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Abstract

The itinerant-electron metamagnetic (IEM) transition and magnetocaloric effects (MCES) in cubig:ftyg¥nla_.Ce (Fey gsSio.12)13
with z=0.0, 0.1, 0.2 and 0.3 have been investigated. By partial substitution of Ce for La, the Curie temerdeoeeases with decreasing
the lattice constant. In addition, the isothermal magnetic entropy chaSgeand the adiabatic temperature chagE,q due to the IEM
transition are enhanced because of the increase of the entropy change caused by the latent heat. Therefore, the partial substitution of Ce fo
Lain La(FeSi;_,)13 is highly effective in the enhancement of MCEs.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction hydrides are one of the most promising magnetic refrigerants
working in a wide temperature range covering room tem-

Materials having large magnetocaloric effects (MCES) perature. Further improvements such as the enhancement of

such as the isothermal magnetic entropy changg, and MCEs and extension of working temperature range toward a

the adiabatic temperature chargy&,q are utilized as mag-  lower temperature side for La(F®i;_,)13 are of particular

netic refrigerants for magnetic refrigeration. To obtain a interest.

high performance of magnetic refrigeration, it is necessary  Recently, we have found that MCEs for LagrgSio 10)13

to develop the magnetic refrigerants having large MCEs in are enhanced by a partial substitution of Ce for [IL8].

relatively low magnetic fields. Recently, we have demon- Furthermore, this enhancement is maintained in the vicin-

strated that NaZgy-type La(FgSii_,)13 exhibit large values ity of room temperature after hydrogen absorption into the

of ASm [1-5]and AT, [2—-6] just above the Curie tempera- Ce substituted compounds. Therefore, the effect of the par-

tureTc because of the itinerant-electron metamagnetic (IEM) tial substitution of Ce for La in La(R&ii1—,)13 heeds to

transition, that is, the field-induced first-order magnetic tran- be examined in detail. In the present study, the enhance-

sition from the paramagnetic to ferromagnetic state9]. ments of MCEs due to the partial substitution of Ce have

SinceT¢ is increased up to about 340K by controllingn been discussed in terms of change in the lattice constant, the

hydrogenated La(R8&i1—,)13H, [4,10,11] large MCEs are  Curie temperature and the latent heat of the IEM transition

obtainable in the temperature range between 190 and 340 Kof La;_,Ce,(Fep.gsSio.12)13-

[2—6]. In addition, their excellent thermal conductivity in the

vicinity of room temperature for magnetic refrigerants has

been confirmed12]. Therefore, La(F&i1—y)13 and their 2. Experiments

* Corresponding author. Tel.: +81 22 795 7317; fax: +81 22 795 7316. Lay—.Ce,(Fen.ssSin.12)13 compounds were arc-melted by
E-mail address: shun@maglab.material.tohoku.ac.jp (S. Fujieda). using 99.9 mass% pure La, Ce and Fe and 99.999 mass%
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pure Siin an argon gas atmosphere. The subsequent heat- 140 T T T T
treatments were carried out in a vacuum quartz tube. The
annealing temperature and duration were 1323 K and 10 days 120
for the compound wity=0.0, 1323 K and 14 days for the
compound withy =0.1 and 1373 K and 14 days for the com-
pound withz=0.2 and 1423 K and 10 days for the compound
with z=0.3. The crystal structure and the lattice constant
were determined by x-ray diffraction measurements with
Cu Ka radiation. The magnetization was measured with a
SQUID magnetometer and the heat capacity measurements
in magnetic field were carried out by a relaxation method. By
using the Maxwell relation, the isothermal magnetic entropy
changeAS, was estimated from the magnetization data. The
adiabatic temperature changd ;g was evaluated from the
magnetic and heat capacity data in the magnetic fgld 20

60

Magnetization (emu/g)

3. Results and discussion 165 175 185 195 205 215
Temperature (K)

Fig. 1 displays the Ce concentration dependence of
the lattice constant for La,Ce(FepgsSip.12)13. The
structure of La ,Ce(FeygsSio.12)13 is identified as the
cubic NaZns-type single phase in the concentration range
0.0<z<0.3. The lattice constant decreases linearly with  The thermomagnetization curves in a magnetic field of
increasingz. For La(F@ ssSio.12)13, several studies have 0.4 T for La—.Ce,(Fep.seSio.12)13 with z=0.0, 0.1, 0.2 and
been made on the relation between the volume and the Curied.3 are given irFig. 2 All the thermomagnetization curves

Fig. 2. Thermomagnetization curves in a magnetic field of 0.4T for
La;—.Ce (Fey.gsSip.12)13 with z=0.0, 0.1, 0.2 and 0.3.

temperaturelc. The value ofT¢ for La(Fey.gsSio.12)13 iS were measured in both the heating and cooling processes
decreased significantly by applying hydrostatic pressure, as given by the arrows. The thermomagnetization curve for
namely, Tc decreases with decreasing the voluf@g On the compound witly =0.0 exhibits a discontinuous change

the other hand, the increase B for La(Fe&).gsSio.10)13H, with a hysteresis because of a thermal-induced first-order

is brought about by the volume expansion due to hydrogen magnetic transition alc. The value offc decreases with
absorption4,10,11] From these results, it is expected that increasing:. Since the thermomagnetization curves for the
Tc is decreased by partial substitution of Ce due to the compounds witlz=0.1, 0.2 and 0.3 are also accompanied by

decrease of the lattice constant. a hysteresis, athermal-induced first-order magnetic transition
is maintained. With increasing the paramagnetic suscepti-
1.147 . . T bility just aboveTc becomes smaller and the magnetization

just belowT¢c becomes larger. Therefore, the discontinuous
magnetization change &t becomes larger with increasing
According to the theoretical discussion of itinerant-electron
metamagnets, a significant decreas&®tiue to the magne-
1146 | . tovolume effects takes place without the marked decrease of
magnetization at 0 K14]. From the magnetization measure-
ments at 4.2 K, the magnetization is hardly changed by partial
substitution of Ce. Therefore, the decrease of the lattice con-
stant is merely reflected ific for La;_,Ce,(Fey.gsSio.12)13
due to the magnetovolume effects.

By applying magnetic field, an S-shape behavior of
the magnetization curve was observed just abdgefor
. La;_.Ce(Fep.gsSio.12)13 with z=0.1, 0.2 and 0.3, and hence
oss>h12)1s the present compounds exhibit the itinerant-electron meta-
- , , . magnetic (IEM) transitionFig. 3 presents the temperature

0.0 0.1 0.2 03 0.4 dependence of the critical fielgt of the IEM transition for

La;_,Ce(Fep.gsSio.12)13 with z=0.0, 0.1, 0.2 and 0.3. The
value ofB; is defined as the average of the inflection points
Fig. 1. Concentration dependence of the latice constant for IN the ascendant and descendant magnetization curves. The
La;_.Ce.(Fep.gsSio.12)13. value of B¢ increases linearly with increasing temperature.
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Fig. 3. Temperature dependence of the critical fiB{dof the itinerant-
electron metamagnetic transition forLaCe, (Fep gsSio.12)13 With z=0.0,
0.1,0.2and 0.3.

From the least-square metho@d7 for the compound with
z=0.0 is determined to be 0.23 T/K, insensitive to concen-
trationz. For the first-order magnetic transition, the entropy
changeA Q/T due to the latent heat Q is related to both the
discontinuous magnetization chang@/ at Tc and B./dT,

as given by the following Clausius—Clapeyron equation:

AQ dB.
TAM — dT’
From the data ifrigs. 2 and 3it is revealed that the entropy
changeAQIT increases with increasing

Fig. 4 displays the temperature dependence A,
in various magnetic field changesB from 0 to B for
La(Fey.8sSio.12)13 and La 7Cep 3(Fep.gsSio.12)13. Since T
decreases with increasing the negative peak oASy, is
shifted toward a lower temperature range by partial substi-
tution of Ce. In addition, the increase ofS, due to the
partial substitution of Ce is observed in all the curveAsf
The value ofASy, in AB=1T for Lag 7Cey 3(Fep.gsSio.12)13
is about —28J/kg K, which is about 50% larger than
ASm=-19J/kgK for the compound without Ce. By using
Eq. (1), the values of AQ for La(FegsSip.12)13 and
Lag 7Cep 3(Fen.gsSip.12)13 are calculated to be 3.4kJ/kg at
197K and 4.4kJ/kg at 176 K, respectively, from data in
Figs. 2 and 3 Note that the difference betweenS, of
La(Fey.8sSio.12)13 and La 7Cep 3(Fen.gsSin.12)13 is almost
the same in magnitude as that in the entropy chah@Qér.
Accordingly, it is concluded that the enhancementdiy,
due to the partial substitution of Ce comes from the increase
of the entropy changa Q/T.

The temperature dependence ofATyy for
La(Fe.8sSio.12)13 and La, 7Cep.3(Fen.gsSin.12)13 in AB=1,

)
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Fig. 4. Temperature dependence of the isothermal magnetic entropy change
ASm for La(Fey.gsSio.12)13 and La.7Cep 3(Fen.gsSio.12)13 in various mag-
netic field changes.

2, 3 and 4T is illustrated irFig. 5 The value of ATyg
becomes larger with increasinyB. From the analysis of
ATagjust abovelc for materials with a first-order transition,
ATgygin relatively low AB is expressed g45]

ATaq = Tc(B) — Tc(0). )

The Bc-T line in Fig. 3 corresponds to the-T¢ line.
Therefore,ATyq for La(Fey.ggSip.12)13in AB=1T is deter-
mined to be about 4K by using E). Similar value is
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Fig. 5. Temperature dependence of the adiabatic temperature chdhge
for La(Fey.gsSip.12)13 and La 7Cep 3(Fen gsSin.12)13 in various magnetic
field changes.
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observed iNMAT;g=3.9Kin AB=1T for La(Fe&.ggSip.12)13.
Apparently,AT,qin AB < 1T for La(Fe) gsSip.12)13 depends
on only the magnetic field dependence §. Since
d7c/dB is hardly changed by a partial substitution of Ce,
ATag=3.6K in AB=1T for Lag7Cey 3(Fep.gsSio.12)13 iS
almost the same value as that for La{kg5ip.12)13- On
the other hand, the value oh75q=12.2K in AB=4T
for Lag 7Cep 3(Fep.gsSio.12)13 is about 50% larger than
ATag=7.9K for La(Fe sgSip.12)13. When the total entropy
just abovelc(0) is smaller than that just beloW(B), ATxaqg
just abovelc in Eq.(2) is rewritten ag§15]

®3)

whereC is the heat capacity. It has been reported that the total
entropy just belowl'c(B) for La(Fey gsSip.12)13 iIn B>2T

is larger than that just abovEz(0) [4]. Namely, ATyq in

AB > 2T for La(Fe gsSio.12)13 is affected byASy. There-
fore, ATagin AB> 2T for La(Fe gsSip.12)13 is enhanced by

T
ATad = —EASm,

S. Fujieda et al. / Journal of Alloys and Compounds 408—412 (2006) 1165-1168

because of the magnetovolume effects. The magnetization
change affc becomes larger with increasing concentration
z, whereas the temperature dependence of the critical field
B of the itinerant-electron metamagnetic (IEM) transition
hardly changes. Therefore, the entropy change due to the
latent heat becomes larger with increasings a result, the
isothermal magnetic entropy change, and the adiabatic
temperature chang@&T,q due to the IEM transition for
La(Fe).gsSip.12)13 are enhanced by partial substitution of
Ce. Consequently, the partial substitution of Ce for La in
La(Fe Sii—y)13 is highly effective in the enhancements of
magnetocaloric effects.
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change due to the latent heat caused by the partial substitu-

tion of Ce for La in La(FgSiy_y)13 is important to enhance
the MCEs from the practical viewpoint.

Recently, several candidates for almost the same tem-
perature range have been reported. For example, large

values ofASy, have been observed in Dy(g65Sip.05)2 and
MnFeR 75Asp. 25, though no values oA Tyq for these com-
pounds have been reported. That is, the Dy(&8io.05)2
compound showsASy=-3.3J/kg K in AB=1T at
Tc=167K[16]. The value ofASy, for MnFeRy 75Asp 25 is
—11J/kgK in AB=2T at Tc=168K [17]. These values
are much smaller than the data ofglz&€ey 3(Fey.gsSio.12)13
shown inFig. 4. More recently, it has been demonstrated
that Tc of La;_,Ce (Fey.90Sio.1013 can be increased up

to around room temperature without appreciable decrease

of ASm [13]. The value ofAS,=—28J/kgK inAB=1T

of Lap7Cey 3(Fep.gsSin.12)13 is larger than the value of
ASm=-11J/kgK of GdSi,Ge, [18] proposed as a candi-
date in the vicinity of room temperature. In consequence,
the La_,Ce(Fey.gsSip.12)13 compounds are one of the

considerable candidates as magnetic refrigerants to obtain

high-performance of magnetic refrigeration in relatively low
magnetic fields.

4. Conclusion

The cubic NaZms-type single phase is formed in
La;_,Ce(FepgsSin.12)13 in the concentration range
0.0<z<0.3. By partial substitution of Ce for La, the Curie
temperatur&c decreases with decreasing the lattice constant
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