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Large magnetovolume effects and band structure of itinerant-electron metamagnetic
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Among Fe-based ferromagnets, La(6g _,),3 compounds are the first example realizing the itinerant-
electron metamagnetic transition from the paramagnetic to the ferromagnetic state, accompanied by a marked
magnetovolume effects. The effect of pressure on the Curie temperature is one order larger than that on the
spontaneous magnetization in analogy with the results for Fe-Pt invar-type alloys. The large pressure coeffi-
cient of T¢, dInT¢/dP, is attributed to the renormalization effect caused by spin fluctuations for free energy.
The metamagnetic transition and the marked magnetovolume effects in the present compounds are related to
the characteristic @ band structures in analogy with Fe-Pt alloys in both the ferromagnetic and paramagnetic
states.
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I. INTRODUCTION paramagneti¢P) to the ferromagneti¢F) state is predicted

from the Stoner model. The field-induced first-order P-F

It is well known that several kinds of Fe-based alloys,transition in itinerant-electron magnets, which is the so-
such as Fe-Ni and Fe-Pt, show a significantly large magnecalled itinerant-electron metamagnetl&M) transition, has
tovolume effect? In these alloys, the temperature depen-been investigated theoreticalfy*® and experimentalfy~*°

dence of the spontaneous magnetostriction compensates th¥ taking spin fluctuations and magnetovolume effects into

lattice expansion due to anharmonic atomic vibration aroungonsideration. The experimental candidates of the IEM tran-

.. . _26
a certain concentration, resulting in almost zero thermal exSition_have been limited to Co-based Lales® and

H 7,28 : :
ansion, i.e., invar effect. The origin of such a large ma nePyrite’" 2 compounds until recent reports on the IEM transi-
P g 9 9"€ion in UCOAIZ® and MnSi under hydrostatic pressdfe.

tovolume effect in these alloys was investigated during Ias% -+ ;
i ottt : mong Fe-based compounds, the IEM transition defined
few decades and is still discussed as one of the importa fove has never been observed unti we found in

phenomena related to itinerant-electron ferromagneti$m. La(FeSi, )15 compound$'=3° although the following

Theoretical researches of itinerant-electron ferromagnetisrpnagnetic order-order metamagnetidT) transitions have

have been a great help in promoting fundamental undefpeen renorted for Fe-based intermetalic compounds such as
standings of the large magnetovolume effect in the invaryne ferromagnetic-antiferromagnetic transition in

type _alloys?’_ll Recent first-principles calculations based oy, T4 Fe, %S¢, Ti,Fe,,%’ Ce(FeAl; ), (Ref. 38 and
the fixed-spin moment method reveal that the large magne-g(FgAl,_,);5 (Refs. 39 and 40 compounds and the
tovolume effect is closely related to the degeneracy of morgerromagnetic-ferromagnetic transition in ;S¢Ti,Fe, (0.5
than two magnetic statés;* which are accompanied by the <x<0.7) compound&! Very recently, the unique features of
first-order phase transition. According to the calculations, thehe IEM transition observed in Co-based Laves and pyrite
transition from the magnetic ordered to disordered state igompounds, MnSi and La(E®i;_,);3 compounds are theo-
classified into mainly three typé§Namely, type | is a con- retically weighed against that of the order-order M¥&he
ventional second-order transition, and type Il is the first-present La(Fgei;_,);3 compounds with 0.84x<0.90
order transition between the magnetic ordered and the disoshow the thermal-induced first-order F-P phase transition at
dered state. Type Il involves intermediate ordered states iiic and the field-induced IEM transition aboVe is caused
evolution from the ordered state in the ground state to thdy applying magnetic field:—*® These characteristics are
disordered state. It has been pointed out that the magnet@onsistent with the theoretical model of the IEM transition
phase transition in Fe-Pt invar-type alloy lies close to type Ilbased on the Landau expansion including the influence of
and the first-order transition between the ferromagn@ic  spin fluctuation$?~!8 According to this theory, the fourth-
and the paramagneti®) state is expected from theoretical order Landau coefficient, which is the mode-mode coupling
calculations:** However, to our knowledge, no experimen- coefficient of spin fluctuations, becomes negative in the
tal evidence for such a transition at the Curie temperalgre itinerant-electron metamagnets, resulting in a large magneto-
has been observed in conventional invar-type alloys menvolume effect®>!® It should be noted that the negative
tioned above. A martensitic transformation in these afidys fourth-order Landau coefficient in Fe-Pt and Fe-Ni invar-
may hinder the first-order magnetic phase transition. type alloys is also obtained by the fixed spin moment
The magnetic first-order transition in the itinerant-electroncalculation$:°4243 Therefore it is expected that the elec-
ferromagnets was discussed by Wohlfarth and Rhidde=d  tronic structures of the present compounds are very close to
the magnetic-field-induced first-order transition from thethe condition for occurrence of the large magnetovolume ef-
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T mental thermal-expansion curves for the compounds with
=0.84, 0.86, and 0.88. The Curie temperatliregiven by
the arrow increases with decreasirg* For x<0.84, the
transition from the ferromagneti€) to the paramagneti@®)
i state afl ¢ is of the second order, whereas it becomes the first
2 . order for 0.84<x=<0.90 and the itinerant-electron metamag-
netic (IEM) transition is observed abovig .3*~3*According
to the results for the pressure effects on magnetic properties
=088 of x=_0.86 with broad transition a_ch, the Curie tempera-
) ture is decreased by hydrostatic pressure, and both the
-6 - - thermal-induced transition af: and the IEM transition
aboveT become sharper with increasing presstiras ex-
gLl v v v e vy pected from the theoretical model based on Landau expan-
0 100 200 300 sion for the magnetic free energy renormalized by spin
7(X) fluctuations!” Therefore the change in order of transition
from the first to the second with decreasixin the present
FIG. 1. Temperature dependence of the linear thermal-expansiomompounds is not extrinsic phenomena such as broadening
coefficienta for La(FeSi,_,)13 (x=0.84, 0.86, and 0.88com-  of the first-order transition due to the concentration distribu-
pounds. tion, but an intrinsic thermodynamical property of the
itinerant-electron metamagnets. The detail relations between
fects related to the first-order magnetic transition discussethe order of transition and the band structure is discussed in
on Fe-Pt alloyS=!In the present study, the characteristics ofconnection with Fig. 3. From the temperatidrand the mag-
the magnetovolume effects in the La(B@_,);3 com- netic fieldH dependences of magnetizatidharoundT . for
pounds are discussed by using the calculated band structunes-0.84, the critical indexes3 and & defined by Mo (1
and compared with those in Fe-Pt and Fe-Ni invar-type al—T/Tc)? and MxHY? are evaluated to be 0.27 and 5.3,
loys. respectively. These values are very close3te0.25 andé
=5.0 for the tricritical point® therefore the tricritical point
among these transitions is located arowms€l0.84.
The spontaneous magnetostriction,(T) is expressed
The La(FgSi, ,):3 compounds were prepared by arc by*>*’
melting in an Ar atmosphere. To homogenize these speci-
mens, the heat treatment was made in a vacuum quartz tube
at 1323 K for 10 days. The thermal-expansion measurement
was carried out by a three-terminal capacitance method and
the linear thermal-expansion coefficient was obtained by
numerical differentiation. The high-field magnetic suscepti
bility was measured with a superconducting quantum inter

ference device magnetometer. The electronic heat-capaci ; ; >
uctuations, respectively. For the second-order transition,

coefficient was measured by a relaxation method. ) X
y (Q/I(T) continuously decreases ag(T) gradually increases

The band calculations were carried out by means of th
self-consistent full-potential linearized augmented-planewIth temperature, and therefore the temperature dependence

wave metho# with the generalized gradient of wm(T_) shoyvs no dras.tic changeB¢. On the other he}nd,
approximatiorfS To simulate the random distribution of Si, a M(T) discontinuously disappears & because of the first-
2% 2 2 supercellincluding 8 atoms of La, 92 of Fe, and 12 Order transition. With increasing Fe concentratiotthe dis-

of Si) based on Naza unit cell were used with the lattice Ccontinuous change of magnetizationTat takes place. Ac-

parameter of 1.1468 nm and 24 of symmetry operations‘?ordingly’ a negative broad peak of the thermal-expansion
for x=0.84 is attributed to the spon-

Therefore the concentration of the calculated compound coCefficienta aroundT f . ; cof
responds 10 La(RgeSio 1101, The radii of the muffin-tin {aNeOUs magnetostriction. The negative peakaofor x

spheres were set to 0.1482 nm for La, 0.1164 nm for Fe, ang 0-86 becomes shaper, and eventuallfor x=0.88 shows
0.1217 for Si, respectively. The Brillouin-zone sampling is& divergent behavior af due to the first-order transition.

performed using four specilpoints in the irreducible Bril-  BY X-ray diffraction at low temperatures, the Nagfype
louin zone for such a large supercell. Convergences of theubic symmetry Em3c) is confirmed below and abovi,

total energy and the charge were carefully checked througttherefore the present first-order transition is unrelated to the
out the present calculations. structural phase transition and a significant change in volume

at T¢ is caused by the change bf(T) given in Eq.(2). It
should be noticed that the coefficiernC,,, of 8 X 10_3//1,25
for x=0.88 is comparable to that of-510x 10‘3/,u2B for
Figure 1 shows the temperature dependence of the linedinerant-electron metamagnetic  Lu({s,_,), and
thermal-expansion coefficient obtained from the experi- Y(Co,Al;_,), compound$?=2® In the present compounds,

a(10* /K)

II. EXPERIMENTS AND BAND CALCULATION

on(T)=3 | an(T)AT=KCafM(T?+&T, (@
here «(T) is the magnetic contribution of the linear
_thermal-expansion coefficient & « andC,,, are the com-

pressibility and the magnetovolume coupling, andT) and
T) are the amplitudes of local magnetic moment and spin

IIl. RESULTS AND DISCUSSION
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TABLE |. Spontaneous magnetizatidig, the Curie temperaturé., pressure coefficients of the spon-
taneous magnetizatiahln Mg/d P, and the Curie temperatucein Tc/d P, and the ratial In Tc/d In Mg for
the La(Fg gsSip 1213 (Ref. 39, together with those for ordered and disordereghffg,, and FgsNiss alloys
(Refs. 48 and 40

La(FeSi;_y)13? FegPby” FergPh,© FessNiss ©
(ordered (disorderedl
Mo g) 2.05 2.15 2.13 1.77
Tc(K) 195 510 380 500
dInMg/dP(1/GPa) —0.019 —0.004 —0.007 —0.050
dInTc/dP(1/GPa) —-0.46 —-0.09 —-0.09 -0.08
dInTc/dIn Mg 24 23 13 1.6

%Reference 34.
bReference 48.
‘Reference 49.

the IEM transition abov@ . is also followed by a significant €ffects in Fe-Pt and Fe-Ni invar-type alloy8*>*3Accord-
volume change. The critical magnetic fieB} of the IEM ing to these results, the magnetic state is also close to the
transition linearly increases with temperature and the phasicritical point*? Furthermore, a thermal induced first-order
transition atT. corresponds to the IEM transition wiB:  transition from the F state with a large volume to the P state
=0. Therefore the volume change by the thermal-inducedvith a small volume is derived from the fixed-spin-moment
transition is due to the onset of magnetic moment in analogyFSM) band calculation for an ordered §Rt invar-type
with the IEM transition. alloy.*? Unfortunately, the first-order transition is depressed

The |IEM transition has been discussed by using the phesy a martensitic transformatibf and hence there are no
nomenological theory in terms of the Landau-Ginzblrf§)  experimental reports on the first-order magnetic phase tran-
expansion including the renormalization effect associatedition at T for Fe-Pt alloys. It should be noted that the
with spin fluctuations for free ener_tj?. The temperature recent FSM band calculation for disordered,dPa; invar-
dependence of the magnetic state is expr_eﬁsed by the followgne alloy also indicates a similar energy barrier between the
ing equation for the magnetic free energy: F and the P staté$.0n the other hand, the calculated phase

1 1 1 transition for Fe-Ni invar-type alloys is the second order due

F(M)==A(T)M(T)2+ =B(T)M(T)*+ =C(T)M(T)® to an unclear energy barrier in the magnetic free en&ffy.

2 4 6 Accordingly, it is expected that the feature of the magneto-
@) volume effect in the La(F&i; )13 compounds is similar to
with that of Fe-Pt rather than that of Fe-Ni invar-type alloys.

One of the most important features of the magnetovolume
effects related to the IEM transition is that the pressure de-
pendence of the Curie temperatufg is significant, com-
pared with that of the spontaneous magnetic moment

5 35
A(T)=a+ §b§(T)2+ gcé(T)“.

14 Ms.**1"To compare the pressure effects of the present com-
B(T)=b+ §C§(T)2, pounds and those of invar-type alloys, the valueMgf T,
pressure coefficients dfl g and T and the ratio of pressure
c(T)=c. coefficient of T¢ to that of Mg for the La(FgggSip19)13

compound®* ordered and disordered fgBt,, and FggNiss
The parameters, b, andc are correlated to the density of invar-type alloy§®“°are listed in Table I. As shown in Table
states and its derivative around the Fermi energy. A thermal, for both the ordered and disordered/§,, invar-type
induced first-order F-P transition takes place in the range o#lloys, dInTc/dP is one order larger in magnitude than
a>0, b<0, ¢>0, and 5/28& ac/b?<3/16. By considering dInMg/dP, while both the pressure coefficients are the
the magnetovolume coupling energy, the significant magnesame order for RgNiss invar-type alloy. Accordingly, the
tovolume effects are expected to appear around the tricriticabtio of the pressure coefficient ofc to that of Mg,
point of ac/b?=5/28. It should be emphasized that the mag-d In Tc/d In Mg, for ordered and disordered FBtyg invar-
netic phase transition is of the second-order in the rangéype alloys is one order larger than that forz#é 55 alloy. It
ac/b?<5/28, but the large magnetovolume effects also apshould be noted that the ratio of the LagggSiy 1213 com-
pear wherac/b? is close to 5/28. Actually, the value effor ~ pound is almost the same as that for orderegffig; alloy as
x=0.84, which is very close to the tricritical point, exhibits a seen from the last line in the table, although the former ex-
negative value due to a large spontaneous volume magnetbibits the first-order and the latter the second-order phase
striction as seen from Fig. 1. Similar model based on the LGransition. The effect of pressure dg is mainly attributed
expansion has been applied to calculate the magnetovolunte the bandwidth narrowing caused by a smaller volume un-
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FIG. 2. Density of states of the La(§:g:5iy 119 13 compound in
the ferromagnetic state.

der applied pressureOn the other hand, the Curie tempera-
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TABLE IlI. Electronic specific-heat coefficient and high-field
magnetic susceptibilityy; of the La(FgggSig10)13, together with
those of ordered and disordered,§R,, and F@sNiss alloys (Refs.
50-52.

La(F&Si;—y)13 FergPh,  FegPh,
(ordered (disordered

FessNiss

11.3b
2.0°

v (mJ/mol K2)
xne (10 3ug/T)
3Reference 50.

bReference 51.
‘Reference 52.

7.5
1.2

7.52
0.8¢

9.52
1.0°

Next, the 31 band calculation has been applied to exam-
ine the relation between the magnetovolume effect and the
metamagnetic transition:° The projected density of state
(DOS) curves in the F state is presented in Fig. 2. The energy
scale is shifted so as to the Fermi letgi=0. The La% and
Fe3d bands are well hybridized, but the main part of the

ture strongly depends on the temperature dependence of tipartial DOS of the La8 is still recognized around-4 eV.
magnetic free energy due to the renormalization effect offThe main part of the @ DOS in the majority spin band is

spin fluctuations given by Ed2).5>42Therefore the effect

located belowEg. FurthermoreEg lies just at the dip be-

of pressure on also involves the influence of spin fluctuatween maxima arount2.0 eV and around-1.8 eV in the

tions.

By adding the elastic energy(T)?/2 «, for the volume
change, o(T), and the magnetovolume energy,—
o(T)CrdM(T)?+&(T)2, to Eq. (2), the following rela-
tions are derived®

—o(T)=kP—kCpr{M(T)?*+&(T)?%} )
and
woH=A(T)M(T)+B(T)M(T)3+C(T)M(T)®
—20(T)CryM(T). 4

For the first-order F-P transition, the Curie temperailixés

dered FegPt,,, and NisFess invar-type alloys®—>2
sented

minority spin band. It should be noticed that a similar dip
structure of DOS arounég located between large maxima
for Fe-Pt system is connected with the snaalh Mg/dP.’

In order to confirm the low density of states at the Fermi
level, p(Eg), the coefficient of the electronic specific-heat
coefficient y and the high-field magnetic susceptibiligy;
have been investigated. The values pfand y,; for the
La(Fe gsSip 19 13 together with those for ordered and disor-
are pre-
in Table Il. As seen in Fig. 2Eg of the
La(Fe gg=Sip 11913 IS located well above the d3 majority

spin band. According to the first-principles band calculations,

Er of ordered FgNi and disordered FeNi,s alloys crosses

the upper part of majority spindband®® while those of

obtained from Eqs(3) and(4) under the condition that the grdered FgPt and disordered F€Pt,s alloys are situated the
energy level in the F state is the same as that in the P statgpper edgé:>® In Table II, the value ofy proportional to

For the second-order transition, on the other handis de-
termined as the temperature whetel/dM=0.'%1® Equa-

p(Ep) in the free-electron model exhibits the difference in
magnitude, consistent with the calculated resultsp(Eg)

tions (3) and (4) describe that the renormalization effect re- regardless of the difference in composition and atomic order

lated to spin fluctuations for free energy indicates thepetween the calculations and the experiments for Fe-Pt and
pressure dependence through the magnetovolume effegte_Ni invar-type alloys. The value ofy is also related to
Namely, the spontaneous volume magnetostriction dlscussggtEF) ast

in Eq. (1) reduces the variation of the free energy by the
renormalization effect of spin fluctuations. On the other

hand, the decrease of volume by hydrostatic pressure en-
hances the renormalization effect, resulting in the decrease in

p+(Ep)’ . p-(Ep)’
P+(EF)3 P—(EF)3

(gug) 3

0 0
th:th[ 1+ (xpp)?

the Curie temperature. Therefore the significant difference

between the magnitude afin MgdP anddInT./dP im-
plies a strong contribution from the renormalization effect of

spin fluctuations, and the influence of spin fluctuations on the

dl
oM

©)

)

magnetovolume effects in the present compound is similar to .

that in the order and disorder Fe-Pt invar-type alloys, thoug
the direct comparison of the renormalization effect is diffi-
cult because of the dependence&gT) on the microscopic

parameters such as a cutoff wave vector of spin fluctuations.

HVIth

-1
I

1 N 1 B
p+(Ep)  p-_(Ep)

ng:(gMB)z(
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FIG. 3. Density of states of the La(§f§s5i0.119 13 compound in
the paramagnetic phase.
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b= 1 {(P(EF)’>2_ P(EF)"] ©6)
16p(Ep)° |\ p(EF) 3p(Ep))
The peak of the DOS just abo®: tends to make the sign
of b negative’® Therefore it is concluded these features for
the large magnetovolume effects and the first-order magnetic
phase transition are confirmed in the band structures of the
La(Fe) gss5ip 11913, though a quantitative uncertainty of the
peak height of the calculated DOS is involved due to a large
number of atoms in the formula unit cell.

IV. CONCLUSION

In order to discuss the correlation between the itinerant-

wherel is the effective exchange integral. The subscripts electron metamagnetidEM) transition and the large mag-
and — of p indicate the majority and the minority spin netovolume effects in the La(k®i; )13 compounds, calcu-
bands, respectively. Although this relation is not so straightiated 3d band structures of the La(FgsSi 119 13 compound

forward asvy, the value ofp,(Eg) is a leading term for

in the ferromagnetic and the paramagnetic states are com-

strong ferromagnets in which the majority spin band is situ-pared with those of Fe-Pt and Fe-Ni invar-type alloys. A

ated belowkEg. Accordingly, s of the strong ferromagnetic - significant

magnetovolume effect is observed in

La(F& gaSo.12 13 compound and the ordered and disordered_a(FeSi; _,);5 not only in the rangex=0.84 at the first-
FesgPl, invar-type alloys is smaller than that of the weak order ferromagnetic-paramagnetic transitioriTat but also

ferromagnetic FgNiss invar-type alloy.

in the rangex<0.84, where the transition &t. is of the

From the results of the fixed-spin-moment band calculasecond order. A large pressure dependence of the Curie tem-

tions, it has been pointed out that the feature of paramagnetiGeratureT . compared to that of the spontaneous magnetiza-
DOS s also important to discuss the large volume effect ijon M is observed ix=0.88, which is similar to the mag-

Fe-Pt and Fe-Ni invar-type alloys. Figure 3 shows the petovolume effects in the F¢t, invar-type alloy. The band

DOS curve for the paramagnetic LagggsSipq11913 COM-
pound. The general feature of thd ®OS is relatively simi-
lar to that of fcc Fe, ordered E@t, and FgNi, "*°°though

calculations reveal that the La(§gSig 1213 compound is in
a strong ferromagnetic state, consistent with the experimen-
tal results of the electronic specific-heat coefficigrand the

the bandwidth is different from one another. Especially, ahigh-field magnetic susceptibilityy;. Furthermore, the fea-
high DOS in the upper part of theddand close to the Fermi e of majority spin band in the ferromagnetic state is simi-
level is considered as one of the triggers of the magnetigar to that of ordered and disordered Fe-Pt invar-type alloys,
instability in Fe-Pt and Fe-Ni invar-type alloys. Further- — and the feature of thedband in the paramagnetic state is
more, it has been pointed out that the peak of DOS just|ose to the condition for the inducement of magnetic insta-

aboveEg, which goes down beloi. by the exchange split-  pjjity, accompanied by the first-order magnetic transition.
ting in the F state, is the origin of the energy barrier between

the P and the F statédt should be noticed that the peak of
DOS just abovée is consistent with the negative sign of the
mode-mode coupling coefficient among spin fluctuations dis-
cussed in connection witl In To/dP. Namely, the mode-
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