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desirable for operando monitoring for 
local structure dominating magnetic 
plasmon resonance (MPR) and pro-
nounced magnetic field enhancement. 
Among various electrically switchable plas-
monic devices, noble metals (including 
silver and gold) are most widely employed 
thus far, which are promising for distinct 
optical responses, stable chemical proper-
ties but should be maintained by contin-
uous external power consumption.[11]

Alkali metals have long been predicted 
to be a promising plasmonic material 
with high density free electron gas, quite 
similar as silver.[12] The distinct low optical 
loss feature of alkali metals has recently 
been verified in sodium system through 

systematic demonstration of fundamental optical measure-
ment as well as highly performing plasmonic devices at near-
infrared wavelengths.[13] Besides, alkali metal including lithium 
and sodium has also been heavily investigated in the field of 
energy storage. Lithium metal anodes, as the lightest anode 
material for lithium-based batteries, possess the highest spe-
cific capacity of 3860 mAh g−1 and the lowest electrochemical 
potential (−3.04  V vs standard hydrogen electrode) to achieve 
high energy density.[14] It is expected that combining these two 
properties of lithium metal can represent exciting progress 
toward self-powered active plasmonic devices.

In this work, by taking advantage of two critical roles of 
lithium metal employed in the electric dynamic switching: the 
efficient optical information carrier and the holy grail energy 
storage carrier, we developed the first electrically dynamic 
switching of MPR based on a planar lithium metal battery. Our 
results provide a powerful strategy for reconfigurable magnetic 
metamaterials, shedding light on electrically compatible self-
powered active plasmonics as well as nondestructive optical 
sensing for chemical reactions.

The proposed active switching of MPR is based on the elec-
trically induced structure transformation of magnetic meta-
atoms via the electrochemical evolution in a planar battery, as 
shown in Figure  1. In order to enable active control of MPR, 
there are three crucial components. First, the geometry- 
discontinuous magnetic meta-atoms are required to enable MPR 
excitations. Second, the electrically triggered structure transfor-
mation should be reproducible for controllable MPR switching. 
Third, in order to maximize optical contrast of MPR switching, 
an overall metallic structure with low optical loss is preferred. 
Here the silver-based metal–insulator–metal (MIM) structure is 
introduced on quartz substrate, the double metal strips of which 
can be utilized to induce the magnetic dipole moment. Silver is 

Active plasmonic nanostructures have garnered considerable interest in 
physics, chemistry, and material science due to the dynamically switchable 
capability of plasmonic responses. Here, the first electrically dynamic control 
of magnetic plasmon resonance (MPR) through structure transformation by 
selective deposition of lithium on a metal–insulator–metal (MIM) structure 
is reported. Distinct optical switching between MPR and surface plasmon 
polariton (SPP) excitations can be enabled by applying a proper electrical 
current to the electrochemical cell. Furthermore, the structure transformation 
through lithium metal deposition indicates the reconfigurable MPR excita-
tion in a full cycling of the charging and discharging process. The results may 
shed light on electrically compatible self-powered active plasmonics as well 
as nondestructive optical sensing for electrochemical evolution.

Dynamic plasmonics has generated tremendous excitements 
in the field of nanophotonics and metamaterials[1] due to active 
control of optical responses via either structure transforma-
tion[2] or material phase transition.[3] Because of the inherent 
self-built electric functionality, flexible modulation as well as 
compatibility, electrical control of metallic structures is of most 
importance among various dynamic control strategies[4] and 
widely employed to tune the electrical resonances in topologi-
cally continuous metallic structures, a new electrical reconfig-
urable route apart from the thermal and chemical effects.[4c,5,6] 
However, the magnetic metamaterial counterparts are rather 
challenging[3,7] to be electrically tuned because of discontin-
uous building blocks such as split ring resonators,[8] couple 
nanoparticles[9] and multiple stacked rods,[10] etc., which are 
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finely chosen because of its low optical loss in the visible and 
near infrared as well as much higher selectivity of lithium nucle-
ation than other metals.[14d,15] Once a proper electrical deposition 
current is applied, lithium ions extracted from LiFePO4 source 
move toward the MIM patterned metasurface through liquid 
electrolyte. The high lithium deposition selectivity of silver can 
directionally guide the lithium metal depositing vertically along 
the sidewalls of the MIM,[16] leading to the structure transfor-
mation from MIM to continuous donut geometry. Based on the 
analysis of local charge oscillation, the transformation from the 
discontinuous to continuous meta-atom can enable the optical 
switching from localized magnetic excitations (MPR) to delocal-
ized electric excitations (SPP) (upper panel in Figure 1).

We first calculated the optical responses of the two steady 
states of the electrically transformed plasmonic structures 
suggested in the top panel of Figure 1. All the calculations are 
based on the finite difference time domain (FDTD) method 
(see methods for details). As shown in Figure 2a that, the dis-
continuous MIM structure (the state before electrochemical 
lithium deposition, left top panel in Figure 1) is featured by the 
pronounced broad reflection dip at 1.85 µm, resembling the 
MPR spectroscopy feature, and a slight dip at around 800 nm 
of hybrid SPP excitation, which is adjacent to the little kink due 
to Rayleigh anomaly.[17] Once the metallic donut (the state after 
electrochemical lithium deposition, right top panel in Figure 1) 
forms, the dip at 1.85 µm completely disappears, while a sharp 
dip at ≈1 µm emerges, which is redshifted from 800 nm, in close 
proximity to the SPP excitation on the metal/dielectric inter-
face.[18] The difference of SPP between disconnected (before 
lithium deposition) and connected (after lithium deposition) 
structures is the Fourier coefficient (or called as the modulation 
strength) of the periodic structure.[17] One may further iden-
tify the nature of MPR (≈1.85 µm) and SPP (≈1 µm) from the 
electromagnetic field distribution profiles, shown in Figure 2b 
and Figure S1 (Supporting Information). For the MPR mode, 

the excited reflectance dip at 1.85 µm before lithium deposition 
possesses antiparallel electric dipole pairs across the double 
silver layers (see the Ez profiles, upper panel in Figure  2b), 
leading to an artificial magnetism (see J profile, upper panel in 
Figure  2b) and a pronounced magnetic field enhancement in 
the spacing SiO2 film (so called MPR). However, after lithium 
deposition, the MPR mode at the same frequency (1.85 µm) 
disappears (Figure S1a,b, Supporting Information), which dem-
onstrates the dynamic control of MPR through structure trans-
formation. Besides, the calculated field profiles for the SPP 
modes before and after lithium deposition are shown in lower 
panels in Figure  2b and Figure S1 (Supporting Information). 
Before lithium deposition, surface mode SPP excitation on the 
air/MIM surface can exist because of the periodicity of MIM 
structure (Figure S1c,d, Supporting Information). Further-
more, as the bottom and upper silver strips are connected after 
lithium deposition, the connected MIM structure behaves like 
a semi-infinite metal/dielectric grating, on which the hybrid 
propagating SPP mode is excited (lower panels in Figure 2b).[18] 
Hence, the electrically triggered discontinuous-to-continuous 
structure transformation plays the crucial role in the active plas-
monic switching between localized MPR and delocalized SPP.

In order to identify the functionality of electrically switchable 
MPR proposed in Figure 2, we first performed the ex situ reflec-
tance measurements. We measured the reflectance spectrum 
of the MIM structure before and after 5  min electrochemical 
deposition of lithium metal at an applied current of 300 µA, 
respectively, as shown in Figure  3. One may find that, the 
measured reflectance spectrum (Figure 3b) of the pre-patterned 
MIM structure (Figure 3a) before lithium deposition exhibits a 
distinct reflection dip at around 1.85 µm, far from the delocal-
ized SPP excitation related to the periodic structure (≈790 nm), 
which is a bit beyond the acquirable spectral region of the 
microscopic reflectance detector. In addition, the distinct reflec-
tion dip possesses a broad bandwidth as well as symmetric 
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Figure 1.  The schematic of electrically active switching of magnetic plasmon resonance via selective lithium deposition in the lithium metal battery.
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profile, indicating the MPR feature. Note that the little differ-
ence between the measured resonance wavelength compared 
with the calculated one (Figure 2a) could be ascribed to the FIB 
fabrication process for the nonvertical edge of the groove,[19] 
leading to slightly changed geometry parameters (period:  
P = 790 nm, strip width: Lm = 400 nm). After a period of lithium 
deposition, the silver-based MIM sandwich will induce lithium 
metal growth vertically along the MIM sidewalls, leading to the 
conformal expansion of MIM with connected silver strip pairs. 
As observed from the SEM image in Figure  3c, the average 
stripe width increases from 400 to 500 nm after lithium deposi-
tion at 300 µA for 5  min. (Note: lithium deposition along the 
sidewall is demonstrated in the cross-sectional SEM images 
after lithium deposition, see Figure S2, Supporting Information) 
As a result, after the deposition induced MIM structure trans-
formation, the MPR mode around 1.85 µm disappears while 
an enhanced hybrid SPP mode with an asymmetric sharp dip 
redshifts to around 1 µm (Figure 3d). These electrically switch-
able ex situ results show good agreement with the numerical 
calculations in Figure S3 (Supporting Information) as well as 

the conceptual design in Figure 2a, proving the validity of the 
electrically switchable MPR based on lithium deposition.

To further demonstrate the reconfigurable switchability 
of MPR, we conducted in situ reflectance measurement of 
the MIM structure in a full electrochemical cycle, aiming 
at revealing the correlation between the nanoscale lithium 
morphology and spectroscopy during the dynamic process 
of lithium deposition. The battery voltage during cycling is 
recorded in Figure 4a. As shown in Figure  4b, before lithium 
deposition, there are two dips (≈1.2 and ≈1.6 µm) which are due 
to SPP (on metal/electrolyte interface) and MPR respectively, 
resembling the primary features of the ex situ experiments. The 
dip locations are different from the ex situ experiments due to 
the FIB process and electrolyte environment, demonstrated in 
Figure S4a (Supporting Information). When lithium begins to 
deposit after a 300 µA electrical current is applied, the two repre-
sentative dynamic evolution rules in the ex situ case (the on/off 
switching of MPR and the slight redshift of SPP, Figure 3) are 
mostly reproduced in the in situ experiment (Figure 4) and cor-
responding simulations in Figure S4 (Supporting Information). 

Figure 2.  Calculated reflection spectra and field distributions. a) Calculated reflection spectra of the two representative metallic structures before and 
after lithium deposition, respectively. The period and strip width of MIM are P = 790 nm and Lm = 400 nm, respectively. The thickness of top and bottom 
silver layer are dm1 = 50 nm and dm2 = 100 nm with di = 50 nm SiO2 as the spacing layer. The lithium width is 100 nm on each side after deposition. b) Cal-
culated electric field Ez, magnetic field Hy and current density J field distributions of the MPR (upper panel) and SPP (lower panel) mode, respectively.
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First, the on/off/on switching of MPR at ≈1.6 µm is observable  
during a full cycle in the experiment. The redshift of MPR 
toward 1.85 µm (after lithium deposition) is due to the discon-
tinuous point-like vertical deposition along MIM ridges (dem-
onstrated in Figure S4b, Supporting Information). Secondly, the 
SPP dip is slightly redshift and finally recovered after the full 
cycle, which is well reproduced in both the in situ experiments 
(see shallow dips ≈1.3 µm Figure 4b,c) and the simulated in situ  
evolution curves (see dips ≈1.3 µm Figure S4b,c, Supporting 
Information). The SPP dip at 1.3 µm is less observable in the 
depositing evolved spectra probably due to reduced long range 
periodicity of the structure. Similar case happens nearby λ ≈ 1 µm  
(a newly emerged reflection dip shown in Figure S5, Sup-
porting Information), which will be discussed later. Once the 
applied current is reversed, lithium metal is stripped from the 
MIM structure (Figure 4c). During this process, a smaller cur-
rent of 100 µA is applied so as to fully extract the lithium metal 
with relatively higher columbic efficiency. During lithium strip-
ping process, the intensity of reflectance dip due to MPR excita-
tion become stronger and the dip gradually blueshifted back. As 
it approaches the end of stripping, the reflectance dip around 
1.6 µm appears again, indicating the lithium stripping process 
almost completely transforms the semi-infinite metallic grating 
back into the MIM structure. Note that the remaining reflection 
dip at ≈1 µm (Figure S5, Supporting Information) after a full 
cycle suggests that this newly generated dip is probably origi-
nated from heterogeneous deposition and/or side reactions 
(Note S1, Supporting Information). Such incomplete lithium 
stripping is widely known as dead lithium in the first cycle due 
to the low initial coulombic efficiency. The demonstrated in situ 

reflectance spectra suggested that the electrical switched MPR 
is reconfigurable, which can be employed as nondestructive 
optical sensor for electrochemical reactions. Compared with 
the previously reported SPP-based optical sensing system,[5a] 
MPR commonly possesses much longer resonant wavelength 
(far from the intrinsic interband absorption), beneficial for 
higher optical contrast. In addition, the quite different angular 
dependent spectroscopy feature of the MPR (before deposi-
tion) compared with SPP (after deposition) can provide dis-
tinct optical signature for detecting the electrochemical lithium 
metal evolution process.[20]

Finally, we would like to discuss the selectivity of metal sub-
strate for the transformation of MIM structure. A widely used 
anode current collector material (copper) is employed as a com-
parison of silver. The ex situ reflectance of Cu-based MIM is 
shown in Figure S6 (Supporting Information). One may find 
that the lithium deposition in Cu-MIM is almost out of con-
trol (random dendrite growth, Figure S6d, Supporting Informa-
tion) when applying the same current (300 µA) as in Ag-MIM 
structure, which can be ascribed to much lower solubility of 
lithium in copper and thus larger overpotential for uncon-
trolled lithium nucleation and dendrite morphology formation. 
Therefore, the reconfigurable electrical switch of MPR can be 
enabled by well controlling the electric current as well as depo-
sition overpotential.

In summary, we demonstrate the first self-powered electrical 
dynamic switching of MPR based on lithium metal deposition 
in a lithium metal battery. With precisely designed silver-based 
MIM structure, the dynamic optical switching between MPR 
and SPP excitations are realized via electrochemical charging 
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Figure 3.  Ex situ reflection characterization during normal lithium deposition in Ag–SiO2–Ag MIM structure. a) SEM image of the original MIM struc-
ture with period ≈790 nm and metal strip width ≈400 nm. b) Reflectance curve before lithium deposition. c) SEM image of MIM structure after lithium 
deposition at 300 μA for 5 min. d) Reflectance curve after lithium deposition at 300 µA for 5 min.
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and discharging process, leading to reconfigurable structure 
transformation from discontinuous MIM to semi-infinite 
metallic grating. The morphology correlated reflectance spec-
troscopy can serve as a research platform for electrically active 
plasmonics, paving an alternative way to nondestructive optical 
sensing for in situ chemical reactions.

Experimental Section
Planar Battery Fabrication: The MIM structure was obtained in two 

steps: layer metal (Ag or Cu), dielectric (SiO2 or MgF2) and metal (Ag 
or Cu) film with a thickness of 100, 50, and 50 nm was deposited on a 
SiO2 wafer (thickness ≈ 1 mm) through physical vapor deposition (PVD, 
Gatan 682). The MIM structure was fabricated by FIB (Dual-beam FIB 
235, FEI Strata). During in situ test, planar battery was made up with  
3 components: MIM structure on one side, LiFePO4 electrode 
on the other side and liquid electrolyte (1.0 m LiPF6 in 1:1  vol/vol 
ethylene carbonate/diethyl carbonate with 2 wt% vinylene carbonate, 
Guotaihuarong Corporation). The battery was covered by another 
transparent glass and sealed with epoxy resin.

Characterization: A system based on a micro-spectrophotometer 
(Bruker vertex 70) is employed to acquire the reflection spectra. An 
electrochemical workstation (Biologic SP-20) is used to control the 

lithium deposition/stripping through galvanostatic cycling and measure 
the time-dependent potentials. For the ex situ reflection test, lithium 
deposition is finished in glove box and MIM structure sample is sealed 
by another glass with epoxy resin for reflection test (without electrolyte). 
The area without grating is used as the reference. During the in situ 
reflection test, the planar battery with electrolyte is employed and the 
area without grating soaking in electrolyte is used as the reference. 
The morphologies and structures during the fabrication processes and 
lithium deposition were characterized by scanning electron microscopy 
(Dual-beam FIB 235, FEI Strata). During ex situ characterization of 
the lithium morphology, the battery was opened in the Ar glove box 
after lithium deposition and optical reflectance measurement, and 
the electrode was then rinsed with fresh diethyl carbonate and dried. 
Electrodes were mounted onto SEM stages and sealed in an Ar-filled 
transfer container for immediate SEM observation.

Numerical Simulation: The finite-difference time-domain method 
was used to calculate the reflectance spectra as well as the electric field 
Ez, magnetic field Hy and current density vector J of two representative 
microstructures, respectively. For simplicity, periodic boundary condition is 
used for the modeling and plane wave is employed as the excitation source. 
The material parameters of lithium metal and silver are from the Palik 
data, and the refractive index of SiO2 and electrolyte are set as 1.45 and 
1.4 respectively. The thickness of lithium is used to correlate to the lithium 
metal evolution process in the experiment. For the ex situ simulation, the 
period is set as 790 nm. The widths of upper silver layer and SiO2 layer are 
400 nm, and the width of lithium metal is set as 100 nm on each side.

Figure 4.  In situ reflection characterization of Ag–SiO2–Ag MIM structure during electrochemical cycling. a) Battery voltage during lithium deposition 
and stripping process. b) In situ reflectance curve during lithium deposition at 300 μA. c) In situ reflectance curve during lithium stripping at 100 µA.
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