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Abstract

MnBi,Te4-based superlattices not only enrich the material family of magnetic topological insulators,
but also offer a platform for tailoring magnetic properties and interlayer magnetic coupling through
the strategic insertion layer design. Here, we present the electrical and magnetic characterizations of
(Bi1-xShy)2 Tes-intercalated MnBi,Te, multilayers grown by molecular beam epitaxy. By precisely
adjusting the Sb-to-Bi ratio in the spacer layer, the magneto-transport response is modulated,
unveiling the critical role of Fermi level tuning in optimizing the anomalous Hall signal and
reconfiguring the magnetic ground state. Moreover, by varying the interlayer thickness, tunable
magnetic coupling is achieved, enabling precise control over ferromagnetic and antiferromagnetic
components. These findings pave the way for the exploration of versatile magnetic topological

phases in quantum materials systems.

Introduction
Magnetic topological insulators (MTIs), characterized by the coexistence of a topologically
nontrivial band structure and time-reversal symmetry breaking induced by magnetic order, have

® and device

catalyzed significant advancements in the realms of topological quantum physics™
applications®™. Conventionally, the incorporation of magnetic dopants into the topological insulator
framework has been validated as an effective approach to establishing robust magnetic order.
However, the inhomogeneous distribution of dopants and the localized coupling of the magnetic
elements restrict the realization of quantum phenomena to ultra-low temperatures, far below their
magnetic transition temperature*>*2. Alternatively, the pursuit of uniform magnetization in the
intrinsic MTIs Mn(Bi, Sh),(Te, Se), has emerged as a promising avenue. These materials feature a
planar arrangement of covalently-bonded Mn atoms within the X—Y-X-Mn-X-Y-X (X = Se or Te,
and Y = Bi or Sb) septuple layers (SLs)'?***. In this context, the combination of strong spin-orbit
coupling and spontaneous interlayer magnetic coupling has endowed the observations of quantum
anomalous Hall effect and quantum-metric-induced nonlinear transport in exfoliated MnBi,Te,
flakes at elevated temperatures, manifesting the advantages of intrinsic MTIs to implement
topological gquantum computing and energy-efficient spintronic devices with quantized transport

features™ %,



More importantly, considering that the Mn(Bi, Sb),(Te, Se), system hosts both intralayer
ferromagnetic (FM) and interlayer antiferromagnetic (AFM) coupling, it was hence proposed that the
insertion of a spacer layer between neighboring SLs would modulate the strength of each
contribution®’. For instance, it was found that non-magnetic intercalation enables tuning of the
Anderson AFM coupling between MBTSs by controlling the layer thickness??°. Likewise, a magnetic
spacer (e.g., MnTe) is able to stabilize the interlayer AFM coupling of the MnBi,Te, layers through
the exchange-spring effect and the magneto-resistance response can be controlled via the MnTe layer
thickness?’. These new breakthroughs underscore the potential of heterostructure engineering for
broadening the research scope of MnBi, Tes-based material systems???’,

Inspired by the above strategy, in this article, we present the synthesis of
(Bi1-xShy), Tes-intercalated MnBi,Te, thin films via molecular beam epitaxy (MBE). By varying the
Sb concentration, we demonstrate precise tuning of the Fermi level position across the Dirac point,
which triggers non-monotonic variations in both the zero-field anomalous Hall resistance and the
saturation field, with the x = 0.44 sample achieving the most favorable characteristics.
Correspondingly, X-ray magnetic circular dichroism (XMCD) measurements reveal an enhanced
magnetic moment at this specific composition, suggesting a positive correlation between the FM
order and the anomalous Hall responses. Furthermore, by fine-tuning the thickness of the
(Bi1-xShy).Tes spacer layer, we observe the transition of the system's ground state between the AFM
and FM phases. Our work not only advances the frontier of intrinsic magnetic topological insulators
but also provides new insights into the exploration of novel physical phenomena in MnBi,Te,-based

systems.

Main text

Fig. la illustrates the proposed MnBi,Tes/(BiixShy),Tes/MnBiTes/(Bir-«Shy),Tes/MnBi,Te,
multilayer structure where the two non-magnetic (Bi;«Shy),Tes spacer layers are embedded within
the 3-SL MnBi,Te, matrix. Experimentally, two-inch Al,03(0001) wafers were chosen as the
substrate as the absence of dangling bonds at the substrate surface would warrant a uniform surface
energy distribution and facilitate the van der Waals epitaxial growth mode. Based on our previous

27,28

growth recipes="<°, the MnBi,Te, septuple layer was obtained by post-annealing one quintuple layer



(QL) of Bi,Tes; and one monolayer of MnTe, and the Sb-to-Bi ratio in the (Bi;«Shy),Tes spacer layer
was calibrated via a beam flux monitor (BFM). During the sample growth, reflection high-energy
electron diffraction (RHEED) was used to in situ monitor the growth process. As exemplified in Figs.
1b-c, the sharp streaky RHEED patterns persist during both the MnBi,Te4 layer and (Bios6Sbo.44)2Tes
layer growth, revealing a two-dimensional epitaxial growth mode. The reciprocal d-spacing of
MnBi,Te, (i.e., marked by the white arrowhead line) is smaller than that of (BiossSbo.4)2Tes,
consistent with the in-plane lattice constant difference between (BiossSboas).Tes (4.31 A) and
MnBi,Te, (4.37 A) 2°*°. Meanwhile, the atomic force microscopy (AFM) image shown in Fig. 1d
visualizes an atomically smooth surface of the as-grown multilayer film, with the quadratic mean
surface roughness Rq = 0.377 nm (i.e., less than one SL/QL thickness). Besides, Fig. 1e displays the
measured X-ray reflectivity (XRR) curves of four [MnBi,Tes]s[(Bi1xSby).Tes], samples (x = 0.16,
0.44, 0.8, and 1), all of which exhibit pronounced Kiessig fringes with identical equally-spaced
oscillatory characteristic. By further applying the Bragg equation (2dsinAf = nA, with d the
interplanar spacing, 4 = 1.5406 A the incident X-ray wavelength, A@ the angle between the
incident X-ray and the corresponding crystal plane, and n the diffraction order, respectively®"), the
film thicknesses of these four samples were measured to be 6.6 nm, which falls within the error
margin of the theoretical value of 6.1 nm. Therefore, the above material characterizations confirm the
high-quality of the MBE-grown single-crystal [MnBi,Tes]s[(Bi1-«xShy).Tes]. thin films, offering a
reliable foundation for the present study.

It is known that the band structure and corresponding electrical properties of the ternary
topological insulator (Bi1Shy),Tes can be well-controlled via the Sb-to-Bi ratio?®. Under such
circumstances, it is expected that the change of x may also enable the tailoring of the
(Bi1-xShy), Tes-intercalated MnBi,Te, system. For this purpose, a series of um-sized six-terminal
Hall-bar devices were fabricated out of the [MnBi,Tes]s[(Bi1-xShy).Tes], multilayer films using a
standard nano-fabrication  process. Afterward, temperature-dependent magneto-transport
measurements were carried out (Fig. 2a), where a fixed AC current (i.e., whose amplitude was kept
at lp = 1 pA, and the lock-in frequency was set to 18.7 Hz) was applied along the x-direction and the
perpendicular magnetic field uoH was varied between —10 T and +10 T. Figs. 2b1-4 present the
measured Hall resistance (Ryy) results of the four samples with x = 0.16, 0.44, 0.8, and 1. With the
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increase of the Sb content x in the (Bi;xShx).Tes spacer layer, the slope of R,y in the high-field region
(i.e., where the ordinary Hall effect dominates at |uoH| > 6 T) experiences a negative-to-positive
transition, which suggests that the major carrier type changes from electron (n-type) to hole (p-type),
and the Fermi level is tuned across the Dirac point between x = 0.16 and 0.44. In alignment with
such an Sb-induced ambipolar effect, it is seen from Fig. 2c that the zero-field anomalous Hall
resistance (i.e., indicative of the spontaneous FM order) exhibits a non-monotonic correlation with
the Sb-to-Bi ratio, with the largest value of R,, = 1.1 kQ observed in the x = 0.44 sample (e.g., which
is 10 times larger than the x = 1 counterpart at T = 1.6 K). This non-monotonic trend may be
associated with the van Vleck mechanism, which is the second-order perturbative coupling between
the localized spins introduced by Mn atoms and the electrons of the topological surface states within
the bulk bandgap®. When the surface state contribution is maximized in the x = 0.44 case, robust
out-of-plane magnetization could be developed from the large van Vleck spin susceptibility, thereby
leading to an enlarged Ry, resistance under zero-field conditions®***. Concurrently, the saturation
field is also found to reach its maximal value at Hs = 4.5 T in the [MnBi,Tes]s[(BiossSbo.44)2Te3]2
sample, implying the optimization of the interlayer AFM-type Anderson exchange coupling strength
(Fig. 2d), which may arise from the modification of Mn-related spin texture through the interaction

between localized magnetic moments and electrons®>°

, as will be analyzed in the following sections.

To further understand the effect of the intercalated (Bi;«Shy),Tes layer on the magnetic
properties of the MnBi,Tes-based multilayer system, we carried out low-temperature X-ray magnetic
circular dichroism (XMCD) measurements on the x = 0.44 and 1 samples (i.e., both films were
capped with amorphous Te layers to prevent surface oxidation), where both the incident beam and
magnetic field were applied along the out-of-plane direction of the films, and the magnetic moment
of Mn was probed along the z-axis. Figs. 3a-b show the X-ray absorption spectra (XAS) of the
Mn-L, 3 edges, which were averaged over positive and negative circular polarizations at goH;, = +6 T.
It is obvious that both samples display an oxygen-free spectrum in close resemblance to those
obtained from in situ cleaved MnBi,Tes single crystals®®*’, hence allowing for high-quality detection
in total-electron yield mode. In contrast to the calculated spectrum of a localized d° ground state®®,

the recorded experimental line shapes are in good agreement with an Anderson impurity calculation

of a mixed state of Mn*, which contains d*, d°, and d° characters, as shown in Fig. 3c. In this regard,



our observations may confirm that the Mn atoms in the MnBi,Tes with (Bi;«Shy), Tes spacer system
has a hybridized ground state. Subsequently, by subtracting the high-field XAS data with opposite
circular polarizations, the corresponding XMCD spectra were obtained. As visualized in Figs. 3d-e,
the dichroism at both Mn L3 and L, edges shows a clear net magnetization at +6 T. By rescaling the
calculated XMCD spectrum of the hybridized ground state that has a saturated spin moment of 4.6ug

per Mn atom in theory?*#04

, we obtained a good match with the experimental data when the
magnitude of the calculated spectrum (red dashed lines) is scaled down to 28% (x = 0.44) and 17.5%
(x = 1). On this basis, the high-field spin magnetic moments of the x = 0.44 and 1 samples at xoH; =
+6 T are estimated to be 1.33 and 0.83us/Mn, respectively, similar to other reports*. Following this
principle, a series of XMCD spectra were measured under different magnetic fields, effectively
yielding a magnetic hysteresis loop within the instrument limit of £6 T. As illustrated in Figs. 3f-g. a
soft loop opening is revealed in both films, accompanied by a non-zero remnant spin magnetization
at zero field, with values of 0.14ug/Mn (x = 0.44) and 0.09xg/Mn (x = 1). The smaller magnetic
moment probed in the x = 1 sample may be caused by the increased magnetic fluctuations in the
Sh,Tes insertion layer*?. Here, we need to point out that the orbital moment of Mn is neglected in this
discussion due to its negligible magnitude compared to the spin moment, which is common in 3d
magnetic elements with nearly half-filled shells*®. Consequently, these results confirm that both
samples exhibit a non-zero net FM order, with a stronger magnetic moment observed in the x = 0.44
case, which is consistent with the magneto-transport results.

Apart from the Sb-to-Bi ratio, the insertion layer thickness may serve as another tuning
parameter in regulating the magnetic coupling between the MnBi,Te, layers. Accordingly, based on
the optimized MnBi,Tes/(Bios6Sbo.44)2Tes/MnBi,Tes/(BigseSho.as).Tes/MnBi;Te, structure (Sample
A), we have grown two additional samples, namely MnBi;Te4s/2QL-(Bios56Sbo.44)2Tes/MnBi;Teq
(Sample B) and MnBi,Tes/3QL-(Bios56Sbo.44)2Tes/MnBi,Te, (Sample C). Figs. 4a-c summarize the

temperature-dependent anomalous Hall resistance RZ£;'® of these three samples, in which the linear

backgrounds contributed from the ordinary Hall effect were subtracted from the measured Hall data.

At the base temperature of T = 1.6 K (i.e., which is well below the Néel temperature of MnBi,Tey),

the R;?JEIE contour of Sample A resembles the reported odd-layered MnBi,Te, reference sample,



where the increase of the RZ5'® slope in the uoH < [2 T, 4.5 T] region and the high-field saturation

behavior reflect the spin-flop transition of an A-type AFM system***. In contrast, both Samples B

and C display typical square-shape hysteresis RQ}?E loops, epitomizing the dominant FM order at

low temperatures. In order to quantitatively compare these three samples, we plotted the

temperature-dependent coercive field, H¢ (Fig. 4d), high-field saturated anomalous Hall resistance,
RAHE (Fig. 4e), and zero-field Hall resistance, R?y, (Fig. 4f). Intriguingly, while the coercive fields
of all the three samples are similar in magnitude and follow the same temperature evolution trend,
the R$HE (RY,) values reduce by 91% (89%) or 97% (95%) as long as the center MnBi,Tey layer in

Sample A is removed (e.g., Sample B) or replaced by the non-magnetic layer (e.g., Sample C).
Considering that the interlayer AFM-type Anderson super-exchange coupling strength has a negative
correlation with the spacing between adjacent MnBi,Te, layers??®, the intercalated 2QL and
3QL-(Bigs6Sho.44)2 thickness may exceed the critical length of the AFM coupling. As a result, the top
and bottom MnBi,Te, layers in Samples B and C no longer interact with each other, leaving the spin
configuration of the system mainly shaped by the intra-layer coupling of the covalently-bonded Mn
layer within the MnBi,Te, SL matrix. Therefore, these results validate the manipulation of the

FM-versus-AFM coupling through the insertion layer thickness modulation.

Conclusion

In conclusion, our systematic investigations of (Bi;xSby),Tes-intercalated MnBi,Te, thin films
have unveiled the pivotal role of the Sb-to-Bi ratio in the spacer layer in modulating the FM and
AFM couplings, which in turn have led to the optimization of the anomalous Hall effect. Through
comprehensive magneto-transport and XMCD measurements, we have provided compelling
evidence of the interplay between element composition, spacer layer thickness, and the enhancement
of magnetic properties. Our findings offer a blueprint for the design of magnetic topological
materials with tailored functionalities and may open new avenues for future innovations in the realm

of quantum material-based spintronic applications.

Methods



Samples Growth and Characterizations: The (BiyxShy).Tes-intercalated MnBi,Te, multilayers were
deposited on Al,03(0001) substrates using molecular beam epitaxy under a base pressure of 10™*°
torr. The substrate was first annealed at 570°C, and high-quality Mn (99.9998%), Bi (99.99999%),
Sb (99.99999%), and Te (99.99999%) materials were subsequently co-evaporated from standard
Knudsen and cracker cells. To obtain stoichiometric septuple-layer MnBi,Te, structure, monolayers
of Bi,Tes and MnTe were grown at 200°C and 370°C, respectively, followed by a post-annealing
process at 390°C. The (Bi;«Shy),Tes insertion layer was also grown at 200°C. Reflection high-energy
electron diffraction and beam flux monitor were used to monitor the growth process. After sample

growth, the thickness of the thin films was calibrated using X-ray reflectivity.

Transport Measurement: The magneto-transport measurements of [MnBi,Tes]s[(BirxShy)2Tes]2
multilayers were carried out in He* refrigerators (Oxford Teslatron PT system), which offers a base
temperature of 1.5 K and a magnetic field of up to £14 T. The current amplitude was fixed at 1 pA
and the transport signal was captured using the standard lock-in measurement technique, with a

tunable lock-in frequency between 1 and 1000 Hz.

X-ray Magnetic Circular Dichroism: X-ray absorption spectroscopy (XAS) and X-ray magnetic
circular dichroism (XMCD) measurements were performed on the CroMag endstation of the
DEIMOS beamline at the SOLEIL synchrotron in Paris, France, at a base temperature of 2 K with
the applied magnetic field up to £6 T along the beam direction. The incident X-ray beam was along
the out-of-plane direction of the films. XAS was carried out in total-electron yield mode at the Mn
L,3 edges. XMCD spectra were obtained by subtracting the absorption spectra measured with
opposite helicities of the incident X-ray beam, which was aligned either parallel or antiparallel to the
applied magnetic field. Besides, atomic multiplet calculations were performed to compare with the
experimental XAS and XMCD spectra®®. X-ray transitions 3d" — 2p°3d™* were calculated in
intermediate coupling using Cowan’s atomic Hartree—-Fock code with relativistic corrections.

Spin-orbit and electrostatic interactions were treated on equal footing in the many-electron system.
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Figure 1. Characterizations of the MBE-grown [MnBi;Tes]s[(Bi1-xSbx).Tes], multilayers. a,
Schematic showing the multilayer structures with varied Sb contents in the (Bi;«Shy).Tes spacer
layer. b-c, in situ RHEED patterns after the growth of the MnBi,Te, (top panel) and (Bios56Sbo.44)2Tes
(bottom panel) layers. The sharp 2D strips persist throughout the sample growth. d, Atomic force
microscope image of the as-grown [MnBi,Te4]3[Sh,Tes], sample. e, X-ray reflectivity plots of four
(Bi1xShy),Tes-intercalated films (x = 0.16, 0.44, 0.8, and 1), displaying pronounced oscillatory

Kiessig fringes.
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Figure 2. Temperature-dependent anomalous Hall responses of MBE-grown
[MnBi,Tes]s[(Bi1xShy).Tes]. thin films. a, Schematic of a six-terminal Hall-bar device and
magneto-transport measurement setup. The current | was applied along the x-direction and the
external magnetic field woH was applied along the z-direction. bl-b4, Temperature-dependent
anomalous Hall resistances of x = 0.16, 0.44, 0.8, and 1 samples from T = 1.6 and 25 K. ¢, Saturation
magnetic field Hs extracted from the measured anomalous Hall resistance curves. d, Zero-field Hall

resistance obtained at different temperatures.
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Figure 3. XAS and XMCD results at the Mn L,3 edges of the x = 0.44 and 1 samples. All
measurements were performed at T = 2 K, with both the X-ray beam and the applied magnetic field
perpendicular to the sample plane. a-b, XAS spectraat 6 T for x = 0.44 (a) and x = 1 (b) samples. c,
Calculated absorption spectrum based on a hybridized ground state of Mn. d-e, XMCD spectraat6 T
for x = 0.44 (d) and 1 (e) samples. The calculated dichroic spectrum (red dashed lines) were rescaled
and overlaid on the experimental data. f-g, Hysteresis XMCD loops with non-zero spin moments
observed in both x = 0.44 (f) and x = 1 (g) samples. Inset: Close-up view of the hysteresis features

within £1 T.
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Figure 4. Temperature-dependent anomalous Hall resistance in (BipssSbo.44), Tes-intercalated

MnBi,Te, multilayers with different spacer layer thicknesses and stacking order. a-c,

Temperature-dependent anomalous Hall

resistance of MnBi,Tes/(BigssSho.44)2 Tes/MnBi,Tes/

(Bio_558bo_44)2T€3/MnBizTe4 (Sample A), MnBi2T€4/2QL-(Bio_ssSbo_44)2T€3/MnBizTe4 (Sample B), and
MnBi,Tes/3QL-(Bigs6Sbho.44)2 Tes/MnBi,Tes (Sample C). d-f, Corresponding coercive field H (d),

saturated anomalous Hall resistance R2HE (e), and zero-field anomalous Hall resistance R)?y ()]

obtained from the measured data in a-c.
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