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Ubiquitous Order-Disorder Transition in the Mn Antisite
Sublattice of the (MnBi2Te4)(Bi2Te3)n Magnetic Topological
Insulators

Manaswini Sahoo, Ifeanyi John Onuorah, Laura Christina Folkers, Ekaterina Kochetkova,
Evgueni V. Chulkov, Mikhail M. Otrokov, Ziya S. Aliev, Imamaddin R. Amiraslanov,
Anja U. B. Wolter, Bernd Büchner, Laura Teresa Corredor, Chennan Wang, Zaher Salman,
Anna Isaeva, Roberto De Renzi,* and Giuseppe Allodi

Magnetic topological insulators (TIs) herald a wealth of applications in
spin-based technologies, relying on the novel quantum phenomena provided
by their topological properties. Particularly promising is the
(MnBi2Te4)(Bi2Te3)n layered family of established intrinsic magnetic TIs that
can flexibly realize various magnetic orders and topological states. High
tunability of this material platform is enabled by manganese–pnictogen
intermixing, whose amounts and distribution patterns are controlled by
synthetic conditions. Here, nuclear magnetic resonance and muon spin
spectroscopy, sensitive local probe techniques, are employed to scrutinize the
impact of the intermixing on the magnetic properties of
(MnBi2Te4)(Bi2Te3)n and MnSb2Te4. The measurements not only confirm the
opposite alignment between the Mn magnetic moments on native sites and
antisites in the ground state of MnSb2Te4, but for the first time directly show
the same alignment in (MnBi2Te4)(Bi2Te3)n with n = 0, 1 and 2. Moreover, for
all compounds, the static magnetic moment of the Mn antisite sublattice is
found to disappear well below the intrinsic magnetic transition temperature,
leaving a homogeneous magnetic structure undisturbed by the intermixing.
The findings provide a microscopic understanding of the crucial role played by
Mn–Bi intermixing in (MnBi2Te4)(Bi2Te3)n and offer pathways to optimizing
the magnetic gap in its surface states.
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1. Introduction

The interplay between non-trivial topology
and magnetic order has been under the
spotlight since the advent of a topologi-
cal era in condensed matter physics be-
cause it may enable versatile and tunable
topological phases.[1–5] Magnetic topolog-
ical materials emerged as an ideal plat-
form for harbouring emergent quantum
phenomena of technological relevance, in-
cluding the quantum anomalous Hall effect
(QAHE) and axion electrodynamics.[6–10]

A layered (van der Waals) compound
MnBi2Te4, which is a magnetic deriva-
tive of the prototypical Bi2Te3 topologi-
cal insulator, has been established as the
first intrinsically magnetic TI.[11–14] In this
compound, the local moments of the Mn
atoms adopt an A-type antiferromagnetic
(AFM) order, consisting of a ferromag-
netic (FM) alignment within the Mn layer,
with AFM stacking in the perpendicular
direction.[11,14,15] Combination of a layered
crystal structure and the A-type AFM or-
der makes MnBi2Te4 to fall under the Z2
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topological classification of AFM insulators.[16] The non-trivial
value of the invariant, Z2 = 1, stemming from the spin-orbit cou-
pling driven bulk band gap inversion, categorizes it as a 3D AFM
TI.[11–14] In the 2D limit, thin MnBi2Te4 films were theoretically
predicted[17,18] and experimentally confirmed to show the AFM
axion insulator state,[19,20] as well as the quantized Hall effect,
both under external field[19–22] and in remanence.[22]

On top of its exciting intrinsic properties, MnBi2Te4 also fos-
ters a highly tunable material platform. Multiple tuning knobs,
not only extrinsic such as magnetic field, pressure, and tem-
perature, but also intrinsic such as Mn–Mn interlayer dis-
tance, variations of the chemical composition, and defect en-
gineering, result in various magnetic and topological states.
For example, various pnictogen or chalcogen substitutions and
Mn/Bi/Te stoichiometry alternations give rise to such materi-
als as MnSb2Te4, MnBi2Se4, or Mn2Bi2Te5, whose magnetic and
topological properties have been studied both theoretically and
experimentally.[23–27] Furthermore, the van der Waals nature of
MnBi2Te4 tolerates interlacing the adjacent (MnBi2Te4) sep-
tuple layers with various number n of nonmagnetic (Bi2Te3)
quintuple layers, resulting in the (MnBi2Te4)(Bi2Te3)n family of
stacked structures (n = 1 for MnBi4Te7, n = 2 for MnBi6Te10,
etc.).[28,29] The increasing distance between the septuple layers
progressively weakens the interlayer exchange coupling with an
increasing n, which enables an effective tuning of the mag-
netic structure by moderate magnetic fields,[30–34] or hydrostatic
pressure,[35] driving these compounds from the AFM to the FM
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state. The (MnBi2Te4)(Bi2Te3)n materials may host exotic, field-
induced topological phases[30,36,37] and temperature-dependent
metamagnetic states.[38]

Native defects in these materials are lately in the center of at-
tention thanks to their strong influence on the magnetic and elec-
tronic structure.[39–44] They are exploited as an effective tuning
knob to purposely modify the latter.[39,45–47] These defects orig-
inate from antisite intermixing between the native manganese
and pnictogen crystallographic sites. This phenomenon is fa-
vored by similar ionic radii, especially those of the Mn and Sb,[48]

which enables ca. three times stronger degree of intermixing in
MnSb2Te4 compared to MnBi2Te4. Specifically, Mn atoms par-
tially occupy the Sb/Bi 6c Wyckoff site (Mn6c antisite), while pnic-
togen atoms swap to the Mn 3a site (Bi3a antisite). The amounts
of swapped cations do not necessarily fulfill the electroneutrality
assumptions for Mn(II) and Sb(III)/Bi(III), and the occurrence
of cationic vacancies in both sites is debated.[49] Strong intermix-
ing in MnSb2Te4 promotes the FM interlayer coupling.[50] The
magnetic transition temperature jumps from TN = 19 K in the
AFM-like bulk Mn1 − xSb2 + xTe4 single crystals[39] to TC = 58 K in
the FM-like Mn1 + xSb2 − xTe4 ones,[47] which is achieved by vary-
ing the growth conditions. (Hereinafter, the main magnetic tran-
sition is referred to as Tm, meaning either TN for AFM or TC for
FM samples.) Moreover, the interlayer coupling can become truly
FM in MnBi6Te10 via Mn-Bi defects engineering under appropri-
ate growth conditions.[45,46] This FM coupling may not only help
to realize an FM axion insulator state,[36,37] but also the QAHE in
contrast to the AFM MnBi2Te4.[22,51]

Low-temperature neutron diffraction measurements, per-
formed on both the AFM- and FM-like MnSb2Te4 bulk single
crystals, reveal that the local moments of the Mn6c atoms are cou-
pled antiparallel to the Mn3a ones (ferrimagnetic structure).[39,52]

However, for the (MnBi2Te4)(Bi2Te3)n family the magnetic role of
the antisites has not been decisively established yet. Indeed, the
available neutron diffraction data[53–55] do not shed light on this
issue (likely because of the much lower levels of intermixing as
compared to MnSb2Te4), although the high-field magnetization
studies performed on MnBi2Te4 do suggest that there is an AFM
coupling between the Mn6c and Mn3a sublattices.[40]

To close this important gap, this article systematically inves-
tigates the magnetic behavior of the antisites in polycrystalline
(MnBi2Te4)(Bi2Te3)n with n = 0, 1, 2 and in one MnSb2Te4 sam-
ple by means of local magnetic probes, namely nuclear magnetic
resonance (NMR) (Section 2) and muon spin spectroscopy (μSR)
(Section 3). Both techniques probe the dynamic and thermody-
namic material properties, as well as the disorder introduced by
the antisites. The measurements are performed in applied and
in zero (ZF) external magnetic field, and 55Mn NMR provides
direct local evidence of the nearly opposite relative spin align-
ment of Mn3a and Mn6c for all compounds studied here. Impor-
tantly, NMR reveals a magnetic order-disorder transition in the
Mn6c sublattice of MnSb2Te4 well below Tm = 27 K. This clearly
discriminates two regions in the MnSb2Te4 magnetic phase di-
agram: i) T < T* < Tm, when the Mn6c and Mn3a moments are
coupled antiferromagnetically; and ii) T* < T < Tm, when the
Mn6c sublattice is paramagnetic-like, whereas the Mn3a one sus-
tains its intra- and interlayer orders. μSR and bulk magnetometry
measurements confirm the same order-disorder transition in the
Mn6c sublattice of all studied (MnBi2Te4)(Bi2Te3)n as well.
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Figure 1. a–c), 55Mn NMR spectra of MnBi2Te4 (𝛼 sample), MnBi4Te7 and MnSb2Te4 respectively, at T = 1.4 K in increasing applied fields, start-
ing from ZF; d–f) polycrystal vector composition 55B = μ0H + Bhf and their resulting spectral shifts for three simple cases: soft ferromagnet (FM,
d), soft ferrimagnet, minority spin (↓FIM, e), antiferromagnet (AFM, f); g,h) field dependence of the Mn3a and Mn6c mean frequency peaks for the
(MnBi2Te4)(Bi2Te3)n family; i,j) Mn3a and Mn6c peaks for MnSb2Te4, field dependence (i) and temperature dependence (j) of their frequencies (black,
red dots), temperature dependence of the ratio of their areas (blue dots, j).

The discovery of the loss of the Mn6c sublattice magnetic order-
ing is highly relevant in the context of the crucial role that Mn-Bi
intermixing plays in the reduction of the gap at the Dirac point
in MnBi2Te4.[41–44,56–61]

2. The Antisites From the NMR Perspective

In this and the next section, we describe a unified picture emerg-
ing from NMR and μSR, skipping the technical details of its
derivation for the sake of clarity. The principles of the two tech-
niques are briefly described in Section 5 and further important
details are provided in the Supporting Information.[62] Section 5
and the Supporting Information also give details about the sam-
ple preparation and characterization; the protocols are based on
our previous works,[28–30,45,48,63] which ensures consistency be-
tween all our published series of samples in terms of structural
and magnetic properties.

In ZF-NMR, 55Mn nuclear spins (gyromagnetic ratio 55𝛾 =
10.576 MHz/T) precess around a very large hyperfine field Bhf,
between 40 and 45 T at 1.4 K. Bhf is primarily due to the negative
coupling, −, to the on-site moment gμBS, with much smaller
positive couplings  to six nearest neighbors Mn3a, and even
smaller distant dipole contributions, so that in first approxima-
tion, assuming parallel S in the layer, the NMR frequency is
55𝜈 = 55𝛾( − 6)g𝜇BS.

2.1. NMR Peak Assignment

A 3D view of the spectra for polycrystalline samples of MnBi2Te4,
MnBi4Te7 and MnSb2Te4 at T = 1.4 K, in the frequency range

350 to 500 MHz, is shown in Figure 1a–c (MnBi6Te10 in the
Figure S8, Supporting Information[62]) with ZF at the back and
increasing fields μ0H towards the front. They all show two broad
peaks patterns, each centered at a distinct frequency: 𝜈a, c =
55𝛾 |55Ba, c|. Therefore two distinct Mn sites experience a different
total local field modulus 55Ba, c, i.e., different values of Bhf, as it
would be expected for the main site Mn3a and the anti-site Mn6c.
The 5–10% breadth of the frequency peaks is due to disorder in
their vicinity, producing small variations of the local electronic
environment, reflected in Bhf.

The relative area under the two peaks at 3T assigns the lower-
frequency, majority peak to Mn3a and the minority peak to Mn6c
(Figure 1a–c, the proportionality of the signal amplitude with the
number of nuclei may not be guaranteed in ZF but it is recov-
ered in 3T, see Section NMR). The frequencies confirm the as-
signment, since the six non-negligible transferred couplings 

of Mn3a and the three nearly vanishing ones for Mn6c are both
opposite to the on-site coupling . This simple argument is con-
firmed by DFT simulations of the hyperfine coupling at the Mn
sites (Figure S9, Supporting Information).

2.2. Antisite Spin Alignment

The same 3D plots (Figure 1a–c) show that the frequency split-
ting increases with the applied field. This can be understood from
the field vector composition 55B = μ0H + Bhf. In simple cases,
the relative local orientation of the Mn3a and Mn6c magnetic mo-
ments is easily inferred from this vector composition, as shown
in Figure 1d–f
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55𝜈(H) = 𝜈hf

⎧⎪⎪⎨⎪⎪⎩

− 55𝛾 𝜇0H FM, ↑ FIM

+ 55𝛾 𝜇0H ↓ FIM

+

([
𝜇0H

Bhf

]2
)

AFM

(1)

Namely, in the FM case, or equivalently, for the large magne-
tization sublattice of a ferrimagnet (↑ FIM) the moments align
along the applied field, hence Bhf is opposite to H and the fre-
quency decreases with increasing field. On the other hand, they
anti-align to H for the small magnetization sublattice of a ferri-
magnet (↓ FIM), so there the frequency grows with Bhf∥H. Fi-
nally, in the collinear AFM case, they do not align, and the super-
position of all relative vector orientations in our polycrystalline
samples leads to a broadening with no first order shift.[62]

Figure 1g,h shows the shifts vs. applied field for the
(MnBi2Te4)(Bi2Te3)n samples. The majority Mn3a peak of
MnBi2Te4 (red stars) does not shift with H up to 1 T, following the
AFM behavior predicted by Equation (1). Its small shift for 2 T⩽H
⩽ 3 T is consistent[62] with a canted antiferromagnetic (CAFM)
state.[64–66] In contrast, MnBi4Te7 and MnBi6Te10 (black and blue
symbols, respectively) follow the FM case, like the MnSb2Te4 ma-
jority site, shown by the red symbols in Figure 1i, all fitted with
negative slopes equal to 𝛾 = −55𝛾 within error bars.

Neutron diffraction measurements on MnSb2Te4 have re-
vealed the antiparallel alignment of the Mn3a and Mn6c local
moments.[39,52] In our NMR data, this spin alignment is directly
demonstrated in Figure 1i by the positive slope of 55𝜈(H) for the
Mn6c sites. Moreover, we see exactly the same behavior for all
(MnBi2Te4)(Bi2Te3)n materials (Figure 1g,h), i.e., their septuple
layers show the same FIM structure as MnSb2Te4. While indica-
tions of this behavior in MnBi2Te4 were previously seen in high-
field magnetometry,[40] the presented NMR results provide direct
local evidence of the opposite spin alignment of Mn3a and Mn6c
for all (MnBi2Te4)(Bi2Te3)n with n = 0, 1 and 2. It is likely that the
n > 2 members of the (MnBi2Te4)(Bi2Te3)n family[37,67,68] should
also display this FIM structure, pretty much as their n = 0 − 2
analogs. Note that the 55𝜈(H) slope for (MnBi2Te4)(Bi2Te3)n in
Figure 1h is slightly reduced[62] by an average canting angle 𝜃

between the sublattice magnetization and H, according to 𝛾 =
55𝛾cos 𝜃. This angle is small for the FM-like materials, but quite
sizable for CAFM MnBi2Te4, reflecting the large powder average
angle between the magnetization of its canted Mn3a sublattices
and the field.

2.3. Antisite Moment Temperature Dependence

The 55Mn NMR signal quickly disappears when increasing the
temperature above T = 1.4 K, as the NMR T2 relaxation time
gets shorter than the instrumental dead-time. For MnSb2Te4 the
Mn3a ZF NMR frequency (red symbols in Figure 1j) is detected
up to t = T/Tm ≈ 0.6, whereas the Mn6c ZF NMR frequency (black
symbols) is detected only up to t = 0.4. They both decrease toward
the second order transition at Tm, following the order parameter.
However, the ratio of their peak areas (blue symbol) decreases
much more quickly over the same range, vanishing around t =
0.4. This implies that the Mn6c peak disappears in a first-order-
like fashion at a temperature T* well below Tm.

Summarizing, NMR at 1.4 K directly detects the opposite align-
ment of the Mn3a and Mn6c sublattices in all of the systems stud-
ied here, and it demonstrates that in the Sb-based compound the
antisite Mn6c disorders above T*, well below Tm. The same infor-
mation is not accessible for (MnBi2Te4)(Bi2Te3)n, due to a combi-
nation of lower ordering temperatures and shorter T2.

3. μSR Results

Spin-polarized muons implanted in polycrystalline samples stop
in few lowest energy interstitials. In ZF and for T < Tm the muon
spin precesses around the local magnetic field Bμ, due to ordered
moments, producing coherent oscillations at a frequency 𝛾μBμ in
the asymmetry of the muon decay at early times (𝛾μ = 135.554
MHz/T, see Section 5).

Selected ZF-μSR early-time asymmetries A(t) are shown in
Figure 2a–c for the (MnBi2Te4)(Bi2Te3)n materials at different
temperatures, with their best fit to a minimal model, Equation (2)
in Section 5. The model describes the internal field distribution
p(Bμ) probed by muons as a few Gaussian components of very
broad width ΔBi. Starting from MnBi2Te4 (Figure 2a), the asym-
metry shows a fast, over damped initial relaxation and a second
damped oscillation below Tm. Both components correspond to
appreciable internal fields, the fast initial Gaussian decay to a
mean value smaller than its width 0 ≲ B1 < ΔB1, and the vis-
ible oscillation to an observable mean value B2 > ΔB2. At low
temperature a third oscillating component (B3 > ΔB3) appears.
By comparison, the n = 1, 2 members differ from n = 0 in i) the
absence of the B1 < ΔB1 fast initial decay and ii) a lower field B2
value, whereas, they also display iii) a high field B3 component,
that sets in only at lower temperatures. The presence of two dis-
tinct oscillations, both heavily damped, is more evident in the low
temperature best fits of Figure S10 (Supporting Information).[62]

3.1. Magnetic Transitions

The temperature dependence of the internal fields, ΔB1(T)
(the width of that distribution), B2(T) and B3(T), are shown in
Figure 2d–f. It reveals two common features among all three fam-
ily members: ΔB1 and B2 correspond to the order parameter and
vanish at the second-order magnetic transitions, Tm; in contrast,
B3 vanishes abruptly at T*, inside the ordered phase, without any
corresponding anomaly in ΔB1, B2.

Weak transverse field (WTF) μSR provides the amplitude
of the spin precession in a small applied field (μ0H ≪
ΔB1, B2, B3). Below Tm this amplitude drops abruptly. The
(MnBi2Te4)(Bi2Te3)n magnetic volume fraction mwtf shown in
Figure 2g–i is obtained from WTF measurements (Equation (4)
in Section 5) and demonstrates that MnBi2Te4 and MnBi6Te10 un-
dergo very sharp transitions, at Tm, (the width of the transition
for a 90%–10% volume reduction is ΔT < 1 K), despite their rela-
tively large atomic disorder implied by the presence of antisites.
The n = 1 sample displays a sharp transition as well, but a 20%
contribution, which we attribute to intergrowths of the MnBi2Te4
phase, is also visible (Figure 2h).

Similar results were obtained for MnSb2Te4.[69] Notably, we
measured two distinct MnBi2Te4 samples, labeled 𝛼 and 𝛽 (filled
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Figure 2. μSR in (MnBi2Te4)(Bi2Te3)n, n = 0, 1, 2. a–c) Early time ZF asymmetries at various temperatures with best fits (solid curve), displaced vertically
for clarity; d–f) Temperature dependence of the internal fields ΔB1, B2, B3 (green, red, blue symbols, respectively), the hatched bands show the values
predicted by DFT at T= 0, shaded areas are guides to the eye (Equation (7)); g–i) WTF magnetic volume fraction mwtf versus temperature; j) ZF transverse
cumulative magnetic fractions m1 (green circles), m1 + m2 (red circles) and m1 + m2 + m3 (blue circles), plus longitudinal magnetic fraction mL (grey
triangles), cfr. Equation (2). Data in panel (a) and open symbols in panel (d,g,j) correspond to the MnBi2Te4 𝛽 sample.

and open symbols, respectively, in Figure 2d,g,j), which readily
show distinguishable transitions (Tm = 26.0(3), 24(1) K), due to
slightly different preparation conditions. The residual WTF am-
plitude well below Tm is due to a small fraction of muons im-
planted outside the sample, that do not experience its sponta-
neous internal magnetic field distribution.

Separate magnetic volume fractions mi are also derived from
the ZF normalized amplitudes at each internal field Bi (Equa-
tion (5), Section μSR). Independently, the total volume fraction
mL is obtained from the longitudinal amplitude (Equation (6)).
Figure 2j shows the cumulative sum of the three transverse
fractions for MnBi2Te4-𝛽. Both mL (grey symbols) and m1 +
m2 (red symbols) drop sharply at the transition Tm, in agree-
ment with mwtf. In contrast, m3 disappears abruptly at T* =
12(1) K, suggesting that this component originates from muon
sites sensitive to the subtle change that takes place across that
point. This is reminiscent of our NMR MnSb2Te4 results. For
the (MnBi2Te4)(Bi2Te3)n samples, the temperature coincides with
a clear anomaly appearing in magnetization (Figure S7 and
Table SI, Supporting Information), suggesting that Mn6c mo-
ment are undergoing fast (paramagnetic-like) reorientations
above T*. Further insight crucially requires the correct identifi-
cation of the muon-stopping sites.

3.2. The Antisites from the μSR Perspective

The muon sites were identified and their respective T = 0 K field
values, Bμ, were computed using a standard protocol, known as

DFT+μ,.[70–73] These are explained briefly in Section 5 and dis-
cussed in more details in the Supporting Information.[62] In the
ideal MnBi2Te4 crystal, this protocol identifies three stable sites,
shown in Figure 3 as Te-μ-Mn (red sphere), Te-μ-Bi (blue sphere),
and Te-μ-Te (yellow sphere) and reported in the top box of Table 1.
The mean field values at these sites agree nicely with the exper-
imental component B1 (Te-μ-Bi and Te-μ-Te) and B2 (Te-μ-Mn),
respectively. Notice that the correspondence between sites and
fields is not bijective (more sites may contribute to the same field
distribution) and that the uncertainty in the DFT+μ derived val-
ues is below 25%.

The presence of intermixing modifies these findings in two
ways: i) inherent disorder broadens considerably all field distri-
butions, producing large widths ΔBi, and ii) the extra moment
modifies significantly the mean field values at muon sites near-
est neighbor (nn) to Mn6c and Bi3a. We label these two modified
sites as Te-μ-Mn@Bi and Te-μ-Bi@Mn, respectively, and report
their properties in the lower box of Table 1. Both these conse-
quences are observed experimentally, in particular the calculation
for the muon site Te-μ-Mn@Bi agrees with local field B3, while
Te-μ-Bi@Mn contributes to B1.

Let us now turn to the (MnBi2Te4)(Bi2Te3)n compounds with
n = 1, 2, where the sites closest to the Mn3a layer are predicted
to be very similar to those of n = 0. The farther high symme-
try Te-μ-Te site, instead, is replaced by more than one site in the
intervening quintuple layers. Since all of them are far removed
from Mn3a, we expect a large majority of muon sites character-
ized by very small or vanishing local field values. However, n =
1, 2 samples show non-vanishing net magnetic moment, hence

Adv. Sci. 2024, 11, 2402753 2402753 (5 of 10) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. Representative muon sites as small colored atoms in
MnBi2Te4 (and MnSb2Te4) by DFT+μ: Te-μ-Mn (red), Te-μ-Bi (blue atom),
Te-μ-Te (yellow). a) Half the primitive cell with Mn3a only, b) Te-μ-
Mn@Bi and c) Te-μ-Bi@Mn.

Bμ has an additional Lorentz field term BL = 4𝜋M/3 ≈ 70, 50 mT,
respectively. This contributes negligibly to the high field of the
Te-μ-Mn@Bi site, B3 ≫ BL, but significantly to the low field Te-μ-
Bi@Mn, Te-μ-Bi and Te-μ-Te sites. This justifies both the second
experimental field value B2 ≈ BL (Figure 2e,f), its large fraction f2
and the disappearance of the f1, B1 = 0 signal.

The agreement of all these predictions, shown as hatched color
bands in Figure 2d–f, with T → 0 K experimental data is alto-
gether remarkable. It is the more so, in as much the same three
DFT muon sites support a coherent, simple interpretation of the
data for up to three experimental fit components, in four different
compounds, over two magnetic phases.

4. Discussion and Conclusion

An important result from NMR is that the size of the moment
on Mn obtained from the hyperfine field, in first approxima-

Table 1. T= 0 local field at the representative muon sites in MnBi2Te4, iden-
tified by color as in Figure 3 (see Supporting Information for details.[62])
Filled circles refer to muon sites: first three rows, far from antisites; last
two rows, nn to an antisite. Colored dashes refer to colors of symbols in
Figure 2d.

Muon site label nn
antisite

DFT+μ

Bμ(mT)
Experiment

Bi (mT) term

Te-μ-Bi – 93 0(80) – ΔB1

Te-μ-Te – 0

Te-μ-Mn – 314 290(10) – B2

Te-μ-Mn@Bi Mn6c 527 550(30) – B3

Te-μ-Bi@Mn Bi3a 95 0(80) – ΔB1

tion, is proportional to the on-site coupling , which is roughly
10 T/μB for all 3d ions and for 55Mn in particular.[74–76] An es-
timate of this coupling comes from the ZF NMR frequency of
Mn3a and Mn6c. Taking the value of the latter for its much smaller
transferred terms , and, conservatively, half their difference as
the uncertainty, we get roughly the same moment for all three
(MnBi2Te4)(Bi2Te3)n samples, μMn = 4.3(2) μB, in agreement with
neutron diffraction.[77]

Importantly, fast Mn6c spin fluctuations above T* justify the
disappearance of the f3 component, assigned consistently to the
Te-μ-Mn@Bi site and mostly due to the nn Mn6c moment. This
observation is common to all three compositions. We recall
that the same conclusion is drawn from the NMR findings on
MnSb2Te4 (Section 2), confirmed by μSR as well.[62] In addition,
μSR results confirm the first order character of T*, since the inter-
nal field B3, proportional to the Mn6c moment, is still large when
the signal amplitude vanishes (Figure 2d–f, mimicking the NMR
results of Figure 1j).

The anomaly at T* is confirmed by magnetization data,[62]

which, however, are obtained in an applied field. Recall that in
MnBi6Te10 the local field B2 is assigned to the low field sites Te-μ-
Bi, Te-μ-Te, and Te-μ-Bi@Mn,[62] in the presence of an additional
comparable Lorentz field, BL, due to the net domain magnetiza-
tion. The smooth behavior of B2 across T* indicates that BL sur-
vives also in zero applied field above the transition, suggesting
that a dominant FM stacking of Mn3a layers persists above T* in
zero field, therefore it is not induced by the external field.

The orientation of the antisite static moments successfully
shows the sign of their dominant local exchange, displaying a
universal behavior in this family, but this does not tell us the full
magnetic structure of each material, that varies in the family. Ac-
tually, for MnBi2Te4 we can assume that Tm is a Néel transition
and the sample is AFM in zero field. Here, T* (detected in ZF)
clearly merges with the low temperature transition seen in M(T)
(Figure S1, Supporting Information[62]). For MnBi4Te7 the pres-
ence of a cusp in M(T) suggests AFM bulk behavior at Tm, but
μSR shows the presence of an n = 0 contribution and we avoid
further considerations. Finally, MnBi6Te10 was already shown to
be FM under certain growth conditions,[29,45,46] which we repro-
duce in this work as well.

Figure 4 summarizes our findings in a schematic phase dia-
gram for the A-type antiferromagnet MnBi2Te4, where the T → 0
magnitude of the static Mn moment is taken from NMR and its
temperature behavior from the interpolation by Equation (7) on
the ZF μSR fields ΔB1(T), B2(T), of Figure 2d. The blue region is
characterized by the static ordering of the diluted Mn6c moments,
aligned antiparallel to the main Mn3a moments, as NMR demon-
strates. The static moment at Mn6c vanishes in the red region.

A similar plot for MnBi6Te10 is reported in the Support-
ing Information[62] (MnBi4Te7 data are less reliable due to the
presence of a sizable fraction of MnBi2Te4 layer intergrowths,
Figure 2h; Figure S4, Supporting Information). Remarkably, in
all three compositions, the mean Mn3a order does not change
appreciably across T*.

The red-shaded high-temperature phase is characterized by a
very sharp second-order transition, as it is witnessed in all sam-
ples by the abrupt vanishing of the magnetic volume fraction,
both by WTF and ZF μSR (Figure 2g–i). We highlight the unique
ability of μSR, as opposed to both magnetometry and neutron

Adv. Sci. 2024, 11, 2402753 2402753 (6 of 10) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 4. MnBi2Te4 phase diagram summary: temperature dependence of
the Mn3a magnetic moment, rescaled from the μSR fields ΔB1(T), B2(T),
and T → 0 value obtained from ZF Mn3a NMR (shaded bands translate
uncertainty in the latter). Insets: magnetic structures in one septuple layer
of the primitive cell.

scattering, to distinguish the reduction of the magnetic moment,
encoded in the local field, from the volume fraction, encoded
in the amplitude of the signal. Local disorder, like that expected
from magnetically coupled, random antisites, could yield a dis-
tribution of transition temperatures, and hence a more progres-
sive reduction of the volume fraction than that displayed in all
our samples. This suggests that, from a magnetic point of view,
the high-temperature ordered phase approaches closely the ideal,
intermixing-free material. This provides both the antiferromag-
netic and the ferromagnetic versions of a close-to-ideal magnetic
topological insulator. This discovery is highly relevant in the con-
text of the crucial role that Mn-Bi intermixing plays in the re-
duction of the gap at the Dirac point in MnBi2Te4.[41–44,56–61] In-
deed, a recent scanning tunneling spectroscopy study reveals that
the surface gap is absent in the regions with a high degree of in-
termixing, while the areas with the lower degree of intermixing
show gapped spectra.[42] According to density functional theory
calculations[41] the antiferromagnetic coupling between the Mn3a
and Mn6c sublattices is responsible for the gap reduction or sup-
pression. Photoemission data[41,61] also show a gap reduction due
to the presence of antisites; unfortunately they do not elucidate
the gap behavior across T*, which remains an open question for
further experiments.

Early sublattice decoupling is well documented, for instance
in intermetallic compounds,[78–85] and it often involves exchange
coupling frustration, which may also play a role in the present
case.[86] Since intermixing is a common feature for all materials,
including cation species with similar radii, we speculate that early
antisite disordering may take place more often than one thinks.
Therefore, our findings may have a more general impact than
just on the present materials.

5. Experimental Section
Synthesis: Polycrystalline samples of (MnBi2Te4)(Bi2Te3)n with n =

0, 1, 2 and of MnSb2Te4 were prepared by high-temperature solid-state

reactions following in general the protocols described in the previous
works.[30,45,48,63] The polycrystals were kept as non-compacted powders
for NMR experiments, and pressed into pellets for the μSR experiments.
Single crystal experiments were also performed with both techniques with
very similar results, although with much smaller signal to noise ratio, and
the extensive studies were restricted to the polycrystalline samples.

Two MnBi2Te4 (denoted 𝛼 and 𝛽) powdered samples were obtained
by two distinct high-temperature annealing routes. The MnBi2Te4 𝛼-
sample was prepared from a mixture of pre-synthesized MnTe and Bi2Te3
taken in the ratio 0.87:1.05. The powders were handled in an argon-
filled dry glovebox (MBraun), homogenized in a dry ball-mill (Retsch,
MM400) at 20 Hz for 20 min and then pressed into a 6-mm pellet (2
tons, 30 s). The pressling was placed into a quartz ampoule, sealed off
under dynamic vacuum (3 × 10−3 mbar) and annealed in a temperature-
controlled tube furnace (Reetz GmbH) following the procedure developed
in ref. [63].

The polycrystalline MnBi2Te4 𝛽-sample was synthesized by co-melting
of pre-synthesized MnTe and Bi2Te3 in an evacuated quartz ampoule at a
temperature of about 980 °C for 12 h, followed by slow cooling down to
580 °C at the rate of 5° h−1. This temperature was kept for 12 h followed
by air-quenching. Then, the polycrystalline sample was ground as a fine
powder and converted into a pellet and was then sealed in a quartz con-
tainer under the pressure of 10−4 Pa. The ampoule was further heated up
to 585 °C for 8 h, then kept at this temperature for about 240 h followed
by air-quenching. The grinding and annealing process was repeated twice
to achieve a homogenized phase-pure compound.

The MnBi4Te7 and MnBi6Te10 samples were obtained from a corre-
sponding, stoichiometric mixture of the powdered binaries that were han-
dled similar to the ones above. The former was annealed at 585 °C for
10 days (heating rate 1° h−1) and the latter was annealed at 575 °C for
4 days (heating rate 90° h−1). Both samples were water-quenched.

The MnSb2Te4 sample was synthesized from a stoichiometric mixture
of the elements (Sigma–Aldrich, 9N5, Mn reduced prior to synthesis) that
was ball-milled at 20 Hz for 20 min, pelletized and annealed at 550 °C for
8 days, and finally quenched.

X-Ray Diffraction and Energy-Dispersive X-Ray Spectroscopy: Phase pu-
rity of all samples but 𝛽 was analyzed by powder X-ray diffraction (PXRD)
on a Malvern Panalytical Empyrean three diffractometer, employing CuK𝛼1
radiation (𝜆 = 1.54059 Å) and set in Bragg-Brentano geometry. Lattice pa-
rameters refinement was conducted by Le Bail method to ensure the cor-
rect assignment of the (MnBi2Te4)(Bi2Te3)n phases. A PXRD pattern of the
𝛽-sample was taken on a Bruker D2 PHASER diffractometer using CuK𝛼1
radiation within the scanning range of 2𝜃 = 5 − 75. The details of phase
analysis for all (MnBi2Te4)(Bi2Te3)n,samples are given in the Supporting
Information (Figures S1–S6, Supporting Information); the obtained re-
sults were in line with the previously published results.[28–30,45,63]

MnSb2Te4 accommodates strong Mn/Sb intermixing[47,48,87] and,
therefore, adopt various total compositions. To achieve the highest accu-
racy in the determination of the chemical composition of the powdered
sample, calibrated EDX measurements were conducted. For that, parts of
the sample were cast into synthetic resin (versosit) pucks, sputtered with
a gold layer and painted with conductive silver paint to avoid charge accu-
mulation. EDX spectra were recorded with a high-resolution SEM EVOMA
15 (Zeiss) equipped with a Peltier-cooled Si(Li) detector (Oxford Instru-
ments) employing 30 kV acceleration voltage. Element quantification was
obtained from least-square fitting of edge models (Mn-K, Te-L, Sb-L) invok-
ing k-factor calibration from the stoichiometric samples of similar com-
position (Sb2Te3 and MnTe). To assess systematic errors stemming from
the different edge and reference choices, Sb2Te3 and MnTe references are
included for Te in the quantification statistics. The determined composi-
tion of the sample was Mn0.87(1)Sb2.03(1)Te4.00(1), which was in line with its
magnetic properties reported in Ref. [69].

NMR: The NMR spectra were measured in a He-flow cryostat
by means of the HyReSpect home-built phase coherent broadband
spectrometer.[88] Spin-echoes were excited at discrete frequency points by
refocusing P–𝜏–P Hahn radio-frequency (rf) pulse sequences, with opti-
mized pulse duration and intensity to maximize the resonance signal, and
shortest 𝜏 delay (limited by the apparatus dead time of few μs).
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Spectra were reconstructed from the maximum of the spin-echo Fourier
transform amplitude at each frequency, corrected for the frequency-
dependent sensitivity and nuclear Boltzmann factors. The normalized val-
ues correspond to the spectral distribution of hyperfine fields at the 55Mn
nuclei. When the best fit of the two spectra (𝜁 = Mn3a, Mn6c) require more
than one Gaussian component each, their mean frequency was calculated
from the corresponding weights A𝛼, i as the first moment ∑iA𝜁 i𝜈𝜁 i/∑kA𝜁 .k.

ZF nuclear echoes were collected with a non-resonant probe circuit, by
virtue of the large rf enhancement 𝜂 = H∗

1∕H1, where H1 was the applied
field at the radio frequency 𝜔, and H∗

1 is the 𝜔 oscillating component of
the huge hyperfine field Bhf, following the electronic moment response to
H1.[89,90] The factor 𝜂 was very sensitive to nanoscopic and mesoscopic
changes in the nucleus environment and this did not guarantee a uniform
proportionality between spectral area and number of resonating nuclei.
Relative proportionality was recovered in the more uniform resonant con-
ditions obtained at high static applied fields.

μSR: The μSR experiments were carried out at the Paul Scherrer Insti-
tute, Villigen, Switzerland, on the GPS spectrometer.

A minimal choice for the best-fit function of the time domain ZF asym-
metry, arising from parity violation in the weak muon decay, was the fol-
lowing

AZF(t) = A0

[
fT1 e−𝜎

2
1 t2∕2 +

3∑
i=2

fTi cos(𝛾𝜇B1t) e−𝜎
2
i

t2∕2 + fL e−t∕T1

]
(2)

distinguishing the fast relaxing, precessing fractions fT =
∑3

i=1 fTi (T for
transverse with respect to the initial muon spin direction) from the slow re-
laxing fraction fL (L for longitudinal), which corresponds to local field com-
ponents parallel to the initial muon spin direction. The precession relax-
ation rates were due to the width of each field distribution, 𝜎i = 2𝜋𝛾μΔBi,
their fractions obey fT + fL = 1 and the maximum experimental asymme-
try, A0, is calibrated at high temperature. Polycrystalline averaging leads
to 2fL = fT, but a very fast transverse decay and a small fraction of muons
stopping outside the sample may relax this ideal condition.

The WFT time domain signals were best fitted by an oscillatory and two
relaxing functions

ATF(t) = A0

[
fp cos(𝛾B + 𝜙) e−𝜆pt + fT e𝜎

2
T t2∕2 + fL e−𝜆Lt

]
(3)

where ϕ is an initial phase and fp is the muon fraction that does not expe-
rience strong local hyperfine fields, which includes muons stopping out-
side the sample and inside paramagnetic microdomains. The former cor-
responds to the low temperature residual value fp0, whereas for T ≪ Tm,
one has fp = 1, fT = fL = 0. The two relaxing function represent the trans-
verse and longitudinal fractions of muons experiencing internal fields.

Three independent determinations of the magnetic volume fraction
were given by

mwtf (t) =
fp(T) − fp0

1 − fp0
(4)

mT =
3∑

i=1

mi mi =
fTi

ft0
(5)

mL = = 3
2

(1 − fL(T)) (6)

where fT0 = limT → 0fT(T) and Equation (5) neglects fp0, since in ZF fL is
indistinguishable from fp. They are used in Figure 2g,h (Equation (4)) and
j (Equation (5) colored and gray symbols, for Equations (5) and (6), re-
spectively).

Lastly, the internal fields ΔB1 = 𝜎1/2𝜋𝛾μ, and B2 proportional to the
order parameter are fitted to a standard phenomenological function[91]

b(T) =
[

1 −
(

T
Tm

)𝛾]𝛿
(7)

used both in the shaded colors of Figure 2d–f and in Figures 4 and
Figure S8 (Supporting Information).

DFT: The DFT calculation protocols for determining the muon im-
plantation sites[70] and the contact contribution to the hyperfine interac-
tions in magnetic compounds[71,72] were well established. State of the art
DFT calculations were performed on a magnetic supercell, including an
extra impurity hydrogen atom. Sampling of the starting impurity supercell
coordinates and lattice relaxation by force minimization yield minimum
total energy sites and their spin couplings, that allow the calculation of
the local field.[73] Full calculation details are reported in the Supporting
Information.[62]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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