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Major Goals:  Topological superconductors are among the most unconventional states of matter, wherein exotic p-
wavelike pairing and time-reversal symmetry can foster supersymmetry and zero-energy excitations called 
Majorana bound states. Although potential applications of theoretically proposed topologically protected quantum 
computers are numerous, the basic demonstration of non-Abelian behavior has not been achieved yet. Thus, our 
major goal is to design fabricate and test suitable electronic devices which can unambiguously demonstrate 
topological protection and non-Abelian behavior. 


Among many obstacles, the materials issues are still of great importance: Many of the synthesized topological 
insulator materials exhibit bulk conductivity, while, in theory, only the surface is supposed to be conducting, while 
the bulk conductivity should be zero. Thus, an important goal of this project is to discover, develop, synthesize, and 
test novel topological systems approaching the ideal case in which the current is caried predominantly by the 
topological states. Another goal is to characterize these materials using available powerful techniques, providing 
access to the electronic spectrum structure, such as angle-resolved photoemission spectroscopy (ARPES).


As the material issues get improved, we target implementations of novel hybrid devices and structure involving 
the top-quality topological insulators interfaced with superconducting Nb films. In such systems, superconducting 
electrons penetrates into the topological insulator, due to the proximity effect. The induced superconductivity is 
expected to acquire topological properties of the host topological insulator.


The main plan is to fabricate multiterminal devices in which non-Abelian Majorana particles are predicted 
theoretically. The devices and systems should allow flexibility and control over the phase of the induced, complex-
function, superconducting order parameter. The guiding principle is that the Majorana states are expected in the 
segments of Josephson junctions at which the phase difference equals ?. If such condition is satisfied, the energy 
of the quasiparticles approaches zero, and, due to the underling topological properties, the localized qusiparticles 
should become the desired non-Abelian Majorana states.


The key feature of the Majorana zero modes is that they have a ground state degeneracy characterized by the 
so-called "parity". This degeneracy, if discovered, can be used for storing and processing quantum information in a 
topologically protected manner. Yet, they parity has not been observed in any experiment yet. Another fundamental 
property of the Majorana zero modes is called braiding. The physical meaning of this property is that if two 
Majorana localized modes are moved around each other then the ground state should change its parity. This way 
one hopes to be able to process quantum information in the future topologically protected quantum computers. 
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A long-term goal of this project is to design systems where such fundamental properties of the Majorana states 
could be demonstrated.


Practically, our approach is is to focus on arrays with multiple electrodes and multiple superconducting islands, 
coupled to high quality epitaxial topological insulator films. In such systems phase differences of the complex 
superconducting order parameter can be controlled by applying external magnetic fields. Thus, it should be 
possible to induce Majorana zero modes, which are expected to occur in Josephson vortices. The parity effect 
should be detectable as fluctuations of the net supercurrent in the system or fluctuations of the critical 
current/kinetic inductance. Thus, the braiding phenomenon can probably be tested by moving vortices in and out 
the array, assuming that some vortices will experience an entanglement of their paths. Precise control of the vortex 
position can also be achieved if calibrated current pulses are applied. Such braiding events should cause parity 
changes and should be detectable in transport or the kinetic inductance measurements.
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Accomplishments:  One major result of this project is the ultrahigh-resolution ARPES mappings of clean, bulk 
insulating (Bi1-xSbx)2Te3 (x~0.62) on superconducting Nb substrate as a function of TI film thickness and 
temperature. This material is extraordinary since it is an intrinsic topological insulator. The Fermi level in this 
material is tuned to the topological states and it avoids bulk conduction states. The results, combined with the 
previous studies of the Bi2Se3/Nb interface, reveal the pivotal role of bulk states in transiting superconductivity to 
the surfaces of TIs-Nb hybrid systems [ ]. 


This project is motivated by the following considerations. Topological superconductors are among the most 
unconventional states of matter, wherein exotic p-wavelike pairing and time-reversal symmetry can foster 
supersymmetry and zero-energy excitations called Majorana bound states. These emergent quasiparticles obey a 
non-Abelian statistics pertinent to topological quantum computing. Despite some recent progress, robust 
topological superconducting states remain elusive due to, often small, superconducting gap and low transition 
temperature in candidate materials. One promising alternative for realizing this state is to couple topological 
insulators (TIs) to a superconductor (SC) so that p-wave-like pairing is induced into the topological boundary states 
via the superconducting proximity effect. Thus, the proximity effect is at the focus of this project. 


In this project the superconductor of choice, needed to introduce superconductivity in the hybrid systems, is Nb. 
To circumvent the inherent difficulties in growing TIs on Nb substrates, a novel cleavage-based flip-chip method is 
employed (Fig.1), which upon cleaving yields the intrinsic TI films of specific thicknesses, even in the ultrathin-film 
limit, on superconducting bulk Nb films.

Figure 1. Photo and diagram of flip-chip sample structure before cleavage. (g) Similar as in (f) but after cleavage.




Proximity-induced superconducting gaps for slightly n-doped intrinsic topological insulator (Bi1-xSbx)2Te3 are 
quantified and contrasted with those of n-doped Bi2Se3/Nb from prior work conducted in the Eckstein group.  
Proximity induced is observed and it is found that it is significantly stronger in the Bi2Se3/Nb system. But this 
system has a much larger concentration of bulk carriers. Thus, an important conclusion is reached that the bulk 
state, which are also made superconducting du to the proximity effect, play a key role in inducing superconductivity 
in the top topological layer of the TI. 


The aeries of square arrays and triangular arrays has been produced (Fig.2) and systematic measurements 
have been performed (Fig.3). Each array is a lattice of superconducting Nb islands placed onto a topological 
insulator film, such as Bi2Se3 or (Bi1−xSbx)2Te3. The square arrays exhibit, reproducibly, a series of the critical 
current maximum, as the magnetic field is swept.



We demonstrate that placing an ordinary superconductor in a direct contact with a topological insulator (TI) enables 
topological superconductivity due to the proximity effect. Such systems have been predicted to harbor non-Abelian 
excitations known as Majorana zero modes. We have studied matching fields and the critical currents of square 
arrays of superconducting Nb islands placed onto topological insulator epitaxial films of Bi2Se3. The critical current 
temperature dependence is found in agreement with the Eilenberger theory, indicating ballistic transport and the 
existence of a global topological superconducting state induced in the TI film. If the number of flux quanta per unit 
cell, f, is an integer, the critical current showed a sharp local maximum. The effect is analogous to the Little-Parks 
effect: If f=n is an integer then each unit cell can accept n vortices, thus minimizing the circulating currents globally 
and reducing the energy to the level of the ground state at zero field. Unexpectedly, the expected critical current 
peak at f=2 was missing in our arrays. Thus, at such field (f=2) the usual 2π invariance of the array Hamiltonian 
breaks down, although the array remains superconducting globally. Interestingly, the value of the critical current at 
f=2 matches the estimated current carried by Majorana zero modes. We propose that such topological 
superconducting arrays can be used as sources of Majorana topological currents.
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Training Opportunities:  Training is provided to the students participating in this project. It includes cryogenic 
experiments, high precision electrical measurements, sample design, electron beam lithography and other 
nanofabrication techniques, metal deposition, programming in experiment-related languages, such LabView and 
Python, publishing research results, ethics of scientific research, oral presentations,

and others.

Results Dissemination:  The results on bulk-insulating topological insulator epitaxial films have been published in 
PHYSICAL REVIEW LETTERS 124, 236402 (2020).

One more publication, related to the missing peak effect in the square array is now under preparation.
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Major Goals 

Topological superconductors are among the most unconventional states of matter, wherein exotic 
p-wavelike pairing and time-reversal symmetry can foster supersymmetry and zero-energy 
excitations called Majorana bound states. Although potential applications of theoretically 
proposed topologically protected quantum computers are numerous, the basic demonstration of 
non-Abelian behavior has not been achieved yet. Thus, our major goal is to design fabricate and 
test suitable electronic devices which can unambiguously demonstrate topological protection and 
non-Abelian behavior.  
 Among many obstacles, the materials issues are still of great importance: Many of the 
synthesized topological insulator materials exhibit bulk conductivity, while, in theory, only the 
surface is supposed to be conducting, while the bulk conductivity should be zero. Thus, an 
important goal of this project is to discover, develop, synthesize, and test novel topological systems 
approaching the ideal case in which the current is caried predominantly by the topological states. 
Another goal is to characterize these materials using available powerful techniques, providing 
access to the electronic spectrum structure, such as angle-resolved photoemission spectroscopy 
(ARPES). 
 As the material issues get improved, we target implementations of novel hybrid devices 
and structure involving the top-quality topological insulators interfaced with superconducting Nb 
films. In such systems, superconducting electrons penetrates into the topological insulator, due to 
the proximity effect. The induced superconductivity is expected to acquire topological properties 
of the host topological insulator. 
 The main plan is to fabricate multiterminal devices in which non-Abelian Majorana 
particles are predicted theoretically. The devices and systems should allow flexibility and control 
over the phase of the induced, complex-function, superconducting order parameter. The guiding 
principle is that the Majorana states are expected in the segments of Josephson junctions at which 
the phase difference equals π. If such condition is satisfied, the energy of the quasiparticles 
approaches zero, and, due to the underling topological properties, the localized qusiparticles should 
become the desired non-Abelian Majorana states. 
 The key feature of the Majorana zero modes is that they have a ground state degeneracy 
characterized by the so-called "parity". This degeneracy, if discovered, can be used for storing and 
processing quantum information in a topologically protected manner. Yet, they parity has not been 
observed in any experiment yet. Another fundamental property of the Majorana zero modes is 
called braiding. The physical meaning of this property is that if two Majorana localized modes are 
moved around each other then the ground state should change its parity. This way one hopes to be 
able to process quantum information in the future topologically protected quantum computers.  
A long-term goal of this project is to design systems where such fundamental properties of the 
Majorana states could be demonstrated. 
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 Practically, our approach is is to focus on arrays with multiple electrodes and multiple 
superconducting islands, coupled to high quality epitaxial topological insulator films. In such 
systems phase differences of the complex superconducting order parameter can be controlled by 
applying external magnetic fields. Thus, it should be possible to induce Majorana zero modes, 
which are expected to occur in Josephson vortices. The parity effect should be detectable as 
fluctuations of the net supercurrent in the system or fluctuations of the critical current/kinetic 
inductance. Thus, the braiding phenomenon can probably be tested by moving vortices in and out 
the array, assuming that some vortices will experience an entanglement of their paths. Precise 
control of the vortex position can also be achieved if calibrated current pulses are applied. Such 
braiding events should cause parity changes and should be detectable in transport or the kinetic 
inductance measurements. 
 
Accomplishments Under Goals: 

1. Proximity Pairing in Topological (Bi1−xSbx)2Te3 Films on Niobium 

One major result of this project is the ultrahigh-resolution ARPES mappings of clean, bulk 
insulating (Bi1-xSbx)2Te3 (x~0.62) on superconducting Nb substrate as a function of TI film 
thickness and temperature. This material is extraordinary since it is an intrinsic topological 
insulator. The Fermi level in this material is tuned to the topological states and it avoids bulk 
conduction states. The results, combined with the previous studies of the Bi2Se3/Nb interface, 
reveal the pivotal role of bulk states in transiting superconductivity to the surfaces of TIs-Nb hybrid 
systems [1].  

 This project is motivated by the following considerations. Topological superconductors are 
among the most unconventional states of matter, wherein exotic p-wavelike pairing and time-
reversal symmetry can foster supersymmetry and zero-energy excitations called Majorana bound 
states. These emergent quasiparticles obey a non-Abelian statistics pertinent to topological 
quantum computing. Despite some recent progress, robust topological superconducting states 
remain elusive due to, often small, superconducting gap and low transition temperature in 
candidate materials. One promising alternative for realizing this state is to couple topological 
insulators (TIs) to a superconductor (SC) so that p-wave-like pairing is induced into the topological 
boundary states via the superconducting proximity effect. Thus, the proximity effect is at the focus 
of this project.  

 In this project the superconductor of choice, needed to introduce superconductivity in the 
hybrid systems, is Nb. To circumvent the inherent difficulties in growing TIs on Nb substrates, a 
novel cleavage-based flip-chip method is employed (Fig.1), which upon cleaving yields the 
intrinsic TI films of specific thicknesses, even in the ultrathin-film limit, on superconducting bulk 
Nb films. 
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Figure 1. Photo and diagram of flip-chip sample structure 
before cleavage. (g) Similar as in (f) but after cleavage. 

 

 Proximity-induced superconducting gaps for slightly 
n-doped intrinsic topological insulator (Bi1-xSbx)2Te3 are 
quantified and contrasted with those of n-doped Bi2Se3/Nb 
from prior work conducted in the Eckstein group.2 Proximity 
induced is observed and it is found that it is significantly 
stronger in the Bi2Se3/Nb system. But this system has a 
much larger concentration of bulk carriers. Thus, an 
important conclusion is reached that the bulk state, which 
are also made superconducting du to the proximity effect, 
play a key role in inducing superconductivity in the top 
topological layer of the TI.  

 The aeries of square arrays and triangular arrays has 
been produced (Fig.2) and systematic measurements have 
been performed (Fig.3). Each array is a lattice of 
superconducting Nb islands placed onto a topological 
insulator film (Bi1−xSbx)2Te3. The square arrays exhibit, 

reproducibly, a global superconductivity below ~0.2K (Fig.2). 

 

 
Fig.2. Results on the fabrication and testing of the topological arrays involving the intrinsic 
topological insulator. 
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Figure 3. Result of the systematic study of the proximity-induced superconductivity in the intrinsic 
topological insulator system (left), as compared to non-intrinsic topological insulator sample 
(right). 

 

2. Critical current and magnetic interference effects in topological superconducting arrays 
of Nb islands coupled through Bi2Se3 epitaxial films 

 The proximity effect and the search for Majorana states has been conducted in 
superconducting arrays, as presented below. The studied Nb-Bi2Se3-Nb arrays consist of Nb square 
islands arranged into a square lattice (Fig.3). The Nb islands are placed onto an epitaxial, 60 nm 
thick, Bi2Se3 film, as shown in Fig.3 (inserts). The lateral dimensions of niobium island are 1.2μm 
x 1.2μm and the thickness is 100 nm. The gap between neighboring islands is ~100-200 nm. The 
array is fabricated by electron beam lithography and plasma sputtering of Nb films and contains 
23 x 23 Nb islands, which act as quasi-independent superconducting electrodes. These islands 
introduce a superconducting order parameter, of a certain amplitude and phase, in the underlying 
TI, by the proximity effect. Due to the proximity effect, the topological insulator becomes 
superconducting, including the regions in between the Nb islands. Thus, the entire array becomes 
globally superconducting if the temperature is sufficiently low.  
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 (a)    (b) 

Fig.3 (a) Schematic of the sample: Nb square islands (grey) form a periodic square lattice (the 
array). The applied magnetic field penetrates mostly in the gaps between the islands. The Nb 
islands are placed over a topological insulator film (green). (b) Resistance versus temperature 
dependence for the array 3525-1. The top insert shows the schematic of the measurement circuit; 
the bottom insert is scanning electron microscope (SEM) image of a part of the array. The scale 
bar in black is 1 μm long.  

 

The resistance versus temperature dependence is shown in Fig.3. The resistance partial 
drop at 8 K is due to the superconducting transition of the Nb islands and the topological insulator 
regions located immediately below the islands. The second resistance drop (to zero), occurring at 
~2 K, signifies the establishment of global superconductivity involving the regions of the TI 
located between the islands. The voltage-current dependence, V-I curve, measured at 60 mK, is 
shown in Fig.4. The voltage is zero up to the critical current (Ic), meaning that phase slip diffusion 
does not take place (at this low temperature) as long as the current is below the critical current.  

 

Fig.4 A representative V-I curve of the superconducting 
array 3525-1 measured at 60 mK and nominally zero 
magnetic field. The critical current is marked by a sharp 
jump of the voltage from zero to a finite value of the order 
of 10 to 100 µV. 

 

The critical current as a function of temperature is shown in 
Fig.5. At higher temperatures, the dependence shows a positive curvature, which is suggestive of 
a ballistic transport. We perform a detailed analysis of the proximity effect. The fit is calculated 
under the assumption of ballistic electron transport, using Eilenberger equation.  
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Figure 5. Critical current versus temperature. 
The black circles represent the data, and the 
red fit is generated according to the theory of 
ballistic Josephson junctions15. The blue fit is 
generated according to the theory of diffusive 
junctions. Sample 3525-1. 

 

The ballistic theory predicts that the supercurrent, Is, supported by N surface modes can be 
calculated as 

 

𝐼௦ = 𝑁
2𝜋

ћ
𝑒𝑘஻𝑇𝑠𝑖𝑛𝜑 ෍ න 𝜇𝑑𝜇

ଵ
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where φ is the phase difference between the superconducting electrodes, 𝜇=𝑘x/𝑘𝐹 is the integration 
variable, 𝑘𝐹 is the Fermi wave vector, 𝑘𝑥 is a wave vector of ballistic mode along the junction (i.e., 

in the direction of the current flow), 𝑁 is the amount of conducting channels, 𝑡=
஽

ଶି஽
, D being the 

transparency of each of the two S/N interfaces, and 

 𝑄 = [𝑡ଶ𝑐𝑜𝑠𝜑 + ቀ1 + (1 + 𝑡ଶ)
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where L is a junction length, 𝜔௡ is Matsubara frequency. The coherence length is defined 

as 𝜉0=ℏ𝑣𝐹/𝜋𝑘𝐵𝑇𝑐, Ω𝑛=ට𝜔௡
ଶ + 𝛥ଶ𝑐𝑜𝑠ଶ ቀ

ఝ

ଶ
ቁ, and Δ is the gap induced into topological insulator 

crystal. The effective critical temperature, 𝑇𝑐, is defined formally through the BCS equality 
Δ=1.76kBTc, where Δ is a fitting parameter representing the energy gap induced in Bi2Se3 through 
the proximity effect of Nb islands. Here kB is the Boltzmann constant. The induced gap is assumed 
to depend on temperature according to the Bardeen-Cooper-Schrieffer (BCS) theory.  

For the ballistic theoretical model (red) used in generating the fit in Fig.5 the following 
parameters have been used: the effective critical temperature Tc = 1.82 K, the Fermi velocity vF = 
2.8x105 m/s,2 the length of the junction in the direction of the current flow L = 206 nm, the number 
of ballistic channels in the entire array, contributing to the supercurrent, N = 1090. This 
corresponds to N1=47 channels per junction. 

 The agreement with the theory is excellent (Fig.5). The theory captures the most prominent 
qualitative features of the measured curve Ic(T), namely that the curvature of the Ic(T) function is 
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positive at higher temperatures and it becomes negative at lower temperatures. The inflection point 
occurs roughly at the temperature which is twice lower than the critical temperature. 

 The fit calculated under the assumption of diffusive electronic transport has been tested 
also (Fig.5). The model differs from the data qualitatively since it predicts negative curvature in 
the entire temperature interval, while the data show a clear positive curvature at higher 
temperatures. 

The results presented above indicate that the transport in the array is ballistic. Thus, a 
global topological superconducting state can be conjectured in the topological insulator film. Non-
topological states could not provide ballistic transport since the mean free path is not sufficiently 
long in the bulk. Vortices induced by an external magnetic field in such superconductors have been 
predicted to sustain Majorana zero modes. Below we present transport measurements in 
perpendicular magnetic fields. 

 To quantify the applied perpendicular magnetic field, we express it in terms of the 
normalized flux per unit cell, f=𝛷/ 𝛷଴, where 𝛷=a2B is the flux per unit cell, a is the distance 
between the Nb island centers (the size of the unit cell), B is the applied field and 𝛷଴ =

2.06 × 10ିଵହ𝑊𝑏 is the flux quantum. The unit cell is a square, as is shown by a dashed line in 
Fig.4. The unit cell width equals the island width plus the width of the gap between neighbor 

islands. Each unit cell has two junctions, one horizontal and vertical 
junction, corresponding to rectangular yellow regions inside the 
dashed line square of Fig.6. 

 

Fig.6 A segment of the Nb-on-TI array is shown schematically. The 
magnetic field in this example satisfies the first matching condition, 
f=1, i.e., there is one vortex per unit cell. The vortex is shown 
schematically, as a single swirl present in each unit cell and located 

between the conners of the squares. Blue: flux-free area, i.e., the Meissner state of the 
superconducting Nb islands. Green: flux penetrating at the edges of the Nb islands. Yellow: 
topological insulator film, where superconductivity is induced due to the proximity effect. The 
black dashed line shows the square unit cell of the lattice having periodicity a=1.2 µm. 

 

 When a magnetic field is applied perpendicular to the unit cell, most of the field lines 
concentrate between the superconducting islands, due to the Meissner effect (Fig.3a, Fig.6). The 
field was always sufficiently weak so that vortices do not enter into the Nb islands. The number 
of induced vortices per unit cell is given by the normalized flux, f, defined above. So, if f=1, there 
is exactly one vortex in the unit cell. The most favorable arrangement is the square lattice of 
vortices shown in Fig.6. The vortices, schematically shown as swirls, represent points such that 
the phase winds by 2π on a closed path going around such points. Such vortex lattice, due to its 
perfect commensurability with the lattice of Nb islands, experiences the strongest pinning; also, 
this state represents the lowest energy of the system, which, in the limit of small islands, equals 
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the energy at zero field. Thus, the critical current is expected to show a sharp maximum at f=1. 
The measurement of the array resistance as a function of the perpendicular magnetic field confirms 
such expectations: The resistance exhibits a sharp minimum at f=1 (Fig.7).  

 

 

Fig.7 Sample 3525-1. Resistance versus 
magnetic flux per unit cell, normalized by the 
flux quantum. The red curve is measured at 
T=307 mK and a bias current of ~Ic/10. 

 

Magnetic field sweep (Fig.7) shows the 
device resistance oscillates as the flux per 
unit cell, f, is increased. In particular, another 
pronounced sharp drop of the resistance (and 
the corresponding sharp increase of the 

critical current) is observed at f=3, at which there are three vortices per unit cell. Such resistance 
minima at f=1 and f=3 are expected based on the argument that at integer values of f the induced 
vortex lattice is commensurate with the lattice of Nb islands and thus should be well pinned. This 
same condition corresponds to the energy minimization principle. So, the motion of vortices by 
the Lorentz force, and/or due to thermal fluctuations, is suppressed by the periodic pinning 
potential. Thus, the vortices move less and, correspondingly, the voltage and the resistance are 
strongly reduced. 

 In previous studies of non-topological arrays, the sharp resistance minima and CC maxima 
have been observed at all integer values of the normalized flux, f, including f=2. An unexpected 
result of our experiments on the topological superconducting arrays is that the peak corresponding 
to f=2 is absent.  

 Different competing structures of the vortex lattice are possible at the magnetic field bias 
f=2; they are illustrated in Fig.8. In the first case (Fig.8a) all the Josephson vortex centers 
accumulate at the points of the lowest induced superconducting gap, namely in the space between 
the four corners of the neighbor Nb squares. In such scenario the pinning of the vortex lattice 
should be strong at f=2, so the critical current should exhibit a strong maximum. The experiment 
clearly shows that this is not the case, so we conclude that the arrangement of Fig.6a is not realized 
in our arrays at f=2. Yet, based on the result of Fig.8, we conclude that the pinning amplification 
due to the commensurability effect does happen while at f=1 and f=3, i.e., at these values of the 
frustration coefficient the energy has a deep local minimum, and, correspondingly, the critical 
current exhibits a pronounced maximum. 
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                       (a)                  (b)  

Fig.8. Possible arrangement of the vortex centers (vortex cores), for the normalized flux f=2. The 
number of vortices per unit cell equals two in all cases. (a) Two vertices in each unit cell occupy 
the point of the lowest superconducting gap, namely the space between the four conners of the 
neighbor squares. (b) In the second scenario, the centers of the vortices are located inside (in the 
middle) of the Josephson junctions, thus suppressing the pair supercurrent due to the Fraunhofer 
effect.  

 

 Another possible scenario for the vortex arrangement, at f=2, is shown in Fig.8b. Since 
each unit cell of the array contains two junctions, the f=2 condition translates, at least 
approximately, into the condition that each junction contains one vortex, because there is one 
quantum of the applied magnetic flux in it. In the Fig.8b scenario, the suppression of the critical 
current occurs due to the Fraunhofer-type interference, since the supercurrent changes its sign 
within each junction, so the integral over the entire width of the junction is zero. Yet, the 
experiment shows that the critical current is not zero at f=2. This apparent disagreement with 
Fig.8b model is the key result of this experiment. 

 To further elucidate the anomalous behavior at f=2 we have measured another sample 
3525-2. This sample is very similar to 3525-1, except that the critical current is slightly lower since 
the distance between the edges of neighbor Nb islands was slightly larger. (This distance is referred 
to as the length of the junction, L.) The results (Fig.9) are presented in a form of a three-
dimensional (3D) color-coded plot of the differential resistance dV/dI. There, the x-axis is the 
magnetic field, and the y-axis is the bias current. The blue region is the region where the voltage 
is zero, so that the border of the blue region represents the critical current.  

 The Fig.9 leads to the following conclusions: (i) There is no local maximum of the critical 
current at f=2, while the maxima are clearly visible at f=0, 1, and 3. (ii) Broad critical current 
minima are observed at fields Hf, 2Hf, 3Hf, etc., which represent the condition of integer of flux 
quanta per junction. (iii) The condition f=2 occurs at a somewhat weaker field than the condition 
H=Hf. (iii) The critical current does not go to zero neither at f=2 nor at H=Hf. Thus, the magnetic 
Fraunhofer interference effect is not able to fully suppress superconductivity and bring the critical 
current to zero, as would be expected for in ideal non-topological junction.  
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Figure 9. Differential resistance, dV/dI, measured in Ohms, is plotted using the color-coding 
shown on the right side. The dV/dI is plotted versus the magnetic field (the horizontal axis) and 
the bias current (the vertical axis). The vertical black lines are periodically positioned with the 
period being HF, representing the Fraunhofer effect, i.e., integer numbers of the flux quantum 
penetrating each Josephson junction. The vertical arrows represent the normalized flux per unit 
cell of the array. T=60 mK.  

 

For the square array considered, the flux per unit cell, Φcell is about twice larger than the 
flux per junction, Φj, due to the geometry. Thus, there is a special value of flux of a particular 
interest, namely the case when the flux per unit cell equals two flux quanta, Φcell= 2Φ0. At such 
value of the external field Φj=Φ0, and thus the Josephson supercurrent between the Nb islands 
should be supposed to be zero, irrespective of the phase difference between the Nb islands. Such 
observation would explain why the expected maximum of the critical current is missing at f=2. 
This explanation appears to break down since a non-zero supercurrent is measured at Φcell=2Φ0.as 
well as at H=HF.  

To the best of our knowledge there is no fully developed theory of topological arrays which 
would be able to predict the arrangement of vortices at integer values of the flux and the 
corresponding critical current of the array. Below we propose an estimate to the effect observed.  

 The facts that the supercurrent does not go to zero at f=2 provides evidence that the 
Majorana zero mode (MZM) current, which is expected to occur between the MZMs localized at 
the cores of the vortices, contributes significantly to the measured total supercurrent. To confirm 
this possibility, we estimate the net supercurrent contributed by the hypothetical MZM. If each 
vortex contains one MZM and a pair of MZM is needed to sustain a supercurrent, as was argued 
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in the theory, then the total supercurrent will be equal to the supercurrent associated with one 
conduction mode multiplied by the number of islands, Nw, in a horizontal row of the lattice (here 
Nw=23). The estimate of the Majorana contribution to the supercurrent, as IM=Δ/Φ0. According to 
a direct measurement of the energy gap in Nb-on-Bi2Se3 bilayer systems the induced gap in the 
surface layers of the TI is Δ~1 meV. So, the Majorana current per a pair of vortices is 
IM2=Δ/Φ0=77 nA. This is the contribution of just one cell of the array, since each cell contains two 
vortices. The total MZM contribution is the number of cells across the array times the contribution 
from one cell of the array, i.e., IM,tot=Nw IM2=1.8 µA. This is in a reasonable agreement with the 
experimentally observed value of of the critical current at f=0, which is ~2.5 µA (Fig.9). Thus, the 
array can be used as a medium for Majorana current generation. The work is currently under 
preparation for publication. 

 

Training Opportunities 

Training is provided to the students participating in this project. It includes cryogenic experiments, 
high precision electrical measurements, sample design, electron beam lithography and other 
nanofabrication techniques, metal deposition, programming in experiment-related languages, such 
LabView and Python, publishing research results, ethics of scientific research, oral presentations, 
and others. 

 

Results Dissemination 

The results on bulk-insulating topological insulator epitaxial films have been published in 
PHYSICAL REVIEW LETTERS 124, 236402 (2020). The results on topological arrays are being 
prepared for publication. 
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