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The fine control of magnetism and electronic structure in a magnetic topological insulator is crucial in order to
realize various novel magnetic topological states including axion insulators, magnetic Weyl semimetals, Chern
insulators, etc. Through crystal growth, transport, thermodynamic, neutron diffraction measurements, we show
that under Sb doping the newly discovered intrinsic antiferromagnetic (AFM) topological insulator MnBi, Te;
evolves from AFM to ferromagnetic (FM) and then ferrimagnetic. We attribute this to the formation of Mng; sp)
antisites upon doping, which results in additional Mn sublattices that modify the delicate interlayer magnetic
interactions and cause the dominant Mn sublattice to go from AFM to FM. We further investigate the effect of
antisites on the band topology using the first-principles calculations. Without considering antisites, the series
evolves from AFM topological insulator (x = 0) to FM axion insulators. In the exaggerated case of 16.7% of
periodic antisites, the band topology is modified and a type-I magnetic Weyl semimetal phase can be realized
at intermediate dopings. Therefore, this doping series provides a fruitful platform with continuously tunable
magnetism and topology for investigating emergent phenomena, including quantum anomalous Hall effect,

Fermi arc states, etc.
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I. INTRODUCTION

Magnetic topological material provides a great platform in
discovering new topological states, such as axion insulators,
magnetic Weyl semimetals, and Chern insulators [1]. Emer-
gent phenomena including quantum anomalous Hall (QAH)
effect and quantized magnetoelectric effect have been pro-
posed or observed in these phases, offering unprecedented
technological opportunities to low-energy-consumption de-
vices, quantum metrology, and quantum computing [2-4].
Recently, MnBi,,Tes,+; (MBT) series are shown to be in-
trinsic magnetic topological insulators (MTIs), where the
QAH effect was observed [5-35]. They are made of alter-
nating n — 1 quintuple-layered (QL) blocks of [Bi,Tes;] and
one septuple layer (SL) of [MnBi,Te4]. The great structural
tunability and natural heterostructural nature of MBT have
made it a rare and unique platform to study the interplay
among magnetism, band topology, electron correlations, and
crystal structure. By reducing the interlayer coupling with
increasing n and thus the interlayer Mn-Mn distance, MBT
evolves from a Z, A-type AFM TI with saturation fields of
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8 T in MnBi,Tes (n =1) [9,15,16], 0.22 T in MnBisTe;
(n=2)[11,20], and 0.18 T in MnBicTe;o (n = 3) [28-31] to
a ferromagnetic (FM) axion insulator in MnBigTe 3 (n = 4)
[12]. Continuous tuning of magnetism and band topology
was achieved in Sb-doped MnBi,Tey [19,36,37]. This series
goes from the AFM TI state in MnBi,Tes to a likely triv-
ial ferrimagnetic state in MnSb,Tes where an additional Mn
sublattice arises from the Mng; sp) antisite defects [36,38—
40]. Moreover, angle-resolved photoemission spectroscopy
(ARPES) measurements reveal that even 7.5% of Sb doping
induces a sizable surface gap opening in MnBi, Te4 [37]. The
delicate energy-scale competition was further demonstrated
in MnSb,Te, [39]. While both Mn sublattices always couple
antiferromagnetically, in samples with slightly lower (higher)
Mng;, antisite defects, each Mn sublattice orders antiferromag-
netically (ferromagnetically) [39].

Compared to MnBi,Te4, the AFM and FM ground states
can be closer in energy in high n MBT members due to the
larger Mn-Mn interlayer distance. Moreover, additional Mn
sublattices will arise from the antisites in QLs upon doping
[40]. Therefore, the high » MBT members will be more
sensitive to perturbations. Indeed, 30% of Sb doping makes
MnBigTe ;o FM [41]. However, due to the lack of intermediate
doping levels, it is unclear how the magnetism and band
topology develop in the high n members. Here we report the
study of the effect of Sb doping on MnBiyTe; and reveal the
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important role of the Mng; sp) antisites upon Sb doping in
governing the magnetism and band topology.

II. METHODS

Single crystals were grown using the flux method [11,16].
Elemental forms of Mn, Bi, Sb, and Te are mixed at the ratio
of MnTe : (Bi;_,Sb,),Te; = 15 : 85 in an alumina crucible
sealed in a quartz ampule under 1/3 atm of argon. The quartz
ampule is quickly heated to 900 °C and stays for 5 h, followed
by a quick cooling to 10° above the targeted spin-out tem-
perature. Then it is slowly cooled to the spin-out temperature
over three days and stays for another three days before the
spin out. Since each of the doped samples has a very narrow
but different growth temperature window, similar trial-and-
error growth strategy to the one for MnBigTe ;3 was used
to determine the spin-out temperature here [12]. Mn-doped
Bi,Tes (023 phase) can intergrow with the targeted phase and
may contaminate the intrinsic properties. Therefore, extra care
was paid to select the best pieces for the study. First, x-ray
diffraction at low angles for both the top and bottom (00l)
surfaces were measured to select the ones without the 023
phase on the surface. Then, a part of the selected piece was
ground for the powder x-ray diffraction (PXRD) to further
screen the samples without the 023 impurities. Finally, all
measurements were performed on the same piece. We found
no significant piece-to-piece variation in magnetic properties
within each batch.

Chemical analysis was obtained by the wavelength-
dispersive spectroscopy (WDS) measurements performed on a
JEOL JXA-8200 Superprobe. Thermodynamic measurement
was performed using the QD Magnetic Properties Measure-
ment System (QD MPMS3). Electric transport measurement
was performed using the standard six-probe configuration
using the Quantum Design Dynacool Physical Properties
Measurement System (QD Dynacool PPMS). To eliminate
unwanted contributions from mixed transport channels of the
magnetotransport data, data were collected while sweeping
the magnetic field from —9 T to 9 T. The data were then sym-
metrized to obtain p,,(B) using p(B) = LuBHpu(=B) pg

antisymmetrized to get pyy(B) using py,(B) = M.

The sign of p,, is chosen so that hole carriers lead to positive
Py~

ySingle-crystal neutron diffraction was performed for the
x = 0.76 sample at 5 K and 50 K at O T on the HB-3A DE-
MAND single-crystal neutron diffractometer located at Oak
Ridge National Laboratory [42]. Neutron wavelength of 1.551
A was selected by a bent perfect Si-220 monochromator. The
nuclear and magnetic structures were subsequently refined
with the FULLPROF SUITE software [43].

We computed the electronic structures using the projector
augmented wave method [44,45] as implemented in the VASP
package [46] within the generalized gradient approximation
schemes (GGA) [47] and GGA plus Hubbard U (GGA + U)
[48] scheme. On-site U = 5.0 eV was used for Mn d orbitals.
An 11 x 11 x 5 MonkhorstPack k-point mesh was used in the
computations. The spin-orbit coupling effects were included
in calculations. The experimental lattice parameters were
used. The atomic positions were relaxed until the residual
forces were less than 0.01 eV/A. We used Mn d orbitals, Bi p
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FIG. 1. (a) PXRD of Mn(Bi,_,Sb, ), Te; for the pieces for which
the data in the paper were collected. The peak positions of the 147
phase are marked. Inset: the zoom-in plot of the (104) PXRD peaks.
(b) The doping-dependent relative lattice parameters a/ay, ¢/co and
nominal concentration Xpomina Used in the growth. ay and ¢, are the
lattice parameters for MnBi, Te;.

orbitals, Sb p orbitals, and Te p orbitals to construct Wannier
functions, without performing the procedure for maximizing
localization [49].

III. RESULTS

Both the PXRD and chemical analysis via WDS indicate
that Sb was successfully doped into MnBi4sTe; and the results
are summarized in Fig. 1 and Table 1. Figure 1(a) shows the
PXRD patterns for various doping levels. All peaks can be in-
dexed by the 147 phase. If there is 023 phase impurity, a clear
hump will appear at the left shoulder of the (104) peak. As
shown in the inset of Fig. 1(a), the 023 phase is indiscernible
or less than 5% if there is. With Sb doping, the (005) peak
roughly stays at the same angle, while the (104) peak shifts
moderately and the (110) peak shifts much to higher angles,
indicating distinct in-plane and out-of-plane lattice response
to the Sb doping. Figure 1(b) shows the doping-dependent
lattice evolution. The lattice parameter a decreases linearly by
2% up to our highest doping level x = 0.76, while the lattice
parameter ¢ remains almost the same. This lattice evolution is
similar to that in Mn(Bi;_,Sb,),Te4 [36].

WDS reveals the real doping level of Sb as well as a
universal deficiency of Mn in all compounds as seen in Table 1.
The total Mn concentration is near 0.8 for all but slowly in-
creases with x. This is because, when Sb substitutes Bi, it also
introduces the preferable Mngy, antisites [36,38—40] (high-spin
Mn?* ionic radius, 99 pm, is closer to that of Sb*>*, 90 pm,
than to Bi**, 117 pm [50]). Therefore, upon Sb doping, more
and more Mn can enter into the Bi/Sb sites. In contrast to the
Mn(Bi,_,Sb,),Te4 series where two Mn sublattices exist due
to the Mng; sp) antisite formation, Sb doping in MnBisTe;
gives rise to a more complex antisite chemistry, where three
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TABLE I. Chemical composition of Sb-doped Mn-147, the estimation of defects concentration with m, n, and [/ representing the Mn
occupancy on Mn2 sites, Mn occupancy on Mn3 sites, and Mn occupancy on Mn1 sites (see text). The uniaxial anisotropy parameter SD is

estimated from Fig. 3(a)-3(d) (see text).

Xnominal Mn :Bi:Sb:Te Sb/(Bi+Sb) m n l SD (meV)
WDS 0 0.78(3) : 4.27(7): 0:7 0 0.015(5) 0.03(1) 0.73(3) 0.052
0.1 0.79(2) : 3.70(3) : 0.57(1) : 7 0.13(1) 0.020(5) 0.04(1) 0.70(3) 0.053
0.4 0.81(4) : 2.19(5) : 2.04(1) : 7 0.48(1) 0.025(5) 0.055(10) 0.65(3) 0.026
0.7 0.82(1) : 1.00(3) : 3.08(2) : 7 0.76(1) 0.060(5) 0.07(1) 0.56(3) 0.015
Neutron 0.7 0.88(3): 1.15(6) : 2.96(6) : 7 0.72(2) 0.06(1) 0.07 0.62(1) 0.015

Mn sublattices appear. We denote the Mn atoms occupying
the Mn site as Mn1 sublattice, the Mn atoms on the Bi site
within SLs as Mn2 sublattice, and the Mn atoms on the Bi
site in QLs as Mn3 sublattice; see Fig. 1 in [11]. As we will
show later, while the Mn2 and Mn3 antisites are much less
concentrated than Mnl, they do make a big impact on the
overall magnetism and band topology.

A. Evolution of magnetism

Physical properties of the doping series are summarized
in Figs. 2 and 3. The evolution of magnetic structure in the
series can be well traced in the temperature-dependent sus-
ceptibility with H||c [x(T)] and the temperature-dependent
resistivity with I ||ab [0, (T )] and I||c [0, (T )], as well as the
temperature-dependent specific heat [C,(T )] data in Fig. 2.
For x =0, at Ty = 12.7 K, the sharp cusp in x(7") and the
kink in C,(T') signal the paramagnetic (PM) to AFM phase

transition. Furthermore, below Ty, the sudden increase of
02:(T) and drop of p.,(T) are indicative of the gain (loss) of
the spin-disorder scattering along the ¢ axis (ab plane). This
suggests spins parallel in the ab plane but antiparallel along
the ¢ axis, consistent with the A-type AFM structure revealed
by neutron data [27,30].

For x = 0.13, in addition to a sharp cusp at Ty = 12.8 K'in
x€(T) suggesting AFM transition like the parent compound,
a second transition occurs at 7c = 6.0 K marked by a sudden
increase and a large bifurcation in the ZFC and FC data of
x°(T). From Ty to T¢, p,,(T) increases sharply and 0,,(T)
drops, analogous to that of the x = 0 sample, while below T¢,
p2:(T") decreases sharply due to the loss of spin scattering like
that in the FM MnBigTe 3 [12]. Meanwhile, since Mnl and
Mn2 sublattices in the SL plane are strongly AFM coupled to
each other through superexchange interaction [39], the Mn2
sublattice most likely orders simultaneously and antiferro-
magnetically with Mn1 at Ty. Therefore, we argue that, from
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FIG. 2. Evolution of magnetism with temperature in Mn(Bi,_,Sb, ), Te; from x = 0 tox = 0.76. (a)—(d) Top panel: x (T ), the temperature-
dependent zero-field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility under 0.01 T with H ||c. Middle panel: p,,(T") and p,,(T'), the
temperature-dependent electrical resistivity with the current along the ab plane and the ¢ axis. Bottom panel: C,(T), the temperature-dependent
specific heat; and the zoom-in of C,,(T') near transitions (inset). Note: the resistivity curves of x = 0 are from Ref. [11].
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FIG. 3. Evolution of magnetism with field in Mn(Bi;_,Sb, )sTe; from x = 0 to x = 0.76. (a)—(d) The isothermal magnetization M (H ) at
2 K with H||c and H ||ab. The unit is chosen as pz/Mn, where the Mn concentrations via WDS data are used. (e)—(h) The hysteresis of M (H)
(top), p.(H) (middle), and p,,(H) (bottom) with H||c at 2 K (unless noted otherwise). At 2 K, the hysteresis of the M(H) curve goes from

AFM type (x = 0) to FM type (x = 0.76).

Ty to T, Minl and Mn2 sublattices each adopts A-type AFM,
while they are also AFM coupled to each other. Below T¢,
while Mn1 and Mn2 sublattices are still AFM coupled to each
other, they are FM within themselves. We denote these two
magnetic structures as Ferri*f” and Ferri”™, as depicted in
Fig. 4(a).

For x = 0.48, the shapes of the x“(T), p.,(T), and p.(T)
curves are similar to those of the x = 0.13 compound, mani-
festing a Ferri'/™ state between Ty = 13.3 K and Tp = 10.2
K and a Ferri’™ state below Ti-. However, in sharp contrast to
the x = 0.13 sample where a specific heat anomaly only ap-
pears at Ty, an additional small specific heat anomaly emerges
at T for x = 0.48, indicating an entropy release which is not
directly originated from the AFM-FM transition of the Mnl
and Mn2 sublattice at T¢. Since it is natural to believe that
Mn3 concentration is higher in this doping level than that
in the x = 0.13 sample, this additional specific heat release
is very likely to be related to the increasing amount and the
magnetic state of the Mn3 sublattice.

For x > 0.58 [Figs. S1(c) and S1(d) (see Supplemental
Material [61]) and Fig. 2(d)], only one phase transition is
observed. As a representative, the data for x = 0.76 is shown
in Fig. 2(d). The x°(T), p;;(T), and p,,(T) are reminiscent
of those of the x = 0.13 and 0.48 compounds in the Ferri/
state, suggesting Mn1 and Mn2 sublattices order simultane-
ously at 14.5 K into the Ferri”™ state.

Figures 3(a)-3(d) present the isothermal magnetization
data at 2 K under H ||ab and H ||c. The data suggest an easy-c
axis for the whole series. It also allows us to estimate the
uniaxial anisotropy SD viaSD = (1/2)gugH.p, — gupH, [36],
where g = 2 and H,;, and H, are the field marked by the arrows
in the figures. The obtained SD is summarized in Table 1. As
we can see that SD decreases with high Sb doping, similar to
the case of Sb-doped MnBi, Te, [36]. Figures 3(e)-3(h) show
the magnetic hysteresis loop, the field-dependent electrical
resistivity [0 (H)], and Hall resistivity [oy,(H)] with H]|c.
A spin flip transition with hysteresis was observed at 0.15 T
in the x = 0 sample. For x = 0.13, 0.37 [Fig. S1(b)], 0.48,
and 0.58 [Fig. S1(d)] samples, the envelopes of the M(H)
curves in the Ferri”™ ground state are nontrivial. Instead of
a standard FM hysteresis loop, a bow-tie-shaped hysteresis
loop can be clearly observed at 2 K. A recent magneto-optic
study suggests this bow-tie-shaped hysteresis may be related
to the formation of low-field fine-structured isotropic domains
and high-field less isotropic sea-urchin-shaped domains [51].
We also note that the multistep feature of the M(H) curve
at 6 K for the x = 0.13 compound is reminiscent of that
of the MnBigTe|yp compound [51]. This may suggest the
existence of a small amount of FM domains in the AFM
state of MnBigTe;o. Therefore, close energy scales of FM and
AFM are universal in the n > 2 MBT members. This explains
the controversies on the magnetic ground states of MnBi4Te;
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FIG. 4. (a) Depiction of the Ferri®™ and Ferri™ states. Red,
olive, and pink arrows represent the Mnl, Mn2, and Mn3 spins. (b)
Ferri"™ state with H ||c at low, medium, and high field: the depiction
of the process of the polarization of Mn3 and the spin flipping of
Mn2.

obtained from different growth methods, while the first-
principle calculations suggest an AFM ground state [11,20].
This is all because slight site defects are enough to tune the
exchange energy to surrender one and boost the other.

Magnetism and charge carriers are strongly coupled in this
series. At x =0, a sharp drop in p,,(H) can be observed
at the spin-flip field around 0.15 T due to the loss of spin-
disorder scattering. On the other hand, p,.(H) shows a subtle
decrease for the x = 0.13, 0.48, and 0.76 samples, consistent
with their Ferri” ground state. In the Hall resistivity panels,
anomalous Hall effect arising from the internal magnetization
can be seen in all concentrations. Furthermore, a clear sign
change of ordinary Hall resistivity appears at x = 0.48. We
then determine the carrier density using n = 1#, where the
Hall coefficient Ry is the slope of o, (H) at 20 K'in Fig. S2(a).
After interpolating the carrier density with doping level, an
estimated charge neutrality point is found near x = 0.36, as
shown in Fig. S2(b).

B. Defects and the magnetic state of the Mn3 sublattice

Based on our aforementioned discussions about Fig. 2, we
have hypothesized the magnetic structures of the Mnl and
Mn?2 sublattices. However, a few important questions remain
unclear for this doping series. What are the concentrations of
the Mn1, Mn2, and Mn3 sublattices? Does the Mn3 sublattice
order? If yes, what is its ordering state? If not, is it glassy or
fluctuating? Single-crystal neutron scattering measurements
were performed on the x = 0.76 sample. Together with the
high-field M(H) data which provides an alternative way to
estimate the concentrations of the three Mn sublattices, they
shed light on these questions.

The preliminary refinement of the single-crystal neutron
data with all fitting parameters free indeed indicates a Ferrif”
state of the Mnl and Mn2 sublattice at 5 K, consistent
with Fig. 4(a). The refinement further suggests the moment
contributed from Mn3 atoms is 0.13(10)up/f.u. This small
moment either implies negligible Mn3 concentration or the
Mn3 sublattice is glassy/fluctuating. To differentiate these

two scenarios, let us focus on the high-field M (H) data with
H||c shown in Figs. 3(a)-3(d). Above a sharp increase caused
by the Mnl + Mn2 complex below 0.2 T, a universal, sub-
tle, but clear medium-field magnetization increase appears
around 1-5 T in the whole doping series. Because the coupling
between Mnl and Mn3 is weaker than that between Mnl
and Mn2, Mn3 should polarize at a lower field than Mn2.
Therefore, this medium-field magnetization increase should
arise from the polarization of the Mn3 sublattice since the
Mn2 sublattice will flip at a much higher field. Indeed, for
x =0.76, M(H) is only 3.4u5/Mn at 13 T. Despite reaching
a plateau, it is still much smaller than 5u/Mn, the theoretical
value for Mn*. This strongly indicates the flipping of Mn2
will happen at a field higher than 13 T. As a reference, in
MnBi,Te4, the flipping process of the Mn2 sublattice starts
at 20 T and ends at 60 T [52].

Such a field-dependent magnetic structure evolution is
depicted in Fig. 4(b), which allows us to separate the con-
tribution of magnetization from each Mn sublattice in the
M(H) curve with H|c [Figs. 3(a)-3(d)]. Right before the
sizable polarization of the Mn3 sublattice, the sample is in
the state I depicted in Fig. 4(b) and we denote the moment
to be «. Then, with increasing field, more and more Mn3
atoms are polarized into the state II as pictured in Fig. 4(b),
leading to a plateau in M (H ) with the moment of 8. With even
higher fields, Mn2 will be polarized and finally all three Mn
sublattices stay in state III as drawn in Fig. 4(b), resulting in a
moment of y. Therefore, the difference in o and g can tell us
the total moment contributed by Mn3 atoms under field. For
x = 0.76, this value is ~0.8(1)up/Mn, suggesting the Mn3
spins contribute significantly to the ordered moment under
fields and thus Mn3 concentration is not negligible. Together
with the neutron scattering data which reveal all Mn3 atoms
only contribute 0.13(10)up/f.u. at zero field, we conclude
that Mn3 atoms are in the glassy/fluctuating state at 5 K.
Furthermore, considering that Mn3 atoms need above 1 T to
be polarized while the recent ac susceptibility measurements
of the x = 0.76 sample only show relaxation behavior below
500 Oe [53], it is likely that at 5 K the Mn3 atoms are not
in the glassy state, but rather fluctuating in the paramagnetic
state. Future site-sensitive nuclear magnetic resonance mea-
surements can help clarify the magnetic state of the Mn3
sublattice.

According to the sequential field-induced processes il-
lustrated in Fig. 4(b), we can quantitatively estimate the
concentration of the three Mn sublattices based on the M(H)
data. If we set the amount of the Mn2 and Mn3 antisites
and the Mn occupancy on the Mnl site to be m, n, and I/,
respectively, then the concentration of the Mnl, Mn2, and
Mn3 sublattices is 1 — [, 2m, and 2n, with 2m + 2n + (1 —
l)= Mn"PS | where Mn"PS is the total Mn concentration
determined by the WDS measurement. Assuming the ordered
moment/Mn for Mnl, Mn2, and Mn3 is the same, we can
readily write down a set of equations based on Fig. 4(b):

(I —2m)/Mn"P® = a/y, (1)
(I —2m +2n)/Mn™PS = B/y, )
(2m + 2n+ 1)/Mn"PS = 1. (3)
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TABLEII. Refined structural parameters for the x = 0.76 sample
based on the single crystal neutron diffraction data measured at 50 K
and 5 K.

Name X y z Occ. Moment at 5 K
Mnl 0 0 0.5 0.623(4) 4.6145/Mn
Bil 0 0 0.5 0

Sbl 0 0 0.5 0.377(4)

Bi2 0333 0.667  0.342(1) 0.21(2)

Sb2 0333 0.667  0.342(1) 0.73(2)

Mn2 0333 0.667  0.342(1) 0.06(1) —4.6p5/Mn
Bi3 0.333  0.667 0.0842(1) 0.37(2)

Sb3 0333 0.667 0.0842(1)  0.56(2)

Mn3 0333  0.667 0.0842(1) 0.07 0

Tel 0 0 0 0.083

Te2 0333  0.667  0.155(1) 0.167

Te3 0 0 0.273(1) 0.167

Ted 0.333  0.667  0.430(1) 0.167

For the x = 0.76 sample, Mn"PS = 0.82. We take the mo-
ment at 1 T as o, where the subtle slope change in M(H)
suggests the onset of the polarization process of the Mn3
sublattice. We then take the moment at 13 T as 8 and assume
y = Sup/Mn. Using these values, we estimate m, n, and /
to be 0.060(5), 0.07(1), and 0.56(3). For the other dopings,
since M (H) was only measured up to 7 T, we set 8 to be the
moment at 7 T plus 0.1ug/Mn. The obtained m, n, and [ are
summarized in Table I.

Keeping the aforediscussed defect estimation in mind, next
let us switch gear back to the neutron data. Quantitatively,
since this is a doped system with multiple types of defects, we
have to make several assumptions for the refinement. First, for
the magnetic reflection data taken at 5 K, we fix the ordered
moment of Mn3 as 0 and the concentration of Mn3 as 0.07; we
then assume a fixed moment of 4.6.5/Mn for Mn1 and Mn2,
the same value as that of the parent MnBi4Te; obtained from
neutron scattering [53]. By these restrictions, Mnl and Mn2
occupancy are refined. Second, the Mn1 and Mn2 occupancies
are then used for a more comprehensive structural refinement
for the scattering data at 50 K to better determine the atomic
coordinates and the Sb and Bi level. Such information is then
fed back to the magnetic refinement of the 5 K data. A recur-
sive process is repeated until all values converge. Eventually,
the refinement with 27 reflections at 5 K yielded Rg = 3.03%
and x? = 1.99; the refinement with 118 reflections at 50 K
yielded Rg = 2.16% and x? = 1.46. The refinement result
is summarized in Table II and Table I. Our refinement un-
ambiguously shows site mixing. Opposite magnetic moments
are observed in Mn1l and Mn2 sites, suggesting the Ferri™
state. m is 0.06(1), [ is 0.62(1), and the total Mn concentration
is 0.88(3). Considering that the Mn3 concentration is fixed
with no error in the neutron refinement which will lead to a
smaller error bar in the total Mn concentration, these defect
concentrations are consistent with the ones obtained from the
M(H) and WDS data. In addition, Sb atoms are found to be
inhomogeneously doped in each site. The Sb has an overall
higher concentration in the SLs than in QLs. In the Mnl site,
no Bi is found at all.

C. Band topology

To investigate the evolution of band topology for this
series, DFT calculations are performed. For the x = 0 com-
pound, the DFT calculations are made in the A-type AFM
configuration. The presence of the band inversions in Fig.
S3(a) hints toward a topological phase. To reveal the topolog-
ical ground state of this system, we compute the topological
invariant Z, index. In a general case, the Z, invariant is ill
defined in a time-reversal symmetry breaking system. None-
theless, Z, can be expanded to classify topological states in a
magnetic system that possesses a specific magnetic configura-
tion, for example, an A-type AFM state, in which the combina-
tory symmetry S = 07}, exists, where 6 is the time-reversal
operator and 7, is the half translational symmetry along the
c axis of the AFM primitive cell [54-56]. The trajectory of
Wannier charge centers (WCCs) is an open curve traversing
the whole Brillouin zone (BZ) in the k, = 0 plane via the Z,
invariant by the Wilson loop method [Fig. S3(b)], indicating
Z, = 1. Thus MnBiyTe7 is an antiferromagnetic topological
insulator (AFM-TI), similar to the previous work [11].

For the doped compounds with FM ground states, we dis-
cuss two limiting cases. In case I, no defect is considered
and FM configuration is used. In case II, a large amount
of antisites are studied and the Ferri” order is used. For
the sake of feasibility, in case II, we assume only Mnl and
Mn2 sublattices exist and 16.7% of Bi/Sb atoms in the SLs
exchange with the Mn atoms on the same layer to form Mn2
antisites. The value is close to the antisite concentration in
MnSb,Tes [39], but much larger than that in our samples.
Hence this will give an exaggerated effect of antisites.

Case I: Defect-free scenario

We first construct a tight-binding Hamiltonian for both
FM MnBisTe; and MnSb,Te; using our experimental lattice
parameters in Fig. 1. Then the electronic structures of the
doped compounds are calculated by a linear interpolation
of tight-binding model matrix elements of the Hamiltonians.
This approach was successfully applied to investigate the evo-
lution of band topology in BiTlSe;_,S, TI and Mo, W;_,Te,
Weyl semimetal [57,58]. By that, the calculated band structure
without defects is shown in Figs. 5(a)-5(e).

For all doping levels, a sizable band gap of 200-300 meV
opens, with a band inversion between the (Bi, Sb)-p and
Te-p states in the vicinity of Er. Our topological invariant
calculations show the Chern numbers to be zero both in the
k, = 0 and k, = 7 planes. Next, we compute the parity-
based higher-order Z, invariant, which is defined by Z, =
S8 SO 4 £,(y,)]12 mod 4, where &,(y;) is the parity
eigenvalue (41 or —1) of the nth band at the ith time reversal
invariant point I'; and n = occ is the number of occupied
bands [59]. The Z; invariant is well defined for an inver-
sion symmetric system, even in the absence of time reversal
symmetry. The odd values of Z4 (Z, = 1, 3) indicate a Weyl
semimetal phase, while Z; = 2 corresponds to an insulator
phase with a quantized topological magnetoelectric effect (ax-
ion coupling 6 = m) [12,60]. Our calculation shows the Z4
invariant of Mn(Bi;_,Sb,)4Te; with FM configuration to be 2
for all x, which suggests a 3D FM axion insulator phase.
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Case I: FM configuration without antisites

(b) (c)

(d) (e)

0.5 ® Bi:p
® Te:p
< x=0 x=0.1 x=0.5 x=0.8 x=1
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Case ll: Ferri™ configuration with 16.7% of Mn2 antisites and 0% of Mn3 antisites
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FIG. 5. (a)—(f) DFT calculations in the defect-free and FM configuration case. (a)—(e) Bulk band structures. The red and blue dots indicate
(Bi,Sb)-p and Te-p orbitals, respectively. (f) Layer-resolved AHC for x = 0.1 sample. Partial AHC of each atomic layer (blue line); integral of
the partial AHC (red line). (g)—(1) DFT calculations in the 16.7% of periodic Mn2 antisites and Ferri”™ configuration case. (g) The depiction of
the structure model used. (h)-(k) Bulk band structures. (1) Surface band structure (x = 0.5) along the momentum space cut that goes through

a direct pair of Weyl nodes W1 and W2.

To show the novel physics, taking the x = 0.1 compound
as an example, we further investigate the anomalous Hall
conductivity (AHC) in the 2D limit (Fig. S4). For a 31 atomic
layer symmetric slab, vacuum-[SL-QL-SL-QL-SL]-vacuum,
when the Er is gated inside the energy band gap, the layer-
resolved AHC calculation [the blue line in Fig. 5(f)] shows
that the AHC mainly comes from the atomic layers on the
top and bottom surfaces (about one SL and half QL), and
the intensity rapidly decreases to approximately zero in the
middle region of the device. As a result, each surface (<10
atomic layers) contributes [the red line in Fig. 5(f)] —0.5¢%/h
to AHC, and gives —1e? /h for the whole slab. The half-
integer quantized plateau in the middle indicates that the axion
coupling strength equals the quantization value of  in this
device, further confirming the x = 0.1 compound as a FM
axion insulator [62].

Case II: Periodic Mn2-antisite scenario

To include the antisite effect in case II, we perform the
supercell calculation. First, we construct a V3 x /3 su-
percell of MnBiyTe;. In this model, one atomic Mn layer
contains three Mn atoms (Mn1 sublattice). Then we exchange
one Mn atom and one Bi atom within the SL (Mn2 sub-
lattice), resulting in a chemical formula of (Mngg; Big33)
(Bio'g33 MHQ.167)2TC4'B12T63 as shown in Flg S(g) By
this, we calculate the band structure of MnBisTe; with
16.7% of the antisite disorder. We then perform a similar

procedure to calculate the band structure of (Mng g7 Sbg33)
(Sbp.g33 Mng 167)2Tes - SbyTes. Finally, electronic structures
of the doped compounds are calculated by a linear interpo-
lation of tight-binding model matrix elements of the Bi and
Sb versions.

Our calculation indeed shows that, in this defect limit,
the magnetic configuration of Mnl and Mn2 is FM individu-
ally, while Mn1 and Mn2 are coupled antiferromagnetically,
forming the Ferri’™ ground state. In the Ferri’™ state, the
bulk band gap of MnBisTe; is greatly reduced to about
20 meV. Meanwhile, the character of the band inversion also
alters with doping, as shown in Figs. 5(h)-5(k). Consequently,
in the intermediate doping region at x = 0.5, for example,
one can see a small energy gap about 10 meV near the I’
point [inset of Fig. 5(i)]. This tiny gap implies the existence
of a Weyl semimetal state. Since the gapless Weyl points
are not guaranteed to locate on the high symmetry point or
the high symmetry line, to confirm the chirality of the Weyl
nodes, we calculate the chiral charge based on the Wilson
loop method. The associated chiral charge for W1(W2) is
calculated to be —1(41) based on the Wilson loop method
(Fig. S5), indicating that they carry opposite chirality and do
form a pair of Weyl nodes. Furthermore, a topological Fermi
arc state, the characteristics of Weyl semimetal, appears in the
(100) surface states and terminates directly at the projected
Weyl nodes [Fig. 5(1)]. This further supports the picture of
a ferrimagnetic type-I Weyl semimetal with only two Weyl
nodes.
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FIG. 6. (a) Temperature-doping (T -x) phase diagram. With in-
creasing x, the carrier-type changes from electron to hole. A linear
fitting with our data (Fig. S2) yields a charge neutrality point (CNP)
near x = 0.36. (b) The doping-dependent Mn"P$ m, n, and .

IV. DISCUSSION

As shown in Fig. 6(b), Sb doping leads to a decrease
in the Mnl concentration; meanwhile, it also boosts the
number of Mn2 and Mn3 antisites, leading to an overall en-
hanced MnWPS. This defect evolution is responsible for the
evolvement of magnetism, as summarized by the temperature-
doping phase diagram in Fig. 6(a).

We argue that the AFM to FM transition of the dominate
Mn1 sublattice arises from the delicate competitions between
the direct Mnl1-Mnl AFM interlayer interaction and Mn3-
assisted Mnl-Mnl FM interlayer coupling. The magnetic
Hamiltonian may be approximated as follows. The Mn1 sub-
lattice itself has strong FM intralayer couplings Jy and weak
interlayer AFM interactions J;. The Mn2 and Mn3 sublattices
are so sparse that the interactions among themselves are neg-
ligible, but they couple to Mn1 through strong superexchange
interactions J, and J3 due to their proximity. Finally, there is
Mn2-Mn3 coupling, which modifies J5 into J$. Note that the
sign of J§ff can vary from site to site (for instance, depending
on whether the closest Mn neighbor to a Mn is Mn1 or Mn2).

Now, while Mn2 just follows Mnl and does not affect
the overall Mn1-Mnl interlayer ordering, Mn3 introduces an

effective FM interlayer coupling when they couple to the
neighboring Mn1 layers above and below:

Hingertayer = J1 (M - M) + (/5T (M, - M3 + M| - M3)), (4)

where M; and M are the local magnetizations of the two
neighboring Mnl layers, M3 is the local magnetization of
the Mn3 bilayer between these Mnl1 layers, and the brackets
denote the average of the ab plane. The second term equals
0, if the Mnl sublattice is AFM, and —2(|]§HM3M1 [}, if the
Mn1 sublattice is FM, regardless of the sign of JEE: thus it
always favors the FM ordering of the Mn1 sublattice (that is,
the Mn3 mediates FM interlayer coupling of the Mnl sub-
lattice). We can see that, if ZC3|J§ffM3| > c1J1M,, the system
orders into the Ferri™ state with the energy £y = ci/I\M 12 —
2¢3J5TM3M; | and otherwise into the Ferri**™ state with
E,=—c M 12, where ¢; and c3 are the concentrations of the
Mnl and Mn3 sublattice.

This consideration implicitly implies that the susceptibility
of the Mn3 subsystem is infinite, which would be true at
T = 0, and if the Mn3-Mn3 interaction can be neglected. Our
neutron scattering indicates that Mn3 spins are strongly fluctu-
ating, which suggests that the susceptibility of this subsystem,
XMn3, 18 finite. This does not change the conclusions qualita-
tively; the only change is that, if xmy3 is relatively small, the
net Mn3 subsystem magnetization M3 becomes proportional
to M| xmn3(T), and thus explicitly 7 dependent.

With this in mind, we can explain both the temperature and
doping evolution of the magnetism. Because of the Mermin-
Wagner physics, M; only weakly depends on T except close to
Tn. Meanwhile, as long as the concentration of Mn3 remains
low, Mn3 can be treated as free spins in an external field (the
molecular field induced by Mn1) with M3 o¢ xpn3(T) o 1/T.
Thus, upon cooling, the effective FM interaction increases
much faster than the AFM, resulting in a Ferri*/™ to Ferri”
transition at T < Ty once 2c¢;3 |J3"‘ffM3| > c1JiM;. Further-
more, Fig. 6(b) and the comparison of the neutron refinements
of the x =0 [27] and x = 0.76 samples all indicate that c3
increases and c¢; decreases with Sb doping. Therefore, in-
evitably, in the 7 — x phase diagram, three doping regimes
can appear: low doping region where the Ferri*/™ state is
stable at any temperature, high doping region when only the
Ferrif™ state is stable, and intermediate doping region, where
the Ferri’™ state is stable only up to some Ty < Ty with T¢
increasing with x. This doping dependence is exactly what we
have observed in Fig. 6(a).

We note that [ decreases with increasing x, so, besides the
formation of antisites, Sb doping also leads to the magnetic
dilution effect of the Mnl sublattice. Future doping studies,
such as Pb, Sn, or Ge substitution on the Mn site, if they will
not cause antisite defects as the Sb doping does, may provide
a cleaner platform to investigate the magnetic dilution effect
on the magnetism in the MBT family.

Now let us turn our discussion to the band topology.
It remains an open but important question how robust the
nontrivial band topology and thus the associated emergent
phenomena will be against the antisite defects. Recent studies
showed that Mn antisites are universal in MBT: ~3(1)% for
MnBi,Tes and ~13%-16% for MnSb,Te4 [39,52]. While it
is impossible to construct a structure model to reflect the real
and complex chemical defects in our DFT calculations, our
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attempts with the defect-free and periodic-Mn2-antisites
scenarios shed light on this puzzle. Two insightful
observations can be made from Fig. 5. First, in case II, the
effect of Mn2 antisites is exaggerated on the band topology,
especially for the low and intermediate dopings where the
antisite defects are significantly smaller than 16.7%. However,
even in this high-concentration case with periodic antisites,
our calculations show robust band inversion and nontrivial
topology, resulting in a Weyl semimetal state at the intermedi-
ate dopings. Second, in the Bi-rich side, the characteristics of
the band inversion are very similar for the two cases [Figs. 5(a)
and 5(h)]. However, in the Sb-rich side, the features of band
inversion are apparently different [Figs. 5(e) and 5(k)]. This
observation implies that the antisite defect has stronger effect
on modifying the band topology in the Sb-rich 147 phase than
the Bi-rich 147 phase. Therefore, we believe that the nontrivial
topology is likely robust against the small amount of antisite
defects here, especially at the Bi-rich side. Our finding is
consistent with the observation that, despite 3(1)% of antisite
defects, a zero-field QAH effect appears at 1.5 K in a 5-SL
device of MnBi,Te4 [22]. Future systematic ARPES measure-
ments, in combination with the DFT calculations on Sb-doped
MnBi,Tes, will help settle this outstanding question.

V. CONCLUSION

In Sb-doped MnBisTe;, the competition of the Mn1-Mn1
AFM interlayer coupling and the Mn3-assisted Mn1-Mn1 FM
interlayer interaction leads to lower-temperature Ferri’ state
and higher-temperature Ferri’/™ state, where the Mn3 sublat-
tice is dynamically fluctuating at all temperatures. Meanwhile,

the nontrivial band topology appears robust against low or
intermediate antisites, especially in the Bi-rich end, pointing
to a kaleidoscope of magnetic topological phases including
the FM axion insulator state at low Sb dopings and possible
type-I ferrimagnetic Weyl semimetal states at intermediate Sb
dopings.
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1. Magnetic properties
Figure S1 presents the magnetic properties of the x=0.37 and 0.58 sample. They have
a small amount of detectable Bi,Te; phase impurities. For the x=0.37 sample, the
susceptibility resembles those of x=0.13 and 0.48 with Tc=8.5 K and Tn=13.2 K. For
x=0.58, the susceptibility is similar to that of x=0.76 but with a Tc of 13.6 K. Both
magnetization curves at 2 K show a bow-tie shape that indicates Ferri™ ground state
with the presence of AFM domains at low temperatures.
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Figure S1. The magnetic properties of the x=0.37 and x=0.58 samples. The zero-field cooled (ZFC) and
field-cooled (FC) susceptibility measured at 0.01 T of (a) x=0.37 and (c¢) x=0.58 pieces, and the
magnetization under field for (c) x=0.37 and (d)x=0.58.




2. Carrier density
Figure S2(a) shows the Hall resistivity at 20 K. The range between 1 T to 9 T is used

for the fitting to determine the carrier density. The obtained carrier density is
summarized in Fig. S2(b). As we can see, upon Sb doping, the doped compound goes
from electron-type to hole-type with the charge neutrality point at x=0.36.
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Figure S2. (a) Hall resistivity measured at 20 K with I//ab. (b)

Doping-dependent carrier density.

3. First-principles calculations

We computed the electronic structures using the projector augmented wave method [1,2]
as implemented in the VASP package [3] within the generalized gradient approximation
schemes (GGA) [4] and GGA plus Hubbard U (GGA + U) [5] scheme. On-site U = 5.0
eV was used for Mn d orbitals. A 11x11x5 MonkhorstPack k-point mesh was used in
the computations. The spin-orbit coupling effects were included in calculations. The
experimental lattice parameters were used. The atomic positions were relaxed until the
residual forces were less than 0.01 eV/A. We used Mn d orbitals, Bi p orbitals, Sb p
orbitals, and Te p orbitals to construct Wannier functions, without performing the
procedure for maximizing localization [6].
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Figure S3. (a) The band structure of MnBisTe7 in the defect-free scenario with the A-typr AFM configuration.
(b) Evolution of the WCCs along % in the £z = 0 plane of MnBi4Ter.
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100 Fig S4. Band structures of the vacuum-[SL-QL-SL-QL-
50 SL]-vacuum atomic layer finite-sized slab model and
=
g 0 the corresponding AHC for x=0.1.
I




Fig S5. Evolution of the sum of WCC
enclosing the two Weyl nodes that are

observed in case-1I calculation for x=0.5.
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