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Abstract 

The natural van der Waals superlattice MnBi2Te4 and its derived (MnBi2Te4)n(Bi2Te3)m 

compounds provide an optimalideal platform to combine topology and magnetism in one system 

with minimalsignificantly reduced structural disorder. The realization of quantum anomalous Hall 

effect in this system favors ferromagnetic ground state, which is challenging considering that the 

Mn-Mn interlayer coupling in MnBi2Te4 is antiferromagnetic. Here we demonstrate that the sign 

and magnitude of the interlayer coupling demonstrate the manipulation of ferromagnetic and 

antiferromagnetic in the interlayer coupling in MnBi2Te4-Bi2Te3 heterostructures can be controlled 

not only by the interlayer distance between the two Mn layers but also by parameters outside the 

Mn-Mn layers, based on systematic transport measurements and first principles calculations. We 

show that the presence of ferromagnetism can be induced by slight MnBi antisite defects outside 

the Mn-Mn layer can convert in MnBi2Te4 layersthe sign of interlayer magnetic coupling, from 

antiferromagnetic to ferromagnetic or vice versa, depending on their density. The presence of 

Additional Bi2Te3 dilution layers outside the two MnBi2Te4 septuple layers at the top and bottom 

of the heterostructures also strongly affects the strength of the magnetic can be used as the knob 

to mediate the magnetic interlayer coupling. interlayer coupling. Our results highlight that e 

multitude of tuning parameters that can be utilized toward effetunable topological quantum 

materials and devices based on this highlight new approaches to control the magnetic interlayer 

coupling in MnBi2Te4-Bi2Te3 heterostructures films, shedding light on the realization of tunable 

.quantum phenomena as well as topological spintronic applications. 
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Intrinsic magnetic topological insulators (MTIs) such as the MnBi2Te4(Bi2Te3)n (n = 0, 1, 

2, ...) compounds, as the natural stacking of stoichiometric van der Waals units, incorporate 

topological states and magnetism in a manner that introduces significantly less structural disorder 

than magnetic doping[1-6]. The experimental demonstration of quantum anomalous Hall effect 

(QAHE) and robust axion insulator state in MnBi2Te4 compound[2,3,7] highlights its potentials of 

being exploited in topological spintronics. The MnBi2Te4 layers are ferromagnetically coupled 

within each septuple layer (SL) and antiferromagnetically coupled between SLs in A-type 

configuration[8]. The realization of QAHE requires spontaneous magnetization at zero magnetic 

field, which means ferromagnetic (FM) states are preferable for realistic applications[2,5,9,10]. 

In the MnBi2Te4(Bi2Te3)n bulk crystals, the antiferromagnetic (AFM) interlayer coupling 

becomes weaker and eventually turns into FM as n increases, owing to the increased interlayer 

Mn-Mn distance by intercalation of non-magnetic Bi2Te3 quintuple layers (QLs)[11-13]. Along 

this approach people successfully synthesized MnBi4Te7, MnBi6Te10 and MnBi8Te13 bulk 

crystals[11-14], in which AFM coupling are weakened or even FM phase can be produced. 

However, the introduction of Bi2Te3 extra spacer layers inevitably leads to diluted overall Mn 

concentration in MnBi2Te4(Bi2Te3)n, possibly causing a “dilution effect” on the magnetic 

properties, similar to the Cr concentration dependent magnetism in Cr-doped (Bi,Sb)2Te3 thin 

films[15]. The exact role of such “dilution effect” could mix with the influence of Mn-Mn 

interlayer distance in the study of MnBi4Te7, MnBi6Te10 and MnBi8Te13 bulk crystals[11-13], thus 

still remains elusive. On the other hand, recent studies report that magnetic defects such as Mn 

antisites can induce ferromagnetism in the bulk crystals of MnSb2Te4[16-20], the sister compound 

of MnBi2Te4. Reflective magnetic circular dichroism spectroscopy reveals that Mn-Bi site mixing 

also modifies or even changes the sign of magnetic interactions in MnBi4Te7 and MnBi6Te10 
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compounds[17]. Manipulating the ferromagnetism in these materials in a controllable manner is 

desirable for potential spintronic applications. 

In order to investigate the Mn dilution effect in MnBi2Te4-Bi2Te3 heterostructures, we 

designed the sample structures shown in Fig. 1(a), in which the top and bottom additional n QL 

Bi2Te3 can be regarded as “dilution layers”. With increasing n, the overall Mn concentration 

reduces as the film becomes thicker while the Mn interlayer distance remains unchanged, so that 

we can extract the influence of dilution effect separately. However, in bulk crystals, it is difficult 

to However, due to thermodynamic limitations during the growth process, controlling the stacking 

sequence and repeating number of MnBi2Te4 and Bi2Te3 layers, in a desired form are difficultdue 

to thermodynamic limitations during the growth process in bulk crystals. On the other hand, with 

the layer-by-layer molecular beam epitaxy (MBE) technique, it is Owing to the enhanced 

controllability possible to achieve the desired of the layer-by-layer growth mode, the stacking of 

MnBi2Te4 and Bi2Te3 layers at the atomic level can be flexibly controlled by molecular beam 

epitaxy (MBE)[21-25]. We grew samples with varying n values on 10 mm × 10 mm Al2O3 (0001) 

substrates using a custom built SVTA MOS-V-2 MBE system with base pressure of low 10−10 

Torr. Substrates were cleaned ex situ by 5 minutes exposure to UV-generated ozone and in situ by 

heating to 750 ºC under oxygen pressure of 1 × 10-6 Torr for 10 minutes. The substrate temperature 

was then cooled down to 300 ºC for the deposition of MnBi2Te4 and Bi2Te3 layers. Between the 

deposition of each SL MnBi2Te4 or each QL Bi2Te3 layer, we annealed the film at 300 ºC for 1 

minute under Te flux. Then Te capping layer was deposited on top after the samples were cooled 

down to room temperature. Fig. 1(b) shows the high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) image of a MnBi2Te4-Bi2Te3 heterostructure 

with n = 2, which exhibits well-defined QL and SL structures of Bi2Te3 and MnBi2Te4 layers, 

respectively, with sharp van der Waals gaps between two adjacent layers. Even though the very 

bottom Bi2Te3 layer was buried into the Al2O3 substrate, the outline of this layer can still be 

recognized by the contrast difference. The sample quality was further confirmed by reflection 

high-energy electron diffraction (RHEED) patterns, as shown in Fig. 1(c). The patterns were taken 

after the deposition of all the Bi2Te3 and MnBi2Te4 layers. The bright streaky patterns indicate a 

high-quality epitaxial growth of the heterostructure samples. 

Since the top and bottom n QL Bi2Te3 layers only increase the film thickness, while keeping 

the interlayer distance between the two MnBi2Te4 layers constant, and lead to a “diluted” overall 
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Mn concentration in the heterostructures, we define these extra Bi2Te3 layers as “dilution layers”. 

To investigate the exact role that these dilution layers play in the magnetic properties of MnBi2Te4-

Bi2Te3 heterostructures, we performed systematic longitudinal and Hall resistance measurements 

on these samples. All measurements were performed using the standard van der Pauw geometry, 

by manually pressing four indium wires on the corners of each sample. Raw data of 𝑅𝑥𝑥 and 𝑅𝑥𝑦 

were properly symmetrized and anti-symmetrized. Fig. 2(a) gives the temperature dependent 

longitudinal sheet resistance for heterostructures with n from 0 to 5. A semiconducting trend was 

observed in n = 0 and n = 1 samples, then transitions to a metallic trend in samples with larger n 

values. An upturn behavior appears at low temperatures for all the samples. This upturn behavior 

is commonly observed in ferromagnetic topological insulators [15,21,26-28], in contrast with the 

previously reported antiferromagnetic peaks on the 𝑅𝑥𝑥 -T curves of MnBi2Te4(Bi2Te3)n thin 

flakes[2,3,11]. The origin of this upturn behavior is related to the ferromagnetic ordering induced 

by MnBi antisites in MnBi2Te4 layers, which will be discussed below. The arrows in Fig. 2(a) mark 

the upturn temperature of each sample, which we denote as TO. Fig. 2(a) demonstrates a monotonic 

decrease of TO
 with increasing Bi2Te3 dilution layers, indicating gradually weakened 

ferromagnetism.  

Fig. 2(b) exhibits the corresponding magnetic field dependent longitudinal resistance for 

all the samples measured at 2 K. There are several peculiar features worth mentioning in Fig. 2(b). 

First, in samples n = 0, 1, 2 we can obviously observe two symmetric shoulder peaks at around 3 

T, which are absent in samples n = 3, 4, 5. This shoulder feature is commonly observed in 

MnBi2Te4 and is related to magnetic-field-driven spin-flipping process in 

antiferromagneantiferromagnet t[3], suggesting the presence of AFM phase in samples n = 0, 1, 2. 

As marked by the dash lines in Fig. 2(b), the characteristic magnetic field of shoulder feature 

remains unchanged for samples n = 0, 1 and 2, but the intensity of the shoulder features gradually 

reduces as n increases then completely vanishes in samples n = 3, 4 and 5, indicating the AFM 

coupling is reduced by adding Bi2Te3 dilution layers. Second, all the curves exhibit clear negative 

magnetoresistance (MR) peaks around zero field with hysteresis in samples n = 0 and 1, which are 

generally observed in various FM materials and regarded as features of FM phase [2,21]. With 

increasing Bi2Te3 dilution layers, the intensity of zero field peaks reduces and the hysteresis feature 

smears out, indicating weakened FM coupling.  
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The anomalous Hall effect is another probe to detect the magnetic signatures in thin film 

samples. We conducted Hall resistance measurements on all samples and the data are shown in 

Fig. 3(a). It should be noted that all the samples exhibit hysteresis loops at the low field range, 

which are solid evidence of net magnetization resulting from ferromagnetism. As a result of 

increasing the number of Bi2Te3 dilution layers, the Hall loopss monotonically shrinks in Fig. 3(a), 

reflecting weakened FM coupling. As mentioned above, the upturn behavior in Rxx vs T, the zero 

field peaks in MR curves, together with the Hall hysteresis loops all support the existence of FM 

phase in our heterostructure samples. To clearly demonstrate the influence of Bi2Te3 dilution layers 

in the systematic evolution of ferromagnetism, we summarize the coercive fields HC of each 

sample together with the upturn temperature TO in Fig. 3(b). HC and TO
 follows very similar trend 

of monotonic drop with thicker dilution layers, suggesting that reflecting the underlying origin 

should be the same. To sSummarizinge the transport results in Fig. 2 and Fig. 3, AFM and FM 

phase coexist in our samples and the magnetic coupling of both phases become weaker with 

addedby adding Bi2Te3 dilution layers. 

Considering the AFM nature of MnBi2Te4 and MnBi4Te7 compounds, the origin of FM 

phase should be discussed here. Magnetic defects like Mn antisites or Mn-Bi site mixing are 

reported to produce FM phase in MnSb2Te4, MnBi4Te7 and MnBi6Te10 [16-20]. To determine the 

distribution of magnetic defects in our samples, we mapped out the MnBi antisite defects in a 

heterostructure sample with n = 0 by atomic resolution scanning tunneling microscopy (STM) 

imaging (Fig. 3(c)). The MnBi antisites appear as dark defects in the marked triagonal circles. The 

density of MnBi antisites are determined as 2.1% on average by counting the defects in the 

measured region in Fig. 3(c), while the distribution of Mn is rather inhomogeneous as the density 

in Mn clustered regions are obviously higher than other regions. People might suspect that the 

weakened magnetic coupling (both FM and AFM) is related to the Mn diffusion in Bi2Te3 dilution 

layers. To rule out this possibility, we conducted STM imaging of Mn concentration in a control 

sample with n = 4 (Fig. 3(d)). The Mn density (~0.2%) is more than one order lower than the value 

in Fig. 3(c), strongly suggesting the MnBi antisite defects are mostly confined within the MnBi2Te4 

layer and the interlayer Mn diffusion, if any, is minuscule compared with the Mn density in 

MnBi2Te4 layer.  

To examine the exact role that the magnetic defects play in the magnetism of our 

heterostructures, we performed first-principles calculations with the Vienna ab initio simulation 
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package (VASP) based on the density functional theory (DFT). The exchange-correlation 

functionals are treated by the generalized gradient approximation (GGA) in Perdew-Burke-

Ernzerhof (PBE) form. The cutoff energy of plane wave expansion is set to 420 eV. An 18×18×1 

Г-center k-point mesh is dense enough for sampling the Brillouin zone. A vacuum space of 15 Å 

is adopted in periodical direction for avoiding the interactions between adjacent layers. All 

structures are fully relaxed until Hellmann-Feynman force acting on each atom is less than 10-2 

eV/Å, and the convergence criterion of total energy is set to 10-6 eV. For describing the strong 

correlation effects of 3d electrons of Mn, GGA+U method is adopted where the Ueff is set to 3 eV. 

The effect of van der Waals interactions are considered by employing the DFT+D3 method. 

Since the exact location and distribution of Mn atoms in MnBi2Te4 layer are unclear, we 

proposed one possible configuration for Mn substitutions in the left panel of Fig. 4(a), where the 

mixed color represents Bi atoms substituted by Mn atoms. We conducted first-principles 

calculations on this configuration to demonstrate the influence of Mn defects. As indicated in Fig. 

4(a), the ground state of the MnBi2Te4-Bi2Te3 heterostructure without Mn substitution was 

determined as AFM. As more Bi sites are replaced by Mn atoms, the energy difference between 

AFM and FM coupling quickly narrows to nearly 0 at the critical Mn doping level of 3.57% and 

FM coupling becomes the ground state, then the FM order experiences a peak strength at 7.14% 

Mn before reducing again. It is worth noting that the AFM coupling would become the ground 

state again at above 14.28% Mn doping according to the trend in Fig. 4(a), which is consistent 

with the observations in MnTe intercalated MnBi2Te4 superlattices [25]. Even though Fig. 4(a) 

only gives one possible configuration for Mn substitution, we believe the trend shown in Fig. 4(a) 

depicts a general picture for all possible Mn locations, which means there is a critical Mn density 

that determines the magnetic ground state. As observed in Fig. 3(c), the distribution of Mn 

concentration is obviously inhomogeneous in our films, suggesting the Mn density could be lower 

than the critical density at Mn poor regions but higher than that value at Mn clustered regions. As 

a result, the magnetic exchange interaction also shows the same inhomogeneity, causing the 

coexistence of FM and AFM phases. The Mn inhomogeneity controlled magnetic ground states 

give a consistent interpretation of the transport measurement results on our samples. 

Next, we focus on the influence of Bi2Te3 dilution layers in our samples. To understand 

the dilution layer tunable interlayer coupling, we carried out first-principles calculations to 

investigate the exact role of Bi2Te3 dilution layers. As shown in Fig. 4(b) and (c), the magnitude 
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of energy difference between interlayer AFM and FM phases continuously decreases from 0.075 

to 0.051 meV with increasing Bi2Te3 dilution layer thickness. Adding Bi2Te3 dilution layers shifts 

up the Fermi level of MnBi2Te4 to the conduction bands, resulting in the occupationy of opposite 

spin-polarized states that breaks the high-spin configuration state S = 5/2, which leads to the 

decrease of interlayer AFM exchange coupling (Fig. 4(c)). The Aabove DFT results unveil the 

influence of Bi2Te3 dilution layers on AFM coupling strength, consistent with our experimental 

observations of AFM shoulder peaks vanishing in n > 2 samples (Fig. 2(b)). To compare the tuning 

effect of Bi2Te3 dilution layer with Mn interlayer distance, we grew a seriesal of control samples 

with the same Bi2Te3 thickness but varied Mn interlayer distance (Fig. S1). The summarized HC 

and TO values show weak dependence on the Mn interlayer distance, implying the Bi2Te3 dilution 

layer tuning is a more effective manipulation strategy. Our observations suggests prove that the 

dilution layer tuning can be a general way to manipulate both AFM and FM coupling in MnBi2Te4-

Bi2Te3 heterostructures. 

In summary, we observed coexisting AFM and FM phases in our MnBi2Te4-Bi2Te3 

heterostructures based on transport measurements, which could attribute to the Mn substitution in 

MnBi2Te4 layer. First-principles calculations and STM imaging suggestadvise that the 

inhomogeneous distribution of MnBi defects is the decisive factor that controls the magnetic 

ground states, providing an intuitive interpretation on the formation of FM phase. Both AFM and 

FM features that appear on transport results gradually reduce with adding more Bi2Te3 dilution 

layers, indicating a tunable magnetic interlayer coupling. Our calculations reveal that Bi2Te3 

dilution layers could shift the Fermi level and resulting in the occupationy of opposite spin-

polarized states, leading to reduced AFM exchange coupling. Our work demonstrates that 

intentional Bi2Te3 dilution layers can be used as an effective tool to controltuning can be an 

effective knob to manipulate the magnetic properties in topological MnBi2Te4-Bi2Te3 thin films, 

which toward is insightful for growing novel FM MnBi2Te4 materials to realize high temperature 

QAHE and other designing topological spintronic effectsdevices. 

 

Acknowledgment.―The work at Rutgers is supported by National Science Foundation’s 

DMR2004125, Army Research Office’s W911NF2010108, MURI W911NF2020166, and the 

center for Quantum Materials Synthesis (cQMS), funded by the Gordon and Betty Moore 

Foundation’s EPiQS initiative through grant GBMF10104. The work at Ningbo Institute of 



9 
 

Materials Technology and Engineering is supported by. The work at Nanjing University is 

supported by. 

 

 

 

 

 
 
 
 
 
 
 

 

 
FIG.1. (a) Illustration of the MnBi2Te4-Bi2Te3 heterostructures. (b) High-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) image of a heterostructure sample with n = 2. The stacking 

of MnBi2Te4 and Bi2Te3 layers are labeled by SL and QL, respectively. (c) Reflection high-energy electron 

diffraction (RHEED) patterns of the as- grown MnBi2Te4-Bi2Te3 heterostructure at two high symmetry 

directions. 
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FIG.2. (a) Temperature-dependent longitudinal sheet resistance of the MnBi2Te4-Bi2Te3 heterostructures with n 

values from 0 to 5. (b) The corresponding magnetic field dependent longitudinal resistance of the same samples 

measured at 2 K.  
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FIG.3. (a) Normalized Hall resistance of the MnBi2Te4-Bi2Te3 heterostructures with n values from 0 to 5 

measured at 2 K. (b) Summary of ferromagnetic ordering temperatures TO determined by Fig. 2a and coercive 

fields HC determined by Fig. 3a. (c, d) Atomic resolution scanning tunneling microscopy (STM) imaging of the 

MnBi antisites in MnBi2Te4-Bi2Te3 heterostructures with (c) n = 0 and (d) n = 4. 

 
FIG.4. (a) Left panel is the schematic structure of one possible Mn doping configuration in MnBi2Te4-Bi2Te3 

heterostructures. Right panel shows the Mn doping level dependent energy difference between AFM and FM 

ground states obtained by first principles calculations.  (b) Left panel is the schematic structure of the MnBi2Te4-

Bi2Te3 heterostructures with varying Bi2Te3 dilution layers. Right panel shows the dilution layer thickness 

dependent energy difference between AFM and FM ground states obtained by first principles calculations. (c) 

Spin-polarized density of states for Mn atoms. The Fermi level is obviously shifted up when the Bi2Te3 dilution 

layers increase. 
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