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Impact of the dielectric duty factor on magnetic reso-
nance in Ag-SiO2-Ag magnetic absorber* 
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Magnetic absorber in optical frequency can be fulfilled through metamaterials designing. Therein, magnetic resonance 
in metal-dielectric-metal metasurfaces can be manipulated conveniently, and studying the parameters impacts is the 
primary for applications. In this work, through changing the grating width and the thickness of silica, the magnetic res-
onance modes have been studied, the conditions of the phase change zone from magnetic resonance (MR) to Fab-
ry-Pérot (FP) are given out in Ag-SiO2-Ag grating magnetic metasurfaces. The results indicate that the MR mode in 
metal-dielectric-metal configuration is mainly decided on the dielectric duty factor other than the sole behaviors of the 
thickness of dielectric and size of nanostructures. The physical mechanism is elucidated through simulated electro-
magnetic field distributions using finite difference time domain (FDTD) solution, and numerical analysis of effective 
refraction index of Ag-SiO2-Ag magnetic metasurfaces. This study may prompt development of metamaterials in basic 
research in condensed physics and in optical devices applications.1 
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Based on Kirchhoff’s law, optical absorber plays im-
portant role in photoelectronic setups[1-3]. And metamate-
rials, which can manipulate light-matter interaction 
through both magnetic and electronic response, make 
complete absorber available[4-6]. As well known, mag-
netic response of natural materials to electromagnetic 
waves can hardly be realized at optical frequency. But 
through metamaterials, both the permittivity ε and per-
meability μ can be designed arbitrarily[7], which facilitate 
the photoelectronic devices fabrication based on optical 
absorber[8-10].  

To manipulate the magnetic response to the electro-
magnetic waves in optical frequency, diversity 
nanostructures have been designed since the negative 
refraction phenomena proposed by by Veselago in 
1969[11]. Using man-made split ring, Pendry firstly ex-
perimentally realized manipulating magnetic response in 
1999[12]. Since then, magnetic resonance has been stud-
ied intensively through diverse optical metamaterials 
(MM)[13], for example, metallic nanoholes[14], 
split-ring[15], oligomers[16], high- index nanospheres[17,18], 
all-dielectric chiral nanostructures[19,20], and met-
al-dielectric-metal configurations[21], etc. Many novelty 

phenomena in condensed physics, such as Fano reso-
nance, electromagnetic induced transparency (EIT), and 
Rabii splitting, PT symmetry (exceptional point) have 
been studied through the modes coupling in magnetic 
metamaterials[22-25]. It provides a flexible material plat-
form in sophisticated optical devices design[5-7]. 

Among multiple resonant unit cell of magnetic ab-
sorbers, metal/dielectric/metal (MDM) configuration is a 
rich plasmonics playground supporting several optical 
modes. Under the excitation, electrons oscillate at the 
metal-dielectric interface, and so-called surface plasma 
plasmons (SPPs) occur at both the up and down met-
al-dielectric interface of MDM unit cell, where the elec-
tron oscillation at the up and down metal-dielectric in-
terface[21,26]. When the electrons oscillation is 
out-of-phase, namely, the spatial distributions of oscil-
lated electrons are in the antisymmetric attitude, one 
electronic current nanoloop formed, correspondingly, the 
magnetic field is augmented according to Lenz’s law and 
magnetic resonance mode occur. Whereas, other optical 
modes occur when the electrons oscillations are in phase. 
Magnetic resonance (MR) mode[21,26,27] possesses peculi-
arities as strongly localize electromagnetic field in the 
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dielectric, is commodiously manipulated, and facilitates 
coupling with other optical modes. And the potential 
usage had been reported in magnetic nano-laser[28], per-
fect absorber[29,30], nonlinear generations[31], negative 
optical pressure[32] and polarization devices[33], etc. In 
metasurfaces with MDM unit cell periodically patterned, 
besides the magnetic resonance mode, surface lattice 
resonances (SLR) occur due to the Bragg scattering[34]. 
Fano resonance had been studied in periodical MDM 
systems through the coupling between MR and SLR[35], 
the prominent features as narrow and asymmetric line 
shape had been revealed. The coupling between MR and 
SiO2 phonon had been studied in Ag-SiO2-Ag grating 
systems, through changing the width of Al grating on top 
of SiO2 , the first order MRs were modulated, and strong 
coupling occurred where anticrossing behaviours were 
presented at wavelength near λ=12.5 μm[36].  

Hereby, manipulating magnetic resonance and cou-
pling with other optical modes in MDM magnetic 
metasurfaces are important in both physical phenomena 
and application study. For this, the prime work is study-
ing the parameters impact on optical modes in MDM 
metasurfaces, which has been reported that MR is insen-
sitive to the size, the form of lattice and the thickness of 
the dielectric spacer[37]. Therein, the dielectric spacer 
plays the key roles in manipulating MR, as analysed 
above, the MR optical mode comes from the current 
nano-loop formed in the near field due to the an-
ti-parallel surface currents in the up and down met-
al-dielectric interface. When the spacer layer is too thick, 
the current nano-loop cannot come into being, and thus 
no MR occurs. As well known, optical mode of Fab-
ry-Pérot (FP) cavity can occur in optical film of met-
al-insulator-metal Bragg reflector once meeting the half 
wave condition. Chen group studied the transmis-
sion/reflection characteristics of a periodical MDM sys-
tem with thick dielectric spacer using multiple-scattering 
method, and found perfect absorbers occurred due to the 
interference effect[38]. Using one-dimensional metal 
grating covered on insulator/metal film, the near-field 
coupling were studied in microwave region, and the 
phase change condition between MR and FP was analyt-
ically given out[39]. The distribution laws of electric field 
and magnetic field for MR and FP optical modes in 
MDM configuration are not the same. For MR, the elec-
tromagnetic (EM) fields are mainly distributed in the 
insulator, whereas for FP modes, the EM field are dis-
tributed both in free space and the insulator. Most physi-
cal characteristics come from these different EM field 
distributions law of optical modes. 

Although the thickness of dielectric layer is the key 
factor in MR mode occurring, it is not the only decisive 
parameter. In this paper, through analysing the MR 
modes in Ag-SiO2-Ag magnetic MTS with Ag grating 
arrayed on the SiO2/Ag film, the duty factor impact of 
dielectric lay SiO2 are studied. The physical mechanism 
is elucidated through simulated electromagnetic field 

distributions using finite difference time domain (FDTD) 
solution, and numerical analysis of effective refraction 
index. The simulation of all the spectra and EM field 
distribution are performed using commercial software 
FDTD solution (Lumerical Solutions Colt.) based on 
finite difference time domain method. In simulation, the 
optical parameter of Ag comes from the data base of 
FDTD solution software, and the dielectric SiO2 is 
measured using ellipsometry (JOBIN YVON, UVISEL) 
and fitted by Lorentz-Drude model. An adaptive mesh of 
1 nm is used to precisely model the shape of the 
nanostructures. 

The schematic plot of Ag-SiO2-Ag configuration is 
presented in Fig.1(a). Firstly, the silver film of thickness 
t=150 nm was deposited on silicon substrate, and Ag 
film was thick enough to prohibit light transmission. 
Amorphous silica films with thickness d was synthesized 
on Ag film, which acted as dielectric layer. The optical 
properties of silica in the data base of software FDTD 
solution are in accordance with the silica synthesized by 
PECVD at temperature 300 ℃ on the Al film, as can be 
referred to our experimental work[40]. To demonstrate 
parameters impact on the optical modes in met-
al-dielectric-metal system, the simple nanostructure with 
one-dimensional (1D) Ag grating structure on uppermost 
layer is used in the study, where the height of grating is 
h=0.05 μm. The other parameters, such as the period Λ, 
width b, and thickness of the dielectric layer as denoted 
in Fig.1(a) are all objects of study, and a general conclu-
sion about the impacts of these parameters on reflectivity 
would be drawn.  

 

 

Fig.1 (a) The schematic plot of MDM structures; (b) 
The reflection spectra under the incident angles of 
θ=0° and θ=20°; (c) Angle-resolved reflection spec-
trum of samples with Λ=0.6 μm, b=0.3 μm, d=0.03 μm 
and h=0.05 μm 
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To ravel optical modes in Ag-SiO2-Ag magnetic 
metasurfaces[41], angle-resolved reflection spectra of 
sample with grating period Λ=0.6 μm, width b=0.3 μm, 
and the thickness of silica d=0.03 μm are given out in 
Fig.1(b) and (c). Firstly, the reflection spectra versus 
wavelength with incident angle θ=0° (normal incident) 
and θ=20° are presented in Fig.1(b), for clarity, the dips 
are marked out. Compared with reflection spectrum at 
θ=0°, dip 1st in reflection spectrum at θ=20°becomes 
shallower and is red-shifted slightly. Dip 3rd is deeper at 
θ=20° than that at θ=0°. Furthermore, the Bragg mode 
occur with varying incident angle, which overlap with 
dip 2nd, as can be seen in Fig.1(b). Besides dips 1st and 
2nd, one prominent dip locate at λ=0.93 μm is demon-
strated in reflection spectrum at θ=20°, which have not 
been found in reflection spectrum at incident angle θ=0°, 
and we deduce that it is sub-radiation mode according to 
Ref.[42]. The evolution of these optical modes with in-
cident angle can be revealed through the contour plot 
analysis in Fig.1(c). As can be seen, dips 1st and 3rd 
remain unchanged with incident angle, the gradually 
degraded intensity of dip 3rd might come from the over-
lapping with Bragg mode, which red-shift with the in-
crement of incident angle. Dip 2nd gradually become 
intensive with increasing incident angle, which is no 
radiation at low-angle, and can be ascribed to dark mode. 
Both bright modes corresponding to dips 1st and 3rd and 
dark mode corresponding to 2nd are all localized states, 
where the location are remain unchanged, whereas that 
of Bragg mode is red-shifted with increasing the incident 
angle. Here, for the thin thickness of dielectric layer 
(compared with study wavelength), the localized optical 
modes corresponding to 1st, 2nd, and 3rd dips, are as-
cribed to 1st, 2nd, and 3rd magnetic resonance (MR) 
modes, respectively. 

The dependence of optical modes as function of 
wavelength on parameters as periodicity Λ (a), grating 
width b (b), and thickness of silica dielectric d (c, d) are 
illustrated in Fig.2. As can be seen in Fig.2(a), when fix 
the width of grating b=0.3 μm and the thickness of silica 
d=0.03 μm, then change the lattice from 0.5 μm to 1 μm, 
two narrow oblique lines (the dark green line) varying 
with the lattice  can be discerned, they might come 
from the surface wave diffracted by the periodic struc-
ture, because they are sensitive to changes of the lattice, 
and can be attributed to 1st and 2nd order surface lattice 
resonance (SLR) are marked out by the dark green line. 
The location of the SLR are as linear function of lattice 
in this one dimensional grating nanostructure. Besides, 
one vertical broad line locate near λ=1.7 μm and a nar-
row one locate near λ=0.6 μm can be seen in Fig.2(a) 
(the purple dashed line), which do not change with the 
lattice Λ. Compared with those in Fig.1(b) and (c), we 
can identify them as 1st and 3rd magnetic resonance 
modes. With fixing the lattice Λ=0.6 μm and the thick-
ness of silica d=0.03 μm, these two localized modes (the 
white vertical bar) vary when changing the width b from 

0.1 μm to 0.4 μm, as can be seen in Fig.2(b) the purple 
dashed line, the blue vertical bar indicated the location of 
the two localized mode in Fig.2(a). These two localized 
modes are sensitive to the geometry of nanostructure, 
and can be further attributed to 1st (λ≈1.7 μm) and 3rd 
(λ=0.6 μm) magnetic resonance mode, respectively. In 
Fig.2(b), one vertical narrow line locate at wavelength 
λ=0.6 μm, which is near to that of lattice Λ, and can be 
further consolidated as 1st SLR mode. 

 

 
Fig.2 The optical mode in MDM dependence on pa-
rameters of (a) the lattice, (b) the radius, and (c,d) the 
thickness of silica 
 

As analyzed above, magnetic resonance comes from 
the circumflux formed by the antiparallel SPP waves at 
the up and down dielectric-metal interface, the energy of 
MR is located in the dielectric, so magnetic resonance 
mode is sensitive to the properties of the dielectric layer. 
Fig.2(c) give out the optical modes dependence on the 
thickness of space layer silica, where the lattice is fixed 
at Λ=0.6 μm and the width of grating b=0.3 μm, the 
thickness of silica d changes from 0 to 0.3 μm. As indi-
cated by the dashed dark green line in Fig.2(c), the SLR 
hardly vary with changing the thickness of silica. The 
MR modes in Fig.2(a) (dashed purple line) are marked 
out by the blue vertical bar in Fig.2(c). Clearly, both 1st 
and 3rd MR are blue shifted and weakened with the 
space layer thickening as indicated by the dashed purple 
curve in Fig.2(c), and these MR modes become weaker 
and weaker in the zone from d≈0.08—0.15 μm. At the 
same time, two principal modes occur and become 
stronger and vary linearly with the thickness of space 
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layer, as marked by the dashed white line in Fig.2(c). 
Especially, the location wavelength is enormously 
blue-shifted, and the intensity becomes stronger with the 
dielectric layer further thickening. To clarify the physical 
mechanism of these modes, the reflections of sample 
with d=0.22 μm as function of frequency in the unit of 
THz are presented in the interpolated plot in Fig.2(c), 
along with which are magnetic field distribution corre-
sponding to five dips. Clearly, the dips in reflection 
spectrum are well-distributed with frequency interval 
Δv=88 THz, and the corresponded magnetic field distri-
bution are all demonstrating interference pattern both in 
the dielectric and the free space. According to the dielec-
tric dependence study at the microwave frequency by Lei 
Zhou group[39], we can deduce that modes changing from 
magnetic resonance to FP resonance occur in 
Ag-SiO2-Ag sandwiched system with dielectric layer 
thickening. We name the thickness interval denoted by 
the dashed light green line in Fig.2(c) as phase change 
zone. When grating width is b=0.15 μm, this phase 
change zone become as narrow as one line, as can be 
seen in Fig.2(d) the dashed light green line, and the MR 
(dashed purple line) and FP (dashed white line) can 
hardly be discerned at the phase change zone. The re-
flection spectrum near the phase change zone with 
d=0.18 μm and corresponded magnetic field distribution 
of dips are presented in the interpolated plot in Fig.2(d). 
As can be seen, the diffraction pattern occurs in magnetic 
field distribution of dips 4 and 5 in high frequency region. 
The wavelength location of dip 2 in Fig.2(d) and dip 3 in 
Fig.2(c) are near period of samples, which demonstrate 
the surface lattice mode peculiarities for that the mag-
netic field of these two dips are mainly distributed in free 
space. However, there are difference between the mag-
netic field distributions of dip 3 in Fig.2(c) and that of 
dip 2 in Fig.2(d), with obvious diffraction patterned in 
the dielectric layer for magnetic field of dip 3 in Fig.2(c), 
nearly homogenous distribution of that of dip 2 in 
Fig.2(d). We may attribute them to the hybrid of surface 
lattice mode with FP and MR modes for dip 3 in Fig.2(c) 
and dip 2 in Fig.2(d), respectively. The magnetic field 
distribution of dip 2 in Fig.2(c) demonstrate diffraction 
pattern both in dielectric and free space, it must come 
from the FP interference. The magnetic field of dip 1 in 
Fig.2(c) and dips 1, 3 in Fig.2(d) are mainly localized in 
silica, and demonstrate MR properties. It can be deduced 
that whether the MR or FP mode occur in MIM configu-
ration are decided on the duty factor of dielectric layer 
related to the thickness and width of met-
al-dielectric-metal sandwich. The impact of duty factor 
of dielectric layer on MR would be preliminarily studied 
through EM field distribution analysis below. 

As can be seen from Fig.3, the electric field Ey dis-
tributed in the dielectric layer become attenuated with 
the silica thickening from 0.01 to 0.14 (Fig.3(I)—(IV)) 
for samples with varying width b, which is correspond-
ing to the results in Fig.2(c). When the thickness of silica 

d≈0.14 (IV) in the phase change zone indicated in Fig. 
2(c) the dashed bright green line, the field Ey localized in 
silica is hardly discerned. However, with varying width 
b=0.15 μm, 0.3 μm and 0.45 μm in Fig.3, the field Ey of 
1st MR localized in the dielectric layer become 
strengthened, and weakened at the up metal-dielectric 
interface and free space. 

The corresponded amplitude distribution of magnetic 
field |Hz| are presented in Fig.4. It is obvious that one 
stubs localized in the dielectric layer occur in the mag-
netic field distribution |Hz| in Fig.4 for all samples, which 
meet with Lenz’ law as analyzed above. With the silica 
thickening from 0.01 μm to 0.14 μm, the magnetic field 
|Hz| distributed in the dielectric layer also become atten-
uated as that of electric field Ey in Fig.3. Furthermore, 
the field |Hz| of 1st MR localized in the dielectric layer 
become strengthened with varying width b=0.15 μm, 
0.3 μm and 0.45 μm, as can be seen clearly in Fig.4, es-
pecially for samples with the thickness of silica d≈0.14 
(Fig.4(IV)) in the phase change zone, the field |Hz| local-
ized in silica is hardly discerned when width b=0.15 μm 
in Fig.4(d), but that is clearly seen for sample with width 
b=0.45 μm in Fig.4(n). We may outline that the duty 
factor of space layer is important for magnetic resonance 
mode occurring. The intensity and position of MR are 
linearly proportional to grating width, or to say, are line-
arly proportional to the effective dimensions of dielectric 
perpendicular to the wave vector of light, whereas, as for 
thickness of the dielectric, which is at the dimension par-
allel to the wave vector, the intensity and position of MR 
demonstrate complex dependence on it. 

 

 
 
Fig.3 Distributions of field Ey of 1st MR in the xy-plane 
of samples with fixed lattice Λ=0.6 μm, varied width 
(a-d) b=0.15 μm, (e-h) b=0.3 μm, (k-n) b=0.45 μm, and 
thickness of silica (I) d= 0.01 μm, (II) d=0.05 μm, (III) d= 
0.08 μm, (IV) d=0.14 μm 
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Fig.4 Distributions of field |Hz| of 1st MR in the 
xy-plane of samples with fixed lattice Λ=0.6 μm, varied 
width (a-d) b=0.15 μm, (e-h) b=0.3 μm, (k-n) b=0.45 μm, 
and thickness of silica (I) d= 0.01 μm, (II) d=0.05 μm, 
(III) d= 0.08 μm, (IV) d=0.14 μm 
 

From above, we define the dielectric duty factor as the 
ratio of the dimensions parallel and perpendicular to wave 
vector of light thickness of dielectric, namely d/b. The 1st 
MR peaks position dependence on duty factor are studied 
with the peak position of 1st MR normalized to grating 
width b as λ/b. Fig.5 depicts the simulated (the black line) 
and fitted (the red line) normalized peak position λ/b 
spectra versus duty factor d/b. Obviously, the results fitted 
by function agree that of simulated well, this consolidate 
the validity of functions we used. As divided by the blue 
vertical bar in Fig.5, the fitting are performed in two 
segments. On the left side of the blue vertical bar, the 
exponential function are used to fit the curve, and on the 
right, linear function is used. Combined with the result of 
thickness dependence scanning in Fig.2(c), the location of 
vertical bar should correspond to phase change zone, 
where both the weak FP mode and MR coexist, as indi-
cated by the dashed bright green line in Fig.2(c). The 
phase change zone blue-shifted in d/b axis with increasing 
the grating width from Fig.5(a)—(g). Furthermore, with 
increasing grating width from b=0.15 μm (Fig.5(a)) to 
b=0.45 μm (Fig.5(g)), the exponential curve become 
steeper, meanwhile, the slope of lines become larger. The 
fitting formula are outlined in Tab.1, where x is duty 
factor of SiO2, and y is the normalized peak position of 1st 
MR. It can be seen that when the grating width increasing, 
the absolute value of decaying index in the middle column 
of the table enhance gradually, at the same time, the slopes 
of the linear in the right column of the table also be 
gradually enhanced. All these parameters exhibit rich 
underlying physics about the optical dependence on the 
duty factor of the dielectric layer. 

 

Fig.5 Normalized peaks position versus normalized 
thickness of silica for samples with (a) b=0.15 μm, (b) 
b=0.2 μm, (c) b=0.25 μm, (d) b=0.3 μm, (e) b=0.35 μm, 
(f) b=0.4 μm, and (g) b=0.45 μm 
 

For metal-dielectric-metal sandwiched waveguide, 
when fixed the thickness of dielectric layer, the equation 
of effective refractive index of transverse magnetic mode 
was given in Collin’s work[43] as follows:  

1/2d
eff d

0 mm

(1 1 )
π

kn
k b



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

,      (1) 

where εm and εd are the permittivity of metal and dielectric 
layer, and b is the width of the patch, and λ is the resonant 
wavelength of optical modes. In case of optical modes 
analyzed in this work, the duty factor d/b play vital role on 
MR modes with wavelength position normalized to width 
b as λ/b. Therefore, Eq.(1) can be improved as 

1/2d
eff d

mm

(1 1 )
π




  


yn , (2) 

where y=λ/b, and the expressions of y are defined as that 
in Tab.1. 
 
Tab.1 The functional relationship of magnetic reso-
nance with dielectric thickness with different gratings  

Width Exponential fitting Linear fitting
b=0.15 μm y=8.75e-14x+5.81 y=0.37x+5.36
b=0.2 μm y=8.77e-25x+5.64 y=2.23x+4.55

b=0.25 μm y=9.01e-33x+5.41 y=2.64x+4.41
b=0.3 μm y=8.66e-38x+5.27 y=2.75x+4.59
b=0.35 μm y=8.64e-50x+5.24 y=3.21x+4.37
b=0.4 μm y=9.08e-50x+5.29 y=5.55x+3.85
b=0.45 μm y=9.66e-62x+5.41 y=7.25x+3.55

 
Based on Eq.(2), the effective refractive index of 

magnetic metasurfaces with varied grating width were 
numerically calculated. Fig.6 displays calculated effective 
refraction index versus duty factor d/b for samples with 
different width. With increasing the duty factor of die-
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lectric, the effective refractive index of all samples with 
different width firstly drops abruptly, and then vary slowly, 
at last, it tends to one fixed value. Furthermore, it be-
comes smaller with increasing the grating width from 
b=0.15 μm to b=0.45 μm in Fig.6, and finally it approach 
the refraction index of silica n≈1.4 for samples with larger 
grating width. 
 

 
Fig.6 The effective refractive index as a function of 
duty factor for samples with different widths 
 

In conclusion, the parameters impact on magnetic 
resonance in periodical Ag-SiO2-Ag grating magnetic 
metasurfaces were theoretically studied. By analyzing the 
shift of the 1st MR position in reflection spectra with 
varied grating width and the thickness of SiO2, we found 
that whether the occurrence of MR or FP mode in MDM 
configuration are decided not solely on dielectric thick-
ness or size of up metal patches. The dielectric duty factor 
related to both the dielectric thickness and the size of the 
up metal patches play vital role on magnetic resonance. 
The phase changing and the dependence law on duty 
factor were outlined through electromagnetic field dis-
tribution analysis and data fitting. Finally, the effective 
refraction index of periodical Ag-SiO2-Ag grating mag-
netic metasurfaces are numerically calculated, and the 
physical mechanism are elucidated. This work may 
prompt the application of magnetic resonance modes in 
condensed physics phenomena study and optical device 
designing. 
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