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We use superconducting quantum interference device microscopy to characterize the current-phase
relation (CPR) of Josephson junctions from the three-dimensional topological insulator HgTe (3D HgTe).
We find clear skewness in the CPRs of HgTe junctions ranging in length from 200 to 600 nm. The skewness
indicates that the Josephson current is predominantly carried by Andreev bound states with high
transmittance, and the fact that the skewness persists in junctions that are longer than the mean free
path suggests that the effect may be related to the helical nature of the Andreev bound states in the surface
of HgTe. These experimental results suggest that the topological properties of the normal state can be
inherited by the induced superconducting state, and that 3D HgTe is a promising material for realizing the
many exciting proposals that require a topological superconductor.
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Topological insulators (TIs) have a special band structure
with important consequences for proximity-induced
superconductivity. In  three-dimensional  topological
insulators (3D TIs), the inversion of the conduction and
valence bands leads to conducting 2D surface states with
energies that are linearly proportional to their momenta
[1-5]. Spin-momentum locking protects the charge carriers
at the surface against elastic backscattering [6,7]. These
special properties are reflected in the superconducting
proximity effect in a superconductor/3D topological insu-
lator (S/3D-TI) bilayer or a superconductor/topological
insulator/superconductor (S/TI/S) junction, which may
host Majorana quasiparticles in a quasi-1D channel or
vortex core [8—10]. Most previous works characterized
current-voltage characteristics to determine the critical
current’s dependence on temperature, gate voltage, or
magnetic field [11-22], while a few studies characterized
the current-phase relation (CPR) [23,24].

Here, we use a scanning superconducting quantum
interference device (SQUID) microscope to perform
contactless measurements of the diamagnetic response of
Nb/HgTe bilayers and of the CPR of Nb/HgTe/Nb
junctions. In contrast to previous CPR results [23,24],
we find no evidence for bulk states, and we observe that the
CPRs of many junctions of different sizes consistently
exhibit forward skewness.

The CPR in a S/TI/S junction is a key diagnostic
[8,25-32]. Weak disorder in the TI far from the
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superconducting contacts theoretically does not affect the
induced superconducting state [33,34]; therefore, Andreev
bound states should form in high-transmittance surface
channels [8,26,27,29,31]. A CPR with forward skewness
—that is, a deviation from a perfect sinusoidal form—is a
signature of such high-transmittance Andreev bound states
[35-37].

To our knowledge, there have not been direct observa-
tions of forward skewed CPRs in topological insulators
[23,24], although the skewness has been indirectly inferred
[24] from the Fraunhofer interference pattern. Previous
CPR experiments in topological insulators [23,24] were
complicated in part by bulk states, self-inductance effects,
and bias voltage, factors that are eliminated in this work.

Moreover, a skewed CPR can also result from ballistic
transport [35]. Measurements in metallic break junctions
showed that the CPR approaches the predictions for
quantum point contacts in the ballistic limit [38]. In
metallic atomic point contacts, the CPR was significantly
skewed only in contacts with very high transmittance
channels [36]. There are reports of skewed current phase
relations in graphene [39,40]. A skewed CPR was also
observed in Josephson junctions based on a two-
dimensional electron gas in semiconducting InAs with
an electron mean free path comparable to the junction size
[41]. Any observation of a skewed CPR in a S/TI/S
junction will thus have to be scrutinized as to the origins of
this particular shape.
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Unstrained bulk HgTe is a semimetal that is charge
neutral when the Fermi energy is at the touching point
between the light-hole and heavy-hole bands at the
Brillouin zone center [42]. Epitaxial HgTe layers may
readily be turned into a topological insulator by inducing
strain in the material [42]. In contrast to Bi compounds,
such layers exhibit no bulk conductance [42,43]. Our
samples are 65-nm-thick HgTe grown by molecular beam
epitaxy under coherent strain on a CdTe substrate, leading
to a 3D TI with a full gap of ~22 meV.

We measured the CPR in Nb/3D-HgTe/Nb junctions
(Fig. 1) using a scanning SQUID microscope. The field coil
of the SQUID sensor threads magnetic flux ®, through a
superconducting ring with a Nb/3D-HgTe/Nb junction;
this induces a phase drop ¢/27z~ ®,/P, across the

(b)

Field coil ickup loop

FIG. 1 (color online). Forward skewness in the CPRs of
Nb/3D-HgTe/Nb junctions. (a) False-color scanning electron
microscopy images of a representative Nb ring with a
Nb/3D-HgTe/Nb junction. The separation between the super-
conducting edges L and width W are 200 and 1000 nm,
respectively. (b) Schematic of a CPR measurement. A current
applied through the field coil produces an applied flux @,
through the sample ring. The applied flux creates a phase drop ¢
across the junction, inducing a supercurrent / in the ring. The
supercurrent modifies the magnetic flux through the pickup loop
of the SQUID sensor (red). (c) The CPRs of this junction and
three nominally identical ones (colored symbols) exhibit for-
ward skewness, in contrast to a perfectly symmetric sinusoidal
form (black solid line).

junction, where ®, is the superconducting flux quantum
(see the Supplemental Material [44] for the description of
the calibration procedure). The SQUID sensor detects
magnetic flux ® generated by the total current / in the
ring. Both nonscanning [41,55,56]and scanning [23] var-
iations of the present setup have been used in the past. The
advantages of the scanning setup include the ability to
measure a large number of samples in the same experiment,
small parasitic inductances (which allow direct, low-noise
measurements of the CPR), and a natural magnetic back-
ground signal cancellation in gradiometric SQUIDs [23].

A typical measured nonsinusoidal CPR at a temperature
of 400 mK is shown in Fig. 1(c). In the following text, we
refer to the deviation from the sinusoidal form as forward
skewness [57]. More specifically, we define the skewness
as the amplitude of the second harmonic in the Fourier
decomposition of the CPR. Fitting the measured CPR to the

functional form I(¢h) = I¢[sin(¢) — Asin(2¢)]/V1 + A?
determines both the skewness A and the critical current
1. (see the Supplemental Material [44]). Note that skewness
may also be defined as the phase (modulo 27) at which the
current is maximal; the values of the skewness estimated by
these two methods are linearly proportional for small
deviations of the CPRs from a perfect sinusoid.

Various inductance effects may lead to the appearance of
a skewed CPR. The parameters of our rings imply that they
have only a small self-inductance, which concentrates the
phase drop across the junctions, ruling out these effects as
described in the Supplemental Material [44].

The CPR depends on the junction width W, defined as
the superconducting line width [Fig. 2(a)]. Theoretically,
the critical current may increase with the number of
conducting channels, given by N = Wky/x, where kj is
the Fermi wave vector. Figure 2(b) shows normalized
CPRs, highlighting the similarity in the functional form.
Figure 2(c) shows that the critical current increases with
the width of the junction, consistent with a larger
number of conducting channels in wider junctions (see
the Supplemental Material [44]). The normalized curves
[Fig. 2(b)] and the dependence of the fitted skewness on
width [Fig. 2(d)] both demonstrate that skewness is nearly
identical for all L = 200 nm samples, regardless of width.

We measured the CPR in several junctions of length
200-600 nm [Fig. 3(a)], with the junction length defined as
the shortest distance between the superconducting leads.
While the amplitude of the periodic CPRs decreased with
junction length, the CPRs deviated from a sinusoidal form
even for the longest junctions shown in Fig. 3(a). To
emphasize this observation, we normalized the curves in
Fig. 3(a) by the critical current values [Fig. 3(b)]. The
critical current is plotted as a function of the junction length
in Fig. 3(c). The observed skewness varied from sample
to sample, but persisted even in the longest junctions of
600 nm [Fig. 3(d)].
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FIG. 2 (color online). Width dependence of the CPR. (a) CPR
in Nb/3D-HgTe/Nb junctions with width W = 300-1000 nm
and L = 200 nm, with fits (solid lines) to the S/3D-TI/S model
in the text. (b) Data from (a) normalized by the fitted critical
current; the same functional form is evident independent of
width. (c) Fitted critical current versus junction width for several
samples. (d) Fitted skewness versus width. Vertical error bars in
(c) and (d) are 68% confidence range of the fits of I(¢) =
Ic/V'1 + A%[sin(¢h) — Asin(2¢)] (see text); horizontal error bars
are estimates of lithography edge imperfections observed in the
SEM images [e.g., Fig. 1(a)]. Skewness does not vary substan-
tially with width.

To test whether the observed proximity effect primarily
occurs at the surface of the 3D HgTe, we measured
the magnetic susceptibility of Nb/HgTe and Nb/CdTe
bilayers; mesoscopic Nb disks were fabricated on HgTe
mesas or the bare, undoped CdTe substrate [Figs. 4(a) and
4(b)]. In previous work, we found that the total magnetic
susceptibility of superconducting Al layers fabricated on
Bi,Se; was much lower than that of similar Al layers
fabricated on bare oxidized silicon [23], indicating that the
inverse proximity effect of the bulk states in the Bi,Ses
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FIG. 3 (color online). Length dependence of the CPR. (a) CPR
in Nb/3D-HgTe/Nb junctions with nominal length L =
200-600 nm and W = 1000 nm. (b) Data from (a) normalized
by the fitted critical current. (c) Critical current versus junction
length. Skewness (d) versus junction length (solid circles).
Vertical error bars in (c) and (d) are 68% confidence range of
fits of I(¢p) = I/V'1 + A?[sin(¢p) — A sin(2¢)] (see text); hori-
zontal error bars are estimates of lithography edge imperfections
observed in the SEM images [e.g., Fig. 1(a)]. The skewness
persisted even in the longest measured junctions.

suppressed superconductivity. The bulk of 3D HgTe could
potentially be conducting due to dislocations or doping; in
the presence of high bulk conduction of the normal layer,
the inverse proximity effect is expected to manifest as a
suppressed superfluid density of the bilayer [23,58-60].
However, in the absence of bulk conduction, the total
superfluid density of a Nb/3D-HgTe bilayer is expected to
be close to that of the Nb layer alone. In this case, there is
no substantial suppression of the superfluid density due
to the inverse proximity effect because the conducting
surface layer is very thin compared to the Nb disk.
According to this logic, the comparable susceptibility
values of Nb/HgTe [Fig. 4(c)] and Nb/CdTe bilayers
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FIG. 4 (color online). Similar values of susceptibility were
determined for HgTe/Nb and CdTe/Nb bilayers, showing no
evidence of an inverse proximity effect in Nb on HgTe, and
supporting the assertion that conducting states are absent in the
bulk of the strained HgTe (see text). (a),(b) False-color scanning
electron microscopy images of typical Nb disks 2 ym in diameter
on (a) a HgTe mesa and (b) CdTe. (c),(d) Representative
susceptibility images and cross sections of Nb on (c) HgTe
and (d) CdTe. Four additional disk samples were measured,
giving similar results (data not shown). Orange dashed lines show
the location of the cross sections. Left-to-right skewness of the
cross sections is due to the leads and alignment of the SQUID
sensor. No evidence for the superfluid density suppression in
HgTe/ND bilayers is found.

[Fig. 4(d)], indicating no suppression of the total superfluid
density due to the inverse proximity effect between Nb and
strained HgTe, suggest that there is little or no bulk
conduction in the HgTe.

In fact, the Nb/HgTe disks appear to have a slightly
higher susceptibility compared to Nb/CdTe. This increased
susceptibility could be due to the Nb/HgTe structure
having a larger total superfluid density, either due to the
proximity effect or to surface morphology. However, it
could also be due to the fact that the Nb/HgTe disks are
slightly closer to the SQUID sensor, by ~100 nm. The
Supplemental Material [44] contains the estimated suscep-
tibility at different heights of the SQUID sensor; more
detailed modeling and height calibration would be needed
to distinguish between these possibilities. The absence of
signatures of the possible inverse proximity effect in the
superfluid density agrees with the previous observation of
an integer quantum Hall effect in the normal state, showing
that both the normal and the superconducting conductance
of HgTe are dominated by the surface states rather than by
bulk states [42].

S/normal metal/S junctions are characterized by the
quasiparticle mean free path ¢ and the superconducting
coherence length £ (both of the normal metal region).
Theoretical work is simplified for junctions that are either
short (L <« &) or long (L > £), and for junctions that are
either ballistic (L <« ¢) or diffusive (L > ). The clean-
limit coherence length is &, = hvy/zA, where % is

Planck’s constant, vy is the Fermi velocity in the TI,
and A is the induced gap. When &, > 7, it is natural to
define an effective coherence length £, which becomes
&~ (E7)Y? in the limit &, > £ [35].

Based on parameters determined from transport mea-
surements, junctions with L = 200 nm are the best candi-
dates to be in the limit of £, # 2 L. Transport measurements
on similar junctions indicate that the phenomenologically
determined induced gap is A= 0.1-0.2Ay, [12,20],
yielding a clean-limit superconducting coherence length
&y~ 800 nm for A =0.15 meV. The quasiparticle mean
free path is £ ~ 200 nm, as estimated from normal transport
data (see the Supplemental Material [44]).

To model the junctions theoretically, we consider
S/3D-TI/S junctions, where the S region describes the
surface state of the TI in the proximity with the s-wave
superconductor; the 3D TI is treated as a Dirac surface
state with a single cone. As shown in Ref. [61], a two-
dimensional conducting state under superconducting con-
tacts acts effectively as a two-dimensional superconductor
with an induced gap [61]. Therefore, the system in this
experiment can be treated as a two-dimensional normal
conductor (the HgTe surface between the two Nb leads)
making contact with a two-dimensional superconductor
with an induced gap (HgTe surface under the Nb contacts).
As shown in Ref. [31], theoretically the Josephson current
in such junctions is carried by helical Andreev bound states
characterized by spin-momentum locking similar to the
protected normal state. To determine whether our exper-
imental results can be described within this framework, we
extend the previous model [31] to junctions of finite length
(but still technically in the short junction limit), and fit the
measured CPRs of the L = 200 nm junctions. Our fitting
procedure allowed for two free parameters: the induced gap
A and the Fermi wave vector kz, which together with the
width determine the number of conducting channels N.

The data for 200-nm-long junctions are well described
by the ballistic junction model with a Dirac surface state,
as shown in Fig. 2(a). (The full expression for the
theoretical CPR is given in the Supplemental Material
[44]). Best-fit values of the induced gap ranged from ~0.12
to ~0.19 meV, consistent with previously reported values
in similar HgTe/Nb Josephson junctions [12,20]. Detailed
descriptions of the induced gap and number of channels
inferred from the fits, together with the fit confidence
ranges, are given in the Supplemental Material [44]. The
reduction of the fitted gap relative to the Nb gap (~1 meV)
has previously been shown to be related to the mismatch of
the Fermi surface parameters and the interface transparency
[61]. The variability in the fitted gap may be primarily due
to differences in the interface transparency. The best-fit
number of channels for the L = 200 nm junctions agrees
with the number of channels calculated using the geomet-
rical width. The superconducting transport through these
junctions is thus consistent with what is expected for a
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ballistic junction. Moreover, the involved surface states are
known to be of a topological origin [20,42]. From the
quasiparticle perspective, the forward skewness in the CPR
shows qualitatively that highly transmitting Andreev bound
states are important contributors to the Josephson current
[35]. The quantitative agreement with the model described
here (in particular, both the observed skewness and the
amplitude of the CPR) supports the interpretation of
ballistic quasiparticle transport through helical Andreev
bound states [31].

We observed that longer junctions had a reduction in the
critical current, but the skewness persisted. Although the
theory [31] that we used for the fits may not be strictly
applicable for the longer junctions, fits to the CPRs of the
longer junctions (see the Supplemental Material [44]) show
that the fitted number of channels is reduced with length
while the fitted gap is not much changed. This observation
indicates that while some channels become ineffective in
the formation of Andreev bound states (low transmittance),
other channels retain their high transmittance and dominate
the transport even in junctions with L = 600 nm.
Furthermore, the fact that these highly transmitting chan-
nels exist in junctions longer than the estimated mean free
¢ ~ 200 nm path suggests that the scattering in the induced
superconducting state is similar to that in the normal state
transport and may be influenced by the helical nature of the
Andreev bound states in the TI region between the leads
(rather than at the TI/S interface).

In summary, we have directly measured CPRs with
forward skewness in Nb/3D-HgTe/Nb junctions. The
skewness is present in the CPRs of all 16 measured
junctions, indicating the importance of highly transmitting
Andreev bound states for the superconducting properties of
these junctions. Although other models may produce
similar skewness, a theoretical model of S/3D-TI/S
junctions fits well to the CPRs of the 200-nm-long
junctions, suggesting that the helical nature of the
Andreev bound states may be important for the suppression
of backscattering, similar to the spin-momentum locking in
the normal state.

The experimental observation that the induced super-
conductivity inherits the properties of the topological
state in HgTe is an important milestone towards realizing
the many exciting theoretical proposals that require a
topological superconducting state [3,8—10,62—-65]. These
results further establish the CPR as an important diagnostic
for the basic physics of the Josephson effect in hybrid
mesoscopic junctions for fields spanning from supercon-
ducting digital electronics to quantum computation.
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