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Spin wave stiffness and damping in a frustrated chiral helimagnet Co8Zn8Mn4

as measured by small-angle neutron scattering
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Multiple intriguing low-temperature phenomena have recently been discovered in the family of chiral cubic
Co-Zn-Mn compounds with a β-Mn-type structure. In particular, Co8Zn8Mn4 displays a reduction of the
helical spiral pitch on cooling along with lattice shape transformations of metastable skyrmions and the
manifestation of peculiar magnetic textures due to strong magnetocrystalline anisotropy. Here we report on
temperature-dependent measurements of helimagnon excitations in the field polarized regime Co8Zn8Mn4

using the spin-wave (SW) small-angle neutron-scattering technique. By applying a new analytical expression
to interpret the data, quantitative estimates for both SW stiffness and damping are extracted across a wide
temperature range between 70 and 250 K. We speculate that their nontrivial temperature dependencies arise
due to the effects of magnetic frustration arising from Mn magnetic moments, which is further reflected in
continuous variations of both exchange and Dzyaloshinskii-Moriya interactions.

DOI: 10.1103/PhysRevResearch.4.023239

I. INTRODUCTION

The competition between magnetic interactions such as
the exchange interaction, the Dzyaloshinskii-Moriya (DM)
interaction, anisotropy, and Zeeman energies is well known to
result in omnifarious phase diagrams among noncentrosym-
metric magnets [1,2]. Among the most studied are the chiral
cubic magnets featuring zero-field helical, field-induced coni-
cal, skyrmion lattice (SkL), and fully polarized phases [3–5].

Recently, a new family of chiral cubic Co-Zn-Mn in-
termetallics with highly tunable magnetic properties was
discovered [6]. These materials crystallize in the β-Mn-type
structure with space group P4132 or P4332, with 20 atoms
per unit cell distributed over two Wyckoff sites 8c and 12d .
The 8c site is mainly occupied by magnetic Co, while the
12d site is mainly occupied by nonmagnetic Zn or magnetic
Mn [6–8]. The magnetic properties of (Co0.5Zn0.5)20−xMnx

solutions depend dramatically on precise composition and
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exhibit complicated temperature-dependent magnetic phase
diagrams [9–13]. Notably, the helical spiral ordering tem-
perature TC of 460 K for the end member Co10Zn10 rapidly
decreases with partial substitution of Mn, reaching TC =
300 K for Co8Zn8Mn4 [13]. Important from the viewpoint
of applications, this particular composition hosts an equi-
librium SkL phase at room temperature under moderate
magnetic fields of 50–100 mT. Furthermore, in contrast to
the archetypal B20-type chiral magnets, the spiral period
ls in Co8Zn8Mn4 and other Co-Zn-Mn helimagnets (except
Mn-free Co10Zn10) falls significantly on cooling below TC .
In Co8Zn8Mn4, this leads to a large increase of the helical
spiral vector ks = 2π/ls by ∼50%. The variation in ks is also
reflected in the properties of the metastable SkL states and
contributes to the observed transition between a conventional
triangular SkL coordination at high temperature and either
a square lattice or a distorted array of L-shaped skyrmions
below T ∼ 100 K [9,14,15].

According to the Bak-Jensen model for chiral magnets,
the characteristic helical wave-vector ks = D/J depends on
the Dzyaloshinskii constant D and exchange integral J [3,4],
providing a framework for connecting the unusual tempera-
ture variation of ks to the microscopic interactions. Beyond
the clear correlation between this unusual behavior and fi-
nite Mn content, a detailed study of the connection between
the observation and the fundamental interactions in Co-Zn-
Mn compounds has not been done yet. From micromagnetic
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simulations, both the variation in ks and the corresponding
deformation of SkLs in a Co8Zn8Mn4 thin plate can be repro-
duced by incorporating a linear decrease (increase) of J (D)
in the presence of cubic anisotropy that mimics the effect of
decreasing T [15]. To gain deeper insight, however, requires
direct measurement of the microscopic magnetic interactions
without mutual dependence on one another through the mea-
surement of parameters such as ks. In the present work, we
perform measurements of the spin-wave (SW) stiffness of
Co8Zn8Mn4 which provides direct measurements of J that are
decoupled from the DM interaction parameter D.

While it is well known that the fingerprint of microscopic
interactions is directly manifested in the SW dispersion re-
lations, it is not straightforward to apply standard inelastic
neutron-scattering, microwave, and optical spectroscopy tools
to Co-Zn-Mn compounds due to kinematic limitations, the
limited volume of the single-crystalline samples, and large
SW damping in metallic alloys. Instead, we apply the new
SW small-angle neutron-scattering (SWSANS) method that
allows a direct determination of SW stiffness in the field-
polarized state of helical magnets. The technique has been
proposed earlier and utilized successfully for B20-type com-
pounds [16–20] and Cu2OSeO3 [21]. All of these compounds
display modest reductions of ks as T falls below TC , and
it was found by SWSANS that the SW stiffness parameter
Aex displays some softening near TC before increasing toward
low T . From the present SWSANS study of Co8Zn8Mn4 we
demonstrate that the T variation of ks cannot be explained
solely by a T variation of the exchange integral, and we draw
conclusions concerning the hybrid nature of the helical pitch
shortening in Co8Zn8Mn4 at low T that involves variations
in both exchange and DM interactions. Further, we evidence
the strong damping of SWs below T ≈ 150 K which is likely
caused by frustration-induced static and dynamic disorder of
antiferromagnetically interacting Mn spins.

II. EXPERIMENTAL

The SANS measurements were performed using the
SANS-1 instrument [22] at the Heinz Maier-Leibnitz Zentrum
(MLZ, Garching, Germany) and the D33 instrument [23] at
the Institut Laue-Langevin (ILL, Grenoble, France). For both
instruments, a mean neutron wavelength λ = 5 Å was chosen
and the beam was collimated over 8 m before the sample.
The scattered neutrons were counted by a two-dimensional
position-sensitive detector located 8 m behind the sample. The
crystal was mounted on an aluminum holder and installed
in a horizontal field cryomagnet (5 and 2.5 T for SANS-1
and D33, respectively). For the polarized neutron-scattering
experiment with the SANS-1 instrument, a neutron beam with

initial polarization P0 = 0.93 was produced by a V-shaped
FeSi transmission polarizer. The sample was the same single
crystal of Co8Zn8Mn4 characterized previously by magne-
tometry and elastic SANS [9].

III. RESULTS AND DISCUSSIONS

The energy carried by a SW in a field-polarized helimagnet
is given by Kataoka [24] as:

ε(Q) = Aex(Q − ks)2 + (H − Hc2), (1)
where Hc2 is the upper critical field, and the propagation
vector ks matches the orientation of the applied magnetic-
field H . The direction of nonreciprocal propagation is either
parallel or antiparallel to H and determined by the sign of
the DM constant D [25–27]. Correspondingly, the SANS
cross-sections for SW scattering are antisymmetric for incom-
ing neutron spin polarizations ± �P0 ≈ 0.93 either aligned or
antialigned with H . This was first demonstrated for MnSi
in Ref. [16] and confirmed in the present work for the
Co8Zn8Mn4 single crystal.

Figure 1 shows polarized SANS data measured from
Co8Zn8Mn4 at T = 250 K after zero-field cooling. A mag-
netic field of μ0H = 0.35 T was applied along the [100] axis
antiparallel to the neutron spin polarization �P0 and transverse
to the incoming neutron beam. The applied magnetic field
was larger than μ0Hc2 = 0.25 T [9] and sufficient to satu-
rate the sample and remove the contribution to the SANS
signal due to elastic scattering from the conical state. The
remaining signal at low Q represents the Q = 0 scattering
from ferromagnetic correlations [28,29] and some remaining
background arising from the direct beam tail and imper-
fect background subtraction. The inelastic SW scattering
appears as a broad diffusive spot feature centered at Q = ±ks

[Figs. 1(a) and 1(b)]. Figure 1(c) shows a difference image
of SANS intensities measured with opposite neutron polariza-
tions ± �P0 which more clearly signifies the relative difference
in scattering due to nonreciprocal SW propagation and is
similar to that observed in MnSi [16]. The radius of a diffuse
scattering spot is limited by a critical scattering angle θc that
depends on H . According to Eq. (1), the SW dispersion nar-
rows with an increase of the field and disappears at a certain
μ0Hoff. We thus define the cutoff angle as

θ2
c (H ) = θ2

0 − θ0gμB(H − Hc2)/Ei, (2)

where θ0 = h̄2/(2Aexmn), mn is the neutron mass, and Ei is the
energy of incident neutrons. Eq. 2 allows the determination of
the SW stiffness parameter Aex from measurements of the H
dependence of the cutoff angle θc(H ). The SW stiffness is thus
defined as a solution to Eq. (2),

Aex = h̄2

2mnEi

⎧⎨
⎩

E2
i√

E2
i θ2

C + g2μ2
B(H − Hc2)2

+ +gμB(H − Hc2)

⎫⎬
⎭, (3)

averaged over several magnetic fields. From Aex, the exchange
integral J can be determined through the relation Aex = SJ is
the SW stiffness, and S is the ordered spin value per unit cell.

Having proved the inelastic SW origin of the SANS scat-
tering in the field-polarized regime using polarized neutrons,
the T dependence of the SWSANS signal was measured using
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FIG. 1. Two-dimensional spin-polarized SANS maps measured at T = 250 K in the field-induced ferromagnetic state at applied magnetic-
field μ0H = 0.35 T with incoming neutron polarizations (a) − �P0 and (b) + �P0. The low-Q region of the scattering patterns is dominated by the
elastic background and direct beam contamination. (c) Difference map of the − �P0 and + �P0 SANS patterns shown in panels (a, b).

unpolarized neutrons, which allowed the measurements at
each T to be done in a comparatively shorter time. T -
dependent measurements were done on warming after an
initial ZFC from T > TC to 15 K. Before starting the T -
dependent measurements, a background measurement was
done at 15 K under a high-field μ0H = 3 T that was sufficient
to fully suppress the observable SW signal. Subsequently,
at each T the H dependence of the elastic SANS signal in
the helical and conical phases was measured to experimen-
tally determine the value ks. Finally, SWSANS patterns were
measured as a function of magnetic-field H > Hc in the field-
polarized phase. In the top half of Figs. 2(a)–2(c), we show
background corrected SANS patterns of the SWSANS inten-
sities measured at μ0H= 0.35 T at different temperatures. The

bottom panels of Fig. 2 show intensity I (H, θ − θB) plots for
various magnetic fields, where θB corresponds to the Bragg
angle of helical peak. To improve the statistics, the scattering
intensity of the SANS maps was azimuthally averaged over
the angular sector of 120◦.

In previous SWSANS studies, the cutoff feature of the
azimuthally averaged intensity I was treated using a phe-
nomenological steplike arctan function [16–21]. In the
present study on Co8Zn8Mn4, the analogous cutoff feature is
smeared due to strong magnon damping, which is an aspect
that needs to be properly accounted for in the data analysis
in order to obtain reliable estimates of Aex. Here we propose
a different function which is justified theoretically (see the
Appendix) and which provides an excellent fit of the data
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FIG. 2. SWSANS maps (top panel) and azimuthally averaged intensities (bottom panel) measured at (a) T = 80 K, (b) T = 178 K, and
(c) T = 228 K at μ0H = 0.35 T. The origin of SWSANS diffuse spots at Q = ±ks is marked by a black dot. The solid lines in the intensity
I (H, θ − θB ) plots for various magnetic fields represent the best fit using Eq. (4).
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FIG. 3. (a) The temperature dependence of the SW stiffness Aex

(blue symbols, left axis) and DMI D (red symbols, right axis) ob-
tained from the cutoff angles measured at different applied magnetic
fields according to Eq. (2) and from the temperature dependence of
Aex and ks (shown in the next panel). The dashed line is the Aex(T ) fit
according to the power law. (b) The temperature dependence of the
spiral wave-vector ks. (c) SW damping � variation as a function of
temperature obtained from Eq. (4) at each temperature and magnetic
fields of 0.35, 0.4 , and 0.45 T.

both in the vicinity of the cutoff angle and at larger scattering
angles,

I (θ ) = I0 Im
1√

(θ − θB)2 − θ2
C − iγ0

. (4)

Here I0 is a fitting parameter, and γ0 is the dimensionless
damping parameter (γ0 = θ0�/Ei) for magnons with energy
2θ0Ei. This equation is derived under an assumption, that
γ0 � θ2

C . When the magnon damping is large (or θC is small)
γ0 � θ2

C and Eq. (4) cannot be applied. At the same time,
the concept of a cutoff angle also becomes questionable since
magnons can no longer be considered as well-defined quasi-
particles. Bearing these considerations in mind, in our analysis
we found that we were unable to treat reliably the experimen-
tal SWSANS data in the lower temperature range T < 70 K.

The main findings of the present work obtained from the
SWSANS data are shown in Figs. 3(a) and 3(b). Displaying
a similar behavior as previously determined for the B20-type
materials, Fig. 3(a) shows that Aex(T ) tends to increase on
cooling from 250 to 70 K. We also anticipate that Aex(T )
in Co8Zn8Mn4 remains finite at TC = 300 K analogous to
B20s and Cu2OSeO3. In order to extrapolate the measured

values of the SW stiffness to T = 0, the temperature depen-
dence Aex(T ) was fitted according to the power law: Aex(T ) =
A0(1 − c(T/TC )z ), where z = 5/2 is the fixed power law as
can be expected for the ferromagnets [30], and the fitted
parameters are A0 = 99 ± 6 meV Å2 and c = 0.22 ± 0.05. By
using the values of ks measured by elastic SANS in zero field
Fig. 3(b) and the simple Bak-Jensen relation ks = D/J , the T
dependence of the effective DM interaction is also obtained
and shown in Fig. 3(a).

It becomes clear that within this framework, the large in-
crease of ks by ∼50% below 120 K {Fig. 3(b); more details
on temperature dependence of ks are given in Ref. [9]} cannot
be explained solely by a variation of exchange integral J ,
and thus the DM parameter D is also required to increase at
low T s [red symbols in Fig. 3(a)]. Indeed, a simple relation
between the exchange stiffness and the critical-field Hc2 in
the Bak-Jensen model gμBHc2 = Aexk2

s implies a significant
downturn of Aex(T ) below 120 K, which is not observed
experimentally. At the same time at low T s, we determine a
dramatic increase of the damping parameter � as shown in
Fig. 3(c), which contrasts strongly with the previously studied
B20 systems. While it is unfortunate that the strong damping
imposes a limit on the applicability of Eq. (4) so that the
microscopic parameters cannot be determined for T < 70 K,
we note that physically this is consistent with the observed
onset of magnetic disordering on the approach to a spin-glass
regime below ∼10 K [13]. At high temperatures the damping
parameter diverges when the system approaches the critical
temperature, which is consistent with previous reports on B20
compounds [17–19,21,31].

Here we suggest a few possible origins of the observed
T dependence of the DM parameter. First, an increase in D
can be explained by the monotonic increase of the magnetic
moment and the corresponding hybridization of the orbitals
near the Fermi level which essentially determines the size
of the DMI in metals [32,33]. A similar effect has been re-
cently observed in 3d-5d metallic multilayers with interfacial
DMI [34,35]. However, this mechanism does not explain the
enormous increase of SW damping in Co8Zn8Mn4 below
150 K.

Therefore turning to both the DM and the SW damping
parameters, we attribute their observed T dependences to
a corresponding T evolution of magnetic frustration of the
antiferromagnetically interacting Mn. At low T the net mag-
netization due to Mn moments effectively vanishes compared
with the contribution of Co [15,36], while ab initio calcu-
lations suggest an opposite scenario with μCo ≈ 1.3 μB and
μMn ≈ 3.2 μB (or 2.4 μB if it is on its minority 8c site) [7].
The frustration results in the experimentally observed short-
range magnetic correlations and slow magnetic fluctuations
induced by the antiferromagnetic exchange between Mn mo-
ments on the 12d site [15]. The magnetic disorder introduced
by antiferromagnetic Mn-Mn correlations prevents the co-
herent propagation of helimagnons and results in large SW
damping. Indeed, the low-temperature damping enhancement
that was observed even in the field-induced ferromagnetic
phase in the present neutron and in the previous ferromag-
netic resonance spectroscopy [37] experiments suggests that
the antiferromagnetic nature of the effect cannot be easily
suppressed by magnetic fields of 1 T or below. Further, a
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recent theoretical work suggests that the frustration of Heisen-
berg spins in a chiral magnet results in a rich variety of the
possible spiral ground states with the period determined by
the competition between ferromagnetic and antiferromagnetic
exchanges and DMI [38]. We suppose that in our case the ef-
fective D parameter is determined by both antisymmetric DMI
and frustrated exchanges and shows the nontrivial temperature
dependence due to their interplay.

Another further contribution to anomalous variation of the
helical pitch can in principle arise from the anisotropic ex-
change interaction (AEI), which is often ignored due to its
weak contribution in, for example, the B20-type magnets.
Within the Bak-Jensen model the expression for the heli-
cal propagation vector that takes the AEI into account reads
as [39]

ks = D

2J

(
1 − F

4J
L(k̂)

)
, (5)

where F is an anisotropy constant and L(k̂) =
2 sin2 ψ (sin2 φ cos2 φ + cos2 ψ ) is a cubic invariant
determining the orientation of ks relative to the crystal axes
with the corresponding angles ψ and φ. The cubic invariant
describes the energy landscape when L(k̂) is minimal and
equal to 0 when k̂ is oriented along the principal cube axes and
maximal when k̂ is parallel to cubic diagonals. The AEI favors
ground-state spirals propagating along (100)-equivalent axes
in the case of F < 0 (Cu2OSeO3, Fe0.85Co0.15Si, Co-Zn-Mn)
and k̂||(111) if F > 0 (MnSi). We point out that a strong
increase in the AEI constant toward low T could also
result in an observable increase in magnitude of ks. The
possibility for this scenario is hinted from the T dependence
of the helical-to-conical transition field [9] and also from
the increase of the magnetocrystalline anisotropy at low T
evidenced by ferromagnetic resonance [37]. This mechanism
of the spiral pitch variation with temperature does not imply
the essential role of the DMI. However, it requires further
investigation with the information of magnetocrystalline and
exchange anisotropies unambiguously discriminated.

It is likely that all three above-mentioned scenarios of
the spiral pitch variation, namely, (1) temperature-dependent
spin-orbit coupling, (2) interplay between the frustrated ex-
changes and DMI, and (3) emergence of the strong AEI are
relevant in the case of the Co-Zn-Mn family of materials
due to their structural and magnetic complexities. Experi-
mentally, the nearest-neighbor and further-neighbor exchange
parameters should be determined in further inelastic neutron-
scattering experiments, and the impact of the AEI on the
helical pitch should be addressed and quantified by further
high-resolution small-angle neutron or resonant x-ray scatter-
ing on single-crystal samples [40,41].

IV. CONCLUSIONS

In conclusion, we have observed a nontrivial T dependence
of the SW stiffness Aex in the Co8Zn8Mn4 chiral magnet
by SWSANS. In contrast with the previously studied B20-
type magnets, the SW damping significantly influences the
SWSANS signal, and a proper account of it is required for
interpreting the data and the quantitative extraction of mi-
croscopic parameters from the data. Therefore we proposed

a new theoretical model for the SWSANS intensity, which
accounts more rigorously for the damping effect and can be
further applied to extract more details from the SW spectra
of other chiral helimagnets. Moreover, we further determine
a significant increase in DMI at low temperatures which con-
tributes to the observed reduction of the helical spiral pitch on
cooling. Alternatively, the variation in spiral pitch might also
be explained by an interplay of DMI and frustrated exchanges,
or an increase in strength of anisotropic exchange. All of
these mechanisms are predicted to result in a rich variety of
the theoretically predicted spin textures that cannot be ex-
pected due to exchange and DM interactions alone [38,42–
45]. Indeed, multiple exotic real-space magnetic patterns,
such as square SkL [9], L-shaped skyrmions [14,15], meron-
antimeron lattice, disordered skyrmions [46], smectic liquid-
crystalline structure of skyrmions [47], and domain-wall
bimeron chains [48] have been observed in the rich family
of Co-Zn-Mn compounds. We believe that by combining the
determination of the underlying magnetic interaction parame-
ters with further theoretical and experimental studies, deeper
insight can be obtained on the origin and stability of such spin
textures and inspire new approaches for their controllable cre-
ation, annihilation, and manipulation in spintronics devices.

V. DATA AVAILABILITY

All experimental data presented in the figures that sup-
port the findings of this study are available from the
Zenodo repository [49]. Raw SWSANS data from D33 are
also available from the ILL repository [50].
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APPENDIX: SWSANS INTENSITY AND
MAGNON DAMPING

Here we discuss the theoretical basis behind Eq. (4). In
the limiting case of zero damping addressed in Ref. [16], the
inelastic magnetic chiral contribution to the neutron cross-
section σch(Q, ω) can be represented by [51]

σch(Q, ω) = k f

ki
2r2|Fm|2 1

π (1 − e−ω/T )
〈S〉P0(Q̂ĥ)2

× [δ(ω − εQ) + δ(ω + ε−Q)], (A1)

023239-5

https://doi.org/10.5281/zenodo.6572950


V. UKLEEV et al. PHYSICAL REVIEW RESEARCH 4, 023239 (2022)

In
te

n
si

ty
 (

ar
b
. 
u
n
it

s)

In
te

n
si

ty
 (

ar
b
. 
u
n
it

s)

In
te

n
si

ty
 (

ar
b
. 
u
n
it

s)

FIG. 4. Sketch of the scattering intensity as a function of θrel (distance from the Bragg angle) in different regimes; θB = 0.1, θ0 = 0.05
everywhere. The blue curves are for θC = 0.047, the green curves are for θC = 0.044, the red curves are for θC = 0.036, and the orange curves
are for θC = 0.02. (a) SWSANS spectra without magnon damping. One can see the divergence at the cutoff angle, cf. Eq. (A6). (b) SWSANS
spectra for relatively small magnon damping γ0 ≈ 0.0002. Solid curves here stand for the spectrum calculated numerically using Eq. (A2)
with the substitutions (A10), whereas dashed curves are plotted using analytical formula (A12). (c) The same as (b), but for larger damping
parameter γ0 ≈ 0.001. One can see that the peculiarity at θ ≈ θC is smeared out.

where k f and ki are momenta of the scattered and incident
neutron, respectively, r is the classical electron radius, Fm

is the magnetic form factor, 〈S〉 is the average atomic spin,
Q̂ is the unit vector along the momentum transfer, and εQ
represents the SW dispersion. This equation assumes that
the initial polarization is directed along the unit vector of an
applied magnetic field: P0 = P0ĥ, ĥ = H/H . Importantly, all
of which follows are also valid for unpolarized neutrons when
the cross-section is symmetrical with respect to Q → −Q [it
differs strictly from Eq. (A1) only by the signs between delta
functions and the absence of the P0 factor].

In a Cartesian basis, we define the z axis along the incident
beam and the x axis along the applied magnetic field. There-
fore Q = ki(θx, θy, ω/2Ei ) if ω � Ei. Under the condition
ω � T , one can replace (1 − exp(−ω/T ))−1 in Eq. (A1) by
T/ω. This formula should be integrated over ω for consistency
with the SANS experiments. For further theoretical discussion
we introduce a dimensionless transferred energy t = ω/2Ei

and obtain the cross-section in the following form:

σch(θ ) ∼ 〈S〉T P0

∫
dt

t

θ2
x

t2 + (
θ2

x + θ2
y

)
× [δ(t − εQ/2Ei ) + δ(t + ε−Q/2Ei )]. (A2)

Delta functions here represent the energy conservation law.
Their sum can be rewritten as

δ(t − t1) + δ(t − t2)

|1 − t/θ0| + δ(t − t3) + δ(t − t4)

|1 + t/θ0| , (A3)

where

t1,2 = θ0 ±
√

θ2
C − (θx − θB)2 − θ2

y , (A4)

t3,4 = −θ0 ±
√

θ2
C − (θx + θB)2 − θ2

y . (A5)

Here we use dimensionless parameters θB, θC, tC which are
introduced after Eq. (2). Note, that θC � θ0.

Further, we consider a standard situation where θB > θ0

and where the scattering spheres for θx > 0 and θx < 0 do
not overlap. It is also convenient to define a relative angle

θrel =
√

(θx − θB)2 + θ2
y . The signal for θx > 0 is determined

only by the solutions t1,2. The minimal and maximal

t = θ0 ± θC corresponds to θx = θB, θy = 0 (θrel = 0),
whereas at the cutoff θ = θC (H ) we have equal solutions
t1,2 = θ0. The solution t = θ0 − θC results in significant
growth of the scattering intensity near the Bragg angle
for θC ≈ θ0 [due to the 1/t factor in the integral (A2)],
while the degeneracy at the cutoff provides a hyperbolic
increase of the intensity near θC (H ). Indeed, we have
t ≈ θ0 ± √

2θC (H )(θC (H ) − θrel ) for θrel ≈ θC (H ); thus

σch(θ ) ∝ 1/
√

θC (H ) − θrel . (A6)

Experimentally this divergence is suppressed by instrumental
resolution and magnon damping (see below). The SWSANS
spectrum without damping is thus shown in Fig. 4(a).

Next, we discuss how to properly introduce the physical
effect of magnon damping into the equations above. In the
fully polarized state, correlation functions of transverse spin
components in momentum space are related to the simple
magnon Green’s function

G(ω, Q) = 1

ω − εQ + iδ
, (A7)

where δ → +0 shows retarded character of the Green’s
function. In the presence of disorder (and/or other magnon
scattering mechanisms, e.g., due to interaction with phonons
or free electrons) one has

G(ω, Q) = 1

ω − εQ − �(ω, Q)
, (A8)

where the “self-energy” � usually has both real and imaginary
parts. The former describes the spectrum renormalization,
whereas the latter is related to the magnon lifetime. If
magnons are well-defined quasiparticles (which is usually
the case in magnetically ordered phases) then one can use
the “on-shell” approximation �(ω, Q) → �(εQ, Q). There-
fore instead of a delta-function shape [see Eq. (A7)] the
magnon spectral weight −Im G(ω, Q)/π acquires Lorentzian
form:

− Im G(ω, Q)

π
= δ(ω − εQ) → 1

π

�Q

(ω − εQ)2 + �2
Q

. (A9)
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The damping rate �Q is inversely proportional to magnon
lifetime.

When addressing the scattering cross-section [Eq. (A1)]
its intensity is proportional to the corresponding imaginary
part of the spin susceptibility [51]. So, in order to account
for the finite magnon lifetime, we modify Eq. (A1) by the
substitutions:

δ(ω − εQ) → 1

π

�Q

(ω − εQ)2 + �2
Q

,

δ(ω + ε−Q) → 1

π

�−Q

(ω + ε−Q)2 + �2
−Q

. (A10)

One should also make these substitutions in Eq. (A2). After
that, in principle, the analytical integration is still possible;
however, the result is very cumbersome and can barely be used
in practice. Instead, we take advantage of the Lorentzian ap-
proximation and the fact that the main signal comes from the
same frequencies as in the case of delta functions considered
before. Assuming that the other factors in the integral (A2)
are slowly varying functions in comparison with the magnon
spectral weight, we can take them away from the inte-
gral [this assumption is valid in vicinity of θC (H ) and at
larger angles]. Then, for contributions at θx > 0 we have the
integral

∫
dt Im

1

−Ei
θ0

[(t − θ0)2 + θ2
rel − θ2

C] + i�Q

∝
∫

dt Im
1

(t − θ0)2 + θ2
rel − θ2

C − iγ0
, (A11)

where Q is determined by the energy and momentum con-
servation laws, and γ = θ0�/Ei, which in our simplified
calculations can be taken as γ0 which corresponds to t = θ0

and magnon momentum Q = ki(θB + θC (H ), 0, θ0) [or to any
momentum with the same θrel = tC (H )]. Now we can express

the imaginary part of the integral (A11) as

σch(θrel ) ∝ Im
1√

θ2
rel − θ2

C − iγ0

, (A12)

which is an extension of Eq. (A6) onto the case where magnon
damping is included. One can see that now the scattering
intensity is nonzero also in the θrel > tC (H ) region, which
is the effect of finite magnon lifetime. Another important
feature of Eq. (A12) is the finite signal ∝ 1/

√
γ0 at the cutoff

[θrel = θC (H )]. It thus becomes clear that introducing magnon
damping leads to a smoothing of the SANS intensity near the
cutoff and a power-law decaying tail at θrel > θC (H ).

SANS spectra where magnon damping is taken into ac-
count are shown in Figs. 4(b) and 4(c). Dashed lines therein
are simplified spectra obtained with the use of Eq. (A12); they
are not the best fits of corresponding “exact” solid curves. We
just multiply them by a factor 60 in order to compare two
ways of calculating the spectra. Evidently the approximate
calculations cannot describe the scattering intensity near tB
(small θrel ) at small gaps � (θC ≈ θ0). Nevertheless, if the
intensity curve has a local maximum (lower damping), then
these data can be approximated using the data in the vicinity of
this maximum and larger angles. In this case, the θC parameter
approximately corresponds to the maximum intensity angle.
In the opposite case of larger damping, when the local maxi-
mum is absent, the inflection point (minimum of the intensity
derivative with respect to the angle) in the large θrel region
should play the same role. One can also see in Fig. 4(c) that the
smaller θC is the larger the discrepancy is between numerical
integration result and the one obtained using Eq. (A12). The
reason is that at γ0 � θ2

C Eq. (A12) the assumption of sharp
magnon spectral weight in the background of other slowly
varying factors [see Eq. (A2)] breaks down. Moreover, in
this regime the magnon lifetime is short, and the resulting
SWSANS spectrum looks like diffuse scattering rather than
inelastic scattering on well-defined quasiparticles. In this case,
the cutoff angle does not have a clear physical meaning.
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