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We present a method to increase the sum-frequency (SF) outputs in dielectric/antiferromagnet(AF)/Ag sandwich
structures for a fixed input power. Two incident waves simultaneously illuminate the upper surface, one is oblique and
the other is normal to it. Numerical calculations based on the SiO>/MnF;/Ag and ZnF,/MnF,/Ag structures show that
the SF outputs on the upper film increase a few times as compared to those of a single AF film when the thickness of the
AF film is one-quarter of the vacuum wavelength. Moreover, the SF outputs generated near the higher resonant frequency
will be higher than those obtained near the lower resonant frequency. An optimum AF film thickness is achieved through

investigating its effect on the SF outputs in the two different dielectric sandwich structures.
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1. Introduction

The sum-frequency (SF) generation technique has been
widely used in the field of frequency conversion.!!=3! In the
conversion process, light of two frequencies is mixed in a non-
linear crystal, resulting in the generation of new light sources
at the sum or difference frequency. These three-wave mixing
processes, also known as frequency upconversion or downcon-
version, are typically very sensitive to the incoming frequen-
cies, due to the requirement of phase matching.[*! Actually,
most materials, such as plasamas and semiconductors, are dis-
persive and absorbing. Thus, the film thickness, the strength of
the incident light, or interaction mechanisms of two lights will
affect the conversion efficiency of new light sources. An ex-
cellent review of four-wave mixing and phase conjugation in
plasmas has been given by Federici.l! Moore also performed
theoretical and numerical analysis of resonant SF generation
in an external cavity by varying the input coupler reflectiv-
ity. A scheme for generating a resonant SF in a semicon-
ductor by employing a transverse wiggler magnetic field to
it was presented.!”! The magnetic wiggler provides an uncom-
pensated momentum required to make the process a resonant
one.

In recent years, the nonlinearities of antiferromagnets
(AFs) have been paid a great deal of attention, for exam-
ple, the second-order harmonic generation and the optical bi-

[8-11

stability. I In addition, the resonant frequencies of typical

AF materials are distributed over the far-infrared and millime-
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[12-14] 50 their nonlinearity is of practical interest

ter ranges,
in these ranges. THz technology for future communication
and detection applications could be possibly developed. How-
ever, a very strong electromagnetic wave is needed to illumi-
nate the AF films in order to induce the nonlinearity of the AF
films since the AF nonlinearity is weak. Almeida and Mills!'>!
and Kahn ef al.!' first discussed the bistable and multistable
states of AF films and superlattices. According to their expec-
tations, the magnetic component of the plane electromagnetic
wave should reach a few tens of gauss, corresponding to the
laser power of 100 MW/m?, so a free-electron laser may be
necessary. The SF outputs of a single AF film have been dis-
cussed, showing the continuous SF output windows versus the

171 However, the SF genera-

infrared signal wave frequencies.
tion, a second-order nonlinear response of AF, is much weaker,
leading to the lower SF conversion efficiency. Therefore, in-
creasing the conversion efficiency at a fixed intensity is a very
interesting subject. Zhou ez al. "% proposed a method to en-
hance the second-harmonic generation (SHG) by using an AF
film for a fixed input power, in which the film is put between
two different dielectrics or in one-dimensional photonic crys-
tals. They raised the SH outputs to a few hundred times that
of the single film. The method presented in this paper can be
considered as an extension of their work. We propose a simple
AF sandwich structure, dielectric/AF/Ag, in which Ag has a
relatively higher dielectric constant and lower optical losses.
If Ag is thick enough, the electromagnetic waves cannot pene-
trate it. The reflected electromagnetic waves will heighten the
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field strength in the AF film. Thus, the SF outputs from the
above film may be enhanced.

2. Theoretical model

As illustrated in Fig. 1, our attention is focused on the
case where both the external magnetic field and AF anisotropy
axis are along the z axis and parallel to layers. Two linearly po-
larized radiations are obliquely incident on the upper surface.
I;, R;, and T; indicate the incident, reflection and transmission
waves, respectively, with the incident angle 6; and transmis-
sion angle 6/ (I =1 or 2). T and TP represent the corre-
sponding output quantities of SF waves with direction angles
6, and 0. The two signal waves in the film are not indicated
in Fig. 1. The dielectric function of the metal layers described
by the Drude model is expressed by

2

P (1)

&i(w) =6— m’
|

where @, is the resonant frequency of the metal and p is the

damping.
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Fig. 1. Structures and Geometries: An AF film with the anisotropy axis
normal to the incident plane is put between two different dielectrics. I;,
R;, and T; are the incident, reflective, and transmission waves with inci-
dent angle 6; and transmission angle 6, (I =1 or 2); T;* and T? indicate
the outputted SH waves with direction angles 6, and 6. The x—y plane
is considered as the incident plane.

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. An as-
sumption that the depletion of pump waves can be neglected
is commonly accepted when the energy-flux density of the ex-
cited SF wave is much lower than those of the incident waves.
Based on this assumption, solving the pump waves is a linear
problem. Because the TM wave cannot excite the linear and
SF magnetizations, we just take the TE wave with the elec-

tric field normal to the incident plane as the incident wave. 2]

Therefore, the linear wave electric fields in various spaces can
be describe as

E, = exp(iklxx - i(i)lt)
Iipexp(ikioy) + Rioexp(—ikioy),
in the above space,
Ayjexp(ikijy) + Bijexp(—iki;y), ?)
in the j-layer,
Tigexp(ikioy),
in the below space,
where the subscript [ = 1, 2 describe the two pump waves, and
j=1,2, adescribe the dielectric and AFF layers, respectively.
The wave-number components are

ko= [(0/c) = ki)', k= [er(0/c)’ = k)",

X

ko = [e2(0/c)> = k7 ]'?, k= [eati(@/c)® — ki)' 2,

Ix

with k;, = (@0/c)sinB, and the AF effective permeability
ty = (U3 + 15)/tex.  The capital characters on the right-
hand side of Eq. (2) represent the wave amplitudes in differ-
ent spaces, where [jg, Ry, and T are related to the incident,
reflection, and transmission waves, respectively. In terms of
iopy(1+x)-H =V x E, the corresponding magnetic fields
in different spaces are written as
exp(ikx —iyr)
w;Uo

kio[Tio exp(ikioy) — Rio exp(—ikioy)],

kij[Arjexp(ikijy) — Bjexp(—ik;;y)],
x q (kia/my)[(1+6;)Araexp(ikiay) ()

+(1 = &)Braexp(—ikiay)],
kioTio exp(ikioy),

H;, =

where &) = ik ey (@) / tor (@1 ) kiay. The y component of mag-
netic field in the AF film which will be used to calculate the
second-order magnetization can be described as

klxexp(iklxx— ia)lt) , .
= 6 — 1Ay, ki
e (8~ DAexp(iky)

— (8 + 1)Braexp(—ikiay)], “4)

with 5[/ = i.uxy(wl)kla/uxx(wl)klx-
According to the boundary conditions, the matrix equa-

Hy

tion governing the reflection, transmission, and incident am-
plitudes can be derived as

Io Tio
=ThT.TpT . 5
(RIO) 1T 2b(TI0 (5

Thus, the pumping amplitudes can be obtained by solving
Eq. (5), which can be described as

I Ap,
—T)\T, , 6
<R10> 1 1a<Bla) (6)

where T in Egs. (5) and (6) are the linear transfer matrixes as
detailed in the Appendix A.

It is well known that SF waves are the second-order non-
linear response of AF film. In order to solve the output am-
plitudes of SF, the solution of the SF wave equation in the
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AF film should be looked for. 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

2 PN, »
- (8)62 + ay2> w2 (@) — Ea(0n /)" Hyz (@)
= (@, /c)?*mP (w,). %)

The other two are homogenous and do not contain the field
component Hy,(®,). It is evident that the SF wave is a TM
wave since the other SF components cannot be excited without
source terms. In the equation, mgz)(a),,) is the second-order

magnetization presented by

m (@,)
= Yoo (Hix(01)Hoy () + Hyy (1) Hoy (@)
+%Z/Yy(H1X(wl)H2y(a)Z)*Hly(a)l)HZx((DZ))a (8)

with @, = o) + @,. The expressions of the second-order sus-
ceptibility can be found in the Appendix A. As an approxima-
tion, H;(®;) may be considered as the signal waves in the AF

21,22

film induced by the incident waves.[>!??] Because the SF mag-

netization and pump field in the film both have been given, it
is easy to find the solution of Eq. (7). Let

Hy(0n) = [Anaeik”ayy + Byge a1 Ny eiKiaythou)y
+ N267i<klay+kzay)y +N3 ei<k2£\)'7klay))’
+ N4e—i(k2‘dy_klay>y] e(ikmx—ia)nt)’ ©)

where kuay = [ty (0, /¢)? — k2, ]Y/? with kyy = ki, +kay. Sub-
stituting it into Egs. (7) and (8), we find the nonlinear ampli-

tudes
Ni = & F [fue (AT AT +A'TAS)
+ Aoy (A1 Ay — AT A )| A 1A, (10a)
Ny = &2 F [l (AT A, +ATA'S)
+ Zew (AT Ay —AA;)|BiaBy,  (10b)
N3 = €07 F [z (AT Ay —ATAY)
+ Xy (AT Ay + AT A A2Ba, (10¢)
Ny = &0FF [z (AT A7 —ATA)
— X (ATAS + AT AY)]A LB, (10d)
where
1
= 1 2 s (@2) iy (@1 ) a1 (o)t ()5 )
8% = (koa £ kia)? + (kix +kox)? — €002, (11b)
AF = 1 (@)Kpay £ i (0))ki, (11c)
AT = i (0))kpe £ (0 Kpay. (11d)

The solution (9) indicates that the SF wave in the film also
propagates in the incident plane and will radiate out from the

film. Therefore, we use H2, = T2 e ~m ¢ (tkux=11) to present
the magnetic field of the SF wave generated above the film and
HY. = TP eihmye(ikux=iont) 1 indicate the SF field below, with
kny determined by ky + Kz, = €(@, /c)*. The SF electric fields
in different spaces from —iw, &, E, = V x H, are found to
be

Tna e(ik,vc)cfik,,yyfia),lt)

B, = O, E0E; (knyex+ ey ). (122)
ei(km,xfa),,t) - 0

By = _W{Bx[knaymnael Y — By e aY)
+ (klay +k2ay)(N1 ei(klay+k2ay)y —N267i<kluy+k2ay>}')
+ (kzay _ klay)(N?; ei(kZay_klay)_V 7N4e—i(kzay—klay)y)]
- eyk,,x(Nl ei(klaerkzay)y + N2 efi(klanykZay)y
+ N3 e 1 (kaay—kiay)y +Ny e*i(kzayfklay)y)}7 (12b)
Tb e(iknnyriknxX*iwsnf)

Eb =1 (—knyex + knvey). (12¢)

W, ENE;

Because the magnetic and electric fields are continuous at
the interface, respectively, there must be &, = k1 + kp,. Then
it is proven through the phase matching the propagation an-
gles of the SF outputs from the film will not same with the
propagation of linear reflective R; and transmission 7;, respec-
tively. One can get them from the relationship of the wave
number in the different space. By a process similar to that de-
scribed in the linear part, we can find the SF outputs. It is well
known that the field components Hy; and Ej, are continuous at
the interface between two adjacent media, thus, the magnetic
amplitudes of the outputs R, and 7, can be solved as follows:

0 Iy
( T2 ) = M1 [M1a(Ma2 Moy, ( T ) +hL)+nh],  (13)
where the expressions of the nonlinear transfer matrix can be
found in the Appendix A.

According to the definition, the incident electromagnetic
energy-flux density in the nonmagnetic materials is written as
Su = (€3/10)"/?|Eqi|? /2, but the SF output densities are ex-
pressed as S2 = (uo/€2)!/?|T2|? /2 for the above space of AFF
and S? = (uo/€2)"/?|T?|? /2 for its bottom space.

3. Numerical results and discussion

The numerical calculations are based on two examples,
Si0,/MnF,/Ag and ZnF,/ MnF,/Ag, in which the AF film is
MnF,. The SF outputs depend on the field strength in the AF
film, which are also relative to the reflection properties of the
dielectric above or below the AF film in the sandwich struc-
ture. The thickness of Ag is chose as 8 um where the or-
der of the transmission of SF outputs are 10~7. In this case,
we assume that all the electromagnetic waves will be reflected
into the AF film which will result in the increasing of the field
strength in it. In order to study the influence of the dielectric
constants on the SF outputs, we choose € = 2.3 or 8.0 for the
Si0; or ZnF, layer which are respectively less or bigger than
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€, = 5.5 for the AF film. The other physical parameters here
applied are My = 0.6 kG, H, = 550 kG, H, = 7.87 kG, and
7 = 0.005 for the MnF;; the dielectric thickness will be fixed
at d; = 106 pm which are a quarter of the vacuum wavelength
of Si02; W, = 1.5 x 10'® rad-s~! and p = 7.73 x 10'3 rad-s !
for Ag. The external field , the resonant frequencies of MnF;
are @1 /27tc = 9.76 cm™! and @y /27c = 9.83 cm~ . In order
to compare with the results of a single AF film, the thickness
of MnF, is also considered as one quarter of the wave length
in the free space. In addition, the incident densities of the two
signal waves are fixed at Sy; = Spp = 0.1 MW/cm?.

We first illustrate the output densities S2 and SP of a single
film versus the frequency w, and the incident angle 8; of the
signal wave in Figs. 2 and 3 which are presented Ref. [15]. The
other signal wave is normal to the surface of the film (6, = 0°)
with the fixed frequencies @, = 9.70 cm~! and 9.90 cm™!
which are near to the two resonant frequencies of AF film,
respectively. The highest S% and SB have been marked with w,
and 6 in the figures. Evidently, in terms of their respective
maxima, S? is stronger than S2 by one order for the two cases.
Their maxima both are situated at the smaller incident angle
regions in which most incident energy can participate in the
course of SF generation.

The SF outputs of SiO»/MnF,/Ag and ZnF,/MnF,/Ag at
@ = 9.70 cm™! near the first resonant frequency are shown
in Fig. 4. It is well known that the SF outputs cannot trans-
mit into Ag if the thickness is thick enough. Therefore, the SF
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Fig. 2. (color online) SF outputs of a single film (MnF; film), (a) S
and (b) S?, versus the incident angle 6; and the SF frequency @), at
@ =9.70cm™! and 6, = 0.
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Fig. 3. (color online) SF outputs of a single film (MnF, film), (a) %
and (b) SB, versus the incident angle 0; and the SF frequency w, at
@ =9.90cm™! and 6, = 0.
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Fig. 4. (color online) SF outputs of SiO,/MnF;,/Ag and ZnF,/MnF,/Ag,
S& versus 0; and @, at @, = 9.70 ecm~!and 6, =0. (@) x=1.2,
y=19.51,z=0.1873; (b) x = 0.3, y = 19.52, z = 0.3652.

outputs S° should be zero which are not presented here. Com-
paring the maxima of S% with those of Fig. 2, we find that the
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SF outputs of SiO>/MnF,/Ag is about 4 times of reflection SF
(RSF) outputs and 1.34 times of transmission SF (TSF) out-
puts of a single AF film. Also, S% of ZnF,/ MnF,/Ag is about
8 and 2.6 times, respectively. It is apparent that the SF outputs
of the sandwich structure ZnF,/ MnF,/Ag are almost 2 times
of those generated from SiO,/MnF,/Ag.

Figure 5 shows that the SF outputs of the AF sandwich
structures versus the incident angles and the SF frequency at
@ = 9.90 cm~! near the second resonant frequency. Com-
pared with Fig. 3, the maxima of S} is 6.95 times the RSF and
2.36 times the TSF of a single AF film for SiO,/MnF,/Ag,
and also 15.78 and 5.36 times for ZnF,/MnF,/Ag. Also, the
SF outputs of the SiO; sandwich structure are lower than those
of the ZnF, sandwich structure. If we compare Figs. 4 and 5,
it can be found that the SF outputs near the second resonant
frequency will be higher than those obtained near the first res-
onant frequency.

through the SF outputs induced by the forward waves will al-
most be reflected back into the AF film, and interfere with the
SF outputs waves induced by the backward pump wave, finally
the enhanced SF outputs propagate out from the above surface
when the phase difference between them satisfies ¢ = £2kx
(k is an integer).

It is also interesting for us to examine SF outputs versus
the AF film thickness in the two different dielectric sandwich
structures. Figure 6 shows that S versus the thickness of AF
when the incident frequency of the two signal pump waves
are both near the second resonant frequency. The SF fringes
are presented which maybe result from the change of optical
thickness of the film. When AF is relatively thinner, the effect
of the dielectric on the SF outputs will be obviously. How-
ever, when the thickness of AF becomes thicker, the SF out-
puts for the two sandwich structures are almost same. And an
approximate saturation value is achieved at about d = 510 pum,
52 = 3.85 W-cm~2 which is nearly 95 and 32 times of S2 and
SP of the single AF film shown in Fig. 3. It can be expected
that if we enhance the incident wave densities or focus it on a
smaller area, a higher SF outputs are also obtained.

SiO;/MnF,/Ag

d,=0.51 mm

/352:3.85 W-cm ?

Sff,/VVm:rn‘2
o

N ZnF,/MnF,/Ag

0 0.3 0.6 0.9
d,/mm

Fig. 6. SF outputs of SiO»/MnF,/Ag and ZnF,/MnF,/Ag, S versus
the optical thickness of AFF at w; =9.84 cm™ !, @ =9.90 cm~ !, and
6,=6,=0.

4. Conclusions
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Fig. 5. (color online) SF outputs of SiO,/MnF,/Ag and ZnF,/MnF,/Ag,
S% versus 0; and @, at @y = 9.90 em~ and 6, =0. (a) x = 1.8,
y=19.71,z=0.281; (b) x = 0.3,y = 19.71, z = 0.6383.

The explanations for the enhanced SF outputs from the
upper film are presented as follows. The signal waves in the
film are composed of two parts, the forward and backward
waves corresponding to the amplitudes A; and B;. The inter-
ference of the forward waves of the two signal waves will gen-
erate the SF and transmit from the bottom surface. The same
interference course also occurs for the backward waves and the
induced SF wave will propagate out from the upper surface.
Since Ag cannot allow the electromagnetic wave to transmit

In this paper, we presented a method to increase the
SF outputs of an AF film where a relative thick Ag layer is
put below it. The numerical calculations are based on the
ZnF;/MnF,/Ag and SiO,/MnF,/Ag structures. The SF out-
puts in the AF sandwich structure are a few times of a single
AF film. In addition, the SF outputs of ZnF,/MnF,/Ag are
higher than those of SiO,/MnF,/Ag when the thickness of AF
film is one quarter of vacuum wavelength. In addition, the
SF outputs near the higher resonant frequency are higher than
those generated at the lower resonant frequency. The effect of
the AF film thickness on the SF outputs is also investigated.
An optimum AF film thickness is achieved where the effect of
dielectric can be ignored and an approximate saturation value
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of SF outputs for the two cases can be observed. The enhance- = —dio, 0o/ — (0 — )]
ment of SF generation will contribute to the preparation and % [a)’f —(o+ 0)0)2], (A2b)
application of the device in THz frequency field.
P R (@) = ny(0)
— 5 2o ”2 2
Appendix A = 2w 0n(0'; — o + 07) /[0’ — (O — wy)7]
2 2
x [0 — (o A2
SF susceptibility W [(l)r (@+ )], (A2e)
nyy' (@) = —ny!' (@)
. 2 2
2 = 2iw0, (0 +of - 0°)/[0} — (0 - a)’]
szx(wn) y [a),z ((DJr(D())z] (AZd)
2 - .
= Xz(yy)(wn) '
! ! ! ! 2 . .
- f%[xﬁx”(wl)nix”(wz)+n£x1>(w1)x§x”(wz) Here 0'; = 0[(20. + ©}) with ®, = @, + it®. The other
A({‘; n M W characteristic frequencies are w, = YH,, &y = YHo, ®. = YH,
+ Xy’ (@1)nyy’ (02) + 1y’ (1) Xy (@1)], (Ala)  and @, = 47yM,, with y being the gyromagnetic ratio. As the
Y Y g gy g
xz(yz)z (o) intermediate variable, n = my4 — mgp is defined here.
_ Z(/gy) (@) Linear transfer matrix The relation between the output
| " | " above the film and the amplitudes in 1-layer is
= — gz v (@) (@2) + ) (@)1 (@)
) ) Ip\ _ An
_ )gxl)(wl)n)%)((!)z) *”)(‘xl)(wl)x,gyl)(wg)}, (Alb) (Ro) =Ta (311 ) ; (A3a)
where with the matrix
(o) = 2 () 1
Xxx = Xy Tt1:<k0+kl kO_kl). (A3b)
= 20,00} — @f — 0?) /[0 — (0 — @p)?] 2ko \ ko —ki ko +ki
2 2
x [0 — (0 + ap)7], (A2a)  The amplitudes in the 1-layer above and adjacent to the AF
x)g.) (w) = — y(;) () film and those in the AF film are conjoined by

A\ A
(B“ ) =T (Bla> ) (Ada)

T, :1 (1+ &) exp(—ikndy) (1—8;)exp(—iknd) (Adb)
Y2\ (1-87)exp(ikndi)  (1+6;)exp(ikndi)

with the matrix

with 87 = (kia % kpefbey (@1) / tex (@) ) / (1 (@K1 ). The amplitudes in the AF film and those in the 2-layer below and adjacent

to it are conjoined by
A Ap
=T , ASa
<Bza) a2<312 (A

T po(@)ki (8, +1)exp(—ikiada) (8, —1)exp(—ikiada) (A5b)
T (03 — 1)exp(ikiada) (63 + 1) exp(ikiada) )’

where

where 85 = (kia == kjyly (@) /(@) / (o (@)kp2). Finally, the relation between the amplitudes in the bottom layer and the

transmission amplitude is
Ap Tio
=T , Aba
< Bp ) 2b <Tzo (A6a)

1 (k12 + klO) eXp(—iklzdz) 0 )
Ty = — . . A6b
2 < 0 (kia — ko) exp(ikjads) (A6D)

057503-6

with



Chin. Phys. B Vol. 23, No. 5 (2014) 057503

Nonlinear transfer matrix The matrix equation between the SF amplitudes in the AF film and the 1-layer above it is

Anl _ Ana
() s ()5 -
where
M] — 1 (knlga *knaygl)exp(*iknldl) (knlga+knay£1)exp(*iknldl) (A7b)
a 2k,1 € (knlga+knay£1)exp(iknldl) (knlga_knayel)exp(iknldl) ’
and
I = 1 < [(1 - 77+)N1 + (1 +77+)N2+ (1 - ni)N3 + (1 +n7)N4]eXP(_ikn1d1) ) (A7¢)
2\ [T+ )N+ (1=n")Na+ (1407 )N3 + (1 =07 )Na]exp(ikmdi) )’

with ni = (kzay + klay)el /kn1 €, In addition, the relation between the SF amplitudes in the AF film and 2-layer below it is given

by
Ana An2
Y B, A8a
<Bna> az(Bn2> 2 (A8a)
where
1 e Tk (k0 8 — Ekin) € Kda (€ + Eak 2))
Moy . y akn ) nay ann , (A8b)
a2 2knay€2 ( e fnda (Knay€2 + €akn2) g frarda (Knay&2 — €akn2)
and

1
==
i3 (

with U;F = (kaay & k1ay) /Knay. Other matrixes are given by
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