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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 temperatureTC , 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 whenTC is about half of the temperatureTmax where the susceptibility reaches a maximum. The
isothermal magnetic entropy changes for 3d compounds Co(S,Se)2 , Lu(Co,Al)2, and Lu(Co,Ga)2 and also for
itinerant 5f compound U~Co,Fe!Al are estimated and compared with those observed for MnFe~P,As! and
La(Fe,Si)13. It has been found generally that the giant magnetocaloric effect in itinerant-electron metamagnets
is expected when the coefficientb0 of M4 in the Landau energy expansion with respect to the magnetization
M is negative and large.
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I. INTRODUCTION

Some intermetallic compounds, which exhibit eith
temperature- or field-induced first-order magnetic phase t
sitions, have recently attracted much attention not only
the fundamental magnetism but also for the application
materials science. This is because they are promising m
rials for magnetic refrigeration.1,2 For the rare-earth com
poundsRCo2, whereR5Dy, Ho, and Er, a first-order tran
sition takes place at the Curie temperatureTC. AboveTC, a
field-induced metamagnetic transition occurs. A giant m
netocaloric effect is found, which is associated with the
first-order transitions of the ferromagnetic moment
RCo2.3,4 Such first-order phase transitions are observed e
in 3d transition-metal compounds without rare-earth e
ments. The field-induced transition is so-calleditinerant-
electron metamagnetism~IEM!.5,6

For itinerant-electron metamagnets, the first-order tra
tion of magnetization may take place atTC. AboveTC, the
metamagnetic transition~MT! occurs from the paramagnet
state to the ferromagnetic one under magnetic fields.6,7 These
characteristic magnetic properties are actually observe
Co(S,Se)2 , Lu(Co,Al)2 , Lu(Co,Ga)2, and others, which are
well explained by the theory of IEM.8,9 In the theory, the
effect of spin fluctuations is taken into account based on
phenomenological Ginzburg-Landau theory. The magn
behavior of these itinerant-electron metamagnets is simila
those of MnFe~P,As! ~Ref. 10! and La(Fe,Si)13 ~Ref. 11!,
which are promising materials for a magnetic refrigerator

In this paper, the isothermal magnetic entropy change
these compounds is discussed, based on the theory of
In Sec. II, the magnetic equation of state is given, by tak
into account the effect of spin fluctuations. In Sec. III, te
perature and magnetic field dependences of magnetiza
are calculated numerically. The isothermal magnetic entr
change is obtained in Sec. IV. In Sec. V, estimations of
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entropy change for Co(S,Se)2 , Lu(Co,Al)2, and
Lu(Co,Ga)2 are performed and the possibilities of the ma
rial of a magnetic refrigerator are discussed. In Sec. VI,
present theory is extended to the case of uniaxial itinera
electron metamagnets and the entropy change of U~Co,Fe!Al
is estimated. A conclusion and discussion are given in S
VII.

II. EQUATION OF STATE

In the Landau theory, expanded up to theM6 term, the
equation of state for the magnetic momentM and magnetic
field B is given by

B5a~T!M1b~T!M31c~T!M5. ~1!

By the spin fluctuation theory based on the Ginzburg-Land
theory,8,9 the Landau coefficientsa(T), b(T), and c(T) in
Eq. ~1! are found to be renormalized by spin fluctuations

a~T!5a01
5

3
b0jT~T!21

35

9
c0jT~T!4,

b~T!5b01
14

3
c0jT~T!2,

c~T!5c0 , ~2!

wherejT(T)2 is the mean-square amplitude ofthermalspin
fluctuations, which is known to increase with increasingT as
T2 at low T. This is derived by the fluctuation-dissipatio
theorem with dynamical spin susceptibility.12,13 The coeffi-
cientsa0 , b0, andc0 in Eq. ~2! are those renormalized by th
zero-pointspin fluctuations,14 where the magnetic field de
pendences of spin fluctuations are neglected.

The MT takes place when the following conditions a
satisfied:15
©2003 The American Physical Society17-1
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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 b
a0c0 /b0

259/20, where the critical fieldB0 is given by

B05
4

5
ub0uM0

3 . ~4!

Here,M0 in Eq. ~4! is the magnetic moment atB0, given by

M05A3ub0u/10c0. ~5!

Equations~4! and ~5! are those at the quantum-critical en
point of the MT given in Ref. 16.

On the other hand, the susceptibility maximum is giv
by ]a(T)/]j(T)250, becausea(T) in Eq. ~2! is the inverse
of susceptibility andjT(T)2 is a monotonically increasing
function of T. One gets9

jT~Tmax!
25

3

14

ub0u
c0

. ~6!

Dividing B andM in Eq. ~1! by B0 andM0 andjT(T)2 in Eq.
~2! by jT(Tmax)

2, respectively, we get

B̃5
25

6
ã~T!M̃2

5

4
b̃~T!M̃31

3

8
c̃~T!M̃5, ~7!

where

B̃5B/B0 , M̃5M /M0 ,

T̃25jT~T!2/jT~Tmax!
25~T/Tmax!

2 ~8!

and

ã~T!5a0c0 /b0
22

5

14
T̃21

5

28
T̃4,

b̃~T!512T̃2, c̃~T!51. ~9!

Here, we make use of the fact thatjT(T)2 is proportional to
T2. It should be noted here that the scaled Landau coe
cients ã(T), b̃(T), and c̃(T) are given bya0c0 /b0

2 and
T/Tmax only.

III. TEMPERATURE AND FIELD DEPENDENCES
OF MAGNETIZATION

Figure 1 denotes the magnetic phase diagram calcul
by Eq. ~7! for a0.0, b0,0, and c0.0.6 For a0c0 /b0

2

,5/28, the second-order transition takes place atT̃C
(5TC/Tmax) given by

T̃C
25112A7/5A5/282a0c0 /b0

2. ~10!

For 5/28,a0c0 /b0
2,3/16, on the other hand, the first-ord

transition takes place atT̃1 (5T1 /Tmax) given by

T̃1
25124A7Aa0c0 /b0

225/28. ~11!
18441
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The MT disappears atT̃0 (5T0 /Tmax) given by

T̃0
2512A70/19Aa0c0 /b0

225/28. ~12!

T̃t in Fig. 1 denotes the triple point whereT̃C5T̃15T̃0.
Figure 2 denotes the calculatedM̃ (T,B) for a0c0 /b0

2

50.185, where the first-order transition takes place atT̃1.
The field-induced MT is seen at the temperature betweenT̃1

andT̃0. The critical fieldB̃C (5BC/B0) is estimated numeri-
cally by comparing the free energies in the ferromagne
state and the paramagnetic one. On the other hand, the
netization at low fields shows a maximum in itsT depen-
dence atT̃.T̃0. Figure 3 denotes theT dependences of the
critical field B̃C of the MT and the fieldB̃max where the
magnetization reaches a maximum fora0c0 /b0

250.185. The

solid circle denotes the critical fieldB̃C(T0) at T5T0, where
B̃C coincides withB̃max. The value ofB̃C increases with
increasingT̃ at low T̃. However, it reaches a maximum an
then decreases with increasingT̃ up to T̃0.

In Fig. 4, theT dependences ofM̃ for a0c0 /b0
250.185 at

B̃50.008, 0.010, and 0.012 are shown by curves~1!, ~2!, and
~3!, respectively. Two first-order transitions can be seen
curve~2! at B̃50.010, which is larger thanB̃C(T0) shown in
Fig. 3. The transition at the higher temperature denotes re

FIG. 1. Calculated magnetic phase diagram. In the range

a0c0 /b0
2,5/28, the second-order transition takes place atT̃C . At

5/28,a0c0 /b0
2,3/16, the first-order transition occurs atT̃1. The

MT disappears atT̃0.

FIG. 2. Calculated result ofM̃ (T,B) for a0c0 /b0
250.185.
7-2
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trant ferromagnetism. This is different from thermal ferr
magnetism discussed in Ref. 17, where the ferromagn
moment appears at finiteT without magnetic fields. Moriya8

pointed out that the negative mode-mode couplings am
the spin fluctuations do not lead to such aT-induced ferro-
magnetism. However, theT-induced ferromagnetism ma
occur at a certain range of the magnetic field for 5/
,a0c0 /b0

2,3/16. On the other hand,M̃ at B̃50.008, which

is smaller thanB̃C(T0) shown in Fig. 3, shows only a max
mum aboveT̃0, as shown by curve~1! in Fig. 4. The value of
M̃ aboveT̃0 increases with decreasingT̃ and, then the reen
trant ferromagnetic moment appears atT̃0 suddenly.

IV. MAGNETIC ENTROPY CHANGE

The isothermal magnetic entropy changeDSm(T,B)
@5Sm(T,B)2Sm(T,0)# between the magnetic fieldsB and
B50 is given by the following expression associated w
the Maxwell relation:

DSm~T,B!5E
0

B

dB8~]M /]T!B8 , ~13!

which is rewritten in terms ofM̃ , B̃, andT̃ by

FIG. 3. Calculated results of B̃C and B̃max for
a0c0 /b0

250.185.

FIG. 4. Calculated results ofM̃ . Curves~1!, ~2!, and ~3! are

those calculated atB̃50.008, 0.010, and 0.012, respectively, f
a0c0 /b0

250.185.
18441
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DS̃m~T,B!5E
0

B̃
dB̃8~]M̃ /]T̃!B̃8 , ~14!

where

DS̃m~T,B!5DSm~B,T!/S0 ~15!

and

S05B0M0 /Tmax. ~16!

Here,B0 , M0, andTmax are given by Eqs.~4!, ~5!, and~6!,
respectively.

Figure 5 denotes the magnetic entropy change calcul
from M̃ (T,B) for a0c0 /b0

250.185 shown in Fig. 2. Negative
and large entropy changes are obtained along the cri
field B̃C, while positive and small changes are obtained i
narrow region where (]M̃ /]T̃) B̃ is positive nearT̃51. In
Fig. 6, magnetic entropy changes2DS̃m at B̃50.331022,
0.631023, 0.931023, and 1.231023 are shown by curves
~1!–~4!, respectively.

In Fig. 7, magnetic entropy changes2DS̃m at B̃50.1
31022 for a0c0 /b0

250.178–0.187 are shown by curves~1!–

~10!, respectively. It is seen that2DS̃m becomes maximum
aroundT̃50.5. This is because the magnetic entropy cha
depends not only on the magnetization jump atTC, but also
on theT dependence ofBC, associated with the Clausius
Clapeyron relation. AtT5T1(B), one gets

FIG. 5. Magnetic entropy change2DS̃m(T,B) calculated from

M̃ (T,B) shown in Fig. 2 fora0c0 /b0
250.185.

FIG. 6. Magnetic entropy changes2DS̃m . Curves~1!, ~2!, ~3!,

and ~4! are those calculated atB̃50.331022, 0.631022, 0.9
31022, and 1.231022, respectively, fora0c0 /b0

250.185.
7-3
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S ]M

]T D
B

52uDM ud„T2T1~B!…

52S uDM u
u]T1 /]Bu D d„B2BC~T!…, ~17!

whereDM is the magnetization jump atTC; then we get

DSm52uDM u/u]T1 /]Bu. ~18!

This is just the Clausius-Clapeyron relation.
Equation~18! is rewritten by

DS̃m52S ]B̃C

]T̃
D uDM̃ u, ~19!

whereDM̃5DM /M0. Here, (]B̃C/]T̃) is positive whenB̃C

is small. Figure 8 denotes the critical fieldB̃C calculated for
a0c0 /b0

250.180–0.189. The value of]B̃C/]T̃ becomes zero

at both ends of the Curie temperaturesT̃150 (a0c0 /b0
2

53/16) andT̃151 (a0c0 /b0
255/28). In Fig. 9, the calcu-

lated results ofT̃1 , uDM̃ u, dB̃C/dT̃, and2DS̃m are shown
as a function ofa0c0 /b0

2. As the value ofT̃1 is given as a

function of a0c0 /b0
2, then, uDM̃ u, dB̃c /dT̃, and2DS̃m are

obtained as a function ofT1, which are shown in Fig. 10

FIG. 7. Magnetic entropy changes2DS̃m at low field, B̃50.1
31022. Curves~1!–~10! are those fora0c0 /b0

250.178–0.187 at an
interval of 0.01.

FIG. 8. Critical fieldsB̃C as a function ofT̃. Curves~1!–~10! are
those fora0c0 /b0

250.180–0.189 at an interval of 0.01.
18441
The maximum value of the reduced entropy change2DS̃m is
estimated to be 0.0533 atT̃1;0.5. The scaling factorS0 is
an important quantity for the estimation of the entro
change.

V. ESTIMATION OF S0

The pyrite compounds Co(S12xSex)2 (0,x,0.1) show
the first-order transition at the Curie temperatureT1. Above
T1 they show the metamagnetic transition.18 Cubic Laves
phase compounds Lu(Co12xAl x)2 around x;0.095 and
Lu(Co12xGax)2 aroundx;0.1 also show the first-order tran
sition at T1.19,20 For these compounds the Landau coe
cientsa0 , b0, andc0 are estimated from the observed ma
netization curves at low temperature. Then, the magn
momentM0 and the critical fieldB0 at the critical end point
of the MT can be obtained by Eqs.~4! and~5!. The observed
value of Tmax for Co(S,Se)2 is 80 K, while we have no
observed data ofTmax for Lu(Co,Al)2 and Lu(Co,Ga)2.
Then, we takeTmax for these Lu compounds as the observ
values ofTt at the triple point, asTmax5Tt .

The scaling factorsS0 estimated from Eq.~16! are shown
in Table I, together with the values ofM0 , B0, andTmax. It
is noted that the value ofS0 for Co(S,Se)2 is large and the
maximum value of2DSm becomes 11 J/kg K, which is al

FIG. 9. Calculated values ofT̃1 , uDM̃ u, dB̃C /dT̃, and2DS̃m as
a function ofa0c0 /b0

2.

FIG. 10. Calculated values ofuDM̃ u, dB̃C /dT̃, and2DS̃m as a

function of T̃1.
7-4
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most the same as that of Gd metal.1 Then, this compound
system is found to be one of promising materials for
magnetic refrigeration in the temperature range belowTmax
(580 K). The value ofTmax does not depend so much on th
concentrationx of Se in Co(S12xSex)2. Then, from thex
dependence of2DSm andT1, the curve of2DSm shown in
Fig. 7 is expected for 0<x<0.1. On the other hand, th
estimated values ofS0 for Lu(Co,Al)2 and Lu(Co,Ga)2 are
found to be very small.

Teguset al.10 have observed a giant magnetocaloric eff
for MnFeP12xAsx (0.25<x<0.65). This compound shows
large magnetization jump at the Curie temperatureT1 of the
first-order transition.21 The field-induced metamagnetic tra
sition is also observed aboveT1. It has been found that th
observed value2DSm for MnFeP12xAsx decreases with in-
creasingx, although the magnetization jump atT1 increases.
This is probably because the temperature dependence o
critical field BC of the MT becomes small asx increases. The
maximum entropy change is observed to be about 33 J/k
at DB55 T for MnFeP0.65As0.35.10 Comparing the calcu-
lated maximum value of2DS̃m with this observed one, we
get S05620 J/kg K. From the observed value ofdBC/dT
(;0.2 T/K) for this compound, we obtain thatM051.7mB
per 3d atom andB055.3Tmax T. We have no observed dat
of Tmax but the maximum of the entropy change is expec
at T̃1;0.5. The observed value ofT1 for MnFeP0.65As0.35
is about 350 K. Then, we obtainTmax;700 K and B0
;3.73103 T.

Recently, Fujitaet al.11 have found a strong magnetoc
loric effect for La(FexSi12x)13 (0.86<x<0.90). This com-
pound system also shows a first-order transition atT1. Above
T1, the MT takes place under the magnetic field. Then,
concentration dependence of2DS̃m shown in Fig. 7 is ex-
pected to be observed. Fujitaet al.11 have actually observed
that the maximum value of2DSm increases with increasin
x at 0.86<x<0.90 for La(FexSi12x)13. Similar results have
also been observed in La(Fe,Co)11.2Si1.8 ~Ref. 22! and
LaFe11.6Si1.4Cx ~Ref. 23!.

For La(FexSi12x)13, the critical concentration betwee
the first-order and second-order transitions at the Curie t
perature is about 0.86.24 Then, their observed results of
2DSm are similar to our calculated one shown in Fig. 7
0.5,T/Tmax,1.0. The maximum entropy change is o

TABLE I. Values of S0 , M0, and B0 estimated from the ob-
served data for Co(S,Se)2 ~Ref. 18!, Lu(Co,Al)2 and Lu(Co,Ga)2
~Ref. 19!, MnFe~P,As! ~Ref. 10!, and La(Fe,Si)13 ~Ref. 11!. The
values ofS0 , M0 , B0, andTmax for Co(S,Se)2 do not depend on the
Se concentration.

S0 M0 B0 Tmax

~J/kg K! (mB/3d atom! ~T! ~K!

Co(S,Se)2 210 0.51 750 80
Lu(Co0.9Al0.1)2 50 0.6 95 40
Lu(Co0.9Ga0.1)2 45 0.6 88 40
MnFe~P,As! 610 1.7 3700 700
La(Fe,Si)13 560 1.1 2600 400
18441
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served to be about 30 J/kg K atDB55 T for
La(Fe0.9Si0.1)13.11 Then, we find thatS05560 J/kg K. From
the observed value ofdBC/dT (;0.25 T/K) for this com-
pound, we obtain thatM051.1 mB /Fe andB056.6Tmax T.
We have no observed data ofTmax, but the maximum of the
entropy change is expected atT1 /Tmax;0.5. The value ofT1
for La(Fe0.9Si0.1)13 is about 200 K.24 Then, we obtainTmax
;400 K and B0;2.63103 T. The values ofS0 per 3d
transition-metal atom for Co(S,Se)2, MnFe~P,As!, and
La(Fe,Si)13 are almost same order of magnitude with ea
other.

VI. UNIAXIAL ANISOTROPIC SYSTEM

Metamagnetic behavior discussed in the previous sect
is observed even in the 5f intermetallic compound UCoAl
with the hexagonal ZrNiAl-type structure. The ground sta
of this compound is paramagnetic. The magnetic suscept
ity exhibits a broad maximum in its temperature dependen
In a magnetic field of about 0.6 T applied along thec axis,
this compound shows the MT to the ferromagnetic state w
a U magnetic moment of 0.3mB .25

On the other hand, the ferromagnetic ground state can
achieved in UCoAl by 2% doping of the Co sublattice by F
Mushnikov et al.26 have found that the reentrant metama
netism of the UCoAl type is observed under the press
above 0.4 GPa. In the narrow pressure range 0.25<P
<0.33 GPa, the compound shows a first-order transition
the Curie temperatureT1. The magnetic moment in these
compounds shows a very strong uniaxial anisotropy. Th
the theory given in the previous sections for the isotro
system cannot be used. However, this theory has been
tended to the case of a uniaxial metamagnetic system in
27, where only the longitudinal spin fluctuations are tak
into account.

In this case, the Landau coefficientsa(T), b(T), and
c(T) in the equation of state~1! are given by27

a~T!5a013b0jz~T!2115c0jz~T!4,

b~T!5b0110c0jz~T!2,

c~T!5c0 , ~20!

wherejz(T)2 is the mean-square amplitude of longitudin
magnetization density. ScalingM andB by those at the criti-
cal end point of the MT given by Eqs.~4! and ~5!, one gets
the same equation of state forB̃ andM̃ as Eq.~7!, where

ã~T!5a0c0 /b0
22

3

10
T̃21

3

20
T̃4. ~21!

The expressions ofb̃(T) and c̃(T) are the same as those
Eq. ~9!. The susceptibility maximum temperatureTmax is
given by

jz~Tmax!
25

ub0u
10c0

. ~22!

T̃ in Eq. ~21! is the scaled temperature byTmax.
7-5
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The second-order transition takes place atT̃C given by

T̃C
2511A20/3A3/202a0c0 /b0

2. ~23!

On the other hand, the first-order transition takes place at
Curie temperatureT̃1 given by

T̃1
2512A80/3Aa0c0 /b0

223/20. ~24!

The MT disappears atT̃0 given by

T̃0
2512A10/3Aa0c0 /b0

223/20. ~25!

The expressions ofT̃C, T̃1, andT̃0 are different from those
Eqs.~10!–~12! for the isotropic case. However, the magne
phase diagrams for anisotropic and isotropic cases are sim
to each other.26

In Fig. 11 the calculated results for2DS̃m, uDM̃ u, and
dB̃C/dT̃ are shown as a function ofT̃1. Comparing with Fig.
10, 2DS̃m for the uniaxial anisotropic case is about 5 tim
as large as that for the isotropic case. This comes from
strongT̃ dependence ofB̃C, as shown in Fig. 11. However,
does not mean thatBC itself depends strongly onT. As seen
in Eqs. ~6! and ~22!, the scaling factorTmax in T̃ for the
anisotropic case is much lower than that for the isotro
case with the same value ofa0c0 /b0

2. In fact, the observed
value of dBC/dT for UCo0.98Fe0.02Al is 0.035 T/K under a
pressure 0.3 GPa,26 which is one order of magnitude smalle
than that for Co(S,Se)2 , La(Fe,Si)13, and MnFe~P,As!.

The values ofB0 and M0 in Eqs. ~4! and ~5! for
UCo0.98Fe0.02Al under 0.3 GPa, where the first-order tran
tion atT1 takes place, are obtained from the estimated val
of b0 and c0 in Ref. 26 as 0.2mB per U atom and 1.3 T
respectively. The observed value ofTmax is 13 K. From these
values, we getS050.3 J/kg K. The maximum value o
2DSm (52DS̃mS0) is then found to be very small
0.07 J/kg K.

VII. CONCLUSION AND DISCUSSION

In this paper, the isothermal entropy change has been
cussed, based on the theory of itinerant-electron metam

FIG. 11. Calculated values ofuDM̃ u, dB̃C /dT̃, and2DS̃m for

U~Co,Fe!Al, as a function ofT̃1.
18441
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netism. The effect of spin fluctuations was taken into acco
on the phenomenological Ginzburg-Landau theory. The m
netic equation of state for the magnetic field and magnet
tion can be scaled by these critical values at the end poin
the MT and the temperatureTmax. The scaled equation in
cludes only one parametera0c0 /b0

2.
It has been shown by numerical calculations th

temperature-induced ferromagnetism may appear under
nite magnetic field, after the first-order ferromagnetic tran
tion of the magnetization takes place atT1. This is just re-
entrant ferromagnetism, which is expected for itinera
electron metamagnets under strong magnetic fields.

It has been also shown that the isothermal magnetic
tropy change depends not only on the magnetization jum
T1, but also on the temperature derivative ofBC of the MT.
The magnetic entropy change2DS̃m at low fields has been
found to become maximum when the Curie temperatureT1
of the first-order transition is about half of the temperatu
Tmax. It should be noted here that both of the scaled entro
change2DS̃m and the scaled Curie temperatureT̃1 of the
first-order transition are given only by a characteristic qu
tity a0c0 /b0

2. Therefore,2DS̃m is given as a function ofT̃1,
which makes it possible to compare our calculated res
with the observed concentration dependence of2DSm. Our
result of2DS̃m as a function ofT̃1 is a universal one, being
independent of materials for itinerant-electron metamagn

The maximum of the isothermal magnetic entro
changes in Co(S12xSex)2 (0<x<0.1) is rather smaller than
that in MnFeP12xAsx (0.25<x<0.65) ~Ref. 10! and
La(FexSi12x)13 (0.88<x<0.90) ~Ref. 11! but almost the
same as that for Gd metal,1 even though the Curie tempera
ture is very low. Therefore, the pyrite compound Co(S,S2
is considered to be a promising material for the magne
refrigeration in the temperature range below 80 K.

We have also estimated the entropy change of a unia
anisotropic system of U~Co,Fe!Al in Sec. VI. However, the
entropy change of this compound has been found to be v
small, as well as other itinerant-electron metamagn
Lu(Co,Al)2 and Lu(Co,Ga)2. In this way, some itinerant-
electron metamagnets were found to show no giant mag
tocaloric effect, although the first-order transition is observ
at T1.

The temperature dependence ofBC of the MT plays an
important role in the isothermal magnetic entropy change
itinerant-electron metamagnets. This is also derived from
following consideration. In the limiting case ofa0c0 /b0

2

53/16 ~i.e.,T150), the critical fieldBC of the MT is for the
isotropic case is given by6

BC5
1

18
c0M1

3$jT~T!22jT~T1!2%, ~26!

whereM1 (5A3ub0u/4c0) is the magnetization jump atT1.
That is,BC is proportional toT2T1 just aboveT1, asj(T)2

is to T2. Equation~26! is rewritten in terms ofB0 , M0, and
Tmax given in Eqs.~4!–~6! as
7-6
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84
A5/2T̃1~ T̃2T̃1!ub0uM0

3 , ~27!

at low T1. The values ofM0 for Co compounds Co(S,Se)2 ,
Lu(Co,Al)2, and Lu(Co,Ga)2 have the same order of mag
nitude with each other, as shown in Table I. On the ot
hand, the value ofub0u estimated from the observed magn
tization curve for Co(S,Se)2 at low temperature18 is very
large, 7.13103 @T/(mB /f.u.)3#, comparing with the esti-
mated values ofub0u, 65 and 69 @T/(mB /f.u.)3#, for
Lu(Co,Al)2 and Lu(Co,Ga)2.19,20 In fact, the observed value
of dBC/dT for Co(S0.9Se0.1)2 is 0.15 T/K,18 which is almost
the same as the observed value 0.2 T/K for MnFeP0.65As0.35
~Ref. 10! and 0.25 T/K for La(Fe0.9Si0.1)13 ~Ref. 11!.

It has been also shown in Sec. IV that the magnetic
tropy change2DSm becomes large whenS0 is large. The
value ofS0 is proportional toB0 and then toub0u as given by
Eq. ~4!. In this way,b0 is found to be very important quantit
to design giant magnetocaloric materials. It is concluded
the itinerant-electron metamagnets show a giant magnet
loric effect when the value ofb0 is negative and large. Thi
quantity b0 can be estimated fromab initio calculations of
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