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THE ORIENTED ELASTIC CONTINUUM AS A MODEL
FOR THE MAGNETOELASTIC BODYt
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Abstract—The elastic continuum with a single director field is used as a model for the description of magneto-
elastic interactions in solids, the director being identified with the magnetic moment/unit mass. The theory is
formulated for a continuum of grade 2 and the field equations and boundary conditions are derived from a
variational principle. One arrives at non-symmetric stresses and couple-stresses which are of mechanical and
magnetic origin.

1. INTRODUCTION

IN CONNEXION with the development of the theory of elastic dielectrics, investigations of
the coupling of a magnetic field with a deformation field have been carried out during the
recent years.

In 1964, Tiersten [1] derived the differential equations and boundary conditions for a
non-conducting, magnetically saturated elastic medium by means of a systematic applica-
tion of the laws of continuum physics to a model consisting of an electronic spin con-
tinuum coupled to a lattice continuum. These results were later deduced by Tiersten [2]
from a variational principle. Brown [3] gives a summary of the methods used in the field
of magnetoelastic interactions. Rieder [4] pointed out that the Cosserat continuum may
serve as an appropriate model for the description of magnetoelastic effects. This model has
been applied by Alblas [5, 6] to a series of problems related to the deformation of magnetic
materials.

In this paper the magnetoelastic solid is treated as an elastic continuum with a director
field, the director being identified with the magnetic moment/unit mass. The field equations
and boundary conditions are derived from a variational principle. We shall restrict ourselves
to the case of magnetostatics and shall neglect thermodynamic effects. Besides the energy
of translation of the material points we shall introduce into the kinetic energy the energy
of the director field. We shall use the expression given in the theory of polar media for the
case of a single director whereas Alblas [5] started from a term which is known from the
theory of micromagnetics. It will be shown that for a special case the generalized moment of
inertia occurring in the director energy, may be associated with well-known physical
quantities. By means of the director energy we succeed in defining a spin density for the
material. Additionally the theory is formulated for a medium of grade 2, i.e. the specific
internal energy is a function of the second deformation gradient, besides other variables.
In such a material couple-stresses are found which are of mechanical as well as of magnetic
origin; the stress tensor becomes non-symmetric. It will be shown that the requirement of

+ Extract from the author's dissertation, Universitit Karlsruhe (1970).
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invariance of the specific internal energy under rigid rotations of the spatial observer
system leads to the dynamic equations of the Cosserat continuum.

2. THE MAGNETIC AND KINEMATICAL STATE OF THE MEDIUM

Confining ourselves to the case of magnetostatics and excluding the presence of electric
fields, charges and currents, Maxwell’s equation for the magnetic (Maxwell) field H valid
in the material volume v,, as well as in free space v, is given by

curl H = 0. )]
Hence the Maxwell field H may be expressed as the gradient of the magnetic scalar poten-
tial @
H = —grad . 2
The boundary condition for the magnetic field H on the surface s of the material body under
the given restrictions is
nx[H] =0, G)

where [H] denotes, as usual, the jump across s of H from exterior to interior and n is the
exterior normal unit vector of the surface s.

The magnetic state of the material is described by means of the magnetization M, the
magnetic moment/unit volume. The macroscopic fields are linked to each other by the
magnetic constitutive equation (in Gaussian units)

B = H+41M, )
where B is the magnetic induction. As the magnetization vanishes in free space, we have
B=H (5)

in vg. In the case of a deformable magnetic body it is appropriate to introduce the magnetic
moment u/unit mass instead of the magnetization:

B M ©
P
p is the mass density of the material.
In a magnetically saturated body, the magnitude of the magnetic moment/unit mass is
conserved since the mass is conserved; the magnetic moment merely undergoes a rigid
rotation. In the saturation condition

p.op=pul=const, pu.0up=0 7

U, is the saturation value of the magnetic moment. For instance a paramagnetic body is
magnetically saturated. In the case of a ferromagnetic solid, we may identify the Weissian
domains in which the molecular magnetic moments are lined up parallely, with the mass
elements of the medium and regard u as the magnetic moment of the domains. Then the
rotation of the magnetic moments into the direction of the magnetic field can be described
by the presented theory, but not the motion of the domain boundaries (Bloch walls) which
in general takes place already at lower field magnitudes.
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We shall make use of the oriented elastic continuum as a model for the magnetoelastic
medium by attaching to each material point a single director which will be identified with
the magnetic moment p/unit mass.

In the reference configuration at time t = ¢, the position of a material point P is repre-
sented by means of the material coordinates XX and the magnetic moment associated with
the material point P will be denoted by ji. In the deformed instantaneous configuration at
t > t, the position of the same material point P is fixed by the spatial coordinates x*, and
the magnetic moment which in general will have rotated with respect to the reference
configuration, is denoted by u (Fig. 1).

' L .
X2
X_l
X Y
reference configuration instantaneous configuration
(t=t,) (t=t,)
FiG. 1.

When the quantities are referred to the reference configuration, their indices will be
majuscules, and when they are referred to the instantaneous configuration, their indices
will be minuscules [7].

The motion of the body is given by the one-parameter families of mappings

xF = x¥ XK 1), (8)
pt = pERXh), X5, 1) = gf(X%, 1), 9

where the rotation of the director is independent of the displacement of the material point
to which it is attached. In order that the axiom of continuity be fulfilled it is necessary that
the Jacobian j of (8) does not vanish:

0 < j = det[x¥] < oo. (10)

The deformation of the point continuum is described by means of the (first) deformation
gradient x% and the second deformation gradient x%,, the semicolon denoting the total
covariant derivative [7]. The distortion of the director field is distinguished by the mag-
netization gradient p¥ (director gradient). Besides other variables, these three deforma-
tion measures will be used later as state variables in the specific internal energy. The
inclusion of the magnetization gradient allows to describe the exchange energy in ferro-
magnetic materials or to take into account a magnetic interaction which may become
significant in a body with a strong inhomogeneous distribution of magnetic moments.
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3. THE VARIATIONAL PRINCIPLE

To derive the differential equations and boundary conditions, we start with Hamilton’s
principle

f2 1y
5f (T~U)dt+f dAdt =0, (11)
5] ty

where T is the kinetic energy of the material body, U the potential energy and 64 the virtual
work of the impressed forces. In the instantaneous configuration, the field quantities x, u
and ¢ are varied:

X — x+0x,
p—p+op withu.dp=0. (12

@ -~ ©+0p.

The kinetic energy consists of the translational energy of the material points and the
kinetic energy of the director field:

T=f %px.icdv-’r—f iplp . pdv. (13)
UnM UM
The director energy follows from the expression in the general case of an arbitrary number
of directors [8] by considering that only a single director occurs here, the magnetic moment/
unit mass. Since we are dealing with a rigid director, the director energy may be interpreted
as the kinetic energy of rotation of the magnetic moments. As will be shown later, we may
define a spin—or angular momentum density with the aid of the director energy. For the
sake of simplification we shall assume that the generalized moment of inertia I is constant
with respect to space and time. We shall see later that for a special case we succeed in
associating known and measurable physical quantities with the generalized moment of
inertia.

The potential energy is composed of a local or short-range part which is to contain,
besides the elastic energy, the interaction energy of the magnetic moments with the lattice
(magnetoelastic energy) and the interaction energy of adjacent magnetic moments and a
long-range part comprising the magnetic field energy in the entire space v and the inter-
action energy of the magnetic moments with the macroscopic Maxwell field in the material
volume v,,. If we describe the local part of the potential energy by means of the specific
internal energy &, we obtain in the case of permanent magnetic moments:

11
U=£Mpsdv-527—££H.Hdv— J;MH.Mdv. (14)

In the general electrodynamic case the long-range electromagnetic interaction cannot be
taken into account in this simple manner. It must then be introduced into the variational
principle by the virtual work of electromagnetic forces.

The specific internal energy be the following state function:

&= é(x!‘l(a x?KL; I-lka u,“K: XK’ GK): (15)

where the dependence of & on the material coordinates X* denotes a possible inhomogeneity
of the material and the dependence on the base vectors Gy of the reference configuration



The oriented elastic continuum as a model for the magnetoelastic body 1239

describes symbolically a possible anisotropy of the medium. According to (15) we are
dealing with an oriented hyperelastic material of grade 2.

To simplify the theory, we shall insert into the virtual work 04 of the impressed forces
only the work associated with the mechanical body force f and the mechanical surface
traction ¢, and shall not take into account the work associated with mechanical body—
and surface couples:

5A=J f.5xdv+§t.5xds. (16)
If we introduce into the variational principle the condition (7) of magnetic saturation in

the material volume v,, and on the surface s of the body by means of Lagrangian multipliers
J and k, Hamilton’s principle finally may be written in the form:

ty 12 1
5f dtf {3px . x+%pla. p} dv—5f dt{f psdv—iifH.Hdv—J‘ H.Mdv}
1 UM 1 UM v UM
153 12
+J~ dt{f f.5xdu+§t.6xds}+f dt{f ly.éydv+§xy.5yd3}=0.
t UM s ty UM s

(17)

4. DIFFERENTIAL EQUATIONS AND BOUNDARY CONDITIONS
When considering at the performance of variation that [2]
O0H; = —d(py) = —(5(p),i+¢,k(5x'k),i’ (18)

after some manipulations Hamilton’s principle assumes the following form:

" J¢ Je oe
d f —pii+ | o+ oK ) —( ———x* x.’)
-[1 { s |: p (paxgx iK Paxtn K| Pax:“ L]
+i HB"_},HHI&I( +f 5xi dv+f —plii. + de x
dn ) 2 i vm pis paﬂzixx:K &

Je 1
—pa -+ pH, +iy,:| o dv+f 4—B’ 5¢dv+f —B’ do dv

UM

1 1 , J¢
+| S| —imm | sxid fﬁ 08
J 4 2 l),k v s[nk{(paxixLx'Kx'L),t

de 1 1 de
— Pk — v AHB - HH & | L+ D[ p=2Exk !
Pax:Kx,x p6x§ XL an H: PR .]} + k( pax:u X,xX .m

+b", pa—.sx’.‘,(fo my+t; | 0x ds— § ge —— x4 m —wp; | 6yt ds
Oxigy 7 6 -

1 1 Oc . i _
+ i 4nn,[[B]| d¢ ds i (pﬂx;xx;L)nkn,D(éx)ds} = 0. (19)

Here 4 is the second fundamental form of the surface s which is supposed to have no edges,
D, is the surface gradient and D(dx') is the normal derivative of x on s [9, 10].
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Before stating the field equations and boundary conditions, we shall first define the
following field tensors:

Fhe local stress tensor

, & k4 O & O¢ o xl 20
.k = -~ 3 . - . - P E— . . .
Ll Paxzx ;K pﬁxiu ;KL p@xf,“ kXL : (20)
The magnetic (Maxwell) stress tensor
1
ut=-—(H® B—3H. H1). (21)
4n
The generalized stress tensor
t:= t+ L. (22)
The hyperstress tensor
de
hX = P xiexty . (23)
KL
The local magnetic field
H. = ll:(p—as—-xk ) p 68:| (24)
S R ATy I T
The local magnetic field tensor
O
LHif = Pa—,-xfm (25)
.u;K

The Lagrangian multipliers A and « in the differential equation and boundary condition
resulting from the variation du # 0 are eliminated by forming the dyad of these equations
with g and retaining only the antisymmetric parts. When we further introduce the magnetic
spin—or angular momentum density

Spi = gty (26a)
or in the dual vector notation

S:=Juxp, (26b)

we finally obtain the following differential equations and boundary conditions:
X =dive+f, (27)
S=px(H+ H), invy (28)
divB =0, (29)
div 2 = 0, in vg (30)
divB =0, 31)
[t In,+ Di(h¥n) = 0, (32)
hik'n,,nl = 0, (33)

ons

.u[iLHklnl =0, (34)

n.[B] = 0. (35)
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In the first boundary condition (32) the second condition (33) has already been used and
the jump of the generalized stress tensor ¢ across s has been defined as

[eXTm = (1= LtFn) + [t (36)

To this system of field equations and boundary conditions, equations (1) and (3)5) have
to be appended.

Equation (27) is the equation of motion for the magnetoelastic body. The generalized
stress tensor ¢ is defined as the sum of the local stress tensor ; f and the magnetic stress tensor
w1, from the divergence of which the magnetic body force

sf = div yt = (M. grad)H (37)

follows. The antisymmetric part (— ,,#4) of the magnetic stress tensor to which the dual
vector o/ may be appointed, yields the magnetic body couple

ol = MxH. (38)

The field equation (28) represents the equation of magnetic angular momentum (balance
of moment of momentum for the spin continuum): the time rate of the spin density equals
the torque on the magnetic moment g in the field (H+  H).

Equation (29) or (31) is the Maxwell equation for the magnetic induction B.

Since the magnetization vanishes in free space, equation (30) is identically fulfilled
according to (37).

Equations (32)+35) represent boundary conditions on the surface of the material body
for the generalized stress tensor, the hyperstress tensor, the local magnetic field tensor and
the magnetic induction.

5. THE EQUATION OF MOMENT OF MOMENTUM

The field equation (28) can be expressed in another form which is more familiar to con-
tinuum mechanics. If we require that the specific internal energy is invariant under rigid
rotations of the spatial observer system, from a theorem of Weyl [11] follows that ¢ must
satisfy the condition

Je Jde de de
e TSR
Opyi

k] _
wE =0. (39)
OXpi ke X

Ok Oty x

It is then easy to verify that
L4 1094 (B HOV, = p(H+  HO (40)
holds. We now define the couple-stress tensor
m o= gl Ll g (41)

where to the first term known from the materials of grade 2, an additional part has been
added which is brought about by the dependence of the internal energy on the magnetiza-
tion gradient. Replacing the right side of (40) by the time rate of the spin density according
to (28), we finally obtain

pSik — t[ik]-l-mikl,l- (42)
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In the case of vanishing spin density (i.e. vanishing director energy) this form of the equa-
tion of moment of momentum reduces to the Cosserat equation

t 4 mi, = 0, @3)

which links the antisymmetric part of the stress tensor to the divergence of the couple—stress
tensor. Consequently, in the case of a symmetric generalized stress tensor (vanishing spin
density and vanishing divergence of the couple—stress tensor) the antisymmetric part of the
local stress tensor must equal the negative of the antisymmetric part of the Maxwell stress

tensor (38).
From micromagnetics the equation of angular momentum is known in the form [12]

1.
—;” = ”xHeff, (44)

where y is the gyromagnetic ratio and H,; the so-called effective magnetic field intensity.
Let us now consider the simple special case

H=oxu, (45)
where o is the constant vector of angular velocity of the Larmor precession. We then have

pxji= —(o.pp (46)

Substituting this result into the equation (28) of angular momentum and identifying H,
with the field (H+ _H) yields

S=1Ipxji=—Iw. pp=pxHy, @7

and by comparison of coefficient with equation (44) we find

o1 b (48)

yo.p
Thus in the special case of the Larmor precession the generalized moment of inertia can be
determined from the gyromagnetic ratio, the Larmor frequency and the magnetic moment/

unit mass.
Alblas [5] has shown how to arrive at the Einstein—de Haas effect by formulating the
balance of moment of momentum for the whole body.

6. THE SPECIFIC INTERNAL ENERGY AND CONSTITUTIVE EQUATIONS

The invariance of the specific internal energy under the group of Euclidean displace-
ments of the spatial observer frame [principle of objectivity; the invariance of ¢ under a
rigid rotation has already been used to derive (39)] implies that & cannot depend on the
spatial coordinates x* and on time ¢, as has already been assumed in (15) and that the
specific internal energy can be expressed as [1, 9]

&= 8Nk, Cxr, Dxrs Qxims HfLM"'), (49)
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where the following 36 variables have been defined:

Ny = guxlist, (50
Cxr = BuXxXiL» (51)
Dyp = guptixXiL, (52)

Oxiy = GuXxXiLu- (53)

Here the anisotropy of the material is described with the aid of the material tensors
HEXLM-- (4 is an enumerative index) introduced by Toupin [13] (in place of the base vectors
Gy of the reference configuration). They are invariant tensors of the group characterizing
the point symmetry of the material in the reference configuration. In a homogeneous
material these tensors are spatially constant.

Instead of Green’s deformation tensor Cg, the Lagrangian deformation tensor E,
may be employed:

Egp= %(CKL = Ggyp) (54)

Tiersten [1] has shown that the number of variables can be further reduced if the terms in
the specific internal energy containing the magnetization gradient, are identified with the
exchange energy {3] which produces the parallel alignment of the magnetic moments
within the domains of a ferromagnetic solid. The invariance of the exchange energy under
a rigid rotation of the spin system with respect to the lattice (known from the quantum
mechanical description} leads to a reduction of the number of variables by 3, as in the
place of the variable Dy, the symmetric tensor variable

-1
My, = DKPCPQDLQ = gktﬂ‘;‘xl‘fL (55)
can be introduced into the specific internal energy:
€ =§Ng, Egy, MKL: Qrms Hy M), (56)

In a ferromagnetic material of grade 1 with which we shall deal in closing, the specific
internal energy depends on the 15 variables N, Ex; and Mg, [14]:

e =8Ny, Egp, Mgy ; HfLM"')- 57

The specific internal energy given, the constitutive equations for the local stress tensor and
the local magnetic field can be calculated:

i i £ i
= p{—x':xx:w-w—-xfxu}, (58)

.2 de . ds .
JH = —{P—xfxﬂii} — 5o Xik- 59
KL K
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For the specific internal energy of a ferromagnetic material we may for instance take the
following polynomial approximation:

pot = HY*NgNy+ HE "My + HY*MEg Ny + HEPMVE Ny Ny + HEMVE By
+HE"MYE My, (60)

where the material tensors have been used as coefficients of the polynomial and have the
following physical meaning:

H,, (magnetic) anisotropy tensor;
H,, exchange tensor;

H,, piezomagnetic tensor;

H,, magnetostriction tensor;

H, elasticity tensor;

H,, exchangestriction tensor.

As H, = 0 for an isotropic material, the theory yields the known fact that the piezo-
magnetic effect is found only in anisotropic media.

Brown [3] states the following polynomial approximation for the local (free) energy/
unit mass of a ferromagnetic body:

F = Fex+ﬁ(NK9 EKL): (61)
where the exchange energy/unit mass is given by
11
poFex = 2 F(H XMy, + HEYMNE M), (62)

when using our nomenclature, which corresponds with the expression {60} given above.

By a suitable choice of a polynomial for the specific internal energy the known constitu-
tive equations for the magnetoelastic body and extensions or generalizations of these
constitutive equations may be obtained.¥
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AbcTpakr—Hcnone3yerca ynpyras CIUIOIIHAS CPEfa, ¢ OAMHAPHBIM MOJEM NACCUBHOTO AWIONSA, B CMEBICTE
MOJENY UIS ONUCAHMA MATHUTHOYIPYIOTO B3aMMOICHCTBUS B TBEPABIX Teiax. [lacCHBHBIN AMIOND
YTOMIECMBIIAETCSE ¢ MATHUTHRIM MOMEHTOM Ha eQuHMUY MEICCH. IlpeanaraeTcs TeOpus AAs CIUIOWIHOM
cpenpl nopaaka 2. OnpenenstoTCs YPABHEHUs NONEH M I'PAHHUHBIE YCITOBHSH, HCXOH W3 BaPHALHOHHOTO
NMPHHIMOA. 3TO NPUBOAMT K HECHMUETPHUECKHM TTHUPSXCEMIBIE ¥ MOMEHTHBIM HANPHKEHUAM, KOTOPBIX
NPOHCXOXACHHE 3ABUCAT OT MEXAHMYECKHX W MArHUTHBIX CBOHCTB CDeXsI.



