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Nonequilibrium interplay between Andreev bound states and Kondo effect
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Andreev bound states (ABSs), as a close resemblance and a prototype of Majorana bound states, attracted
particular interest in semiconductor-superconductor hybrids. So far, ABSs were explored as an equilibrium
behavior employing tunneling spectroscopy. Under nonequilibrium, theorists did predict that the local density
of states (DOS) of the ABSs split and broaden. We investigated an InAsSb quantum dot coupled to two
superconductors to explore the nonequilibrium dynamics of ABSs and their interplay with Kondo effect. Through
tunneling spectroscopy, we demonstrated a full picture of the nonequilibrium dynamic splitting and broadening
of ABSs, which interplays with the nonequilibrium Kondo DOS. Since the observed features might mimic those
in the normal superconductor-topological superconductor or Majorana junctions, our discovery could provide a
relevant comparison to benchmark the Majorana signal in future experiments.
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I. INTRODUCTION

Hybrid semiconductor-superconductor systems gained
tremendous interest recently, due to their prosperity in search
of Majorana bound states (MBSs) with which fault-tolerant
quantum computation could be implemented [1-7]. In tunnel-
ing experiments based on semiconductors with strong spin-
orbit coupling (SOC), MBSs manifest as the merging of a
pair of Andreev bound states (ABSs) and the appearance of
a zero-bias conductance peak (ZBCP) when a magnetic field
is applied [1-3,8-11]. ABSs (which in certain cases resemble
the Yu-Shiba-Rusinov states [12]), as a close resemblance and
a prototype of MBSs, have been investigated to explore the
underlying exotic phenomena as well as their similarities and
distinctions with the MBSs [13-38]. A quantum dot coupled
to two superconducting leads (SC-QD-SC) is one of the pre-
vailing device geometries. In such devices, a superconducting
probe was proposed to detect the MBSs sensitively due to
the singular superconducting gap edge, though the expected
transport behaviors also present analogies with ABSs [36-38].
Experimentally, features of the ABSs including the reso-
nant conductance peaks, the negative differential conductance
(NDC) resulting from the convolution of two density of states
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(DOS) peaks, and replicas of the resonant conductance peaks
attributed to a soft induced superconducting gap have been
observed [20-28,39]. However, these experiments were per-
formed in the asymmetric coupling regime where an applied
bias voltage (V) drops mainly on the weakly coupled probe,
thus the identified ABSs on the dot is in an equilibrium
state with the strongly coupled superconducting lead, i.e., the
formation of ABSs is equilibrium. A truly nonequilibrium
state can be reached in the symmetric coupling regime where
the voltage drops between the dot and both leads. However,
in such a regime, the inherently time-dependent high-order
(to the infinite) process, multiple Andreev reflection (MAR),
dominates the nonlinear subgap features of the current-voltage
curves [40,41], usually concealing the observation of the
nonequilibrium dynamics of ABSs [41,42]. Consequently, the
experiments so far probed either the equilibrium ABSs or the
supercurrent and MARs, but not the nonequilibrium spec-
trum of ABSs [43]. Nevertheless, theoretical works [21,42]
did reveal the nonequilibrium dynamics—the splitting and
broadening of the ABSs in the sense of local DOS, whose
mysterious veil is yet to be uncovered experimentally. Con-
sidering the necessity of the application of a voltage in
transport experiments, the nonequilibrium manifestations are
essential.

Another many-body phenomenon, Kondo effect, plays an
important role and competes with the superconductivity in
the devices [44-53]. A singlet to doublet (so-called 0-m)
ground-state transition of the ABSs has been predicted and

©2020 American Physical Society


https://orcid.org/0000-0002-4753-809X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.075121&domain=pdf&date_stamp=2020-08-17
https://doi.org/10.1103/PhysRevB.102.075121

JIANGBO HE et al.

PHYSICAL REVIEW B 102, 075121 (2020)

demonstrated when kgTx ~ A for odd numbers of electrons
on the quantum dot [13,23-27,47,54-56], where kg is the
Boltzmann constant, Tx is the Kondo temperature, and A
is the superconducting gap. The singlet and doublet ground
states were further determined explicitly through the exami-
nation of the magnetic properties [16]. At the transition point,
the two ABSs cross at zero energy, generating a ZBCP or
conductance peaks at V, = £A/e using a superconducting
probe, which might confuse with the MBSs. Besides, Kondo
induced ZBCPs that mimic MBSs were shown to coexist
with a superconducting gap when increasing kg Tx /A through
magnetic field (reducing A) [22,46]. Moreover, the Kondo
DOS anomaly also splits in nonequilibrium [57-59], similar
to the predictions for ABSs [21,42]. Given such a complicated
situation, a full understanding of the nonequilibrium interplay
between the ABSs and the Kondo effect, which might closely
resemble the MBSs, is of fundamental importance.

In this work, we investigated SC-QD-SC devices based on
InAsSb nanowires to address the nonequilibrium dynamics of
the ABSs and their interplay with the Kondo effect. Through
electrical gating, the coupling strength between the dot and the
two leads can be tuned sequentially to the asymmetric, weak
regime (I), the symmetric, intermediate regime (II), and the
strong regime (III). In regime I, we observed the O-7 phase
transition of the equilibrium ABSs resulting from the com-
petition between the superconductivity and the Kondo effect.
Importantly, we accessed the truly nonequilibrium condition
in the symmetric regime (II) characterized by nearly quantized
Kondo conductance peaks. We observed the nonequilibrium
ABS pairs, the broad replicas as a result of the resonant ABSs
and Kondo DOS peaks, and the Kondo enhanced ZBCPs,
for odd numbers of electrons. These results demonstrate
a full picture of the dynamic splitting and broadening of
the ABS DOS in nonequilibrium, as well as the interplay
with the nonequilibrium split Kondo DOS. In regime III,
MARs and supercurrent were detected, as usually seen for
such open quantum dot condition [41,60,61]. Although our
measurement is not in the Majorana regime, the observed
sharp features from our setup show strong similarities to
those in the normal superconductor-topological superconduc-
tor or Majorana junctions [36,37] (see Appendix C). There-
fore, we believe that our discovery could provide a relevant
comparison to benchmark the Majorana signal in the future
experiments.

II. DEVICE AND PHYSICAL PICTURES

The ternary compound InAsSb could potentially provide
a more promising platform for the research of MBSs, due to
the predicted stronger SOC than its binary compounds, InAs
and InSb [62,63]. In this work, InAs( g5sSbg 15 nanowires were
grown on Si (111) substrates by a solid source molecular-
beam epitaxy using Ag as seed particles (see Appendix A).
After growth, the nanowires were subsequently transferred
onto degenerately doped Si substrates covered with 300 nm
Si0O, used for applying a gate voltage (V). Two Ti/Al (5/100
nm) contacts separated by ~200 nm were deposited via
electron-beam evaporation using standard lithography tech-
niques. Note that an in situ soft plasma cleaning of the surface
was performed prior to the Ti/Al deposition to improve the

interface transparency. Electron transport measurements were
carried out employing low-frequency lock-in techniques at
~30 mK in a dilution refrigerator.

Before presenting the experimental results, we describe
the physical pictures of the equilibrium and nonequilibrium
interplay between the ABSs and the Kondo effect in SC-QD-
SC devices identical to ours. Figure 1 illustrates three typical
scenarios (one column each) where a single quantum dot
level g4 is asymmetrically [Figs. 1(a)-1(c)] or symmetrically
[Figs. 1(d)-1(i)] coupled to two superconducting leads. The
symmetric scenarios include either an ideally hard supercon-
ducting gap [Figs. 1(d)-1(f)] or a soft gap with finite subgap
states [Figs. 1(g)-1(i)]. Here, we restrict to an odd number of
electrons on the dot to capture the Kondo effect. In Fig. 1,
the thickness of the vertical blue (green) lines indicates the
barrier height (voltage drop). For the asymmetric, weak case
[Figs. 1(a)-1(c); regime I in our experiment], the coupling
between the dot and the right lead is weak but much stronger
than that to the left lead, such that a pair of ABSs at energies
+e¢ [sharp red peaks in Figs. 1(a) and 1(b)] form on the dot
stemming from the right lead. A voltage V;,, drops only at
the left barrier, and the left weakly coupled lead works as
a tunnel probe. Note that the ABSs are in equilibrium with
the mother (right) lead. Figure 1(c) displays the characteristic
tunneling spectroscopy for kg7x < A at the center of the
Kondo ridge, demonstrating resonant differential conductance
(d1/dV) peaks (red curves) when the singular gap edge aligns
with the ABSs at V, = (A + ¢)/e and also NDC alongside
(blue curves) due to the convolution of the two sharp DOS
peaks. The turning of the resonant curves at V, = +A/e
signifies the crossing of the two ABS branches at ¢ =0,
i.e., the 0-m transition (as explained later). The conductance
features at the crossings of the two ABS branches might
mimic the behaviors of MBSs, since they both contribute to
zero-bias DOS and thus resonant conductance at V, = A /e
(see Appendix C).

For the symmetric case [Figs. 1(d)-1(i)], to uncover the
nonequilibrium dynamics of the ABSs from subgap features
of MARs, we consider the intermediate coupling strength
such that kg Tx > A, but the high-order MARSs are suppressed
[42] (regime I in our experiment). Contrary to the asymmetric
case, both leads contribute to the formation of the ABSs
[Figs. 1(d) and 1(g)]. Moreover, the applied voltage W, drops
equally at the two barriers and renders the nonequilibrium
condition for the ABSs where they split into two broadened
(also suppressed) pairs, each pinned to the gap of the leads
[Figs. 1(e)-1(h)]. Notably, due to the relative shift between
the dot level and the chemical potential of the leads, the
nonequilibrium ABS energies ¢’ and &” will be slightly dif-
ferent from ¢ in equilibrium. Figure 1(f) illustrates the spec-
troscopy including the broadened-ABS induced broad reso-
nance peaks (thick red curves) at A/e < |V,| < 2A /e together
with a ZBCP, the supercurrent (red line at V;, = 0). Since we
assume kgTx > A in Fig. 1(f), the ABSs are in the singlet
(0) state. In an actual experiment, there can be finite subgap
states in the induced superconducting gap [Figs. 1(g)-1(1)],
so that a Kondo DOS peak can coexist [Fig. 1(g)] [22,46].
Under nonequilibrium, as shown in Fig. 1(h), the Kondo DOS
peak also splits into two peaks, each pinned to the chemical
potential of the leads. Compared with the ideal case shown
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FIG. 1. Illustration of the ABSs and the tunneling spectroscopy. A single quantum dot level g4 is asymmetrically (a)—(c) or symmetrically
(d)—(i) coupled to two superconducting leads. The thickness of the vertical blue (green) lines indicates the barrier height (voltage drop). For
the asymmetric case (a)—(c), the left weakly coupled lead works as a tunnel probe, and the ABSs [sharp red peaks in (a) and (b)] stem from
and are in equilibrium with the right lead. (c) Characteristic tunneling spectroscopy, demonstrating resonant differential conductance (dl/dV)
peaks (red curves) at V, = £(A + ¢)/e and NDC (blue curves). For the symmetric, intermediate-coupling case (d)—(i), both leads contribute
to the formation of the ABSs. V,, drops equally at the two barriers and renders the nonequilibrium condition for the ABSs where they split
into two broadened pairs, each pinned to the gap of the leads (e),(h). (f) A pair of broad resonance peaks (thick red curves) shows up in the
spectroscopy at A/e < |V,| < 2A/e together with a ZBCP, the supercurrent (red line at V;, = 0). For the case with finite subgap states (g)—(i),
a Kondo DOS peak emerges (g) and splits into two peaks in nonequilibrium, each pinned to the chemical potential of the leads (h). (i) A
Kondo enhanced ZBCP (red line at V;, = 0) and a broad replica (pink regions at |V,| < A/e) of the main resonance peaks (thick red curves at

Aje < |Vp| < 2A/e) are present.

in Fig. 1(f), a broad replica [pink regions at |V,| < A/e in
Fig. 1(i)] of the main resonance peaks (thick red curves at
AJe < |V| < 2A/e) are present when the Kondo peak aligns
with the ABSs. In addition, the Kondo DOS also enhances
the ZBCP [56,64—67] [red line at V,, = 0 in Fig. 1(1)]. More
scenarios and an illustration of the similarities between ABSs
and MBSs can be found in Appendix C. These physical
pictures will be applied to describe our experimental results
shown below.

III. EQUILIBRIUM INTERPLAY

We first present the results in the asymmetric, weak-
coupling regime (I) in accordance with the scenario of
Figs. 1(a)-1(c), where the ABSs and the Kondo correlation are
both in equilibrium with the stronger coupled lead. Figure 2(a)
shows the differential conductance dI/dV as a function of gate

voltage Vi and bias voltage V4, at zero magnetic field, i.e., the
superconducting state. For clarity and a better contrast, the Vg
range of —9.86 to —9.22 V is divided into two subranges and
plotted in different color scales. The horizontal conductance
peaks near zero V4 inside the Coulomb diamonds manifest the
induced superconducting gap in the nanowire. For diamond
a, Kondo resonance peaks can be resolved by killing the
superconductivity in the leads using a magnetic field B =
0.1T, as shown in Figs. 2(b)-2(d). Therefore, diamonds o
and y (B) correspond to an odd (even) number of electrons.
A Kondo temperature Tx ~ 0.7K is derived at the center
of the Kondo ridge in diamond « (see Appendix D), and a
coupling asymmetry I'; /I", =~ 50 is extracted from the maxi-
mum Kondo conductance Gmay, = (2€2/h)4T T, /(T 4+ T'1)?,
where £ is the Planck constant, I'; and I'; are the coupling
strengths between the dot and the two leads. The Kondo peak
splits in a magnetic field by V, = *gupB/e, as illustrated by
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FIG. 2. Equilibrium interplay between the ABSs and the Kondo
effect. (a) Differential conductance dI/dV as a function of gate
voltage Vi and bias voltage V,, at zero magnetic field. For clarity,
the full Vi range of —9.86 to —9.22 V is divided into two subranges
and plotted in different color scales. The inset shows the scanning
electron microscope image of the device; the scale bar is 200 nm.
(b) dI/dV as a function of Vg and V;, measured at B = 0.1 T, the
normal state. (c) Line cut taken along the orange dashed line in (b)
at Vg = —9.77V, showing the Kondo induced ZBCP with Zeeman
splitting. (d) dI/dV as a function of B and V;, at Vg = —9.77V,
presenting the splitting of the Kondo peak. (e) Line cut taken along
the red dashed line in (a) at Vg = —9.66 V. The inner and outer peaks
correspond to the induced superconducting gap and the excited state,
respectively. (f) Zoom-in of the yellow rectangle region in diamond
y in (a). The O-7 phase transition and the NDC (dark blue region, as
marked by the two ellipses for the lower branch) can be recognized.
(g) Peak conductance for the upper and lower branches of the ABSs
resonances shown in (f).

the dashed line in Fig. 2(d), where g is the Landé g factor, up
is the Bohr magneton. And g & 12 can be deduced.

Figure 2(e) shows a line cut along the red dashed line
in diamond g in Fig. 2(a). The inner two resonance peaks
correspond to the induced gap in the nanowire, A = 147 ueV,
comparable with bulk Al. Hereafter, the superconducting
segments of the nanowire covered by Ti/Al are regarded as
the effective leads with the induced gap A (see Appendix

B). A normal-state to superconducting-state conductance ratio
of 24, as indicated by the two black arrows in Fig. 2(e),
suggests a relatively hard gap with a small amount of intra-
gap states for the bottom-up fabrication approach [19,54,68].
The outer two peaks result from the inelastic second-order
cotunneling process through the ground state and the excited
state. A g factor of 12 can again be extracted consistently
from the evolution of the cotunneling in a magnetic field (see
Appendix E).

Since at the center of the Kondo ridge kg7x < A, a dou-
blet (;r) ground state is expected. Tuning the quantum dot
level g4 to go away from the center (¢ = —U/2) increases
Tx = VUL J2explmeq(1 + €4/U)/2I'1(U is the charging en-
ergy and I' is the the total coupling strength) [69] to exceed
A/kp and thus a phase transition of the ABSs (crossing of the
two branches at ¢ = 0) will occur, as illustrated in Fig. 1(c).
Indeed, such transition was observed for diamonds « (see
Appendix G) and y with an odd number of electrons, as shown
in Fig. 2(f), a zoom-in of the yellow rectangle in Fig. 2(a).
NDC represented by the dark blue color alongside the res-
onance peaks, as marked by the two ellipses for the lower
branch in Fig. 2(f), was also recognized. Note that replicas
were absent within |V,,| < A/e, suggesting a relatively hard
induced gap with a small amount of intragap states. Another
character of the 0-7 transition is the abrupt jump of the DOS
at the transition point [13,45]. Figure 2(g) displays the peak
conductance for the upper and lower branches of the ABSs in
Fig. 2(f), showing the fast decay at the O-7 transition points
which agrees with theoretical expectations.

IV. NONEQUILIBRIUM INTERPLAY

Next we switch to regime II corresponding to the scenario
shown in Figs. 1(g)-1(i), where we show the kernel of this
work—the nonequilibrium dynamics of the ABSs and their
interplay with the Kondo effect. By sweeping Vg towards
the positive direction, the coupling strength increases to the
intermediate regime. Consequently, Kondo resonances be-
come stronger, as shown in Fig. 3(a) measured at B=0.1T
(normal state). “E” and “O” label the even and odd numbers
of electrons, respectively. The nearly quantized Kondo ZBCPs
to 2e?/h [black curve in Fig. 3(c)] suggest a symmetric
coupling of the two leads [70], a condition required for
investigating the nonequilibrium dynamics of the ABSs. In
the superconducting state, as displayed in Fig. 3(b), several
exotic subgap features arise: (i) Resonances from ABSs under
nonequilibrium emerge when A/e < |V,| < 2A/e, as guided
by the red dashed lines. Compared to regime I with the 0-7
transition, the ABSs here are always in the O (singlet) state
without crossings, due to the stronger coupling (kgTx = A).
(ii) Broad replicas of the ABSs resonances are present for
Vo] < Al/e, as indicated by the green dashed lines. Note that
the replicas are absent in the weak-coupling regime, while
the replicas here require sizable DOS at the Fermi level.
(iii) Compared to the normal state, the zero-bias conductance
is enhanced and suppressed for odd and even numbers of
electrons, respectively [see the red curve in Fig. 3(c)].

These features can be described in a unified physical
picture, as sketched in Figs. 1(g)-1(i). In the symmetric, in-
termediate coupling (kgTx > A) regime (II), for odd numbers
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FIG. 3. Nonequilibrium interplay between the ABSs and the
Kondo effect. (a),(b) dI/dV measured in the symmetric, intermediate-
coupling regime (II) at B = 0.1 T and O T, respectively. The labels E
and O mark the even and odd numbers of electrons, respectively. The
red dashed lines in (b) highlight the singlet ABSs for A/e < |W,| <
2A /e and their broad replicas are indicated by the green dashed lines.
ZBCPs for odd numbers of electrons can be clearly recognized. (c)
Line cuts at V, = 0 for B = 0.1 T (blue) and O T (red), displaying the
Kondo enhanced ZBCPs.

of electrons, ABSs coexist with Kondo DOS on the quantum
dot [22,46]. Note that the Kondo DOS shows up in this regime
due to the increased coupling strength and intragap states as
a result of a higher carrier density [71]. In the weak-coupling
regime, the small amount of states at the Fermi level is not
sizable enough to generate measurable replicas [22,26,27,39],
but here the Kondo DOS appears as a probe (as discussed
above) [22]. Consequently, the device fulfills the conditions
of Figs. 1(g)-1(i). A good qualitative agreement between the
measured spectroscopy shown in Fig. 3(b) and the expected
one in Fig. 1(i) is reached, including (i) the resonances of
the ABSs for A/e < || < 2A/e, (ii) the broad replicas for
[Vl < A/e, and (iii) the Kondo enhanced ZBCPs. Therefore,
by realizing the symmetric, intermediate coupling between the
quantum dot and the two superconducting leads, we observed
the nonequilibrium splitting and broadening of the ABSs
and their interplay with the nonequilibrium Kondo DOS.
Moreover, the conductance features under nonequilibrium, as

0 0.4
V, (mV)

FIG. 4. Supercurrent and MARs in the strong-coupling regime.
(a) dI/dV as a function of Vi and Vj in the strong-coupling regime
(IIT) measured at B = 0T. (b) Line cut along the dashed line in (a)
showing MARs and a sharp ZBCP (supercurrent). The bottom two
dashed lines correspond to 2A /3e and 2A /4e, respectively.

shown in Figs. 1(i) and 3(b), might mimic the behaviors of
MBSs employing a superconducting probe (see Appendix C).

Notably, NDC alongside the replicas of the equilibrium
ABSs was observed in Ref. [27] which leaves an open ques-
tion that a nontrivial DOS peak at the chemical potential of
the superconducting tunnel probe is required. Our findings
suggest that the Kondo DOS peak on the dot could shed light
on this puzzle.

V. STRONG-COUPLING REGIME

Finally, we present the results in regime III. By sweeping
Vs to positive values, the coupling strength is further en-
hanced, reaching an open quantum dot condition. As shown
in Fig. 4(a), continuous ZBCPs were observed, which we
attribute to supercurrent [61] (see Appendix I). Accompanied
by MARs [Fig. 4(b)], these features are usually detected
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FIG. 5. Characterization of the InAsggsSby 15 nanowires. (a),(b)
Typical TEM images of InAsggsSbg 15 nanowires with diameters of
33 and 47 nm, respectively. The insets are selected area electron-
diffraction patterns recorded from different areas of the nanowire.
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FIG. 6. The device and measurement configurations. (a) Illustra-
tion of the InAsSb nanowire (blue shaded) coupled to two Al leads
(yellow). The segments (dashed regions) covered by the Al leads are
superconducting with an induced gap A due to the proximity effect.
Tunnel barriers (blue curves) form between the superconducting
segments and the middle normal segment, presumably because of
band bending resulting from work-function mismatch or doping
effect from the contact, as usually observed [26,29,72]. The barrier
height, i.e., the coupling strength, can be tuned by a back gate. (b)
Two-terminal measurement configuration where a small ac excitation
voltage V,. (at 15.7 Hz) and a dc bias voltage Vy. were applied
(Vy, & Vi /1000) while the ac current /,, was measured. (c) Quasi-
four-terminal measurement configuration where a small ac excitation
current I, (at 15.7 Hz) and a dc bias current Iy were applied
(Iye + Lie & Viyerae/10 M) while the ac voltage V,. was measured.
Note that each contact was split into two on the chip.

in such a strong-coupling regime, without the spectroscopy
information of local ABSs [41,60,61,64,67]. In SC-QD-SC
devices, as mentioned above, the ABS spectrum including
the contribution of Kondo effect was established in the
asymmetric-coupling regime, but the ABSs themselves were
in equilibrium with the strongly coupled superconducting lead
[20-23,26,27]. In this work, the ability of configuring the cou-
pling strength to the symmetric, intermediate regime, where
the local subgap states are under nonequilibrium but the high-
order MARs are suppressed, enables the observation of the
nonequilibrium dynamics of the ABSs and the nonequilibrium
interplay with Kondo effect.

VI. SUMMARY

In summary, we studied SC-QD-SC devices based on
InAsSb nanowires in three coupling regimes. Importantly, in
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FIG. 7. Illustration of tunneling spectroscopy. (a)—(c) A quantum
dot level g4 is weakly coupled to a normal-metal probe and strongly
coupled to a superconductor. A gate voltage Vi controls the level
€4. In the case of kgTx < A at the center of the Kondo ridge (the
center of the Coulomb diamond; &4 = —U/2, where U > A is
the charging energy) (a), conductance resonances represented by
the thick red curves show crosses at zero-bias voltage, i.e., the
0-7 transition of the ABSs. When KgTx &~ A at the center of the
Kondo ridge (b), the two ABS branches cross at the center of the
Coulomb diamond. On the other hand, for the case kgTx > A (c),
the two branches never cross, i.e., always in the singlet state. (d),(e)
The quantum dot is weakly coupled to a superconducting lead and
strongly coupled to another one. The weakly coupled lead works as
a tunnel probe, i.e., carrying the voltage drop. For a superconducting
probe with an ideally hard gap (d), the resonances (red curves) appear
at V, = £(A + ¢)/e when the gap edge aligns with the ABSs. NDC
alongside the resonances (blue curves) will also be present due to
the two sharp DOS peaks of the singular gap edge and the ABS. In
reality, the induced gap can be soft with sizable single-particle states
at the Fermi level (e). In such case, replicas (thin red curves) of the
main resonances show up when the Fermi level of the probe aligns
with the ABSs. The absence of the replicas in the asymmetric, weak
regime in our device suggests that the subgap states are not sizable
enough to present measurable features.

the symmetric, intermediate regime, we observed behaviors
including the ABSs in nonequilibrium, the broad replicas
and the Kondo enhanced ZBCPs. These behaviors demon-
strate a full picture of the nonequilibrium dynamics of the
ABSs and their interplay with the Kondo effect—they split
and broaden dynamically. Such picture might also address
the puzzles regarding the nontrivial DOS peak [27]. These
findings capture the delicate behaviors of the SC-QD-SC
devices in both equilibrium and nonequilibrium. The observed
conductance features due to ABSs under equilibrium and
nonequilibrium show strong similarities to that expected for
MBSs in comparable device geometries using a supercon-
ducting probe [36,37], and are thus particularly relevant for
exploring Majorana physics.
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FIG. 8. Illustration of the similarities between MBSs, ABSs, and
Kondo DOS. By adjusting the chemical potential of the different
segments of the nanowire, the transparency between the supercon-
ductor (SC) and the nanowire segments, and the magnetic field,
a single barrier (a) or a quantum dot with two barriers (b) can
be formed [36-38]. Moreover, topological superconductivity (TSC)
with zero-energy MBSs can be induced, as indicated by the green star
in (a). Meanwhile, trivial zero-energy ABSs and Kondo DOS can
also be present, as marked by the red and black stars, respectively.
(c) In the high-barrier limit, the left trivial superconducting segment
works as a sensitive probe on the MBS (if present) at the end of the
right TSC segment. The differential conductance is suppressed when
[Vo| < A, /e, and a jump to a quantized value of Gy = (4 — )2e%/h
is expected at |V,| = A /e [36,37]. Such quantization is proposed
to be insensitive to temperature broadening, unlike the case with a
normal-metal probe. However, if a zero-energy ABS instead of a
MBS is present, as indicated by the red star in (a) and (b), the left
superconducting segment also probes the ABS at |V,| = A;/e in the
tunneling limit, as displayed in (d). Although deviation from Gy
is common, as represented by the blue curve in the bottom panel
in (d), in certain parameter space the differential conductance also
shows a sharp upturn to the value of Gy (red curve), very similar
as the case of MBS shown in (c) [36]. As displayed in Figs. 1(c),
7(d), and in the measured data Fig. 2(f), the zero-energy ABSs are
indeed present, and thus the conductance curve could mimic that of
a MBS in some cases. (¢) When the barrier height is lower, and thus
the transparency increases, the conductance also arises when |V,| <
A /e due to contributions of multiple Andreev reflections (bottom
panel). Consequently, the conductance can deviate the quantized
value Gy. (f) Similar as Figs. 1(h) and 1(i), showing the characteristic
spectrum when the ABSs and Kondo DOS coexist. Conductance
curves in the bottom panel, e.g., along the green dashed line, can
actually mimic the conductance curve shown in (e) for a MBS.
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APPENDIX A: GROWTH OF INASSB NANOWIRES

The InAsSb nanowires used in this work were grown on
Si (111) substrates by a solid source molecular-beam epitaxy
using Ag as seed particles. EDS point analysis of the InAsSb
nanowires gives an average atomic ratio of As : Sb = 85 : 15.
Figure 5 shows TEM images of InAs g5Sby. 15 nanowires with
diameters of 33 and 47 nm, respectively. We can see that the
nanowires are high-quality crystals.

APPENDIX B: DEVICE AND MEASUREMENT
CONFIGURATIONS

To fabricate the device (see Fig. 6), the InAsSb nanowires
were transferred onto degenerately doped Si/SiO; (300 nm)
substrates with predefined markers using a clean tissue. After-
wards, the nanowires were located by an optical microscope.
The patterns of the Ti/Al (5/100 nm) contacts were defined by
standard electron-beam lithography techniques followed by
electron-beam evaporations. To improve the interface trans-
parency, an in situ soft plasma cleaning of the surface was
performed prior to the Ti/Al deposition.

The electron transport measurements were performed in a
dilution refrigerator at a base temperature of ~30 mK. Two-
terminal or quasi-four-terminal measurement configurations

(b)

=
24
o
o
w

Ve=-926V Ve=-3.62V
g -Ale = Ae ple
% 0.05 % 21
> >
S 3
S S
0_ 1
08 04 0 04 08 04 0 04
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FIG. 9. Line cuts in regimes I and II. (a) Line cut taken from
Fig. 2(f) at Vg = —9.26 V where the 0-7 phase transition occurs, i.e.,
the two ABSs branches cross at zero energy. (b) Line cut taken from
Fig. 3(b) at Vg = —3.62V where nonequilibrium ABSs interplay
with Kondo DOS. Both curves show conductance features around
Vo = £A/e, presenting similarities with the nontrivial MBSs as
illustrated in Fig. 8.
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FIG. 10. Fitting (red) of the Coulomb peak (black) at the right
side of diamond « in the main text.

were employed depending on the conductance of the device.
In the Coulomb blockade regime (Fig. 2), two-terminal mea-
surements were carried out by applying a small low-frequency
(15.7 Hz) ac excitation voltage and a dc bias voltage, and
the ac current was monitored. When the coupling strength
is stronger such that the conductance of the device is high
(Figs. 3 and 4), quasi-four-terminal measurements were per-
formed by applying a small ac excitation current (0.1-1 nA)
and a dc bias current, and the ac voltage was monitored. For
such measurements, the dc voltage was converted through
postdata analysis (integral).

APPENDIX C: COMPARISON BETWEEN THE ANDREEV
AND MAJORANA BOUND STATES

In this section, we compare the characteristic differential
conductance spectroscopy of the ABSs and the MBSs, and
show the similarities between them. When a semiconducting
nanowire with strong spin-orbit coupling is coupled to two
s-wave superconductors, such as the SC-InAsSb-SC geometry
studied in this work, the zero-energy ABSs, MBSs, and Kondo
DOS can be triggered by tuning the chemical potential, the
coupling strength, the magnetic field, etc., into a certain
parameter space. In principle, the ABSs and the Kondo DOS
could mimic the features of the MBSs in the spectroscopy, as
we describe below.

(b)

iV g

(e%/h) ES|
0.03
ES GS|
| GS =
15 ve=066 v I o oSt
0 1 2 B
B (M)

FIG. 11. Transport through the excited states. (a) dI/dV as a
function of B and V;, at Vg = —9.66 V. The dashed lines mark the
second-order cotunneling process with the colors in correspondence
with the arrows in (b). (b) Zeeman splitting of the ground state
(GS) and the excited state (ES). A g factor of 12 can be extracted
consistently with the Kondo splitting.

-&4/U

FIG. 12. Calculated ABSs spectrum using a charging energy
of U =41A and a coupling strength of I' =4A, with artificial
broadening added to the sharp DOS peaks.

We consider the scenario of a quantum dot formed between
the two superconductors, i.e., the case in our work. For the
state with an odd number of electrons on the quantum dot, the
net spin acts as a magnetic impurity. Consequently, the Kondo
correlation coexists and competes with superconductivity.
The competition is characterized by the parameter kgTx /A.
When kgTx < A, the Kondo correlation is suppressed, and
the ground state is a doublet () state. When tuning the
quantum dot level g4 to go away from the center of the Kondo
ridge [see Eq. (2) below], the parameter kgTx /A increases
to be larger than 1. Therefore, a doublet to singlet phase
transition will occur, signified by the crossing of the two ABS
branches. Figure 7 illustrates several typical conditions of the
conductance spectrum, including some overlaps with Fig. 1.
In the case of MBSs, similarities with trivial ABSs could be
found in the conductance spectroscopy, as illustrated in Fig. 8
(also see Fig. 9). We can see that in the SC-nanowire-SC
devices as we studied, either zero-energy ABSs, MBSs, or
Kondo DOS can be generated. In certain parameter settings,
they could present similar conductance features in transport
measurement.

diidv

0.4 (e%/h)
. 0.6
= I
S
~ 0.0
>

-0.4 IO

Ve (V)

FIG. 13. For diamond « shown in Fig. 2(a), kgTx < A at the
center of the Kondo ridge, so a 0-7 phase transition of the ABSs
is expected. As guided by the green dashed line, the resonance peaks
follow the characteristics of the O-r phase transition.
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FIG. 14. Line cuts in the symmetric, intermediate-coupling
regime taken from Fig. 3(b), for even (red) and odd (black) numbers
of electrons on the quantum dot. The conductance is suppressed and
enhanced around zero bias for the even and odd states, respectively.

APPENDIX D: EXTRACTION OF THE KONDO
TEMPERATURE

Kondo temperature can usually be extracted from the width
of the resonant conductance peak. However, in this work, a
magnetic field needs to be applied to kill the superconduc-
tivity and resolve the Kondo peak, where Zeeman splitting is
involved. To deduce the Kondo temperature, we employed the
method of Jorgensen et al. [26,29]. The normal-state Coulomb
peaks in the neighboring even diamond can be expressed in a
Lorentzian form

24, (B
h T2 g2 g (F/2)"

where I' = I'; + I',, I' = 1.36I", and &4 is the position of the
quantum dot level. Figure 10 shows the fitting (red) of the
Coulomb peak (black) at the right side of diamond «. The
average coupling strength from the left (not shown) and right
Coulomb peaks is I' = 0.74 meV. The Kondo temperature
Tk can be calculated using (the Boltzmann constant, Kg = 1)
[69]

ey

Tx =/ UT /2exp[meq(1 + e4/U)/2T], 2)

where U ~ 6 meV is the charging energy. At the center of the
Kondo ridge, ¢4 = —U/2, and Tx = 0.72 K.

APPENDIX E: TRANSPORT THROUGH EXCITED STATES

Figure 11 shows the transport features through the excited
states. The Zeeman splitting of the ground state (GS) and the
excited state (ES) as shown in Fig. 11(b) results in the linear
evolution of the conductance peaks, as marked by the dashed
lines in Fig. 11(a).

0.3 1

0.0+

v, (mv)

T
-60 -30 0 30 60

FIG. 15. In the strong-coupling regime, a continuous zero-bias
conductance peak which we attribute to supercurrent was observed,
as shown in Fig. 4(a). This figure shows a typical current-voltage
curve at Vg = 1.5V, illustrating the signature of supercurrent near
zero-bias voltage as indicated by the dashed ellipse.

APPENDIX F: CALCULATION OF THE 0-7 PHASE
TRANSITION

To further confirm the O-m transition, we solved the
single-level Anderson impurity model [73] using the NRG-
LJUBLJANA code [74] and calculated the DOS spectrum,
as shown in Fig. 12 . A charging energy of U = 41A and a
coupling strength of I' = 4A (smaller than that for diamond
« since the overall conductance is lower for diamond y)
reproduce the experimental results shown in Fig. 2(f) well.

APPENDIX G: 0-r PHASE TRANSITION IN DIAMOND «

The O-r phase transition of the ABSs was also observed in
diamond «, as shown in Fig. 13. The green dashed line guides
the resonance peak.

APPENDIX H: EVEN-ODD EFFECT IN THE
INTERMEDIATE REGIME

In the symmetric, intermediate coupling regime (II), an
even-odd effect was observed, as shown in Fig. 14. The con-
ductance around zero bias is suppressed and enhanced around
zero bias for the even (red curve) and odd (black curve) states,
respectively, indicating the contribution of Kondo effect.

APPENDIX I: SUPERCURRENT IN THE
STRONG-COUPLING REGIME

In Fig. 4(a), a continuous zero bias conductance peak was
observed, which we attribute to supercurrent. By integrating
a vertical line-cut, a typical current-voltage curve can be
obtained, as shown in Fig. 15. The signature of supercurrent
near zero bias voltage can be recognized.
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