
PHYSICAL REVIEW B 106, L060408 (2022)
Letter Editors’ Suggestion

Gaps in topological magnon spectra: Intrinsic versus extrinsic effects
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Determining and explaining the presence of a gap at a magnon crossing point is a critical step to characterize
the topological properties of a material. An inelastic neutron scattering study of a single crystal is a powerful
experimental technique to probe the magnetic excitation spectra of topological materials. Here, we show that
when the scattering intensity rapidly disperses in the vicinity of a crossing point, such as a Dirac point, the
apparent topological gap size is extremely sensitive to experimental conditions including sample mosaic, reso-
lution, and momentum integration range. We demonstrate these effects using comprehensive neutron scattering
measurements of CrCl3. Our measurements confirm the gapless nature of the Dirac magnon in CrCl3, but also
reveal an artificial, i.e., extrinsic, magnon gap unless the momentum integration range is carefully controlled.
Our study provides an explanation of the discrepancies between spectroscopic and first-principles estimates of
Dirac magnon gap sizes and provides guidelines for accurate measurement of topological magnon gaps.
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Magnons in a honeycomb-lattice ferromagnet have an anal-
ogous description to the single-orbital tight-binding model
for electrons in graphene. As a result, the magnons exhibit a
linear energy-momentum dispersion near a magnon crossing
point, often termed a Dirac magnon (Fig. 1) [1–3]. Observing
the Dirac magnon is of intense current interest as a means
of assessing potential topological properties. In particular, if
spin-orbit coupling (SOC) accompanying a broken inversion
symmetry generates a nonzero Dzyalloshinskii-Moriya inter-
action (DMI), a gap opens at the Dirac crossing point, in close
analogy with the spin-orbit-induced semiconducting gap in
graphene. This can yield a topologically protected magnon
edge-state with low dissipation, which results in a nontrivial
topological magnon insulator [2–5]. Consequently, experi-
mentally identifying materials with a topological magnon gap
(TMG) is a crucial goal, with wide-ranging implications for
spin-transport-based technologies such as magnon spintronics
[6–8].

Several chromium-based (Cr3+, S = 3/2) honeycomb fer-
romagnetic materials have been proposed to host gapped
Dirac magnons, namely CrBr3, CrI3, and CrMTe3 (M = Si,
Ge) [9–12]. In these materials, the key evidence for a TMG
was obtained from single-crystal neutron spectroscopy exper-
iments, which report gaps ∼3 to 5 meV. However, the origin
of the gap remains unclear, with proposals including DMI,
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Kitaev interactions, and magnon-phonon coupling [5,9,10,13–
15]. Furthermore, the estimated gaps based upon the DMI
and Kitaev interaction strengths are much bigger than pre-
dicted by first-principles calculations for the small SOC of
half-filled t2g orbitals of Cr3+ [13,16]. In this context, ac-
curate neutron spectroscopy experiments are crucial because
they provide a measurement of the magnon dispersion in
four-dimensional momentum-energy (Q-E ) space that can be
quantitatively compared with calculations. In practice, how-
ever, the weakness of the neutron-sample interaction often
requires compromises to increase the signal strength, such as
the use of many coaligned single crystals with increased mo-
saicity, the relaxation of Q- and E-resolution to gain neutron
flux, and the integration of measured data over a significant
range of Q and E to improve counting statistics. These ap-
proaches can result in spurious findings when the neutron
intensity rapidly disperses or has a singularity in Q-E space
as is the case for a Dirac magnon, and this may in turn cause
a significant impact on the observation and estimates of the
TMG.

In this letter, we present a detailed analysis of extrinsic
effects on spectroscopic estimates of TMG sizes. Our key
finding is that a dominant extrinsic contribution to the ap-
parent magnon gap occurs if “typical” Q-integration ranges
are used, which can cause the TMG to be substantially over-
estimated or misdiagnosed. We identify this effect using a
simple model. We then present high-resolution neutron spec-
troscopy measurements on a single crystal of CrCl3. Our
results establish CrCl3 as an ideal quasi-two-dimensional (2D)
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FIG. 1. Demonstration of how data processing parameters (Q-
range of integration) and sample mosaicity lead to the appearance
of artificial gaps in a gapless Dirac magnon spectrum. (a) Gapless
Dirac magnon dispersion for spins S on a honeycomb lattice with
ferromagnetic nearest-neighbor interaction J1. (b) The Q-E contour
map is obtained by integrating over data within the finite orthogonal
Q-range, 2δ, shown in (a). An artificial gap (�K) appears in the
spectrum with an apparent size (�K, defined as the distance be-
tween the two peak centers) that depends on the Q-integration range.
(c) Sample mosaicity generates a broad distribution of off-centered
Dirac cones in Q, and the superposed magnon spectra produce an
artificial gap at the K-point. (d) Calculated Dirac magnon spectra for
a 10◦ sample mosaicity with a δ = 0.01 r.l.u.. Data within the yellow
bar are integrated to obtain the energy scan at the K-point (far right
panels).

Heisenberg ferromagnet with a gapless Dirac magnon and
provide a comprehensive map of the excitation spectrum
near the Dirac point. However, we also find that an extrin-
sic magnon gap appears unless the Q-integration range is
carefully controlled. Finally, we reinterpret published spectro-
scopic studies of CrBr3 [11] and CrSiTe3 [12], and show that
the apparent magnon gaps in these materials likely contain
substantial extrinsic contributions. Our results resolve appar-
ent discrepancies between spectroscopic and first-principles
estimates of TMG sizes, and provide guidelines for the accu-
rate measurement of TMGs.

Figure 1 shows calculated magnon spectra for a
honeycomb-lattice Heisenberg ferromagnet with nearest-
neighbor (n.n.) interaction J1. This model preserves effective
time-reversal magnon symmetry and exhibits a gapless Dirac
magnon. As shown in Fig. 1(a), two cone-shaped disper-
sions touch at a single location in three-dimensional Q-E
space. The linear dispersion near the Dirac point is revealed
by taking a slice along the [−K, K, 0] direction [Fig. 1(b)].
In practice, it is necessary to integrate the intensity over a
finite Q-range (2δ) orthogonal to the slice direction. The gap-
less Dirac magnon is faithfully reproduced only in the limit

δ → 0 [Fig. 1(a)]. In contrast, taking δ = 0.03 r.l.u. yields an
apparent gap of size ∼ 0.5SJ1, which is 8% of the full band-
width of 6SJ1 [Fig. 1(b)]. Here, our choice of δ is informed
by previous experimental studies, in which “typical” values
of δ are between 0.03 and 0.20 r.l.u. [9–11,17]. This extrinsic
gap occurs because the intensity is averaged over the Dirac
cone away from the Dirac point and is substantial even for
small δ because the intensity varies rapidly with Q. This
Q-integration effect is distinct from the effect of sample mo-
saicity, such as that considered for a recent study of CrI3 [10],
which generates a superposition of off-centered Dirac cones
[Fig. 1(c)] and causes an additional artificial gap at the Dirac
point [Fig. 1(d)].

We investigate extrinsic contributions to the magnon gap
using spectroscopic measurements of the van der Waals mag-
net CrCl3, which contains undistorted Cr3+ honeycomb layers
below 150 K (space group R3̄) [18,19]. CrCl3 has an in-plane
ferromagnetic spin alignment in each honeycomb layer below
TN = 14 K [18]. The relatively light Cl ligand is likely to
give a small SOC and hence anisotropic exchange interactions
should be correspondingly weak and host a gapless Dirac
magnon, as suggested by recent neutron-scattering measure-
ments on polycrystalline CrCl3 samples [20,21]. Furthermore,
unlike other Cr halides such as CrI3, large single crystals
of CrCl3 with a small sample mosaic can be grown. Con-
sequently, CrCl3 is an ideal model system to investigate the
impact of extrinsic effects and data treatment on the spin-wave
spectrum near the Dirac point.

A CrCl3 single crystal (mosaic < 0.68◦) was grown by
recrystallization of commercial CrCl3 powder [22]. The in-
elastic neutron scattering (INS) data were collected with the
SEQUOIA time-of-flight spectrometer [23] at the Spallation
Neutron Source located at Oak Ridge National Laboratory
[24]. Figure 2(a) shows the measured magnon spectra at 5 K
(T < TN). The spectra are composed of one acoustic and one
optical magnon branch with an overall magnon bandwidth
of 8 meV (WHK ) in the HK-plane. The acoustic magnon
emanates from the � point (0,0,0), and meets the optical
magnon at the K-points, exhibiting typical spin waves for a
ferromagnetic honeycomb lattice [2].

To model the observed magnon spectra, we used linear
spin-wave theory using the SPINW package [25] assuming a
spin Hamiltonian of H = Jn

∑
i, j SiS j − Dz

∑
i(S

z
i )2, for S =

3/2 of Cr3+. We consider Heisenberg (Jn) exchanges up to
the third n.n. in the honeycomb plane and an easy-plane
single-ion anisotropy (Dz > 0). We exclude bond-dependent
exchange interactions (Kitaev and � terms) as these would
yield different mode energies at different K-points coupled
to the aligned spin direction [26], in disagreement with our
experimental data. We note that the symmetry-allowed sec-
ond n.n. DMI term cannot generate a magnon gap at the
K-point for the in-plane magnetic structure with the symme-
try operations of the exchange matrix for the R3̄ structure
[17]. The interlayer coupling was assumed to be negligible
due to the highly two-dimensional spin-wave dispersion (see
Ref. [24] for more details). The calculated magnon disper-
sions were fitted to the experimental dispersion points ex-
tracted by fitting a Gaussian function to the INS spectra. The
best fit was for J1 = −0.934(5) meV, J2 = −0.0302(2) meV,
J3 = 0.0488(1) meV, and Dz = 0.0100(1) meV [24]. The
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FIG. 2. (a) INS spectra of CrCl3 measured at T = 5 K (<TN) along high-symmetry directions as indicated in the HK-reciprocal space map
shown in the inset. Data were obtained by integrating over a thickness of Q = 0.024 Å−1 (0.02 r.l.u. along [H, 0, 0] and −2.5 � [0, 0, L] �
2.5). (b) Corresponding spin-wave calculations convolved with the energy resolution function of the instrument. Constant energy slices for (c)
E = 6.0 ± 0.15 meV and (d) E = 2.5 ± 0.15 meV are compared with the corresponding calculations.

FIG. 3. (a) Q-E slices along [H , H , 0] with K = −0.05, 0, 0.05, 0.1, and 0.15 for [−K, K, 0]. Data were obtained by integrating over
−0.01 � K � 0.01 and −2.5 � L � 2.5. The dashed lines connect ends of the acoustic and optical magnon bonds indicating a crossing at
the Dirac point, K = ( 1

3 , 1
3 , 0). (b) Constant energy slices of the INS spectra. The dashed lines indicate the energy evolution of the acoustic

and optical magnons along the transverse Q-direction near the Dirac point. (c,d) Opening an artificial gap at crossing point, ( 2
3 , − 1

3 , 0), with
increasing integration range dQrad. The spectra were collected using high-resolution mode for Ei = 11 meV with the SEQUOIA spectrometer,
and obtained by integrating over (c) dQrad = ±0.01 r.l.u., (d) dQrad = ±0.03 r.l.u., and (e) dQrad = ±0.06 r.l.u. (0.02, 0.06, 0.13 Å−1,
respectively). The energy-resolution convolved spin-wave spectra are compared in the second and third rows and are calculated using the
experimental Q-integration ranges. The constant Q-scans at the Dirac point were compared by integrating over dQtrans = ±0.02 r.l.u. (yellow
bar in the contour map). The blue bar is the instrumental resolution at EDirac = 4.4 meV. The peak positions and full-width-at-half maximum
are quantified by Gaussian fits and exhibited as points with error bars, respectively, as a function of dQrad in (f). The distance between the
positions indicates the apparent gap size.
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single-ion anisotropy was found to be nearly zero, indicating
a nearly isotropic Cr3+ spin. Figs. 2(b) to 2(d) show that
the calculated spectra reproduce the measured spectra with
high fidelity, demonstrating a quasi-two-dimensional Heisen-
berg ferromagnetic honeycomb spin-lattice for CrCl3. The
determined Hamiltonian preserves time-reversal symmetry of
magnons, resulting in a gapless Dirac magnon at the K-point.

Details of the spectra near the Dirac point are shown in
Fig. 3. The magnon spectra are displayed along the radial
Q-direction (parallel to [H, H, 0]) with varying transverse Q-
component ([−K, K, 0]) in Fig. 3(a). The acoustic and optical
modes intersect at the Dirac point ( 1

3 , 1
3 , 0). This sharp band

touching is viewed as a nodal point at EDirac = 4.4 meV in
the horizontal Q-E slices of the spectra [Fig. 3(b)], repre-
senting the shape of a Dirac cone dispersion. Deviating from
EDirac, the Dirac point evolves into triangular scattering pat-
terns around K [Figs. 2(c) and 2(d)] with modulating intensity
across the Dirac point in energy. The variation in intensity
is associated with the isospin locked with offset momentum
winding around the Dirac point [26–28]. As the result, the
two conical dispersions having antiphased winding patterns
of intensity meet at the K-point [see Fig. 1(a)]. When Q is
perpendicular to the radial direction, the two bands have an
identical structure factor and a clear band crossing is revealed,
as shown in Fig. 3(c), evidencing a gapless Dirac magnon in
CrCl3.

As described above, a focal issue in the search for topo-
logical properties of the magnon spectrum is identifying the
presence of an intrinsic TMG. Here we investigate the im-
pact of Q-integration range on the spectrum near the Dirac
point in CrCl3. Figures 3(c) to 3(e) show the results of the
histogrammed spectra in the vicinity of the K-point while
varying the orthogonal momentum-integration range dQrad

(see Fig. 3(b) for dQrad). For dQrad = ±0.01, the experimen-
tal spectrum shows a gapless feature [Fig. 3(c)]. However, a
slightly wider integration range with dQrad = ±0.03 opens an
apparent gap with �K ∼ 0.7 meV (∼0.09 WHK ) [Fig. 3(d)]
and the apparent gap size increases with �K ∼ 1.3 meV
(0.16WHK ) for dQrad = ±0.06 [Fig. 3(e)] (see Fig. 3(f)
for dQrad dependence of the gap size). The measured
spectra are directly compared to the spin-wave calculation
from the obtained Hamiltonian parameters, reflecting the
energy-resolution function of the instrument for the identical
momentum integration ranges. The good agreement between
calculations and experiment demonstrates that the apparent
gap is fully explained by the choice of Q-integration range.
This artificial gap consistently appears in the radial Q scan for
dQtrans range, reflecting the conical shape of the dispersion. It
is worth noting that this apparent gap exhibits a finite spectral
intensity within the gap, where the instrumental resolution is
smaller than the apparent gap size, which is in contrast to the
TMG case showing zero intensity between the peak splitting
[24]. Therefore, to clarify the magnitude of a TMG, a careful
comparison of the measured data to the energy-resolution
convolved spin-wave calculation including momentum inte-
gration range should be performed.

The discussion above has important implications for the
ongoing debate regarding the observations of the Dirac
magnon gap in other chromium van der Waals honeycomb
ferromagnets. The previously used momentum integration

FIG. 4. Calculations of INS spectra for topological magnon can-
didates, considering extrinsic effects. (a) Calculated spectra for the
time-of-flight spectrometer experiment for CrBr3 [11]. Spin-waves
were calculated for only the Heisenberg Hamiltonian parameters
considering the integration range dQtrans = 0.2 r.l.u. (0.23 Å−1).
(b) Calculated energy scans at K1 and K2. (c) Calculated spectra for
a triple-axis spectrometer experiment for CrSiTe3 [12]. The spin-
wave spectrum was calculated for only the Heisenberg parameters,
and convolved with the instrumental energy resolution function for
the experimental conditions presented in Ref. [12]. The simulated
resolution ellipse functions at the K-points at EDirac = 10 meV are
indicated with gray ellipses. The K-points are divided into “focus”
and “defocus” regions according to the coupling status of the disper-
sion and resolution ellipse, and the energy scans simulated at K focus

1 ,
Kdefocus

1 , and Kdefocus
2 are compared in (d).

range and a large sample mosaic for CrBr3 (dQtrans = ±0.2)
and CrI3 (sample mosaic = 8–17◦), respectively, are likely
to cause a large extrinsic gap contribution [9–11]; thus the
TMGs are likely overestimated. Figure 4(a) shows the cal-
culated INS spectrum of the spin-wave spectra for CrBr3

[11], including the Q-integration range and instrumental res-
olution used in Ref. [11]. This calculation assumes only
Heisenberg interactions (J1 = −1.48 meV, J2 = −0.08 meV,
J3 = 0.11 meV, and Dz = −0.02 meV, from Ref. [11]). For
simplicity, the sample mosaic was assumed to be zero. The
resulting spectrum shows the upper and lower magnon spec-
tra having decreased intensities near the Dirac points (K1,
K2), which reproduces the observed magnon dispersion in
Ref. [11]. Noticeably, most of the observed gaps with peak
splittings ∼4 meV in the energy scans at K1 and K2 are ex-
plained by the orthogonal momentum integration range effect
on a pure Heisenberg model, without DMI [Fig. 4(b)]. As a
consequence, the size of the gap at the Dirac point is likely
overestimated.

In contrast to time-of-flight spectroscopy measurement on
Cr trihalides, topological magnon candidtates CrMTe3 (M =
Si, Ge) were measured using triple-axis spectrometers [12].
For triple-axis measurements, resolution effects can be signifi-
cant, particularly when horizontal focusing is used. Therefore,
the observed spectra are strongly coupled to the shape of
the resolution function [gray ellipse in Fig. 4(c)]. Figure 4(c)
exhibits newly calculated spin-wave spectra for CrSiTe3 [12],
including the resolution calculation for the experiment using
RESLIB [29]. For the spin-wave calculation, we used only
Heisenberg spin Hamiltonian parameters (J1 = −1.49 meV,
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J2 = −0.15 meV, Jc1 = −0.07 meV, Jc2 = −0.06 meV, and
Dz = −0.01 meV, from Ref. [12]). As can be seen, while
the gapless Dirac dispersion parallel to the the ellipse (fo-
cused) at K focus

1 leads to a gapless single peak, the Dirac
dispersions antiparallel to the ellipse (defocused) at Kdefocus

1
and Kdefocus

2 lead to an apparent gaps in the constant Q-scans
[Fig. 4(d)]. In this case, the defocused resolution condition
plays a similar role to the orthogonal Q-integration range
in Fig. 3. Confirming the TMG in CrMTe3 (M = Si, Ge)
requires quantitative comparison of the data and the fully
resolution-convolved simulation. Assuming that the data in
Ref. [12] [Fig. 2(h)] was measured at the focused K1 ( 1

3 , 1
3 , 3)

and defocused K2 ( 2
3 , 2

3 , 3), our new resolution-convolved
spin-wave simulations suggest a DMI ∼ 0.06 meV that is ap-
proximately half of the value reported in Ref. [12] (see [24] for
details).

In conclusion, understanding topological magnon spectra
is important for the realization of magnon-based electronic
devices as well as for the fundamental goal of discovering
a topological magnon insulator. To meet these challenges,
accurately estimating an intrinsic Dirac magnon gap is
a critical issue and INS experiments play a key role in
this endeavor. In particular, our study provides important
guidance for spectroscopic measurements of systems having
a singularity or a band crossing where the spectrum rapidly
disperses in momentum space. We showed that instrumental
and data-processing effects can introduce an artificial gap, so
that accurate estimation of the topological gap size requires
careful data histograms and comparison with resolution-

convolved calculations. Our results are relevant not only
to Dirac magnon gaps, but also to Weyl magnons, deter-
mining the avoided crossing of rattler modes to acoustic
phonons [30], and quantifying the lifetime of rapidly de-
caying phonon spectra [31], where similar effects may be
anticipated.
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