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ABSTRACT

Structure-property correlations are a major challenge in the investigation of magnetoelectric multiferroic materials. We have systematically
investigated the intrinsic role of 77| |-type order in magnetoelectric coupling in Y,NiMnOs. The calculated results reveal that the ferromag-
netic (FM) order is the magnetic structure of the ground state and the total energy of 77| |-type order is close to that of the FM order. The
electric polarization is calculated to be 0.78 uC/cm?* along the crystallographic b-axis for Uy; = Uy, = 3€eV. In addition to the exchange-
striction mechanism, a more noticeable contribution from redistribution of polarized charge is found in our study. Magnetic hysteresis loops
show the ferromagnetism in Y,NiMnOg, which can be explained by magnetic field-induced spin flop transition from the E-type to FM order.
Our DFT + U theoretical investigations also proposed a switching adiabatic path of magnetoelectric coupling, in which the 180° reverse of

electric polarization is driven by rotation of spins.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0009568

Type-II multiferroics in which the ferroelectrics are driven by
magnetic order have attracted considerable attention due to their
potential application in the magnetic field control of ferroelectricity or
electric field control of magnetism.' ~ However, low Curie tempera-
ture and weak magnetoelectric coupling remain the two principal
problems, limiting their application in spin electronic devices.”’
Therefore, it is a great challenge to search new multiferroics with excel-
lent performance, and the current research mainly focuses on type-II
magnetoelectric multiferroics.” In the last few decades, several type-II
multiferroics have been found where electric polarization is related to
either the specific type of collinear or non-collinear spin order.” The
exchange striction mechanism is responsible for ferroelectricity in col-
linear spin order,'’ while the occurrence of electric polarization as a
result of non-collinear spin ordering is explained by the inverse
Dzyaloshinskii-Moriya interaction'' or in some p-d orbital hybridiza-
tion cases.'” Until recently, the concept of multiferroic quantum criti-
cality was proposed and candidate materials in which the
phenomenon can take place were suggested."”

The exchange-striction mechanism often emerges in multiferroics
with up-up-down-down (11||) type magnetic order, such as

perovskite manganates RMnOj3 (R = rare earth ions) with E-type mag-
netic order'* and the Ising spin chain magnet Ca;CoMnQs."” Based on
the model Hamiltonian, early theoretical studies show that the mag-
netic state changes from a FM (R=La) to an E-type (R=Y), ie,
Y,NiMnOg (YNMO) has a ground state of E-type magnetic order.'®
But recently, experimental investigations have shown that the double
perovskite YNMO displays ferromagnetic order (FM), and the mag-
netic transition temperature is T, =~ 81 K.'” In addition, a recent study
on magnetic-driven multiferroic behavior of YNMO is in contrast to
the study by Zhu et al. There are explicit differences between their mag-
netic and dielectric properties.'” The magnetic domain wall between
11 and | | FM order can lead to electric polarization.'” Moreover, from
the structural and energy point of view, Zhou et al. have explained the
origin of ferroelectric in YNMO, in which the relative displacements
between Ni and Mn make the two out-of-plane Ni-O-Mn bond angles
as well as the Ni-Mn distance unequal and weaken the out-of-plane
Ni-Mn super-exchange interaction.”’ These experimental and theoreti-
cal results are puzzling since the net magnetization and the E-type
antiferromagnetic (AFM) order are mutually exclusive, and magnetic
order-induced electric polarization should disappear in FM order.

Appl. Phys. Lett. 116, 242901 (2020); doi: 10.1063/5.0009568
Published under license by AIP Publishing

116, 242901-1


https://doi.org/10.1063/5.0009568
https://doi.org/10.1063/5.0009568
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0009568
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0009568&domain=pdf&date_stamp=2020-06-15
https://orcid.org/0000-0003-4506-7105
https://orcid.org/0000-0002-8216-1339
mailto:xinchao@pkusz.edu.cn
mailto:jgycust@163.com
mailto:panfeng@pkusz.edu.cn
https://doi.org/10.1063/5.0009568
https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

In the present work, we systematically study the magnetic order
of the ground state, exchange interactions, the origin of ferroelectricity,
spin flop transition, and adiabatic path of magnetoelectric by using
DFT+U calculations. Combining with the existing experimental
results, we reveal that the FM order is the ground state. Magnetic hys-
teresis loops show the ferromagnetism in YNMO, which can be
explained by magnetic field-induced spin flop transition from E-type
to FM order. Our DFT+U theoretical investigations also proposed a
switching adiabatic path of magnetoelectric coupling, in which the
180° reverse of electric polarization is driven by rotation of spins.

All of our first-principles calculations, including geometry opti-
mization and electronic structure, are based on spin polarized density
functional theory (DFT) as implemented in the Vienna ab initio simu-
lation package (VASP).”"”* The Perdew-Burke-Ernzerhof functional
revised for solids (PBEsol) was adopt for exchange-correlation poten-
tial. Generalized gradient approximation (GGA)™” with the Hubbard
parameter (GGA+U)”* was employed to solve the Kohn-Sham equa-
tion.”” The plane wave energy cutoff, convergence in energy, and
residual force on each atom are set to 500eV, 1x 10 eV, and
0.01 eV/A, respectively. In order to obtain the accurate 11/ |-type and
E-type magnetic order, we build a 1 x 1 X 2 and 2 x 1 x 1 supercell,
and the corresponding Brillouin zone integrations were set using a
tetrahedron method in a 6 X 6 x 2 and 4 x 4 x 4 Monkhorst-Pack
K-point mesh.”® Spin-orbital coupling (SOC) and magnetic anisot-
ropy were ignored. The Berry Phase method with a 10 x 10 x 10 mesh
was adopted to evaluate electric polarization (FE).” The structure and
spin density visualization and analysis were carried out using the
VESTA code.”

The crystal structure of YNMO at room temperature has the
monoclinic symmetry with space group P2,/n (point group C,p)
(Fig. 1).”” In order to identify the magnetic structure of ground states,
we have calculated the total energy of six collinear magnetic orders:
ferromagnetic (FM), A-type, C-type, G-type, E-type, and 17| |-type
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FIG. 1. Crystal structure and 11/ |-type order of YNMO. The dotted lines denote
the intra-plane and inter-plane exchange paths between nearest-neighbor and next-
nearest-neighbor spins. 0, and 0, denote the Ni-O-Mn super-exchange angle
with parallel and anti-parallel spin.
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antiferromagnetic.”” The scheme diagram of six magnetic order is

plotted in Fig. S1. The E-type magnetic order corresponding to the
111 |-type antiferromagnetic along the (101)-plane, if the magnetic
anisotropy is ignored, is also the same as that of 7] | -type antiferro-
magnetic along the c-axis, as depicted in Fig. 1. Both E- and 11| |-type
order can break the spatial-inversion symmetry and further lower the
crystal symmetry to the P2, space group (point group C,). The energy
differences between FM and other five AFM were calculated with dif-
ferent values of U.g for Ni and Mn ions, which are listed in Table L. It
is clear that the energies of the FM orders are lower than those of all
AFM order, confirming the FM order to be the magnetic structure of
ground states. To have a further understanding of the structural distor-
tions caused by the magnetic configuration, we also optimize the struc-
tural parameters for all the magnetic states. As we denote in Fig. 1, the
Ni-O-Mn angles corresponding to the bonds with parallel and
antiparallel spins are defined as 0}, and 0. The 0, values for FM are
larger than 0,, values for other AFM order in the entire U range
[see Fig. S2(a)]. However, when both 0, and 0,, are present in the
171 1-type order, this difference is even more obvious, which explains
the more obvious exchange-striction in 17| | -type order.

The exchange integral paths were extracted by mapping the total
energies to the Heisenberg Hamiltonian, where Jj; includes all the
nearest-neighbor (NN) and next-nearest-neighbor (NNN) exchange
interactions as shown in Fig. 1. The intra-plane Ni-Ni/Mn-Mn
exchange coupling for all magnetic order is ferromagnetic coupling,
which can be attributed to Ey, and the values of J)NV exchange inter-
actions should be the average of Mn-Mn and Ni-Ni exchange cou-
plings. The evaluated exchange integrals were shown as functions
of U values for Ni ions with fixed U = 3eV for Mn ions [see
Fig. S2(b)],

E=E—Y JSi-S$ 1)
(i)

The exchange integrals of considered magnetic configurations in the
1 x 1 x 2 supercell with a normalized spin quantum number can be
written as

Er = Eo = 32 g SNiSttn — 16] 010, SNiShan — 64T ShanSamy - (2)

intra inter out
Epyyy = Eo — 320, SNiSvin )
Ej = Ey — 32JN SniSatn + 16J™N SniSatn 4+ 64T NS S, (4)

intra inter inter

Ec = Eo + 32J0N SxiSaim — 1670 SniSun + 64700 St Satns  (5)

intra inter inter

TABLE |. Calculated total energies (meV) depend on different AFM orders as func-
tions of Uy values for Ni ions. The Ugg value for Mn is fixed to be 3eV. The total
energies of FM order were set as zero.

U 111 A C G E

1 66.23 170.09 393.89 565.88 299.15
2 64.18 153.99 351.48 500.14 283.25
3 61.79 141.71 318.94 450.25 264.22
4 58.16 131.35 291.84 409.11 246.44
5 55.01 121.68 268.72 372.82 230.43
6 52.52 113.43 249.42 344.10 215.70
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Eg = Eo + 32J0N SxiSaim + 16]0m SniSun — 64TNNN SptnSan. (6)

intra inter inter

Since S= 3/2, |S|” = S(S+1) = 325 for Mn*" and S=1
and [S|° = S(S+ 1) = 2 for Ni**. As we can see from Fig. S2(b), the
two NN exchange interactions are FM for all the U values. The NN
exchange integrals are obviously stronger than the NNN exchange
integrals. Because the competition from JN¥N can be ignored, the close

energy between FM order and 77| |-type order is related to J¥N . In

inter*

YNMO, the FM ground state can be transformed into 17| | -type order
when meeting the condition /N + 4 JNNN' < 0 according to the above
formulas: Et|| < Ef, while the additional energy gain caused by the
exchange-striction effect in 17| |-type order was not evaluated in the
above equations. The asymmetric exchange interactions in
neighbor FM and AFM spin pairs would lead to the off-central
structural distortion and then divide into two different JNY values.
Within the mean-field approximation, we also estimate the transi-
tion temperature T¢c ~ 75-80 K for Uy; = Uppn = 3 €V, which is
very close to the measured experimental value of Tc~ 81K."
Thus, Uni = Uun = 3 eV were chosen for further electronic struc-
ture, electric polarization, and spin flop transition calculations
unless mentioned otherwise.

The orbital-resolved partial density of states (PDOS) of YNMO
in the FM order is shown in Fig. S2(c). The electronic structures of d
states for Ni**(d®) and Mn*" (d°) are displayed in Fig. S2(d). The five
spin-up electrons of Ni** occupy the thg and e, orbitals, and three
spin-down electrons occupy the t,, orbital. For the Mn** ions, three
spin-up electrons fill half the t,, orbital. The five d states of Ni**
reduce degeneracy due to Jahn-Teller distortion, so that the energy
level of Ni*™ dyy is higher than d,,/d,,. The occupied t,, states of
Mn*" and the unoccupied e, orbital of Ni** should contribute to the
Ni-O-Mn super-exchange interaction and has a further impact on the
exchange interactions.

The geometrically optimized structure in the 77| |-type order
indicates the direction of off-centering displacements [Fig. 2(a)] of Ni,
Mn, and O ions, which corresponds to the initial P2;/n symmetry.
Indeed, the off-centering relative displacements lead to an alternate
long-short-long-short interlayer distance, with d° = 3.70 A and d*
= 3.72 A, whereas d..yr is 3.708 A in the experimental FM central
symmetry structure.”” In addition to the displacements along the
c-axis, the main displacement vectors are along the -b axis. In the
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FIG. 2. (a) Calculated directions of ion displacements of Ni, Mn, and O ion. The
black and red arrows denote the directions of the displacement of Ni/Mn and O
ions. (b) The ab-plane spin density isosurface plot for 17| |-type order. Red gradi-
ent arrows denote the direction of electric polarization.
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Y,NiMnOg system, the TT||-type order makes the O sites to
become nonequivalent, i.e., one between spin-ordered Ni and Mn
ions with parallel spins (labeled as O;) and the others between
spin-ordered Ni and Mn ions with anti-parallel spins (labeled as
Og,p). Besides the spin order on the Ni and Mn ion sites, the non-
equivalent sites of oxygen atoms are also spin-polarized
(the induced magnetic moments of O, and O,, are 0.02us,
0.03 up, respectively). The nonequivalent of was further demon-
strated by the spin density plot in Fig. 2(b). Therefore, the spin
order of the 7| |-type state leads to the contribution of electrons
to the whole electron polarization. By using the Berry-phase calcu-
lation (supplementary material), the electronic contribution to the
total electric polarization is also along the -b axis. Different from
the cases in HoMnOs," the direction of Bion is opposite to that of
B, but the two contributions have the same order of magnitude
and does not have full offset for D. For the 111 |-type phase in
Y,NiMnOy, the calculations show the total electric polarization of
0.78 uC/cm® along the b-axis and agree well with the experimental
reports, which found that the polarization of single crystals is also
along the b-axis.

The spin flop transition will take place when a strong magnetic
field is applied along the easy axis of sublattice magnetization. In
YNMO, when a large enough magnetic field is applied along the easy
axis, the 7T |-type order will transform into FM order. In order to
explore the mechanism of magnetoelectric coupling and spin flop
transition in YNMO, we calculated the energy and polarization depen-
dence on the orientation of spin flop. As shown in Fig. 3, according to
the expression of Zeeman magnetic field energy, it is assumed that the
total energy E is due to the sum of the Zeeman energies of the individ-
ual sublattices and a term representing the exchange coupling, which
will depend on the relative orientation between the two sublattice
moments. This leads to
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FIG. 3. (a) Energy of the E-type order dependence on the direction of rotation spin
in the ac-plane of YNMO; the blue line is the fitting curve according to the Zeeman
expression of magnetic field energy. (b) Electric polarization dependence on the
spin flop angle.
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E = —MBcoso — MBcosf + AM?cos(a + f3)

- %A(coszoc + coszﬂ), (7)

where A is a constant connected with the exchange coupling, M is the
magnetization, and B is the magnetic field strength. To ignore the mag-
netic anisotropy A and make the spin flop angle « = f3, we could have

E = —2MBcosa + AM?cos2a. (8)

To satisfy the E-type order, we build a 2 x 1 x 1 supercell, constrain
the spin along the a-axis as the initial state, and then rotate the spin
orientation along the ac-plane, and the final state is the FM order
along the c-axis (see Fig. S3). We can see from Fig. 3(a) that the total
energies decrease as the angle increases. The curve is obtained by qua-
dratic fitting; the corresponding coefficient is MB=1.41eV and A =
—0.018 eV. These results can explain the mechanism of strong mag-
netic field-induced spin flop. One can see from Fig. 3(b) that the elec-
tric polarization also decreased as the spin flop angle increased. As we
discussed above, the E-type order corresponds to the 1] | -type order
along the (101) plane. In addition to the magnetic-striction mecha-
nism, a compatible contribution from the redistribution of polarized
charge is found in the present study. The crystal structure change with
the spin flop angle is listed in Table IL.

The 77| |-type order displays two scenarios E; and E, for the
domain boundaries [as shown in the insets of Fig. 4(a)]. The two
diverse kinds of AFM domains were predicted to show opposite elec-
tric polarizations B, and —B,y. Therefore, we design a FE-AFM
switching path from Py (E;) to Py); (E;) through a progressive
rotation of the even-layer spin directions from 0° to 180° and fix the
odd-layer spins. Indeed, turning even-layer spin from 0° to 180°, there
is an energy change with structural distortion, which increases from
E, to E ;| and decreases from E| to E,. As shown in Fig. 4(b), the total
electric polarization decreases from ﬁTT | to P, and increases from
P, to Pyy; in the opposite direction. We, thus, describe the following
important conclusion for YNMO: 77| | -type order induces symmetry
breaking from the center symmetry group P2,/n to a polar group P2,
which turns the system into a stable ferroelectric phase. Furthermore,
the spin rotation not only leads to the distortions in ionic off-centering
displacements but also induces the charge redistribution, and the var-
iations in interlayer distances are calculated along the polar axis (Fig.
S5). The exchange striction mechanism is further confirmed by spin
rotation. Indeed, we also design an adiabatic path by gradually rotating
the Ni/Mn spins in even-layers from 0° to 180° along the ac-plane and
from the paraelectric to ferroelectric state (Fig. S4).

In summary, we have systematically investigated the intrinsic
role of 17| |-type order in magnetoelectric coupling in Y,NiMnOs.

TABLE II. The calculated lattice constants and Ni-O-Mn bond angle dependence on
the spin flop angle.

Spin flop angle a(A) b(A) c(A) 0 )

0° 10.3641 5.5358 7.4148 144.14
30° 10.3632 5.5337 7.4176 144.48
45° 10.3647 5.5311 7.4209 144.67
60° 10.3653 5.5282 7.4244 145.01
90° 10.3679 5.5209 7.4319 145.27
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FIG. 4. (a) Total energy vs the orientation of the even-layer spins (blue marked
regions in the plot in the inset denote the layers of spin rotation). (b) Total electric
polarization calculated via berry phase methods’ dependence on the orientation of
the even-layer spin.

The calculated results reveal that the FM order is the magnetic
structure of the ground state. Our DFT+U results indicate that the
total energy of 11| |-type order is close to that of the FM order.
The electric polarization is calculated to be 0.78 uC/cm? along the
crystallographic b-axis for Uy; = Uy, = 3 eV. In addition to the
exchange-striction mechanism, a more noticeable contribution
from redistribution of polarized charge is found in our study.
Magnetic hysteresis loops show the ferromagnetism in YNMO,
which can be explained by magnetic field-induced spin flop transi-
tion from the E-type to FM order. Our DFT+U theoretical investi-
gations also proposed a switching adiabatic path of
magnetoelectric coupling, in which the 180° reverse of electric
polarization is driven by rotation of spins.

See the supplementary material for the magnetic structure of
Y,NiMnOg; calculated Ni-O-Mn super-exchange angles, exchange
interaction coefficients, and PDOS; Berry-Phase methods; schematic
illustration of the direction of spin flop transition in the E-type magnetic
structure; and schematic illustration of the direction of spin rotation.
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