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Crystal structure conditions for possible existence of magnetoelectric (ME)
effect are reviewed, with emphasis on color symmetry and axial nature of related
magnitudes. Application of Neumann’s Principle leads to general classification rules.
The case of Aurivillius phases is discussed in detail. Measurement of the
magnetoelectric coefficient in a BisTisFeOys ceramic is reported.

Technology demands sensitive and cheap magnetoelectric (ME) sensors, i.e.
devices that convert magnetic field variations in electric signals and vice-versa.
Consider the case of X-by-wire systems in the automobile industry. “X” means, for
example, steering or braking systems. Substitution of present hydraulic
servomechanisms by electric motors will lead to 5-10% economy. Implementation of
this new technology requires recognition of the steering wheel (brake pedal)
movement via detection of variations in magnetic field. (See, for example, present
developments described in the web pages of some major manufacturers of
automobile electric equipment) [1-3].

There are two principal families of ME materials: magnetostrictive—

piezoelectric composites and single-phase crystals and polycrystals. The first report

G,



https://cimav.repositorioinstitucional.mx/

on experimental observation of the ME effect was published by Schmid and co-
workers [4] in 1966. The investigated material was nickel-iodine boracite Ni3B7013l,
a ferroelectric— ferromagnetic. In 1972 Suchetelene [5], working for the Philips
Laboratories, developed the first magnetic field sensor based on ME effect. The
sensitive material was a composite of CoFeO4—-BaTiO3. This initial period registered
other significant papers written in Japan [6,7], Europe

[8] and USA [9].

Only recently the ME effect has been detected with intensities of practical
interest. Present reports refer mostly to composite materials [10-12]. A reduced
number of single-phase ceramics also exhibit the desired property [13,14].

As to theory, the groups of Schmid [15] and Hill [16] may be considered as
pioneering the field.

The purpose of the present paper is to give a brief review of the
crystallographic conditions required for the ME phenomenon to be observable.
Emphasis is put on symmetry considerations. A particular case from experimental
work at CIMAV is reported.

Review of principal and coupling properties: polar and axial tensors

We briefly summarize the macroscopic characterization of reversible thermal,
elastic, electric and magnetic interactions. Approach and notation follow the IEEE
Standard on piezoelectricity [17].

Independent variables are selected according to the conditions affecting the
considered system. The usual experimental setup for observation of ME effect

allows control of temperature 6, stress T, electric displacement D and magnetic field
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intensity H. We take these quantities as independent variables. Related dependent
variables are, in this case, entropy g, strain S, electric field intensity E and magnetic
induction B.

The behavior of a given material under the considered actions is generally
described, using a linear approximation, by relations of the type Y KX, where X (a
tensor of rank

m) represents a cause and Y (tensor of rank n) is the corre

Table 1
Thermo-elasto-electro-magnetic

Erogeqy Related magnitudes Tensor

Heat capacity C Entropy (P0)/temperature PO

Elasticity s (P0) Strain (P2)/stress (P2) P4

Impermittivity 8 Electrical intensity (P1)/ P2
displacement (P1)

Permeability p Induction (A1)/magnetic intensity (A1) P2

Dilatation a Strain (P2)/temperature (P0) P2

Piroelectricity p Electrical intensity (P1)/ P1
temperature (P0)

Piromagnetism i Induction (A1)/temperature (P0) A1

Piezoelectricity g Electrical intensity (P1)/stress P3

Piezomagnetism b (P2) Induction (A1)/stress (P2) A3

Magnetoelectricity m Electrical intensity (P1)/magneticA2
intensity (A1)

sponding effect. C(J)refficients K (rank m n) are material’s properties, according
to the definitions given in Table 1. Polar (P) or axial (A) nature of representative
tensors, as well as their ranks (0 £4¥are included in the table.

Heat capacity, elasticity, impermittivity and permeability relate quantities of
the same subsystem and therefore describe so-called principal interactions. On the

other hand, coupling properties relate magnitudes of mixed nature.
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Magnetoelectricity characterizes coupling between the electric and magnetic
subsystems in a given material. The three magnetic coupling properties presented
(including magnetoelectricity) show axial character. This implies that, under
symmetry transformations that include the inver sion operation, they behave
oppositely as polar magnitudes would do.

1. Crystal color symmetry and magnetoelectric effect

A basic law that rules the orientational dependence of a given property in a
solid is the Neumann Principle. Application of this principle to magnetic coupling
requires consideration of the difference between polar and axial tensors as well as of
color symmetry.

Color symmetry is a generalized representation that considers the “anti” or
“time inversion” operation, denoted O. Inverting a characteristic parameter to its
opposite is described as changing from “white” to “blac are classified as given
further.

1. Ordinary or single-color groups (the 32 classical crystallographic point groups).
2. Gray symmetry (concurrent manifestation of white and black events, 32 groups).
3. Black and white point groups (58 B&W).

k”. Depending on the way the “anti” operation appears, color symmetry
groups B&W point groups are formed as follows. G is an ordinary group, of order g.
H is a subgroup of G, of order g/2. Multiply (G-H) by the time inversion operation
and build the black

and white group M =H + O(G - H). It is denoted as G:H. The Neumann
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Principle for crystal physics may be expressed as follows: color symmetry operations
of any macroscopic physical property conforms a group that contains as a sub-group
the color point group of the considered crystal structure. Mathematically, the tensor
of any physical property sat-isfies Eqs. (1) or (2), depending on the nature of the

tensor, with G scanning all the symmetry operations of the struc-tural color point
group.

P::'L..u: = icf’kcﬂ o G PH...:: (1)

Aji.m = £|G|GixGj1- - - GumAr..n (2)

Pi..mis a polar tensor and Aj..mis axial. Gi is a matrix representing the
rotations of the structural color point group. Plus sign corresponds to ordinary
symmetry and minus to anti-symmetry. The determinant |G| equals +1 for proper
rotations and -1 for rotations that include the inversion op-eration. Sum over
repeated indexes (i, j, ..., n = 1-3) is assumed. Application of the condition (2) to the
magnetoelectric tensor, with consideration of the 122 crystallographic color point
groups leads to the following: 18 ordinary and 40 B&W groups are privileged by the
possibility of exhibiting ME effect. No gray group is allowed to show the
phenomenon. Table 2 presents a resume of magnetoelectric groups.

To fix the ideas, we discuss in some detail a particu-lar case. Our model
crystal is Bi5Ti3FeO15, a member of so-called Aurivillius ceramics. The atomic
motive is com-posed of four (Ti—Fe) perovskite octahedra, sandwished be-tween
layers of bismuth oxide (Bi202)2+. For tempera-tures above the Curie Point (~600
°C), the symmetry of the “prototype” centro-symmetrical phase is given by [4/mmm

space group. Crystals are neither capable of spontaneous (electric or magnetic)
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polarization nor to show magnetoelec-tricity. At room temperature symmetry

becomes Fmm2 [18], polar, with magnetoelectricity allowed. Fig. 1 represents the

crystal structure. Crystallographic axes are chosen as

Table 2
Magnetoelectric point groups

Crystal Color groups
system Ordinary Black—white symmetry
symmetry

Triclhinie Cy CiCy

Monoclinic Cg: C5 Csicl, C]bicl, C]ZCL Clh:CS

Orthorthombie Ca. Do D Cry, DaiCo, Coy:Ca,
DomnDa, CoviCs

Trigonal Cz, Dy, Gy, C3,C3, D3:Cs, D3g D3, D3g3:Csy

Tetragonal Ca, Dy, Sy, Cay, Dag Ca:Cr, Can:Cy, Cay:Cyq, Dyg Do,
Dap Dy, Cq:Cr, CanSy, CyyCoy,
D2y Sy, Dy:Dy, Dyp:Dag.
Dng:Crv, Dg:Cy, Dupn:Cay

Hexagonal Cs., D¢, Cgr 56:C3, C3pC3, Cen:Cs, CeyCs,
D3 D3, Dgp:Dg, Dy Csy,
Dgs:Cs, DegnCey

Cubic T O Th:T, Tq:T, Op:O

Do O ¢
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Fig. 1. Crystal structure of BisTiaFeO4s. Spheres: large white — Bi; small green — Ti/Fe; large pink — O. Oxygen atoms at the comers of Ti/
Fe-coordination octahedra omitted for clarity. Space group Fmm?2. Lattice parameters: a=41.140 A; b=54318 A; ¢ = 54691 A.

j"\/ o _o )

follows: axis x (vector a) is normal to (Bi202)2+ layers; axis z (vector c) is

taken along the electric polarization direction and axis y (vector b) is normal to a and

c. The planes (0, y, z) and (x, O, z) are ordinary mirrors.
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Macroscopic symmetry corresponds to ordinary point group C2v = mm2. Eq.

(3) represents the form of the ME (axial) tensor for a Bi5Ti3FeO15 crystal at room

temperature.
0 mp 0
m=|my 0 0 (3)
0 0 0

Fig. 2 shows the surface representation [19] of the longitudinal ME effect as
function of direction h (@, B). The mathematical expression of the surface is:

m(h) = m(®, B) = (m12 + m21)sin2 & sin B cos 8 (4)

Polar angle @ is referred to the z axis; azimuth 3 is measured from the (x, O,
z) plane. For (m12 m21) > 0, the maximum longitudinal ME effect is along the lines
(x, x, 0) and (x,x, 0), with AE1|AH in the former and AE11AH in the latter.

The generalized symmetry of the surface illustrates the Neumann Principle,
as applied to axial (or pseudo) scalars: surface points transformed by (ordinary)

mirror planes are converted to opposite sign.
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Fig. 2. Surface representation of the longitudinal ME effect for a
mm2 Aurivillius crystal. The (second-order rotational symmetry) z
axis points outwards from the figure. Mirror planes are (x, 0, z) and

0,y 2).

Bi5Ti3FeO15 was obtained at CIMAV and tested for ME effect. Synthesis was
performed by the molten salts method. Details of the preparation method are to be
published. XRD showed single-phase Bi5Ti3FeO15. Fig. 3 shows a scanning
electron micrograph of the obtained crystals. Flake shape is apparent. The thinner
dimension corresponds to the crystallographic direction perpendicular to the bismuth

oxide layers. Spontaneous electric polarization appears in the plane of the flake.

Polycrystalline ceramics were obtained from the powder by sintering at 1000
°C, 5 h'in air. Silver plated samples were electrically polarized under a 1 kV/mm
electric field, T = 100 -C, and tested for ME effect. The system for measuring ME
response was built according to the suggestion of Kumar et al. [20].

Fig. 4 shows the registered output. Experiment was per-formed at room
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temperature, under an applied alternating magnetic field of amplitude 0.61 Oe.

The ME effect in the studied material is weak, but mea-surable. Hysteresis
phenomenon is present. From the inter-cepts of the curves, an estimate of the
longitudinal polycrys-tal ME coupling coefficient can be given: m ~ 7/0.61 ~ 11 mV
cm—-1 Oe—1. To date, these results are typical for ma-terials investigated at

international scale.

Fig. 3. BisTzFeO45 particles obtained by the molten salts method.
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Fig. 4. ME effect in BisTihFeO45 ceramic. Static magnetic field in abscissae
determines the operating pint. Alternating electric field in ordinates is the
magnetoelectric response to a superposed alternating magnetic field.

Conclusions

The field of magnetoelectricity is young and technolog-ically important.
Physics behind the ME effect is interest-ing and poorly explored. New materials
need to be obtained and tested, microscopic theory needs to be developed, single
crystals need too be grown, texture needs to be optimized. There is plenty of room

to be occupied.
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