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The search for topological spin excitations in recently discovered two-dimensional (2D) van der Waals
(vdW) magnetic materials is important because of their potential applications in dissipationless spintronics.
In the 2D vdW ferromagnetic (FM) honeycomb lattice CrI3 (TC ¼ 61 K), acoustic and optical spin waves
are found to be separated by a gap at the Dirac points. The presence of such a gap is a signature of
topological spin excitations if it arises from the next-nearest-neighbor (NNN) Dzyaloshinskii-Moriya (DM)
or bond-angle-dependent Kitaev interactions within the Cr honeycomb lattice. Alternatively, the gap is
suggested to arise from an electron correlation effect not associated with topological spin excitations. Here,
we use inelastic neutron scattering to conclusively demonstrate that the Kitaev interactions and electron
correlation effects cannot describe spin waves, Dirac gaps, and their in-plane magnetic field dependence.
Our results support the idea that the DM interactions are the microscopic origin of the observed Dirac gap.
Moreover, we find that the nearest-neighbor (NN) magnetic exchange interactions along the c axis are
antiferromagnetic (AF), and the NNN interactions are FM. Therefore, our results unveil the origin of the
observed c-axis AF order in thin layers of CrI3, firmly determine the microscopic spin interactions in bulk
CrI3, and provide a new understanding of topology-driven spin excitations in 2D vdW magnets.

DOI: 10.1103/PhysRevX.11.031047 Subject Areas: Condensed Matter Physics, Spintronics,
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I. INTRODUCTION

The discovery of robust two-dimensional (2D) ferromag-
netic (FM) long-range order in monolayer van der Waals
(vdW) magnets [1–3] is important because these materials
can provide a new platform to study fundamental physics
without the influence of a substrate and can potentially be
used to develop new spintronic devices [4,5]. One prominent
group of these materials includes the chromium trihalides,
CrX3 (X ¼ Br, I) or CrXTe3 (X ¼ Ge, Si), where Cr3þ

(3d3, S ¼ 3=2) ions form 2D honeycomb lattices [Fig. 1(a)]
[6,7]. Within a single honeycomb layer, Cr3þ ions interact
with each other ferromagnetically via the nearly 90-degree

Cr-X-Cr superexchange paths [Fig. 1(b)] [8]. Although the
3d electrons of Cr3þ do not provide large spin-orbit coupling
(SOC), the heavier ligand atoms such as iodine may serve as
a source of significant SOC. This not only provides the
thermal stability observed in vdW layered materials but also
enriches the physics of magnetism in the 2D limit [9–14].
Indeed, it is proposed that the Kitaev interaction [15], known
to be important for effective S ¼ 1=2 honeycomb lattice
magnets near a Kitaev quantum spin liquid [16,17], may
occur in S ¼ 3=2 CrI3 across the nearest bond with bond-
dependent anisotropic Ising-like exchange [Fig. 1(b)]. This
occurrence would be critical for the magnetic stability of
monolayer CrI3 and spin dynamics in bulk CrI3 [18–22].
Furthermore, spin waves (magnons) from honeycomb fer-
romagnets can be topological by opening a gap at the Dirac
points via time-reversal symmetry breaking (TRSB) [23,24].
As a magnetic analog of electronic dispersion in graphene
[25], spin-wave spectra of honeycomb ferromagnets have
Dirac points at the Brillouin zone boundaries where dis-
persions of acoustic and optical spin waves meet and
produce Dirac cones. If the system has TRSB arising from
a large SOC, one would expect to observe an energy gap at
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CrI3 is a FM insulator with Tc=45K with significant magnetic anisotropy. It is a 
layered material where the layers are held together by van der Waals 

interactions and can be exfoliated into 2D layers. To buy CrI3 crystals, click here
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sample in the horizontal scattering plane and with the
applied magnetic fields vertical, i.e., in the ab plane of CrI3
[Figs. 1(a), (c), and (d)].
We begin by describing the zero field high-resolution spin-

wave data of CrI3 obtained on SEQUIOA (Figs. 2 and 3).
Figure 3(a) shows the energy-momentum (E-Q)-dependent
spin-wave spectra along the high-symmetry directions in
reciprocal space as depicted in Fig. 2(a). These in-plane spin-
wave spectra were obtained by integrating dispersive spin
waves along the c axis over −5 ≤ L ≤ 5. The overall
momentum dependence of the spin-wave energies is con-
sistent with previous work [30], revealing two spin-wave
modes characteristic of the honeycomb ferromagnets. The
lower and upper modes account for the acoustic and optical
vibrations, respectively, of the two sublattice spins. These two
spin-wave modes will meet each other at the Dirac wave
vectors of QK1

¼ ð13 ;
1
3Þ and QK2

¼ ð23 ;−
1
3Þ [Figs. 3(a)

and 3(d)]. Inspection of Fig. 3(a) reveals clear evidence of
a spin gap of about 2.8 meV, which is approximately 50%
the value estimated from previous low-resolution data [30].

This result is mostly due to the reduced mosaicity of the
coaligned single crystals (an in-plane mosaic full width at
half maximum of 8.0° compared with that of about 17° in
Ref. [30]) and improved instrumental resolution [43].
To completely determine the spin-wave spectra of CrI3,

we show in Figs. 2(c)–2(e) the L dependence of spin waves
at different in-plane wave vectors. Inspection of the figures
reveals that the modes along the ½12 ;

1
2 ; L% and ½0; 0; L%

directions exhibit mutually opposite L dependence. Along
the ½0; 0; L% direction, the spin-wave dispersion exhibits a
minimum of 0.4 meV at L ¼ 3n (n ¼ integers) and a
maximum of 2.1 meVat L ¼ 3nþ 3

2 [Fig. 2(e)]. In contrast,
the mode along the ½12 ;

1
2 ; L% direction peaks at L ¼ 3n and

has a minimum at L ¼ 3nþ 3
2 [Fig. 2(c)], while spin waves

along the ½12 ; 0; L% direction are featureless [Fig. 2(d)]. The
overall spin-wave spectra at L ¼ 3 and 4.5 are shown in
Figs. 2(f) and 2(g), respectively. The opposite L depend-
ence between the high- and low-energy spin waves requires
finite FM interplane exchanges along the bonds that are
tilted off the c axis.
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FIG. 2. Spin wave spectra of CrI3. (a) The hexagonal reciprocal
lattice of CrI3. Gray arrows show reciprocal lattice vectors, and
high-symmetry (Γ; K;M) points are specified in blue (M), red
(K), and black (Γ) dots, respectively. The bold black lines specify
the scan direction in (c–e). (b) Projection of the hexagonal
reciprocal lattice in the ½H;K% plane. The arrows indicate the scan
path of the spectra shown in (f, g), Figs. 3(a)–3(c), and Figs. 4(a)
and 4(b). (c–e) The spin wave dispersion along the L direction at
different ½H;K% positions specified in (a), showing different
bandwidths at different ½H;K% points. The left and right panels
are calculation and data, respectively. (f, g) Spin wave dispersion
at different L points. (f) shows L integration range ½2.5; 3.5% near
the ½0; 0; L% band bottom, while (g) shows L integration range
½4; 5% near the band top.
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FIG. 3. The Heisenberg-DM model fit of CrI3 E-Q spin wave
spectrum. High-symmetry points are labeled. (a) Experimental
data at 5 K. (b) Heisenberg-DM model simulation using param-
eters in Table I. (c) Experimental data at 5 K with smaller L
integration range. (d, e) Heisenberg-DM model simulations
including sample mosaic with (d) DM ¼ 0 and (e) DM⊥ ¼
0.09 meV. (f) Constant-Q cuts of the data in (c–e) at the Dirac
point ð2=3; 2=3; 0Þ. (g) The squared error r2 between experi-
mental and simulation values of the Dirac point cut as a function
of the DM interaction strength.
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FIG. 2. Spin wave spectra of CrI3. (a) The hexagonal reciprocal
lattice of CrI3. Gray arrows show reciprocal lattice vectors, and
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reciprocal lattice in the ½H;K% plane. The arrows indicate the scan
path of the spectra shown in (f, g), Figs. 3(a)–3(c), and Figs. 4(a)
and 4(b). (c–e) The spin wave dispersion along the L direction at
different ½H;K% positions specified in (a), showing different
bandwidths at different ½H;K% points. The left and right panels
are calculation and data, respectively. (f, g) Spin wave dispersion
at different L points. (f) shows L integration range ½2.5; 3.5% near
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In quantum magnets, magnetic moments fluctuate heavily and are strongly entangled with

each other, a fundamental distinction from classical magnetism. Here, with inelastic neutron

scattering measurements, we probe the spin correlations of the honeycomb lattice quantum

magnet YbCl3. A linear spin wave theory with a single Heisenberg interaction on the hon-

eycomb lattice, including both transverse and longitudinal channels of the neutron response,

reproduces all of the key features in the spectrum. In particular, we identify a Van Hove

singularity, a clearly observable sharp feature within a continuum response. The demon-

stration of such a Van Hove singularity in a two-magnon continuum is important as a

confirmation of broadly held notions of continua in quantum magnetism and additionally

because analogous features in two-spinon continua could be used to distinguish quantum

spin liquids from merely disordered systems. These results establish YbCl3 as a benchmark

material for quantum magnetism on the honeycomb lattice.
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YbCl3 S=1/2

distinct features: a component characteristic of conventional
transverse spin waves (ℏω ≤ 0.6 meV), a continuum or multi-
magnon component, and a sharper component at higher energies
(0.8 ≤ ℏω ≤ 1.2 meV). The spin-wave mode disperses throughout
the (HK0) plane with no discernible dispersion along the (00L)
direction (see Fig. 3e and Fig. 5 of the Supplementary material).
The lack of an observable dispersion along the (00L) direction
indicates that the interactions between the honeycomb planes are

very weak. Interestingly, the spin-wave mode appears to be
broader than the instrumental resolution. While the reason for
this broadening is uncertain, it may arise due to domain forma-
tion as a result of bond disorder65, interaction with the multi-
magnon continuum (potentially following a renormalization of
the spin-wave spectrum52), or even the inability to fully distin-
guish the overlapping continuum contribution. We also point out
that the T= 3.7 K data in Fig. 3f illustrate a complete lack of well-

Fig. 2 Inelastic neutron scattering data and linear spin-wave theory calculations. a–c Inelastic neutron scattering data measured at T= 0.24 K using the
CNCS instrument. d–f Linear spin-wave calculations including transverse and longitudinal channels for the ideal model (see Eq. (1)) with a fitted value of
J= 0.421(5) meV along high symmetry directions in the (HK0) plane. Panels a–f are plotted as the product of intensity and energy transfer (ℏω). The Yb3+

magnetic form factor is included in the calculations. g Intensity as a function of ℏω through the Van Hove singularities at several wave vectors for T= 0.24
K (T= 5 K), marked by solid (open) points. Solid lines are Gaussian lineshapes with a sloping background. The horizontal bar represents the energy
resolution at ℏω= 1.19 meV. The color of the data in (g) corresponds to the wave vector indicated by the colored arrow at the top of (a)–(c). Peak positions
of the Gaussian lineshapes in (g) are shown as solid circles in (d)–(f). h–i Calculated (left) and measured (right) scattering intensity for ℏω= 0.9 meV (h)
and 0.3 meV (i). The data and calculation in (h) have been scaled by a factor of 5 to be on the same intensity scale as (i). Gray lines indicate high
symmetry directions of the Brillouin zone. Wave vector transfers are shown in the reciprocal space of the monoclinic lattice in reciprocal lattice units for
(a)–(g) and projected into a hexagonal lattice in (h)–(i). Data in (a)–(c) and (g) have been averaged about the H= 0 and K = 0 axes. Data in (h) and (i)
have been averaged about the vertical axis.
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