi-
ferroics much less frequently due to the use of a simple
ferromagnet in most cases, which does not significantly affect
the ferroelectricity. Nevertheless, there are several exceptions
to antiferromagnetic (AFM) ordering in double perovskites
A2MnCoO6 (A = Yb,Lu) [9,10] and A2NiMnO6 (A = In,Sc)
[11–14] with a relatively small ionic radius of the A sites.
Spin-order-driven ferroelectricity has been reported in a
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↑↑↓↓ structure in Lu2MnCoO6 [10], and a long-period spiral
ordering has been reported in In2NiMnO6 [13].

In A2NiMnO6, since the nearest-neighbor exchange inter-
action between Ni2+ and Mn4+ is expected to be ferromag-
netic (FM) in the Kanamori-Goodenough (KG) rule [15,16],
all the compounds with the A site occupied by rare-earth ele-
ments or Y are FM [17–19]. Decreasing the ionic radius of the
A sites in A2NiMnO6 makes the bond angle of Ni-O-Mn far
from 180◦ and reduces the FM interactions, which is proved
by the decrease of the Curie temperature from Tc � 300 K for
La2NiMnO6 to Tc � 45 K for Lu2NiMnO6 (Fig. 1) [17–19].
Further compression of the ionic size has been successful for
A = In and Sc by using high-pressure and high-temperature
synthesis techniques [11,12]. In the smallest A-site cation case
of Sc2NiMnO6, a multi-k AFM ordering with commensurate
propagation vectors k = ( 1

2 , 0, 1
2 ) and (0, 1

2 , 1
2 ) is found as the

magnetic ground state, which does not induce ferroelectricity
[14]. However, for compounds with the ionic sizes between Sc
and Lu, i.e., In2NiMnO6, there exists a complex spiral phase
(Fig. 1). The ferroelectric polarization with ∼30 μC/m2 is in-
duced by the complex spiral ordering with an incommensurate
(ICM) k = (0.274, 0,−0.0893) in In2NiMnO6 [13].

Several theoretical studies for A2NiMnO6 have predicted
that the Ni-O-Mn exchange interaction changes from FM to
AFM with decreasing ionic radius of the A sites, and the
↑↑↓↓ AFM structure in Y2NiMnO6 [20] and In2NiMnO6

[11] would be stable. The predictions, however, were not in

2469-9950/2020/102(9)/094412(9) 094412-1 ©2020 American Physical Society

https://orcid.org/0000-0002-8676-5586
https://orcid.org/0000-0003-4611-2393
https://orcid.org/0000-0001-9031-2355
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.094412&domain=pdf&date_stamp=2020-09-09
https://doi.org/10.1103/PhysRevB.102.094412


NORIKI TERADA et al. PHYSICAL REVIEW B 102, 094412 (2020)

FIG. 1. Magnetic phase diagram of A2NiMnO6 as functions
of temperature and ionic radius. The phase-transition temperature
points are taken from previous papers [17–19]. The hatched area
denotes the phase boundary between ferromagnetic (FM) and an-
tiferromagnetic (AFM) phases. The inset shows the ionic radius
dependence of bond angles, Ni-O1-Mn, Ni-O2-Mn, and Ni-O3-Mn.

agreement with the experimental results of FM Y2NiMnO6

[21] and the ICM order in In2NiMnO6 [13]. Therefore, it
is still an open question as to which exchange interactions
are important for the drastic change in the magnetic or-
dering in A2NiMnO6. Seeing the relationship between the
lattice volume and magnetic phase transitions in A2NiMnO6,
we realized that the difference in the volume between FM
Lu2NiMnO6 (LNMO) and AFM In2NiMnO6 is nearly 1%.
Such a volume change is normally reachable by application
of hydrostatic pressure on the order of several GPa [22]. We
thus anticipate that it can be possible to study the phase tran-
sition from the FM phase to the AFM phase by continuously
changing the lattice parameters by application of pressure in
LNMO. In this study, we investigate the pressure effect on the
magnetic ordering in FM LNMO by magnetization, magnetic
susceptibility measurements, and a neutron diffraction exper-
iment under high-pressure conditions.

II. EXPERIMENTAL DETAILS

A polycrystalline sample of LNMO was prepared from a
stoichiometric mixture of Lu2O3, NiO, and Mn2O3 with the
addition of a small amount of KClO4 as an oxidizer. The mix-
ture was placed in a Pt capsule and treated at 6 GPa and about
1770 K for 2 h (heating time to the synthesis temperature was
10 min) in a belt-type high-pressure apparatus in the National
Institute for Materials Science. After the heat treatment, the
sample was quenched to room temperature (RT) and the pres-
sure was slowly released. The resultant sample was washed
in warm water to remove KCl impurity formed after the

decomposition of KClO4. X-ray powder diffraction (XRPD)
data were collected at RT on a RIGAKU RINT2000 diffrac-
tometer using Cu Kα radiation. The sample was single-phase,
and refined lattice parameters were a = 5.1482(2) Å, b =
5.5151(2) Å, c = 7.4076(3) Å, and β = 90.448(1)◦ (space
group P21/n). The atomic disorder between Ni and Mn atoms
was not observed in the present x-ray and neutron diffraction
data.

For the dc magnetization measurements, the magnetic
properties measurement system MPMS manufactured by
Quantum Design was used. For generating high pressure, we
used a piston-cylinder-type high-pressure cell (LPC-15, Elec-
troLAB Company). A powder sample with a mass of 9 mg
was put into a Teflon capsule with a glycerin pressure trans-
mission medium. The pressure was determined by measuring
the superconducting phase transition of Pb. The accuracy of
the pressure determination for the dc measurements was not
worse than ±0.05 GPa.

For the ac magnetic susceptibility measurements, high
pressure was generated using a cubic anvil high-pressure
apparatus consisting of six tungsten carbide anvils, which
has been proved to produce a homogeneous pressure [23].
The pressure of the sample is calibrated by measurement of
the resistivity changes of Bi and Te associated with their
structural phase transitions at room temperature. The accu-
racy of the pressure determination for the ac measurements
was not worse than ±0.1 GPa. The force applied to the
sample is kept constant during the measurement by cooling
and warming runs. We use glycerin and pyrophyllite as the
pressure-transmitting medium and the gasket, respectively.
The ac magnetic susceptibility was measured using a conven-
tional Hartshorn bridge circuit at a fixed frequency of 317 Hz.
A modulation field with an amplitude of 2 Oe was applied.

A neutron diffraction experiment under high pressure was
performed with the D20 two-axis diffractometer at Insti-
tut Laue Langevin in Grenoble, France [24]. An incident
neutron wavelength of 2.41 Å was employed. We used a
Paris-Edinburgh (PE) press with sintered diamond anvils,
called SINE anvils, and a helium bath cryostat for the high-
pressure and low-temperature sample environment [25]. The
powder sample and some pieces of Pb were put into a Ti-
Zr alloy gasket filled with a pressure transmission medium
composed of a deuterated 4:1 methanol-ethanol mixture. The
pressure was estimated from the scattering angle for the (200)
Bragg peak of Pb by referring to the known pressure and
temperature dependence [25]. The accuracy of the pressure
determination was nearly ±0.5 GPa. The magnetic structure
analysis, including Rietveld refinement, was carried out using
the FULLPROF SUITE program [26].

III. EXPERIMENTAL RESULTS

A. Magnetization and ac magnetic susceptibility

Results for the dc magnetization measurements in LNMO
are shown in Fig. 2(a). At ambient pressure, the magnetization
starts to grow at T � 36 K upon cooling, which is slightly
lower than Tc = 45 K reported in a previous paper [17]. This
may be a result of the difference in oxygen stoichiometry,
which is seen in La2NiMnO6 [27]. The magnetization at 2.0 K
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FIG. 2. Temperature dependences of (a) dc magnetization and
(b) the real part of magnetic susceptibility for typical pressures
in Lu2NiMnO6. The insets in (a) and (b) show the magnetic field
variation of the magnetization at T = 2.0 K and the magnification
for the high-pressure data, respectively.

exhibits a typical FM hysteresis curve as a function of the
magnetic field, as shown in the inset of Fig. 2(a). Applica-
tion of pressure changes the phase-transition temperature, at
which dM/dT shows a local minimum, from 36 to 33 K at
P = 1.15 GPa. The magnetization at P = 1.15 GPa slightly
decreases below ∼20 K, indicating the reduction of FM inter-
action with increasing pressure. In fact, the Curie-Weiss (CW)
temperature, estimated by CW fitting of the data for 100 �
T � 300 K, is also slightly changed from �CW = 54.9 K at
ambient pressure to �CW = 52.2 K at P = 1.15 GPa. The
M-H curves at ambient pressure and P = 1.15 GPa are almost
identical, apart from a slight difference in saturation magneti-
zation.

The temperature dependence of the ac magnetic suscep-
tibility, χ ′ (real part of complex susceptibility), at typical
pressures P � 2.0 GPa for LNMO is shown in Fig. 2(b). A

FIG. 3. Temperature vs pressure magnetic phase diagram for
Lu2NiMnO6. Triangle, circle, and square symbols denote the
magnetic phase transitions determined by the dc magnetization,
ac magnetic susceptibility, and neutron diffraction experiments,
respectively.

large peak is observed at T = 26 K and P = 2.0 GPa. This
peak is typically seen for a phase transition from paramagnetic
to FM [28], and it reflects significant FM fluctuation around
the phase transition. With increasing pressure, the large peak
is shifted toward lower temperature and the peak height is
significantly reduced. This indicates that the FM fluctuation
observed at lower pressure is largely suppressed by applica-
tion of pressure.

The pressure dependence of the phase-transition temper-
ature is plotted as a phase diagram in Fig. 3. Significant
reduction of the phase-transition temperature is seen below
∼4.0 GPa, while the tendency becomes much less above this
pressure. Considering that the FM fluctuation is suppressed
with increasing pressure and almost disappears at 8.0 GPa,
we can infer that the magnetic ground state is changed from
FM to AFM around ∼4.0 GPa.

B. Neutron diffraction

1. Ambient pressure

For comparison with the results under high pressure, we
first performed neutron diffraction measurements at ambient
pressure with the identical experimental setup where the sam-
ple was put into the PE press. The data shown in Fig. 4
are subtracted by the data measured in the paramagnetic
phase at T = 80 K. Even for the high-temperature region
above Tc = 36 K, a diffuse magnetic signal is observed in
the low-Q region, Q � 0.4 Å−1 in the paramagnetic phase,
which corresponds to the existence of FM short-range order
(SLO). Additional peaks with a width corresponding to the
instrumental resolution, which indicates magnetic long-range
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FIG. 4. Temperature dependence of neutron diffraction profiles
at ambient pressure in Lu2NiMnO6. The data are subtracted by those
measured at T = 80 K. Arrows denote the positions of magnetic
Bragg reflections.

order, appear below Tc = 36 K. The sharp peaks are indexed
by k = (0, 0, 0).

To determine the magnetic structure at T = 4.2 K and
ambient pressure, we performed a magnetic structure analysis
with symmetry analysis. There are two magnetic one-
dimensional irreducible representations (IRs) for k = (0, 0, 0)
in the P21/n space group: m�+

1 and m�+
2 [29]. In the m�+

1 ,
the spin projection in the ac-plane is an AFM arrangement and
the b-component is an FM arrangement, whereas the former
is an FM arrangement and the latter is antiferromagnetic in
the m�+

2 . Taking the observation of the 020-reflection into
account, the spin ac-plane component should be ferromag-
netic, which excludes the m�+

1 possibility. We refined the spin
orientation parameters as Mn and Ni spins are independent
for m�+

2 . These parameters are almost the same within the
experimental accuracy. We thus fixed the spin directions to be
the same for Ni and Mn spins in this refinement. As shown in
Fig. 5(a), the calculated intensities for some magnetic Bragg
peaks are in good agreement with the experimental data. The
refined spin components are M(Ni) = (1.1(6), 0, 1.6(3)) μB

and M(Mn) = (1.5(8), 0, 2.2(5)) μB. The nonzero spin b-
component does not improve the refinement. The determined
magnetic structure is illustrated in Fig. 5(b). The spin cant-
ing angle is ∼36◦ from the c-axis in the ac-plane, which
is almost parallel to the [1,0,1] direction in real space. The
magnetic structure belongs to the P2′

1/n′ magnetic space
group.

FIG. 5. (a) Result of the Rietveld refinement for the data at T =
4.2 K and ambient pressure. The experimental data are subtracted
by those at T = 80 K. Circles and thick and thin lines denote the
observed data, calculated data, and the difference between the data,
respectively. The vertical bars are the symmetry-allowed magnetic
Bragg positions. (b) Illustration of the determined magnetic structure
at ambient pressure in Lu2NiMnO6.

2. High-pressure region

For P = 6.0 GPa, the temperature dependence of the neu-
tron diffraction profile, which is subtracted by the data at
T = 80 K and P = 6.0 GPa, is shown in Fig. 6. As seen in the
result at ambient pressure (Fig. 4), the magnetic signal cor-
responding to the FM SLO is also observed at P = 6.0 GPa.
However, no sharp Bragg reflections are observed even below
the phase-transition temperature, T = 16 K (≡TN), which is
determined in the magnetic susceptibility measurement. For
the data at T = 10 K and 4.2 K, there is a small kink observed
at Q ∼ 0.3 Å−1, as indicated by an arrow in Fig. 6. We can
infer that a long-period AFM ordering coexists with the FM
SLO below TN = 16 K.

For extracting only the AFM component seen in the low-Q
region from the low-temperature data, the data at T = 4.2 K
were subtracted by the data at 20 K near the transition tem-
perature,. This can exclude the FM SLO component from the
low-temperature data. Figure 7 shows the relative intensity at
T = 4.2 K for P = 1 bar, P = 4.5 GPa, and P = 6.0 GPa,
which are subtracted by the data at T = 50 K, 25 K, and
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FIG. 6. Temperature dependence of neutron diffraction profiles.
The data are subtracted by the data at T = 80 K and P = 6.0 GPa.
The arrow indicates the position of the antiferromagnetic signal,
which is described in the main text.

20 K, respectively. We observe a peak at Q � 0.24 Å−1 for
P = 6.0 GPa, which corresponds to an AFM order with a long
period of 26.2 Å. We did not see other magnetic peaks at high-
pressure data in the present experiment for LNMO. For the
similar ICM ordering in In2NiMnO6, the second peak is esti-
mated to be as large as ∼7% of the first peak [13]. Therefore,
the observation of the second peak is beyond the experimental

FIG. 7. The neutron diffraction profiles at T = 4.2 K and P =
1 bar, P = 4.5 GPa, and P = 6.0 GPa, which are subtracted by the
data at 50, 25, and 20 K, respectively. The inset shows the magnifica-
tion of the data around Q ∼ 0.17 Å−1 at T = 4.2 K and P = 6.0 GPa.

FIG. 8. Illustration of the exchange interaction paths
bonding two spins of atoms, (1)Mn1(0,1/2,0), (2)Ni1(1/2,0,0),
(3)Mn2(1/2,0,1/2), and (4)Ni2(0,1/2,1/2).

resolution in the present experiment. From only one observ-
able reflection, we could not determine the k-vector in the
high-pressure phase of LNMO. Assuming that the k-vector
is parallel to that of In2NiMnO6, k = (0.274, 0,−0.0893), it
would be k = (0.184, 0,−0.060) at P = 6.0 GPa in LNMO.
To determine the k-vector in LNMO precisely, a further
neutron diffraction experiment with a single crystal (or a
higher-quality experiment with a powder sample) is needed.

IV. DISCUSSION

Let us discuss the relationship between the pressure de-
pendence of the lattice parameters and the magnetic order
in LNMO. The lattice parameters for ambient pressure and
P = 6.0 GPa are listed in Table I. For comparison with other
double perovskites with similar lattice parameters, A2NiMnO6

(A = Y, In, Sc) are also shown in the table. The unit cell
volume (V ) for LNMO is compressed from 210.204(11) Å3

at ambient pressure to 204.875(15) Å3 at P = 6.0 GPa. The
V value at P = 6.0 GPa in LNMO is between those for
In2NiMnO6 with AFM-ICM and Sc2NiMnO6 with an AFM-
CM ground state. Therefore, the average exchange bond
lengths expected from the V value are expected to give an
AFM ground state, as also seen in the phase diagram shown
in the Introduction (Fig. 1).

Which exchange interactions are important for under-
standing the pressure-induced phase transition from FM to
AFM-ICM states seen in LNMO? We consider the nearest-
neighbor (NN) interactions for Ni-O-Mn bonds (J1, J2, J3) and
the next-nearest-neighbor (NNN) interactions for Ni-O-O-Ni
bonds (JNi

4 , JNi
5 , JNi

6 , J ′Ni
6 ) and Mn-O-O-Mn bonds (JMn

4 , JMn
5 ,

JMn
6 , J ′Mn

6 ). These exchange interaction paths are illustrated
in Fig. 8 and are listed in Table II. For the NN interactions,
according to the KG rule, superexchange interaction between
Ni2+ and Mn4+ bonded by O2− (Ni-O-Mn) with bond an-
gle 180◦ is FM. Although the bond angle is not 180◦ but
∼140◦ in LNMO, the FM interaction is expected to be weaker
than in the case of the 180◦ bond, which is proved by the
decrease in Tc with reducing the bond angles (see the inset
of Fig. 1). This was also suggested by previous density-
functional calculations for Y2NiMnO6, where the Ni-O-Mn
interactions are FM [20]. As shown in Table I, the bond angles
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TABLE I. List of lattice constants, angles, and distances for some exchange interaction bond for Lu2NiMnO6 (ambient pressure and
6.0 GPa), and other A2NiMnO6 (A = Y, In, Sc). The symmetry is P21/n with A = (Lu,Y,In,Sc), Ni, Mn, and O at the Wyckoff positions, 4e
(x, y, z), 2d (1/2, 0, 0), 2c (1/2, 0, 1/2), and 4e (x, y, z), respectively. The exchange interaction paths, Jn (n = 1–6), are described in the main
text.

Lu2NiMnO6 Lu2NiMnO6 Y2NiMnO6 In2NiMnO6 Sc2NiMnO6

(P = 1 bar) (P = 6.0 GPa) Ref. [21] Ref. [11] Ref. [14]
Magnetic ground state FM AFM (ICM) FM AFM (ICM) AFM (CM)

Temperature (K) 80 80 300 300 300
(300)

a (Å) 5.14851(15) 5.1016(2) 5.2267(3) 5.13520(1) 4.99860(2)
[5.1563(2)]

b (Å) 5.51541(15) 5.4733(2) 5.5582(6) 5.33728(1) 5.35281(2)
[5.5183(2)]

c (Å) 7.4028(3) 7.2275(3) 7.4835(2) 7.54559(4) 7.34496(2)
[7.4144(4)]

β (deg) 90.498(3) 90.533(4) 90.294(45) 90.1343(1) 90.7915(2)
[90.443(5)]

V (Å3) 210.204(11) 204.875(15) 217.401 206.809(5) 196.5068(11)
[210.966(16)]

∠Ni−O1−Mn 143.0(3) 143.7(3) 145.5 139.1(1) 133.7(1)
[143.8(4)]

∠Ni−O2−Mn 146.6(3) 148.5(4) 145.5 141.8(2) 140.8(1)
[146.8(5)]

∠Ni−O3−Mn 144.6(3) 142.4(4) 146.3 140.4(2) 137.7(1)
[144.4(4)]

J1, J2 : d110
Ni−Mn 3.77250(8) 3.74110(11) 3.81484 3.70327 3.66192

[3.77621(11)]

J3 : d001
Ni−Mn 3.70140(16) 3.66875(16) 3.74175 3.77279(2) 3.67248

[3.7072(3)]

J4 : d100
Ni−Mn 5.14851(15) 5.1016(2) 5.2267(3) 5.13520(1) 4.99860(2)

[5.1563(2)]

J5 : d010
Ni−Mn 5.51541(15) 5.4733(2) 5.5582(6) 5.33728(1) 5.35281(2)

[5.5183(2)]

J6 : d111
Ni−Ni(Mn−Mn) 5.26939(16) 5.22316(18) 5.35295 5.28231 5.16170

[5.2778(3)]

J ′
6 : d11−1

Ni−Ni(Mn−Mn) 5.30073(16) 5.25639(18) 5.33417 5.29090 5.21060
[5.3057(3)]

TABLE II. Relationship between atom positions in the unit cell for Mn and Ni ions in the monoclinic P21/n space group, and exchange
interaction parameters.

J: Neighbor no.
Atom (site) No. x, y, z (lattice translation)

Mn1(2c) 1 (0,1/2,0) J1:2(1,0,0), J2:2(0,0,0), J3:4(0,0,0), JMn
4 :1(1,0,0) JMn

5 :1(0,1,0)
JMn

6 :3(0,0,0), JMn
6 :3(1,0,1), J ′Mn

6 :3(1,0,0), J ′Mn
6 :3(0,0,1)

Ni1(2d) 2 (1/2,0,0) J1:1(0,1,0), J2:1(0,0,0), J3:3(0,0,0), JNi
4 :1(1,0,0), JNi

5 :1(0,1,0),
JNi

6 :4(0,0,1), JNi
6 :4(−1,0,0), J ′Ni

6 :4(0,0,0), J ′Ni
6 :4(−1,0,1)

Mn2(2c) 3 (1/2,0,1/2) J1:4(0,1,0), J2:4(0,0,0), J3:2(0,0,0), JMn
4 :3(1,0,0) JMn

5 :3(0,1,0)
JMn

6 :1(0,0,0), JMn
6 :1(−1,0,-1), J ′Mn

6 :1(−1,0,0), J ′Mn
6 :1(0,0,−1)

Ni2(2d) 4 (0,1/2,1/2) J1:3(1,0,0), J2:3(0,0,0), J3:1(0,0,0), JNi
4 :4(1,0,0), JNi

5 :4(0,1,0),
JNi

6 :2(1,0,0), JNi
6 :2(0,0,−1), J ′Ni

6 :2(0,0,0), J ′Ni
6 :2(1,0,−1)
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FIG. 9. (a) Magnetic phase diagram representing the stability of different states in the case when J1 = J2 = J3 = 1.0, JNi
4 = JMn

4 = J4,
JNi

5 = JMn
5 = −1.0, and JNi

6 = JMn
6 = J ′Ni

6 = J ′Mn
6 = J6. The color scale denotes an incommensurability in the propagation vectors, k =

(kx, 0, 0) and k = (ky, 0, 0). (b) Dispersion relations for the eigenvalues of the exchange matrix, Eq. (1), for the sets of J-parameters indicated
by the filled circles in (b), along directions connecting special points, D = ( 1

2 , 1
2 , 0), � = (0, 0, 0), and B = ( 1

2 , 0, 0), in the first Brillouin zone
of the P21/n space group. (c) and (d) Magnetic phase diagrams for the other cases with J5 = −0.5 in (c) and J5 = −2.0 in (d) and the other
J-parameters are the same as (a).

for three NN interactions do not significantly change by appli-
cation of pressure in LNMO. The NN bond angles in LNMO
are similar to the FM case of Y2NiMnO6. This implies that
the Ni-O-Mn interactions are also FM, even at P = 6.0 GPa
in LNMO. Although the signs of the NNN interactions are
unknown, we expect that some of them are AFM due to
the emergence of AFM order in the high-pressure region in
LNMO.

To roughly explain why the ground state in LNMO is
changed from FM ordering to AFM ordering with the ICM

propagation vector, we calculate magnetic ground states by
mean-field theory. We calculate the negative Fourier transfor-
mation of the exchange integrals matrix:

ξi j (k) = −
4∑

i j=1

Ei j (Ri j ) exp{−2π ik · Ri j},

Ei j = Ji j (Si · S j ). (1)
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Here, Ji j is the exchange integral for two spins, Si and S j , and
Ri j is a position vector connecting i and j sites. The spins are
placed in the unit cell as (1) Mn1(0,0.5,0), (2) Ni1(0.5,0,0), (3)
Mn2(0.5,0,0.5), and (4) Ni2(0,0.5,0.5), as illustrated in Fig. 8.
The possible NN and NNN exchange bonds are illustrated in
Fig. 8 and are listed in Table II. The exchange matrix can be
written as follows:

ξi j (k) = −2

⎛
⎜⎝

ξ11 ξ12 ξ13 ξ14

ξ12 ξ22 ξ14 ξ24

ξ13 ξ14 ξ11 ξ12

ξ14 ξ24 ξ12 ξ22

⎞
⎟⎠,

ξ11 = JMn
4 S2

Mn cos(2πkx ) + JMn
5 S2

Mn cos(2πky),

ξ12 = SMnSNi[J1 cos{π (kx − ky)} + J2 cos{π (kx + ky)}],
ξ13 = JMn

6 S2
Mn[cos{π (kx + ky + kz )}

+ cos{π (kx − ky + kz )}]
+ J ′Mn

6 S2
Mn[cos{π (kx − ky − kz )}

+ cos{π (kx + ky − kz )}],
ξ14 = J3SMnSNi cos(πkz ),

ξ22 = JNi
4 S2

Ni cos(2πkx ) + JNi
5 S2

Ni cos(2πky),

ξ24 = JNi
6 S2

Ni[cos{π (kx + ky + kz )}
+ cos{π (kx − ky + kz )}]
+ J ′Ni

6 S2
Ni[cos{π (kx − ky − kz )}

+ cos{π (kx + ky − kz )}].

Here, we consider the simple case with J1 = J2 =
J3 ≡ J1 > 0, JNi

4 = JMn
4 ≡ J4, JNi

5 = JMn
5 ≡ J5, JNi

6 = JMn
6 =

J ′Ni
6 = J ′Mn

6 ≡ J6. The magnitudes of the spins are also as-
sumed to be SMn = 3μB for Mn4+ and SNi = 2μB for Ni2+ in
this calculation. To find the most stable magnetic ordering for
each set of Ji j , we numerically diagonalize the matrix using
the program ENERMAG [30].

The magnetic phase diagram as functions of J4 and J6

in J5 = −1.0 is shown in Fig. 9(a). There is one FM and
four AFM phases that include AFM-CM1 [k = (1/2, 1/2, 0)],
AFM-CM2 [k = (0, 0, 0)], AFM-ICM1 [k = (kx, 0, 0)], and
AFM-ICM2 [k = (0, ky, 0)] phases. As shown by the three
dots in the phase diagram, the phase transition from a FM
phase to an AFM-CM phase through an AFM-ICM phase,
which is experimentally seen in A2NiMnO6 with changing
ionic radius for A = Lu-In-Sc and application of pressure
in Lu2NiMnO6, can be qualitatively reproduced by a slight
change in the ratio J6/J4. The phase diagrams for the other
two cases for J5 = −0.5 and −2.0 are shown in Figs. 9(c)
and 9(d). The overall features of these two cases are similar
to the case of J5 = −1.0 [Fig. 9(a)], apart from reducing and
enlarging the area of the AFM-CM and AFM-ICM phases. In
the calculation, we did not find solutions with experimentally

observed k = (kx, 0, kz ) in In2NiMnO6 and one of the possi-
bilities for the high-pressure phase of Lu2NiMnO6, and the
multi-k in Sc2NiMnO6. The reason for this may be that the
assumption on the exchange interaction parameters is simpli-
fied too much. A further theoretical calculation is needed to
understand the exchange parameters in A2NiMnO6.

Dispersion relations for the eigenvalues in Eq. (1) are
shown in Fig. 9(b) for the cases indicated by the three
dots in Fig. 9(a). The lowest branches in the three cases
have relatively flat dispersions compared with the full band-
widths corresponding to the overall exchange interaction.
This indicates that the exchange interactions are strongly
competing with each other. We thus find that a slight mod-
ification of the delicate balance of the competing NNN
exchange interactions—J4, J5, and J6—plays an important
role for the FM ↔ AFM-ICM ↔ AFM-CM phase transitions
in A2NiMnO6.

V. CONCLUSION

To study the phase transition from FM to AFM phases
in the double perovskite A2NiMnO6, we have investigated
the influence of pressure on magnetic order for Lu2NiMnO6

by magnetization, magnetic susceptibility measurements, and
neutron diffraction experiments under high pressure up to
P = 8.0 GPa. In the macroscopic measurements, the FM cor-
relation is significantly suppressed, and the phase-transition
temperature is lowered by application of pressure. In the neu-
tron diffraction experiment, we have determined the magnetic
structure at ambient pressure, which is the simple FM ordering
with Ni and Mn spins in the ac-plane. The FM long-range
order at ambient pressure disappears above 4.5 GPa. In the
high-pressure phase, the AFM ordering with the ICM k-vector
is induced, which is similar to the case of In2NiMnO6 [13].
From the mean-field calculation, we infer that slight modifica-
tion of the delicate balance of the competing NNN exchange
interactions—J4, J5, and J6—plays an important role for the
emergence of the FM ↔ AFM-ICM ↔ AFM-CM phase tran-
sitions in A2NiMnO6.
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