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Induced Effects

DANIEL B. LITVIN∗

Department of Physics, Eberly College of Science, The Pennsylvania State
University, Penn State Berks, P.O. Box 7009, Reading, PA 19610-6009, U.S.A

The changes in the components of a wide variety of tensor physical properties, including
piezomagnetic, piezomagnetic, magnetoelectric properties and toroidic properties, on
traversing from the bulk to the surface of a crystalline material are explicitly tabulated.
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1. Introduction

Using symmetry theory Eliseev et al. [1] showed how symmetry breaking inevitably present
in the vicinity of any surface gives rise to spontaneous surface piezomagnetic, piezoelec-
tric and magnetoelectric effects in nanomaterials. Eliseev [2] then provided a symmetry
analysis of these surface induced effects for all bulk non-magnetic and magnetic symme-
tries. This analysis specified the existence or non-existence of bulk ferromagnetic, linear
magnetoelectric, piezomagnetic, ferroelectric and piezoelectric properties and the surface
induced symmetries.

We extend this analysis by 1) providing the material coefficients that transform as
components of the physical property tensors of these and other properties which are invariant
under each bulk symmetry and 2) the explicit changes in these material coefficients, i.e.
the surface induced effects, due to the symmetry breaking on traversing from the bulk
symmetry to the surface symmetry. This information is presented in terms of extended
matrices of multiple tensor properties introduced in Section 2. The results of this extended
analysis is given in the Tables of Induced Surface Effects the content of which is detailed
in Section 3.

2. Extended Matrices of Multiple Tensor Properties

Physical properties of anisotropic crystalline materials can be described by material co-
efficients that transform as components of tensors of various ranks. The matrix form of
the physical property tensor is determined by the point group symmetry of the crys-
talline material and the internal symmetry of the property [3]. A wide variety of individual
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Table 1
Excerpt from the index of the Tables of Induced Surface Effects

Surface Orientation

(100) (110) (111)
⊥ x ⊥ xy ⊥ xyz

Bulk Symmetry Surface Symmetry

2×3xyz 2x 1 3xyz

mz3xyz mymz2x mz 3xyz

mz
′3xyz

′ my
′mz

′2x mz
′ 3xyz

4̄z3xyzmxy myzmyz2x mxy 3xyzmxy

4̄z
′3xyzmxy

′ myz
′myz′2x mxy

′ 3xyzmxy
′

4z3xyz2xy 4x 2xy 3xyz

4z
′3xyz2xy

′ 4x
′ 2xy

′ 3xyz

Note. The bulk symmetry is given in the left-hand-side column and the surface symmetry at the
intersection of the bulk symmetry line and the surface orientation column.

physical property tensors invariant under non-magnetic and magnetic point groups with
various internal symmetries have been derived and are available in print [4–10] or in com-
puterized tabulations [11–14]. Nye [15] has shown how to simultaneously present the matrix
form of multiple tensor properties: A single 10 by 10 extended matrix of a material’s elastic
coefficients, piezoelectric coefficients, thermal expansion coefficients, permittivities, pyro-
electric coefficients, and heat capacity/absolute temperature was constructed and the form
of this extended matrix invariant under one point group of each of the 32 non-magnetic
point group types was tabulated.

Table 2
Two extended matrices of components of physical property tensors

Note. The left-hand-side matrix is of components of physical property tensors invariant under
the bulk symmetry 4̄z3xyzmxy and the right-hand-matrix of components of physical property tensors
invariant under the point group myzmyz2x , the point group of the surface of orientation (100).
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Janovec et al. [16,17] have used an extended matrix format of material coefficients in
their study of the changes in material coefficients during changes in symmetry in piezo-
electric and electrooptic ferroics: For each of the 212 non-magnetic Aizu species [18],
AFB, two extended matrices were constructed: The first gave the extended matrix of
material coefficients invariant under the point group A, the point group of the so-called
parent phase, and a second giving the extended matrix of the material coefficients invariant
under the lower point group B, the point group of the ferroic phase. The two extended
matrices are presented side-by-side. In the second extended matrix, invariant under the
symmetry of the ferroic phase, those coefficients that were non-zero in the parent phase
are given in black, and those coefficients that are zero in the parent phase and non-zero
in the ferroic phase are given in red. The changes in the material coefficients during the
change in symmetry is consequently emphasized and is visually self-evident. We shall
detail, in the following section, the use of two extended matrices and color coding to
provide an analogous tabulation of the symmetry analysis of surface induced effects in
crystals.

3. Symmetry Analysis of Surface Induced Effects

This symmetry analysis focuses on the change in the components of physical property
tensors between those invariant under the bulk point group symmetry of a crystal and those
invariant under the point group symmetry of crystal surfaces of various orientations. In
Table 1 we show an excerpt from the index, which is the same as in [2], of the Tables of
Induced Surface Effects. The bulk symmetry is given in the left-hand-side column and the
surface symmetry at the intersection of the bulk symmetry line and the surface orientation
column. For each surface symmetry, two extended matrices are given. In Table 2 we
give the two extended matrices of the components of physical property tensors: the left-
hand-side matrix is of components of physical property tensors invariant under the bulk
symmetry 4̄z3xyzmxy and the right-hand-matrix of components of physical property tensors
invariant under the point group myzmyz2x, the point group of the surface of orientation
(100). Those coefficients which were non-zero in the parent phase are given in black, and
those coefficients that are zero in the parent phase and non-zero in the ferroic phase are
given in grey.

In the two extended matrices, see Table 2, each set of material coefficients within
each bordered rectangle are components of a physical property tensor relating physical
properties. These extended matrix physical property tensors and physical properties are
set out in Table 3, with the meaning of all symbols given in Table 4. For example, the
linear magnetoelectric effect Mi = αijEj has the magnetoelectric coefficients αij of the
magnetoelectric physical property tensor relate the components Ej of the electric field, to
the components Mi of magnetization.

In Table 5 we list the symbols used in the extended matrix physical property tensors
in Table 2 to signify properties of and relationships among the material coefficients of the
property tensors ( a complete list of such symbols for use in the Tables of Induced Surface
Effects is given with the tables.) For example, denotes that two material coefficients
are zero components in the bulk symmetry and non-zero components numerically equal but
opposite in sign in the surface symmetry. This is the case for two pair of magnetoelectric
coefficients αij in Table 2. The pair of coefficients α22 and α33, and the pair of coefficients
α23 and α32, are zero in the bulk symmetry 4̄z3xyzmxy and are non-zero numerically equal
but opposite in sign, α22 = −α33 and α23 = −α32 , under the surface symmetry myzmyz2x .
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Table 3
Symbols of the extended matrix physical property tensors and the physical properties to

which they relate

T E1 E2 E3 H1 H2 H3 σ 1 σ 2 σ 3 σ 4 σ 5 σ 6 S1 S2 S3

C/T pt qt β t rt

P

S

1

P2 p εoXe αt d θ

P3

M1

M2 q α Xm

M3

ε1

ε2

ε3 β dt t s γ

ε4

ε5

ε6

T1

T2 r θ t ζ t γ t τ

T3

Table 4
Meaning of the physical property and physical property tensor symbols of Table 3

�S change of entropy εoXe
ij dielectric susceptibility coefficients

�T change of temperature Xm
ij magnetic susceptibility coefficients

T absolute temperature smn elastic compliance coefficients
Ei electric field pi pyroelectric coefficients
Pi polarization pt

i electrocaloric coefficients
Hi magnetic field qi pyromagnetic coefficients
Mi magnetization qt

i magnetocaloric coefficients
σ m stress βm thermal expansion coefficients
εm strain β t

m heat of deformation coefficients
C heat capacity αij magnetoelectric coefficients (direct effect)
Ti toroidal moment αt

ij magnetoelectric coefficients (inverse effect)
Si toroidal field dim piezoelectric coefficients (direct effect)
i,j = 1,2,3 dt

im piezoelectric coefficients (inverse effect)
m,n = 1,2,3,4,5,6 �im piezomagnetic coefficients (direct effect)

�t
im piezomagnetic coefficients (inverse effect)

ri pyrotoroidal coefficients θ ij electrotoroidic coefficients (direct effect)
ri

t toroidalcaloric coefficients θ t
ij electrotoroidic coefficients (inverse effect)

τ ij toroidic susceptibility ζ ij magnetotoroidic coefficients (direct effect)
ζ t

ij magnetotoroidic coefficients (inverse effect)
γ im piezotoroidic coefficients (direct effect)
γ t

im piezotoroidic coefficients (direct effect)
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Table 5
Symbols used in the extended matrices of Table 2 to signify properties of and

relationships among the material coefficients of the property tensors

Triangular matrices represent matrices symmetrical about the leading diagonal

zero component

non-zero component, no conditions on its value

non-zero equal components

zero component in the bulk symmetry , non-zero component in the surface
symmetry

zero components in the bulk symmetry, non-zero components and equal in the
surface symmetry

zero components in the bulk symmetry, non-zero components numerically equal
but opposite in sign in the surface symmetry

non-zero and equal components in the bulk symmetry, non-zero and not
symmetry related in the surface symmetry
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