



































In Figs. 5(e)-5(j), we can also see that the retrieval results from numerical simulations agree
very well with the analytical results given by Egs. (29). It verifies that the @ dependences of
the optical parameters are valid in our previous work about realizing the repulsive Casimir
force [36] using chiral metamaterials. Note that from Eq. (25), the strength of electric polar-
ization and magnetic polarization can be modified independently by the length of the straight
wires and the area of the circular loop respectively. Q. > Q,, hereisjust one case. But no matter
how to change the dimensional parameters, the relation Eq. (30) roughly always holds in such
designs composited by the passive material only.

4. Conclusion

In summary, we have analyzed the wave propagation in chiral metamaterials and followed the
similar procedure that was done in ordinary metamaterials to do the parameter retrieval for
CMM dabs. Based on the transfer matrix technique, we extended the parameter retrieval tech-
nigue to be able to treat samples with substrates and extra top layers. We studied the influence
of the substrate and top layers on the thin chiral metamaterial slabs. We found that the substrate
could lower the frequency of the resonance and induce the homogeneous chiral metamateri-
als to be inhomogeneous. The sensitivity of the influence relates to the strength of the leaked
evanescent field in the substrate. We also fitted the retrieval results using analytical expressions
derived from Q-particle chiral model based on the effective LC circuit mode. We found they
agree with each other very well.

A. Derivetheforms of the constitutive parameter s from the Q-particle resonator model
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Fig. 6. Schematics of the single right-handed (left) and |eft-handed (right) Q-particle res-
onators.

Figure 6 gives the schematics of the Q-particle resonator. The structure consists of an open
circular loop and two short wires. The area of the loop is S= nr? and the length of each wire
isl. The wires are perpendicular to the loop and connected to the ends of the open loop. If the
Q-particle isin a homogeneous external field, the driving electric potential can be written as:

U=2Ey+ ‘U()S‘]o, (21

where + signs correspond to right-handed and | eft-handed helix resonators, The hat-dot denotes
the first time derivative. Applying the effective RLC circuit model, we have

L|'+%+R|=u, =g 22)

Leto={, B =puof, y= "R, and g = ;. Then assuming the external fields are plane waves,
~ e~ and considering stationary solutions, we get the following equation:
(—0® —ioy+ w§)q= aEo tinfHo, (23)
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then, we have _
o [0
2_j B0t — 5 -ﬂ 2
-0 —iy+ o -0 —iny+ o

q= (24

Therefore, the electric dipole, p = gl, and the magnetic dipole, m = £1A = +¢A, can bewritten
as:

p — al EO _|_ j:ico,BI HO7 (25a)

g —w?—iwy g —w?—iwy

m = Feed gy 0BA (25b)

og—-w?—iwy of—-w?—iwy

where, oA = u—loﬁl, | =11p, and A = Alp; Ty isthe unit vector along the direction of thewires, i.e.,
the up direction. The electric polarization and the magnetic polarization are defined as P = %—Op

andM = Zv—g‘ respectively, where the summation is done in the unit cell and Vi denotes the vol-
ume of the unit cell. Assuming there are N resonators in one unit cell, the electric polarization
and the magnetic polarization can be written as;

_ N al N fiofl

P = Vo w3—-w?—ioy +% wgwaiwav (264)
_ N _ FiwcA N ®2BA

M= Vo (Dgfa)zfiwa + Vo wg,wz,iwa~ (26b)

Here, the directions of | and A are merged into Eg and Hg to form the vectors of E and H.
Inserting Egs. (26) to therelation D = egE + P and B = poH + uoM, we have

alN FiwBIN/V
D = ef+— 2/V0- Et+— Bz /-0

0 —0?—ioy  ©f—0?—ioy
;iyoa)aAN/VoE ®?LoBAN Vo H

2 i 2 -
of -0’ —ioy  of - o0?>—ioy

H, (279)

B = uoH-+

(27b)

Comparing Egs. (27) with Eq. (1), we can obtain the relative permittivity &, permeability u,
and the chirality x:

IN/V,
e=1+ M (28a)
wf — 0?—ioy
®?BAN /Vp
=14+ 28b
po=2 0f — 0?2 —iwy’ (28b)
+wBlcogN/NVo +wupCoa AN Vg
_ Eop Mo _ L / (280)

wf—0’—ioy  of —0?—ioy

Equations (28) are valid for the case that the metal chiral structure stands in free space. If it's
merged into a background material with &, and up, Egs. (28) should be modified as follows:

Q 2
e= ot D (29)
0 — 0 —ioy
Quw?
= U+ —— 29
U= Up wg—(l)z—uﬂ'}/ ( )
Q
K:& (29c)

2 o
of — 0’ —ioy
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where g, is usually larger than one; uy, is usualy very close to one. Qg, €, and Q, are the

coefficients of the resonance termsin €, u, and x, i.e. Q, = Voiloljoz' Q= ﬂ\%, and Q, =
0

li,'o% = %, where ¢y is the speed of light in vacuum. They describe the strength of the
resonance. The expressions of the frequency dependence of € and u given by Egs. (29a) and
(29b) are the same as those in traditional metamaterials [37]. The linear w dependence of x is
the same as Condon model for the homogeneous chiral molecular media[38]. Thisisageneral
feature of natural optically active materials [39].

Because o = 'E and f = uo%, we then can obtain the following relation:

Q2 =0.Q, (30)

which seems to limit the possibility of obtaining large Q, in these designs composited by the
passive materials only.
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