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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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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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.
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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



108 5 Thermal Properties of Itinerant Magnets

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.
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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



126 5 Thermal Properties of Itinerant Magnets

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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Fig. 5.8 Temperature depen- 10.0 T T T T

dence of the specific heat of a — h/T,=00
paramagnetat?, = 1.0x 107* —=h/Ty=0.5 X 10°
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of the external magnetic field 8.0 |
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----- h/T,=2.0 x10°]
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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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