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Ring-exchange interaction effects on magnons in the Dirac magnet CoTiO3

Yufei Li,1 Thuc T. Mai,2 M. Karaki,1 E. V. Jasper,1 K. F. Garrity ,3 C. Lyon ,1 D. Shaw,4 T. DeLazzer,4 A. J. Biacchi ,5

R. L. Dally,6 D. M. Heligman,1 J. Gdanski,1 T. Adel ,2 M. F. Muñoz,2 A. Giovannone ,1 A. Pawbake ,7 C. Faugeras,7

J. R. Simpson ,8,2 K. Ross,4 N. Trivedi,1 Y. M. Lu,1 A. R. Hight Walker,2 and R Valdés Aguilar 1,*

1Department of Physics, The Ohio State University. Columbus, Ohio 43210, USA
2Quantum Measurement Division, Physical Measurement Laboratory, NIST, Gaithersburg, Maryland 20899, USA

3Materials Measurement Science Division, Materials Measurement Laboratory, NIST, Gaithersburg, Maryland 20899, USA
4Department of Physics, Colorado State University, Fort Collins, Colorado 80523, USA

5Nanoscale Device Characterization Division, Physical Measurement Laboratory, NIST, Gaithersburg, Maryland 20899, USA
6NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA

7Laboratoire National des Champs Magnetiques Intenses, LNCMI-EMFL, Grenoble, France
8Department of Physics, Astronomy, and Geosciences, Towson University, Towson, Maryland 21252, USA

(Received 23 February 2024; accepted 29 April 2024; published 21 May 2024)

The magnetic interactions that determine magnetic order and magnon energies typically involve only two
spins. While rare, multispin interactions can also appear in quantum magnets and be the driving force in the
ground-state selection and in the nature of its excitations. By performing time-domain terahertz and magneto-
Raman spectroscopy measurements combined with theoretical modeling, we determine the origin of the magnon
excitation gap in Dirac antiferromagnet CoTiO3. By adding a ring-exchange interaction in a hexagonal plaquette
of the honeycomb lattice to both an XXZ spin model and to a low-energy spin-orbital flavor wave model, a
gap is generated in the magnon spectrum at the Brillouin zone center. With this addition, the flavor wave model
reproduces a large swath of experimental results including terahertz, Raman, inelastic neutron scattering, and
magnetization experiments.

DOI: 10.1103/PhysRevB.109.184436

I. INTRODUCTION

In magnetically ordered materials with localized electrons,
the fundamental magnetic interactions result from the ex-
change of electrons [1–3]. Typically, only the interaction
between pairs of electrons’ spins is considered to explain
the nature of the ground state and its excitations, whereas
three-, four-, and six-spin interactions are ignored. When
these higher-order interactions occur in a loop they are called
cyclic or ring exchange. Such interactions have only been
documented in a few cases: bulk and thin films of solid 3He
[4–8], in the high-Tc parent compound La2CuO4 [9,10], more
recently in a honeycomb cobaltite [11], and in a kagome
magnet [12].

Here, we provide an additional instance of the importance
of ring exchange on a quantum material. We use a combi-
nation of time-domain terahertz (THz) spectroscopy (TDTS)
and magneto-Raman spectroscopy to measure the temperature
and magnetic field dependence of the low energy magnetic
excitations in CoTiO3. In this proposed Dirac topological
magnon material [13,14], the origin of the energy gap in the
magnon spectrum at the Brillouin zone center has remained
undetermined until now. Our study provides a detailed exami-
nation of the two lowest-energy magnons. We deduce that the
gap opens due to the ring-exchange interaction between the
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six Co2+ spins on a hexagon. This interaction also explains
the selection rules of the THz magnon absorption and their
magnetic field dependence. Finally, we clarify that topological
surface magnons are not expected in CoTiO3. Our results
highlight the importance of the small, but finite, many-spin
interactions on the magnetic ground state and its excitations.

The classification of topological materials has brought
about a new perspective on the properties of solid-state sys-
tems [15,16]. This has been used to discover new electronic
topological states of matter and has increased the possibilities
for producing material properties by design [17,18]. More
recently, the pursuit of materials where the interplay between
topology and magnetism generates topological magnon exci-
tations has begun [19]. CoTiO3, for example, is proposed to
have a topological Dirac crossing between its magnon bands.
While new materials have been predicted to host topologically
protected magnons on their surfaces [20,21], their conclusive
experimental demonstration remains an open problem. Here
we address whether CoTiO3 can host such topologically pro-
tected surface magnons.

CoTiO3 has a layered structure with space group R3̄.
The Co atoms form a buckled honeycomb lattice in the
hexagonal plane, where each atom is either slightly above
or below a plane. These ferromagnetic planes are stacked
antiferromagnetically along the c [001] axis [14,22], see
Fig. 1(a), so-called type-A antiferromagnetism. An antiferro-
magnetic phase transition occurs at the Néel temperature of
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FIG. 1. Magnetic structure and magnetization in CoTiO3.
(a) Magnetic structure of CoTiO3 as determined by elastic neutron
scattering with lattice constants a = b = 5.064 Å and c = 13.91 Å
[13,14,27]. Parallel Co spins reside on the vertices of buckled
honeycomb planes stacked antiferromagnetically along the c axis.
Magnetic pair interactions J1 through J6 are indicated. (b) Magne-
tization parallel (blue and green lines) and perpendicular (red line)
to the honeycomb plane of the single crystals used for the TDTS
and Raman measurements. The Néel temperature is indicated by the
black vertical line.

TN = 38(3) K [23–26]. In this phase, the Co spins are ferro-
magnetically aligned within the honeycomb plane but, due to
the lattice symmetry, the spin direction cannot be uniquely
determined [14,27]. This direction is typically described to be
along the b axis [010].

The magnetic degrees of freedom for Co2+ ions in a trigo-
nally distorted octahedral environment are composed of spin
and orbital angular momenta where S = 3/2 and the effec-
tive l = 1, respectively [28]. Taking into account spin-orbit
coupling and the distorted octahedral environment, the local
atomic electronic states form six doublets where the lowest-
energy state can be considered to have an effective spin of S̃ =
1/2 [13,29,30]. The interactions between neighboring Co2+

have been calculated in this octahedral environment [29–31].
When projected into the S̃ = 1/2 space, these interactions
generate Heisenberg, Kitaev, and off-diagonal symmetric
exchange couplings. The theoretical phase diagram for a two-
dimensional honeycomb lattice of Co2+ atoms includes a
Kitaev quantum spin liquid [32], vortex, zigzag, and ferro-
magnetic phases [31]. CoTiO3 is in the latter phase where
these ferromagnetic planes stack antiferromagnetically.

This S̃ = 1/2 approximation in the XXZ Hamiltonian cap-
tures many of the features seen by inelastic neutron scattering
in CoTiO3 [13,14]. However, it is insufficient to explain the
details of the low-energy magnetic scattering spectra. In an
XXZ Hamiltonian, the spin components in the honeycomb
plane interact with different strength than the z components.
These experiments also found that first spin-orbital excited
state has finite dispersion in momentum space and that its en-
ergy is only twice as large as the bandwidth of the low-energy
excitations [14,33]. In addition, the magnon spectrum of the

effective S̃ = 1/2 spins in the XXZ Hamiltonian is gapless at
the zone center, while experiments indicate that there is a gap
of approximately 1 meV [13,14]. These observations imply
that the effective S̃ = 1/2 picture of the XXZ Hamiltonian
within linear spin wave theory is not sufficient to fully de-
scribe the magnetic excitations in CoTiO3. While a quantum
order-by-disorder mechanism [34] was proposed in Ref. [14]
to explain the opening of the gap in CoTiO3, its magnitude
is too small compared to the experimentally estimated one.
Below, we resolve these issues with the combination of a
detailed TDTS and magneto-Raman spectroscopy study of the
low-energy magnetic dynamics in single crystals of CoTiO3 as
a function of temperature and magnetic fields, accompanied
by an expanded theoretical model.

II. RESULTS

Figure 1(b) shows the magnetization of the single crystals
on which TDTS and Raman experiments were performed (de-
tails of the crystal growth and magnetization measurements
are given in Ref. [35]). A clear antiferromagnetic phase tran-
sition is detected at 38 K, identified by a vertical line in the
figure. No temperature hysteresis was observed, indicating a
continuous phase transition, as found earlier [24–26].

In TDTS transmission measurements, magnon absorption
is identified by the decrease of the transmission in a narrow
frequency range centered at the magnon frequency below the
magnetic ordering transition temperature [36,37] (details of
TDTS are given in Ref. [35]). We describe below the magnon
absorptions observed in CoTiO3 and show them in Fig. 2. Fig-
ures 2(a)–2(c) show three different polarization configurations
of the THz electric (eω) and magnetic (hω) fields for three
different crystal cuts. Figures 2(a) and 2(c) show that, when hω

is parallel to the honeycomb plane, one main absorption mode
dominates the spectra below TN with an energy of approxi-
mately 5.4 meV (≈1.3 THz) at 8 K. This energy coincides
with one of the magnon modes at the zone center reported
previously [13,14], which thus confirms this magnetic dipole
absorption as a magnon. The shallow minimum around 1 meV
in Fig. 2(a) is present for all temperatures shown even above
TN, and thus it cannot be ascribed to a magnon absorption.

The inset in Fig. 2(b) shows an additional low-energy
absorption that also coincides with a magnon observed in
neutron spectroscopy, though we determine its energy to be
≈0.9 meV (≈0.23 THz). This is slightly lower than estimated
in Ref. [14] and different from a previous antiferromagnetic
resonance measurement on a powder sample [38]. This mode
is referred to as a pseudo-Goldstone mode and corresponds
to the small oscillatory deviations of the magnetic moment in
the honeycomb plane. These deviations cost no energy when
there is no in-plane anisotropy. The selection rules for this
mode cannot be completely determined because it could only
be observed weakly for the combination of hω ‖ [001] and
eω ‖ to the honeycomb plane [Fig. 2(b)]. If the mode is purely
magnetic dipole, then it should be observable only in this
configuration.

Raman scattering experiments show the same two magnons
observed with TDTS at zero magnetic field but, due to the
narrower peaks in the Raman experiment, the energies of
these magnons are determined more precisely: 0.82(5) and
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FIG. 2. THz magnon spectrum of CoTiO3. Each of the three panels is composed of the THz transmission spectrum on top and on the
bottom is the polarization configuration drawn with respect to the non-Bravais hexagonal lattice indicating the direction of the THz electric
(eω) and magnetic (hω) fields and their propagation direction (k). (a) Transmission spectrum for eω and hω both in the honeycomb plane
showing one prominent absorption mode at ≈5.4 meV and ≈1.3 THz. (b) Spectrum with hω perpendicular to the honeycomb plane and eω

parallel to it with no strong features present. The inset shows the transmission spectra normalized to the 40-K spectrum. An absorption mode
at ≈ 0.9 meV and ≈ 0.23 THz is active below TN. (c) Transmission spectra with hω parallel to the honeycomb plane and eω perpendicular to
it. These show the same mode identified in panel (a). The data in panels (a) and (c) show that the 5.4-meV magnon is only active when hω is
parallel to the honeycomb plane, making it a magnetic dipole mode. Because the 0.9 meV mode is only observed in the panel (b) configuration,
we cannot determine if it is active for other directions of eω and hω.

5.37(5) meV, details are given in Ref. [35]. Figure 3(a) shows
the results of the magneto-Raman scattering experiment for
magnetic fields smaller than 9 T with orthogonal (crossed)
polarization configuration, with ein and eout denoting incident
and scattered linear polarizations. The measurement was car-
ried out on a crystal cut perpendicular to the c axis, the same
crystal whose THz data are shown in Fig. 2(a). The external
static magnetic field is applied parallel to the a-b plane. In
addition to the magnons at low energy, several modes at higher
energy become active below TN. These correspond to the spin-
orbital excitations reported before [14,33] and to additional
phonons that become active at the zone center because of
the doubling of the unit cell size with magnetic order. The
detailed investigation of these modes, including their response
to applied magnetic fields will be reported elsewhere [39].

In a magnetic field applied parallel to the honeycomb
plane, the Raman spectra show that the energies of the
two lowest magnon modes shift significantly, as shown in
Fig. 3(a). For larger magnetic fields up to 22 T in the
hexagonal plane, a separate experiment was performed in the
high-magnetic-field laboratory (LNCMI) in Grenoble, France,
with unpolarized light at a sample temperature of 5 K. Fig-
ure 3(b) shows the results of fitting the low-energy Raman
peaks both at low- and high-magnetic fields with Gaussian
functions to obtain the magnetic field dependence of their en-
ergies (circle markers), along with model fitting results (lines)
that are discussed in the next section. The magnon energies
seem to cross around ≈11 T indicating little to no coupling

between these magnons. As the field increases, their energies
separate further until one magnon reaches the lowest mea-
surable energies around ≈17 T. The signal of this magnon is
completely absent above this field, marking a phase transition
to the fully polarized state. A magnetic field up to 7 T applied
along the c axis does not shift the magnons in any measurable
way as shown in Ref. [35].

III. DISCUSSION

The data presented above reveal a zone-center magnon
gap of ≈0.9 meV at 8 K, as measured by TDTS [Fig. 2(b)]
and 0.82(5) meV by Raman spectroscopy [Fig. 3(a)]. A
second, higher-energy magnon is observed as an in-plane
magnetic dipole THz absorption [Figs. 2(a) and 2(c)] and
is also detected in the Raman data [Fig. 3(a)]. The mag-
netic field dependence of these two magnons was also
obtained for both in-plane and out-of-plane static magnetic
fields.

Our data confirm the existence of a magnon gap that previ-
ous theoretical models fail to adequately capture. We address
this inadequacy by expanding on two models proposed in
Ref. [14]. The first model treats the magnetic moments as only
coming from the lowest spin-orbital doublet of the Co2+ ion
(described above), the effective S̃ = 1/2 model (in Ref. [35]).
The second model, the flavor wave model, takes into account
all six spin-orbital doublets and expresses them by bosonic
operators [40], which are described in Ref. [35]. We add to
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FIG. 3. Magnetic field dependence of Raman spectra. (a) Raman
spectra at 3 K of the two lowest-energy magnons for fields up to 9 T
applied parallel to the honeycomb plane. (b) Fit of the field depen-
dence of the magnon energies using both the S̃ = 1/2 model (purple)
and the flavor wave model (orange). The dashed lines above ∼17 T
indicate that this mode has finite momentum and is unobservable
with Raman scattering.

these model Hamiltonians (details in Table I) a gap opening
ring-exchange interaction that functions as an effective six-
fold anisotropy for the magnetic moments in the honeycomb
plane. This generates a term in the free energy proportional to
cos (6φ), where φ is the angle between the spin direction and
the a axis.

The form of the ring-exchange interaction we use is
r(e−iφ6

∑
r

∏6
i=1 S+

r+δ
ring
i

+ H.c.), where r is either α̃6 or α6 for

the effective S̃ = 1/2 or the flavor wave models, respectively.
φ6 is an angle that determines the direction of the spins within
the honeycomb plane in the ground state. This represents
the simultaneous exchange of six spins within a hexagon of
the honeycomb plane as schematically shown in Fig. 4(a).
The ring-exchange interaction strength α6 ≈ 0.62 µeV within
the flavor wave model and of α̃6 ≈ 46 µeV in the S̃ = 1/2
approximation can open a gap consistent with the TDTS,
Raman, and neutron experiments. It is a remarkable result
that such small values of the ring exchange can open such
a sizable gap of ≈0.9 meV, even though they are more than
2 orders of magnitude smaller than the gap itself and the
nearest-neighbor exchange interaction J1. A simple estimate
of the expected value of the ring exchange α̃6 is 6!J3

1 /U 2,

where J1 is the nearest-neighbor exchange interaction, U is
the on-site Hubbard interaction, and the factorial term is a
combinatorial factor that counts how many of these ring-
exchange terms contribute to the Hamiltonian. Using the value
U ≈ 3.25 eV from Ref. [41] and the nearest neighbor J1 from
the effective S̃ ≈ 1/2 model, we obtain α̃6 ≈ 17 µeV, which
is of the same order of magnitude as obtained from our fit. In
the flavor wave model, we also added a biquadratic exchange
between nearest neighbors with strength q. While this term
does not open a gap, we add it to better fit the higher-energy
(>24 meV) excitations observed in the Raman experiments
[39] and in Refs. [14,33].

The magnetic field dependence of the magnon energies
[Fig. 3(b)] is also reproduced by these two models. In the
S̃ = 1/2 model we require an effective in-plane g factor of
g̃|| = 2.73(3) in addition to the XXZ Hamiltonian with the 12
exchange parameters on the left side of Table I. The flavor
wave model only requires the 6 parameters listed on the right
side of Table I to reproduce the experimentally observed gap
and magnetic field dependence. We note that the magnetic
field dependence is reproduced by our two models up to fields
of 22 T. The details of the models are presented in Ref. [35]. In
the latter, we also show how it reproduces the magnetic field
[26], the temperature dependence of the magnetization, and
the magnon dispersions [13,14].

This ring-exchange term is not accessible within the ex-
pansion of the Hamiltonian bilinear in the S̃ = 1/2 operators
considered in Refs. [13,14] which, because of its emergent
U (1) symmetry, only has gapless excitations at the zone
center. We also note that we found the flavor wave model
considered in Ref. [14] to be gapless even when including
spin-orbital interactions. This is why we must go beyond
these previous models to explain the opening of the gap. In
Ref. [35], we discuss other symmetry allowed terms in the
flavor wave model that can open a gap. These terms, however,
are not allowed within the S̃ = 1/2 model, which is equivalent
to the flavor wave model when only the lowest two energy
levels are taken into account, and thus we do not consider
them as possible explanations for the gap opening.

In Ref. [14], the finite magnon gap at the zone center
was proposed to open by a quantum order-by-disorder mech-
anism [34]. The magnon dispersion was assumed to obey
the phenomenological formula ω̃(k) =

√
Δ2 + ω(k)2, with Δ

being the zone center magnon gap induced by quantum fluc-
tuations. In contrast, by including the ring-exchange terms,
we can obtain the magnon dispersion within our two mod-
els without any ad hoc assumptions. Our theoretical results
agree with data from neutron scattering (see Ref. [35] for
the calculated magnon dispersion), Raman spectroscopy (with
magnetic field), and TDTS. Therefore, we conclude that the
ring-exchange interaction is the origin of the gap at the zone
center in CoTiO3.

The ring-exchange interaction also explains the
selection rules associated with the absorption due to
magnons in Fig. 2. We write the normal modes of
the four zone-center magnons, when the equilibrium
spins point in the ±x direction, in the following form:
S̃[(S̃y

1,1, S̃z
1,1), (S̃y

1,2, S̃z
1,2), (S̃y

2,1, S̃z
2,1), (S̃y

2,2, S̃z
2,2)], where

S̃β
μ,ν is the oscillating part of the spin along the β axis, in
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TABLE I. Models for magnon gap opening and magnetic field dependence. The effective S̃ = 1/2 model uses the same bilinear exchange
interaction values as in Ref. [14], while the flavor wave model is a modified version of the model in Ref. [14], both with external magnetic field
B. In the effective S̃ = 1/2 model, H̃bl is the Hamiltonian that is bilinear on the effective S̃ = 1/2 operators with up to sixth nearest-neighbor
exchange interactions (J̃1, J̃3, and J̃5 in plane and J̃2, J̃4, and J̃6 out of plane) of the XXZ type, as shown in Fig. 1(a), for S̃ = 1/2 spins. H̃6

is the ring-exchange interaction with strength α̃6; here φ̃6 represents a phase that determines the direction of the magnetic moment in the
honeycomb plane and it equals π . H̃Z is the Zeeman energy of interaction between the magnetic moments and and in-plane magnetic field
with an effective g factor, g̃‖. In the flavor wave model, H0 is the single Co2+ ion Hamiltonian where λ is the atomic spin-orbit energy, δ is
the oxygen octahedron trigonal distortion energy, S = 3/2, and effective l = 1. Hbl is the bilinear spin interactions and contains only isotropic
(Heisenberg) nearest-neighbor exchange (J1 in plane and J4 out of plane). H6 is the ring-exchange interaction with strength α6 and phase
φ6 = π . HZ is the corresponding Zeeman energy. Uncertainties are estimated from fitting the Raman data and the neutron scattering data from
Ref. [14].

Effective S̃ = 1/2 model Flavor wave model

H̃ = H̃bl + H̃6 + H̃Z H = H0 + Hbl + H6 + Hbq + HZ

H0 = ∑
r,i(3λ/2)Sr,i · l r,i + δ[(lz

r,i )
2 − 2/3]

H̃bl = 1
2

∑
r,δr

∑
i, j S̃

T
r,iJ̃

i j
δrS̃r+δr, j Hbl = 1

2

∑
r,δr

∑
i, j ST

r,iJ
i j
δrSr+δr, j

H̃6 = α̃6

(
e−iφ̃6

∑
r

∏6
i=1 S̃+

r+δ
ring
i

+ H.c.
)

H6 = α6

(
e−iφ6

∑
r

∏6
i=1 S+

r+δ
ring
i

+ H.c.
)

Hbq = 1
2

∑
〈ri,r′ j〉[q(S+

ri )2(S−
r′ j )

2 + q∗(S−
ri )2(S+

r′ j )
2]

H̃Z = μB
∑

r,i g̃‖(BxS̃x
r,i + ByS̃y

r,i ) HZ = μB
∑

r,i B · (2Sr,i − 3l r,i/2)

J̃xx
1 = J̃yy

1 = −6.36 meV, J̃ zz
1 = 1.97 meV J1=−0.90(2) meV

J̃xx
2 = J̃yy

2 = − 0.33 meV, J̃ zz
2 = 0.30 meV

J̃xx
3 = J̃yy

3 = 0.78 meV, J̃ zz
3 = 0.15 meV

J̃xx
4 = J̃yy

4 = 0.11 meV, J̃ zz
4 = 0.32 meV J4 = 0.189(8) meV

J̃xx
5 = J̃yy

5 = − 0.39 meV, J̃ zz
5 = 0.20 meV

J̃xx
6 = J̃yy

6 = 0.79 meV, J̃ zz
6 = 0.68 meV

g̃‖ = 2.73(3)

δ = 52(2) meV

λ = 16.4(2) meV

α̃6 = 46(6) µeV α6 = 0.62(7) µeV

q = −0.15(1) meV

layer μ and sublattice ν. Without the ring exchange, the
lowest-energy mode would be gapless, i.e., a Goldstone
mode due to U (1) symmetry in the XXZ model. Its
normal mode, within the S̃ = 1/2 approximation, is
S̃[(0.5, 0), (0.5, 0), (−0.5, 0), (−0.5, 0)]. This means that the
spins only deviate from the equilibrium direction in the hexag-
onal plane and have no net magnetic moment associated with
it because

∑
μ,ν S̃β

μ,ν = 0 for both β = y and β = z. However,
with the ring-exchange interaction, the normal mode becomes
S̃[(0.5, 0.03i), (0.5, 0.03i), (−0.5, 0.03i), (−0.5, 0.03i)] as
shown in Fig. 4(b). Thus, this magnon has a net magnetic
dipole moment along the c axis (

∑
μ,ν S̃z

μ,ν 	= 0), consistent
with the TDTS data shown in Fig. 2(b), where the absorption
due to this pseudo-Goldstone mode happens only when
hω ‖ c axis.

The normal mode for the 5.4-meV magnon does
not qualitatively change with the addition of the ring
exchange and keeps its net magnetic moment in the
honeycomb plane. Thus, it can be excited by hω ‖ to
the honeycomb plane, i.e.,

∑
μ,ν S̃y

μ,ν 	= 0 as shown in
Figs. 2(a) and 2(c). Its normal mode, shown in Fig. 4(c), is
S̃[(0.45, 0.23i), (0.45, 0.23i), (0.45,−0.23i),(0.45, − 0.23i)].
This mode is the one whose energy decreases toward 0 around
17 T as shown in Fig. 3(b). Its intensity vanishes in the fully

polarized state as a result of the magnon being at the Brillouin
zone’s edge along the kz direction, which is thus Raman
inactive. We can tell this is the case because its normal mode
has y-axis spin oscillations of opposite sign for the two layers
along the c axis, making its periodicity (two layers) twice the
unit cell (one layer) in the fully polarized state. The details of
the normal modes of the other two zone-center magnons are
given in Ref. [35].

Finally, we address the topic of topologically protected
surface magnons in CoTiO3 by analyzing the symmetry in-
dicators [17,18,21] of the magnon wave functions within
the S̃ = 1/2 model. The symmetry indicators of the bond-
centered inversion symmetry (I) of the two lower magnon
modes imply that, when there is a gap between them in the
entire Brillouin zone, both magnon bands must have odd
Chern numbers. The magnetic inversion symmetry Ĩ (defined
in Ref. [35]), however, forces the Chern number to vanish
when magnons are energetically separated from each other.
Because the Chern number cannot be both an odd integer and
0 simultaneously, these magnon bands must cross somewhere
in the Brillouin zone. Experiments show that they intersect
at two nodal lines around the hexagonal Brillouin zone’s
corners (K and K′ points) [13,14] and are reproduced here
with our modeling [35]. These nodal lines are topologically
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FIG. 4. Ring-exchange interaction and magnon normal modes.
(a) Ring-exchange interaction considered in both the S̃ = 1/2 and the
flavor wave models. Normal modes for the pseudo-Goldstone mode
and the 5.4-meV mode are shown in panels (b) and (c), respectively,
where only two honeycomb layers are shown. The faded black ar-
rows are the oscillations of the magnetic moments.

protected by the magnetic inversion Ĩ and are characterized
by a nontrivial first Stiefel-Whitney number [42]. However,
this symmetry is generally broken by an open surface, and
thus CoTiO3 cannot have protected topological magnons on
its surfaces.

IV. CONCLUSIONS

In summary, with the combination of TDTS, magneto-
Raman spectroscopy, and theoretical modeling we determined
that the origin of the magnon gap in CoTiO3 is a ring-
exchange interaction between the magnetic moments in the
honeycomb plane. We found that this interaction acts the
same way in both the flavor wave model and the effective
S̃ = 1/2 approximation. By applying a magnetic field along
the honeycomb plane, we determined the field dependence of

the two lowest magnon energies. This allowed us to refine the
values of the exchange interactions in the Hamiltonians used
to model the experiment. A surprisingly small value for the
ring-exchange interaction is responsible for the ≈ 0.9-meV
magnon gap. The ring-exchange interaction also explains the
selection rules for magnon absorption in the TDTS exper-
iment. It is an exciting possibility that the ring-exchange
interaction plays a significant role in the physics of other
quantum magnets. Furthermore, we showed that no protected
topological magnons can occur on the surface of CoTiO3.
More generally, this work demonstrates the power of com-
bining TDTS, magneto-Raman spectroscopy, and theoretical
modeling to study magnon excitations in quantum magnets.
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