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Two-dimensional ferromagnetic extension of a topological insulator
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Inducing a magnetic gap at the Dirac point of the topological surface state (TSS) in a three-dimensional (3D)
topological insulator (TI) is a route to dissipationless charge and spin currents. Ideally, magnetic order is present
only at the surface, as through proximity of a ferromagnetic (FM) layer. However, experimental evidence of
such a proximity-induced Dirac mass gap is missing, likely due to an insufficient overlap of TSS and the FM
subsystem. Here, we take a different approach, namely ferromagnetic extension (FME), using a thin film of the
3D TI Bi, Tes, interfaced with a monolayer of the lattice-matched van der Waals ferromagnet MnBi, Te,. Robust
2D ferromagnetism with out-of-plane anisotropy and a critical temperature of 7. =~ 15 K is demonstrated by x-
ray magnetic dichroism and electrical transport measurements. Using angle-resolved photoelectron spectroscopy,
we observe the opening of a sizable magnetic gap in the 2D FM phase, while the surface remains gapless in the
paramagnetic phase above 7. Ferromagnetic extension paves the way to explore the interplay of strictly 2D
magnetism and topological surface states, providing perspectives for realizing robust quantum anomalous Hall

and chiral Majorana states.

DOI: 10.1103/PhysRevResearch.5..022019

Engineering the surface of a topological insulator (TI) to
host ferromagnetism is expected to enable unconventional
phenomena, including topological magnetoelectric effects and
Majorana-fermion quasiparticles, with potential applications
ranging from spintronics to quantum computation [1-3]. A
paradigmatic scenario to achieve this is to interface the TI with
a ferromagnetic (FM) layer, aiming to induce an exchange
gap in the surface Dirac cone through magnetic proximity
while preserving the bulk topology [4]. However, although
various FM-TT heterostructures have been investigated [5—12],
a clear observation of magnetic topological behavior in such
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systems remains elusive. In particular, a direct measurement
of a magnetic gap in the surface state is lacking. These dif-
ficulties likely arise from a weak hybridization at the FM-TI
interface [3,13-15], inhibiting sizable effects on the topologi-
cal surface state (TSS).

At the same time, it has been proposed that suitable van
der Waals (vdW) heterostructures, with weak potential mod-
ulation at the interface, may allow the TSS wave function
to relocate from the TI surface into the adjacent magnetic
layer. Such a ferromagnetic extension (FME) is expected to
dramatically enhance the magnetic gap compared to a mere
proximity effect [16]. In this Letter we explore the magnetic
and topological properties of an epitaxial vdW heterostructure
consisting of the TI Bi,Tes and a monolayer MnBi,Te4 [17].
The structural and chemical similarity of the two compounds
has been predicted to generate a FME of Bi,Tes [16]. As
schematically shown in Fig. 1(a), the FME is expected to
break global time-reversal symmetry (TRS) at the surface,
allowing for the opening of a magnetic gap in the TSS below
T. [4]. However, previous experimental attempts to realize a
FME could not demonstrate a correlation between electronic
structure and magnetic order [10,18-20].
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FIG. 1. (a) Scheme of a magnetically extended 3D TI in the ferro- (FME) and paramagnetic (PME) cases. Below T, ferromagnetic order
in the out-of-plane direction induces a magnetic gap in the topological surface state. (b) 3D ARPES data set of the topological surface state,
measured above 7, at T = 20 K using p-polarized light at hv = 12 eV. (¢) X-ray diffraction Q, scan around the (0006) Bragg peak of Bi,Tes.
The line-shape asymmetry is attributed to the single MnBi,Te, layer, as confirmed by calculations. (d) Schematic of the layer structure. The
3D TI Bi, Te; is terminated by a single layer of MnBi, Te, containing the magnetically active Mn atomic sheet. (e), (f) Cross-sectional STEM
image revealing the sample layer stacking: BaF, (111) substrate, 6 quintuple-layer Bi,Tes film, single septuple-layer (SL) MnBi,Te4, and
Te-capping layer. (g) Intensity profile analysis along the trace shown in (e).

We used molecular beam epitaxy to grow a single mono-
layer MnBi,Tes on an epitaxial Bi,Tes layer, as confirmed
by high-resolution x-ray diffraction (XRD) and scanning
transmission electron microscopy (STEM). X-ray absorption
(XAS) and x-ray magnetic circular dichroism (XMCD) were
measured at the BOREAS beamline at the ALBA synchrotron
in Barcelona. Angle-resolved photoemission spectroscopy
(ARPES) measurements were performed at the 13 endsta-
tion at the BESSY II synchrotron in Berlin. Details of the
film growth and characterization methods are presented in
the Supplemental Material (SM) [21]. Figure 1(e) shows a
cross-section STEM image of a heterostructure. The films are
grown on insulating BaF, (111) substrates and capped with a
Te protective layer to avoid surface oxidation. The vdW gaps
parallel to the surface are clearly observed, evidencing the
formation of high-quality layers and the absence of twinned
domains (Fig. S4 [21]). A single MnBi,Te, septuple layer
(SL) is present on the surface, as verified by the zoom-in
STEM image in Fig. 1(f). The difference in contrast allows
us to distinguish the three elements on their respective sites.
Figure 1(g) shows a line profile extracted along the [0001]
direction [white arrow in Fig. 1(e)]. We obtain an average
thickness of 1.02(3) nm for the quintuple layers (QLs) and
of 1.35 nm for the SL, consistent with values reported for
the individual compounds [36,37]. In Fig. 1(c) we compare
an experimental O, XRD scan, recorded around the Bi,Tes
(0006) Bragg peak, with simulated scans for Bi,Te; with
and without an additional SL of MnBi,Te,4. The experimental

line shape shows a pronounced asymmetry with a shoulder at
lower Q,, which, based on our XRD simulations (see Fig. S5
[21] for details), can be assigned to the presence of a single
MHBi2T64 SL.

Figure 1(b) shows ARPES data near the Fermi level (Er)
along the high-symmetry directions. The data were obtained
in the paramagnetic regime of the MnBi,Te4 layer above T,
(cf. Figs. 2 and 3). A TSS with a Dirac-like band dispersion
is observed, as further confirmed by the photon-energy-
dependent data in Fig. S9. Interestingly, the TSS dispersion
is strongly modified from the one of a pristine Bi,Te; (0001)
surface [38]. In agreement with theoretical calculations [16],
the Dirac point is shifted upwards in energy into the bulk band
gap. As a result, both the upper and lower parts of the Dirac
cone display a linear dispersion near the I" point, in contrast
to BipTe; (0001). Moreover, the Fermi surface acquires a
pronounced hexagonal star shape with cusps along TM, in
accordance with recent calculations [20]. The strong effect of
the MnBi, Te, single layer on the TSS band dispersion and the
overall agreement with calculations support a scenario where
the TSS wave function relocates into the SL, as predicted
theoretically [16].

We now demonstrate the presence of ferromagnetism in
the MnBi, Tes monolayer, employing x-ray magnetic circular
dichroism (XMCD) and electrical transport. The data were
collected in total-electron-yield mode with light incidence and
external field oriented along the surface normal. Figure 2(a)
shows x-ray absorption (XAS) and XMCD data in saturation
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FIG. 2. (a) XAS and XMCD data confirming a stable ferromagnetic state of MnBi,Te,. (i) XAS data set at the Mn L, 3 edge. (ii), (iii)
XMCD difterence spectra at T = 3.5 K for a saturation field of 0.5 T and in remanence. (b) XMCD hysteresis at the same temperature
indicating long-range ferromagnetic order. (¢) Anomalous Hall effect (AHE) in a single-layer MnBi,Te4/Bi, Te; heterostructure vs magnetic
field, at several temperatures. The arrows indicate the magnetic field sweep direction. Curves are vertically shifted for clarity. A clear hysteretic
behavior of the AHE is observed below 18 K, with coercive fields up to 90 mT, confirming the ferromagnetic behavior of the single MnBi, Te4
layer. The inset shows a schematic of the pseudo-Hall bar geometry of the transport experiments. (d) Temperature dependence of the remnant
XMCD signal yielding a critical temperature of 14.9 K. (e) Temperature dependence of the AHE amplitude at zero field extracted from the

data in (c).

and in remanence. The XAS line shape of the Mn L, 3 absorp-
tion edge strongly resembles the one of bulk MnBi,Te, [17],
indicating Mn ions in the same oxidation state. The apparent
absence of Mn oxide components in the spectra further veri-
fies the successful preparation of pristine surfaces through the
mechanical removal of the Te cap, as established earlier for
Bi,Te; [39]. As seen from the XMCD signals in saturation
and remanence, the MnBi, Te,; monolayer hosts a stable ferro-
magnetic state at the lowest measured temperature of ~3.5K,
with a remanent XMCD of (87.5 £+ 1.5)% as compared to
the saturated signal. The field-dependent Mn XMCD signal
in Fig. 2(b) shows an open hysteresis loop with a coercive
field of —48 mT and a pronounced saturation behavior above
100 mT in the FM phase. The approximate square shape of
the hysteresis indicates an out-of-plane easy axis, as further
confirmed by measurements in in-plane geometry (see Fig. S7
[21]). Following the temperature dependence of the remnant
XMCD signal in Fig. 2(d), a reduction of the remnant magne-
tization towards a critical temperature of ~14.9 K is observed.
The decay towards 7, is well described by a critical exponent
of B = 0.484 (see Fig. S8 [21]).

To investigate the global magnetic properties we performed
magnetotransport measurements. For these experiments thin-
ner BiyTe; epilayers (3 QLs) were employed to minimize
contributions from nonmagnetic Bi,Te; to the charge trans-
port. The samples were covered in situ, after growth, by

a 30-nm-thick BaF, capping layer to avoid surface con-
tamination and oxidation during air exposure (see SM [21]
for more detailed information). We contacted a macroscopic
millimeter-scale as-grown thin film in a pseudo-Hall bar ge-
ometry. The inset in Fig. 2(c) shows a schematic of the
geometry for Hall and longitudinal configurations, where the
current is applied through the bar while measuring the resis-
tance perpendicular and parallel to the current, respectively
(see also Fig. S6 [21]). Figure 2(c) displays data of Hall
measurements performed with perpendicular magnetic fields
at different temperatures from 4 to 20K, after subtraction
of the linear normal Hall-effect background. We observe a
pronounced anomalous Hall-effect (AHE) hysteresis at 4 K
with an amplitude of 2.8 Q. Further, at 4K, the coercive
field reaches 90 mT, and decreases above 10K (10 mT). In
Fig. 2(e), the AHE hysteresis amplitude is extracted from
the anomalous Hall curves. The amplitude of the hysteresis
decreases with increasing temperature and the loop finally
vanishes, pointing to a critical temperature of ~17 K, compa-
rable to the one observed in XMCD. Since the Bi, Te; epilayer
is nonmagnetic and given the XMCD data, the AHE hysteresis
can be attributed to the MnBi, Te, monolayer.

Hence, our results from these two complementary probes
establish a FM state in monolayer MnBi,Te,/Bi,Te; with
a T, of 15£2K and out-of-plane anisotropy (see Fig. S7
[21]). This refutes earlier claims of paramagnetic properties
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FIG. 3. (a) ARPES data acquired below (top row) and above (bottom row) the critical temperature 7, using p-polarized light at hv = 12 eV.
Data sets acquired perpendicular [(i) and (iii)] and along [(ii) and (iv)] the plane of incidence are shown. (v) and (vi) display energy distribution
curves (EDC) at the the ' point, revealing a magnetic exchange splitting at the Dirac point below 7... (b) Temperature-dependent EDC at the
[ point, showing the spectral-weight evolution across 7. (c) Momentum-dependent EDC above and below T, taken from the data sets in
(a). The energy scales are relative to the respective Dirac-point position, to compensate for a small temperature-dependent energy shift. The
ferromagnetic order affects the spectral weight predominantly in a narrow momentum range of §k = 0.01 A" around the T point.

at lower temperatures [19], but is in line with theoretical
predictions [16] and experimental results for thin MnBi,Te4
flakes exfoliated from bulk crystals [40]. Our magnetic data
also vastly deviate from a recent work [20], where the growth
of monolayer MnBi, Te4/Bi,Tes; was claimed without appro-
priate evidence from structural data.

We next discuss the temperature dependence of the TSS
dispersion across T, of the MnBi, Te4 monolayer. As schemat-
ically shown in Fig. 1(a), an out-of-plane FM layer at the
surface of a 3D TI is expected to break TRS, lifting the
topological protection and allowing for a gap to open at the
Dirac point. In Fig. 3(a) we present high-resolution ARPES
measurements of the TSS along k, and k, for temperatures
well above and below T, acquired with a photon energy of
hv = 12eV. To exclude angular misalignment, the ARPES
intensity around the T' point is sampled in small increments
along both k; components. The rather pronounced intensity
asymmetry along k, arises from the experimental geometry,
with p-polarized light incident in the yz plane.

The ARPES data acquired below 7. (T = 1.5K) reveal a
reduction of spectral weight at the Dirac point, i.e., at around
—0.14eV, and a splitting into two peak components at [,
as directly visible in the energy distribution curve (EDC)
[Fig. 3(a)]. By contrast, the spectral-weight reduction and the
splitting disappear above T, (T = 20 K), demonstrating their
magnetic origin. We determine an exchange splitting of A =
35meV at T = 1.5K (see Fig. S12 [21]), which corresponds

to the size of the gap in the TSS and is in good agreement with
theory [16].

The temperature series in Fig. 3(b) shows how the spectral-
weight distribution of the TSS at I" evolves as the temperature
is varied across T.. With increasing temperature the double-
peak structure gradually becomes less well defined but
remains observable in the FM regime, up to 12 K. At and
above T ~ 15 K, the spectra differ qualitatively from the FM
regime, showing a single maximum, a rather symmetric line
shape, and no discernible double-peak structure or peak shoul-
der. Hence, the data indicate a closing of the magnetic gap
at T;, as expected from our XMCD experiments that show a
vanishing net magnetization m, and thus a globally preserved
TRS. The temperature-dependent line shape in Fig. 3(b) can
be modeled by a photoemission toy model taking into account
experimental broadening. The size of the magnetic exchange
gap extracted in this way can be seen match the power-
law dependence in the form of A(T) = Ag(1 — T/T.)?, with
B = 0.484 as estimated from the XMCD data (see Figs. S8
and S12 [21]). Hence, our combined XMCD and ARPES
results support an approximate relation A o m,. The origin
of the gap can therefore be attributed to the FM order at the
surface.

To study the momentum-dependent effect of m, on the TSS
dispersion, we consider a more detailed comparison of the
ARPES data near the T' point above and below T, [Fig. 3(c)].
It is evident from the data that the FM order affects the
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dispersion only in a narrow k; range of about +0.01 AL
At larger momenta the dispersion remains largely unchanged.
This observation is in line with an effective model for a
TSS perturbed by an exchange field m, [4], described by
H = vp(ocky — oyky) + m;0,. The ratio m;/vr, quantifying
the relative strengths of exchange interaction and spin-orbit
interaction, provides a natural scale 6k on which m, modifies
the TSS dispersion and wave function which we estimate to
£0.01 A-"

Taken together, we demonstrate how a strictly 2D ferro-
magnetic state induces a robust gap at the surface of a 3D
topological insulator. Preserving the bulk topological proper-
ties, this situation overcomes the previous paradigm of 3D
magnetic topological insulators where time-reversal symme-
try is broken in the entire bulk [2,3,17,41-43]. Following
theoretical predictions [16], our results establish ferromag-
netic extension as a distinct phenomenon in the surface and
interface physics of topological insulators, which can be ex-
ploited in device concepts.

Signatures of a magnetic gap were previously also found in
cleaved MnBigTe;3 bulk crystals [43] and randomly stacked
MnBi,Te,/Bi, Te; bulk layers [41]. However, these systems
are not available in thin-film form, and their surfaces display
spatially inhomogeneous structural termination, electronic
properties, and magnetic gaps [43]. By contrast, ferromagneti-
cally extended Bi, Te; paves the way to systematically explore
magnetic topological phenomena in complex heterostructures
and the interplay of topology and 2D magnetism.

In particular, monolayer MnBi,Te4/Bi;Te; introduces a
textbooklike quantum anomalous Hall (QAH) system, con-
sisting of a genuine bulk 3D TI and a magnetically gapped
surface [4]. Moreover, the prospect of independently manip-
ulating the magnetic states of the two opposing surfaces in
a SL-MnBi,Te,/Bi,Te;/SL-MnBi,Tes heterostructure, e.g.,
through proximity to adjacent magnetic layers [44], could

facilitate the study of axion-insulator behavior [45] or of the
recently discovered layer Hall effect [46]. This is different
from thin MnBi,Te, flakes where fine tuning of the layer
thickness is required to achieve an uncompensated or com-
pensated antiferromagnetic state [42,46,47].

The strictly 2D magnetic state may further allow
for integration into advanced heterostructures to explore
more exotic topological properties. For example, SL-
MnBi,Te,/Bi, Te;/NbSe, structures were recently predicted
as an ideal experimental platform to realize chiral Majorana
edge states [48]. MnBi,Te4/Crl; magnetic hybrid structures
have been suggested as a route to high Chern number QAH
states [44]. Furthermore, we note that SL-MnBi, Te,/Bi,Tes
constitutes an example of a 2D monolayer van der Waals
magnet that hosts a topological surface state, which opens
different research directions in the field of 2D magnetism
[49]. Among others, it offers the intriguing opportunity to
investigate the influence of topological surface electrons on
a truly 2D ferromagnetic state [50,51].
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