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Tuning of a nonlinear metamaterial band gap by an external magnetic field
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We consider tuning of permeability of a nonlinear metamaterial with resonant conductive elements by an
external varying magnetic field. We propose two tuning regimes: slow tuning, when the permeability follows
adiabatically the field variations, and high-frequency tuning, when changes of the pump microwave amplitude
and/or frequency affect the permeability. We demonstrate how the metamaterial band gap can be tuned and
describe the resulting metamaterial switching between transmitting, reflecting, and absorbing states. The details
appear to depend drastically on the type of nonlinear components inserted into the resonant conductive ele-
ments. We perform practical estimates for typical diodes available for the microwave frequency range. We
predict that the transmittance of a metamaterial slab can be modulated by several orders of magnitude already
using a slab with thickness equal to one microwave wavelength in vacuum.
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I. INTRODUCTION sults in changes of the RCE®sonant frequency and quality

Metamaterial being a regular three-dimensional array ofactor, which in turn affect the resonant frequency and reso-
identical elements represents a direct analog of an opticdlance width of the metamaterial permeability. The latter de-
crystal designed for the radio and microwave frequency€rmines the band gap and controls the propagation of weak
range. Choosing appropriate structural elements and their apignal waves through the medium. Then, the metamaterial
rangement one can adjust the macroscopic characteristic®an be switched between transmitting, reflecting, and absorb-
Thus, in contrast to crystals, metamaterials can be tailored ttg states.
provide desired electromagnetic response. Arising macro- Particular tuning capabilities depend strongly on the type
scopic properties can be even beyond the limits establisheef the nonlinear insertion. For instance, insertions with vari-
in optics, as the research on negative refraction has shéwn.able resistancee.g., backward diodésallow affecting the

During the recent years, various resonant conductive elesffective RCE resistance and provide a tuning of the material
ments(RCES have been widely used as structure units oftransparency, i.e., switching between transmitting and ab-
metamaterials. As long as wavelengths of electromagnetisorbing states. Varactor diodeallow varying the effective
waves are much larger than RCE size, the elements can BRCE capacitance, which defines the position of the metama-
well described by linear resonant circuits. Accordingly, theterial resonance. Shifting the resonance one can switch the
metamaterial acquires a notable magnetic resonance. Inmaedium between all the three states with respect to a signal
certain frequency range above the resonance, the permeabiave at a given frequency. Thin ferroelectric filtheperate
ity of metamaterial made of RCESs is negative. As suggestegdimilarly to varactor diodes. Although the ferroelectric de-
recently? this allows using the metamaterial as a compacvices demand higher biasing, they are more advantageous at
photonic band gap crystal. higher frequencies, beyond the varactor frequency cutoff.

Inserting nonlinear components into the structure ele- We propose two tuning regimes: tuning by a strong slow
ments provides the metamaterial with nonlinear properties. Aarying field and tuning by a high-frequency field. With the
good example of this basic idea is the metamaterial made oflow tuning, the refractive index of the metamaterial is
RCEs with diod&® or nonlinear dielectritinsertions pro- changed adiabatically following time derivatives of the ex-
posed recently. Nonlinearity of the insertions current-voltaggernal field. With the high-frequency tuning, a strong pump
and/or capacitance-voltage characteristic leads to the nonlimicrowave propagating through the medium causes a homo-
ear dependence of the metamaterial magnetization on mageneous variation of the refractive index, which can be con-
netic field. In the limit of weak fields, the arising effects are trolled by adjusting the wave amplitude and/or frequency.
universally described by the optical approach involving non- To estimate arising application possibilities we study mi-
linear magnetic susceptibility. crowave transmission through a slab of the nonlinear

Increasing the magnetic field allows enhancing the nonmetamaterial. We show that even a relatively thin slab, hav-
linearity and achieving extraordinarily strong microwaveing the thickness equal to one microwave wavelength in
coupling. However, this case, when the essentially nonlineayacuum, can be used for a modulation of the transmitted
part of the nonlinear insertion characteristic is employedsignal microwave amplitude by several orders of magnitude.
cannot be treated similarly to optics. It is necessary to con-
sider various nonlinear processes separately. Il. TUNING THE METAMATERIAL

Here we study tuning of the metamaterial permeability by
an external varying magnetic field. This field induces volt-
ages in RCEs, which bias the nonlinear insertions and vary The electromagnetic response of a single RCE can be de-
the effective capacitance and/or resistance of RCEs. This rescribed in the approximation of linear resonant contour under

A. RCE with a nonlinear insertion
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the assumption that the wavelengths of electromagnetic Z(t)=R(t)—iwLC+i(wC(t))‘1, (7)
waves are much larger than RCE dimensi#h's. Ohmic o . )
losses in the RCE material determine the contour resistancéhich is affected by the pumping through the overall_r1eS|s-
R.; the geometric shape controls its self-inductahgeand tan_cia RH)=R:+Rnt) and capacitance C(t)=(C;
capacitanceC,. Note, that one can adjust the resonant fre-* Cins(t)) . Therefore, the main RCE characteristics, its reso-
quency of the RCE(L.C.)~Y2, by choosing appropriate RCE hant frequency, wo=(L.C)™"?, and quality factor, Q
dimensions. =R 1L./C, are tuned by pumping.

Inserting in series a component with nonlinear electric
properties(voltage dependent resistance and/or capacijance
makes the RCE response nonlinear. We assume the insertion
resistance and capacitance to be known functions of the volt- We consider a planar metamaterial arrangement, when
age drop on the insertioR;,s(Ui, and Ci,s(Ui,o), respec- RCEs lie in parallel planes normal to teaxis and form a
tively. Then the current(t) in the RCE, induced by an ex- regular lattice. The lattice constants are normally of the order
ternal electromotive forcé(t), obeys the equation of RCE size, i.e., also much smaller than microwave wave-

L lengths. Then, the macroscopic description of the metamate-

- - Nt i ‘ rial electromagnetic response is valid, and corresponding
EO=RIM+ Ccf_wl(t At + L)+ Uin®, - (1) permeability and permittivity tensors can be found using

_ _ standard averaging procedure established in optits.
where the voltage drop on the insertion can be generally The metamaterial made of RCEs has rather trivial electric
written as properties: its permittivity is positive and shows no notable
t frequency dispersion. The detailed considerdfioof the

S f [(t)dt'. (2) magnetic properties of such structure shows that it possesses

Cins(Uins() J - a diagonal tensor of resonant effective permeability with

Obviously, Eq.(2) has no general solution, but for particular components:

nonlinear processes certain approximations are applicable. Aw?
While considering the tuning phenomena, we focus onthe  ux=1, wy=1, plw)=1-

effect of strong pump field on the propagation of weak har-

monic signal wave, which probes the changes of lineamutual interaction of structure elements shifts the resonant

metamaterial response at frequeneyCorrespondingly, we  frequency to

separate the current and voltage into putmaex p) and 1

signal (index w) components: 0 = wo(g + },uonsz) ’ ©)

(1) =150 + 1 &+ 17, 3 L3t

B. Macroscopic permeability

Uins(t) = I Ring(Ujns(t)) +

(8)

o’ -0’ +iTw

wheren is the volume concentration of RCESjs the effec-
Uins(t) = Up(1) + u,e et + U;eiwt_ (4) tive area of RCE contoul, s is the cqmbined mu_tual and
. ) self-inductance. The resonance height and width are
For the signal terms much smaller than the pumping onesr_ﬂosan—lwzwaz anszwang‘l respectively
o . . C r r ' .
itis possible to perform an expansion(®). In the zero order A foliows from Eq.(8), propagation conditions for elec-
approximation, with the signal contribution being neglected romagnetic waves with magnetic field directed alaraxis,
Eq. (2) allows to determine the pump voltage for a given gpstantially depend on the wave frequency. Namely, the me-
pump current. Next, in the linear approximation with respectyiym is:
to the signal, the signal voltage is proportional to the signal (1) transparent at frequencies lower tham, since
current, U, 1. It is convenient to separate the real andrq,, 1>0 and Infu,,]<1 there:

imaginary parts of the proportionality factor and write: (2) absorptive at frequencies close to the resonance,

i |o-w,|<T, where Reu,,]~Im[u,,] and incident waves
U,= (Rins(t) t (t))lw' (5 dissipate in the bulk;
ns (3) reflecting in a certain band gap abowg, where
Here the effective insertion capacitance and resistance vald u,,] <0 and Imju,,] <1, and incident waves are reflected
in time due to the pumping. The particular form of E§)is  from the surface;
determined by the type of nonlinear insertion and the regime (4) transparent above the band gap, where again

of tuning, as discussed in detail in Secs. Il and IV. Re u,,]>0 and Infu,,]<1.
Considering the harmonic signal, we obtain from Eb. Consequently, to achieve maximal tuning effect it is de-
£ =Z(w), +U (6) sirable to adjust the metamaterial resonance close to the fre-
w C w w?

guency of the incident signal wave. Then by varying the
where Zy(w)=R.—iwL +i(wCy) ! is the linear RCE imped- parameters, (by shifting wy) and/orI” (by changingQ) it is
ance and¢,, is the electromotive force at the signal wave possible to affect drastically the propagation of the signal in
frequency. Substituting the relati@) and (6) yields that a  the metamaterial. Note that large values of the real part of the
RCE with nonlinear insertion acquires an effective imped-permeability at such frequencies lead to high refractive in-
ance dex. This reduces wavelengths and electromagnetic penetra-
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tion depths inside the metamaterial. Therefore, already thimnce(7) and determines the RCE quality factor. Accordingly,
slab can be used for significant modulation of the signal. the dissipation in the metamaterial depends on pumping:
wrz 1
IIl. TUNING BY SLOWLY VARYING EXTERNAL I'= EL_Rins(t)- (16)
MAGNETIC FIELD 0-¢
For an illustrative estimate of tuning range and required
mp field values, we consider a circular RCE with radius
ro=5 mm and wire diameter 1 mm. Then the contour self-
Cg]ductance equals 12 nH and an implemented capacitance of
.23 pF ensures the resonant frequengy 6717 rad/s
1p=3 GH2) to be in the microwave frequency range. For the
et@'tragonal arrangement of RCEs with lattice constamts
=0.5, along thez-axis anda=2.1r, in plane, the metamate-
rial resonance occur$ at frequency w,~3.67- 1@ rad/s

Adiabatic tuning of the metamaterial can be accomplishe(z)u
by applying a slowly varying external magnetic field. All the
three tensor components of the permeabil8yare equal or
close to unity at small frequencies. Therefore, pump fiel
inside the mediumHy(t), equals to the externally applied (
one. We assume the latter to be homogeneous and perp
dicular to RCE planegparallel toz-axis). The electromotive

force induced in RCE by the external field,

_ : (v, = 1.8 GH2. The above metamaterial parameters are used

EolV) = = 1oSH(D), (10 for estimates throughout this paper.
drives pump current, which, in turn, gives rise to pump volt- Among variable resistance devices, backward diodes are
ages biasing the nonlinear insertion. The resulting tuning eferominent for relatively high sensitivity and reliable opera-
fect depends on the type of the insertion. Below we considetion without additional bias. Taking, for example, InGaAs
particular cases of variable resistance and variable capadiodes reported in Ref. 7 with cross sectior® 1on?, we
tance insertions. conclude thatl{(l) changes sufficiently at current values
about 1 mA. To produce such a pump current, in accordance

with Eq. (13), the valuesH~10' A/ms? are required,
) ) ) » _which demands, for instance, fields of about 20m with a
For variable resistance devices, the capacitive contribucharacteristic varying time about Ous.
tion in Eq.(2) is not relevant, and their properties are usually  The assumed diode cross section provides in the absence
described by current-voltage characteristic. Here we conside§f pumping the resistand@,= d2//dl|,-o=23(); correspond-
the recipro_cal, voltage_—current, characte_ri%[(ct)._Then, in- ing resonance width i§,=0.06w, (RCE quality factorQ,
stead of usin@R,s(Uing) in Eg. (2), we can immediately write =~ 10). Such medium has low absorption at frequendies
Upne(D) =U((1). (11) —wr_|>1“0. B_iasing the diode with appropriate one can
achieve points on the current-voltage characteristic with
The pump current induced by slow varying e.n{X0),  higherdi{/dl. Clearly, already a 10 times increase yie(@s
can be easily found as the solution of Hd) with small =1 andI’~ w,, i.e., the absorption becomes substantial in a
signal terms neglected. The inductive and resistive terms aiigroad frequency band. Therefore, switching of the metama-
negligible at low frequencies and we get for such aterial between transparent and absorbing states in a wide fre-

A. Variable resistance insertions

capacitance-dominated RCE guency range is possible.
¢ Remarkably, there exist points on the current-voltage
5p(t):i f I(t)dt, (12)  characteristics of certain backward diodes, whelté/dI
CcJ- — o0, Tuning the diode to such point would provi@e— o,

I'—o0, which means that the medium becomes totally ab-

which yields using Eq(10): sorptive for signals at any frequency.

1(t) = = CepgSHy(D). (13)
For a high frequency signal wave, all terms in EL). are B. Variable capacitance insertions
important. Upon substituting the total currgBj in Eq. (11), Varactors possess a capacitance dependent on the voltage
and expanding with respect to weak signal contribution Weyrop on the element. We consider this dependeifce to be
arrive at the particular form of Eq5): a known function. Generally, varactor resistance is also volt-
U, =R () (14) age dependent. However, the arising resistive contribution to
@ s the nonlinearity is much smaller than the capacitive one.
where Moreover, there are also varactors reported to have constant
0 resistancé.Accordingly, we neglect the dependence for sim-
Rns) = —— (15)  Plicity and consider Eq(2) with constantRing
di |=|p(I) 1 t
stands for the effective insertion resistance, which follows Uins(t) = H(O)Rins + C(Upd1) _ml(t’)dt,' 17)

changes of the pump current. The contour resistdRces
negligible in comparison with that of the insertion. Then, Eq. To maximize the resulting RCE nonlinearity, it is favor-
(15) represents the total resistive part of the effective impedable to adjust the varactor capacitarit6) so that no addi-
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tional capacitanceC; is necessary to achieve the desiredency demands the overall RCE reactance to be much larger

resonant frequency. Then E@.) takes the form: than its resistancghe quality factoiQ of at least 1). There-
) fore, the pump voltage drop on varactors is of the order of
E(t) = Lcl(t) + Ujng(D), (18)  external electromotive force, while the voltage drop on back-

ward diodes is much smaller. Second, the pump culiEs)t

is proportional to the second time derivative of the external
field, whereas the varactor pump curré¢th®) involves the
first derivative. With slow varying fields, this also decreases
the resulting effectiveness of backward diodes.

where we omit negligible resistané& of RCE conductor.

While determining slowly varying pump current and bi-
asing voltage, we can disregard the inductive term in Eq
(18) as well as the resistive term in Ed.7). Then, using Eq.
(10), we get

. d
Up(t) = = oSHy(),  15(t) = = [U0CUL)]. (19) IV. TUNING BY A HIGH-FREQUENCY EXTERNAL
dt MAGNETIC FIELD

Next, we expand Eq(17) with respect to small current  As follows from Eqgs.(13) and(19), in order to achieve
and voltage at the signal frequenay Substituting in Eq.  sypstantial tuning using much lower pump magnetic field,
(18) and accounting for linear itJ,, 1, terms yields: one should decrease the characteristic varying times. The

[ i c'(t)\ ! most convenient way to provide a fast varying magnetic field
Eu=| oL+ (Rins+ —)(1 +Up(t)—> ]Iw, is to let a pump microwave propagate through the metama-
wC(1) c terial. We assume pump frequengyto lie in the transpar-
(20) ency region below the metamaterial resonance, but still being
comparable with the resonant frequengy
Note that the macroscopic pump field in the bulk of the
metamaterial differs from the externally applied field by a
(21)  factor of the order ofu,{Q). The details of field distribution
depend, especially for small samples, on particular sample
are the pump-controlled functions of time. shape and dimensions. However, if the sample is large

The factor in square brackets (QO) represents the par- enough, itis pOSSible to obtain the pump wave with constant
ticular form of the effective RCE impedana@). Corre- amplitude throughout the sample bulk. Thus, we assume the
spondingly, we obtain the time dependent parameters of theump wave inside the metamaterial to have #emponent

permeability resonance: H(ZQ)(r,t) = H, cod Ot - (1)), (24)
wo(t) = (LLC(t) + U (' ()2, (22)

where

de(u)
CH = CWl=uyr C'O= —;

U:Up(t)

with homogeneous amplitudel, and arbitrary phaseap
B changing at distances much larger than RCE size. Clearly, a
f Rins c'(t)\™* | ' ' ticul f
= _2_(1 +Up(t)—> _ (23) plane running wave is a particular case o E24). '
wy L C(t) The amplitude of the pump current can be easily found
from the macroscopic magnetizatioh of the medium on
Nhe pump frequency, which has only one nonzero component
,=nSl Using the reIationMZ=(,uzz(Q)—1)H§m between
e magnetization and macroscopic magnetic field, we arrive

The metamaterial resonant frequency is tuned proportio
ally to wg, and the resonance heightis not affected. Small
variations of the resonant width are not valuable compared t
the tuning of the metamaterial resonance. The latter detef"
mines the position of the metamaterial band gap, aﬁectin@t
critically the signals having frequencies close to the band gap () = 1o cOSQt = H(r rep), (25)
edges and enables the transmission-reflection switching. _ _

For qualitative estimates, we take typical examples of varwhere the current amplitude is
actor diode%and ferroelectric varactofsTo reach a remark- H
able tuning effect, the biasing voltade,, should provide lo= (udQ) - 1)—2L, (26)
considerable changes ¢fU). For varactor diodes, corre- nS
sponding values of the biasing voltage are of the order ofnd the phase is taken at the positigge of the RCE under
0.5 V. Using Eq.(19), we obtain thath~5-1(? A/ms is consideration. Remarkably, it appears that the tuning effect is
required(for instance, an external field of about 52/m determined by the amplitude &f oscillation and is insensi-
with a varying time about 0.Ls). For ferroelectric varac- tive to its phasésee below Therefore, the pump wav@4)
tors, the biasing voltage should be one order of magnitudgroduces homogeneous changes of the permeability.
higher, about 5 V, which enlarges the necessary pump field As seen from Eq(26), choosing() closer to the resonance
accordingly. one can take an advantage of the resonant magnetization en-

Note, that for tuning with slow fields the varactor inser- hancement, which provides higher pump currents. However,
tions demand field values of one or even two orders of magthere are at least two reasons to use pump frequencies out-
nitude lower than backward diodes do. There are two reasorgde the resonance region. First, substantial absorption of the
for the robustness of backward diodes in the case considerepump wave would otherwise alter the wave amplitude inside
First, the requirement of the original metamaterial transparthe metamaterial and cause inhomogeneity of the tuning ef-
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fect. Second, the medium occurs to be extremely nonlineal 25' /,/',." ,
with respect to strong waves with frequencies close to reso- ] .
nance. Clearly, harmonic oscillating plane waves are not nec. 54 PR
essarily the eigenmodes of such highly nonlinear medium. ] ___,.--—-—'_::_,,---” e
Accordingly, we suggest that the pump frequency lies in the<— 1.51 g .7

. . ] P il K NSRS S
transparency region and usg,(Q)-1)=1 for our esti- £ &5

1.0
mates. At the level of RCE response, we concentrate on thez

case of weak RCE nonlinearity, although with the nonlinear 2 o5
insertions operating in highly nonlinear regime. Therefore, 3 1
we have to ensure that the nonlinear contributiotJig in 0.0
Eq. (2) is small compared to linear interms in Eqs(1) and ]

0.5
(2) at the pump frequency. ]

For the frequency) being comparable with the signal 1.0 , , ,
wave frequencyw, tuning can be accompanied by excitation 0.00 0.05 0.10 0.15 0.20
of harmonicsw+1Q with any integer. However, this is not (@ voltage [V]

relevant unless the phase matching conditions are speciall 1o
met. Here we neglect the harmonics generation and concer
trate on tuning. p

As we show below, the high frequency regime allows de- -
creasing the required pump field values by several orders 0=
magnitude. Clearly, the adiabatic approximation of Sec. lll is¢ &
no more valid and we develop a separate approach to deg

—
o
=~

scribe this tuning regime. Particular tuning effect of the =
pump current(25) is determined by the nonlinear insertion 2 4
type and characteristics. Below we consider the cases of vari §
able resistance and variable capacitance. 2 2 ¥
g .——&-1':"'3';'—"'
A. Variable resistance insertions =
As in previous, we consider the relati¢hl) for the volt- 0o.o 05 10 15 20
age drop on the insertion. The current in RCE is given by Eq.(n) pump current, | - [MA]
(3) with pumping term Eq(25). Substitution in Eq(1) and
expansion with respect to sma)J} yields FIG. 1. Resistance tuning with backward diodés. Modelled
] current-voltage characteristics of backward diodbsCorrespond-
g, = [_ iwl+ e + R(IO)} » (27) ing dependencies of the relative resistance change on pump current.
C

shown in Fig. 1b). For some of the modelled characteristics,
the effective resistance demonstrates a remarkable peak. It is
easy to explain the origin of this sharp peak: it occurs when
the pump current amplitude matches the local maximum of
(28) the current-voltage characteristic, whefig/dl tends to in-
finity. Corresponding contribution to the averaged va2®
The involved zero Fourier component of the oscillating in-increases drastically then, since the diode spends consider-
stantaneous resistance is equivalent to the value, averag@lle time interval in the vicinity of this critical point.

where we can neglect ohmic losses in the RCE conducto
and rewrite the overall RCE resistance as
du(1)

R(lo) = a

1=l cogQt-¢)

over period 2r/Q); it is denoted here by...)-brackets. The We conclude that for the modelled diodes, the effective
averaged value depends neither @mor on ¢, which en- RCE resistance can be increased by up to one order of mag-
sures the homogeneous tuning by a running wave. nitude. This requires the amplitude of the pump current about

As seen from Eq(27), the pumping affects the effective 1 MA. Using Eq.(26) with the chosen metamaterial param-

resistance of RCE. This finally results in tuning of the eters(see Sec. Il Awe estimate the pump field amplitude of
metamaterial resonance width: the order of 0.3 A/m to be sufficient. Comparing with the

estimates in Sec. Ill A shows that the high-frequency tuning

2
_o 1 indeed demands much lower field amplitudes. On the other
T(Hp ) = w? LCR(IO)’ (29) hand, achievabl& modulation is smaller.

which appears to be dependent Yjeon the pump field am-
plitude and frequencysee Eq(26)].

To estimate the arising tuning capabilities with backward We consider, like in Sec. Ill B, a RCE with the capaci-
diode€ we model the typical current-voltage characteristicstance being provided by a varactor insertion. The pump volt-
[Fig. 1(a)] assuming feasible diode cross sectior? 2. age drop on the varactor can be obtained from &@) for
Corresponding relative resistance chandri,)/R(0) are  the known pump curren®25). At this step, we can neglect

B. Variable capacitance insertions
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‘the weak signal contribution as well as the small resistance 4, |
in (17). Then the pump voltage obeys the transcendental .
equation 0.25-7
= i| E 0.20
Up(C(U(1) = Q p(t). (30 S
[&]
Obviously,U,(t) is a 27/Q periodic function; it can be ob- %197
tained from Eq.(30) for a particular varactor with known § 0.104
C(U). © ;
Next, we substitute the voltage dr@p) into Eqgs.(17) and 0.054
(18), and expand them with respect to the signal voltdge 1
obtaining: 0.00- T T '

i 1 (a) voltage [V]
Eo :[—IwL +(Rms C(t) )
><<1+< (t)%(tt))» }w. 3) 3

Note, that it has a form resembling EQO) with an impor-
tant distinction that the averaging over the period/ 2 is
performed. Taking Eq(30) into account, it is easy to obtain
that the averaged values are controlled by pumping via pa:
rameterg=1,/Q). Accordingly, the RCE resonant frequency
and the metamaterial resonance width gu@ependent:

1 1/2( ( c'(t) ))—1/2 _
L t - y 32 T T T T
wol9) = <C(t)> ¢ Us® C(t) (32 0.00 0.02 0.04 0.06 0.08 0.10
(b) pumping, g [pA-s]
2
: t

I= w_rszs( < Up(t) c )>> : (33 FIG. 2. Resonance tuning with varactor diodés. Modelled
wp Le C(t) capacitance-voltage characteristics of varactor diodasCorre-

The shift of the metamaterial resonant frequeagyis pro- sponding dependencies of the relative resonance shift on pumping
portional to the shift(32) of w,. The resonance height ~ Parameteg.
remains constant.

We remind that in order to deal with harmonic pump ders of magnitude lower than those for the slow-field tuning.
wave, we have to ensure that it is only slightly distorted byThis makes the high frequency tuning much more attractive
nonlinear insertion influence. Therefore, the pump-inducedor practice.
modulation of the effective RCE capacitance should not be
strong. This means, in particular, that the paramé@sand \; tyNED TRANSMISSION OF A METAMATERIAL SLAB
(33) should not be altered significantly by pumping, i.e.,
|wo(g) —wo(0)| < we(0)  and  |I'(g)-T'(0)|<I'(0). Such To get a better insight into the application capabilities of
changes of the resonance width are hardly observabléhe metamaterial tuning, we turn to a simple example and
whereas the resonance shift affects crucially propagation dftudy a transmission-reflection problem for a metamaterial
signal waves with frequencies close dg. slab with tunable permeability. Schematic of the problem is

For illustrative estimates, we model characteristic depenpresented in Fig. 4. Since the metamaterial interacts only
dencie<C(U) for varactor diodeésand ferroelectric varactots  with the zcomponent of magnetic field, we choose the cor-
as shown in Figs. @) and 3a), respectively. We calculate responding polarization of the incide(ly signal wave. For
the corresponding relative shift of the resonancesimplicity, we disregard the interaction of RCEs with the
w(9)/ »,(0), taking RCE and metamaterial parameters as irelectric field(which is weak relative to the resonant magnetic
Sec. Il A. Figures o) and 3b) show that tuning of interactior) and assume the permittivity to be given by a unit
the resonant frequency by 10% is achievable withte€nsor:e;=ad;. The chosen coordinate axes are the principal
g~5-10""As for the modelled varactor diodes and axes of both permeability and permittivity tensors and there-
g~2-10% A's for the ferroelectric varactors. In accordancefore transmittedT) and reflectedR) waves are polarized in
with Eq. (26), corresponding pump field amplitudes afg ~ the same way as the incident wave.
~0.1 A/m andH,~0.5 A/m. For a normal incidence of the signal wave, the slab trans-

Comparing the estimates for the high frequency tuningmittanceT and reflectancé take the form®
we see that the pump field amplitudes required for remark- |
able tuning are of the same order for backward diodes and T= |4lp\“'“22(“’)| ‘ (34)
varactors. As expected, these field amplitudes are several or- |21 =V g w)? = (1 + 3, )3
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FIG. 3. Resonance tuning with ferroelectric varactéas Mod-
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W

0.6 1
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transmittance T

02+

0.0+

frequency w/w,

FIG. 5. Transmittance of metamaterial slab in a broad frequency
range with the RCE quality factoR=10 (solid line), 2 (dashed
line), 1 (dotted ling, and 0.5(dashed-dotted line

vary the coefficientg34) and (35) and switch the slab be-
tween these three states.

It appears that a slab thickness comparable with the mi-
crowave wavelength in vacuum)y=2nc/wy, is large
enough for substantial transmittance modulation. Setting the
thicknessd=\,, we concentrate on the transmission coeffi-
cientT as a function of the signal frequenayand study the
changes caused by the pumping.

Variable resistance insertions allow controlling the RCE
quality factor and, as a consequence, the metamaterial reso-

elled capacitance-voltage characteristics of ferroelectric varactorqance width. We have demonstrated that for both considered
(b) Corresponding dependencies of the relative resonance shift olypes of tuning(slow and high frequency pumping 5-10-

pumping parameteg.

(1 -V?)(1 - pfw)?
F= - , 35
(W21 =V @)% = (1 +Vpdw)?? (39

where W =exp(id | u,{ @) wc™).

fold decrease of the quality factor is achievable. Resulting
changes in the transmittance are presented in Fig. 5. Taking
the RCE quality factorQ=10 in the absence of pumping
ensures that the slab is initially transparémt-0.5) in a
wide frequency range above the band gap. We characterize
the tuning efficiency with the transmittance modulation
depth(ratio of the untuned to tuned transmittandeigure 6

Note, that the transmittance and reflectance are controlled

by only two parameters: the slab thicknesand permeabil-
ity u,» We distinguish between three qualitatively different
states: transmitting slab, witfi=1, F<1; reflecting slab,
with T<1, F~1; and absorbing slab, with<1, F<1. Ad-

justing the permeability by external magnetic field one can
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FIG. 6. Relative change of slab transmittance for the fivefold

FIG. 4. Transmission-reflection setup for metamaterial slab. Ori{dotted ling, tenfold(dashed ling and 20-fold(solid line) decrease

entation of RCEs is schematically shown.

of the RCE quality factor.
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r 1o‘°c transmittance by up to nine orders of magnitude in a narrow
F10° B frequency range between the original and shifted band gap
2,108 © edges[see Fig. {a)]. However, the transmittance at such
_ g 2 fr'equencies rgmains below 0.2, i.e., the most par.t of' the in-
o 5”06 z cident power is absorbeql or reflected anyway. _SW|t_ch|ng toa
2 E .9 state with higher transmittance becomes possible if the shift
£ F10E of the resonance exceeds the width of the transition region
E y 10° ?g’ around the band gap edge. Thus, a 30% resonance shift
S F10° 2 makes possible to modulate the transmittance between 0.8
- 10" B and practically zero.
10
o0 VI. SUMMARY
0.5510-1 We have analyzed the possibility to tune the linear elec-
(@) tromagnetic properties of nonlinear metamaterial with exter-
nal varying magnetic field. We have shown that the variable
r 10" resistance insertions provide an opportunity to tune the width
;10104,(51 of the metamaterial resonance and, accordingly, to control
;109 g the me_zd_ium absorbance. yariable ce_lpacitance insert!ons al-
E 1P S low Shlftlﬂg the metamaterial magnetic resonance, which de-
— §107 5 termines the band gap.
ot I Slow-field tuning regime allows broad variation of the
S %105 g metamaterial properties but requires extremely high values
= ;'104 ) of external field. The high-frequency tuning by a pump mi-
% 2”03 = crowave appears to demand much lower fields and we con-
£ Fo = clude it to be the most promising for applications.
F10 @ We have performed estimates for available backward di-
;’101 g odes, varactor diodes, and ferroelectric varactors employed
10° as nonlinear insertions. We conclude that the high frequency
B S B S 0"7510'1 tuning requires the amplitude of magnetic field in pump mi-
(b) frequency o/« c_rglwave to be of the order of 0.1 A/m, which is quite fea-
sible.

FIG. 7. Tuning of the metamaterial slab transmittance with 10% e demonstrated that a relatively thin slab of metamate-
(a) and 30%(b) shift of the band gap. Transmittances of the non-rial having the thickness comparable with microwave wave-
tuned slah(dotted ling, of the slab with shifted resonan¢gashed length allows performing the broadband transmittance modu-
line), and resulting transmission modulati¢solid line) are shown. lation by about 30 times, when variable resistance insertions

are used. Using the variable capacitance insertions provides a
ShOWS that a ﬁVefOId decrease Of the qua“ty faCtOI’ |eadS t(harrowband modu|ati0n by Severa' orders Of magnitude_
noticeable absorption of thg signal wave resulting in a five- \We conclude that nonlinear metamaterial appears to be
quality factor lowers the transmitted signal intensity by aboutyyt have clear application potential as well. The reported
30 times. A 20-fold decrease of the quality factor practicallymetamaterial tunability is analogous to electro-optic effect
blOCkS the transmission. SUCh an extreme mOdulation iS aFknown for more than a Century and W|de|y exp|0ited nowa-
parently not feasible with the high frequency tuning, but cangays in optic technology. We expect nonlinear metamaterials
be realized with the slow tuning regime. to become key elements of innovative microwave devices for

Variable capacitance insertions provide a possibility togn opticlike manipulation with microwaves.
tune the metamaterial resonance and, consequently, to shift

the band gap. With both regimes of tuning, the resonant fre-
quency can be altered by up to 30% and more. In Fig. 7 we
show two examples of corresponding changes in the trans- Financial support from the Deutsche Forschungsgemein-
mittance. Shifting the band gap by 10% allows varying theschaft(GK 695) is gratefully acknowledged by M. L.

ACKNOWLEDGMENTS

*Email address: mgorkoun@uos.de; Permanent address: Institute dR. A. Shelby, D. R. Smith, and S. Schultz, Scien282 77
Crystallography RAS, Leninski prosp., 59, 117333, Moscow, Rus-  (2001).
sia. 3S. O'Brien, D. McPeake, S. A. Ramakrishna, and J. B. Pendry,
1J. Pendry, Phys. Rev. Let85, 3966(2000). Phys. Rev. B69, 241101R) (2004).

235109-8



TUNING OF A NONLINEAR METAMATERIAL BAND GAP... PHYSICAL REVIEW B 70, 235109(2004)

4M. Lapine, M. Gorkunov, and K. H. Ringhofer, Phys. Rev6E, 10M. Shamonin, E. Shamonina, V. Kalinin, and L. Solymar, J. Phys.
065601(2003. D 37, 362(2004).

°0. Reynet and O. Acher, Appl. Phys. Le&4, 1198(2004. 11R. Marqués, F. Medina, and R. Rafii-El-Idrissi, Phys. Rev6®
6A. A. Zharov, . V. Shadrivov, and Y. S. Kivshar, Phys. Rev. Lett. 144440(2002.
91, 037401(2003.
7J. N. Schulman, D. H. Chow, and D. M. Jang, IEEE Electron
Device Lett. 22, 200 (2001).

12M. Gorkunov, M. Lapine, E. Shamonina, and K. H. Ringhofer,
Eur. Phys. J. B28, 263(2002.
13 it ohi i ;
8M. Mamor, Y. Fu, O. Nur, M. Willander, and S. Bengtsson, Appl. L. D. Landau and E. M. Lifschitzzlectrodynamics of Continuous

Phys. A: Mater. Sci. Procesd2, 633 (2001). _, Media (Pergamon, Oxford, 1984
9R. A. York, A. S. Nagra, P. Periaswamy, O. Auciello, S. K. Stre- J. D. JacksonClassical ElectrodynamicgWiley, New York,

iffer, and J. Im, Integr. FerroelectB4, 177 (2001). 1999.

235109-9



