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Abstract: Realization of externally tunable chiral photonic sources and resonators is essential
for studying and functionalizing chiral matter. Here, oxide-based stacks of helical multiferroic
layers are shown to provide a suitable, electrically-controllable medium to efficiently trap and filter
purely chiral photonic fields. Using analytical and rigorous coupled wave numerical methods we
simulate the dispersion and scattering characteristics of electromagnetic waves in multiferroic
heterostructures. The results evidence that due to scattering from the spin helix texture, only the
modes with a particular transverse wavenumber form standing chiral waves in the cavity, whereas
all other modes leak out from the resonator. An external static electric field enables a nonvolatile
and energy-efficient control of the vector spin chirality associated with the oxide multilayers,
which tunes the photonic chirality density in the resonator.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Generation and control of chiral light is crucial for a number of applications in physics, chemistry,
and biology [1-4] such as its use for enantiomeric selectivity [5]. An ability to control
the enantiomeric ratio is, for example, important in medical drug production with increased
therapeutic impact. Methods to generate chiral light [6] include the use of nanostructured
metasurfaces [7] or the superposition of plane waves [8]. Confining chiral photonic fields, for
instance in cavities, allows the light-matter interaction to be enhanced and offers a methodology to
manipulate chiral dichroic effects [9,10]. Particularly useful are resonators with sizable chirality
density that can be reversibly controlled by external fields with low-energy dissipation. Here,
we exploit the spin-dependent scattering of light from the non-collinear spin texture in a helical
multiferroic interface and show that a substantially large optical chiral density is formed between
the interfaces. A suitable resonator material class was found to be dielectric multiferroic oxides
with magnetically induced ferroelectricity such as RMn, 05 (R=Y,Ho,Bi) [11], DyMnO3 [12], or
TbMnOs. In the helical phase, the ferroelectric polarization P is related to the helical spin order
(due to an inverse Dzyaloshinskii-Moriya interaction) as indicated by the well-defined value of
the vector spin chirality along the x-axis, ; = (Sj X Sj+1)x (Where S; describes the spin on site j,
as shown in Fig. 1). A collinear spin order implies «;,, = 0 and thus a vanishing P, and vice versa.
The intrinsic interactions responsible for this behavior include an interplay of spin-orbit coupling,
crystal field effects, and electronic correlations [13—16]. Relevant to our study is the fact that an
applied static electric field Eq contributes to the energy of the systems with —E - P and can drive
the system from the chiral phase to the collinear one [13], thus providing a mechanism to control
spin-dependent scattering [17] by electric means and without driving charges or displacement
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currents. Our goal is to clarify whether a region (with a thickness w) sandwiched between two
helical multiferroic layers (cf. Fig. 1) would serve as resonator for chiral modes and whether the
chiral density of the modes is sizable.

chirality densit

(b)
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Fig. 1. (a) Schematic for an electrically controlled methodology for generating and confining
purely chiral light between two chiral multiferroic multilayers. The modes are bounded
by perfect mirrors attached to the left and right sides of the resonator, w is the thickness
of the confining region. Radiative modes (blue arrows) leak out from the guiding region.
Standing wave modes (red arrows) are purely chiral due to the spin-dependent scattering.
(b) Time-averaged optical chiral density calculated using Eq. (8). (c) Electric and magnetic
field strengths along the transverse y-axis for the normalized frequency 7/ = 0.1 and a
relative dielectric permittivity - = 1.5. The normalized propagation constant is equal to
kx/ko = 0.706 (calculated from the dispersion equation Eq. (5)). The fields are calculated
using Eq. (7) together with Eq. (5).

Throughout the paper the overlined symbols indicate the matrices and the bold symbols
indicate the vectors.

2. Formulation of the problem

We consider time-harmonic fields (with an angular frequency w) entering the resonator at an
incident angle ¢; measured from the positive x-axis (cf. Fig. 1). The wavevector characterizing
the helical ordering Q is assumed to be the same for the upper and lower interface (Q is also
referred to as the helicity index). The modes are bounded by perfect mirrors attached to the left
and right sides of the resonator. Material studies [13,18] evidence that the local spins in the
helical oxides are coupled antiferromagnetically (ferromagnetically) along the x-axis (z-axis), as
indicated in the inset of Fig. 2. The helical ordering is along the y-axis. The length scales of the
helical and antiferromegnetic order are set by L = 2x/Q and A (inset in Fig. 2). By applying Eg
along the z-axis, we can tune the helicity index Q. Namely, in the presence of the static electric
field E, the effective Dzyaloshinskii-Moriya vector constant is written as: |D| — g, |Eo|, where
Zem 1S the magnetoelectric coupling constant and D describes the antisymmetric exchange of
the spins in the YOZ plane. Thus, with an applied static electric field one can tune the helicity
index [17]. For TbMnOj3 the remnant helicity index (in case of zero applied electric field) is
Qo =~ 0.28/a, where a is an intralayer lattice constant. This means that [D| ~ 0.3 in units of
exchange constant J ~ 5meV and taking g.,, ~ 20 meV nm/V it appears that we can tune helicity
index by applying electric field in the range of 1 V/nm.
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Fig. 2. (a) Power reflection of the fundamental (0,0) space harmonic of the electric field for
a multiferroic material, which is used as an upper (lower) wall element for the resonator,
versus // A at different normalized values of the propagation constant ky/ky when €, = 1.0.
TE wave incidence (E, Hy, Hy) is considered and from (S6) it follows that only (1,2) and
(2,2) block matrices give a contribution in the formation of the fields. The details of the
reflection matrices are given in Supplement 1. Inset shows a schematic of the considered
unit cell of the sample with a spin-current driven helical spin order in the y-z plane and an
antiferromagnetic ordering along the x-axis. The spin-driven ferroelectric polarization P is
along the z-axis and can couple to an applied static electric field E2, mediating an action of
Eé on spin ordering. Here £ is the lattice spacing (interlayer spacing) and L is the helical
period. The thickness of the whole sample is 400L, L = 10k and |y|ugSoh/(2nc) = 0.009.
The helical step angle along the y-axis is equal to 36°, amounting to ten rotations within one
period along the y-axis. (b) Time-averaged Optical Chiral Density (OCD) as a function of
the normalized frequency 4/ calculated using Eq. (6).

To capture the multiple scattering of electromagnetic waves due to the local, spin-dependent,
dynamic response from the helical interfaces, we note the following. Quantum spin fluctuations
are subsidiary (because of the relatively large magnetic moment, finite temperatures, and residual
magnetic anisotropies). Therefore, we treat the coupled localized moments S classically. We are
interested in scattering of waves with wavelength much larger than the interatomic distance and
hence a continuum model for the dynamic of S is appropriate. The magnetic (H) and the electric
(E) fields follow from the solution of the differential equations

oS
E—MMO [S x H], )]
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where 7y is the gyromagnetic ratio, g () is permeability (permittivity) of free space. The
constant relative permittivity €. accounts for the background dielectric response of the multiferroic
layers. The dielectric contribution due to P can be incorporated into the proposed formalism,
however it is of less relevance for the magnetic response since —Ey - P is much smaller than the
exchange interaction energies which govern the magnetic ordering [13].

Prior to the incident wave, the system resides in a stable ground state where the magnetic
moments are ordered according to So = zSo;(x) + ySoy(x) in the layer, which we take as the
y — z plane. For a moderate amplitude of the incident wave it is sufficient to consider linear
field-induced fluctuations S1(x, y) around the ground state Sy. The back action of Sy on the wave
propagation determines H(x, y). Key to the findings presented below is the static chiral spin texture
of the ground state Sy which varies on the scale of tens of nanometers [19]. Mathematically,
Egs. (1) and (2) provide a relation between the perturbed part of the spin magnetization density
S1(x,y) and the magnetic field H(x, y) in each spin grating layer. This relation is expressible
through a relative permeability matrix ﬁ(x) as Si(x,y) = ﬁ(x)H(x, y), where

0 —im@) im®)
1) = i (x) 0 0 | 3)
—iun(x) 0 0

The position and frequency-dependent elements of the permeability tensor are given by
H1(x) = |ylpuoSo;(x)/w and po(x) = |y|uoSoy(x)/w. The multiple scattering between the
electromagnetic waves and the magnetic material is encompassed in the relative permeability
matrix ﬁ To obtain the resulting modes, we apply the rigorous coupled-wave method (RCWM)
[20]. The x,y and z components of the electromagnetic fields are pseudoperiodic functions of x
with a period & and can be approximately expanded in a truncated Fourier series as

N
E(x’y) _ e"(Y) ei(kx+27rn/h)x

= 4)
H(x,y)| o=~ |h:()

where k, is a propagation constant and N is a truncation number associated with the Fourier
series. Note that the Fourier coefficients are functions only of y. Below, we consider simulations
with truncation number N = 4 that obey the energy conservation.

Substituting Egs. (3) and (4) into Eq. (2) and expressing the y component of the electric and
magnetic fields in terms of the x and z components of the fields, a set of coupled differential
equations is obtained. Technical derivations are given in Supplement 1, where it is also shown
how the reflection matrices for anisotropic layers are inferred [21,22].

Having the generalized reflection matrix R for a multilayered multiferroic structure shown
as inset in Fig. 2 (see Supplement 1), the eigenmodes for the resonance structure (Fig. 1) are
deduced from the dispersion equation

det[T - W(k,) - R(ky) - W(ky) - R(k)] = 0 Q)

where ky, = \/k(z) — (ky + 27m/h)2 is a wavenumber along the transverse y-axis for the n-th

space-harmonic, ko is the wavenumber in a free space, I is the unit matrix, W = [exp(—jkynW)Spm]
is a diagonal matrix, which represents the transverse travelling wave behaviour of the space-
harmonics in the region having a thickness w. After the propagation constant k, is explicitly
found from Eq. (5), the electric and magnetic fields in the region with a thickness w (see Fig. 1)
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are expressed through the amplitude column vectors a* = (aF A, a, ) and b* = (by ,b; by ),
X z X ly z

where a* and b* denote the up-going (+) and down-going (—) Floquet modes in the y direction

for the electric and magnetic field components, respectively. The vectors a* and b* are the

eigenvectors corresponding to the eigenvalues &,/ ko found using Eq. (5). Numerical investigations

have shown that the up-going (+) and down-going (—) modes are connected by the following
+

: cat — _a-— —a- at ——a- ht =h- ht — —_h~ ht —h-
relations: ag =~ 2, =23, =-2a,, bhx = bhx, bhy = bh,’ bhZ = bhZ and, thus they are

characterized by opposite chirality density according to
h D B4
() = - 3(E 1) ©)
0

where ( y) is normalized by 7ey/h (Figs. 2 and 3). Reflection from the left and right-side mirrors
of the resonator leads to a change in the chirality density (see Fig. 1). Under the prescribed
parameters only the 0-th space-harmonic contributes to the formation of the fields in the region
|y| <w/2. Thus, the fields can be written in the following simple form

&
[

= a, sin(kyy) cos(kwx), Ey = a; cos(kyy) sin(kx),
= a; sin(kyy) sin(kyx), Hy = b;{x cos(kyy) sin(kyx), (7)
Hy, = b;l'y sin(kyy) cos(kcx),  H- = b;; cos(kyy) cos(kyx).
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Fig. 3. The same as in Fig. 2 but for the reflected magnetic field at TM wave incidence
(H, Ex, Ey). For these simulations we use Eq. (6) together with (Supplement 1, S7).

For the optical chirality density we infer

(x) = /%5 [a®-(b")"] sin(2k.x) sin(2kyy). €))

Note that in Fig. 1(b) the chiral density is normalized to its maximum value at the fixed
normalized frequency /i/Ay. No achiral modes are allowed in the resonator.
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3. Numerical results and discussions

For an estimation of the magnitude of the chirality of the fields in the resonator, we consider a
resonator thickness w = 64 and plot the absolute values of the fields along the y-axis in Fig. 1(c).
The chirality density pattern calculated using Eq. (8) is shown in Fig. 1(b). The normalized
frequency is fixed at #/1yp = 0.1 when €, = 1.5, and the propagation constant &, /ko = 0.706 is
calculated from Eq. (5). The thickness of the helical antiferromagnetic structure (cf. inset in
Fig. 2(a)) is 400L, L = 10k and L is the helical period. A helical step angle along the y-axis
is equal to 36° (i.e., ten rotations within one period of L). We find that the phase differences
between the electric and magnetic fields do not change within the region 0 <y < w/2. Photonic
fields with nonzero chirality are formed in regions where the electric field has a finite, out of
phase component along the magnetic field. This is the case everywhere in the guiding region
Iyl <w/2.

To investigate in a detail a formation for the chiral fields in the resonator (Fig. 1(a)), firstly,
it is necessary to study the scattering characteristics, namely the reflection of a multiferroic
material, which is used as an upper (lower) wall element for the resonator. The power reflections
of a helical antiferromagnetic structure versus the normalized frequency /Ay in the case of TE
(E;, Hy, Hy) and TM (H_, E,, E,) wave incidences are shown in Figs. 2(a) and 3(a), respectively,
for different values of the normalized propagation constant k,/ko: k,/ko = 0.866, k,/ky = 0.707,
ky/ko = 0.5 and k, /kg = 0.0. Note, k,/ky ~ cos(¢;), where ¢; is the angle of incidence [17]. Only
the (0,0) component of the block matrices ﬁlg and ﬁgg are plotted as the dotted and solid lines,
respectively. These block matrices give a contribution in the formation of the fields as it is shown
in (S6) and (S7) in Supplement 1. Sharp resonances appear at particular frequencies, whereas
at other frequencies the sample is completely transparent. The time averaged optical chiral
densities are depicted in Figs. 2(b) and 3(b). The values of {y) are decreasing proportionally
to the normalized propagation constant. At k/ko = 0, the cross diagonal matrix R;> elements
become zero (see Figs. 2(a) and 3(a)), which is equivalent to the simple model corresponding to
isotropic media and hence, a field with non-vanishing optical chirality is not formed. The results
in Figs. 2 and 3 have been calculated for €, = 1.

By increasing the relative dielectric permittivity €, the sharp resonance peaks in Figs. 2 and
3 are shifted to lower frequencies. Using our analytical derivations, by varying the relative
dielectric permittivity €., the new peaks should be observed at the frequencies f; defined as

fs = f (ke/ko) [ Ve — 1 + (ke /ko)? (€))

where f is a frequency where the resonance peak is formed at the fixed value of k, /ky when €, = 1
(see Figs. 2 and 3). The correctness of Eq. (9) has been validated numerically. In particular, at
€ = 1.5and k,/ko = 0.707, the resonance peak (in Figs. 2 and 3) is shifted to the lower frequency
fy = h/2p = 0.1. This is the frequency at which simulations for the chiral field resonator are
performed (see Fig. 1).

An important feature of our resonator is that the helicity index Q can be controlled by a
static applied electric field Ej. For a fixed excitation frequency /1o and keeping the material
parameters the same, the normalized propagation constant k,/ko can be uniquely controlled
only by an applied electric field. Decreasing the helicity index Q results in a smoothing of the
noncollinear ordering of the multiferroic material. The ratio of the helical indices Q; and Q> is
analytically expressed through the propagation constant in the following form

o -k
@ i ksko,

where (ky/ko)g, and (ky/ko)o, are the propagation constants with fixed helical indices Q1 and Q»,
respectively. Numerically we find that at a helical step angle along the y-axis equal to 18° (i.e.,

(10)
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20 rotations within one period L along the y-axis), at the fixed normalized frequency i/1y = 0.1,
the propagation constant is &, /ky = 0.866. For comparison, at the same normalized frequency
but for a higher helicity index Q, as it is shown in Figs. 2 and 3, the propagation constant is equal
to ky/ko = 0. Further results indicate that a favorable setting for eigenmode formation is when
w > L/2. When varying the resonator thickness within L/2 <w < L, the simulations show that
the propagation constant does not exhibit any noticeable changes. For a helical period around
L = 100 nm [19], the thickness of the resonator can be in the range of 70 nm.

4. Conclusion

In summary, layers of helical multiferroic oxides provide a suitable platform for trapping and
electrically controlling chiral photonic fields adding a new twist to the field of oxide and
perovskite-based photonics [23-31]. Structurally and electronically the above discussed material
class combines well with other ferroelastic or ferroelectric materials such as BaTiO3 [32] and
exhibits multiple phases as a function of external parameters such as temperature, pressure and
electric gates pointing to potential use in sensoric and material characterization.
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In the main text, substituting Eqs.(3) and (4) into Eq.(2), it follows that the relation between the
Fourier coefficients can be written in the following form

diyhz(y) = —iko[1/e,] "ex(y)

Kh:(y) = [er]ley(v)

ikoKhy () — diyhx (y) = —iko[le e- (v)
Sye=(v) = o (1) = [liyl) + el () s
— Kex(y) = il la(y) + (T4 [a]? =[] ) hy ()
= ([pa]) Tr2] = g1 p2]) hz(y)

ikoKey (y) — diyexw) = iko[—ilualitx (y)

([#2] [n] = D 2] By () + (T [l = [12]) Bz ()]

with
YTam = % /OhY(x)e—i(n—m)an/hdx, Y = [y, o, €] (S2)
(K)n,m - [kxn5n,m} - (5n,m (I% + i%) (53)

Here kg is the free-space wavenumber, [Y] is a square Toeplitz matrix generated by the Fourier
coefficients of Y with the (1, m) entries equal to Y,—.

Expressing the y component of the electric and magnetic fields in terms of the x and z compo-
nents, Maxwell’s equations can be transformed into the following coupled differential equations

(11

ex(y) 0 Mpp Mz My [ex(y)
d e | _ k| O M2 M M e (v) 54)
4y | R (y) 0 Mz M My | |/(y)
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with
Miz = — ([l ]~ [ ) (T4 [ — [m?]) K
Mz = i[[p2] — ([p2] Tia] — [p1 p2l)
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Here by - (y)=+/10/€0 hy 2 (y), Tis the unit matrix and d,, , is the Kronecker’s delta function.

The reflection and transmission matrices for a single anisotropic layer can be calculated using
Eqgs.(54) and (S5) [1] . When the grating is multilayered, the transmitted waves from a single
layer impinge on the nearest layer as new incident waves and are scattered into another set of
space-harmonics [2, 3]. The multiple interaction process between the anisotropic layers can be
described by applying the scattering matrix (S-matrix) propagation algorithm and the amplitude
vectors for the reflected electric (e, /) and magnetic (h, h) fields can be defined through the
incident field amplitudes (e, el), (hi, hl) in the following form:

g || o |F R e (56)
e; | ez | Ry Ry |e;
~_ [~ 7]1 7}1 T ~
hl —n |} R R h!
,_j _ Rh ~;c _ 7:11 7:12 ~zc (S7)
h? | h; Ry Ry |h;
with
(NN (N0 @ "NN]
{@a-] =N W . e |. (S8)
eWN oo NN

Here, ®-- = R%_, where v, = 1,2, and g = ¢,h. R* and R” (with a size [AN +2] x [4N +2])
characterize the generalized reflection for the fields viewed from the cavity region as shown in
Fig.1a of the main text (throughout the paper the overlined symbols indicate matrices). The y
components of the reflected field follow from Maxwell equations.
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