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With the recent discovery of the quantum anomalous Hall insula-
tor (QAHI), which exhibits the conductive quantum Hall edge states
without external magnetic field, it becomes possible to create a
topological superconductor (SC) by introducing superconductivity
into these edge states. In this case, 2 distinct topological superconduct-
ing phases with 1 or 2 chiral Majorana edge modes were theoretically
predicted, characterized by Chern numbers (N) of 1 and 2, re-
spectively. We present spectroscopic evidence from Andreev re-
flection experiments for the presence of chiral Majorana modes
in an Nb/(Cro.12Bip265bo 62)2Tes heterostructure with distinct signa-
tures attributed to 2 different topological superconducting phases.
The results are in qualitatively good agreement with the theoretical
predictions.

topological superconductivity | Majorana fermion | Andreev reflection

Topological superconductors (SCs) which host Majorana zero-
energy modes (1) have attracted great interest (2-5), since
they represent ideal candidates for fault-tolerant qubits with
nonabelian exchange statistics (6-8). One way to realize Majorana
states motivated by a model proposed by Kitaev (9) is based on
semiconductor nanowires with strong Rashba spin—orbit coupling
in which superconductivity is induced by the proximity to an S-wave
SC (10-12). This forms topological superconductivity of class D,
which breaks the time reversal symmetry. Majorana zero modes at
each end of the wire were identified recently by the characteristic
quantized zero-bias conductance peak in their tunneling charac-
teristics (13, 14). An alternative system is the chiral P-wave SC,
which has been reported to occur intrinsically in Str,RuO, (15) and
predicted to occur when a quantum anomalous Hall insulator
(QAHI) with chiral edge modes is made superconducting via the
proximity effect (16-19). A topological SC of D class is then
expected, which has 2 distinct topological superconducting phases
with either 2 or 1 chiral Majorana edge states. In the QAHI,
dissipationless conductive chiral quantum Hall edge states classi-
fied by a Chern number C = +1 are generated by introducing
perpendicular ferromagnetism into topological insulator (TT) films
by doping with magnetic ions (20, 21). During a magnetization
reversal, an additional topologically trivial insulating phase was
observed (22, 23). When superconductivity is induced into these
chiral edge channels, a topological superconducting phase is
expected, which is classified by another Chern number N = +2.
The chiral QAHI edge state then consists of 2 degenerated chiral
Majorana states (16-19). When approaching the trivial insulating
phase, one of the Majorana modes diffuses into the bulk and
annihilates, forming an intermediate phase A = +1 with only one
chiral Majorana state as a distinct topological superconducting
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phase (16-19). These chiral Majorana edge states would be excellent
candidates for the realization of scalable topological quantum com-
putation by constructing networks of quasi-one-dimensional QAHI/
SC structures (24). In ref. 25 a device was presented in which a
superconducting strip was deposited on a QAHI. Quantized half-
integer conductance plateaus with a value of 0.5¢*/h were reported
and interpreted as a consequence of the A'=+1 phase (26, 27).
However, these results provoked various controversies, and it was
theoretically argued (28, 29) and experimentally demonstrated (30)
that such plateaus could occur under certain circumstances without
superconductivity.

In this article, we present an alternative approach based on
Andreev reflection experiments using nanoscale point contacts
at the edge of a QAHI/SC heterostructure, to investigate the
low-energy excitations during the topological transitions. We
find a dip-like structure surrounded by 2 peaks, which agrees
with the theoretical prediction of the state A" ==+2 (19), in which
the resonant Andreev reflection signals of the 2 Majorana modes
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cancel each other at small bias voltage (19). As the field is in-
creased and a reversal of magnetization is induced, the dip
transforms into a plateau, as expected when the state N'=+1 is
formed (19). These results suggest the presence of 2 distinct
topological superconducting phases.

Results

A sketch of this edge point contact device is shown in Fig. 14.
The heterostructure of total area 5 x 2 mm? consisted of a 6-nm
(Cr.12Bip 26Sbg 62)2Tes film on a GaAs (111) substrate and was
entirely covered by a 200-nm Nb layer, with nanopoint contacts
in the form of 200- to 500-nm-wide metal strips at the edge of the
heterostructure. Our nanopoint contact method is a very local
spectroscopic probe and thus is largely unaffected by domain
structures (27-29) in the QAHI film. The contacts are so small
that edge states of individual domains can be investigated (30).
For more details on sample growth and device fabrication, see
Methods. Fig. 1B shows the sharp resistive 7. = 7.2 K of Nb, and
Fig. 1C shows the upper critical field transition in the magne-
toresistance at H.»(273 mK) = 9 T, demonstrating a high quality
of the Nb film.

In our nanopoint contact setup, it was inevitable and even es-
sential that a parallel contact with the Nb layer was established,
and the measured differential conductance (dI/dV) spectra typi-
cally contained contributions from both layers. Different contacts
showed different characteristics due to different barrier heights
between electrode and Nb or (Crg.1,Big26Sbo62).Tes layers. In
Fig. 1D, we show a selection of typical raw data of contact 1,
which was in the highly transparent Andreev limit (contact re-
sistance < 100 ohm). The d//dV data are dominated by a broad
peak centered at zero bias. The main contribution can be iden-
tified as a result of Andreev reflections from the Nb layer, as the
fits with the Blonder-Tinkham-Klapwijk (BTK) model (31) show
(Z =001, A =16 meV, T = 0.6 meV), where Z is the effective
barrier strength, A is the superconducting gap value, and I is the
finite quasi-particle lifetime or broadening parameter. Note that
these parameters are dominated by the contact to Nb, and the
parameters for the parallel contact to the QAHI may differ
somewhat. For more details on fitting, see Methods. Note that,

due to the high H., of Nb, no significant magnetic field de-
pendence is expected for the small field range of interest in our
experiments. The Nb contribution in zero field is superimposed
by a small feature with 2 symmetric peaks that flatten the tip of
the Nb delta shape. To isolate the contribution of proximity-
induced superconductivity in the QAHI, we apply a 175-mT
magnetic field known to drive the QAHI into the trivial in-
sulating state (22, 23, 25, 32) in which the conducting edge state
vanishes, and thus proximity-induced superconductivity is en-
tirely suppressed. At a sufficiently low bias voltage (below +2
mV), these spectra originate only from the Nb contribution,
which were then used to isolate the QAHI contribution in data in
lower and higher fields. At higher bias voltages, strong oscilla-
tions are seen, which are attributed to bulk electronic bands in the
QAHL

In Fig. 1E, we show data from a contact in the low-transparency
tunneling limit (contact 2) fabricated on the same hetero-
structure. Here, the Nb contribution appears as a shallow,
broad gap. A fit of this contribution with the BTK model is included
(Z=8,A=23meV, T =15 meV), which describes the data well
with a gap value of 2.3 meV, which corresponds to the literature
data of bulk Nb (33). Two peaks surrounding a dip appear here
at lower bias voltage, which transform in a plateau in a field of
100 mT, shortly before the QAHI enters the trivial insulating
state. As we will show below, this is the expected signature of
chiral Majorana fermions in the QAHI layer. While this contact
would be ideal to investigate these features without background
subtraction, it unfortunately became unstable, and therefore we
will focus on contact 1, which has the same features attributed
to a superconducting QAHI edge state after separation of the
Nb background. For comparison, we have included the 0T data
of contact 1, which, in the region of the proximity gap at low
bias voltage, show excellent agreement with the raw data of
contact 2. This demonstrates that the 175-mT data represent an
ideal background for all data of contact 1, which is justified
since no edge conduction occurs in the trivial insulating state
and thus the QAHI does not contribute to the point contact
spectrum in this field. For chiral Majorana modes, it has been
theoretically shown that any form of tunneling from a lead to
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Fig. 1. (A) Sketch of the point contact device on the edge of a QAHI/SC heterostructure. It features normal contacts on the surface of a superconducting Nb

layer and point contacts realized by thin Au strips crossing the edge of the heterostructure. The arrows illustrate the Andreev reflection process. Note that the
dimensions of the sketch are not to scale: The actual film dimensions were 5 mm x 2 mm, while the thickness of the QAHI was 6 nm and the Nb thickness was
200 nm. (B) Zero-field electrical resistance measured by 4 ohmic contacts on the surface of the Nb layer. The sharp resistance jump defines T, = 7.2 K. (C)
Magnetoresistance measured at 7 = 273 mK as a function of a magnetic field applied perpendicular to the film. The jump marks H,, = 9 T. (D) High-
transparency point contact spectroscopy raw data d//dV of contact 1. A dominant superconducting Nb contribution is seen as a large positive Andreev re-
flection peak (31). (E) Low-transparency point contact spectroscopy data d//dV of another QAHI/SC heterostructure (contact 2). The Nb contribution shows up
as a broad shallow gap. The QAHI contribution can be seen here without any background subtraction (the 50 mT and 100 mT data were shifted by —2.5 and
—5.0 pS, respectively). Scaled zero-field data of contact 1 after subtraction of the Nb contribution have been added for comparison. Note that the additional
oscillations at higher bias voltage beyond +2 mV are attributed to the bulk bands of the QAHI. Fits of the SC Nb background with the BTK model (31) have
been included in D and E (dashed lines).
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the edge of the superconducting QAHI occurs via resonant
Andreev reflection (19). Therefore, although contacts 1 and
2 have completely different transparency, the presence of
Majorana modes is expected to manifest in a form of the same
shape in dI/dV, while less transparent contacts only reduce the
amplitude.

In the following, we investigate, with contact 1, how the con-
tribution to d//dV from the QAHI changes when the QAHI is
driven back and forth through the magnetization reversal, and
thus investigate the entire range of magnetization hysteresis to
search for signatures of topological transitions in a super-
conducting QAHI state. In Fig. 2, we show 2 series of differential
conductance data from contact 1, after subtraction of the Nb
contribution, which were taken during the magnetization re-
versal of (Crg12Bip26Sbos2).Tes by repeated measurements
upon small 25-mT increments (decrements) of the magnetic
field, starting from a negative (positive) field of —500 mT (+500 mT)
toward a positive (negative) field of +500 mT (-500 mT). The
start field of —500 mT (Fig. 24) or +500 mT (Fig. 2B) is used to
fully magnetize the QAHI insulator before the experiment. In Fig.
24 the field is changed from negative to positive fields, and, in Fig.
2B, the field is changed in the opposite direction. Due to the
magnetic hysteresis, magnetization is maintained when the field is
reduced to zero, and the reversal of magnetization is induced when
the field reaches the opposite polarity in the field range between
150 mT (-150 mT) and 200 mT (-200 mT) (22). The data have
been shifted vertically by 2e*/h (except for the +150 mT data) for
better visualization. Both datasets show exactly the same trend.
At —100 mT (+100 mT), the data show a characteristic dip at zero
bias framed by 2 peaks around +0.75 mV, indicating the presence
of proximity-induced superconductivity in the QAHI. As we will
show later, we attribute them to the N'=—-2 (N =+2) topological
superconducting states in which the cancellation of Andreev re-
flection amplitudes of a pair of chiral Majorana modes causes a
suppression of the conductance around zero bias (19). The plus or
minus signs refer to the direction of the QAHI magnetization. As
the magnitude of the applied field is gradually reduced, the size of
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the dip and peaks increases and reaches a maximum at zero field.
After crossing the zero field, the amplitude further decreases until,
at +100 mT (—100 mT), the dip changes into a plateau with rela-
tively sharp edges at +£0.7 mV, which we will show later is attributed
to the N'=-1 (M =+1) topological superconducting states. The
plateau persists at +125 mT (—125 mT), while it vanishes at +150 mT
(=150 T). By further increasing the field strength to +175 mT
(=175 mT) and 200 mT (200 mT), the data become flat, in-
dicating that the QAHI enters the trivial insulating state in which
proximity-induced superconductivity vanishes during the magne-
tization reversal. Note that the same transition to a plateau can be
seen in the raw data of contact 2 in Fig. 1E at 100 mT, without the
need for background subtraction.

In Fig. 34, we show selected data from the 3 topological re-
gimes without shift to further illustrate the differences in the
spectra. In the A =1 state, the plateau-like feature differs sig-
nificantly from the spectra in the A =2 state with its character-
istic dip around zero bias and from the trivial insulating state in
which the conductance remains zero. The plateau of the N =1
state clearly differs from the expected signature of a trivial me-
tallic state, in which the plateau would extend to a wide voltage
range. Here the A/ =1 plateau is limited to the bias voltage range
associated with the superconducting proximity gap, which is
about 0.7 meV, and vanishes abruptly at higher bias voltage. It is
also important to note that the drop in df/dV forming the edge of
the plateau at 0.7 meV is unlikely to be caused by the super-
conducting Nb background, since the pairing gap of Nb is esti-
mated to be at least 1.6 meV in our experiment. Furthermore,
the height for this contact remains close to the conductance
quantum 2e%*/h. We would also like to point out that, at both
contact 1 and contact 2, a plateau of the same shape is observed,
although the height of the tunneling barrier differs strongly. This
can be plausibly explained by resonant Andreev reflection pro-
cesses in the presence of Majorana modes (19), whereas the
spectra of ordinary SCs would look completely different in the 2
regimes (31).

+500 mT to -500 mT
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omT
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75 mT
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Fig. 2. Differential conductance of a point contact at the edge of the (Crg 12Bip.265bo 62)2Te3/Nb heterostructure at 15 mK (contact 1), after the subtraction of
the Nb contribution. The data in A were taken starting from a negative field upon increasing the field in 25-mT increments to positive fields, inducing the
QAHI's magnetization reversal at ~175 mT, while, for the data in B, the opposite direction of field change was used to study the entire hysteresis range of
magnetization. Dips surrounded by 2 peaks mark the A/ = +2 topological superconducting regions, while flat plateaus are observed at (A) +100 mT and +125 mT or
(B) =100 mT and —125 mT, which are attributed to the A'=+1 topological superconducting phases. The latter occurs shortly before the QAHI enters the trivial
insulating region (A =0). When the absolute value of the magnetic field increases further, a reentry of the A'=+1 phase in the form of the plateau at 225 mT
(=225 mT) is seen, and, finally, the characteristic dip of the A/'=+2 phase occurs again. These features are unique to (Crg12Big265b0 62)2Tes in proximity to the
superconducting Nb layer and occur within the insulating bulk gap region of (Crg 12Bi 265bo.62)2Tes. Offsets of 2e%/h have been added for better clarity, except for

the +150 mT data.
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0.5 1

(A) Selected data of the differential conductance of contact 1 (T = 15 mK) without offsets, to illustrate the difference of the spectra in the different

topological regimes. (B) Simulated d//dV as a function of the bias voltage energy (normalized by the SC energy gap A) for selected magnetization energy
values of M,;=0.01 mg (N'=0), —1.2mg (N'=-1), —1.85mq (N =-2). Dips at zero bias mark the chiral fermionic modes in the N =+2 topological super-
conducting region, while a flat plateau indicates the single chiral Majorana mode in the /'=+1 topological superconducting phase. In contrast, the trivial
insulating state with A/ = 0 shows a vanishing conductance in a range around the zero bias voltage. The details of the simulations can be found in S/ Appendix.
(C) Energy spectrum at the I point as a function of M,. The 5 topologically distinct regions are separated by points at which the bulk energy gap closes. The
image shows a series of phase transitions from the A'=-2 to the N'=+2 topological SC as a function of M, (mq is the intrinsic magnetization energy). The 3
solid dots on the central horizontal axis represent the 3 M, values of the data in B.

Upon further increasing (decreasing) the applied field in 25-
mT steps, the QAHI continuous to evolve from the trivial in-
sulating state toward the fully magnetized C = +1 state. At 225 mT
(225 mT), a flat plateau associated with the N'=+1 (M =-1)
phase reappears. When sweeping the field further, at +275 mT
(=275 mT), the plateau changes back into 2 peak-like structures
surrounding a dip around zero bias. This indicates a reentry of the
topological state with 2 chiral Majorana modes (AN =+2). We
would like to point out once again that the main features, namely
the transition from a peak—dip-like feature (M =2) to a plateau-
like feature (N =1) is also visible in the raw data of contact 2
without the need to subtract background data, which gives us a
high degree of confidence in these results.

Further data of contact 1 are included in SI Appendix. It shows
selected data recorded during an additional field cycle and
data at a higher temperature of 280 mK, thus demonstrating
the reproducibility of the results. We also show similar data
from another heterostructure grown under identical transition
(contacts 3 and 4). For our contacts in the high-transparency
Andreev limit (contacts 1 and 3), the plateau associated with
the A/ =1 state appears to be not far from quantization at a
conductance of ~2¢“/h.

Discussion

In the following, we will show that the transition from a dip-like
feature at zero bias to a conductance plateau as a function of
magnetic field is indeed expected when the QAHI changes from
the N = +2 state with 2 chiral Majorana edge modes to the A" =+1
state in which only 1 chiral Majorana mode remains at the edge
(18, 19). The magnetic TI thin film (Cry 12Big265b0.62)2Te3

can be described by Hy =5 Pk HrP in the basis of ¥, =
[W[T,\yu,\ubT,\ybl]T, where y denotes an electron annihilation
operator (26). Explicitly,

= ("),

my

with A, (k) = 2vE(kyo —keoy) + M;0,. Here the Pauli matrices
Oy, act on spin (1/]) space, #/b denotes the top/bottom surface
of the TI thin film, and my =mq +m k> describes the hybridiza-
tion between the 2 surfaces, while vr is the Fermi velocity of the
surface Dirac fermions. The magnetization energy, M., is caused
by intrinsic magnetic dopants as well as an external magnetic
field. The magnetic TI thin-film Hamiltonian is in C=M,/|M,|
QAHI phase with a chiral fermionic edge mode at the boundary
when |M,| > |my|, while becoming a C =0 normal insulator when
|M;| < |my.

Shen et al.

In proximity to an S-wave SC, the effective Hamiltonian of the
(Cr.12Big 26Sbg 62)2Tes/SC heterostructure in the Bogoliubov—
de Gennes (BdG) space becomes

_ (Hpk)—p Ay
HBdG—< AkT _H*TI(_k)_i'M >

where

_ Atio'y 0
A"‘( 0 Abi6y>'

Here, u is the chemical potential, and A denotes the induced
S-wave pairing with A,=A and A, =0. In general, the N =+2
superconducting phase is topologically equivalent to the C = +1
QAHI phase; that is, a single chiral fermion edge state can be
regarded as 2 branches of chiral Majorana edge states. The A/ = +1
phase is a new topological phase that supports one single Majorana
fermion that propagates along the edges of the sample (16-19).
Further details about the Green’s Function formalism used for
the calculations of the tunneling conductance based on Hp,i can
be found in ref. 19 and in SI Appendix.

Fig. 3C shows the energy spectrum at the I" point of the to-
pological SC, that is, the proximity coupled QAHI strip with the
pairing gap interaction, as a function of M, normalized by the
intrinsic magnetization energy m,. The topological invariant N/
can only change at the points where the bulk gap closes (16).
This defines 5 topologically distinct regions separated by 4 gap
closure points. In the following, we will show that the topological
regions with 1 (M ==1) or 2 (N =+2) pairs of Majorana edge
modes have very different transport properties. A selection of
simulated tunneling conductance d /dV = (2¢2/h) Tr(RpeRpe") (19)
for different magnetization energy values of M, from a metal lead to
the edge of a QAHI/SC heterostructure has been included in Fig.
3B for qualitative comparison with the experimental data in Fig.
3A. Here Ry, stands for the local Andreev reflection amplitude.
In the experiment, M. is controlled by the applied magnetic field.
The M, values of the 3 conductance plots in Fig. 3B are indicated
on the horizontal axis of the energy spectrum plot in Fig. 3C. To
compare with the experimental data in Fig. 34, the 3 conduc-
tance plots in Fig. 3B are obtained by subtracting the conduc-
tance of the A/ =0 state with M, =0 from the data as background.
Since the A =0 state with M, =0 has a zero conductance for
energy smaller than the pairing gap, this subtraction has no in-
fluence on the in-gap conductance for the N'=-1 and N'=-2
states. From Fig. 3B, we can clearly see the conductance dip in the
N =-2 state and the conductance plateau in the A =—1 state, as
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predicted in ref. 19 and observed in the experiment. Further details
on the conductance plots, including the data without subtraction of
the background conductance, are contained in SI Appendix.

While the experimental conductance of the N =+1 plateau
suggests a quantization near 2¢*/h, the simulations show that the
absolute height varies slightly with subtle parameter changes
(e.g., the tunneling barrier height; see SI Appendix, section 5 for
a more detailed discussion). Precise quantization is only expec-
ted for metallic leads coupled to a single Majorana zero mode,
but not for leads coupled to dispersive chiral Majorana edge
modes. The value of the height of the A" = +1 plateau of 2¢*/h is
therefore likely a coincidence.

Methods

The QAHI films (Crg 12Bip 265b0 62)2Tes (6-nm thickness) were grown on GaAs
(111) substrates in an ultrahigh vacuum molecular beam epitaxy system at
University of California, Los Angeles. The Nb layer (200-nm thickness) was
sputtered onto the QAHI layer, which, for technical reasons, was done at
University of California, Davis. Note that this is different from other ap-
proaches (32), where the Nb layer was deposited in the same vacuum
chamber, and may result in differences in coupling between the 2 materials.
All experiments were conducted by the group of the Hong Kong University
of Science and Technology.

Slabs of ~2 mm x 5 mm were cut from the wafer, and the long edge of the
heterostructure was finely polished, before layers of Ti (5 nm) and Au (80 nm)
were deposited. A focused ion beam was used to define small isolated metal
strips with width (W) of a few hundred nanometers that traverse the entire
substrate and film edge. These edge contacts (area: W x 206 nm) represent
small nanopoint contacts of a few tens of ohms up to several kiloohms of
resistance at ambient temperature and thus enable point contact measure-
ments from the highly transparent Andreev regime to the low-transparent
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tunneling regime (31). It should be noted that a certain roughness of the
edge was desired to prevent the superconducting signal from Nb being too
dominant. This is the reason for a quite broad gap signature of the Nb signal.
Differential conductance vs. bias voltage measurements were conducted in a
dilution refrigerator with the magnetic field strictly perpendicular to the film.
Data from 3 devices are included in this article: Contact 1 and contact 2 were
fabricated on the same heterostructure, while contact 3 was fabricated on
another heterostructure grown under identical conditions.

We used fits with the BTK model to identify the superconducting con-
tribution of Nb in a 175-mT field where the QAHI is in the trivial insulating
state. The BTK theory analyzes the differential conductance vs. bias voltage
with the superconducting order parameter A and barrier height Z as fitting
parameters. We used a modified BTK model that takes into account the fi-
nite quasi-particle lifetime or broadening parameter I' (34). More details can
be found in S/ Appendix, section 7.
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