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MnBi,Te; (MBT) materials are promising antiferromagnetic topological insulators in which field-driven
ferromagnetism is predicted to cause a transition between axion insulator and Weyl semimetallic states. However,
the presence of antiferromagnetic coupling between Mn/Bi antisite defects and the main Mn layer can reduce
the low-field magnetization, and it has been shown that such defects are more prevalent in the structurally
identical magnetic insulator MnSb, Te, (MST). We use high-field magnetization measurements to show that the
magnetization of MBT and MST occur in stages and full saturation requires fields of ~60 T. As a consequence,
the low-field magnetization plateau state in MBT, where many determinations of the quantum anomalous Hall
state are studied, actually consists of ferrimagnetic septuple blocks containing both uniform and staggered

magnetization components.
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I. INTRODUCTION

Shortly after MnBi, Te, (MBT) was recognized to be the
first antiferromagnetic topological insulator [1], it was re-
alized that it may be susceptible to various mechanisms of
chemical disorder, such as antisite mixing and vacancies that
could possibly affect the magnetic structure. Ideally, MBT
compounds consist of blocks of stacked triangular layers in
the sequence Te-Bi-Te-Mn-Te-Bi-Te (a septuple block). The
Mn layer in each septuple block is ferromagnetic (FM), and
alternating block-to-block magnetization forms an A-type an-
tiferromagnetic (AF) structure. However, in the structurally
identical magnetic insulator MnSb,Te, (MST), antisite and
vacancy defects are prevalent (at the level of 10%-20%),
and their effects are easily observable. Neutron [2,3] and x-
ray [4] diffraction measurements in MST definitively show
that significant antisite mixing occurs between Mn and Sb
sites. Neutron data also confirm that antisite magnetic Mn
ions in the Sb layer couple antiferromagnetically to the main
Mn layer, forming ferrimagnetic septuple blocks [2,3]. In
MST, it has been shown that ferrimagnetic blocks can stack
either antiferromagnetically or ferromagnetically depending
on the synthesis conditions that primarily affect the defect
concentrations [3].

The presence of magnetic defects in the magnetic topo-
logical insulator MBT and their effect on its magnetic,
topological, and surface state properties are not fully un-
derstood. Mn/X antisite defects in both MBT and MST
can be enumerated by the site-specific chemical formula
(Mn ¢y Xoc1y)(Xi—_xMn,),Tes, where X = Bi or Sb, x is
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the antisite mixing concentration (which preserves the overall
stoichiometry), and y is the concentration of additional X ions
on the Mn site. In MBT, various experimental methods such as
elemental analysis, [5] x-ray diffraction [6], neutron diffrac-
tion [7,8], and scanning tunneling microscopy [9,10] provide
some insight into the values of x and y in real materials. A
survey of the literature, as shown in Table I, finds a large range
of values for x = 0-0.08 and y = 0-0.15 which are dependent
on various assumptions, such as vacancy concentration and
stoichiometry. However, these data may also suggest that the
chemical configuration is highly dependent on the synthesis
conditions.

Experimental evidence of antisite Mn defects is also
found in the reported values of the saturation magnetization
conducted in applied fields of less than 12 T. In MBT, the sat-
uration magnetization at 10 T is approximately 4up per Mn,
which is less than the expected value of 4.5ug—5up obtained
from neutron scattering measurements [7]. By comparison,
the saturation magnetization in MST is around 2up [11] due
to strong ferrimagnetic compensation. For both materials,
magnetization measurements in much higher applied fields
should uncover the missing magnetization.

Here we use high-field magnetization to study the response
of magnetic ions and their defects in MBT and MST up to
60-70 T, where, in both cases, the missing magnetization is
recovered. In MBT, the high-field magnetization data reveal
two plateaus. As mentioned above, the first plateau occurs
near 10 T and has a magnetization slightly less than 4ug.
The second plateau saturates around 50 T, recovering the full
magnetic moment of approximately 4.6 per Mn. Classical
Monte Carlo (CMC) simulations assuming random antisite
Mn defects at a concentration of x = 0.038 with AF coupling
to the main layer are consistent with experimental data for
MBT. This combination of data and simulations confirms the
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TABLE I. Chemical and magnetic configurations of MBT and
MST, as reported in different publications, according to the formula
(MI]] —Z,V—yX2x+y )(XI —anx )2TC4 .

MXT X y Method
MBT 0.01(1) 0.18(1) neutron [8]
MBT 0.057 (1) 0.15 x-ray (model 1) [6]
MBT 0.088 (1) 0 x-ray (model 2) [6]
MBT 0.05 STM [9]
MBT 0.03(0.2) 0 STM [12]
MBT 0.038 0 this work
MST-FM 0.17 0 neutron [2]
MST-AF 0.129(2) 0.154 neutron/EDX [3]
MST-FM(1) 0.150(2) 0.065 neutron/EDX [3]
MST-FM(2) 0.158(3) 0.01 neutron/EDX [3]
MST-AF 0.13 0.22 this work
MST-FM 0.17 0 this work

ferrimagnetism model also for MBT, where a single septuple
block remains ferrimagnetic at fields less than 10 T. For MST,
both FM and AF samples were studied, and magnetization
data find similar levels of antisite mixing x. However, the
AF samples have a much higher concentration of magnetic
vacancies y. The magnetization data and simulations also
confirm strong AF coupling of antisite Mn ions to the main
Mn layer in MBT and both FM and AF MST. We compare
these experimental results to predictions of the intrablock
magnetic couplings using density-functional theory (DFT).
Surprisingly, the DFT results predict ferromagnetic coupling
of isolated Mn defects in the Bi or Sb layers to the main Mn
layer. However, the introduction of correlated antisite defects
is found to promote the observed AF interblock coupling and
ferrimagnetism.

II. EXPERIMENTAL DETAILS

MnBi,Te, single crystals were grown by the flux method
described in Ref. [7] with a reported Néel temperature of Ty =
25 K. Elemental analysis was performed on freshly cleaved
surfaces using a Hitachi TM-3000 tabletop electron micro-
scope equipped with a Bruker Quantax 70 energy dispersive
x-ray system (EDS). Our MBT sample was determined to
have a stoichiometry of Mng.g9(1)Bi2.01(2)T€4.00(2). Scanning
tunneling microscopy measurements [12] show there are x &~
0.03 Mn on the Bi site (Mng;) and ~0.2% Bir. antisite defects.
Single crystals of both AF (Txy = 19K) and FM (Tt = 28 K)
variants of MnSb,Tey, MST-AF, and MST-FM were grown
using the method in Ref. [3]. Elemental analysis finds the
MST-FM sample has a nearly stoichiometric composition
of Mn],00(4)Sb2A09(2)Te3,91(2) without Mn deﬁciency. For the
MST-AF sample, elemental analysis finds heavy Mn defi-
ciency with a COl’IlpOSitiOIl of MH0_778(5)Sb2_222(6)Te4,00(1) [3].

High-field magnetization measurements were conducted
at the Pulsed-Field Facility of the National High Magnetic
Field Laboratory at Los Alamos National Laboratory using an
extraction magnetometer in a 65 T short-pulse magnet and the
75 T Duplex magnet. The extraction magnetometer is home-
made and consists of a 1.5-mm-bore, 1.5-mm-long, 1500-turn
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FIG. 1. High-field magnetization data of Mng 99(1)Bi2.01(2)T€s.00(2)
at 4 and 30 K with the field applied either along the ¢ axis or in the
ab plane.

compensated-coil susceptometer, constructed from 50-gauge
high-purity copper wire. The bulk samples are mounted within
a 1.3-mm-diameter ampoule that can be moved in and out of
the coil. When a sample is within the coil, the time ¢ varying
magnetization signal V(dM/dt) is induced by the dB/dt of
the pulsed magnet [13].

Numerical integration is used to evaluate the sample
magnetization M. Accurate values of M are obtained by sub-
tracting empty coil data from those measured under identical
conditions with the sample present [13]. The magnetization
data are then normalized and calibrated from independent
low-field magnetization data in measured fields up to 12 T
that were collected using the AC option of a Quantum De-
sign physical property measurement system. The low-field
magnetization data up to 7 T for MST were collected using
a Quantum Design magnetic property measurement system.
All magnetization data are reported in Bohr magnetons per
formula unit (ug/f.u.) or per Mn (ug/Mn), as appropriate,
using EDS-determined stoichiometries.

III. ANALYSIS OF MAGNETIZATION DATA FOR MBT

Figure 1 gives an overview of the high-field magnetization
data for MBT. For fields applied along ¢ and starting in the
zero-field AF ordered phase at 7 = 4 K, the magnetization
jumps from the A-type AF phase into the canted spin-flop
phase near poHsg = 3.7 T. In the spin-flop phase, the magne-
tization increases linearly up to a field of woH{ ~ 8 T, where
the magnetization reaches a plateau with M{ ~ 3.9ug/f.u.
Above poH;, the magnetization smoothly increases to a sec-
ond magnetization plateau with M5 = 4.6up/f.u. near 50 T.
For the field applied in the ab plane, the low-field magneti-
zation evolves linearly up to a field of uoH® =10.9T due
to coherent moment rotation from the ¢ axis into the ab
plane. Above MOH{”’, the evolution of the magnetization is
similar to that for H ||c, reaching a magnetization plateau of

184429-2



DEFECT-DRIVEN FERRIMAGNETISM AND HIDDEN ...

PHYSICAL REVIEW B 103, 184429 (2021)

TABLE II. Estimates of the Heisenberg parameters of MBT and
MST samples based on critical fields determined from magnetization
data [Eqgs. (1) and (2) for MBT and (5) and (6) for MST]. SJ' is
determined from CMC simulations.

MBT MST (AF) MST (FM)
HE (T) 8.1 0.5 ~0
H® (T) 10.9 22 1.2

SJ. (meV) 0.085 0.01 ~0
SD (meV) 0.075 0.07 0.07
SJ' (meV) 12 2.1 2.1

MS? = 4.55up/f.u. near 60 T. We propose that the evolution
to the second plateau is due to the gradual spin flip of antisite
Mn ions residing on the Bi site (Mng;) ions.

For both directions, we assume that the magnetization of
4.55up—4.6pup/f.u. at 60 T represents full magnetic satura-
tion of the MBT sample. EDS results find our MBT sample
to be stoichiometric within error, so this value represents the
local Mn moment size, denoted by mg. The value of my is
consistent with neutron diffraction [7,8] and DFT calcula-
tions [1,11] that find my is slightly reduced from the S = 5/2
local moment value of Sup due to orbital hybridization. For
subsequent analysis of MBT, we assume a Landé g factor of
1.84 instead of 2 to account for the reduced moment.

Figure 1 also shows the magnetization of MBT for temper-
atures above Ty. Here, the magnetization evolves smoothly
for either field direction without reaching saturation at 60 T.
Slight differences in the both the 4 and 30 K magnetization for
the two field directions suggest a weakly anisotropic Landé g
factor.

To understand the magnetization data, we develop a simple
Heisenberg model for MBT and employ CMC simulations.
We show below that CMC simulations are a reasonable
approximation at the lowest temperatures where spin fluc-
tuations are small. The Heisenberg Hamiltonian has the
following parameters: J is the FM exchange coupling within
the Mn layer, J. is the AF coupling between septuple blocks,
J’ is the AF coupling between antisite Mng; and the main
Mnyy, sites within a septuple block (intrablock coupling), and
D is the single-ion (uniaxial) anisotropy. The J, and D param-
eters can be estimated from the low-field saturation anisotropy
using the Stoner-Wohlfarth model [14]

1 c

SJe = ;-gus(H” + HY), 1)
1 .

SD = 2818 (H{" — HY), 2

where § = 5/2 and z = 6 is the number of Mn nearest neigh-
bors in adjacent septuple blocks.

From these relations, we obtain values of SD =
0.075meV and SJ. = 0.085meV (see Table II). These pa-
rameters also predict a critical spin-flop field of gugHsr =
28D\/7zJ./D — 1 = 3.4 T close to experimental results. Sub-
sequent simulations (not shown) indicate that the low-field
transitions depend only weakly on J’ and the defect concen-
tration. This gives confidence that our estimates of D and

TABLE III. Estimates of the chemical configuration of
Mn; 5, X5 4y )(X1_:Mn, ), Te, (MXT) samples based on magneti-
zation (mag) [Egs. (3) and (4)] and EDS data. Slight refinements of
the antisite mixing concentration x based on comparison to CMC
simulations are also shown.

MBT MST (AF) MST (FM)
Mf (ug/fu.) 3.9 1.6 1.8
M5 (s /f.u.) 4.6 38 4.9
mg (units of 1z) 4.6 4.9 53
x (mag) 0.04 0.11 0.15
x (MC) 0.038 0.13 0.17
y (mag) ~0 0.24 ~0
y (EDS) 0.01 0.22 0

J. are reasonable, and these parameters are fixed for subse-
quent CMC simulations. The chosen value of the intralayer
exchange SJ = 0.35meV is consistent with the Néel temper-
ature and also inelastic neutron scattering data [15], although
this parameter is not critically important for modeling the
low-temperature magnetization.

CMC analysis of the magnetization data allows us to es-
timate the strength of the intrablock AF coupling J’ between
antisite Mng; and Mny, ions, but first, we need to consider
the potential chemical configuration of the Mn ions. After
assuming a Mn moment size my, x and y can be estimated from
the low-field (M) and high-field (M,) magnetization plateaus,
respectively:

X = M 3)
- 4m0 ’
my —M2

- "2 4

o 4)

The EDS results for our MBT samples indicate a nearly
stoichiometric compound which appears fully saturated by
60 T. This allows us to simplify our MBT model by setting
y =0 and M, = my. The antisite concentration x is easily
estimated by the magnetization jump between low- and high-
field plateaus, x &~ 0.04 (see Fig. 1 and Table III), which is
consistent with the scanning tunneling microscopy (STM)
result [12].

Using these initial estimates, CMC simulations were per-
formed using the UPPASD atomic spin dynamics package [16].
The model consists of simulations on a lattice of 11 x 11 x 20
crystallographic unit cells (7260 spins) with 7 = 0.1 K. The
low temperature is chosen to suppress spin fluctuations which
have a different temperature evolution in the classical sim-
ulations compared to the quantum nature of S = 5/2 spins.
The crystallographic unit cell consists of three septuple blocks
(three Mn layers and six Bi layers) with a probability of x
that a Bi site is randomly occupied by Mn (a Mng; magnetic
impurity) and 2x that a Mn site is occupied by Bi (a Biyy
magnetic vacancy).

Figure 2(a) shows that reasonable agreement between the
simulations and the H ||c data is achieved for x = 0.038 and
SJ'=1.2meV. We note that the intrablock AF coupling
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FIG. 2. High-field magnetization data of MnBi,Te, at T = 4K
(black solid line) and 7 = 30K (gray dashed line) compared to
results from classical Monte Carlo simulations at 7 = 0.1 K (red
solid circles) and T = 30K (blue open circles). The field is applied
along the ¢ axis in (a) and in the ab plane in (b). Heisenberg model
simulation parameters are described in the text with x = 0.038 and
SJ' = 1.2meV. The shaded red area corresponds to the range of
magnetization in the MC simulations when SJ’ is varied by +10%.

strength J’ is found to be much larger than other magnetic
couplings in the system. As detailed by density-functional
theory calculations described below, a major contributor
to J' is AF superexchange coupling mediated through the
linear next-nearest-neighbor (NNN) Mny,-Te-Mng; bond.
The Mnp; ions, each coupled to at most three NNN Mnyy,
ions, reside in a molecular field with strength Hyp =
38J'/(gus) ~ 34 T which sets the characteristic field scale
for full saturation.

Leaving all Heisenberg parameters fixed, Fig. 2(b) com-
pares magnetization simulations to the data when the field
is applied to the ab plane. While the simulations provide a
reasonable agreement for this field direction, there are some
subtle differences that could arise from weak anisotropies,
quantum effects, or longer-range interactions that are not ac-
counted for in the model/simulations.

Figures 2(a) and 2(b) also show a comparison of CMC
simulations and data at 7 = 30 K. Here, the CMC simulations
underestimate the measured magnetization. This discrepancy
with the classical spin dynamics model is expected at higher
temperatures where spin fluctuations become more important.
For example, in the paramagnetic limit at temperatures well
above Ty, the magnetization data should follow the quantum
mechanical S = 5/2 Brillouin function, whereas the classical
simulations follow the Langevin function. Figure 3 compares
the H||c data at 50 K with MC simulations, as well as the
S = 5/2 Brillouin and Langevin functions calculated with a
magnetic moment of 4.6. Examination of this plot suggests
that MBT is not in the paramagnetic limitevenat T = 50K ~
2Tn. The high-temperature simulations also predict isotropic
magnetization for 7 > Ty (see Fig. 2) which is expected
because the temperature scale of the single-ion anisotropy is
small, SD/kg ~ 1 K. Experimentally, we find a few percent
difference in the absolute magnetization scale for fields ap-
plied along ab and c (see Fig. 1) which may arise from orbital
hybridization effects that are not considered in our model.
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FIG. 3. High-field magnetization data for MnBi, Te, (black line)
measured at 50 K compared to CMC simulations (red circles).
For comparison, the quantum mechanical § = 5/2 Brillouin func-
tion (purple long-dashed line) and classical Langevin function (blue
dotted line) are shown. Finally, the light green short-dashed line
corresponds to the linear magnetization extrapolated from low-field
susceptibility data [7], M = xH, where x = 0.15u5 T~! f.u.”!
at 50 K.

IV. ANALYSIS OF MAGNETIZATION DATA FOR MST

For MST, previous experimental evidence supports much
higher levels of antisite defects [2—4]. In particular, the
strongly reduced low-field ‘“saturation” magnetization of
<2pp in MST suggests a significant concentration of AF
coupled antisite defects are present that act to compensate
the net magnetic moment [3,11]. Furthermore, depending on
the details of the sample preparation MST may adopt either
a FM or AF magnetic ground state [3], and it is suspected
that different defect configurations control which magnetic
ground state is adopted. Here, the magnetizations of both
MST-FM and MST-AF samples are measured up to fields
of 70 T. Figure 4(a) reveals that both samples quickly satu-
rate to a low-field magnetization plateau near 2up, followed
by gradual recovery of significant missing magnetization at
higher fields. This observation is consistent with the current
picture of ferrimagnetic septuple blocks that become fully
polarized in large fields. Figure 4(a) also indicates that the
magnetization per formula unit of the MST-AF sample is
generally lower, as we show below, which can be traced back
to differences in the defect configurations between MST-FM
and MST-AF samples.

We now estimate the defect configuration of the two MST
samples from EDS and magnetization data. EDS measure-
ments reveal that the MST-FM sample is nearly stoichiometric
in Mn (MH]‘00(4)Sb2V09(2)TC3V91(2), y= 00), whereas the MST-
AF sample is Mn deficient (Mng 773(5)Sb2.222(6)T€4.00¢1), ¥ =
0.22). The Mn deficiency explains the suppression of the mag-
netization per formula unit of the MST-AF sample. Using the
same approach as for MBT, the antisite mixing concentration
x is estimated by first considering the bare Mn moment size.
Figure 4(b) plots the same data as in Fig. 4(a), but with units
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FIG. 4. High-field magnetization data for nominal MnSb,Tey4
samples that adopt both MST-FM (red lines) and MST-AF
(black lines) ground states with chemical formulas of
Mn g04)Sb2.092) Te3.91(2) and Mg 778(5)Sb2 222(6) T€4.00(1), respectively.
Magnetization data are normalized (a) per formula unit and (b) per
Mn. Measurements are performed at 4 K and with the applied field
H ||c (solid lines) and H ||ab (dashed lines). The inset in (a) zooms in
on the low-field region.

of up per Mn rather than per formula unit. This rescaling
gives some confidence in our EDS-determined stoichiometries
since the moments per Mn are very similar in MST-FM and
MST-AF samples. However, this rescaling suggests that the
magnetizations of both MST samples are close to reaching
saturation by 60-70 T and my > Sup. This is a somewhat sur-
prising result since DFT predicts a similar moment of 4.7ug
for MST and MBT. One possibility is that magnetic impurity
phases such as MnSb may exist in MST samples, where a few
kilo-oersteds are needed to saturate the MnSb moment [17],
which might lead us to overestimate the magnetization of
MST. Estimates of M, and M, for both MST-AF and MST-FM
are shown in Table IIl. Using the EDS data and Egs. (3)
and (4) allows us to estimate that x = 0.11 for the MST-AF
and 0.15 for the MST-FM,; the former is consistent with the
neutron scattering study performed on single crystals from the
same batch [3].

To develop a Heisenberg model for the MST samples, we
again estimate the exchange parameters based on the Stoner-
Wohlfarth model [14]. However, unlike MBT, the spin-flop
transition is absent, and instead, a spin-flip transition is found
at H{ for MST-AF. This occurs in the regime of D/zJ. > 1,
where the spin-flip field is gugHy;p, = gugH{ = z8J., giving

SJ. = gusHj /z. )

The relation gugH l“b = 2zSJ. 4+ 28D provides an estimate of
SD in this regime,

SD = gug(H{" — 2H{) /2. (6)

For MST-AF, the inset in Fig. 4(a) allows for an evaluation
of Hf ~ 0.5T and H ~ 2.2 T, from which we obtain SJ, ~
0.01meV and SD =~ 0.07meV. For MST-FM, H{ (which is
essentially zero) is determined primarily by the energetics
of domain boundaries, which are difficult to estimate. Given
the rather small value of J. for the MST-AF and the prox-
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FIG. 5. High-field magnetization data of (a) MST-AF
(Mnyg 778(5)Sb2.222(6) T€a.00(1y) and  (b) MST-FM  (Mny go4)Sb.09(2)
Tes91(2)) samples at T = 4 K (black solid line) compared to results
from classical Monte Carlo simulations at 7 = 0.1 K (red solid
circles). The field applied along the c¢ axis. Heisenberg model
simulation parameters are described in the text with SJ' = 2.1 meV
and x = 0.13, y = 0.22 (AF) and x = 0.17, y = 0 (FM). The shaded
red area corresponds to varying SJ' by +15%.

imity to FM order, it is not unreasonable to assume that
J. ~ 0 for MST-FM. In this approximation we obtain SD ~
gupH{®/2 ~ 0.07meV. We note that the values of SD ob-
tained for MST-AF, MST-FM, and MBT are nearly the same,
in agreement with DFT calculations [1].

We use the approximate defect configuration and Heisen-
berg parameters as a starting point for our CMC simulations
for both MST samples. Based on the uncertainty of satura-
tion magnetization, we fix y to its EDS value. For MST-AF,
Fig. 5(a) shows that reasonable agreement is obtained for
x=0.13, my = 4.9up, and SJ' = 2.1 meV. For MST-FM,
Fig. 5(b) shows CMC simulations for x = 0.17, my = 5.3usg,
and SJ' = 2.1 meV. However, the CMC simulations for MST
samples generally provide less satisfactory agreement with
the data than MBT. The overshooting of the simulated mag-
netization between 10 and 30 T suggests that additional AF
interactions are present (for example, between Mngy ions
either within the septuple block or across the van der Waals
gap). The complexity of the intrablock magnetic interactions
and the overall larger value of J' for MST compared to MBT is
supported by DFT calculations described in the next section.

V. AB INITIO CALCULATION OF INTRABLOCK
EXCHANGE COUPLING IN MBT AND MST

DFT+U (where U is the additional on-site Coulomb
interactions) calculations were carried out to investigate
the defect-driven intrablock exchange couplings in MST
and MBT. To simulate the additional Mn d-orbital on-site
electron-electron repulsion not accounted for in DFT calcu-
lations, we apply U = 4-5eV, which was found to better
describe the magnetic interactions in these systems [15]. To
simulate defects, we use a supercell that corresponds to a
3 x 3 x 1 superstructure of the original primitive (FM) cell,
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FIG. 6. (a) Schematic representation of the 3 x 3 x 1 supercell used in the DFT calculation for MST. One of the 18 Sb atoms is substituted
by Mn. Mn, Sb, and Te atoms are indicated with blue, green, and yellow spheres, respectively. The first three nearest intrablock Mng,-Mny,
exchange parameters are labeled J, J;, and Jj, respectively, and are also shown from the perspective along the c axis in (b). (c)—(e) show the
three different scenarios for the formation of antisite-defect configurations at nearest-, next-nearest-, and next-next-nearest-neighbor positions,

respectively (Te atoms are not shown).

as shown in Fig. 6. We first investigate the coupling between a
single Mngy,pi defect and Mnyy, neighbors in the adjacent Mn
layer. Then we further substituted one Sb/Bi atom on various
Mnyy, sites on the adjacent Mn layer to study the effects
of additional Sbyy,/Bim, antisite vacancies on the intrablock
coupling.

We estimate the intrablock couplings by employing both a
linear response method as implemented in the LMTO-ASA-GF
code [18,19] and total energy calculations using the Vienna
Ab initio Simulation Package (VASP) [20,21]. Calculations
are performed within the generalized gradient approximation
using the exchange-correlation functional of Perdew, Burke,
and Ernzerhof [22]. In VASP, the nuclei and core electrons
are described by the projector augmented-wave potential [23],
and the wave functions of valence electrons are expanded in a
plane-wave basis set with a cutoff energy of up to 350eV.
Table IV summarizes the formation energies and the intra-
block magnetic energies of the corresponding configurations
calculated using VASP.

First, we start with MST, in which the defects are more
dominant than in MBT, and substitute one of 18 Sb atoms with
Mn in the supercell. The first three nearest exchange couplings
between this Mng, magnetic defect and the neighboring Mnyyy,
layer are denoted Ji, J;, and J; in Figs. 6(a) and 6(b). We
calculated the intrablock exchange couplings at U = 4 eV.

ASA-GF calculations find that the nearest-neighbor (NN)
J| interaction between Mn ions separated by ~4.5 A and a

Mn-Te-Mn angle close to 90° gives a net FM contribution to
the intrablock coupling. The NNN J; interaction at ~6.2 A
corresponds to AF superexchange with an Mn-Te-Mn angle
close to 180°. The third nearest-neighbor J; has a slightly
AF coupling. Thus, the net intrablock coupling will depend
on the relative strengths of the FM and AF couplings. To
better quantify the strength of the net intrablock coupling, we
fully relax the atomic coordinates while keeping the lattice

TABLE IV. Calculated formation energies Ery and intrablock
magnetic energies Ey of antisite defects in MBT and MST. The Ey;
values of a Mngy,; defect are also listed for comparison. Both Epy
and Ej are in units of meV /Mngysp,. Calculations were carried out
in DFT+U using U = 4eV. Ey; is calculated as the energy differ-
ence between the AF and FM intrablock configurations, Ear — Epv.
Positive (negative) Ey values correspond to FM (AF) intrablock
couplings.

MST MBT
Configuration Een Eum Een Em
Mnsb/Bi 11.6 21.11
Antisite @infinity 689 1254
Antisite@1 115 —8.21 363 —6.74
Antisite @2 115 —0.03 315 —2.50
Antisite@3 135 —2.07 375 —1.15
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parameters (adopted from experiments) fixed and calculate
the total energies of FM and AF intrablock configurations
using VASP. In contradiction to experimental results, the net
coupling of a single Mng;, defect with FM coupling to the FM
layer is found to have lower energy than the AF coupling by
11.6 meV/Mnygp,.

A possible way to reconcile this contradiction is to consider
the possibility that antisite defects are correlated or bound
in real space. To account for this possibility, we calculate
the intrablock coupling associated with a coupled pair of
antisite defects and find that Sbyy, defects promote the AF
intrablock coupling. Within the given supercell, three possible
scenarios were explored, where Sby,-Mngy, antisite pairs are
placed at NN, NNN, and third-NN positions, as shown in
Figs. 6(c)-6(e). These defect configurations are hereafter
referred to as antisite@i = 1, 2, 3. A comparison of the cal-
culated formation energies of antisite @i configurations to the
single Mng;, and Sbyy, defects (antisite@infinity) show that
bound antisite pairs are energetically favored. Furthermore,
antisite@1 and antisite@2 have similar lower energies than
antisite @3.

As shown in Table IV, all three antisite configurations favor
AF structure, demonstrating that vacancies in the Mn layer
promote AF intrablock coupling. Interestingly, among them,
antisite@1 has the strongest AF coupling, while antisite@2
has the least. To make a comparison to the Heisenberg model
and to CMC simulations, we estimate that SJ' ~ Ey/M =
1.8 meV for MST, where M = 4.5u5 is the moment obtained
from DFT.

In a naive picture, the removal of one out of three of FM
J{ bonds in antisite@1 will favor a net AF coupling when
compared to the original single Mngy, defect case. However, in
general, besides eliminating a corresponding exchange bond,
Sby, may also affect the coupling of other pairs. For example,
removal of 1/3 of the original AF J; bonds in antisite@2
should promote stronger FM coupling. However, Table 1V
shows that the overall coupling for antisite@2 is AF as well.
From our limited exploration of defect-mediated coupling, we
can conclude only that correlated antisite defects favor a net
AF coupling in all configurations studied.

For MBT, an Mng; defect shows an even stronger FM
intrablock coupling with the Mn layer than Mng, in MST.
Similarly, correlated antisite defect pairs stabilize the AF in-
trablock coupling in a fashion similar to MST. The formation
energies of antisite pairs are much larger in MBT than in MST,
consistent with the experimental fact that antisite defects are
more prevalent in MST than in MBT. In comparison to MST,
the antisite@2 configuration, which is less AF-like than anti-
site@1, is more favorable than antisite@1 in MBT. Overall,
Table IV is consistent with the experimental result that the AF
intrablock coupling is generally smaller in MBT.

From DFT, we conclude that (1) the magnetic vacancies on
the Mn layer, Sby, or Bip,, promote AF intrablock coupling
and (2) MST has a stronger intrablock AF coupling than
MBT, consistent with experiments. However, one caveat in
these DFT results is that the absolute and relative values of
these couplings are highly dependent on the value of U and
the choice of functional. On the one hand, for both MST
and MBT, the coupling of a single defect to the Mn layer
becomes more FM with a larger U parameter, having a trend

similar to DFT studies of the intralayer couplings [15]. At
U = 5¢€V, all three antisite cases considered above become
FM in both MBT and MST unless more antisite defects
and Bip, /Sby vacancies are introduced to stabilize an AF
intrablock configuration. On the other hand, different func-
tionals can change the relative strengths of pairwise FM and
AF interactions. The defect distributions and configurations
in real systems are likely more complicated than the limited
scenarios we considered here and deserve a more comprehen-
sive future study, ideally, in a beyond-DFT and parameter-free
fashion [24].

VI. CONCLUSION

In summary, we revealed the hidden magnetization in MBT
and MST materials by applying high magnetic fields. This
shows, to varying degrees, that MX T materials have partially
compensated magnetization due to strong AF coupling of
magnetic antisite defects to the main Mn layer. This confirms a
picture of MX T samples in which each septuple block adopts
an overall ferrimagnetic configuration consisting of both uni-
form and staggered magnetization components, which might
play a role in determinations of the quantum anomalous Hall
state and surface state properties in MXT.

DFT studies also highlight that competing FM and AF
intrablock interactions between Mnyx and Mnyg, moments are
present and the net AF interaction is obtained only after con-
sidering the configuration of various defect states. Overall,
intrablock ferrimagnetism is favored in the case where antisite
pairs are bound together in close proximity. We investigated
the role of random and correlated magnetic defects in the mag-
netism of MXT materials; an extension of this study might
explain how different chemical and magnetic configurations
in MST-FM and MST-AF determine the overall sign of the
interblock coupling.

Also, one can connect our results for the magnetic inter-
actions of antisite defects in MXT to the case of dilute Mn
substitutions in the Bi, Tes topological insulator (TT) [25]. For
the dilute magnetic TI, global ferromagnetism is promoted,
which clearly indicates that the net intralayer, intrablock, and
interblock couplings are all FM. With respect to the intra-
block coupling, it might seem inconsistent that FM coupling
is found between bilayers in dilute magnetic TI since the local
bonding is quite similar to MXT compounds. However, our
results show that the strength and sign of the net coupling
are highly dependent on the local configuration of magnetic
defects, which is vastly different in the two cases. Ultimately,
these results outline a clear need for first-principles calcu-
lations in which the magnetic interactions are studied under
various assumptions about the configuration of magnetic de-
fects and vacancies in order to understand the role of complex
magnetic configuration in the band topology of magnetic
metals.
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