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Spatial separation of Majorana zero modes distinguishes trivial from topological midgap states and is key
to topological protection in quantum computing applications. Although signatures of Majorana zero modes in
tunneling spectroscopy have been reported in numerous studies, a quantitative measure of the degree of separation,
or nonlocality, of the emergent zero modes has not been reported. Here, we present results of an experimental study
of nonlocality of emergent zero modes in superconductor-semiconductor hybrid nanowire devices. The approach
takes advantage of recent theory showing that nonlocality can be measured from splitting due to hybridization of
the zero mode in resonance with a quantum dot state at one end of the nanowire. From these splittings as well
as anticrossing of the dot states, measured for even and odd occupied quantum dot states, we extract both the
degree of nonlocality of the emergent zero mode, as well as the spin canting angles of the nonlocal zero mode.
Depending on the device measured, we obtain either a moderate degree of nonlocality, suggesting a partially
separated Andreev subgap state, or a highly nonlocal state consistent with a well-developed Majorana mode.
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I. INTRODUCTION

Emergent Majorana bound states (MBSs) in topological
superconductors [1,2] appear capable of providing a naturally
fault-tolerant basis for quantum computing [3,4]. The so-called
topological protection is based on the separation, or nonlocal-
ity, of MBSs, which makes Majorana qubits immune to deco-
herence by a local disturbance (though not immune to quasi-
particle poisoning [7,8]). Following early proposals to realize
topologically protected MBSs [5,6], hybrid superconductor-
semiconductor nanowires [9,10] have emerged as one of the
leading platforms due to straightforward nanofabrication and
experimental control [11,12].

In hybrid nanowires a few microns in length, MBSs evolve
from Andreev bound states (ABSs), which coalesce under
an increasing Zeeman field to zero energy in the presence
of spin-orbit coupling. Theoretically, the degree of wave
function nonlocality similarly evolves from an ABS with
highly overlapping wave function components in the Majorana
basis to two MBSs with spatially separated support at the wire
ends [Fig. 1(a)]. This spatial separation renders the Majorana
qubit insensitive to local electromagnetic perturbations from
the environment. Therefore, beyond observing zero-bias peaks
[13-23], the overlap of the two Majorana components, or
degree of nonlocality, provides a metric of topological protec-
tion, or quality factor, for qubits realized through zero-energy
modes. Proposed approaches to detect nonlocality include, for
instance, gate dependence [24], quantum correlation [25,26],
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and interferometry [27-29]. However, these have not been
demonstrated experimentally to date.

Here, we report an experimental investigation of zero-
mode nonlocality, using recent theory that shows how, under
reasonable model assumptions, a local probe at one end of
the wire allows the degree of nonlocality to be detected and
quantified [30,31]. The approach exploits the insensitivity of
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FIG. 1. (a) Schematic of Majorana bound states coupled to an end
dot state. Two Majorana components y;,  are hybridized by § due to
direct interaction and further split by couplings 7,  to the dot. (b) and
(c) The low-energy spectrum as a function of dot gate voltage Vi
shows anticrossings as dot states (black) align with (b) overlapping
or (c) separated Majorana modes in the wire. Energy ez{ ) Majorana
(dot) states are defined in the text.
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nonlocal MBSs to local interaction, the feature ultimately
responsible for topological protection. Specifically, fully sep-
arated MBSs remain at zero energy when perturbed by a
local probe; splitting in response to a local probe indicates a
finite Majorana overlap. A naturally occurring quantum dot at
the end of a semiconductor-superconductor hybrid nanowire
[18] was tuned across a resonance with the MBS and the
resulting splitting of the zero-energy state was measured by
tunneling spectroscopy [Fig. 1(a)]. In addition, anticrossings
between wire midgap states and consecutive dot states yield
information about spin structure of the midgap state [30].
Relevant features in the data are schematically illustrated
in Figs. 1(b) and 1(c), which contrast consecutive dot-wire
anticrossings for overlapping versus separated MBSs.

II. APPROACH TO MEASURING NONLOCALITY

In a topological nanowire of finite length L., the two
Majoranas y;, and yy at either end overlap and hybridize into
fermionic subgap eigenstates cy; = y;, + iy of energy 8. The
wave functions u{L®)(x) of its two Majorana components yy g
remain spatially separated, concentrated near the left (x = 0)
andright (x = L,,) ends of the wire, respectively. We define the
degree of Majorana nonlocality as the overlap integral summed
over spin index o,

Lw
Q= Z/O dx|ulP coul (x)]. (1)

Highly nonlocal MBSs have € — 0, while the Majorana
components of aconventional ABSs have & — 1. The absolute
value in the definition Eq. (1) means that a vanishing 2 implies
spatially separated MBSs, and a nonlocal fermionic state cyy;
see Fig. 1(a). Since the overlap integral is related to the charge
of overlapping Majoranas [32,33], a nonlocal state with 2 = 0
has zero charge and therefore would remain unperturbed by
local electromagnetic noise. This makes the magnitude of 2
of particular importance when using MBSs to implement a
topological qubit. We note, in particular, that a fermionic zero
mode with § = 0 need not have 2 = 0 when written in the
Majorana basis, as discussed below.

The approach employed here to experimentally measure
the degree of Majorana nonlocality, i.e., the suppression of €2,
was recently proposed in Refs. [30,31]. Itis based on detecting,
through transport spectroscopy, the hybridization of a state in a
quantum dot coupled to the left end of the nanowire as it comes
into resonance with the Majorana mode. Due to their spatial
separation, the left and right Majoranas will couple to the dot
state through different hopping amplitudes ¢; and ¢z, propor-
tional to the respective Majorana wave functions at the position
of the dot-wire barrier, as sketched in Fig. 1(a). This difference
in coupling is reflected in the spectral lines of the coupled
dot-nanowire system. In the case of finite spatial overlap €2,
the remote (right) Majorana acquires a finite coupling tg to the
dot, and as a result the hybridized Majorana state c); becomes
shifted in energy across resonances [Fig. 1(b)] [18,34]. Strictly
nonlocal Majoranas, in contrast, have §, tzg ~ 0 and remain
unperturbed at zero energy [Fig. 1(c)]. The energy shift can be
used to extract the ratio 7g /#;, and the spin canting angles 6, g

of the two Majorana wave functions uf,L/ R at the contact [30].

These spin orientations deviate from that of the dot states due
to the spin-orbit coupling in the nanowire.

A comparison to microscopic models indicates [30] that
in the topological regime, the dimensionless quantity n =
J/tr/tL accurately estimates the overlap, 2 ~ 1, under generic
conditions. Following similar arguments in a spinless context, a
related quality factor of Majorana nonlocality, g = 1 — n?, was
introduced in Ref. [31]. For § < 1., tg, the overlap estimate
can be expressed [30] in terms of energies ef D , which
characterize consecutive anticrossings of dot and wire levels
[see Fig. 1(b) and Appendix D],

M 1
el |cos 50,

<L @

D 1
€y |cos 50g
The ratios of consecutive anticrossing energies can then be
directly related to spin canting angles, €? /¢ f = |tan %QLI and
€M /eM = | tan $6p|. Fitting to this model for a given coupled
dot-MBS crossing spectrum gives a unique combination of ¢ g
and 0y g intherange 0 < 0, p <mwand 0 < 1g < 11.

III. DEVICE AND EXPERIMENT

The devices studied are based on InAs nanowires with a
7- to 10-nm epitaxial Al layer on three facets of the wire,
grown by molecular beam epitaxy [35]. Previous studies on
similar nanowires showed a hard induced superconducting gap
[36], with critical magnetic field along the wire axis exceeding
2 T [18]. The Al shell was etched on one end of the wire,
leaving a bare InAs segment. Ti/Au (5/100 nm) ohmic contacts
were deposited on both ends, forming a ~150-nm bare InAs
segment and a 2-um InAs/Al segment between the contacts.
Electrostatic control of wire and barrier density was provided
by side gates and a global back gate, as shown in Figs. 1(c) and
1(d). Three devices, denoted A—C, were measured, showing
similar general behavior, though with different degrees of
nonlocality. Measurements were carried out using standard
ac lock-in methods in a dilution refrigerator with a three-axis
vector magnet. A quantum dot typically forms in the bare InAs
segment at the end of the wire [dashed circle in Fig. 2(a)],
presumably due to density of state gradients at the edges of
the Al shell and metallic lead and possibly disorder. Details
of the dot can be seen in Appendix A. Occupancy of the
end quantum dot is tuned by the voltage Vy, on the gates
close to the dot, while V. is used to tune density in the
wire. Voltage Vi, on a global back gate change both the dot
level and the wire density. To separately tune the dot level or
the wire chemical potential, Vy, and Vy; are changed in a
compensatory way [18]. Figure 2(c) shows a two-dimensional
plot of Vg, and Ve with high-conductance stripes indicating
quantum dot resonances. Compensated sweep directions for
dot isopotentials (white arrow direction) and wire isopotentials
(red arrow direction) are also indicated in subsequent figures.
The wire isopotential direction is determined by the onset
of wire state appearance for a large range including several
dot Coulomb valleys [see Fig. 5(d) in Appendix A]. To find
zero-bias peaks, the end-dot is tuned to a Coulomb-blockade
valley and used as a co-tunneling spectrometer, with gates
swept parallel to the white arrow [18]. To pass through dot
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FIG. 2. (a) False-color micrograph of device A with end quantum dot (dashed circle). (b) Schematic cross section of device, with InAs
core (green) and epitaxial Al (blue) on three facets. Magnetic field B is applied parallel to the nanowire. (c) Conductance in V- Vyire plane at
B = 1Tand V,, = —2 V. Arrows indicate isopotential directions for dot (white) and wire (red). (d) Color scale plot of differential conductance,
measured at Vyo = 1.41V, Ve = —3.68V, and Vp, = —2V, as a function of V4 and B. A zero-bias conductance peak emerges around
B ~ 0.8 T and persists to ~2 T. In order to show the robustness of the zero-bias peak at the energy scales corresponding to Zeeman splitting,
a green dashed line is extended from the merging ABS with the effective g factor as its slope. (e) The same as (d), but on a line cut plot. (f)
Conductance measured at B = 1 T as a function of V4 and the V- Vyire combined voltage following a wire isopotential [white arrow in (c)].
The zero-bias conductance peak persists over the range Vyie = —3.9 V to —3.3 V. The slope of the extended green dashed line is fit from the
gate lever arm. (g) The same as (f), but on a line cut plot. All panels are for device A.

resonances at fixed wire density, gates are swept parallel to the
red arrow as described in detail below.

Tunneling spectroscopy reveals an induced superconduct-
ing gap of ~200 ueV at zero field, along with a pair of
subgap ABSs at ~ =+ 100 eV [Fig. 2(d)]. With increasing
field, the ABSs split and move to lower energy with an effective
g-factor of ~3.5, merging into a zero-bias peak around B = 0.8
T that persists up to B =2 T [Fig. 2(d,e)]. In gate voltage
dependence measurements, the zero-bias peak extends from
Viire = —3.95 Vto Vyire = —3.25V along the dot isopotential
[Figs. 2(f) and 2(g)]. To take into account SC-SM hybridization
[37-40], we have also estimated the robustness of the zero-bias
peak at the energy scales corresponding to Zeeman splittings
or potential variations. By using the extracted g-factor and the
gate lever arm, the zero-bias peaks in Figs. 2(d) and 2(f) extend
for ~120 peV [green dashed lines in Figs. 2(d)] and ~100 pueV
[green dashed lines in Figs. 2(f)], both sufficiently exceeding
the peak broadening (~45 ueV).

The theoretical regimes of behavior for the dot-wire system
are illustrated schematically in Fig. 3(a). At zero magnetic
field and with no wire states below the dot charging energy,
ABSs in the dot form loops (top panel), the smaller for odd dot

occupancies, as observed previously [41-44]. As subgap wire
states split and move toward zero energy with applied field,
dot and wire states anticross (middle panel). Finally, in the
topological regime, wire states coalesce to a zero-energy state
(red line), which can split when interacting with dot states,
depending on the separation of the two MBSs (bottom panel).

To apply the above method to the midgap state in device
A, the gate voltages have been swept along a wire isopoten-
tial, passing through consecutive resonances of the end dot.
Figure 3(b) shows interaction of dot states and wire ABSs at
B = 0.5 T, plotting conductance along with model spectra,
as described below. At B =1 T, the resonance between the
zero mode and the dot level at Vyo ~ 1.75 V appears as a
splitting of the zero-bias peak into a characteristic diamond
shape [Fig. 3(c)]. In contrast, the zero-bias peak at Vgo ~ 1.5V
does not show any detectable splitting. Throughout the whole
Vot gate scan, the near-zero subgap state remains disconnected
from the visible gap edge or other subgap states.

Using Eq. (2), the fittings for data in Figs. 3(b) and 3(c) are
illustrated in Fig. 3(d) (red lines) and Fig. 3(e) (blue lines),
respectively, with 7, g, § and 6, p as free parameters. The
fitting yields n ~ 0.5, corresponding to g ~ 0.75, and spin-
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FIG. 3. (a) Theoretical regimes of dot-wire interactions. Trivial regime at zero magnetic field, with ABSs in the dot and all wire states
outside the diagram (top panel); trivial regime with applied magnetic field that lowers one wire state into the gap (middle panel); topological
regime, with dot states interacting with zero-energy wire state (bottom panel). (b) Differential conductance at B = 0.5 T for gate sweep along
the wire-isopotential direction [red arrow in Fig. 1(e)]. (c) The same as (b), but at B = 1 T. Subgap wire state remains close to zero away
from resonance with dot and splits when on resonance, reflecting the locality of the wire state (boxed regions measured at higher resolution).
Inequivalence of consecutive resonances reflects spin interaction. (d) and (e) Model fits for (b) and (c) (red and blue lines), which are consistent
with partially localized midgap state in wire. (f) and (h) Line cut plots taken from (c), at Vgoy = 1.4V, 1.5V, and 1.6 V, respectively. All panels

are for device A.

canting angles, 9, ~ 1.7, 0 ~ 3.0 (in radians). This provides
an illustrative example of a nearly unsplit zero-energy midgap
state, yet with only a moderate degree of nonlocality.

The spectrum also differs markedly between consecutive
resonances, consistent with theory for spin-dependent anti-
crossings [30]. The fit of the model (Sec. II and Appendix D)
shows excellent agreement with experimental data across both
resonances. Additionally, the different visibility of the zero-
energy and excited states is the result of the dot-wire spin
alignment for consecutive resonances, which determines the
degree of wave function leakage into the dot, also consistent
with theoretical expectations [45].

Applying the same measurements for device B, a narrow
and stable zero-bias peak is found to span the range B ~ 1.1 —
1.7 T (corresponding to ~160 ueV Zeeman splitting, the peak
broadening is ~20 ueV), with weak oscillations in height and
width above 1.4 T [Fig. 4(a)]. The emergence of the zero-bias
peak was accompanied by a near-closing and reopening of the
gap to excited states. The gate sweep in Fig. 4(b) shows the

stability of the midgap state as a function of the wire potential,
which demonstrates that the zero-bias peak is robust in a range
of gate potential variations of ~160 ueV.

For gate sweeps along the wire isopotential [Figs. 4(c) and
4(d)], the zero-bias peak remains locked at zero bias, insensi-
tive to the dot state through wire-dot resonances—in contrast
to device A—while the dot state shows large anticrossings
with the zero-energy wire state through wire-dot resonances.
Nonsplitting of the zero-bias peak across a pair of resonances
[Fig. 4(c)]is not fine-tuned, and is found to be robust to changes
in magnetic field [Appendix B, Fig. 6(c)] and wire potential
[Appendix B, Fig. 6(d)]. Model fits yield n < 0.17, which
corresponds to g > 0.97, and spin canting angles 6, ~ 0.9,
Or ~ 1.6, indictating that the midgap states in device B are
consistent with highly nonlocal MBSs. The interpretation of
a large nonlocality for device B is further supported by the
small residual gap evident near the phase crossover point
[Fig. 4(a)] [18,46], a feature that is absent in device A

[Fig. 2(d)].
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FIG. 4. (a) Differential conductance as a function of V4 and
magnetic field B at Vpg =0, Vio = —3.9 V and Ve = 5.0 V.
Gap reduction and reopening around B = 1 T is accompanied by
appearance of zero-bias peak from B ~ 1.1 Tto 1.7 T. (b) Differential
conductance along dot-isopotential direction at B = 1.2 T. Zero-bias
peak persists for large gate-voltage range. (c) Dot-wire resonances
along a wire-isopotential. The zero-bias peak persists without splitting
through resonances, while it anticrosses with the dot states. Model fits
(green) consistent with nonlocal MBSs in the wire. (d) Same as (c), but
in logarithmic color scale. Unsplit zero-bias peak is visible through
the entire gate range. (e)-(g) Line cut plots taken at white dashed lines
in panel (c). All panels are for device B.

The nonlocality can vary with devices, presumably due
to defects induced during fabrication (like wire transferring).
It also strongly depends on gate tuning, which can change
potential profile and/or effective Fermi wave vector and results
in change of nonlocality. In Appendix B, measurements have
been also performed at different gate configurations for device
B, with a different nonlocality factor.

Data for a third device, denoted C, are shown in Appendix C.
These data indicate a significantly overlapping midgap states,
presumably associated with a trivial ABS.

IV. SUMMARY AND DISCUSSION

The key property of Majorana zero modes to serve as the
basis for topological quantum computing is their insensitivity
to local disturbance or measurement arising from their spatial
separation, or nonlocality. That same feature, insentivity to
a local probe, has been applied in this study to quantify the
separation of MBSs, taking advantage of recent theoretical
developments concerning how the Majorana modes individ-
ually couple to a quantum dot at one end of the nanowire.
We found that for two devices (devices A and C), the near-
zero-bias conductance peak corresponds to an intermediate
degree of nonlocality, while in another (device B), the zero-bias
peak remained at zero when passing through consecutive dot
resonances, characteristic of highly nonlocal MBSs. Fits to
theory yield bounds on a measure of locality, n < 0.17, and
quality factor g > 0.97, as well as measurement of the spin
canting angles of the zero-mode spin texture.

Arguably more important than the values of nonlocality
that were obtained is the experimental demonstration of a new
method for estimating nonlocality and quality factor that can
be applied to existing nanowire devices. The measurement of
spin canting angles using consecutive resonances adds a further
identifier to the Majorana modes. It would be interesting to
correlate spin canting angles measured using two end dots
at opposite ends of a nanowire, presumably allowing one to
establish that the same two Majoranas are being measured.
That study will be pursued in future experiments.
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APPENDIX A: SUPPORTING DATA FOR DEVICE A

In this section, we present some basic analysis on the
quantum dot in device A.

As shown in Fig. 5(a), by extending the Coulomb blockade
diamond edges at low energy, we can roughly estimate the addi-
tion energy of the dot to be 3—4 meV at B = 1.2 T, and the lever
arm of the combined Vyo-Vyire along the wire-isopotential
direction is about 0.016. We also measured magnetic field
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FIG. 5. (a) Differential conductance measured for device A, as
a function of source-drain bias voltage and the V- Vyie combined
voltage along the wire-isopotential direction [red arrow in Fig. 2(c)].
The measurements are performed at B = 1.2 T. (b) The quantum
dot level evolution in magnetic field, measured at Vi3 = 0.5 mV.
Corresponding levels are labeled with the same mark as in (a). (c)
Extracted peak positions in (b). (d) Large scale view of Fig. 2(c). The
red dashed line indicates the onset of wire state appearance.

dependence of the dot levels [Fig. 5(b)]. At zero field, four dot
levels are separated by ~3.6 meV, ~4.2 meV, and ~3.0 meV
addition energy in succession, which is consistent with the
spin O and spin 1/2 alternating filling picture. As magnetic
field increases, the up two levels evolve towards opposite gate
voltages, which can be attributed to Zeeman splitting of the
InAs end dot. Fitting the splitting slopes in low field regime
[Fig. 5(c)], an effective g factor around 10 can be deduced.
The bottom two levels show similar splitting behavior with a
g factor about 7. Note the slitted peaks in Fig. 5(b) is because
the access of excited state at Vi = 0.5 mT.

At base temperature, the dot resonant levels are much
broader than the zero-energy mode in the wire. This is because
the dot has to be strongly coupled to the superconductor to
achieve large level anticrossing, and therefore the dot levels
are lifetime broadening dominated.

APPENDIX B: SUPPORTING DATA FOR DEVICE B

Here we present supporting data for device B.

The conductance in the Vjo- Vyire plane clearly depicts the
dot levels (red dot and blue square). The evolution of the dot
levels in magnetic field shows Zeeman splitting induced level
shift in gate.

Measurements for device B that are similar to Fig. 4(c)
have also been taken at different magnetic field [Fig. 6(c)]
and along different slope [Fig. 6(d)]. Those measurements all
show that the zero-bias peaks remain unsplit when they cross
the consecutive dot levels with finite anticrossings between dot
states and wire states.

The topological phase strongly depends on the chemical
potential of the wire. Here, we performed nonlocality mea-
surements for device B again, but with a quite different gate
configuration. The back gate voltage Vi is tuned to —2 V, and
the nanowire is supposed to be depleted more. At this back
gate voltage, we have performed Vgor — Vyire gate sweep and
marked the dot-isopotential and wire-isopotential directions in
Fig. 7(a). A tunneling spectrum in magnetic field is applied at

43 42 -4.1 -4.0
Vdot (V)

FIG. 6. (a) Logarithmic color scale plot of differential conduc-
tance for device B, measured at Vg =0, B = 1.2 T, as a function
of Vo and V. The black and red lines denote dot-isopotential and
wire-isopotential gate sweeping directions, respectively. Figure 4(b)
of the main paper is taken along the black line, while Fig. 4(c) is
taken along the red line. (b) Magnetic field evolution of the quantum
dot levels shown in (a) (solid circle and box). The Zeeman splitting
induced level shift is evident. (c¢) Similar to Fig. 4(c), but measured at
B = 1.4 T (along the red line). (d) Similar to Fig. 4(c), but measured
along a different wire-isopotential direction (along the blue line), at
B = 1.2 T. Same as Fig. 4(c), the ZBPs in (c) and (d) show the same
robustness when they cross the dot levels, while the anticrossings
between dot states and wire states remain large.

the point marked by a star in Fig. 7(a), where an emergent
zero-bias peak can be seen around B = 0.8 T [Figs. 7(b) and
7(c)]. This zero-bias peak “oscillates” at higher magnetic field
and formed a loop structure. Gate sweep is also performed
along a dot-isopotential direction [blue arrow in Fig. 7(a)].
The oscillatory splitting of the zero-bias peak is evident to see
both at B =0.8 T and B = 1.0 T [Figs. 7(d) and 7(e)].

The zero-energy mode in Fig. 7 with oscillating splittings
indicates it is coupled Majorana modes. To estimate the
nonlocality of the subgap states, we performed the quantum dot
crossing experiment for this device, along a wire isopotential
[red arrow in Fig. 7(a)]. As shown in Fig. 8, the zero-bias peak
traverses the whole measured region [logarithmic color scale in
Fig. 8(d) for aclear view], with some finite broadening/splitting
at dot level crossing points. Fit to the theory mentioned above,
we can estimate the nonlocality of the subgap state is about
n ~ 0.4 (or g ~ 0.8). For the same device, the degree of the
nonlocality in Fig. 8 is different from the one in Fig. 4. This

085125-6



NONLOCALITY OF MAJORANA MODES IN HYBRID NANOWIRES PHYSICAL REVIEW B 98, 085125 (2018)

(a) (b) 0.0 diidV(e¥h) 03 (c)

3 2 0
10 di/dV (e%/h) 10" 16 0.9+

Vaor V)

0.12

, B=10T||
44 43 42 41 44 43 42 41
Vwire (V) Vwire (V)

FIG. 7. (a) The gate map of Vg, and Ve, at Vg =0, Vpe = —2 V, and B = 1 T. The blue and red lines represent the dot-isopotential and
wire-isopotential directions, respectively. (b) Tunneling spectrum evolution in magnetic field, measured at the point indicated by the star in (a).
A zero-bias peak emerges at B = 0.8 T, and then it goes through a splitting-merging process. (c) A line-cut plot of (b). (d) and (e) Tunneling
spectra along a dot-isopotential direction [the blue line in (a)] measured at B = 0.8 T and B = 1 T, respectively. Along the gate voltage, the
subgap states show oscillatory splittings around zero-bias voltage.

is because gate tuning can significantly change the potential APPENDIX C: NONLOCALITY OF A TRIVIAL ABS
profile and/or effective Fermi wave vector, and thus leads to

. We have also measured device C. In the magnetic field
changes of nonlocality.

evolution of tunneling conductance for device C, a zero-bias

(a) 0.0 di/dv (e’n) 0.6 (b) 00 dlldv(e¥h) 08 (c) 00 dldV(e¥h) 0.7
L —
i N
; £
-0.2
3.4 -3.3 32 341 -3 40 -3.39 -3.28 -3. 27 -3 26 -3.25

Vaor V) Vot Vot (

(d) 103 dudV (e%/h) 100 (e) 1o 100 ® 1o 100
0.3 — 0.2 N | A e

0.2}
-3.4 -3.3 -3.2 -3.41 -3.39 -3.28 -3.27 -3.26 -3.25

Vdot (V) Vdot

FIG. 8. (a) Tunneling spectra along a wire-isopotential line [red line in Fig. 7(a)], at B = 1 T. (b) and (c) Close-up views for the squared
regions in (a). (d)—(f), Logarithmic color scale plots corresponding to (a)—(c), respectively. A zero-bias peak runs through the entire gate range.
Greens lines in panels (e) and (f) are from the effective model fitting, which gives n = 0.4 (or ¢ ~ 0.8) for the subgap state.
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FIG. 9. (a) Tunneling conductance measurements as a function
of magnetic field. A zero-bias peak develops around B =12 T,
splits and merges again at higher field. (b) and (c) The dot-crossing
tunneling spectra along a wire-isopotential direction at 0.5 and 1.5 T,
respectively. (d) Effective model fitting (green lines) for (d). The
fitting gives n ~ 0.85, roughly corresponding to ¢ ~ 0.28.

peak emerges at B = 1.4 T [Fig. 9(a)], which splits and forms a
characteristic loop structure at higher field. To check the degree
of nonlocality for the corresponding midgap states, dot-level
crossing sweeps have been done at B=0.5 Tand B=15T
[Figs. 9(b) and 9(c)]. It is evident that the zero-bias peak at
B =1.5 T is sensitive to the dot levels. Fits to the model
yield n ~ 0.85, corresponding to g ~ 0.28, indicating that the
midgap state is arather spatially localized. The estimated weak

J

Heff —
B+U
€0+ +2 (ny) 0 0
€g—B+U (ny)
0 -B+Un) 0
€+B+U(n,)
lI:Ieff — 0 0 - 2
2 0 0 0
in & _ oL —¢; sin &
1 sin % tr cos 1 sin %
. - Ok . Or . - Ok
ll‘RSIHT llRC087 llRSIIIT

In the Coulomb blockade regime, dot occupancies are
estimated from by their averages in the weak tunneling limit
LR —> 0,

(n)) = (ny) =1foreg < —U — B,
(ny)=1—=(ny) =1 for —U —B <e < B,
(ni) = (n” =OfOI‘B<60.

(D2)

The quantity n = /tg/t;. can be extracted from fitting
transport spectroscopy measurements to the spectrum to
Eq. (D1) using expressions for the energies involved in the

nonlocality is consistent with the fact that the zero-bias peak
is not robust in magnetic field evolution. The corresponding
subgap state can be interpreted as MBSs with a large spatial
overlap, or equivalently, trivial ABSs.

APPENDIX D: THEORETICAL MODEL
AND SIMULATIONS

The analysis and interpretation of the experimental data uses
a theoretical description of the quantum dot-nanowire system
following Ref. [30]. The resulting effective model captures
the low-energy spectrum of the quantum dot-nanowire system
as the dot states hybridize with Majorana bound states. Its
ingredients are various properties of the corresponding wave
functions, such as the spin orientation of dot and Majorana
states, or the amplitude of the two Majoranas at the junction.

The strategy is to phenomenologically model only the states
involved in the anticrossings around zero energy, namely the
low-lying dot states d4 ; and the two Majorana bound states
located at the junction (y ) and the far end (yg) of the nanowire
(assuming they are spectrally separated from other states).
Parameters of the effective model are the Majorana splitting
6 and the hopping amplitudes ¢; g from the quantum dot to
the left and right Majoranas, respectively. Interestingly, this
simple model is able to fully capture the transition from the
trivial regime (where a local Andreev level would correspond
to f; ~ tg and arbitrary ) to the nontrivial topological regime,
where nonlocal Majorana end states imply §, tgp << ..

Other parameters are the quantum dot level €, the charging
energy U, and the Majorana spin canting angles 6;, and 6, of
each Majorana wave function with respect to the spin quanti-
zation axis given by the Zeeman field B. Using this minimal
description, the Hamiltonian for a quantum dot interacting with
the low-lying levels of the nanowire takes the form,

1 .
E(dTv dIs de d\Lv yLs yR)Heff(dTv d\La d;«s dIv yLs VR)Ts

0 tr sin %L —itg sin %R
0 —17, CcOS %L —Iitg COS %"
0 —17 sin %L —itg sin 97" ®1)
€o—B+U(ny) o . o |
- 1.c087 —itg COS 5
tp cos % 0 i8/2
itg cos % —i8/2 0

(

avoided crossings,

D 52 52 2

e = > +si —|—s12e F (3 —i—si —i—s,ze) —4sis1%,

D 52 52 2

efV = | =+ +EF = +E+E) —4dcia,
\ 2 2

(D3)

where s; = 2¢; sin % and ¢; = 2t; cos %. By using these ana-
Iytical expressions to fit the data (see, e.g., the green curves in
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Fig. 4 of the main text), we can extract a good estimate of the
degree of Majorana nonlocality.

A value g < 17,1.e.,n < 1 reflects a suppressed overlap of
the two Majoranas, as demonstrated with direct comparison
with a full microscopic model (see Sec. IV of Ref. [30]).
The limit n = O corresponds to the case of zero overlap. In

terms of the anticrossing structure, it was also shown that
n < 1 is associated with a spectral detachment between the
Majorana-like and dotlike levels throughout the anticrossing.
The perfectly nonlocal case n = 0 manifests in unperturbed
zero-energy Majorana states inside detached anticrossings, like
those in Fig. 4.
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