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Abstract

Using the methods of classical irreversible thermodynamics with
internal variables, the heat dissipation function for magnetizable ani-
sotropic media, in which phenomena of magnetic relaxation occur, is
derived. It is assumed that if different types of irreversible microscopic
phenomena give rise to magnetic relaxation, it is possible to describe
these microscopic phenomena splitting the total specific magnetization
in two irreversible parts and introducing one of these partial specific
magnetizations as internal variable in the thermodynamic state space.
It is seen that, when the theory is linearized, the heat dissipation func-
tion is due to the electric conduction, magnetic relaxation, viscous,
magnetic irreversible phenomena. This is the case of complex media,
where different kinds of molecules have different magnetic susceptibili-
ties and relaxation times, present magnetic relaxation phenomena and
contribute to the total magnetization. These situations arise in nuclear
magnetic resonance in medicine and biology and in other fields of the
applied sciences. Also, the heat conduction equation for these media
is worked out and the special cases of anisotropic Snoek media and
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anisotropic De-Groot-Mazur media are treated.
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1 Introduction

In some previous papers [1]-[8] a linear theory for magnetic relaxation phe-
nomena in magnetizable continuous media was developed, that is based on
thermodynamics of irreversible processes [9]-[15] with internal variables (see
[16]). In [5]-[7] it was shown that, if an arbitrary number n of microscopic
phenomena give rise to magnetic relaxation, it is possible to describe these
microscopic phenomena introducing n macroscopic axial vectorial internal
variables in the thermodynamic state vector and assuming that the specific
magnetization axial vector m can be split in n+1 irreversible contributions,
ie.,

k=1

where m(® and m®) (k =1,...,n) are called partial specific magnetiza-
tions.

In the isotropic case (see [5], [6]) the following magnetic relaxation equa-
tion generalizing Snoek equation was obtained having the form of a linear
relation among the magnetic field B, the first n time derivatives of this field,
the total magnetization M and the first n + 1 time derivatives of M

) (1) dB (n-1d"'B d"B _
X(Brm)B +X(BM)E T X(BM) din—1 + din
0) 1 d ) d"M iy dT'M
XumyM + Xy g + o F Xrm) g T Xy g ()

where n is the number of phenomena that give rise to the total magnetization

M, with M = pm, being p the mass density of the medium, supposed
a constant quantity, and ngM)(k = 0,1,....,n — 1) and XE?\/)[B) (k =
0,1,...,n + 1) are constant quantities. In particular, they are algebraic
functions of the coefficients occurring in the phenomenological equations

and in the equations of state.
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This is the case of media where different kinds of molecules (for instance
of water, of proteins, etc.) contribute to the total magnetization, have dif-
ferent magnetic susceptibilities and relaxation times, and present particular
magnetic relaxation phenomena. These physical situations arise in nuclear
magnetic resonance in medicine, in biology and also in different fields of
appplied sciences, where complex media are used. In [17]-[21] Maugin gives
a continuous description of the magnetization field in a deformable crys-
tal, below its magnetic phase-transition temperature T.., assuming that
the magnetization field per unit mass is the sum of n partial magnetiza-
tion fields, arising from n different ionic species. According to microscopic
considerations, a spin density per unit mass is associated with each partial
magnetization per unit mass, so that the total spin intrinsic momentum
per unit mass is given by the sum of n partial spin densities. Following
Maugin, n interactions arise between each magnetic sublattice and the crys-
tal lattice, called spin-lattice interactions, having dimensions of magnetic
fields. This fact is known as magnetic anisotropy (since each magnetic in-
teraction is linked to the orientation of the relative corresponding partial
magnetization density with respect to the crystal lattice) [7]. It is seen that
magnetic interactions also account for the intra and intermagnetic-sublattice
interactions describing the short-range spin-interactions. The continuum
theory for magnetizable bodies developed by Maugin gives an explanation
to internal mechanisms in magnetizable bodies with internal variables. For
this multimagnetic-sublattice approach used for the description of magnetic
properties of complex media see also [22]-][28].

In the present paper we consider anisotropic magnetizable media in
which the magnetization axial vector m is additively composed of two irre-
versible contributions m® and m®, i.e.,

m=m® + mW. (3)

The explicit expression for the heat dissipation function is worked out. It is
seen that this function is due to the electric conduction, magnetic relaxation,
viscous, magnetic irreversible processes. Also the heat conduction equation
for these media is worked out. The methods of classical irreversible ther-
modynamics with internal variables are used, where the local equilibrium
hypothesis is assumed (see [29]-[37]). Each point in the considered medium
can be considered as an elementary volume, where the reversible thermody-
namics is valid. The values of the fields differ from elementary volume to
elementary volume describing a non-equilibrium situation. The size d of this
elementary volume should be bigger than the average distance traveled by
the (charges, heat) carriers between two successive collisions, defined mean
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free path [ (d > [), see [31]. In Section 2 the governing equations for mag-
netizable media are introduced. In Section 3 the entropy balance equation
and the phenomenological equations are derived. In Section 4 a reference
state and a thermodynamic equilibrium state are introduced. In Sections 5
and 6 the linear equations of state and the magnetic relaxation equations
are considered, in the linear case and when all cross effects are disregarded,
except for possible cross effects among different types of magnetic relaxation
phenomena. In Section 7 the heat conduction equation is derived and it is
seen that the heat dissipated per unit of volume and per unit of time due
to the presence of irreversible phenomena inside the considered media is de-
scribed by the heat dissipation function, that has the form of a quadratic
function of the components of the strain tensor, the components of the elec-
tric field, the components of the magnetic field, the components of the total
magnetization, the components of the time derivatives of this last axial vec-
tor and of the temperature. In Sections 8 and 9 the results are applied to
the particular cases of anisotropic Snoek media (see [38]) and anisotropic
De Groot-Mazur media.

2 Governing equations for magnetizable media

The standard Cartesian tensor notation in a rectangular coordinate system
is used and the equations governing the behavior of magnetizable media are
considered in a current configuration ;. In Galilean approximation the
physical processes occurring inside the magnetizable media under consider-
ation are governed by the following laws (see [14] and [5]-[7]):

Mazwell’s equations (in rationalized Gauss system), keeping the form

10E 1 10B
tH—-— = -J  divE = p) tE+-— =0, divB=0, (4
r0 i vl , div o ro +08t , div , (4)
where ¢ is the modulus of the light velocity, E, B, and H, denote the
electric field, the magnetic induction and the magnetic displacement, respec-
tively, and J) and p(¢) are the electric current density per unit volume
and the electric charge density per unit volume, satisfying the conservation
law

(el)
a;(;t = —divJ ), (5)
the mass conservation law, having the form
d
gi) = —divpv, or pd—: = divv, (6)
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with d/dt the material derivative, defined by % = %‘H’v% (where Einstein
convention on repeating indices is used), p the density mass of the medium
under consideration, that is assumed a constant quantity, v the specific
volume, defined by v = p~!, and v the velocity field, given by v = ‘é—‘;,
where u is the displacement field;

the equation of motion, taking the form [14]

d 1 1d
p ™ = divr + pE + I x B+ (gradB) - M — = - (M x E) + pF, (7)
dt c cdt
where 7 is the symmetric stress tensor, F is the volume force per unit of

mass and M is the magnetization axial vector defined by
M=B-H, M =pm, (8)

with m the magnetization per unit volume, called specific magnetization;
the first law of thermodynamics, having the form

d deq d
Yo I @ 41 ;f +JE B4 pB- d%“, 9)

PE—

where u is the specific internal energy (energy per unit of mass), J (@) is the
heat flux vector and the small strain tensor €,3 (assuming that the defor-
mations and rotations of the considered media are small from a kinematical
point of view) is defined by €,3 = %(2“72 + g%) (o, 8 =1,2,3), i.e., as the
symmetric part of the gradient of the displacement field u.

3 A description of anisotropic media with mag-
netic relaxation

In [1]-[8] within the framework of the classical irreversible thermodynam-
ics with internal variables, a theory was developed for magnetizable media
with relaxation phenomena. In this paper we consider anisotropic magne-
tizable media in which the contributions of microscopic phenomena to the
macroscopic magnetization axial vector can be described by introducing one
internal variable in the expression of the entropy. Then, we suppose that
the total specific magnetization m is additively composed of two irreversible
parts, m = m(® + m®, and we introduce the partial specific magnetization
m() as internal variable in the state space C

c=cC (u, €0, M, m(l)) . (10)
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Following the general philosophy of TIP (see [29]-[37]) the local equilibrium
hypothesis is assumed and dissipative fluxes, gradients and time derivatives
of the considered physical fields are not included in the thermodynamic state
space (10).

Now, let us assume that the specific entropy (the entropy per unit of
mass) is a constitutive function of the state space C

s=s (u, €08, M, m(l)) . (11)

According to the reversible thermodynamics, we shall define the equilib-
rium temperature (the absolute temperature) 7', the equilibrium stress ten-

sor T(ieﬂq), the equilibrium magnetic field B and the axial vector field

B (that represents the thermodynamic affinity conjugate to the internal
variable m() ) by

7! = ({%s (u, €0, M, m(l)) , (12)
To(é%q) = —pTaeaﬂs (u, €aB) m,m(1)> , (13)
B9 = —Ta(jns (u, €0, M, m(1)> , (14)
B = T@nal(l)s (u, €aB, M, m(1)> . (15)

We expand the entropy (11) into Taylor’s series with respect to an equi-
librium state, considering very small deviations with respect to this state.
Confining our considerations to the linear terms, we obtain the differential of
the entropy in a point of the thermodynamic phase space in thermodynamic
equilibrium (see [39], [40]), corresponding to a local position x in a current
configuration K, having the following form

s = sl 4 gz (u - u(eq)> + ;jsﬂ (Ea/ﬁ - 6((;;)) +

aari(m_m(eq)>+ais(l><m(1)_m(w)' (16)

Multiplying the obtained expression (16) by the temperature 7" and taking

into account (12)-(15) and the definition p = 1, we obtain the following
Gibbs relation

Tds = du — vTi%q)deag — B . dm + BW . am®. (17)
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Thus, from (17) it follows that the time derivative of the entropy (11) in the
point x keeps the form

ds _du (cgdeas Ly dm dm()
as _ au _ gl 9 g
at — dar TP Tt a

(18)

Inserting in (18) the expression (9) for the time derivative of the specific
internal energy we obtain the following entropy balance valid for small de-
viations from a thermodynamical equilibrium state

ds

P = divJ®) + o), (19)

where J&) = 7713 ig the entropy flux and o) is the entropy production
per unit volume and per unit time given by

») — -1 <T§g) d%ﬂ L 3@ X@ 4 3 Ry

. dm dm®)
B . B . . 20
P e 7 (20)

In equation (20) the viscous stress tensor (called also irreversible stress ten-

sor) T(Sg) , the irreversible magnetic field B(") and the field X(@ are
defined, respectively, by

TSZ) =TaB — T(ieﬁq), B =B — B(EQ), X(@) — —TﬁlgradT. (21)

The theory for relaxation magnetizable phenomena developed in [1]-[8] is
a linear theory. The deviations with respect to the thermodynamical equi-
librium states are very small, and all the considered equations (Maxwell’s
equations, balance equations, phenomenological equations, constitutive rela-
tions) have to be taken in ”perturbation” around the same thermodynamical
equilibrium state.

If we assume that the specific entropy s is a constitutive function of the
state space C' = C (u, €a m©, m(l))

s=s (u, €aB) m(®, m(1)> ) (22)
in equation (19) o(*) assumes the following form

5(5) — 1 <T<m‘>d€aﬂ L 3@ . X@ 4 ey
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dm(©)
i

pBU) .

. 1)
+p(BW +BM). erllt ) ' (23)

It is seen from (23) that if the magnetic field B of Maxwell’s equations
equals the equilibrium magnetic field B9, B(") vanishes (see equation
(21)3), the specific partial magnetization m{) only contributes to the
entropy production and changes in m(®) become reversible (see in Section
8 Snoek media). m© is an irreversible part of the total magnetization
only when the magnetizable medium is not in a thermodynamic equilibrium
state. Furthermore, if m = m(®, there is no internal variable m® and
one obtains for o(®) the expression derived by De Groot-Mazur (see Section
9). It is seen from (20) that the entropy production is a sum of terms, where
each term is the inner product of two vectors or two second order tensors of
which one is a flux and the other is the thermodynamic force or ” affinity
” conjugate to the flux. Hence, according to the usual procedure of non
equilibrium thermodynamics (see for instance [29]), from (20) we obtain the
following phenomenological equations, in which the irreversible fluxes are
linear functions of the thermodynamic forces

B = LG+ B ¢ L
s XS+ Ll (24)
g dr;bf}) - pLg\f))aﬁ% + Livus By + L Pot+
L X8 + LG 29
T = oL L B+ 1 B
LED X 4 el S, (26)
J) = PLE?\ZO))QB% 4 LE%)aﬂBél) n L((lqéel)Eﬁ_i_
LX) + L, (27)
b = P i Hi P+ B
R R )
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Equations (24) and (25) are the phenomenological equations describing the
irreversible process of magnetic relaxation. Egs. (26), (27) and (28) rep-
resent the generalizations of Ohm’s law, Fourier’s law and Newton’s law,
respectively. Furthermore, in (24) and (25) (for instance) the third, the
fourth and the fifth terms on the right-hand side describe the cross effects
among electric conduction, heat conduction, mechanical viscosity and mag-

netic relaxation. The quantities LE%)QB, ngkl))a,m etc., which occur in the

above equations, are constant phenomenological tensors (polar or axial).
For instance Lg}é%) is the polar viscosity tensor of order four, L((Xqﬁ’q) is

the polar tensor of heat conductivity of order two, L(?\f()x and L%?\f))aﬂ

are axial tensors of order two connected with the influence of the electric
conduction and the heat flux on the magnetic relaxation, respectively. From
experiments (see for instance [41]) it is possible to know the values of these
phenomenological coefficients. By virtue of the symmetry of €,3 from (13)
it follows that also Téeﬁq) is a symmetric tensor. Moreover, if we assume
that the mechanical stress tensor 7,5 is symmetric, from (21); it follows

(vi)

that also the viscous stress tensor 7 is a symmetric tensor. Therefore,

apf
one gets the following symmetry relations for the phenomenological tensors
(0,v1) 7 (0,vi) (vi,0) 7 (v,0)
Linasy = Lanavsr  Lianasy = Liansay (29)
(1,v1) (L) (vi,1) 7 (vi1)
Linasy = Lanavsr  Lianasy = Liangay (30)
(elwi) _ (elvi) (viel) _ 1 (visel) (qvi) _ 7(qv1) (vi,g) _ 7 (vig)
Laﬁw - Lavﬁ ’ Laﬂv - Lﬁav ’ Laﬂv - La'yﬁ ’ Laﬂv B Lﬂawg’l)
(viyvt) _ p(viwi) g (viwi) 7 (vi,vi)
Lagye’ = Lpare = Lagey = Lpacy (32)
Since B | B jb - 3@ and d;‘;ﬁ are odd functions under time
reversal and pdd—r?, pd“;t(l), E, X@ and To(jg) are even functions under

time reversal the Onsager-Casimir reciprocity relations read (see [14], [15],
[29], [42], [43])

(0,00 _ 1(0,0) (1,1)  _ ,(L,1)
L(M)aﬁ - L(M)Ba’ L(M)aﬁ = L(M)ﬁa’ (33)
(eliel) _ 7 (elel) (0.9 _ 7(29)
Laﬁ _Lﬁa , Laﬁ _Lﬁa , (34)
(vi,vi) 5 (vi,vi) 0,1) (1,0)
Logre = Lycas’ s Linas = —Lngar (35)
L(O,el) . L(el,O) L(O,q) . L(q,O) L(l,el) . _L(el,l) (36)

(M)ap — Z(M)Ba> Z(M)aB — Z(M)Ba> T(M)af —  T(M)Ba’
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(1,vi) (vi,1) (1,9) (g,1)
Lianagy = Lanprar Lianas = ~Lnjsar (37)
(0vi) 7 (vi,0) (el,g) _ (q,el)
L(M)aﬂ'y - L(M)B'ya’ Laﬂ - L )
(elwi) (vi,el) (q,vi) _ (vi,q)
Logy " =Lgya s Lapy” = —Lgya' (38)

Equations (29)-(38) reduce the number of independent components of the
phenomenological tensors. Furthermore, reductions may occur as a con-
sequence of physical properties (as for instance isotropy properties) of the

medium. Now, introducing the expressions (24)-(28) for B("), pdlg( L jleb,

J@ and T(%) in (20) and by virtue of symmetry and Onsager-Casimir reci-
procity relations, we obtain for the entropy production the following form

s _ 27 (00) dMadms  (11) (1) p(1) (el
o) =7 { P*Lixtas g W+L(M)aﬁB< 'BY + L™ EaEg+

(00) x () x (@ (vi,wi) d€ap deye (Lwi) (1) d€py
Los Xa"X5" + Logic —qr —ar T 2Lianasy Ba’ g+ (39)

(0,el) dmg
2pL(M)OfB dt

By + 2L\ 5" B X + 2L d?x“”} .
Relation (39) shows that the entropy production is a quadratic form in the
components of the time derivative of the total specific magnetization axial
vector, the components of the thermodynamic force conjugate to the partial
specific magnetization axial vector, B, the components of the electric field,
the components of the temperature gradient and the components of the time
derivative of the strain tensor. The entropy production is a positive definite
quadratic form, i.e.

o®) > 0. (40)

A medium is in a state of thermodynamic equilibrium if the entropy produc-
tion vanishes. It follows from the positive definite character of this quantity
that it vanishes if (see (39) and (21))

dm deqs
E_O’ E=0, gradl' =0, 7

=0, (41)

B (T, eaﬁ,m,m“)) —0. (42)

It is seen from (42) that at thermodynamic equilibrium the internal variable
m® depends on independent variables and it is determined if T, €ap and
m are given. From the positive definite character of the entropy production
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several inequalities may be derived for the components of the phenomeno-
logical coefficients, resulting from the fact that all the elements of the main
diagonal of the matrix associated to the quadratic form (39) must be non-
negative and all principal minors of this matrix must be non-negative (see
[29], [44], [45] as examples in the case of isotropic magnetizable media and
of three-dimensional isotropic and anisotropic rigid media). For instance,
we have

L&Y >0

(M)aa = 95 LD > 0, (43)

(1,1) , (vi,vi)
L(M)oaoc 2 0’ L((thaq) > 0’ Laﬂaﬁ > 0.

Also, from the fifth of the inequalities we obtain by virtue of symmetry and

Onsager-Casimir relations

(vi,vi) (vi,vi) (vi,vi)
Logse 20, Lgang >0, Lgigl) > 0. (44)

4 Reference state and thermodynamic
equilibrium state

Let us consider a reference state of the medium, with an arbitrary (but fixed)
uniform temperature 7\gy, in which the mechanical stress tensor 7,4 and

the magnetic field B vanish in the medium. We notice that Tc(yeﬁq) , B
and BM are functions of the temperature T(gp), of the strain tensor eqg

and of the magnetizations m and m{). We require that in this reference

state (indicated by the symbol ” (0)”) the value €(g)o3 for the strain tensor

and the values my and mgég for the magnetization axial vectors are such

that

(eq) MY _
Tog (T(O)vf(())aﬂvm(())vm(o)> =0, (45)
B(“) (T(O)aﬁ(o)aﬁam(o)vaéD =0, (46)
and
1
BW (T(O)ae(o)oa,é’am(o)ymEOD =0. (47)

(eq)

Being 7,5 a symmetric tensor, equations (45)-(47) form a set of 12
equations for the values of the 6 independent components of the symmetric

strain tensor €()os and the values of the 6 components of the vectors

m) and méé;. All strains will be measured with respect to this state and

we choose the tensor €,5 and the axial vectors m., m® so that they vanish
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(1)
(

in the reference state. Then, €qyag = 0; M@)o = 0; m 0)

we have

o = 0, from which

Téeﬁq) =0, B =9, B® =y,

1
for T =Tg and €gyas=m@)a = mgoga =0. (48)

A medium is in a state of thermodynamic equilibrium if the entropy pro-
duction vanishes. It follows from (41) and (42) that the reference state is
a state of thermodynamic equilibrium, provided that e,3 and the vectors
m and m()) (determined by (45)-(47)) are kept constant. Moreover, from
(41) the electric field must be kept vanishing in this state of thermodynamic
equilibrium. We note that in the reference state the medium has the uni-
form temperature 7g) and hence grad T' vanishes in this state. Moreover,
from the conditions (41), (42) and the phenomenological equation (28) the

. vl . . . 1. .
viscous stress tensor T(i 5) vanishes in the thermodynamic equilibrium and

by virtue of (21); it follows that
Tof = T(ieﬁq). (49)

Then, the chosen reference state is a state of thermodynamic equilibrium.

5 Linear equations of state for
anisotropic media with magnetic relaxation

Let us define the specific free energy f by f = u — T's and, by virtue
of the local equilibrium hypothesis, it is assumed that in each point of the
considered medium the reversible thermodynamics is applicable (see [29]-
[37]). Therefore, the following definitions are valid

5§ = _8(?1’ <T, €0, M, m(l)> , (50)
() _ O (1)
Tod p(‘?ea@ (T, €q3, M, M ) , (51)
B — 6%f (T, €ap, M, m(1)> , (52)
0
B — ot (T, €ag, 0, m(1>) : (53)

Furthermore, from f = u —T's, with the aid of Gibbs relation (17), one gets
the following expression for the differential of f,

df = —sdT + UT(SEQ)deag + B . dm — BY . dm®, (54)



On the heat dissipation function 131

Now, we assume the following form for the specific free energy f of an
anisotropic medium with magnetic relaxation

f=rY+ (55)

where (1) is some function of the temperature and of the strain tensor and
@ is some function of the temperature and of the specific magnetization
axial vectors m and m(, i.e.

7 = f(l)(T7 €ap) and @ = f(Z)(T, m, m(l)). (56)

Now, we expand the free energy f into Taylor’s series with respect to the
considered reference state and we consider very small deviations with re-
spect to this state. We assume the following form for the expansion of f(!)
(characterizing an anisotropic Kelvin-Voigt medium)

1
1 =) {Q%BVC%M% +(T - T(o))aaﬁeaﬁ} —e(T), (57

where v(g) is the specific volume in the reference state, given by v =
Tlo)' In the following, we shall replace it by v = %, which is supposed to
be a constant. ¢(7') is some function of the temperature and aqs ¢ and
aqp do not depend on the temperature and on the strain tensor. They
are determined by the physical properties of the medium in the reference
state and, furthermore, they are constant quantities and satisfy the following

symmetry relations

Aafy¢ = Bar¢ = Aafty = ABacy = Gy¢af = Ar(fa = ACyaf = A¢yBas  (D8)

Gop = ABa-

Furthermore, we assume the following form for the expansion of f(2)

(O —— (0,0) _ 9,1 (L1) 1), (1)
= gp{“(M)aﬁ M (mﬂ 2m; ) T anas Ma Mg }+

0 1
(T = Tyy) (ag e e — a A})am&”) , (59)

In (59) the vectors a9 and aM.  and the tensors o (LY are

(M)a (M)a (M)ap>  Ud)ap
constant quantities (i.e. they do not depend on the temperature and on the

specific magnetizations). They are determined by the physical properties
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of the medium in the reference state and, furthermore, they satisfy the
following symmetry relations
(000 _ (0,0 Ly _ (L)
Uanap = Aanpar Uarjes = Yar)sa- (60)
The symmetry relations (58) and (60) are coming from the invariance
properties with respect to the priority of derivation of f @) and f ) with re-
spect their own independent variables (see[29] for some detailed calculations
in the case of magnetizable media).
By virtue of (50) and (55)-(60) we have the following form for the specific
entropy
0 1 dep
5= — (agﬂz)ama - aEA})amS)) — U GaB€ag T T (61)
From (51) and (55)-(60) we obtain for the equilibrium stress tensor the

expression form
Téfﬁq) = Aapyc€ap + aap(T — T(0)), (62)

where a,gy¢ are the elastic constants and a,g are the thermoelastic con-
stants. Now, we define the fields M(© and M® by

MO — pm(O) and MO = pm(l). (63)

Finally, from (52), (53) and (55)-(60) we have the following equations of
state

eq) _ (0,0) 1) (0)
BED = a0 o (Mg — M) + 0l (T = Tyg)), (64)
1) _ (0,0 (1) ) (1)
B = aarasMB — AnryasMs + a(M)a(T — T(g))- (65)

Because of the mass density p is constant equations (24) and (25) for the
irreversible magnetic relaxation phenomena may be written in the form

_ pleq) . 700 Mg 01 L)
Ba = Ba" + Lianasg—g; T LanasBs

(i) degy
(M)aBy gt °

Lo By + L8 X0+ L

(M)ap (M)ap (66)

My o) dMy
d— “(Meas gy

(1L1) (1) (1,el)
+L(M)aﬂBB +L(M)aBEf8+

(L) y(@) | p(Loi)  desy

LowrasXs” + Lianasy g

where we have used the expression (21)q. If all cross effects are neglected,
except for possible cross effects among the different types of magnetic re-
laxation phenomena, we obtain the following equations for the irreversible

(67)
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magnetic relaxation phenomena, the stress tensor, the electric flux and the
heat flux, respectively,

_ peq) , 1 00) dMg 1) L)
Ba = BE? + Lips 2 + LianasBs (68)
dMY (1,0) dMB L) 1)
= Lonas g T LanesBs (69)
1,01 de
TaB = Qafry¢€af —|—aa5(T—T(0)) +L£¥57C) dZC’ (70)

J@ = LEOX0, gD = L B, (71)
See equations (26)-(28), (62), (66) and (67).

6 Magnetic relaxation equation for

anisotropic media with magnetic relaxation

Taking into account (64) and (65), equations (68) and (69) may be written,
respectively, in the form (see [7]):

1 1
cal,ng[g = QEO?O)Q’ (72)
where 1) _ (0,0) 01 (1D
€ap = Aanas T L0y X018 (73)
(1) (0,0) (01) (00) (00 dMg
Q.0)a = ((M)a6+ L(Nrjory (M1yv8 )MﬁJFL(M)aﬁ ;D
(0) (VY
+(( mya T Lanas®m m) (T' = Tiny), (74)
and
My
e MY = Qaop (75)
where Gy o
hﬁ” - L(M)ﬂna(l\;l)nv (76)
and
_ 7L (0,0) Loy dMy oy )
Quos = Liansm@anm™y + Ly g + Lanss @y (T = Tw)- (77)

Assuming that it is possible to define the inverse matrix (csﬁ))*l, such that

(cag) ey = cld(cy) ™ = o, (79)
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eliminating the internal magnetic axial field M(1), given by (see (72))

MY = () Qg s (79)

one gets the following magnetic relaxation equation (derived in [7])

(0) dBa _ (0) 1  dMg
X(BM)ap i = X(mB)apsMs T X(11B)as i
2
2  dMg (0 1 dT
X uBas gz T Xl = T0) + X (10 (80)
here
X(BM)aﬁ Ca’y ’YC(Cgﬁ) ’ ( )
© (1) (0,0) ©01) (0,0 (L) (00)
X(MB)ag = Co {hvc(ccn) ( Aty T Liarynud (Mw) L(M)wa(M)uB(}’)
82
W (Dy-17(00) 7 (10) (0,0) ©1)  (00)
X(MBag = Cory {hvd ) Liars = Lot )%3}+ a(aryap T Liar )n“(M)v(w’)
83
(2) (0,0)
X(MB)as = Ldt)ap (84)
© N ) Oy (M Y _ oLy W
X(T)a = Co {h clegy)” ( Aty T Larys®ans ) L(M)vﬁa(M)ﬂ}’ (85)
) _ 0 o1 )
X(1)a = Yana T Linnas®ans: (86)

Hence, it is seen that the linearization of the theory leads to a relaxation
equation for anisotropic magnetizable media which has the form of a linear
relation among the temperature, the magnetic field, the total magnetization
field, the time derivative of the temperature, the first derivatives with respect
to time of the of magnetic field and of the total magnetization field and the
second derivative with respect to time of this last axial vector.

In [3], in the linear approximation, Kluitenberg derived, magnetizable
media, isotropic with respect to all the rotations and inversions of the frame
of axes, and having the total magnetization M composed of two irreversible
parts, i. e. M = M© + MO, the following magnetic relaxation equation,
by eliminating the internal variable,

O dB _ (o) 1 dM o d&*M

XeanB + 5 =XupyM+ Xovs) g T X(up) gz

(87)

where XE(;B)M) and ng) B) (k =0,1,2) are constant quantities, algebraic

functions of the coefficients occurring in the phenomenological equations
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and in the equations of state. From (87), we see that in the isotropic case
in the magnetic relaxation equation there is no the contribution due to the
temperature field. Using (73), (74), (79), (84) and (86), equation (65) may
be written in the form

(1) _ (D)1 [,00 (00 | ;01 1
By’ = (¢cs,) [a< )aﬂ(( e T Larnedar )sc)

(L) (00 L 101 (00 (W1 |, 00 M
~aiaipas (@(imne + Lvheo(nnec) | Me—()” [a(M)aﬂL(M)vc a8

FINCNY ( © oy 0 )) ) (T - Tp) — ali) Bw} +a8\)4)a(T_T0)’

(M)as \ M)y T H ()¢ (a)¢ A(M)ap
where L _ 00 (01  (11)
5y = Aangy T Lanyan Wy (89)

Hence, using (84) one obtains

BY = D{y)y.5Ms+ D3 s dzf + Do Bs + DT = To),  (90)
where

Disinas = (€67 |aiiiacch ~ alinoc (#nnns + Liniealings) |- 91

Dg\})aﬂ =—( g)) 1a8\}11))aCLE(J)\740))767 (92)

Diitas = (5 (3 (95)

Dl =~ aliings (o, + Lihealing) + e (94)

From (90) B may be expressed as a linear function of the temperature,
the magnetic field, the total magnetization field and the time derivative of
this last axial vector field.

7 The heat dissipation function for
anisotropic media with magnetic relaxation

Using (68)-(71), we obtain from (19) and (20) the following balance equation
for the specific entropy s

@ _ i -2 (q,q)ai 1 —27(q,q) 0T OT
pdt ~ Ozg <T L 1 Laﬁ 00 33:5
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1 f p00) dMadMg (1) L) p(1) (eZeo
4T {L(MW o+ L BY By + L™ Ba Byt (95)

(viwi) d€as dex
By gt dt [

From the expression u = f + T's and equations (55)-(61) we obtain the
following form for the specific internal energy

_1 1 0 MY @D ), (1)
u-ip{ A aryap Mo <m5—2m )—l—a(M)aBm mg }
(0) e 1
—T(o) ( A p1ya M = QM m )) (96)
1
v {2%6%60465% — T)aapéap ( +T (T).

The specific heat at constant deformation ¢(e¢) may be defined by

0
- (1)
c(e) 5T Y (T, €03, M, M ) . (97)
Hence, we obtain
d%p
C(G) Tﬁ’ (98)
and, if c(e) is constant, we have
T
o= c(e)TlogT— + 5(0)T — c(e)(T — T(0y) — w(o), (99)

(0)

where sy and u () are integration constants and represent the specific en-
tropy and the specific internal energy in the reference state, respectively.
Then, the first law of thermodynamics (9) becomes

1 oo d (1) (1,1) 1 @ ()
5% 5 \ Mo (Ma —2M50) |+ o), MO 2§

© d S0 da
—T(O) (a(M)oc %M (M)a dtMC(“ )>

1 d d d
+58ap¢ gy (€apne) = Tio)tap g €ap + peo p T = (100)
deq dM

—divJ@ JDE, + B,
w + Tap—— a —|— + T

where we have supposed that J¢ ), Jo([q), Té%) are given by (70) and (71).
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From (61) and (98) it follows that

1)
b5 o) Mo\ o e de“5+pc(e)T*1%. (101)

Pag = "%0na" g TnaT gy TGP Ty

By virtue of (95) and (101) we obtain the following equation for the heat
conduction

+aia (TE%”%) +o®), (102)
where M) is given by (see (79))
M = (035 + Eiiusis) @l (103)
and ¢ has the following form
o = gD 4 5(E) 4 5B (104)
with
o) = 10 P dls | ph BB, (105)
0B = L'V E, B, (106)
o) = gl S denc (07)

The physical quantity oM is called heat dissipation function and ¢ o(E)
and (") represent the heat dissipated per unit of volume and per unit of
time by the magnetic relaxation, electric conduction, viscous and magnetic
irreversible phenomena, respectively. o) is a generalized Rayleigh dissi-
pation function. When o) vanishes, no magnetic phenomena are present
and ¢ reduces to ¢(®) 4 o(B).

Substituting in (105) the expression (90) of B() conjugate to the internal
variable, we eliminate the internal variable, obtaining the following form for
oM)

2 dM¢ o (3)
Mc+ Do+ DianacBet

(M) _ (00 dMadMg 1)

g =

(1)
s g gr T Lnas | Pina
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By+ Dy (T —To) |,

(1) 2 dMy @)
D M, +D D (s

@)
Diana T =T0)| | Dianypy npn—gg T Pnsn

(

(108)

ie.,
M) _ () dMo dMg (2) @)y, AMp | () dMy
oM = Gy = + Gy MM + GopMa =" +Ga5 =
dM,, dM,,
G By~ + G =

afs dt afs
GONT — Ty) B, + GUO(T — Ty)?, (109)

BaBgs + G\(T — Ty) My + G®(T — Ty)

where

() 100 L) 1@ O
Gop = Lianap T LannePanya (mes

G() LD pM - p)

® _ o o e

1,1 1 2 1 2
Gas = Linnye (D(M> oDPnes + D(M)%BD(M)&a)’
@ _ @D (nD) G 0 )
Gag = Linnye (D(M)wD(M)Eﬂ + D(M)%BD(M)&a) :
) D) (@ B @ O
Gas = Linrye (D (e Panes T Pneal’ (M)Vﬁ) :
God = Lie DityyaDiihes:

M _ ;@D (n@1) D) © D
G = L e (DhaPiane + DianeaD! v)
© _ ;D) (hB) @) @
Ga™ = Liarjne (D(M)vaD(M) + D M)ga)

10) _ 1) @) @)
G = LinasPana (s

In (108) the coefficients Dgz\)@a,ﬁ (i =1,2,3,4) are given by (91)-(94).

From (106), (107) and (109) it is seen that the heat dissipation function
oM has the form of a quadratic function of the components of the strain
tensor, the components of the electric field, the components of the total
magnetization field, the components of the time derivatives of this last axial
vector, the magnetic field and of the temperature.

8 Heat dissipation function for anisotropic Snoek
media, where m) is reversible

In the case where B = B¢ B vanishes (see (21)3) and from (68) and

(69) one gets

0,00 _ (0,1) (10
Liiphs =0, and Ly o= —LG7 <o (110)



On the heat dissipation function 139

Also from (23) it is seen that in Snoek media the specific partial magne-
tization m(® becomes a reversible part of the specific total magnetization
m.

Hence, the magnetic relaxation equation (80) becomes

(0) dBa _ (0 (1) dMpg (o) a dr
X(BM)apBBT a = X(mB)asMBTX(2B)as i +X(T)a(T_TO)+X(T)aE’
(111)
where
(0) _(00) ;1) (LY [ (00 \ 7!
X(BM)ap = UM )ary L (00 @M e (a(MXB) : (112)
© 00 ;M) [ (L) (00
X(MB)ap = YatyanL (3 (a(M)vﬁ “(M)w)’ (113)
1M _ (00
XMB)ag = Y(M)as’ (114)
© _ 00 ;an [ an (oo ' o @
X(T)a = Ynasl(an sy {a(M)’m <a(M)nC) a(an a(M)v}’ (115)
1 _ o
X(Tya = U(at)a" (116)

For the derivation of equation (111) see [7]. Taking into account (90)-(94)
one gets

—_ p® (3) (4)
BV = D), sMs + Divyy . 5Bs + Diyp o (T = To), (117)
where

1) _ 00 -1 (00 [ (00 (11

Danas = (@ancy) ™ aanys (a(M)a( a(M)a()? (118)
3 _ (00 -1 (L1)

D(M)aﬁ = —(a(M),yB) M yary (119)

@  _ (00 -1 (1L1) (0) (1)
Divne = ~(@(anyp,) " a(anap@any T Aana (120)

: 2  _
being D(M)aﬁ =0.
Thus, we obtain the heat conduction equation (102), where the heat
dissipation function o(® has the form (104), ¢(®) = ¢ 4 o(E) 1 () with
oB) and o holding the same expressions ¢(&) = Lffé’el)EaEﬁ,

(R) _ 7 (viwi)deqp deyc
o = Logid ~dr at -

Substituting in (105) the expression (117) of B(!) conjugate to the in-
ternal variable, we eliminate the internal variable, obtaining the following
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_ 7LD (1) 3) (4)
form for o(M) (M) — Linras [D(M) Mg+ D ypyacBe + D(M)a(T —Tp)

(1) (3) (4)
[D(M)BWM + D( M) B, + D(M)B(T —To) |,

()dM

M) _ ~(2)
o) = G2 M Mg + Gy —= 7

Mg + G BoaBg + GO(T — To) Mo+

GONT — Tp) By + GUO(T — Ty)?, (121)

where

& _ g0 po  p)
1,1 1 3 1 3
Gog = Lirhe (D(MMD(M)sﬂ* D(M)WBD(M)&I)’

() L) B n®)
Gas = Linyye D (e (myes:

e v e 1) @
Go' =1L (D(MmD mye T Paneal )v)’

(M)~¢ ( (M)éa™ (M
© _ D) (pB) @) @ @
Go™ = Ly, £<D(M> oD )5+D(M)’YD(M)§Q>’

10) _ (L) p@) @)
GV = L D§M>aD< )8

Furthermore, M(!) has the form (see (103))

0 0) (0)
If the coefficients Lg\’j))a 5 vanish the relaxation equation (111) becomes

By = a0 sMs +aly) . T, (123)

where we have continued to call T the quantity T"— Tgy. In this case changes
in the magnetic field B are associated with changes in the magnetic axial
vector M and in the temperature 7. This result is well-known for media
without magnetic relaxation [7].

9 Heat dissipation function for magnetizable ani-
sotropic De Groot-Mazur media, where there is
no m

In the special case where

(1,1) (1,0) (O
Liyims =0, and L) o= —Lip) =0, (124)



On the heat dissipation function 141

equations (68) and (69) become

00 Mg

(ir) _
B’ = (M)aB gt

(125)

and
amV
dt

From (126) it is seen that M() is constant and it can be supposed that
M) =0, i.e., there is no internal variable and from (23) m = m?). Equa-
tion (80) reduces to magnetic relaxation equation for De Groot-Mazur media
(see [7] and [1]-[3])

= 0. (126)

1 2 dMpg 1
Ba = X(armyasMs + X(tmyas~gp T X(DhaT: (127)

Bt

where we have continued to call T' the quantity 7" — Tg.

o _ 00
X(MB)ag = U)ap (128)
2 _ 00
X(aB)ap = Liaryap (129)
Xy = A(3hya (130)

and in the heat conduction equation (102) the heat dissipation function
M) (105) reduces to the heat dissipation function for De Groot-Mazur
media given by

M) _ L(QQ) dM,. dMg

(
7 (M)aB™ gy at

(131)

and ¢(®) and o) take the expressions (106) and (107), respectively.

10 Conclusions

The paper deals with the study of the heat dissipation function in anisotropic
magnetizable media, where different types of irreversible microscopic phe-
nomena give rise to magnetic relaxation. The obtained results can be applied
in several physical situations, in nuclear magnetic resonance in medicine and
biology and other different fields of applied sciences, where complex media
are used. A model for these magnetizable media was given by Maugin, that
used a multimagnetic-sublattice approach. In this paper the standard proce-
dures of irreversible thermodynamics with internal variables were used and,
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following a Kluitenberg theory, it was assumed that it is possible to describe
the microscopic phenomena, giving rise the magnetic relaxation, splitting the
total specific magnetization in two irreversible parts and introducing one of
these partial specific magnetizations as internal variable in the thermody-
namic state space. Linearizing the theory, the heat conduction equation and
the heat dissipation function for these magnetizable anisotropic media were
derived. It was seen that this last function is due to electric conduction,
magnetic relaxation, viscous, and magnetic irreversible phenomena. The
obtained results are applied to the special cases of anisotropic Snoek media,
where the specific magnetization m(®) becomes reversible part of m and De
Groot-Mazur media, where there is no internal variable and m = m(©.

The author and Kluitenberg also studied the case of anisotropic pola-
rizable media with relaxation, in which the total polarization vector is due
to different microscopic irreversible dielectric phenomena and the total po-
larization vector is split in two irreversible parts (see [46]), and the case of
anisotropic mechanical media with relaxation, in which the inelastic strain
is due to different microscopic phenomena and the total small deformation
tensor is split in two irreversible contributions (see [47]).

Dedication

I would like to dedicate this paper to Professor Dan Tiba, my dear friend,
great teacher and eminent scientist, corresponding member of ” Accademia
Peloritana dei Pericolanti” di Messina, on the occasion of his seventieth
birthday.
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