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Response to Complaint by Jake S. Yeston on behalf of Sergey Frolov and Vincent Mourik

A complaint to the Practice Committee of the University of Copenhagen was submitted by
lake S. Yeston, editor at Science, on behalf of Sergey Frolov and Vincent Mourik (F&M),
focusing on the question of whether the data presented in our paper, “Flux-induced
topological superconductivity in full-shell nanowires” by S. Vaitiekénas et al. (Science, 2020)
accurately represented the outcome of the experiments undertaken, and if data that did not
support the conclusions were withheld.

The complaint is based on the document Post-publication analysis of ‘Flux-tuned topological
superconductivity in full-shell nanowires’ Vaitiekenas et al. Science 2020, dated June 1, 2021,
prepared by F&M, which presents an assortment of criticisms of our paper. F&M state that
based on their analysis “the core conclusions of the paper are invalidated” [F&M, p2].

It is useful to state at the outset the main conclusions of our paper, quoted from paragraph 2
of the main text: “Here, we show both experimental and theoretical results suggesting that a
hybrid nanowire consisting of a full superconducting (aluminum) shell surrounding a
semiconducting (indium arsenide) core can be driven into a topological phase that supports
MZMs at the wire ends by a flux-induced winding of the superconducting phase.” [emphasis
added]

All authors of the Science 2020 paper stand behind all aspects of the paper, data, analysis,
interpretation, and conclusions, and find no merit in the complaints of F&M.

Background

The realization in 2015 of epitaxial growth of semiconductor-superconductor hybrid
nanowires (Krogstrup, et al. Nat. Mat. 2015) yielded new types of materials and devices to be
investigated. One interesting system was an InAs nanowire fully surrounded by an epitaxial
Al shell. Hollow superconducting shells had been widely investigated previously, dating to the
seminal work of Little and Parks (1962). Two previous experiments on small-diameter
superconducting shells on insulating cores (Liu, et al. Science 2001; Sternfeld, et al. PRL 2011)
had observed the so-called destructive Little-Parks effect, with reentrant lobes of
superconductivity down to the lowest measured temperature, characteristic of a quantum
phase transition (similar to Figs. 1C and 1D of our paper). The theory of this effect has been
worked out, yielding good agreement with experiment. How destructive superconductivity
affected the proximity effect in the semiconductor core had not been previously considered,
experimentally or theoretically, as far as we know.

It was demonstrated previously by the Copenhagen group and others that related hybrid
semiconductor-superconductor nanowires with partial coverage by epitaxial Al (covering two
or three facets of the hexagonal nanowire) showed a well-developed proximity effect in InAs
with a “hard” induced gap, that is, with an induced Bardeen-Cooper-Schrieffer (BCS)-like
gapped spectrum with very low subgap tunneling conductance.

Tunneling spectroscopy into the end of the semiconductor core could be achieved by
removing the shell via wet etching and depleting the semiconductor in the tunneling regime
via electrostatic gates, with a normal-metal electrode deposited on the wire end, on the other



side of the etched barrier region. The geometry of these devices was similar to previously
investigated devices, allowing spectroscopy into the end of the wire. In the case of full-shell
wires, the core was protected from the substrate and processing by the shell and not
influenced by gating, except in regions that were etched to make the barrier and normal-
metal contact.

Four-terminal measurements contacting the Al shell revealed the lobe structure of
destructive superconductivity (Figs. 1C and 1D). The data was perhaps cleaner than previous
studies, though consistent with Liu and Sternfeld, and in good agreement with theory.

We next turned our attention to tunneling spectroscopy of the semiconductor core. In the
zeroth superconducting lobe, a simple proximity effect was observed. When the exposed
barrier region was gate-tuned into the tunneling regime, avoiding obvious resonances barrier,
tunneling spectroscopy in the zeroth lobe showed a familiar BCS-like spectrum, similar to
what we had observed in previous studies of nanowires with two or three facets covered with
Al. In those studies, we also needed to avoided junction resonances unless, of course, those
resonances were the subject of the study, as in Deng et al., Science 2016.

When an axial magnetic field was applied (using a vector magnet), the tunneling spectrum
followed the reentrant lobe structure seen in the measurements of critical current and critical
temperature of the shell: a gap decreased to zero around half-quanta of applied flux and re-
opening around integer flux quanta. In those nanowires that showed reentrant lobe structure
(not all did, for instance wires with thinner shell from other growth batches, as in Fig. S7)
tunneling spectra in the first lobes (around +1 and -1 quantum of applied flux) a rich subgap
structure was observed, including, in the majority of working devices (working = electrically
connected, gates working, no obvious fabrication or measurement issues), a prominent peak
at zero bias in the first lobes. Because one flux quantum causes the phase of the
superconductor to wind by 2t around the circumference of the shell, perhaps the analogy to
an extended vortex should have occurred to us, but it didn’t, and we were quite surprised by
the result. In most, though not all, of the wires, by the third lobe superconductivity was
destroyed.

As with the two or three facet wires, one could always find resonances in the barrier, but one
could just as easily avoid them. We have not figured out a way to eliminate disorder from the
etched barrier.

We emphasize that nanowires from the same growth batch are not identical and did not
behave the same when fabricated into devices. In the context of Fig. 2, this variation was
emphasized in the paper by including data from wires from the same growth batch that
showed differences in tunnel spectroscopy (see Fig. S5 and S6).

Upon learning of our experimental observations, our theory colleagues Karsten Flensberg and
Roman Lutchyn were able to show theoretically, and later, with other colleagues,
demonstrate in detailed numerical modeling, that quantized phase winding in the shell could
yield a topological phase roughly in the range of material and device parameters relevant to
the experiment. These theoretical results motivated a tentative identification of the zero-bias
conductance peaks seen experimentally in the first lobe with the topological phase seen



theoretically. Theory also revealed a rather restricted region of superconducting gap, electron
density in the wire, spin-orbit coupling, and wire diameter, where the topological phase
would occur. However, just because theory indicated that a topological phase can be present
in the first lobe but not the zero lobe, we were not convinced that the observed zero-bias
conductance peak could be taken as sufficient evidence of topological superconductivity. We
sought more evidence specifically to distinguish Majorana zero modes from localized Andreev
bound states that happen to stick to zero energy.

The goal of finding evidence distinguishing Majorana zero modes from Andreev bound states
motivated the second half of our study, and the second half of the paper, a detailed study of
the length dependence of even-odd Coulomb blockade peak spacing, following a technique
developed in our lab a few years earlier (Albrecht, et al. Nature 2016). An investigation of
even-odd peak spacing in the first lobe for several Coulomb islands yielded an exponential
dependence of length. Careful analysis of peak spacing was required to produce quantitative
statistical measurement of peak spacing that could distinguish between algebraic and
exponential length dependence.

After observing the tunneling spectroscopy and length dependence in several devices, we
wrote an experiment-only manuscript, coordinating with our theory colleagues who wrote
their own theory manuscript. We sent both manuscripts to Science on September 6, 2018.

After the first round of reviewing, Jelena Stajic, the editor, felt that combining the manuscripts
would improve the presentation. We expressed our reluctance to mix experiment and theory
too heavily, but Dr. Stajic prevailed, and we agreed to rewrite a single combined manuscript.
The separated versions are currently available on arXiv (Vaitiekenas, et al. arXiv:2003.13177
and Lutchyn, et al. arXiv:1809.05512).

Discussion

When reporting the spectroscopy data, we were careful to state in the text and demonstrate
with data that the subgap structure was repeatable, but not seen in every device. We showed
that when the junction is tuned into the tunneling regime, away from resonances, we
observed a BCS-like spectrum in the zeroth lobe and, at the same gate voltage, a distinct
conductance peak at zero bias in the first lobes. These were our typical observations, and we
showed this behavior in Figs. 2, S5, and S6. We also showed in the paper the gate-voltage
dependence of conductance in the lobes toillustrate how we tuned devices into the tunneling
regime, where tunneling spectra reflected the density of states of the wire absent the
complicating effects of resonant states or an open barrier, where transport does not reflect
the density of states. We showed this, for example, in Figs. 2C and 2E. An even broader range
of gate voltages, outside the tunneling regime, where resonant states predominate as the
junction is fully depleted, or the junction is opened, are presented in the Zenodo file.
Sweeping gates over a large voltage range can induce jumps and drift due to charge motion
induced by the gate sweep. We showed such jumps in the paper, pointed them out in the text
and provided our interpretation. We also felt it was important to show in the paper that not
all the devices show a zero-bias peak in the first lobe. This was illustrated in Fig. S7 and
described in the text.



Much of the rest of the paper was concerned with the length dependence study, investigating
devices of six lengths with similar results for corresponding segments in three wires.

We feel that the main text of the paper, with its four multi-panel experimental figures, and
the 41-page supplementary section of the paper, with 18 additional experimental data
figures, was sufficient to make the case for our interpretation, the discovery that a full-shell
hybrid nanowire can, under experimentally accessible conditions, repeatably show features
consistent with topological superconductivity. We had observed the zero-bias peaks in seven
devices, convincing us that the effect was real. The effect was also consistent with theory,
which produced strikingly similar numerical results. Finally, the length dependence study,
with 2e-periodic Coulomb blockade in the zeroth lobes, 1e periodic Coulomb blockade in the
destructive regimes between lobes, and even-odd Coulomb blockade in first lobes, showing
an exponential dependence of even-odd spacing difference on wire-segment length,
supported this interpretation. Three years after the initial submission, we still do not know of
another explanation of the whole body of data presented in the paper besides the one we
provided, namely topological superconductivity.

To aid readers in examining our results, we prepared an additional set of files giving access to
the data in numerical form along with a program for plotting the files. That was submitted to
Zenodo when we submitted the original manuscript.

Not long after publication, as we were moving on to other experiments, including
experimental measurements involving further tests of full-shell wires, such as placing the full
shell wires in a SQUID geometry, we began receiving requests—it is fairer to call them
demands—for “all data” including lab notebooks, from the first sample to the last, from F&M,
also cc’d to the Science editor, our department chair, and several others. These letters stated
that we were obliged by Danish law and journal regulations to comply with their demands.

When Jelena Stajic subsequently contacted us in response to F&M’s requests to her,
suggesting that we post additional data, we did so promptly. Every experiment in
nanoelectronics has devices that do not work, are shorted or blown up, or are lithographic
failures. Each knob in the experiment has untuned regimes where one cannot take good data.
It is the job of the experimentalist to tune a device, in this case to create a tunnel barrier to
measure density of states, representative among devices and gate voltages, and to recognize
when it is not tuned on a resonance or to the open regime. Despite our misgivings, we posted
data that included untuned regimes, preliminary sweeps, and characterization runs in
response to Jelena Stajic’s request as a second set of files, along with plotting programs and
a 136-page guide to the additional data.

Summary of responses to Frolov and Mourik

In April 2021, we received a long document from F&M claiming that they had gone through
the second Zenodo submission and found that there were devices that did not show zero-bias
peaks, and ranges of gate voltages where the data was more complicated, like there were
resonances in the barriers. F&M also stated that they felt there was more data and that we
were holding back. We responded to F&M in May 2021, in much the same way that we have
responded to their subsequent correspondence below. In fact, the document that forms the



basis of the complaint contains the same concerns as before but does not acknowledge that
we responded to the issues previously. Those responses are presented in the appended
document as comments added to the document of F&M. Our comments only address the key
points of the F&M complaint, not each point with which we disagree. The main points of our
response to the F&M document can be summarized as follows:

1. In their complaint, F&M use the terms “representative” without definition or
explanation. It seems natural to us that when reporting a new discovery, the emphasis
should be on the new phenomenon, along with some indication of whether the new
phenomenon is typical or rare. A paper about an earthquake will focus on
seismograph data taken during the earthquake. Those data are not “invalidated” by
data taken during quiet periods before or after the earthquake. In our paper, we show
data from several devices with features closely resembling those in Fig. 2, with a clean
subgap region in the zero lobe and a zero-bias conductance peak and surrounding
subgap features in the first lobe, such as Figs. S5 and S6. We also point out that some
devices do not show the zero-bias feature, consistent with expectations and detailed
modeling. Figure S7 is titled “Tunneling spectroscopy without zero-bias peaks in
device with thinner Al shell (device 5).”

2. F&M claim that our data is not “reproducible,” which is simply false. All relevant
features in the data were reproduced in multiple devices, as reported in the original
manuscript. Theory presented in the paper shows that a topological phase is only
present under certain experimental conditions. The wires are not identical, not every
wire shows a topological phase, nor is it expected to. Even within a single device, gate
sweeps over a multi-volt range induce drifts and jumps, so the barrier changes within
a single run when the gate is swept over several volts.

3. Regarding Fig. 2, a focus of the complaint, F&M suggest that Figs. 2C and 2E are
cropped subsets of larger ranges of gate voltage. This is not true. The extended sweeps
that F&M analyze [F&M, p9-11] were from characterization runs of several devices on
the chip taken one week before the data in Fig. 2 was taken, with numerous scans
over large voltage ranges of a global back gate taken in between. The large voltage
excursions used for numerous runs over the course of a week evidently altered the
disorder potentials. All data in Fig. 2, along with Fig. S3b, were taken back-to-back
within a few hours. Gate sweeps are complete and uncropped. Time stamps are in the
Zenodo repository.

4. Regarding comparisons to subsequent work by Valentini et al. (Science, 2021), we
note that those devices were fabricated in a different lab using different fabrication
techniques and materials, at least a year later, and were measured in different
operating regimes. It is known that there is considerable variation in size and shape
among nanowires within a growth batch and that nanowires age and oxidize with
time, depending on how they were stored and processed. It is not surprising that
different labs using different fabrication methods find different behavior.

5. We have demonstrated experimentally and theoretically that zero-modes consistent
with a Majorana interpretation can exist in full-shell proximitized nanowires,



identifying a new route to topological superconductivity. There are devices where the
topological phase was not seen, and these are described and presented in the original
paper. This does not invalidate data from the several devices where it was seen, or
that this route exists. Our paper also reports that when a topological phase is present,
it does not have to persist throughout the first lobe. Theory and experiment are
consistent in these aspects.

We are quite aware that resonances can form in the etched junctions. As is routine,
we looked for regions of gate voltage where simple tunneling was observed, away
from resonances and away from high conductance. We then fixed the gate voltage to
avalue for a given field sweep. By doing so, tunneling data reflected (was proportional
to) the local density of states in the wire, rather than a complicated mix of wire states
and resonant states in the junction. The use of tunneling spectroscopy as a tool to look
at local density of states involves avoiding these resonances. We previously
intentionally investigated the interaction of localized resonances and zero modes in
the wires (Deng, et al., Science, 2016). The phenomenology and theory of this
hybridization is well understood, but not our interest in this paper.

Beyond the NIS tunneling data in Fig. 2, which is the focus of the analysis by F&M, the
second half of the paper addressed length-dependent even-odd Coulomb peak
spacing in Coulomb blockaded full-shell islands. Those results are consistent with an
interpretation in terms of Majorana zero modes with finite separation, and are not
consistent with trivial Andreev bound states or other interpretations as far as we
know.

Throughout, we have adhered to established scientific practices in all aspects of our
work. Firstly, we appropriately describe all data processing that went into the
publication. Secondly, when, in response to requests by F&M, Jelena Stajic urged that
we make an additional Zenodo posting, we did so in a timely fashion (see Attachment
1 for timeline), posting an extensive amount of tabulated data, well beyond
community standards.
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Attachment 1: Correspondence with Science Regarding Posting Second Zenodo File

Oct 8, 2020
Dear Charlie and Roman,

I hope all is well.

As you know, | was cc’d on Sergey Frolov and Vincent Mourik’s emails to you and Dr. Katsaros. Sergey
followed up with me today to say that they’ve heard from you and that you pointed them to the Zenodo
repository that’s referenced in your paper. However, they’re requesting that you supply them with a wider
data set.

Specifically, they are requesting access to the data from all measured devices (and not only those shown
in the paper). For each device, they are requesting access to the entire dataset starting from first
characterization at low temperature up to the end of the experiment. The datasets should include the
entire parameter space in which the device was measured.

We feel that this request is reasonable and in line with our editorial policies, which you can find at https://
www.sciencemag.org/authors/science-journals-editorial-policies

It might also be a good idea to supply them with the statistics of the experiment, as you have done in
response to one of the reviewers (I am attaching the document).

Ideally, we would like you to upload the additional data to the same Zenodo repository where the data
from the paper are currently deposited so that they can be accessed by other researchers as well.

Questions/comments are welcome.
Best regards,

Jelena

Oct 22, 2020

Dear Jelena
Thanks for your email.

We were careful to include in the Zenodo repository all of the data that was used in the analysis of the
paper or that was relevant for drawing conclusions either in the paper or the supplemental material. We
believe that making this data available is consistent with Science's policy that: “All data used in the
analysis must be available to any researcher for purposes of reproducing or extending the analysis.”

|”

Reviewing Science's editorial policies, we do not think that data from “all” measured devices or all
parameters is consistent with those standards. The request from Mr. Frolov and Mr. Mourik does not
appear to be meaningful or reasonable. We do not consider flat lines from dead devices, preliminary tests
of alternative device designs not used in the paper, data from fabrication practice runs or calibration runs,
data for subsequent experiments on different devices that have since been published elsewhere or may
be published later, to be relevant or appropriate to include. Such data was not used in the analysis of our
paper and is accordingly not necessary to reproduce or extend the analysis. We did not include the table



from the referee response because it is not available in the paper. It is unclear for what purpose Mr.
Frolov and Mr. Mourik are requesting this data, or how the request advances Science's editorial
guidelines.

Moreover, it would create a considerable resource drain to retrieve the requested information and make it
available. We are also concerned that requiring the production of this data sets a precedent for which
there is no identifiable limiting principle. This presents definitional and other challenges that extend for
both authors and Science well beyond the request presented here.

However, if you feel that the table of device statistics (or some other specific data) should be posted, even
though it did not appear in the paper, please let us know and we will do our best to retrieve and prepare it.
| am available to discuss this with you further if you would like and happy to jump on a quick call.

Sincerely,

Charlie Marcus, Roman Lutchyn

Oct 22, 2020
Dear Charlie and Roman,
Thanks for your response.

The data you posted on Zenodo satisfied our requirements for data transparency at the time of
publication. However, our editorial policy also allows for post-publication requests for additional data from
readers, and authors are expected to make a good-faith effort to comply with such requests.

We are not expecting you to release data from subsequent devices that were not part of this project, or
flat-line data from non-working devices. However given that we are aware that there were additional
working devices that were part of this project but not presented in the paper (based on your referee
response), we do ask that you make the data for those additional devices available, as well as data for
parameter regimes not shown in the paper. Releasing the statistics for the devices along the lines of the
table in the referee response would also be helpful.

If you would prefer not to make these additional data part of the paper repository, you could also make
them available to the requestors in another manner. However, a public release would send a stronger
message and would be of more use to the community.

| can’t speak for Drs. Frolov and Mourik, or their motives. From our perspective, their request is not
unreasonable and whether or not they are satisfied with what you end up releasing, | think it’s important to
make an effort to be as transparent as possible.

Let me know your thoughts as well as the time frame for any data release.

Best regards,
Jelena




Oct 24, 2020

Dear Jelena,
Thanks. We will put together additional data, along the lines you suggest, and post it to Zenodo.
We agree that the best way to handle this request is to make the data available to all.

It will take a bit of digging to put the data together. | would expect that we can have the job done in about
two weeks.

Best,
Charlie

Nov 9, 2021

Dear Jelena,

Thank you for your patience. We have now uploaded additional data to the Zenodo archive, closely
following your recommendations. The as-published link to the Zenodo file will show both old and new
data sets, denoted Version 1 and Version 2.

As described in the overview file “summary.pdf’, we provide a table summarizing all measured devices
and data for the 25 working devices. These 25 devices comprise 9 NIS junctions and 16 Coulomb islands.

Of the 25 working devices, 12 (4 NIS junctions and 8 Coulomb islands) were discussed in the main text or
supplementary materials document. For them, we provide the complete parameter ranges measured. We
also provide data for 13 additional devices (5 NIS junctions and 8 Coulomb islands) not presented
previously.

This additional data is organized into more than 130 new or expanded data sets, containing 300 MB of
numerical data. The summary.pdf file describes how the files are organized. We also provide jupyter
notebook files containing python code to load and plot all the datasets.

We hope that readers will find these additional data informative.
Regards,

Saulius Vaitiekenas,
Bernard van Heck,
Georg Winkler,

Charles Marcus

on behalf of all authors.

Nov 9, 2021

Dear All,
Thanks very much, this is greatly appreciated.
Best regards,

Jelena



