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Thermal Evolution of Dirac Magnons in the Honeycomb Ferromagnet CrBr;
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CrBrj is an excellent realization of the two-dimensional honeycomb ferromagnet, which offers a bosonic
equivalent of graphene with Dirac magnons and topological character. We perform inelastic neutron
scattering measurements using state-of-the-art instrumentation to update 50-year-old data, thereby enabling
a definitive comparison both with recent experimental claims of a significant gap at the Dirac point and with
theoretical predictions for thermal magnon renormalization. We demonstrate that CrBr; has next-neighbor
J, and J3 interactions approximately 5% of J4, an ideal Dirac magnon dispersion at the K point, and the
associated signature of isospin winding. The magnon lifetime and the thermal band renormalization show
the universal 72 evolution expected from an interacting spin-wave treatment, but the measured dispersion
lacks the predicted van Hove features, pointing to the need for more sophisticated theoretical analysis.
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Graphene, the original two-dimensional (2D) material, is
a single layer of carbon atoms with strong covalent bonds
forming a honeycomb lattice, and some of its exceptional
physical properties [1-3] are a consequence of its band-
structure topology, which allows the electrons to behave as
massless quasiparticles described by the Dirac equation.
The same band structure is realized for bosonic quasipar-
ticles in systems such as a 2D ferromagnet (FM) on the
honeycomb lattice [4] shown in Fig. 1(a), which has
magnon excitations that also exhibit Dirac cones at the
K points of the Brillouin zone (BZ), as represented in
Figs. 1(b) and 1(c). The topology of magnon band
structures has became a matter of active theoretical [4-8]
and experimental [9-14] research due to possible applica-
tions in spintronic devices [15-17]. Inelastic neutron
scattering (INS) provides direct access to the magnon
dispersion, and the spectra of a number of honeycomb
FMs have been measured in their low-temperature regimes
(T < T,, the temperature of magnetic order) [10,12,18].

Promising materials for these studies are the family of
chromium trihalides, CrX; (X = CI [23], Br [24], [ [25]), in
which the honeycomb layers [Fig. 1(a)] have identical
stacking, but T, the size, and even the sign of the interlayer
magnetic interaction all vary with X [26]. Measurements on
CrCl; [18,27] indicate a Dirac-cone magnon dispersion
[Fig. 1(b)], but in Crl; a gap is reported [10] at the K point,
creating acoustic and optical magnon modes [Fig. 1(c)]
whose anticrossing is thought to be a consequence of strong
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next-neighbor Dzyaloshinskii-Moriya (DM) interactions.
CrBr; was for 50 years considered as a textbook example of
FM magnons, with no indication for a band splitting
[24,28], but the recent report of a large, DM-induced
anticrossing [13] similar to Crl; has created controversy.
Turning to the temperature-induced renormalization of
these magnons, theoretical calculations predicted that a
Dirac-cone spectrum should produce a very specific T2
form for the evolution of the magnon dispersion and
linewidth [4], accompanied by characteristic features at
certain wave vectors. Although the old INS results were
cited as verification, systematic measurements of the
thermal renormalization of the magnon spectrum remain
absent.

In this Letter, we perform a comprehensive study of the
temperature-induced renormalization of the magnon self-
energy in CrBr; using modern neutron spectrometers. We
first use low-temperature INS data to refine the magnetic
spin Hamiltonian and find weak next-neighbor interactions.
We prove that the magnon dispersion has Dirac cones, the
recent report to the contrary apparently being an artifact of
the data treatment, and we demonstrate near-ideal cosinu-
soidal intensity winding around the K points. Working at
temperatures up to 40 K, we find considerable downward
renormalization of the magnon dispersion and growing
linewidths, whose T2 form we characterize to high accu-
racy, but whose variation across the BZ is demonstrably not
well captured by the available theory. In this way our results
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FIG. 1. (a) Honeycomb layer of CrBrs. The Cr** ions (blue)
host § = 3/2 spins with FM interactions. (b),(c) Schematic spin-
wave spectra in the vicinity of the K points. When inversion
symmetry is preserved, the dispersion forms a Dirac cone (b);
otherwise, a gap opens to form separate acoustic and optical
magnon branches (c). (d)—(g) Scattered intensity obtained by
integrating the PANTHER E; = 30 meV dataset over four con-
stant-energy windows (indicated) and compared with linear spin-
wave theory (LSWT); all panels have the same intensity scale.
White lines indicate the boundaries of the crystallographic BZ. A
Q-independent background was subtracted from each spectrum
to aid visual comparison. (h) Intensity obtained on winding
around the K point, showing a cosinusoidal modulation with
inverted phase for energies above and below the Dirac point.
Solid lines show the corresponding fits [Supplemental Material
Eq. (S1) [19]] with an additive background term.

establish the experimental standard for temperature-
induced modification of the spin dynamics in a honeycomb
ferromagnet.

Experiment.—A 1.5 g single crystal of CrBr; was grown
by slow sublimation in a temperature gradient under
vacuum, as detailed in Sec. S1 of the Supplemental
Material (SM) [19]. Its high quality was confirmed by

single-crystal neutron diffraction, from which we deter-
mined the lattice parameters at 1.7 K as a = b = 6.31 A
and ¢ = 18.34 A, and a structure consistent with the Bil;-
type and space group R3 [23,24]. We conducted two INS
experiments, using the time-of-flight (TOF) spectrometer
PANTHER at the Institut Laue-Langevin [29,30] and the
triple-axis spectrometer (TAS) EIGER at the Paul Scherrer
Institute [31]. In both experiments the sample was oriented
in the (hkO) scattering plane. On PANTHER we collected
data at T = 1.7, 20, 30, and 40 K, each with two incident
neutron energies, £; = 15 and 30 meV, and performed TOF
data reduction and analysis using the software MANTID [32]
and HORACE [33]. On EIGER we used the fixed-k; mode
and worked at eight different temperatures from 1.5 to
40 K. Resolution information for both instruments is
discussed in Sec. S2 of the SM [19]. Calculations of the
low-temperature magnon dispersion and intensity, which
we used to fit the spin Hamiltonian, were performed using
the sPINW package [34].

Low-temperature spectra.—We begin with the spectra
collected on PANTHER at 7 = 1.7 K, a temperature much
smaller than 7. = 32 K [13,35] and thus fully represen-
tative of the ground-state properties. Figures 1(d)-1(g)
show constant-energy cuts at four different parts of the
magnon spectral function and Figs. 2(b)-2(d) show
momentum-energy cuts for several high-symmetry paths
in the BZ [Fig. 2(a)]. We also used the vertical detector
coverage to confirm dispersionless behavior in the out-of-
plane direction, as shown in Sec. S2A of the SM [19].
Focusing first on the two M-K-I" paths in Figs. 2(b) and
2(c), both spectra exhibit a sharp, continuous, and reso-
lution-limited magnon mode with a bandwidth of approxi-
mately 10 meV, a parabolic dispersion around I', and
different intensities in the two zones shown. Figures 2(c)
and 2(d) show the second magnon branch in the crystallo-
graphic BZ dispersing from 5 to 13 meV, although with
zero intensity in Fig. 2(b), and we refer to the two branches
as modes 1 and 2. Here, we label all high-symmetry points
according to the crystallographic BZ, but stress that the
modulation of the scattered intensity follows the unfolded
zone shown in Fig. 2(a), leading to the intensity variations
between BZs in Figs. 1 and 2.

Our first key result is the unambiguous demonstration of
the data in Figs. 2(b) and 2(c) that the magnon bands have a
Dirac dispersion through the K point, with no detectable
splitting into acoustic and optical modes. It is important to
contrast this conclusion with the recent INS study of
Ref. [13], which reported a large band splitting at the K
point. In Sec. S2B of the SM [19] we demonstrate that the
reported splitting is not intrinsic to CrBrj, but is rather an
artifact arising from the large integration width applied in
the analysis of the TOF dataset [27].

Thus, we conclude that the low-temperature magnon
dispersion in CrBrj has an ideal Dirac-cone nature with the
Dirac point at 7.5 £ 0.1 meV [Fig. 1(f)]. This is fully
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FIG. 2. Low-temperature magnon dispersion measured along
several high-symmetry directions. (a) Reciprocal-space represen-
tation of the honeycomb lattice in the (hk0) plane showing the
crystallographic BZ in blue and the unfolded zone in orange.
Green, red, and violet arrows indicate the paths for the spectra
shown, respectively, in panels (b)—(d); the gray arrow indicates
the complete path used in Fig. 3. (b)—(d) Spin-wave spectra
collected using PANTHER with E; = 30 meV at T = 1.7 K. The
data were integrated by £0.03 r.1.u. along the orthogonal in-plane
direction and £5 r.L.u. in the out-of-plane [ direction. Red and
green points show, respectively, the dispersions of modes 1 and 2
modeled by LSWT and their sizes represent the calculated
intensities.

consistent with the inversion symmetry of the nearest-
neighbor bond and the conventional g-factor values, both of
which exclude significant DM effects. It is also consistent
with all of the early INS results [24,28], as we show in
Sec. S2C of the SM [19]. The Dirac cone in the 2D
honeycomb FM was also used as a test case for the
theoretical prediction [36] of a cosinusoidal intensity
modulation arising from the isospin winding of near-nodal
quasiparticles. This fingerprint has been observed recently
in the honeycomb material CoTiO; [12] and in elemental
Gd [14], and our results for the intensity distribution around
the K point, shown in Fig. 1(h) and detailed in Sec. S2D of
the SM [19], constitute its cleanest observation to date.

Next, we use our low-temperature INS spectra to refine
the spin Hamiltonian. Based on the lack of evidence for
DM interactions in Fig. 2, but the very accurate measure-
ment of a tiny spin gap at the I' point by ferromagnetic
resonance (FMR) [35,37], we consider a Heisenberg model
with single-ion anisotropy,

(i.j) i

Here, S; is a §=3/2 spin operator, J;; are isotropic
superexchange interactions between different Cr-ion pairs,
and D is the single-ion term. We determine the energies of the
two magnon modes at 139 Q points by fitting the corre-
sponding constant-Q cuts to two resolution-convolved
Lorentz functions. We then use this dataset to fit the magnetic
interactions in CrBr; by working within LSWT, as imple-
mented in SPINW. We find the most accurate description of the
observed spectra using three in-plane interactions and a very
weak easy-axis anisotropy, as detailed in Sec. S3 of the
SM [19]. The optimal parameters we obtain for Eq. (1) are
Jy = —1.485(15), J, = —0.077(13), J3; = 0.068(12), and
D = —0.028(7) meV. Although we cannot detect the spin
gap created by such a small anisotropy, we include the gap
deduced from FMR in our fit. The excellent agreement
between the observed and calculated INS spectra, both in
dispersion and intensity distribution, is clear in Figs. 1(d)—
1(g) and 2(b)-2(d).

Spin dynamics at finite temperature.—Turning to ther-
mal effects, Figs. 3(a) and 3(b) show two representative
spectra collected, respectively, at 7 = 1.7 and 30 K.
Increasing T clearly broadens the magnons and causes a
downward energy shift, which decreases their bandwidth.
To quantify both effects, and their dependence on Q, we
used PANTHER to measure the spectral function at
T = 20, 30, and 40 K over several BZs. We made multiple
constant-Q cuts covering four high-symmetry directions
and fitted each peak with a Lorentzian broadening, con-
volved with the experimental resolution, to extract the
positions and widths of the two magnon modes at each T
and Q point. Figure 3(c) summarizes the mode positions
obtained at all four temperatures.

To visualize the effect of temperature on the magnon
bands, we compute the normalized dispersion shift [28]

&q (O) - 8q(T)

AZy(T) = T

(2)

where £4(0) denotes the dispersion measured at base
temperature and &4 (7)) the corresponding finite-7" result.
In the interacting SWT analysis of Ref. [4], the T-induced
dispersion renormalization consists of a real Hartree term,
¥,(q), with a weak q dependence caused only by J,, and a
“sunset” term, X, (q). Because both are expected to show a
T2 form [4,38], we have included this factor in Eq. (2).
The symbols in Fig. 3(d) show the dispersion renorm-
alization along the high-symmetry paths. The data for
different temperatures collapse rather well to a single curve
for both modes over the majority of the BZ, and we find
that no change to the assumed 72 form improves this
collapse. To interpret this result, we have adapted the
calculations of Ref. [4] to include the J, and J5 terms, and
present the details of this adaptation in Sec. S4 of the
SM [19]. We observe that Ag,(T') for the upper branch is

127201-3



PHYSICAL REVIEW LETTERS 129, 127201 (2022)

Energy (meV)

(100)

(1.500)
Momentum (r.l.u.)

(0.510) (110)

FIG. 3.

(d)

Scaled energy shift AZ, (10*/K?)

3M K

(100) (1.500) 0)

Momentum (r.l.u.)
SM T M K T
mode 1 mode 2 T
OT=17K 0OT=17K
OT=20K 0OT=20K
OT=30K T=30K
OT=40K OT=40K
T =20 K (from Ref. [24])

B Eﬁ%y;,%)éi} ; e

(100) (1.500)
Momentum (r.L.u.)

(110) (010)

Thermal magnon renormalization in CrBrs. (a),(b) Magnon spectra for the high-symmetry directions taken from the

PANTHER E; = 30 meV dataset at 7 = 1.7 K (a) and T = 30 K (b). The data were integrated over +0.015 Al in-plane and +2 Al
for 1. (c) Magnon branches 1 and 2 extracted for the four experimental temperatures; circles were taken from the E; = 30 meV dataset
and squares from E; = 15 meV. The mode intensities vanish in some regions of the unfolded BZ. (d) Temperature-induced
renormalization of the measured magnon dispersions for modes 1 (up) and 2 (down), shown in the reduced form of Eq. (2). Solid lines
show the real part of the self-energy, ReX(q), obtained by adapting the analytical framework of Ref. [4], in which calculations are
performed for the upper (red) and lower (blue) bands in the crystallographic BZ; dashed lines show the Hartree term, X, (q). (¢) Reduced
thermal renormalization of the measured magnon linewidths for modes 1 (up) and 2 (down). Solid lines show —ImX(q) obtained

following Ref. [4].

described largely by the Hartree term alone, with the X,(q)
contribution becoming sizable only below the Dirac point.

Similarly, Fig. 3(e) demonstrates the analogous 77 data
reduction for the magnon linewidth. Again, the experimen-
tal results for all temperatures collapse rather well, within
their own uncertainties, to a single line. In this case, J, and
J3 have a qualitative role in removing linewidth divergen-
ces that appear at the I" and M points due to the perfect
nesting of the nearest-neighbor bands [4]. However, even
with these terms, the interacting SWT analysis predicts that
both the linewidth and the band renormalization [Fig. 3(d)]
should show multiple sharp peaks across the BZ, these “van
Hove” features reflecting the underlying bare magnon
bands [4], whereas our data do not support their presence.

A striking example is the difference between our data
and the adapted SWT treatment around the M point, where
the analysis predicts that both the energy and linewidth of
the 10 meV peak should show a sharp cusp, which is
shifted slightly from M due to J, and J3 [red lines in
Figs. 3(d) and 3(e)]. To analyze the thermal renormaliza-
tion in a fully quantitative manner, we used EIGER to

measure the spectrum at the M point Q = (1.500) for
multiple temperatures up to 40 K, as shown in Fig. 4(a).
Figures 4(b) and 4(c) show, respectively, the dependences
on T of the magnon energy and linewidth extracted from
both EIGER and PANTHER datasets. When fitted to the
form a + bT*, the M-point data yield depergy = 2.25(15)
and  ayiqn = 1.95(14), in good agreement with the
expected value @ = 2. The same fitting at several Q points
around (1.500) also yields quadratic forms for both
quantities [Figs. 4(b) and 4(c)], while the prefactors b
that we extract show no appreciable changes with Q in
Fig. 4(d), quite in contrast to interacting SWT.
Discussion.—Our studies of thermal renormalization
verify an ideal T? form, in fact above as well as below
T., as we have demonstrated in particular detail at the M
point (Fig. 4). The origin of this behavior lies in the 2D
nature of CrBry and the quadratic dispersion at the band
minimum, where thermally activated magnons cause the
interaction effects responsible for band renormalization
[38]. By a T? data reduction across the whole BZ, we find
that the finite-7 magnon bands we have measured at high q
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FIG. 4. Thermal magnon renormalization at the M point.
(a) Constant-Q cuts measured on EIGER at the M point,
Q = (1.500). Spectra for the different temperatures are offset
vertically by +15 units for clarity. Red lines show complete fits to
the data composed of a magnon contribution (shaded areas) and a
temperature-independent background. The horizontal bar indi-
cates the FWHM resolution of EIGER at 10 meV. (b),(c)
Dependence of the peak position (b) and linewidth (c) on
temperature; solid lines show quadratic fits. Squares and circles
correspond, respectively, to results obtained by fitting the
PANTHER and EIGER datasets. (d) Q dependence of the
quadratic fitting coefficients b through the M point.

resolution do not show features at the characteristic wave
vectors found in a SWT analysis. This indicates that the
S = 3/2 honeycomb FM is subject to complex renormal-
ization effects, arising from the combination of quantum
and thermal fluctuations in the restricted phase space,
whose accurate calculation calls for a more advanced
(self-consistent and perhaps constrained) spin-wave treat-
ment or for an unbiased numerical analysis by state-of-the-
art quantum Monte Carlo [39,40] or matrix-product tech-
niques [41,42].

To conclude, we have applied modern neutron spectrom-
etry and data analysis to the layered honeycomb § = 3/2
ferromagnet CrBr;. At the band minimum we demonstrate
quadratically dispersing magnons with a spin gap far below
our base temperature. At the K point we demonstrate a near-
perfect Dirac-cone dispersion with no discernible gapping,
and we show that its topological consequences are reflected
in the intensity winding. We obtain an accurate fit of the
weak next-neighbor Heisenberg interactions, which remove
the perfect honeycomb band nesting. At finite temperatures,
the magnon renormalization obeys the expected T form to

very high accuracy. However, its dependence on the wave
vector is not well reproduced at low order in spin-wave
theory, indicating a need for more systematic calculations of
mutual quantum and thermal renormalization effects in low-
dimensional magnetism.
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Note added.—We recently became aware that the data-
analysis problem affecting the conclusions of Ref. [13] has
been demonstrated simultaneously in Ref. [27], where its
consequences for identifying Dirac-magnon materials are
discussed.
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