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A topological superconducting state can be induced in the surface state of a topological insulator (TI) by way
of proximity coupling to a conventional s-wave superconductor (s-SC). Planar s-SC/TI junction structures were
proposed as a scalable platform for controlled generation and manipulation of Majorana zero mode (MZM),
which holds intriguing promise for fault-tolerant quantum computing. Despite intensive research efforts, the
presence of MZM has not been definitively demonstrated in s-SC/TI/s-SC lateral junctions. A key factor is a
lack of direct measurement and quantitative understanding of the proximity coupling between the s-SC and TI.
Here we report evidence for strong superconducting proximity effect between a three-dimensional strong TI and
Al, a conventional s-SC with minimal intrinsic spin-orbit coupling, in the form of pronounced enhancement of
the in-plane critical field (H,) of the thin Al. Specifically, the H, of a 6-nm-thick Al film deposited on a TI is
found to be 2.7 times its Pauli limit and about three times that of a simultaneously deposited reference film on
Si/Si0,. The analysis of the H,; enhancement within the Maki theory indicates significant induced spin-orbit
interaction in the Al due to electronic coupling to the TI. Our results revealed a pathway for producing SC/TI

devices of high interfacial electrical transparency conducive for MZM generation and manipulation.

DOLI: 10.1103/PhysRevB.102.144518

I. INTRODUCTION

Electronic excitations obeying non-Abelian statistics are of
pertinent interest due to their potential in fault-tolerant quan-
tum computation [1,2]. One physical system in which such
non-Abelian anyons may emerge, in the form of Majorana
zero mode (MZM), is the p, + ip, spinless superconduct-
ing state [1,2]. Naturally occurring p-wave superconductors
are rare and fragile, susceptible to even a minute amount of
disorder [3]. Topological superconductivity may materialize
on the surfaces of bulk superconductors which also possess
topological surface states [4—6]. However, the bulk supercon-
ductivity presents a formidable obstacle for patterning the
superconducting surface, which is necessary for controlled
MZM generation and manipulation. A more robust and versa-
tile platform for the generation and manipulation of the MZMs
is the artificial topological superconducting state at the surface
of a semiconductor with strong spin-orbit (SO) interaction and
large Land€ g factor [7] or a three-dimensional (3D) strong
topological insulator (TT) [8], induced via proximity coupling
to a conventional s-wave superconductor (s-SC). In the for-
mer, there is compelling conductance spectroscopy evidence
for the existence of a MZM at the end of an Al-coated InSb or
InAs nanowire [9,10]. However, a carefully oriented Zeeman-
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splitting magnetic field is required for the materialization of
the MZM [7] and the nanowire-based device structure con-
tinues to present challenges for manipulation of the MZMs
necessary for realizing qubit formation and operation. In an
s-SC/TI heterostructure, clear signatures of MZMs at the su-
perconducting vortex cores were identified in spin-polarized
Andreev reflection spectroscopy [11]. In this platform, Fu and
Kane [8] had proposed a set of schemes for MZM genera-
tion, fusion, and braiding based on planar superconducting
junctions on a TI. Besides being amenable to upscaling, a
particularly attractive characteristic of the schemes is their
reliance on the control of the superconducting phases across
the junctions, without the need for a large magnetic field.

As a first step in the implementation of the Fu-Kane
schemes, there have been extensive experimental efforts
aimed at validating the presence of MZMs in the simplest
devices, the S/TI/S line junctions, via measurements of both
conductance spectroscopy [12-15] and the Josephson effect
[16-22]. Despite these targeted activities, the very existence
of MZMs in S/TI/S line junctions remains an open issue.
Many factors contribute to the ambiguities and difficulties
in the interpretation of the experimental results. One key
factor is the uncertainty or lack of direct measurement of
the superconducting proximity effect between the TI and
SC in such devices. The topological superconducting state
in s-SC/TI heterostructures is supposed to originate from
electronic coupling between the s-wave superconductivity and

©2020 American Physical Society


https://orcid.org/0000-0002-9123-6611
https://orcid.org/0000-0003-3934-0785
https://orcid.org/0000-0003-0613-5021
https://orcid.org/0000-0001-8979-0405
https://orcid.org/0000-0003-1746-1404
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.144518&domain=pdf&date_stamp=2020-10-20
https://doi.org/10.1103/PhysRevB.102.144518

ZHU LIN et al.

PHYSICAL REVIEW B 102, 144518 (2020)

the spin-helical surface state of the TI [8]. The presence of
the s-SC in the heterostructure precludes measurement of the
proximity-induced superconductivity in the TI surface state
via transport or thermodynamic measurements. Moreover, be-
cause the SC/TI interface is embedded in the heterostructure,
even a local probe such as scanning probe spectroscopy cannot
be applied directly to the interface. For instance, the scanning
Andreev reflection spectroscopy on Bi,Ses epitaxially grown
on NbSe, had to be performed on its top surface, where the
proximity coupling to the SC goes through the bottom surface
and bulk of the TI [11], which significantly complicated the
interpretation.

In this work, we probe the proximity coupling between a
3D strong TI, (BigsSbgs)>TeSe, (BSTS), and an s-SC, Al,
by measuring the in-plane critical field (H,) of the thin Al
films deposited on the TI. Al (and Be) is considered a model
spin-singlet Bardeen-Cooper-Schrieffer (BCS) SC because of
its minimal intrinsic SO interaction [23-28]: In the presence
of an in-plane magnetic field, the single-particle density of
states of thin superconducting Al (Be) films are shown to
exhibit clean Zeeman splitting, and their H, are well de-
scribed by the theory of Clogston [29] and Chandrasekhar [30]
(the Pauli limit). The introduction of SO scattering into thin
Al (Be) films, typically via deposition of a small amount of
heavy metal elements on top, leads to spin mixing [23,27] and
large enhancement of H, [23,27]. A full description of H.,
incorporating the effects of Zeeman energy, orbital depairing,
and SO interaction, can be obtained based on the Maki theory
[31,32]. For a thin s-SC film in an in-plane field, the orbital
depairing is minimized and a measurement of H, can be used
to evaluate the SO scattering rate. Our experiments reveal a
giant enhancement of H,; beyond the Pauli limit for thin Al
films deposited on BSTS, which constitutes direct evidence
for significant SO interaction induced in Al via proximity
coupling to the TI.

II. EXPERIMENTS AND RESULTS

Figures 1(a) and 1(b) show schematic diagrams of an
Al/BSTS sample and measurement configuration. Figure 1(c)
is an optical micrograph of a BSTS flake with Cr/Au con-
tacts and an Al Hall bar deposited via thermal evaporation.
The experimental details are presented in the Methods sec-
tion. Briefly, the BSTS crystals were grown using a self-flux
method. A critical step in the crystal growth is a month-long
controlled cool-down process, resulting in high-quality BSTS
crystals of dimensions as large as centimeters and insulating
bulk as grown. For device fabrication, a flake of BSTS was
exfoliated from a crystal and placed on a Si/SiO, substrate.
The typical areas of the flake were 1 mm? and thickness
~100 pum. The insulating bulk and surface state-dominated
transport at low temperatures in such samples are evidenced
by the R(T) of such a BSTS flake, as described in detail in Sup-
plemental Material S1 [33]; also see Ref. [34]. The large size
of the flake was necessary to accommodate the subsequent
metal evaporations through mechanical shadow masks. First,
Al was deposited on the BSTS via thermal evaporation as a
Hall bar pattern [Fig. 1(c)]. The exposure of the BSTS flake
to ambient air before the Al deposition (e.g., for the setup of
the shadow mask) was typically limited to a few minutes. The
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FIG. 1. Schematics and optical micrograph of the AI/TI device
structure and measurement scheme. (a) Schematics of the Hall-bar
device and the measurement configuration. (b) Schematic represen-
tation of the magnetic field oriented in the film plane. (c) Optical
micrograph of a device with a 6-nm Al film on a (BigsSbgs),TeSe,
flake. The BSTS flake was mechanically exfoliated from a crystal
and placed on a Si/SiO, substrate.

use of a shadow mask, instead of lithography, not only greatly
reduced the air exposure time, but more importantly, elimi-
nated any exposure to solvent, UV, or electron beam. Once
the Al/BSTS interface was formed, it was found to be stable in
ambient air for days. Cr/Au contacts were then deposited via
a second shadowed evaporation. Despite the stability of the
Al/BSTS interface, we always tried to cool down the sample in
a cryostat as quickly as possible. For every AI/BSTS sample,
a reference sample of Al was made simultaneously under
identical conditions on a Si/SiO, substrate. The temperature
(T) and magnetic field (H) dependences of the resistance for
the two samples were measured simultaneously in an Oxford
He system. For accurate determination of the H,, the field
alignment with the film plane is critical. In our experiments,
the alignment was optimized by fine-tuning the sample stage
in situ (for details, see Supplemental Material S2 [33]; also
see Ref. [35]). Figures 2(a)-2(f) show the normalized R(7T) in
zero field and R(H))) at T = 0.40K for three sets of Al films
(t = 15,9.0, and 6.0 nm) on BSTS (red) and Si/SiO, (black).
In the data presented below, the transition temperatures (7¢)
and the critical field were defined by the temperature and
field, respectively, corresponding to the midpoint of the re-
sistive transitions. With decreasing ¢, the zero-field 7¢ of the
reference samples on Si/Si0, show a gradual increase from
1.52 to 1.87 K, consistent with previous reports [23]. The T¢
of the respective Al films on BSTS are similar to or slightly
higher than those of the reference samples. In contrast, with
decreasing ¢, H, of the Al films on BSTS show increasingly
large enhancement beyond H, of the reference samples. As
is evident in Fig. 2(f), at T = 0.40K, the 6-nm Al film on
BSTS remains superconducting at Hj; = 8 T, while H,| of the
reference sample is 3.2 T.

The different H, of the two types of Al films and their
evolution with the Al thickness are plotted in Fig. 3(a). In
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FIG. 2. Resistive transitions of Al films of different thicknesses on the TI and Si/SiO,. (a)—(c) Normalized resistance versus temperature
in zero magnetic field for three sets of Al films on the TI (red) and Si/SiO, (black). The Al thicknesses are 15, 9.0, and 6.0 nm, respectively.
(d)—(f) Normalized resistance versus in-plane magnetic field at 0.40 K for the same three sets of Al films on the TI (red) and on Si/SiO,

(black).

order to facilitate a more in-depth analysis of the increase of
H, of Al due to proximity coupling to the TI, the R(H|) of the
two 6-nm samples were measured at different temperatures
between 0.40 K and their respective Tc’s. The R(H)|) data are
shown in Fig. S3 (Supplemental Material S3 [33]). Figure 3(b)
shows the resulting H,| for the sample on Si/SiO; (black) and
BSTS (red) at different temperatures. It is evident that H, of
the two 6-nm Al films not only differ in magnitude, but also
exhibit qualitatively different 7" dependence.

For a superconducting film thinner than the penetration
depth, a complete penetration of an in-plane magnetic field
is allowed. Neglecting both orbital depairing and SO cou-
pling, the zero-temperature H, is given by the Pauli limit:
Heo = H, = Ao/ (/gB), Where Agg is the energy gap at
T =0 and H =0, up is the Bohr magneton, and g is the
Landé g factor [29]. The expression may be extended to finite
temperatures to obtain the T dependence of H,:

H(T) = Ao(T)/(/gus), (1)

where Ay(T) is the zero-field superconducting gap at finite
temperature. For superconductors in the BCS weak coupling
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FIG. 3. Thickness and temperature dependences of the in-plane
critical fields. (a) In-plane critical fields at 7 = 0.40K for a set of
Al films of varying thicknesses on BSTS (red circles) and reference
samples on Si/SiO, (black circles). (b) In-plane critical fields of
a pair of 6-nm Al films (red circles: on BSTS; black circles: on
Si/Si0,) as functions of temperature.

limit, H, can be rewritten as H, = 1.867¢ (teslas), assuming
a g factor of 2. The black solid line in Fig. 4 is the theoret-
ical curve calculated from Eq. (1) for the reference sample
based on its zero-field T (1.87 K) and the BCS coupling
constant. The 7 dependence of the experimental data is in
good agreement with the theory, but the measured H,(T) are
consistently about 6% lower than the theoretical values, which
is probably due to the small orbital depairing not accounted
for in Eq. (1). In comparison, the experimental H.(T) of
the A/BSTS sample is qualitatively different from Eq. (1),
and the magnitudes are significantly larger, reaching 8 T at
T =13K.
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FIG. 4. Theoretical analysis of H(7) for 6-nm Al films. The
symbols show the in-plane critical fields for the 6-nm Al films on
BSTS (red circles) and Si/SiO, (black circles) normalized by their
respective Pauli limit field (H),). H), is calculated from A, which is
obtained via the BCS relation: Ay = 1.764 kgTc. From Fig. 2(c),
for the Al on Si/SiO;: Tr = 1.87K, and for the Al on BSTS:
Te = 2.15 K. The Pauli limit and Maki theory curves are determined
from Eqgs. (1) and (2), respectively. A spin-orbit scattering rate of
b = (3.0 £ 0.2) A results from the Maki theory fitting.

144518-3



ZHU LIN et al.

PHYSICAL REVIEW B 102, 144518 (2020)

III. THEORETICAL INTERPRETATION

SO interaction is known to preserve superconductivity in
in-plane magnetic fields well in excess of the Pauli limit.
The effective SO interaction can be intrinsic in origin, as
in thin Pb films [36,37], or of the Ising type, as in mono-
or few-layer transition-metal dichalcogenides [38-43], or
extrinsic SO scattering by heavy element impurities [23,27].
The electronic structure of the surface states of the BSTS
consists of a Dirac cone with strong spin-momentum locking
[44,45]. The proximity of the Al film induces superconduc-
tivity into the electron gas. The Al should be considered a
dirty superconductor with SO scattering centers. For a 3D
s-SC this problem was studied by Maki [31], extending the
theory of Abrikosov and Gor’kov [46] for magnetic impuri-
ties. A generalization to layered type II superconductors was
carried out by Klemm et al. [47], who considered a model
with translational invariance within the layers and interlayer
tunneling of energy J. As a function of the field parallel to
the layers and the inverse square of the hopping energy J, the
model gives rise to a dimensional crossover from 3D to 2D. As
a function of various model parameters (SO coupling, hopping
J, and a diffusion constant across the layers), a rich variety of
shapes of H.(T) dependences is obtained for in-plane fields.
For relatively small interlayer tunneling, H. shows a large
enhancement above the Clogston-Chandrasekhar limit. For
most of the materials the fluctuations induce a behavior like
that of a highly anisotropic 3D superconductor.

In the present case the most important parameter is the
SO scattering rate. The dependence on the thickness of the
Al film arises (1) from the orbital effect, which is quenched
in the thinner films, and (2) from the induced superconduc-
tivity into the TI and SO coupling into the nearest layers
of Al (proximity effect and inverse proximity effect). Some
of the effects discussed by Klemm et al. [47] with extreme
anisotropy, such as normal cores of vortices effectively fitting
in between the layers, do not apply to the present case. It
is expected that H, is determined by the combined effects
of Pauli paramagnetism, disorder, and SO scattering, so that
it suffices to use Maki’s theory [31] to analyze our results.
Quantitatively, the effect on the H.(T") is included in the Maki
equation:

T I\ ot 1 o o_ 1 oy
e (2) 2y1//<2+2nT>+2y1//<2+27rT>’
where o =b+y, b= h/31y, and y =/b* — u3H>. b=
hi/31y, is the SO scattering rate regardless of its origin. H.(T')
can be calculated from Eq. (2) by setting A = 0. We point
out that the H, thus determined does not correspond to the
superconducting-normal phase transition field when the phase
transition is of first order, as in the limit of b — 0 at low
temperatures. Nevertheless, these two magnetic fields do coin-
cide when the SC-normal phase transition is of second order,
which is true for T close to T¢p in the case of negligible SO
coupling (b — 0), and for the entire temperature range below
Tco in the case of strong SO scattering (b > ugH). To avoid
this complication, for the reference sample, we use Eq. (1)
to describe its H(T) for all temperatures. For the Al/BSTS
sample, Eq. (2) is applicable: The H,(T) data, normalized by

@

its Tco = 2.15K and the corresponding H),, are compared to
Eq. (2). In the calculation of the theoretical curves, the orbital
depairing is neglected based on its minimal effect on the refer-
ence sample. That leaves b as the only adjustable parameter in
the calculation of H.(T). In Supplemental Material S4 [33],
we plot five theoretical curves of varying b from 2.6Aq to
3.4Ap. Among them, the curve with b = 3.0 A is deemed
to provide the best agreement with the extrapolation of the
experimental H, to low 7, shown as the red solid curve in
Fig. 4. The comparison thus results in Ho of 2.7H,, (9.3 T) and
SO scattering rate of (3.0 & 0.2)Ag. Two points are worth
noting here: (i) The large magnitude of the induced b in the
Al constitutes direct evidence for strong proximity coupling
between the Al and the TI. (ii) The giant enhancement of H,,
for the thin Al on the TI further implies that the proximity
coupling is predominantly between the Al and the surface
state of the TI. There is minimal proximity effect between
the Al and the (insulating) bulk of the TI, because otherwise
the effective superconducting thickness of the bilayer would
be significantly increased and H,| enhancement suppressed
due to orbital depairing. We also point out that although in
principle the SO scattering rate in the Al film could be de-
termined directly from weak (anti)localization measurements
[48], the multiple channel parallel conduction from the top
and bottom surfaces of the TI with the Al film renders the
Hikami-Larkin-Nagaoka analysis highly complex and proba-
bly unreliable [34].

IV. CONCLUSIONS

In summary, we have probed the proximity coupling
between a 3D strong TI and a conventional s-wave super-
conductor with minimal spin-orbit coupling, via measurement
of the enhancement of the in-plane critical field of the thin
s-SC. The H of a 6-nm-thick Al film deposited on BSTS
is about three times that of the simultaneously deposited Al
film on Si/SiO,. The enhanced H,, is well described by the
Maki theory, with significant SO scattering in the Al due
to proximity coupling to the BSTS. The results indicate an
Al/BSTS interface of high electrical transparency. The high
interfacial transparency was obtained despite a brief exposure
of the exfoliated BSTS to ambient air before the deposi-
tion of Al, which suggests that exposure to solvents and/or
high-energy electrons is more damaging to the s-SC/TI in-
terface. Our work reveals that direct shadowed deposition of
the s-SC on the TI, rather than conventional schemes based
on electron-beam lithography, is more conducive to producing
SC/TI devices for MZM generation and manipulation.
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