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Preface

My research career in the field of itinerant electron magnetism started in 1977
when I got a job in Institute for Solid State Physics, the University of Tokyo. Since
then as a member of Professor T. Moriya’s laboratory, I have been involved in the
development of the spin fluctuation theory of itinerant electron magnetism, well
known now as the SCR spin fluctuation theory. The finite temperature Stoner-
Wohlfarth theory has been improved by these studies as reviewed in the book,
“Spin Fluctuations in Itinerant Electron Magnetism”, by Moriya published in
1985. From the beginning, I was interested in a few difficulties still unresolved
around 1980 and several assumptions of the theory. These have become the
motivation for my subsequent studies. Most of them have been done after I moved
to Faculty of Science, Himeji Institute of Technology.

The aim of this book is to review the new theoretical development of the spin
fluctuation theory that began from around the middle of 1980s. It is based on the
very simple ideas, i.e, the assumption of the total spin amplitude conservation and
the explicit account the effect of zero-point spin fluctuations, etc. These allows us
to deal with wide variety of phenomena ranging from the ground state to the
paramagnetic phase at high temperatures. Various interesting predictions on the
properties of itinerant electron ferromagnets have been also derived in agreement
with a number of experimental observations.

The book does not attempt to cover a wide area of magnetism. What I would
like to emphasize is that magnetic and thermal properties of itinerant magnets are
even more determined under the influence of magnetic fluctuations than we have
thought. Subjects are mainly confined in thermodynamic properties. It is valuable
to capture the current status of the spin fluctuation theories for graduate students
and researchers in the field of magnetism and is also helpful for the analyses of
experimental data.

The author is grateful to Dr. Toru Moriya for inviting me in this field of research
and various useful advice and instructions. I would like to thank Dr. Kazuyoshi
Yoshimura, Dr. Takeshi Kanomata, Dr. Hironori Nishihara, Dr. Kazuaki Shimizu,
Dr. Yuichi Dazuke, Dr. Masayuki Shiga, Dr. Tsuneaki Goto, Dr. Hideji Yamada,



vi Preface

Dr. Keiichi Koyama, Dr. Hiroyuki Nakamura, Dr. Kazuaki Fukamichi, Dr. Asaya
Fujita, Dr. Deguchi, and Dr. Takehide Koyama for collaborations and many fruitful
suggestions and discussions. I also want to thank my staff and students in Himeji
Institute of Technology, now renamed University of Hyogo.

Himeji, December 2012 Yoshinori Takahashi
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Chapter 1
Introduction

1.1 Historical Overview

The beginning of theoretical studies on itinerant electron magnets goes back to the
theory by Stoner [1]. It associates the magnetism in metals with the band splitting of
the conduction electron states. Temperature and external field dependence of various
magnetic properties are understood in terms of the change in the occupation number
of conduction electrons. Since then the development along this line has been carried
through by Wohlfarth and co-workers. In the following, the theoretical framework
on this line is called the Stoner-Wohlfarth (SW) theory. An introductory review is
presented in the book by Mohn [2].

In 1973, two papers were published by Moriya and Kawabata [3, 4] on the effects
of collective magnetic excitations, called spin fluctuations. The theory is now well
known as the self-consistent renormalization (SCR) spin fluctuation theory. In con-
trast to the SW theory, rolls of thermal magnetic fluctuations are particularly empha-
sized in this theory in deriving the Curie—Weiss (CW) law temperature dependence of
magnetic susceptibility, observed generally in itinerant electron ferromagnets. Since
then intensive theoretical and experimental investigations have been done on various
magnetic, thermal, and transport properties of itinerant electron magnets [5].

The SCR theory draws an exact line between properties in the ground state and
those at finite temperatures. In the ground state, the SW theory is assumed to be
justified. It means that the applicability of the theory is restricted to properties at
finite temperatures. Only the effects of thermal spin fluctuations have been their
main concerns. For instance, the magnetic isotherm, i.e., the relation between the
magnetization M and the external magnetic field H, is generally given as

H=a(T)M +b(T)M> + -, (1.1)

where the coefficients, a(T), b(T), ---, on the right-hand side are functions of
absolute temperature 7. Their T-dependence is predominantly determined by the
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2 1 Introduction

effect of nonlinear couplings among thermal fluctuation amplitudes. The first coef-
ficient a(T') corresponds to the inverse of the magnetic susceptibility.

The theory assumes that the relative importance of the effect is mainly restricted to
the first coefficient a(7'), since its magnitude is very small for magnets and paramag-
nets close to their magnetic instability points. On the other hand, the 7'-dependence
of higher coefficients has been usually neglected for simplicity. Their values are
assumed to be well evaluated by band theoretical calculations. Particularly the coef-
ficient b(T'), as a lowest order nonlinear coupling constant, has a significant role in
deriving the temperature dependence of the first coefficient a(T).

The theory seemed to be very successful in predicting various magnetic, thermal,
and transport properties even quantitatively [5]. Nevertheless, subtle difficulties are
involved in the theory as shown below.

1. Temperature dependence of spontaneous magnetization always discontinuously
drops to zero at the critical temperature 7¢.

2. Nonlinear relation between M2 and H /M was sometimes observed in the magne-
tization curve for the compound MnSi [6]. It implies that higher order coefficient,
b(T), for instance, in (1.1) is also temperature dependent.

3. The temperature dependence of the specific heat shows a spurious negative peak
just above the critical temperature [7].

No satisfactory treatments were, therefore, possible for properties in the magnetically
ordered phase as well as effects of external magnetic field.

From the efforts to overcome the above difficulties, a new framework of the spin
fluctuation theory was proposed by Takahashi [8]. In contrast to the SCR theory, it
explicitly takes into account the effect of zero-point spin fluctuations. It follows that
properties of the ground state have become the targets of the theory. The theory has
the following characteristic features:

e Magnetic isotherm, i.e., to find the M dependence of H in (1.1), becomes our main
theoretical concern.

e Both effects of temperature and external magnetic field can be treated consistently
from a unified point of view.

These theoretical developments of the spin fluctuation theory starting from around
1985 are reviewed in this book. The basic ideas necessary to understand the various
magnetic properties of itinerant electron magnetism are also presented in detail.

Later in this section, a brief introduction to the theory of magnetism is presented.
Then band theoretical treatment of itinerant electron ferromagnetism is explained
for the comparison with spin fluctuation theories in later chapters.
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1.2 Localized Heisenberg Magnets

When localized moments are defined for atoms in an insulating crystal, interactions of
these moments are sometimes described by the following Heisenberg Hamiltonian:

H=—-1> 58 (1.2)
(i,)

where §; is the spin operator on i-th atom and (i, j) means that the summation is over
the nearest neighbor pairs of i-th and j-th atoms. The coupling constant J, of the
order of magnitude tl.zj /U, is called the exchange interaction. Inter-atomic hopping
energy and repulsive intra-atomic coulomb energy between electrons are denoted by
tij and U, respectively. Owing to the presence of the above interactions, magnetic
transition occurs at some critical temperature 7. In the ordered phase below T,
the spontaneous magnetization with some wave vector ¢ appears in the absence of
external magnetic field. To grasp a rough picture of magnetic phase transition derived
from the above model, simple approximation methods are presented below.

1.2.1 Mean Field Approximation

Curie Law of the Isolated Single Atom System To begin with, let us deal with the
single atom system with a finite total angular momentum J under the presence of
the external magnetic field H = (0, 0, H) along the z-direction. The Hamiltonian is
given by the following Zeeman energy:

A =—p-H. (1.3)

In the presence of the spin—orbit interaction, only the total angular moment J = L+S
is a conserved quantity, rather than the spin moment S in (1.3), and the magnetic
moment pu is effectively proportional to J, i.e., . = —gupJ. The constant g is
known as the gyro-magnetic ratio. The Hamiltonian (1.3) is therefore represented as

= gusJ - H. (1.4)

Although the thermal average of u is zero in equilibrium state, the finite magnetic
moment m, proportional to the external magnetic field H, is induced.

m = (uz) = x(T)H. (1.5)

According to the conventional method of statistical mechanics, the thermal average
of the above moment can be evaluated. In the presence of the magnetic field H
along the z-axis, the eigenenergies of (1.3) split into the equidistant (2J + 1) levels.
Thermodynamic properties of the system are derived from the free energy F(H, T) =
—kpT log Z, and therefore from the following partition function Z:
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S / enpmH et €SB H/KBT[] — egin @I+ DH/keT |
= ZJe - 1 — egnsJ H/ksT
—
_sinh[(2J + 1)gupH /2kpT] (1.6)
o sinh(gug H /2kgT) ’

F(H,T) = —kg{logsinh[(2J + 1)gug H /2ksT] — log sinh(gug H/2kgT)}

The magnetic moment is then derived from the free energy, as given by

oF
m = gug(J;) = “3H - gusBy(x)

By (x) = {(1 + 1/2J) coth[(1 + 1/2J)x] — (1/2J) coth(x/2J)} (1.7)

where x = gupJ H/kgT, and Bj(x) is known as the Brillouin function.
Depending on the magnitude of x, the following expansion is satisfied for coth x
in (1.7):

1 X
cothx =4z T3+ forkl<l (1.8)
1+2e 2 ... for|x|>1

Athigh temperatures, since x < 1 is satisfied, the first line of (1.7) is approximated by

. (ens)*J(J £ 1)

Tt H = x(T)H. (1.9)

Even if the system consists of a large number of atoms, e.g., N atoms, its magnetic
susceptibility becomes N times larger than that in the case of a single atom, as far
as inter-atomic interactions are negligible like systems of dilute gas. The magnetic
susceptibility is then given as

_ Ngup)*JU +1)
3kp '

T—C C 1.10
X(T) = 2. (1.10)

The above temperature dependence is known as the Curie law, and the constant C is
the Curie constant.

The total magnetic moment squared, ;1> = -, is a conserved quantity of the sys-
tem, for the commutation relation, [J 2w 1 =0, is satisfied. Equation (1.10) means
that the following relation is satisfied between the conserved amplitude squared,
J? = sz + Jy2 + JZZ, and the magnetic susceptibility x (7).

1 1
T (gup)*J(J + 1) = BT X (T) (1.11)

The above relation is a special case of the fluctuation—dissipation theorem of
non-equilibrium statistical mechanics, i.e., the case where the high temperature
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approximation is justified. A brief explanation of the theorem will be given in
Chap. 2. The Curie law temperature dependence of the magnetic susceptibility is
closely related to the basic principle of the statistical mechanics. If we know the
above relation (1.11) from the beginning, we will be able to derive the Curie law
behavior of x (T) straightforwardly.

Mean Field Approximation Let us next deal with a system, in which a large number
of localized moments are included. Mutual interactions among them are described
by the Heisenberg Hamiltonian of (1.2). By decreasing the temperature of such a
system, the magnetic phase transition occurs at some critical temperature 7. Below
T,, a finite spontaneous magnetization with some spatial modulation appears. As a
simple approximate method for phase transitions, we will show below a treatment
based on the molecular field approximation. We assume that the interaction in (1.2)
is ferromagnetic, i.e., J is positive, for simplicity of the treatment.

In this approximation, interactions between a spin S; on ith site with neighboring
spins §; on jth sites is approximated by an effective static external field.

J
Hmz_E S 1.12
SMUB ; (j) ( )

If the spontaneous moment is in the z-axis direction, it becomes equivalent to the
problem in the presence of the following effective magnetic field Hegr:

gJ gMBN
Hg=H+H,=H+———-M, M= S 1.13
eff + Hp + N(zin)? : z < ]> (1.13)

J

where j represents the summation over the nearest neighbor { magnetic ions. The
magnetization is denoted by M in this treatment. If we put the effective field Hegr
of (1.13) into the external magnetic field of the single spin problem, the magnetic
susceptibility (1.9) at high temperatures is written as

N(gup)®S(S +1 S(S+1
M~ gmB)~S( )Heff:( )
3kgT

2
3kpT [N(gup)"H +¢JM1.  (1.14)

Now, from the definition of x(7T) = M/H, the temperature dependence of the
magnetic susceptibility is given as

_ N(gup)*S(S+1) 1 = S8+ Ded

x(T) = 3 (T — 10) o (1.15)

3

It is called Curie—Weiss law temperature dependence. It diverges at the critical tem-
perature 7., called Curie temperature for ferromagnets. Below T, the spontaneous
magnetization appears even in the absence of external magnetic field.

The temperature dependence of the magnetization in the ordered phase is obtained
by solving the following equation:


http://dx.doi.org/10.1007/978-3-642-36666-6_2
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cIM

M=N B , =
(gu)By(x), x N(ein)kaT

(1.16)

It is the same equation as (1.7), if H in x is replaced by Heg for H = 0. At low
temperatures, the following exponential temperature dependence, characteristic of
systems with finite energy gap, is derived:

M ~ EgMB [(25 + 1)(1 + 2e8HBCS+DHerr/kTy () 4 Ze—gMBHeff/kBT)]
2

1
= Ngups (1 - Ee‘gﬂBHeff/"BT + - ) , (1.17)

the same expansion as (1.8) justified for 1 < |x|. In order to derive the more reason-
able dependence, the effect of spin waves has to be included.

Note that in the above treatment of the magnetic susceptibility, the magnetization
M is directly estimated by using the thermodynamic relation (1.7). The approximate
free energy is first evaluated in this example. Then the magnetic susceptibility is
obtained from its second derivative with respect to the magnetization M. Similar
treatments are also employed by the SW and SCR theories.

1.2.2 Phase Transitions of Heisenberg Magnets and Spin
Amplitude Conservation

We show in this section another different approach based on the spin amplitude
conservation. Only the case of ferromagnetism is treated as well for simplicity. The
spin operator S ; on a jth magnetic ion site commutes with the squared spin amplitude
S? on any ith site. The following commutation relation is then satisfied for each
operator Sl-z:

(S, #]=0 (1.18)

Itimplies that S [2 is a constant of motion and its expectation value is always conserved.
The following spin amplitude conservation is satisfied:

DS Si) =D (Sq- S—q) = NS(S +1) (1.19)
i q

A number of magnetic ions in the crystal is denoted by N. In the case where a finite
static magnetization is present, it is written as a sum of the mean spin amplitude
squared and the average of squared fluctuation amplitudes.

1(So) > + Z(asq 38_q) = NS(S+1), 88Sq=S8q—384.0(S0). (1.20)
q
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In Egs. (1.19) and (1.20), fourier components of spin operators are defined as
_ig-R: 1 i0-R:
Sq:zi:e aRig S, :ﬁgelq Risg,. (1.21)

The Hamiltonian in (1.2) is also expressed in the wave number representation as

J .
— z z (q-Ri—p-R;)
%——2—]\,2 e'? p /Sq'S_p
ij 4p

J iq-(Ri—R )+i(g—p) R, !
_ _2_szzelq( i—Rj)+ig—p) ISy 8_p= _ﬁz‘](q)sq S
ij 4qp q

(1.22)

where J(q) is defined as a following sum of nearest neighbor sites j, as given by

J@) =7 " (Rij=Ri — R))
7

We show below that the magnetic properties of this model are derived from the
above amplitude conservation (1.19). Note that the following fluctuation dissipation
theorem is satisfied at high temperatures:

1
(gMB)2§ (Sq - S—q)=ksTx(q). (1.23)

Equation (1.13) is then regarded as the condition that the wave vector dependence
magnetic susceptibility x (¢) has to satisfy. What we have to do next is to find the
wave vector dependence of y (q).

Let us next deal with an effect of externally applied magnetic field H, along
z-axis with spatial modulation of a wave vector q. The Zeeman energy of this effect
is given as

1
I = 8uB(H g S; + HyS,)
= —gup Y [Hy cos(q - R;) + Hy"sin(q - R)1 S}, (1.24)

1

Hy = H,' —iH,"

As an effect of this term, we expect the magnetic moments are induced in the system,
that are proportional to H; and H_, with the same wave vectors 4=¢. The magnetic
susceptibilities x (¢) and x (—q) are obtained as their coefficients. Each spin operator
with wave vector ¢ or —¢q is then defined as a sum of the mean value and the
fluctuation.
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Sq = (Sq)+8Sq. S_g={(S_g)+85_4 (1.25)

For other operators with different wave vectors, p # =¢q, their mean values are
assumed to be zero ((S+p) = 0).

In the mean field approximation, only the linear terms with respect to fluctuations
are retained, whereas the rest are neglected. The Hamiltonian is then written as
follows:

1 1
Hur = =357@ ((Sq) - S—q +(S—) - Sq) + F8un(H-¢Sq + HySZy) (1.26)

It is easy to see that the above Hamiltonian is effectively equivalent with the model
in the absence of the magnetic field, provided that the external magnetic field H , is
replaced by

2
Hy — Her.q = Hy — mJ(q)<sg> (1.27)

The magnetic moment induced by the above spatially modulated effective magnetic
field is given then by

1
My = _g,uB(Sq) = EX]OC(T)Heff,q, (1.28)

where xjoc(T) represents a local magnetic susceptibility defined against the local
magnetic field acting on each atomic site in the crystal.

Substituting the effective field (1.27) into the right-hand side of (1.28), we are led
to the expression

My = e L TH, = @)t (129)
71— x10e(T)J (@)/N(gup)? 2 * 2 :

where the wave vector-dependent magnetic susceptibility x (q) is defined as a coef-
ficient of Hy /2, given as

Xioc(T)
1 — x10c(T)J (q)/N(g)?
_ N(gup)*
 IN(guB)?/ xioe(T) — J(O)] 4+ J(0) — J ()

x(q) =

(1.30)

From the condition that both sides agree with each other for ¢ = 0, (1.30) is also
rewritten in the form

1
1/x(0) +[J(0) — J(g)1/N(gus)?’

x(q) = (1.31)
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where x (0) is given by

11 JO
x(0)  x0e(T)  No(gup)?’

(1.32)

By putting the above (1.31) into (1.23), the spin amplitude conservation (1.19) is
finally given as

r 3 ! st (1.33)
N <= N/x(©) +1J©0) = J(9))/(gus)* 3

Magnetic properties derived from the above equation are shown below.

e The critical temperature lower than that derived in the mean field approximation.
In this formalism, T is determined by the condition,

k Tl ; = 1S(S 1) (1.34)
oy 270 T~ 3D ‘

It is derived by assuming x ~'(0) = 0 at T = T, in (1.33). To compare the
result with (1.15) for 7, in the mean field approximation, note that the following
properties are satisfied for J(q):

1
2 I@=0 JO=¢) SO -T@l=¢] (135
q q

Mathematically, it is also known that the following inequality is generally satisfied,
as far as all the g; are positive.

1/1 1 1 n
A—+—4-+—=])> (1.36)
n\a a an (@ +a+---+ap)

If we let J(0) — J(g) and N correspond to a; and n, we are led to the inequality

SS+1) 1Z 1 N I S(S+1)

Ty N4 T0) — @)~ S0 —T@)] & SkTME

where the critical temperature in the mean field approximation is denoted by TCMF.
Owing to the effect of fluctuations, the critical temperature 7, is obtained lower
than TCMF, re., T, < TCMF is satisfied.

e Temperature dependence of magnetic susceptibility y (7') around the critical point.
The temperature dependence of the magnetic susceptibility is evaluated by solving
(1.33) for x(0) as a function of temperature. At high temperatures, its inverse,
%~ 1(0), has to increase proportional to T, because the right-hand side is constant.
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To find the temperature dependence around the critical temperature, 7, < T, let
us rewrite (1.33) as

I's ! s !
N = N/x(©) +[J(0) - J(@1/(gus)*> N . /() — J(@1/(gn)*’
(1.37)
where the right-hand side is replaced by the left-hand side of (1.34). By subtraction
of the same value, (T/N) 3. {[J(0) — J(g)]1/(gup)*} ", from both the sides,
(1.37) is further written in the form

T 1 1
N ; (N/X(O) +1JO0) = J @)/ (gep)?  [1(0) - J(q)]/(guBﬂ)

(T =T) | ) )
W ; 7O — 7@ Gupr ~ e D (1.38)

where the constant ¢ is defined as the summation over ¢ on the right-hand side.
The wave vector summation of the above left-hand side is easily evaluated by
assuming the quadratic dependence, [J(0) — J(q)]/ (guB)? = Ag?, around the
origin. The result is given as

4zV (9B 5 1 1 Tvo 48 1
"oy U\ Fag T ag) T ) )y Yvas
27m)°N Jo y+Aq q T 0 y+Aq

Tvo [y _f |A Tvy [y
- R P PRI A A
m2aV A y 18 Ay a = Te=D

(1.39)

where we have defined y = N/x (0) and vo = V /N for volume per magnetic ion.
The following (T — T,)*-linear temperature dependence of y o< 1/x (0) is finally

derived in this region.
4re\? A3 )
={—) =T -T, 1.40
y ( Vo ) T2( C) ( )

The behavior different from the result of the mean field theory is characteristic of
the critical phenomena.

We have shown two different treatments of magnetic properties of localized
Heisenberg magnets. The first treatment is particularly concerned only with the order
parameter induced in the system. In the second approach, the effects of fluctuations
are explicitly taken into account. As a result, the critical temperature is lowered
and more reasonable temperature dependence of the magnetic susceptibility can be
derived around T = T,.
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1.3 Band Theoretical Approach

In this section, we give a brief overview of the Stoner-Wohlfarth (SW) theory of
itinerant electron magnetism. It is essentially an application of the electron theory of
metals in solid state physics. The theory is based on the following theoretical model
known as the Hubbard Hamiltonian:

H =)+ UZ”iT"iis IO = Z tijcjgcjo = ngczgcko, (1.41)
i

i,j,o0 ko

where %) represents the single electron hopping between magnetic ions in a crystal.
Symbols cj » and cj, of this term are the creation and the annihilation operators,
respectively, for conduction electrons of ith and jth sites with spin direction o.
Among them the following anti-commutation relations are satisfied:

(Cjos o} = 880,00, Cios Cjor) = {cfyrcly} =0 (1.42)

Operators and the single electron energy for the Bloch state with the wave number
k are denoted by c}; o+ Cko»> and gg. The second term, responsible for the origin of
magnetism, is the repulsive Coulomb interaction between electrons with different
spin directions on the same atomic site.

In the SW theory, the appearance of itinerant electron magnetism and its vari-
ous properties are understood associated with the changes of occupation numbers
of conduction electrons around the Fermi energy. The substantial difficulty of the
theory stems from this idea. The difference in the numbers of conduction electrons
with up and down spin directions is regarded as the origin of the magnetism. The
magnetization and the total number of electrons are therefore given as

I N
M=—§Zk(nk¢—”k¢)=—70( t—ny)
N =3 xr +mey) = Nofng +ny),

(1.43)

where we have defined M as a difference of the average numbers of electrons with
up and down electrons. The magnetization is given by 2ug M. In terms of M and N,
the average numbers of (n4) and (n ) are defined by

1
(n4) = =W —2M)
211\10 (1.44)
(ny) = 2_1\/0(N +2M)
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1.3.1 Hartree-Fock Approximation

Itis generally very difficult to deal with the system described by the Hubbard Hamil-
tonian with a huge number of mutually interacting electrons. In the SW theory, the
second interaction term in (1.41) is approximated by an effective magnetic field as
given by

U D ninip = U 3 it )+ mig (1) = ) 1)

= U D nko (n-o) = NoU (ny){ny)
ko

2
=1, (% —GM) ko — 1 (NT - Mz), (I =U/No)
ko
(1.45)

On the other hand, in the presence of a uniform external magnetic field H, the Zeeman
energy is written in the form

h -+ —;— h .
—MH=-> E(c;Tc,-T — ¢l = —Zazc]mc,m, (h =2ugH) (1.46)
k ko

Comparing (1.45) with (1.46), the effect of the repulsive Coulomb interaction is
regarded as the presence of extra magnetic field, 2/ M. The following effective
Hamiltonian is derived, with substitution of (1.45) for (1.41), in the presence of
the external magnetic field.

+ N? 2
H = 1o (Eko — W)CyCho — 1 vl M
(1.47)

IN h
o =k +——0A, A=IM+ —
2 2
Thermodynamic properties of this system are now evaluated according to the con-
ventional procedure of statistical mechanics.
The free energy of our system of non-interacting Fermions is given as

F(h,p.T)=IM* + Fy, Fo(h. . T) = —kgT > In(1 + e~ Eom/ksT)

ko
(1.48)

The total electron number N and the magnetization M are related to the chemical
potential o and the external magnetic field &, respectively, by the following thermo-
dynamic relations:
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oF
5 =N = %:f(gka)
=/d8p(5)[f(€ +A)+ f(e — A)]
F 1
—% = M(h, u, T) = _E %Gf(gka) (1.49)

1
- / dep(e) f(e + A) — f(e — A)]

where the Fermi distribution function is defined as

1

Fe = ot 1

(1.50)

1.3.2 Free Energy of Stoner-Wohlfarth Theory

In our treatment of systems showing magnetic phase transitions at some finite temper-
ature, it is convenient to introduce the free energy F (M, N), in place of F (h, u, T),
with respect to variables M and N. It is useful for our intuitive understanding of
magnetic phase transitions. For example, the free energy then becomes minimum
at finite spontaneous magnetization M for ferromagnet. These two free energies are
related by the Legendre transformation,

F(M,N,T) = F(h,u, T) + hM + uN, (1.51)

where variables 4 and pu on the right-hand side are eliminated by using (1.49) as
functions of M and N. Then the following new thermodynamic relations are satisfied
for new variables:

OF(M,N,T oF(h, u, T 0
¥:M+[M+Nj|_“

aN Em aN
aF(h, i, T oh
(h,p,T) m|
oh aN
dF(M,N,T) AF (h, i, T) B
o | —— AN | —— 1.52
oM +[ M + }8M (1.52)
AF(h, i, T) oh
A M|l — =nh
+[ oh + }8M

As will be shown later, the new free energy can be expanded in powers of M as far
as the M dependence of the free energy in (1.51) is concerned.

F(M,T)=F(,T) + %a(T)MZ + j—lb(T)M“ +--- (1.53)
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The first term on the right-hand side is the free energy at M = 0. In the SW theory,
the free energy is expanded in powers of M and temperature T by regarding them as
small parameters. As for the temperature dependence, the Sommerfeld expansion is
applied to the following integral:

e} "
/ deg(e) f(e) = / deg(e) + D an(kT)*" gV (), (1.54)

n=1

where the integrand consists of a product of the Fermi distribution function f (¢) and
an arbitrary function g(e). Precise values of expansion coefficients a, are known,
e.g.,a) = 712/6, in the second term.

For the derivation of the free energy (1.53), we need to evaluate (1.49) expanded
in terms of small parameters, 7', A, and §;© = u — ¢r. The chemical potential in the
non-magnetic ground state is denoted by ep. The energy of conduction electrons in
the Fermi distribution function is then written as

Cko — = (eg —0A —38pu) —er =¢x — Bu +0o4).

If we always use the Fermi distribution function with fixed i = ¢, (1.49) is rewritten
as follows:

N =/ dep(e)[f(e — A —dp) + fle+ A —duw)]
) (1.55)
2M = / dep(e)[f(e = A —6dpu) — fle+A—6dw)]

It is better to use the following equation, in place of the above first equation, being
derived by subtracting both sides of the first line of (1.55) and the same but with
A=0andéu =0.

(0.¢]
> / dep(e)[ f(e —a A — ) — f(e)] = 0. (1.56)
o=+1""
Now the above (1.56) and the second equation of (1.55) are expanded in powers

of §u, A, and (kBT)Z, as given by

27T2 / 2 /A2
2/05M+TP(kBT) +p' A4 =0
? 2 1 3
2M =24 |:;0+?,0N(kBT) +"~:|+2,0/A5M+§,0NA + oo (1.57)

2 " 2 " 12

T

=2pA|1 - — 'O__'O_2 (kgT)> + - | + LG /% S
3 \p »p 3 2
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The last line is obtained by putting . in terms of A% and (kg T')? into the right-hand
side of the second line. With the use of A = I M + h/2, the last expression is finally
converted in the form

aF
h=— =a(T)M +b(T)M> + - . 1.58
Y a(T)YM +b(T)M”> + - - -, (1.58)

where the coefficients a(7") and b(T) are given by

2 JT2 7 2
a(T):——21+—(p——p—2)(kBT)2+---,
P 3 \p »p

Lo o (1.59)
) =—5% - )+
03(p2 3p)

The M dependence of the free energy in (1.52) is obtained by integrating the ther-
modynamic relation (1.52) with respect to M.

The free energy (1.52) of the SW theory is given as a sum of two competitive
contributions, i.e., the band energy resulting from the hopping of conduction elec-
trons from an atomic site to site and the on-site repulsive Coulomb energy between
electrons with opposite spin directions. The thermodynamic state is determined by
its stability condition with respect to its variables. If it becomes stable for a state with
finite magnetization M, ferromagnetism appears in the system. Since the variation
of occupation numbers of conduction electrons is usually restricted within around
the Fermi energy er, magnetic properties are characterized in the form of the density
of states around ¢r. The magnetic properties of the SW theory are therefore derived
by the free energy (1.53) with coefficients a(T") and b(T) given by (1.59).

1.4 Magnetic Properties Derived from the SW Theory

Typical magnetic properties derived from the free energy (1.53) of the SW theory
are summarized as follows:

e The condition of appearance of the spontaneous magnetization in the ground state
is given as
a(0) <0, or Ip=>0. (1.60)

It is usually called the Stoner condition. When it is satisfied, the magnetism devel-
ops as the result of spin splitting of the conduction electron bands.
e Temperature dependence of the magnetic susceptibility is given as

1 oh 1
=2 _ 21, (1.61)
xo(T) oM xp(T)
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where xp(T') is magnetic susceptibility for Pauli paramagnets with I = 0, given as

2 " 2

b

Xp(T):%[l—FR(kBT)Z—i—---], R="__"_2, (1.62)
o p

The coefficienta(T) in (1.58) corresponds to the inverse of magnetic susceptibility.
e The Curie temperature 7, is given as

(1.63)

6(Ip — )72
2R '

kBT, = |:

It is given by the condition, a(7.) = 0. The magnetic susceptibility shows diver-
gence at T = T,. With this T, the temperature dependence of the first coefficient
a(T) is written as

T2
a(T) = a(0) (1 ) . (1.64)

o

e The spontaneous magnetic moment in the ground state is given as

—11(0)]1/2 3 [2(Ip 1)

172
b(0) pb(0) ] ocTe (169)

a(O)M +b(O)YM> =0, . My = [

It is determined by the magnetic isotherm (1.58) in the ground state for 7 = 0 by
assuming 7 = 0. Comparing the result with (1.63) gives the relation My o T.
e The temperature dependence of the spontaneous moment is given as

172

[—am7"* _[-a@]"?Tam)]"? T2
M(T)_[bm} _[b(O)} [a«))} = Mo (I_T_E) (100

Spontaneous magnetic moment at finite temperatures is also determined by the
magnetic isotherm (1.58) for 7~ = 0. The temperature dependence of the second
coefficient b(T') is assumed to be weak and is neglected here. It implies that the
good linearity between M? and T2 is satisfied in the wide range of temperature
below T,.

e Magnetic isotherm is given as

a(T) 1 h
CB(T) ' B(T)M(H,T)

M*(H,T) = (1.67)

Therefore, the good linear relation between M? and H /M is satisfied in the case
of small magnetic moment M. Observed results of M? from magnetization mea-
surements are often plotted against H/M, called Arrott plot at present. It is also
written in the form
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Fig. 1.1 Observed tempera- 10 . T . T
ture dependence of the spon-
taneous magnetization square
M 2(0, T) of ZrZn;, plotted
against 72, by Ogawa [9]
k5
>
IS
2 4
S
S
=
0 : I : 1
0 200 400
T (K7)
72 2x0H
MP(H, T) = M*0,0) (1 — = ) + M>©0,0)—2=_, (1.68)
T M(H,T)

where xo = 1/[2b(T)M?(0, 0)] is called differential magnetic susceptibility.

Stimulated by these theoretical investigations, a number of experimental studies
were made around 1970 on itinerant electron ferromagnets with small induced mag-
netic moments such as ZrZn,, Sc3In, Ni3Al, and MnSi. Good linearity of their Arrott
plots have been actually confirmed for most of them except for MnSi. Typical T2-
linear dependence is also observed for spontaneous magnetic moments and fourth
expansion coefficients b(T') of the free energy in powers of M. As an example, the
temperature dependence of the spontaneous magnetic moment of ZrZn, observed
by Ogawa [9] is shown in Fig. 1.1, in agreement with the prediction of the SW
theory. The T2-linear behavior of b(T) is also confirmed for ZrTiZn, and ZrZn; o
by Wohlfarth and de Chatel [10] and for Ni—Pt alloys by Beille et al. [11].

1.5 Summary

In Table 1.1, typical magnetic properties of itinerant ferromagnets predicted by the
SW theory are compared with those of localized moment models. Differences in
these properties are summarized as below.
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Table 1.1 Characteristic magnetic properties of itinerant electron ferromagnets in comparison with
local moment magnets

Magnetic properties Local moment systems Itinerant ferromagnets
M /(Noug) Integer <1

M(H,T) versus HforT/T, < 1 Saturated Unsaturated

Arrott plot Nonlinear Linear

MZ2(0) — MX(T) «T3/2 «T?

x(T) Curie-Weiss law Curie-Weiss law
Dett/ Ps ~1 >1

1. The magnitude of magnetic moment per magnetic atom

For insulator magnets in which the spin—orbit coupling is negligible, magnitude of
atomic magnetic moment takes an integer or a half-integer in units of up, because
of the quantization of the angular momentum. For itinerant electron magnets, on
the other hand, it can take any value, because it is determined by the spin splitting
of conduction electron bands.

. Magnetic isotherm in the ground state

For localized moment magnets, magnetization is almost saturated at low temper-
atures. Therefore, it is little affected by external magnetic field. In the case of
itinerant ferromagnets, it still shows increase with increass in the external mag-
netic field strength. It results from the increasing spin splitting, according to the
SW theory.

. Temperature dependence of spontaneous magnetization at low temperatures

Spontaneous magnetization shows the 73/2-linear decrease for localized moment
ferromagnets at low temperatures, resulting from thermal spin-wave excitations.
On the contrary, for weak itinerant ferromagnets, T2linear decreases are rather
well observed, seeming to be in agreement with the SW theory.

. Temperature dependence of magnetic susceptibility

Curie—Weiss law temperature dependence is generally observed for both these
magnets. The ratios of two magnetic moments, i.e., the effective moment pesr
estimated from the Curie constant of magnetic susceptibility and the spontaneous
moment pg, are of about 1 for localized moment magnets, while for itinerant
ferromagnets, considerably larger values are obtained. In the SW theory, the
different dependence proportional to (T2 — Tcz)’] is derived in disagreement
with experiments.

To conclude, most magnetic properties seem to be well accounted by the SW

theory, as long as they are in the ground state or in the magnetically ordered phase.
An exceptional difficulty has been the Curie-Weiss law dependence of magnetic
susceptibility. Efforts to overcome the difficulty have brought about a new theoretical
development.
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Chapter 2
Fluctuations and Magnetism

2.1 Fluctuations

Throughout this book, we are particularly concerned with the effects of fluctuations
on various magnetic properties. As a brief introduction to the fluctuation phenomena,
let us first take a system of a classical harmonic oscillator in equilibrium with its
surroundings at temperature 7. The Hamiltonian is given by

H(q. p) = 2L,,z V@, V@) = smad 2.1)
m 2

where g and p represent a coordinate and its conjugate momentum. The mass of the
particle and the vibration frequency are denoted by m and w, respectively. When it
is in thermal equilibrium, both of its variables g and p show random motions around
the origin in the phase space. Deviations or fluctuations of variables are defined by

S¢q=q—1{q), Sp=p—(p), (2.2)

where (g) and (p) are thermal averages of variables. Both of them are zero in this
case. The variances are also defined for each variable by the average of fluctuation
amplitude squared.

(8q%) = (@) = {g®).  6p*) = (p*) = (p?) 23)
The above averages are easily evaluated as follows for the coordinate ¢:

<5 2) _ ffooo dqu qu,%ﬂ(q’p)/kBT B kBT (2 4)
e [%, dgqdp e~ @)/ ksT = mo? .

It corresponds to the law of equipartition of energy in classical statistical mechanics.

Y. Takahashi, Spin Fluctuation Theory of Itinerant Electron Magnetism, 21
Springer Tracts in Modern Physics 253, DOI: 10.1007/978-3-642-36666-6_2,
© Springer-Verlag Berlin Heidelberg 2013
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In the presence of external force F in a positive direction, the potential energy
V(g) of the system is then given by

1
Vig) = Emw2q2 — Fq. (2.5)

The stable position of the coordinate, shifted from the origin, is represented as fol-

lows.
1

) (2.6)

(q)=xF, x=

The parameter x defined as a coefficient of the F'-linear term in the right hand side
is generally called susceptibility. It characterizes the response of a system to the
externally applied force. From the comparison of (2.4) and (2.6), it follows that the
following relation is satisfied.

(8g%) = kg T x 2.7)

The relation corresponds to the special case of the well-known fluctuation-dissipation
theorem of statistical mechanics. It is the relation satisfied in general between the

fluctuations and the response of the system to the external perturbation.
In quantum mechanical treatment, it is better to introduce the two new variables

b and b' by
mw 1 4 mw 1
b= |—q+i/——p, b= |—q—i)—p. 2.8
V2r TN 2mhe” Vor !V 2mhe” 28
Between them, the following commutation relation is satisfied.
[b,b'1=1 (2.9)

The Hamiltonian is then represented by
AN
H = hw n+§ , n=b'b. (2.10)

If we define the ground state by the condition b¢(gq) = 0, excited eigenstates of 7,
¢n(g), with integer eigenvalue n are successively generated by

b dn(q) = Nn+ 1¢us1(q). 2.11)

Thermal expectations of 7 and (g2) are evaluated as follows.

o 1 y_ P 1 2 2.12
<n>—e,w/kBT_1, <q>—2mw +ehw/ksr_1 (2.12)
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It is easy to see that at high temperatures where hiw/kgT < 1 is satisfied, the above

<q2) reduces to the classical limit (2.4). On the other hand at low temperatures, it

remains to be finite and becomes the finite value, i/2mw, called zero point fluctuation.
Let us next consider the system where its free energy is given by

Flg] = Fo + / dr¢*(N[a(T) — VX1 () + -

= Fo+ > _[a(T) + ck®l|gul* + - (2.13)
k

in terms of some field variable ¢ (r) defined as a function of spatial coordinate, r. The
Fourier transform in the wave number space with variable k is shown in the second
line.

We can also define fluctuation of the amplitude by

Sp(r) = ¢(r) —(d (). (2.14)

The average of the amplitude squared in (2.2) is extended to the correlation function
defined by

C(r—r1") = (3¢™(Nsp(r)). (2.15)
From the free energy (2.13), the following dependence is derived.
Cr—r)occe™ =1 k2 =a(T)/e. (2.16)

Its Fourier transform is then written in the following Lorentzian form.

1
Ch o« a

(2.17)
Correlations between fluctuation amplitudes in such systems are expected to play
significant roles in the responses against the externally applied field.

2.2 Fluctuations and Responses

As a response to spatial modulated and temporally varying external magnetic field
with wave vector g and frequency w, the magnetic moment M (r, t) is induced in
the system. It is linear to the external field strength for weak external field. Such a
response is called linear response. The susceptibility is defined as its coefficient. We
can find the general expression of the susceptibility by using the following Hamil-
tonian of the system in the presence of the external magnetic field [1].

H =M+ V), V() =—gupS®, Bee (2.18)
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The first and second terms represent the unperturbed Hamiltonian and the term of the
Zeeman interaction, respectively. The o component of the spin operator is denoted
by S%, and Be is the magnitude of the external field.

The time evolution of the quantum mechanical state | (7)) of the system is
obtained by solving the following equation.

9
—i W) = A+ VOl D) (2.19)

Tolﬁnd the solution perturbatively, let us define a new state |®@(¢)) by |¥(¢)) =
g i | @ (¢) ) in the interaction representation. The time evolution of | @ (¢) ) is then
written by

e D (1)) + ie*if%f% 1B(1) = [ + VOl [0(1)) |
0
. iE |@(t)) =Vy(@)|D(t)), (2.20)

where Vg () is defined by

Vi (1) = 70V (1)e 0 = — g S (1) Bee T, SY(1) = &0 52T
(2.21)
The solution of (2.20) is formally given by

t t

dt' Vi (8|, (1)) = [1 —i/ dr' vy (t)

—00

1B(1)) = | B(—00)) —i/

—00

t t
+ (—i)2/ dt/VH(t/)/ dt//VH(t//) + - :| |@(—00)), (2.22)

—00

where we have assumed that the system is in the state | @ (—o00) ) at t = —oo. In this
representation, both the state and the operators become time dependent. After the
time evolution of the system, the expectation value of the 8 component of the spin

operator ((b(t)|Sf (t)|@ (1)) is therefore given by

guB(SH) (1) = gup(®®)SF ()P (1))

t
— gup(®(—00)] [1+i/

—00

'V (1) + - ] SP@)

t
X [1 —i/ dz/vH(/)+---] | @ (—00))

—00

t
= igup / (Ve (). SEON + - (2.23)
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We have assumed that the zeroth order expectation does not exist in the absence of
the field. Within the first order of Vg (), it is rewritten in the form,

t

eun(S))0) = —iCeun)B. [ are (182,00, 0t~ 1)

—00

= (guB)*x"(g. w)B.e ™", (2.24)
where we have defined the dynamical magnetic susceptibility by
C>O .
K. =i [ dred s, 52,0
0
C>O .
= i/ dre“”@(t)([Sg(r), Sﬁq(O)]). (2.25)
—0o0

In the second line of the above expression, the step function 6(7) is defined by

I, forO<rt
O(xr)=1" - 2.26
@) |0, fort <0 ( )
In the system in equilibrium at the temperature 7" at t = —oo, the expectation is

given by the canonical thermal average over the initial states.
For quantum mechanical systems, variables do not generally commute with each

other. The correlation between variables Sg (t) and S¢ q (0) is defined by

1
(S} 0. 5%, N = 5 [(SFO)5%, ) + (82, Osfan]. @27)

According to the fluctuation-dissipation theorem of the inequilibrium statistical
mechanics, the Fourier transform of (2.27) is represented in terms of the imaginary
part of the dynamical magnetic susceptibility.

/Oo ({S(1). S%,(O)))e™ dt = coth(%“’)lmxu(q, )

e¢]

1
(550 55,00 =5 [

—00

dwcoth(%‘”)lmxu(q,w)e—im (2.28)

As the special case, the equal time correlation at # = 0 is written as follows.

o0

z Z l
({850, §8=,0)}) = E/

—00

dw coth(%o)lm)(zZ (q, w) (2.29)



26 2 Fluctuations and Magnetism

2.2.1 Kramers-Kronig Relation

An effect of an externally applied magnetic field at the time " always appears in the
system at later time 7 (¢ > ¢’). This is well-known as the causality in physic. For this
reason, the integral of 7 in (2.25) is restricted the positive range. If we define the
Fourier transform of causality related functions, for instant the dynamical magnetic
susceptibility in (2.25), i.e.,

x(g,w) =Rex(g,w) +ilmy(q, w).

their real and imaginary parts are related with each other by the following relations.

1o /
Rex (g, w) = —/ dw/M’
7)o o —w
1 [®  Rex(q.o
Imy(q, ) = —— / ddm (2.30)
T J_ oo o —w

The above relation is known as the Kramers-Kronig relation. The static magnetic
susceptibility x (g, 0) is therefore given as

o0

1
Rex (¢, 0) = —/ do
T

oo 1)

Imy (¢, ")

/

2.31)

2.3 SCR Spin Fluctuation Theory

It has been well-known that the Curie-Weiss law temperature dependence of the
magnetic susceptibility is observed generally for itinerant electron ferromagnets in
the paramagnetic phase. On the basis of the SW theory, however, it was difficult
to explain the dependence, though other properties in the ordered phase seemed to
be well accounted. The purpose of the self-consistent renormalization (SCR) spin
fluctuation theory by Moriya and Kawabata (1973) [2, 3] was to find a solution of
this difficulty. By taking into account the effect of nonlinear mode-mode coupling
among spin fluctuation modes, they were successful in explaining the Curie-Weiss
law dependence. In comparison with the SW theory, it has the following features.

e Temperature dependence of various magnetic properties is attributed to the boson-
like magnetic excitations, i.e., spin fluctuations, in contrast to fermion excitations
of conduction electons in the SW theory.

e The effect of nonlinear coupling among these fluctuation modes plays predominant
role as an origin of the Curie-Weiss law temperature dependence of the magnetic
susceptibility.
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For convenience of their theoretical treatments, the following assumptions have been
also made.

1. Magnetic properties in the ground state are assumed to be well described by the
band theoretical approach. It is therefore regarded as a revision of the finite tem-
perature SW theory, for its applicability is exclusively restricted to the properties
at finite temperatures.

2. Based on a perturbational method, nonlinear effects of thermal spin fluctuation
amplitudes are treated by expanding in powers of their amplitudes. On the other
hand, effects of zero-point fluctuations are neglected.

3. The effect of nonlinear couplings among spin fluctuation modes is mainly con-
cerned with the renormalization of the lowest second expansion coefficient of the
free energy with respect to the magnetization M.

In this way, effects of fluctuations on the higher order expansion coefficients are
neglected in this theory, because they are regarded as higher order corrections. Values
of them are to be estimated in the same way as the SW theory.

2.3.1 Free Energy of the SCR Theory

In the SCR theory, the effects of thermal spin fluctuations are incorporated into the
free energy of the SW theory. In the following we show a brief outline of the theory.
Since its detailed explanation is not an aim of the book, we rely on a phenomeno-
logical approach based on the following free energy functional.

V(Mg}, M, T) = Fsw(M,T)+ ®({My})

DMy = 2—()Mq M_, (2.32)
= 2000
1
+30 D Mg Mg,Mg, Mg, + - .

>.:4;=0

It consists with two contributions, Fsw and @ in the first line, which represent the
SW free energy and the functional of spatially modulated magnetic fluctuations. The
first and the second coefficients of @, 1/x0(g) and b, are the wave-vector dependent
magnetic susceptibility in the harmonic approximation and the coupling constant
among magnetic fluctuation modes, respectively. The free energy is formally evalu-
ated as the functional integral with respect to all the possible magnetization M (r) as
a function of r. Variables M, are the Fourier transform of M (r). The set of variables
M, with wave-vector g throughout the whole Brillouin zone are denoted by {M,}.
The free energy of the system is then evaluated as follows.
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e FEDIKST = " exp[—w ((My))/ksT]
{My}
— o Fsw(M.T)/kgT Z exp[—@({My4})/kpT] (2.33)
{My}

Because of the presence of nonlinear terms in @, the rigorous treatment of the above
integration is very difficult in general.

Variational Approach We employ a variational method to find the nonlinear cor-
rection to the SW theory. Let us first introduce the following approximate harmonic
functional.

D((My) =~ Do({Mg) = D (UM + 2 1M 7). (2.34)
q7#0

where Qg and .Q;- are variational parameters to be determined later. From the com-
parison with @ in (2.32), they correspond to the wave-vector dependent magnetic
susceptibility.

ol 1 i 1

b o 2.35
1= 250 T (239

Superscripts L and || means the transverse and parallel components, respectively,
with respect to the static spontaneous magnetization. Note there exist two indepen-
dent degrees of freedom in the transverse direction. The free energy Fp from the
harmonic functional @ in (2.34) is evaluated as follows.

e Fo/knT = 3 oM kT H/dM e BPo((Mg))
(M)

ﬂkBT) (ﬂkBT)
I (2.36)
4 (93 Q%
—kpT Z [—1 (nkBT) + log(ngi_T):|
q7#0 9

Next, the nonlinear correction of the free energy, defined by AF = F — Fsw — Fo,
is formally evaluated as follows.

Fo

e~ AF/ksT _ oFo/ksT Z exp[—P({My})/ksT]
(M)
efo/tT " o~ Po(MD/ kT o~ (UMD =20(MDV/ BT (3 37)
(M)
— (e—(¢'—¢'o)/kBT>’



2.3 SCR Spin Fluctuation Theory 29

i.e., as a thermal average of e~ (?~%0)/8 _The statistical thermal average in (2.37) is
defined by
(...)=efo/ksT X" o= oMeD/ksT (2.38)
{My}

The correction AF in (2.37) is written in the form of the moment expansion.
kgT 21(kgT)?
— exp [—(Aq))/kBT + (AD?) — (ADY)) /2(kpT)? — - - ] . (2.39)

From the comparison of both sides of (2.39), the following inequality is satisfied.

1

2 2
ZkBT«Aq) ) — (A®)?) > 0. (2.40)

(A®) — AF ~

It implies that the approximate free energy is estimated by minimizing the average
given by
F = Fsw + Fo + (@ — @), (2.41)

with respect to the variational parameters in (2.34).

Variational SCR Free Energy For the last term in (2.41), the Gaussian average
defined in (2.38) is easily evaluated. For instance, the average of @ is given by

3 3
_ I gl 2 Lot = 2 _ 2
(®g) = qéo (.Qq(|Mq| )+ 2 (M7 )) = 2kBTgéOl = S NoksT.  (242)

with using the following relations.

kgT kg1
12y I Iy _ *B L2y 1 1 B
(|Mq| )_(Mq-M_q)_ M |)_(Mq -M_q)_—qu

ﬂ» (1M (2.43)

Letus next decompose the average (@) into the sum of the harmonic and the nonlinear
contributions, (@) = (®,) + (@), defined by

(@) =

q7#0
1
(@p) = 25> (Mg, - Mg, Mg, - My} + -
{g;}

1
2x0(q)

(Mq : M7q>7
(2.44)

The harmonic term is then simply evaluated as follows.
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1
= ks + =T (2.45)
Z ZXO(q) (29” 9;)

A slightly complicated nonlinear term (@), is also evaluated.

b
(D)p = ZMgZ |:2<Mq 'M—q) +4<Ml|1\ 'M”q>:|

q#0
b
T 2 [ (Mg -M_g)(Mg - M_g')
q.9'#0
w . © ©
+2 Zjl (M ) (M}, M_q,)} (2.46)
n=

The terms proportional to Mg are derived in the case where either of the following
two conditions are satisfied in (2.32).

e g, =q,=00rq; =q, =0, for the first term.
e g, =q3=0o0rq, =q, =0, for the second term.

The terms in the second and third lines are derived when none of ¢g; is equal to zero.
By putting (2.43) into (2.46), the average (@), is given by

3 1
() =—bk TM,
(D) ) B O(ZQq+QJ')

1 1 1 1 1
ZblkrT)? v M —
+ bkeT)* ( +qu) o

oo [\ 292 22l 2,
! ! 2.47
42)%) i 29242 240
The variational free energy is finally given in the form.
F(M. {20}, (27}, T) = Fsw(Mo) + Fo + (@4 + @5 — Pp)
Fsw(M) = M? + Lom? (2.48)

2x0(0) 4

Minimum Conditions of the Free Energy It is now possible to determine the
variational parameters Q(y and £2 ;- in (2.34) as well as the spontaneous magnetization
My from the conditions to minimize the free energy in (2.48). They are determined
from the following conditions.
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e The condition for .Q{j- (q #0),ie.

1 1 4
Q+= + = bM2+ bk T —+—. 2.49
7 2x0(q) B Z ol ef (2:49)
q'#0 q’ q
e The condition for 2} (q # 0), i.e.
1 3 1 3 2
I _ 2
+ 5bM? + L bksT 4+ = . 2.50
77 2x0(q) i Z I QL (250)

q'#0 Qq’ q

e The condition for M, i.e.

H 1 3 2

- = bM? + —bkgT -+ 251

7= oot + 5 bks Z T+ o (2.51)
q'#0 q q

For paramagnets or in the paramagnetic phase with no externally applied magnetic
field, there appears no induce magnetic moment. The variational parameters then
become isotropic, i.e., §2, = .QJ- [2” The above two conditions (2.49) and (2.50)
in this case reduce to the smgle condmon

2, = ! Z — (2.52)

2XO (‘I) q'#0 q

In the uniform ¢ = 0 limit, 2§29 = H/M is satisfied. The final condition (2.51) also
coincides with the above (2.52).

2.3.2 Curie-Weiss Law of Magnetic Susceptibility

In the SCR spin fluctuation theory, essentially the same equation in (2.52) is used
to evaluate the temperature dependence of the magnetic susceptibility. It is however
shown in a little bit different form.

Note that the isotropic spin fluctuation amplitude in the paramagnetic phase is
given by
3kgT
292,

(Mg -M_g) = (IM)]*) + (M, |*) = (2.53)

Equation (2.52), in the uniform ¢ = 0 limit, is then written in the form,
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1 1 +5
x(T) x0(0)

bZ(Mq M_g), x(T)=x(0)= (2.54)
q

2820’

where x (T') is the uniform magnetic susceptibility. The second correction term to
the SW theory, being proportional to b, results from the effect of nonlinear couplings
among spin fluctuation modes. The temperature dependence of this term gives rise
from the following two reasons.

1. The explicit temperature dependence in the thermal average in (2.53).
In our classical high temperature approximation, the thermal amplitude in (2.53)
is proportional to the absolute temperature 7. In quantum mechanical treatment,
its dependence results from that of the Bose distribution function.

2. Implicit temperature dependence through the parameter, £2,,.
In order to evaluate the mean thermal amplitude squared in (2.54), the parameter
§24 is necessary. It is shown as a sum of two contributions.

1
2g = Q0+ (24 = 20) = 5+ (24 = 20) (2.55)

The first term of the inverse of the magnetic susceptibility is temperature depen-
dent. The second term rather characterizes the dispersion of the parameters in
wave-vector space.

The thermal amplitude therefore depend on temperature through the direct
T-dependence of the statistical distribution function and also the indirect depen-
dence from the magnetic susceptibility x (7).

Self-Consistency Condition Magnetic susceptibility diverges at the critical temper-
ature T = T.. It can be used as the condition to determine the critical temperature,
as given by
1 5
Zb Z(Mq M _y)(0, Tp), (2.56)
q

= +
x0(0) 3

where the thermal amplitude is explicitly shown as a function of x ! and 7. In the
SW theory without the second term, the temperature dependence of the first term
X_l (0) determines T,.. Much higher 7, may be then obtained.

By subtracting both sides of (2.54) and (2.56), the following equation is derived.

x(T) _5 Z (Mg -M_g)(x™". T) = (Mg - M_4)(0.T,)] (2.57)

In quantum mechanical treatments, thermal amplitudes in the right hand side is
evaluated in terms of the imaginary part of the dynamical magnetic susceptibility
x (g, w), according to the fluctuation-dissipation theorem in (2.29). Since the solution
X —1is also involved in the right hand side in (2.57), we have to find the solution that

satisfies this equation self-consistently. Numerically, estimated solutions x ~! of the
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equation derived quantum mechanically show good linearity in a wide temperature
range above T,. From the comparison with experiments, its validity is confirmed
even quantitatively [4].

2.4 Discontinuous Change of Magnetization

Although the SCR spin fluctuation theory was successful in the derivation of the
Curie-Weiss law temperature dependence of the magnetic susceptibility in the para-
magnetic phase, there exists seemingly a slight difficulty in the ordered phase. That
is, its temperature dependence of the spontaneous magnetic moment always vanishes
discontinuously at the Curie point. We show in this section, how the discontinuous
change gives rise, and a possible prescription for the solution.

2.4.1 Temperature Dependence of Magnetization
To begin with, let us start from the following expansion of the free energy.
1 , 1 4
FM,T)=F(@0,T)+ Ea(T)M + Zb(T)M +ee (2.58)

In the SCR theory, effects of spin fluctuations are mainly restricted to the coefficient
a(T) of the second term. In the presence of a finite magnetization in the system, the
thermodynamic relation and magnetic susceptibilities are given by

oF

H=-—"—"a(MmM+b(TYM> + ...
i a(T)M + b(TYM” +
I _9H (T) + 3b(T)M? + (2.59)
L9, .
Xl oM
1 H 5
— =— =a(l)+b(M* + -,
XL M

where L and || stand for the components perpendicular and parallel to the magne-
tization. The last two relations for inverse of magnetic susceptibilities are satisfied
for rotationary invariant systems in spin space. The difference in these components
results from the second M2-linear terms. In the absence of the magnetic field, the
following results are obtained.

1

1
= =a(T) +b(TYMZ(T) =0, — =2b(T)M3(T)>0 (2.60
= o) a(T) + b(T)My(T) p (TYMy(T) > (2.60)

Since the perpendicular component always remains in zero in this case, Mg(T) =
—a(T)/b(T) is satisfied. The parallel component XH_I» on the other hand, increases
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with decreasing the temperature. The difference between them becomes finite and
temperature dependent in the ordered phase, while in the paramagnetic phase it is
very small even in the presence of an external magnetic field.

Let us next examine whether variational parameters Qj— and M determined by
(2.49) and (2.51) are consistent with the thermodynamic relation (2.59). If we notice
the relation 2.(28- = Il in (2.35), (2.49) is written in the form,

1 1 1 1 4
— = +boM*+ -bT D> [ —+ = |. 2.61
xL  x0(0) 2 4 e (26

q'#0 q’ q

in the limit ¢ = 0. However, it does not satisfy the relation XII = H/M in (2.59),
since the subtraction of the right hand side of (2.61) and (2.51) for H/M gives the
nonzero result,

H 1 1
l_ﬁszZ oI ol £0. (2.62)
g#0 \ "¢ q

To avoid the above inconsistency involved in (2.49), (2.50), and (2.51), let us simply
assume the following wave-vector dependence of .Q;- and .Q(y

1 1
“Ag? = ~ Ag?

I I I 122 22 L, (263)
93=90+(93—90)=90+§Aq =bMj + 5 Aq”,

QF =25 + (27— 25) =2 +

where the ¢* dependence of X0 ! (g) is extended throughout the whole of the Brillouin

zone as given by
1 1 5
- =Aq"+---. (2.64)
xo(@)  x0(0)

In the limit H = 0, (2.51) is then given by

1 LTS, Ly =0
Ag? +2bM} 970 Ag2

1
—— + DM +3bT Y
q#0 Aq2
1
+ bTCZ,H,EOA—q2 =0,

X0 (2.65)

x0(0)

where the second equation corresponds to the first one at the critical pointat T = T,
and My = 0. Subtraction of both sides of them finally give the following equation.

1

1
2_37 Z(m A2)+5(T T)Z =0. (2.66)
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As a solution, temperature dependence of the spontaneous moment M(T) is esti-
mated.

2.4.2 Origin of the Discontinuity

The wave-vector summation of the second term in (2.66) throughout the whole of
the Brillouin zone is evaluated as follows.

> 1 1 87 VbM? /qB q 1
- )= g—
—\ Ag> +2bM;  Ag? @2m)3A% Jo Tq2+2pMZ/A

bMZV | A Agl
= 2007 [ gt | 29 (2.67)
n2A? \ 2bM} 2bM}

where the zone boundary wave-vector is denoted by ¢gg. It becomes proportional to
M as the magnitude of My approaches to 0, i.e.,

1 1 Vv (b\"?
Z _ (= My (2.68)
. Aq? +2bM;  Ag? 2mA \24

The temperature dependence of M is therefore determined by solving the following
quadratic equation.

Mg — c/(T)Mo — ¢2(T) =0,

VT (b \"? |
( ) , (T)=5(T,—T) Z vl 0 (2.69)
q

a=5—\71

In the above definition, c1(¢) and c;(¢) are both positive for T < T.

The presence of the negative constant term —c2(7) — 0 (for T — T.) implies
that both positive and negative solutions are present. The positive physical solution
also remains finite at the critical temperature because of the finite value of ¢1 (7;). The
My-linear term results from the parallel component of the thermal amplitude. Reasons
of the discontinuous jump of the magnetization are therefore stated as follows.

e It results from the critical behavior of the parallel component of thermal spin
fluctuation amplitude with respect to the spontaneous magnetic moment.
Because of this reason, only the transverse component of fluctuations is included
in the SCR theory to avoid the difficulty in evaluating the temperature dependence
of the spontaneous magnetization.

e The Moz—linear dependence of the parallel component of the inverse magnetic
susceptibility around the critical point, i.e., )(Hf1 (o' Mg.
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There would be an argument that the above results derived from (2.66) are based
on the classical high temperature approximation. However, even if we take quantum
mechanical effects into consideration, our conclusion will remain unchanged. Phe-
nomena of phase transitions at finite temperature are mostly governed by thermal
fluctuations in the low energy region. There is nothing wrong with our approximation
for these thermal excitations.

It may be interesting to find the magnetic isotherm just at the critical point. In the
presence of the external magnetic field H, (2.66) is written by

A bM? + cM* + - 4 3bT. > ! !
_— = C o e _—
M 0#0 Ag2+0H/OM  Aq?
1 1
20T, - 2.70
i C;,(Aq2+H/M qu) @70

As with (2.68), the wave-vector summations in the right hand side give terms pro-
portional to /oH/dM and \/H/M for a weak external magnetic field H. As a
trial solution, let us assume the relation H o« M“ with an odd integer exponent «.
Then both of them become proportional to M@~ D/2 Tt follows that a self-consistent
solution of (2.70) has to satisfy the condition & > 5, for even power terms, at least
M?-linear or higher order terms, have to be present in the right hand side. It implies
that b(T,) = 0 has to be satisfied at the critical point, in contradiction to the assump-
tion of the SCR theory.

Anyway, the discontinuous change of the spontaneous magnetization originates
from the temperature independent fourth order coefficient b(T') of the free energy.
If we allow higher order expansion coefficients to be temperature dependent, more
sophisticated treatments of the magnetic isotherm including higher order coefficients
are necessary as will be shown in Chaps. 3 and 4. For convenience of later chapters,
we show below in this chapter, properties of the thermal and the zero-point spin
fluctuation amplitudes as functions of temperature and inverses of parallel and per-
pendicular magnetic susceptibilities.

2.5 Thermal and Zero-Point Spin Fluctuation Amplitudes

It may be well known that the spin fluctuation spectrum in low frequency (w) and
long wave number (q) regions is well described by the double Lorentzian distribution
function. If various magnetic properties are influenced by these fluctuations, they
will be described in terms of parameters that characterize spectral widths of the spin
fluctuation amplitudes in g, @ space. First in this section, two spectral widths are
defined. Then thermal and zero-point spin fluctuation amplitudes are represented
in terms of these parameters. For convenience of later explanations, the following
variables are introduced.
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For crystals with Ny magnetic ions, the dimensionless average of spin angular
moment o on a magnetic ion and the external magnetic field 4 in units of energy are
defined by

o =M/(Nogus), h=gusH, (2.71)

where M and H are the magnetization of the system and the externally applied
magnetic field. We also define magnetic moment per atomby p = go = M /(Noup).
Magnetic susceptibilities are therefore measured in units of (gup)? and redefined by

zH h/gus 1 h
= (guB) ==,

M Noguso Noo 2.72)
L LR A ‘
SUB)SM T Ny a0

Hereafter we assume g = 2 for the gyro-magnetic ratio, and energies and tempera-
tures are measured in units of & and kg, for simplicity.

According to the fluctuation-dissipation theorem (2.29), the following relation is
satisfied between the average of the local spin amplitude squared and the imaginary
part of the dynamical magnetic susceptibility in the paramagnetic phase and in the
absence of external magnetic field.

1 *© dw
2
(S2.) = N ;mq N2 Z/ — coth(w/2T)Imx (g, ),
e?/T +1 2
coth(/27) = — 7 =1+ 7 = 1+ 2n(w). (2.73)

With the use of the decomposition of coth(w/27) in the above second line, let
us define the thermal and zero-point local spin fluctuation amplitude, denoted by
subscripts T and Z, by

<S120c) = <Sloc z+t Sloc

(Stoe)z = N Z / —Imx (q. ), (2.74)

* dw
<5120¢>T = N—g Zq:/o ?n(w)lmx(q, ).

In the integrand of the thermal amplitude, the Bose distribution function n(w) =
/T — 1)~!is present.

For ferromagnets, the imaginary part of the dynamical magnetic susceptibility
in the small g, w regions is well described by the imaginary part of the dynamical
magnetic susceptibility.
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IIn , W ’ O ’ 9 0 07 0 ’
X q X q 2 FZ X q X K2 qZ ( ) )

I, =Tg*+4%, q=Iq

The damping constant I, the half width of the frequency distribution, has a meaning
of the inverse of the life time of the fluctuation with wave-vector ¢g. The correlation
wave-number « is defined by x = 27 /A as the inverse of the magnetic correlation
length A. In this way, spectral shape of spin fluctuation amplitude depend on the
value of k. In the following, the parameter y defined below is also used in place of
the inverse of magnetic susceptibility, for the relation k% o< x (0, 0) is satisfied.

[ ]

K No h

YT 2 T 2Tax(0,0)  2Ta0

(2.76)

Spectral distribution in g and w spaces therefore depend on temperature and external
magnetic field through the magnetic susceptibility.

2.5.1 Spectral Properties of Spin Fluctuation Amplitudes

For ferromagnets, the uniform component of the inverse magnetic susceptibility
X’l (0, 0) is very small, i.e., y < 1. Then the distribution of Xﬁl (g, 0) in wave-
vector space is characterized by its zone-boundary value, x ~'(qp, 0). Since the
inverse of magnetic susceptibility in (2.72) is measured in units of energy, let us
define the parameter T4, in units of temperature, by

No _ No(l+4g/e*) _ No(l+1/y)  No
x(q5.0) %(0,0) x(0.0) 7 x(0.0)y

=2kpTa, (2.77)

as ameasure of the spectral dispersion in the wave-vector space. The above definition
of T4 has a close relationship with y in (2.76).

Likewise, we can define another parameter Ty as a measure of the spectral distri-
bution in the frequency space. It is defined by

Ty = Togs(k® + q3) = Togg (y + 1) = Togg = 2wk To, (2.78)
as the width I'; of the w dependence at the zone-boundary wave vector ¢ = gg.

With these parameters, the wave-vector dependence of the magnetic susceptibility
and the damping constant are written in the form,
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@0) = 20,0~ = Mo
=X Ty TG+
Iy = Tvq(q® +«2) =2nTox(x* +y), x =q/qs, (2.79)

where the reduced wave vector x is introduced. The wave-vector summation over
the Brillouin zone is also written as follows.

1 AV /qB ,  Angiv /1 ) /1 )
— = — d = — dx x“ =3 dx x (2.80)
No ; @No Jo 1T T @N o 0

Finally, the reduced temperature ¢ defined below is used hereafter in place of the
absolute temperature 7.

t=—. 2.81
T (2.81)

2.5.2 Thermal Spin Fluctuation Amplitude

The thermal spin fluctuation amplitude defined in the last line of (2.74) is regarded
as a function of two independent variables, y and 7. By introducing the reduced
frequency &€ = w/2n T, the imaginary part of the dynamical susceptibility is written
in the form,

Imyx (. ) = x(q,0)—9
w? + T2
No 1 Eu(x)
T2Ta v+ A2E2 +ul(x)’

u(x) = x(y +x2)/t (2.82)

where u (x) is the reduced damping constant. The frequency and wave-vector integral
over the variables & and x, after putting (2.82) into (2.74), is then written as follows.

5 B 18To/1 3/00 £ 19
(S )T(% t) - TA 0 dxx () dgeZﬂf _ 1 52 +M2 - TA A(yv t)
1
Ay, t) = / dxx3 |:10g(u) — L — W(u):| , (2.83)
0 2u

where (1) is the digamma function defined by the logarithmic derivative of the
gamma function I" (), i.e. ¥ (u) = dlog I'(u)/du. The function u(x) defined in
(2.82) is simply denoted by u in the above integrand.

Especially in the limit of low temperature and around the critical point, its depen-
dence on y and  can be explicitly given as follows.
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e Around the critical point
Reflecting the anomalous x dependence of the integrand in (2.83), the y depen-
dence of the thermal amplitude A(y, ) for y < 1 is dominated by the critical
behavior. For u < 1 in the long wavelength limit, logu — 1/2u — ¥ (u) >~ 1/2u
is satisfied. By putting this approximation into (2.83), the integral over x gives the
following y dependence.

t ! x?
a0 = a0 - a0 =1 [Lar (- 1)

1 1 1 t 1
= ——t dx—— = —— /ytan~' — 2.84
3 y/o e ZVY NG (2.84)

In other words, the following nonanalytic behavior is derived around y = 0.

AA(y, 1) ~ —%t\/_, Yy (2.85)

The dependence, that cannot be expanded in powers of y around the origin y = 0,
is characteristic to the critical phenomena.

The t dependence of the thermal amplitude in this region is also evaluated as
follows. By introducing a new variable v = x3/¢ in place of u(x) for y = 0, the
thermal amplitude for r < 1 is given by

1 L/t 1 1
A0, 1) = 3;4/3/0 dvv!/3 |:lnv — 5= w(v)] ~ §c4/3r4/3,

o0 1
C, E/ dv ! |:logv 5 1ﬂ(V)j| , C4/3=1.00608--- (2.86)
0 \%

The critical thermal amplitude is proportional to £4/3

e Low temperature limit
Since 1 « u is satisfied in this limit, the following asymptotic expansion is satisfied
for the integrand logu — 1/2u — v (u) in (2.83).

at the critical point for y = 0.

1 1 1 1

1 - ~ _
ogu =5 VW~ 5 T Dout T 2520

+ - (2.87)

If it is approximated by the first term 1/12u2, the amplitude shows the 7>-linear
dependence in this limit.

A(y. 1) 1/1d © _z /1d a 21 (2.88)
S >~ — X— = — X = — . .
YUy T T2y o2 T 24y +y)

Its coefficient shows the tendency to diverge in proportion to 1/y, as y approaches
ZerO0.
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2.5.3 Zero-Point Spin Fluctuation Amplitude

The amplitude of zero-point fluctuations depends only on the variable y. In our
treatment of various magnetic properties, the region around the origin y = 0 is
particularly important. Although no explicit temperature dependence is involved
in this amplitude, it implicitly depends on temperature through the variable y. To
examine its detailed y dependence has a signifancant meaning for our purpose.
Compared to the thermal amplitudes, anomalous behaviors do not like to give rise
because of the absence of the Bose distribution function in the frequency integration
in (2.74). As will be seen in (2.59), magnetic susceptibility is generally suppressed
by the appearance of magnetization. As a result, the amplitude of fluctuations is also
suppressed with increasing y.

By introducing the reduced frequency, n = w/2mw Ty, the imaginary part of the
dynamical susceptibility is written as follows.

Imy (q. ©) = No 1 nv(x) No nx
my(q, w - v ’
) = S Y T2 P4 2()  2Ta i+ ()
v(ix) =x(y+x ). (2.89)

The frequency integral of (2.74) is then written by

Ne
(S2)7(y) = / dxx’ / dn s
9To

= dxx3{1og[n§ +v2(x)] — 2log v(x)}, (2.90)
2T4 Jo

where 1), is the cut-off frequency to avoid lagarithmic divergence. It follows that the
following y-linear dependence is derived around the origin y = 0.

9T
(S2.02(y) = (8%)2(0) — T—Aocy T 2.91)

The numerical coefficient c is defined by extracting the factor 97/ T4, common to
this case and (2.83) for the thermal amplitude.

The y-linear constant ¢ defined in (2.91) can also be evaluated directly by the
following derivative with respect to y.

D Py= 3 [Fded [ o elge)

iz/md_w [8[x(q)1“(q,w)] ®
Ng T 7 w? + I'2(q, w)

dy
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2wl (q, w) al'(g, w)
[@? 4+ T%(q, )]> 3y

—x@I'(q, »)] (2.92)

where the @ dependence is introduced for the damping constant 1" (g, w) by taking
account the spectral distribution, actually decaying faster than Lorentzian distribu-
tion, in the higher frequency region. The term in the second line is neglected, for
the y dependence of [x(g)I (¢, )] is neglected (see (2.79), for instance) at low
frequencies, where the y dependence is particularly dominant. Finally, the w depen-
dence of I' (g, w) is also neglected, i.e., I' (g, w) >~ I, in the last line, because of the
presence of the decaying factor, w/[w? + I'*(q, a))]% ~ 1/w?, at high frequencies.
The y derivative of (2.92) is therefore rewritten as follows.

) 3 ar, [ dw 20l?
282y (y) ~ —— _4/ do  20ly
8y( )z(y) N2 Eq x(q) iy Jo 7 @ IR
3 1 ar,
=-=> —x(@—=1. (2.93)
N Rl ady

The coefficient ¢ in (2.91) is then estimated by using

Ty 1 ory
c= —x(q) — . 2.94)
3N§T0;ﬂx D - (
Its value for the Lorentzian distribution function is given by
/ L ! (2.95)
c= X = - .
0 yH+xil—o 2

2.6 Spin Amplitude Conservation

We have shown in the preceding Sect. 2.5, that the zero-point spin fluctuation ampli-
tude also depends on temperature and is suppressed by an externally applied magnetic
field as with the thermal amplitude. With increasing temperature, the thermal ampli-
tude monotonically increases in the paramagnetic phase, while the zero-point ampli-
tude decreases because of its y dependence in (2.91). We feel therefore tempted to
assume that the sum of both the amplitudes is conserved independent of temperature
and/or irrespective of the presence of magnetic field.

There are several theoretical indications to date that seem to support the above idea.
For example, Shiba and Pincus [5] have shown that the variation of the amplitude
against temperature is only of the order of (kg7/W)? in their study on the one-
dimensional Hubbard model. Since W is the band width of the conduction electrons,
the dependence is actually negligible in the range of temperature where magnetic
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properties are usually observed experimentally. The same result is confirmed by
the numerical Monte Carlo study by Hirsch [6] on the two-dimensional finite size
Hubbard model. These are the examples where the dominant antiferromagnetic cor-
relation is present. Recently, the occurrence of the partial ferromagnetism has been
found by Nakano and Takahashi on the one-dimensional Hubbard model with next
nearest hopping interaction. Almost temperature independent total spin amplitude is
also confirmed in this case [7].

We show below in this section, results of several experimental studies that seem
to support the spin amplitude conservation.

2.6.1 Neutron Scattering Experiment on MnSi

Inelastic thermal neutron scattering experiments on MnSi with polarized beam was
made by Ziebeck et al. [8]. Observed results of intensities are plotted against the
temperature in Fig.2.1. In this experiment, scattered neutrons in all directions are
collected. Energies of scattering neutrons are also not resolved as well. If we define
the scattering amplitude of neutrons by S(q, w), the observed intensity / therefore
amounts to the following integral.

I = Z / " dwS(q, w). (2.96)
q 7%

The cut-off frequency w, is determined by the upper limit of energies of incident
thermal neutrons. The amplitude S(gq, w) is related to the imaginary part of the

Fig. 2.1 Temperature depen- 25 . . . . .
dence of the total spin ampli-
tude observed by Ziebeck
et al. [8] 20 L i
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dynamical magnetic susceptibility by

- 1
S(q, w) x S(q,w) = 1_6——w/TImX(q’w)

_ | [T+ n(w)imy(q, ®), o =0 2.97)
n(lo)my(q. o), © <0 '

In the paramagnetic phase, the imaginary part of the dynamical susceptibility is an
odd function of w. Because of the presence of the extra dependence on w, the intensity
is asymmetric with respect to the origin of w. The intensity is also expressed as a
sum of the thermal and zero-point components, S'T (g, w) and S'Z (g, w), respectively,
ie., by

S(g.0) = S1(q. ©) + Sz(q. ). (2.98)
St(g, w) = n(loDlImy (g, o)), Sz(q,®) = 0(w)Imx (g, ) '
where 6 (w) is the step function with values, 1 for 0 < w, or 0 for @ < 0, depending
on the sign of w. Intensities for negative frequency originate only from the thermal
component. We show in Fig. 2.2, the frequency dependence of the scattering ampli-
tude as well as its components, evaluated by assuming the Lorentzian distribution
function for some fixed wave-vector ¢.
Let us define integrated thermal and zero-point intensities by

1T=Z/ dwSr(q. ). Iz=2/ doSs(q.0).  (2.99)
0 0
q q

Fig. 2.2 Frequency depen- 0.4 . . . . . . . . .
dence of the scattering inten-
sity. Solid, dashed, and thin
dotted curves represent the
total intensity, zero-point and 03}
thermal components, respec-
tively. The dampling constant
is denoted by y
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The observed intensity (2.96) by Ziebeck et al. is then written by
1 =2It+ I7. (2.100)

If the cut-off frequency w, is high enough, the above intensity corresponds to the total
spin amplitude. Otherwise, it is the sum of the thermal amplitude 2/t and a partial
amplitude of the zero-point amplitude in the low frequency region. Observed intensi-
ties at several temperatures reported by Ziebeck et al. are plotted in Fig.2.1. Almost
temperature independent intensities by them is consistent with the spin amplitude
conservation. The slight tendency of the decrease observed at high temperatures
may results from the broadening of the spectral width with increasing temperature.
A portion of the intensity at high frequencies will then shift beyond the upper bound
frequency w,.

Soon after the report by Ziebeck et al., the another results of inelastic neutron
measurements were published by Ishikawa et al. [9]. Their main purpose was to
validate the assumption of the SCR theory, i.e., the increase of the thermal spin
fluctuation amplitude with increasing temperature. They measured frequency and
wave-vector decomposed scattering intensities. To extract the temperature depen-
dence of thermal component of the fluctuation amplitudes IT, only the observed
intensity in the negative frequency range was numerically integrated. Their results at
temperatures 7 = 33 K, 100 K, and 270 K are shown from the bottom in Fig.2.3. The
wave-number is denoted by ¢ for the horizontal axis. These intensities increase with
increasing temperature for almost all the wave number ¢. They insisted the validity
of the SCR assumption based on their findings. We must be, however, a bit careful.
Since only the thermal part of the amplitude is extracted, their results always make
sense. At the same time, it does not necessarily contradict the total spin amplitude
conservation, because they say nothing about the intensity estimated by the integral
over the wide range of frequency including the positive side.

Fig. 2.3 Wave vector depen- 30 T T T T
dence of the scattering inten-
sity at several temperatures,
T =33 K, 100 K, and 270 K
by Ishikawa et al. [9]
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2.6.2 Theoretical Explanation for Experiments on MnSi

For the explanation of the almost temperature independent scattering intensity of
MnSi by Ziebeck et al., the corresponding intensity was theoretically evaluated by
Takahashi and Moriya [10]. By assuming the double Lorentzian form of the spectrum
for the imaginary part of the dynamical magnetic susceptibility, the following wave-
vector summation and the frequency integral were performed numerically.

S2(T) o Z/w dwS(q, w) (2.101)
q 7%

The temperature dependence of the magnetic susceptibility, being necessary for
(2.101), is evaluated based on the SCR spin fluctuation theory. The result shown
in Fig.2.4 is fairly in agreement with the result of Fig.2.1 by Ziebeck et al. They,
however, argued that the observed temperature independent behavior would originate
from the limited energy range of thermal neutron beams. If the cut-off frequency w,
would become higher, the amplitude would show increase with increasing tempera-
ture as predicted by the SCR theory.

It seems that the effects of the temperature variation and the externally applied
magnetic field are restricted within the lower frequency region. We show in Fig. 2.5
the spectral intensity S(q, w) for two different values of y against the frequency w.
The thermal components, n(w)Imy (¢, w), show steep increase toward the origin,
while the zero-point components proportional to w around the origin show broad
peaks around w/y ~ 1. Larger value of y is used for dashed curves than those
for solid curves. Since there is no change in the Bose distribution function in this
calculation, it amounts to the effect of external magnetic field.

Fig. 2.4 Temperatur‘e depen- %1072 a=1.01,w,=200T,
dence of the theoretically 10.0 T T T T
calculated neutron scatter- .—-= Thermal
ing intensity of MnSi by ---- Zero-point
Takahashi and Moriya [4]. 80 L — Total
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curves correspond to the total,
the zero-point, and the thermal
amplitudes, respectively 6.0 - T
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Fig. 2.5 Spectral shape 0.4
change for thermal and zero-

point amplitudes at some fixed
wave-vector ¢ caused by the
variation of the inverse of the 0.3
magnetic susceptibility y

0.2 b

01l /N S .

Although the thermal amplitude is notably suppressed at low frequencies, the
effect on the zero-point amplitude should not also be ignored in the range of the
frequency of the order of the damping constant y. The effect on the intensities at
high frequencies is equally neglected for both components. Even if measurements
of the scattering intensity of MnSi becomes possible in higher frequency region, the
temperature independence of the scattering amplitude by Ziebeck et al. will almost
remain unchanged.

2.6.3 Giant Magnetic Fluctuations Observed in (Y,Sc)Mn;

The presence of the zero-point amplitude is also demonstrated by the neutron scatter-
ing experiments on the the Laves phase compound YMn,. It shows the first order like
phase transition around 7 = 100 K from the antiferromagnetic to the paramagnetic
state, accompanied by the huge magneto-volume striction. The antiferromagnetism
is found to disappear with a slight substitution of Sc for Y. Nevertheless, the large
thermal volume expansion coefficient is still observed at low temperatures, indicat-
ing the presence of magnetic fluctuations with large amplitude. Polarized inelastic
neutron scattering experiments made by Shiga et al. [11] has clarified the following
nature of spin fluctuations in this material.

e Antiferromagnetic fluctuations with large amplitude are actually present.

e Its amplitude increases with increasing temperature.

e Finite fluctuation amplitudes are present even at low temperatures. The frequency
dependence of the scattering intensity is asymmetric with respect to the origin.
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Particularly the above last behavior clearly indicates the presence of sizable zero-
point fluctuation amplitudes at low temperatures.

2.7 Summary

In this chapter, we have shown that the Curie-Weiss law temperature dependence
of the magnetic susceptibility of itinerant electron ferromagnets can be explained as
an effect of nonlinear coupling among spin fluctuation modes. The same approach,
however, inevitably gives an inappropriate discontinuous change of the spontaneous
magnetization at the critical temperature. The reason is because the fourth expansion
coefficient b(T') of the free energy (2.58) is assumed to be independent of temper-
ature. In order to solve the difficulty, it will be necessary to deal with higher order
expansion coefficients of the magnetization curve, i.e., H as a function of M in
(2.59).

We have also shown that the conservation of the total spin amplitude is also
satisfied from both the theoretical and experimental point of views. It implies that
the amplitude of the zero-point spin fluctuation also depends on temperature and is
affected by the externally applied magnetic field.
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Chapter 3
Effects of Spin Fluctuations on Magnetic
Properties

3.1 Basic Idea of the Spin Fluctuation Theory

In our treatment of spin fluctuations of large amplitudes, it is inappropriate to employ
a kind of expansion method with respect to their amplitudes. Instead it is better to
rely on some general ideas justified independent of the magnitude of amplitudes. We
propose the following ideas [1, 2] as the basis of our following discussions.

1. Total spin amplitude conservation (TAC)
The total spin amplitude on each magnetic site of the crystal is conserved inde-
pendent of temperature. It is also unaffected by external magnetic field.

2. Global consistency in the effect of magnetic field (GC)
‘We mean by this that the magnetic isotherm, i.e., the functional relation between
the external magnetic field H and the induced magnetization M, is globally con-
sistent with the first condition.

Specifically, the condition of TAC is explicitly written in the form

<Slzoc>tot = <551200>T v,y T) + <5S120c>z (. y2) + 0. (3.1

The left-hand side represents a conserved constant amplitude. The first two terms on
the right-hand side are the thermal and the zero-point amplitudes, respectively, while
the last term is a mean static local magnetic moment squared. In the presence of
external magnetic field, both these amplitudes are determined by the reduced inverse
of magnetic susceptibilities y(o, t) and y, (o, t) as functions of variables o and ¢.
These functions are related to each other by

dy(o, 1)
y(o, 1) =y(o, 1) +o—F—. (3.2)
do
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Our GC requirement imposes on y(o, t) the condition that its o dependence has
always to be determined to satisfy (3.1). It means that (3.1) is regarded as an ordinary
differential equation for y(o, t).

With use of the thermal amplitude A(y, 7) in (2.83), the total amplitude conser-
vation is written as follows:

Ta

T
2A0, 1) + A(yz, 1) — c(2 L2 =2 A(S2
0, 1)+ A, 1) —cy +y) + 3T00 3T, ( lOC)tot (3.3)

A <S1200>tot = (S12<Jc>t0t - (S1200>Z (0’ O)

At the critical temperature in the absence of the external magnetic field, y = y, =
o = 0 is satisfied for ferromagnets. The right-hand side of (3.3) is then given by
3A(0, t.) on the left hand side. For paramagnets in the ground state (T = 0) with no
thermal amplitude it is given by —3cyg because both y and y, have the same finite
value yo. To summarize, the right-hand side of (3.3) is given by

(3.4)

tot

E < 2> _ [ 3A(0, 7.), for ferromagnets
3T, \7loe —3cyg, for paramagnets

In the following sections we will show that various magnetic properties are derived
by solving the differential equation (3.3).
3.2 Magnetic Isotherm in the Ground State

To begin with, for convenience in later sections, we first show how the magnetic
isotherm in the ground state is derived as a solution of Eq. (3.3). Since no thermal
spin fluctuations are present in this case, it is written for ferromagnets in the form

—C Q@Y+ ) + o 0? = 3400, 1), (3.5)
3Ty
and for paramagnets,
T
—c 2y + y,) + —2 0% = —3cy. (3.6)
3Ty

These are regarded as ordinary differential equations for y (o) = y(o, 0) as afunction
of o, since we can find the derivative dy/do as a function of y and o from them. In
this section, the variable of the reduced temperature ¢ is neglected. We can find their
solutions as shown below.
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3.2.1 Magnetic Isotherm for Ferromagnets

Since y and y, are defined as dimensionless functions of H/M and OH /OM, they
are both regarded as even functions of . If we notice that only zeroth and the first
order terms of % are present in (3.5), it is reasonable to assume the following trial
function with two unknown parameters, oo and yj.

y(0) = yi1(c® — o). (3.7)

The parameter o has a meaning of the spontaneous magnetic moment, for y(o) o
H /M vanishes at ¢ = o¢ for H = 0. It follows from (3.2) that the o dependence of
v, (o) is also given by

dy(o)
Oo

y:(0) = y(o) + o = y(0) + 2y10°. (3.8)

Substitution of the above (3.7) and (3.8) for (3.5) then gives
Ta 2 2
YT Scyr ) o° 4+ 3leyiog — A0, 1.)] = 0. (3.9
0

The parameters y; and 05 are determined by the condition where the above (3.9) is
identically satisfied.

T
y = (3.10)
15¢Ty
1 15T, 5T, T.\*3
2 c
= —AQ,t.))=—A0,t,) ~ —C — . 3.11
on o O, 1) T O, 1) T 4/3 (To) (3.11)

If we notice the expression of A(y, t) in (2.54), the above second line is also repre-
sented in terms of the thermal spin fluctuation amplitude in the form

2 9Ty 3,
<Sloc>T 0,0,7) = T_AA(O’ fe) = 500 (3.12)

The result for the parameter y; in (3.10) is attributed to the effect of zero-point
fluctuations. It is therefore characteristic to the present treatment. As for (3.12),
between the thermal amplitude at 7. and the spontaneous magnetic moment squared
0(2), the same relation was already derived by the SCR theory [3].

The magnetic isotherm, i.e., the functional relation between the external magnetic
field & and the induced moment o, is given by

2
272

h=2Tpoy = Fio(o* —o3), F = :
ACY 10(c” —op), Fi 5¢To

(3.13)
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In terms of original variables M and H in (2.71), it is also written as follows:

(3.14)

(Qu)H = F M? M} M
guB)H = I - .
(Nogus)?  (Nogus)? | Nogus

The M dependence of the magnetic free energy F,,,(M, T) is also obtained by inte-
grating the thermodynamic relation, H = 0F,,(M, T)/OM, with respect to M.

F(M) = F,,(0) + %a(O)MZ + %b(O)M“

F
LM (3.15)

1
= F,(0) + M? +
" 2(gp)*x 4(gup)*N§

It is particularly interesting that even in the ground state, the magnetic isotherm is
determined, being influenced by the effect of spin fluctuations. Its typical example is
the fourth expansion coefficient F, given in terms of spectral parameters Ty and T4,
of the free energy in (3.10). Since no thermal fluctuations are present in this case, the
increasing magnetization is compensated by the suppression of the zero-point spin
fluctuation amplitudes. In contrast, in the SW and SCR theories, it is determined by
the density of state p at the Fermi energy cr, and its derivatives p/, p”, and so on.

Experimental estimate of spectral parameters According to our present spin fluc-
tuation theory, spectral parameters Ty and 74 are involved in various magnetic prop-
erties derived theoretically. As examples, we show below (3.11) and (3.13) again in
the form

, 20Ty T.\*?
Ps = Cup | , C4/3 =1.006089..., (3.16)
T To
272
- 15c/}0’ @17

where ps = 20y is the spontaneous magnetic moment in units of up per magnetic
ions. If these values are already known by some means, we can check the validity
of these properties quantitatively. Both of them are estimated by inelastic neutron
scattering measurements. Experimentally estimated values for MnSi by Ishikawa
et al. [4] and NizAl by Bernhoeft et al. [6] are shown in Table 3.1. We can therefore
check the validity of (3.16) for these compounds. By putting the observed 7, = 30K
and those of Ty and T4 into (3.16), we get the value ps = 0.38, in good agreement
with ps = 0.40 from the magnetic measurements by Bloch et al. [5]. As with the
case of MnSi, observed spectral parameters for Ni3Al in Table 3.1 by Bernhoeft et
al. [6] and the observed T, = 41 K gives ps = 0.078, being also in agreement with
ps = 0.075 by de Boer et al. [7]. Although there are not much examples thus far,
these results seem to support the validity of (3.16).
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Table 3.1 Comparison of the fourth expansion coefficient F; in (3.13) with experiments

Compounds To(K) T4 (K) 4T§/1 5To(K)  Fi(K) References

MnSi 231  2.08 x 103 5.0 x 103 9.7 x 103 Ishikawa et al. [4]
171 211 x 10> 6.94 x 103 Yasuoka et al.? [8]

NizAl 3590  3.09 x 10* 0.71 x 10° Bernhoeft et al. [6]

Ni74.7Als 3 2860 4.05 x 10* 1.53 x 10° 1.0x 10°  Umemura et al.2 [9]

ScsIn 565 2.00 x 10°  0.66x10°  2.0x10° Hioki and Masuda® [10]

ZrZny 321  8.83 x 10° 1.05 x 10* 1.3x 10*  Kontani et al.2 [11]

Y(Coi_xAly)a Yoshimura et al.2 [12]

x=0.13 2290 1.16 x 10* 1.57x10* 2.1 x10*

x=0.15 2119  6.34 x 10° 0.51 x 10* 1.0 x 10*

x=0.17 2093 7.03 x 103 0.63 x 10* 1.6 x 10*

4 NMR measurements

In the fourth column of Table3.1, we show values of F; for those compounds
estimated by using (3.17) with these parameters. In its fifth column, experimentally
estimated F; from the slope of the Arrott plot are also shown for comparison. Fairy
good agreement with these two values is evident. We can also estimate 7y from the
analysis of the temperature dependence of the NMR relaxation time measurements
[3]. The parameter T4 is then estimated by (3.16) from the value of Ty, as well as the
observed T, and oy. In this case, only the validity of (3.17) is verified experimentally.
In the fourth column, we show values of Fj estimated by (3.17) by using the values
of Ty and T4 in the second and third columns. These results compare well with the
values in the fifth column estimated from the slope of the Arrott plot.

Once the validity of (3.11) and (3.13) is recognized, we can estimate the spectral
parameters 7y and T4 of spin fluctuations only by using results of magnetization
measurements. These equations provide two independent relations among five para-
meters, ps, Te, F1, Ty, and T4. It implies that any two parameters can be expressed
in terms of the rest of the three parameters. Particularly for 7o/ T, and T4/ T, the
following relations are satisfied:

7.\/° ob  (15cF\'/?
(To) N 504/3( 2T, )

T. /3 08 2T, 173
(T_A) ~ 5Cy (IScFl)

From (3.17), T4 is represented in terms of 7 and F;. The first relation is then obtained
by putting it into (3.16) and eliminating 74. The second relation is derived in the
same way.

(3.18)
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3.2.2 Magnetic Isotherm for Exchange Enhanced Paramagnets

For paramagnets near the ferromagnetic instability point, (3.6) is satisfied in the low
temperature limit, in place of (3.5) for ferromagnets. Since the spontaneous magnetic
moment is absent in this case, the induced magnetization M by an externally applied
magnetic field H is proportional to H. Reciprocal magnetic susceptibilities, y(z)
and y,(t), thus remain finite, i.e., y(0) = y,(0) = yo > 0, in the weak field limit.
It is therefore possible to assume the following trial solution for y(o) = y(o, 0) in
powers of o2 up to the linear term.

¥(@) = yo+ y10° = yilo® + yo/y1] = y1(0” + 73) (3.19)

The o dependence of y, (o) is given by (3.2). By putting these expressions into (3.2),
the same (3.10) for y; is derived. To emphasize the similarity with ferromagnets, let
us introduce a new parameter, ag defined by 08 = yo/y1, that corresponds to the

spontaneous moment squared, a(%, for ferromagnets. The magnetic isotherm is then
given by
2

h=2Tsoy = 2T 2402 3.20
= 2140y = 15 0 T o), (3:20

in agreement with (3.13) except for the sign of ag on the right-hand side.

In (3.19), two unknown coefficients, yp and y; can be determined from the con-
dition that (3.19) has to satisfy Eq. (3.6). It follows that the first o2-linear coefficient
y1 is given by the same (3.10) for ferromagnets, while the zeroth coefficient yy is
given by
2 )0 15¢Ty

ag
Py Ty

y0. (3.21)

In terms of magnetic susceptibility x(0) in the ground state, it is also written in the
form
2 15¢Ty Ny No

— — . 3.22
P T T, 2T XOF (522)

g

Introduction of the following two new parameters ¢, and T, is useful for promoting
the similarity further.

A0, 1p) = cyro5 =cyo. T =1,Tp. (3.23)

These correspond to f. = T./Tp and the critical temperature 7, for ferromagnets.
With these parameters, (3.6) is written in the form

Ty ,
—cQQy +y,) + =0 = -3A(0,1,), (3.24)
3Ty
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being similar to (3.5) for ferromagnets. Only the sign on the right-hand side is dif-
ferent.
3.3 Magnetic Properties in the Paramagnetic Phase

We show next in this section, how to solve the differential equation (3.3) in the
paramagnetic phase. It is written as follows:

T
2A(y, 1) + A(yz, 1) — 2y + y.) + 3—;30—2 =3A(0. 1), (3.25)
0
T,
2400, 1) + Ay, 1) — ¢y + ;) + 3—7’302 = —34(0.1,).  (3.26)
0

The upper Eq. (3.25) corresponds to (3.5) for ferromagnets, while the lower one
(3.26) to (3.6) for paramagnets in the ground state. They are different from those in
the ground state in the presence of the thermal spin fluctuation amplitudes on their
left-hand sides.

3.3.1 Temperature Dependence of Magnetic Susceptibility

To begin with, let us discuss the temperature dependence of magnetic susceptibility. It
isrelated to the initial condition of the differential equation (3.3). In the paramagnetic
phase, the following magnetic isotherm is satisfied between the external magnetic
field H and the induced magnetic moment M.

H = a(T)M + b(T)M> + ¢(T)M> + - - - . (3.27)

The first coefficient a(7') is positive and finite in the paramagnetic phase. The above
isotherm is also shown as the M dependence of inverse magnetic susceptibility H /M.

7 _ a(T) + b(TYM? + ¢(T)M* + - - (3.28)
7= . .

The initial condition of y(o,t) o« H/M at o = 0, given by the first term a(7), is
always positive in this case. The first derivative with respect to M also vanishes as
shown below.
dy O(H/M)
— “ —_—

e YR 26(T)M — 0, (M — 0) (3.29)

These imply that to find the temperature dependence of magnetic susceptibility is
equivalent to the initial condition of the magnetic isotherm. It is given by solving the
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following equation for y(t) = y(0, t).

1
—[A(y, 1) — A(0, t.)], for ferromagnets,

yo =11 (3.30)
;[A(y, t) + A(0,1,)], for paramagnets.

For purpose of comparison, we show below the similar equation in (2.57) again,
derived by the SCR theory.

15
0 = 30D D My M) (T) =D (My - M_p)(T0) | - (3.31)
p p

If we notice the definitions of the reduced variable y and the thermal amplitude
A(y,t),1.e., vy = No/2T4x(T) and (SIZOC)T (v, ¥z, 1) = 9ToA(y, t)/ T4, both (3.30)
and (3.31) show close resemblance. As a subtle difference, the coefficient b(¢) in
(3.31) will be possibly temperature dependent. Their origins are, however, quite
different.

3.3.2 Magnetic Susceptibility in the Low Temperature Limit

At finite temperatures, the temperature dependence of the inverse of magnetic sus-
ceptibility y for paramagnets is determined by solving (3.30). From the temperature
dependence of the thermal amplitude A(y, t) in (2.88), it is approximated, at low
temperatures, by

l2 2

t
e~ . 332
2oy T Yt 24 (3.32)

1
y(@) =yo+ ;A(y, 1) =yo+

It is also shown as the relative change of y(¢) to its ground state value yy.

0 t 1 T\? 75¢ (T \*
X0 _y® 2(—) =1+—Z(—) —1+mT? (333)
x(T) Yo 24cyy \To 807 \Ta

It follows from the above result that we can estimate the parameter 74 from the
observed T2-linear coefficient of X’l (T) in the low-T limit. It is estimated from the
observed value of a, by using

Ty = e (3.34)
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For paramagnets, there exist two independent relations among five parameters, 7,
Ty, F1, Ty, and T4. From the slope of the Arrott plot of magnetization curves at low
temperatures, we can determine F and o P If T, is also known by some means, we
can determine Ty and T4 in the same way as ferromagnets. Even if T}, is unknown,
they will be determined by the following procedure:

1. Determine values of x(0) and F; from the Arrott plot of the magnetization curve in
the limit of low temperature. By putting these values into (3.22), 012, is evaluated.

2. The parameter T4 is then estimated from the temperature dependence of x(7) at
low temperatures by using (3.34) with the above o2 and the coefficient av;.

P
3. Finally, Ty is evaluated from values of F; and T4 by

272
Ty = A
156F1

(3.35)

3.3.3 Magnetic Susceptibility Around the Critical Point

Reflecting the anomalous +/y(¢) dependence of the thermal amplitude around the
critical point, the spin amplitude conservation is written in the form

A(y,t) —cy(t) =~ A0, 1) — %t y() —cy(t) = A, t.). (3.36)

Since y(¢) < 1 is satisfied very close to the critical point, y(¢) linear term originat-
ing from the zero-point amplitude can be neglected. The solution of (3.36) is thus
determined in the form

Zie/y(®) = [AQ, 1) — A0, 1)1,

4
2 2 2
y(t) = (i) [A(0, 1) — A0, 1)]? = [EM} (L _ 1) 7

t T

c Ot, te
(3.37)

where we have assumed 7 ~ 7.. The (T — T.)2-linear dependence of y is therefore
derived in this region. In cases where the condition 7. < 1 is further satisfied,
0A(0,1t)/0t ~4A(0, t)/3t is derived from (2.86). The above (3.37) is then rewritten
as

16A(0, 1) 1> (¢ 2 16 \? (Ta\> 4 (T 2
t) >~ | —— ——1) =— — ——1), (338
¥ [ 37 } Ie a57) \1.) \7. (3.38)
with use of the relation A(0, ¢.) = cy 108 in (3.11). The temperature dependence of
the inverse of magnetic susceptibility per atom is finally represented in the form
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2 2
Mo _, (16 Tieg (T, (3.39)
x(T) 457 T2 \T. ' '

c

3.3.4 Curie—Weiss Law of Magnetic Susceptibility

Even in itinerant electron ferromagnets, their observed magnetic susceptibilities usu-
ally obey the Curie-Weiss law temperature dependence. Theoretically, the temper-
ature dependence of its inverse is evaluated by solving (3.30) for the variable y(¢).
Numerically estimated y () shows a good linearity in a wide range of reduced temper-
ature . However, it does not imply that the linearity is not strictly satisfied above 7.
In relation to the Curie-Weiss law dependence of the magnetic susceptibility, We
show in this section that (3.30) will lead to an interesting property. To check this
property will then amount to confirming the validity of (3.30) experimentally.

Rhodes-Wohlfarth Plot and its Revision For insulator magnets, the effective mag-
netic moment pegr is defined from the Curie constant by C = N(up peff)2 /3kg.
From the spontaneous magnetization My in the ground state, the spontaneous mag-
netic moment p; per magnetic is also defined by p; = My/N. It is well known that
they are given by

P = 82S(S+ 1), ps=gS. (3.40)

where S and g denote the magnitude of the spin and the gyro-magnetic ratio. They
are thus related with each other by

Pl = ps(ps +2). (3.41)

for g = 2. If we define another magnetic moment pc from peg by pgff = pc(pc+2),
the relation pc/ps = 1 is always satisfied.

For most itinerant electron ferromagnets, the lower the critical temperature 7 is,
the smaller spontaneous magnetic moment is usually observed. No such tendency
is observed for pefr. To demonstrate these behaviors clearly, Rhodes and Wohlfarth
proposed to plot the ratio pefr/ps against T, [18], called Rhodes-Wohlfarth plot.
In Fig.3.1, we show an example of the Rhodes-Wohlfarth plot for some itinerant
electron ferromagnets as well as localized moment magnets. Later in 1986, another
interesting plot was proposed by Takahashi [1], i.e., pefr/ ps versus T/ Ty plot, based
on his spin fluctuation theory. We will show below the outline of his reasoning.

The Curie-Weiss law temperature dependence of the magnetic susceptibility in
our units is written as

xX(T) Pt
No 12T =T,

(3.42)

The almost T'-linear dependence of the inverse of the magnetic susceptibility x = (7T)
is also equivalent with the relation,
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Fig. 3.1 Rhodes-Wohlfarth Pc/Ps
plot. The ratio of magnetic 14
moments pefr/ pe is plotted

against the Curie temperature 12
T, of ferromagnets

o Cibr EWO | o | MnB :/IenngQIB |
0 200 400 600 800 1000
Te(K)
No dy(®) Tpdy(r)
——— =2Ty(t) ~ 2T, t—t)=2——(T —-T,), 343
NG Ay () A (t—1c) To dr ( ¢) (3.43)

which is justified as far as the temperature dependence of the derivative dy/dt is very
weak. From the comparison of (3.42) and (3.43), the following relation is satisfied:

12 _Tady@
- = Tady(®) (3.44)
D To dt

Notice that we have already derived in Sect. 3.2.1, the relation (3.14) between o and
T./ Ty, given by

2 4/3
2 D 15Ty 5Ty T
=== =_"—"—A0,t)~—C — . 3.45
a0 3 T ©, 1) 7, e\ 7, (3.45)
By eliminating the ratio of T4/ Ty in (3.44) with the use of (3.45), the following
result is finally derived.

per)’_ 1 L . )™ (3.46)
ps ) T 10dy/dr A0.1)  10Cazdy/dt \T.) '

The last expression on the right-hand side is justified for 7. < 1. Equation (3.46)
implies that the observed ratio of pefr/ps is determined by the single parameter
T,/ Ty. This is the reason for new plot, pegr/ ps versus T,/ Ty, proposed by Takahashi
[1]. The values of Ty required for the plot have already been estimated from (3.18)
for many itinerant electron ferromagnets by using observed o, T, and Fj.

In order to demonstrate the validity of Takahashi’s plot, two ways of plots were
compared by Nakabayashi et al. for Y-Ni compounds [19]. Their result is shown
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Fig. 3.2 Rhodes-Wohlfarth plot for Y,Ni, (left), and Takahashi’s revised plot (right): a Y;Ni7,
b Y2 Nigo, ¢ Y2Nigg, d Y2Nig7, e YNiz o, f YNi3, g Y2Nij7, 2 Yo Niys, i ZrZny, j MnSi, k NizAl,
[ Sc3In

in Fig.3.2. Experimentally estimated parameters for compounds in these plots are
summarized in Table 3.3. Solid circles corresponding to compounds are found to fall
on a narrow region around the theoretical curve given by

7.\ 2/3
Peff ~q4(20) | (3.47)
Ps T,

Since then, parameters Ty and T4 have been estimated for a number of other
itinerant ferromagnets such as La(Ni,Al);3 by Fujita et al. [20] in 1995, for instance.
These are also shown in Table3.3. Having the theoretical result (3.47) in mind,
log(pett/ ps) versus log(T./ Tp) plot in Fig. 3.3 is recently proposed by Deguchi. All
the compounds shown in Tables 3.2 and 3.3 are shown in this figure. The tetragonal
compound LaCo,P; [21] in Table 3.3 has an easy-plane anisotropy perpendicular to
the c-axis. Three uranium compounds by Deguchi (K. Deguchi, Private Commun.)
at the bottom of the table have Ising-like anisotropy. Parameters of these compounds
are estimated by assuming them as isotropic. It is known that (3.18) will then give
slightly modified parameters of Ty and T4 in the presence of magnetic anisotropy.
Since the coefficient of (3.47) is also slightly modified, they will still fall near the same
theoretical curve. These Figs.3.2 and 3.3 clearly show that (3.47) is well supported
by magnetization measurements on a number of itinerant electron ferromagnets.

Once we agree with the validity of (3.46), it is possible to estimate the parameter
Ty from these figures. From the ratio of pefr/ ps estimated experimentally, we can find
the corresponding value of 7,/ Ty from the figures. With this ratio and the observed
value of T, Ty is estimated.
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Table 3.2 Spectral parameters Ty, 74 estimated from magnetization measurements

Compound Te(K) ps  per F1(K) To(K) Ta (K) T./To peit/ps References
MnSi 30 04 225 9.71x10% 155 2180 0.194 56 [5]
Niz Al 415 0.075 1.3 130 x 10° 2760 3.67 x 10* 0.015 16.9 [7]
Sco7575Ing 2405 5.5 0.045 0.7 2.00 x 10° 286 1.46 x 10* 0.019 156  [13]
ZrZny 213 0.12 1.44 1.05x 10* 1390 7.4 x 10> 0.015 12.0 [14]

ZrooaTigosZny 40  0.233 1.33 1.49 x 10* 628 592 x 10° 0.064 5.7  [15]
ZrosHfooZn,  49.4 0.278 1.38 1.68 x 10* 536 5.81 x 10° 0.092 4.96 [15]
ZrooHfo1Zn,  10.2 0.078 1.27 1.20 x 10* 1110 7.07 x 10> 0.0092 16.3  [15]

Y(Coy—xAly)2 [12]
x=0.13 7 0.042 2.50 2.10 x 10* 1920 1.23 x 10* 0.0036 59.5

0.14 15 0.094 2.24 1.10 1440 0.772 0.010 23.8

0.15 26 0.138 2.15 1.00 1410 0.726 0.018 15.6

0.16 22 0.130 2.14 0.95 1280 0.676 0.017 16.5

0.17 16 0.095 2.13 1.56 1270 0.846 0.013 224

0.18 9 0.063 2.08 2.77 984 1.01 0.0091 33.0

0.19 7 0.040 2.04 4.11 1280 1.40 0.0055 51.0
Fe,Coj_,Si [16]
x =0.36 23 0.1 1.12 579 x 10* 640 11.79 x 103 0.0359 10.2

0.48 48 0.19 132 3.16 841 9.98 0.0571 6.9

0.67 55 022 1.39 3.82 680 9.87 0.0809 6.3

0.77 40 0.18 1.13 9.76 399 12.09 0.100 6.3

0.88 28 0.13 0.94 18.03 340 15.18 0.0824 7.2

0.91 14 0.07 0.8 57.6 239 22.73 0.0586 8.3
Pt;_,Ni, [17]
x = 0.429 23 0.051 1.59 5.84 x 10* 4370 3.07 x 10* 0.0053 31.2
x = 0.452 542 0.104 1.59 4.45 3670 2.46 0.0148 15.3
x = 0.476 75 0.143 1.59 3.74 3120 2.08 0.0240 11.1
x = 0.502 100 0.179 1.59 3.90 2870 2.04 0.0348 8.88

3.3.5 Magnetic Isotherm in the Paramagnetic Phase

In the paramagnetic phase, magnetic isotherm is given as a solution y (o, t) of (3.25).
It is generally evaluated by integrating this differential equation starting from the
initial value, yo(¢) = y(0, t) at ¢ = 0. The value of y(¢) is determined as a solution
of (3.30).

In the region of weak external magnetic field, the analytic expression of the mag-
netic isotherm is available, for both y and y. can be expanded in powers of 2.

y(@, 1) = yolt) +y1(t)a*> +- -,

V2(02 1) = yo(t) + 331 (D)0 + -+ . (3:48)

Putting them into (3.25) then gives
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Table 3.3 Experimentally estimated values of pef/ps and 7./ Ty from magnetization measure-
ments

Compound Ds Deff T. K) Top(K) Tx(K) 1./ To Dett/ Ps
Y, Ni,
x=7.0 0.033 0.631 52 5172 2.1 x 10° 0.0101 19.1
6.9 0.047 0.728 52 3799 1.16 x 10° 0.0137 15.5
6.8 0.064 0.786 60 2580 8.39 x 10* 0.0233 12.3
6.7 0.078 0.826 58 1723 6.24 x 10* 0.0337 10.6
YNij g 0.047 0.693 32 1706 7.91 x 10* 0.0188 14.7
YNij3 0.04 0.70 30 2178 9.23 x 10* 0.0138 17.5
Y, Niy 0.27 1.41 149 1544 1.89 x 10* 0.0965 5.22
Y, Nis 0.15 1.35 119 3329 3.51 x 10* 0.0357 8.97
La(NiyAlj—x)13
x =0.90 0.024 0.55 13 3350 6.00 x 10* 0.004 23
x =0.925 0.14 1.36 87 2060 4.59 0.042 9.7
x =0.95 0.25 1.43 169 1540 247 0.11 5.7
x =0.975 0.31 1.55 218 1820 2.28 0.12 5.0
LaCo,P 0.391 1.34 103 589 1.91 x 103 0.175 3.4
UCoGe 0.039 1.93 2.4 362 5.92 x 10° 0.0065 49.5
URhGe 0.32 1.74 9.6 111 8.56 x 102 0.0865 5.44
UGe, 1.44 2.58 53.5 61.5 4.93 x 102 0.870 1.79
5 ; : .
o Y(Co,Al),
2 ¢ Fe(Co,Si)
* Y,Ni,, YNi,
10 e A ZtZn,, (Zr.Ti)Zn,, (Zt,HH)Zn, |
© Pt, Nij
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§ e TSR
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Fig. 3.3 Deguchi-Takahashi plot, i.e. log(pesr/ps) versus log(7./Ty) plot for compounds in
Tables 3.2 and 3.3. Theoretical result (3.47) is shown as a dotted straight line
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T
3A(y0, 1) = 3eyo(t) +5[A (yo. 1) — cly1 ()0 + 3—;‘02 +---=3A(0,1), (3.49)
0

where the A’(y, t) is the partial derivative JA(y, t)/dy. From the condition that
(3.49) is satisfied identically, the temperature dependence of yj (¢) is obtained.

Ty 1 y1(0)

- . (3.50)
15Tp c — A'(yo,t) 1 —A'(yo,t)/c

@) =

The coefficient y; (#) has the meaning of the reduced fourth expansion coefficient of
the free energy with respect to the magnetization M. The above result shows that
this coefficient depends on temperature. Especially around the critical point, yo(?) is
given by
n 8¢ S 0. for 1. (3.51)
y1(0) Tle

because of the critical dependence of A’ (yg, t) >~ —xt/(8./y0) around yo = 0. It fol-
lows that both yg(¢) and y; (¢) in (3.48) approach zero toward the critical temperature
T..

In the same way as (3.49), (3.30) is expanded in powers of o for paramagnets.

T,
3A(yo, 1) —3cyo(0) +5[A"(yo, 1) —clyi (t)02+#02+- = —3A(0,1p) (3.52)
0

The same (3.50) is also derived for y; () in this case from the comparison of o2-linear
coefficients. The derivative of the thermal amplitude A’(yo, t) at low temperatures
is proportional to 72 as given by

l‘2

A(yo, 1) ~ — :
24y3(0)

(3.53)

By putting it into (3.50), the following temperature dependence of y; (¢) is derived:

0~ e + (3.54)
Y= 15¢Ty 24cy3(0) .

It is also written in the following form with the use of (3.21),

t 1 T2
no oy Ly T (3.55)
y1(0) 24c¢y5(0) 2407 T
where o2 is used in place of y((0). The above T>-linear coefficient shows tendency to

P

diverge as systems approach the magnetic instability point, yo(z) — 0 (i.e. 012, — 0).
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As described in the above, the temperature dependence of the fourth expansion
coefficient y; () of the free energy shows non-negligible temperature dependence in
general. It cannot be neglected even in the paramagnetic phase. It decreases to zero for
ferromagnets as temperature approaches the critical point, while for paramagnets the
coefficient of its 7'2-linear dependence shows divergence toward the ferromagnetic
instability point. They are regarded as precursor phenomena of the magnetic isotherm
as will be shown the next section. The temperature dependence of this coefficient is,
however, neglected in the SCR spin fluctuation theory.

3.4 Critical Magnetic Behaviors

In the SW theory, the magnetic free energy is assumed to be expanded in powers
of the magnetization M. Spontaneous magnetic moment appears below the Curie
temperature 7, where the second expansion coefficient becomes negative. Since the
fourth expansion coefficient b(T) in (1.53) remains finite at 7 = T, the following
relation between H and M is satisfied at the critical point:

H = b(T,)M>. (3.56)
The same is applied for the SCR spin fluctuation theory. In our treatment, however,
we do not need to make such an assumption on b(7T) and have shown in (3.51) that
b(T),i.e., y(t), vanishes at the critical point. Instead of making such an assumption,

we show below in this section how the magnetic isotherm at the critical temperature
is determined as a solution of our differential equation (3.25).

3.4.1 Critical Magnetic Isotherm

Because of the divergence of the magnetic susceptibility, i.e. y = y, = 0 satisfied at
the critical point, the thermal amplitude at ¢ = 7. can be written as

Ay 10) = AQ, 1) — %@/y(o) . (3.57)

where y (o, t.) is denoted by y (o). By putting the above dependence, (3.25) is written
as follows:

1 T
7 e2Vy(0) + vy (o)l + cl2y (o) + y:(o)] = 3—;00’2- (3.58)

In the region of weak magnetic field, both y(o)-linear and y, (o)-linear terms, origi-
nating from zero-point fluctuations, are neglected in the above, because y (o, t) < 1
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Fig.3.4 M* versus H/M plot (left) and Arrott plot (right) for MnSi at T = 29 Kby Bloch et al. [5]

and y, (o, t) < 1 are satisfied. It implies that the critical magnetic isotherm is pre-
dominantly influenced by the thermal amplitudes.

Note that no constant term is present in (3.58) at the critical point. Let us therefore
assume a trial solution y(c) = y.0%~!. Then y; is given by y, (o) = 0 - yeod L, By
substituting them, (3.58) is now written as

o

Ve Q2+ 38)g0=/2

From the comparison of both the sides, parameters ¢ and y, of our trial solutions are
determined as follows:

2
414 } (3.59)

5:55 c—= |\ T =
g [&ﬂx2+~6>

The value § — 1 = 4 is obtained as the critical index of the o dependence of y (o).
In the theory of critical phenomena, the critical index ¢ is defined by the critical
magnetic isotherm, i.e., M < H 1/0 The parameter ¢ in this section therefore corre-
sponds to the critical index of magnetic isotherm. From the definition of the reduced
inverse magnetic susceptibility, y(c) = h/2T 0, the following relation is derived:

T3 MS

h =2Tpoy(0) = 2Tayc0,
‘ T BT+ VP NG

(3.60)

The first equation in the original units is given by the second.

It has long been believed that Arrott plot of magnetic isotherm will show good
linearity independent of temperature. Among them MnSi was regarded as an excep-
tional. As will be seen in the right figure of Fig. 3.4, no good linearity is observed
except at low temperatures. Later, the same good linearity is observed in Fe, Coj_,Si
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Table 3.4 Comparison of two experimentally estimated values of 7'4.

Compound T4 (10 K) 7.9 (10* K)
MnSi 0.218 0.129
Fe,Coj_,Si

x =036 1.179 0.727
0.48 0.998 0.727
0.67 0.987 0.725
0.77 1.209 0.824
0.88 1.518 0.917
0.91 2273 1.268

Those in the second and the third columns represent values from the isotherm in the ground state
and from the critical isotherm, respectively

at the critical point by Shimizu et al. [16]. We should now regard the magnetic
isotherm of MnSi as normal. It is known theoretically [2] that the temperature range
of the critical magnetic isotherm becomes narrower for smaller 7.,

For convenience of comparison with experiments, the critical isotherm of (3.60)

is rewritten as
( M )4 ¢ T2 H

— ) =120%x 10°=5——, (3.61)

M Tj p? M
where My = Noup ps is the spontaneous magnetization in the ground state. Magnetic
field H and induced magnetization M are measured in units of kOe and emu/mole,
respectively. With the use of the relation (3.61), we can estimate the parameter T4
from the slope of M* versus H/M plot with known observed values of ps and 7. The
values of T4 estimated in this way are compared in Table 3.4 with those estimated
from the slope of Arrott plot in the ground state. From such an analysis, the linear
relation (M/M,)* = 0.234H /M, (in units of kOe and emu/g for H and M,) has
been derived for MnSi [1]. By using ps = 0.4, My = 26.9 (emu/g), T, = 30 K, and
wa = 83.024, the value of T4 = 0.129 x 10* is derived from (3.61), in fair good
agreement with the value 2.1 x 10 from the neutron scattering experiment and the
value given in Table 3.4.

Recently, magnetization measurements on itinerant ferromagnets with sizable
spontaneous magnetic moments have been made around the critical temperature.
They all seem to have relatively wide critical regions. For instance, magnetic
isotherms of Ni and Ni;MnGa at high temperatures have been measured by Nishihara
etal. [22]. The good linearity is observed in M* versus H /M plot at the critical point
for Ni as shown in Fig. 3.5. The critical index of the isotherm, estimate by assuming
the relation H o« MY, is given by § = 4.78, which is close to our § = 5. From the
slope of this figure, T4 = 1.76 x 10* K is also estimated, being in good agreement
with T4 = 1.26 x 10* K [1] from the observed spin wave dispersion relation by
neutron scattering experiment.

The magnetic isotherm of Fe with still larger spontaneous magnetic moment was
measured by Hatta and Chikazumi [23] up to temperatures higher than the Curie
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Fig. 3.5 M* versus H/M 30000
plot for Ni (7" = 623.2 K) by
Nishihara et al. [22] 25000
+ 20000
)
3
g 15000 |-
<
=
10000
5000
0 1 1 1 1
0 500 1000 1500 2000 2500
H/M (Oe/(emu/g))
Fig. 3.6 M* versus H/M 3000 T T T T
plot for Fe at the Curie tem-
perature observed by Hatta 2500
and Chikazumi
2000
<r_/.\
)
~— 1500
=
1000
500
0
0 20 40 60 80 100

H/M (0e/G)

temperature 7.. The Arrott plot at the critical point (7 = 1033 K) is shown in
Fig.3.6, but in the form of M* versus H/M plot. The good linearity is also seen
in this figure. As an optimal value of the critical index for Fe, 6 = 4.6 is obtained.
Successive studies on critical magnetic isotherms have been made by Nishihara et al.
on CoS; [24] and ferromagnetic Heusler alloys, Co, VGa[25], Co,CrGa[26]. Critical
indexes estimated by them are summarized in Table 3.5.

In most cases hitherto, the critical temperature has been determined by using the
Arrott plot. By extrapolating the linear part of graphs to the zero of the external
magnetic field, it was estimated by the temperature of the graph, passing through the
origin. The analysis is based on the implicit assumption that the linearity is always
satisfied. Its revision is necessary, because it is not justified any more.
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Table 3.5 Critical indexes of magnetic isotherms for various itinerant electron ferromagnets

T (K) Ps (14B) Peft (1B) 4 T4 (K)
Ni 623 0.6 1.6 4.73 1.76 x 10*
Fe 1366 22 32 4.6
NiMnGa 363 4.5/f.u. 3.4 4.77
CoS> 119.5 0.84 5.2
Co,CrGa 488 3.01/fu. 4.93 1.0 x 10*
CorVGa 351-358 2.1/fu. 4.15

3.4.2 Scaling Law Relations Among Critical Indexes

As temperature approaches the critical temperature, various magnetic properties
show the following anomalous behaviors, called critical phenomena:

e Temperature dependence of magnetic susceptibility shows divergent behavior,
following x~'(T) o (T — T,)".

e Spontaneous magnetic moment approaches zero toward 7, according to My(7T")
(T —T)".

e At the critical point, the relation M o« H 1/0 s satisfied between the external
magnetic field H and the induced magnetization M of the system.

Indexes vy, 8, and 0 are called critical indexes. It is known that the scaling law relation,
v = [(d — 1), is satisfied among them. It is not the purpose of this book to determine
these indexes as precisely as possible. We are rather interested in the internal consis-
tency of these indexes, predicted by various theoretical studies. Let us first show in
Table 3.6 values of indexes derived by the SW, the SCR, and the TAC-GC theories.
In the following, we will briefly show the temperature dependence of the magnetic
susceptibility and the spontaneous magnetization, as well as the critical magnetic
isotherm predicted by these theories to see how the above indexes are derived.

e SW theory
Indexes v = 1 and 3 = 1/2 follow from the temperature dependence of magnetic
susceptibility and spontaneous moment, ' o (1% — Tcz) « (T — T,) and
Mg x (TC2 —T?) & (T. — T). The disappearance of the coefficient a(7,) of the
magnetic isotherm, H = a(T)M + b(T)M? + - - -, at the critical point leads to
H oc M3, giving § = 3.

Table 3.6 Theoretically

derived values of critical Theory 7 B g pe—1 Y- B0 D
indexes -, (3, and 0 SwW 1 172 3 1 0

SCR 2 172 3 1 1

TAC-GC 2 12 5 2 0
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e SCR theory
Temperature dependence of X_l (T) and Mé(T) are proportional to (T — T.)? and
(TC4/ ¥ 3), respectively, around the critical point, giving the indexes v = 2
and 0 = 1/2. Because the coefficient b(7,) remains finite at T = T, the same
magnetic isotherm is derived as the SW theory, i.e., § = 3.

e TAC-GC theory
Both x~'(T) and Mg(T) show the same temperature dependence as those of the
SCR theory, and therefore the same indexes v = 2 and § = 1/2 are derived.
On the contrary, H o< M? is satisfied at the critical point, giving § = 5. The
detailed treatment of the spontaneous magnetic moment below 7 is given in the
next Chap. 4.

In the last column of Table 3.6, values of the difference v — 3(§ — 1) is shown.
The consistency of the scaling law relation can be checked by whether this column
is null or not. We can see the relation is violated in the SCR theory. It results from
the inappropriate treatment of the magnetic isotherm.

3.5 Crossover Behavior Around the Quantum Critical Point

The phenomena observed in the limit of the vanishing critical temperature (7, — 0),
called quantum critical point (QCP), have attracted much interest. These are usually
called quantum critical phenomena. Two kinds of crossovers seem to be involved in
this phenomena observed for itinerant electron ferromagnets, i.e., those between the
critical and the low temperature behaviors, and between the classical and quantum
critical behaviors.

In the following, we show the crossover behavior of itinerant electron ferromag-
nets around the QCP by paying particular attention to the temperature dependence
of magnetic susceptibility.

3.5.1 Scaling Function

In three dimensions, the anomalous critical behavior is dominated by the thermal spin
fluctuation amplitude, (S; - S;)t (v,#) « A(y, ). Its y and ¢t dependence around
their origins plays a predominant role. The amplitude A(y, ) defined in (2.83) is
rewritten as

1
Ay, 1) = / dxxflogu — 1/2u — )], u =x(y+x%)/t
0
—-1/3

— t4/3/ dss’llogv — 1/2v —yM)]. v=s+s")  (3.62)
0
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where we have defined a new variable z = y/¢%/? and the inverse magnetic suscep-
tibility y(o, t) is regarded as a function of temperature ¢ and magnetic moment o.
At low temperatures where ¢ < 1 is satisfied, it is written in the form

Ay, 1) =t*PF (), z=y/1*7,

. (3.63)
F(z) = / dss3[logv — 1/2v — ()],
0

where F (z) is usually called the scaling function. In the case of conventional classical
critical phenomena with finite critical temperature (¢, > 0), y = 0 at the critical point
is equivalent to z = 0. On the other hand, the QCP, where both y = 0 and ¢, = 0
are satisfied at the same time, corresponds to an ambiguous situation 0/0 for z. In
such a case, we must distinguish the order of the limiting processes, e.g., first take
the limit #+ — O while keeping y finite (z > 1), and vice versa.

Depending on the order of limiting processes, let us define the two regions, the
low temperature and the critical regions. In these regions, the thermal spin fluctuation
amplitude is expressed in the following different forms:

e Low temperature region for z > 1

12 23 1
Ay, 1) — =3 — =43 (3.64)
24y 24y 24z

e Critical region for z < 1

A(y,t) ~ A0, 1) — %tﬁ

1 T |y 1 s

— 43 _ 4/3

=t =Cy43 — — =t =Cy43 — — 3.65
(3 4/3 4‘/z2/3) (3 4/3 4ﬁ) (3.65)

The scaling function F(z) in these regions is therefore given as

1

—_ forz > 1
F(z) = 2C4Z - (3.66)
% - Z“/—" forz « 1

We show in Fig.3.7, the z dependence of the function F(z). We can see that the
critical region is restricted to the range, z < 0.1, around the origin.
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Fig. 3.7 The dependence 0.6
of the scaling function F(z)

on the variable z. Dotted
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3.5.2 Temperature Induced Crossover Between Classical
and Quantum Critical Phenomena

As a typical magnetic property, we are particularly concerned with the inverse of the
magnetic susceptibility y(o, ¢) in this section. Its temperature dependence will then
draw a trajectory in y — ¢ space as shown in Fig. 3.8. Depending on the magnitude of
z,the y —t space is divided into two regions, the critical (for z <« 1) and the low tem-
perature regions (for z > 1), as will be shown in Fig. 3.8. Temperature dependence
of y in each of these regions is determined, being influenced by the characteristic z
dependence of the scaling function as given by (3.66). With variation of temperature
or by the externally applied magnetic field, the trajectory of the system makes the tran-
sition from one region to another, giving rise to the crossover behavior. For instance,
the temperature dependence of y for 7. = 0 is given by y o t*/3 in the critical region.
It will make the transition to the low temperature region in this y versus ¢ plane in
Fig.3.8, with increasing temperature or by the externally applied magnetic field.

3.5.3 Temperature Dependence of Magnetic Susceptibility
of Paramagnets Near the QC Point

Within the critical region, another crossover phenomena is expected to occur between
the classical and the quantum critical phenomena. It results from the competition

between the thermal and the quantum spin fluctuation amplitudes as will be described
below.
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Fig. 3.8 Crossover behavior
of the inverse of the mag-
netic susceptibility in the y-¢
space‘, thlded in two regions, y < t2/3
the critical and the low temper-
ature regions. The horizontal
arrow represents the effect of
external magnetic field
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Competition between Thermal and Zero-point Amplitudes at the Critical Point
Just at the critical point (. = 0) in the critical region, the temperature dependence
of the magnetic susceptibility is determined as

Ay, 1) — cy = 143 [F(z) - cﬂ%] — 43 [F(O) - %ﬁ - cﬂ%] —0. 3.67)

We can simply find its solution as given by

@tzﬁ — 1t2/3ﬁ= (ﬁ+ £t2/3)2 3 (£)2t4/3,
c 4¢ 8¢

8c
2
F(0) ) T\2 T 5
= | ——=2B 4 (—) 43— 23 3.68
¢ |:\/ c +(8c) 8c ( )
F(0) 23 T™\2 43 ® [|F(0) mT\2
=—"¢ 2(—) 3 — =t —) 123
c + (86) 4c c +(8C)

In the region of temperature where (7/ 8c)212/3 < F(0)/c is satisfied, temperature
dependence of z or y in this limit, z. = 0, is given as

F F
~ ﬁﬂ/{ y o~ Lo)t“/? (3.69)

c C

Z

The thermal amplitude given by ¢,/y o 133(« ) is neglected compared to the y
linear dependence from the zero-point amplitude.
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In the original variable y, (3.67) is also written as
it 4/3
cy + Zﬁ ~ A0, 1) o t7°. (3.70)

If we assume the dependence y o t%, the temperature dependence of the thermal
amplitude is proportional to 7,/y t17e/2 Aslong as o < 2 and y < 1 are both
satisfied, 1,/y <« y is always satisfied. It implies that the ,/y dependence of the
thermal amplitude is neglected for o« = 4/3, compared to the y linear dependence
of the zero-point amplitude. To summarize, the temperature dependence of y is
determined, so as to balance the #*/3-linear increase of the thermal amplitude at
y = 0 by the y-linear suppression of the zero-point amplitude rather than the thermal
amplitude.

Crossover Near the Critical Point In place of (3.67), the following equation is
satisfied for ferromagnets with finite 7.

Ao = ey = A1) = FOE 27 =7 (SVz +e5) =0,
@gm—u Ve g(t)=t—2<t4/3—ré‘/3>, (3.71)

where we have defined a new variable, ¢ = z/t*/3 = y/*. By using the function
g (1), the temperature dependence of ( in this case is represented as

N ﬂ ()+(8 )2—1,

8c

_F(0) 2 64¢F(0)
C——g(t)+2(8 ) [1— 1+Tg(t):|
F(O) 2
POl (3.72)
1+ 14+ 22O 6
e
_|:8F(0) ()T 1
B 64cF(0) 64c F(0)

2+ —zg(t) +2./1+ —2g(l)
T m

The crossover of the behavior of ( is therefore controlled by the magnitude of the
function g (¢). Depending on its magnitude, the above result can be written as follows:

4F(0)7? 16F(0)\?
[%} 20~ (%) (t — 122 g(t) < ¢/F(0)

(=L o 3me? (3.73)
Lg()— C( ) (1413 4%, g(t) > ¢/F(0)
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Fig. 3.9 Effect of the magni-
tude of parameters 7. and 7, on
the temperature dependence
of the function g(7)
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It results from the difference whether we put { ~ F(0)g(t)/c in (3.71) or /¢ =~
F(0)g(t)/c.For F(0)/c < ¢, the thermal fluctuations are neglected because /¢ < (¢
is satisfied, while for ¢ < F(0)/c the opposite is satisfied. The temperature depen-
dence of g(¢) is shown in Fig.3.9.

The crossover within the critical region is therefore expected to occur around the
temperature t*, determined by the condition g(¢) ~ ¢/F (0). The temperature ¢* is
estimated as follows:

¢ *

k 4 k
g(t)zﬁ(t —t) > ——, "=t +
c

2
O % (3.74)

3¢
4F (0)

For cases where 7. < 1 is satisfied, the temperature dependence of y is then given as

16F (0)\>
(#) (t—t) te <t St*
- 3mt

y (375)
PO s ), e 54

Around the critical point, it first starts from the classical (r — tc)2—linear dependence,
and then crossovers to the quantum ¢%/3-dependence with increasing temperature.
It seems that the classical critical behavior has just intervened in the close vicin-
ity of the critical temperature where the quantum ¢*/3-linear temperature depen-
dence becomes dominant everywhere. Such a #*/3-linear dependence has long been
observed in the temperature dependence of magnetic susceptibilities and spontaneous
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magnetizations of weak itinerant electron ferromagnets with small 7.. We show in
Fig.3.10, numerically calculated t dependence of y(¢) around the critical pointt = ..

3.5.4 Magnetic Susceptibility of Paramagnets Around
the Quantum Critical Point

Since y is always finite for paramagnets, they are regarded to be in the low temperature
region at low temperatures. Their magnetic susceptibilities then obey the following
equation:

=y — A =43 (e = L) Zeyp =0
T t2/3 247 ’ (3.76)

2>ty y—>y, (t—0)

The solution of (3.76) at low temperatures is given as

l4/3 t2

~ 172 oy =yo+

z Yo + 4+ (3.77)

24cyg + 24cyg

In the critical region where y < r?/3 is satisfied, we expect a solution for y which
satisfies the following inequality:

1 12
y=yo+ Ay, 1) =y + —— S 123 (3.78)
c 24cyo
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The temperature dependence of y in (3.77) has a contact with the critical boundary
y~t?3atyy = y5 and ¢ = t* determined by the conditions given by

2
2 ‘
2/3 ! _
1?3 ~ , = .
Y0t Sdeye” 31158~ T2eyg

(3.79)

As solutions of them, yj = 32¢/9 and t* = (8cy; )3/4 are obtained. We therefore
expect that the trajectory of y at low temperatures makes the transition to the critical
region with increasing temperature, in cases where yo S yj is satisfied.

As with the case for ferromagnets within the critical region, the temperature
dependence of the magnetic susceptibility is described as

0
cly —y0) — Ay, 1) =i’ [C + %\[C— Qg(l)} (3.80)

In this case, however, the function g(z) is defined as

1 4/3 4/3 €Yo
g =57+ o, o)

), Ip = F0)

(3.81)

and therefore g(¢) >> 1 is always satisfied. The ¢ dependence of g(¢) for various
values of 7, is already shown in Fig.3.9. The temperature dependence of ¢ and y in
this case is then given as

P ). (3.82)

F@©O F@©O
c_L (1) ~ ciz)(t4/3+t;/3), y ”

To conclude, the inverse of magnetic susceptibility of itinerant electron paramag-
nets near the QCP makes the transition

l2

24cyg

F(O
Yo + = yo+ %t““, (3.83)

from the low temperature region to the quantum critical region with increasing tem-
perature. In the limit of yo — 0, the low-7 region disappears and the critical r*/3-
linear dependence always becomes dominant at low temperatures.

3.6 Summary

We have shown in this chapter that a number of magnetic properties in the paramag-
netic phase, as listed below, have been derived.

1. The magnetic isotherm in the ground state as determined under the influence of
zero-point spin fluctuations.
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2. The universal relation satisfied between pefr/ ps versus T,/ Tp.
3. The vanishing of the fourth expansion coefficient b(7') at the critical point.
4. The critical magnetic isotherm, H o< M 3,

They are all related to the magnetic isotherm, i.e., the relation between the external
magnetic field H and the induced magnetization M, and have been derived for the
first time by the spin fluctuation theory presented in this chapter. Their validity has
also been confirmed by many experimental studies.

The theory is based on the idea of the total spin amplitude conservation and the
requirement that the dependence of the induced moment o of the inverse of magnetic
susceptibility y(o, t) has always to satisfy the TAC condition. It is also assumed that
zero-point component of fluctuations is not to be neglected. As results, the magnetic
isotherm becomes more flexible in this framework. All the expansion coefficients
of the external magnetic field H in odd powers of the magnetization M will then
become temperature dependent in principle. In contrast, the M dependence of the
isotherm in the SCR theory is restrictive, since only the first expansion coefficient is
assumed to depend on temperature. It is equivalent to assume that the linearity of the
Arrott plot of magnetization curves is always satisfied. Because of this difference,
the scaling law relation of critical phenomena is violated in the SCR theory. For our
unified understanding of magnetic properties of itinerant electron magnets, both the
effects of temperature and the external magnetic field have to be treated on equal
footing.
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Chapter 4
Magnetic Properties in the Ordered Phase

4.1 Initial Value Problem

Even in the magnetically ordered phase, the magnetic isotherm is evaluated by solving
the same ordinary differential equation as (3.25) given by

dy
®(0%y,y,1)=0, y, =y+oo-, (4.1)

T
D (02, y, y;, 1) =240y, 1) + A(y;, 1) — cQy + y2) + ﬁoz —3A(0,1,).

As asolution, inverse magnetic susceptibility y(o, t) is obtained as a function of ¢. In
reference to the magnetic isotherms in the ground state and in the paramagnetic phase,
i.e., (3.7) and (3.48), respectively, it is reasonable to introduce the o dependence of
the inverses of magnetic susceptibilities in the ordered phase. They are given by

y(@,1) = yot) + i) + - = yi(O[o* — o (O] + -+, (4.2)
y.(0,1) = 2y1(1)ad (1) + 3y1(D[o? — o3 (1)] = y-0(1) + 3y(0, 1),

where y(o, t) and y, (o, t), corresponding to H /M and 0 H /d M, are the perpendicu-
lar and the parallel components, respectively, to the uniform spontaneous magnetiza-
tion. The value of y, (o, #) in the absence of the external field for o = o (#) is denoted
by y,0(t) = 2y (1‘)002 (t). In the ordered phase, yo(¢) in the first line becomes nega-
tive, and the spontaneous moment squared, 002 (t) = —yo(t)/y1(t), appears. Both of
these values, og(¢) and y;(0), are therefore expected to be in agreement with o and
y1 in (3.10) and (3.11) in the ground state at ¢+ = 0. All the parameters, yo(z), oo(?),
and og(?), are regarded as functions of the reduced temperature 7.

To find the initial conditions of (4.1), let us first consider the case, H = 0, in
the absence of the magnetic field. Since y(o,t) = 0 is then satisfied, o0 = o¢(¢)
has to be satisfied in the ordered phase. Initial values of y(o, ) and y,(o,t) at
H = 0, after putting these values into (4.1), are shown in Table 4.1. Values in
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Table 4.1 Initial values of o and inverse of magnetic susceptibilities, y and y,, at H = 0 in the
ordered phase

o y(o. 1) y:(0, 1)
Ordered phase oo(t) 0 2y (1)002 (1)
Paramagnetic phase 0 yo(t) yo(t)

Same corresponding values in the paramagnetic phase are also shown

the paramagnetic phase are also shown in the same table for reference. Number
of independent parameters is determined by putting these values into (4.1). In the
ordered phase, two independent parameters, og(¢) and y;(¢), are involved in the
initial values, whereas in the paramagnetic phase, only the single parameter yq(¢)
is present. An extra condition seems to be necessary to determine these parameters
simultaneously, other than the single equation of (4.1).

To solve the problem, note that variables o2 and v.(0, t) in the weak field limit
are expanded with respect to the small parameter y(o, t) up to the linear term by

o2 =0l @) + Ly(a, 0, yi(o,1) =2y1(1)ol(t) + 3y(o, 1). (4.3)

y1(1)

Equation (4.1) is also expanded up to the y-linear term as follows.

D (08 +y/y1, . 2y108 + 3y, 1) = D (3,0, 2y100, 1)

(L5 Ve D)
N 7> a. 005 Y, Y20,
yidag Ay "y 07

Fo=0. (44)
y=0

Now our GC requirement on the external magnetic field effect implies that two
independent conditions have to be satisfied in the limit, 0 = 09, y = 0, and y, =
Y0 = 2y1002, as given by

¢(05 y’ )’z, t) = 07

1 9 a ] 4.5
(§W+5+35)®(02’y’y1’0=0‘ *-3)
Z

As solutions of these nonlinear simultaneous equations, we can uniquely determine
both values of oy (¢) and y; (¢).

4.1.1 Analytic Property of Thermal Amplitude

Another difficulty is still involved in the initial value problem in the ordered phase.
The second condition of (4.5) implicitly assume that the condition ® (o2, y, y,) = 0
can be expanded in powers of y around the origin y = 0. The definition (2.83) for
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the thermal amplitude of the transverse component is in contradiction to this analyt-
icity. We briefly show below the non-analytic thermal amplitude leads to unphysical
solution.

Let us assume anyway the following trial solution.

y(o.n) = clo® =s* ). (4.6)
Then y. (o, t) is given by

yo(o.1) = y(@.1) + 2cyo’[o” — s> ()] 7! @7

~ 2cys3(t)[o? — s2(1)]Y ! :
where the lower order term y (o, ¢) in the right hand side is neglected in the weak field
limit (y < 1). Since the y(o, t) dependence is also neglected in the TAC condition
(4.1) as compared to y,, it is given by

Tx

3702 —3[A,t.) — A0, )] — %t,/yz(a, t) =0. (4.8)
0

As the solution, y, (o, t) is given by

2

2
4T ) <02 - QTE[A(O, t.) — A0, t)]] . 4.9)
A

3Tyt

yZ(07 t) = (

By comparing (4.9) with (4.7), parameters y, ¢, and s2(t) are determined as follows.

1 [ 4Ty

= 3’ = - —
v ¢ 37 Tots ()

i|2 2 9T()
o 87 = ——[AQ, ) = A0, )] (4.10)
6 Ty

The solution is, however, inappropriate because of the following reasons.

1. The spontaneous magnetic moment squared, s2(0) = 9Ty A(t.)/Ta = 3002 /5
in the low temperature limit (+ — 0), is in disagreement with og in the ground
state.

2. For the longitudinal component, y, = 0 is always satisfied in the absence of the
external magnetic field. It contracts with our magnetic isotherm in (4.2).

These inconvenient behaviors will suggest that we have to deal with analytic thermal
spin fluctuation amplitudes except at the critical point.

4.1.2 Effect of the Presence of Spin Waves

Non-analyticity of the thermal spin fluctuation amplitudes is characteristic to
the transverse component with respect to the static spontaneous magnetization.
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No difficulty occurs in the paramagnetic phase, since inverse magnetic suscepti-
bility y is always positive and finite. The same is true for the longitudinal amplitude
in the ordered phase, for y, > 0 is also satisfied. The difficulty is inherent only to the
transverse thermal amplitude in the ordered phase, because y = 0 is always satisfied
below T,.

Inappropriate non-analytic ,/y dependence at y = 0 originates from the wave-
vector integration of the thermal amplitude in (2.83) around the origin ¢ = 0. It is
also known that there appear spin wave modes in this region. The range is, however,
restricted within the narrow region (0 < g < gsw < ¢p) for ferromagnets with
small amplitude of spontaneous magnetization. Therefore, the effect has been usually
neglected quantitatively. Its qualitative importance was first pointed by Takahashi [6]
from the view of the analyticity. In the following, we show a simplified approach
for recovering the analyticity of the thermal amplitude, by assuming that transverse
component is given as a sum of the following two contributions:

AL(y,1) = Agw(®) + Ac(y, ). (4.11)
The first and the second terms represent those of spin waves and spin fluctuations,
respectively.

Contribution from Spin Fluctuations The second term of (4.11) is defined by

1
Ac(y, 1) = / dx x3 |:10gu - % — w(u)] . u=x(y+xH)/t (4.12)

where the lower bound x. = gsw/gp is introduced to exclude the narrow spin-wave
region, 0 < g < gsw, around the origin. As will be shown below, the presence of the
lower cut-off x. in the above integral leads to the y-linear dependence of A.(y, t)
around the origin y = 0, as long as y <« I and x, < 1 are satisfied.

Ac(y, 1) — Ac(0, 1) t/ld3 ! !
c\y, c\Y, 2 . XX x(y+x2) x3
t (1 1 f xe
— ! /5 |ean (_)_m (_)]
2*/_[ VY A
Y fory < x.
—_Lﬁtan71M~_£X xC’ ‘
2 y+Xe 2 %f, forx. <y

4.13)

The integrand in (4.12) is, in the above derivation, approximated by x?/2u. The
analyticity is thus recovered around the origin y = 0. Phenomenologically, let us
assume that both the transverse and the longitudinal spin fluctuation amplitudes suffer
qualitatively the same suppression from the external magnetic field. In other word,
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the numerical parameter x. is then written in the form

2
Xe = %\/yzo(t)- (4.14)

It is proportional to o at low temperatures, while it decreases, being in proportional
to 002 as will be shown later. We still need to determine the parameter £. Later in
Chap. 5, £ = 1 is obtained from the continuity condition of the magnetic entropy at
the critical temperature.

The result of Eq.(4.13) is equivalent with the assumption that the transverse
amplitude of the thermal fluctuations is suppressed almost as much as the longitudinal
one as the result of the appearance of spontaneous magnetization. The y dependence
of Agw is assumed to be neglected compared to that of A.(y, ). To summarize,
thermal spin amplitudes around the origin is now written as follows:

t
3t (4.15)

3 n
—y, . e N
8y yz0(t)

where (4.3) is used for y. (o, t) as a y(o, t)-linear dependence.

A(yz, 1) = A(yz0, 1) —

Contribution from Spin Waves In the presence of the uniform and static magneti-
zation, Imy (g, w) shows narrow high intensity peaks in the low-frequency and the
long wave-length region in the g, w space. They correspond to the long-lived damped
eigen-oscillations, called spin-waves. The dispersion relation, w, = gugH + qu,
is satisfied between the peak frequency w and the wave-vector ¢, in the long wave-
length limit. The spin-wave part Agy(?) in (4.11) is roughly estimated as a sum of
such an intensity, which is well approximated by the following delta-function:

Imy (g, w) xod(@w— wy), (4.16)

at low temperatures. The thermal amplitude from spin-waves in the absence of exter-
nal field is then evaluated by

A VA L S = Dg:x’ =T 2 417
SW(O" t) - 2T00_0 0 ewq/T _1 X, wq - LIB'x - A(O'/UO)X ’ ( . )

where Dqé is assumed to be equal to T4. It characterizes the spin-wave dispersion in
the wave-vector space. By assuming the continuity of integrands around the origin,
the factor before the integral in (4.17) can be determined. The integrand of (4.17)
around x = 0 given by

Tso x? T
2Tyoq eTacx?/ooT — 1 — 2Ty’
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agrees with the lower bound limit of the integrand in (4.12) for y = 0, i.e.,

Ml 1/2u — ¢r(u)] v S a (y—=0 (418)
nu — — >Y—= > — — .
T ! I T o o Y

Let us next examine the influence of the temperature dependence of the thermal
spin-wave amplitude. The upper bound of the integral is effectively restricted within
the region, x < (T/ T4)'/2, because of the Bose distribution function in (4.17).
Depending on the relative magnitudes of x. and (7// T4)'/?, the spin wave amplitude
is estimated as follows:

Agy (1) = 2 . x—2dx
WEIT Ty oo eTax¥/T — g

3/2
T
Ts */T_c(sm (—) L (T/T)'? S xe
~ — X T Ty
2To — X, xe S(T/Ty)'?
Ta (4.19)

where the upper bound is assumed to be infinite when (7/T4)'/? < x. is satisfied.
The result shows the crossover behavior from the characteristic 7°/2-linear depen-
dence for spin-waves at low temperatures to the classical T -linear dependence with
increasing temperature.

The condition for the appearance of the above T3/2-linear dependence is also

rewritten in the form
T 2\?
—<xt=(= (0)
TA c T S y ZO il

by putting the value of x. in (4.14) at + = 0. With using the relation in (3.10),
cy;0(0) =2A(0, 1) = 2C4/3t21 /3 /3 satisfied in the ground state, it is further written

as follows: 5
T 2Ty 1 1/3
— C — ) ..
T, = 3cThy 43 (né) ¢

Since y,o(¢) actually depends on temperature, the above condition becomes more
severe. Neverthless, it seems to be satisfied for wide region of temperature below
T, considering that ratios of T4/ Ty estimated for most itinerant weak ferromagnets
have values of around 10. Its relative ratio to the total thermal amplitude, however,
at the critical temperature, for instance, is given by

Agy(te) Xete/2 3 X
~ = 1, f 1.
A0, 1) tél/3/3 ) tg/3 < or x, K

As long as the spin-wave is restricted within the very narrow region around the origin,
its effect is neglected quantitatively.
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4.2 Temperature Dependence of Spontaneous Moment

With the use of the analytic transverse thermal spin amplitude in the preceding
section, we can derive the following set of simultaneous equations for initial condi-
tions:

241(0,1) 4 A(y:0, 1) — cy:0() + 5cy1(0)ag (1) — 3A(0, 1) =0,

0
2A 0, 1) +3A"(y:0, 1) — 5¢ + 5cy1_((t)) —0.
Y1

(4.20)

They correspond to those in (4.5). In the following, the notation A(y, t) is also used
for A] (y, t) in the ordered phase to simplify the expression. Let us also introduce the
following reduced parameters, U (¢) and V (¢), that correspond to og(t) and y,o(?).

2 2
UG = Gg_(t) v = 220 _ 2y1(t)o%(t) _ 0050 @21)
o5 (0) ¥:000)  2y1(0)o5(0)  ¥1(0)

With these parameters, (4.1) is rewritten in the form

2 3 1
U() — §V(t) ~3 + m[ZA(O, 1)+ A(y;0,.1)] =0,

) 3 (4.22)
V() [1 ——A'0,1) — —A(y:0, t)} -U@) =0,
5c 5¢

where y,o(?) is given by y,0(0)V (). In the above derivation, 002(0) and y;(¢) are
replaced by A(0, z.) and V (t)/ U (¢), respectively, by using the relations, A(0, z.) =
cy1 (0)0§ (0)and y1(0)/y1(¢) = U(t)/ V(¢) in (4.21). As the solutions of (4.22), both
of o¢g(¢) and y; (t)ao2 (t) are obtained simultaneously.

As a simplest example, variables U (0) and V (0) in the ground state satisfy the
equations,

U — %V(O) — g =0, V@) -U(@)=0,

because of the vanishing thermal amplitudes. Their solutions, U (0) = V (0) = 1, are
in agreement with their definitions. To find general solutions at any temperatures, we
have to resort to some numerical methods of calculation. The temperature dependence
of solutions at low temperatures and around the critical temperature will follow in
the following section.

4.2.1 Magnetic Properties at Low Temperatures

Reflecting the 7' dependence of the thermal amplitude, the same temperature depen-
dence is expected for various magnetic properties in this region. According to (2.88)


http://dx.doi.org/10.1007/978-3-642-36666-6_2

86 4 Magnetic Properties in the Ordered Phase

in Chap.2, the thermal amplitudes are represented by
‘2 ‘2
A D) = A + 5y, A0 D X a5

2 2 (4.23)
Ay, 1) ~ _240,1762)27 Ay, 1) = _zztt_yg’

where x. is the lower bound of the wave-vector integral for the transverse thermal
amplitude. By putting these expressions into the second equation of (4.22), the tem-
perature dependence of yj(¢) is derived:

e Ve o2, 3, -
=0 = m = |:1 — 5CA 0, 1) SCA (20, l‘)i|

12@E/'+3 5

— (4.24)
Sc 24y2)(0)
2m/2)* +3] (T \* bo ( T\
et a3 (TN b (T
480A2(0,1.) \To P \Ta
15
bo = 70[2(n/2)4 +3]1=5691..., forc=1/2
where the following relation satisfied in the ground state is used.
2Tx o
cy:0(0) =2A(0,1) = —-p;, ps=200(0). (4.25)

60Ty

The above result implies that the expansion coefficient of the M* term of the free
energy shows the decrease proportional to 7% at low temperatures. In other words,
the slope of the Arrott plot of the magnetization curve increases in proportion to 72,

Then, to evaluate the temperature dependence of the spontaneous magnetic
moment, let us first rewrite the first equation of (4.20) in the form

U(t)

2 (V(t) 1):| 1 2A(0,1) + A(yz0, 1)

ve [1 3 3A(0, 1)

By putting (4.24) and (4.23) for the thermal amplitudes into the left and the right
hand sides of the above equation, respectively, the following result of U (¢) is derived:

2
(zAm(,) PCIG T ) e

48A(0, 1,)

2 c[2(wE/2)* + 3]

3 48042(0,10)

2A50(1) e/t +5(/2)% + 4] (1)2
3A(0, 1) 360A2(0, 1.) To

l— ——
3A(0, 1)

Ut) =
2

(4.26)
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L 2A0 a0 (TN
3A(0, 1) 17554 Ty

ap = 10c[(w/2)* + 5(/2)> + 4] = 112.1 . ..

If we neglect the effect of the spin wave, the spontaneous magnetic moment decreases
in proportion to 72 at low temperatures and its coefficient is expressed in terms of
the parameters 74 and ps.

4.2.2 Comparison with Experiments at Low Temperatures

Looking back on early experimental investigations, they are more or less affected by
theoretical predictions and assertions. Methods of analysis are also sometimes deeply
influenced by theories. Around the beginning of 1970s a number of experiments were
made on magnetic properties in the ordered phase. Their aims were to confirm the
temperature dependence predicted by the SW theory.

According to Wohlfarth and de Chatel [4], the magnetic isotherm is represented in
the following form of expansion in powers of magnetization M and temperature 7 .

H _ 1 o 2 4
— = (1—a'A T = AT -
M(H,T) 2x0
1M2(H’T)(1+BT2+BT4+ ) (4.27)
2x0 M2(0,0) : ? ' '

The temperature dependence of the spontaneous magnetization is simply derived by
the condition, H = 0.

M2
i 1— (@ 'Ay+BNT?* — (@ 'Ay—a "A1B) + By — BHT* — ... . (4.28)
0

As a slope of the Arrott plot, the following parameter F'(T) is introduced by them.

AM2(H, T) 2x0M?(0, 0)

B = d - 2 4 :
[H/M(H,T)] 1+ B T2+ BT*+--.

(4.29)

The value of F(T) corresponds to the inverse of the coefficient b(T) of the free
energy (1.53). The T2-linear dependence is therefore predicted by the above result.
Experimentally observed this 7' dependence of F (T') and the spontaneous magnetic
moment M in the ordered phase had been long regarded as the confirmation of the
SW theory.

Fourth Order Expansion Coefficient of the Free Energy Temperature dependence
of the observed slope of the Arrott plot of magnetization curves was analyzed by
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Wohlfarth and de Chatel [4]. In Fig. 4.1, we show their estimated values of F(T)
against T2 for ZrZn; o by Knapp et al. [9] and for Zr( 9 Tip.03Zny by Ogawa [3]. At
low temperatures, slopes of these compounds fall well on straight lines with positive
slopes. In Fig. 4.2, the inverse of the fourth order coefficient 1/b(T') for Ni—Pt alloys
observed by Beille et al. [5] are plotted against 2. These figures clearly demonstrate
the presence of 72-linear dependence in this coefficient. Temperature dependence
shown in these figures corresponds to the negative coefficient By in (4.27). It is
also shown in Fig. 4.1 that there exists a tendency to deviate from the 72-linear
dependence with increasing temperature. Whereas the temperature dependence of
the spontaneous magnetization seems to be well accounted by the single 7'2-linear
dependence throughout the wide range of temperature, the higher order terms are
necessary for the fourth expansion coefficient »(T). It is not so easy to realize this
difference in the framework of the SW theory, since it is caused from the thermal
smearing of the Fermi distribution function.

Later in the SCR theory, the temperature dependence of the coefficient b(7T') has
been neglected. On the basis of the nonlinear mode—mode coupling mechanism, even
higher order terms of the coupling among spin fluctuation modes are necessary to
derive its temperature dependence. Inclusion of them is then likely to contradict to
the observed linearity of the Arrott plot of the magnetization curve. The dependence
has, therefore, become less and less interested after the appearance of the papers of
Moriya and Kawabata [1, 2]. Since then it is usually assumed to be independent of
temperature. Most Arrott plots of magnetization curves of many itinerant electron
weak ferromagnets observed experimentally seem to show good linearity in the wide
range of temperature.

In the preceding Sect. 4.2.1, we have shown that the fourth order coefficient
b(T) shows the T>-linear dependence given by (4.24) based on the spin fluctuation
mechanism. The behavior, restricted within a narrow range at low temperatures,
is in agreement with the observed deviation from the T2-linear behavior. For the
quantitative comparison of (4.24) with experiments, let us define the constant Sy by
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Table 4.2 Comparison of values of the parameter 74 estimated from (4.31) and from the slope of
the Arrott plot in the ground state

Compound Bo (K~2) Ds (11B) T4 (K) 7,9 (K)
ZrZn; 9 74x 1074 0.16 1.4 x 10* 5.85x 103
Zr0.92Tip.08Zn> 1.13x 107 0.233 1.6x 10* 5.92x103
Pty Niy
x = 0.429 3.1 x107° 0.051 45x% 10° 3.07 x 10*
0.452 29 0.104 1.3x10° 2.46 x 10*
0.476 2.3 0.143 7.7 x 10* 2.08 x 10*
0.502 1.6 0.179 5.8 x 10* 2.04 x 10*
P _ N _y_gp2, (4.30)
b(0) y1(0)

Values of Sy estimated from the slopes of Figs. 4.1 and 4.2 are shown in Table 4.2.
By comparing (4.24) with (4.30), the parameter T4 is represented in the form

1 by
TA = _2 )
ps\ Bo

that enables us to estimate the parameter 74 experimentally. Values of T4 evaluated in
this way are shown in the fourth column of Table 4.2. They are roughly in agreement
with those in the last column shown as Téo) estimated from the slope of the Arrott
plot of the magnetization curve in the ground state.

4.31)
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Spontaneous Magnetization It had long been believed that the temperature depen-
dence of M? in most of weak itinerant electron ferromagnets is understood based on
(4.27) of the SW theory. Observed values of M? against T2 actually seem to be well
fitted with a straight line. If however we see them more carefully, the dependence is
not so simple. The results in Sect. 4.2.1 actually differ from the SW theory in the
following respects.

e Temperature range of observed T>-linear dependence
While the 7%-linear behavior is satisfied in the wide range of temperature in the
SW theory, it is restricted only within a narrow range at low temperatures in our
view.

e Dependence of the slope of o2(1) /02(0) versus (7/ T.)? on the ratio 7, = T, /To
While it is almost independent of . in the SW theory, we predicts 7, 23 depen-
dence, i.e., the smaller the value of 7. the steeper the slope.

At low temperatures, observed spontaneous magnetic moment squared are well
fitted with the 7'-linear decrease with steep negative slopes, in agreement with (4.26).
To check this behavior experimentally, let us introduce another constant oy by

Ut)=1—aoT?>+--- (4.32)

Then the following result is derived.

1
Th=— |2 (4.33)
P2V o

The spectral parameter T4 can be also estimated from the 7'2-linear coefficient of
002 (t) at low temperatures.

So far, temperature dependence of spontaneous magnetic moments of a number
of weak itinerant electron ferromagnets have been measured; on NizAl by de Boer
et al. [7] and by Sasakura and Masuda [10], on ZrZn; by Ogawa [11], for instance.
In addition, results on alloy systems (Fe,Co)Si are reported by Shimizu et al. [8]
as well as on Pt—Ni alloys by Beille et al. [12], and Y»Nij5, YNi3 by Gignoux
et al. [13, 14]. In these references, values of Mg(T) are plotted against T2. We can
estimate o from the initial slope of these graphs in the limit of low temperature. The
values of g and T4, estimated by using (4.33), are shown in Table 4.3. Recently,
measurements of spontaneous magnetization of Ni—Pt has been made to check the
validity of (4.26) by Koyama et al. [15]. Their observed results of M? are plotted
against T2 in Fig. 4.3. Only the results at low temperatures are fitted by them with
a straight line. The value of T4 evaluated by (4.33) are also shown in Table 4.3, in
agreement with the value T1§0> estimated from the magnetic isotherm in the ground
state. Depending on magnets, the 72-linear dependence seems to be satisfied in a
wide range of temperature below 7. In many cases, however, we will find another
restricted low temperature region where the same dependence is satisfied with a



4.2 Temperature Dependence of Spontaneous Moment

Table 4.3 Values of T estimated from 7'2-linear slope of o2

91

s ap (K=2) Ta (K) 7\¥ (K) Refs.
Nijgo—xAly Sasakura and Masuda [10]
x=253 0.0474 277x1073  6.00x 10*  03.85x 10*
x =25 0.077 0.874x 1073 4.08 x 10*
x =248 0.0917 0.589x 1073 3.48x 10*
x =245 0.110  0.386x 1073  2.99 x 10*
NizAl 0.075  0.784x 1073 451x10* 03.09x10* de Boeretal. [7]
NizssAlyus 0.104  0.372x 1073 3.40x 10* de Boer et al. [7]
NizgAlog 0.125  0246x 1073 2.90 x 10* de Boer et al. [7]
ZrZn, 0.12 269%x 1073 951x10° 0740x10% [11)
Fei_,Si, Shimizu et al. [8]
x =033 0.22 0.400x 1073 7.33x10°  09.87 x 10°
x=023 0.18 0.833x 1073 7.59x10°  12.09 x 103
x=0.17 0.13 149x 1073  109x10° 15.18x 103
x =0.09 0.07 513x 1073 202x10° 2273 x 10°
Ptos3Niga7  0.121  130x107%  4.25x 10* Beille et al. [12]
Y,Nijs 0.15 8.54x 107>  341x10* 03.51x10* Gignoux etal. [13]
YNis3 0.04 120x 1073 1.28x10° 09.23 x 10*  Gignoux et al. [14]
Nig4sPtoss  0.182 1.0x 10*  00.69 x 10*  Koyama et al. [15]

Values of Tf(‘o) estimated from the magnetic isotherm in the ground state

Fig. 4.3 Temperature depen-
dence of the spontaneous
moment of Ni-Pt by Koyama

etal. [15]

[p«(T)/py(5 K)I*

12

1000
T2 (K)2

1500 2000 2500

steeper slope. The fair agreement of the values of 74 and Tf(‘o) in Table 4.3 clearly

demonstrate the validity of (4.26).
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4.2.3 Magnetic Properties Around the Critical Temperature

Analytical treatment is also available for properties around the critical point. By
putting the critical thermal amplitudes (4.15) into the second equation of (4.22), it is
rewritten in the form

w ~(1+ 2 Ent 3 . Tt
Vi ¢ ahm® | 5 8500
@E+3mt 1 Tnee c

40c /v.o(t)  40c [2A(0, V()

where & = 1 is assumed as before. In the second line, the parameter V (¢) and A (0, ¢.)
are substituted for y,o () and y,(0), respectively, with the use of the definition (4.21)
and y,0(0) = 2A(0, #.)/c in (4.25). The following relation is therefore satisfied in
this limit.

1,2 12
U@ = e [ ¢ } Vi) = e [L@] . 439
40¢ | 2400, 1)V @) 40¢ | 2400 1)

1/2
=1+ } ) (4.34)

It means that V (1) o« U2(¢) is satisfied for U (f) < 1.
In the first equation of (4.22), the variable V (¢) is then negligible since it is higher
order than U (). With using the critical thermal amplitude, it is written as follows.

mc cV(t) 4
v - 20A(0 V00 =U0 =16 340,10 (1 - 7) v
_3 [1 _ A0 } (4.36)
5 A0, 1)

Putting (4.35) into (4.34) also gives the ratio, V (¢)/ U (¢), given by

172 2
V(t) ~ 40c¢ |:2A((C), tc)] \/m _ [ﬁ} 2A(S, tc) U@

ue Tnt,. rt,
_ 640cA(0, 1) [1 A, t)] (4.37)
7(jth)2 A(O, tc)

In the case of 7. < 1, (4.36) and (4.37) are also shown in the form

2
o5 (1) 43, V@O _ n@) 4/3
~acl —(T/T)*3), —=L =22 ~p 1 —(T/T.)*],
52(0) 1 =(T/T)™"] OO 1= (T/T)™"]
(4.38)
where A(0, r) o t*/3 is used for the thermal amplitude. Coefficients a. and b, are

defined by

U =
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7 640cA(0,1,)  640cCy/3
aC = 7> bC = 2 X~ 2/3 £
5 T(rct,) 21721,

(te < 1) (4.39)

To conclude, both 002 (t) and y{(z) show (T — T.)-linear dependence around the
critical point. The linear coefficient of the latter becomes steeper for cases with
smaller #.. It implies that the temperature dependence of the fourth expansion coeffi-
cient of the free energy with respect to M is actually restricted within a narrow range
of temperature close to the critical point.

4.2.4 Numerical Results of Temperature Dependence

As an example of the general solutions of (4.22), numerically estimated results are
shown in Fig. 4.4. In this figure, both the spontaneous magnetic moment squared
002 (t) and the coefficient y;(¢) of the magnetization curve are plotted as functions
of T/T,. Both are proportional to (7, — T) around the critical point. Especially
the steep slope of the curve observed for y;(¢) around the critical point is due to
the small parameter of 7. = 0.05, in agreement with (4.39). Both the values vanish
simultaneously at the critical point.

4.2.5 Magnetization Curve

Once the initial conditions of the magnetic isotherm have been determined, what
we need next is to solve the simultaneous differential equation (4.1). For solutions
at arbitrary temperatures, we have to rely on numerical calculations. In this section,
we show first that analytical solutions are available in the presence of weak external
magnetic field and at low temperatures. Then, results of numerical studies are shown
as an example of solutions at finite temperatures.

Magnetic Isotherm under the Weak External Magnetic Field at Low Temper-
atures The aim of this section is to extend our treatment of magnetic properties at
low temperatures in Sect. 4.2.1 to the case in the presence of the external magnetic
field. Substitution of 2y;(1)o? + y(o, t) for y. (o, 1) in (4.1), justified in the weak
field limit, then gives the following equation of the TAC condition of spin amplitude
in the ordered phase.

m[ZA()’» 1)+ Ay, 1)]

[5y1(0) — 2y1(1)]o? —

C C
. =1. 4.40
T340, A0, 100" (440
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Both sides are divided by 3A(0, t.). If we further transpose terms in the left hand
side to the right except for the o2-linear term, it is written in the form

[_g<mm__” O 1422 a4 AGwD)
30 2o T T ® 3o T A

— (1 + 2_y) (1 4240, + AQ:, t))
y20(0) 3¢ yoO+2y )7

4.41)

with using the relation, A(0, f.) = cy; (0)002(0) = ¢y;0(0)/2, in (3.11). Finally, by
putting the low temperature expressions of (4.23) and (4.24) for thermal amplitudes
and y (¢), respectively, the following result is derived:

(H— 2y )1 o
y200) ) 63 (0)

_ [1 2 (yl(f) B 1)i|1 (1 4 240.1) —l—A(yZ,t))
3\ 3¢ y:0(0)+2y

L ct?
720A2(0, 1)
i 5 2§ /2) 1
x {2(775/2) +3 1+ 2y/v:0(0) [1+y/x3 1 +3y/yzo]]

L aH) (T
=1- p (T_A) (4.42)
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It corresponds to the extension of (4.26) to the case in the presence of the external
magnetic field. Actually the coefficient ag(H) defined below reduces to ag in the
limit of y = 0 (H = 0), i.e., ap(0) = ay is satisfied.

_ 44 5 2(1/2)? 1 “
aolH) =3¢ [2(7”2) 3 1+2y/y:0(0) [1 +y/x2 " L+3y/y:0 (449

The field effect on this coefficient ag(H) results from the o dependence of y(o, )
in the right hand side. To evaluate its dependence at low temperatures, the value of
o has to be determined first from the magnetic isotherm (3.13) in the ground state.
Then y(o, 0) is given by the ratio h/(2T40).

The effect of the external magnetic field on ag(H) of Ni—Pt alloys was experi-
mentally investigated by Beille [12]. The observed results are shown in Table 4.4.
For comparison with experiments, the values in this table are plotted against H in
Fig. 4.5 with those estimated from (4.43) numerically. Although the number of data
is limited, they are in good agreement with the theory even quantitatively. The same
measurements have been also reported by Semwal and Kaul on Ni3z Al [16].


http://dx.doi.org/10.1007/978-3-642-36666-6_3

96 4 Magnetic Properties in the Ordered Phase

Fig. 4.6 Arrott plot of mag- 2.0 r r r
netic isotherms evaluated
numerically
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Numerical Results of Magnetization Curve We show in Fig. 4.6 the Arrott plot
of magnetization curves, evaluated numerically by solving the differential equation
(4.1). Linearity of the plot is satisfied at low temperatures. The initial slopes of curves
in the weak field limit tend to increase with increasing temperature. Particularly
around the critical temperature, they become very steep. These behaviors correspond
to the temperature dependence of the M* term coefficient of the free energy. It is also
clear that the critical isotherm, y o o, is well justified around the critical region, in
place of the o2-linear relation. The smaller the value of t., the narrower the critical
region. Confirmation of the critical magnetic isotherm will be therefore very difficult
for samples with ¢, < 1.

4.3 Summary

In this chapter, it is shown that magnetic properties in the ordered phase are well
described by the spin fluctuation theory. Up to around the middle of 1980s, the tem-
perature dependence of b(T') of the M* term of the free energy had been neglected
in spin fluctuation theories, the SCR theory for instance. It contradicts, however,
the scaling law relation of critical phenomena as shown in Chap. 3. We have shown
that the temperature dependence of the spontaneous magnetic moment og(#) and
the fourth expansion coefficient y () are coupled with each other, and they simul-
taneously vanish at the critical temperature. The linearity of the Arrott plot of the
magnetization curve is not generally satisfied except at low temperatures. These
properties predicted by the theory have been confirmed by many experiments even
quantitatively.
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Chapter 5
Thermal Properties of Itinerant Magnets

5.1 Difficulties Involved in the Spin Fluctuation Theory
of Specific Heat

Temperature dependence of the specific heat of weak itinerant electron ferromagnets
in a wide range of temperature was treated by Makoshi and Moriya [1]. The free
energy used by them is written by

F(M,T) = Fsw(M,T)+ F(M, T, x " (T). (5.1

It consists of the Stoner-Wohlfarth free energy Fsw and the contribution Fg from
thermal spin fluctuations. At low temperatures for exchange-enhanced paramagnets,
it reduces to that of paramagnon theories for them. Moreover for ferromagnets, it can
also be applied to properties at higher temperatures in the paramagnetic phase where
the Curie-Weiss law temperature dependence of magnetic susceptibility is observed.
Nevertheless, there exist the following difficulties:

1. As shown in the left figure of Fig.5.1, a curious negative steep decrease of
the specific heat appears just above the critical temperature with decreasing
temperature.

2. Itis based on the free energy that violates rotational invariance in the spin space.

This is because only the transverse components of spin fluctuations are included

in their treatment. Otherwise, spontaneous magnetic moment shows discontin-

uous change at the critical temperature.

Effects of zero-point spin fluctuations are neglected from the beginning.

4. The effect of the external magnetic field has not been treated by them. Their
theory was later simply extended by Takeuchi and Masuda [2] to include the
external magnetic field effect. Their numerically estimated changes of specific
heat under the presence of magnetic fields of SciIn are compared with their
experiments in Fig.5.1.
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Y. Takahashi, Spin Fluctuation Theory of Itinerant Electron Magnetism, 99
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Fig. 5.1 Temperature dependence of the specific heat by Makoshi and Moriya derived from the
SCR theory (left) and the effect of magnetic field on the specific heat of Sc3In by Takeuchi and
Masuda (right)

We will show in the following, how the temperature dependence and the external
field effects of entropy and specific heat are derived based on our spin fluctuation
theory presented in Chaps. 3 and 4.

5.2 Free Energy of Spin Fluctuations

In order to be consistent with our treatments of various magnetic properties, it will
be better for the free energy to satisfy the following requirements:

e It is consistent with the total spin amplitude conservation (TAC). Then, the effect
of zero-point spin fluctuations has to be included.

e The rotationally invariant treatment in the spin space has to be made. Thus, both
the effects of transverse and the perpendicular components of spin fluctuations
have to be included in the free energy.

e Asathermodynamically consistent treatment, the Maxwell relation on the external
field effect of the magnetic entropy has to be satisfied.

5.2.1 Free Energy in the Presence of Magnetic Moment

For our treatments of properties in the magnetically ordered phase as well as effects
of the external magnetic field, let us assume the following free energy:

F(y,o,1) = Fo(y,0,t) + AF(0,1)
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Foly.o.t) = F. + Z Y
oLy, = I'sw 2 1—'2 + 2

+ Z/ dlen(l—e—“/T)ﬂ]:r } (5.2)

Gsw <4
1 v Iy
— d [— TIn(1 - _"/T]—q NoTayo?
+an:/o v 2+ n(l—e ) (qu)z—i—vz—i_ 0layo

1
AF(0,0) = = ZNoTa{Siochor[2y + y:1 + AFi(0,1)

tot

Aside from the additional contribution from zero-point spin fluctuations, the term
Fy in the first line corresponds to the free energy of the SCR theory. Both the per-
pendicular and parallel components of fluctuations with respect to the induced static
moment are also included in Fy. The correction of the free energy A F, consisting of
two contributions, will play significant role to satisfy the spin amplitude conservation,
as will be shown in later subsections.

5.2.2 Stability Conditions of the Free Energy

In the following, let us assume that the free energy in (5.2) is a function of independent
variables of o, y, and the reduced temperature ¢. Since Ay, (o, t) = y, (0, 1) —y(o,t)
is regarded as a function of o and ¢, it should not be regarded as an independent
variable. These parameters are also assumed to be determined by the following
conditions:

e From the stability condition of the free energy with respect to the variation of y,
i.e., from 0 F (y, o,t)/dy = 0, the following total spin amplitude conservation is
derived.

NoTa [(851200>Z(y’ Yz) + <8S1200)T(y’ yo) + 02 - (Slzoc)tot] =0. (5-3)

The thermal and zero-point components of spin amplitudes are written in the form

3T
(Sl (30 = 22400 + G D],
(5.4)

3T,
(Slzoc)Z(y’ Vo) = (Slzoc)z(o’ 0) — CTOA(Zy + ¥2).

The y dependence of the free energy in (5.2) results mainly from the implicit
dependence through that of damping constants I'; and /77 defined in (2.79).
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e The thermodynamic relation, d F /oM = H, has to be satisfied. Under the condi-
tion where the stability condition d F (y, o, t)/dy = 0 is satisfied, its o -derivative
is given by

dF (y,o,1)

=2NoTayo
do

dAy, n 8AF1.

5.5
do do (5-5)

1
+ NoTx |:((S,'Z)2>(Ym 1) — §(Slzoc)toti|

The first term in the right hand side is equal to the external magnetic field Noh.
The second term results from the Ay, dependence of the parallel component of the
spin fluctuations and the correction AF. With using (5.3), it can also be written
as follows:

1
3
2Ty I,
= —[A(y;,t) — A(y,t) —cAy,] — —o". (5.6)
Ta 3

1
()00 = 3o = 3 [2(<Sf>2)<yz, n—(SH) .0 - oz]

For o = 0 in the absence of the magnetization, the above right hand side vanishes
identically. Then the thermodynamic relation,

oF
3_ = 2NoTayo = Noh, 5.7
o

is satisfied without introducing the correction term A F in this case. Whereas for
o # 0, AF) is necessary, so that the last two terms in (5.5) cancel with each other.
The correction A F is thus defined by

—— + Ao, t
NoT4 0o + (0)3

1 0AF 0A
! % o, (5.8)
o
where A(o, ) as the function of o and ¢ is also defined by

2Ty I,
A(o, t):T—A[A(y—i-Ayz,t)—A(y,t)—cAyZ]—50 . (5.9

5.2.3 Free Energy Corrections

Before proceeding further, we will show below how the o dependence of A Fj (o, t)
is determined from its definition of (5.8) and (5.9) for A(o, t) in the case of weak
external magnetic field.



5.2 Free Energy of Spin Fluctuations 103

In the Paramagnetic Phase From the o dependence of y(o, t) and y,(o,t) in
(3.48), Ay, (o, t) is given by

Ay (o, 1) =2y1(1)0% + -+ (5.10)

By substituting the above result for (5.9), we obtain the ¢ dependence of A(o, 1)
given by

4 1 yi(t) o 1, 3 5
Aot )=——|1—--A'(y, )| —=0* — = e = —— -, (511
(0,1) 15 [ : (y ):| yl(O)U 30 + 50 + ( )

with use of the relations T4/ Ty = 15¢y1(0) in (3.10), and y1(¢) = y1(0)/[1 —

A’(y, t)/c] in (3.50). By putting these results into (5.8), the correction AFj (o, t) is
evaluated as follows:

1 o 3
—— AF(0,t) = —4y; (t)/ o' Mo/, t)do' = —yl(t)a4 4+ (5.12)
NoTa 0 5

In the Magnetically Ordered Phase If we notice the o dependence of y(o, ) and
v.(o,t)in (4.2), Ay, (o, t) is given by

Ay, (0,1) = 2y1(1)a? = 2y1(1)ag (1) + 2y(0, 1).

As with the derivation of (5.11), the substitution of the above result for (5.9) gives
the following expression of A(o, 1):

Mo, t) = A(og,t) + SA(0, 1)
_ l 4y1(t) 2 2 _
A(og, 1) = [3 + 15y1(0)i| og (1) + o [AQyi0d. 1) — A, 1)]

(5.13)

_ v Ao 1 3
dhon 1) == [3 * 15310) [1 2%

x[o? — og(t)] + -

/ 2 i l
A'(2y104, 1) + =~ A0, 1)
2c

The first term A(oy, t) represents the effect of the appearance of oq(¢), while the
second term §A (8, t) is induced by external magnetic field. In the limit of zero-
temperature, they reduce to

100, 0) = —gag(O), 81 (0, 0) = —g[az — g (0)]. (5.14)

The correction A Fj (o, t) is then evaluated by the following integration of (5.8) with
respect to o.

1 AR = —/[)\(a 1) + 810" 0122 4"
NoT, A 0 D13
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= —A((T(),z‘)/dAyZ —4y](t)/0/8)n(a/,t)da/, (5.15)

where the approximation, d Ay,/do =~ 4y (t)o, is used in the last line. The result is
written in the form,

1
— AF(0,t) = —A(0p, 1) Ay, (0, 1)

NoTx
1 4y1(t) _ i / 2 i /
+y1(7) [3 + 1531 0) [1 2cA (2y104, 1) + 2cA (0, t)“ (5.16)
X [02 —og(t)]z.

Note the presence of the first correction term even in the absence of the external
magnetic field. In the limit og(r) = O, it agrees with (5.12) in the paramagnetic
phase.

At the Critical Temperature In this case, substitution of the ,/y linear dependence
for the thermal amplitude in (5.9) leads to the following expression:

2T ¢ 1 T. 1
Mo t1e) = ——03(«/71 V-5t =— [;’TA JreW5- 1)+ 5} o2
ﬁ 5
== , 5.17
NN 17

with using the critical magnetic isotherms y(o, f.) = yco4 and y; (o, 1.) = 5yc<74
The critical free energy correction is therefore given by

8\/§yc 6

5.18
e+vs’ O

(o2
AFi (o, 1) ~ —16N0TAyc/ o1, 1.)do’ = NoTa
0

The coefficient y; (¢) of the ¢ term of the free energy vanishes at the critical point.
The correction AF; also becomes proportional to o©.

We have shown that the free energy in (5.2) is consistent with the TAC condition.
The variational condition of the free energy with respect to the variable y agrees with
the TAC condition. In the case of systems with the finite induced magnetization o, we
need to introduce the extra correction term A Fj (o, t) in the free energy. Otherwise
the thermodynamic relation is violated.

5.3 Temperature Dependence of Entropy and Specific Heat

In this section, the magnetic entropy is derived from the derivative of the free energy
in (5.2) with respect to temperature 7. The temperature dependence of the specific
heat is then derived by differentiating the entropy again with respect to 7.
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5.3.1 Temperature Dependence of Paramagnetic Entropy

In the paramagnetic phase, the effect of spin waves, the difference between y and y.,
and the free energy correction AF; are all neglected in (5.2). Under the condition
that 0 F (y, t)/dy = 0 is satisfied, the entropy is evaluated by differentiating the free
energy with respect to temperature.

oF(y,t) 3 o - I
S (y, 1) = _T:;Z[_/O dvlog(l —e V/T)quqz
q

/ Iyv
ev/T 1v2+qu
=6> —i/oodsloga e 27)
. 21 Jo s2+u2

o s 1
+u 0 dse2”5——1s +u (519)

where new variables s = v/2xT and u(q) = I,/2nT are introduced. In more
simplified form, it is also written by

1 9F(y, 1)

|
—3 1) =— ,
Ny 0D == e

1
=— 9/ dxx2[®w) —u® W), u=x(y+x2/t,  (5.20)
0

by introducing the new function @ (z). A brief explanation of this function is given
below.

Integral expression of @ (z) The function @(z) is related to the logarithm of the
gamma function I"(z) and is expressed in the following integral form:

1
@(z) =logV2mr —z+ (z — 5) Inz —log I'(z)
= l/Oo dslog(1l — e‘z’”)L (5.21)
e £ s2 422 ’

The derivative of @ (z) by z is equivalent with the integral expression of the digamma
function v (2).

1 1 = —2nt e 2
D'(z) = / drlog(1 — ) (t2+z )

=__/ dt log(1 - —27”>—(t2jr )
Z
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o 2 t 1
=/ dt—————> =logz— — — ¥ (2)
0 2z

From our expression of the entropy (5.20), the following interesting consequences
are derived:
e The following term in the theory of Makoshi and Moriya is absent in (5.20).

Ty
To

d
(Shelr (5 (5.22)

The reason is because it disappears from the stability condition (5.3) of the free
energy with respect to y. For the same reason, the effect of zero-point fluctuations
does not appear.

e If the above term is present in the entropy, its temperature derivative gives the
term proportional to d?y/dr2, resulting in the negative peak in the temperature
dependence of the specific heat just above the critical point.

5.3.2 Temperature Dependence of the Specific Heat

The paramagnetic specific heat is derived by the temperature derivative of the entropy
in (5.20). It is given by

1 1 38S(y, 1) /1 of uw  xdy "
—Cp(y, 1) = — =9/ d — + == )uo
Not m(y. 1) NoTo ot , F 13 ud”(u)

9 ! dA(y, 1) d
:—-/ dex2i2e” (u) — 924D 4
tJo ot dt

The coefficient of the second dy/d¢ linear term is derived as follows.
If we notice the definition of the thermal amplitude A(y, ¢) in (2.83), it can also
be written in the form

1
Ay, 1) = / dxx3®’ (u). (5.24)
0

Under the constant y condition, the partial # derivative of (5.24) is given by

IA(y, t a ! 1!
_ 3G9 = ——/ dxx3@'(u) = —/ dxx3ud” (), (5.25)
at at Jo t Jo
with use of the relation du/dt = —u/t. Both the integrands, u linear term in (5.23)

and the other one in (5.25), are in agreement with each other.
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In the Low Temperature Limit In this range of temperature, both the inverse of the
magnetic susceptibility y(¢) and the thermal amplitude are proportional to 2. Since
their ¢ derivatives are both proportional to ¢, the second term of (5.23) is proportional
to #% and is therefore negligible. Main contribution results from the following integral:

1 ! 2.2 5/ ” 1 1 /
1(y,t) = _;/0 xu @ (u)ydx, @"(u)= [; + Cs i v (u)i| (5.26)

Reflecting to the property of the digamma function, the integrand of (5.26) is approx-
imated by

1
~.2

T
Lo x
6tu 6(y + x2)

foru <1
_1 2.2 5l ~
tx u-®"(u) (5.27)

foru > 1

To find the temperature dependence of the function 7 (y, ), let us introduce the
new variable x’ = x/¢!/3 and represent u by

w=x'(y/ +x?) =x’(x§ Fx?), xo= 23,

Then only the single parameter x is involved in the integrand. The range of the
integration is modified to be 0 < x” < 1/¢'/3. Depending on the relative magnitude
of x¢ and 1, the integral is estimated as follows:

1. In the case where xo < 1 (y < %/3) is satisfied
In the range, xo < x’ < 1/t'/3, u is approximated by u ~ x> = x3/t. The
integration over the range, 1 < x” < 1/¢/3 within this region, gives

ULV AR P 2/3
I(y,1) ~ dx log(1/1%/3). (5.28)
6 Ji1/3 x 12

Integration from the other region only gives a finite result.

2. Inthe case, 1 < xo (£2/° < y).
The asymptotic expansion in this case is justified for u ~ xgx’ = yx/t > 1,
for u ~ xgx/ is satisfied around x” = 0. In terms of the original variable x, the
integral in this region is evaluated by

1! 1 1 1
/ Y _dr = —log (i) ~ log(1/y). (529)
t

I(y, t) >~ —
0= Y a2 2 B\ +2/2

where 12/y? <« 1 (i.e., 1?3 « y) is assumed to be satisfied. The integral over the
small range 0 < x < t/y around the origin is also negligible in this case.

To summarize, for exchange-enhanced paramagnets where y « 1 is satisfied,
their temperature dependence of the specific heat at low temperatures is given by
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1
3 log(1/1), (y < 1?3, ory/t*? « 1)
m (5.30)

3
7 log(1/y). (1?3 <« y,ory/1?3 > 1).

1
Not

These are regarded as characteristic behaviors in the critical region for
z = y/t*3 « 1in (3.65), and in the low temperature region for z = y/r?/3 > 1
around the QCP.

Temperature Dependence Around the Critical Temperature Around the critical
temperature in the paramagnetic phase, we need to deal with the limit y — O at finite
temperature. In this case, the second term in (5.23) plays a predominant role on the
temperature dependence of specific heat as will be shown below.

To begin with, the derivative of (3.30) with respect to temperature ¢ is given as

dy() |, 9A0LD _

Ay, t) —c]—= 5.31
[A(y, 1) —c] a + » (5.31)
If we note (3.50) for y;(¢) in Chap. 3, (5.31) is also written in the form
dy(@® _ 1 AL, D _ n@) IAQ, 1) (5.32)
dr c—A(y,t) ot cy1(0) ot ’

The second term in (5.23) can be therefore given in the form

0A(G. 0 dy(®) _ () [dy(,)]z . [dym]z
ot d y@e)| dt | T8y dt |’

with using y1(#) o« 4/y(¢) in (3.51). Substitution of the dependence of y(¢), propor-
tional to ( —1.)2, for the above expression finally leads to the following dependence:

0A(y, ) dy(®) _ mtc
ot dr T 42

, d?y(1)
OO =10, ¥ =5

2
_» |:16A(0, tc):|

3mi?

t=t,

where (3.38) is used to evaluate the second derivative y/. The temperature depen-
dence of the specific heat is thus given by

1
Not

1 Ot
Cp =~ —log(1/t,) — —< (")t — ). 5.33
7 108(1/10) = =202 — k) (533)

It increases proportional to (7, — T') with decreasing temperature toward 7. For
t. < 1, since A(0, 1) tj/3 is satisfied, the above (yé’)3/2 is proportional to l/tcz.

Then, [C,,(T) — Cy,,(T;)] x (T, — T)/ Ty is satisfied with a numerical proportional
constant.


http://dx.doi.org/10.1007/978-3-642-36666-6_3
http://dx.doi.org/10.1007/978-3-642-36666-6_3
http://dx.doi.org/10.1007/978-3-642-36666-6_3
http://dx.doi.org/10.1007/978-3-642-36666-6_3
http://dx.doi.org/10.1007/978-3-642-36666-6_3
http://dx.doi.org/10.1007/978-3-642-36666-6_3

5.3 Temperature Dependence of Entropy and Specific Heat 109

5.3.3 Temperature Dependence of the Entropy and the Specific
Heat in the Ordered Phase

Temperature dependence of the entropy and the specific heat in the magnetically
ordered phase is treated in this section. As with the paramagnetic phase, they are
given by differentiating the free energy in (5.2) with respect to temperature. Unlike
the paramagnetic phase, the correction AF; of the free energy is necessary.

Temperature Dependence of the Entropy The entropy is derived from the partial
temperature derivative of the free energy as given by

Sm(o,t) = Spo(o, 1) + AS, (0, 1)
1 1
Nismo(o, 1) = —6/ dxx[@ () — u® ()] — 3/ dxx?[® (u;) — ud’ (u)]
0 X 0

(5.34)
u=x(y+x3/t, u,=x(y, +x>/t.

It consists of two contributions, S,,0 corresponding to (5.21) in the paramagnetic
phase and AS), (o, t) resulting from the ¢-dependence of Ay, (o, ) and AF|(o,1).
The effect of spin waves is neglected for simplicity. In the same way as (5.4) for the
o derivative of the free energy, the second term is evaluated by the partial 7-derivative
of Ay,(o,t) and AFi (o, t) as given below.

1 0Ay, 0AF;
s, = ~NoTa [ (5700 - 315, 222 - 2501
= —NoTar(o t)aAyZ _ 3R (5.35)
’ o ar '

In the region of weak external magnetic field, the correction A Fj in (5.16) can be
approximated by
AFi(0o,t) = —NoTar(og, 1) Ay, (0, 1). (5.36)

Substitution of (5.36) for AF in (5.35) gives the entropy correction given by
0Ay
ot
Ty [ dr

Ta (00, 1) A
To dt

Z

Ta Ty 0
ASy(o,t) = —No—A(0, 1) + No— — [\ (00, 1) Ay, (0, 1)]
To Ty ot

dAy.(o,1t)
Jt

— Np v2(0, 1) — 8)(0, 1) . (537

where A (o, t) = A(o, t) — A(09p, t). The second term proportional to §A (o, t) in the
second line is neglected in the absence of external magnetic field, since §A(o, 1) =0
is satisfied for o = o9. The parameter A(oy, ¢) defined in (5.9) and its 7-derivative
are given by
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2Ty 2
A0, 1) = _[A(yZOs 1) — Ay, t) — cy0()] — Scy1(0)oy (1)

A
T4 dA (oo, t) dy.o(t) 0A(yz0,1)
L DA 1) — 2 .
o dr [A'(yz0 )2 c] i + Py (5.38)
do2(t) _9A(0, 1)
—5cy(0)—2—= —2
10 dt ot

With the use of the TAC condition, the above ¢-derivative can be written in two
different forms. Notice the ¢-derivative of the condition (3.3) is given by

dA(y.0,1) , dy.o JA(0, t) dog(t)
1A 1) — 2 0 =0. (5.3
o +[A'(y:0.1) — ] Fral o cy1(0) (5.39)
Then dA/df in (5.38) is written in the form
A0, 1) daz(t)
T4 d (00, 1) -6 — 15¢y1 (0)—2 D 5.40)
N =1 .94 t t :
To dt 3 (?;0, ) 3[A (ve0, 1) — ] 2200 yzO( ) D

depending on either the terms related to yo(f) or oy 2(t) are eliminated. The entropy
correction is also expressed in two alternative forms:

9A(0, of
1 ~3y.0(0) [2 ét D 4 5oy )2 (t)} M
FAsm(;) = (5.41)
0 dA(y-0, z
372000 [%HA Gan-a?2C)

Temperature Dependence of the Specific Heat In the ordered phase, the specific
heat is given by the sum of the temperature derivatives of S,,0 and AS,,.

Cm(t) = CmO(t) + Acm(t)

1 1
—cmo<t>—61 0.0 +31(:0,0, Ly, )=~ / dxxu@" (u)
X,

Not ,
e @y = 3AG0 D dyo® | 1 dAS, @)
Not " ot dt No dt
0°A(y:0. 1) o)’
= 3y.0(t) [8—f§+A”( zo,w( yj ) (5.42)
A Gz0.1) dyzo(®)
ot dr

dy; 2y,
+3[A/(yz0,t)—c]|:( y(;;(r)) o) yo(l):|
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The first term C,,o(¢) results from the direct ¢ derivative of S,,0(¢). The function
I(y;0,t) in the second line is already defined in (5.26). The correction AC,,(¢)
consists of the sum of two contributions, i.e., the implicit temperature dependence
through that of y,o(¢) included in S, (¢) and the ¢ derivative of the correction AS,, (¢).
It is derived by using the expression (I) in (5.41). If (1) is used, AC,, () is written
in the form

LACm(l) _ _ 3[(2314(0, 1) n dA(y;0, t)) dy.o(1)
Not 9t Y 5
32A(0, 1) d do2(1)
+ ZYZO(I)T + Scyq (O)d_t (yzo(t) gt ] (5.43)

The temperature dependence of C,, (t) shows the following two characteristic features
derived from the presence of AC,, (t).

e There exits another new enhancement in the 7'-linear coefficient of the specific
heat in the limit of low temperature.
e A sharp peak appears at the critical temperature.

Numerically calculated results of (5.42) are shown in Fig.5.2.

Dependence in the Limit of Low Temperature In the limit where 1°/? < y.o(1)
is satisfied, I (y.0, t) is given by (5.29). The transverse contribution /. (0, 7) is of the
same size because of the presence of lower cut-off of the integral x.. The T'-linear
coefficient of C,,0 shows the logarithmic behavior:

Fig. 5.2 Numerically calcu- 10.0 . . :

lated examples of the tempera- — 1.=0.005
ture dependence of the specific ---1=0.01 ]
heatforz, = 0.005, 0.01, 0.05 sob t.=0.05 |

from the top

C,/Nyt

0.0 1 1 1

0.0 0.5 1.0 1.5 2.0
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Fig. 5.3 Temperature depen- T T T T
dence of the specific heat
in the low-T' limit for
fe = 0.0001,0.001,0.01 150 & i
from the top in logarithmic
temperature scale. The depen-
dence of Cy,, Cyn0, and AC,, is
denoted by solid, dotted, and
dashed curves, respectively

0.0 1 1 == ===
10° 107 10" 107 107 10"
/T,
1 1 ) 3
= Coo = 7 [210g(1/x2) + log(1/y:0)| = S logl1/o0(O)].  (5.44)
Not 4 2

as the spontaneous moment tends to disappear, o(f) — 0. Another contribution of
considerable size also results from AC,,, as given by

! d*y20(1) 92 A(yz0, 1)
—— ACy ~ =3¢y-0(t) —=a—= + 3y 0—— =
Not 26 cy0(1) a2 P
1 T\4 T\2
ZE[(Z) +2(Z) +4}. (5.45)

Though it is not divergent in the limit op(¢) — 0, its size is nonnegligible in the
limit of low temperature. The temperature dependence of these two contributions is
shown in Fig.5.3.

Dependence Around the Critical Temperature Around the critical temperature,
the opposite condition y <« 3/? is satisfied for I(y,0, ) in (5.42). The first term
Cino(2) is then given by

1

1
NotCmo(t) ~91(0.1) = 7 log(1/1). (5.46)

As with the case of the paramagnetic phase, the correction AC,, shows the (1 — 7.)-
linear dependence from the following dominant contributions:
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Fig. 5.4 Temperature dependence of the specific heat of MnSi by Fawcett et al. (leff) and Sc3In by
Ikeda and Gschneidner (right)

1 dy.o(0)\? B )
N_()I‘Acm(t) ~3 (%O) [yzO(t)A (3z0, 1) +3A7(yz0, t)]

+ 3y.0(0) A (y20. 1) —5— y ZO(t) . (5.47)

With the use of the dependence y,o(¢) o< (f, — 1)? and the critical ./ v-0 dependence
of the thermal amplitude A(y.o, t), the above right hand side is estimated as follows:

(dyZO(t)
dt

2
) [yZO(t)A//(yZOv )+ A/(yZOs n]

~ (V%) 167 8470 (te = 1) =—E(yu) (te —1),  (5:48)

d?y, tyl,
V00 A (320, ) — o0 . _ ”Z\/_. ~—7(yzc)3/2<rc 0.

dr?

The second derivative d®y;o(t)/dt> at t = t, is denoted by y/. in the above. The
correction AC,, also shows the (¢ — #.) linear dependence but with positive slope in
this case.

LAcm (1) = 32 (Y1) (t — 1) (5.49)
Not :

If we combine (5.49) with (5.33) in the paramagnetic phase, the slope of the 7" depen-
dence of AC,, shows a discontinuous change from positive to negative, resulting in
the peak at the critical point. The behavior is observed in numerically calculated
results in Fig.5.2.

As examples of observed temperature dependence of specific heat, the results of
the measurements on MnSi by Fawcett et al. [3] and Sc3In by Ikeda and Gschneidner
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[4] are shown in Fig.5.4. In this figure, values of C/T are plotted against 72. The
dotted (left) and dashed (right) lines plotted by them are regarded as the contribution
from lattice vibrations. A clear and definite peak is observed for MnSi with fairly large
spontaneous magnetic moment (f. ~ 0.13). Whereas for Sc3In with tiny spontaneous
moment (7. ~ 0.01), the peak is not so clear. The tendency is consistent with the
theoretical prediction that the larger the value of 7., the larger and distinct peak
appears as shown in Fig. 5.2 numerically.

5.4 Specific Heat Under the External Magnetic Field

We next show in this section how the temperature dependence of the magnetic entropy
and the specific heat is determined in the presence of the external magnetic field. We
will particularly deal with the following two subjects.

1. The o dependence of the entropy and the specific heat under constant temperature.
2. Their temperature dependence under constant static external magnetic field.

As for the first one, we need to confirm that the Maxwell relation is satisfied for the
field-induced change of the entropy. Concerning the second one, we need to know
how to evaluate the temperature dependence under constant magnetic field in the
treatment where o is regarded as independent variable.

For convenience of our later explanation, note that the o dependence of y(o, t)
and y,;(o,t), and their variations, dy(o, t) and §y, (o, t), induced by the external
magnetic field are given by

y(0,1) = yo(t) + y1(1)a?,  y.(0, 1) = yo(t) + 3y1(1)o?,
8y(o, 1) = y(o, 1) — y(0,1) = y1(t)o?, (5.50)
8y.(0, 1) = y,(0,1) — y,(0, 1) = 3y1 (t)o?,

in the paramagnetic phase, and by

y(0,0) = yi(Olo? —og (D], y.(0,1) = 2y1(D)og (1) + 3y (o, 1),
8y(o, 1) = y(o,1) — y(o9, 1) = y(0, 1), (5.51)
5)}2(07 t) = yZ(Ua t) - yZ(601 t) = 3)’(07 t),

in the magnetically ordered phase (7" < T¢).

5.4.1 Maxwell Relation

For the free energy F (M, T) with independent variables M and T, the total differ-
ential dF' is written in the form
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dF(M,T) = —Su(M,T)dT + HM, T)dM,
AF (M, T) AF (M, T) (5.52)
-SuM,T) = ———, HM,T)= —F—7—.
aT aM

The entropy S, and the magnetic field H are derived by the first derivatives of F
with respect to T and M, respectively. Their further derivatives with respect to M
and T given by

S,  9*F  9H  3*F

T = T = (5.53)
oM oMoT  oT aToM

agree with each other. It means that the following Maxwell relation is satisfied.

0Sp _ 9H _ 0 (H
aM — aT AT \M )|y,

1 9Sp(o,1)  2Tpo 9y(o, 1)
No do0 T, ot

(5.54)

The second line is the dimensionless form of the first equation in terms of dimen-
sionless parameters,oc = M /2Nugp,h = 2ugH, y(o,t) = h/2Tso,andt = T/ Tp.
According to (5.50) and (5.51), dy (o, t)/0t is written in the form

_dyo @ foro ~0
0 t ’ -
M ~ de ) (5.55)
Jat da() ()
=y1(?) , for o >~ op(1),

dr

in the paramagnetic (above) and ordered (below) phases. In what follows, we will
show the entropy in (5.34) actually satisfies the relation.

In the Paramagnetic Phase With using (5.10), (5.11), and (5.12) for Ay, (o, 1),
Mo, t), and AF)(o,t), respectively, the o dependence of AS,, is given by

Ay, (0,t) IAF,
at at

+ - (5.56)

ToAS,(0,t) = —NoTa)(o, 1)

3 dy1®) 4
= —NoTy———=
5 0% dt “

This term of higher order correction can be neglected in this case. On the other
hand for S,,0(0o, t), effects of magnetic field on u(o, t) and u,(o, t) are given by
du(o,t) = x8y(o,t)/t and du,(o,t) = x8y;(o,t)/t in terms of variations 5y and
8y.. Substituting them into (5.34), the entropy change is therefore represented in the
form
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1 3
~o8Sm(o. ) =~ [ dxex3ud” )[28y(0, 1) + 8y- (0, 1)]
0
dA(yo, 1)

= 32800 D 5506, 1) + 8y (0, 1)]
o dA(yo, 1) ,
= —yt)—5 =0 (5.57)

by using the relation 28y (o, t) + §y, (o, t) = Sy; (t)a2 in the last line. If we notice
the relation (5.32), then (5.57) is finally written as

1 35S, _ 2T 40 dyo(t)
No do B To dr -

(5.58)

It implies that the Maxwell relation in (5.54) is satisfied for the entropy in the para-
magnetic phase.

In the Ordered Phase In this case, the entropy change induced by the applied
magnetic field is given by

sS o 3No ! 3 1 ”
m(o, 1) = T dx x"[2u®” (u)dy(o, t) +u, D" (u;)dy,(o, )]
0

3
X X 2
+8AS,,(o,t), u= T, U; = 7()’10 + x°), (5.59)

where deviations 8y(o, t) and 6y, (o, t) are defined in (5.51). Because 0 = op and
v(00, 0) = 0 are satisfied in the absence of the field, §y (o, 0) = y(o, 0) is satisfied.
If we denote the first term by §5,,0(0, 1), (5.59) is also written in the form

) ) .
o T T Yz

1
—8S0(0, 1) = =32 5.60
No o(o, 1) [ (5.60)

To evaluate the field effect on AS,, (o, t), let us substitute (5.40) for dA (o9, ¢)/dt in
(5.37). Then the correction is given by

8A(y207 t)
at

JA(0, 1) dod (1)
6 15¢y1 (0 8
+ { o7 + 15¢y1(0) a7 y

_ﬂd)’z()(t)
To dt
dA(y,0,t A0, Ty do (¢

=3|: (20 )Syz ( )(Syi|+_A Go()

2
at + ot To dt

1 dyo
705A5m(0, t)=3 [ +[A(y0.1) — ] d; ] 8y;

SA(o,t)

sy,  (5.61)

by using the definition Ay, = §y, —dy in (5.37). In the above derivation, we employ
the expression (II) for dA(oy, t)/dz in (5.40) in the first line, and (I) in the second
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line. The following relation for 61 (o, t) in the third line is also used in the above
derivation:

T _ / _ Al _ _ ﬂ 2
TO(SA(U, t)y=2 {[A (y:0,1) —cldy, —[A(0, 1) C]5y} 3T So
= 3[A"(y:0, 1) — cldyz, (5.62)

which is derived from the definition of A(o, ) in (5.9) and the deviation of the
condition of TAC, given by

T
2[A'0, 1) — 18y + [A' (y20, 1) — 18y, + #502 —0. (5.63)
0

By putting (5.60) and (5.61) into (5.59), the following entropy change is finally
obtained:
Ta dag(t)(S

T d y(o, 1). (5.64)

1
—6S, (o, t
N5 (0,0
Partial derivative of the above both sides with respect to o gives the Maxwell relation:

1 9Syu(o, 1) 2Tso do (1)
— = =4 yi(H)—2-2,

(5.65)
No do To dr

by using dy(o, t)/do = 2y1(t)o. As the last term, the right hand side in (5.64) is
involved in the entropy correction § AS,, (o, t) in (5.61). This clearly means that we
need to include this term to satisfy the Maxwell relation in the ordered phase.

5.4.2 Temperature Derivatives in the Static External
Magnetic Field

To evaluate the temperature dependence of the specific heat in a constant external
magnetic field 7, we need temperature derivatives of y(o,t) and y,(o,t) in this
condition. These values are related with derivatives in a constant magnetization o,
as shown below.

To begin with, the derivative of the definition, y(o, t) = h/2Ts0, with respect to
temperature in a constant o gives the relation:

dy(o,t h 9 1) 0
y(o, 1) - _ 2_0 Z_M_U ) (5.66)
ot |, 2Tpo0“ 0t |, o ot |,
It is also rewritten in the form
dy(o, t dy(o,t)  dy(o,t) d
Yo\ _ e 9y(e,0) 9o (5.67)
a |, at do ot |,
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In the condition of constant &, o (h,t) is regarded as a function of & and . By
equating these relations, (5.66) and (5.67), the following relation between do/dt|;,
and dy(o, t) /0t is derived:

y(o,t) dy(o,t) ] do v.(o,t) do a0y(o,t)
+ . = T~ = - )
0 dy(o,t
Loof ___ 0 e (5.68)
at |, y.(o,t) Ot

Then, the temperature derivative of any function f (o, f) in a constant % is generally
written as follows:

af (o, 0)| _ 9f(o,1) + df (o, 1) 9o
a |, ot do 0t |,
_ af (o, 1) o dy(o,t) of (o, t). (5.69)
Jat y.(o,t) Ot do

Substituting y(o, t) or y, (o, t) for f (o, t), as special cases we obtain the relations:

e, | |:1 o dy(o, t)i| dy(o, 1) y(o,1) dy(o, 1)
ot B (0,1) do it y.(o,) 9t
h . . (5.70)
dy;(o,t) _ ay;(o, 1) _ o ay(o,t) dy;(o,t)
a |, ot v.(o,t) Ot do

By using these relations, various temperature derivatives in a constant s can be written
in terms of derivatives with respect to o.

5.4.3 Entropy and Specific Heat in the Paramagnetic Phase

Let us now show the temperature and the external dependence of the entropy and the
specific heat.

Effect of Magnetic Field in the Paramagnetic Phase As we have already shown,
the entropy change §S,, (o, t), induced by the external magnetic field #, is given by
(5.57). Actually to evaluate the change in a constant /4, we are required to find the
value of o as a function of /.

The magnetic field effect on the specific heat is also given by the temperature
derivative of (5.57) under the constant /2 condition:

1 1 98S,(0,t
—8Cp (0, 1) = 7ﬂ
Not No at

_ [BA()’OJ) 98y

dt at ot at

IAG0. 1) [ 96
}(25y+6yz)—3(y°) [2y

|
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d [dA(yo, 1)
= —3— | /2| (28y+3$§
dt[ 57 }( y +3y;)

dA(yo, t sy 38 asy 38 d
_39400.0) 90y vz y  (,90y , 89y o Iy
ot ot ot ao do ) y, ot

(5.71)

by using the relation (5.69) for f(o,t) = 26y(o,t) + 8y, (o, t). In what follows,
temperature and external field dependence of the entropy and the specific heat are
examined in more detail in some particular temperature regions.

Exchange Enhanced Paramagnets at Low Temperatures For paramagnets in the
vicinity of the ferromagnetic instability point, the inverse of the magnetic suscepti-
bility (see Sect.3.3.2) is given by

_ _ b e
yo(#) = y0(0) + 24cy0(0)t +ee (5.72)

Then, the following result is derived because of the relation between yg(¢) and
dA(yo, t)/0t in (5.32).

IAG0. 1) _ dyo®) _ y1(0)

t 0 o~ . 5.73
yi(?) o7 cy1(0) ar 12y0(0) (5.73)
By substituting (5.73) into (5.57), the entropy change is finally given by
1 Sy1(0) 5
—8Sy (o, 1) = — to" 4. (5.74)
No " 4y0(0)

In this range of temperature, the entropy S,, (0, ¢) in the absence of magnetic field
shows the same temperature dependence as (5.30) for the specific heat. The sum of
these contributions is written as follows:

_ M LY _ 21O o,
S0, 1) = 4t[310g(y0(0)) 5y0(0)0}+ . (5.75)

It can be also expressed as the T'-linear coefficient of the specific heat:

. Culo,t) 1 . Sulo,1) 3Ny 1 5310 ,
Ym(0) = lim ——— = — lim = ——|log — o |,
—0 T To t—0 t 4Ty yo(0)  3y0(0)
(5.76)
or in the form of the relative change of its magnitude.
ACn(0,0) _ Cw(0,0) = Cu(0,0) 5y1(0) 52
Cn(0,0) Cn(0,0) 3y0(0) log[1/y0(0)]
_ 5 510)/5(0) [ h T _ S OO/ o
31og(1/y0(0) [ Tayo(0) 31og(2Taxo/No)
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It is equivalent with the following result by Béal-Monod et al. [5].

ACu(0.0) _ S (H

Cn(0,00  logS \ Ty

2
) ) (S = (1 - a)_lv l/TSf X SX](D)au]i)v
where S and H/ Tt correspond to 1/yg and i/ T4 yo, respectively, and ¢ = Ip which
appears in the Stoner condition.

In the Region at High Temperatures Except for the region around the critical
temperature, the field effect on the inverse of the magnetic susceptibility in (5.71)
is well approximated by 8y(o, ) + 8y,(0,1) =~ Syi(t)o>. If we assume that the
temperature dependence of the coefficient y; (¢) of the o term of the free energy is
neglected, the following approximation is satisfied.

d |:8A(y0, t)i| Ta  dyo(0)

dr ot T 15Toyi(r)  dr?

Because the higher order effect of magnetic field is neglected in this case,

1 dyon) 1 dyo()

y(o,1) 9t yo(r) dt (5.78)

is justified in the last line. We can therefore obtain the following approximation for
(5.71).

8Cm _ Tad®»o@® ,  Ta  dy0) (del(n_loyl(t)dyo(z)) >

Not — T d2 ° T 3Tomi() dr dr Yor) dr
L T o @@ 2 (A | _ Ta Py 0 0 (5.79)
T T dr? yo(t) \ dr 4Ty d2 1Y ’

where 0 >~ h/[2T4yo(t)] is assumed in the last line.

In this region, the field effect gives the positive deviation §C,, proportional to 4.
In the range where the Curie-Weiss law behavior is observed, its coefficient shows the
dependence, 1/(t — .)>. The external field generally suppresses the entropy, and its
deviation 8S,, is negative. However, its temperature dependence shows the positive
slope, giving the positive §C,.

Around the Critical Temperature In this case, the entropy change 485, (o, #.) is
also evaluated by using the second line of (5.57) with yy = 0, i.e.,

dA(0, 1)
a

NLSSm(G, te) =-3 [26y(o, t.) 4+ 8y, (o, tc)]. (5.80)
0

t=t¢

Since 8y (o, t.) = y(o,t.) and dy, (o, t.) = y;(o, t.) are satisfied, substituting the
critical isotherm, 8y(a, 1) = y.o* and 8y, (0, 1.) = 5y.0*, gives the following o
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dependence of the entropy:

1 0A(0, 1) 4 28A(0, t.) 4
—88 L) = =21y, = —— V.0, 5.81
No m (0, tc) Ye 97 z:tCU o YO ( )

by using the relation, dA(0, t)/0t = 4A(0,t)/3, derived from the ¢ dependence,
A0, 1) o %73, in (2.86).

The specific heat is evaluated as the critical limit of the expression (5.71) in
the paramagnetic phase. We then need to evaluate the o dependence of derivatives
dy(o,t)/dt and 0y (o, t)/dt. They are determined by solving the equation:

0A(y,t 0A t
2 (yv ) + (yz» )
ot ot

0 0
+2AA (v, 1) — c]a—f A (y.1) — c]% =0, (582)

which is derived from the temperature derivative of the TAC condition. Because of
the predominant 1/,/y dependence of A’(y, t), it can be approximated by

. . 4
- 2 ¢ P A0, ¢t,) ~0, 5.83
4y 9t 8y, dt +zc ©, 1) (5-83)

where the ,/y and ,/y-linear dependence resulting from the first two terms in (5.83)
are discarded in the limit, y — 0 and y. — 0. From the ¢*-linear behavior of
dy(o,t) and 8y, (o, t), the following results are obtained:

ddy(o, 1) 5
— X0

0d8y,(0,1) 9dy(o,1) 0dy(o, 1) 9dy(o, 1)
= + o ~3 .

; (5.84)
ot ot ot do ot
The o 2-linear coefficient determined by (5.83) is given by
ddy(o,t 325
Yo Y A0, o2, (5.85)

at  2V5+ 32

Substituting these results for d6y/d¢ and a8y, /9t into (5.71), the effect of the mag-
netic field on the specific heat is written as follows:

5Cn _ 5 d 3AG0. 1)
Not, dr at
= MAZ(O, 1) + ﬁA(o, ) yeot 4 -
502v/5 4 33 312
_ 8A%(0, 1) 20 2125+2V5) (o \?
o [n(z+ ﬁJ 25(2/5 +3) (_) "

9940, 1) dy(o, 1)
2 —
@y +y) 35— ot

Yyo=0 t=t,.

., (5.86)

O

where the coefficient of the first term and the o derivative of the last term in (5.71)
are estimated by
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d dA(yo. 1) _ Ao, 1) dyo() + 92A(0, 1)
e 3t |y ot dr |0 a2
T dyo() 4 8
~ — + —AQ,1) = ——5AQ,1¢
8Vyo() dr |, o O ©.0 52401
I (p0y ) _ 4y ty) 28
y, \ 0o a0 vz 5

5.4.4 External Field Effect in the Ordered Phase

In the ordered phase, since 8y (o, 1) = y(o,t) is satisfied in (5.64), the field effect
on the entropy is given by

1 Ty dod (1) dU (1)
—8Su (o, 1) = — ,t =15A00, t.)——y(o, 1), 5.87
No m(0, 1) Toy(cf ) 7 ©, 7c) a7 y(o,1) (5.87)

by using the relation (3.12) between the thermal amplitude A(0, #.) and og. The
same parameter U (t) = 002 (1) /002(0) defined in (4.21) is also used.

The field-induced change of the specific heat is derived by the derivative of (5.87)
with respect to temperature, i.e., as the sum of two contributions:

068, (o, 1)

1
-38C , 1) =
" m(0, 1) 91

1
= ;[8Cm1(0, t) + (SCmZ(Ga t)]

h

1 d2U @)
N_Ot(scml(o'v t) = 15A(07 tc))’(o'a t) d[2

1 dU(r) dy(o,1)
—38C, , 1) =15A00, t.)——
Not m2(0, 1) 0, 2) dr a ,

dU (@) y(o,t) dy(o,1)

dr y,(o,t) Ot

(5.88)

= 154(0, 1,)

’

where (5.70) is used as the temperature derivative, dy(o, t)/d¢|;, in a constant i for
§Cma(0, 1).

Field Effect on the Specific Heat at Low Temperatures According to (4.2) and
(4.26) in Chap.4, the o dependence of the inverse of the magnetic susceptibilities
and the temperature dependence of U (¢) are given by

y(0,1) = y1(1)[o? — g ()] = y1(0)[a* — a0(0)*],
~ a0 t)|: o? _ 1]
B CTOER

¥2(0, 1) = y0(t) + 3y1(D[0? — ag (1], (5.89)
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~2 0+3AOt[‘72 —1}
=~ 2y,0(0) E(vc)W )

O[()t2

360A20.1,) T W0F cl(/2)* 4+ 5(/2)? + 41.

Ut)y=1-—

Substituting these results for y(o, t) and U (¢) into (5.87), the entropy change is
written in the form

1 oot oot o?
—5Sm(0, 1) = —— oy = — 2L 1. 5.90
NS @D = a0 @) T T1ae [05(0) } (5:90)

As for the specific heat, the second contribution §Cy,;» in (5.88) is neglected. The
reason is because both dU () /dt and dy (o, t)/d¢| in (5.88) are proportional to 7. As
a whole, it is proportional to 2. If we define the T-linear coefficient of the specific
heat y (o) = Cy,(0,t)/T, as with the case of the paramagnetic phase, its change
8Ym(0) = Ym(0o) — ym(0) is given by

2
Yo, 1) = ——22 [ 7 1] (5.91)

o

1 0
5 -
N ) = T A0 )

12¢To | 02(0)
by using the relation, A(0, 7.) = cy; (0)002 (0) in (3.12). In the region of weak mag-
netic field, the following relation is satisfied between y(o, ¢) and h.

h
2Taoc ~ 2T400(0)

y(o,1) = (5.92)

It follows then that §y,, (o) is proportional to A, and its coefficient is given by

1 dym _ 15A(0,1) d*U (1) dy(o,1) Saq

= =— . 5.93
No dh To 2 dh 87303 (0) 659

Around the Critical Temperature According to (4.38) in Chap. 4, the temperature
dependence of the reduced spontaneous magnetization squared U () is given by

£\ 43
U(t) :ac|:l—(t—) :|,

4 4/3 4
dv®) ~ _ e (T — —ﬁ, (t = t.).
dt 3t \t 3t

(5.94)

By putting the above derivative dU () /dt and y(o, t.) = y.o* into (5.87), the entropy
change induced by external magnetic field is given by
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20a. 4
; A0, t)o ™. (5.95)

c

! 88y (o, t.) = 15A(0, t.) dac 4=
— o,1.) = , —— ) yeot =—
No m c ¢ 3 Ye

c

From the continuity condition of the entropies, (5.95) and (5.81) in the paramagnetic
phase in the limit # — ., we have to assume a. = 7/5 in (5.94). It implies £ = 1 for
the parameter introduced in (4.14) related to the presence of spin waves in Chap. 4.
In the deviation of the specific heat §C,, (o, .), the second temperature derivative
d?U (t)/dr? is necessary. We can find its value by expanding U (¢) and V (¢) in powers
of (t —t.).
us 5
Ut) = —ui(t —1c) — ?(I_tc) +-
(5.96)
1%} 2 v3 3
V() = S =1 =1

The above coefficients u1, us, v2, and so on, are obtained by putting the above
expansion into (4.22) and comparing coefficients of terms with the same powers of
(t — t.). For instant, the first coefficient u; is given by 4a./3t.. Then from (5.88)
with these parameters, §C,, (h, t.) is evaluated as follows:

dy(o, 1)
ot

SC(h,t
8Crmh, ) = —15A(0, 1) [uzy(cr, 1) +uy
Not

] . (5.97)
h

As with the case in the paramagnetic phase, both y(o, t) and dy(o, t)/0t at t = ¢,
are positive, and proportional to o%and 62, respectively. The above §Cy, (h, t) thus
becomes negative.

We show in Fig.5.5, numerically calculated temperature dependence of the
entropy change 85, (o, t) induced by external magnetic field. The field-induced
change of the specific heat is always negative below z., for the slope of the entropy
is negative as shown in Fig.5.5. Whereas in the paramagnetic phase, it is positive.
Therefore, §C,, (h, t) shows the discontinuous change at the critical point ¢ = ..

Fig. 5.5 Numerical esti- 0.0
mated entropy change for

t. = 0.1 under the presence of

magnetic field, 2 = 0.05, 0.1,

and 0.2 (x 107) from the top

20.1.10°

8,/N,

20.2- 10—3 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
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5.4.5 Numerical Estimate

To evaluate the entropy and the specific heat at any temperature and in the presence of
the external magnetic field of any magnitude #, it is necessary to estimate the values
of o and those of y(o,t) and y,(o, ) numerically, as well as their temperature
derivatives. In the following, we will briefly show how to estimate these values.

Magnetization o as Independent Variable In this method, we need to evaluate
temperature derivatives of various variables as functions of o. They are evaluated
according to the explanation in Sect.5.4.2. To estimate the value dy(o, t)/dt|;, for
instance, first obtain the value of dy(o, t)/dt, and then by (5.70). The derivative
dy(o, t)/dt is estimated by solving the following simultaneous differential equation
for y(o, t) and dy(o, t)/dt as functions of o:

2A(y, 1) + A(y, 1) — ¢y + y;) + 5cy1(0)a* = 3A(0, 1) (5.98)
9 9 DAy 1) DA(y..t
2MKyU—wﬂ5§+L¥@@0—wdé%+Q g + gf ) —0. (5.99)

The first and the second lines correspond to the TAC condition and its tempera-
ture derivative. The functions y.(o, t) and dy. (o, t)/d¢t are related to y(o, ¢) and
9y (o, 1)/t by

3y (o, 1)
v:(o.1) = y(o, r>+a—ya :
o

dy,(o,t) dy(o,t) 9 (3),(@[)) (5.100)
= +o )

at at 9o at

First o derivatives of y(o, t) and dy(o, t) /9t in (5.98) and (5.99) are, therefore, deter-
mined by values of o, y(o, t), and dy(o, t)/dt. The magnetic field 4 corresponding
to o is determined by h = 2T40y(0o, t).

Magnetic Field / as Independent Variable On the other hand, it is possible to treat
the problem by regarding / as independent variable. In this case, the magnetization
o (h, t) is evaluated as a function of 4, in place of finding y(o, t) as a function of 0.
We then need to evaluate the derivative, do /d¢. They are also evaluated as functions
of h by using the same simultaneous equation (5.98) and (5.99).

Note that from the definition of y(o, t) and y, (o, t), following relations are satis-
fied among o, &, and these functions:

1

- (5.101)
2Txdo/dh

h
t) = ——— t
y(o-v ) ZTAO' ’ yZ(Uv )

We can eliminate y(o, ¢) and y,(o, t) by substituting (5.101) in (5.98). It is then
regarded as the differential equation of o as the function of /.

For the derivative do /d¢, the ¢ derivative of y. (o, ) in the above definition (5.101)
in a constant i can be written in the form
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19 (0" 1 (d0\ P d (b0
n 2Tadt\on) — 2T4 \0h) 9t \on

5, 0 (0o
=—2TA)’Z£ =) (5.102)

dy;(o0,1)
ot

It is also written by

3o (h, 1)
at

8yZ(U7 t)

8yZ(Gs t) ayz(U, t) foled
ot - + En

a0t do At |,

foled
ot |,

(5.103)

by regarding y. (o, t) as a function of o and ¢. By equating the right-hand sides of
(5.102) and (5.103), 9y, (o, t)/0t is given by

0y:(0,0) _ o 20 [M} _ Wz 90(h ) (5.104)

ar A | T do a1

By substituting (5.68) for dy(o, t) /9t and (5.104) for dy, (o, t)/0¢, the first and
second terms of (5.99) are written in the form,

ay(cr t) do

2[A"(y, 1) — ] —2[A(y, t)—c]—E (5.105)
yz(a,t) , 0 (do Ay, do
A (v, 1) — ]2 = [A(y,, 1) — 2T Rl B
[A(yz, 1) — ] o7 [A(yz, 1) cz][ A5\ 5, % 91
= —2Tay?[A( t)—c]i 9o
= TV D don o
, ay ao
+{2[A (v, 1) — c]=—= + 10cy190 } —, (5.106)
dJo Jat
with using the relation,
) 9
2AA (. 1) — cz]a—z F 1A (yos 1) — cz]% +10¢, y100 = 0, (5.107)

for dy,/do, derived from the o derivative of the TAC condition (5.98). Equa-
tion (5.106) is therefore finally written in the form

20 . a 80
2Tay; [A(yz, 1) — el —2[A'(y, t)—cz]

oh
DAy 1) DAt
4224000 (yz ). (5.108)
ot ot

10
+ C o
Zle 8[
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Fig. 5.6 Numerical examples 0.12
of the temperature dependence
of the specific heat change for
te = T,/ Ty = 0.0005 (solid),
0.01 (dashed), 0.05 (dotted)
in the presence of magnetic
0.08
field -
=}
%S
)
< :
0.04 ¢
0.0

We can now regard (5.98) with (5.101) and (5.108) as the simultaneous differential
equation for o and do /9t as functions of &. The initial condition at ¢ = 0 in the
paramagnetic phase, for instance, is given by

2TAyo(t)zi (3_0) _ 0@ (5.109)

oh \ ot dr

In this way, we can evaluate y(o, ) and its temperature derivative in (5.88) in a
constant h as the functions of /.

Results of Numerical Calculations We have already shown in Fig.5.5, the tem-
perature dependence of the entropy, i.e., (5.57) and (5.87), in the presence of static
external magnetic field. The entropy is always suppressed at any temperature by
externally applied magnetic field. It results from the development of the magnetic
ordering as the result of the field suppressed fluctuation amplitudes. The temperature
dependence of the specific heat is evaluated as the derivative of the entropy with
respect to temperature. Characteristic behaviors of Fig. 5.5 are therefore reflected in
the temperature dependence of the specific heat. We expect from the steep decreases
at low temperatures and around the critical point with increasing temperature in this
figure, that the specific heats will show sizable increases of their magnitudes in these
regions.

In Fig. 5.6, numerical results of the temperature dependence of the specific heat
change in the paramagnetic phase in the constant magnetic field 7 = 1.0 x 107,
The values of §C,, /Ny are plotted against 7'/ T, for t. = 0.005, 0.01, and 0.05 by
solid, dashed, and dotted lines, respectively. There appear peaks above the critical
temperature. Be aware that they are not plotted against 7 but the reduced temperature
T/ T..Suchapeakisactually observed in Sc3In by Takeuchi and Masuda [2] as shown
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Fig. 5.7 Numerically esti- 0.0
mated examples of the tem- :
perature dependence of the
specific heat change in the
ordered phase for 7. = 0.005 -0.05
(solid), 0.01 (dashed), and
0.05 (dotted) -
S
<
\E -0.1
)
<<
-0.15
-0.2

in Fig.5.1 (right). The peak value is about 2 mJ/K? g-atom for H = 2T, estimated
by assuming that all atoms are magnetic. If we assume only Sc is magnetic and
To = 500K, the value To(6Cy, /NoT )max = 0.16 is obtained. Numerical result by
Takahashi and Nakano [6] gives a peak value of 0.1 by using the same values of Ty
and T4.

Numerically estimated examples in the ordered phase are also shown in Fig.5.7.
They show steep decreases at low temperatures and near the critical temperature
reflecting to the corresponding changes of entropies. Widths of them tend to become
narrower for smaller 7. These behaviors result from the second derivative d2U (¢) / dr?
indCy.

5.4.6 External Field Effect on Paramagnets Near the QCP

According to (5.34), the magnetic entropy of exchange-enhanced paramagnets in the
presence of external magnetic field is given by

1
NLSm(U, = - 3/ dxx?2[® () — u®' ()] + [P (uz) — u. D' () - -}
0 0

1
+ 5 ASn(0.1), u=x(y+x»/t, u;=x(y, +x>/t.
0
(5.110)

Since the correction AS), (o, 1) o< o* for paramagnets is neglected in the weak-field
region, the specific heat in the presence of external field & is given by
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1 1 Sy 3, 5
N_Otcm(g, 1) = Moo = ;/0 dxx“[2u”®@" (u) + uZ®@" (u;)]
dA(y, 1) 0 dA(yz, 1) d
_dA0nD 3y 0AG:. 1) By: 61D

ar ot |, at ot |,

where ¢ derivatives of y(o, t) and y, (o, t) in a constant magnetic field are evaluated
by (5.70). The induced magnetization ¢ involved in y(o, t) and y, (o, t) in the right-
hand side of (5.111) is determined by solving the magnetic isotherm,

h
Vo, 1) = 2o = yo(t) + i)t 4. (5.112)
Tao

Around the quantum critical point (QCP), the effect of external magnetic field
on the specific heat is understood associated with the cross-over between the critical
and the low-temperature regions defined in Sect.3.5.1. Just at the QCP, 7, = 0, the
T -linear coefficient of the specific heat exhibits the log(1/¢) increase with decreasing
temperature toward ¢+ = 0, as shown in (5.30). It is the characteristic behavior for
the critical region, y/ 123 « 1, because the temperature evolution of y(0, f) 143
remains unchanged within this region at low temperatures. By applying the external
magnetic field, the system will make the transition from the critical to the low-
temperature region for y/t>/3 >> 1, since the values of y(o, 1) and y. (o, t) become
finite, according to (5.112). We will then expect that the critical log(1/¢) behavior of
Cyn/ Not will change into the log(1/y) behavior at low temperatures. However, with
increasing temperature, the system makes the transition into the critical region again,
because of the temperature evolution of y(o, t). Therefore, the log(1/¢) behavior will
also be recovered.

The above cross-over behavior of the specific heat can be confirmed by numerical
studies. In the limit of low temperature, the effect of external field on the last two
terms in (5.111) is negligible, since they are higher order corrections with respect to
temperature. From the same reason, the magnetic isotherm is approximated by that
in the ground state. Numerically estimated temperature dependence of the 7-linear
coefficient of the specific heats for various external magnetic fields are shown in
Fig.5.8.

5.5 Summary

In this chapter, we have proposed the free energy of the spin fluctuation degrees of
freedom, that is consistent with the TAC condition. Based on the free energy, we have
shown that the temperature and the external field dependence of the entropy and the
specific heat are derived from the unified point of view as summarized below.
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Systematic treatment of the entropy and the specific heat becomes possible in
predicting various properties even quantitatively through the wide temperature
range that can be compared with experiments.

. Field dependence of our entropy is consistent with the Maxwell relation of

the thermodynamics in both the paramagnetic and the ordered phases. As a
consequence, the term proportional to dzag (1)/dr? is involved in the change of
the specific heat in the ordered phase as the effect of externally applied magnetic
field.
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Chapter 6
Magneto Volume Effect

6.1 Introduction

Magneto-volume effect is the phenomena resulting from the interplay between
magnetism and volume change of crystals. For instance, the volume contraction
by applying external pressure will change the magnitude of spontaneous moment as
well as the critical temperature of magnetic transition. Conversely, the appearance
of spontaneous magnetization also results in the volume expansion of crystals.
Volume change §V of crystals of magnetic origins is usually described by

8V = kCsMo(T)? + kCy[M?* — ME(T)], (6.1)

where M (T) is the spontaneous magnetization. In this chapter, the compressibility
of crystals is denoted by «. The first term in (6.1) is called spontaneous magneto-
striction. The second term, called forced magneto-striction, represents the volume
change induced by applying external magnetic field. The ratio of the volume change
8V to the volume V, ie., ® = §V/V, is generally called volume-strain. In the
theory of elasticity, the volume-strain w is used rather than the volume change itself.
Coefficients Cy and Cj, in (6.1) are magneto-volume coupling constants (or magneto-
elastic constant).

Among others, the invar alloys are known as an example in which the magneto-
volume effect appears outstandingly. In these alloys, the thermal expansion arising
from lattice vibrations is compensated by the volume contraction from this effect. As
aconsequence, they show almost no thermal expansion in some range of temperature.
The property is utilized in various area of technological applications. Weak itiner-
ant electron ferromagnets usually have large magneto-volume coupling constants,
though their spontaneous magnetic moments are very small. For such reasons, a large
number of pressure effect experiments had been made from the mid 1960s to 1980s.

The purpose of this chapter is to clarify the effects of spin fluctuations on the
volume change of crystals based on the free energy in the preceding chapter.

Y. Takahashi, Spin Fluctuation Theory of Itinerant Electron Magnetism, 131
Springer Tracts in Modern Physics 253, DOI: 10.1007/978-3-642-36666-6_6,
© Springer-Verlag Berlin Heidelberg 2013
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6.1.1 Thermal Expansion Due to Lattice Vibrations

Lattice vibrations is a typical example of boson excitations in crystals. It is known
that the anharmonicity of lattice vibrations bring about the thermal expansion of
crystals. Prior to our discussion on the magneto-volume effect and the involvement
of spin fluctuations in this effect, it will be helpful for us to understand how the
thermal expansion is derived from the lattice vibrations.

Thermodynamically, thermal expansion of crystals is derived from the volume
derivative of the free energy. The free energy of the Debye model of the lattice
vibrations is given by

\%
F(T,V) = 2—w2 + Fa(T, V),
K
1 T (6.2)
Fia(T. V) =§[§vqs+mg(1—e s )]

as the sum of the elastic energy of the first term and the free energy Fi(7, V) of
the Debye mode. The anharmonicity is included as the volume dependence of the
frequency vy of phonons with wave vector g for component s. From the thermody-
namic relation for the pressure p, the temperature dependence of the volume striction
is given by

0.%(T,V 1 0.%(T,V 1 1 0F (T, V
_AF@ V) _1hF@Y) 1 LR Y)
A% \% w K \% w
Kk 0F (T, V)
o(T) = — kp + 0 (T), w(T) = ———202 22 (6.4)

\% ow

where the first term in (6.4) represents the volume contraction by pressure p.
The second term of wyy is the thermal volume expansion originating from lattice
vibrations. The volume dependence of phonon frequencies is usually defined by
vgs ¢ V75 As the average of exponents y,,, the following Griineisen parameter
y is defined by

dlog®p

- 6.5
dlogV ©:5)

y:

where ®p is the Debye temperature.
According to the definition (6.3), the volume thermal expansion wjy (T') is given by

avgs [ 1 1
w1t (T) = K Z 3‘}\‘; |:§ + n(Vqs)] = % qus |:§ + n(Vqs)] > (6.6)
qs qs

where n(vys) = [eYss/T — 1]7!. The volume thermal expansion coefficient is then
evaluated by further differentiating (6.6) with respect to the temperature 7':
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dwia (T) Ky 1 Ky on(vys)
B(T) = d—tT quvaT [ +n(qu):| ;Vqs 87?

(6.7)

ey (T) = zvqb a”("qv)

For isotropic crystals, the relation o(T) = B(T)/3 is satisfied between the linear
and volume thermal expansion coefficients, «(7") and B(7)/3. Thus the following
Griineisen relation is satisfied between the thermal expansion coefficient and the
specific heat at constant volume:

1
a(T) = 3xyev(T) « T3 forT/Op < 1 (6.8)

6.2 Stoner-Edwards-Wohlfarth Theory and its Correction

At the beginning, the magneto-volume effect is mainly understood by the Stoner-
Edwards-Wohlfarth (SEW) theory. It is based on the Stoner-Wohlfarth (SW) free
energy (1.53) in Chap. 1. Later in 1980, the theory was revised by Moriya and Usami
[1] phenomenologically by including the contribution of spin fluctuations into the
SEW free energy. We first show a brief outline of these theories.

6.2.1 SEW Theory of Magneto-Volume Effect

Inthe SEW theory, the following free energy is used for the derivation of the magneto-
volume effect:

FM,T,V) = Ka) + Fo(T, V) + Fy(M, T, V), (6.9)
F(M,T,V) = Fn(0,T, V) + Ea(T, V)M? + Zb(T, VIM* + ... (6.10)

The second term Fo(7T, V) of (6.9) represents the contribution from the nonmag-
netic degrees of freedom such as lattice vibrations. The third one F,,(M, T, V) is
the Stoner-Wohlfarth free energy (1.53), resulting from the band splitting of the con-
duction electron states. The SEW theory assumes that the coefficient of a(T, V)
in the SEW free energy (6.10) depends on the volume. The volume dependence of
the higher coefficients, b(T, V') for instance, are usually neglected. As is shown in
(1.59), a(T, V) in SW theory is given in terms of the single electron density of state
o (¢) at the Fermi energy and their energy derivatives, p’(¢) and p” (¢), as well as the
intra-atomic electron-electron interaction /. The volume dependence of a(T, V) is
therefore determined by these quantities.
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The volume strain is evaluated by the volume derivative of the free energy (6.9),

oM, T)=—kp+ wo(T) + wn(M,T),

Kk 0Fy(T,V)
w0(T) = - 6.11)
Kk 0F,(T,V) k da(T,V) ,
MT)y=—=2m 20 = Py
onM. T) == —=0 W ow +

where the terms wo(7) and w,, (M, T) represent the nonmagnetic and magneto-
volume contributions, respectively. The following consequences are derived from
(6.11).

1.

The spontaneous magneto-striction in the ordered phase
In the absence of the external magnetic field, the magnetization M in (6.11) is
replaced by the spontaneous moment Mo (7). The first term of (6.1) is written by

10a(T,V)

6.12
2 w ( )

kC 5
on(T) = —Mo(T)", C=

14
No spontaneous magneto-striction is present in the paramagnetic phase, because
of the absence of the spontaneous magnetization My (7). The magneto-volume
coupling constant is given by the negative of the derivative of the coefficient
a(T, V) with respect to the strain .
The forced magneto-striction
Increase of the magnetization induced by the external magnetic field also con-
tributes to the volume expansion. An extra volume change from this effect in
addition to (6.12) gives the second term of (6.1), i.e.,

Awyn (M, T) = %[M2 — M3(T)]. (6.13)

Since the same coupling constant C appears, C; = Cj, is satisfied. It can be
applied in the paramagnetic phase, but with My(7T) = 0.

. Effects of volume change on the spontaneous magnetic moment and the critical

temperature
The conditions of (1.65) in Chap.1 for the spontaneous magnetization in the
ground state and its volume derivative give the following two relations:

a0, V) + b0, VIMZ(0, V) = 0,
9a(0, V) Mz, V) (6.14)

b,V 0
dw +b( ) ow

With the use of the definition of the coupling constant C in (6.12), the effect of
the volume strain on the spontaneous magnetization is written in the form
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IMZ(0, V) _ ¢
do b0, V)’

(6.15)

We can also find the effect on the critical temperature 7, from the condition of
a(T,, V) = 0. The variation of this condition with respect to the change of volume
strain Sw is given by

da(T, V) o7, 4 04T V) - 2a(0.V)
T |p—g. © dw B v

8T, —2Céw =0, (6.16)
where we assume the volume dependence of a(T', V) = a(0, V)[1— T2/ TCZ(V)].
The temperature dependence of C is neglected. The w derivative of log 7. is thus
given by

19T, dlog7. ~ C C

T. 0o dw  a(0,V) b0, V)MZO,V)

(6.17)

From the comparison of (6.15) and (6.17), we are finally led to the following

relation:
dlogMy  dlogTe

ow ow

(6.18)

4. Temperature dependence of the magneto-volume coupling constant
In this theoretical framework, the value of C is expressed in the form

1 Ap(e _9l  T? (dp(e aT
= . p(F)+1—+—2(p(F)+2—F) . (6.19)
4Np(ep) g ow Jw Ty dw ow

where [ = [ p(er). As shown in Chap. 1, p(er) and I represent the density of
states at the Fermi energy and the repulsive Coulomb energy among conduction
electrons. From the temperature dependence the Fermi distribution function, the
above T2-linear dependence is derived [2—4]. The volume dependence of the
parameters p(er) and I are actually estimated numerically based on band struc-
ture calculations. In such studies, the V—>/3 dependence of the d-electron band
width by Heine [5] has been usually employed.

6.2.2 Correction of the Free Energy of Spin Fluctuations

Whereas the volume effect on the SW free energy is only taken in consideration
in the SEW theory, Moriya and Usami [1] proposed its revision by including the
contribution of spin fluctuations into their free energy. In place of the free energy
Fn,(M, T, V) in (6.10), the following free energy is employed by them.
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1

%<Mq.M,q)+... . (6.20)

1 1 1
F,(M,T,V)=—a(T,V)M*+ -bM* + =
n( ) =5a(T, V)M® + 7 +2§)

In addition to the coefficient a(7, V) for the uniform (¢ = 0) component of the
magnetization, they assumed the volume dependence of x ~!(q) for the spatially
modulated magnetization. Then the volume derivative of the free energy is given by

F, (M, T, V) 1< ax (g
'"—Z—CM2+§ZB—(Mq-M—q>

dw o w
=—CM> =" Cy(My-M_). (6.21)
q#0

Only the thermal components of fluctuations are included as before. Then the wave-
vector dependence of the coupling Cy is neglected, since thermal fluctuations around
g = 0 are mainly excited usually. Thus the following result of the spontaneous
volume striction is derived.

C
wm<T>=K7[M3<T>+52<T)], EXT) =D (oM, - sM_), (6.22)
q

where £2(T') stands for the average of the thermal spin fluctuation amplitude squared.
According to Moriya and Usami, their theory of magneto-volume effect is differ-
ent from the SEW theory in the following respects.

1. The presence of the spontaneous magneto-striction at the critical temperature.
In the SEW theory, the spontaneous volume striction w,,(0) = «C Mg /v
below T, disappearsat T = T¢,i.e., w;, (T;) = 0. Though both theories predict the
same spontaneous volume striction wy, (0) in the ground state, the volume striction
in the MU theory remains finite, and its value is given by w,, (T.) = k C& 2T/ V.
If we notice the relation, £2(T,.) = 3M(0)?/5 satisfied between the thermal spin
amplitude squared at T = T, and the spontaneous magnetization squared in the
ground state, the volume contraction in the MU theory from the ground state to
the critical point remains 2/5 of the value in the SEW theory.

2. The presence of the magnetic thermal expansion in the paramagnetic phase.
Although no thermal volume expansion of the magnetic origin is present in the
SEW theory, the MU theory predicts the presence of the thermal volume expansion
in the paramagnetic phase that results from the thermal spin fluctuation amplitude
& 2(T) in (6.22). It shows the T-linear increase with increasing temperature in the
region where the Curie—Weiss law behavior of magnetic susceptibility is observed.

To exhibit a qualitative difference, the temperature dependence of thermal volume
expansions predicted by these two theories is shown in Fig. 6.1. From the analysis of
thermal expansion measurements on MnSi, Matsunaga et al. [6] reported the presence
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of these two effects. The same analyses were also reported by Ogawa [7] on ZrZns,
by Suzuki and Masuda [34, 35] on NizAl, and by Shimizu et al. [50] on (Fe,Co)Si.

Stimulated by the MU theory, various theoretical investigations have been made
since then. For instance, Hasegawa [8] has treated the magneto-volume effect of
Hubbard model in the case with larger amplitudes of spin fluctuations based on the
functional integral method by using the static single-site approximation. Results of
the temperature dependence of the spontaneous magneto-striction were reported.
Volume dependence of the model is included by the V —>/3-dependence of d-band
width by Heine [5]. The same numerical method was applied on the tempera-
ture dependence of the magneto-volume striction by Kakehashi [9] based on the
Liberman-Pettifor’s Virial theorem. These authors also reported their results of
numerical studies on the pressure effect on the Curie temperature [10] the elastic
constant of Fe at finite temperature [11] as well as Invar effect [12, 13]. On the other
hand, the following result of magnetic pressure,

Vo Prmag (T) =~ g[U(T) + Im*(T)/4], (6.23)
was derived by Holden [14] to show that so much drastic change of the volume
magneto-striction does not happen above 7, with no spontaneous moment. In (6.23),
U (T) and m(T) represent the internal energy and the amplitude of the local magnetic
moment, respectively. Along the line of this theory, the magneto-volume effect of
Fe—Co alloy is theoretically treated by Joynt [15].

The purpose of most of these theories was to understand the magneto-volume
effect associated with electronic band structure of magnetic materials. This book
rather sticks to the predominant roles of collective magnetic excitation on various
magnetic phenomena. Then Griineisen’s approach to the thermal expansion will be
very helpful. We are also required to cope with the following questions.
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e What is the origin of the magneto-volume effect?
If we insist on the predominant roles of the spin fluctuations, it is better to deal with
the magneto-volume effect based on the same free energy, which is used in our
previous discussions on various magnetic and thermal properties. The magneto-
volume effect is to be related with the direct volume dependence of the free energy.
Originally, the electron gas model was assumed for the dispersion of the conduc-
tion electrons in the spin fluctuation theory by Moriya and Kawabata [16, 17].
Based on the same model and approach, the magneto-volume effect was treated
later by Edwards and Macdonard [18]. By assuming the volume dependence for
the dispersion of the electron gas model, they have derived the volume strain and
the pressure effect on the critical temperature 7,. Since only the perpendicular
components of fluctuations are included with respect to the induced magnetiza-
tion, it is inconsistent with the rotational symmetry of the system. Their volume
expansion gives the ratio n(7;) = w;, (T;)/w, (0) > 1 at T = T, in disagreement
with 3/5 predicted by the MU theory. It may result from the symmetry breaking
treatment, according to their arguments.
e Are there any contributions from zero-point spin fluctuation amplitudes?

The presence of the zero-point amplitude is likely to be neglected from the begin-
ning. The reason to neglect only one out of artificially divided two components
is not so clear. Solontsov and Wagner (1995) argued that because of the nonlin-
ear effect of zero-point spin amplitudes, the right hand of (6.22) can be rewritten
by [19]

on(T) = peCM® + pic 3 [CEm)T + ColBmy)zl.  (624)

4

where v denotes the transverse and the longitudinal components with respect to
the spontaneous magnetization. The last term represents the contribution from
zero-point spin fluctuations. The same origin is assumed for the magneto-volume
coupling constants as those of the SEW and MU theories.

e What the relation between the pressure effects on the spontaneous magnetization
and the critical temperature is satisfied?

e [s there any relation between the magneto-volume effect and the magnetic specific
heat?
If the same free energy as that for the specific heat is used for the magneto-volume
effect, some kind of Griineisen’s relation should be satisfied between them.

e Are there any differences between the spontaneous and forced magneto-striction?

6.3 Volume Dependence of the Free Energy

In our view, the magneto-volume effect should be treated in the same way as the
entropy and the specific heat in Chap. 5. It is then better to employ the free energy
(5.2) as the magnetic contribution F;, in (6.9) [20]. Let us divide it into two parts,
i.e., the thermal and the other components, F;, and F;, respectively.
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Fm(yva’tﬂw)

Fin(y, yz, 0,1, @) + Fop(y, yz, 0, 1, @)
Fiy = 2 Z//oo dv Tlog(1 —e /T Iy
T P 0 v2 4 qu

Z

1 >0 r,
- CeTy__4
+ Z/O dv T log(1 —e™/T)—— (o AR (625)

rz
_ v q q
FZP__Z/ 5[ 2+F2+v2+(FqZ)Z]

1
+ NoTayo” = =NoTa <Si2>tot B3y + Ay.) + AF,,

The corrections AFy, and AFy, represent the thermal and all the rest components
of AF; in (5.2), respectively. Since the effect of spin waves is neglected here, for
simplicity, the summation >’ means that the spin-wave region around the origin is
excluded.

Notice that two spectral parameters Ty and T4 are included in the above free
energy. They correspond to the Debye temperature @ p in the model of lattice vibra-
tions. Itis therefore reasonable to assume that these parameters are volume dependent.
On the other hand, variables y, Ay., and o should be determined by the extremum
conditions of the free energy as well as to satisfy the thermodynamic relations. In
the following, we are particularly concerned with the explicit volume dependence of
the free energy. Its explicit volume deviation is then denoted by

f (y,o0,t, w)
- fw
w

3va :8VF1/1+8VF21)7 5vf(y701tvw)5 (626)

To begin with, let us first examine how the thermal component of the free energy
Fyp, is affected by the volume change of crystals. From the volume dependence of
the spectral parameter Ty, the volume change will give rise to following deviation of
the damping constant in (6.25):

8Tq 8T
STy = 2m8Tox (v +3%) = 2y, BT = 2T 6.27)
0

Consequently, the variation of the thermal component of the free energy is written
in the form

STy
SyFypy = _O_Z/ dvT log(l —e™"/T)

To

ar, Ty + I? 9 Ty + 8, AF,
Tor, \ v + 12 qar; V2 (F)? vt

5T0 v]-.qz
= TO T Z/ dV}’l(V)[ 2 +1—~2 2+ (qu)2 +8vAFth, (628)
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by using integration by parts and the following relation:

d v 0 r

S — 6.29
vv2i4r? orv24+r? (6.29)

The last line of (6.28) is rewritten by using the derivative of the function @ (1) defined
in (5.21). The wave-vector summation and the frequency integral is given by

T I, o v 1 Loy ,
— — .2 dv—i———— = 3Tt dxx“u(x)®'[u(x)],
No . 27T 0 /T —1v2+ 172 0

where x = q/qp is the reduced wave-number and u(x) = Iy /27 T. With this result,
the first term in (6.28) is further rewritten as

8To ! 2 / ! 2 /
SyFp = 3N0TOTI 2 [ dxx“ud (u)+ dxx“u, @ (u;) (6.30)
0 Xe 0

where u = x(y + x2)/t and u, = x(y. + x2)/t. The derivative of the thermal
component A Fy;, with regards to Ay, = y, — y is given by

0AFyy,
5v( A ) = —2Nodv{To[A(y:, 1) — A(y, D1}
Yz

Let us first evaluate the variation of the right hand side. Then its integral with respect
to Ay, gives

8Ty
SyAF, ~ _2N0T0T0AYZ0|A()’an 1) —AQ,1)

_, [8A(yzo, 1) B A0, t)]]aw

6.31
ot ot ( )

where y, = y,0 and y = 0 are assumed since we need the spontaneous striction here.
As for the component F,, it can be expanded with respect to y and Ay, around
their origins. The deviation dy [, is then expanded as follows:

S (y, Ay;, w) = 6y F;,(0,0, w)
08y F,,(0,0, w 08y F,,(0,0, w
+ v zp( )y+ v zp( )
ay dAy,

Ay, + . (632

To evaluate the above linear coefficients with respect to y and Ay_, note the relations
(5.3),(5.5),and (5.8) in Chap. 5 are satisfied. In (6.32), the derivatives of F;, (y, y;, ®)
with respect to these variables are then given by
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IF.(y, Ay, @)
97 Ayz. @) —>NOTA[<85120C>Z(0,0)+02—<5120C> |

ay tot
Bsz(y, Ayz,(,()) .2 1 5
S = Mot |(68507), 0 = 5 (k) a0 | 633
2

Azp(o,t) — —%, for y - 0 and Ay, — O,

where A, (o, t) represents a portion of A(o, ¢) in (5.9) excluding the thermal con-
tributions. By exchanging the order of the variation §, and the differentiation with
respect to y or Ay,, the right hand side of (6.32) is rewritten in the form

38, F. dF
9P _ . (J) = —Nopd, [TAA<S120C> ] + NodTpo
t

dy dy o
98 Fp  108,F;) S\ e )
04y, 3y A<Sloc>:<Sloc>t0t—<510c>z (). (6.34)

After all, the variation of the free energy due to the volume change is given by

5szp(y, Yz, 0,1, ) = _N()Czp(zy +y 8w+, (6.35)
3C.p00 =8y [TaA(SE.)] — 028Ta. '
For ferromagnets, since A (Slzoc) and 002 (0) are of the same order of magnitude, the
term o268 T4 in the above second line cannot be neglected. On the other hand, the
first term 8y F;, (0, 0, w) in (6.32) is neglected, for it is constant independent of
temperature.

With these free energy variations given in (6.30) and (6.35), the volume magneto-
striction is evaluated by their derivatives with respect to the volume stain w, i.e., as
the sum of two components,

oF,
(1) = =T I = (1) + w5y 1),
V dw
Kk 0Fyy, Kk OF
on(t) = === () = - =L (6.36)

6.3.1 Magnetic Griineisen Parameters

Let us next introduce magnetic Griineisen parameters in place of magneto-volume
coupling constants. If we note the expression of the variations of free energies (6.28)
and (6.32), it will be appropriate to define the following three Griineisen parame-
ters [20].
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e Two parameters, ) and y4, that characterize the volume dependence of spectral
parameters Tp and Ty4.
These spectral parameters are defined as distribution widths of the imaginary part
of the dynamical magnetic susceptibility Imx (¢, ) in frequency and wave-vector
spaces, respectively. They therefore correspond to the Debye temperature ®p in
lattice vibrations and the exchange interaction constant J in the Heisenberg model
of localized spin systems. The following two magnetic Griineisen parameters are
defined as strain derivatives of logarithm of these values.

dlog Ty
dw

dlog T4
dw

Yo = . ya= , 6.37)

In terms of these parameters, variations of §Ty and § T4 are represented by

8Ty dlog T05 5 6T 4 5
_— = w = — w, _—= w.
T do Yo s YA

e Parameter y,, that characterize the volume dependence of the spin fluctuation
amplitude, A (S?_) defined in (6.34).
This difference of the amplitudes is supposed to depend on the volume of the
system. From the strain derivative of its logarithm, the third Griineisen parameter
is defined by
dlog A (Slzoc)

o (6.38)

Vm

Because of the spin amplitude conservation, the value A (Slzoc) is equivalent to the

critical thermal amplitude squared (SIQOC)T 0, t.),1.e.,the value 30& (0)/5 according
to (3.12) in Chap. 3. Thus the above definition is also written in the form

dA(sE) 3
TOC = g002(0);/,,,. (6.39)

With these definitions, the coefficient Cy, in (6.35) is given by

1 dlog Ty dlog A(S2 )
Cp = §TA [ — [<52 )y — 62] + TIO"A(SIZOC)

1 5 5 o?

For later convenience, let us also introduce the following ratios g4 and go defined by

YA Y0
8A=—, 80=—
Ym Ym

(6.41)
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According to Fawcett [21], Griineisen parameters are defined as negatives of
volume-strain derivatives of the logarithm of characteristic energy scales of phenom-
ena. The first two parameters are introduced according to this criterion. It represents
the variation of the spectral widths caused by the volume contraction by external
pressure. They are equivalent of the volume dependence, Tp o< V™10 o e 0%,
Ty ox V7VA o e VA% For the analysis of thermal expansion of heavy fermion sys-
tems, the Griineisen parameter is introduced into the SCR spin fluctuation theory by
Kambe et al. [22]. However, the volume dependence of parameter Ty and 74 was
assumed to be neglected.

6.3.2 Forced Magneto-Striction and Maxwell Relation

In our treatment of the magnetic specific heat in Chap. 5, we show that the Maxwell
relation is satisfied for our free energy, i.e., (5.58) and (5.65) in the paramagnetic and
ordered phases, respectively. Since the same free energy is used in this chapter, we
assume from the beginning that the relation is satisfied.
For the free energy with independent variables o and pressure p, its total derivative
is given by
dF (o, p) = Vdp + Nohdo. (6.42)

The following Maxwell relation is then satisfied.

1oV

_ dlogV
Vol

do

_80)

» do

_N()ah
TV oap

(6.43)

p p o

With the use of the compressibility «, the pressure derivative is replaced by the w
derivative by

a a
2ol k=222 (6.44)
ap dw p |4
The relation in (6.43) is therefore written in the form
d ,t No 0(Q2T, o(T,
wo.1) _ No 0QTxy) _ C2epos ( AY)’ (6.45)
ao Vv ap ow

where p = Ny/V and y = h/2T 0. After substituting the Griineisen parameter y4
into the volume dependence of T4, (6.45) is finally given by

9 1
M — 2chh(0, Z)U,
Jdo
1 9T, 3 dy(o,t)
Chiot) = —Ta [ — 2y + 2 ) = 74 | yavio. ) — 22| (6.46)
Ty ow Jw ow
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Hereafter, the forced magneto-striction is denoted by wy, (o, ) to avoid confusion.

Equation (6.46) is regarded as the general expression for the forced magneto-
striction. To evaluate the value of wy(o,t) at arbitrary value of o, we need to
find the solution of (6.46) by regarding its first line as a differential equation in o.
Because of the o dependence of the coupling constant Cj, (o, t), we have to know the
o dependence of y(o, t) and its volume derivative dy(o, t)/dw.

6.4 Volume Magneto-Striction for Ferromagnets

Spontaneous and forced magneto-strictions are treated in this section based on the
volume dependence of the free energy in Sect. 6.3. Let us first deal with systems of
ferromagnets.

6.4.1 Magneto-Volume Effect in the Ground State

In the ground state with no thermal spin fluctuation amplitudes, inverses of reduced
magnetic susceptibilities are given by y(op,0) = 0 and y,(09,0) = y,0(0) =
2y, (0)03(0). The spontaneous magnetic moment is denoted by o (0). In this case,
the spontaneous and forced magneto-strictions, w;,(0) and wy, (o, 0), are evaluated
as follows.

e Spontaneous magneto-striction
Since o = 0¢(0) is satisfied in (6.40) in the absence of the external field, C;,(0)
is given by

1 2
Cp(0) = 3 (Vm + gyA) Tao; (0). (6.47)

From (6.35) and (6.36), the spontaneous magneto-striction is given by

wp(0) = pk C2p(0)y20(0) = pk Cs(0)o3(0),  v:0(0) = 2y1(0)a3 (0),

2 ) ) (6.48)
Cs(0) =2C;,(0)y1(0) = 3 (Ym + 574) Tay1(0)ag(0).
The function C,(0) has a meaning of the magneto-volume coupling constant for
the spontaneous striction.
e Forced magneto-striction
In the region of weak external magnetic field, the o dependence of Cj (o, t) in
(6.46) is neglected. The forced striction is given by

wp(o, 1) = pCh (00, 0)[o? — og (0)]. (6.49)
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The magneto-volume coupling constant C;, (00, 0) is also evaluated by putting the
o dependence of y(o, t) =~ y1(0) [a — 0 (0)] into (6.46).

d
Ci(00,0) = —Tf%{yl(onaz O

o=00

9y (0 303 (0
=—TA{””[ o2 (0)] = y1(0) a())}

(6.50)

dw
= T41(0)Yn0g (0).

o=0)

Thus it depends only on the parameter y,, in the ground state.
If we define Cj () = Cj, (00, 0), the comparison of two magneto-volume coupling
constants, (6.48) and (6.50), for spontaneous and forced strictions leads to the

relation: (0 ) 5
SANCANE | [ , 6.51
RO ( + 384 (6.51)

where g4 is defined in (6.41). The quite different result is derived from Cy = Cj,
by the SEW and the MU theories.

e Effect of pressure on spontaneous magnetic moment
From the definition of y;,, the w derivative of o (0 w) is given by

1 dA(SE) 1 dog(0)
AlSRe) do oGO do

= Yim. (6.52)

It follows that the pressure dependence of the spontaneous moment is given by
030, ) = 03 (0, 0)(1 + ymw) = 03 (O)(1 = k¥ p).- (6.53)

The parameter y,, can be therefore estimated by the change of the spontaneous
magnetization at low temperatures induced by external pressure.

In conclusion, the magneto-volume effect in the ground state is described by

pk Cs(0) pk Cpp(0)
(M. 0) = Soss S MGO) + s

2 a2
Nojin)? — M My (0)], (6.54)

with two different coupling constants.

6.4.2 Ferromagnets at Finite Temperatures

Temperature dependence of thermal volume expansion Spontaneous magneto-
striction in the ordered phase is also obtained according to the general expression
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of the volume striction (6.36). It consists of two components, w;(¢) in (6.30) and
wzp(t) in (6.35), derived by the volume derivatives of corresponding components of
the free energy. They are given by

1 1
wp (1) = 3pkTyyot |:2/ dxxqu)’(u) +/ dxx2uz<1§’(uz)i| + Aws (1),
Xe 0

wzp(r)=pxczp<r)yzo(r>=pxcs(r)a§(r), yo(t) = 2y1(Hog (1), (6.55)

1% 5 v
co-sewi oo )] 26 -1

where U (t) and V (¢) are defined in (4.21). The coefficient C;, () defined in (6.40)
is given by

1 5
Cop(n) = gTA002(0) |:Vm +va <§U(t) - 1)] , (6.56)

for o = op(t) in the absence of external field at finite temperatures. In the same way,
the thermal expansion derived from the free energy correction A Fy is given by

0A(y0,1) 0A(0,1)
at Jt

Awp (1) = 2pcToyo Ayzo {t [ } — A(yz0. 1) + A, l)}

(6.57)
Thermal component w;;, () in (6.55) results from the thermal component of the
free energy. It therefore increases monotonically with increasing temperature. In the
paramagnetic phase, u = u; and y = y, are satisfied, as well as x, = 0 since no spin-
waves are present. The thermal correction Awyj, (¢) is also absent. The component
@z (t) from zero-point fluctuations is proportional to o 2(1), in the ordered phase.
In the paramagnetic phase, it becomes proportional to the inverse of the magnetic
susceptibility yo(¢), since 3y (¢) appears in place of y,o(¢) for T < T..Itstemperature
dependence is similar to that of the MU theory. Using the correspondence between
yo(t) and y; (t)o0 (t) in the paramagnetic and the ordered phases, the definition (4.21)
can be extended to the paramagnetic phase by

Ur) = yo(1) V) = yo(r) — yi(®)

= = U(t). 6.58
GLI0) 020 w0

In the paramagnetic phase, the temperature dependence of w;,(t) is then written by

yo(?)

1 i@’ (6.59)
Cp(t) = gTAUo O)(ym —ya), Cs(t) =3y1(1)C;p(2)

wzp(1) = pk Cop(O)[Byo(1)] = pr Cs (1) —

In terms of reduced parameters, (6.59) is finally represented by
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wzp(t) = pk Cs(1)od (0)U (1)

3 3 14 6.60
G = gCh(O)(l - gA)yl(t) =G (01 - gA)ﬁ_ (6.60)

yi(0) 5 U(t)

Hereafter, let us introduce the constant wg by
@y = prcCy(0)a5 (0), (6.61)

as a unit of volume-strain. The component w,,(¢) in (6.59) is then given in more
simplified form

3
wp(t) = ol =gV 1). (6.62)

The ratios of each component of thermal expansions in (6.55) to the unit strain wy
are also written by

wp (1) _ 8ot
wo 5c[y1(0)02(0)]2

1 1
x {2/ dxx2u<D/(u)+/ dxxzuzcb/(uz)] 4+ Aen®)
Xe 0 wo
Awm (1) _ 280Y:0 6.63)
wo 15¢[y1(0)ag (0) 2 '
IA(.0, 1) DA, 1)
X {t [ P — o i| — A(yz0.t) + A0, t)] ,
@xp® _ 2y [1 + g4 (§U(t) - 1)} .
wo 5 3

Likewise, thermal expansion coefficients are also given as the sum of reduced com-
ponents:

daws(t) wo ~
B) = = —B(1),
ar — To (6.64)
B} dos _ _ _
B(t) = a;t(t) = Bin(t) + ABn (1) + Bp(1).

Each of them are given by

1 1
Bn(t) = &[—2/ dxx’u*@" (u) —/ dxx2u§¢"(uz)
Xe 0

5A42(0, t.)
dVv(r) IXe 5
+ dr [_ V) XolUe (lOg Ue — - 1/[(14())

IA(y20,
+2y1(0)a (0) (A(yzo, ) — t%)“

2u,
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= 4go / d0A(y:0,1)  9A0,1) dA'(y0.1)
AP = 155010 HV (t)[t( ot ar TN )
(6.65)
— A(y:0.1) + A0, 1) — y:0A" (320, t)}
32A(y-0, 32 A(0,
+tv<t)[ pril e L t)“,
_ 2 5
Bep(t) = 3 [(1 —g)V'() + ggA[V/(f)U(f) + V(I)U/(f)]] . ue=x)/1,

where A’'(v,t) = dA(y, 1)/dy.
These results derived above are different from those of the MU theory in the
following respects.

1. The presence of an extra thermal volume expansion, w;j (), in (6.55).
Its temperature dependence is quite different from the one derived by Moriya and
Usami, although both are associated with thermal spin fluctuation amplitudes.
2. The magneto-volume coupling constants do depend on temperature.
The reason is because Griineisen parameters are not defined as the expansion
coefficient with respect to ag (t),but Ay, = y,o(t). Hence, there appears in C(t)
the temperature dependent proportionality factor y;(¢) contained in y,o(¢). In
addition for finite y4, another dependence proportional to og(t) also appears.
At the critical point, it vanishes, i.e., Cs(t.) = 0, reflecting the temperature
dependence of yj (7).
The dependence of Cj,(¢) for the forced magneto-striction will be explained later.
3. Spontaneous and forced magneto-volume coupling constants, Cs and Cp, are
different in their magnitudes.

Volume Expansion below 7' The ratio of spontaneous magneto-volume strictions
atT =0and T = T, i.e., n = wp (t.)/wn(0), was introduced by the MU theory, as
a measure of the volume contraction from the ground state to the critical point with
increasing temperature. They claimed that the value of n is different for the SEW and
MU theories. Because the magneto-volume coupling constants are different for the
spontaneous and the forced magneto-strictions in our theory, the same comparison
is impossible. Therefore, it seems rather preferable to introduce a new definition of
n by

1—n= A‘”a'z)(o), A (1) = wm (1) — o (te). (6.66)

In place of wy, (0) in the denominator, we employ our unit strain wg defined in (6.61)
evaluated by using the forced magneto-volume coupling constant Cp, (0).

In the SEW theory with no thermal amplitudes at the critical point, 1 — n = 1
(i.e., n = 0) is derived, for wy, (t.) = 0 is satisfied. According to the MU theory, on
the other hand, 7 is given by
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1 og(0) —&2(1e) 2
l—n= m — wmllc)] = S0 - v -, .
n T [0 (0) — wp (2c)] o2(0) 5 (6.67)

for w;, (0) = wp and & 2(t,) = 30’02 (0)/5 are satisfied. The same ratio of 7 is derived
for each of the SEW and the MU theories independent of definitions. The difference
between them originates only from the presence of the thermal amplitude £2(T') in
(6.22). Whereas in our treatment, the value of Aw,,(0) is estimated by

Awm(0) = [0 (0) + @5p (0)] — [win (te) + wzp (L))

2 2
= —wn(te) + pk Cs (0)a5 (0) = 3 (1 + ggA) wo — o (te),  (6.68)

since @, (0) = 0 and w;, (t.) = 0. The value of 1 — 7 is given by

A 0 2 2 1.
l—p= wp (0) (1424 _wth(c)‘ (6.69)
o 5 3 w0

Nearly the same value as the MU theory is therefore derived, as long as the thermal
component wy, () is negligible. However, it results from the different origin, i.e.,
from the different magneto-volume coupling constants, C(0)/C,(0) =~ 2/5. Since
the effect of thermal amplitudes is generally involved in (6.69), the value of 1 — 7 is
not restricted to the single value 2/5 but will take a variety of values.

Forced Magneto-Striction To estimate the forced magneto-striction for an arbitrary
magnetization o, numerical integration of (6.46) with respect to o is necessary. Then
wp (o, t) is given by

o

M] (6.70)

wp(o,t) = 2,()ICTA/ 5%

dO'/(T/ |:VA)’(U,’ t) -
o0(1)

where op(t) = 0 in the paramagnetic phase. The derivative dy(o,t)/dw in the
above integrand is estimated as a solution of the following simultaneous differential
equation:

2A(0, 1) + A(yz, 1) — ¢y + y.) + Sey1(0)0? = 3A(0, 1.), (6.71)
o ) — o1 ¥y, 03y
Z[A (yvt) CZ]8w+[A (yz’f) cZ][8w+680(8w):|
+5ey10)(=ya + ¥0)a% = 3A(0, 1) ym (1 — ga + 80). (6.72)

Equation (6.71) represents the TAC condition (3.3). The second Eq. (6.72) is its par-
tial derivative with respect to w. The following relation, derived from A(0, 7,) =
cy1 (O)ag in (3.11) and y1 (0) = T4 /15¢Tj in (3.10), is used in the above derivation.
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dlog A0, 1) _ 9logyi(0) N dlogod (0)

dw dw dw
dA(0, t;)
TL = (Ym — va + v0) A, 1.). (6.73)

Equation (6.70) is also written in the form of the derivative with respect to w as

given by
d [wp(o,t) 2co 1 dy(o,t)
— = 1) — — . 6.74

aa( @0 ) A0, 10) [gAy(” ) e } ©.74)

The forced magneto-striction wy, (o, t) is then obtained as the solution of the simul-
taneous differential equation consisting of (6.71), (6.72), and (6.74).

Initial value of y(o, t) is given by yo(¢) for o = 0 in the paramagnetic phase,
and 0 for ¢ = o (¢) in the ordered phase. Initial value of the derivative dy (o, t)/dw
in (6.72) and (6.74) is related to the forced magneto-striction in the weak external
magnetic field limit. In this limit, (6.46) in the paramagnetic phase is written as

dlog yo(?)

wp (0, 1) = pkC(0, 0%, Cy(0, 1) = Tayo(t) [VA S—

i| . (6.75)

for y(o, 1) =~ yo(t) + y1(t)o> — yo(1) in (5.50) is satisfied. The temperature depen-
dence of yo(¢) is determined as the solution of (3.30). Its w derivative is then given
by

dyo(r) _ A0, 1)

o] B = P40

=c(¥Ym — va +v0)¥1(0)00(0).  (6.76)

Thus the initial condition of the derivative dy (o, t)/dw — dyo(t)/dw (for o — 0)
is estimated by

dyot) _ yi(1) 3AWO, 1) _ 04(0)

= =—(m—va+ 1),
5 ) o (Ym — va +v0) o2(0) Yo(?) .
Cdlogw® 1 ©.77)

with using (3.50) for y;(¢). By putting these results of initial conditions into (6.75),
the temperature dependence of Cy,(¢) is given by

1
Ch(t) = Ch(0,1) = Tay1 ()37 () ¥im [gA +d=ga *gO)W} ’

Ci() _ V(@)

RO %{1—gA[1—U(t)]+go}, (6.78)

with the use of Cj,(0) defined in (6.50).
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In the case of the ordered phase, the initial condition of the derivative is given by

dy(o, 1 do 2
YO _ o ”0(), for o — 00(1),
w
dlog o2 (t dlo 020 dlog U (¢ dlog U (¢
gog() _ dlogog(®)  dlogU) _ ~ dlogU(®) 679
w Jw w Jw

since y(o,1) =~ yi()[o? — 002(t)] — 0 is satisfied. Equation (6.46) is therefore
given by

wn(o, 1) = pkC(oo(t), Ho? — o (1],
Cu(1) _ Ch(oo(t), 1) 1 ()Blogoo(t)
Ch0) ~ Taymym (0)02©0)  m
V(t) 1 aU (1)
U(t) |: O+ Vm dw ] '

(6.80)

To evaluate the initial value of the o derivative of dy/dw in (6.72), notice the
following expression satisfied in the weak field limit:

dy(o, 1) V(1)
vy =2y1(t)o =20y (0)% (6.81)

By exchanging the order of differentiation, its initial value is evaluated by

0 3)’ _ V(t) 0log[y1(O)V()/U()]
90 do = 20000 OV 773 Yo

o=00(t)

| % 1 U
= 2y1(0)00(0) }

V()
NIO) [_“”” V@) e U0 o
(6.82)

where y1(0) o« T4/Tp. In the ordered phase, we need to know the derivatives,
aU(t)/dwand dV (t)/dw in (6.79) and (6.82). These values are evaluated by solving
the simultaneous differential equations for variables U (¢) and V () in Chap.4 and
their w derivatives.

6.5 Magneto-Volume Effect in Some Temperature Ranges

According to our general expressions of the spontaneous and forced magneto-
strictions, we show in this section how the effects are described in more detail at
low temperatures, around the critical temperature, and at higher temperatures in the
paramagnetic phase.
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6.5.1 Magneto-Volume Effect at Low Temperature
and Griineisen Relation

At low temperatures where r < 1 and y,0(0) < 1 are satisfied, thermal components
of the thermal expansion and its temperature coefficient show the following 72-linear
and 7-linear dependences, respectively:

1
o (1) = £ Topkyol2 log(1/x2) + log[1/y-0(0)1}¢>
3
~ ZTO;OKVOIZ log[1/00(0)], (6.83)
3
Ben(t) = Epwotlog[l/oo(o)],

where both xc2 and y,0(0) are proportional to ag (0). As was already shown in Chap. 5,
the magnetic specific heat (5.44) at low temperatures is given by

Cm 3N 3
30 ) ~ Evotlog[l/ao(O)] = > pt log[1/00(0)]. (6.84)

It corresponds to the 7>-linear dependence of the free energy:

3 T?
Fu(T) = Fp(0) — ZNOTO log[1/00(0)] + - - -, (6.85)

for its temperature derivative gives the specific heat in (6.84). The thermal expansion
(6.83) is given by the derivative of the above free energy with respect to the strain w.

Kk 0F, () 3 )
N=———=- 1~ log[1 0.
(1) V 9 7 Prvot”log[l/oo(0)]
From the comparison of (6.83) and (6.84), the following Griineisen relation between
the magnetic specific heat and the thermal volume expansion coefficient is thus
satisfied at low temperatures.

Cho(t 3
mo®) _ 3 o itlog (6.86)

Bin(t) = kyo v 5 50’

The component w,,(¢) shows similar behavior to those of the SEW theory and
the MU theory. It is given in this limit by (6.55), i.e.,

— 2 Cs(t)  2V() § B
0xp1) = GO0, o= T [1+gA (SU(t) 1)] 687)
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After substituting the results (4.24) and (4.26) for V(¢)/U (t) and U (¢) in the above
constant C; (), we obtain the following temperature dependence.

ct2

"~ 120A42(0, 10)
34 2r2 5ga 4457 +r2
X 4+t
4 342g4 3

Cs(r) = Cs(O)[l

(6.88)

where r = (11/2)2.
As the sum of these two contributions, the temperature dependence of the spon-
taneous volume-striction at low temperatures is finally given by

o (1) _ €80
o 120A2(0, t,)

+2(1+2 1 cr’
5 384 120420, 1,)
34202 34T7gad+5r +12
X + +e g
4 34284 3

cgo(1—r?) ,
180A2(0, 1.)

[2 logxc_2 + log y;ol] 2+

(6.89)

where the second term in the right hand side results from the thermal free energy
correction AF,,. Because of the above second and the third terms, the 72-linear
coefficient usually becomes negative. The volume change from this origin shows
contraction with increasing temperature. For weak itinerant ferromagnets with tiny
spontaneous magnetization (0p(0) < 1), the positive first term will be also non-
negligible. The presence of this log[1/0¢(0)]-linear term is, however, not yet verified
experimentally.

Thermal expansion measurements on Ni3z Al and Ni-Pt alloys at low temperatures
was made by Kortekaas et al. [23] over the composition ranging from the paramagnets
close to the magnetic instability and to the weak ferromagnets. According to their
report [23], the temperature dependence of the thermal expansion can be fitted with
a sum of T2-linear term and the 7*-linear term of the lattice vibrations, as given by

AL/ = AT? + BT*, (6.90)

where the length of the sample is denoted by £. In the paramagnetic phase, the coeffi-
cient A increases toward the magnetic instability point. Its sign changes from positive
to negative across the para- to ferromagnetic transition. They simply assumed that
conduction electrons are responsible for the above 7-linear dependence. However,
the observed enhancement of A in the paramagnetic phase seems to suggest that it
is caused by the magnetic origin (i.e., by the term 72 log[1/y0(0)] to be explained
later).

Forced Magneto-Striction at Low Temperatures In the case of weak exter-
nal magnetic field where o =~ og(¢) is satisfied, the temperature dependence of
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the constant Cj(¢) for the forced magneto-striction is generally given by (6.80).
The analytic expression of its temperature dependence is available at low temper-
atures. According to (4.26), U (t) decreases proportional to T2/ [TAcrg(O)]2 with
increasing temperature. The temperature dependence of the derivative dU () /9w is
also given by

aU(t)  4+5r +r2

2
= - t S 6.91
P 1806‘142(0, 1) (Vm VA) + ( )

Substituting (6.91), (4.24) for V(¢)/U(¢), and (4.26) for U(t) into (6.80), the
t2-linear dependence of Cj, (1) is given by

Ch(t) N ct?
Cr(0) 120A2(0, 7,)

(6.92)

445r+r2  3+2r2 N
3 4 '

[(1 —284)

6.5.2 Around the Critical Point

The thermal component of the volume expansion in (6.55) at the critical temperature
is given by

wep (1)
wQ

1/t 1
= 3p/<T0y0t3/ du ud’(u) ~ Z,OKTO)/OtCz log(1/t.), (tc < 1)
0
(6.93)
where u = x3/t. The temperature dependence of w;;, (¢) is less affected by those of
yo(t) and y,o(¢) around ¢t = ¢, as with the case of the specific heat.
On the other hand, the temperature dependence of the coupling constant Cj(#)

and the volume-striction w;, () are estimated by substituting the ¢ dependence of
U(t) and V(1)/U(¢) in (4.38) for ¢ < ¢, into (6.87).

2
Co(t) 14 404/2¢ \*3
o) = 2501~ 8NAQ. n)( o ) [1— (7) 4o
2 2
wp®) _ 98 40v/2¢ (L
o 12scl T s0A0 t”)( Tt ) [1 (tc) -

They both vanish at the critical point in proportion to (T — T,) and (T — T.)2. The
thermal expansion coefficient B, () is therefore proportional to (T — T.). Contrary
to this result, both the SEW and MU theories give a finite negative value of (¢) in
the limit t — ¢, reflecting the temperature dependence of Mg(T) x (T, —T).
The temperature dependence is also estimated by (6.60) around . in the para-
magnetic phase. The dependence of U (z) and V (¢)/U (t) are then given by

(6.94)
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Fig. 6.2 Temperature depen- T T T T
dence of the thermal expansion
coefficient

Ty B(t)/wy

0.0 1.0 2.0 3.0

2
Ut) = %[(r/rc)“/3 —1], % =2c (%) A, t)[(t/1)*3 = 1), (6.95)

Substituting these results into (6.60) gives

2
0 ) _ f—(c)u —g4) (nit) A0, t)[(t /)3 — 172,
w( c
6.96
Cx(6) —@(1— >(i)2f‘<0 (/1) = 1] o
Ch(O) - 5 gA 7th s vC /C .

Both the MU and SEW theories predict the discontinuous change in the slope of the
temperature dependence of the spontaneous magneto-striction wy, (¢), from the nega-
tive to the positive value (MU) and from the negative to zero (SEW), with increasing
temperature. The above results of (6.94) and (6.96) predict the continuous change.
The difference results from the temperature dependence of our magneto-volume
coupling constant C,(#). Both the experiments of thermal expansion coefficient on
Zr7Znj; by Ogawa, Kasai [24] and by Creuzet et al. [25] seem to support the continuous
change. We show in Fig. 6.2, numerical results of the thermal expansion coefficient
in the wide range of temperature from the order phase to the paramagnetic phase.
The solid, dashed, and doted lines correspond to . = 0.05, 0.1, 0.2, respectively,
for go = 0.1 and g4 = 0.1.

Forced Magneto-Striction Around the Critical Point The temperature dependence
of the forced magneto-volume coupling constant Cj, (¢) is also evaluated by (6.80).
The first term proportional to V (¢) o (f, — 12 is neglected since it is higher order
than the second. The derivative dU (t) /9w at the critical point is evaluated by using
the temperature dependence of (4.38) for U (¢).
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aU (1)
ow

28 (T\*3dlogT. 28dlogT,
= ( ) 08lc 00108 ¢ (6.97)

. 15\T, do 15 do

Putting the above result and (4.38) for V (¢)/ U (¢) into (6.80), the temperature depen-
dence of Cy,(¢) is given by

Ch(t)N V(i) 0U(t)
Cho  vmU@) do

32¢ [ 4\? 1 dlogT. t\*3
==(—) 4©,t0)— 1— (- 4+ (698)
3 \7mt, Ym do tc

It means that we can estimate the value of dlog 7./dw experimentally from the
observed slope of the coupling constant Cy,(¢) against (T — T.) around the critical
temperature. We will show later, the value is represented in terms of y;,, yp, and y4.

In the paramagnetic phase, the temperature dependence of Cj, () is evaluated by
(6.78). Higher order term proportional to V (¢) is also neglected in this case. By
putting (6.95) for V(¢)/U(t) into (6.78), the temperature dependence of Cj,(¢) is
given by

2 4/3
Cn) _ 2¢(1 — ga + g0) (i) A0, ) [(i) - 1} . (6.99)
Cho Tl Ic

To summarize, the forced magneto-volume coupling constant Cp(¢) also decreased
in proportion to |T — T,| toward the critical point in the same way as C(¢) for the
spontaneous striction.

Critical Forced Magneto-Striction We have already shown in Chap.3 that the
magnetic isotherm at the critical point exhibits the anomalous behavior under
the influence of critical spin fluctuations. The same behavior is also expected for
the forced magneto-striction, because it is given by the volume derivative of the
same free energy. The critical forced magneto-striction can be treated according to
the general formula in (6.70). Both the o dependence of y(o, ) and the w-derivative
dy(o, t)/dw are then necessary. These are determined by solving the simultaneous
differential equations (6.71) and (6.72).

Substituting the critical behaviors, A’(y, 1) o< 1/,/y and A"(y;, 1) o< 1/,/yz, for
the thermal fluctuation amplitudes, (6.72) is written by

Tt 2 dy 1 9y,
3 (\/y EPS \/ﬁ 90 ( L)J/m( 8A gO) ( )

where the higher order terms with respect to o> are neglected. At the critical
point, both y(o, t.) and y.(o, 1) are proportional to o'*, as was already shown in
Chap. 3. Then the derivative dy(o, 1.)/dw has to be proportional to o2, and therefore
0y, (o,t:)/dw = 30y(o,t.)/dw is derived from the relation between y(o, t) and
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Fig. 6.3 Numerically T T
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y-(o, 1). The o>-linear coefficient of dy(o, 1.)/dw is determined as follows:

1 dy(o, t.) 244/5 Ve
it = (1 —ga—80) CA(O, tc)oz.
Ym 0w 3425 Tl,

Substituting the result into (6.70) finally leads to the critical forced magneto-striction
given by

wp(o, 1) 12\/_ o Jy_ o
R A L e P

(6.101)

We show in Fig.6.3, the numerically estimated o dependence of the forced
magneto-striction in the ordered phase by solving the simultaneous differential equa-
tions (6.71), (6.72), and (6.74). Relative volume-strictions wy, (o, t) /wq at tempera-
tures, T/ T, = 0.10, 0.50, 0.90, 0.99, are plotted against 02/002 (0). Atlow temper-
atures, good linearity is observed because of the weak o dependence of the coupling
constant Cy, (o, t). Since the coupling constant Cj,(¢) decreases to zero toward the
critical point in accordance with (6.98), the o-*-linear behavior is expected to emerge
around the critical temperature. The behavior is actually observed in Fig. 6.3 as the
result at 7/ T, = 0.99. It is evident from this figure that the o2-linear behavior at low
temperatures changes to the critical o*-linear behavior with increasing temperature.

Forced Magneto-Striction Observed in MnSi In the field of itinerant electron
magnetism, not enough attention have long been payed on the concept of the crit-
ical magnetic isotherm. The same is true for the critical forced magneto-striction.
Although the anomalous forced magneto-striction seemed to be observed in MnSi at
the critical temperature, it did not attract much attention until Takahashi [26] pointed
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Fig. 6.4 Observed forced (x10) . . . . . . .
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out its relevance to the critical forced magneto-striction. We show in Fig.6.4 the
forced magneto-striction of MnSi observed by Matsunaga et al. cited from Fig. 8
of [6]. In this figure, observed forced-strictions (relative changes of the length of
the sample, A¢/¢) are plotted against M>. The plot considerably deviates from the
linearity around the critical temperature 7. >~ 30 K. The good linearity is, however,
confirmed by plotting the data against M* at T = 29 K. There seem to be no other
observed critical forced magneto-striction at present.

6.5.3 In the Paramagnetic Phase

Spontaneous Magneto-Striction The magneto-volume effect observed at higher
temperatures in the paramagnetic phase, where the Curie-Weiss law temperature
dependence of the magnetic susceptibility is observed, is discussed in this section. In
the region where the Curie-Weiss law of the inverse of the magnetic susceptibility in
(3.44),1.e., yo(t) =~ 2(t —t.)/[5cy1(0) pgﬁ], is satisfied, the temperature dependence
of y1(¢) is negligible. Then V(¢)/U(¢t) = y1(¢)/y1(0) is almost independent of
temperature and V (¢) is given by

vy = 20« p;

— ~ ——(t — 1), 6.102
(0020 10420, 1) p, (€102

by using A0, t,) = cyl(O)ag(O). According to (6.60), the ratio C(7)/Cj(0), as
given below, is about 3(1 — g4)/5.
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Cw 3,
Ch0) 50 84

yi(®) 3
~ —(1— . 6.103
70 5( ga) ( )

The temperature dependence of the thermal expansion w,,(¢) in the same (6.60) is
given by

wzp (1) _ Cs(1) yo(t) :E
N Cr(0) yi1(H)og(0) 5

3 —ga) p?
T 50A2(0, 1) pZ

(I —ga)V()

@t —t). (6.104)

The thermal expansion coefficient then becomes almost temperature independent as
given by

Tclgzp(t) N T, dwzp(t) Nic(l_gA)tc Pf . 27c(l —ga) p%
wo woTy di 50 A20.10) ply  50(Cay3)2)” P

. (6.105)

Note that the close relation is satisfied between the ratio of moments pegr/ps and
t. = T,/ To as shown in Sect.3.3.4. The right hand side of (6.105) is determined by
the single parameter 7.

The validity of (6.105) can be confirmed experimentally. The value of B, (¢) in the
paramagnetic phase is determined by extracting the temperature independent com-
ponent from the observed thermal expansion coefficient. The value of w is estimated
from the observed forced magneto-volume constant C,(0) at low temperatures and
the spontaneous magnetization squared 08(0). It is, however, not so easy to extract
the magnetic contribution from the total volume expansion by subtracting those from
the lattice vibrations and etc. The value of 7, 8/wg estimated in this way by using
available data from references are plotted against the ratio 7,/ Tp in Fig.6.5. In the
same figure, numerically estimated values of the right hand side of (6.105) is plot-
ted by the solid curve. Though the factor (1 — g4) is not included in the plot, raw
experimental data from references are employed.

The figure shows that solid circles of experiments fall fairly close to the theo-
retical curve. According to (6.103) and (6.104), the ratio 7, 8/wy is closely related
to the coupling ratio C(t)/Cp(0). The observed data in the figure also support the
theoretical prediction for the ratio smaller than 1.

Forced Magneto-Striction We have already shown in Sect.6.4 that the forced
magneto-striction in the paramagnetic phase is given by wy (t) = pkCy, (o2, and
the temperature dependence of the coupling constant Cy(¢) is described by (6.78).
The value of Cj,(t) has the general tendency to saturate with increasing temperature
in the paramagnetic phase. In cases with non-negligible size of g4, however, it will
show a slight increase, because of the presence of (¢ — 7. )-linear term of U (¢) in this
(6.78).

According (6.75), the volume derivative dyg(¢)/dw is necessary to evaluate the
coupling constant Cj(t). The value of this derivative is also closely related to
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Fig. 6.5 Observed thermal
expansion coefficients in the
paramagnetic phase versus
T./ Ty by Takahashi and
Nakano [20]
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Brommer et al. [27]. They reported that the temperature dependence of the deriva-
tive dlog x (T)/dw for NizAl and TiCo is proportional to the magnetic susceptibility
x(T),i.e.,dlog x(T)/dw < x(T). In other words, the value of X’Z(T)dx(T)/dw,
and therefore dy ~!(T') /dw is independent of temperature, being in agreement with
(6.77). Values of dlog x(T)/dlog V for NizAl observed by them at three tempera-
tures are shown in Fig. 6.6 against x (T"). They fall on a straight line with a positive
slope as shown in this figure. The slope of the figure is also represented in our

Fig. 6.6 Pressure effect on
paramagnetic susceptibility
of NizAl by Brommer et al.
(solids circles are results by
levitation method)
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theoretical notations as

Ny dlog x d log yo (1) dyo(1)
20 = _Tayo(y 222 _ _p
2x dInV ayo(t) ow 4w
dlog A0, 1)
= Tayi (1o (0) 220 1) (6.106)

dw

The value of the above left hand side is estimated to be 2.73 x 103 K for Ni74 gAls »
from the observed data by Brommer et al. Spectral parameters of spin fluctuations
in this compound are already estimated to be 7o ~ 3 x 10°K and T4 ~ 3 x 10K,
giving y1(t) =~ y1(0) =~ 1/3. The volume-striction in the right-hand side is also
estimated to be

dlog A(O, .) _ Bdlog A0, t.) . Bdlogaoz(O)
dw N dp N dp

~46.2, (6.107)

where B = 1.7 M bar as a bulk modulus and dlog a&(O)/dp = 27.2. Effects of
yo and y4 are neglected as a rough estimate. If we finally assume o((0) = 0.05
or 0.07 as the spontaneous magnetization, the right hand side of (6.106) is given
by 1.15 x 103 K or 2.26 x 103 K, respectively, in nearly close agreement with the
estimate by Brommer et al.

6.5.4 Numerical Results on Volume-Strictions

Numerical results of the temperature dependence of spontaneous magneto-volume
striction by Takahashi and Nakano [20] are shown in Fig.6.7. Dashed, dotted, and
solid lines correspond to the components wy; (t), w,p(t) of the thermal expansion,
and the sum of the both, respectively, for . = 0.01, 0.05, 0.1, in descending order
from the top. It is interesting to notice that the relative ratio of the thermal fluctuation
component to the total thermal expansion becomes larger for smaller value of z..
It will cancel the increase of w,, () below the critical temperature with decreasing
temperature. Thermal expansion will then become monotonically increasing func-
tion. Note that the relative volume-striction divided by wy is plotted in this figure.
The smaller the value of 7., the value of wg becomes smaller. The magnitude of this
figure is nothing to do with the absolute value of the thermal expansion.

The enhancement of the thermal expansion coefficients at low temperatures is
shown in Fig.6.8. The ¢-linear coefficient of the thermal expansion coefficient,
[B:(t) + AB()]1/3px T, is plotted against T/ T, in this figure. Solid, dashed, dot-
dashed, and dotted curves from the top corresponds to #. = 0.005, 0.01, 0.05, 0.1,
respectively. The value of 0y (0) increases in this order, whereas the enhancement
decreases inversely. We finally show in Fig. 6.9, the temperature dependence of the
spontaneous (thin lines) and the forced (thick lines) magneto-coupling constants,
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Fig. 6.7 Numerically
estimated temperature
dependence of sponta-
neous magneto-striction,
for go = g4 = 0.1 and
Ta/Ty =10

wy(t)V/wy

Fig. 6.8 Enhancement of
the ¢-linear coefficient of the
thermal expansion coefficient
at low temperatures [20]

B(1y3pryy T

0'0 1 1
0.0 1.0 2.0 3.0

Cs () and Cp,(¢). Solid, dashed, and dotted curves correspond to 7. = 0.01, 0.05, 0.1,
respectively.

6.6 Magneto-Volume Effect for Paramagnets

From the similarity between magnetic isotherms for ferromagnets and paramagnets
near the magnetic instability point, we show in Chap. 3, that the value of 01% 0) =
y0(0)/y1(0) defined in (3.21) for paramagnets corresponds to the spontaneous
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Fig. 6.9 Temperature depen- 1.5 —r
dence of magneto-volume — t.=0.01
coupling constants, Cy(¢) and -—— t.=0.05

L C N 4

Cp(t), for T4/ Ty = 10 [20]

......... t.=0.10

magnetic moment squared 03(0) for ferromagnets. From the same analogy, the
Griineisen parameter y,, for paramagnets is also defined by

3 dA(SE) 3
2 2 i 2
A<Sloc> = —50,,(0), 4 ol = gymo,,(O). (6.108)

The negative value of A (Slzoc) is characteristic to paramagnets. Corresponding to
the definitions of the coupling constant Cj,(0) and wg for ferromagnets, (6.50) and
(6.61), the same parameters can be defined by

Crho = TayoQ)ym, wo= ,OKChoU,%(O)- (6.109)

Note, however, the above forced magneto-volume coupling Cpy is slightly different
from the value C;,(0) in the ground state (+ = 0), as will be shown later. We also
define the reduced parameters V (¢) and U (¢) by

Yo(t) ~ 00 y1©0) 050

V() = L U = =
D% Y7 %0 w0 o2(0)

(6.110)

as scaled values of yo(z) and (TI% (7). In the next subsection, we first deal with the tem-
perature dependence of the spontaneous magneto-striction, followed by the forced
magneto-volume striction.
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6.6.1 Spontaneous Magneto-Striction for Paramagnets

Along with the case of ferromagnets, the thermal component of the volume-strain in
this case is also obtained by (6.55), except for u, = u because of the absence of the
spontaneous magnetization. The component w,, (¢) is also evaluated, according to the
general definition (6.35) and (6.36). The coefficient C;, is evaluated by the volume
derivative of the free energy F,, the volume dependence of which is characterized
by the Griineisen parameters defined in (6.108) and (6.37). They are given by

win(t)  38ot

1
= dxx2ud’ (),
wo 5cy§(0) @)

yo(t)
y0(0)

3
wzp(t) = 3pKCopyo(t) = PKChOU O)(1 + ga) (6.111)
3
= 5@ +80)V),

Cop = %% [748(52)] = £7a02O 0 + 700

These results in (6.111) correspond to (6.55) for ferromagnets. We cannot define the
magneto-volume coupling constant literally for paramagnets with no spontaneous
magnetic moment. We have, however, intentionally defined the coefficient C;(¢)
from the similarity with ferromagnets.

Cs(t)  3V(1)
Cho  SU@)

(1) = pkCs (D)o (1), (1+g4). (6.112)

The thermal expansion coefficient is also given by the temperature derivative of
(6.111).

1 da)m(t)
= B() —ﬁzh(t)+ﬂzp(f)
wo Cdr
3 _ 80 2.2 21
Ben(t) = Zyo(o)[ 3/0 dxx“u=®" (u)
) O(O)J |:A(yo,t) —t%”, (6.113)

- 3
ﬁzp(t) = g(l +8A)V/(t)'

In analogy with (6.83) for ferromagnets in the ordered phase, the thermal com-
ponent of the volume expansion wyj, () at low temperatures is approximated by

3 _
wmn(t) = ngyotz log y5 ' (0) + - - . (6.114)
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Fig. 6.10 Temperature 6.0
dependence of magneto-
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On the other hand, w,,(?) is given by

o) _ 3 L
v 5(1 +84) [1 + 24Cy§(0) + . (6.115)

by putting the temperature dependence of yp(¢) into (6.111). The total magneto-
volume striction is therefore given by

() 3 12
— S+ g+ ——
sUHEN T 6070

o0 [gologyy ' (0) + 1+ gal+---.  (6.116)

Nearly the same behavior is thus expected at higher temperatures, independent of
ferro- and paramagnets, where the Curie-Weiss law of the magnetic susceptibility is
observed.

In Fig.6.10, numerically estimated temperature dependence of the magneto-
volume strictions of (6.111) is shown. The results for components, w;; (¢) and w,, (1),
and the sum of them are shown by dashed, dotted, and solid curves, respectively, for
tp = 0.01, 0.05, 0.10 from the top in descending order. The numerical results for the
t-linear coefficient of the thermal expansion coefficient, i.e., 8(¢)/3p« v, T, are also
shown in Fig. 6.11. The enhancement of this #-linear coefficient at low temperatures
in this figure results from the factor log y, ! (0) in (6.114).
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Fig. 6.11 Temperature 04
dependence of B(t)/3pkym T
with the same parameters #p
as Fig.6.10
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6.6.2 Forced Magneto-Striction for Paramagnets

Forced magneto-volume striction wy (o, t) is generally given by the o derivative of
(6.46). In the weak external magnetic field limit, wy, (o, 1) = px Cj,(t)o? is satisfied
with coupling constant Cj,(¢) in (6.75). The w-derivative dyo(¢)/w in this equation
is evaluated by differentiating (3.30) with respect to w, i.e.,

A(yo, 1) — czyo(t) = —cyo(0) = —A(0, 1p), (6.117)
for paramagnets. It is given by

[A/(yo, 1) —c] dyo(®) _ _CYI(O) dyo(t)

o yi(t) Odw
3y0(0)
=—6&)=dm+m—mm®, (6.118)

with the use of (3.50) for y; (#). The right hand side is derived from the w derivative
of the relation yy(0) = TAU; (0)/15Ty in (3.21).

I dyo© _ dlogyo(©) _
y0(0) dw dw

—¥Ym — YA + Y0. (6.119)

The derivative dyy(#)/w is therefore finally given by

dyo(r) yi(t)
—— = ——Vm — 0). 6.120
50 0 (Ym +va — v0)y0(0) ( )
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Fig. 6.12 Numerically esti- 1.5 : : : :
mated temperature depen-
dence of the magneto-volume
coupling constants Cy(¢) and
Cp(¢) for paramagnets for
tp = 0.01, 0.05, and 0.10 < 10
S
>
)
3
Q‘c‘
O 05
0.0

It corresponds to (6.77) for ferromagnets. Substitution of (6.120) into (6.75) gives

Cp(t)
Cho

=—{1+gal1 +U@®]— go}

U(r)
(6.121)
Numerically estimated results of (6.112) for C(¢) and (6.121) for Cj,(¢) are shown
in Fig.6.12.

—V0 [+ 0 e -0 5 | = oo
- 8A 8A 80 0

6.7 Pressure Effects on Spontaneous Magnetic Moment
and the Critical Temperature

We mentioned, at the beginning of this chapter, that the volume change of magnets
induces changes of their spontaneous magnetic moment o (0) in the ground state
and the Curie temperature 7,. According to the definition of the Griineisen parameter
in (6.39), the volume change of 0((0) is characterized by the parameter y,,. In this
last section, we first show how the volume dependence of the critical temperature 7.
is described in terms of Griineisen parameters.

6.7.1 Effect of Pressure on the Critical Temperature

The critical temperature is determined by the condition, yo(#.) = 0, for the inverse
of the magnetic susceptibility. Along with the SEW theory in Sect. 6.3.1, the change
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of the critical temperature 67, against the volume change can be determined by this
condition. Let us first note the following relation between dw and 87, derived by the

condition:
8T, T, dyo(t
c _ZSTO + yo(t)
=\ To Tj ow

With the use of (3.30) for yo(z), the above two partial derivatives of yo() can be
represented as (5.32) and (6.77), i.e.,

dyo(t)
at

Sw = 0. (6.122)

t=t,

dyo(r)  yi1(t) dA(yo,1)  dyo(t)  yi(r) 9A(0, 1)

= , =— (6.123)
at cy1(0) ot ow cy1(0)  dw

They are given by the partial derivatives of (3.30) with respect to ¢ and w, respectively.
Equation (6.122) is then written in the form

A, 1) T. (8T, 8T\ 9A(, 1)
e e (e 0 ) L s = 0,

ate Ty \ T, To Jw

where the limit # — ¢, is taken after dividing the both sides by y;(¢)/cy;(0). Sub-
stituting (6.73) for the derivative d A(0, 7.)/dw, (6.122) is given by

c

dA(0, 1) (dlogT,
- £ ) = O — ya + YA, 1)
at, dw

In the above left-hand side, the following relation is satisfied, because of A(0, #.)

23 in 3.21) for 1, < 1.

dA(0, 1)

—4A(0t)
C Btc _3 yvCJe

As a result, the following relation is satisfied for the volume effect on the critical
temperature 7.

4dlog T, 1 dlogag(0)

3 dw Yin = YA = 370, dow

Vi (6.124)

The definition of the parameter y,, is also shown for reference.
The above result (6.124) is equivalent to the relation (3.11) in Chap. 3, i.e.,

5C43To {T-\*?
2 /310 c
0)=——£2(=£) | 6.125
05 (0) T (To) ( )

which is satisfied between ¢, = T,/ Ty and ag (0), irrespective of the volume change.
The same relation as (6.124) is derived from the volume derivative of the both sides of
(6.125). Note that multiple Griineisen parameters are involved in (6.124). The result
is reasonable, because phase transitions at finite temperatures are affected by spin
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fluctuations, the time dependence and the spatial variation of which are characterized
by parameters yg and y4.
As the effect of external pressure, (6.124) can be written in the form

4dlog7. 4 dlogT:

= — —_ —_ 3 N

3 dp 3 e K(Ym —va —v/3) 6106

dlog o (0) '

7 = —kVm-
dp
by introducing the compressibility «. It is also rewritten as
dlog7, 3dlogad(0) «

_Z =-@3 = , 6.127
dp i— 7 B3va 70 =Kky0.a ( )

by eliminating the parameter y,, from them. We have already shown in (3.13), the
fourth expansion coefficient F of the free energy in powers of the magnetization M
is expressed in terms of spectral parameters Ty and T4. The pressure effect on Fj is
then given by
dlog F
dp

=2KYyA — K. (6.128)

We can estimate the value of F'| experimentally from the slope of the Arrott plot of the
observed magnetization curve. From the slope of its pressure dependence against the
pressure, the pressure derivative of F is estimated. As solutions of a simultaneous
equation of (6.127) and (6.128), parameters yp and y4 are now represented as follows:

4dlog7, 3dlogod(0) 1dlogF;
Kya = ¢ - = —

)

5 dp 5 dp2 5 dp (6.129)
8dlogT., 6dlogoy(0) 3dlogFi
Ky = — — = _z )
=574y 5 dp 5 dp

In order to evaluate the magnetic Griineisen parameters experimentally, the value
of y,, in (6.126) is estimated from the slope of the variation of (Tg (0) against the
pressure p. For the rest of parameters, y4 and yp in (6.129), additional pressure
effect measurements of 7. and F; are needed.

One of the distinct features of the theory of magneto-volume effects in this book,
compared to the SEW and MU theories, is that spectral parameters Ty and T4 are vol-
ume dependent. It is reflected in the relation (6.127) between the pressure effects on
00(0) and T,.. The SEW theory predicts the relation, d log 09(0)/dp = dlog 7. /dp,
since 002 0) x TC2 is satisfied. In the MU theory, on the other hand, the same relation
(6.127) is satisfied, but with yp 4 = 0 in the right hand side. Validity of them are
verified by the pressure effect measurements of ¢((0) and 7.

Many experiments have been done on the pressure effects on o (0) and 7;.. Accord-
ing to Kanomata (T. Kanomata, Private Commun.), the observed results show variety
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of signs dependent on each itinerant electron magnets against the applied pressure.
Most of them are, however, classified into the following three categories:

1. Both the change of 0¢(0) and 7, have the same signs.
This case is characteristic to itinerant electron magnets.

2. Though T, changes, the value of o((0) remains almost unchanged.
It is usually observed for localized electron magnets.

3. Each of them show changes with different signs.

These properties can be understood by introducing multiple Griineisen parameters,
and in some cases by assuming that they are of comparable magnitude. They will be
interpreted associated with signs and relative magnitudes of these parameters.

6.7.2 Pressure Effect Measurements of Spontaneous Magnetic
Moment and Critical Temperature

A large number of experiments on the magneto-volume effects had been reported
from the late 1960s to the beginning of 1980s. Their aim was to verify the SEW theory
experimentally. Analyses of experiments were also based on the theory. These were
reviewed by Franse [28, 29]. Later, magneto-volume effects on ZrZn,, MnSi, and
Ni3z Al were reported by Brommer and Franse [30]. Results of analyses based on the
MU theory were also found here. These authors also published the handbook on
the magneto-volume effects in 1990 [31]. Most of these experiments belong to the
first category of the Kanomata’s classification. The observed large 72-linear thermal
expansions for para- and ferromagnets near the magnetic instability points should
be rather associated with magnetic origins. They were, however, regarded as the
effect of conduction electrons from the conventional view. Many magneto-volume
properties reported up to the present need to be re-examined.

The following is a brief summary of observed magneto-volume effects on weak
itinerant electron ferromagnets where weak spontaneous magnetization are observed.

Ni3Al

So far, a number of magneto-volume measurements have been done on this com-
pound. The MZ-linear coefficients of the free energy were estimated by Buis
et al. [32] from the observed magnetic isotherms under the pressure up to 5kbar.
The pressure dependence of the critical temperature 7. and the value of the
magneto-volume coupling constant C are then evaluated by their temperature and
magnetic field dependence. The critical temperature was determined as the tem-
perature at which the Arrott plot of the magnetization curve passes through the
origin. These values vary within the range, d7./dp = —0.58 ~ —0.36 K/kbar
and C x 107% = 0.12 ~ 0.16 (g/cm?), depending on the composition of Ni and
Al, according to their report. As a compressibility, k = 4.2 x 10713 cm?/dyne was
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employed. The forced magneto-volume coupling constant C was also estimated by
Kortekaas and Franse [4] from the magneto-striction measurements in the ordered
phase. From the observed constants at different temperatures, they showed that C
is temperature dependent, that presumably originates from the 7%/ T; dependence
of the SEW theory. The value of the coupling pxC x 10° ~ 0.6 (G~>g>cm %) at
4.2K is reduced by 0.4 at T,. As the compressibility, k = 4.18 x 10~13 cm?/dyne
was used to estimate the value of C.

On the other hand, Buis et al. [33] made magnetization measurements on samples
under pressure with different Al composition of the compounds. From the analysis
of the composition dependence of the M? expansion coefficient (i.e., the inverse of
the magnetic susceptibility) of the free energy, they predicted the value of the spon-
taneous magnetic moment and the pressure dependence of the critical temperature
of the ideal Ni3 Al compound [33] with oy = 0.077 up/at and 7, = 63 K as given by

dlogop(0) — —599 Mbar—! dlog T,
dp ' T dp

— —6.35 Mbar .

The pressure dependence of the magnetic susceptibility in the paramagnetic phase
was reported Brommer et al. [27] as was already shown in Sect. 6.5.3 in this chapter.

Measurements of forced magneto-strictions and thermal expansions were done by
Suzuki and Masuda [34, 35] to check the validity of the MU theory. They showed that
the forced magneto-volume coupling constant C decreases with increasing tempera-
ture, according to the 7#/3-linear dependence [34, 35]. In their analysis they assume
the presence of the following thermal expansion from the nonmagnetic origin:

oy = al + bT3,

where the second term results from the lattice vibrations. In the paramagnetic phase
at high temperatures, they extract the magnetic contribution by subtracting the Debye
part. They concluded that the magneto-volume thermal expansion is present even in
the paramagnetic phase that tends to saturate with increasing temperature.

Z17ny

The forced magneto-striction of this compounds was reported by Ogawa and Waki
[36] as given by
w=1.02x 107'°M2, (M in emu/mole),

based on their measurements over the temperature range from 4.2 to 40 K under the
external field up to 10kOe. Around the same time, Meincke et al. [37] also reported
their measurements of the thermal expansion w(T') in the range up to 6.8 K, and the
forced magneto-volume striction at 4.2 K under the external field up to 35 kOe. Their
results are summarized by
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w(T) =—-10.6 x 1078 T2, w = 1.80 x 10_1OM2, (M in emu/mole).

There exists almost two times difference between the above forced magneto-volume
coupling constants.

As for the pressure effect on 7., Wayne and Edwards [38] reported the value,
—1.95K kbar™!, for samples with 7, = 21.5K. Then nearly the same pressure
decrease of the critical temperature, 7, = 22.2 — 1.9P K (P in units of kbar), was
later reported by Smith [39] under the pressure up to 25kbar. A slightly different
dT./dp = —1.29 K/kbar (T, = 27.6K) was also reported by Huber et al. [40].

MnSi

The results of measurements of the thermal volume expansion and the forced
magneto-striction were reported by Fawcett et al. [41]. According to them, do/dw =
8.5 was obtained as a volume dependence of the spontaneous magnetization.
Bloch et al. [42] reported the values, dlog M/dp = —1.15 x 10~ 2kbar~! and
dlog T./dp = —3.9 x 10~2kbar~!, as the pressure dependence of the spontaneous
magnetization at 4.2 K and the pressure effect on T, respectively. They amount to
dlog M /dw = 16and dlog T, /dw = 53, if the observed value of the compressibility
k1 = —1.36 x 10°kbar~! is used. Thessieu et al. [43] also independently measured
the pressure dependence of My(0) and T, and estimated the pressure dependence
of spectral parameters Ty and T4. The pressure effect on both M (0) and 7, are also
reported by Koyama et al. [44], recently.

Meanwhile, the temperature dependence of the magneto-volume expansion and
the forced magneto-striction were measured by Matsunaga et al. [6] up to the tem-
perature 200K for the purpose to confirm the prediction of the MU theory. They
reported the following value as the coupling constant of the forced striction at 4.2 K.

o =149 x 1071002, (M in emu/mole)

As its temperature dependence, values pxC = 10.25, 5.88, 5.63, and 6.08 x 1077
(g/emu)2 are estimated at temperatures, T = 4.2, 29, 40, and 50K, respectively.
The critical temperature of this compound is around 30 K. On the other hand, the
observed coupling constant of the thermal expansion is given by px Cr = 6.33x 107’
(g/femu)?. They also concluded that there exists a definite component of the thermal
expansion in the paramagnetic phase other than the effect of lattice vibrations.

ScsIn
As the pressure effect on the Curie temperature, d7,. /dp = 0.19 kbar~! (dlog 7../dw

= —13) was estimated by Gardner et al. [45] for sample with 7, = 6.1 K. Later,
Grewe et al. [46] made the same experiments under the pressure up to 6kbar by
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applying the magnetic field up to 57kOe in the range of temperature from 3 to
300K. The pressure dependence of their report is shown below.

dT. {0.15 (K/kbar), T, =5.5K, for 24.1 at % In
dp

~10.195 (K/kbar), T, = 6.0K, for 24.3 at % In

They correspond to dlog 7./dp = 2.7, and 3.25 % kbar™ !, respectively. As the
pressure effect on the spontaneous magnetization at 3K for the same. In concentra-
tions, d log Mo/dp = 0.85, 0.94 % kbar~! were reported.

Y(Co,Al),

The Al-substituted Laves phase compounds Y(Coj_yAly)> have attracted much
interest since they show metamagnetic transitions. The magneto-volume effect of
this compound with x ~ 0.15 was measured by Armitage et al. [47]. They reported
the values, dlog 7. /dw = dlogop(0)/dw = 120 + 17. Later, the measurements of
magnetization, magneto-volume expansion, and magneto-volume striction had been
made by Duc et al. [48] in the presence of high magnetic field under the high pres-
sure. In these studies, the value of the compressibility, k = 9.4 x 10~* (kbar)~! in
Yamada and Shimizu [49] were used.

Ni-Pt Alloys and Other Compounds

The forced magneto-striction measurements were made by Kortekaas et al. [4]
on Ni-Pt alloys (of density p = 17g/em?). According to them, pxkC x 10¢ =
4.50(G~%g?cm™) was obtained as a coupling constant of the alloy at 36.6 at % Ni
concentration at 4.2 K. The value decreases with increasing the Ni concentration,
reaching the value 3.32 at the concentration, 45.2 at % Ni. These values tend to
decrease with increasing temperature. In addition to this, thermal volume expansion
measurements on (Fe, Co)Si and YNi3 were reported by Shimizu et al. [50] and
Parviainen, Lehtinen [51], respectively. Oraltay et al. [52] reported their thermal
expansion, specific heat, and forced magneto-striction measurements on Y9Co7.

Heusler Alloys

Recently, the pressure effect on the critical temperature and the spontaneous mag-
netic moment of ferromagnetic heusler alloys have been measured on CoyZrAl by
Kanomata et al. [53] and RhyNiGe by Adachi et al. [54], for instance.

To summarize, many observations described above show that forced magneto-
volume coupling constants are temperature dependent. At first, its dependence
was regarded as resulting from the 72/ TI%-linear dependence of the SEW theory.
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Table 6.1 Griineisen parameters estimated from the pressure effects on 7. and M

Compounds dlog My dlog 7, KY0A YOA/ Vi References
T d p B dp

TiFeg 5Cog. 5 13.8 19.3 14 0.051 [55]
Ni7sAlys 8.7 11.6 1.45 0.083 [33]

Y (Cop.g5Alp.15)2 120 113 67 0.279 [47]
CoyZrAl 1.8 2.2 0.5 0.139 [53]
F667Ni33 6.9 8.9 1.45 0.105 [56]

ZrZny 9 44 46.7 19.3 0.219 [40]
NiysPtss 21 18 13.5 0.321 Kanomata®
Fep 3Co.7Si 16 12 12 0.375 [57, 58]
MnSi 12.2 38 —19.7 —0.807 [44]
Co,TiGa 2.9 9.5 52 —0.897 [59]
SC75,7IH24,3 —-94 —32.5 18.4 —0.979 [46]
Rh;NiGe 1.5 53 -3.1 —1.033 [54]

4 Private commun.

However, the dependence has soon become of little interest. Results of the pressure
effect on the spontaneous magnetic moment and the critical temperature are summa-
rized in Table 6.1. The value of k94 estimated from (6.116) and its ratio to «k y,, are
also shown in fourth and fifth columns of the table, respectively. From this table, we
will find that the parameters yg and y4 are not negligible compared to y,,. According
to the SEW theory, values of the second and third columns of this table would be
in agreement with each other. Values of the fourth column are assumed to be zero
in the MU theory. Experimentally estimated values of this table do seem to support
neither of them. In the case of MnSi, for example, the larger suppression of the crit-
ical temperature 7, by the external pressure than that of Mg (0) can be accounted by
neither of them. The problem is easily solved by introducing two new parameters,
yo and y4.

For confirmation of some mutual correlations among the magnetic Griineisen
parameters, the values of y,, for magnets in Table6.1 are plotted against yp 4 in
Fig.6.13. No definite correlations seem to be present in the figure. They are all
regarded as significant parameters to be used to characterize the magneto-volume
effects of itinerant electron magnets.

6.8 Summary of Magneto-Volume Effects

In this chapter, we have shown that the magneto-volume effect is derived from
the explicit volume dependence of the free energy that is used in our treatment of the
magnetic specific heat in the preceding chapter. It enables our unified understand-
ing of the magneto-volume effect, as well as the thermal and magnetic properties
of magnetic susceptibility, magnetic isotherms, and magnetic specific heat. For this
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purpose, three non-traditional magnetic Griineisen parameters, Yy, Yo, and y4 are
introduced, that characterize the interactions between the magnetism and the vol-
ume of magnets. As a result, the following novel properties have been derived as
summarized below.

The magneto-volume expansion wy, (¢) that consists of two kinds of components
The thermal component wy, (¢), resulting from the finite parameter yp, has long
been neglected. The presence of this term is evident from the thermodynamic
relation between the thermal volume expansion and the magnetic specific heat at
low temperatures. The other one, w,), (¢), related with the parameter y;,, corresponds
to the conventional contribution predicted by the SEW and MU theories.

The new magneto-volume coupling constants defined for the component w, (1)
Two magneto-volume coupling constants C and Cj, are necessary for spontaneous
and forced magneto-strictions, respectively. They have different values (Cy ~
2Cp,/5) and are both temperature dependent.

The anomalous critical forced magneto-striction observed at the critical tempera-
ture

At the critical temperature, the forced magneto-volume expansion wy (o, f.)
becomes proportional to o'*.

The revised relation satisfied between d log 7,./dp and d log 002 ©)/dp

Because of the presence of multiple Griineisen parameters, a somewhat different
relation is satisfied between the above two pressure effects.

There seem to be many observed magneto-volume measurements that will support
the above theoretical predictions.
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