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The symmetric splitting of two spin-wave branches in an antiferromagnetic resonance (AFR) experiment
has been an essential measurement of antiferromagnets for over half a century. In this work, circularly
polarized time-domain THz spectroscopy experiments performed on the low symmetry multiferroic
hexagonal HoMnO3 reveal an AFR of the Mn sublattice to split asymmetrically in an applied magnetic
field, with an ≈50% difference in g factors between the high and low energy branches of this excitation.
The temperature dependence of the g factors, including a drastic renormalization at the Ho spin ordering
temperature, reveals this asymmetry to unambiguously stem from Ho-Mn interactions. Theoretical
calculations demonstrate that the AFR asymmetry is not explained by conventional Ho-Mn exchange
mechanisms alone and is only reproduced if quartic spin interactions are also included in the spin
Hamiltonian. Our results provide a paradigm for the optical study of such novel interactions in hexagonal
manganites and low symmetry antiferromagnets in general.
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Antiferromagnetic resonance (AFR) has been, perhaps,
the most essential property of antiferromagnets since the
earliest description by Kittel over half a century ago [1]. In
an AFR experiment, two spin-wave branches, each active
to a different helicity of circularly polarized light, sym-
metrically split in an applied magnetic field. However,
changes to this phenomena may occur in low symmetry
environments, as interactions between localized spins in
magnetic insulators are heavily influenced by the symmetry
of the crystal structure in which they are embedded. The
hexagonal rare-earth manganites (h-RMnO3) are prime
examples of materials whose low symmetry results in
remarkable physical behavior [2], including multiferroism
and exceptionally strong magnetoelectric coupling [3].
Magnetism in these systems consists of both rare-earth
and manganese magnetic moments, which lie in orthogonal
directions due to crystalline anisotropy [4]. Interactions
between these moments has been a topic of intense
investigation [4–8] as such couplings are thought to drive
magnetic transitions [9] and mediate magnetoelectric phe-
nomena [10,11]. However, the exchange mechanism
between R-Mn spins has remained elusive, as their ortho-
gonality suggests a less conventional interaction than the
Heisenberg exchange in the equilibrium spin configuration.
Of these materials, hexagonal HoMnO3 (HMO) pos-

sesses the largest effective rare-earth magnetic moment
and is, thus, ideal for studying magnetic exchange in these
systems [3,12–15]. The hexagonal crystal structure of
HMO (Fig. 1) consists of alternating layers of corner
sharing MnO5 bipyramids and Ho ions which are stacked

along the c axis [16]. At the ferroelectric transition,
Tc ¼ 875 K, the MnO5 bipyramids buckle [17–19] reduc-
ing the symmetry to the noncentrosymmetric polar space
group P63cm with Ho ions occupying two symmetry
distinct positions of the crystal lattice. The SMn ¼ 2 spins
form a two-dimensional frustrated triangular lattice which
orders at TN ≈ 75 K in a 120° structure with symmetry
P603c

0m [20–25]. Two additional zero field Mn sublattice
transitions occur at TSR ≈ 40 K (P603cm

0) and at THo ≈ 5 K
(P63cm), in which the Mn spins rotate by 90° within the

FIG. 1. Crystal structure of HMO in the ferroelectric phase
(T < Tc ¼ 875 K) with views along the (left) c axis and (right) a
axis, respectively. In this phase, the Hoþ3 ions (green and blue
spheres) lie in symmetrically distinct positions of the lattice
resulting in a finite ferroelectric moment along the c axis.
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basal plane. The ordering of the Ho sublattices is less
understood [4,20–27]; however, it is expected that the
SHo ¼ 2 spins order antiferromagnetically along the c axis
due to uniaxial anisotropy [4], with experimental evidence
suggesting that magnetization of at least one of the Ho
sublattices onsets near TSR [4,27] and some form of long
range order existing below THo.
Interactions between R and Mn moments in hexagonal

manganites can be probed by examining the spin
excitations of the Mn sublattice, whose minimal spin
Hamiltonian is given by

H ¼ J
X
hiji

Si · Sj þ Δ
X
i

ðSzi Þ2 − gμBB ·
X
i

Si; ð1Þ

where J is the Heisenberg exchange, Δ is the planar
anisotropy, B∥c is the applied magnetic field, g ¼ 2 is
the Mn g factor, and the sum is over neighboring pairs
[23,28]. The ground state of the Mn sublattice is a 120°
ordered AF. In the k⃗ → 0 limit (applicable to our optical
measurements) the low energy spectrum consists of a
Goldstone mode and a gapped AFR [28]. In the weak
field limit, valid for fields H < SMnJ ≈ 40 T in HMO, the
energies of the AFR are given by

ℏω�ðBÞ ¼ ℏωð0Þ � geffμBB; ℏωð0Þ ¼ 3S
ffiffiffiffiffiffi
JΔ

p
; ð2Þ

revealing two modes which split symmetrically in field
with geff ¼ g=ð2þ 4Δ=9JÞ [29] [see Eqs. (8–12) of Sec. III
in the Supplemental Material (SM) for derivation [30] ].
Note that even for small anisotropy, geff is approximately
half the bare ionic value. This is a particular feature of
the 120° ordered AF which arises due to the low symmetry
of the ordered state resulting in a not well defined z angular
momentum quantum number. With exchange and
anisotropy found to be J¼2.44meV and Δ ¼ 0.38 meV,
respectively, in HMO [23], one expects geff ¼ 0.97 from
Eq. (2). However, in actuality much larger g factors are
observed at low temperatures in hexagonal manganites
[7,29]. This has been explained by introducing an addi-
tional Heisenberg exchange interaction which ferromag-
netically couples R spins to the finite Sz of the Mn AFR
modes into Eq. (1) [7]. However, such a coupling is
expected to vanish in the ground state due to the orthogon-
ality of spins, leaving the dominant equilibrium R-Mn spin
interaction unresolved.
In this Letter, we present a systematic study of the low

energy optical response of HMO via high resolution time-
domain terahertz spectroscopy (TDTS). We demonstrate
that the Mn AFR possesses distinct selection rules to
circularly polarized light, which allows our experiments
to resolve the field dependent splitting of the AFR in
weak magnetic fields with high precision. The AFR is
found to unexpectedly split asymmetrically in magnetic
fields. Careful study of the temperature dependence of this
asymmetry unambiguously demonstrates the effect to stem

from R-Mn interactions. Theoretical investigation con-
cludes that the asymmetry is not explained by conventional
R-Mn exchange mechanisms alone and is only reproduced
if novel quartic spin interactions are also included in the
spin Hamiltonian. The potential for such interactions in
other hexagonal manganites is discussed.
Single crystals of HMO were grown via the optical

floating zone method. Two samples with the orientations
[−1; 1; 0] (d ¼ 670 μm) and [0,0,1] (d ¼ 590 μm) normal
to the sample surface were measured in this study. TDTS
transmission experiments were performed using a home-
built spectrometer [31] in magnetic fields up to 6T in
Faraday geometry (k⃗THz∥H⃗dc). Via a coupling of the THz
fields to both electric and magnetic dipole transitions of the
sample, TDTS accesses the sample’s electromagnetic
response with exceptional resolution from 0.2–2 THz.
Figure 2 displays image plots of the imaginary, or

dissipative, part of the complex index of refraction,
~n ¼ nþ ik, of HMO for the orientations (a) h⃗ac∥c and
(b) h⃗ac⊥c, respectively, (full data set in Sec. IV of the SM
[30]). One can show that the axial symmetry of the lattice
constrains the zero field linear response such that only these
two orientations give unique responses [32]. The spectra
are in excellent agreement with previous studies [7,33].
Many of the features seen in Fig. 2 can be attributed to
crystal field transitions of the Hoþ3 (5I8) ions, which have
been previously discussed in the context of a number of
compounds [34–40]. Several of the more prominent crystal
field levels are labeled in Fig. 2 and discussed in detail in
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FIG. 2. Image plots of the imaginary part of the index of
refraction as a function of temperature and frequency for the
orientations (a) h⃗ac∥c and (b) h⃗ac⊥c, respectively. Horizontal
dashed lines denote the three zero field transition temperatures
while vertical dashed lines label the more prominent Ho crystal
field (CF) excitations identified at temperatures T ≥ THo. The
excitation labeled M is the AFR of the Mn sublattice whose
resonant frequency is marked by white squares.
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Sec. IVof the SM (see Table I) [30]. Abrupt changes in the
spectra, including a previously undiscovered dramatic
renormalization of the crystal field excitation energies at
≈5 K, identify the three zero field magnetic transitions
at TN ¼ 72 K, TSR ¼ 37 K, and THo ¼ 5.25 K. Here, we
focus on the AFR of the Mn sublattice which is labeled
“M” in Fig. 2. In order to extract the dynamical properties
of this mode, the spectra were fit with a Drude-Lorentz
oscillator on a linear background to account for neighbor-
ing crystal field levels. White squares in Fig. 2 mark the
extracted resonant frequencies of the Mn AFR.
Measurements were then performed as a function of the

magnetic field to investigate the field dependent splitting of
the AFR. The hexagonal symmetry of HMO along with the
T symmetry breaking under the applied field constrains
the linear response transmission matrix [32,41] such that it
must be fully antisymmetric in the linear basis

~T linear ¼
"

~Txx
~Txy

− ~Txy
~Txx

#
: ð3Þ

Such a fully antisymmetric transmission matrix can be
diagonalized by a circular basis transformation as

~Tcircular ¼
2
4 ~Txxþ i · ~Txy 0

0 ~Txx− i · ~Txy

3
5¼

"
~Tr 0

0 ~Tl

#
; ð4Þ

where ~Tl and ~Tr refer to the transmission of left-hand and
right-hand circularly polarized light, the eigenpolarizations,
respectively. The above analysis suggests that experiments
performed in Faraday geometry are best understood in the
circular basis (see Sec. I of the SM for further details [30]).
TDTS measurements performed here utilized a rotating
polarizer technique, which allows for measurement of the
sample’s response to two polarization directions simulta-
neously and, thus, conversion to the circular basis [42].

Figures 3(a) and 3(b) display image plots of the dis-
sipative part of the index of refraction as a function of the
magnetic field at 20 K for right-hand and left-hand circular
polarizations, respectively. The excitation at ≈1.3 THz
which linearly varies with the magnetic field is the AFR
of the Mn sublattice. One can immediately see that the two
branches of the AFR possess distinct selection rules to right-
hand and left-hand circular polarizations. Such a partition-
ing of the AFR allows unique access to the splitting of this
mode in weak magnetic fields, within the low field “inter-
mediate” phase of HMO, where the two branches would,
otherwise, be highly overlapping in the linear basis. In a
similar manner as the zero field data, these spectrawere fit to
extract the magnetic field dependent dynamical properties
of the AFR. White triangles in Fig. 3 mark the resonant
frequency of the AFR at fields in which it is well defined.
The g factors of the AFR can be found by fitting the

extracted resonant frequencies as a function of the magnetic
field. To reiterate, the expectation from Eq. (2) is a
symmetric splitting of the two branches with g factors
≈� 1. Figure 4(a) displays linear fits of the AFR resonant
frequencies in weak magnetic fields, within the low field
phase of HMO. One can see that g factors are not only large
but also unexpectedly asymmetric, with the low energy
branch possessing a g factor that is≈50% greater than that of
the high energy branch. This asymmetry extends to negative
fields as well, such that the low energy branch always
possesses a larger g factor. A remarkable aspect of the data is
the kink in theR and L branches as a function ofB near zero
field.We believe this nonanalyticity results from themanner
in which the ground state is selected with a change in sign
of the magnetic field as discussed below. The small differ-
ence in g factor for the low energy branches between positive
and negative fields likely stems from larger error bars in
negative fields due to a weak AFR in this orientation. While
enhanced g factors have been interpreted via R-Mn spin
interactions [7], asymmetry in the field dependent splitting
of the AFR has not been reported previously.
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FIG. 3. Field dependence of the imaginary part of the index of refraction of HMO at 20 K for (a) right-hand and (b) left-hand circular
polarizations with H∥c. The Mn AFR is the linearly varying excitation at ≈1.3 THz, which can be seen to naturally partition into low
and high energy branches in the circular basis. White triangles mark the extracted resonant frequencies of the AFR.
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We can ascertain the origin of this asymmetry by
examining the temperature dependence of the g factors
[Fig. 4(b)]. The g factors increase with decreasing temper-
ature, a trend which is consistent with other hexagonal
manganites [29]. However, in HMO we observe a large
renormalization of the g factors at THo, with increases of
≈50% and 35% from 30 K to THo in the right-hand and left-
hand branches, respectively. This effect can be attributed to
a large increase in the effective internal fields near THo as
the Ho sublattices are more easily magnetized near the
transition, consistent with the observed peak in the mag-
netic susceptibility at THo [Fig. 4(c)] [2]. Below the
transition, with the Ho sublattices presumably AF ordered,
the internal fields are reduced and the g factors return close
to their high temperature values (although the error bars at
2 K are large due to overlap with neighboring Ho crystal
field levels). Figure 4(c) displays the asymmetry ratio,
defined as ðgR − gLÞ=ðgR þ gLÞ, along with Δχ, the H∥c
magnetic susceptibility of HMO after the paramagnetic
contribution has been subtracted. We can attribute this

susceptibility to stem mainly from Ho magnetism. One
can see that the temperature dependence of the asymmetry
ratio is in remarkable agreement with the magnetic sus-
ceptibility, increasing below TSR, being renormalized at
THo, and decreasing rapidly at lower temperatures. Such a
plot unambiguously demonstrates the g factor asymmetry
to be related to Ho-Mn interactions.
To investigate the origin of this asymmetry, we have

explored a scenario in which paramagnetic Ho moments
generate an effective exchange field on Mn sites. To tilt
both AFR branches down, this exchange field Heff must
be antiparallel to Mn moments, reducing the cost of small
deviations from the ordered state. At the same time, it is
generated by fluctuating Ho moments whose thermal
average hSzHoi ¼ χHoB is proportional to the applied field
B and to the Ho magnetic susceptibility χHo, which grows
as the temperature is lowered toward the Ho ordering at
THo. In this case, the exchange and anisotropy of Eq. (2) are
modified such that they depend linearly on B as

J ↦ JðBÞ≡ J þ J0B; Δ ↦ ΔðBÞ≡ Δþ Δ0B: ð5Þ

Then, to the linear order, the energies of the AFR are

ℏω�ðBÞ ¼ ℏωð0Þ þ ℏωð0Þ
�
J0

2J
þ Δ0

2Δ

�
B� geffμBB; ð6Þ

and the slopes dω�=dB can differ in magnitude.
Such an exchange field in the ab plane coming from

Ho spins polarized along the c axis can come from
the Dzyaloshinskii-Moriya (DM) interaction, HDM ¼
D · ðSHo × SMnÞ, with a DM vector D in the ab plane
[43,44]. Although we believe this DM term plays a role
here, in the most straightforward scenario, this leads to the
opposite effect: both AFR branches tilt up. To understand
why, note that the effective exchange field Heff ¼ −D ×
hSHoi breaks the global symmetry of rotations in the ab
plane manifest in the Hamiltonian (1). Mn spins orient
themselves parallel toHeff to minimize the DM energy and
select a ground state. In general, it is this change in the
ground state with the change in field direction that leads to
the nonanalyticity of the R and L excitations near B ¼ 0.
Deviations from these preferred directions now cost extra
energy, which leads to a hardening of both AFR branches
contrary to the experimental observations. We have found
that other types of interactions breaking the global rota-
tional symmetry that select a ground state generically
harden both AFR branches [30]. In order to get a softening,
one must have the combined effect of both DM interaction
and quartic interactions that force an anisotropy in plane.
For instance, the interaction

H4 ¼ K
X

hHoMni
SzHoS

y
Mn½3ðSxMnÞ2 − ðSyMnÞ2�; ð7Þ
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FIG. 4. (a) Resonant frequency of the AFR for both left-hand
(blue, circles) and right-hand (red, squares) circular polarizations
as a function of the magnetic field at T ¼ 20 K. The low energy
branch of the AFR possesses a significantly larger g factor than
that of the high energy branch, regardless of polarization and field
direction. (b) Temperature dependence of the g factors which
reveals a significant renormalization at THo. (c) Asymmetry ratio
of the g factors plotted with Δχ, the H∥c magnetic susceptibility
after the paramagnetic contribution has been subtracted.
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has been previously proposed to drive magnetic transitions
in HMO [9]. However, other symmetry permitted quartic
terms can also reproduce the observed asymmetry in the
AFR (see Sec. III of the SM [30]). When both perturbations
are present, one may select the ground state, and the other
determines the stiffness of the hard modes resulting in a net
softening. This is a generic mechanism that may lead to g-
factor asymmetry in other systems as well.
In summary, high precision time-domain THz experi-

ments uncovered an asymmetric splitting of an AFR of the
Mn sublattice in the multiferroic HMO. Careful examina-
tion of the temperature dependence of this asymmetry
unambiguously demonstrated the effect to be related to Ho-
Mn interactions. Theoretical analyses found this asymme-
try is only reproduced if quartic spin interactions between
Ho-Mn moments are included in the spin Hamiltonian. One
generally expects such interactions to be present in other
hexagonal manganites with rare-earth magnetism. For
instance, close inspection of the data of Ref. [29] reveals
that the low energy branch of the AFR possesses a
significantly larger g factor than the high energy branch
in TmMnO3, similar to our results in HMO. Our analysis
suggests that such interactions may be a general feature of
exceptionally low symmetry antiferromagnets and warrant
consideration.
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