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Intrinsic magnetic topological insulators, in which magnetism and topology are inherently combined, are
excellent systems to realize exotic phenomena such as the quantum anomalous Hall effect. However there are
many reports that show that the experimental samples are not so ideal and the effect of the unintentional disorder
in these systems needs to be considered carefully. In this study, we investigate the role of misplaced magnetic
atoms as well as nonmagnetic elements in the intrinsic magnetic topological insulator heterostructures based
on MnBi2Se4 and Bi2Se3. We find that Mn atoms are not only placed at the central layer of the MnBi2Se4
septuple layer (SL) but also intermix with Bi (antisite Mn) as well as reside in the van der Waals (vdW) gap.
Through a detailed comparison between the experimental and theoretical X-ray magnetic circular dichroism
(XMCD) spectra, we find that the antisite Mn is coupled ferromagnetically whereas the vdW Mn couple anti-
ferromagnetically to the Mn in the central atomic plane of the SL. Furthermore, we detect a clear XMCD signal
in nonmagnetic Se, providing unambiguous evidence of its magnetic interaction with Mn.

I. INTRODUCTION25

The interplay of magnetism and topological properties [1]26

leads to exotic quantum phenomena like the quantized anoma-27

lous Hall effect (QAHE) [2, 3], topological magnetoelectric28

effect [4], or the half-integer quantum Hall effect [5]. Intrin-29

sic magnetic topological insulators (TIs) such as MnBi2Te430

(MBT) are materials which intrinsically possess both mag-31

netic and topologically nontrivial properties. They are exper-32

imentally realized both in thin films [6, 7] or in the bulk form33

[8]. Even superlattices composed of magnetic TIs and non-34

magnetic TIs have been fabricated [9].35

The influence of the native defects, which are misplaced36

Mn atoms, on the magnetic and electronic structure of the37

compounds of the MBT family is being actively studied cur-38
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rently. Both macroscopic [10–12] and local [13] measure-39

ments reveal that in MBT and MnSb2Te4 the Mn atoms in40

the central layer of the septuple layer (SL) and those in the41

Bi/Sb layers couple antiferromagnetically (AFM). Accord-42

ing to the recent density functional theory (DFT) calcula-43

tions [14], this magnetic structure may be responsible for44

the unexpected reduction of the gap in the surface Dirac45

cone (DC) of MBT, observed by angle-resolved photoe-46

mission spectroscopy (ARPES) [8, 15–25]. The gap size47

fluctuations across the surface have been visualized using48

scanning tunneling spectroscopy (STS) for the surfaces of49

the MnBi2−xSbxTe4 bulk single crystals [26] as well as the50

molecular-beam epitaxy grown MBT [27, 28] and MnSb2Te451

[29, 30] films. As far as the cousin compound MnBi2Se452

(MBS) and heterostructures on its basis are concerned [6, 31,53

32], the coupling of the Mn antisites to the main Mn sites54

has not been studied yet. Especially, an element-specific as55

well as a site-specific study that can directly correlate the lo-56

cal magnetic properties of atoms residing at different places of57

the sample in real space is not throughly conducted. Besides,58

for intrinsic magnetic TI family, so far there has been no evi-59

dence of induced magnetic moment in nonmagnetic elements,60
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although many X-ray magnetic circular dichroism (XMCD)61

measurements have been performed [8, 32–39]. This is in62

contrast to the case of magnetic impurity-doped TIs [40–42].63

Therefore in the present work, we study MBS and char-64

acterize the Mn distribution of MBS / Bi2Se3 (BS, nonmag-65

netic) and MBS / n quintuple layer (QL) BS / MBSBS het-66

erostructures with scanning transmission electron microscopy67

(STEM) at the atomic scale. Then, this information is cor-68

related with the site-specific magnetic property of the sys-69

tem, focusing on the misplaced Mn and Se atoms obtained70

with element-specific XMCD measurements. We find that Mn71

atoms are not only placed at the central layer of the MBS SL72

but also intermix with Bi as well as reside in the van der Waals73

(vdW) gap. By comparing the experimental and theoretical74

XMCD spectra, it is revealed that the former two couple fer-75

romagnetically (FM) whereas the vdW Mn couple AFM to76

the Mn in the central atomic plane of the SL. This behavior77

is different from the case of MBT and is also reproduced by78

directly calculating the exchange coupling constant. Further-79

more, we succeed in detecting a clear XMCD signal in one80

of the nonmagnetic constituents of the heterostructures - Se,81

providing unambiguous evidence of its magnetic interaction82

with Mn.83

II. METHODS84

The heterostructure samples were prepared by molecular85

beam epitaxy in ultrahigh vacuum (UHV) chambers equipped86

with a reflection-high-energy electron diffraction (RHEED)87

system. First, a clean Si(111)-7× 7 surface was prepared on88

an n-type substrate by a cycle of resistive heat treatments. The89

7×7 surface was terminated with Bi which lead to the forma-90

tion of the Si(111)-
√

3×
√

3 surface. Then Bi was deposited91

on the
√

3×
√

3 surface at ∼200 ◦C in a Se-rich condition.92

Such a procedure is reported to result in a smooth epitaxial93

film formation with the stoichiometric ratio of Bi : Se = 2 : 3.94

The grown Bi2Se3 films were annealed at ∼250 ◦C for 5 min-95

utes. The thickness of the Bi2Se3 films in this work is ∼8 QL.96

Finally, Mn was deposited on Bi2Se3 in a Se-rich condition97

at ∼250 ◦C. In this process, Mn and Se intercalate into the98

topmost QL of BS to form the MBSBS heterostructure. The99

1× 1 periodicity with the same lattice constant is maintained100

during this process for the samples we have fabricated. Then101

an additional (n+ 1) QL of Bi2Se3 was deposited on top of102

the MBSBS, and then Mn and Se were intercalated to form103

the MBS / n QL BS / MBSBS heterostructures (Fig. S1 (a)).104

For the X-ray magnetic circular dichroism (XMCD) and105

scanning transmission emission microscopy (STEM) mea-106

surements, the fabricated samples were first characterized107

with angle resolved photoemission spectroscopy (ARPES) at108

room temperature. Then they were capped with 10 nm of Se109

before taking them out of the UHV chamber.110

For the XMCD measurements, the samples were annealed111

at ∼250 ◦C to remove the capping layers prior to the measure-112

ments. The X-ray absorption spectroscopy (XAS) and XMCD113

measurements were performed at BL23SU of SPring-8 [43]114

and at BL29 BOREAS of ALBA with the total-electron-yield115

method [44].116

Electron transparent specimens for STEM observations117

were prepared by the standard lift-out technique using an118

FEI Helios G4-UX dual-beam system. Probe abberation cor-119

rected STEM, FEI TitanG2 80–200 microscope, was used.120

Chemical compositions were measured by energy-dispersive121

X-ray spectroscopy (EDS). EDS data was obtained for a122

2.4×7.3 nm2 region with a beam size of 100×300 pm2 that123

can resolve the layered structure of Mn, Bi and Te at ∼0.2 nm124

spacing.125

Electronic structure calculations were carried out within126

the density functional theory (DFT) using the projector127

augmented-wave (PAW) method [45] as implemented in the128

VASP code [46, 47]. The Hamiltonian contained scalar rela-129

tivistic corrections and the spin-orbit coupling was taken into130

account by the second variation method [48]. The generalized131

gradient approximation (GGA-PBE [49]) for the exchange-132

correlation energy and the DFT-D3 van der Waals (vdW) func-133

tional with Becke-Johnson damping [50] were applied. The134

k-point mesh of 10×10×1 were used to sample the slab Bril-135

louin zone. The Mn 3d-states were treated employing the136

GGA+U approach [51] within the Dudarev scheme [52]. The137

Ueff =U−J value for the Mn 3d-states was chosen to be equal138

to 5.34 eV.139

Exchange interactions were studied applying the magnetic140

force theorem as it is implemented within the multiple scat-141

tering theory [53, 54]. For that, the electronic structures of142

MBT and MBS/BS were calculated using a self-consistent143

Green’s function method within the density functional the-144

ory [54, 55] within PBESol approximation to the exchange-145

correlation functional [56]. At that, the Mn 3d-states were146

treated employing the GGA+U approach [51], the U value147

being equal to 3.5 eV for both MBT and MBSBS. Chemical148

disorder was modeled by mixing two atomic species on the149

same atomic site within the coherent potential approximation150

(CPA) [57, 58].151

Theoretical XAS and XMCD simulations have been per-152

formed using a linear response approach as it is implemented153

within an LMTO method [59].154

To simulate the XAS and XMCD spectra as well as to cal-155

culate the exchange coupling parameters the position of the156

Mn atom in the vdW gap has been determined by means of157

the total-energy calculations done using VASP. We have found158

that the Mn atom prefers the tetrahedral vdW site (Fig. 1(f)),159

being located practically within the vdW Se layer of the SL.160

III. RESULTS AND DISCUSSIONS161

First we discuss the atomic structure of the samples we have162

fabricated. Figure 1(a) shows the STEM image of the het-163

erostructure with n = 1 and this clearly indicates that the de-164

signed structure is formed in this region. However in Fig. 1(b),165

which is the STEM image of the n = 3 designed sample, one166

can find structures of n = 1, 3, and 4, showing that these sam-167

ples can be inhomogeneous with regions of different n coex-168

isting. Furthermore, areas where the MBS layers are absent as169

well as regions with three SLs were also observed. A variety170
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FIG. 1. (a, b) STEM image of the MBS / n QL BS / MBSBS sample for n = 1 (a) and 3 (b), respectively. (c) Close-up image of the n = 4
region seen on the right of panel (b). (d) EDS mapping of (c), showing the chemical composition of the heterostructure. Mn can not only be
found in the central layer of the SL (c-SL), but is intermixed with Bi (antisite Mn) as well as reside inside the vdW gap. The Mn spectrum
has been enhanced by a factor of six. (e) Energy-dispersive X-ray spectra at the vdW gap of different positions in the sample indicated in (c).
Whereas the Mn peak is absent at the vdW gap between 2 QLs, a clear Mn peak can be detected at the SL-QL vdW gap. (f) Schematic drawing
of the Mn distribution inside the MBSBS heterostructure. The arrows show the mutual alignments of the local magnetic moments at the three
different Mn sites, as deduced from the comparison of measured and calculated XAS and XMCD spectra. The Se layers with finite magnetic
moment are also indicated.

of different structures that is observed is shown in Figs. S1171

(b)-(e) of the Supplementary Material [60]. Thus our STEM172

measurements suggest that although the heterostructure sam-173

ples are mostly the same as our original design of Fig. S1 (a),174

other structures can coexist and one needs to take this into ac-175

count when performing macroscopic measurements. We also176

found that variation in n was larger for samples designed for177

larger n. This fact is particularly important to discuss the band178

structure of these samples as is scrutinized in Figs. S2 and S3.179

Next, we concentrate on the actual atomic composition of180

the heterostructures. Figure 1(c) shows the high-resolution181

high-angle annular dark field STEM (HAADF-STEM) im-182

age taken from the [110] direction of the n = 4 region. Fig-183

ure 1(d) shows the results of Energy-dispersive X-ray spec-184

troscopy (EDS) measurements. To emphasize the distribution185

of Mn, the curve for Mn has been multiplied by a factor of six.186

As anticipated from the original design, Mn mainly lies at the187

center of the SL (c-SL). The position of Bi and Se seems to188

be also the same as the designed structure. However, a de-189

tailed inspection shows that the width of the Mn peak shown190

in Fig. 1(d) is broad and not only limited to the center of the191

SL but extends into the adjacent layers. Particularly, it seems192

that Mn can intermix in the Bi layers which we will call “an-193

tisite Mn”. Furthermore, the Mn signal still seems to be larger194

than the background intensity even further away from the cen-195

ter of the SL, extending to the vdW gap between adjacent Se196

atoms. To verify this characteristic more vividly, Fig. 1(e)197

shows the EDS spectra at the vdW gap at three different po-198

sitions of Fig. 1(c). While peaks that correspond to Se L and199

Bi M transitions can be identified in all the spectra shown,200

the Mn K peak is only detected at the SL-QL vdW gap. This201

clearly shows that Mn atoms can reside even in the vdW gap202

of the heterostructures of MBS and BS. Although magnetic203

atoms have been known to reside in the vdW gaps for doped204

samples [64, 65], to the best of our knowledge, this is the first205

experimental observation in the intrinsic magnetic TIs. Fig-206

ure 1(f) summarizes the present findings. Ideally, Mn should207

only reside at the center of the MBS SL, but experimentally it208

can intermix with Bi as well as reside in the vdW gap.209

As discussed above, it is known that the misplaced Mn210

atoms alter the magnetic property of the intrinsic magnetic211

TI. Therefore, to clarify the magnetic interaction between212

the different Mn sites, we performed XMCD measurements.213

Figure 2(a) shows the X-ray absorption spectroscopy (XAS)214

spectra taken at 6 K with a magnetic field of 5 T applied per-215

pendicular to the sample at the Mn L edge for the MBS / 7 QL216

BS / MBSBS sample. µ+ and µ− correspond to the spec-217

trum obtained with left and right-handed circularly polarized218

photons, respectively. The corresponding XMCD spectrum is219

also shown and a clear signal is detected both at the L3 and L2220

edges. The XMCD intensity has been deduced by normaliz-221

ing µ+−µ− with the magnitude of the peak intensity at the L3222

edge [the difference of the values of the averaged XAS spec-223

trum at 635 eV (background), and at 640 eV (peak position)].224

We now compare the averaged XAS and XMCD data with225

theory to verify the magnetism of Mn at different sites. As226

shown in Fig. S4, the shape of the XMCD spectra did not227

change significantly for different heterostructure samples as228

well as for different measurement conditions. This is proba-229

bly because the spot size in the XMCD measurements is ∼200230

µm and regions with different n coexist in all the samples as231

well as the fact that the concentration of the misplaced Mn232

is nearly the same since the same sample fabrication proce-233

dure is employed. Thus we performed the calculation of the234

XAS and XMCD spectra for a single septuple layer MBS and235

compared to the experimental data. Figures 2(b)-(d) show the236

XAS and XMCD spectra for the Mn in the central atomic237

plane of the SL (b), at the Bi site (c), and in the vdW gap238
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FIG. 2. (a) X-ray absorption spectra (XAS) measured at 6 K for a circularly polarized incident light when a magnetic field of 5 T was applied
along the sample surface-normal direction for the MBS / 7 QL BS/ MBSBS heterostructure at the Mn L edge. µ+ and µ− correspond to the
spectrum obtained with left and right-handed circularly polarized photons, respectively. The corresponding XMCD spectra is also shown.
(b-d) Calculated XAS and XMCD spectra for the Mn at the central layer in the SL (b), the Mn intermixed with Bi (antisite Mn) (c), and the Mn
in the vdW gap (d), respectively. (e) Comparison of the experimental and calculated XAS specta. The calculated spectrum is the convolution
of the spectra shown in (b), (c), (d) with a ratio of 7 : 2 : 1. (f) Comparison of the experimental and calculated XMCD spectra. The calculated
spectrum is the convolution of the spectra shown in (b), (c), (d) with a ratio of 7 : 2 : -1.

(d), respectively. The Mn valence in these sites is +2, +2,239

and +3, respectively. For the antisite Mn and Mn at the vdW240

gap, the Mn portion was set at 10 %. It can be easily noticed241

that the experimental data in Fig. 2(a) cannot be reproduced242

by considering c-SL Mn alone (Fig. 2(b)) and one needs to243

consider Mn at different sites. To be more specific, the for-244

mer can only show a single peak for the L2 edge, whereas in245

the experiment there are clearly two peaks. Quantitatively, we246

notice that the energy position of the largest XMCD signal is247

not the same for different Mn sites, as indicated by the dotted248

lines in Fig. 2(b)-(d).249

We have tried to convolute the calculated spectra of the250

three different Mn sites and reproduce the experimental XAS251

and XMCD curves, as shown in Figs. 2(e) and (f). We could252

not obtain a perfect match, but the overall consistency was253

good when the ratio between the three Mn components of254

Figs. 2(b)-(d) was 6-7 : 3-2 : 1 for the XAS spectra (Fig. S5)255

[66]. The spectra shown in Fig. 2(e) is the case for a ratio256

of 7 : 2 : 1, whereas it is 7 : 2 : -1 in the XMCD spectrum257

in Fig. 2(f). The meaning of the plus (minus) sign is that the258

magnetic coupling is FM (AFM). Comparison of the experi-259

mental and convoluted theoretical XMCD spectra for various260

magnetic coupling scenarios is shown in Fig. S5. The impor-261

tant conclusion from this analysis is that the antisite Mn is262

coupled FM to the c-SL Mn whereas the vdW Mn is AFM263

coupled to the former two (Fig. 1(f)). This is in contrary to264

the case of MBT, where the c-SL Mn and antisite Mn were265

shown to couple AFM and can diminish the DC gap in the266

band dispersion [14].267

To verify if this conclusion can be reproduced by a different268

approach, we have calculated the Heisenberg exchange cou-269

pling constants directly using the magnetic force theorem for270

MBT and MBS/BS, as shown in Fig. 3. The exchange inter-271

actions of the c-SL Mn with antisite Mn atoms in MBT and272

MBSBS, as well as with the vdW Mn atoms in MBSBS, are273

shown. Note that the patterns of the J0 j(r0 j) dependence for274

the two systems are different because there are no Mn atoms275

in the vdW gap in the MBT case. It can be seen from the276

figure that in both systems the J01 parameters are positive, in-277

dicating FM coupling between the nearest neighbors inside278

the c-SL Mn layers. However, for the interactions between279

the c-SL and antisite Mn atoms the opposite signs of J0 j are280

revealed. While in MBT these parameters are negative (J02281

and J03), indicating the AFM coupling in agreement with ex-282

periment [13, 67], in MBSBS they are positive (J02 and J04),283

meaning the FM coupling. Moreover, for MBSBS the AFM284

coupling between the c-SL Mn and that in the vdW gap is re-285

vealed, as both J03 and J05 are negative. Thus, the results of286

the magnetic force theorem calculations for the c-SL Mn cou-287

pling to the antisite and vdW Mn are in agreement with the288

conclusions drawn from the fitting of the experimental XMCD289

curves by the calculated ones.290

To elucidate why the signs of the exchange integrals for291

the couplings with antisites in MBSBS are opposite to those292
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FIG. 3. Calculated Heisenberg exchange coupling constants J0 j for
the Mn-Mn pair interactions as a function of the distance rMn(c-
SL)-Mn(j) for MBT (blue circles) and MBSBS (red circles). The
interactions with the atoms from the neighboring SL blocks are not
shows. As indicated in the legend, the c-SL - antisite interactions are
described by J02 and J03 in MBT, while in MBSBS they correspond
to J02 and J04. This is because in MBSBS there Mn atoms in the vdW
gap, their couplings to c-SL Mn being described by J03 and J05.

of MBT, we have further analyzed the electronic densities of293

states. As it can be seen in Fig. 4, the hybridization of the294

antisite Mn 3d states with the Bi and Se states in MBSBS is295

stronger than that with Bi and Te states in MBT. The stronger296

hybridization can be explained by shorter interatomic dis-297

tances in MBSBS that, as a result, enhances indirect double-298

exchange interaction between the local magnetic moments.299
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DOSs of c-SL Mn and antisite Mn, respectively. The calculations are
made taking spin-orbit coupling into account.

Now we will try to unveil the role of the nonmagnetic ele-300

ments in these systems. Since measuring small XMCD signals301

for nonmagnetic elements is known to be extremely difficult302

[37, 68, 69], we have performed careful XAS/XMCD mea-303

surements at 6 K with a magnetic field of 10 T applied perpen-304

dicular to the sample at the Se L edge for the MBS / 7 QL BS /305

MBSBS sample, as shown in Fig. 5(a). The XMCD intensity306

has been deduced by normalizing µ+ − µ− with the magni-307

tude of the peak intensity at the L3 edge [the difference of the308

value of the averaged XAS spectrum at 1431 eV (background)309

and 1447 eV (peak)]. One can notice that finite XMCD sig-310

nals arise at the L3 and L2 absorption edges. It seems that the311

peak structure is complex and the signal for both edges con-312

tain a pair of positive and negative peaks. To show that this313

signal is not an artifact, we show the Se XMCD spectra for314

different samples as well as the spectrum measured at differ-315

ent conditions in a separate facility in Fig. 5(b). Qualitatively,316

we can say that the prominent pair peak structure for differ-317

ent samples are the same and are sure that this signal is a real318

signal of Se magnetization. Compared to the results of simi-319

lar measurements performed at the same beamline in SPring-320

8 (Ref. [68]) or ALBA (Ref. [69]) that report the absence of321

XMCD signals at the Se L edge, we are sure that the signals322

observed are finite and not an artifact. We emphasize that this323

kind of XMCD signal in nonmagnetic elements has been re-324

ported for Heusler alloys [70] or magnetic impurity-doped TIs325

[40–42]. However, this is the first example of a clear detection326

of the magnetic moment of a nonmagnetic element in intrinsic327

magnetic TIs, directly showing the magnetic interaction with328

the Mn layer. We also note that a very unclear XMCD signal329

was detected at the Bi N edge (4d → 6p) as shown in Fig. S6330

and the reason for this maybe that the peak signal of the XAS331

spectra itself is quite weak in Bi.332

By carefully comparing the XAS and XMCD spectra, one333

notices that the peak at lower photon energy in the XMCD334

spectrum appears prior to the main absorption for both the335

L3 and L2 edges, as colored in green. These pre-edge peaks336

are opposite in sign with the main peaks colored in red and337

blue and moreover, their intensity is nearly the same order338

of magnitude as the main peaks. In addition, the sign of the339

XMCD signal is the opposite between the Mn and Se for the340

main peaks, thus suggesting that the Mn and Se are AFM cou-341

pled, consistent with what has been theoretically predicted in342

Ref. [6].343

Figure 6(a) compares the experimental XAS data subtracted344

by the background with the calculation for the Se L edge [70].345

The Se in this case corresponds to the atoms in the layer ad-346

jacent to central plane of the SL (i.e. Mn) and not those com-347

posing the vdW gap, as shown in Fig. 1(f). Although the cal-348

culation shows fine features not observed in the experiment,349

we can say that the two are consistent concerning the largest350

peaks. Figure 6(b) shows the comparison between the exper-351

imental and calculated XMCD signals and again the consis-352

tency between the two is good, further reinforcing the fact353

that the experimentally observed signal at the Se L edge is not354

an artifact. However, the pre-edge signal is somewhat weaker355

for the calculated spectrum.356

Since the main peak of the L edge should correspond to the357

2p → 4d transition, it is possible that the pre-edge peak which358

is at ∼ 2 eV smaller photon energy with opposite sign, in-359

clude the contribution from the 2p → 4s transition, since the360

change of the angular momentum in the transition is the op-361



6

1420 1460 1500

In
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

MBS / 7QL BS / MBSBS 
(a) 

µ
+
 XAS

µ
-
 XAS

XMCD = µ
+
- µ

-
  

Photon enegy (eV)

L
3

L
2

T = 6 K

µ
0
H = 10 T 

Se

0

-10-3

10-3

(b)   
n = 2

n = 7

n = 15

n = 1

MBSBS
L

3
L

2

T = 6 K, µ
0
H = 10 T 

T = 4 K, µ
0
H = 6 T 

Photon enegy (eV)
1420 1460 1500

 X
M

C
D

 I
n

te
n

s
it
y
 (

a
rb

. 
u

n
it
s
)

0
-10-3

10-3

0
-10-3

10-3

0
-10-3

10-3

0
-10-3

10-3

0
-10-3

10-3
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posite between 2p → 4d (+1) and 2p → 4s (−1). To test the362

above hypothesis, we first compare the calculated XAS spec-363

tra with the calculated spin-integrated unoccupied partial den-364

sity of state (PDOS) of the Se orbitals in the single MBS SL.365

Figure 6(c) shows the comparison between the XAS spectrum366

and the PDOS of Se 4s and 4d for the L3 edge. The energy367

position has been shifted so that the spectral features of the 4d368

DOS and XAS will coincide with each other. One can notice369

that the DOS of the s orbitals is much smaller than the d or-370

bitals, and furthermore, the peak position of the s orbital is at371

a smaller energy than the peaks for the d orbital. Figure 6(d)372

compares the calculated XMCD spectra with the DOS differ-373

ence between the majority and minority spin for the s and d374

orbitals. The DOS difference, which corresponds to the spin375

polarization of Se, is very small for both the s and d orbitals376

but finite values can be found at energies that are close to the377

peak positions in the XMCD spectrum. We can definitely say378

that the main peak originates from the spin polarization of the379

4d states. For the pre-edge peak, although it is difficult to say380

that the spin-polarization of the s orbitals is giving the main381

contribution, its contribution should be larger than the main382

peak considering the larger DOS shown in Fig. 6(c). Thus we383

conclude that the main feature of the XMCD spectra of Se384

can be basically understood by the PDOS of the Se orbitals385

and the slight discrepancy between the experimental and the-386

oretical XMCD spectra should originate from the difference387

in the actual contribution of the s orbitals.388

IV. CONCLUSION389

In summary, we performed STEM and XMCD measure-390

ments on MBS / n QL BS / MBSBS heterostructures and391

found that the Mn atoms are not placed only in the central392

SL of MBS, but intermix with Bi as well as reside in the393

vdW gap. By comparing the experimentally measured XMCD394

spectra with theory, we find that the c-SL Mn and the antisite395

Mn are are coupled ferromagnetically, whereas the vdW Mn396

are most likely coupled antiferromagnetically with the former397

two, which is different from the case of MBT. We also found398

clear evidence of the magnetic interaction of the Mn and Se399

from the detection of XMCD signal at the Se L edge. These400

results suggest the importance of identifying the magnetism of401

each elements at different environments in the intrinsic mag-402

netic TIs.403
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I. SAMPLE FABRICATION AND THE ACTUAL STRUCTURE DETERMINED BY STEM

Figure S1 (a) shows the schematic drawing of the heterostructure sample fabrication and we intended to make a
homogeneous structure of MBS / n QL BS / MBSBS. However, detailed TEM observation suggest that although the
system shows the structure as we designed in most of the regions of the sample, there are some areas that are quite
different as shown in Figs. S1(b)-(e) (5 represents BS QL and 7 shows the MBS SL). First of all, there are some regions
where the value of n is different from the designed structure and this becomes more prominent for samples designed for
larger n. Furthermore, there are some regions where the surface MBS is absent, or the sandwich structure is formed
beneath the surface with different n. In some samples, there were even three layers of MBS instead of two. Finally,
there were some regions in which the structure cannot be well determined as shown by the orange rectangles. Thus
macroscopic measurements will likely average the properties of all these features, and this is particularly important
in discussing the comparison between the ARPES data and DFT calculations as discussed next.
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FIG. S1. (a) Schematic drawing of the heterostructure sample fabrication. (b-e) STEM images of the MBS / n QL BS /
MBSBS heterostructures of n = 1 (b), 7 (c), 3 (d) and 0 (e), respectively.
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II. BAND STRUCTURE OF THE SAMPLES: ARPES VS DFT CALCULATIONS
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FIG. S2. (a) Band dispersion of 8 QL thick Bi2Se3 (BS) film grown on Si(111). (b) Band dispersion of MnBi2Se4 / 7 QL Bi2Se3
heterostructure (MBSBS). (c-l) Band dispersion of (n+ 1) QL BS films grown on MBSBS [(c), (e), (g), (i), and (k)] and MBS
/ n QL BS / MBSBS heterostructures [(d), (f), (h), (j), and (l)]. n is 0, 2, 5, 7, and 15, for (c,d), (e,f), (g,h), (i,j), and (k,l,),
respectively. The measurements were performed at room temperature and the dispersion is along the Γ̄-M̄ direction.

Angle resolved photoemission spectroscopy (ARPES) measurements were performed in situ after the sample prepa-
ration with a commercial hemispherical photoelectron spectrometer equipped with angle and energy multidetections.
We used two different apparatuses: Gammadata Scienta SES-100 in the laboratory with unpolarized HeI α (21.2 eV)
radiation and MBS A1 at BL-7U of UVSOR-III using p-polarized photons in the energy range of 7.5-21 eV [1]. The
measurements were performed at room temperature in the lab and at 10 K in UVSOR. All the data are measured
along the Γ̄-M̄ direction.
Figure S2(a) shows the typical band dispersion near the Fermi level (EF) of the BS film, and Fig. S2(b) shows that

after the formation of the MBSBS heterostructure. The surface DC as well as the bulk bands due to unintentional
doping are observed and these features are similar to what is shown in our previous work [2].
Figures S2(c) shows the band dispersion after additional QL of BS was deposited on the MBSBS (1 QL BS/MBSBS),

and Fig. S2(d) shows that after Mn intercalation into the sample of (c) (MBS / MBSBS or n = 0 of MBS / n QL BS
/ MBSBS heterostructure). The DC feature is completely absent in Figs. S2(c) and (d). Similarly, Figs. S2(e), (g),
(i), (k) show the band dispersion for the (n+ 1) QL BS/MBSBS and Figs. S2(f), (h), (j), (l) are that for the MBS /
n QL BS / MBSBS heterostructures [n is 2, 5, 7, and 15, for (e, f), (g, h), (i, j), and (k, l), respectively]. One can
notice that the Dirac point shifts closer to EF for the n = 7 and 15 samples [Figs. S2(i)-(l)] compared to the original
ones of Figs. S2(a) and (b). This can be ascribed to the fact that the unintentional doping is suppressed for thicker
films [4]. Furthermore, it can be seen that the DC is gapped for n = 2 and 5 (gap is larger for n = 2), whereas it
becomes gapless for n = 7 and 15. From these results, one can anticipate that the surface-state DC band dispersion
is affected by the finite size-effect inside the top BS for the samples of n = 0, 2, and 5, whereas it becomes similar to
the bulk case for n = 7 and 15. When the film thickness is small (n < 7), the top and bottom surface-states of the
top BS hybridize and the DC becomes massive due to the finite size-effect, as reported in Refs. [3, 4]. When n ≥ 7,
the top and bottom surfaces inside the top BS are spatially well separated and the DC becomes massless. From the
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above consideration, one also say that whereas the DC of the bottom BS moves its distribution to the surface side
when Mn is intercalated in BS to form MBS [Figs. S2(b), (f), (h), (j), and (l)], which has also been shown in Ref. [2],
it does not extend to the surface side when additional BS layers are deposited on top of the MBS. Instead, new DCs
seem to emerge inside the top BS layer at the top surface and the bottom side interfaced to MBS [Figs. S2(c), (e),
(g), (i), and (k)].

(n+1) QL BS / MBSBS 

n = 0  n = 1  n = 2  n = 3  

FIG. S3. Calculated band dispersion for the n + 1 QL BS / MBS/ BS heterostructures. n is 0 (a), 1 (b), 2 (c), and 3 (d),
respectively.

However, DFT calculations do not show agree with this interpretation. Figure S3 shows the calculated band
dispersion for the (n + 1) QL BS / MBS/ BS heterostructures. n is 0, 1, 2, and 3 for (a), (b), (c), and (d),
respectively. In these figures, the gapless DC dispersion on the bottom BS is also shown. It can be seen that whereas
the DC of the top BS is gapped for n = 0, 1 and 2, it becomes gapless at n = 3 which is clearly shown in the inset. This
is in contrast to the experimental data shown in Fig. S2, in which the gap persisted up to n = 5. This discrepancy is
likely due to the inhomogeneity in the actual samples as discussed in the previous section. Since the samples designed
to be n > 3 actually contain regions that are n < 3, the DC gap can be observed since the spot size is 200 µm ∼
1 mm in the present ARPES measurements. The DC gap can be interpreted as due to the hybridization of the top
surface DC with the state localized at the Mn layer in the MBS layer, not with the bottom DC of the top BS layer.
Thus theory predicts that the DC of the original bottom BS layer continues to move out into the surface side as more
films are deposited and when the thickness of the additional top BS is small, it can hybridize with the state localized
at the MBS layer.

III. XMCD SPECTRA FOR DIFFRENT SAMPLES

Figure S4 shows the n dependence of the XMCD spectrum (normalized with the intensity at the largest signal of
the L3 peak) taken at 6 K when a magnetic field of 5 T was applied along the heterostructure sample surface-normal
direction. One can notice that there is hardly any difference in the XMCD spectral shape. The XMCD spectrum of
the MBSBS also shows no difference to that of the other samples.
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FIG. S4. XMCD spectra for various samples taken at 6 K when a magnetic field of 5 T was applied along the sample surface-
normal direction.

IV. CONVOLUTION OF XAS AND XMCD SPECTRA FOR DIFFERENT MN SITES

Figure S5 shows the results of the convolution of the calculated XAS and XMCD spectra for different Mn sites shown
in Figs. 2(b), (c), (d) at different ratios in comparison with the experimental spectra. Namely, the XAS spectrum
was convoluted with a ratio of 6 : 3 : 1 in Fig. S5(a) and 7 : 2 : 1 in (b), respectively. We believe the ratio is more or
less reflecting the situation of the actual samples considering the STEM data of Fig. 1 and the experimental data is
mostly reproduced. Figures S5 (c-f) show the comparison of the experimental data and the convoluted XMCD spectra
in the calculation with different magnetic coupling among different Mn sites. Since we need to consider whether the
coupling is ferromagnetic (FM) or antiferromagnetic (AFM) in this case, we also need to take into account the sign
in the convolution. When we assume that the 3 Mn sites are FM coupled [Figs. S5 (c)], the main features of the
experimental data are well reproduced except for the small positive signal before the main peak at the L3 edge as
indicated by the arrow. This can be improved by making the vdW Mn AFM to the SL and antisite Mn, as shown in
Fig. S5 (d). If we assume that the antisite Mn is in AFM with the SL and vDW Mn, [Figs. S5 (e)], the intensity of
the L3 main peak diminishes significantly and the signal at the L2 edge becomes negative as indicated by the arrow.
Finally, the case when both antisite and vdW Mn is AFM to the main SL Mn is shown in Fig. S5 (f), and the peak
at L2 edge is also negative. Thus we believe that the magnetic coupling that is consistent with the experimental data
is the one shown in Fig. S5 (d), in which the SL Mn and antisite Mn are FM coupled, whereas the vdW Mn is AFM
coupled to the former two.
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FIG. S5. (a,b) Comparison of the experimental and calculated XAS spectra. The calculated spectrum is the convolution of
the spectra shown in Figs. 2(b), (c), (d) with a ratio of 6 : 3 : 1 (a), and 7 : 2 : 1 (b), respectively. (c-f) Comparison of the
experimental and calculated XMCD spectra. The calculated spectrum is the convolution of the spectra shown in Figs. 2(b),
(c), (d) with a ratio of 6 : 3 : 1 and and 7 : 2 : 1 with different signs correspond to different magnetic coupling (positive for
ferromagnetic and negative for antiferromagnetic coupling).
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V. XMCD SPECTRA AT THE BI N EDGE

Figure S6 shows the X-ray absorption spectra (XAS) measured at 6 K for a circularly polarized incident light when
a magnetic field of 10 T was applied along the sample surface-normal direction for the MBS / 7 QL BS/ MBSBS
heterostructure at the Bi N edge. Shown together is the corresponding XMCD spectra, which has been deduced
by normalizing µ+ − µ− with the magnitude of the peak intensity at the N5 edge [the difference of the value of the
averaged XAS spectrum at 439 eV (background) and 442 eV (peak)]. One can say that the XMCD signal can only
be slightly noticed at the N5 edge and there is no clear indication at the N4 edge. Thus we conclude that the XMCD
signal in Bi, if any, is smaller than the case for Se as shown in Fig. 3. It has also been reported that a clear XMCD
signal was absent for Bi although a clear signal was detected at the Te M5, Sb M4, and M5 edges for Crx(Sb,Bi)2−xTe3
[7].
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FIG. S6. X-ray absorption spectra (XAS) measured at 6 K for a circularly polarized incident light when a magnetic field of
10 T was applied along the sample surface-normal direction for the MBS / 7 QL BS/ MBSBS heterostructure at the Bi N
edge. The corresponding XMCD spectra is also shown.
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Z. Salman, A. Isaeva, R. De Renzi, and G. Allodi, arXiv:2402.06340.
[7] M. Ye, W. Li, S. Zhu, Y. Takeda, Y. Saitoh, J. Wang, H. Pan, M. Nurmamat, K. Sumida, F. Ji, Z. Liu, H. Yang, Z. Liu,

D. Shen, A. Kimura, S. Qiao, and X. Xie, Nat. Comm. 6, 8913 (2015).


