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This study explored the magnetic properties and dynamics of two, two-dimensional (2D) triangular-
lattice Heisenberg antiferromagnets (2D-TLHAF), h-(Lu,Y)MnO3 and h-(Lu,Sc)FeO3, through neutron powder
diffraction, single-crystal neutron scattering, and polarized neutron-scattering experiments. We identified that
the magnetic structures of both materials are described by two irreducible representations �1 (P63cm) and
�2 (P63c′m′) for h-Lu0.47Sc0.53FeO3, �3 (P6′

3cm′), and �4 (P6′
3c′m) for h-Lu0.3Y0.7MnO3. Polarized neutron

scattering has shown that accurately describing the magnetic structures of a 2D triangular-lattice Heisenberg
antiferromagnet (2D-TLHAF) requires the use of two irreducible representations, rather than relying on the
assumption that the system undergoes spin reorientation when using only one irreducible representation. We
then investigated the spin-wave dispersion of both materials on the basis of these magnetic structures. The
branch in the lowest energy of the spin wave of h-Lu0.47Sc0.53FeO3 showed a flat dispersion along the c axis,
while Lu0.3Y0.7MnO3 displayed a distinct dispersion along the c axis, suggesting the presence of interplanar
interactions in the latter. We discuss the potential causes of spin reorientation and multiferroicity in the triangular
antiferromagnetic on the basis of the parameters determined.

DOI: 10.1103/PhysRevB.110.134444

I. INTRODUCTION

Spin reorientation is quite common among magnetic
materials such as α − Fe2O3 [1], Y-type hexa-ferrite Ba2

Co2Fe12O22 [2], Fe3BO6 [3], MnP [4], Fe7Se8 [5], hexag-
onal h-RMnO3 [6], hexagonal h-RFeO3 [7,8], orthoferrites
o-RFeO3 [9], and orthochromites o-RCrO3, where R = Sc,
Y, or rare-earth metals [9]. This phenomena can occur for a
variety of reasons. Among them, h-RMnO3 and h-RFeO3 are
two-dimensional triangular-lattice Heisenberg antiferromag-
nets (2D-TLHAF) that are among the simplest playgrounds
for geometrically frustrated antiferromagnetism, where low
dimensionality and competing magnetic interactions often
create interesting physics. Recent examples of such 2D-
TLHAFs include (Y, Lu)MnO3 [10], LiCrO2 [11], CuCrO2

[12], and (Lu, Sc)FeO3 [7].
One of these hexagonal manganites, h-RMnO3 [13], has

been well studied and labeled type-I multiferroic materials.
The crystal structure symmetry of h-RMnO3 has been reported
to be noncentrosymmetric P63cm, which has six possible
representations: �1 (P63cm), �2 (P63c′m′), �3 (P6′

3cm′), �4

(P6′
3c′m), �5 (P63), and �6 (P6′

3) with a magnetic propagation
vector k = (0,0,0). Among them, �1−4 are representations of
one dimension and �5−6 are representations of two dimen-
sions [14,15]. The magnetic structures of the RMnO3 system
have been characterized using �1, �2, �3, and �4, with a few

variations shown in Fig. 1(b). For example, well-investigated
compounds are HoMnO3 and YMnO3 that have the P63cm
symmetry.

The neutron polarimetry experiment with HoMnO3, which
provides evidence for the spin reorientation transition of �4 to
�1 [14], is inconclusive due to Ho ordering [16]. However, it
was concluded that �3 was close to the correct ground state
of YMnO3, where the spins were rotated approximately 11
degrees from the �3 state. The result shows that it is difficult to
reliably determine the magnetic structure of this system even
by a neutron polarimetry experiment.

One of the interesting physical effects observed in this
system is the so-called trimerization, as shown in Fig. 1(a).
The atomic position of Mn is placed close to (xMn = 1/3, 0 0)
in the paramagnetic phase, making it an almost ideal triangu-
lar arrangement of the Mn atoms. Their position shifts away
from the ideal value of xMn = 1/3 when the system enters
the magnetically ordered state, as shown by the temperature
dependence of the atomic position of Mn. Lee et al. reported
[17] that xMn = 0.3330(17) at 300 K at xMn = 0.3423(13)
at 10 K for YMnO3, while a slightly smaller change was
observed for LuMnO3, but with the opposite sign. Magnetoe-
lastic coupling causes trimerization, and this study claims that
this is the primary origin of the multiferroic properties.

In addition to this, the value xMn = 1/3 is a critical thresh-
old that determines the sign of effective interplanar exchange
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FIG. 1. (a) Triangular lattice formed by Mn atoms, with intraplanar exchange interactions (J1 and J2) and interplanar exchange interactions
(Jc

1 and Jc
2 ). The triangular lattice can be a perfect triangular when xMn = 1/3, where J1 = J2 and Jc

1 = Jc
2 . (b) Six irreducible representations

under P63cm symmetry, where �1 to �4 are irreducible one-dimensional representations, while �5 and �6 are irreducible two-dimensional
representations. (c) The interactions between planes using examples of �5(P63) and �6(P6′

3).

interaction Jz1–Jz2 [6] (we call them Jc
1 and Jc

2 ), which sets
the direction of the coupling within the Mn triangular plane.
For instance, HoMnO3 undergoes a transition from �4 to �1 at
xMn = 1/3 and the spin-wave curve along the (1, 0, l ) direc-
tion is altered [6]. These h-RMnO3 systems such as HoMnO3

[14] and ScMnO3 [18] display spin reorientation, while others
such as ErMnO3, YbMnO3, LuMnO3, and YMnO3 do not
because they do not cross the threshold. This is a significant
discovery that contributes to a better understanding of spin
reorientation in this system.

Many analyses of spin dynamics have been performed
using inelastic neutron-scattering techniques on h-RMnO3

[6,10,13,19–25]. The spin Hamiltonian can be described in Jc
1

and Jc
2 as interplanar exchange parameters. J1 and J2 are ex-

changes in the plane. Previous neutron-scattering experiments
revealed a displacement in the atomic position of Mn from
(xMn = 1/3, 0, 0) [17], known as Mn trimerization, which
leads to the presence of two distinct exchange parameters
J1 and J2. The transition does not eliminate the rotational
variance within the Mn plane but does impact the interac-
tions between planes. D1 and D2 represent the easy-plane and
in-plane easy-axis anisotropies [19], respectively. As shown
above, the atomic position of (xMn = 1/3, 0, 0) is a key pa-
rameter here. The first reason is that xMn �= 1/3 creates two
different exchange paths J1 and J2, and the second is that
xMn = 1/3 is a critical position to determine the sign of ef-
fective exchange between planes Jc

1 − Jc
2 .

On the other hand, the hexagonal rare-earth ferrite
h-RFeO3 (R = Lu, Sc, Yb) family whose symmetry is also
P63cm represents another unique class of multiferroics ex-
hibiting weak ferromagnetism, and a strong coupling between
magnetism and structural trimerization is predicted as for
h-RMnO3. However, the hexagonal phase is rare, as only
a few hexagonal phases of h-RFeO3 have been reported,
notably, Yb0.42Sc0.58FeO3 [26] and Lu0.50Sc0.50FeO3[27,28].
Interestingly, these h-RFeO3 all show spin reorientation. The

full range of spin dynamics in a bulk single crystal of
h-(Lu0.60Sc0.40)FeO3 has been measured via time-of-flight
inelastic neutron scattering, where the nearest-neighbor ex-
change coupling value was found to be J = 4.0 (2) meV from
the linear spin-wave theory [29]. The experimentally mea-
sured parameters are compared with those obtained by density
functional theory (DFT) calculations [26], which predicted
that the exchange coupling constant for h-LuFeO3 would be
J = 6.31 meV in the plane. The spin dynamics of the h-(Lu,
Sc)FeO3 shows no spin-wave dispersion in the out-of-plane
direction [29].

This study examines the phenomena of spin reorien-
tation, multiferroicity, and spin-wave dispersion in two
2D-TLHAF compounds: manganese oxide Mn3+ (S = 2) and
ferrites Fe3+ (S = 5/2). Our focus is on two compounds
of 2D-TLHAFs, Lu0.3Y0.7MnO3 and Lu0.47Sc0.53FeO3, using
neutron diffraction, magnetization, neutron-inelastic scatter-
ing, and polarized neutron-scattering techniques. Powder
neutron diffraction was first used to uniquely determine the
magnetic structures by using two irreducible representations.
Polarized neutron scattering was then used to validate the
magnetic structures determined, followed by inelastic neutron
scattering to obtain the exchange parameters based on the
refined structural parameters. We found obvious interplanar
interactions in Lu0.3Y0.7MnO3, while none were seen for
Lu0.47Sc0.53FeO3.

A. Experiment

Polycrystalline samples of Lu0.47Sc0.53FeO3 were pre-
pared both by solid-state reaction and pulverized from a
single-crystal sample, denoted powder and polycrystalline
samples, respectively. Single crystals of Lu0.3Y0.7MnO3 and
Lu0.47Sc0.53FeO3 were prepared using the floating zone
method. The weights of the sample were 4.0 and 2.7 grams.
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Neutron powder diffraction was studied on the high-
resolution powder diffractometer Echidna [30] installed at the
Opal research reactor at the Australian Center for Neutron
Scattering (ACNS) at the Australian Nuclear Science and
Technology (ANSTO). The incident neutron wavelength of
2.4395 Å was selected by the Ge (331) reflection at a takeoff
angle of 140 degrees. The sample was loaded into a 9-mm-
diameter vanadium can and cooled with using a top-loading
closed-cycle refrigerator.

Neutron-inelastic-scattering data was also collected in Sika
[31,32] at ACNS in ANSTO and the high-resolution chopper
spectrometer (HRC) [33,34] at the Japan Proton Accelerator
Research Complex (J-PARC). Single-crystal samples were
aligned in the (h0l) and (hk0) for the experiments in Sika to
complete the data shown in this paper. The sample was aligned
in the ab plane, and the incident energy Ei = 35 meV was cho-
sen to obtain a complete dispersion pattern of Lu0.3Y0.7MnO3

on HRC. The spin dynamics of Lu0.47Sc0.53FeO3 were col-
lected with Sika, and the final energy was fixed at E f = 5 meV
with collimations open-open-60′-60′. A Be filter was in place
on the scattered side to cut off the higher-order wavelengths.

For the polarized neutron-scattering experiment, the 3He
polarization system was installed on Sika at ACNS in
ANSTO. The fully automated arms of the spin polarizer and
analyzer used the Pastis coil to control the spin direction
[35,36]. The experiment allows us to collect diagonal com-
ponents of polarization matrices shown later in the text.

B. Discussion about the magnetic structure
of 2D-TLHAF in general

Under the P63cm symmetry with a propagation vector k =
(0,0,0), �1−4 are one-dimensional representations and �5−6

are two-dimensional representations [14,15]. These �1, �2,
�3, and �4 representations have frequently been used to de-
scribe the magnetic structures of h-RMnO3 or h-RFeO3. In
prior research, the investigation of Lu0.3Y0.7MnO3 revealed a
Néel temperature of TN = 80 K, without any observed spin
reorientation [37]. Conversely, Lu0.5Sc0.5FeO3 exhibited tran-
sition temperatures of TN = 172(1) K and spin reorientation
temperature TSR = 45(1) K [27].

It is known that �1 and �3 contribute to the magnetic
Bragg peak intensity at (100) [8], and the calculated magnetic
scattering intensities of �2 and �4 are zero at (100), so that
if there is no (100) peak but the (101) peak is present, the
magnetic structure is assumed to be �2 or �4. If one chooses
to utilize a single irreducible representation for solving the
magnetic structure, spin reorientation should occur such as
(�2 to �1), (�4 to �2) and so on because of the (100) peak
that appears or disappears at TSR. Note that the (100) peak
is very weak in the nuclear structure factor of a system with
P63cm symmetry, and it cannot be the result of trimerization
[Fig. 1(a)].

C. Crystal and magnetic structures of (Lu,Sc)FeO3

Using a powder neutron diffractometer, we have studied
magnetic structures using both a powder sample and a poly-
crystalline sample of (Lu,Sc)FeO3. The compositions of the
samples were confirmed by Rietveld refinement, with the

FIG. 2. The temperature dependence of magnetic structure of
(Lu,Sc)FeO3. Coefficients of two irreducible representations for the
(a) powder sample and (b) pulverized single-crystal sample. Atomic
position of the xFe at the (xFe, 0, 0) site for the (c) powder sample and
(d) pulverized single-crystal sample.

powder sample identified as Lu0.60Sc0.40FeO3 and the poly-
crystalline sample as Lu0.61Sc0.39FeO3.

The temperature dependence of the coefficients C1 and C2

for the overall magnetic structures of the form C1�1 + C2�2 is
shown in Fig. 2, which highlights the difference between the
powder and polycrystalline samples. For temperatures TN ∼
160 < T < TSR, the magnetic structure of Lu0.60Sc0.40FeO3

can be described exclusively with �2 with C1 = 0. However,
below TSR the magnetic (100) Bragg peak appears, and both
�1 and �2 were used to fit the magnetic structures. The tran-
sition temperature TSR is higher for the powder compared
to the polycrystalline samples made from pulverized single
crystals, which is consistent with other studies on h-RFeO3

[7,8,27]. Conversely, the low polycrystalline TSR is consistent
with the single-crystal sample of Lu0.47Sc0.53FeO3, as shown
in Fig. 3, where TSR is clearly observed coincidentally with
the appearance of the magnetic Bragg (100) peak at T = 15.5
(2) K. Thus, the spin reorientation temperature of the single
crystal is similar to that of the polycrystalline sample, rather
than the powder sample.

Figures 2(a) and 2(b) show temperature dependences of co-
efficients C1 and C2 of these magnetic structures C1�1 + C2�2

for the polycrystalline sample and the polycrystalline sample.
In the powder sample, C1 grew at 100 K, where C2 decreases,
while in the polycrystalline sample, the �1 phase appears only
below 10 K and �2 dominates at most temperatures. The
ferromagnetic component observed in magnetization suggests
that the preferable model is C1�1 + C2�2 over C3�3 + C4�4

because only �2 can have the ferromagnetic component, and
�1 is the only magnetic structure that can explain the pow-
der diffraction pattern in combination with �2 to accurately
reproduce the diffraction pattern. The ferromagnetic compo-
nent of �2 is too weak to be determined from the neutron
powder diffraction data. Because of that, it is difficult to
determine the magnetic structure of this system by using poly-
crystalline samples and even single-crystal samples.
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FIG. 3. Temperature dependence of the scattering intensities of
the (100) and (101) magnetic Bragg peaks for the single-crystal
sample of Lu0.47Sc0.53FeO3, with insets highlighting the transition
temperatures.

Interestingly, there are also differences in trimerization
[17], as shown in Figs. 2(c) and 2(d). The powder sample
shows trimerization below 70 K where xFe < 1/3, while no
clear trimerization was observed in the polycrystalline sam-
ple. In previous studies of Lu1−yYyMnO3 [37], we found that
the magnetic structure of Lu0.3Y0.7MnO3 is described as a
linear combination of �3 and �4 equivalent to �6 (P6′

3). The
atomic position of Mn remains xMn = 1/3, which is one of the
key parameters for the reorientation of the spin of RMnO3.
So far, there has been no systematic study to see the differ-
ence between polycrystalline samples and powder samples
of h-RMnO3 or h-RFeO3. The result indicates that this ded-
icated parameter can behave differently in different samples,
as shown in Figs. 2 and 3. The polycrystalline sample shows
xFe � 1/3 in the temperature range below 200 K. Because of
that, we expect the interplanar interaction of the single crystal
of Lu0.47Sc0.53FeO3 [6].

The magnetic Bragg peak (100) appears at different
temperatures in the single-crystal sample. Because the signal-
to-noise ratio of the magnetic Bragg peaks is normally better
for the single-crystal sample, the difference between two sam-
ples is interesting. Single-crystal and polycrystalline samples
show a clear transition below 20 K. For the powder form of
the samples, spin reorientation of (Lu0.5Sc0.5)FeO3 at TSR ∼
50 K [27], (Lu0.6Sc0.4)FeO3 at TSR ∼ 100 K in this work, and
(Yb0.42Sc0.5)FeO3 at TSR ∼ 40 K [8] has been reported. The
quality of the sample could influence the spin reorientation.

The transition temperatures for the single-crystal sample
were found to be TN = 160.17(4) K and TSR = 15.5(2) K with
critical exponents β = 0.182(3) and 0.263(29) by fitting the
magnetic (101) and (100) peak intensities, respectively, using
I (T ) = A(1 − T/TSR,N )2β , where A is for normalization. At
TSR, there is a slight drop in intensity at (101) while the
(100) reflection emerges. Like the β found for YMnO3, β

at TN for Lu0.47Sc0.53FeO3 do not correspond to any of the
well-known universality classes. This is because the critical
region is greatly extended by magnetic frustration [38]. The
frustration is released at TN so that β at TSR is close to β

FIG. 4. Magnetization of powder sample Lu0.60Sc0.40FeO3 and
polycrystalline sample of Lu0.61Sc0.39FeO3 measured at H = 500 Oe.

for a typical 2D XY antiferromagnet whose theoretical value
β = 0.23.

Figure 4 illustrates the magnetization measurements of the
same powder and polycrystal samples as were investigated
with neutron powder diffraction. The presence of ferromag-
netism is associated with the �2 phase. Interestingly, the
ferromagnetic aspect of the polycrystalline sample persists at
a lower temperature compared to the powder sample, support-
ing the existence of a weak ferromagnetic phase from the �2

magnetic structure as seen in the powder neutron diffraction
data.

D. Polarized neutron scattering of the single crystal
of Lu0.47Sc0.53FeO3

We studied magnetic peaks in the (h0l) plane to distinguish
the magnetic structure using polarized neutron scattering for
the single-crystal sample of Lu0.47Sc0.53FeO3. Precise mag-
netic structure determination is important to determine the
spin Hamiltonian of the 2D-TLHAF structure. Since using
C1�1 + C2�2 = �5 and C3�3 + C4�4 = �6 gives us the same
structure factor and we cannot easily see the weak ferro-
magnetic component with unpolarized neutron diffraction,
determining the true magnetic structure is challenging. This
remains the case even if we use single-crystal samples with
polarized neutron scattering, as mentioned in Brown and
Chatterji’s work [16]. Regarding YMnO3, the scattering of
polarized neutrons supports the conclusion that the magnetic
structure is �3 but was still inconclusive. However, in the case
of (Lu,Sc)FeO3, by conducting a polarized neutron-scattering
experiment we can effectively identify the magnetic structure
of Lu0.47Sc0.53FeO3 by specifically examining its ferromag-
netic component.

Here, we show the two peaks of the magnetic peaks (101)
and (103) from the single-crystal sample of Lu0.47Sc0.53FeO3

in Fig. 5 and Table I. The nonmagnetic peak (004) at T =
300 K was used for the calibrations for the neutron spin
filter system. The peak shows about 90 percent of the neutron
scattering as a non-spin-flip (NSF) process, while the rest
of the neutrons scatter as a SF process, which demonstrates
the performance of the spin filters. Here, Bragg peaks (h0l)
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FIG. 5. The representative polarization dependence of Bragg peaks. The purely nuclear Bragg peak (004) at T = 300 K is used for
calibration. The (101) and (103) Bragg peaks are mainly due to magnetic scattering. The ki, k f , and Q are incident neutron wave vector,
scattered neutron wave vector, and scattering wave vector, respectively.

with odd l have zero nuclear structure factors due to the
systematic absence imposed by the glide plane c of P63cm.
These peak intensities are purely magnetic, and given that we
are sensitive to the component of magnetism perpendicular
to the scattering plane, they will reveal the orientation of the
magnetic structure.

We define the x, y, z axes as Q(h 0 l) //x, Q(h 0 l) ⊥ y in
the scattering plane, and Q(h 0 l) ⊥ z out of the scattering
plane, where magnetism in the y direction will be seen in
the x and z directions. The measurements which compare the
relative scattering amplitude for neutrons polarized in each
of these directions are summarized in Table I. Pxx and Pzz

change from plus for (101) to minus (103) at 1.5 and 30 K.
The portion of spin-flip-polarized neutrons increases while
increasing l , which means that there is a magnetic component
along the c axis. The magnetic component along the y flips
more neutrons, because the reduction in the ferromagnetic
component along the c axis is projected by increasing l . The

TABLE I. Diagonal elements of the polarization matrices of
(101) and (103) reflections from Lu0.47Sc0.53FeO3.

Lu0.47Sc0.53FeO3 (101)T =1.5 K (103)T =1.5 K (101)T =30 K (103) T =30 K

Pxx 0.251(8) –0.06(1) 0.155(9) –0.06(2)
Pyy –0.05(1) 0.07(2) -0.05(1) 0.02(2)
Pzz 0.133(7) –0.08(1) 0.079(7) –0.12(1)

Pyy is slightly minus for the (101) peak and changes to plus
for the (103) peaks in both T = 1.5 and 30 K, where the
ferromagnetic component along the c axis projected on the
plane decreases with increasing l , so it results in a reduction
in the spin-flip process. The results support the fact that the
ferromagnetic component c-component exists in both 1.5 and
30 K. Note that the only irreducible representation leading to
the ferromagnetic component along the c axis is �2 (P63c′m′),
which will be discussed with Table II [39] in the Discussion
section.

On the basis of all the information mentioned above, the
magnetic structural analysis procedures are as follows. The
result shows that the 1.5-K and 30-K phases have a weak
ferromagnetic component along the c axis. In that case, to
describe the magnetic structure of Lu0.47Sc0.53FeO3, the irre-
ducible representation of �2 should be included in both 1.5
and 30 K. In addition to this, since the magnetic (100) peak
is observed below TSR, either �1 or �3 should be included.
In that case, if �2 were included, �5 = C1�1 + C2�2 is the
only model that can fit the powder neutron diffraction patterns
of powder and polycrystal samples of (Lu,Sc)FeO3. So we
conclude that we need to use two irreducible representations
to describe the magnetic structures of Lu0.47Sc0.53FeO3.

On the other hand, we argue that �6 = C3�3 + C4�4 for
Lu0.3Y0.7MnO3 and �5 = C1�1 + C2�2 for Lu0.47Sc0.53FeO3

is a better model to use considering the result of polarized neu-
tron scattering. We summarize the characteristic of irreducible
representations in Table II. In the case of LuMnO3, YMnO3,
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TABLE II. Summary of magnetic properties of each irreducible representations of P63cm [39].

P63cm �1 (P63cm) �2 (P63c′m′) �3 (P6′
3cm′) �4 (P6′

3c′m)

Moments out of the ab plane No Yes No Yes
Weak ferromagnetism along the c axis No Yes No No
Magnetic peak (100) Yes No Yes No
Magnetoelectric coupling PxMy − PyMx PxMy + PyMx , PzMz No No

and Lu1−yYyMnO3, there have not been any ferromagnetic
moments reported so far using magnetization measurements,
and thus we do not have positive evidence to determine
that �6 = C3�3 + C4�4 is the correct magnetic structure of
Lu1−yYyMnO3. However, an antiferromagnetic moment along
the c axis observed in YMnO3 based on resonant x-ray diffrac-
tion [40] and the newly proposed magnetic structure does
not contradict our model [39,41]. If we used �4, only the
magnetic structure that fits our neutron powder diffraction
data is �6 = C3�3 + C4�4. Also, the total energy of different
magnetic configurations obtained by Hartree-Fock calculation
for a low-energy model supports that the magnetic structure of
YMnO3 is �3 and that of LuMnO3 is �4 [42].

The reason why spin reorientation is observed in the
2D-TLHAF is because the (100) peaks show up at certain
temperatures. Only the magnetic structures �1 and �3 have
a magnetic scattering intensity at the (100) peak, while the
calculated magnetic scattering intensities for �2 and �4 are
zero. If only one irreducible representation is used to solve
the magnetic structure, spin reorientation should occur. As
shown here, in the case of 2D-TLHAF, if we could use two
irreducible representations to describe the magnetic structure,
there might be no drastic magnetic structural change like
spin reorientation, and the magnetic structure could change
gradually while changing the temperatures of the system by
changing the ratio of two irreducible representations.

It is also noted that the inhomogeneity of Sc, Y, or Lu is
not an issue because additional peaks or Bragg peak separa-
tion from two or more different lattice parameters (such as
LuMnO3, YMnO3, LuFeO3, or ScFeO3) were not observed
in any of the powder neutron diffraction, polarized neutron-
scattering, or inelastic neutron-scattering (the latter section)
data sets. From instrumental Q and energy resolutions, these
samples should be recognized as single-phase samples.

E. Analysis of spin waves in 2D-TLHAF in general

In the preceding sections we have outlined the process
of determining the magnetic structures of the 2D-TLHAF
system. We then conducted neutron-inelastic scattering exper-
iments to ascertain the exchange parameters of this system.
The spin Hamiltonian can be expressed as

H =
∑

〈i, j〉intra

JnSi · S j +
∑

〈i, j〉inter

Jc
n Si · S j + Haniso. (1)

The intraplanar exchange parameters, J1, J2, and J3, the
spin Hamiltonian can be expressed in terms of the intratrimer
interaction J1, the intertrimer interaction J2, and the third-
nearest-neighbor interaction J3, as well as the interplanar
exchange parameters Jc

1 and Jc
2 as shown in Figs. 1(a) and

1(c). Fabréges et al. [6] noted that spin reorientation is largely

dependent on the value of Jc
1 − Jc

2 . The anisotropic term in the
Hamiltonian is

Haniso = D1

∑

i

(
Sz

i

)2 + D2

∑

i

(Si · ni )
2, (2)

where D1 and D2 represent the easy-plane and in-plane easy-
axis anisotropies [19]. The anisotropy D2 is parallel to the spin
directions, i.e., ni = 〈Si〉/|〈Si〉|.

Oh et al. [10,13] improved the models by including a
magnetoelastic coupling term to explain magnon decay in
LuMnO3, Y0.5Lu0.5MnO3, and YMnO3 [10], using J1 = J2 to
explain the low-energy portion. They noticed that linear spin-
wave theory was inadequate due to the downward curvature
in the AB direction, the additional peak at around 19 meV in
the OB direction, and an abnormally large J1/J2 ratio. The
magnetoelastic coupling model of superexchange striction
qualitatively reproduces the observation of the experiment on
YMnO3 [43]. Holm et al. combined Zeeman splitting with the
information of magnon and phonon intensities in the case of
YMnO3 [22], where �2 and �4 are excluded. The other two
ground states, �1 and �3, are generally compatible with the
observations. In addition, their model could give these states,
as �1 and �3 are not homometric in the inelastic channel,
while the data are not of sufficient quality to uniquely dis-
tinguish the two states.

F. Spin-wave dispersion of Lu0.3Y0.7MnO3

Some of the h-RMnO3 systems show no spin reorientation,
such as ErMnO3, YbMnO3, LuMnO3, and YMnO3. To inves-
tigate one of these 2D-TLHAFs, we chose the xMn controlled
compound Lu0.3Y0.7MnO3, because xMn is close to 1/3 and
does not change below or above TN , and Lu and Y are non-
magnetic atoms.

The magnetic structure of the material was found to be a
combination of �3 and �4 based on previous reports [37], and
no distinct spin reorientation was observed. The proportion
of �3 and �4 varies with changes in temperature and the
composition of Lu and Y. In the ground state, YMnO3 and
LuMnO3 exhibit different magnetic structures �3 and �4. The
total energies of various magnetic configurations were de-
termined using Hartree-Fock calculations for the low-energy
model. The discrepancy in the magnetic structures of YMnO3

and LuMnO3 can be attributed to the behavior of single-ion
anisotropy, which corresponds to the distortion of the Mn
triangles.

The spin-wave dispersion is shown for Lu0.3Y0.7MnO3

in Fig. 6, and specifically along the l direction in Fig. 7.
The parameters determined are J1 = 7.43(1) meV, J2 =
1.42(1) meV, J3 = 0.02(1) meV, Jc

1 = −0.012(1) meV, Jc
2 =

0 (fixed), D1 = 0.244(1) meV, and D2 = −0.028(1) meV, as
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FIG. 6. (a) Spin-wave dispersion relation of the Lu0.3Y0.7MnO3 obtained at HRC, J-PARC at 5 K. The dots are determined by the constant
Q cut from the neutron-scattering data. The lines are obtained by fitting these dots using the least-squares method. (b) Calculation of the
dynamical structure factor using linear spin-wave theory.

summarized in Table III. These parameters are determined by
fitting the dispersion relations obtained by the experiment, as
shown in Fig. 6(a). The calculation of spin waves based on the
linear spin-wave theory in Fig. 6(b) by using these parameters
matches the data in Fig. 6(a) well. Oh et al. claim that the DFT
calculations show only a 10–20 percent difference between J1

and J2 [10,44].
The strong magnetoelastic coupling in RMnO3 is evident

from the drastic change in many physical properties at TN

supported by many measurements of physical properties such
as, neutron diffraction [17] and inelastic neutron-scattering
experiments [10,13]. We observed a similar excitation at an
energy transfer of approximately 19 meV in the OB direc-
tion in Fig. 6(a). Oh et al. successfully model the branch
by introducing magnetoelastic coupling and dimensionless
exchange-striction parameters α [10]. In our scenario, the
optimized parameters obtained via linear spin-wave theory are

FIG. 7. Spin-wave dispersion relation along the l direction ob-
tained at HRC, J-PARC at 5 K.

sufficient to describe this branch without incorporating mag-
netoelastic coupling, primarily by adjusting the ratio J1/J2.
Incorporating magnetoelastic coupling as described in [10]
was beyond the scope of our study.

As demonstrated in Fig. 7, the clear dispersion of �1

shows that interactions exist along the l direction. With this
information in mind, the exchange parameters determined
using the full dispersion are Jc

1 − Jc
2 = −0.012 (1) meV

in Lu0.3Y0.7MnO3. To compare with another 2D-TLHAF,
HoMnO3 changes from Jc

1 − Jc
2 = −0.0038(5) meV at T =

45 K > TSR to Jc
1 − Jc

2 = 0.0018(5) meV at T = 27 K < TSR.
Therefore, the spin dispersion curvature along l and the sign
of Jc

1 − Jc
2 change and cause spin reorientations in HoMnO3.

The case of Lu0.3Y0.7MnO3, similar to HoMnO3 at 45 K
and YbMnO3 at 2 K, where the low-energy branch of the
spin-wave dispersion trends upward along the (10l ) direction,
is summarized in Table IV.

G. Spin-wave dispersion of Lu0.47Sc0.53FeO3

The other type of h-RMnO3 and h-RFeO3 shows spin re-
orientation, such as HoMnO3 (�4 to �1), ScMnO3 (�2 to �3),
Yb0.5Sc0.5FeO3, and Lu0.5Sc0.5FeO3 (�2 to �1). As demon-
strated so far, h-Lu0.47Sc0.53FeO3 shows a clear magnetic
(100) peak below 15.5 K. The reported h-RFeO3 systems
are rare, but each exhibits spin reorientation. Here, we study
the magnetic excitation of Lu0.47Sc0.53FeO3 in two phases
(T = 1.5 and 30 K) below and above TSR = 15.5 K.

Figures 8 and 9 show the dispersion of the spin waves at 1.5
and 30 K. The dispersions at 1.5 and 30 K are almost identical
except for the Bose factor. Unlike Lu0.3Y0.7MnO3, there is no
dispersive mode in the lower part of the spin-wave dispersion
on Lu0.47Sc0.53FeO3, even though a clear spin reorientation is
observed. Other 2D-TLHAFs, such as HoMnO3, show that the
curvature of the spin-wave dispersion at low energy changes
from upwards (T = 45 K and �4) to downwards (T = 27 K
and �1). Such a clear transformation was not observed in
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TABLE III. The determined exchange parameters of some of the 2D-THLA systems obtained in this work and other literature.

2D-TLHAFs J1 J2 J3 Jc
1 – Jc

2 (Fixed) D1 D2

YMnO3 3.4(2) 2.02(7) – 0.014(2) 0.28 –0.0007(6) [19]
Lu0.3Y0.7MnO3 7.43(1) 1.42(1) 0.02(1) –0.012(1) 0.244(1) –0.028(1) This work

3.24(2) 2.70(1) – 0 0.300(1) –0.0013(1) [37]
2.65(5) 2.32(5) – –0.0012(4) 0.44(1) 0 [24]

Lu0.5Y0.5MnO3 3 3 – – 0.28 –0.02 [10]
LuMnO3 4.09 1.54 – –0.019(2) 0.44 0 [23]
Lu0.6Sc0.4FeO3 4.0 4.0 – – 0.17(1) –0.05(1) [29]

Lu0.47Sc0.53FeO3 below and above the spin reorientation tran-
sition temperature.

The current findings suggest that the spin reorientations
in these two Lu0.3Y0.7MnO3 and Lu0.47Sc0.53FeO3 are not as
significant as previously reported in h-RMnO3 and h-RFeO3

systems. Spin reorientations can be understood as a reconfig-
uration of the magnetic structure by changing the ratios of C1

and C2 for �1 and �2. The presence of a weak ferromagnetic
element along the z axis indicates the presence of a magnetic
phase characterized by the irreducible representation of �2.
Magnetoelectric coupling is possible through �1 and �2, so
even though the crystal and magnetic structures are similar
to those of h-RMnO3, the origin of the multiferroicity of
h-RFeO3 can be different from that of h-RMnO3.

In the case of Lu0.47Sc0.53FeO3, the dispersion along (10l)
is flat, indicating that the interactions between planes are
very weak or have been canceled, leading to Jc

1 − Jc
2 ∼ 0.

The three branches that we observed Lu0.3Y0.7MnO3 become
two branches, as shown in Fig. 10. Leiner et al. obtained
the full spin-wave dispersion of h-Lu0.6Sc0.4FeO3 [29], with
instrumental energy resolution being 2.5 meV FWHM for the
elastic line at Ei = 45 meV [29]. To more precisely differ-
entiate, we performed measurements using a cold triple-axis
spectrometer Sika, achieving a higher energy resolution of
approximately 0.15 meV in the elastic line with a fixed E f

= 5 meV. In addition, the gaps of �1 and �2 at (100) dis-
appear at TN = 160 K, indicating that these dispersions of
Lu0.47Sc0.53FeO3 are magnons. The disappearance of the flat
dispersion at TN was also observed in another measurement on
the instrument HRC at J-PARC (not shown in this paper). So,

TABLE IV. The determined interplanar exchange parameters and
magnetic structures of h-RMnO3.

2D-TLHAFs Jc
1 – Jc

2 Magnetic structure

YMnO3 0.014(2) �3 [19]
YMnO3 0.050(5) �3 [6]
LuMnO3 –0.019(2) �4 [23]
Lu0.3Y0.7MnO3 –0.012(1) C3�3 + C4�4 This work
Lu0.3Y0.7MnO3 –0.0012(4) �4 [24]
YbMnO3 –0.012(2) �4 [6]
HoMnO3 –0.0038(5) �4 [6]
HoMnO3 0.0018(5) �1 [6]
Lu0.6Sc0.4FeO3 – �1 [29]
Lu0.47Sc0.53FeO3 – C1�1 + C2�2 This work

they are not phonons or artificial excitations (spurions) due to
different instrument configurations or sample environment.

By using the same spin Hamiltonian, the analytical
forms of the spin-wave gap for h-(Lu, Y)MnO3 at the �

point are the equations provided by Sato and Tian et al.
[19,24]. There are four gaps called �11, �12, �2, �3.
In the case of Jc

1 − Jc
2 = 0, these �11 and �12 merge

into �1, while �2 and �3 becomes �2 ∼ �3, which
we denote �2. Here, �1 ≈ 2S

√−D2λ1 with λ1 = D1 +
3
2 J1 + 3J2 and �2 ≈ S

√
2(D1λ2 + D2λ3 − 2D1Jc

1 ), �3 ≈
S
√

2(D1λ2 + D2λ3 + 3D2Jc
2 ) with λ2 = 3

2 J1 + 3J2 and λ3 =
2D1 + 3

2 J1 + 3J2. The main factor that determines the size of

the gap of the Lu0.47Sc0.53FeO3 is S
√

3
2 J1 + 3J2. Assuming

that J1 and J2 remain constant with increasing temperature,
the gap closes and disappears at TN because of the change of
the S value. The values of �1 and �2 in h-RFeO3 exceed those
in h-RMnO3 due to the greater magnitude of S

√
3
2 J1 + 3J2.

H. Discussion

The magnetic structure and dynamics of 2D trian-
gular Heisenberg antiferromagnets h-(Lu,Y)MnO3 and h-
(Lu,Sc)FeO3 have been investigated. These two 2D-TLHAF
crystallized with the same symmetry P63cm. Lu, Y, and
Sc are nonmagnetic, while S = 2 in Mn3+ and S = 5

2

FIG. 8. Spin-wave dispersion of the single-crystal sample of
Lu0.47Sc0.53FeO3 observed at T = 1.5 K.
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FIG. 9. Spin-wave dispersion of the single-crystal sample of
Lu0.47Sc0.53FeO3 observed at T = 30 K.

in Fe3+. Unlike previous studies of this system, two
irreducible representations were used to solve the magnetic
structure of (Lu,Y)MnO3 and (Lu,Sc)FeO3. By combining
neutron diffraction, polarized neutron diffraction, and inelas-
tic neutron-scattering techniques, we are able to determine
the exchange parameters of Lu0.3Y0.7MnO3 with the mag-
netic structures of these two irreducible representations by
using linear spin-wave theory. It should be noted that the
neutron-scattering techniques cannot distinguish between the
phase coexistence of two single phases with two irreducible
representations and one magnetic structure described by two
irreducible representations in such a complex magnetic struc-
ture.

The utilization of inelastic light-scattering techniques [45]
revealed the presence of angularly quantized spin rotations
in hexagonal LuMnO3. These 60-, 120-, and 180-degree do-
mains in the plane were viewed as a flat bubble in the sea
of the ground state. The work claimed that these angulary
quantized spin excitations may lead to high-density informa-

FIG. 10. The temperature dependence of the gaps �1 and �2 of
the Lu0.47Sc0.53FeO3.

tion storage of spin devices. The high degree of control for
these spin excitations is more easily achieved for isolated
Mn or Fe planes. As shown in these spin-wave dispersions
from Lu0.3Y0.7MnO3 and Lu0.47Sc0.53FeO3, h-RFeO3 could
be more suitable for controlling such spin excitations.

The question of the existence of two irreducible represen-
tations for this system still remains. The result contradicts
the statement by Landau and colleagues, that “Every second-
order phase transition must occur according to a single
irreducible representation,” based on the discussion of sym-
metry in phase transitions [46]. However, as shown in elastic
neutron scattering, polarized neutron scattering, and magne-
tization, these two irreducible representations �1 and �2 are
necessary to describe the magnetic structure of h-RFeO3,
which has not been discussed in the context of magnetic
structural analysis and spin reorientations of the h-RMnO3

and h-RFeO3 systems. Or, if we persist with Landau theory,
the combination of (�1 and �2) or (�3 and �4) to describe the
magnetic structure implies that the actual crystal symmetry
could be P63, which is a subgroup of P63cm. We also note
that the inhomogeneity of these samples is not detected by the
experiments we reported here.

If it is possible to use two irreducible representations to
solve the magnetic structures of h-RMnO3 and h-RFeO3, the
spin reorientation behavior of the magnetic structure of 2D-
TLHAF reported so far would not be as drastic as claimed.
The main reason for the claim that spin reorientation occurs
in a 2D-TLHAF system is because we have a clear obser-
vation that either �1 and �3 can contribute to the magnetic
Bragg peak (100) where there is no nuclear contribution to
the Bragg peak, while either �2 and �4 do not contribute to
the magnetic Bragg peak (100). However, these (Lu,Y)MnO3

and (Lu,Sc)FeO3 suggest that two irreducible representations
can be used to describe the magnetic structures, and so-called
spin reorientation is not necessary.

No drastic changes in other physical properties, such as
specific heat, have been reported. There is a modification of
the magnetic structure by adjusting the coefficients of two
irreducible magnetic structures. These changes may be better
referred to as spin reconfiguration, spin reconciliations, spin
adjustment, or just spin rotations. It is possible that the mag-
netic structure moves while cooling by adjusting these two co-
efficients of two irreducible representations [37]. Adjustment
should occur because of competition between exchange pa-
rameters, anisotropic parameters, and Dzyaloshinskii-Moriya
(DM) exchange interactions. It is possible to see the inter-
action of DM-type exchange for h-RFeO3 where the weak
ferromagnetism is present, but not in h-RMnO3.

The source of multiferroicity of this 2D-TLHAF system
also needs to be discussed. The R-MnO3 structures have been
reported to be type-I multiferroics. In this type of multifer-
roic, magnetism and ferroelectricity exist independently. To
connect magnetism and ferroics, we should have magnet-
electric coupling or magnetoelastic coupling. If the magnetic
structure consists of �3 or �4, these magnetic structures can-
not directly cause ferroelectricity, as shown in Table II [39],
and consequently there could be magnetoelastic coupling. As
shown in a number of works initiated by Lee et al. [17],
multiferroicity has until now been considered to be achieved
through magnetoelastic coupling. However, �1 or �2 can have
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magnetoelectric coupling. So even if the magnetic structures
look similar, there can be a different source of multiferroicity.
In the case of h-Lu0.6Sc0.4FeO3, Leiner [29] reported elec-
tric polarization hysteresis loops and compensated current
density under applied electric field along the c axis for the
sample on which they performed the neutron-inelastic scatter-
ing experiment. Among the four one-dimensional irreducible
representations (�1−4), only �2 is allowed to have a ferromag-
netic moment. The ferromagnetic correlations observed by
magnetization and polarized neutron scattering should have
been attributed to the magnetic structure �2. In addition to
that, as shown in Table 2, magnetoelectric coupling is pos-
sible through PzMz with the �2 phase. The ferroelectricity
and ferromagnetic moment along the c axis are consistent
with the coupling. If that is the case, the multiferroicity could
be easier to control if the magnetic structure is a source of
ferroelectricity.

Regarding the spin dynamics of h-(Lu,Y)MnO3 and h-
(Lu,Sc)FeO3, we showed that interplanar interactions exist
for Lu0.3Y0.7MnO3 but do not for Lu0.47Sc0.53FeO3. A clear
dispersion is observed in Lu0.3Y0.7MnO3, while this is absent
for Lu0.47Sc0.53FeO3. In the case of RMnO3, interplanar in-
teractions and the sign of Jc

1 − Jc
2 are key parameters in the

2D-TLHAF system, regardless of whether spin reorientation
of the system occurs or not. In terms of crystal structure
symmetry, these two compounds are the same. However, the
intraplanar interactions J1 and J2 are greater in h-(Lu, Sc)
FeO3 (J ∼ 4.0 meV) than in h-(Lu, Y) MnO3 (J ∼ 2.5 meV).
This would lead to weaker interplanar interactions compared
to the intraplanar interactions. If interplanar interactions still
exist in Lu0.47Sc0.53FeO3, then the dispersive mode should be
captured by these instrument energy resolutions.

Interestingly, Disseler et al. [7] considered the systematic
behavior of TN versus the relationship between the lattice
parameter c/a of h-RFeO3 and h-RMnO3. They reported that
TN increases with increasing c/a, oxygen hexahedra become
elongated along the c axis, and the distance between the apical
oxygen atoms increases when these oxygens do not partici-
pate in primary exchange interactions. With these two factors,
stronger intraplanar interactions and elongation of the hexahe-
dra lead to the idea that these intraplanar interactions should
play a more important role for spin reorientations. Therefore,
the more isolated triangular plane could host spin reorien-
tation in this RFeO3 system, which so far shows the spin
reorientation of all the h-RFeO3 showing spin reorientation.

In the case of h-RMnO3, so far there is no evidence of
correlation between the ratio of the lattice parameters and
spin reorientation. Therefore, the primary effect of the spin
reorientation of h-RMnO3 should be interactions between lay-
ers, while the cause of spin reorientation of h-RFeO3 could
be different. Among h-RMnO3 and h-RFeO3, it could be
argued that the interaction between R-M could exist. In the
case of orthochromites RCrO3 and orthoferrites RFeO3, no
spin reorientation has been reported where R are nonmag-
netic atoms [9], while some of them show spin reorientations
where R are magnetic atoms. Therefore, the interaction R3+-
(Mn3+ or Fe3+) could be another parameter to investigate
further.

In our study of the spin behavior of Lu0.3Y0.7MnO3, the
linear spin-wave model effectively describes the excitations.
However, incorporating a magnetoelastic model for fitting
is beyond the scope of our current research. By including
the parameter J3 in the linear spin-wave model, we have
achieved a more accurate representation of the observed spin
dynamics. The relationship between J1 and J2 deviates sig-
nificantly from what was predicted by the DFT calculations.
Until now, no magnetoelastic excitations in Lu0.6Sc0.4FeO3

have been reported [29]. Therefore, the multiferroic proper-
ties of Lu0.6Sc0.4FeO3 do not originate from magnetoelastic
coupling, providing further evidence that the origin of mul-
tiferroicity in h-RFeO3 may differ from that in h-RMnO3

systems.

II. SUMMARY

This paper presents an investigation of the magnetic
structure and dynamics of 2D triangular Heisenberg an-
tiferromagnets (TLHAFs), with a particular focus on the
h-RMnO3 and h-RFeO3 systems. The study elucidates the
origins of the spin orientation phenomena observed in these
materials, which are of significant interest because of their
complex magnetic interactions and potential multiferroic
properties.

The results demonstrate that the magnetic structures of
h-Lu0.47Sc0.53FeO3 can be described by a two-dimensional
irreducible representation of �6 (P63), expressed as a linear
combination of �1 (P63cm) and �2 (P63c′m′). In contrast, the
structure of h-Lu0.3Y0.7MnO3 is represented by �5 (P63), a
linear combination of �3 (P6′

3cm′) and �4 (P6′
3cm′). Based

on the precisely determined the magnetic structures, ex-
change interactions and spin waves of 2D-TLHAF were then
investigated. The study also provides evidence of interpla-
nar interactions in h-Lu0.3Y0.7MnO3, which are absent in
h-Lu0.47Sc0.53FeO3. Even though these two h-Lu0.3Y0.7MnO3

and h-Lu0.47Sc0.53FeO3 are similar in terms of crystal and
magnetic structures, the source of multiferroicity and the ori-
gin of spin reorientation could be different.
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