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Este trabalho exp&e um estudo tedrico e experimental das propriedades
anisotropicas magnetoelétricas (ME) em diferentes compdsitos contendo
monocristais piezoelétricos (PE), maioritariamente sem chumbo na sua
composicdo, com vista a diversas aplicacdes multifuncionais. Uma descricao
linear do efeito ME em termos de campos elétricos, magnéticos e elasticos e
constantes materiais é apresentada. Um modelo fenomenoldgico quasi-estatico
€ usado para ilustrar a relacdo entre as constantes materiais, sua anisotropia e
os coeficientes MEs transversais de tensdo e carga. Subsequentemente, este
modelo é empregue para estimar o0 maximo coeficiente ME direto de tensao
expectavel numa série de compdsitos tri-camadas de
Metglas/Piezocristal/Metglas em fun¢éo da orientagéo do cristal PE. Demonstra-
se assim como os efeitos MEs sdo fortemente dependentes da orientacéo
cristalina, o que suporta a possibilidade de se gerarem coeficientes MEs de
tensdo elevados em compositos contendo monocristais PEs sem chumbo como
0 niobato de litio (LINbOs3; LNO), tantalato de litio (LiTaO3), ortofosfato de galio
(GaPO4; GPO), quartzo (SiO2), langatato (LasGassTaosO14) e langasite
(LasGasSiOu4) através da otimizagdo da orientacéo cristalina.

Uma técnica experimental dindmica de lock-in para a medi¢cdo da
impedancia e efeito ME direto é exposta. O formalismo descritivo desta técnica,
assim como um arranjo experimental desenvolvido para o efeito sé&o
apresentados. O esquema e caracteristicas deste, assim como diferentes
formas de reduzir o ruido e a indesejavel indugdo mutua sédo exploradas.

Um estudo comparativo do efeito ME direto em compdsitos tri-camadas
de Metglas e monocristais de LNO e PMN-PT conectados de forma simples é
exposto. Embora o PMN-PT possua piezocoeficientes de carga muito superiores
aos do LNO, o coeficiente ME direto de tensdo demonstrou-se comparavel entre
ambos os compositos devido a uma muito menor permitividade dielétrica do
LNO. Calculos tedricos indicam ainda que as propriedades MEs poderao ser
significativamente melhoradas (até 500 V/(cm.Oe)) através da otimizagdo do
angulo de corte do LNO, espessura relativa entre camadas
ferroelétrica/ferromagnética e uma melhor colagem entre o Metglas e o LNO.
Vantagens da utilizacdo do material ferroelétrico LNO em compdsitos MEs séo
discutidas.

Num estudo subsequente, as propriedades dindmicas anisotrépicas de
impedancia e MEs em compadsitos tri-camadas de Metglas e monocristais PEs
sem chumbo de LNO e GPO sédo exploradas. Medi¢des foram realizadas em
func@o do corte de cristal, magnitude e orientacdo do campo magnético de
polarizacéo e frequéncia do campo de modulagdo. Coeficientes MEs altamente
intensos em certos modos de ressonancia séo explorados, e a sua relagdo com
as propriedades materiais dos cristais e geometria dos compdsitos €
investigada. Um coeficiente ME de até 249 V/(cm.Oe) foi aqui observado num
composito com um cristal de LNO com corte 41°Y a 323.1 kHz. Mostramos assim



que compositos multicamadas contendo cristais sem chumbo de LNO e GPO
podem exibir efeitos MEs anisotrépicos relativamente elevados. Demonstramos
também que o controlo da orientacdo dos cristais PEs pode em principio ser
usado na obtencdo de propriedades MEs anisotropicas desejaveis para
qualquer aplicacao. Caracteristicas Unicas como elevada estabilidade quimica,
piezoeletricidade linear e robusteza térmica abrem verdadeiras perspetivas para
a utilizacdo de compdsitos baseados no LNO e GPO em diversas aplicagdes.

Eventualmente, compositos bi-camadas contendo laminas PEs com
bidominios de LNO com corte 127°Y foram estudados tanto teoricamente como
experimentalmente. Estas laminas de LNO possuem uma estrutura de
bidominios com vetores de polarizagao espontanea opostos ao longo da direcao
da sua espessura (i.e. uma estrutura de macrodominios ferroelétricos “head-to-
head” ou “tail-to-tail’) Medi¢des de impedancia, efeito ME e densidade de ruido
magnético equivalente foram realizadas nos compoésitos operando sob
condicdes quasi-estaticas e de ressonancia. Coeficientes MEs de até 578
V/(cm.Oe) foram obtidos a ca. 30 kHz sob ressonéancias de dobramento usando
cristais PEs com 0.5 mm de espessura. Medicdes de densidade de ruido
magnético equivalente demosntraram valores de até 153 pT/HzY2 a 1 kHz (modo
quasi-estatico) e 524 fT/Hz2 sob condi¢es de ressonancia. E de esperar que
uma otimizacao adicional das técnicas de fabrico, geometria dos compésitos e
circuitos de detencdo possa permitir reduzir estes valores até pelo menos 10
pT/HzY2 e 250 fT/HZzY2, respetivamente, e a frequéncia de ressonancia em pelo
menos duas ordens de grandeza. Estes sistemas poderdo assim no futuro ser
usados em sensores vetoriais de campo magnético simples e sensiveis,
passivos e estaveis e operaveis a elevadas temperaturas.
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This work presents a theoretical and experimental study of the
anisotropic magnetoelectric (ME) properties of differently structured composites
featuring piezoelectric (PE) single-crystals, mainly lead-free, for diverse
multifunctional applications. A linear description of the ME effects in terms of
electric, magnetic and elastic fields and material constants is offered. An
averaging quasi-static phenomenological model is used to illustrate the relation
between the material constants, their anisotropy and the transversal direct ME
voltage and charge coefficients. Subsequently, the aforementioned model is
employed in the calculation of the maximum expected direct ME voltage
coefficient for a series of tri-layered Metglas/Piezocrystal/Metglas composites as
a function of the PE crystal orientation. The ME effects are shown to be strongly
dependent on the crystal orientation, which supports the possibility of inducing
large ME voltage coefficients in composites comprising lead-free PE single
crystals such as lithium niobate (LiNbO3z; LNO), lithium tantalate LiTaOs, gallium
phosphate (GaPOs; GPO), quartz (SiO2), langatate (LasGassTaos014) and
langasite (LasGasSiO14) through the optimization of the crystal orientation.

An experimental dynamic lock-in technique for the measurement of the
impedance and direct ME effect is presented. The formalism describing this
technique and an implemented custom-made setup are introduced. The scheme
and characteristics of the latter as well as ways to reduce the noise and the
undesirable mutual induction are explored.

A comparative study of the direct ME effect in simply bonded tri-layered
laminates of Metglas and LNO and PMN-PT crystals is exposed. Though PMN-
PT has much larger charge piezocoefficients than LNO, the direct
magnetoelectric voltage coefficient is found to be comparable in both trilayers
due to the much lower dielectric permittivity of LNO. Calculations show that the
ME properties can be significantly improved (up to 500 V/(cm-Oe)) via an
optimization of the cut angle of LNO, relative thickness ratio of the
ferroelectric/ferromagnetic layers and a better bonding between Metglas and
LNO. Advantages of using the LNO ferroelectric in ME composites are
discussed.

In a subsequent study, the dynamic impedance and ME anisotropic
properties of tri-layered composites of Metglas and single-crystalline lead-free
PE of LNO and GPO are explored. Measurements have been performed as a
function of the crystal-cut, magnitude and orientation of the magnetic bias field
and frequency of the modulated field. Greatly enhanced ME coefficients in
certain resonance modes are explored, and their relation to the material
properties of the crystals and the geometry of the composites is investigated.
The largest ME coefficient of up to 249 V/(cm-Oe) was observed for a composite
with a 41°Y-cut LNO crystal at 323.1 kHz. We thus show that multilayers
comprising lead-free LNO and GPO crystals can exhibit relatively large
anisotropic ME effects. We also demonstrate that the control of the PE crystal’s



orientation can in principle be used to obtain almost any desired quasi-static and
resonant anisotropic ME properties for any given application. Such unique
features as chemical stability, linear piezoelectricity and thermal robustness
open up a real perspective of using lead-free LNO and GPO based ME tri-layers
in various applications.

Eventually, bi-layered composites comprising PE bidomain plates of
127°Y-cut LNO were studied both theoretically and experimentally. The LNO
plates possessed an engineered bidomain structure with opposite spontaneous
polarization vectors along the thickness direction (i.e. a “head-to-head” or “tail-
to-tail” ferroelectric macrodomain structure). Impedance, ME effect and
equivalent magnetic noise density measurements have been performed on the
composites operating under quasi-static and resonant conditions. ME
coefficients of up to 578 V/(cm-Oe) were obtained at ca. 30 kHz at the bending
resonance using 0.5 mm thick piezoelectric crystals. Equivalent magnetic noise
density measurements yielded values down to 153 pT/HzY2 at 1 kHz (quasi-static
mode) and 524 fT/HzY2 under resonant conditions. A further optimization of the
fabrication techniques, laminate geometry and detection circuit is expected to
allow reducing these values down to at least 10 pT/HzY2 and 250 fT/Hz2,
respectively, and the resonance frequency by at least two orders of magnitude.
Such systems may in future thus find use in simple and sensitive, passive and
stable, low-frequency and high-temperature vector magnetic field sensors.



“In the South Seas there is a cargo cult of people. During the
war they saw airplanes land with lots of good materials, and
they want the same thing to happen now. So they've arranged to
imitate things like runways, to put fires along the sides of the
runways, to make a wooden hut for a man to sit in, with two
wooden pieces on his head like headphones and bars of bamboo
sticking out like antennas—he's the controller—and they wait
for the airplanes to land.”

—Richard Feynman

“"Just to give you a general idea," he would explain to them.
For of course some sort of general idea they must have, if they
were to do their work intelligently—though as little of one, if they
were to be good and happy members of society, as possible. For
particulars, as every one knows, make for virtue and happiness;
generalities are intellectually necessary evils. ”

—Aldous Huxley, Brave New World

“When did mediocrity and banality become a good image for
your children ... I want my rockstars DEAD!”

—Bill Hicks

“And NOW for something completely different”
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Chapter 1

1. Introduction

1.1. The magnetoelectric effect

The linear magnetoelectric effect (ME), according to the original definition outlined by
Debye in 1924-1926 [1], is described as the linear induction of a polarization, P, in a material, in
response to an applied magnetic field, H. This corresponds to the direct ME effect also designated
by the acronym MEw. In the same way, the converse ME effect (MEg) is defined as the induction of
a magnetization, M, in a material as a result of an applied electric field, E. These two relations can

be expressed to the first order in the following form (in SI units) [2-5]:

(1.1)

(1.2)

where a indicates the linear ME susceptibility tensor (rank-2 tensor with units of s/m), and y, is the
magnetic permeability of empty space. We note that the summation of the repeated index variables
(i and j) over all of their integer values in tridimensional space is implicit in the above equations

following the Einstein notation. Symbols in bold, on the other hand, represent vector or tensor fields.

The ME effect has given rise to a lot of interest in the scientific community over the past two
decades being driven by the possibility of new and promising multifunctional device paradigms and
also by the demand for a greater understanding of the fundamental physics associated with solid
materials. This interest is evidenced by the large number of review articles and books related to
developments in the field of the ME effect published in recent times [4-41]. Figure 1.1 further shows
the manifest increase in the number of scientific papers related to the ME effect published along the
last decade (2006-2016).
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Figure 1.1 Publications registered under the keyword “ME effect” in the last decade according to
the Web of Science.

Theoretical physical models are highly important because they allow us to draw valuable
conclusions and predictions about the nature of the ME effect. Since early times, an important
inequality for the ME single-phase materials has been drawn from a thermodynamic treatment. It
states that [42, 43]:

1
ai; < (xi™xj;)? (1.3)

where ¢y;; and ™y;; are the electric and magnetic susceptibility tensor coefficients, respectively.
The inequality (1.3) indicates the existence of a well-defined upper bound for all components of the
a tensor. Although this limit is much higher than the experimentally measured values for all known
ME materials [44], it still represents a severe limitation on the magnitude of the linear ME response
in single-phase materials [45, 46]. This is due to a chemical contraindication to the simultaneous
occurrence of a high permittivity and permeability in the same material and results in part from a
large intrinsic difficulty in electrically polarizing magnetic ions [47]. Furthermore, by arguments
from the group theory, it can also be shown that the static linear ME effect may only be observed in
media that are neither symmetrical with respect to the space inversion operation (i.e., systems without
a center of symmetry) nor with respect to the time reversal (i.e. systems with a magnetic ordering)
[45, 46, 48]. Therefore, the ME effect is allowed only in 58 out of the 122 magnetic point groups

[49]. A more general approach to the ME coupling may include higher-order contributions
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(describing the so-called secondary ferroics), parameterized by tensors such as 8 (ME effect induced
by the H field) or y (ME effect induced by the E field), both of rank-3, as can be seen by the general
electromagnetic Helmholtz free energy expansion of a material [5, 50]:

1 1 1 1
F(E,H) = Fy— PE; — M{H; — 7 eEE; — 5 wHiHy — ayE;Hy — > B EiHjHy — 5 vijiHiEjEy, (1.4)

where P and M; are the spontaneus polarization and magnetization, respectively. However, the
linear term a;; is generally the dominant contribution to the ME effect, and thus much of the current

research in this area is directed towards the study of this linear effect.

Up to date, the ME effect has already been observed in several different types of materials
[6, 8]. Two major classes of ME compounds can, however, be distinguished: single-phase ME
materials (mostly ME multiferroics) and ME composites materials which combine both piezoelectric
(PE) and magnetostrictive (MS) materials in some manner. These composites may also integrate non-
electric and non-magnetic compounds such as organic polymers and even multiferroic materials.
Only the magnetoelectric composites will be explored in detail in this Thesis, with the single-phase

ME compounds standing outside of its scope.

1.2.  Magnetoelectric composites

The ME composite materials constitute a class of structures that incorporate both PE and MS
compounds [5, 6, 45]. The demand for these types of materials is essentially guided by the prospect
of being able to control their internal charge distribution through the action of an applied magnetic
field or, alternatively, their spin distribution by an electric field, thus allowing the development of
new forms of multifunctional devices [21]. A ME coupling of large magnitude is therefore essential
in order for them to find use in effective practical applications. Some of their most promising
applications include [6, 8-10, 24]: DC and AC magnetic field sensors, electric current sensors, energy
harvesters, MEMS devices, multiple-state memories, RAM-like magnetic memories, micro-sensors
in read-heads, transformers, gyrators, spinners, diodes, inductors, optical devices that generate spin
waves and electrically tunable microwave devices having the potential to offer several advantages in
relation to other technologies such as a more compact size, faster operation, better sensitivity, energy
efficiency, thermal and chemical stability, linearity of operation, availability, simplicity and finally

a lower commercial price.
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For the particular case of single-phase multiferroic compounds it has been known that the
ME coupling constitutes a very rare phenomenon, usually being only observable at very low
temperatures (low Curie and/or Néel temperatures for the electric and magnetic ordering) [6, 8, 22].
Furthermore, these materials are commonly characterized by low values of the ME coupling
coefficient (ay = 0.4 — 20 mV/(cm-Oe)) [14, 17], in part due to the limits imposed by inequality
(1.3). On the other hand, composite materials generally exhibit orders of magnitude stronger ME
responses, even at room temperature, and therefore are currently much closer to being used in
commercial applications [6, 10]. Another major advantage of this configuration is associated with its
extended manufacture flexibility. In fact, in order to manipulate the ME behavior of a composite,
several parameters may be individually tuned. These include [6, 8, 10, 19]:

(i) The properties of the constituent phases (e.g. PE and piezomagnetic coefficients, permittivity,
permeability, elastic constants, electric resistivity, loss tangents, etc.); (ii) the volume and
geometrical arrangement of the various phases (e.g. particulate or laminate structures, volume
fraction between phases, layer thickness, grain size, rod diameter, etc.); (iii) the quality of the
coupling between interfaces (e.g., structural compatibility between materials; synthesis techniques
employed such as sintering, sol-gel method, hot-pressing, tape-casting, solid-state reaction or other
physical/chemical deposition techniques; binding substances used such as epoxy, polymeric matrix,
cyanoacrylate glue, etc.); (iv) the modes of operation (i.e. relative orientation between the
applied/measured electric and magnetic fields, static or dynamic fields, charge, i.e. short-circuit, or
voltage, i.e. open-circuit, measurements, frequency of the magnetic or electric modulation fields,
etc.); (v) the processing techniques (e.g., pre-poling, pre-magnetizing, pre-stressing, heat treatments,
etc.); and (vi) the use of bulk phases or nanostructures such as thin films (which can give rise to new

exotic effects).

To better understand the origin of the ME effect in PE/MS composite systems, we first take
a look at the concept of physical properties resulting from the combination of distinct single-phase
compounds. Here, it is known that composite systems may exhibit properties similar to those of their
constituent phases but also give rise to completely new ones, absent in the parent compounds. The
sum and scaling properties are part of the first class, while the product properties are associated with
the former [8, 14, 51]. Thus, the ME effect in composite materials is in fact an extrinsic product
property resulting from the interaction between PE and MS constituent phases [14, 18, 52]. As shown
in Figure 1.2, the physical mechanism of the direct ME (MEw) effect is as follows: the MS material
is strained (S) as a result of the application of an external magnetic field (H) due to the
magnetostrictive effect. Part of this strain is then transferred to the PE phase through the stress (T)
driven elastic coupling between phases leading to the induction of a macroscopic electric polarization

(P) due to the piezoelectric effect. It is clear that the reciprocal effect may also take place (i.e. the
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converse ME effect or MEg effect). In this case, an external electric field (E) induces a deformation
of the PE component elongating or contracting it. This strain is then transmitted to the MS phase
through a mechanical coupling between components. Thus, the magnetic phase experiences a
magnetization (M) change indirectly induced by the electric field. In summary, we just saw how a
composite material can be characterized by a new property, the ME coupling, which is manifested
by the appearance of a polarization/magnetization in response to an externally applied
magnetic/electric field. Roughly speaking, the direct and converse ME effects may then be written

under the form of the products [53]:

Electrical Mechanical |

; MEg effect =

Magnetic Mechanical

MEy effect =

Mechanical Magnetic Mechanical Electrical '

where Electrical /Mechanical and Mechanical/Magnetic represent, respectively, the generation
of PE charge (d;; = dD;/dT;) and the MS deformation (q;; = 9S;/0H;), while Magnetic/
Mechanical and Mechanical/Electrical represent the piezomagnetic induction (q;; = dB;/9T;)
and the PE deformation (d;; = 0S;/0E;). With this concept of product properties in mind, the effective

short-circuit (E; = 0) ME coefficient can then be approximately expressed as [6, 15]:

agij = 0D;/0H; = (0D;/0T},)(0T}/0S)(0S,/0H;) = kcdiySii' a1 (1.5)

where k.. is a coupling factor (0 < |k.| < 1) that quantifies the efficiency of the transference of strain
between phases (i.e. the ratio between the strain transferred to the PE/MS phase and the strain
generated in the MS/PE phase by the external field) [54]. This expression indicates that the ME
coupling should be favored by large PE coefficients (d;;), piezomagnetic coefficients (g;;), the

inverse of averaged effective elastic compliances (s; jl) and coupling factors (k). Consequently, the
ME effect in composite materials is a coupling between electrical and magnetic fields mediated by
an elastic interaction, and is therefore an extrinsic property generated from separate compounds

which do not exhibit any ME behavior by themselves.
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Figure 1.2 Schematic illustration of the elastically mediated ME effect in a two-phase composite
consisting of a magnetostrictive (in red) and a piezoelectric (in green) layers. a) Direct ME effect; b)

Converse ME effect.

Since the ME interaction between different phases is a complex process, in composites the
ME effect is effectively a dynamic effect and a large response can generally only be observed as a
linear function of an AC field (electric or magnetic) oscillating in the presence of a given DC field
[8, 10]. In addition to the nonlinear response with the DC field, due to the quadratic effect of
magnetostriction, generally the ME coupling in composites also displays an hysteretic nature [14].
Therefore, a dynamic direct ME voltage coefficient ag;; = 0E;/dH; , measured under open-circuit
conditions (D; = 0) is almost always used as a figure of merit for practical applications. In traction-
free composite the relation a;, = —&o&jagj, can be proven [15, 55, 56], where a;; represents its
effective dynamic ME susceptibility, &,;; the effective relative dielectric permittivity and &, the
permittivity of empty space. ag;; is typically specified in technical units of V/(cm-Qe) which can be
converted to Sl units (V/m)/(A/m) through a multiplication by a factor of 47/10. This coefficient is
usually obtained for a given magnetic AC modulation field (§H;(t) = &H; - sin(wt)) with small
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amplitude (6H up to approximately 1 Oe) and a frequency (f = w/2m) of up to about 1 MHz,
superimposed on a larger (up to, say, 20 kOe) magnetic DC bias field (H) [8]. The amplitude of the
ME induced AC voltage (6V;) measured between two electrodes in the sample should then be
proportional to the amplitude of the AC magnetic field in any detection circuit, thus establishing an
analogy with the linear ME susceptibility. Finally, in order to quantify the dynamic ME coefficients,
one measures the ME voltage induced in a sample by the magnetic field and then uses the relation
agij = 6V;/(t - 8H;), which is valid for small enough 6 H; [57] and where t is the effective distance
between electrodes generally equal to the thickness of the PE. In practice, two particular cases of this
coefficient are commonly studied in the literature [6, 8, 10, 43]: (i) the longitudinal T-T (i.e.
transversal magnetization and transversal polarization) ME voltage coefficient (ag33), and (ii) the
transversal L-T (i.e. longitudinal magnetization and transversal polarization) ME voltage coefficient
(ag31 Or ags,). Additionally to a, another ME coefficient can be used to describe the direct ME
effect in composites. This is the so called charge ME coefficient (a,), measured under short-circuit
conditions (E; = 0), and it quantifies the amount of charge generated as a function of the applied
magnetic field, i.e. ag;; = dD;/0H; x —Cag;j, where C is the low-frequency capacitance of the
composite [58-60]. This coefficient can be measured directly by an electrometer or ammeter or
indirectly as a voltage from the output of a charge amplifier and is particularly important for
applications in low-noise (< 5 pT/HzY?) and low-frequency (< 1 Hz) magnetic field sensors [59, 61,
62]. Alternatively, a less common converse ME coefficient, ag;; = dB;/dE;, can also be quantified
by measuring the magnetic response of a sample when an electric field is applied to it (e.g., through
a change in the amplitude of the magnetization induced by an applied voltage, a variation in hysteretic
magnetization curves, a change in the magnetic anisotropy or a shift of ferromagnetic resonance
absorption peaks) [11]. The analysis of this parameter can be important, e.g., for applications in

inductances and electrically controlled microwave devices [9].

Composite materials can be manufactured with a variety of geometries and compositions.
Here, a certain phase may take the shape of particles, fibers/rods, layers or three-dimensional arrays
which, in the Newnham notation, can be denoted by the indices 0, 1, 2 and 3, respectively [63]. In
this way, the notation 2-2, for example, indicates a two-phase composite consisting of alternating
layers of different materials. As for its composition, bi-phasic composites contain a PE phase, usually
BiFeO; (BFO), BaTiOs; (BTO), PbTiOs (PTO), Pb(Zr,Ti)Os (PZT), (1-x)[PbMgysNbasOs]—
X[PbTiO3] (PMN-PT) or (1-x)[PbZnysNb2303]x[PbTiOs] (PZN-PT), and a MS phase, generally
consisting of ferrites or magnetic alloys such as NiFe;O, (NFO), CoFe;O4 (CFO), FesOs, Lai-
xSrkMnOs; (LSMO), YsFesO12 (YIG), ThiDyixFe, (Terfenol-D), Metglas (Fe-Ni—Co-B-Si—Mo),

Permendur (Fe—Co-V) or Galfenol (Fe—Ga) [6, 7]. Table 1.1 summarizes some of the most important
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properties from the point of view of the ME coupling, of some of the most thoroughly investigated
PE materials. PE ceramics, PZT in particular, have been extensively studied and shown to provide a
strong ME coupling thanks to their relatively large PE and electromechanical coupling coefficients
[64-66]. Other compounds commonly used as the PE phase in ME composite materials are PMN-PT
and PZN-PT [7, 12, 66]. These materials have PE and electromechanical characteristics superior to
those of PZT but, on the other side of the coin, are associated with lower Curie temperatures and
lower fracture toughness, which severely limits their practical applications [7]. The polymer PVDF
is another common material, less attractive from the point of view of the PE accumulation of charge
(though it has a relatively large PE strain coefficient), but which has the advantages of being
elastically soft and having a high electrical resistivity and resistance to solvents [7]. Some early
research also has pointed out to the possibility of using single-crystalline PE materials exhibiting
considerably better performances [12]. Nevertheless, the PE ceramics based on PZT, PMN-PT and
PZN-PT still possess the strongest known PE properties and thus are in the prime position for future

applications in actuators, sensors and resonators [7, 12, 64-66].

Table 1.1 Main physical properties, relevant to the ME effect, of some common Z-cut piezoelectrics.
Here, d3; and d55 represent the PE strain coefficients, %5 is the dielectric relative permittivity, T,
the Curie temperature, p the mass density, Q the mechanical quality factor (i.e. 27 times the energy

stored divided by the energy dissipated per cycle for a given fundamental resonance mode expressed
as+/L,/C;/R;,wWhere L, C; and R, are respectively the series inductance, capacitance and resistance

of the equivalent electrical circuit of the PE vibrator [67]) and k&5 the electromechanical coupling

factor for a longitudinal oscillation (i.e. the square-root of the ratio between delivered mechanical or

electrical energy and total absorbed energy, in this case given by ds3/+/s5el; [67]).

BaTiOs LiNbOs GaPOq PZT-5 PZT-4  PZN-PT PMN-PT PVDF NKN‘

ds; (PC/N) 33 —0.85 -158(dy,) -175  —109 ~1280 =700 165 -
ds; (PCIN) 94 6 437 (dy,) 400 300 20002500 2000 33 158
e, 132 852 538 (el,) 1750 1350 7200 5000 10 -
T, (°C) 152 1210 900 360 320 163 80 129 415
p (g/cm?) 6 463 357 77 76 8.2 78 178 —
Q - - - 80 500 - - 4 234
KL, 0.63 017  015(ki,) 072 068 0.94 ~09-094 019 046
Ref. [68,69]  [70] [71, 72] [7] 71 [7.73,74]  [7,75] 71 [13]
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However, lead (Pb) featured in these compounds represents a serious environmental problem, and
therefore a great deal of current research is focused on identifying lead-free PE compounds which
could serve as alternatives to the former [13, 76]. In recent times, many developments have been
made in this direction with the appearance of a series of new “clean” piezoelectrics. Among these,
ceramics based on the compound (Na,K)NbOs; (NKN) have received considerable attention for two
main reasons [13]: (i) their PE properties stay unchanged over a wide temperature range and (ii) there

are numerous possibilities of chemical substitution in the compounds.

Similarly, the main properties of the most attractive MS materials are summarized in Table
1.2. Here, one can identify the greatest advantage of ferrites with respect to metallic alloys when
employed in particulate ME composites, viz., its high electrical resistivity. This is critical when one
seeks to obtain MS phases capable of withstanding an electric displacement field on 0-3 particulate
or 1-3 fiber/rod composites because, otherwise, there would be a large leakage of current through the
compound thus nullifying the charge built-up. NiFe;Qs, in particular, is the ferrite with the largest
saturation magnetostriction (Ay) currently known, while also possessing good mechanical properties.
Despite its small magnetostriction in relation to alloys, NiFe2Ou4 is still widely used in ME composites
and could find applications, e.g., in microwave devices [7]. However, in 2-2 laminate composites,
layers of the MS phase tend to be interspersed by layers of the PE phase, commonly associated with
a large electrical resistivity. In this case the leakage of current through the thickness of the composite
is minimized, so that the MS phases are no longer required to have high resistivities. Therefore, the
research on ME composites in the last decade has been strongly focused on composite laminates
containing the MS alloy Terfenol-D (Tho3sDyo.7Fe1.92/Pb(Zros:Tioss)Os) [10, 77-81]. Among all
known magnetic materials, Terfenol-D is still the one with the highest saturation magnetostriction
[6]. On the other hand, this compound is very expensive and brittle, as well as exhibiting high losses
at high frequencies (= 100 kHz) caused by eddy currents. As in all alloys, it also has a low electrical
resistivity and cannot be co-sintered with ferroelectric oxides [7]. Also, its low magnetic permeability
(1, = 3-10) and large saturation field require high magnetic fields (typically above 1 kOe) in order
to maximize the ME coupling coefficients, making it unsuitable for low-field applications [6, 9].
Consequently, the study of other lower-cost magnetic alloys such as Permendur (Fe-Co-V), Galfenol
(Fe-Ga) or Metglas (Fe-Ni-Co-B) is of great interest [64, 82-84]. Currently, one of the most
promising MS alloys is Metglas, mainly because of its huge relative magnetic permeability (1, > 10
000), large piezomagnetic coefficient (g33 ~ 4.0 ppm/Oe) and reasonable saturation magnetostriction
(A = 40 ppm) [7]. Different types of this compound consist of soft Fe-, Co- or Fe—Ni-based
amorphous alloys, also containing small quantities of B and in some cases Si and Mo, fabricated by
a rapid solidification process [85]. This process provides it with unique magnetic properties such as

a very high permeability and a very low coercivity and magnetic anisotropy. Despite its smaller
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saturation magnetostriction when compared to Terfenol-D, ME composites of Metglas can still
display very large ME couplings. This is because, as will be shown later, the ME dynamic
coefficients are proportional to the linear piezomagnetic constants (q;; = dS;/0H; = dA;/9H;) and not
to the saturation magnetostriction (A;). In fact, Metglas constitutes the material with the largest
known piezomagnetic coefficient, gz3 ~ 4 ppm/Oe (in the case of the 2605SA1 alloy) [82, 86], being
approximately twice the one observed for Terfenol-D [65]. It also has a high transversal coefficient
of q;1 + g1, = 1.5 ppm/Oe [87]. Additionally, it’s very high permeability ensures a high
concentration of magnetic flux and, therefore, a saturation of the magnetization and magnetostriction
at very low magnetic fields of ca. 10 Oe. Consequently, its piezomagnetic and ME coefficients, when

incorporated into a ME composite, generally attain maximum values at low magnetic fields.

Table 1.2 Main physical properties, relevant to the ME effect, of some important MS materials. Here,
A is the saturation magnetostriction, g55 the piezomagnetic coefficient, u’;5 the relative magnetic

permeability, p the mass density, o the electrical conductivity and T¢ the Curie temperature.

NiFe204 Terfenol-D  Permendur Galfenol  Metglas 2605

A, (ppm) 27 1400 70 200 40

qs3 (ppm/Oe)  =0.18 ~1-2 ~1 =15 =40
1l 20 ~6-10 2300 20 > 40 000

T (°C) 535 380 940 670 395

p (g/cmd) 5.37 7.8 8.2 7.7 7.18
o (S/m) 1.00 x 10°® 1.72 x 108 2.38x10®  1.67 x 108 7.69 x 10°
Ref. [7.88] [7,65 86,89 [90-92] [7,93,94] [7,82, 86]

Since its initial development and until this day, the ME laminate composites have attracted
a particularly large interest because of their large ME coefficients, due to a good mechanical coupling
between phases and an absence of current leakage, which have paved the way to several promising
applications. Thus, a wide variety of laminar geometries [80, 81, 95-97], synthesis/binding
techniques [96-98] and operation modes [77-80, 99, 100] have already been studied in detail. With
regard to their geometry, the most frequently employed laminate composites are based on simple
structures of only two or three rectangular or disk-shaped layers (i.e. sandwich structures) [6]. These
structures are the most investigated primarily for their ease of manufacture and for exhibiting, in
general, very intense ME effects with coefficients usually in the range from 0.05 to 45 V/(cm-Oe) in
the quasi-static regime (i.e. far from any resonance conditions) [16, 18, 22, 23, 26]. Figure 1.3 sums

up some of the recent progress made in the development of the various types of ME composites.
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When an oscillating AC magnetic field is applied to a ME composite, its ME response
oscillates with the fundamental frequency and higher harmonics of this field. In particular, a large
increase in the magnitude of the ME effect is expected whenever the frequency matches one of the
natural electrical, magnetic or mechanical modes of resonance of the structure [11, 101-103]. Both
phases of the composite can exhibit these phenomena. These are known as electromechanical (EM)
resonance, for the case of the PE phase, and ferromagnetic resonance (FMR), for the case of the
magnetic phase.

The EM resonance occurs when a characteristic mechanical eigenmode of the PE phase is
indirectly excited by the varying magnetic field [102]. This field produces a periodic strain in the MS
phase which is then transferred to the PE phase. A conventional mechanical resonance of the PE can
then be observed when the elastic vibration frequency coincides with a natural frequency (or one of
its harmonics) of the system. This frequency depends on the effective material parameters and
geometry of the PE. Thus, a large oscillation amplitude of the standing wave in this layer will also
give rise to a large polarization/voltage through the PE effect. Theoretical models based on equivalent
circuits for the composites have shown that the ME coefficient at resonance is approximately Q,,
times larger than that observed off resonance, where Q,, is the effective mechanical quality factor of
the composite [12]. It is also possible to show that the extensional length-resonance frequencies of a
traction-free laminate composite with the shape of a long bar (i.e., with a length much larger than its
width and thickness) can be given by f;, = (2n — 1)/2£,/psy; [104], where n € N is the harmonic
number, € the length of the PE bar, p its mass density and s,; the longitudinal elastic compliance
along the length direction [7]. For laminate composites with lengths of about 1 cm and thicknesses
of about 1 mm, fundamental in-plane extensional EM resonances are generally observed in the range
of 100 — 500 kHz, while fundamental thickness extensional EM resonances are commonly found in
the range of 2 — 8 MHz [105-107]. For the case of a PE with a more complex geometry, however,
additional types of EM modes are expected to be found including shear and flexural modes, mainly
in the case of symmetrical laminate composites, and bending modes, mainly in the case of

asymmetrical laminate composites. As in the extensional case, for a traction-free long-bar shaped PE

the n first bending resonant modes should be observed at f;,,, = 52 t/Znt’zm (with 8, =4.730,
B, =7.853, 3= 10.996, B, = 14.137, etc.) [104], where t is the thickness of the PE. The fundamental
bending modes are typically observed in the range from 40 — 80 kHz in PE plates with lengths of
approximately 1 cm and thicknesses of about 1 mm. Under bending EMR conditions, ME voltage
coefficients as large as 737 VV/(cm-Oe) have thus already been detected at low frequencies in ME
thin film layered composites [108] and up to 20 kV/(cm-Oe) in specially designed ME

ferromagnetic-elastic-PE cantilever structured composites [109-112].
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The FMR phenomenon involves the resonant absorption of a microwave by the
ferromagnetic component of the composite when subjected to some magnetic bias field. An electric
field applied to the composite thus straining the ferromagnetic phase may consequently shift this
resonant magnetic field [102, 113]. A very large ME coupling has additionally been predicted for a
superposition of EM resonance and FMR, in which case it is called magnetoacoustic resonance
(MAR) [102]. In general, one expects to observe EM resonance for frequencies of the order of
100 kHz, FMR of the order of 10 GHz and antiferromagnetic resonances of the order of 100 GHz [6,
8, 10, 23]. The latter two make the ME laminates very promising from the point of view of microwave

devices.

1.3. Thesis outline

This thesis follows the work carried out mostly in the Department of Physics of the
University of Aveiro related to the ME effect in composites ca. in chronological order. Starting with
a detailed analysis of the existing literature we thus tried to find the most attractive compositions,
structures and modes of operations from the point of view of practical applications. A simple quasi-
static phenomenological model was then used to predict the ME coefficient in such composites.
Various laminate composites were prepared afterwards by bounding commercial layers of PE
crystals and MS Metglas and an experimental apparatus was developed in order to study its ME,
impedance and noise properties. The three studies that followed comprised the comparative
investigation of the direct and converse ME effects in tri-layered composites with PMN-PT and LNO
single-crystals, the anisotropic ME effect in tri-layered composites with LNO and GPO single-
crystals and the equivalent magnetic noise in bi-laminates comprising bidomain LNO crystals. The
first study allowed us to identify LNO as a very promising alternative to PMN-PT for ME
applications offering among other advantages a lead-free nature, a very large chemical and thermal
stability, a linear operation and a much lower commercial price. In the second study we found
strongly anisotropic ME effects in differently oriented crystals of LNO and GPO and showed how
the control of this orientation could be useful e.g. in the development of desirable anisotropic
properties for some given application. Finally, in the last part we present bilayered composites
containing bidomain LNO plates as a strong candidate for future sensitive, passive and thermally
stable ME-based vector magnetic field sensors operating at low frequencies in the bending resonant

regime.
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Chapter 2

2. Phenomenological modeling of the magnetoelectric effect

Abstract

This chapter presents a simple quasi-static model of the anisotropic ME effect in tri-layers
of Metglas and PE single-crystals. The properties of various common PE and MS substances are
discussed, and arguments for the choice of the most appropriate materials are made. A linear
description of the ME effects in terms of electric, magnetic and elastic material fields and material
constants is presented. An averaging quasi-static method is used to illustrate the relation between the

material constants, their anisotropy and the transversal direct ME voltage and charge coefficients.

Subsequently, the aforementioned model is employed in the calculation of the maximum
expected direct ME voltage coefficient for a series of tri-layered Metglas/Piezocrystal/Metglas
composites as a function of the PE crystal orientation. The ME effects are shown to be strongly
dependent on the crystal orientation, which supports the possibility of inducing large ME voltage
coefficients in composites comprising lead-free PE single crystals such as LiNbOs, LiTaOs, a-

GaPO., a-quartz, langatate and langasite through the optimization of the crystal orientation.

2.1. Piezoelectricity and magnetostriction

The phenomena of piezoelectricity and magnetostriction can be mathematically described by
a model derived from thermodynamics, electrodynamics and continuum mechanics. The set of
equations that governs the material includes the Maxwell’s equations, conservation of linear
momentum, angular momentum, energy and mass (in the non-relativistic approximation). The
approximate form of the phenomenological constitutive relations for each phase can be derived from
these first principles and depends on the choice of the thermodynamic potential. Thus, starting with
a PE system and considering isothermal and adiabatic conditions and ignoring higher-order effects,

the system’s Gibbs free energy may be described by [67, 114-116]:
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1 1
G(ET) = _EpSiEjklpTijkal — dyijPERPT;j — 5(5151 — &06r)PERPE, (2.1)

where the Einstein summation convention is used. Here, psfjkl is an element of the elastic compliance
tensor (arank-4 tensor), dy;; the PE strain coefficient (a rank-3 tensor), el the dielectric permittivity
(a rank-2 tensor), PT;; the elastic stress (a rank-2 tensor), and PEj the electric field (a vector). The
superscripts E and T in the material constants indicate that those are defined under the conditions of
a constant electric field or stress, respectively. Throughout the rest of this thesis, the subscripts i, j,
k and [ will range over the integers 1, 2 and 3, whereas the subscripts a, b, ¢ and d over just 1 and
2. The superscript p on the constants and variables is meant to remind us that we are dealing with a
PE medium. Through the partial differentiation of the G potential, the linear constitutive equations

of piezoelectricity are obtained as [67, 114-116]:

G
Dy = eoPEy — - = ePEp + diiPTyj (2.2)
G E
PSij=— orT,, = PsijiaPTia + diijPEx (2.3)

where PD, is the electric displacement (a vector) and PS;; is the elastic strain (a rank-2 tensor).

All of the tensor parameters for a given property of the material mentioned so far are
mathematical objects that change with the coordinate system in a predictable way and obey certain
symmetry relations, which considerably reduces the number of their independent components. Those
symmetry relations have three basic sources [117]: the symmetry of the partial differential equation
(PDE) that defines the property, the symmetry of the tensor variables which determine the property,
and the symmetry of the material that exhibits the property (i.e., its point group). The first kind of
symmetry limits the number of independent elements of the tensor properties which are defined by
repeated differentiation. An example of this is the PE coefficient, where dy;; = d,‘;”ij =
(aDk/aTi,-)E = —0%G/0T;;0E, = —0%G/0E,dT;; = (asi,-/aEk)T = dj;;, the  dielectric
permittivity el = (0Dy/OE))r = 8y — 02G/OE,0Ey, = €06, — 02G/IE,OE, = (3D;/
0Ey)r = &, and the compliance s/, = (asi,-/aTkl)E = —0%G/0T;;0Ty; = —0°G /0Ty, 0T;; =
s,flij. The theory of linear elasticity yields S;; = (1/2)-(0u;/dx; + 0u;/dx;), where u; are the
displacement vectors along the x; Cartesian directions, so that S;; = Sj;, thus reducing the number

of independent variables to six. Furthermore, the conservation of angular momentum also implies
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that T;; = Tj;. Consequently, taking into account this symmetry of the tensor variables that determine
the properties dy;; = (aDk/aTi]-)E and sfy, = (asi]-/aT,d)E, one further identifies the following
symmetry relations: dy;; = dyj; and sfix; = i = Sfux = Sfiy. In summary, it follows from these
two sources of intrinsic symmetry that the dielectric permittivity has a maximum of 6 independent
constants, whereas the dielectric coefficient and compliance have a maximum of 18 and 21,
respectively. To simplify the manipulation of these expressions, a special notation known as Voigt’s
notation is commonly used in literature. Here, the €7, d and st tensors are represented as 3x3, 3x6
and 6x6 matrices, where the ij subscripts are reduced to a single subscript (m or n) using the
substitutions ij =11 -1, ij=22-2, ij=33-3, ij=2332-4,ij=1331-5, ij=
12,21 — 6. Other rules of conversion in this matrix notation, which must be taken into account, are
[67,118]: S, =S

whenm=1,2o0r3; S, = 25;;, whenm=4,50r6; s, = SLEjklv when both m

ijy Jr
andnare =1, 2 or 3; sf,, = 2sf;, when m or n are = 4, 5 or 6; sh,, = 4sf;, when both m and n
are =4,50r 6; dy,, = dy;j, whenm =1, 2 or 3; and dy,, = 2dy;j, whenm = 4, 5 or 6. The values
of these coefficients are frequently presented in literature in this notation. Taking all these symmetry
considerations into account, we see that the constitutive equations (2.2) and (2.3) can be written in

the general matrix form [67, 114]:

[Sm] _ pSrE;ln dfnj [Tn] (2.4)
Di din Eg'j E] , .

where the superscript t indicates the transpose of the d Voigt matrix. Finally, it should be noted that
the symmetry of the material is also an important source of additional constrains on its tensor
properties. From the physical symmetry of a system we know that there are a set of symmetry
operations which will not change the material in any observable way, so that the material properties
will be invariant under such operations. These operations are the ones that define the point group of
the system. Thus, one sees that the material properties are in part governed by the point group
symmetry of the material. More precisely, the Neumann principle states that [119] the symmetry
elements of any physical property of a crystal must include all the symmetry elements of the point
group of the crystal. In other words, the components of a tensor representing a property must remain
invariant under any transformation of coordinates governed by a symmetry operation valid for the
point group of the crystal. This also implies that a given physical property may only possess a higher
or equal symmetry than that of the crystal. Therefore, a physical property must have a symmetry at

least as high as one of the 32 conventional point groups or one of the 122 magnetic points groups to
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which the crystal belongs. Taking, e.g., the PE LiNbO; crystal corresponding to the point group 3m,
it is possible to show that it will be associated with at most 2 independent dielectric constants (&7,
and €13), 4 PE constants (dsq, d33, d», and d;s) and 6 compliance constants (s£,, s&,, s&;, sE,, s&
and s£,) [70]. A listing of all the 32 point groups and associated tensor properties can be found, e.g.,
in [119-121].

Most of the discussion mentioned above for PE materials can also be applied to
piezomagnetic materials. The difference resides in the fact that, because magnetic fields are
pseudovectors generated by currents and change sign under the time inversion operation, magnetic
properties will necessarily have more complex symmetries [117]. In fact, there is a whole set of
additional point group symmetries for the magnetic properties as a consequence of current reversal.
Therefore, while the simplest magnetic properties, such as the magnetic permeability and
susceptibility, have the forms that are required by the basic crystallographic point group of the
material, more complex properties, such as the ferromagnetic moment and the MS coefficients, do
not. Those will instead have the form required by one of the 122 magnetic point groups. Assuming
the same conditions as in the case of the PE material, the elastic Gibbs function for the MS material
can also be derived. From it, the linear piezomagnetic constitutive relations follows [56, 122]:

G
By = po™Hy — OMHE "Box(Ho) + i (Ho)™H; + qij(Ho)™Ty; ; (2.5)
G
St =~ gmr = Soij(Ho) + "™ T + Qiij(Ho) ™Hy , (2.6)
ij

where ™By, is the magnetic induction (a vector) and ™H,, the magnetic field strength (a vector). Also,
MBox(Ho) = ™By(Ho) — iy (Ho)™Ho, and  ™Sy;;(Hg) = 4;(Ho) — qx;j(Ho)™Ho  Where
ui(Ho) is the magnetic permittivity (a rank-2 tensor), qx;;(Hyo) the piezomagnetic coefficient (a
rank-3 tensor), "By (Hg) the magnetic induction and A;;(H,) the magnetostriction all obtained at a
bias Hy magnetic field. The superscript m indicates the MS nature of the material to which equations
(2.5) and (2.6) apply. It should be noted that, when obtaining these equations, the pseudo-
piezomagnetic approximation was taken. This is because magnetostriction is approximately a
quadratic effect (™S;; = b;jMiM; , where b is the 6x6 magnetoelastic tensor), whereas
piezomagnetism is a linear effect ("S;; = qy;;H,). However, for small variations of the applied H
field close to a bias field Hy, the slope 45}’ /0 H, (H) of the magnetostriction curve is approximately

constant in a small interval around H. Therefore the Taylor expansion of the magnetostriction curve
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around Hy may be truncated to first order as follows: ™S;;(T = 0,H) = A;;(H) = 4;;(Ho) +
0A;;/0H (Hy). (Hy — Hyo) + (1/2)0?A;;/0H 0H,(Ho). (Hx — Hyo)(H; — Hyp) + ... =

Aij(Hg) + 02;;/0H, (Ho). (Hx — Hyyo), and thus the magnetostriction can be approximated in this
region as a piezomagnetic effect with q;;(Ho) = 04;;/90H, (Hy) [43, 123]. In practical applications,
the magnetostriction is often used in this linear piezomagnetic regime with small applied AC
magnetic fields. Similarly, a pseudo-paramagnetic approximation, where u%,(Hy) = 0B, /0H,;(Hy),
is also assumed for the ferromagnetic material. Having taken this into consideration, one can
therefore assume the validity of equations (2.5) and (2.6). Before advancing any further, we note that
the assumption that the material coefficients in the constitutive equations are constants dependent
only on the spatial coordinates and magnetic fields produces a much idealized model. In a more
accurate description these coefficients should be complex functions of space, material fields,
frequency, time and temperature, thus taking into account the non-linearities, dispersion, losses,
current state (e.g. remanent polarization/magnetization of the PE/MS phase, aging effects, etc.) and
temperature dependence of the material’s properties. A listing of all the linear dielectric, PE and
elastic constants of the different piezoelectrics, measured under standard ambient conditions, can
generally be easily found in the literature.

2.2. Averaging quasi-static method

In this Section we are going to estimate the maximum expected magnitude of the ME voltage
coefficient for a series of tri-layered geometries of the type Metglas/PE/Metglas, where different
single crystals are employed as the PE phase. To do this, a standard averaging low-frequency model
(i.e., in the quasi-static regime), based on the constitutive equations, will be used [124]. Being quasi-
static it will naturally neglect high frequency effects such as electromechanical resonances, material

dispersion and losses as well as eddy currents generated in the conductive phases.

The simultaneous resolution of the constitutive equations (2.2)—(2.3) and (2.5)—(2.6), taking
into account the boundary conditions for the material interfaces, allows one to obtain the ME voltage
coefficient of the composite depending on its composition, microstructure, operating mode, etc.
Currently, a number of analytical and numerical techniques are known which may be employed in
solving these equations. In general, they allow estimations in terms of mean fields and are based on
the formalism of Green's functions [53] (multiple-scattering approach in the many-body theory) or

on micromechanical methods [125]. More sophisticated models may include the quadratic effect of
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magnetostriction [126] and pyroelectric or pyromagnetic phenomena [125] in the constitutive
equations.

In the quasi-static model, a square shaped tri-layered structure like the one shown in Figure
2.1 a) is considered. Its constitutive elastostatic and electrostatic equations are solved assuming that
all of the material fields are averaged constants in each layer up to the leading order. This limits the
model to the study of purely extensional deformations thus excluding any kind of bending
deformations which, however, are only significant for the case of asymmetrical composites such as
bilayers. As we see, this composite is designed to operate in its L—T mode, i.e., with a magnetic field
(6H;(t)) applied along its longitudinal length direction (L) and with the voltage (6V5(t)) measured
across its transversal thickness direction (T). This L-T mode is generally associated with larger ME
coefficients than the transversally magnetized and transversally poled (T-T) mode mainly because of
the absence of the demagnetization effect (for thin enough layers) and also because the piezomagnetic
coefficients tend to be larger for parallel magnetic and strain fields (g;;), so that the in-plane strain

component, which is transmitted to the PE phase, will be larger.

a) b) x
Z
? N M .
| % oY
Y RN VA
M ) A

Figure 2.1 a) Representation of a tri-layered ME composite operating in the transversal L-T mode
(i.e. longitudinal or in-plane magnetization, M, of the MS layers and transversal or out-of-plane
polarization, P, of the PE layer). b) Euler angles scheme used in the rotation of the crystallographic

frame of a single crystal to the laminate frame of figure a).

To set the boundary conditions, we start by assuming that there is no external traction applied
to the system (i.e. t; = n;T;; = 0 on the surfaces of the material, where n; is the unit surface normal).
Thus, the average tractions on the top and bottom surfaces of the system (™Ts;), as well as the average
tractions on the lateral surfaces (PT,,Pv + ™T,;,™v), are null. These two relations are expressed as
[56, 122]:
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PPV + MT,, ™y =0, (2.8)

where Pv and ™v are the volume fractions of the PE and MS phases, respectively. Taking into account
that all layers have a square shaped surface with the same area, these fractions can be given by Pv =
Pt/(Pt 4+ 2™t) and ™v = 2™t /(Pt + 2™t), where Pt is the thickness of the PE crystal and ™t is the
thickness of each one of the two magnetic layers. The continuity conditions at the interfaces between
layers guarantees that ™T5; = PTy;. Furthermore, a parameter known as the coupling coefficient,
ke = (PSap —PSoan)/(™Sap — PSo ap)s 1S introduced [55]. This parameter describes the coupling
quality at the interface between the PE and MS materials. In the expression of k., S, 4, indicates
the component of the strain tensor in the PE phase that appears when the friction between layers is
null (i.e. PT,, = 0, so that PS, ,,, = drap»PEx by equation (2.3)), and PS,;, and ™S, are the strains
in the PE and MS phases, respectively. The coupling parameter consequently defines the ratio
between the induced strains in the PE and MS layers. For an ideal interface we then have k. = 1,
whereas for an interface without any friction between layers (i.e. without mechanical coupling
between them) we have k. = 0. The boundary conditions for the strain components on the lateral

surfaces of the composite are therefore [72]:

PSap = kc™Sap + (1 — k)PSgo - (2.9)

It is further assumed that the interface is perfectly electromechanically bound. Consequently,
the in-plane electric and magnetic fields will be continuous along the composite, the change in the
normal displacement fields across the interfaces will be equal to the surface charge density (o) and

the normal magnetic induction will be continuous [56, 122]:

PE, =™E;, PE, =™E,, D3 —"D3=0; (2.10)

PH; = ™Hy, PHy ="™H,, PB3="B3. (2.11)

We now seek to find the expression for the direct ME voltage coefficient given by ag;; =

dPE;/0™H;, or the electric field induced in the PE when the MS layers are subjected to an external
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magnetic field. By substitution of the constitutive equations (2.3) and (2.6) into equation (2.9) we
get:

PsapkiPTir + kedimPEx = ke™sGp1a ™ T + ke (™Soap (Ho) + qran(Ho) ™Hy) . (2.12)

Now adding the stress boundary conditions (2.7) and (2.8) to this expression and converting
its parameters to the Voigt notation yields:

SmnPTn + kedymPEx = ke(MSom(Ho) + qrem (Ho)™Hy) , form,n =1, 2, 6, (2.13)

where s,,, = PsE. + k.f™sE,, is an effective compliance and f is the ratio between the volume
fractions of the PE and MS phases (Pv/™v). The rank-three square s,,,, matrix in this expression can
thus be inverted in order to write the PE stress PT,, explicitly as a function of the electric and magnetic
fields. Subsequently, substituting this stress in the PE constitutive equation (2.2) and taking into

account the elastic boundary conditions (2.7) one arrives at (in Voigt’s notation):

pDk = (SIZZ - kcdkmsr;z}ldln)pEl + kcdkmsr;}z(mSOn(HO) + an(HO)mHj) ' (2'14)

where s, is the inverse of the s,,,, effective compliance matrix. Taking now into account that the
magnetic layers consist of the electrically conductive Metglas alloy, the electric and displacement
fields (™D; = g,™E;) in this layer should be approximately null and its top and bottom surfaces
equipotential. Therefore one has [56, 122]:

By a substitution of the above relations in equation (2.10) the following additional conditions

are obtained:

pEl = pEZ =0 ; pD3 =0. (216)
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Replacing this conditions in equation (2.14) one can finally write the P D; component of the

dielectric displacement as a function of the PE; electric field and the magnetic fields in the MS layer:

PD3 = (£33 — ked3mSmndan)PEs + kcdsmSmn ("Son(Ho) + qjn (Ho)™H;) . (2.17)

Supposing a magnetic field ™H,, is applied to the composite along one of the three possible
directions k = 1, 2 or 3, one can therefore rearrange the expression above in order to obtain the
variable PE; explicitly as a linear function of this field as well as the PD; field. Starting by

considering an open circuit situation (I = [, PD; dA =0, where I is the current in the Z direction),

Area

in which PD5 equals an initial constant surface charge o, as shown in equation (1.16), which is
assumed to be null (PD5 = 0), and differentiating PE5 with respect to ™H,, one finally arrives at the
desired direct ME voltage coefficient. From this it follows that for H - H, the general ME voltage

coefficient can be written as a function of this field by the compact expression:

_ 0PE; _ —kcd3mSmmndicn (H)
Qg (H) = 2n (H) = Zpelansihin0h (218)

In the special case of a uniaxial PE (such as PZT ceramic with com symmetry) which has
only 2, 3 and 5 independent dielectric, PE and elastic constants, respectively, and a MS material,

such as Metglas, with a normal orientation (com symmetry), this yields the result [19, 56]:

_ 0PE3 _ —kcd31(qra(H)+q12(H))
U3 (H) = Gy () = [ s, o ooy s -2kl (219)

which shows the tendency of the direct ME effect to be larger in composites containing PE phases
with a large transverse piezocoefficient (ds;), small out-of-plane dielectric permittivity (eI5) and
small longitudinal and transverse compliance or flexibility (PsE, + PsE,). Additionally, the MS phase
should have large longitudinal and transverse piezomagnetic coefficients (g, (H) + g2 (H)) and
small compliances ("s£, + ™sE,). The curves of this ME coefficient as a function of the external

magnetic field are known to follow those of the piezomagnetic coefficients [123]. The ME coefficient
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is thus proportional to the first derivative of the magnetostriction curve, increasing with the H field
up to a given point, where the derivative of the magnetostriction is maximum, and decreasing
progressively to zero afterwards, as the straining of the magnetic phase eventually saturates.
Consequently, the piezomagnetic coefficients presented in literature often correspond to their
maximum values for a given magnetic field, and the ME coefficients estimated by solving equation
(2.18) will then be associated with the maximal expected coefficients for this field. Expression (2.19)
additionally shows that, in order to maximize the ME effect, it is extremely important to obtain a
good mechanical coupling between phases (i.e. a large k.), thus guarantying an efficient transference
of strain between them. Also, the thickness ratio between the PE and the MS layers should be as
small as possible (i.e. small f), thus maximizing the in-plane normal tensile/compressive stress PT;,
applied to the PE phase by the MS phase in the direction of the applied magnetic field, as seen by
equation (2.13), while at the same time nullifying the compressive/tensile stress ™T,, felt by the MS
phase, as seen by equation (2.8). However, since the voltage measured in any real detection circuit
associated with some input noise is proportional to the thickness of the PE layer, the maximal signal-
to-noise ratio should be observed for a finite PE thickness. On the other hand, minimizing f by
infinitely increasing the thickness of the MS layers would lead to unpractically large samples, so that

some compromise has to be achieved for any given application.

The model shown in this part also permits the estimation of the quasi-static charge ME
coefficient through a simple change in the electrical boundary conditions. For this case we consider

a short-circuited composite (V = — |, . PE3 dZ = 0, where V is the voltage developed across the PE)

in such a way that we have PE5; = 0 instead of PD; = 0 in (2.16). Subsequently equation (2.17) is

differentiated in relation to ™H, thus yielding:

0PD,

aQ3k(H) = AMH,, (H) = kcdSer;l}len(H) . (2-20)

Comparing the general equations (2.18) and (2.20), one sees that both the charge and voltage
coefficients can be directly related by the expression a sy (H) = — (&35 — kcdzmSmndan) agax (H),
where C = (el3 — k. d3,smhdsn)A/Pt represents the low frequency capacitance of the composite
as it will be shown later. This capacitance tends to decrease with increasing k. (i.e. better coupling
between layers) and decreasing f (i.e. thicker MS layers in relation to the PE ones). For the case of

uniaxial PE and MS materials, expression (2.20) is simplified to:
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aQ3k(H) — 0PDs (H) _ keds1(qrs (H)+qp2(H)) (221)

= E E E E
O™H) (Psf1+Psip)+kef (Msfy+™Msg,)

which shows that, when compared to the a3, coefficient in equation (2.19), the charge coefficient
is generally associated with a change of sign and no longer depends on the dielectric permittivity &1,
of the PE. Apart from this, all of the observations made before remain valid.

As mentioned before, up to this point the demagnetization effects on the MS layers have
been neglected. For the special case of uniformly magnetized ellipsoids (with magnetization M;)
subjected to an uniform external magnetic field H,, the uniform field developed inside the material
H, can be given by H, = Hy, — Ny.;M;, where N ; is a demagnetization factor which depends on the
shape of the ellipsoid [127]. In the case of an infinite plane with a normal pointing in the Z direction
this demagnetization factor is given by N33 = 1 and N ; = 0 otherwise [127]. Therefore, for thin
enough MS layers the demagnetization fields can be neglected for Hy, applied in the X or Y directions
(i.e. H; = Hy). However, in the case of thick MS phases, such that N,, # 0, or of the ME
longitudinal geometry where H; # 0, this effect can become quite substantial. The ME coefficients
given by equations (2.18-2.21) can be corrected to take this effect into account. To do this, one starts
by writing the external magnetic field H,, as a function of the internal magnetic field H. Taking the
demagnetization equation for some N ; and making the substitution ™M; = ™B;/uy, — ™H;, one
obtains ™H,, as a function of ™H; and the magnetic induction ™B; given by equation (2.5).
Subsequently, through a series of substitutions involving equations (2.7), (2.8) and (2.13) one arrives

at the final result:
MHy, = Hor(Ho) + Tt (Ho) ™H, + @oi3(Ho)PEs (2.22)

where  How(Hg) = (Nij/tto) ("Bo;(Ho) = kcf Qjm(Ho)Smn™Son(Ho)),  @qrz(Ho) = (Ni;/
o)k f Qjm (H)Smndsn, Hi(Ho) = 8y — Nig + tig (Ho) — ke f Qiem (Ho)SmnQin (Ho).and PE3 is
related to ™H; and P D5 through equation (2.17). The corrected ME voltage coefficients written as a

function of the known external magnetic fields H' — Hj, can therefore be given as ags, (H') =
0PE;/0™Hy(H') = 0PE3/0™H ;(H(H'")).0™H;/0™H; (H"), which reduces to:

@haie(H') = ags (H(H") [ (H(H)[6y — Tois (HH) gz (HH)] |, (2.23)
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where ;Tﬂ‘l (H(H")) is the inverse of the f1,; (Hy) function, a5 ;(H(H")) is given by equation (2.18)
and H(H") is determined by solving the implicit expression (2.22). In summary, this shows that the
maximum ME effects of composites subjected to demagnetization effects tend to be smaller and to
appear at higher applied magnetic fields [6].

The aforementioned ME coefficients were defined for ideal open-circuit or short-circuit
conditions. However, in experiment the ME composites are operated under non-ideal conditions, in
which case the parameters of the external measuring circuits have to be taken into account. Therefore
it is useful to model the composites as equivalent electrical circuits. In this regard, assuming
harmonic fields of the type ™H,, = ™H,,, + 6H,e/*t, where ™H,,, is a bias field, §H, a complex
amplitude, j the imaginary unit, w the angular frequency and t the time, and differentiating equation
(2.17) with respect to time and integrating it over the volume of the composite (i.e.

Joi Jureq P D3 dAdZ), one can derive the relation:

0V3 = (—agsk(Ho)Pt)0Hy, — (1/jwC)éls5 , (2.24)

where §V; = — [, . 6PE3 dZ is the AC voltage measured between the top and bottom of the composite

and 615 = jw fArea 6PD5 dA is the AC current flowing through it in the Z direction. This expression
thus shows that the composite can be modeled as a Thévenin equivalent circuit consisting of an
equivalent voltage source of V5 = (—ags, (Hg)Pt)6H, connected in series with an equivalent
impedance given by Z = 1/jwC which represents a capacitor with capacitance C = (el; —
k.dsmsmdsn)A/Pt. Equivalently, the composite can also be modeled as a Norton equivalent circuit
composed of a current source of 613 = (jwagsx(Hg)A)SHy connected in parallel with the same
impedance. More precisely, by taking into account the important effects of dielectric dispersion
(e15(w)), dielectric losses (s;r?','(w)) and conductivity (o) of the PE through the introduction of the
complex dielectric coefficient els(w) = el (w) — jels (@) + 0/jw = elz(w) — jels (w)tan(s),
where ws;; (w)tan(6) is the so called dissipation factor, the equivalent impedance of the composite
can be given by Z =1/(1/R' + jwC") which corresponds to a capacitor with C' = (gg_;(m) -
kcd3ms,;}Ld3n)A/pt connected in parallel with a resistor with R’ = pt/Awgg?',(a))tan((S). In
conclusion, when measuring for example the ME voltage coefficient, the finite input impedance of

the measuring circuit should always be taken into account. Assuming e.g. an input impedance of
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Zin = 1/(1/Ri + jwCyy) as in the case of a lock-in amplifier, the measured voltage in such a device
as a function of the magnetic fields will be given by éV;, = (Z;,/(Z + Z;,))6V5. Thus, the circuit
will generally behave as a high-pass filter with a small input amplitude |8V;,| = (R /(R +
Ri»))|6V5| being measured at zero frequency (because R’ usually takes a much larger value than R;;,
in a lock-in amplifier) and a larger input amplitude |6V;,| = (C'/(C’ + Ci,))|6V5| measured at high
frequencies (because C;,, is normally much smaller than C"). An important application of this circuit
model is in the development of sensitive low-noise magnetic field sensors based on the ME effect
[60, 62].

ME composites comprising PE single crystals have been the subject of a few recent studies
including PMN-PT [61, 128-130], PZN-PT [131], barium titanate (BaTiO3) [132], lithium niobate
(LiNbOs) [128, 133], gallium phosphate (GaPO.) [134], quartz (SiOz) [135], aluminum nitride (AIN)
[108], zinc oxide (ZnO) [136], langatate (LasGassTaosO1, LGT) [137, 138] and langasite
(LasGassSiO14, LGS) [138]. These have promised further enhancement of the ME coupling. Since
single crystals are highly anisotropic, their electric and elastic properties sensitively depend on their
crystallographic orientation. Therefore, the optimization of the orientation could lead to greatly
enhanced ME coefficients in composites. To study this dependency of the ME coupling on the crystal
orientation, we have to subject the material tensors to a passive transformation of coordinates.
Equations (2.1)—(2.24) contain the material coefficients and fields defined in the laminate XYZ frame
of Figure 2.1 a). However, the material properties are usually described in the crystallographic xyz
frame (or [100]x[010]%[001]), and that is why we have to transform them to the laminate frame

before applying the equations. To do so, the rotation matrix a;; is introduced, where the Euler angles

Z1X2Z3 scheme (see Figure 2.1 b)) is employed [139]:

cos(y) cos(a) — cos(B) sin(a) sin(y) cos(y) sin(a) + cos(B) cos(a) sin(y)  sin(y) sin(B)
a = |—sin(y) cos(a) — cos(B) sin(a) cos(y) —sin(y) sin(a) + cos(B) cos(a) cos(y) cos(y)sin(B) (2.25)
sin(B) sin(a) —sin(pB) cos(a) cos(B)

This matrix describes a sequence of three direct elemental rotations, the first around the Z
axis by an angle a, the second around the X axis by an angle 8, and the third again around the Z axis
by an angle y. In this case, after applying the rotation matrix to the crystal, the angles a and g will
identify the vector normal to the plane of the laminate, and the angle y will determine the orientation
of the side faces of the laminate in this plane (and consequently the direction of the applied in-plane
magnetic fields). Upon changing the frame of reference, the material parameters follow the specific

tensor transformation rules which also define the second-, third- and fourth-rank tensors [119]:
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— ! . — ! . — !
Sij - aimajngmn ) dijk - aimajnakodmno ) Sijkl - aimajnakoalpsmnop ) (2-26)

where the constants with an apostrophe denote the material properties in the initial crystallographic
frame, and those without the properties in the new frame of reference described by the transformation

a.

2.3. Estimation of the quasi-static transversal ME voltage coefficients in

magnetostrictive/piezocrystalline/magnetostrictive tri-layers

We are now in possession of all the tools we need in order to estimate the transversal ME
response (ags;, With i = 1 or 2) in a series of tri-layered composites containing two layers of Metglas
bonded to a PE single crystal of some sort. To do so, we create a fine grid of Euler angles in steps of
1° and subsequently analyze the calculations for these angles. The composites we investigated had
the shape of a square plate like the one shown in Figure 2.1 a), where we considered 10 x 10 mm?
sheets of Metglas with 29 um of thickness bonded to opposite sides of a 10 x 10 mm? PE crystal with
a thickness of 0.5 mm. A perfect coupling between interfaces was assumed (k. = 1). In a traction-
free Metglas layer a maximum g4, value of ca. 4 ppm/Oe and g, of ca. —1.7 ppm/Oe are attained at
a bias field of ca. 10 Oe [140-143]. These were therefore taken as our piezomagnetic coefficients.
All of the dielectric, piezoelectric, piezomagnetic (for Metglas [140-143]) and elastic material
parameters needed for these calculations where obtained from the literature and are presented in the
Appendix. The lead-free piezoelectrics studied here thus have included: LiNbO3[70, 144], a-GaPO4
[71, 72], a-quartz [145, 146], langatate [147, 148], langasite [149, 150], AIN [151, 152], LiTaOs;
[153-155] and BaTiO3[68, 69], and also the lead-based ones, viz., PZT-2 [156], PMN-33%PT ([111]
poled) [157], PMN-30%PT ([011] poled) [75], PMN-33%PT ([001] poled) [158], PZN-9%PT ([011]
poled) [159] and PZN-8%PT ([001] poled) [160].

The results obtained by solving equation (2.18) are summarized in Table 2.1 which shows
the maximum expected direct ME coefficients for each composite and respective optimal
crystallographic orientations of the PE phase. From these estimations we confirmed the possibility
of generating large quasi-static ME effects in ME composites comprising lead-free PE single crystals.
Here, coefficients as large as 35.6 V/(cm-Oe) are expected. These ME effects are particularly
attractive for the tri-layers comprising LiNbO3s;, GaPQO,, quartz, PMN-33%PT ([111] poled) and
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PZN-9%PT ([011] poled) originating from a particularly good combination of relatively large PE
coefficients and low dielectric constants. Also, because the maximum expected ME effects are of the
same order of magnitude in both lead-based and lead-free PEs, such exclusive features as chemical
stability, linear piezoelectricity and high Curie temperature (in the range of 570-1475°C) open up a
real perspective to use these lead-free PE-based magnetoelectric tri-layers in practical applications.

The selection of crystals with an appropriate cut is a very important step in the development
of ME composites. The engineering of these cuts should in principle allow one to develop materials
with specific anisotropic properties desired for each type of practical application. Large ME effects
are particularly important in applications requiring enhanced efficiencies and sensitivities. Figure 2.2
thus shows the maximum absolute transversal ME coefficients (in the range of all spanned y angles)
estimated as a function of the a and g angles for all considered tri-layers. From these figures we
notice the great sensitivity of the ME effect to the orientation of the piezocrystal. The shape of the
figures depends on the point group symmetry of the PE mainly through the term |gs; — g32| which
indicates the difference between PE voltage coefficients (g;; = —0E;/0T; = extdy ;) for stresses
directed along both lateral surfaces of the crystal, since the elastic term varies much less with the

orientation of the crystal.

We note at this point that, alongside the dispersion and losses of the material’s properties not
taken into account, a much more important limitation of the model is the fact that the piezomagnetic
coefficients of Metglas are also strongly dependent on the bias magnetic fields and stress tensors. A
more complex model for the soft MS phase shows for example that the large compressive pre-stress
produced by the PE substrate in the MS sheets tends to decrease the maximum value of g, and at
the same time increase the bias field at which it is attained [161]. Therefore, the maximum ME
coefficients predicted in this part should be somewhat overestimated. Nonetheless, the relation
between ME coefficients obtained for the composites with different PE crystals still remains valid.
Furthermore, we point out that the thickness ratio between the MS and PE layers in the composites
was not optimized for a maximum ME response. Thicker MS layers are expected to produce a larger
effective strain on the PE crystal and thus increase the amplitude of the ME effect by up to one order
of magnitude. In this calculations, 29 um thick layers of Metglas were used because, in practice,
some peculiarities associated with the fabrication of these alloys (i.e. a melt spinning rapid
solidification process) restricts their thickness to just a few of tens of pm. Also, commercial PE

crystals are generally found with thicknesses no smaller than 0.2 mm.

In the next paragraphs we are going to discuss the results of the calculations in greater detail.
Starting with the case of the LiNbOs crystal, which belongs to the trigonal 3m symmetry point group,

we see that the estimated ME coefficient could be as large as 27.24 V/(cm-Oe) for a crystal with a
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(ZXI1) 39°-cut (a = 0° B =39°and y = 90°), commercially commonly referred to as 129°Y-cut, and
five other cuts equivalent by symmetry. We also see that this effect stays within 90% of its maximum
value for cut deviations, in relation to its optimal orientation, of approximately Aa = £20° and A =
+10°. LiTaOs has the same symmetry as LiNbOs, but we calculated in this case an expected
coefficient of 11.40 V/(cm-Qe), being about 3 times smaller than that in the former material. This is
mainly because of its characteristically smaller PE coefficients (especially its dy5 and d,,
components), as well as comparable dielectric constants. The maximum effect should be observed in
a (ZXI) 45°cut crystal (a¢ = 0° B = 45° and y = 90°) and also other five equivalent cuts. This
coefficient decreases by less than 10% for cut deviations of about Aa = +25° and A = £10°. BaTiOs
single crystals belong to the tetragonal 4mm point group and have much larger PE and dielectric
coefficients than LiNbOs. The largest expected ME coefficient here is just of 10.74 V/(cm-Oe) and
is only observed in the Z-cut crystal, decaying very rapidly as we move away from this optimal
orientation. AIN piezocrystals exhibit a hexagonal 6mm symmetry and relatively small dielectric and
PE coefficients. The maximum coefficient for a composite containing this phase was calculated as
13.06 V/(cm-Qe) for the (ZXI) 60°-cut (0°<a<360°, B = 60° and y = 90°) and (ZXI) 120°-cut
crystals. As in BaTiOsg, this effect is axially symmetric and stays within 90% of its maximum value

for cut deviations of approximately A = £10°.

29



2. Modeling of the magnetoelectric effect

Table 2.1 Estimation of the maximum expected transversal direct ME voltage coefficients for a series of 10 x 10 mm? ME tri-layered composites
consisting of two 29 um thick layers of Metglas and one central 0.5 mm thick PE crystal of some kind. The optimal crystallographic orientations and
corresponding crystal cuts according to the IEEE standard [67] are also presented. Here, the optimal orientations are given as a set of Euler angles («,
and y in deg.), where the first column indicates the possible combinations of angles (equivalent by symmetry) corresponding to the same absolute
maximum positive ME effect, whereas the second column gives the combination of angles for the same absolute maximum but negative ME effect (i.e.,

with an inversion in the sign of the ME coupling coefficient). The frame of reference in each case corresponds to the crystallographic frame except in

PZT, PMN-PT and PZN-PT, where it corresponds to their respective poled multidomain frames with the Z axis directed along their poling directions.

PE crystal LiNbO; o—Quartz Langatate (LGT) Langasite (LGS)
Maximum |ag3,|
OB 27.24 35,62 2377 16.68 16.59 13.06 11.40 10.74
Z-cut crystal
1.23 0 0 0 0 8.16 2.89 10.74
@3, (V/(cm-Og))
0 [ 60 90 | 30 90 30 30 | 9 30 | 9 o | oo 0 | 60 o | oo
a 120 180 a 210 150 a 210 150 a 150 210 a 150 210 a 360 360 a | 120 | 180 | « 360 360
240 | 300 330 | 270 330 | 270 270 | 330 270 | 330 240 | 300
Optimal orientation | 5 | 59 | 147 | 5 | 90 | 90 |p | 9 9 | B | 90 | 9 |p| 90 | 9 |p| 120 | 60 |p| 45 |13 |8 | 0 | 180
y| 9 | 90 |y 12 | 168 |y | 169 | 11 |y | 15 | 24 |y 160 | 20 |y | 90 | 90 |y |9 | 90 |y | g | o
Crystal cut @X1) 39° (XYt) 12° (XYt) 11° (XYt) 24° (XYt) 20° (X1) 60° (X)) 45° z

PMN-33%PT ([111] PMN-30%PT ([011] PMN-33%PT ([001] PZN-9%PT PZN-8%PT

PE crystal poled) poled) poled) ([011] poled) ([001] poled)

Maximum |ags,|
(Vi(cm-Og)) 747 27.11 12.50 10.80 23.04 8.30

Z-cut crystal

541 5.78 12.50 6.29 23.04 7.66
|@gzal (V/(cm-Oe))
0 60 45 45 45 45
0- | 0- 120 | 180 0- 0- 135 | 135 0- | 0- 135 | 135
1 360 | 360 | * 250 | 300 T 360 360 | Y| 225 | 225 | “ | 360 | 360 | ¥ | 225 | 225
: o 315 | 315 315 | 315
Optimal orientation
g 37 | 143 | g | 42 138 | B 0 180 | g | 116 64 | g 0 180 | g | 38 | 142
90— | 90— 90— | 90—
y 90 90 y 90 90 y « o y 90 90 y o a y 0 0
Crystal cut (ZX1) 37° (ZX1) 42° z (ZXt) 45°/64° z (ZXtl) 45°/38°
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Figure 2.2 Contour plots (left panels) and |oesi| representation surfaces (right panels) depicting the
maximum estimated absolute values of the transversal ME voltage coefficient agsi (across
0 <y<180° as a function of the crystal-cut orientation (« and B angles) for the tri-layered ME
composites of Metglas/PE/Metglas, where the PE phase is a single crystal of: a) LiNbOs; b) LiTaOs;
c) BaTiOg; d) AIN; e) a-quartz; f) a-GaPOs; g) langatate; h) langasite; i) PZT-2; j) PMN-33%PT
([111] poled); k) PMN-30%PT ([011] poled); /) PMN-33%PT ([001] poled); m) PZN-9%PT ([011]
poled) and n) PZN-8%PT ([001] poled).

The a-quartz and a-GaPO4 PE crystals are another class of lead-free piezoelectrics which,
like LiNbO3, exhibit relatively large ratios between PE and dielectric constants. They both belong to
the trigonal 32 point group. The most noticeable differences between them are related to the PE
coefficients, which are approximately twice as large for the case of GaPQ4, as well as the dielectric
coefficients which are about 20% larger in GaPO, as compared to quartz. Even though they have
some of the smallest piezoconstants among the piezocrystals studied in this chapter, their dielectric
permittivities are also comparatively small, which therefore gives rise to large PE/dielectric ratios
and consequently opens the possibility for large ME responses in the composites. Indeed, following

the model described above we calculated maximum ME coefficients of 35.62 and 23.77 V/(cm-Oe)
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for the GaPO, and quartz crystals, respectively. These values are quite high and may be observed in
(XYt) 12°-cut (a = 90°, # =90° and y = 12°) crystals of GaPO4 and in (XYt) 11°-cut (a = 90°, § = 90°
and y = 11°) crystals of quartz, as well as in other five cut directions equivalent by symmetry. We
also note that these cuts are quite near the X-cut direction. In this case, the ME coefficient decreases
by less than 10% for cut deviations from the maximum direction of about Aa = +10° and Af = £25°.

Langatate and langasite are other two piezoelectrics belonging to the trigonal 32 point group.
They are characterized by PE coefficients comparable to the ones of GaPO., but also exhibit
considerably larger dielectric coefficients. Their maximum expected ME coefficients where
calculated as 16.68 V/(cm-QOe) for an (XYt) 24°-cut crystal (e =90° B =90°and y = 24°), in the case
of langatate, and 16.59 V/(cm-Qe) for an (XYt) 20°-cut crystal (a = 90°, f = 90° and y = 20°), in the
case of langasite. Furthermore, the maximum ME effect is more sensitive to the cut angle in these
two crystals. We observe that the effect stays within 90% of its maximum value for cut deviations of
just about Aa = £10° and AB = +10°.

In the class of the lead-based piezoelectrics we start by looking at the PZT-2 uniaxial ceramic
having an comm symmetry. As we know, its PE and dielectric properties are quite distinguished.
Still, the maximum direct ME coefficient of just about 7.47 V/(cm-Oe) was calculated for the (ZXI)
37°-cut direction (0°< a < 360°, § = 37° and y = 90°) and another equivalent direction. Even though
this compound constitutes one of the piezoelectrics most commonly employed in practice, we note
that its maximum expected ME response is the smallest among all piezo-crystals studied in this
chapter. This fact underlines the importance of the dielectric properties of the materials employed in
ME composites. Thus, we see that compounds with merely large PE coefficients do not necessarily
yield large direct ME effects. We also observe that for this PZT-2 ceramic the maximum ME
coefficient changes little for cut angles in the range 0° < < 60° and 120° < 8 < 180°. Therefore,
common commercially available Z-cut ceramics still could exhibit a maximum 5.41 V/(cm-Oe) ME

response.

PMN-PT crystals are a family of lead-based macrosymmetric multidomain engineered
piezoelectrics [162]. Here we studied the ME effect in composites featuring the following
compositions: [111] poled PMN-33%PT, [011] poled PMN-30%PT and [001] poled PMN-33%PT.
The first compound has a trigonal 3m symmetry, while the second and third have an orthorhombic
mm2 and tetragonal 4mm macrosymmetry, respectively. From a general point of view, the [011]
poled crystal exhibits the largest dielectric coefficients, followed by the [001] poled and the [111]
poled ones. The largest piezocoefficients in each crystal are d,5 = 4100 pC/N, d,5 = 3262 pC/N and
d33 = 2820 pC/N in the [111], [011] and [001] poled compounds, respectively. In the calculations
we identified a relatively large maximum direct ME coefficient of 27.11 V/(cm-Oe) in the [111]
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poled and (ZXI) 42°-cut PMN-PT crystal (« = 0° S = 42° and y = 90°), and five other equivalent
directions, although this is just of 5.78 V/(cm-Qe) in the Z-cut crystal. The maximum coefficient
decays by more than 10% of its highest value for angle deviations larger than Aa = £10° and A =
+10° from the optimal orientation. In the [011] poled crystal, the largest expected value is of
12.50 V/(cm-Oe), and it is observed in the Z-cut crystal. This coefficient changes only slightly for
AB = £10°. In the [001] poled PMN-PT crystal the maximum is of 10.80 V/(cm-Oe) and should be
attained in the crystal with a (ZXtl) 45°64° complex cut (a = 45° B = 64° and y = 90°), and seven
other directions. The most common Z-cut could exhibit a ME response of up to 6.29 V/(cm-QOe). By

symmetry considerations, an almost maximized ME effect could, nonetheless, be observed in the

range of 60° < 8 < 70°and 110° < § < 120°, for any « angle.

Finally, we also studied PZN-PT piezocrystals with engineered domain structures. Those
where the [011] poled PZN-9%PT, with an orthorhombic mm2 macrosymmetry, and the [001] poled
PZN-8%PT, with a tetragonal 4mm macrosymmetry. The first crystal has a large difference between
transversal PE coefficients |d3; — d3,| = 2181 pC/N, which therefore explains its large calculated
maximum direct ME coefficient of 23.04 V/(cm-Qe) in the Z-cut crystal. As in the [011] poled PMN-
PT, this coefficient changes only slightly for § = £10°. In the [001] poled PZN-8%PT, the maximum
effect was estimated as 8.30 V/(cm-Qe) for the (ZXtl) 45°/38°-cut (a = 45°, B = 38° and y = 0°), and
seven other directions. In the Z-cut crystal, this decays just to 7.66 V/(cm-QOe). Mainly, the maximum
coefficient decreases by less than 10% of its largest value for cut deviations of approximately Aa =
+10°and AB = +10°.

In summary, using an averaging model based on the constitutive equations, we have
predicted the possibility of producing large ME responses in tri-layered composites employing
suitably cut PE crystals. Especially strong ME effects are expected for single crystals of LiNbOs, a-
GaPO., a-quartz, [111] poled PMN-33%PT and [011] poled PZN-9%PT. Even so, in practice the

use of the first three in ME composites still remains largely unexplored.

2.4. Conclusions

A theoretical model of the anisotropic quasi-static direct ME effect in tri-layered composites
of Metglas and PE single crystals has been used in the quantitative estimation of the ME coupling as
a function of the crystallographic orientation (i.e. PE cut plane). First, a description of the PE and
linear MS (in the pseudo-piezomagnetic approximation) effects in terms of electric, magnetic and

elastic material fields and constants has been given. An averaging quasi-static method was
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subsequently used together with specific boundary conditions in order to derivate the relation
between the material constants and the transversal (T-L) direct ME voltage (oes.) and charge
coefficients (0igsa). The method consisted of the solution of the elastostatic and electrostatic equations
taking into account the linear constitutive relations of the two phases. The properties of some
common PE and MS materials (the latter with emphasis on the Metglas alloy exhibiting giant
magnetostriction) have been discussed, and their influence on the ME coupling has been explored. It
has been demonstrated that large ME voltage coefficients tend to be favored by large transversal
piezoelectric coefficients, transversal and longitudinal piezomagnetic coefficients and coupling
constants as well as small out-of-plane dielectric and compliance constants and the volume ratio
between the PE and MS phases. On the other hand, it has also been shown that the ME charge
coefficients do not depend on the dielectric constants of the PEs and thus tend to be much larger in
lead-based crystals with very large piezoelectric constants such as PMN-PT and PZN-PT. The effects
of the demagnetization fields on the attenuation of the ME coefficients were briefly explored. A
description of the ME composites as equivalent Thévenin/Norton circuits composed of a
magnetically driven voltage/current source in series/parallel with a characteristic impedance of the

composite has also been exposed.

After that, we used the quasi-static model for the calculation of the maximum expected direct
transversal ME voltage coefficients in a series of tri-layered composites of the type
Metglas/Piezocrystal/Metglas, as a function of the PE crystal orientation. The PE single crystals
studied in this chapter included lead-free lithium niobate, a-galium phosphate, a-quartz, langatate,
langasite, aluminum nitride, lithium tantalate and barium titanate, as well as the lead-based PZT-2,
PMN-33%PT ([111] poled), PMN-30%PT ([011] poled), PMN-33%PT ([001] poled), PZN-9%PT
([011] poled) and PZN-8%PT ([001] poled). The estimations revealed a strong dependence of the
ME effects with the crystal orientation. They also supported the possibility of generating large quasi-
static ME voltage coefficients in composites comprising lead-free PE single-crystals through the
optimization of the crystal orientation. These ME effects were found to be particularly attractive for
the case of lithium niobate, a-galium phosphate, quartz, [111]-poled PMN-33%PT and [011]-poled
PZN-9%PT. The enhanced effects were found to be originated from a particularly good combination
of relatively large PE coefficients and low dielectric constants. We thus have revealed that the choice
of crystals with an appropriate cut is a vital step in the development of ME composites valuable for

practical applications.
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Chapter 3

3. Experimental techniques for the measurement of the ME
effect

Abstract

This chapter describes an experimental technique, developed experimental setup and
respective study of the dynamic direct magnetoelectric (ME) effect measured in Metglas/piezocrystal
laminates. Various techniques used in the measurement of the ME effect are explored, with special
emphasis on the dynamic lock-in technique employed in our experiments. In this technique the
sample is subjected to two magnetic fields, a DC bias and an AC modulation field. The AC voltage
generated across the sample is subsequently measured in a lock-in amplifier. This measurements can
then be performed as a function of the magnetic bias field or the frequency of the modulation field.
The formalism describing this technique is presented, and we show how the different order ME
coefficients can be extracted from the measurements of the voltages synchronized with the
fundamental and harmonic frequencies of the magnetic exciting signal. Subsequently we present a
custom-made setup used by us to measure the dynamic ME effect. Its scheme and characteristics as

well as ways to reduce the noise and the undesirable induced electromotive force are explored.

3.1. Introduction

In the experimental quantification of the direct ME effect a dynamic direct ME voltage
coefficient ag;; = 0E;/0H; (where E; is the component of the electric field in the i direction and
H; is the component of the magnetic field in the j direction) is generally used as a figure of merit
under open-circuit conditions (i.e. with a displacement field D; = 0). Also, a large enhancement in
the magnitude of the ME effect is expected whenever the frequency of an applied modulation
magnetic field with amplitude (§H) matches one of the natural electrical, magnetic or mechanical
modes of resonance of the composite [11, 101-103]. For the case of the PE phase this is known as

electromechanical (EM) resonance and it occurs whenever a characteristic elastic eigenmode of the
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PE phase is indirectly excited by the time varying magnetic field [102]. Thus, a large oscillation
amplitude of the standing wave in this phase gives rise to a large polarization/voltage through the PE
effect. The frequency of these important EM resonances then depends on the effective material
parameters and geometry of the PEs.

From the point of view of the constituent phases, large transversal direct voltage ME effects
(@g34, Where a and b are the direction indexes equal to 1 or 2) tend to be favored by MS phases with
large longitudinal pseudo-piezomagnetic coefficients (q,, = 04,/0dH,, where 4, is the H dependent
MS strain) and PE phases with a large ratio between transversal piezoelectric (ds,) and longitudinal
dielectric constants (e33), as well as an efficient stress transfer between layers [6, 8]. A very
promising class of MS materials are the Metglas® (Ni-Fe-Mo-B, Fe-Si-B, Co-Fe-Si-Ni-B, etc.)
amorphous alloys. As for the PE phase, ferroelectric ceramics of PZT (Pb(Zr,Ti)O3s) have been
extensively studied and tend to provide a strong ME coupling due to their relatively large
piezoelectric and electromechanical (EM) coupling coefficients [64-66]. Nonetheless, the use of
highly anisotropic single-crystalline ferroelectrics, poled and cut along desirable crystallographic
directions, constitutes an alternative way to achieve large but also anisotropic ME effects [108, 135].
The current research on ME composites has therefore been remarkably focused on lead-based
compounds such as PMN-PT or PZN-PT [6, 9, 163, 164]. Nevertheless, some lead-free PE single-
crystals have been recently explored and shown to potentially yield a comparably large direct ME

effect in composites.

In the present chapter, we report the development of a dynamic lock-in setup and subsequent
simple study of the anisotropic direct ME properties of bulk tri-layered structures of
Metglas/LiNbOs/Metglas, Metglas/GaPO4/Metglas and Metglas/PMN-PT/Metglas using different

cuts of the crystalline PEs and under quasi-static and EM resonance conditions.

3.2. Magnetoelectric measurement techniques

In general, the experimental measurement of the direct ME effect has proven to be a simpler
and more accurate method for the quantification of the ME effect when compared to the measurement
of the converse ME effect. The advantages of the first technique include the relative easiness of
producing large magnetic fields used to excite the samples and the fact that magnetic fields can
generate higher energy densities than electric fields [48]. Also, the possibility of destructive dielectric
breakdown, which could be caused by excessively high voltages applied during the measurement of

the reverse effect, is avoided. The direct voltage and charge ME effects, quantified by the respective
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coefficients ag;; = 0E;/dH; and ay;; = dD;/dH;, with indexes i and j equal to 1, 2 or 3, can be

experimentally measured via three fundamental methods [15, 48]:

(i) The static method, where the sample is subjected to a uniform magnetic bias field (H), and the
voltage (V = E; - t, where t is the thickness of the PE phase) or charge (Q = D; - A, where A is the
area of the electrodes placed on the PE) developed across its electrodes is measured with an
electrometer in voltage (high-input-impedance) or charge (low-input-impedance) mode,
respectively. In the charge mode, the input of the electrometer is a virtual ground, and therefore the
measurement of charge instead of voltage should be less affected by the problem of leakage currents
flowing through the sample due to an eventually small PE conductivity. By applying different

magnetic fields, the induced ME voltage can therefore be quantified as a function of H;

(ii) The quasi-static method, where a voltage or charge generated across the sample’s electrodes is
measured using an electrometer as a function of time simultaneously with a slow variation of the
applied DC magnetic field (with a rate of ca. 0.05 — 0.5 T/min). Here, the magnetic field is generally
increased from zero up to a maximum value, stabilized at this value and subsequently decreased back
to zero. A baseline can be subsequently used to correct for an eventual time drift of the voltage /
charge due, e.g., to the pyroelectric effect;

(iii) The dynamic method, where a modulation magnetic field with frequency f and a small amplitude
6H is superimposed on a comparatively large magnetic DC bias field H. Using a lock-in amplifier,
the AC ME voltage generated across the sample or the current flowing through it is then measured
as a function of H or f. This dynamic method presents a series of advantages in comparison to the
static and quasi-static methods [57, 165]. The first one is a very efficient reduction of the electronic
noise thanks to the phase-sensitive detection of the lock-in amplifier. Here, signals with a frequency
distinct from the frequency of a reference signal are rejected and filtered by the unit. This method
also allows one to eliminate the problem of charge accumulation, observed for certain ceramics,
where the charge generated during polarization of the sample accumulates at its grain boundaries.
These charges can move towards the electrodes during the measurements, thus disturbing the
experimental results. The relatively high speed of measurement in this method thus allows a
minimization of the accumulation of charge. Another advantage is that the ME response may be
studied in different modes of operation, e.g., with different values of the magnetic bias field or at

different time scales by changing the frequency of the modulation field. However, some negative
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aspects and special cautions should also be noted. These include [9, 18, 57, 59]: the leakage of charge
under periodic conditions, which may occur through the Ohmic resistance of the samples at low
frequencies of the AC field, or through the capacitance formed between the two surfaces at higher
frequencies. Some undesirable mutual inductance will also exist between the source of the magnetic
field and the system composed of the sample and cables connected to its electrodes. A frequency-
proportional voltage will therefore always be induced across the electrodes by the applied time-
changing magnetic field due to the effect of electromagnetic Faraday induction. Furthermore, we
may also have the induction of eddy currents in the system, thus decreasing the effective modulated
magnetic field felt by the sample. For high enough frequencies, these effects might even be more
significant than the voltage generated by the ME effect in the samples. Some external sources of
synchronized noise can also be especially harmful to this technique, including, e.g., the thermal noise,
introduced by pyroelectric currents, and, more importantly, external vibrational or acoustic noises

(microphony) which can be coupled to the sample via the piezoelectric effect.

In addition to the aforementioned techniques that can be used to measure the direct ME
effect, several others have also been tested [15]. Some of those include: (i) active modes of analysis,
where a test current is passed through the sample, and subsequently dielectric and polarization
measurements are performed in various applied magnetic fields [9]; (ii) techniques using a pulsed
magnetic field, which are ideal for the study of EM resonance phenomena [106], and (iii) ME
measurements based on the PE effect making use of a microwave microscope or a magnetic

cantilever [11].

3.2.1 Dynamic magnetoelectric technique

From this point onwards we will mainly focus on the dynamic lock-in technique since this is
the method in which we are most experienced. Thus we begin by presenting a formalism describing
this technique and consequently show how the different order ME coefficients can be extracted from
the measurements of the voltages synchronized with the fundamental and harmonic frequencies of
the magnetic exciting signal. Assuming that the non-linear ME voltage (V = E - t) induced across a
ME composite as a function of an applied magnetic field (H) can be expanded in a Taylor series
centered at a bias field H,, it follows that [57]:
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oo . an
V(H) = Sioan(H — Ho)", with @y, = —=— (Hy) . (3.1)

When a bias and a modulated AC magnetic field with frequency f = w/2m, given by H =
H,y + SHcos(wt), where t stands for time, are applied to this composite, the output voltage thus

becomes:
V= Yn—oay - 6H" cos(wt)" . (3.2)

Next, taking into account that:

n-1

L ijjo (;‘) cos((n — 2j)wt), ifn c Nis odd

2n-1

cos(wt) = : (3.3)

() + 72 ()eos(n - 2pr), it € Niseven

where (’}) are the binomial coefficients and substituting this expression in equation (3.2), one gets:

ln—l

j=20J (;’) cos((n—2j)wt) , (3.4)

L., SH"Y

o 1 r21 oo
V= Zl=0ﬁ(1) T SH? +Zn=12n

where | ... | indicates the nearest lower integer. Introducing the new variable k = n — 2j and changing

the order of summation allows us to collect the cosine terms in the last part of the equation:

%) 1 0 o) 1 i .
V= YiZoga (211) Sy - SHP + X [Zj:o 2k+2)-1 (kj;zj) C®kt2j 5Hk+2]] cos(kwt) , (3.5)

which shows that this voltage will be a combination of sinusoidal functions of time with frequencies
equal to the frequency of the applied modulation field and its harmonics. The amplitudes associated

with each of these harmonic signals will therefore be given by the parameter in brackets:
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5KV = 35 oz () - ieany - SHHH (3.6)

2k+2j-1 j
For example, the amplitudes of the fundamental signal and its first two harmonics are then:

SW = ay6H + > azSH? + 2 asHS + -+ ;

82V = Say8H? + S, SH* + L agSH® + -+ 3.7)

83V = Ja38H? + = asH5 + 2 a,0H7 + -+

Assuming that the partial derivatives in expansion (3.1) decrease fast enough and §H is

sufficiently small, so that Z;‘;lﬁ(’“}z") -%-SH” « 1 for all k €N, then all higher-order
k

terms in the expansion (3.6) may be neglected, and one can arrive at the commonly made

approximation:

k
IV o gk-1jy 2
oHk t-SHk !

(3.8)

where ¥y is the k-th order H, dependent voltage ME coefficient and t is the effective thickness of
the PE phase. This expression shows that the amplitude of the k-th harmonic of the voltage (6%V) as
measured in the lock-in should be approximately proportional to the k-th power of the amplitude of
the applied modulation field (§H*) and to the k-th derivative of the V vs. H curve at some bias H,
field. Therefore we see that in the first order this ratio will be related to the direct voltage ME
coefficient through: a = 8§V /(t - §H).

More generally, to take into account the dispersion in the response of the ME coefficients a,
in expansion (3.1) we assume that the output voltage in (3.4) can be described by the convolution

relation:

V(E) = Vo + X2, [° 85V (t —t') - cos(k2mft') dt’ (3.9)
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where t and t' represent the time. Making use of the convolution theorem, the Fourier transform of

the above expression will then be:

VI(F) = VoS(F') + Zieea 8¥V/ () - [8(f' = kf) + 8(f" + kf)] (3.10)

where V'(f') and 6%V’ (f") represent the Fourier transforms of V(t) and 6%V (t), respectively, f’
the frequency of the output voltage signal, f the frequency of the modulated H field and §(x) the
Dirac delta function. Therefore, all complex coefficients §*V'(f') in the expansion are now
described as functions of the frequency f'. As before, this expression shows that the amplitude of
the output voltage signal measured in a lock-in amplifier should only be nonzero at integer multiple
frequencies of f. As an example, supposing that all the factors §*V'(f") in this expression, which
depend on the complex ME coefficients "a;(f") = a,(f') - n!/t corresponding to the Fourier

transforms of the ME coefficients ™« in expression (3.6), given by:

1

8V (f' Ho) = X0 gerarmgeyy ¢ ag(f Ho) - SH*T (3.11)

are associated with a ME resonance peak at an arbitrary frequency f' = fz. Then, in the ME

measurements (with some constant applied bias H,) this peak will be observed at f = fz in the

fundamental frequency mode having an amplitude given by |61V’ (fz)| = 81V (fr)* - 81V'(f).
Furthermore, for the 1st and 2nd harmonic frequency detection with f' = 2f and f' = 3f, this peak
should appear at lower frequencies, f = fz/2 and f = fr/3, with amplitudes |62V’ (fz)| and
|63V’ (fr)|, respectively. This last general expression thus allows us to relate the output voltage
measured in any detection circuit with the magnetic bias and modulated fields, frequency and

characteristic ME voltage coefficient of a particular composite.

3.3.  Experimental dynamic magnetoelectric measurement setup

As implied in the previous section, the basic blocks needed to perform dynamic
measurements of the direct ME effect are a magnetic field source (usually one or two

electromagnets), capable of producing constant and AC magnetic fields which are applied to the
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sample, and a lock-in amplifier, whose purpose is to measure the AC voltage generated on the sample
through the ME effect. Since commercial systems are still unavailable at this point, as an example
Figure 3.1 shows schematically an experimental setup built by our group in order to measure the
dynamic direct and converse ME effects [128]. Here, the samples are placed in the center of a plastic
box containing a Helmholtz coil capable of generating AC magnetic fields with amplitudes §H of up
to 100 Oe as well as constant bias fields H of up to the same value. A DC bias field, in the range of
0 — 15 kOe, can also be produced by an external electromagnet (Bruker® ESP 300E) collinear with
the Helmholtz coil and directed along the X direction. This bias field is stabilized by a Hall-sensor-
based regulating feedback loop. The Helmholtz coil can be driven by a power amplifier (AE
Techron®, model 7224) with a gain between 1 and 20 and low output impedance (28 mOhm in
Series with 1 uH). The current flowing through the coil is stabilized by a current control loop or by
taking into account the complex impedance of the whole circuit. The amplitude and frequency of the
AC current are set either by an external function generator (SRS®, model DS345) or by the internal
generator of the lock-in amplifier (Zurich Instruments®, model HF2LI). The AC current passing
through the Helmholtz coil can be continuously measured directly by a multimeter (Agilent®, model
34401A) or has voltage drop across the 50 Q input of the lock-in. The second method has the
advantage of allowing the determination of not only the amplitude but also the phase of this current.
The measured current is then used to calculate the previously calibrated magnetic AC field amplitude
6H. This current can be measured with the multimeter directly, using its ammeter mode, up to a
frequency of only ca. 10 kHz due to accuracy limitations of the device, and indirectly, using its
voltmeter mode, for frequencies larger than 10 kHz by making use of the known complex impedance
of the Helmholtz coil or a known reference resistor. Using an AC field of 6H = 0.1 Oe the power-
amplifier was found to operate stably up to a frequency of about 600 kHz. A gaussmeter (DSP®,
model 475) is used to measure the exact value of the bias field produced by the external
electromagnet. The amplitude and phase of the transverse voltage 6V induced across the sample by
the applied in-plane AC magnetic field §H is measured with the lock-in. Higher harmonics of the
ME signal can also be measured simultaneously in this way by using multiple independent
demodulators. The measuring system as a whole can be synchronized by a TTL output signal from
the function generator or alternatively by the internal oscillator of the lock-in, depending on the
source of the AC signal. The entire setup is autonomously driven by a home-made data acquisition
software based on LABview®. The direct ME measurements are consequently presented as the direct
ME coefficient given by equation ay = 0E/dH = 8V /(t - §H) as a function of the magnetic bias
field H, with an applied constant-frequency modulation field, or as a function of the frequency f of
the AC field, with an applied constant bias field. We also point out that, since most lock-in amplifiers

have an input impedance of just about between 1 and 10 MQ, the use of a high input impedance
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voltage pre-amplifier is usually required in this system, at least at low frequencies (ca. <10 kHz), in
order to achieve the open-circuit condition specified by the definition of the ME voltage coefficient
(ag). Otherwise, the circuit parameters of the sample and measuring device should be taken into

account in the calculation of aj.

é-l/md
1| Lock-in amplifier
—
sV 1
Ref.
Helmhl Itz
¥ Coil
Gaussmeter
‘ Field
Rel. t H 5H controller
1 =3 Jvmod
Function A ¢
generator -5 -»| Ammeter

Figure 3.1 Schematic representation of the experimental setup used to perform the ME
measurements. Red and blue arrows are associated with the measurements of the direct and converse
ME effects, respectively. Here, the lock-in amplifier can by itself take up the role of the detection
circuit, function generator and ammeter. Furthermore, the gaussmeter and amplifier may be dropped

in some cases.

Although not optimized for this purpose, we note that this system may also be used to
measure the converse ME effect. This measurements are performed by applying an AC voltage
(8Vmoa), Produced by a function generator, to the sample and using the Helmholtz coil (although too
far away) to pick up the small induced voltage due to the magnetic flux produced by the sample. The
amplitude and phase of the voltage induced on the coil (6V;,4) as a function of either the driving
frequency, at a constant DC magnetic bias field, or of the swept magnetic field, at a constant
excitation frequency, are then detected by the lock-in. The resulting ME effect can then be

represented as a ratio between the AC voltage detected on the Helmoltz coil and the voltage applied
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to the sample (8Vina/6Vmoaq) OF as the traditionally used converse ME coefficient oy = dB/dE, in
units of G-cm/kV, after properly calibrating the pickup coil. The accessible frequency range for this

type of measurements goes from several Hz up to several tens of MHz.

Figure 3.2 displays a picture of the complete developed setup with its components labeled.
A plastic box is used to house the sample and contains the Helmholtz coil which produces the AC
magnetic field. It consists of a 60 x 55 x 68 mm? container built with non-conductive and non-
ferromagnetic materials (mostly PVC and Teflon) in order to avoid losses at large frequencies due to
eddy currents and a concentration of the field lines away from the center of the coil. The two
modulation coils are fixed on opposed interior side walls. This box can then be connected to a
goniometer and used in sync with a helium flow or a nitrogen flow cryostat, thus allowing
measurements from cryogenic temperatures up to about 600 K. The Helmholtz coil scheme was
adopted for the modulation because of its simplicity and high uniformity of the generated field in the
center of the coils with variations of less than 1% of its central value inside a central cube with a side
length of about % the radius of the coil. Both coils were electrically connected in parallel between
themselves and into the output of the power amplifier. This type of connection minimizes the
equivalent inductance of the coil circuit and thus allows one to produce higher currents with the same
voltage for higher frequencies of operation. In order to magnetically calibrate the Helmholtz coil, we
calculated and experimentally measured the magnetic field generated in the center of the coil using
a gaussmeter, as a linear function of the DC driven current, as measured by the ammeter, having
obtained a relation of H ~ 32 - 1. In order to generate a constant AC field over a wide range of
frequencies, the complex impedance of the circuit of the Helmholtz coil should be known. This
impedance was measured with the help of the lock-in amplifier having obtained a resistance of ca. R
= 0.9 Q and an inductance of L = 0.47 mH. With this information we are thus able to calculate the
amplitude of the voltage signal (6v) that has to be applied to the coil at any given frequency (f) in
order to generate a desired current amplitude (6i < 6H) through the simple relation: 6v/8i =
JRZ+ (2nfL)2. All of the aforementioned steps were integrated into the measurement program
written in LabVIEW. We note that, beside the AC field, the Helmholtz coil may also simultaneously
be used to produce a bias field of up to 100 Oe, thus allowing direct ME measurements to be

performed independently without any external electromagnet.
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Figure 3.2 Photo of the setup used in the ME measurements. The labeled components are:
1) electromagnet (from the Bruker® ESP 300E spectrometer); 2) box containing the Helmholtz coil;
3) sample support and goniometer; 4) PC; 5) lock-in amplifier (Zurich Instruments®, model HF2LI);
6) function generator (SRS®, model DS345); 7) multimeter (Agilent®, model 34401A); 8) power
amplifier (AE Techron®, model 7224) and 9) gaussmeter (DSP®, model 475).

An important component in this kind of systems is the electrical contact and support for the
samples. This support must be able to fix the samples in place while taking into account that a large
enough stress applied by the support may negatively affect the sensitive ME effects under resonant
conditions. The support must also ensure a good electrical contact to the sample’s top and bottom
electrode surfaces. The ME voltage signal produced between the electrodes must then be carried by
a cable to the input of the lock-in. A very short low-noise coaxial cable or twisted pair cable are ideal
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in this case. These cables can also be enclosed by a conductive shield thus functioning as triaxial
cables where the external conductor provides an electromagnetic shielding of the inner conductors
mainly from the AC magnetic field. The voltage difference between the inner conductors of the signal
cable can subsequently by measured by the lock-in amplifier operating in differential mode.

There are several issues that should be taken into account in the measurements of the
dynamic direct ME effect. One of the most important is the generation of an electromotive force in
the cables connected to the sample induced by the time changing AC magnetic flux due to the effect
of Faraday induction [9]. This magnetically generated signal, having the same frequency as the
modulation field, will thus be detected by the lock-in and can easily pass as a ME signal. From the
Faraday law of induction we known that the amplitude of the induced signal is proportional to the
amplitude of the modulation field (6B), the area of the “loop” formed by the electrodes and the
frequency of the field. It should also be shifted by 90° with respect to the modulated field. Since the
phase of an eventual ME signal obtained in the lock-in is generally measured relatively to the phase
of the voltage applied to the power amplifier that drives the coil, this fact can be used to our advantage
in order to obtain the phase of this ME signal relatively to the modulated field. The expression of the
induced electromotive force shows that this effect in principle can be minimized by using relatively
small frequencies of operation and reducing the area normal to the magnetic field of the electric
wires. The effective area between wires can be minimized by using coaxial cables or especially
twisted pairs of thin wires with a large number of loops per unit of length and by carefully orienting
these wires in relation to the applied time-varying magnetic field. Even so, test measurements using
a non-ME reference sample with dimensions of approximately 10x10x0.5 mm? in our support in the
frequency range of up to 600 kHz have shown linear output voltages with slopes of up to ca.
873 mV/(Oe-MHz) (see Figure 3.3 a)). This value of the induced voltage was obtained for the case
of the single-mode detection of the lock-in. On the other hand, in the differential detection mode of
the lock-in with the signal being measured between the inner conductors in a triaxial cable, the
induced voltage was found to be 467 mV/(Oe-MHz). Finally, the use of the lock-in in the differential
detection mode together with a grounded outer thick conductive shield was shown to reduce the
Faraday induced voltage in the support by up to ten times down to ca. 81 mV/(Oe-MHz). This is the
case because of the ability of the conductive outer tube to effectively shield the interior signal-
carrying conductors from the external modulated field. Nonetheless, in most laminate and particulate
bulk ME composites this effect is not an issue at low frequencies (up to ca. 1 kHz) because they
usually yield ME responses of the order of some tens or hundreds of mV/(cm-Qe) [6-8, 12, 17].
However, for the case of single-phase multiferroics and thin-film composites this induction can
become noteworthy because of the weak nature of the ME coupling. Indeed, in the first case

maximum direct ME coefficients of the order of only some mV/(cm-Oe) [16, 17] tend to be observed,
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while in the second even smaller signals of the order of tens or hundreds of wV/Oe [9, 16] can be
detected due to the small thickness of the thin films (even though the direct coefficients can still be
comparable to the ones observed in bulk composites). Also, the eventual generation of eddy currents
in the wires may also take an important part in this last case [166]. For samples associated with a
weak ME effect a simple method can be used to correct the data from the induction effects. Here, a
preceding reference measurement is carried out with a non-ME reference sample with about the same
dimensions as the ME sample (e.g. a tri-layered composite of Metglas and Teflon) and using the
same parameters as in the subsequent ME measurement. The complex in-phase (X) and out-of-phase
(Y) components of the induced signal can posteriorly be subtracted from the second ME
measurement. An example of this procedure is illustrated in Figure 3.3 b).However, for the case of
samples with a large conductivity or magnetic permeability, the mutual inductance between the
Helmholtz coil and sample support may depend significantly on this parameters because of the
concentration of magnetic field lines close to the wires. Thus a better method might employ two
measurements using the same sample, a first one with the sample oriented in some direction and a
second with the sample rotated by 180° around the central axis of the Helmholtz coil. In this last case
the voltage produced by the ME effect is expected to be shifted by 180° while the voltage due to the

induced effect should stay the same. Subsequently, the results of these two measurements can be

subtracted.
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Figure 3.3 a) Test dynamic ME measurements performed in a reference non-ME sample while
operating the lock-in in its single or differential mode with a grounded or not grounded exterior
conductive shield. The observed voltages increase linearly with the frequency of the modulated field
(6H = 0.1 0e) and are induced between the electrodes by the Faraday effect. b) Small transversal
direct ME effect (az31) measured in a bi-layered composite of Metglas/Z-cut LiNbOs (1 mm thick)

with f =10 kHz and §H = 1 Oe. The originally measured signal 6V /t. §H represents the amplitude
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of the voltage due to the ME effect superimposed on that generated by the Faraday induction (EMF),
of about 0.81 mV/(cm-QOe), which is independent of the bias field. The second curve shows the
corrected ME effect obtained by subtracting this second known component.

In addition to the electromagnetic induction and intrinsic noise sources such as Johnson, shot
and 1/f noise, various other extrinsic sources of synchronous noise may negatively influence the
results of the experiment. They can be originated, e.g., by capacitive, inductive or resistive coupling
between components of the system. The use of balanced lines between instruments can offer some
considerable common mode rejection of such noise sources. The capacitive coupling can be reduced
by the use of short cables connected to the samples and by placing such cables far away from eventual
sources of stray electric fields (e.g., power amplifiers). Coaxial or twisted cables can be used to
minimize the inductive coupling. A grounded electromagnetic shield (i.e. Faraday cage) with high
conductivity and permeability may also be used to enclose the system containing the sample,
Helmholtz coil and lock-in in order to shield it from stray external DC and time changing electric
and magnetic fields. Ground loops can also give rise to a synchronous voltage and are avoided by
grounding all of the instruments to the same physical point. Microphonic noise can be minimized by
properly fixing the cables and sample support. In our case we also noted the existence of a 50 Hz
harmonic noise from the power line, and so measurements at multiple frequencies of 50 Hz were
avoided at least up to about 800 Hz, after which this effect is no longer noticeable. The value of the
spectral noise density at 1 kHz was estimated as 31 uVrms/Oe-\/ﬁ, and therefore, in order to obtain
a single-to-noise ratio of 100 at 1 kHz with a bandwidth of 1 Hz, a signal of only about 0.44 mV/Qe

should be required.

In order to demonstrate the capabilities of this system and the applicability of equations (3.6)
and (3.8), we present an example of a direct ME measurement performed on a tri-layered composite.
In this case, two sheets of the magnetostrictive alloy Metglas were bonded with epoxy to both
surfaces of square shaped piezoelectric single crystals of LiNbOs. Y- and 41°Y-cut crystals were
employed here. Using the setup described above, we first measured the direct ME response of the Y-
cut sample as a function of the in-plane magnetic bias field using a modulation field with an
amplitude of 1 Oe and a frequency of 1 kHz. The fundamental-frequency voltage signal (ayz1=
SV /t - 8H), as well as its 13 (app, = 82V /t - SH?) and 2™ (ayp3 = 63V /t - §H3) harmonics, for k
=2 and k = 3, respectively, as in equation (3.8), were measured simultaneously relative to the applied
modulated field. These correspond to the component of the generated voltage in phase with the
applied modulated field (i.e. the real part of §*V'(f’, H,) as in equation (3.11)). Figure 3.4 shows

the results obtained in this way. The uppermost graph depicts the real part (i.e. in-phase with the

51



3. Experimental techniques

modulated field) of the direct ME coefficient (ag31) in units of mV/(cm-Qe) as a function of the bias
field. Here we can see that a coefficient as large as 946 mV/(cm-Oe) was generated for a field of just
about 24 Oe. In general, the shape of the ME curves tend to follow the first derivative of a typical
magnetostrictive curve for the Metglas alloy (i.e. ayp1 = @y = (1/t) - dV/0H < q = dA/0dH) since
the corresponding piezoelectric curve of the PE crystal is highly linear in this range of coupled
strains. The second graph, on the other hand, depicts the measured 1 harmonic (at 2 kHz) of the ME
output signal in units of mV/(cm-0e?). In particular, this signal is shown to be relatively large even
for a null bias field. The superimposed red line in this graph represents 1/4 times the numerical field
derivative of the fundamental response in the above graph. This derivative perfectly fits the measured
data as predicted by equation (3.8), where we have: ayp, = 62V /t-6H? =~ (1/(4-t)) -
0%V /OH? ~ (1/4) - 0(8V/t - 6H)/0H = (1/4) - dap 1 /0H. The third graph shows the measured
2" harmonic (at 3 kHz) of the ME response in units of mV/(cm-Og®) as a function of the bias field.
Superimposed on this response is a line which represents 1/6 times the numerical derivative of the
1% harmonic response. Yet again we see that this derivative fits well the measured signal as predicted
by equation (3.8): aygs =63V /t-6H3 =~ (1/(24-t))-03V/OH3 =~ (1/6)-0(6%V/t.6H?)/
0H = (1/6) - dayg,/0H. In conclusion, in this measurement we have proven experimentally the
validity of equation (3.8). In practice these ME curves are generally closely related to the non-linear
magnetostrictive curves of the MS phase as shown by: ay g, = (1/2571k!) - kap « kg = %1 /0Hk,

where ¥q are the k-th order piezomagnetic coefficients.
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Figure 3.4 Direct ME effect measurements of a Metglas/Y-cut LiNbOs/Metglas sample as a function
of the bias field at 1 kHz and with §H = 1 Oe. The uppermost graph shows the ME response detected
at its fundamental frequency (a ;) equal to the frequency of the applied modulated field. The
second and third graphs show the 1% (apg,) and 2" (a,gs) harmonic response functions,
respectively. Superimposed on them are lines representing the numerical derivatives of the previous

lower-order harmonic responses.

The aforementioned setup also allows the measurement of the ME response as a function of
the frequency of the modulated field (f) for a fixed bias field. Figure 3.5 shows an example of this
measurement for the case of a Metglas/41°Y-cut LiNbO3z/Metglas composite. This measurement was
made in the T-L mode (in-plane magnetic field and out-of-plane voltage detection), using a bias field
of 25 Oe and a modulated field with an amplitude of 0.1 Oe. The fundamental response (@yz1) as
well as its 1% (ay5,) and 2" (a,,3) harmonics were recorded. In the fundamental mode we note the
existence of a single in-plane contour EM resonance mode at a frequency of ca. fz = 323.1 kHz. At
this frequency, a coefficient as large as 250 V/(cm-Oe) has therefore been measured. As predicted
by equation (3.10), we also see that this same resonance mode is also excited by modulated fields
with frequencies of 161.5 kHz (= f/2) and 107.7 kHz (= fz/3) in the 1% and 2" harmonic
measurements, respectively, through the non-linear MS effect (i.e. aygx < ¥q = 0%1/0H¥). The
amplitudes of these peaks are of approximately 37.1 V/(cm-0e?) and 4.7 V/(cm-Oe?), respectively.

Furthermore, we can also observe the existence of another resonance peak at 323.1 kHz in the 2™
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harmonic detection. This resonance peak should correspond obviously to the first harmonic mode of
the fundamental contour mode observed at 323.1 kHz, since it is observed at an odd integer multiple
of this frequency, and therefore should be strongly excited by a modulated field frequency of
969.3 kHz. This frequency is larger than the maximum modulated field frequency of 600 kHz which
can be attained with the equipment due to technical limitations. Thus, we note that higher-harmonic
detection can be useful, e.g., in the study of resonance modes of vibration at frequencies larger than
the ones which can be achieved in a given Helmholtz coil. The resonance peak observed at 442.3 kHz
and 294.7 kHz in the 1% and 2™ harmonic detection, respectively, corresponds to another contour
mode of resonance which in the fundamental frequency detection should be observed at ca.
884.4 kHz. In summary, three distinct contour modes of EM resonance of the composite were
identified using the aforementioned technique as seen in the 2" harmonic detection. We finally note
that these non-linear resonant ME effects may be found to be very useful in future e.g. for the

development of highly sensitive and low-power wideband AC magnetic field sensors [92, 148].
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Figure 3.5 Direct ME effect measurements of a Metglas/41°Y-cut LiNbOs/Metglas sample as a
function of the modulated field frequency with §H = 0.1 Oe and H = 25 Oe. Here, the fundamental
frequency detection (ayg,) is plotted in the top graph, whereas the 1% (ayg,) and 2™ (aygs)
harmonic detections are plotted next. The single peak observed in the fundamental mode corresponds

to an electromechanical resonance of the composite.
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Chapter 4

4. Comparative study of the direct and converse
magnetoelectric effects in tri-layered composites of Metglas
with LiNbOs and PMN-PT single crystals

Abstract

In this chapter we present a comparative study of the direct magnetoelectric (ME) effect in
simply bonded Metglas-piezocrystal tri-laminates. Electromechanical and magnetoelectric properties
of Metglas/LiNbOs/Metglas trilayers were studied in the frequency range from 1 kHz to 0.4 MHz. A
trilayer of Metglas/PMN-PT/Metglas prepared in the same way was used as a reference for
comparison. Though PMN-PT has much larger charge piezocoefficients than LiNbO3s (LNO), the
direct magnetoelectric voltage coefficient is found to be comparable in both trilayers due to the much
lower dielectric permittivity of LNO. A magnitude of the direct magnetoelectric effect in the LNO
trilayers is about 0.4 V/(cm-Oe) in the quasi-static regime and of about 90 V/(cm-Oe) at the
electromechanical resonance. Calculations show that the magnetoelectric properties can be
significantly improved (up to 500 V/cm-Qe) via controlling the cut angle of LNO, relative thickness
ratio of the ferroelectric/ferromagnetic layers and bonding between Metglas and LNO. Advantages

of using LiNbOs ferroelectric in magnetoelectric composites are discussed.

4.1. Introduction

As we noted in the introduction, since the estimated magnitude of the direct ME effect is
approximately proportional to the product of the magnetostrictive and piezoelectric properties of the
MS and PE phases, carefully engineered composites can in principle exhibit a remarkable ME
coupling, orders of magnitude larger than the ones observed in single-phase multiferroics [6, 8]. The
same behavior is expected in the case of the converse ME effect. While the former can find
applications in the electric detection of magnetic fields [167-169], the latter could be useful in the

electrical control of magnetism [25, 170].
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For laminated composites operating in the L-T mode, necessary requirements for a large
voltage ME effect (ay3,) include a PE phase with large transversal PE coefficients (ds,), small
thickness dielectric permittivity (eI3) and small longitudinal and transversal compliance (sZ,).
Although Pb(Zr, Ti)O3 (PZT) ceramics do not satisfy these requirements from a general point of view,
the fabrication of PZT-based ME composites is still commonplace [100, 171]. The use of single-
crystalline PEs, poled and cut along desirable crystallographic directions, is another possible
approach to achieve large ME effects [108, 128, 135]. Among the commercially available single
crystals, lead magnesium niobate - lead titanate (PMN-PT) [172] and lead zinc niobate - lead niobate
(PZN-PT) exhibit the largest known piezocoefficients and are thus frequently employed in laminate
ME structures [80, 81, 130, 163, 164, 169]. Nonetheless, both of them are characterized by some
notorious drawbacks which include their low Curie and depolarization temperatures (ca. 100°C),
large chemical and electrical instabilities, non-linear hysteretic behavior, uneasy growth of high-
quality crystals and consequently a very high price.

Due to these factors, other single crystalline piezoelectrics are being tested at present [13,
108, 128, 135-137]. Those have included so far lead-free crystals such as barium titanate (BaTiOs3)
[132], lithium niobate (LiNbO3) [128, 133], gallium phosphate (GaPOs) [134], quartz (SiOy) [135],
aluminum nitride (AIN) [108], zinc oxide (ZnO) [136], langatate (La:GassTaos014, LGT) [137, 138]
and langasite (LasGassSiO14, LGS) [138]. LiNbOs; (LNO), a uniaxial PE with a very high Curie
temperature (~1210°C), in particular could be proven to be a very promising choice. Although the
PE coefficients of LNO are up to three orders of magnitude smaller than those of PMN-PT and PZN-
PT, its dielectric coefficients also are, and therefore a comparable ME voltage coefficient can be
anticipated in composites featuring this compound. Even in the weakly PE quartz [135], the induced
ME coefficient has been found to be very large (ca. 175 V/(Oe-cm)) under EM resonance conditions.
Optimization of the LNO-based structures is therefore believed to yield comparable or even larger
ME coefficients. Among other attractive features of LNO, one can highlight its relatively low price,
high chemical, thermal and mechanical stability, availability of large crystals of high quality and its
lead-free nature [128]. Its multifunctionality could also bring new opportunities for devices based on
a coupling between optical, magnetic and electric properties. LNO and a closely related PE LiTaO3
have already been widely used in surface and bulk acoustic wave devices, optical modulators,
waveguides, filters, transducers, acoustic microscopes, etc. [173-177]. Experimentally, magnetically
tunable surface wave devices were already tested in doped LNO [178, 179]. However, as a PE layer
in ME laminate structures, LNO has been considered only in a few studies [122, 133, 180]. A
theoretical estimation of the ME effect in a structure of Terfenol/LNO/Terfenol was made in [122]
and an experimental study, in [133]. A very significant tunability of the magnetic properties of a

polycrystalline nickel film deposited over a LNO single crystal has also been shown [180].
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4.2. Experimental details

Several tri-layered ME composites of the 2-2 connectivity type were fabricated by bonding
thin foils of the amorphous Metglas (Ni-Fe-Mo-B) MS alloy to opposite sides of square shaped
10 x 10 x 0.5 mm? PE single crystals of LNO and PMN-31%PT poled in the [011] direction.
Commercially available 29 um thick sheets of 2826MB type Metglas® (Hitachi Metals Europe
GmbH) were cemented to opposite surfaces of LNO single-crystals (Roditi International Corporation
Ltd.) and PMN-PT (H.C. Materials Corp.) using a commercial cyanoacrylate-based glue. Both PE
crystals were poled by the suppliers after growth. In this study we used Y-cut and 41°Y-cut crystals
of LNO. The LNO crystal has a trigonal symmetry (belonging to the point group 3m), and its
polarization vector lies along the c-axis. The corresponding anisotropic PE, dielectric and elastic
constants of the substrates can be calculated by rotating the crystallographic frame of the system, for
which the coefficients can be obtained from the literature [70], with respect to their respective
laminate frames [122]. The in-plane PE coefficients of the Y-cut LNO substrate were therefore
calculated as d3; = —20.8 pC/N and d5, = 0, while an out-of-plane dielectric constant of 7;,= 85.2
was obtained. On the other hand, the 41°Y-cut crystal has PE constants d;; = —16.3 pC/N and d;,
=-17.5 pC/N and a relative permeability of £75,=60.9. The PMN-PT crystals used were poled along
their thickness direction (i.e. along [011]), so that a mm2 multidomain symmetry was engineered
[162, 172] with effective in-plane extensional PE constants ds; = —1750 pC/N and ds; = 564 pC/N

and relative dielectric out-of-plane constant of 755 =~ 4600 [162, 172].

In order to study the EM and ME properties of the samples, impedance spectroscopy, as well
as direct and converse ME effect measurements were carried out. The impedance measurements were
performed in the frequency range of 100 Hz — 10 MHz. In this case a simple I-V circuit was used
with a reference resistor connected in series with the piezocrystal, with gold electrodes deposited on
each surface, and the frequency of a constant voltage signal generated by and internal source of the
lock-in was swept. The amplitudes and phases of the voltage developed across the reference resistor
were then detected by the lock-in amplifier, and, using a simple equivalent circuit model, the active
and reactive parts of the sample impedance were subsequently obtained. The whole measuring
procedure was controlled by a home-made LabVIEW® based program. This technique was used
mainly in order to determine the quasi-static dielectric constant of the tri-layers and observe their

characteristic EM resonances.
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4.3. Results and discussion

The results of the impedance measurements are shown in Figure 4.1 in the form of the
absolute admittance, |Y]|, as a function of the frequency. Here we can distinguish a series of
characteristic EM resonance and anti-resonance peaks. The sound velocity for longitudinal waves in
LiNbO; propagating along the principal axes is (v, = 1/@): for the Z direction, 7.271x10° cm/s;
for the Y direction, 6.549x10° cm/s; and for the X direction, 6.580x10° cm/s [70, 181, 182]. Applying
these values to the case of a 10 x 10 x 0.5 mm?® Y-cut LNO crystal, we see that the thickness
extensional mode should roughly appear at ca. 6.58 MHz. The closest observed peak is centered at a
slightly lower frequency of 6.34 MHz. The calculated length extensional resonances along the X and
Z directions (327.5 kHz and 363.5 kHz, respectively) can be associated with the peaks observed at
281 kHz, 314 kHz and 355 kHz. The remaining peak centered at 3.65 MHz should be attributed to a
shear thickness mode. This mode could be mediated by the relatively large d5, coefficient (— 69.2
pC/N). In the case of the 41°Y-cut LNO crystal, the thickness shear mode is much less intense
because of a much smaller d;, = 3.83 pC/N [181, 182]. Also, in this case the two largest peaks
observed at 323.9 kHz and 6.71 MHz must correspond to contour and thickness modes of vibration,
respectively.

In order to exactly identify the in-plane contour acoustic vibrational modes of the LNO
crystals observed in the impedance measurements, we implemented a simple model capable of
predicting the dynamic electrical behavior of the crystals. More precisely, we numerically solved the
thickness-averaged linear elastic and quasi-electrostatic equations of the crystals using a two-
dimensional finite element-method (FEM). In the two-dimensional approximation [183, 184], where
the thickness of the crystal is assumed to be much smaller than its length, we end up with a system
of partial differential equations (PDESs) that can be solved numerically after prescribing the elastic
displacements or stresses and electric potentials or electric displacements on the boundary surfaces
of the media (i.e. the boundary conditions). Setting the appropriate material constants for each
orientation of the crystal and assuming a grounded bottom electrode and a harmonic homogenous
potential on the upper electrode (§V5e/“?), as well as a null electric displacement field normal to the
side surfaces and a null traction over all boundaries, the admittance at each frequency was calculated.
To do this, the current flowing through a transverse section of the crystal was obtained by integrating

the time derivative of the harmonic displacement field over this surface (i.e. 615 = jw fArea 6D5 dA).

The results of these simulations for the Y-cut and 41°Y-cut crystals are plotted in

Figure 4.1 a) along with the experimental data. Here we observe a good agreement between the
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simulated and experimental results and can perfectly identify a correspondence between the
resonance and anti-resonance peaks in each type of Y-cut crystal. Therefore, we confirm the
existence of three contour modes of resonance in the Y-cut crystal, situated at approximately 278,
314 and 358 kHz, and a single mode for the 41°Y -cut crystals at ca. 324 kHz. By setting the frequency
of the applied voltage in the model to a value corresponding to some characteristic resonance mode
and plotting the amplitude of the spatial distribution of the in-plane displacement fields, we can
analyze and identify the contour resonance modes associated with each peak. The modes thus found
are labeled and represented in Figure 4.1 a) which shows the absolute value of the displacements
along the plane of the PE in a color scale (from blue for a null displacement to pink for large
displacements) and the directions of these displacements as red arrows. Thus, the three resonance
modes observed in the Y-cut crystal correspond to the three contour acoustic modes labeled as: 1),
2) and 3). All of those are non-trivial modes because of the relatively complex geometry of the
system. The mode 1) is comparable to an extensional mode of type 1, as labeled by the IRE standard
[121], just like the mode 3). In summary, the mode 1) is characterized by oscillatory displacements
mainly along the central region of each face, while the central and vertex regions stay almost still. In
mode 2) there is a periodic bending of the vertexes to the sides. The 3) mode is associated with a
periodic displacement of the vertex regions of the plane along the radial direction. Since the 1) and
3) modes are associated with larger displacements over larger areas, they naturally produce larger
variations of the current flowing through the crystals and consequently larger resonant peaks. The
single large resonant mode observed in the 41°Y-cut crystal labeled 4), on the other hand,
corresponds to a symmetric contour mode of the type 111 [121] where the crystal periodically expands
and contracts almost isotopically in both in-plane directions and is generated due to the almost in-

plane isotropic nature of the material constants in this case.

For the case of the PMN-PT based tri-layer, two low-frequency modes (67 kHz and 111 kHz)
and one high-frequency mode (4.87 MHz) are observed, as shown in Figure 4.1 b). According to
[185],the sound velocity for the longitudinal mode propagating along the Z direction is
4.727x10° cm/s, which yields for a thickness extensional resonance a frequency of about 4.73 MHz
that is close to the experimentally observed value. Using the same model as in the aforementioned
case, we identified the contour resonance modes responsible for the two observed low-frequency
peaks. Those are labeled 5) and 6) and are shown in Figure 4.1 b). The first of these modes therefore
corresponds to a simple extensional mode, while the second exhibits a behavior similar to the one
observed in the mode 2). When compared to the electrically excited contour resonant modes of the
LNO crystals, the resonant admittance peaks measured in the PMN-PT crystal are shown to be one

order of magnitude larger, which should be a result of a much stronger PE effect in this crystal.
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Figure 4.1 On the left: experimental and simulated impedance spectra of a) LNO and b) [011]-poled
PMN-PT PE single crystals depicting its various characteristic EM resonance (|Y| — oo) and anti-
resonance (Y| — 0) modes. On the right: spatial distribution of the in-plane relative displacement
fields associated with each type of observed contour EM resonance mode labeled as 1) — 6). Here,
more purple regions correspond to larger relative displacement amplitudes while more cyan regions
are associated with small displacements. The superimposed small red arrows depict the direction of

such displacements.

Measurements of the direct ME effect were carried out at room temperature and at a
frequency of 5 kHz in the quasi-static regime, i.e. far enough from any observed EM resonances. The
modulation amplitude of the AC field was fixed at §H = 1 Oe, while the transversal ME voltage
coefficients ag3, and ags, (given by equation 3.8 for k = 1) were measured in two orthogonal in-

plane orientations. Thus, az3; Was measured with the bias field H oriented along the X direction in
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the laminate frame, while ag3, was measured with H oriented along the Y direction. Figure 4.2
shows the experimental results obtained. In the general case we start by noting that the soft magnetic
properties of the Metglas alloy are responsible for the appearance of the maximum ME effect in
magnetic fields as low as 25 Oe. The region where the ME effect is not null corresponds to the field
range where the magnetization vector of the MS phase increases by the rotation of magnetic domains
and by domain wall motion. The saturation of the ferromagnetic foil occurs at H =~ 50 Oe, after which
any further increase of the external bias field does not lead to any substantial increase of the strain in
the thin foil (i.e. the magnetostriction attains its saturation value Ag), and consequently the ME effect
vanishes. Furthermore, as it was expected, we see that the samples demonstrate an anisotropy of their
in-plane ME properties due to the anisotropy of the PE properties. The sample containing the Y-cut
LNO crystal exhibits a difference between az3, and agz, of more than an order of magnitude. The
respective measured values were agz; =0.46 V/(cm-Oe) and ag3, =0.024 V/(cm-Oe). In this crystal
we have d3; = —20.8 pC/N and d3, =0 and, consequently, the small observed a5, coefficient is
exclusively generated by the transversal Poisson stress of the magnetostriction acting on the ds;
component. In the latter case, the magnitude of the ME induced voltage was comparable to the
parasitic electromagnetic induction voltage, so that the corresponding correction has been applied.
On the other hand, in the 41°Y-cut LNO crystal sample an almost isotropic in-plane behavior has
been observed with ag3, = ag3, = 0.42 V/(cm-Oe), which is due to almost equivalent values of the
d3, and d5, piezocoefficients (— 16.3 pC/N and — 17.5 pC/N, respectively). For the case of the PMN-
PT composite, the d3, piezoconstant is twice as large as d3, and has a different sign. As a result, the
maximum of ag5; corresponds to 1.15 V/(cm-Oe), while the maximal amplitude of ag5, equals
—0.41 V/(cm-Qe). Following the procedure described in [122] and using the Metglas and PMN-PT
material parameters measured by the suppliers and by independent sources [162, 172], we calculated
the maximum expected quasi-static values of a3, and ags, for our specific sample to be ags; =
23.2 VI(cm-Oe) and ag3, = — 7.2 V/(cm-Oe). These values are more than one order of magnitude
larger than the experimental ones. This may be mainly due to a weak coupling between interfaces,
where the intermediate glue layers absorb part of the tensile stress being transferred from the MS to
the PE phase, and a non-optimized PE/MS thickness ratio between phases, where composites with
much thicker MS phases are expected to generate considerably larger effects due to a minimal
compressive stress produced by the thin PE substrate on the MS phases [56]. Nevertheless, as both
of these factors should result in an identical reduction of the ME effect in the PMN-PT and LNO
based composites, further discussion shall be more focused on the relation between the measured

coefficients rather their absolute values.

A very important point can be drawn from the quasi-static direct ME measurements. The

maximum amplitudes of the observed ME voltage coefficients for the LNO tri-layers are only about
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three times lower than those for the PMN-PT composite. The maximal ME voltage coefficient for
the PMN-PT tri-layer is 1.16 V/(cm-Oe), while for the LNO tri-layers employing Y-cut and 41°Y-
cut crystals it is 0.47 V/(cm-Oe) and 0.42 V/(cm-Oe), respectively. Comparable magnitudes are
mainly explained by the fact that the dielectric constant of PMN-PT is more than 60 times larger than
that of LNO. Consequently, the same amount of charge generated by piezoelectricity gives rise to a
60 times lower voltage in PMN-PT. Therefore, the huge piezoelectric coefficients of PMN-PT are
effectively nullified by its also huge dielectric coefficients in terms of the open-circuit ME effect.
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Figure 4.2 Direct voltage ME effects measured in the tri-layered composites of Metglas/PE/Metglas
with PE single-crystals of a) 41°Y-cut LNO; b) Y-cut LNO and c) [011]-poled PMN-PT (with f =
5kHz and 6H =1 Oe).
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As we have seen, the magnitude of the direct ME voltage coefficient can be comparable in
LNO- and PMN-PT-based composites because this response is approximately proportional to the
ratio between the PE coefficients and dielectric constants. However, this concurrent influence on the
composite’s performance is no longer favorable for the case of the converse ME effect because this
effect is independent of the dielectric constants (as = 0B/0E = (0B/0T)(0T/0S)(6S/0E) = qsd) [124,
186-188]. Thus, in this regime, the huge difference in piezoelectric coefficients between PMN-PT
and LNO becomes crucial, and the PMN-PT composites should exhibit much stronger converse ME
responses. To show this, we performed converse ME measurements on the three composites.
Figure 4.3 shows the converse magnetoelectric response represented as the ratio between the
electromotive force induced on the sensing Helmholtz coil, §V;,,4, and the voltage applied to the tri-
layered composite, 8V,,,q = 10V. This effect is associated with a change in the effective
permeability of Metglas when under a stress, which is transferred from the PE substrate. As expected,
the dependences of the converse ME effect as a function of the external magnetic bias field are shown
to be qualitatively similar to those observed in the direct ME effect measurements, diverging between
the different composites only in terms of amplitude. In fact, the composite with the 41°Y-cut LNO
exhibits a two orders of magnitude lower response than the one with PMN-PT. Beyond any doubt,
the large difference between PE coefficients becomes crucial in this mode. In conclusion, even
though the direct ME voltage response is comparable in both composites, the benefits of using PMN-
PT crystal for the converse ME effect as well as the direct short-circuit ME charge response in such

laminate structures remains indisputable.
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Figure 4.3 Converse ME effects measured (given by the ratio between the voltage induced in the
sensing coil, §V;,4, and the voltage applied to the composites, §V,0q4 = 10 V) in the tri-layered
composites of Metglas/PE/Metglas with PE single-crystals of a) 41°Y-cut LNO; b) Y-cut LNO and
¢) [011]-poled PMN-PT.

Returning to the direct ME effect measurements, the benefits of PMN-PT already do not look
so convincing. The three times greater ME voltage coefficient hardly seems to justify an order of
magnitude higher price and lower Curie temperature of the PMN-PT crystal. When measured as a
function of the AC magnetic field frequency, f, the EM resonance modes observed in the impedance
measurements can also be detected in the direct ME effect. These measurements were performed in
the range of 1 kHz — 600 kHz (with a fixed bias field H = 25 — 30 Oe and an AC field amplitude 6H
= 0.5 Oe). The results depicted in Figure 4.4 show the characteristic large increase in the direct
response of the composites under such resonance conditions (more precisely the impedance anti-
resonance conditions). Surprisingly, the system with the 41°Y-cut LNO crystal yielded the largest

effect of ca. 88 V/(cm-Qe) at the largely symmetric resonant mode 4) shown in Figure 4.1 , while in
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the PMN-PT system the maximum was only of 66 V/(cm-QOe). We also note that the EM resonance
is situated in a very suitable frequency range. From the point of view of possible sensor applications,

a full implementation could be done using standard low-cost electronic components.
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Figure 4.4 Direct transversal ME effects (ag3;) measured in the tri-layered Metglas/PE/Metglas
composites as a function of the modulated field frequency f with H = 25 Oe and §H = 0.5 Oe.

4.4. Conclusions

In summary, in this part we introduced a comparative study between the direct and converse
ME effects in tri-layered composites of the type Metglas/PE/Metglas based on single crystals of
LiNbO; (LNO) and [011]-poled PMN-PT bonded with a cyanoacrylate glue. Due to the simplified
preparation method, the amplitude of the observed ME effect was rather modest. In the quasi-static
regime, although the highly piezoelectric PMN-PT-based composite has exhibited an orders of
magnitude stronger converse ME effect, the measurements of the direct ME effect have shown
comparable magnitudes for both types of systems, mainly due to comparable ratios between
piezoelectric and dielectric coefficients of both crystals. The converse ME effects, on the other hand,
were shown to be much stronger in the sample with the PMN-PT crystal since, according to the

theory, this effect depends only on the piezoelectric constants which are much larger in this case. We
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also presented the results of the direct ME measurements in the resonant regime. Here we found an
even larger ME effect peak in the composite with the 41°Y-cut LNO than in the one with PMN-PT.
The largest direct ME voltage coefficient of about 88 V/(cm-Oe) has been obtained for the 41°Y-cut
LNO composite, while this was only of 66 V/(cm-QOe).for the PMN-PT-based structure Therefore, in
this study we identified crystalline LNO as a valuable alternative to lead-based PEs in ME
applications with the potential to form its own field of ME-based low-cost high-temperature
magnetic-field sensors.
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Chapter 5

5. Anisotropic magnetoelectric effect in tri-layered composites
of Metglas with LiNbOs and GaPOs single crystals

Abstract

This chapter describes an experimental study of the dynamic impedance and magnetoelectric
anisotropic properties in tri-layered composites of Metglas and single-crystalline lead-free
piezoelectrics. We have prepared a variety of different magnetoelectric laminates by bonding
magnetostrictive Metglas foils onto single-crystalline substrates of LiNbO; and GaPOs. The
measurements have been performed as a function of the crystal cut, magnitude and orientation of the
magnetic bias field and the frequency of the modulation field. Greatly enhanced ME coefficients in
certain resonance modes are explored and their relations to the material properties of the crystals and
the geometry of the composites are investigated. The largest ME coefficient of up to 249 V/(cm-Oe)
was observed for a composite with a 41°Y-cut LNO crystal at 323.1 kHz. In summary, we show that
crystalline lead-free LNO and GPO can exhibit relatively large anisotropic ME effects in multilayers.
We also demonstrate that control of the PE crystal’s orientation can be successfully used in order to
obtain almost any desired quasi-static and resonant anisotropic ME properties for some given
application. Such unique features as chemical stability, linear piezoelectricity, thermal robustness
open up a real perspective to use lead-free LiNbO; and a-GaPO. based ME tri-layers, e.g., as vector

magnetic field sensors working in a wide range of temperatures.

5.1. Introduction

In the previous section we showed how the use of highly anisotropic single crystalline LNO
in ME tri-layered composites can yield very remarkable quasi-static and resonant ME effects.
Besides LNO, a noteworthy piezocrystal for ME applications is gallium orthophosphate (GaPOQs,
GPO) a commercially available piezoelectric crystal with a trigonal structure (point group 32) and

excellent high-temperature properties [71]. As a crystal homotypic to quartz, it possesses many
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properties similar to the latter. Characteristic of this material are its larger piezoelectric coefficients
when compared to quartz (ca. 1.2 times larger e;; and 2.5 times larger e;,) [71]. Other desirable
properties of the compound are its high thermal stability, with its piezoelectric coefficients and most
of its properties barely changing up to a cristobalite transition at 933°C, large ratio between PE and
dielectric constants (ds,/&33), the absence of ferroelectricity and pyroelectricity, a higher EM
coupling as compared to quartz, and a high purity of the as-grown crystals [71, 72]. In the present
part, we report a study of the anisotropic direct ME properties of enhanced bulk tri-layered
composites of Metglas/LNO/Metglas and Metglas/GPO/Metglas, making use of differently oriented
crystalline PEs and under quasi-static and EM resonance conditions [134]. The maximum expected
quasi-static ME coefficients in each case were numerically estimated as a function of the crystal
orientation and compared with the experimental results. The physical origin of the in-plane

directional ME response was therefore uncovered.

5.2. Theoretical calculations

In order to numerically investigate the nature of the anisotropic ME coupling in tri-layered
composites of amorphous Metglas and piezocrystals of LNO and GPO, the maximum direct
transversal ME voltage coefficients, ags, = dE;/0H,, were numerically estimated for a series of
such structures. A standard averaging linear quasi-static micromechanical method based on coupled
constitutive equations for each layer was used for this purpose [56, 122]. Here, a square shaped 10 x
10 mm? ME tri-layered structure composed of two 29 pm thick foils of Metglas and one central 0.5
mm thick piezoelectric crystal, operating in the L-T mode, like the one shown in Figure 2.1, was
considered. Its constitutive elastostatic, electrostatic and magnetostatic equations were then solved
assuming averaged homogeneous tensor fields in each perfectly elastically coupled layer (kc = 1) and
under unclamped and open circuit boundary conditions. The required linear anisotropic electric,
magnetic and elastic material constants were obtained from the literature (Metglas [140-142], LNO
[70], and a-GPO [71, 72]).

Since the material properties of single crystals are highly anisotropic, the optimization of the
piezocrystal orientation (crystal-cut) can in principle lead to significantly enhanced ME coefficients
in composites. To investigate the dependence of the maximum ME coupling coefficient with the
crystal orientation, the material tensors were transformed from the crystalline frame to the frame of
the laminate using the classic Euler angles Z1X>Z5 corresponding to a sequence of three rotations each

denoted by the angles a, f and y [122, 139, 162]. The results obtained in this way are shown in Figure
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5.1 as representation surfaces of |az3,| maximized in the range of all y angles between 0° and 180°
and as a function of the o and g angles for the composites containing LNO and GPO. A very large
variation of the magnitude of the transversal ME effect with the orientation of the piezocrystal, whose
symmetry coincides with the symmetry of the corresponding crystal’s point group, can be observed.
As strong ME effects are particularly important in applications requiring high efficiencies and
sensitivities, we conclude that the selection of a crystal with an appropriate cut is a very important
step in the development of ME sensors. For the case of the LNO crystal, we see that the calculated
ME coefficient could potentially be as large as 27.24 V/(cm-Qe) for a crystal with a (ZXI) 39°-cut («a
=0° £ =39°and y = 90°) and five other cuts equivalent by symmetry. In commercially available
crystals this orientation is commonly denoted as 129°Y-cut. An even larger maximum coefficient of
35.62 V/(cm-Oe) was predicted for the GPO crystal with a (XYt) 12°-cut (o = 90°, f#=90°and y =
12°) and five other equivalent orientations. This cut is very close to the commonly available X-cut
crystals (o = 90°, £ =90°and y = 0°).

RN
T
1]

Y
s

Figure 5.1 Representation surfaces depicting the maximum estimated absolute values of the
transversal ME voltage coefficient |ag3,| (across 0 <y <180° as a function of the crystal
orientation (normal to the plane of the laminate associated with the rotation angles o and g for the
tri-layered ME composites of Metglas/Piezocrystal/Metglas, with piezocrystals of: a) LiNbOs; and
b) a-GaPO,.

For comparison we also used the model described above in order to calculate the transversal
ME coefficients for the particular case of the piezocrystals employed in the experimental part. Those
consisted of Y-cut (o = 0° £ =-90° and y = 0°) and 41°Y-cut (a = 0°, 8 =—49° and y = 0°) LNO as
well as X-cut (o = 90°, #=90°and y = 0°) GPO. The results thus obtained indicate, for the 41°Y-cut
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crystal, maximum values of a3, and agz, in-phase and with approximately the same magnitude
(g3, =11.2 V/(cm-Oe) and a3, = 11.9 V/(cm-Oe)), which is due to almost equivalent d;, and d5,
PE coefficients (—16.5 pC/N and —17.5 pC/N, respectively). In the composite containing the Y-cut
crystal, on the other hand, there should be a very large anisotropy in its transversal ME effect (ag34
=11.6 V/(cm-Oe) and ag3, = -1.3 V/(cm-0e)). This is the case because the transversal piezoelectric
coefficients are very different; d;; = —20.8 pC/N and d;, = 0. Consequently, the small ags,
coefficient is generated only by the traction component perpendicular to the magnetic field, which
originates from the Poisson effect, acting on the d3; PE component. In the system with X-cut GPO
a behavior similar to the aforementioned one was also predicted (az3; = 34.0 V/(cm-Oe) and ags,

=-3.8 V/(cm-Qe)), since the PE constants are similarly given by ds; =—4.37 pC/N and d5, = 0.

5.3. Experimental details

To experimentally investigate the direct ME effect we prepared tri-layered structure
containing two 29 um layers of 2826MB Metglas (Hitachi Metals Europe GmbH) bonded on both
faces of 10 x 10 x 0.5 mm? square-shaped commercial PE single crystals of congruent LNO and
GPO (Roditi International Corporation Ltd.) cut along desirable crystallographic directions. These
consisted of substrates of Y-cut, 41°Y-cut LNO and X-cut GPO bounded to Metglas using a
commercial epoxy resin which was cured for 24 h. This type of adhesive is commonly used in the
preparation of ME layered composites [6-12, 14, 16, 20] and is well known for its good mechanical,
thermal and chemical properties. Their anisotropic ME and EM properties were subsequently
studied.

5.4. Results and discussion

Using the setup described in chapter 3, we measured the direct ME effect in the quasi-static
regime in each of the three composites. The tri-layered structures were subjected to a fixed AC
magnetic field with amplitude 6H = 1 Oe and a frequency of 1 kHz. The magnetic bias field H was
then applied in the X and Y directions in relation to the samples and swept in such a way so as to
measure the hysteretic in-plane az3, and ag;, ME coefficients (i.e., with the field increasing from
zero up to its maximum value followed by a decrease down to a minimum value and an increase back

to zero). The results of these measurements are plotted in Figure 5.2. As in the previous comparative
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study, we see that the maxima of the ME effects are attained at magnetic fields as low as 25 Oe,
which is due to the soft magnetic properties of Metglas. We also note an almost complete absence of
a hysteretic response, which confirms the linear nature of the piezoelectric properties of both LNO
and GPO. An imperative observation is that, as expected, all of the samples exhibit a significant
anisotropy of their in-plane ME properties (ag3; # @g32). Such noticeable differences are mostly
related to the anisotropic nature of the material constants of the piezocrystals, mainly their
piezoelectric d5, coefficients. In the case of the tri-layered composite with the 41°Y-cut LNO crystal,
maximum effects of ag3; = 0.83 V/(cm-Oe) and ag3, = 0.92 V/(cm-Oe) were obtained. This
response corresponds to an almost in-plane isotropic ME behavior with a3, = agz, in agreement
with the predictions made in the preliminary calculations. This behavior contrasts with the structure
containing the Y-cut LNO crystal which exhibits a difference between maximum absolute values of
Qg31 and ags, by almost an order of magnitude. This is the case because the d;, PE coefficient
happens to be null in this orientation. The obtained values here were ag3; = 0.95 V/(cm-Oe) and
gz, =—0.10 V/(cm-Oe). We also note that both maximum coefficients have a different sign. The
positive value defines an in-phase dependence between the applied AC magnetic field and the
induced AC voltage and the negative value indicates an out-of-phase relation between these fields.
Finally, we see that the sample with the X-cut GPO piezocrystal equivalently yields an almost
anisotropic unipolar response with maximum ME coefficients of az3; =0.24 V/(cm-Oe) and ag3, =

—0.03 V/(cm-Qe), as was already predicted by our calculations.
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Figure 5.2 Direct quasi-static transversal ME effect measurements (|agz4| and |ags,|) of the tri-

layered composites of Metglas and a) 41°Y-cut LNO, b) Y-cut LNO, or ¢) X-cut GPO, with f =1
kHz and §H =1 Oe. The insets depict the phase (in degrees) corresponding to each ME coefficient.

Considering again the preliminary calculations, we conclude that all of the experimental
results are in a good qualitative agreement with the theoretically estimated effects. However, in

quantitative terms, the obtained coefficients were still one order of magnitude smaller than the
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maximum calculated ones. The main reasons for this should be attributed to a far from optimal
thickness ratio between the PE and MS phases and elastic coupling between phases. Additionally,
because the magnetostrictive response of the MS alloy is highly non-linear, its pseudo-piezomagnetic
qri coefficients change abruptly with the bias field and stress tensor. In fact, a more sophisticated
model for the MS phase [161] shows that the large compressive pre-stress produced by the thick PE
in the direction of the applied bias field tends to decrease the maximum value of g,; and increase the
bias field at which it is attained. Also, our calculations predicted a three times larger effect in the
system with GPO in relation to the one with Y-cut LNO. Since all samples were prepared in the same
manner, this seems to be in disagreement with the experiment. A likely explanation is the existence
of a large discrepancy between piezoelectric and dielectric coefficients of GPO as the ones found in
the literature due to variations in the growth and poling techniques [71, 72, 189]. It may also be
related to limitations of the model which, e.g., does not take into account possible stress relaxation
occurring along the thickness of the piezoelectric layer nor the properties of the interfaces between

the piezoelectric crystals and the layers of epoxy with a finite thickness.

To investigate the dynamic properties of the composites we again started by performing
impedance measurements of the PE crystals alone. Figure 5.3 shows the results thus obtained in the
form of a) the absolute impedance |Z].as a function of the frequency and b) the corresponding
Nyquist plots of the impedance (-Z"" vs Z', where Z' is the real and Z"' the imaginary parts of Z,
respectively). These figures clearly illustrate a multitude of EM resonances (where |Z] attains a
minimum value) and anti-resonances (where |Z| attains a maximum value) in the frequency range
between 150 kHz and 390 kHz. The amplitude and frequency of the anti-resonance modes is
particularly interesting because, as we shall see later, these modes are strongly linked with the
resonant peaks observed in the dynamic ME measurements. Of notice is the fact that the X-cut GPO
crystal was shown to produce four different resonant modes which are nonetheless much weaker than
those found in the LNO substrates and appear at smaller frequencies, due to ca. 3 times larger
compliance coefficients in the former [70-72]. Another important observation is that the difference
between the anti-resonant and resonant frequencies of the 41°Y-cut LNO is much larger than in the
other crystals which indicate an enhanced effective EM coupling factor (k.sf) and consequently a
more efficient conversion of energy [67]. The Nyquist plots show us how the real and imaginary
parts of the impedance of the PEs change with the frequency close to a certain resonance mode. Thus
we see that, as the frequency increases, the imaginary part of Z starts to increase up to a maximum
value where the resonance frequency is ca. attained. After this, the imaginary part starts to drop to
zero while the real part of Z starts to increase from a very low positive value up to a maximum close
to the anti-resonance frequency. After this frequency, the real part returns to its initial positive value

while the imaginary part decreases down to a negative minimum and subsequently returns to its
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initial value. Each of these resonance modes therefore form a closed loop in the Nyquist plot. More

intense resonances in general thus give rise to wider loops and larger resonance peaks.
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Figure 5.3 Impedance spectra of the 41°Y-cut LNO, Y-cut LNO and X-cut GPO single-crystals
showing its characteristic EM resonance (|Z| — 0) and anti-resonance (|Z] — o) modes labeled as
1) — 8) and depicted as: a) the absolute value of the impedance |Z| vs f and; b) Nyquist plots of the
impedance (-Z"' vs Z'). In the last case, the arrows indicate the direction of the increasing frequency
and the inset shows in detail the small loops associated with the weak resonance modes of the Y -cut
LNO and X-cut GPO crystals.
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To identify each acoustic resonant mode we again implemented in Matlab® a two-dimensional finite
element-method in order to simulate the results [183, 184]. These calculations clearly proved that the
resonant peaks observed correspond to different types of in-plane contour resonance modes. The
obtained modes are thus labeled in Figure 5.3 as 1) — 8) and depicted in Figure 5.4 ¢). To summarize
this part, the frequency and |Z| amplitude associated with each anti-resonant mode is listed next: 1)
f =284.0 kHz; |Z| = 246 kOhm; 2) f = 315.8 kHz; |Z| = 51 kOhm,; 3) f = 358.6 kHz; |Z| = 205
kOhm; 4) f = 336.1 kHz; |Z| = 1.25 MOhm; 5) f = 184.8 kHz; |Z| = 80 kOhm; 6) f = 199.3 kHz;
|Z| = 90 kOhm; 7) f = 218.4 kHz; |Z| = 69 kOhm; 8) f = 257.5 kHz; |Z| = 63 kOhm.

The dynamic ME effects (ag3, and ags, components) were subsequently measured for the
three composites as a function of the frequency of the AC magnetic field. The measurements were
performed in the range from 1 kHz-600 kHz, with a fixed bias field of H = 25 Oe and a modulation
field amplitude of 6H = 0.1 Oe. The obtained results are depicted in Figure 5.4 a) and b). Here, we
can again identify the existence of multiple high-amplitude peaks in the ME response of the samples.
By taking into account the sound velocity for the propagation of longitudinal waves in these crystals,
of the order of 6.5x10° cm/s [70], and their dimensions we conclude that the observed peaks in the
kHz range can be attributed to different types of in-plane contour acoustic modes.

With a bias field applied in the X direction (a3, mode), for the case of the composite with
the 41°Y-cut LNO crystal a single and very intense ME peak of up to 249.0 V/(cm-Oe) was observed
at a frequency of 323.1 kHz. For the sample with the Y-cut LNO crystal, on the other hand, three
different smaller peaks were observed in this range. This clearly illustrates how the anisotropic nature
of the material constants takes an important part in the determination of which kinds of EM resonance
modes may or may not be excited under certain conditions. Consequently we conclude that the
anisotropic nature of the PE crystals is even more noticeable in the resonant regime in relation to the
quasi-static. In the structure with the Y-cut LNO crystal, the largest peak occurs at approximately
344.3 kHz and takes the value of 132.9 VV/(cm-Oe). The other two peaks appear at 270.1 kHz and
302.3 kHz and reach heights of 101.1 V/(cm-Oe) and 26.8 V/(cm-Oe), respectively. In the GPO
sample we observed four different resonance modes associated with comparatively smaller ME
coefficients. The largest resonant effect here is of 23.2 VV/(cm-Oe), occurring at 199.7 kHz. The other
three peaks take values of 12.0 V/(cm-Oe), 5.0 V/(cm-Oe) and 13.0 V/(cm-QOe) and are excited at
frequencies of 184.3 kHz, 220.5 kHz and 257.9 kHz, respectively. Furthermore we note that all of
the aforementioned peaks are associated with a characteristic sudden decrease in phase by ca. 180°
as it can been seen in the inset of Figure 5.4 a). In this case the ME resonance peaks are all followed
by a change of phase from 0° down to -180° and therefore the imaginary part of the ME coefficients

yield peaks with negative values in resonance. A comparison with the impedance of the crystals in
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Figure 5.3 demonstrates that the same number of resonant modes can be identified in both
experiments and that the frequencies and amplitudes of the resonant ME effects in the composites
are closely related to the frequencies and amplitudes of the anti-resonant EM modes in the PEs. Thus
we conclude that they must correspond ca.to the same type of resonance modes. This is the case
because, as the impedance of the PE crystals is maximized in the anti-resonant mode, its capacitance
and thus longitudinal effective dielectric constant (&) is consequently minimized which results in a

large enhancement of the direct voltage ME effect (i.e. increase in the d/¢ ratio) [190].

Having obtained a good agreement between the simulated and experimental values of the
anti-resonance frequencies, with relative errors inferior to 4%, the spatial distribution of the relative
displacement fields for each mode can then be plotted as shown in Figure 5.4 ¢). Thus, we see that
the three resonance modes observed in the Y-cut LNO crystal correspond to the three contour
acoustic modes (where the in-plane components of the displacement fields do not change
significantly in the Z direction and the out-of-plane displacement u5 is null) dubbed as 1), 2) and 3).
We can identify mode 1) as an extensional mode closely related to type I, as labeled by the IRE
standard [121]. In the 41°Y-cut LNO crystal, the observed single resonance 4) corresponds to an
extensional mode of type Il which is a very symmetric almost isotropic mode. This seems to suggest
that remarkably strong resonance modes can be excited in PE crystals, whose geometric symmetry
coincides in some way with the symmetry of its anisotropic material constants. This is the case for
the 41°Y-cut square-shaped crystal, which is associated with almost equal in-plane d5; and d5, PE
coefficients as well as c£; and c£, elastic stiffness constants. By comparison with the properties of
some bulk tri-layered composites found in the literature with equivalent structures but employing
different compounds, we conclude that the 249 V/(cm-Oe) coefficient observed in the 41°Y-cut LNO
sample is one of the largest ever found in ME 2-2 bulk tri-layered structures, being even larger than
the 175 V/(cm-Oe) value measured in a Permendur/Quartz/Permendur system [135]. It is also
remarkably larger than those found in lead-based PMN-PT (70 V/(cm-Oe)) and PZT (110
V/(cm-Qe)) composites with Permendur [137]. In the X-cut GPO piezocrystal, the first two modes
at 184.3 kHz and 199.7 kHz and the fourth one at 257.9 kHz were identified as different kinds of
contour shear modes. The first two modes, 5) and 6), and the 8) respectively resemble variations of
the modes 1) and 3) in the Y-cut crystal with the addition of an in-plane shear component. The third
smallest mode at 220.5 kHz, labeled 7), is characterized by an oscillatory displacement of the

vertexes of the crystal in a way similar to mode 2) in the Y-cut LNO piezocrystal.

When a bias field of H = 25 Oe was applied in the Y direction instead of X (ay3, mode) we
obtained the results indicated in Figure 5.4 b). The observed peaks are in general associated with a

drop in amplitude in relation to az3; which proves that the ME effects under resonance conditions
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are also strongly affected by the direction of the applied bias field. The most noticeable change here
is the large decrease in amplitude or even disappearance of some of the resonant modes observed in
the previous measurement. This is the case of the modes labelled as 5), 7) and 1). In order to explain
this we note that these modes are mainly characterized by large elastic displacements in the X
direction of the crystals as shown in Figure 5.4 ¢). Since the Metglas layer tends to expand mainly in
the direction of the applied bias field we thus conclude that a magnetic field applied in the Y direction
will induce only a small straining of this layer in the X direction. This will thus constrain the capacity
of the thin Metglas foil to excite the corresponding EM modes of the PE phases. Additionally we
note that the modes labelled as 3), 6) and 8), which are characterized by large displacements in the
Y direction tend to be less affected by the change in the direction of the applied bias. Nevertheless
the reason for the decrease observed in the amplitude of the mode 4) is not very clear. Furthermore
we see that the phase of all of the ME signals still drops by ca. 180° during resonance but now we
notice that outside of resonance conditions the phase of the ME effects for the GPO and Y-cut LNO
samples is reversed just like in the quasi-static case. Therefore the imaginary part of the ME
coefficients have peaks with positive values in resonance. This kind of behavior has also been

recently observed e.g. in [191].
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Figure 5.4 a) agz; and b) ags, direct dynamic ME effect measured in tri-layered composites
consisting of Metglas and LNO and GPO as a function of the modulation frequency with H = 25 Oe
and 0H = 0.1 Oe. The various resonant peaks seen here are labeled 1)-8). The insets in each graph
shows the variation of the phase of the ME voltage coefficients (in degrees) as a function of the
frequency. c) Spatial distribution of the in-plane relative displacement field and deformation
associated with each type of contour EM resonance mode. Here, redder regions correspond to larger
relative displacement amplitudes. The deformation of the crystals are largely exaggerated for the

sake of clarity.
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From a theoretical point of view, considering only the linear elastic properties of the PE
crystals and solving their eigenvalue equations of motion under traction-free boundary conditions,
several resonance modes in addition to the ones observed in the measurements can be predicted. We
therefore conclude that the pattern and natural frequency of these normal modes are mainly
determined by the elastic coefficients of the crystals as well as their mass density and geometry. The
excitation or not of some of these modes in the ME measurements, under specific mechanical and
electrical boundary conditions, is then driven by the PE effect and thus depends on its anisotropic
coefficients. While strong ME effects were observed for the extensional EM resonance modes in the
samples with LNO, much weaker effects were seen for the asymmetrical shear modes in the one with
GPO. These shear modes arise primarily because of non-null stiffness coefficients cZ in the X-cut
crystal which couple in-plane normal and shear type stresses and strains. Having seen this, we note
that extensional normal modes, similar to the ones identified in the LNO crystals, as well as more
symmetrical shear modes can also be solutions of the equations of motion in crystals of GPO e.g.
with a Z- or Y-cut, since here we have cf, = c£, = 0. Nevertheless, the form of its corresponding PE
tensors in principle doesn’t permit the ME excitation of the extensional modes in L-T tri-layered
composites, since in these cases we have both null d;; and ds, components. In conclusion, we see
that even though a large ME effect may be predicted for a given anisotropic composite under quasi-
static conditions, under resonant conditions the picture changes radically. Thus, in this case, a more
sophisticated investigation must be carried out taking into account further parameters such as the

relation between the crystal orientation and the geometry of the composite.

In summary, in this experimental part we investigated the relation between the cut orientation
of the piezocrystals and respective in-plane anisotropic ME response of the corresponding tri-layered
composites. By precisely selecting this cut direction, systems with different relations between
perpendicular a3, and a g3, ME coefficients could be designed, thus finding applications in specific
orientation-sensitive devices. A composite with a Y-cut LNO crystal, for example, was shown to
operate closely to the anisotropic unipolar regime (g3, > 0 and a3, = 0), and one with a 41°Y-cut
LNO crystal closely to the in-plane isotropic regime (g3, = ag3»). Figure 5.5 a) further illustrates
the results of calculated quasi-static ag3, and a3, coefficients as a function of the LNO crystal cut
angle in the YZ plane in relation to the Y axis, i.e. the 8 angle in the standard notation (YXI) 6 or 8 =
90° + S in the Euler angles scheme. According to the calculations, the anisotropic unipolar regime
and the in-plane isotropic regime should be observed for LNO crystals with cut angles of 2°Y and
45°Y, respectively. From this point of view, other cuts could also be interesting, such as the 162.1°Y -
cut LNO, corresponding to an anisotropic bipolar regime (ag31 = —@g33), and the 129°Y-cut LNO,
corresponding to the maximum expected ME voltage coefficient as seen in Figure 5.5 a). Also, Figure

5.5 b) depicts the calculated ME voltage coefficients as a function of the relative thickness ratio
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between the PE and MS phases using the same formalism. This calculation was made for some of
the most interesting LNO crystal cuts. From this we see that a decrease in the thickness of the PE
layer results in more stress being transferred to it from the MS and, consequently, in an increase of
the ME effect. However, since the detected voltage is proportional to the PE layer thickness, the
thinner the layer is, the lower the output signal will be. Therefore, taking into account that any
measuring circuit has its own input noise, the maximal signal-to-noise ratio should be observed for

a finite ferroelectric film thickness.
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Figure 5.5 g) Calculated in-plane quasi-static ME voltage coefficients as a function of the 6
piezocrystal cut angle (measured from the Y axis). b) ME coefficients for different crystal cuts as a

function of the PE/MS relative thickness ratio (Pt/™t).
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5.5. Conclusions

In conclusion, we have conducted a numerical analysis and an experimental study of the ME
and EM anisotropic properties of tri-layered composites of Metglas/Piezoelectric/Metglas using
differently oriented piezoelectric single crystals of LiNbO3; and GaPO.. The samples consisted of Y-

and 41°Y-cut LNO and X-cut GPO substrates bound to Metglas foils using epoxy.

The quasi-static ME measurements have shown a strongly anisotropic response with
transversal ME voltage coefficients being dependent on the direction of the applied in-plane magnetic
bias field as well as the orientation of the crystal (crystal cut). This is related to the piezoelectric,
dielectric and elastic properties of single crystals being extremely anisotropic. As confirmed by some
theoretical calculations, this ME behavior was qualitatively correctly predicted by a simple
constitutive model, in which the material tensor properties of the piezocrystals were transformed
according to their physical orientation. Therefore, we saw that the tri-layered composite with the
41°Y-cut LNO crystal exhibited an almost isotropic in-plane ME response, with ag3; = ags,,
whereas the systems with the Y-cut LNO and X-cut GPO substrates demonstrated an approximately
in-plane unipolar effect (a3, > 0 and ag3, = 0) with the polar axis directed along the X direction.
Also, the largest measured ME coefficient here was of 0.95 V/(cm-Oe) for the Y-cut LNO sample in
a field of 25 Oe. In the GPO composite, a coupling of up to 0.24 V/(cm-QOe) was obtained.

In the resonant regime, several in-plane contour EM resonant peaks were observed in the
ME spectrum. Here we saw how strongly the anisotropic nature of the PE crystals influences the
excitation of certain contour acoustic resonance modes. So, e.g., three distinct resonance modes were
observed in the system featuring the Y-cut LNO crystal, whereas a single one was observed in the
composite with the 41°Y-cut LNO one. A very intense single peak exhibiting a ME coefficient of up
to 249 V/(cm-Oe) was detected in the sample with the 41°Y-cut LNO crystal. In order to predict,
which kinds of modes could be excited under given conditions and to identify such modes by
comparison with simulated results, we employed impedance measurements, thus clarifying the
relation between the anisotropic constants and the excitation of such peaks. The aforementioned large
symmetric peak was therefore shown to be related to the in-plane isotropic properties of the crystal,
so that a very symmetric and high-amplitude resonance mode was generated. In the GPO sample,
four weak contour asymmetrical shear modes of resonance were identified, with the largest having a

response of up to 23.2 V/(cm-0Oe) and appearing at a frequency of 199.7 kHz.

In conclusion, we were able to experimentally identify relatively large anisotropic ME effects

in composites based on PE single-crystals which were in good agreement with the theory. In

81



5. Anisotropic magnetoelectric effects in LiNbO3z and GaPO4

principle, such ME responses can be further enhanced through the optimization of the volume ratio
and the coupling between layers. Finally we showed how the control of the crystal orientation can be
used to greatly enhance the anisotropic ME effects in composites. The selection of the crystal
orientation should therefore allow one to engineer almost any desired anisotropic properties for some

given application.
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Chapter 6

6. Equivalent magnetic noise in bi-laminates comprising
bidomain LiNbOs crystals for application as magnetic vector
Sensors

Abstract

In this chapter, the anisotropic direct magnetoelectric (ME) properties of bi-layered
composites comprising magnetostrictive Metglas foils and single-crystalline piezoelectric bidomain
plates of 127°Y-cut LiNbOs; (LNO) are studied both theoretically and experimentally. The LNO
plates possessed an engineered bidomain structure with opposite spontaneous polarization vectors
along the thickness direction (i.e. a “head-to-head” or “tail-to-tail” ferroelectric macrodomain
structure). Impedance, ME effect and equivalent magnetic noise density measurements have been
performed on the composites operating under quasi-static and resonant conditions. The investigated
systems also included single-domain and simple bonded bimorph crystals for comparison. Whereas
the anisotropic quasi-static ME effect was found to be only two times stronger in the bidomain
samples than in their bimorph and unidomain counterparts, in the bending resonance mode the effect
in the bidomain structures was up to one order of magnitude stronger: ME coefficients of up to
578 V/(cm-Oe) were obtained at ca. 30 kHz at the bending resonance using 0.5 mm thick
piezoelectric crystals. Equivalent magnetic noise density measurements yielded values down to
153 pT/HzY? at 1 kHz (quasi-static mode) and 524 fT/Hz? under resonant conditions. A further
optimization of the fabrication techniques, laminate geometry and detection circuit is expected to
allow reducing these values down to at least 10 pT/Hz? and 250 fT/Hz'?, respectively, and the
resonance frequency by at least two orders of magnitude. Such systems may thus find use in simple
and sensitive, passive and stable, low-frequency and high-temperature vector magnetic field sensors.

applications.
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6.1. Introduction

Sensitive low-frequency magnetic field variation sensors have recently been largely sought
after for applications ranging from biomagnetic to magnetic anomaly detectors [59, 192]. The
usefulness of magnetic sensors is determined not only by their output gain but also by their equivalent
magnetic noise, both of which are crucial to achieve a high sensitivity and responsivity [59]. Thanks
to their large magnetic-to-electric conversion factors, laminate ME composites have been singled out
as natural contenders for these applications [59, 192, 193]. Comparatively to other magnetic sensors,
a compact size and passive operation at room temperature are additional features that these systems
have to offer.

The ME effect is defined as a coupling between electric and magnetic fields in material
systems in such a way that an electric polarization (P) might be induced by an applied magnetic field
(H), inwhich case it is denoted the direct effect, or a magnetization (M) induced by an applied electric
field (E), denoted the converse effect [8]. Intense efforts have been devoted to the study of the ME
effect in systems ranging from the single-phase to the multi-phase and from the bulk to the nano-
sized, driven by many promising new applications in multifunctional devices [6, 8, 9, 11, 36]. Up to
date, by far the largest ME effects have been obtained in the composite systems where such a
phenomenon results from an elastic coupling between mechanically bonded piezoelectric (PE) and
magnetostrictive (MS) phases [6, 8]. In this group the most commonly studied structures have been
the simple 2-2 type laminates [6, 9, 36]. As the figure of merit, the direct ME voltage coefficient
agij = 6Vi/(6Hj . tp) measured under open circuit conditions has been generally employed. Here,
8V; and §H; are the dynamic output voltage and input magnetic field amplitudes in the i and j
directions, respectively, and t,, is the thickness of the PE phase [6, 9, 36]. As for the operation mode,
longitudinally magnetized and transversely polarized (L-T) laminates have been shown to exhibit the
largest effects due to small demagnetization fields and a large transfer of stress [6, 7]. ME responses
of the order of tens of VV/(cm-Oe) have already been observed under quasi-static conditions [61, 194].
Even stronger effects of the order of a few kV/(cm-Oe) have also been obtained under
electromechanical resonance (EMR) conditions of the PE plates when the amplitude of the vibrations
is largely enhanced [62, 109, 110].

From a practical point of view, the sensitivity of a ME sensor to a minute magnetic field is
determined by its conversion factor and by its intrinsic and extrinsic noise floor. The former kind of
noise is mainly composed by the Johnson noise and the 1/f noise in the composite and by the

detection circuit and is determined by material properties such as conductivity and dielectric losses
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and the physical structure of the composite [59]. The extrinsic noise, on the other hand, is dominated
by the thermal noise, introduced by pyroelectric currents due to small fluctuations of the temperature,
and the vibrational noise, introduced by the PE effect due to stray vibrations in the environment [193,
195]. Various strategies have been proposed to mitigate these effects through the optimization of the
laminate design and detection circuitry [59, 193]. Currently, the lowest equivalent magnetic noise
density values for ME sensors reported in the literature are of the order of a few pT/Hz? for
frequencies of operation as low as 1 Hz [61, 196-198] and of the order of some tens of fT/HzY2 under
EMR conditions in the kHz range [58, 192, 199]. The frequency of operation has also been made as
small as 10 mHz [200]. These values are very respectable when compared to the ones of other well-
known magnetic sensors including giant magnetoresistance, flux-gate and superconducting quantum
interference based devices which have noise floors of the order of 10° fT/HzY2, 10° fT/HzY2 and
10 fT/Hz'?, respectively, for frequencies between 1 Hz and 1 kHz [192, 198, 201].

a) ' . Bidomain Bidomain
Unidomain  ("head-to-head") ("tail-to-tail")

%%

Unimorph

Figure 6.1 a) Representation of the various types of bi-layered bending L-T composites studied in
this work and the frame of reference. b) Operation principle of a ME bimorph under a bending
deformation produced by an applied magnetic field. ¢) Optical micrograph of the “head-to-head”
bidomain structure in a selectively etched lap of a 127°Y-cut single crystal of LNO obtained by the

DA technique.

Unlike the most commonly employed symmetric tri-layered structures, bi-layered bimorph

or unimoph configurations with asymmetrical structures are able to produce bending resonant modes
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at low frequencies [202]. The bimorphs, having oppositely poled layers (see Figure 6.1 a)), tend to
generate larger ME effects under a flexural strain as illustrated in Figure 6.1 b) [203]. Furthermore,
by rejecting deformations confined to the extensional mode, such structures also have an intrinsic
ability to partially cancel both extrinsic vibrational and thermal noises [192, 193]. In practice, PE
bimorphs are usually obtained by gluing or sintering together oppositely poled lead-based PE plates
such as PZT or PMN-PT characterized by large PE and dielectric constants [202]. However, along
with the mechanical losses associated with the bonded interfaces and their disruption after repeated
straining, these structures are known to suffer from several intrinsic drawbacks which include low
Curie temperatures (ca. 100°C), large creep and ageing effects, hysteretic behavior and high
commercial price. Nevertheless, since the ME voltage effect is known to be approximately
proportional to the ratio between the PE and dielectric constants, lead-free single-crystalline
ferroelectrics, poled and cut along desirable crystallographic directions, have already been shown to
exhibit comparable ME effects in composites along with a much more stable performance [135, 137].
Recently we have shown that large ME effects could be obtained in composites containing LiNbOs;
(LNO) single crystals [128, 134]. LNO is an uniaxial trigonal ferroelectric (point group 3m) with a
very linear PE behavior and a high Curie temperature of ca. 1210°C [70]. In the single-crystal form,
it also exhibits particularly small dielectric losses and multiple fundamental anisotropic EMR modes
[191] with high quality factors [59]. In addition, single-crystalline LiNbO3 and LiTaO3; bidomains
with strong linear bending deformations have recently been developed for applications in precision
electromechanical actuators [204]. These bidomains consist of plates having two engineered
ferroelectric macrodomains with inverted spontaneous polarization vectors along the thickness
direction like in the case of a bimorph. This has been achieved using a stationary external heating
(SEH) and, more recently, a diffusion annealing (DA) technique. The main advantage of these
structures is a more efficient PE and elastic coupling between inverted domains than in the case of a
bonded or sintered bimorph due to the absence of an intermediate viscous glue or diffusion interface

between macrocrystals.

In present work we propose the use of bidomain LNO single crystals produced by SEH and
DA in bi-layered ME composites for applications in vector magnetic field and current sensors, and
we study the ME properties of the respective laminate structures. As the MS phase we chose a Fe—
Ni-based amorphous Metglas alloy with very large relative magnetic permeability (u, > 10%) and
piezomagnetic coefficients and a low saturation field [82, 86]. ME sensors are generally used in
conjunction with voltage or charge amplifier schemes [58, 60, 62]. We note that the use of LNO
crystals, in principle, will only be attractive in the former case because the latter is strongly favored
by PEs with larger PE coefficients, irrespective of their dielectric constants (i.e. larger short-circuit
charge ME coefficients in composites), such as PZT or PMN-PT [60, 197, 205]. We believe that such
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LNO-based ME bimorphs potentially offer a sensitive, passive, low-frequency and high-temperature
operation.

6.2. Theoretical calculations

In order to predict and better understand the behavior of bi-layered composites, as depicted
in Figure 6.1 a), we used a low-frequency model based on the linear theory of piezoelectricity,
magnetostriction and elastodynamics of thin plates [67, 124, 141, 206-212]. The composites were
assumed to vibrate freely and to be formed by flat plates of PE and MS phases connected by means
of epoxy and electroded on their top and bottom faces. The plates are also assumed to be perfectly
bonded without any sliding interfaces, cracks or imperfections (i.e. the displacement fields are
continuous across interfaces). Figure 6.1 a) shows the laminate frame of reference used in the
calculations. The dimensions of the composites are length (1) x width (w) x thickness (t), such that
I =wandl > t. Here, d represents the position of the neutral plane where the z axis is centered, t,,_
and t,, are the thickness of the bottom and top domains of the PE plate, respectively, t,, the
thickness of the non-PE polydomain region between the domains, t, the thickness of the epoxy layer,
and t,, that of the MS phase. The total thickness of the structure is then t = t,,, + t,,, Where t,, =
tp— + tpo + tpy + te is the thickness of the PE plus epoxy layer. Starting from thermodynamic
considerations, the constitutive equations for the PE phase, using the Einstein summation convention

(with i, j, k and [ ranging over the integers 1, 2 and 3), are given by [67, 208]:

Sij = St T + diijExc 3 (6.1)

D; = dyTiy + €l Ex (6.2)

where the upper case letters represent the material fields, with S;; being the elastic strain tensor given
by S;; = (1/2) - (ul-_j + uj,i), where u; is the displacement vector, Ty, is the elastic stress tensor, D;
the electric displacement vector and Ej, is the electric field vector equal to Ej, = —¢ ,, with ¢ being
the electric potential. The lower case letters represent the material constant tensors, with sfjk, being
the elastic compliance (given in units of 102 m?/N), d,;; the PE strain coefficient (given in units of

pC/N), and &/, the dielectric permittivity (given in terms of relative permeability £}, /<,). The values

of the material constants for LNO where obtained from the literature [70]. Equations (6.1, 6.2) apply
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to a PE poled in the z direction. For the case of the polarization pointing in a reverse direction, the
constants are transformed by an inversion matrix, thus leading merely to a change of sign of the PE
coefficients dy;; - —dy;;. In the non-PE polydomain layer the elastic and dielectric constants are
assumed to be preserved, while the PE coefficients are null. For the isotropic epoxy layer, without
taking into account the effect of viscosity, we consider the constants: el5 /g, = 2.5...6.0, dyij = 0,

sE = (274...310)x10 2 m?/N, s£, = (-72...-131)x102 m¥N and p = 1.164 g/cm? [213].

The constitutive equations for the MS phase may equivalently be given by [124, 141, 209-
212]:

Sij = ST + QuijH ; (6.3)

B; = Qi Trr + 1l Hy (6.4)

where Hy is the magnetic field strength, B; is the magnetic induction, gy;; is the piezomagnetic

coefficient (given in units of ppm/Oe), and p?, is the magnetic permeability. In this equations we
assumed a linear pseudo-piezomagnetic approximation parametrized by a bias field (H,) dependent
constant qy;;, which is only valid for small variations of the magnetic field H; around this bias field
value. In a traction-free Metglas layer the slope of the magnetostriction curve has a maximum of ca.
4 ppm/QOe for a bias field of ca. 10 Oe, which was therefore taken as our g, coefficient [86]. The
remaining constants of this isotropic alloy are g, = — 1.7 ppm/Oe, si} = 10x10 > m?/N, sf, =
—-3.3x10 2 m?/N, and p = 7.9 g/cm?® [86, 142, 214]. For simplicity we assume here that the highly
conductive MS plate is in electrostatic and magnetostatic equilibrium, so that the electric E; and
displacement D; fields are null and the magnetic field strength H; is constant inside it. Thus, the MS
plate functions as the top equipotential electrode of the system. The thickness of the plate is also
assumed to be small enough, so that the demagnetization effect may be disregarded for magnetic

fields H, applied in the in-plane a direction.

In sufficiently thin plates under null stress loads it is suitable to assume the conditions T3, =
T5, =T33 = 0 everywhere [67, 206-208]. For fully electroded top and bottom equipotential surfaces,
appropriate electrical conditions are F; = E, = 0 [67, 208]. Taking this into account, the constitutive
equations for PE plates can therefore be written, using Voigt’s notation [208], in a more convenient

form:

88



6. Magnetoelectric effects in bidomain LiNbO3

Ty = %Sn - HD3 ; (6-5)

E3 = —hgnSp + B35Ds (6.6)

_ -1
where m and n range over the integers 1, 2 and 6, and c2,,, = (s,’;’m — %) with the superscript
33

—1 indicating the inverse of the rank-3 matrix, fizp, = %% and g5, = s% (1 + hapmdan). For the
33 33

MS plates from equation (6.3) one has:
Ty = %Sn — GamHa (6.7)

H _ H -1 = — ~H
where cinn = (Spn) ™" and G = Cndan.

According to the Kirchhoff-Love theory for thin flat plates, for small non-shear deformations
the displacement fields may be in the first approximation written as linear continuous functions of
the z coordinate in the form [206, 207]:

Uy =UuY —zw3; (6.8)

U3 = WO y (69)

where the indexes a and b range over the in-plane 1 and 2 directions. Also, ud and w® are fields

which depend only on the in-plane coordinates x and y. Consequently, the only non-zero strains are
the in-plane components Sg; = St — 2801 = (1/2)(ul, + ud,) — zw?,, where S&¢*tand
53{ lexrepresent the extensional and flexural strains, respectively. From the balance laws, the

dynamical equations of motion for plates then follow [206, 207]:

Napp =11 — 2w ; (6.10)

Mab,ab =]1W0 +]2ﬁ2,a _]BW,?m ) (6-11)
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where N, = f_t;d T,p dz is the resultant force, M, = f_t;d 2T, dz is the resultant moment in any

vertical section of the plate, and J; = f_t;d z""pdz = (z'~1p)t are the averaged densities across the

thickness of the composite. In order for the solutions of equations (6.10, 6.11) to be unique, boundary
conditions must be imposed on the side surfaces of the plate. For the case of a traction-free composite
these are [206, 207]:

ngNgp =0 ; (6.12)
ngMgp =0 ; (6.13)
ngMgpp =0, (6.14)

where n, are unitary vectors normal to the side surfaces. The position of the neutral plane d is
generally equated using the equilibrium conditions for the resultant force and resultant moment,
N,, = 0 and M,, = 0, respectively, when the plate is in zero applied D; and H, fields and the
solutions S2 €t and S°/'* are non-trivial [209, 215]. To simplify equations (6.10, 6.11), we use a
harmonic approximation, where all the fields are assumed to have a harmonic time dependence of
the type u, = uge’/“t, where the phasor amplitude u, may take complex values. The time derivatives

ii, thus transform into —w?u,e’®t.

The constant voltage amplitude developed between the bottom and top electrodes of the
system, assuming that D5 does not depend on z and thus is continuous across the PE and epoxy layers,
may then be written, taking into account the constitutive equation (6.6) and the displacement fields
(6.8) and (6.9), as:

—d _— — —
Vs = [ Esdz = —(han)ptpS9 et + (2h3n)ptpSe” ' + (B53)ptyDs | (6.15)

where the symbol (), indicates an averaging across the thickness of the non-conductive layers
(-d <z<t,—d)and (), - an averaging across the conductive MS layers (t, —d < z < t,, +
tp, — d). Solving this equation together with (6.10, 6.11) and taking into account the fields (6.5-6.9)
allows one to obtain the spatial displacements / strains and D5 written as a linear function of the V5

and H, constants. The current flowing through the composite in the z direction is then I3 =

jw f(;” fol Dsdx dy, thus giving a linear relationship between the three important constants V3, I3 and
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H,. Noting that the electrical impedance of the system in the absence of a magnetic field (H, = 0) is
given by Z = V3 /15 and the ME voltage coefficient under open-circuit conditions (I3 = 0) is ag3, =
Va/(H, - t,), this relationship may then be cast into the form Vs = ZI3 + (ag3qt,)H,, Which

completely describes the macroscopic electric and magnetic behavior of the composite.

Since our LNO single crystals are highly anisotropic, their PE properties are strongly
dependent on their crystallographic orientation (i.e. cut angle). Therefore, the optimization of this
orientation as well as of other geometrical parameters may lead to greatly enhanced ME coefficients
in composites. In order to estimate the maximum expected magnitude of the ME voltage coefficient
for a series of bi-layered plates of Metglas / LNO, an averaging quasi-static model (i.e. at frequencies
well below any EMR mode) is used. To the first order, all material fields (T, S,, E3, D3 and H,)
are replaced by homogeneous surface-averaged fields in each layer, so that the dependences of the
in-plane x and y coordinates are eliminated. We also neglect the infinitesimal radial frequency w?
terms. Consequently, equations (6.10, 6.11, 6.14) are immediately satisfied. The open-circuit
condition is also simplified to I3 = D3 = 0. What is left is to solve equations (6.12, 6.13) which, in
Voigt’s notation, transform into N,,, = 0 and M,,, = 0. In this case, the resulting ME coefficient and
impedance don’t depend on the position of the neutral plane d and thus it is convenient to replace

this term with t,,/2 in the equations via a change of coordinates together with 59 €xt heing replaced
by SQe¥t’ = s9ext — (t,/2 —d)Sy Jlex - gupstituting the stresses given by (6.5) and (6.7) in

equations (6.12, 6.13), one then obtains the strain components S,? J1ex and S9ext’ written as linear
functions of the magnetic field which are subsequently replaced in (6.15) to give the ME coefficient.
Finally, we note that the material properties in the crystallographic frame of the PE crystal were
transformed into the laminate frame of Figure 6.1 a) using a rotation matrix of the type Z:X»Z;

described by the Euler angles a, g and y

The results of the maximum transversal ME coefficient (Jags,|) for a composite with a “tail-
to-tail” bidomain crystal with t,,_ = t,, = t,/2 = 0.25 mm, a Metglas layer with t,,= 29 um, and
without non-PE phases (t,, = t, = 0), calculated as a function of the crystal orientation, are depicted

in Figure 6.2 a).
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Figure 6.2 a) Representation surface of the maximum estimated absolute transversal ME voltage
coefficient |ag;,| (across 0 <y < 180°) as a function of the LNO crystal orientation (@ and 8 angles)
for a Metglas/bimorph LNO composite. b) Calculated in-plane ME coefficients for composites with
unimorph or bimorph LNO crystals as a function of its Y-cut angle 6. c¢) Estimated ME ags3,
coefficients in systems with 127°Y-cut unimorph and bimorph LNO crystals as a function of the PE

thickness ratio t,, /t. The insets show the bending and extensional strains in the y direction.

This shows that the ME effect is strongly dependent on the crystal orientation and is
maximized for a 129°Y-cut crystal (« = 0°, § = 39° and y = 90°) and five other cuts equivalent by
symmetry. Figure 6.2 b) displays the same results for agz, and ags, in the case of bidomain and
single-domain (with t,,_ =0 and t,, = t, = 0.5 mm) crystals as a function of the & = 90 + 8 cut
angle around the x axis in relation to the plane parallel to the y direction. We see that both ME
coefficients are maximized for crystals with approximately 127°Y-cut angle and are, as expected,
nearly twice as large in the composite with the bidomain crystal in comparison to the one with the
unidomain crystal due to the dominance of the bending strain for this particular PE thickness ratio
(t,/t). The material constants for this important cut are: &1y /g0 = 49.16, d3; = 11.84 pCIN, d3, =
—26.70 pCIN, s£, = 5.83x102 m?/N, s£, = 6.92x102 m?/N, sE, = —1.74x10? m?N, and p =
4.647 g/cm?® [70]. In addition, we note the existence of several other cuts which may also exhibit
interesting relationships between the in-plane ag3; and ags, coefficients for various vector-sensitive

practical applications.
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Figure 6.2 c) shows the variation in ags,, for the same bidomain and single-domain systems

and a 127°Y-cut crystal, as a function of the thickness ratio of the PE phase t,,/t. The insets of the

figure display the y directed bending strain (—Sg ﬂex) and extensional strain in the midplane of the

PE plates (S2 ¢*t") for an applied H, field of 1 Oe. In the bidomain we observe an initial increase in
ag3, With increasing t,,, due to an increase in the bending strain produced by a thicker Metglas layer
under the action of the in-plane magnetic field. However, as the thickness of the MS phase
approaches that of the PE, the former starts bending less due to a decrease in the constraint produced
by the latter which was originally responsible for the bending. Finally, when t,,/t is close to 0, the
stress produced by the PE on the MS phase is negligible, and, therefore, the latter is strained in a
purely extensional manner, as in the case of a free MS layer under an in-plane magnetic field. Since
the voltage developed across the two domains is inverted in the bidomain, this case is associated with
a null ME effect whereas a maximum effect is obtained in the single-domain composite. For a certain
tp/t, the thickness ratio of the top PE macrodomain, where the displacement is larger, that maximizes

the amplitude of the output voltage in equations (6.15) can be shown to be given by ¢, /t, = 1/2 —

RanSO €%t [hy S0 T lextp. In this case this optimal thickness ratio takes values between 0.61 and 0.65
for t,, /t between 1 and 0.4. In conclusion, we see that the ME effect in the bidomain composite can
be maximized at 95 V/(cm-Oe) for a t,,/t ratio of approximately 0.6, which corresponds to ca. 12

layers of the commercially available 29 um thick Metglas foil. [139].

Along with the quasi-static case, the study of the ME composites operating under resonance
conditions may also provide a useful insight into its behavior. Since, in general, exact analytical
solutions to the bi-dimensional equations of motion (6.10, 6.11) are hard to find, we solved them for
the special case of traction-free long bars with [ > w > t with the length direction and magnetic
field directed along the x axis. In this case, it is pertinent for T;; to vanish everywhere except for Ty,
in this direction. Accordingly, the constitutive equations (6.5-6.7), equations of motion (6.10, 6.11)
and boundary conditions (6.12-6.14) are reduced to a unidimensional problem (with m=n=a=
b = 1) [208, 216]. In the case of pure extensional vibrations, we set u; = u? in (6.8). Thus, equation
(6.10) was solved together with (6.12) and constitutive equations (6.5,6.7) and (6.15) in order to

obtain the frequency dependent complex admittance and ME coefficient:

. 1 (hs1)} 1
Y = jo—— |1+ t, —=2 ; 6.16
g tp</s§3>p< P (B3 t<cn>kécot(ké)> 10
o tm@Dm{y (6.17)
E31 — Tiaq)2 ! '
tp% +t(Cy1 Mot (ks )
33’p
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where k = w\/(p)/(C11) is the wave number, and (Ci1) = ((cP), — (ha1)2/{B5s)p ) (tp/t) +
(E)m(tm /t) is an effective extensional stiffness. These two expressions are valid for the case of a
loss-free resonator. Mechanical energy losses may be taken into account through the use of complex
elastic constants or a complex frequency w = w' —jw" = w’(l —j(1/Q)), where Q is the
mechanical quality factor [124, 210, 211, 215]. Dielectric losses (e3T3") and a non-zero conductivity
(o) of the PE plate can also be introduced through the complex dielectric constant £f; = e3T3' -
j(ely + o/w) = el;(1 — jtan(8)), where tan(d) is the loss tangent [190, 217]. For Q = oo and
tan(8) = 0, the resonance frequencies are defined as the frequencies at which Y asymptotically
approaches oo + joo and ag3; tends towards (—tm(Fi)m{B3s)p/tp(har)p ) (1 + jO) [67, 141]. These

frequencies are given by:

2n—1 [(C11)
frn =" /(;; , nEN. (6.18)

Likewise the antiresonance frequencies are defined as subsequent frequencies, obtained by
setting the denominator of ag3, in equation (6.17) equal to zero, at which the impedance Z tends
toward oo £ joo and ags; has a critical point tending toward —(@)m(h—m)p(ioo — joo) [67, 141].
At this point the amplitude of the voltage ME effect is thus largely enhanced due to a maximization
of the volume averaged strain amplitude across the PE. Equations (6.16, 6.17) show that in the case
of a PE bimorph with equally sized domains, since (h_31)p =0, pure extensional deformations yield
no resonant modes in Y and a zero ME effect. In the unimorph, because the amplitude of (h_?,l)p is
maximized, the resonance frequency in (6.18) is minimized, and the amplitude of the resonant effect

is maximized.

As in the previous case, we may also assume pure bending vibrations with u; = —zw? in
(6.8). Hence, equation (6.11) may be solved together with (6.13,6.14) and constitutive equations
(6.5,6.7) and (6.15) in order to yield the admittance and ME coefficient (disregarding the term 3w 9,

in (6.11) which is valid for a small enough wave number k << /2(J1/J3)):

. ! (zh31); 1
Y =jo——/[1+1t, =22 ; 6.19
J t,,<3353>,,< P (BS:)p §t3<nn>k§(cot(k§)+coth(k§))> (6.19)
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tm(Zq11)m{zh31)p (6.20)

PE3LT T g o

o #1630 ) (cot(kL ) +coth (kL))

p

where k = \/5((;))/(t2(D11)))1/4 is the wave number, and (Dy;) = ({z2cD), — (zh31)2/
(B33)) (£, /%) + (22l ) (t/t?) is an effective flexural stiffness (approximately thickness-
independent). The position of the neutral plane is obtained by setting N,; =0, with D; = H; = 0,
thus giving the expression d = X, oi7(t;% + 2t; X520 t;)/ 2L, 2 'epqt;, where 'e;7 and ¢; are the
effective stiffness and thickness of the i-th material layer, respectively, and N is the total number of
layers. When Q — oo, under resonance conditions Y tends toward oo + joo and agz; toward
(—tm<z@)m<3_§3),, /tp(zh_?,l)p)(l + j0). These resonance frequencies can be shown to be given

by:

2x2t [(D11)
fra =" [ MEN, (6.21)

where the first n-th y,, constants are ~ 2.365, 5.498, 8.639, etc. This expression shows that the
bending resonance frequency will be nearly proportional to the thickness of the bar and inversely
proportional to the square of its length. Additionally, these resonances are followed by antiresonance
modes, obtained by setting the denominator of ag;; in equation (6.20) equal to zero, where Z
approaches o« + joo, and ag3, has a critical point tending toward —(zﬁ)m(zh_g,l)p(ioo — joo).
Equations (6.19, 6.20) show that in the case of a unimorph with a large PE volume ratio (i.e. with
t,/t = 1 and thus d = t,,/2), since (zhz;), = h3;(t,? — 2dt,) ~ 0, pure bending deformations
yield only weak resonant modes in Y and ags;. Furthermore, the resonance frequency in (6.21) is
minimized and the amplitude of the resonant effects are maximized for a PE bimorph with equally
sized domains since [(zhs;),| has a local maximum at t,,/t, =1—d/t, = 1/2. Another
important observation is that the bending resonance frequency may in principle be significantly
decreased by using thinner and longer bars as well as a large volume ratio of the Metglas phase
because of its comparatively larger density and compliance constants. Equation (6.20) further shows
how the ME effect tends to decrease with an increasing thickness ratio of the non-PE phases. For
small frequencies, the ME coefficient drops with the thickness ratio of the non-PE polydomain region

between PE domainsca.as 1 — (tpo/tp)2 while the frequency of resonance increases slightly. It also
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tends to drop very rapidly with the thickness ratio of the epoxy phase t,/t while the frequency of

resonance decreases.

In order to investigate the intrinsic noise characteristics of the aforementioned composite
from a theoretical point of view, we consider the equivalent circuit presented in Figure 6.3 a). As
described in equation (6.15), the ME laminate can be modelled by its Thévenin equivalent circuit as
a magnetically induced voltage source with 8Vs = (agsqt,)0H, in series with its equivalent
complex impedance Z [188, 209]. Due to the high-resistance capacitor-like nature of the composite,
we may assume that in the frequency range of interest (102...10° Hz) the noise is dominated by the
thermal Jonhson noise with a current noise spectral density of i = \/4k,TY’ [218, 219]. The
Nyquist noise theorem then ascertains that the resultant spectral density of the voltage noise (in units

of V/HzY?) in the open-circuited output of the ME composite can be given by [219]:

ez; = |Z|lZ = ‘/4kaZ, , (622)

where k;, is the Boltzman constant, T is the temperature, and Z’ and Z'' represent the real and

imaginary parts of the impedance, respectively.

Sufficiently far away from any EMR frequency we can assume the impedance of the
composite to be formed by a capacitor C,, with the capacitance C, = C(1 — jtan(8)), in parallel
with a resistor R,,, with the resistance R, = R, thus taking into account the dielectric loss (tan(4))

and DC leakage resistance (R). Substituting these parameters in equation (6.22) shows that this

circuit behaves as a low-pass filter with a cut-off frequency of 1/2nRC+/1 + tan(§)? and the output

RMS voltage noise ranging between /4k, TR at very low and /4k,Ttan(8)/(C tan(6)% + C) at
very high frequencies. Thus, in order to minimize the noise level, one should use laminates with a
large capacitance, small loss tangent and large resistance. To include the effects of a single EMR
mode, it is common to add an equivalent series RCL circuit composed of a motional resistance (R,,),
capacitance (C,,) and inductance (L,,,) in parallel with the previous RC circuit [67, 188, 209]. With

this, the total noise spectral density of the composite given by (6.22) will additionally have a local

maximum at the antiresonance frequency (f, = 1/271\/Lm(CmC/(Cm + C))) and a local minimum

close to the resonance frequency (f;, = 1/2m,/L,,C,,), the latter being significant only for very small

values of R and large values of tan(§).
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To take the effects of the detection circuit into account, we assume it to be formed by a
generic differential amplifier with a certain gain G associated with a given input impedance (Z,; and
Z,,) between each input and the earth and a given current (i) and voltage (e,) input noise spectral
densities, as in the equivalent circuit shown in Figure 6.3 a). In this case, the total intrinsic noise

spectral density at the output of the detection circuit, with §H, = 0, is given by the expression:

o = |G| J(4kaZéq)2 + (|Zugia) +e2, (6.23)

where Z,, is the equivalent impedance of the circuit equal to Z||(Z,; + Z42). The equivalent
magnetic noise spectral density (given in units of T/Hz?), generated in this circuit in the absence of
a magnetic field, may then be calculated through vn/(tplaE3a|). This parameter evaluates the
minimum AC magnetic field detectable by the sensor and is maximized in structures with a small

noise density and a large ME voltage output.

Assuming an ideal detection circuit (i.e. with G =1, Z,; = Z,, = o, i, =0 and e, = 0), we
can estimate the intrinsic equivalent magnetic noise of a thin bar ME composite using equation (6.22)
together with (6.19, 6.20). In this case, for low frequencies, well below any EMR, and for typical

values of the material parameters, the equivalent magnetic noise density is approximately given by:

2 ! 1
ez . |4kpT (sB\"els1(1 5 sti€ls eftp to+ dd st
=~ i 2 + tan( ) E T’ f ) ) E TI ) E ' (624)
tplaE31| twl \q11 ds; f\Q S 833—(1321 t tp & S11

11 S11€33

where f( ) is a dimensionless rational function of the thickness ratios between phases and its electrical
and elastic constants. This suggests that, in principle, the detection limit of the system can be
minimized through the control of its geometry and material parameters by the use of composites with
a large volume (twl) and PEs with large PE coefficients and small dielectric constants (o< sg_o’,/d;l),
as well as MS materials with large piezomagnetic and small compliance coefficients. The loss factors
(1/Q and tan(6)) are responsible for the non-zero real part of the admittance in (6.19), and
consequently the intrinsic thermal noise, and should also be small. This theoretical limit can be shown
to be minimized when using a volume fraction of the PE LNO phase of ca. 0.65. Under resonant
conditions, at a resonance frequency f. ~given by (6.21), the composite behaves somewhat

differently, with its equivalent noise density being approximately:
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ez 4kpT (511) tp tpr dfy St 2 6.25
tplaE31| \/twl d11 ( 11)f Q’ ¢’ tp ’SE E T ﬁsflan ’ ( . )

11€33

where g() is a different dimensionless function of the thickness ratios between phases and its
electrical and elastic constants, and 1/Q’ = 1/Q + tan(8) - h() is a loss factor with h() being
another function of the thickness ratios and material constants. For the case of our composites, this
function takes values of ca. 0.2 and thus Q' =~ Q and the dielectric losses take a smaller role on the
determination of the total energy losses. This expression also differs from the quasi-static case in that

the electrical material properties of the PE now have a much smaller influence on the noise and it

tends to decrease with increasing resonance frequency given by (2t/nlz)\/m. The noise
density can furthermore be shown to be minimized for a smaller volume fraction of the PE phase of
ca. 0.45. Of note is the fact that this equation, together with equation (6.21), shows that, for a fixed
volume ratio between the phases and starting with a reference geometry with length {,, width w, and
thickness t,, geometrically seen the only way to further decrease both the resonance frequency and
equivalent magnetic noise is to change the dimensions in such a way that (t/ty)Y? < (1/1,) <
(t/to)?(w/wy), mostly by increasing the volume of the composite, while keeping in mind that one

should still have [ > w > t in order to preserve the validity of the model.

The relations between various important coefficients at room temperature calculated for a
composite thin bar (with [ = 10 mm and w = 1 mm) of Metglas (with t,,= 29 um) and a 127°Y-cut
LNO bidomain crystal (with t,= 0.5 mm and t,_ = t,, = t,,/2), and introducing typical values of
tan(6) =0.7% and Q = 300, are depicted in Figure 6.3 b). The absolute impedance (|Z|) is shown to
initially decrease with the frequency as 1/f while the thermal noise density (e;) and equivalent
magnetic noise density (EMND) decrease with 1 /\/7 . The absolute impedance curve evidences the
presence of bending EM resonance and antiresonance modes at frequencies of 30.04 and 31.88 kHz,
respectively. The absolute impedance, thermal noise and absolute ME coefficient (Jags,|) attain a
local maximum of 9.7 MQ, 400 nV/Hz"? and 1.6 kV/(cm-Oe), respectively, at the antiresonance
frequency. Also, the equivalent magnetic noise evidences a wide minimum, as small as 438 fT/Hz?,
between these two frequencies at 30.20 kHz. This frequency range is thus very interesting from the
point of view of magnetic sensors. After this minimum, we see that the magnetic noise level increases
with f up to a maximum at 53 kHz, where the ME voltage is minimized and subsequently continues
decreasing. Optimizing the volume ratio between phases can also be shown to further decrease the

magnetic noise down to 57 pT/Hz? at 1 Hz and 73 fT/Hz'? at resonance. For very low operation
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frequency it is also useful to note that, just by decreasing the thickness of the LNO crystal to 0.1 mm
and increasing the length and width of the composite to 50 mm and 5 mm, respectively, one may
theoretically decrease the resonance frequency by two orders of magnitude down to 263 Hz while
maintaining a respectable magnetic noise floor of 481 fT/HzY2.

a)

ME composite

Detection circuit

102 EM antiresonance

= 4
JEM resonance
T

10° ]
10% 4

1 ]

|aE32|

Vicm.Oe) (nV/Hz'?
H
o

EMND

80 100

f (kHz)

Figure 6.3 a) Equivalent circuit of a ME composite and the detection circuit used in the noise
analysis. b) Calculated frequency dependence of the absolute impedance (| Z|), intrinsic thermal noise
density (ez), absolute ME coefficient (|ags,|) and equivalent magnetic noise density (EMND) of a

thin-bar composite (with /= 10 mm and w = 1 mm) of Metglas (29 um thick) and a 127°Y-cut
symmetric bidomain LNO crystal (0.5 mm thick).
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6. Magnetoelectric effects in bidomain LiNbO3

6.3. Experimental details

A bulk ferroelectric bidomain structure has been formed in commercial (ELAN Company
Ltd.) single-crystalline 10x10x0.5 mm?® plates of congruent 127°Y-cut LNO by SEH and DA
methods in the absence of any external electric fields [204]. The structures comprised two equally
sized macrodomains with opposite spontaneous polarization vectors and a harrow non-piezoelectric
boundary polydomain area in the middle plane. These two methods are recognized for their ability
to form macroscopic bidomain structures in plates with large areas (up to 10 cm?) within relatively
small time intervals of less than 3 h and to precisely control the position of the interface between
domains through the tuning of specific experimental parameters. In greater detail, the SEH method
is based on the creation of a dual-sign temperature gradient distribution throughout the plate
thickness, achieved through stationary external light heating in an inert atmosphere of pure nitrogen,
required for the controlled formation of two single domains with opposite ‘“head-to-head”
polarization vectors [204]. This is based on the fact that projections of the spontaneous polarization
vectors will tend to align in the direction opposed to that of the volume temperature gradient
following cooling of the sample through its Curie temperature (Tc = 1210°C) from the paraelectric to
the ferroelectric state [220]. Further experimental details of this method can be found in Ref. [204].
The transition interdomain region produced by this technique in LNO crystals can be visualized by
optical microscopy using a technique of selective etching of polished angle laps and by piezoresponse
force microscopy having identified irregular shapes with a width between crests of up to 260 um
[221, 222]. The average deformation of this rough region is ca. null under an applied electric field
and thus it can be seen as non-PE. In the second, more recently developed technique of DA,
appropriate conditions for a directed in- and out-diffusion of Li-O during high-temperature annealing
of the substrates in air near their Curie temperature were created in order to form “tail-to-tail” and
“head-to-head” bidomain structures. In this case, one of the domains is gradually reversed from the
surface to the bulk in a built-in electric field due to an inhomogeneous distribution of ionized
impurities and / or defects that appear during the diffusion process in the single-domain LNO or LTO
[203, 223]. Figure 6.1 c) shows an optical micrograph of the “head-to-head” bidomain structure
obtained in an etched 0.5 mm thick 127°Y-cut LNO crystal produced by DA. The interdomain region
here appears to be smoother than in the case of the bidomains fabricated by SEH having a width of

only ca. 45 pum.

In order to fabricate the bilayered ME composites, up to 5 layers of commercial 29 um thick
flexible foils of the 2826MB type (Feo4-05Nio.4-05M00.0s-0.1Bo01-005) amorphous Metglas® alloy

(Hitachi Metals Europe GmbH) with an area of 10x10 mm? were bonded to the top face of single-
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domain and bidomain 127°Y-cut LNO crystal plates using an epoxy resin. The structures were
subsequently cured at room temperature for 24 h under an applied vertical compressive stress. For
comparison, an asymmetric bimorph composite was also obtained by gluing together two oppositely
polarized (in a “head-to-head” fashion) 0.25 mm thick 127°Y-cut LNO crystals with epoxy, where
one of the crystals was rotated by 180° about its x axis (i.e. the [100] crystal direction). To investigate
the PE and EM parameters of the crystals, impedance measurements were carried out using a simple
I-V circuit in conjunction with a lock-in amplifier (Zurich Instruments®, HF2L1). In order to identify
the nature of the EMR modes in the PE plates with a good accuracy, numerical simulations of the
impedance spectra were performed by solving equations (6.10-6.15) using a finite element method.
To study the ME and noise properties of the composites, measurements of the direct ME effect were
performed under quasi-static (@ 1 kHz) and EMR conditions. A dynamic lock-in technique using a
home-made setup described elsewhere [128, 224] was employed. Essentially, the samples were
placed in the centre of a collinear Helmholtz coil and an electromagnet responsible for the generation
of a small amplitude AC (6H,) and a DC bias (H) magnetic fields, respectively. The amplitude and
phase of the voltage (6V;) induced across the samples were subsequently measured with the help of
the lock-in amplifier, and the ME coefficients were calculated through agsz, = 6V3/(tp -8Hy). In
order to minimize the effect of the electromotive force appearing in the input due to the Faraday
induction in the cables, a shielded balanced line with differential detection was used. The remaining
parasitic signal with an amplitude of about 81 mV/(Oe-MHz) and 90° out-of-phase with the applied
AC field, as measured with a non-ME reference sample, was subtracted from the final results. In the
noise measurements, the samples and coils responsible for the generation of the DC field were placed
inside a home-made Metglas-coated container designed to shield its interior from stray magnetic and
electromagnetic fields and external vibrations. The RMS voltage induced between the electrodes of

the samples was then measured by the lock-in without an applied AC magnetic field.

6.4. Results and discussion

The results of the impedance measurements performed on the 127°Y-cut LNO crystals with
a single ferroelectric domain (unidomain), two “head-to-head” domains produced by SEH (bidomain
H-H SEH), two “head-to-head” or “tail-to-tail” domains produced by DA (bidomain H-H DA and
bidomain H-H DA, respectively) and two LNO crystals glued with epoxy in a “head-to-head” fashion
(bimorph H-H) are show in Figure 6.4 a). Some of the most important parameters obtained in this

part are summarized in Table 6.1. The values of capacitance (C and dielectric loss tangent tan(8))
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of the crystals were determined from the low frequency (f < 1 kHz) part of the spectrum. We note
that the obtained capacitance values generally are close to the value predicted by C = s§3wl/tp =
87 pF. The only exception is the capacitance of 56 pF obtained for the bimorph H-H sample, which
is strongly influenced by the intermediate epoxy layer. In fact, using the expression C =
wl/(t,/€53 + te/%€33), where t, is the thickness and &1, the dielectric permittivity of the epoxy

layer (°c1; /ey =2.5...6.0), allows one to estimate the first as t, ~ 14...34 um. The tan(5) parameters
are about 0.75% in both unidomain and bidomain samples produced by DA and twice as much in the
bimorph H-H and bidomain H-H SEH ones, thus demonstrating higher dielectric losses possibly due
to a thicker interdomain region of epoxy in the former and a larger conductivity in the latter due to a
big amount of intrinsic defects introduced by the SEH technique. Therefore, we conclude that the
bidomain crystals produced by DA seem to exhibit more desirable properties in the quasi-static

regime.

At higher frequencies we observe, as expected, multiple excited EMR modes in the
impedance spectra which differ for the single and bidomain crystals. The latter yields various low-
frequency (24...31 kHz) peaks which should be associated with bending-type resonance modes and
are absent in the former. The unidomain crystal, on the other hand, exhibits multiple higher-
frequency (250...340 kHz) resonances which should be associated with in-plane extensional contour
modes of vibration and are mostly absent in the bidoman crystals. To attest this, we compare the
resonance frequencies measured experimentally with those calculated with equations (6.18) and
(6.21) for long thin bars. Substituting the material constants and geometrical parameters in equation
(6.21) yields (D;;) = 1.30x10 and (D,,) = 1.16x10%, and thus frequencies of 31.45 kHz and
29.74 kHz for the fundamental pure bending resonances of the bidomains in the x and y directions,
respectively. These values are close to the experimental ones, especially those obtained in the
bidomain T-T DA crystal. Deviations between the resonance frequencies of different samples are in
part due to small variations in their geometry and thickness ratios between phases. Also, higher
overtones of these modes are observed at ca. 5.4, 13.3, ... times the fundamental frequency as
predicted by equation (6.21). As for the extensional modes in the unidomain crystal, equation (6.18)
gives (C;1) = 1.72x10, (C,,) = 1.44x10" and thus fundamental frequencies of 303.75 kHz and
278.75 kHz for resonances in the x and y directions, respectively, and higher harmonics at odd

multiples of these frequencies, which is in agreement with the observations.
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Figure 6.4 a) Impedance spectra (|Z| vs f) of the unidomain, bimorph and bidomain 127°Y-cut LNO
crystals. Some of the observed bending and contour EMR modes are labeled as B;, and C,
respectively. b) Nyquist plot (Z” vs Z’) for the crystals operating in the range of the fundamental By,
bending mode of antiresonance (23...33 kHz). ¢) Spatial deformation of the crystals associated with
some of the EMR modes in the impedance measurements as simulated by the final element method.
On the color scale, the red and blue regions correspond to large and small displacement amplitudes

(Jul), respectively. Note that the displacements shown are largely exaggerated for the sake of clarity.
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The resonance modes identified using a finite element method appear labelled in Figure
6.4 a), and some of them are plotted in Figure 6.4 ¢c). We see that in the bidomain crystals the
fundamental bending modes are characterized by a saddle-like deformation, which occurs because
the in-plane PE coefficients (d3, and d5,) have different signs. These bending modes appear in pairs,

B, being closely related to the pure bending mode in the y direction and B,; with the one in the x

direction. The amplitudes of the |Z| peaks are larger in the former because |ds,| > |d34|. The smaller

peaks B

12, By, etc. correspond to higher harmonics of the fundamental modes in the y and x

directions, respectively.

Table 6.1 Summary of some of the most important experimental impedance properties of the LNO
crystals and ME properties of the bilayered composites. Here, ¢ and tan(é) are the parallel
capacitance and loss tangent measured at low frequency (< 1 kHz), respectively, f,- and f, are the
resonance and antiresonance frequencies of the fundamental EMR bending mode (B,,), |Z] is the

peak impedance amplitude in antiresonance, k. is an effective electromechanical coupling factor

(kers® = (f2 = £2)/£2), Q is the mechanical quality factor, ags; and ags, are the quasi-static ME
coefficients, £, is the resonance frequency of the ME effect for the fundamental bending mode,

and |ags, (£ME)| is the amplitude of the ME response under such conditions.

Bimorph Bidomain Bidomain Bidomain

Sample Unidomain
H-H HHSEH H-HDA T-TDA
C, pF 80.8 56.0 84.1 74.4 76.1
tan(s), % 0.73 1.48 1.49 0.80 0.70
fr kHz — 23.87 26.57 27.96 28.96
far KHZ - 24.65 27.35 29.22 30.40
1Z], MQ - 4.19 1.41 6.24 14.71
keff — 0.250 0.237 0.290 0.305
Q — 445 365 849 2263
QAg31,
-0.50 0.29 0.30 0.30 -0.41
V/(cm-QOe)
Qg32,
0.81 -1.06 -0.74 —-0.95 1.88
V/(cm-QOe)
f’,';’E, kHz 31.20 25.55 28.20 30.35 30.82
a MEy |-
@532 (fa )l 82.8 242.0 1315 233.2 462.7
V/(cm-Oe)
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Figure 6.4 b) shows the Nyquist plots of the active (Z') and reactive (Z'') parts of the
impedance near the antiresonance frequency of the fundamental B,; mode measured in the studied
bidomain crystals. Comparing the amplitudes of the Z’ peaks and the Q factors associated with this
mode (see Table 6.1) shows that the larger values are obtained in the T-T DA crystal followed by H-
H DA, bimorph and H-H SEH. The unidomain PE is shown to exhibit no bending resonance modes
yielding instead three strong fundamental contour modes at frequencies of the order of 300 kHz

labelled C,, C,,, and C,. From their displacement profile shown in Figure 6.4 c) we conclude that C,,

Xy
and C, are roughly similar to pure extensional modes in the y and x directions, respectively, and C,,
is a combination of the two. A much weaker version of these modes also seems to be present in the
bidomain H-H SEH crystal, which is probably due to some small difference in volume between both
domains. Smaller overtones of the fundamental contour modes are also observed in the unidomain
sample at approximately odd multiples of their frequencies. Finally, we note in this crystal the
presence of a wide EMR peak at a much higher frequency of ca. 7 MHz. This should correspond to
the standard thickness extensional mode predicted to occur at around this frequency [67, 203, 208].
In the single-domain crystal, thickness modes are expected at odd multiples of this fundamental
frequency, while in a bidomain crystal such modes should only be observed at twice these frequencies
[203, 208]. Thus, we conclude that the weak thickness modes observed at ca. 7 MHz in the bidomain
and not in the bimorph crystals must be an indication of the roughness or off-centered position of the

interdomain boundary.
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Bidomain H-H SEH
- -v- - Bidomain H-H DA
—e— Bidomain T-T DA

lo, | (Vicm.Oe)
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Figure 6.5 Quasi-static in-plane direct ME coefficients a) |ag31| and b) |ags,| measured as a
function of the magnetic bias field in the bi-layered composites with single-domain and bidomain
127°Y-cut LNO crystals (with f = 1 kHz and §H = 1 Oe). The phase of the ME coefficient with
respect to the AC magnetic field is shown in the inset.

In conclusion, the impedance measurements of the crystals have suggested that the bidomain
crystals produced by DA, especially the T-T ones, seem to offer a better PE performance under quasi-
static and bending resonance conditions in comparison to the bidomain H-H SEH, bimorph and
unidomain crystals.

After measuring the impedance of the crystals, the bilayered ME composites have been
prepared and the ME measurements performed. Figure 6.5 shows the results for the quasi-static (with
f =1kHzand §H = 1 Oe) ME coefficients (|ags,| and phase) measured as a function of an applied
bias field in the x (ag3;) and y (ags) directions. We start the analysis by noting that the observed
ME curves follow the typical piezomagnetic ¢ = dS/dH curves of Metglas which are maximized at
ca. 16 Oe and go to zero as the magnetization saturates [82, 87, 92]. We also see that the ags;
coefficients differ from the a3, ones, which is a consequence of the anisotropy of the PE crystals.
In general, the maximum a3, values are about three times larger than the agz; ones and have
different signs because d;, =~ —3d5;. This is qualitatively in agreement with the values predicted in
the above calculations. The sign of the coefficients also agrees with that of the unidomain and T-T

bidomain samples having an opposite sign as compared to the H-H ones. The large quantitative
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difference between the calculated and experimental values can be explained by a far-from-prefect
mechanical coupling between the MS and PE phases due to the rough intermediate viscous epoxy
layer, a deviation from the assumption of perfectly defined ferroelectric domains with a centered
boundary and the fact that the g coefficients of Metglas are in reality strongly non-linear and decrease
under a compressive pre-stress from the PE phase in the direction of the applied bias field [56, 161,
225, 226]. Generally we see that the maximum |ag3, | coefficients are larger in the bidomain samples
as compared to the unidomain ones. In particular |ags,| is ca. twice as large in the T-T DA sample,
just as predicted by the calculations. This provides a signature of performance of the T-T sample
which should thus be near to the case of the ideal bimorph.

The results of the dynamic ME measurements performed as a function of the frequency of
the AC field (with §H = 0.1 Oe and f up to 600 kHz) and in a bias field of 16 Oe in the y direction
are plotted in Figure 6.6. We see that the ag;, coefficients yield notable peaks in amplitude
corresponding to the EMR of the PE crystals which are closely related to the peaks observed in the
impedance measurements. At resonance the ME coefficients are enhanced approximately by the
factor Q in relation to their quasi-static counterparts [188, 209]. Because these measurements were
made under open-circuit conditions, the peaks in the ME effect should correspond to the
antiresonance frequencies of the samples, where the impedance and averaged strains (i.e. overall
deformation) are maximized [190, 191, 217]. As predicted, we see that the lower-frequency bending
EMR modes are strong in the bidomain samples and almost absent, although very sharp, in the
unidomain ones. The reverse is verified in relation to the higher-frequency contour modes. Unlike in
the impedance measurements though, only a single fundamental bending mode is excited. This must
correspond to a combination of the in-plane modes labelled By, and B,,, although much closer to the
former, because the bias and AC fields were applied and the Metglas layers was deformed mostly in
the y direction (i.e. |(hs2)p(@z2)m| > |(h31)p(@z1)m ). The ME coefficient in the unidomain sample
associated with the C,, contour mode is larger than the C, one, also partially due to the same reason.
The presence of weak contour resonant ME effects in the bidomain samples must be due to a small

effective off-centering of the interface between domains (i.e. t,,. # t,_), thus resulting in a non-zero

averaged coefficient (hs,),, in equation (6.17).
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Figure 6.6 Resonant direct ME coefficients (ags,) measured as a function of the frequency of the
AC magnetic field in the bi-layered composites with single-domain and bidomain 127°Y-cut LNO
crystals (with H = 16 Oe and 6H = 0.1 Oe). a) Results of |ags,| in the range of the fundamental
bending and contour EMR modes and b) Nyquist plot (ag3," VS ags,') in the range of up to 600 kHz.

Figure 6.6 b) shows the Nyquist plot of the ME coefficients separated into the real (ags,")

and imaginary (ags,'") parts. As predicted by the theory, we see that close to the antiresonance
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frequency these coefficients are approximately proportional to jwZ, where Z is the complex
impedance of the samples which nearly corresponds to the impedance of the crystals plotted in Figure
6.4 b) [191, 209]. Furthermore, the sign of the maximum imaginary part of ags, is associated with
the sign of —(h_gl)p, for the contour modes, and —(zh_31)p, for the bending modes, as shown in
equations (6.17, 6.20). These effective extensional and flexural PE coefficients have different signs
for one and the same sample when 0 < t,,, /t < 0.5, thus resulting in ME contour and bending peaks
with different signs. As in the case of the quasi-static effects, we see that a large bending resonant
coefficient of up to 463 V/(cm-Oe) was obtained in the bidomain T-T DA sample at 30.8 kHz
followed by 242 V/(cm-Oe) in the bimorph H-H, 233 V/(cm-Oe) in the bidomain H-H DA,
131 V/(cm-Qe) in the bidomain H-H SEH, and only 83 V/(cm-QOe) in the unidomain sample. The
ME effects under contour resonance conditions in the single-domain sample are also shown to be of

the same magnitude as the ME effects under the bending resonant condition in the bidomain samples.

It is worth to note the fact that the bending ME effect was found to be nearly twice as large
in the bidomain T-T DA sample in contrast to the bimorph one obtained by simply bonding two
oppositely poled PE plates, both under quasi-static and resonance conditions. This proves the
superiority of the DA technique in the fabrication of the bidomain structure in LNO crystals with a
relatively smooth and thin transition region between domains, thus maximizing the elastic coupling
between them. The DA technique could therefore be more useful, e.g., in the fabrication of ME-
based magnetic field sensors or actuators operating at low frequencies in the bending regime. Also,
though from a theoretical point of view one would expect the ME response to be equivalent in H-H
and T-T ideal bimorphs, with the exception of a change in sign, in practice we identified a much
larger effect in the T-T sample produced by DA. This should be related to a difference in the
ferroelectric microstructure of the crystals which originates as a consequence of the different DA
processing conditions. The identification of the exact physical mechanisms responsible for the
observed effect is outside the scope of this work and requires further investigation. In the group of
the composites with two ferroelectric domains, the bimorph produced by SEH yielded smaller effects
which are related to the highly irregular interdomain region. Thus, some improvements still have to

be made in this technique.

Having found the best low-frequency ME properties in the composite containing the 127°Y-
cut bidomain T-T crystal produced by DA, we performed noise measurements in this sample. These
were made using the same setup as in the ME measurements while shielding the system from external
stray magnetic fields. Figure 6.7 a) shows the results of these measurements in the form of the noise
spectral density as a function of the frequency (in the 10...100 kHz range) in an optimal applied bias
field of 16 Oe in the y direction.
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Figure 6.7 a) Noise spectral density measured as a function of the frequency in the systems composed
of the bi-layered composite with a bidomain T-T 127°Y-cut LNO crystal produced by DA and
detection circuits consisting of simply the lock-in amplifier (L1) or AD8541 pre-amplifier plus lock-
in (with an applied magnetic bias H = 16 Oe and AC fields 6H = 0 and §H =540 pT). Superimposed
are the theoretical noise components originated in the sample and detection circuits calculated using
an equivalent circuit model. b) Experimental and calculated equivalent magnetic noise spectral

density of the samples and detection circuit (L1 and AD8541).
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First of all, we note that the top line with a constant slope in Figure 6.7 a) represents the
noise density floor measured at the input of the lock-in amplifier (LI) in the absence of the ME
composite (i.e. with Z — o). This curve is consistent with the theoretical one calculated using
expression (6.23), associated with the equivalent detection circuit shown in Figure 6.3 a), and using
the LI parameters G = 1, Z,1= Z,, = 1 MQ|]20 pF, e, = 1 nV/Hz¥? and i, = 10 pA/HZ*2,

The noise density measured for the complete system composed of the sample and lock-in is
also represented. As predicted in Section 2, we see that the noise drops in this range approximately
as 1/f and has a local minimum and maximum corresponding to the EM resonance and
antiresonance of the impedance of the laminate, respectively. This result is shown to be well fitted
with the noise calculated using equation (6.23) and the following equivalent parameters for the ME
composite: R = 1 GQ, € = 60 pF, Ly, = 5.0 H, Cp, = 5.55 pF, Ry = (1/Q)-y/Lin/Crmy Q =300 and
tan(6) = 0.7%. Therefore, the dominant noise contribution should be attributed to the Johnson noise.
As predicted by equation (6.23), the small decrease in the noise density observed between this case

and the preceding one should be due to a decrease in the equivalent impedance of the circuit, Z,,=

Z”(Zal + Zaz)-

The maximum peak noise under antiresonance conditions at f, = 30.8 kHz is related to the
peak in the real part of the impedance of the composite. The pronounced local minimum close to the
resonance frequency at f, = 30.2 kHz, on the other hand, mostly appears as a consequence of the
relatively large input current noise density i, of the lock-in. This current noise flows through the
equivalent impedance of the circuit contributing to the total noise with a voltage |Zeq|ia, which is
particularly small at resonance, where |Z| is minimized, thus giving rise to the local minimum. In
quantitative terms, this spectrum demonstrates a noise density of 11.3 uV/Hz? for a low frequency
of 1 kHz, 23.8 nV/Hz"2 at EM resonance, and 4.3 uV/Hz!? at EM antiresonance of the sample. These
values are quite large, thus reflecting the strong effect introduced by the circuit of the lock-in

amplifier.

To prove this, we plotted in Figure 6.7 a) the calculated component of the voltage noise due
solely to the ME composite as obtained by equation (6.22). This curve shows a noise level up to three
orders of magnitude lower than that measured off resonance. It also exhibits a single peak
corresponding to the antiresonance peak of the impedance. The values obtained in this case are
9.8 nV/HzY2 at 1 kHz, 7.2 nV/HzY2 at EM resonance, and 95.9 nV/Hz'2 at EM antiresonance. Even
so, when applying a field of just §H = 540 pT to the system composed of the ME composite and
lock-in, we see that this field is easily detected with a good signal-to-noise ratio for frequencies above
ca. 10 kHz.
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We note at this point that some commercial operational amplifiers offer input current noises
lower than 0.1 fA/Hz? and input voltage noises lower than 1 nV/HzY2 [227]. In order to decrease
the noise of the detection circuit we experimented with a readily available CMOS AD8541
operational amplifier with a low reported input bias current of 4 pA and small input current noise
density (<0.1 pA/HzY?). The amplifier was connected in the non-inverting buffer amplifier
configuration, biased with a 10 MQ resistor between inputs, and the ouput voltage was measured
with the lock-in amplifier operating in its 50 Q input mode. The obtained result is plotted in Figure
6.7 a) and depicts a significant reduction of the noise level of the system. This is consistent with the
values calculated using the circuit model together with the circuit parameters ¢ =1, Z, = 10 MQ,
e, = 65 nV/HzY? and i, = 0.1 pA/HZz2. Off resonance the noise level thus dropped by almost two
orders of magnitude being limited by the relatively large input voltage noise of the operational
amplifier (e,) for frequencies above ca. 10 kHz. At antiresonance we observe a single small peak in
the noise which can be attributed to the peak in the impedance of the composite. In conclusion, using
this improved detection circuit we obtained a noise spectral density of just 151 n\V/HzY2 for a low
frequency of 1 kHz, 67 nV/Hz? at EM resonance, and 152 nV/Hz'? at EM antiresonance of the
sample. Comparing the measurements performed with the low input voltage and current noise
detection circuits, of note is the fact that the minimum equivalent magnetic noise of the system
operating at EMR conditions is only weakly affected by the noise characteristics of these detection

circuits.

Using the expression 8Hpin/\/Af = vy.VSNR/|agszl.t,, Where Af is the detection
bandwidth and SNR is the signal-to-noise ratio, allows us estimating the minimum AC magnetic field
detectable by this system. With SNR =1 we calculated the spectral density of the equivalent
magnetic noise for our sample using the data obtained for the noise density and ME effect. The result
is presented in Figure 6.7 b). We see that in the simple system composed of the laminate sample and
lock-in amplifier the equivalent magnetic noise initially decreases with increasing frequency, from a
value of 11.4 nT/HzY? at 1 kHz, attaining then a sharp minimum at the resonance frequency of the
impedance when the noise density is minimized, although the ME response is not at its maximum.
At this point the noise is shown to be as small as 1.4 pT/Hz"2. However, the ME coefficient here is
only of 33 V/(cm-Oe). Operating the composite at antiresonance leads to a large output of
463 V/(cm-Oe), although in this case the magnetic noise increases up to 17.7 pT/HzY2. Yet again we
observe a good correspondence between the experimental results and the ones calculated with the

help of the equivalent circuit of Figure 6.3 a).

Thus, we conclude that the input noise of the lock-in is the main contributor to the total noise.

Separating the magnetic noise into its components introduced by the sample and the lock-in, with the
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help of the equivalent circuit, shows us that, in principle, using an ideal detection circuit, this noise
may be suppressed down to 9.8 pT/Hz? at 1 kHz and to 397 fT/Hz*? in a broad minimum around
the EMR frequency (see Figure 6.7 b)). It is important to note that these values are comparable to
those obtained in PZT and PMN-PT based magnetic sensors [58, 61, 192, 196, 197, 199]. Using the
low input current noise detection circuit based on the AD8541 operational amplifier allowed us to
obtain equivalent magnetic noise density values much closer to the latter. Thus, a noise level down
to 153 pT/Hz? was measured at a low frequency of 1 kHz and as small as 524 fT/Hz? was obtained
at the antiresonance frequency of the sample where the ME voltage output is maximized.

At this point we note that the system studied by us could possibly be used to measure not
only AC but also small DC magnetic field variations. To do this, one could apply an AC magnetic
field with a given amplitude and frequency to the laminate and subsequently measure the ME
response as a function of the H bias field, as we did in the quasi-static ME measurements. Thus,
using, e.g., the bidomain T-T DA sample, associated with the quasi-static ME response shown in
Figure 6.5 b) (with f =1 kHz and §H = 1 Oe), biased in its linear region of operation with H = 4 Oe
and corresponding ME effect slope of d|ags,|/0H = 155 mV/(cm-Oe?), would permit the detection

of a minimum field variation per square root of bandwidth of H,,;,/«/Af = v, - VSNR -

V2/ ((a|aE32|/aH) - 6H - tp) = 2.6 nT/HzY? (for SNR = 1). An up to three orders of magnitude

lower value may be expected for the same composite operating at resonance, due to a ca. 10 times
smaller voltage noise density and 100 times larger ME effect, or even lower through the optimization

of the composite and detection circuit.

From a theoretical point of view, equations (6.19-6.21) show that the optimization of the PE
thickness ratio from the current value of ¢,/t ~ 0.95 to ca. 0.6, maintaining a constant thickness,
should allow one to reduce the equivalent magnetic noise of the laminate by ca. one order of
magnitude and the resonance frequency down to ca. 25 kHz. Thus, in order to enhance the ME effect
and reduce the noise density of the bidomain T-T composite, we stacked up to 4 additional layers of
Metglas on top of the original structure. The results of the quasi-static and resonant ME
measurements, performed using simply the lock-in as the detection circuit, are depicted in Figure 6.8.
In the quasi-static regime we observe a decrease in the maximum |ag3,| values accompanied by an
increase in |agsq |, as the number N of layers is increased. On the other hand, the bias field required
to maximize the ME coefficient also increases with N. From the theoretical calculations made above
and represented in Figure 6.2 c), one would expect both coefficients to increase with N up to about
12 due to the enhanced bending strain, and to get closer together, since in this case the anisotropy of
the crystal contributes less to the properties of the composite as a whole. The decrease in |ag;,| and

increase in the bias field might be explained by the demagnetization effect which reduces the
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effective H field inside the MS phase and increases with the thickness of this layer [225]. Another

factor is the larger pre-stress produced by the intermediate epoxy layers [161].
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Figure 6.8 Direct ME coefficients (|ags,|) measured in the bi-layered composite with bidomain T-
T 127°Y-cut LNO crystals produced by DA and N = 1-5 layers of Metglas. a) Quasi-static effect as
a function of the applied bias field (with f = 1 kHz and 6H = 1 Oe); b) Dynamic effect under
fundamental bending resonance conditions and in an optimal bias field (H = 16, 28, 39, 52, 65 Oe
forN =1, 2, 3, 4, and 5, respectively, and §H = 0.1 Oe).
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Figure 6.8 b) shows the ag3, ME coefficients measured close to the fundamental bending
resonance in optimal bias fields as obtained in the quasi-static measurements. Here we see that the
resonance frequency tends to increase by about 1 kHz with the number N of Metglas layers. As
predicted by equation (6.21), this is due to the increase in the thickness of the composite, even though
the sound velocity 1/@ is smaller in Metglas. Also we note an increase in |ag3,| by about 25%
of up to 578 V/(cm-Qe) for 2-3 layers of Metglas. Increasing further the number of layers results in
a rapid reduction of the ME coefficient and the Q factor. This behavior can be explained by a balance
between different phenomena [228]. On the one hand, the increase of the volume ratio of the MS
phase up to ca. 0.4 tends to increase the bending deformation and consequently enhance the ME
effect, as predicted by the calculations. On the other hand, the demagnetization effect decreases the
effective magnetic field inside the MS layer, and the larger volume of intermediate layers of viscous
epoxy increases the shear lag and elastic losses, both of which tend to reduce the ME effect [225,
226].
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Figure 6.9 a) Noise spectral density and b) Equivalent magnetic noise spectral density measured in
the range of the fundamental bending EMR in the bi-layered composite with bidomain T-T 127°Y-
cut LNO crystals produced by DA and N = 1-5 layers of Metglas. The black asterisks indicate the

equivalent noise at ME resonance (i.e. at the frequency of the impedance antiresonance).

Figure 6.9 shows the results of the noise measurements performed in the system composed
of the laminate and lock-in detection circuit in the range of the fundamental bending mode of
resonance and in optimal bias fields. Generally, the peaks in the noise density tend to get less
pronounced with an increasing number of Metglas layers, being maximal in a simple bidomain
crystal without any layer of Metglas, thus showing that the measured noise is not of magnetic origin.
This behavior follows the decrease of the amplitude of the resonance and antiresonance peaks of the
impedance, as predicted by equation (6.19), due to the reduction of the relative volume of the PE
phase, as well as the decrease of the Q factor. More simply, one can say that the peak noise spectral
density continuously decreases with the number of added MS layers because the larger volume of
the MS phase produces a larger stress on the PE crystal, thus preventing it from vibrating (resulting
in smaller Y’ and Z’ peaks) under the action of noise sources other than magnetic. The equivalent
magnetic noise spectral density of the samples is depicted in Figure 6.9 b). This shows that the noise
can be as small as 1.4 pT/HzY? at 30.2 kHz in the composite with a single Metglas layer. However,
the ME coefficient here is also relatively small, ca. 33 V/(cm-Qe). Increasing further the number of
MS layers seems to augment this noise because, as we have seen before, the presence of this

minimum at the impedance resonance frequency is mainly a consequence of the noise introduced by
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the detection circuit through the term |Z,, |i,. At antiresonance, on the other hand, the ME coefficient
is maximized up to 567 V/(cm-Oe) and the magnetic noise minimized down to 8.1 pT/HzY2 in the
sample with an optimal number of 3 Metglas layers (@ 32.6 kHz). By fitting this result with the one
calculated using the equivalent circuit model, we can derive the following equivalent parameters for
the ME composite: R =1 GQ, € =60 pF, Ly, =7.11 H, Cp, =3.44 pF, Ry, = (1/Q)y/Lyn/Cp, Q = 300
and tan(d) = 0.7%. This circuit shows us that in principle the noise density due solely to the ME
composite, operating at antiresonance, could potentially be as small as 74 nV/HzY? and the
corresponding equivalent magnetic noise as low as 247 fT/HzY2. A detection circuit with a larger
input impedance (Z,; + Z,,) and smaller input noise (i, and e,) is thus expected to allow reducing
the values of the experimental magnetic noise by a very large margin.

In future studies it is crucial to make further attempts to reduce the equivalent magnetic noise
and the operation frequency of the bidomain composites by various methods [59]. The enhancement
of the signal-to-noise ratio should start with the development of a suitable low-noise detection circuit
[58, 60]. Its most desirable properties are a large input impedance (Z,) and small input current (i)
and voltage (e,) noise densities. As mentioned above, some commercially available operational
amplifiers already offer input current noises lower than 0.1 fA/HzY? and input voltage noises lower
than 1 nV/HzY? [227]. These parameters could in theory offer us a more than one order of magnitude
smaller magnetic noise level for the off-resonance conditions. Other desirable characteristics of the
circuit are a large common mode rejection ratio and a small input bias current. On the part of the
samples, some improvements must still be made in the bidomain fabrication techniques in order to
achieve a thinner and smoother interface between the macrodomains. The thickness ratio between
the PE and MS phases must also be optimized by increasing the relative volume of the latter, as well
as the bonding between the phases by reducing the thickness of the epoxy layer or through the use
of an alternative bonding method (e.g. co-firing, thick film printing). In order to decrease the
equivalent magnetic noise density, one can simply increase the size of the laminates and the quality
factor (i.e. reduce the dielectric, PE and elastic friction losses). Other possibilities include using an
asymmetric bias field together with a symmetric structure [195] or an asymmetric structure with two
different MS materials on the top and bottom faces having a magnetostriction with opposite signs,
such as Metglas and nickel [202]. To further decrease the fundamental frequency of the bending
resonance, where the equivalent magnetic noise is minimized, a hypothesis would be the fabrication
of composites with a smaller thickness and larger area and a larger relative volume of the MS phase.
In this regard, e.g., a long bar of the Metglas/ 127°Y-cut LNO laminate with dimensions of
50 x5 x0.1 mm? could in theory easily have a resonance frequency lower than 300 Hz. Other
methods that can be used to tune the resonance frequency comprise variating the applied magnetic
bias field [229] or electric bias field [230, 231], adding a certain surface mass to the laminate [228]
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or a third long elastic component with a large Q factor [109]. Alternatively, the bidomain composites
could also find use for higher-frequency applications allowing in this case a reduction in the size of
the devices, while maintaining the same frequency of operation. Some other interesting alternatives
to the realization of the magnetic sensors could explore the non-linear MS behavior of Metglas, in
order to realize high-sensitivity wide-band frequency-selective sensors [92, 148], or the ME effect
originated from a magnetic-torque interaction in cantilever bimorph structures by putting a
permanent magnet at the tip [232]. A different operation mode based on measuring the shift in the
bending resonance frequency with the applied bias field could also be employed [233].

6.5. Conclusions

We have conducted a study of the applicability of ME bilayered composites containing
10 x 10 x 0.5 mm? PE plates of LNO possessing a ferroelectric bidomain structure, formed in single-
domain crystals through the use of stationary external heating (SEH) or diffusion annealing (DA)
techniques, for applications in low-frequency vector magnetic field and current sensors. Such ME
sensors in principle may offer a large sensitivity to minute magnetic fields, an entirely passive
operation at room temperature and well above it, and can be made small size, robust, cheap and

simple to operate.

Theoretical calculations established the relations between geometric and material parameters
of the Metglas/ LNO composites and their frequency-dependent ME, impedance and noise
properties. The ME effect has been found to be maximized in a LNO crystal with an approximately
127°Y-cut and a thickness ratio of the PE phase of ca. 0.6. The model also predicted the existence of
EM resonant bending modes and the possibility to generate a magnetic noise floor down to the
pT/Hz*? range at 1 Hz and sub-pT/Hz? range at resonance conditions. For a LNO crystal with
dimensions of 50 x 5 x0.1 mm these resonance modes are expected to appear at frequencies as low

as just a few hundred Hz.

From the impedance and ME measurements, the PE properties of the 127°Y -cut LNO crystals
have been found to be slightly improved in a bidomain H-H structure produced by the SEH technique
in comparison to a unimorph structure and a bimorph one produced by bonding two crystals together.
They were also found to be almost twice as large in a bidomain T-T structure fabricated by a newly
developed DA method. These results have proven the existence of a more efficient PE and elastic
coupling between both ferroelectric macrodomains in these bidomain crystals. Other advantages of

the bidomain plates in comparison to sintered or glued ones include lower elastic losses associated
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with the viscous glue or diffusion interface between macrocrystals, the easiness to obtain the
bidomain structure over large plate areas, the existence of a continuous single-crystalline
arrangement across the entire thickness, a high resistance to the creep effect, a high-temperature
stability, the absence of the necessity to preliminary prepare the surfaces to be joined and the large
simplicity of the employed techniques. A ME effect as large as 1.9 V/(cm-Oe) has been observed in
such a crystal glued together with a single 29 um thick layer of Metglas foil under quasi-static
conditions. At higher operation frequencies, multiple distinct ME peaks were identified at
frequencies of the order of 30 kHz and of the order of 300 kHz corresponding to EM bending and
contour resonance modes of the PE crystals, respectively. The former were found to be very strong
in the bidomain and bimorph samples, while the latter were pronounced only in the single-domain
ones. A ME effect as large as 578 V/(cm-Oe) has been observed ina T-T bidomain crystal, produced
by DA and bonded together with two layers of Metglas, under bending resonant conditions at ca.
31 kHz.

Noise measurements yielded an equivalent magnetic noise spectral density floor of
153 pT/HzY2 at 1 kHz (quasi-static regime) and down to 524 fT/HzY2 under resonance conditions in
the T-T bidomain sample produced by DA with a single layer of Metglas. A comparison of these
values with the ones obtained using an equivalent circuit model has shown that the total noise spectral
density observed was dominated by the thermal Johnson noise in the sample and detection circuit.
The detection circuit, composed of the input of a lock-in amplifier or an operational amplifier, was
also found to make a large contribution to the total noise of the circuit when operating outside the
resonance conditions. Some improvements in the detection circuit are expected to allow decreasing
the values of the magnetic noise floor down to at least 9.8 pT/Hz? at 1 kHz and 397 fT/Hz'? at
resonance, values which are comparable to the ones already obtained in some PZT and PMN-PT
based ME sensors [58, 61, 192, 196, 197, 199]. In this case, the advantages of using LNO are,
however, undisputable, seeing that they implicate a non-hysteretic PE response, much higher thermal
and chemical stability, larger resistance to creep and ageing effects, a lead-free nature, an easy high-
quality crystal growth process, well established properties and applications and a much lower

commercial price.

Altogether in this part we have thus shown that lead-free bidomain LNO crystals could be
useful, e.g., in the fabrication of thermally stable ME-based vector magnetic field sensors operating

at low frequencies in the bending mode regime.
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Chapter 7

7. Conclusion

In summary, this work aimed at the theoretical and experimental study of the anisotropic ME
properties of differently structured composites based on single crystalline piezoelectrics, mainly
lead-free LiNbQg, directed towards multiple future applications.

In the first part a theoretical model of the anisotropic quasi-static direct ME effect in tri-
layered composites of Metglas and PE single crystals was used in the quantitative estimation of the
ME coupling as a function of the crystallographic orientation (i.e. PE cut plane). Initially, a
description of the PE and linear MS effects in terms of electric, magnetic and elastic material fields
and constants was given. An averaging quasi-static method was subsequently used together with
specific boundary conditions in order to derivate the relation between the material constants and the
transversal (T-L) direct ME voltage (ag3,) and charge coefficients (a3,). The method consisted of
the solution of the elastostatic and electrostatic equations taking into account the linear constitutive
relations of the two phases. The properties of some common PE and MS materials (the latter with
emphasis on the Metglas alloy exhibiting giant magnetostriction) have been discussed, and their
influence on the ME coupling has been explored. It has been demonstrated that large ME voltage
coefficients tend to be favored by large transversal piezoelectric coefficients, transversal and
longitudinal piezomagnetic coefficients and coupling constants as well as small out-of-plane
dielectric and compliance constants and the volume ratio between the PE and MS phases. On the
other hand, it has also been shown that the ME charge coefficients do not depend on the dielectric
constants of the PEs and thus tend to be much larger in lead-based crystals with very large
piezoelectric constants such as PMN-PT and PZN-PT. The effects of the demagnetization fields on
the attenuation of the ME coefficients were briefly explored. A description of the ME composites as
equivalent Thévenin/Norton circuits composed of a magnetically driven voltage/current source in

series/parallel with a characteristic impedance of the composite has also been exposed.

After that, we used the phenomenological quasi-static model in the calculation of the
maximum expected direct transversal ME voltage coefficients in a series of tri-layered composites
of the type Metglas/Piezocrystal/Metglas, as a function of the PE crystal orientation. The PE single
crystals studied in this chapter included lead-free lithium niobate, a-galium phosphate, a-quartz,

langatate, langasite, aluminum nitride, lithium tantalate and barium titanate, as well as the lead-based
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PZT-2, PMN-33%PT ([111] poled), PMN-30%PT ([011] poled), PMN-33%PT ([001] poled), PZN-
9%PT ([011] poled) and PZN-8%PT ([001] poled). The estimations revealed a strong dependence of
the ME effects on the crystal orientation. They also supported the possibility of generating large
quasi-static ME voltage coefficients in composites comprising lead-free PE single-crystals through
the optimization of the crystal orientation. These ME effects were found to be particularly attractive
for the case of lithium niobate, a-galium phosphate, quartz, [111]-poled PMN-33%PT and [011]-
poled PZN-9%PT. The enhanced effects were found to be originated from a particularly good
combination of relatively large PE coefficients and low dielectric constants. We thus have revealed
that the choice of crystals with an appropriate cut is a vital step in the development of ME composites

valuable for practical applications.

In the second part we introduced a comparative study between the direct and converse ME
effects in tri-layered composites of the type Metglas/PE/Metglas based on single crystals of LiNbO;
(LNO) and [011]-poled PMN-PT bonded with a cyanoacrylate glue. Due to the simplified
preparation method, the amplitude of the observed ME effect was rather modest. In the quasi-static
regime, although the highly piezoelectric PMN-PT-based composite exhibited an orders of
magnitude stronger converse ME effect, the measurements of the direct ME effect have shown
comparable magnitudes for both types of systems, mainly due to comparable ratios between
piezoelectric and dielectric coefficients of both crystals. The converse ME effects, on the other hand,
were shown to be much stronger in the sample with the PMN-PT crystal since, according to the
theory, this effect depends only on the piezoelectric constants which are much larger in this case. We
also presented the results of the direct ME measurements in the resonant regime. Here we found an
even larger ME effect peak in the composite with the 41°Y-cut LNO than in the one with PMN-PT.
The largest direct ME voltage coefficient of about 88 V/(cm-Oe) has been obtained for the 41°Y-cut
LNO composite, while this was only of 66 V/(cm-Qg).for the PMN-PT-based structure Therefore, in
this study we identified crystalline LNO as a valuable alternative to lead-based PEs in ME
applications with the potential to form its own field of ME-based low-cost high-temperature

magnetic-field sensors.

In another study we conducted a numerical analysis and an experimental study of the ME
and EM anisotropic properties of tri-layered composites of Metglas/Piezoelectric/Metglas using
differently oriented piezoelectric single crystals of LiNbOs; and GaPOa.. The samples consisted of Y-
and 41°Y-cut LNO and X-cut GPO substrates bound to Metglas foils using epoxy. The quasi-static
ME measurements have shown a strongly anisotropic response with the transversal ME voltage
coefficients being dependent on the direction of the applied in-plane magnetic bias field as well as
the orientation of the crystal (crystal cut). This is related to the piezoelectric, dielectric and elastic

properties of single crystals which are extremely anisotropic. As confirmed by some theoretical
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calculations, this ME behavior was qualitatively correctly predicted by a simple constitutive model,
in which the material tensor properties of the piezocrystals were transformed according to their
physical orientation. Therefore, we saw that the tri-layered composite with the 41°Y-cut LNO crystal
exhibited an almost isotropic in-plane ME response, with ag3; = ag3,, Whereas the systems with the
Y-cut LNO and X-cut GPO substrates demonstrated an approximately in-plane unipolar effect (ag3
> 0 and a3, = 0) with the polar axis directed along the X direction. Also, the largest measured ME
coefficient here was of 0.95 V/(cm-Oe) for the Y-cut LNO sample in a field of 25 Oe. In the GPO
composite, a coupling of up to 0.24 V/(cm-QOe) was obtained.

In the resonant regime, several in-plane contour EM resonant peaks were observed in the
ME spectrum. Here we saw how strongly the anisotropic nature of the PE crystals influences the
excitation of certain contour acoustic resonance modes. So, e.g., three distinct resonance modes were
observed in the system featuring the Y-cut LNO crystal, whereas a single one was observed in the
composite with the 41°Y-cut LNO one. A very intense single peak exhibiting a ME coefficient of up
to 249 V/(cm-Oe) was detected in the sample with the 41°Y-cut LNO crystal. In order to predict,
which kinds of modes could be excited under given conditions and to identify such modes by
comparison with simulated results, we employed impedance measurements, thus clarifying the
relation between the anisotropic constants and the excitation of such peaks. The aforementioned large
symmetric peak was therefore shown to be related to the in-plane isotropic properties of the crystal,
so that a very symmetric and high-amplitude resonance mode was generated. In the GPO sample,
four weak contour asymmetrical shear modes of resonance were identified, with the largest having a

response of up to 23.2 V/(cm-0Oe) and appearing at a frequency of 199.7 kHz.

In conclusion, in this part we were able to experimentally identify relatively large anisotropic
ME effects in composites based on PE single-crystals which were in good agreement with the theory.
In principle, such ME responses can be further enhanced through the optimization of the volume
ratio and the coupling between layers. Finally we showed how the control of the crystal orientation
can be used to greatly enhance the anisotropic ME effects in composites. The selection of the crystal
orientation should therefore allow one to engineer almost any desired anisotropic properties for any

given application.

Lastly, we conducted a study of the applicability of ME bilayered composites containing
10 x 10 x 0.5 mm? PE plates of LNO possessing a ferroelectric bidomain structure, formed in single-
domain crystals through the use of stationary external heating (SEH) or diffusion annealing (DA)
techniques, for applications in low-frequency vector magnetic field and current sensors. Theoretical
calculations established the relations between geometric and material parameters of the

Metglas/LNO composites and their frequency-dependent ME, impedance and noise properties. The
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ME effect has been found to be maximized in a LNO crystal with an approximately 127°Y-cut and a
thickness ratio of the PE phase of ca. 0.6. The model also predicted the existence of EM resonant
bending modes and the possibility to generate a magnetic noise floor down to the pT/Hz? range at
1 Hz and sub-pT/Hz? range at resonance conditions. For a LNO crystal with dimensions of
50 x 5 x0.1 mm these resonance modes are expected to appear at frequencies as low as just a few
hundred Hz.

From the impedance and ME measurements, the PE properties of the 127°Y -cut LNO crystals
have been found to be slightly improved in a bidomain H-H structure produced by the SEH technique
in comparison to a unimorph structure and a bimorph one produced by bonding two crystals together.
They were also found to be almost twice as large in a bidomain T-T structure fabricated by a newly
developed DA method. These results have proven the existence of a more efficient PE and elastic
coupling between both ferroelectric macrodomains in these bidomain crystals. Other advantages of
the bidomain plates in comparison to sintered or glued ones include lower elastic losses associated
with the viscous glue or diffusion interface between macrocrystals, the relative ease to obtain the
bidomain structure over large plate areas, the existence of a continuous single-crystalline
arrangement across the entire thickness, a high resistance to the creep effect, a high-temperature
stability, the absence of the necessity to preliminary prepare the surfaces to be joined and the large
simplicity of the employed techniques. A ME effect as large as 1.9 V/(cm-Oe) has been observed in
such a crystal glued together with a single 29 um thick layer of Metglas foil under quasi-static
conditions. At higher operation frequencies, multiple distinct ME peaks were identified at
frequencies of the order of 30 kHz and of the order of 300 kHz corresponding to EM bending and
contour resonance modes of the PE crystals, respectively. The former were found to be very strong
in the bidomain and bimorph samples, while the latter were pronounced only in the single-domain
ones. A ME effect as large as 578 V/(cm-Oe) has been observed ina T-T bidomain crystal, produced
by DA and bonded together with two layers of Metglas, under bending resonant conditions at ca.
31 kHz.

Noise measurements yielded an equivalent magnetic noise spectral density floor of
153 pT/HzY2 at 1 kHz (quasi-static regime) and down to 524 fT/HzY? under resonance conditions in
the T-T bidomain sample produced by DA with a single layer of Metglas. A comparison of these
values with the ones obtained using an equivalent circuit model has shown that the total noise spectral
density observed was dominated by the thermal Johnson noise in the sample and detection circuit.
The detection circuit, composed of the input of a lock-in amplifier or an operational amplifier, was
also found to make a large contribution to the total noise of the circuit when operating outside the
resonance conditions. Some improvements in the detection circuit are expected to allow decreasing
the values of the magnetic noise floor down to at least 9.8 pT/Hz*? at 1 kHz and 397 fT/Hz'? at

124



7. Conclusion

resonance which are comparable to the ones already obtained in some PZT and PMN-PT based ME
sensors [58, 61, 192, 196, 197, 199]. In this case, the advantages of using LNO are, however,
undisputable, seeing that they include a non-hysteretic PE response, much higher thermal and
chemical stability, larger resistance to creep and ageing effects, lead-free nature, easy high-quality
crystal growth process, well established properties and applications and a much lower commercial
price.

All in all, in this thesis we have shown that lead-free unidomain and bidomain LNO single-
crystals could be useful, e.g., in the fabrication of thermally stable ME-based vector magnetic field
sensors operating at low frequencies in the bending or extensional resonant regimes. According to
the theory, the ME effect in our laminates may still be improve by more than one order of magnitude
through various means. Therefore, future studies shall include the optimization of the thickness ratio
between PE and MS layers, e.g. by stacking multiple layers of Metglas, and the improvement of the
bounding method, e.g. through the use of wafer bonding techniques, electron or laser beam welding,
sputtering or pulsed laser deposition of Metglas. In order to decrease the magnetic noise we shall
improve the bidomain formation methods and employ very low input noise pre-amplifiers such as
the ADA4530-1 component. To further decrease the resonant frequency, long bars of
50 x 5 x0.2 mm with bidomain LNO will be produced. To this end the non-linear magnetostrictive
properties of Metglas may also be explored in greater detail. The ME effect experimental setup shall
also be improved in order to better allow the measurement of single-phase and thin-film ME systems.
Thus, two new independent DC and AC Helmholtz coils will be developed with a wider magnetic
field uniformity and connected through balanced lines in order to achieve lower input noise and
inductive coupling. We conclude by noting that ultimately there is still a lot of room for future
improvements and the range of possibilities for this kind of ME systems thus seems to be immensely

vast.
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Appendix

A.1. Tables of material constants

T
ijr

(pCIN), piezomagnetic coefficient g;; (ppm/Oe) and elastic compliance sfj (102 m?/N) for the

Listing of the linear material constants: relative dielectric constant ¢;;, piezoelectric coefficient d;;

studied compounds.

Metglas 2826 MB
Symmetry: Isotropic

p=7.9g/cm?
Value 4 -1.7 10 -3.3 26.6
[82, 86,
Ref. 142 140-143 143, 214
¢ 141,142 | 242 [ ] [ ]
Y=100GPa v=0.33 from the
Note For Metglas 2605 from the supplier supplier Sa4=2(1+v) /Y, for an
SAl (s11=1/Y, for an (s12=-v /Y, for an isotropic media
isotropic media) isotropic media)
LiNbO;

Point group: 3m
p=4.647 g/cm®

Parameter &1

Value 85.2 | 28.7|69.2 | 208 | -0.85 | 6

Ref. [70]

Parameter

Value 5.831 | -1.150 | -1.452 | -1.000 | 5.026 | 17.10

Ref. [70]

PMN-30%PT ([011] poled)
Point group: mm2
p=8.150 g/cm3

Parameter &1

Value 8783 | 5233 | 6966 | 813 | -2116 | 1916 | 3262 | 289

Ref. [75]
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Parameter s sxF

Value 233 | 975|728 | -334 | 9.26 | -69.0 | 13.7 | 151.1 | 20.2

Ref. [75]

0-GaPO,
Point group: 32
p=3.571 g/cm®

Parameter &'  &33

Value 5.38 | 5.82 | 4.37 | -1.58

Ref. [71, 189] [71,72]

Parameter

Value 18.055 | -4.371 | -3.753 | 2.697 | 11.674 | 26.731

Ref. [71,72]

a-Quartz
Point group: 32
p=2.6485 g/cm®

Parameter &'  &33'

Value 4507 | 4.628 | 2.331 | 0.776

Ref. [145,146] | [143, 145, 146]

Parameter S11

Value 12.779 | -1.807 | -1.238 | -4.525 | 9.733 | 19.983

Ref. [145, 146]

Langatate (LasGassTaosSiOu, LGT)
Point group: 32
p=6.130 g/cm®

Parameter  &11"

Value 19.62 | 80.44 | -5.736 | 6.343

Ref. [147]

Parameter  siF

Value 9.043 | -4.559 | -1.747 | -3.684 | 5.148 | 21.607

Ref. [147]
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Langasite (LasGasSiO14, LGS)
Point group: 32
p=5.754 g/cm®

Parameter
Value | 189 | 51.2 -5.94 4.99
Ref. [149, 150]

Parameter

Value

8.75

Ref.

[149, 150]

AIN
Point group: 6mm
p=3.260 g/cm®

Parameter &n’

Value 9.09 | 10.44 | -2.60 | -1.96 | 4.48
Ref. [151, 152]

Parameter

Value 2.903 | -0.843 | -0.537 | 2.860 | 8.137
Ref. [151, 152]

LiTaOs

Point group: 3m
p=7.465 g/cm®

Parameter  &11"
Value 5353 | 4337 | 264 | 75| -3.0 | 5.7
Ref. [153-155]

Parameter

Value

s11F

4.930

Ref.

[153-155]
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BaTiO;
Point group: 4mm
p=6.020 g/cm®

Parameter  en’

Value 4366 | 132 | 560.7 | -33.72 | 93.95
Ref. [68, 69]
Parameter

Value 7.38 | -1.39 | -4.41 | 131 7.46
Ref. [68, 69]

PMN-33%PT ([111] poled)
Point group: 3m
p=8.060 g/cm3

Value 3950 | 640 | 4100 | 1340 190

Ref. [157]
Parameter

Value 62.16 | -53.85 | -5.58 | -166.24 | 13.34 | 510.98
Ref. [157]

PMN-33%PT ([001] poled)
Point group: 4mm
p=28.060 g/cm?3

Parameter &1
Value 1600 | 8200 | 146 | -1330 | 2820
Ref. [158]

Parameter

S11

Value

69.0

-11.1

Ref.
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PZN-8%PT ([001] poled)
Point group: 4mm
p=8.315 g/cm?

Parameter &7 &3’ dis da1

Value 2900 | 7700 | 159 | -1455 | 2890

Ref. [160]

Parameter

Value 87.0 | -131 | -70.0 | 141 | 158 | 154

Ref. [160]

PZN-9%PT ([011] poled)
Point group: mm2
p=28.316 g/cm?

Parameter &en

Value 8740 | 2075 | 3202 | 476.0 | -1705 | 1237 | 2012 | 118.7

Ref. [159]

Parameter

Value 73.07 | 125.6 | 67.49 | -63.98 | 4.256 | -68.04 | 15.12 | 299.3 | 16.54

Ref. [159]

PZT-2
Point group: comm
p =7.600 g/cm3

Parameter &n"

Value 990 | 450 | 440 | -60.2 | 152

Ref. [156]

Parameter  suF

Value 116 | -3.33 | -4.97 | 148 | 45.0

Ref. [156]
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T
ISOMETRIC
SYSTEM

KEY

LINES JOIN NUMERICAL EQUALITIES EXCEPT

FOR COMPLETE RECIPROCITY ACROSS PRINCIPAL

DIAGONAL WHICH HOLDS FOR ALL CLASSES.

O INDICATES NEGATIVE OF @

@ THESE CLASSES ARE PIEZOELECTRIC ON
HYDROSTATIC COMPRESSION AND HAVE
PYROELECTRIC PROPERTIES.

=
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3|»
(1]
EiL
S

A
7
/

3
I
4
5

pl-ow

IN THE TRIGONAL AND HEXAGONAL SYSTEM
X X{ INDICATES FOR s,d,dy,9,0R 9 TWICE THE
NUMERICAL EQUALITIES.
X INDICATES 2(5||—i|2) OR 1/2( 7] —C|2)

Figure A.1.1 Elasto-piezo-dielectric matrix form for various crystal classes. Adapted from [121].
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A.2. Developed components of the ME measurement setup

i
LT W (el R 0
|
i
|

Figure A.2.2 Technical drawing of the developed box containing the Helmholtz Coil in isometric

projection.
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Figure A.2.3 Technical drawing of the developed box containing the Helmholtz Coil in multiview

orthographic projection.

Figure A.2.4 One of the sample supports developed during the investigation consisting of a top and
bottom electrical contacts passing through a grounded brass tube thus acting as an electromagnetic

shield.
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A.3. LabVIEW based programs used for data acquisition and processing

File Edit View Project Operate Tools Window Help

o | OEI 15pt Application Font |~ || §g || ago~ ||t
[~

Experimental File

[ —

Initial f (Hz) Final f (Hz) f Step (Hz)

C i) (- im) ( [o)

Vollage Vi{V) #Points Step wait time (m

Com Clom (=)

| Gain | Voltage () _ Amp  lock-in

- - oo

Measure Vin

To Origin

Log f Step x Constant  f max (Hz)

- (6 )

Log wait time Min wait time (ms) Int. Ref.

(em @

Qutput Ch1 (Lock-In)

Freq uency (Hz)

-
l—]l—l e | " EE

Figure A.3.1 Impedance (Z) measurements as a function of the frequency (f). Controlled equipment:

FuncGenerator | [ I

External -I..J|nternal

Reference

f var. parameters Signal 2 ‘Q,I me o,
< >

>

lock-in amplifier (Zurich Instruments®, model HF2LI); current pre-amplifier.(Zurich Instruments®,
model TA); function generator (SRS®, model DS345).
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File Edit View Project Operate Tools Window Help ]
- = - 8
|ﬁ> ‘@‘ IE‘ ‘ 15pt Application Font |~ HE;.V H-uu' ”gv | »| Search 4 ||? 1
-
Experiment  Configuration | EI STOP
SRS Function Generator A Multimeter Experimental Func Generator
model DS345 model 344001A Parameters External oo Internal
GPIBaddress  AC Voltage (V) ||  visresourcename dup VISA sessian Display (V/A) MA@  f(H2) TCeff(s) Int.
A ". A .
S 0.00000E+0 NI ELENE I 0.00000E+0 4 glos g7 x> i
- ‘g"ahdim Configure . ) ) Dif. Mode
X Offset (V] . Display IO 0 O Ext.
Gfsine [0 0.06- Do Nat Configure ), Configure 0252
Am Units 0'05: Input Signal Serial Configuration 02; Initial H(Oe) ~ FinalH [0e)  H Step (Oe)
;}|o‘0000 vep s jlﬁ.: Baud Rate = B 420 5 A
5 » 0.04-= ke urren p 152 :
ey Uenres | Nl Manual Resolution | 212600 | 6600 : Step wait time (ms) Averaged # A# Lock-In
Hsoe3 d: o | le Auto Range, Rty 0= i i i
Y : 0.02- | Gy ilcs Yeven |2 : o I 2 v B
DCoffset (V) Phase (deg) a01e ¢ Enable 'Manual Range " Data Bits 052 Save Path
A .01 f ; g
0.0000 : IW‘DD £ I =
I 0y r) r) 7 7 O-w 4 C\Documents and Settings', =7 |
— d Experimental File To Origin Harmor_ni«s
Lock-In _— ] C =
Zl Lock-In . Mumerical sequence  CorectionFile
e ‘ HE2 Series (8005) + | v VUl : o T TTr—
\ ! Channel Display 1 (L
VISAresourcename  dup VISA session 3 .f 0.0000E+0 On/Off | EmE7MA (Vo) Theta (deg)
. + A £
Configure DSP  %GPBO:e: [| \ 1 0.005 - B
Da Not Configure B configure Input Signal Current (Multimeter)
Sensitivity/Reserve Input h : _0.006-
Channel 1 Display _Dynamic Reserye )W Channel Display2 = _0.00625-]
o HLow Noise 0.0000E+0 £ -0.0065-
XNoise- ~ HR Rty - Input S -0.00675+
e )l Auto Gain Hlac _0.007-
Channel 2 Display Filters /Time Constant Output Ch1 [I.o(\J
e Low Pass Filter Slope Frequency (Hz) 0.02- -
a- X £ r -
y AT A E)I]ada, Enable Sync Filter 2 o
ﬁﬁi?ﬁs«i: 4 st —~ 0.000 3 0.015
7 I_ = 0.01-
hoe E 0,005 v
< >
File Edit View Project Operate Tools Window Help
‘ﬁ}‘@| IEH 15pt Application Font |~ ||Em" ”'-_uT:,v ”$Y| -
Experiment | Configuration |
P_mgress Correction 1/2
BE-6-
T
Q 4E-6-|
g 2
<
-.v.; 5 2E-6-
E
=
S
g
©
S
S
2
‘é_ BN
B
- :
Bias Field (Oe)
| (mA)  loff (mA)
FELD Rrms (V) Theta(deg) | Plot Type Start Measurement  Up (0), Down (1), Up @) =
r 200- 3800
Bias Field (0¢) | o) e I 0.00E+0 QO0.00E+0 RMAvsH | o]
Bias H (Oe)
Emfi (v/Os}  Emf2(v/Oe) Irms (mA) loff (mA) 0.000 Lock-In 100- 2000-
. Auto Gain
0E+0 0E+0
T T - Commutation time (ms) 0-'— 0-'—
MA (Oe) Frequency (Hz) A
o [ | Ectimated MA B /2000 Estimated Bias H
Columns: 1 1
Hi0) WMAM/O)  Theta(des) Theta-wmfidesg)  Rems(V)  lafi(ma)  MA (0s) T
[ Lock-In Output fHz)  RAMA * sin (/0 5.
)

MA (Oe)

| |

Figure A.3.2 ME effect (ag) measurements as a function of the bias field (H). Controlled equipment:

lock-in amplifier; function generator; power amplifier (AE Techron®, model 7224); multimeter

(Agilent®, model 34401A).
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File Edit View Project Operate Tools Window Help ]
ld}‘@‘ \:\@ | 15pt Application Font |+ Hg,;v “:ﬂ:v “gv | l» Search A @] >
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I
f.00000E 0] |
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Hcrco-2 |8 (- - Bll7os0 1180000 ]| 8 ]
0.00000E+0 | :
= e i
==m =) | [ B |
o)
+__| & B | _ N
; oy ) i
] . o.00000€ 0] |
_|Co = e [ ;
I
[C\Documents and Settings\ | i
|
(I i
I
) 1
O @ (HC\Documentsand_| |
a___| i
=l = o |
= el > - |
] (== 5 |
jGPiBO:22: ] !
‘?\ = ]
_ m- E_ -
‘ ]
Bl | Bl (55 | -
< >
File Edit View Project Operate Tools Window Help ’—|
‘d}|@| OIEH 15pt Application Font |+ ||§,;v”ﬁ- Hg. | |-\ Search A @!‘ =
| N I D S S S A A A A S S A S N A S A A A § ) I - ) N N N N N |
T T ~
Experiment  Configuration I
L : = W J
0.0000
w
< >

Figure A.3.3 ME effect (ag) measurements as a function of the bias field (H). Controlled equipment:
lock-in amplifier; function generator; power amplifier; multimeter; external electromagnet (Bruker®
ESP 300E); gaussmeter (DSP®, model 475).
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File Edit View Project Operate Tools Window Help
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,7 resource name gl 0. o /. 12E- -
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Flgure A.3.4 ME effect (ag) measurements as a function of the frequency of the modulated magnetlc

field (f). Controlled equipment: lock-in amplifier; function generator; power amplifier; multimeter.
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A.4. Matlab based programs used in theoretical calculations

Code A.4.1. Transformation of the piezoelectric (d and e), dielectric (¢" and &°) and elastic (st and
c%) material constants from the crystalline frame into the laminate frame of reference associated with
the Euler angles Alfa, Beta and Gamma.

$LiNbO3

%density (kg/m3)
P=4647;

e0=8.854187817E-12;
ellT=85.2%e0;
e33T=28.7*e0;
e22T=ellT;

eT=[ellT 0 0;0 e22T 0;0 0 e33T];

$piezoelectric co cients (C/N)

d15=69.2E-12;

d22=20.8E-12;

d31=-0.85E-12;

d33=6E-12;
d11=0;d12=0;d13=0;d14=0;d23=0;d25=0;d26=0;d34=0;d35=0;d36=0;
dle=-2*d22;

d21=-d22;

d24=d15;

d32=d31;

D=[dll dl12 d13 dl4 d15 d16;d21 d22 d23 d24 d25 d26; d31 d32 d33 d34 d35 d36];

%compliance coefficients (m"2/N)
s11E=5.831E-12;

s14E=-1E-12;

s33E=5.026E-12;

s44E=17.1E-12;
s15E=0;s16E=0;s25E=0;s26E=0;s34E=0;s35E=0;s36E=0;s43E=0;s45E=0;546E=0;s51E=0;s52E=0;553E=0;554E=0;s61E=0;562E=0;s63E=0;564
E=0;

s21E=s12E;

s22E=s1lE;

s23E=s13E;

s24E=-s14E;

s31E=s13E;

s32E=s13E;

s41E=s14E;

s42E=-s14E;

s55E=s44E;

s56E=2*s14E;

S65E=2*s14E;

s66E=2* (s11E-s12E);

sE=[s1lE sl2E sl13E sl4E sl15E sl6E;s21E s22E s23E s24E s25E s26E;s31E s32E s33E s34E s35E s36E;s4lE s42E s43E s44E s45E
s46E;s51E s52E s53E s54E s55E s56E;s6lE s62E s63E s64E s65E s66E];

A=[-sE zeros(6,3);-D eye(3)];
B=[-eye(6) D';zeros(3,6) eT];
C=inv (A) *B;

E=C(7:9,1:6)
cE=C(1:6,1:6)
eS=C(7:9,7:9)

3Euler angles (deg)
Alfa=0;
Gamma=0;
Sigma=0;

alfa=Alfa* (pi/180);
gamma=Gamma* (pi/180) ;
sigma=Sigma* (pi/180) ;

3Transformation matrix

1)=cos (sigma
2)=cos (sigma
3)=sin(sigma) *sin (gamma) ;

1)=-sin(sigma) *cos (alfa)-cos (gamma) *sin (alfa) *cos (sigma) ;
2)=-sin(sigma) *sin (alfa) +cos (gamma) *cos (alfa) *cos (sigma) ;
3) )
1)
2

3

*cos (alfa)-cos (gamma) *sin(alfa) *sin(sigma) ;
*sin(alfa)+cos (gamma) *cos (alfa) *sin (sigma) ;

=cos (sigma) *sin (gamma) ;
=sin(gamma) *sin(alfa);
=-sin(gamma) *cos (alfa) ;

=cos (gamma) ;

I S
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D1(i,3,%k)=D(i,3)7
E1(i,3,k)=E(i,3);

else
D1(i,j,k)=D(i,9-3-k)/2;
E1(i,j,k)=E (i, 9--k);

end

end
end
end

$sE/cE to 3D

for i=1:3
for j=1:3
for k=1:3
for 1=1:3
if i==jsk==
sE1(i,3,k,1)=sE(i,k);
cEl(i,3,k,1)=cE(i,k);
else if i==jgk~=1
sE1(i,3,k,1)=sE(i,9-k-1)/2;
cEl(i,3,k,1)=cE(i,9-k-1);
else if i~=jgk==
sE1(i,3,k,1)=sE(9-i-3,k)/2;
cEl(i,3,k,1)=cE(9-i-3,k);
else if i~=jsk~=1
sE1(i,3,k,1)=sE(9-i-3,9-k-1)/4;
cEl(i,3,k,1)=cE(9-i-3,9-k-1);
end
end
end
end
end
end
end
end
$Rotate eT/eS
eT1Y(1:3,1:3)=0;
eS1Y(1:3,1:3)=0;
for i=1:3
for j=1:3
for m=1:3
for n=1:3
eTlY (i, j)=eT1Y(i,j)+a(i,m)*a(j,n)*eT (m,n);
eS1Y (i, j)=eS1Y(i,j)+a(i,m)*a(j,n)*eS(m,n);
end
end
end
end
%$Rotate D/E
D1Y(1:3,1:3,1:3)=0;
E1Y(1:3,1:3,1:3)=0;
for i=1:3
for j=1:3
for k=1:3
for m=1:3
for n=1:3
for o=1:3
D1Y(i,j,k)=D1Y(i,j,k)+a(i,m)*a(j,n)*a(k,0)*D1l(m,n,0);
E1Y(i,3,k)=E1Y(i,j,k)+a(i,m)*a(j,n)*a(k,0)*El(m,n,0);
end
end
end
end
end
end
*Rotate sE/cE
sE1Y(1:3,1:3,1:3,1:3)=0;
cE1Y(1:3,1:3,1:3,1:3)=0;
for i=1:3
for j=1:3
for k=1:3
for 1=1:3
for m=1:3
for n=1:3
for o=1:3
for p=1:3
sE1Y(i,j,k,1)=sE1Y(i,J, k,1)+a(i,m)*a(j,n)*a(k,0)*a(l,p)*sEl(m,n,o,p);
cE1Y(i,J,k,1)=cElY(i,], k,1)+a(i,m)*a(j,n)*a(k,0)*a(l,p)*cEl(m,n,0,p);
end
end
end
end
end
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end
end
end
$D/E to 2D
for i=1:3
for j=1:3
for k=1:3
if j==
DY (i,3)=D1Y (i,3,k);
EY (i,J)=EL1Y(i,],k);
else
DY (i,9-j-k)=2*D1Y(i,7,k);
EY (i,9-3-k)=E1Y (i,3,k);
end
end
end
end

$sE/cE to 2D

for i=1:3
for j=1:3
for k=1:3
for 1=1:3
if i==js&k==1
SEY (i,k)=sE1Y(i,J,k,1);
CEY (i,k)=cElY(i,],k,1);
else if i==jgk~=1
SEY (i,9-k-1)=2*sE1Y(i,J,k,1);
CEY (i, 9-k-1)=cElY(i,Jj,k,1);
else if i~=jgk==
SEY (9-i-7,k)=2*sE1Y (i, 3, k,1);
CEY (9-i-j,k)=cElY(i,3,k,1);
else if i~=j&k~=1
SEY (9-i-7,9-k-1)=4*sE1Y (i, 3, %k, 1);
CEY (9-i-7,9-k-1)=cE1Y (i,7,k,1);
end
end
end
end
end
end
end
end

Code A.4.2. Calculation of the maximum transversal extensional quasi-static ME coefficients (ags1 and ags2)
for a series of tri-layered plates of Metglas/piezoelectric/Metglas as a function of the crystalline orientation of

the piezoelectric and geometry of the composite.

clearvars -except P eS eT D E cE sE
close all

%Parameters:

*Coupling parameter

g=[gqll gl2 gl12 0 0 gl6;gl2 gll gl2 0 0 gl6;gl2 gl2 gll 0 0 glé6];
$compliance coefficients (m"2/N)

s11H=10E-12;

s12H=-3.3E-12;

s44H=2*13.3E-12;

sH=[s11H s12H s12H 0 0 0;s12H s11H s12H 0 0 0;s12H s12H s11H 0 0 0;0 0 O s44H 0 0;0 O O O s44H 0;0 0 0 O O s44H];

$geometry (m)
t=0.5E-3;
1=10E-3;

(£/(2*tt));
(£/ (£+2%tt));

*D/E to 3D

for i=1:3
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for j=1:3
for

J
D1(i,3,k)=D(i,3);
E1(i,3,k)=E(i,3);
else
D1(i,3,k)=D(i,9-3-k)/2;
E1(i,3,k)=E(1,9-J-Kk);
end

end

%$sE/cE to 3D

for i=1:3
for j=1:3
for k=1:3
for 1=1:3
if i==jssk==1
sEl(i,j,k,1)=sE(i, k);
cEl(i,j,k,1)=cE(i, k);
else if i==j&&k~=1
sE1(i,J,k,1)=sE(i,9-k-1)/2;
CE1(i,J,k,1)=cE(i,9-k-1);
else if i~=j&&k==
sE1(i,3,k,1)=sE(9-i-3,k)/2;
CEl(i,J,k,1)=cE(9-1i-],k);
else if i~=j&&k~=1
sE1(i,7,k,1)=sE(9-i-3,9-k-1)/4;
CE1(i,j,k,1)=cE(9-i-3, 9-k-1);
end
end
end
end
end
end
end
end

cpu=cputime;
$Euler angles
Al=0;

Be=0;

Sig=0;
Alfa=0;
Beta=0;

Gamma=0;

for Alfa=0:1:180

Al=Al+1;
Be=0;
for Beta=0:1:180
Be=Be+l;
Sig=0;
for Gamma=0:1:180
Sig=Sig+l;

alfa=Alfa* (pi/180);
beta=Beta* (pi/180) ;
gamma=Gamma* (pi/180) ;

$Transformation matrix

a(l,1)=cos (gamma) *cos (alfa)-cos (beta) *sin(alfa) *sin (gamma) ;
a(l,2)=cos (gamma) *sin (alfa) +cos (beta) *cos (alfa) *sin (gamma) ;
a(l,3)=sin(gamma) *sin (beta) ;
a(2,1)=-sin(gamma) *cos (alfa) -cos (beta) *sin(alfa) *cos (gamma) ;
a(2,2)=-sin(gamma) *sin (alfa) +cos (beta) *cos (alfa) *cos (gamma) ;
a(2,3)=cos (gamma) *sin (beta) ;

a(3,1)=sin(beta)*sin(alfa);

a(3,2)=-sin(beta) *cos (alfa);

a(3,3)=cos (beta) ;

%Rotated eT/eS

eT1Y(1:3,1:3)=0;
eSly(1:3,1:3)=0;
for i=1:3
for j=1:3
for m=1:3
for n=1:3
eTlY (i, j)=eT1lY(i,Jj)+a(i,m)*a(j,n)*eT (m,n);
eS1Y (i, j)=eS1Y(i,j)+a(i,m)*a(j,n)*eS(m,n);

%Rotated D/E

D1Y(1:3,1:3,1:3)=0;
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E1Y(1:3,1:3,1:3)=0;
for i=1:3
for j=1:3
for k=1:3
for m=1:3
for n=1:3
for o=1:3
D1Y(i,3j,k)=D1Y(i,j,k)+a(i,m)*a(j,n)*a(k,o0)*D1l(m,n,o0);
E1Y(i,3,k)=E1Y(i,],k)+a(i,m)*a(j,n)*a(k,0)*ELl(m,n,0);
end

%$Rotated sE/cE

sE1Y(1:3,1:3,1:3,1:3)=0;
cE1Y(1:3,1:3,1:3,1:3)=0;
for i=1:3

for j=1:3

for k=1:3
for 1=1:3
for m=1:3
for n=1:3
for o=1:3
for p=1:3
sE1lY(i,3,%k,1)=sE1Y(i,],k,1)+a(i,m)*a(j,n)*a(k,0)*a(l,p)*sEl(m,n,o0,p);
cElY(i,j,k,1)=cElY(i,],k,1)+a(i,m)*a(j,n)*a(k,0)*a(l,p)*cEl(m,n,o0,p);
end
end
end
end
end
end

end
end
$D/E to 2D
for i=1:3

for j=1:3

DY (i,3)=D1Y(i,5,k);
EY(i,J)=E1Y(i,3,k);

DY (i, 9-3-k)=2*D1Y (i,3,k) ;
EY (i,9-3-k)=E1Y (i,3,k);

end
end
end
end
$sE/cE to 2D
for i=1:3
for j=1:3
for k=1:3
SEY (i,k)=sE1Y(i,3,%k,1);
CcEY (i,k)=cElY(i,],k,1);
else if i==jgk~=1
SEY (i,9-k-1)=2*sE1Y (i, 3, %k, 1);
CEY (i, 9-k-1)=cElY(i,Jj,k,1);
else if i~=jsk==1
SEY (9-i-7,k)=2*sE1Y (i,3,k,1);
CcEY (9-i-j,k)=cElY (i, ], k,1);
else if i~=jsk~=1
SEY (9-i-7,9-k-1)=4*sE1Y (i,3,%k,1);
CcEY (9-i-j,9-k-1)=cE1lY (i,]J,k,1);
end
end
end
end
end
end
end
end

AY=[sEY(1,1)+f*Kc*sH(1,1) sEY(1,2)+f*Kc*sH(1,2) sEY(1l,6)+f*Kc*sH(1,6) 0 0 DY(3,1)*Kc;sEY(2,1)+f*Kc*sH(2,1)

sEY (2,2)+f*Kc*sH(2,2) sEY(2,6)+f*Kc*sH(2,6) 0 O DY(3,2)*Kc;sEY(6,1)+f*Kc*sH(6,1) sEY(6,2)+f*Kc*sH(6,2)

sEY (6,6)+f*Kc*sH(6,6) 0 O DY(3,6)*Kc;DY(1,1) DY(1,2) DY(1l,6) -1 0 eT1lY(1,3);DY(2,1) DY(2,2) DY(2,6) 0 -1 eTlY(2,3);DY(3,1)
DY (3,2) DY(3,6) 0 0 eT1Y(3,3)];

$Transversal ME coefficients

MY=AY\ [q(1,1)*Kc g(1,2)*Kc g(1,6)*Kc 0 0 0]"';

alfaE31A= (MY (6)/100)

MY2=AY\ [q(2,1) *Kc g(2,2)*Kc g(2,6)*Kc 0 0 0]"';
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alfaE32A=(MY2 (6) /100)

alfaE31(Al,Be,Sig)=alfaE31A;
alfaE32 (Al,Be,Sig)=alfaE32A;

end
end
Alfa

Code A.4.3. Representation of the maximum transversal ME coefficients (ae31 and aes) as a function of the

crystalline orientation of the piezoelectric and geometry of the composite.

for k=1:181

if k<=91
alfakE32(:,:,k)=alfakE31(:,:,k+90);
else
alfakE32(:,:,k)=alfakE31(:,:,k=-90);
end
end

alfaE3132=alfakE31-alfakE32;
for i=1:181
for j=1:181
[alfaE31lmax (i,J),Imax(i,j)]=max(alfaE31(i,J,:));
[alfaE3lmin(i,3),Imin(i,J)=min(alfakE31(i,J,:));
[alfaE3labsmax (i, j), Iabsmax (i, j)]=max(abs(alfak31(i,j,:)));
[alfaE3132absmin (i, j),Iabsmin(i,j)]=min(abs(alfaE3132(i,j,:)));
alfaE3132absmax (i, j)=abs (alfak31 (i, j, Iabsmin(i,j))) ./ (alfaE3132absmin(i,j)+0.1);
end
end
[X,Y]=meshgrid (0:180) ;

figure

contourf (X,Y,alfaE3labsmax, 100, 'linecolor', 'none")

shading flat

colorbar

xlabel ('\beta (deg)','FontSize',12)

ylabel ('\alpha (deg)','FontSize',12)

title ('PZN-8%PT ([001] poled) Maximum |\alphaE| (V/cm-Oe)")
grid on

figure

subplot (2,2,1)

contourf (X,Y,alfaE31lmax, 100, 'linecolor', 'none")

shading flat

colorbar

xlabel ('\beta (deg)")

ylabel ('\alpha (deg)")

title('Maximum \alphaE (V/cm-Oe)"')

subplot(2,2,2)

contourf (X,Y,alfaE31min, 100, 'linecolor', 'none")

shading flat

colorbar

xlabel ("\beta (deg)")

ylabel ('\alpha (deg)")

title('Minimum \alphaE (V/cm-Oe)"')

subplot (2,2, 3)

contourf (X,Y,alfaE31(1:181,1:181,1),100, 'linecolor', 'none")
shading flat
colorbar

xlabel ("\beta (deq)
ylabel ('\alpha (deg
title(' \alphaE31 (
subplot(2,2,4)
contourf (X,Y,alfaE32(1:181,1:181,1),100, 'linecolor', 'none'")
shading flat

colorbar

xlabel ('\beta (deg)')

ylabel ('\alpha (deg)"')

title(' \alphaE32 (V/cm-Oe)')

!
)"
V/cm-0e) ')

figure

contourf (X,Y,alfaE3132absmin, 'linecolor', 'none")
shading flat

colorbar

xlabel ('\beta (deg)','FontSize',12)

ylabel ('\alpha (deg)', 'FontSize',12)

title(' \alphaE31l-\alphaE32 (V/cm-Oe)"')
contourf (X,Y,alfaE3132absmax, 'linecolor', 'none")
shading flat

colorbar

xlabel ('\beta (deg)','FontSize',12)

ylabel ('\alpha (deg)','FontSize',12)

title(' \alphaE31l (V/cm-Oe)')

Alfa=alfaE3labsmax;

figure

XX1=sin (X* (pi/180)) .*sin(Y* (pi/180)) .*Alfa;
YYl=-sin (X* (pi/180)).*cos (Y* (pi/180)).*Alfa;
ZZ1l=cos (X* (pi/180)) .*Alfa;

n=5;

XX=XX1(1l:n:end,l:n:end);
YY=YY1(l:n:end,l:n:end);
27=%ZZ1(l:n:end,l:n:end);
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surf (XX, YY,ZZ, sqrt (XX."2+YY."2+2Z."2))
colormap Jjet

hold on

surf (-XX,YY, Z2Z,sqrt (XX."2+YY."2+72Z2."2))
colormap jet

% shading interp

xlabel ("X'

ylabel ("Y'

zlabel ('Z2")

title ("Maximum \alphaE| (V/cm-Oe) ")
colorbar

Arw=max (max (Alfa))*1.2;

quiver3([-Arw 0 0], [0 -Arw 0],[0 O -Arw],[1 O 0],(0 1 0],([0 O 11,2,'k")
axis equal

view([135,30])

camlight headlight

[Max,a]l=max (alfakE31);
[Max,b]=max (Max) ;
[Max, s]=max (Max) ;

Max

s=s-1

b=b(1,1,s+1)-1
a=a(l,b+1,s+1)-1
[Min,a]l=min(alfakE31);
[Min,b]=min (Min) ;
[Min, s]=min (Min) ;

Min

s=s-1

b=b(1,1,s+1)-1
a=a(l,b+1l,s+1)-1

Code A.4.4. Calculation of the maximum transversal extensional and flexural quasi-static ME coefficients
(aes1 and aesp) for a series of bi-layered plates of Metglas/piezoelectric, containing a unidomain or bidomain

piezoelectric crystal, as a function of its crystalline orientation and geometry of the composite.

clearvars -except P eS eT D E cE sE
close all
clc

Bidomain=1;

5; Sup polarization fraction

$Metglas

Pm=7900;

$piezomagnetic c (1/0e)

qgll=4E-6;

ql2=-1.7E-6;

ql6=0E-6;

g=[gll gl2 gl12 0 0 gl6;gql2 gll gl2 0 0 gl6;gql2 gl2 gll 0 0 glé6];

3compliance coefficients (m"2/N)

s11H=10E-12;

s12H=-3.3E-12;

s44H=2*13.3E-12;

sH=[s11H s12H s12H 0 0 0;s12H s11H s12H 0 0 0;s12H s12H s11H 0 0 0;0 0 O s44H 0 0;0 O O O s44H 0;0 0 0 O O s44H];

*D/E to 3D

for i=1:3
for j=1:3
for k=1:3
if k==j
D1(i,3,k)=D(i,3)7
E1(i,3,k)=E(i,])7
else
D1(i,Jj,k)=D(i,9-j-k)/2;
E1(i,j,k)=E(i, 9-3-k);
end
end
end
end
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%$sE/cE to 3D

for i=1:3
for j=1:3
for k=1:3
for 1=1:3
if i==jssk==
sE1(i,3,k,1)=sE(i,k);
cEl(i,j,k,1)=cE(i, k);
else if i==j&&k~=1
sE1(i,J,k,1)=sE(i,9-k-1)/2;
CE1(i,j,k,1)=cE(i, 9-k-1);
else if i~=jssk==
sE1(i,3,k,1)=sE(9-i-3,k)/2;
CEl(i,J,k,1)=cE(9-1-],k);
else if i~=jssk~=1
sE1(i,3,k,1)=sE(9-i-3,9-k-1)/4;
CEl(i,j,k,1)=cE(9-i-j,9-k-1);
end
end
end
end
end
end
end
end

cpu=cputime;

$Euler angles
Al=1;

Be=0;

Sig=1;
Alfa=0;
Beta=0;

Gamma=0;

for Alfa=0:1:180

Al=Al+1;
Be=0;
for Beta=0:1:180
Be=Be+1;
Sig=0;
for Gamma=0:1:180
Sig=Sig+l;

alfa=Alfa* (pi/180);
beta=Beta* (pi/180) ;
gamma=Gamma* (pi/180) ;

$Transformation matrix

a(l,1)=cos (gamma) *cos (alfa)-cos (beta) *sin(alfa) *sin (gamma) ;
a(l,2)=cos (gamma) *sin (alfa) +cos (beta) *cos (alfa) *sin (gamma) ;
a(l,3)=sin(gamma) *sin (beta) ;
a(2,1)=-sin(gamma) *cos (alfa) -cos (beta) *sin(alfa) *cos (gamma) ;
a(2,2)=-sin(gamma) *sin (alfa) +cos (beta) *cos (alfa) *cos (gamma) ;
a(2,3)=cos (gamma) *sin (beta) ;

a(3,1)=sin(beta)*sin(alfa);

a(3,2)=-sin(beta) *cos (alfa);

a(3,3)=cos (beta) ;

$Top layer material coefficients

if Bidomain==

abot=[1 0 0;0 -1 0;0 0 -1]*a;
else

abot=a;
end

%$Rotated eT/eS

eT1Y(1:3,1:3)=0;
eS1Y(1:3,1:3)=0;
eTlYbot (1:3,1:3)=0;
eSlYbot (1:3,1:3)=0;

for i=1:3
for j=1:3
for m=1:3
for n=1:3
eTlY (i,3j)=eT1lY(i,3j)+a(i,m)*a(j,n)*eT (m,n);
eS1Y (i, j)=eslY(i,j)+a(i,m)*a(j,n)*eS(m,n);
eTlYbot (i,Jj)=eTlYbot (i,]j)+abot (i,m)*abot (j,n)*eT (m,n);
eSlYbot (i,j)=eSlYbot (i, j)+abot (i,m)*abot (j,n)*eS(m,n);
end
end
end
end

%Rotated D/E
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D1y (1:3,1

DlYbot (1:3,1:3,
ElYbot (1:3,1:3
for i=1:3

for j=1:3

L3,

:3,1:3
3,1:3

for k=1:3
for m=1:3

sE1Y(1:3,1:

CcE1Y(1:3,1:

sElYbot (1:3

cElYbot (1:3
for i=1:3

for j=1:3
for k=1
for

’
1:
1:

sElYbot (i,]j,k,1)=sElYbot (i, ], k,1)+abot (i,m) *abot (j,n) *abot (k, o) *abot (1,p) *sE1l (m,n,o,p) ;

cElYbot (i, Jj, k,1)=cElYbot (i, J, %k, 1) +abot (i,m)*abot (j,n) *abot (k,0) *abot (1,p) *cE1l (m,n,0,p) ;

end
end

$D/E to 2D

for i=1:
for

for n=1:3
for o=1:3

D1Y(i,3j,k)=D1Y(i,j,k)+a(i,m)*a(j,n)*a(k,0)*D1l(m,n,o0);
E1Y(i,J,k)=E1Y(i,3j,k)+a(i,m)*a(j,n)*a(k,0)*El(m,n,0);
DlYbot (i, j,k)=DlYbot (i, j, k) +abot (i,m) *abot (j,n) *abot (k,0) *D1 (m,n, 0) ;
ElYbot (i,J,k)=ElYbot (i, J,k)+abot (i,m)*abot (j,n) *abot (k,0) *E1l (m,n,0) ;

:3
1=1:3
for m=1:3
for n=1:3
for o=1:3
for p=1:3

cElY

sE1Y(i,3,%k,1)=sE1Y(i,3,%k,1)+a(i,m)*a(j,n)*a(k,0)*a(l,p)*sEl(m,n,o,p);
(i

end

DY (i,3)=D1Y(i,]J,k);
EY(i,J)=E1Y(i,3,k);
DYbot (i,3)=DlYbot (i,5,k);
EYbot (i,3)=ElYbot (i,7,k);

else

$sE/cE to 2D

for i=1:3
for j=1:3
for k=1:
for

DY (i, 9-§-k)=2*D1Y (1,5, k) ;

EY (i,9-3-k)=BE1Y (i,3,k);

DYbot (i, 9-j-k)=2*D1Ybot (1,7, k) ;
EYbot (i, 9-j-k) =E1Ybot (i, 3, k) ;

3
1=1:3
if i==js&s&k==1
sEY (i,k)=sE1Y(i,],k,1);
cEY (i,k)=cElY(i,]j,k,1);
sEYbot (i,k)=sElYbot(i,7j,k,1);
cEYbot (i,k)=cElYbot(i,j, k,1);
else if i==jgk~=1

sEY (i,9-k-1)=2*sE1Y(i,3,k,1);

cEY (i,9-k-1)=cE1Y(i,3,k,1);

sEYbot (i, 9-k-1)=2*sElYbot (i,7j,k,1);
cEYbot (i,9-k-1)=cElYbot (i,7j,k,1);

else if i~=j&k==

sEY (9-1-3,k)=2*sE1Y (i,3,k,1);

cEY (9-i-3j,k)=cE1Y(i,3,k,1);

sEYbot (9-1-3,k)=2*sElYbot (i,3,k,1);
cEYbot (9-1-3, k) =cElYbot (i,3,k,1);

else if i~=jgk~=1

SEY (9-i-J,9-k-1)=4*sE1Y(i,3,k,1);

CEY (9-i-J,9-k-1)=cE1Y(i,],k,1)7

sEYbot (9-i-3j,9-k-1)=4*sElYbot (i,7j,k,1);
cEYbot (9-i1-3j, 9-k-1)=cElYbot (i,3,k,1);

i,3,k,1)=cElY(i,]J,k,1)+a(i,m)*a(j,n)*a(k,0)*a(l,p)*cEl(m,n,0,p);
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end
end
end
end
end

end

inveTlY=zeros(3);

> inveTlY=inv (eT1Y); $D1, D2 =0
inveT1Y (3,3)=1/eT1Y(3,3); $El, E2 =0

DY1=DY (:, [1 2 6]);

DYbotl=DYbot (:, [1 2 6]);

sEY1=sEY([1 2 6],[1 2 6]);
sEYbotl=sEYbot ([1 2 6],[1 2 6]);
sEff=sEY1-DY1'* (inveT1Y*DY1) ;
sEffbot=sEYbotl-DYbotl'* (inveTlY*DYbotl) ;

sEffinv=inv (sEff) ;
sEffbotinv=inv (sEffbot) ;

dEff=- (inveTlY*DY1l) *sEffinv;
dEffbot=- (inveTlY*DYbotl) *sEffbotinv;

sHinv=inv(sH([1l 2 6],[1 2 6]));
sginv=sHinv* (q(1,[1 2 6])");
sginvaE32=sHinv* (q(2, [1 2 6])");

vp=tp/ (tp+tm) ;

A=zeros (6);

All=(tm) *sHinv + (-(-tp*xbid))*sEffinv + (-tp*xbid - (-tp))*sEffbotinv;

Al2=((tm"2)/2) *sHinv + (-((-tp*xbid)"2)/2)*sEffinv + (((-tp*xbid)~2)/2 - ((-tp)"2)/2)*sEffbotinv;
A21=A12;

A22=((tm"3)/3) *sHinv + (-((-tp*xbid)~"3)/3)*sEffinv + (((-tp*xbid)"3)/3 - ((-tp)"3)/3)*sEffbotinv;

A=[All Al2;A21 A22];

B=zeros(6,1);
Bl=(tm) *sqginv;
B2=((tm"2) /2) *sqginv;
B31=[B1;B2];

Cl=(-(-tp*xbidl))*dEff(3,:) + (-tp*xbidl - (-tp))*dEffbot(3,:);
C2= (- ((-tp*xbidl) ~2)/2) *dEff(3,:) + (((-tp*xbidl)"2)/2 - ((-tp)"2)/2)*dEffbot(3,:);
C=[C1l C2];

aE31=(C* (A\B31))/(100*tp);

Bl=(tm) *sginvaE32;
B2=((tm"2)/2) *sqinvakE32;
B32=[B1;B2];

aE32=(C* (A\B32))/(100*tp) ;
aE3lextensional=([Cl1 0 0 0]*(A\B31))/(100*tp);
aE32extensional=([Cl1 0 0 0]*(A\B32))/(100*tp);
aE31flexural=([0 0 0 C2]*(A\B31))/(100*tp);
aE32flexural=([0 0 0 C2]*(A\B32))/(100*tp);
alfaE31 (Al,Be,Sig)=aE31;

alfaE32 (Al,Be,Sig)=aE32;
alfaE3lext (Al,Be, Sig)=aE3lextensional;
alfaE32ext (Al,Be, Sig)=aE32extensional;

alfaE31flex (Al,Be,Sig)=aE31flexural;
alfakE32flex (Al,Be,Sig)=aE32flexural;

end
Alfa

Code A.4.5. Calculation of the maximum analytical transversal dynamic flexural ME coefficients (aes: and
oes2), electrical impedance (Z) and intrinsic thermal spectral noise density (en) for a series of bi-layered long
bars of Metglas/piezoelectric, containing a unidomain or bidomain piezoelectric crystal, as a function of the

frequency of the applied modulated magnetic field, crystalline orientation of the piezoelectric, geometry of the

164



Appendix

composite and loss factors due to internal friction and intermediate layers of epoxy or a non-piezoelectric

dielectric.

clearvars -except P eS1lY eTlY DY EY cEY sEY
close all
clec

Bidomain=1;

Kb=1.287158974E-10; % sqrt (4*kb*T), T=300K
e0=8.8541878176E-12; %F/m

i=0;

for x=linspace(0.01,0.99,101)
i=i+1;
x1(i)=x;

$Parameters:

$Metglas
Pm=7900;

$piezomagnetic coefficient (1/0e)
ql1=4E-6;

ql2=-1.7E-6;
ql6=0E-6;

g=[gll gl2 gl2 0 0 gl6;gl2 gll gl2 0 0 gl6;gql2 gl2 gll 0 0 glé6];

$compliance coefficients (m*2/N)
s11H=10E-12;

s12H=-3.3E-12;

s44H=2*13.3E-12;

sH=[s1l1lH s12H s12H 0 0 0;s12H sl11H s12H 0 0 0;sl2H

$Epoxy
PE=1164;

%compliance coefficients (m”*2/N)
s11E=292E-12;

s12E=-101.5E-12;

s44E=2* (s11E-sl12E);

sE=[s1lE s12E s12E 0 0 0;sl12E sllE sl12E 0 0 0;sl1l2E sl2E

%dielectric coefficients
eTE=(4.25) *eO*eye (3) ;

*Effective parameters

$ cDl11=1/(sEY(1,1)-DY(3,1)*DY(3,1)/eT1Y(3,3))
% h31=cD11*DY(3,1)/eT1Y(3,3);
b331=(1/eT1Y(3,3))* (1+h31*DY (3,1));

tgloss=0.007;
eTlYloss=(eT1lY(3,3)*(1-1li*tgloss));
cD22=(1)/(sEY(2,2)-DY (3,2) *DY (3,2)/ (eT1lYloss)) ;
h32=cD22*DY (3,2)/(eTlYloss) ;
b332=(1/(eTlYloss)) * (1+h32*DY (3,2));

cH22=1/(sH(2,2));
qH22=cH22*q(2,2);

cD22E=(1)/(sE(2,2));

h32E=0;
b332E=(1/(eTE(3,3) * (1-1i*tgloss)));

$geometry (m)

tpm=((0.5E-3)+(29E-6)) ;

te=0;%1000E-6;
X=(0.5E-3) /tpm;
Xnp=0;
$ X=0.6
tp=X*tpm;
xbid=0.5; 3up polarization fraction
if Bidomain ==
xbid=1;
end

tl=(1l-xbid) * (1-Xnp) *tp;
t2=Xnp*tp;

t3=xbid* (1-Xnp) *tp;
td=te;

t5=(1-X) *tpm;

tp=tp+te;

s12H s11H 0 0 0;0 0 O s44H 0 0;0 0 O 0 s44H 0;0 0 0 0 O s44H];

s11E 0 0 0;0 O O s44E 0 0;0 0 O O s44E 0;0 0 0 O O s44E];
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tm=t5;
ti=[tl t2 t3 t4 t5];
t=sum(ti);

c22t=[cD22 cD22 cD22 cD22E cH22];
h32t=[-h32 0 h32 0 0];

b33t=[b332 b332 b332 b332E 0];
g22t=[0 0 0 0 gH22];

te=cumsum(ti);
te=[0 tcl;

d221=0;

d222=0;

for I=1:length(ti)
d222=d222+2*c22t (I)*ti(I);
d221=d221+c22t (I)* ((ti(I)"2)+2*ti(I)*tc(I));

end

d22=d221/d222;

$ 1-(d22/tp)

% 1-0.5* (t/tp)

B332=0;
H32=0;
D22p=0;
for I=1:4
B332=B332+b33t (I)* (ti(I)/tp);
H32=H32+h32t (I)* (((tc(I+1)-d22)"2)-((tc(I)-d22)"2))/(2*tp);
D22p=D22p+c22t (I) * (((tc(I+1)-d22)"3)-((tc(I)-d22)"3))/(3*tp);
end
022=q22t (5) * (((tc(5+1)-d22)"2) = ((tc(5)-d22)"2))/(2*tm) ;
D22m=c22t (5) * (((tc(5+1)-d22)"3) - ((tc(5)-d22)"3))/(3*tm);
D22=(D22p- ((H3272) /B332)) * (tp/ (£73)) +(D22m) * (tm/ (t"3)) ;
Pmed= (P* (t1+t2+t3) +PE*t4+Pm*t5) /t;

0=300;

f=linspace(0.001,100E3,100000) ;

W=2*pi*f;

W=W.* (1-11*(1/Q));

K=((Pmed/ (D22* (£"2))) "~ (1/4)) *sqrt (W) * (1/2);

fk=K.* (cot (K)+coth(K));

Y=((li*Wrw*1l) ./ (tp*B332)) .* (1+ (2*tp* (H3272) ./ (B332*t* (D22* (t*2)) *fk)));
aE32=- (tm*Q22*H32) ./ (((tp* ((H3272) ./B332))+t* (D22* (£"2)) *0.5%fk)) ;
fr=real ((2*(2.365%2) /(pi* (172))) *sqgrt ((D22* (t*2)) /Pmed))

Nmin (i)=min((1E-4) *Kb*sqrt (real (1./Y)) ./ (abs (aE32) .*tp));

W=2*pi*0.00001* (1-1i* (1/Q));
K= ((Pmed/ (D22* (£72))) " (1/4)) *sqrt (W) * (1/2) ;
fk=K.* (cot (K) +coth (K)) ;

Ylowf (i)=((1i*W*w*1l) ./ (tp*B332)).* (1+(2*tp* (H3272) ./ (B332*t* (D22* (t*2)) *fk)));
aE32lowf (i)=- (tm*Q22*H32) ./ ((tp* ((H3272) ./B332))+t* (D22* (t*2))*0.5*fk) ;
Noilowf (i)=(1E-4) *Kb*sqrt (real (1./Ylowf (1))) ./ (abs (aE32lowf (1)) .*tp);

aElowf (i) =abs (aE321lowf (i) *tp) ;

W=2*pi*fr* (1-1i*(1/Q));
K=((Pmed/ (D22* (t"2))) "~ (1/4)) *sqrt (W) *(1/2);
fk=K.* (cot (K) +coth (K)) ;

Yres (i)=((1i*Wxw*1) ./ (£p*B332)) .* (1+ (2*tp* (H32"2) ./ (B332*t* (D22* (£t"2)) *fk)));
aE32res (i)=- (tm*Q22*H32) ./ ((tp* ((H3272)./B332))+t* (D22* (t*2)) *0.5*fk) ;
Noires (i)=(1E-4) *Kb*sqrt (real(l1./Yres(i))) ./ (abs(aE32res(i)).*tp);

aEres (1) =abs (aE32res (i) *tp) ;
Fr(i)=fr;

semilogy (f, (1E12) * (1E-4) *Kb*sqgrt (real (1./Y)) ./ (abs (aE32) .*tp), £, (1E-
6) *abs (1./Y), f,abs (aE32) /100, £, (1E9) *Kb*sqrt (real (1./Y)))

hold on
end

figure

plot ((x1).”(1),Noilowf,'.-")

polyfit (log(xl),log(real (Noilowf)),1)
figure

plot ((x1l).”(1),Noires,'.-")

polyfit (log(xl),log(Noires),1)

figure

plot ((x1).”(1),Nmin,'.-")

polyfit (log(xl),log(Nmin),1)

Code A.4.6. Numerical calculation of the dynamic electrical impedance (Z) and displacement fields (u;) in a
series of unidomain or bidomain piezoelectric crystal plates as a function of the frequency of the applied
voltage, crystalline orientation of the piezoelectric, geometry of the plate and damping factors, using a finite
element method (FEM) realized with the help of Matlab’s (version R2014b) partial differential equation and

parallel computing toolboxes.

clearvars -except P E1Y EY cEL1Y cEY
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clc

% Parameters

Parallel=0; % Parallel computing - 1 true;
GalCol=1; % 1 - Galerkin; 0 - Colocation method
LinPot=1; % Linear potential - 1 true;
ZContInt=0; % 0 - Z continuous integration;

Top/Bot half integration;

o

Bidomain=1;
T3j1=1;
T3j0topbot=0;
Ttopbotegs=1;

Impose T3j (0+)=T33 (0-)

o

N = 3;

Neg = 4* (N+1); % Number of equations 4* (N+1
I1=N-1; % Substituted equations
I2=N;

T3j top/bot

Ttop3=zeros (3,1);
Tbot3=zeros(3,1);
Vtop=0.1; % V.exp (iwt) top/bot
Vbot=0;

$Frequency interval

Fmin=1E3;

Fmax=500E3;

Fstep=50;
Freg=Fmin:Fstep:Fmax;

$Damping

Damp=0;

Dampv=0; %1E7
Dampv2=2; %$37/2
Dampv3=0;

%Geometry

H1=0.5E-3;
hl=H1/2;
h2=h1-H1;

L1=5E-3;

L2=5E-3;

L=(L1+L2)/2;
gd=[3;4;-L1;L1;L1;-L1;L2;L2;-L2;-L2];
sf="R1";

ns=[82;49];

dl=decsg(gd, sf,ns);

pdegplot (dl, 'edgelabels', 'on', 'subdomainlabels"', 'on')

axis square
axis([-L*1.1,L*1.1,-L*1.1,L*1.1]

%FEM Mesh

[p,e,t]=initmesh(dl, 'Hmax',L/15, '"MesherVersion', 'R2013a"');

% [p,e,t]=refinemesh(dl,p,e,t, 'regular');
[p,e,t]=refinemesh(dl,p,e,t, 'regular');
[p,e,t]l=refinemesh(dl,p,e,t, 'regular');
[p,e,t]=refinemesh(dl,p,e,t, 'longest');
p=jigglemesh(p,e,t, 'opt', 'mean', "iter',inf);
figure

pdemesh (p, e, t)

axis square

axis([-L*1.1,L*1.1,-L*1.1,L*1.1]

o0 oo

a0

$Top layer material coefficients

if Bidomain==

a=[1 0 0;0 -1 0;0 0 -1];
else

a=eye (3);
end

%Rotated eS

eSlYtop(1:3,1:3)=0;
for i=1:3
for j=1:3
for m=1:3
for n=1:3

eSlYtop(i,j)=eSlYtop(i,j)+a(i,m)*a(j,n)*eS1lY (m,n);

%Rotated E

ElYtop(1:3,1:3,1:3)=0;
for i=1:3
for j=1:3

1 - Bidomain; 0 - Unidomain
Set T3j|hl-0 / T3j|0-h2 in system of egs - 1 true;

Impose Ttop Tbot - 1 true;

(LinPot

2 true + equations
1 - Top/Bot half integration;

0 false.
0).

2 - U=UtopIZtopI + UbotIZbotI
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for k=1:3
for m=1:3
for n=1:3
for o=1:3
ElYtop(i,j,k)=ElYtop(i,J, k)+a(i,m)*a(j,n)*a(k,0)*E1Y(m,n,0);

$Rotated cE

cElYtop(1:3,1:3,1:3,1:3)=0;

for i=1:3
for j=1:3
for k=1:3
for 1=1:3
for m=1:3
for n=1:
for

3
o=1:3
for g=1:3

cElYtop(i,Jj,k,1)=cElYtop(i,Jj,k,1)+a(i,m)*a(j,n)*a(k,o0)*a(l,q)*cElY(m,n,o0,q);

end

% Number of triangles

nt = size(t,2);

% Triangle point indices

itl=t(1,:);

it2=t(2,:);

it3=t(3,:);

% Find centroids of triangles
xpts=(p(l,itl)+p(1,1it2)+p(1,it3))/3;
ypts=(p(2,itl)+p(2,1it2)+p(2,1t3))/3;
% Triangle geometries:
[Area,glx,gly,g2x,92y,93%,93y]l=pdetrg(p, t);

np = size(p,2); % number of mesh points
u0 = zeros(np,Neq); % allocate initial matrix
u0 = u0(:); % convert to column form

% Define vIvJ

vIO=zeros (1,N+1); vIO(1l)=1; % vI z=0
vI0l=zeros (1,N+1); vIO1l(2)=1; % vI' z=0
for tb=1:2
if tb==1
h=h1;
else
h=h2;
end
signh=-(-1) “tb;
for I=0:N
vI(I+1,tb)=signh*(1/(I+1))* (h"(I+1)-0"(I+1)); $ <vI> t/b
vItb (I+1,tb)=h"I; $ vI t/b
vIltb (I+1,tb)=I*(h"(I-1)); $ vIi't/b
if I>0
vI1(I+1,tb)=signh* (h"I-0"I); % <vI'> t/b
else
vI1(I+1,tb)=0;
end
for J=0:N
if GalCol==
vIvJI(I+1,J+1,tb)=signh* (1/(I+J+1))* (h" (I+J+1)-0"(I+J+1)); % <vI,vd> t/b
vIvJt (I+1,J+1,tb)=signh* (h" (I+J)-0"(I+J)); $ vI.vJ t/-b
if I+3>0

vI1vJ (I+1,J+1,tb)=signh* (I/(I+J))* (h" (I+J)-0"(I+J));
vIvJl (I+1,J+1,tb)=signh* (J/(I+J))* (h" (I+J)-0"(I+J));
vIvJlt (I+1,J+1,tb)=signh*J* (h" (I+J-1)-0"(I+J-1));
else
vIlvJ(I+1,J+1,tb)=0;
vIvJl (I+1,J+1,tb)=0;
vIvJlt (I+1,J+1,tb)=0;
end
if I+J-1>0
vI1vJl (I+1,J+1,tb)=signh* ((I*J)/(I+J-1))* (h"(I+J-1)-0"(I+J-1));
else
vIlvJl (I+1,J+1,tb)=0;
end
else
if J==I
vIvJd (I+1,J+1,tb)=1;
elseif J==I+1
vIvJl (I+1,J+1,tb)=I+1;
vI1lvJ (I+1,J+1,tb)=-(I+1);
elseif J==I+2
vI1vJL(I+1,J+1,th)=-(I+1)*(I+2);
else
vIvJ(I+1,J+1,tb)=0;
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vIvJl (I+1,J+1,tb)=0;
vIlvJ (I+1,J+1,tb)=0;
vIlvJl (I+1,J+1,tb)=0;
vIvJt (I+1,J+1,tb)=0;
vIvJlt (I+1,J+1,tb)=0;

% Define material matrices

for tb=1:2
for j=1:4
for k=1:4
for a=1:3
for b=1:3
if j==4ssk==
if tb==
Mjk(j,k,a,b,tb)=-eSlYtop(a,b);
else
Mjk(j,k,a,b,tb)=-eSlY(a,b);
end
elseif j==
if tb==
Mjk(j,k,a,b,tb)=ElYtop(a,k,b);
else
Mjk(j,k,a,b,tb)=ElY(a, k,b);
end
elseif k==4
if tb==1
Mjk(j,k,a,b,tb)=ElYtop(b,a,j):
else
Mjk(j,k,a,b,tb)=E1Y(b,a,]j);
end
else
if tb==1
Mjk(j,k,a,b,tb)=cElYtop(a,j, k,b);
else
Mjk(j, k,a,b,tb)=cElY(a,j, k,b);
end
end
end
end
end
end
end

Tjk=Mjk; Tjk(4,:,:,:,:)=0;
Djk=Mjk; Djk(1:3,:,:,:,:)=0;
dTjk=eye (4,4); dTjk(4,4)=0;
dDjk=zeros (4,4); dDjk(4,4)=1;

% C coefficients

Cl=zeros (Neq,Neq,2,2,2);
Cbc=zeros (4,Neq,2,2,2);
CT3j0=zeros (4,Neq,2,2,2);
for tb=1:2
for I=0:N
for J=0:N
for j=1:4
for k=1:4
for a=1:2
for b=1:2
Cl(4*I+j,4*J+k,a,b,tb) = Mjk(j,k,a,b,tb)*vIvJ(I+l,J+1,tb);

%A coefficients -W

All=zeros (Neq,Neq, 2) ;
A21=zeros (Neq,Neq, 2) ;
Albc=zeros (4,Neq, 2) ;
A2bc=zeros (4,Neq, 2) ;
AT3j0l=zeros (4,Neq,2);
AT3j02=zeros (4,Neq, 2) ;

for tb=1:2
for I=0:N
for J=0:N
for j=1:4
for k=1:4
Albc(j,4*J+k,tb) = Tjk(j,k,3,3,tb)*vIltb(J+1,tb) + dDjk(j,k)*vItb(J+1,tb);
A2bc(j,4*J+k,tb) = 0;
if T3jl==
signh=-(-1) "tb;
All(4*I+j,4*J+k,tb) = Mjk(j, k,3,3,tb)*vIlvJl(I+1,J+1,tb) - Djk(j,k,3,3,tb)*vIvJlt (I+1,J+1,tb) +
signh*Tjk(j, k,3,3,tb) *vIO (I+1)*vIO1l (J+1);
else
All(4*I+j,4*J+k,tb) = Mjk(j, k,3,3,tb)*vIlvJl(I+1,J+1,tb) - Mjk(j,k,3,3,tb)*vIvJlt(I+1,J+1,tb);
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end
A21(4*I+3,4*J+k,tb) = dTik(j, k) *vIvJ(I+1,J+1,tb);
if J==
AT3301(j,4*J+k,tb) = Tjk(j, k,3,3,tb);
end

% f coeficients

Fl=zeros (Neq, 2) ;
Fbc=zeros (4,2);
FT3j0=zeros (4,2);
TDtop=[Ttop3;Vtop];
TDbot=[Tbot3;Vbot];
TDtopbot=[TDtop, TDbot];
Ttop31=[Ttop3;0];
Tbot31=[Tbot3;0];
Ttopbot=[Ttop31l, -Tbot31];

for tb=1:2
for I=0:N
for j=1:4
Fbc (j, tb) =TDtopbot (j, tb) ;
if T3jl=
signh=-(-1) “tb;
F1(4*I+3j,tb)=signh*Ttopbot (j,tb)*vItb (I+1l,tb);
else
F1(4*I+j,tb)=0;
end
end
end
end

% O coefficients

Ol=zeros (Neq,Neq, 2,2) ;
Obc=zeros (4,Neq,2,2);
0T3j0=zeros (4,Neq,2,2);

for tb=1:2
for I=0:N
for J=0:N
for j=1:4
for k=1:4
for b=1:2
Obc (j,4*J+k,b,tb) = Tjk(j, k,3,b,thb) *vItb(J+1,tb);
if T3jl==
signh=-(-1) "tb;
01 (4*I+3j,4*J+k,b,tb) = -vIvJl(I+1,J+1,tb)*Mjk(j,k,b,3,tb) + vIlvJ(I+l,J+1,tb)*Mjk(j,k,3,b,tb)
- vIvJt(I+1,J+1,tb)*Djk(j,k,3,b,tb) + signh*Tjk(j,k,3,b,tb)*vIO(I+1)*vIO(J+1);
else
01 (4*I+3j,4*J+k,b,tb) = -vIvJl(I+1,J+1,tb)*Mjk(j,k,b,3,tb) + vIlvJ(I+l,J+1,tb)*Mjk(j,k,3,b,tb)
- vIvJt(I+1,J+1,tb)*Mjk(j, k,3,b,tb);
end
if J==
0T3j0(j,4*J+k,b,tb) = Tjk(j,k,3,b,tb);
end
end
end
end
end
end
end

s Boundary conditions

pg = pdeGeometryFromEdges (dl) ;
Ql=zeros (Neq,Neq, 2) ;

Qbc=zeros (4,Neq, 2) ;

Qled=zeros (Neq,Neq, 4,2) ;
Qbced=zeros (4,Neq, 4, 2) ;
QT3j0ed=zeros (4,Neq, 4,2);

na(l,:)=[0,1,0,-11;
na(2,:)=[1,0,-1,0];

for tb=1:2
for ed=1:4;
for I=0:N
for J=0:N
for j=1:4
for k=1:4
Q1 (4*I+j,4*J+k,tb) = 0;
for b=1:2
Qbc (j,4*J+k,tb) = 0;
Q1 (4*I+j,4*J+k,tb) = Q1 (4*I+j,4*J+k,tb) + na(b,ed)* (Mjk(j,k,b,3,tb)*vIvJl(I+1l,J+1,tb));
end
Qbced (j,4*J+k,ed, tb) = Qbc(j,4*J+k,tb);
Qled (4*I+j,4*J+k,ed, tb) = Q1 (4*I+j,4*J+k,tb);
end
end
end
end
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$Material matrices (top + bot

if ZContlInt==
C=2Cl(:,:,:,:,1) + CL(z,:,:,:,2);
Al = Al11(:,:,1) + All(:,:,2);
A2 = A21(:,:,1) + A21(:,:,2);
F=Fl(:,1) + F1(:,2);
O =01(:,:,:,1) + 01(:,:,:,2);
Qed = Qled(:,:,:,1) + Qled(:,:,:,2);

for I=0:N
ind=1.5-0.5%(-1)"I;
C(4*I+(1:4),:,:
Al (4*I+(1:4),:) = AL1(4*I+(1:4),:,1ind);

A2 (4*I+(1:4),:) = A21(4*I+(1:4),:,1ind);
F(4*I+(1:4),1) = F1(4*I+(1:4),ind);
O(4*I+(1:4),:,:) = Ol (4*I+(1:4),:,:,ind);
Qed (4*I+(1:4),:,:) = Qled(4*I+(1:4),:,:,ind);
end
else

C=zeros (2*Neq, 2*Neq, 2,2) ;
C(l:Neqg,1l:Neq,:,:) = Cl(:,:,:,:,1);
C(Neg+l:2*Neq,1:4,:,:) = Cl(:,1:4,:,:,2);

C(Neg+l:2*Neq,Neg+5:2*Neq, :,:) = Cl(:,5:end,:,:,2);

C(:,Neqg+l:Neqg+4,:,:) = [];
Al=zeros (2*Neq, 2*Neq) ;

Al (1l:Neq,1l:Neq) = All(:,:,1)
Al (Neg+l:2*Neq,1:4) = All(:,
Al (Neg+1l:2*Neq, Neg+5:2*Neq)
Al (:,Neg+l:Neq+4) = [];
A2=zeros (2*Neq, 2*Neq) ;

A2 (1l:Neq,1l:Neq) = A21(:,:,1);

A2 (Neqg+l:2*Neq,1:4) = A21(:,1:4,2);

A2 (Neg+1l:2*Neq,Neq+5:2*Neq) = A21(:,5:end,2);
A2 (:,Negtl:Neg+t4) = [];

O=zeros (2*Neq, 2*Neq, 2) ;

O(l:Neq,1:Neq,:) = Ol(:,:,:,1);

O (Neg+l:2*Neq,1:4,:) = O1(:, ’
O (Neg+1l:2*Neq,Neqg+5:2*Neq, :) = 01(:,5:end,:,2);
O(:,Neg+l:Neqg+4,:) = [];

Qed=zeros (2*Neq, 2*Neq, 4) ;

Qed(1:Neq,1:Neq,:) = Qled(:,:,:,1);

Qed (Neg+1:2*Neq,1:4,:) = Qled(:,1:4,:,2);

=

:4,2);
11(:,5:end,2);

Qed (Neg+1:2*Neq,Neg+5:2*Neq, :) = Qled(:,5:end,:,2);

Qed(:,Neg+l:Neg+4,:) = [];

F=zeros (2*Neq, 1) ;

F(l:Neq,1) = F1(:,1);

F(Neg+l:2*Neq,1) = F1(:,2);
end

$Substitute top/bot boundary conditions

if Ttopbotegs==
J=1;
else
J=4;
end
if ZContInt~=2
for I=0:N
if I==I1
C(4*T+J:4*I+44,:,:
Al (4*T+J:4%T+4,:) = Albc(J:4,:,1);
A2 (4*I+J:4*%I+4,:) = A2bc(J:4,:,1);
F(4*I+J:4*%I+4) = Fbc(J:4,1);
O(4*I+J:4*I+4,:,:) = Obc(J:4,:,:,1);

Qed (4*I+J:4*I+4,:,:) = Qbced(J:4,:,:,1);

elseif I==I2

C(4*I+J:4*I+4,:,:,:) = Cbc(J:4,:,:,:,2);

Al (4*I+J:4*1+4, = Albc(J:4,:,2);
A2 (4%T+J:4%T+4, = A2bc (J:4,:,2);
F(4*I+J:4*%I+4) = Fbc(J:4,2);
O(4*I+J:4*I+4,:,:) = Obc(J:4,:,:,2);
Qed (4*I+J:4*1+4, :
end
end
else

)
:)

(Neg-4+J:Neq, 1:Neq,:,:) = Cbc(J:4,:,:,:,1);
(2*Neg-4+J:2*Neq,1:4,:,:) = Cbc(J:4,1:4
(2*Neg-4+J:2*Neq,Neg+1:2*Neqg-4,:,:) =

Al (Neg-4+J:Neq, 1:Neq) = Albc(J:4,:,1);
2*Neq-4+J:2*Neq,1:4) = Albc(J:4,1:4,2);

C
C
C

2*Neq-4+J:2*Neq,Neg+1:2*Neq-4) = Albc(J:4,5:end,2);

Al (

Al (

A2 (Neg-4+J:Neq, 1:Neq) = A2bc(J:4,:,1);

A2 (2*Neq-4+J:2*Neq, 1:4) = A2bc(J:4,1:4,2);

A2 (2*Neq-4+J:2*Neq,Neg+l:2*Neqg-4) = A2bc(J:4,5:end,2);

F(Neg-4+J:Neq,1) = Fbc(J:4,1);
F(2*Neg-4+J:2*Neq,1) = Fbc(J:4,2);

O (Neg-4+J:Neq,1:Neq,:) = Obc(J:4,:,:,1);

O (2*Neg-4+J:2*Neq,1:4,:) = Obc(J:4,1:4,:,2);

O (2*Neg-4+J:2*Neq, Neqg+1:2*Neq-4,:) = Obc(J:4,5:end, :,2);

Qed (Neg-4+J:Neq, 1:Neq, :) = Qbced(J:4,:,:,1);

Qed (2*Neg-4+J:2*Neq,1:4,:) = Qbced(J:4,1:4,:,2);
) = Qbced(J:4,5:end,:,2);

Qed (2*Neg-4+J:2*Neq, Neg+1:2*Neqg-4, :

1) = CL(4*I+(1:4),:,:,:,ind);

:) = Cbc(J:4,:,:,:,1);

) = Qbced(J:4,:,:,2);

riris2);
Cbc(J:4,5:end, :,:,2);
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% -1 Line
C(Neg-3-4:Neg-4,:,:,:) = C(Neg-3-4:Neg-4,:,:,:) + C(2*Neq-3-4:2*Neqg-4,:,:,:);
C(2*Neg-3-4:2*Neqg-4,:,:,:) = [];
Al (Neg-3-4:Neg-4,:,:,:) = Al (Neq-3-4:Neqg-4,:) + Al (2*Neqg-3-4:2*Neqg-4,:);
Al (2*Neq-3-4:2*Neq-4,:,:,:) = [];
A2 (Neqg-3-4:Neq-4,:,:,:) A2 (Neg-3-4:Neq-4,:) + A2(2*Neqg-3-4:2*Neqg-4,:);
A2 (2*Neg-3-4:2*Neqg-4,:,:,:) = [];
F(Neg-3-4:Neg-4,1) = F(Neg-3-4:Neg-4,1) + F(2*Neg-3-4:2*Neqg-4,1);
F(2*Neqg-3-4:2*Neg-4) = [];
O (Neg-3-4:Neg-4,:,:) = O(Neg-3-4:Neg-4,:,:) + O(2*Neg-3-4:2*Neqg-4,:,:);
O (2*Neq-3-4:2*Neqg-4,:,:) = [];
Qed (Neg-3-4:Neqg-4,:,:) = Qed(Neg-3-4:Neqg-4,:,:) + Qed(2*Neq-3-4:2*Neq-4,:,:);
Qed (2*Neg-3-4:2*Neqg-4,:,:) = [];
end

% Impose T3j (0+)=T3j(0-)

if T3jOtopbot==1;

if ZContInt~=2
NN=0:N;
NN ([I1+1 I2+1])=[];
I=max (NN) ;
C(4*I+1:4*I+3,:,:,:) = CT330(1:3,:,:,:,1) - CT330(1:3,:,:,:,2);
Al (4*I+1:4*I+3,:) AT3301(1:3,:,1) - AT3j01(1:3,:,2);
A2 (4*TI+1:4*%I+3,:) = AT3302(1:3,:,1) - AT3j02(1:3,:,2);
F(4*I+1:4*I+3) = FT33j0(1:3,1) - FT3j0(1:3,2);
O(4*I+1:4*I+43,:,:) = 0T3j0(1:3,:,:,1) - OT33j0(1:3,:,:,2);

Qed (4*I+1:4*%I+3,:,:) = QT3j0ed(1:3,:,:,1) - QT3j0ed(1:3,:,:,2);
else
C(Neg-3-4:Neg-5,1:4,:,:) = CT3j0(1:3,1:4,:,:,1) - CT3j0(1:3,1:4,:,:,2);
C(Neq-3-4:Neg-5,5:Neq, :,:) = CT3j0(1:3,5:end,:,:,1);
C(Neg-3-4:Neg-5,Neg+l:end,:,:) = - CT3j0(1:3,5:end,:,:,2);
Al (Neg-3-4:Neg-5,1:4,:,:) = AT3j01(1:3,1:4,1) - AT3j01(1:3,1:4,2);
Al (Neg-3-4:Neqg-5,5:Neq, :,:) = AT3j01(1:3,5:end,1);
Al (Neg-3-4:Neg-5,Neg+l:end,:,:) = - AT3j01(1:3,5:end,2);
A2 (Neg-3-4:Neg-5,1:4,:,:) = AT3j02(1:3,1:4,1) - AT3j02(1:3,1:4,2);
A2 (Neg-3-4:Neqg-5,5:Neq, :,:) = AT3j02(1:3,5:end,1);
A2 (Neg-3-4:Neqg-5,Neg+l:end, ) = - AT3j02(1:3,5:end,2);
F (Neg-3-4:Neg-5,1) = FT3j0(1:3,1) - FT3j0(1:3,2);
O (Neq-3-4:Neg-5,1:4,:) = 0T3j0(1:3,1:4,:,1) - OT3j0(1:3,1:4,:,2);
O (Neg-3-4:Neg-5,5:Neq, :) = OT3j0(1:3,5:end,:,1);
O (Neg-3-4:Neg-5,Neg+l:end,:) = - OT3j0(1:3,5:end,:,2);
Qed (Neqg-3-4:Neq-5,1:4,:) = QT3j0ed(1:3,1:4,:,1) - QT3j0ed(1:3,1:4,:,2);
Qed (Neg-3-4:Neqg-5,5:Neq, :) = QT3j0ed(1l:3,5:end,:,1);
Qed (Neg-3-4:Neg-5,Neg+l:end, :) = - QT3j0ed(1:3,5:end,:,2);
end

end

% Linear potential (simplification)

NJ=0;
if LinPot==
if ZContInt~=2
Uo = zeros(Neq,1);
Uo(4,1) = (Vtop+Vbot)/2;
Uo(8,1) = (Vtop-Vbot)/H1;
Neg = 3*(N+1);
else
Uo = zeros(size(C,1),1);
Uo(4,1) = (Vtop+Vbot)/2;
Uo(8,1) = (Vtop-Vbot)/H1;
Uo (Neg+4,1) = (Vtop-Vbot)/HL;
end

F = F - Al*Uo;
C(4:4:end,:,:,:) = [1;

(
C(:,4:4:end,:,:) = [1;
Al(4:4:end,:) = [];
Al(:,4:4:end) = [];
A2(4:4:end,:) = [];
A2(:,4:4:end) = [];

(

O(4:4:end,:,:) = [1;
O(:,4:4:end,:) =
Qed(4:4:end, :,:) = [1;
Qed(:,4:4:end, :)
F(4:4:end) = [I;
elseif LinPot=
if ZContInt~=2
NI=4:4:Negqg;
NI([I1+1,I2+1])=[];
NJ=4:4:Neq;
NJ(1:2)=[];

Qed(:,NJ, :)=[];

F(NI)=[];
else
C(Neg-4,:,:,:) = zeros(l,size(C,2),2,2);
Al (Neg-4,:) = zeros(l,size(C,2));
Al (Neg-4,8) = 1;
Al (Neg-4,Neg+4) = -1;
A2 (Neg-4,:) = zeros(l,size(C,2));
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C(Neg-4,:,:) = zeros(l,size(C,2),2);
Qed (Neg-4,:,:) = zeros(l,size(C,2),4);
F (Neg-4)=0;
NI=4:4:size(C,1);
NI ([Neqg/4 Neq/4-1 Neq/2-11)=[];
NJ=4:4:size(C,1);
NJ([1 2 Neq/4+11)=I[1;
C(NI,:,:,:)=[];
C(:,NJ, )y=[1;
ALl(NI,:)=[];
Al(:,NJ)=[];
A2/(NI,:)=[1;
A2 (:,NJ)=[];
O(NI,:,: [l
O(:,NJ,:)=[];
Qed (NI, :,:)=[];
Qed(:,NJ,:)=[1;
F(NI)=[];
end
end

’

% Material matrices - line form

Neg=size (C,1);
I1=0;
c=zeros ((Neg”"2)*4,1);
for I=1:Neq
for J=1:Neq

for a=1:2
for b=1:2
II=II+1;
c(II,:) = C(J,I,b,a); %C(3,1,1,k);
end
end
end
end
al=Al(:);
az2=RA2(:);

a2=repmat (a2, 1,nt);
f=F;

II=0;
o=zeros ( (Neg"2)*2,nt) ;
for I=1:Neqg

for J=1:Neq

for b=1:2
II=II+1;
o(IL,:) = 0(J,I,b); 50(3,1,k);
end
end
end
for ed=1:4;

q = Qed(:,:,ed);

bc (ed) = pdeBoundaryConditions (pg.Edges(ed),'q',q);
end
problem = pde (Neq) ;
problem.BoundaryConditions = bc;

$Assemble coefficients/boundary FEM matrices

[K,M1l,F]=assema(p, t,c,al, f);
[Q,G,H,R]=assemb (problem,p,e) ;

$Assemble M2 matrix

m=1;
M2=sparse (Neq*np,Neg*np) ;
for 1=1:Neq,
for k=1:Neq,
aod=a2(m, :).*Area/12; % Off diagonal element
ad=2*aod; % Diagonal element

M21l=sparse(itl,it2,aod, np,np);
M21=M21l+sparse (it2,1it3,aod,np,np) ;
M21=M21+sparse (it3,1itl,aod,np,np);
M21=M21+M21."';

M21=M21l+sparse (itl,itl, ad,np,np);
M21=M21+sparse (it2,1it2,ad,np,np);
M21=M21+sparse (it3,1it3,ad,np,np);

[ii,3], kmm]=£find (M21) ;
M2=M2+sparse (ii+ (k-1) *np, jj+ (1-1) *np, kmm, Neg*np, Neg*np) ;
m=m+1;
end
end

$Assemble O matrix

Ar=((p(1l,it2)-p(1,itl)).*(p(2,1it3)-p(2,itl))-(p(2,1it2)-p(2,itl)).*(p(1,it3)-p(1,itl)))/2;

Glx=glx.*sign (Ar);
G2x=g2x.*sign (Ar);
G3x=g3x.*sign (Ar) ;
Gly=gly.*sign (Ar);
G2y=g2y.*sign(Ar);
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G3y=g3y.*sign(Ar);

m=1;
O=sparse (Neg*np, Neg*np) ;
for 1=1:Neq,

for k=1:Neq,

ool=o(m,:);
oo2=o (m+1,:);

012=((00l.*G2x+002.*G2y) .*Area/3) ;
021=((00l.*Glx+002.*Gly) .*Area/3);
013=((00l.*G3x+002.*G3y) .*Area/3);
031=021;
023=013;
032=012;
oll=021;
022=012;
033=013;

Ol=sparse(itl,it2,012,np,np);

0l=0Ol+sparse (it2,1it3,023,np,np);
0l=0Ol+sparse (it3,itl,031,np,np);
0l=0Ol+sparse (it2,itl,021,np,np);
0l=0Ol+sparse (it3,1it2,032,np,np);
0l1=0Ol+sparse(itl,it3,013,np,np);
0l1=0Ol+sparse(itl,itl,o0ll,np,np);
0l=0Ol+sparse (it2,1it2,022,np,np);
01=0Ol+sparse (it3,1it3,033,np,np) ;

[ii,3], koo]l=£find (01);
O=O+sparse (ii+(k-1) *np, jj+(1-1) *np, koo, Neg*np, Neg*np) ;
m=m+2;

% Parallel Computing

NumWorkers=1;

if Parallel==
distcomp.feature( 'LocalUseMpiexec', false )
pool = gcp
NumWorkers=pool.NumWorkers;

spmd (NumWorkers)
assignin('base', 'K',K);

assignin('base', 'M1',M1);

assignin('base', 'M2',M2);

assignin('base', 'F',F);

assignin('base', '0',0);

assignin('base', 'Q',Q);
assignin('base', 'G',G);
assignin('base', 'H',H);
assignin('base', 'R',R);
assignin('base', 'N',N);
assignin('base', 'p',p);
assignin('base', 't',t);
assignin('base', 'H1',6Hl);
assignin('base', 'Djk',Djk);
assignin('base', 'vI',vI);
assignin('base', 'vI1',vIl);
assignin('base', 'Area',Area);
assignin('base', 'Vtop',Vtop);
assignin('base', 'Vbot',Vbot);
assignin('base', 'LinPot',LinPot);
assignin('base', 'ZContInt',6ZContInt);
assignin('base', 'NJ',NJ);

end
end

Nwork=floor (length (Freq) /NumWorkers) ;

Z=zeros (0,5) ;

nI=0;

hwb=waitbar (0, 'waitbar', 'position', [375 100 270 50]);
figure

for III=1:Nwork
tic
for II=1:NumWorkers

nI=NumWorkers* (III-1)+II;

W=Freq (nl)*2*pi;
WW{IL}v=W;
Wcoef {II}=(-P* (W"2)+1i* (Damp + Dampv*W + Dampv2* (W"2) + Dampv3* (W"3)));

end
% PDE problem

if Parallel==1
if nI==NumWorkers*Nwork;
spmd (NumWorkers)
[Z1,u]l=assempde2 (WW{labindex},Wcoef{labindex}) ;
end
else
spmd (NumWorkers)
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Zl=assempde?2 (WW{labindex}, Wcoef{labindex}) ;
end
end
else
if nI==NumWorkers*Nwork;
[21[234], u[234]] =assempde? (Wi {labindex},Wcoef{labindex}) ;
else
71[234]=assempde2 (WW{labindex},Wcoef{labindex}) ;
end
end

%$Results

for j=1:NumWorkers
Z2=[2;21{3}1;

end

plot(z(:,1),2(:,5),".-");

xlabel ('f (Hz)')

ylabel ("|Y|/£ (S/Hz)")

drawnow

toc;

TimeRemaining=datestr ((Nwork-III)*toc/(3600*24), 'DD:HH:MM:SS')

waitbar (III/Nwork, hwb, TimeRemaining) ;
end
close (hwb)

$Countour plots
if Parallel==

Neg = 4* (N+1);
ztop=linspace (0,hl,50) ;
zbot=linspace (h2,0,50);
u=u{NumWorkers};
uOxl=u(l:np,1);
ulyl=u((np+l) :2*np,1);
ul0zl=u((2*np+1l) :3*np,1);
o0=u((3*np+l) :4*np,1);
utopxl=zeros (np,1l); utopyl=zeros(np,1l); utopzl=zeros(np,1l); otop=zeros(np,1l); ubotxl=zeros(np,1l); ubotyl=zeros(np,1);
ubotzl=zeros (np,1l); obot=zeros(np,1);
oztop=zeros (1, length(ztop));
ozbot=zeros (1, length (zbot));
if ZContInt~=2
utop = u;
ubot = u;
else
utop = u(l:Neg*np,:);
ubot = u([l:np*4 Neg*np+l: (2*Neg-4) *npl, :);
end

for I=0:N
nCol=4*np*I;
utopxl = utopxl + utop(nCol+l:nCol+np,1l)*vItb(I+1,1);
utopyl = utopyl + utop(nCol+l+np:nCol+2*np,1)*vItb(I+1,1);
utopzl = utopzl + utop(nCol+l+2*np:nCol+3*np,1)*vItb(I+1,1);
otop = otop + utop(nCol+1+3*np:nCol+4*np,1)*vItb(I+1,1);
ubotxl = ubotxl + ubot (nCol+l:nCol+np,1)*vItb(I+1,2);
ubotyl = ubotyl + ubot (nCol+l+np:nCol+2*np,1)*vItb(I+1,2);
ubotzl = ubotzl + ubot (nCol+l+2*np:nCol+3*np,1)*vItb(I+1,2);
obot = obot + ubot (nCol+l+3*np:nCol+4*np,1)*vItb(I+1,2);

oztop = oztop + ((pdeintrp(p,t,utop(nCol+l+3*np:nCol+4*np,1))*Area')/sum(Area))* (ztop."I);
% (Int(o)dA) (z)
ozbot = ozbot + ((pdeintrp (p,t,ubot (nCol+l+3*np:nCol+4*np,1))*Area')/sum(Area))* (zbot." I);
end

p0=[u0x1;u0yl;u0zl;utopxl;utopyl;utopzl;ubotxl;ubotyl;ubotzl];
[pOm, p0i]=max (abs (p0)) ;
theuRef=conj (p0 (p0i)) /abs (p0 (p0i)

% theuRef=1 %u Real part
theuRef=-11i %u Imag part
cthb=3;

u0x=ulxl*theuRef; uly=ulyl*theuRef; ulOz=ulOzl*theuRef; utopx=utopxl*theuRef; utopy=utopyl*theuRef;
utopz=utopzl*theuRef; ubotx=ubotxl*theuRef; uboty=ubotyl*theuRef; ubotz=ubotzl*theuRef;

pOmax=max ([abs (max (real (utopz))) abs(min(real (ubotz))) abs (max(real (utopx))) abs (max(real (ubotx))) abs(max(real (u0x)))
abs (max (real (utopy))) abs (max(real (uboty))) abs(max(real(uly)))]);

pmax=ctb*H1/pOmax;

y0x=p (1, :) +pmax*real (ulx)';
y0y=p (2, :) +tpmax*real (uly) ';
yO0z=pmax*real (ulz) ';

ytopx=p (1, :)+pmax*real (utopx)';
ytopy=p (2, :) +tpmax*real (utopy) ';
ytopz=hl+pmax*real (utopz)';
ybotx=p (1, :)+pmax*real (ubotx)';
yboty=p (2, :)+pmax*real (uboty) ';
ybotz=h2+pmax*real (ubotz) ';

figure

plot ([zbot ztop], [ozbot oztop], [zbot ztop], (Vtop-Vbot) * ([zbot ztop]/HLl)+ (Vtop+Vbot) /2)
title('\phi vs z'")

xlabel('z (m)")

ylabel ('\phi (V) ")

figure

pdeplot (p,e, t, "xydata',sqrt (real (ulx) .”2+real (uly) .”2), 'colormap', 'jet', 'contour', 'on', 'flowdata', [real (u0x)
real (uly)])

axis equal
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axis off

title ('ux/uy Middle')

figure

pdeplot ([y0x;yO0y]l,e, t, "xydata', sqrt (real (u0x) .”2+real (uly) .”2), 'colormap', "jet', 'contour', 'on', "flowdata', [real (ulx)
real (uly)])

axis equal

axis off

title ('ux/uy Middle')

figure

pdeplot (p,e, t, 'xydata',real (u0z), 'colormap', 'jet', 'contour',

axis equal

axis off

title('uz Middle'")

on')

figure ('position', [10 50 1350 635])

subplot (1,3,1)

pdeplot (p,e,t, 'xydata', real (obot), 'colormap', 'jet', 'contour"', 'on')
axis equal

axis off

title('Bottom")

subplot (1,3,2)

pdeplot (p,e, t, 'xydata', real (o0), 'colormap', "jet', 'contour', 'on'")
axis equal

axis off

title('Middle")

subplot (1,3, 3)

pdeplot (p,e,t, 'xydata', real (otop), 'colormap', 'jet', 'contour', 'on')
axis equal

axis off

title('Top")

MyBox2 = uicontrol('style', 'text');

set (MyBox2, 'String','V'");

set (MyBox2, 'Position', [50,300,50,50])

set (MyBox2, 'FontSize',15)

cminxy=min ([min (sqrt (real (ubotx) .”2+real (uboty) .”2)) min(sgrt(real (utopx).”2+real (utopy) .”"2))
min (sgrt (real (u0x) ."2+real (uly) .”2))1);

cminz=min ([min(real (utopz)) min(real (ubotz)) min(real(u0z))]);

cmaxxy=max ([max (sqrt (real (ubotx) .”2+real (uboty) .”2)) max(sgrt(real (utopx) .”2+real (utopy) ."2))
max (sqrt (real (u0x) .”2+real (uly) .”2))1);

cmaxz=max ([max (real (utopz)) max (real (ubotz)) max(real(ulz))]);

cmax=max ( [cmaxxy-cminxy cmaxz-cminz]);

figure('position', [10 50 1350 635])

subplot (2,3,1)

pdeplot ([ybotx;yboty]l,e, t, 'xydata', sqrt (real (ubotx) .”2+real (uboty) ."2), 'colormap', 'jet', 'contour', 'on', 'flowdata’', [real (ub
otx) real (uboty)])

% caxis ([cminxy cminxy+cmax])

axis equal

axis off

title ('Bottom")

subplot (2,3,2)

pdeplot ([yOx;yOyl,e, t, 'xydata',sqrt (real (u0x) .”2+real (uly) .”2), 'colormap', 'jet', 'contour', 'on', 'flowdata', [real (u0x)
real (uly)])

% caxis([cminxy cminxy+cmax])

axis equal

axis off

title('Middle")

subplot (2,3, 3)

pdeplot ([ytopx;ytopyl,e, t, 'xydata', sqrt (real (utopx) .”2+real (utopy) ."2), 'colormap', 'jet', 'contour', 'on', 'flowdata"', [real (ut
opx) real (utopy)])
% caxis([cminxy cminxy+cmax])
axis equal
axis off
title('Top")
subplot (2, 3,4)
pdeplot ([ybotx;yboty],e, t, 'xydata', real (ubotz), 'colormap', 'jet"', 'contour', 'on'")
% caxis([cminz cminz+cmax])
axis equal
axis off
subplot (2, 3,5)
pdeplot ([yOx;yO0y]l,e, t, 'xydata',real (ulz), 'colormap', 'jet', 'contour', 'on")
% caxis([cminz cminz+cmax])
axis equal
axis off
subplot (2,3,6)
pdeplot ([ytopx;ytopyl,e, t, 'xydata', real (utopz), 'colormap', 'jet', 'contour', 'on")
% caxis([cminz cminz+cmax])
axis equal
axis off
MyBox = uicontrol('style', 'text');
set (MyBox, 'String', "ux/uy');
set (MyBox, 'Position', [50,450,50,50])
set (MyBox, 'FontSize',15)
MyBoxl = uicontrol ('style', 'text');
set (MyBox1, 'String', 'uz');
set (MyBox1, 'Position', [50,150,50,50])
set (MyBox1, 'FontSize',15)

figure

hold on

for j=1:nt
Xy (1,1)=ytopx (1,t(1,3)); Xy(l,2)=ytopx(1,t(2,3)); Xy(2,2)=ytopx(1,t(3,])); Xy(2,1)=Xy(1,1);
Yy (1,1)=ytopy(1,t(1,3)); Yy(l,2)=ytopy(1l,t(2,3)); Yy(2,2)=ytopy(1,t(3,3)); Yy(2,1)=Yy(l,1);
2y (1,1)=ytopz (1,t(1,3)); 2y(1l,2)=ytopz(l,t(2,3)); 2y(2,2)=ytopz(1,t(3,3)); 2y(2,1)=2y(1,1);
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Cl=sqrt (real (utopx (t(1,3))) ."2+real (utopy (t(1,3))) . 2+real (utopz (£t(1,3)))."2);
C2=sqrt (real (utopx (£ (2,7))) . 2+real (utopy (t(2,3))) . 2+real (utopz (£ (2,3))) ."2);
C3=sqrt (real (utopx (t(3,3))) . "2+real (utopy (t(3,3))) . 2+real (utopz (£ (3,3))) ."2);
surf (Xy,Yy, 2y, [C1 C2;C1l C3])
Xyl(1l,1)=ybotx(1l,t(1,3)); Xyl(l,2)=ybotx(1l,t(2,3)); Xyl(2,2)=ybotx(1l,t(3,3)); Xyl(2,1)=Xyl(1,1);
Yyl(1l,1)=yboty(1l,t(1,3)); Yyl(l,2)=yboty(1,t(2,3)); Yyl(2,2)=yboty(1l,t(3,3)); Yyl(2,1)=Yyl(1l,1);
Zyl(1,1)=ybotz(1,t(1,3)); Zyl(l,2)=ybotz(1,t(2,3)); Zyl(2,2)=ybotz(1,t(3,3)); Zyl(2,1)=2yl(1,1);
Cl=sqrt (real (ubotx (t(1,3))) ."2+real (uboty (t(1,3))) . 2+real (ubotz (t(1,3)))."2);
C2=sqrt (real (ubotx (t(2,3))) ."2+real (uboty (t(2,3))) . 2+real (ubotz (£ (2,3))) ."2);
C3=sqrt (real (ubotx (£ (3,7))) ."2+real (uboty (t(3,3))) . 2+real (ubotz (£ (3,3))) ."2);
surf (Xyl,Yyl,Zyl, [C1 C2;Cl C3])
end
edge=0;
for j=1l:length (e)
Xy (1,1)=ytopx(1l,e(1,3)); Xy(l,2)=ytopx(l,e(2,3)); Xy(2,2)=y0x(1,e(2,3)); Xy(2,1)=y0x(1,e(1,3));
Yy(1l,1)=ytopy(l,e(1,3)); Yy(l,2)=ytopy(l,e(2,3)); Yy(2,2)=y0y(l,e(2,3)); Yy(2,1)=yOy(1l,e(1,3));
zy(1,1)=ytopz(l,e(1,3)); 2y(l,2)=ytopz(l,e(2,3)); 2y(2,2)=y0z(1,e(2,3)); 2y(2,1)=y0z(l,e(1,3));
Cl=sqrt (real (utopx(e(1,3))) . "2+real (utopy(e(1,j))) . 2+real (utopz(e(1l,3)))."2);
C2=sqrt (real (utopx(e(2,3))) . "2+real (utopy(e(2,3))) . 2+real (utopz (e (2,3))) ."2);
C4=sqrt (real (u0x(e(1,3))) . 2+real (uly(e(l,3))) . 2+real (udz(e(l,3)))."2);
C3=sqgrt (real (u0x (e (2,3))) ."2+real (uly(e(2,3))) . 2+real (ulz(e(2,3)))."2);
surf (Xy,Yy, 2y, [C1 C2;C4 C3])
Xyl(1,1)=ybotx(l,e(1,3)); Xyl(l,2)=ybotx(l,e(2,3)); Xyl(2,2)=y0x(1,e(2,3)); Xyl(2,1)=y0x(1,e(1,3));
Yyl(l,1)=yboty(l,e(1,3)); Yyl(l,2)=yboty(l,e(2,3)); Yyl(2,2)=y0y(l,e(2,3)); Yyl(2,1)=y0y(l,e(1,3));
Zyl(1l,1)=ybotz(1l,e(1,3)); 2Zyl(l,2)=ybotz(l,e(2,3)); 2yl(2,2)=y0z(1l,e(2,3)); 2yl(2,1)=y0z(1l,e(1,3));
Cl=sqrt (real (ubotx (e (1,3))) ."2+real (uboty(e(1l,3))) . 2+real (ubotz (e(1l,3)))."2);
C2=sqrt (real (ubotx (e (2,3))) ."2+real (uboty(e(2,3))) . 2+real (ubotz (e (2,73))) .*2);
C4=sqrt (real (u0x(e(1l,3)))."2+real (uly(e(1l,3)))."2+real (ulz(e(1l,3)))."2);
C3=sqrt (real (u0x(e(2,73))) . 2+real (udy(e(2,3))) . "2+real (udz(e(2,3)))."2);
surf (Xyl,Yyl,Zyl, [C1 C2;C4 C3])
plot3(Xy(1,:),Yy(l,:),2y(1,:), k")
plot3(Xyl(1l,:),¥Yyl(1l,:),2yl(1l,:)," k")
if e(5,j)~=edge
edge=e(5,73);
plot3([Xy(1,1) Xyl(1,1)],[Yy(1,1) Yyl(1,1)],[2y(1,1) zyl(1,1)],"k")
end
end

colormap jet

view ([135,30])

axis equal

axis off

colorbar

shading interp

xlabel ('X'"); ylabel('Y'); zlabel('Z'");
material metal

function [Z,u]=assempde2 (W, Wcoef) ;

K=evalin('base', 'K');
Ml=evalin('base', 'M1');
M2=evalin ('base', 'M2'");
F=evalin('base', 'F');
O=evalin('base', '0');
Q=evalin('base', 'Q");
G=evalin('base', 'G');
H=evalin('base', 'H');
R=evalin('base', 'R");
N=evalin('base', 'N');
p=evalin('base', 'p');
t=evalin('base', 't');
Hl=evalin('base', 'H1'");
Djk=evalin('base', 'Djk'");
vI=evalin('base', 'vI');
vIl=evalin('base', 'vIl');
Area=evalin('base', 'Area');
Vtop=evalin('base', 'Vtop');
Vbot=evalin ('base', 'Vbot');
LinPot=evalin('base', 'LinPot"');
ZContInt=evalin('base', 'ZContInt'");
NJ=evalin('base', 'NJ'");

3 M Matrix
M = Ml + Wcoef*M2;

KK=K+M+Q+0;
FF=F+G;

u=KK\FF;

Neq = 4* (N+1); 3 Number of equations 4%* (N+1)
nt = size(t,2);
np = size(p,2);
% Linear potential (simplification)
if LinPot==

ul=u;

u=[];

Nl=size (ul, 1)/ (np*3);

for I=0:N1-1

if I==
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u=cat (l,u, [ul (3*I*np+1:3* (I+1) *np, 1) ;ones (np,1l)* (Vtop+Vbot) /2]);
elseif I==1

u=cat (1,u, [ul (3*I*np+1:3* (I+1) *np, 1) ;ones (np,1)* (Vtop-Vbot) /H1]) ;
elseif I==N+1

u=cat (1,u, [ul (3*I*np+1:3* (I+1) *np, 1) ;ones (np,1l)* (Vtop-Vbot) /H1]);

else
u=cat (1,u, [ul(3*I*np+1:3*(I+1)*np,1);zeros(np,1)]);
end
end
elseif LinPot==
ul=u;
u=[];
II=1;
III=1;
if ZContInt~=2
N1=Neq;
else
N1=2*Neqg-4;
end
for I=1:N1
if I==NJ(II)
u=cat (1,u,zeros(np,1));
II=II+1;
else
u=cat (l,u,ul ((III-1)*np+1:III*np,1));
III=III+1;
end
end

U=pdeintrp(p,t,u);
[dUx, dUy]=pdegrad (p, t,u);
if ZContInt~=2
Utop=U;
Ubot=U;
dUtop=[dUx; dUy];
dUbot=[dUx;dUy];
else
Utop=U(1l:Neq, :);
Ubot=U([1:4 Neqg+l:2*Neg-4],:);
dUtop=[dUx (1:Neq, :) ;dUy (1:Neq, :)1;
dUbot=[dUx ([1:4 Neg+l:2*Neqg-4],:);dUy([1:4 Neg+l:2*Neq-4],:)];
end
D3av=zeros (1l,nt);

for J=0:N
for k=1:4
D3avl=zeros(l,nt);
for a=1:2
D3avl=D3avl + (vI(J+1,1)*Djk(4,k,3,a,1))*dUtop(4*J+k+(a-1)*Neq,:) + (vI(J+1,2)*Djk(4,k,3,a,2))*dUbot (4*J+k+ (a-
1) *Neq, :) ;
end
D3av=D3av + (1/H1l)*(D3avl + (vI1(J+1,1)*Djk(4,%,3,3,1))*Utop(4*J+k,:) +
(vI1(J+1,2)*Djk(4,%,3,3,2))*Ubot (4*J+k,:));
end
end

Usumtop=sum ( (dUx+dUy) *Area') - (Vtop-Vbot) *sum (Area) ;

Charge3=D3av*Area';

Y=-1i*W* (Charge3) / (Vtop-Vbot) ;

Z=[W./(2*pi) real(Y) imag(Y) abs(Y) (abs(Y)*(2*pi))./W real (Usumtop) imag (Usumtop) abs (Usumtop)];
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