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1. Introduction

The sum-frequency (SF) generation technique is
widely used as one method of frequency conversion
[1-3]. In the conversion process, light of two
frequencies is mixed in a nonlinear crystal, resulting
in the generation of new light sources at the sum or
difference frequency. In recent vyears, the
nonlinearities of antiferromagnets (AFs) have been
paid a great deal of attention to, for example, the
second-harmonic generation [4-6]. In addition, the
resonant frequencies of typica AF materials are
distributed over the far-infrared and millimeter
ranges [7-9], so their nonlinearity is of practica
interest in these ranges. However, a very strong
electromagnetic wave is needed to illuminate AFF in
order to induce the nonlinearity of AFF since the AF
nonlinearity is weak. Wang [10-11] presented a
method to increase the second-harmonic generation
(SHG) by an AFF for a fixed input power, in which
the film is put between two different dielectrics or in
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one-dimensional photonic crystals. The results show
that the SH outputs are raised to a few hundred times
that of the single film. The SF outputs of asingle AF
film has been discussed by Fu [12], an optimum
interact length is defined. However, the SF outputs,
the second-nonlinear response of AF, are much
weaker, which lead to the lower SF conversion
efficiency. In this paper, AF sandwich structure is
considered. Comparing with the SF outputs of AF
film, the ones obtained in this paper near the higher
resonant frequency will be increased about 5 times.
The effect of the dielectric also is discussed.

2. Theoretical Model and Formalism

As illustrated in Fig. 1, we concentrate our
attention on the case where the external magnetic
field and AF anisotropy axis both are along the z axis
and parallel to layers. Two linearly polarized
radiations are obliquely incident on the upper surface.
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l,, R and T, indicate the incident, reflection and
transmission waves, respectively, with the incident
angle 6 and transmission angle 6 (I=lor2).

T2 and Tnb represent the corresponding output
quantities of SF waves with direction angles 8, and

6/ . The two signd waves in the film are not

indicated in Fig. 1. The SF magnetization arises as a
source term in the SF wave equations and is excited
by the pump waves, and in turn the pumping waves
are induced by the incident waves.

Fig. 1. Geometry and coordinate system.

EIz = exp(ikixx_ Imt)x
loexp(ik,Y) + R, exp(-ik,,y), (in the above space)
xq A exp(ik; y) + B, exp(-ik;y), (inthej-layer)
Tioexp(ik,Y) (in the below space)

oy

where the subscript | =1 or 2 described the two pump
waves, and j=1, 2, or a described the dielectric and
AFF layers, respectively. The wave-number

components k, =[(a/ ¢ K1, k =[&(@/cy -~k
k, =[&,(@/ )’ — 1" and k, =[e,u,(@/ )’ k1"
with Kk, =(w/c)sind and the AF effective
permeability  u, = (uf +p5) ! p,, - The capital
characters on the right side of (5) represent the wave
amplitudes in different spaces, where |, and R, as

well asT0 are related to the incident, reflection and

transmission waves, respectively. In terms of
iou,(1+ 7)-H = VXE , the corresponding magnetic
fieldsin different spaces are written.

Using the matrix method, we obtain the matrix
equation satisfied by the reflection, transmission and
incident amplitudes in the linear situation,

ho | _p 11T, [
(Roj_ t1'1a a2 Zb(-rloj' )

T. :i k0+k| kO_k' y (3a)
b2k, (ko =k kot K,
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_ 1 @+ dy)exp(-ik,dy) (1= ;) exp(-ik,d;) |, b
"2l (@-8p)explikad) 1+ ;) explik,d,) (30)

T - m(anlsz[(éml)e«p(—ikada) (@—Dexp(—ikada)J

2% (G -Demik,d,) (g +Dexp(ik,d,)
(30)
T = 1 (k12+k|o) exp(_iklzdz) 0
2 _2_k,2( 0 (kiz_klo)EXp(iklzdz)j
(3d)

O = (Ko Tkt (@) o (@) (1, (@)kyz)  (4)

The pumping amplitudes can be solved from
equation (2), which can be described as

IIO Aa
=T,T,
MR ©

It is well known that SF waves are the second-
order nonlinear response of AFF. For TE waves,
there is only one equation which contains a source
term in the three components equations of the
nonlinear wave equation. It is presented as

(oM@ @ H(@) =@ @) ()

In the equation, m? (e ) is the second-order
magnetization presented by

rﬁgZ) (a)n) :szz(Hlx(a)l)HZX(a)Z) + Hly(a)l)HZy(a)Z))

7
b 2y (Ha(@)Ho, (@)~ Hy (@) (@)

with @, = @, + @, . The nonzero expression of the
second-order can be found in the reference]12]. Let

an(a)n) — [Ahaeiknayy + Bnae*iknayy +

i (klay+k2ay)y

+Nle i(klay+k2ay)y

+N,e
+N3ei(kzay_k1ay)y + N4e_i(k2ay_klay)y]e(iknxx—iwnt) ’
€)

where k. =[eu,(@,/c)’ —Ki]"? with k, =k, +k, -
The nonlinear coefficient can be written as

+

Ny = £00F (2 (AL +ATAL)+ 2oy (AT AL — AT ) ALA,
(%)

N, = 2,0 F [ 2, (818, + ATAT) + 7, (AL A = ATA,)]B,,B,,
(9b)

Ny = £,00F [ 1 (AT AT —ATAY) + 1, (AT AT +ATAS)]A,B,
(9c)
N, = £,05F [0, (AT A = A[AZ) = 2, (ATAT +ATAS)]A,B,,
(9d)
here
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i wlwzﬂzoﬂ@(wz)ﬂlviwl)ﬂl(wz)/a(aa)éi - (109
0" = (Koa 1K)+ (K + Ky ) — .07 (10D)
Af = (@)K, Eit, (@)K (10c)
AT = (@)K, £iu, (@)K, (10d)

We use H2 =T2e "elkwian) to present the
magnetic field of the SF wave generated above the
film and HP =Tbe*elwxied) to indicate the SF field
below, with k, determined by K2 +K2 = (@, / ©)? -
The SF electric fields in different spaces from
-iw,e,6,E, =V xH, ae found. Considering the
boundary conditions of these fields to be continuous
a the surface, there must bek =k, +k, . The
matrix equation between the layer's amplitudes can

)

1 knogl - knl knOgl + knl
0S5 o ; (13)
2kn081 knOgl + knl knOgl - knl
M. = i{(knz _Ezkno) exP(_iknzdz) 0 ]
® 2Kk, 0 (Kyy +&,K,0) exp(ik,,d,) .
(14)
According to the definition, the incident

eectromagnetic  energy-flux  density in  the
nonmagnetic materials is written as

S, = (€21 1)"?|E, [* 12, but SF output densities are
expressed as S, = (4, /€2)"*[T,[ 12 for the above

space of AFF and S, = (g, /&5)"* |Tb|2/2 for the
below space of it.

3. Numerical Examples

We take a SIO,/MnF2/ZnF, sandwich structure as
an example for numerical caculations, where the
physical parameters. the dielectric constant

£,=5.5, the sublattice magnetization M, = 0.6kG
and the damping coefficient 7 =0.001; the exchange
field H,=550kG, anisotropy field H, =7.87kG and
the gyromagnetic ratio y=1.97x10"rads'kG™ ,
leading to the resonant frequencies
w,/2c=9.76cm™ and @,/2zc=9.86cm™ in the
externa field of H, =1.0kG . The thickness of AF
film is taken to be 109um, 209um for SIO, and
502um for ZnF.

T.=
22k g

1 {[_(1 ot )gl e N, (1t )e N (14 g )d e e N (1 ) o N s

[_(1_ v )e' (kzy thoay)da N1 _ (1+ v*)e’i (Kiay oy ) da N2 _ (1_ U_)ei (Koay—kaay)da N3 _ (1+ v )e*i (Koay—Kiay)da N4]eikmyda

be got from the boundary continuous condition. The
magnetic amplitudes of the outputs can be solved
from the equations as follows:

b

0 =M, [M . (M_,M T r,)+T
Ta - tl[ 1a( a2'V'2b Tb + 2)+ 1]' (11)

n n

where

_ 1 [(knlga - knaygl) exp(-i knldl) (knlga + knaygl) exp(-i knldl)]
B 2kge | (Kuta R a) explikyd)  (Kug, —K &) explik,d,)
(12a)

- 1[[(1—77*)N1+(1+77*)Nz+(l—77’)N3+(l+77’)N4] ap(—ihldl)J

20 [ )N+ (@77 )N, + (L )N +(A-77IN, T exp(ik )

(12b)

"kna da ;kna dﬂ
1 e o (knaygz _Saknz) e o (knaygz +gakn2)
€ (K, +2,K,) €™ (K

nay

€~ gaknz)
(12¢)

nay -2 nay

] (12d)

Fig. 2 and Fig. 3 illustrate the SF output densities
S, and g versus the frequency ¢, and the incident

angle g, of the signal wave when the other incident
angle is fixed at g,=30° with the fixed frequencies
@,=9.70cm™ and ¢, =9.85c™* which are near the
two resonant frequencies of AFF. The highest S,

and § have been marked with @ and g, in the
figures. It can be seen that the highest SF outputs are
located in the small incident angle region which can
be understood that most incident can participate the
process of generate the SF outputs. Obviously, the SF
outputs on the below surface is more than those on
the upper surface by one order. According to the SF

®, =19.51cm ™, the first incident wave frequency is

@, =9.81cm™ which is near the second resonant

frequency. Evidently, in terms of their respective
maxima the SF outputs on the above surface near the
second frequency will be stronger on order than those
near the first frequency.

Next we discuss the effect of the incident angle

on s ad § a& @g=w=975cm" and
@ =w,=9.85cm™ illustrated in Fig. 4 and Fig. 5,
respectively. The maxima of s and g have been

shown in the figures. It is apparent to be seen from
the marks that the highest S, and S, ae detected

when the two signal waves are both in the region of
6<30° for @ =w,=9.75cm™, however, 9>30° for

@ =w,=9.85cmi*. With the increasing the incident
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angles the SF outputs will dramatically decrease
when the ¢ >60°, which can be understood that most
input flux-energy will be reflected by the above
surface film. The flux-energy left in the film cannot
induce the SF outputs since the second-order
nonlinear response of AFF is induced by a strong
electro- magnetic wave. It is obvious that the SF
outputs near the second resonant frequency are much
stronger than those near the first resonant frequency.
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Fig.2. S, and § versustheincident angle @, and the (deg Bag) o gt
SF frequency @, at @, =9.70cm* and 6, = 30° .
. 4. 0 = = =
A — Fig.d. S and § versus € at @ = w, =9.75cm

for SIO/MnF2/ ZnFo.
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Fig.3. S, and § versus 6, and @, a @, = 9.85cm™ Fig.5. S, and § versus 6 at @ =, =9.85cm™ for
and g, = 30° for SI0/MnF2/ ZnFo. SiO/MnF/ ZnF.
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In order to investigate the effect of the dielectric
on the SF outputs, the Fig. 6 shows s _and g, versus

the incident angles a =@ =9.75cm* for

ZnF/MnkFy/ SiO,. Comparing with Fig. 4 and Fig. 5,
the SF outputs in this case are much weaker since the
dielectric of ZnF; is bigger than that of Mnk.
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Fig.6. S, and § versus @, and 6, at
@, = @, =9.75cm ™ for ZnF/MnF2/ SiOz.

4. Summary

In this paper, the SF generation of
SIO/MnF./ZnF,; has been investigated through the
meatrix method in THz frequency field. We found that
the highest SF outputs are suited at the small incident
angle regions since the nonlinear response needs
more power to be induced. It iswell known that more
incident energy is transported into the film to attend
the process of generating SF outputs at the small
incident angles. The SF outputs on the below surface
are much stronger than those on the above film. In
addition, an optimum dielectric/AF/dielectric is
discussed. Choosing the proper incident frequencies
and the angles will benefit to the SF generation in the
THz frequency field.
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