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Second harmonic generation from an antiferromagnetic film in one-dimensional photonic crystals
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We calculate the second harmonic generation (SHG) from an antiferromagnetic film (AFF) embedded in a
one-dimension photonic crystal. The electromagnetic wave localization in the AFF leads to a giant enhance-
ment of the SHG. The numerical results based on three typical structures show that the highest power of SH
outputs reaches several hundred times that of a single AFF for the same incident power. The SH outputs depend
sensitively on the structural geometry and symmetry, and the best structure and the best layer-thickness
matching for it are found. The SHG nonreciprocity is very obvious; i.e., if the direction of incident radiation is
reversed, the SH output powers can be changed by several dozens times. Three narrow and obvious SHG bands

are found.
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I. INTRODUCTION

Since Almeida, Mills and Kahn er al. first discussed
the nonlinearity of antiferromagnetic (AF) films and
superlattices,'? the AF second-order and third-order effects
have been paid a great deal of attention to.’”’ The reso-
nant frequencies of typical AF materials are distributed
over the millimeter and far-infrared ranges,8 so their non-
linearity is of practical interest in these ranges. The sec-
ond harmonic generation (SHG) technique is widely used
as one method of frequency conversion,” and this method
is a common tool to produce new light sources at frequen-
cies where no laser is available. Generally speaking, the
AF nonlinearity is weak, but it may be very interesting
since scientists are attempting to develop the THz technol-
ogy for the future communication and detection. In order
to obtain observable nonlinear properties of a single AF
film (AFF) or an AF superlattice, one needs very strong
incident electromagnetic waves, or strong lights’* to ir-
radiate it. It means that there are some serious difficulties
on the present technical level. Therefore, it is a very inte-
resting subject to look for a method of enhancing the SHG
at a proper incident power. In our previous paper,’
one method was presented to enlarge the SH outputs, where
an AFF was sandwiched between two different dielectrics.
Numerical results show that the highest SH output obtained
comes to at least a hundred times that of a single AFF.
Notably, the nonlinearity mentioned above results from
the magnetic dipole-dipole interaction between electro-
magnetic waves and AF dynamic magnetizations. Recently
other papers were also offered to studying the SHG of
antiferromagnets,'%'3 but the AF nonlinearity in those papers
is attributed to the combined contributions of the magnetic-
dipole and electric-dipole transitions, and is available in the
near-infrared and visible-light regions. They concluded that
the nonlinearity can be used to determine the magnetic struc-
ture of the AF media, especially surface and domain struc-
tures.
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Photonic crystals (PCs) have two essential and useful
characteristics, or the existence of photonic band gaps and
localization modes.'*'® When some AFFs as defect layers
are introduced into a one-dimension PC, the defect modes
may appear in the band gaps. Thus electromagnetic radia-
tions corresponding to the defect modes can enter the PC and
be localized in the AFFs. This localization effect has been
applied to the SHG from a traditional nonlinear film embed-
ded in one-dimension photonic crystals,'’>* where a giant
enhancement of the SHG was found. Therefore, in the situ-
ation of electromagnetic localization, as long as the incident-
wave frequency is near to either of the two AF resonant
frequencies, the nonlinearity can be greatly enhanced. In ad-
dition, magnetic photonic crystals also have been paid a
great deal of attention to,2""*> where the nonlinearity also is
an important subject.”> The propagation nonreciprocity of
electromagnetic wave and the giant Faraday effect?*~2 were
found. We present another method in this paper to enlarge
the SHG of an AFF.

II. THEORETICAL FORMALISM

We apply three typical structures with different symme-
tries, as shown in Fig. 1. The first structure contains a PC
with even number of dielectric bilayers and an AFF as the
central layer, shown in Fig. 1(a). The second consists of a PC
with odd number of dielectric bilayers and an AFF as the
central layer, illustrated in Fig. 1(b). The last contains even
number of the bilayers and AFF, but is structurally symmetri-
cal, as shown in Fig. 1(c). We use such a coordinate system
with the y axis normal to layers in the PC. The external
magnetic field and the AF anisotropic field both are pointed
along the z axis. The x-y plane is used as the plane of inci-
dence. I, R, and T indicate the incident, reflection and trans-
mission waves, respectively. 6 and €' are the angles of inci-
dence and transmission. The SH waves R, and T, radiated
from the structures propagate in the directions shown by
angles 6, and 6,. The thicknesses of dielectric layers and
AFF are d;, d,, and d,,, where subscripts 1, 2, and a represent
two kinds of dielectric layers and the AFF, and their dielec-
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FIG. 1. Structures and geometries: /, R, and T are the incident,
reflective and transmission waves with incident angle 6 and trans-
mission angle €', R, and T indicate the outputted SH waves with
direction angles 6, and 6,. The x-y plane is considered as the inci-
dent plane, and the external magnetic field 1-70 and the AF aniso-
tropy field ﬁu both are pointed along the z axis.

tric constants €, &,, and g,, respectively. The magnetic per-
meability of nonmagnetic media is taken as wy=1. The deri-
vations of linear and SH magnetic susceptibilities of an
uniaxial antiferromagnet are put in the Appendix, where we
describe the AF structure and relevant physical quantities.
We shall directly use the results obtained there. The AF lin-
ear magnetic permeability is i,=1+ Y, and the nonzero ele-
ments of the susceptibility ¥, are

Xax = ny =X1= w;wm{l/[w;z - (0) - w0)2]
+1/[w;2—(w+ w)*], (1a)
Xxy == ny = lXZ = iw;wm{l/[w;z - ((1) - wo)z]
— U[w]” - (0 + wp)’], (1b)

The SH-susceptibility elements to be applied are
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2)

where the special frequencies wy, w,,, w, and w, are related
to the external field (H,), sublattice magnetization (M), an-
isotropy and exchange fields in the AFF, respectively. w;2
=w,(2w,+w]) with ®,=w,+i7w (7 is the damping constant).
The relevant SH magnetization is’

mP(w,) = X2(H H,+ H,H,), (3)

with w,=2w. H is the magnetic field of a pumping wave with
frequency w.

Two sorts of electromagnetic waves should be mentioned.
One is known as the fundamental-frequency waves with fre-
quency o, called the w-waves. The w-wave in the AFF is
directly named the pumping wave. The other means electro-
magnetic waves with frequency w;, called the SH waves. The
nonmagnetic media used here may be slightly nonlinear and
their electric polarization may respond nonlinearly to the
electric-field component of an electromagnetic wave, but we
are interested in only the magnetic SHG from the AF, so this
nonlinearity is assumed to be secondary and ignored. Thus
the mathematic process will be simplified. We assume that:
(a) the AFF is of nonlinearity and the other media are linear;
(b) the energy-conversion efficiency is so low that the dele-
tion of the pumping wave can be neglected. In consequence,
solving the pumping wave is a linear problem. For these
multilayered structures, the transfer-matrix method is avail-
able and it has been widely applied to one-dimension PCs or
superlattices.*?’

A. Solving the pumping wave in the AFF

Any plane electromagnetic wave of incidence can be de-
composed into a TM wave with its magnetic field normal to
the incident plane and a TE wave with its electric field nor-
mal to the plane. However, the TM wave does not couple
with the magnetization in the AFF, so it will not induce any
magnetic SH waves in the AFF along, without the TE wave.
Therefore, for simplicity, we suppose that all the w waves are
of TE wave. The wave solution in various spaces can be
shown by

I, exp(ikyy) + Ry exp(— ikyy), (in the above space)

E, =exp(ikx — iwt) X | A; exp(ik;y) + B; exp(=ik;y), (in the j layer) (4)

T, exp(ikyy),

where j=1 , 2, or a. The wave-number components
ko=[(w/c)>=K 12, ki=[e|(w/c)>=k2]"?,  ky=[er(w/c)?
212 and  k,=[e m(w/c)>~k2]"? with k,=(w/c)sin @
and the AF effective permeability p,=(u’ + ,uiy)/,uxx.

The capital characters on the right side of Eq. (4) repre-
sent the wave amplitudes in different spaces, where I,
and R, as well as T are related to the incident, reflec-

(in the below space)

tion and transmission waves, respectively. The wave
magnetic field can be derived from VXE=iw,.LQE (o
is the vacuum magnetic permeability) in nonmagnetic
media and VXE:iw,uO,ZZJ:I in the AFF. Because the
boundary conditions of E, and H, continuous at interfaces
will be used, the x component of H is presented in different
media,
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kol 1y exp(ikqgy) — Ry exp(— ikgy)]

- exp(ikx — iwt) | k[A; exp(ik;y) — B; exp(=ik;y)]
T op (ko ,)[(1 + 8)A, exp(ik,y) + (1 - 8)B, exp(— ik,y)]

koTy exp(ikyy)

with 8=ik,x»/(wk,). Although we do not apply the y com-
ponent of H under the boundary conditions, this component
in the AFF will be employed to determine the SH magneti-
zation and we find

k., exp(ikx — iwt
Hy=—Xp(l 22100 5 DA expliky)
WMy

= (8" + 1)B, exp(- ik,y)] (5b)
with & =ixok,/ (k).
From the boundary conditions, we can find the relation

between wave amplitudes in any pair of adjacent media. The
amplitude relation at the surface is

Iy A,
(R()) =T11<Bl> (6a)

1 (ko+k;
Th=5—
2ko \ko— k|

with the matrix
ko—k

o ) (6b)
ko + Kk,

The relation between the amplitudes in adjacent dielectric
layers 1 and 2 is shown as

B.

1

A A; .. C
=TﬁB i,j=1 or 2, but i #j (7a)
j
with the matrix

oL ((kj+k,-)exp(—ikjdj) (kj—ki)exp(—ikjdj)>
2\ (k- kexplikidy)  (k;+ k)exp(ikd)) |
(7b)

The amplitudes in the dielectric layer j above and adjacent to
the AFF and those in the AFF are conjoined by

A\ (A,
(Bj> - Tj“(Ba) (88)

1 ((1 + 8exp(=ikd) (1 -8 )exp(- ikjdj))
172\ (1= 8explikd)  (1+&)explikdy) )’

where

(8b)

with ‘SJ_'::(ka x xMxy/Mxx)/(:u“vkj)-
The amplitudes in the AFF and those in the layer below
and adjacent to the AFF are conjoined by

(5a)

A, A;
= Taj ) (93.)
B, B;
where

T .= lu’_,Uk[((ﬁj_ + 1)6Xp(— lkada) (5]_ - 1)€Xp(— lkada) )
Y2k, \ (8] - Dexplik,d,) (8 + Vexplik,d,) |
(9b)

Finally, we find the relation at the bottom surface to be

= Tjh s ( 1 Oa)
B; T,
with
1 ((k;+ ko)exp(= ik;d)) 0
Tjp=— ' .
2k; 0 (kj = ko)expik;d;)
(10b)

Thus we obtain the matrix equation satisfied by the reflec-
tion, transmission and incident amplitudes

o )=n(;) a

where the matrix IT depends on the number of dielectric bi-
layers and the structure symmetry. For the first structure, it is

I = T (T L)Y Ty T Ty (T1oTo )V T, Ty,
(12)

where N is the number of bilayers, but for the second struc-
ture it becomes

I = 1, (1, 1) N2, T (T T1) NPT, (13)
For the last one, the matrix should be
[ = 7T, )Y T Ty T (T TN Ty T
(14)

From Eq. (11), one can calculate numerically the transmis-
sion and reflection amplitudes.

Subsequently we describe how to solve pumping ampli-
tudes. We find from Egs. (11)—(14) that pumping amplitudes
A, and B, satisfy the equation

)= (). 13

in which the matrix is indicated by
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[1" =7,(1,, 1)V IT, 1, (16a)
for the first and third structures, as well as
H’ = Tzl(leTzl)(N_Wlea, (16b)

for the second structure. As a result, so long as we obtain the
reflective amplitude R, from Eq. (11) the pumping ampli-
tudes can be solved from Eq. (15).

B. Deriving the SH outputs

The magnetically optical nonlinearity is different from the
ordinary optical nonlinearity. The magnetic optical nonlin-
earity in magnetic media results from the nonlinear response
of dynamical magnetization to the magnetic field H of elec-
tromagnetic waves,>”’

i=x"-H+x?:HH+X>:HHA + - . (17)

We find from the Appendix that the SH magnetization has
only one component for a TE pumping wave, component z,
so there is only one inhomogeneous equation and the equa-
tion’s source is directly proportional to the z component,’

- ( 0—'2 + i)Hvz(wv) - 8a(ws/c)2HSz(w5)

ﬁ &yz

= e(w/c)’mP (o), (18)
where miz)(wx) is shown by Eq. (3) and the magnetic field in
this magnetization is just the pumping field determined in
Sec. IT A. It is evident that the SH wave is a TM wave and
does not couple with the magnetization in the AFF. The SH

wave in the AFF is excited by the pumping wave induced by
the incident wave. Let

Hy(w,) = 8 {[A,, expliky,y) + By, exp(= ik,,y)Jexp(ik,x)
+ [N, exp(2ik,y) + N, exp(— 2ik,y)
+ N3 lexp(2ik,x)}exp(— iwgt). (19)
We find from Eq. (18) that k,,=[e,(w,/c)>~k>]"? and the
nonlinear coefficients are

2) 42
SoXix) a

' (i, - Dlwp,fe)?

[2(1+ 6+ k2(1 = &),

(20a)

_ Sng))cBﬁ
=
po(p, — D(wp,/c)?

[2(1 = 82+ k2(1 + 8)2],

(20b)
8808a)((2,1AaBa 5 2
Ny = —eXeoaZano o g)(1- 8) + K26 - 1)(1+8)],
Iu’Okwlu’U

(20c)

with g, the vacuum dielectric constant. The SH wave in non-
magnetic media also is a TM wave, so it is written as
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Rs eXP(— lksOy)
Hsz = eXP(iknx - iwst) [Asj exp(iksjy) + st eXp(_ iksjy)] B
Tx exp(iks()y)
(21)

J indicates one of dielectric layers. The SH waves radiating
from the structures are called the SH outputs with the mag-
netic amplitudes R, and 7. In terms of the phase-match con-
dition, k,=2k,, the y components of wave number are kg,
=[(w,/c)*~k2]"*=2ky and k,;=[e,2w/c)?~k.]"?=2k; in
the above and below spaces and dielectric layers. As a result,
the SH output above the structures propagates in the direc-
tion of the reflective wave and the below moves along that of
the transmission wave, or ,=—6 and 6, =6’. In order to find
the SH outputs, we are going to apply the transfer-matrix
method again. From —iwepe;E,=V X H,, the x component of
the SH electric field in the nonmagnetic media is found to be
_explikyx — i)
e ;€
- RsksO GXP(— lkaOy)
X (ksj/sj)[(Asj eXP(iksjy) -By; exp(- ikxjy)] s
TstO exp(iks()y)
(22a)

but that in the AFF is found to be

exp(ikyx — iyt i
sx— M{km [(Asa exp(lksay) - BW
W€0€,

E

Xexp(— iksay)] + 2ka[Nl eXP(zika)’) - N2 eXP(— 2ika)))]-
(22b)

By a process similar to that described in Sec. IT A, we can
find the SH outputs. According to the boundary conditions of
the field components H, and E, continuous at the interface

between two adjacent media, we first see the matrix equation
between the SH amplitudes in the AFF and the adjacent layer

above the AFF
Asj Asa
B =Mja Bm +F1, (23)

sj
where
1 ((1 +A;)exp(=ikyd,) (1= A;)exp(-ikyd;) )
2\ (1= Ajexplikgd;)  (1+ A )explikyd,) /)
(24a)

1 ([(1 + AN, + (1= AN, + NsJexp(— ik,d)) )

P2\ (1= AN, + (1= AN, + N3Jexplikyd) )
(24b)

with A, =gk,/e.k,; and A;a:2£jka/ g4kg;. In addition, the

relation between the SH amplitudes in the AFF and adjacent
layer below the AFF

Asa Asj
B = T(J] B + Fz, (25)

sj
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ja=
24,

Ty=——
2T 2k,

Other matrixes are shown by
(o ) 1 <81k0+k1
RS - 281](() 81k0_k1

B - Zsikj (Sikj - Sjkl)exp(lijd)

sj

and

(Asj) 3 L((ksj + & kyo)exp(— ik;d;)

B,/ 2k 0

(Aja - l)exp(iksada)

1 ([(ksa + 2ka)lvl CXP(Zikada) + (ksa - Zka)NZ eXP(— Zlkada) + NSJGXP(— iksada)
[(km - 2ka)Nl exp(Zikada) + (ksa + Zka)NZ eXP(_ 2lkada) + N3]exp(iksada)

(AS] ) 1 ((Slk] + Sjki)exp(— lkvd]) (Sikj - Sjki)exp(— lkyjd]) ) (Asi ) -M (Asi )
=M; s
BY[
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1 <<Aﬂ,~a + Dexp(=ikyudy) (A= Dexp(=iky,d,) ) (262)
(Aja + l)exp(iksada) , :
) (26b)
gtko—k; \[A A

1Ko 1)( xl)zMﬂ< sl)’ (27a)

SlkO + kl Bxl le
27b
(8ikj + Sjk,)eXp(lksjd ) Bs[ ( )
i 1) =6l @
(kS] - g]ks())exp(lks]dj) Ts ol TS ' ’

From these matrix relations, we find that the magnetic amplitudes of outputs R, and 7 can be solved from the equations as

follows:

0 [ T
(R ) =M,1(M12M21)N/2‘1M12{M2a Ma1(M12M21)N/2_1M12M2b<;) + Fz] +F1},
S L S

for the first structure,

0
<R ) = Mtl(MIZMZI)(N_l)/2{M1a
S

for the second, and

0 =M, (M ,My )N \M 15\ Moy | Mo (Mos M)V Mo M Ls +,|+T
R - t1 124%21 12 2a a2 214712 214%1b T 2 11>
N 5

for the last one. The output amplitudes cannot be found ana-
Iytically, and numerical calculations must be done for them.
In this work, we use the power densities of the input (inci-
dence) and outputs to show the SHG, which are related to the
amplitudes with

Py = (80/ po) 112, (29a)
Se= (/) ?IR*12, (29b)
Sy = (uo/ee) T2, (29¢)

We see from the expressions of N;, N,, and N; that output
amplitudes R, and 7, are directly proportional to 1(2) the
square of electric amplitude of incidence wave. We conclude
that the output densities are directly proportional to the
square of the input (incident) density, or say the conversion
efficiency a=Sg /P, is directly proportional to the input
density. For a fixed input density, if the SH outputs are in-
tense, the conversion efficiency must be high. In the next
section, we are going to compute numerically the output
power densities.

T.
Maz(Mz1M12)(N_1)/zMzb(T3 ) + Fz] + F1},
R

(28a)

(28b)

(28¢)

III. NUMERICAL RESULTS AND DISCUSSIONS

In the vicinity of AF resonant frequencies, the nonlinear
magnetic susceptibility is stronger, but the SH outputs also
are controlled by the optical distances moved by them in the
PC. We must carefully design the thicknesses of the AFF and
dielectric layers to be favorable to the wave localization in
the AFF and the transmission of the generated SH waves.

We take N=9 (N, the number of dielectric bilayer) for the
structure with odd number of dielectric bilayers, and N=8
for others with even number of dielectric bilayers.
Dielectric-1 layers are of SiO, with dielectric constant &
=2.3, and dielectric-2 layers are of ZnF, with £,=8.0. These
dielectric layers are approximately considered as the half-
wavelength films for the SH wave with frequency w,=2w,.
We use a MnF, film as the AFF in the structures. MnF, is a
bisublattice uniaxial antiferromagnet in which the two sub-
lattices possess the same ferromagnetic order, but are oppo-
sitely coupled with each other. Its net magnetization is van-
ished without any external magnetic field. Its physical
parameters have been well known,®?” or the exchange field
H,=550 kG, anisotropy field H,=7.87 kG, sublattice mag-
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netization My=0.6 kG, gyromagnetic ratio 7y=1.97
% 100 rad s~! kG™!, and dielectric constant g,=5.5. The two
resonant frequencies are ,/2mc=9.76 cm™! and w,/2mc
=9.83 cm™! in the external magnetic field of Hy,=1.0 kG.
The AF damping coefficient is taken as 7=0.001.

The layer thicknesses are fixed at d;=167 um, d,
=89.6 um, and d,=255 um, except the situation where the
layer-thickness dependence is discussed. The incident power
density is fixed at P;=1.0 kW/cm? much less than that in
the previous papers,'~%7 but the same as that in reference 5.
For comparison, the SH outputs of a single AFF are given in
Fig. 2.3

We first discuss the SH outputs from the first structure
(containing eight dielectric bilayers). In order to understand
the SH outputs, the linear transmission spectra of the w wave
are shown in Fig. 3(a), where the top spectrum is for the
structure without the AFF and the bottom is for that with the
AFF. Due to the presence of the AFF, three defect modes are
seen in the band gap and the band gap is modified, as shown
in the bottom spectrum. The powers of SH outputs versus
frequency and incident angle are illustrated in Figs. 3(b) and
3(c), respectively. It is very interesting that there are three
obvious and narrow SHG bands of S; or S; and they corre-
spond to the three defect modes, respectively. The middle
band offers the most intense SH output. The highest output
power and figure shapes are completely different from those
for the single AFF (see Fig. 2). In order to explain these
phenomena, an intensity distribution drawing of the w wave
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FIG. 3. Properties of the first structure: (a) the linear transmission spectra, (b) and (c) the SH output powers, and (d) the intensity

distribution curves of the w-waves related to the three bands.
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FIG. 4. In the case of reversed incident direction, the SH outputs are illustrated in (a) and (b), and the linear transmission spectra for the
first structure without or with the AFF are shown in (¢). In the two incident directions (=0 and ), the wave intensity distribution curves
corresponding to the middle band are shown in (d).
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1.0
08
0.6
04
0.2

0.0
1.0

08
0.6
04
02
0.0

0.7
06
05

04

6=0°
N=9

i

4

102

up
"°(Cm~r)9'8

; l;'l

w/2rc (cm™)

94 0

T
T
112 14 16 18 20

2 2
[EI7E,|

38888586888

40
aldey®®

distribution curves of the w-waves related to the three bands.

205409

-7

(b)

EEIEN

1121 [Bl2| 10g[1]

60
‘u/g,, 0
., 98 40
oy pigeares®
94 0
b (d) ——— o=9.5058cm”
- ----=9.8258cm™’
C ©=10.1078cm’™’

ETE

00 02 04 06 08 10 12 14 16 18 20 22 24

d(cm)



ZHOU et al.

PHYSICAL REVIEW B 80, 205409 (2009)

0.04
°E 0.03
2
5;‘ 0.02
)
0.01
0
(u/' 60
2 ! 40
c(c," 7) 20 Bl deg(ees)
94 0
1.0 9
08 8- (d) — 0=0°
7 W p=180° L R | 0=180°
041 N=9 (13
o =
02} Eo 51 N=9 p
0.0 . : . o a4l ©=9.825cm
1.0 w
08 3
06 2
T
041 1
0.0 C. T T T i f T T T ¥1 12[ 1112I ;' |2|1 |2| 1 2l 1 |2|1 12111 2'11 2-
0 2 4 6 8 10 12 14 16 18 20 00 02 04 06 08 1.0 12 14 16 1.8 20 22 24
w/2nc (cm™) d(cm)

FIG. 6. In the case of reversed incident direction, the SH outputs are illustrated in (a) and (b), and the linear transmission spectra for the
second structure without or with the AFF are shown in (c). In the two incident directions (#=0 and ), the wave intensity distribution curves

corresponding to the middle band are shown in (d).

in the structure is shown in Fig. 3(d) to explore the wave
localization. The three curves correspond to the three SH
output bands in the case of normal incidence, respectively.
The middle band corresponds to the weakest localization and
the highest pumping-wave intensity is about 12.5 times that
of the incident wave. However, it is just situated at the reso-
nant frequency ®,=9.83 cm~!, where the nonlinear mag-
netic susceptibility possesses a very large value so that this
band offers the highest SH output, about Sp=1.2 W/cm?.
Although the other two bands are not situated at either of the
resonant frequencies, their high localization (the highest
pumping intensity is about 50 times that of the incident
wave) still guarantees the intense SH outputs. Because of the
filtering-wave effect of such a PC structure, the SH output
bands are very narrow. Comparing the highest SH output
power with that of the single AFF, the highest power is in-
creased by about 350 times and is 20 times that in our pre-
vious work.” It should be mentioned that due to the thick-
nesses of dielectric layers designed according to w,, the
highest SH output appears at w,, not at ;.

The first structure is an asymmetric system, so the SHG
may be nonreciprocal. The nonreciprocity means that the
SHG is different in intensity for the two incident waves of
mutually opposite direction. Figs. 4(a) and 4(b) show the SH
outputs in the opposite incident direction (6+ 7). Comparing
these figures with Figs. 3(b) and 3(c), we find that the largest
output power is decreased by about 27 times. The transmis-
sion spectra in Fig. 4(c) illustrate that the band gap and de-

fect modes are not evidently changed by reversing the inci-
dent direction, but the localization effect is seriously
decreased, as indicated in Fig. 4(d) in which the intensity
distributions are given for the middle SH output band.

The second structure is different from the first structure. It
contains odd number of dielectric bilayers (N=9) and the
AFF is sandwiched between two dielectric layers of the fifth
bilayer. The transmission spectra of the w-wave are shown in
Fig. 5(a), where the top spectrum is for the structure without
the AFF and the bottom for the structure containing the AFF.
Three defect modes appear in the band gap and the band gap
also is modified by the presence of the AFF. Figs. 5(b) and
5(c) illustrate the SH outputs versus fundamental frequency
and incident angle. Three obvious SHG bands also appear
and correspond to the three defect modes. Comparing with
those from the first structure, the SH output of the middle
band is lowered, but those of the other two bands are height-
ened. The highest output comes from the low-frequency
band of S; and is situated at §=40°. This output is smaller
than that from the first structure. An intensity distribution
drawing of the w-wave is shown in Fig. 5(d), where the three
curves correspond to the three SH output bands in the case of
normal incidence, respectively. The wave localization related
to the high- or low-frequency band is obviously stronger than
that for the first structure, but that related to the middle band
is weaker. It is evident that the localization effect causes the
differences between the SH outputs in Figs. 3 and 5.

The second structure also is an asymmetric system, so the
SHG is nonreciprocal. Figs. 6(a) and 6(b) show the SH out-
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FIG. 7. Layer-thickness dependence of SHG for the two frequencies corresponding to the two SH output bands: (a) and (c) for the AFF
thickness dependence at the fixed dielectric-layer thicknesses; (b) and (d) for the dielectric thickness dependence at the given AFF thickness.

The two frequencies are indicated in the figures.

puts in the opposite incident direction. Comparing the two
figures with Figs. 5(b) and 5(c), we find that the largest out-
put power is decreased by about 12 times and the band shape
is changed. Fig. 6(c) show that the band gap and defect
modes also are not evidently influenced by reversing the in-
cident direction, but the localization effect is serious de-
creased.

The last structure is of mirror-reflection symmetry with
respect to the AFF. In this structure, there are eight dielectric
bilayers. From the numerical results based on this structure,
we are difficult to clearly see the defect modes related to the
AFF. It is evident that the incident waves corresponding to
the defect modes cannot effectively enter the AFF and most
of their energy is reflected off. Thus the SH outputs are very
weak, and the maximum is only S;=~6.0X10™* W/cm?.
This structure is the worst.

Finally, we examine the SH outputs versus AFF and
dielectric-layer thicknesses. We take the first structure as an
example since we find from the above discussions that it is
the best for the SHG. Figure 7(a) illustrates the SH outputs
as a function of AFF thickness for a frequency corresponding
to the highest output band in Fig. 3(b) or Fig. 3(c). It is
evident that there is the best value of AFF thickness, about
260 wm for the dielectric-layer parameters in this paper. The
dielectric-layer thicknesses also influence seriously the SHG
for a fixed AFF thickness. Fig. 7(b) shows the SH outputs
versus d, for d,=255 um, with d,=d,\,/€,. The main

peak corresponds to layer thickness d;=167.5 um (d,
=89.8 um) and the maximum SH output reaches about
1.3 W/cm?. In the range between d;=200 and 300 um,
there are some weak peaks, the corresponding SH outputs
all are lower than 0.05 W/cm?. For another frequency cor-
responding to the right output band in Fig. 3(b) or Fig. 3(c),
we present Figs. 7(c) and 7(d) to show the layer-thickness
dependence of the SHG. The best thicknesses still are d,
=260 um, d;=167 pm, and d,=89.8 um.

IV. SUMMARY

We have introduced another method to enhance the sec-
ond harmonic generation (SHG) from an antiferromagnetic
film (AFF). The AFF as the central layer is embedded in a
one-dimensional photonic crystal composed of dielectric bi-
layers. The thicknesses of dielectric layers and the AFF are
carefully designed in order to generate the high outputs of
second harmonic waves. There are three typical structures
with different symmetries. Besides the AFF, the first and
third include even number of dielectric bilayers, but the sec-
ond contains odd number of dielectric bilayers. For the SHG,
we find that the best one is the first structure which contains
even number of dielectric bilayers and is asymmetric. The
highest SH output power reaches about 350 times that of a
single AFF. The worst one is such a structure which also
contain even number of dielectric bilayers, but is symmetric.
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Opposite to the previous works,> here we find three obvi-
ous SHG bands and explain them with the wave localization
effect and transmission spectra. The nonreciprocity of SHG
is very obvious. If the incident wave irradiates the first and
second structures in the direction opposite to the original
direction, the SH output power can be changed by several
dozen times. From the layer-thickness dependence of SH
outputs, we found the best layer-thickness matching.
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APPENDIX

The derivation of SH magnetization and magnetic suscep-
tibility will be done for an uniaxial AF in an external mag-
netic field fIO. This AF contains two magnetic sublattices
(SLs) which possess the same ferromagnetic structure and
are oppositely coupled with each other, as shown in Fig. 8.
We assume that the external magnetic field and AF aniso-
tropy axis both are parallel to the z axis, so the static mag-
netization MOA of SL A is parallel to the z axis and 1\7[03 of
SL B is antiparallel to the axis. The two magnetizations have
the same amplitude M, in the case of no external magnetic
field. In an additional alternating magnetic field H(w) con-
sidered as the first-order field, the total SL magnetizations
obey the dynamic equations as

Jd - MAZ (—M0+m3,)
—My=ymy|H.+Hy+H,— -H,————
ot A 7{ A)/|: z 0 aMO e MO
(—M0+mBZ)
e MO +(M0+mAz) -

-
M,

J -~ MB (M0+mA )
_MB: ’y{mBy|:Hz+H0+HaVOZ—He—MO Z

HE N MAZ
- (My+my,) _1\7m3-"+H-" e+ Y] — My, HZ+H0+HaM‘

H,
]\7OmBX+HX

He N MBZ
—(=My+mg,) —ﬁmAy+H’V e+ v —mg, HZ+H0+HaM

PHYSICAL REVIEW B 80, 205409 (2009)

FIG. 8. The sketch of magnetic structure in an uniaxial aniso-
tropic antiferromagnet and the coordinate system used in the
Appendix.

(91‘21 M XHI TM > (91‘21
. =YM o M X
at M,

P (A1)

where y and 7 are the gyromagnetic ratio and damping. [ is
the SL index. The effective field on SL [ is

A =é(Hy+HM /M) - HM Mo+ H(w), (A2)

where H, and H, are the anisotropy and exchange fields.
Each SL magnetization contains two parts, or static and al-
ternating parts, is written as M 1= & é.My+ni, with + for SL A
and — for SL B. Thus Eq. (A1) can be decomposed into

0 0

H, H, -
eyt Y| Max _ATOmBy'"Hy - _ﬁOme"'Hx May |€;

J J J J J J
+ _{ |:mAya_thZ— (M0+ mAZ)EmAy:|€X+ |:(M0 + mAZ)EmAx—mAX_mAZ]ey + |:n’le_n’lA'v - mAyEmAx:|eZ},

-

ot at

(A3a)

0 0

(M0+mAz) He N He He N
-H—— |+ (-My+mp.) —ﬁomA,ﬁHx ey +y| mp, —ﬁOmAy+Hy - —AYmAx+Hx mg, |e,

My
,
M,

0

J g J g | J g |
+— mB},EmBZ—(—MO+mBZ)EmBy é,+ (_MO"'mBz)Eme_me_mBz éy+ mBX—mBy—mByame e, (.

ot Jat

(A3b)
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In the situation of the second-order approximation, Iﬁ]ZI’Fl;l)

+i?.

Slubsequently, we first determine the first-order magneti-
zation and susceptibility. Neglecting the second-order terms
in Eq. (A3) and considering that the linear SL magnetizations
change with time according to exp(—iwr), Eq. (A3) are
changed into

—iwiiy =[(wy+ w, + w, + iTw)mx; + wemg}? - w,H,le,
~[(wy+ w, + w, + iTw)mglg + wemgx) - w,H]e,,
(Ada)

—iwiig=[(wy— 0, — w, — iTw)mg)? - wemg}? +w,H,le,

. 1 1 -
-y - w,— w, - 1Tw)mfgx) - wemg‘x) +w,,H,e,,

(A4b)

where the special frequencies are related to the fields by
wy=7vH,, w,=yH,, and w,=vyH,, but w,=4myM,. The AF
alternating magnetization is defined as m=ni +nig but a
supplementargr definition ri=ni,—nip also will be used. Ac-
cording to mil)=§lj)(§})Hj and n§1)=E-N(.!)Hj, we find

(1 _

Jy

(1) _ X1 = w;wm{l/[w;2 —(w—- wo)z]

e = Xyy
+ 1/[(0;2 —(w+ wp)?], (A5a)
DD i il e’ — (o — o)
Xxy - ny =lXa= lwawm{ /[wr (w wO) ]
- V[ - (0+ o)), (AS5b)
N =N = - 24000, Z_ (o)., (ASc)
Ny == N =2iA0w,Z, (), (A5d)

2 24 2 .
where 0!°=0(2w,+w]) and Z..(0)=0/"* o;* o* with

w!=w,+iTw, but A={[w*~(0—wy)*][w]*~ (0+w) ]}

Finally we derive the SH magnetization and susceptibility
based on the first-order magnetization. Reserving only
the second-order terms changing with time according to
exp(—2iwr) and noting m}zl)=0, we find from formulae (A3)
that

_ 2,'(,,,71542) = ['ymgly)HZ + (0o + 0, + w, + 2i7'w)m£\2_\?

21> 1
+ wem%}?]ex + [_ J’mixx)Hz - ((.00 +w,

+ 0, + 2i0nm) — wmpe,,

(A6a)
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—2iwi? = ['ymgy)Hz +(wy— w, — w, — 2iw7)m§;2y)

275 1
+ wemz(é)?]ex + [_ W(Bx)Hz - ((1)0 — W,

- w, - 2ioTIm) + wemﬁ()]e}.

(A6b)
Using rﬁ(z)zrﬁf)ﬂﬁg) and ﬁ(z)ziﬁf)—rﬁg), as well as ml@)
= ijgle iHy, from the x and y components of the SH mag-
netization, we find the corresponding nonzero elements

2
w (.UO
X=X = X=X = AB— 07 (0)Z.,(20)
0

a——

+0Z_(0)Z__(2w)+ 4w2[w;Z+_(2w) toZ, (0]},

(A7a)
.
Xob= X == X =~ Xyh == 2AB %{Zwé[wéz-+(2w)
+207Z_(0)]+ w)Z, (0)Z__(2w)
+20!7__(0)Z,_(2w)}, (A7b)

where w’r’2= wl(w)+20,) and Z. . (2w)= w’r’z + wé + 4w? with
W= w,+2iwt, but B=1/[0]*~ 2w+ w) ][>~ (2w-wy)?].

The z components of sublattice SH magnetizations can be
derived from

m{2 4 mf‘\lyp + (M, + mié))2 =M3, (A8a)
(12 2, (_ N2 _ ag2 ASb
M~ +mp, +(=My+my) =Mp. (A8D)

It is practical that the field H(w) is not very strong, so M,
=~ M,. In this case, we obtain the formulae

1
mP2w) = —[m{)()?+m{)(®)?],  (A9a)
2M,
1
mg)(2w) = ——[my)(w)* + my)(w)*],  (A9b)
2M,
which directly leads to
1
m?(2w) = - —[mnV +m"n"]. (A10)

oM,

Substituting the expressions of mgl) and nﬁl) into Eq. (A10),
we obtain the rest nonzero elements of the SH magnetic sus-
ceptibility,

X0 20) = X2 (20) = 24w, wow,/ M. (A11)
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