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Itinerant-electron metamagnetism and strong pressure dependence of the Curie temperature
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A temperature dependence of the Landau coefficients for an itinerant-electron metamagnet is discussed on
the spin fluctuation model, by taking the magnetovolume effect into account. Both of the first- and second-
order transitions at the Curie temperatureTC are possible to take place for an itinerant-electron ferromagnet
with a negative mode-mode coupling among spin fluctuations. It is shown thatTC depends strongly on the
pressure near the boundary between the first- and second-order transitions. On the other hand, the spontaneous
magnetization atT50 does not depend so much on the pressure. These results are consistent with the observed
results for the pyrite compound CoS2, the Laves phase compound Lu(Co,Al)2 and other ferromagnets which
show a metamagnetic transition in the paramagnetic phase.
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I. INTRODUCTION

Two peculiar phenomena in itinerant-electron metam
netism~IEM!, i.e., a field induced first-order phase transiti
from the paramagnetic to the ferromagnetic state at low t
perature and a maximum in the temperature dependenc
susceptibility at high temperature are the consequence o
special feature of the density of states near the Fermi le
This is well known to be described by the Landau-type
pression for the free energyDE(M ) written as

DE~M !5
1

2
aM21

1

4
bM41

1

6
cM6, ~1.1!

whereM is the magnetic moment. The Landau coefficientsa,
b, andc are conventionally written in terms of the density
states and its derivatives with respect to the energy at
Fermi level. Wohlfarth and Rhodes1 considered the IEM only
up toM4 term in Eq.~1.1!, whereas Shimizu2 addressed it by
including M6 term.

An equation-of-state forM and the magnetic fieldB is
given by

B5aM1bM31cM5. ~1.2!

The Landau coefficientsa, b, and c in Eq. ~1.2! are renor-
malized at finite temperatureT by spin fluctuations as3,4

a~T!5a01
5

3
b0jT~T!21

35

9
c0jT~T!4,

b~T!5b01
14

3
c0jT~T!2,

c~T!5c0 , ~1.3!
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wherejT(T)2 is the mean square amplitude ofthermalspin
fluctuations. The coefficientsa0 , b0, andc0 in the right-hand
side of Eq.~1.3! are those renormalized by thezero-point
spin fluctuations as5

a05a1
5

3
bj0

21
35

9
cj0

4 ,

b05b1
14

3
cj0

2 ,

c05c, ~1.4!

wherej0
2 is the square amplitude of the zero-point spin flu

tuations anda, b, and c are Landau-Ginzburg coefficient
defined in Eq.~4! of Ref. 4. In this way, the effect of zero
point spin fluctuations can be included in the previo
theory4 when the temperature dependence ofj0

2 is neglected.
The temperature dependence ofjT(T)2 is much stronger
than that ofj0

2, as the fluctuation-dissipation theorem gives
Bose distribution function in the expression ofjT(T)2.6

Then, the neglect of the temperature dependence ofj0
2 is a

rather reasonable assumption.
It can be shown4 for a0.0, b0,0 and c0.0 that the

inverse of the spin susceptibilityA(T) shows a maximum a
Tmax given byjT(Tmax)

253ub0u/14c0, asjT(T)2 is a mono-
tonic increasing function ofT.6,7 b0 is the mode-mode cou
pling constant among thermal spin fluctuations. On the ot
hand,b(T) increases with increasingT. One getsb(Tmax)
50. That is,b(T) should change its sign from negative
positive atTmax.

It has been shown that the ferromagnetic state is sta
when a(T).0, b(T),0, c(T).0, and a(T)c(T)/b(T)2

,3/16.3,4 For a0c0 /b0
2,5/28, the Curie temperatureTC ,

where the second-order phase transition takes place, is g
by
©2001 The American Physical Society13-1
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jT~TC!2/jT~Tmax!
25112A7/5A5/282a0c0 /b0

2.
~1.5!

A first-order transition occurs at the Curie temperatureT1

when 5/28,a0c0 /b0
2,3/16, whereT1 is given by

jT~T1!2/jT~Tmax!
25124A7Aa0c0 /b0

225/28. ~1.6!

In this case, the MT takes place atT1,T,T0, whereT0 is
given by

jT~T0!2/jT~Tmax!
2512A70/19Aa0c0 /b0

225/28.
~1.7!

For 3/16,a0c0 /b0
2,9/20, the ferromagnetic state is n

stable even atT50, but the MT takes place at lower tem
peratures thanT0. These results based on the theory with t
negative mode-mode coupling among spin fluctuations g
a qualitative explanation of the observed results not only
Laves phase compounds YCo2 , LuCo2 and pyrite com-
pounds CoS2, Co(S,Se)2 but also for La(Fe,Si)13 and the
itinerant 5f -electron system UCoAl.8–11 Moreover, it gives a
universal linear relation between the critical field of the M
and the inverse of the susceptibility maximum for Co-bas
compounds.12 The details of these results are given in o
review article.13

Recently, magnetic phase diagrams for these compou
have been determined from the observed results under
pressures and high magnetic fields. The pyrite compo
CoS2 shows a second-order ferromagnetic phase transitio
TC under low pressures. At higher pressures it shows
first-order transition. AboveT1 the MT with the hysteresis
has actually been observed.9 Similar results were obtaine
for La(Fe,Si)13, Lu(Co,Ga)2, and for MnSi at high
pressure.10,14–16As a common property among these co
pounds, a strong pressure dependence of the Curie tem
ture is observed near the boundary between the first-
second-order transitions, while the spontaneous magne
tion at low temperature does not depend so much on
pressure. In Sec. II, a survey of experimental results is gi
for these compounds which show the MT in the param

FIG. 1. Observed phase diagram of CoS2 in Ref. 9. Open and
closed circles and open squares denote the observedTC , T1, and
T0, respectively.
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netic phase. In Sec. III the magnetic phase diagram is
cussed theoretically on the spin fluctuation model, by tak
into account the magnetovolume effect. In Sec. IV o
conclusion and discussion are given.

II. SURVEY OF OBSERVED RESULTS

A magnetic phase diagram for the pressure and temp
ture estimated from the observed results9 for the pyrite com-
pound CoS2 is shown in Fig. 1.Pt denotes the pressure o
the triple point, whereTC5T15T0. Under the pressure les
than Pt the second-order transition is observed atTC . The
first-order transition is observed atP.Pt . The temperature
T0, where the MT disappears, is also observed atP.Pt .
The value of dTC /dP shown by the dottedTc line is
29.0 K/GPa. Figure 2 denotes the pressure dependenc
the spontaneous momentMs for CoS2 observed at 4.2 K.
The value ofdMs /dP is 20.531022mB /Co GPa.

Figure 3 shows the magnetic phase diagram9 observed for
Co(SxSe12x)2 . Tt denotes the temperature at the triple poi
whereTC5T15T0. It can be seen that the observed valu
of Tmax shown by the closed circles are smaller thanTt .
Figures 4 and 5 denote the pressure dependence of the C
temperatureT1 andMs at 4.2 K. The open and closed circle

FIG. 2. Pressure dependence of the spontaneous magnetiz
for CoS2 observed at 4.2 K.

FIG. 3. Observed magnetic phase diagram of Co(S12xSex)2 in
Ref. 9. Open and closed circles are observed values ofT1 , T0, and
Tmax. Open square is the observedT1 in Ref. 17.
3-2
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in Fig. 5 indicate the observedMs at low magnetic fields and
the induced moments after the MT takes place. The value
dTC /dP and dMs /dP are 281.5 K/GPa and20.71
31022mB /Co GPa atP50, respectively.

In Table I, the observed values ofMs , 2d ln Ms /dP,
TC , and2d ln TC /dP at P50 for Laves phase compound
Lu(Co12xAl x)2 and Lu(Co12xGax)2 are shown for the con
centrationx near the critical boundary of the onset of ferr
magnetism xC;0.092 and 0.095 for Lu(Co,Al)2 and
Lu(Co,Ga)2, respectively.14,18 For x,xC the ground state is
paramagnetic. The MT is observed in this concentrat
range. Forx.xC the ferromagnetic state becomes stab
The first-order transition was observed nearxC and the
second-order transition was observed at more Al-rich reg
It is clearly seen in Table I that the value of2d ln TC /dP
increases strongly with decreasingx, while the value of
d ln Ms /dP does not depend so much onx. For MnSi, simi-
lar pressure dependences ofTC and Ms were also observed
under high pressure.15,16 The Curie temperature decreas
most strongly by applying pressure near the boundary
tween the first- and second-order transitions. These pres
dependences ofTC andMs are considered to be character
tics of itinerant-electron ferromagnets which show the MT
the paramagnetic phase.

III. THEORY

As discussed in Refs. 19–21, the magnetoelastic free
ergy density is written with the magnetization densitym(r)
as

FIG. 4. Pressure dependence of the Curie temperature obse
for Co(S0.9Se0.1)2.
02441
of

n
.

n.

e-
ure

n-

D f mv~r!52Cmvvum~r!u2, ~3.1!

where v5(V2V0)/V0 , V0 the volume atM50 without
spin fluctuations,Cmv the magnetovolume coupling constan
The elastic energy is, on the other hand, written byv2/2k,
wherek is the compressibility. With these energies the fr
energyDF is written as a functional ofM, v and$um(q)u2%,
wherem(q) is a Fourier component ofm(r). The pressureP
and the magnetic fieldB are given by4

P52 K ]

]v
DF@M ,v,$um~q!u2%#L , ~3.2!

B5 K ]

]M
DF@M ,v,$um~q!u2%#L , ~3.3!

where^•••& is a thermal average. From Eqs.~3.2! and~3.3!
one gets

P52v/k1Cmv$M21j0
21jT~T!2%, ~3.4!

B5a~T!M1b~T!M31c~T!M522CmvvM , ~3.5!

wherea(T), b(T), andc(T) are given in Eq.~1.3!. Inserting
Eq. ~3.4! into Eq.~3.5! one gets a magnetic equation-of-sta
as

B5$ã~T!12kCmvP%M1b̃~T!M31 c̃~T!M5, ~3.6!

where

ed FIG. 5. Pressure dependence of the spontaneous momen
Co(S0.9Se0.1)2 observed at 4.2 K, which is shown by open circle
Closed circles are the induced moments after the MT takes pla
TABLE I. Observed results ofMs , 2d ln Ms /dP, TC , and2d ln TC /dP at P50 for Lu(Co12xMx)2

(M5Al and Ga!.

Lu(Co12xMx)2 Al Ga

x Ms 2d ln Ms /dP TC 2d ln TC /dP Ms 2d ln Ms /dP TC 2d ln TC /dP
(mB /Co) (GPa21) ~K! (GPa21) (mB /Co) (GPa21) ~K! (GPa21)

0.11 0.64 0.13 85 1.06
0.12 0.66 0.10 112 0.53 0.68 0.09 101 0.66
0.13 0.64 0.08 110 0.44
0.15 0.56 0.07 132 0.23 0.59 0.10 126 0.25
3-3
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ã~T!5a~T!22kCmv
2 $j0

21jT~T!2%,

b̃~T!5b~T!22kCmv
2 ,

c̃~T!5c~T!. ~3.7!

Similar expressions forã(T), b̃(T), and c̃(T) without j0
2

have been obtained by Yamada.22 It should be noted here tha
the estimated values of the Landau coefficients from the
served magnetization curves are nota(T), b(T), andc(T)
given by Eq.~1.3!, but ã(T), b̃(T), and c̃(T) in Eq. ~3.7!
where the magnetovolume effect is taken into account.

The Landau coefficients estimated from the obser
magnetization curves atT50 are those in Eq.~3.7! with
jT(0)250. By using Eq.~1.3!, Eq. ~3.7! is rewritten as

ã~T!5ã~0!1H 5

3
b̃~0!1

4

3
kCmv

2 J jT~T!21
35

9
c̃~0!jT~T!4,

b̃~T!5b̃~0!1
14

3
c̃~0!jT~T!2,

c̃~T!5 c̃~0!. ~3.8!

In this case,jT(Tmax)
2 is given by

jT~Tmax!
25

3

14

ub̃~0!u

c̃~0!
H 12

14

5
hJ , ~3.9!

where

h5
2

7
kCmv

2 /ub̃~0!u. ~3.10!

On the other hand, the temperatureTb , whereb̃(T) becomes
zero, is given by

jT~Tb!25
3

14

ub̃~0!u

c̃~0!
. ~3.11!

From Eqs.~3.9! and~3.11!, it is found thatTmax is lower than
Tb . The Landau coefficientb̃(T) at T5Tmax is written as

b̃~Tmax!52
4

5
kCmv

2 . ~3.12!

That is,b̃(T) is still negative atTmax by the magnetovolume
effects. This is consistent with our observed result for a ty
cal itinerant-electron metamagnet Y(Co0.92Al0.08)2. The tem-
perature dependences of the Landau coefficientsã(T), b̃(T),
and c̃(T) are determined by fitting the observed magneti
tion curves23 to the form of Eq.~3.6!, which are shown in
Fig. 6. In the analysis of the magnetization curve, the high
order terms thanM5 in Eq. ~3.6! are neglected. The est
mated temperature dependence ofc̃(T) suggests that the
higher-order terms are not negligible. However, from the
estimations we can get some information aboutã(T) and
b̃(T). That is, a broad minimum of the inverse of suscep
02441
b-

d

i-

-

r-

e

-

bility ã(T) is seen atTmax;120 K, whereb̃(Tmax) is still
negative. The value ofTb is about 180 K. The difference
betweenTmax andTb is rather large. This is due to the stron
magnetovolume coupling in this compound, as observed
Goto and Bartashevich.24

The ferromagnetic state is stabilized in the present sys
at B5P50 when the following conditions are satisfied:3,4

ã~T!.0, b̃~T!,0, c̃~T!.0, ã~T!c̃~T!/b̃~T!2,3/16.
~3.13!

The second-order transition atTC takes place whenã(TC)
50 and b̃(TC).0. In the case ofã(0)c̃(0)/b̃(0)2,5/28
2h, jT(TC)2 is given by

jT~TC!2/jT~Tb!2512
14

5
h12A7

5H 5

28
2h

2ã~0!c̃~0!/b̃~0!21
7

5
h2J 1/2

,

~3.14!

where h is given by Eq. ~3.10!. When 5/282h
,ã(0)c̃(0)/b̃(0)2,3/16, the first-order transition take
place atT1 given by

jT~T1!2/jT~Tb!251156h24A7H ã~0!c̃~0!/b̃~0!22
5

28

1h128h2J 1/2

. ~3.15!

In this case, the MT occurs aboveT1. When 3/16
,ã(0)c̃(0)/b̃(0)2,9/20 the ferromagnetic state is no
stable even atT50 but the MT takes place. The MT disap
pears atT0 given for 5/282h,ã(0)c̃(0)/b̃(0)2,9/20 by

FIG. 6. Temperature dependences of the Landau coeffici

ã(T), b̃(T), and c̃(T) for Y(Co0.92Al0.08)2, in the units of
T/(mB /Co), T/(mB /Co)3 andT/(mB /Co)5, respectively.
3-4
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jT~T0!2/jT~Tb!2511
35

19
h2A70

19H ã~0!c̃~0!/b̃~0!22
5

28

1h1
35

38
h2J 1/2

. ~3.16!

The magnetic phase diagram is obtained from Eqs.~3.14!,
~3.15!, and~3.16!, as shown in Fig. 7. Here, the value ofh is
taken to be 0.01, which has recently been estimated from
observed results for Lu(Co,Al)2 and Lu(Co,Ga)2.25 As
jT(T)2 is a monotonic increasing function ofT, the vertical
axis corresponds to the temperature. On the other hand
horizontal axis corresponds to the pressure asP is included
only in the coefficient ofM in the equation-of-state~3.6!.
The curves~1! and ~2! denotejT(TC)2 and jT(T1)2, where
the second- and first-order transitions take place, res
tively. The curves~3! and~4! denotejT(T0)2 andjT(Tmax)

2,
where the MT disappears and the susceptibility reache
maximum. The dotted curves (18), (28), (38), and (48) are
those forh50, respectively. It can be seen that the region
ã(0)c̃(0)/b̃(0)2, where the first-order transition takes plac
becomes wider than that without magnetovolume effects
the very narrow range 5/282h,ã(0)c̃(0)/b̃(0)2,5/28
2h1287h2/100, the susceptibility does not show a ma
mum above T1. The observed values ofTmax for
Co(S12xSex)2 are smaller thanTt , as shown in Fig. 3. A
small region ofx, where the susceptibility does not show
maximum in its temperature dependence, seems to exist
the triple point even if the MT takes place aboveT1.

The pressure dependences ofjT(TC)2, jT(T1)2, and
jT(T0)2 are obtained from the equation-of-state~3.6!. They
are given atP50 by

d

dP
jT~TC!252

3

A35

kCmv

ub̃~0!u
F 5

28
2h2ã~0!c̃~0!/b̃~0!2

1
7

5
h2G21/2

,

FIG. 7. Theoretical magnetic phase diagram forã(0).0,

b̃(0),0, andc̃(0).0. Curves~1!, ~2!, ~3!, and~4! showjT(TC)2,
jT(T1)2, jT(T0)2, andjT(Tmax)

2 reduced byjT(Tb)2, respectively,
for h50.01. Dotted curves are those forh50.
02441
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dP
jT~T1!252

6

A7

kCmv

ub̃~0!u
F ã~0!c̃~0!/b̃~0!22

5

28
1h

128h2G21/2

,

d

dP
jT~T0!2523A 5

266

kCmv

ub̃~0!u
F ã~0!c̃~0!/b̃~0!22

5

28
1h

1
35

38
h2G21/2

. ~3.17!

In Fig. 8, 2 djT(TC)2 / dP, 2 djT(T1)2 / dP, and
2djT(T0)2/dP are shown by curves~1!, ~2!, and ~3!,
respectively, as a function ofã(0)c̃(0)/b̃(0)2. At the
boundary between the first-order and second-or
transitions@ ã(0)c̃(0)/b̃(0)255/282h#, djT(TC)2/dP, and
djT(T1)2/dP become23/2Cmv. In this way, the pressure
dependence of the Curie temperature becomes very st
near the critical value ofã(0)c̃(0)/b̃(0)2. The pressure de
pendence of spontaneous magnetizationMs at T50 is also
obtained from the equation-of-state~3.6!. One gets

Ms
25

ub̃~0!u

2c̃~0!
@11A124$ã~0!12kCmvP%c̃~0!/b̃~0!2#,

~3.18!

which is not anomalous near the critical valu
ã(0)c̃(0)/b̃(0)255/282h.

IV. DISCUSSION AND CONCLUSION

In this paper, the pressure dependence of the Curie t
perature has been discussed for a ferromagnet with neg
mode-mode couplings among spin fluctuations, by tak
into account the magnetovolume effect. It has been sho
that the Curie temperature depends strongly on pressure
the triple pointTt , while the magnetization at 0 K does not
depend so much on the pressure. The present resu

FIG. 8. Pressure dependences ofjT(TC)2, jT(T1)2,
and jT(T0)2. Curves ~1!, ~2!, and ~3! denote2 djT(TC)2 / dP,
2djT(T1)2/dP, and2djT(T0)2/dP, respectively.
3-5
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consistent with the observed ones for Co2 , Co(S,Se)2 ,
Lu(Co,M )2 (M5Al and Ga!, and MnSi shown in Sec. II
These dependences ofTC andMs on pressure are characte
istics of itinerant-electron ferromagnets which show the M
in the paramagnetic phase.

The magnetic phase diagram has also been obtaine
this paper for a ferromagnet with negative mode-mode c
plings among spin fluctuations. The obtained phase diag
is very similar to the observed one for CoS2 ~Fig. 1!,
Co(S,Se)2 ~Fig. 3!, and Lu(Co,M )2 (M5Al and Ga!. It has
been explicitly shown that the susceptibility does not show
maximum aboveT1 in a narrow range near the triple poin
Tt . This is because temperatureTmax, where the susceptibil
ity reaches a maximum, is a little lower than the triple po
Tt as shown in Fig. 7. This result is also consistent with
observed results for Co(S,Se)2 shown in Fig. 3.

In this way, our theory can explain qualitatively th
anomalously strong pressure dependence of the Curie
perature and the magnetic phase diagram observed
itinerant-electron ferromagnets which show the MT in t
paramagnetic phase. However, only the mean amplitud
spin fluctuations at the Curie temperature, not the Curie t
perature itself, was discussed in this paper. The mean am
tude of spin fluctuationsj(T)2 is known to be proportiona
g

m

l

.
.

ra
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to T2 at low T and toT at highT. These coefficients ofT2 or
T in j(T)2 would depend also on the pressure. Moreover,
pressure dependence of the zero-point spin fluctuation26 was
also neglected. Nevertheless, our results in this paper h
explained very well the observed results of itinerant-elect
ferromagnets which show the MT in the paramagnetic pha

The essential results obtained in this paper rely on
occurrence of a negative mode-mode couplingb among spin
fluctuations. Such a negative coupling is signified by
negative curvature of the density of states around the Fe
level and enhances the growth of spin fluctuations with te
perature. The coupling between spin fluctuation modes it
is given by an integral equation for the dynamical susce
bility. Moriya6 has shown in a static approximation that t
mode-mode coupling is expressed in the same form as in
phenomenological description. Then, the phenomenolog
treatment for spin fluctuations in this paper is still availab
to discuss the magnetic properties at finite temperature.
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