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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 temperatdig are possible to take place for an itinerant-electron ferromagnet
with a negative mode-mode coupling among spin fluctuations. It is showrTthaepends strongly on the
pressure near the boundary between the first- and second-order transitions. On the other hand, the spontaneous
magnetization al =0 does not depend so much on the pressure. These results are consistent with the observed
results for the pyrite compound CgShe Laves phase compound Lu(Co,Ajnd other ferromagnets which
show a metamagnetic transition in the paramagnetic phase.
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I. INTRODUCTION where &1(T)? is the mean square amplitude thiermal spin

fluctuations. The coefficientg,, by, andc, in the right-hand

Two peculiar phenomena in itinerant-electron metamagside of Eq.(1.3) are those renormalized by theero-point

netism(IEM), i.e., a field induced first-order phase transitionspin fluctuations as

from the paramagnetic to the ferromagnetic state at low tem-

perature and a maximum in the temperature dependence of

susceptibility at high temperature are the consequence of the
special feature of the density of states near the Fermi level.
This is well known to be described by the Landau-type ex-

a,=a+ §b§2+ —cé&;
0 3 0 o) 0

_ - 2

pression for the free energyE(M) written as bo=b-+ 3 €&,
1 1 1 Co=C, 1.4
AE(M)ZEaMZ—i- ZbM4+ ch‘S, (1.2 0 @4

wheregg is the square amplitude of the zero-point spin fluc-
tuations anda, b, and c are Landau-Ginzburg coefficients

b, andc are conventionally written in terms of the density of deflned In Eq.4) Of_ Ref. 4. In th's. way, the _effect of Zero-
states and its derivatives with respect to the energy at th oint spin fluctuations can be included in the previous
Fermi level. Wohlfarth and Rhodksonsidered the IEM only eory* when the temperature dependzezr}cefénfs neglected.

up toM* term in Eq.(1.1), whereas ShimiZaddressed itby '€ temperature dependence &f(T)“ is much stronger

whereM is the magnetic moment. The Landau coefficiemts

including M® term. than that of¢3, as the fluctuation-dissipation theorem gives a
An equation-of-state foM and the magnetic fiel@® is  Bose distribution function in the expression ¢f(T)*°
given by Then, the neglect of the temperature dependencﬁdxﬁ a
rather reasonable assumption.
B=aM+bM3+cM>. (1.2 It can be showhfor ag>0, by<O andcy,>0 that the

inverse of the spin susceptibili#(T) shows a maximum at
The Landau coefficients, b, andc in Eq. (1.2) are renor- T, given by éx(Tmad 2= 3|bg|/14cy, asé(T)? is a mono-
malized at finite temperatuf® by spin fluctuations &¢ tonic increasing function of.®7 b, is the mode-mode cou-
pling constant among thermal spin fluctuations. On the other
5 , 35 4 hand,b(T) increases with increasing. One getsb(T a0
a(T)=ao+ zbotr(T)"+5 Coér(T)%, =0. That is,b(T) should change its sign from negative to
positive atT -
14 It has been shown that the ferromagnetic state is stable
b(T) = byt — Cokr(T)? when a(T)>0, b(T)<0, c¢(T)>0, and a(T)c(T)/b(T)?
3 <3/163* For a,co/bj<5/28, the Curie temperaturéc,
where the second-order phase transition takes place, is given
c(T)=cy, 1.3 by
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Er(T) Ex(Tma >=1+21/7/5\/5/28— a,co /b2 P
(1.5 3
A first-order transition occurs at the Curie temperatiire % 0.865¢ 1
when 5/28<a,c,/b5<3/16, whereT, is given by % o
E(T) Ex(Trnad?=1— 47 \/asco/b3—5/28. (1.6) & oseo| °o ]
]
In this case, the MT takes place Bf<T<T,, whereTy is =
given by o8ssf
) ) . 00 02 04 06 08 10
£1(T0) ér(Tima) *=1—70/19/aco/bg—5/28. s Pressure (GPa)

. . FIG. 2. P d d f th t tizati
For 3/16<a0c0/b§<9/20, the ferromagnetic state is not ressure cependence of e spomaneolis magnetzation
for CoS, observed at 4.2 K.
stable even aT=0, but the MT takes place at lower tem-

peratures thaifo. These resglts based on t_he theory_with thenetic phase. In Sec. Il the magnetic phase diagram is dis-
negative .mode-mode. coupling among spin fluctuations IV&yssed theoretically on the spin fluctuation model, by taking
a qualitative explanation of the observed results not only forinto account the magnetovolume effect. In Sec. IV our
Laves phase compounds Y£olLuCo, and p_yrite COM-  onclusion and discussion are given.

pounds Cog, Co(S,Se) but also for La(Fe,Siy and the
itinerant 5 -electron system UCoAl-! Moreover, it gives a
universal linear relation between the critical field of the MT Il. SURVEY OF OBSERVED RESULTS

and the inverse of the susceptibility maximum for Co-based A magnetic phase diagram for the pressure and tempera-

compounds? The details of these results are given in oury e estimated from the observed re<ufts the pyrite com-

review article. _ _ ound Co$ is shown in Fig. 1.P, denotes the pressure of
Recently, magnetic phase diagrams for these compoundge triple point, wherd =T, =T,. Under the pressure less

have been determined from the observed results under higlﬁan P, the second-order transition is observedTat The

pressures and high magnetic fields. The pyrite COMpOUNgg; qrder transition is observed Bt>P;. The temperature
CoS, shows a second-order ferromagnetic phase transition %to, where the MT disappears, is also observecPatP;.

Tc under low pressures. At higher pressures it shows thel‘he value ofdTc/dP shown by the dottedT, line is
first-order transition. Abovd’; the MT with the hysteresis H

has actually been observ&dimilar results were obtained
for La(Fe,Si);, Lu(Co,Ga), and for MnSi at high
pressurd®4-1%As a common property among these com-
pounds, a strong pressure dependence of the Curie tempe 5(SSe_,),. T, denotes the temperature at the triple point
ture is observed near the boundary between the first- angl, .ot ;XT :-It- It can be seen that the observed value’s
;econd—order transitions, while the spontaneous magnetiz?ﬁ T Cshovxl/n b‘;/ the closed circles are smaller tHEn

tion at low temperature does not de.pend SO much_ on thEigures 4 and 5 denote the pressure dependence of the Curie
pressure. In Sec. Il, a survey of experimental results is give

for these compounds which show the MT in the paramagE‘emperaturé’l andMg at 4.2 K. The open and closed circles

—9.0 K/GPa. Figure 2 denotes the pressure dependence of
the spontaneous momeM;g for CoS, observed at 4.2 K.
The value ofdMg/dP is —0.5X 10 ?ug/Co GPa.

Figure 3 shows the magnetic phase diagtrabserved for
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FIG. 1. Observed phase diagram of Gdf Ref. 9. Open and FIG. 3. Observed magnetic phase diagram of Go(Seg), in
closed circles and open squares denote the obséryedr;, and  Ref. 9. Open and closed circles are observed valuds pfl 3, and
Ty, respectively. Tmax- Open square is the observéd in Ref. 17.
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FIG. 4. Pressure dependence of the Curie temperature observed F1G- 5. Pressure dependence of the spontaneous moment for
for Co($,656,.1)>- Co(S.5&)1), observed at 4.2 K, which is shown by open circles.

Closed circles are the induced moments after the MT takes place.

in Fig. 5 indicate the observed ¢ at low magnetic fields and B 5
the induced moments after the MT takes place. The values of Af (1) == Cpyo|m(n)[?, (3.9)

dTC/dP and dMs/dP are —81.5 K/GPa and—-0.71 Wherew=(V—Vo)/Vo, Vo the volume atM =0 without

X 10 2ug/Co GPa aP =0, respectively. spin fluctuationsgC,,, the magnetovolume coupling constant.
In Table I, the observed values 8, —dINMs/dP,  The glastic energy is, on the other hand, writtendfy2x,
Tc, and—dInTc/dP atP=0 for Laves phase compounds \here  is the compressibility. With these energies the free

Lu(Co, -,Al,), and Lu(Cq -G8, are shown for the con-  gnergyAF is written as a functional oft, & and{|m(q)|2},

centratl_onx near the critical boundary of the onset of ferro- wherem(q) is a Fourier component afi(r). The pressur®
magnetism xc~0.092 and 0.095 for Lu(Co,A) and  5nqd the magnetic fielé are given bf

Lu(Co,Ga), respectively**® For x<x. the ground state is
paramagnetic. The MT is observed in this concentration J

range. Forx>Xxc the ferromagnetic state becomes stable. P=—<a—wAF[M,w,{|m(q)|2}]>, (3.2
The first-order transition was observed negr and the

second-order transition was observed at more Al-rich region.

It is clearly seen in Table | that the value efdInTc/dP B:<iAF[M,w,{|m(q)|2}]>, (3.3
increases strongly with decreasing while the value of M

dInM4/dP does not depend so much gnFor MnSi, simi-

lar pressure dependencesTof and Mg were also observed
under high pressur@:!® The Curie temperature decreases
most strongly by applying pressure near the boundary be-
tween the first- and second-order transitions. These pressure
dependences dfc andMg are considered to be characteris-
tics of itinerant-electron ferromagnets which show the MT in
the paramagnetic phase.

where(- - -) is a thermal average. From Ed8.2) and(3.3)
one gets

P=—w/k+CniM?+ &+ £4(T)2, (3.4

B=a(T)M+b(T)M3+¢c(T)M®—2C,,,oM, (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-state
lIl. THEORY as

As discussed in Refs. 19-21, the magnetoelastic free en- B={a(T)+2«kCpPIM+B(T)M3+T(T)M5, (3.6)
ergy density is written with the magnetization densit{r)
as where

TABLE I. Observed results oiMg, —dInMg/dP, T, and—dInTc/dP at P=0 for Lu(Co,_,M,)»

(M=Al and Ga.

Lu(Co,_,M,)» Al Ga

X Mg —dInMg/dP T —dInTc/dP Mg —dInMg/dP Tz —dInTe/dP
(ns/Co) (GPa') (K) (GPa') (ug/Co) (GPa') (K) (GPa’)

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
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a(T)=a(T) - 2kCh {5+ £x(T)?}, i ' ]
1.6/ g
b(T)=b(T)—2«C2,, - \\k AT) X107 ‘//_
~ ME e e
c(T)=c(T). (3.7
L . ~ ~ ~ . 2 0.60~0\ T
Similar expressions for(T), b(T), and c(T) without & | °~_0 o i
have been obtained by Yamatfdt should be noted here that 04k © \\\Q i
the estimated values of the Landau coefficients from the ob- - 1) X107 5 .
served magnetization curves are r’@iT), b(T), andc(T) 0.2y AN
given by Eq.(1.3, buta(T), b(T), andc(T) in Eq. (3.7) 0.0 0:
where the magnetovolume effect is taken into account. L /ry' N
The Landau coefficients estimated from the observed 021 J”'/.B(T)XIO’3 Oy
magnetization curves af=0 are those in Eq(3.7) with g 7
£1(0)2=0. By using Eq.(1.3), Eq.(3.7) is rewritten as ‘0-4|! , N
0 100 200
~ 5. 4 , 3% 4 T ture (K
a(T)=a(0)+{ 5 30(0)+ 3 kChy &(T) "+ 5C(0)&r(T)", emperature (K)

~ ~ 14,
b(T)=b(0)+ 30(0)§T(T)2,

c(T)=c(0). (3.9
In this case(Tma)? IS given by
3 [bo)[, 14
Er(Tima?= 14w(1— 377], (3.9
where
2 2
n=7CqJ[b(0)]. (3.10

On the other hand, the temperatiig, whereb(T) becomes
zero, is given by

3 |b(0 |
14 ¢ (o)

From Eqs(3.9) and(3.1)), it is found thatT . is lower than
Ty. The Landau coefficiertd(T) at T= T, iS Written as

E(To)?=7 (3.1

4 2
( max) KC (3.12

FIG. 6. Temperature dependences of the Landau coefficients
a(T), b(T), and ¢(T) for Y(CopgAlgods in the units of
T/(ug/Co), T/(ug/Co)® andT/(ug/Co)®, respectively.

bility a(T) is seen afl~120 K, whereb(T . is still
negative. The value of, is about 180 K. The difference
betweenT ., and Ty is rather large. This is due to the strong
magnetovolume coupling in this compound, as observed by
Goto and BartashevicH.

The ferromagnetic state is stabilized in the present system
at B=P=0 when the following conditions are satisfid:

AT)>0, B(T)<0, ¢(T)>0, a(T)e(T)/B(T)2<3/16.
(3.13

The second-order transition @ takes place whe@m(T()
=0 andb(T¢)>0. In the case of(0)c(0)/b(0)><5/28
=7, &(Tc)? is given by

, 14 \ﬁ 5
Er(Te)?l Ex(Tp)?= =l-Fnt2\ 5|35~ 7

~ _ ~ 7 1/2
—2(0)c(0)/b(0)2+ £ nZ] :

(3.19
where 7z is given by Egq. (3.10. When 5/28-7

That is,b(T) is still negative aff ., by the magnetovolume <a(0)c(0)/b(0)?<3/16, the first-order transition takes
effects. This is consistent with our observed result for a typiplace atT, given by

cal itinerant-electron metamagnet Y (&@Al .09 2. The tem-
perature dependences of the Landau coefficia(i§, b(T),

andc(T) are determined by fitting the observed magnetiza-
tion curve$® to the form of Eq.(3.6), which are shown in

E1(T1)?E(Tp)?=1+ 56W_4\/7{5.(0)E(0)/B(0)2— 238

1/2
Fig. 6. In the analysis of the magnetization curve, the higher- + 9+ 287;2) . (3.15

order terms tharM® in Eq. (3.6) are neglected. The esti-
mated temperature dependenceagf) suggests that the

In this case, the MT occurs abové,;. When 3/16

higher-order terms are not negligible. However, from these<3(0)c(0)/b(0)2<9/20 the ferromagnetic state is not

estimations we can get some information aba(T) and

stable even al=0 but the MT takes place. The MT disap-

b(T). That is, a broad minimum of the inverse of suscepti-pears afT, given for 5/28- n<a(0)c(0)/b(0)?<9/20 by
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FIG. 7. Theoretical magnetic phase diagram #(0)>0,
B(0)<0, andc(0)>0. Curves(1), (2), (3), and(4) show&(Tc)?,

d 6 « 5
£1(T1)?, &x(To)? andér(Timad? reduced byér(Ty,)?, respectively, —(T)=— — = ™a 0)c(0)/b(0)2— —+
for »=0.01. Dotted curves are those fgr=0. deT( . J7 [b(0)| (0)e(0)/b(0) 28" "
—12
35 \ﬁ) - 5 2}
2 2 gy 2 2_ > +28 ,
En(To)Iér(Tp) =1+ 197 19( a(0)c(0)/b(0) 58 7
+p+ 3 2]1/2 (3.16 d 5 «C 5
nt 57 . . a 2_ _ _K myv |~ .~ ~ 2 2
38 55ér(To) 3\/266—|B(0)| A(0)C(0)/B(0)2~ S5t 7

The magnetic phase diagram is obtained from Egj4.4),
(3.15, and(3.16), as shown in Fig. 7. Here, the value pfis 35 , e
taken to be 0.01, which has recently been estimated from the + 38”7 (3.17
observed results for Lu(Co,Al) and Lu(Co,Ga).®® As
&+(T)? is a monotonic increasing function 3f the vertical In  Fig. 8, — dé&r(Te)2/dP, — dér(T,)%/dP, and
axis corresponds to the temperature. On the other hand, thed¢(T,)?/dP are shown by curvegl), (2), and (3),
horizontal axis corresponds to the pressuréas included respectively, as a function o&(0)S(0)/B(0)% At the

only in the coefficient ofM in the equation-of-stat¢3.6). -y )
The curves(1) and (2) denoteé (Tc)? and £(T,)?, where boun?ary ~bet\geen~ th(Z first-order and 2second order
the second- and first-order transitions take place, respedi@nsitions{a(0)c(0)/b(0)°=5/28- 7], dé;(Tc)*/dP, and

tively. The curveg3) and(4) denote¢ (To)2 andé(T a2, dér(T,)?%/dP become—3/20mv. In this way, the pressure
where the MT disappears and the susceptibility reaches @ependence of the Curie temperature becomes very strong
maximum. The dotted curves (), (2'), (3'), and (4) are  near the critical value o&(0)c(0)/b(0)2. The pressure de-
those fory=0, respectively. It can be seen that the region ofpendence of spontaneous magnetizatibnat T=0 is also
a(0)c(0)/b(0)?, where the first-order transition takes place, obtained from the equation-of-stae.6). One gets

becomes wider than that without magnetovolume effects. In

the very narrow range 5/287<a(0)c(0)/b(0)2<5/28 , [B(0)] = —
— n+287752/100, the susceptibility does not show a maxi- 5_25(0) [1+ \/1_4{8.(0)+2KCmVP}C(O)/b(0) it
mum above T,. The observed values ofT,, for (3.18

Co(S, _,Seg), are smaller tharT,, as shown in Fig. 3. A
small region ofx, where the susceptibility does not show awhich is not anomalous near the critical value
maximum in its temperature dependence, seems to exist n€g{0)c(0)/b(0)2=5/28- 7.
the triple point even if the MT takes place above

The pressure dependences &f(Tc)?, é1(T,)?% and

é1(To)? are obtained from the equation-of-st486). They V. DISCUSSION AND CONCLUSION

are given aP=0 by In this paper, the pressure dependence of the Curie tem-
perature has been discussed for a ferromagnet with negative
— ¢(Te)? _i fcmv 3_7]_5(0)}3(0)/5(0)2 mode-mode couplings among spin fluctuations, by taking
dpem ¢ 35 [b(0)| 128 into account the magnetovolume effect. It has been shown
1 that the Curie temperature depends strongly on pressure near
n Z 2} the triple pointT,, while the magnetizationt® K does not
57 ' depend so much on the pressure. The present result is
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consistent with the observed ones for ,CoCo(S,Se), to T2 at low T and toT at highT. These coefficients of? or
Lu(Co,M), (M=Al and Ga, and MnSi shown in Sec. Il. Tin ¢(T)2 would depend also on the pressure. Moreover, the
These dependences B and Mg on pressure are character- pressure dependence of the zero-point spin fluctuZtivas
istics of itinerant-electron ferromagnets which show the MTalso neglected. Nevertheless, our results in this paper have
in the paramagnetic phase. explained very well the observed results of itinerant-electron
The magnetic phase diagram has also been obtained farromagnets which show the MT in the paramagnetic phase.
this paper for a ferromagnet with negative mode-mode cou- The essential results obtained in this paper rely on the
plings among spin fluctuations. The obtained phase diagraccurrence of a negative mode-mode couphrgmong spin
is very similar to the observed one for Go%Fig. 1), fluctuations. Such a negative coupling is signified by the
Co(S,Se) (Fig. 3), and Lu(CoM), (M=Al and Ga. It has negative curvature of the density of states arqund the Fermi
been explicitly shown that the susceptibility does not show d€V€! and enhances the growth of spin fluctuations with tem-
maximum abovel,; in a narrow range near the triple point _pergture. The c_ouplmg betwe_en spin fluctuat|or_1 modes |tse_lf
T,. This is because temperatuFe,,, where the susceptibil- is given by an integral equation for the dynamical suscepti-

ity reaches a maximum, is a little lower than the triple pointb'“ty' Moriya™ has shown in a static approximation that the

S ) . . . mode-mode coupling is expressed in the same form as in the
T, as shown in Fig. 7. This result is also consistent with the Ping b

o phenomenological description. Then, the phenomenological
observed results for Co(S,Seghown in Fig. 3. treatment for spin fluctuations in this paper is still available

In this way, our theory can explain qualitatively the 4 giscuss the magnetic properties at finite temperature.
anomalously strong pressure dependence of the Curie tem-

perature and the magnetic phase diagram observed in
itinerant-electron ferromagnets which show the MT in the
paramagnetic phase. However, only the mean amplitude of This work was partially supported by a Grant-in-Aid for
spin fluctuations at the Curie temperature, not the Curie temScientific Research on Priority AredB) from the Ministry
perature itself, was discussed in this paper. The mean amplof Education, Culture, Sports, Science and Technology of
tude of spin fluctuationg(T)? is known to be proportional Japan.
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