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Dark mode enhancing magneto-optical Kerr effect in multilayer magnetoplasmonic crystals
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Magnetic materials in metallic nanostructures allow an external magnetic field to easily control surface
plasmon polaritons and surface lattice modes (SLMs), which enhances the value of magneto-optical response.
The present paper demonstrates both experimentally and numerically that the inherently different radiative
damping of dark and bright SLMs in one-dimensional low-loss multilayer Au/Ni/Au magnetoplasmonic
crystals can alter the resonant enhancement of the transverse magneto-optical Kerr effect (TMOKE). As the
quality factor of dark SLMs goes up, the maximum TMOKE values increase as well. The spectral range of
TMOKE enhancement broadens at small incident angles since dark and bright SLMs overlap each other. The
Fano resonance model shows that the wavelength shift of the dark and bright modes results in the resonant
enhancement of TMOKE.

DOI: 10.1103/PhysRevB.101.045409

I. INTRODUCTION

Surface plasmon polaritons (SPPs) are coupled oscillations
of free electrons and light that are strongly localized at
a metal/dielectric interface [1]. Two important features of
SPPs—evanescent field and long propagation length—have
been successfully applied to plasmonic circuits and chips [2].
Further development of plasmonic devices requires means of
active modulation of SPP propagation. A merger between
plasmonics and magneto-optics, known as magnetoplasmon-
ics, promotes active modulation of SPPs [3] and spectacularly
expands functionalities of plasmonic nanostructures [4,5].
One of the simplest and most efficient ways to excite SPPs is
to use plasmonic crystals, i.e., one- or two-dimensional peri-
odically nanostructured metal surfaces. Plasmonic crystals in
combination with the magnetic material, called magnetoplas-
monic crystals (MPCs), significantly enhance the magneto-
optical effects as compared to the bulk magnetic materials
[6–9] and thin plasmonic films [10,11]. For instance, trans-
verse magneto-optical Kerr effect (TMOKE) may increase by
one order of magnitude in all-ferromagnetic MPCs supporting
highly damped SPP modes [6,7]. Depending on the absorp-
tion and radiative losses, the SPP quality factor regulates
the enhancement of magneto-optical effects. To decrease the
inherent SPP absorption losses, noble metals and magnetic
dielectrics have been implemented to magnetoplasmonic sys-
tems [12–18].

To reduce the radiative damping in magnetoplasmonic
nanostructures, the broadband plasmons were hybridized in
the array of gold nanowires using a spectrally narrow waveg-
uide mode in a thin magnetic film; as a result, the quality
factor of such hybrid modes increased and Faraday rotation
was enhanced [19]. Being ordered in one- or two-dimensional
arrays, the radiative damping of localized surface plasmons
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(LSPs) in metal nanoparticles gets significantly suppressed.
If diffraction orders propagate along the array, LSPs in
nanoparticles can couple to each other. These diffractively
coupled LSPs form collective surface lattice modes (SLMs)
characterized by an extremely narrow Fano line shape and a
high Q factor [20]. The polar magneto-optical Kerr effect is
resonantly enhanced by the excitation of SLMs in a rectan-
gular array of nickel nanodisks; this process can be spectrally
controlled by tuning the lattice periodicity [21]. The tunability
of polar magneto-optical Kerr effect induced by SLMs can be
significantly expanded if a disk-shaped unit cell is modified to
an elliptical nickel nanoantenna [22].

The phenomenon of LSPs coupling in different diffraction
orders provides the excitation of bright and dark modes with
a different radiative damping [23]. The resonant enhancement
of magneto-optical effects induced by different SLMs seems
to be the process that should deserve careful attention. Regard-
ing the radiative losses, the localized and propagating dark
surface plasmon modes have a considerable advantage over
the bright modes: they increase the sensitivity of plasmonic
sensors [24–26], the lasing of dye molecules [27], and the
value of magneto-optical effects [28]. As opposed to bright
modes with strong dipole activity, dark modes exhibit zero
net dipole moment because of an antisymmetric field distribu-
tion. Therefore, dark modes demonstrate strongly suppressed
radiative damping, longer lifetime, and propagation length. To
circumvent the weak coupling of dark optical modes to inci-
dent radiation the symmetry of the system should be broken
by an oblique light incidence or a localized source should
be used near plasmonic or all-dielectric single nanoparti-
cles, dimers, trimers, chains, and more complex structures
[24,29–32]. One-dimensional (1D) plasmonic crystals with
narrow slits support the excitation of both bright and dark SPP
modes which results from hybridization of two different order
SPPs. This hybridization may take place in a narrow angle
range and a spectral one of the incident light [33]. It should
be noted that the use of a 1D array of gold nanowires [34] or
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a 2D gold array of nanoantennas [23,35] allows SLMs to be
excited within an wide spectral range by changing an incident
angle.

The present work shows that the difference in the ra-
diative damping of bright and dark SLMs can be regarded
as an additional way to control magneto-optical effects.
More specifically, we have studied the efficiency of the
magneto-optical response in magnetoplasmonic crystals made
of low-loss multilayer Au/Ni/Au nanowires. The angular-
wavelength measurements of transmittance revealed the ex-
citation of the dark and bright SLMs in the one-dimensional
MPC due to the diffractive coupling of λ− (antisymmetric)
and 3λ/2− (symmetric) order LSPs supported by individ-
ual multilayer Au/Ni/Au nanowires. The angular-wavelength
measurements of TMOKE revealed that TMOKE enhance-
ment values resulting from the excitation of dark SLMs are
higher compared to those of bright SLMs. The magnetization-
induced wavelength shifts of both dark and bright SLMs were
analytically estimated using the Fano resonance model, which
showed that the wavelength shifts of the dark and bright
modes contributed to the resonant enhancement of TMOKE.
This MPC can promote further advances in magnetoplas-
monic nanostructures designed for light modulation, sensing
[36,37], SPP controlling in nanophotonic devices [38] as
well as in plasmonic and all-dielectric magneto-optical active
nanoantennas [22,39–41], ultrafast SPP-induced dynamics of
magneto-optical effects [42–44], and magnetic recording [45].

II. RESULTS AND DISCUSSION

A. Experimental sample and setup

Three metallic layers, Au(100 nm)/Ni(10 nm)/Au(10 nm),
were deposited on an optically transparent sapphire (Al2O3)
substrate by a magnetron sputtering technique. The array of
nanowires were fabricated by perforating the Au/Ni/Au film
with focused ion beam. The total area of the sample was
100 × 100 μm2. Figure 1(a) demonstrates a scanning electron
microscope (SEM) image of the MPC surface (period is d =
430 nm; width of slits is w = 60 nm). The SEM image in
Fig. 1(b) shows a tilted view of the MPC cut made by focused
ion beam. The fabricated nanowires of Au/Ni/Au MPC have
a trapezoid profile with the base angle of 70◦ [Fig. 1(c)]. The
angular-wavelength dependence of the transmittance is used
to reveal the excitation of LSPs and SLMs in MPCs. The
experimental setup for measuring TMOKE and transmittance
spectra depending on the incident angle is shown in Fig. 2. A
halogen lamp (HL) with a monochromator (M) was used as
a source of light for the spectral measurements in the visible
and near-infrared ranges. The polarization of incoming light
was oriented perpendicularly to nanowires of the MPC. The
collimated light beam was focused by an objective (O1) with
a numerical aperture of NA = 0.15 into a spot with a diameter
of 100 μm at the MPC plane. The sample was mounted on
an xyz translating holder. The transmitted light was collected
by the second objective (O2), NA = 0.37, and delivered to
a photomultiplier tube (PMT) through a multimode optical
fiber. The lock-in detection technique with a chopper (Ch)
modulating the light intensity at the frequency of 117 Hz was
utilized to measure the transmittance T (0) without any ex-
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FIG. 1. (a) Scanning electron microscope (SEM) image repre-
senting the surface of Au/Ni/Au multilayer nanowires of MPC.
(b) Tilted view SEM image of MPC slice. (c) Profile of a single MPC
nanowire. (d) The scheme of excitation of bright and dark modes in
MPC. �k±1 shows the changes of SLMs wave vectors (k±1) caused
by an external transverse magnetic field H.

ternal magnetic field. The MPC was magnetized by applying
an alternating magnetic field (H) to the transverse plane at a
frequency of 86 Hz and an amplitude of 16 mT, which led to a
modulation of the transmittance �T = T (H) − T (−H). The
TMOKE was defined as δ = �T/T (0).

B. Localized surface plasmons in individual Au/Ni/Au
nanowires

The existence of the LSPs in the individual Au/Ni/Au
nanowire on a sapphire substrate is revealed by simulations of
angular-wavelength cross-section extinction [Fig. 3(a), σext =
σabs + σscat] and field distribution [Fig. 3(b)] (see more in-
formation in the Supplemental Material [46], Sec. I). TM
polarized light was incident on the individual nanowire from
above. The extinction peak around λ = 605 nm appeared to
be almost independent of the wavelength within the incident
angle from θ = 0◦ to θ = 20◦. |Ex| near-field and Ex phase at
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FIG. 2. The scheme of TMOKE and transmittance spectra mea-
surements of Au/Ni/Au MPC. Halogen lamp (HL); objectives (O1,
O2); lenses (L1, L2); optical chopper (Ch); Lock-in amplifier; optical
fiber (OF); photomultiplier tube (PMT).
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FIG. 3. (a) Simulated cross-section extinction of the individual
infinite Au/Ni/Au nanowire on the Al2O3 substrate. (b) |Ex| and
phase ϕ(Ex ) of 3λ/2- and λ-order LSPs in the individual nanowire.

λ = 605 nm and θ = 5◦ [Fig. 3(b)] possess three Ex antinodes
associated with the excitation of the 3λ/2-order LSP (sym-
metric mode). The second extinction peak appeared around
λ = 743 nm at high incident angles from θ = 30◦ to θ = 50◦.
The |Ex| near-field and Ex phase distribution at λ = 743 nm
and θ = 40◦ shows the mode with two Ex antinodes. This
antisymmetric field distribution is associated with the λ-order
LSP.

C. Angular-wavelength transmittance spectra

The bright and dark SLMs in the MPC result from the
diffractive coupling of 3λ/2- and λ-order LSPs, supported
by an individual infinite Au/Ni/Au nanowire with a trape-
zoid cross section. LSPs and SLMs in Au/Ni/Au MPC
were revealed by measurements and simulations of angular-
wavelength transmittance spectra. Figures 4(a) and 4(b) show
the experimental and simulated angular-wavelength transmit-
tance of the MPC within an angle range from θ = −12◦ to
θ = 20◦ and within a wavelength range from λ = 450 nm to
λ = 900 nm. The simulation of MPC transmittance [Fig. 4(b)]
was performed using a finite-difference time-domain solver
(Lumerical FDTD Solutions [47]) taking into account the
numerical aperture of the collecting objective. Experimental
and simulated spectra were demonstrated to agree with each
other. In the transmittance spectra, a broad shoulder at λ =
620 nm was observed at all angles owing to the excitation
of LSP in individual nanowires of MPC [see the black solid
curve in Figs. 4(a) and 4(b)]. The |Ex| near-field distribution

FIG. 4. The angular-wavelength transmittance of the MPC:
(a) experimental, (b) FDTD simulation. The solid white curves
present RA dispersion laws. (c) |Ex| distribution of LSP, bright and
dark modes, respectively, calculated for θ = 5◦. Spectral positions
of electric-field distribution are shown on the angular-wavelength
transmittance (b) using the open square and the circle. (d) Simulated
transmittance (black curve) and spectral dependence of electric-field
intensity σ integrated over Ni layer (blue curve) of the MPC. The
angle of the light incidence is θ = 5◦. Three dashed color curves
indicate Lorentz lines, with quality factors of 9.9, 9.4, and 30,
respectively, corresponding to σ (cyan solid curve).

of the LSP at θ = 5◦ is shown in Fig. 4(c) (black circle).
Three antinodes located at the Au/Al2O3 interface reveal the
3λ/2-order LSP with a nonzero in-plane electric dipole mo-
ment. This distribution is similar to the one observed for the
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individual nanowire at λ = 605 nm. When the ±1st diffrac-
tion orders appear in the MPC plane, i.e., in the case of a
Rayleigh anomaly (RA), LSPs are coupled to each other by
means of diffraction and form ±1st SLMs. The calculated
RAs that were obtained with the diffraction orders disap-
pearing at the Al2O3 interface λ

(Al2O3 )
R = d[nAl2O3 ± sin θ ]

and at the air interface λ
(air)
R = d[1 ± sin θ ] are shown with

white solid curves in Figs. 4(a) and 4(b). The dispersion
laws of ±1st

Al2O3
RAs lie on the two angle-dependent trans-

mittance maxima of both experimental and simulated spec-
tra [Figs. 4(a) and 4(b)]. In addition to the maxima, well-
pronounced angle-dependent minima of transmittance are
observed at the wavelength that is longer than that of RAs.
The asymmetric line shape of transmittance arises from Fano
interference between LSPs and diffraction orders. The differ-
ence of the transmittance value at the ±1st SLMs is associated
with the one of the near-field distribution of the ±1st SLMs.
Figure 4(c) shows the simulated distribution of the |Ex| of
±1st SLMs at θ = 5◦ (open square and circle). The +1st

SLM excited at λ = 770 nm has three antinodes (symmetric
mode) located at the Al2O3 interface and, therefore, possesses
a nonzero in-plane dipole moment. The |Ex| distribution of
the +1st SLM coincides with the 3λ/2-order LSP in the
individual nanowire. The |Ex| distribution of the −1st SLM
at λ = 838 nm has two antinodes (antisymmetric mode), re-
sulting in a near-zero dipole moment. The |Ex| distribution of
the −1st SLM coincides with the λ-order LSP in the individual
nanowire excited at high incidence angles [see Fig. 3(b)]. The
excitation and coupling of the λ-order LSP at small angles
in the MPC is possible owing to the −1st diffraction order
which propagates at the Al2O3 interface. The diffraction order
is analogous to the incident light at high angles. The excitation
of this mode is forbidden at the normal illumination coming
from the far field. Figure S1 of the Supplemental Material [46]
shows that the phase signs of the neighboring |Ex| antinodes
are opposite each other for the ±1st SLMs. It appeared that
the dipole activity resulting in smaller values of transmittance
peaks near RAs was lower for the dark mode than for the
bright one. At that, the electric field in the slits of MPC turned
out to be significantly smaller in the antisymmetric mode as
compared to the symmetric one.

In order to estimate the quality factor of LSPs and SLMs
in the MPC, we simulated the spectral dependence of the
electric-field localization inside the Ni layer. Figure 4(d)
shows the way the electric-field energy concentrated in the
Ni layer σ = ∫∫ |E |2dS (blue solid curve) and transmittance
(black solid curve) at θ = 5◦ depend on the wavelength. The
quality factors of LSPs, bright, and dark modes are calculated
by decomposition of the electric-field energy spectrum to
three Lorentz-shape curves (see dashed color curves). The first
maximum of σ spectrum at λ = 620 nm is associated with
the electric-field enhancement of the 3λ/2-order LSP with
Q = 9.9. The other two σ maxima at λ = 770 nm and λ =
838 nm are associated with the resonant electric field of the
bright and dark SLMs. The dark SLM possesses a narrower
full width at half maximum of σ (�−1 = 0.075 × 1015 s−1)
compared to the bright one (�+1 = 0.256 × 1015 s−1). The
quality factor of the dark SLM is larger than that of the bright
SLM (30 and 9.4, respectively). To figure out the influence
of the excitation of propagating SPPs, the SPP wavelength

was compared to the maximum of electric-field localization
(see the Supplemental Material [46], “Comparison of SLM
and SPP wavelengths” section). A large mismatch of the SPP
wavelength and electric-field localization maximum shows
that coupling of the incident light with SPP is weak and SLMs
are dominant modes in the MPC under scrutiny.

D. Transverse magneto-optical Kerr effect

Figure 5 shows the experimental transmittance spectra
(black curves) observed at angles of the light incidence θ in
the range from θ = 0◦ to θ = 20◦. The excitation of dark
SLMs (λ > 800 nm) results in smaller transmittance peaks
compared to those of symmetric SLMs (λ < 800 nm). The
experimental TMOKE spectra (red square dots) are also
shown in Fig. 5. First, at θ = 0◦ [Fig. 5(a)], TMOKE is close
to zero. A small TMOKE signal is provoked by a slightly
focused incident light beam. An increase in the incident angle
broadens the spectral distance between bright and dark SLMs.
At θ = 20◦ [Fig. 5(f)], a single resonance of TMOKE appears
due to the excitation of bright SLM. It has two local maxima
with δmax = ±0.1%. The spectral position of the TMOKE
maximum corresponds to the slope of the transmittance res-
onance, where �T reaches its maximum as well. When the
angle of incidence decreases, the dark SLM contributes to
TMOKE resonant behavior. The opposite propagation direc-
tion of dark and bright SLMs results in the opposite spectral
shift of the transmittance in the external magnetic field. At
θ = 5, 10◦ Figs. 5(c) and 5(d)] and λ ≈ 800 nm the negative
part of the TMOKE resonance induced by the bright SLM
overlaps with the negative part of the dark one. Therefore,
when the bright and dark SLMs’ spectral positions are close
one to each other, the TMOKE enhancement wavelength
ranges overlap and broaden compared to the excitation of a
single SLM. The TMOKE maximum value associated with
the excitation of dark and bright SLM is equal to δmax =
−0.27% at λ = 835 nm and δmax = 0.1% at λ = 770 nm,
respectively [Figs. 5(c) and 5(d)]. In contrast, the average
TMOKE value within the nonresonant wavelength ranges
from λ = 640 nm to λ = 660 nm at θ = 5◦ is significantly
smaller and is equal to δnonres = 0.002%. The comparison of
TMOKE at the maximum points and in the nonresonant case
gives the TMOKE enhancement of δmax/δnonres = 135 and
δmax/δnonres = 50 at the excitation of dark and bright SLMs,
respectively. Thus, the TMOKE enhancement induced by dark
SLMs is almost three times higher than the one induced
by bright SLMs. The field of both SLMs penetrates to the
Ni layer. Transverse magnetization of the Ni layer induces
nondiagonal components (εNi

yz ) in the permittivity tensor. The
propagation of SLMs at the Au/Al2O3 interface is modified,
likewise to SPPs in MPCs [4,6,9,17,18]. SLM wave vectors
change their values (�kSLM), which in their turn leads to the
spectral shifting, to the broadening of Fano resonances, and a
strong enhancement of TMOKE.

E. Influence of the wavelength shift of SLM on TMOKE

The Fano resonance model is applied to show the influence
that the wavelength shift produces on TMOKE. The trans-
mittance spectra of the MPC with and without a magnetic
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FIG. 5. Angular spectra of TMOKE (red squares) and transmittance spectra (black curves) of Au/Ni/Au MPC. Panels (a)–(f) correspond
to various incident angles. Dashed curves stand for the calculated TMOKE.

field and TMOKE were calculated using two Fano resonances
of ±1st SLMs with different damping [33], and broad LSP
radiation:

T (ω, 0) =
∣
∣
∣
∣A + b+1�+1eiφ+1

ω − ω+1 + i�+1

+ b−1�−1eiφ−1

ω − ω−1 + i�−1

∣
∣
∣
∣

2

+ b2
0�

2
0

(ω − ω0)2 + �2
0

, (1)

T (ω, H) =
∣
∣
∣
∣A + b+1�+1eiφ+1

ω − ω+1 + �ω+1 + i�+1

+ b−1�−1eiφ−1

ω − ω−1 − �ω−1 + i�−1

∣
∣
∣
∣

2

+ b2
0�

2
0

(ω − ω0)2 + �2
0

,

(2)

δtheory = T (ω, H) − T (ω, 0)

T (ω, 0)
, (3)

where ω is the frequency of light, ω0,±1 and b0,±1 are
3λ/2-order LSP and ±1st SLM frequencies and ampli-
tudes, respectively, φ±1 is the phase retardation of the SLM
scattered light with respect to the nonresonant transmit-
ted light, A is the amplitude of nonresonant transmitted
light; �0, �±1 are the sum of Ohmic and radiative losses
of 3λ/2-order LSPs and ±1st SLMs, respectively; �ω±1

is the magnetization-induced shift of the ±1st SLM fre-
quencies. The result of calculated TMOKE at θ = 5–20◦
incident angles is shown in Figs. 5(c)–5(f) (dashed curves)
along with the experimental results. All the fitting parameters
are listed in Table I. �±1 values (�−1 = 0.077 × 1015 s−1 <

�+1 = 0.2 × 1015 s−1) are approximately the same as those
obtained from σ . The calculated frequency shift is approx-
imately the same for both bright and dark modes. The fre-
quency (wavelength) shift is equal to �ω−1 = 0.1 × 1012 s−1

(�λ−1 = 2πc�ω−1/ω
2
−1 = 0.0385 nm) for the dark mode

and �ω+1 = 0.115 × 1012 s−1 (�λ+1 = 0.0389 nm) for the
bright mode. However, compared to the bright mode, the
lower damping of the dark mode results in a greater TMOKE
enhancement.

III. CONCLUSIONS

The present research reveals that a one-dimensional mag-
netoplasmonic crystal consisting of multilayer (Au/Ni/Au)
nanowires promotes an efficient control of surface lattice
modes (SLMs) by means of an external magnetic field. The
angular dependence of TMOKE shows that the spectral range
of TMOKE enhancement is tunable owing to the bright
(+1st ) and dark (−1st ) SLMs resulting from the diffractive
coupling of 3λ/2- and λ-order LSPs. It is shown that the

TABLE I. Parameters of Fano resonance model at θ = 5–20◦.

θ ω0 ω+1 ω−1 �0 �+1 �−1 φ+1 φ−1 �ω+1 �ω−1

(deg) A (1015 s−1) (1015 s−1) (1015 s−1) b0 b+1 b−1 (1015 s−1) (1015 s−1) (1015 s−1) (rad) (rad) (1015 s−1) (1015 s−1)

5 0.180 2.98 2.360 2.215 0.15 0.157 0.081 0.256 0.19 0.077 −2.121 −0.561 0.000115 0.00010
10 0.215 2.98 2.430 2.191 0.15 0.187 0.120 0.256 0.20 0.077 −1.901 −0.561 0.000115 0.00010
15 0.225 2.98 2.580 2.161 0.15 0.205 0.120 0.256 0.20 0.077 −1.501 −0.561 0.000115 0.00010
20 0.182 2.98 2.720 1.950 0.15 0.205 0.120 0.256 0.20 0.077 −1.301 −0.561 0.000130 0.00010
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dark mode largely suppresses radiative damping and results
in the TMOKE value being almost three times higher than
that at the bright mode. Compared to the TMOKE at the
nonresonant spectral range, the observed enhancement factor
equals 135 for the dark mode and 50 for the bright mode. The
Fano resonance model showed that the magnetization-induced
wavelength shift of SLMs is the key factor for the TMOKE
enhancement in the MPC. Thus, engineering and modeling
electromagnetic modes and their quality factors is a promising
way to design efficient magneto-optical materials.
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