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The physics of magnetoelectric phenomena, on different scales, is discussed. At macro- and mesoscopic levels, the best performa
obtained by magnetostrictive-piezoelectric composites. Magnetoelectric coupling is obtained by means of an elastic link. The Carm
for magneto-elasto-electric interaction is presented. Recent experimental results are commented on. A mesoscopic analysis of sin
magnetoelectric materials is presented. Effective properties of single-crystals and textured polycrystals are mathematically charact
references to recent experimental reports are given. Some basic questions regarding the atomic-level physics of magnetoelectric m
are discussed. Quantum mechanical conditions for the co-existence of ferroelectric and ferromagnetic structures are investig:
approach of Spaldin and coworkers, and its computational implementation, are analyzed. The search for a critical size associated v
phenomena is described. Representative contributions are mentioned. Experimental work and computational modeling running
and UACh are described.

Keywords:Magnetoelectricity; multiferroic materials; nano-composites.

Se discute laifica de los feamenos megnetattricos a diferentes escalas. A niveles macro- y mégise los compsitos magnetoestrictive
piezoeéctrico exhiben hoy los mejores deseifipe El acoplamiento magnetéetrico se obtiene mediante umeulo ehstico. Se presente
el modelo de Carman para la interaotimagneto-elastottrica. Se comenta resultados experimentales representativos. Se exp
analisis mesosapico de materiales magnetéetricos mondisicos. Se dan referencias a desarrollos experimentales recientes. Se di
cuestiones fsicas de laisica de la magnetoelectricidad a nivédmico. Se investigan las condiciones mecananticas para la coexisten
cia de ferroelectricidad y ferromagnetismo. Se describditmbeda de un tarfia ciitico para la desaparizn de los efectos ferroicos. S
mencionan los trabajos experimentales y deputo desarrollados por CIMAV y la UACh en magnotoelectricidad.

Descriptores: Magnetoelectricidad; materiales multiferroicos; nanocosites.

PACS: 75.80.+q; 77.84.-s; 75.50.Dd

1. Introduction After some years of a relatively low level of activity
the ME effect has recently been revived, with some far
Technological applications demand sensitive, portableIieS of materials showing ME parameters of pragtical Intere
trustable and cheap magnetoelectric (ME) sensas, de- Present reports refer.mostlyto composn'e mater|als.[8'—10]
vices that convert magnetic field variations in electric sig-r(_aduced number of single-phase ceramics also exhibit the
nals and vice-versa. Suggested applications include multiples-Ired prqperty [_11’ 12]. . ,
state memory devices, magnetically-modulated capacitors, A_S will b_e d|§cussed below, the nanoscience boom [

as irreversibly invaded the magnetoelectricity field. Mc

electrically-excited magnetic actuators and magnetic fiel 2 o
valuable applications of magnetoelectricity are expec

Sensors. . ; . . X
from nano-multiferroic devices. The physical properties

There are two principal types of ME materials: magnetoelectric systems become much more surprising

magnetostrictive-piezoelectric composites and single-phasgtriguing on the nanometric scale.

crystals and polycrystals. The purpose of the present paper is to give a brief revi
Pierre Curie predicted magnetoelectricity in 1894 [1]. of selected tOpiCS in the field of magnetoelectricity on diffe

The first report on experimental observation of the ME effectent scales.

was published by Schmid [2] in 1966. The material investi- . .

gated was nickel-iodine loacite N3B,O;3l, a ferroelectric- 2. Magnetic COUp“ng

ferromagnetic. In 1972 Suchetelene [3], working for thep 1 principal and coupling properties

Philips Laboratories, developed the first magnetic field sensor

based on ME effect. The sensitive material was a compos/e briefly summarize the meso- and macroscopic charac

ite of CoFeQ-BaTiO;. This initial period registered other ization of reversible thermal, elastic, electric and magne

significant papers written in Japan [4, 5], Europe [6] and thenteractions. Both approach and notation follow the IEE

USA[7]. Standard on Piezoelectricity [14].
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TABLE |. Thermo-elasto-electro-magnetic properties.

Property Related magnitudes Tensor
Heat capacity”' Entropy (PO) / Temperature (P0) PO
Elasticity s Strain (P2) / Stress (P2) P4
Permitivity Displacement (P1) / Elec. Intensity (P1) P2
Permeabilityy Induction (A1) / Magn. Intensity (A1) P2
Dilatation« Strain (P2) / Temperature (P0) P2
Pyroelectricityp Elec. Intensity (P1) / Temperature (P0) P1
Pyromagnetisni Induction (A1) / Temperature (PO) Al
Piezoelectricityy Elect. Intensity (P1) / Stress (P2) P3
Piezomagnetisrh Induction (A1) / Stress (P2) A3
Magnetoelectricitymn Elec. Intensity (P1) / Magn. Intensity (Al) A2

erties according to the definitions given in Table |. The polar
(P) or axial (A) nature of representative tensors, as well as
their ranks (0< r < 4), are included in the Table.

Heat capacity, elasticity, permitivity and permeability re-
late quantities of the same subsystem and therefore describe
the so-calledgrincipal interactions. On the other hanthu-
pling properties relate magnitudes of a mixed nature. Mag-
netoelectricity characterizes the coupling between the electric
and magnetic subsystems in a given material.

To describe the considered interactions schematically, we
suggest the concentric tetrahedra in Fig. 1. “Effect” magni-
tudes lie in the inner spheres, and “cause” quantities in outer
ones. “Cause-effecttouplingrelations are represented by
discontinuous lines.

Continuous black lines denote “cause-cause” and “effect-
effect” links. Broad colored lines are associated with so-
called “principal” actions, relating quantities of the same
nature. Magnetoelectricity is represented by the two links
H—D, E—B and by the tensan;; = 9D;/0H; = 0B;/dE;.

A central aspect in the physics of coupling properties is
given by the implications of structural symmetry on these
properties. A basic idea, the Neumann’s Principle, plays a
primary role regarding this question:

Symmetry of effect is no-less than symmetry of cause.

In materials physics, properties are “effects”, while
“causes” are found in the microscopic structure (the distri-

Independent variables are selected according to the con(}?-uuon of matter, charge and electric cu_rrents)._ .
A couple of points need to be considered in the applica-

tions affecting the system being considered. To fix our ideast, N 's Princiole t toelectricity:
let us assume that the expegntal setup allows us to control ion of Neumann's Frinciple to magnetoelectricity.
temperature, stressT, electric field intensityg, and mag-
netic field intensityH. We take these quantities as indepen-
dent variables. Related dependent variables are, in this case,
entropyo, strainS, electric displacemerd, and magnetic
inductionB.

The behavior of a given material under the actions con-
sidered is generally described, using a linear approximation,
by relations of the typ®& = K-X, whereX (a tensor of rank)
represents a cause ahd(tensor of rank:), the correspond-
ing effect. Coefficientds (rankm + n) arematerial’s prop- b) A suitable symmetry concept for the investigation of

FIGURE 1. Schematic representation of constitutive relations for
equilibrium properties.

a) The peculiar behavior of magnetic quantities under
symmetry operationsB andH fields, in the Maxwell
equations, are related via cross product$ With the
polar vectorsE, J and the operato¥. Consequently,
they represent cases of axial- or pseudo-vectors. They
show the interesting property of remaining invariant
under the inversion of coordinates. The magnetoelec-
tric tensorm;; is a second-rank axial tensor.

Rev. Mex. 5. S53 (1) (2007) 2129
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the materials’ magnetic properties is that aflor-,
complete- or generalized symmetAycolor-symmetry  TagLE II. Electric and magnetic coupling effects crystallographi
group includes ordinary symmetry operations (de-point groups.

noted by the usual symmetry symbols [15]) and anti-

symmetry transformations (denoted by the addition of Point Group
a star *). Cryst.Syst. Int Sch type PRE PZE PRM PZM ME
Triclinic 1 C e + + + + +
Figure 2 shows the curious nature of magnetic symmetry 1 C ¢ + +
in the simple case of a hexagonal magnetized block and its ;o ¢jinic 2 G e + + o+ o+ 4
magneit field. The physical system would be, say, a cobalt
magnetic domain. Color symmetry is 6/fim*. The equato- m Co nene +  + 4 o
rial plane is a symmetry mirror for the magnetization current, 2im G + +
here playing the role of a “cause”. Magnetization fiMdand Orthorhombic 222 B e + + o+
magnetization current density are linked by the relationship 2mm G, nc-ne +  + + o+
Ju = VxM. Magnetic inductiorB, the “effect”, points up- mmm Dy, ¢ +
ward. The field pattern is typical of a magn(?t, w?th _Nortr_\ Tetragonal 4 G e + o+ . . 4
up and South down. According to Neumann’s Principle, if
we have a mirror plane for the current density, we must also -4 S ncne ooyt
find this symmetry for the magnetic field. Is the considered 4m Cyp cC + +
dipole field symmetric with respect to the equatorial plane? 422 Dy e + + o+
Yes, the magnetic way. This is precisely the meaning of the amm G, nc-ne +  + + o+
pseudo-vector conce.pt.. . 42m Dy ne-ne + .
The Neumann Principle leads to powerful analytlcgl tools 4immm Dy ¢ .
by means of the Theory of Irreducible Representations of
Trigonal 3 G e + + + + +
-3 S c + +
32 Ds e + + +
3m G, nc-ne + + + o+
-3m Dsg C +
Hexagonal 6 G e + o+ + + o+
-6 Cs, nc-ne + o+ o+
6/m GCs C + +
622 D e + + +
6mm G, nc-ne + + o+
-6m2 Dz, nc-ne + +
6/mmm Dy, cC +
Cubic 23 T e + + o+
m3 Th Cc +
432 O e +
-43m Ty nc-ne +
m3m O, ¢

Legend: Int: international notation; Sch: Schoenflies notation; e: en
tiomorphic; c: centric; nc-ne: non centric-non enantiomorphic. +: possik
PRE: pyroelectricity; PZE: piezoelectricity; PRM: pyromagnetism; PZI
piezomagnetism; ME: magnetoelectric effect.

Groups (rreps). This subject has been presented at diffe
ent levels of abstraction. Some representative contributi
are those given by Litvin [16—-18] Djeludev [19] and Now
FIGURE 2. Application of Neumann's Principle to a magnetic CK [20]- A bird's eye view of the irreps’ approach follows.

configuration. Centrosymmetric magnetized hexagon, magnetiza-  Consider properti, which fulfills Y = K. X. To establish

tion current distribution and magnetic field. Color-symmetry point WhetherK is necessarily null or not, the following procedur
group is 6/m 2*/m* 2*/m*. applies.

Rev. Mex. . S53 (1) (2007) 21-29
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FIGURE 3.  Longitudinal magnetoelectric module.  Ni-Cl
boracité®. Point group: mma2.

L. FUENTES, R. OLIVERA, M. GARCIA, AND M.E. FUENTES

1 a sub-set of piezo-susceptible ones. Electric spontaneous po-
larization is in conflict with the inversion symmetry, but spon-
taneous magnetization is not.

TheMaterials Physics Groupt CIMAV has prepared the
software packag@€AMZfor the graphical representation of
anisotropic crystal properties [21]. The so-called longitudi-
nal modules’ surfaces, derived from the properties of tensors,
are plotted. Figure 3 shows the longitudinal magnetoelec-
tric surface for a hypothetical crystal with mm2 point group.
Notice positive and negative values, according to the pecu-
liar way in wich magnetic magnitudes behave under mirror
symmetry.

2.2. Measurement of magnetoelectric response

The initial idea of measuring magnetoelectricity is simple:
placing a sample in a magnetic field produces a measurable
Determine the characters’ table and the irreps’ func-electric signal. But, parasitic signals and artifacts easily ap-
tional bases. pear. Magnetoelectricity is generally weak, and electromag-
netic induction in cables and sample holders is relatively
strong. Several measuring systems, with different capabil-
ities and precautions, have been reported. O’Dell [22] has
Clarify whether a linear relationship exists between ir-published a survey of techniques. Rivera, Schmid and col-
reps ofX andY. laborators have published systematic improvements of ME
. . . . . easuring methods. Their techniques give the possibility of
If this relatlonshl_p eX'SFS’ the_n the properFy ConSIderedr(;netermining several components of the linear ME tensor [23]
may be present in the investigated material. and also quadratic terms [24]. In an important paper [25],

Identify the sample’s color-symmetry point group.

In the previous table, identify which irreps are common
to X andY, according to the tensors’ characteristics.

Table Il resumes the pssible electric and magnetic couRivera clarifies the definitions, units and measurement tech-
pling effects in the 32 crystallographic point groups. In elec-niques of the ME effect. Present tendencies in the ME co-
tric as well as magnetic cases, pyro-susceptible materials agfficients’ determination include the use of dynamical meth-

FOWER AMFPLIFIE

AGILENT 6672A DC

;g HELMHOLTZ

COIL AE TECHERON 5050

e .89 HP34401A LINEAR AMPLIFIER
b= MULTIMETER
onoo 7

| &

SAMPLE

ELECTROMAGNET PC

LOCK IN AMPLIFIER

MODEL SRS30 SELY

DIFFERENTIAL

HALL CELL PROBE INPUT, FLOATING
EARTH

WALKER SCIENTIFIC INC
GAUSSMETER MG-3DP

FIGURE 4. System for the dynamic measurement of ME coefficients.

Rev. Mex. 5. S53 (1) (2007) 21-29
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TABLE Ill. Single-phase magnetoelectric multiferroics.

FAMILY FORMULA REFERENCES; COMMENTS
BiFeO; Rivera, Schmid [32]; & = 650 K, T¢ = 1100 K
BiMnOs3 Seshadri, Hill [33]; Tv = 100K, T¢ = 450 K
Perovskites TbMn©@ Kimuraetal.[34]; Thn = 41K, T¢ =27K
HoMnO; Lorenzet al. [35]
YMnOs3;, LaMnOs Van Ackenet al. [36]
BiFeO; - BaTiOs - Mahesh, Srinivas, Kumast al. [37]
- Bio.gsLao.o7FeQ Sosnowska, Przeniostd al. [38]
Olivines LiCoPQ Rivera, Kornev, Gentiét al.[39]
KNiPO4 Lujan, Rivera [40]; Tv = 25K
Ni3B7013l Schmid [2]
Boracites CgB-0,3Cl Kumar, Rivera, Yeet al. [41]
CrsB70,3Cl Riveraet al.
BisTisFeOis Ko, Bang, Shin [43]
Aurivillius LaBisTisFeOs James, Kumaet al. [44]
BisTisFe:01s Srinivas, Suryanarayare al. [45]
BisTisFeiOo4 Srinivas, Kim, Hong [46]
Magnetite FeO4 Chikazumi [47]
Cr203 Muto, Tanabeegt al. [48]
Eskolaite-Hematite (RECr1—4)203 Popov, Belov, Vorob'eet al. [49]
Ga-_.Fe;0s Popov, Zvezdin, Kadomtsew al.
RMnyOs5 lwata, Uga, Kohn [51], Koyata, Kohn [52], Koyata,

(R=Tm, Er, Yb, Y, Ho, Tb)

Other TQ(MOO4)3, Gdz(MOO4)3

R.CuO; (R = Gd, Sm, Nd)
FeAlOs

Nakamura, Iwatt al.[53], Ikeda, Kohn [54],
Kato et al. [55], Saito, Kohn [56]
Wiegelmann, Ponomariest al. [57]

Wiegelmann, Vitebsét al. [58]

Bouree, Baudour, Elbadraoei al. [59]

FIGURE 5. Magnetoelectric modules for

longitudinal
BisTisFeOi5. External surface: single crystal. Internal surface:
textured polycrystal (final texture due to polarization; initial condi-
tion: sharp fiber texture) [60].

ods [26], SQUID magnetometers [27] and high-intens
pulsed magnetic fields [28]. Figure 4 is a scheme of the [/
+ DC] system built at CIMAV [29], following the idea of Ku-
maret al[26].

2.3. Magnetoelectric single-phase crystals and textures

ME response has been found in a relatively small numbe
single-phase materials. Table Il shows a summary of rey
sentative findings. Some general tendencies are the foll
ing. a) as a rule, the effect is weaker than for composites,
b) observation of magnetoelectric coupling at room temp
ature is rare. Practically, it only occurs in BiFgORoom-
temperature results in other systems have not been repc
with reproducibility; c) the focus today is on perovskite sy
tems ABQ;, with A = Bi, Y, La, Th, Ho and B = Mn, Fe;
d) bismuth-layered perovskites, so-called Aurivillius phas
also represent an interesting line of research. Work on
family is expected to grow in the coming years.

Today, one hot point in single-phase multiferroics r
search is related to efforts to switch the orientation of m:

Rev. Mex. . S53 (1) (2007) 21-29
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netic domains by the application of an electric field and vice-a Terfenol-D/epoxy and PZT-5H [2-2] composite [69]. The
versa. The articles by Lottermorser [30] and Hur [31] repre-coupling was achieved mechanically by bonding the piezo-
sent initial achievements in this important topic. electric layer between two magnetostrictive layers. The max-
A brief comment on crystallographic texture: crystal ori- imum in magnetoelectric voltage coefficient was measured at
entation plays an important role in magnetoelectricity (bulka frequency of 8Hz and a bias magnetic field of 103kA/m.
matter and thin films). CIMAV software package SAMZ in- The magnetoelectric voltage coefficient was observed to be
cludes the calculation of the average properties for texturetiighly dependent upon the bias magnetic field.
polycrystals. As an illustration, Fig. 5 represents the mag- At present, an interesting tendency focuses on Terfenol-
netoelectric longitudinal modules of BiisFeO5 single-  D/piezoelectric polymer composites. These two materials
crystal and textured sample. represent the most intense magnetostrictive and piezoelectric
24. Magnetoelectric composites effects, respectively, known to date. According to the predic-
tion by Nanet al.[70], these composites will lead to “giant”
At present, as mentioned in the Introduction, themagnetoelectric phenomena. The first positive experimental
most efficient magnetoelectric transducers are based amsults on this subject have been reported [71].
magnetostrictive-piezoelectric composites. The magneto- o )
electric effect is obtained via an elastic link. In May 2005, a3. M agnetoelectricity on the nanometric scale
“Google” search in the Internet gave about 1000 reports on
magnetoelectric composites. Some representative works a

the following. As a starting reference regarding theoretical description of
A number of groups in India are dedicated to this topic. 9 9 9 P

Srinivas and collaborators [61] have characterized in detai'lvIE phenomena, we mention the work by Kornev and collab-

the PZT-CoFgO3 system. They have found an optimal pro- orators .[72]' They calc_ulate the Components of the magne-
. B . toelectric tensor for a single crystal of LiCoROThe basis
portion of components and proposed a “sum rule” for the pre;

- . . g for the quantum mechanical model is a “one ion” approxima-
diction of the electromechanical coupling coefficient. . . . - .
. . L tion. Using low-order perturbation theory, variations in the
An international group led by G. Srinivasan (Oakland L .
University) has given new breadth to the ferrite-PZT famil g-factor due to an electric field are calculated. Theoretical
Re ardiny cherr?ical composition, they have studied and oy.tljieSU|ts are acceptably close to experimental data.
9 9 P - (Ney P At present, the group of N. Spaldin (UC Santa Barbara)

mized the influence of Zn substitution in ferrites [62]. An- . o L . -
. is contributing significantly to our microscopic understand-
other work relates to the effect of electromechanical reso-

nance in magnetostrictive-piezoelectric bilayers [63]. Opti-mg of multiferroic events [73]. Focusing on perovskite struc-

o . . thres, the Spaldin model for magnetoelectric multiferroics
mization of sample preparation by means of hot pressing an .
may be summarized as follows.

theoretical work on coupling phenomena comprise the most . . . I
recent contribution of this group [64]. . Two different chgmlcal mechgnlsms for stabilizing the
distorted structures in ferroelectric oxides are well known.

Ryu et al. [65] have pUb"S.hEd an mter_estmg FVIEW Both are described as second-order Jahn-Teller effects in the
on ME composites. They confirm the practical advantageﬁterature

of composites with respect to single phase multiferroics.
Ryu and coworkers establish that magnetoelectric laminate A A
composites made with the giant magnetostrictive material, FLLFT LIS SIS EES
Terfenol-D, and relaxor-based piezocrystals are far superior ) !
to other contenders. The ME voltage coefficient they ob- -4588.7 |
tained was 5.9 V/cmQOe.

Computer-aided prediction of a composite’s ME charac-
teristics has been worked out by several authors. The works ~ 45888 |
by Sabina’s groups at the National Autonomous University =
of Mexico (UNAM) [66] and Carman at University of Cali-
fornia, Los Angeles(UCLA) [67] may be considered as rep-
resentative. General relations for the ME coupling coef-
ficients are given by the UCLA group [68]. An analyti- -4589 |
cal solution for the case of a two-dimensional beam expe-
riencing simultaneous field and mechanical loadings is sub- -
sequently provided. An equivalent theory is drawn for de- -4589.1 |
scribing the ability of ferroelectro-magnets to convert and
store input energy. Carman and collaborators highlight
the candidacy of ferroelectro-magnets for specific applica-
tions. On the experimental side, the UCLA group has ob-
tained a 1.2 V/cmOe magnetoelectric voltage coefficient inFIcurRE 6 Energy as function of Ti displacement in PbFiO

Atomic-level understanding of multiferroic crystals

-4588.9 |

Energy (R

-4589.2 -

AZ
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The first is the ligand-field hybridization of a transition and coupling parameters higher then those of bulk Bifze
metal cation by its surrounding anions. This is the origin ofYun [80] finds a similar polarization, but smaller magnetiz
the off-centre displacement of the small cation in the commortion. Eerenstein [81] argues Wang’s figures and states
perovskite ferroelectrics such as Bagi@nd Pb(Zr,Ti)Q. strains do not enhance properties in the way considerec
It was first identified theoretically in PbTiOand BaTiQ, Wang.
and was described as a Td-30 Zp hybridization. An im- Regarding structural characterization, a recent papel
portant point is that the small cation in the center of theQi [82] reports on a high-resolution x-ray diffraction an
cell (Ti**) shows a “d” condition. This favors ferroelec- transmission electron microscopy study of Bikafin films.
tricity, but obviously excludes ferromagnetism. Figure 6, Reciprocal space mapping revealed that Bif-élns (with a
obtained by cooperation with the Atonomous University ofthickness of about 200 nm) were almost fully relaxed and
Chihuahua (UACh), shows the way energy depends 6h Ti a rhombohedral structure. Cross-sectional, high-resolu
off-centering for modeled cubic and tetragonal Pb;lidhe  TEM showed a thin intermediate layer of about 2 nm
calculations were performed by meansabfinitio modeling  the film-substrate interface. Qi's results indicate that (1
under the CASTEP program and tieneralized gradientap- SrTiO; substrates are adequate.
proximation(GGA) functional [74]. An interesting article by Son et al. [83] describe

The second recognized electric polarization mechanisnthe process of writing polarization bits on a multiferro
occurs around cations that have an fngjlence electron BiMnOsthin film by means of a Kevin probe force micrc
configuration. The tendency of (dsjons to lose inversion scope. This work opens a tangible possibility of using M
symmetry is well established, with the conventional explanathin films for data storage.
tion invoking a mixing between the (rfsyround state and a Zhenget al. [84] have recently published the importar
low-lying (ns) (np)* excited state, which can only occur if achievement of self-assembled BaTiOoFeO, multifer-
the ionic site does not have inversion symmetry. Bteseo-  roic nanocomposites. Zheng’s discovery represents the
chemical activity of the lone pais the driving force for off- ginning of a new and promising research line with seve
centre distortion in Bi-based perovskites, such as BiMnO applications to nanotechnology.
and BiFeQ. Due to the presence of Mn and Fe cations, this  a guestion that is on the table these days is that of
mechanism is compatible with magnetic ordering. BIMnO «critical size” for ferroelectricity. The generally accepte
and BiFeQ are both ferroelectric and antiferromagnetic.  jgea [85] [86] [87] is that if the crystal size is smaller tha

YMnO; is representative of a third ferroelectric mecha-several tens of nm, the depolarizing field surrenders fe
nism, recently proposed by the UCSB group [75]. In thisglectric order. New experimental findings by Fong [88] a

case, long-range dipole—dipole interactions and oxygen rotaheoretical considerations by Spaldin [89] have left this cri
tions both cooperate to drive the system towards the stablgon with a question mark. The issue today is open.

ferroelectric state.
Aurivillius phases, with relatively complicated crystal
structures, have been theoretically characterized by dtsai 4. Conclusions
al. Using spin-polarized first-principle calculations, these
authors conclude that Sria,O;; forms a multiferroic  Magnetoelectric multiferroics define an important segmen
film [76]. present frontiers of knowledge. Only a limited number
A recent paper by Spaldin and Baetttig predicts thatsingle-phase materials exhibit magnetoelectricity. Recer
Bi,FeCrQ is a highly-sensitive magnetoelectric multifer- atomic-level reasons for this scarcity have been discovere
roic [77]. Magnetostrictive-piezoelectric composites provide t
In brief, quantum-theoretical studies of compatibility to- best magnetoelectric systems available today. Several
day lead the search for single-phase magnetoelectric multplications, ranging from magnetic field sensors to actt

ferroics. tors, are being invented on the basis of these composite
terials. Single-phase and composite nanometric magn
3.2. Multiferroicthin films electrics have just been discovered. Predictably, the scien

) ] o field of nanomagnetoelectricity will experience a “boom” |
Ferroelectric and ferromagnetic thin films are well- ine near future.

established, active fields [78]. On the other hand, the study of

simultaneous and interacting ferroelectric and ferromagnetic

nanostructures is an emerging discipline. We mention somAcknowledgements

recent developments. Single-phased multiferroic thin films of

BiFeO; have been obtained and characterized by Wang and@ihe present research was supported by CONACYT - Pro
collaborators [79]. Wang reports polarization, magnetizatiorCIAM 42361.
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