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Terahertz Nonreciprocal Effects Using Hexagonal Ferrites





Abstract: A key element to protect coherent sources and achieve desired power

stability and spectral purity for certain applications is an isolator, which in THz

range has still no effective solution. In this thesis, a novel design of THz isolat-

ing device based on a one-way reflecting surface is proposed. It combines gy-

rotropy with surface plasmon (SP) resonance phenomena. A first crucial require-

ment to realize this is a sufficiently strong THz gyrotropic material. In the last

decades new fabrication and material processing methods have enabled to create

a new type of ferrite material with a hexagonal magnetoplumbite structure (e.g.

SrFe12O19). Gyrotropy in this material is a result of gyromagnetic effects occur-

ring when magnetic dipole moments precess nonreciprocally (NR) at Larmor fre-

quency around an internal magnetic field. As a result the permeability acquires

a tensorial form and its unequal off-diagonal elements are responsible for NR

behavior. The internal field in hexaferrites is particularly strong (up to 20 kOe),

resulting in a Larmor frequency close to the mm-wave range. A first important

step for the development of the device is complete material characterization of

the used hexaferrites. In a first instance the diagonal permittivity and perme-

ability elements have been characterized using time-windowed Vector Network

Analyzer (VNA) characterization. Their strong gyrotropic and anisotropic prop-

erties in a wide band (0.1-1 THz) are then investigated by an original magneto-

optical THz Time-domain spectrometry. The obtained strong gyrotropic spec-

tra of hexaferrites prove their unique potential for THz isolator applications, as

will be shown by an original Faraday isolation measurement using a VNA, and

consequently by first designs of a NR magnetoplasmonic mirror using the fit-

ted material parameters. This design combines strong gyromagnetic properties

of hexaferrites in THz range with SPs resonances formed due to the presence

of a metallic grating at the hexaferrite surface. The possibility of SPs excitation

at THz frequencies is demonstrated both numerically and experimentally with

a strong agreement. Close to these SPs resonances there can appear frequency

ranges where the device acts as a one-way mirror.



Keywords: Nonreciprocity, Isolator, Terahertz, Ferrites, Hexaferrites,

Gyromagnetism, Plasmonics, Surface plasmons, Magneto-optics, Magneto-

plasmonics, Periodic structures, Kerr effect, Extraordinary optical transmission,

Time-domain terahertz spectroscopy, Vector network analyzer



Résumé: Aujourd’hui il n’existe pas de solution efficace pour réaliser un iso-

lateur aux fréquences térahertz (THz). Cette fonctionnalité est néanmoins indis-

pensable pour la protection de toute source cohérente et afin de garantir sa sta-

bilité en puissance et sa pureté spectrale. L’objectif de cette thèse de doctorat est

d’étudier un nouveau concept d’isolateur THz basé sur une surface réfléchissante

unidirectionnelle. Ce comportement est réalisé par une combinaison originale

d’une résonance de surface, dite plasmon de surface ("surface-plasmon", SP),

avec un phénomène de gyrotropie. Une première brique de base essentielle est

de disposer d’un matériau démontrant une gyrotropie suffisamment forte aux

fréquences THz. Au cours des dernières décennies, des techniques de fabrica-

tion et de traitement améliorées des matériaux ont permis d’élaborer un nouveau

type de ferrite de type magnétoplumbite hexagonale (par exemple SrFe12O19).

La gyrotropie de ce matériau est le résultat d’effets gyromagnétiques se mani-

festant lorsque les moments magnétiques dipolaires précessent de manière non-

réciproque (NR) à la fréquence dite de Larmor autour d’un champ magnétique

interne. En conséquence sa perméabilité acquiert une forme tensorielle carac-

térisée par des contributions hors-diagonales antisymétriques qui induisent une

réponse NR. Le champ magnétique interne dans les hexaferrites est particuliàre-

ment élevé (jusqu’à 20 kOe) ce qui induit une fréquence de Larmor proche de

la gamme des ondes millimétriques. Ainsi, une caractérisation précise des hex-

aferrites utilisées est un premier pas crucial dans le développement du com-

posant. Dans un premier temps les éléments diagonaux de la permittivité et

de la perméabilité ont été déterminés en combinant des mesures dans le do-

maine fréquentiel (obtenues par analyseur de réseau vectoriel) avec un traitement

numérique dans le domaine temporel (”time-gating”). Ensuite, la gyrotropie et

l’anisotropie de ces hexaferrites sont étudiées par spectroscopie dans le domaine

temporel dans une large bande allant jusqu’à la gamme submillimétrique (0.1-

1 THz). Les spectres de gyrotropie obtenus confirment les fortes valeurs atten-

dues et démontrent le potentiel de cette famille de ferrites pour des applications
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d’isolation aux fréquences THz. Des mesures par analyseur de réseau vectoriel

ont ensuite permis de démontrer un isolateur THz à base de rotateur de Faraday.

Finalement, en adaptant ces paramètres mesurés à des modèles de dispersion de

type Larmor, des premières conceptions de miroirs magnéto-plasmoniques non-

réciproques ont été effectuées. Elles reposent sur la combinaison du gyromag-

nétisme THz des substrats hexaferrites avec des résonances SP aux fréquences

THz qui apparaissent dans la réponse électromagnétique lorsque le métal est

structuré avec des dimensions sub-longueur d’onde. L’excitation de ces réso-

nances a été démontrée de manière expérimentale et un bon accord avec les sim-

ulations numériques a été obtenu. A proximité des résonances SP des simula-

tions, des bandes de fréquences pour lesquelles le réseau magnéto-plasmonique

se comporte comme un miroir unidirectionnel ont été mises en évidence.

Mots-clés: Non-réciprocité, Isolateur, Térahertz, Ferrites, Hexaferrites, Gyro-

magnétisme, Plasmonique, Plasmons de surface, Magnéto-optique, Magnéto-

plasmonique, Structures périodiques, Effet magnéto-optique de Kerr, Transmis-

sion optique extraordinaire, Spectroscopie dans le domaine temporel, Analyseur

de réseau vectoriel
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CHAPTER 1

Introduction

Contents

1.1 Nonreciprocal Effects . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Role of Magnetization . . . . . . . . . . . . . . . . . . . . . . . 4

1.1.2 Nonreciprocal Devices . . . . . . . . . . . . . . . . . . . . . . . 8

1.2 State of the Art in THz Nonreciprocal Devices . . . . . . . . . . . . 10

1.3 Objective of This Work . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.4 Organization of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . 22

This dissertation thesis named Terahertz nonreciprocal effects using hexagonal fer-

rites is focused on research and development of nonreciprocal devices, particu-

larly isolators, for terahertz (THz) frequency range, study of suitable material

candidates and their quasi-optical and magneto optical characterization.

1.1 Nonreciprocal Effects

At the beginning it is necessary to introduce a reader generally into the matters

of nonreciprocal effects. The basic principle of reciprocity includes the fact, that

the amplitude of an electromagnetic (EM) wave scattered from an object does not

change when the source and the detector are mutually exchanged, as presented

by Deák and Fülöp [1]. This scattering experiment, as shown in Fig. 1.1, is in-

deed a convenient description of many existing physical processes. It also allows

to interchange the incoming wave and corresponding outgoing one without any
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observable resulting amplitude change. Such a scattering system can be therefore

considered as symmetrical [2]. However, the cases of the time-reversal symme-

try or the invariance under rotation, exchanging the positions of the source and

the detector, are just special ones as the fundamental reciprocity feature is rather

complex. First indication of the reciprocity theorem was given already by Stokes

[3] in 1849. For EM waves the theory was well described and extended in 1866

by Helmholtz [4] and later in 1905 by Lorentz [5]. A recent high quality review

of reciprocity with particular focus on optics was presented in 2004 by Potton

[6] showing that predictions based on reciprocity can be made even under less

restrictive conditions than those that apply to time-reversibility.

so
u
rc
e

d
e
te
cto
r

d
e
te
ct
o
r so

u
rce

Figure 1.1: Original (top) and reversed (bottom) arrangements of the scattering

experiment.

Devices which are considered to be nonreciprocal (NR) must therefore operate

in a way in which the well-known Lorentz reciprocity of Maxwell’s equations is

broken [7]. The easiest way how to understand the reciprocity is by considering

the time-inversion symmetry of Maxwell’s equations. It is well known that the

source-free Maxwell’s curl equations:

∇× E = −∂B
∂t

, ∇×H =
∂D
∂t

, (1.1)
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are invariant under the following time-reversal transformation:

 E(t, x, y, z) −→ E(−t, x, y, z)

H(t, x, y, z) −→ −H(−t, x, y, z)
. (1.2)

The time-inversion symmetry therefore says, that out of a forward propagating

solution a backward propagating solution with the same properties can be gener-

ated by the transformation (1.2). This symmetry is kept unless any external source

is present. Several different methods for breaking of the reciprocity theorem have

been already presented, for example based on modulation of refractive index [8],

where the time-reversal symmetry has been broken dynamically by inducing in-

direct photonic transitions in an appropriately designed photonic structure; by

nonlinear optical processes (NOP), as shown by Dong et al. [9], where Brillouin

scattering process gives rise to the breaking of the relevant reversal symmetry,

leading to nonreciprocal nonlinear optical processes that are switchable by the

control laser, or as studied also by other authors [10, 11]; by NOP together with

resonators [10]; or with use of angular momentum-biased metamaterials [12], in

which a tailored spatiotemporal modulation is azimuthally applied to subwave-

length Fano-resonant inclusions, producing largely enhanced NR response; by

using coupled photonic systems [13]; by spintronics [14], where a strongly nonre-

ciprocal transmission of a low-loss silica nanophotonic waveguides is controlled

by the internal state of spin-polarized atoms; or by direct temporal modulation of

waveguiding material properties [15, 16]. In summary, all of the above presented

structures or devices therefore use different approaches for infraction of time-

inversion symmetry of Maxwell’s equations by processes which can be under-

stood as introducing of sources into (1.1), leading thus into breaking the Lorentz

reciprocity. However, most of the work was done on study of breaking of the reci-

procity via magneto-optical material response, since a presence of a fixed mag-

netic field breaks as well the time-reversal invariance of Maxwell’s equations and

hence makes the transformation (1.2) impossible.
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1.1.1 Role of Magnetization

Magneto-optical (MO) effects deal with an interaction of electromagnetic radia-

tion with a matter subjected to a magnetic field. The presence of magnetization

(M) leads to a reduction of system symmetry and an artificial creation of the ma-

terial anisotropy or its variation. Generally, the principal effect of magnetized

medium on an interacting EM wave is a change of its polarization state. In the

optical range of EM spectrum a medium can be described by complex electric

susceptibility tensor ¯̄χe, relating to the relative permittivity tensor in Maxwell’s

equations. This susceptibility tensor characterizes a local response of the medium

to a monochromatic EM wave and expresses a relation between the electric field

vector E(r) in the medium and the induced electric dipole moment density P(r)

at the position given by the vector r, in Cartesian coordinates in the form:


Px

Py

Pz

 = ε0


χxx χxy χxz

χyx χyy χyz

χzx χzy χzz


︸ ︷︷ ︸

¯̄χe


Ex

Ey

Ez

 , (1.3)

where ε0 is the permittivity of vacuum. If we now choose the principal axis (the

direction of a magnetization vector) in the direction of the z axis, the symmetry

group operations, including all proper rotations about the principal axis and the

rotations times reflection in a plane normal to this axis, require ¯̄χe to be invariant

under the operation of the group represented by matrix transformations:


cos α sin α 0

− sin α cos α 0

0 0 ±1




χxx χxy χxz

χyx χyy χyz

χzx χzy χzz




cos α − sin α 0

sin α cos α 0

0 0 ±1

 , (1.4)

where α represents an arbitrary rotation angle about the magnetization z-axis for

the proper (+1) and improper (−1) rotations. The resulting complex electric
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susceptibility tensor is in the form:

¯̄χe =


χxx χxy 0

−χxy χxx 0

0 0 χzz

 . (1.5)

The same operations are valid also for magnetic susceptibility tensor, for com-

plex permittivity tensor, complex conductivity tensor and complex permeability

tensor with similar results. The symmetry operations of reflection in planes con-

taining the principal axis and represented by matrix transformations:


− cos β sin β 0

sin β cos β 0

0 0 1




χxx χxy 0

−χxy χxx 0

0 0 χzz



− cos β sin β 0

sin β cos β 0

0 0 1

 , (1.6)

produce the magnetization reversal represented by the following rules for the

tensor elements:

χxx (Mz) = χxx (−Mz) (1.7a)

χzz (Mz) = χzz (−Mz) (1.7b)

χxy (Mz) = −χxy (−Mz) = −χyx (Mz) . (1.7c)

The result of the transformation (1.6) does not depend on the angle specifying

the orientation of the reflection planes. From this we can conclude that the diag-

onal and off-diagonal elements of the complex electric susceptibility tensor of a

magnetized medium, which was isotropic before turning on the magnetization,

are even and odd functions of the magnetization, respectively. This is a particular

case of a generalized Onsager relation [17] giving for an arbitrary M orientation:

χij (M) = χji (−M) . (1.8)
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Since an interaction of a polarized EM wave with a magnetized medium is an

essence of our work, it was necessary to understand all the above presented prop-

erties of the susceptibility tensor. The unequal off-diagonal elements, which arise

also in the permeability tensor characterizing ferrite materials, are responsible for

NR effects, as will be later demonstrated in Chapters 2 and 3.

An interaction of an EM wave with a magnetized medium can be explained

in terms of a particular MO effect. First MO effect was discovered in 1845 by M.

Faraday. By measuring an interaction of linearly polarized light passing through

a piece of heavy glass placed in strong magnetic field in a way that the propa-

gation direction was parallel to the field direction, he observed a rotation of the

polarization plane [18]. The angle of this rotation is proportional to the applied

field and the propagation length, and, as will be shown in Chapter 3, is nonre-

ciprocal, since the sense of the rotation depends on the magnetization direction.

This effect has been since that time known as the Faraday effect or magnetic cir-

cular birefringence. In general, all magneto-optical effects can be divided into

two main categories according the interaction of radiation with a magnetized

medium. MO effects in transmission cover the above described Faraday effect

as well as the similar Voigt (or Cotton-Mouton) effect in which the light travels

perpendicularly to the field direction (k ⊥ H). Voigt effect is proportional to the

square of magnetization. When radiation is reflected from a magnetized medium,

MO effects in reflection, which are commonly named Kerr effects (MOKE) man-

ifest themselves. There are three known Kerr effects: Polar, Longitudinal and

Transverse, each of them differs by orientation of magnetization in the medium.

The polar Kerr effect (PMOKE) was discovered in 1876 by J. Kerr by observing a

rotation of the polarization plane of linearly polarized light upon reflection from

the surface of a piece of iron magnetized perpendicularly to its surface [19, 20].

Two years later, Kerr discovered a similar MO phenomenon in the reflection from

an in-plane magnetized piece of iron [21], nowadays known as longitudinal Kerr

effect (LMOKE). The last one, transverse Kerr effect (TMOKE), in which the sam-

ple is magnetized in-plane, perpendicularly to the plane of incidence, was later,
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in 1896, experimentally demonstrated by Zeeman [22]. All MO effects are es-

sentially consequences of splitting of system energy levels in the presence of a

magnetic field, what is know as Zeeman effect, discovered by Zeeman in 1897 [23].

Magneto-optically active materials can be familiarly separated into several

groups according to their magnetic ordering. It is possible to distinguish three

main groups of magnetic order: ferromagnetic, anti-ferromagnetic, and ferri-

magnetic. Fe, Co, Ni, Mn, Cr and many of their alloys are typical members of

ferromagnetic materials, which have been studied already for decades [24]. They

have a strong net magnetization even without presence of an external magnetic

field. This comes from the parallel ordering of magnetic moments due to a strong

exchange interaction between atoms. The ferromagnetic materials have strong

MO properties, but also exhibit very high absorption losses. Therefore, they are

mostly used for Kerr effect measurements and applications. Another well-known

group of MO materials are rare earth garnets [25, 26] and spinels [27, 28, 29].

These are ferrimagnetic oxides with a complex cubic structure and two mutually

anti-parallel lattice sites of magnetic moments. Their net magnetization is a re-

sult of an unequal number of ions and magnitudes of their magnetic moments.

Most of the ferrimagnetic materials have strong MO properties and low absorp-

tions in wide spectral range and therefore have found a lot of applications in

MO technologies [30, 31, 32, 33, 34, 35]. The third group of MO materials are

anti-ferromagnetic compounds including transition metal oxides and fluorides

(e.g. FeO, MnF2, CoF2 etc.). In these materials, each individual atom has an un-

balanced magnetic moment, but all the moments form two sublattices with an

anti-parallel arrangement and thus the net magnetization is completely canceled.

They can provide strong faraday rotation, but one has to minimize their high

natural birefringence using them in the form of polycrystalline films or bulks.

Moreover, their characteristic magnetic ordering is controlled by a temperature

and is limited below the Neel temperature around 70 K [36, 37].

Most of the above presented materials are MO active at optical and infrared

frequencies and are characterized by a gyrotropic form of electric susceptibility
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(1.5) (and permittivity) and a scalar form of permeability. These media are there-

fore called gyroelectric (electrically gyrotropic). Magneto-optically active materi-

als at THz frequencies can be semiconductors e.g. InAs or InSb [38, 39, 40] due to

the cyclotron-frequency motion of carriers, graphene [41] due to the presence of

defects in the lattice structure or hexagonal ferrite materials where the origin of

the permeability tensor is the Larmor-frequency precession motion of magnetic

dipole moments, as will be studied in Chapter 3. These ferrites with a tensorial

form of permeability and a scalar form of permittivity, are typically called gyro-

magnetic (magnetically gyrotropic).

1.1.2 Nonreciprocal Devices

Using the above described effects and materials breaking the Lorentz reciprocity

can lead to fabrication of a nonreciprocal device, from which the most known

and important are: an optical isolator and a circulator. An isolator, shown in Fig.

1.2a, is a device which allows radiation to pass in one direction, preferably with

low insertion losses and blocks it in the opposite one. A circulator, shown in Fig.

1.2b, is basically a three-port isolator which reroutes a backward radiation and

can serve for “duplexing” two signals into one channel (e.g. transmit and receive

into an antenna). Energy can be made to flow from the transmitter (port 1) to the

antenna (port 2) during transmit, and from the antenna (port 2) to the receiver

(port 3) during receive. These devices when incorporated into an optical system

can greatly increase power stability and spectral purity and assure protection of

other coherent components in optical communication systems. If we consider the

simplest case of an isolator, including two single-mode waveguide ports, from

the definition of the isolator arises that there must exist a pair of modes (I, II) for

which the transmission from mode I in port 1 to mode II in port 2 is non-zero

and the transmission from mode II in port 2 to mode I in port 1 is close to zero.

This existence of at least one pair of modes with the asymmetrical transmission

properties must be kept also for a general isolator having a port with multiple
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a1 a2

b1 b2

port 1 port 2

(a) An isolator

port 1

port 2

port 3

(b) A circulator

Figure 1.2: The simplest isolator (a) and circulator (b) with two and three single-

mode waveguide ports, respectively.

modes. Therefore, it is possible to express a corresponding scattering matrix S,

characterizing the transmission properties of the isolator, which for the two-port

case of isolation must be in the asymmetrical form [7]:

 b1

b2

 =

 0 0

1 0


︸ ︷︷ ︸

S−matrix

 a1

a2

 , (1.9)

where a1, a2 are the complex amplitudes of the waves traveling into the isolator

and b1, b2 are the amplitudes of the waves propagating in the reverse direction.

The S matrix of a perfect circulator, as shown in Fig. 1.2b, is then in the form:

S =


0 0 1

1 0 0

0 1 0

 . (1.10)

It denotes that an isolator and a circulator must have the scattering matrices in

asymmetric forms, where:

S 6= ST, (1.11)

and hence, they can be built only from devices which break the Lorentz reci-

procity. One of the most widely known isolator is based on the nonreciprocal MO
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Faraday effect [42, 43, 44], as will be in detail explained in Chapter 2. Faraday iso-

lation measurement with magnetized hexagonal ferrites are then presented at the

end of Chapter 3.

1.2 State of the Art in THz Nonreciprocal Devices

Terahertz (THz) band is commonly defined as a part of spectrum with frequencies

between 0.1–10 THz. A continuously rising research interest within this range

allowed in the last decades a development of high-performance sources and de-

tectors [45] and new active devices for polarization control [46], filters [47] or

modulators [48], and therefore opened doors for high number of useful applica-

tions such as improved wireless communication [49], security and process imag-

ing [50], quality monitoring or various spectroscopic and microscopy techniques

[51, 52]. Besides these domains there is yet insufficient progress in a development

of competitive THz nonreciprocal components. Despite the useful properties of

isolators and circulators, still no effective solution for nonreciprocity in THz range

has been developed and thus performance of THz systems is persistently limited

by noise and instabilities (or even destruction of active devices) originating from

scattering and reflection echoes.

As it was already mentioned, the key requirement for obtaining an isolation

is a breaking of Lorentz reciprocity of Maxwell’s equations, which is often real-

ized using of gyrotropic materials. It is exactly the lack of low-loss materials with

sufficiently strong gyrotropic properties which has inhibited the development of

THz nonreciprocal devices (NRD). Some of good isolating properties of micro-

structured devices based on semiconductor magneto-plasmonics were presented

by Fan et al. [53], Hu et al. [54], and Chen et al. [55], all basically showing how

MO effects can be significantly enhanced via plasmonic resonance phenomena

and thus also how MO effects will lead to the splitting of the plasmonic resonance

giving thereupon strong nonreciprocal transmission. The latter considers a peri-

odically patterned InSb semiconductor layer coated on the silica substrate layer,
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as shown in Fig. 1.3. Because the off-diagonal elements of the InSb permittivity

Figure 1.3: Schematic structure of the proposed isolator as presented by Chen et

al. [55]. (a) The 3D view of the device including the directions of the wave po-

larization and external magnetic field and the coordinate system in this work; (b)

The geometry of the unit cell structure, D = 10 µm, T = 40 µm, L = 70 µm, P =

100 µm, h1 = 100 µm, h2 = 21 µm, d = 10 µm, andg = 30 µm.

tensor, which are responsible for NR behavior, strongly depend on the applied

magnetic field and temperature, numerical simulations show that a strong gy-

rotropic behavior of InSb in the THz range can be induced by external magnetic

field of 0− 0.5 T in the temperature range 160− 205 K. The magnetic field applied

in the perpendicular direction to the propagation of linearly polarized EM wave

causes in an ordinary bulk medium MO Cotton-Moutton effect (discussed in de-

tail in Section 2). The asymmetry of the metasurface structure along the incident

polarization leads to the magnetoplasmon mode splitting and to the nonrecip-

rocal resonance enhancement, because the effective refractive indexes of the left

and right rotating magnetoplasmon modes become different, and hence the res-

onance frequencies of the forward and backward waves move to a higher and

lower frequency respectively. The resonance frequency and intensity are mainly

determined by the width of InSb stick orthogonal to the polarization direction

of incident waves when material parameters are fixed. Numerical simulations
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show a maximum isolation of 43 dB under an external magnetic field of 0.3 T, as

displayed in Fig. 1.4. Besides the fabrication difficulties of all the above men-

Figure 1.4: (a) The transmission spectrum of the forward waves |S21|2 and back-

ward waves |S12|2, when T = 195 K, B = 0.3 T, the inset picture is the isolation

spectra of the isolator. (b) Steady magnetic field of the isolator at 0.68 THz when

T = 195 K, B = 0.3 T in the x− z cut plane. [55]

tioned micro-structured devices, the strongest isolating mode is obtained either

at low temperatures or with high external magnetic field or with a combination of

these, what makes them useless at normal conditions. Nevertheless, it proves that

small-gap, high mobility semiconductors can achieve plasma frequencies and cy-

clotron frequencies close to THz range by controlling the applied magnetic field

as well as the temperature and their carrier density [56].

Another member of gyroelectric materials which has attracted a lot of research

attention in the recent years is graphene. This material has been studied inten-

sively for its promising nonreciprocal properties, e. g. Faraday rotation in single

and multilayer graphene [57] or just recently presented isolation obtained by a

NR reflecting device [58]. Here, the device operation is based on reflecting inci-

dent left hand circularly polarized (LHCP) plane waves as right hand circularly

polarized (RHCP) ones, while absorbing RHCP incident waves. It exploits Fabry-

Perot resonances in the silicon substrate layer to increase light-matter interaction

in graphene. As a result, three monolayers of graphene are sufficient to obtain
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near perfect isolation. The principle of the isolator consists in creating for clock-

wise rotating waves a total surface impedance equal to the impedance Z of free

space, causing total absorption. On the contrary, for counter-clockwise ones the

impedance is mismatched, and waves are reflected. This effect is based on differ-

ent conductivity for both circular polarizations, when graphene is magnetized.

It is again exactly the necessity of high applied magnetic field (up to 7 T) what

hinders a development of real graphene-based NR devices.

One of other approaches how to overcome the technological gap in this fre-

quency range is an extension of techniques used in microwave band to higher

frequencies. These are based on gyromagnetism caused by a precession motion

of magnetic dipole moments. A number of authors [59, 60, 61, 62, 63, 64] have

reviewed and published various applications of ferrite materials in microwave

nonreciprocal devices. These materials can serve as strong absorbers or electro-

magnetic shielding materials close to their natural magnetic resonance or above

and below this range as low-loss NRD due to their intrinsic magnetism. First

real applications of ferrites in microwave and millimeter-wave range were stud-

ied by Snoek et al. [65, 66]. They usually exist in highly symmetric cubic struc-

tures including spinels and garnets with low values of magnetic anisotropy fields.

The Larmor frequency of the precession motion can be expressed in the form

ω0 = µ0γH0, where γ = 2π × 28 rad GHz T−1, where H0 is the ferrite inter-

nal magnetic field H0 = HA + Hext + Hd. This includes the internal anisotropy

field HA keeping the magnetization along certain crystallographic directions,

the external applied field Hext and the demagnetization field Hd expressing an

anisotropy caused by a material shape. Because the value of the ferromagnetic

resonance (FMR) strongly depends on the internal magnetic anisotropy, the gy-

rotropic properties of these magnetic oxides until recent decades had not reached

higher frequencies then 100 GHz. This makes them unusable in THz range with-

out application of high external magnetic field [67, 68].

Nevertheless, recent advances in magnetic materials processing allowed to

create complex magnetic iron oxides with hexagonal structure, i.e. hexaferrites
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[62, 63, 69] with significantly higher magnetocrystalline anisotropy energies and

magnetic anisotropy field and therefore higher FMR frequencies. Most of these

popular hexaferrites are derived from Ba M–type hexaferrite, BaFe12O19, and

have become technologically and commercially very important materials with

numerous scientific and real-life applications [64, 69]. A strong gyrotropic poten-

tial of Sr–M polycrystalline hexaferrite (Ferroxdure 330) for free-space NR com-

ponents in W-band has been presented in 1991 by M. R. Webb [70] and later also

by Smith et al. [71]. In 1994 M. Raum [72] demonstrated Faraday rotation mea-

surements of the same material at 290 GHz and following work of Smith et al.

[73] includes characterization measurements up to 550 GHz. Some years later,

the promising gyrotropic properties of ceramic hexaferrite were characterized by

Hunter et al. [74] and by Yang et al. [75, 76] who focused on specific ceramic

Sr- hexaferrite FB6H which also found an application in circulators (as shown in

Fig. 1.5) in the 2009 ESA mission PLANCK telescope to measure the cosmic mi-

crowave background up to 320 GHz [77]. This ceramic possesses high value of

Figure 1.5: Quasi-optical Faraday-rotation circulator as presented by D. H. Martin

and R. J. Wylde [77]

HA as well as high remanence magnetization and therefore showed up itself as a

very promising material for THz NRDs. The Faraday-rotator plate at the center

of the circulator is of a nonmetallic magnetic material, fully magnetized normally

to its surfaces, with surface layers of dielectric material to match a normally inci-



1.2. State of the Art in THz Nonreciprocal Devices 15

dent plane-polarized signal beam into the plate, and out of it following a single

pass of the plate. The thickness of the plate is such that the signal beam suffers a

45◦ Faraday rotation of its plane of polarization in the single pass. This Faraday-

rotator plate is located between two wire-grids set with their planes at 45◦ to the

lines of the signal beams. The directions of the closely spaced wires in the two

grids (as indicated in Fig. 1.5 by a few-lines drawing the plane of each grid), when

projected onto a transverse plane, are at 45◦ to each other. Planar power dumps

are provided as indicated at the rear of the diagram. This circulator becomes an

isolator if further power dumps are placed in Ports 3 and 4.

Consequently, first THz isolator working without application of an external

magnetic field and thus confirming strong gyrotropic properties of hexagonal

ferrites in mm-wave range was published by Shalaby et al. [78]. The exploited

medium allowed a broadband rotation, up to 194 ◦/T, obtained using a 3 mm

thick permanently magnetized SrFe12O19. The value of B = 1 T is strong enough

to saturate the ferrite. For a characterization of the hexaferrite a typical THz Time-

domain spectrometry has been used. Thanks to the coherent nature of the used

terahertz detection techniques, one can record a time trace of the terahertz field

amplitude. Its Fourier transform reveals both the amplitude and the phase of

the terahertz pulse spectrum, as will be described in Section 2. The functional-

ity of the proposed terahertz isolator has been tested using the backward-waves

characterization setup shown in Fig. 1.6, where a flat mirror is normally placed

after the sample to allow for the terahertz wave to back-propagate through the

same sample. Two polarizers are used in the configuration following the typical

Faraday isolator design: WGP4 is set to 0◦ and WGP5 is set to 45◦. Corresponding

measured THz back-reflected pulses for magnetized and non-magnetized sample

are depicted in Fig. 1.7a.

Performance of this nonreciprocal (NR) component was however at higher

frequencies hindered by high insertion losses of used Sr-hexaferrite, as is shown

in Fig. 1.7b. Moreover, this figure also indicates high values of measured refrac-

tive index, which have not been published anywhere else.
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Figure 1.6: Isolator characterization setup. A two-polarizer (WGP4 and WGP5)

configuration is employed. WGP4 is set to 0◦ to ensure a vertical polarization of

both the generated and detected signals. [78]

(a) THz time pulse. (b) Refractive index and absorption coeff.

Figure 1.7: The back-reflected terahertz pulse was measured using the isolator

setup. The comparison is made between a 45◦-magnetized sample (the isolator

case, shown in red) and an demagnetized one (shown in blue). Solid/dotted

lines refer to the cases where WPG5 was removed/placed, respectively. (b) Re-

fractive index and absorption coefficient of SrFe12O19 measured by THz-Time-

domain spectroscopy [78]
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1.3 Objective of This Work

The main objective of this thesis is a study of nonreciprocal effects at THz fre-

quencies. By this work we will take up on recently demonstrated results, as sum-

marized in the State of the Art section (Sec. 1.2), with particular focus on NR

properties of hexagonal ferrites.

The first part of the study is hence devoted to the precise full-tensor magneto-

optical characterization of several types of hexagonal ferrites, including single

crystal Ba- and Sr- hexaferrites and two types of commercially available hexafer-

rite ceramics FB6H and FB6N. The experimental data were obtained by VNA-

controlled frequency multipliers and mixers Rohde and Schwarz ZVA 24 with

millimeter-wave heads and THz Time-domain Spectrometer TPS Spectra 300 of

TeraView Company with rotating polarizers.

The biggest drawback of the hexagonal ferrites, otherwise ideal candidates

for NRD, are indeed their expected high insertion losses. Because there is cur-

rently a lack of precise characterization of hexaferrites in mm- and sub-mm-wave

range and existing sources [73, 76, 78] report conflicting values of optical index

and losses, we first aimed to help resolve this confusion. Our latest research [79]

shows that values of losses can vary between different M-type hexaferrites and

small differences in real parts of optical indices have been also observed, how-

ever we have never measured as high values as published by Shalaby et al. [78]

and all our results have been in good agreement with these measured by Yang et

al. [75, 76]. However, we confirmed that losses of hexaferrites are indeed their

big disadvantage and one has to therefore limit the propagation length through

used hexaferrite in order to obtain still acceptable losses and thus decrease also a

performance of the proposed NRD. That is, of course, usually not desirable.

In order to solve this issue of high insertion losses we therefore propose a

novel design of THz isolator which works as a one-way NR mirror. This isolator

represents a complex device which consists of two basic elements: A gyrotropic

substrate on which a structured metallic layer is deposited. The substrate is rep-
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resented by a transversely magnetized hexagonal ferrite which, upon reflection

of a linearly polarized EM wave, gives rise to the transverse magneto-optical

Kerr effect. This MOKE provides a change of intensity and phase of incident

linearly polarized light and is, as will be studied in Chapter 2, fundamentally

nonreciprocal. However, this effect is at an ordinary planar interface not strong

enough to provide a reasonable isolation. As we have seen already at the pre-

sented microstructures (Fig. 1.3), plasmonic resonance phenomena can greatly

enhance otherwise weak MO effects. Because hexagonal ferrites do not support

excitation of surface plasmons themselves, we have to for this purpose introduce

a second element of the isolator: a metallic layer structured by sub-wavelength

motifs. The presence of the otherwise opaque metallic layer enables the excitation

of surface plasmons at the interface between the metal and substrate manifesting

themselves as the extraordinary transmission (EOT) phenomena. The resonance

between the incident EM wave and excited surface plasmons causes a presence

of strong dip in reflection spectrum, and when coupling with the gyrotropy of

the substrate, the resonance frequencies move to higher and lower energies, ac-

cording the magnetization direction. Consequently, radiation incident from at an

angle on the device can be almost perfectly reflected, while the one incident from

the angle in the same plane of incidence passes through the metallic layer into the

substrate.

The whole concept builds on recently demonstrated NR reflecting surface for

near-infrared (NIR) spectral range [80, 81]. This magnetoplasmonic structure con-

sisting of a 1D periodic grating of gold fabricated on the surface of a magneto-

optic garnet substrate, as shown in Fig. 1.8, supports an enhancement of the

transverse MO Kerr effect and therefore can have strong isolating properties close

to the plasmonic frequencies, as depicted via TMOKE spectrum in Fig. 1.9. This

isolator from its principle works in a reflection configuration with no need to

propagate through the gyrotropic medium and therefore might significantly re-

duce insertion losses.

Design of a similar NR device for THz frequencies brings up several new chal-
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Figure 1.8: Coordinate system and schematic representation of studied struc-

ture as presented by Halagačka et al. [80] : gold grating with a period Λ and

a thickness h1 on a magneto-optic garnet substrate in transversal configuration

with incident plane wave in y − z plane at the incident angle φ0 and with s- or

p-polarization.

Figure 1.9: Specular reflectivity (bottom line) and associated TMOKE spectrum

(top line) of p-polarized light incident on the grating structure in Fig. 1.8 with

Λ = 500 nm, h1 = 150 nm and r = 20 nm. [80]
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lenges which we have to solve. First of them is the question of existence of ex-

traordinary transmission effect in THz range. Plasmonics in the THz range has

attracted research interest in recent years even with the fact that THz range is far

from plasmonic frequencies of most real metals whose properties approach these

of a perfect electric conductor (PEC) with negative real part and large imaginary

part of permittivity. Therefore, surface plasmons (SPs), which are collective elec-

tron oscillations, can not be in THz directly excited at ordinary metal/dielectric

interface and metals must be for this purpose patterned. One of the first predic-

tions of a surface electromagnetic modes excitation at THz frequencies by struc-

turing of the metal surface was done by group of Pendry et al. [82, 83]. The struc-

tured metallic surface can be, according to the theory, described by an effective

dielectric function which is now different from the one of PEC, and enables the

excitation of evanescent surface modes at the metal/substrate interface. These

SPPs-like surface modes have been since that time named spoof SPPs or designer

plasmons. In the same year O’Hara et al. [84] published successful coupling of

THz radiation into surface plasmon polaritons on metallic gratings. Couple of

years latter a guiding of surface plasmons polaritons on structured metal sur-

faces was confirmed by Williams et al. [85] and analytical description of spoof

plasmons in real metals was developed by Rusina et al. [86]. In following years

a propagation of SPPs was intensively studied [87, 88, 89] and plasmons were

used in a number of THz applications such as near-field sensing [90], switches

[91, 92], sensitive sensing devices [93, 94, 95] or waveguiding structures [96]. A

high-quality review of THz plasmonics in subwavelength holes on conducting

films was published in 2013 by Azad et al. [97]. It did not take a long time and

plasmonics found a way into first NR devices. THz isolator using structured

semiconductors magneto-plasmonics and requiring high magnetic field and low

temperatures was presented by Fan et al. [98]. Just few years ago Degiron et

al. [99] presented combination of ferrite gyrotropy and surface plasmons for mi-

crowave nonreciprocal materials.

Another challenge for the THz NR device comes from the fact, that hexafer-
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rites, as potential candidates for the device substrate material, are in the THz

range characterized by a tensorial form of the permeability, unlike the MO garnet

in the work of Halagačka et al., which is characterized by a permittivity tensor.

Considering this exchange of permittivity for permeability and taking into ac-

count a duality of Maxwell’s equations ¯̄ε ↔ ¯̄µ ⇒ E ↔ H, it implies, that the

EOT effect and thus also the SPPs excitation must occur for TE-polarized wave,

instead of TM polarization active in Fig. 1.9. This is possible only when a second

dimension of grating periodicity is introduced, as will be shown in chapter 2.

The last part of the thesis is thus focused on a study of a completely novel

design of THz isolating device consisting of a thin 2D periodic structure of gold

fabricated on a surface of the transversely-magnetized hexaferrite substrate, as

depicted in Fig. 1.10. We primarily focused on the isolation in the millimeter-

wave range, therefore close to 300 GHz.
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Figure 1.10: Schematic representation of the studied THz nonreciprocal isolator:

gold layer patterned by 2D periodic structure with period Λ, holes size a and

thickness h on a magneto-optical hexaferrite substrate magnetized in transverse

configuration with incident s- or p-polarized plane wave at an angle of incidence

φ0 and an azimuthal angle θ0.
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1.4 Organization of the Thesis

This thesis is organized in four chapters.

Chapter 2 summarizes general properties of electromagnetic radiation with fo-

cus on THz frequency range. The THz time-domain spectroscopy is presented,

its principle and benefits. It also introduces formulation of Maxwell’s equations

and polarization properties of electromagnetic radiation. Material parameters are

presented in a form of permittivity and permeability tensors as well as their forms

for different anisotropy examples. Next part is focused on an interaction of EM

wave with a magnetized medium, and therefore on all types of magneto-optical

effects. Transverse Kerr effect, Faraday effect and Cotton-Mouton effect are de-

scribed more in detail because of their application in other parts of the thesis.

Subsequently, the effect of extraordinary optical transmission is presented. We

introduce two possible channels of EOT with focus on surface plasmon polari-

tons, their excitation and coupling mechanisms. The last part of the chapter stud-

ies possibility of SPPs presence in THz range and an excitation by TE-polarized

radiation.

Chapter 3 is focused on magneto-optical ferrites with hexagonal lattice struc-

ture. In the first instance we summarize their general properties, including their

chemical composition, anisotropy, crystal structure. Surface of several samples

was studied by scanning electron microscopy and atomic force microscopy tech-

niques. Subsequently their magnetic properties and origin of permeability tensor

are described together with hysteresis curve measurement by vibrating sample

magnetometry. The next part of the chapter describes the free-space character-

ization of non-magnetized hexaferrites by quasi-optical setup using VNA. The

whole procedure of data processing technique and extraction of parameters is

presented. Final obtained parameters give first indication of ideal candidates for

THz transmissive nonreciprocal devices. The following part of the chapter is de-

voted to complete magneto-optical characterization of hexaferrite ceramics. This
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was done in remanent magnetization of the sample and measuring by THz Time-

domain spectroscopy. Obtained gyrotropic spectra show strong magneto-optical

behavior of the ceramics in the THz range, as proved by an original free-space

Faraday-isolation measurement done by the VNA-controlled setup.

Chapter 4 introduces the novel design of the THz isolator based on magneto-

plasmonic reflecting surface. First, the optical properties of gold in THz range

obtained from well-known Drude model are presented. This optical function

will be used for the following numerical studies. The presence of SPPs in the

millimeter-wave range is in the first instance demonstrated experimentally by

a gold structure fabricated on a quartz substrate, as the lower refractive index of

quartz provides stronger resonance effect. Then the isolator design combining the

gold periodic structure and hexaferrite substrate is presented. The nonreciprocal

properties of this device are confirmed numerically both by RCWA calculations

via Python code and finite elements method (FEM) simulations in CST Studio

Suite software.
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This chapter introduces theory used in the following parts of the thesis. In the

first place we describe the THz range, its position in the spectrum, advantages

of using THz technologies and principle of Time-domain THz spectrometry. This

part is followed by a description of light polarization and material properties

including Jones formalism which will be used in Chapter 3 for description of ra-

diation polarization state during material characterization measurements, with

focus on material tensors. The MO effects are introduced afterwards with a par-

ticular focus on the Faraday and TMOKE effects as the essential effects used in

THz nonreciprocity. The last part of the chapter is focused on the effect of extraor-

dinary optical transmission and its two possible channels followed by a study of

surface plasmon polaritons and their excitation options in the THz range and by

an s-polarized wave.

2.1 The Electromagnetic Spectrum

All electromagnetic (EM) radiation travels in vacuum at the speed of light c and

we can characterize it by its wavelength λ measured often in mm, µm, or nm,

by its wavenumber ν̃
(
cm−1), or frequency ν (GHz, THz, . . .). It includes, in

addition to what is usually referred to as light, radiation of longer and shorter

wavelengths. In vacuum the wavelength is defined as:

λvac =
c
ν
=

1
ν̃

. (2.1)

The velocity of propagation in vacuum is constant for all regions of the spectrum

and has the value c = 299 792 458 m s−1.

Fig. 2.1 shows the electromagnetic spectrum from low-frequency (long-wave)

radiation to high-frequency (short-wave) radiation. The red-highlighted part de-
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notes the THz region. As it is obvious it is located between electronic and pho-

tonic spectral parts which have been named according the dominant used tech-

nology at corresponding frequencies. Optical frequencies occupy a band of the

electromagnetic spectrum that extends from the infrared (IR) through the visible

to the ultraviolet (UV) region. In energy scale the photon energy is also very often

Figure 2.1: The electromagnetic spectrum from low-frequency to high-frequency

radiation.

indicated in electron volts (eV), where:

E = hcν̃

1 eV
hc = 8065.54 cm−1

(2.2)

and h .
= 4.1357× 10−15 eV s is Planck’s constant. Radiation at a frequency of

1 THz has a wavelength of 300 µm, a photon energy of 4.14 meV and a wavenum-

ber of 33.3 cm−1. We can summarize processes occurring in atoms or molecules

exposed to the EM radiation. An atom can undergo only an electronic transi-

tion or ionization, because it has no rotational or vibrational degrees of freedom.

But a molecule can undergo rotational, vibrational, electronic or ionization pro-

cesses, in order of increasing energy. A molecule can also scatter light in a Raman

effect, and the light source for such an experiment is usually in the visible or

near-ultraviolet region [100]. The division into the various regions is useful to

indicate the different experimental techniques. The mechanism leading to ter-

ahertz absorption in molecular and biomolecular systems is dominated by the

excitation of intramolecular as well as intermolecular vibrations between weakly
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bound molecular entities with hydrogen bonds and weak interactions such as

van der Waals forces playing an important role [101]. The modes at THz frequen-

cies are, for example, associated with collective intramolecular vibrations (e.g.

torsional modes in large molecular chains) or with intermolecular vibrations be-

tween neighboring molecules (e.g. in molecular crystals).

The electromagnetic spectrum and the various interactions between the radia-

tion and many forms of matter can be considered in terms of classical or quantum

theories. The nature of the various radiations shown in Fig. 2.1 have been inter-

preted by Maxwell’s classical theory of electro- and magneto-dynamics - here-

from, the term electromagnetic radiation. According to this theory, radiation is con-

sidered as two mutually perpendicular electric and magnetic fields. The electric

component of the radiation is in the form of an oscillating electric field of strength

E and the magnetic component is in the form of an oscillating magnetic field B.

These oscillating fields are perpendicular to each other, as shown in Fig. 2.2 .

The magnitudes of the electric and magnetic vectors are represented by E and B,

respectively [102].

Figure 2.2: Representation of an electromagnetic wave. [102]

2.2 Terahertz Radiation and Spectroscopy

Generation, utilization and detection of terahertz (THz) radiation represent an-

other milestone in science and technologies. The term terahertz radiation is usu-

ally used for an electromagnetic radiation with frequencies between 0.1 THz and
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10 THz. Another terminology utilized for this range is T-rays, where T stands

for terahertz. As we can see in Fig. 2.1, it corresponds to the range between the

IR and microwave bands. It includes as well some neighboring spectral bands

such as the millimeter-wave and sub-millimeter-wave bands. Due to its central

spectral position between electronic and photonic technologies this part of elec-

tromagnetic spectrum has been for a long time perhaps the least explored region.

None of the technologies of the neighboring bands was developed enough to be

extended into the lower or higher frequencies and the development of either effi-

cient, powerful and applicable THz sources or sufficiently sensitive detectors was

complicated. The increase of the frequency of electronic synthesizers [103] was

not possible anymore and Planck’s law confirms that the brightness of optical

sources rapidly decreases towards longer wavelengths. This range was there-

fore for a long time entitled the THz gap, but in the last two decades scientists

have registered significant progress in the development. The first dated experi-

ments in the THz range originate from the end of 19th century [104]. In following

decades, besides the first attempts on THz spectroscopy, the THz technologies

were initially used by astronomers for the study of cosmic far-infrared radiation

background. Later, researchers focused mainly on development in generation

and detection of THz waves. Nowadays, as a result of rapidly developing tech-

nology of ultrafast lasers, THz radiation has widespread potential applications

in medicine, spectroscopy, information and communication technology, security,

microelectronics, agriculture, forensic science, and many other fields. The general

properties of the THz radiation are summarized in the following points [105]:

• According to the used source, THz radiation can be generated as pulsed

(used for example in THz spectroscopy) or continuous-wave (CW, used in

free-space quasi-optical applications). [51]

• THz waves have longer wavelengths in comparison to IR waves. Most of

dry dielectric materials (plastic, paper...) are transparent to THz waves.

Therefore the THz waves are considered to be very promising in nonde-
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structive evaluation applications such as security imaging or process moni-

toring.

• Many molecules exhibit strong absorption and dispersion at THz frequen-

cies. Due to specific molecule rotational and vibrational transitions there

is spectroscopic fingerprinting present in the THz range. THz radiation

strongly interacts mainly with metals and with polar molecules, e.g. wa-

ter.

• THz waves are generally considered as safe for the samples and the opera-

tor, because they have lower photon energy compared to X-rays, hence they

cannot lead to photoionization. They also cannot penetrate into the human

body unlike microwaves.

Detection of THz radiation can be classified either as coherent or incoherent.

Incoherent detection measures only intensity and can be represented by thermal

sensors such as pyroelectric devices, bolometers or Golay cells. Coherent detec-

tion scheme can record both amplitude and phase of the field.

Typical coherent detector is a photoconductive (PC) antenna of which a

schematic representation is shown in Fig. 2.3. The PC antenna uses an effect

A

Figure 2.3: Schematic representation of a photoconductive antenna

of increased electrical conductivity of semiconductors and insulators whey they

are exposed to radiation. Here, incident THz radiation induces a current in the

photoconductive gap between two electrodes when a probe pulse creates pho-

tocarriers. The photon energy of the probe pulse must be sufficiently large to

overcome a bandgap of the used material. The resulting induced photocurrent

lasts for the carrier lifetime, is proportional to amplitude of the THz field, and the
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THz pulse shape is recorded by measuring the photocurrent during variation of

the time delay between THz and probe pulses. The measurement of a THz pulse

by a PC antenna is schematically depicted in Fig. 2.4. The current amplifier is

used in order to amplify a typically weak photocurrent signal.

Figure 2.4: Schematic representation of THz pulse detection by a photoconduc-

tive antenna [51]

Other well-known members of the coherent detectors group are nonlinear

crystals measuring broadband THz pulses in time domain using Pockels effect.

An incident THz field induces crystal’s birefringence proportional to the field

amplitude. This birefringence is then measured by the probe pulse as a function

of a time delay between the THz and probe pulses leading to a determination of

an entire waveform. All the most used techniques of the coherent detection are

summarized in Fig. 2.5.

A setup combining both broadband THz generation and detection can be used

for measurement of amplitude and phase changes of the THz beam provided by

a measured sample. This technique is well-known as THz time-domain spec-

troscopy (TDS) which will be presented in following section, since it has been

widely used during material and device characterization presented in Chapters 3

and 4.



32 Chapter 2. Theoretical Background

Figure 2.5: Coherent detection techniques of THz radiation [51]

2.2.1 Terahertz Time-domain Spectroscopy

Terahertz time-domain spectroscopy is one of the most successful and

widespread fields of THz optoelectronics. It is the leader of most of the spec-

troscopic measurements performed in the THz range and provides a powerful

tool with ultrawide bandwidth for studying and characterizing material prop-

erties as well as IR spectroscopy. Due to the high sensitivity of THz waves to

water molecules and unique molecular vibrations and rotational energy levels of

molecules of many chemical and biological samples, these can have direct spec-

tral response in this band. This makes a THz beam a powerful tool for examina-

tion of samples and agents in a wide scientific range including physics, chemistry,

biology, astronomy or medicine. Despite these real useful applications TDS sys-

tems are still being developed as there is high demand for making them even
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faster, smaller, more stable and less expensive [52].

TDS uses pulsed THz wave which means that the waveform of THz pulse is

detected by temporally sampling the THz pulse using probe laser pulses. We can

see the basic experimental scheme of the typical TDS setup on Fig. 2.6.

Figure 2.6: The basic experimental scheme of a typical THz-TDS setup. [51]

The optical beam from the femtosecond (fs) laser is split into two segments.

The first of them generates the THz pulse from a THz emitter, which can be a non-

linear crystal or a PC antenna. This THz pulse then continues through the sample

into the detector represented by an electro-optic crystal or another PC antenna.

The second segment of the beam continues into a translational stage, providing

a time delay. This part is used to detect those THz pulses. The two segments

have a defined time relationship, because they originate from the same source.

The temporal profile of the THz pulse with subpicosecond time resolution can

be measured by progressively changing of the arrival time of the second pulse.

Two waveforms, with and without sample, are measured in the time domain and

they are Fourier-transformed (FT) into the complex amplitudes in the frequency

domain (FD). The signal is detected in the form of an electric field and by using

the Fourier transformation of the pulse signal we can obtain both amplitude and

phase of the radiation. Hence, since the electric field is directly measured, one

of the biggest advantage in comparison to IR spectroscopy is the possibility to

obtain the absorption and even the dispersion of the sample without necessity of

using Kramers-Kronig relations [106]. Moreover, the fact that THz pulses are cre-
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ated and detected using short-pulsed lasers opens possibility for high-temporal-

resolution study of dynamics [107].

As it was already mentioned, the time-delay between the THz and the optical

pulse triggering the detector is varied by using an optical delay line. As the result

of this varying delay the THz pulse is recorded in the time-domain. Because any

change of the positioning stage position by ∆x introduces a change of the total

path equal to 2∆x, as one can see in Fig. 2.6, we can express the discrete temporal

steps ∆t which correspond to discrete spatial steps ∆x as:

∆t =
2∆x

c
, (2.3)

where c denotes the speed of light. A discretely sampled signal E(t) is obtained

by recording a data point at every position of the delay line. Therefore, the fre-

quency spectrum of the radiation is obtained by the Fourier transformation of the

electric field [108]:

Ê (ω) =
1

2π

ˆ +∞

−∞
eiωtE (t) dt = A (ω) eiφ(ω) , (2.4)

where ω = 2πν is the angular frequency, φ (ω) is the phase and A (ω) denotes

the measured amplitude. The temporal scanning range ∆T determines a spectral

resolution δω of THz-TDS in the form:

δω =
2π

∆T
. (2.5)

Mathematically is the spectrum measured within a bandwidth:

∆B =
2π

2δt
=

π

δt
, (2.6)

where δt is the temporal sampling interval, and 2 in the denominator comes from

the fact, that the spectrum is after FT mirrored also into negative frequencies.

Real frequency range of the spectrometer is however limited by the source and



2.3. Material Properties and Constitutive Relations 35

detector responses and length of optical delay line. Figures 2.7a and 2.7b show

the THz waveform and transmission spectrum of a transmission through a glass

plate. The waveform shows two detected peaks - in the TD. The first one (at

t = 855 ps) corresponds to the first pass through the glass plate and the other one

at ≈ 873 ps corresponds to the second pass of the THz pulse after a round-trip

inside the sample (echo). This multi-pass detection, also known as Fabry-Perot

oscillations, then manifests itself as pronounced minima and maxima in the FD

spectrum (visible in the range 0–30 cm−1). These can be removed by a technique

called time-domain gating, which corresponds to a selection of a region of interest

and multiplying all remaining unwanted responses by zero, which leads to arti-

ficially numerically performing a single-pass experiment. This technique of TD

gating will be widely used later during a free-space characterization, presented

in Chapter 3.

(a) THz waveform (b) Frequency spectrum

Figure 2.7: Examples of THz signal and spectrum after transmission through a

glass sample.

2.3 Material Properties and Constitutive Relations

This section is devoted to material properties and constitutive relations which

will be used through all the research. We will show the principle of duality in
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classical EM theory and a derivation of the important Lorentz reciprocity theorem

which was already mentioned in Chapter 1 and which plays a crucial role in the

subject of this research.

As it was mentioned in Section 2.1, the electromagnetic field consists of two

orthogonal components, the electric and the magnetic, perpendicular to the direc-

tion of travel of the photon (Fig. 2.2). Therefore, all EM waves can be described

by the vectors of the electric-field intensity E, the electric displacement D, the

magnetic-field intensity H, and the magnetic flux density B. The time and spa-

tial evolution of electric and magnetic fields is described by Maxwell’s equations

[109]:

∇× E = −∂B
∂t

, ∇ ·D = ρ, ∇×H = j +
∂D
∂t

, ∇ · B = 0, (2.7)

where j represents the electric current density and ρ stands for the volume electric

charge density. The boundary conditions at an interface between two media with

different material properties, when n12 is the normal vector from medium 1 to

medium 2, can be expressed as [110]:

n12 × (E1t − E2t) = 0, (2.8a)

n12 × (H1t −H2t) = J, (2.8b)

n12 · (B1n − B2n) = 0, (2.8c)

n12 · (D1n −D2n) = σ, (2.8d)

where J is the surface current density at the interface, and σ is the surface charge

between the media. In other words the conditions says, that the tangential com-

ponent of E is continuous across the interface and the tangential component of H

is continuous across the surface if there is no surface current present; the normal

component of B is continuous across the interface and the normal component of

D has a step of surface charge on the interface surface. If there is no surface charge

on the interface, the normal component of D is continuous. These boundary con-
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ditions will be widely used especially during description of magneto-optical ef-

fects in Section 2.5.

2.3.1 Permittivity and Permeability

The relation between the macroscopic fields B and D and the fundamental fields

E, H can be expressed in different medium as following

1. In free-space:

D = ε0E, B = µ0H, (2.9)

where ε0 is the vacuum permittivity and µ0 = 4π × 10−7 N A−2 is the vac-

uum permeability. If c = 299 792 458 m s−1 representing the speed of light,

then:

ε0 =
1

c2µ0
= 8.85× 10−12 A2 s4 kg−1 m−3. (2.10)

2. For an isotropic material, in which the physical properties in the neighbor-

hood of an interior point are the same in all directions, we obtain:

D = εE, B = µH. (2.11)

The dimensionless ratios:

εr =
ε

ε0
, µr =

µ

µ0
(2.12)

are called the relative permittivity and relative permeability, respectively.

Now we consider the solution of the Maxwell’s equations (2.7) in the form

of planar monochromatic waves:

E (r, t) = E0 exp [i (ωt− k · r)], (2.13)

H (r, t) = H0 exp [i (ωt− k · r)], (2.14)

where k = n (ω/c) is the wavevector and ω = 2πν. The permittivity and
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permeability of the medium are generally complex functions of angular fre-

quency ω: ε̂ (ω) = ε′ (ω)− iε′′ (ω), µ̂ (ω) = µ′ (ω)− iµ′′ (ω) and the com-

plex refractive index of a material is defined as:

n̂ (ω) = n (ω)− ik (ω) =
√

ε̂ (ω) µ̂ (ω). (2.15)

3. The material properties of anisotropic medium vary in a different manner

along different directions at a given point. Therefore, for a dielectric mate-

rial we obtain:
Dx = εxxEx + εxyEy + εxzEz,

Dy = εyxEx + εyyEy + εyzEz,

Dz = εzxEx + εzyEy + εzzEz,

(2.16)

where Ex, Ey, Ez are the Cartesian components of E and Dx, Dy, Dz the Carte-

sian components of D. Eq. (2.16) can be expressed in a matrix formulation:


Dx

Dy

Dz

 =


εxx εxy εxz

εyx εyy εyz

εzx εzy εzz


︸ ︷︷ ︸

¯̄ε


Ex

Ey

Ez

 , (2.17)

where ¯̄ε = ε0 ¯̄εr is the permittivity tensor and the whole relation can be sim-

plified into:

D = ¯̄εE. (2.18)

Analogously it is possible to express relation for magnetic field between B

and H as following:

B = ¯̄µH, (2.19)

where ¯̄µ = µ0 ¯̄µr represents the permeability tensor, which exhibits itself in

(hexagonal) ferrite materials, as a result of a precession motion of magnetic

dipole moments, and as will be in detail analyzed in Chapter 3.
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2.3.1.1 Permittivity and Permeability Tensors

The optical and magneto-optical properties of an anisotropic material are within

the macroscopic theory described in the form of the ¯̄ε and ¯̄µ tensors (Eqs. (2.18),

(2.19)). Their general forms (for triclinic system) are shown in (2.20) and (2.21),

respectively:

¯̄ε =


εxx εxy εxz

εyx εyy εyz

εzx εzy εzz

 (2.20)

¯̄µ =


µxx µxy µxz

µyx µyy µyz

µzx µzy µzz

 . (2.21)

A material is said to be anisotropic when some of its crystallographic direc-

tions are not identical (in terms of physical, mechanical, etc. properties). It is also

possible to distinguish some special anisotropy cases and therefore simplify the

material tensor, for electrical anisotropy as follows:

Isotropic material

All crystallographic directions in an isotropic material are identical. Therefore it

has a rotation symmetry around all crystal’s axes (cubic system):

¯̄ε =


εxx 0 0

0 εxx 0

0 0 εxx

 (2.22)

in this case the material property can be represented by a scalar value (ε, µ).

Uniaxial anisotropy

The material has a rotation symmetry around one symmetry axis (tetragonal, trig-

onal and hexagonal systems). The principal axis that is different (displays the
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anisotropy) is called the optical axis; here presented for the z-axis:

¯̄ε =


εxx 0 0

0 εxx 0

0 0 εzz

 (2.23)

Biaxial anisotropy

If εxx 6= εyy 6= εzz, the material is called biaxial (orthorhombic, monoclinic, and

triclinic systems):

¯̄ε =


εxx 0 0

0 εyy 0

0 0 εzz

 (2.24)

Similar simplifications stands also for magnetically anisotropic materials,

therefore for ¯̄µ tensor.

2.3.2 Polarization and Magnetization

Application of an electric field to a dielectric material leads to a separation of

the negative portions of charge provided by electrons and the positive portion

of charges of atomic nuclei. This causes a consequent electrical distortion. This

polarization of the medium can be described by an introduction of the electric

polarization P:

P = ε0 ¯̄χeE, (2.25)

where ¯̄χe = ¯̄εr − 1 is the electric susceptibility tensor, as presented in Chapter 1

(1.3). Analogously, an applied magnetic field on a medium will cause a change

in the magnetic dipole moment m. Total magnetization of the material will be

M = Nm, where N denotes the number of magnetic dipoles per unit volume.

This magnetization is related to the magnetic field in the following form:

M = µ0 ¯̄χmH, (2.26)
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where ¯̄χm = ¯̄µr − 1 is the magnetic susceptibility tensor. The vectors P and M

contain information about the electromagnetic properties of the matter and con-

sidering (2.25) and (2.26) we can express the relation between the fundamental

fields E, H and the macroscopic fields B and D in the following form:

D = ε0E + P = ¯̄εE, B = µ0 (H + M) = ¯̄µH. (2.27)

2.3.3 Duality of Maxwell’s Equations

Assuming now a case when no electric charges or currents are present and the

medium is characterized by a scalar permittivity ε and scalar permeability µ.

Then the Maxwell’s equations take a form:

∇× E = −µ
∂H
∂t

, ∇ · εE = 0, ∇×H = ε
∂E
∂t

, ∇ · µH = 0. (2.28)

For any solution of these equations it is possible to find a new physical system in

which the E and H fields are mutually interchanged and will be again a solution

of the Maxwell’s equations. This is a basic principle of duality in classical EM the-

ory, discovered by Heaviside [111], and showing the invariance of the Maxwell’s

equations under following transformations:


E −→ H

H −→ −E

ε ⇐⇒ µ

. (2.29)

and therefore the Maxwell’s equations in (2.28) can be transformed as follows:

∇× E = −µ
∂H
∂t

−→ ∇×H = ε
∂E
∂t

(2.30a)

∇×H = ε
∂E
∂t

−→ ∇× E = −µ
∂H
∂t

(2.30b)

∇ · εE = 0 −→ ∇ · µH = 0 (2.30c)

∇ · µH = 0 −→ ∇ · εE = 0 (2.30d)
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The transformed set of equations in (2.30) (right) is the same as the original set

(left), except its sequencing. As a result, any solution of Maxwell’s equations

is also a solution to the dual problem where the variables and boundary condi-

tions are all transformed as indicated in (2.29). This is an important statement

which has an essential impact on the whole concept of the proposed isolator de-

vice. As will be shown in Section 2.5.2, the ordinary magneto-optical Kerr effect

occurs typically for p-polarized EM wave, when the magnetized medium is char-

acterized by permittivity tensor. However, as will be described in Chapter 3, the

permittivity of hexagonal ferrites acquires a scalar form, whereas a precession

motion of magnetic dipole moments causes the permeability to be in a tensorial

form. Therefore the above presented duality denotes that in order to obtain a

transverse MO Kerr effect at ordinary hexaferrite surface, the incident EM wave

must necessarily be s-polarized.

2.3.4 Reciprocity Theorem

Since the Lorentz reciprocity theorem plays the very central role in the subject

of this research, we will in this section focus on its derivation. Let us now con-

sider a volume containing two sets of sources: j1, producing fields E1, H1, and j2,

producing fields E2, H2. Consider the quantity:

∇ · (E1 ×H2 − E2 ×H1) , (2.31)

using a vector identity, (2.31) can be expanded into:

(∇× E1) ·H2 − (∇×H2) · E1 − (∇× E2) ·H1 + (∇×H1) · E2. (2.32)
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From time-harmonic Maxwell’s equations (2.7) we can write:

∇× E1 = −iω ¯̄µ1H1 (2.33)

∇×H1 = iω ¯̄ε1E1 + j1 (2.34)

∇× E2 = −iω ¯̄µ2H2 (2.35)

∇×H2 = iω ¯̄ε2E2 + j2 (2.36)

and therefore:

∇ · (E1 ×H2 − E2 ×H1) = −iωE1 ·
(

¯̄ε2 − ¯̄εT
1

)
· E2 − j2 · E1+

+iωH1 ·
(

¯̄µ2 − ¯̄µT
1

)
·H2 + j1 · E2. (2.37)

If the materials tensors satisfy the following conditions:

¯̄ε2 = ¯̄εT
1 (2.38a)

¯̄µ2 = ¯̄µT
1 (2.38b)

then Eq. (2.37) can be reduced into:

∇ · (E1 ×H2 − E2 ×H1) = j1 · E2 − j2 · E1. (2.39)

This is an important result known as the differential form of the Lorentz reci-

procity theorem in the frequency domain. Now we can integrate the divergence

over the volume of interest, hence we obtain:

˚
V
∇ · (E1 ×H2 − E2 ×H1)dv =

˚
V
(j1 · E2 − j2 · E1)dv, (2.40)

the left side can be worked out using the divergence theorem into:

‹
S
(E1 ×H2 − E2 ×H1)ds =

˚
V
(j1 · E2 − j2 · E1)dv. (2.41)
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If we now observe the E and H fields from an infinite distance, they can be con-

sidered as plane waves. Therefore, E×H points in the direction of the normal n,

and E and H are related through H = (n× E)/η, and it is possible to express the

left side of (2.41) into:

(E1 ×H2 − E2 ×H1) · ndS = (n× E1) ·H2 − (n× E2) ·H1

= η(H1 ·H2 −H2 ·H1) (2.42)

= 0.

And therefore we obtain:

˚
V

j1 · E2dv =

˚
V

j2 · E1dv, (2.43)

which is the Lorentz reciprocity theorem in its integral form. This reciprocity the-

orem says, that a reaction of a reciprocal system is insensitive of the interchange of

source and measurement locations. We can also conclude, that a medium is called

reciprocal, if all materials creating the medium are reciprocal, meaning that the

material properties satisfy the following conditions:

¯̄ε = ¯̄εT, ¯̄µ = ¯̄µT. (2.44)

Here it is tacitly assumed that they do not depend on the fields, i.e., linear media.

As was already explained in Chapter 1, a presence of magnetization reduces

the isotropic spherical symmetry of the material to an uniaxial rotation symmetry

around one axis. As a result, the ¯̄ε and ¯̄µ tensors possesses unequal off-diagonal

components, which are responsible for breaking of the Lorentz reciprocity, and

hence are also responsible for non-reciprocal effects during interaction with an

EM wave.
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2.4 Polarization of Radiation

Polarization of EM radiation is one of its fundamental properties, together with

its intensity, frequency and coherence. Because the study of fundamental behav-

ior of polarized radiation and its interaction with a (magnetized) matter creates

the principal part of this research, we will now devote this section to its descrip-

tion and classification and also to a matrix formalism for treating of the polariza-

tion evolution upon propagation through an optical system.

Polarization describes behavior of one of the field vectors with time observed

at a given point in space. For definition of polarization of light waves the electric-

field strength vector is commonly used. It is due to the fact that mainly the E-field

vector of an EM wave interacts with the vibrational modes of the molecules in a

medium and the force exerted on electrons by the electric field of light wave is

bigger than the one exerted on electrons by the magnetic field. The polarization

plane is the plane containing both E and k vectors. Due to the condition ∇ ·

D = 0, the D-vector always lies in the plane perpendicular to the wave vector

direction. Polarization generally plays an important role in the interaction of light

with a matter, which can be summarized in following points:

• Polarization of an incident wave influences the amount of reflected light at

the interface of two media.

• Polarization influences the amount of light which is absorbed by an

anisotropic material.

• Light scattering from a media is polarization dependent.

• The refractive index of anisotropic materials depends on the polarization.

Because polarization of EM wave plays important role within magneto-optical

effects we will now describe particular cases of polarization, some basic polariza-

tion components and Jones formalism for description of evolution of polarization

during EM wave propagation through an optical system. This formalism will be
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used later in Chapter 3 during magneto-optical characterization and Faraday iso-

lation measurements.

Two special cases of the polarization states of light are linear and elliptical (or

circular) polarization and these are described in the following paragraphs.

2.4.1 Linear Polarization

If the electric fields are distributed in the same plane, the radiation is called lin-

early (or plane) polarized. The representation of a linearly polarized wave is illus-

trated in Fig. 2.8.

Figure 2.8: Representation of linearly polarized light. (a) Time course at a fixed

position z. (b) A snapshot (fixed time t). [109]

If radiation is polarized in two perpendicular directions, any measured sam-

ple can reflect them in different way. In the field of the spectrometry and ellip-

sometry, there are usually recognized two perpendicular polarizations. Radiation

with its plane of polarization parallel to the plane of incidence is usually named

p–polarized. The other one is s–polarized radiation and it denotes, that the plane

of its polarization is perpendicular to the plane of incidence. If two polarizations

are absorbed differently by a sample, the phenomena is said to be a linear dichro-

ism.

2.4.2 Circular and Elliptical Polarization

Radiation is said to be circularly polarized, if the electric field vector of a wave

rotates when it travels through a medium. The difference in absorption of radi-
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ation that is circularly polarized in opposite directions (left-polarized and right-

polarized) by a sample is called circular dichroism. The representation of circularly

left- and right- polarized wave is illustrated in Fig. 2.9.

Figure 2.9: Trajectories of the endpoint of the electric-field vector of a circularly

polarized plane wave. (a) Time course at a fixed position z. (b) A snapshot at a

fixed time t. [109]

We can imagine a monochromatic planar wave of the angular frequency ω

traveling with the velocity c in the direction of axis z. The vector E lies in x − y

plane and one of the solutions of the Maxwell’s equations (2.7) is in the form:

E (z, t) = <
{

A exp iω
(

t− z
c

)}
, (2.45)

where < represents the real part of a complex number and A represents the com-

plex envelope:

A = Axi + Ayj = ax exp (iϕx)i + ay exp
(
iϕy
)
j. (2.46)

If we express Ax and Ay in terms of their magnitudes and phases and substitute

into (2.45), we obtain:

E (z, t) = ax cos
[
ω
(

t− z
c

)
+ ϕx

]
︸ ︷︷ ︸

Ex

i + ay cos
[
ω
(

t− z
c

)
+ ϕy

]
︸ ︷︷ ︸

Ey

j. (2.47)
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The components of the vector E in (2.47) correspond to the equation of an ellipse:

E2
x

a2
x
+

E2
y

a2
y
− 2

Ex

ax

Ey

ay
cos ϕ = sin ϕ2, (2.48)

where ϕ = ϕy − ϕx is the phase difference.

From the Eq. (2.48) is obvious, that the monochromatic wave is fully ellipti-

cally polarized (Fig. 2.10). This is the general polarization state of the light. The

polarization ellipse is described by two parameters: the azimuth θ end the ellip-

ticity ε. The azimuth θ describes the rotation angle of the ellipse major axis and

the tan ε denotes the ratio between the major and minor axes of the ellipse. If

Figure 2.10: Polarization ellipse showing the orientation angle θ and ellipticity ε.

one of the components ax, ay is equal to zero or ϕ = 0 or π, the light is linearly

polarized. If ax = ay and cos ϕ = 0, the light is circularly polarized. Therefore,

circularly (or elliptically) polarized light is produced by retarding the phase of

one polarization state [112].

2.4.2.1 Polarization Components - Linear Polarizer

A linear polarizer is an optical element which produces linearly-polarized radi-

ation from an unknown or uncontrolled polarized beam. The most used types
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of polarizers in terahertz applications are wire-grid polarizers, also called free-

standing wire polarizers. These polarizers are fabricated usually with 5 or 10 µm

diameter wire, the grid period is in the range of 20 µm–200 µm, and are available

on aluminium, stainless steel, or invar frames as standard. Wire-grids are usually

made of tungsten because it has the highest tensile strength among metals and

excellent corrosion resistance [51]. Typical wire-grid polarizer is shown in Fig.

2.11.

Figure 2.11: Wire-grid polarizer; g denotes the grid period and a denotes the wire

diameter [51]

The mechanism of the polarization selectivity is simple. If the electric field

is parallel to the wires, the electrons can move in the wires and in this case the

wire grid acts as a metal surface reflecting almost all radiation polarized along the

wires. If the electric field is perpendicular to the direction of wires, the electrons

are localized in the wires and the wave passes through the polarizer.

2.4.3 Jones Formalism

A well-known technique to treat the evolution of the polarization state of the light

is use of Jones formalism [109]. This formalism makes use of the perpendicular

component of the electric field vector and provides a very powerful tool for the

description of the light polarization characteristic and moreover is simple to use.

However, it can be used only for description of totally polarized light. This Jones

formalism is particularly used in Chapter 3 for transformation of measured lin-
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early polarized transmittances into circularly polarized transmittances and also

for description of the transmission Faraday isolation experiment.

The Jones vector representing complex quantities of an EM wave is trans-

formed by 2 × 2 Jones matrix of an optical component into another Jones vec-

tor. In this case the complex quantities Ax = ax exp (iϕx), Ay = ay exp
(
iϕy
)

of

a planar monochromatic wave are written in the form of the Jones vector, which

describes polarization state of the wave:

J =

 Ax

Ay

 . (2.49)

The total intensity of the wave can be expressed in the form:

I =
|E|2

2η
=
|Ax|2 + |Ax|2

2η
=

1
2η

J+J, (2.50)

where η represents the impedance of the medium and J+ =
[

A∗x A∗y
]

is the Her-

mitian conjugated vector. Table 2.1 summarizes the Jones vectors of some basic

polarization states.

Table 2.1: Jones vectors of basic polarization states

Linearly polarized light in x− direction Jx = [1, 0]T

Linearly polarized light in y− direction Jy = [0, 1]T

Linearly polarized light at angle α Jx′ = [cos α, sin α]T

Linearly orthogonally polarized light at angle α Jy′ = [− sin α, cos α]T

Right-circularly polarized light JR = 1√
2
[1, i]T

Left-circularly polarized light JL = 1√
2
[1, − i]T

Elliptically polarized light with ellipticity ε J = [cos ε, i sin ε]T
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Two polarization states J1, J2 are orthogonal, if:

J+1 J2 = A∗1x A2x + A∗1y A2y = 0 (2.51)

The examples of orthogonal Jones vectors are:

• linearly polarized waves in orthogonal directions

• left– and right–circularly polarized waves.

The transformation of the Jones vector by rotation of coordinate system can be

expressed by matrix R (α):

J’ =

 cos α sin α

− sin α cos α


︸ ︷︷ ︸

R(α)

J. (2.52)

When the polarized plane wave passes through some linear system, the polariza-

tion of wave is changed, because the system linearly transforms the components

of complex amplitude in terms of linear combination:

A′x = T11Ax + T12Ay

A′y = T21Ax + T22Ay,
(2.53)

where T11, T12, T21 and T22 are elements of a 2 × 2 matrix T. If the input and

output waves are described by Jones vectors J and J’, respectively, it’s possible to

write:

J’ =

 T11 T12

T21 T22


︸ ︷︷ ︸

T

J, (2.54)

where T represents the Jones matrix describing the polarization properties of

the system. The response in a single layer sandwiched between two different

isotropic half spaces (0) and (2), is characterized by Jones transmission and reflec-



52 Chapter 2. Theoretical Background

tion matrices of the system:

T =

 t(02)
xx t(02)

xy

t(02)
yx t(02)

yy

 and R =

 r(02)
xx r(02)

xy

r(02)
yx r(02)

yy

 , (2.55)

where the components t(02)
ii and r(02)

ii include multiple reflections inside the layer.

If we want to describe the optical system containing N components, we use

the multiplication of T matrices and the resulting Jones matrix will be in the form:

T = TN · TN−1 · . . . · T2 · T1, (2.56)

where Ti, i = 1, 2, . . . , N represent Jones matrices of each component in the sys-

tem. Therefore, as we can see, even complicated optical system can be simply

described using this tool. Now, let’s take a look on some basic components which

can compose an optical system.

2.4.3.1 Jones matrices of basic polarization components

Linear polarizer in x−direction

T =

 1 0

0 0

 (2.57)

The linear polarizer described by T matrix in (2.57) transforms the wave com-

ponents
(

Ax, Ay
)

into the wave components (Ax, 0), so the output wave is com-

pletely polarized in x− direction.

Polarization rotator

T =

 cos θ − sin θ

sin θ cos θ

 (2.58)

Polarization rotator rotates the plane of polarization by a angle θ and keeps the

linear polarization.
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2.5 Magneto-Optical Effects

The proposed NR isolator consists of a metal grating deposited on a magnetized

substrate. It is therefore important to study the interaction of an incident po-

larized EM wave with a magnetized medium. In this section we will focus on

magneto-optical effects upon reflection and also in the transmission since the

well-known Faraday effect plays a key role in NR devices as well.

Magneto-optical (MO) effects are phenomena describing an interaction of ra-

diation and a medium subjected to a magnetic field. For some magnetically or-

dered materials (ferromagnets, ferrites) they can be present even without influ-

ence of an external magnetic field. The description of MO effects is based on

the consideration of the magnetic field influence on the material tensor of the

medium. The anisotropy variation is a direct result or a consequence of a en-

ergy levels splitting, usually known as Zeeman effect [23]. It is well-known that

left- and right-circularly polarized photons excite electronic transitions which, ac-

cording to the law of angular momentum conservation, change the appropriate

projection of the quantum system’s angular momentum by ∆m = ±1. The Zee-

man effect causes a difference in the frequencies of the right- and left- transitions

resulting in a difference in the polarizibility of the system for left- and right- cir-

cularly polarized wave. In general, all magnetooptical effects are consequences

of the Zeeman effect.

If the tensor is symmetric, any presence of the magnetization in a medium

reduces its symmetry to the uniaxial one. Taking as an example a ferromagnetic

medium which is in demagnetized state at optical frequencies optically isotropic,

now being magnetized in the direction of z-axis. The presence of magnetization

reduces its symmetry to an uniaxial rotational symmetry around the z-axis and

the permittivity tensor of this magnetized medium acquires the form:

¯̄ε = ε0


εxx 0 0

0 εxx 0

0 0 εzz

+ ε0


0 ig 0

−ig 0 0

0 0 0,

 (2.59)



54 Chapter 2. Theoretical Background

where ε0 is the permittivity of the vacuum, εzz the relative permittivity of the

medium in demagnetized state, i.e when M = 0 and g(M) is the gyroelectric

constant, a linear function of M. In a general case taking into account absorptions

all tensor components are complex. The magneto-optical (Voigt) parameter for

the permittivity tensor is then defined as follows:

Q = Q′ − iQ′′ = g/εxx, (2.60)

and usually |Q| � 1.

Since the hexaferrites used in the THz range are usually characterized by a

scalar form of ε and a tensorial form of ¯̄µ (as will be more deeply described in the

next Chapter 3), we have to introduce also the permeability tensor, analogously

to (2.59). The ¯̄µ tensor can be expressed as a sum of a symmetric and an antisym-

metric tensors giving for the z-axis the following form:

¯̄µ =


µ 0 0

0 µ 0

0 0 µ0

+


0 iκ 0

−iκ 0 0

0 0 0,

 (2.61)

where the components µ and κ are generally complex. The magneto-optical

(Voigt) parameter for the permeability tensor is then defined as follows:

Qm = Q′m − iQ′′m = κ/µ, (2.62)

and usually |Qm| � 1. For bi-gyrotropic MO medium both Q and Qm are generally

non-zero.

According to the interaction of EM radiation with a matter all magneto-optical

effects can be divided into three main categories [113]:

• MO effects in reflection

• MO effects in transmission
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• MO effects in absorption

Let’s take a look at all these categories of MO effects more closely.

2.5.1 Normal Modes and Fresnel Equation

First we have to find a solution for normal modes of EM field. They are generally

solutions of the Maxwell’s equations (2.7) with a harmonic dependence on k and

on the time, for E field as:

E = E0 exp [i (ωt− k · r)]. (2.63)

From the Maxwell’s equations we can derive the main wave equation for the E

field:

−∇2E +∇ (∇ · E) = − 1
c2

∂2D
∂t2 (2.64)

and for the normal modes given by (2.63) this wave equation can be expressed as:

n2E− n (n · E) = ¯̄εE, (2.65)

where n =
( c

ω

)
k represents the refraction vector. This eigenvalue problem has a

non-trivial solution when the determinant of the coefficients vanishes:

det
∣∣∣n2δij − ninj − εij (ω)

∣∣∣ = 0. (2.66)

Considering k = ıxkx + ıyky + ızkz, Eq. (2.65) can be expressed via matrix multi-

plication as:


(k2

y + k2
z) −kxky −kxkz

−kykx (k2
z + k2

x) −kykz

−kzkx kzky (k2
x + k2

y)




Ex

Ey

Ez

 =
ω2

c2


εxx εxy εxz

εyx εyy εyz

εzx εzy εzz




Ex

Ey

Ez

 .

(2.67)
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The propagation vector can be expressed as k = ω
c
(
ıxn̂x + ıyn̂y + ızn̂z

)
and (2.67)

therefore takes the form:
(n̂2

y + n̂2
z)− εxx −n̂xn̂y − εxy −n̂xn̂z − εxz

−n̂yn̂x − εyx (n̂2
z + n̂2

x)− εyy −n̂yn̂z − εyz

−n̂zn̂x − εzx n̂zn̂y − εzy (n̂2
x + n̂2

y)− εzz




E0x

E0y

E0z

 = 0. (2.68)

Equation (2.66) is called the Fresnel equation and defines the refraction vectors

n = n(ω) of the normal modes. Substituting of its solution into Eq. (2.65) one

can obtain the corresponding eigenvectors of each mode. In a general case the

modes are elliptically polarized. In a gyrotropic medium (g 6= 0 and/or κ 6= 0)

the refraction vector depends on the tracing direction of the ellipse. This right-left

anisotropy (n+ 6= n−) is called the gyrotropy of the medium.

2.5.2 Magneto-Optical Effects in Reflection

These MO effects occur when EM radiation is reflected from a magnetized

medium. They are all known as Kerr effects and can be divided into three groups

according a mutual orientation of M, k and the sample surface: Polar, Longitudi-

nal and Transversal, as displayed in Fig. 2.12.

M

(a) Polar

M

(b) Longitudinal

M

(c) Transversal

Figure 2.12: Three configurations of MO Kerr effects

In the polar and longitudinal configurations the gyrotropy of the material

causes a difference in optical indices n̂ for left- and right-circularly polarized light.

This difference creates an amplitude or a phase shift of these two modes forming

the incident polarization. The magnetization M has in these two configurations
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a non-zero component along k which causes an appearance of ellipticity in the

reflected light and, as a consequence, the polarization plane will be rotated. The

polar Kerr effect has nowadays a great importance for optical data storage, since

it creates bases for reading information from MO disks. In the transverse config-

uration, for a purely p-polarized EM wave, the magnetization vector is oriented

perpendicularly to the plane of incidence of the EM wave and this MO Kerr effect

causes an amplitude or a phase change of the reflected light, whereas the polar-

ization stays unchanged. This effect is odd in magnetization and is widely used

in magnetic investigations, for example for observations of magnetic domains at

the surface of a magnetized sample. It is also often used for designing of nonre-

ciprocal devices [80, 114, 115].

The reflection coefficients for the reflected elliptically-polarized EM wave (Er)

can be calculated with using of the electric field Ei of the incident wave and

boundary conditions at the interface:

 Es
r

Ep
r

 =

 rss rps

rsp rpp


︸ ︷︷ ︸

R

 Es
i

Ep
i

 , (2.69)

where the reflection matrix R describes the total optical response of the reflecting

system. The Kerr rotation Θs,p and ellipticity εs,p for s (TE− transverse electric)

and p (TM − transverse magnetic) polarizations can be defined with use of the

reflection coefficients:

Θs + iεs =
rsp

rss
, Θp + iεp = −

rps

rpp
. (2.70)

For transverse Kerr effect rps = rsp = 0.

2.5.2.1 Transverse Kerr Effect

Because the transverse configuration is relevant for the proposed isolator design,

in the following paragraphs we will take a look at the transverse MO Kerr effect
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(TMOKE) more in detail and formulate the strength of this effect on an ordinary

plain surface.

We consider first a TM-polarized plane wave (electric field vector E present in

the plane of incidence, magnetic field vector H perpendicular to the plane of in-

cidence) incident at angle φ0 at an interface between non-magnetic (1) and trans-

versely magnetized (2) media (as displayed in Fig. 2.13). We assume the permit-

tivity of the magnetic substrate to be in tensorial form and permeability equal to

1.

φ0

φt

n1

n2

Ei Er

Et

x

y

z

M

Figure 2.13: Transmission of p-polarized EM wave through an interface between

non-magnetic (1) and transversely magnetized (2) media

Considering the ¯̄ε components, Eq. (2.68) can be simplified into:


n̂2

y − ε −n̂xn̂y − ig 0

−n̂yn̂x + ig n̂2
x − ε 0

0 0
(

n̂2
x + n̂2

y

)
− ε0




E0x

E0y

E0z

 = 0. (2.71)

The solution of (2.71) when the determinant vanishes is the solution for normal
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modes:

(
n̂2

y − ε
) (

n̂2
x − ε

) [(
n̂2

x + n̂2
y

)
− ε0

]
−

−
(
−n̂yn̂x + ig

) (
−n̂xn̂y − ig

) [(
n̂2

x + n̂2
y

)
− ε0

]
= 0 (2.72a)

n̂2
xn̂xε + n̂4

yε− n̂2
yεε0 + n̂4

xε + n̂2
xn̂2

yε− n̂2
xεε0−

−n̂2
xε2 − n̂2

yε2 + n̂2
xg2 − n̂2

yg2 + ε2ε0 − g2ε0 = 0 (2.72b)[
n̂2

x −
(

ε0 − n̂2
y

)] [
n̂2

x −
(

ε− n̂2
y

)
+

g2

ε

]
= 0. (2.72c)

Eq. (2.72c) has solutions for waves polarized in z-direction independent on the

off-diagonal permittivity tensor element g and solutions for waves polarized par-

allel to the plane of incidence which are influenced by the term g2. Propagation

vectors in the plane of incidence are given by:

k1,2 =
ω

c

(
ıxn̂x(1,2) + ıyn̂y

)
=

ω

c

[
±ıx

√(
ε− n̂2

y −
g2

ε

)
+ ıyn̂y

]
. (2.73)

Therefore, for transverse orientation the normal modes are p-polarized (TM),

where:

Hx = 0, Hy = 0, Hz 6= 0 (2.74)

with

n̂2
x =

(
ε− n̂2

y

)
− g2

ε
, (2.75)

which can be simplified into:

n2
p = ε

(
1−Q2

)
, (2.76)

and s-polarized (TE), where:

Hx 6= 0, Hy 6= 0, Hz = 0 (2.77)
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with

n̂2
x =

(
ε0 − n̂2

y

)
, (2.78)

which can be simplified into

n2
s = ε0. (2.79)

The electric field vectors of the incident and reflected waves are written in

terms of the projections on the coordinate axis as:

Ei = Ei (cos φ0, sin φ0, 0) exp {i [ωt− (ω/c) ni · r]}, (2.80)

Er = Er (− cos φ0, sin φ0, 0) exp {i [ωt− (ω/c) nr · r]}, (2.81)

where:

ni = ni (sin φ0, − cos φ0, 0) , (2.82)

nr = nr (sin φ0, cos φ0, 0) . (2.83)

Besides the reflected wave there is obviously present also a transmitted wave

traveling through the magnetized medium. If the incident wave is p-polarized,

this transmitted wave is according Eq. (2.74) the p-polarized normal mode of this

medium with the refraction vector:

nt = nt (sin φt, − cos φt, 0) , (2.84)

where, with respect to the Eq. (2.76):

nt = n2

√
(1−Q2) ≈ n2 (linear approximation in - Q) (2.85)

and sin φt can be obtained with use of the Snell’s law:

sin φt =
n1

n2
sin φ0, cos φt =

√√√√(1−
(

n1

n2

)2

sin2 φ0

)
. (2.86)
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The electric field of the transmitted wave can be derived from the wave equation

(2.71), where we take into account the linear approximation in magnetization,

because |Q| � 1:

Etx = Et cos φt, (2.87)

and the component Ety is therefore in the form:

0 =
(
−ntyntx + ig

)
Etx +

(
n2

tx − ε
)

Ety (2.88a)

Ety =
ntyntx − ig

n2
tx − ε

Etx (2.88b)

Ety =
−nt sin φt cos2 φt − ig cos φt

n2
t sin2 φt − ε

Etx (2.88c)

Ety =

(
sin φt +

iQ
cos φt

)
Et. (2.88d)

Hence for electric field we can write

Et = Et (cos φt, sin φt + iQ/ cos φt, 0) exp {i [ωt− (ω/c) nt · r]}. (2.89)

This wave described in (2.89) is elliptically polarized in the plane of incidence,

in addition to the ordinary transverse component present in the absence of mag-

netization, it contains a longitudinal component along the y-direction, shifted in

phase and proportional to Q, therefore to the magnetization. It is this compo-

nent in the field vector that leads to the magnetooptical effects and gives rise to

non-reciprocity of the reflection and transmission coefficients of the light at the

interface between a magnetic and non-magnetic medium.

The magnetic fields of the three waves can be derived from the Maxwell equa-

tion:

∇× E = −iωµ0H, (2.90)

which in this case takes form:

cε0n× E = H. (2.91)
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From this and Eqs. (2.80), (2.81) and (2.89) the magnetic fields acquire the form:

Hi,r,t = (0, 0, Hi,r,t) exp {i [ωt− (ω/c) ni,r,t · r]}, (2.92)

where:

Hi = cε0n1Ei, Hr = cε0n1Er, Ht = cε0n2(1 + iQ tan φt)Et. (2.93)

The boundary conditions of Maxwell equations (2.8) indicate that the tangential

components of E and H-fields are continuous:

Eix + Erx = Etx, Hiz + Hrz = Htz. (2.94)

Substitution of Eqs. (2.80), (2.81) and (2.89) into (2.94) we obtain:

cos φ0 (Ei − Er) = Et cos φt (2.95a)

n1 (Ei + Er) = n2Et(1 + iQ tan φt). (2.95b)

This set of equations can be worked out into:

cos φ0 (Ei − Er)

cos φt
=

n1 (Ei + Er)

n2(1 + iQ tan φt)
, (2.96)

and from (2.96) we can determine the formulas for the reflection coefficient at the

interface:

r̂p =
Er

Ei
(2.97a)

Er

Ei
=

ρ2 cos2 φ0 − cos2 φt + 2iQρ cos φ0 sin φt + Q2ρ2 cos2 φ0 tan2 φt

(ρ cos φ0 + cos φt)
2 + Q2ρ2 cos2 φ0 tan2 φt

(2.97b)

where ρ = n2/n1. Using the linear approximation in Q, the magnetic and non-
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magnetic contributions can be separated:

r̂p = r̂p0 + iδr̂p = r̂p
(
1 + iς̂p

)
(2.98)

where:

r̂p0 =
ρ cos φ0 − cos φt

ρ cos φ0 + cos φt
, δr̂p =

2 cos φ0 sin φ0

(ρ cos φ0 + cos φt)
2 Q, ς̂p =

r̂p0 sin φ0

2
√(

ρ2 − sin2 φ0
)Q

(2.99)

One can see that the MO effect modifies the conventional Fresnel reflection coef-

ficient r̂p0 at the interface between a non-magnetic and a magnetic medium. This

change is linear in Q, it means also linear in magnetization. As a consequence, a

switching of the direction of magnetization changes the sign of δr̂p. The relative

change in the reflected intensity can be therefore expressed as:

∆p =
(I − I0)

I0
= 2=

(
ς̂p
)
, (2.100)

where I and I0 represent the intensity of light after reflection from a magnetized

and a non-magnetized medium, respectively, and = denotes the imaginary part

of a complex number. Equation (2.100) leads to another important conclusion. If

Q is purely real, then =
(
ς̂p
)
= 0 and thus no change in the reflected intensity

appears. Therefore, in a case when the magnetic medium has negligible losses,

the MO Kerr effect is not apparent.

Until now we have considered the incident wave to be TM-polarized. If the

wave is TE-polarized, the electric field vectors of the incident and reflected wave

become:

Ei = Ei (0, 0, 1) exp {i [ωt− (ω/c) ni · r]} (2.101a)

Er = Er (0, 0, 1) exp {i [ωt− (ω/c) nr · r]}, (2.101b)

where ni is given by (2.82) and nr by (2.83). The electric field vector of the trans-

mitted wave propagating through the magnetized medium can be found from
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the wave equation (2.65) and takes the form:

Et = Et (0, 0, 1) exp {i [ωt− (ω/c) nt · r]}, (2.102)

where nt is given by (2.84). We can therefore conclude, that when the MO me-

dia is characterized by a permittivity tensor, the transmitted and reflected waves

are purely TE-polarized and the presence of the magnetization, in a linear ap-

proximation in Q has no influence on the TE-polarized light. The corresponding

reflection coefficient is therefore equal to the conventional Fresnel coefficient.

This situation however changes when gyrotropic effects arising from the per-

meability tensor (Qm) must be taken into account, which is exactly the case of

hexaferrites, as will be shown in detail in Chapter 3.

From the Heaviside duality (2.29) it is apparent, that in order to obtain the

TMOKE effect for ¯̄µ tensor, we have to consider a TE-polarized EM wave (elec-

tric field vector E perpendicular to the plane of incidence, magnetic field vector

H in the plane of incidence) incident at angle φ0 at an interface between non-

magnetic (1) and transversely magnetized (2) media (as displayed in Fig. 2.14).

We therefore assume the permittivity of the magnetic substrate to be equal to 1

φ0

φt

n1

n2

Hi Hr

Ht

x

y

z

M

Figure 2.14: Transmission of s-polarized EM wave through an interface between

non-magnetic (1) and transversely magnetized (2) media

and permeability to be in tensorial form (2.61). Here the solution for the normal
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modes gives p-polarized (TM) modes, where:

Hx = 0, Hy = 0, Hz 6= 0 (2.103)

with

n2
p = µ0, (2.104)

and s-polarized (TE) modes, where:

Hx 6= 0, Hy 6= 0, Hz = 0 (2.105)

with

n2
s = µ

(
1−Q2

m

)
. (2.106)

The vectors of magnetic field of the incident (Hi) and reflected (Hr) waves can

be written in terms of projections to the chosen coordinate system (Fig. 2.14):

Hi = Hi (cos φ0, sin φ0, 0) exp {i [ωt− (ω/c) ni · r]}, (2.107)

Hr = Hr (− cos φ0, sin φ0, 0) exp {i [ωt− (ω/c) nr · r]}, (2.108)

where ni is given by (2.82) and nr by (2.83). The incident s-polarized wave on

the gyrotropic medium excites the propagating transverse normal mode with the

refraction vector nt given by (2.84). where, with respect to the Eq. 2.106:

nt = n2

√
(1−Q2

m) ≈ n2 (linear approximation in - Qm) (2.109)

and sin φt can be obtained with use of the Snell’s law: n2 sin φt = n1 sin φ0. With

use of the wave equation (2.65) for H field we can express the magnetic field

vector of this propagating mode:

Ht = Ht (cos φt, sin φt + iQm/ cos φt, 0) exp {i [ωt− (ω/c) nt · r]}. (2.110)
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The electric fields of the three waves can be derived from the Maxwell equation:

∇×H = iωε0E, (2.111)

which in this case takes the form:

− cµ0n×H = E. (2.112)

Considering Eqs. 2.107–2.110 the electric fields acquire the form:

Ei,r,t = (0, 0, Ei,r,t) exp {i [ωt− (ω/c) ni,r,t · r]}, (2.113)

where:

Ei = −cn1Hi, Er = −cn1Hr, Et = −cn2(1 + iQm tan φt)Ht. (2.114)

The boundary conditions of Maxwell equations (2.8) indicate that the tangen-

tial components of E and H-fields are continuous:

Hix + Hrx = Htx, Eiz + Erz = Etz. (2.115)

Analogously to the previous case with TM polarization, substitution of Eqs.

(2.107), (2.108) and (2.110) into (2.115) lead to determination of the formulas for

the reflection coefficient at the interface for s-polarized wave in the form:

r̂s =
Es

r
Es

i
(2.116a)

Es
r

Es
i
=

ζ2 cos2 φ0 − cos2 φt + 2iQmζ cos φ0 sin φt + Q2
mζ2 cos2 φ0 tan2 φt

(ζ cos φ0 + cos φt)
2 + Q2

mζ2 cos2 φ0 tan2 φt
(2.116b)

where ζ = n1/n2. Using the linear approximation in Qm, the magnetic and non-
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magnetic contributions can be separated:

r̂s = r̂s0 + iδr̂s = r̂s (1 + iς̂s) (2.117)

where:

r̂s0 =
ζ cos φ0 − cos φt

ζ cos φ0 + cos φt
, δr̂s =

2ζ cos φ0 sin φt

(ζ cos φ0 + cos φt)
2 Qm, ς̂s =

r̂s0 sin φ0

2
√(

ζ2 − sin2 φ0
)Qm

(2.118)

One can again see that the MO effect modifies the conventional Fresnel reflection

coefficient r̂s0 at the interface between a non-magnetic and a magnetic medium,

characterized by ¯̄µ. This change is linear in Qm, it means also linear in magneti-

zation. As a consequence, a switching of the direction of magnetization changes

the sign of δr̂s, which gives rise to nonreciprocal effects.

Finally, the relative change of light intensity after the reflection from the inter-

face is:

∆s =
(I − I0)

I0
= 2=(ς̂s), (2.119)

where the I and I0 are the light intensities after reflection from magnetized and

non-magnetized substrate, respectively.

2.5.3 Magneto-Optical Effects in Transmission

The second category of MO effects describes the interaction of an EM wave prop-

agating through a magnetized matter. Two basic configurations according the

mutual orientation of k and M can be distinguished:

• Faraday geometry (k ‖ M)

• Voigt geometry (k ⊥ M)
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2.5.3.1 Faraday Geometry

In the Faraday configuration EM light passes through a medium in parallel di-

rection to its magnetization. The magnetization causes a splitting of energy lev-

els and shifting of the original resonant frequency of an absorption line. From

Kramers-Kronig relations follows that the splitting of the absorption coefficient

is connected with the splitting of the dispersion curves of the refractive index.

As a result these two polarizations propagate at different speeds due to different

optical indices of refraction (hence, the Faraday effect is also sometimes called

magnetic circular birefringence - MCB):

n+ 6= n− (2.120)

The circular anisotropy of a magnetized medium is explained by the fact that the

splitting of the energy levels of the ground and excited states by magnetic field

creates energy inequality of quantum states with different eigenvalues of the an-

gular momentum. Phenomenologically, the Faraday effect is explained by the fact

that the refractive indices n+, n− in the case of an originally inactive medium, be-

come different after placing the latter into a magnetic field. The mechanism for

the Faraday effect in the case of ferrite materials is the magnetic-field induced Lar-

mor precession motion of magnetic-dipole moments, as will be later explained in

Chapter 3. The magnetic field creates a preferred direction for magnetic dipole

precession, and one sense of circular polarization causes precession in this pre-

ferred direction while the other sense of polarization causes precession in the

opposite direction. These materials are characterized by a tensorial permeability

¯̄µ and scalar permittivity ε. Because the EM wave propagation through magne-

tized (hexagonal) ferrites is essential for the study of NR effects we will now take

a look closely at the particular Faraday rotation in these materials.

Faraday rotation in ferrites Let us consider an infinite ferrite medium with a DC

bias field given in z-direction by H0 = H0ız, where ız represents the unit vector
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in the z-axis direction, with a permeability tensor ¯̄µ given by (2.61). Maxwell’s

equations for a source-free medium can be expressed as:

∇× E = −iω ¯̄µH, ∇×H = iωεE, ∇ ·D = 0, ∇ · B = 0. (2.121)

We consider a plane wave propagating in the z-direction and hence the electric

and magnetic field are in the following form:

E = E0 exp (−iβz) (2.122a)

H = H0 exp (−iβz) (2.122b)

Considering the ¯̄µ components µ and κ and the curl equations in (2.121), the

components of the E and H fields can be expressed as:

−iβEx = −iω
(
−iκHx + µHy

)
(2.123a)

iβEy = −iω
(
µHx + iκHy

)
(2.123b)

0 = −iωµ0Hz (2.123c)

−iβHx = iωεEy (2.123d)

iβHy = iωεEx (2.123e)

0 = iωεEz (2.123f)

From Eqs. (2.123d) and (2.123e) we obtain relations between the transverse field

components in the form:

Y =
Hy

Ex
= −Hx

Ey
=

ωε

β
, (2.124)

where Y represents the wave admittance. Now we use (2.124) for elimination of

Hx and Hy components in (2.123a) and (2.123b) leading to the wave equation in
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the form:

iω2εκEx +
(

β2 −ω2µε
)

Ey = 0 (2.125a)(
β2 −ω2µε

)
Ex − iω2εκEy = 0 (2.125b)

which has a nontrivial solution for Ex, Ey when its determinant vanishes, as was

discussed in Section 2.5.1, and therefore:

ω4ε2κ2 −
(

β2 −ω2µε
)2

= 0 (2.126)

leading to the expressions for two possible propagation constants in the form:

β± = ω
√

ε (µ± κ). (2.127)

The fields E associated with both propagation constants can be found by substi-

tuting (2.127) into the wave equations (2.125a) or (2.125b). For β+ we obtain:

Ey = −iEx, (2.128)

and the E field must therefore be in the form:

E+ = E0
(
ıx − iıy

)
exp (−iβ+z), (2.129)

which represents a right-hand circularly polarized wave. The associated H field

can be obtained by using (2.124) as:

H+ = E0Y+
(
iıx + ıy

)
exp (−iβ+z), (2.130)

where Y+ is the right-hand wave admittance:

Y+ =
ωε

β+
=

√
ε

µ + κ
. (2.131)
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The fields associated with β− are obtained in a similar way and are left-hand

circularly polarized:

E− = E0
(
ıx + iıy

)
exp (−iβ−z) (2.132a)

H− = E0Y−
(
−iıx + ıy

)
exp (−iβ−z), (2.132b)

where Y− is the left-hand wave admittance:

Y− =
ωε

β−
=

√
ε

µ− κ
. (2.133)

We can therefore conclude that both circularly polarized waves are the normal

modes of the ız- magnetized ferrite medium, and these waves propagate through

the ferrite with different propagation constants. One can also see that for the

right-hand circularly polarized wave the ferrite material is represented by an ef-

fective permeability µ̂+ = (µ + κ) and for the left-hand circular polarization is

represented by µ̂− = (µ− κ). These effective permeabilities, or β+, β− are nor-

mal modes or eigenvalues of the system of wave equations (2.125a), (2.125b) and

E± are the associated eigenvectors.

Now we consider a linearly polarized electric field at z = 0, represented as the

sum of both counter-rotating circularly polarized waves:

E|z=0 = ıxE0 =
E0
(
ıx − iıy

)
2

+
E0
(
ıx + iıy

)
2

. (2.134)

Due to the different propagation constants β+ 6= β− both circularly polarized
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waves propagate at different speeds, so the total field propagate as:

E =
E0
(
ıx − iıy

)
2

exp (−iβ+z) +
E0
(
ıx + iıy

)
2

exp (−iβ−z) (2.135a)

=
E0

2
ıx [exp (−iβ+z) + exp (−iβ−z)]− i

E0

2
ıx [exp (−iβ+z)− exp (−iβ−z)]

(2.135b)

= E0

[
ıx cos

(
β+ − β−

2

)
z− ıy cos

(
β+ − β−

2

)
z
]

exp
(
−i

(β+ + β−)

2
z
)

(2.135c)

Eq. (2.135) represents a linearly polarized wave whose polarization rotates as the

wave propagates along the direction of the z-axis. At a given point along this axis

a direction of polarization measured from the x-axis is given by:

ΘF = tan−1 Ey

Ex
= tan−1

[
− tan

(
β+ − β−

2

)
z
]
= −

(
β+ − β−

2

)
z. (2.136)

Considering β± = (ωn̂±) /c, the angle of rotation can be also expressed with use

of the optical indices for two orthogonal polarizations (n̂+, n̂−):

ΘF = − (n̂+ − n̂−)πl
λ

, (2.137)

where l represents the length of the gyrotropic material and λ the wavelength of

the EM wave in vacuum.

One can see that the resulting phase difference for left- and right-circularly

polarized waves will cause a rotation of a polarization plane of any incident ellip-

tically (or linearly) polarized EM wave by an angle ΘF, commonly called Faraday

rotation. A schematic representation of the Faraday effect is shown in Fig. 2.15.

For ω < ω0, where ω0 is the Larmor frequency of the ferrite, µ > 0 and κ > 0

and µ > κ. Then β+ > β− and according Eq. (2.136), ΘF becomes more neg-

ative with propagation along z. This means that the polarization plane rotates

counterclockwise with respect to the +z direction. Reversing the magnetic field

changes sign of κ and the polarization plane will rotate clockwise. Therefore, a
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Figure 2.15: Schematic representation of the Faraday effect

wave traveling from z = 0 to z = l and back to z = 0 undergoes a total polariza-

tion rotation of 2ΘF, where ΘF is obtained from (2.136) for z = l. We can therefore

conclude from this, that the Faraday rotation is a nonreciprocal effect, since the

the polarization angle is not zeroed, but doubled.

This a clear distinction from the effect of natural optical activity and is used

in well-know Faraday isolator with combination of 2 polarizers, typically rotated

by 45◦ with respect to each other, as displayed in Fig. 2.16 [78, 116]. Here a wave

linearly-polarized by the first polarizer passes through the gyrotropic faraday

rotator which is typically designed in order to rotate the wave polarization by

45◦. Then the wave passes easily through the second polarizer turned by 45◦ as

well. In the backward direction the wave is polarized by the polarizer 2 at 45◦ and

rotated during transmission through the gyrotropic material by other 45◦ which

makes the wave polarization to be perpendicular to the transmission channel of

the first polarizer. Therefore the backward wave is completely isolated due to the

crossed polarizations.

The Faraday rotation is in the simplest case proportional to the length l of the
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Figure 2.16: Schematic representation of the Faraday isolator

magnetized matter and strength of the total magnetic field H:

ΘF = VHl, (2.138)

where V represents the Verdet constant, defined as the rotation per length unit

per unit of field strength. This Verdet constant depends on material properties of

the medium, the frequency of EM radiation and the temperature. As was already

mentioned above, the sign of the angle ΘF depends on the orientation of H.

2.5.3.2 Voigt Geometry

When an EM wave propagates through a magnetized medium in perpendicular

direction to M, the configuration is called the Voigt effect (or Cotton-Moutton

effect). This effect causes a change of ellipticity of an elliptically polarized light

propagating through the magnetized medium. The polarization component par-

allel with the magnetization is not affected by the field, while two perpendicular

components interact with it. As a result a difference in the refractive index ap-

pear
(

∆nV = ‖n‖ − n⊥‖
)

and therefore a magnetic linear birefringence (MLB) for

the two mutually perpendicular components. Light linearly polarized at an an-
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gle with respect to the magnetization becomes after the propagation through the

medium elliptically polarized.

Analogously to the Faraday rotation in a ferrite medium we can now study a

propagation of an EM wave in the transverse direction to the magnetization of a

ferrite. Let us consider a case when an infinite ferrite region is magnetized in x-

direction, transversely to the propagation direction. The permeability tensor for

magnetization in x- direction is given by:

¯̄µ =


µ 0 0

0 µ iκ

0 −iκ µ0

 . (2.139)

The E and H fields are in the form:

E = E0 exp (−iβz) (2.140a)

H = H0 exp (−iβz) (2.140b)

and considering the ¯̄µ components µ and κ and the curl equations in (2.121), the

components of the E and H fields can be expressed as:

−iβEx = −iω
(
µHy + iκHz

)
(2.141a)

iβEy = −iωµ0Hx (2.141b)

0 = −iω
(
−iκHy + µHz

)
(2.141c)

−iβHx = iωεEy (2.141d)

iβHy = iωεEx (2.141e)

0 = iωεEz (2.141f)

From Eqs. (2.141d) and (2.141e) we obtain relations between the transverse field
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components in the form:

Y =
Hy

Ex
= −Hx

Ey
=

ωε

β
. (2.142)

Now we use (2.142) for elimination of Hx and Hy components in (2.141a) and

(2.141b) and (2.141c) in (2.141a) what leads to the wave equation in the form:

β2Ey = ω2µ0εEy (2.143a)

µ
(

β2 −ω2µε
)

Ex = −ω2εκ2Ex. (2.143b)

This set of equations gives two particular solutions. First solution gives:

βo = ω
√

µ0ε, (2.144)

with Ex = 0. From (2.142) implies that Hy = 0 when Ex = 0 and from (2.141c)

implies that Hz = 0 when Hy = 0 and, therefore, the E and H fields are then in

the form:

E0 = ıyE0 exp (−iβoz) (2.145a)

H0 = −ıxE0Yo exp (−iβoz), (2.145b)

with the admittance:

Yo =
ωε

βo
=

√
ε

µ0
. (2.146)

This is a solution for an ordinary wave, since it is not affected by the magneti-

zation of the ferrite. It is caused by the fact that the magnetic field components

transverse to the magnetization direction are zero (Hz = Hy = 0). This wave

hence propagates either in +z or −z with the same propagation constant, inde-

pendently on H0. The second solution of (2.143) gives:

βe = ω
√

µeε, (2.147)
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where µe is the effective permeability in the form:

µe =
µ2 − κ2

µ
= µ− κ2

µ
, (2.148)

signifying a reciprocal propagation, since µe ∼ κ2. This is a solution for an ex-

traordinary wave, since it is affected by the magnetization of the ferrite. The

electric field of this wave is in the form:

Ee = ıxE0 exp (−iβez). (2.149)

From (2.141d) it implies that Hx = 0 when Ey = 0. The H field components Hz

and Hy can be found from Eqs. (2.141c) and (2.141e), respectively:

He = E0Ye

(
ıy + ız

iκ
µ

)
exp (−iβez), (2.150)

where:

Ye =
ωε

βe
=

√
ε

µe
. (2.151)

The proportionality to κ denotes, that the field component Hz is nonreciprocal.

These E and H fields creates a linearly polarized wave with a magnetic field

component in the propagation direction. The extraordinary wave has E and

H fields components perpendicular to the corresponding fields of the ordinary

wave. Therefore, for the here presented case, the ordinary wave with the prop-

agation constant βo is polarized in y-direction, whereas the extraordinary wave

with the propagation constant βe is polarized in the x-direction. The propaga-

tion constants depend here on the polarization direction and this effect is called

birefringence.

Both Faraday and Cotton-Mouton effects manifest themselves during prop-

agation of an EM wave through a magnetized (hexagonal) ferrite medium and

play therefore important roles in the magneto-optical material characterization

presented in the Chapter 3.
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2.5.4 Magneto-Optical Effects in Absorption

A difference in absorption coefficients for left- or right-circularly polarized EM

wave or in two perpendicular linear polarizations is called the magnetic circu-

lar dichroism (MCD) or the magnetic linear dichroism (MLD), respectively. MCD

changes an incident linear polarization into an elliptical one. The presence of

the MLD causes a rotation of the elliptically polarized wave by an angle. These

effects generally result in a change in the absorption spectrum of a magnetized

sample giving information about the band structure of crystals.

Besides the above presented MO effects which will be active during the com-

plete characterization of hexagonal ferrites in Chapter 3 and where TMOKE rep-

resents one of the key effect for the proposed isolating device, we also have to

introduce the extraordinary transmission effect caused by a presence of a metal

grating on the hexaferrite surface. This will be therefore described in the follow-

ing sections.
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2.6 Extraordinary Optical Transmission

Extraordinary optical transmission (EOT) is a phenomenon describing a trans-

mission of EM wave through an otherwise opaque (typically metallic) layer

which has been patterned by subwavelength motifs. This transmission is much

stronger than one would expect by considering typical ray optics effects or a phe-

nomena of a transmission through single apertures. Since the proposed isolating

device consists of a metallic grating deposited on the hexaferrite surface, it is im-

portant to study the conditions for proper obtaining of the EOT effect at THz

frequencies, and this creates the subject of this section.

The effect of EOT through sub-wavelength hole arrays was first described in

1998 by Ebbesen et al. [117] and since that time it has been studied intensively by

many authors [83, 118, 119]. The important characteristics of the EOT is a sharp

single peak (or a set of peaks) in the transmission spectrum and corresponding

sharp dip in the reflection spectrum, as displayed in Fig. 2.17. The interesting
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Figure 2.17: Zero-order transmittance (red) and reflectance (black) characterizing

an EOT in a periodically structured metal

feature of this effect is that such a transmission through a periodically patterned

layer can be as high as 100% which is much more than a transmission through a
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single hole with a size corresponding to the sum of all the sub-wavelength holes

sizes. This fact signifies that the perforated layer acts in the EOT more like an

active member which boosts the transmission process than like a mirror. Due to

intensive studies of a transmission through single apertures with various shapes

[120, 121, 122, 123, 124, 125, 126] a large difference in the optical response of one-

dimensional (1D) slits or two-dimensional (2D) rectangular patterns under TE-

or TM-polarized illumination was found. The EOT effect started to be therefore

linked with the excitation of surface plasmons (SPs) at corrugated metal surfaces

and coupling of incident EM radiation into them. This coupled state including

EM modes bound to the metal surface is known as surface plasmons polaritons

(SPPs) [127, 128, 129]. Later studies of periodic arrays of 1D slits confirmed the

fact, that the transmission resonances appear only for TM-polarized radiation (H

field parallel to the slits), because only the TM-polarized wave can be coupled

into the SPs [130]. In 1999, Porto et al. [131] showed that there exist two possible

ways of enhanced transmission of p-polarized light through a periodic array of

slits. The well-known coupling of EM wave to the surface modes (SPs) on both

sides of the grating (Fig. 2.18a) was supplemented by a coupling of the incident

EM wave with cavity resonances (also know as Fabry-Perot resonances) located

inside the slits (Fig. 2.18b). These two possible channels of the EOT and their

mutual mixing were studied in the following years in several publications with

various gratings parameters [132, 133, 134, 135, 136] and it became apparent that

the physics of the EOT is rich and complex [137].

After the description of the Fabry-Perot resonances for p-polarized wave, the

similar case for s-polarized incident wave was studied theoretically by Schouten

et al. [138]. Unlike the TM modes, these TE-polarized waveguide modes present

a cut-off at λc = 2a (a corresponds to the slit size). The resonances similar to

those found for p-polarized light appear in the spectrum when λ < λc. The

transmission process is therefore dominated by the existence of a cutoff wave-

length for TE-mode. For λ > λc and thick enough films, the transmission is in

this case strongly attenuated due to the evanescent character of the EM fields in-
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(a) Coupled SPPs

(b) Waveguide resonance

Figure 2.18: Two possible ways of transferring light from the upper surface to

the lower one: by the excitation of coupled SPPs on both surfaces of the metallic

grating or by the coupling of incident plane waves with waveguide resonances

located in the slits. [131]

side the slit [119]. This signifies that the TE polarization is unattractive in the

EOT phenomenon in the subwavelength regime for the 1D structures as was

also confirmed by a rigorous numerical analysis performed by Fiala and Richter

[139] who concluded that waveguide modes are responsible for energy transfer

through the 1D slits only for TM polarization. Another deep study of polarization

independent EOT in 1D gratings and its applications were presented by Course

[140].

Focusing now on the THz frequencies, one of the first experimental studies of

enhanced transmission properties of THz radiation pulses through 1D metallic

gratings was done by Xing et al. [141] followed by demonstrations of EOT of

THz radiation through gratings of subwavelength apertures structured in indium

antimonide (InSb) semiconductor [142, 143].

Two-dimensional grating structures have been however studied more in de-

tail since the first EOT demonstration given by Ebbesen et al. [117]. Already in the

same year Ghaemi et al. [144] studied 2D periodic array of holes and showed that
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the zero-order transmission spectra show well-defined maxima and minima of

which the positions are determined by the geometry of the hole array. It was con-

cluded that the maxima are the result of a resonant excitation of SPPs from both

surfaces of the metallic film, which indicated an anomalously strong coupling

between the two sides of the metal. Therefore, it meant that maximum transmis-

sion occurs for those frequencies for which the parallel component of the wave

vector of a SPP is equal to a wave vector of the 2D reciprocal lattice associated

with the geometry of the array. In a mathematical expression it means that the

transmission maxima satisfied the following condition:

kSPP = kx ± iGx ± jGz, (2.152)

where kSPP is the wave vector of the SPP, kx represents the parallel component of

the wave vector of the incident wave and Gx, Gz are the reciprocal lattice vectors

for the square lattice where |Gx| = |Gz| = 2π/Λ, Λ stands for the lattice period

and i, j ∈ Z. Eq. 2.152 is called the resonance condition and relates also the spectral

positions of the minima and maxima and the angle of incidence of the EM wave.

Moreover, the absence of an enhanced transmission in hole arrays fabricated in

Germanium films points to the importance of the metallic film. The confirmation

of the fact the EOT effect at periodic array of holes is caused by excitation of SPPs

at the metallic film interfaces was also later presented by Barnes et al. [145] and

Lalanne et al. [146]. In summary, we can classify two different approaches re-

sponsible for the EOT as their effect is dominant under little different conditions.

In the case when λ ≈ Λ, in other words, when wavelength of the incident EM

wave is comparable to the periodicity of the structure, it is believed, that the SPPs

are mainly responsible for the EOT. In the other case when λ� Λ, the resonances

result mostly from coupling between guided and grating modes given with the

Fabry-Perot resonance condition [147]. A complex description of different types

of resonances, changing their dominance and their mutual coupling by varying

the thickness of the metallic layer was presented by Roszkiewicz et al. [148]. It
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was therefore proven that by proper structuring the metal surface one can control

the EOT phenomena source.

2.6.1 Surface Plasmon Polaritons

Surface plasmon polaritons (SPPs) are electromagnetic waves propagating at an

interface between a dielectric and a conductor, typically a metal. They are evanes-

cently confined in the perpendicular direction to the interface and arise by cou-

pling of the EM wave represented by free photons to oscillations of the conduc-

tor’s electron plasma (free electrons) [127]. The term surface plasmon polariton thus

explains the hybrid coupled state of the charge motion in the metal (surface plas-

mons) and photons from EM waves in the air or dielectric.

As we could see in the previous paragraphs, a number of publications re-

ported the SPPs as the dominant responsible member for effect of EOT (together

with the FP resonances). We will now therefore focus more on the general prop-

erties of SPPs, the excitation and coupling mechanism and the possibility of their

presence and use at THz frequencies.

Surface waves were for the first time mathematically described already at the

turn of 19th and 20th century [149, 150] in the context of radio waves propagat-

ing along a surface of a conductor with finite conductivity. The propagation of

radio waves on the Earth surface was studied already in 1907 by Zenneck [150].

In 1902 Wood [151] observed anomalous intensity drops in spectra of visible light

reflecting from metallic gratings which were however not connected to the the-

oretical calculations before 1941 [152]. Ritchie in 1957 [153] predicted the exis-

tence of self-sustained collective excitations at metal surfaces during pioneering

treatment of characteristic energy losses of fast electrons passing through thin

metal films. The term surface plasmons was for the first time used by Stern and

Ferrel [154] who used it for observed surface collective excitations. First unified

description of SPPs was given by Kretschmann and Raether [155, 156] after suc-

cessful coupling of visible light into surface waves via a coupling prism. In the
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following decades, the plasmonics became to be a popular research area and sur-

face plasmons found use in high number of applications especially thank to the

development of nanotechnology and nanophotonics.

2.6.1.1 Drude model for dielecric constants of metals

In order to describe dielectric functions of metals one can use the well-known

Drude model which was originally proposed by Drude in 1900 [157, 158] for de-

scription of the transport properties of electrons in materials, particularly in met-

als. During development of THz technologies it was also proved that the Drude

model fits well for noble metals also at THz frequencies [159, 160].

For derivation of optical function of a metal we consider free valence electrons

in the metal which are not bound to a particular nucleus. For these free electrons

we can therefore express an equation of motion in the form:

me
dv
dt

+ meγv = −eE, (2.153)

where γ = 1
τ is the decay constant, τ the electron relaxation time and me =

9.109× 10−31 kg is the electron effective mass, e electron charge and v its speed.

The current density can be defined as:

j = −Nev, (2.154)

where N represents the electron density and after a substitution into the Eq.

(2.153) we obtain:
dj
dt

+ γj =
(

Ne2

me

)
E. (2.155)

Assuming a harmonic time-dependence of the applied electric field E =

E0 exp (iωt) and the conduction current density j = j0 exp (iωt), the equation

(2.155) takes the form:

iωj0 exp (iωt) + γj0 exp (iωt) =
(

Ne2

me

)
E0 exp (iωt). (2.156)
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This equation can be multiplied by exp (−iωt) giving then a simplified form:

(γ + iω) j =
(

Ne2

me

)
E (2.157)

and therefore:

j =

(
σ

1 + i ω
γ

)
E = σmE, (2.158)

where σm is the dynamic conductivity and σ = (Ne2)/(meγ) is the static conduc-

tivity, giving for static fields (ω = 0):

j =
(

Ne2

me

)
E = σE, (2.159)

The Eq. (2.158) denotes that at very low frequencies (ω � γ) the dynamic con-

ductivity acquires purely real values and hence the electrons are in a phase with

the electric field, whereas with increasing frequency the dynamic conductivity

becomes complex and the electrons react on the E field with a phase delay (ki-

netic inductance).

The wave equation for metals can be derived from the Maxwell’s equations

(2.7) considering j 6= 0 and P = 0:

∇2E =
1
c

∂2E
∂t2 +

1
c2ε0

∂j
∂t

. (2.160)

Substituting (2.158) into (2.160) this wave equation takes the form:

∇2E =
1
c

∂2E
∂t2 +

1
c2ε0

(
σ

1 + i ω
γ

)
∂E
∂t

, (2.161)

where the solution is in the form E = E0 exp [−i(k · r−ωt)], where:

k2 =
ω2

c2 − i

(
µ0σω

1 + i ω
γ

)
. (2.162)
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Then we can express the complex refractive index of a metal as:

n̂2 =
c2

ω2 k2 = 1− i

 µ0σc2

ω
(

1 + i ω
γ

)
 (2.163)

n̂2 = 1− γµ0σc2

ω2 − iωγ
(2.164)

n̂2 = 1−
ω2

p

ω2 − iωγ
, (2.165)

where ω2
p = µ0σγc2 is the plasma frequency. For high frequencies where (ω � γ)

the optical index can be simplified into:

n̂2 = 1−
ω2

p

ω2 (2.166)

and n̂ becomes pure imaginary when ω < ωp thus this implies that the EM wave

cannot propagate inside the metal and is in the direction perpendicular to the

interface exponentially decayed. When ω > ωp, n̂ is real and this implies that

metals are transparent to EM radiation only above the plasma frequency.

The plasma frequency is a frequency of the electron oscillation in a plasma

caused by its displacing from a uniform background of ions. When an electron is

moved out from its initial position by an element δx an electrostatic field will be

built up as a result of a charge separation, in the form:

E =
σ0

ε0
=

Ne (δx)
ε0

. (2.167)

The oscillation of the electron around its equilibrium position can be expressed as

δx = δx0 exp (iωpt). Considering a force acting on the electron and combining it

with Newton’s second law we obtain an equation of motion for the electron with

the effective mass me in the form:

me
d2 (δx)

dt2 = (−e) E (2.168)
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meω
2
p = −Ne2

ε0
(2.169)

with the plasma frequency ω2
p = Ne2/meε0.

2.6.1.2 SPPs at a planar interface

Let’s take a look first at the simplest geometry supporting the SPPs, which is a

planar interface between a dielectric half space (y > 0) characterized by a posi-

tive real part of the dielectric constant ε2 and conducting half space (y < 0) de-

scribed by a strongly dispersive dielectric function ε1 (ω), as shown in Fig. 2.19.

x

y

z
Dielectric

Metal1

2

Figure 2.19: Sketch of the geometry for SPPs propagation at a planar interface

between a metal and a dielectric medium.

The fields E and H in media (1) and (2) can be for TM polarization described

in the form:

for y > 0 E2 =
(
Ex2, Ey2, 0

)
exp

[
−i
(
kx2x + ky2y−ωt

)]
(2.170a)

H2 = (0, 0, Hz2) exp
[
−i
(
kx2x + ky2y−ωt

)]
(2.170b)

and:

for y < 0 E1 =
(
Ex1, Ey1, 0

)
exp

[
−i
(
kx1x− ky1y−ωt

)]
(2.171a)

H1 = (0, 0, Hz1) exp
[
−i
(
kx1x− ky1y−ωt

)]
. (2.171b)
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Analogously also for TE polarization in the form:

for y > 0 H2 =
(

Hx2, Hy2, 0
)

exp
[
−i
(
kx2x + ky2y−ωt

)]
(2.172a)

E2 = (0, 0, Ez2) exp
[
−i
(
kx2x + ky2y−ωt

)]
(2.172b)

and

for y < 0 H1 =
(

Hx1, Hy1, 0
)

exp
[
−i
(
kx1x− ky1y−ωt

)]
(2.173a)

E1 = (0, 0, Ez1) exp
[
−i
(
kx1x− ky1y−ωt

)]
(2.173b)

The E and H fields must fulfill boundary conditions (2.8) at the interface:

TM : Ex1 = Ex2, Hz1 = Hz2, ε1Ey1 = ε2Ey2 (2.174a)

TE : Hx1 = Hx2, Ez1 = Ez2, Hy1 = Hy2 (2.174b)

With use of Maxwell’s equations (2.7) we can for source-free dielectric medium

write:

∇×Hi =
εi∂Ei

∂t
, ∇× Ei = −

∂Hi

∂t
, (2.175)

where i = 1, 2 for metal and dielectric medium, respectively. Eq. (2.175) give for

TM polarization:

ky1Hz1 = ωε1Ex1 (2.176a)

−ky2Hz2 = ωε2Ex2 (2.176b)

and with taking into account the boundary conditions (2.174) we obtain:

ky1

ε1
+

ky2

ε2
= 0 (2.177)

which is a condition for existence of surface plasmons. Because ε2 > 0, Eq. (2.177)

gives a requirement for existence of SPs in the form <(ε1) < 0 which is for metals

accomplished below their plasma frequency ωp. This condition denotes that the
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surface waves can exist only at interfaces between materials with opposite sign

of real parts of the permittivity. Further we can for any EM wave write:

k2 = εi

(ω

c

)2
= k2

x + k2
yi (2.178)

and combining (2.177) and (2.178) we obtain:

ε2
1

ε2
2
=

k2
x − ε1

(
ω
c
)2

k2
x − ε2

(
ω
c
)2 (2.179a)

k2
x

(
ε2

2 − ε2
1

)
=
(ω

c

)2 (
ε1ε2

2 − ε2
1ε2

)
(2.179b)

β = kx =
ω

c

√
ε1ε2

ε1 + ε2
. (2.179c)

where (2.179c) is the dispersion relation of propagating SPPs at the planar inter-

face [129]. The strongest localization and accompanying field enhancement at

the interface is in the case when β > nk0, where n is the refractive index of the

dielectric. Analogously for TE polarization Eq. (2.175) give:

ky1Ez1 = −ωHx1 (2.180a)

ky2Ez2 = ωHx2 (2.180b)

a from the boundary conditions implies condition:

ky1 + ky2 = 0. (2.181)

which doesn’t have any real solution. Therefore, no real solution exists for the

TE modes, signifying that SPPs at the planar interface can exist only for the p-

polarization (TM modes).
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2.6.1.3 Excitation of SPPs and coupling mechanisms

Fig. 2.20 shows a dispersion relation of a metal/dielectric system with a dielectric

function of the metal described by Drude model when ω > ωp:

ε1 (ω) = 1−
ω2

p

ω2 . (2.182)

As we can see, excitations of SPPs corresponds to the part of dispersion curve

below the light line of air. Therefore, if an EM wave hit this metal surface at

an angle φ0, the external radiation dispersion line will never intersect the SPPs

line. In other words, the projection along the interface of the photons momentum

kx = k sin φ0 to the surface normal will be always smaller than the propagation

constant β of the SPPs. Hence, at perfectly flat surfaces the SPs are always non-

k
x

=ckx

light line

p

sp

SPPs

Figure 2.20: Dispersion relation of a system metal/dielectric with dielectric func-

tion of the metal described by Drude model. Upper line corresponds to the dis-

persion of light in the solid and the lower line to the SPPs.

radiative, meaning that they do not couple with an incident EM wave and it is

necessary to find a suitable way for proper coupling. This is required for success-

ful excitation of SPPs. Combination of Eqs. (2.179c) and (2.182) gives dispersion



2.6. Extraordinary Optical Transmission 91

relation for a metal described by Drude model in the form:

kx =
ω

c

√√√√ (
ω2 −ω2

p

)
ε2

ω2 (1 + ε2)−ω2
p

. (2.183)

For small wave vectors at low frequencies, the propagation constant of SPPs is

close to the light line and the waves extend over many wavelengths into the di-

electric space. The SPPs in this range are known as Sommerfeld-Zenneck waves

[161] acquiring the nature of a grazing-incidence light field [129] with:

kx ≈
ω

c
√

ε2. (2.184)

For large wave vectors kx → ∞ we obtain <(ε1) → −ε2 and therefore from the

Drude metal permittivity description given by Eq. (2.182) it is possible to show

that the SPPs approach the characteristic frequency of surface plasmons:

−ε2 = 1−
ω2

p

ω2 (2.185a)

ω2
p

ω2 = 1 + ε2 (2.185b)

ω = ωsp =
ωp√
1 + ε2

. (2.185c)

Due to the hybrid optical-electronic nature of SPPs, we can distinguish two main

branches of excitation schemes: by photon coupling or by electron coupling. The

electron coupling including methods of fast electron coupling [162, 163, 164],

electron tunneling [165, 166] and hot electron coupling [167] are using electrons

with specific energy for generation of bulk and surface plasmons. The well-used

technique is a combination of the electron tunneling with the near-field scanning

optical microscopy (NSOM) [168].

We are however primarily interested in techniques of coupling incident pho-

tons into the surface plasmons. There exist several methods for compensa-

tion of the momentum mismatch between SPPs and free-propagating photons
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(phase-matching), e.g. excitation upon charged particle impact, highly-focused

beam, near-field, end-fire or step-gap leakage coupling [129, 168]. The well-know

Kretschmann [155] and Otto [169] configurations are examples of a prism cou-

pling based on an increasing of optical index (permittivity) of a media from which

the photons are coming. Thus the metal will have in this case an in-plane mo-

mentum kx = k
√

ε sin φ0 which is now sufficient for SPPs excitation at the metal-

dielectric interface (as displayed in Fig. 2.21)

k
x

=ckx

light line

p

sp

SPPs

photons in

dielectric

Figure 2.21: Prism (dielectric) provides a phase-matching technique. The excited

propagation constants are within the prism light cone (red)

Another way how to overcome the mismatch between in-plane momentum

of incident photons and SPPs’ propagation constant β is by use of gratings on

metal surfaces. In the case of a 1D grating with periodicity Λ, as shown in Fig.

2.22, the reciprocal vector G = 2π/Λ gives the necessary momentum for excita-

tion of SPPs. Therefore, the coupling is effective when the following condition is

accomplished:

β = k sin φ0 ± nG, (2.186)

where n = (1, 2, 3 . . .). It corresponds to the multiplication of the dispersion

curves by grating vectors as displayed in Fig. 2.23.
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Λ

k

kll

Figure 2.22: Coupling of light into the SPs using a grating mechanism

k
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Figure 2.23: Phase-matching technique via a coupling grating on the surface of a

metal

From the point of view of SPPs propagating along a surface modulated with a

grating the SPPs can couple to light and become radiative. The same effect can be

also obtained on metallic layers with a random surface roughness which will then

represent an irregular grating. This mechanism of SPPs excitation via the metallic

gratings explains the above described EOT effect through sub-wavelength peri-

odic apertures (Section 2.6) both for 1D or 2D structures. The presence of SPPs

is therefore denoted as a dip in a measured reflection spectrum or a peak in a

transmission spectrum (Fig. 2.17).
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2.6.2 Surface Plasmons Polaritons in THz Range

The confinement of EM field by SPPs to the interface between a metal and a di-

electric is obtained in the range where the frequency of the EM wave is close

to the intrinsic plasma frequency of the metal. Since most of the metals have

this plasma frequency in the visible or ultraviolet range, the cardinal part of plas-

monic applications is usually limited to these spectral bands. The most important

metals for plasmonic structures like gold or silver are in the frequencies up to

the visible range highly reflective and thus no EM wave can propagate through

them. This means no E-field component parallel to the surface can exist. As

is obvious from the dispersion relation (Fig. 2.20), the SPPs have in lower fre-

quencies a nature of grazing-incidence light field and the decrease of the prop-

agation constant (β ≈ nk0) means that the confinement of EM wave to the in-

terface is not preserved anymore and the field localization disappears. This is

caused by the fact that metals have in these low frequencies, particularly in THz,

a large negative real part and a large negative imaginary part of permittivity(
‖ε‖ ≈ 105 − 106), and hence they are represented by a perfect electric conductor

(PEC) approximation of infinite conductivity. Generally, the existence of SPPs at

a plain metal/dielectric interface is not supported in the THz range. One solution

how to successfully excite the SPPs is the use of highly doped semiconductors,

e.g. InSb or InAs which can have their plasma frequency in mid-infrared (MIR)

or FIR range and therefore support the SPPs at lower frequencies [129, 142, 170].

Another solution was presented by Pendry et al. [82] and Garcia-Vidal et al.

[83] who showed that it is possible to obtain bound EM surface waves even at low

frequencies by periodically structuring the metal surface. Such a structured sur-

face significantly slows down the group velocity of SPs and brings the frequency

of SPs into the THz range. These SPPs-like surface waves have been named spoof

plasmons or designer plasmons and can exist for PEC as well. The explanation lies

in the fact, that a medium periodically structured by sub-wavelengths motifs op-

tically behaves in the long wavelength limit as an effective medium which can
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be described by an effective permittivity (and permeability) with the plasma fre-

quency ωp determined only by the structural parameters. Therefore by proper

structuring of the metal surface it is possible to obtain highly confined surface

waves due to the finite penetration of the field into the effective surface layer,

as shown in Fig. 2.24a. In the case of 1D periodic structure the characteristic

(a) 1D structured surface of PEC (b) Dispersion diagram

Figure 2.24: 1D structured surface of PEC for spoof SPPs with a distribution of E

field and corresponding schematic dispersion diagram for THz spoof SPPs [170].

frequency of SPs acquires the form [83]:

ωsp =
πc
2d

, (2.187)

corresponding to

d =
λ

4
, (2.188)

where d stands for the groove depth. Eq (2.187) corresponds to the standing wave

along the depth of the grooves providing the phase accumulation during each

roundtrip. Consequently, the accumulation of energy in the cavity for ω close to

the asymptotic frequency ωp leads to the small group velocity.

As is drawn in Fig. 2.24b, the dispersion curve of the spoof SPPs can be

controlled via structural parameters in such a way that the required inequality

β � nko signifying confined SPPs at THz frequencies are obtained. Success-
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ful confinement of THz spoof SPPs at different 1D periodic metallic structures

was presented also by other authors [171, 172]. Another structure presented by

Pendry included 2D square holes of a size a in the metal with a periodicity d (Fig.

2.25). Here the characteristic plasma frequency takes the form [82]:

Figure 2.25: Model system for spoof SPPs excitation including a× a square holes

with a periodicity d in a PEC [82].

ωp =
πc

a
√

εhµh
, (2.189)

where εh and µh represent the permittivity and permeability of a material fill-

ing the square holes, respectively. This frequency corresponds also to the cut-off

frequency of a square metallic waveguide of a size a (λn = 2a). It means that

all SPPs modes with frequencies higher than ωsp will couple into the waveg-

uide modes. Also here, the dispersion curve of the spoof SPPs can be con-

trolled via the parameters of the 2D structure as shown also in other publications

[87, 173, 174, 175].

2.6.3 Surface Plasmon Polaritons for TE-polarized Wave

In the Section 2.6.1.2 we saw that it is not possible to excite SPPs at ordinary

planar metal/dielectric interface by s-polarized EM wave. It is caused by the fact
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that there is no real solution of Eq. (2.181) for TE modes due to the different

boundary conditions for TE and TM polarizations. The similar fact stays for

the metallic surface patterned by 1D periodic structure. Hence, in order to be

able to excite the SPPs with TE-polarized wave, some authors started to work

with modified structures. Moreno et al. [176] showed that by adding of a thin

dielectric layer on the metal interface patterned by 1D structure it is possible to

create a surface wave that enables the EOT for the TE-polarized wave, however

without the presence of SPPs. Similar effect was observed also by Chen et al.

[177]. In 2012 Constant et al. [178] demonstrated successful excitation of SPPs

(a) A sketch of the zigzag grating

(b) Reflectivity

Figure 2.26: The coordinate system of a zig-zag grating. Inset: A scanning elec-

tron micrograph of a replicated zig-zag surface in a polymer. Specular reflectivity

of TE (black) and TM (red) polarized light as a function of polar angle, θ, with a

wavelength of 632.8 nm, φ = 0◦. Circles: recorded data with error bars of 1%, line:

fitted numerical model [178].

for TE-polarized visible light on so called zig-zag silver grating. This structure,

as shown in Fig. 2.26a, supports SPPs propagating in the diffraction plane only

for TE polarization and for TM polarization the excitation of SPPs is forbidden by
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the grating’s broken-mirror symmetry (confirmed by the reflectivity spectrum in

Fig. 2.26b).

The importance of introducing the second dimension of the grating for pos-

sible SPPs excitation with TE-polarized EM radiation was confirmed by Feng et

al. [179] who presented pure TE-to-plasmon coupling with a designer plasmonic

metamaterial as shown in Fig. 2.27. The TE-polarized plane wave is coming

Figure 2.27: Schematic of enhanced pure TE-to-plasmon coupling with the de-

signer plasmonic metamaterial as presented by Feng et al. [179].

from a glass substrate with the incident plane as the diagonal cross-section of the

metamaterial slab and excites SPPs at the air/metamaterial interface. The FEM

simulations show strong field confinement on the surface and exponentially de-

caying fields into the air, associated with the TE mode (Fig. 2.28). Although the

polarization of the incident field is pure TE, the excited surface mode is almost

entirely TM-polarized, as Ez and the magnetic field transverse to the direction

of propagation H⊥ are strongly dominant. This tilting of 1D periodic structure

with respect to the incident polarization plane corresponds to an artificial intro-

duction of 2nd dimension of periodicity of the structure, similarly as was done

by the zigzag grating in the previous example. In the recent years Yahiaoui et

al. [94] and Bhattarai et al. [89] (Fig. 2.29) presented 2D plasmonic structures

for operation at THz frequencies. These structures including circular-hole arrays

and supporting excitation of spoof SPPs are insensitive to the polarization of an
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Figure 2.28: FEM simulations of the excited surface mode. (a) Field distributions

of Ez in the diagonal cross-section and x − y plane, respectively. (b) Field map-

ping of the in-plane magnetic field component transverse to ksp, H⊥ (TM compo-

nent). (c) Field mapping of the in-plane magnetic field component parallel to ksp,

H‖ (TE component), showing TM characteristics associated with designer SPPs.

[179].

incident wave due to their rotational symmetry. The above presented examples

confirm the possibility of excitation of spoof SPPs in THz range with incident

purely TE-polarized EM radiation, as shown in Fig. 2.30.
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Figure 2.29: (a) Schematic layout and (b) SEM image of metallic hole-array which

consists of perforated gold layer on a fused silica substrate. (c) and (d): Config-

urations of (c) TE wave and (d) TM wave, where θ and φ denote the polar and

azimuthal angle for incident wave vector k, respectively [89].

Figure 2.30: Transmission spectra for normally incident TE wave [89].
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2.7 Conclusion of the Chapter

This chapter summarizes the theory used in the following chapters of the thesis.

In the first part we presented properties of THz radiation and Time-domain spec-

troscopy. This was followed by description of the constitutive relations and ma-

terial properties important for all the research. Light polarization and Jones cal-

culus required for description of polarization evolution within the measurement

system. Magneto-optical effects with a focus on TMOKE, Faraday and Cotton-

Moutton effects were described subsequently, together with derivation of eigen-

modes for each of these effects. The chapter ended by the description of EOT

effect, surface plasmons polaritons and their possible existence for s-polarization

in THz range. We have seen that even at THz frequencies when metals almost

acquire properties of PEC and therefore do not support propagation of SPPs, by

proper structuring of their surface it is possible to excite bound surface waves -

spoof SPPs which can play an important role in EOT. Moreover, if the structure

contains 2nd dimension of periodicity, even s-polarized radiation can be coupled

with the excited designer plasmons.
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In this chapter we focus primarily on material parameters of hexagonal fer-

rites. Precise knowledge of material parameters is crucial for the following de-

sign and simulations of the proposed THz isolator as the hexaferrites seem to be

ideal candidates for the use as the substrate material.

The first part of the chapter is devoted to their general anisotropy and crystal

properties, description of the crystal lattice structure and the source of their high
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magnetocrystalline anisotropy energy. We studied the surface quality of different

hexaferrites by SEM and AFM techniques as well as the extreme difference in the

remanent magnetization among the samples. The origin of permeability tenso-

rial components is presented afterwards. Next part is devoted to the free-space

characterization of different crystalline and ceramic hexaferrites. We present an

original technique of removing all unwanted Fabry-Perot fringes in the quasi-

optical measurement setup. This free-space characterization of non-magnetized

samples is followed by a full-tensor characterization of hexaferrite ceramics, as

an ideal candidate for THz NRD. The obtained gyrotropic spectra allow to calcu-

late the specific Faraday rotation and the required thickness for use in a Faraday

isolator. The last part of the chapter is devoted to the Faraday isolation measure-

ment in a quasi-optical setup in mm-wave range showing a strong isolation even

far from the FMR frequency of the material.

3.1 General properties

Magnetic materials have been for already very long time widely used in a high

number of applications at microwave frequencies [34, 61, 180]. A growing

research interest in sub-millimeter (sub-mm) and millimeter-wave (mm-wave)

range has increased a demand for fabrication of novel materials with improved

properties active in these higher ranges. Nowadays, we can distinguish sev-

eral groups of magnetic compounds with strong magnetic properties which

have found application close to THz frequencies: ferrimagnetic compounds,

anisotropic ferrites with hexagonal structure and anisotropic anti-ferromagnetic

materials, all of these having their unique internal properties for possible sub-mm

and mm-wave applications. These properties generally depend on the crystal

structure, presence and location of metallic ions in the structure and their char-

acteristics and mutual interactions. The interaction of these magnetic materials

with propagating EM wave can be described with use of the magnetic suscepti-

bility (Eq. 2.26) coming from spin properties of electrons in the structure. Ferrite
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materials, based on iron oxide, have been used primarily for signal processing

and control functions such as strong absorbers or EM shielding materials close

to their natural magnetic resonance or above and below this range as low-loss

NRD due to their intrinsic magnetism. Their low values of anisotropy fields

caused by highly symmetric cubic structures suppress their gyrotropic proper-

ties above 100 GHz and hence preclude their real application at higher frequen-

cies. However, later created ferrites with hexagonal crystal structure with signif-

icantly higher magnetocrystalline anisotropy energies offer possibilities of appli-

cations up to sub-mm-wave range due to the increased values of natural ferro-

magnetic resonance (FMR), as summarized in some high-quality review publica-

tions [62, 63, 64, 69, 181]. Nowadays, their common applications are as permanent

magnets, magnetic recording or data storage materials.

3.1.1 Anisotropy and Crystal Structure

Gyrotropic hexagonal ferrites are formed by iron, oxygen and one or more other

elements, which could be barium, strontium, cobalt, or a combination of these

creating a characteristic foliate structure. This hexagonal structure is similar to

the structure of magnetic mineral magnetoplumbite, as shown in Fig. 3.1, which

was initially described already in 1925 by Aminoff [182]. Depending on their

chemical composition and the stochiometry of the metal and oxygen, they are

divided into several groups marked by a capital letter, from which the M-type

(such as BaFe12O19 - BaM ferrite or SrFe12O19 - SrM ferrite) are the most known

and used and form about 50% of the global manufactured amount of magnetic

materials. All of the hexaferrites have complex crystal structures forming close-

packed hexagonal crystal lattice (Fig. 3.2a) with two characteristic lattice param-

eters - the width of the hexagonal plane a and the height of the lattice c. The ratio

of the height to width of M-type barium hexaferrite unit cell, which contains an

amount of total 64 atoms, is 3.94, signifying a large crystalline anisotropy. They

also have high magnetocrystalline anisotropy energy coming from size differ-
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Figure 3.1: Magnetoplumbite structure of BaFe12O19 hexaferrite. Different

colours represent different atoms: red: O, blue: Fe, green: Ba

ences of ions in the lattice, dipole-dipole interactions and single ion anisotropy.

These crystal properties enable the preparation of grain oriented samples with

preferred direction of magnetization.

Magnetocrystalline anisotropy energy of all magnetic materials causes a ten-

dency of the magnetic moment vector to strongly prefer to be oriented along some

particular crystallographic directions. Hence, if no other forces on the magnetic

moment are present, it will be aligned in the preferred crystallographic direc-

tion and it can be only moved out of this direction at the expense of the high

anisotropy energy. The anisotropy energy for hexaferrite can be expressed as:

Ek = K0 + K1 sin2 θ + K2 sin4 θ + . . . , (3.1)

where K0 represents the energy to magnetize the easy axis, K1 and K2 are the

anisotropy constants and θ stands for the angle between crystal’s c-axis and mag-

netization vector M. Because the anisotropy field HA is proportional to the K1, the

larger value of this constant denotes the large crystalline anisotropy in uniaxial

hexaferrites. This is caused by the spin of iron atoms in the structure. Conse-
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quently, the stiffness with which the M is bound to its preferred direction can be

defined as:

S =

(
∂2Ek
∂θ2

)
θ=0

. (3.2)

The hexaferrites can be according their crystallographic and magnetic prop-

erties generally divided into two groups - uniaxial or planar, also known as fer-

roxplana hexaferrites, as displayed in Fig. 3.2b. The largest part of used hexa-

ferrites have preferred axis of magnetization along c-axis of crystals. The planar

materials have the preferred direction of M in the basal plane perpendicular to

the c-axis. Figure 3.3 show studied barium and strontium crystalline hexafer-

(a) Hexagonal crystal lattice

Uniaxial anisotropy

Planar anisotropy

c-axis

HAn

HAn

(b) Hexagonal anisotropy

Figure 3.2: Hexagonal crystal lattice and its sheets showing uniaxial and planar

anisotropy, HA denotes the possible anisotropy field direction

rites (BaFe12O19, SrFe12O19) grown by the technique of spontaneous germination

from a high temperature solution [183] and two types of ceramic strontium hex-

aferrites SrFe12O19 with commercial labels FB6H and FB6N [184] prepared by

a wet molding and sintering process. The foliate structure of the monocrystals

produces step-like artefacts at the surfaces, making the preparation of a smooth

surface for consecutive applications very difficult. This holds particularly for self-
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Figure 3.3: Measured samples. From left: crystalline BaFe12O19, crystalline

SrFe12O19, FB6H ceramic, FB6N ceramic.

grown crystalline samples, as displayed in scanning electron microscopy (SEM)

pictures (Fig. 3.4). Because the surface quality is critical for later deposition of a

metal plasmonic grating, it is important to prepare the hexaferrite with as mini-

mal surface roughness as possible. Luckily, a preparation of hexaferrite ceramics

can lead to significantly better surface quality, which can be even improved by

subsequent polishing. Figure 3.5 shows pictures from atomic force microscopy

(AFM) of FB6N ceramics’ surface after different polishing techniques (by water,

by Al2O3 (alumina) paste and by diamond paste). From measured surface rough-

ness values it is possible to conclude that the best surface quality can be obtained

with polishing by alumina paste (Rq = 14.7 nm) and surprisingly not as good

surface was produced by diamond paste polishing (Rq = 72.2 nm), signifying

that the used diamond paste contained too hard particles which created other

artificial scratches on the polished surface.

All anisotropy and crystal properties presented here already give a first indi-

cation about the possible usefulness of different hexaferrites as substrate mate-

rial for designed THz NRD. Hexaferrites with planar anisotropy have magnetic

moments strongly confined to the plane, however these can be easily switched

around in the crystal plane and therefore the total magnetization may be switched

even with small driving fields. Since the precise and stable orientation of the mag-

netization is crucial for functionality of our device, the uniaxial hexaferrites seem

to provide better control of this property. Another important characteristics is
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Figure 3.4: SEM pictures of the crystalline hexaferrite BaFe12O19 showing step-

like artefacts and surface roughness
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(a) Polished by water (b) Polished by water - 3D view

(c) Polished by diamond paste (d) Polished by diamond paste - 3D view

(e) Polished by Al2O3 paste (f) Polished by Al2O3 paste - 3D view

Figure 3.5: AFM pictures of FB6N ceramics after three polishing techniques
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the surface quality. Any control of the surface quality of self-grown crystalline

hexaferrites is very difficult as well as a subsequent surface polishing due to the

characteristic foliate structure. On the other hand, ceramic materials, whose con-

trolled preparation enable production of samples with sub-micron surface rough-

ness, are usually commercially available in bulk shapes, which must be processed

by a sufficient cutting technique into thin plates. After trying of several cutting

techniques we found out that the best way for cutting of a hexaferrite ceramics

is a micro-water beam cutting technique. With this water-cutting one is able to

prepare samples with thickness of 1–2 mm which is a thickness required for a

subsequent deposition of metal structure on the surface by a lithographic pro-

cess. However all of these materials are very brittle and hence it is very difficult

to prepare samples with a high surface/thickness ratio. From all of these facts

we can therefore conclude that uniaxial hexaferrite ceramics seem to be the best

candidates for substrate materials, however a complete material characterization

is yet important for confirmation of this statement.

3.1.2 Magnetic Properties

The gyrotropy in these materials is created by gyromagnetic effects when the

saturation magnetization vector precesses nonreciprocally at Larmor frequency

ω0 = µ0γH0, where γ = 2π × 28 rad GHz T−1, around hexaferrites’ internal mag-

netic field H0 = HA + Hext + Hd. This includes the internal anisotropy field HA

keeping the magnetization along certain crystallographic directions, the exter-

nal applied field Hext and the demagnetization field Hd expressing an anisotropy

caused by a material shape. Due to their high magnetic anisotropy field (up to

20 kOe = 2 T, 1000 times higher than classical microwave ferrites with cubic spinel

structure [62, 69]), the hexaferrites can have strong gyromagnetic properties well

into THz range. The magnetic properties of this material are influenced by pres-

ence of magnetic dipole moments arising mainly from spins of electrons. Some

of them are unpaired (more left- or right-handed spins) and an applied external
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magnetic field can align them in the same direction. This alignment will produce

a large total magnetic moment of the material. Due to the presence of exchange

forces these spins stay well oriented even when the external field is removed,

therefore the material stays permanently magnetized. A hexaferrite with a high

coercitive field Hc, which is the field required in reverse direction to decrease the

total magnetization back to zero, is known as hard ferrite. This material usually

has a large value of remanent magnetization Mr approaching 50% of the satu-

ration magnetization value Ms with partially oriented dipole moments and as

much as 100% with oriented ones. This high Mr causes a wide, square-shaped

hysteresis curve, therefore these hexaferrites are also sometimes known as square

ferrites.

On the other hand, soft ferrites have very narrow hysteresis curve, because

even a low applied field can reduce its magnetization to zero. This corresponds to

a coercivity which is a strength of the field which must be applied in the opposite

direction to the total material magnetization for driving it to zero. This is typically

the case for cubic spinel ferrites used in microwave explaining why an external

magnet is generally needed for NRD.

3.1.2.1 Hysteresis curve measurement

We measured the hysteresis curves of both types of M-hexaferrites - crystalline

(Fig. 3.7a) and ceramic (Fig. 3.7b) in parallel and perpendicular directions to the

c-axis by vibrating sample magnetometry (VSM). A schematic representation of

a typical VSM system is shown in Fig. 3.6. It is used to measure the magnetic

properties of materials as a function of magnetic field, temperature, and time. A

sample is placed within suitably placed sensing coils, and is made to undergo si-

nusoidal motion, i.e. mechanically vibrated. The resulting magnetic flux changes

induce a voltage in the sensing coils that is proportional to the magnetic moment

of the sample. The hysteresis curve is obtained by sweeping the applied mag-

netic field. From Fig. 3.7 it is apparent that the ceramics belongs to the hard fer-

rite with square-shaped hysteresis. High coercivity is given by a high crystalline
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Figure 3.6: Schematic representation of a typical vibrating sample magnetometer
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Figure 3.7: Hysteresis curves of hexaferrites measured by VSM with magnetic

field applied in parallel and perpendicular directions of samples. The inset in (a)

shows a detail of the central point of the plot.

anisotropy, for example for Sr ceramics the anisotropy constant K1 > 3000 and

K2 ≈ 0 (Eq. 3.1) which make the ceramics suitable candidates for permanent mag-

net operation, while crystals show almost zero remanent magnetization. This is

probably caused by a complicated domain structure, as was reported by Jalli et al.

[185] and shown in Fig. 3.8, in which magnetic domains are generally randomly

oriented and become well-oriented only when high external magnetic field is ap-
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plied. This confirms the main difference between hexaferrite ceramics and single

Figure 3.8: Sketch of the domain patterns on the basal plane and the prism plane

of a bulk BaM single crystal [185]

crystals [63] in magnetic properties, which is very important for their applications

and which can be therefore controlled via the method of their preparation [186].

A variation of magnetic properties is also apparent in different crystallographic

directions. The magnetization is saturated more quickly and at lower applied

field in the direction of the easy axis than in the perpendicular direction.

3.1.2.2 Permeability Tensor

In this section we will focus on the microscopic behavior of a ferrimagnetic ma-

terial and its interaction with a signal in order to derive the permeability tensor.

This macroscopic description of hexaferrites will be later used to analyze wave

propagation through a sample and therefore to determination of anisotropic and

gyrotropic material properties. The magnetic dipole moment of an electron due

its spin is in the form:

m =
e}

2me
= 9.27× 10−27 J T−1, (3.3)

where } is the reduced Planck’s constant (Eq. 2.2), e the charge of the electron and

me stays for the electron mass. The electron has a spin angular momentum which
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is given in terms of Planck’s constant as:

s =
}
2

. (3.4)

The vector direction of this momentum is opposite to the magnetic dipole mo-

z

H0 M

T

Hac

s

�

spinning

electron

Figure 3.9: Spin magnetic dipole moment and angular momentum vectors for

electron precessing around a static magnetic field H0

ment, as shown in Fig. 3.9. The ratio between the magnetic dipole moment and

the spin angular momentum is called gyromagnetic ratio and is expressed as:

γ =
m
s
=

e
me

= 1.76× 1011 rad s−1 T−1, (3.5)

and in a vector form we can write:

m = −γs. (3.6)
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Now we have to consider a torque exerted on the magnetic dipole by the mag-

netic field H0 = ızH0:

T = µ0m×H0 = −µ0γs×H0, (3.7)

which is equal to the rate of a change of the angular momentum:

T =
ds
dt

=
−1
γ

dm
dt

= µ0m×H0. (3.8)

When the material has been saturated by a sufficiently strong magnetic field, the

vector of a total magnetization is given as:

M = Nm, (3.9)

where N denotes the number of unbalanced electron spins (magnetic dipoles) per

unit volume. The macroscopic equation of motion of the magnetization vector

can be therefore obtained with use of Eq. (3.8):

dM
dt

= −µ0γM×H, (3.10)

where H is the sum of all fields acting upon the magnetization, including the bias

field H0 and interacting RF field Hac causing a forced precession of the dipole

moments around the H0ız, where ız represents the unit vector in the z-direction:

H = H0ız + Hac. (3.11)

This applied field will result in the total magnetization in the material:

M = Msız + Mac, (3.12)

where Ms is the DC saturation magnetization and Mac is the AC magnetization

(in the x-y plane). Substituting Eqs. (3.11) and (3.12) into the Eq. (3.10) and
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considering
dMs

dt
= 0, (3.13)

we obtain

− dMac

dt
= µ0γ (Msız ×Hac + Mac × H0ız) . (3.14)

where all MacHac products have been neglected because magnitudes of the

AC components are much smaller than magnitudes of the DC components

(|Hac| � H0), and therefore |Mac| |Hac| � |Mac|H0 and |Mac| |Hac| � Ms |Hac|.

Now we assume that the AC field and AC magnetization have a harmonic de-

pendence on time, exp (iωt), and hence the components of Eq. (3.14) (when

Mi = Mac,i, i = x, y, z) acquires the following form:

iωMx = −ω0My + ωmHy (3.15)

iωMy = ω0Mx −ωmHx (3.16)

iωMz = 0, (3.17)

where

ω0 = µ0γH0, ωm = µ0γMs (3.18)

and ω0 is called the Larmor ferromagnetic resonance (FMR) frequency defining

the precession frequency of the dipole moments and ωm represents the magneti-

zation frequency. By solving (3.15) and (3.16) for Mx, My we obtain set of equa-

tions:

(
ω2

0 −ω2
)

Mx = ω0ωmHx + iωωmHy (3.19)(
ω2

0 −ω2
)

My = −iωωmHx + iω0ωmHy (3.20)
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showing the linear relationship between Hac and Mac. This set can be written

with use of a tensor form of magnetic susceptibility (2.26) ¯̄χm:

Mac = ¯̄χmHac =


χxx χxy 0

χyx χyy 0

0 0 0




Hx

Hy

Hz

 , (3.21)

where the elements of ¯̄χm have the following form:

χxx = χyy =
ω0ωm

ω2
0 −ω2

, (3.22)

χxy = −χyx =
iωωm

ω2
0 −ω2

. (3.23)

The permeability tensor (2.19) can be now derived with use of relation between

B and H (2.27):

B = µ0 (H + M) = ¯̄µH, (3.24)

where the ¯̄µ, described by Polder [187], has (for the z-bias field) this form:

¯̄µ =


µ iκ 0

−iκ µ 0

0 0 µ0

 , (3.25)

and the elements of the tensor are given by:

µ = µ0 (1 + χxx) = µ0
(
1 + χyy

)
= µ0

(
1 +

ω0ωm

ω2
0 −ω2

)
, (3.26)

κ = −iµ0χxy = iµ0χyx = µ0
ωωm

ω2
0 −ω2

. (3.27)

As we can see, the permeability tensor has the anti-symmetric form, and hence,

any material having this form of permeability is called gyrotropic. This property is

required for designing of nonreciprocal devices, because the unequal off-diagonal

elements of the tensor are responsible for nonreciprocal effects.
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A comment about losses must be given as well. Here we presented an ideal

model of FMR without any losses associated with the dipole motion included.

However, in real ferrimagnetic materials there exist also damping forces that are

responsible for damping out of the precession motion of dipole moments and

hence cause a relaxation of magnetization back to the steady-state equilibrium.

Consideration of these losses will introduce a damping term into the equation of

motion, as was presented in the Landau-Lifshitz [188] form:

dM
dt

= −µ0γ (M×H)− µ0

τM2 [M× (M×H)] , (3.28)

where τ is the relaxation time. Considering the fact, that damping should act not

only to the precession motion, but also to the motion induced by the second term

in Eq. (3.28), this equation can be written in a more generalized form, presented

by Gilbert [189]:

dM
dt

= −µ0γ∗ (M×H) +
α

M

(
M× dM

dt

)
, (3.29)

where α = 1/(γτM) is the damping parameter and γ∗ = γ(1 + α2). Solving Eq.

(3.29) analogously to Eq. (3.10) one can find that FMR frequency ω0 acquires the

complex form ω0 → ω0 + iαω leading to the complex susceptibilities:

χxx = <(χxx)− i=(χxx) (3.30a)

χxy = <
(
χxy
)
− i=

(
χxy
)

(3.30b)

including the losses. Moreover, the resonance frequency ω0 is in a real sample in-

fluenced also by other loss mechanisms associated with demagnetization caused

by finite sample dimensions, magnetic anisotropy, and crystalline imperfections

(polycrystalline structure). Magnetic losses caused by an imaginary part of per-

meability are however strongest close to the FMR frequency and for a typical

Sr-hexaferrite become negligible above 100 GHz, as presented by Kocharyan et al.

[190] and shown in Fig. 3.10.
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Figure 3.10: Imaginary part of permeability in a non-oriented Sr-hexaferrite ce-

ramics, as presented in [190]

The above introduced gyromagnetic effects are the origin of the permeability

tensor and its unequal off-diagonal elements. These are responsible for NR be-

havior of hexaferrites, which is going to be studied in the following sections, and

these processes manifest themselves during interaction with THz waves. The fol-

lowing sections are therefore devoted to a complete characterization of several

types of hexaferrites. In the first instance we were interested mostly in the mate-

rial properties of non-magnetized samples far from the FMR frequency in order

to avoid any effects caused by the resonance. This was obtained by a measure-

ment in the sub-millimeter wave range by a Vector Network Analyzer (VNA). In a

simplest form, a network analyzer is an instrument used to measure impedance.

Today, the VNA generally characterizes high-frequency passive and active de-

vices in their linear mode of operation by measuring their network parameters,

called S-parameters, as a function of frequency. Through the VNA calibration,

impairments of the instrument are completely removed from the measurement.

Hence, the S-parameters are an accurate representation of the linear behavior of

the measured sample. The measurement by VNA was also chosen because it pro-

vides significantly faster measurement scans in comparison to a standard TDS
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system.

The free-space characterization was followed by a complete full-tensor char-

acterization of magnetized hexaferrite ceramics by a standard THz TDS system.

This method provides wide spectral range measurement and therefore gives us

a possibility to obtain anisotropic and gyrotropic spectra in the range 0.1–1 THz.

Besides the strong anisotropy of hexaferrites, the main goal of this characteriza-

tion was to determine the Larmor frequency of dipole moments precession and

magnetization frequency (3.18) which essentially determine the gyrotropic be-

havior of ferrites in the measured frequency range.

3.2 Free-space Characterization in the Sub-

Millimeter-Wave Range

In this section we present the quasi-optical free-space characterization of

magneto-optical hexagonal ferrites in the range between 325 GHz and 500 GHz

using the VNA. This method provides us the full complex spectrum of the 2x2

S-matrix elements of the sample. Transmission through free air and reflection off

a perfect mirror have been used as references. We determined the complex opti-

cal indices, permittivities and permeabilities of all samples by fitting a calculated

model to measured data. The perturbing effects of multiple reflections between

setup components were filtered out by Inverse Fast Fourier Transform (IFFT) of

the measured signal and subsequent time gating in the obtained Time-domain

(TD) signal. The results presented here show that this processing method reliably

deals with all perturbing effects in free-space measurement and therefore can be

applied for characterization of various types of magneto-optical (MO) samples

with different sizes and significant surface roughness as well. Furthermore it

provides convincing indications regarding the usefulness of the different types of

hexaferrites for nonreciprocal devices (such as isolators) for sub-mm applications.

Free-space measurement methods are very suitable for material characteriza-
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tion because they are contactless; nondestructive and solid samples usually do

not need special preparation (any powder samples may be pressed into pellets).

For the characterization of materials we used a free-space transmission-reflection

method [191] which allows us to determine both complex permittivity and per-

meability of measured samples.

A proper design of the NRD requires precise material characterization. There

is currently a lack of accurate mm-wave hexaferrites data. Most of the research

interest is focused on ceramic Sr-hexaferrite material, as a candidate with one of

the highest magnetic anisotropy field [69], and there is currently only few con-

flicting sources reporting dielectric functions of Sr-hexaferrites in the sub-mm-

wave band published by Smith et al. [73], Shalaby et al. [78] and Yang et al.

[75]. Our motivation is a comparison of material properties of several differ-

ent types of hexaferrites including crystalline BaFe12O19 and SrFe12O19, and two

types of ceramic SrFe12O19 and therefore to help resolve the confusion concern-

ing the correct values. This was done by the free-space characterization which

is the main content of this section, structured as follows. Section 3.2.1 covers a

description of the measurement system, the used components and the measured

samples. Detailed data analysis is included in section 3.2.2. The measured spectra

in quasi-optical free-space setup usually contain a combination of several interfer-

ence fringes originating from multiple sources. Besides the standard Fabry-Perot

(FP) interferences from the multiple roundtrips within the material sample, there

are also interferences caused by multiple reflections between the sample and the

optical components on the beam path (lenses, horns, sample holder, ...). While

the FP fringes coming purely from the sample can easily be treated numerically

in the data analysis, the other interferences are much harder to discriminate and

may seriously hinder a correct interpretation of the data. When performing only

a transmission measurement using a perfectly collimated beam and samples with

nearly perfectly parallel faces, the detrimental effect of these multiple reflections

can be suppressed by slightly tilting the angle with respect to the normal [75] (an

angle greater then the angular-width of the incident beam is required). This leads
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to diverting signal-power reflected from the sample out of the measurement sys-

tem and therefore to effective suppression of the residual standing waves. But

in case of the transmission-reflection method, where both transmission and re-

flection data, represented as parameters S11 and S21, are measured at the same

time, the position and precise alignment of the sample with respect to the inci-

dent beam is more critical. Reflections between the horns can not be removed

by simple tilting of the sample. Moreover, one often deals with less than ideal

samples exhibiting considerable roughness and presenting faces of limited size

necessitating strongly focused beams. Hence, angular offsetting the sample in

that case does not bring about any improvement in the measured spectra. An ele-

gant way to filter out the presence of all kinds of perturbing FP oscillations in the

measured spectra, is by numerically transforming the spectra to the TD and so

that only the virtual single-pass contributions can be selected. This technique is

described in detail in Section 3.2.2. Section 3.2.3 describes the optical index, per-

mittivity and permeability extraction method. In the last section, the measured

results and possible sources of errors are discussed.

3.2.1 Experimental Setup

3.2.1.1 Measurement system

For the characterization we have used a quasi-optical setup using VNA-

controlled frequency multipliers and mixers (Rohde and Schwarz ZVA 24) and

millimeter heads. A schematic representation and a picture of the setup are

shown in Fig. 3.11. It consists of a vector network analyzer, frequency exten-

ders (transmit and receive) for the band 325–500 GHz (201 frequency points), pair

of conical horn antennas, four 90-degree off-axis parabolic mirrors with 101 mm

focal distance and a sample holder, which was connected to a positioning stage

with micrometric screws for precise adjustment of sample position into the beam

focal point. Because the frequency resolution determines a time window length

after transformation into TD, the number of measurement points (frequency step
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δν ≈ 0.87 GHz) provides in this case an unfolded time window with length of:

∆T =
1
δν

=
1

8.7× 108 Hz
= 1.15 ns. (3.31)

The number of measured points (201) was therefore chosen properly with respect

to expected optical index and absorptions of measured materials in order to re-

solve multiple-pass echoes after S-spectra transformation to the TD. Before mea-

surement a conventional waveguide calibration was done, to define the reference

measurement plane at the extender outputs [192]. Then, samples were measured

in free space by comparing the sample and the air path (differential measure-

ment). The measurement was performed by connecting the horn antennas to the

two-port VNA. Both horns can emit and receive only vertically polarized beam.

horn 1

sample

horn 2

VNA

p olic mirrors

extender head 1 extender head 2

Figure 3.11: A schematic representation (top) and a picture (bottom) of the quasi-

optical measurement system with a focused beam.
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3.2.1.2 Samples

We have characterized barium and strontium crystalline hexaferrites (BaFe12O19,

SrFe12O19) grown by the technique of spontaneous germination from a high tem-

perature solution [183] and two types of ceramic strontium hexaferrites SrFe12O19

with commercial labels FB6H and FB6N [184] prepared by a wet molding and sin-

tering process. The permeability of hexaferrites acquires due to the gyrotropy and

anisotropy a tensorial form, as shown in Eq. (3.25) and its unequal off-diagonal el-

ements are responsible for nonreciprocal behavior. The gyromagnetic parameter

κ is proportional to the magnetization of the material and the non-zero compo-

nents of the off-diagonal are determined by the direction cosines of the magneti-

zation (in the form of Eq. (3.25) this corresponds to a z-oriented magnetization).

In this study however, the gyrotropic response will be suppressed by characteriz-

ing only demagnetized samples. This was verified by measurement in a vibrating

sample magnetometer (VSM) done before the free-space characterization. In or-

der to avoid any effects of hexaferrites’ crystalline anisotropy, all samples were

oriented with the crystal c-axis in parallel direction to the incident beam during

measurements. In this case, only the diagonal permeability elements are gen-

erally non-zero and the permeability acquires a scalar form µ̂ = µ′ − iµ′′. The

off-diagonal permeability contributions are the subject of a study in Section 3.3.

All measured samples are shown in Fig. 3.3 and a scanning electron microscopy

(SEM) image of the BaFe12O19 showing the surface roughness is in Fig. 3.4. The

free-space measurement technique does not require any special preparation of

the samples.

3.2.2 Data Analysis

For the extraction of the complex permittivity and permeability of the materials

we used the recorded complex S11 parameter representing a reflection from the

sample back into horn 1 and the complex S21 parameter representing a transmis-

sion from horn 1, through the sample into horn 2. The raw measured S-spectra
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will therefore contain important FP fringes originating from multiple reflections

between the measured sample and setup components and inside the sample itself

and complicating the analysis.

3.2.2.1 Transmission

The transmission measurement has been calibrated by the transmission spectrum

with the sample removed. Then, the parameter S21 = |S21| · exp(i∆φ21) of the

sample is obtained from the measurement with and without sample as:

S21 =
S21, meas

S21, ref
. (3.32)

Amplitude |S21| and phase ∆φ21 are influenced by multiple reflections. More-

over, due to the periodicity of trigonometric functions, the phase values are

wrapped between±π. In case of regular-shaped samples without significant sur-

face roughness it is possible to consider multiple reflections inside the measured

sample for extraction of material parameters from the transmission experiment

[193]. But because of the irregular shape and significant surface roughness of our

crystalline samples it is desirable to extract the single pass contribution from the

S-parameter spectra. This was done by unwrapping the phase [194] and trans-

forming the measured spectra of S21 by IFFT [195] into the TD. The obtained TD

signal is a pure numerical construct that emulates the interaction of a hypotheti-

cal pulse with a bandwidth equal to the measurement bandwidth:

δt ∼ 1
∆ f

=
1

175 GHz
= 40/7 ps (3.33)

and with a repetition rate given by the frequency sampling with the sample.

Application of a Time-domain-gating [196] leads to artificially numerically

performing a single-pass experiment. This corresponds to selecting a region of

interest in the TD, removing unimportant responses and transforming of filtered

data by Fast Fourier Transformation (FFT) back into the Frequency-domain (FD).
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In this way in principle interference fringes due to multiple round trips are fil-

tered out of the spectrum and only the pure dispersive material properties are

probed for. This step is critical in the sense that careless time-gating might in-

troduce artefacts in the frequency spectra or even erase true physical informa-

tion. Section 3.2.4.1 discusses in more detail possible errors that can arise. In any

case, as time-gating gets down to multiplying the obtained time signal by a win-

dowing function, the filtered spectrum is a convolution of the original spectrum

and the Fourier transform of the window function. This window needs to be

Figure 3.12: Time-domain signal of 4.2 mm thick monocrystal BaFe12O19 and ap-

plied Blackmann-Harris window on the main echoes. Other parasitic echoes in

the detected signal are present around 440 and 1100 ps. The first one arrives be-

fore the main echo and thus perhaps represents a part of the beam going aside

the sample; the second one corresponds in free-space to a distance of 33 cm, and

therefore represents the second roundtrip between horn 2 and the sample.

chosen carefully not only to cover the main TD peak (and remove the echoes at

t =440 ps, 1100 ps. . .; see Fig. 3.12 and Fig. 3.13). Moreover its shape must be

such that it minimizes artificial ripple in the spectrum by the convolution opera-
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Figure 3.13: Time-domain signal of 2.4 mm thick monocrystal SrFe12O19 and ap-

plied Blackmann-Harris window on the main echoes. Other parasitic echoes in

detected signal are present around 400 and 1100 ps.

tion. Using a Blackmann-Harris apodization window [197] is a typically known

technique to minimize edge ripples in the convolution product of the recovered

spectrum. Figures 3.12 and 3.13 show the TD transmission signal of monocrys-

tals BaFe12O19 and SrFe12O19, respectively. The observed time delays between

the clearly discernable first echo for the Ba- and the Sr-crystal combined with

a first approximate guess of the sample thickness (resp. 4 and 2.5 mm), lead to

first estimations of the optical indices (resp. 4.5 and 4.8), confirming a correct

order of magnitude [75]. Filtered data were then transformed by FFT back into

the FD. In order to minimize the impact of the side lobes of the fourier trans-

form of the apodizing function in the convolution integral [198] that leads to this

filtered frequency spectrum, we omit a 15 GHz-wide region in the obtained spec-

trum for further data analysis1. Figures 3.14 and 3.15 compare the real measured

1This size more or less corresponds to the bandwidth of the used Blackmann-Harris apodiza-
tion.
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Figure 3.14: Amplitude |S21| of monocrystalline BaFe12O19 before (black crosses)

and after TD-gating filtering (red lines). Selected range for parameters extraction

is highlighted by blue circles.

and TD-gating-processed values of the amplitude |S21| and the phase ∆φ21 of the

crystalline BaFe12O19 sample.

3.2.2.2 Reflection

The reflection measurement is calibrated by the reflection signal from a short cir-

cuit (perfect conductor). In this case a flat silver mirror has been taken as a ref-

erence because of its high reflectivity comparable with gold mirrors [199]. A cor-

rectly calibrated S11 trace (especially the phase) requires the reference reflection

and the sample reflection to be measured at almost identical normal positions

with respect to the incident beam. In order to achieve this, a positioning stage

was used, equipped with micrometric screws for positioning precision of 100 µm.

All measured spectra were then transformed by IFFT into the TD, where the ar-

rival times of main echoes of samples and reference were compared. For the

extraction of the complex parameter S11, the sample and reference signals with
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Figure 3.15: Phase ∆φ21 of monocrystalline BaFe12O19 before (black crosses) and

after TD-gating filtering (red lines). Selected range for parameters extraction is

highlighted by blue circles.

the same arrival time of the main echos were used. This method assures precise

agreement between sample and reference positions. Both TD signals of reference

mirror (arrival time of main echo t = 525.94 ps) and sample FB6N (arrival time

of main echo t = 525.94 ps) are shown in Figs. 3.16 and 3.17. This technique

(as with the transmission spectra) allows to filter out the signal and keep the in-

fluence of just the first interface reflection. In Figs. 3.16 and 3.17 we can again

easily discern the presence of parasitic echoes coming from, among others, a re-

flection inside the emitting horn and additional "cavities" inside the setup (peaks

(a) and (b)) such as between the horn and the sample surface. Note that due to

frequency sampling, these peaks might be folded by a multiple of 1/∆ν. All these

unwanted effects were removed again by applying TD-gating with a Blackmann-

Harris apodization window, similarly as was done for the transmission data. The

filtered signals from reference and samples were then transformed by FFT back

into the FD and the parameter S11 = |S11| · exp(i∆φ11) was obtained from sample
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Figure 3.16: Time-domain signal of the reference mirror. Significant echoes com-

ing from reflections in the setup are denoted a) and b).

and reference signal as:

S11 =
S11, meas

S11, ref
. (3.34)

3.2.3 Permittivity and Permeability Extraction

After extracting the pure single interface reflection and the pure single pass trans-

mission out of the measured S-spectra using the described TD-gating, the mate-

rial parameters can be extracted using classical Fresnel formulae (see Fig. 3.18).

These are given by, for p-polarized light:

r̂p =

√
µ̂2
ε̂2

cos Θt −
√

µ̂1
ε̂1

cos Θi√
µ̂2
ε̂2

cos Θt +
√

µ̂1
ε̂1

cos Θi

t̂p =
2
√

µ̂2
ε̂2

cos Θi√
µ̂1
ε̂1

cos Θi +
√

µ̂2
ε̂2

cos Θt

(3.35)
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Figure 3.17: Time-domain signal of ceramic sample FB6N (bottom). Significant

echoes coming from reflections in the setup are denoted a) and b).

Figure 3.18: Model of the characterized sample, only first transmitted and re-

flected echoes are considered.

and for s-polarized light:

r̂s =

√
µ̂2
ε̂2

cos Θi −
√

µ̂1
ε̂1

cos Θt√
µ̂2
ε̂2

cos Θi +
√

µ̂1
ε̂1

cos Θt

t̂s =
2
√

µ̂2
ε̂2

cos Θi√
µ̂2
ε̂2

cos Θi +
√

µ̂1
ε̂1

cos Θt

(3.36)



3.2. Free-space Characterization in the Sub-Millimeter-Wave Range 133

where Θi and Θt represent angles of incidence and of refraction respectively. The

measured sample is characterized by a complex relative permittivity ε̂r = ε′r− iε′′r ,

a complex relative permeability µ̂r = µ′r − iµ′′r and a complex refractive index

n̂ = n − ik =
√

ε̂rµ̂r. The final expressions for the S-parameters assuming a

single-pass and normal incidence of vertically-polarized light take the form (with

ε̂1 = µ̂1 = 1 for r̂p and t̂p01 and ε̂2 = µ̂2 = 1 for t̂p10):

S11 = r̂p (Θi = Θt = 0) (3.37)

S21 = t̂p01 (Θi = Θt = 0) t̂p10 (Θi = Θt = 0) exp (−iβd), (3.38)

where t̂01, t̂10 are the complex transmission coefficients through the first and sec-

ond sample interface, respectively, and d represents the sample thickness. Note

that the phase factor is corrected by the phase of the reference measurement (free

air), hence β = 2πν
(√

µ̂r ε̂r − 1
)

/c.

3.2.4 Results and Discussion

Since the measured frequency band has been relatively narrow and lies far

from the expected resonance frequency of hexaferrites (typically around 55 GHz)

[75, 200], it is highly unlikely to obtain a reasonable fit using an analytical Lar-

mor model as its distinct features are too far removed [201]. Therefore, both

permittivity and permeability of the sample have been modeled by a Kramers-

Kronig [202] consistent B-spline (basis-function spline) formulation [203]. In this

case, the imaginary part of permittivity and permeability are parametrized by a

B-spline curve of 3rd degree and the real part spectra are analytically calculated

using Kramers-Kronig causality relationship. This provides an alternative way

to parametrize a dielectric function and allows us to fit all points in the desired

frequency range in one time. A B-spline basis function Bk
i (x) is defined by:

Bk
i (x) =

(
x− ti

ti+k − ti

)
Bk−1

i (x) +
(

ti+k+1 − x
ti+k+1 − ti+1

)
Bk−1

i+1 (x) . (3.39)
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The superscript k of the function denotes the degree of the B-spline, and the sub-

script i indexes the knot locations ti. Knots are nodes on the x-axis where the

curve transitions from one polynomial segment to another. A spline curve S(x)

is then constructed as a linear sum of n basis functions:

S (x) =
n

∑
i=1

ciBk
i (x) , (3.40)

where ci are the spline coefficients for the i-th basis function. If the ε′′r (ω) spectra

are parametrized by a B-spline curve in the form:

ε′′r (ω) =
n

∑
i=1

ciBk
i (ω) , (3.41)

then the ε′r (ω) spectra can be analytically calculated using the Kramers-Kronig

causality relationships:

ε′r (ω) = εr (∞) +
n

∑
i=1

ciφ
k
i (ω) , (3.42a)

where φk
i (ω) =

2
π

P
ˆ ∞

0

ω′Bk
i (ω

′)

ω′2 −ω2 dω′, (3.42b)

and where P denotes the Cauchy principal value.

Thanks to the reduced number of fitting parameters the B-spline can improve

the robustness of a least-squares data fit (as comparison to a point-by-point fit-

ting procedure). The permittivity and permeability of all samples have been

parametrized by 15 and 9 control points, respectively. A simple demonstration

of B-spline control points is shown in Fig. 3.19. Note that due to discontinu-

ity of standard B-splines at the end of frequency range it is necessary to include

some extra control points in order to handle absorptions outside the considered

frequency range [203]. In order to account dispersion due to absorptions that

lie far from measured frequency band the terms εr(∞) and µr(∞) were fitted as

well and then added as a constant offset to the ε and µ spectra. The last fitting

parameter was the thickness of a sample. Therefore, we considered 27 fitting
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Figure 3.19: Demonstration of B-spline control points [203]

parameters for the extraction procedure (15+9 control points, εr(∞) and µr(∞)

constants and sample thickness). The model spectra of |S11|, φ11 = arg (S11),

|S21|, φ21 = arg (S21) were then fitted to the measured data. In this procedure

the difference between experimental data (E) after time-gating and modeled data

(M) is minimized. The objective function χ2 takes the form:

χ2 =
1
n

n

∑
i=1

(
||S11iM| − |S11iE||2 + |φ11iM − φ11iE|2 +

+ |φ21iM − φ21iE|2 + ||S21iM| − |S21iE||2
)

, (3.43)

where n represents the number of spectral points. The minimization of the func-

tion χ2 was done by least-square fitting using a Levenberg-Marquardt algorithm

[204]. After the fit this residual function had value χ2 < 0.01 for crystalline and

χ2 < 0.0012 for ceramic samples and 160 frequency points, proof of a reasonable

fit. Figure 3.20 compares measured data and the fitted model for the parameters

S11 and S21 for the FB6N ceramic sample.

Final calculated parameters are shown in Fig. 3.21 (permittivity ε̂r), in Fig.

3.22 (permeability µ̂r) and in Fig. 3.23 (refractive index n̂ = n − ik). Table 3.1

summarizes fitted and measured thicknesses of all samples. The values of thick-

nesses are in accordance with the measured ones (±0.2 mm for crystalline sam-

ples). The measured values were obtained by a sample thickness gauge Mitutoyo

at 5 different points of the sample and an averaging of these 5 values. Because the

surfaces of all samples are not perfectly parallel, error bars of the measured val-

ues are given by a combination of this surface inclination and surface roughness.
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Figure 3.20: Comparison of measured and fitted amplitude and phase of param-

eters S11, S21 of the ceramic sample FB6N.

This is more significant on the crystalline samples where their layered structure

causes high surface roughness in the order of tens of µm (as is shown in Fig. 3.4).

The calculation of the error bounds ∆d of the fitted values is less straightforward.

Assuming that all other fitting parameters are errorless, the final residual func-

tion χ2 can be attributed to a thickness variation only. Hence, ∆d is calculated

from the φ21 and χ2 for each sample as: χ2 = (β∆d)2 and therefore: |∆d| = χ/β.

These errors were calculated for the lowest included frequency (ν = 340 GHz).

This is, of course, an extreme case because in reality none of the other fitting pa-

rameters is errorless and all of them have an impact on the residual χ2 function.

This impact of all parameters is however difficult to quantify, because the entire

fit is very complex and robust, and therefore, the presented error bounds of the

fitted values are the maximum possible but are expected to be significantly lower.

All measured materials have in this frequency range very similar proper-

ties. The real parts of ε̂r and µ̂r show quasi-dispersionless behaviour confirm-
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Figure 3.21: Calculated permittivities of all samples, full lines represent the real

parts and dotted lines represent the imaginary parts.

Table 3.1: Thicknesses of hexaferrite samples

Sample BaFe12O19 SrFe12O19 FB6H FB6N

crystalline crystalline ceramic ceramic

Fit (mm) 4.20±0.05 2.70±0.05 1.00±0.02 12.70±0.02

Meas (mm) 4.31±0.28 2.53±0.35 1.03±0.01 12.72±0.01

ing that the Larmor resonance lies well below the measurement frequency range.

The lowest losses have been measured in crystalline Ba-hexaferrite (k = 0.01 at

400 GHz, corresponding to α =7.28 dB/cm). This hexaferrite, together with the

FB6H ceramic (k = 0.015, α =10.92 dB/cm at 400 GHz) seem to be better candi-

dates for operation in THz NRD. Imaginary parts of refractive indices of all sam-

ples show slowly rising values with frequency. Looking at the εr and µr spectra,

this increase is principally due to the increasing dielectric losses when moving

toward the infrared, probably caused by phonon losses. The obtained values of

refractive indices and permittivity are also in good agreement with already pub-
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Figure 3.22: Calculated permeabilities of all samples, full lines represent the real

parts and dotted lines represent the imaginary parts (red dotted is overlapping

with the blue one).

lished ones by Yang et al. [75] for ceramic hexaferrite. The same authors however

measured higher losses for FB6H sample (α ≈ 14.5 dB/cm at 400 GHz). Con-

trary to these results Shalaby et al. published [78] n ≈ 6 and α ≈ 43 dB/cm at

400 GHz. These high values of n and α have not been measured in any of our

hexaferrite samples and have also not been observed by Yang et al. Permeabil-

ities of all samples have value very close to 1.0 with negligible imaginary part

(< 2 · 10−3). It denotes that these hexaferrites have almost dielectric behaviour

when they are not magnetized. Kocharyan et al. [200] have reported perme-

ability measurements for non-magnetized ceramic hexaferrites in the frequency

range 70–120 GHz. The permeability value increases with increasing frequency

from value 0.65 at 70 GHz (close to resonance frequency) up to 0.95 at 120 GHz.

Similar values were measured also by Korolev et. al. [205]. We can therefore say

that our measured values of permeabilities in higher frequency range are in good
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Figure 3.23: Calculated refractive indices of all samples, full lines represent the

real parts and dotted lines represent the imaginary parts of n̂.

agreement with these published results.

These measurements have provided information about diagonal elements of

the hexaferrite permeability tensor in the frequency band relatively far from the

ferromagnetic resonance frequency. The following work, presented in Section

3.3, is focused on the characterization in a wider spectral range as well as on the

gyrotropic response of magnetized hexaferrites and therefore full permeability

tensor determination. This confirms promising gyrotropic properties in the mm-

and sub-mm-wave range with a specific Faraday rotation close to 3.8 rad/cm at

400 GHz. We can however already conclude that contrary to the work reported

by Shalaby et. al. [78] and Martin et. al. [77], Sr-based hexaferrites are not neces-

sarily the optimal choice for transmissive NRD (from a losses point of view). The

work in Section 3.3 on the measured gyrotropic spectra will allow to determine

whether gyrotropy creates a trade-off.
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3.2.4.1 Sources of errors

There are several possible sources of errors which can influence extracted materi-

als parameters. All the measurements were performed in a dedicated characteri-

zation room with controlled humidity and temperature. Moreover, in the consid-

ered frequencies bands (close to 300 GHz) the influence of the water absorption

lines is very limited. Because of the samples’ magnetic character the determina-

tion of parameters must be done with both reflection and transmission measure-

ment. The positioning of the samples must be therefore ensured with very high

precision. This is described in the section 3.2.2.2. A properly focused beam on the

sample in order to avoid any diffraction is also the key requirement for success-

ful measurement. A first systematic error can arise from an ill-conceived fitting

model. In the parameters extraction technique we assume the transmission of a

pure plane wave through a sample bordered by two perfectly flat and parallel in-

terfaces. In reality, this geometry is obviously a bit different and all samples, the

crystalline ones in particular, can have slightly irregular shape with significant

surface roughness (as can be seen in Fig. 3.3 and 3.4 and Table 3.1 in measured

values of thicknesses). These errors caused by imperfect samples have been min-

imized by single-pass contribution extraction. But still the experiment variation

from the ideal model can bring up some small uncertainties into the extracted

data.

The correct choice of time windows applied on main signal echoes during the

TD-gating procedure is an important step as well. The time window must be

chosen properly in order to cover all contributions from the desired main echo.

Moreover the sampling in the frequency domain must also be a good compro-

mise between necessary sweep time and possible confusing effects due to arti-

ficial TD folding of parasitic echoes. When the frequency band is too narrow

a finer sampling must be performed in order to distinguish echoes (at the cost

of sweep time). But when the sample gets too thin (and echoes fundamentally

overlap), there is no other possibility than to include multiple reflections into
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the model, thereby eliminating the advantage of the time-gating technique. With

typical sample indices of the order of 4 and roughly 100 GHz VNA bandwidth,

samples must be minimally a few 100 µm thick for the technique here presented

to be advantageously useful.

The procedure of fitting model into data must be done with care in order to

obtain correct values of fitted parameters. By using the Kramers-Kronig consis-

tent B-spline model for all parameters and therefore fitting all full spectra in one

time we greatly reduced the number of fitting parameters and therefore increased

the robustness of the fit. But still it is necessary to study the fit convergence and

particularly its relation to the input values of parameters. In some cases a corre-

lation between fitted parameters may compensate an error caused by a non-ideal

experiment. This was apparently the case for the Sr-crystalline sample. From

permittivity (Fig. 3.21) and permeability spectra (Fig. 3.22) it is evident that the

imaginary part of permeability of this sample has higher values than of other

samples. This small difference (≈ 1, 5 · 10−3) could cause also the increase of

imaginary part of permittivity because of the parameters correlation. Both these

errors come from imperfect measurement caused by combination of small sample

size and significant surface roughness (Fig. 3.3).

All these errors may be reduced by making many repeated measurement

scans and averaging of these measurements before fitting. This step would how-

ever rapidly increase the measurement time and thus basically ruin the main ad-

vantage of the VNA-driven continuous-wave measurement.

3.3 MO Properties of Hexaferrite Ceramics

This section is devoted to the full-tensor MO characterization of hexaferrites.

Since the main goal was a determination of gyrotropic parameters in wide spec-

tral range, the THz Time-domain spectroscopy (TDS) has been for this purpose

more suitable than a VNA-driven quasi-optical setup used in the last section.

Moreover due to the working principle of TDS spectroscopy, no standing waves
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exist in the setup and it enables a direct recording of just a single pass contribu-

tion for MO data treatment.

Gyrotropic hexaferrite ceramic materials are showing up themselves as very

promising candidates for operation in nonreciprocal devices (NRD) at THz fre-

quencies especially thank to their high remament magnetization (Fig. 3.7). Their

strong gyrotropic and anisotropic properties in a wide band (0.1–1 THz) are in-

vestigated by an original magneto-optical THz TDS. A general basic experimental

scheme of a typical TDS is shown in Fig. 2.6. The following subsections describe

a procedure of the complete full-tensor magneto-optical (MO) characterization

of the hexaferrite ceramics and a subsequent calculation of unknown parameters

by a numerical fitting procedure. The material chosen for this characterization

is the commercially available strontium hexagonal ferrite ceramics with commer-

cial label FB6N. While until now research groups focused mainly on the FB6H

ceramics [75, 77], the MO properties of FB6N has not been published anywhere

else yet. The comparison of FB series ferrite magnets is shown in Fig. 3.24. The

Figure 3.24: Magnetic characteristics distribution charts of FB series as presented

by TDK company [184]

ceramics with label FB6N is characterized by higher residual magnetic flux den-

sity (Br = 440 mT) and lower intrinsic coercitive force (HCJ = 263 kA m−1) with
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comparison to the FB6H (Br = 400 mT, HCJ = 358 kA m−1). Because gyrotropic

properties of magnetic materials are influenced by these intrinsic material pa-

rameters, especially by the remanent magnetization value, we expect the FB6N

ceramics to have a higher value of magnetization frequency ωm and thereupon

also a higher value of the off-diagonal permeability component κ, determining

the gyrotropic properties. Despite this facts, a precise MO characterization is cru-

cial for designing of NRDs.

The whole characterization is divided into two steps. At first the ceramics is

characterized in its remanent magnetization state in Faraday configuration, i.e.

the magnetization M in parallel direction with respect to the incident beam k.

The second step includes characterization with M lying in-plane of the sample,

i.e. perpendicularly to k. Note that the magnetization direction inside the mate-

rial is not changed (M ‖ c), we just cut the original bulk material in two different

directions. These two configurations provide complete information about on-

and off-diagonal permeability tensor components as well as about strong mag-

netic uniaxial anisotropy along c-axis of the hexaferrite ceramics. It is important

to mention that all parameters (for both magnetization directions) were obtained

in one complete fit which assured the robustness and precision of the procedure.

This is strengthened by the fact that both measured sample pieces were initially

cut off from one big block of ceramics and therefore some characteristics are iden-

tical for both pieces (e. g. ferromagnetic resonance - FMR frequency).

For the characterization we used THz Time-domain Spectrometer TPS Spectra

300 of TeraView Company. This spectrometer allows us to characterize material

properties in a wide spectral range (0.1–3 THz). It uses photo-conductive anten-

nas for generation and detection of a THz pulse activated by a femtosecond (fs)

pulse from erbium-doped fibre laser with central wavelength of 780 nm and pulse

duration shorter than 120 fs. In order to avoid absorptions originating from air,

the measurement chamber was during measurement evacuated to residual pres-

sure 0.4 mbar.
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3.3.1 Magnetization Perpendicular to the Sample Surface

The hexaferrite ceramics is an uniaxial gyrotropic material with a large spon-

taneous magnetization M with an easy axis along the crystal’s c-axis (see Fig.

3.2). For the first step of the characterization we chose a sample of size

22.5× 21× 1.3 mm with the c-axis aligned perpendicularly to its largest surfaces

(out-of-plane). Photos of the original block of ceramics and the thin cut, done by

a micro-water beam, together with the magnetization direction are shown in Fig.

3.25. Because the M–type hexaferrite ceramics have strong remanent magnetiza-

M
M

Figure 3.25: Photos of original block of the Fb6N sample with highlighted pre-

ferred magnetization and cut direction and a thin sample after the cut.

tion [69], as shown in Fig. 3.7, the sample was before measurement magnetized

by an external electromagnet (B = 1.6 T) up to its saturation magnetization MS

and characterized in its remanent magnetized state. In this case the resulting

spectra are products of pure magneto-optical properties of the hexaferrite itself

without influence of any additional external magnetic field which would keep in-

ternal magnetic moments perfectly aligned. A linearly-polarized electromagnetic

(EM) wave incident perpendicularly on this magnetized sample (k ‖ M) is then

represented as a sum of two counter-rotating circularly-polarized waves, which

are characteristic modes of the system. The interaction between one characteris-

tic mode and the precession of magnetic dipoles causes dephasing between both

polarizations. These will therefore propagate by different speeds through the

gyrotropic hexaferrite, because its refractive indices for right- and left-handed



3.3. MO Properties of Hexaferrite Ceramics 145

circularly polarized light are different:

n̂± =
√

ε̂± · µ̂± (3.44)

and therefore:

c/n̂− 6= c/n̂+, (3.45)

which is the basic principle of the magneto-optical Faraday effect (as described

in section. 2.5.3.1). Because the permittivity ε̂± in Eq. (3.44) is for hexaferrites in

THz range same for both polarizations, it is possible to express permeability for

these two modes as was explained in Chapter 2 (2.127):

µ̂± = µ± κ, (3.46)

where µ and κ are given by Eqs. (3.26) and (3.27), respectively. Therefore, final

expressions for permeabilities become:

µ̂± = 1 +
ωm

ω0 ∓ω
. (3.47)

One can see that µ̂+ is resonant at FMR frequency ω0, while µ̂− is not. This

NR Faraday effect causes rotation of a polarization plane when incident light is

linearly polarized [114] and it’s strongest close to the FMR frequency.

The determination of the complex refractive indices n̂± of the hexaferrite ce-

ramics was done by measurement of complex transmittances of the magnetized

sample and then subsequent fitting of a model with desired MO parameters

into measured data. Because a direct measurement of circularly polarized trans-

mittances over the full frequency band would be rather complicated, we intro-

duced a simpler method including a measurement of linearly polarized transmit-

tances with two mutually perpendicular incoming polarizations and mathemati-

cal transforming of these into the circular polarization state. A simple schematic

representation of the experiment is shown in Fig. 3.26.
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sampleP=±45° A=0°

M

Figure 3.26: Schematic representation of linearly polarized transmittances mea-

surement

Assuming the used polarizers to be quasi-perfect, the MO parameters of the

sample are thus determined by measuring time-domain pulses E±45(t) propa-

gating through a polarizer P at positions −45◦, 45◦, the sample with a thick-

ness d and an analyzer A at 0◦ and a reference pulse Ere f (t) through an empty

sample holder with both P and A at 0◦. Polarization of an incident THz wave

linearly-polarized at an angle given by P is then rotated during the transmis-

sion through the gyrotropic sample and the state of outgoing polarization is

determined by the analyzer. These measured signals are subsequently trans-

formed into frequency-domain and the linearly polarized complex transmit-

tances t̂−45(ν) = E−45(ν)/Ere f (ν), t̂+45(ν) = E+45(ν)/Ere f (ν) are then transmit-

ted into circularly polarized transmittances t̂±(ν) with use of Jones formalism,

presented in section 2.4.3 as follows:

The incident x-polarized pulse passes through the first polarizer at ±45◦ (its

amplitude decreases by factor
√

2 of its initial value) and its polarization state is

transformed into circular basis vectors:

1
2
√

2

 1± i

1∓ i

 =
1√
2

 1 i

1 −i

 1√
2

1√
2

 1

±1

 , (3.48)

the propagation through the sample is represented by T-matrix:

1
2
√

2

 t̂+ (1± i)

t̂− (1∓ i)

 =

 t̂+ 0

0 t̂−

 1
2
√

2

 1± i

1∓ i

 , (3.49)
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and the product in the circular basis vector is then transformed back into the

linear basis vector:

1
4

 t̂+ (1± i) + t̂− (1∓ i)

−it̂+ (1± i) + it̂− (1∓ i)

 =
1√
2

 1 1

−i i

 1
2
√

2

 t̂+ (1± i)

t̂− (1∓ i)

 , (3.50)

and the x-component of polarization is detected. Therefore the transmittances t̂±

can be expressed as:

1
4

 (1 + i) (1− i)

(1− i) (1 + i)

 t̂+

t̂−

 =

 t̂+45

t̂−45

 , (3.51)

which leads to:  t̂+

t̂−

 =
1
i

 (1 + i) (i− 1)

(i− 1) (1 + i)

 t̂+45

t̂−45

 , (3.52)

and therefore to the final relation between t̂± and t̂±45 in the form:

t̂±(ν) = (1∓ i) · t̂+45(ν) + (1± i) · t̂−45(ν). (3.53)

These transmittances can be with use of Fresnel formulas (3.35), (3.36) for normal

incidence expressed in the form:

t̂±(ν) = t(01)
± (ν)t(10)

± (ν) exp
(
−α±(ν)d

2

)
exp (−iφ±d), (3.54)

where t(01)
± (ν), t(10)

± (ν) are transmission coefficients of the first and second inter-

face between the air and the sample, respectively. Therefore we can write:

t̂±(ν) =
4n±(ν)

[n±(ν) + 1]2
exp

(
−α±(ν)d

2

)
exp (−iφ±d), (3.55)

and real parts of the optical indices and losses of the material for both left- and

right-circularly polarized light are respectively given by well-known formulas
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[206]:

n±(ν) = 1 +
c

2πνd
φ±(ν), α±(ν) = −

2
d

ln

{
A±(ν)

[n±(ν) + 1]2

4n±(ν)

}
, (3.56)

where A±(ν) =
∣∣t̂±(ν)∣∣ represents the amplitudes and φ±(ν) = arg

(
t̂±(ν)

)
phases of the circularly polarized transmittances. Figure 3.27 shows measured

amplitudes, Fig. 3.28 corresponding calculated extinction coefficient of the ce-

ramics and Fig. 3.29 measured phases for both left- and right- circularly polar-

ized THz radiation, which have been for better illustration of the difference at

low frequencies plotted as 1
φ±

(deg−1).
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Figure 3.27: Measured amplitudes of circularly polarized transmittances of the

hexaferrite for both senses of circularly polarized beam

These figures show increasing losses of the hexaferrite above 200 GHz towards

higher frequencies which confirms the fact that the losses in the measured fre-

quency band (which is far form the FMR) originate primarily from dielectric

losses. Small increase of losses at frequencies below 200 GHz can come from

the imaginary part of permeability, but the measurement sensitivity of the TDS

rapidly decreases around 100 GHz, hence it was not possible to extend the mea-

surement range yet to lower frequencies to verify this. However, at higher fre-
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Figure 3.28: Losses of the hexaferrite for both senses of circularly polarized beam
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Figure 3.29: Measured phases of circularly polarized transmittances of the hexa-

ferrite for both senses of circularly polarized beam in the range between 100 GHz–

300 GHz, plotted as 1/(φ±)
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quencies, the imaginary part of µ̂ can be in this study neglected. Because of the

expression for the complex optical indices n̂± =
√

ε̂r · µ±, the observable differ-

ence in the measured amplitudes (and thus losses as well) can originate from the

term (=(ε̂r) · µ±) as well as from an imperfect experimental setup, for example

inaccurate positioning of the polarizers or the measured sample. Final optical

indices n±(ν) for both polarizations obtained from the measured transmittances

t̂±(ν) and from the fitted model calculated with use of Eq. (3.44) and (3.47) are

shown in Fig. 3.30 together with the corresponding model values of tensorial

components µ and κ (Fig. 3.31).
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Figure 3.30: Measured and fitted refractive indices for both senses of circular po-

larization

The numerical fitting of the calculated model was done using MATLAB soft-

ware and its fitting function fminsearch which uses the Nelder-Mead simplex al-

gorithm as described in [207]. The real part of the permittivity was considered to

be the same for both polarization orientations and its frequency dependence was

described by a simple linear function:

<(ε̂r) = a · (ν [GHz]− 100) + b (3.57)
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Figure 3.31: Calculated values of the ¯̄µ tensorial components

with two unknown fitting parameters a, b representing an increase of the permit-

tivity with frequency (slope) and its value at 100 GHz, respectively. The linear de-

scription of the permittivity has been chosen in order to keep a number of fitting

parameters as low as possible, but it still well describes the permittivity behavior

in the complete measured frequency band. The permeabilities µ± were deter-

mined by fitting of two unknown parameters - the resonance frequency ω0 and

the magnetization frequency ωm. The final best fit has given these parameters’

values:

ω0 = 2π × 56.3 GHz, ωm = 2π × 7.7 GHz, a = 0.001, b = 21.1 (3.58)

It is possible to see the strong resonance behaviour of the n+ at lower fre-

quencies while n− doesn’t show that, which corresponds with the permeability

description in Eq. (3.47). This difference in the optical indices and the measured

sample’s FMR (56.3 GHz) give together an indication about strong gyrotropic and

hence also nonreciprocal properties of the hexaferrite ceramics in the mm- and

sub-mm-wave range, and these parameters will be in the following subsection

used for an expression of the frequency-dependent specific Faraday rotation.
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3.3.1.1 Faraday Rotation in Hexaferrite Ceramics

The specific Faraday rotation numerically express the angle by which the polar-

ization plane is rotated after a single-pass transmission through an unit of length

of the material, when the sample is magnetized in the Faraday configuration, i. e.

when k ‖ M, and is therefore defined as:

ΘF (λ) = −
πn0Qm

λ
, (3.59)

and with use of Eq. (2.62) for Qm and Eqs. (3.26), (3.27) for µ and κ we can write:

ΘF (ν) = −
n0ω2ωm

2c
(
ω2

0 −ω2 + ω0ωm
) (3.60)

where n0 = (n+ + n−) /2. This specific rotation in degrees/mm is shown in Fig.

3.32a. It is possible to observe the largest rotation closer to lower frequencies (and

FMR frequency). At high frequencies when ω � ω0 > ωm this specific rotation

can be simplified to:

ΘF(ω�ω0) (ν) ≈
n0ωm

2c
, (3.61)

and hence it becomes frequency-independent. Because the typical design of a

Faraday isolator (as shown in Fig. 2.16) requires rotation of a polarization plane

during propagation through a gyrotropic material to be equal to 45◦, Fig. 3.32b

shows a frequency-dependent required thickness of the ceramics for this 45◦ rota-

tion. Consequently, we can introduce a figure of merit of the measured ceramics

FB6N in order to express the strength of the faraday rotation of the sample com-

bined with the measured material’s losses. Hence, this rotation power can be

expressed in the form:

Ξ (ν) = ΘF (ν) · d · I (ν) , (3.62)

where d = 1.3 mm represents the thickness of the ceramics and I (ν) = A2
± (ν)

is the average intensity of the + and − transmitted waves (Eq. (3.56)). The fre-

quency dependent rotation power Ξ is plotted in Fig. 3.33, signifying a possible
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Figure 3.32: Calculated specific Faraday rotation and thickness of the ceramics

required for 45◦ polarization rotation

application of the FB6N ceramics in a transmissive THz NRD in the millimeter

and sub-millimeter wave ranges.
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Figure 3.33: Rotation power Ξ of the 1.3 mm thin FB6N ceramics
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3.3.2 In-plane Magnetization

Until now we have studied the MO properties of the ceramics magnetized in the

direction of the beam propagation k. This is of course not a mandatory case when

one designs a new THz NRD. Another option is when the magnetization lies in

a plane perpendicular to k, forming the so-called transverse configuration. The

second part of the robust magneto-optical characterization therefore included

measurement of the ceramics in this transverse configuration. All recorded data,

i.e. data from the Faraday and transverse measurements were in the final stage

treated together, leading to the one complete and robust fit giving all the impor-

tant material parameters. The first group of the parameters were presented in

(3.58) and the following paragraphs describe a procedure of the transverse char-

acterization. At the end of this second stage we will present all the calculated

parameters together.

In the case of the transversely magnetized sample, two different crystallo-

graphic directions (a, c) are present in the plane of the hexagonal crystalline lat-

tice. As a result, the MO Cotton-Mouton effect exhibits itself and two normal

modes with different optical indices (n̂⊥ 6= n̂‖) exist in the material, as was

described in section 2.5.3.2. The ordinary wave, characterized by n̂⊥, passes

through the material when (E ⊥ c ‖ M ‖ H) and is therefore unaffected by

the magnetization of the ferrite. The extraordinary wave with n̂‖ is present when

(E ‖ c ‖ M ⊥ H) and is affected by the ferrite magnetization. Besides the sig-

M

M

Figure 3.34: Photos of original block of the FB6N sample with highlighted pre-

ferred magnetization and cut direction and a thin sample with in-plane M after

the cut.
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nificant MO effect, the high crystalline anisotropy of the material plays a key role

in the material properties as well, leading to another influence on the optical in-

dices. For the purpose of the MO characterization in the following procedure

we chose a sample of size 21× 12.7× 1.6 mm which has been by the micro-water

jet cutting prepared in a way that the preferred direction of magnetization was

aligned inside the sample in parallel with its surface (in-plane) and in perpendic-

ular direction to its longest side, as shown in Fig. 3.34. It was again magnetized at

the external electromagnet (B = 1.6 T, causing alignment of the internal magnetic

moments in the direction of the crystal’s c-axis) and characterized in its remanent

magnetized state. Considering the MO Cotton-Mouton effect together with the

high crystalline anisotropy, the ceramics is characterized by two different refrac-

tive indices n̂‖ 6= n̂⊥ where subscript denotes a mutual orientation of the c-axis

and a polarization of an incident wave. These refractive indices can be expressed

as:

n̂‖ =
√

ε̂‖µ‖ (3.63)

n̂⊥ =
√

ε̂⊥µ⊥, (3.64)

and the propagation constants for the two perpendicular propagating waves are

in the form:

k̂1 =
ω

c

√
ε̂‖µ‖ (3.65)

k̂2 =
ω

c
√

ε̂⊥µ⊥. (3.66)

It is now apparent, that the effective parameters for the extraordinary wave are

ε̂‖ and µ‖ and for the ordinary wave ε̂⊥ and µ⊥, where permittivities ε̂‖ (E ‖ c)

and ε̂⊥ (E ⊥ c) can be again described by linear functions:

<
(

ε‖

)
= a · (ν [GHz]− 100) + b‖ (3.67)

<(ε⊥) = a · (ν [GHz]− 100) + b⊥ (3.68)

with the same value of the coefficient a denoting a slope of the linear function
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and different values of coefficients b‖ and b⊥ representing the intercepts. The dif-

ference in b‖ and b⊥ gives an indication about the crystalline anisotropy, whereas

the difference in permeabilities is caused by the Cotton-Mouton effect. The per-

meability µ‖ (E ‖ c) for the one of the EM waves propagating in the ferrimagnetic

medium in the direction perpendicular to M can be expressed as has been demon-

strated in Chapter 2:

µ‖ ≡ µ− κ2

µ
(3.69)

and hence it possesses also a resonant behavior described as:

µ‖ =
(ω0 + ωm)

2 −ω2

ω2
‖ −ω2

, ω‖ =
√

ω0 (ω0 + ωm), (3.70)

where ω0 and ωm have the same values as the sample with the perpendicular

magnetization (Eq. 3.58). The ordinary wave with the polarization perpendic-

ular to the c-axis (E ⊥ c) of a perfectly saturated sample is not influenced by

magnetization, and therefore the permeability is equal to the permeability of vac-

uum (µ⊥ = µ0) and k̂2 = ω
c
√

ε̂⊥, because the magnetization frequency ωm⊥ ap-

proaches zero. This second wave therefore propagates as in a nonmagnetic dielec-

tric medium. However in a remanently magnetized sample some of the moments

are not anymore well-aligned with the magnetization and can have a non-zero

component in any other direction which can influence the ordinary wave. There-

fore ωm⊥ has generally a non-zero value which is lower than the remament ωm

and as a consequence the permeability µ⊥ exhibits again a resonance behavior

described as:

µ⊥ =
(ω0 + ωm⊥)

2 −ω2

ω2
⊥ −ω2

, ω⊥ =
√

ω0 (ω0 + ωm⊥). (3.71)

This measurement was done by the same setup as the previous one in the

similar configuration (Fig. 3.26) with both polarizer P and analyzer A at 0◦ in

order to assure characterization by a vertically polarized beam. Figure 3.35 shows

schemes of both measured senses of magnetization M.
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Figure 3.35: Schematic representation of two orientations of the sample with re-

spect to the incident beam’s polarization, S and D stay for the source and the

detector, respectively

The two measured sample time-domain pulses E‖(t), E⊥(t) and the reference

pulse Ere f 2(t) (without sample) are then transformed into the frequency-domain

and into the linearly polarized complex transmittances t̂‖(ν) = E‖(ν)/Ere f 2(ν),

t̂⊥(ν) = E⊥(ν)/Ere f 2(ν). Figure 3.36 shows the time-domain pulses E‖(t) at t =

34.1 ps and E⊥(t) at t = 32.6 ps and one can see the delay of the E‖(t) pulse,

which can give a first indication of the difference between real parts of optical

indices, n‖ and n⊥, as follows:

∆t = t2 − t1 =
dn‖

c
− dn⊥

c
(3.72a)

∆n =
(

n‖ − n⊥
)
=

c
d

∆t (3.72b)

∆n =
3× 108 m s−1

1.6× 10−3 m
1.5× 10−12 s = 0.28. (3.72c)

The complex refractive indices of the sample for both mutual orientations of

the magnetization and the incident linear polarization are calculated with using

of Eq. (3.56) and plotted in Fig. (3.37) together with fitted models, which were

calculated using Eqs. (3.63)–(3.71).

These models have been fit together with the perpendicular magnetization

and therefore added 3 more parameters into the robust and complex fit: b‖, b⊥

and ωm⊥ which in total with perpendicular magnetization gives 7 fitting param-

eters. The final values of all parameters from the full measurement procedure are
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Figure 3.36: Time-domain signal for two orientations of the sample with respect

to the incident polarization
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Figure 3.37: Measured and fitted refractive indices for both orientations of mag-

netization



3.3. MO Properties of Hexaferrite Ceramics 159

Frequency (THz)
0.1  0.3  0.5  0.7  0.9  

ℜ
(ǫ̂
)

20

25

ǫ‖

ǫ⊥

Frequency (THz)
0.1  0.3  0.5  0.7  0.9  

µ

0.95

1

µ‖

µ⊥

Figure 3.38: Calculated permittivity and permeability for both orientations of

magnetization

summarized here:

ω0 = 2π × 56.3 GHz, ωm = 2π × 7.7 GHz, a = 0.001, b = 21.1

ωm⊥ = 2π × 1.9 GHz, b⊥ = 20.0, b‖ = 22.9.
(3.73)

Figure 3.38 shows the calculated permittivities and permeabilities from the

fitted parameters. One can see the difference between <(ε̂‖) and <(ε̂⊥) giv-

ing a clear proof of the strong crystalline anisotropy of the hexaferrite ceramics

when the c-axis lies in the sample plane as well as the difference in µ⊥ and µ‖

at low frequencies caused by the MO Cotton-Mouton (Voigt) effect. Both per-

meabilities show resonant behavior, the µ‖ with the same resonant parameters

as in the perpendicular magnetization and µ⊥ with the magnetization frequency

ωm⊥ = 2π × 1.9 GHz. This confirms the fact that in the remanent magnetized

state some of the magnetic moments can have a small component not perfectly

aligned with the total internal magnetization, but still keeping strong permanent

magnet properties of the ceramics. These differences in permittivities and perme-

abilities together have an impact on the difference between the material optical

indices (Fig. 3.37).
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All the hereby obtained parameters give us complex information about the

magneto-optical properties of the hexagonal ferrite ceramics FB6N magnetized

both in the direction of k or in parallel direction to k. Moreover, the fact that

two measurement steps were treated together and the important parameters have

been obtained by one complex fit, proves the self-consistency of the whole MO

characterization procedure.

3.4 Faraday Isolation

After the determination of strong gyrotropic properties of the hexaferrite ceram-

ics in the wide frequency range (0.1 THz–1 THz) we now present an experiment

of Faraday isolation with the magnetized sample FB6N in the mm-wave range,

thus in the frequency band 210 GHz–335 GHz. The measurement was done by a

similar quasi-optical setup as presented in section (3.2.1.1), but now with use of

lenses with a longer focal distance instead of parabolic mirrors in order to reduce

the angular width of the incident beam and to perfectly control the incident po-

larization. A schematic representation and a photograph of the setup are shown

in Fig. 3.39. It consists of the vector network analyzer, frequency extenders (trans-

mit and receive) for the band 210–325 GHz (401 frequency points), pair of conical

horn antennas, four polyethylene lenses for beam focusing, two polarizers (P1,

P2) and a sample holder. The polarizers we used for complete characterization of

the rotation angle, since the horns can emit and receive only a vertically-polarized

wave. The sample was placed in such a way that its magnetization was in the

parallel direction to the beam propagation from the horn 1 to the horn 2. In order

to reduce multiple reflections from the components and corresponding standing

waves in the setup, we placed THz absorbers (A) around the exits of horns, as

marked in Fig. 3.39 by green arrows.
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Figure 3.39: A schematic representation (top) and a photograph (bottom) of the

quasi-optical setup for Faraday isolation experiment with a focused beam.

3.4.1 Transmission Through a Magnetized Sample

Here we present the calculation of the parameters S21 characterizing transmission

from the horn 1 through the magnetized sample into the horn 2 and S12 describ-

ing the transmission in the opposite sense, from the horn 2, through the sample

into the horn 1. For this purpose the Jones calculus, presented in section (2.4.3), is

used. The measured sample physically represents a single magnetic layer of the

thickness d sandwiched between two isotropic half spaces. The Jones transmis-

sion matrix T of this magnetic layer relating the complex electric field amplitudes

of the incident (i) and transmitted (t) waves is in the form [208]:

 E(t)
x

E(t)
y

 =

 txx txy

tyx tyy


︸ ︷︷ ︸

T

 E(i)
x

E(i)
y

 , (3.74)
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where the Jones matrix elements for the gyrotropic material taking into account

multiple reflections inside the layer are in the form:

txx = tyy =
1
2

 t(01)
+ t(10)

+ exp
(
−iβ(1)

+

)
1 + r(01)

+ r(10)
+ exp

(
−2iβ(1)

+

) +
t(01)
− t(10)

− exp
(
−iβ(1)

−

)
1 + r(01)

− r(10)
− exp

(
−2iβ(1)

−

)
 ,

(3.75)

tyx = −txy =
1
2

i

 t(01)
+ t(10)

+ exp
(
−iβ(1)

+

)
1 + r(01)

+ r(10)
+ exp

(
−2iβ(1)

+

) − t(01)
− t(10)

− exp
(
−iβ(1)

−

)
1 + r(01)

− r(10)
− exp

(
−2iβ(1)

−

)
 ,

(3.76)

with

β
(1)
± =

ω

c
n̂(1)
± d. (3.77)

The Fresnel reflection coefficients are expressed as:

r01
± = −r10

± =
n(0) − n̂(1)

±

n(0) + n̂(1)
±

, (3.78)

and transmission coefficients as:

t(01)
± =

2n(0)

n(0) + n̂(1)
±

, (3.79a)

t(10)
± =

2n̂(1)
±

n(0) + n̂(1)
±

, (3.79b)

where n(0) = 1 is the optical index of the surrounding medium (air) and the

optical index of the gyrotropic material is, considering the permeability given by

(3.46), in the form:

n̂(1)
± =

√
ε̂r · (µ± κ) (3.80)

and the permeability tensor components µ and κ are presented in Fig. 3.31.

Now we can express the polarization properties of the whole measuring sys-

tem with use of the multiplication of T matrices of all individual components (Eq.
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2.56), for the beam direction from the horn 1 into the horn 2 as follows: E(2)
x

E(2)
y


︸ ︷︷ ︸

J2

=

 cos β2 sin β cos β

sin β cos β cos β2


︸ ︷︷ ︸

P2

 txx txy

tyx tyy


︸ ︷︷ ︸

T

· (3.81)

·

 cos α2 sin α cos α

sin α cos α cos α2


︸ ︷︷ ︸

P1

 0

1


︸ ︷︷ ︸

J1

,

Because the horns can detect only y-polarized component of the electric field,

the measured complex transmission parameter S21 corresponds to a ratio of the

resulting complex amplitude E(2)
y with the sample placed and a complex ampli-

tude E(2)
0y of a reference transmission with the sample removed. Similarly it is

possible to express the complex parameter S12 as the ratio of the resulting com-

plex amplitude E(1)
y and a reference amplitude E(1)

0y by changing the wave direc-

tion for the opposite one and therefore by an exchange of the matrices P1 and P2,

the Jones vectors J1 and J2 and the optical indices n̂(1)
+ and n̂(1)

− in the T-matrix

in (3.81). Note, that the rotation angles α, β of P1 and P2, respectively, must be

defined with respect to the propagating beam direction.

The whole measurement was done at two positions of the polarizer P1 (0◦

and −45◦) and by changing the position of the polarizer P2 from 0◦ to 355◦ with

a 5◦ step, for both P1 positions, all defined from y-axis. In total we measured 144

combinations of the polarizers positions. Figure 3.40 shows measured values of

the parameters S21 and S12 as well as the values calculated with use of Eq. (3.81)

for α = 0◦ and β = 50◦. The parameters are expressed in decibels for which

holds:

S12, 21 (dB) = 20 log10


∣∣∣E(1, 2)

y

∣∣∣∣∣∣E(1, 2)
0y

∣∣∣
. (3.82)

The figure 3.40 confirms the high isolation configuration (more than 15 dB of dif-

ference between S21 and S12) and confirms the calculated material parameters of

the hexaferrite ceramics. The specific Faraday rotation of the ceramics within this
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measured frequency range is close to 22 ◦mm−1. Therefore, after the transmis-

sion through the sample with the thickness of 1.3 mm, the polarization is rotated

by approx. 28◦. Then the wave passes through the P2 at 50◦ and the vertical

component of polarization is detected by the horn 2. This causes the forward

insertion losses of the parameter S21 to be around 10 dB. Both parameters also

show typical FP fringes originating from the multiple roundtrips within the mea-

sured material and the high-frequency oscillations coming from standing waves

between the setup components.
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Figure 3.40: Measured (dashed lines) and calculated (full lines) transmission pa-

rameters S21 (blue) and S12 (red) with the P1 at 0 degree and P2 at 50 degree show-

ing a high isolation configuration.

The difference between both S transmission parameters is purely originating

from the nonreciprocal behavior of the ceramics, since the measurement system

is completely symmetrical. The proof of this is a complete reciprocal transmission

with both P1 and P2 at 0◦, as shown in Fig. 3.41, where both S parameters acquire

the same values (calculated curves are totally overlapping), because the detected

vertical components of polarization have the same values for both transmission

directions, as schematically depicted in Fig. 3.42.

At this configuration both S parameters acquire lowest forward losses origi-
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Figure 3.41: Measured (dashed lines) and calculated (full lines) transmission pa-

rameters S21 (blue) and S12 (red) with the P1 at 0 degree and P2 at 0 degree show-

ing a complete reciprocal transmission configuration.

nating purely from the gyrotropic sample and not from the polarizers’ misalign-

ment.

y

z

θθ

Figure 3.42: Schematic representation of the reciprocal transmission when both

P1 and P2 are at 0◦. The Faraday rotation in the gyrotropic sample is represented

by the angle θ and the vertical polarization components are identical

The measurement of all positions of P2 was done in order to verify a mea-

surement 180◦ symmetry. A confirmation of this is shown in Fig. 3.43 where we

can see the identical S12 parameters spectra with P1 at 0◦ and P2 at 50◦ and 230◦.
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This experiment with observed high isolation (more than 15 dB) confirms the cal-
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Figure 3.43: Measured transmission parameters S12 with the P1 at 0◦ and P2 at

50◦ (blue) and 230◦ (red) showing the 180◦ polarization symmetry a confirming

thus the polarizers’ accuracy

culated strong gyrotropic properties of hexaferrite ceramics and its promising

potential for application in THz NRD.
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3.5 Conclusion of the Chapter

This chapter summarized properties of MO hexagonal ferrites. We presented the

crystal structure, anisotropy and magnetic properties as well as the origin of the

permeability tensor. In the next part, the procedure of free-space characterization

and extraction of ε̂r, µ̂r and n̂ of several different types of hexaferrites was pre-

sented. The main advantage of the free-space quasi-optical measurement meth-

ods in comparison to standard TD terahertz spectroscopy is mainly the higher

frequency resolution and higher speed of scans. All unwanted free-space mea-

surement effects such as multiple reflections inside samples or multiple reflec-

tions between the setup components and samples were filtered out by the TD-

gating technique. Thanks to this method we were also able to measure the re-

flection with very high precision in order to extract both complex permittivity

and complex permeability of the samples. This extraction technique is applica-

ble also for other types of unideal small samples where the precise position of a

sample and a reference is crucial and where multiple echoes could negatively in-

fluence measured data. The calculated parameters are consistent with some of the

published literature on hexaferrites. They give moreover some guidance on the

choice of ideal hexaferrite for transmissive NRD. The following part of the chap-

ter is focused on magneto-optical characterization of hexaferrite ceramics FB6N,

because it possesses a high remanent magnetization. This material was in the

remanent magnetization characterized by THz Time-domain spectroscopy both

with M out-of-plane and in-plane. The parameters obtained in the one complex

fit confirm the strong gyrotropic properties of the ceramics in the millimeter-wave

and the sub-millimeter-wave range and allow it to be used for design of a THz

NRD. Consequently, we show the specific Faraday rotation of the propagating

polarization plane and related thickness of the ceramics which is required for 45◦

rotation. The introduced figure of merit also showed a possibility of use of the

ceramics in a transmissive NRD up to 1 THz. The chapter is finished by an origi-

nal free-space mm-wave isolation measurement showing a large difference in the
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S transmission parameters and confirming therefore a strong Faraday isolation

provided by the magnetized hexaferrite ceramics.
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This chapter is devoted to the complete design of the novel THz isolator using

a magneto-plasmonic reflecting surface. The transversely magnetized gyrotropic

substrate gives rise to the transverse magneto-optical Kerr effect upon reflection

of EM radiation. As was discussed in Section 2.5.2, this effect appears for an

incident linearly polarized wave, and for gyromagnetic hexaferrites this must

necessarily be s-polarized. This effect does not provide polarization or mode

conversion, what is important for the functionality of the whole device.

For an enhancement of the typically weak MO effect we will make use of the

concentration of the local field caused by an excitation of surface plasmons polari-

tons. In Section 2.6 there was explained that surface plasmons require for their

existence an interface between materials with opposite sign of real parts of the

permittivity, e. g. metal/dielectric interface. Moreover, for an excitation of SPPs

at THz frequencies (spoof plasmons) by an s-polarized wave, the corresponding

metallic layer must be necessarily patterned by a 2-dimensional periodic struc-

ture (or with some 2D asymmetry). In our models we will use two kinds of 2D
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patterns - square blocks and holes in the layer of gold. For the substrate we use

the hexaferrite ceramics and all material parameters were determined in Chapter

3.

The proposed NR device consists of 2 basic elements - the gyrotropic substrate

on which there is deposited a structured metallic layer. We will first take a look

at the optical properties of gold at THz frequencies, as the material used for the

metal layer. The principal part of this chapter is focused on the design of the peri-

odic metal structure for the spoof plasmons excitation. In the Section 2.6 we saw

that an EOT effect at metal gratings can be caused both by a presence of SPPs or

by FP resonances in the holes. The FP resonances alone however do not interact

with a MO substrate and therefore do not provide any (or very weak) enhance-

ment of the TMOKE effect if they are not coupled with the SPPs at the interface

[80]. We have to thus focus on the plasmonic resonances as the principal phe-

nomena for the interaction with the substrate gyrotropy and hence for providing

of the EOT and TMOKE effects coupling. This proposed isolator, working in a re-

flection configuration, may significantly reduce insertion losses originating from

the gyromagnetic hexagonal ferrite substrate, as there is no need of an EM wave

propagation through the magnetized medium.

We also demonstrate the possibility of spoof SPPs excitation by TE-polarized

incident light using a periodically structured layer of gold fabricated on a crys-

talline quartz substrate. The presence of SPPs were confirmed both numerically

and experimentally with a strong agreement. These results were then used as

initial data for designing of a similar structure of holes on the surface of the hex-

aferrite ceramics.

4.1 Optical Properties of Gold at THz Frequencies

For precise calculations and simulations it is necessary to describe material prop-

erties of all used components. Since the hexaferrites characterization was pre-

sented in Chapter 3, here we present the optical function of gold which is used as
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the metal for the envisaged periodic structure.

The permittivity of gold is according Eq. (2.15) a complex function of an an-

gular frequency ω, which can be described by Drude model, presented in Section

2.6.1.1:

ε̂ (ω) = ε1 (ω)− iε2 (ω) = n̂2 (ω) (4.1)

ε̂ (ω) = ε∞ −
ω2

p

ω2 − iωωτ
, (4.2)

and the real and imaginary part of the permittivity take the form:

ε1 (ω) = ε∞ −
ω2

p

ω2 + ω2
τ

(4.3)

ε2 (ω) =
ω2

pωτ

ω3 + ωω2
τ

, (4.4)

where the plasma frequency ωp can be expressed as:

ωp

(
cm−1

)
=

1
2πc

√(
4πNe2

meε∞

)
, (4.5)

where N represents the free electron density, e the electron charge, me the electron

effective mass and ε∞ stands for the dielectric constant at high frequencies. The

damping frequency ωτ is then expressed as:

ωτ

(
cm−1

)
=

1
2πcτ

, (4.6)

where τ is the electron lifetime in seconds. For gold the parameters ωp and ωτ

were presented by Ordal et al. [209, 210]:

ωp (Au) = 7.28× 104 cm−1, ωτ (Au) = 2.15× 102 cm−1. (4.7)

The real and imaginary parts of the dielectric function of gold at THz frequencies

are plotted in Fig. 4.1. It is apparent, that both real and imaginary parts acquires
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high negative values
(
105 − 106) at 1 THz signifying the PEC-like optical proper-

ties of gold at THz frequencies.
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Figure 4.1: Real (ε1) and imaginary (ε2) parts of permittivity of gold obtained

from Drude model

Another important quantity which influences plasmonic behavior of a metal is

a penetration depth of an EM wave. The well-known Beer-Lambert law [211, 212]

says that the intensity of an EM wave exponentially decays when propagating

through an absorbing medium with a refractive index n̂ = n− iκ:

I (z) = I0 exp (−αz), (4.8)

where α = 4πκ/λ represents the attenuation coefficient and the penetration

depth is then in the form:

τp =
1
α
=

λ

4πκ
. (4.9)

This penetration depth quantifies a depth at which the intensity or power of the

field decays to 1/e of its surface value. Figure 4.2 shows a dependence of the

penetration depth on a frequency for gold. This also denotes a minimal thick-

ness of gold for a proper plasmonic behavior of a structured surface since any
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penetration of radiation through the metal into a substrate is not desirable.

Frequency (THz)
0 0.2 0.4 0.6 0.8 1

P
en

et
ra

tio
n 

de
pt

h 
(n

m
)

0

50

100

150

200

250

300

350

400

Figure 4.2: Penetration depth in gold

4.2 Design of Plasmonic Structure

In this section we are focusing on the transformation of the proposed isolator

concept into a working device. Material parameters of the substrate material -

hexaferrite - were presented in Chapter 3 and of the gold in Section 4.1. The idea

now is to design a structured gold layer on the surface of the hexaferrite ceram-

ics in order to be able to excite designer plasmons in the mm-wave range. As

we saw in Section 2.6, by proper structuring of a noble metal one can be able to

excite surface plasmons even when the metal has usually in the THz range PEC-

like properties. The presence of SPPs at the interface between the metallic layer

and the ceramic appears as a local field enhancement causing an EOT effect of an

incident EM wave. When combined with the MOKE caused by the transversely

magnetized substrate this can lead into a nonreciprocal shift of the resonant fre-

quency depending on the magnetization direction. For the SPPs excitation we

studied two, mutually reversed, structures - 2D holes in the metal layer and 2D
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square blocks of the metal (separated by thin slits). In the following sections we

describe both designs more in detail and we study the possibility of the plasmons

excitation and the behavior of the resonance with varying structural parameters.

4.2.1 2D Holes

This section is devoted to the study of the device design with a metallic layer pat-

terned by 2D holes. First of all we demonstrate the spoof plasmons excitation in

the mm-wave range with a patterned gold layer deposited on a low-loss quartz

substrate. The real fabricated sample was characterized by THz-TDS and mea-

sured data well-fit with our numerical simulations. This was followed up by a

designing of a similar gold structure for the use with a hexaferrite substrate. We

numerically studied how the resonance frequency behaves when the substrate

permittivity changes and also with varying holes size. Numerical simulations

then resulted into a design which was fabricated for characterization measure-

ments and the presence of spoof plasmons has been experimentally confirmed.

4.2.1.1 Experimental Demonstration of SPPs in Millimeter-Wave Range

This section presents results of a numerical study and an experimental demon-

stration of spoof SPPs in mm-wave range with use of our fabricated device which

will be then followed by a design of a similar structure on the surface of the hex-

aferrite ceramics. In their recent work Bhattarai et al. [89] presented a structure

of a patterned gold layer deposited on a fused silica substrate, which supports an

excitation of SPPs at frequencies close to 1 THz. We take up on their work and

design a similar structure for plasmons presence close to 250 GHz. In order to

avoid high insertion losses of the fused silica, we use low-loss crystalline quartz

as the substrate material.

The plasmonic structure for mm-wave spoof SPPs excitation is shown in Fig.

4.3 and consists of a periodic array of holes with a diameter d = 300 µm and a lat-

tice period Λ = 600 µm in a layer of gold with a thickness h = 500 nm fabricated
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on the quartz substrate with a thickness hsub = 240 µm. The cut-off frequency of

the holes is determined by their diameter:

νcut-off =
χ′m,n · c

πd
, (4.10)

where χ′m,n represents zeros of derivative J′m
(
χ′m,n

)
= 0, (n = 1, 2, 3, . . .) of Bessel

function Jm(x). For m = 1, n = 1 we obtain χ′1,1 = 1.8412 and therefore the cut-off

of the circular holes is in the form

νcut-off =
1.8412× c

πd

νcut-off =
1.8412× 3× 108 m s−1

π × 300× 10−6 m

νcut-off = 586.1 GHz

(4.11)

This cut-off frequency denotes that EM radiation with a frequency lower than

νcut-off (and with longer wavelength than λcut-off) cannot pass through the metal

layer and all modes in the holes are evanescent.
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Figure 4.3: Schematic representation of the THz plasmonic device: gold layer

patterned by 2D periodic structure of circular holes with period Λ, holes diameter

d and thickness h on a quartz substrate of thickness hsub with incident s- or p-

polarized plane wave at an angle of incidence φ0 and an azimuthal angle θ0.

Now we take a look at the calculation of resonant frequencies of this plas-
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monic structure. The properties and excitation of SPPs were described in section

(2.6.1). For a planar interface between a dielectric and a metal the propagation

constant is given by the dispersion relation in Eq. (2.179c), where the dielectric

functions of both materials are generally complex:

kspp = β =
ω

c

√
ε̂1ε̂2

ε̂1 + ε̂2
. (4.12)

Considering a lossless dielectric medium, this dispersion relation can be ex-

pressed in terms of both real and imaginary parts of the optical function of the

metal [213]:

kspp =
ω

c

√
ε2

(<(ε̂1) + ε2)
2 +=(ε̂1)

2

√√√√√ρ2 +

√(
ρ4 + ε2

2=(ε̂1)
2
)

2
, (4.13)

where ρ = <(ε̂1)
2 + =(ε̂1)

2 + ε2<(ε̂1). Because of the high negative values of

<(ε̂1) and high positive values of =(ε̂1) of gold at THz frequencies, Eq. (4.13) can

approximated by a simple formula:

kspp ≈
ω

c
√

ε2. (4.14)

This implies that in a structure consisting of a PEC and a lossless substrate mate-

rial the spectral positions of Wood-Rayleigh (WR) anomaly, which is a minimum

in a transmission spectrum occurring when a diffraction order is exactly parallel

to the plane of the metal film, is close to the condition for excitation of a SPP on a

flat metal-dielectric interface [119]. If we now use the condition for an excitation

of SPPs via a metal grating (Eq. (2.186)), for 2D case it takes the form:

kspp = k0 ±mGx ± nGz, (4.15)

where |Gx| = |Gz| = 2π/Λ, m, n are integers and k0 = k sin φ0, when θ0 = 0◦.

Comparing now Eqs. (4.14) and (4.15) it is obvious, that for a square lattice with
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a metal considered as a PEC, transmission minima for normal incidence (k0 = 0)

occur at frequencies:

νmin
m,n ≈

c√
ε2

√
m2 + n2

Λ
. (4.16)

For a simplicity we can assume a substrate with ε2 = 4, which is close to the

permittivity of quartz, and a lattice period Λ = 600 µm, then the first order

transmission minimum (or reflection maximum) for TE wave [0,±1] is present

at 250 GHz, which is indeed below cut-off (see (4.11)). The spectral position of

surface plasmons is given by Eq. (2.185):

ωsp =
ωp√
ε2 + 1

, (4.17)

where the characteristic plasma frequency ωp was for PEC presented by Pendry

et al. [82] (see Section 2.6.2) and corresponds to the cut-off frequency fcut-off of the

hole with a size d, for circular holes as:

ωp =
2 · 1.8412 · c

d
= ωcut-off, (4.18)

and for square holes as:

ωp =
π · c

d
= ωcut-off. (4.19)

Therefore, for a plasmonic structure with circular holes of a diameter d = 300 µm

on the hypothetical substrate with ε2 = 4, the surface plasmons frequency is

present approx. at 262.1 GHz and for a structure with square holes of size d ap-

prox. at 223.6 GHz.

Figure 4.4 shows a numerical calculation of a spectrum between 200 GHz–

325 GHz after normal incidence reflection of a linearly polarized wave done

by rigorous coupled-wave analysis (RCWA) [214]. The simulation considered

square-shaped holes of size d = 300 µm in gold at the quartz substrate. It is pos-

sible to observe a strong pronounced minimum at 245 GHz signifying a presence

of spoof plasmons polaritons (SPPs) as well as the evident sharp Wood-Rayleigh

anomaly close to 250 GHz. The SPPs resonance frequency is slightly shifted from
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Figure 4.4: Reflection spectrum of the quartz-gold plasmonic structure with

square holes after normal incidence of TE-polarized light calculated by RCWA

algorithm

the calculated value to high frequencies due to the non-zero losses of the metal

and is closely tied with the WR anomaly. These results present the first numerical

confirmation of the designer plasmons excitation in the mm-wave range. Note,

that due to the normal incidence (φ0 = 0◦, θ0 = 0◦) and 90◦ rotational symmetry

of the 2D grating, this resonance effect will appear for a z-polarized wave as well

as for a x-polarized wave.

After the numerical study we focused on fabrication of the real plasmonic

structure, as shown in Fig. 4.5a, and its characterization.

Sample preparation included a cleaning of the quartz wafer surface with thick-

ness hsub = 240 µm by acetone and alcohol followed by a development of copoly-

mer and PMMA (polymethyl methacrylate) resists. For a suitable adhesion be-

tween gold and the substrate a 5 nm thin layer of germanium was deposited by

evaporation. The thickness of this adhesion layer is negligible in comparison to

the other structural parameters and working wavelengths and therefore has no
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significant impact on the SPPs resonance conditions. After an application of a

mask (Fig. 4.5b) by e-beam lithography, the metallizing was done by evaporation

of gold after standard pre-etching (E = 200 eV, t = 120 s). The excess material

and resists were then lifted-off in 2h at t = 70 ◦C. A real photo of the plasmonic

device is shown in Fig. 4.5a.

(a) Plasmonic structure (b) Mask for metalization

Figure 4.5: A photograph of the 2D periodic structure of gold with circular holes

of diameter d = 300 µm and period Λ = 600 µm fabricated on a crystal quartz

substrate and a mask for sample metalization with a denoted hole diameter

Because a reflection measurement requires exact positions of the sample and a

reference which could complicate the measurement procedure, we characterized

the plasmonic device in a transmission configuration. This was done by our THz

Time-domain spectrometer and a general TDS experimental scheme is shown in

Fig. 2.6. Figure 4.6 shows the plasmonic device placed in the setup during the

TDS measurement. The transmittance spectrum after horizontally-polarized nor-

mal incidence transmission with a free-air transmission reference together with

simulation results obtained by CST Studio Suite software1 are shown in Fig. 4.7.

The positions of the lowest order SPPs resonance and WR anomaly are

1CST Studio Suite: The electromagnetic simulation software, CST - Computer Simulation Tech-
nology GmbH, Bad Nauheimer Str. 19, 64289 Darmstadt, Germany
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Figure 4.6: A photograph of the plasmonic structure during the TDS transmission

measurement with incident horizontally-polarized wave
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Figure 4.7: Transmittance spectra of the quartz-plasmonic device (Fig. 4.3) ob-

tained by THz-TDS and corresponding calculated spectra obtained by CST Stu-

dio Suite, permittivity of the quartz substrate ε2 = 4.41.
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marked. It is possible to observe measured strong resonant transmission max-

imum at approx. 256 GHz (calculated 261 GHz) followed by a strong minimum

at 265 GHz denoting the WR anomaly (calculated 270 GHz). The presence of sur-

face modes is confirmed by the field plot map of Hy field component at 261 GHz

(Fig. 4.8) where we can see strong confinement to sides of the circular holes.

The z-polarized electric field excites a two-fold degenerate SPPs resonance modes

[0,±1]. From the field plot maps of Ez (Fig. 4.9) and Ex (Fig. 4.10) implies that

the polarization of the surface modes excited with use of circular holes is not

strongly determined since they include both Ex and Ez component. This was pre-

sented and described also in [215]. Field plot maps of the Hy field component of

all other peaks in in the transmission spectrum in are shown in Fig. 4.11a-4.11e. It

is apparent, that the transmission peaks a, c, d, e correspond to substrate modes,

whereas b is the higher-order spoof SPPs resonance. This is also confirmed by

a presence of WR anomaly, whose frequency can be calculated with use of Eq.

(4.16), hence:

νmin
(±1,±1) = νmin

(0,±1) ·
√

2, (4.20)

where measured νWR1 = 260 GHz and therefore νWR2 = 367 GHz. All the phe-

nomena depicted in Fig. 4.7 are well bellow cut-off what signifies no possibility

for FP resonance existence in the holes. We can therefore conclude that these

effects are independent of the metal film thickness.

All the above presented results underline the possibility of spoof SPPs exci-

tation at THz frequencies, particularly in the mm-wave range. We will now link

the following work on this demonstration and try to obtain excited designer plas-

mons on a device consisting of the hexaferrite ceramics and a similarly patterned

layer of gold.
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Figure 4.8: Field color map of Hy field component of the calculated transmittance

peak at 261 GHz for 4 unit cells of the plasmonic device. This field color map is a

proof of SP behavior since it is observed below WR1 anomaly.
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Figure 4.9: Field color map of Ez field component of the calculated transmittance

peak at 261 GHz for 4 unit cells of the plasmonic device.
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Figure 4.10: Field color map of Ex field component of the calculated transmittance

peak at 261 GHz for 4 unit cells of the plasmonic device.
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Figure 4.11: Field color map of Hy field components of the calculated transmit-

tance peaks a-e for 4 unit cells of the plasmonic device.
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4.2.1.2 Spoof Plasmons at Metal/Hexaferrite Interface

After the successful demonstration of spoof SPPs via the quartz-plasmonic struc-

ture we will now design a similar device including a patterned gold layer on the

surface of the hexagonal ferrite ceramics FB6N. As was presented in Chapter 3,

the FB6N ceramics possesses a high permittivity (Fig. 3.38), therefore it is neces-

sary to scale the grating parameters for SPPs coupling on the metal/hexaferrite

interface. Because the characteristic frequency of surface plasmons (Eq. (4.17)) as

well as the spectral positions of WR anomaly (Eq. (4.16)) depend on the substrate

permittivity, an increase of the permittivity value will cause a shift of these phe-

nomena to lower frequencies (longer wavelengths). Therefore, in order to keep

them in the mm-wave range between 200 GHz–320 GHz, one has to properly de-

crease both the grating period Λ and the hole size d. Fig. 4.12 shows reflectance

spectra calculated by an in-house developed RCWA algorithm for structures of

gold layer with square holes of size d and period λ deposited on substrates with

different permittivities. Table 4.1 summarizes parameters of the simulated struc-

tures and spectral positions of SPPs and WRs both simulated and calculated via

Eqs. (4.17), (4.16), respectively. We are still considering a TE-polarized wave with

the normal angle of incidence (φ0 = 0◦, θ0 = 0◦).

Table 4.1: Plasmonic structures simulated by RCWA

ε2 Λ(µm) d(µm) SPPs (GHz) (rcwa) SPPs (GHz) (4.17) WR (GHz) (rcwa) WR (GHz) (4.16)

1 4.5 450 200 311 320 314 314

2 10 400 180 235 251 237 237

3 15 300 140 256 267 259 267

One can see that the positions of the lowest order WR anomalies of these struc-

tures well follow the Eq. (4.16) and differences in the order of several GHz are

present between the SPPs resonances positions calculated by Eq. (4.17) and the

RCWA algorithm. These differences perhaps again correspond to the losses of the

used metal included in the Drude model as well as with the positions of the WR
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Figure 4.12: Simulated reflectance spectra of plasmonic structures with square

holes and increasing substrate permittivity. Blue: εsub = 4.5, Λ = 450 µm, a =

200 µm, red: εsub = 10, Λ = 400 µm, a = 180 µm, yellow: εsub = 15, Λ =

300 µm, a = 140 µm

anomalies. These seem to be present always close to the SPPs resonances and can

influence their spectral positions.

After these obtained results we can design a plasmonic structure with the hex-

aferrite substrate. Contrary to the quartz-plasmonic device we decided to use

square holes in the gold layer for the ferrite-based isolator. As was presented

and discussed by Qu et al. [215], square holes are supposed to incite a higher

phase change at the [0,±1] SP resonance frequency than a structure with circular

holes. And because the transmission has the derivative shape of the sharp phase

changes observed at the SPPs resonance frequencies, as a result the EOT trans-

mission peak is supposed to possess also a higher-quality factor. This is caused

by the fact that the polarization of the surface modes excited by circular holes

is not strongly determined, as we already observed and demonstrated in Figs.

4.9, 4.10. The schematic representation of the studied THz NR device is therefore

shown in Fig. 4.13. The period of the gold grating was calculated as Λ = 250 µm.

The [0,±1] WR anomaly is for normally incident TE-polarized radiation on this
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grating present at

νWR
(0,±1) =

c
Λ
√

ε2
= 262 GHz, (4.21)

where ε2 ≈ 21.

h
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φ0

M

Θ�
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z

Figure 4.13: Schematic representation of the studied THz nonreciprocal device:

gold layer patterned by 2D periodic structure with period Λ, holes size a and

thickness h on a magneto-optical hexaferrite substrate magnetized in transverse

configuration with incident s- polarized plane wave at an angle of incidence φ0

and an azimuthal angle θ0.

Mutual spectral positions of the WR anomaly and the SPPs resonance can

significantly influence a quality factor of the resonance dip in reflectance spec-

trum. Since the resonance frequency of SPPs is according the Pendry’s theory

(Eq. (4.18)) determined primarily by the hole size, we numerically studied sev-

eral structures with different holes sizes in order to observe the resonance be-

havior in the spectra. Figure 4.14 shows reflectance spectra of the hexaferrite-

plasmonic structure, with nonmagnetized substrate of ε2 ≈ 21 and Λ = 250 µm

after normal incidence of TE-polarized EM wave calculated by RCWA for holes

sizes 100 µm–140 µm. One can see the decreasing quality factor of the resonance,

but also minimal change of its spectral position. We can calculate theoretical res-
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Figure 4.14: Numerical calculation of reflectance spectra of the hexaferrite-

plasmonic structure for different holes sizes after normal incidence

onant frequencies of all the patterns for PEC with use of Eq. (4.17):

νSPP
(0,±1) =

c
2a
√

ε2 + 1
(4.22)

and these are summarized in Table 4.2 It is possible to observe a strong depen-

Table 4.2: Theoretical SPPs resonant frequencies for structures with different

holes sizes

a(µm) νSPP
(0,±1) (GHz)

100 320

110 291

120 267

130 246

140 228

dence of the resonant frequency on the hole size. However, our RCWA numerical

calculations considering a real metal with limited losses did not show that and
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the results are consistent with Eq. (4.14). This is important result denoting the

fact that in a real metal the position of the resonant frequency is strongly influ-

enced by the position of the adjacent WR anomaly and the hole size influences

particularly the quality factor of the resonance. We also concluded that for the

device fabrication the holes size of a = 130 µm provides a reasonably strong ef-

fect while still keeping a high quality factor required for the high isolation. The

design of the gold layer patterned with square holes with the size a = 130 µm

and grating period Λ = 250 µm was therefore chosen as the optimal one for the

fabrication and consecutive studies. The following paragraphs are thus focused

on the above described structure.

Sample fabrication included a preparation of the ceramic substrate and a follow-

ing deposition of the structured gold layer.

Substrate preparation The commercially available bulk ceramics with pre-

ferred magnetization direction along the c-axis was cut into 1–2 mm thin sheets

with the c-axis being in plane of the samples. The small thickness is required for

subsequent lithography fabrication processes. The cutting was done by a micro-

water jet machine which allows to cut even very brittle materials with very high

precision. The resulted thin sheets were afterwards polished by Al2O3 solution,

which was providing the best results from all tried polishing solutions (Section

3.1.1). The procedure of the ceramics preparation and its difficulties are more in

detail described at the end of this chapter, in Section 4.2.3.

Fabrication of the metal structure included a cleaning of the polished sample

surface followed by an e-beam deposition of a 500 nm thick gold layer by the lift-

off technique analogously to the quartz-plasmonic structure. No adhesion layer

is now required due to the residual roughness of the ceramic substrate. The di-

mensions were controlled by SEM and profilometry. Figure 4.15 shows a picture

of one and half grating period of the fabricated device captured by SEM and a

real photograph of the fabricated device is shown in Fig. 4.16.
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Figure 4.15: SEM image of one grating period of the gold structure on the hexa-

ferrite surface with measured dimensions

Figure 4.16: A photo of the fabricated gold grating on the hexagonal ferrite sub-

strate

The cut-off frequency of the square holes is determined by their size:

νcut-off =
c

2a

νcut-off =
3× 108 m s−1

260× 10−6 m

νcut-off = 1.15 THz

(4.23)
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Sample characterization The fabricated device has been initially measured by

THz-TDS in a normal-incidence transmission configuration. The resulting trans-

mittance spectrum after normalization by a free-space transmission is shown in

Fig. 4.17. One can see a resonant maximum signifying presence of SPPs at

Frequency (GHz)

100 150 200 250 300 350 400 450 500

T
ra

n
s
m

it
ta

n
c
e

0

0.005

0.01

0.015

SPP

WR1

Figure 4.17: Transmittance spectra of the hexaferrite-plasmonic device (Fig. 4.13)

obtained by THz-TDS after normal incidence

256 GHz followed by a strong significant minimum denoting the WR anomaly

at 271 GHz both with a good agreement with RCWA simulations. The measured

intensity is very low particularly due to a combination of losses and thickness

(1.7 mm) of the ceramic substrate. These also result in wider SPPs resonant peak

as well as in a presence of substrate modes apparent as additional peaks in the

spectra (especially at lower frequencies). Besides all these effects complicating

the interpretation we can conclude that this measurement confirms the first ex-

perimental demonstration of SPPs excitation on the structured metal/hexaferrite

interface. Moreover, considering the fact that the transmission configuration is

not the principal configuration of the studied NR device, the presence of SPPs
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resonance together with already demonstrated strong ceramics’ gyrotropy are the

crucial phenomena for obtaining a strong isolation.

Until now we studied the plasmonic device under normal incidence of an EM

wave. However, for a NR shift of the resonant frequency in the spectra caused

by a EOT coupling with the MOKE effect, it is necessary to introduce an angle

of incidence φ0 > 0. Therefore, in the following step we studied the behavior of

the SPPs resonance for increasing values of φ0. The dependence of the reflectance

spectra on the angle of incidence is shown in Fig. 4.18. As we can see, both
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Figure 4.18: Numerical calculation of reflectance spectra of the hexaferrite-

plasmonic structure for different incidence angles φ0; θ0 = 0◦.

the SPPs resonance frequency and the WR anomaly frequency are shifted with

increasing φ0 to lower frequencies. Considering the condition for SPPs excitation

at 2D grating given by Eq. (4.15), for a nonzero angle of incidence φ0 and θ0 = 0◦

it takes the form:

kspp = k0 ± (mGx + nGz) = (k0 sin φ0 ±mGx) ıx + (±nGz) ız. (4.24)
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If we now take into account Eq. (4.14), we can express the WR anomaly wave-

length at general incidence angle as:

√
ε2

λ
=

√(
sin φ0

λ
± m

Λ

)2

±
( n

Λ

)2
(4.25a)

ε2

λ2 =
sin2 φ0

λ2 ± 2
m sin φ0

λΛ
+

m2

Λ2 ±
n2

Λ2 (4.25b)

0 = λ2
(

m2 + n2
)
± λ2mΛ sin φ0 −Λ2

(
ε2 − sin2 φ0

)
(4.25c)

and general solutions of Eq. (4.25c) for λ at a general incidence angle φ0 are:

λWR
1,2 =

∓2mΛ sin φ0 ± 2Λ
√[

(m2 + n2) ε2 − n2 sin2 φ0
]

2 (m2 + n2)
. (4.26)

These solutions can be for [0,±1] WR anomaly with a TE-polarized incident wave

simplified into

λWR
(0,±1) = Λ

√
ε2 − sin2 φ0. (4.27)

For φ0 = 0◦ this gives λWR
(0,±1) = Λ

√
ε2, what is the solution corresponding to

Eq. (4.16). Equation (4.27) denotes that with increasing angle of incidence the

[0,±1] WR anomaly shifts to lower wavelengths (higher frequencies). However

our calculations (Fig. 4.18) show that this is true only when φ0 > 10◦. In this

case the SPPs resonance and WR anomaly become more separated and both these

phenomena are moving to opposite sides of spectra. For φ0 = 40◦ the SPPs res-

onance is present at νSPP = 229 GHz and WR anomaly at νWR = 253 GHz. This

separation can lead to increase of the resonance quality factor and therefore to the

stronger effective isolation. For small angles when φ0 ≤ 10◦, only the diffraction

about x-axis is affected and the position of WR anomaly is strongly influenced by

the SPPs resonance position which shifts to lower frequencies with increasing φ0.
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4.2.1.3 Nonreciprocal Response of Magnetoplasmonic Structure

The most important part of the study is devoted to the study of the isolation

effect when combining the SPPs resonance with the TMOKE. For this purpose

the hexagonal ferrite substrate was magnetized transversely to the plane of inci-

dence, as already shown in Fig. 4.13. We will now focus on a description of the

SPPs spectral position shift caused by the coupling with the transverse magneto-

optical Kerr effect.

Working principle The TMOKE effect is usually defined as a relative change

of reflected intensity of linearly polarized radiation when the magnetization

changes its orientation, for s polarization therefore in the form:

δRs =
Rs (±M)− Rs (∓M)

Rs(0)
. (4.28)

In our case we study the device behavior when the ceramic substrate is in its nat-

ural remanence after magnetization of the sample by an external electromagnet

at B = 1.6 T. As it was described in Chapters 1 and 2, the presence of magnetiza-

tion in the material causes breaking of the Lorentz reciprocity for a TE-polarized

wave and the nonreciprocal response of the magnetized device manifest itself as

a spectral shift of the resonant effects and anomalies. Therefore the isolation can

be expressed using Eq. (4.28) without normalization to the nonmagnetized state:

∆Rs = Rs (±M)− Rs (∓M) . (4.29)

This spectral shift of the resonance phenomena is described in the following

paragraphs.

Considering the transversely (z−) magnetized hexaferrite substrate, with the
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permeability in the tensorial form:

¯̄µ =


µ iκ 0

−iκ µ 0

0 0 µ0

 , (4.30)

and an incident s-polarized wave, the wave equation (2.65) can be expressed as:


n̂2

y − µ −n̂xn̂y − iκ 0

−n̂yn̂x + iκ n̂2
x − µ 0

0 0 (n̂2
x + n̂2

y)− µ0




H0x

H0y

H0z

 = 0. (4.31)

From the condition for existence of SPPs at the interface (2.177) we for s-

polarization obtain:
ky1

µ1
+

ky2

µ2
= 0, (4.32)

where ky2 = i
√

k2
x − ε2µk2

0, µ2 = µ− κ. Here we can assume an effective perme-

ability µ1 as was for structured PEC derived by Pendry et al. [82], together with

ky1 for TE-polarized wave in the form:

ky1 = i

√
π2

a2 − k2
0, µTE

1 =
π2Λ2

8a2

(
1− π2c2

a2ω2

)
(4.33)

Eq. (4.32) can be therefore expressed as:

k2
x − ε2µk2

0
(µ− κ)2 =

π2

a2 − k2
0[

π2Λ2

8a2

(
1− π2c2

a2ω2

)] (4.34a)

k2
xc2 = ε2µω2 +

(
π2c2

a2 −ω2
)
(µ− κ)2(

π4Λ4a2ω2−π4Λ2c2

8a4ω2

)2 . (4.34b)

Taking into account the characteristic plasma frequency ωp for the metal struc-

tured by 2D holes given by Eq. (2.189), and considering µ ≈ 1 together only with
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terms linear in κ, hence (µ− κ)2 = 1− 2κ, we can express Eq. (4.34) into:

k2
xc2 = ε2ω2 +

64a4ω4

π4Λ4
(

ω2
p −ω2

) (1− 2κ). (4.35)

Eq. (4.35) is a dispersion relation for surface plasmon polaritons at the inter-

face between the structured metal surface and gyromagnetic substrate for TE-

polarized incident wave. The term 2κ denotes the spectral shift originating from

the magneto-optical Kerr effect. Figure 4.19 shows the shift of optical index of

SPPs at ν = 250 GHz calculated by Eq. (4.35), where nSPP = k2
xc2/ω2

SPP.
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Figure 4.19: Shift of SPPs caused by coupling with transverse MO Kerr effect

calculated with use of Eq. (4.35) at ν = 250 GHz for opposite magnetization

orientations. Pure SPPs without MO effect are represented by the yellow dashed

line.

For numerical studies we included a magnetized layer of the finite thickness

hsub = 200 µm representing the hexaferrite with the permeability tensor (Eq.

(4.30)) and the permittivity described by a linear function as shown in Fig. 3.38.

The magnetic layer was underlaid by a thin dielectric layer of the identical per-

mittivity at which perfectly matched layer (PML) boundary conditions were ap-
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plied. The PML is an artificial absorbing layer for wave equations, commonly

used to truncate computational regions in numerical methods to simulate prob-

lems with open boundaries. This layer strongly absorbs outgoing waves from the

interior of a computational region without reflecting them back into the interior

[216]. Figure 4.20 shows simulated reflectance spectrum of the isolating device

after an incidence of a TE-polarized wave at φ0 = 30◦. Different curves represent

different directions of the magnetization: +M, M = 0, −M.

Frequency (GHz)

240 245 250 255 260 265 270 275 280

R
e

fl
e

c
ta

n
c
e

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

-M

+M

M=0

0.977

0.6750.67

0.962

Figure 4.20: Simulated spectra obtained by CST Studio after reflection of TE-

polarized wave incident at φ0 = 30◦, θ0 = 0◦ on the transversely magnetized THz

NR reflecting device with gold patterned by square holes, where Λ = 250 µm,

a = 130 µm, h = 500 nm. Full lines correspond to the opposite magnetization

directions and dashed line represent the case when M = 0. The isolation ranges

are marked by black dashed vertical lines.

This figure shows several important features. First of all, one can see shifts

of the dip representing the SPPs resonance, originally present at ν = 245.5 GHz

when the substrate is not magnetized, according the magnetization direction to

ν = 243.8 GHz and ν = 247.7 GHz. The isolation range of the device is therefore

present at these frequencies where radiation is highly reflected for one sense of

M, whereas for the opposite direction is weakly reflected, as denoted in the fig-
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ure. The isolation can be expressed as a difference of reflectance for the opposite

magnetization direction, therefore in the form of Eq. (4.29) and in decibels as:

∆Rs (dB) = 10
[
log10 (Rs (±M))− log10 (Rs (∓M))

]
= 10 log10

Rs (±M)

Rs (∓M)
(4.36)

and hence we obtain the isolation at corresponding frequencies:

∆Rs (ν = 243.8 GHz) = 1.57 dB (4.37a)

∆Rs (ν = 247.7 GHz) = 1.61 dB. (4.37b)

These values are theoretical ones given by depth of the resonance dips which can

be influenced by a chosen frequency resolution in the simulations. Higher fre-

quency resolution however significantly increases calculation time which already

reaches several days at powerful computer with 12 cores, 128 GB RAM.

Because the opposite magnetization directions correspond to the opposite in-

cidence angles, the same isolation mode is obtained when light is incident at

φ0 = 30◦ and φ0 = −30◦ on the device magnetized in one direction. The pres-

ence of spoof SPPs is confirmed by the field color map of Hy field component at

ν = 245.5 GHz in the case with M = 0. This plot shows strong confinement of

modes to the edges of square holes.

These evanescent modes are strongly TE-polarized, as shown by the field

color map of the Ez field component in Fig. 4.22, but a weak Ex component is

present as well (Fig. 4.23). We can therefore conclude, that square holes do not

preserve 100 % of the input polarization, however the Ex field component seems

to be weaker than in the case of circular holes.

Another calculated reflectance minimum, originally present at ν = 270.7 GHz

when M = 0 is splitted into two minima at ν = 268 GHz and ν = 276 GHz when

the substrate is magnetized. These minima however do not change their position

when the M direction is reversed (a minimal shift of the dip at ν = 268 GHz

is perhaps caused by shifts of the SPPs resonances at lower frequencies). This
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Figure 4.21: Field color map of Hy field component of the device with non-

magnetized substrate at 245.5 GHz for 4 unit cells

signifies the fact that they are caused by guided modes in the substrate which

are not active during the TMOKE effect, as confirmed also by the field color map

of the Hx field component shown in Fig. 4.24. Because they were not initially

present at spectra calculated by RCWA algorithm (Fig. 4.18) considering a semi-

infinite substrate, they are now a result of the finite substrate thickness and their

spectral position will on the thickness strongly depend.

The here presented design with square holes in a gold layer seem to be very

promising for use as nonreciprocal mirror, however the strong isolating proper-

ties are yet to be confirmed by an experimental demonstration. Now we focus

on a device with a reversed metal structure - with square blocks of gold on the

hexaferrite substrate.
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Figure 4.22: Field color map of Ez field component of the device with non-

magnetized substrate at 245.5 GHz for 4 unit cells
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Figure 4.23: Field color map of Ex field component of the device with non-

magnetized substrate at 245.5 GHz for 4 unit cells
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Figure 4.24: Field color map of Hx field component of the substrate mode at

270.7 GHz for 4 unit cells of non-magnetized device
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4.2.2 2D Square Blocks

Even before the study of the design with 2D holes in the metallic layer we con-

sidered the reversed structure which is described in this section. The original

idea was to extend techniques of NR resonant effects shift working at optical

frequencies with use of 1D periodic metallic grating (1D thin infinite slits in the

gold layer) [80, 115, 217] and transform this design into 2D. It therefore means

to keep the 1D-infinite thin slits and introduce them also into the second perpen-

dicular dimension. The studied device is shown in Fig. 4.25 and consists of the

hexaferrite ceramics substrate on which there is deposited the gold structure of

a thickness h with square blocks with a period Λ and slits of the size r with an

incident TE-polarized wave at an incidence angle φ0.

r

h

s

p

φ0

M

x

y

z

Θ�

Figure 4.25: Schematic representation of the studied THz nonreciprocal device:

gold layer patterned by 2D periodic grating with period Λ, slit width r and thick-

ness h on a magneto-optical hexaferrite substrate magnetized in transverse con-

figuration with incident s- or p-polarized plane wave at an angle of incidence φ0

and an azimuthal angle θ0.

The initial study was focused on the possibility of obtaining of guided modes,

representing surface plasmons, in the structure. These guided modes are de-

scribed by the dispersion relation given by Eq. (4.12). The phase constant β is
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a function of frequency (for a plane wave in a free space β(ω) = ω
√

ε0µ0) and

the phase velocity vp and group velocity vg can be defined as:

vp =
ω

β
, vg =

dω

dβ
. (4.38)

For surface waves in a periodic structure there may exist several different prop-

agation constants β at the same frequency, each one describing a specific mode

with its own phase velocity, group velocity and field distribution [218]. The rela-

tion between β and ω is known as a dispersion diagram. For a periodic structure,

the field distribution of a surface wave is also periodic with a phase delay given

by the wavenumber k or phase constant β and periodicity Λ.

Because the dispersion curve is for a periodic structure also periodic along the

β-axis with a periodicity 2π/Λ, one needs to plot the dispersion relation within

one single period, which is in a reciprocal space also known as the Brillouin zone.

In 2D period structures, with periodicity in the x − z plane, the Brillouin zone

becomes a two-dimensional square area with:

0 ≤ βxn ≤
2π

Λ
, 0 ≤ βzn ≤

2π

Λ
. (4.39)

Figure 4.26 shows a dispersion diagram obtained by the Eigenmode solver in CST

Studio of the studied nonmagnetized 2D structure with Λ = 50 µm, r = 20 µm,

h = 60 µm, where the metal of the grating was for a simplicity considered as a

PEC and the substrate was characterized by ε2 = 21. The three main directions in

the 2D Brillouin zone are labeled as Γ–X, X–M and M–Γ. This dispersion relation

shows that there may exist guided surface plasmons in the given structure, how-

ever the considered grating thickness was too high for real fabrication. Therefore

we decreased the grating thickness to 30 µm and calculated reflectance spectrum

of a TE-polarized wave incident at φ0 = 5◦, which is shown in Fig. 4.27.

One can see the sharp resonance dip at ν = 1.62 THz signifying the presence

of SPPs which is accompanied by the characteristic reflectance maximum, denot-

ing the Wood-Rayleigh anomaly. This result serves as the first numerical proof of
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Figure 4.26: Dispersion diagram of the studied structure with 2D gold grating

with the parameters: Λ = 50 µm, r = 20 µm, h = 60 µm, black dashed line

represents the light cone of the substrate.

the SPPs excitation at THz frequencies with use of the 2D-blocks grating, which

was also confirmed by a field color map of Hy field component, shown in Fig.

4.28. This field color map shows the presence of SPPs and their strong local-

ization at the grating/substrate interface. The reflectance minimum present at

ν = 1.36 THz comes from a low-quality FP resonance in the slits of the grating,

as confirmed by a field color map of Ez field component, shown in Fig. 4.29. The

spectral position of the WR anomaly at lower frequency than SPPs resonance is

caused by the large thickness of the metal grating.

The following step of the design development was focused on a scaling

the grating dimensions for SPPs excitation close to the ferromagnetic resonance

frequency of hexaferrites. The structural dimensions were increased to Λ =

1410 µm, r = 202 µm and thickness of the grating yet decreased to h = 1 µm.

This grating thickness would be already easier to fabricate by classical deposition

techniques. Figure 4.30 shows simulated reflectance spectra obtained by CST Stu-

dio after a TE-wave incident at 45◦ at the above described device. The metal is
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Figure 4.27: Numerical calculation of TE-polarization reflectance spectra (φ0 =

5◦, θ0 = 0◦) of the structure consisting of nonmagnetized hexaferrite substrate

(ε2 = 21) and a 2D PEC grating with the parameters: Λ = 50 µm, r = 20 µm,

h = 30 µm

still considered as a PEC, but in this case the substrate was already magnetized,

with the gyrotropy parameters obtained by the MO characterization presented in

Chapter 3. The full lines therefore correspond to the opposite direction of magne-

tization (in the x− z plane, transverse to the plane of incidence) and the dashed

line represent the case when M = 0. One can observe the NR shift of the SPPs

resonances caused by a coupling with the TMOKE effect. Different directions of

the shift for both resonant frequencies are caused by the opposite sign of the SPP

resonance modes, e. g. [−1,±1], [+1,±1]. The isolation ranges are marked by

vertical dashed lines and the obtained isolation can be calculated with use of Eq.
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Figure 4.28: Field color map of Hy field component of the structure with 2D grat-

ing of PEC on a nonmagnetized hexaferrite substrate ε2 = 21 at 1.62 THz showing

a confinement of SPPs to the interface
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Figure 4.29: Field color map of Ez field component of the structure with 2D grat-

ing of PEC on a nonmagnetized hexaferrite substrate with ε2 = 21 at 1.36 THz

showing low-Q FP resonance



208 Chapter 4. Terahertz Nonreciprocal Mirror

Frequency (GHz)

85 90 95 100 105 110

R
e

fl
e

c
ta

n
c
e

0.5

0.6

0.7

0.8

0.9

1

-M

+M

M=0

0.52

0.99

0.54

0.980.98

0.52

0.61

0.98

Figure 4.30: Simulated spectra (CST Studio) after reflection of TE-polarized wave

incident at φ0 = 45◦, θ0 = 0◦ on the transversely magnetized THz NR re-

flecting device with square grating made from perfect electric conductor, where

Λ = 1410 µm, r = 202 µm, h = 1 µm. Full lines correspond to the opposite

magnetization directions and dashed line represents the case when M = 0. The

isolation ranges are marked by black dashed vertical lines.

(4.36). This gives the following values:

∆Rs (ν = 88.2 GHz) = 2.06 dB (4.40a)

∆Rs (ν = 91.2 GHz) = 2.75 dB (4.40b)

∆Rs (ν = 104.6 GHz) = 2.80 dB (4.40c)

∆Rs (ν = 107.0 GHz) = 2.59 dB. (4.40d)

This isolation proof-of-principle at low frequencies supported our further study

of the design which was consequently scaled for SPPs excitation in the desired

mm-wave range, as shown in Fig. 4.31. Here we can see the characteristic reso-

nance phenomena again for a TE-polarized wave incident at φ0 = 45◦ on a device

with structural parameters Λ = 560 µm, h = 1 µm and with 3 different slits sizes

r =60 µm, 80 µm and 100 µm. In order to experimentally characterize resonance
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Figure 4.31: Simulated spectra after reflection of TE-polarized wave incident at

φ0 = 45◦ on structures with Λ = 560 µm, r =60 µm, 80 µm and 100 µm, h = 1 µm,

with nonmagnetized hexaferrite substrate.

behavior of the device as a function of the grating period and slits size, we de-

cided to fabricate structures with 3 different lattice periods and each of this period

with 6 different slit dimensions. Because our particular aim was to obtain NR be-

havior in the mm-wave range, the proposed grating periods were Λ =700 µm,

560 µm and 460 µm which were supposed to support plasmonic resonance close

to ν =200 GHz, 250 GHz and 300 GHz, respectively. Table 4.3 summarizes all fab-

ricated grating dimensions. The space factor included in the table corresponds to

a ratio r/Λ.

Table 4.3: Dimensions of fabricated gold gratings

hexaferrite (i) Λ (µm) space factor (%)
R S1 S2 S3 S4 S5

0 2 5 10 20 25

1 700 r (µm) 0 14 35 70 140 175

2 560 r (µm) 0 11 28 56 112 140

3 460 r (µm) 0 9 23 46 92 115
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We prepared 3 hexaferrite substrates and on each of them there were de-

posited 6 grating structures with an identical lattice period. A schematic repre-

sentation of the gratings positioning on a hexaferrite is shown in Fig. 4.32. Here

R represents a reference structure with a pure gold layer without slits and S1–S5

are the grating structures with different slit size, in accordance with Table 4.3.

x

z

25 mm

1
5
 m

m

R

Figure 4.32: Schematic representation of fabricated structure on ceramics surface.

Each sample contains 6 grating structures with different r/Λ ratio, R denotes a

reference structure with no slits, S1−5 represent 2%, 5%, 10%, 20% and 25% of the

ratio, respectively, C is the central point for a measurement position calibration at

(0,0,0).

The fabrication process of the gratings was similar to the previous structures,

the structured gold layers were deposited by lift-off technique. As it was al-

ready mentioned, due to the high ceramics natural adhesion, there is no need

for an additional adhesion layer between the substrate and structured layer for

the gold deposition. Dimensions of all the grating structures were after fabrica-

tion controlled by scanning electron microscopy, as one can see for samples with

Λ = 700 µm in Fig. 4.33a (r = 14 µm) and in Fig. 4.33b (r = 175 µm). Dimen-

sions of the ceramic substrate are 25× 15 mm, however the fabrication process

did not allow to cover the full sample surface and required ≈ 1 mm of uncovered

space at each side. Therefore, each grating structure had dimensions 7× 7 mm,
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which gives an area larger then a focused beam spot size at 200 GHz (λ = 1.5 mm,

dbeam ≈ 5 mm). A photo of a real sample with 6 fabricated structures, where

(a) r = 14 µm (b) r = 175 µm

Figure 4.33: SEM images of fabricated 2D gratings on hexaferrite surface with

period Λ = 700 µm and slit size r = 14 µm and r = 175 µm confirming the

desired dimensions.

Λ = 700 µm, is then shown in Fig. 4.34.

Figure 4.34: Photograph of the real fabricated sample with 6 different gold struc-

tures

4.2.2.1 Isolator characterization

For the purpose of the samples characterization we prepared the VNA-driven

quasi-optical setup for a reflection measurement with a focused beam incident

on the sample under an angle φ0 = 45◦, θ0 = 0◦, as shown in Fig. 4.35. Here,

the reflected signals from the sample under scan are represented by S21 and S12
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Figure 4.35: Schematic representation (top) and a photo (bottom) of the quasi-

optical setup for reflection measurement with angle of incidence φ0 = 45◦,

θ0 = 0◦. The measured sample is hold on the positioning stage in order to char-

acterized different positions on the sample surface.

parameters measured by the horns. Because the goal of the measurement was

to characterize responses of all the grating designs on the sample, the latter was

tacked on a 3D x− y− z positioning stage which enables to move with the sam-

ple in a desired direction. The position was after each scan moved by 1 mm in

x or z direction (as depicted in Fig. 4.32) in order to scan over the full sample

surface and therefore also over all the grating structures. Because the expected

SPPs resonance is manifested as a very sharp feature in a reflectance spectra, the

VNA setup was calibrated with 12001 measurement points in the frequency band
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200–325 GHz giving therefore a high frequency resolution δν ≈ 10.4 MHz. All the

samples were before the characterization magnetized by an external electromag-

net at B = 1.6 T and measured in their remanent magnetization state.

Figure 4.36 shows measured S-parameters at the central points of the 6 grating

structures with Λ = 560 µm. The positions of the plots corresponding to struc-

tures with different slits sizes is in agreement with the positions in Fig. 4.32. One
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Figure 4.36: Measured S21 and S12 parameters at central points of all 6 grating

structures fabricated on ceramics surface with Λ = 560 µm. The positions of

structures with different filling factor corresponds to the positions shown in Fig.

4.32 - from top, left: R, S1-S5.

can see that there is almost no difference between both S parameters of all six

structures. Moreover, measured data are again influenced by a presence of stand-

ing waves in the setup, causing high-frequency resonances in the measured S-

spectra. In the following step of the data treatment we applied the time-domain-

gating procedure, as was already explained and used in Section 3.2.2, in order to

remove all unwanted detected parasitic contributions. For this purpose a mea-

sured signal from a given grating structure was normalized to the signal of the

reference structure (R) and then the TD gating procedure was applied. The fil-
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tered S-spectra of one particular grating structure (Λ = 560 µm, r = 56 µm) is

shown in Fig. 4.37. It is apparent, that there is a very little difference between
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Figure 4.37: Normalized S21 and S12 parameters of the grating with Λ = 560 µm

and r = 56 µm after time-domain gating procedure for removing all unwanted

echoes.

both S-parameters, e.g. at 227 GHz or around 270 and 300 GHz, however no evi-

dent resonance phenomena can be observed. After a further study we concluded

that this unsuccessful measurement, which was obtained also with the other 2

prepared samples, can be caused by several reasons, described in the following

paragraphs.

First of all, we primarily wanted to compare resonant behavior of structures

with different grating parameters. This was the reason why we put 6 different

grating designs at an one ceramic substrate. However, in that case a single grating

included a low number of periods (7 periods in z-direction for L = 700 µm).

This is perhaps one of the main reasons why SPPs were not excited, since the

whole structure then did not behave like an effective medium. Consequently to

the small single structure area, we had to use a strongly-focused beam with as

small spot size as possible. This however led into a large beam diffraction and
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large angular-width of the beam incident at a sample. Since the SPPs resonance

phenomena are typically very sensitive to the angle of incidence, these effects

could cause a decreasing of a resonance quality. Finally, we wanted to see how

the S21 parameter changes with various slits size, and for this purpose we plot

a mapping of the S21 measured amplitude over the full sample surface (Λ =

560 µm) at one particular frequency ν = 260 GHz, and this mapping is shown in

Fig. 4.38.
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Figure 4.38: Mapping of the S21 amplitude over full sample surface with Λ =

560 µm, for ν = 260 GHz.

One can see that there is no significant difference in the measured S parameter

while moving with the sample position. All the sample behaved as a single recip-

rocal mirror without any difference in various grating structures, and therefore

without SPPs excitation. From these results we can conclude that there are two

main requirements which must be fulfilled for future experiments: First of all,

the reflection characterization must be done with a collimated beam in order to

reduce the beam angular-width and diffraction effects and this is leading imme-

diately to the second condition - a larger area of a gold grating with an increased

number of periods for successful excitation of SPPs.
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In the last section we will describe the procedure of the ceramics substrate

preparation, as this process is not as straightforward as it could appear and there

are some difficulties which have to be solved for a preparation of a suitable hex-

aferrite substrate.

4.2.3 Difficulties in Fabrication

The first, and also one of the most important step in the device fabrication proce-

dure is the preparation of the ferrite substrate. The hexaferrite ceramics is com-

mercially available usually as bulk material, which is difficult to fabricate with

a high surface/thickness ratio. Because the ensuing deposition of a structured

metal layer requires a maximum thickness of the substrate between 1–3 mm and

the working principle of the periodic structure for mm-waves asks for surface

dimensions to be larger than 10× λmax, where λmax is the maximum wavelength

of the operation bandwidth, we had to find a way how to properly cut a fabri-

cated block of ceramics (see Fig. 3.34) into desired thin sheets. After trying of

several different cutting methods we found out, that the best one, and perhaps

also the only one, process which can be applied for the ceramics is the technique

of cutting by a water jet.

Micro-water-beam cutting uses high pressures (∼ 4 kbar) for pressing a solution

of water with an abrasive material through a thin jet. The diameter of the ob-

tained cutting jet can be reduced up to 0.2 mm and has enough energy to be able

to cut even very hard materials. Because the movement of the beam is driven by

a computer, a high positioning accuracy in the order of µm is ensured.

Advantages of the water-jet cutting

• Cutting is obtained without a contact of the material with the cutting ma-

chine

• No thermal strain or internal tension in the material
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• Minimum of unused material waste

• No new cracks in the material around the cut

• Water jet cutting does not cause the air-borne dust to be formed from the

split material

• It is possible to cut soft materials as well as hard and brittle ones of various

physical and chemical properties

• No chemical changes in the resulting material

Cutting of our samples was done in co-operation with VŠB - Technical univer-

sity of Ostrava2 who dispose of the water-jet cutting machine at the Institute of

Geonics (Czech Academy of Sciences).

The following step of the ceramics preparation is the polishing of the cut

sheets. In order to reduce its surface roughness we applied three different pol-

ishing techniques, as explained in Section 3.1.1. The best results have been ob-

tained with use of Al2O3 polishing with resulting average surface roughness

Rq = 14.7 nm. For the polishing procedure the ceramics must be glued on a

glass substrate and the full ceramics/glass structure is then moved on a polish-

ing surface.

During the whole cutting-polishing procedure we were dealing with the brit-

tleness of the ceramic material. Several cutting attempts resulted into broken

samples, as shown in Fig. 4.39. Some of the samples survived the cutting pro-

cess, but were broken during an application of a high pressure gluing for the

subsequent polishing or during the final metallic structure deposition. We found

out, that in some of the fabricated ceramic blocks there were small defects and

cracks present increasing the natural ceramics brittleness, and resulting in cleav-

ages at the same place of cut samples (see Fig. 4.39). Figure 4.40 shows one of

the cleavage which in the fabrication process led to the sample destruction. The

2VŠB - Technical university of Ostrava, 17. listopadu 15/2172, 708 33 Ostrava–Poruba, Czech
Republic
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Figure 4.39: Ceramics broken during cutting or polishing procedures

ceramic blocks are typically prepared from a ferrite powder by molding and sin-

tering processes. With an increasing sample size it is therefore not easy to assure

a high-quality of the produced material without intrinsic defects, and one has to

thus take into account this difficulty when designing the ceramics for the device

substrate application.

Figure 4.40: SEM image of the ceramics with fabricated gold grating. The high-

lighted cleavage caused the sample break-up during subsequent fabrication pro-

cess.
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4.3 Conclusion of the Chapter

This chapter was focused mostly on the design of the proposed THz nonrecipro-

cal magneto-plasmonic mirror. After presenting the material properties of gold

in THz range, we studied both numerically and experimentally an excitation of

spoof SPPs via structuring of a gold grating deposited on a quartz substrate. The

obtained good agreement between measured and simulated data confirmed the

first experimental observation of SPPs at mm-wave frequencies. These results

were followed up by two different designs of gold structures on the surface of

hexaferrite ceramics, including square holes in the gold layer and square blocks

separated by thin slits. We numerically studied a behavior of the SPPs resonant

frequency in dependence on the substrate and grating parameters and the angle

of incidence. We observed a first SPPs excitation on the designed and fabricated

hexaferrite/plasmonic device and numerical simulations confirm a strong isola-

tion potential at reflection configuration of both the studied designs.

We can therefore conclude that by a proper structuring of a metal on the sur-

face of hexaferrite it is possible to excite spoof SPPs by an incident TE-polarized

wave which is a crucial phenomena for functionality of the proposed THz isola-

tor. Moreover, the shape of the holes in the gold layer can influence a polarization

preservation of the evanescent modes.

For the envisioned experimental demonstration of the isolation there is a need

for fabrication of samples with larger area of a gold grating. This can be compli-

cated by a proper preparation of the hexaferrite substrate, which was described

at the end of the chapter.





General Conclusion

This thesis was focused on the study of nonreciprocal effects using hexagonal

ferrites and all important results of the work are summarized in the following

paragraphs.

Free-space characterization - published in [79] - of 4 different non-magnetized

hexagonal ferrite materials in the sub-millimeter wave range has been done us-

ing a VNA-driven quasi-optical setup (Chapter 3, Section 3.2). The obtained re-

sults show that the optical functions and losses can vary among different hexa-

ferrites and all non-magnetized materials behave in this frequency range almost

like dielectric materials. However, our expectation that ceramic materials should

possess high insertion losses was not confirmed, as the highest losses have been

measured in the crystalline Sr-hexaferrite (Fig. 3.23).

Magneto-optical characterization - submitted for publication [219] - in the wide

frequency band using THz-TDS was done with FB6N hexaferrite ceramics. This

ferrite material has shown up itself as the most promising candidate for the oper-

ation in THz NR devices particularly due to the highest value of remanent mag-

netization from all measured samples. The obtained gyrotropic and anisotropic

spectra show indeed its strong nonreciprocal behavior in the full measured band

(Chapter 3, Section 3.3). This material can be used to design nonreciprocal Fara-

day isolators and its highest efficiency is obtained in the mm-wave range, where

losses originating both from the imaginary part of permeability and permittivity

are minimal, as was shown by calculated rotation power in Fig. 3.33. The strong

Faraday isolation was then measured using two polarizers relatively tilted in the

mm-wave band (Chapter 3, Section 3.4).

Demonstration of spoof plasmons excitation in the mm-wave band was done

by designing, fabricating and measuring a gold grating on a low-loss quartz sub-
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strate (Chapter 4, Section 4.2.1.1). The obtained transmission spectra by THz-TDS

agree well with our calculated results and confirm the possibility of SPPs exis-

tence at THz frequencies (Fig. 4.7). While the SPPs excitation at frequencies close

to 1 THz had been already demonstrated by few authors, at the moment there

is little literature describing this in the lower, mm-wave, band. This is a very

important result for the proposed novel THz isolator design.

THz isolator using an one-way reflecting surface has been studied theoretically,

numerically and experimentally. This isolator builds up on the enhancement of

the magneto-optical transverse Kerr effect by local field concentration caused by

the presence of spoof plasmons. For plasmons excitation at metal/hexaferrite in-

terface we studied two different gold grating structures - 2D holes and 2D square

blocks with various structural parameters (Chapter 4, Section 4.17). Both designs

enable the spoof plasmons excitation as well as the coupling with the gyrotropy of

the hexaferrite substrate and therefore confirm the principle of the proposed iso-

lator. The plasmons excitation at the gold/hexaferrite interface via the 2D holes

structure has been confirmed experimentally by transmission measurement of

the fabricated sample done by THz TDS (Fig. 4.17). Further characterization is

ongoing as the TDS is not suitable for the isolation demonstration due to the low

frequency resolution and a quasi-optical characterization by the VNA setup is

complicated by standing waves and the large beam divergence in the setup.



Perspectives

The achieved results in this thesis bring up a number of areas which could be

interesting for a potential future study and research.

In the first place, obviously, there must be mentioned the proper characteriza-

tion of the fabricated isolators. Even though that the spoof plasmons existence at

the metal/hexaferrite interface has been demonstrated by THz TDS, the experi-

mental demonstration of the isolation in a reflection measurement is very impor-

tant, however also a rather challenging. From all the performed experiments with

the fabricated isolators we have understood that this isolation experiment must

be done using the VNA-setup calibrated for a high frequency resolution with a

perfectly collimated beam in order to avoid diffraction as much as possible. Also

the present standing waves must be limited as much as possible using THz ab-

sorbers and subsequent TD gating for an extraction of just a single reflection pass.

The envisioned experiment with a collimated beam for the mm-wave range

may require a larger grating area for proper plasmons excitation. This necessi-

tates a fabrication of larger samples, however, as was explained in Section 4.2.3,

the brittleness of the hexaferrite ceramics makes the preparation of a substrate

with a high surface/thickness ratio very challenging.

For the SPPs excitation at the metal/substrate interface we studied two types

of gold structure - 2D holes and 2D square blocks. While the EOT effect with use

of a metal layer with holes has been well described in literature, the resonance

phenomena of the structure with blocks is rather new and requires yet more study

and better understanding. Consequently, it would be interesting to study also

other structures, especially holes and blocks with different shapes, e. g. rectangle

holes and blocks, circular blocks, or even more complicated structures. Due to the

high anisotropy of hexaferrites, this can lead into stronger resonance effect and

hence also to the total isolation enhancement. Therefore, the total optimization of

the structure is still required and offers a number of possible approaches.
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Regarding the choice of the hexaferrite for the use as a substrate, the ceramic

samples seem to be the best candidates especially due to their high remanence

and comparable losses with other hexagonal ferrites. We chose the FB6N ce-

ramics, however modern fabrication processes enable to preparation much more

types of ferrite ceramics (Fig. 3.24). It would be very interesting to study also

other samples, since the materials of FB 9, 12, 13, 14 series should possess higher

values of remanence and coercitive force and therefore also higher values of FMR

and stronger gyrotropy are expected. However, all these materials must be prop-

erly characterized, since intrinsic losses may vary due to different fabrication pro-

cesses.



List of Abbreviations and Symbols

Abbreviations

AFM Atomic force microscopy

CW Continuous-wave

EM Electromagnetic (radiation)

EOT Extraordinary optical transmission

FD Frequency domain

FEM Finite elements method

FFT Fast Fourier transformation

FIR Far-infrared

FMR Ferromagnetic resonance

FP Fabry-Perot

FT Fourier transformation

IFFT Inverse fast Fourier transformation

IR Infrared (radiation)

LHCP Left-hand circular polarization

LMOKE Longitudinal magneto-optical Kerr effect

MCB Magnetic circular birefringence

MCD Magnetic circular dichroism

MIR Mid-infrared



226 Chapter 4. Terahertz Nonreciprocal Mirror

MLB Magnetic linear birefringence

MLD Magnetic linear dichroism

MO Magneto-optical (effect)

MOKE Magneto-optical Kerr effect

NOP Nonlinear optical process

NR Nonreciprocal

NRD Nonreciprocal device

NSOM Near-field scanning optical microscopy

PC Photoconductive

PEC Perfect electric conductor

PML Perfectly matched layer

PMOKE Polar magneto-optical Kerr effect

RCWA Rigorous coupled-wave analysis

RHCP Right-hand circular polarization

SEM Scanning electron microscopy

SPPs Surface plasmons polaritons

SPs Surface plasmons

TD Time-domain

TDS Time-domain spectroscopy

TE Trasverse electric (polarization)

THz Terahertz



4.3. Conclusion of the Chapter 227

TM Trasverse magnetic (polarization)

TMOKE Transverse magneto-optical Kerr effect

UV Ultraviolet (radiation)

VNA Vector Network Analyzer

VSM Vibrating sample magnetometer

WR Wood-Rayleigh (anomaly)

Greek symbols

β Propagation constant

γ Gyromagnetic ratio

δij Kronecker delta

εs,p Kerr ellipticity for s and p polarization

¯̄ε Permittivity tensor

ε0 Vacuum permittivity

εr Relative permittivity

η Impedance

θ0 Azimuthal angle of incidence

ΘF Faraday rotation

Θs,p Kerr rotation for s and p polarization

κ Off-diagonal permeability component

Λ Lattice period

λ Wavelength



228 Chapter 4. Terahertz Nonreciprocal Mirror

λc Cut-off wavelength

¯̄µ Permeability tensor

µ0 Vacuum permeability

µr Relative permeability

ν Frequency

ν̃ Wavenumber

ρ Volume electric charge density

χ2 Objective minimization function

¯̄χe Electric susceptibility tensor

χ′m,n Zeros of derivative of Bessel function

¯̄χm Magnetic susceptibility tensor

φ0 Angle of incidence

ϕx, ϕy Phase of complex envelope components

Ξ Rotation power

ω Angular frequency

ω0 Larmor ferromagnetic resonance frequency

ωm Magnetization frequency

ωp Plasma frequency

ωsp Surface plasmons frequency

Latin symbols

ax, ay Magnitudes of complex envelope components



4.3. Conclusion of the Chapter 229

c Speed of light

d Sample thickness

g Gyroelectric constant

h Planck’s constant

i Imaginary unit

j Electric current density

k Imaginary part of a complex refractive index

k Wavevector

kSPP Wave vector of SPP

n Real part of a complex refractive index

n̂ Complex refractive index

n+ Refractive index for right-handed circularly polarized light

n− Refractive index for left-handed circularly polarized light

r̂p, r̂s Complex reflection coefficient for p and s polarization

r Position vector

t̂p, t̂s Complex transmission coefficient for p and s polarization

t Time

A Complex envelope

B Magnetic flux density

Bk
i (x) B-spline basis function

D Electric displacement



230 Chapter 4. Terahertz Nonreciprocal Mirror

E Energy

E Electric field vector

E0 Electric field amplitude

Gx, Gy Reciprocal lattice vectors

H0 Internal magnetic field amplitude

H Magnetic field vector

HA Magnetic anisotropy field amplitude

Hd Demagnetization field amplitude

Hext External magnetic field amplitude

H0 Magnetic field amplitude

J+ Hermitian conjugated vector

Jm(x) Bessel function

M Magnetization vector

Mr Remanent magnetization

Ms Saturation magnetization

P Dipole moment density

Q Magneto-optical (Voigt) parameter for permittivity

Qm Magneto-optical (Voigt) parameter for permeability

Rq Surface roughness (root mean squared)

V Verdet constant

Y Wave admittance



4.3. Conclusion of the Chapter 231

Other symbols

ıi Unit vector in i-direction

= Imaginary part of a complex number

∇· Divergence operator

∇× Curl operator

∂ Partial derivation

< Real part of a complex number





List of Figures

1.1 Original (top) and reversed (bottom) arrangements of the scatter-

ing experiment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 The simplest isolator (a) and circulator (b) with two and three

single-mode waveguide ports, respectively. . . . . . . . . . . . . . . 9

1.3 Schematic structure of the proposed isolator as presented by Chen

et al. [55]. (a) The 3D view of the device including the directions

of the wave polarization and external magnetic field and the co-

ordinate system in this work; (b) The geometry of the unit cell

structure, D = 10 µm, T = 40 µm, L = 70 µm, P = 100 µm, h1 =

100 µm, h2 = 21 µm, d = 10 µm, andg = 30 µm. . . . . . . . . . . . . 11

1.4 (a) The transmission spectrum of the forward waves |S21|2 and

backward waves |S12|2, when T = 195 K, B = 0.3 T, the inset pic-

ture is the isolation spectra of the isolator. (b) Steady magnetic field

of the isolator at 0.68 THz when T = 195 K, B = 0.3 T in the x− z

cut plane. [55] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

1.5 Quasi-optical Faraday-rotation circulator as presented by D. H.

Martin and R. J. Wylde [77] . . . . . . . . . . . . . . . . . . . . . . . 14

1.6 Isolator characterization setup. A two-polarizer (WGP4 and

WGP5) configuration is employed. WGP4 is set to 0◦ to ensure

a vertical polarization of both the generated and detected signals.

[78] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16



234 List of Figures

1.7 The back-reflected terahertz pulse was measured using the isolator

setup. The comparison is made between a 45◦-magnetized sample

(the isolator case, shown in red) and an demagnetized one (shown

in blue). Solid/dotted lines refer to the cases where WPG5 was

removed/placed, respectively. (b) Refractive index and absorp-

tion coefficient of SrFe12O19 measured by THz-Time-domain spec-

troscopy [78] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.8 Coordinate system and schematic representation of studied struc-
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