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Microscopic magnetic phase evolution in the Weyl semimetal Mn3Sn revealed by μ+SR
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We report a comprehensive muon spin relaxation (μ+SR) and bulk magnetization study of the antiferro-
magnetic (AFM) Weyl semimetal Mn3Sn (composition Mn2.99Sn). Mn3Sn is reported to exhibit a commensurate
inverse triangular (IT) AFM phase, an incommensurate (IC) helical AFM phase, and a proposed low-temperature
spin-glass-like state. In our sample, we identify the characteristic temperatures associated with these regimes
as Néel temperature (TN = 418 K), a macroscopic bulk transition temperature between IT-AFM to IC helical
phase (Tt ≈ 275 K), and low-temperature transition Tf = 21 K. Investigating the low-temperature regime below
Tf , we find no evidence of a static spin-glass state. Instead, the sample exhibits an increasing ferromagnetic
component accompanied by a localized slowing of spin fluctuations, indicating that these phenomena may be
decoupled. In the IC helical AFM phase, the zero-field spectra are best described by damped oscillations with
an empirical phase offset, consistent with anharmonic and amplitude-modulated order reported by scattering
studies. Upon warming above 150 K, a continuous redistribution of muon spectral weight reveals a broad,
homogeneous magnetic crossover between the IC helical and IT-AFM phases. In the commensurate IT-AFM
phase above Tt , a persistent missing fraction in the initial asymmetry indicates that a subset of implanted muons,
corresponding to roughly 20% of the sample-related asymmetry, undergoes unresolved ultrafast depolarization.
Finally, we observe temperature-driven shifts in muon site populations above 325 K. Ultimately, our results show
a highly dynamic magnetic landscape in Mn3Sn, demonstrating how its complex magnetic orders often coexist
and evolve continuously with temperature.

DOI: 10.1103/t9y2-h8th

I. INTRODUCTION

Topological materials have emerged as a central theme in
condensed matter physics, in large part because their non-
trivial band topology can generate unconventional transport
responses that are useful for spintronics and low-power elec-
tronics [1–3]. Among these, antiferromagnetic (AFM) Weyl
semimetals (WSMs) have been especially appealing. They
combine the robustness and ultrafast dynamics of AFMs with
anomalously large, Berry-curvature-driven signals exceeding
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those of conventional AFMs [3–5]. A prototypical example
is Mn3Sn, for which experimental evidence of magnetic Weyl
fermions has been reported and which displays a large anoma-
lous Hall effect at room temperature despite having a very
small net magnetization [6–8].

Mn3Sn crystallizes in a hexagonal structure (space group
P63/mmc) where Mn atoms form a kagome lattice in the
ab plane. At room temperature, Mn3Sn adopts an inverse
triangular AFM (IT-AFM) structure with a small uncom-
pensated ferromagnetic (FM) moment [9–14]. When cooled
below Tt ≈ 275 K, with reported values strongly dependent on
synthesis conditions and sample stoichiometry (∼200–290 K)
[15–19], it enters a complex helical AFM state. Early neutron
scattering studies already identified multiple incommensurate
(IC) propagation vectors along the c axis (e.g., k1

z ≈ 0.08 and
k2

z ≈ 0.10) [12,20,21]. More recent neutron and x-ray studies
further show that the low-temperature state is not a uniform
helical spiral, but involves amplitude-modulated spin-density-
wave/helical components and intertwined spin and charge
density waves [22,23].
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FIG. 1. Magnetic phase diagram of Mn3Sn. The evolution of magnetic states is shown as a function of temperature, indicating key transition
temperatures (Tf , Tt , and TN). Exact values are omitted here because transition temperatures vary between samples. The spin configurations of
the Mn atoms on the kagome lattice are illustrated for the helical antiferromagnetic (AFM) and inverse triangular AFM (IT-AFM) phases. Blue
and pink atoms denote Mn atoms located in different layers in the unit cell. Green arrows show the IC spin rotation in subsequent unit cells for
the respective layers.

Upon further cooling below Tf (typically, 30–50 K),
Mn3Sn exhibits a magnetic transition characterized by a
strong bifurcation between zero-field-cooled (ZFC) and field-
cooled (FC) magnetization measurements [16,24,25]. Based
on the bifurcation and a small frequency-dependent shift in χ ′
in AC magnetic susceptibility (ACMS) measurements, studies
have attributed this regime to a partial FM spin-glass state
[15,24], with speculation regarding its origin coming from
excess Mn atoms [24,26]. These three characteristic magnetic
transitions are illustrated in Fig. 1.

Despite extensive bulk and neutron scattering studies, the
microscopic nature of the low-temperature anomalous phase
and the evolution from the IC helical state into the IT-AFM
state remain unresolved. For example, neutron diffraction has
not detected a clear change in the long-range AFM order
across Tf [16,27]. Furthermore, since scattering and bulk
magnetization experiments measure a macroscopic average,
details of the local magnetic environment, such as spin dy-
namics and subtle phase coexistence, cannot be definitively
determined. This makes the system an ideal target for muon
spin relaxation (μ+SR), a local probe highly sensitive to in-
ternal magnetic fields and spin dynamics.

Here, we resolve these uncertainties for the nearly stoi-
chiometric Mn2.99Sn by combining μ+SR with bulk magne-
tization measurements. Tracking the temperature evolution of
the muon depolarization reveals a broad redistribution of fitted
oscillatory amplitudes that begins near 150 K and extends to
the bulk transition temperature Tt ≈ 275 K, indicating a local
magnetic crossover from the IC helical phase to the IT-AFM
regime. Furthermore, when examining the low-temperature
transition across Tf , we find no clear μ+SR signature of static
freezing. Instead, we observe an increasing FM component
accompanied only by a localized slowing of spin fluctuations.
This indicates that the low-temperature FM response in this
sample is decoupled from the glassy freezing found in some
Mn3Sn samples [24]. Ultimately, our results map a highly
dynamic magnetic landscape, demonstrating that the complex
magnetic orders in Mn3Sn do not undergo abrupt phase tran-
sitions, but instead coexist and evolve through a continuous
crossover with temperature.

II. EXPERIMENTAL METHODS

While Mn3Sn is often stabilized with an excess of Mn
(resulting in Mn3+xSn1−x), and its magnetic response is sen-
sitive to excess Mn and sample quality [19,26], the sample
used in this study was specifically synthesized to closely ap-
proach ideal stoichiometry [11]. Mn and Sn were melted in
a stoichiometric ratio of 3:1 using a self-flux growth method.
This process was carried out in an argon atmosphere to ensure
homogeneous mixing of the two elements. The resulting alloy
was then sealed in a quartz tube under an argon atmosphere
and heated to 1273 K for 12 h. Subsequently, the sample
was cooled at a rate of 2 K/h until it reached 973 K. Finally,
the sample was quenched in water to rapidly cool it to room
temperature. The exact chemical composition of the sample
was found to be Mn2.99Sn using inductively coupled plasma
optical emission spectroscopy (ICP-OES). The crystal was
ground to a fine powder using an agate mortar and pestle. For
simplicity, we refer to this sample as Mn3Sn throughout the
remainder of this paper.

Magnetic measurements were performed at the AlbaNova
NanoLab using a Quantum Design PPMS DynaCool. A 32 mg
powder sample was compacted in a capsule. Magnetization
(VSM option) was measured from 5 to 380 K at 1000 Oe,
with isothermal M(H ) curves collected between 5 and 300 K
in fields up to 5 T. AC susceptibility (ACMS II option) was
acquired between 500 Hz and 10 kHz from 5 to 80 K using a
5 Oe oscillating field.

The μ+SR experiment was conducted on the General
Purpose Surface-Muon Beamline (GPS) at the Paul Scher-
rer Institute (PSI) in Villigen, Switzerland. Approximately
400 mg of fine powder was pressed into a pellet (10 mm diam-
eter) to avoid reorientation of the crystallites due to magnetic
ordering or an applied external magnetic field. The pellet was
pressed with a small amount of Apiezon-H grease to ensure
thermal conductivity above room temperature. The sample
was then glued to a low-background copper film using GE
varnish for thermal contact with the heater, mounted on a low-
background copper fork, and inserted into a CCR cryostat,
allowing measurements from 5 to 475 K.
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FIG. 2. Bulk magnetic characterization. (a) Temperature de-
pendence of the magnetization using zero-field-cooled (ZFC) and
field-cooled (FC) protocols with an applied magnetic field of
B = 0.1 T, marking key transition temperatures (Tf , Tim, and Tt).
(b) M(H ) curves showing magnetization as a function of applied
magnetic field between −5 and 5 T at 5, 20, 50, and 150 K. The
inset provides a magnified view of the low-field region to highlight
the temperature evolution of the hysteresis. (c) Real part of the AC
magnetic susceptibility (ACMS), χ ′, as a function of temperature
across various frequencies, showing a peak near Tf .

The μ+SR measurements were performed in different
magnetic field configurations, defined by the field alignment
relative to the initial muon spin polarization: zero field (ZF)
and transverse field (TF). In ZF, no external field is applied,
and in TF, the field is perpendicular to the initial muon spin
polarization.

ZF and TF spectra were collected for Mn3Sn between 5 and
475 K. For a set of selected temperatures (5, 250, 300, and
350 K), higher-statistics ZF measurements were conducted.
TF measurements were performed using a magnetic field of
B = 50 G. The data were analyzed using the musrfit software
[28].

III. MAGNETIZATION RESULTS

Figure 2(a) shows the temperature dependence of mag-
netization, M(T ), for both zero-field-cooled (ZFC) and
field-cooled (FC) protocols for Mn3Sn measured during heat-
ing under an applied magnetic field of B = 0.1 T. From
the derivative of the magnetization curve, we identify three
clear macroscopic transitions: Tf = 21 K, Tim = 200 K, and
Tt = 275 K. The transition at Tim = 200 K is attributed to
a magnetic impurity. The transition across Tt = 275 K is
approximately 20 K broad. Additionally, below Tf , we observe
a strong bifurcation where the ZFC and FC curves diverge.

Figure 2(b) shows the M(H ) curves measured at 5, 20,
50, and 150 K. At 150 K, the M(H ) loop exhibits a sharp
S-shape with small hysteresis. Between 150 and 50 K,
the width of the hysteresis loop is mostly unchanged, but
the total magnetization slope increases. This increase coin-
cides with the widening bifurcation observed in the M(T )
data [Fig. 2(a)]. As the temperature is further reduced to
20 and 5 K, the hysteresis increases from approximately
0.1 T at 50 K to 0.35 T at 5 K. A complete set of M(H )
curves over a broader temperature range is available in
Appendix B.

Figure 2(c) shows the real part of the ACMS of Mn3Sn
between 5 and 80 K. A distinct peak is observed at Tf = 21 K.
Notably, our results do not show a frequency-dependent shift
for this peak.

IV. MUON SPIN SPECTROSCOPY RESULTS

A. Transverse field

To measure the Néel temperature and estimate possible
minority/background contributions, we first conducted μ+SR
measurements in an applied transverse field (TF) of B = 50 G.
The complete muon depolarization spectra for selected tem-
peratures are shown in Fig. 3(a). The muon polarization
function used to fit the TF data is described by

AtotPTF(t ) = ATF cos

(
2π fTFt + πφTF

180

)
e−λTFt

+ Atail e−λtailt , (1)

where PTF(t ) is the muon polarization in the TF, Atot is the
total fitted asymmetry, ATF describes the relaxed oscillating
component from the applied external field, and Atail is the
slowly decaying magnetic tail arising from internal magnetic
moments parallel to the muon spin. The parameter fTF is the
oscillation frequency for the TF, while λTF and λtail are the
respective relaxation rates.

At low temperatures, the TF asymmetry is strongly sup-
pressed by the static internal magnetic ordering of the sample.
Upon heating past TN into the paramagnetic phase, the full
asymmetry of the TF oscillations is recovered. By fitting
the temperature dependence of the TF asymmetry with a
sigmoid function, we extract a Néel temperature of TN =
418 K for Mn3Sn [Fig. 3(b)]. The instrumental asymme-
try calibration parameter (α) was determined from the fully
paramagnetic state at 450 K and kept fixed throughout the
analysis.

Below TN, the TF asymmetry is not completely suppressed,
remaining at a baseline of ≈13% (ATF ≈ 0.033) at 5 K. A
large part of this residual signal is expected to arise from
muons stopping outside the sample, including in the Cu sam-
ple holder and protective Cu foil, as well as in the grease and
GE varnish used to mount the powder pellet. This baseline
value is therefore used to constrain the paramagnetic back-
ground contribution in the ZF fits.

In addition to this background, ATF exhibits two small
recoveries below TN, each corresponding to only ∼2% of the
total instrumental asymmetry. The first recovery, between ap-
proximately 100 and 200 K, occurs near the impurity-related
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FIG. 3. Néel temperature from TF-μ+SR. (a) Muon spin relaxation (μ+SR) spectra of Mn3Sn measured in an applied transverse field
(TF) of B = 50 G at various temperatures. Solid black lines show fits to the experimental data using Eq. (1). (b) Evolution of the fitted TF
asymmetry coefficient, AT F , as a function of temperature. The sharp magnetic transition is fitted with a sigmoid function (red curve), extracting
a Néel temperature of TN = 418 K.

feature observed in the bulk magnetization and is consistent
with a small magnetic impurity fraction. The second recovery,
appearing above approximately 250 K, occurs close to the
IC-helical to IT-AFM transition and should not be assigned
unambiguously to an impurity phase from the TF data alone.
It may instead reflect a change in the internal-field distribu-
tion of the main Mn3Sn phase, for example through partial
field cancellation at a minority muon stopping environment as
the magnetic structure becomes more symmetric. We cannot
discount that this shift could originate from small changes in
α caused by thermal expansion of the sample and holder over
this large-temperature range. However, the magnitude of these
recoveries remains very small, setting an upper bound on pos-
sible minority contributions and confirming that the dominant
ZF-μ+SR signal originates from the primary Mn3Sn phase.

B. Zero field

The ZF μ+SR time spectra of Mn3Sn (Fig. 4) reveal a com-
plex temperature-dependent evolution of rapid oscillations.
The presence of oscillations indicates magnetic ordering,
and multiple oscillations suggest magnetically inequivalent
local-field components. For an IC magnetic structure, these
do not need to correspond to crystallographically distinct
muon stopping sites. In a powder, two-thirds of the internal
magnetic-field components are expected to be perpendicular
to the initial muon spin polarization (causing oscillations),
whereas one-third is expected to be parallel to it (causing an
exponentially decaying tail).

As Mn3Sn evolves through multiple magnetic phases, we
observe changes in the frequencies. As the temperature in-
creases above TN, the oscillations evolve to a static Gaussian
Kubo-Toyabe (KT) function multiplied by an exponential de-
polarization [29], describing muon spin relaxation in a system
of randomly oriented static spins within the muon lifetime.
Spin fluctuations can additionally produce a fast-relaxing con-
tribution to the polarization function. To account for all these
processes within the considered temperature range, the ZF

data were fitted with the following polarization function:

AtotPZF(t ) =
3∑

i=1

AAFi cos

(
2π fAFit + πφ

180

)
e−λAFit

+ AFe−λFt + AKTGSGKT(t,�KT)e−λKTt

+ Ataile
−λtailt + ABGe−λBGt , (2)

FIG. 4. Temperature evolution of ZF-μ+SR spectra. Zero-field
(ZF) muon spin relaxation (μ+SR) asymmetry of Mn3Sn measured
at various temperatures from 5 to 450 K. Solid black lines show fits to
the experimental data using Eq. (2). Successive spectra are vertically
offset by a constant value for clarity of presentation.
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FIG. 5. Temperature dependence of the ZF-μ+SR fit parameters. Evolution of the parameters extracted from fitting the zero-field data to
Eq. (2) for Mn3Sn. Vertical dashed lines indicate the magnetic transition temperatures Tf and Tt . (a) Fit parameters for the three oscillatory
components (AF1, AF2, and AF3), showing the precession frequencies fi (top), asymmetries Ai (middle), and relaxation rates λi (bottom).
Background shading corresponds to the magnetic phases defined in Fig. 1. (b) Fit parameters for the nonoscillatory components, detailing the
asymmetries (top) and relaxation rates (bottom) for the fast exponential (F), slow exponential tail (tail), and Kubo-Toyabe (KT) functions. (c)
The total fitted initial asymmetry, Atot , as a function of temperature.

where PZF(t ) is the zero-field muon spin polarization and
Atot is the total fitted asymmetry. For the three oscillating
AFM components (i = 1, 2, 3), AAFi represents the asymme-
try, fAFi the precession frequency, λAFi the relaxation rate, and
φ the shared initial phase. The Kubo-Toyabe (KT) contribu-
tion is described by a static Gaussian KT (SGKT) function,
GSGKT(t,�KT), with a distribution width �KT, multiplied by
an exponential relaxation rate λKT. In addition to these, the
polarization includes three purely exponential decay terms: a
fast-relaxing contribution (AF, λF) that may contain dynamic
and/or unresolved static broadening, a very slowly decaying
tail (Atail, λtail) originating from internal magnetic fields paral-
lel to the initial muon spin polarization, and a paramagnetic
background signal (ABG, λBG) established from transverse-
field (TF) measurements (see Sec. IV A). In the fitting process,
this background fraction ABG is fixed to the value determined
from the base-temperature TF measurements. Furthermore,
the phase of AF oscillations is theoretically φ = 0◦. However,
a finite fitted offset can arise from instrumental timing uncer-
tainty as well as the broad, complex internal-field distributions
characteristic of incommensurate magnetic order. We there-
fore treat φ as an empirical fitting parameter, constrained to
be common to all frequencies.

1. Low-temperature phase (T � 50 K)

The temperature-dependent ZF fit parameters obtained
from Eq. (2) are shown in Fig. 5. Around T = 20 K, we
observe a peak in the relaxation rate of the fastest oscillating
component λAF1 coinciding with the transition Tf observed
in magnetization (see Sec. III). From a μ+SR perspective,
an increase in the relaxation rate in an ordered magnet can
reflect a broadening of static local-field distribution, a slowing
of fluctuations into the μ+SR time window, or both [30,31].
Thus, although the macroscopic transition is not visible in
the frequency or asymmetry parameters, we observe enhanced
local-field relaxation in λAF1 near Tf . Upon cooling from
T = 50 K to T = 5 K, the depolarization rate λF decreases
from ≈35 µs−1 to 10 µs−1. At approximately constant AF,
this decrease indicates that the corresponding fast-relaxing
contribution becomes less effective at depolarizing the muon
ensemble [29,31]. We also note that the relaxation param-
eters exhibit scatter and large error bars between 100 and
300 K, and the apparently larger values often coincide with
higher-statistics measurements. Ultimately, the small fitted
amplitudes and fast relaxation of these components make
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them difficult to determine reliably across the entire tempera-
ture range.

2. IC helical phase (5 < T < 275 K)

At base temperature (5 K), three high-frequency oscil-
lations are observed (the Fourier transform of the time
spectra detailing these frequency components can be found
in Appendix A). We note that the total fitted asymmetry
here, Atot ≈ 0.17, is noticeably lower than the expected full
instrumental asymmetry of A0 ≈ 0.25 [Fig. 5(c)]. In the low-
temperature IC helical phase, the internal field felt by the
muon varies continuously, depending on the muon’s relative
position within the magnetic modulation. This produces a
broad, continuous field distribution, which naturally broadens
the oscillatory μ+SR signal and leads to increased damping
compared with a commensurate AFM state, where muons
at the same site in different unit cells experience identical
local-field distributions. We therefore treat the reduced fit-
ted asymmetry in the IC phase as a consequence of broad
early-time depolarization rather than as evidence for a distinct
magnetic volume fraction.

For a purely IC magnetic structure, the spatial modula-
tion of the magnetic moments results in a continuous field
distribution, P(B), bound by a maximum field Bmax. The cor-
responding muon polarization function is typically described
by a zeroth-order Bessel function of the first kind, J0(γμBmaxt )
[31]. A previous high-pressure μ+SR study on doped Mn3Sn
fitted the IC helical AFM phase data using a combination of a
simple zeroth-order Bessel function and a zeroth-order Bessel
function multiplied by a cosine, called a shifted Overhauser
distribution [32]. We attempted to fit our data using both the
pure zeroth-order Bessel function for all muon precession fre-
quencies, as well as the shifted Overhauser distribution model
used in the high-pressure study [32] and in the related chi-
ral magnet MnGe [33]. However, this approach yielded very
small field distribution widths (�ν/νavg < 0.05). Ultimately,
a standard exponentially damped oscillatory function applied
to all muon sites with a global phase shift provided the best fit
to our experimental data. However, in absence of microscopic
local-field calculations, we treat this phase offset simply as an
empirical fitting parameter.

Using the highest-statistics measurement at 5 K, an empir-
ical phase shift of φ = 20.3◦ was fitted. The three oscillatory
frequencies and their respective asymmetries remain nearly
temperature independent up to 150 K, with the slowest os-
cillation (AF2) carrying the largest asymmetry. Consequently,
the phase shift was kept fixed at φ = 20.3◦ for all fits between
5 and 150 K.

Above 150 K, the three frequencies undergo a redistribu-
tion of spectral weight [Fig. 5(a)]. Specifically, AAF2 decreases
rapidly from its low-temperature value, while AAF1 and AAF3

increase. At 225 K, the temperature evolution of the preces-
sion frequencies, fi, exhibits a kink that deviates from the
low-temperature power-law behavior. We attribute this redis-
tribution to the onset of the transition into the commensurate
IT-AFM phase. Within this transition regime (175–275 K),

AAF2 drops significantly, reaching ∼0.007 at 250 K, whereas
AAF1 rises to nearly 0.057. Any change in oscillatory asym-
metry expected from impurity phases (e.g., MnO or Mn2Sn)
becoming paramagnetic would have an asymmetry of approx-
imately 0.003 (see Sec. IV A). This is far too small to account
for the observed ∼0.045 drop in AAF2. Because the IT-AFM
structure is commensurate, its phase is ideally φ = 0◦. Be-
cause the IT-AFM structure is commensurate, its phase is
ideally φ = 0◦. To describe the crossover between these coex-
isting magnetic environments, we empirically scaled the phase
down alongside the decreasing AF2 amplitude as φ(T ) =
20.3◦ × AAF2(T )/AAF2(5 K).

3. Commensurate IT-AFM phase (T � 275 K)

At Tt = 275 K, the AF2 is no longer statistically resolvable
(see Appendix A) and the spectra are described using AF1 and
AF3. The total fitted amplitude increases across this commen-
surate region to approximately Atot ≈ 0.20, consistent with
the visually enhanced oscillations in the time spectra (Fig. 4).
However, this value remains below the full instrumental asym-
metry, indicating that a fraction of the signal is still lost to
relaxation faster than what can be resolved in the present
measurement. Since this missing fraction persists in the com-
mensurate IT-AFM phase, where the broad field distribution
associated with the IC modulation is no longer expected, it
points to an additional source of ultrafast depolarization.

Above 300 K, the fitted amplitudes of the remaining os-
cillatory components continue to redistribute: AAF1 increases
toward 400 K, while AAF3 remains statistically significant
at 375 K but is no longer independently resolved at 400 K
[Fig. 5(a) and Appendix A]. This may arise from thermal
expansion of the unit cell changing the electrostatic landscape
and making one muon site more favorable. Furthermore, the
relaxation rates of the slowly relaxing tail (λtail) and of AF1
increase just below TN, as expected at a magnetic phase tran-
sition. Finally, above TN, the nonoscillatory KT component
AKT dominates, as expected for a paramagnetic state where the
muon depolarization is dominated by nuclear moments, and
all expected instrumental asymmetry is completely recovered.

V. DISCUSSION

Before discussing the intrinsic magnetic phases, we first
address the possible influence of magnetic impurities. The
magnetization measurements reveal a transition and accom-
panying increase in magnetization at Tim = 200 K, which has
previously been attributed to a Mn2−xSn impurity phase [34].
While bulk Mn2Sn is ferrimagnetic with a Curie temperature
TC ≈ 250 K [35], this transition is highly sensitive to Mn defi-
ciency and can shift to lower temperatures [36]. By comparing
the magnitude of the magnetization step (�M) across Tim

with the reference magnetization of Mn2Sn (≈25 emu/g), we
estimate the impurity fraction to be only ∼1%.

The small TF-μ+SR recovery between 100 and 200 K,
corresponding to approximately 1–2% of the total asymmetry,
is compatible with the impurity estimate and could contain
contributions from Mn2−xSn and trace MnO from surface
oxidation of the powder (AFM with TN = 120 K [37]). A
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second TF recovery of comparable size is observed above
∼250 K. Since the bulk M(T ) data do not show a corre-
sponding sharp ferromagnetic or ferrimagnetic anomaly in
this temperature range, we do not attribute this second fea-
ture to a FM/ferrimagnetic impurity. Instead, we regard it
as most likely connected to the intrinsic IC-helical to IT-
AFM reconfiguration of Mn3Sn, although a very small AFM
minority contribution cannot be excluded. The magnetic re-
configuration into a more symmetric structure may modify the
internal-field distribution and cause partial field cancellation
at a minority stopping site, analogous to behavior observed in
the hexagonal AFM FeSn [38]. Alternatively, given its small
magnitude, the shift could originate from minor, temperature-
dependent variations in α due to measurements over a large
temperature range.

Regardless of its exact origin, treating this possible
impurity-related asymmetry as a conservative upper bound
shows it is far too small to account for the main ZF-μ+SR
observations. In the IC-helical/IT-AFM crossover regime, the
redistribution of oscillatory spectral weight is of the order of
�A ∼ 0.045, whereas the impurity contribution inferred from
TF-μ+SR would correspond to only ∼0.003 in the ZF oscil-
latory asymmetry. We therefore conclude that the ZF-μ+SR
spectra predominantly probe the intrinsic magnetic evolution
of the main Mn3Sn phase.

From our magnetization measurements, we identify a low-
temperature transition at Tf = 21 K. The strong bifurcation
between ZFC and FC curves below Tf is widely reported
and often attributed to a partial FM spin-glass phase [16,24].
Indeed, our magnetization data exhibit a clear FM signature,
with a continuous increase in both the total magnetization
and the hysteresis as the temperature is lowered. However,
although our AC magnetic susceptibility (ACMS) data reveal
a distinct peak at Tf = 21 K, we do not observe the character-
istic frequency-dependent shift in the peak position of χ ′ in
ACMS, which is expected for a spin-glass transition [39].

Furthermore, our ZF μ+SR spectra lack the signature of
a statically frozen spin glass characterized by a static KT
polarization function [29,40]. Although it has been speculated
that the glassy phase in Mn3Sn is driven by localized magnetic
clusters of excess Mn occupying Sn sites [24,26], such a
phase, even as a minority volume fraction, should result in
a resolvable static component in our μ+SR spectra.

Instead, upon cooling through Tf , we observe a distinct
peak in the relaxation rate λAF1. This peak in relaxation indi-
cates a phase transition consistent with the features observed
in our magnetization measurements. However, rather than
static spin-glass freezing, we observe a distinct slowing of
spin fluctuations. This suggests that for our Mn2.99Sn sample,
the intrinsic transition is distinctly separate from the static
glassy freezing associated with Mn impurities in some other
Mn3Sn samples [24,26]. Consequently, the FM phase appears
to be decoupled from the glassy behavior, though the nature
of the evolving spin dynamics requires further investigation.

In the IC helical phase, we found that a regular damped
cosine with an empirical phase shift of φ = 20.3◦ provides a
significantly better fit than the simple Overhauser or zeroth-
order Bessel functions used in previous studies [32]. Because
the symmetric Bessel functions rely on ideal muon sampling
of the field distribution, their failure does not independently

prove an asymmetric internal-field distribution. However,
this asymmetric fit is highly consistent with the complex,
amplitude-modulated order established by recent neutron and
x-ray scattering studies on Mn3Sn [20–23].

In the helical phase, we observe three oscillation frequen-
cies, in contrast to the two reported in the high-pressure
experiment by Bhattacharya et al. [32]. The additional weak
component may be visible here because of the longer counting
time and the absence of pressure-cell background. The pres-
ence of three frequencies aligns with the three stopping sites
predicted by DFT calculations by Bhattacharya et al. [32].
As the system is heated beyond 150 K, we observe a
continuous redistribution of spectral weight between these os-
cillations. Approaching the IT-AFM phase, the initially faint
frequency, AF3, grows in amplitude, while the primary low-
temperature frequency, AF2, diminishes in spectral weight
until it is no longer resolvable at the transition temperature,
Tt ≈ 275 K [Fig. 5(a)].

We interpret this spectral redistribution as evidence for
coexisting local magnetic environments associated with the
IC helical and IT-AFM states. Specifically, in the context of
an amplitude-varying spin-density wave (SDW), the dimin-
ishing spectral weight of the AF2 component is consistent
with the gradual suppression of the IC helical phase in favor
of the commensurate IT-AFM phase. Previous studies have
suggested a rotation of the easy axis from the helical [112̄0]
direction to the IT-AFM [0001] direction prior to the bulk
transition at Tt [41,42]. While these reports attribute this shift
to an internal transition within the IC helical phase, our results
instead suggest that this easy-axis shift tracks the continuous
magnetic crossover into the IT-AFM state. This is supported
by detailed neutron powder diffraction, which establishes a
broad temperature window (spanning roughly 60 K) where
the commensurate and incommensurate magnetic reflections
gradually transition into one another [16]. Thus, while we do
not completely rule out a macroscopic phase separation, their
observed behavior closely parallels the continuous crossover
observed in our measurements.

At and above 275 K, the transition into the IT-AFM phase
is completed, marked by the no longer resolvable AF2 com-
ponent. This transition is further visible in our magnetization
data through an increase in magnetization above Tt = 275 K,
which is characteristic of the weak FM moment of the IT-
AFM structure [9,12]. It is useful to distinguish the reduced
fitted asymmetry in the IC-helical phase from the persis-
tent missing fraction observed in the commensurate IT-AFM
phase. In the IC-helical phase, the spatial modulation of the
ordered moments naturally produces a broad distribution of
internal fields, and part of the early-time depolarization may
therefore become difficult to resolve within the instrumental
time window. Thus, this reduction in observable asymmetry
should not be misinterpreted as phase separation or a dis-
tinct magnetic volume fraction. By contrast, above Tt , the IC
modulation is absent and the magnetic structure is commensu-
rate; the persistence of a reduced resolvable initial asymmetry
therefore suggests that a subset of muons still experiences
very broad or very large local fields that depolarize the signal
within the first few nanoseconds.

One possible microscopic origin of this unresolved de-
polarization is a minority population of muons stopping in
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regions where the magnetic texture varies strongly on the
nanoscale. In the IT-AFM phase, the degeneracy of the spin
configurations allows Mn3Sn to form multiple magnetic do-
mains [17,43–45], and the associated domain walls have been
discussed as topological or chiral spin textures with a con-
tinuous rotation of the local magnetic order [44,45]. Muons
stopping in or near such domain-wall regions could there-
fore experience a broad distribution of local fields, producing
relaxation that is too fast to resolve in the present time
window.

However, this interpretation should be regarded as ten-
tative. Other sources of ultrafast depolarization, such as
grain-boundary strain in the powder, unresolved minority
muon stopping sites with very large local fields, or local disor-
der near magnetic/domain boundaries, could produce a similar
missing fraction. Thus, we do not directly equate the missing
asymmetry with a domain-wall volume fraction. Instead, we
interpret it more generally as evidence for a minority subset of
muons experiencing an unresolved, highly inhomogeneous lo-
cal magnetic environment. Longitudinal-field μ+SR, ideally
on single crystals, together with complementary spatial probes
such as small-angle neutron scattering (SANS) or magnetic
imaging, would be needed to determine whether domain walls
are the dominant source of this missing fraction [46].

Lastly, a second redistribution occurs above 325 K with
a decrease in AAF3, which we tentatively attribute to thermal
expansion of the unit cell making the AF1 muon site more fa-
vorable. Further DFT calculations of the muon sites, utilizing
precise temperature-resolved crystal structures as inputs, are
needed to confirm this.

VI. CONCLUSION

Our combined μ+SR and bulk magnetization measure-
ments on Mn2.99Sn reveal a dynamic magnetic landscape
across the three primary bulk transitions: Tf = 21 K, Tt ≈
275 K, and the Néel temperature TN = 418 K.

Below Tf , we do not observe any signature of a frozen
spin-glass state in this sample. However, we still observe
an increasing FM component accompanied by a distinct
slowing down of spin fluctuations. This indicates that the
low-temperature FM signatures might be intrinsic to the main
crystalline phase and decoupled from the static glassy freezing
observed in other Mn3Sn samples. By demonstrating that the
FM transition can appear independently of static glassiness,
these results shed light on a regime previously interpreted as
a coupled, partial FM spin-glass state.

Within the IC helical AFM regime, damped oscillations
with an empirical common phase offset provide the best fit
to our measured ZF spectra, which is compatible with the
anharmonic magnetic order established by recent scattering
studies [22,23]. Upon heating, we identify a broad magnetic
crossover between the IC helical and IT-AFM phases. The
continuous redistribution of spectral weight between the os-
cillations tracks this crossover, suggesting that previously
reported easy-axis rotations are a direct consequence of this
gradual magnetic transition.

In the IT-AFM state above Tt , a persistent missing fraction
in the initial asymmetry indicates that a subset of implanted
muons, corresponding to roughly 20% of the sample-related

asymmetry, undergoes unresolved ultrafast depolarization.
The microscopic origin of this missing fraction remains open.
Possible contributions include domain-wall regions, grain-
boundary or disorder effects in the powder, and unresolved
minority muon stopping environments. Longitudinal-field
μ+SR on single crystals, ideally combined with complemen-
tary spatial probes, will be required to distinguish between
these possibilities. Additionally, we observe a further redis-
tribution of muon sites above 325 K, which we tentatively
attribute to thermal expansion favoring a specific muon site.

Ultimately, our results reveal a highly dynamic magnetic
landscape in Mn3Sn. By utilizing the local probe of μ+SR, we
show how distinct local magnetic environments coexist over
a large temperature range and evolve continuously with tem-
perature. To fully understand this redistribution and the local
coexistence of the helical and IT-AFM environments, further
DFT calculations utilizing precise temperature-resolved crys-
tal structures, alongside detailed neutron diffraction studies,
are needed.
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APPENDIX A: NUMBER OF FREQUENCIES
IN ZERO FIELD

Figure 6 shows the real part of the Fourier transform of the
μ+SR ZF spectra, overlaid with the fitted ZF frequencies. The
dashed lines denote high-statistics (HS) measurements (taken
at 5, 250, 300, and 350 K), which have approximately double
the standard statistics. Consequently, the noise floor outside
of the three fitted frequency bands is visibly lower in these HS
datasets.

Because some frequency components become very weak
with temperature, it is important to statistically justify the
number of independently resolvable components used in the
fits. As summarized in Table I, we first confirm that adding
AF3 to a two-frequency baseline at 5 K produces a statistically
significant improvement. We then apply the same analysis
where AF2 becomes weak near Tt (250 and 275 K) and where
AF3 becomes weak on approaching 400 K (350, 375, and
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FIG. 6. Fourier transform heat map of the ZF-μ+SR signal. Two-
dimensional (2D) heat map showing the real part of the Fourier
transform (FT) of the asymmetry signal over the first 0.05 µs as a
function of temperature. Vertical dashed lines indicate temperatures
where high-statistics measurements were performed. Overlaid points
denote the fitted zero-field (ZF) precession frequencies (AF1, AF2,
and AF3) extracted using Eq. (2), matching the parameters presented
in Fig. 5(a).

400 K). The added-component amplitude is left unconstrained
in these tests. At 275 K, the F -test gives p = 0.092, so AF2 is
no longer statistically significant (p > 0.05) and is excluded
from the final model at 275 K and above. This establishes
loss of independent resolvability, not a frequency that falls to
zero. At 375 K, AF3 remains statistically significant, whereas
at 400 K, no stable positive AF3 amplitude can be obtained;
the single-frequency model is therefore used at 400 K, and
that dataset is not included in Table I.

Because μ+SR time spectra consist of many bins, our
fits have a very large number of degrees of freedom
(ndf ≈ 40 000). Here, simply observing a drop in the absolute
χ2 value is insufficient to justify adding more parameters, as
any additional parameter will mathematically reduce the χ2.
To test whether the improvement represents a true physical
signal rather than just fitting statistical noise, we utilized an F -

test for nested models. The F -statistic is calculated as follows:

F = (χ2
1 − χ2

2 )/(�ndf)

χ2
2 /ndf2

, (A1)

where χ2
1 and ndf1 correspond to the simpler model (fewer

frequencies), and χ2
2 and ndf2 correspond to the more complex

model. The F -test inherently penalizes overfitting by requir-
ing the normalized drop in χ2 (numerator) to significantly
exceed the baseline statistical noise of the fit (denominator).
The p-value is then calculated by evaluating the survival
function (the right-tail probability) of the F -distribution at
the observed F -statistic, using �ndf and ndf2 as the de-
grees of freedom. A resulting p-value <0.05 indicates, within
this nested-model comparison, that including the additional
oscillatory component produces a statistically significant im-
provement in the fit.

APPENDIX B: MAGNETIZATION

Figure 7 shows the magnetization curves for tempera-
tures spanning from 5 to 300 K. At 300 K, within the
inverse triangular (IT) AFM phase, the material exhibits a
relatively large hysteresis alongside a damped total magnetic
response. This behavior is consistent with the canted IT-AFM
structure present in this regime [9–14]. Cooling through the
bulk transition temperature Tt = 275 K and into the helical
phase, the hysteresis narrows visibly at 225 K, although the
total magnetization remains comparable. Below 200 K, it is
also important to consider the potential background contri-
bution of a ferrimagnetic Mn2−xSn impurity phase. As the
temperature is lowered past 200 K, the M(H ) curves lose
their sharp features and adopt a smoother, S-shaped profile
with minimal hysteresis. This smooth S-shape persists down
to 50 K. However, as the temperature drops below 50 K, the
hysteresis loop begins to broaden significantly once again.
This distinct reemergence of the coercive field at low tem-
peratures indicates a growing ferromagnetic component in the
main Mn3Sn phase.

TABLE I. Summary of the F -test for nested models used to justify the inclusion of additional frequency components at various
temperatures. χ 2

1 and χ 2
2 represent the absolute chi-squared values for the models with fewer and more frequencies, respectively, alongside

their degrees of freedom (ndf). A p-value <0.05 indicates that the inclusion of the additional frequencies is statistically significant. The
unconstrained fitted asymmetry of the extra frequency is also provided.

Temp. Comparison χ 2
1 (ndf1) χ 2

2 (ndf2) F -statistic p-value Fitted Asym.

5 K 2 vs 3 Freq 40816.4 (40930) 40772.8 (40927) 14.59 1.71 × 10−9 AAF3 = 0.0070(15)
250 K 2 vs 3 Freq 41055.7 (40931) 41033.2 (40928) 7.48 5.29 × 10−5 AAF2 = 0.0070(26)
275 K 2 vs 3 Freq 41350.9 (40931) 41344.4 (40928) 2.14 0.092 AAF2 = 0.00124(94)
350 K 1 vs 2 Freq 41197.8 (40934) 41182.1 (40931) 5.20 0.00136 AAF3 = 0.039(12)
375 K 1 vs 2 Freq 41239.2 (40934) 41228.0 (40931) 3.71 0.0111 AAF3 = 0.034(22)
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FIG. 7. Extended isothermal bulk magnetization. Magnetization of Mn3Sn as a function of applied external magnetic field, measured across
a wide range of temperatures. The data are grouped into three panels by temperature range for clarity. The insets provide a magnified view of
the low-field region to more clearly illustrate the temperature evolution of the hysteresis loops.
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