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La~FexSi12x)13 compounds exhibit an itinerant-electron metamagnetic~IEM! transition above Curie
temperatureTC . The IEM transition in the compound withx50.88 is accompanied by a giant
volume change. From a practical viewpoint,TC was controlled by hydrogen absorption in order to
obtain such a giant volume magnetostriction at room temperature. For the La~Fe0.88Si0.12!13H1.0

compound, the IEM transition occurs aboveTC5278 K, and a significant isotropic linear
magnetostriction of about 0.3% at 7 T is induced in the vicinity of room temperature. This large
magnetostriction is attributed to the giant volume magnetostriction of about 1% by the IEM
transition. © 2001 American Institute of Physics.@DOI: 10.1063/1.1388157#
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The itinerant-electron metamagnetic~IEM! transition,
that is, the first-order field-induced transition from the pa
magnetic~P! to the ferromagnetic~F! state was observed i
Co-based Laves phase compounds such as YCo2, ~Ref. 1!
and LuCo2.

2 The origin of the IEM transition is associate
with a special 3d band structure which exhibits a sharp pe
of the density of state~DOS! just below the Fermi level.3 It
has been confirmed experimentally4–6 and theoretically7 that
Co-based Laves-phase quasibinary compounds exhib
large magnetovolume effect.

Recently, it has been demonstrated that NaZn13-type
La~FexSi12x)13 compounds composed of 112 atoms~space
group Fm3̄c! show an IEM transition.8 For the compound
with x50.88, a first-order phase transition occurs at the Cu
temperatureTC5195 K. In the paramagnetic state, the IE
transition is induced by applying a magnetic field. At 200
just aboveTC , this field-induced transition results in a larg
volume magnetostriction of about 1.5%.8

The magnitude of the linear magnetostriction, name
one third of the volume change for the La~Fe0.88Si0.12!13

compound is larger than that of TbFe2-based compounds
well known as large magnetostrictive materials. TbFe2-based
compounds exhibit an anisotropic linear magnetostrictio9

whereas the La~Fe0.88Si0.12!13 compound exhibits an isotropi
volume magnetostriction. The mechanism of the volu
magnetostriction originates from the onset of the magn
moment induced by the exchange splitting of the 3d-electron
band. Therefore, the present compounds are attractive
type of giant isotropic magnetostrictive material. However
is not so easy to induce a large volume magnetostriction
the vicinity of room temperature, because the IEM transit
field increases with increasing temperature.10 Alternatively,
the IEM transition field becomes lower as the temperat
comes close toTC . Practically, therefore, it is necessary
adjustTC around room temperature to obtain a giant volu
magnetostriction. It has been confirmed thatTC is increased
up to 250 K by substituting Co for Si.11,12 However, the
volume magnetostriction becomes obscure, implying that
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DOS curve around the Fermi level is modified by the sub
tution.

Another useful method to increaseTC is to introduce
interstitial atoms such as B, C, N, and H. Some hydrid
have been synthesized and their magnetic properties h
been investigated.13 In addition, a hydrogen absorption int
NaZn13-type La~FexAl12x)13 compounds brings about a dra
tic change in the transition temperature.14 In order to obtain a
giant volume magnetostriction at room temperature, the
fore, the increase inTC is examined by hydrogen absorptio

La~Fe0.88Si0.12!13 was prepared by arc melting in an A
gas atmosphere. Heat treatment for homogenization was
ried out in a vacuum quartz tube at 1323 K for 10 day8

X-ray powder diffraction identified the phase in all the spe
mens as a NaZn13-type single phase. Hydrogen absorptio
was carried out by differential scanning calorimeter~DSC! in
a H2 atmosphere of 5 MPa and Ar atmosphere of 0.1 M
After hydrogen absorption, the mechanical strength of
sample decreased, however, the form of the sample was
without any trouble for measurement of the linear magne
striction. The magnetization and magnetostriction were m
sured by an induction method and a three-terminal cap
tance method, respectively.

Figure 1 shows the room-temperature lattice constana
against the Curie temperatureTC determined by thermomag
netization measurements. It was confirmed that the lat
constant is increased by hydrogen absorption withou
change in the NaZn13-type structure. From the gas
chromatograph analysis for La~Fe0.88Si0.12!13Hy , the maxi-
mum concentration of hydrogeny was determined to be 1.6
The value ofTC was increased up to 336 K, accompanied
a volume expansion of about 3%. This volume expansion
caused by not only the hydrogen absorption but also
magnetovolume effect, because La~Fe0.88Si0.12!13H1.6 is fer-
romagnetic at room temperature. The lattice constant in
ferromagnetic range is apparently larger than that in the p
magnetic range. Therefore, a very large magnetovolume
fect is preserved after hydrogen absorption.

For y51.0 with TC5278 K, a thermally induced phas
transition occurs around room temperature. Figure 2 sh
© 2001 American Institute of Physics
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the x-ray diffraction patterns around TC for
La~Fe0.88Si0.12!13H1.0. The diffraction patterns in both theF
and theP states exhibit the NaZn13-type structure. The pea
positions show a significant shift aroundTC , and the coex-
istence of peaks in theF state with a large volume and theP
state with a small volume is confirmed at 280 K. Such
discontinuous peak shift suggests that a thermally indu
first-order phase transition also takes place after hydro
absorption.

Figure 3 shows the temperature dependence of the
tive volume change determined from x-ray diffraction p
terns for the La~Fe0.88Si0.12!13H1.0 compound. Due to the
first-order phase transition, the volume is changed disc
tinuously atTC . There is a magnetic contribution to the the
mal dependence of the volume change, which is called sp
taneous volume magnetostrictionvs . For itinerant electron
magnets,vs is expressed by using the local magnetic m
ment M~T! and the amplitude of thermal spin fluctuatio
j~T! as15

vs5kCmv$M2~T!1j2~T!%, ~1!

wherek and Cmv are the compressibility and the magnet

FIG. 1. Room-temperature lattice constanta against the Curie temperatur
TC .

FIG. 2. X-ray diffraction patterns around the Curie temperature for
La~Fe0.88Si0.12!13H1.0 compound.
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volume coupling constant, respectively. In theF state, the
contribution of the local magnetic moment to the volume
dominant, because the thermal spin fluctuations are s
pressed below the Curie temperature. On the other hand
local moment becomes zero in theP state. In theP state, the
volume is dominated by thermal spin fluctuations. The d
ference in volumeDv(TC) is expressed by the following
expression:7

Dv~TC!5kCmv$MF
2~TC!2jP

2~TC!%. ~2!

For the La~Fe0.88Si0.12!13H1.0 compound, the difference in
volume between theF andP states is about 1%. This resu
means thatMF(TC) becomes smaller andjP(TC) becomes
larger with increasingTC , and hence, the value ofDv(TC)
becomes smaller than that of the La~Fe0.88Si0.12!13 compound
after hydrogen absorption.

Figure 4 shows the magnetization curves as a function
temperature for the La~Fe0.88Si0.12!13H1.0 compound around
TC . A characteristic S-shaped curve with a hysteresis is
served aboveTC . This means that a field-induced first-ord
phase transition also takes place after hydrogen absorp

e

FIG. 3. Temperature dependence of the relative volume change for
La~Fe0.88Si0.12!13H1.0 compound.

FIG. 4. Magnetization curves of the La~Fe0.88Si0.12!13H1.0 compound as a
function of temperature in the vicinity of the Curie temperature.
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In other words, the IEM transition at room temperature
realized by hydrogen absorption. This IEM transition is ve
sharp, different from the result reported for the substitu
system.11,12

The present result implies that the change of the D
curve around the Fermi level is negligible after hydrog
absorption. From a practical viewpoint, therefore, hydrog
absorption is one of the useful methods to controlTC .

In order to elucidate the magnitude of the volume ma
netostriction due to the IEM transition, the linear magne
striction parallel to the magnetic-field direction was me
sured. The data of the La~Fe0.88Si0.12!H1.0 compound are
shown in Fig. 5. By applying the magnetic field, a significa
change of the linear magnetostriction is observed aro
room temperature. The magnitude of the linear magnetos
tion DL/L corresponds to the value of the discontinuous l
ear thermal expansionDv(TC)/3 due to the disappearance
the local magnetic moment shown in Fig. 3. This means
applying the magnetic field just aboveTC restores the ampli-
tude of the local magnetic moments. The temperature de
dence of the linear magnetostriction is correlated to the t
perature dependence of the IEM transition field. According
such a large linear magnetostriction is attributed to the g
volume magnetostriction of about 1% by the IEM transiti
around room temperature. The magnitude of a linear mag
tostriction at 7 T is about 0.3%, larger than the roo
temperature value of TbFe2-based compounds. With decrea

FIG. 5. Magnetic-field dependence of the linear magnetostriction parall
the magnetic-field direction just above the Curie temperature for
La~Fe0.88Si0.12!13H1.0 compound.
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ing temperature, a large value is obtainable in low
magnetic fields, as seen from Fig. 5. Therefore, such a g
magnetostriction is expected betweenTC and 284 K in much
lower applied magnetic fields, because the critical field of
IEM transition tends to become zero atTC .

In conclusion, in order to obtain a giant volume magn
tostriction at room temperature, Curie temperatureTC was
adjusted to around room temperature by hydrogen abs
tion. The La~Fe0.88Si0.12!13H1.0 compound exhibits a ther
mally induced first-order transition atTC5278 K. By apply-
ing a magnetic field aboveTC , an IEM transition is caused
accompanied by a giant volume change of about 1%. T
volume magnetostriction is isotropic, therefore, one th
corresponds to the linear magnetostriction. Furthermore
should be emphasized that no crystallographic structure c
trols are necessary in contrast to conventional magnetos
tive materials. Consequently, the present compound is a p
tical one for giant isotropic magnetostrictive materials.
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