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Nonreciprocal frequency doubler of electromagnetic waves based on a photonic crystal
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It is shown that an electromagnetic wave corresponding to the second harmonic transmitted through a dual
periodic photonic crystal possessiné?) nonlinearity exhibits a profound difference in output intensity de-
pending on the direction of the propagation and, therefore, such a system appears to be suitable in the design
of a frequency doubler of electromagnetic waves which allows propagation of the wave in one direction and
forbids propagation in the opposite direction.
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The theory of electromagnetic wave propagation in peritequire for the left structure to posseg&) nonlinearity,
odic structures, also called photonic crystals, was developedhile for the right structure to be preferably linear or to have
on the basis of the close analogy with quantum particle dynonlinear properties that are weak enough to avoid strong
namics in atomic crystafsThe close similarity between the SHG.
two systems yields ideas for designing photonic crystals pos- Let us choose thex axis orthogonal to the layers and
sessing new remarkable properties, which can be of greatirected from the left to the rightsee Fig. 1 and suppose
practical importance. In recent years the mechanisms thdpat TE, E=(0,0E(x,t)), the electromagnetic wave of the
constitute the basis for nonreciprocal transmission have bedfequencyw, is incident on the stack from the left. We are
numerically investigated in the one-dimensioiaD), non-  interested in the case whéin » belongs to an allowed zone
linear, anisotropic photonic band gap material with a spatiapf the left structure and falls into the gap of the right struc-
gradation in the linear refractive indeand it was found that ture while (i) the second harmonic of the incident wave,
such a structure can result in unidirectional pulse propagawith frequency w,=2w; and wave vectorq,=2q;+Q
tion. In the present paper we have employed yet anothefwhereQ is the vector of the reciprocal lattice of the left
principle that constitutes the operational mechanism for @tructure, which is generated in the left structure belongs to
nonreciprocal frequency doubléwhich also can be viewed an allowed zone of the both left and right structures. The
as a basic element of a light diggiée., a device which for a characteristic distanck; at which the most energy of the
given frequency of the electromagnetic radiation allowsfirst harmonic is transformed into the second one is propor-
propagation of a wave in one direction but forbids propagational tov;/Ax(?), whereA is the amplitude of the incident
tion in the opposite direction. Such a device follows the prin-wave in the left structure and we use the notatignfor the
ciples known from the theory of p-n transition and a semi-

conductor ledé fi(wt —-kx) f,(oot —kx)
To start with qualitative description of a nonreciprocal —_— —
frequency doubler of electromagnetic wave we considera TE ;4 .y
electromagnetic wave incident from the left on a 1D D X
multilayer stack which consists of two kinds of periodic me- >
dia as is shown in Fig. (&). L1 L
The two stratified media are chosen in such a way thatthe  (a)
relative positions of band gaps are as shown in Fig). The wa/zm‘
band gaps of the subsystem on the (bflow simply the left

structure can be arbitrarily small and even absent; i.e., it can
be homogeneous in the limit of the vanishing filling fraction
of one of its components. The choice of the periodic left
structure is justified by the fact that it allows one to modify
the dispersion relation, which is necessary in providing reso-
nant conditions for second-harmonic generatihiG).° Al-
though the left part of the proposed device can be replaced
by a homogeneous SHG material, the use of a photonic crys-
tal seems to have several advantages, like the possibility to ®)

provide the matching condition in a wide range of wave- FiG. 1. (a) Multilayered 1D stack composed of two periodic
lengths, the possibility of the realization giant SHEee,  substructures(b) Schematic picture of the photonic band structure
e.g., Ref. 4, and the possibility of controlling the matching of the left and right parts of the dual 1D stack. Shadowed regions
conditions by geometrical parametdiattice constant of a indicate the allowed bands while empty regions correspond to the
periodic structure, filling fraction, ef). Simultaneously, we stop bands.
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FIG. 2. (a) PBS's of the 1D GaAs/AlGaAs stack when the filling fractiorf js= 0.5. (b) PBS’s of the 1D GaAs/vacuum stack when the
filling fraction is f,=0.3. In the both figures solid lines correspond to dispersion relation=82 wm, while dashed curves refer to the
fourth and second lowest bandshat 1 um, respectively, in the presence of material dispersion. The wave \@aoneasured in units of
2m/a. The frequencies of the fundamental and second harmonics are indicated by dotted lines. The vertical arrows indicate the matching
conditions.

group velocity of thejth mode in the left (=1) and right ergy transfer from one mode to another would be accompa-
(i=2) structures. Then, if the length of the left structure isnied by the effective wave reflectiprin the case at hand the
L,, the wave incident from the left to the right structure hasabsolute values of the group velocities are givenvas
frequencyw, belonging to the allowed band and thus can~0.31,v,,~0.3, andv,,~0.48.
propagate through the right structure. If the right structure is As has been mentioned above the right structure is pref-
linear, the output signal will have frequeney. On the other  erably linear, since harmonic generation in it is not desirable
hand, if the wave with frequenay, is incident on the stack for our purposes. The generation of higher harmonics can
from the right, it undergoes Bragg reflection and thus thealso be prevented by the proper choice of periodic structure
transmission coefficient of such a wave is exponentially(such that, for example, 4, belongs to a stop gap, in the
small. case of quadratic nonlinearjtyr choosing a shorter length
Let us now demonstrate that the resonant conditions fort, of the right structure, which, however, must be large
mulated above can be achieved in a one-dimensional du&nough to provide an effective Bragg reflection of the wave
structure which consists of substructures composed of alteincident from the right. To this end one can use a rough
nating GaAs/AlGaAs layers on the left withgas=11.14,  estimatel,~v,,/Aw, whereAw is the frequency detuning
€picans= 10.32 ath =2 um, and GaAs/vacuum stack on the into the stop gap wheh,<L;.
right. To scale our simulations into the near-infrared region In the present statement of the problem the wave equation
we choose the lattice constamt1 um which is common to for the amplitudeE can be written in the form
both substructures while the filling fractions arg=0.5 on

the left andf,=0.3 on the right. In Fig. 2 we present the PE(XL) 1 &P (=

photonic band structurg®BS's of both GaAs/AlGaAs and — 4+ = — | e(x,t—t)E(x,t")dt’

GaAs/vacuum substructures determined by means of the x> c? ot?) -

standard plane-wave methoéh terms of normalized fre- )

guency() = wa/27c as a function of the wave vector _ 4_77 L @(x)[E(x,1)]2 1)
The fundamental signal which can be generated by a laser c2 atZX A

source operating at Zm corresponds to the frequen€y,

~0.2705 which in the PBS’s of the left part is within the \where

second lowest pass band while it falls within the lowest gap

in the PBS’s of the GaAs/vacuum stack. The second-

harmonic signal with wavelength Am corresponds to the e(x,t):|
frequency(),~0.541 which is within the pass band of the

PBS'’s of both substructures. In evaluating the PBS’s for the

second harmonic we take into account the material dispemnd the functionse;(x,t)(j=1,2) are periodic:eé-(xﬂL a,t)
sion; namely, we use the tabulated values of the dielectrie= €(x,t). A similar requirement is imposed oft?.
constantd at A\ =2 um mentioned above aneg,,=12.19 We are interested in transmission properties of the slab, in
andepgaas= 10.53 ath =1 um. We underline an important the case when an incident wave is monochromatic with the
feature of the obtained matching condition: the group velocifrequencyw. Then the solution of Eq1) can be written in a
ties of all modes have the same directiatherwise the en- general form as

61(X,t), O<X<L1!
e(x1), Li<x<L.,,
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E(x,t)= zo [A,(x)cog nwt) +B,(X)sin(nwt)], (2)

PHYSICAL REVIEW B 66, 235208 (2002

exchangd. and 0 in this formula It is evident that, when an
incident light contains only the fundamental harmonic, the
first and second harmonics are dominant and thesT,

which is supported by the chosen type of nonlinearity. Thet T, [whereT;=1,(L)/1,(0) is the transmittance of the first

Fourier coefficientsA,(x) and B,(x) satisfy the following
system of equations:

dZAn__ 2 A€’ —B.¢"
dgz - (nw) [ n€ (f,n(,()) n€ (f,nw)]
_(nw)zX(f)nE% [annlnzAnlAn2+IBnnlnananz]v
()
dZBn__ 2 A€’ +B.€
dgz - (nw) [ n€ (g,n(,()) n€ (f,nw)]
~(@)2x() 2, Bon,nAn,Bn, (4)

Here &= 2x/c, x(&)=8mx?(x),

1
€'(énw)= E[e(f,nw)-ﬁ-e(f,—nw)],

1
€'(£n0)= S[e(£n0)— (£, ~now)],
Unngn, = (cognwt)cog n;wt)cogn,wt)),

Brngn,={COLNwt)sin(nyot)sin(nywt)),

harmonic andl,=1,(L)/1,(0) is the transformation coeffi-
cient describing the energy transfer from the fundamental to
the second harmonijcln the case considered, we seek a so-
lution for the monochromatic cosine incident wave; i.e., we
set the following values of the free parametetg=1 V/m

and «,=0 V/m for n#1 andB,=0 V/m for all n. By tak-

ing into account the finite length of the structure and rela-
tively weak nonlinear interactions the system of equations
(3) and (4) for the coefficientsA,, and B, can be restricted
only to the two lowest modes; i.e., effectively it can be re-
written in a form of four coupled ordinary differential equa-
tions (ODE’s) of the first order, which are solved by using
the shooting methodl.It is to be emphasized here that al-
though the generation of harmonics higher than the second
one is neglected, the reduced system of equations does take
into account an exhaustion of the intensity of the incident
fundamental radiatiofi.e., the energy decay of the first har-
monic due to transfer into the second nrfeor evaluation of
integralsA/ (L), A,(L), B/ (L), andB,(L) the Runge-Kutta
method is exploited. We note that the method outlined above
represents an independent approach that allows us to treat the
problem of the propagation of the electromagnetic wave
through a one-dimensional nonlinear stratified structure with
arbitrary geometrical and material parameters. In contrast to
the nonlinear transfer-matrix formaliSremployed in Ref. 4
within the effective medium approximation the accuracy of
our method is limited only by the precision of the spatial
discretization of the tabulated values of the dielectric
constants.

and the angular brackets stand for the average over one pe- In Fig. 3(@ we present the transmittance of the fundamen-

riod T=27/w.

tal signalT,; as a function of the normalized frequenty

General boundary conditions to the above system, whicieparately for the left and right structures. One can see that
take into account the absence of the reflected wave to th&ansmission spectrum through the AlGaAs/GaAs stack

right from the slab, read as
Brll(o) +KnAn(0)=2a,k,, knB,(0) _A;](O) =2KnBn,

KnAn(L)=Bj(L)=0, Ap(L)+KyBn(L)=0,

(solid line) with low index contrast does not resemble a PBS
of the infinite system shown in Fig.(& (which is due the
small index contrast that gives rise to very small widths of
stop gapy and rather corresponds to a typical interference
pattern. On the other hand, the transmissivity through the
GaAs/vacuum stackindicated by the dotted linereveals

wherea,, and B, are constants characterizing amplitudes ofjarge band gaps which correspond well to those found in the

the Fourier harmonics of the incident wave, whikg are
their wave vectors.

PBS'’s of the infinite GaAs/vacuum stack shown in Fig)2
in the frequency ranges 0.492<0.4 and 0.54<0.65.

To study transmission properties of the structure shown inn Fig. 3(b) we show the transmission spectra versus normal-

Fig. 1(a) with the dispersion relation depicted in Fig. 2, we jzed frequency) for the whole stack which exhibits a mixed
consider a finite 1D stack of the length the left part of  nature; i.e., it possesses large gaps found in the PBS's of the
which consists of four alternating layers of GaAs andright part with the transmission modulated by the interfer-
Al sGa sAs with filling fraction f,=0.5, while the right part  ence pattern resulting from the left AIGaAs substructure.
consists of four alternating layers of GaAs and vacuum with e found that the transmittance for the fundamental sig-
filling fraction f,=0.3. Both GaAs and AlsGa sAs possess  nal shown in Fig. &) does not depend on the direction of
second-order nonlinearity witly®?=1.68<10"*m/V and  propagation which is consistent with the well-known left-
x?'=1.73x10"* m/V, respectively. and-right incidence theorefl.The crucial property of the
The energy of the transmitted wave is characterized by thgual structure shown in Fig.(d), however, stems from the
total transmittance, which for the wave incident from the leftfact that the transmission spectra for the second-harmonic
side can be defined a&=X,_,1,(L)/=;_11,(0) wherel,,  signal depend on the direction of propagation and on the
=A2+B? (for the wave incident from the right, one has to intensity of the incident wave and that the intensity of the
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3(a)—the left medium width is large enough to provide
transfer of a sufficiently large part of the energy to the sec-
ond harmonic, which can propagate through the whole strati-
fied medium.
00 01 02 03 04 05 06 07 08 To inspect qualitatively the diodelike properties of the
stratified nonlinear structure considered we first choose a
FIG. 3. Transmittance for the fundamental sigialvs normal- ~ fundamental signal with a frequené€y, =0.2705 within the
ized frequency() (a) for the left structure consisting of four alter- gap with the intensity of the second harmomicwith the
nating layers of GaAs and MGa :As for f1=0.5(solid line) and  frequency(,=0.541 as a function of the intensity of the
for the right structure consisting of four alternating layers of GaASinput wave for both positive and negative incidence in the
and vacuum forf,=0.3 (dotted ling and (b) for the whole one- range of the intensities of the amplitudg(0) of the inci-
dimensional dual structure consisting of GaAs/AlGaAs and GaAsjant wave in the range up to 7.9/m. To do so we change
vacuum substructures. the initial condition fora, in the range from 1 to 170in V/m
units, while a,=0 V/m and 8;=0 V/m, wheni=1,2. In
second harmonic is substantially larger than that of the funFig. 5 we present the dependence of the output intehsity
damental signal. This effect is demonstrated in Fig. 4 by ahe second harmonic when the electromagnetic wave is inci-
profound difference between the intensity of the second hardent in the opposite directions. The results obtained reveal
monic |, for the positive and negative incidence of the elec-the difference in the output intensities of the wave propagat-
tromagnetic wave. ing in opposite directions of about four orders of magnitude
The obtained results corroborate with the qualitativeas is shown in Fig. 5.
theory of the frequency doubler presented above. Namely, To conclude, based on the nonlinear 1D photonic crystal
considering positive incidence we have shown that for evenve proposed a new concept of a frequency douaetiode-
for small amplitude of the wave transmitted through the leftlike device which exhibits nonreciprocal properties with re-
structure that is reflected from the right structure—note thaspect to the direction of propagation of the incident wave.
the respective transmittance is extremely small; see FigThe nonreciprocity is achieved due to SHG in the left part of
the dual periodic structure that possesg&d nonlinearity
and Bragg reflection of the fundamental harmonic in the
right component of a dual structure. We have shown that for
an appropriate frequency of the fundamental signal which
lies within the band gap, such a device can act as a light
diode that operates at the frequency of the second harmonic
with the amplitude that is predicted to be significantly stron-
ger than the fundamental signal for sufficiently large inten-
sity of the incident wave. To demonstrate the possibility of
such a device we used a simple model structure fabricated
s - s P , from experimentally accessible materials. The effect can be
00 01 02 03 04 05 06 07 0.8 enhanced by varying the geometrical and material param-
a eters or by employing more sophisticated geometry. For ex-
FIG. 4. Output energy of the second-harmonic sigpats nor- ~ ample, an active layer, enhancing the second harmonic, can
malized frequency) evaluated for the whole 1D dual structure for be included between the two structur@s this case the re-
the positive(solid line and negative(thin line) incidence of the  quirement of very efficient SHG in the left structure can be
electromagnetic wave whek,(0)=1.0° V/m. relaxed.
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In the present paper we have neglected the effect of disdered systems that are periodic on average such as a local-
sipation and thus we solved the independent set of seconéiation length. Finally, to illustrate the physics of the phe-
order differential equations, which discard a generation ohomenon we have chosen photonic crystals, the characteris-
higher (than second harmonics, but take into account an tics of which are well known and which are experimentally
exhaustion of the intensity of the incident wave. Besides thé@vailable. This, of course, leaves unexplored the possibilities
effect of the dissipation the transmission spectra one also caf increasing of the efficiency of the device, using other ma-
explore nonreciprocal properties of the transmission spectrigtials (like, for example, recently reported porous silicon
of one-dimensional nonlinear stratified structures with metalPhotonic crysta.
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