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ABSTRACT: Atomically thin materials can strongly confine light
into quanta of lattice vibrations, leading to strong light—matter
interactions. Some of these materials can exhibit topology, which
protects the edge states embedded inside the bulk from
backscattering, while some host magnetism, providing another
degree of freedom to control topological properties. The
simultaneous observation of all of these phenomena in a single
material can lead to various applications by enabling light-
controlled topological electronic and nanophotonic devices. Here
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we demonstrate via first-principles density functional perturbation theory calculations that atomically thin MnBi,Te, is a promising
platform for hosting three highly confined, tunable, and long-propagating magnetophononic polaritons. These polaritons strongly
modulate exchange interactions, especially the second polariton in 2 SL MnBi,Te,, inducing strong light—matter coupling in the
presence of light. Intriguingly, Ehisicoupling niot onlyinduces aniantiferromagnetic-to-ferromagnetic phase transition) but also drives
an electronic phase transition from trivial to topologically nontrivial states in 2 SL MnBi,Te,. We also show that these polaritonic
modes have relatively weak electron—phonon scattering rates and that these scattering rates change with layer thickness and
magnetic ordering due to spin—phonon coupling. Overall, our results suggest that MnBi,Te, is a promising material for topological
electronics, nanophotonics, and nanophonics capable of providing greater control of data signals via light.

KEYWORDS: topological insulators, phonon polaritons, light—matter interactions, spin—phonon coupling, exchange-coupling modulation,

topological switching, electron—phonon interactions

he interaction of light with phonons—quanta of lattice

vibrations—can give birth to a hybrid state of matter by
confining the wavelength of light into the matter. The
formation of such a quasiparticle results in an increased
electric field strength and an intense light—matter interaction.
This hybrid quasiparticle of matter is called a phonon
polariton, which compresses the wavelength of light by orders
of magnitude smaller than the wavelength of light in free
space.' " As a result, the phonon polariton leads to stron
photonic forces, nonlinearity, large absorption probabilities,
and enhanced dipolar-type emission® in either three-dimen-
sional (3D) or two-dimensional (2D) matter. In particular, in
2D polaritonic matter, extra confinement of the light’s energy
can be achieved due to the reduced dimensionality.” For
example, in 2D hexagonal boron nitride (hBN), the phonon
polaritons largely trap light in the faftinfrared region resulting
in compression of the light wavelength by a factor of several
hundred.® Over the past decade, this feature of phonon
polaritons has played a critical role in developing polaritonic
and next-generation photonic devices, [for example; photonic
transistors,” and in quantum computing.10 However, limited
tunability, due to the intrinsic nature of phonons, and a narrow
phonon energy spectrum'' are two challenging barriers for
these applications, which motivate the search for polaritonic
materials with desired features along with enhanced tunability.

@ ACS Pub||COt|o ns © XXXX American Chemical Society

Recently, an experimental study discovered an intriguing
feature in polaritonic materials—a topologically protected
polaritonic edge state.'> This polaritonic topology is similar to
electronic topology, where electronic edge states are embedded
inside the bulk bandgap and are protected from backscattering
at low temperatures (typically up to 100 K)."*~'” However,
this protection can no longer be sustained against strong
electron—phonon (e-ph) interactions at relatively high temper-
atures. For example, e-ph scattering can lead to a phase
transition from the topological phase to a trivial phase via
electronic band renormalization.''? Besides e-ph scattering,
the topological phase transition can also be induced by strong
light—matter interactions due to coupling between phonons
and magnetism, modifying the interlayer exchange interaction.
Recently, interlayer magnetophononic coupling has been
experimentally observed in the magnetic topological insulator
MnBi,Te,,” suggesting a pathway for achieving a topological
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Issue 1 · major
An exchange sign change is not a demonstration of AFM-to-FM switching
Status: unsupported inference

Required resolution: simulate the spin response to the calculated lattice trajectory, or consistently describe a transient distortion that favors FM order. Report the duration of that condition and whether a magnetic transition occurs within it.

T20 · Confirmed spectral-description correction
The cited monolayer-hBN polariton benchmark is described as far-infrared. → For the cited in-plane hBN mode, use mid-infrared; the primary study gives an example near 1376.5 cm^-1, about 7.26 micrometers. Primary hBN paper and SI.

R09 · Scope qualification. Say that these are examples from polaritonics more broadly,
Reference 9 concerns an organic polariton transistor and reference 10 a trapped-ion simulation. They provide broader polariton context, rather than direct demonstrations of the stated capabilities of material phonon polaritons. → Scope qualification. Say that these are examples from polaritonics more broadly, or add primary phonon-polariton device/computing references for a narrower claim.
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Figure 1. Layer-dependent electronic structures of 2D MnBi ,Te,. Atom-projected electronic band structure and orbital-decomposed density of
states for 1 SL (a), 2 SL (AFM) (b), ‘high#ield” 2 SL (FM) (c), and 3 SL (AFM) (d) of MnBi,Te,. In the band structures, the red, blue, and
orange circles indicate the contributions of Mn, Bi, and Te, respectively, to the energy bands. (The'left panels'in each 'subfigure show the calculated
orbital-decomposed density of states using fully relativistic effects, where the orbitals split based on the {otal'angularmomentum’j)= | + sl. Here,
and s are the azimuthal and spin quantum numbers. In all cases, we set the Fermi level to zero energy. Figure S1 shows the density of states with the

full range of values.

phase transition by strong light—matter interactions, in which
one of the key determining factors is the phonon polariton.
However, this polaritonic feature is yet to be explored in 2D
topological insulators in general or even specifically in
MnBi,Te,.

Approaching the 2D limit, MnBi,Te, exhibits various
quantum electronic states, for instance, the quantum
anomalous Hall (QAH) state as well as axion insulating states
depending on its layer thickness.”'™** For example, 2D
MnBi,Te, with an odd number of layers (>3) hosts the
QAH phase, for which the QAH effect can be observed below
1.4 K at zero field, or up to the temperature of 6.5 K under an
externally applied magnetic field.”**> Fortunately, 2D
MnBi,Te, fulfills one of the important criteria for forming
phonon polaritons by hosting Raman- and infrared-active
optical phonon modes.”**” However, if 2D MnBi, Te, can host
phonon polaritons, we could study not only the phonon
polariton but also its relationship with topology, layer
thickness, and magnetic ordering. 2D MnBi,Te, is, therefore,
an interesting playground for searching phonon polaritons and

their interaction with magnetism and topology. Besides, the
phonons in 2D MnBi,Te, can be influenced significantly by e-
ph interactions and layer thickness. For instance, a recent study
on e-ph and spin—phonon coupling, which was limited to
studying only the A;, phonon mode, predicted increased e-ph
scattering in thinner samples below the magnetic transition
temperature (24 K).”**’ Consequently, a detailed study of e-
ph interactions for all phonon modes remains essential for
achieving light-controlled topological phases as it can reveal
their impact not only on topology and magnetism but also on
phonon polaritons.

In this work, we search for phonon polaritons and
investigate their interactions with electrons for all phonon
modes of 2D MnBi,Te, using density functional perturbation
theory (DFPT). Our results reveal that MnBi,Te, can host
three long-propagating, highly confined, and tunable magneto-
phononic polaritons in the far-infrared region. We demonstrate
that these polaritons can parabolically modulate exchange
interactions and weaken the intrinsic magnetic coupling in the
presence of light. Consequently, strong light—matter coupling
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T01 · Confirmed technical error
The total angular momentum is given only as j = abs(l + s). This omits the lower-j branch, although the figure includes both p and d spin-orbit components. → For a single electron, state j = l +/- 1/2, retaining only allowed nonnegative values; more generally j runs from abs(l-s) to l+s.

T22 · Confirmed
The PDOS is assigned to the left panels, but it is on the right. → Replace left with right.

T30 · Clarify
Imposed FM configurations are alternately called high-field, artificial and FM, without consistently identifying whether an external field is part of the calculated Hamiltonian. → Use imposed FM for an imposed spin alignment, and reserve field values for calculations that actually include a specified field.
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Table 1. Computed In-Plane Lattice Parameters and Electronic Bandgap of MnBi,Te, along with the Available Experimental
Bandgap“

Physical quantity 1 SL 2 SL (AFM) 2 SL (FM) 3 SL
a (A) 4212 4217 4218 4232
E, (This work) (meV) 612 380 254 109
E, (Exp.) (meV) 780 (£100),* 350, >300%¢ 300 (+100)** - 109 (+15)*
E, (Calc. by HSE™) (meV) 550 200 - 125
E, (Calc. by PBE + U”') (meV) 321 107 66

“The fully relaxed lattice parameters (a) were calculated by using the PBE functional, while the bandgap (E,) was calculated by using the Engel—
Voskol(EV93)7* functional with Hubbard corrections.
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Figure 2. Layer-dependent phonon dispersions and Raman-active phonon modes for 2D MnBi,Te, compared with available experimental data.
Atom-projected phonon dispersions of (a) 1 SL (FM), (b) 2 SL (AFM), (c) 2 SL (FM), and (d) 3 SL (AFM) MnBi,Te,. In these subfigures, blue,
red, and yellow circles indicate the mode contributions (eigenvectors) from Mn, Bi, and Te, respectively. In subfigures (b—d), the contributions of
two magnetic Mn sublattices are indicated by blue (parallel spins) and gray (antiparallel spins) circles. The blue dashed lines are the calculated
phonon dispersions including 2D nonanalytical corrections, which lead to transverse optical (TO) and longitudinal optical (LO) phonons splitting
due to long-range Coulomb interactions. The dotted open circle in (a) near 7.5 meV frequency shows a linear band crossing. For clarity, only one

linear band crossing is shown in the figure. (e) Computed phonon frequencies of

thicknesses, compared with the

of 2D MnBi,Te, with different layer

No data are available for 1 SL and 2 SL (FM).

induced by the second polariton in 2 SL MnBi,Te, drives an
antiferromagnetic-to-ferromagnetic phase transition. We show
that this magnetic transition brings topologically robust in-gap
edge states in 2 SL MnBi,Te,, i.e, a normal-to-topological
phase transition. We also show that e-ph scattering rates of
these polaritonic modes with electrons change with magnetic
ordering and topology due to spin—phonon coupling. We
develop an in-depth understanding of the relationship among
magnetophononic polaritons, e-ph interactions, and topology,
underpinning a step forward toward realizing a light-controlled
topological phase. A thorough understanding of such phase
transitions can potentially enable read—write functionality in

topological insulators, leading to applications in ultralow-
energy quantum electronics, nanophononics, and nanopho-
tonics.

B RESULTS AND DISCUSSION

Two-dimensional (2D) MnBi,Te, forms a hexagonal layered
crystal structure (Figure S1) with seven atomic Te—Bi—Te—
Mn—Te—Bi—Te layers®® (termed as “septuple layers”) stacked
along the out-of-plane direction. The structure belongs to the
P3ml space group and has Ds; (-3m) point-group
symmetry.” The adjacent septuple layers (SLs) are coupled
together by weak van der Waals forces. In the case of the single

https://doi.org/10.1021/acsnano.6c06828
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Issue 37 · moderate
The provenance of the claimed layer-resolved Raman benchmark needs checking
Status: source/benchmark verification needed

Required resolution: identify the exact source figure/table, sample thickness and magnetic state for each experimental bar. If bulk or thicker-film frequencies were reused as an approximate benchmark, label them accordingly. Do not infer a sample-label error from the title alone; trace the actual values, including the source SI.

Issue 39 · minor to moderate
The space-group number and nonlinear selection rule contain errors
Status: confirmed textual errors; computational consequences unverified

Required resolution: correct both statements and report the structural and magnetic symmetries actually used in the calculations.

Issue 40 · minor to moderate
Vibrational-representation notation, mode counts and figure labels need correction
Status: confirmed notation/presentation defects, with some generalization needing verification

Required resolution: provide an unambiguous symmetry/mode table, distinguish acoustic from optical modes, verify each branch index and correct the captions.

T02 · Confirmed
P-3m1 (#166) combines a symbol with the wrong number. → Use P-3m1 (No. 164) for that space group. If R-3m (No. 166) was intended, correct the symbol and explain the slab/bulk setting. See Issue 39.

T23 · Confirmed count mismatch
The caption/text say five Raman modes, but six labeled groups appear: three Eg and three A1g groups. → Replace five with six, or explain and identify an intentionally excluded group.

R05 · Confirmed mismatch with the standard EV93 reference, not proof that the code use
The named EV93 functional is linked to an Engel-Vosko 1994 fourth-order-gradient paper, PRB 50, 10498. The standard EV93 reference is Engel and Vosko, Phys. Rev. B 47, 13164-13174 (1993). Add/correct the foundational citation after confirming the actual functional implementation. → Confirmed mismatch with the standard EV93 reference, not proof that the code used a wrong functional. Official Libxc entry, 1993 paper, currently cited 1994 paper.

R11 · Source-provenance check. Trace each numerical bar to the original figure/table a
The plotted 2 SL/3 SL experimental assignments are not clearly traced to a source measurement. The reference studies a homologous chemical family, whose composition index must not be confused with septuple-layer thickness. → Source-provenance check. Trace each numerical bar to the original figure/table and sample thickness, including the source SI; see Issue 37.
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Table 2. Computed Dynamical and Polaritonic Parameters from DFPT*

Physical quantity 1 SL 2 SL (AFM) 2 SL (FM) 3 SL
& 15.5 17.2 21.9 24.7
e 15.5 17.2 21.9 24.7
g, 37.1 35.8 45.9 51.8
P, (A%) 6.08 12.77 13.51 19.90
zZ* Mn 4.02 5.65 4.12 3.78
Bi 626 5.03 6.36 6.57
Te —4.13 -3.93 —4.21 —423
@ o(meV) n=38 6.17 n=14 6.04 n=14 6.08 n =20 5.96
n=13 11.33 n=24 11.33 n=24 11.31 n=35 11.22
n=18 16.37 n=34 16.33 n=234 16.50 n=50 16.25
7 (meV) 0.09 0.11 0.12 0.15
D(c) n=38 47 x 107° n=14 4.8 X 107° n=14 1.0 x 107* n=20 1.8 x 107*
n=13 8.7 x 107° n=24 1.6 X 107* n=24 1.7 x 107* n=3S 2.6 X 107*
n=18 2.1 %1078 n=234 82 x 1075 n=234 4.5x107° n=>50 54 %1075

‘Calculated high*frequency dielectric'constant) (<p,), electronic dielectric permittivity (¢), zone-center polar-mode contributions to the permittivity
(¢,), dynamic polarizability (P;) with Clausius—Mossotti corrections, in-plane Born effective charges (Z*), frequency of (infrared-active)

longitudinal optical (LO) phonons (@), phonon damping factor (7,

, and the polaritonic deceleration

factor D = v,/c, where v, is the polariton group velocity as defined in the main text and c is the light speed in vacuum.

SL (Ng = 1)), the spins of the Mn?" ions in the magnetic
sublattice align in parallel, resulting in a large magnetic
moment of ~S pg. For the 2 SL structure (Ng; = 2), the spins
of Mn?" ions in two neighboring magnetic sublattices align in
an antiparallel manner, resulting in a zero net magnetic
moment with antiferromagnetic (AFM) order. However, in the
2 SL system, it is possible to rotate the spins of Mn>* ions to lie
parallel by applying a large external magnetic field to drive a so-
called metamagnetic transition.”

To demonstrate spin—phonon coupling and its impact on
electron—phonon (e-ph) interactions in MnBi,Te,, we also
consider the “high field” 2 SL (and 3 SL for a few properties
only) structures with ferromagnetic (FM) order. While
different spin configurations of Mn** introduce magnetism,
they do not directly alter the electronic topology but can
indirectly change topology due to hybridization of the Mn-d
orbitals with the Bi-p and Te-p orbitals, which can be seen
from the atom-projected band structures and the density of
states shown in Figure 1. In the electronic structures, Mn-d
states (red circles) are far from the Fermi level, while the Bi—
Te (blue and yellow circles, respectively) dominate the band
minima/maxima near the highest occupied and lowest
unoccupied states which determine the topology. However,
the topology depends on the SL thickness, and the Mn-d states
indirectly influence the topology, determining the correct
shape of bands in the vicinity of the Fermi level. In the case of
1 SL, the valence band maxima (VBM) and conduction band
minima (CBM) have no Dirac-like dispersion (Figure la),
suggesting the topologically trivial nature of 1 SL MnBi,Te,,
with an indirect bandgap >600 meV.

Compared to 1 SL, the bandgap in 2 SL is substantially
reduced (Table 1) due to strong hybridization of wave
functions between the top and bottom SLs. Though the CBM
has Dirac-like dispersion, the VBM has no Dirac-like
dispersion (Figure 1b) in 2 SL AFM, suggesting its trivial
nature. To induce a topological feature in this system, the
hybridization of Mn-d orbitals with Bi-p and Te-p orbitals
must be sufficiently weak.”> Turning the magnetic order from
AFM to FM in 2 SL makes the hybridization weak enough
(Figure lc and Figure Slc) and the Dirac like dispersion
appears at both the VBM and the CBM (Figure 1c), suggesting

a nontrivial nature, i.e., @Zero-plateau’/QAHphase! In contrast
to the 2 SL FM, the VBM and CBM in 3 SL exhibit Dirac-like
dispersion (Figure 1d) with a small bandgap of about 100 meV
(Table 1), indicating a nontrivial QAH phase (see Figure 5 for
further confirmation). It is worth mentioning here that these
thickness-dependent results including the bandgaps (Table 1)
agree fairly well with experiments’” and earlier theoretical
predictions.”

The origin of thickness-dependent electronic structures can
be explained via orbital-projected density of states (PDOS)
(the right panel of each subfigure in Figure 1). For 1 SL
MnBi,Te,, Bi-p,/,, and Te-p, ), states predominantly contribute
to the CBM, while Te-p;;, and Te-p;,, have dominant
contributions to the VBM (right panel in Figure la). With
increasing thickness to 2 SL, the contribution of Bi-p,,
increases so that both Bi-p,,, and Te-p,), states equally
contribute to the CBM. On the other hand, the contributions
of Te-p, /5, and Te-p;, states to the VBM in 2 SL (AFM) are
reduced compared to 1 SL, moving the VBM to the zone
center (at I'). Such (altetnations in orbitallordering induce a
direct bandgap at the zone center. However, the VBM remains
slightly flat around the zone center for 2 SL AFM order
(Figure 1b). By turning 2 SL AFM order to FM order or by
introducing another layer, these orbital alternations (or
hybridization) become sufficiently stronger (or weaker) to
make the dispersion Dirac-like at the zone center.

The aforementioned changes in the electronic structure with
layer thickness and magnetism also hint at potential changes in
the phonons in 2D MnBi,Te,. We now pivot to phonons to
explore the changes with thickness and magnetic order. For the
1 SL structure, MnBi,Te, has a total of 7 atoms in the unit cell,
giving rise to 3 acoustic and 18 optical phonon modes (Figure
2a). Introducing another SL into the structure (i.e., 2 SL)
causes some phonon bands to become doubly degenerate,
though the dispersions remain quite similar (Figure 2b). Also,
the phonon energies are either blue- or red-shifted in the 2 SL
(AFM) structure depending on the specific branch of phonons.

Turning the 2 SL AFM to FM also induces either blue or red
shifts in the energies of specific phonon modes (Figure 2c),
suggesting a spin—phonon coupling.”” A similar effect of layer
thickness can be observed in 3 SL (Figure 2d). In particular,

https://doi.org/10.1021/acsnano.6c06828
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Issue 5 · major
Electronic topology is inferred from band shape and edge spectra without a reported electronic bulk invariant
Status: bulk topological diagnostic missing

Required resolution: calculate the electronic invariant and bulk gap for each magnetic/displaced configuration, demonstrate convergence and identify any protecting symmetry. Identify the symmetry and invariant that protect the displayed edge branches.

Issue 18 · major
The damping values and resulting long-propagation claim lack a documented derivation
Status: verification needed

Required resolution: identify whether gamma is calculated, fitted or assumed; provide its mode, momentum and temperature dependence or justify the approximation. Show sensitivity of propagation quality and pump response to plausible damping uncertainty.

T11 · Confirmed unit/convention gap
Gamma, tabulated in meV, is described literally as inverse lifetime. → Define gamma_E = hbar gamma_rate and specify amplitude versus population lifetime, HWHM versus FWHM.

T12 · Clarify
The heading D(c) can suggest a velocity unit, although Equation 3 defines D = v_g/c. → Label the row D = v_g/c (dimensionless). If listing v_g instead, state the velocity unit explicitly.

T19 · Clarify; not proof of incorrect values
epsilon_D and epsilon have identical values for every structure, but their definitions do not make clear whether they are distinct quantities. → Explain the distinction or remove a redundant row. Also define the relation of epsilon_z to the in-plane electronic response.

T31 · Confirmed punctuation error
An extra closing parenthesis follows the N_SL = 1 expression. → Retain one matching pair of parentheses.

T35 · Likely wrong-word choice
alternations is used for changes in orbital ordering/hybridization. → Use alterations or changes unless a repeated alternation is specifically intended.
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high-energy optical phonons at the zone boundary are blue-
shifted significantly. In all cases, Bi atoms predominantly
contribute to the acoustic phonons (in which Te and Mn have
small contributions) and induce low-energy optical phonon
modes (around ~0—10 meV indicated by red circles in Figure
2), while medium-energy optical phonons of ~10—15 meV are
induced by Te atoms (yellow circles in Figure 2). The
magnetic sublattice (Mn**) gives rise to the highest-energy
optical phonons (as indicated by either blue or gray circles for
parallel- or antiparallel-spin Mn?*). Intriguingly, the contribu-
tions of the two magnetic sublattices become well distinguish-
able in 3 SL (Figure 2d) compared to all other layer
thicknesses and other forms of magnetic ordering (see Note
S1 and Figures S3—5 in the SI). It is worth mentioning that the
phonon dispersions in Figure 2(a—d) have no negative
frequencies, i.e., no imaginary phonon modes, which ensures
the dynamical stability of 1—3 SL MnBi,Te, considered here.

Phonon dispersions presented in Figure 2 were obtained
with (blue-colored dashed lines) and without (black-colored
solid lines) considering long-range interactions. The high-
freqiiency dielectric constant (¢.,) and Born effective charges
(Z*) used in the calculations are listed in Table 2. With
increasing thickness of MnBi,Te,, we can tune its dielectric
properties, as can be seen from the thickness-dependent
dielectric constants. Also, the zone-center polar modes exhibit
thickness- (or magnetic-order-) dependent contributions to
the dielectric permittivity. Like the dielectric constant, the
calculated Born effective charge changes with layer thickness,
while the dynamic polarizability increases with layer thickness
and depends on the magnetic order. Large dynamic polar-
izabilities (P, > 10 A?) suggest strong long-range interactions
in MnBi,Te,. Such long-range interactions can generally split
longitudinal optical (LO) and transverse optical (TO)
phonons by a few meV, termed as “LO-TO splitting”. The
effect of Coulomb interactions on LO-TO sglitting can be
understood by using the following equation,””

2
q .
wnZ,LO - wnZ,TO = V(q)a 1g. Zn|2 (1)

where @, ;0 and @, 1o are the LO and TO phonon frequencies
of nth mode; V(q) is the screened Coulomb interaction, which
depends on the dimensionality of the material; Q is the unit
cell area (for 2D); q (Sthe phonon unit vector; and

Z, = Z}, Z;‘én}-/ |M; is the mode effective charge and is only

nonzero for infrared-active LO modes. For a 2D material, V(q)
is given by 1/(2ge&,p), where &, is the in-plane dielectric
function of the 2D system and &, is the free-space permittivity.
Consequently, the LO and TO phonons are merged at the
zone center for ¢ — 0 (eq 1), i.e., LO—TO splitting vanishes at
I for 2D materials.””” Indeed, the phonon dispersions of
MnBi,Te, calculated based on 2D nonanalytic corrections
confirm the vanishing LO—TO splitting at I, as shown by the
blue dashed lines in Figure 2, while the splitting exists outside
the zone center. For further clarity, we also plot the LO
phonons of MnBi,Te, in Figure S6 (see SI) and compare them
with those of a well-studied polar semiconductor-hexagonal
boron nitride (hBN). The existence of well-distinguishable
LO—TO phonons confirms the presence of long-range
Coulomb interactions in 2D MnBi,Te, regardless of its layer
thickness.

To perform further analysis of LO phonons in 2D
MnBi,Te,, we calculate phonon modes and their IR or

Raman activity, as listed in Table S1 and Table S2. The zone-
center phonon modes in irreducible representations can be
written as I',;, = ™" @ T, Giliere T¥“" stands for the
equivalent representation and represents the modes for the
invariant atoms under group symmetry operations. For the
point group symmetry D, fh€Vector tepresentation becomes
I'..=E, ® A,, Then, we find the mode representation by
expanding it into irreducible representations for 1 SL
MnBi,Te, as

Ly =34, © 44,, @ 2 X 3)E, © (2 X 4)E,

where Egrand B, are the doubly degenerate bands and the
representation gives a total of 3N = 21 modes. Here, g and u
stand for even and odd transformations under the inversion
symmetry of MnBi,Te,. For layer thickness N, > 1, we can
generalize the above representations as follows,

L= (3Ng, + 1)A1g @ (4Ng, — 1A,

® (2 % 3Ny) + 2)E, @ ((2 x 4Ny,) — 2)E,

)
which leads to a total of 3N = 42 and 3N = 63 modes for Ng; =
2 and Ng; = 3, respectively. From the above representations,
we can easily identify IR- and Raman-active modes, i.e., the
modes with even transformation under the inversion operation
are Raman-active and modes with odd transformation are IR-
active. In MnBi,Te,, the A,; and doubly degenerate E, modes
(eq 2) are Raman-active, while the nondegenerate A,, and
doubly degenerate E, modes are IR-active. However, the
degenerate (IR) LO and TO phonons (E,) can only be split by
the (nonanalytic) long-range Coulomb interactions. The E,
modes in 2—3 SL MnBi,Te, also exhibit a clear splitting for
finite in-plane momentum (Figure S6) while they remain
strictly doubly degenerate at the I' point. This behavior cannot
be regarded as LO—TO splitting, as E, is a Raman-active
gerade mode with zero effective charge. Therefore, this mode
can neither couple to long-range dipole—dipole interactions
(as these systems are centrosymmetric) nor long-range
Coulomb interactions, rather it originates from interlayer
hybridization and spin—phonon coupling (see Note S2 in the
SI for further detailed information). In particular, the 1 SL has
3 infrared (IR)-active LO phonons, while the 2 SL (and
others) has more than 3 IR-active LO phonons (where only 3
are prominent) and 3 Raman-active LO phonons (red lines in
Figure S3). We also calculate the fféquency of S'Raman modes
(Aj,E,) and compare with the experimental frequencies at 5
K (Figure 2e) which shows excellent agreement between the
computed and experimental results. Currently, there are no
available experimental data for IR-active modes; the calculated
IR spectra for these modes including IR-active LO phonons are
presented in Supplemental Figure S7d.

Both theory” and experiments' "** (Have showi that IR“active
LO phonons in 2D polaritonic materials exactly satisfy all the
necessary conditions for a strongly confined and evanescent
electromagnetic mode, i.e., a quasiparticle—phonon polariton
(see Note S4 in the SI). This quasiparticle is similar to that of
the IR-active surface phonon polariton in a 3D material, in
which phonon dispersions exhibit LO—TO splitting. In the
case of 2D MnBi,Te,, only IR-active degenerate E, modes can
therefore fulfill all the necessary conditions for phonon
polaritons (see Note S4 in SI for further explanation). We
identify three such magnetophononic polaritonic modes
(Figure S6 in the SI) in 2D MnBi,Te,, where we refer to

https://doi.org/10.1021/acsnano.6c06828
ACS Nano XXXX, XXX, XXX—XXX

Kay|sse00vsanb jpd 8289099 0UBUSIE/6 L 689689/8289099 0UBUSIR/LZ0 L 0L /I0p/pd-ajoie/coeouer/Biosoe sqnd woly papeojumoq

920z 1990300 ¢ uo 1senb Aq 8/2/9512999-912€-1.Z01-00Z.-}1 #05qe:


https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.6c06828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
Issue 40 · minor to moderate
Vibrational-representation notation, mode counts and figure labels need correction
Status: confirmed notation/presentation defects, with some generalization needing verification

Required resolution: provide an unambiguous symmetry/mode table, distinguish acoustic from optical modes, verify each branch index and correct the captions.

T03 · Confirmed notation error
Gamma_vib = Gamma_equiva + Gamma_vect is printed as a direct sum. → Use the tensor product of the site/permutation and vector representations before decomposition, with the definitions stated.

T04 · Confirmed notation inconsistency
The E-mode coefficients include the twofold dimension as though it were also an irrep multiplicity. → Write multiplicities as 3 A1g + 4 A2u + 3 Eg + 4 Eu for 1 SL and count each E irrep as dimension two. Apply the same convention to multilayers.

T06 · Clarify
q_hat is called a phonon unit vector. → Call it the unit wavevector or propagation-direction vector, distinguishing it from an atomic phonon polarization/eigendisplacement vector.

T18 · Clarify
Table 2 calls the high-frequency quantity epsilon_D, while the discussion uses epsilon_infinity. → Use one notation, or explicitly state their equivalence.

T23 · Confirmed count mismatch
The caption/text say five Raman modes, but six labeled groups appear: three Eg and three A1g groups. → Replace five with six, or explain and identify an intentionally excluded group.

R07 · Confirmed mismatch in source type. Keep the textbook for symmetry analysis; use 
Reference 38 is a group-theory textbook, not an experimental report establishing 2D polariton conditions. → Confirmed mismatch in source type. Keep the textbook for symmetry analysis; use the relevant primary 2D polariton experiments for the experimental statement.
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Figure 3. Layer-dependent properties of phonon polaritons in 2D MnBi ,Te,. (a) (Polafitondispersions/of three LOphonons in 2D MnBi,Te, for
different layer thicknesses and magnetic configurations. First (n = 8, 14, 20 for 1 SL, 2 SL, and 3 SL), second (n = 13, 24, 35 for 1 SL, 2 SL, and 3
SL), and third (n = 18, 34, SO for 1 SL, 2 SL, and 3 SL) polaritons are shown by blue, red, and orange color lines, respectively. The three polariton
branches plotted in Figure 3a are intrinsic and not an artifact of our representation. (b) Real (dashed lines) and imaginary (solid lines) parts of the
lattice optical conductivity. (c) Propagation quality factor Q = Im 6/Re 6, which determines the distance a 2D phonon polariton can travel before it
decays in wavenumber. (d) Confinement factor (C), which measures the amount of compression of the light wavelength A confined inside a
phonon polariton (2D) compared to the wavelength of light in free space (4,).

magnetically coupled phonon polaritons as magnetophononic
polaritons. We now turn to explore the figures of merit for
these polaritons in 2D MnBi,Te,. In the microscopic theory,
three quantities mainly determine the figures of merit of
polaritons, namely,

I v
= mO'l C:—l D=—g
Reo 9, c (3)

where Q is the propagation-quality factor, which is defined as
the ratio of the imaginary and real parts of the phonon optical
conductivity (6) and (measures the propagation distance
traveled by the polariton within its lifetime. In eq 3, C is the
confinement factor, defined as the ratio of the polariton
momentum (gq) and the free light momentum (q,), and
measures the amount of compression of the wavelength of light
confined within the phonon polariton compared to its
wavelength in vacuum. D in eq 3 is the deceleration factor,
which is defined as the ratio of the IR-active 2D LO phonon
group velocity (v,) and the light velocity in vacuum (c), and

measures the deceleration of light confined within the phonon
polariton. To evaluate the figures of merit in eq 3, we therefore
need to calculate the phonon optical conductivity (¢) and the
dispersion of phonon polaritons within the long-wavelength
limit.

In the long-wavelength limit (§ — 0), the phonon optical
conductivity can be calculated by using the random-phase
approximation based on the LO phonon frequency with its

corresponding ionic displacements, as follows: >
—iwl§-Z,)*
o(w) = 2 T
Qw, — 0" = 2iyw) (4)

where @ is the phonon-momentum-dependent frequency and y
is the phonon linewidth (also termed the phonon damping
factor) due to phonon—phonon interactions. Based on this, we
can easily calculate the dispersion of 2D phonon polaritons by

using the following relation:”*°
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Issue 10 · major
Independent oscillator curves need validation against the full multimode response
Status: verification needed

Required resolution: show the total conductivity and solve its collective-mode condition. Compare with the independent-mode approximation and delimit the frequency intervals in which each approximation is accurate, including contributions from weaker IR modes.

Issue 11 · major
The long-wavelength sheet model needs a demonstrated finite-momentum validity range
Status: verification needed

Required resolution: report slab thickness and screening length, evaluate the relevant dimensionless parameters, and compare the model with direct finite-q calculations. Include nonlocal screening and finite-thickness effects wherever required.

Issue 12 · major if implemented incorrectly
The conductivity denominator must distinguish the bare zone-center frequency from a Coulomb-shifted LO frequency
Status: ambiguous formulation

Required resolution: state exactly which frequency is used at every stage. If the implementation uses only the common Gamma-point frequency, explain this clearly; the notation alone does not prove double counting occurred.

Issue 19 · moderate
Propagation quality, distance and lifetime need consistent units and conventions
Status: reporting/interpretation gap

Required resolution: report distance in nanometers or micrometers, number of wavelengths, and amplitude/population lifetimes separately. The 13.3 ps Raman lifetime cited on p. 10 should not be transferred to a different IR mode without justification.
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2iwe,  —2Qey(wly — @F — 2iyw)
q= = ~
c Iq-ZnI2 (5)

Then, we can define the group velocity of a 2D LO phonon
by using microscopic parameters as follows,

AR
V=
4e,w; o Q (6)

This microscopic group velocity is directly proportional to
the deceleration factor (D = ve/ ¢). We study the deceleration
of light in three magnetophononic-polariton modes in 2D
MnBi,Te, by calculating the group velocity (v,) defined in eq
6, as listed in Table 2. The deceleration factors of all polaritons
in 2D MnBi,Te, are ultralow (107> — 107*), with group
velocities ~4—5 orders of magnitude lower than the speed of
lightififfée’spacel(10°). The values are comparable to those of
ordinary phonon polaritons in monolayer hBN (1.8 x 107%).*
These phonon polaritons can therefore drastically slow down
light by a factor of 107°—107*

Due to the ultralow deceleration factors—that are directly
proportional to the phonon optical conductivity—the
monotonic increase of the magnetophononic-polariton mo-
mentum with frequency directly follows from the dispersion
relation (eq 5). In 2D MnBi,Te,, the polariton momentum
satisfies q(@) « @/lo(w)l; the sharp fall of the conductivity
(lo(w)!) near the resonance leads to the very rapid growth of
g(w) in the long-wavelength limit (3 — 0). Away from the
resonance frequency, the conductivity varies smoothly with
phonon energy. Consequently, such variation leads to produce
a gradual increase of the polariton momentum with energy
(Figure 3a). In contrast, the magnetophononic polaritons with
the largest momentum (i.e., the first blue line) and the third
(yellow line) in Figure 3a have the lowest phonon optical
conductivity (Figure 3b).

According to eq 4, the phonon damping factor, mode
effective charges, LO phonon frequency, and the unit-cell area
mainly determine the shape of the phonon optical conductivity
curves (Figure 3b). In all cases, the second polariton has higher
phonon optical conductivity (both real and imaginary parts)
(Figure 3b) due to its large mode effective charge (Figure S7c)
than all other polaritons. (Althetigh'the damping factor (0:09—
0.15 meV) is comparable to that of hBN (0.14 meV),™*
MnBi,Te, has an approximately smaller value of the mode
effective charges for the first and third polaritons, ie., Z, ~
0.46—0.89 e/(amu)'/?, as shown in Figure S7c, than that of 2D
hBN (~1.1 e/(amu)"/?),*® while the second polariton has a
comparable mode effective charge, ie, Z, & 0.84—1.17 e/
(amu)'? Also, MnBi,Te, has a 10-25 times lower LO
frequency (Figure S6) and a 2 times larger unit-cell area (Table
1) than that of hBN.”® For the lower LO frequency and larger
unit cell of 2D MnBi,Te,, the peak value of the phonon optical
conductivity is ~1.5 times lower than that of 2D hBN (Figure
$8¢).”® Also, the phonon optical conductivity becomes higher
for larger Z, (Figure S7c), while the wavelength of the phonon
polariton becomes shorter (Figure 3a) for larger (eq S) Z,

In particular, the second magnetophononic polariton with a
frequency of 19 meV (shown in red in Figure 3a) has a
significantly shorter wavelength than the measured wavelength
of any phonon polariton so far and even much shorter than the
wavelength of the plasmon excitation in (gfaphene (5200
nm).”” We specifically highlight this frequency because it lies
in a suitable range for approximately describing the magneto-

phononic polariton (frequency and wavelength), which has the
highest oscillator strength and highest optical conductivity.
This frequency also lies in the terahertz (THz) and far-infrared
(FIR) spectral ranges that are suitable for practical
experimental measurements and potential applications, making
it particularly relevant for our study. Moreover, the second
polaritonhasialmomentamIof 0320 ', indicating that the
polariton’s (EHECHVEIWAVEISHEER) (/... = 2/7k ~ 18 nm) is
extremely small. This is significantly smaller than the free-space
wavelength of a photon at 19 meV, which is approximately 65
pum. Such a large momentum-to-energy ratio indicates that the
electromagnetic field of this magnetophononic polariton is
highly confined to the nanoscale, making it an “ultraslow” light-
matter quasiparticle. IEVisworth 'to"mention) that polariton
wavelengths depend on the in-plane wavevector, specific
measurement geometry, and experimental conditions. Our
comparison above with the plasmon in graphene therefore
aims only to indicate the relative confinement scale and
expected experimental detectability. We do not intend to
equate the absolute plasmon wavevector or conditions between
our theory and real experiments in the referenced paper.” This
is also valid in the rest of the other comparisons here.

Despite having a short wavelength, the widely used
experimental technique, scattering scanning near-field optical
microscopy (s-SNOM), can measure these 2D magneto-
phononic polaritons, which are closer to the LO frequency,
where dissipation near the LO phonon is low and confinement
is small.” Fortunately, the dissipation near the LO phonon in
2D MnBi,Te, is lower compared to hBN, ie, a higher
propagation quality factor (e.g., for the first polariton, Q =
100—150atg =1 nm') in 2D MnBi,Te, (Figure 3c¢) than in
2D hBN (Q < 25,7 Q < 75,”° Q = 45 (Figure S7 in the SI)).
The large values of the imaginary part of the phonon optical
conductivity (Figure 3c) lead to higher propagation quality
factors. Also, the propagation quality factor is reduced with
layer thickness and (AFM to FM in 2 SL) magnetic ordering.
Increasing number of layersileads to multiple phonon modes
and strong phonon—phonon scattering that increases the
damping factor (Table 2). As the quality factor Q depends on
the phonon modes (eq 4), the values of Q change with the
layer thickness and magnetic ordering. However, this effect
gets weaker for the high-energy magnetophononic polaritons,
i.e., for the second and third polaritons.

In contrast to the propagation-quality factor, the confine-
ment factor (C) in 2D MnBi,Te, increases with layer thickness
and magnetic ordering in a different manner due to their
corresponding dispersions (Figure 3a). In particular, the
confinement factor reduces from single to three septuple
layers (1 SL — 2 SL FM — 3 SL AFM); however, this trend
applies only to the second and third polaritons in the 2 SL
AFM. This reduction trend arises not only from differences in
magnetic ordering due to spin—phonon coupling but also from
the strongest increase in interlayer hybridization and dielectric
screening when the first (the second in the case of 3 SL)
additional SL is introduced. The hybridization leads to a
delocalization of the electronic states across the SLs (Figure 1).
When it is 2 SL AFM, however, the electronic structure
reorganizes due to the different magnetic symmetry of even-
layer systems, reduced incremental screening changes for the
first polariton, and the different magnetic interlayer exchange
interactions between the top and bottom SLs. As a result, the
electronic wave function of the corresponding mode becomes
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Issue 13 · major
Table 2 and Equations 5-6 do not reproduce the reported dispersion example
Status: direct internal numerical inconsistency under the printed model

Required resolution: reconcile the equations, velocity normalization, oscillator strength and plotted data. The text should also identify which thickness its 19 meV numerical example refers to. This is an inconsistency of the published presentation, not a determination of which underlying quantity is wrong.

Issue 14 · major
The plotted propagation quality factors appear inconsistent with the stated damping convention
Status: direct inconsistency between the printed model and visually read plots

Required resolution: provide the numerical curve data and define whether each gamma is an amplitude-decay rate, HWHM, FWHM or population-decay rate. Recalculate the figures or correct the equations/table as appropriate.

Issue 15 · moderate
The polariton wavelength formula and quoted numerical value are inconsistent
Status: confirmed mathematical error

Required resolution: correct the expression, identify the precise wavevector and use a consistent convention in all confinement and wavelength comparisons.

Issue 16 · moderate
The stated dependence of wavelength on mode effective charge is reversed
Status: direct algebraic inconsistency

Required resolution: correct the fixed-frequency explanation and distinguish it from comparisons at fixed momentum or among different resonances.

Issue 17 · moderate
The discussion of resonance, conductivity and low dissipation conflicts with Equation 4
Status: direct inconsistency in the model's interpretation

Required resolution: specify which resonance, frequency side and loss measure are intended; reconcile the explanation with the actual complex response and total multimode calculation.

Issue 17 · moderate
The discussion of resonance, conductivity and low dissipation conflicts with Equation 4
Status: direct inconsistency in the model's interpretation

Required resolution: specify which resonance, frequency side and loss measure are intended; reconcile the explanation with the actual complex response and total multimode calculation.

Issue 18 · major
The damping values and resulting long-propagation claim lack a documented derivation
Status: verification needed

Required resolution: identify whether gamma is calculated, fitted or assumed; provide its mode, momentum and temperature dependence or justify the approximation. Show sensitivity of propagation quality and pump response to plausible damping uncertainty.

Issue 20 · moderate
Record-confinement, detectability and dielectric-normalization claims need bounded comparisons
Status: verification needed

Required resolution: use like-for-like benchmarks at specified frequency, thickness and loss; avoid an unverified record claim. Provide measurable spectra or a realistic detection estimate, and state the dielectric/polarizability normalization and substrate assumptions.

Issue 45 · major for the claimed quantitative advantage
The hBN propagation benchmark uses a different damping from the main text
Status: confirmed input discrepancy

Required resolution: identify the temperature, mode and source for each linewidth and compare under matched conventions and conditions. Do not use an arbitrarily larger hBN loss to support an intrinsic superiority claim.

T09 · Confirmed
The printed wavelength expression is 2/(pi k), inconsistent with the quoted wavevector convention and result. → Use lambda = 2 pi/Re(q). For 0.32 nm^-1 this gives 19.63 nm, not 18 nm. Define k if retaining it instead of q.

T14 · Confirmed missing unit; wording clarification
The numerical speed is written as 10^8 without units. → Give c approximately 3 x 10^8 m/s; describe D = 10^-5 to 10^-4 as a speed ratio or a reduction by roughly 10^4-10^5.

T24 · Confirmed wrong panel reference
A sentence refers to Figure 3c for the imaginary optical conductivity; Figure 3c shows Q and Figure 3b shows conductivity. → Cite Figure 3b for conductivity and Figure 3c for Q.

T37 · Confirmed grammar error
It is worth to mention → It is worth mentioning or We note that

T43 · Copy edit
Increasing number of layers leads to ... → Increasing the number of layers leads to ....

R10 · Citation-description mismatch. Identify the specific primary experiment and its 
Reference 39 is a review of graphene-based plasmonic sensors, while the text later calls it the real experiment being compared. → Citation-description mismatch. Identify the specific primary experiment and its frequency, doping and geometry, or describe reference 39 accurately as a review.
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Figure 4. Exchange coupling modulations in MnBi,Te, and magnetic phase transition under light. (a) Computed intralayer exchange coupling
(Jitra) of 1 SL MnBi,Te, as a function of the mode displacement amplitude (Q) for polaritonic modes (labeled by the mode index (1)) (top
subplot) and one Raman mode (Alg) (bottom panel). (b—d) Calculated interlayer magnetic exchange coupling (J,,) of 3—2 SL MnBi,Te, as a
function of the corresponding mode displacement amplitude (Q) for polaritonic modes (top subplot) and one Raman mode (modes) (Alg) except

for two Raman modes (Al(g1 ) (6th mode) and Al(;') (12th mode)) of 2 SL AFM (bottom of panel c). (e) Infrared (IR) mode displacement amplitude

under an incident laser light pulse in 2 SL AFM as a function of time (at a 1.0 MV/cm pump field and a 0.7 ps pulse). (f) (Time-averaged
displacement amplitude of the nonlinearly light-coupled breathing ({(Q ) Alg) and shear (Q) E, mode with driving frequency Q = Qp in 2 SL AFM as

a function of the pump electric field. (g) (Tifiezaveragedlinterlayeriexchangeleoupling as a function of the averaged breathing and shear mode
displacements in 2 SL AFM. As the intrinsic phonon-polariton in 2D systems occurs at long wavelengths, the corresponding I'-point IR phonon
eigenvector represents its ionic displacement pattern here.”® This figure determines how the magnetic exchange interactions J(Q,,,) depend on the
actual ionic coordinates Qg and Qg (we have omitted the subscript R in some cases within the manuscript for simplicity), but it does not specify
the absolute ionic displacement for a given polariton occupation or for normalized magnetophononic polariton excitation amplitudes. (Converting
from a normalized polariton amplitude or occupation to Qi would require the phononic Hopfield component of the polariton. Here, the IR-active
mode is the polariton-forming driver, while the Raman-active mode is an anharmonically activated assistant. Thus, the AFM-to-FM transition in 2
SL MnBi, Te, occurs at a specific ionic displacement of the phononic component, with assistance from the Raman mode. However, this result does
not imply stabilization of an equilibrium FM ground state; the process is reversible upon removal of light illumination.

more localized again, leading to enhanced confinement (C) of stores energy more efliciently, leading to very large g. At the
the first polariton in the 2 SL AFM. same time, the effective wavelength becomes very short,
Typically, the C factor for the second polariton (red line in making the confinement very high. These trends of increase do
Figure 3d) in 2D MnBi,Te, is of the same order of magnitude not violate fundamental conservation laws, though there will
(~10° at ¢ = 1 nm™") compared to 2D hBN at the same g always be in practice some limit (material losses, nonlocality,
(Figure S8e in the SI).”® Recent benchmark studies for the saturation, etc.) that will eventually prevent extremely large g

confinement factor in hBN found C = 60 in an SNOM or an unbounded confinement factor.
experiment’ and C = 500 in an electron energy loss The first polariton (blue line) for Ng; = 1 and the first and
spectroscopy (EELS) experiment,”’ and suggested good third (yellow line) polaritons for Ng; > 2 have 1 order of
agreement between theory and experiments. As the confine- magnitude higher (~10* at ¢ = 1 nm™" for trivial insulating
ment becomes extreme, the polaritonic mode slows down and phases, i.e, 1 SL FM and 2 SL AFM) confinement than 2D
H https://doi.org/10.1021/acsnano.6c06828
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Issue 4 · major
The simulated local field is not connected quantitatively to the confined polariton being advertised
Status: verification needed

Required resolution: specify whether 2.09 MV/cm is the incident or local field; give the geometry, momentum-coupling mechanism, field enhancement and relevant polariton mode profile. Establish which benefit arises specifically from confinement, beyond direct coherent IR-phonon excitation.

Issue 35 · major
Structural and exchange uncertainties are large enough to require threshold sensitivity tests
Status: verification needed, with a visible baseline discrepancy

Required resolution: explain the two exchange baselines, reference structures and spin normalization. Propagate structural, functional and exchange-extraction uncertainties into the field threshold and topological classification; provide the relevant SI tests if they exist.

T25 · Presentation recommendation; axis reversal is not itself an error
The positive-J vertical axes run in the opposite numerical direction to the conventional upward-increasing axes in the other panels. → Consider using upward-increasing axes consistently, or explicitly flag the direction. Recheck prose describing parabola orientation against numerical J, not visual curvature.

T26 · Confirmed definition/label conflict
The curves are labeled as time-averaged displacement/exchange but are discussed using signed RMS amplitudes. → Align the figure labels with the actual statistic and show the signed mean separately. See Issue 2.
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hBN at the same g (Figure S8e in the SI).”® This points to the
possibility that larger values of the confinement factor in 2D
MnBi,Te, than in 2D hBN can be experimentally measured.
Besides, for different thicknesses and magnetic orders, the
confinement factors in 2D MnBi,Te, exhibit a different rate of
increase with frequency (Figure 3d). (Besides, the high
confinement mentioned above, phonon polaritons can have
topological protection.'” A more careful analysis of phonon
dispersions (Figure 2a)

(Zzph)28 points out that some of the polaritonic modes have
nonzero Z,,, and the corresponding phononic edge states
(Figure S8 in SI), suggesting their topological nature. These
polaritonic modes (see Note SS and S6 in the SI for detailed
information) are expected to be free from any polariton-
induced backscattering within a finite g and corresponding
frequency window.'” However, the topological protection can
exist as long as there is no excitation, perturbation, or mode
mixing, which can break the symmetry responsible for the
degeneracy of the polaritonic mode. As these polaritonic
features change with magnetic ordering through spin—phonon
coupling, it can be quite intriguing to explore how these
polaritonic modes modulate magnetic exchange interactions
and topological properties. A useful way to quantify the static
modulation of magnetic exchange induced by the polaritonic
modes is to map DFT total energies, which should be
calculated along the displacement amplitude g for the
corresponding mode onto a Heisenberg Hamiltonian,

A(Q) = E,,(Q) - Y J(Q)8,
) ™)

Here Enm(Q_) represents the nonmagnetic ground state
energy (that is canceled eventually) and S; stands for localized
spin operators. In this case, we calculate total energies
El(Q) for a set of distinct magnetic configurations (con =
FM/AFM patterns) at static displacements Q, and then we
evaluate the exchange coupling (L;(Q)) for each displacement
by solving the equation (see Note S8 in the SI for further
detailed information):

E(””)(Q) = Enm(Q) - ]l-]-(Q)(Si'Sj)con

(i) (8)

This method can precisely capture (static) phonon-induced
magnetic exchange modulation. At zero displacement, the
intralayer exchange coupling (J,,,) is 0.1 meV (with excellent
agreement with the experimental value SJ; = 0.26 meV, S = 5/
2*"), suggesting intralayer ferromagnetic coupling and
consistency with the earlier studies ([fef"41]} A clear
modulation in J,,,(Q) directly encodes the strength of the
light—matter coupling (Figure 4a). Intriguingly, all polaritonic
modes induce a parabolic (quadratic) dependence

]l,ntm(QIR) ~ ]imm(O) + aQIZR (Figure 4), where a is the
spin—phonon coupling coeflicient. This quadratic behavior
indicates that symmetry suppresses the linear part of Qg
contribution or filters it out, (fémaining the modulation effect
at second order. As 2D MnBi,Te, is a centrosymmetric system,
the two opposite displacements +Qz and —Qyg induced by the
polaritonic modes can be nearly equivalent symmetrically for
the exchange-coupling geometry, despite their ability to reverse
the dipole. Consequently, the exchange coupling becomes an
even function of the polaritonic mode displacement to second
order. On the other hand, linear variations may cancel in
competing hopping paths, while the change of hybridization,

which contributes to the exchange nonlinearly, Fariates the
coupling as QIZR. Such deviations from linear behavior also
suggest the presence of higher order magnetoelastic effects
beyond the harmonic approximation.

However, J,,.(Q) changes linearly for the Raman active
(Alg) mode (bottom panel of Figure 4a), suggesting that Ayg
mode can directly change the interlayer Te—Te separation
(superexchange mediators) and the Mn—Te—Mn exchange
geometry (e.g, bond length or bond angle). Analogous to the
1 SL FM phase, the breathing A}, mode leads to linear
modulation of the interlayer exchange coupling (Jiu.(Q) in all
other phases (bottom panels in Figure 4b—d), while between

Al(gl) (6th mode) and Al(;) (12th mode) in 2 SL AFM, the latter

one has much stronger interlayer exchange modulation than
the former one, which is consistent with an earlier

experimental report,”’ even though Al(gl) mode leads to a

significant change in the interlayer Mn—Mn distance (Figure
S10). Although polaritonic modes lead to parabolic modu-
lation, the shape of the parabola for the third polaritonic mode
(blue-colored curves in Figure 4) [§lifiversed in all other cases
due to spin-layer symmetry compared to the 1 SL FM phase.
To explore this intriguing feature, we model the light-driven
polaritonic dynamics within the 2D nonlinear-phononics
approach,’” where we define the potential energy
(V(QyQ,QuwQxQyit) in terms of the mass-weighted mode
displacement amplitude Q (in Avamu). As 2D MnBi,Te,
crystallizes in a trigonal structure with the D3, point group, the
between Raman and

infrared modes, where (I ® T';z) ® Tz D Ajy Thus, E, ® E,
IR modes coupling consists of both A}, and E; Raman modes,
which enables simultaneous rectification of shear (in-plane Eg)
and breathing (out-of-plane A;;) Raman modes under E,
driving. As a result, we consider a resonantly driven IR-active
E, mode (we denote the displacement amplitude for this mode

as Q, = (Q_x, Qy)) coupled to two Raman-active phonon

modes—one is the fully symmetric A, mode (with displace-
ment amplitude Q,), and the other is the doubly degenerate E,
mode (with displacement amplitude Q , = (Q,, Q,)).

8

The potential energy can therefore be written as'”

V(Qu Q@ Qo Qi 1= 39(Q+ Q) +95,Q]
+OLQ+ Q)

+170Q Q2+ Q) + 1Y
[Q(Q] - Q) +2Q,Q,Q)]

(41g) 1 (&)

#2810+ 1A} - 30,Q)
— Z*'E(t)'QEu
()
Here Z* stands for the mode-effective charge (obtained
from DFPT and shown in Figure S2 in the SI), E(t) stands for
a pulsed electric field,  stands for the corresponding phonon
mode frequency, y; denotes the infrared—Raman cubic

coupling, and f; stands for intrinsic Raman anharmonicities.
Then, we solve the damped, driven Euler—Lagrange equations

(Ql(t) +20Q (1) + % =0) for each mode displacement
with a Gaussian-like electric-field profile
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Issue 8 · major
Topological phonons do not automatically establish protected electromagnetic polaritons
Status: polariton protection remains unestablished

Required resolution: define and reproduce the invariant, identify the relevant gap/crossing and symmetry, and connect it to the coupled electromagnetic mode. Correct the figure references: the invariant is in actual Figure S7, whereas actual Figure S8 concerns hBN.

Issue 34 · major
The nonlinear potential needs validation over the actual driven trajectory
Status: dynamic validation incomplete

Required resolution: reconcile the equations first, disclose the trajectory/integration settings and damping, and validate the fitted potential over all sampled coordinates with uncertainty in the threshold.

Issue 36 · moderate
Circular driving does not generically produce a static shear rectification
Status: model-derived clarification needed

Required resolution: distinguish shear oscillation RMS from a signed DC displacement, and explain any nonzero shear mean from the actual trajectory.

Issue 39 · minor to moderate
The space-group number and nonlinear selection rule contain errors
Status: confirmed textual errors; computational consequences unverified

Required resolution: correct both statements and report the structural and magnetic symmetries actually used in the calculations.

Issue 41 · minor to moderate
Several citations and the Mn pseudopotential configuration need an explicit audit
Status: confirmed citation mismatch / likely configuration typo

Required resolution: verify citations, supply primary references for the specific claims, and correct the Mn configuration against the actual pseudopotential metadata.

T05 · Confirmed
The cubic-invariant selection rule contains three IR factors. → Replace the last IR factor with the relevant Raman representation: Gamma_R x Sym^2(Gamma_IR) must contain A1g. Equation 9 itself has the intended Raman-times-IR-squared terms.

T07 · Confirmed notation inconsistency
Lowercase q is used for displacement amplitude in a sentence, while q elsewhere denotes wavevector and the exchange equations use Q. → Use Q consistently for the mass-weighted mode coordinate and q for momentum/wavevector. Define every omitted mode subscript.

T32 · Confirmed punctuation error
The expression introducing V(Qx,Qy,Qa,QX,QY;t) has an unmatched opening parenthesis before V. → Remove the extra opening parenthesis or add the intended matching close.

T34 · Copy edit
variates the coupling → changes the coupling or causes the coupling to vary

T36 · Copy edit
is inversed → is inverted; check the numerical curvature sign, especially given the reversed axis in Figure 4a.

T42 · Confirmed punctuation/grammar error
Besides, the high confinement mentioned above, ... → Besides the high confinement mentioned above, ... or In addition to the high confinement discussed above, ....

T44 · Copy edit
remaining the modulation effect at second order → leaving a second-order modulation or so that the leading modulation is second order.

R06 · Strong citation mismatch to correct or explain. Cite the actual invariant method
Reference 28 is a study of crystal growth and magnetic structure. It is not an evident source for the phonon topological invariant invoked at that location. → Strong citation mismatch to correct or explain. Cite the actual invariant methodology and specify its definition, then keep reference 28 where it supports magnetism/structure. See Issue 8.

R16 · Confirmed formatting inconsistency. Replace editorial reference tags with the jo
Residual forms such as [ref 41] and [ref 33] appear within otherwise superscript-numbered citation prose. → Confirmed formatting inconsistency. Replace editorial reference tags with the journal's standard numbered citation format.
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Figure S. Topological edge states of 2D MnBi ,Te, for different magnetic orders, thicknesses, and under light. (a—c) Edge energy spectrum along a
defined momentum path of 1 SL FM, 2 SL artificial FM, and 3 SL AFM MnBi,Te,, respectively. Nanoribbons used in these calculations are shown
in Figure S1 of the S The zero energy indicates the Fermi level. (d) Trivial edge spectrum of 2 SL AFM in the absence of light (i.e, Q = 0, no

light-induced displacement). The right panel of this figure highlights the @quivalence stuperexchange filediator interbond lengths among Te—Mn—

Te. (e) The left panel shows how this equivalence super exchange becomes

(the second

polaritonic mode drives the change with assistance from breathing mode A, (12th mode). The right panel demonstrates how such inequivalence
around the Fermi level in the presence of light (i.e, at Q = 3.0 Avamu. In all

figures, the brightest lines represent the contributions from edge modes.

E(t) = Eoe_tz/ (272)(sin Qt, cos Qt). Eventually, we calculate
the dynamic exchange coupling by using the equation:*

TOY ter = otery + 5I5-(QE) + PP
+0° (10)

where Jo(r) is the equilibrium interlayer exchange, Q(t) is the
corresponding mode (Al(g2 ) and Eg) displacement coordinate, ]

is the coupling strength between the polaritonic displacement
and the exchange, and 6 determines the direction of the
displacement. Here we calculate the interlayer exchange
coupling by using Eheé magnetic force theorem (MFT) to
capture the dynamic effect correctly. Readers are suggested to
see Note S7 and Note S8 in the SI for details of all these
calculations including the cubic-coupling anharmonicities
(listed in Table S4).

The calculated time evolution profile shows (Figure 4e) that
the polaritonic coordinate (Q) exhibits coherent oscillations
at the polaritonic mode frequency, whose displacement
amplitude is modulated by the electric field pulse. When the
field pulse reaches its maximum intensity around the center of
the time window, the polaritonic oscillations gain their largest
displacement amplitude, which leads to a dense and high-

frequency oscillatory pattern. These oscillations persist over
several cycles as the system has no significant damping on the
timescale of the pulse, which is consistent with the long
phonon lifetime reported in a recent experimental study (13.3
ps””). However, the value near 5 Aamu does not indicate a
transition threshold, as the oscillation remains approximately
centered around zero, ie, (Qug(f)) = 0. The magnetic
time-
averaged Raman breathing displacement.
Intriguingly,
displacement amplitude (Q)gyg of the breathing and shear
modes with the peak electric field E, reflect the nonlinear
excitation pathway (Figure 4f), which is driven by the
oscillatory character of Qp (Figure 4e). The polaritonic
mode couples linearly to the electric field. As a result, the
amplitude exhibits an approximately linear relationship with E,

at low electric fields. On the other hand, E, and Al(;) modes are

not directly coupled to the field but are indirectly assisted
through cubic anharmonic couplings to the driven E, mode.
Consequently, their effective driving forces change quadrati-
cally with the polaritonic mode amplitude, and hence, these
forces increase nonlinearly with E;. This behavior leads to a
superlinear increase of (Q)pys with electric field, where
damping and anharmonic couplings modify the trend at
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Issue 2 · major
Signed mean displacement and RMS amplitude are conflated
Status: direct inconsistency in definitions and interpretation

Required resolution: show signed means, RMS amplitudes, variances and averaging windows separately; calculate <J[Q(t)]> directly. Reassess the reported 2.94 Å sqrt(amu) and 2.09 MV/cm thresholds using those definitions.

Issue 3 · major
Zero mean IR motion does not eliminate its quadratic exchange contribution
Status: direct inconsistency in reasoning

Required resolution: evaluate exchange along the combined IR and Raman trajectory, including relevant mixed terms, and quantify each contribution to the threshold.

Issue 3 · major
Zero mean IR motion does not eliminate its quadratic exchange contribution
Status: direct inconsistency in reasoning

Required resolution: evaluate exchange along the combined IR and Raman trajectory, including relevant mixed terms, and quantify each contribution to the threshold.

Issue 6 · major
A frozen distorted FM spectrum does not establish time-dependent topological switching
Status: unsupported inference

Required resolution: follow the bulk gap and invariant along the physically realized lattice/spin trajectory. Justify an instantaneous-band description, or calculate the nonequilibrium response if it is needed. Label a frozen-spectrum result as conditional until this connection is established.

Issue 19 · moderate
Propagation quality, distance and lifetime need consistent units and conventions
Status: reporting/interpretation gap

Required resolution: report distance in nanometers or micrometers, number of wavelengths, and amplitude/population lifetimes separately. The 13.3 ps Raman lifetime cited on p. 10 should not be transferred to a different IR mode without justification.

T27 · Clarify
The panel header says 2 SL AFM at finite Q, while the caption and discussion describe induced FM order. → State explicitly whether the header names the initial phase or the spin configuration used for the displayed spectrum; use a consistent label for the computed state.

T28 · Confirmed punctuation error
Parentheses around the light-induced-displacement explanation and around the final finite-Q condition are not properly balanced. → Rewrite the caption as complete sentences and close each parenthetical expression.

T41 · Confirmed grammar/terminology issue
equivalence superexchange, inequivalence superexchange, and inconsistent splitting of superexchange into two words. → Use equivalent superexchange pathways and inequivalent superexchange pathways, with superexchange written consistently as one word.
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Figure 6. Phonon-mode-resolved electron self-energy of 2D MnBi,Te, from electron—phonon scattering, with nonanalytical corrections, at 20 K.
Panel (a) shows imaginary part of the electron self-energy for different phonon modes (along x-axis) of single septuple-layer (SL) MnBi, Te,, where
a single SL MnBi,Te, contains 7 atoms per unit cell and thus has 21 phonon modes, panel (b) corresponds to the two SL MnBi,Te,, which
naturally has 42 phonon modes due to 14 atoms per unit cell. The imaginary part of the electron self-energy is resolved for each phonon mode with
the highest occupied band and lowest unoccupied band of artificial 2 SL FM (c) and 3 SL MnBi, Te, (d). In all cases, the electron self-energy for all
of phonon modes has been included in the figure. Therefore, all phonon modes for each system are shown in the respective panels, and no modes

are omitted. (BifIKISPHETESISTARANSH Im Y., of the infrared (IR)-active modes, red-colored spheres stand for Im X, x of the Raman-active modes,

and yellow-colored spheres stand for polaritonic IR modes.

higher electric fields. As expected, the shear E, mode has a
small effect on the variations of (Q)rys, suggesting that it is
barely assisted in the driving process.

However, the Al(gz) can provide enough support in the

driving process, leading to a large displacement amplitude
(Q)rms (Figure 4f) that is strongly related to the (time)
averaged interlayer exchange ({J);u.,) coupling (Figure 4g).
This strong relationship of (Q)gyg With (), directly reflects
magnetophononic coupling between lattice modulation and
magnetic exchange, and warrants a name of the polaritons
reported here as magnetophononic polaritons. This relation-
ship deviates from linearity, suggesting the intrinsic anhar-
monic dependence of exchange coupling on displacement
amplitude. This further highlights the nonperturbative regime,
where optically driven polaritons can strongly modify magnetic
interactions. Intriguingly, (J),., (Changes its sign at an
amplitude of 2.94 Aamu and enters into the ferromagnetic
region.

This displacement amplitude can be achieved at an electric
field of 2.09 MV/cm with a pulse width of 0.6 ps (Figure 4f).
Some experimental studies obtained high fields) <90 MV/cm in
the frequency range of 15—50 THz "~ " with displacement-
limited field strengths, while theoretical studies reported that
highly confined phonon polaritons in 2D systems (e.g., 2D
hBN) can induce local electric fields on the order of 10 MV/
em.**™* Importantly, a recent experimental study indicated
that the E, mode in MnBi,Te, could easily be excited through
their electric-field pulses.*” Their study further demonstrated a
strong light—matter-driven anharmonic interaction, particularly
by the excited Raman E, mode. We therefore anticipate the
high feasibility of such a magnetic transition in a 2 SL AFM
driven by light through its interactions with magnetophononic
polaritons.

To determine whether a magnetic phase transition induced
by light—matter coupling through magnetophononic polaritons

leads to a change in electronic topology in 2 SL AFM, we
compute edge spectra using Wannier tight-binding models
derived from DFT. As a confirmation of the previously
discussed topological nature (Figure 1), we first describe the
edge states of 1—3 SL MnBi,Te, without any external effect
(Figure Sa—d and edge band structures in Figure S11). Across
the systems, we find a clear evolution from a topologically
trivial 1 SL FM to regimes where the 2D bulk topology
becomes tunable by changing SL thickness and magnetic
ordering, providing a direct 2D bulk—boundary correspond-
ence. In particular, both 3 SL AFM (Figure Sc) and 2 SL FM
(Figure Sb) phases exhibit in-gap edge modes (the calculated
edge states of 3 SL AFM are in excellent agreement with the
experimentally measured dispersions ([£eéf88]) confirming their
topologically nontrivial nature (QAH and zero-plateau QAH
phases, respectively), while both 1 SL FM (Figure Sa) and 2
SL AFM (Figure 5d) exhibit no in-gap edge modes, confirming
their topologically trivial nature.

In 2 SL AFM, the interlayer Te—Mn—Te distance is
symmetrically equivalent (right panel of Figure 5d), inducing
equivalence superexchange and leading to doubly degenerate
bulk bands (Figure 1b) at the zone center. Under light—matter
coupling through the polaritonic mode of 2 SL FM, this
interlayer Te—Mn—Te distance becomes symmetrically
inequivalent (left panel of Figure Se), inducing inequivalence
superexchange and making the bulk bands nondegenerate at
the zone center. Consequently, 2 SL AFM undergoes a
topological phase transition, marked by the emergence of
Symmetry-protected in-gap edge modes) (Figure Se) in 2 SL
FM with finite magnetization and inequivalent interlayer Te—
Mn—Te distance in the presence of light. This demonstrates
that light—lattice coupling through magnetophononic polar-
itons provides a practical knob to switch edge conduction on
and off in 2 SL AFM. Together, these results establish light-
controlled lattice displacement as an effective and SL-selective
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Issue 1 · major
An exchange sign change is not a demonstration of AFM-to-FM switching
Status: unsupported inference

Required resolution: simulate the spin response to the calculated lattice trajectory, or consistently describe a transient distortion that favors FM order. Report the duration of that condition and whether a magnetic transition occurs within it.

Issue 5 · major
Electronic topology is inferred from band shape and edge spectra without a reported electronic bulk invariant
Status: bulk topological diagnostic missing

Required resolution: calculate the electronic invariant and bulk gap for each magnetic/displaced configuration, demonstrate convergence and identify any protecting symmetry. Identify the symmetry and invariant that protect the displayed edge branches.

Issue 6 · major
A frozen distorted FM spectrum does not establish time-dependent topological switching
Status: unsupported inference

Required resolution: follow the bulk gap and invariant along the physically realized lattice/spin trajectory. Justify an instantaneous-band description, or calculate the nonequilibrium response if it is needed. Label a frozen-spectrum result as conditional until this connection is established.

Issue 7 · major
The phase labels and the meaning of edge protection need reconciliation
Status: verification needed

Required resolution: tabulate magnetic order, gap, Chern number, any additional invariant, Hall response and edge-protecting symmetry for every phase discussed.

Issue 23 · moderate
Carrier scattering by a polariton-forming phonon is not automatically scattering by a normalized polariton
Status: interpretation gap

Required resolution: use precise phonon-scattering terminology, or project the interaction onto properly normalized polariton modes and state the mode composition and excitation conditions.

Issue 32 · moderate
Figure 6 does not fully define the scattering dataset or its mode comparisons
Status: reporting gap

Required resolution: define all colors, bands, momenta and aggregation rules. Support the statement that polariton-forming modes scatter more weakly than almost all other modes with integrated, consistently normalized near-edge contributions and mode tracking.

T29 · Confirmed incomplete legend
Blue markers are used extensively but not defined in the caption. → Define the blue series and the state/momentum represented by each point. See Issue 32.

R12 · Citation-scope/feasibility check. Attribute the field and frequency to the speci
The cited high-field sources cover different pulse spectra and amplitudes. A maximum field in one frequency range does not establish the same field, pulse width and heating conditions at the modeled 2.74 THz drive. → Citation-scope/feasibility check. Attribute the field and frequency to the specific experiment; distinguish technical availability from demonstrated switching in this material.

R16 · Confirmed formatting inconsistency. Replace editorial reference tags with the jo
Residual forms such as [ref 41] and [ref 33] appear within otherwise superscript-numbered citation prose. → Confirmed formatting inconsistency. Replace editorial reference tags with the journal's standard numbered citation format.
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Figure 7. Layer-dependent electron self-energy (proportional to carrier scattering rates) from electron—phonon scattering in 2D MnBi,Te,.
Imaginary part of the electron self-energy (Im )’) of 1 SL (a), 2 SL AFM (b), artificial 2 SL FM (c), and 3 SL AFM MnBi,Te, (d) at 5 K (blue or
gray symbols) and 20 K (red or yellow symbols). The filled circles stand for the imaginary part of the electron self-energy without long-range
interactions, standard 2D interpolation (STDI), i.e., no nonanalytical corrections, while star symbols stand for the imaginary part of the electron
self-energy with long-range interactions, long-range 2D interpolation (PI), i.e., with 2D nonanalytical corrections. Inset figures in each subfigure
show Im ), at the conduction band minima (CBM) and valence band maxima (VBM). We set the Fermi level at zero energy in all cases. In these
calculations, we considered Hubbard corrections for energy eigenvalues and wave functions, (butno/Hubbard corrections were explicitly included’in

the interpolation.

process for switching topologically nontrivial electronic edge
modes, providing a coherent 2D bulk—boundary picture of
topology activation via light-magnetophononic polariton
coupling in 2D MnBi,Te,. These results demonstrate the
significant role of the polariton modes, even if photonic energy
contributions might be smaller than elastic energy due to a
largedeceleration factor. Importantly, the long-wavelength
magnetophononic polaritons discussed herein should be
regarded as a coherently driven near-zone-center mode across
the illuminated region, rather than as a point-like polariton
packet traversing the sample. At each spatial coordinate, the
IR-active ionic coordinate behaves as a driven, damped
oscillator that can persist beyond the passage after the
electromagnetic pulse envelope has passed. Its nonlinear
coupling to the Raman-assisted mode can thus generate a
rectified lattice displacement, whose duration is governed by
the pulse characteristics and phonon damping times. The
present calculations establish the local dependence of magnetic
exchange interactions on these ionic distortions; however, they
do not explicitly model the spatial propagation of polaritons,
the evolution of magnetic domains, or persistent switching
phenomena throughout the entire sample (§eéeNote 4in the SI
for further details).

Due to such evolution of topology with magnetic ordering, it
can be interesting to explore how these polaritonic modes
interact with the topologically trivial and nontrivial electrons.
The strength of their interaction can be determined by the e-
ph scattering rates (77"),
imaginary part of the electron self-energy (Im ).), ie,

77" = 2ImX, ;. We therefore calculate the e-ph scattering rates

resolved for separate phonon modes (Figure 6) including long-

range interactions. As can be seen from Figure 6, the
polaritonic modes (yellow-colored) generally have relatively
weaker e-ph scattering rates (smaller ImZnek) than almost all

other modes. The scattering rates exhibit clear dependencies
on phonon mode, thickness, and magnetic order. In particular,
the scattering rates of IR-active (pink-colored) and Raman-
active (red-colored) modes significantly differ with layer
thickness and magnetic ordering (Figure 6). For example, in
the case of the A;; Raman-active mode, the e-ph scattering is
reduced with the layer thickness (from 1 SL to 3 SL) as well as
with the magnetic ordering (from AFM to FM in 2 SL). (This
observation'is'well consistent with) a recent experimental study
on e-ph scattering and spin—phonon coupling in MnBi,Te,.”’

As the e-ph scattering rates change with layer thickness
which determines the magnetism and topology in MnBi,Te,,
the scattering rates are expected to relate to electronic
topology. To explore how the e-ph scattering rates relate to
the electronic topology, we also calculate the e-ph scattering
rates resolved for separate electronic bands (Figure 7) by using
Wannier interpolation with and without long-range inter-
actions. In the subsequent sections, we refer to calculations of
Im ) with long-range interactions as long-range interpolation
(PI), while calculations of Im ) without long-range
interactions as the standard 2D interpolation (STDI).
However, PI has a negligible effect on Im Y, (Figure 7);
only a small change (yellow star symbols) is noticeable for
some bands at 20 K. (This is expected, as at such low
temperatures, the long-range interaction is very weak.”’

Here, we consider low temperatures (5 and 20 K) because
2D MnBi,Te, becomes paramagnetic above Ty &~ 20 — 25 K>
and the calculations of Im Y [SIAGENpossibleNforNthe
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Issue 27 · major
DFT+U consistency in the electron-phonon perturbation is unresolved
Status: explicit cross-document methodological inconsistency

Required resolution: provide a dataset-by-dataset map of functional, U, SOC, DFPT perturbation and interpolation settings. Specify inclusion/omission of the Hubbard-potential/projector derivatives and benchmark its effect. A corrected U-including electronic interpolation plot cannot validate a U-omitting phonon/e-ph perturbation. DFPT+U methodology.

Issue 28 · moderate
Low temperature does not by itself make the long-range interaction weak
Status: incorrect general explanation

Required resolution: resolve the difference by phonon branch and momentum, and distinguish coupling strength from occupation and energy-conservation effects.

Issue 33 · minor to moderate
The linewidth-to-rate conversion omits hbar
Status: confirmed dimensional omission

Required resolution: state sign, energy-width and lifetime conventions, including any use of natural units, and verify every derived lifetime.

T10 · Confirmed dimensional omission
tau^-1 = 2 Im(Sigma) omits the energy-to-rate conversion. → Include 1/hbar and the linewidth/sign convention; include quasiparticle weight if used. See Issue 33.

T21 · Confirmed terminology inconsistency
Small photonic energy is attributed to a large deceleration factor, whereas the paper defines D as an ultralow v_g/c. → Specify whether the intended quantity is small D or a large slowdown ratio c/v_g. Do not use these reciprocal quantities interchangeably.

T38 · Copy edit
This observation is well consistent with → This observation is consistent with or agrees well with

T39 · Confirmed subject-verb disagreement
the calculations of Im Sigma is not possible → calculations of Im Sigma are not possible within the present method, or use the singular the calculation ... is.

R15 · Minor cross-reference-format inconsistency. Confirm the intended note and use th
The discussion cites Note 4, whereas the surrounding article uses Note S4 and other S-prefixed note identifiers. → Minor cross-reference-format inconsistency. Confirm the intended note and use the exact SI identifier consistently.
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paramagnetic phase based on the current method. In the
analysis of X, we mainly focus on the value of Im Y in the

VBM and CBM (inset figures in Figure 7). In all cases, the e-
ph scattering rates in the CBM (0.55—0.70 meV for 1 SL—3
SL) are weaker than in the VBM (3.6—1.0 meV for 1 SL—3
SL). Intriguingly, the e-ph scattering rates depend not only on
the layer thickness but also on the magnetic ordering. For
example, the e-ph scattering rates get 1.15 times weaker when
turning AFM into FM order in 2 SL MnBi,Te, (Figure 7¢).
This also suggests that the e-ph scattering rates can be tuned
by changing the orientation of electron spins, ie, spin—
phonon coupling via magnetic ordering, which would notably
reduce energy dissipation from the VBM to CBM.

Even though the change in electron self-energy at the VBM
and CBM is (ot large on the numerical'scale (~15%), this
magnitude is significant on the scale of magnetophonon
polaritonic energies (a few meV). As a result, the
renormalization strongly influences the phonon resonance
energy and damping factor (due to spin—phonon coupling),
the oscillator strength, the band edges, and the topological
character of the low-energy states. However, the intrinsic
magnetophonon polaritonic modes and topology are only
relevant to the renormalization through the electron self-
energy of band-edge states. We thus concentrate only on the
electron self-energy at the VBM and CBM.

Compared to 1 SL and 2 SL (AFM), the e-ph scattering
rates are weaker in both the VBM and CBM of 3 SL MnBi,Te,
(Figure 7d), as the VBM and CBM are topologically protected
in 3 SL (i.e., the QAH phase). As temperatures from 5 to 20 K
are too low to resolve distinguishable changes in e-ph
scattering with magnetic order and topology, we also calculate
the carrier lifetime and electrical conductivity at 20 and 300 K
by artificially keeping the same magnetic ordering at 300 K.
Note that the lifetime and electrical conductivity at 20 K
contain significant uncertainty, and we illustrate this only to
show the trend. The electrical conductivity (Figure S12) shows
a significant increase with magnetic ordering (as well as
topology), as the scattering rates, or inverse carrier lifetime, are
reduced when turning AFM to FM in 2 SL MnBi,Te,.

To analyze how changes in e-ph scattering rates with
topology manifest in MnBi,Te,, we further calculate electron
dispersions considering e-ph scattering at 0 and 300 K (Figure
S7). A clear evolution of e-ph scattering rates with topology
and magnetic ordering is demonstrated in the electronic band
structure at 300 K, depicting the weakest e-ph scattering rates
in 3 SL MnBi,Te, (QAH) compared to other phases (see Note
S9 in the SI for details). These results suggest the tunable
nature of e-ph interactions by layer thickness and magnetic and
topological orderings. Importantly, we find that the topolog-
ically trivial 2 SL AFM (and potentially higher even SLs) is one
of the most suitable systems for topological switching, which
has stronger e-ph scattering than other topological phases. As a
result, the reduced electrical conductivity in this system leads
to a weak screening of the electric field of light by trivial
electrons. ItVisiworth 't mention) that we present electrical
conductivity here as an indicator of underlying e-ph scattering
strength and its relationship to topology and magnetic order. It
is not presented here as a parameter directly intended as a
source of polaritonic formation. We study all these properties
at the intrinsic band edges, not at the extrinsic level (doping
level).

We are aware of recent work on (nonequilibrium) light-
driven switching of magnetic and topological states in 2 SL

MnBi,Te, and MnSb,Te,, where the effect of resonant
phonons under low-frequency light was explored with some
serious limitations (see Note S10 in the SI for detailed
information).”’ However, here we have explored how
magnetophononic polaritons in 1—3 SL (2D) MnBi,Te, lead
to intriguing physics and applications, as well as their
relationship with magnetism, topology, and electron—phonon
coupling, indicating a completely different perspective
compared to the published work.

B CONCLUSIONS

Based on density functional perturbation theory, we system-
atically study the thickness- and magnetic-order-dependent
lattice dynamics, nonanalytic long-range interactions, and e-ph
scattering for all phonon modes in 2D MnBi,Te,, a
prototypical magnetic topological insulator. Our results
demonstrate that MnBi,Te, is an intriguing material for
hosting three magnetophononic polaritons with high confine-
ment, long propagation, and tunability. These polaritonic
features of 2D MnBi,Te, with light—matter coupling-driven
topological switching discovered in this study will strongly
motivate further theoretical and experimental investigation in
nanoelectronics and photonic applications. Also, their relation-
ships with magnetism- and topology-induced polaritonic
responses, potential polaritonic-induced recombination pro-
cesses, and enhanced carrier dynamics have many potential
technological applications in photonic and phononic devices.
We provide a more comprehensive discussion in the SI (see
Note S11).

Our calculated features of magnetophononic polaritons in
2D MnBi,Te, can be suitable
for accessing these features.” " Also, these polaritonic modes
can potentially lead to the observation of a strong- to
ultrastrong-coupled multimode mechanism of quantum
electrodynamics in a 2D MnBi,Te, system.” We find that
these polaritons parabolically modulate exchange coupling and
weaken intrinsic magnetic coupling. Even strong light—matter
coupling through the second magnetophononic polariton in 2
SL MnBi,Te, drives an antiferromagnetic-to-ferromagnetic
phase transition. Consequently, such a transition leads to the
observation of light-induced topological phase transitions,
opening a pathway to achieve read-write functionality in
topological insulators using light.

We also show that these intriguing polaritons have relatively
weak e-ph scattering rates and exhibit thickness-, topology-,
and magnetic-order-dependent e-ph scattering rates due to
spin—phonon coupling (the magnetoelastic effect). Unlike the
magnetoelastic effect in 2D MnBi, Te,, (6rdinary magnetoelastic
effects can typically shift phonon energies due to changes in
magnetic ordering."s_57 However, the ordinary magnetoelastic
effects have yet to report whether they are strongly related to
magnetic and topological ordering. Therefore, the observed
magnetophononic polariton in 2D MnBi,Te, is not a trivial
magnetoelastic effect, but a hybrid quasiparticle that couples
phonons, magnetism, and topology, providing a strategy for
experimentally realizing light—matter-driven topological and
magnetic transitions. This study therefore provides a significant
insight into how we may minimize the impact of e-ph
scattering on the topologically protected carrier conduction in
2D MnBi,Te, at relatively high temperatures. We believe the
research presented here can lead to several intriguing research
directions such as experimental measurements of these
magnetophononic polaritons, calculations of the lifetimes of
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Issue 1 · major
An exchange sign change is not a demonstration of AFM-to-FM switching
Status: unsupported inference

Required resolution: simulate the spin response to the calculated lattice trajectory, or consistently describe a transient distortion that favors FM order. Report the duration of that condition and whether a magnetic transition occurs within it.

Issue 9 · moderate
Strong or ultrastrong coupling is not quantified
Status: unsupported inference

Required resolution: distinguish large driven nonlinear response from a demonstrated coupling regime. Quantify the latter for a defined photonic/emitter system, or retain it only as a possible future direction.

Issue 20 · moderate
Record-confinement, detectability and dielectric-normalization claims need bounded comparisons
Status: verification needed

Required resolution: use like-for-like benchmarks at specified frequency, thickness and loss; avoid an unverified record claim. Provide measurable spectra or a realistic detection estimate, and state the dielectric/polarizability normalization and substrate assumptions.

Issue 21 · major
Bulk band-edge linewidths are incorrectly attributed to topological protection
Status: unsupported causal inference

Required resolution: describe the result as a correlation unless causality is isolated. Calculate edge-state scattering or compare a controlled topological transition while accounting for ordinary changes in matrix elements and phase space.

Issue 22 · major
Imaginary electron self-energy does not establish the claimed phonon or electronic renormalization
Status: unsupported interpretation and incomplete implementation detail

Required resolution: document the real and imaginary self-energy treatments separately, including zero-point/Debye-Waller contributions, and calculate each claimed phonon consequence rather than inferring it from electron linewidth.

Issue 26 · major
Convergence of low-temperature scattering differences is not demonstrated
Status: verification needed

Required resolution: show joint mesh/broadening convergence and uncertainties substantially smaller than the claimed 15% effect. A modest coarse grid is not automatically invalid if interpolation and integration have been validated.

Issue 29 · moderate
Single-particle linewidths do not establish interband dissipation or recombination
Status: unsupported inference

Required resolution: separate band-edge relaxation, interband excitation and recombination; calculate the claimed process or remove the causal statement.

Issue 30 · moderate
DC conductivity and carrier lifetime do not establish screening of the THz pump
Status: unsupported optical-screening inference

Required resolution: identify the operating chemical potential/density and transport units/convergence, and calculate the relevant THz response if screening is used to explain switching.

Issue 31 · moderate
Artificially ordered 300 K results cannot establish actual high-temperature protected transport
Status: limitation acknowledged but not consistently carried into conclusions

Required resolution: retain fixed-order results as conditional trends and constrain practical high-temperature claims. A prediction of real high-temperature performance requires a model of magnetic disorder or a mechanism stabilizing the assumed order.

T37 · Confirmed grammar error
It is worth to mention → It is worth mentioning or We note that

R08 · Citation-scope check, not an assertion that the entire source is irrelevant. Exp
Reference 57 is titled Spin Anisotropy of Ferromagnetic Films. Its connection to the exact magnetoelastic comparison is not explained. → Citation-scope check, not an assertion that the entire source is irrelevant. Explain the supporting result or replace it with a direct magnetoelastic source.

R13 · Improve citation precision. Add reference 40 at this claim and explain the addit
References 52 and 54 study electronic plasmons, and reference 53 is a broad electron-microscopy review. They support the technique generally but are less direct precedents for monolayer phonon-polariton detection than reference 40, already in the bibliography. → Improve citation precision. Add reference 40 at this claim and explain the additional energy/momentum-resolution requirements for MnBi2Te4.

R14 · Confirmed cross-reference errors: actual Figure S7 contains MnBi2Te4 interpolati
Figure S7 is invoked for mode charges/IR spectra, an hBN quality-factor comparison and temperature-dependent electronic bands, while related hBN properties are elsewhere assigned to Figure S8. The actual SI captions establish that these references do not all point to the intended figure. → Confirmed cross-reference errors: actual Figure S7 contains MnBi2Te4 interpolation/topology/charges/IR data; actual Figure S8 contains hBN properties; actual Figure S13 contains temperature-dependent electronic bands. Correct the main p. 13 reference from S7 to S13 and the SI contents S7/S8 swap.
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these polaritonic modes from three-phonon scattering
processes, and implementation of these in real quantum
optical devices.

B METHODS

The electronic and phononic calculations based on density functional
theory (DFT) and density functional perturbation theory (DFPT)>*
were performed using Quantum Espresso,””*" which uses the plane
wave (PW) pseudopotential method. Before performing the
calculations, Welladdedianils) A Facuumpalonglthenzidirection) to
avoid artificial interactions between the periodic layers. We then fully
relaxed the structures by minimizing the energy and forces. In all
calculations, we considered spin—orbit coupling effect explicitly and
used ultrasoft pseudopotentials with the following valence config-
urations: Mn-3s* 3p° @s? @a° 4p"; Bi-5d'° 6s* 6p’; Te-Ss* Sp*. In the
self-consistent calculations, we chose the Perdew—Burke—Ernzerhof
(PBE) functional®' scheme of the generalized gradient approximation
(GGA), a 65 Ry cutoff energy for wave functions, 325 Ry for charge
density, 12 X 12 X 1 k-point, and a 0.001 Ry width of Gaussian
smearing. We considered an on-site Hubbard parameter U = 4 eV for
Mn and the Engel-Vosko functional®® for accurate electronic
structure calculations. In electron—phonon calculations, we used 12
X 12 X 1, 8 X 8 X 1 k-point grids and (GEIEREIEE) §-point grids) for 1
SL and 2-3 SL, respectively, after testing convergence, as these
calculations are computationally too expensive, and a 441 g-point grid
gives accurate enough phonons. To demonstrate topological phonons,
we constructed the force constants from the dynamical matrix®*
obtained in DFPT-based electron—phonon calculations. Then, the
topological invariant Z,,, and edge dispersions were calculated using a
Green’s function approach implemented in WannierTools.**

In magnetophononic polariton calculations, we use the method
developed by Rivera et al,’ @herelthree distinct LONmodes directly
generate three polariton spectra, and this is fully consistent with the
more general mode-sum conductivity formalism used in the ref 7. The
conductivity expression used here is not a phenomenological Lorentz
formula, rather the result of a microscopic derivation including all
phonon modes (@) and momenta. Each distinct LO phonon branch
in the material therefore gives rise to its own solution of the equation
(w10(q)) and to its own magnetophononic polariton response.

We use the light-driven lattice response in terms of a minimal set of
coupled and mass-weighted mode displacements—a magneto-
phononic polaritonic E, mode (Q_x,Q_y), a Raman-active E, mode
(QxQy), and Ay, mode (Q.). The polaritonic mode acts as a driven
mode with a frequency of 2.74 THz and the far-infrared electric field
through polaritonic mode charges ZyZ,, while the Raman modes are
indirectly excited through symmetry-allowed anharmonic couplings to
the driven polaritonic mode. Here, the pump field is taken as a carrier
at (the polaritonic) frequency w, with a Gaussian field profile with
circular polarization. We solve the classical equations of motion,
considering the real-time propagation of all these mode coordinates
and the phonon damping yfactor. This method therefore captures not
only the transiently induced response during the pulse but also the
subsequent coherent oscillations of the coupled magnetophononic
polariton system.

After solving the equations of motion (see Note S7 in the SI), we
quantify polaritonic excitation by the root-mean-square (rms)
displacement amplitude over a postpulse window from (Stimulation
trajectories as

(Qpws = A\ <Q(t)2>t¢[tl,tzj (11)

where (Q)rms = 0, ie., it measures the magnitude of oscillation.
However, we add the actual sign of the displacement in Figure 4f to
show both directions of motion. To relate lattice displacement to
magnetism, we calculate the exchange coupling parameters (from the
magnetic force theorem) as instantaneous functions of the displace-

ment amplitude via precomputed mappings J;,..(Q,) for Al(gz) mode

and J;,.,(Qg) for the doubly degenerate E, mode. See Note S7 and S8
in the SI for further detailed computational information.

Then, the imaginary part of the electron-self-energy (Imznek) was

calculated by using 2D electron—phonon Wannier interpolation in
EPW %%*® based on DFPT data. In the calculations, we considered
Hubbard corrections for eigenvalues and wavefunction generation and
employed a twice-as-dense g-point grid in the interpolation. In this

method, the ImX, ; can be obtained by performing an analytical

integration of the following equation:**®’

d
ImE,, =7y f Q—q 8% (& QPln(a,, )
mn, ‘BZ

+f(€mk+ql T)é(enek - (emk+q — &) + qu)
+ (n(quf T) +1 _f(emk+q1 T))
5(€nek - (emk+q —€) = qu)] (12)

where the integration is performed over the 2D BZ (Figure S1b) and

g% (K, q) is the electron—phonon EEINENENISIETEND

1/2
SE
gmnﬂ,n(k’ ‘1) = [ ] (ka.;_qlaanh//,,ﬂk)

2oy (13)
Here the superscript indicates that the matrix has units of self-
energy (i.e, meV), y , is the electronic wave function for electronic

band n,, momentum k, and energy eigenvalue €, ;; @,, is the phonon

frequency of a mode n with momentum g; 9.,V is the derivative self-
consistent potential; €r is the Fermi energy; T is the temperature;
n(w,,T) is the Bose occupation factor; and f(€,,,T) is the Fermi
occupation factor. As MnBi,Te, is a material with long-range
Coulomb interactions, we need to account for the long-range
interactions by calculating the lonsg-range part of the electron—
phonon scattering matrix as follows:*"*®

1/2 "
g <k,q>=i2[ : ] « 3 L+ 04w

T\ 2mowy, Gieg (g+ G)e*(q+ G)

i(g+G)

Whagle™ 0 (14)

Here Z; is the Born effective charge, e, is the eigendisplacement
vector for kth atom of mode n, G is the reciprocal lattice vector, and
&% is the high-frequency dielectric constant. Then, we add the egs 13
and 14 and insert it into eq 12 for considering the long-range
interactions.
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orbital-decomposed density of states; electronic band
structure of 1 SL MnBi,Te, based on DFT, and 2D
EPW interpolated; vibrational visualization of six modes
of 2 SL MnBi,Te, in the AFM and FM configurations;
vibrational visualization of six modes of 3 SL MnBi,Te,
in the AFM and FM configurations; magnetic sublattice
contributions to a few specific modes; computed
phonon modes and their activity of 1-2 SL MnBi,Te,;
Raman E, mode splitting; computed magnetic order-
dependent phonon modes and their activity of 3 SL
MnBi,Te,; magnetic order-dependent IR and Raman

https://doi.org/10.1021/acsnano.6c06828
ACS Nano XXXX, XXX, XXX—XXX

Kay|sse00vsanb jpd 8289099 0UBUSIE/6 L 689689/8289099 0UBUSIR/LZ0 L 0L /I0p/pd-ajoie/coeouer/Biosoe sqnd woly papeojumoq

920z 1990300 ¢ uo 1senb Aq 8/2/9512999-912€-1.Z01-00Z.-}1 #05qe:


https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.6c06828/suppl_file/nn6c06828_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.6c06828?goto=supporting-info
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.6c06828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
Issue 2 · major
Signed mean displacement and RMS amplitude are conflated
Status: direct inconsistency in definitions and interpretation

Required resolution: show signed means, RMS amplitudes, variances and averaging windows separately; calculate <J[Q(t)]> directly. Reassess the reported 2.94 Å sqrt(amu) and 2.09 MV/cm thresholds using those definitions.

Issue 4 · major
The simulated local field is not connected quantitatively to the confined polariton being advertised
Status: verification needed

Required resolution: specify whether 2.09 MV/cm is the incident or local field; give the geometry, momentum-coupling mechanism, field enhancement and relevant polariton mode profile. Establish which benefit arises specifically from confinement, beyond direct coherent IR-phonon excitation.

Issue 10 · major
Independent oscillator curves need validation against the full multimode response
Status: verification needed

Required resolution: show the total conductivity and solve its collective-mode condition. Compare with the independent-mode approximation and delimit the frequency intervals in which each approximation is accurate, including contributions from weaker IR modes.

Issue 24 · major if implemented literally
The written long-range interpolation procedure would double count if followed literally
Status: definite ambiguity in the reported algorithm

Required resolution: state the subtraction/restoration procedure and actual program settings; benchmark interpolated matrix elements against direct DFPT. This wording problem does not prove that the actual EPW run double counted the interaction.

Issue 25 · major
The printed long-range kernel is not reconciled with isolated-2D electrostatics
Status: verification needed

Required resolution: give the actual 2D long-range expression, Coulomb truncation/boundary settings, code version and vacuum convergence. If a 2D implementation was used, correct or qualify the printed formula accordingly.

Issue 25 · major
The printed long-range kernel is not reconciled with isolated-2D electrostatics
Status: verification needed

Required resolution: give the actual 2D long-range expression, Coulomb truncation/boundary settings, code version and vacuum convergence. If a 2D implementation was used, correct or qualify the printed formula accordingly.

Issue 26 · major
Convergence of low-temperature scattering differences is not demonstrated
Status: verification needed

Required resolution: show joint mesh/broadening convergence and uncertainties substantially smaller than the claimed 15% effect. A modest coarse grid is not automatically invalid if interpolation and integration have been validated.

Issue 38 · moderate to major
The supplied material is insufficient for independent reproduction
Status: numerical reproducibility incomplete in reviewed files

Required resolution: identify the repository's exact relevant files and connect each figure to reusable inputs and numerical outputs; report the outstanding calculation settings and convergence evidence.

Issue 41 · minor to moderate
Several citations and the Mn pseudopotential configuration need an explicit audit
Status: confirmed citation mismatch / likely configuration typo

Required resolution: verify citations, supply primary references for the specific claims, and correct the Mn configuration against the actual pseudopotential metadata.

T08 · Confirmed definition conflict
An RMS coordinate is described and plotted as a signed time average. → Reserve Q_RMS for a nonnegative magnitude, use <Q> for the signed mean, and define any signed-amplitude convention separately. See Issue 2.

T15 · Confirmed typesetting ambiguity; intended grids to verify
The phonon grids are printed as 661 and 441; the latter appears again later in the same sentence. These are not an extraction artifact. → After checking the inputs, write the intended dimensions explicitly, apparently 6 x 6 x 1 and 4 x 4 x 1.

T16 · Likely typo; input check needed
4d^5 is listed where the relevant Mn valence shell is normally 3d^5. → Check the actual pseudopotential metadata and correct the shell if this is a transcription error. Do not infer a faulty calculation from the text alone.

T17 · Clarify
m0 occurs in the normalization but is not defined in the supplied explanatory text. → Define m0 and explain how atomic masses and mass-weighted eigenvectors enter the perturbation and mode normalization.

T33 · Likely word-substitution typo
stimulation trajectories → simulation trajectories

T40 · Confirmed sentence-structure error
The matrix element is described with two successive predicates: it is the ... matrix is defined by. → Use is the electron-phonon matrix element, defined by .... Matrix element is also more precise for the indexed scalar g.

T45 · Copy edit plus definition clarification
we added an 18 A vacuum → we included an 18 A vacuum gap, using the angstrom symbol in the manuscript. Specify whether 18 A is the gap or a supercell dimension.
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activity; longitudinal optical (LO) phonon modes in
MnBi,Te, and hBN; calculated properties of phonon
polaritons in 2D hBN; comparison of phonon
dispersions calculated with different methods, topolog-
ical Z,,; invariant, and mode effective charges; nature of
LO phonons at finite g; description of the topological
invariant for phonons; phonon dispersion of zigzag (1D
nanoribbon) edge of MnBi,Te,; details of nonlinear
coupling coefficient calculations; comparison of Raman
mode-induced interlayer Mn—Mn distance in 2 SL
MnBi,Te, (AFM); details of exchange coupling
calculations; evolution of electronic topology in 2D
MnBi,Te, via magnetic order, thickness, and light;
carrier lifetime and electrical conductivity of MnBi,Te,
from electron—phonon scattering at 20 and 300 K;
temperature-dependent band structures of MnBi,Te,
from electron—phonon scattering; description of elec-
tronic band structure at 0 and 300 K; detailed
information on a recent study on light-driven lattice
dynamics in MnBi,Te,; concluding outlook (PDF)
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