Opto-Electronic Supplementary information
Science June 2024, Vol. 3, No. 6

DOI: 10.29026/0es.2024.240002

Active tuning of anisotropic phonon polaritons
in natural van der Waals heterostructures by
negative permittivity substrates and its
application

Shuo Chen'?, Xiaohu Wu?* and Ceji Fu'*

LTCS and Department of Mechanics and Engineering Science, College of Engineering, Peking University, Beijing 100871, China; 2Shandong
Institute of Advanced Technology, Jinan 250100, China.
*Correspondence: XH Wu, xiaohu.wu@iat.cn; CJ Fu, cjfu@pku.edu.cn

This file includes:

Section 1: Generation, reorientation and annihilation of in-plane hyperbolic polaritons in a slab embedded between two
semi-infinite media

Section 2: The dielectric function of SiC

Section 3: The dielectric function of Au

Section 4: The generation and reorientation of PhPs in «-MoQOj3 /Au heterostructures

Section 5: The derivation of the Transfer Matrix Method

Supplementary information for this paper is available at https://doi.org/10.29026/0es.2024.240002

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License.
BY To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
The Author(s) 2024. Published by Institute of Optics and Electronics, Chinese Academy of Sciences.

240002-51


https://doi.org/10.29026/oes.2024.240002

Chen S et al. Opto-Electron Sci 3, 240002 (2024) https://doi.org/10.29026/0es.2024.240002

Section 1: Generation, reorientation and annihilation of in-plane hyperbolic polaritons in a slab embedded
between two semi-infinite media

In this section, we derive the conditions under which the fundamental mode generates, reorientates and annihilates in a
vdW slab surrounded between two semi-infinite media compared with the configuration embedded in air. The dielec-
tric function of the substrate is negative while that of the superstrate is positive.

RB 1. In this case, &x > 0, &, < 0, & > 0. Similar to the derivation shown in the main text, we set ¢ = 0 and therefore,
p =1y/e./e,. Since e, < 0in RB 1, then i\ /. /e, = —\/¢./ [¢,[ and Eq. (3) can be simplified as follow:
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here O > 0, but also M < T due to the model I = 0 is considered in this section. The left-hand side of Eq.
Vel g Ve/lel 2

(S1) is negative. Therefore, for Eq. (S1) to have a solution, the right-hand side must be also negative. Note that ¢; > 0 and

&3 < 0, namely, the denominator of the fraction in the right-hand side of Eq. (S1) is positive. Thus, for Eq. (S1) to have a

solution, the numerator in the right-hand side of Eq. (S1) must be negative. Hence, we get the condition of propagation
of polaritons along y axis:

& +&>0. (52)

Analogously, let us study the reorientation of PhPs, namely, propagation direction of PhPs rotates from the y axis to x

axis. In this case, we set ¢ = g and therefore, p = iy/¢,/¢,. Since &, > 0 in RB 2, /¢, /¢, is positive and pure real. For the

convenience of derivation, we set £ = /¢, /¢, ( with & also positive and pure real). Thus Eq. (3) can be simplified as fol-

low:

(81 + 53)

Ky S
tan (_l£> = H_W . (83)
&

Taking into account that tan is odd function and tan (i) = i tanh(z), Eq. (S3) can be rewritten as:

75(51 +6)
tanh (kd = & (S4)
f - 1 £1&3 :
+ SZEX

Note that the left-hand side of Eq. (S4) is positive, for Eq. (S4) have a solution, the right-hand side must be also posit-
ive, namely the sign of the denominator and numerator must be same. There are two cases, one is that if ¢.&, + ¢ < 0,
the condition where the polaritons can propagate along the x axis reads:

&e+e&>0. (S5)
The other is that if ¢,&, 4 €65 > 0 (the superstrate is low-permittivity media, such as air), the condition becomes
&6 +¢&<0. (S6)

Our analysis above shows that the HPhPs can propagate along the y axis in the range in which & + & > 0, while
propagate along the x axis, i.e., reorientation in the range & + &, > 0 or & + & < 0 with respective assumptions. For the
other case, i.e., &, + & < 0and ¢,¢, + ¢, < 0, the fundamental mode annihilates, as listed in Table S1.
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Table S1 | The state of fundamental mode of PhPs in RB 1.

RB 1:ex > 0,6, < 0,e; >0

State of fundamental mode (/= 0) Propagation direction of polariton (/=0) €1, €3 Assumption (& >, &3 < 0)
y e +e >0 o
Ex€; + €163 < 0
Reorientation X IR
& +e <0
Annihilation None exéz +e1e3 <0

RB 3. In this case, & > 0, &, > 0, ¢, < 0. The isofrequency contour of PhPs in this spectral band is elliptical or closed.
And we know that when the a-MoOs slab is embedded by air, the fundamental mode is suppressed. However, the slab is
placed on the substate with negative dielectric function, it is possible to excite the fundamental mode. Since ¢, < 0 in RB

3,then p = —/[e.|/ (e.cos?p + ¢,sin’9) is real and pure negative, so that Eq. (3) can be simplified,
p(e+é&)

kd ) A
JAdag R z ) (57)
< P 1+ £16

(eccos?a + g,sin’a) €,

Note that the left-hand side of Eq. (S7) is negative, for Eq. (S7) have a solution, the right-hand side must be also neg-

ative, namely the sign of the denominator and numerator must be different. Note that the sign of P positive, so the
€

t4

. &+ e . &€
sign of - : 83 must be negative. If &, +&; > 0and 1+ — <0Ooreg+e <0and
1+ 185 (e.cos’a + g,sin’a) €,
(e.cos?a + g,sin’a) €,
&e
1+ = > 0, the fundamental mode (I = 0) is generated. For other cases, the fundamental mode is still

(eccos’a + ¢,sin’a) €,
suppressed, as listed in Table S2.

Table S2 | The state of fundamental mode of PhPs in RB 3.

RBS:£x>0,sy>O,£Z <0

State of fundamental mode(/= 0) &, &3 Assumption (g >, e3 < 0)

i a8 >0
a+té>0 (excos?a + gysin’a) e,

i a8 <0
a+ée<0 (excos?a + gysin’a) e,

i a8 >0
a+e<0 (excos?a + gysin’a) e,

Generation
€163

e +e >0 IS <0

(sxcosza e eysinza) &

For other spectral regions, the conditions are derived by a similar treatment mentioned above. And the results are
shown in Table S3 and S4.
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Table S3 | The state of fundamental mode of PhPs in transition region from RB 1 to RB 2

Transition region from RB 1to RB 2: &, <0, &, <0,&,>0

State of fundamental mode (/ = 0)

Annihilation

€1, €3

&+ e>0

g1+ e3<0

g1+ &3>0

g1+ e3<0

Assumption (g1 >0, €3 <0)

€1€3
1+ : <0
(sxcosza qis eysmzoc) &
&€
1+ = >0
(excoszot + &ysin oc) &
e1€
1+ = >0
(sxcosza + &ysin oc) &
1€
14 1= <0

(excos?a + gysin’a) e,

Table S4 | The state of fundamental mode of PhPs in transition region from RB 2 to RB 3

Transition region from RB2 to RB 3: &x < 0,&y, > 0,&, < 0

State of fundamental mode (/= 0) Propagation direction of polariton(/=0) &8 assumption (&1 >, &3 < 0)
&g +e <0
1+ &3 1+€183>0and1+£1£3<0
Annihilation Ex€z &€,
e +e >0 £1€ €€
e 1+ 2 <oand1+ 22 >0
ExEz 8y€z
&1€3
e +e <0 1+ — <0
£xEz
X
£1€3
e +e >0 1+ —>0
£xE;
£1€3
& +e <0 1+ — >0
. . &€z
Reorientation y e
1€3
g +e >0 1+ — <0
&€z

Section 2: The dielectric function of SiC
The dielectric function of SiC can be described by the Lorentz model®

e (@) = en (w—w—W) 7 (s8)

w? — Wiy —iyw
where €., = 6.7 is the high-frequency dielectric constant, wyo = 1.825x10% rad/s is the longitudinal optical (LO) phonon
frequency, wto = 1.494x10" rad/s is transverse optical (TO) phonon frequency, and y = 8.996x10"! rad/s is the damp-

ing model.
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Fig. S1 | Real part of permittivity of substrates: SiC (left) and Au (right).

Section 3: The dielectric function of Au

The dielectric function of Au can be described by the Drude-Lorentz model®*:

The Drude term is given by

e(w) =¢ep (0) + & (w) .
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e YO
&p (w) =€ ) ((U + 1)/) ) (SlO)

where &, = 0.83409 is the high-frequency dielectric constant, ¢ = 3134.5 eV denotes the real DC conductivity. y =
0.02334 eV represents the relaxation rate.

The Lorentz term is described by four pairs of poles

4 . .
io} io}
= E S11
& (@) (w—()k+w+_(2,f> ’ (S11)

k=1

where oy and ; are the generalized conductivity and resonant frequency of the kth Lorentz pole, respectively. The para-

meters are listed in Table S5.

Table S5 | The parameters for Lorentz poles of gold.

kth Ox Oy
1 -0.01743+i0.3059 2.6905-i0.16645
2 1.0349+i1.2919 2.8772-i0.44473
3 1.2274+i2.5605 3.7911-i0.81981
4 9.8+i37.614 4.8532-i13.891

Section 4: The generation and reorientation of PhPs in a-MoO3 /Au heterostructure
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Fig. 82 | The minimum of ky calculated by Eq.10. The blue and red shaded regions represent the reorientation and generation of funda-

mental mode of PhPs in a-MoO3 /Au heterostructure, respectively.

Section 5: The derivation of the Transfer Matrix Method
The Transfer Matrix Method for general anisotropic materials is adopted to obtain the reflection matrix in our calcula-
tion. Note that there are two angles in our calculation, azimuth angle @ and polarizing angle y. The former, azimuth
angle @, denotes the angle between the plane of incidence and x-z plane as shown in Fig. S1. When @ is not equal to
zero, the plane of incidence is tilled off the x axis by an angle @. The latter, polarizing angle y, indicates the angle
between the direction of polarization of the electric field and the plane of incidence. Consequently, ¥ = 0 and g corres-
ponds to the transverse magnetic wave and transverse electric wave, respectively.

We consider the general case, the permittivity of material can be written in the form with reference to the xyz co-

ordinate system:

Exx exy Exz

Epx &y &y . (512)

Eax &y &z
When the slab is rotated 6 around the z axis, the permittivity tensor in the xyz coordinate system can be expressed as
e=T,"eT,, (S13)
where T, is the coordinate rotational transformation matrix and is the permittivity tensor before rotation. The matrix T,
is given as
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cos® —sinfd 0
T, = ( sindf cosd 0 ) . (S14)
0 0 1
The electromagnetic fields in the incident medium are written as
E =S (z) exp (jot — jhx —jky) (S15)
and
H = —j(e/ )"V (2) exp (jat — jrox = jhyy) (516)

where 8 = (S,,S,,S.) and U = (U,, U,, U.).
Substituting Eqs. (S12), (S15) and (S16) into the Maxwell equations and setting qx = kx / ko and g, = k / ko, 2’ = z* ko

we obtain the differential equations

Sx Sx
A S a4l S (S17)
dz’ Ux Ux ’
U)’ U)’
where A is the coefficient matrix, which is the form
iezz_lszqu igzz_lezyqx _szz_quqy -1 + Szz_lq;zc
A le.. ey ie..'e,q, l—e.”'qy  e.7'q.4, (518)
5},2822718“ - gyx - qqu 8yz£z271£zy - 8yy + q;zc ieyzezzilqy isyzgzziqu
oo = Exba Eux — @b €y — € '€y T Qufy —iE€r'q,  6cE.'qs

The differential equations in Eq. 6 describe the relation of tangential electromagnetic fields inside the anisotropic me-
dium.

AssumingU= (' S, S, U. U, )T, we have AU = QU. By solving the equation, i.e. |[A — QI| = 0, we obtain four
eigenvalues Q,,;, m=1,2,3,4 of matrix A and responding eigenvectors

Wim
W2,m
WS,m
W4,m

W, = ym=1234. (S19)

Therefore, the electromagnetic field inside the medium can be described by the eigenvalues and eigenvectors

SX (Z) Wl,l WI,Z
S, (2) Wi Wy,2
U. (2) = |y, | &P (koQi2) + ¢, way | &P (koQ,2)
Uy (Z) Wy Wy
Wi3 W4
Wa3 Wa4
+ C3 W3 exp (k0Q3z) + Cy Ws4 exp (k0Q4z) , (820)
Wy 3 Wy 4

where ¢, is the coefficient and can be determined by matching the boundary conditions. Furthermore, we can divide Q
into two categories by value of their real part: positive and negative. The real part of Q is positive, indicating the wave
propagates forward, and vice versa, backward. Without loss of generality, we assume Re (Q3) and Re(Qy) are both posit-
ive while Re(Q) and Re(Q>) are negative. With these assumptions, we can derive the electromagnetic fields for the in-

finite medium, which are written as

S (Z) Wi W2

S, (z w w

Uy ((z)) =q Wii exp (koQiz) + ¢ wjj exp (koQ,2) . (S21)
Uy (Z) Wy 7%

The reflection and transition coefficients can be solved by applying the continuum of the tangential electric and mag-
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netic fields components at the top and bottom interface of the medium, respectively. The boundary conditions depend
on the polarization of incident light. In this paper, only linearly polarized light is considered: s- and p-polarized, so that
we derive the boundary conditions of the transverse electric wave (s wave) and transverse magnetic wave (p wave), re-
spectively.

If the incident wave is the transverse electric wave, the tangential electromagnetic fields at the top air-medium inter-

face (inside air) can be written as

kZ kZ
S+ (0) kT)COS(P cosp —sing 0 0 5 0
St (0) k sing  cos¢ 0 0 0" 1 T,
y — 2 o5 sp
ur) | O.S?n(p + 0 0 cos¢p —sing 0 k. ( Tss ) ’ (522)
Ut (0) —jsing 0 0 sing  cos¢ e
’ jcos j 0
From Eq. S21, we obtain the electromagnetic fields at the bottom air-medium interface (inside the medium), given by
g{ Eg; Wi W2 Wi3 Wi 4
w w _ | wa, _ | wa,
U- 0 | = oy wji +cf sz +¢ sz exp (—koQst) + ¢, sz exp (—koQqt) . (S23)
UX— (0) Waq Wy Wy 3 Wy 4

At the top medium-substrate interface (inside the medium), the tangential electric and magnetic fields components

are written as

+
gﬁr EZ; Wi Wi W3 Wi
4+ | W + | W22 | W23 _ | W24
ij @ | = a | w, |XP (koQit) + ¢ Wy, | SXP (koQot) + ¢, wes | TG | wy | (S24)
U;r (d) Wy Wy Wy 3 Lw

For the transmission, the expression of tangential electromagnetic fields depends on the substrate. Here, we consider
the general case, namely, the substrate medium is also made of anisotropic material. Hence, we use the Eq. (S9) to calcu-

late the electromagnetic fields of the transmission medium, written as

§. (@ Wi Wi
) w2 w2
y I 2,1 -+ 2,2
O/ I I el I 522
U, (d) s, ",

The continuum of the tangential electric and magnetic fields components at the top and bottom interface of the me-
dium asks that:

§7(0) S (0)
s+ (0) s~ (0)
vro) || v | (820
U* (0) U-(0)
and
St (d) S (d)
5+ (d) S (d)
ur@ |~ | v @ (827)
U* (d) U-(d)

The reflection coefficient, ry, and g can be solved by combining Egs. (522-S27).
For another case, namely, the incident wave is transverse magnetic wave, the tangential electric and magnetic field

components are given by
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—sin¢g 3
S:r (0) cos¢ cos¢ —sing 0 0 *kfo 0
St (0) sing  cos¢ 0 0 0 1 T
¥ — Nz pp
ur0) | T | Tt [T o 0 cosp —sing . ik ( s ) ' (528)
Ur(0) —j % sing 0 0 sing  cos¢ j ) I(C)o
0

Similarly, the reflection coefficient, r,, and rps can be solved by combining Eqs. (S23-528).
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