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Giant in-plane anisotropy can be exhibited by a finitely thick periodic multilayer comprising

bilayers of an isotropic noncentrosymmetric material and a non-dissipative isotropic medium of

negative permittivity, when a dc electric field is applied in the thickness direction. Compared to a

homogeneous layer of the noncentrosymmetric material with the same thickness as the periodic

multilayer, the latter exhibits an effective in-plane anisotropy that can be three orders larger in

magnitude. This enhancement gets more substantial at higher frequencies and is electrically con-

trollable. The incorporation of dissipation reduces the enhancement of the effective in-plane anisot-

ropy, which nevertheless remains significant. We expect the finitely thick periodic multilayer to be

useful as a polarization transformer or a modulator in the terahertz regime fully controllable via

external dc bias. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975482]

I. INTRODUCTION

Isotropic but noncentrosymmetric materials such as cad-

mium telluride (CdTe), cadmium sulfide (CdS), gallium

arsenide (GaAs), and zinc telluride (ZnTe) possess a zinc-

blende (cubic) crystalline structure.1 Therefore, in the mid-

wavelength infrared (MWIR) and long-wavelength infrared

regimes, these materials display an electro-optic effect dis-

covered by Friedrich Pockels (1906). Of the four materials

named previously, CdTe has the highest electro-optic coeffi-

cient.2–4 The Pockels effect, as it is usually called, allows

electrical control of optical response characteristics, espe-

cially for transmission5 but also for reflection.6 Bulk CdTe

crystals with high resistivity (>109 X cm) are successfully

used in intracavity electro-optic modulators for Q-switched

CO2 lasers at 10.2 lm wavelength.7

When an isotropic noncentrosymmetric material is sub-

jected to a dc electric field Edc, the medium acts like an

orthorhombic dielectric material.2–4 In the Cartesian coordi-

nate system ðx1; x2; x3Þ with the coordinate axes aligned with

the crystallographic axes and fx̂1; x̂2; x̂3g is the right-handed

triad of mutually orthogonal unit vectors, the relative permit-

tivity dyadic e
pc

of the material may be stated as6

e
pc
¼ vðx̂1x̂1 þ x̂2x̂2Þ þ aðx̂1x̂2 þ x̂2x̂1Þ þ w x̂3x̂3; (1)

when Edc ¼ Edcx̂3. Here,

v ¼ n2
pc=ð1� r2

pcE2
dcn4

pcÞ
a ¼ �rpcEdcn4

pc=ð1� r2
pcE2

dcn4
pcÞ

w ¼ n2
pc

9>=
>;; (2)

where npc is the refractive index in the absence of dc electric

field, rpc is the sole electro-optic coefficient, and it has been

assumed that n2
pcjrpcEdcj � 1; the assumption is justified in

the next paragraph by using specific numerical values. Thus,

there is not only transverse anisotropy with respect to the

direction of Edc, quantitated by the difference between v and

w, but there is also an in-plane anisotropy quantitated via a
in the x1x2 plane. This in-plane anisotropy is commonly

exploited in electro-optic modulators.5

However, a is at most of order 10�3 because the magni-

tude of Edc cannot be very large (say, � 106 V m�1), rpc is

also a small number (say, � 10�11 m V�1), and npc � 4. This

small magnitude of a necessitates the use of thick layers of

isotropic noncentrosymmetric materials for significant phase

differences between two polarization states to develop in

THz devices and components.5,8

We hypothesized that one could alternatively use a mul-

tilayer comprising layers of an isotropic noncentrosymmetric

material and an isotropic epsilon-negative (ENG) mate-

rial9–11 in order to enhance the in-plane anisotropy of the

equivalent permittivity dyadic of the multilayer. Then, we

would expect from homogenization formalisms12–14 applica-

ble for electrically thin layers that the isotropic ENG mate-

rial would diminish the effects of the parameters v and w
that appear in the diagonal of e

pc
but not the effects of the

anisotropy parameter a on the x1x2 plane. Of course, to

achieve such an equivalence, the multilayer would have to

possess a periodic structure where the isotropic noncentro-

symmetric layers would alternate with the ENG ones.

Periodic multilayers have garnered renewed interest in

recent years15–19 for obtaining unusual response characteris-

tics. Therefore, we decided to examine the reflection and

transmission of normally incident plane waves from a

finitely thick periodic multilayer whose unit cell comprises

an isotropic noncentrosymmetric slab and an isotropic ENG

layer.20–24 Parenthetically, although ENG materials are dissi-

pative,20 overcoming dissipation by using active-material

components appears promising.11,25 Our main purpose was

0021-8979/2017/121(6)/063102/10/$30.00 Published by AIP Publishing.121, 063102-1

JOURNAL OF APPLIED PHYSICS 121, 063102 (2017)

http://dx.doi.org/10.1063/1.4975482
http://dx.doi.org/10.1063/1.4975482
http://dx.doi.org/10.1063/1.4975482
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4975482&domain=pdf&date_stamp=2017-02-09


to examine our hypothesis that the finitely thick periodic

multilayer can exhibit, in effect, a larger in-plane anisotropy

compared to a single isotropic noncentrosymmetric layer of

the same thickness as the periodic multilayer.

The plan of this paper is as follows. Section II describes

the formulation and the solution of the boundary-value prob-

lem of reflection and transmission of a normally incident

plane wave by a finite number of bilayers with properties

described in the previous paragraph. We use a 2� 2-matrix

approach without any approximation26–28 or homogeniza-

tion.12–14 Section III presents numerical results showing that

enhancement of anisotropy can indeed be achieved by appro-

priately selecting the parameters of the finitely thick periodic

multilayer. Furthermore, we consider certain actual plas-

monic media exhibiting both frequency dispersion and dissi-

pation and test their performance in enhancing the effective

anisotropy of the structure. An expði2pftÞ time-dependence

is assumed and suppressed throughout the subsequent analy-

sis, with f as the linear frequency, t as time, and i ¼
ffiffiffiffiffiffiffi
�1
p

.

The permittivity and permeability of free space are denoted

by e0 and l0, respectively. Vectors are in boldface and unit

vectors are identified by a caret, while dyadics [Ref. 29,

Chap. 1] are double underlined.

II. BOUNDARY-VALUE PROBLEM

A schematic of the boundary-value problem under

consideration is depicted in Fig. 1. The half spaces z< 0 and

z > Nðwp þ wdÞ are vacuous. The region 0 < z < Nðwp

þwdÞ is occupied by the finitely thick periodic multilayer

composed of N � 1 unit cells. Each unit cell is a bilayer com-

prising (i) an isotropic noncentrosymmetric layer of thickness

wp and relative permittivity dyadic e
pc

and (ii) an isotropic

ENG layer of thickness wd and relative permittivity dyadic

edI , where I is the identity dyadic. Both component materials

are assumed to have the same permeability as free space.

Instead of the Cartesian coordinate system ðx1; x2; x3Þ,
let us use a Cartesian coordinate system (x, y, z) oriented

such that x ¼ ðx1 þ x2Þ=
ffiffiffi
2
p

; y ¼ ð�x1 þ x2Þ=
ffiffiffi
2
p

, and z¼ x3.

Then, Edc ¼ Edcẑ and Eq. (1) is rewritten as

e
pc
¼ ðvþ aÞx̂x̂ þ ðv� aÞŷŷ þ wẑẑ: (3)

Thus, despite the fact that the relative permittivity dyadic

e
pc

looks complicated as stated in Eq. (1), the isotropic

noncentrosymmetric material is simply an orthorhombic

material when subjected to a unidirectional dc electric

field.

Suppose that linearly polarized light is normally incident

on the finitely thick periodic multilayer from the half space

z< 0. The electric field phasor of the incident light is ori-

ented at an angle n with respect to the x axis in the xy plane,

as indicated in Fig. 1. The incident electric and magnetic

field phasors are expressed as

EincðzÞ ¼ ðx̂ cos nþ ŷ sin nÞ exp ð�ik0zÞ
HincðzÞ ¼ g�1

0 ð�x̂ sin nþ ŷ cos nÞ exp ð�ik0zÞ

)
; z < 0 ;

(4)

where k0 ¼ 2p=k0 ¼ 2pf
ffiffiffiffiffiffiffiffiffi
e0l0

p
denotes the free-space wave-

number with k0 being the free-space wavelength, and g0

¼
ffiffiffiffiffiffiffiffiffiffiffi
l0=e0

p
is the intrinsic impedance of free space.

The reflected electric and magnetic field phasors in the

same half space are expressed as

ErefðzÞ ¼ x̂RðþÞ cosnþ ŷRð�Þ sinn
� �

exp ðik0zÞ
HrefðzÞ ¼ g�1

0 x̂Rð�Þ sinn� ŷRðþÞ cosn
� �

exp ðik0zÞ

)
; z< 0 ;

(5)

respectively, where the reflection coefficients RðþÞ and Rð�Þ
have to be determined. Likewise, the electric and magnetic

field phasors transmitted in the half space z > Nðwp þ wdÞ
are expressed as

EtransðzÞ¼ x̂TðþÞcosnþ ŷTð�Þ sinn
� �

exp �ik0ðz�hÞ½ �

HtransðzÞ¼g�1
0 �x̂Tð�Þ sinnþ ŷTðþÞcosn
� �

exp �ik0ðz�hÞ½ �

)
;

z>h;

(6)

with unknown transmission coefficients TðþÞ and Tð�Þ, while

h ¼ Nðwp þ wdÞ is the overall thickness of the periodic

multilayer.

The standard transfer-matrix method26–28 yields the

equation

Tð6Þ
1

g�1
0

" #
¼Mð6Þ•

1þ Rð6Þ

g�1
0 1� Rð6Þ
� �

" #
; (7)

where the 2� 2 matrices

FIG. 1. Schematic of the boundary-

value problem solved: A linearly

polarized plane wave with polarization

angle n (defined in the inset at the right

side) impinges normally on a finitely

thick periodic multilayer composed of

N unit cells each one comprising an

isotropic noncentrosymmetric layer

and an isotropic ENG layer. The peri-

odic multilayer is surrounded by vac-

uum on both sides.
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Mð6Þ ¼ P • Q • P�1 • Uð6Þ • Vð6Þ • U�1
ð6Þ

h iN
(8)

are composed of the following 2� 2 matrices:

P ¼ 1 1

g�1
0

ffiffiffiffi
ed
p �g�1

0

ffiffiffiffi
ed
p

� �
; (9)

Q ¼ exp ð�ik0wd
ffiffiffiffi
ed
p Þ 0

0 exp ðik0wd
ffiffiffiffi
ed
p Þ

� �
; (10)

Uð6Þ ¼
1 1

g�1
0

ffiffiffiffiffiffiffiffiffi
v6a
p �g�1

0

ffiffiffiffiffiffiffiffiffi
v6a
p

� �
; (11)

Vð6Þ ¼
exp ð�ik0wp

ffiffiffiffiffiffiffiffiffi
v6a
p Þ 0

0 exp ðik0wp
ffiffiffiffiffiffiffiffiffi
v6a
p Þ

� �
: (12)

III. NUMERICAL RESULTS AND DISCUSSION

We chose CdTe (npc ¼ 2:6 and rpc ¼ 6:8� 10�12 m

V�1) as the isotropic noncentrosymmetric material3 for

all calculations reported here. The external dc electric

field Edc was confined to the interval 0 � Edc � 1 MV m�1

(maximum value much less than the CdTe breakdown limit

Edc ¼ 10 MV m�1 [Refs. 6 and 30]). For the chosen Edc-

range, the off-diagonal element a is significantly smaller

than v; hence, unless stated otherwise, numerical results are

provided here for Edc ¼ 1 MV m�1 when a has the largest

value in the chosen Edc-range. The considered frequency

range was 30 THz � f � 90 THz in which CdTe exhibits the

Pockels effect. The thickness wp of the CdTe layers was con-

fined to the interval ½20; 300� nm; the lower bound was

selected for the layers to be considered as material

continua31 and the upper bound to ensure that the CdTe

layers would be electrically thin.12–14 The thickness wd of

every ENG layer was chosen to lie within the interval

½100; 200� nm, after noting that layers of such thicknesses can

be made using molecular beam epitaxy,32 atomic layer depo-

sition,33 and Langmuir–Blodgett methods.34

It should be remarked that, for the results presented in

Sec. III B, we assumed the ENG material to be a non-

dissipative plasmonic material (i.e., Re½ed� < 0 and

Im½ed� ¼ 0) in order to examine the effective in-plane anisot-

ropy of the finitely thick periodic multilayer without being

affected by attenuation through the ENG layers.35 An addi-

tional reason that ENG materials with low dissipation or/and

increased breakdown strength are needed is the immunity of

their electromagnetic properties to the external dc electric

field Edc. For the results presented in Sec. III C, we incorpo-

rated both dissipation and dispersion in the ENG material.

Let us finally note that the number N of bilayers must not be

too large in order to avoid numerical instabilities in the

transfer-matrix method.36–38

A. Metrics for effective in-plane anisotropy

In order to examine the effective in-plane anisotropy of

the finitely thick periodic multilayer, we partitioned the

reflected and the transmitted electric field phasors as

ErefðzÞ ¼ Eref
co ðzÞ þ Eref

crossðzÞ
EtransðzÞ ¼ Etrans

co ðzÞ þ Etrans
crossðzÞ

)
; (13)

where the components

Eref
co ðzÞ ¼ RðþÞ cos2 nþ Rð�Þ sin2 n

h i
ðx̂ cos nþ ŷ sin nÞ exp ðik0zÞ

Etrans
co ðzÞ ¼ TðþÞ cos2 nþ Tð�Þ sin2 n

h i
ðx̂ cos nþ ŷ sin nÞ exp �ik0ðz� hÞ½ �

9>=
>; (14)

are polarized parallel to EincðzÞ, and the components

Eref
crossðzÞ ¼ Rð�Þ � RðþÞ

� �
sin n cos nð�x̂ sin nþ ŷ cos nÞ exp ðik0zÞ

Etrans
crossðzÞ ¼ Tð�Þ � TðþÞ

� �
sin n cos nð�x̂ sin nþ ŷ cos nÞ exp �ik0ðz� hÞ½ �

)
(15)

are cross-polarized with respect to EincðzÞ. For cross-

polarization being engendered by in-plane anisotropy, we

formulated the total cross-polarized power density

Pcross ¼
1

2g0

jR �ð Þ � R þð Þj2 þ jT �ð Þ � T þð Þj2
h i

sin2 n cos2 n:

(16)

Noting that the incident power density Pinc ¼ 1=2g0, we

devised the quantity

mabs ¼
Pcross

Pinc

¼ jR �ð Þ � R þð Þj2 þ jT �ð Þ � T þð Þj2
h i

sin2 n cos2 n

(17)

as an absolute metric of the effective in-plane anisotropy of

the finitely thick periodic multilayer.

Let R0ð6Þ and T0ð6Þ be the values of the reflection and

transmission coefficients, respectively, when every ENG

layer in the finitely thick periodic multilayer is replaced by a

layer of the isotropic noncentrosymmetric material of width

wd; in other words, the finitely thick periodic multilayer is

replaced by a homogeneous slab of the isotropic noncentro-

symmetric medium of width Nðwp þ wdÞ. Let

P0cross ¼
1

2g0

jR0�ð Þ � R0þð Þj
2 þ jT0�ð Þ � T0þð Þj

2
h i

sin2 n cos2 n

(18)
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be defined analogously to Pcross. We devised the quantity

mrel ¼
Pcross

P0cross

¼
jR �ð Þ � R þð Þj2 þ jT �ð Þ � T þð Þj2

jR0�ð Þ � R0þð Þj
2 þ jT0�ð Þ � T0þð Þj

2
(19)

as a relative metric of the effective in-plane anisotropy of the

finitely thick periodic multilayer, with mrel > 1 denoting an

enhancement of the effective in-plane anisotropy relative to a

homogeneous layer of the isotropic noncentrosymmetric mate-

rial of the same thickness and mrel < 1 denoting a degradation

of the effective in-plane anisotropy. From Eqs. (17) and (19),

we also obtain that mrel ¼ mabs=m0abs, where m0abs ¼ P0cross=Pinc.

Both metrics mabs and mrel are similar to the ones defined

elsewhere39 for in-plane anisotropy and non-reciprocity.

Of the two metrics, the more significant is mrel since our

primary intention is to enhance the effective in-plane anisot-

ropy of the isotropic noncentrosymmetric material (CdTe) by

periodically interleaving its layers with ENG layers, whereas

mabs plays a complementary role. We do not care much about

the value of the polarization angle n since it influences in the

same way both the numerator and the denominator on the

right side of (19); indeed, mrel is independent of n.

In contrast, the metric mabs is proportional to

sin2 n cos2 n ¼ sin2ð2nÞ=4, indicating no change of the

effective in-plane anisotropy when n ¼ 0� or n ¼ 90
�
—

which is not surprising because the reflected and transmitted

field phasors are then completely co-polarized with respect

to the incident plane wave. For this reason, we chose to pre-

sent data on mabs here only for n ¼ 45
�
, which is the polari-

zation angle leading to maximal depolarization on reflection

and transmission.

B. Enhancement of effective in-plane anisotropy

With the aim of realizing large values of mrel, we first

computed this metric as a function of the thickness ratio

wp=wd and the relative permittivity scalar ed of the plasmonic

ENG material for three different operational frequencies f 2
f30; 60; 90g THz. The thickness h of the finite periodic multi-

layer was kept fixed at 2500 nm and the number N of bilayers

equal to 20. In the density plots of mrel presented in Fig. 2,

this metric is maximal nearly along the diagonal for all three

selected frequencies. This is reasonable for the following rea-

son: as the thickness ratio wp=wd increases, the layers of the

plasmonic ENG material become thinner than the layers of

the isotropic noncentrosymmetric material; therefore, ed must

be more negative to enhance the in-plane anisotropy of the

equivalent permittivity dyadic of the multilayer by the same

degree and thus preserve the value of mrel.

Furthermore, mrel can be remarkably high in magnitude

for all three selected frequencies. Indeed, numerous combi-

nations of wp=wd and ed yield a tenfold enhancement of in-

plane anisotropy compared to a homogeneous CdTe layer of

thickness h¼ 2500 nm. Finally, at higher frequencies, the

peak of mrel with respect to wp=wd for a fixed ed is sharper

but not necessarily higher.

Next, for each value of N 2 ½1; 20�, we performed

a greedy maximization40 of mrel with respect to both wp

2 ½20; 300� nm and wd 2 ½100; 200� nm while keeping ed

¼ �15 fixed. Obviously, the overall thickness h was left var-

iable. Figure 3 provides the optimal pairs (wp, wd) for three

different operational frequencies f 2 f30; 60; 90g THz. At

each of these three frequencies, the optimal values of wp and

wd have similar convergence trends as N increases. This

FIG. 2. Density plots of 10 logðmrelÞ as

a function of wp=wd and ed for (a)

f¼ 30 THz, (b) f¼ 60 THz, and (c)

f¼ 90 THz, when N¼ 20, h¼ 2500 nm,

and Edc ¼ 1 MV m�1.
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characteristic, combined with the fact that the mrel-maximi-

zation algorithm did not get stuck at the boundaries of the

pre-set wp- and wd-ranges, indicates that the enhancement of

the effective in-plane anisotropy for the optimal configura-

tions would be quite high. When it comes to the effect of the

frequency, the data for optimal wp and wd exhibit more rapid

oscillations with respect to N for smaller f—because conver-

gence cannot be achieved if h is electrically small.

Figure 4 provides the high values of mrel after each

greedy maximization leading to the optimal pairs (wp, wd)

presented in Fig. 3. Regardless of the operational frequency,

mrel has a generally increasing trend with higher values of N.

Furthermore, mrel grows significantly with f for N> 5. The

metric mrel increases by one order of magnitude for

f ¼ 30 THz, but by four orders of magnitude for f ¼ 90 THz,

as N increases from 2 to 20, indicating thereby that the two

types of layers interact much more strongly as they become

electrically thicker. Thus, giant effective in-plane anisotropy

is theoretically possible.

For each of the three selected operational frequencies in

Fig. 4, we determined the triad ðwp;wd;NÞ for the maximum

value of mrel. These optimal triads are

(I) wp¼ 300 nm, wd¼ 131 nm, and N¼ 20, when f¼ 30

THz;

(II) wp¼ 288 nm, wd¼ 143 nm, and N¼ 19, when f¼ 60

THz; and

(III) wp¼ 290 nm, wd¼ 179 nm, and N¼ 20, when f¼ 90

THz.

The computed values of mabs are plotted in Fig. 5 as func-

tions of Edc for the optimal triads I–III, when ed ¼ �15 and

Edc ¼ 1 MV m–1 are fixed. Also, shown are values of mabs

when

(A) the entire finitely thick periodic multilayer is replaced

by a homogeneous CdTe layer of thickness h;

(B) every plasmonic ENG layer in the finitely thick peri-

odic multilayer is replaced by a complementary

epsilon-positive (EPS) layer, i.e., when ed ¼ 15; and

(C) every plasmonic ENG material in the finitely thick

periodic multilayer is replaced by a layer of air, i.e.,

when ed ¼ 1.

FIG. 3. Optimal values of wp 2
½20; 300� nm and wd 2 ½100; 200� nm

needed to maximize mrel, as functions

of N for (a) f¼ 30 THz, (b) f¼ 60 THz,

and (c) f¼ 90 THz, when ed ¼ �15

and Edc ¼ 1 MV m�1.

FIG. 4. Metric mrel as a function of N for the optimal pairs (wp, wd) presented

in Fig. 3, when f 2 f30; 60; 90g THz, ed ¼ �15, and Edc ¼ 1 MV m�1.
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Figure 5 shows that the effective in-plane anisotropies

of the periodic CdTe/ENG, CdTe/CdTe, CdTe/EPS, and

CdTe/air multilayers are enhanced on increasing Edc. The

improved in-plane anisotropy of any of the four structures

can be attributed to the direct proportionality of a to Edc,

when jrpcEdcn2
pcj � 1. More importantly, Fig. 5 allows us to

conclude that the in-plane anisotropy of the optimal CdTe/

ENG multilayer is superior to those of not only the homoge-

neous layer of CdTe (structure A) but also of the CdTe/EPS

and CdTE/air multilayers (structures B and C, respectively)

of the same overall thickness h. Clearly then, interleaving

CdTe layers with layers of a material with ed < 0 is crucial

to realize giant effective in-plane anisotropy. The data in

Figs. 4 and 5 support the contention that the spread between

the effective in-plane anisotropies of the periodic CdTe/ENG

multilayer on the one hand and the CdTe, CdTe/EPS, and

CdTe/air counterparts on the other hand widens as the fre-

quency increases.

The most interesting feature of Fig. 5 is the evidence

that maximization of mrel also raises mabs by a significant fac-

tor. In particular, for the highest frequency in consideration

(i.e., f¼ 90 THz), we have mabs ffi 10�1 for the periodic

CdTe/ENG multilayer in Fig. 5(c), which means that the sig-

nal ratios jEref
crossj=jEincj and jEtrans

crossj=jEincj can be as high as

0:3 <
ffiffiffiffiffiffiffiffiffiffi
10�1
p

. At the lowest operational frequency consid-

ered (i.e., f¼ 30 THz), the value of mabs of the periodic

CdTe/ENG multilayer is smaller—but still considerably

larger than that of the homogeneous CdTe layer of the same

thickness.

Finally, we calculated mabs of the finitely thick periodic

CdTe/ENG multilayers with the optimal triad ðwp;wd;NÞ

labeled as I–III, as a function of f 2 ½20; 100� THz, when

ed ¼ �15 and Edc ¼ 1 MV m�1. For comparison, we also

evaluated mabs for the counterpart structures of types A–C.

For the first optimal triad (Fig. 6(a)) that maximizes mrel at

f ¼ 30 THz, a local maximum of mabs exists at f ¼ 30 THz.

In addition, and despite the oscillations, mabs of the CdTe/

ENG multilayer remains larger than those of the counterpart

structures A–C for almost all f 2 ½20; 100� THz. The second

optimal triad (Fig. 6(b)) that maximizes mrel at f ¼ 60 THz

has values of mabs either comparable to or worse than those

of the counterpart structures A–C for f< 55 THz; however,

the values of mabs are significantly superior to those of the

counterpart structures A–C for f> 55 THz. Finally, the third

optimal triad (Fig. 6(c)) that maximizes mrel at f ¼ 90 THz

has values of mabs either comparable to or worse than those

of the counterpart structures A–C for f< 85 THz; however,

the values of mabs are much higher than those of the counter-

part structures A–C for f > 85 THz.

C. Effect of dissipation and dispersion

For the data presented in Sec. III B, we assumed that

every ENG layer has a relative permittivity ed, which is

purely real, negative, and independent of the frequency f.
However, these assumptions are not realistic since plasmonic

behavior is always accompanied by dissipation (or loss) and

frequency dispersion. Therefore, we now propose actual

materials that exhibit the required characteristics in the

vicinity of the considered frequencies, and we quantify the

effect of non-zero Im½ed� on the performance of the optimal

periodic multilayers.

FIG. 5. Red solid curves: Metric mabs as

a function of Edc when ed ¼ �15, for

the optimal triads ðwp;wd ;NÞ gleaned

from Fig. 4 to maximize mrel at (a) f
¼ 30 THz (wp¼ 300 nm, wd¼ 131 nm,

and N¼ 20), (b) f ¼ 60 THz (wp

¼ 288 nm, wd¼ 143 nm, and N¼ 19),

and (c) f ¼ 90 THz (wp¼ 290 nm, wd

¼ 179 nm, and N¼ 20). Data for the

counterpart structures of types A (blue

dotted curves), B (green dashed curves),

and C (magenta dash-dotted curves) are

also plotted.
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From the literature,41,42 it is clear that Re½ed� < 0 can be

realized in the MWIR regime by suitably doping semicon-

ductors. As an example, the relative permittivity of heavily

doped indium arsenide (InAs) obeys the Drude model43,44

eInAs fð Þ ¼ e1;InAs 1�
f 2
P;InAs

f f � icInAsð Þ

 !
; f 2 20; 30½ �THz ;

(20)

where e1;InAs ¼ 11:9,45 fP;InAs ¼ 35:3 THz [Ref. 43, Table 1,

Film Sample 009], and cInAs ¼ 1:44 THz [Ref. 43, Table 1].

As another example, the relative permittivity of doped

indium phosphide (InP) is the sum of a Drude term and a

Lorentz term in the MWIR regime.46 Thus,

eInP fð Þ ¼ e1;InP 1�
f 2
P;InP

f f � icInPð Þ

 !

þ SInP

f 2
F;InP

f 2
F;InP þ if CInP � f 2

 !
; f 2 20; 30½ �THz ;

(21)

where e1;InP ¼ 9:55, fP;InP ¼ 39:3 THz, cInP ¼ 2:76 THz,

SInP¼ 3.83, fF;InP ¼ 9:13 THz, and CInP ¼ 0:0057 THz [Ref.

46, Table 2, Epilayer Sample 1]. In the same spectral regime,

the relative permittivity of 4H-silicon carbide (SiC) obeys

the Lorentz model47,48

eSiC fð Þ ¼ e1;SiC 1þ
f 2
LO;SiC � f 2

TO;SiC

f 2
TO;SiC þ if CSiC � f 2

 !
;

f 2 20; 30½ �THz ;

(22)

where e1;SiC ¼ 6:5; fLO;SiC ¼ 29:1 THz, fTO;SiC ¼ 23:9 THz,

and CSiC ¼ 0:084 THz [Ref. 47, Table 1, Sample 4].

As all data reported in Figs. 3–6 are premised on the

assumption ed ¼ �15, now we seek to find the frequencies

under which the aforementioned three materials display this

value of relative permittivity. The same or similar materials

can be used for another value of ed but at different opera-

tional frequencies. Figure 7 contains plots of the relative per-

mittivities of (20)–(22) as functions of the frequency f. The

vertical dashed lines in the figure mark the frequencies

fInAs ffi 23:43 THz, fInP ffi 24:65 THz, and fSiC ffi 25:59 THz

at which the condition Re½ed� ¼ �15 is fulfilled. In Fig. 7(a),

the variations of Re½eInAsðf Þ� and Re½eInPðf Þ� with frequency

are similar and slowly increasing with f in the neighborhoods

of fInAs and fInP, respectively, but Re½eSiCðf Þ� drops rapidly as

f reduces from fSiC. However, satisfaction of the condition

Re½ed� ¼ �15 is accompanied by Im½ed� < 0 in Fig. 7(b).

The least accompanying value of Im½ed� < 0 is that of SiC,

and the most is that of InP. We notice that we employ the

proposed materials at low MWIR frequencies (20

THz< f< 30 THz); however, this does not constitute a sig-

nificant limitation. Indeed, for alternative desirable Re½ed�,
the dielectric characteristics of the same media can fulfill the

ENG requirement at higher frequencies.

Values of the metric mrel are presented in Fig. 8 when the

ENG material is either heavily doped InAs, doped InP, or 4H-

SiC, and the frequency lies in the vicinity of fInAs, fInP, and

fSiC. For each of these three frequencies, optimal values of wp,

wd, and N were determined (in the same way that Fig. 2 is

obtained) as follows: (a) wp¼ 297 nm, wd¼ 129 nm, and

N¼ 9 for f ¼ fInAs and ed ¼ �15 (approximated by heavily

doped InAs); (b) wp¼ 282 nm, wd¼ 122 nm, and N¼ 9 for

FIG. 6. Red solid curves: Metric mabs

as a function of f when Edc ¼ 1 MV

m�1 and ed ¼ �15, for the optimal tri-

ads ðwp;wd ;NÞ gleaned from Fig. 4 to

maximize mrel for: (a) wp¼ 300 nm,

wd¼ 131 nm, and N¼ 20; (b) wp¼ 288

nm, wd¼ 143 nm, and N¼ 19; and

(c) wp¼ 290 nm, wd¼ 179 nm, and N
¼ 20. Data for the counterpart struc-

tures of types A (blue dotted curves),

B (green dashed curves), and C

(magenta dash-dotted curves) are also

plotted.
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f ¼ fInP and ed ¼ �15 (approximated by doped InP); and

(c) wp¼ 300 nm, wd¼ 132 nm, and N¼ 8 for f ¼ fSiC and

ed ¼ �15 (approximated by 4H-SiC). Furthermore, data are

also provided in Fig. 8 for (i) the ENG material being made

artificially non-dissipative (i.e., Im½ed� 
 0 8f ) and (ii) the

ENG material being ideal (i.e., ed 
 �158f ).

We clearly observe in Fig. 8(a) that dissipation reduces

mrel by a factor of about 4 when the ENG material is heavily

doped InAs in comparison to the ideal case. The value of mrel

for the artificially non-dissipative case coincides with its value

for the ideal case only for f ¼ fInAs but is less otherwise. In the

case of doped InP, the situation is expected to be worse due to

the higher dissipation indicated in Fig. 7(b). Indeed, the relative

enhancement of the anisotropy in Fig. 8(b) is only one eighth

of that achieved for the ideal case. When 4H-SiC is incorpo-

rated as the ENG material, Fig. 8(c) indicates a 12-fold effec-

tive anisotropy enhancement over CdTe alone, which is more

than half the enhancement in the ideal case. In other words, the

use of 4H-SiC as the ENG material can substantially enhance

the anisotropy in the response of the periodic 4H-SiC/CdTe

multilayer over that of the homogeneous CdTe layer of the

same total thickness at the lower MWIR frequencies.

Heavily doped InAs, doped InP, and 4H-SiC are only a

few representative examples of actual ENG materials with

dissipative and dispersive plasmonic properties at mid-

infrared frequencies. Alternatively, one can use stacks of

doped graphene,17,49 which combines negative real effective

permittivity with low dissipation. Another approach would

be the neutralization of the inevitable dissipation by using

both active50,51 and dissipative layers. If the thicknesses of

the two layers are equal (¼ wd=2) and the relative permittiv-

ities are conjugates of each other, then an efficient design

comprised of Parity-Time symmetric bilayers11,52 alternating

with CdTe layers could be proposed.

FIG. 7. (a) Real and (b) imaginary

parts of the relative permittivity of

doped InAs, InP, and SiC as functions

of the frequency f. The vertical dashed

lines indicate the frequencies at which

Re½ed � ¼ �15.

FIG. 8. The relative metrics mrel of sev-

eral finitely thick periodic multilayers

(actual, nondissipative dispersive, and

ideal) as functions of the relative opera-

tional frequency for the three consid-

ered materials: (a) heavily doped InAs

with wp¼ 297 nm, wd¼ 129 nm, and

N¼ 9; (b) doped InP with wp¼ 282 nm,

wd¼ 122 nm, and N¼ 9; and (c) 4H-

SiC with wp¼ 300 nm, wd¼ 132 nm,

and N¼ 8.
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IV. CONCLUDING REMARKS

When an isotropic noncentrosymmetric material is sub-

jected to a uniform dc electric field aligned along a certain

fixed direction, its dielectric characteristics in the mid-

wavelength and long-wavelength infrared regimes exhibit

anisotropy in the plane to which the dc electric field is nor-

mal. This electro-optic effect can be controlled by the magni-

tude of an external dc electric field. However, the in-plane

anisotropy is quite weak because the magnitude of the dc

electric field must be kept below its breakdown limit and the

electro-optic coefficient is small. To remedy such a weak-

ness, we proposed to use finitely thick periodic multilayers

comprising electrically thin layers of a biased noncentrosym-

metric material (more specifically, CdTe) alternating with

electrically thin layers of an isotropic plasmonic epsilon-

negative material. The negative real part of the relative per-

mittivity of the latter material will diminish the diagonal

terms of the relative permittivity dyadic of the biased non-

centrosymmetric material while leaving untouched the off-

diagonal ones.

Our conjecture has been verified via numerical simula-

tions of the reflection and transmission of a linearly polarized

plane wave that is normally incident on the finitely thick

periodic multilayer, the dc electric field being oriented paral-

lel to the direction of propagation of the incident plane wave.

We determined that the cross-polarized power density of the

reflected and the transmitted plane waves can be much larger

for the periodic CdTe/ENG multilayer than for a homoge-

neous CdTe layer of the same thickness. This enhancement

of the effective in-plane anisotropy can be maximized by

optimal selections of the layer thicknesses and the number of

unit cells. Under the assumption of the ENG material being

non-dissipative, we can report a stable enhancement of the

effective in-plane anisotropy by an average of three orders of

magnitude, which is fully controllable by external dc bias.

The presence of dissipation in real ENG materials will

depress the degree of enhancement, but it will still be signifi-

cant. We believe that our results may inspire further experi-

mental and theoretical efforts in the field of THz plasmonics

combined with signal processing applications, such as modu-

lation, buffering, polarization transformation, and switching.
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