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Recently, layered 2D hybrid organic—inorganic perovskites (HOIPs) like butylammonium
lead iodide (BA,Pbl,) have been shown to exhibit ultrabright out-of-plane-oriented magnetic dipole
(MDgop) photoluminescence (PL) arising from self-trapped excitons (STEs). The MDyp emission,
however, has considerable spectral overlap with the dominant in-plane-oriented electric dipole (EDjp)
transitions, making it difficult to interrogate STE properties. Here, we theoretically investigate
opportunities to use Mie resonator dimers to selectively enhance the MDgp emission through the
Purcell effect. We calculate relative MD and ED Purcell enhancements at dimer center as well as average
values across the dimer geometry. We show that the selective enhancement is excellent at the dimer center
enabling nearly pure MDp emission (96%) at the MD emission peak (540 nm) as well as predominant
MDg, emission (up to 77%) across the entire integrated spectrum (500—600 nm). We subsequently
show, however, that away from the dimer center, Purcell enhancement of the relatively weak out-of-plane
EDgp transitions competes with MDp enhancements, reducing the branching ratio (73% at the MD
emission peak, 39% spectrally integrated). Lastly, we calculate how the Mie resonator dimer modifies the
PL spectra and emitter radiation pattern. Notably, for volume-averaged dipoles, both MD and ED
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emissions are mediated via the dimer, producing a single donut-beam-like radiation pattern across the entire emission spectrum. Our
results clarify the potential for achieving “pure” MD emission from 2D HOIPs via simple Mie resonator Purcell enhancements and
highlight the importance of designing nanophotonic structures that can maintain desired selective enhancements away from high-

symmetry points.
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Electric dipole (ED) transitions dominate luminescent light-
matter interactions as higher order magnetic dipole (MD)
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More recently, ultrabright MD emission was discovered in a

transitions are either very weak (as in atomic systems) or
forbidden via selection rules (as in nearly all semiconductors).'
Accordingly, extensive research on enhancing photolumines-
cent Purcell enhancements via, e.g., photonic crystals,2_4 Mie
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and metasurfaces

resonators, metamaterials, !
primarily focuses on enhancing ED emission rates. In general,
an emitter embedded within one of these systems experiences
localized field enhancements that result in a higher ratio of

radiated power by the system than the power radiated in a

homogeneous medium (=) — an effect quantified by the
0,rad

Purcell factor Fy, of the emitter."”'®

In contrast with traditional ED emitters, the advent of
artificial optical magnetism in metamaterials'”~>* and Mie
resonators™> >’ has led to renewed interest in the visible and
infrared intra-4f" MD transitions of lanthanide ions.”*™*
Recent literature has explored a variety of ways to use these
MD transitions to, e.g., probe localized magnetic fields®"**
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create negative index metamaterials. From this renewed
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interest, demonstrated approaches for enhancing MD
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wide class of two-dimensional Ruddlesden—Popper phase
hybrid organic—inorganic perovskites (HOIP).”> These
transitions are thought to derive from self-trapped excitons
and are 1000s of times stronger than the lanthanide MD
transitions.”® The strong MD transition rates, and the
material’s extended nature (i.e, not an atomic or ionic
system), even lead to atomic-scale nonunity optical perme-
abilities.”” However, approaches for enhancing the highly
oriented MD emission in these materials have not yet been
demonstrated.

A schematic molecular structure of the 2D HOIP
butylammonium lead iodide (BA,Pbl,) is shown in Figure
IA. The structure consists of alternating sheets of atomically
thick inorganic octahedra separated via organic butylammo-
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Figure 1. A) Schematic of the resonator metasurface. The silicon
layers maintain isotropic scaling for their radii and thicknesses as
described by T, with the BA,Pbl, HOIP layer having a varied
thickness of Tyop. B) Schematic of the crystal structure of BA,Pbl,
showcasing the vertically layered alternating structure. C) Plot of the
normalized photoluminescence per emission wavelength showcasing
strong MDOP contribution, as demonstrated in prior works.>

nium cations. As such, the material behaves like an assembly of
noninteracting 2D quantum wells, with band-edge optical
transitions deriving from the inorganic layers. Unlike the
lanthanide ions, the system is highly anlsotroplc, leading to
highly anisotropic optical properties.”® For instance, the
photoluminescence (reproduced with permission from ref
5S.) primarily arises from in-plane oriented ED transitions
(EDpp, blue), with smaller contributions from out-of-plane
oriented ED (EDgp, red) and MD (MDyp, green) transitions.
Approximately 16% of the integrated photoluminescence
derives from MDg, transitions (i.e., branching ratio of 0.16).
At the peak MDgp emission wavelength (540 nm), the
emission rate is roughly equal to that of the dominant EDyp
channel (i.e., branching ratio of 0.5). Thus, clearly distinguish-
ing ED and MD properties is challenging, and typically
requires high-NA (NA > 1) momentum-resolved measurement
techniques that are incompatible with, e.g.,, low-temperature
measurements, nontransparent substrates, etc. Achieving
sufficiently large MD Purcell enhancements could enable
direct studies of the MD emission from self-trapped excitons
(STEs) without the need for momentum-resolved measure-
ments.

In this paper, we present a Mie resonator designed to
selectively enhance the MD component of BA,Pbl, photo-
luminescence (PL). We first consider the high-symmetry
position (i.e., the center of the dimer) to note a branching ratio
of 96% at the 540 nm wavelength MD, emission peak. Then,
we account for the 2D HOIP nature of BA,Pbl, by finding the
volume-averaged branching ratio, which was determined to be
73% at the 540 nm wavelength MDgp emission peak.
Collectively, we demonstrate the promising future of HOIP-
focused metasurfaces from which “pure” magnetic dipole
emissions can be found.

Similar to plasmonic dimers,*"** Mie resonator dimers enable
large magnetic field enhancements™~*° within gap regions via
coupling effects. A schematic of the Mie resonator dimer

studied here is shown in Figure 1B. The resonator comprises a
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BA,Pbl, layer sandwiched between two high refractive index
crystalline silicon disks with identical radii and thicknesses
(Tg), placed on top of a SiO, substrate. Similar dimer
structures were previously shown to support large H, field
enhancements when illuminated with appropriate beam
symmetries.’” Each dimer subelement (i.e., monomer) exhibits
a fundamental H_-oriented MD Mie resonance (Figure S1A-B,
Supporting Information). By coupling two elements together,
we form a dimer structure with a nearly identical resonance
frequency and large field enhancements within the gap material
(Figure S1C—D, Supporting Information). Our findings
demonstrate strong out-of-plane magnetic field coupling and
weak in-plane electric field coupling within the BA,Pbl, layer.
We simulate the emission enhancement of oriented EDs and
MDs with perfectly matched layers (PML) for x-, y-, and z-axis
boundary conditions (Figure S2, Supporting Information).
Purcell enhancements are calculated as the ratio of emitted
power of oriented dipole emitters embedded within the
structure divided by the emitted power of the same oriented
dipole emitter in vacuum. The structure is oriented such that
the z-axis is the OP orientation with the x- and y-axes defining
the IP orientations. Owing to the rotational symmetry of the
system, simulating a single in-plane dipole orientation (chosen
to be the x-axis) is sufficient to describe EDp without loss of
generality. For a range of BA,Pbl, layer thicknesses (10—60
nm), dimers with Ty = S8 nm produce large 5S40 nm
wavelength MDgp Purcell enhancements in the dimer center
(Figure 2A). Enhancements reach values as large as 18 for the
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Figure 2. Simulated radiative Purcell factor due to centered A) MDyp,
B) EDyp, and C) EDgp as a function of wavelength and HOIP
thickness. D) Weighted photoluminescence contribution from the
MD; across the 100 nm wavelength spectrum as a function of HOIP
thickness.

thinnest BA,Pbl, layers and are larger than 3 for all simulated
layer thicknesses. This dependence of Purcell enhancements
on the dimer gap is commonly observed in other systems.
To determine how the branching ratio between oriented ED
and MD emission channels (Figure 1C) is modified by
interaction with the dimer nanoantenna, we perform similar
simulations for EDyp (Figure 2B) and EDgp (Figure 2C).
Emission from EDjp is actually suppressed (Fypp < 1), for all
layer thicknesses Tyop. EDgp exhibits modest enhancements
for the thinnest layers. As modified via these Purcell
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enhancements, the calculated wavelength-integrated MD
/ Fypopdd
[Fepdd+ [Fypopda
The best overall MD enhancement is observed for Tyop =
12.5 nm, where MDgp accounts for ~ 77% of the total
photoluminescence intensity across all emission wavelengths.
The relative predominance of MDgp at the 540 nm MDgp
emission peak is even greater, with 96% of the PL at this

wavelength arising through the MDg)p emission channel.
Unlike MD emission from, e.g, Lanthanide ions, which
behave as point sources, MD emission from 2D HOIPs
necessarily occurs across an extended material. Therefore, it is
imperative to consider how the different Purcell factors vary for
emission away from the high-symmetry resonator center. The
radiative Purcell factor for oriented dipoles at various positions
away from the resonator center are plotted in Figure 3. Given

branching ratio ( ) is shown in Figure 2D.
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Figure 3. A) Simulated MD, radiative Purcell factor at S40 nm as
the MDp is moved away from the center along the x-axis. Simulated
x-polarized EDyp radiative Purcell factor at 520 nm as the EDpp is
moved away from the center along the B) x-axis and C) y-axis. D)
Simulated EDgp radiative Purcell factor at 520 nm as the EDgp is
moved away from the center along the x-axis.

the system’s cylindrical symmetry, a single direction (x-axis
here) fully describes the system for MDgp (Figure 3A) and
EDgp (Figure 3D). For EDyp, on the other hand, we must
consider shifts both parallel (x-axis) and perpendicular (y-axis)
to the dipole orientation (Figures 3B,C). MDgp enhancement
decreases away from resonator center (Figure 3A) whereas
EDgp enhancement increases (Figure 3D). Although EDjp
enhancements also vary across the resonator, the values remain
modest.

To understand the overall enhancement, we calculate the
average Purcell factor for dipoles distributed evenly across the
entire resonator geometry (Figure S3, Supporting Informa-
tion.) The average Purcell factors for MDgp, EDyp, and EDgp
are shown in Figures 4A-C, respectively. Relative to the high-
symmetry center, the average enhancement for MDgp is
reduced while the average enhancement for EDp is increased.
As a result, the wavelength integrated MDOP branching ratio
peaks at a value of ~ 39% (Figure 4D). At 540 nm, the MDOP
branching ratio reaches a value of 73%.
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Figure 4. Simulated radiative Purcell factor due to averaged A)
MDgyp, B) EDyp, and C) EDgp as a function of wavelength and HOIP
thickness. D) Weighted photoluminescence contribution from the
MDyp across the 100 nm wavelength spectrum as a function of HOIP
thickness.

Lastly, we summarize the effect of Purcell enhancements on
the emission spectra and radiation patterns for both centered
dipoles with Tyop = 12.5 nm (Figure SA) and volume-
averaged dipoles with Tyop = 35 nm (Figure SB), respectively.
For centered dipoles, the 540 nm MDOP emission peak
becomes the predominant spectral feature. For volume-
averaged dipoles, the 520 nm ED emission remains the
predominant spectral feature while the MD sideband becomes
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Figure S. Simulated ED;;, EDgp, and MDg, weights for A)
centralized dipoles with Tygp = 12.5 nm and B) averaged dipoles
with Tyep = 35 nm. MDg) contribution across this spectrum is ~
77% and ~ 39%, respectively. Simulated total momentum-resolved
emission pattern at C) 520 nm and D) 540 nm generated by volume
averaged dipoles. Dotted lines represent the critical angle for panels
C-D.
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much more pronounced relative to the original values (Figure
1C), enabling a wavelength-dependent branching ratio of 39%.
Interestingly, the simulated radiation patterns exhibit a marked
difference from the original situation (Figure S4A-D,
Supporting Information). The emission from all three possible
dipole sources is mediated through the resonator producing a
magnetic dipole-driven donut beam radiation pattern that is
nearly identical across different emission wavelengths (Figures
5C-D).

We used FDTD simulations to design and analyze an optical
frequency Mie resonator capable of enhancing magnetic dipole
transitions while simultaneously reducing electric dipole
transitions. We show the photoluminescence generated within
a hybrid organic—inorganic perovskite, like butylammonium
lead iodide, can be tailored to be dominated by the magnetic
dipole when considering centered emissions. Taking into
account volume-averaged emission, we observe near-equal
wavelength-integrated contributions from magnetic and
electric dipoles due to the enhancement of EDyp away from
resonator center. The emission at 540 nm, however, arises
predominantly (>73%) from MDgp. Our work establishes
nanophotonic approaches for selectively enhancing the
magnetic dipole emission from STEs in 2D HOIPs, laying
the groundwork for future studies where the properties of
these specific excitons are interrogated without the need for
momentum-resolved experimentation and analyses.

3D dipole simulations were performed using Ansys Lumerical
FDTD. PML boundary conditions were used along all axes,
with a 32-layer, steep-angle PML boundary used along the z-
axis. An override mesh was used in the HOIP region with 1 nm
resolution along the z-axis and S nm resolution along the x-
and y-axes. Purcell factors were simulated by enclosing the
meta-element with power monitors in 3D space assuming
dipoles emit at their resonant wavelengths. Momentum space
patterns were simulated using a far field projection monitor
spanning 10 wavelengths with 5 nm override meshing along
the x- and y-axes placed directly underneath the Mie resonator
at the top of the SiO, substrate with a 1 nm override mesh
along the z-axis.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.4c00529.

Additional details regarding the resonator mode profiles,
simulation setup, calculation of the volumetric average,
and thin-film momentum space patterns (PDF)
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