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The optical response of crystals is most commonly attributed to electric dipole interactions be-
tween light and matter. Although metamaterials support “artificial” magnetic resonances supported
by mesoscale structuring, there are no naturally occurring materials known to exhibit a non-zero
optical-frequency magnetic polarizability. Here, we experimentally demonstrate and quantify a natu-
rally occurring non-zero magnetic polarizability in a layered semiconductor system: two-dimensional
(Ruddlesden-Popper phase) hybrid organic-inorganic perovskites. These results demonstrate the
only known material with an optical-frequency permeability that differs appreciably from vacuum,
informing future efforts to find, synthesize, or exploit atomic-scale optical magnetism for novel
optical phenomena such as negative index of refraction and electromagnetic cloaking.

INTRODUCTION

At optical frequencies, light-matter interactions are
dominated by electric dipole (ED) transitions driven by
the electric component of the electromagnetic field. The
optical-frequency magnetic response is presumed negli-
gible [1]. However, very weak magnetic dipole (MD)
transitions play an important role in various atomic and
molecular systems [2, 3]. For instance, rare-earth atomic
dopants embedded into host crystals exhibit MD pho-
toluminescence [4-6]. Time-reversal symmetry requires
these transitions to similarly appear in absorption [7].
Recent work suggests that molecular MD scattering can
become as strong as ED scattering through nonlinear
magneto-electric interactions [8, 9]. Nonetheless, there
are no known materials with an optical-frequency per-
meability differing from the vacuum value, pg. This pri-
marily reflects the inherent weakness of MD transitions,
which are about 10° times smaller than ED transitions
in atomic and molecular systems [10]. The combination
of small rates, narrow homogeneous linewidths causing
poor spectral overlap between distinct dopants [11], and
limits on achievable dopant densities precludes the possi-
bility of bulk materials with appreciable deviations from
1o at optical frequencies.

A significant linear magnetic response enables uncon-
ventional optical phenomena. For example, a simultane-
ously negative permittivity, €, and permeability, u, en-
ables sub-diffraction-limited imaging [12-14]. Electro-
magnetic cloaking similarly requires an engineered mag-
netic response [15]. The only known optically mag-
netic systems are engineered metamaterials [1, 14, 16].
However, this “artificial” behavior derives from classical
electromagnetic effects in mesoscale resonator structures,
not from naturally occurring atomic-scale quantum-
mechanical interactions. Generating such phenomena at
the atomic-scale — such as the recently demonstrated in-

frared hyperbolic dispersion in h-BN [17, 18] — provides
access to high-quality, deeply subwavelength (<A/100)
photon modes that cannot be achieved in traditional
metamaterials. An atomic-scale resonant optical perme-
ability would challenge existing frameworks for treating
bulk light-matter interactions, and portend the possibil-
ity of realizing bulk materials with novel optical proper-
ties.

Two-dimensional (2D) hybrid organic-inorganic per-
ovskites (HOIPs) are self-assembling semiconductor
quantum-well systems of tremendous interest for funda-
mental condensed-matter physics studies [19-25] and op-
toelectronic applications [26-28]. Recently, fast optical-
frequency MD photoluminescence (PL) was identified
and quantified in 2D HOIPs [29]. It has been attributed
to a self-trapped exciton [24] whose lowest energy config-
uration has opposite parity relative to the conventional
untrapped ground state (i.e. 1s) exciton [30]. The in-
ferred MD transition rate is approximately three orders
of magnitude faster than any previously established MD
transition [31]. Here, we use a combination of beam en-
gineering and momentum-resolved optical spectroscopy
to experimentally demonstrate an appreciable optical-
frequency magnetic polarizability in 2D HOIPs.

RESULTS

Due to their relative weakness, MD transitions are ide-
ally probed in the absence of electric fields. Typical op-
tical beams exhibit both electric and magnetic fields at
every position. However, focused azimuthally polarized
(¢-polarized) beams (Fig. 1la) produce “doughnut” pat-
terns with zero electric field intensity (JE[?) at the focus
[32, 33] (Fig. 1b; blue). The magnetic field intensity
(|B|?) is peaked at the beam focus (Fig. 1b; orange).
The purely transverse electric field points along the ¢



direction (i.e., in the z-y plane), whereas the magnetic
field points in the z direction. An absorbing material in
the beam center will be excited only if it responds to the
magnetic field.

We produce tightly focused ¢-polarized beams by
passing a linearly polarized TEMyy laser through an
azimuthal wave retarder, followed by a high-NA oil-
immersion objective (Fig. 1a) [34] (Fig. S1). Experimen-
tally measured electric-field intensity profiles for a tightly
focused normal-incidence ¢-polarized beam (wavelength
A=532 nm) are shown in Fig. le. The measured electric-
field intensity is zero at the beam center, maximum at
Tmaz~0.63), and shows excellent agreement with cal-
culations [34] (Fig. S1). A photoluminescent medium
absorbs light through ED or MD transitions and subse-
quently emits light at longer wavelengths. For the sam-
ples used here, the beam excites the low-energy tail of
a 1s exciton absorption resonance (cf. Fig. 3e), lying
~360-470 meV below the bandgap [20, 25]. The absorp-
tance here is small, but probes the sample closer to the
MD emission band peak [29]. We use spectral filters to
collect PL around 546 nm, close to our 532 nm excita-
tion source, to minimize the effects of chromatic aberra-
tion [34]. Spatially resolved PL images reveal the rela-
tive absorption of electric and magnetic field components.
Previous studies scanned nanoscopic point-like “probes”
to map the ¢-polarized beam structure [7]. Instead, we
use continuous, thin, planar samples and map the entire
field structure in a single image. Accordingly, we must
account for spatial broadening effects between excitation
and PL.

Fig. 1f shows the PL (bottom panel) from a thin
(~80 nm) exfoliated single-crystal flake of butylammo-
nium lead iodide (BA3Pbl,). Typical flakes are shown
in Figs. lc-d [34]. The PL generally resembles the ex-
citation spot, but with non-zero intensity at beam cen-
ter. After accounting for spatial broadening effects, a
resolvable portion of the beam-center PL originates from
magnetic field absorption.

We quantify the PL broadening with two complemen-
tary measurements. First, to avoid potential MD effects,
we compare excitation and PL images of BA;Pbly under
linearly polarized TEMyg Gaussian excitation (Fig. S3).
The PL broadening is accurately reproduced by convolv-
ing the excitation profile with a Gaussian point-spread
function [34]. This analysis quantitatively accounts for a
combination of several possible physical effects including:
temporal broadening due to vibrations, light scattering
from sub-wavelength inhomogeneities, PL image aberra-
tions, and exciton spatial diffusion [35]. Images are best
fit by a 188 nm Gaussian broadening constant, suggest-
ing that imaging artifacts and aberrations, rather than
exciton diffusion (~40 nm), are the dominant source of
PL image broadening [35]. Intensity-dependent measure-
ments (Fig. S8) confirm that neither the observed MD
absorption, nor the broadening, reflect non-linear inter-
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FIG. 1. (a) Schematic of normal-incidence focused ¢-
polarized doughnut beam. (b) Calculated electric (|E|?; blue
solid line) and magnetic field intensities (|cB|?; orange dot-
dashed line) in the beam’s focal plane. (c) Optical and (d)
atomic force microscope image of 2D HOIP exfoliated flakes.
(e) Experimentally measured ¢-polarized |E|? profile of the
excitation beam at the substrate surface. (f) PL intensity
profile from a 2D HOIP exfoliated flake. Lower panels in e-
f are false-color 2D images (horizontal dashed lines indicate
linecuts shown in upper panels).

actions. Measurements were performed at intensities well
below the onset of saturation-induced spatial broadening
or photodegradation [34].

Second, we compare BAsPbl, PL images to a ref-
erence material (Fig. 2; Fig. S3) — the semicon-
ducting polymer Poly[2-methoxy-5-(2-ethylhexyloxy)-
1,4-phenylenevinylene] (MEH-PPV) — with similar ab-
sorption and PL spectra [36], optical anisotropies [36],
small surface roughness (<1-2 nm) [37], and short exci-
ton diffusion lengths (~10 nm) [35, 38]. Complementary
momentum-resolved reflectometry measurements reveal
no response to the optical magnetic field (Fig. S2), fur-
ther validating this choice of reference. PL broadening
is accurately reproduced by the same convolution pro-



cess and parameters despite the different diffusion lengths
(Fig. S3). MEH-PPV PL curves represent our “baseline”
ability to resolve the null of a ¢-polarized excitation beam
via PL imaging.

Fig. 2a shows a direct comparison of BAsPbl, (green
circles) and MEH-PPV (orange squares) PL images de-
rived from a measurement and image screening process
involving hundreds of measurements on a variety of sam-
ples [34] (Fig. S7). Open markers (filled regions) rep-
resent averages (standard deviations) over all measure-
ments (Fig. S4). This comparison illustrates a central
result of this paper: all ¢-polarized BA;Pbl, PL profiles
lie significantly higher than MEH-PPV reference profiles
at the beam center (Fig. S4). Excess BAoPbly, optical ex-
citations are generated at the beam center where there is
no electric field but a strong out-of-plane magnetic field.
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FIG. 2. (a) Comparison of PL from (green circles) BA2Pbly
and (orange squares) MEH-PPV under identical ¢-polarized
excitation. Light (dark) blue region: electric field intensity
profile with (without) Gaussian broadening. Right panel:
magnified view of the beam center. (b) Black markers: differ-
ence between PL profiles from test and reference samples af-
ter proper electric field normalization (Fig. S5). Light (dark)
gray region: calculated magnetic field intensity with (with-
out) Gaussian broadening.

Fitting this PL data to a combination of ED and MD
absorption contributions [34] (Fig. S5), we infer that MD
absorption rates (at 532 nm) are 25% of the ED absorp-
tion rate. Differences between the two PL curves (Fig.
2b, black circles) track the calculated out-of-plane mag-

netic field intensity (gray filled regions) — including sec-
ondary lobes at r/A=1.25 — remarkably well (Fig. S5).
Measured differences between MEH-PPV and BA;Pbly
arise from direct absorption of the out-of-plane magnetic
field.

To further validate the surprisingly large MD contribu-
tion derived above, we independently quantify the linear
MD response using momentum-resolved reflectometry
(mR) [39]. Momentum-resolved spectroscopies are espe-
cially well suited to quantify ED optical anisotropies [39—
49] and multipolar light-matter interactions [4-6, 29, 50]
in thin-film systems. Here, for the first time, we resolve
a resonant optical-frequency magnetic permeability, u,
using mR. The imaginary parts of € and p respectively
determine the absorption rate of electric and magnetic
field components.

Reflectance from a linearly polarized incident plane
wave is recorded as a function of its in-plane momen-
tum (k) and wavelength () by back focal plane imag-
ing (Fig. 3a) [34]. Light is incident and collected from
the sample substrate using an NA=1.3 oil-immersion ob-
jective. This enables sample excitation well beyond the
critical angle of total internal reflection (kj>ko, where
ko=27m/A is the light’s free-space momentum), where
evanescent waves contain large out-of-plane fields. Cal-
culated electric and magnetic field intensities are plotted
in Fig. 3b for a BA3Pbl, thin film illuminated at 532 nm
[51]. p-Polarized reflectance (left panel) is insensitive to
the out-of-plane MD response and is thus used to derive
in-plane and out-of-plane permittivities, €/|(A) and €1 ()
[34]. For s-polarized light (right panel), a large out-of-
plane magnetic field develops at large momenta. The
s-polarized reflectance is thus most sensitive to the out-
of-plane permeability, 11 (A), at large momenta (kj;>ko)
where small deviations from p; =140¢ produce resolv-
able differences (~1-2%) that significantly improve the
fit quality (Fig. 3c) [34]. Example 533 nm data and fits
are shown in Fig. 3c. (Fig. S6 shows data and fits at
other wavelengths.)

mR results are summarized in Figs. 3d-e. The ¢)|(\)
resonance (blue markers) originates from the 1s exciton
[19]. The out-of-plane electric permittivity, e, , matches
the spectral dispersion of €(\) and is associated with
a small out-of-plane component of the 1s exciton tran-
sition dipole moment [47, 51, 52]. A small but resolv-
able deviation from g (A)=1+0i (green markers) is ob-
served in both the real and imaginary fit results. Despite
significant differences in methodology, the wavelength-
dependent ratio Im[u (A)]/Im[e(X)] (Fig. 3f, black
curve) agrees remarkably well with the ¢-polarized beam
analysis at 532 nm (black star). The out-of-plane MD ab-
sorption observed in ¢-polarized PL measurements (Fig.
2) produces a non-unity magnetic permeability. This is
the only known demonstration of a naturally occurring
atomic-scale non-unity optical-frequency magnetic per-
meability.
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FIG. 3. (a) mR experiment schematic. WLS: white-light source. BFP: back focal plane. IP: real-space image plane. BS: beam
splitter. LP: linear polarizer. IS: imaging spectrometer. Blue ellipses represent external Bertrand lenses. Inset shows sample
geometry with an s-polarized incident beam. Diffusing film is placed in the BFP nearest the source to scatter light into the
system uniformly over momentum space. (b) Calculated field intensities in a 10 nm thin film (e;=6.7440.3) for (left panel)
p-polarized and (right panel) s-polarized beams. (c) Single-wavelength (533 nm) s-polarized mR data and fits from a 17 nm
2D HOIP film. (d-e) Summary of mR results: panel d (e) shows the real (imaginary) parts of the complex quantities specified
in the legend. (f) Magnified view of panel (e). Solid black curve: wavelength-dependent ratio Im[gu  (X)]/Im[e;(A)]. Black
open star marker: value from ¢-polarized PL excitation measurements. Filled regions correspond to standard deviations over

all independent measurements.

The increase in relative MD absorption at longer
wavelengths is consistent with red-shifted MD PL
[29].  Integrated intemsities, f,,=/Im[u(A)]d\ and
fe=/TIml[e(\)]dA, estimate the total magnetic and electric
oscillator strengths, respectively. We find f,,/ fe~0.03,
smaller than values estimated from momentum-resolved
PL measurements (f,,/fe~0.16 without thermodynamic
corrections) [29]. The quantitative disagreement likely
reflects integration over different spectral bands and en-
sembles of states. In PL measurements, optical excitation
is followed by relaxation into the lowest energy configu-
ration of the exciton-lattice system. In 2D HOIPs, such
exciton self-trapping reflects a quasi-thermal equilibrium
that is markedly different from true thermal equilibrium
[24, 30]. The low-energy MD PL thus appears surpris-

ingly strong although the intrinsic MD transition rates
are relatively small. Although the required initial and
final states are always present, thermodynamics dictates
that their contributions to PL and absorption spectra
will be different. Taking into account the energetic struc-
ture [30], we derive a population-corrected intrinsic ratio
fm/ fe=0.012 from PL measurements. Remaining quanti-
tative differences between relative rates derived here and
from PL likely originate from inaccessible details of the
materials energetic structure.

The real and imaginary parts of u(A) are intimately
related by Kramers-Kronig relations [53].  Because
mR simultaneously provides unconstrained estimates for
Re[p(N)] (Fig. 3d) [39], we can further validate our re-
sults by checking for KK consistency. We model the com-



plex permeability using a KK-consistent ad hoc superpo-
sition of Lorentzian oscillators [54]:

= lloo 1
- +ZE2 EQ—ZE% M)

where E is the photon energy and fi, v, and Fj are
the oscillator strength, linewidth, and energy of the
kth oscillator. Oscillator energies (Ej) and linewidths
(v1) are chosen to provide a spectrally smooth response
(AEy=FEr1—FEr=1 meV and v,=5AF}) [54]. Oscilla-
tor strengths, f, are determined directly from Im[u ]
at each spectral position. Finally, ¢t o, is determined
from the real part of the low-energy spectrum. The re-
sulting magnetic polarizability, Re[u (N\)], is shown in
Fig. 4a (solid line). Unconstrained values derived di-
rectly from mR (circles) satisfy the KK analysis. At long
wavelengths, | (A) asymptotes to f1) oo~1.04. Near res-
onance, maximum and minimum values are 1.2 and 0.8,
respectively. An equivalent analysis on the in-plane di-
electric function €)()) is presented in Fig. S9.
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FIG. 4. (a) Re[uy ()] derived directly from unconstrained

mR analysis (markers), and from KK analysis (solid line) of
Im[py]. Filled color region: standard deviation over all mea-
surements. (b) Comparison of BAsPbly PL under tightly
focused (purple triangles) r-polarized and (green circles) ¢-
polarized excitation.

A final qualitative verification of the linear MD absorp-
tion can be obtained without a distinct reference mate-
rial. The 2D HOIPs studied here are known to exhibit an
out-of-plane ED response with reports varying between
0.07-0.18 of the in-plane ED response [19, 47, 51]. A radi-
ally polarized (r-polarized) doughnut beam exhibits the
same intensity profile as the ¢-polarized beam, but with
a strong out-of-plane electric field along the beam axis
(Fig. S1). The r-polarized beam center should exhibit
PL originating from out-of-plane electric field absorption.
Spatially resolved PL excitation measurements (Fig. 4b),
similar to Figs. 1-2, reveal similar PL profiles for both
r- and ¢-polarized excitation, both lying well above ¢-
polarized MEH-PPV reference PL profiles.

CONCLUSIONS

The results shown here demonstrate the only known
material with “naturally” occurring optical-frequency
linear magnetism, indicating that extended crystalline
systems may support magnetic permeabilities necessary
for achieving optical phenomena previously only seen in
inhomogeneous metamaterials. The total variation in p
observed here is relatively modest; a further ~5-10 fold
increase is needed to reach the mu-near-zero [55] or neg-
ative p values central to metamaterial phenomena. How-
ever, the optical response probed here is largely localized
in the semiconducting lead iodide layers [19, 51] which
constitute 46% of the samples volume. The values of
derived above thus represent a volumetric average [51].
The intrinsic lead-iodide permeability — which may be
similar to 3D HOIPs — is approximately two-fold larger
(spanning 0.7 and 1.4 with an infrared limit p | o,~1.08).
Rationally designing materials with a larger response will
require further investigation of the physical origins of
the MD optical response observed here. We hypothe-
size that it depends, in large part, on self-trapping ef-
fects stemming from exceptionally strong exciton-lattice
coupling, as described earlier [24, 30]. As such, MD ef-
fects may also be prevalent in polaron, edge-state, and
white-light emitting light-matter interactions [24]. 2D
HOIPs also exhibit strong spin-orbit coupling [21] central
to MD transitions in rare-earth ions [31]. Promising can-
didates for future investigation include 2D HOIPs where
organic components or metal ions (e.g., Sn or Ge) are sys-
tematically chosen to tune excitonic parameters related
to, e.g., exciton-lattice coupling, dielectric screening, and
spin-orbit coupling; interlayer excitons in 2D layered het-
erojunctions; or distinct quantum-well systems with ED-
forbidden band-edge transitions. Lastly, we note that
the strong MD response shown here suggests a high like-
lihood for strong MD nonlinearities as well, which may
generate atomic-scale magnetism at high laser intensities
[8]. We anticipate that these results will motivate the re-
consideration of assumptions commonly applied in optics
and will spur future efforts to synthesize or exploit ma-
terials with naturally occurring optical-frequency mag-
netism deriving from atomic-scale light-matter interac-
tions.
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