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1. Reflected wave and phase properties

The reflection spectra and phase properties of the metal-graphene device with different
graphene conductivities, as shown in Figure S1 and Figure S2, respectively, can be obtained
simultaneously along with the transmission spectra simulation.
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Figure S1. Reflection spectra of the metal-graphene device for different DC graphene conductivities.

0.2 mS
0.3 mS
0.4 mS
0.6 mS
0.8 mS
1.0 mS
1.2 mS
1.4 mS

Frequency (THz)
1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2

Ph
as

e(
ra

d
)

-1.7

-1.6

-1.5

-1.4

-1.3

-1.35

-1.45

-1.55

-1.65

Figure S2. Phase properties of the metal-graphene device for different DC graphene conductivities.

2. Equivalent circuit model

To investigate the resonance condition of the coupled resonators, it is convenient to
build an equivalent LCR circuit model [1,2]. The individual resonators can be described as
antennas which have a frequency-dependent impedance described. The coupling of the
resonators is via a parallel coupling capacitor (Cc), as shown in Figure S3. The capacitor C1
and C2 are due to the energy stored in the electric field due to the build up of charges at
each end of the resonators. The inductance L1 and L2 are due to the magnetic field around
the resonator, which stores energy as the current flows. The resonator periodically cycles
energy stored between the electric field and the magnetic field, with the resistor values R1
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and R2 describing the energy lost per cycle from emitting radiation and from ohmic losses
in the metal. Extra induced loss by the graphene patch in the dark resonator is described
by an added variable resistor in series, RDamp. The voltage sources V1 and V2 describes the
electromotive force of the incident electric field on the electrons, with the induced current,
I = V/Z from this driving voltage determined by considering the overall impedance of
the circuit.
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Figure S3. Equivalent circuit model of the metal-graphene coupled devices.

The power drawn, PDrawn, from voltage sources V1 and V2, was calculated in order
to retrieve the transmission through the metamaterial device as this is proportional to the
extinction coefficient and hence is proportional to |1− T| [3]. To estimate the power drawn,
the current from each of the voltage sources as a function of angular frequency is derived
as: (

i1
i2

)
= (Z)−1

(
V1
V2

)
(1)
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R1 + jL1ω +
C1 + Cc

jωC1Cc

1
jωCc

1
jωCc

R2 + RDamp + jL2ω +
C2 + Cc

jωC2Cc

 (2)

The current drawn from the voltage sources can be used to determine the time averaged
power drawn as follows

PDrawn =
1
2

Re(V1i∗1 + V2i∗2) (3)

In this equation, i∗1 and i∗2 describe the complex conjugate of the current induced in the
bright and dark resonators. To convert the power drawn to the transmission coefficient of
the device, the following equation is used [3]:

|S21|2 = |S21|2sub −
PDrawn

PInc
(4)

Where, |S21|2sub is transmission due to the substrate and is set to 0.75 here. PInc is the
incident power, 1W.

To determine the specific values for the equivalent circuit model, the charges collected
in the resonator, q , the voltage, V, between each end of the resonator, the average current
distribution in the antenna, I , the magnetic flux, Φ, are probed in the simulation to calculate
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the capacitance and inductance values. The resistive loss for the circuit is determined using
the Q factor of the circuit. The circuit parameters are list as following:

Circuit Parameters Value

C1 2.9× 10−16 F
C2 3.2× 10−16 F
Cc 20× 10−16 F
R1 70 Ω
R2 36 Ω
L1 2.1× 10−11H
L2 1.4× 10−11H

Table S1. The parameter values of the equivalent circuit.

Following the above methods, the calculate transmission spectra based on the equiva- 
lent circuit model is shown in Figure S4, which is in agreement with the results in Figure
3a.
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Figure S4. The calculate transmission spectra based on the equivalent circuit model for different DC
graphene conductivities.
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