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“Magnetic field mapping using off-axis electron holography in the transmission electron microscope”

Dear Dr. Vineeta Bajaj,

Thank you very much for handling our submission to the Journal of Visualized Experiments. We are very grateful to the referees for their comments, which have helped us to improve and clarify many aspects of our manuscript. Please find below our point-by-point response to the referees’ comments, as well as our revised manuscript, in which our changes have been highlighted.

We hope that you will find our response satisfactory and that the revised manuscript is suitable for publication in the Journal of Visualized Experiments.
 
With best regards,
 
Fengshan Zheng and András Kovács
on behalf of all of the co-authors

Editorial comments:
Changes to be made by the Author(s):
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the submitted revision may be present in the published version.
2. Please format the manuscript as: paragraph Indentation: 0 for both left and right and special: none, Line spacings: single. Please include a single line space between each step, substep and note in the protocol section. Please use Calibri 12 points
3. Please provide an email address for each author.
4. Please provide at least 6 keywords or phrases.
5. JoVE cannot publish manuscripts containing commercial language. Please remove all commercial language from your manuscript and use generic terms instead. All commercial products should be sufficiently referenced in the Table of Materials and Reagents.
For example: Holoworks, Gatan software, etc.
6. Please rephrase the Short Abstract/Summary to clearly describe the protocol and its applications in complete sentences between 10-50 words: “This protocol presents …”
7. Throughout the manuscript equations are not displayed properly.
8. Please ensure that all text in the protocol section is written in the imperative tense as if telling someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that cannot be written in the imperative tense may be added as a “Note.”
9. Please add more details to your protocol steps. Please ensure you answer the “how” question, i.e., how is the step performed? For this please include mechanical actions, button clicks in the software, knob turns in the instruments, command lines, scripts (as supplemental file) if any.
10. What is the specimen in this case? How is it prepared?
11. There is a 10-page limit for the Protocol, but there is a 3-page limit for filmable content. Please highlight 3 pages or less of the Protocol (including headings and spacing) that identifies the essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the most cohesive story of the Protocol.
12. Please include all the Figure Legends together at the end of the Representative Results in the manuscript text.
13. Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has been modified from [citation].”
14. As we are a methods journal, please ensure that the Discussion explicitly cover the following in detail in 3-6 paragraphs with citations, please do not make points.
a) Critical steps within the protocol
b) Any modifications and troubleshooting of the technique
c) Any limitations of the technique
d) The significance with respect to existing methods
e) Any future applications of the technique
15. Please sort the materials table in alphabetical order.

Our reply:
We have revised the manuscript to satisfy the editorial comments.

____________________________________
Reviewers' comments:
Reviewer #1: 
Manuscript Summary:
The submitted manuscript is a paper on the protocol of off-axis electronic holography technique, a useful technique for quantitatively measuring magnetic field changes inside magnetic materials at high resolution.
This is useful information about practical experimental conditions for relevant field analysts.
However, the protocol is not specific and Reviewer thinks it is not enough for analysts to produce consistent results.
Reviewer thinks that this manuscript needs a considerable revision to be published.

Major Concerns:
1. The protocol as a whole requires a detailed and quantitative explanation as much as possible.
2. In particular, detailed preparation is required for electronic hologram measurement conditions and the reconstruction process of the holograms.
3. Detailed procedures should also be presented in quantitative analysis of magnetic phase changes.

Our reply:
The protocol and discussion have been extended to provide further details about hologram measurement, reconstruction and quantitative analysis for magnetic phase measurement. The changes are highlighted in the revised manuscript. The descriptions are contained within the word limit of the journal. The authors work in a user facility that is open to universities and research institutions and are able to provide further assistance in off-axis electron holography measurement and analysis  to scientists who are interested in this topic.

Reviewer #2: 
Manuscript Summary:
In the current manuscript, Fengshan Zhang et al. give an impressive introduction for the off-axis electron holography of the transmission electron microscopy. Off-axis electron holography is a powerful technique in investigating the magnetic configurations of the specimen. There are various techniques in TEM for magnetic characterization such as Lorentz microscopy, off-axis electron holography, differential phase contrast (DPC) imaging and electron magnetic circular dichroism, and this short introduction mainly focused on the off-axis electron holography. Ideally, the off-axis electron holography can be used to reconstruct the 2d magnetization of the thin sample with a sub-5-nm spatial resolution, and the combination of electron tomography make it possible to reconstruct the magnetization in three dimensional. The examples of Off-axis electron holography and Lorentz TEM images are taken using FeGe which is a B20-type chiral magnet that can host magnetic skyrmions below the Tc. The corresponding Lorentz TEM images are shown in Figure 3 and the reconstruction of magnetic structure of FeGe is depicted in Figure 4. The manuscript is well written and I would like to recommend its publication after the following minor comments are addressed.

Minor Concerns:
1)All the equations are not properly displayed, please correct them.

Our reply:
The problem occurred during automated generation of the pdf version of the manuscript  in the journal’s submission system. We will do our best to correct it with the help of the editor.

2)In page 3 the concepts of Off-axis electron holography, Lorentz microscopy, Fresnel mode and Foucault mode are introduced, however, it's not straightforward for readers who are not familiar with the Lorentz mode to understand these concepts. So it would be better to introduce them in a more logical way.

Our reply:
We have added the following introductory paragraph on page 3:
“TEM studies of the magnetic properties of materials are usually carried out with the specimen in magnetic-field-free conditions, i.e., after turning off the conventional microscope objective lens and instead using either a non-immersion Lorentz lens or the transfer lenses of an image aberration corrector as the primary imaging lens. Magnetic-field-free conditions can also be achieved by using an additional specimen stage located between the condenser and objective  lenses41 or by using a double objective lens system to cancel the magnetic field at the specimen position42. The recording of images with the specimen located in magnetic-field-free conditions is often referred to as Lorentz microscopy. Depending on the specification of the microscope and the specimen of interest, a variety of different imaging, diffraction or spectroscopy techniques (e.g., DPC imaging and EMCD) can be used to perform magnetic characterisation in the TEM.”

3) TIE is also a common method to extract in-plane magnetization, I would be better to compare it with EH briefly in the manuscript.

Our reply:
A meaningful comparison between the recovery of phase information using off-axis electron holography and by applying the transport-of-intensity equation (TIE) to Fresnel defocus images would require a systematic discussion of the different analysis methods that are used in TIE, as well as comparisons of the advantages of each technique for studies of different samples. Such a comparison would not be possible within the word limit of the present manuscript and is arguably beyond its scope. We have therefore chosen to add the following sentence (on page 4), in order to refer the interested reader to a recent review of TIE:
”Phase information can be recovered from such images by solving the transport-of-intensity equation (TIE)43. However, a lack of knowledge of boundary conditions at the edges of the field of view can results in errors in the reconstructed phase.”

Reviewer #3: 
The manuscript describes a protocol for off-axis electron holography in a transmission electron microscope, used in the so-called Lorentz configuration.

The holography experiment enables to reconstruct the phase of an electron wave, at nanometer spatial resolution, after passing through a sample. The reconstructed phase then enables to map electrostatic and magnetic potential distributions, according to the Aharonov-Bohm equation, in the form of 2D projections perpendicular to the direction of the electron beam.

This is a classic and well-developed experiment. However, it still remains niche expertise in the community of electron microscopists. Therefore, if a JOVE article can help in encouraging more people to use this method, then this article is a very worthy effort.
However, the concept of JoVE is new to me so I am not sure how detailed this proposal needs to be at this stage. Therefore, my comments may be too soon and are planned to be addressed in the next stage.
The abstract notes that this article focuses on mapping of magnetic fields. It is fine to choose one aspect of electron holography. However, I think that the choice of B20-FeGe with skyrmions is too complicated for the objective of this article.
I would choose a soft magnet thin film, such as permalloy, which can form 90 degrees or 180 degrees Neel domain walls. Thus, the reconstructed phase would be a linear increase/decrease across the domain, from which the magnetic induction field can be quantitatively determined. This aspect is important for first time users to check that the calibration aspects of the experiment work.

Our reply:
Thank you very much for the suggestion. The study of magnetic domain structures and magnetic domain walls in thin films using TEM techniques has been the subject of several recent reviews, including those of McVitie et al., Ultramicroscopy 152 (2015) 57 on DPC imaging and Zweck, J. Phys: Cond. Matter 28 (2016) 403001. We deliberately chose to focus on Bloch-type skyrmions, as they illustrate how recorded magnetic contrast from a topical material can be interpreted quantitatively. This subject is also important because of the ease with which the recorded contrast can be misinterpreted, as discussed recently by Loudon et al., Adv. Mater. 31 (2019) 1806598 for studies of magnetic bubbles using Fresnel defocus imaging in Lorentz TEM. We therefore believe that our choice of Bloch-type skyrmions is valuable for scientists who are interested in studying modern and challenging aspects of magnetism quantitatively using electron microscopy.

Introduction:
The first paragraph reads as a general intro to specialized chapters on magnetic imaging or an article on the topic. I would start with a more general description of the electron wave and phase reconstruction by electron holography.

Our reply:
As this manuscript aims to show how off-axis electron holography experiments are performed from a practical perspective, we would like to keep the introduction short. Extensive descriptions of electron microscopy can be found in textbooks, for example in Chapters 7 and 8 in Transmission electron microscopy - Diffraction, imaging and spectrometry, edited by C B Carter and D B Williams, 2016. In order to help the reader,  we have added the following paragraph to the introduction:
“In the TEM, a highly accelerated electron beam is passed through an electron-transparent (usually solid) specimen, in order to provide access to its crystallographic, chemical, electronic and/or magnetic structure with a spatial resolution that can reach the atomic scale. Typically, a thin (<100 nm) specimen is irradiated with electrons that are emitted from an electron gun and accelerated by 60-300 kV in a high vacuum (<10-5 Pa) column. Electromagnetic lenses are used to focus electrons onto the specimen and subsequently onto one or more detectors. The electrons interact strongly with the atomic potentials in the specimen and with electromagnetic fields within and around it. Although this information is encoded in the electron wavefunction, an in-focus bright-field or dark-field TEM image records only variations in the intensity of electrons that reach a detector, while information about their phase shift is lost. This so-called ‘phase problem’ is also encountered in X-ray and neutron experiments. One of the techniques that allows the phase shift of the electron wavefunction to be measured is off-axis electron holography. Further details about fundamental aspects of electron wave functions are available elsewhere (e.g., Chapters 7 and 8 in Ref15).” 

Mathematical equations: There is some bug in the presentation of equations and mathematical symbols throughout the manuscript so I cannot comment if they are OK. This is a problem, as it is important to get the various derivatives correct, and can be confusing for first time users.

Our reply:
These errors arose from the submission system, which generates a PDF file automatically from a submitted Word file. We will work with the editors to ensure that the equations are typeset properly in the final version.

Some comments are general. Considering the purpose of JoVE, I do not see how the reader will be able to translate this to actual use, e.g.: "A magnetic induction map can then be displayed using contours and colours to provide a visual representation of the magnetic field of a thin film or nanostructure"

Our reply:
Our intention is to describe the possibilities of how our experimental results can be visualized, beyond the details of how to conduct the experiments. The representation of a magnetic phase image as a magnetic induction map is essential for understanding the projected in-plane magnetic field in a sample. We have endeavoured to describe briefly the steps that are required to create such magnetic induction maps, within the constraint of the word limit of the manuscript.

The following claim: "Off-axis electron holography is often applied in combination with the simpler, albeit less quantitative, technique of Lorentz microscopy, in particular for studies of the motion of magnetic domain walls."
A similar claim is in 3.2.5 in the protocol.
I guess that by Lorentz microscopy for tracking motion of domain walls, the author is referring to Fresnel-contrast. In that case, I do not agree that it is less quantitative, but rather a more subtle comparison of pros/cons of the methods. There are several papers that do various comparisons between various "20 forms of holography".

Our reply:
We were indeed referring to the Fresnel mode of Lorentz microscopy. We have added some introductory sentences and have removed the word “motion”, as our intention was to discuss the imaging of magnetic domain walls. We have also added a sentence about the transport-of-intensity equation, which can be used to provide quantitative information from  Fresnel defocus images. As the aim of this manuscript is to focus on off-axis electron holography, we have added references to other techniques where appropriate.

The use of Lorentz mode is necessary to reduce application of a magnetic field from the objective lens to the sample, but also it is necessary to use some form of magnetic field cancellation to reduce the EMI contribution from the surrounding area of the microscope. At least, it is important to measure this remnant field to understand its possible influence (typically, with no special care, a remnant field of several tens of Oe without additional treatment of demagnetization and field cancellation).

Our reply:
The magnetic field at the position of the sample in the microscope that was used in this manuscript was pre-calibrated using a Hall probe sensor. There is a small remnant magnetic field of ~20 Oe at the sample position when the objective lens is turned off. We use an excitation of -0.1% of the objective lens to reduce this field to close to zero. We have added the following sentences about Lorentz mode, including details of the magnetic field calibration, to page 4 of the manuscript:
“Lorentz mode was set up by adjusting the objective lens to a small negative excitation, in order to achieve a magnetic-field-free environment at the specimen position by compensating for the residual magnetic field of the objective and nearby lenses.  The first transfer lens of the image corrector unit was then used as a non-immersion imaging lens. Specimens could be imaged either at remanence (in zero magnetic field) or in the presence of a pre-calibrated magnetic field47, which could be applied by exciting the conventional microscope objective lens … Although in-plane magnetic fields can in principle be applied using dedicated magnetizing specimen holders, such a holder was not used in the present work.” 

The author mentions two electron biprisms, but they do not explain the contribution of using two electron biprism for this experiment. What is the advantage over a microscope with one biprism?

Our reply:
We have added the following sentences:
“In the present experiments, only one of the prisms was used to record electron holograms. The advantages of using multiple biprisms are described elsewhere45,46. ”

Protocol:
Several points are missing, in my opinion:
The relation between carrier frequency, hologram contrast and field of view. The author should discuss how to determine/measure these relations, and how to use this data to choose optimal conditions for a specific experiment.

Our reply:
In order to clarify the choice of magnification and biprism voltage, we have added the following paragraph to the end of the first part of the Protocol:
“The choice of magnification and biprism voltage depend on the desired field of view, spatial resolution and signal-to-noise-ratio in the reconstructed phase. First, determine the magnification according to the size of the region of interest. Be aware that a small vacuum region (~10% of the field of view) should ideally be included in the hologram. Second, adjust the biprism voltage according to the desired overlap width and spatial resolution. The electron optical spatial resolution is at best two or three times the holographic interference fringe spacing, depending on the mask size used for reconstructing the hologram (see the Representative results section for details). The magnification and biprism voltage may need to be optimized iteratively. In general, the greater the magnification or the lower biprism voltage, the better fringe contrast and signal-to-noise ratio in the reconstructed phase, but the poorer the spatial resolution.”

I am missing a discussion of a possible overlap of the sample wavefunction with itself and how to avoid it.
In that respect, the explored area of the specimen should cover most of the hologram field of view. In my opinion the authors should discuss this.

Our reply:
We usually try to keep 10% of the vacuum region in the field of view, first to ensure that the sample does not interfere with itself and second to have a region of vacuum that can be used to evaluate phase noise and unwanted artefacts, such as this associated with electron-beam-induced charging or phase ramps. Our criterion is mentioned in the following phrase in 2.1 of the Protocol: “ideally ~10% of the field of view.”

The author wrote about applying voltage to the biprism. I think that they need to mention the rate of increasing the voltage, to avoid damaging the biprism.

Our reply:
We have added the following phrase to 1.5 of the Protocol:
“typically at a rate of no more than 1 V/s to avoid damaging it”.

Discussion:
1. The preparation of a thin lamella from a bulk material already changes the entire magnetic configuration. Therefore, the research objective should be defined with respect to the sample geometry (thin sample, large demagnetization field).

Our reply:
We have added the following short section to the Discussion to highlight the influence of preparing a thin specimen on magnetic measurements performed in the TEM:
“Magnetic imaging experiments performed  in the TEM require an electron-transparent specimen. The preparation of such specimens is briefly described above in the Representative results section. When planning, conducting and interpreting an experiment, the shape of the specimen must be considered,  as results obtained from “thin films” may be different from those obtained from bulk samples. For example, magnetic domains are often smaller and demagnetizing fields are stronger in TEM specimens than in bulk materials. Nevertheless, magnetic properties such as saturation magnetization and domain wall width measured from thin TEM specimens typically match values known from bulk materials. ” 

3. I am not sure why electron beam induced charging is especially problematic during a cooling experiment?

Our reply:
Electron-beam-induced charging is present in many TEM experiments, as a result of the emission of secondary electrons from the specimen. If the specimen has poor conductivity, then the resulting positive charge cannot be compensated by ground currents. Below room temperature, the electrical conductivity often changes due to a lower thermal activation energy and a lower probability for electrons near the Fermi level to reach the conduction band.

Figures:
Fig. 1(a) - please mark the conjugate planes, as this is relevant for the position of the biprism. Also, it would be good to mark schematically the aperture positions, as this would help in orientating the reader with respect to conventional TEM.

Our reply:
The conjugate planes and aperture positions are marked in the new version of Fig. 1(a).

Fig. 1(b) is blurry, it should be replaced with a better resolution figure.

Our reply:
Figure 1(b) has been replaced by a higher quality image.

Fig 5 (c), the color of the radians bar is just with one color, the bar needs to be fixed.
Some of the scale bars on the figures do not contain the length, if the authors put the length on some of the figures they should do it consistently on all figures .

Our reply:
The color bars in Fig. 1(a) and Fig. 1(c) have been fixed. The  scale bars have also been changed, including those in Figs 4 and 5.

Reviewer #4:
Manuscript Summary:
Electron holography is a very powerful technique in the electron microscopy field. However, as contrasted with the general electron imaging techniques, electron holography is not widely used, this is due to its complication, especially interpretation of the hologram. This manuscript is very time and that group is one of the epicenters of electron holography (not too many in the world). Therefore, publication of this work can help the community to follow the steps as how to do that. I would suggest the publication of this work with the follow minor changes.

Minor Concerns:
1) Figure 1 A, the sample geometry looks peculiar, I would suggest rotate the sample, rather than with the corner at the center of the beam.

Our reply:
Figure 1 A has been improved according to the referee’s suggestion.

2) A detailed step of capturing electron hologram should be given in step by step

Our reply:
The protocol has been expanded to include additional  steps and descriptions about how to set up the electron beam illumination and the conditions for recording holograms.

3) Simulation and software package should be clearly demonstrated, this is high barrier for a lot of users.

Our reply:
We understand the reviewer’s  concern. In the past, custom-made software and commercial software packages were used. Several open source codes are now available. We have expanded the description and references to reconstruction procedures and open source codes, as follows:
“Further details of the reconstruction procedure and corresponding open-source software can be found elsewhere (e.g., in Refs52-54).”

4) A warning of wrong doing or common mistake or artifact should be important point of the paper as well.

Our reply:
We have added several warnings to the protocol that can help users to avoid mistakes.

