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Large Andreev bound state zero-bias peaks in a weakly dissipative environment
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The detection of Majorana zero modes still remains elusive after extensive searches. The current debates focus
on the experimental observation of large zero-bias peaks (ZBPs) near 2e2/h in tunneling conductance. These
large ZBPs, induced by Andreev bound states, mimic the Majorana signature and suggest that new diagnostic
tools or experimental knobs are highly desired. In this paper, we introduce an interaction effect on these large
ZBPs using a weakly dissipative probe. By increasing temperature (T ), we establish that these large ZBPs
can reveal a zero-bias conductance increase, a non-Fermi-liquid behavior due to the environmental Coulomb
blockade. This observation forms a sharp contrast to nondissipative devices where ZBPs follow a Fermi-liquid
T dependence. Our results open prospects for a better understanding of large ZBPs induced by Andreev bound
states and hold relevance for future Majorana detection.
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I. INTRODUCTION

Andreev bound states (ABSs) can emerge in nonuni-
form superconductors by Andreev scatterings at energies
below the superconducting gap [1,2]. Hybrid semiconductor-
superconductor systems [3–6] provide an ideal test bed to
study these subgap states, owing to the proximity effect medi-
ated by Andreev reflections and the high tunability of carrier
density using electrostatic gates. Fascinating physics can be
revealed by adding additional elements, e.g., one dimension-
ality and spin-orbit coupling [7–12]. These hybrid nanowires,
with the semiconductors being InAs or InSb, are further
predicted to host Majorana zero modes (MZMs) [13,14]
where one ABS can be spatially separated into two “halves”
(MZMs). In tunneling conductance, zero-bias peaks (ZBPs)
can be observed [8,15–22] as a possible signature for MZMs
as well as zero-energy ABSs. The similarities between ABSs
and MZMs, e.g., large ZBPs on the order of 2e2/h for both
cases, create huge debates on distinguishing them [23–35].

Recently, motivated by a theoretical work [36], we have
added a resistive lead as a strongly dissipative environ-
ment to hybrid InAs-Al devices [37]. Previously, dissipative
tunnelings of metallic junctions [38–42] and semiconduc-
tor nanostructures [43–49] have been widely studied which
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exhibit the dynamical or environmental Coulomb blockade
(ECB) with power laws emulating Luttinger liquid physics
[50]. Here (see also Ref. [37]), the interaction effect in the en-
vironment acts on the InAs-Al nanowire junction where ABSs
emerge. Different from how the conventional ECB works,
dissipative tunneling is mediated by Andreev reflection and
into a discrete subgap state. Reference [36] predicts that this
dissipative environment could identify topological ZBPs by
suppressing the trivial ones. In the strongly dissipative regime,
we have shown that most zero-energy ABSs are revealed as
split peaks instead of ZBPs [37]. However, large ZBPs near
2e2/h, the core of current debates [32–34], still remain to
be explored by a dissipative probe. To reveal large ZBPs, in
this paper we lower the probing lead resistance from ∼5.7 k�

in Ref. [37] to ∼2.7 k�. We show that ABS-induced ZBPs
are not fully suppressed down to the lowest accessible tem-
perature; therefore, we shall refer to this regime as a “weak
dissipation” one. The large ZBPs near 2e2/h follow a unique
temperature dependence dramatically different from that of
small ZBPs or ZBPs in regular devices without dissipation.
We ascribe this difference to the dynamical competition be-
tween ECB and thermal averaging. Our result suggests that
the dissipation strength reported in this paper is not enough
to fully suppress ABS-induced ZBPs at the current fridge
temperature.

II. EXPERIMENTAL RESULTS

Figure 1(a) shows the scanning electron micrograph (SEM)
of device A. An InAs nanowire (gray) with a thin Al shell
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FIG. 1. (a) False-color SEMs of device A (left) and control device X (right). See labeling for Al, Cr/Au, and Ti/Au film thickness. The Al
shells on InAs are half coverage, and for visibility, the InAs front facets are false colored. Device X is the same device used in Ref. [37]. (b) B
scan of the superconducting gap in device A. B is in plane and perpendicular to the wire axis. Lower panel: Zero-bias line cut. (c) Line cuts
from (b) at 0 and 1 T. (d), (e) B scan of the gap in device X. T ∼ 24 mK.

(cyan) is first contacted by Ti/Au (yellow), and then con-
nected to a resistive film (red), serving as the dissipative
environment. Resistance of the dissipative film is designed
and later estimated to be ∼2.7 k� [see Fig. S1 in the Sup-
plemental Material (SM) [51] for details]. The device can be
tuned by a side tunnel gate (TG) and a global back gate (BG)
which is p-doped Si covered by 300-nm-thick SiO2. Growth
and transport details of these hybrid InAs-Al nanowires can be
found in Refs. [19,52]. We apply a total bias voltage (Vbias) on
the left Ti/Au lead, and measure the current I from the right
contact. The bias drop on the InAs-Al part is V = Vbias − I ×
Rseries, where Rseries = Rfilters + Rfilm includes resistance of the
fridge filters and the dissipative film, both estimated based on
independent calibration. The device differential conductance,
G ≡ dI/dV = (dVbias/dI − Rseries )−1, has Rseries excluded.

In Fig. 1(b) we tune the device into the tunneling regime
and resolve the superconducting gap (see Fig. S2 in SM [51]
for the gate scan). The gap is closed by a magnetic field (B),
perpendicular to the nanowire, at ∼0.5 T. After the gap clos-
ing, a dip is resolved near zero bias [red curve in Fig. 1(c)].
This suppression of G near zero bias (see Fig. S3 in SM [51]
for more scans) is a signature of ECB. We further quantify
this suppression with a power law and find rough matches
(see Fig. S4 in SM [51]). In our control device X, an InAs-Al
nanowire without the dissipative resistor, G is usually flat after
the gap closing without noticeable features near zero bias as
shown in Figs. 1(d) and 1(e) (see Ref. [37] for more charac-
terizations of device X at different barrier transmissions).

We now align B parallel to the nanowire and find large
ZBPs (Fig. 2) due to zero-energy ABSs. Note the different
barrier transparencies (reflected by the outside-gap conduc-
tance) between Fig. 1 (the tunneling regime) and Fig. 2 (more
opened regime), corresponding to different gate voltages. Fig-
ure 2(a) shows a B scan of an ABS, likely disorder induced,
in device B at temperatures (T ) of 24 and 240 mK. T refers
to the fridge T unless specified. Device B has a dissipative
resistor (∼2.7 k�) similar to that in device A. At 0.96 T,
two peaks merge at zero and form a large ZBP with height
exceeding 2e2/h [see Fig. 2(b) for line cuts]. Interestingly, the
ZBP height at an elevated T of 240 mK (red) is higher than
that at base T of 24 mK (black). This unusual T dependence

is qualitatively different from those in nondissipative devices
where the ZBP height always decreases as T increases, a
purely thermal broadening (averaging) effect (see Fig. S5 in
SM [51] for examples in the control device X). We attribute
this unusual T dependence to the mixing or competing effect
of ECB and thermal broadening. ECB suppresses zero-bias
G (the ZBP height) at low T (24 mK). Higher T (240 mK)
diminishes ECB and enhances the height. On the contrary,
thermal broadening, an averaging effect over a peak, leads
to the opposite trend in T dependence. For large and broad
ZBPs, the thermal broadening effect is not obvious at low T ,
therefore ECB may dominate the trend in T dependence, as
visualized by the difference between the black and the red
curves in Fig. 2(b). Note that ECB is the strongest near V = 0.

To simulate the thermal broadening effect, we use
the formula G(V, T ) = ∫ +∞

−∞ G(ε, 0) ∂ f [e(V −ε),T ]
∂ε

dε, where
f (E , T ) = 1

eE/kBT +1 is the Fermi distribution function. G(V, T )
at high T can be calculated by this convolution using
G(V, T = 0 K) as an input which we replace with G(V, T =
24 mK). This assumption should be valid for T much larger
than 24 mK. The red dashed lines in Fig. 2(a) (lower panel)
and Fig. 2(b) are the simulation results for T = 240 mK, no-
ticeably lower than the measured G at the same T (red lines).
This deviation suggests that thermal broadening is not the only
effect and ECB should be included in the T dependence of
large ZBPs.

Figure 2(c) shows the gate dependence of the large ZBP
where again a sizable deviation can be found between the
measurement (red line) and the thermal simulation (dashed
line) for T = 239 mK. Figure 2(d) shows a line cut of the
near-zero-energy ABS: split peaks at 24 mK evolving into
a large ZBP at 239 mK. The red dashed line is the thermal
simulation which could also merge split peaks into a ZBP but
at a cost of lowering the peak height.

ECB not only suppresses the ZBP height, but also modifies
the peak shape due to its nonuniform suppression on G over
bias. In Fig. 2(e), the large ZBP at base T shows a larger devia-
tion from the Lorentzian fit (dashed line) than that at higher T .
This phenomenon is expected since ECB is stronger (weaker)
at lower (higher) T . Figure 2(f) shows the full T dependence
of the zero-bias G (black dots) for this ZBP. The black dashed
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FIG. 2. (a) G vs V and B at T = 24 mK (upper) and 240 mK (middle) for device B. Lower panel: Zero-bias line cuts, and thermal simulation
for T = 240 mK (red dashed line). (b) Line cuts from (a) at B = 0.96 T and thermal simulation (dashed line) for 240 mK. (c) VTG scan at
B = 0.95 T for 24 mK (upper) and 239 mK (middle). Lower panel: Zero-bias line cuts and thermal simulation (dashed line). (d) Line cuts
from (c) and thermal simulation (dashed line) for 239 mK. (e) A ZBP line cut from (c) at 24 mK (upper) and 239 mK (lower). Dashed lines are
the Lorentzian fits assuming 24 and 239 mK thermal broadening. (f) T dependence of zero-bias G. The dashed line is the thermal simulation.
Black for device B and red for device A from (g)–(j). (g)–(j) Similar to (a)–(d) but for device A. In the lower panels of (a), (c), (g), and (i), the
y axis is linearly scaled for G2 instead of G, to better resolve the deviations at higher G’s.

line is the thermal simulation which, as expected, shows a
monotonic decrease with increasing T . Contrarily, the mea-
sured ZBP height first increases (ECB being weakened) and
then decreases until T is too high where thermal broadening
starts dominating. We sketch a gradient gray background for
T < 100 mK to indicate that below 100 mK the electron T
gradually deviates from the fridge T and finally saturates.
Since we focus on the T dependence from 100 to 400 mK,
the conclusion should not be affected by this saturation of
electron T .

Similar ZBPs near 2e2/h (with a smaller above-
background peak height) can also be observed in device A,
as shown in Figs. 2(g)–2(j). This zero-energy ABS resolves
a small splitting at base T [black curves in Figs. 2(h) and
2(j)]. This ZBP with a splitting feature has no fundamental
difference from the large ZBP in Fig. 2(b) (black curve): If a
lower temperature could be reached in Fig. 2(b), the ZBP there
would also split. Splitting or not depends on the zero-energy
ABS details, dissipation strength, and T . If the dissipation
strength was increased more, most zero-energy ABS-induced
ZBPs would also split. In fact, in Fig. 2(a) (for B slightly
different from 0.96 T) and Fig. 2(d), we could also find large
ZBPs at higher T ’s which resolve a small splitting at base T .
The main noticeable difference between base T (black curve)
and higher T (red curve) in Figs. 2(h) and 2(j) is the “triangle”
area near zero bias, a visualization of ECB (also visible for
the line cuts at 2 T). Note that thermal simulation (red dashed
lines) conserves the area underneath the curve, making the
peak height lower and peak width wider for higher T ’s.

The red dots in Fig. 2(f) illustrate the T evolution of the
zero-bias G corresponding to this zero-energy ABS. With in-
creasing T , the zero-bias G first increases and then decreases,
similar to the black dots, though if using a curve of a split peak

at base T as the input, thermal simulation would also give an
initial increase of G (purely due to the averaging effect on a
dip) as shown by the red dashed line. This increase is much
less than the measurement data, indicating the noticeable role
of ECB. For more T dependence of the ABSs in Fig. 2, see
Fig. S6 in SM [51].

Above we have demonstrated the interplay between weak
dissipation (ECB) and thermal broadening on large ZBPs
induced by zero-energy ABSs. These large ZBPs generally
have a large peak width, and are therefore immune to thermal
broadening for T ’s being not too high (e.g., below 300 mK).
Within this range, increasing T diminishes ECB and enhances
the zero-bias G, causing deviations from the Fermi-liquid T
dependence. Figure 2 corresponds to high barrier transparen-
cies, reflected by the outside gap conductance (∼0.7–0.9 ×
2e2/h). Since high transparency may weaken the ECB [43],
in Figs. S4(a) and S4(g) [51] we show that ECB suppression
is still present at transparencies similar to the ones in Fig. 2.

In Fig. 3 we study small ZBPs in device A under the same
dissipation strength. Figures 3(a) and 3(b) show the B and
gate scans of an ABS at base T . The level crossing point,
corresponding to a zero-energy ABS, resolves a small ZBP
(peak height ∼0.3 × 2e2/h). The ZBP width is also narrower
than those in Fig. 2, and therefore it is more sensitive to ther-
mal averaging. Indeed, in Fig. 3(b) (lower panel), the thermal
simulation (dashed line) for T = 223 mK agrees reasonably
well with the measurement (red line), suggesting that thermal
broadening is the dominating effect, different from the case in
Fig. 2.

Figures 3(c) and 3(d) show the full T evolution of this
small ZBP. The zero-bias G [dots in Fig. 3(d)] shows a
monotonic decrease as increasing T , qualitatively different
from the trend of T dependence in Fig. 2. Moreover, thermal
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FIG. 3. (a) B dependence of a small ZBP in device A at 24 mK.
Lower panel: Zero-bias line cut. (b) VTG scan of this ZBP at B =
0.8 T. T = 25 mK. Lower panel: Zero-bias line cuts at 25 mK (black)
and 223 mK (red curve), together with thermal simulation (red
dashed line). (c) T dependence of the ZBP. (d) Zero-bias G (dots)
from (c). The black and gray dashed lines are thermal simulations
using the 25- and 37-mK data as the input for G(V, 0), respectively,
to account for possible instabilities during measurement.

simulation [both black and gray dashed lines in Fig. 3(d)]
matches reasonable well with the measurement, confirming
thermal averaging as the dominating effect for small ZBPs.
Note that weak dissipation should still be present for this ABS
since they all share the same dissipative resistor. The narrower
peak widths for small ZBPs make them more sensitive to
thermal averaging. This causes the ECB effect to be almost
unnoticeable in the T evolution unless lower temperatures
could be reached. For more T dependence and gate scans
of this ABS, see Fig. S7 in SM [51]. In Fig. S8, we present
some stability tests of the ABSs in Figs. 2 and 3 to rule out
possible gate shifts or charge jumps. Figures S9 and S10 in
SM [51] show four more zero-energy ABSs with intermediate
ZBP heights to illustrate the gradual transition from large to
small ZBPs.

III. THEORETICAL CALCULATIONS

In Fig. 4, we present the result of the renormalization
group (RG) calculation for zero-energy ABSs by fixing the
dissipation strength r = 0.1. This r translates to an effective
dissipative resistance of r × h/e2 ∼ 2.58 k�, similar to the
cases of devices A and B. In the theory model [53], we could
modify the lead-ABS tunnel couplings for electrons (te) and
Andreev reflected holes (th) to realize different ZBP heights:
If te and th are larger and closer, the ZBP height is larger.
Figure 4 demonstrates the T dependence of zero-energy ABSs
with different heights (colors). When T decreases toward ab-
solute zero, the zero-bias G should be suppressed toward zero
due to dissipation for all ABS cases, causing the ZBP splitting.
When T is high enough and increases, ECB is diminished and

FIG. 4. Renormalization group (RG) calculation of G for various
zero-energy ABSs (different colors), corresponding to different ZBP
heights. The dissipation strength r = 0.1 for all curves. T0 refers to
the starting RG temperature. We assign the base T in experiment to
the vertical dashed line.

the ZBP is thermally smeared, also causing the zero-bias G
to decrease. These two regions combined together form the
shape of T dependence in Fig. 4 with a maximum peak at
an intermediate T . The key point is that this intermediate
T is different for large and small ZBPs. By comparing with
experimental data, we think our base T likely corresponds
to the vertical dashed line. Under this assumption, for small
ZBPs (the red and blue curves), the zero-bias G shows a
continuous decrease as increasing T , consistent with the ob-
servation in Fig. 3. For large ZBPs (the orange and green
curves), the zero-bias G initially increases and then decreases
as increasing T , consistent with the observation in Fig. 2. Fig-
ure 4 is for illustration purposes and a qualitative comparison.
A quantitative theoretical fitting is provided in Fig. S11 in
SM [51].

IV. CONCLUSION

To summarize, we have studied zero-energy ABSs in a
weakly dissipative environment. Large ZBPs near 2e2/h can
be resolved. The large peak width protects the ZBP height
from decreasing against thermal averaging over an interme-
diate T range (e.g., <300 mK) where ECB could dominate.
As a result, when T is lowered, the ZBP could either decrease
its height or split, both not following Fermi-liquid thermal
simulation. On the contrary, the T dependence of small ZBPs
follows the thermal simulation within the current temperature
range, which is the same with the cases in regular devices
without dissipation. Our result shows that the weak dissipation
strength (Rfilm ∼ 2.7 k�) cannot fully suppress ABS-induced
ZBPs at the current fridge temperature. For Majorana or
quasi-Majorana resonance detection [27,28], a stronger dis-
sipation regime [37] is preferred which can effectively “filter
out” trivial ZBPs [36,53–55], since in the weak dissipation
regime, the heights of ZBPs induced by zero-energy ABSs
could either increase (Fig. 2) or decrease (Fig. 3) as increasing
T , depending on the ABS details. This makes it less straight-
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forward to qualitatively distinguish MZM signatures [56,57]
compared to the strong dissipation case.
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