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Negative Magnetic Permeability in the Visible Light Region

Atsushi Ishikawa.'? Takuo Tanaka, '

* and Satoshi Kawata'™
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IMegative magnetic permeability of single split-ring resonators (S5RRs) is theoretically investizated in
the wisible light region. To describe the conduction chamacteristics of metl in the visible ange. we
develop the internal impedance formola completely. In oor calculations, we determine the magnetic
responses of the 53R R accurately. Basad on oar investipations, we also demonstrate the negative g of the

silver 35RR army in the visible light region.

DO 101 105 hysRevLew. 95, 237401

Recently, controlling optical properties of materials by
an array of meiallic subwavelength-stmactured objects has
attracted much interest from researchers. This artificial
material referred o as “*metamaterial™ conceptually ena-
bles us to freely specify the permittivity (&) and the per-
meability (@) in a particular frequency region. In
particular, a split-ring resonator (SER) [1], which acts as
an artificial magnetic atom, is a powerful tool for obtaining
a negative g, with which we can creaie a lefi-handed
material (LHM) exhibiting unigee electromagnetic phe-
nomena [2]. By using the SRR, negative g materials and
LHMs have already been demonstrated in the microwave
region [3.4]-

O the other hand, in the high frequency region above
THz, it was believed that obtaining strong magnetic re-
sponses from such metallic structures is impossible be-
canse of Ohmic loss. However, recently some experi-
mental studies on magnetic properties of SERs have been
reported at | THz [5], at 60 THz 6], and particularly at
100 TH= [7). and now the interest of this field is moving o
the visible light range. As a result, further investigations
regarding the SRR's properties in the visible range are
cagerly anticipated, and they could open new possibilities

PACS numbers: TE2LCE, T320MI, TR20.Bh

Z(w) = = R,(w) + X, (w), 2

ol e ) B e )
where §{e) is the skin depth [ 10]. The real and imaginary
parts of £, (e | are the surface resistivity R, and the intermal
reactance X, respectively. In the optical frequency region,
Eg- (2}, including the skin effect, enables us to describe the
conduction characteristics properly. However, particularly
in the frequency region above 100 THz, which is oor
interest, we must consider not only the delay of the cument
but also the displacement cument inside the metal. To
describe these phenomena, we derived the following equa-
tion for the intemal impedance of the plane conductor from
the Maxwell"s equations without any approximation:

Ho

Zie) = -
': Vel + i)

= Rljw) + Xiw), (3)

where g, and g, are the permittivity and the permeability
of vacuum, respectively. Mote that the *1™ in the denomi-
nator of Eq. (3) represents the effect of the displacement
current inside the metal as opposed to that of the conduc-
tion current, and this term describes the dielectric-like
behavior of the metal in the visible range.
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Loop antenna
+ LC resonant circuit




NA1OOBEFNEEDEL

=, iR, ] —> VAOOKRBETEZTEER
JERMRI TESEE2 A TR

SPE:
1T~1000THzF[C & (7D SRRDIx D FE L\ D EAT
o] {27818 CEIE T BSRRDE&ET (TH 1Y)




EROFIEENICEETRY

Rs(f)+iXs(f)
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Xs: RERD 705 >R

B DFEEE: P. B. Johnson, et al., Phys. Rev. B, 6, 4370 (1972). |
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Rs:surface resistance
Xs:internal reactance

T :penetration depth
w :width of the ring
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A. Ishikawa, T. Tanaka, S. Kawata, Phys. Rev. Lett. 95, 237401 (2005).

F : filling factor
Cg : geometrical capacitance

Lg : geometrical inductance
Z(w) : impedance of the circuit

Rs:surface resistance
Xs:internal reactance
T :penetration depth

w :width of the ring
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Control sample

Ag single rod array

Same density of rods

Same electric coupling

But, single rod array does NOT
interact with magnetic field

150um quartz substrate




Transmission vs incident angle
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Scientific Side
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Technical Side
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