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The initial pressure shift of the Curie temperature 7. for the first-order transition, d7./dP, for La(FegsSio.12)13 becomes small after
hydrogen absorption. In addition, the hydrogen absorption reduces the ratio of the volume change at 7. to the magnetization squared at 7,
Aw(T.)/M(T.)g?, suggesting the decrease of the magnetoelastic coupling constant kCp,y. On the other hand, d7, /dP is enhanced by the partial
substitution of Ce for La in connection with the change of the band structure. Consequently, d7, /dP of Lag 7Ceq 3(Feo.g3Sio.12)13Hy is larger than

that of La(Feo gsSio.12)13H, in a wide change of 7.
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1. Introduction

La(Fe,Si;_,);3 compounds with 0.86 < x < 0.90 exhibit
the thermal-induced first-order transition between the para-
magnetic (P) and the ferromagnetic (F) states at the Curie
temperature T.." By applying magnetic field, the itinerant-
electron metamagnetic (IEM) transition, that is, the first-
order transition to the F state takes place above T.." A cubic
NaZn;s-type structure of the Fm3c space group is kept after
undergoing the thermal-induced first-order transition?® and
the TEM transition.” In addition, the unit cell volume in the
F state is larger than that of the P state because in a large
spontaneous volume magnetostriction associated with the
local magnetic moment.>® Therefore, T, is significantly
decreased by applying hydrostatic pressure.® The critical
temperature 7 of the disappearance of the IEM transition
also decreases with increasing pressure.” The pressure
effect on T, is smaller than that on 7., and hence the
temperature difference, T, — T, increases with increasing
pressure.” A close interplay between magnetism and volume,
namely, the large magnetovolume effects in La(Fe,Sij_y)i3
have been explained in terms of band structure and spin
fluctuation based on the Landau-Ginzburg model for the
IEM transition.>>7

The unit cell volume of La(Fe,Si;_,)3 is isotropically
expanded, and T, is increased up to about 330 K by hydrogen
absorption.®?) The both temperatures of T, and Ty increase,
while the value of Ty — T, decreases.!? In contrast, the unit
cell volume is decreased by the partial substitution of Ce for
La, because the ionic radius of Ce is smaller than that of La
due to the lanthanide contraction.'’'? In this case, the
temperatures of 7, and T, are decreased and the value of
Ty — T, is increased.'® Therefore, the volume dependence of
T. and T for La(Fe,Si;_,)13H, and La;_,Ce (Fe,Si;_)3 is
qualitatively consistent with that of La(Fe,Si;_,);3 under
hydrostatic pressure. However, it has been pointed out that
the IEM transition of La(Fe,Sij_,);3 under hydrostatic
pressure is different from that of La;_,Ce,(Fe,Sij_y)i13
having a similar value of 7,.'%!9

In the present paper, to discuss the difference between
the influence of the hydrogen absorption and the partial

substitution of Ce, the pressure effect on 7. for
Lag.7Ceo.3(Feo.g3Sio.12)13H, and La(Fe.3Sio.12)13H, having
a similar value of 7, is investigated.

2. Experiments

The Lag 7Ceo 3(Fe.g3Sio.12)13 and La(FeqggSig.12)13 com-
pounds were prepared by arc-melting in an argon gas
atmosphere and the heat-treatments were carried out in an
evacuated quartz tube. The annealing temperatures of
Lag7Ceo3(FeqsgSio.12)13 and La(FepgsSip.12)13 were 1423
and 1323 K, respectively. The annealing duration was 10
days. The hydrogen absorption was carried out by annealing
under a hydrogen gas atmosphere. In order to control the
hydrogen content, the annealing temperature and the hydro-
gen gas pressure were changed. The powder x-ray diffrac-
tions were carried out by using Cu Ko radiation. The
magnetization was measured with a SQUID magnetometer.
The hydrostatic pressure was applied by using a nonmagnetic
Cu-Ti clamp cell. The applied pressures were calibrated by
measuring the shift of the superconducting transition tem-
perature of Pb.

3. Results and Discussion

Figure 1 depicts the thermomagnetization curve in the
heating process under a magnetic field of 1T for
Lag7Ceq3(FeossSio.12)13H17. The Curie temperature 7, =
175K of Lag7Ceg3(FepssSip.12)13 is increased up to about
320K by hydrogen absorption. Since the magnetization
decreases rapidly in the vicinity of 7, with increasing
temperature, the thermal-induced first-order transition at
T, remains after hydrogen absorption. The inset represents
the powder x-ray diffraction patterns of Lag;Ceq3(Fegss-
Sig.12)13H1.7 and Lag7Cep3(Feqg8Sio.12)13 at room temper-
ature. The several vertical short bars below the diffraction
patterns are the positions of all the possible Bragg reflections
from a cubic NaZnjs-type structure with the Fm3c space
group. The diffraction patterns of all the specimens are
identified as the cubic NaZn,3-type structure. The diffraction
peaks shift to the lower angle region after hydrogen
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Fig. 1 Thermomagnetization curve in the heating process under a

magnetic field of 1T for Lag7Ce3(FeogsSio.12)13H;.7. The inset shows
powder x-ray diffraction patterns of Lag7Ceq3(FeogsSio.12)13H, with
y=0.0 and 1.7. The several vertical short bars below the diffraction
patterns stand for the positions of all the possible Bragg reflections from a
cubic NaZn,3-type structure with the Fm3c space group.
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Fig. 2 The Curie temperature 7, as a function of the unit cell volume for
La0,7Ce()43(FeO,ggSi0,12)13Hy and La(Feo,ggSi0_12)13Hy, together with that of
La;_.Ce.(Feo3Sig.12)13.'

absorption, showing an isotropic expansion of the unit cell
volume. Such volume expansion is caused by not only the
invasion of hydrogen atom but also the spontaneous volume
magnetostriction, because Lag7Ce3(FeoggSip.12)13H; 7 is in
the ferromagnetic state at room temperature.

Figure 2 represents T, as a function of the unit cell volume
at room temperature for Lag7Ceg3(FeogsSig.12)13H, and
La(Fe(.ggSip.12)13Hy, together with that of La;_,Ce,(Feggs-
Sig.12)13.'? To discuss the relation between the unit cell
volume and 7. without the contribution from the large
spontaneous volume magnetostriction, the data on the speci-
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Fig. 3 Pressure shift of the Curie temperature 7. for Lag;Cegs-
(Feg.88Si0.12)13H1.7, Lag.7Ceo3(FeossSio.12)13, La(FeogsSio.12)13H12 and
La(Feq.gsSio.12)13.>)
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Fig. 4 Relationship between the Curie temperature 7, and the initial
pressure  shift  d7./dP  for  Lag;Ceo3(FeosgSip.12)13H,  and
La(Feo.g3Sio.12)13H,.

men with T, < 273K are plotted. The value of 7, increases
with increasing y and decreases with increasing z. The slope
of Lag7Ceg3(FeogsSio.12)13H, is quite similar to that of
La(Fe ggSig.12)13H,. However, T of the former is slightly
higher than that of the latter at the same volume. In addition
the volume dependence of 7. for the two compound systems
mentioned above is stronger than that of La;_.Ce (Fegss-
Sig.12)13-

Figure 3 depicts the pressure shift of T, for
Lag 7Ceo3(Feos3Sio.12)13H17 and Lag7Ce3(FeogsSio.12)13-
For comparison, the data of La(FeyggSip.12)i3H;» and
La(Fe(g3Sio.12)13” are also plotted in the same figure. Shown
in Fig. 4 is the relationship between 7. and d7./dP for
Lag 7Ceo3(Feo sSio.12)13H, and La(FeqsgsSio.12)13H,. The
value of d7./dP was estimated from the initial pressure
shift of T, shown in Fig. 3. The pressure shift of 7. for
La(Fe( s3Sip.12)13 is increased by the partial substitution
of Ce, whereas it is decreased by hydrogen absorption.
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Fig. 5 Magnetization curves of (a) Lag;Ce3(FeogsSio.12)13H3 and (b)
La(Feos3Sio.12)13H10 in the vicinity of the Curie temperature 7.. The
increasing and decreasing processes of applied magnetic fields are
indicated by the arrows.

Similarly, the pressure shift of 7. for Lag7Ceq3(Fep.ss-
Sig.12)13 becomes small after hydrogen absorption. It should
be noted that the pressure shift of 7, for Lag7Ce3(Feo.gs-
Sig.12)13H;7 is larger than that for La(FeggSip12)13H12,
though 7. of the former is higher than that of the latter,
showing that the enhancement of d7./dP caused by the
partial substitution of Ce remains after hydrogen absorption.
Accordingly, dT../dP for Lag 7Ceq 3(Feo gsSio.12)13H, is larger
than that for La(Fe gsSig.12)13H, in a wide change of T..

The magnetization curves of (a) Lag7Cegs(Fepgs-
Si0,12)13H1_3 and (b) La(Feo,ggsio'lz)mHllo are shown in
Fig. 5. The value of T. for Lag7Ceq3(FeogsSip.12)13H13 is
about 280 K, being the same as that for La(Fe g Sig.12)13Hi.0-
The increasing and decreasing processes of applied magnetic
fields are indicated by the arrows. A characteristic S-shape
magnetization curve with hysteresis is observed above
T. because of the itinerant-electron metamagnetic (IEM)
transition. The hysteresis in the magnetization curve of
Lag7Ceq3(Feq.g3Sio.12)13H] 3 appears at higher temperatures,
indicating that the critical temperature T, of the disappear-
ance of the IEM transition is much higher than that of
La(Fe( ggSio.12)13Hi0. Such results make it clearer that
the influence of the partial substitution of Ce cannot be
explained by the volume contraction only.

The magnetovolume effects in itinerant-electron meta-
magnets have been discussed in terms of the Landau-type
expansion of magnetic free energy.'® In the theory, the
magnetic free energy is given by the following expression by
taking the effects of spin fluctuations, the magnetoelastic
energy and the elastic energy into account.'®

F(M)
1

=2 {@(T) + 2kCry PYM? + %I;(T)M“ + éE(T)Mf’, 1)

with

. . 5 - 4 ) , 35 4
a(T) = a(0) + {3 b(0) + 3 KCrny }E(T) + 5 c0)&(T)",

N ~ 14

b(T) = b(0) + 3 EOET)*,  &T) = &0), (@)

where & is the means-square amplitude of thermal spin
fluctuations. The values of G(0), 5(0) and ¢(0) are the Landau
coefficients related to the 3d band structure, and «Cp, is
the magnetoelastic coupling constant. When a(0) > 0,
b(0) < 0, &0) > 0 and 5/28 — n < a@(0)é(0)/b(0)*> < 3/16
(n = 2kCmy2/716(0))), the magnetic free energy has two
minima at M = 0 in the paramagnetic state and at a finite
value of M in the ferromagnetic state, resulting in the
thermal-induced first-order transition at 7. and the IEM
transition above Tc.lﬁ) Under these conditions, the pressure
shift of £ at T, for the first-order transition is given by'®

d&(T.)*
dP

6 «kCny |:d(0)6(0) 5

S VT1bO) L B0? 28

According to the theoretical discussion, 52 increases in
proportion to T2 at low temperatures, and to T at high
temperatures.'” It has been pointed out that the critical field
B, of the IEM transition for La(Fe(ggSio.12)13 increases in
line with T'? above T, = 195 K.'? This result means that &
for La(Fe( ggSip.12)13 depends on T'2 in the vicinity of 195K,
because B. has a proportional relation with £2.!” Thus
d&(T.)?/dP of the present compound system can be approx-
imately given by d7./dP. By adapting the thermodynamic
relation: 0F /0M = B to eq. (1), it reveals that the volume
change causes not only the decrease of T, but also the change
of magnetization curve. However, it has been pointed out that
the IEM transition of Lag7Ceq 3(Feq 86Sig.14)13 With the same
T, is clearer than that of La(Fe(g¢Si.14)13 under the hydro-
static pressure P = 0.25 GPa,'” resulting in the changes of
@(0), b(0) and &0). Therefore, the enhancement of d7, /dP
due to the partial substitution of Ce is attributed to the change
of the band structure as can be understood from eq. (3).
The value of dT,/dP is also affected by the value of «Cy,y
as seen from the same equation. Based on the theoretical
discussion of itinerant-electron magnetism by taking the
effect of spin fluctuations into account, the magnetic con-
tribution to the thermal dependence of the volume, namely,
the spontaneous volume magnetostriction w(T) is given by!'®

o(T) = kCony M(T)* + &(T)*}. )

Thus, the volume change Aw at T, for the first-order
transition is expressed as'®

A(T,) = KCun {M(T)g* — &(To)p%), ®)

where M(T,)p is M at T in the F state and &(T,)p> is & at T,
in the P state. Summarized in Table 1 are Aw(T.), M(T.)g
and Aw(T.)/M(T.)g* of La(FeggsSio.12)13 and La(Feqgg-
Sig.12)13H16. The values of Aw(T.) and M(T.)s> were
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Table 1 The volume change Aw(7.) at the Curie temperature 7, and
magnetization M(T.) at T., together with the ratio Aa)(TC)/M(TC)2 of
La(Fe.g3Si0.12)13 and La(Feo.g3Sio.12)13Hi.6.

AT ) (%) M(To)/pe  Aa(Te)/M(T)* /g’
La(Fe()_ggSi()_lz)13 0.82 1.0 0.82
La(Feo_ggSio‘lz)BH]AG 0.54 0.9 0.67

evaluated from x-ray diffraction patterns® and Mé&ssbauer
spectra,>'? respectively. As seen from Table 1, Aw(T,) of
La(Fe33Sip.12)13H1.6 is about 65% of that before hydrogen
absorption. On the other hand, M(T.)? for the former is
about 80% of that for the latter. As a result, Aw(T.)/M(T,)g>
of La(FeggSip.12)13H1.¢ corresponds to about 80% of that
before hydrogen absorption. It is clear from eq. (5) that
such behavior can be explained by the decrease of xCy,y and/
or the increase of &(7,)p> due to the hydrogen absorption,
although the values of xCpy and &(T.)p? are not evaluated
qualitatively at the present stage. It should be noted that
the decrease of d7./dP for La(Fe(ggSig 12)13H 1, is about
70% as shown in Fig. 4. This value is close to that of
A(T)/M(T)e?, suggesting that the decrease of d7,/dP for
La(Feo.83Sig.12)13H, is mainly attributed to the decrease of
kCpny rather than the increase of £(7.)p”. Such influence of
hydrogen absorption differs from that of the partial substi-
tution of Ce. Consequently, it stands to reason that the
influence of the partial substitution of Ce on d7,/dP remains
after hydrogen absorption, resulting in the stronger pressure
effect on T, for LaQ,7C60_3(FCQ,ggSio_lz)BHy.

4. Conclusion

The initial pressure shift of the Curie temperature T,
namely, d7./dP, for La(Fe(gsSip.12)13 becomes small after
hydrogen absorption. In addition, the hydrogen absorption
causes the reduction of the ratio of the volume change at T, to
the magnetization squared at 7., Aw(T.)/M(T.)g*. Therefore,
it is suggested that the decrease of d7./dP due to the
hydrogen absorption is mainly attributed to the decrease of
the magnetoelastic coupling constant «Cy,y. On the other
hand, dT,/dP is enhanced by the partial substitution of Ce for
La in connection with the change of the band structure. As a

result, the enhancement of d7./dP due to the partial
substitution of Ce remains after hydrogen absorption. Con-
sequently, the pressure effect on 7. of Lagy7Ceq3(Fep.gs-
Sig.12)13H, is stronger than that of La(FegsgSig.12)13H, in a
wide change of 7.
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