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Anisotropic magnons in the layered honeycomb ferromagnet CrSiTe3
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Recent experimental and theoretical studies have suggested a possible Dirac magnon gap in the two-
dimensional ferromagnetic semiconductor CrSiTe3. Detailed neutron scattering measurements were performed
to shed light on the existence of the magnon gap, and suggest that the gap is very small or nonexistent, with
previous measurements being complicated by experimental factors. During these measurements, it was found
that the out-of-plane couplings could explain the usual property of the increase in the magnetic transition
temperature when CrSiTe3 is exfoliated to monolayers. Furthermore, the material was shown to have anisotropic
magnons along the out-of-plane direction, through the proposed Dirac point. We speculate that this is due to an
exchange anisotropy, though Kitaev-like interactions alone cannot explain the spectra.
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I. INTRODUCTION

Two-dimensional (2D) magnetic materials have recently
emerged as a vibrant platform for exploring novel quan-
tum phenomena and for advancing next-generation spin-
tronic devices [1,2]. Among these materials, chromium-based
trichalcogenides, such as CrSiTe3, have attracted particular
interest due to their layered van der Waals structure, in-
trinsic ferromagnetism, and strong spin-orbit coupling [3,4].
CrSiTe3 is a semiconducting ferromagnet that retains long-
range magnetic order down to the monolayer limit, making
it a promising candidate for studying low-dimensional mag-
netism and collective spin excitations. Among the promising
properties of CrSiTe3 is the possibility of Dirac magnons [5].
Analogous to Dirac fermions in graphene, Dirac magnons
represent a topologically nontrivial excitation characterized
by linear band crossings at discrete momentum points in
the Brillouin zone. The existence of Dirac magnons in
honeycomb-lattice magnets opens up new avenues for ex-
ploring bosonic analogs of topological phases, including
magnonic analogues of the quantum Hall and spin Hall
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effects [6]. The identification and control of such excitations
in real materials is a critical step toward realizing topological
magnonics, where robust, low-dissipation spin transport could
be achieved via edge modes protected by symmetry.

In this work, we reinvestigate the magnons of CrSiTe3,
focusing on the possible emergence of Dirac magnons due
to its honeycomblike arrangement of Cr atoms and under-
lying magnetic interactions. This sheds light on the role of
anisotropy, exchange coupling, and Dzyaloshinskii-Moriya
(DM) interactions in shaping the topological character of the
magnon bands.

Previous work by our group on single crystals of CrSiTe3

has shown a small distortion of the Te octahedra along the c
axis that result in a small easy-axis anisotropy [4]. This was
confirmed using elastic and inelastic neutron scattering mea-
surements on single crystals of CrSiTe3 that found a small spin
gap of 0.075 meV that gives rise to the ferromagnetic ground
state, with moments oriented parallel to c [7]. The tempera-
ture dependence of the magnetic Bragg peak shows a critical
exponent that is very close to the 2D Ising value, and diffuse
scattering around the magnetic Bragg peaks provides further
evidence of quasi-2D behavior that persists well above the
ordering temperature. Time-of-flight (TOF) and triple-axis in-
elastic neutron scattering measurements performed on single
crystals aligned in the [H 0 L] scattering plane [7] demonstrate
well-ordered spin waves below TC , with in-plane diffuse spin
correlations persisting up to room temperature [7]. Modeling
and fits of the spin waves were done with a Hamiltonian that
included three Heisenberg in-plane exchange terms and one
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exchange along the c axis, all of which were found to be
ferromagnetic, in addition to the single-ion term [7]. This
work showed that the moments were only weakly coupled
along the c axis, with the dominant exchange terms lying
in the plane, consistent with the diffuse elastic and inelastic
scattering that showed correlations within the ab plane that
persist well above TC .

More recent neutron spectroscopy measurements have sug-
gested the existence of a Dirac magnon gap at the K point
in CrSiTe3 [8], which would give rise to corresponding
in-gap topological edge states. This gap was attributed to
the existence of a Dzyaloshinskii-Moriya (DM) interaction
of 0.12 meV between magnetic ions with broken inversion
symmetry, while the remaining terms in the Hamiltonian com-
prised two in-plane exchange terms, Jab1 and Jab2, and two
out-of-plane terms, Jc1 and Jc2. The differences in the Hamil-
tonian and the sizable DM term suggested a reexamination
of our previous neutron data, as well as the need to perform
additional measurements in the [H H L] scattering plane to
examine the magnon dispersions around the Dirac (K) point.

The work in Ref. [8] did not describe any corrections due
to instrumental resolution, which may alter the size of the gap
and thus the value of the DM term. Additionally, the triple-
axis measurements in that work did not account for a ki → ki

spurion arising from the (0 0 3) nuclear Bragg peak. This is
an unusual spurion, as it involves coherent scattering from the
monochromator and sample, but incoherent scattering from
the Pyrolytic graphite (PG) analyzer. Although incoherent
scattering from PG is very weak, the (0 0 3) Bragg peak is
the most intense nuclear peak, and this spurion should be of
the same order of magnitude as the intensity of the inelastic
scattering from the magnons. On a triple-axis instrument, this
spurion appears at (0.3 0.3 6) with an energy transfer of 8 meV,
which is very close to the location of the proposed Dirac
magnon gap. This provided additional motivation to perform
measurements that could investigate this as a source of error
in measuring the magnitude of the gap.

II. EXPERIMENTAL DETAILS

CrSiTe3 single crystals were grown using a self-flux tech-
nique, as previously reported [4]. CrSiTe3 is rhombohedral,
crystallizing in the space group R3. Susceptibility and neutron
diffraction measurements showed a ferromagnetic transition
at TC = 33(1) K [4,7], in agreement with other reports [9,10].
In order to study the existence of a gap in the magnon
spectrum and the impact of experimental resolution, inelastic
neutron scattering measurements were performed at the HB-
3 thermal triple-axis spectrometer of the High-Flux Isotope
Reactor, as well as the ARCS time-of-flight spectrometer at
the Spallation Neutron Source of the Oak Ridge National
Laboratory.

A single crystal of mass 3.7 g was aligned with a [H H
L] scattering plane for the ARCS and HB3 measurements.
The ARCS measurements were performed in a closed-cycle
refrigerator with a base temperature of 4.0 K. Measurements
were performed in a high-flux configuration with fixed in-
cident energies of 30 and 15 meV. The HB3 measurements
were also performed in a closed-cycle refrigerator with a base
temperature of 4.0 K using fixed final energies of 14.7 and

TABLE I. The out-of-plane exchange constants calculated from
the neutron scattering data measured along ( 1

2
1
2 L). While the

nearest-neighbor exchange is antiferromagnetic, the next-nearest-
neighbor exchanges dominates due to a greater number of Jc2 bonds.
This results in the observed ferromagnetic ground state, while the
competition from these two interactions may drive the reduction in
TC from the monolayer.

Exchange No. bonds Vector Distance Value (meV)

Jab1 3 ( 1
3

2
3 0) 3.907 Å −1.63(33)

Jab2 6 (1 0 0) 6.768 Å −0.010(−)

Jab3 3 ( 2
3 − 2

3 0) 7.814 Å −0.285(−)

Jc1 1 (0 0 1
3 ) 7.007 Å 0.080(9)

Jc2 6 ( 2
3

1
3

1
3 ) 8.700 Å −0.077(2)

5.5 meV. PG(002) monochromator and analyzer crystals were
used with PG filters, and the collimation was 48′-40′-40′-120′.
Where mentioned, our previous measurements on CrSiTe3

aligned in the [H 0 L] scattering plane were reported in
Ref. [7].

III. DIRAC MAGNON GAP

To investigate the nature of a Dirac magnon gap at the K
point, measurements were performed on the ARCS thermal
time-of-flight spectrometer. Following the work of Ref. [8],
which ascribed the magnon gap to a second nearest-neighbor
DM interaction, our measurements were performed with the
crystal aligned in the [H H L] scattering plane, focused on re-
ciprocal space directions of ( 1

3
1
3 L), which passes through the

K point, and ( 1
2

1
2 L), where the value of the DM interaction

does not contribute to the magnon dispersion. This allows for
a separation of the Heisenberg interactions along the c axis
with a possible DM interaction.

The measured bandwidth along ( 1
2

1
2 L) was used to de-

termine the exchange interactions along the c axis. This was
measured to be 0.61 meV, slightly smaller than 0.73 meV
from our previous measurement [7], taken along a different
reciprocal space direction. Using the single-ion anisotropy,
Di j = 0.0252 meV and the geometry of the R3 stacking, the
relationship between Jc1 and Jc2 can be constrained. There
is only one nearest-neighbor (Jc1) bond along c, but there
are six Jc2 bonds. When combined with the phase factor of
1.5 and fitting to the measured bandwidth, we can constrain
Jc1 + 9Jc2 = −0.61 meV. Additional interactions out of the
plane such as Jc3 result in overparametrizing the data and
do not provide a meaningful improvement in the fit. A fit to
the dispersion gives the value of these interactions listed in
Table I.

The opposite sign of the two interactions indicates sig-
nificant frustration in bulk samples along the c axis, while
the larger number of Jc2 bonds relative to Jc1 means that
the ferromagnetic interaction dominates and gives rise to the
ferromagnetic ground state. This difference in the sign of the
interaction also offers an explanation for the low TC con-
sidering the intraplane interactions that persist up to room
temperature [7] and that the ordering transition of CrSiTe3

increases as the material is exfoliated to thin films and
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FIG. 1. (a) A line cut through the K point by integrating ( 1
3 ±

0.05 1
3 ± 0.05 − 6 ± 0.1) and �E = 0.25 meV using the data col-

lected on ARCS. The data were then fit to the Hamiltonian descibed
in the text, including the DM term. The fit value for the DM term
was 0.115(3) meV, in good agreement with Ref. [8]. (b) When the
procedure done in the top panel was repeated for integrating different
Q volumes around the K point, the fit value of the DM term was
found to monotonically decrease with the integration range. The fits
did not converge for volumes with δ < 0.025 r.l.u.

monolayers [11], relieving the long-range interlayer frustra-
tion. While the nearest-neighbor interaction along the c axis
is antiferromagnetic, the Jc2 interaction is of comparable
strength and the larger multiplicity stabilizes the 3D ferromag-
netism in the material. This has implications for the nature of
the ordering of the material in the presence of lattice distor-
tions, in agreement with theoretical predictions for CrSiTe3

under in-plane strain [12]. Devices and heterostructures where
CrSiTe3 is placed on a substrate will similarly be subjected to
lattice strain that can affect the degree of magnetic frustration
[13].

To look for the presence of a magnon gap, we looked at
the constant- �Q cut at the K point = ( 1

3
1
3 −6), shown in

Fig. 1(a). The spurion described above will not be present in
time-of-flight data, but is subject to other resolution effects, as
described below. To create this cut, the data were integrated
to cover the volume of �Q space contained in ( 1

3 + δ, 1
3 + δ,

−6 + 2δ) with δ = 0.05 r.l.u. The data were fit to the follow-
ing Hamiltonian:

H = Jab1

∑

i

�Si · �Si+1 + Jab2

∑

i

�Si · �Si+2

+ Jc1

∑

i

�Si · �Si+3 + Jab3

∑

i

�Si · �Si+4

+ Jc2

∑

i

�Si · �Si+5 − Di j

∑

i< j

�Si × �S j, (1)

where the exchanges out to the sixth-nearest neighbor are in-
cluded. This Hamiltonian follows the work of Ref. [7], where
a third-nearest-neighbor term, Jab3, was needed to capture the
spin-wave dispersions in the plane, and the work of Ref. [8],
where a second out-of-plane exchange, Jc2, and the DM term,
Di j , were included.

In order to fit the cut in Fig. 1(a) to Eq. (1), the values for
Jc1 and Jc2 obtained above were used, along with the values
obtained from our previous work [7]. The value of the nearest-
neighbor interaction was fit along with the DM term, and this
gave a value for the DM interaction of 0.115(3) meV. This is in
excellent agreement with the previous work in Ref. [8], which
found a value of D = 0.12 meV. The values of the parameters
are summarized in Table I. As we discuss in the following
paragraph, this demonstrates reproducibility of the data, but
the existence of a DM interaction may be more complex.

Recent work on another Cr honeycomb material, CrI3, has
demonstrated that an apparent magnon gap was likely over-
estimated due to finite instrumental resolution and the data
integration volume used in the analysis [14]. To perform a
similar analysis on CrSiTe3, the integration volume defined
by δ was decreased from 0.2 r.l.u. and fitting the data in
the same manner as described above to obtain a value for
the DM interaction. The results are shown in Fig. 1(b) and
show that the resulting value of the DM interaction decreases
monotonically with the integration volume, as was observed in
CrI3. For values of δ < 0.025 r.l.u., the fits did not converge,
so it is unclear whether the DM term vanishes or is present,
but much smaller than reported.

IV. INSTRUMENTAL RESOLUTION

To make more quantitative conclusions about the DM inter-
action and the effect of instrumental resolution, measurements
were also performed on the thermal triple-axis spectrome-
ter HB3. Constant- �Q measurements at the K point ( 1

3
1
3 3)

were performed with fixed final energies of E f = 5.5 and
14.7 meV. To remove spurious scattering and other sources
of background, a background was measured by driving the
PG analyzer to zero scattering angle and performing the
identical constant- �Q scan. This removes coherent scattering
from the analyzer, but preserves the inchorent scattering that
gives rise to the spurion at (0.3, 0.3, 3) and 8 meV. The
background-subtracted data were fit to the Hamiltonian de-
scribed in Eq. (1), with the Jc1 and Jc2 values determined
earlier and the DM term fixed to zero. This Hamiltonian was
convoluted with the instrumental resolution calculated with
reslib [15] and the corresponding fit is shown in Fig. 2.

The data are seen to be consistent with the absence of a
DM interaction, though it does not rule out a small term.
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FIG. 2. A constant-Q scan at the K point on the HB3 thermal
triple-axis spectrometer. A background scan was also performed
using the same configuration, but driving the analyzer flat. This
removes coherent scattering from the analyzer, but preserves the
incoherent signal that is a source of spurious scattering. The
background-subtracted data are shown, where the solid line is a fit
to the Hamiltonian with zero DM term, and convoluted with the
instrumental resolution.

Fitting this data with a nonzero DM term did not converge
due to overparameterization from the in-plane interactions,
but it was seen that the data were not consistent with a DM
term of the magnitude reported in Ref. [8]. This suggests
that the behavior of CrSiTe3 is likely similar to that of CrI3

[14], CrBr3 [16], CrCl3 [17], and other related materials that
may possess a very small gap. The nature of the interactions
is more complicated than the Hamiltonian used, as it does
not account for the anisotropic magnons that were observed,
described in the section below.

V. ANISOTROPIC MAGNONS

The ARCS data showing the dispersions along the ( 1
2

1
2 L)

direction are shown in Fig. 3(a). Simulation of this spin-wave
spectrum were done using SPINW [18] utilizing the Hamil-
tonian described above. Along this direction, the spin-wave
spectrum is not sensitive to the presence of a DM interaction,
though for these calculations the DM interaction is fixed to
zero. The data for the ( 2

3
2
3 L) direction are shown in Fig. 3(d).

It was observed that the spectrum along this direction is not
symmetric about L= 0 (L is not equivalent to −L), while the
simulated data were symmetric.

This anisotropic magnon dispersion is allowed by the crys-
tal symmetry since there is no mirror plane along the c axis.
However, the anisotropy cannot be reproduced with the linear

FIG. 3. (a) Spin waves measured along the ( 1
2

1
2 L) direction, where there is no contribution from a DM term. This data were used to

constrain the fits to the out-of-plane excahnge constants. (b) Spin-wave simulations of the ( 1
2

1
2 L) dispersion with the Kitaev interaction

described in the text. (c) The data along ( 1
2

1
2 L) at the top of the band (�E = 10.5 meV) overlaid with simulations using a purely Heisenberg

Hamiltonian and no DM interaction (solid line), and the same Hamiltionian, but with the nearest-neighbor in-plane interaction being a Kitaev
interaction (dashed line). Both agree well with the data, as this reciprocal space direction is not sensitive to changes in these parameters.
(d) Spin waves measured along the ( 2

3
2
3 L) direction, where the dispersion is seen to be anisotropic relative to L = 0. (e) The simulations along

the panel (a) direction including the Kitaev interaction. This distorts the spin-wave spectrum and produces an anisotropy along the L direction.
(f) The data overlaid with the Heisenberg and Kitaev exchange simulations along the top of the band (�E = 10 meV). This shows that the
anistropy produced by the Kitaev term does not change the band minima/maxima, fundamentally different from the spin-wave anisotropy
observed in the data.
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spin-wave theory (LSWT) calculations in spinw , including
the introduction of a DM interaction. Using the software
package SUNNY [19], the introduction of a Kitaev interaction
along the nearest-neighbor in-plane exchange (Jab1) does not
change the symmetry of the bands, but it does produce some
anisotropy in the spin-wave intensity. This anisotropy appears
in the middle of the band, which does not match the experi-
mental data. In the data, the intensity remains at the extrema
of the band, where the data are anisotropic, but the model
is not. Figures 3(b) and 3(e) show the simulated data along
these directions with the inclusion of this Kitaev interaction.
To highlight the difference between the data and simulations,
Figs. 3(c) and 3(f) show line cuts along these two directions
at the top of the spin-wave band. This shows that for the
( 2

3
2
3 L) direction, the introduction of the anisotropic Kitaev

exchange does not change the L symmetry of the band max-
ima and minima. Other exchanges, including in-plane DM
interactions, biquadratic exchange, and other Kitaev terms,
were introduced to attempt to explain the data, but could not
explain the observed asymmetric magnons. It may indicate
that some other form of exchange anisotropy is responsible
for this behavior, but this is an open question.

This anisotropy is not present along any other measured
reciprocal space direction. It is also an open question as to
why the K–H–K ′ direction is unique in this regard, especially
when compared to other reciprocal space directions, such as
�–A–�′.

VI. CONCLUSIONS

We have reexamined the magnon dispersions in CrSiTe3 in
light of the possible emergence of Dirac magnons. Neutron
spectroscopy measurements have demonstrated the impor-
tance of the second-nearest-neighbor out-of-plane interaction,
Jc2, in stabilizing the long-range order. The frustration of Jc1

and Jc2 may explain the increase in the magnetic transition
temperature when CrSiTe3 is exfoliated to monolayers or is

subjected to in-plane strain. A careful study of the magnon
dispersion around the K point suggests that the observed gap
appears to be enhanced due to resolution effects and spurious
scattering. If there is a DM term present in this material, it is
likely much smaller than previously reported.

Finally, an anisotropic magnon dispersion was observed
along the ( 2

3
2
3 L) direction, which encompasses the K point,

with no anisotropy observed for other reciprocal lattice di-
rections. This anisotropy has not been explained with Kitaev
interactions, but simulations of the data using a Kitaev term
have shown anisotropic spectral weight, suggesting that the
anisotropy observed in the data may arise due to other
anisotropic exchange. Determining the form of this exchange
interaction may shed further light on the Hamiltonian and the
nature of any gapped excitations or Dirac magnons.
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