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Magnetoelastic coupling driven magnon gap in a honeycomb antiferromagnet
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Cobalt titanate, CoTiOs, is a honeycomb antiferromagnet recently confirmed experimentally to host Dirac
magnons, topological spin-orbit excitons, and chiral phonons. Here, we investigate a magnon gap at the zone
center which calls for a refined spin Hamiltonian. We propose a microscopic model for the magnon gap and
attribute it to a lattice-distortion (phonon)-induced higher-order spin interaction. Strong magnetoelastic coupling
in CoTiOs is also evident in Raman spectra, in which the magnetic order exerts a stronger influence on phonons

corresponding to in-plane ionic motions than those with out-of-plane motions. We further examine the evolution
of the zone-center magnons in a high magnetic field up to 18.5 T via THz absorption spectroscopy measurements.
Based on this field dependence, we propose a spin Hamiltonian that not only agrees with magnon dispersion
measured by inelastic neutron scattering but also includes fewer exchange constants and a realistic anisotropy

term. Our work highlights the broad implications of magnetoelastic coupling in the study of topologically

protected bosonic excitations.

DOI: 10.1103/PhysRevB.110.104419

I. INTRODUCTION

Many exotic properties have been predicted in honeycomb
magnets with spin-orbit coupling. Some of these phenomena,
such as spin-momentum locking, counter-rotating spin spirals,
and unusual thermal Hall effects, have been observed in 5d
and 4d compounds such as iridates and related materials, e.g.,
RuCl; [1-3]. While theoretical studies are typically based on
a model Hamiltonian in which one type of spin interaction,
e.g., Kitaev interaction, dominates, spin Hamiltonians for re-
alistic materials usually include more terms to account for
complex interactions between spins. The search for quantum
and topological spin states has recently expanded to 3d Co™
compounds. In particular, CoTiO3 (CTO) has been found to be
a particularly interesting material that hosts Dirac magnons
[4,5], chiral phonons [6,7], and topological spin-orbit
excitons [5,8].
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An intricate interplay between charge, spin, orbital, and lat-
tice degrees of freedom is generally anticipated in correlated
materials. In CoTiOs3, a large magnetic moment or chirality
associated with phonons has been observed and attributed to
the coupling between phonons and spin-orbit excitons that
are in close proximity energetically [6,7]. As another exam-
ple, spin-spin correlations have been found to cause abrupt
changes in the dielectric permittivity and heat capacity across
the Néel temperature [9—11]. Furthermore, hybridization be-
tween magnons and phonons has been predicted to lead to
nontrivial band topology and, consequently, a thermal Hall
effect [12—-16]. Several of these prior observations originate
from magnetoelastic coupling, which affects magnon spec-
tra in the leading order. Because magnetoelastic coupling
does not require broken inversion symmetry of the bonds,
it is more widely present than other spin interactions, e.g.,
the extensively studied Dzyaloshinskii-Moriya interaction
[17-19]. In general, interactions that break a continuous spin
rotational symmetry are predicted to lead to a magnon gap at
the Brillouin zone center, which places important constraints
on magnon dynamics, and/or near the Dirac points, which is
critical for topological protection.

©2024 American Physical Society
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FIG. 1. AFM magnons in CoTiOs. (a) Crystal structure. (b) Magnetic configuration in the AFM phase. The Co*" magnetic moments (blue
and red arrows) are ferromagnetically (antiferromagnetically) ordered within (perpendicular to) the ab plane. The left (right) panel represents
a side (top) view of stacked honeycomb layers. The black solid lines show the magnetic unit cell. (c) Raman spectrum taken at 12 K at zero
field in the XY polarized channel. Green dashed curves are Fano function fits. The red-shaded region represents the fitting of the quasielastic
scattering (QES) peak. Green solid curves are cumulative fits. (d) Calculated magnon dispersion at zero field. The green dots are measured
data from Raman scattering. The inset represents high-symmetry points in the magnetic Brillouin zone. Schematic of (e) I'; and (f) I', magnon
precession around the a axis are elliptical and circular, respectively. Red and blue arrows indicate magnetic moments whose directions are
opposite in adjacent honeycomb layers (ab plane). (g) The sum of the oscillating magnetic moments corresponds to the magnetic dipole

direction shown as black arrows.

Here, we report the observation of a zone-center magnon
gap in CTO in Raman spectra and attribute it to magne-
toelastic coupling. The presence of strong magnetoelastic
coupling is corroborated by the temperature dependence of
the E; phonon mode, in which the in-plane Co?* magnetic ion
displacement modulates the strong ab-plane exchange interac-
tions. In contrast, the A, mode corresponding to out-of-plane
atomic vibrations exhibits a weaker spin-lattice coupling.
Microscopically, we describe this lattice-distortion-induced
higher-order spin interaction by a quartic spin interaction term
that arises from the coupling of the elastic strain tensor to spin
bilinears. Furthermore, we study how zone-center magnons
evolve in high magnetic fields up to 18.5 T using terahertz
(THz) absorption spectroscopy. Based on this field depen-
dence, we propose a refined XY+XXZ spin Hamiltonian for
CTO. This Hamiltonian not only includes a significantly re-
duced number of exchange parameters and a more realistic
anisotropic interlayer coupling compared to other proposed
Hamiltonians, it also reproduces magnon energy at a much
higher B field inaccessible in previous studies. By clarify-
ing the microscopic origin of the magnon gap and refining
the spin Hamiltonian, our study guides the search for 3d
Co*? compounds, in addition to previously studied quaternary
compounds [e.g., BaCo,(AsO4),], for exploring interesting
topological phenomena associated with bosons.

II. RESULTS AND DISCUSSION

CTO crystallizes in the ilmenite structure (R3), composed
of edge-sharing CoOg and TiOg octahedra layers, alternately
stacked along the ¢ axis [Fig. 1(a)]. CTO is an A-type anti-
ferromagnet (AFM) with Néel temperature 7y = 38 K. The
magnetic structure consists of buckled two-dimensional (2D)
honeycomb lattices of Co>* ions in the ab plane and an
ABC-stacking sequence along the ¢ axis. Nearest-neighbor
Co’" ions in the quasi-2D layers are ferromagnetically cou-
pled with exchange constant Jry whereas ions in adjacent
layers are antiferromagnetically coupled with exchange con-
stant Japy [Fig. 1(b)]. Within each layer, there are two
magnetic sublattices associated with the hexagonal lattice.
In a magnetic primitive unit cell, there are four magnetic
sublattices of Co’*" ions. Thus, four magnon branches are ex-
pected and plotted in the calculated magnon dispersion shown
in Fig. 1(d).

We perform Raman scattering experiments in the backscat-
tering geometry where the incident light propagates along the
a axis, perpendicular to the surface of CTO crystal. At T =
12 K with no applied magnetic field, Raman spectroscopy
revealed two zone-centered magnon modes, I'; and I'p, with
cross-linearly polarized incident and scattered light (i.e., XY
channel), as shown in Fig. 1(c). All Raman spectra are taken
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FIG. 2. Magnetoelastic coupling signatures observed in Raman spectra. (a) Raman spectra measured at 12 K at zero field. Enclosed in
the red box are Ay, E; phonon modes and spin-orbit exciton (SOE), respectively. Top and side view of atomic displacement of Co’* ions in
(b) Aé and (c) Egl phonon mode. (d) Temperature-dependent spectra of Aé, SOE, and Egl. (e) Raman spectra taken at 12 and 80 K. Points
are data, while solid lines are Lorentzian fits. (f) Central frequencies of Aé and Eg1 modes as a function of temperature. Solid curves are fits
by an anharmonic phonon-phonon interaction model. (g) Relative Raman shift of A; and Eg' after subtracting the fitting curves based on the

anharmonic model.

with a 532-nm laser unless otherwise stated. We attribute the
observed asymmetric magnon line shape to interference with
a quasielastic scattering (QES) peak due to spin fluctuations
(more details in the Supplemental Material [20]).

Visualizing the magnetic moment precession informs the
coupling between a magnon mode and light. We calculate the
eigenvector of I'; and I', magnon modes based on the XXZ
Hamiltonian with anisotropic exchange coupling and obtain
the relative phase of spin precession of magnetic sublattices
in adjacent layers. The magnetic moment precessions of the
I'1 and I'; modes observed in the AFM phase are illustrated in
Figs. 1(e) and 1(f), respectively. For the I'; magnon mode, the
precession of magnetic moments is highly elliptical due to the
easy-plane anisotropy, which has a smaller out-of-plane com-
ponent than the I'; magnon. Magnetic moments in adjacent
layers (red and blue arrows) are opposite to each other. The
out-of-plane component of the magnetic moment precesses
in phase and out of phase for the I'; and I', magnon modes,
respectively. The net magnetic moment of the I'; (I';) mode
oscillates along the ¢ axis (within the ab plane) as illustrated
in Fig. 1(g).

We identify signatures of coupling between spin, lattice,
and orbital degrees of freedom in Raman spectra in a higher-
energy range than the zone-center magnons (Fig. 2). We focus
on two phonon modes Ag, E,, and a spin-orbit exciton (SOE),
enclosed in the red box in Fig. 2(a). These mode assignments
are consistent with earlier Raman and inelastic neutron scat-
tering (INS) measurements [5,8,11]. SOEs are also known as

orbital waves, and they correspond to electronic excitations
between Kramers doublets in Co>* 3d orbitals. SOEs couple
to phonons directly due to partial spectral overlap [6] and to
magnons only indirectly.

Magnetoelastic coupling, or spin-lattice coupling, can be
quantified via temperature-dependent phonon frequencies.
Temperature-dependent Raman spectra for the Aé, SOE, and
Eg1 modes are shown in Figs. 2(d)-2(f). As an example, spec-
tra taken at 12 and 80 K are shown in Fig. 2(e). The central
frequencies of the Aé and Eg1 mode extracted from Lorentzian
fittings (solid lines) are summarized in Fig. 2(f). Above Ty
[paramagnetic (PM) phase], the phonon frequencies follow
an anharmonic phonon-phonon interaction model (the solid
fitting lines), w(T) = wy — A[l 4 2n(w/2, T)], where wy is
the bare phonon frequency, A is the phonon-phonon scattering
strength, and »n is the phonon population calculated with the
Bose-Einstein distribution. Below 7y (AFM phase), the Eg1
phonon frequency exhibits a larger deviation from the model
than the A; mode, indicating stronger spin-lattice coupling.
This difference is expected. For the Egl (Aé) mode, in-plane

(out-of-plane) motions of Co** ions directly modulate the in-
tralayer (interlayer) exchange constant Jry (Japm), Where Jrv
is much largely modulated than Jagm. The spin-orbit-lattice
coupling also dynamically modulates spins and leads to spin
fluctuations, as manifested in the magnon Fano line shape in
Fig. 1(c) due to interference with the QES peak (more details
in the Supplemental Material [20] and Refs. [21-26] therein).
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FIG. 3. Magnetic field dependence of the zone-center magnons in CTO. (a) Raman spectra taken with the cross-circular (o~ /o ™) polarized
incident and scattered light at 12 K as a function of applied magnetic field. (b) THz absorption spectra, vertically offset for clarity, where T
is defined in the text. The arrows represent absorption peak centers. (c), (d) Magnon energies as a function of magnetic field along the a axis.
Green (purple) dots are the magnon energies extracted from Raman (THz absorption) measurements. The fitting errors are smaller than the dot
size. The critical field H, represents the transition from the AFM phase to the PM phase. In (d), the residual sum of squares (RSS) is the sum
of the squares of the difference between measured and calculated energies for a few models. Solid lines in (c) and (d) are fitting curves with a

detailed explanation in the text.

To assess the strength of magnetoelastic coupling in CTO
and compare it with other materials, we plot the relative
frequency shift, Aw/w(Tn) = [w(T) — w(Tx)]/w(IN), as a
function of T'; see Fig. 2(g). Below w(7x), the frequency of
the Eg1 mode monotomically increases, reaching ~1.1% at
the lowest temperature. This value is comparable to that in
Cr,Ge,Teg (~1%), Fe;GeTe, (~0.7%), MnBi,Tey (~0.3%),
and FePS3 (~0.2%) [26-29] due to the strong spin-orbit cou-
pling in these compounds.

Microscopically, the spin-lattice coupling originates from
lattice-deformation-induced symmetry breaking. The U(1)
spin rotational symmetry is broken in a distorted 2D lat-
tice, i.e., the ab plane containing Co atoms, leading to
the zone-center magnon gap [30-33]. After a derivation
outlined in detail in the Supplemental Material [20] (see
also Refs. [30-38] therein), we obtain an effective lattice-
distortion-induced quartic spin Hamiltonian [Eq. (9) in
Supplemental Material [20]]. Employing linear spin-wave
theory with the magnetic moments along the y axis then leads
to the effective Hamiltonian Hy ~ ), 5 nl(SH)* + (Sjjr(s)2 —

S)SY, 5], with n > 0. We estimate 1 = 24 ueV (see Supple-
mental Material [20]), which leads to a I'-point magnon gap
of A =0.9 meV, close to the measured magnon gap. The
quartic spin interaction is similar to the spin-lattice interaction
studied in pyrochlore systems [30-32]. While the magnon
gap in pyrochlore lattices is primarily attributed to a six-spin
interaction term owing to the perfect cubic symmetry [33],
CTO crystals experience trigonal distortion.

While magnetoelastic coupling determines the zone-center
magnon energy at zero applied magnetic field, exchange
coupling constants determine how the zone-center magnon
frequencies shift with an applied magnetic field A. In an
AFM such as CTO, this field-dependent magnon frequency
shift is small for fields less than 2 T; see Fig. 3(a). We ex-
tended Raman and THz absorption measurements to higher
fields, as shown in Fig. 3. All measurements were per-
formed at T = 12 K in external magnetic field H applied
along the a axis. Figure 3(a) shows Raman spectra taken
in the crossed-circular polarization configuration (o~ /o ™)
with a 532-nm laser. The I'j magnon frequency increases
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while the I’ mode softens with increasing magnetic field.
THz absorption spectra at various magnetic fields up to
17.2 T are shown in Fig. 3(b). The measurements were per-
formed with the THz magnetic field along the ¢ axis. We
note that I’y magnons are observed using a different THz
magnetic field direction, likely due to the presence of mul-
tiple domains in the sample [10,39,40]. Here, the quantity
—1InT (w, H) is plotted as a function of frequency e for vari-
ous H, where T'(w, H) = |E(w, 12.5 K, H)/E(a), 50K,H =
0)|?> and E(w, T, H) is the Fourier transform of the col-
lected electric field waveforms. The data were taken using a
THz time-domain magnetospectroscopy system [41] with a
table-top pulsed magnet [42]. Both the I'; and I'; magnons
are observed, and their magnetic-field-dependent frequencies
are consistent with those observed in magneto-Raman spec-
troscopy. The I'y magnon should be observable [40,43] at all
fields, but its frequency falls outside the detection range of our
THz setup when poH < 4 T. In contrast, the I', magnon mode
is observable at low fields but disappears at high fields, likely
due to spin-reorientation process around 2 T [10,39].

Figure 3(c) summarizes magnon energies extracted from
both Raman (green circles) and THz (purple circles) measure-
ments as a function of magnetic field from O to 18.5 T. In
the PM phase (uoH > poH. ~ 17 T), we assign the THz ab-
sorption peak to the electron paramagnetic resonance (EPR),
only found in the PM phase [Fig. 3(c)]. In the absence of
long-range magnetic ordering, the EPR is the excitation of
exchange-coupled Co®* ions’ pseudospin states with § =
+1/2, where the EPR energy increases linearly with the ex-
ternal magnetic field.

To explain the magnetic-field-dependent I'; magnon en-
ergy in the AFM phase as well as the EPR energy in the PM
phase, we propose a modified XY+XXZ spin Hamiltonian,
Ho=) (5 (SISt s + 8187, ) + J5SiS7, s} with intralayer
exchange coupling § = FM, interlayer coupling § = AFM
between neighboring ith and i + §th Co*" ion sites, J&, =
—4.44, Ji =0, Jiy = 0.65, and J5,, = 0.3 in units of
meV, and g = 3.9. The XY+XXZ Hamiltonian itself yields a
gapless Goldstone mode at zero magnetic field [black dashed
curve in Fig. 3(d)]. The magnetoelastic coupling term Hg with
n = 24 peV is added to the spin Hamiltonian to capture the
magnon modes at low fields. The resulting fit based on our
modified XY+XXZ spin Hamiltonian is shown by the black
solid curves in Figs. 3(c) and 3(d).

We compare our XY+XXZ model with other spin Hamil-
tonians used in previous studies of CTO. In INS studies,
two alternative spin Hamiltonians have been proposed: the
XY+Heisenberg model [4] and the XXZ model [5,43]; see
Fig. 3(d) and Supplemental Material [20]. These models can-
not be distinguished by the magnon energy at zero magnetic
field. However, in the presence of a magnetic field greater
than 1 T applied along the a axis, the observed I'; magnon
energy starts to deviate from the XY +Heisenberg model given
in Ref. [4], while the XXZ model from Refs. [5,43] fits the

field-dependent magnon energy well up to about 7 T. In the
higher-field regime between 7 and 16 T, the magnon energy is
best described by our modified XY4-XXZ model as shown by
the residual sum of squares (RSS) of the three spin models. We
also calculated the magnon dispersion using the XY+XXZ
model and found an excellent agreement with previous INS
experiments [5] shown in the Supplemental Material [20].

III. SUMMARY

In summary, we studied CTO using two complemen-
tary optical spectroscopy methods, which primarily probe
zone-center magnons. We not only measured the zone-
center magnon gap accurately but also proposed a simple
mechanism, magnetoelastic coupling, for the gap forma-
tion supported by phonon temperature dependence and
quasielastic scattering peak analyses. Microscopically, a
lattice-distortion-induced higher-order spin interaction leads
to symmetry-lowering magnetic exchange anisotropy and
modifies exchange constants. By extending both Raman and
THz absorption measurements to higher magnetic fields, we
proposed a refined spin Hamiltonian for CTO with fewer
exchange parameters and a reasonable anisotropy term. While
experiments presented here are static in nature, they may
guide future ultrafast experiments in which phonons or
magnons are coherently driven out of equilibrium to disen-
tangle them or tune their coupling dynamically [44,45].
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