Reviewers' comments:
Reviewer #1 (Remarks to the Author):

Taking advantage of the concept of Brillouin scattering in opto-mechanics, Wolff and Mortensen
introduce an analog in the context of 2D polaritons. They dub it "stimulated plasmon polariton
scattering" (SPPS) and present the principle of this mechanism, which is expected to be useful in
measuring dispersion and lifetimes of polaritons in 2D materials in a metallic-tip-free setup, but
also for a variety of applications.

The paper is well written, figures are well described. The results are fully numerical (COMSOL):

I therefore have no way to check whether they are right or wrong by myself, but they seem to be
sound and free of macroscopic mistakes.

I found some typos (see for example definition of Fermi energy, once called E_F and another time
called E_f, etc) here and there. Please proofread more carefully.

The idea is intriguing and may really work out provided that certain experimental difficulties in
fabricating devices are surpassed. I believe that this work should be published in Nature
Communications provided that the authors take care of the following two concerns:

1) As a theorist, I'd like to see a small Supplementary Information file, where a brief derivation of
the coupled nonlinear equations (1a)-(1c) is presented. I understand the authors want to postpone
the presentation of a detailed derivation to a long technical paper, as they state in page 3, left
column, but I find this a bit odd.

A small Supplementary File of one page, say, will not harm their long technical paper and will be
useful to the readers of the present Letter, who are curious about the assumptions and
approximations that lead to Egs. (1a)-(1c).

2) As discussed by the authors, nonlinearities are crucial ion the physics of SPPS, and are
parametrized via the nonlinear second-order susceptibility tensor in Eq. (2).

In this respect, I have two remarks.

2a) One is merely bibliographic.
Ways of launching and detecting graphene plasmons, which do not rely on SNOM, have been
recently discussed in the following papers, which should be cited:

- X. Yao, M. Tokman, and A. Belyanin, Phys. Rev. Lett. 112, 055501 (2014)
- T. J. Constant, S. M. Hornett, D. E. Chang, and E. Hendry, Nat. Phys. 12, 124 (2016)
- H. Rostami, M.I. Katsnelson, and M. Polini, Phys. Rev. B 95, 035416 (2017)

These rely also on a second-order nonlinear process intrinsic to graphene and parametrized via a
nonlinear second-order susceptibility tensor.

Since the plasmon carries a finite in-plane momentum g, graphene's inversion symmetry is
effectively broken by q

and this leads to a finite second-order susceptibility tensor.

2b) The second remark is merely a curiosity.

I was wondering whether the authors have included such intrinsic nonlinearities in their nonlinear
second-order susceptibility tensor, or whether that would lead to "double counting" and therefore
should not be included in the right-hand side of Eq. (2).

This is just a personal curiosity, which I can't answer by myself, because I have not seen a
derivation of Egs. (1a)-(1c).

No changes are requested in the revised manuscript in this second respect.



In summary, I strongly believe that the present manuscript should be published immediately in
Nature Communications, provided that the authors have taken care of 1) and 2a) above.

Reviewer #2 (Remarks to the Author):

In their manuscript entitled “Stimulated plasmon polariton scattering” the authors C. Wolff and N.
A. Mortensen draw an analogy between plasmons and acoustic phonons as they propose a new
strategy for enhancing and tailoring plasmon-polariton nonlinearities in guided-wave systems. I'm
grateful that the authors do not sweep any of the nontrivial aspects of the system aside. However,
the experimental feasibility of proposed interactions come with numerous challenges. That said,
the authors are putting forward an interesting proposal, and to my knowledge, the ideas proposed
are new.

For these reasons I am not opposed further consideration by nature communications provided that
they address several queries below:

1) Following equation 3, the authors state that * the derivation and detailed discussion of these
equations is beyond the scope of this letter will be published separately”. It seems to me that this
derivation and discussion are essential to this paper. I understand the desire to keep this
publication short, on the other hand, I think it essential to include this content in a supplement.
Otherwise, the paper seems incomplete.

2) As for the experimental relevance of this proposal, it is unclear that slot waveguides of the type
proposed offer a viable experimental solution. To date, slot waveguide systems suffer from
extraordinarily high linear losses, because the same confinement mechanism also produces strong
overlap with roughness and surface imperfections that degrade the optical performance of these
waveguides.

3) A nontrivial aspect of this experimental proposal that has not been addressed is heat
dissipation. If this coupling mechanism is feasible, it is unclear whether or not lose 2D materials
will remain stable as rather large amounts of optical power are absorbed into atomically thick
layers. It seems that a rudimentary thermal model is necessary to address this problem

Some minor comments and corrections follow:

In figure 2 the authors state that the “pink and green shaded areas indicate whether the pump can
or cannot drive independent transitions”. The statement is ambiguous please clarify.

The authors state that "dielectric loading of the polaritonic mode is quite beneficial” on page 5. The
intended meaning is unclear.

Reviewer #3 (Remarks to the Author):

I do not recommend this manuscript for publication since it contains neither experimental
confirmation that the proposed by authors device does work, nor a careful, detailed,
comprehensive and - most importantly - verifiable theory. The authors reports that the
development of a detailed theory “is beyond the scope of this Letter” but then it does not make
sense to publish this Letter.



Comments of Referee 1 (italic font) and our responses

Referee:
Taking advantage of the concept of Brillouin scattering in opto-
mechanics, Wolff and Mortensen introduce an analog in the context
of 2D polaritons. They dub it ”stimulated plasmon polariton scat-
tering” (SPPS) and present the principle of this mechanism, which
is expected to be useful in measuring dispersion and lifetimes of po-
laritons in 2D materials in a metallic-tip-free setup, but also for a
variety of applications.
The paper is well written, figures are well described. The results
are fully numerical (COMSOL): I therefore have no way to check
whether they are right or wrong by myself, but they seem to be sound
and free of macroscopic mistakes. I found some typos (see for ex-
ample definition of Fermi energy, once called E_F and another time
called E_f, etc) here and there. Please proofread more carefully.
The idea is intriguing and may really work out provided that certain
experimental difficulties in fabricating devices are surpassed. I be-
lieve that this work should be published in Nature Communications
provided that the authors take care of the following two concerns:

1. As a theorist, I'd like to see a small Supplementary Information
file, where a brief derivation of the coupled nonlinear equations
(1a)-(1c) is presented. I understand the authors want to post-
pone the presentation of a detailed derivation to a long technical
paper, as they state in page 3, left column, but I find this a bit
odd. A small Supplementary File of one page, say, will not
harm their long technical paper and will be useful to the readers
of the present Letter, who are curious about the assumptions
and approzimations that lead to Egs. (1a)-(1c).

2. As discussed by the authors, nonlinearities are crucial ion the
physics of SPPS, and are parametrized via the nonlinear second-
order susceptibility tensor in Eq. (2).

In this respect, I have two remarks.

One is merely bibliographic. Ways of launching and detecting
graphene plasmons, which do not rely on SNOM, have been
recently discussed in the following papers, which should be cited:
- X. Yao, M. Tokman, and A. Belyanin, Phys. Rev. Lett. 112,
055501 (2014) - T. J. Constant, S. M. Hornett, D. E. Chang,
and E. Hendry, Nat. Phys. 12, 124 (2016) - H. Rostami, M.I.
Katsnelson, and M. Polini, Phys. Rev. B 95, 035416 (2017)
These rely also on a second-order nonlinear process intrinsic
to graphene and parametrized via a nonlinear second-order sus-
ceptibility tensor. Since the plasmon carries a finite in-plane
momentum q, graphene’s inversion symmetry is effectively bro-
ken by q and this leads to a finite second-order susceptibility
tensor.

3. The second remark is merely a curiosity. I was wondering
whether the authors have included such intrinsic nonlinearities



in their nonlinear second-order susceptibility tensor, or whether
that would lead to ”double counting” and therefore should not
be included in the right-hand side of Eq. (2). This is just a
personal curiosity, which I can’t answer by myself, because I
have not seen a derivation of Egs. (1a)-(1c). No changes are
requested in the revised manuscript in this second respect.

In summary, I strongly believe that the present manuscript should be
published immediately in Nature Communications, provided that the
authors have taken care of 1 and 2a above.

Response:
Our response to the points raised by the reviewer:

‘We thank the reviewer for their very positive assessment of our work.
We respond to the queries as follows:

1. This point was raised by all referees and in response we added
a supplementary note containing the underlying theory. We did
not restrict ourselves to a single-page summary, but rather at-
tached all relevant sections of the planned separate theory paper,
which will no longer be published as originally intended.

2. We are very thankful to the reviewer for pointing us towards
these works, which we added to the discussion of the scientific
context of our work in the introduction.

3. As for the question of intrinsic nonlinearities, they were indeed
included in the calculation are in fact the dominant contribution
to the overall nonlinear coupling. Even though the reviewer ex-
plicitly did not ask for it, we included some detailed information
on the intrinsic nonlinear processes in graphene to the supple-
mentary material. In short: There are at least two types of in-
trinsic second-order nonlinearities in graphene. One is the pon-
deromotive force, which is due the fact that an optical intensity
gradient breaks inversion symmetry. This is in fact what drives
the interaction in our paper. A second intrinsic effect is the
Kerr-like nonlinearity induced by the fact that the wave number
of a homogeneous oblique illumination breaks inversion symme-
try. This is what the reviewer most likely has in mind and some
theory can be found e.g. in [Scientific Reports 7, 43843 (2017)].
We did not include this effect, mainly because we expect it to be
small in this setting due to the very similar but opposite wave
numbers of the optical pump and Stokes. However, the reviewer
is correct that it would be a worthwhile topic to investigate and
we can state that it would not be a case of double-counting as
far as we are aware.



Comments of Referee 2 (italic font) and our responses

Referee:

In their manuscript entitled ”Stimulated plasmon polariton scatter-
ing” the authors C. Wolff and N. A. Mortensen draw an analogy
between plasmons and acoustic phonons as they propose a new strat-
egy for enhancing and tailoring plasmon-polariton nonlinearities in
guided-wave systems. I'm grateful that the authors do mot sweep
any of the nontrivial aspects of the system aside. However, the ex-
perimental feasibility of proposed interactions come with numerous
challenges. That said, the authors are putting forward an interesting
proposal, and to my knowledge, the ideas proposed are new.

For these reasons I am not opposed further consideration by nature
communications provided that they address several queries below:

1. Following equation 3, the authors state that 7 the derivation
and detailed discussion of these equations is beyond the scope
of this letter will be published separately”. It seems to me that
this derivation and discussion are essential to this paper. I un-
derstand the desire to keep this publication short, on the other
hand, I think it essential to include this content in a supple-
ment. Otherwise, the paper seems incomplete.

2. As for the experimental relevance of this proposal, it is unclear
that slot waveguides of the type proposed offer a viable experi-
mental solution. To date, slot waveguide systems suffer from
extraordinarily high linear losses, because the same confine-
ment mechanism also produces strong overlap with roughness
and surface imperfections that degrade the optical performance
of these waveguides.

3. A nontrivial aspect of this experimental proposal that has not
been addressed is heat dissipation. If this coupling mechanism
1s feasible, it is unclear whether or not lose 2D materials will
remain stable as rather large amounts of optical power are ab-
sorbed into atomically thick layers. It seems that a rudimentary
thermal model is necessary to address this problem

Some minor comments and corrections follow:

e In figure 2 the authors state that the "pink and green shaded ar-
eas indicate whether the pump can or cannot drive independent
transitions”. The statement is ambiguous please clarify.

o The authors state that "dielectric loading of the polaritonic
mode is quite beneficial” on page 5. The intended meaning is
unclear.

Response:

Our response to the points raised by the reviewer:

1. In response to this point (and similar points raised by the other



two reviewers) we added a somewhat detailed derivation of the
equations shown in the manuscript and those that underlie our
numerical results. It can be found as a supplementary note.

2. We thank the reviewer for pointing us towards the problem of
surface roughness. It is certainly true that slot waveguides are
more prone to this effect. However, as mentioned in the main
text, we anticipate waveguide lengths of the order of millime-
ters. For such relatively short structures, a loss of 1-5 dB/cm
as reported e.g. in [Optics Express 19, 26275-26282 (2011)]
should not be prohibitive. In fact, we find the general trend that
when field concentration increases the SPPS-gain, then this will
usually over-compensate increased loss, because the loss scales
roughly linearly with intensity whereas the gain grows quadrat-
ically. We would like to stress that the waveguide design pre-
sented here is meant as a relatively simple proof-of-principle
proposal for a new effect and we fully agree that considerable
engineering would be required to find the best balance between
loss and gain in more application-oriented structures.

3. The reviewer is correct, dissipation is clearly a problem in many

nonlinear experiments. In fact, our main concern is not the lin-
ear loss in the graphene sheet (graphene appears to be rather
stable, especially when sandwiched in boron nitride). Instead,
we would be more concerned about free carrier absorption due
to two-photon absorption in the silicon. However, we are con-
fident that both problems can be circumvented using a pulsed
light source. A light pulse of 1-10W peak power and 1ns dura-
tion at a kHz-range repetition rate would be quasi-stationary for
the purpose of the SPPS-process while faster than the free car-
rier lifetime and would deposit < 1 mW of average power across
the full length of waveguide while staying below the single-shot
damage threshold.
The reviewer is correct that we should have addressed this in our
paper. In the main text we did mention pulsed light sources as
a means to reach sufficiently high pump powers without risking
destruction of the device. We rephrased the paragraph to make
this point more explicit.

Regarding the minor points of criticism:

o We are sorry, but we cannot find the word “independent” in the
caption. In our files the caption states “pink and green shaded
areas indicate whether the pump can or cannot drive inter-band
transitions.” Anyway, we ensured that the re-submitted docu-
ment contains the correct word.

o Dielectric loading refers to the practice of increasing the effective
index of a plasmonic waveguide (be it a metal or graphene) by
covering it with a high-index dielectric.



Comments of Referee 3 (italic font) and our responses

Referee:
I do not recommend this manuscript for publication since it contains
neither experimental confirmation that the proposed by authors de-
vice does work, nor a careful, detailed, comprehensive and - most
importantly - verifiable theory. The authors reports that the devel-
opment of a detailed theory "is beyond the scope of this Letter” but
then it does not make sense to publish this Letter.

Response:
Our response to the points raised by the reviewer:

We take the reviewer’s point. We maintain that a derivation of the
theory is beyond the scope of the main text, and therefore added it
as a supplementary note.

We are confident that this supplementary will provide enough ground
for the reviewer to make a professional assessment regarding the cor-
rectness of our findings.

We note that the reviewer criticised only the lack of information to
verify the correctness of our findings. They did not criticise our work
with respect to impact or novelty, which would have been possible
with the information given in our initial submission.



Decision on
manuscript
NCOMMS-19-
04521A

Message:

Dear Dr Wolff,

Please allow me to apologize for the delay in getting a decision to you. The
reviewers needed more time to submit their report due to busy schedules. Your
manuscript entitled "Stimulated plasmon polariton scattering" has now been seen
by 2 referees, whose comments are appended below. In the light of their
collective advice advice I regret to inform you that we cannot publish your
manuscript in Nature Communications.

You will see that reviewer #3 raises quite substantial concerns regarding
feasibility of the observation. While I realize this is a theoretical work, it is clear
that we cannot proceed without substantial work detailing how this phenomenon
could be observed and unfortunately, these reservations are sufficiently important
to preclude publication of this study in Nature Communications. We have also
written to reviewer #2 in confidence regarding the concerns of #3, and they have
agreed that these concerns are important. Given the collective feedback, we feel it
is best at this stage for you to seek publication elsewhere.

If you opted into the journal hosting details of a preprint version of your
manuscript via a link on our dedicated website (https://nature-research-under-
consideration.nature.com), please note that we will now remove these details as
your manuscript is no longer under consideration at Nature Communications. For
more information, please refer to our FAQ page at https://nature-research-under-
consideration.nature.com/posts/19641-frequently-asked-questions

I am so sorry that we cannot be more positive on this occasion and thank you for
the opportunity to consider your work.

Best regards,
Lina

Dr Lina Persechini

Associate Editor & Team Manager
Nature Communications
Lina.Persechini@nature.com

Reviewers' comments:
Reviewer #2 (Remarks to the Author):

I'm satisfied with the changes that the authors have made to address the queries
posed. In particular, I'm grateful that the authors have now included in-depth
supplementary information. The supplementary information answers numerous
technical questions and addresses all of my prior concerns regarding the
reproducibility of their results.

With this additional information and the revisions that they have made the
manuscript, I feel strongly that this paper should be accepted in nature
communications. This manuscript explores some intriguing new ideas, and I think
it will definitely spur a great deal of interest at the intersection between nonlinear
optics and two-dimensional electronic materials.

Reviewer #3 (Remarks to the Author):

The authors put forward an idea of ,stimulated plasmon polariton scattering"



(SPPS), to use in 2D materials like graphene, for studying fundamental physics
and for some applications. The idea of SPPS is similar to the stimulated Brillouin
scattering (SBS) phenomenon known in nonlinear optics. The authors claim that
SPPS power gain in the proposed experiments and structures can be sufficiently
large under achievable experimental conditions. The paper is theoretical.

In my opinion, it is quite possible that the idea is interesting and the proposed
effects may work indeed. But I have not found in the paper clear evidences that
the observation of the proposed effects is realistic.

There exists a very large difference between the SBS and the proposed SPPS
phenomena. The propagation length of sound waves in liquids and solids can be
as large as kilometers, while the propagation length of 2D plasmons in 2D
materials is as small as just a few microns. Therefore the authors had to clearly
show that the nonlinearity of the plasmon-light interaction is so large that it can
overcome the strong damping of plasma waves in the system. This is the most
important point and this had to be done with all details to convince the reader that
the idea is realistic indeed. I have not found details in the authors’ arguments and
their conclusions are not convincing at all.

Let me illustrate said above by some examples.

1. In Figure 1 the authors show schematic of the SPPS experiment: a rectangular
dielectric optical waveguide is covered by a graphene sheet and the nonlinear
plasmon-light interaction should lead to the desired effect. The general idea is
clear but there are some questions to its practical realization. In particular, we
read “A weak THz signal is injected through the bias contact (blue) and amplified
along the waveguide”. How the THz wave propagating in free space (wavelength
~ hundred of um) will be injected into the waveguide with dimensions ~ 200 nm?
I believe that a lot of energy will be lost on the interface between the tens-of-um
THz antenna and sub-pm optical waveguides. This issue is not discussed in the
paper.

2. In Figure 2(a) the authors suggest two possible realizations of the device. Now
we see two dielectric waveguides instead of one from Figure 1. Why two
waveguides are better than one? In my opinion, if the graphene sheet lies on the
waveguide the light-plasmon interaction (the integral in Eq. (2)) will be larger
than when a piece of graphene hangs over the gap of 150 nm width (sheet
position 2); this hanging piece of graphene will contribute to the plasmon damping
and will work against the desired effect. The sheet position 1 causes even more
questions. The optical field is mainly concentrated inside the waveguides and
substantially decreases in the gap between the waveguides which is seen from the
authors’ CONSOL calculations. Placing graphene between the two waveguides will
reduce the interaction again as compared to the structure in Figure 1. Why the
authors chose the two-waveguide structure is not discussed in the paper. If my
intuitive arguments are wrong and the authors did perform calculations of the field
distributions in and around the waveguides and found the best positions for the
graphene sheets indeed, why these calculations are not shown and not discussed
in detail in the paper?

3. It seems that the difference between positions 1 and 2 is in the dielectric
constant of the environment, =1 in the position 1 and e=(1+¢€_substrate)/2 in
the position 2: due to this difference the plasmon frequency and the quality factor
are higher in the position 1 than in the position 2 (unfortunately I have to guess
here since the authors did not explain this point). However in typical experiments
graphene lies on a substrate. If the authors imply just freely hanging graphene in
the position 1 I am wondering how this can be practically realized in a real device?
If in the position 1 graphene lies on a substrate than the advantage of this
geometry (e=1) disappears.

4. In Figure 2(a) the waveguide material is assumed to be Si. But Si is a
semiconductor often doped by some amount of impurities. This will lead to an
additional damping of 2D plasmons and maybe to a damping of the optical modes.



The propagation of optical modes in the Si waveguides is also not explained. The
only information that the effective index equals 1.37 is insufficient; moreover this
number seems to be too low for Si waveguide (the dielectric constant of Si is
11.7). Usually experimentalists use dielectric materials for the waveguides like
silicon oxide or silicon nitride. Why semiconducting silicon is supposed to be used
for SPPS in this work?

5. The authors assume to change the Fermi level from ~0.01 eV up to ~2 eV
(Figure 2(b)). But, firstly, it is unrealistic to push the Fermi level in graphene
above ~0.4 eV, therefore the very high quality factors and very broad frequency
ranges “achieved” at Fermi energies up to ~2 eV should be reduced by several
times or even by an order of magnitude in realistic structures. Secondly, changing
the Fermi level assumes that graphene lies on a SiO2/doped Si substrate and E_F
is varied by the gate voltage applied between graphene and Si. But then, if the
hanging graphene is assumed to be in the sheet position 1, all left plots drawn in
Figures 2(b,c) are useless.

6. If graphene lies on a SiO2/doped Si substrate (in order to control E_F) what is
the 2D plasmon spectrum in this paper? As far as I understand (I have to guess
again since the authors do not discuss this point) the authors assume the square-
root dispersion of 2D plasmons, w”2~q; this can also be seen from the sketch in
Figure 1(a). But in the graphene-dielectric-metal (or heavily doped
semiconductor) system the spectrum of 2D plasmons is linear, w~2~q”2d at
qd<1, where d is the dielectric thickness. If to take this fact into account the
plasmon frequency and the quality factor will be further reduced. This important
practical issue is not discussed in the paper.

7. The authors give minimal information about how the frequency of 2D plasmons
(Stokes shift) and their propagation length (quality factor) are plotted in Figure
2(b). No one formula is given here. They write “The polaritonic damping
parameter k_b depends on E_F. We calculate it from a Drude relaxation rate that
was experimentally determined for this type of “vdW-sandwich" [24] and plot it
implicitly in Fig. 2b as the polaritonic quality factor =Q/(2v_b k_b)”. Why the
authors did not give here just two numbers, the relaxation rates for 60 K and 300
K, which they extracted from [24]? Why should I or other readers read the long
paper [24] only in order to find numbers which the authors used in their paper? I
have found the number of 1.6 ps for graphene at 60 K and could get a figure
similar (but not identical, again due to the lack of information) to that shown in
Figure 2(b) but I still have no idea how the authors plotted the curves for 300 K.
Why should the readers guess what the authors’ thoughts were and not just read
what they really did?

8. It is unclear at all how the authors calculated the SPPS gain (2) and plotted the
corresponding Figures 2(b,c). The value Q in (2) depends on the overlap integral
and the nonlinear susceptibility x(2). In the SBS effect the interaction takes
place in the whole (3D) volume of the waveguide. In the considered here SPPS
effect the integration goes over a much smaller volume (over just a 2D plane if

X (2) is due to the nonlinearity of graphene). Here the authors had to show that,
in spite of the thin interaction area the resulting gain is sufficient to overcome
losses. But no results of such analysis are shown. Then, what is the value of

X (2), where it comes from, how it depends on Fermi energy? No specific formula
for x~(2) is given in the paper. Figures 2(b,c) show that the gain very essentially
depends on the Fermi energy, with a broad maximum at E_F~0.07 eV and with
strongly oscillating, resonant features around 0.4-0.5 eV. What are the physical
reasons for these features? Which analytical formulas for x~(2) demonstrate
these feature? What is their physical meaning? The paper does not contain
answers to these questions. Moreover, it seems that the authors do not know
themselves which nonlinearity they are going to use in the proposed phenomenon.
Just after Eq. (2) they write that “x”~(2) is the nonlinear susceptibility tensor
describing all suitable second-order nonlinearities in the system”. What are these
“all suitable nonlinearities”, are they due to graphene or to the waveguide
material? Since the gain is plotted as a function of Fermi energy in graphene and,
especially, the resonances are seen at E_F~0.4 eV=hw/2, this seems to suggest



that the nonlinearity comes from graphene. But in the Supplementary Note the
authors write that the waveguide should at least partially be composed of a
nonlinear material such as lithium niobate. What does it mean “partially
composed” ? Do the authors have specific suggestions how the waveguide should
be filled by the nonlinear lithium niobate? Are there specific calculations of the
gain made with the LiNb-filled waveguide? Do these calculations show that the
gain can be sufficiently high to make the whole story meaningful? Does all this
mean that the plots shown in Figure 2 make no sense anymore?

9. In the next sentence from the Supplementary Note the authors write: “... we
could not obtain an appreciable SPPS-gain based on this effect alone. The problem
is that the polaritonic mode does not penetrate the waveguide enough to lead to a
sufficient nonlinear mode overlap”. This is just the central question of the whole
story, why this important point is discussed somewhere in the Supplementary
Note and not in the main text? Does this negative result mean that the SPPS
cannot be actually realized? Does it make sense then to publish this paper?

10. In the next sentence from the Supplementary Note we read “We do, however,
emphasize that this approach might prove very useful for the excitation of
polaritons in materials other than graphene®. But if, suddenly, the authors decide
to replace graphene by other 2D materials, does this mean that all calculations
and plots shown in Figure 2 make no sense anymore (they were done using
specific properties, like o(w), of graphene)? For any other 2D material with a
parabolic spectrum all specific results (plasma frequency and damping, nonlinear
parameters, etc.) will be different.

11. Finally a couple of minor points:

(a) in the literature there exist several publications on the second order nonlinear
response of graphene which are quite relevant for the discussed effect; not all of
them are cited. Several publications of the Belyanin’s group treated the plasmon-
light nonlinear interaction in a much more comprehensive and quantitative way:
PRL 112, 055501 (2014), Phys. Rev. B 93, 235422 (2016), Phys. Rev. B 94,
195442 (2016). The paper of the Sipe group, Scientific Reports 7, 43843 (2017),
also treated the discussed nonlinearity and gave detailed derivations and
quantitative results. In my opinion, the present paper does not add anything
useful and new to these studies;

(b) the term “plasmon polariton” supposes that 2D plasmons strongly interact
with light, i.e. the square-root dispersion w~sqrt(q) is close to the light line w=cq.
In the present work the 2D plasmon frequency is always much smaller than the
light frequency with the same q. Therefore the term “plasmon” (instead of
plasmon polariton) and SPS (instead of SPPS) would be more relevant.

Summary: since the damping of 2D plasmons is many orders of magnitude larger
than the damping of sound waves, the feasibility of SPPS had to be studied and
clearly demonstrated in much more details than it is done in the paper. Personally
I do not believe that the SPPS phenomenon will ever work in structures with
graphene or any other 2D materials and I did not find in the paper convincing
arguments that the proposed effect can be observed indeed. The paper is very
badly written: the authors carefully hide from the reader details of the theory
rather than explain what and how they did.

I do not recommend this manuscript for publication.



Comments of Reviewer 3 (italic font) and our responses

Reviewer:

The authors put forward an idea of “*stimulated plasmon polariton
scattering” (SPPS), to use in 2D materials like graphene, for study-
ing fundamental physics and for some applications. The idea of
SPPS is similar to the stimulated Brillouin scattering (SBS) phe-
nomenon known in nonlinear optics. The authors claim that SPPS
power gain in the proposed experiments and structures can be suffi-
ciently large under achievable experimental conditions. The paper
is theoretical.

Response:

This correctly characterises our work.

Reviewer:
In my opinion, it is quite possible that the idea is interesting and the
proposed effects may work indeed. But | have not found in the paper
clear evidences that the observation of the proposed effects is
realistic.

Response:

We note that the reviewer does not dispute the novelty or potential
impact of the idea, but questions that it can be achieved. In the
following we will put forward the view that this impression is at least
to some degree due to strong misunderstandings of both the proposed
SPPS process, SBS and some aspects of nanophotonics in general.
However, especially with the wide readership of Nature
Communications in mind, we agree that every misunderstanding by a
reviewer points at a potential weakness in the presentation such as
implicit assumptions by the authors. Therefore, we have modified our
manuscript in several places to clarify it based on the points raised by
the reviewer in order to avoid misunderstandings by intended au-
dience.

Reviewer:

There exists a very large difference between the SBS and the proposed
SPPS phenomena. The propagation length of sound waves in liquids
and solids can be as large as kilometers, while the propagation length
of 2D plasmons in 2D materials is as small as just a few microns.
Therefore the authors had to clearly show that the nonlinearity of the
plasmon-light interaction is so large that it can overcome the strong
damping of plasma waves in the system. This is the most important
point and this had to be done with all details to convince the reader
that the idea is realistic indeed. | have not found details



in the authors’ arguments and their conclusions are not convincing
atall.
Let me illustrate said above by some examples.

Response:

This really is the heart of the review and it is repeated in the
summary at the end. Unfortunately, the reviewer is completely wrong
in their understanding of the acoustic loss in SBS. Since it is their
main point (as they say themself), we think we should elaborate on
this in more detail.

The reviewer names the propagation length as the relevant measure of
loss, which we can agree to in the context of inelastic backscattering
such as (backward) SBS and the proposed SPPS. ' The propagation
length | can be easily found from the quality factor Q and the acous-
tic/plasmonic wavenumber q:

I = Q/q.

The quality factor in turn can be found either as the ratio of
wavenum-ber and decay constant (just the inverse of the equation
above) or the ratio of acoustic frequency and damping rate. From the
phase matching diagram Fig.la, which is identical for both SBS and
SPPS, it is clear that q H 2k, where k is the optical wavenumber and
therefore very similar in both processes. This reduces the question of
propagation lengths to comparing the quality factors Q of both
processes. We find Q between 10 and 1000 in SPPS (see Fig.2b). As for
the losses in SBS, we refer to a standard textbook [Boyd, “Nonlinear
Optics, 3rd edition”], which on page 441 lists Stokes frequencies
(denoted QB) and damping rates (denoted I'B) in various bulk solids
and liquids. We copied the table for convenience:

9.3. Stimulated Brillouin Scattering (Induced by Clectrostriction) 441

TI'ABLE 9.3.1 Propertics of stimulated Brillouin scattering for a varicty of
materials

Q2T Ir/f2r 20 £ (max) fa
Substance (MHz) (MHz} (m/GW) fem? /MW)
CSy 5850 523 1.5 .14
Aceione 4600 224 0.2 0.022
Toluene 5910 579 0.13
cCly 4390 520 0,06 0,013
Methanol 4250 250 0.13 0.013
Ethanol 4550 353 0.12 0.010
Benzence 6470 289 0.18 0.024
10 2690 317 0.048 0.0008
Cyclohexane 5550 T4 0.068
CHy (1400 atm) 150 10 1
Oiptical glasses 15 000026000 10106 0.04-0.25
Si0a 25,800 73 0.045

'We note that there is some inconsistency in the opto-mechanical community and the term
“SBS” is sometimes extended to another scattering process (usually known as guided acous-
tic waves Brillouin scattering, GAWBS) that involves a standing rather than propagating
acoustic wave and occurs at lower frequencies with corresponding lower loss [Wolff et al. New
J. Phys. 19, 023021 (2017)]. However, there the loss does not come even close to values that
the reviewer suggests, either.



By dividing OB and I'B, one easily verifies that SBS has Q-factors in
the same ballpark as SPPS. This also holds for material systems that
have been the focus of recent SBS-research such as integrated soft
glass waveguides (Q/2ii- = 7.7 GHz, I'/2ii- = 34 MHz, [Pant et al.,
Optics Express 19, 8285 (2011)], corresponding to Q = 226) or silicon
waveguides (e.g. [van Laer et al., Nature Photon. 9, 199 (2015)]
reports Q = 306 in the main text).

We conclude that the strong loss of the plasmon is by no means more
severe than that of GHz-sound in solids and liquids, which the
reviewer seems to underestimate by 6-8 order of magnitude.

The reviewer criticises that we do not demonstrate that the opto-
plasmonic nonlinearity is so much stronger than the opto-mechanical
one that we can overcome the loss. The previous paragraphs should
have shown that it is already sufficient if both nonlinearities are com-
parable in strength. The relevant parameter for such a comparison is
the gain coefficient, which incidentally already includes the loss in the
form of the decay constant kB (see Eq. 3). To reiterate: The gain
coefficient G scales with the quality factor and therefore expresses
precisely how strong the nonlinearity is compared to the loss of the
non-optical wave (sound in SBS, plasmons in SPPS). The reviewer
seems to have missed that the requested comparison was actually
already in the manuscript, which we concede might be a at least
partially a flaw in our presentation (see changes listed below).

We come to the question if the nonlinearity in SPPS can be strong
enough to observe the effect and again we do this by comparison
with the experimentally well-established effect SBS. In SBS the gain
is stated in one of two ways: As a material parameter (units m/W)
appropriate for quasi-bulk systems such as fibres or as a waveguide
parameter (units (Wm)-) appropriate for complex nano-scale systems
such as our example. The two gain figures are related by the effective
mode area of the optical modes. Boyd lists the former quantity and
based on an effective mode area of 0.1, pm? (roughly what we have in
our example), this translates to gains between 15 (Wm) ™ for CSz2 and <
4.5 Wm'' for water and silica. These values are considerably smaller
than what we report. On page 4 of our original paper, we compare
our gain figures to those found in technologically relevant systems
such as optical fibres (which is in agreement with the rough estimate
from Boyd’s bulk parameter for silica) and integrated waveguides
composed of soft glasses and silicon:

We find Stokes shifts throughout the entire THz-range, and for low
Fermi-levels we predict SPPS-gains in excess of 10+ (Wm)" over a fairly
large parameter range with peaks approaching 10¢ (Wm)". This has to be
compared to 1010 (Wm)™ for SBS in optical fibres [29,30], 10011000 (Wm)~
in chalcogenide rib waveguides [16,31] and 1000-10000 (Wm) " in well-
engineered silicon waveguides [32-34].



We believe that this response has demonstrated that the reviewer’s
main complaint is not warranted. Plasmonic loss is not more damag-
ing to SPPS than the acoustic loss is to SBS and the opto-plasmonic
nonlinearity that we calculate here is not weaker than the opto-
mechanical nonlinearity found in SBS.

Since the plasmonic loss is such an important point to the reviewer
and since we now fear that readers from outside the area of SBS
might also have an inaccurate idea of the the acoustic loss in SBS, we
have modified the main text to address the problem of plasmonic loss
as early after the introduction as possible in order to prevent this
confusion to arise in the first place:

In analogy to SBS, overall conservation of energy and momentum require

that both the polariton field as the optical Stokes wave grow approximately
exponentially along the waveguide. This process exists as soon as

there is an efficient nonlinear coupling mechanism between the optical

pump and the polariton. Naturally, this nonlinear coupling must be

strong enough that the process is not immediately quenched by the linear
losses experienced by the plasmon polariton. At least for THz graphene
plasmon polaritons this is actually not as bad as it might perhaps

sound. Theilr propagation loss is in fact very comparable to that of
GHz-range acoustic phonons found in SBS as illustrated by the fact

that both THz graphene plasmons as well as GHz sound waves in technologically
relevant

materials [14,16,31--33] have quality factors between 10 and several

1000. Finally, neither SBS nor SPPS require long-range propagation

of their respective non-optical excitations.

We have also added a new section (section IV) to the supplementary
material paraphrasing our response to this question (not reprinted
here to save space and because it is very similar to the previous few
paragraphs).

Furthermore, we modified the manuscript to explicitly state that the
gain expresses the relative strength of nonlinear coupling and plas-
monic loss:

In analogy to the theory of SBS [26] we can easily derive from Eqgs.
(la--1c) the stationary power gain

) 200Q°
T e

which is the most interesting quantity iIn experiments. Besides inconsequential
normalization constants and the frequencies w, Q, its main ingredients

are the nonlinear coupling integral Qand the polaritonic loss parameter

kb. Therefore the reader concerned with loss in graphene may interpret

Gas a measure for how strong the nonlinear coupling is compared to

the linear polaritonic loss. This should be kept in mind when comparing

the gain in successful SBS experiments to the numerical values that

G
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we calculate further below. The derivation of these equations and
those underlying our numerical example is beyond the scope of the main
text and provided as a supplementary note.

Finally, we realised while writing this response that readers who turn
towards the literature might be confused by the two different ways in
which SBS-gain is expressed and added a footnote:

In order to avoid confusion we note that SBS-gains for bulk materials
are often specified in alternate units of m/W. Gains specified in (Wn)-*
are more suited to nano-scale waveguides and differ from the former by
the effective waveguide mode area.

Reviewer:

1. In Figure 1 the authors show schematic of the SPPS experiment: a
rectangular dielectric optical waveguide is covered by a graphene
sheet and the nonlinear plasmon-light interaction should lead to the
desired effect. The general idea is clear but there are some questions
to its practical realization. In particular, we read "A weak THz signal
is injected through the bias contact (blue) and amplified along the
waveguide”. How the THz wave propagating in free space
(wavelength hundred of m) will be injected into the waveguide with
dimensions 200 nm? I believe that a lot of energy will be lost on the
interface between the tens-of-m THz antenna and sub-m optical
waveguides. This issue is not discussed in the paper.

Response:

Fig.1 is a conceptual cartoon. All three panels are meant to give a
high-level picture of what is going on: Fig.la illustrates the energies
and momenta of the waves, Figs.2b/c illustrate which waves
propagate and/or grow in which direction, which ones are injected
and what comes out. The box-like structure is meant to represent a
photonic waveguide on a conceptual level, it is not meant to indicate
which geometry might be beneficial; this is left to our example
waveguide shown in Fig.2. In the caption of Fig.1, we write

““Schematic of an SPPS-experiment in Stokes-seed configuration,”’

““Schematic of an SPPS-experiment in polariton-seed configuration,””

for Fig.1b and Fig.1c, respectively. We believed that this already
captured our intent. Nonetheless, we made it a little more specific and
amended the caption of Fig.1 (see below).

In Fig.1 and in the main text, we propose two basic modes of oper-
ation. The first mode is analogous to what is called a “Brillouin-
amplifier” by some in the SBS community, where a weak optical



Stokes seed is amplified via the inelastic scattering process. This
mode of operation does not require the injection or direct detection of
THz waves. Instead, it requires only two laser around an arbitrary
wavelength (e.g. a telecom band) detuned by the Stokes shift and
optical components that operate at the laser wavelength. Because of
this and because the “amplifier’-configuration is usually also the first
experiment to show SBS in nanoscale waveguides, this would be the
natural mode for a demonstration experiment. The reviewer’s
concerns do not apply to this configuration.

The second mode is more similar but not quite identical to the “Brillouin-
generator” scheme from SBS, where preexisting sound/plasmons are
amplified along the waveguide. The reviewer is correct that technical
challenges lie ahead in implementing this, but this is not really sur-
prising, as it is also harder to achieve in SBS. Nonetheless, we regard this
configuration as noteworthy, because of its potential benefits.

In response to this, we have further clarified in our manuscript which
configuration would be the first choice for initial experiments and
which one includes greater technical challenges:

(b) Schematic of an SPPS-experiment in Stokes-seed configuration.
Conceptual schematic of an SPPS-experiment in Stokes-seed configuration. A
weak Stokes seed (red arrows) is injected at the rear end and amplified as
is propagates towards the front end of a graphene-covered waveguide. This
action is also illustrated by qualitative spectra where the heights of the
colored peaks indicate to the relative amplitudes of the matching signals
at the front and back of the waveguide. The bias voltage contact and the
waveguide geometry shown here were intentionally kept oversimplified
at this stage and in reality would require careful engineering. This
configuration is best suited for the excitation of polaritons and for
characterizing their dispersion relation, which can be tuned via the bias
voltage contact. It is also the natural candidate for a first demonstration
of SPPS as all input and output signals are in the optical domain and no
injection or detection of THz waves is required. (c) Schematic of an SPPS-
experiment in polariton-seed configuration. Conceptual schematic of an SPPS-
experiment in polariton-seed configuration. A weak THz signal is injected
through the bias contact (blue) and amplified along the waveguide.
Simultaneously, an optical Stokes is generated (illustrated by qualitative
spectra similar to panel b). This configuration
is best suited to amplify or optically detect weak THz signals. This
configuration is compelling because of the prospect to amplify or optically
detect weak THz signals.

Reviewer:
2. In Figure 2(a) the authors suggest two possible realizations of the
device. Now we see two dielectric waveguides instead of one from
Figure 1. Why two waveguides are better than one? In my opinion, if
the graphene sheet lies on the waveguide the light-plasmon inter-



action (the integral in Eq. (2)) will be larger than when a piece of
graphene hangs over the gap of 150 nm width (sheet position 2); this
hanging piece of graphene will contribute to the plasmon damping and
will work against the desired effect. The sheet position 1 causes even
more questions. The optical field is mainly concentrated inside the
waveguides and substantially decreases in the gap between the
waveguides which is seen from the authors’ CONSOL calculations.
Placing graphene between the two waveguides will reduce the interac-
tion again as compared to the structure in Figure 1. Why the authors
chose the two-waveguide structure is not discussed in the paper. If my
intuitive arguments are wrong and the authors did perform cal-
culations of the field distributions in and around the waveguides and
found the best positions for the graphene sheets indeed, why these
calculations are not shown and not discussed in detail in the paper?

Response:

The reviewer fundamentally misunderstands the proposed waveguide
geometry. We do not propose two waveguides, but one slot waveguide
composed of two closely spaced silicon beams. This is by no means a
novelty, it is in fact a well-known waveguide layout in nonlinear
photonics due to its strong field concentration inside the slot. This
comment made us aware that we had implicitly assumed that every
reader would be familiar with this principle, which is apparently not
true.

Much of the reviewer’s discussion is based on their misunderstanding
of the slot waveguide. The “hanging” part is in fact where most of the
nonlinear coupling occurs due to the concentration of the photonic
mode and moving the sheet further into the gap center improves this
nonlinear coupling (while also changing other aspects of the system
such as the plasmonic dispersion relation and the linear waveguide
loss). The reviewer left us confused when they first say that our
COMSOL calculations (Fig.2a) show weaker field in the gap compared
to the silicon bulk (which they most certainly do not), but then
criticise that we did not perform any field calculations in the first
place. Nonetheless, we realised that the inclusion of a qualitative
colorbar in Fig.2a might have helped the review in recognizing the
field enhancement inside the slot, so we added it.

We believe that slot-waveguides are so well-established at this point
that a detailed discussion of their field patterns would be inappro-
priate for Nature Communications. Nonetheless, we have added a
brief statement explaining why we chose this particular geometry.
In response we added a brief explanation and reference to the
literature (we also fixed a typo):

As a waveguide, we select a slot waveguide composed of two silicon
beams with square rectangular square cross section (dimension 220x
275 nmz) separated by a 150nm air gap and operated at the standard telecom



wavelength 1550 nm corresponding to a photon energy of 0.8eV. We computed
the electric field distribution of the fundamental mode (effective

index 1.37) using the commercial finite element software COMSOL (see

Fig. 1a). The slot waveguide was selected, because this configuration
is known to support waveguide modes that are mostly confined in the

gap between the silicon beans and are therefore an excellent starting
point for nonlinear photonics in the silicon nanophotonics platform [?].

Reviewer:

3. It seems that the difference between positions 1 and 2 is in the
dielectric constant of the environment, € = 1 in the position 1 and € =
(1 + eswsraey2 i the position 2: due to this difference the plasmon
frequency and the quality factor are higher in the position 1 than in
the position 2 (unfortunately I have to guess here since the authors
did not explain this point). However in typical experiments graphene
lies on a substrate. If the authors imply just freely hanging graphene
in the position 1 I am wondering how this can be practically realized
in a real device? If in the position 1 graphene lies on a substrate than
the advantage of this geometry (€ = 1) disappears.

Response:

The reviewer correctly states that the two positions differ in the di-
electric environment (known as dielectric loading), which explains
e.g. the different Stokes shifts found for them. However, the (in our
opinion) more obvious and relevant difference is the higher optical
field intensity in the center of the slot, which the reviewer seems to
have missed, probably because of their misunderstanding of the slot
waveguide geometry. On page 5 of the original manuscript, we briefly
discuss this topic for the different findings for positions:

[ -]

Furthermore, we point out that any form of field enhancement will improve
the relative gain figure F. While it is true that placing the polaritonic
sheet in higher field enhancements inevitably increases the linear

loss due to inter-band transitions, the SPPS process (like SBS and

Raman scattering) is effectively a third-order nonlinearity and thus

is bound to over-compensate the increase in loss.

Secondly, we find that dielectric loading of the polaritonic mode
is quite beneficial. This is the reason why a graphene sheet positioned
above a slot waveguide provides gains that are comparable to that of
a narrow ribbon squeezed inside the gap, even though it is subject
to considerably lower intensity enhancement and overall poorer mode
overlap. It is not clear how screening of the polaritonic mode (e.g-
due to the use of gold-plasmonic waveguides) affects the overall gain.



While this discussion was kept concise, we believe it does contain the
main message. Furthermore, we believe that these two paragraphs
from the original manuscript also address much of the reviewer’s
point 2.

Reviewer:

4. In Figure 2(a) the waveguide material is assumed to be Si. But Si
is a semiconductor often doped by some amount of impurities. This
will lead to an additional damping of 2D plasmons and maybe to a
damping of the optical modes. The propagation of optical modes in
the Si waveguides is also not explained. The only information that
the effective index equals 1.37 is insufficient; moreover this number
seems to be too low for Si waveguide (the dielectric constant of Si is
11.7). Usually experimentalists use dielectric materials for the
waveguides like silicon oxide or silicon nitride. Why semiconducting
silicon is supposed to be used for SPPS in this work?

Response:

We believe that silicon is well established as a waveguide material in
the near-IR (see e.g. [Saleh/Teich “Fundamentals of Photonics”] or
other textbooks) and it is in fact so mature that institutions like IMEC
in Ghent exist. Linear absorption of silicon is not of major concern in
the near-IR; surface roughness is often more critical, at least in slot
waveguides.

We are quite unsure what information about the propagation of the
optical modes the reviewer expects. The only additional information
that might be useful (but somewhat obvious from the field plot and
easily verified via the effective mode index) is that we consider the
horizontally polarized mode.

We cannot follow the reviewer’s comments on the link between the
dielectric constant of silicon (which they correctly identify around
11.7) and the effective mode index. The latter is more or less an
average of all permittivities seen by the optical mode. For a mode that
mostly lives in the surrounding air such as ours, it will naturally be
close to 1.

We are confused by the remarks that waveguides are usually made of
silicon nitride and especially in the case of silica.

Reviewer:
0. The authors assume to change the Fermi level from <0.01 eV up
to <2 eV (Figure 2(b)). But, firstly, it is unrealistic to push the Fermi
level in graphene above <0.4 eV, therefore the very high quality
factors and very broad frequency ranges “achieved” at Fermi
energies up to < eV should be reduced by several times or even by
an order of magnitude in realistic structures. Secondly, changing the
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Fermi level assumes that graphene lies on a SiO2/doped Si substrate
and EF is varied by the gate voltage applied between graphene and
Si. But then, if the hanging graphene is assumed to be in the sheet
position 1, all left plots drawn in Figures 2(b,c) are useless.

Response:

The reviewer is correct that electrostatic doping beyond 0.4-0.5eV is
increasingly difficult. However, recent discussions with peers have
indicated that at least values up to 0.5eV are not unrealistic. We
decided to show data for higher energies anyway, because readers
might find a way to reach them e.g. via chemical doping.

Furthermore, the reviewer is correct that gating of this structure can-
not be simply done with a simple back-electrode, as we have learnt in
discussions with peers. It is, however not impossible; a metallic gate
1-2 microns above the structure should do the job at the expense of
added complication. An alternative possibility would be top-gating
using ion gels (see e.g. [Ju et al., “Graphene plasmonics for tunable
terahertz metamaterials,” Nature Nanotechnology 6, 634 (2011)]). A
third possibility would be gating via direct metallic contacts to the
graphene sheet (similar to [Ding et al., Nano Lett. 15, 4393 (2015)])
which we alluded to in the cartoonish way we apply “bias” in Fig.1b
and Fig.lc. Coincidentally, this last reference actually demonstrates
experimentally the drop in the linear loss of a silicon waveguide cov-
ered with a graphene sheet as the Fermi level is moved towards the
inter-band threshold at 0.4 eV. We added this paper as a reference to
our manuscript. Finally, while electrostatic doping would clearly be
the preferred doping mechanism, it is of course not the only option for
a demonstration experiment. Chemical doping would be harder to
control, but otherwise just as effective and avoid some of the tech-
nological problems. We have modified the manuscript to reflect this:

We will now apply this theoretical framework to an illustrative waveguide
geometry that has not been optimized for the strongest possible gain,

but rather selected for its simplicity. The main purpose of this example
is to demonstrate that the concept is feasible, i.e. that sufficient

gain can be achieved in a realistic setting. We focus entirely on

the interplay of the opto-plasmonic nonlinearity and linear losses

and leave important technological aspects of an actual experiment out.
This includes especially the exact method of doping, which can be achieved
e.g- electrostatically via a metal contact few microns above the structure,
with direct electrical contacts [?] or by chemical doping.

Ultimately, we are willing to argue over which level of detail is required
in a fundamental feasibility study. The main point of Fig.2 is to
demonstrate that the nonlinearity can be made sufficiently strong
while leaving other details such as gating and in- and out-coupling of
light open. In our opinion, this should be acceptable in this type of
publication.
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The reviewer is oddly focused on back-gating via the silicon beams.
This would indeed require heavily doped silicon and would be ex-
tremely lossy. However, we never suggested this anywhere in the
paper.

Finally, the reviewer implies that our most interesting results appear
for doping levels beyond 0.4-0.5eV, which is not quite true. The high-
est gain values are found for low Fermi energies (see Fig.2b). The
highest relative gain (i.e. best parameter range for experimental ob-
servations) is found just above 0.4eV, which according to the reviewer
is still feasible.

Reviewer:

6. If graphene lies on a SiO2/doped Si substrate (in order to control £
) what is the 2D plasmon spectrum in this paper? As far as | un-
derstand (I have to guess again since the authors do not discuss this
point) the authors assume the square-root dispersion of 2D plasmons,
ar < @; this can also be seen from the sketch in Figure 1(a). But in the
graphene-dielectric-metal (or heavily doped semiconductor) system
the spectrum of 2D plasmons is linear, o< ¢°d at gd < 1, where d is
the dielectric thickness. If to take this fact into account the plasmon
frequency and the quality factor will be further reduced. This
important practical issue is not discussed in the paper.

Response:

The reviewer criticises that we use the square-root dispersion relation.
They very correctly point out that this assumption would be
unacceptable if the graphene sheet were placed on a metal or a heav-
ily doped semiconductor. We never suggest anything of the kind. We
propose to place it on or between undoped silicon. The fact that we
take the dielectric loading due to silicon into account (see the
discussion regarding page 5 mentioned in point 3):

Secondly, we find that dielectric loading of the polaritonic mode
is quite beneficial. This is the reason why a graphene sheet positioned
above a slot waveguide provides gains that are comparable to that of
a narrow ribbon squeezed inside the gap, even though it is subject
to considerably lower intensity enhancement and overall poorer mode
overlap.

should suggest to the reader that we include the effect of nearby
dielectrics. We mention metals only in passing as an outlook for
further work:

Curiously, we find the opposite effect in SPPS: the polaritonic quality
factor increasesas the wave number and frequency are increased. We believe
this to be a direct result of decreasing polaritonic mode confinement. As
a result, high-mode-index optical waveguide are more viable and
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especially the use of plasmonic waveguides based on noble metals appears
quite interesting.

We don’t mention heavily doped semiconductors anywhere.

Reviewer:

7. The authors give minimal information about how the frequency of
2D plasmons (Stokes shift) and their propagation length (quality
factor) are plotted in Figure 2(b). No one formula is given here. They
write ”’The polaritonic damping parameter !c depends on Er . We
calculate it from a Drude relaxation rate that was experimentally
determined for this type of ’vdW-sandwich” [24] and plot it
implicitly in Fig. 2b as the polaritonic quality factor = Q/(2volcn)™.
Why the authors did not give here just two numbers, the relaxation
rates for 60 K and 300 K, which they extracted from [24]? Why
should | or other readers read the long paper [24] only in order to
find numbers which the authors used in their paper? | have found the
number of 1.6 ps for graphene at 60 K and could get a figure similar
(but not identical, again due to the lack of information) to that shown
in Figure 2(b) but I still have no idea how the authors plotted the
curves for 300 K. Why should the readers guess what the authors’
thoughts were and not just read what they really did?

Response:

We are more than happy to include the damping parameters that we
used in our calculation. We also added a statement explaining why we
chose to plot the loss the way we did:

As a polaritonic system, we select a graphene monolayer that has been
sandwiched between thin layers of hexagonal boron nitride to isolate is
from adverse substrate effects. The polaritonic damping parameter !co
depends on Er. We calculate it from a Drude relaxation rate that was
experimentally We calculate it from the Drude relaxation rates (25meV
at 300 K and 0.25meV at 60 K) that were experimentally determined for
this type of ““vdW-sandwich”” [?] and plot it implicitly in Fig. 2b as
the polaritonic quality factor Q/2w!e). As mentioned before, this
quality factor is the appropriate measure when comparing to loss found
in SBS and other related scattering processes.

Reviewer:

8. Itisunclear at all how the authors calculated the SPPS gain (2)
and plotted the corresponding Figures 2(b,c). The value Q in (2)
deg)ends on the overlap integral and the nonlinear susceptibility
X(z . In the SBS effect the interaction takes place in the whole (3D)
volume of the waveguide. In the considered here SPPS effect the
inte%ration goes over a much smaller volume (over just a 2D plane
if ¥ is due to the nonlinearity of graphene).
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Response:

We calculated the gain by numerically evaluating the integrals stated
in Egs.(5,6,20,26,35) of the supplementary material.

We are not quite sure about the statement regarding 3d and 2d in-
tegrals. They appear to believe that the nonlinearity must be small
because the graphene sheet is very thin, but this kind of reasoning
seems flawed to us. A single atom on resonance for example has an
extinction cross section on the order of the wavelength of light, so
why wouldn'’t the electrons in a 2d material? In fact, one major appeal
of graphene and other 2d materials is the fact that they do very
strongly interact with light despite being atomically thin. This
includes the absorptivity of graphene or the recent research on strong
coupling of 2d material excitons and photonic resonators. As
mentioned in our manuscript:

IT the Fermi level is below half the photon energy (here: 0.4¢eV),
graphene is extremely lossy due to inter-band transitions, leading to
high linear waveguide loss (in our example reaching power loss values
up to 10000 dB/cm).

If undoped graphene can introduce such high optical loss (which is
why it has been proposed as a material for modulators [Ding et al.,
Nano Lett. 15, 4393 (2015)]), why should it not also introduce a
strong nonlinearity in a low-loss regime? To clarify: This is not spec-
ulation on our part regarding the nonlinear effect from graphene. We
merely wish to highlight the conflict between the reviewer’s positions
“graphene introduces prohibitive amounts of linear loss” and
“graphene is too thin to matter for the nonlinear response.”

Reviewer:
Here the authors had to show that, in spite of the thin interaction
area the resulting gain is sufficient to overcome losses. But no
results of such analysis are shown.

Response:

We don’t know what kind of analysis the reviewer had in mind. To us
the problem is quite straight-forward: We numerically calculated the
integrals and other quantities that make up the gain coefficient. The
numerical values of these intermediate results are quite meaningless,
because they depend on details such as the mode normalization, so
we don’t present them. The meaningful results (gain, Q-factor, Stokes
shift) have been plotted in Fig.2b. As explained before the gain
coefficient already expresses the relative strength between nonlinear
coupling and linear plasmonic losses. We then proceed to relate that
to the linear optical loss of the waveguide modes via the relative SPPS
gain F (shown in Fig.2c). Since we are talking about a nonlinear gain
process competing with linear loss, the nonlinear gain will always
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be stronger than the linear at sufficiently high pump power. The
question is just how high that pump power has to be. This is
answered by the relative gain F, as we write in the manuscript:

Since the linear optical loss limits the useful waveguide length,
a natural figure of merit is the ratio between gain and loss:

F= G/Ka, (2)

which takes units of W-* and whose inverse 1/Fis the pump power level
necessary to achieve net gain (the effect can remain detectable at
considerably lower pump levels e.g. by pump modulation and lock-in
amplification of the output Stokes). We plot this in Fig. ??c. For

most Fermi levels, we find values around 0.1..1W-*, which is enhanced

up to 100W-* due to a ponderomotive resonance at the inter-band threshold.
This means that peak pump powers from 10W down to 10mW would provide
net-gain (the latter at liquid nitrogen temperatures and for waveguide
lengths in the low millimeter range). This is very feasible with state-of-the-art
silicon photonics techniques and sub-ns pulsed light sources would
prevent damage due to excessive dissipation in the graphene and free
carrier absorption in silicon.

We are not sure what fundamentally different we can do but to calcu-
late the gain G and compare it to the gain of a process that is known
to work (SBS) and then to check whether the required pump powers
are realistic. While the 10W peak power is a bit of a stretch in such a
small silicon structure, 10mW is no problem even in cw. Pulsed
experiments should be feasible between these two bounds.

Reviewer:
Then, what is the value of x(z), where it comes from, how it depends
on Fermi energy? No specific formula for £ is given in the paper.

Response:

The reviewer must have missed our statement

In our example system, the second order nonlinearity stems entirely from
the intrinsic ponderomotive force of the electron system in graphene.

as well as the section “Ponderomotive nonlinearity in graphene” in the
supplementary material, which contains a brief derivation of the
nonlinearity. A full derivation might constitute a case of self-plagiarism,
as we published it earlier this year in the New Journal of Physics
(Ref.[28]). We note that Ref.[28] was available on the arXiv throughout
the review process, so we did not hide anything in this regard.

After some thought (and being reminded of some discussions with
peers and also the review process for our Ref.[28]) we notice that the
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reviewer consistently writes about the x®-nonlinearity of graphene.
Initially, we read this as a slightly inaccurate synonym for second-
order nonlinearity in general (as we do ourselves sometimes) and
attached no further significance to it. However, upon second thought,
it might actually point at a second critical misunderstanding.

We would like to stress that we are not using the Pockels nonlinear-ity
x® of graphene, but the ponderomotive nonlinearity. While both are
second order nonlinearities, they have very different symmetries. The
nonlinear Pockels susceptibility xX” describes the interaction between
in general three electric field vectors (hence being described by a
third-rank tensor), whereas the ponderomotive nonlinearity relates the
optical intensity with the local charge density and is therefore in
general described by a second rank tensor. The hexagonal symmetry of
graphene reduces this to a scalar when only the in-plane electric field
is taken into account. Since this might turn out to be a common,
somewhat subtle but nonetheless consequential misunderstanding, we
have eliminated our inaccurate use of the symbol x® in the supple-
mentary material (not quoted here to save space and because it just
involves replacing mathematical symbols) and in the main text:

The interaction is mediated by the nonlinear overlap between the optical
pump and Stokes modes and the permittivity change caused by the polaritonic
mode:

Q =ne~(p)| AE(e~®oD) |E~(s))

=fAEo E [e®
i]*ecs)
j€Cpol) X(2)
ik
ijk ’ (3)
=#AEo E [e®
i]*ecs)
TERD ARge-eom),
ijk
where the integral is carried out over the cross sectional plane of the
waveguide, e~po) is the electric field distribution of the polariton mode
and x® is the nonlinear susceptibility tensor describing all suitable
second-order nonlinearities in the system. AEje~&») includes all suitable
second-order nonlinearities in the system. This may include conventional
Pockels nonlinearities x? in the waveguide or the polaritonic material
or effects such as the ponderomotive nonlinearity, which we base our
example on.

Furthermore, we have reiterated this difference where we introduce
the example system in the main manuscript:

In our example system, the second order nonlinearity stems entirely
from the intrinsic ponderomotive force of the electron system in graphene.
It is a direct consequence of the dependence of the optical properties
on the Fermi level and has been studied based on a pure intra-band
model for the optical conductivity [30]. In addition, we also consider



the inter-band contributions and finite-temperature corrections to
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the ponderomotive force that we will present in detail in an upcoming

paper [31]. we have published elsewhere [31]. We should stress that

while the ponderomotive interaction constitutes a second-order nonlinearity,

it must not be confused with the second-order nonlinear electric susceptibility
X®- The latter is a third-rank tensor relating three electric field

vectors, and the former is sensitivity of the conductance tensor to

variations in the scalar carrier density and therefore in general described

by only a second-rank tensor.

Reviewer:
Figures 2(b,c) show that the gain very essentially depends on the
Fermi energy, with a broad maximum at £ < 0.07 eV and with
strongly oscillating, resonant features around 0.4-0.5 eV. What are
the physical reasons for these features? Which analytical formulas
for ¥? demonstrate these feature? What is their physical meaning?
The paper does not contain answers to these questions.

Response:

Yes, the ponderomotive nonlinearity depends strongly on both £ and
w with a pronounced resonance near the interband threshold. Yes,
this does have physical reasons and is quite interesting indeed. It is
however irrelevant for the discussion at hand and can be found in the
separately published paper Ref.[28].

Reviewer:
Moreover, it seems that the authors do not know themselves which
nonlinearity they are going to use in the proposed phenomenon. Just
after Eq. (2) they write that ¥ is the nonlinear susceptibility ten-
sor describing all suitable second-order nonlinearities in the
system”. What are these all suitable nonlinearities”, are they due
to graphene or to the waveguide material?

Response:

The answer is quite simple: Every second-order nonlinearity that leads
to a sufficiently large integral is suitable, which might require careful
alignment between waveguide mode polarizations and crystal axes or
other symmetry considerations similar to those derived in [Wolff et al,
Optics Express 22, 32489 (2014)] for the opto-mechanical nonlinearity
in SBS. The fact is that we did not want to get bogged down with this
and leave a group theoretical analysis of the nonlinear interaction as
future work for a more technical paper. Instead, we decided to base
our example entirely on the ponderomotive non-linearity of graphene,
which is suitable in the aforementioned sense.
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Reviewer:

Since the gain is plotted as a function of Fermi energy in graphene
and, especially, the resonances are seen at EF < 0.4eV = hw/2, this
seems to suggest that the nonlinearity comes from graphene. But in
the Supplementary Note the authors write that the waveguide should
at least partially be composed of a nonlinear material such as lithium
niobate. What does it mean ’partially composed™ ? Do the authors
have specific suggestions how the waveguide should be filled by the
nonlinear lithium niobate? Are there specific calculations of the gain
made with the LiNb-filled waveguide? Do these calculations show
that the gain can be sufficiently high to make the whole story
meaningful? Does all this mean that the plots shown in Figure 2 make
no sense anymore?

Response:

We cite from the original manuscript:

In SPPS, the excitation is a localized polariton and the nonlinear
interaction is either due to an intrinsic nonlinearity of the polariton
system or to a Pockels nonlinearity in the waveguide.

[ ]

This process exists as soon as there is an efficient nonlinear coupling
mechanism between the optical pump and the polariton.

[.]

We will now apply this theoretical framework to an illustrative waveguide
geometry that has not been optimized for the strongest possible gain,

but rather selected for its simplicity.

[-]

In our example system, the second order nonlinearity stems entirely

from the intrinsic ponderomotive force of the electron system in graphene.
It is a direct consequence of the dependence of the optical properties
on the Fermi level and has been studied based on a pure intra-band

model for the optical conductivity [27]. In addition, we also consider
the inter-band contributions and finite-temperature corrections to

the ponderomotive force that we will present in detail in an upcoming

paper [28].

We believe that there is no need for speculation where the nonlin-
earity comes from in our example (note: the “upcoming paper” has
undergone peer review in the meantime and was published in the
New J. Phys).

Regarding the use of lithium niobate, we believe it is most useful to
quote the entire the paragraph in question, especially because in the
following the reviewer picks individual sentences from it:

The most natural source for a second order nonlinearity in the system
is of course the Pockels effect. This can be introduced, e.g. by
composing the waveguide at least partially of a nonlinear material
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such as lithium niobate. We cannot say much more about such a setup except
that we could not obtain an appreciable SPPS-gain based on this effect
alone. The problem is that the polaritonic mode does not penetrate the
waveguide enough to lead to a sufficient nonlinear mode overlap. We do,
however, emphasize that this approach might prove very useful for the
excitation of polaritons in materials other than graphene.

At least in the case of graphene the dominant second-order nonlinearity
for the SPPS-process turns out to be the ponderomotive interaction,
i.e. the local shift of the Fermi energy inside the graphene sheet
as a result of the beat between the optical fields and -- conversely
—-— the emergence of a dynamic grating in the graphene conductance from
a plasmon polariton.

This segways into the section devoted to the ponderomotive nonlin-
earity in graphene. The paragraph in question is not aimed at the
specific example discussed in the main text, but on a more conceptual
level it points out what sources of nonlinearity might work. We also
point towards the challenges that we have encountered in finding a
suitable geometry, which again might come handy to the reader.

Reviewer:

9. In the next sentence from the Supplementary Note the authors
write: ”. . . we could not obtain an appreciable SPPS-gain based on
this effect alone. The problem is that the polaritonic mode does not
penetrate the waveguide enough to lead to a sufficient nonlinear
mode overlap”. This is just the central question of the whole story,
why this important point is discussed somewhere in the
Supplementary Note and not in the main text? Does this negative
result mean that the SPPS cannot be actually realized? Does it make
sense then to publish this paper?

Response:

No, this is not the central point of the story and it is not a particularly
important point. It appears only as a minor comment in the
supplementary, because as far as we are concerned it is nothing but a
minor comment. To paraphrase, we say: “a waveguide composed of
lithium niobate is not sufficiently nonlinear on its own to show SPPS
with graphene and we know why.”. It is not essential for the message
of the paper and it most certainly does not mean that SPPS cannot
work in principle. Our results in the main text show that the intrinsic
nonlinearity of graphene should be plenty strong enough.

Reviewer:
10. In the next sentence from the Supplementary Note we read
"We do, however, emphasize that this approach might prove very
useful
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for the excitation of polaritons in materials other than graphene”. But
if, suddenly, the authors decide to replace graphene by other 2D
materials, does this mean that all calculations and plots shown in
Figure 2 make no sense anymore (they were done using specific
properties, like o(w), of graphene)? For any other 2D material with a
parabolic spectrum all specific results (plasma frequency and damp-
ing, nonlinear parameters, etc.) will be different.

Response:

The calculation in the main text is an example that is meant to show
that the SPPS process (the SBS-like scattering between light and
propagating polaritons) can be observed in at least one system
(graphene on/in silicon slot waveguide). It does not become incorrect
just because there might also be other possible realisations of the
same basic idea. In this sentence, we simply point out that while SPPS
with graphene requires the intrinsic nonlinearity of graphene, this
might not be necessary for SPPS with plasmon-like excitations in
other 2d materials and we invite fellow researchers to look for such
alternatives. Of course they would find different gains, Q-factors and
Stokes-shifts, just like when studying SBS in different materials or
even just different waveguide geometries. We are confused why this is
supposed to be a problem with our paper.

Reviewer:

11. Finally a couple of minor points: (a) in the literature there exist
several publications on the second order nonlinear response of
graphene which are quite relevant for the discussed effect; not all of
them are cited. Several publications of the Belyanin’s group treated
the plasmon-light nonlinear interaction in a much more comprehen-
sive and quantitative way: PRL 112, 055501 (2014), Phys. Rev. B 93,
235422 (2016), Phys. Rev. B 94, 195442 (2016). The paper of the
Sipe group, Scientific Reports 7, 43843 (2017), also treated the
discussed nonlinearity and gave detailed derivations and quantitative
results. In my opinion, the present paper does not add anything useful
and new to these studies;

Response:

First we note that the mentioned PRL was already cited in our
manuscript. The reviewer does not explicitly claim we didn’t, but
suggests it. Next, we point out that the references proposed by the
reviewer did not treat the nonlinearity studied in our manuscript
(which is why the Scientific Reports was initially not cited). The
listed papers differ from our work in two main ways: Firstly they
study the Pockels nonlinearity rather than the ponderomotive non-
linearity. This is an important detail. Secondly and more funda-
mentally they do not consider the effect of self-stimulated inelastic
scattering. The main point of SPPS (and SBS) is the fact that a sin-
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gle Stokes photon generated at one end of the waveguide is subject
to coherent resonant gain along the entire waveguide, which dramat-
ically boosts the nonlinearity. This has three specific requirements:
That the Stokes-shifted optical signal is kept inside a waveguide so it
can further coherently interact with the pump, that it propagates
towards the pump and that a strongly confined “idler” is fully phase-
matched. If they are met then the nonlinearity is strongly enhanced
(for example to the point that SBS limits the optical power in fibre-
communication because even a single o thermal phonon can cause
an “optical avalanche” that back-scatters the entire optical signal). In
this sense, our work treats the problem on a different level of detail:
Not the details about the origin of the nonlinearity in graphene, but
rather the consequences that such a nonlinearity will have on a long
waveguide and how this would be useful for the design of devices.
While most of the aforementioned prerequisites can be found in the
literature when looking for them, we note that the important con-
sequence of self-amplification had not drawn, yet. This should be
“new and useful”, especially because the principle is not restricted to
graphene on silicon, but applies to a much broader class of material
systems.

We are happy to follow the reviewer’s advice and elaborate more on
how our work relates this field of research. We added a paragraph to
the introduction and added the suggested paper by Cheng, Vermeulen
and Sipe:

The proposed mechanism bears similarities with the excitation of graphene
plasmons [10] through difference-frequency generation (DFG) via the
intrinsic Pockels nonlinearity of graphene [26], but our aim is different.
Our focus is not the intrinsic graphene nonlinearity that unlocks DFG, but
rather the consequences of this nonlinearity on the interplay between
optical and polaritonic fields that are confined in a conmon long
waveguide. We show that this will cause exponential gain for the THz
polaritonic wave on a length scale well beyond its linear propagation
length provided the nonlinear interaction is sufficiently strong. We find
that among the nonlinear processes that can be found or introduced in a
system composed of a dielectric waveguide combined with a graphene sheet,
the ponderomotive nonlinearity [27] is sufficiently strong, but we

stress that it is not necessarily the onlly possibility.

Reviewer:
(b) the term “plasmon polariton” supposes that 2D plasmons
strongly linteract with light, i.e. the square-root dispersion w < (g) is
close to the light line w = «g. In the present work the 2D plasmon fre-
quency is always much smaller than the light frequency with the
same q. Therefore the term “plasmon” (instead of plasmon polariton)
and SPS (instead of SPPS) would be more relevant.
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Response:

We kind of agree with the reviewer. Initially, we actually did use the
abbreviation “SPS” (it was still in our plots in the originally
submitted version). Unfortunately, we found that this abbreviation
is already in use for a different nonlinear process and we replaced it
with “SPPS” in order to avoid confusion. The physical argument
brought forward by the reviewer makes some sense, but ultimately
we think it is of limited relevance and the other reviewers did not
seem to mind. Especially because “SPS” is already in use, we would
prefer to not adopt this change.

Reviewer:

Summary: since the damping of 2D plasmons is many orders of
magnitude larger than the damping of sound waves, the feasibility of
SPPS had to be studied and clearly demonstrated in much more
details than it is done in the paper. Personally I do not believe that
the SPPS phenomenon will ever work in structures with graphene or
any other 2D materials and I did not find in the paper convincing
arguments that the proposed effect can be observed indeed. The pa-
per is very badly written: the authors carefully hide from the reader
details of the theory rather than explain what and how they did.

I do not recommend this manuscript for publication.

Response:

As we already pointed out: The reviewer has an incorrect idea of the
propagation length of sound waves in SBS, which is actually very
comparable to that of THz-plasmons in graphene.
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Reviewers' comments:
Reviewer #3 (Remarks to the Author):

see report in the attached file



Comments of Reviewer 3 (italic font) and our responses

Reviewer:

In the 3rd version of the manuscript the authors provided some more
details and explanations. However I still have doubts on the feasi-
bility of the proposed effect and believe that this (very important)
point should be more thoroughly and more critically analyzed in the
manuscript. From the first version of the manuscript I had and
still have impression that the authors too optimistically estimate the
quality factor of PPs and hence overestimate the feasibility of the
proposed idea.

Response:

We accept that the reviewer has this opinion and we don’t think we
could convince them otherwise.

Reviewer:

1. The authors states that “T'Hz graphene plasmons ... have qual-
ity factors between 10 and several 1000“. The number of “several
10007 looks overly optimistic. This number is taken from calcula-
tions shown in Figure 2b, but this is only a theoretical value. Fx-
perimental quantities are much less impressive: e.g. in Nature Nan-
otech 6, 630 (2011) the quality factor Q was about 1, in two papers
of Basov and Koppens groups (Nature, vol 487 (2012)) it was about
10. In a recent paper Nature 557, 530 (2018) the value of Q ~ 130
was achieved in graphene encapsulated between BN layers, i.e., in a
structure where the influence of impurities is to a very large extent
excluded, which means that further increase of the mobility is hard to
expect. All these numbers are much less than the authors’ theoretical
“several 1000”.

Response:

The reviewer refers to the sentence “Their propagation loss is in
fact very comparable to that of GHz-range acoustic phonons found
in SBS as illustrated by the fact that both THz graphene plasmons as
well as GHz sound waves in technologically relevant materials [...]
have quality factors between 10 and several 1000.” In our plots we
find plasmonic quality factors of at most 1500 in one of 4 curves. All
other stay below 1000. We wanted to point out that acoustic and
THz graphene plasmons are roughly in the same ballpark and wrote
“several 1000” only because acoustic quality factors can reach 10000.

The reviewer cites Nature 557, 530 (2018), which is also what we used
as our primary source for loss estimates. The reference measures
losses at 27 THz and reports for 7" = 60 K an experimental quality
factor of 130 and an intrinsic quality factor of > 970. The reference



defines the quality factor as the ratio between real and imaginary
parts of the wave number (which makes sense since the frequency is
imposed by the laser). Our number for 27 THz at 60 K is 300, which we
define as the ratio of real and imaginary parts of the frequency, which
makes sense because the (real) wavenumber is imposed via the phase
matching. The two definitions of the quality factor differ by the ratio
of group and phase velocity of the plasmon at the operating point.
This explains the discrepancy between our 300 and the reported 130.
We note that our definition of the quality factor was mentioned in
the manuscript.

At the risk of irritating readers from the SBS community, we dropped
the “several” claim and reformulated the quote that all this hinges
on. We replace

“Their propagation loss is in fact very comparable to that of GHz-
range acoustic phonons found in SBS as illustrated by the fact that
both THz graphene plasmons as well as GHz sound waves in techno-
logically relevant materials [...] have quality factors between 10 and
several 1000.”

with

“Their propagation loss is in fact very comparable to that of GHz-
range acoustic phonons found in SBS as illustrated by the fact that
both THz graphene plasmons as well as GHz sound waves in tech-
nologically relevant materials [...] have quality factors of orders of
magnitude 10'-103.”

Reviewer:

2. Then, as seen from Figure 2b, Q) factor becomes bigger than
1000 at Fermi energies bigger than 1 eV. I have already written
in the previous report that the values of Er larger than 0.4-0.5eV
are absolutely unrealistic. The authors agreed, but decided to leave
these unrealistic numbers in the manuscript: “The reviewer is correct
that electrostatic doping beyond 0.4-0.5eV is increasingly difficult.
However, recent discussions with peers have indicated that at least
values up to 0.5/,eV are not unrealistic. We decided to show data for
higher energies anyway, because readers might find a way to reach
them e.g. wvia chemical doping”. Well, maybe readers will find a
way to reach 1 eV Fermi energy but do not use these extremely high
numbers for justifying the feasibility of the effect.

Response:

The reviewer continues to suggest that we require doping levels be-
yond 0.5eV, which is not the case. Our plots clearly show that the
best absolute gains are predicted below 0.4eV and the best relative
gains just above 0.4eV. Our plots show that there is no benefit in in-
creasing the doping beyond that and we think that this information
in itself is also worthwhile.



At no point did we concede that doping up to 0.5eV was “abso-
lutely unrealistic.” In fact, one of us co-authored a paper [Nano Lett.
15, 4393 (2015)] where electrically doping the inter-band threshold
through the telecom band was used to modulate light. We know
first-hand that it is possible to electrically tune graphene just beyond
0.5eV. We did and still do agree that it is an engineering challenge
to do so in this context.

We added a sentence to the end of the first paragraph of Section III:
“Finally, we find that the overall performance declines above EFp =~
0.5 eV despite the growing plasmonic quality factor. This is due to the
resonant ponderomotive interaction and means that doping beyond
the currently feasible levels would not provide any further benefit.”

Reviewer:
3. The authors hope that such a high values of Fermi energies may
be achieved by chemical doping. But chemical doping means that a
large number of impurities will be placed in the vicinity of graphene
layer and this will strongly reduce the mobility of graphene electrons
(e.g. Nat. Phys. 4, 377 (2008)). Thus, huge values of Q assumed
by the authors turn out to be unachievable again.

Response:

We agree that chemical doping is likely to introduce impurities that
reduce the quality factor. However, we do not hope for a miracle with
chemical doping. As explained in our response to point 2, we know
for a fact that electrical doping is sufficient to achieve the necessary
levels of up to 0.5eV, although certainly not trivial. We mention
chemical doping in the manuscript and our previous response letter
for completeness alongside other suggestions.

Reviewer:

4. I tried to check how the authors plotted the Stokes shift in Fig-
ure 2b. For the 2D plasmon spectrum I took the formula Q =
(e/h)[2Erq/K])"/?. For the wave vector q I took the value q = 2k =
2wn/c (according to Fig 1a), where n = 1.37, as stated in the
manuscript. As a result I got the curve shown below, where for
k (kappa) the value 1 was taken. Qualitatively it looks similar to
the one shown in Figure 2b, but quantitatively the 2D plasmon fre-
quency is by a factor of 1.5 smaller (60 THz at Fermi energy 2 eV
vs. 90 THz in the manuscript). If my estimate is correct this should
mean further reduction of the quality factor Q. If they are incorrect,
how the curve in Figure 2b was obtained? It is not discussed in the
manuscript.



Response:

We thank the reviewer for investing the effort of reproducing our plots
in such detail. This is naturally a highly appreciated service to us.
We agree with the general procedure outlined by the reviewer, except
that they treat the narrow graphene ribbon as an infinitely extended
graphene sheet. Like with acoustic modes and tubular microwave
waveguides, lateral confinement increases the frequency for a given
wave vector. The naive approach (that is exact e.g. in microwave
waveguides) is to assume a sinusoidal mode profile. In our case, this
simple approximation increases the frequency by about 50% and is
within 3% of the analytical solution of a strip in vacuum [see Adv.
Opt. Mater. 8, 1901473 (2020)]. We hope that this resolves the
reviewer’s issue.

In the previous rounds, we had taken the reviewer’s questions regard-
ing the dispersion relation of graphene with respect to the material
itself and proximity effects such as acoustic plasmons. In this sense,
we assumed the usual graphene dispersion relation (see also our re-
sponse to point 7). However, given the previous discussion of silicon
waveguides we should not have taken it for granted that the disper-
sion relation of a waveguide differs from that of the “bulk” material.

As an aside, we note that in order to provide a more conservative
estimate for the opto-plasmonic coupling, we have always simply as-
sumed a uniform lateral charge distribution for the plasmonic mode
in our overlap integrals. In reality, the plasmonic mode profiles are
strongly localized at the strip edges, improving the mode overlap.
Therefore, we have underestimated the opto-plasmonic coupling in
this aspect (and still do so), but we are only interested in ballpark
numbers, anyway.

We added a sentence to paragraph 4 of Section II of the manuscript:

“We note that the dispersion relation of such ribbons differs from that
of infinitely extended graphene due to the lateral confinement [34].”

Reviewer:
5. After my critique in the 2nd report the authors gave at last the
numbers for the Drude relazation rates (2.5 meV at 300K and 0.25
meV at 60 K) which they used for estimates of QQ and took from
Ref.[24]. But in [24] I read “Inspection of these data reveals a dra-
matic drop in the intrinsic plasmonic scattering rate from about 20
em™1 at room temperature to <2.0 cm™' at T = 60 K (we note the
frequency unit conversion rule: 1 em™ = 30 GHz = 1.43 K)”. 20
ecm™! correspond to 8.5 meV and 2 cm™' correspond to 0.85 meV.
The difference between 2.5 meV and 3.5 meV is not too big, but
it leads again to smaller values of Q@ = Q/v. All these small in-
accuracies, which seem to aim to artificially “increase” the quality



factor to a desired very high value, create a bad impression of the
manuscript.

Response:

We thank the reviewer for catching this admittedly embarrassing mis-
take in converting the literature values. We corrected it and replotted
the graphs in Fig. 2. The calculation itself was correct and overall
there are no dramatic changes to the results or the message.

Reviewer:

6. Further, in nonlinear experiments the radiation power is quite
strong which may heat the 2D electron gas to a higher electron tem-
perature T, (for example, in the experiment Nat. Nanotech. 13, 583
(2018) T, was estimated to be higher than 1000 K). Since accord-
ing to Ref. [24] the scattering rate increases by a factor of 10 when
the temperature grows from 60 to 300 K, the heating of the electron
gas by a strong optical power may lead to a further reduction of the
quality factor.

Response:

The reviewer is correct that most conventional nonlinear experiments
use very large intensities, but that is not necessarily so in our case.
The process mentioned by the reviewer certainly exists and we did
ignore it in the previous versions of the manuscript, because in our
opinion it did not relate to our proposal. It is an ultrafast tran-
sient heating of the electron gas upon absorbing a tightly focused
femtosecond pulse. In contrast, we envisage pulses that are several
orders of magnitude longer (as required by the plasmon frequency
and quality factors) that are dissipated along the entire waveguide,
which further reduces the local heating effect. Therefore, we had
simply assumed thermal equilibrium between the different systems
within the graphene sheet, specifically between the electron and the
phonon gases.

Since we had not considered the possibility of unequal temperatures
of the electron and phonon system and because of the potentially
grave consequences suspected by the reviewer, we looked into this in
depth and with an open mind, also seeking advice from other expert
colleagues. We did find that our neglect was a bit premature and we
thank the reviewer for sending us down that particular rabbit hole
— it was quite interesting. However, we have to conclude that their
comment is at least as premature and simplistic. We present our
findings here in quite some detail.

First, we must understand the meaning of the electron temperature
in the context of this problem. The reviewer suggests that an el-
evated electron gas temperature leads to drastically increased loss.



By conflating their reference with Ref. [24] they make the connection
between the electron temperature and the temperature-dependence
of the sheet conductivity. This is incorrect.

The intra-band dissipation in the sheet is due to inelastic scatter-
ing events between charge carriers and some other (quasi-)particles.
Apart from static scattering sources such as impurity atoms, there
are two candidates available as scattering partners: phonons and elec-
trons. If the electron gas temperature had the effect suggested by the
reviewer, inelastic carrier-carrier scattering would have to be at least
comparable to carrier-phonon scattering. Furthermore, the rate of
carrier-carrier scattering would have to dramatically increase with
temperature. Regarding the first point, we note that 2d electron sys-
tems such as graphene are similar to 3d systems in that within the
framework of Fermi liquid theory electron-electron collisions manifest
as renormalized parameters of the Fermi quasi-particles, which con-
stitute the non-interacting true charge carriers of the system. As a
result, inelastic carrier-carrier scattering is a very weak process. Fur-
thermore, the effect of temperature on the carrier population is fun-
damentally different to the phonon population due to the Fermionic
nature of the former whereas the latter are collective Bosonic excita-
tions with chemical potential zero. A change in temperature leads to
a widening of the carrier distribution with an additional shift in the
chemical potential (Fermi level) while maintaining the overall number
of particles. As a result, the number of available scattering partners
does not change with temperature although the number of available
destination states does increase. In contrast, an increase in temper-
ature leads to an increase of the total number of phonons to first
approximation according to the Stefan-Boltzmann law, i.e. roughly
with the third power of temperature, in addition to the aforemen-
tioned increase in the number of available destination states. This
means it is unlikely that a high electron gas temperature would lead
to significantly increased dissipation for low-energy electromagnetic
waves. It does lead to a softening of the onset of inter-band tran-
sitions. In summary, we conclude that electron gas heating has no
effect on the quality factors of plasmon polaritons in the intra-band
regime, which we find for EFr > 0.1eV. Here, the relevant temperature
is the temperature of the lattice.

After having established that an elevated electron temperature does
not lead to significantly increased Ohmic loss, we now must ask what
kind of effects it will have. This means we now look for effects that
are directly linked to the softening of the Fermi distribution rather
than scattering events. The first consequence is increased dephasing
of the electronic states leading to inhomogeneous broadening. As far
as we are aware this is a minor effect compared to the homogeneous
dissipative broadening of the resonance line and visible either at ex-
tremely high electron temperatures (> 1000K) or at very low lattice
temperatures. Probably the main effect of the electron temperature
is the sharpness of the onset of the inter-band contribution to the



conductivity. This manifests in two ways. On the one hand, it leads
to a softer transition between the regimes of low and high optical loss,
which we take into account in our simulations. On the other hand, it
impacts the maximally attainable gain figure, because one aspect of
the increased gain at 60 K is due to a resonant ponderomotive nonlin-
earity at the inter-band threshold. This means that while the electron
gas temperature does not influence the quality factor, it does affect
the nonlinear coupling between the optical and plasmonic modes as
well as the optical propagation length of the hybrid waveguide.

Given that the electron temperature will have an effect on our results,
it is necessary to estimate a realistic temperature in our setting. We
emphasize that it is very easy to underestimate the effect by inad-
vertently double-counting some of the mitigating effects listed below.
Furthermore, it appears to us that the topic of hot electrons in ul-
trafast processes is somewhat divisive and we have no expertise of
our own to make definite statements, but estimate the effect to the
best of our knowledge. We feel that using the reviewer’s reference
as a starting point will lead to conservative estimates. They report
an increase in temperature from room temperature to 1500 K (in-
crease of 1200 K, with plenty of uncertainty) if inter-band transitions
are possible and an increase of 200K (from 300 to 500K) if inter-
band transitions are not permitted by the Fermi level. Since the best
regime for observation of SPPS is just on the low-loss size of the inter-
band threshold, the latter value lets the situation already look less
dire. The electron gas temperature is determined by the energy dis-
sipated over one electron-lattice relaxation constant, approximately
1ps. Since the experiment used much shorter femto-second pulses,
the entire energy absorbed from one pulse contributed to the electron
gas heating. Assuming an absorption of 2.3% from a pulse fluence of
700 mJ /m? corresponds to an absorbed energy density of 15mJ/m? in
the reference in the inter-band regime. In contrast, we have pulses
of at least 10 ps in mind, so we must compare to the product of the
relaxation time and the power absorbed per unit area in our proposal.

In order to get an estimate for our proposal, we assume an opti-
cal decay length of 1 mm, which is a realistic number in the low-loss
regime Er > 0.4eV at room temperature. Together with a strip width
of 150nm, we find an effective dissipated energy per electron-lattice
relaxation time of ~ 5mJ/m? for each Watt of pump power. The
resulting electron heating must be based on the reported 1200 K in-
crease. As a result, we would estimate an electron gas heating in the
ballpark of 300 K above the lattice temperature per Watt of pump
power. This heating effect should drop by an order of magnitude at
60K due to reduced optical absorption (we calculate waveguide loss
as low as 1dB/cm).

In the manuscript, we projected pump powers between 10 mW and
10 W. Clearly, the upper boundary becomes problematic due to this
effect, but it appears the pulse powers below 300 mW are not unreal-
istic both at room temperature (leading to 100K of heating) and at



60K (leading to 10K heating). Towards the lower end of projected
pump power range, we do not anticipate any significant effect. In this
regime, our initial assumption (thermal equilibrium between electron
and phonon system) was perfectly fine.

In order to demonstrate the impact of thermal imbalance, we re-
peated the calculation with 60 K lattice temperature and 160 K elec-
tron gas temperature, which corresponds to 3'W pump power at that
temperature and in the low optical loss regime. We find that the ab-
solute gain drops by an order of magnitude and the relative gain by
two orders of magnitude, but remains above the detection threshold.
We included this calculation in Fig. 2 in the manuscript and added
a brief discussion of the issue at the end of the first paragraph of
Section III:

We note that for pump powers on the higher side, pump dissipation in
the graphene causes a relevant difference between the temperatures
of the electron gas and the phonon gas. This leads to reduced SPPS-
gain and increased optical loss while leaving the polaritonic quality
factor for the most part unchanged. The exact threshold for this
effect depends strongly on optical pump power, (lattice) temperature,
Fermi level and waveguide design (see the supplemental material for
further discussion). For our configuration “1” at 60 K with Er > 0.4eV
we estimate a temperature difference of 10K at 300 mW pump power.
To illustrate the effect, we show in Fig. 2 the impact of a very strong
imbalance of 100K expected for 3W pump at 60 K. We note that
this power level is already close to the destruction threshold of a
silicon waveguide even with short picosecond pulses, so we present
an extreme case.

Furthermore, we have added a lightly edited version of the above
discussion as Section V to the supplementary material.

Reviewer:

7. In my previous report I raised a question about the 2D plasmon
spectrum (w? ~ q or w? ~ q?d). The authors replied that they did
not suggest using heavily doped semiconductors anywhere, but the
question was different. In order to get high values of Q, they should
have high values of Fermi energy. In order to get high values of
Fermi energy one should use something like back or front gate and
apply a large gate voltage to it. But having a conducting gate in the
very vicinity of the 2D gas means that the frequency of 2D plasmons
becomes smaller (w? ~ ¢*d instead of w? ~ q where qd < 1). This
would lead, again, to a reduction of the Q factor.

Response:

We thank the reviewer for clarifying their question. As the reviewer is
perhaps aware, our group has played a leading role in the theoretical



exploration of the transition from the common regime with a square-
root dispersion to the regime with acoustic-like dispersion, including
possible nonlocal quantum effects emerging from the close proximity
to the metal (see e.g. arecent PhD thesis from our group published by
Springer—Nature, DOI: 10.1007/978-3-030-38291-9, or Ref[33]). We
are happy to reassure the reviewer that for any of the large distances
d that we have in mind for the displacement of the gate electrode,
the hybridisation of the graphene plasmons (with dispersion w? x ¢)
and the surface-plasmon polaritons of the metallic gate is negligible.
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The plasmon and phonon polaritons of two-dimensional (2d) and van-der-Waals materials have
recently gained substantial interest. Unfortunately, they are notoriously hard to observe in linear
response because of their strong confinement, low frequency and longitudinal mode symmetry. Here,
we propose a fundamentally new approach of harnessing nonlinear resonant scattering that we call
stimulated plasmon polariton scattering (SPPS) in analogy to the opto-acoustic stimulated Brillouin
scattering (SBS). We show that SPPS allows to excite, amplify and detect 2d plasmon and phonon
polaritons all across the THz-range while requiring only optical components in the near-IR or visible
range. We present a coupled-mode theory framework for SPPS and based on this find that SPPS
power gains exceed the very top gains observed in on-chip SBS by at least an order of magnitude.
This opens exciting new possibilities to fundamental studies of 2d materials and will help closing
the THz gap in spectrocopy and information technology.

I. INTRODUCTION

The study of plasmon polariton excitations in two-
dimensional (2d) materials [1] and the related class of
van-der-Waals (vdW) materials [2] has recently gained
considerable attention since they provide the means
to very tightly confine, guide and manipulate electro-
magnetic fields from the few-THz range all the way into
the mid-infrared. Furthermore and unlike conventional
plasmonics based on metals, 2d material plasmon polari-
tons are highly sensitive to their electromagnetic, elec-
tronic and chemical environment, allowing for great tun-
ing flexibility as well as suggesting their versatile use
for sensing [3-5]. As an example, the extreme spatial
light confinement paves the way to applications as varied
as mid-infrared vibrational fingerprints of proteins [6],
control of symmetry-forbidden atomic transitions [7], or
single-photon nonlinear optics [8]. However, their great-
est strengths — unrivaled mode confinement and oper-
ation in a hitherto poorly explored frequency regime —
along with their peculiar mode symmetry also turn out
to be a nuisance for experimental work. To date, the
most promising avenue to overcome the extreme wave
number mismatch between polaritons and free-space ra-
diation is by scattering at discontinuities, e.g. intro-
duced by the probe of a scanning near-field optical micro-
scope (SNOM). or material discontinuities designed into
the device [9]. As an alternative approach, the gener-
ation of graphene plasmon polaritons by difference fre-
quency generation based on the intrinsic nonlinearities
has been studied both theoretically [10, 11] and experi-
mentally [12]. This has led to significant insights [13], but
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is somewhat inefficient and does not seem very practical
for applications beyond fundamental research. We sug-
gest that this can be further drastically enhanced and
harnessed for practical applications by borrowing ideas
from the seemingly unrelated field of opto-mechanics,
specifically of Brillouin scattering.

Stimulated Brillouin scattering (SBS) is the inelastic,
resonant and self-amplifying back-scattering of light from
a propagating acoustic wave in matter [14-16]. From
its initial status as an academic curiosity, it has soon
proven invaluable to characterize mechanical properties
of materials at GHz frequencies — a difficult range for
direct mechanical measuring techniques. More recently,
it has attracted considerable attention for the realisation
of flexible yet highly selective optical filters [17], novel
light sources [18], the processing and buffering of optical
signals [19, 20] and for the generation and amplification
of coherent hypersonic waves e. g. following the concept
of the so-called phonon laser [21].

We introduce the novel concept of inelastic, resonant
and self-amplified scattering of light off propagating po-
laritons especially in 2d and vdW materials; a process
that we refer to as stimulated plasmon polariton scatter-
ing (SPPS). In analogy to the conceptually similar SBS,
this will not only allow for the detection of 2d plasmons
at the most convenient optical wavelength, but also to
accurately measure both the frequency and damping at
the given wave number. In cases where the dispersion
relation depends on a parameter (e.g. the Fermi energy
EF), the wide-band nature of SPPS allows to character-
ize this dependency over 1-2 orders of magnitude. In the
case of graphene plasmon polaritons (GPPs), this means
that all regimes of the dispersion relation (pure intra-
band scattering, inter-band corrections and potentially
even nonlocal effects [22-25]) can be experimentally char-
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FIG. 1. Tllustration of the phase-matching in SPPS and schematics of two potential realisations.

(a) SPPS-interaction in the optical (straight solid) and polaritonic (curved solid) dispersion relation: The pump (green point,
frequency w and wave number k) is scattered into the counter-propagating Stokes mode (red point) where the difference in
frequency and momentum (blue line) matches the polaritonic dispersion relation. This polariton mode (blue point, wave number
q = 2k for angular frequency Q <« w) is amplified along the waveguide.

(b) Conceptual schematic of an SPPS-experiment in Stokes-seed configuration. A weak Stokes seed (red arrows) is injected at
the rear end and amplified as is propagates towards the front end of a graphene-covered waveguide. This action is also illustrated
by qualitative spectra where the heights of the colored peaks indicate to the relative amplitudes of the matching signals at the
front and back of the waveguide. The bias voltage contact and the waveguide geometry shown here were intentionally kept
oversimplified at this stage and in reality would require careful engineering. This configuration is best suited for the excitation
of polaritons and for characterizing their dispersion relation, which can be tuned via the bias voltage contact. It is also the
natural candidate for a first demonstration of SPPS as all input and output signals are in the optical domain and no injection
or detection of THz waves is required.

(c) Conceptual schematic of an SPPS-experiment in polariton-seed configuration. A weak THz signal is injected through the
bias contact (blue) and amplified along the waveguide. Simultaneously, an optical Stokes is generated (illustrated by qualitative
spectra similar to panel b). This configuration is compelling because of the prospect to amplify or optically detect weak THz

k 4 number

signals.

acterized in one setup. Beyond this use in fundamental
science, one can expect to harness SPPS for use in optical
components, but especially for the tunable narrow-band
amplification and optical detection of signals in the THz
range. In the remainder of this paper, we describe the
principle of SPPS and conclude that it is experimentally
observable in a standard silicon slot-waveguide covered
with an appropriately biased graphene-monolayer.

The proposed mechanism bears similarities with the
excitation of graphene plasmons [10] through difference-
frequency generation (DFG) via the intrinsic Pockels
nonlinearity of graphene [26], but our aim is different.
Our focus is not the intrinsic graphene nonlinearity that
unlocks DFG, but rather the consequences of this non-
linearity on the interplay between optical and polaritonic
fields that are confined in a common long waveguide. We
show that this will cause exponential gain for the THz
polaritonic wave on a length scale well beyond its lin-
ear propagation length provided the nonlinear interac-
tion is sufficiently strong. We find that among the non-
linear processes that can be found or introduced in a sys-
tem composed of a dielectric waveguide combined with a
graphene sheet, the ponderomotive nonlinearity [? | is
sufficiently strong, but we stress that it is not necessarily
the only possibility.

II. PRINCIPLE, THEORY AND FEASIBILITY

The SPPS process is conceptually related to the well-
understood SBS process in nano-scale waveguides: in
both cases a propagating low-frequency excitation with
wave number ¢ modifies the local permittivity of a wave-
guide through a nonlinear process. In SBS, the excitation
is a sound wave and the nonlinear process is due to pho-
toelasticity and the motion of the dielectric interface. In
SPPS, the excitation is a localized polariton and the non-
linear interaction is either due to an intrinsic nonlinearity
of the polariton system or to a Pockels nonlinearity in
the waveguide. Thus, the polariton creates a travelling
low-contrast grating in the waveguide, which can scat-
ter an optical pump wave (with wave number k) into a
counter-propagating Stokes wave if the difference in op-
tical frequency and momentum matches the polaritonic
dispersion relation (phase-matching). Assuming that the
Stokes shift €2 is small compared to the optical pump
frequency w, the phase matching condition is approxi-
mately given by the ratio ¢ &~ 2k (see Fig. 1). In anal-
ogy to SBS, overall conservation of energy and momen-
tum require that both the polariton field as the optical
Stokes wave grow approximately exponentially along the
waveguide. This process exists as soon as there is an
efficient nonlinear coupling mechanism between the op-
tical pump and the polariton. Naturally, this nonlinear
coupling must be strong enough that the process is not



immediately quenched by the linear losses experienced
by the plasmon polariton. At least for THz graphene
plasmon polaritons this is actually not as bad as it might
perhaps sound. Their propagation loss is in fact very
comparable to that of GHz-range acoustic phonons found
in SBS as illustrated by the fact that both THz graphene
plasmons as well as GHz sound waves in technologically
relevant materials [14, 16, 27-29] have quality factors of
orders of magnitude 10'-103. Finally, neither SBS nor
SPPS require long-range propagation of their respective
non-optical excitations.

We now introduce the basic theoretical framework. In
analogy to the theory of SBS [30], we describe the dy-
namics of the three participating waves within the frame-
work of coupled-mode theory, where we assume a strict
slowly varying envelope approximation. This means that
the optical pump amplitude a(®)(y, t), the optical Stokes
amplitude a® (y,t) and the plasmon polariton amplitude
b(y,t) all are assumed to vary slowly on the time scale of
the slowest carrier in the system: the polariton frequency.
This all leads to the nonlinearly coupled equations

aya(p) + va—lata(p) + ﬂaa(P) — *in'Pt:la(s)b*, (1a)
9,0 —v;19,0® — k.0l = —wQ*P; 1™, (1b)
Ayb + vy 10ub + rpb = —iQQP; ] ), (1c)

where we assume the waveguide to extend along the y-
direction, v, is the group velocity of the optical mode
and P, is the power to which it has been normalized,
and k, is the optical decay parameter. Their plasmonic
counterparts are vy, Pp, and kp, respectively. Natural
choices for the normalization powers are P, = fiwv,/L
and P, = hQwy,/L, respectively, with the unit length of
waveguide L = 1m. The interaction is mediated by the
nonlinear overlap between the optical pump and Stokes
modes and the permittivity change caused by the polari-
tonic mode:

Q =(EW] A |EW)

:/d2A ) Z[egp)]*egs)e;pOl)Aaij(é(p()l)), (2)

ijk

where the integral is carried out over the cross sectional
plane of the waveguide, &PV is the electric field distribu-
tion of the polariton mode and Ae;;(&P°D) includes all
suitable second-order nonlinearities in the system. This
may include conventional Pockels nonlinearities x(?) in
the waveguide or the polaritonic material or effects such
as the ponderomotive nonlinearity, which we base our ex-
ample on. In analogy to the theory of SBS [30] we can
easily derive from Eqs. (1a—1c) the stationary power gain

_2wQ\Q|2

= 3
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which is the most interesting quantity in experiments.
Besides inconsequential normalization constants and the
frequencies w, §2, its main ingredients are the nonlinear

coupling integral @@ and the polaritonic loss parameter
kp. Therefore the reader concerned with loss in graphene
might interpret G as a measure for how strong the non-
linear coupling is compared to the linear polaritonic loss.
This should be kept in mind when comparing the gain
in successful SBS experiments to the numerical values
that we calculate further below. The derivation of these
equations and those underlying our numerical example
is beyond the scope of the main text and provided as a
supplementary note.

We will now apply this theoretical framework to an
illustrative waveguide geometry that has not been op-
timized for the strongest possible gain, but rather se-
lected for its simplicity. The main purpose of this ex-
ample is to demonstrate that the concept is feasible, i.e.
that sufficient gain can be achieved in a realistic setting.
We focus entirely on the interplay of the opto-plasmonic
nonlinearity and linear losses and leave important tech-
nological aspects of an actual experiment out. This in-
cludes especially the exact method of doping, which can
be achieved e. g. electrostatically via a metal contact few
microns above the structure, with direct electrical con-
tacts [31] or by chemical doping. As a waveguide, we se-
lect a slot waveguide composed of two silicon beams with
rectangular cross section (dimension 220 x 275nm?) sep-
arated by a 150 nm air gap and operated at the standard
telecom wavelength 1550 nm corresponding to a photon
energy of 0.8eV. We computed the electric field distribu-
tion of the fundamental mode (effective index 1.37) us-
ing the commercial finite element software COMSOL (see
Fig. 2a). The slot waveguide was selected, because this
configuration is known to support waveguide modes that
are mostly confined in the gap between the silicon beams
and are therefore an excellent starting point for nonlinear
photonics in the silicon nanophotonics platform [32]. As a
polaritonic system, we select a graphene monolayer that
has been sandwiched between thin layers of hexagonal
boron nitride to isolate is from adverse substrate effects.
The polaritonic damping parameter ;, depends on Ep.
We calculate it from the Drude relaxation rates (3.5 meV
at 300K and 0.35meV at 60 K) that were experimentally
determined for this type of “vdW-sandwich” [24] and plot
it implicitly in Fig. 2b as the polaritonic quality factor
Q/(2upkp). As mentioned before, this quality factor is
the appropriate measure when comparing to loss found
in SBS and other related scattering processes.

We consider two possible placements of the graphene:
either as a narrow ribbon inside the waveguide gap for
maximal field enhancement or placed on top of the wave-
guide as a more practical arrangement. We note that the
dispersion relation of such ribbons differs from that of
infinitely extended graphene due to the lateral confine-
ment [33]. In our example system, the second order
nonlinearity stems entirely from the intrinsic pondero-
motive force of the electron system in graphene. It is a
direct consequence of the dependence of the optical prop-
erties on the Fermi level and has been studied based on a
pure intra-band model for the optical conductivity [34].
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FIG. 2. (a) Sketch of the example waveguide and electric intensity distribution of the fundamental mode at 1550 nm. The red
planes indicate the two considered placements of the graphene sheet.

(b) Total SPPS power gain, quality factor (i. e. polaritonic loss) and Stokes shift (i.e. polaritonic frequency) of the two example
structures and at two temperatures (red dashed: 7' = 300 K; solid black: T'= 60K) as functions of the Fermi level Er. (b)
Total SPPS power gain, quality factor (i.e. polaritonic loss) and Stokes shift (i.e. polaritonic frequency) of the two example

structures and at three different combinations of temperatures as functions of the Fermi level Ep.

The temperatures are:

T = 300K, thermal equilibrium between phonon and electron gases (blue dash-dotted); 7' = 60 K, thermal equilibrium (black
solid); red dashed: lattice at Tiats = 60 K and electron gas at Te; = 160 K (red dashed) as a result of high pump powers (see

discussion in main text and supplemental material).

The pink and green shaded areas indicate whether the optical pump can

or cannot drive inter-band transitions, leading to a high-loss and a low-loss regime for the pump and Stokes signals. At the
transition, the resonant inter-band contribution to the ponderomotive force creates a pronounced peak in the gain.
(c) Relative SPPS gain figure F' = G/k, as a function of the Fermi level.

In addition, we also consider the inter-band contribu-
tions and finite-temperature corrections to the pondero-
motive force that we have published elsewhere [35]. We
should stress that while the ponderomotive interaction
constitutes a second-order nonlinearity, it must not be
confused with the second-order nonlinear electric suscep-
tibility x®. The latter is a third-rank tensor relating
three electric field vectors, and the former is the sensitiv-
ity of the conductance tensor to variations in the scalar
carrier density and therefore in general described by only
a second-rank tensor.

In Fig 2b, we show the calculated SPPS-gain, quality
factor and Stokes shifts of our example system for ei-
ther sheet placement (left column: inside the gap, right
column: on top of the waveguide) and at a moderately
low temperature of 60K as well as at room tempera-
ture. We find Stokes shifts throughout the entire THz-
range, and for low Fermi-levels we predict SPPS-gains

in excess of 10% (V\/'rrlf1 over a fairly large parameter
range with peaks approaching 10° (Wm)_l. This has to
be compared [36] to 1 — 10 (Wm) ™" for SBS in optical
fibres [37, 38], 100 — 1000 (VVm)_1 in chalcogenide rib
waveguides [16, 27] and 1000 — 10000 (Wm) ™" in well-
engineered silicon waveguides [28, 29, 39]. This demon-
strates that SPPS can be expected to provide levels of
gain that are very competitive with similar nonlinear pro-
cesses such as SBS even though the graphene sheet in-
troduces linear loss, which can limit the useful waveguide
length to below 1 mm.

IIT. DISCUSSION AND OUTLOOK

The example system of Fig. 2 was selected for its sim-
plicity, maintaining conservative numbers for the aspect



a) residual

pump/I/

seed

circulating
Stokes

<& T -
pump __Z~ Stokes

Stokes pump

residual

Pump,z
7 7

seed

[afn
pump __Z~ Stokes

FIG. 3. Sketches of two possibilities to boost the SPPS response via polaritonic dispersion engineering;:

(a) A ring-topology for the SPPS-active element side-coupled to a bus waveguide increases the gain dramatically, but requires
the Stokes shift © to align with a multiple of the free spectral range (FSR) of the ring, significantly restricting any tunablility.
(b) A corrugation at 1/4 the pump wavelength in the waveguide introduces a “slow-light” regime with corresponding Purcell
enhancement for the polariton mode (solid blue lines compared to dashed for the uncorrugated waveguide). As the enhancement
appears at a fixed wave number, the polaritonic Purcell enhancement is controlled by the pump frequency and can be achieved
virtually irrespective of the actual Stokes shift €2, which remains tunable e. g. via the Fermi level.

ratios and feature and gap sizes. Besides the technical
problem of transferring a graphene-sandwich, the main
experimental challenge is the linear loss introduced by
the graphene. For a given photon energy (e.g. 0.8eV
as chosen in our example) and variable Fermi level, this
introduces two quite distinct regimes: If the Fermi level
is below half the photon energy (here: 0.4eV), graphene
is extremely lossy due to inter-band transitions, leading
to high linear waveguide loss (in our example reaching
power loss values up to 10000dB/cm). For Fermi lev-
els above half the photon energy, however, the loss drops
by several orders of magnitude (we calculate values as
low as 1dB/cm at 60K and just above the inter-band
threshold). Since the linear optical loss limits the useful
waveguide length, a natural figure of merit is the ratio
between gain and loss:

F = G/ka, (4)

which takes units of W' and whose inverse 1/F is the
pump power level necessary to achieve net gain (the ef-
fect can remain detectable at considerably lower pump
levels e.g. by pump modulation and lock-in amplifica-
tion of the output Stokes). We plot this in Fig. 2¢. For
most Fermi levels, we find values around 0.1...1 W™,
which is enhanced up to 100 W~ due to a ponderomo-
tive resonance at the inter-band threshold. This means
that peak pump powers from 10 W down to 10 mW would
provide net-gain (the latter at liquid nitrogen tempera-
tures and for waveguide lengths in the low millimeter
range). This is very feasible with state-of-the-art sili-
con photonics techniques and sub-ns pulsed light sources
would prevent damage due to excessive dissipation in the
graphene and free carrier absorption in silicon. We note
that for pump powers on the higher side, pump dissipa-
tion in the graphene causes a relevant difference between
the temperatures of the electron gas and the phonon gas.
This leads to reduced SPPS-gain and increased optical
loss while leaving the polaritonic quality factor for the

most part unchanged. The exact threshold for this ef-
fect depends strongly on optical pump power, (lattice)
temperature, Fermi level and waveguide design (see the
supplemental material for further discussion). For our
configuration “1” at 60 K with Er > 0.4eV we estimate
a temperature difference of 10 K at 300 mW pump power.
To illustrate the effect, we show in Fig. 2 also the impact
of a very strong imbalance of 100K expected for 3W
pump at 60 K. We note that this power level is already
close to the destruction threshold of a silicon waveguide
even with short picosecond pulses, so we present an ex-
treme case. Finally, we find that the overall performance
declines above Ep ~ 0.5eV despite in continuously in-
creasing plasmonic quality factor. This is due to the res-
onant ponderomotive interaction and means that doping
beyond the currently feasible levels would not provide
any further benefit.

We will now present some guidelines for the design of a
more sophisticated geometry with superior performance
over our simple slot-waveguide example. Firstly, we point
out that the scaling between the polariton wavenumber
q and the quality factor Q/(2upkyp) is counterintuitive
to people from the opto-mechanics community. In SBS,
acoustic loss grows super-linearly as ¢ is increased, lead-
ing to a decrease in the quality factor. As a result, SBS-
active elements are ideally designed to have a low optical
mode index and high acoustic mode index. Curiously,
we find the opposite effect in SPPS: the polaritonic qual-
ity factor increases as the wave number and frequency
are increased. We believe this to be a direct result of
decreasing polaritonic mode confinement. As a result,
high-mode-index optical waveguide are more viable and
especially the use of plasmonic waveguides based on noble
metals appears quite interesting. Even the small propa-
gation lengths are not necessarily a problem, because of
the high gain and the inherent high optical loss of ma-
terials such as graphene in the inter-band regime. Fur-
thermore, we point out that any form of field enhance-



ment will improve the relative gain figure F. While it
is true that placing the polaritonic sheet in higher field
enhancements inevitably increases the linear loss due to
inter-band transitions, the SPPS process (like SBS and
Raman scattering) is effectively a third-order nonlinear-
ity and thus is bound to over-compensate the increase in
loss.

Secondly, we find that dielectric loading of the polari-
tonic mode is quite beneficial. This is the reason why
a graphene sheet positioned above a slot waveguide pro-
vides gains that are comparable to that of a narrow rib-
bon squeezed inside the gap, even though it is subject
to considerably lower intensity enhancement and overall
poorer mode overlap. It is not clear how screening of the
polaritonic mode (e.g. due to the use of gold-plasmonic
waveguides) affects the overall gain.

Finally, we anticipate that the gain can be dramatically
boosted by dispersion engineering of both the optical and
the polaritonic mode. One example for such a system
is to shape the SPPS-active element into a ring that is
side-coupled to a bus waveguide (Fig. 3a). This topology
has been studied thoroughly in the context of SBS and
can dramatically increase the overall gain, even allowing
for spontaneous oscillation (lasing) [40]. However, it re-
quires careful choice of the coupling parameter and close
matching between the Stokes shift and the ring’s free
spectral range. As a result, it is a well understood and
easily implementable concept, which however negates the
opportunities offered by tuning the Fermi level. A sec-
ond possibility is to corrugate the waveguide to introduce
a band edge with associated slow-light regime. This is
known to enhance SBS in slow-light fibers [41]. Alter-
natively, it is also possible to create a polaritonic band
edge (Fig. 3b), reducing the polaritonic group velocity
and hence mode power P, that appears in the denomi-
nator of Eq. (3). Despite the resonant nature of such a
“slow-light” regime, this Purcell enhancement would be
in fact broad-band. This may seem counter-intuitive at
first, but is just a result of the fact that the band edge
is always positioned at the Brillouin zone border, i.e. for
a fixed wave number. Since q =~ 2k is effectively fixed by
the optical pump wave and 2 follows e.g. as a function
of the Fermi level, a corrugation with a period of 1/4 of
the pump wave length in the waveguide will always in-
troduce a Purcell enhancement irrespective of the value
of Q.

Beyond the value of SPPS as a tool for the funda-
mental science of atomically thin materials, we also an-
ticipate potential practical applications once geometries
with optimized gain have been developed. The first, ob-
vious possibility is to adapt some of the current appli-
cations of SBS such as integrated light sources (similar
to Raman-lasers), optical signal filtering and especially
sensing, which is one of the areas where SBS is currently
commercially applied. Like its acoustic counterpart, the
polaritonic dispersion relation is highly sensitive to vari-
ations in the surrounding material. While the current
SBS sensors mainly detect variations of the cladding’s

acoustic impedance and static strain fields, similar SPPS
sensors involving a sheet of 2d material would be highly
sensitive to very thin adsorbed layers either through a
change of permittivity, a reduction in the carrier mo-
bility or shifts in the Fermi level [4]. Furthermore, the
principles of Brillouin optical correlation domain analysis
(BOCDA) could be adapted to pinpoint the perturbation
along an SPPS sensor with sub-mm resolution [42].

Finally, we would like to emphasize another aspect that
makes SPPS interesting for practical applications: the
amplification and detection of signals in a narrow fre-
quency band that can be selected anywhere in the THz-
to mid-IR band. Like SBS, SPPS is a self-amplifying
process that increases the amplitude of both the low-
frequency excitation (sound in the case of SBS, polaritons
in SPPS) as well as the optical Stokes signal exponen-
tially along the waveguide. This means that a weak THz
signal injected into a graphene sheet at the back of an
SPPS-active waveguide could be detected in the optical
domain as the Stokes signal. Additionally, the amplified
THz-signal could be picked off at the front of the wave-
guide. Both the detection and amplification would be
restricted to the narrow frequency window given by the
plasmon frequency and quality factor at the given wave
number and could be tuned within a wide range via the
Fermi level. Such a tunable narrow-band detector in con-
junction with a wide-band source (e. g. a thermal emitter)
would have the same versatility as a narrow-band source
in conjunction with a broad-band detector, and could be
of considerable value to spectroscopy in the far-IR and
THz regime.

In summary, we described the optical coupling to (e. g.
plasmonic) polaritons in 2d and vdW materials through
a new physical process that we call stimulated plasmon
polariton scattering. We outlined the theoretical frame-
work, and based on experimentally verified material pa-
rameters we showed that the process can be observed
in an experimentally straight-forward system at moder-
ate temperatures despite significant optical loss and that
even net gain for a Stokes signal can be achieved with a
continuous-wave pump in this example at the appropri-
ate Fermi level.
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Supplementary Note 1 to “Stimulated plasmon polariton scattering”

C. Wolff and N. A. Mortensen

I. INTRODUCTION & PRELIMINARIES

In this supplemantary note, we present the theoretical
foundation for the paper “Stimulated Plasmon Polariton
Scattering”. This is mainly a derivation of the coupled
mode equations Eq. (la-c) of the main paper and the ex-
pressions for the nonlinear coupling and total gain. This
part follows in broad strokes an earlier paper of ours on
the theory of Brillouin scattering [1]. Furthermore, we
discuss important aspects such as the normalization of
the polaritonic modes.

We consider an optical waveguide along the y-direction
of a Cartesian system. It is composed of high-index ma-
terials as described by the permittivity e(x,z) in the
transverse plane and optionally a Pockels-nonlinearity
xP(z,2). We assume that the waveguide supports
bound propagating modes. Furthermore, we assume that
waveguide modes interact with a nearby material that
supports low-frequency plasmon-polariton modes. In the
following we will assume this to be graphene, but other
materials from the wider class of van-der-Waals materi-
als or systems such as a 2d electron gas confined in a
quantum well structure are also promising candidates,
but might require minor modifications to the formalism.
We assume that the plasma frequency in the polaritonic
material can be tuned. In the case of graphene this is via
the Fermi energy Er, e.g. through adsorption of surface
dopants or via an external gate electrode.

In the following, we will use upper case letters E and
H for physically observable (real-valued) electromagnetic
fields. Corresponding modal quantities e, h are written
in lower case. In order to simplify notation, we employ
the Einstein summation convention where advantageous.

A. Optical modes

Inside the waveguide, we assume a forward-
propagating pump wave with angular frequency w and
wave number k as well as a slightly red-shifted counter-
propagating Stokes wave. We assume that the propa-
gation loss of the optical modes is weak enough to be
captured via perturbation theory within a coupled mode
framework based on the solutions to the lossless optical
wave equations

V x V x E = —1p0?D; (1)

where E and D = ¢E are the electric field and the electric
displacement, £(r) is the permittivity distribution and all
materials are assumed to have the vacuum permeability
1o- As basis functions for the subsequent coupled mode
theory, we neglect the imaginary part of € and solve for

stationary modes

E® (r,t) ~ a® (y)e® (z, 2) exp(iky — iwt) + c.c.,  (2)
E®) (r,t) = o) (y)e® (z, 2) exp(—iky — iwt) + c.c., (3)

where e®) and e(®) are the modal profiles of the forward-
propagating pump and backward-propagating Stokes
wave, respectively, and a) and a(®) are the correspond-
ing mode amplitudes. For any but the simplest geome-
tries the mode distributions e(?/*)(z, z) must be calcu-
lated numerically e. g. using finite elements.

Since we are investigating a nonlinear process, the rel-
evant equations are not independent of amplitude levels.
Therefore, the optical modes must be normalized, e.g.
with respect to the energy density

&a :2/d2r ele®]* . &) (4)
:2/d2r ele®]* - e, (5)

where &, is the unit of energy per unit length of wave-
guide, whose value is in principle arbitrary; typical
choices are based on energies of one Joule or one opti-
cal quantum Aw. The energy density is connected to the
total power flux P, via the group velocity v,:

Py = v5Eq. (6)

B. Polaritonic modes

In analogy to the optical modes, we now describe the
plasmon polaritons inside the graphene sheet in terms
of modes based on similar assumptions as for the op-
tical waveguide. We assume that the sheet supports a
tightly localized polariton mode at angular frequency (2
and wave number g. In the regime of strong confinement,
the field distribution of the polariton of a sheet that is
situated at an interface between two dielectrics with per-
mittivities £; and €5 can be approximated as:

E® (¢, 1) ab(y)e®P (z, z) exp(igz — i) 4+ c.c., (7)

0
ePD(z,2) = [ £1 | Eyexpl—q|2|)], ®
i

where Ej is the longitudinal electric field amplitude at
the sheet. The plus and minus signs apply above and
below the sheet, respectively; the total discontinuity of
the normal electric field component is given as AE =
2Fy.



The modal energy per unit length and unit width of
the sheet material (required for normalization of the cou-
pled mode equations) comprises three parts: the electro-
magnetic energy in the dielectrics surrounding the sheet,
the electromagnetic energy inside the sheet (which is of
similar order) and the non-electromagnetic energy of the
electron system of the sheet:

_ 2e0(e1 +e2) B N S{o(Q)}E?

q Q
—_—

outside sheet inside sheet

&

+Sint7 (9)

While the first two terms are universal in as far as they
only require knowledge of the polaritonic dispersion re-
lation [which is equivalent to the knowledge of o ()],
the third term is highly specific for the particular choice
of material. For illustration purposes, we calculate the
non-electromagnetic correction for a graphene plasmon
polariton due to the degeneracy pressure of the free car-
riers at zero temperature in the next section. At room
temperature, we expect the main findings to remain qual-
itatively valid, but stress that the electromagnetic parts
must be recalculated with the finite-temperature conduc-
tivity.

C. Graphene

Ignoring nonlocal effects inside the graphene and as-
suming zero temperature for simplicity, its electromag-
netic properties are characterized by a dispersive sheet
conductance:

a(§2) =01(2) + o2(42), (10)
iezEp
" = Ean) "
e? i Q) —2Ep
02() =5 |02 — 2EF) + —In 2k, } , (12)

where e is he the electron charge, A is the Planck constant
and © is the Heaviside function. Here, o1 describes the
contribution to the overall conductivity from intra-band
effects of the free carriers, whereas oo describes inter-
band transitions inside the graphene sheet.

We now calculate the correction of the total polaritonic
energy due to the degeneracy pressure of the electron
gas. To this end, we assume that the carrier density is a
harmonic variation around an equilibrium value defined
by the mean Fermi energy:

n(t) = no[l + asin(Qr)], (13)

where « is a small parameter. The 2d energy density
associated with a carrier density is given via the chemical

potential pu(n) = hvpy/mn:

() VRA/ TN
Eaost) = [’ (o) = VI gy

The degeneracy correction to the modal energy is the
average of this expression over one polaritonic cycle:

0 27 /Q
o =37 | Euslt) (15)
2 3 2
2wy g 3L o] ()
3 16
=) + Ene + O(a). (17)

Here, Eégé is the energy introduced by doping, whereas
the leading order correction with respect to « is taken as
the modal energy of the polariton. By relating the vari-
ation ang of the charge carrier density to the discontinu-
ity of the electric normal field via Maxwell’s divergence
equation

60(61 + EQ)EO = aeng, (18)

we can express the degeneracy correction in terms of the
polaritonic field amplitude:

w[hvreo(e1 + €2)]?
8€2EF

Eint = EZ. (19)

We find for the total polaritonic energy per unit area of
graphene:

e.g 2.0x107F eg 1.0x107!°F

deg(e1 + €2) 23{a ()}
0 7 " z

& =

27T[h’UFE()(€1 +€2)]2 Ei(% (20)
862EF 2 ’

e.g. 2.8x10-19F

where the prefactor takes on the meaning of an effective
capacitance. Numerical values for the respective contri-
butions have been evaluated for for the example €; = 1,
g9 = 12, Er = 0.1eV, Q = 0.1Ep/h = 1.5 x 10%3s71,
q = 2.3 x 105m~!. Clearly, this formula is reliable only
in a low-loss regime. However, we can see that the in-
sheet correction to the electromagnetic energy cannot be
neglected, whereas the correction due to degeneracy pres-
sure is (at least for this example) minimal.

II. MODAL EQUATIONS

We now derive nonlinear coupled mode equations for
the stimulated plasmon polariton scattering problem.

A. Basic coupled mode equations

The optical equation of motion can be obtained from
the wave equation:

V x V x E = —1p0?D. (21)



To this end, we first assume that the electric field is the
sum of the two optical modes

E =a® (y)e® exp(iky — iwt) (22)
+ a(s) (y)e(s) eXp(—lky — lwt) + c.c..

In contrast, the electric displacement is the sum of the
optical modes and a nonlinear polarization P(NL):

D =ca® (y)e® exp(iky — iwt) (23)

+ea®™ (y)e® exp(—iky — iwt) + c.c. + PNL),

We then insert this ansatz into the wave equation and
project back onto either optical mode e®/9). We aver-
age over a time scale much larger than an optical cycle
in order to isolate the dynamics of the slowly varying
envelopes a(®/%) and we neglect second-order derivatives.
We thus arrive at the optical equations of motion:

8ya(P) + v;lﬁta(p) + kga® = —ina’l(e(p)\P(NL))
(24)

dya™ —v710:a® — k5,0 = —iwPH(e® PR (25)

Here, P, appears from the overlap integral of the opti-
cal mode with itself and the source terms are the phase-
matched projections of the nonlinear polarization onto
the optical modes. The decay parameter K, is given as
the overlap between the optical mode and the dielectric
loss of the waveguide:

Kq = /d2r e*Pg{cle®. (26)

In essentially the same way, the equation of motion is
derived for the plasmon polariton envelope b(y) from the
optical wave equation in the THz range:

ayb 4 ’Ub_latb + Iﬁ}bb — _ IQQ*IPZ)—I [<e(p01)|S(E)>
HEOVSO), )

where k; describes the absorption of the polaritonic mode
along the sheet due to the real part of the sheet con-
ductance ¢(Q) and e®°) and n(P°) are the electric field
distribution and carrier density distribution of the polari-
tonic mode. The source terms S(r,)®) and S(r, )™ to
the polaritonic mode due to the optical pumping will be
discussed in the next section.

The perturbative treatment of the losses is of course
not as good an approximation for the polaritonic ampli-
tude as it is for the optical ones, but should suffice for
our purposes. This is based on the experience with the
problem stimulated Brillouin scattering, where the loss-
less mode approximation is very successfully applied to
the acoustic part of the problem, which features typical
quality factors of several 100 to several 1000 just as we
predict in the present work.

B. Nonlinear coupling

We assume that the coupling between the optical
and polaritonic modes is due to three-wave mixing via
some second order nonlinearity somewhere in the system.
Therefore, we assume that the nonlinear polarization is
the mixing product between the total optical field and
the polaritonic field:

pl(NL) _ (Em(p) + Em(s)) (onl(fn)nEn(pOI) + Hlmn(pOI))’
(28)

where y(?) is the conventional second-order susceptibility
e.g. due to the Pockels effect in the waveguide material
and n(r) is the local deviation of the carrier density from
the average in the graphene sheet. The symbol II is de-
scribes the ponderomotive effect in graphene and only in-
troduced here to keep he notation manageable and high-
light the structure of the equations; in the next section
we will not use it further and instead derive the pondero-
motive expressions explicitly. Analogously, we assume
that the polaritonic driving term is the mixing product
between the two slightly detuned optical fields:

S(n) :HmnEm(p)En(S)~ (30)

When evaluating the overlap products on the right
hand sides of the coupled mode equations and performing
the time averages, we find:

(e®)[PONL)y — 4 / @ [\ cr®e, @), (o)

+ Hzmef(p) em(s)n(pol)] 7 (31)
(e [POL)) — (P / Pr [f2 i, @ oD

T e} @ ey P @D, (32)

(ePD|S) =¢®q*®) / Pr (2 erler Op 0) (33)
(nPD|S) —a(P)g*®) / @2 Tt P e, ) (30)
By introducing the coupling integral

Q- / a2 [x2 er®e,,@e, @D
+ Hlme?‘(p)em(s)n(p"l)] , (35)

we obtain the final coupled mode equations:
9ya®) +v;19;a® + k,a® = —iwQP; a¥b*,  (36)
Bya(s) — uglata(s) — kaa®) = —in*Pa_la(p)b, (37)
Dyb + vy 10ub + rpb = —iQQP; [a®]*al), (38)

The most natural source for a second order nonlinear-
ity in the system is of course the Pockels effect. This can



be introduced, e. g. by composing the waveguide at least
partially of a nonlinear material such as lithium niobate.
We cannot say much more about such a setup except that
we could not obtain an appreciable SPPS-gain based on
this effect alone. The problem is that the polaritonic
mode does not penetrate the waveguide enough to lead
to a sufficient nonlinear mode overlap. We do, however,
emphasize that this approach might prove very useful
for the excitation of polaritons in materials other than
graphene.

At least in the case of graphene the dominant second-
order nonlinearity for the SPPS-process turns out to be
the ponderomotive interaction, i.e. the local shift of the
Fermi energy inside the graphene sheet as a result of the
beat between the optical fields and — conversely — the
emergence of a dynamic grating in the graphene conduc-
tance from a plasmon polariton.

C. Ponderomotive nonlinearity in graphene

We consider the case of a polariton in the THz-range
and ask how this modulates the optical conductivity of
graphene. This is a second-order nonlinearity, but not a
conventional Pockels nonlinearity. The reason is that the
polaritonic mode has even symmetry with respect to the
sheet plane while the Pockels effect would describe the
impact of a homogeneous electric field (which has odd
symmetry) on the conductivity. Therefore (and unlike a
Pockels nonlinearity) this particular type of second-order
nonlinearity is not symmetry-forbidden in a system with
inversion symmetry. One characteristic of materials like
graphene is the very strong optical anisotropy; while the
electrons are nearly free within the plane of the sheet,
they can barely move in the normal direction. As a re-
sult, the ponderomotive effect arising from the plasma
properties of the electron system interacts only with the
in-plane components of the electric field.

The idea is that the polaritonic mode is in essence a
fluctuation in carrier density, and therefore accompanied
by a spatial modulation of the Fermi level Er. This
clearly implies the assumption that the polariton does
not cause too much unrest in the electron system, but
rather moves carriers around in a quasi-adiabatic way.
The Fermi level in turn controls the intra-band conduc-
tance of graphene through

W= E ()
T T R Wty T

where w is the optical angular frequency. The Fermi-level
is also linked to the total carrier density nioy:

EF = hvaﬂmot = hUF \/ma (40)

where ng is the equilibrium carrier density due to doping
and n is the carrier density due to the polariton. The
latter finally depends on the electric field discontinuity

across the sheet:

" qeo(e1 +e2)Ey
(&

, (41)

where ¢ is the wave number of the polariton and doubles
as the localization length of the electric field normal to

the sheet. The nonlinearity in question (evaluated at
n = 0) is then:
doy ie2 hop/m  qeoler +e2) (42)
OEy 7h2(w +iy 2./10 e :
%(/—l —_— e
(001)/(0Er) (8Er)/(on)  (07)/(9Eo)

With the Fermi wave number qr = /7ng, this can be
simplified:

901 _eeovp i(ertes) g (43)
dE, 2 :

w+iy  gr

It should be repeated that g and w characterize different
waves: ¢ is the polaritonic wave number and w is the op-
tical angular frequency. In summary, we have found that
a plasmon polariton in a graphene sheet is accompanied
by an optical grating with the same period as the plas-
mon polariton. This dynamic grating can back-scattering
light from the optical pump mode into the optical Stokes
mode and thereby mediate stimulated plasmon polariton
scattering.

The complementary effect (the source term to the po-
laritonic excitation due to the optical pumps) is derived
from the same mathematical quantity (9o0)/(9Ep), but
with a different physical interpretation as a ponderomo-
tive force in the 2d electron plasma. At this point we
forgo an in-depth discussion of the connection between
dynamic grating effect and the ponderomotive force via
Onsager relations as well as the derivation of the inter-
band contributions to this effect at finite temperature.
Instead, we refer to our recent work [2] and only state
the expressions that are relevant for the present work.
The full optical conductivity of graphene at finite tem-
perature has been calculated in Refs. [3, 4]

oT>0(w)  2iEp L7 @+ 2Er
ok h(w+iy) 4 4kgT
fiw — 2Ep
h————
-+ tan T
i (hw—2Ep) + (2kgT)?
i F)HQB) . (44)
™ (hw—|—2EF)

where o = e?/h ~ 3.87 x 107°S is the inverse von-
Klitzing constant, kp is the Boltzmann constant. From
this, we derived the ponderomotive nonlinearity
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expressed in terms of the quantity given in Eq. (43) for
simplicity. In this form, the square brackets express the
fact that the inter-band threshold leads to a resonant en-
hancement of the ponderomotive force, which translates
to a peak in the SPPS response as reported in the main
text.

IIT. POWER GAIN AND GAIN SCALING

We now derive the expression presented in the main
paper for the total SPPS-gain. To this end, we start
with the coupled mode equations

9ya® +v;19;a® + k,a® = —iwQP, 'aPb*,  (46)
9,0 —v710:a® — kaa® = —iwQ* P 1a®b,  (47)
Ayb + vy L0 4 Kpb = —iQQP; a®]*a®), (48)

and assume both steady state and a local polaritonic re-
sponse. The latter is justified if the plasmon polariton
propagation length is smaller than the expected length
scale on which the optical amplitudes change. This is jus-
tified in the case presented in the main paper. Due to the
steady state assumption, all time derivatives vanish and
the local polaritonic response assumption also removes
the spatial derivative in the equations for b(y). There-
fore the polaritonic amplitude can be explicitly solved:

_ Qo)
b= 1anb[a I"a'®. (49)

By inserting this in the steady-state optical equations,
we find:

wQQP | ()2
3ya(p) + kaaP) = PP |a( )| a®), (50)
S S MQ‘Q|2 2 S
9,0 — kea® = — PP ’a(p)| a®, (51)
——
=r

where I is the amplitude gain coefficient of the SPPS pro-
cess and implicitly depends on the power unit P, used
for normalizing the optical modes. In practice, most ex-
periments measure the power gain, which relates optical
power levels rather than arbitrarily normalized ampli-
tudes. The power carried by the pump and Stokes modes
are given by:

p/s) — pa|a(p/b‘)|2. (52)
Its y-derivative can be found via the product rule:
6yP(p/s) = Paa*(p/s)(‘?ya(p/s) +c.c.. (53)
By inserting this in Eqgs. (50, 50), we find:
2
_2wQQ| P pe)

ayp(p) + ko PP) = PPy (54)
S S 2WQ|Q‘2 S
%ﬂ>—%ﬂ>:_¢@$gpwpﬁ, (55)
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where G finally is the SPPS power gain coefficient as
presented in the main paper.

IV. COMPARISON WITH SBS

Confusion may arise as to the impact of polaritonic
loss in SPPS. One first source of confusion can be the
fact that the SPPS amplification effect stretches over a
length orders of magnitude greater than the polariton
propagation length. The short answer is that while the
polariton may only propagate for 1-10 microns, the opti-
cal Stokes wave carries its information and together with
the pump generates an amplified copy of the polaritonic
signal further towards the pump. A second source of
confusion can be the general perception that (especially
plasmon) polaritons are very lossy while sound is nearly
lossless and therefore SBS might seem massively more
viable than SPPS. Here, the short answer is that acous-
tic loss increases dramatically with frequency and SBS
involves GHz sound waves with a propagation length of
1-100 microns (depending on the material). We will now
provide some discussion of how SBS and SPPS compare.

A. Comparison of loss figures

The appropriate measure for the loss of the non-optical
field in both SBS and SPPS is the propagation length I.
It can be easily found from the quality factor @ and the
acoustic/plasmonic wavenumber g:

l=9/q.

The quality factor in turn can be found either as the ra-
tio of wavenumber and decay constant (just the inverse of
the equation above) or the ratio of acoustic frequency and
damping rate. From the phase matching diagram Fig.1la
of the main text, which is identical for both SBS and
SPPS, it is clear that ¢ &~ 2k and therefore very similar
in both processes. This reduces the question of propaga-
tion lengths to comparing the quality factors @ of both
processes. We find @) between 10 and 1000 in SPPS (see
Fig.2b). As for the losses in SBS, Boyd [5] lists Stokes
frequencies (denoted Qp) and damping rates (denoted
') in various bulk solids and liquids. By dividing 5
and I'g, one easily verifies that SBS has Q-factors in the
same ballpark as SPPS. This also holds for material sys-
tems that have been the focus of recent SBS-research such
as integrated soft glass waveguides (2/2m = 7.7 GHz,
I'/2m = 34 MHz [6], corresponding to Q@ = 226) or silicon
waveguides (e.g. @ = 306 in Ref. [7]). We find that SBS
and SPPS suffer from comparable amounts of loss in the
non-optical fields.



B. Competition between loss and nonlinear
coupling

The viability of SPPS cannot be shown by compar-
ing its typical linear loss figures with those of SBS. In
addition, it is necessary to demonstrate that the nonlin-
ear coupling is also strong enough to be comparable with
SBS. The relevant parameter for such a comparison is the
gain coefficient G. It actually already includes the loss
in the form of the decay constant kp [see Eq. (55)]. As
a result, G scales with the quality factor and therefore
expresses precisely how strong the nonlinearity is com-
pared to the loss of the non-optical wave (sound in SBS,
plasmons in SPPS).

Therefore the question how the competition between
nonlinear coupling and loss in SPPS compares to that
in SBS can be decided by comparing the gain coeffi-
cients G. In SBS the gain is stated in one of two ways:
As a material parameter (units m/W) appropriate for
quasi-bulk systems such as fibres or as a waveguide pa-
rameter (units (Wm)~!) appropriate for complex nano-
scale systems such as our example. The two gain fig-
ures are related by the effective mode area of the optical
modes. Boyd lists the former quantity and based on an
effective mode area of 0.1, yum? (comparable to the mode
area in our example ), this translates to gains between
15(Wm)~! for CSy and ~ 4.5Wm™" for water and sil-
ica. A further discussion of this can be found in the main
manuscript.

V. POWER HANDLING AND ELECTRON GAS
HEATING IN GRAPHENE

Most conventional nonlinear experiments use very
large intensities and observe strong heating of the elec-
tron gas. For the most part, it is an ultrafast transient ef-
fect upon absorbing a tightly focused femtosecond pulse.
In contrast, we envisage pulses that are several orders of
magnitude longer and that are dissipated along the entire
waveguide, which further reduces the local heating effect.
This requires a closer look to which extent electron gas
heating might be detrimental to our proposal.

The dissipation in the sheet is due to inelastic scatter-
ing events between charge carriers and some other (quasi-
)particles. Apart from static scattering sources such as
impurities, there are mainly two candidates available as
scattering partners: phonons and electrons. First, we
note that 2d electron systems such as graphene are simi-
lar to 3d systems in that within the framework of Fermi
liquid theory electron-electron interactions are absorbed
in renormalized parameters for the Fermi quasi-particles,
which constitute the non-interacting charge carriers of
the system. As a result, inelastic carrier-carrier scatter-
ing is a very weak process to begin with. Furthermore,
the effect of temperature on the carrier population is fun-
damentally different to the effect on the phonon popula-
tion due to the Fermionic nature of the former whereas

the latter are collective Bosonic excitations with chemical
potential zero.

A change in temperature leads to a widening of the
carrier distribution with an additional shift in the chem-
ical potential (Fermi level) while maintaining the overall
number of particles. As a result, the number of available
scattering partners does not change with temperature al-
though the number of available destination states does
increase. In contrast, the number of phonons increases
with temperature to first approximation according to the
Stefan—Boltzmann law (with the third power of temper-
ature in 3d systems), in addition to the aforementioned
increase in the number of available destination states.
As a result, it is implausible that a high electron gas
temperature leads to significantly increased dissipation
for electromagnetic excitations in the intra-band regime.
In summary, we conclude that electron gas heating an
no significant effect on the quality factors of plasmon
polaritons in the intra-band regime, which we find for
Er > 0.1eV. In this regime the plasmon polariton loss
is determined by the temperature of the lattice.

After having established that an elevated electron tem-
perature does not lead to significantly increased Ohmic
loss for the plasmon polaritons, we now address what
kind of effects it will have, i.e. effects that are directly
linked to the softening of the Fermi distribution rather
than scattering events. Probably the main effect of the
electron temperature is the sharpness of the onset of
the inter-band contribution to the conductivity. This
manifests in two ways. On the one hand, it leads to
a softer transition between the regimes of low and high
optical loss. On the other hand, it impacts the maxi-
mally attainable gain figure, because the increased gain
at the inter-band threshold and at lower temperatures is
to large parts due to a resonant ponderomotive nonlin-
earity at the inter-band threshold. This means that while
the electron gas temperature does not influence the qual-
ity factor, it does affect the nonlinear coupling between
the optical and plasmonic modes as well as the optical
propagation length of the hybrid waveguide.

Given that the electron temperature will have an ef-
fect on our results, it is necessary to estimate a realis-
tic temperature in settings such as the examples studied
in our manuscript. It appears to us that the topic of
hot electrons in ultrafast processes with graphene is not
fully understood, yet. We estimate the effect as best
we can, a significant degree of uncertainty remains. We
use Ref. [8] as a starting point. They report an increase
in temperature from room temperature to 1500K (in-
crease of 1200 K, with plenty of uncertainty) if inter-band
transitions are possible. The electron gas temperature is
determined by the energy dissipated over one electron-
lattice relaxation constant, approximately 1 ps. Since the
experiment used femto-second pulses, the entire energy
absorbed from one pulse contributed to the electron gas
heating. Assuming an absorption of 2.3% (intra-band ab-
sorption of a graphene monolayer [8]) from a pulse fluence
of 700 mJ/m? corresponds to an absorbed energy density



of 15mJ/m? in the reference in the inter-band regime.
In contrast, we have pulses of at least 10 ps in mind, so
we must compare to the product of the relaxation time
and the power absorbed per unit area of graphene in the
waveguide.

In order to get an estimate for our proposal, we as-
sume an optical decay length of 1 mm, which is a realistic
number in the low-loss regime Er > 0.4eV at room tem-
perature. Together with a strip width of 150 nm, we find
an effective dissipated energy per electron-lattice relax-
ation time of ~ 5mJ/m? for each Watt of pump power.
The resulting electron heating must be based on the re-
ported 1200 K increase. As a result, we would estimate
an electron gas heating in the ballpark of 300 K above
the lattice temperature per Watt of pump power. This
heating effect should drop by an order of magnitude at
60 K due to reduced optical absorption.

In the manuscript, we project pump powers between
10mW and 10 W. Clearly, the upper boundary becomes

problematic due to this effect, but it appears that for
pulse powers below 300 mW the impact is minor both at
room temperature (leading to 100K of heating) and at
60 K (leading to 10 K heating). Towards the lower end of
projected pump power range, we do not anticipate any
significant effect.

In order to demonstrate the impact of thermal imbal-
ance, we repeated the calculation with 60 K lattice tem-
perature and 160 K electron gas temperature, which cor-
responds to 3W pump power at that temperature and
in the low optical loss regime. We find that the abso-
lute gain drops by an order of magnitude and the rela-
tive gain by two orders of magnitude, but remains above
the detection threshold. It should be noted that silicon
also exhibits negative effects with higher powers. For
cw excitation the pump power is limited to the order of
10mW due to the accumulation of free carriers gener-
ated by two-photon absorption. This can be remedied
by using sub-ns pulses, but it will be very difficult to go
beyond peak powers in the Watt range.
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REVIEWERS' COMMENTS:

Reviewer #3 (Remarks to the Author):

4th Report on the manuscript

“Stimulated plasmon polariton scattering”, by C. Wolff and N. A. Mortensen

Following the Editor’s request I only comment on the points 4 — 7 of the Authors’ Reply.
Point 6. It would be excellent if the authors answered all questions in a similar manner.
Point 5. Ok.

Point 4. The plasmon frequency increases indeed in ribbons as compared to an infinitely extended
graphene, but whether the difference can be as large as ~50% remains unclear. This difference
depends on the parameter qW where W is the ribbon width, but the authors only add the phrase
“We note that the dispersion relation of such ribbons differs from that of infinitely extended
graphene due to the lateral confinement” without giving a quantitative estimate. Why do the
authors carefully avoid quantitative discussions?

Point 7. This question is not answered at all. The answers of the type "We are the leading group of
the world and everybody should believe our statements without a doubt” are unacceptable. We are
not in a church to believe; in a theoretical paper every statement should be mathematically
proved.

It is well known since ~1980, i.e. 40 years before the publication of the review [33], that the
spectrum of 2D plasmons in a gated system is linear at qd<<1 and that the plasmon frequency in
a gated system is much smaller than in an ungated one. Thus, like with the chemical doping (point
3), the use of electrical doping should also lead to a decrease of Q, due to the reduction of the
plasmon frequency as compared to the ungated case. Why do the authors avoid a quantitative
discussion here again?



Comments of Reviewer 3 (italic font) and our responses

Reviewer:
Following the Editor’s request I only comment on the points 4 — 7 of
the Authors’ Reply.
Point 6. It would be excellent if the authors answered all questions
in a similar manner.

Point 5. Ok.

Response:

We are more than happy to discuss in detail anything that might
be a fundamental problem to the concept of coherent self-amplifying
interaction between THz plasmon polaritons and light in nanoscale
waveguides. Electron gas heating is such a case.

Reviewer:

Point 4. The plasmon frequency increases indeed in ribbons as com-
pared to an infinitely extended graphene, but whether the difference
can be as large as 50% remains unclear. This difference depends
on the parameter qW where W is the ribbon width, but the authors
only add the phrase “We note that the dispersion relation of such
ribbons differs from that of infinitely extended graphene due to the
lateral confinement” without giving a quantitative estimate. Why do
the authors carefully avoid quantitative discussions?

Response:

We would like to reiterate that the main claim of our paper is the
principle of coherent self-amplifying interaction between THz plas-
mon polaritons and light in nanoscale waveguides and the example is
given to illustrate feasibility. While we took many details such as lat-
eral confinement into account in order to obtain realistic numbers, we
feel that a discussion of this (and all the other minor details) would
distract from the main message. We did not want to write a design
guide. Even worse, a detailed discussion of the design aspects of slot
waveguides might create or reinforce the impression that slot waveg-
uides represent the only viable platform. We believe that would be
a disservice to the community.

The reviewer is correct: The confinement depends on ¢W. In our
manuscript, ¢ is explicitly stated as twice the optical wave number
and W can be seen in Fig. 2 to be 150 nm in our example. Hence, the
product ¢W would be on the order of one (in our example it is 1.7).
The reviewer does not have to wonder about the magnitude of the
effect: it has already been studied in the literature [34].

Reviewer:



Point 7. This question is not answered at all. The answers of the
type “We are the leading group of the world and everybody should
believe our statements without a doubt” are unacceptable. We are
not i a church to believe; in a theoretical paper every statement
should be mathematically proved.

It is well known since 1980, i.e. 40 years before the publication of
the review [33], that the spectrum of 2D plasmons in a gated system
is linear at qd < 1 and that the plasmon frequency in a gated system
is much smaller than in an ungated one. Thus, like with the chemi-
cal doping (point 3), the use of electrical doping should also lead to a
decrease of Q, due to the reduction of the plasmon frequency as com-
pared to the ungated case. Why do the authors avoid a quantitative
discussion here again?

Response:

We are very sorry if we offended the reviewer, but we can assure
them that we have no theological ambition whatsoever. We merely
wanted to indicate that we are aware of the effects that metals have
on nearby graphene, because we have published research on that very
problem.

The reviewer is quite correct that non-quadratic dispersion relations
occur for gd < 1. In our text, we state ¢ as twice the optical wavenum-
ber and propose d on the order of microns. This leads to gd > 10.
Relevant effects would be expected for d < 100nm, which would be
inacceptable anyway because of the optical loss introduced by metals.



