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Itinerant-electron metamagnetic transition and large magnetovolume effects
in La „FexSi1Àx…13 compounds
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Magnetic properties and magnetovolume effects have been investigated for itinerant-electron metamagnetic
La(FexSi12x)13 compounds. At the Curie temperatureTC1 , a first-order magnetic phase transition takes place
in the concentration range 0.86<x<0.88. With increasing Fe concentration, the Curie temperature decreases
and the critical temperature of the itinerant-electron metamagnetic~IEM! transition increases, accompanied by
a more sharp IEM transition. For the compound withx50.88, a large volume change of about 1% follows the
thermal induced transition atTC1 . The value ofTC1 is significantly decreased by applying hydrostatic pressure,
whereas the pressure dependence of the spontaneous magnetization is relatively small. These results are
explained by the negative mode-mode coupling among spin fluctuations.
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I. INTRODUCTION

The itinerant-electron metamagnetic~IEM! transition, that
is, the first-order transition from the Pauli paramagnetic
the itinerant-electron ferromagnetic state, has been ex
sively investigated from both the experimental and theor
cal viewpoints.1–13 Wohlfarth and Rhodes initially discusse
the IEM transition by using a Landau-type expansion up
fourth power of the uniform magnetization.9 Shimizu also
discussed the IEM transition by considering up to the si
power term.10 It is important to note that this transition in
volves the influence of spin fluctuations as well as the m
netovolume effects at finite temperatures.6,8,12,13

The IEM transition is characterized by two quasidegen
ated states of itinerant electrons.9–12 It should be noticed tha
the quasidegenerated magnetic states has also been disc
in connection with Invar anomalies, namely, extremely la
magnetovolume effects, in Fe-based alloys such as Fe-Ni
Fe-Pt systems.14 In the past, the IEM transition and the ma
netovolume effect were independently discussed. Howe
recent theoretical studies disclose the close relation betw
these phenomena.13

Experimental results on the IEM transition have so
been restricted to Co-based Laves phase1–6 and pyrite
compounds,7,8 except for MnSi which exhibits an IEM tran
sition under high pressures.15 Recently, we have demon
strated that La(FexSi12x)13 compounds exhibit a first-orde
magnetic phase transition at the Curie temperatureTC1 , as
well as an IEM transition aboveTC1 .16 It should be empha-
sized that Fe-based itinerant-electron metamagnetic c
pounds have been found for the first time. The most strik
characteristic of La(FexSi12x)13 compounds is that the mag
netic moment induced by the IEM transition exceeds 1mB
just aboveTC1 , accompanied by a large volume change.
addition, marked magnetovolume effects have been repo
for isostructural La(FexAl12x)13 compounds.17 Therefore
La(FexSi12x)13 compounds are useful candidates to inve
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gate the relation between the magnetovolume effect and
IEM transition. In the present study, the magnetovolume
fects such as the spontaneous magnetostriction and the
sure effects have been investigated, as well as fundame
characteristics of the IEM transition, for La(FexSi12x)13
compounds. The obtained results are discussed in term
the spin fluctuations.

II. EXPERIMENT

Alloying of La(FexSi12x)13 was carried out by arc melt
ing. To homogenize the specimens, the heat treatment
made in an evacuated vacuumed quartz tube at 1320 K f
days. The single phase with a cubic NaZn13-type structure
was identified by x-ray powder diffraction. Magnetizatio
measurements were made with a superconducting quan
interference device~SQUID! magnetometer. Magnetostric
tion measurements were carried out by a three terminal
pacitance method. Thermal expansion was measured w
differential transformer type dilatometer. Mo¨ssbauer effect
measurements were made with a constant acceleration-
spectrometer. Pressure dependences of the magnetizatio
of the Curie temperature were measured by using
extraction-type magnetometer equipped with a Cu-Ti pr
sure clamp cell.18

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of mag
zation in 0.3 T for the compounds withx50.84, 0.86, and
0.88. In the range of low temperatures, the magnetiza
decreases gradually with increasing temperature. Altho
only a second-order phase transition at the Curie tempera
without any drastic anomaly was reported previously,19 a dis-
continuous change takes place at 195 K forx50.88, indicat-
ing a first-order transition. Such a first-order phase transit
in the present compounds is limited to the higher Fe conc
tration region. Indeed, the magnetization gradually decrea
©2001 The American Physical Society10-1
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with increasing temperature indicating the second-or
phase transition for the compound withx,0.84. The Mo¨ss-
bauer spectrum forx50.88 at 193 K shows one sextet com
ponent of the magnetic ordered state and a paramag
doublet coexists with a ferromagnetic sextet at 195 K in F
2. The sextet component suddenly disappears and only
doublet component is observed at 197 K. Consequently,
transition of the present compound withx50.88 is not from
the ferromagnetic to the antiferromagnetic state, which
often observed in some Fe-based compounds,20,21 but to the
paramagnetic state. The coexistence of the ferromagnetic
the paramagnetic states is due to a supercooling phen
enon, being the characteristic feature of the first-order ph
transition. Detailed analyses of the Mo¨ssbauer spectra will be
published elsewhere.

It is considered that the free energy as a function of u
form magnetizationM for the present compound withx
50.88 has two minima atM50 andMÞ0, which respec-
tively correspond to the paramagnetic and the ferromagn
states. Under these conditions, the free energy structure g
not only the thermal induced first-order phase transition
tween the ferromagnetic~F! and the paramagnetic~P! states,
but also the magnetic-field induced metamagnetic transi
from theP states to theF state above the Curie temperatu

FIG. 1. Temperature dependence of the magnetization for
La(FexSi12x)13 compounds withx50.88, 0.86, and 0.84.

FIG. 2. Mössbauer spectra of the compound withx50.88 re-
corded at 193, 195, and 197 K.
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TC1 as reported in Ref. 16. The onset of the itinerant-elect
metamagnetic transition is conclusive evidence in suppor
the double minimum structure of free energy. The therm
energy makes the minimum in the ferromagnetic state s
lower and the minimum in the paramagnetic state becom
stable aboveTC1 . In other words, the thermal induced firs
order phase transition atTC corresponds to the itinerant
electron metamagnetic transition at the critical magnetic fi
BC50. By carrying out the magnetization measurement
the compounds with different concentrations aboveTC1 , the
magnetic phase diagram is established as shown in Fig.
x%0.84, the second-order magnetic phase transition from
ferromagnetic to paramagnetic transition is observed at
Curie temperatureTC2 . The critical temperatureT0 is con-
ventionally defined as the temperature where hysteresi
the magnetization curves disappears. The Curie tempera
TC1 decreases, whereasT0 increases with increasing Fe con
centration, indicating that the IEM transition occurs in
wide temperature range. In theoretical calculations
itinerant-electron systems with the negative mode-mode c
pling among spin fluctuations,12,22 the phase boundaries ar
derived from the critical conditions as a function of the me
square amplitude of spin fluctuationsjp(T)2. By assuming a
proportional relation betweenjp(T)2 and temperatureT, and
neglecting the concentration dependence of the dispersio
spin fluctuations,T0 decreases with decreasingTC1 . It has
been reported that the calculated phase diagrams well re
duce the experimental results for the itinerant-electron m
magnetic Co pyrite8 and Laves phase compounds,23 though
the concentration dependence ofT0 is slightly different be-
tween these systems. In contrast to these data, the preseT0
increases with decreasingTC1 . These different behaviors
may be concerned with the concentration dependence o
damping and dispersion coefficients of spin fluctuatio

e

FIG. 3. Magnetic phase diagram of La(FexSi12x)13. TC2 and
TC1 denote the Curie temperature of the second-order and the
order ferromagnetic-paramagnetic transition, respectively.T0 stands
for the critical temperature of metamagnetic transition.
0-2
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which should be measured by microscopic dynamical exp
ments such as neutron scattering and NMR.

The IEM transition is often followed by significant mag
netovolume effects due to an abrupt change in the local m
netic moment.24,25 Figure 4 shows x-ray diffraction profile
for x50.88 measured in the temperature range crossing
Curie temperature 195 K. No difference between the diffr
tion patterns of the profiles at 180 and 200 K is confirmed
six sets of planes indexed in Fig. 4, although a signific
shift of the peak positions is observed. Therefore the onse
the ferromagnetic ordering has no influence on the symm
of the atomic lattice, but results in a large volume change
more detail, the volume change occurs discontinuously,
is, a large volume phase coexists with a small volume ph
as seen from the profiles at 170–190 K. The discontinu
change of the volume and the coexistence of the large
small volume phases are attributed to the first-order tra
tion between theF and theP phases and the supercoolin
effect around the transition temperature, in accord with
Mössbauer spectra shown in Fig. 2. In other words, the o
of the magnetic moment at the transition temperature bri
about a significant volume expansion, being about 1.2%
the temperature range of 170–250 K or 0.7TC1;1.1 TC1 .

The double minimum structure of free energyE(T,M ) is
phenomenologically described by the Ginzburg-Landau-t
expansion in terms of the series of the magnetization
follows:9,12

E~T,M !5F2~T!M ~T!21F4~T!M ~T!41F6~T!M ~T!6

~1!

with F2(0).0, F4(0),0, andF6(0).0. The negativeF4
gives the negative mode-mode coupling among spin fluc

FIG. 4. X-ray diffraction profiles at various temperature f
x50.88. Six sets of planes are indexed by arrows.
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tions and has important influences not only on the IEM tra
sition but also on the magnetovolume effects characteri
by a significant spontaneous volume magnetostriction.13,14

For example, the first principles calculation predicts a dou
minimum structure of free energy as a function of magne
zation and volume for Fe3Pt ordered and disordered fcc a
loys, and the magnetovolume effects in Fe3Pt is discussed in
terms of the energy barrier between these local minima.14 It
should be emphasized that the theoretical calculation b
fixed spin moment method gives the first-orderF-P transi-
tion in Fe3Pt ordered alloy,14 though a martensitic transfor
mation prevents from observing such a magnetic phase t
sition. On the other hand, the present compounds yield
first-order magnetic phase transition without any change
the crystal structure. Therefore the magnetovolume effect
the ferromagnetic state belowTC1 are of interest in connec
tion with the relation between the negative mode-mode c
pling among spin fluctuations.

Shown in Fig. 5 are thermal expansion curves for t
compounds withx50.84, 0.86, and 0.88. The obtained r
sults are similar to those reported previously.26,27 In connec-
tion with the change in the feature of the thermomagneti
tion curves in Fig. 1, the volume change aroundTC1
becomes continuous with decreasingx. The volume de-
creases from low temperatures up to the Curie temperatu
these three specimens, indicating the existence of the s
taneous volume magnetostriction in theF state. Furthermore
the magnitude of the negative thermal expansion coeffic
seems to become smaller with decreasingx. The change of
the magnitude of the thermal expansion coefficient cor
sponds to the temperature dependence of the spontan
volume magnetostrictionvs , which is generally expresse
as follows:13,14

vs~T!5kC$M ~T!21jp~T!2%, ~2!

FIG. 5. Thermal expansion curves of the compounds w
x50.84, 0.86, and 0.88. Solid circles are the data obtained f
x-ray diffraction.
0-3
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wherek, C, andjp are the compressibility, the magnetovo
ume coupling constant, and the amplitude of local therm
spin fluctuations, respectively. With increasing temperatu
the magnetizationM (T) decreases, while thermal spin flu
tuations are excited and thenjp(T)2 increases. Therefore
smaller magnitude of the thermal expansion coeffici
means a smaller temperature dependence ofM (T) and/or
steep increase of thermal spin fluctuations. Accordingly,
significant spontaneous volume magnetostriction in theF
state is attributed to the negative mode-mode coup
among spin fluctuations.

Since a large volume change is followed by the ph
transition in the present system, a significant influence of
hydrostatic pressure to the phase transition is expected.
ures 6~a! and ~b! show the temperature dependence of m
netization under hydrostatic pressure forx50.88 and 0.86,
respectively. A strong decrease in the Curie temperatureTC1
is observed with increasing pressure. Especially, the disc
tinuous change of magnetization forx50.86 becomes more
significant with increasing pressure, indicating the shar
metamagnetic transition.

The pressureP dependence of the magnetizationM, and
of the Curie temperatureTC1 is shown in Figs. 7~a! and~b!,
respectively. Both the magnetization and the Curie temp
ture exhibit a negative pressure dependence and the pre
coefficient ] ln M/]P is 20.015 and20.019 GPa21, while
] ln TC1 /]P becomes20.31 and20.48 GPa21 for x50.86

FIG. 6. Temperature dependence of the magnetization meas
in applied hydrostatic pressures for~a! x50.86 and~b! 0.88.
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and 0.88, respectively. By neglecting the influence of ze
point spin fluctuations, the pressure dependence of mag
zation at low temperatures is mainly due to a change of
width of 3d electron band, whereas that of the Curie te
perature is connected with the balance between the ma
tovolume effect caused by both the pressure and the
fluctuations.28 By using the Landau expansion, the critic
pressure for the first-order transition from the ferromagne
to the paramagnetic state is expressed as follows:

Pc~T!5P~0!1 f p
ajp~T!21 f p

bjp~T!4, ~3!

where f p
a and f p

b are the constants related to magnetovolu
coupling constantkC in Eq. ~2! and the coefficientsF2(0),
F4(0), andF6(0) in Eq.~1!. The temperature dependence
jp(T)2 is given by

jp~T!25
g

D

~kBT!2

6pF2~0!
. ~4!

The parametersg andD are concerned with the damping an
the dispersion coefficients of spectrum of spin fluctuation12

The critical pressure at the constant temperature in Eq.~3!
gives the critical temperature at the constant pressure
shown by the solid lines in Fig. 7~b!, the present data ar
well reproduced by Eq.~3!. It should be noted that the criti
cal pressurePc in Eq. ~3! is not a function ofM but only
jp(T)2. In the itinerant-electron system, it is well known th
the curve of the free energyE(M ,T) itself is changed by
spin fluctuations. The hydrostatic pressure enhances the
mal change in the curve ofE(M ,T) due to spin fluctuations
and hence a local minimum in the ferromagnetic state stee
becomes shallow, resulting in the lower first-orderTC1 . Con-
sequently, the influence of pressure on the Curie tempera

red

FIG. 7. Pressure dependence of~a! the magnetization and~b! the
Curie temperature forx50.86 and 0.88.
0-4
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is larger than that onM. Strong volume dependence of th
Curie temperature TC1 is also observed in
La(Fe0.88Si0.12)13Hy hydrogenated compounds. In these co
pounds, the volume expansion due to the hydrogen abs
tion results in a significant increase in the Curie temperat
with respect to the hydrogen concentrationy. These results
are also interpreted by strong magnetovolume effect of
present compounds.29,30

The Landau expansion gives the following another imp
tant relation between the Curie temperatureTC1 and the dis-
continuous change of magnetization atTC1 , DM (TC1),12,31

DM ~TC1!25
3

4

UF4~0!1
14

3
F6~0!jp~TC1!2U

F6~0!
. ~5!

Figure 8 shows the relation betweenDM (TC1)2 andTC1
2 for

x50.86 and 0.88. In both the compounds, the linear relat
betweenDM (TC1)2 and TC1

2 is confirmed. Consequently
these results mean that the pressure effect onTC1 is well
explained by the Landau expansion. Validity of Eq.~5!
strongly implies that the pressure effect onTC1 is dominated
by spin fluctuations.

In conclusion, a first-order phase transition between
ferromagnetic and the paramagnetic state was observe
La(FexSi12x)13 compound. The itinerant metamagnetic tra
sition is induced by external magnetic field, above the Cu
temperature. A large volume change was observed in b
the first-order transition at the Curie temperature and
IEM transition. These results are explained in terms of
double minimum structure in the free energy as a function
magnetic moment~M! and volume (V), that is, these phas
transitions are caused by the difference in the energy g
against temperature or magnetic field for a largeV state with
-

a

d

Y.

,

n

a

01441
-
rp-
re

e

-

n

e
in

-
e
th
e
e
f

in

MÞ0 and a smallV state withM50. At finite temperatures
the IEM transition and the significant magnetovolume effe
in the present compounds are influenced by the nega
mode-mode coupling among spin fluctuations. The hyd
static pressure enhances the thermal change in the curv
free energy due to spin fluctuations, and a significant
crease in the Curie temperature is observed by applying
drostatic pressure.
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