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Itinerant-electron metamagnetism and giant magnetocaloric effect
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An isothermal magnetic entropy change in itinerant-electron systems is discussed on the theory of itinerant-
electron metamagnetism. The effect of spin fluctuations is taken into account based on the phenomenological
Ginzburg-Landau theory. By the Clausius-Clapeyron relation, the magnetic entropy change depends not only
on the magnetization jump at the Curie temperaiuge but also on the temperature dependence of the critical
field of the metamagnetic transition. It is shown that the magnetic entropy change at low fields becomes
maximum whenT¢ is about half of the temperaturg,,,, where the susceptibility reaches a maximum. The
isothermal magnetic entropy changes farémpounds Co(S,Sg) Lu(Co,Al),, and Lu(Co,Ga) and also for
itinerant 5 compound WCo,FeAl are estimated and compared with those observed for NMBEg and
La(Fe,Si). It has been found generally that the giant magnetocaloric effect in itinerant-electron metamagnets
is expected when the coefficieby of M* in the Landau energy expansion with respect to the magnetization
M is negative and large.
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. INTRODUCTION entropy change for Co(S,Se) Lu(Co,Al),, and
Lu(Co,Ga), are performed and the possibilities of the mate-

Some intermetallic compounds, which exhibit eitherrial of a magnetic refrigerator are discussed. In Sec. VI, the
temperature- or field-induced first-order magnetic phase trarpresent theory is extended to the case of uniaxial itinerant-
sitions, have recently attracted much attention not only forelectron metamagnets and the entropy change(GblUFeAl
the fundamental magnetism but also for the application tas estimated. A conclusion and discussion are given in Sec.
materials science. This is because they are promising mat&Al.
rials for magnetic refrigeratioh? For the rare-earth com-
poundsRCo,, whereR=Dy, Ho, and Er, a first-order tran- Il. EQUATION OF STATE
sition takes place at the Curie temperatlige AboveT¢, a
field-induced metamagnetic transition occurs. A giant mag- [N the Landau theory, expanded up to t term, the
netocaloric effect is found, which is associated with theseequation of state for the magnetic momémtand magnetic
first-ogd4er transitions of the ferromagnetic moment infield B is given by
RCo,.”" Such first-order phase transitions are observed even _
in 3d transition-metal compounds without rare-earth ele- B=a(T)M+b(T)M>+c(T)M". @
ments. The field-induced transition is so-callgtherant- By the spin fluctuation theory based on the Ginzburg-Landau
electron metamagnetisatEM).>® theory®® the Landau coefficienta(T), b(T), andc(T) in

For itinerant-electron metamagnets, the first-order transigq. (1) are found to be renormalized by spin fluctuations as
tion of magnetization may take place Bt. Above T, the
metamagnetic transitiofMT) occurs from the paramagnetic
state to the ferromagnetic one under magnetic fitldEhese
characteristic magnetic properties are actually observed in

5 35
a(T)=ao+ 3 bogT(T)2+3Co§T(T)4,

Co(S,Se), Lu(Co,Al),, Lu(Co,Ga), and others, which are 14

well explained by the theory of IEKtY In the theory, the b(T)=bo+ gcoéT(T)Z,

effect of spin fluctuations is taken into account based on the

phenomenological Ginzburg-Landau theory. The magnetic o(T)=cy, @)

behavior of these itinerant-electron metamagnets is similar to
those of MnF€P,A9 (Ref. 10 and La(Fe,Si; (Ref. 11, where £1(T)? is the mean-square amplitude tbiermal spin
which are promising materials for a magnetic refrigerator. fluctuations, which is known to increase with increasings

In this paper, the isothermal magnetic entropy change foff? at low T. This is derived by the fluctuation-dissipation
these compounds is discussed, based on the theory of IENheorem with dynamical spin susceptibilify’* The coeffi-
In Sec. Il, the magnetic equation of state is given, by takingcientsay, by, andcg in Eq. (2) are those renormalized by the
into account the effect of spin fluctuations. In Sec. Ill, tem-zero-pointspin fluctuations* where the magnetic field de-
perature and magnetic field dependences of magnetizatiggendences of spin fluctuations are neglected.
are calculated numerically. The isothermal magnetic entropy The MT takes place when the following conditions are
change is obtained in Sec. IV. In Sec. V, estimations of thesatisfied®
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a(T)>0, b(T)<0, c(T)>0,

3/16<a(T)c(T)/b(T)2<9/20. (3

The critical value for the vanishing of the MT is given by
ayCo/b3=9/20, where the critical field, is given by

4 3
BO:§|bO|MO' (4)

Here,My in Eq. (4) is the magnetic moment &, given by

M0= \/3|b0|/1m0. (5)

Equations(4) and (5) are those at the quantum-critical end
point of the MT given in Ref. 16.
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FIG. 1. Calculated magnetic phase diagram. In the range of
ayCo/b3<5/28, the second-order transition takes plac& @t At

On the other hand, the susceptibility maximum is givens/pg<ac,/b2<3/16, the first-order transition occurs &. The

by 9a(T)/9&(T)2=0, becausa(T) in Eq. (2) is the inverse

of susceptibility andé+(T)? is a monotonically increasing
function of T. One get3

3 |by

2 _— ¥V
gT(Tmax) 14 CO .
Dividing B andM in Eq. (1) by B, andM, andé(T)? in Eq.
(2) by &1(Tmaw?, respectively, we get

(6)

B= 25T - bW SemMS, (7
—ga()—z() gC() , (7)
where
B=B/By, M=M/My,
T2= £(T) En(Trmad 2= (TI Tina)? (8)
and
- 5_. 5_
a(T)=agCo/b2— ﬁT2+ 2—8T4,
b(T)=1-T2, ¢(T)=1. 9)

Here, we make use of the fact thigt(T)? is proportional to

MT disappears af .

The MT disappears &, (=To/Tmay given by

T2=1-/70/19/aycy/b5—5/28. (12)

T, in Fig. 1 denotes the triple point whelle.=T;=T,,.
Figure 2 denotes the calculatdd(T,B) for aoco/bg

=0.185, where the first-order transition takes placé at

The field-induced MT is seen at the temperature betwigen

andT,. The critical fieldBc (=Bc/By) is estimated numeri-
cally by comparing the free energies in the ferromagnetic
state and the paramagnetic one. On the other hand, the mag-
netization at low fields shows a maximum in itsdepen-

dence afl >T,. Figure 3 denotes th& dependences of the

critical field B¢ of the MT and the fieldB . where the
magnetization reaches a maximum m0/b§=0.185. The

solid circle denotes the critical fiell(T,) at T=T,, where
B coincides withB,,.. The value ofB increases with
increasingT at low T. However, it reaches a maximum and,
then decreases with increasifigup to T.

In Fig. 4, theT dependences dVl for agc,/b3=0.185 at

T2. It should be noted here that the scaled Landau coeffig=0.008, 0.010, and 0.012 are shown by curidgs(2), and

cients a(T), b(T), and c(T) are given byaycy/bj and
TIT max ONly.

Ill. TEMPERATURE AND FIELD DEPENDENCES
OF MAGNETIZATION

Figure 1 denotes the magnetic phase diagram calculated

by Eq. (7) for a;>0, by<0, andcy>0.% For aycy/b3
<5/28, the second-order transition takes place Tat
(=Tc/Tha given by

T2=1+27/5\/5/28—aqcy/bj. (10

For 5/28<a0c0/b(2)<3/16, on the other hand, the first-order
transition takes place at, (=T,/Ta) given by

T2=1-4\7agc,/b2—5/28.

(11)

(3), respectively. Two first-order transitions can be seen in

curve(2) atB=0.010, which is larger thaB¢(T,) shown in
Fig. 3. The transition at the higher temperature denotes reen-

FIG. 2. Calculated result d¥l(T,B) for agco/bZ=0.185.
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FIG. 3. Calculated
agCo/b2=0.185.

results for

of Bc

and B

trant ferromagnetism. This is different from thermal ferro-
magnetism discussed in Ref. 17, where the ferromagnetic

moment appears at finife without magnetic fields. Moriya
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FIG. 5. Magnetic entropy changeAS,(T,B) calculated from
M (T,B) shown in Fig. 2 forasc,/b3=0.185.

AS(T,B)= fédﬁ’(&M/aT)g/ , (14)
0

where

pointed out that the negative mode-mode couplings among
the spin fluctuations do not lead to suclT@nduced ferro-
magnetism. However, th&-induced ferromagnetism may gnd
occur at a certain range of the magnetic field for 5/28

<ayCo/b3<3/16. On the other handl} atB=0.008, which So=BoMo/Tmax- (16)
is smaller thach(To) shown in Fig. 3, shows only a maxi- Here, By, Mg, andT . are given by Eqs), (5), and(6),

AS,(T,B)=AS,(B,T)/S (15)

mum abovel,, as shown by curvél) in Fig. 4. The value of
M aboveT, increases with decreasifigand, then the reen-
trant ferromagnetic moment appearsigtsuddenly.

IV. MAGNETIC ENTROPY CHANGE

The isothermal magnetic entropy changeS,(T,B)
[=S(T,B)—S,(T,0)] between the magnetic field3 and

respectively.
Figure 5 denotes the magnetic entropy change calculated

from M(T,B) for agce/b3=0.185 shown in Fig. 2. Negative
and large entropy changes are obtained along the critical

field EC, while positive and small changes are obtained in a
narrow region where qM/4T)g is positive nearT=1. In
Fig. 6, magnetic entropy changesAS,, at B=0.3x 1072,
0.6x10 3, 0.9x10 3, and 1.4 10 2 are shown by curves

B=0 is given by the following expression associated W|th(1) (4), respectively.

the Maxwell relation:
B
ASm(T,B)zf dB'(oM/dT)g, (13
0

which is rewritten in terms oM, B, andT by

1.3 \
I o RN
1o} -
< 3
0.55
0 05 1.0

T

FIG. 4. Calculated results dfl. Curves(1), (2), and (3) are

In Fig. 7, magnetic entropy changesAS,, at B=0.1
X 102 for ayCqy/b3=0.178—0.187 are shown by curv@ds—
(10), respectively. It is seen that AS,, becomes maximum
aroundT=0.5. This is because the magnetic entropy change
depends not only on the magnetization jum@at but also
on theT dependence 0B, associated with the Clausius-
Clapeyron relation. AT=T4(B), one gets

0.06r
C))
0.04 D )
wF
G 0.02¢ 3)

-0.02 .
0 0.5 1.0

T

FIG. 6. Magnetic entropy changesAS,,. Curves(1), (2), (3),

those calculated aB=0.008, 0.010, and 0.012, respectively, for and (4) are those calculated @=0.3x10"2, 0.6x10 2, 0.9

a()CO/b%: 0.185.

X 1072, and 1. 10 ?, respectively, formyc,/b3=0.185.
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FIG. 7. Magnetic entropy changesAS,, at low field, B=0.1
X 107 2. Curves(1)—(10) are those foaocolb?): 0.178-0.187 at an
interval of 0.01.

(aM) B
T B——|AM|5(T—T1(B))

) 8(B—Bc(T)), 17

|AM|
__<|5T1/&B|

whereAM is the magnetization jump &t.; then we get

AS,=—|AM|/|dT,/3B|. (19
This is just the Clausius-Clapeyron relation.
Equation(18) is rewritten by
AS, = (aﬁc |AM| (19)
" JT ’

whereAM=AM/M,. Here, @B./dT) is positive wherB¢
is small. Figure 8 denotes the critical fielg calculated for
a,Co/b3=0.180—0.189. The value @B./JT becomes zero
at both ends of the Curie temperaturés=0 (aocolbé
=3/16) andT,;=1 (ayCo/b5=5/28). In Fig. 9, the calcu-
lated results off ;, |[AM|, dBc/dT, and —AS,, are shown
as a function ofaoco/bg. As the value ofT; is given as a
function of aqc,/b3, then,|AM|, dB./dT, and —AS,, are
obtained as a function of;, which are shown in Fig. 10.

0.02r

0.01F

(3)
@

g
0 0.4 0.8

T

FIG. 8. Critical fieldsB.. as a function off . Curves(1)—(10) are
those foragc,/b3=0.180—0.189 at an interval of 0.01.
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FIG. 9. Calculated values Gf;, |[AM|, dB./dT, and—AS,, as
a function ofagco /b

The maximum value of the reduced entropy chanrgeS,, is

estimated to be 0.0533 a~0.5. The scaling facto8, is
an important quantity for the estimation of the entropy
change.

V. ESTIMATION OF S,

The pyrite compounds Co(S,Sg), (0<x<0.1) show
the first-order transition at the Curie temperatlire Above
T, they show the metamagnetic transittdnCubic Laves
phase compounds Lu(€oAl,), around x~0.095 and
Lu(Co,_,Ga,), aroundx~0.1 also show the first-order tran-
sition at T;.2*?% For these compounds the Landau coeffi-
cientsay, by, andcy are estimated from the observed mag-
netization curves at low temperature. Then, the magnetic
momentM  and the critical fieldB, at the critical end point
of the MT can be obtained by Eq&l) and(5). The observed
value of T, for Co(S,Se) is 80 K, while we have no
observed data off,,, for Lu(Co,Al), and Lu(Co,G&).
Then, we takeT . for these Lu compounds as the observed
values ofT, at the triple point, a3 2= Tt-

The scaling factor§, estimated from Eq(16) are shown
in Table I, together with the values ™M, By, andT . It
is noted that the value d¥, for Co(S,Se) is large and the
maximum value of—AS,, becomes 11 J/kg K, which is al-

0.06 - ' ' ' ’
=@,
.0"‘- ..‘u
-AS, e,
0.04} -~ ) I?
, OO
- S0 -
e " = N R
P 0.
S0 A Tfn @
ool g —— "oy {1
’_N ) g
“ dB¢/dT 2
‘:’ N \ 1 L .%':.O
0 0.2 0.4 0.6 0.8 1.0
T

FIG. 10. Calculated values pAM|, dB./dT, and—AS,, as a

function of T,.
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TABLE I. Values of S, Mo, andB, estimated from the ob- served to be about 30 JkgK atAB=5T for
served data for Co(S,SejRef. 18, Lu(Co,AI)z_ and Lu(Co,Ga) La(FQJ.QSiO.l)13-11 Then, we find thaB,=560 J/kg K. From
(Ref. 19, MnFe(P.A9 (Ref. 10, and La(Fe Si; (Ref. 1. The  he gpserved value alBe/dT (~0.25 T/K) for this com-
values ofSy, My, By, andT ., for Co(S,Se) do not depend on the pound, we obtain thaly=1.1 ug/Fe andBy=6.6T . T.
Se concentration. ' 0 B 0 - max

We have no observed data ©f,,,, but the maximum of the
entropy change is expectedTat/ T, 0.5. The value off;
for La(Fe) ¢Sio1)13 is about 200 K&* Then, we obtairT
~400 K and By~2.6x10° T. The values ofS, per 3

S0 MO BO Tmax
(J/kgK)  (up/3d atom  (T) (K)

Co(S,Se) 210 0.51 750 80 transition-metal atom for Co(S,Sg) MnFegP,A9, and
Lu(Cagy Alg 1)» 50 0.6 95 40 La(Fe,Si)5 are almost same order of magnitude with each
Lu(Coy Gy 1) 45 0.6 88 40 other.

MnFe(P,A9 610 1.7 3700 700

La(Fe,Si); 560 1.1 2600 400 VI. UNIAXIAL ANISOTROPIC SYSTEM

Metamagnetic behavior discussed in the previous sections

most the same as that of Gd mekalhen, this compound S observed even in thefSintermetallic compound UCoAI
system is found to be one of promising materials for theWith the hexagonal ZrNiAl-type structure. The ground state
magnetic refrigeration in the temperature range befgyy, ~ Of this compound is paramagnetic. The magnetic susceptibil-
(=80 K). The value off ,,does not depend so much on the ity exhibits a broad maximum in its temperature dependence.
concentrationx of Se in Co($_,Se),. Then, from thex [N @ magnetic field of about 0.6 T applied along thaxis,
dependence of AS,, andT;, the curve of—AS,, shown in  this compound shows the MT to the ferromagnetic state with
El . 25
Fig. 7 is expected for €x=<0.1. On the other hand, the @ U magnetic moment of 0u& .

estimated values o8, for Lu(Co,Al), and Lu(Co,Ga) are On the other hand, the ferromagnetic ground state can be
found to be very small, ' ' achieved in UCoAI by 2% doping of the Co sublattice by Fe.

Teguset al™° have observed a giant magnetocaloric effectMushnikov et al?® have found that the reentrant metamag-

for MnFePR,_,As, (0.25<x<0.65). This compound shows a netism of the UCoAI type is observed under the pressure

large magnetization jump at the Curie temperafliyeof the ~aPove 0.4 GPa. In the narrow pressure range 0R5
first-order transitio?” The field-induced metamagnetic tran- <0-33 GPa, the compound shows a first-order transition at

sition is also observed abovi. It has been found that the the Curie temperaturg;. The magnetic moment in these U
observed value- AS,, for MnFeP,_,As, decreases with in- compounds _show§ a very strong umaxal anlsotropy. The_n,
creasingx, although the magnetization jump Bt increases. the theory given in the previous sections for the isotropic
This is probably because the temperature dependence of tf¥Stem cannot be used. However, this theory has been ex-
critical field B of the MT becomes small asincreases. The t€nded to the case of a uniaxial metamagnetic system in Ref.
maximum entropy change is observed to be about 33 J/kg |_g7, where only the longitudinal spin fluctuations are taken

: to account.
at AB=5 T for MnFeR, gsASy 25.*° Comparing the calcu- M : .
lated maximum value of- AS,, with this observed one, we C(_ll_r)w iE\hlt?] ecgzi’atﬁgi gf gg?é)csriﬁ;:gﬁ;% b(T), and
get Sy,=620 J/kg K. From the observed value dB./dT

(~0.2 T/K) for this compound, we obtain thtdy=1.7ug a(T)=ay+ 3bé&,(T)2+ 15c0&,(T)?,

per 3d atom andBy=5.3T,.x T- We have no observed data

of Thax but the maximum of the entropy change is expected b(T)=bg+10ce&,(T)?,

at T;~0.5. The observed value &, for MnFeR) gzASg 35

is about 350 K. Then, we obtaif .~ 700 K and B, c(T)=co, (20
~3.7x10° T.

where £,(T)? is the mean-square amplitude of longitudinal
magnetization density. Scalifg andB by those at the criti-
cal end point of the MT given by Eg$4) and(5), one gets

dhe same equation of state fBrandM as Eq.(7), where

Recently, Fujitaet al* have found a strong magnetoca-

loric effect for La(FgSi;_y)13 (0.86<x=<0.90). This com-
pound system also shows a first-order transitioh,atAbove
T,, the MT takes place under the magnetic field. Then, th
concentration dependence 6fAS,, shown in Fig. 7 is ex- _ 3. 3.
pected to be observed. Fujiea al!! have actually observed a(T)=agCq/b3— ET2+ %T"'. (22)
that the maximum value of AS,,, increases with increasing

x at 0.86<x=0.90 for La(FgSi;_,).3. Similar results have The expressions di(T) andc(T) are the same as those in
also been observed in La(Fe,Gp)Siig (Ref. 22 and  Eq. (9). The susceptibility maximum temperatufig,sy is

LaFe ¢Sy 4Cx (Ref. 23. given by
For La(FgSi;_,)13, the critical concentration between
the first-order and second-order transitions at the Curie tem- ) |bo
perature is about 0.88. Then, their observed results of & Trmax) ~10c,” (22)

—AS,, are similar to our calculated one shown in Fig. 7 at_
0.5<T/Tha<1.0. The maximum entropy change is ob- T in Eqg.(21) is the scaled temperature By,,y.
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' ' ' ' netism. The effect of spin fluctuations was taken into account
g N 5 on the phenomenological Ginzburg-Landau theory. The mag-
02r _ | el @ -ASm 12 netic equation of state for the magnetic field and magnetiza-
[A# . o tion can be scaled by these critical values at the end point of
fpeeees E.‘ """" oo 8___5"'0\'!\ the MT and the temperaturg,,,,. The scaled equation in-
o8 cludes only one parametapc,/b3.
0.1+ 4{ 11 It has been shown by numerical calculations that
e . - . i
DD temperature-induced ferromagnetism may appear under a fi-
dBc/dT Q nite magnetic field, after the first-order ferromagnetic transi-
i 2. tion of the magnetization takes placeTat This is just re-
P - . - . i entrant ferromagnetism, which is expected for itinerant-
0 0.2 0.4 0.6 0.8 1.0

- electron metamagnets under strong magnetic fields.

I It has been also shown that the isothermal magnetic en-
tropy change depends not only on the magnetization jump at
T,, but also on the temperature derivativeBy of the MT.

The magnetic entropy changeAS,, at low fields has been

found to become maximum when the Curie temperaiure

of the first-order transition is about half of the temperature

T'(z:= 1+ 20733720~ aocolbg. 23) Tmax- It sho~uld be noted here that poth of the sSaIed entropy
change—AS,, and the scaled Curie temperature of the

On the other hand, the first-order transition takes place at thfirst-order transition are given only by a characteristic quan-

Curie temperaturd ; given by tity aoCo/bZ. Therefore,— AS,, is given as a function of ;,
which makes it possible to compare our calculated results
with the observed concentration dependence-afS,,. Our

result of—A'S,, as a function off; is a universal one, being
independent of materials for itinerant-electron metamagnets.
The maximum of the isothermal magnetic entropy
changes in Co(S.,Sg), (0=x=<0.1) is rather smaller than
The expressions Of ¢, T, andT, are different from those that in MnFeR_,As, (0.25<x<0.65) (Ref. 10 and
Egs.(10)—(12) for the isotropic case. However, the magnetic La(FgSi; )13 (0.88<x=<0.90) (Ref. 1)) but almost the
phase diagrams for anisotropic and isotropic cases are similaame as that for Gd metakven though the Curie tempera-
to each othef® ture is very low. Therefore, the pyrite compound Co(S;Se)

In Fig. 11 the calculated results forAS,,, [AM|, and IS considered to be a promising material for the magnetic

dB./dT are shown as a function @f,. Comparing with Fig. refrigeration in the temperature range below 80 K. o
A for th iaxial ani ) is ab . We have also estimated the entropy change of a uniaxial
10, = ASy, for the uniaxial anisotropic case is about 5 imes ;g qronic system of (Co,F8AIl in Sec. VI. However, the

as Iarg~e as that for thf isotropic case. This comes from th@ntropy change of this compound has been found to be very

strongT dependence d3¢, as shown in Fig. 11. However, it small, as well as other itinerant-electron metamagnets

does not mean th&¢ itself depends strongly ofi. As seen | y(Co,Al), and Lu(Co,Ga). In this way, some itinerant-

in Eqgs. (6) and (22), the scaling factofT ., in T for the  electron metamagnets were found to show no giant magne-

anisotropic case is much lower than that for the isotropidocaloric effect, although the first-order transition is observed

case with the same value af)co/bg. In fact, the observed atT;.

value of B¢/dT for UCq, of & oAl is 0.035 T/K under a The temperature dependenceBf of the MT plays an

pressure 0.3 GPZ,which is one order of magnitude smaller important role in the isothermal magnetic entropy change for

than that for Co(S,Se) La(Fe,Si);, and MnF&P,AS). itinerant-electron metamagnets. This is also derived from the
The values ofB, and M, in Egs. (4 and (5) for following consideration. In the limiting case afCq /b3

UCoy gy 0/Al under 0.3 GPa, where the first-order transi- =3/16(i.e., T;=0), the critical fieldB¢ of the MT is for the

tion atT, takes place, are obtained from the estimated valuetsotropic case is given By

of by andcy in Ref. 26 as 0.2 per U atom and 1.3 T,

respectively. The observed valuef . is 13 K. From these

values, we getS;=0.3 J/kgK. The maximum value of

—AS,, (=—AS,S) is then found to be very small,
0.07 J/kg K.

FIG. 11. Calculated values ¢AM|, dBc/dT, and —AS,, for
U(Co,F8Al, as a function ofT;.

The second-order transition takes placd atgiven by

T2=1-/80/3\agcy/b3—3/20. (24)

The MT disappears &k, given by

T2=1—/10/3\agcy/b5— 3/20. (25

Bc=3c M En(T)2— (T2 (26)
18 oviilsT TV ’

whereM; (= 3|by|/4cy) is the magnetization jump at;.
That is, B is proportional toT — T, just aboveT,, as&(T)?

In this paper, the isothermal entropy change has been diss to T2. Equation(26) is rewritten in terms oBg, M,, and
cussed, based on the theory of itinerant-electron metamag-,ax given in Eqs.(4)—(6) as

VII. CONCLUSION AND DISCUSSION

184417-6
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5 o~
Be=gV5/2T1(T=T1)|bo| M3, 27

at low T,. The values oM for Co compounds Co(S,Sg)
Lu(Co,Al),, and Lu(Co,Ga) have the same order of mag-

PHYSICAL REVIEW B 68, 184417 (2003

band structure. It should be noted here that a large and nega-
tive value ofb, is obtained when the Fermi level lies near a
minimum of density of states with closely neighboring sharp
peaks.

Recent renormalization group theofi€ show that

nitude with each other, as shown in Table I. On the othesome corrections to the elementary treatments on the

hand, the value ofby| estimated from the observed magne-

tization curve for Co(S,Se)at low temperatur® is very
large, 7.2X10° [T/(ug/f.u.)®], comparing with the esti-
mated values of|by|, 65 and 69[T/(ug/f.u.)®], for
Lu(Co,Al), and Lu(Co,Ga).**?%In fact, the observed value
of dBc/dT for Co(Sy.oS&1), is 0.15 T/K!8 which is almost
the same as the observed value 0.2 T/K for MnjzgRsg 35
(Ref. 10 and 0.25 T/K for La(FggSiy.1) 13 (Ref. 11).

Ginzburg-Landau theory are sometimes significant. For in-
stance, an unexpected temperature variation of the resistivity
is obtained on the border of different sort of first-order
transitions2>3° Moreover, large-amplitude spin fluctuations
on the border of the first-order transition may radically
change the results for some properties. Nevertheless, the
progress of the study in magnetic refrigeration could be ac-
celerated with the help of practical theoretical guidelines

It has been also shown in Sec. IV that the magnetic engiven in this paper.

tropy change— AS,, becomes large whef, is large. The
value ofS; is proportional taB, and then tdbg| as given by
Eq. (4). In this way,by is found to be very important quantity
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