Laser Physics Letters Astro Ltd.

You may also like

- Complete list of L D Landau's works
- INTERLOCKING RESONANCE

Second harmonic generation in left-handed

I PATTERNS IN GALAXY DISKS
metamate rlals J. Font, J. E. Beckman, M. Querejeta et al.
. . . - MARK BORISOVICH BARBAN (obituary)
To cite this article: A K Popov et al 2006 Laser Phys. Lett. 3 293 A | Vinogradov, B V Levin, A V Malyshev

etal

View the article online for updates and enhancements.

This content was downloaded from IP address 193.218.138.81 on 21/11/2023 at 06:52


https://doi.org/10.1002/lapl.200610008
/article/10.1070/PU1998v041n06ABEH000413
/article/10.1088/0067-0049/210/1/2
/article/10.1088/0067-0049/210/1/2
/article/10.1070/RM1969v024n02ABEH001344

The Laser Physics Letters archive is now available in IOPscience iopscience.iop.org/Ipl

Laser Physics

LaserPhys. Lett3, No. 6, 293-297 (2006)D0I 10.1002/lapl.200610008 T 293
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1. Introduction equations, describing the linear and nonlinear optical pro-
cesses [4].

In the late 60s, V.G. Veselago suggested that the electro- Metamaterials, i.e., artificially designed and engi-
magnetic wave propagation in an isotropic medium with neered materials, may have properties unattainable in na-

simultaneously negative dielectric permittiviand mag- ture, includi_ng a negativ_e refractive index. Initially, meta-
netic permeability, would exhibit very unusual properties Materials with a magnetic response and a negative refrac-
[1,2]. Specifically, the simultaneously negative dielectric Ve index were fabriacted for the microwave and terahertz
permittivity, e < 0, and magnetic permeability, < 0, lead ~ fréquency ranges [5,6]. The optical frequency range im-
to a negative refraction index, with the left-handed triplet POSes increasing difficulties and challenges for metamate-
of the electrical field, magnetic field and the wavevector.[1@S- The promising approaches for developing negative-
The energy-flow (Poynting vector) in this case is counter-Ndex materials in the optical range were proposed in [7—
directed with respect to the wavevector. It is rather counter] and experimentally realized in 2005 [10,11]. A nega-
intuitive and in a sharp contrast with normal, positive- V& magnetic permeability in the optical range, which is a
index materials (PIMs) [also referred to as right-handedPr€cursor for a negative refraction, has b_een also demon-
materials (RHMs)]. The negative-index materials (NIMs) Strated recently in [12-14]. In parallel with progress for
[also referred to as left-handed materials (LHMs)] do notr_netal—dlelectr_lc metamgter_lals, experimental demonstra-
exist naturally. It was also generally accepted in the physons of negative refraction in the near IR range have been
ical optics that the magnetization at optical frequencies ign@de in @ GaAs-based photonic crystals [15] and in Si-
negligible and, hence, didn't not play any essential rolePelyimide photonic crystals [16].

[3]. In accordance with this, the magnetic permeability The main emphasis in the studies of NIMs has been
was normally set to be equal to one in the basic Maxwell'splaced so far on linear optical effects. Recently it has
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- LHM pump approximation. Both semi-infinite and finite-length
— ‘ hZ h2 a glr:'(\j/l stli?rt])so%rﬁ] ;:ronsidered and compared with each ot_her
y PIMs. In order to focus on the basic
features of the process, our analysis is based on the so-
lution to equations for the slowly varying amplitudes of
the coupled backward fundamental and second-harmonic
waves propagating in lossless NIMs. The Manley-Rowe
relations for NIMs are analyzed and they are shown to be
strikingly different from those in PIMs. The feasibility of
- a nonlinear-optical mirror converting 100% of the incident
RHM radiation into a reflected SH is shown for the case of a
_ _ loss-free NIM.
L A hZ h? b The paper is organized as follows. The waves’ “back-
ward” features, which are inherent to NIMs, are discussed
in Sec. 2. The basic equations for the negative-index fun-
damental and positive-index SH waves are derived and the
relevant Manley-Rowe relations are discussed and com-
Ky S, pared with those in PIMs in Sec. 3. The unusual spatial dis-
tributions of the field intensities for SHG in a NIM slab of
- a finite-thickness are described in Sec. 4. The properties of
z a nonlinear-optical mirror with a semi-infinite thickness,
converting an incident fundamental beam into a reflected

Figure 1 The difference in the phase-matching geometry and inSH beam are analyzed in Sec. 5. Finally, a summary for
the obtained results concludes the paper.

the intensity-distribution for the fundamental and the second har-
monic wavesh? andh2, between a slab of the left-handed meta-
material — (), and a right-handed material — (b)

[l S

hy

hy

2. Wavevectors and Poynting vectors for the

0 hown that NIMs including structural el . _thfundamental and second harmonic waves in a
een shown tha s including structural elements wi ) ; .

non-symmetric current-voltage characteristics can possesqOUbIe domain metamaterial

a nonlinear magnetic response at optical frequencies [17ye consider a loss-free material, which is left-handed
19] and thus combine unprecedented linear and nonlineag; the fundamental frequenay; (e, < 0, u1 < 0)
electromagnetic features. Important properties of secongynereas it is right-handed at the SH freqden@y: 2w1,
harmonic generation (SHG) in NIMs in the constant-pump e2 > 0, uz > 0). The relations between the vectors of the

approximatipn were discussed in [201 f(_)r semi-infinite Ma- glectrical, E, and magneticH, field components and the
terials and in [21] for a slab of a finite thickness. The \yavevectoik for an electromagnetic wave

propagation of microwave radiation in nonlinear trans- ]
mission lines, which are the one-dimensional analog off(r;t) = Eo(r) exp[—i(wt —k-r)] +c.c., 1)
NIMs, was investigated in [22]. The possibility of the ex- H(r,t) = Hy(r) exp[—i(wt — k - 1)] + c.c., 2)
act phase-matching for waves with counter-propagating[
energy-flows has been shown in [23] for the case whe

the fundamental wave falls in the negative-index frequencg
domain and the SH wave lies in the positive-index do-

raveling in a loss-free medium with the dielectric permit-
ivity e and magnetic permeabilifyare given by the equa-
ions

main. The possibility of the existence of multistable non-k x E = hd pH, kxH= Y eE, 3)
linear effects in SHG was also predicted in [23]. This ¢ ¢
opens new avenues in optics and promise a great variety of €£(r, t) = —/uH (r,1), (4)

unprecedented applications for optics and especially nonghich follow from the Maxwell’s equations. Egs. (3) show
linear optics. Absorption is one of the most challenging that the vector triplee, H andk forms a right-handed
problems that needs to be addressed for practical applisystem for the SH wave and a left-handed system for the
Ca.tions Of NIMs. A transfel’ Of the near'ﬁeld image into fundamenta' beam_ Simu'taneous'y negaﬂve: 0 and
second-harmoniv (SH) frequency domain, where absorp;, < ¢ result in a negative refractive index = — Ve

tion is typically much less, was proposed in [20,21] as aas seen from Egs. (1) and (2), the phase velosify, is

possible means to overcome dissipative losses and thus eBo-directed withk and is given by, = (k/k)(w/k) =

able the superlens. (k/k)(c/|n|), wherek? = n?(w/c)?. In contrast, the di-
In this paper, we demonstrate counter-intuitive ef-rection of the energy flow (Poynting vect®)with respect

fects and unusual characteristics in the spatial distributokdepends on the signs efind .:

tion of the energy exchange between the fundamental and c

second-harmonic backward waves beyond the constan8(r,t) = — [E x H] = (5)
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2 2k 2
C HxkxH = K2 K

= E?.
dTwp

dTwe drwe

As mentioned, we assume here that all indices ¢f,
andn are real numbers. Thus, the energy-fl8watw; is
directed opposite tk;, whereass, is co-directed wittks.

3. Basic equations and the Manley-Rowe
relations for SHG process in NIMs and PIMs

3.1. Basic equations

We assume that an incident flow of fundamental radiatio
S atw; propagates along the z-axis, which is normal to
the surface of a metamaterial. According to (5), the phas
of the wave atv; travels in the reverse direction inside 41> —[42> =C,

S| d|S|

dz dz
The latter equation accounts for the difference in the signs
of ¢; andes, which brings radical changes to the spatial
dependence of the field intensities discussed below.

In order to outline the basic difference between the
SHG process in NIMs and PIMs, we assume in our further
consideration that the phase matching conditipn= 2k
is fulfilled. The spatially-invariant form of the Manley-
Rowe relations follows from Eq. (9):

Al |Ag?

A2 AP (10
€1 €9

where C' is an integration constant. With;, = —e;

nEq. (10) predicts that thdifferencebetween the squared

amplitudes remains constant through the sample

e

(11)

the NIM (Fig. 1a). Because of the phase-matching requireas schematically depicted in Fig. 1a. This is in striking dif-
ment, the generated SH radiation also travels backwargerence with the requirement that tekemof the squared
with energy flow in the same backward direction. This is amplitudes is constant in the analogous case in a PIM, as
in contrast with the standard coupling geometry in a PIM schematically shown in Fig. 1b.
(Fig. 1b). We introduce now the real phases and amplitudes as
Following the method of [23], we assume that a non- A, , = hyoexp(i¢r2). Then the equations for the real
linear response is primarily associated with the magneticamplitudes and phases, which follow from Egs. (6) and (7),
component of the waves. Then the equations for the coushow that if any of the fields becomes zero at any point, the
pled fields inside a NIM in the approximation of slow- integral (10) corresponds to the solution with the constant
varying amplitudes acquire the form: phase differenc@¢, — ¢, = 7/2 over the entire sample.

d—Az = i09A? exp(—iAkz), (6) ]

dz 3.3. SHG in PIMs

dTAl = io1 A3 AT exp(iAkz) . @) The equations for the slowly-varying amplitudes corre-
y4

sponding to the ordinary coupling scheme in a PIM, shown
in Fig. 1b, are readily obtained from Egs. (6—8) by chang-
ing the signs of; andk,. This does not change the inte-
gral (10); more importantly, the relation betwegrande;
required by the phase matching now changes, te- ¢,
where both constants are positive. The phase difference
remains the same. Because of the boundary conditions
h1(0) = h1g andhs(0) = hgy = 0, the integration con-

Jj = {1,2}; w2 = 2wi; andk; » > 0 are the moduli of  stant become§’ = h2,. Thus, the equations for the real
the wavevectors directed against the z-axis. We note thaamplitudes in the case of a PIM acquire the form:
according to Eq. (4) the corresponding equations for the

Here, Ak = ky — 2k1; 01 = (eqwi/k1c?)8mx?), 09 =
(e2w3 /koc?)4mx(?); ¥ is the effective nonlinear suscep-
tibility; A, and A; are the slowly varying amplitudes of
the waves with the phases traveling against the z-axis,

Hj(z,t) = Aj exp[—i(w;t + k;jz)] + c.c., (8)

electric components can be written in a similar form, with 1 (2) = \/ k%, — ha(2)?, 12)

€; substituted byu; and vice versa. The factogs; were dh

usually assumed to be equal to one in similar equations for—2 = [hYy — ha(2)?] . (13)

PIMs. However, this assumption does not hold for the cased_z ]

of NIMs, and this fact dramatically changes many conven-With the known solution

tional electromagnetic relations. ha(z) = hio tanh (j) 7 (14)
0

. th 1
3.2. Manley-Rowe relations hi(z) = 0= ——. (15)
khio

cosh (i) ’
20
The Manley-Rowe relations [24] for the field intensities ) ) @) _
Here,x = (eaw3/kac?)4myx .. The solution has the same

and for the energy flows follow from Egs. (5-7): / e.ﬁf X :
form for an arbitrary slab thickneswith decreasing fun-

damental and increasing SH squared amplitudes along z-

ki d|A1|? ko d]As)?
- Y axis, as shown schematically in Fig. 1b.

€ dz 265 dz

=0, (9)
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Figure 2 The normalized integration constafif i3, and the en-
ergy conversion efficiency vs the normalized length of a NIM
slab

4. SHG in a NIM slab

Now consider phase-matched SHG in a lossless NIM sIakE

of a finite lengthL. Egs. (6) and (11) take the form:

hi(2)? = C + ha(2)?, (16)
% = =k [C+ha(2)?] . 17

Taking into account thdifferent boundary conditions in a
NIM as compared to a PllVh; (0) = hyo andhq(L) = 0,
the solution to these equations is as follows

hy = V/C'tan [\@/{(L - z)} ,
VG
cos {\/aﬁ(L - z)} ,

where the integration parametér depends on the slab
thicknessL and on the amplitude of the incident funda-
mental radiation as

VCKL = arccos (f) .
10

(18)

hy

(19)

(20)

Thus, the spatially invariant field intensity difference be-

tween the fundamental and SH waves in NIMs depend
on the slab thickness, which is in strict contrast with the

case in PIMsAs seen from Eq. (16), the integration pa-
rameterC' = hy(z)? — ha(2)? now represents the devia-
tion of the conversion efficiency = h3,/h3, from unity:

1.0

1.0
NN
Y
08 b 08 | \\\\
N~ 2,2
06 - T~ iy
: I p—
\.
0.6 04 F s
: h2h2=h3h2 =~
\ 1/Mo1~ N2/Mog ~—
\ 02 ]
\ < 2/ 2
\ h3h2
0.4 b
\
\ 0 L
\\ 0 05 1.0
N\ 2lz,
) 0
NN
0.2 N\
U~ hihg
22 ~T—
hs/hg, N -
0 . n
0 1 2 3 4 5
zlzy

Figure 3 (online color at www.lphys.org) The squared ampli-
tudes for the fundamental wave (the dashed line) and SHG (the
solid line) in a lossless NIM slab of a finite length. Inset: the slab
as a length equal to one conversion length. Main plot: the slab
as a length equal to five conversion lengths. The dash-dot lines
show the energy-conversion for a semi-infinite NIM

in slab length (or intensity of the fundamental wave), the
gap between the two plots decreases while the conversion
efficiency increases (comparing the main plot and the in-
set).

5. SHG in a semi-infinite NIM

Now we consider the case of a semi-infinite NIMeat 0.
Since both waves disappearat— oo due to the entire
conversion of the fundamental beam into $H= 0. Then
Egs. (16) and (17) for the amplitudes take the simple form

ha(2) = ha(2), (21)
% = —rh3. (22)

Eq. (21) indicates 100% conversion of the incident funda-
mental wave into the reflected second harmonie at 0

in a lossless semi-infinite medium provided that the phase
matching conditiomAk = 0 is fulfilled. The integration of
g22) with the boundary conditioh; (0) = hy¢ yields

h 1
2(2):(;)111,

Eq. (23) describes @oncurrent decrease of both waves

=, 23
20 o ( )

(C/h3,) = 1 — n. Fig. 2 shows the dependence of this of equal amplitudes along the z-axihiis is shown by

parameter on the conversion length= (kh1o) .

the dash-dot plots in Fig. 3. For > z,, the depen-

The figure shows that for the conversion length of 2.5,dence is inversely proportional te. Thesespatial de-
the NIM slab, which acts as nonlinear mirror, provides pendencies, shown in Fig. 3, are in strict contrast with
about 80% conversion of the fundamental beam into a rethose for the conventional process of SHG in a PIM, which
flected SH wave. Fig. 3 depicts the field distribution along are known from various textbooks (compare, for example,
the slab. One can see from the figure that with an increaswiith Fig. 1b).
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