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Strained bulk HgTe is a three-dimensional topological insulator, whose surface electrons have a high
mobility ( ~ 30000 cm?/Vs), while its bulk is effectively free of mobile charge carriers. These properties
enable a study of transport through its unconventional surface states without being hindered by a parallel
bulk conductance. Here, we show transport experiments on HgTe-based Josephson junctions to investigate
the appearance of the predicted Majorana states at the interface between a topological insulator and a
superconductor. Interestingly, we observe a dissipationless supercurrent flow through the topological
surface states of HgTe. The current-voltage characteristics are hysteretic at temperatures below 1 K, with
critical supercurrents of several microamperes. Moreover, we observe a magnetic-field-induced
Fraunhofer pattern of the critical supercurrent, indicating a dominant 27-periodic Josephson effect in
the unconventional surface states. Our results show that strained bulk HgTe is a promising material system
to get a better understanding of the Josephson effect in topological surface states, and to search for the

manifestation of zero-energy Majorana states in transport experiments.
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A strained, undoped layer of HgTe thicker than approxi-
mately 50 nm is a three-dimensional topological insulator.
While HgTe does not exhibit an intrinsic band gap in its
bulk states, a strain-induced band gap is opened [1,2] when
a HgTe layer is epitaxially grown on a CdTe substrate.
Owing to the topological properties of HgTe, a single
family of gapless Dirac states appears at each of the two-
dimensional surfaces [3]. Transport measurements [4] and
terahertz experiments [5,6] have indeed confirmed that
two-dimensional Dirac states exist at the surface of
strained bulk HgTe. More recently, transport experiments
on Josephson junctions based on these HgTe layers have
demonstrated that superconductivity can be induced in the
topological surface states by proximity to a superconductor
[7]. Since Majorana fermions—particles that are indistin-
guishable from their own antiparticles—are expected to
emerge at the interface between a superconductor and a
topological insulator [8], superconducting weak links of
strained bulk HgTe are promising solid-state systems to
investigate the manifestation of such Majorana quasipar-
ticle excitations in transport experiments [9].

Josephson junctions are electronic devices consisting of
two superconductors connected by a weak link. Owing to
the coupling between both superconducting condensates,
Cooper pairs can be transferred dissipationless from one
superconductor to the other. This is the Josephson effect,
and it gives rise to a supercurrent through a weak link,

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOL

2160-3308/13/3(2)/021007(7)

021007-1

Subject Areas: Mesoscopics, Superconductivity, Topological Insulators

which has been studied extensively in a large variety of
material systems, from thin insulating layers to conducting
films, semiconducting nanowires, carbon nanotubes, and
graphene [10-15]. When a conducting material is sand-
wiched between two superconductors, the proximity effect
leads to induced superconductivity in the normal conduc-
tor, and electronic transport is mediated by Andreev bound
states (which are phase-coherent superpositions of electron
and hole excitations) [12,16]. It has been predicted that a
topological-insulator weak link supports nonchiral, zero-
energy Andreev modes in the surface states (when the
phase difference between both superconductors is ¢ = 7
or odd multiples of 7) [8]. These zero-energy modes are a
consequence of the induced p-like pairing symmetry of the
topological surface states, and they are intimately related
to Majorana fermions, which give rise to a 4m-periodic
Josephson effect [9,17].

Recent experiments have shown the first observation of
a Josephson supercurrent through topological insulators
Bi,Se; [18,19] and Bi,Te; [20,21]. However, these
Bi-based materials exhibit a residual bulk conductance
that dominates electronic transport and obstructs an un-
ambiguous investigation of induced superconductivity in
the topological surface states. Contrary to the Bi-based
topological insulators, the bulk of strained HgTe is effec-
tively insulating [4], enabling the exploration of the
Josephson effect in its topological surface states [7]. For
this reason, we have fabricated lateral HgTe-based
Josephson junctions (with closely spaced superconducting
Nb electrodes on the top surface [22]) to study the oc-
currence of Andreev bound states at the surface, and to
investigate superconducting transport through these un-
conventional states [Fig. 1(a)].
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FIG. 1. (a) Schematic picture of a lateral Josephson junction
based on a strained, undoped HgTe layer of 70 nm thickness. The
Dirac states residing at the surfaces of the HgTe layer form the
weak link between the Nb electrodes. Transport measurements
on such a junction are performed in current-bias mode while
measuring the voltage across the junction to investigate super-
conducting transport through the surface states. (b) Transport
measurements at 7 = 70 mK on a Hall bar device with L =
600 um and W = 200 um, based on the same HgTe layer as
the Josephson junction. The magnetic-field dependence of the
Hall resistance R,, shows the development of plateaus, implying
transport through two-dimensional states. The inset shows the
quantization of the Hall conductivity o, at odd as well as even
Landau level filling factors, characteristic of Dirac states at top
and bottom surfaces with slightly different densities [4]. This
observation demonstrates that the bulk conductance is negligible,
and transport is effectively through the topological surface states.

First we identify the origin of electronic transport in the
70-nm-thick strained HgTe layer that we used as a weak
link. For this purpose, we have fabricated, from the same
wafer as the superconducting devices described below, a
six-terminal Hall bar device with a channel length of
600 um and width of 200 um (same geometry as the
device in Ref. [4]), and measured the magnetic-field de-
pendence of its Hall resistance at cryogenic temperatures
[Fig. 1(b)]. From the low-field data, the mobility and
charge density of the conduction electrons are extracted:

u=26000 cm?/Vs and n~5.5X10"' cm™2. Interestingly,
Fig. 1(b) shows a series of quantization plateaus of the
Hall resistance when the magnetic field is increased above
B = 2 T. This observation provides evidence that transport
is effectively through two-dimensional states. The
magnetic-field dependence of the Hall conductivity [inset
of Fig. 1(b)] reveals the development of plateaus at o, =

2 2 2 . 2
Ze 3¢ 42 and weak plateaulike features close to o, = 2

and o, = % (comparable to the reported observations in
Ref. [4]). The appearance of quantum Hall plateaus corre-
sponding to even as well as odd filling factors, with the odd
ones being most robust at low magnetic fields, is character-
istic of a single family of Dirac states at the top as well as
the bottom surface with slightly different densities. This
implies that the bulk is effectively free of mobile carriers,
and electronic transport is predominantly through the two-
dimensional surface states of strained HgTe [4-7].

Having identified that electronic transport occurs effec-
tively through Dirac surface states, we can now investigate
transport through a lateral Josephson junction and study the
nature of induced superconductivity in the topological sur-
face states [Fig. 2(a); this junction has been fabricated from
the same HgTe layer by using two Nb contacts at the top
surface as superconducting electrodes [22]]. We measured
the differential resistance dV/dI of the junction as a func-
tion of current bias, temperature, and magnetic field in a
measurement setup equipped with appropriate low-pass
filters for supercurrent measurements [23]. In order to
have the Nb electrodes in the superconducting state, the
measurements were all done at temperatures well below the
critical temperature of Nb (7, = 9 K). Our measurements
at the base temperature (7' = 25 mK) of the dilution refrig-
erator clearly show two transport regimes [Fig. 2(b)]: A
dissipationless supercurrent appears in the junction when
the bias is lower than a critical value /. (i.e., R =0 if
I <1.), while a dissipating current occurs at higher current
bias (with R, = 50 ).

Let us inspect the resistive regime in more detail. When
dV/dl is plotted versus the measured voltage across the
junction [Fig. 2(c)], we observe that the differential resist-
ance slightly decreases when the voltage is below V =
2A/e = 2 mV (with A = 1 meV the superconducting gap
of Nb), indicating that Andreev reflections occur at both
HgTe-Nb interfaces, and that these interfaces are relatively
transparent [24]. Moreover, a clear feature is present at
V =A/e =1 mV, which can be attributed to multiple
Andreev reflections [24]. The subharmonic gap structure
related to higher-order Andreev reflections is missing,
probably because of smearing of the population of
Andreev bound states in the course of multiple passages
across a voltage-biased junction [25]. The smearing of the
distribution of Andreev levels may be viewed as a non-
equilibrium self-heating effect, as suggested previously for
InAs-based superconducting junctions [26]. The inset of
Fig. 2(c) shows that reproducible, aperiodic fluctuations
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FIG. 2. (a) Geometric dimensions of the Josephson junction and the corresponding energy diagram showing Andreev modes at finite-
energy (¢ > 0) and zero-energy values (¢ = 0). The presence of zero-energy modes is predicted to give rise to a 4sr-periodic
supercurrent through the topological surface states [8]. However, normal scattering in the weak link can remove unprotected zero
modes, leading to a 27r-periodic Josephson effect [9,17,35]. (b) Differential resistance versus current bias at 7 = 25 mK (ascending
bias sweep). In the high-current regime, the differential resistance converges to the value of the normal resistance R, = 50 (). When
the current is decreased below a critical value, the differential resistance drops to zero, corresponding to a supercurrent regime.
(c) Differential resistance plotted versus the voltage across the junction at T = 25 mK. When V < 2A /e, dV /dI decreases because of
Andreev reflections. The feature at V = A /e can be attributed to multiple Andreev reflections. The inset shows reproducible, aperiodic
fluctuations, which are related to the Josephson effect. The red (blue) curve is a bias sweep in the ascending (descending) direction.
The red and blue dashed, vertical lines indicate the switching (V) and retrapping voltages (V,), respectively. (d) Nonlinear I-V
characteristic of the junction at T = 25 mK (ascending bias sweep). The red dotted lines, with a slope corresponding to R,, = 50 (),
cross the V = 0 axis at a finite current value. This is the excess current I, = 4.5 A, which is directly related to Andreev reflections
in the junction [24,25,27,28].

are observable at V < 0.4 mV (where the current bias is
just above the critical current). These fluctuations originate
from the Josephson effect and will be discussed in more
detail when we consider the magnetic-field-dependent
measurements. The occurrence of multiple Andreev reflec-
tions at the HgTe-Nb interfaces gives rise to nonlinear
current-voltage (/-V) characteristics in the subgap regime
[Fig. 2(d); V <2A/e]. Even for V > 2A/e, Andreev re-
flection processes contribute to the total current through
the junction [27]. This results in an excess current (I..),
which is usually of the order of the critical current and
can be determined from the measurements of Fig. 2(d):

I,. =1(V)—V/R,~4.5 uA [where R, = 50 () is the dif-
ferential resistance and I(V) is the measured current at
V >2A/e; see red dotted lines in Figs. 2(b) and 2(d)].
Based on Blonder-Tinkham-Klapwijk theory [24,28] and
using the values of I, and R,, the transparency of the
HgTe-Nb interfaces can be estimated, yielding T;, = 0.5
[29]. This indicates that the interfaces have a moderate
transparency [11].

When we inspect the supercurrent regime of the junc-
tion, we clearly observe hysteresis in the measured /-V
characteristics [Fig. 3(a)]. The critical current correspond-
ing to the transition from supercurrent to resistive regime
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FIG. 3. (a) Ascending (red) and descending (blue) /-V char-

acteristics, showing pronounced hysteresis (7 = 25 mK). The
switching current, which is the critical current of the transition to
the normal-state regime, is larger than the retrapping current,
which is the critical current of the transition to the supercurrent
regime. (b) The temperature dependence of the switching
and retrapping current (I, and [,), showing that hysteresis is
absent at 7 > 1 K. Note that the supercurrent regime disappears
at T > 4 K. The inset shows hysteretic /-V characteristics in the
temperature range of 25-800 mK.

is larger than the critical current corresponding to the
transition from resistive to supercurrent regime—i.e., at
T =25 mK, the switching and retrapping current are
I, = 3.8 pAand I, = 2.5 uA, respectively. The tempera-
ture dependence of the I-V characteristics shows that
hysteresis is only present in the temperature range up to
1 K, whereas I, and I, exhibit approximately equal values
at higher temperatures [Fig. 3(b)]. Switching and retrap-
ping current decrease with increasing temperature, until

the supercurrent regime disappears at 7 > 4 K. Hysteresis
usually occurs in underdamped Josephson junctions, i.e., in
junctions that are effectively shunted by a large resistance
and capacitance [10,11]. However, the capacitance of our
lateral junction is very small (C = g¢tgcWgc/d =~ 34 aF,
where g is the vacuum permittivity, fsc = 90 nm is the
thickness of the superconducting electrodes, and Wgc =
8.5 um is the total width of the pair of parallel electrodes),
and the Stewart-McCumber parameter of the resistively
and capacitively shunted junction model is only B, =
2el ,R2C/h = 0.001 [11]. Since B, < 1, the junction is
overdamped, and no hysteresis is expected in the [-V
characteristics [11]. Alternatively, self-heating effects are
known to lead to hysteresis in Josephson junctions with
large critical currents [10,30]. In our junction, the power
density at the retrapping point is estimated to be P/Vgg=
I,V,/V¢s~10nW/um? (where Vgg ~ 0.01 wm? is an es-
timation of the volume corresponding to the surface states
through which the current flows). This value indeed sug-
gests that the observed hysteresis may well be due to
electron heating (since it is consistent with Ref. [30]).

The I.R, product—i.e., the critical current multiplied by
the normal state resistance—is a characteristic junction
parameter that provides useful information about super-
conducting transport through the Josephson junction. The
IR, product is usually around A /e for short junctions (i.e.,
junctions with a Thouless energy Ety, larger than the super-
conducting gap, A < Ep, = hD/L?, where D is the diffu-
sion constant and L is the junction length), while it is much
smaller for long junctions (i.e., junctions with Ep, < A)
[31]. For our junction, we obtain /.R, = 0.2 mV at the
lowest temperature, which is about 5 times smaller than
A/e = 1 mV. Possibly, this indicates that the junction is in
the long junction limit, where the superconducting coher-
ence length ¢ is smaller than the spacing d between both
Nb electrodes (i.e., £ < d = 200 nm). Alternatively, the
suppressed I.R,, product may be an indication of insuffi-
cient interface transparency [32].

The measurements discussed so far do not identify a
contribution from zero-energy Majorana bound states to
the supercurrent. Contrary to Andreev bound states in con-
ventional materials, which give rise to a 2-periodic
Josephson effect (/. = sin¢), the presence of zero-energy
Majorana states in topological insulators yields a
4qr-periodic Josephson effect [1. « sin(¢/2)] [8,9]. It is
therefore beneficial to study the current-phase relation to
identify a contribution from Majorana states to the super-
current. The critical supercurrent is maximal at zero field
and decreases with an increasing magnetic field in an oscil-
latory way, yielding a Fraunhofer diffraction pattern if the
supercurrent flows uniformly through the junction [11]. The
periodicity is AB = ®,/A for a 2sr-periodic supercurrent
(where @, = h/2eis the flux quantum, and A is the junction
area). However, it is predicted that the periodicity is twice as
large for a 47r-periodic supercurrent [9],i.e., AB = 2d,/A.
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Thus, exploring the magnetic-field dependence of the criti-
cal current of our junction is expected to be an effective
method to identify the nature of the supercurrent-carrying
states.

When we measure /-V characteristics as a function of an
applied perpendicular magnetic field, we clearly observe a
Fraunhofer-like diffraction pattern of the critical current,
with a periodicity of AB = 1.1 mT [Fig. 4(a)]. The pattern
deviates from a perfect Fraunhofer pattern, and it indicates
that the supercurrent is not fully uniform (note that mea-
surements on different junctions have shown that this
deviation is indeed sample specific) [11]. To determine
the magnetic flux through the junction, we need to consider
the effective junction area, which is larger than the
area between the electrodes, because the penetration
length of the niobium films in a perpendicular magnetic
field is approximately A = 350 nm [7]. Thus, the period-
icity of the Fraunhofer pattern corresponds very well
to AB =~ ®,/A, implying a dominating 2-periodic
supercurrent through the topological surface states [33].
Note that we do not expect Josephson screening currents
to affect our measurements because the junction is
in the narrow junction regime [i.e., the junction width
is smaller than the Josephson penetration depth:
W< = \/(DOtHgTeW/Zw,uOIC(d +2A) ~ 3.3 um, where
Mo 18 the vacuum permeability and fy,r. 18 the thickness of
the HgTe layer]. Also, flux-focusing effects are not ex-
pected to play a role in our junction because the planar
dimensions of the Nb electrodes are larger than A =
350 nm (i.e., the Nb electrodes are in the wide-electrode
limit [34]).

Besides a Fraunhofer pattern, Fig. 4(a) shows distinct
features in the resistive regime at currents just above the
critical current. These features are most pronounced above
the main lobe of the Fraunhofer pattern but are also clearly
visible above the first few side lobes. These features cor-
respond to the dV/dI fluctuations that we already observed
in Fig. 2(c) at small biases (V < 0.4 mV). To investigate
the origin of these fluctuations, we have measured dV/dI
versus V at different magnetic-field values ranging from
B =0 to 1.12 mT [Fig. 4(b)]. These data show that the
fluctuations are maximal at zero field and decrease with an
increasing magnetic field. At B = 1.1 mT, when one flux
quantum is captured in the junction (B = ®,/A), the fluc-
tuations vanish completely. Moreover, Fig. 4(a) shows that
the fluctuations appear and disappear with the same peri-
odicity as the Fraunhofer pattern. Obviously, these dV/dI
fluctuations are a manifestation of the Josephson effect in
the resistive regime [10]. However, the exact origin of
these fluctuations, which we observed in all HgTe junc-
tions studied so far, remains somewhat obscure.

In conclusion, our experimental data show that the
supercurrent through the topological surface states of
HgTe exhibits no clear signature of Majorana bound states.
In contrast to some recent claims in the literature [19], this
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FIG. 4. (a)Colorplot of dV/dI data versus current bias (ascend-
ing sweeps) and an applied magnetic field (T = 25 mK). The
dV /dI data are numerically derived from measured I-V character-
istics at different magnetic-field values. The yellow color corre-
sponds to the supercurrent regime (dV/dI = 0) and the red color
to the normal-state regime (dV/dI > 0). A Fraunhofer pattern
appears with a periodicity of AB = 1.1 mT (= ®,/A), providing
evidence that the supercurrent is carried predominantly by
27r-periodic Andreev bound states. The deviation from a perfect
Fraunhofer pattern indicates a nonuniform supercurrent through
the junction. (b) Measured dV/dI versus the voltage across the
junction (ascending bias sweeps) at different magnetic-field val-
ues (T = 25 mK). The amplitude of the reproducible, aperiodic
fluctuations is maximal at B = 0, decreases with the magnetic
field, and vanishes completely at B = 1.1 mT (when one flux
quantum is captured in the effective junction area). This implies
that the fluctuations originate from the Josephson effect. The
effective junction length of 950 nm incorporates the magnetic
penetration length of the Nb (see inset).

should not come as a surprise. Actually, theory expects that
quasiparticle scattering in the junction removes unpro-
tected, zero-energy modes, leaving an energy gap in the
Andreev bound states—similar to conventional junctions
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[12,35]. Effectively, the 47 periodicity of the unprotected
Andreev bound states turns into a 27 periodicity when the
spectrum is gapped. Only the zero-energy Andreev bound
states with the momentum perpendicular to the interface
are topologically protected and remain ungapped, but
since this number of modes is predicted to be orders of
magnitude smaller than the number of unprotected modes
[9,17], a 27r-periodic Josephson effect may dominate the
supercurrent—as is the case in our experiments. Moreover,
the emergence of zero-energy Majorana states depends
on the properties of the interface, such as the transparency
and the position of the Fermi level with respect to the Dirac
point of the topological states at the interface [36,37].
Although we do not observe a clear sign of the presence
of protected Majorana bound states, our results show that
strained bulk HgTe is a promising material system to get a
better understanding of the Josephson effect in topological
surface states, and to search for the manifestation of zero-
energy Majorana states in transport experiments.
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