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Observation of an edge supercurrent in the Weyl superconductor MoTe;.
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Edge supercurrents in superconductors have long been an elusive target. Interest in them has
reappeared in the context of topological superconductivity. We report the observation of a robust
edge supercurrent in the Weyl superconductor MoTes. In a magnetic field B, fluxoid quantization
generates a periodic modulation of the edge condensate observable as a “fast-mode” oscillation of the
critical current I. versus B. Remarkably, the fast-mode frequency is distinct from the conventional
Fraunhofer oscillation displayed by the bulk supercurrent. We confirm that the fast mode frequency

increases with crystal area as expected for an edge supercurrent.

In addition, weak excitation

branches are resolved which display an unusual broken symmetry.

In topological superconductors, attention has focused
on topological edge states that carry excitations which
are unpaired [IH3]. A fundamental question is whether
an edge supercurrent, distinct from the bulk supercur-
rent, can also exist. We report evidence for an edge su-
percurrent in the Weyl semimetal MoTe;. The premise
is that, if the edge condensate is sufficiently decoupled
from the bulk condensate, fluxoid quantization periodi-
cally modulates the edge superfluid kinetic energy as the
magnetic field B is varied. We observe the modulation
as a fast oscillation of the critical current I, vs. B. Tests
confirm that the oscillations arise from a robust edge su-
percurrent. We also observe a weak Fraunhofer diffrac-
tion pattern associated with the bulk supercurrent, which
is decoupled from the edge supercurrent.

The pairing of Weyl fermions has attracted consider-
able theoretical interest [4H9]. To date, however, the only
known Weyl superconductor is y-MoTey [10, 11, with
a critical temperature T, ~ 100 mK at ambient pres-
sure [12].

We contacted exfoliated crystals of v-MoTe, (thickness
d = 60-120 nm) using evaporated Au probes (Tabel T and
Sec. S1in [13]). With the temperature T fixed at 20 mK,
we measured the differential resistance dV/dI vs the bias
current I at selected B. The set of dV/dI traces (100-
200) are then represented in a color map of dV/dI(B,I)
in the B-I plane. (Our experiment is distinct from
proximity experiments [I3] in which supercurrent is in-
jected from superconducting Al into graphene [14] or
HgTe/CdTe quantum wells [15] [16]).

In a conventional superconductor, the exponential de-
cay of flux precludes oscillatory behavior versus I or B.
By contrast, the color map in MoTey (Fig. , Sample
S1) reveals a critical current I.(B) that oscillates with a
scalloped profile which we call the fast mode. In addi-
tion, there exists a slow mode that arises from Fraunhofer
diffraction. Panel B displays the traces of dV//dI within
a field interval comprising 2 periods of the fast mode.
The large peaks (blue arrows) trace out the scalloped
boundary, whereas the weaker peaks (red arrows) trace
out the Fraunhofer diffraction pattern. In the color maps
for two large-area samples S2 and S6 (Panels C and D,
respectively), the fast mode is strikingly evident as the
scalloped boundary surrounding the entire dissipation-

less region, whereas the slow mode is unresolved. We
express the fast-mode frequency f; = 1/AB; (with AB;
the period) as a flux-penetration area Ay = fi¢do (¢o is
the superconducting flux quantum).

The slow mode displaying the familiar Fraunhofer
diffraction pattern reflects phase winding of the bulk su-
percurrent J?, at a frequency fo = 1/ABj that is not
sensitive to the crystal area A,pys (Fig. S3 in [13]). The
conditions favoring observation of the slow mode (Fig.
S5 in [I3]) or the fast mode (Fig. S6) are described in
Sec. S3 in [13].

Hereafter, we focus on f; to show that the fast mode
originates from an edge supercurrent JS. Figure
shows that fi, represented by Ay, scales as Ay =
1(B)Aphys across 5 samples. The fraction n(B) expresses
the degree of flux penetration. In the plot, the black sym-
bols and black dashed line refer to the weak-field limit
(B <1 mT). Already in this limit, Ay = f1¢o scales lin-
early with Appys with n(B ~ 0) ~ 0.35.

Inspection of f; reveals that it increases gradually with
B. This chirp effect reflects increasing flux penetration
(on the scale of the Pearl length A = 2)\%/d, where \ is
the London length). As indicated by the broad arrows
and the red symbols, A4 in each sample increases mono-
tonically towards its physical area App,s as B — B, (the
critical field). The plot of f; vs. B in Fig. shows that
it saturates as B — B, so that n(B — B.) — 1 but does
not exceed 1. The partial screening implies that J? is
not confined to a monolayer, but extends over the entire
crystal volume.

Figure shows that f; accurately tracks the flux
quanta as Appys is increased 9-fold at fixed B, and also
as B — B. at fixed Apnys. Both trends suggest flux-
oid quantization within a closed loop defined by J¢.
We assume J¢ flows along the side wall (of depth d)
encircling the crystal, with a width &, (see Fig. [2C),
which we now estimate. A finite 0. leads to a spread
in the area AAy = d.L, and a phase uncertainty dp =
27(6e Ly /o) B, where L, is the crystal perimeter. Com-
plete dephasing of the fast mode occurs (at the dephasing
field B;) when d¢ — m. This yields 6. = ¢o/(2B4Lp).
From the observed By = 9 mT in S1 (1.5 mT in S2), we
find 0, < 10 nm (. ~ 1/200 of the crystal width w).

To make the case for fluxoid quantization (Sec. S5



n [I3] for details), we assume that the edge conden-
sate is described by a Ginzburg Landau (GL) wave
function (¥,) distinct from that describing the bulk
(I). The quantization of fluxoids within an enclosed
area causes the edge superfluid velocity vy to vary as
vs = (2mh/m*L,)(n — ¢/¢o) with m* the GL mass and
n € Z [I3]. This leads to a set of free-energy branches
Af,(¢) each centered at ¢ = ngg (Fig. ) At an inter-
section, the system jumps between branches, leading to
a sawtooth profile for vs(¢). The result is a characteris-
tic scalloped profile for the square of the wave function
amplitude V2 = |W,|? which we write as (Sec. S5 in [13])

with the prefactor P = (2r€)?/L2 where £ is the GL
length.

In the classic Little Parks (LP) experiment [I7] 18],
the relative change corresponding to Eq. [1| is observed
as a shift 07T.(¢) very near T. (where ¥, — 0). Our
experiment, performed at T < T, falls in a different
regime; to drive both W, and ¥, — 0, we apply I close
to I.. The narrow width d. of the edge condensate W,
renders it less susceptible than ¥, to field suppression
as I approaches the boundary I.(B). Hence the edge
J¢ carries an increasing share of I. At the boundary,
I. ~ W2 acquires the profile in Eq. ie. Al ~ AV2
(Eq. S14 in [13]).

Equation [I] predicts that the oscillation amplitude AI
decreases steeply as 1/ Li. We confirm that the observed
decrease is consistent with the prediction (see Fig. S8
n [13]). The model also explains a striking observation.
As seen in Samples S1, S2 and S6 in Fig. the fast-
mode minima occur high above the horizontal axis, I = 0,
whereas the slow mode minima in S1 (also V2 in Fig. S5
of [I3]) reach nearly to zero. This occurs because the
former arises from a weak modulation of the amplitude
AV? whereas the latter derives from phase winding.

Next, we turn to a feature not observed in the LP ex-
periment. The set of A f,, curves suggest that, at low T, it
is possible to detect excited states. Using high-resolution
scans, we have resolved weak excitation branches trailing
from the scalloped boundary (Fig. ) As shown by the
green dots in Panel A, the branches fit well to Eq. [I} The
excitations are also directly visible in individual traces of
dV/dI vs. I (Fig. |3] B). The large peak traces out the
arcs of the scalloped boundary (yellow curve). At the
cusp, a small peak (20-30x weaker in strength) emerges
and traces out an excitation branch (blue curve). These
excitations are also seen in S2 (Fig. S9 in [13]).

Our scenario for the excitation branch is sketched in
Figs. and . When ¢ is fixed at n¢o (dashed line),
the system lies at the minimum of A f,, (magenta curves).
Accordingly, the ground state has vy, = 0 with n flux-
oids. The intersection of the branch Af,_; with the
dashed line defines an excited state with n — 1 fluxoids
and a large superfluid velocity v’. Expressed in terms of

U2 (equivalently I..), the free energy minima become the
scalloped boundary (bold curves in Fig. ) As I is in-
creased (along the dashed line), we encounter the excited
state at a value of I (< I.(B)) that varies with ¢ as in
Eq. [1

Lastly, we discuss an interesting asymmetry exhib-
ited by these branches. In Fig. [B]A, branches that flow
outwards (towards increasing |B|) are observed while
branches flowing inwards are conspicuously absent. As
shown in Fig. [ the flow direction is sensitive to the
signs of I and B. Panel A, with outflowing branches, is
the situation already discussed (I > 0, B < 0). When
we reverse the sign of B (keeping I > 0, Panel B), the
branches flow towards decreasing | B| although less clearly
resolved. Likewise, in Panel C (I < 0, B < 0), the flow
is towards decreasing | B|. Finally, with I < 0 and B > 0
(D), we recover the pattern in Panel A. The branches
flow outwards if the product I - B < 0 (Panels A and
D) whereas they flow inwards if - B > 0 (B and C).
The pattern favors one circulation of vy over the other
(but respects time-reversal invariance). These symmetry
patterns, lying beyond the scenario discussed, require the
role of spin-orbit coupling and other topological proper-
ties of the edge modes to be better understood.

Aside from the symmetry breaking, the mechanism
that protects the edge condensate against hybridization
with the bulk, and the role played by hinge states [23]
are issues under active investigation. More broadly, this
method may be extended to explore other topological su-
perconductors [TH3] and chiral superconductors [19] 20].



[1] Liang Fu and C. L. Kane, Superconducting Proximity
Effect and Majorana Fermions at the Surface of a Topo-
logical Insulator, Phys. Rev. Lett. 100, 096407 (2008),
DOI: 10.1103/PhysRevLett.100.096407

[2] Xiao-Liang Qi, Taylor L. Hughes, S. Raghu, and Shou-
Cheng Zhang, Time-Reversal-Invariant Topological Su-
perconductors and Superfluids in Two and Three Di-
mensions, Phys. Rev. Lett. 102, 187001 (2009), DOI:
10.1103/PhysRevLett.102.187001

[3] Liang Fu and Erez Berg, Odd-Parity Topological Su-
perconductors: Theory and Application to CuxBi2Se3,
Phys. Rev. Lett. 105, 097001 (2010), DOI: 10.1103/Phys-
RevLett.105.097001

[4] Shuhei Uchida, Tetsuro Habe, and Yasuhiro Asano, An-
dreev Reflection in Weyl Semimetals, Jnl. Phys. Soc. Jpn.
83, 064711 (2014); doi.org/10.7566/JPSJ.83.064711

[5] Huazhou Wei, Sung-Po Chao, and Vivek Aji, Odd-parity
superconductivity in Weyl semimetals, Phys. Rev. B 89,
014506 (2014); DOI: 10.1103/PhysRevB.89.014506

[6] G. Bednik, A. A. Zyuzin, and A. A. Burkov, Super-
conductivity in Weyl metals, Phys. Rev. B 92, 035153
(2015); DOT: 10.1103/PhysRevB.92.035153

[7] Tao Zhou, Yi Gao, and Z. D. Wang, Superconductivity in
doped inversion-symmetricWeyl semimetals, Phys. Rev.
B 93, 094517 (2016); DOI: 10.1103/PhysRevB.93.094517

[8] Kevin A. Madsen,1 Emil J. Bergholtz,2 and Piet W.
Brouwer, Josephson effect in aWeyl SNS junction,
Phys. Rev. B 95, 064511 (2017); DOI: 10.1103/Phys-
RevB.95.064511

[9] YiLi, and F. D. M. Haldane, Topological Nodal Cooper
Pairing in Doped Weyl Metals, Phys. Rev. Lett. 120,
067003 (2018); DOI: 10.1103/PhysRevLett.120.067003

[10] A. A. Soluyanov et al., Type-II Weyl semimetals, Nature
527, 495 (2015), doi:10.1038 /naturel5768

[11] Zhijun Wang et al., MoTez: A Type-II Weyl Topolog-
ical Metal, Phys. Rev. Lett. 117, 056805 (2016), DOI:
10.1103/PhysRevLett.117.056805

[12] Yanpeng Qi et al., Superconductivity in Weyl Semimetal
Candidate MoTez, Nat. Commun. 7, 11038 (2016), DOI:
10.1038 /ncomms11038

[13] Supplementary Materials.

[14] H. B. Heersche, Pablo Jarillo-Herrero, Jeroen B. Oost-
inga, Lieven M. K. Vandersypen and Alberto F. Mor-
purgo, Bipolar supercurrent in graphene, Nature 446, 56
(2007), doi:10.1038/nature05555

[15] S. Hart et al., Induced superconductivity in the quan-
tum spin Hall edge, Nature Physics 10, 638 (2015), DOI:
10.1038/NPHYS3036

[16] V. S. Pribiag et al., Edge-mode superconductivity in a
two-dimensional topological insulator Nature Nanotech-
nology 10, 593 (2015), DOIL: 10.1038/NNANO.2015.86

[17) W. A. Little and R. D. Parks, Observation of quantum
periodicity in the transition temperature of a supercon-
ducting cylinder, Phys. Rev. Lett. 9, 9 (1962).

[18] Introduction to Superconductivity, M. Tinkham (Dover),
Ch. 4.

[19] D. A. Ivanov, Non-Abelian Statistics of Half-Quantum
Vortices in p-Wave Superconductors, Phys. Rev. Lett.
86, 268 (2001), DOI: 10.1103/PhysRevLett.86.268.

[20] J. R. Kirtley et al., Upper limit on spontaneous super-
currents in Sr2RuO4, Phys. Rev. B 76, 014526 (2007);

DOLI: 10.1103/PhysRevB.76.014526

[21] Superconductivity of Metals and Alloys, P. G. de Gennes
(Benjamin, 1966), p. 184.

[22] J. P. Heida, B. J. van Wees, T. M. Klapwijk and G.
Borghs, Nonlocal supercurrent in mesoscopic Josephson
junctions, Phys. Rev. B 57, R5618 (1998).

[23] Zhijun Wang et al., Higher-Order Topology, Monopole
Nodal Lines, and the Origin of Large Fermi Arcs in Tran-
sition Metal Dichalcogenides X Tes (X=Mo,W), cond-
mat arXiv:1806.11116v1


http://arxiv.org/abs/1806.11116

fCorresponding author’s email: npo@princeton.edu
*Present address of M.L.: Zitan Technologies, Tahoe
Blvd, Incline Village, NV 89450

Acknowledgments

We thank B. A. Bernevig, B. I. Halperin, A. Yacoby and
A. Yazdani for valuable discussions. The research was
supported by the U.S. Army Research Office (W911NF-
16-1-0116). The dilution refrigerator experiments were
supported by the Department of Energy (de-sc0017863)).
NPO and RJC acknowledge support from the Gordon

and Betty Moore Foundation’s Emergent Phenomena in
Quantum Systems Initiative through Grants GBMF4539
(NPO) and GBMF-4412 (RJC). The growth and charac-
terization of crystals were performed by FAC and RJC,
with support from the National Science Foundation (NSF
MRSEC grant DMR 1420541).

Supplementary Materials
Supplementary Text

Figs. S1 to S9

Table I


http://arxiv.org/abs/de-sc/0017863

B
10 T T T v
50 S1 Y
g B=192mT
40 /
5 —
C
: 30 /y/
4 2 ‘
% 20
2
10
0
0 2 ——B=120mT
0 1 2 3 4 5 6 7 8
I (WA)
¢ D

-2 -18 16 -14 12 -1 -08 -06 -04 02 0 0.2 04 0.6
B (mT) B (mT)

FIG. 1: Color maps of the differential resistance dV/dI vs. I and B in the Weyl superconductor MoTe, taken at 20 mK.
In Sample S1 (Panel A), 2 oscillation modes are resolved. The fast mode, arising from amplitude modulation of an edge
supercurrent, is observed as the scalloped boundary of the low-dissipation region (the scale bar shows dV/dI in Q). The slow
mode, associated with the bulk supercurrent, displays the usual Fraunhofer diffraction pattern. Panel B displays 22 traces
of dV/dI vs. I (shifted for clarity) taken in S1 in steps of 30 uT starting at 1.29 mT. Prominent peaks (blue arrows) track
the fast mode while the weak peaks (red arrows) track the slow mode. In large-area crystals (S2 and S6 in Panels B and C,
respectively), the fast mode is strikingly evident, whereas the slow mode is unresolved. Insets show the Au contacts evaporated

on each crystal.
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FIG. 2: Area scaling, frequency chirp and scalloped profile. Panel A: Variation of the flux penetration area Ay = n(B)Apnys
in 5 samples, where n(B) is the fraction of flux penetration in field B. In weak B, the data (black symbols) fall on the line
with n(B ~ 0) = 0.35 (black dashed line). As B — B, n(B) in each sample increases towards 1 (broad arrows). In Panel B,
the increase in Ay vs. B (in S1) saturates as B — B. (red curve is a Gaussian fit). Panel C: Sketch of fluxoids (black arrows)
trapped in a superconducting cylinder in the Little Parks experiment [17] (left) and by the edge supercurrent J$ (white arrows)
in MoTez (right). The width e of JS is shown. Panel D: Changes in the superfluid kinetic energy lead to a set of branches
of the free energy Af,, each centered at ¢ = n¢o. Jumps between intersecting branches result in a sawtooth profile for v
and oscillations in the edge condensate amplitude squared AU?, observed as a characteristic scalloped boundary in the critical
current I.(B).
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FIG. 3: Emergence of excitation branches. Panel A: High resolution color map of dV/dI curves showing weak excitation
branches trailing from each minimum in the scalloped boundary. The data are obtained at 20 mK in S6 with B < 0 and
I > 0. Green dots represent fits to Eq. Panel B displays 21 traces of dV/dI vs. I in the interval -0.29 < B < -0.35 mT
(shifted vertically for clarity). The scalloped boundary (yellow curve) is traced by the large peak. At each cusp, a weak peak
emerges and branches off to the left to trace out an excitation branch (blue curve). Panel C: Schematic plots of Af, and A f,—1
(magenta parabolas), and the sawtooth profile of vs. The corresponding curves of U2 are plotted in Panel D (green parabolas).
Bold blue arcs represent the scalloped boundary of I.(B). With ¢ fixed at n¢g (dashed lines), the system occupies the lowest
energy branch with n = 3 fluxoids and vs = 0. When I is scanned at fixed B, the excited state (with 2 fluxoids and a large vs)
is encountered at a current smaller than I.(B). This is observed as the excitation branch.
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FIG. 4: Symmetry breaking in the excitation branches in Sample S6. In Panel A the color map is measured at 20 mK with
B < 0 (out of page in the inset) and I > 0 (flowing right to left). As described in Fig. |3JA, the observed excitation branches
flow to the left (increasing |B|). If B is reversed keeping I > 0 (see inset), the excitation branches flow left (Panel B), towards
decreasing | B|, although the pattern is less sharply resolved than in A. If B < 0 and I < 0 (Panel C), the color map is similar
to that in Panel B except for the reversal in I. Finally, for B > 0 and I < 0 (Panel D), we recover the color map in Panel
A. The symmetry follows the sign of the product I - B. For I - B > 0 (Panels B and C), the branches flow towards decreasing
|B| whereas for I - B < 0, the flow is towards increasing |B| (A and D). In each panel, the patterns are non-hysteretic and
independent of field-sweep direction. Sample S2 shows a similar symmetry breaking [13].
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