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We experimentally investigate Josephson current between two 5 um spaced superconducting indium leads,
coupled to a NiTez single crystal flake, which is a type-ll Dirac semimetal. Under microwave irradiation, we
demonstrate a.c. Josephson effect at millikelvin temperatures as a number of Shapiro steps. In addition to the
integer (n = 1,2,3,4,...) steps, we observe fractional ones at half-integer values n = 1/2,3/2,5/2 and 7/2,
which corresponds to 7 periodicity of current-phase relationship. In contrast to previous investigations, we do
not observe 47 periodicity (disappearance of the odd n = 1,3, 5, ... Shapiro steps), while the latter is usually
considered as a fingerprint of helical surface states in Dirac semimetals and topological insulators. We argue,

that our experiment confirms Josephson current through the topological hinge states in NiTe2: since one can

exclude bulk supercurrent in 5 um long Josephson junctions, interference of the hinge modes is responsible for
the 7 periodicity, while stable odd Shapiro steps reflect chiral character of the topological hinge states.

DOI: 10.31857/50044451024110117

1. INTRODUCTION

Like other topological materials [1-5], topologi-
cal semimetals acquire topologically protected surface
states due to the bulk-boundary correspondence (as a
recent review see [6]). In contrast to topological in-
sulators, Dirac semimetals are characterized by gap-
less bulk spectrum with band touching in some dis-
tinct Dirac points. In Weyl semimetals every touching
point splits into two Weyl nodes with opposite chiral-
ities. Fermi arc surface states are connecting projec-
tions of these nodes on the surface Brillouin zone, so
the topological surface states are chiral for Weyl mate-
rials [6]. For Dirac semimetals, the surface states are
helical, similarly to topological insulators [1].

The main problem of transport investigations is
to reveal the surface states contribution in topological
semimetals with gapless bulk spectrum [6]. In proxim-
ity with a superconductor, topological surface (or edge)
states are able to carry supercurrents over extremely
large distances [7—13], while the coherence length is
much smaller for the bulk carriers. Also, nonuniform
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supercurrent distribution is reflected in d.c. or a.c.
Josephson effect. For example, it may lead to the su-
perconducting quantum interference device (squid)-like
critical current suppression pattern [8,14,15] and/or to
the fractional a.c. Josephson effect [9,16,17] with half-

integer Shapiro steps.

For the typical Dirac semimetal CdszAss, observa-
tion of m and 47 periodic current-phase relationship
has been reported in Al-CdzAss-Al and Nb-CdsAss-
Nb junctions [13,16]. For the short 100 nm junctions,
the fractional a.c. Josephson effect (7 periodicity) is
connected with interference between the bulk and sur-
face supercurrent contributions [16], while the disap-
pearance of n = 1 Shapiro step (47 periodicity) reflects
the helical nature of topological surface states in Dirac
semimetals also for 1 pm long junctions [13].

Recently it has been understood, that besides the
well-known three-dimensional bulk Dirac states and the
two-dimensional Fermi-arc surface states, there should
be one-dimensional hinge states [18] at the intersections
between surfaces of Dirac semimetals [19,20]. Dirac
semimetals exhibit hinge states as universal, direct con-
sequences of their bulk three-dimensional Dirac points,
see Ref. [18] for details. These hinge states represent a
new kind of Chern-type insulator edge states, so they
are chiral even for Dirac semimetals [18,19]. The idea
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Fig. 1. (Color online) a — A sketch of a sample with In leads and external electrical connections. A thick (above 0.5 ;im) NiTes

mechanically exfoliated flake is placed on the pre-defined In leads pattern to form 5 um separated In-NiTez-In junctions. Electron

transport is investigated between two neighbor superconducting indium leads in a four-point technique, all the wire resistances
are excluded. b — An optical image of the indium leads pattern before transferring the NiTes single crystal flake

of the experiment [21] is to distinguish between differ-
ent types of current-carrying states since the coherence
length should be longer in the one-dimensional hinge
channel than that in the surface and bulk ones. As
a result, standard Fraunhofer interference pattern in a
short Josephson junction is changed to the squid-like
one for the 1 ym long CdsAss based junctions [21], be-
cause the supercurrent is dominated by several hinge
channels in the latter case.

Due to the topological origin, the effect should also
be independent on the particular material. NiTey is
a recently discovered type-II Dirac semimetal belong-
ing to the family of transition metal dichalcogenides.
Nontrivial topology of NiTes single crystals has been
confirmed by spin-resolved ARPES [22,23]. The bulk
coherence length £ is smaller in NiTe; in comparison
with CdsAss due to the smaller mean free path I,
which should further suppress the bulk supercurrent.
The contribution from the topological surface states
reveals itself as the Josephson diode effect in parallel
magnetic field [24,25].

Similarly to CdszAss Dirac material, hinge states
have been theoretically predicted [26] in NiTe,. Hinge
supercurrent has been demonstrated in the submicron-
size NiTey based Josephson junction as a (squid)-like
critical current suppression pattern due to the magnetic
field suppression of the bulk supercurrent [26]. Thus,
it is reasonable to study a.c. Josephson effect in long
NiTey junctions to confirm topological (chiral) nature
of the predicted hinge states in Dirac semimetals.

Here, we experimentally investigate Josephson cur-
rent between two 5 um spaced superconducting indium
leads, coupled to a NiTe, single crystal flake, which is a
type-1I Dirac semimetal. Under microwave irradiation,
we demonstrate a.c. Josephson effect at millikelvin
temperatures as a number of Shapiro steps. In addi-
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tion to the integer (n = 1,2,3,4,...) steps, we observe
fractional ones at half-integer values n = 1/2,3/2,5/2
and 7/2, which corresponds to 7 periodicity of current-
phase relationship. In contrast to previous investiga-
tions, we do not observe 47 periodicity (disappearance
of the odd n = 1,3, 5, ... Shapiro steps).

2. SAMPLES AND TECHNIQUE

NiTes was synthesized from elements, which were
taken in the form of foil (Ni) and pellets (Te). The
mixture was heated in an evacuated silica ampule up to
815° C with the rate of 20 deg/h, the ampule was kept
at this temperature for 48 h. The crystal was grown
in the same ampule by the gradient freezing technique
with the cooling rate of 10 deg/h. As a result, we ob-
tain 80 mm long and 5 mm thick NiTe, single crystal,
with (0001) cleavage plane.

The powder X-ray diffraction analysis (Cu Kal ra-
diation, A = 1.540598 A) confirms single-phase NiTe,
with P-3m1 (164) space group (a = b = 3.8791 A,
¢ = 5.3005 A), see Fig. 1a. The known structure
model is also refined with single crystal X-ray diffrac-
tion measurements (Oxford diffraction Gemini-A, Mo
Ka). Nearly stoichiometric ratio Nij_,Tey (x < 0.06)
is verified by the energy-dispersive X-ray spectroscopy.

The quality of our NiTes material was also tested in
standard four-point magnetoresistance measurements,
see Ref. [25] for details. In particular, nonsaturating
longitudinal magnetoresistance [27,28] was confirmed
for our NiTes samples in normal magnetic field [25]. It
is important, that four-point resistance is finite (0.1 §2)
between two 5 pum spaced Au leads in zero magnetic
field, so there is no bulk superconductivity [29] for
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Fig. 2. (Color online) Standard Josephson I — V' characteristics for three different In-NiTez-In samples with different critical cur-
rents and normal resistances (blue and green curves in (a), blue curve in (b)), obtained at 30 mK temperature in zero magnetic
field. The current sweep direction is from the positive to negative currents, which is the origing of I —V asymmetry. Suppression
of the zero-resistance state is shown in (a) for B = 13 mT normal to the plane magnetic field (red curve) at 30 mK temperature
and in (b) for different temperatures in zero field. Inset shows the normalized critical current temperature dependence I.(7")/1.(0)

NiTeq single crystal flakes at ambient pressure even at
millikelvin temperatures [25].

Fig. 1a shows a sketch of a sample. Despite
NiTes can be thinned down to two-dimensional mono-
layers, topological semimetals are essentially three-
dimensional objects [6]. Thus, we have to select rela-
tively thick (above 0.5 um) NiTes single crystal flakes,
which also ensures sample homogeneity.

Thick flakes require special contact preparation
technique: the In leads pattern is firstly formed on a
standard oxidized silicon substrate by lift-off, as de-
picted in Fig. 1b. The 100 nm thick In leads are sepa-
rated by 5 pum intervals, which defines the experimen-
tal geometry. As a second step, the fresh mechanically
exfoliated NiTes flake is transferred to the In leads pat-
tern and is shortly pressed to the leads by another oxi-
dized silicon substrate, the latter is removed afterward.
The substrates are kept strictly parallel by external
metallic frame to avoid sliding of the NiTey crystal,
which is verified in optical microscope. As a result,
planar In-NiTes junctions are formed at the bottom
surface of the NiTes single crystal flake in Fig. 1 a, be-
ing separated by 5 pum intervals, as depicted in Fig. 1 b.
As an additional advantage, the In-NiTe, junctions and
the surface between them are protected from any con-
tamination by SiOs substrate, since they are placed at
the bottom side of a thick NiTey flake in Fig. 1 a.
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This procedure provides transparent In-NiTes junc-
tions, stable in different cooling cycles, which has been
verified before for a wide range of materials [8,9,11,
25,30,31]. Thus, they are suitable to form long In-
NiTes-In SNS structures. The mean free path [, can
be estimated as [, =4 pm in NiTey from the four-point
resistance [25], so it is smaller than the L = 5um in-
tervals between indium leads in Fig. 1. L should be
compared [32,33] with the coherence length of the dif-
fusive SNS junction

¢ = (lhol /7Ai)"? ~ 300 nm,

where Fermi velocity 107 cm/s,
Arp 0.5 meV is the indium superconducting
gap [34]. Due to the obvious relation L/£ > 10, one
can not expect bulk Josephson current in our L = 5um
long In-NiTes-In SNS structures. This estimation
well corresponds to the results of Ref. [25], where

; N
1S vp

~
~

and

there was no bulk contribution to the supercurrent on
the pristine NiTes surface between two 1 pum spaced
superconducting leads.

We study electron transport between two supercon-
ducting indium leads in a four-point technique. An ex-
ample of electrical connections is shown in Fig. 1a:
one In electrode is grounded, the current I is fed
through the neighboring one; a voltage drop V' is mea-
sured between these two indium electrodes by indepen-
dent wires. In this connection scheme, all the wire
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resistances are excluded, which is necessary for low-
impedance In-NiTes-In junctions (0.25-5 Ohm normal
resistance in the present experiment).

The indium leads are superconducting below the
critical temperature [34] T, ~ 3.4 K. However, we
observe Josephson current only below 1 K, so the mea-
surements are performed in a dilution refrigerator with
30 mK base temperature. For a.c. Josephson effect
investigations, the sample is illuminated by microwave
(rf) radiation through an open coaxial line. Due to
specifics of the dilution frige, we have to restrict rf ra-
diation by 0.5 GHz frequency and 7 dBm power, the
bath temperature is always below 60 mK in this case.

3. EXPERIMENTAL RESULTS

To obtain I — V characteristics, we sweep the d.c.
current I and measure the voltage drop V, see I — V
curves in Fig. 2 for three different samples. The normal
In-NiTes-In junction resistance varies from ~ 0.2 {2 in
(a) to 5 Q in (b), due to the different overlap between
the NiTes flake and In leads for different samples.

In zero magnetic field and at low 30 mK tempera-
ture, Fig. 2 shows standard Josephson behavior, despite
of L >> ¢ for the present In-NiTeo-In junctions: (i) by
the four-point connection scheme we directly demon-
strate zero resistance region at low currents. (ii) The
non-zero resistance appears as sharp jumps at current
values I, =~ 0.05 — 0.4 mA for different samples. The
current sweep direction is from the positive to negative
currents, so the cricical Josephson current is character-
ized by left (negative) I —V branch. The obtained I,
values are much smaller than the critical current for the
indium leads, which can be estimated as =~ 30 mA for
the leads’ dimensions and the known [35] indium criti-
cal current density j ~ 3-10°A /cm?. (iii) I — V curve
can be switched to standard Ohmic behavior, if the
supercurrent is suppressed by magnetic field (13 mT)
or temperature (above 0.5 K), see (a) and (b), respec-
tively.

Inset to Fig. 2 b shows the normalized critical cur-
rent temperature dependence I.(T), which is unusual
for long L > ¢ diffusive L >> I, SNS junctions [32,33].
On the other hand, one can not expect bulk Josephson
current for L/¢ > 10 for our In-NiTep-In structures,
while the topological surface states carry the Josephson
current in Refs. [24-26] probably due to the backscat-
tering suppression.

The main experimental finding is the observation
of fractional a. c. Josephson effect with 7 periodicity of
the current-phase relationship.
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Fig. 3. (Color online) Differential dV/dI(I) characteristics of
the In-NiTez-In junctions under rf (0.5 GHz, 7 bBm) irradia-
tion through an open coaxial line. The data are obtained in
zero magnetic field, the sample temperature is always below
60 mK. Shapiro steps with integer numbers n = 1,2,3,4, ...
can be seen as sharp equidistant dV/dI peaks. We check,
that the peaks well correspond to the centers of the steps
in usual d.c. I — V curves (e.g., in the left inset, where
Shapiro steps at V' = nhf/2e levels are depicted by dashed
lines). In addition to the integer steps, there are fractional
onesatn =1/2,3/2,5/2 and 7/2 as small dV'/dI peaks, some
dV/dI(I) asymmetry is connected with the current sweep di-
rection. Right inset shows qualitatively similar dV/dI(I) be-
havior with half-integer Shapiro steps for another sample, so
the main experimental finding is the observation of fractional
a.c. Josephson effect with 7w periodicity of the current-phase
relationship

Differential dV/dI(I) characteristics under rf irra-
diation are shown in in Fig. 3. Dilution fridge restricts
radiation frequency (0.5 GHz) and power (7 dBm) to
avoid sample overheating through the coaxial lines.
The power at the sample is unknown, but the base
temperature is always below 60 mK under irradiation.
In these conditions, dV/dI(I) curves allows to increase
resolution of Shapiro steps in Fig. 3: the d.c. current I
is additionally modulated by a low (100 nA) a.c. com-
ponent, the a.c. (~ dV/dI) voltage is measured by a
lock-in amplifier. The signal is confirmed to be inde-
pendent of the modulation frequency within 100 Hz —
10kHz range, which is defined by the applied filters.

Shapiro steps with integer numbers n =1,2,3,4, ...
can be seen as sharp equidistant dV/dI peaks, see
the main field of Fig. 3. We check, that they are
the peaks which well correspond to the centers of the
steps in usual d.c. I — V curves, see the left inset
to Fig. 3. Thus, we should concentrate on the peaks
(not dips) while considering differential dV/dI(I) char-
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Fig. 4. (Color online) Integer and half-integer dV/dI peaks for different temperatures (30 mK, 0.1 K, 0.2 K, 0.3 K, 0.4 K and

1.2 K) (a) and magpnetic fields (from 0 to 1.6 mT with .16 mT step) (b). Shapiro steps are not sensitive to low B << B, =~ 13 mT

magnetic fields in (b), while they are moving to lower currents above 200 mK and disappear above 0.4 K in (a), the half-integer

steps disappear earlier. This behavior principally reflects the Josephson supercurrent behavior, as it can be expected for Shapiro
steps. Magnetic field is normal to the sample plane in (b)

acteristics, probably due to the imperfect steps’ shape
at low frequency and power. Shapiro steps are placed
at V = nhf/2e in the inset to Fig. 3, as it should be
expected for typical SNS junctions with trivial 27 pe-
riodicity in current-phase relationship I; ~ sin(¢).

In addition to the integer steps, we observe small
but clearly visible fractional ones at n = 1/2,3/2,5/2
and 7/2 as small dV/dI peaks. The peaks appear at
low currents I, they can be seen both for positive and
negative currents. Some dV/dI(I) asymmetry is con-
nected with the current sweep direction from the pos-
itive to negative current values, so the right dV/dI(I)
branch is obtained while sweeping from the resistive
sample state. Thus, we demonstrate 7w periodicity of
the current-phase relationship for the fractional a.c.
Josephson effect in long In-NiTes-In junctions.

This behavior is well-reproducible for different sam-
ples, e.g. dV/dI(I) curve under rf irradiation is pre-
sented in the right inset to Fig. 3 with integer and
half-integer Shapiro steps. It is important, that this
reproducibility is inconsistent with sample fabrication
defects, e.g. parasite shorting of In leads. As addi-
tional arguments against fabrication defects, the thick-
ness of the indium film is chosen to be much smaller
than the leads separation (100 nm<< 5um) to avoid
parasite shortings. The zero-field critical current val-
ues for the present In-NiTes-In junctions well corre-
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spond to ones in Ref. [25], despite different materials
of the superconducting leads. Josephson effect is fully
suppressed above 0.5 K and at 13 mT magnetic field
in Fig. 2, which is also far below the values for pure
indium [34]. Thus, we should conclude that long In-
NiTeq-In junctions show half-integer steps (7 periodic-
ity of the current-phase relationship ) due to the prop-
erties of NiTey Dirac semimetal.

The step positions are stable at low temperatures in
Fig. 4 a, while they are moving to lower currents above
200 mK and disappear above 0.4 K. dV/dI peaks are
also not sensitive to low B << B, ~ 13 mT magnetic
fields, see Fig. 4b. This behavior principally reflects
the critical current I. behavior in Fig. 2, as it can be
expected for Shapiro steps. The half-integer steps dis-
appear earlier in Fig. 4 a.

4. DISCUSSION

First of all, there is no bulk superconductivity [29]
for NiTe, single crystal flakes at ambient pressure even
at millikelvin temperatures. Bulk superconductivity is
known for pressurized Te-deficient NiTeqs [29], but it
can be ruled out in our case, since (i) bulk superconduc-
tivity is not observed for our NiTey crystals according
to four-point resistance data in Ref [25]; (ii) X-ray spec-
troscopy reveals almost stoichiometric Nij_,Tes crystal
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with a slight Ni deficiency (z < 0.06); (iii) there is no
external pressure in the present experiment.

On the other hand, topological surface states carry
the Josephson current on the pristine NiTe; sur-
face [24-26]. Because of topological protection, sur-
face states can efficiently transfer the Josephson cur-
rent, which is reflected in slow I.(T") decay in the inset
to Fig. 2b. In this case, it is quite natural to observe
integer Shapiro steps at V' = nhf/2e, as it should be
expected for typical SNS junctions with trivial 27 pe-
riodicity in current-phase relationship I; ~ sin(¢).

The specifics of our In-NiTes-In junctions is the
fact, that we do not observe 4w periodicity in a.c.
Josephson effect: the integer n = 1 Shapiro step is
as strong as the n = 2 in Fig. 3, while the maximum rf
power value covers the range of n = 1 disappearance in
Refs. [13,16]. Moreover, the even sequence of Shapiro
steps is usually observed [38] when frequency is below
1 GHz, similarly to our experiment. 4m periodicity is
connected with the helical nature [6] of topological sur-
face states in Dirac semimetals [13,16] and topological
insulators [38]. Thus, we should explain both the pres-
ence of 7 periodicity and why we do not see 47 one in
comparison with [13,16].

As the main experimental finding, fractional a.c.
Josephson effect with 7 periodicity of the current-phase
relationship appears as half-integer n = 1/2,3/2,5/2
and 7/2 Shapiro steps. For standard SNS junctions,
higher weak-link transparency results in a more skewed
current-phase relationship [17,36,37], which is usually
the origin of half-integer Shapiro steps. For our long
¢ << L junctions, one could expect that it is high elec-
tron mobility in topological surface states that leads to
skewed current-phase relationship [37].

Even in this case, one should expect inteference be-
tween one-dimensional channels [39-43], which, for ex-
ample, appears for nontrivial Josephson current dis-
tribution in topological materials [9,16,17]. Recently,
m-periodic sin(2¢) current-phase relationship has been
predicted and experimentally demonstrated for dif-
ferent realizations of superconducting quantum in-
terference devices [44-46]. For short CdszAse Dirac
semimetal junctions [13,16], interference (7 periodicity)
could appear if both surface and bulk carriers trans-
ferred Josephson current in parallel.

Each conduction channel, including the bulk Dirac
fermions, Fermi-arc surface states, and topological
hinge states, can be distinguished based on their dif-
ferent superconducting coherence lengths by increas-
ing the channel length of the Josephson junction. In
our case, one cannot expect [32,33] the bulk Joseph-
son current for 5 pm long In-NiTes-In junctions, be-
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cause of small bulk coherence length ¢ << L. Helical
surface states can transfer Josephson current for 1 pym
distance [25], while it is much smaller than L = 5 ym
for our In-NiTes-In junctions. Also, we do not observe
47 periodicity, which is the fingerprint of helical surface
states.

On the other hand, hinge states [19,20] have been
theoretically predicted [26] and experimentally demon-
strated [26] in NiTey type-II Dirac semimetal. Inter-
ference of the hinge modes can explain all our obser-
vations: Josephson current for unprecidingly long In-
NiTes-In junctions, and observation of 7 periodicity
without the 47 one. (i) The coherence length should
be longer in the one-dimensional hinge channel than
that in the surface and bulk states, giving rise to the
supercurrent being dominated by the hinge channels in
long Josephson junctions [21]. (ii) For one-dimensional
hinge states, one can expect interference of supercur-
rent through the states localized at the intersections
between surfaces, i.e. fractional a.c. Josephson effect
with 7 periodicity [39-43]. (iii) Topological hinge states
inherit the chiral property of the Chern insulator edge
states [18,19], so they should not demonstrate 47 peri-
odicity of the current-phase relationship.

Thus, our experiment can be considered not only
as demonstration of transport through the topological
hinge states in NiTes Dirac semimetal, but also as the
confirmation of their chiral property.

5. CONCLUSION

As a conclusion, we experimentally investigate
Josephson current between two 5 ym spaced supercon-
ducting indium leads, coupled to a NiTes single crystal
flake, which is a type-II Dirac semimetal. Under mi-
crowave irradiation, we demonstrate a. c. Josephson ef-
fect at millikelvin temperatures as a number of Shapiro
steps. In addition to the integer (n = 1,2,3,4,...)
steps, we observe fractional ones at half-integer values
n=1/2,3/2,5/2 and 7/2, which corresponds to 7 pe-
riodicity of current-phase relationship. In contrast to
previous investigations, we do not observe 47 period-
icity (disappearance of the odd n = 1,3,5,... Shapiro
steps), while the latter is usually considered as a fin-
gerprint of helical surface states in Dirac semimetals
and topological insulators. We argue, that our experi-
ment confirms Josephson current through the topolog-
ical hinge states in NiTes: since one can exclude bulk
supercurrent in 5 um long Josephson junctions, inter-
ference of the hinge modes is responsible for the 7 pe-
riodicity, while stable odd Shapiro steps reflect chiral
character of the topological hinge states.
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