
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Onset of a Two-Dimensional Superconducting Phase in a
Topological-Insulator–Normal-Metal Bi_{1-x}Sb_{x}/Pt

Junction Fabricated by Ion-Beam Techniques
Dong-Xia Qu, Nick E. Teslich, Zurong Dai, George F. Chapline, Thomas Schenkel, Sean R.

Durham, and Jonathan Dubois
Phys. Rev. Lett. 121, 037001 — Published 16 July 2018

DOI: 10.1103/PhysRevLett.121.037001

http://dx.doi.org/10.1103/PhysRevLett.121.037001


Onset of a two-dimensional superconducting phase in a

topological-insulator/normal-metal Bi1−xSbx/Pt junction

fabricated by ion-beam techniques

Dong-Xia Qu1, Nick E. Teslich1, Zurong Dai1, George F. Chapline1,

Thomas Schenkel2, Sean R. Durham1, and Jonathan Dubois1,

1Lawrence Livermore National Laboratory, Livermore, California 94550, USA

2Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Dated: June 26, 2018)

Abstract

Inducing superconductivity in a topological insulator can lead to novel quantum effects. However,

experimental approaches to turn a topological insulator into a superconductor are limited. Here,

we report on superconductivity in topological insulator Bi0.91Sb0.09 induced via focused ion beam

deposition of a Pt thin film. The superconducting phase exhibits a Berezinski-Kosterlitz-Thouless

transition, demonstrative of its two-dimensional character. From the in-plane upper critical field

measurements, we estimate the superconducting thickness to be ∼ 17 nm for a 5.5-µm-thick sample.

Our results provide evidence that the interface superconductivity could originate from the surface

states of Bi0.91Sb0.09.

PACS numbers: 73.23.-b, 74.10.+v
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Recently, there is a huge interest to generate superconductivity on the surface of a topo-

logical insulator (TI) [1–5] because of its prospect to realize a new topological phase of

matter, topological superconductor [6–8]. Significant efforts have been made to use the

proximity effect [9–11] or to drive the bulk state of a TI into superconductivity [12–19].

Alternatively, interface superconductivity between a normal material and a TI has also been

discovered [20–22]. It has been reported that the point contact between a normal metal and

Bi, Sb, or Bi1−xSbx alloy shows unusual properties that are ascribed to the presence of su-

perconducting clusters [20]. This phenomenon was explained as a result of the difference in

the contact potential, which generates an electric dipole layer at the junction and turns the

semimetal, Bi and Sb, or semiconductor Bi1−xSbx into a superconductor [20, 21]. However,

the role played by the spin-polarized surface states that were recently discovered in Bi1−xSbx

[23, 24] for inducing the observed superconductivity has not been studied. Whereas for the

Bi2Te3/FeTe heterostructure, interface superconductivity is hypothesized to arise from the

FeTe layer − the presence of the surface states in Bi2Te3 increases the electron density of

FeTe and turns FeTe into a superconductor [22]. It is well known that two-dimensional (2D)

superconductors with strong spin-orbit coupling could exhibit unconventional pairing sym-

metries, such as a hybrid singlet-triplet pairing [25, 26], Fulde-Ferrell-Larkin-Ovchinnikov

pairing [27], and ising pairing [28], because spin-orbit interaction locks the orientation of

electron spin to its momentum. It is unclear whether the superconductivity in normal

metal/Bi1−xSbx possesses a 2D or a three-dimensional property.

In this letter, we demonstrate superconductivity at the Pt/Bi0.91Sb0.09 interface created

by using a focused ion beam to directly write a Pt thin film onto a Bi0.91Sb0.09 single crystal.

We find that superconductivity in samples with a Bi0.91Sb0.09 thickness < 6 µm has a 2D

character evidenced by Berezinskii-Kosterlitz-Thouless (BKT) transition, the hallmark of a

2D superconductor [29–31]. From the Bi0.91Sb0.09-thickness-dependent upper critical field

measurements, we provide the first experimental evidence showing that the 2D supercon-

ductivity occurs in the surface states of a TI.

The samples are prepared by depositing a thin Pt layer with a thickness of 100 ∼ 200 nm

on the (111) surface of Bi0.91Sb0.09 single crystal [Fig. 1(a)]. The Pt films are grown in the

middle of the channel by focused ion beam (FIB) deposition with a Ga+ ion beam current

of 93 pA, as shown in Fig. 1(b). We fixed Au wires onto the bulk samples using silver

paste for four-point transport measurements. Table SI in the Supplementary Information
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(SI) summarizes the dimensions of Bi0.91Sb0.09 and Pt layers for six samples. The current

is first injected into Bi0.91Sb0.09 and then flows through the Bi0.91Sb0.09/Pt interface. The

voltage is measured along the junction area with a spacing of 40 ∼ 140 µm. A Helium-3

cryostat is used for cooling the samples down to 0.35 K and a superconducting magnet is

used for applying the magnetic field up to 6 Tesla.

Figure 1(c) shows the high resolution transmission electron microscope (HRTEM) im-

age of the clear interface between a FIB grown 200-nm-thick Pt film and the Bi0.91Sb0.09

substrate. The FIB deposited Pt film is amorphous at the interface, resulting in a slight

lattice disorder in the 2-nm-thick Pt-intercalated Bi0.91Sb0.09 layer. The Pt-intercalation

depth is estimated from the HRTEM imaging combining with the energy dispersive X-ray

spectroscopy analysis (Fig. S1, SI). The surface roughness of the substrate is estimated to be

less than ± 0.4 nm. There are no obvious dislocations away from the interface into the bulk

Bi0.91Sb0.09. For the Bi0.91Sb0.09 single crystals under study, the bulk electron and bulk hole

carrier concentrations are comparable and highly compensated with a density ∼ 8.6× 1016

cm−3, obtained from Hall and magnetoresistance measurements [24]. The Fermi level lies

inside the bulk band gap and crosses the surface hole band with an average Fermi wave

vector of kF = 0.033 Å
−1

.

The resistivity versus temperature ρxx(T ) profiles of Pt/Bi0.91Sb0.09 samples display a

resistance drop at T ∼ 1.89 K, whereas the pure Bi0.91Sb0.09 single crystal does not exhibit

such a transition, as shown in Fig. 2(a). The critical temperature Tc, defined as R(Tc) =

0.9× R(2.5 K), does not vary significantly with the sample thickness for all three samples.

We find that the resistance of the sample TT4 with t = 5.5 µm decreases by more than

97% from its normal state value although does not go to zero at the lowest temperature

T = 0.35 K. We attribute the non-zero resistance to the fact that a portion of the voltage

contact is anchored at the Bi0.91Sb0.09-Pt/Bi0.91Sb0.09 junction, where the normal material

reservoir induces a static electric field penetrating into the superconductor [32]. As shown in

the bottom inset of Fig. 2(a), the decreasing resistance corresponds to the standard theory

for proximity-induced superconductivity δR ∝ T−1/2 [33] at T < 0.8 K. We also observe

an additional step-like transition in the ρxx(T ) curves of two thick samples TT1 and T3

[arrows in the top inset of Fig. 2(a)]. We interpret this phenomenon as the existence of Pt

spreading layer deposited beyond the intended position via FIB. This is the so-called halo

effect [34–37] [Fig. S6, SI]. When we deposit a wide Pt layer covering the entire surface of
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Bi0.91Sb0.09, the step-like structure disappears (Fig. S5, SI).

Another interesting observation is the thickness-dependent ρxx(T ): the thinner samples

are more likely to reach smaller remaining resistance. From magneto-transport measure-

ments, we learn that the surface mobility is 6 times higher than the bulk mobility. With a

Fermi velocity vF of 1.1×105 m/s and a mean free path l = 917 nm for the surface state, we

get the normal-metal coherence length ξN of 491 and 190 nm for surface and bulk states,

respectively. When the sample thickness decreases, surface conduction becomes more dom-

inant in thinner samples, which could give rise to a lower residue resistance because ξN for

the surface state is more than 3 times larger than that of the bulk state. Moreover, since the

surface of Bi0.91Sb0.09 becomes superconducting, bulk electrons have to travel a longer dis-

tance from current leads to voltage leads than surface electrons, leading to a larger voltage

drop at the Bi0.91Sb0.09-Pt/Bi0.91Sb0.09 junction. We then expect thinner samples to display

a lower resistance at T < Tc.

We now examine the details of the current (I)-voltage (V ) characteristics of the sample

TT4 with t = 5.5 µm. It has been well known that for 2D superconductors, the movement

of thermally activated free vortex pairs should cause a nonlinear resistivity transition, the

BKT transition [29–31]. At low temperature, the superconducting state consists of ther-

mally excited bound vortex-antivortex pairs. Upon increasing temperature, the pairs break

and induce a peculiar resistance change [38–40]. The vortex unbinding temperature, BKT

temperature TBKT , can be identified in the temperature dependence of I − V relation, viz.

V ∝ Iα(T ) with α(TBKT ) = 3 as the exponent best fitting of the curve. Our I−V curves are

plotted on a log-log scale in Fig. 2 (b). Above Tc, the I−V characteristics are exactly linear.

As T falls below Tc, the curves are increasingly nonlinear. At T = TBKT , the I − V curve

follows a power law scaling of the form V ∝ I3. Below Tc, the current exponent increases, as

commonly observed in 2D superconducting films. The extracted α(T ) is shown in the inset.

We observe α(T ) approaches 3 at TBKT = 1.3 K, demonstrating that 2D superconducting

states are developed at the interface of Pt and Bi0.91Sb0.09. Moreover, the R(T ) dependence

also follows a BKT transition, consistent with our α-exponent analysis (Fig. S8, SI).

We next turn to the resistance measurement as a function of the magnetic field. Figure

3(a) shows the resistance R vs T curves in sample TT4 in a perpendicular magnetic field

stepping from 0 to 1.4 T. The T dependent critical fields, as defined by where R(Hc2, T ) =

0.9 × RN (RN is the normal state resistance taken at 2.5 K), are plotted in Fig. 3(b)
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for samples TT4 and TT1. For both samples, under a perpendicular magnetic field (open

squares) H⊥c2 shows a linear T dependence that follows H⊥c2 = φ0
2πξ(0)2

(1− T
Tc

), where φ0 is the

flux quanta and ξ(0) is the Ginzburg-Landau (GL) coherence length at T = 0. A linear fit

to the data close to Tc gives ξ(0) = 15.8 and 22.8 nm for TT4 and TT1, respectively.

The critical parallel field H
‖
c2, however, appears to be notably thickness dependent. For

TT4 with t = 5.5 µm, H
‖
c2 vs T displays a square root dependence that is consistent with the

behavior of a 2D superconductor H
‖
c2 =

√
3φ0

πξ(0)dsc
(1− T

Tc
)1/2, where dsc is the superconducting

layer thickness [22, 43, 44]. The square root fit yields dsc = 17.2 nm for TT4, which is far

less than the sample thickness 5.5 µm. For sample TT1, H
‖
c2 almost linearly depends on

T , with a H
‖
c2/H

⊥
c2 ratio roughly 4.6. Fitting H

‖
c2(T ) in sample TT1 for 0.89 < T/Tc < 1

[green curve, Fig. 3(b)] yields dsc = 33.4 nm that is about twice larger than that of sample

TT4. On the other hand, sample BB2 with t = 23 µm displays a stronger nonlinearity when

compared with sample TT1, although its H
‖
c2 vs T profile deviates from the 2D behavior

for T/Tc < 0.64 [orange curve, Fig. 3(b)]. By plotting the extracted dsc for five different

samples as a function of t in the inset of Fig. 3(b), we find that dsc scales down as t decreases,

suggesting 2D superconductivity become more dominant in thinner samples. Moreover, we

observe that the magnitude of H
‖
c2 is significantly enhanced in thinner samples, as discussed

in detail in Section 4 of SI [45–48].

In a conventional superconductor, superconductivity can be destroyed in the presence of a

large external magnetic field by the orbital and spin-Zeeman effects. In a 2D superconductor,

however, the orbital effect is limited by the film thickness in a parallel magnetic field, leading

to a square root T dependence of H
‖
c2. In contrast, in a 3D superconductor, H

‖
c2 scales

linearly as a function of T in both perpendicular and parallel field directions. In our case,

when decreasing the thickness of Bi0.91Sb0.09, we find that H
‖
c2 vs T systematically transforms

from a quasi-linear to a square root dependence, quantitatively characterized by a decreasing

2D superconducting thickness dsc. If the interface superconductivity only arises from the

bulk states, dsc should not vary with the sample thickness t, which, however, is in contrary

to the experimental observation [Fig. 3(b)]. Therefore, our results suggest that part of the

2D superconductivity originate from the surface states of a TI.

Figure 4(a) is a plot of differential resistance dV/dI vs I for different temperatures at

zero magnetic field. Two broad peaks in dV/dI are observed at ±0.35 mA, confirming that

the junction is superconducting [as illustrated by the arrows in Fig. 4(a)]. In addition to the
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broad peaks, there are multiple non-periodic sharp peaks, which could result from multiple

superconducting islands caused by inhomogeneity of the Pt layer. A peak could occur each

time the applied current exceeds the critical current of the two coupled islands [49, 50]. In

this case, the T -dependent 2D critical current is given by

I2D ∝ ∆(T )tanh[∆(T )/2kBT ] (1)

where ∆(T ) is the T -dependent superconducting energy gap and kB is the Boltzmann con-

stant [51]. With Tc = 1.89 K, we can achieve a very close fit by Eq. (1) to the T -dependent

critical current (ISc ), defined as the current at which the maximum sharp peak occurs for

sample TT4 [red line, Fig. 4(b)]. In contrast, the T -dependent critical current correspond-

ing to the broad peak (IBc ) is in good agreement with the BCS-like fit, typical for thin-film

superconductors [52, 53] [blue line, Fig. 4 (b)]. Furthermore, these sharp peaks are absent

in samples deposited with a large area Pt thin film and are suppressed by weak fields (Figs.

S7 and S10, SI [54, 55]).

To explain the origin of the 2D superconductivity at the interface of a normal metal

and a topological insulator requires more theoretical and experimental investigation. It was

recently discovered that the Pt-3D Dirac semimetal Cd3As2 point contact also displays su-

perconducting phase [56, 57]. Compared to previous work, in which superconductivity are

created at a nanometer-scale junction, we demonstrate that a micrometer-scale supercon-

ductivity can be generated in the surface states of a TI via FIB deposition. This fabrication

method might be used to induce unconventional superconducting phase in a 3D topological

Dirac semimetal as well. It is possible that the amorphous Pt layer changes the surface

carrier concentration in a way as to develop superconductivity. Moreover, the presence of

surface states may provide excess carriers and further increase the electron density near the

Pt layer, which helps to make the surface of Bi0.91Sb0.09 become superconducting. In the

future work, we can further investigate how the superconductivity varies with Sb doping

to find out the role played by the topologically protected surface states in the induced 2D

superconductivity, as Bi1−xSbx exhibits a topological phase transition at x = 0.04 [58].

In summary, we have demonstrated 2D superconductivity on the surface of a TI by

fabricating a Pt/Bi0.91Sb0.09 heterojunction. Superconductivity involving topological Dirac

surface states or spin-polarized 2D electron gas has recently been proposed as a platform to

support Majorana fermions. It has been predicted that a Josephson junction formed with a
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2D electron gas with strong spin-orbit coupling undergoes a topological phase transition in

a parallel magnetic field [59]. Our studies reveal that surface superconductivity in a 3D TI

is very different from that in an ordinary bulk material in terms of the thickness-dependent

R(T ) and H
‖
c2(T ) properties. The identification of 2D Josephson junctions and the sample

fabrication control reported here will provide an exciting starting point for future testing

of fundamental physics predictions such as supercurrent rectifying effect and topological

superconductivity.

We would like to thank Eric R. Schwegler, Yaniv J. Rosen, Sergey V. Pereverzev, and

Liang Fu for helpful discussion. This work was performed under the auspices of the US

Department of Energy by Lawrence Livermore National Laboratory under Contract No.

DE-AC52-07NA27344. The project was supported by the Laboratory Directed Research

and Development (LDRD) programs of LLNL (15-LW-018 and 16-SI-004).
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FIG. 1: (a) Sketch of the device structure and the measurement setup. (b) Scanning electron

microscope image of the sample. Inset is the enlarged top view of the region where the Pt layer

is deposited. (c) High resolution transmission electron microscope image of a Bi0.91Sb0.09/Pt

heterostructure.
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FIG. 2: (a) Resistivity ρxx vs temperature T profiles for four samples between 0.35 and 200 K.

Top inset: the normalized resistivity ρxx/ρxx(2.5 K) as a function of T for different samples.

Arrows indicate the additional step transition below Tc. Bottom inset: ρxx(T ) dependence of the

t = 5.5 µm sample, plotted on a T−1/2 scale. (b) Voltage V vs current I measurements of the
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The long black line corresponds to V ∼ I3 dependence. The inset shows the extracted power-law

exponent α as a function of T .
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linear fits to H⊥c2 ∝ 1−T/Tc. The green, orange, and blue curves are fits to H
‖
c2 ∝

√
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for sample TT4 is magnified by 1.25 times for maximum clarity. The inset shows the extracted 2D

superconductor thickness dsc vs the Bi0.91Sb0.09 thickness t. The line is the guide to eyes.
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