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Temperature dependence of magnetic excitations in the topological insulator CoTiO3
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Magnetic excitons and spin-orbit transitions are investigated in the pseudospin- 1
2 CoTiO3 Dirac magnon

system using inelastic neutron scattering. The magnon density of states consists of two magnon peaks with
a gapless Dirac node nestled between them. Above 38 K, the Néel temperature (TN), the magnon modes are
renormalized to lower energies. Magnetic excitations attributed to spin-orbit exciton multiplet transitions follow
the same temperature dependence as the magnons, with the intensity dissipating quickly above TN . On the
other hand, energy level transitions arising from the crystal field and spin-orbit coupling (with an estimated
λ ≈ 14 meV) are gradually thermally populated, continuing through TN and reaching a maximum at ∼100 K.
The excitations significantly broaden but persist through room temperature.
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I. INTRODUCTION

The discovery of Dirac fermions with their signature
linear dispersion relations in honeycomb lattices such as
graphene has led to an explosion of exciting new phenomena
in condensed-matter physics [1–3]. Various bosonic analogs
have been proposed as well; these are charge-neutral systems
with no valence and conduction bands, and with linear band
crossing points occurring at finite energies. An example is the
Dirac magnons that emerge at the intersection of acoustic and
optical spin waves in honeycomb- and kagome-type lattices
[4]. The topologically nontrivial band structures in bosonic
systems are predicted to give rise to behaviors such as the spin
Nernst effect and the thermal Hall effect [5,6]. Included in this
class are halides CrX 3 (X = Cl, Br, I) [7] and ilmenites ATiO3

(A = Co, Ni, and Mn) [8–10] consisting of weakly bound
van der Waals (vdW) layers, serving as the magnetic analogs
of graphene. A compelling candidate for the manifestation
of topological spin excitations is CoTiO3, characterized by
a quasi-two-dimensional honeycomb lattice [8,11]. Beyond
its Dirac magnon characteristics, CoTiO3 is known for its
unquenched orbital angular momentum, L, giving rise to spin-
orbit coupling (SOC), and is host to magnetic excitons [10].
The roles of excitons and SOC have been discussed in a
number of systems with a Co2+ 3d7 electronic configuration
[12] such as in KCoF3, CoO, (La/Sr)2CoO4, and GeCo2O4,
to name a few [13–18].

Following conventional band theory, CoTiO3 has an odd
number of electrons in the valence band and should be metal-
lic. However, CoTiO3 is a strong insulator, a consequence
of strong correlations. The unquenched Leff ≈ 1 is supported
by the absence of lattice distortions, orbital ordering, or
Jahn-Teller coupling, and the superexchange interactions are
presumed to be weak [19]. Co2+ is also host to a pseudospin- 1

2
magnetism. It is this spin that gives CoTiO3 its magnetic
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characteristics. Co2+ in the octahedral 3d7 configuration con-
sists of one spin in the t2g orbital and two spins in the
eg orbitals. Co2+ spins couple antiferromagnetically (AFM)
across the vdW layers. In ilmenites, it has been proposed by
Goodenough and Stickler [10] that exciton transfer may occur
via the superexchange paths. On the other hand, the Co2+

spins couple ferromagnetically in-plane through both direct
exchange between transition metal ions, or mediated through
oxygen. CoTiO3 is a system where crystal field and spin-orbit
excitations are strongly coupled to the magnetism.

CoTiO3 crystallizes in the trigonal R3 space group. The
oxygen atoms form trigonally distorted octahedra around both
Co and Ti as depicted in Fig. 1(a). The Co atoms reside in
honeycomb layers, with a 1

3 shift between adjacent layers as
shown in Fig. 1(b). The AFM stacking of the layers along
the c axis exhibits a Néel transition (TN) at 38 K [20]. Recent
neutron scattering experiments explored the presence of Dirac
magnons and magnetic excitations and suggested the exis-
tence of Dirac nodal lines resulting from a bond-dependent
exchange coupling described by an XXZ spin model [8,11].
These experiments also indicated the presence of a Dirac gap
[20] and bond-dependent coupling [8].

Starting from the unquenched Leff = 1 and S = 3
2 , the total

angular momentum J-manifold splits under λ(LS) coupling
into 1

2 , 3
2 , and 5

2 levels. These spin-orbit levels are sepa-
rated by 3

2λ and 5
2λ. Magnetic exchange interactions split

these levels further into nondegenerate Jz = ± 1
2 , Jz = ± 1

2

and ± 3
2 , and Jz = ± 1

2 , ± 3
2 , and ± 5

2 [10]. The ground state
is Jz = ± 1

2 , a Kramer’s doublet, that makes the Co2+ ion
the host of a pseudospin- 1

2 magnetism. A schematic of the
energy states is shown in Fig. 1(c) [10]. The octahedral
environment sets up the crystal field splitting that leads to
the pseudospin- 1

2 . The edge-sharing octahedra are grounds
for bond-dependent exchange interactions [21]. The fam-
ily of d7 cobaltates with pseudospin- 1

2 ground states, such
as CoNb2O6, Ba3CoSb2O9, Ba8CoNb6O24, GeCo2O4, and
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FIG. 1. (a) The unit cell of CoTiO3 in the hexagonal representa-
tion with R3 symmetry. (b) The antiferromagnetic honeycomb lattice
with the spins aligned in the same direction in-plane and in opposite
directions across planes. All the Co2+ ions in the honeycomb layer
are not in the same plane because of distortions in the structure.
(c) Schematic diagram of the energy level splitting of T1g.

NaCaCo2F7, has garnered significant attention due to their
quantum magnetism and topological phases [18,22–26].

Materials with these characteristics are promising in spin-
related optical applications [15,27–29]. Excitons couple to the
spin and orbital degrees of freedom, forming an exotic quasi-
particle, the spin-orbit exciton (SOE). The SOEs in CoTiO3

are dressed with magnons. Similar observations have been
made in Sr2IrO4 [30], KCoF3 [14], and CoO [16]. Notably,
the presence of strong SOC in transition metals enables the
formation of SOEs, with d7 Co2+ being an exemplary system.
In this work, we focus on the temperature dependence of
the excitations. Low-energy magnons show strong damping
on warming, but the inelastic intensity persists above TN .
Multiplet transitions are simultaneously observed. These are
suppressed above TN , while transitions between spin-orbit
levels continue to be observed. Evidence for these transitions
persists up to room temperature.

II. EXPERIMENTAL DETAILS

CoTiO3 powder was prepared using the solid-state reaction
method. Co3O4 and TiO2 powders were thoroughly mixed
in a 1:3 molar ratio and subsequently reacted at 1200 ◦C in
a tube furnace under an argon gas environment for 48 h.
Neutron scattering measurements were carried out using the
VISION time-of-flight (TOF) spectrometer at the Spallation
Neutron Source at Oak Ridge National Laboratory. A 10-g
powder sample was utilized for the measurement, in which

FIG. 2. (a) The diffraction pattern (blue line) is compared to the
fitting (green line) at 5 K. Also shown is the difference between
the two (cyan line). The red tick marks indicate nuclear peaks and the
green tick marks indicate magnetic peaks. The dotted lines represent
aluminum peaks from the sample holder, which were excluded from
the fitting. (b) The temperature dependence of the lattice parameters
a and c was obtained from the elastic data refinement. The inset is the
magnetic susceptibility as a function of temperature at H = 0.1 T.

elastic and inelastic data were acquired simultaneously in the
temperature range of 5 to 300 K. The final neutron energy
was fixed at 3.5 meV. Data in two narrow paths in energy and
momentum (Q) space were collected, labeled as the high-Q
and low-Q paths, corresponding to 45◦ and 135◦, respectively.
The corresponding Q range is 1.5 to 30 Å−1. The refinement
of the elastic data confirmed the presence of a single CoTiO3

phase in the system at 5 K. The magnon dispersions were
simulated using the MATLAB package SPINW [31].

III. RESULTS AND DISCUSSION

Shown in Fig. 2(a) is the elastic neutron scattering intensity
at 5 K. The diffraction data include both nuclear and mag-
netic Bragg peaks. As the temperature rises, the intensity of
the magnetic peaks weakens, ultimately disappearing at TN =
38 K. This temperature marks the system’s transition from the
AFM to the paramagnetic phase. The Rietveld refinement of
the diffraction data confirmed the presence of the R3 phase
at all temperatures. Furthermore, the refinement provided the
lattice parameters a and c shown in Fig. 2(b), largely show-
ing conventional thermal expansion behavior. However, an
anomaly is observed near TN. This effect has been attributed
to magnetoelastic coupling [32,33]. The kink seen in both
parameters marks a different behavior above and below TN.
Below TN, both a and c exhibit a more linear expansion, while
above TN this linearity diminishes. Below TN, the change in
lattice parameters is approximately 0.002 Å for a and 0.01
Å for c. These trends show the anisotropy of the structural
changes below TN, attributed to the stronger in-plane than out-
of-plane magnetic coupling [11]. A similar behavior is also
observed in isostructural and magnetically similar NiTiO3 and
MnTiO3 [34,35].
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FIG. 3. The magnetic density of states (DOS) obtained from the
VISION instrument along the (a) low-Q path and (b) the high-Q path
at 5 K is plotted as a function of energy transfer (h̄ω) in blue. The
instrument and empty can backgrounds were subtracted from the
data. The phonon DOS was calculated at 0 K (black dotted line),
but it was not subtracted from the data due to its negligible contribu-
tion. (c) The magnetic DOS is plotted as a function of temperature
ranging from 5 to 300 K. The intensity within 0 < h̄ω � 15 meV is
purely magnon. (d) The higher-energy region from 15 to 40 meV
corresponds to multiplet transitions of the magnetic excitons and SO
split levels. The inset is an intensity map of the low-Q inelastic data,
which corresponds to the data presented in panels (c) and (d).

The magnetic structure can be described by a propaga-
tion wave vector k = (0 0 3/2), as shown in Fig. 1(b). The
magnetic moment M was refined along with the structural
parameters. The spins align with the easy plane and have
magnitude M = 3.23μB at 5 K, consistent with a previous
report [8]. Shown in the inset of Fig. 2(b) is the magnetic
susceptibility χ (T ). The susceptibility conforms to the typical
behavior exhibited by AFM systems, namely, a sharp upturn
on cooling followed by a drop in the AFM phase. The apex
of this curve corresponds to the Néel point, which has been
determined to be 38 K in this system.

The magnon density of states obtained from the dynamic
susceptibility of the neutron inelastic powder measurement is
plotted as a function of energy in Figs. 3(a) and 3(b) for low-Q
and high-Q paths respectively. The dynamic structure function
was integrated along the low-Q and high-Q trajectories. The
data are compared to the 0 K phonon calculation (black dotted
line). The phonon intensity is much weaker compared to the
magnon features observed in the 5 K low-Q inelastic data,
indicating that the contribution from phonons is negligible
in the momentum transfer range sampled by the VISION
instrument as shown in Fig. 3(a). By comparison, the phonon
signals are stronger along the high-Q path in Fig. 3(b), as
expected from the general Q2 dependence of phonon intensity
in neutron scattering. Thus, in this energy and momentum

FIG. 4. (a) The temperature dependence of the inelastic intensity
from 35 to 95 meV. The blue arrow points to the 58-meV peak.
(b) The change of intensity at 58 meV as a function of temperature.

range, the contribution from phonons can be neglected. Shown
in Figs. 3(c) and 3(d) are the inelastic spectra plotted for a
variety of temperatures. The first two peaks around 5 and
10 meV are from the magnon dispersion arising from ex-
citations of the Jz = ±1/2 doublet [19], the lowest-energy
doublet shown in Fig. 1(c). The crossing point is where the
Dirac node appears. It appears to be gapless, though the in-
tensity between the peaks never quite reaches zero even at the
lowest measured temperature. Meanwhile, in the 15–40 meV
energy range, several additional peaks are observed, with their
own clear temperature dependence. The double-peak feature
in the 23 to 33 meV range arises due to magnetic transitions
in the excited multiplet and exhibits the same temperature
dependence as the magnon peaks. These higher-energy peaks
are attributed to SOEs. On the other hand, the intensity within
the 15–23 meV range exhibits a different temperature de-
pendence. Specifically, the intensity grows as a function of
temperature and broadens on approaching 300 K. These ex-
citations arise from populating crystal-field-split spin-orbit
levels. Disorder in the lattice with increasing thermal fluctua-
tions can broaden the peaks.

Shown in Fig. 4(a) is the temperature dependence of
inelastic intensity up to 100 meV. The peak appearing at
approximately 58 to 61 meV corresponds to the transition
E indicated in Fig. 1(c). This mode has been reported in
Ref. [11], but its temperature dependence was never inves-
tigated. Up until TN , the intensity of this peak shows an
increasing behavior. Beyond TN , the intensity gradually de-
creases. These spectra show a temperature dependence similar
to that of the modes observed in the 15–23 meV range, which
are attributed to SOEs.

In Fig. 5(a), the powder-average simulation of the spin-
wave dispersion is plotted using a Heisenberg Hamiltonian
with six interactions. Specifically, we consider three in-
traplane exchange interactions (J1, J3, and J5) and three
interplane exchange interactions (J2, J4, and J6). The bonds
of these exchange interactions are shown in the inset of
Fig. 5(d). Table I lists the J values for three models, with the
on-diagonal components (Jx, Jx = Jy, and Jz) listed. Models 1
and 2 are from analysis of single-crystal neutron data in the
literature (from Refs. [11] and [8], respectively) while Model
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FIG. 5. (a) A spin-wave simulation of the powder-averaged S⊥(Q, ω) at 0 K. The trajectories represent the low-Q and high-Q paths of
the VISION instrument. The blue arrow indicates the Dirac energy level. (b) Comparison between the low-Q inelastic scattering intensity
and the calculated S⊥(Q, ω) at 5 K. The blue arrows correspond to the Dirac energy level. Numbers indicate the node points, special features
of the intensity which generally correspond to local maxima, minima, or saddle points of the magnon dispersion. (c) and (d) Comparison of
the 5 K low-Q inelastic scattering data (purple) and the calculated S⊥(Q, ω) for 0 K (red) Models 1 and 2, corresponding, respectively, to
those reported in Refs. [11] and [8]. Shown in the inset to panel (d) are the bonds corresponding to the different exchange interactions listed
in Table I, indicated as arrows between Co atoms. The left inset shows intralayer interactions as viewed along c, and the right inset shows
interlayer interactions as viewed along a. (e) A plot of the center of mass (C.O.M.) of the upper magnon branch as a function of T and the
expected first-order renormalization fit for a honeycomb ferromagnet with nearest-neighbor interactions [4]. (f) Intensity vs temperature of the
positions numbered in panel (b).

3 consists of the same values as model 2, except with the Jz

component set to 0 for J2 to J5, which was observed to result
in a better agreement with data in terms of the position of the
Dirac node. While Models 1 and 2 were obtained with the

TABLE I. The exchange interactions of three models using the
XXZ Hamiltonian.

J Model 1 Model 2 Model 3
Ref. [11] Ref. [8] Present paper

J1 (−4.41, −4.41, 0) (−6.36, −6.36, 1.97) (−6.36, − 6.36,1.97)
J2 (0, 0, 0) (−0.33, −0.33, 0.30) (−0.33, −0.33, 0)
J3 (0, 0, 0) (0.78, 0.78, 0.15) (0.78, 0.78, 0)
J4 (0.57, 0.57, 0.57) (0.11, 0.11, 0.32) (0.11, 0.11, 0)
J5 (0, 0, 0) (−0.39, −0.39, 0.20) (−0.39, −0.39, 0)
J6 (0.57, 0.57, 0.57) (0.79, 0.79, 0.68) (0.79, 0.79, 0)

advantage of using single-crystal neutron scattering, which
retains directional information, Model 3 was obtained with
the benefit of the exceptional energy resolution of VISION,
which allows the Dirac point position to be better located. To
simulate the magnon DOS, the integrated intensities along the
high-Q and low-Q trajectories were computed and the results
for the low-Q trajectory are shown in Fig. 5(b) for Model 3,
and more generally as the powder-averaged magnon intensity
map in Fig. 5(a). Also shown in Fig. 5(b) is the inelastic
intensity at 5 K along the low-Q path. The calculations ac-
counted for the energy resolution of the instrument and set the
Q resolution to 0.2 Å−1. Using the J’s listed in Table I under
Model 3, the simulation captures most of the features evident
in the data, especially as compared with Models 1 [Fig. 5(c)]
and 2 [Fig. 5(d)]. In particular, we note that the width of the
Dirac node in the Model 3 calculated intensity is very close to
that of the data itself, verifying the gapless nature of the Dirac
dispersion in CoTiO3. A plot of the intensity of the center
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FIG. 6. (a) The inelastic intensity at 5, 42, and 300 K is plot-
ted along the low-Q trajectory. The arrows correspond to the
selected nodes. (b) The temperature dependencies at the select nodal
points are shown in panel (a). The intensities of the given points
were calculated using a fitted function to the data (fitted node
intensity).

of mass (C.O.M.) of the higher-energy magnon branch as a
function of temperature is shown in Fig. 5(e). The higher-
energy branch softens more rapidly than can be accounted
for by the first-order magnon-magnon renormalization for a
honeycomb ferromagnet, shown as the red curve. Thus, the
magnons in CoTiO3 exhibit significant broadening in energy
and shift to lower energies, as shown by the 3-meV decrease
in the C.O.M. position from 5 to 50 K.

Shown in Fig. 5(f) is the intensity vs temperature of certain
features of the magnon peak intensity and the numbers cor-
respond to Fig. 5(b). The numbers 2, 4, and 6 correspond to
saddle points, 5 is the Dirac point, and 3 and 7 are maximum
intensity points. The corresponding fitted intensities of some
of these points are plotted as a function of temperature. The
two magnon peaks exhibit a somewhat different temperature
dependence, with the upper branch (e.g., points 6 and 7)
displaying a steeper drop in temperature compared to the
lower branch (e.g., points 3 and 4). The acousticlike magnons
of the lower branch would have spin deviations in the same
directions within each layer, while the opticlike magnons of
the upper branch would have the spin deviations go in oppo-
site directions. We speculate that the opticlike magnons are
more susceptible to decoherence and renormalization than the

acousticlike magnons, which may explain the steeper intensity
drop at the higher-energy peak features. Regardless, similar
behavior has been observed in materials like CrCl3 [36].

Among the exchange constants in CoTiO3 shown in the
inset of Fig. 5(d) and values in Table I, the nearest-neighbor
J1 exchange constant emerges as the most significant
within the system, possessing an in-plane component of
J1 = −6.36 meV and an out-of-plane component of J1 =
1.97 meV. This observation provides further evidence for the
presence of weak interplane interactions in the honeycomb
lattice.

The magnetic intensity in the higher-energy range, 15 to
35 meV, is shown in Fig. 6(a) for 5, 42, and 300 K. At 5 K,
two distinct peaks are observed at 26.7 and 28.6 meV, in
addition to a shoulder at ∼24 meV and a very weak peak
at ∼18 meV. The two peaks at 26.7 and 28.6 meV shift to
lower energies upon increasing the temperature, while the
intensity under the weak peak grows significantly. The most
prominent excitations are from the magnetic excitons, which
follow the same temperature dependence as the magnons.
Specifically, the intensity at these peaks drops upon warming
through the magnetic transition, as seen in Fig. 6(b). The
intensity seen above TN is most likely a spillover from the
crystal field modes. On the other hand, the intensity at 18.5
and 23.9 meV exhibits the opposite temperature dependence
[Fig. 6(b)], namely, the intensity grows through TN and levels
off by approximately 100 K before it gradually comes down
but does not disappear. The intensity in that region, as seen
in Fig. 6(a), becomes quite broad. The peak intensity around
18 meV most likely arises from crystal-field-split levels due
to spin-orbit coupling [i.e., the D transition as labeled in
Fig. 1(c)]. These modes grow in intensity with temperature as
the corresponding energy levels become more thermally pop-
ulated. A similar temperature dependence is observed in the
data at ∼58 meV [Fig. 4(b)], which most likely corresponds
to the E transition in Fig. 1(c).

Co2+ bares a strong resemblance to Ir4+ and Ru3+. In the
iridates and ruthenates where only t2g spins are present, Kitaev
along with isotropic Heisenberg interactions were predicted to
be important [21,37]. On the other hand, in d7 systems, the ad-
ditional eg spins dramatically change the balance between the
Kitaev and Heisenberg interactions. In CoTiO3 specifically,
the Heisenberg term is dominant and highly anisotropic [19].
In conclusion, we observed the temperature dependence of
magnons, crystal field spin-orbit levels, and SOEs, all arising
from the complex interplay of crystal field splitting and strong
spin-orbit coupling in CoTiO3. Moreover, this measurement
confirms the gapless nature of the Dirac magnons in this
system.
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