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The nanoscale mode volumes of surface plas-
mon polaritons have enabled plasmonic lasers and
condensates with ultrafast operation [1-4]. Most
plasmonic lasers are based on noble metals, ren-
dering the optical mode structure inert to exter-
nal fields. Here, we demonstrate active magnetic-
field control over lasing in a periodic array of
Co/Pt multilayer nanodots immersed in an IR-
140 dye solution. We exploit the magnetic na-
ture of the nanoparticles combined with mode
tailoring to control the lasing action. Under cir-
cularly polarized excitation, angle-resolved pho-
toluminescence measurements reveal a transition
between lasing action and non-lasing emission as
the nanodot magnetization is reversed. Our re-
sults introduce magnetization as a means of ex-
ternally controlling plasmonic nanolasers, com-
plementary to the modulation by excitation [5],
gain medium [6, 7] or substrate [8]. Further, the
results show how effects of magnetization on light
that are inherently weak can be observed in the
lasing regime, inspiring studies of topological pho-
tonics [9-11].

Plasmonic nanostructures feature electromagnetic
modes that confine light into sub-wavelength volumes.
Consequently, the Purcell effect is strong, and when such
structures are paired with emitters, enhancement of both
spontaneous and stimulated emission can be achieved.
Plasmonic lasers have been realized with architectures
ranging from single nanoparticles and metal-insulator
thin films to random, aperiodic, periodic and superpe-
riodic arrays of nanoparticles [1-3, 12-15]. While the
effects of the nanoparticle shape and arrangement have
been studied extensively [5, 8, 14], the material choice
has been limited mostly to noble metals, except for some
recently proposed alternatives [16, 17]. The selection of
noble metals, and in particular dielectric alternatives,
is motivated by the minimization of ohmic losses typi-
cal for plasmonic materials. Lower damping leads to a
higher mode quality factor (Q-factor) and a stronger Pur-
cell effect, which benefits lasing. Due to inherently high
ohmic losses, nanostructures made of magnetic materi-
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als have been largely overlooked as a platform for plas-
monic lasers, even when they would offer, in principle,
the powerful possibility of modifying the optical modes
by a magnetic field during device operation [17]. Here,
we demonstrate that this unique advantage can be ex-
perimentally realized.

Contrary to noble metals, the permittivity tensor of
magnetic metals contains non-zero off-diagonal compo-
nents that depend on the direction of magnetization.
Consequently, magnetic switching alters the optical re-
sponse of magnetic materials, giving rise to magneto-
optical phenomena such as the Faraday effect, magneto-
optical Kerr effect, and magnetic circular dichroism
(MCD). While these effects have been exploited success-
fully in the field of plasmonics for biosensing applications
utilizing phase-sensitive detection [18], the absolute mod-
ulation of the light intensity through magneto-optics is
weak. For instance, the polarization of light reflected
from or transmitted through arrays of magnetic nanodots
rotates by up to one degree [19], which corresponds to
an intensity modulation of the order 1%. Here we show
that, although small, magneto-optical effects lead to sub-
tle changes in the mode structure of the array, and these,
in turn, become prominently visible due to non-linearities
inherent in a lasing process, enabling full on-off switching
of the lasing action by an external magnetic field.

To demonstrate magnetic-field control of plasmonic
lasing, we fabricated square and rectangular arrays of
Co/Pt multilayer nanodots on a Au/SiOs bilayer and
immersed the structures in a gain medium consisting of
a 12 mM IR-140 dye solution (see Methods). Figure 1(a)
shows the full Ta(2)/Pt(4)/[Co(1)/Pt(1)]30/Pt(2) nan-
odot multilayer stack, where the [Co(1)/Pt(1)] bilayer
repeats 30 times and the numbers in parentheses indi-
cate the layer thickness in nanometers. Hereafter, we
refer to these structures as Co/Pt nanodots. Co/Pt mul-
tilayers were selected as the nanodot material because of
abrupt magnetic switching in a perpendicular magnetic
field and full remanence (Supplementary Fig. 1), enabling
non-volatile magnetic-field control of plasmonic lasing.
Nanodots of diameter D = 220 nm were arranged in pe-
riodic lattices as shown in Fig. 1(a) with periods p, = p,
= 590 nm for square arrays and p, ranging from 520 nm
to 540 nm in 5 nm steps for rectangular arrays. Arrang-
ing metallic nanostructures into periodic lattices enables
the excitation of surface lattice resonances (SLRs), which
are hybridized modes of the lattice diffracted orders and
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FIG. 1. Magnetic-field control of plasmonic lasing in a square array of Co/Pt nanodots. (a) Co/Pt nanodots (upper panel)
with diameter D = 220 nm, a height of 68 nm, and perpendicular magnetization are arranged in periodic lattices (p, = py
= 590 nm) on top of a Au/SiO2 bilayer (lower panel). (b) Experimental MCD and reflectivity spectra. Both spectra show
prominent features at the SLR wavelength determined by the lattice period. The MCD spectrum is obtained by subtracting the
reflectivity spectra of o light for up and down magnetization and signal normalization. The dashed line marks the wavelength
of the pump pulses in the lasing experiments. (c) PL intensity spectra recorded normal to the sample plane using ¢~ and o+
excitation for three pump fluences. For clarity, the PL intensity spectra corresponding to 48.9 pJ/ cm? have been multiplied
by a factor of 10 and each fluence pair is offset vertically by 2000 counts. (d),(e) PL intensity as a function of the pump laser
fluence for (d) o~ and (e) o excitation. In (c)-(e), the blue and red data are recorded while a —0.5 T and +0.5 T magnetic
field saturates the perpendicular magnetization of the Co/Pt nanodots down and up, respectively.

localized surface plasmons (LSPs) of the nanodots [20].  the chirality is defined from the receiver’s point of view
The experimental reflectivity spectrum of the square ar- (Fig. 1(a)). As an example, we show photoluminescence
ray (ps = py= 590 nm) displays a pronounced minimum  (PL) intensity spectra for ¢~ and o™ pulses in Fig. 1(c).
at the SLR wavelength (Fig. 1(b)), in agreement with  The strong non-linear increase and narrowing of the emis-

finite-element method (FEM) simulations (Supplemen- sion peak signifies lasing above a critical pump fluence.
tary Fig. 2). The SLR of the nanodot array overlaps The intensity of the lasing peak increases by about two
with the emission spectrum of the gain medium (Supple- orders of magnitude and its full width at half maximum

mentary Fig. 3), which is essential for optical feedback. (FWHM) is ~0.2 nm (Supplementary Fig. 4). More im-
Moreover, the quality factor of the SLR mode compares portantly, for circularly polarized pump pulses, the lasing
to that of noble-metal systems [19], providing high rates threshold and lasing intensity depend on the direction of
of stimulated emission. magnetization in the Co/Pt nanodots. For o~ excita-
tion, the threshold fluence is smallest when the magne-
tization points up (+0.5 T) and largest if the magneti-
zation points down (—0.5 T). Consequently, by selecting

Lasing is achieved when the square Co/Pt nanodot ar-
ray is excited by linearly, left circularly (o7), or right
circularly (o) polarized 200 fs pulses at 800 nm, where
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FIG. 2. Analysis of the lasing mode for a square Co/Pt nan-
odot array. (a) PL intensity spectra recorded normal to the
sample plane for a pump fluence close to and above the lasing
threshold. (b),(c) Angle-resolved emission spectra recorded
at (b) 55.0 uJ/cm?® and (c) 49.6 uJ/cm®. The color bars are
identical and use a logarithmic scale. (d) Calculated disper-
sion bands for a sample with a square nanodot array. All the
data are obtained for normal-incident light with linear po-
larization along the z-axis. The angle corresponds to lattice
momentum along the y-direction.

a pump fluence just above the lower threshold, we are
able to drastically alter the lasing intensity through mag-
netic switching (75 - 90% intensity modulation at 52.7
pd/em® in Fig. 1(c)). We note that the lasing thresh-
old in our system is lower than that of other plasmonic
array- and dye-based lasers, being more similar to the
values reported for high-gain materials such as quantum
dots [21]. The low threshold fluence could be due to an
enhanced dye emission rate caused by the proximity of
the molecules to the laser-irradiated nanodots and the
Au film [22].

Figure 1(d) summarizes the variation of the PL inten-
sity with pump fluence and the direction of magnetiza-
tion for o~ pulses. The difference in threshold fluence
for up and down magnetization is ~0.8 pJ/cm® (4%).
The magnetization state also affects the lasing intensity
in saturation. Similar results are obtained under o ex-
citation, but with a reversed dependence on the direction
of perpendicular magnetization (Fig. 1(e)). Additionally,
switching the magnetization state of the Co/Pt nanodots
does not change the lasing intensity when using linearly
polarized pulses (Supplementary Fig. 5).

Next, we discuss angle-resolved PL measurements to
identify the lasing mode. We consider data recorded
close to and above the lasing threshold, as indicated
in Fig. 2(a). The above-threshold data shown in Fig.
2(b) demonstrates highly directional lasing normal to
the sample plane at 889.3 nm. The angle-resolved emis-
sion spectrum obtained near the lasing threshold (Fig.
2(c)) reveals the band dispersion of the plasmonic sys-
tem. Calculations based on the empty-lattice approxi-
mation shown in Fig. 2(d) reproduce the main modes:
SLRs supported by the square Co/Pt nanodot array and
a SPP excited at the Au/SiO interface via grating cou-
pling. For normal-incident light with linear polarization
along the z-axis, the modes with linear dispersion cor-
respond to SLRs excited through the (0,£1) diffracted
orders whereas the red parabolic band belongs to SLRs
excited through the (+1,0) diffracted orders (see Meth-
ods). The broad parabolic band in Fig. 2(c) and the
blue curve in Fig. 2(d) depict the SPP mode. From the
analysis in Fig. 2, we conclude that stimulated emission
to modes that are located close to the diffracted orders
at the I'-point (lattice momenta k, = k, = 0) produces
lasing in our system. A more accurate determination of
the lasing modes including their chirality is given below,
after we consider the effect of magnetic field on optical
absorption.

Circularly polarized light excites the free electrons of a
metal nanodot into spectrally degenerate rotational mo-
tion. When a magnetic field is applied or the nanodot
exhibits a net magnetization, the Lorentz force on the
electrons lifts the degeneracy [23]. Consequently, the op-
tical response of a magnetic nanodot resides at slightly
different frequencies for 0~ and o™ excitation and the
two frequencies interchange when an external magnetic
field switches the magnetization. A similar MCD effect
also appears in the SLR modes of a magnetic nanodot
lattice [24], as illustrated for the square array in Fig.
1(b). The change in optical absorption due to the MCD
effect could increase the excitation of dye molecules in
the vicinity of the nanodot lattice. This effective in-
crease in pumping would shift the lasing threshold curve,
but only by the amount of increased absorption, i.e. lin-
early. The MCD effect at the pump wavelength is below
1%, whereas the threshold fluence of the square array
changes by about 4% (Figs. 1(d),(e)). Besides, a mere
shift of the threshold curve does not produce a higher sat-
urated PL intensity, in contradiction to our observation.
Non-linear changes of the saturated PL intensity and the
lasing threshold can, instead, be caused by changes in the
lasing mode lifetime, as well as in the so-called g-factor,
which quantifies which portion of the total emission of the
gain medium goes to the lasing mode. To estimate such
non-linear effects, we now analyze in detail the properties
of the lasing modes, as well as other modes overlapping
with the emission spectrum of the molecules.

The lasing mode identified in Fig. 2 turns out to be an
out-of-plane SLR mode related to the (£1,0) and (0,+1)
diffracted orders (Supplementary Fig. 6). In a square
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FIG. 3. Chiral modes emerging in a square lattice of Co/Pt nanodots. (a) FEM electric field profile of the out-of-plane SLR
lasing mode. In the presence of perpendicular magnetization, the degenrate SLR. doublet splits into o+ and ¢~ modes (see
(c)). (b) FEM field profile of the hybrid mode (in-plane SLR with strong LSP contribution and hybridization to SPPs). The
degeneracy of this mode is also lifted by the perpendicular magnetization. The modes in (a) and (b) are o -polarized, but the
o~ modes look similar. (c) Illustration of the overlap between the emission spectrum of the dye solution (dashed line) and the
lasing and hybrid modes. The hybrid mode at lower wavelength has a bigger overlap with the emission spectrum of the dye
and, consequently, the gain available for the lasing mode of the same chirality is lower. The schematic is not in scale but it
depicts the mode ordering as obtained from the simulations for magnetization pointing up.

lattice, this mode is doubly degenerate due to the x-
y symmetry. FEM simulations of nanodot arrays with
perpendicular magnetization show that the degeneracy
is lifted, producing two modes of ¢~ and ot charac-
ter at wavelengths 896.5 nm and 895.8 nm, respectively.
The ~5 nm difference to the experimental lasing peaks
is understandable as the refractive index of the dye so-
lution may slightly change upon pumping (note that the
n = 1.48 used in the simulations produces an excellent
match with the experimental reflectivity spectra taken
without pumping (Supplementary Fig. 2)). The two
modes and their field profile are shown in Fig. 3(a),(c)
(more details in Supplementary Fig. 7). In nanoparticle
array lasers, the pump often excites not only the gain
medium but also slightly the plasmonic modes, and this
small excitation then stimulates emission, causing lasing
polarization to be dependent on pump polarization [3]. It
can thus be expected that ¢~ and o pump pulses trigger
lasing in the corresponding modes. Indeed, this is what
we observe in the experiments shown in Fig. 1(c) and
Supplementary Fig. 8: there are two lasing peaks, and
the peaks interchange when either the magnetization di-
rection or pump helicity switches as expected for modes
of opposite chirality. We find good agreement with the
magnitude of the splitting between the two modes given
by simulations, namely 0.7 nm, and the experimentally
observed distance between the lasing peaks, 0.46 + 0.25
nm (average over 6 measurements). Further evidence of
the chiral doublet is given by the fact that, consistent
with circularly polarized emission, we observe both z-
and y-polarized components in the lasing emission (Sup-
plementary Fig. 9). The observation of two chiral las-
ing modes is a remarkable result, since such splitting of
degenerate modes by time-reversal symmetry breaking

(magnetization direction) is needed in creating topologi-
cally non-trivial systems [9]. Here we show that effects of
magnetic time-reversal symmetry breaking in plasmon-
ics, which are small in general due to the weakness of
magneto-optical effects, become prominent through suit-
able mode design and visible in the lasing regime.

According to the FEM simulations, the ¢~ and o™T
lasing modes have lifetimes too similar to explain the
notable modulation of the lasing threshold. One should
bear in mind, however, that the pump may provide a
small seed excitation not only to the lasing mode but also
to other modes. Stimulated emission to those modes can
then deplete the gain available for the lasing mode. Us-
ing FEM simulations, we have identified a broad hybrid
mode at higher wavelength corresponding to an in-plane
SLR with a strong LSP component. The SPPs of the
gold film underneath are involved also, as the mode does
not appear at this wavelength when the gold is absent (in
that case, the in-plane SLR is close to the diffracted or-
ders). Figure 3(b) shows how the field of the hybrid mode
is strongly enhanced close to the nanodots. Just like the
lasing mode, this mode is doubly degenerate in the non-
magnetized case, and splits into 0~ and o7 modes at
wavelengths 1270 nm and 1257 nm, respectively, in the
presence of perpendicular magnetization (Supplementary
Figs. 6 and 7). Although these broad modes are spec-
trally far from the lasing wavelength, they still overlap
with the emission spectrum of the molecules. Conse-
quently, the pump can excite these modes in a chirality-
dependent manner, which triggers stimulated emission
either to the ¢~ or o7 mode. This emission reduces the
gain available for the lasing mode, which can be described
as an effective, chirality-dependent reduction of the lasing
mode S-factor. Based on the wavelengths and linewidths
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FIG. 4. Magnetic-field control of plasmonic lasing in rectangular arrays of Co/Pt nanodots. (a) MCD and reflectivity spectra

of a rectangular array with p, = 590 nm and p, = 530 nm for o

+

excitation. (b) PL intensity as a function of the pump laser

fluence for an array with p, = 530 nm and o excitation. Results recorded with the magnetization of the Co/Pt nanodots
pointing up and down are shown in red and blue. (c) PL intensity recorded at a o¢* pump fluence of 25.1 ,uJ/ch while
repeatedly switching the magnetization of the Co/Pt nanodots between down (blue) and up (red).

of the modes obtained from FEM simulations and the
observed emission spectrum (Supplementary Fig. 7), we
estimate a 1 - 2% change in the lasing mode S-factor,
which in turn changes the threshold and PL intensity
non-linearly. For realistic parameters, 3 - 4% changes in
the lasing threshold are simulated for this gain compe-
tition effect (Supplementary Figs. 10 and 11), which is
comparable to our experimental observations. Direct ex-
perimental support for this scenario is given by Fig. 1(c),
always showing a lower threshold and higher PL for the
lasing peak at higher wavelength. This is consistent with
the spectral ordering of the simulated modes depicted in
Fig. 3(c): the hybrid mode which is farther away from
the lasing modes, and thus reduces the gain less, has
the same chirality as the higher-wavelength lasing mode,
explaining its lower threshold and higher PL. We note
that 0~ /o™ helicity are defined the same way in the ex-
periments and simulations, as confirmed by the similar
behavior of the simulated MCD (Supplementary Fig. 12)
and the measured data (Fig. 1(b)).

The proposed switching mechanism relies on stimu-
lated emission, as spontaneous emission does not prefer
the chirality of one mode above the other. To further con-
firm the mechanism and to exploit it in designing even
stronger magnetic field effects, one could maximize the
amount of pump energy that is coupled directly to the
plasmonic modes. This can be achieved by fabricating
rectangular arrays where one of the periods is selected to
generate a SLR mode at the excitation wavelength (800
nm) and the other, as for the square array, produces a
SLR within the emission band of the dye molecules (~890

nm). We accomplished this by varying p, from 520 nm
to 540 nm in 5 nm steps while keeping p, fixed at 590
nm. Figure 4(a) depicts the MCD and reflectivity spectra
of the rectangular array with p, = 530 nm. Compared
to the square array (Fig. 1(b)), the rectangular array
absorbs about 60% more light at the pump wavelength
(see reflectivity data in Fig. 4(a)). As demonstrated by
Fig. 4(b), the lasing threshold approximately halves. Fur-
ther, because the difference in absorption of ¢~ and o+
light is larger in the rectangular array (the MCD effect
is enhanced by about 50% compared to the square ar-
ray), the chirality-dependent coupling to the broad hy-
brid modes changes accordingly. The lattice-designed
increase in MCD enhances the change in lasing thresh-
old when the magnetization is switched. Moreover, the
hybrid modes in the rectangular array are pulled closer
to the lasing mode according to our simulations (wave-
lengths 1266 nm for o~ and 1253 nm for o+ light, for
P = 590 nm and p, = 530 nm, Supplementary Figs. 7
and 13), which further increases the chirality-dependent
gain depletion effect. Indeed, the experimentally ob-
served changes in the lasing action are larger than in
the case of the square array (Fig. 4(b)). We estimate a
2.5 - 4% change in the effective S-factor, which leads to
6-26% change in the threshold for typical S-factors (Sup-
plementary Fig. 14). Data for other rectangular arrays
demonstrating a direct correlation between the optical
absorption of ¢~ and o¥ light at the excitation wave-
length and the magnitude of the magnetic switching ef-
fect are shown in Supplementary Fig. 15. In the rect-
angular lattice, the energy difference of the SLR modes



related to the (+1,0) and (0,+1) diffracted orders breaks
the degeneracy of the lasing mode. Consequently, a chiral
doublet does not form in the presence of magnetization.
FEM simulations indeed show that the lasing mode is
y-polarized (Supplementary Fig. 13). This is consistent
with the y-polarized lasing emission observed in our ex-
periments (Supplementary Fig. 9), in clear contrast to
the square lattice case. Lasing results for all rectangular
arrays are summarized in Supplementary Figs. 16-20.
Tailoring of the SLR modes at the excitation wave-
length and at a wavelength that overlaps with the emis-
sion spectrum of the gain medium provides full on-off
switching of the lasing signal by an external magnetic
field, as demonstrated in Fig. 4(c). Here, the modula-
tion of the PL intensity exceeds two orders of magnitude
at a pump fluence of 25.1 pJ/ cm®. While our proof-of-
concept experiments are conducted by placing permanent
magnets near the plasmonic sample, magnetic switching
is inherently fast, a feature that is critical for non-volatile
magnetic data storage technology [25]. Moreover, ultra-
fast all-optical helicity-dependent magnetic switching has
been demonstrated for ferromagnetic metals, including
Co/Pt [26]. The modulation of lasing intensity through
magnetic switching, as demonstrated here, therefore pro-
vides a feasible pathway towards actively controlled co-
herent light sources for enhanced light-matter interac-
tions on the nanoscale. Our results hold promise also
for topological photonics [11, 27]. Photonic analogues
of topological insulators can, in theory, be realized with
time reversal symmetry breaking provided by material
magnetization [9]. However, the effect is weak at visible
frequencies and external magnetic fields are needed for
topological lasing [10]. We have discovered that the inter-
play of magnetized plasmonic nanodots with the symme-
try of the array can lead to a splitting of the chiral modes
by about 0.5 nm or more, which is remarkable compared
e.g. to the 42 pm topological bandgap in Ref. [10]. The
splits are below the natural linewidth of the modes but
become visible in the lasing regime as we have shown.
Our results suggest magnetic nanodot arrays as an ex-
citing platform for studies of topological photonics; with
permanently magnetized nanodots, a topological system
could be realized even without an external magnetic field.
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FIGURE CAPTIONS

Figure 1. Magnetic-field control of plasmonic lasing in
a square array of Co/Pt nanodots. (a) Co/Pt nanodots
(upper panel) with diameter D = 220 nm, a height of 68
nm, and perpendicular magnetization are arranged in pe-
riodic lattices (p, = p, = 590 nm) on top of a Au/SiO,
bilayer (lower panel). (b) Experimental MCD and re-
flectivity spectra. Both spectra show prominent features
at the SLR wavelength determined by the lattice period.
The MCD spectrum is obtained by subtracting the re-
flectivity spectra of ot light for up and down magneti-
zation and signal normalization. The dashed line marks
the wavelength of the pump pulses in the lasing experi-
ments. (¢) PL intensity spectra recorded normal to the
sample plane using o~ and o7 excitation for three pump
fluences. For clarity, the PL intensity spectra correspond-
ing to 48.9 ,uJ/cm2 have been multiplied by a factor of 10
and each fluence pair is offset vertically by 2000 counts.
(d),(e) PL intensity as a function of the pump laser flu-
ence for (d) o~ and (e) oF excitation. In (c)-(e), the
blue and red data are recorded while a —0.5 T and +0.5
T magnetic field saturates the perpendicular magnetiza-
tion of the Co/Pt nanodots down and up, respectively.

Figure 2. Analysis of the lasing mode for a square
Co/Pt nanodot array. (a) PL intensity spectra recorded
normal to the sample plane for a pump fluence close to
and above the lasing threshold. (b),(c) Angle-resolved
emission spectra recorded at (b) 55.0 pJ /em® and (c) 49.6
ul/ cm®. The color bars are identical and use a logarith-
mic scale. (d) Calculated dispersion bands for a sample
with a square nanodot array. All the data are obtained
for normal-incident light with linear polarization along



the z-axis. The angle corresponds to lattice momentum
along the y-direction.

Figure 3. Chiral modes emerging in a square lattice
of Co/Pt nanodots. (a) FEM electric field profile of the
out-of-plane SLR lasing mode. In the presence of perpen-
dicular magnetization, the degenrate SLR doublet splits
into o and ¢~ modes (see (c)). (b) FEM field profile
of the hybrid mode (in-plane SLR with strong LSP con-
tribution and hybridization to SPPs). The degeneracy
of this mode is also lifted by the perpendicular magneti-
zation. The modes in (a) and (b) are oT-polarized, but
the 0~ modes look similar. (c) Illustration of the over-
lap between the emission spectrum of the dye solution
(dashed line) and the lasing and hybrid modes. The hy-
brid mode at lower wavelength has a bigger overlap with
the emission spectrum of the dye and, consequently, the
gain available for the lasing mode of the same chirality
is lower. The schematic is not in scale but it depicts

the mode ordering as obtained from the simulations for
magnetization pointing up.

Figure 4. Magnetic-field control of plasmonic lasing
in rectangular arrays of Co/Pt nanodots. (a) MCD and
reflectivity spectra of a rectangular array with p, = 590
nm and p, = 530 nm for ot excitation. (b) PL inten-
sity as a function of the pump laser fluence for an array
with p, = 530 nm and 0" excitation. Results recorded
with the magnetization of the Co/Pt nanodots pointing
up and down are shown in red and blue. (c¢) PL intensity
recorded at a o pump fluence of 25.1 uJ/ cm?® while re-
peatedly switching the magnetization of the Co/Pt nan-
odots between down (blue) and up (red)
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METHODS
Sample fabrication

The plasmonic structures were fabricated on Si sub-
strates with a native SiOy layer. First, a 2 nm Ti/150
nm Au film was grown by electron beam evaporation.
The metal film was then covered by 20 nm SiOs using
atomic layer deposition. On top of the SiO, layer, Co/Pt
nanodot arrays were patterned by electron beam lithog-
raphy in a Vistec EBPG5000pES system. After defining
holes in a PMMA resist layer, a 2 nm Ta/4 nm Pt/[1
nm Co/1 nm Pt]3p/2 nm Pt multilayer stack was grown
by magnetron sputtering. The resist layer was lift-off in
acetone. The array size was chosen to be 0.5 mm by
0.5 mm as this is approximately the minimum size re-
quired to measure their magneto-optical response in our
home-built magneto-optical setup. Nonetheless, lasing
from smaller arrays is expected [28].

Optical and magneto-optical characterization

The optical and MCD response of the plasmonic struc-
tures was characterized in reflection using a supercontin-
uum laser (NKT SuperK EXW-12) and a photodector
(Hinds DET-200-002). The samples were placed between
the poles of an electromagnet (GMW 3470) for the appli-
cation of perpendicular magnetic fields. All optical mea-
surements were conducted near normal incidence through
a hole in one of the pole pieces. Reflectivity spectra were
recorded in zero magnetic field using linearly polarized
light. A quarter-wave plate was used to circularly po-
larize (¢~ or o) the incident laser beam in the MCD
measurements. MCD spectra were obtained by normal-
izing the difference in optical reflectivity for up and down
magnetization to the reflectivity measured in zero exter-
nal field. The magnetization of the Co/Pt nanodots was
saturated up or down by a +0.5 T magnetic field. The

Co/Pt nanodots were immersed in IR-140 dye solution
using a cover glass, to ensure an identical dielectric envi-
ronment as in the lasing experiments.

Angle-resolved PL measurements

Angle-resolved PL measurements were performed us-
ing a 12 mM IR-140 dye solution. The IR-140 dye
(Sigma-Aldrich) was dissolved in a 1:2 solution of
dimethyl sulfoxide and benzyl alcohol to match the re-
fractive index of the cover glass. The plasmonic struc-
tures were excited at 800 nm and normal incidence by
200 fs pulses from a Ti:sapphire laser (Coherent). The
repetition rate was 1 kHz. We focused the laser beam to
a diameter of 750 um to fully irradiate the 500 x 500 pum?
nanodot arrays. The PL of the arrays was collected using
a 10x CFI plan fluor objective (Nikon) with a numeri-
cal aperture of 0.3. The objective back focal plane was
imaged onto the entrance slit of a spectrometer (SP2500
Princeton Instruments) and projected onto a 2D CCD
detector (PIXIS 400, Princeton instruments), providing
wavelength and angle-resolved images (Fig. 2(b),(c)).
From these images, we extracted the single-pixel max-
imum intensity counts within the spectral range where
lasing was observed to study the dependence of PL in-
tensity on pump fluence. Three consecutive images were
recorded and the extracted maximum PL intensity was
averaged. The spectral resolution of the CCD camera
was 0.14 nm. Lasing experiments were conducted for
linearly, left circularly (0~), and right circularly (o)
polarized laser pulses. The magnetization of the Co/Pt
nanodots was switched by rotating a permanent magnet
behind the sample. The field at the sample location was
+0.5 T.

Empty-lattice model

We used an analytical model based on the empty-
lattice approximation [29, 30] to identify the modes
present in the angle-resolved emission spectrum in
Fig. 2(c). In this approach, the plasmon modes in the
nanodot lattice are defined as [30, 31]:

k| +G|= \/E%, (1)

where k|| is the in-plane wave vector, G = n,G,x +
nyGyy, Gy = 27/p,, are the reciprocal vectors of the
lattice, ng, are integers (0,£1,...) corresponding to the
diffracted orders, ¢ is the dielectric constant of the sur-
rounding environment, ¢ is the speed of light, and w is the
angular frequency. In our experiments, the spectrometer
entrance slit was parallel to the y-axis and k|| = ky, with
k, = 0. Hence,

lky + G| = Ve= (2)



By definition, the I'—point is the frequency at which
the diffracted orders n,, = =1 intersect for k; = 0
in Eq. (1). Therefore, a four-fold degeneracy arises at
that frequency. According to Eq. (2), the frequencies of
the SLRs corresponding to the diffracted orders (0,%1)
depend linearly on the in-plane wave vector, resulting in
two linear dispersion bands (black curves in Fig. 2(d)).
Conversely, the SLRs corresponding to the diffracted or-
ders (£1,0) yield two degenerated parabolic dispersion
bands (red curve in Fig. 2(d)).

For the evanescent SPP modes propagating at the 150
nm Au/20 nm SiO, interface, the empty-lattice model
yields the relation [29]:

w EmEd
Ky + G| = kspp = —y/—"—.
c\ €n+€q

3)

where kgpp is the momentum of the SPP mode and ¢,
and ey are the dielectric constant of Au and SiOs, re-
spectively. Equation (3) also results in a parabolic vari-
ation of the frequency with in-plane wave vector. Con-
sequently, the SPPs exhibit parabolic dispersion bands
(blue curve in Fig. 2(d)) that are slightly redshifted
compared to the parabolic SLR bands. Because of the
transversal-magnetic nature of the SPP modes, the coun-
terpart of the linear SLR dispersion bands is not present
in this case. A refractive index n = 1.51 was used here
to make the empty lattice model match with the exper-
iments shown in Fig. 2; the actual SLR modes are typi-
cally slightly away from the empty lattice approximation.

Rate equation analysis

In order to model the interplay of the emission of the
gain medium with the plasmonic modes supported by
the magnetic nanodot lattice, we implement a standard
rate equation approach, as in Ref. [32]. We describe the
molecules as optically pumped four-level quantum emit-
ters, with time-dependent populations from Ny to N3 in
increasing order of energy, given by:

dN3 o N3

e =7r(t)(No — N3) P (4)

dN: Ny — N N- N- N.

ﬁ:_ﬁnphw_g_g+i 5)
T21 T21 720 T32

dN1 (NQ - Nl) N2 Nl

P S~ c 0 -7 s - 6

dt Brph T21 i T21  Ti0 (6)

dNo N2 Nl

— = —7(t)(Ng — N. =4 =

I 7(t)(No 3) + - =+ o (7)

where 7 is the time-dependent pumping rate correspond-
ing to a pulsed pump excitation, with: r(¢) = rf(¢) and
f(t) = exp(—=(t —t0)?/77), so that to > 7, and 7, = 200
fs (same as the pump pulse length in the experiment);
the lifetimes 735 = 500 fs, 799 = 240 ps, and 79 = 4 ps
account for non-radiative transitions, and 751 = 720 ps

is the lifetime of the lasing transition. For more details
and definitions see the supplemental material of Ref. [32].
The photon number n,, generated by both spontaneous
and stimulated emission is determined by the expression:

dnph o (N2 — Nl) N2 Nph
. Brion To1 M 67'21 Teav ®

where 7.4, is the cavity lifetime, and the S-factor ac-
counts for the fraction of emitted photons that decay
into the lasing mode. We simulated the PL intensity and
threshold curve by solving the time evolution of the cou-
pled equations (4)-(8), using different values of the pump
intensity r, and integrating n,, over a long time. The
lifetimes of the lasing modes (7.4,) in our magnetic sys-
tem were calculated from numerical FEM simulations of
the electromagnetic fields. Further, we used the overlap
of the molecule emission spectrum with the lasing and
hybrid plasmonic modes (Fig. 3(c)) as an input for esti-
mating the S-factor. More details on these calculations
are given in the Supplementary Information.

Estimation of the S-factors

We consider gain competition between the lasing and
hybrid modes, and mark the decay of the emission to
these modes by ~vr (the lasing mode) and v_ pybrid,
V4, hybria (the hybrid modes); ; denotes any of these,
with i specifying the mode. We estimate the rates ; as

Ecutosf
v = / p(E)a?0;(F)dE, (9)
0

where E.ytor¢ is the energy below which the lasing and
hybrid modes are located (Supplementary Fig. 7), p(E)
is the normalized emission spectrum, o is the projection
of mode to 0~ /o basis (0.5 for the linear polarization
lasing mode of the rectangular case, 1 for other modes)
and o;(FE) is the absorption probability of mode i. The
emission spectrum is approximated with a Lorentzian fit-
ted to the measured emission spectrum (Supplementary
Figs. 3 and 7). The absorption spectra o;(E) are esti-
mated by Lorentzians with parameters (peak energy and
linewidth) obtained from the FEM simulations (Supple-
mentary Fig. 7).

The S-factor is defined as the proportional decay rate
into the selected mode [33], where the total decay in-
cludes other decay channels:

Vi Vi
Bi = =" 10
’ Ytot Vi + Yother ( )

If v, vj << Yother, then 5;/B; =~ ~;/v;. This is the case
here as the g-factors of the lasing and hybrid modes are
very small (e.g., ~ 1073).

We assume that the lasing and hybrid modes compete
about the same gain, and their S-factors are of the same
order of magnitude. Then if the S-factor of the hybrid



mode changes, there is a corresponding change in the las-
ing mode S-factor. That is, decreased/increased amount
of emission to the hybrid mode is given to/taken away
from the lasing mode. We estimate this change A in

B- _

A — Y—,hybrid <1 _ 'Y—,hybrid) ) (11)
YL Y+, hybrid

This corresponds to a change in the 5 of the hybrid mode,
scaled by how significant the hybrid mode decay is com-

pared to the lasing mode (W’fy%, which is of order

one).

Finite element analysis

In order to theoretically calculate the effect of nanodot
magnetization, and, in particular, to provide the wave-
length and lifetime of the plasmonic modes in the system
for the rate equations, we carried out numerical simula-
tions of the electromagnetic fields using the finite element
method (FEM). We modelled a three-dimensional real-
istic structure consisting of an infinite lattice of Co/Pt
nanodots combined with the Au layer (as in Fig. 1(a)) by
simulating one unit cell and imposing periodic boundary
conditions in the z— and y—directions. We used the geo-
metrical parameters from the experiment, and described
the local optical response of the Co/Pt material through
a non-diagonal permittivity tensor [34]:

€rg €xy O

€= |€yz €yy O (12)
0 0 e,
where €, = €y = €. = €4, €3y = —€yp = leq,

and €4, €, are complex-valued parameters coming from
previously measured data [35]. Further, we model the
metal response of the Au film using a complex frequency-
dependent isotropic permittivity available in experimen-
tal tabulated data [36] and assume that both the spacer
that separates the metallic substrate from the nanodots,
and the background medium, have a refractive index of
n = 1.48.

The FEM analysis was performed by combining eigen-
mode studies, and frequency-domain scattering simula-
tions. Eigenmode simulations allow us to identify the
modes supported by the system without any external ex-
citation, including dark modes, and provide their near
fields together with a complex eigenfrequency: f =
f'+if"”. The energy, linewidth and lifetime of the mode
are then given by E = hf', T'= hf” and 7 = 1/(2nf"),
where h is Planck’s constant. The results of these sim-
ulations are shown in Fig. 3(a),(b), and Supplementary
Figs. 6 and 13. In Figs. 3(a),(b) we show results for one
unit cell at planes intersecting the nanodot at its mid-
height (left panel) and across its diameter (right panel).
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In addition, we calculated the optical reflectivity and
MCD spectra of the system using frequency-domain scat-
tering simulations with normal-incident plane wave illu-
mination. Simulated optical reflectivity and MCD spec-
tra are shown in Supplementary Figs. 2 and 12.

Identifying the chirality of the eigenmodes

Finite element eigenmode simulations provide the en-
ergy, lifetime, and electromagnetic fields of all the magne-
tized and non-magnetized modes in the system. However,
identifying the polarization of the resulting modes is not
straightforward as these simulations do not consider the
explicit coupling to external illumination. We develop a
theoretical method to unveil the chirality of the in-plane
and out-of-plane modes involved in our analysis.

Considering that the magnetized modes emerge from
a doublet of x— and y—polarized modes in the square
array (see Supplementary Fig. 6(b)-(e)), we define our
magnetized states according to the field distributions of
the linearly polarized modes:

Im1) = Com, | <) + Cymi | 1) (13)
Im2) = Coma| <) + Cym,| 1) (14)
with
Cﬂﬁ,ml,z = <<_> |m1,2> (15)
Cy,m1,2 = <$ |m172>7 (16)

where the scalar product is defined as the overlap integral

(1j) = / d3r u; (r) - u;(r) (17)
Unit Cell
with the normalization
_ Ei(r)
\/fUnit cen @ [Eq(r)[?

Moreover, we can project the x, y—linearly polarized ba-
sis onto the o™ and o~ polarized basis, obtaining

u;(r) (18)

lmy) = Cof,ml lo™) + Co*,rm ‘U+> (19)
|m2> = Co*ﬂnzla_) + Co*,m2‘0'+> (20)
with
1 )
Cﬁ_ﬂﬂl,z = ﬁ(cz,mlﬂ - ZC?J’ml,Q) (21)
1 )
Cotmyn = (Comyo +iCym, ) (22)

V2
These amplitudes, and their modulus, reveal whether
the mode is o+ or o~ polarized.
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The data from this work can be obtained from the
corresponding authors upon reasonable request. Source
data are provided with this paper.



