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1. CORRESPONDENCES



@PNB] |a|I I Nyoman Suamir <nyomansuamir@pnb.ac.id>

Invitation to review for Case Studies in Thermal Engineering
1 message

Case Studies in Thermal Engineering <em@editorialmanager.com> Tue, Sep 27, 2022 at 12:24 PM
Reply-To: Case Studies in Thermal Engineering <support@elsevier.com>
To: | Nyoman Suamir <nyomansuamir@pnb.ac.id>

Manuscript Number: CSITE-D-22-00525

Extremely wide-angle nonreciprocal thermal emitters based on Weyl semimetals with dielectric grating structure

Jun Wu; Yasong Sun; Biyuan Wu; Zhongmin Wang; Xiachu Wu

Dear Dr. Suamir,

| would like to invite you to review the above referenced manuscript submitted by Dr. Xiaohu Wu , as | believe it falls
within your expertise and interest. The abstract for this manuscript is included below.

You should treat this invitation, the manuscript and your review as confidential. You must not share your review or
information about the review process with anyone without the agreement of the editors and authors involved, even
after publication. This also applies to other reviewers' "comments to author" which are shared with you on decision
(and vice versa).

Please respond to this invitation at your earliest opportunity.

If you would like to review this paper, please click this link:
https://www.editorialmanager.com/csite/l.asp?i=313639&I=14VG1VGY

If you have a conflict of interest or do not wish to review this paper, please click this link:
https://www.editorialmanager.com/csite/l.asp?i=313640&I=DJGXODVW

If you decline to review | would appreciate your suggestions for alternate reviewers.

If, for any reason, the above links do not work, please log in as a reviewer at https://www.editorialmanager.
com/CSITE/

Since timely reviews are of utmost importance to authors, | would appreciate receiving your review within 14 days of
accepting this invitation.

Once you submitted your review, you will receive a notification from Elsevier's reviewer recognition platform, which
provides you with a link to your "My Elsevier Reviews" private profile page. You can collect your review certificates,
editor recognition as well as discounts for Elsevier services from your profile page

| hope you will be able to review this manuscript.
Thank you in advance for your contribution and time.

As a reviewer you are entitled to complimentary access to references, abstracts, and full-text articles on
ScienceDirect and Scopus for 30 days. Full details on how to claim your access via Reviewer Hub
(reviewerhub.elsevier.com) will be provided upon your acceptance of this invitation to review.

Please visit the Elsevier Reviewer Hub (reviewerhub.elsevier.com) to manage all your refereeing activities for this and
other Elsevier journals on Editorial Manager.

Kind regards,

Huihe Qiu

Editor-in-Chief

Case Studies in Thermal Engineering


https://www.editorialmanager.com/csite/l.asp?i=313639&l=14VG1VGY
https://www.editorialmanager.com/csite/l.asp?i=313640&l=DJGXODVW
https://www.editorialmanager.com/CSITE/
http://reviewerhub.elsevier.com/
http://reviewerhub.elsevier.com/

Abstract:

Although various nonreciprocal thermal emitters have been suggested to break the balance between absorption and
emission, the majority can only achieve nonreciprocal effect at one certain angle, and the angular range in which
these structures exhibit nonreciprocal effect is heavily restricted. In this work, the extremely wide-angle nonreciprocal
thermal emitters have been proposed and investigated based on magnetic Weyl semimetals. The enhanced and
wide-angle nonreciprocal effect is attributed to the excitation of guided mode. The physical origin is revealed by
investigating the distribution of electromagnetic field at the resonant wavelength and is also confirmed by the
dispersion relation of guided mode. It is believed that this work will provide new approach for the design of novel
nonreciprocal thermal emitters.

More information and support

FAQ: How do | respond to an invitation to review in Editorial Manager?
https://service.elsevier.com/app/answers/detail/a_id/28524/supporthub/publishing/

You will find guidance and support on reviewing, as well as information including details of how Elsevier recognizes
reviewers, on Elsevier’'s Reviewer Hub: https://www.elsevier.com/reviewers

FAQ: How can | reset a forgotten password?
https://service.elsevier.com/app/answers/detail/a_id/28452/supporthub/publishing/

For further assistance, please visit our customer service site: https://service.elsevier.com/app/home/supporthub/
publishing/

Here you can search for solutions on a range of topics, find answers to frequently asked questions, and learn more
about Editorial Manager via interactive tutorials. You can also talk 24/7 to our customer support team by phone and
24/7 by live chat and email

#REV_CSITE#

To ensure this email reaches the intended recipient, please do not delete the above code

In compliance with data protection regulations, you may request that we remove your personal registration details at
any time. (Use the following URL: https://www.editorialmanager.com/CSITE/login.asp?a=r). Please contact the
publication office if you have any questions.


https://service.elsevier.com/app/answers/detail/a_id/28524/supporthub/publishing/
https://www.elsevier.com/reviewers
https://service.elsevier.com/app/answers/detail/a_id/28452/supporthub/publishing/
https://service.elsevier.com/app/home/supporthub/publishing/
https://www.editorialmanager.com/CSITE/login.asp?a=r

@PNB] |a|I I Nyoman Suamir <nyomansuamir@pnb.ac.id>

Review for Case Studies in Thermal Engineering - next steps
1 message

Case Studies in Thermal Engineering <em@editorialmanager.com> Wed, Sep 28, 2022 at 12:07 AM
Reply-To: Case Studies in Thermal Engineering <support@elsevier.com>
To: | Nyoman Suamir <nyomansuamir@pnb.ac.id>

*This is an automated message.*
Extremely wide-angle nonreciprocal thermal emitters based on Weyl semimetals with dielectric grating structure

Dear Dr. Suamir,
Thank you for agreeing to review the above referenced manuscript.

Timely reviews are of utmost importance to authors, therefore | would be grateful if you would please submit your
review by Oct 11, 2022.

vsiPlease read the following instructions carefully before starting your evaluation:
https://www.elsevier.com/reviewers/how-to-conduct-a-review

Please also note these important ethical guidelines all reviewers are asked to follow:

* You should treat the manuscript and your review as confidential. You must not share your review or information
about the review process with anyone without the agreement of the editors and authors involved, even after
publication. This also applies to other reviewers' "comments to author" which are shared with you on decision (and

vice versa).

* If you suspect plagiarism, fraud or have other ethical concerns, please raise your suspicions with the editor,
providing as much detail as possible.

* Any suggestion you make that the author include citations to your (or your associates') work must be for genuine
scientific reasons and not with the intention of increasing your citation counts or enhancing the visibility of your work
(or those of your associates).

To view the manuscript, please click here: https://www.editorialmanager.com/csite/l.asp?i=313801&I=J5SH2Y77.
When you are ready to submit your review, you may access the submission record here
https://www.editorialmanager.com/csite/l.asp?i=313802&I=0HHQOXQI. Please click on the "Submit Recommendation"
link to enter your comments.

If, for any reason, the above link does not work, please log in as a reviewer at https://www.editorialmanager.
com/csite/.

As a reviewer you are entitled to complimentary access to ScienceDirect and Scopus. This 30-day access can be
activated in the [Rewards] section of your profile in Reviewer Hub (reviewerhub.elsevier.com) and you have six
months to activate it.

Please visit the Elsevier Reviewer Hub (reviewerhub.elsevier.com) to manage all your refereeing activities for this and
other Elsevier journals on Editorial Manager.

I look forward to receiving your review soon.

Thank you in advance for your contribution and time.

Kind Regards,

Huihe Qiu
Editor-in-Chief


https://www.elsevier.com/reviewers/how-to-conduct-a-review
https://www.editorialmanager.com/csite/l.asp?i=313801&l=J5SH2Y77
https://www.editorialmanager.com/csite/l.asp?i=313802&l=0HHQ0XQI
https://www.editorialmanager.com/csite/
http://reviewerhub.elsevier.com/
http://reviewerhub.elsevier.com/

Case Studies in Thermal Engineering

More information and support
FAQ: How can | submit my review in Editorial Manager?

https://service.elsevier.com/app/answers/detail/a_id/28465/supporthub/publishing/

You will find guidance and support on reviewing, as well as information including details of how Elsevier recognizes
reviewers, on Elsevier’'s Reviewer Hub: https://www.elsevier.com/reviewers

FAQ: How can | reset a forgotten password?
https://service.elsevier.com/app/answers/detail/a_id/28452/supporthub/publishing/

For further assistance, please visit our customer service site: https://service.elsevier.com/app/home/supporthub/
publishing/

Here you can search for solutions on a range of topics, find answers to frequently asked questions, and learn more
about Editorial Manager via interactive tutorials. You can also talk 24/7 to our customer support team by phone and
24/7 by live chat and email

#REV_CSITE#

To ensure this email reaches the intended recipient, please do not delete the above code

In compliance with data protection regulations, you may request that we remove your personal registration details at
any time. (Use the following URL: https://www.editorialmanager.com/csite/login.asp?a=r). Please contact the
publication office if you have any questions.

D Review_Due.ics
1K


https://service.elsevier.com/app/answers/detail/a_id/28465/supporthub/publishing/
https://www.elsevier.com/reviewers
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@ PN BI |a|I I Nyoman Suamir <nyomansuamir@pnb.ac.id>

Thank you for reviewing for Case Studies in Thermal Engineering
1 message

Case Studies in Thermal Engineering <em@editorialmanager.com> Fri, Oct 14, 2022 at 1:11 AM
Reply-To: Case Studies in Thermal Engineering <support@elsevier.com>
To: | Nyoman Suamir <nyomansuamir@pnb.ac.id>

Manuscript Number: CSITE-D-22-00525
Extremely wide-angle nonreciprocal thermal emitters based on Weyl semimetals with dielectric grating structure

Jun Wu; Yasong Sun; Biyuan Wu; Zhongmin Wang; Xiachu Wu

Dear Dr. Suamir,

Thank you for reviewing the above referenced manuscript. | greatly appreciate your contribution and time, which not
only assisted me in reaching my decision, but also enables the author(s) to disseminate their work at the highest
possible quality. Without the dedication of reviewers like you, it would be impossible to manage an efficient peer
review process and maintain the high standards necessary for a successful journal.

You will shortly receive a notification from Elsevier's reviewer recognition platform, which provides you with a link to
your "My Elsevier Reviews" private profile page, certificates, editor recognition as well as discounts for Elsevier
services.

| hope that you will consider Case Studies in Thermal Engineering as a potential journal for your own submissions in
the future.

As a token of appreciation, we would like to provide you with a review recognition certificate on Elsevier Reviewer
Hub (reviewerhub.elsevier.com). Through the Elsevier Reviewer Hub, you can also keep track of all your reviewing
activities for this and other Elsevier journals on Editorial Manager.

If you have not yet activated your 30 day complimentary access to ScienceDirect and Scopus, you can still do so via
the [Rewards] section of your profile in Reviewer Hub (reviewerhub.elsevier.com).

You can always claim your 30-day access period later, however, please be aware that the access link will expire six
months after you have accepted to review.

Kind regards,
Huihe Qiu

Editor-in-Chief

Case Studies in Thermal Engineering

More information and support

You will find guidance and support on reviewing, as well as information including details of how Elsevier recognizes
reviewers, on Elsevier’'s Reviewer Hub: https://www.elsevier.com/reviewers

FAQ: How can | reset a forgotten password?
https://service.elsevier.com/app/answers/detail/a_id/28452/supporthub/publishing/

For further assistance, please visit our customer service site: https://service.elsevier.com/app/home/supporthub/
publishing/

Here you can search for solutions on a range of topics, find answers to frequently asked questions, and learn more
about Editorial Manager via interactive tutorials. You can also talk 24/7 to our customer support team by phone and
24/7 by live chat and email

#REV_CSITE#

To ensure this email reaches the intended recipient, please do not delete the above code


http://reviewerhub.elsevier.com/
http://reviewerhub.elsevier.com/
https://www.elsevier.com/reviewers
https://service.elsevier.com/app/answers/detail/a_id/28452/supporthub/publishing/
https://service.elsevier.com/app/home/supporthub/publishing/

In compliance with data protection regulations, you may request that we remove your personal registration details at
any time. (Use the following URL: https://www.editorialmanager.com/csite/login.asp?a=r). Please contact the
publication office if you have any questions.
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@ PN BI |a|I I Nyoman Suamir <nyomansuamir@pnb.ac.id>

Review for Case Studies in Thermal Engineering - manuscript revision decision
1 message

Case Studies in Thermal Engineering <em@editorialmanager.com> Sat, Oct 15, 2022 at 5:09 PM
Reply-To: Case Studies in Thermal Engineering <support@elsevier.com>
To: | Nyoman Suamir <nyomansuamir@pnb.ac.id>

Manuscript Number: CSITE-D-22-00525
Extremely wide-angle nonreciprocal thermal emitters based on Weyl semimetals with dielectric grating structure

Dear Dr. Suamir,

Thank you for reviewing the above referenced manuscript. With your help, | have reached a revise decision on this
manuscriptcs:.

The anonymised comments to author, from all reviewers, are included below. You can also access this information by
logging into Editorial Manager as a reviewer.

Thank you for your contribution and time in reviewing this manuscript, which not only assisted me in reaching my
decision, but also enables the author(s) to disseminate their work at the highest possible quality. Please note you may
be asked to review the revision of this paper in the future.

| am grateful to you for your assistance as a reviewer for Case Studies in Thermal Engineering.
Kind regards,

Huihe Qiu
Editor-in-Chief
Case Studies in Thermal Engineering

Comments to author:

Reviewer #1: The authors study the non-reciprocal thermal radiation in the form of a dielectric grating separated from
the metal mirror by a Weyl semimetal film. It is a topic with timely interest and the authors did thorough calculations
showing the effect. My main question, however, lies in the following:

1.The paper should include the latest results in this field. As far as | know, some experiment works concerned with
nonreciprocal thermal radiation have been published, the author should discuss it in the introduction.

2.In recently experiment works related with nonreciprocal thermal radiation, the magneto-optical materials, such as
InAs, have been investigated. In this work, why the authors used the Weyl semimetal?

3.Does the proposed structure in this work can be fabricated with present technologies?

Reviewer #2: The manuscript presents the extremely wide-angle nonreciprocal thermal emitters investigated based
on magnetic Weyl semimetals. The enhanced and wide-angle nonreciprocal effect is attributed to the excitation of
guided mode. Minor revision is required in order to improve the quality of content and writing of the manuscript. The
content needs additional clarification and revision on points raised which include:

1.  The abstract has systematically included a brief background information description, the current gap of research
field, method, findings and the contribution to the design of novel nonreciprocal thermal emitters. However, the
method or proposed approach and the findings should be more clearly elaborated.

2. Theintroduction provides clear motivation and objectives of the work. It also explains the current gap of
research field. The introduction is also successful to elaborate the exceptionality of the work.

3.  The methods applied are briefly described and illustrated. However, the excitation of guided mode as mention in
abstract and introduction has not been explained in the methodology section. In addition, this is a numerical
investigation, Authors need to explain in the methodology section how: (i) to optimize geometric parameters of the
designed emitter; (ii) the numerical results were validated.

4. In results and discussion section, the authors need to add additional paragraphs that illustrate interpretation of
the numerical results to the significant of the proposed approach for the design of novel nonreciprocal thermal
emitters and for practical applications.

5. Conclusion has highlighted the novelties of the approach.



More information and support

You will find guidance and support on reviewing, as well as information including details of how Elsevier recognizes
reviewers, on Elsevier’'s Reviewer Hub: https://www.elsevier.com/reviewers

FAQ: How can | reset a forgotten password?
https://service.elsevier.com/app/answers/detail/a_id/28452/supporthub/publishing/

For further assistance, please visit our customer service site: https://service.elsevier.com/app/home/supporthub/
publishing/

Here you can search for solutions on a range of topics, find answers to frequently asked questions, and learn more
about Editorial Manager via interactive tutorials. You can also talk 24/7 to our customer support team by phone and
24/7 by live chat and email

#REV_CSITE#

To ensure this email reaches the intended recipient, please do not delete the above code

In compliance with data protection regulations, you may request that we remove your personal registration details at
any time. (Use the following URL: https://www.editorialmanager.com/csite/login.asp?a=r). Please contact the
publication office if you have any questions.


https://www.elsevier.com/reviewers
https://service.elsevier.com/app/answers/detail/a_id/28452/supporthub/publishing/
https://service.elsevier.com/app/home/supporthub/publishing/
https://www.editorialmanager.com/csite/login.asp?a=r

@ PNB Mall I Nyoman Suamir <nyomansuamir@pnb.ac.id>

Invitation to review revision for Case Studies in Thermal Engineering
1 message

Case Studies in Thermal Engineering <em@editorialmanager.com> Wed, Oct 26, 2022 at 7:58 AM
Reply-To: Case Studies in Thermal Engineering <support@elsevier.com>
To: | Nyoman Suamir <nyomansuamir@pnb.ac.id>

Manuscript Number: CSITE-D-22-00525R1

Extremely wide-angle nonreciprocal thermal emitters based on Weyl semimetals with dielectric grating structure

Dear Dr. Suamir,

| would like to invite you to review the above referenced revised manuscript, as you kindly reviewed the previous
version of this manuscript. Anonymised reviewer comments to author for the previous version are included below.

You should treat this invitation, the manuscript and your review as confidential. You must not share your review or
information about the review process with anyone without the agreement of the editors and authors involved, even
after publication. This also applies to other reviewers' "comments to author" which are shared with you on decision
(and vice versa). For more information please visit: http://service.elsevier.com/app/answers/detail/a_id/14156/
supporthub/publishing/

Please respond to this invitation at your earliest opportunity.

If you would like to re-review this paper, please click this link:
https://www.editorialmanager.com/csite/l.asp?i=323727&I=ZHXKHGDE

If you have a conflict of interest or do not wish to re-review this paper, please click this link:
https://www.editorialmanager.com/csite/l.asp?i=323728&|I=PH8E5L5Z

If you decline to review | would appreciate your suggestions for alternate reviewers.
If, for any reason, the above links do not work, please log in as a reviewer at https://www.editorialmanager.com/csite/.

Since timely reviews are of utmost importance to authors, | would appreciate receiving your review within 8 days of
accepting this invitation.

| hope you will be able to review this manuscript. Thank you in advance for your contribution and time.
As a reviewer you are entitled to complimentary access to references, abstracts, and full-text articles on
ScienceDirect and Scopus for 30 days. Full details on how to claim your access via Reviewer Hub
(reviewerhub.elsevier.com) will be provided upon your acceptance of this invitation to review.

Please visit the Elsevier Reviewer Hub (reviewerhub.elsevier.com) to manage all your refereeing activities for this and
other Elsevier journals on Editorial Manager.

Kind regards,

Huihe Qiu

Editor-in-Chief

Case Studies in Thermal Engineering

Comments to author for previous version:

More information and support

FAQ: How do | respond to an invitation to review in Editorial Manager?

https://service.elsevier.com/app/answers/detail/a_id/28524/supporthub/publishing/

You will find guidance and support on reviewing, as well as information including details of how Elsevier recognizes
reviewers, on Elsevier’s Reviewer Hub: https://www.elsevier.com/reviewers


http://service.elsevier.com/app/answers/detail/a_id/14156/supporthub/publishing/
https://www.editorialmanager.com/csite/l.asp?i=323727&l=ZHXKHGDE
https://www.editorialmanager.com/csite/l.asp?i=323728&l=PH8E5L5Z
https://www.editorialmanager.com/csite/
http://reviewerhub.elsevier.com/
http://reviewerhub.elsevier.com/
https://service.elsevier.com/app/answers/detail/a_id/28524/supporthub/publishing/
https://www.elsevier.com/reviewers

FAQ: How can | reset a forgotten password?
https://service.elsevier.com/app/answers/detail/a_id/28452/supporthub/publishing/

For further assistance, please visit our customer service site: https://service.elsevier.com/app/home/supporthub/
publishing/

Here you can search for solutions on a range of topics, find answers to frequently asked questions, and learn more
about Editorial Manager via interactive tutorials. You can also talk 24/7 to our customer support team by phone and
24/7 by live chat and email

#REV_CSITE#

To ensure this email reaches the intended recipient, please do not delete the above code

In compliance with data protection regulations, you may request that we remove your personal registration details at
any time. (Use the following URL: https://www.editorialmanager.com/csite/login.asp?a=r). Please contact the
publication office if you have any questions.


https://service.elsevier.com/app/answers/detail/a_id/28452/supporthub/publishing/
https://service.elsevier.com/app/home/supporthub/publishing/
https://www.editorialmanager.com/csite/login.asp?a=r

@PNB] |a|I I Nyoman Suamir <nyomansuamir@pnb.ac.id>

Review for Case Studies in Thermal Engineering - next steps
1 message

Case Studies in Thermal Engineering <em@editorialmanager.com> Wed, Oct 26, 2022 at 4:40 PM
Reply-To: Case Studies in Thermal Engineering <support@elsevier.com>
To: | Nyoman Suamir <nyomansuamir@pnb.ac.id>

*This is an automated message.*
Extremely wide-angle nonreciprocal thermal emitters based on Weyl semimetals with dielectric grating structure

Dear Dr. Suamir,
Thank you for agreeing to review the above referenced manuscript.

Timely reviews are of utmost importance to authors, therefore | would be grateful if you would please submit your
review by Nov 03, 2022.

vsiPlease read the following instructions carefully before starting your evaluation:
https://www.elsevier.com/reviewers/how-to-conduct-a-review

Please also note these important ethical guidelines all reviewers are asked to follow:

* You should treat the manuscript and your review as confidential. You must not share your review or information
about the review process with anyone without the agreement of the editors and authors involved, even after
publication. This also applies to other reviewers' "comments to author" which are shared with you on decision (and

vice versa).

* If you suspect plagiarism, fraud or have other ethical concerns, please raise your suspicions with the editor,
providing as much detail as possible.

* Any suggestion you make that the author include citations to your (or your associates') work must be for genuine
scientific reasons and not with the intention of increasing your citation counts or enhancing the visibility of your work
(or those of your associates).

To view the manuscript, please click here: https://www.editorialmanager.com/csite/l.asp?i=323810&I=MISWYRB6.
When you are ready to submit your review, you may access the submission record here
https://www.editorialmanager.com/csite/l.asp?i=323811&=R037XUPL. Please click on the "Submit Recommendation"
link to enter your comments.

If, for any reason, the above link does not work, please log in as a reviewer at https://www.editorialmanager.
com/csite/.

As a reviewer you are entitled to complimentary access to ScienceDirect and Scopus. This 30-day access can be
activated in the [Rewards] section of your profile in Reviewer Hub (reviewerhub.elsevier.com) and you have six
months to activate it.

Please visit the Elsevier Reviewer Hub (reviewerhub.elsevier.com) to manage all your refereeing activities for this and
other Elsevier journals on Editorial Manager.

I look forward to receiving your review soon.

Thank you in advance for your contribution and time.

Kind Regards,

Huihe Qiu
Editor-in-Chief


https://www.elsevier.com/reviewers/how-to-conduct-a-review
https://www.editorialmanager.com/csite/l.asp?i=323810&l=MISWYRB6
https://www.editorialmanager.com/csite/l.asp?i=323811&l=R037XUPL
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http://reviewerhub.elsevier.com/

Case Studies in Thermal Engineering

More information and support
FAQ: How can | submit my review in Editorial Manager?

https://service.elsevier.com/app/answers/detail/a_id/28465/supporthub/publishing/

You will find guidance and support on reviewing, as well as information including details of how Elsevier recognizes
reviewers, on Elsevier’'s Reviewer Hub: https://www.elsevier.com/reviewers

FAQ: How can | reset a forgotten password?
https://service.elsevier.com/app/answers/detail/a_id/28452/supporthub/publishing/

For further assistance, please visit our customer service site: https://service.elsevier.com/app/home/supporthub/
publishing/

Here you can search for solutions on a range of topics, find answers to frequently asked questions, and learn more
about Editorial Manager via interactive tutorials. You can also talk 24/7 to our customer support team by phone and
24/7 by live chat and email

#REV_CSITE#

To ensure this email reaches the intended recipient, please do not delete the above code

In compliance with data protection regulations, you may request that we remove your personal registration details at
any time. (Use the following URL: https://www.editorialmanager.com/csite/login.asp?a=r). Please contact the
publication office if you have any questions.

D Review_Due.ics
1K


https://service.elsevier.com/app/answers/detail/a_id/28465/supporthub/publishing/
https://www.elsevier.com/reviewers
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@ PN BI |a|I I Nyoman Suamir <nyomansuamir@pnb.ac.id>

Thank you for reviewing for Case Studies in Thermal Engineering
1 message

Case Studies in Thermal Engineering <em@editorialmanager.com> Fri, Nov 4, 2022 at 3:31 PM
Reply-To: Case Studies in Thermal Engineering <support@elsevier.com>
To: | Nyoman Suamir <nyomansuamir@pnb.ac.id>

Manuscript Number: CSITE-D-22-00525R1
Extremely wide-angle nonreciprocal thermal emitters based on Weyl semimetals with dielectric grating structure

Jun Wu; Yasong Sun; Biyuan Wu; Zhongmin Wang; Xiachu Wu

Dear Dr. Suamir,

Thank you for reviewing the above referenced manuscript. | greatly appreciate your contribution and time, which not
only assisted me in reaching my decision, but also enables the author(s) to disseminate their work at the highest
possible quality. Without the dedication of reviewers like you, it would be impossible to manage an efficient peer
review process and maintain the high standards necessary for a successful journal.

You will shortly receive a notification from Elsevier's reviewer recognition platform, which provides you with a link to
your "My Elsevier Reviews" private profile page, certificates, editor recognition as well as discounts for Elsevier
services.

| hope that you will consider Case Studies in Thermal Engineering as a potential journal for your own submissions in
the future.

As a token of appreciation, we would like to provide you with a review recognition certificate on Elsevier Reviewer
Hub (reviewerhub.elsevier.com). Through the Elsevier Reviewer Hub, you can also keep track of all your reviewing
activities for this and other Elsevier journals on Editorial Manager.
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1. Introduction

Kirchhoff’s law is one of the fundamental laws in thermal radiation, which
provides the theoretical basis for designing of almost all thermal emitters that we use
in engineering [1-6]. In recent years, it has been demonstrated the nonreciprocal
materials, whose permittivity tensor is asymmetric, can break the balance between
absorption and emission, resulting in violating the traditional Kirchhoff’s law [7-11].
The nonreciprocal thermal emitters, which have unequal absorption and emission,
have significant promise in solar energy harvesting and radiative cooling [12-14].

Recently, several nonreciprocal thermal emitters have been suggested to break
the balance between absorption and emission as strong as possible. Magneto-optical
materials are traditional nonreciprocal materials with asymmetric permittivity tensor.
However, the intrinsic nonreciprocity of such materials is weak. Therefore, a large
magnetic field and sophisticated structures are usually used to enhance the
nonreciprocity [15-24]. Zhuletialdesignediaimagneto=opticalimateriali(InAs)igrating
structure where strong nonreciprocal radiation is achieved at the 15.96 um wavelength

(Undera3rimagneticifieldn[8]p Later, to decrease the operating magnetic field, Zhao et
al. proposed a (guidedimode)resonancerstructure in the form of an InAs film inserted

between a dielectric grating and a metallic mirror, which results in the realization of

near-complete nonreciprocal radiation under a magnetic field of only 0.3 T [15].

Besides, Wu et al. proposed a structure which consists of a dielectric grating
sandwiched between an InAs film and a metallic mirror, where strong nonreciprocal
radiation is realized at the wavelength 15.835 um with a magnetic field of 2 T [16].

Soon afterwards, Wu et al. designed a planar structure based on the coupling effect of
a prism to realize strong nonreciprocal radiation [17], however, the prism employed in
the scheme limits the integration of the proposed device. Under this circumstance, Wu
et al. proposed a magnetophotonic crystal which consists of alternate arranged InAs
film and dielectric film, where strong nonreciprocal radiation is realized at angle of
30°resulting from to the excitation of Tamm plasmon polaritons [18]. However, the

strong nonreciprocal radiation mentioned above should be operated with an external
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magnetic field, which is disadvantage for practical applications.

Magnetic Weyl semimetals, as a newly discovered class of gapless topological
matter, have attracted increasing attention recently owe to their intrinsic
nonreciprocity without external magnetic field [25-29]. Tsurimaki et al. proposed a
scheme which consists of a low-loss dielectric grating on top of a Weyl semimetal to
realize nonreciprocal radiation [25]. Later on, Pajovic et al. demonstrated the violation
of Kirchhoff’s law on a flat Weyl semimetal surface without an external magnetic
field or grating structures [26]. However, the nonreciprocity achieved in Ref. [25, 26]
is not large enough. Zhao et al. proposed an emitter in the form of Weyl semimetal
grating structure @@p) an optically thick Weyl semimetal substrate which can achieve
near-complete violation of Kirchhoff’s law [27]. However, the practical fabrication of
an optically thick Weyl semimetal is very difficult. To solve these problems, Wu et al.
proposed the method of attenuated total reflection to realize perfect nonreciprocal
radiation [28].

Although various nonreciprocal thermal emitters can achieve perfect difference
between absorption and emission at one certain angle, the angular range in which
these structures exhibit nonreciprocal effect is heavily restricted [30].

In this work, the wide-angle nonreciprocal thermal emitters based on Weyl
semimetals are proposed and investigated. The numerical results show that the
balance between absorption and emission can be broken in an extremely angle range.
The enhanced nonreciprocal effect is attributed to the guided mode excited in the
Weyl semimetal film, which is confirmed by investigating the electromagnetic field

distribution and dispersion relation.

2. Design and methodology

The schematic of the designed thermal emitter is shown in Fig. 1. The emitter is
composed of a dielectric grating separated from the metal mirror by a Weyl semimetal
film. The emitter is assumed to be supported by a dielectric (fused quartz) substrate.
The dielectric grating is made of a periodic array of silicon (Si) strips along the x-axis.

The (@€rigd and the width, as well as the thickness of the Si strip are d, w and h,

3
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respectively. The thickness of the Weyl semimetal film is hy.

Weyl semimetal

Ag

Fig.1 Schematic of the proposed emitter for strong nonreciprocal radiation.

The permittivity of the Si is &; =11.9. The bottom metallic mirror is made of

silver (Ag). Its thickness is set to be 0.2 pum, so there is no transmission. The

permittivity of Ag is calculated according to the Drude model as:

2
@

p
= —_ 1
Frg =8 T +jaol @)

where £,=3.4, '=2.7x10"3 rad/s and wp=1.39%10° rad/s [31].

In this work, the Weyl nodes of the Weyl semimetal are only considered with the
same energy. Besides, we choose the coordinates of the momentum-separation @
along the z-axis direction. Under these conditions, the permittivity tensor the Weyl
semimetal can be described by [27]:

& Jgg O
e=|-je, & O 2
0 0 &

where
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Since b#0, &a is also nonzero. Therefore, ¢ becomes asymmetric, which breaks the
Lorentz reciprocity of the Maxwell’s equation. The detail expression and definition of
ed can be found in Ref. 27. Here the explicit parameters of the Weyl semimetal are
chosen from Ref. 27.

During the simulation, a transverse magnetic (TM) wave is considered and the

incident plane is x-y plane. Incident waves from a channel in the @ direction @il be

either absorbed by the structure (a(@, /1)), or reflected to the complementary channel
in the - direction (R(8, 1)). For energy conservation, there is «(6, 1) =1-R(6, 1).
The emission in the @ direction (5(9, /1)) is related to the reflection in the

complementary channel by &(6,1)=1-R(-6, 1), as can be derived using the

thermodynamic argument presented in Refs. [8, 10]. The difference between
absorption and emission, i.e., 7(6,1)=|a (-0, 1)—&(-0, 1)), is used to measure the

nonreciprocal radiation. The reflection can be obtained through the anisotropic
rigorous coupled-wave analysis (RCWA) [32-34].
3. Results and discussion

Through optimization efforts, the optimized geometric parameters of the
designed emitter are obtained, which are shown as follows: d=5.5 um, w=3.355 um,

h=0.65 um, hyw=0.26 um, #=30°. In Fig. 2 (a), we show the calculated absorption and

emission spectra, as well as the nonreciprocal radiation spectraz :|a—e|. As can be

seen from Fig. 2, perfect absorption (~98.5%) and emission (~99.8%) are achieved at
different wavelength, indicating near-complete violation of the traditional Kirchhoft’s
law. Besides, the nonreciprocity # is larger than 0.935 at the wavelength of 15.98 um,
which shows a strong nonreciprocal radiation. Fig. 2(b) shows the absorption and
emission varying with the angle of incidence at wavelength of 15.98 um. It can be
seen the emission is larger than the absorption at any angles, indicating wide-angle

nonreciprocal radiation. As far as we &mOwWhA) such extremely wide-angle
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nonreciprocal radiation has not been demonstrated in published literature.

—
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0 10 20 30 40 50 60 70 80 90
Angle of incidence (°)

Fig. 2 (a) Absorption («) and emission (e), as well as the nonreciprocal radiation spectra # at
0=30°. (b) Absorption («) and emission (e), as well as the nonreciprocal radiation # versus the
change of the incident angle at the wavelength of 15.98 um.

To disclose the physical mechanism of such enhanced nonreciprocity, the
magnetic field magnitude distributions at the wavelength of 15.98 um are simulated
for 6=30° and 6=-30°, which are also shown in Figs. 3(a) and 3(b), respectively. Here,
the magnetic field magnitude is normalized to the incident magnetic field. As shown
in Fig. 3(a), it is found that the magnetic field is strongly enhanced (>15) and
concentrated in the Weyl semimetal film, and the distribution shows a stationary wave
pattern along the x-axis, both of which exhibit a typical feature of @uidedsmode
Therefore, when guided mode is excited, the condition of the critical coupling is
achieved, which results in near-complete light absorption and weak reflection in the
structure. By comparison, there is much weaker enhancement and concentration of the
magnetic field in the Weyl semimetal film for 6=-30°, leading a negligible absorption

and strong reflection in the devices, as clearly illustrated in Fig. 3(b).
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Fig. 3 The distribution of the absolute of the normalized magnetic field H; at the wavelength of
15.98 um for (a) 6=30° and (b) 6=-30°.
To confirm that the wide-angle nonreciprocal radiation is attributed to the guided
mode, the dispersion of guided mode is investigated. In the appendix, the derivation
of the dispersion relation is explicitly presented. The dispersion of the guided mode is
tan (k ) = EnePEy ek PE K Ku ok,
Exkubukuk — BEy e S Kk + 1Ky BE,,

Va€s Sin(Kyhy )+ kg cos(kghy )
7a€s: €08(Kshy ) —kg sin(kghy )

(4)

where x =

, hg=h*w/d. The wavevector component

along the y-axis in the air, Si grating, and the Weyl semimetal film are

7a:\/ﬂ2_k02 , Kq :\/k(?gsi_ﬁz ; kW:\/(kOZ_gxxﬂz)/gxx ,

respectively. &, =, /(e + &5 ), &, =-¢,/(el +&}). B=k,sin@+m(2z/d) is

the wavevector along the x-axis, where ko is the wavevector in the air and m is an
integral [33].

The absorption and emission are indirectly calculated by the reflection. The
reflection as functions of angle of incidence and wavelength is shown in Fig. 4. As the
angle of incidence changes from negative 90° to positive 90°, the weak reflection

occurs at smaller wavelength. The reflection is strongly asymmetric about the angle of
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incidence, resulting in breaking the balance between absorption and emission. It can
not only ensure broadband nonreciprocal radiation, but also can ensure wide-angle
nonreciprocal radiation. The solid black line is the dispersion of the guided mode,
which agrees well with the simulation. Therefore, the dispersion can confirm the
excitation of guided mode.

18

Wavelength (um)
& > X

-
SN

-90 -60 -30 0 30 60 90
Angle of incidence (°)

Fig. 4 The reflection as functions of the angle of incidence and the wavelength. The black solid
line is the dispersion of the guided modes.

Last, we investigate the effect of the geometric parameters on the nonreciprocal
effect. Fig. 5(a) shows the nonreciprocal radiation spectra with the period of the
dielectric grating varying from d=5.4 um to d=5.6 um. It is seen that the nonreciprocal
radiation shifts to shorter wavelength with the increase of d, showing a blueshift.
Besides, the difference between the absorption and the emission, i.e., the
nonreciprocity #, remains above 0.93. Fig. 5(b) illustrates the nonreciprocal radiation
spectra versus the changing of the strip width w. In contrast to the variation of d, the
nonreciprocal radiation exhibits a redshift when w increases from 3.3 um to 3.41 pum.
In addition, the nonreciprocity # is still maintained larger than 0.93. Fig. 5(c) shows
the nonreciprocal radiation spectra with the grating thickness h increasing from 0.6
um to 0.7 um, and this increased h leads to a redshift of the resonance, along with a
relatively stable nonreciprocity (1>0.91). Fig. 5(d) shows the nonreciprocal radiation
spectra changing with the thickness of the Weyl semimetal film hy. Clearly, the
nonreciprocal radiation spectra show a redshift when hy, changes from 0.24 um to 0.28

um, with the corresponding nonreciprocity remaining above 0.92. It is also worth



noting that the influence of hy on the nonreciprocal radiation spectra is larger than
those of other structure parameters, which can be employed to tune the nonreciprocal
absorption. In general, the strong nonreciprocal absorption performance can be
maintained in a large geometric dimension range, which should be interesting for

practical fabrication and applications.

——w=3.3 um
(a) (b) ——=w=3.355 um
0.8 0.8 w=3.41 um
60.6 §0.6
S =
1] 1]
S04 S04
0.2 0.2
ol o AN
13 14 15 16 17 18 13 14 15 16 17 18
Wavelength (zm) Wavelength (xm)
1 1
=—=h=0.6 um
(C) ——h=0.65 ;im (d)
0.8 h=0.7 um 0.8 /
$0.6 $0.6 / \
T Iy -
=04 =04 —hw—0.24 um
e =0.26 um
w
0.2 0.2 hw=0.28 um
0 & 0 &
13 14 15 16 17 18 13 14 15 16 17 18

Wavelength (um) Wavelength (um)

Fig. 5 The nonreciprocal radiation spectra absorption versus the change of the geometric
dimensions: (a) the period of the dielectric grating d, (b) the width of the dielectric strip w, (c) the
thickness of the dielectric grating h, and (d) the thickness of the Weyl semimetal film hy. The
incident angle is 6=30°.

4. Conclusions

In summary, a novel thermal emitter, in the form of a dielectric grating separated
from the metal mirror by a Weyl semimetal film, is designed and investigated. The
emitter shows strong nonreciprocal radiation at the wavelength of 15.98 um when the
incident angle is 30°. Such enhanced nonreciprocity is attributed to the excitation of
guided mode at the Weyl semimetal film. The distribution of electromagnetic field
and dispersion are used to confirm that. Besides, it is found that the emitter possesses

wide-angle nonreciprocal radiation properties, in which the angle is wider than any



other nonreciprocal emitters demonstrated in published literature. It is hoped that the
proposed structure will give insight for designing nonreciprocal thermal emitters.
Appendix: dispersion derivation of guided mode

The nonreciprocal radiation phenomenon can also be quantitatively interpreted
by the dispersion relation of the guided mode. For simplicity, the designed structure in
Fig. 1(a) can be understood by a multilayer planar structure, which consists of four
layers and is shown in Fig 6. Here, the Si grating is simplified as a planar film with
the equivalent thickness hg=h*w/d. And the bottom and the upper layers are
considered as semi-infinite substrate and superstrate with relative permittivity of ea=1

and &s, respectively.

Y

Air
s
h,
Weyl semimetal
0 >
Ag X

Fig. 6 Schematic of the simplified four layers planar structure.
For convenience and without loss of generality, the permittivity tensor of the Weyl

semimetal is redefined as:

Exe  Exy 0
e=| =&, & 0 (A1)
0 0 £

And the corresponding inverse of the permittivity tensor is defined as:
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For TM polarization considered in this work, the electromagnetic components of the

guided modes are (H;, Ex, Ey). The H; in each region can be expressed as follows:

Layer 1: y>h, +h,
H,, =(Acos(k,h, )+Bsin(k,h, ))exp(—7, (y—h,—hy)) (A3)
Layer2: h,<y<h, +h,
H,, =(Acos(k, (y—h,))+Bsin(k, (y—h,))) (A4)
Layer3: 0<y<h,
H,, = Ccos(k,y)+ Dsin(k,y) (A5)
Layer 41y <0
H,, = Cexp(7.y) (A6)

here B is the propagation constant of the guided modes, kdzq/kjgsi—,ﬁ2 :

Vas B2 K2 7 =B —Kie? ,sz\/(kj ~EB°))Ey . k=274 is the wavevector
of the air.
According to the Maxwell’s equation, the component Ex at each layer can be

expressed as:

Layer 1: y>h, +h,

E, =i——(Acos(ksh, ) +Bsin(k;h, ))exp(~7, (y—h, —h,)) (A7)

&y

Layer2: h,<y<h,+h,
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(Asin(k, (y—h,))-Bcos(k, (y—h,))) (A8)

EYWEg;

Layer3: 0<y<h,

l .
E,.= E(cos(kwy)(ﬁgyc —ig k,D)+sin(k,y)(BE,D+i&k,C)) (A9)

0

Layer4:y<0

E,, =—i———Cexp(7.y) (A10)

EyWE,

Then, based on the boundary conditions of each of Ex and H,, we can obtain the

following equations group:

(785 cos(kyhy ) =k, sin(ksh, )) A+ (7,4 sin (kshy ) +k, cos(kshy ))B =0
A-Ccos(k,h,)—Dsin(k,h,)=0

ik,B+zg (cos(k,h,) B, +sin(k,h, )i& Kk, )C + (Al1)
g (sin(k,h,) B, —i&,k, cos(k,h,))D =0

(BEye, +iy,)C—i& kD=0

To ensure there is a solution for Eqg. (A11), the determinant of the coefficients must be

zero, thus, we can obtain the dispersion of the guided mode as:

(éxx w sKﬂgxy ngx Wgsl (ﬂéxy s +|7/5)K+k gSI§XX W s)

tan(k,h, )= (A12)
(gxx wgsé:xx WK_(ﬂégxy & + U/s )88|ﬂ§xy’(+ ik dsi (ﬂgx + Iys ))
where
_ 7a€g Sin(kyhy ) +k, cos(kghy)
* Ya&s C0s(kyhy ) —k, sin(khy ) (A13)

For the considered operating wavelengths in this work, the bottom Ag can be assumed
as a PEC, thus, y,/&,=0, Eq. (A12) can be simplified to:

igxx kwKﬂgxy - iéxx kwgsiﬂgxy’( + kd ‘C"Sigxx kW

tan(k,h, )= .
gxx wé:x "vzxygsiﬂéxy’( +1 kd gSi:Bé(y

(Al4)
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ARTICLE INFO ABSTRACT

Keywords: Although various nonreciprocal thermal emitters have been suggested to break the balance be-
Nonreciprocal thermal emitters tween absorption and emission, the majority can only achieve nonreciprocal effect at one certain
Weyl semimetal angle, and the angular range in which these structures exhibit nonreciprocal effect is heavily
Guided mode restricted. In this work, the scheme to realize extremely wide-angle nonreciprocal thermal radi-
Wide-angle

ation effect is proposed and investigated. It is achieved by placing a dielectric grating atop a Weyl
semimetal film backed with a metal mirror. The results show that the emitter exhibits strong
nonreciprocal radiation at the wavelength of 15.98 pm when the incident angle is 30°. What’s
more, the strong nonreciprocal radiation can be achieved in a wide angular range. Such behavior
results from the guided mode resonance, which is revealed by investigating the distribution of
electromagnetic field at the resonant wavelength and is also confirmed by the dispersion relation
of guided mode. This work provides a new approach to the design of novel nonreciprocal thermal
emitters.

1. Introduction

Kirchhoff’s law is one of the fundamental laws in thermal radiation, which provides the theoretical basis for designing almost all
thermal emitters that we use in engineering [1-6]. In recent years, it has been demonstrated that nonreciprocal materials, whose
permittivity tensor is asymmetric, can break the balance between absorption and emission, resulting in violation of the traditional
Kirchhoff’s law [7-11]. Thus, the nonreciprocal thermal emitters, which have unequal absorption and emission, have significant
promise in solar energy harvesting and radiative cooling [12-14].

Recently, several nonreciprocal thermal emitters have been suggested to break the balance between absorption and emission as
strong as possible. Magneto-optical materials are traditional nonreciprocal materials with asymmetric permittivity tensor. However,
the intrinsic nonreciprocity of such materials is weak. Therefore, a large magnetic field and sophisticated structures are usually used to
enhance the nonreciprocity [15-24]. Zhu et al. designed a magneto-optical material (InAs) grating structure where strong nonre-
ciprocal radiation is achieved at the 15.96 ym wavelength under a 3 T magnetic field [8]. Later, to decrease the operating magnetic
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Weyl semimetal

Ag

Fig. 1. Schematic of the proposed emitter for strong nonreciprocal radiation.

field, Zhao et al. proposed a guided mode resonance structure in the form of an InAs film inserted between a dielectric grating and a
metallic mirror, which results in the realization of near-complete nonreciprocal radiation under a magnetic field of only 0.3 T [15].
Besides, Wu et al. proposed a structure which consists of a dielectric grating sandwiched between an InAs film and a metallic mirror,
where strong nonreciprocal radiation is realized at the wavelength 15.835 pm with a magnetic field of 2 T [16]. Soon afterwards, Wu
et al. designed a planar structure based on the coupling effect of a prism to realize strong nonreciprocal radiation [17]. However, the
prism employed in the scheme limits the integration of the proposed device. Under this circumstance, Wu et al. proposed a magne-
tophotonic crystal which consists of alternate arranged InAs film and dielectric film, where strong nonreciprocal radiation is realized at
angle of 30° resulting from the excitation of Tamm plasmon polaritons [18]. Besides, the nonreciprocal thermal radiation based on
InAs has also been experimentally demonstrated very recently [25,26]. However, the strong nonreciprocal radiation mentioned above
should be operated with an external magnetic field, which is disadvantage for practical applications.

Magnetic Weyl semimetals, a newly discovered class of gapless topological matter, have recently attracted increasing attention
owing to their intrinsic nonreciprocity without external magnetic field [27-31]. Tsurimaki et al. proposed a scheme which consists of a
low-loss dielectric grating on top of a Weyl semimetal to realize nonreciprocal radiation [27]. Later on, Pajovic et al. demonstrated the
violation of Kirchhoff’s law on a flat Weyl semimetal surface without an external magnetic field or grating structures [28]. However,
the nonreciprocity achieved in Refs. [27,28] is not large enough. Zhao et al. proposed an emitter in the form of Weyl semimetal grating
structure atop an optically thick Weyl semimetal substrate which can achieve near-complete violation of Kirchhoff’s law [29].
However, the practical fabrication of an optically thick Weyl semimetal is very difficult. To solve these problems, Wu et al. proposed
the method of attenuated total reflection to realize perfect nonreciprocal radiation [30]. Although various nonreciprocal thermal
emitters can achieve perfect differences between absorption and emission at one certain angle, the angular range in which these
structures exhibit nonreciprocal effect is heavily restricted [32].

In this work, the wide-angle nonreciprocal thermal emitter based on Weyl semimetals is proposed and investigated, which is
organized as follows. First, the spectral absorbance and emittance along with the nonreciprocity are simulated to show the strong
nonreciprocal radiation at given wavelength and angle. Then the corresponding thermal radiation properties at given wavelength
versus the change of incident angle is calculated and analyzed. Next, the physical origin is revealed by investigating the electro-
magnetic field distribution at resonance and is further confirmed by the dispersion relation of guided mode. Last, the dependence of
nonreciprocal radiation effect on the geometric parameters is investigated.

2. Design and methodology

The schematic of the designed thermal emitter is shown in Fig. 1. The emitter is composed of a dielectric grating separated from the
metal mirror by a Weyl semimetal film. The emitter is assumed to be supported by a dielectric (fused quartz) substrate. The dielectric
grating is made of a periodic array of silicon (Si) strips along the x-axis. The period and the width, as well as the thickness of the Si strip
are d, w and h, respectively. The thickness of the Weyl semimetal film is hy,,.

The permittivity of the Si is es; = 11.9. The bottom metallic mirror is made of silver (Ag). Its thickness is set to be 0.2 pm, so there is
no transmission. The permittivity of Ag is calculated according to the Drude model as:

7
e Tl @
where e, = 3.4, ' = 2.7 x 103 rad/s and wp = 1.39 x 10'° rad/s [33].

In this work, the Weyl nodes of the Weyl semimetal are only considered with the same energy. Besides, we choose the coordinates of

the momentum-separation 2b along the z-axis direction. Under these conditions, the permittivity tensor of the Weyl semimetal can be
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radiation # versus the change of the incident angle at the wavelength of 15.98 pm.

described by Ref. [29]:

& Jjea O

e=|—je, € O 2)
0 0 Eq
where
be?
“= e @)

Since b#£0, ¢, is also nonzero. Therefore, ¢ becomes asymmetric, which breaks the Lorentz reciprocity of the Maxwell’s equation.
The detail expression and definition of ¢4 can be found in Ref. 29. Here, the explicit parameters of the Weyl semimetal are extracted
from Ref. 30.

During the simulation, a transverse magnetic (TM) wave is considered and the incident plane is the x-y plane. Incident waves from a
channel in the 6 direction will be either absorbed by the structure (a(6,1)), or reflected to the complementary channel in the -0 direction
(R(6,4)). For energy conservation, there is a(6,4) =1 — R(6,4). The emission in the 6 direction (¢(6,4)) is related to the reflection in the
complementary channel by £(6,4) =1 — R( — 6,4), as can be derived using the thermodynamic argument presented in Refs. [8,10]. The
difference between absorption and emission, i.e., 7(0,1) = |a(6,1) — €(6,4)|, is used to measure the nonreciprocal radiation. The
reflection can be obtained through the anisotropic rigorous coupled-wave analysis (RCWA) [34-36], which is simulated by our
home-made code with the number of harmonics being 60. This method has been verified by commercial software and experimental
data in our published literatures [37-39].

Here, to obtain the structure dimensions of the proposed emitter, the simulated annealing (SA) algorithm is employed [40,41], and
the objective function is:
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o(d,w,h,h,)= -n(6,1) “@

The optimizing process is based on the built-in SA function of Matlab, where the procedure can be organized: First, a initial
estimated parameters is employed to obtaine the initial value of ¢ (d, w, h, hy,). Then, the structure parameters are changed and a new
value of ¢ (d, w, h, hy) is recalculated. If the new ¢ is smaller than the old ¢ (i.e. the new nonreciprocity is larger), the new structure
parameters will be reserved. The process is iterated until the desired nonreciprocity # is achieved.

In addtion, to provide physical understanding of the guided mode excitated in the structure, we derive the dispersion of guided
mode, where the explicit derivation procedure is presented in the appendix. The dispersion of the guided mode is

i€ kP, — il €sifE K + ka€si&ok

tan(k,h,, ) = - 5)
( ) Euknl ki — BE, EsifE K + ikyesiPE,,
wherex = % hg = h*w/d. The wavevector component along the y-axis in the air, Si grating, and the Weyl semimetal

film are y, = /#* — kg, ka = \/Kgesi — 1% kw = \/ (K§ — Ece®) /Exes TeSPeCtively. & = exx /(€0 + €3)), &y = — &y /(€0 + €3)- f =

ko sin @ +m(2z /d) is the wavevector along the x-axis, where kg is the wavevector in the air and m is an integral.

3. Results and discussion

Through optimization efforts, the optimized geometric parameters of the designed emitter are obtained, which are shown as
follows: d = 5.5 pm, w = 3.355 pm, h = 0.65 pm, h,, = 0.26 pm, 6 = 30°. In Fig. 2 (a), we show the calculated absorption and emission
spectra, as well as the nonreciprocal radiation spectra # = |@ — e|. As can be seen from Fig. 2(a), perfect absorption (~98.5%) and
emission (~99.8%) are achieved at different wavelengths, indicating near-complete violation of the traditional Kirchhoff’s law. Be-
sides, the nonreciprocity 7 is larger than 0.935 at the wavelength of 15.98 pm, which shows strong nonreciprocal radiation. Fig. 2(b)
shows the absorption and emission varying with the angle of incidence at wavelength of 15.98 um. It can be seen the emission is larger
than the absorption at any angle, indicating wide-angle nonreciprocal radiation. As far as we know, such extremely wide-angle
nonreciprocal radiation has not been demonstrated in published literature. In practice, separately controlling the absorption and
emission of one structure in a wide angular range is very important. For example, to improve the performance of solar thermopho-
tovoltaics, it is necessary to possess high absorption and low emission in a wide angular range. This design is robust to the change of
incident angle, which can reduce thermal radiation loss and significantly improve solar energy harvesting efficiency. Thus, the pro-
posed structure suggests promising broad applicability in solar thermophotovoltaics.

To disclose the physical mechanism of such enhanced nonreciprocity, the magnetic field magnitude distributions at the wavelength
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Fig. 5. The nonreciprocal radiation spectra absorption versus the change of the geometric dimensions: (a) the period of the dielectric grating d, (b) the width of the
dielectric strip w, (c) the thickness of the dielectric grating h, and (d) the thickness of the Weyl semimetal film h,,. The incident angle is 6 = 30°.

of 15.98 pm are simulated for 6 = 30° and 6 = —30°, which are also shown in Fig. 3(a) and (b), respectively. Here, the magnetic field
magnitude is normalized to the incident magnetic field. As shown in Fig. 3(a), it is found that the magnetic field is strongly enhanced
(>15) and concentrated in the Weyl semimetal film, and the distribution shows a stationary wave pattern along the x-axis, both of
which exhibit a typical feature of guided mode. Therefore, when guided mode is excited, the condition of the critical coupling is
achieved, which results in near-complete light absorption and weak reflection in the structure. By comparison, there is much weaker

enhancement and concentration of the magnetic field in the Weyl semimetal film for 6 = —30°, leading to negligible absorption and
strong reflection in the devices, as clearly illustrated in Fig. 3(b).

Furthermore, to confirm that the wide-angle nonreciprocal radiation is attributed to the guided mode, we shown the simulated
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Fig. 6. Schematic of the simplified four layers planar structure.

reflection as functions of angle of incidence and wavelength (since the absorption and emission can be indirectly obtained by the
reflection) as well as the dispersion of the guided mode in Fig. 4. As the angle of incidence changes from negative 90° to positive 90°,
the weak reflection occurs at a smaller wavelength. The reflection is strongly asymmetric about the angle of incidence, resulting in
breaking the balance between absorption and emission. It can not only ensure broadband nonreciprocal radiation, but also can ensure
wide-angle nonreciprocal radiation. The solid black line is the dispersion of the guided mode, which agrees well with the simulation.
Therefore, the dispersion can confirm the excitation of guided mode.

Last, we investigate the effect of the geometric parameters on the nonreciprocal effect. Fig. 5(a) shows the nonreciprocal radiation
spectra with the period of the dielectric grating varying from d = 5.4 pm to d = 5.6 pm. It is seen that the nonreciprocal radiation shifts
to a shorter wavelength with the increase of d, showing a blueshift. Besides, the difference between the absorption and the emission, i.
e., the nonreciprocity 7, remains above 0.93. Fig. 5(b) illustrates the nonreciprocal radiation spectra versus the changing of the strip
width w. In contrast to the variation of d, the nonreciprocal radiation exhibits a redshift when w increases from 3.3 ym to 3.41 pm. In
addition, the nonreciprocity 7 is still maintained larger than 0.93. Fig. 5(c) shows the nonreciprocal radiation spectra with the grating
thickness h increasing from 0.6 pm to 0.7 pm, and this increased h leads to a redshift of the resonance, along with a relatively stable
nonreciprocity (7 > 0.91). Fig. 5(d) shows the nonreciprocal radiation spectra changing with the thickness of the Weyl semimetal film
hy,. Clearly, the nonreciprocal radiation spectra show a redshift when h,, changes from 0.24 pm to 0.28 pm, with the corresponding
nonreciprocity remaining above 0.92. It is also worth noting that the influence of h,, on the nonreciprocal radiation spectra is larger
than those of other structure parameters, which can be employed to tune the nonreciprocal absorption. In general, the strong
nonreciprocal absorption performance can be maintained in a large geometric dimension range, which should be interesting for
practical fabrication and applications.

Here, though only numerical simulation has been investigated, for practical manufacture, the device can be fabricated as follows:
first, the Ag film is coated on the SiO2 substrate. Then, the Weyl semimetal planar is achieved by exfoliating from the chemical vapor
deposition (CVD)-grown single crystal, which can be deposited atop Ag film. Last, the top Si grating can be fabricated by traditional
lithography.

4. Conclusions

In summary, we designed and investigated a novel thermal emitter in the form of a dielectric grating separated from the metal
mirror by a Weyl semimetal film. The emitter shows strong nonreciprocal radiation at the wavelength of 15.98 pm when the incident
angle is 30°. Such enhanced nonreciprocity is attributed to the excitation of guided mode at the Weyl semimetal film, which is revealed
by the electromagnetic field distribution and confirmed by the dispersion of guided mode. Besides, it is found that the emitter possesses
wide-angle nonreciprocal radiation properties, in which the angle is wider than any other nonreciprocal emitters demonstrated in
published literature. Furthermore, the strong nonreciprocal absorption performance can also be maintained in a large geometric
dimension range, which should be attractive for practical fabrication and applications. It is hoped that the proposed structure will give
insight for designing novel nonreciprocal thermal emitters.
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Appendix. dispersion derivation of guided mode

The nonreciprocal radiation phenomenon can also be quantitatively interpreted by the dispersion relation of the guided mode. For
simplicity, the designed structure in Fig. 1(a) can be understood as a multilayer planar structure, which consists of four layers and is
shown in Fig. 6. Here, the Si grating is simplified as a planar film with the equivalent thickness hy = h*w/d. The bottom and the upper
layers are considered as semi-infinite substrates and superstates with relative permittivity of ¢, = 1 and &;, respectively.

For convenience and without loss of generality, the permittivity tensor of the Weyl semimetal is redefined as:

[
e=|-¢€, € O (A1)
0 0 £,
The corresponding inverse of the permittivity tensor is defined as:
Exx —Exy
- 0
e +el & +eé
1 ) )
fxx é\‘}v 0 | Exx E—X,V 0 € Xy Exx 0
= |-¢,¢ 0| = =|-&y € O = |2 2 > 2 (A2)
0 0 &, 0 0 e, ot by By

For TM polarization considered in this work, the electromagnetic components of the guided modes are (H,, Ey, E;). The H, in each
region can be expressed as follows:
Layer 1: y > hy, +hgy > hy+ hyg

H, = (A cos(kghg) + B sin(kqhg))exp( — y,(y — hw — ha)) (A3)
Layer 2: h, <y < h, + hq

H, = (A cos(kq(y — hy)) + B sin(ka(y — hy))) (A4)
Layer 3: 0 <y <h,

H; =C cos(k,y) + D sin(k,y) (A5)
Layer 4: y <0
H. =Cexp(y,y) (A6)

Here, § is the propagation constant of the guided modes, ks = \/kiesi —f% v4 = /B> =Ko 7, = \/P* —K2e2, k, =
A/ (K2 — £.B%) ) Exes ko = 21/ 2 is the wavevector of the air.

According to Maxwell’s equation, the component E, at each layer can be expressed as:
Layer 1: y > hy, +hgy > hy+ hyg

Eg= i£ (A cos(kqhy) + B sin(kqhy))exp( — v, (y — by — ha)) (A7)
0

Layer 2: h, <y < h,, + hy

k .
E,= ié’oa)dSSi (A sin(ky(y — hy,)) — B cos(ka(y — ) (A8)

Layer 3: 0 <y <h,

Es= a)% (cos(kyy) (B C — i€ kD) + sin(kyy) (BE D + i€k, C) ) (A9)
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Layer 4:y <0

v

Eu=—i—*C A10
4 vy exp(y,y) (A10)

Then, based on the boundary conditions of each of E, and H;, we can obtain the following equations group:

(7HSSi COS(kdhd) — kd sin(kdhd))A + (7a€Si sin(kdhd) + kd COS(kdhd))B =0

A — C cos(kyh,,) — D sin(k,h,) =0

ikyB + €s; (cos (k) BE,, + sin(kyhy)ié k) C+ (A1D)
esi (sin(kohy ) BE,y — ik cos(k,h,))D =0

(BEes +ir,)C — i€ kye,D =0

To ensure there is a solution for Eq. (A11), the determinant of the coefficients must be zero, thus, we can obtain the dispersion of the

guided mode as:

tan(ku) = (i€ kB, — i s (BEes + iv,) K + kaesiE oty (A12)
T (EukwesE ki — (BEye, + ir,)esiPE gk + ikaes (B e, + i)

where

e V.Esi sin(kahy) + kg cos(kahyg)
- Ya€si COS(kdhd) — kd Sil’l(kdhd)

(A13)

For the considered operating wavelengths in this work, the bottom Ag can be assumed as a PEC, thus, y,/e; = 0, Eq. (A12) can be

simplified to:

i kwkPE Ly — I8 ki K + kagsilik

tan(k,h, ) = Al4
(k) Eukwbiknk — P& €sifé gk + ikaesiPE,, (A14)
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