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Abstract: We demonstrate an all-optical switching of the magnetic resonance properties associated with a me-
tallic Split Ring Resonator( SRR) array. The periodically spaced elements are fabricated on a high-resistivity
silicon wafer and probed by using conventional Terahertz( THz) time-domain spectroscopy. We use a continu-
ous-wave laser diode to generate carriers in the gaps of the SRR elements. Using a sufficient power, this opti-
cal excitation can create an effective short gap, which would switch the resonant properties of the metamaterial
from that of an SRR array to that of a closed ring resonator array and leads to dramatic changes in the THz
transmission. In the present experiment, the optically induced switching is associated with the magnetic reso-
nance. However, with appropriate changes in the device structure, this approach can be extended to switch a
medium with a negative real index of refraction to a medium with a positive real index of refraction. This opens
the way to creat a broad new range of active devices.
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exhibiting these properties are characterized by a

1 Introduction number of unique and unusual properties that were

first discussed theoretically by Veselago''' in more
In recent years, there has been a great interest in than three decades ago.

Since the initial demonstration of a material that

o . . . . 2,3]
exhibits a negative real index of refraction'”? | nu-

studying artificially structured materials. The appeal

of these structures, often referred to as metamateri-

als, may be attributed largely to the fact that such
materials can be engineered to exhibit properties that
can be varied over a much wider range than naturally
occurring materials. As an example, melamaterials
may be used to gain greater control over the propaga-
tion properties of electromagnetic radiation. One
class of structures that has elicited significant atten-
tion recently includes media that exhibit a negative
effective permeability or a negative effective refrac-

tive index. The electromagnetic properties of media
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merous metal-dielectric structures have been pro-
posed and fabricated that demonstrate equivalent

4=71 However, the structures used in the

properties
initial demonstration, composed of a combination of
metallic split ring resonator(SRR) and thin metallic
wire arrays, remain the most extensively studied.
The SRR element is used to exhibit a negative mag-
netic permeability'®’ | and the wires are used to ex-
hibit a negative electric permittivity'®’. With specif-

ic regard to split ring resonators, although the initial
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embodiments were designed for microwave studies,
there has been significant work recently in demon-
strating that these elements exhibit magnetic re-
sponse at THz and mid-infrared frequencies''®™'"*/,

A significant challenge in this field is the reali-
zation of active devices. To our knowledge, all pre-
vious experimental studies have focused on structures
that are static. Active devices, however, would re-
quire the ability to dynamically alter the properties of
these metamaterials. In principle, there are a num-
ber of ways to accomplish the effect. Focusing solely
on the properties of SRRs, the resonance properties
can be altered by creating large scale changes in the
dielectric properties of the substrate medium, cau-
sing dynamic changes in the spacing between the
rings in conventional double split ring resonator de-
signs, or causing dynamic changes in the gap prop-
erties of the SRR elements'®'.

In this paper, we experimentally demonstrate
the all-optical switching of the magnetic resonance
properties associated with a metallic SRR array.
These periodically spaced magnetic elements are
fabricated on a high-resistivity silicon wafer and
probed by using conventional THz time-domain spec-
troscopy. Using an independent continuous-wave
laser diode to illuminate the silicon surface, we gen-
erate charge carriers in the gaps of the SRR ele-
ments. With a sufficient optical power, this optical
excitation can cause an effective short gap, which
can switch the resonant properties of the metamateri-

al from that of an SRR array to that of a closed ring

resonator array. This would correspond to the pres-
ence or elimination of the low frequency magnetic
resonance. In present experimental embodiment, the
probing THz beam is normally incident on the SRR
array, so that the magnetic component of the electro-
magnetic field lies in the plane of the SRR. There-
fore, if a magnetic response is observed, the associ-

12,13
L2130 However,

ated permeability is not negative
with appropriate changes in the device structure,
this approach can be extended to switch a medium
with a negative real index of refraction to a medium

with a positive real index of refraction.

2 Experimental details

We fabricate an SRR array on a 500 pm thick,
>10 k) - cm high-resistive silicon wafer. The
individual array elements are patterned on a 300 nm
aluminum layer using conventional metallization and
photolithographic techniques. Fig. 1 (a) shows the
schematic diagram of an individual SRR element
along with the corresponding dimensions. The di-
mensions of the SRR elements used in this study are
w=131 pm, ¢=12.5 pm, d =15 pm, g =11 pm
and r =51 pm and the space between the SRRs is
180 wm on a square lattice. The magnetic resonance
frequency for the high-resistive silicon substrate lies
at 0. 13 THz, corresponding to a lattice spacing of
~A/13(A =300 pum at 1 THz). The SRR dimen-
sions, lattice spacing, and magnetic resonance

frequency are chosen based on power considerations
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(a) Dimensions of the SRR

(b) SRR in parallel excitation geometry

H k H

(c) SRR in perpendicular excitation geometry

Fig.1 Schematic diagrams of a square double-ring SRR and excitation geometry.
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of the optical ( laser diode ) excitation source de-
scribed below. For the purposes of comparison, we
also fabricate a nominally identical Closed Ring Re-
sonator( CRR) array.

A schematic diagram of the experimental setup

"is shown

used for THz time-domain spectroscopy '™
in Fig. 2. We use a mode-locked Ti; sapphire laser
as the optical source to generate and detect the THz
pulses. The laser oscillator operates at a central
wavelength of 820 nm with a repetition rate of 89
MHz. Conventional photoconductive devices are
used for both the emission and coherent detection of
the transmitted THz electric field. The array is
placed at the center of the two off-axis parabolic mir-
rors in the THz spectroscopy system as shown in
Fig.2. The THz beam is normally incident on the
structure and the array is aligned in the THz beam
path where the incident electric field lies parallelly
to the gaps in the individual SRR element. The THz
field geometries are shown schematically in Fig. 1
(b) and Fig. 1(c).

In order to investigate the optical switching
properties of the magnetic response associated with
the SRR array, a continuous-wave laser diode which
is operated at ~830 nm and with an average power
of up to 150 mW is used to alter the conductivity of
the silicon regions located in the gaps of the SRR el-
ements, as shown in Fig.2. The optical beam is fo-
cused to a spot size of ~1 mm on the SRR array.

And then we investigate the THz transmission prop-

SRR array

l

Laser diode

N

fs laser pulse

Emitter Detector

Fig.2  Schematic diagram of experimental setup.

erties through the SRR array as a function of optical
power of incident laser diode. Upon optical illumina-
tion of the array, photoexcited charge carriers are
generated near the surface of the semiconductor sub-
strate. For the maximum optical excitation used, we
estimate that the carrier density is approximately 3 x
10" ¢cm . Despite the spatial non-uniformity of the
optical excitation beam, we expect the carrier densi-
ty across the probed sample region to be approxi-
mately uniform, which is given by the long carrier
recombination time (7, ~25 ms) of high resistivity
silicon' ™. Optical excitation of the silicon in the
gap regions of the SRR elements causes a sharp
reduction in the resistance. In the presence of very
high optical intensities, the gaps would be effectively
shorted, so that the SRR elements would appear as
Closed Ring Resonator( CRR) elements. The trans-
mission properties of SRR arrays are dramatically

12
. As a conse-

different from those of CRR arrays'®
quence of fabricating on a silicon wafer, the optical
pump illumination increases the free charge carrier
density across the entire sample, thereby the trans-
mission of THz radiation through the wafer is
reduced. Therefore, for each laser diode power level
used, reference transmission spectra are taken by
using an identical blank high-resistive silicon
substrate under identical optical illumination condi-
tions.

In contrast to conventional optical measure-
ments where the transmitted optical power is meas-
ured, THz time-domain spectroscopy allows for the
direct measurement of the THz electric field, yield-
ing both amplitude and phase information''®'”). By
transforming the time-domain data to frequency do-
main, we are able to determine the magnitude and
phase of the amplitude transmission coefficient, ¢(v)
independently, which is used for the SRR and CRR
structures and has the relation as:

) <) | explip(0)],
E e (V)

(1)
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In Eq. (1), Egg and E are the transmitted

THz fields through the metallic array and a blank

substrate

substrate, respectively; 1¢(v) | and @ (v) are the
magnitude and phase of the amplitude transmission
coefficient, and v is the THz frequency. As noted
above, both time-domain waveforms are obtained

under identical optical illumination conditions.

3 Experimental results and discussion

Fig. 3 shows the amplitude and phase of the trans-
mission spectra of the SRR array for both parallel
and perpendicular to the gaps in the resonators, and
the spectra for the CRR array as well. As we can see
above, the THz beam is normally incident on the
SRR array. Therefore, the magnetic field lies in the
plane of the resonators and can not contribute to the
desired magnetic resonance. However, if the electric
field of the THz pulse is aligned parallelly to the
electric field direction within the capacitive gap of
the SRR, the incident THz electric field can couple
to the magnetic resonance. This result has been
demonstrated experimentally'®'. Thus, for the data
corresponding to the parallel excitation geometry of
the SRR, two separate resonances are observed in
the amplitude transmission spectra of SRR. The
magnetic resonance occurs at ~0. 13 THz, while the

higher frequency electrical resonance occurs between

0.25 THz and 0.3 THz.
that the spectra for the SRR ( perpendicular orienta-

It is worth while to note

tion) and CRR are almost identical. For last two
measurements, there is a slight blue shift in the high
frequency (electrical ) resonance. This result is con-
sistent with previous measurements with similar
structures' /.

Fig. 4 shows the amplitude of the transmission
spectrum through the SRR array ( parallel orienta-
tion) as a function of the laser excitation power.
There are several noteworthy points regarding the
transmission resonances which appear in the ampli-
tude spectra in Fig. 4. The electrical resonance at ~
0.26 THz changes a little with increasing optical
power. We note that the primary difference in the
transmission spectrum between an appropriately ori-
ented SRR array (Fig. 1 (b)) and a CRR array is
that the latter array does not exhibit a magnetic reso-
nance and demonstrates a slight blue shift in the
higher frequency electrical resonance. Even for the
highest optical illumination power of 150 mW , we do
not observe any significant spectral variation in the
lineshape of the electrical resonance at ~0.26 THz.
It is necessary to observe this result if a far greater
optical power is used. It is also worth noting that the
transmission spectrum for the SRR array ( perpendic-
ular orientation) is essentially unchanged as a func-
tion of the laser diode optical power(not shown). It

is not surprising, since the SRR array ( perpendicular
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Fig. 3 Amplitude transmission coefficients of closed

and open SRR structures.

Fig.4 Transmission spectra for SRR array fabricated.
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orientation ) and a CRR array exhibit nearly identical
transmission properties.

With specific regard to the magnetic resonance
at ~0.13 THz as shown in Fig. 4, it is apparent
that the depth of the resonance is progressively re-
duced with the increase of optical power. This
change in the resonance shape is directly related to
the generation of charge carriers in the gap regions of
the SRR elements, and it leads to a reduction of the
resistance. In order to quantify this observation, we
measure the magnitude of this transmission dip of
four traces as shown in Fig. 4. This data, as shown
in Fig. 5, depicts an approximately linear decrease
as a function of optical intensity. If we assume a
continued linear response in the magnitude of the
resonance dip as a function of optical power, it
should require ~ 650 mW of laser diode power to
completely switch off the magnetic resonance. Be-
cause this value appears very large, it is important to

note that this is not the actual power which is neces-
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Fig.5 Magnitude of magnetic resonance dip at ~0. 13
THz from the SRR array versus the laser diode
optical illumination power. The line represents a

linear least-squares fit to the data.
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