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Itinerant-electron metamagnetic transition and large magnetocaloric effects
in La(FeSi;_,) 13 compounds and their hydrides
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The itinerant-electron metamagnetidEM) transition and magnetocaloric effectdiCE’s) in the
La(FeSi;—4)13 and La(FgSi;_,)13H, compounds have been investigated. The Lgfke,),3 compounds
exhibit large values of both the isothermal entropy chan&g, and the adiabatic temperature changg,q
around the Curie temperatufe in relatively low magnetic fields. Such large MCE'’s are explained by a large
magnetization change @t and a strong temperature dependence of the criticalBgltbr the IEM transition.

By hydrogen absorption into the compounds, is increased up to about 330 K, keeping the metamagnetic
transition properties. Accordingly, the extension of the working temperature range having the large MCE's in
relatively low magnetic fields is demonstrated by controllipngn the La(FgSi;—,),3H, compounds. The
correlation between the increaseTof and the large MCE's in the La(E®i, - ,),3H, compounds is discussed

by taking the magnetovolume effects into consideration.

DOI: 10.1103/PhysRevB.67.104416 PACS nuni®er75.30.Sg, 75.50.Bb

[. INTRODUCTION MCE's have been observed in compounds having the first-
order transition such as G(®Bi,Ge,) (Ref. 20 and ErCg
The itinerant-electron metamagne(EM) transition is  (Ref. 21). For example, G¢(Si,Ge&,) exhibits the values of
the field-induced first-order transition from the paramagneticA S;,= — 18 J/kg K andA T 4= 15.3 K at the first-order crys-
(P) to the ferromagneti¢F) state, which relates to the change tallographic transition temperature 278 K by changing the
in the band structure ofdelectrons by applying a magnetic magnetic field from 0 to 5 T. These values are larger than
field. Therefore, the origin of the IEM transition is associatedthose of Gd. Such large MCE’s have also been observed in
with a special 8 band structure which exhibits a sharp peaktransition-metal compounds having a first-order crystallo-
of the density of state€DOS) just below the Fermi levél. graphic transition such as MnA&ef. 22 and FgRh;;
The IEM transitions of Co-based Laves phase and pyritéRefs. 23 and 2¢ Furthermore, a large value &S, has
compounds have been investigated theoretically antbeen reported for La(kG@eSipodT o913 (Ref. 25 and
experimentally."® Recently, it has been demonstrated thatMnFeR, ,As, s5 (Ref. 26. Therefore, materials having the
the cubic NaZps-type La(FgSi;_,);3 compounds exhibit first-order transition are attractive for magnetic refrigerants.
the IEM transitio’ ! The La(FgSi;_,);3 compounds in A large value ofAS,,=— 14 J/kg K in the magnetic field
the ground state are ferromagnetic in the concentration rangshange from 0 to 2 T has been observed in the
0.81=x<0.89. For the compound witx=0.88, a discon-  La(Fe g;Siy 129 13 compound containing-Fe impurity of 8
tinuous change of the thermomagnetization curve due to thet % around Tc=208 K by a magnetic measureméft.
thermal-induced first-order transition is observed at the Curi¢dowever, the magnetic transition characteristics of the
temperature Tc=195 K%' Since the La(FgsSip1)13  La(FgSii )13 compounds are sensitive 72 and hence
compound exhibits the IEM transition in the P state, the magthe |EM transition becomes obscure by compositional
netization curves abové-=195 K exhibit an S-shape be- heterogeneity® In addition, AT,q is necessary to evaluate
havior with a clear hysteresis. This IEM transition is accom-the MCE's for magnetic refrigerants as well as5;,, be-
panied by a large volume magnetostriction of about 1.5% atause a large value &S,, does not always bring about a
200 K just abovel . Such a large magnetovolume effect haslarge value ofAT4.2%%° Recently, to discuss the MCE's for
been investigated from both the fundamental and practicahagnetic refrigerants, bothS,, and AT 4 due to the IEM
viewpoints?~1113-15 transition for the La(FgSi;_,);3 compounds have been
Materials having large magnetocaloric effe(MCE’s)  investigated*It has been reported that the La(Ba _,);3
are utilized as magnetic refrigerants because of their energgyompounds exhibit large MCE's in relatively low magnetic
efficiency and environmental safety. To obtain a high perforfields. Additionally, Tc of the La(FgggSip 1213 compound
mance of magnetic refrigeration, it is necessary to investigatean be increased up to 336 K by hydrogen absorpfidan
magnetic refrigerants having large MCE's in relatively low extension of the working temperature range having large
magnetic fields. Large MCE’s in some magnetic materialdMCE’s in relatively low magnetic fields is expected by con-
have been reported-2° The rare earth elements and their trolling y for the La(Fg.gsSip.12) 13Hy compounds. Already,
compounds such as GdRef. 18 and (DyErps)Al, (Ref.  the large values of bothAS, and AT, for the
19) having a second-order transition exhibit large MCE's. By La(Fe, geSij 12 13H1 o compound have been confirmed above
changing the magnetic field from 0 to 5 T, Gd exhibits theT-.=274 K312 Accordingly, investigations of the mag-
isothermal entropy chang&S,=—9 J/kg K and the adia- netocaloric properties for the La(f&;_,)15 and
batic temperature chang®€T,4=11.6 K at the second-order La(FgSi;_,);3H, compounds are meaningful for the mag-
magnetic transition temperature 294 K. Recently, largenetic refrigerants.
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In the present study, in order to discuss the magnetoca- 2.0 r . T T
loric properties of the La(F&i;, )13 and La(FgSi; —y)13Hy La(Fey 5Siy 1)1
compounds,AS;,,, AT,y and the IEM transition have [ :
been investigated. Section Il A describes the features of the
IEM properties for the La(F&i;_ )13 compounds. Section
[IB presents the magnetocaloric properties for the
La(FeSi; _,) 13 compounds, and the relationship between the
IEM transition and the MCE’s is discussed. The increase of
Tc by hydrogen absorption into the La(fS8;_,)13 com-
pounds is given in Sec. Il C. Section Il D explains the cor-
relation between the increase B and the large MCE’s for
the La(FgSi;_,)13Hy, compounds. The extension of the
working temperature range with the large MCE’s in rela-
tively low magnetic fields is demonstrated by controllini
the La(FgSi; ) 13H, compounds.

Magnetization (uy/Fe-atom)

. 180 190 200 210 220 230
Il. EXPERIMENTS Temperature (l{)

_ The La(FgSi; )13 compounds with the nominal compo- g, 1. Thermomagnetization curves of the cooling process for
sitions ofx=0.87, 0.88, 0.89, and 0.90 were prepared by arGhe La(Fg gSiy 1513 compound in various magnetic fields. Thermo-
melting in an Ar gas atmosphere. The subsequent heat treafagnetization curves in the magnetic field of 0.2 T are the heating
ment was carried out in a vacuum quartz tube at 1323 K folnd cooling processes as given by the arrows.

10 days. The x-ray powder diffraction patterns of all the

specimens iden.tified_ as a Naigﬂype single phase. The hy- SinceTc increases with the magnetic field, the peak position
drogen absorption in the La(f®_,)13 compounds wWas gpitts toward higher-temperature ranges. The thermal-
carried out by annealing under hydrogen gas atmospherg,q ced first-order transition having a large entropy change

The control of the hydrogen concentration in the ¢ e phase transition is maintained up to the magnetic field
La(FeSi;—4)13H, compounds was made by changing both ¢ 5 1

the hydrogen gas pressure and the annealing temperature. o jtinerant-electron metamagnetism at finite tempera-
The hydrogen concentration was determined by both ga§, a5 has been discussed by taking the renormalization effect
chromatograph and gas fusion analyses. The magnetizatiqj spin fluctuations on the Landau-Ginzburg theory into
was measured with a superconducting quantum interferencg.,,n2-4 The onset of the itinerant-electron metamagnetic
device (SQUID) magnetometer and the heat capacity meayansition means that the free energy as a function of mag-
surements were carried out by a relaxation mettiod. netizationf(M) has a double minimum in the P state with
zero value ofM and in the F state wittM equal to the

ll. RESULTS AND DISCUSSION spontaneous magnetizatidlg, and these two states are
separated by the energy barrief.In the ground statef,(M)
depends on the density of states curve around the Fermi

Figure 1 shows the temperature dependence of magnetevel. Recently, band calculations of the LagkSiy 1013
zation for the La(FgggSip 1213 compound in various mag-

A. Metamagnetic transition in La(Fe,Si;_,) 13 compounds

netic fields. All the thermomagnetization curves except for 6000 : : : :
the curve in 0.2 T represent the heating process. For both the

heating and cooling processes in the magnetic field of 0.2 T, <000 | . La(Feog5Sio.1n)is |
a discontinuous magnetization change is observed around the

Curie temperatur@ ., accompanied by a small hysteresis of

about 1 K. Therefore, a thermal-induced first-order transiton g 4000

between the ferromagnetic and the paramagnetic states takes &

place atT.. The magnitude of the magnetization change = 3000

aroundT¢ is large of about 1,6z and T significantly in- &

creases with increasing magnetic field. Such a discontinuous 2000

large magnetization change due to the thermal-induced first-

order transition is observed aroufig to an extent of 5 T. 1000

The temperature dependence of the heat cap&gityor
the La(F@gsSip.1913 compound in the various magnetic
fields is given in Fig. 2. By applying a magnetic field of 1 T, 180 190 200 210 220 230
the heat capacity exhibits a distinct peak and this position
agrees withT¢ in Fig. 1. It is apparent that a cleartype
peak of the heat capacity is caused by the thermal-induced FIG. 2. Temperature dependence of the heat cap@gjtfor the
first-order transition, resulting in a large entropy changeLla(Fe& gSiy 1213 cOmpound in various magnetic fields.

Temperature (K)
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compound have been carried dtitThe DOS curves have 5 - - -
characteristic features of both strong ferromagnetism in the F
state and the magnetic instability in the P state for the
La(Fe) geSig 1213 compound. Therefore, the DOS curve in 4
the F state for the La(k@sSip 1213 compound has the fea-
ture of the first-order magnetic phase transition materials.
The ground state of the present compounds is
ferromagnetit 2 thus, the energy level of the minimum in
the F statef(Mg) is lower than that in the P staf¢0). It is
well known that the thermodynamical properties of itinerant-
electron magnets are influenced by spin fluctuatfofifie
local free energy density is a function of local magnetization 1}
and local spin fluctuatiorsAccordingly, not onlyM but also
the amplitude of spin fluctuations dominates the thermal o
equilibrium conditions at finite temperatures. In other words, 0 L L L
f(M) is renormalized by spin fluctuations at finite 180 150 200 210 220
temperatured.Therefore,f(Mg) is increased by the renor- Temperature (K)
malization effect, and hence the minimum in the F state be- o .
comes shallower with increasing temperature. The thermal- FIG._S. Averege critical fielB¢ o_f the itinerant-electron meta-
induced first-order transition between the F and P state@agnetic transiton as a function of temperature for the
occurs aff - whenf(M o) exceeds the maximum value of the -3(F&Sh-x)13 compounds withx=0.88, 0.89, and 0.90.
energy barrierf(My). In the P state, the IEM transition is 2 i
induced by applying the magnetic field, because both temperatures, thé dependence 0B results from the in-
f(Mg) andf(M;) become lower thari(0) due to the Zee- crease ofé(T)? proportional toT? (Refs. 5 and & On the
man energy- MH. Since the entropy in the P state increasesother hand, the linear increase Bt againstT originates
faster than that in the F state, the magnetic flux density of th&om the increase of(T)? proportional toT above T¢
critical field Be= uoHc (1o, permeability of vacuumHe, =188 K for the compound witlkk=0.89. Such a dependence
the critical magnetic fieldfor the IEM transition becomes ©f Bc on T is a characteristic feature of the La(5g )13
higher with increasing temperature abolg. When the en-  compounds having the IEM transition in relatively high tem-
ergy barrier is eliminated by the renormalization effect, thePeratures in comparison with both the Co-based Laves phase
IEM transition disappears at the critical temperatifg ~ @nd pyrite compounds. Although the temperature dependence
where the hysteresis of the magnetization curves disappeafé Bc for x=0.88 is slightly curved, the powes of T# is
(see Sec. Il ¢ The renormalization effect is suppressed duedetermined to be 1.2 by using a least-squares fitting, much
to the Zeeman energy, and hericeis increased up td, by closer to linear rether than quadratlc dependence. It should
applying a magnetic field. Consequently, the thermal-induce®® noted thaM_ is reflected in the slope @¢(T) from Eq.
first-order transition in the magnetic fields originates from(1). For all the specimen®: sensitively increases with tem-
the IEM transition in the P state. perature because the magnitude of the magnetization change
Figure 3 indicates the temperature dependence of the criteroundT ¢ is very large as seen from Fig. 1. Since Bg-T
cal field B¢ of the IEM transition for the La(R&i;_4)13  line corresponds to thB8—T¢ line in the B—T phase dia-
compounds wittx=0.88, 0.89, and 0.90. The critical field gram, T of the present compounds increases with the mag-
B¢ is defined as the average of the inflection point in thenetic field.
ascendant and descendent magnetization curves. According It has been reported that the valueTof decreases while
to the theoretical consideratioB: as a functionT is ex-  the critical temperatur@, for the disappearance of the IEM
pressed by using the amplitude of spin fluctuatig(is) a$  transition increases with increasing’** Namely, the tem-
perature range having an IEM transition becomes wider with
Bc(T)=AM$C[§(T)2—§(Tc)2], (1) increasingx. The values ofT ¢ for the La(FgSi;_,),3 com-

) ) ounds withx=0.88, 0.89, and 0.90 are 195, 188, and 184
whereA is the constant obtained from the DOS curve aroundg | respectively. The magnetization curves at temperatures
the Fermi level in the ground state anTC is the thermal- higher thanTc by 5 K for the La(FeSi;_,);3 compounds
induced magnetic moment dic. The temperature depen- with x=0.88, 0.89, and 0.90 are depicted in Fig. 4. A char-
dence ofB¢ for x=0.88 is slightly curved. On the other acteristic S-shape curve with a hysteresis is observed, be-
hand,B for the compound withx=0.89 and 0.90 increases cause the IEM transition takes place abdye Note that the
linearly with temperature at a rate ofBc/dT~0.25 T/K.  magnitude of magnetization change due to the IEM transi-
The temperature dependence B corresponds to that of tion becomes larger with increasing In addition, both the
&(T)? as given in Eq(1). Strictly speaking, from the theo- magnetic susceptibility in the P state and the high-field mag-
retical discussiong(T)? is proportional toT? at low tem-  netic susceptibility in the F state become smaller and the
peratures and gradually changes to be proportion@lwdith IEM transition becomes sharper with increasindg-rom the
increasing temperature? For the Co-based Laves phase andthermodynamical relation, the magnetizativh equals the
pyrite compounds in which the IEM transition appears at lowfirst derivative of the magnetic free energy by the magnetic

La(FexSi; x)13

x =0.90

Bc(T)
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FIG. 4. Magnetization curves at a temperature higher than the G- 5. Temperature dependence of the isothermal magnetic en-
Curie temperaturdc by 5 K for the La(FgSi, ,);3 compounds ~ OPY changeAS, for the La(FgSi_x)13 compounds withx
with x=0.88, 0.89, and 0.90. =0.88, 0.89, and 0.90.
. o To investigate details of the relation betweAis,, and
field, df(M)/dH; therefore, the sharper IEM transition indi- Fig. 6 grepresentsksm and the rate of itstsrghange
cates that the energy barrier separating the P and F StateSArém/AH, for the compound withx=0.88 at 195 K as a

the free energy curve becomes higher with increasinc- function of AH. Because the IEM transition is the field-

cordingly, the concentration change affects the band Structuri?lduced first-order phase transition, the discontinuous change

because the onset of the IEM transition and the energy bar-

. : . f the entropy is caused by the latent heat. According,
rier he|gh.t are clearly correlated with the DOS curve around‘S)hOWS a large change aroundH corresponding tdBc. It
the Fermi energy.

should be noted that the value &1, gradually increases in

_ ) _ higher-field ranges. As mentioned in Sec. Ill A, the magnetic
B. Magnetocaloric effects in L& Fe,Si;_,) 13 compounds free energy is renormalized by spin fluctuations. In the F
The value of the isothermal magnetic entropy changestate, the temperature dependence of magnetizatlors

AS,(T) is given by the following expression associated withdominated by the renormalization effect of the free energy. It
the Maxwell relationship: is well known that the spin fluctuations are suppressed by the

magnetic field; therefore, the temperature dependendéd of
H is changed by the magnetic field. As seen from Ez),
ASy= fo (dM/4T)dH. (2 9M/T is closely correlated ta\S,,/AH. Therefore, the
gradual decrease in magnitude &5,,/AH in higher-field

Figure 5 illustrates the temperature dependencA®f, in  ranges abov8c is related to the suppression of spin fluctua-
the magnetic field change from 0 to 2 WH=2 T) and tions by magnetic field.

from0to 5T AH=5 T) obtained by using Eq2) for the
La(FeSi; )13 compounds withx=0.88, 0.89, and 0.90.
For the compound with,k=0.88, dM/JT exhibits a large
value aroundT: because of the thermal-induced first-order ST
transition, andl ¢ is increased by the magnetic field, keeping
a large value oM /JT as presented in Figs. 1 and 2. There-
fore, a large value ofAS,, above T is expected for the
present compounds. For the compound with0.88,A S, in
AH=5 T has a negative maximum value 6f23 J/kg K at
Tc=195 K and exhibits a plateau of almost the same value ? 1-50
against temperature. Sind@e decreases with increasingn W p
the La(FgSi; _,)13 compounds, the large value 4fS,, ap-
pears at lower-temperature ranges. Furthermore, the negative 25 . . . 0
maximum value ofAS,, becomes larger with increasing 0 1 2 3 4 5 6
because the magnitude of magnetization change due to the AH (T)

IEM transition becomes larger as shown in Fig. 4. For the
compound withx=0.90, therefore, the negative maximum
value of AS,, at Tc=184 K becomes—30 J/kgK in AH
=5T.

0 T T T (]

-10 ¢ La(Feqg38ip12s 4 -30
(195 K)

ASm (Vkg K)
ASJAH (Mkg K T)

FIG. 6. Isothermal magnetic entropy chanyg,, and the rate of
its changeAS,,/AH for the La(Fg ggSip 1213 compound at 195 K
as a function of the magnetic field changé! from 0 to H.
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390
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Temperature (K)
La(FexSiy y)1s

FIG. 8. Temperature dependence of the adiabatic temperature
changeAT .4 for the La(FgSi; _,) 13 compounds withx=0.88, 0.89,
and 0.90.

170 180 190 200 210 220 230

Temperautre (K)

FIG. 7. Temperature dependence of the total entrgpgr the ~ 1aS been reported th&, is decreased by applying a mag-
La(FeSi, )13 compound withx=0.88 and 0.89 in various mag- Netic field, because the electronic heat capacity decreases due

netic fields. to the suppression of spin fluctuatiofisThe change o8 by
the magnetic fieldAS, is in agreement with the magnitude

AS expected from EC{Z), the |arge value oﬁsm due to of ASm obtained from magnetization in Flg 5, Suggesting
the large magnetization change by the IEM transition is acthat the changes of bots, and§ in the IEM transition are
tually confirmed. Accordingly, a significant change of the negligible. For theS—T curve in zero magnetic field, the
total entropyS by the magnetic field is expected. By using total divergence of the heat capacity cannot be obtained from
the thermodynamical relation, the total derivativeSif ex- ~ the heat capacity measurement due to the first-order transi-

pressed as tion. Hence, thes—T diagram in zero magnetic field is esti-
mated by subtracting S, from S(T)y as given by the fol-
dS=(9S/9T)dT+(9S/dH)dH. (3)  lowing expression:
For an adiabatic process whedS=0, the temperature
change is given by S(Mo=[S(TH—ASHT)anlr- (6)
dT=—T/Cy(dS/oH)dH, (4)  SinceTc becomes higher with increasing magnetic field, a

significant jump ofS around T shifts toward higher tem-
whereCy is the sum of the lattice teri@,, the electron term perature ranges. Therefore, it is expected that the

Ce, and the magnetic ter@,, of heat capacities in the mag- a(FeSi;_,);3 compounds exhibit a large value &fT 4
netic field. Therefore, the adiabatic temperature chang@roundT..
AT,(T)=/dT becomes also significant whed), is not so Figure 8 shows the temperature dependencd Bfy in
large. For brevity, the value &fT,(T) is obtained fromthe AH=5 T for the La(FgSi;_,),3 compounds wittx=0.88,
heat capacity measurement by using the following relation:0.89, and 0.90. The value afT,.4 exhibits a large peak
aboveT.. For the compound witlx=0.88, the maximum
ATod Dan=[T(Su—T(S)o]s- (®)  value of AT,y is 8.6 K inAH=5 T at 195 K. In order to

The total entropyBis the sum of the electronf,, the latice ~ OPtain detailed behavior ai T, againstAH, the values of
S, and the magnetiS,, entropies. The temperature depen- A Tad@ndAT,/AH for the compound withx=0.88 at 195
dence ofSin various magnetic fields for the compound with K as & function ofAH are depicted in Fig. 9. First, the value
x=0.88 and 0.89 is given in Fig. 7. The valuesTdS), in _of AT g stee_ply increases and ther_1 its magnltude_ gradually
the magnetic field are obtained from the heat capa@jpypy ~ ncreases withiAH. In lower magnetic fields, the shift dic
usingS(T)y = f(Cy/T)y dT. The significant difference i6 toyvar_d hlgh(_er temperatures is dlrec_:tly reerctedA_rTad.
between the P and F states due to the IEM transition is op//Ith increasingTc, the total entropy in the F state just be-
served around ¢ in the magnetic filed. In an external mag- 10w Tc in the magnetic field3(Tc)y, , becomes larger due to
netic field, the divergence of the heat capacityTathas a  the thermal growth o, andS;. WhenS(T¢)j; exceeds the
finite value because the growth of the correlation length isvalue of the total entropy in the P state just ab@vein zero
suppressed by the magnetic field. Accordingly, the change ohagnetic field,S(Tc)g, the rate ofAT,q/AH tends to de-
S at T becomes smooth with increasing magnetic field. Itcrease. With increasingin the La(FgSi;_,) 13 compounds,
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10 ; . . 5 2.0 T T T T T T
La(Fe, g5Siy 12)13Hy
8t 14 g
< 15 F 7
_— é
z 6 13 5 E;:
= ~ = 10} 7
= E e
: S
- - =
4 L g
< 5OS| .
2 La(FeyssSig )z 41 =
(195 K) 0.0 1 1 1 1 1 1
0 . L L 1 L 0 160 190 220 250 280 310 340 370
0 1 2 3 4 5 6
Temperature
A (T) p KX

FIG. 11. Thermomagnetization curves of the
La(Fe gsSip.1913Hy compounds in a magnetic field of 2 T. The
arrows indicate the Curie temperaturg.

FIG. 9. Adiabatic temperature changd .4 and the rate of its
changeA T, 4/AH for the La(Fg ggSig 1013 cOmpound at 195 K as a
function of the magnetic field changeH from 0 toH.

order andT¢ almost coincides with the critical temperature

the peak ofA Ty shifts toward lower-temperature ranges as at  where the IEM transition disappedrsin the concentra-
result of the decrease dfc. Moreover, the maximum value jgp rangex=0.84, therefore, the phase transitionTatis of

of ATy becomes larger with increasingbecause th% N€Ja- second order, accompanied by no IEM transition. As a result,
tive maximum value ofASy, and accordinglyS(Tc)o be-  AS is relatively small inx<0.82 as seen from Fig. 10.
comes larger while the temperature dependendg.af the  Therefore, it is confirmed that the large valuesAd,, and

same rate as that of the compound witk0.88. For the AT, are the intrinsic behaviors of the IEM transition in the
compound withx=0.90, therefore, the maximum value of present compounds witk=0.88.

AT,qbecomes 12.1 KidH=5T.

Figure 10 indicates the concentration dependence of the: |ncrease of the Curie temperature by hydrogen absorption
negative maximum value &S, and the maximum value of into the La(Fe,Si;_ )15 compounds
AT,qin AH=5T for the La(FgSi,_,)13 compounds, to-

gether with the results reported in Refs. 27 and 36. Both the '€ value ofTc is increased significantly by hydrogen
negative maximum value af S, and the maximum value of 2bSorption, accompanied by a marked volume exparisish.

AT, become larger with increasing It has been reported 1€ cubic NaZgstype structure of the La(k8i; ), com-
that x=0.84 is very close to the concentration of tricritical POUNdS is kept after hydrogen absorption. The thermomagne-

point where the transition &t. changes from second to first tization curves for the La(k@gSio 1215y compounds in the
magnetic field of 2 T are presented in Fig. 11. The pro-

0 : : : : : : 14 nounced change in the magnetization curvéais observed
up to room temperature. To put it another way, the thermo-
5 \w 112 magnetization curves still exhibit a significant magnetization
- change around ¢ given by the arrows, because the thermal-
-10 + 110 induced first-order transition is maintained after hydrogen
” La(Fe S0 = _ absorptiont*!> The magnitude of IM/aT around Tc
2 A5t ©-5T) 18 £ =323 K for the compound with hydrogen concentratipn
= . 2 =1.5 is almost the same as that of the compound with
g r - 16 < =0.0. After annealing at about 400 K is hardly changed,
and hence the desorption of the hydrogen for the
225+ - 414 K
}present results La(Fe geSip.19) 13Hy. colmp.olunds scarc_qu proceeds below
30t ° 12 400 K, becausd ;. is significantly sensitive tg.
° Refs.27,36 Figure 12 shows the temperature dependence of the heat
35 1 1 1 1 . - 0 capacity Cy for the La(F@ggSip1213Hy compounds in a
0.78 080 0.82 0.84 0.86 088 090 0.2 magnetic field of 2 T. By using the Debye function, the De-

bye temperatur®y, is estimated to be about 350 K, insensi-
tive to the concentratiop. The heat capacity exhibits a sharp
FIG. 10. Concentration dependence of the negative maximunpeak due to the thermal-induced first-order transitiof @t
value of the isothermal magnetic entropy chaniyg, and the  Since T increases withy as seen from Fig. 11, the peak
maximum value of the adiabatic temperature chandgq in the  position of heat capacity shifts toward a higher temperature
magnetic field change from 0 to 5 TAH=5T) for the range. Apparently, the thermal-induced first-order transition

La(FgSi; —x)13 compounds. The present data are given by the solichaving similar entropy changes is sustained after hydrogen
symbols. The open symbols are from the Refs. 27 and 36. absorption.

Concentration (x)
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FIG. 12. Temperature dependence of the heat cap&gjtyor FIG. 14. Magnetic phase diagram of the LagEsSip12)13Hy
the La(Fg gsSio.19 18Hy compounds in a magnetic field of 2 T. compounds for the hydrogen concentratiprand temperaturd.

The temperatures ofc and T, denote the Curie temperature and
The magnetization curves at 4.2 K for the the critical temperature where the itinerant-electron metamagnetic
La(Fey gaSio.12 13Hy compounds witly=0.0, 1.0, and 1.6 are (IEM) transition disappears, respectively. Below fhg line, the
depicted in Fig. 13. The value ™ g at 4.2 K increases with ferromagnetic state appears. The IEM transition occurs in the para-
y. It is noteworthy that the increase 8% is significant in ~ Magnetic state between tfig and T, lines.

comparison with that oMg. A significant decrease of ¢ betweeny and the room-temperature volume of the

contrast to a small decrease bfs has been observed b 4 S .
S y La(Fe ggSig.1913Hy compounds is linear regardless in the P

applying hydrostatic pressure for the LagkgSipi0)13 .
: or F state, though the magnetic state at room temperature
compound” Such a different pressure dependence of Hah depends ory.*® Tﬁe pressurg dependence of both thepexperi—

and Mg, that is, the magnetovolume effects, has been dis- . ;
cussed theoretically by taking the renormalization effect Oimental and the theoretical results for the La{kBls.1713
spin fluctuations into consideratidrf. The decrease oflg compound would qualitatively correspond to the volume de-

under hydrostatic pressure is attributed to the change of th%endenced of bottTc and Ms for the La(Fg gsSio12)1aHy
DOS curve in the ground state, because the bandwidth p&Pmpounds. .
Taking into account the enhancement of the renormaliza-

comes wider under pressure. On the other hand, the decreatlsgn effect due to the magnetovolume effects, the phase dia-
of T¢ with hydrostatic pressure is caused by the enhance- 9 ’ P

ment of the renormalization effect due to the decrease og:%mfer:?retrr;u'rtc_':nehrz\r/‘geéeec(;onog?aeitnaéga%nettshéorth%f;i%g
volume through the magnetovolume effects. Therefdig, P y

. . ’4 . .
can be significantly changed by hydrostatic pressure. al_(_jlscu55|on§. The decrease of; with hydrostatic pressure

. ; . is also caused by the enhancement of the renormalization
though the change ofi1s is relatively small. The relation effect due to the decrease of volume through the magneto-

volume effects. It has been pointed out that the pressure de-

pendence ofl is smaller than that off;, resulting in an

extension of the temperature range betw&gand T where

20 | (AREEE A=A A8 the IEM transition appears. A similar phase diagram has been
by demonstrated by an experiment on pressure effedhe

magnetic phase diagram of the LagkgSip10)q13H, com-

2.5 T T T T T

15| ¥ = 0.0 —o— 4 pounds fory and temperature is presented in Fig. 14. Accord-
1.0 —— ing to the Landau theory for the IEM transition with renor-
1.6 —o— malization effects of spin fluctuations, the appearance of
1.0 1 three characteristic temperaturég,, T, and Ty is

expected. The temperatured ,,, and T,, are, respectively,
the temperature where the paramagnetic susceptibility shows

Magnetization (pg/Fe-atom)

La(Fey g5Sig1):Hy . . . . .
05 aFenssSlodbly a maximum and the inflection point of the Arrott plot disap-
(“42K) pears. The temperaturg, is defined as the disappearance
0.0 . ! ! . ! temperature of hysteresis in the magnetization curves. There
0 1 2 3 4 5 6 is the following relation among them, that i3,0<T .
Magnefic Field (T) =Ty. The temperature dependence of the paramagnetic sus-

ceptibility of the present system shows no maximum and
FIG. 13. Magnetization curves at 4.2 K for the exhibits a Curie-Weiss-like behavior, in analogy with
La(Fe geSin.1213Hy compounds witly=0.0, 1.0, and 1.6. Co(Sy.o58).1)» Which also exhibits the IEM transition above
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20 | i
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La(Feg g5Sig 15)13Hy
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Temperature (K)

FIG. 15. Temperature dependence of the isothermal magnetic entropy ch&pder the La(Fg gsSiy 12 13Hy compounds. The values of
AS,, in the magnetic field change from 0 to 2 AlH=2 T) and from 0 to 5 T AH=5 T) are given by the open and solid symbols,
respectively.

Tc.® However, the relationT,<T, is held in the present  D. Magnetocaloric effect in La(Fe,Si;_,):3Hy compounds

systems. The temperature Bf also increases witl as well Figure 15 shows the temperature dependenceSyf as a
asT.. The increment off ; with y is smaller than that of . function of y for the La(Fg ggSio12)1aHy compounds. The

In the figure, the IEM transition takes place in the wide tem-data inAH=2 and 5 T are given by the open and solid
perature range betweer. and T,. The phase diagram for symbols, respectively. A significant large negative peak is
the hydrogen contenty and temperatureT for the  observed abov@ after hydrogen absorption. For the com-
La(Fe& ggSip.1213Hy, compounds would qualitatively corre- pound withy=1.5, the negative maximum value afS;, is
spond to the phase diagram for presdRnd temperaturé  —19 J/kg K around room temperature AH=2 T, because

of both the experimental and the theoretical results for thé large magnetization change B¢ retains after hydrogen
La(Fe gSig 10 13 compound, because hydrogen absorption ig@bsorption as seen from Fig. 11. Sincgincreases with the
accompanied by a marked volume expansion. Namely, th&1agnetic field, the larger value &S, is obtained in the
volume dependence %, is smaller than that 6f .. Accord- ~ Wide temperature range ibH =5 T. All these behaviors are
ingly, it is suggested that the renormalization effect of spinSimilar to ASy, for the compound witty=0.0, which exhib-
fluctuations is affected by the significant volume expansiorts ASn=—20 J/kgK inAH=2 T and—23 J/kgK inAH

with increasingy in the La(Fg gsSio 12 15H, compounds. To =2 T atTc=195 K. Accordingly, the large value dfSyis
discuss quantitatively the relation of the volume dependenc@Ptained in the temperature range between 195 and 336 K in
of the IEM transition under pressure and that for
La(Fe gsSip.12)13Hy compounds, further information such as
compressibility is necessary.

The increase of ¢ for the La(FgSi; )13 compounds has
been investigated by substituting Co for Si, and confirmed
that T increases up to 250 K of the La(§&Sio 0dC0 .09 13 650
compound- However, the IEM transition becomes obscure,
and hence the magnetization change aroligdbecomes
sluggish. In contrast, the La(fgSiy12)13Hy compounds
clearly exhibit the IEM transition abov&.. The origin of
the IEM transition is associated with the DOS curve just
below the Fermi level where the magnetic free energy curve
has a double-minimum structute? and hence it is consid- La(Fey g5Sip.12)15Hy 0
ered that the DOS curve around the Fermi level is hardly
modified after hydrogen absorption. Consequently, the sup- 550 ' : . .
pression of the renormalization effect due to the volume ex- 260270 280 250 300 310
pansion of the La(RgsSiy.12)13Hy, compounds through the Temperature (K)
magnetovolume effects is dominant influence of hydrogen FIG. 16. Temperature dependence of the total ent®fiyr the
absorption on the IEM transition. La(Fe geSio.12) 13H1 0 compound as a function of magnetic field.

700 T T T T

S (J/ Kg K)

600
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15 T T T T T
La(Fe, 35Sig 12)13Hy

12

AT, (K)

180 210 240 270 300 330 360
Temperature (K)

FIG. 17. Temperature dependence of the adiabatic temperature chapgmr the La(Fg gsSip.12)13Hy compounds. The values &fT 4
in the magnetic field change from 0 to 2 =2 T) and from O to 5 TAH=5 T) are given by the open and solid symbols, respectively.

relatively low magnetic fields by controlling/ in the From Figs. 15 and 17, it is concluded that the extension of

La(Fe& ggSig.12) 13Hy compounds. the working temperature range having large MCE's in rela-
The representative data of the total entr&@gfter hydro-  tively low magnetic fields can be obtained by controllinim

gen absorption are given in Fig. 16, which are the temperathe La(Fg gsSip 12 13Hy compounds. It should be noted that

ture dependence &for the La(Fg gsSio 15 13H1 ocompound  the MCE's are enhanced remarkably by increasingf the

in the applied magnetic fields. The significant difference bel-a(F&Sii-x)13 compounds as described in Sec. IlIB. For

tweenSin the P and F states due to the IEM transition is keptth® La(F@.ecSi.1013H11 compound, the values i Sy, at

after hydrogen absorption. The increasing ratd glagainst 287 K become—28 and —31 J/kgK inAH=2 and 5 T,

the magnetic field is the same as that in the compound witkeSPectively. Moreover, the maximum valuesor 4 at 287
y=0.0 (see Fig. 7. Therefore, a large value afT,q is ex- K are attained 7.1 and 15.4 K in tleH=2 and 5 T, respec-

: . Co tively. The concentratioly dependence aAS,, and AT is
Eg(clt%jslin rt;laﬂve(i;c/)r:]op\)/\c/)umnggnet|c fields aroufi¢ for the shown in Figs. 18&) and 18b), respectively, for the com-
1-xJ13My .

Shown in Fig. 17 is the temperature dependencaA Bf
for the La(Fg@ gsSip.12)13Hy compounds. The data ifH=2 '
and 5 T are plotted by the open and solid symbols, respec- S La(FeSip)H, (@ 1

0 T T

tively. The large peak oA T,q4is observed aroundc and the g Or ©-5T) 1
maximum value ofAT,q at Tc=323 K is 6.8 K in AH @ 15t E
=2 T for the compound witly=1.5. This value ofAT 4 is z 201 v=088 4
the same as the maximum value &T 4 for the compound 25 g% |
with y=0.0, which exhibitaAT,4=6.5 KinAH=2 T. With T, 0.89
increasing magnetic field, the maximum value 5T 54 be- e 00

comes larger and the maximum value &7 o4 is 12.6 K in 18 | 1 :

AH=5 T. This value is larger by about 50% than that of the <= 0.90 (b)
compound withy=0.0, which exhibitsA T ;= 8.6 K in AH / 0.89

=5 T atTc=195 K. The value off ¢ increases witly up to 12 / 1
336 K, keeping the large value &S,,. The value ofT:
becomes close to the Debye temperai@¢eas increasiny

ir_1 _the La(FgSSS_iO_lz)lgHy <_:ompound§, bec_au@D is insen- 6 La(Fe,Si, uH,
sitive toy as pointed out in connection with Fig. 12. There- ’

AT,y (K)
=
%
%

fore, the lattice heat capacity @&, C,/T., decreases with ©-5T)

increasingy. The value ofAT,4becomes larger with decreas- 0 : ‘ :

ing Cy /T in line with Eq. (4). As a result, the maximum 0.0 0.5 10 15 20

value of AT,y at T becomes larger with increasingin Concentration ( )

AH=5 T, though the magnitude &S, is insensitive toy FIG. 18. Concentratioy dependence df) the isothermal mag-

in the sameAH. Accordingly, the La(FgsgSig 12)13Hy com-  netic entropy changA S, and(b) the adiabatic temperature change
pounds exhibit a large value afT,q in the temperature for the La(FgSi;_,),3H, compounds withx=0.88, 0.89, and 0.90
range between 195 and 336 K as well&S,,. in the magnetic field change from 0 to 5 RiI=5 T).
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TABLE I. The magnetic(a) and crystallographic(b) transition temperature¥,, the isothermal
entropy change AS,, the adiabatic temperature changeAT,y for La(FgSi;_y)13
(x=0.877, 0.880, 0.890, 0.900), La(dSio.1213Hy (y=0.5, 1.0, 1.5), La(ReseSio10) 13H1.0s
La(Fe.gsSip1)1H1.3, and  LdFe oSin 10111, together with those for  La(l@eSio.odC0 0513
MnFeR) 4sASy 55, Gd, FgRhyg, Gas(Si,Gey), and MnAs in the magnetic field changes from 0 to 2 T
(AH=2T) and from0to 5 TAH=5T).

AS;, (Jkg K) ATaq (K)

Material T, 0-2T 0-5T 0-2T 0-5T Reference
La(FesSi;—x)13
x=0.877 208 —14 S cee 27
x=0.880 198 —20 —-23 6.5 8.6 TPresent data
x=0.890 188 —24 —26 7.5 10.7 T
x=0.900 184 —28 —30 8.1 121 T
La(Fe geSio.10)13Hy
y=0.5 233 —-20 —24 6.0 10.7 T
y=1.0 274 —-19 —23 6.2 111 )
y=1.5 323 —-19 —-23 6.8 12.6 T
La(Fe gSio 1)15H1 3 2912 —24 -28 6.9 12.8 t
La(Fey oeSio 1015H1 1 2872 -28 -31 7.1 15.4 T
La(Fe 6Sio.0dC0 0513 278 —-12 —-20 s s 25
MnFeR, 45ASy 55 302 -15 -18 e e 26
Gd 294 -5 -9 5.7 11.6 18
Fe,Rhs; 31? -22 e 12.9 e 23
FeyRhs; 316° -12 e 8.4 e 24
Gd(Si,Ge)) 278 —14 -18 7.3 15.3 20
MnAs 31 —-31 —-32 4.7 12.8 22

&Curie temperature.
®Crystallographic transition temperature.

pound withx=0.88, 0.89, and 0.90 iIAH=5 T. The mag- sition. The value ofAS,, for the La(Fg 9¢Siy 10 13H1.1 cOmM-
nitudes of botmM\ S, andA T4 become larger with increasing pound is larger than that of the La(f&Siy0dC0 0513 and
x after hydrogen absorption. Accordingly, the MCE's are en-MnFeR) 46ASy 55, respectively. In addition, since a large
hanced after hydrogen absorption with increasinfpr the  value of AS;,, does not always result in a large value of
La(FgSi; - x)13Hy compounds. AT, it is necessary to evaluateAT,y for these
Collected in Table | are the magnetic and crystallographiccompoundg®° In AH=2 T, the value ofAT,, for the
transition temperatureb; and the magnetocaloric properties FeqRhs; and Gd(Si,Ge—y) is larger than that of the
AS,, andAT,4 in the magnetic field changes from 0 to 2 T La(Fe&) o0Sip.1013H1.1 compound, although their values of
and from 0 to 5 T for the La(R&i,_,).3H, compounds, AS, are not so large. However, the MCE's in gRhs; dis-
together with those of candidates reported as magnetic refrigagppear after several thermal cycles arodndbecause this
erants, La(FgseSio odC0h 09 13,>> MnFeR 4As 55,20 Gd®  alloy is accompanied by a crystallographic structure change
Fe,Rhs;, 2% Gds(Si,Ge,),?° and MnAs?? The MCE’s for  at the same tim& and Gd(SiGe,_,) cause a gradual
the La(FeSi;_,) 13 compounds are sensitive xoas given in  change inT, after thermal cycles because of crystallographic
Fig. 10, because the magnetic transition characteristics of thetructure chang&>® In other words, FgRhs; and
La(FgSi; _,) 13 compounds are sensitive &y *?and hence Gds(SiGe,_,) are thermally unstable. Furthermore, the
the IEM transition becomes obscure by compositional hetMCE's for FegRhg; are extremely sensitive to the process of
erogeneity witha-Fe?” Therefore,AS,, for the homoge- heat treatmertt! Therefore, different data for the same com-
neous compound with a similar concentration of theposition of FggRhs; have been reported by the same
La(Fe, gSip 1013 compound is larger than that for the hetero- authors>?* In contrast, the IEM transitions of the
geneous  La(Rg7Si12913 compound. For  the La(FgSi;_4);3H, compounds are accompanied by no crys-
La(F&.9Sip 1013H1 1 compound, bothAS,, and AT, are  tallographic structural chang®s'*and no apparent decay
larger than those of Gd having a second-order magnetic tramf the magnetocaloric effects is confirmed after repeating
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thermal cycles, and hence the present compounds are thera(FgSi; _,);; compounds because the magnetization
mally stable. As seen from the tabled\T,q for the change due to the IEM transition becomes larger with in-
La(Fe& 90Sip.1013H1.1 compound is larger than that of MnAs creasingx and the large temperature dependenceBgfis

in AH=2 T, thoughAS;, for the former is almost the same insensitive toax. As a result, both the values AfS,, andA T 4

as that for the latter. In consequence, the Lafhe ,)13Hy  for the La(Fg ooSiy 1013 compound are- 30 J/kg K and 12.1
compounds are one of the most promising magnetic refrigk, respectively, in the magnetic field change from 0 to 5 T at

erants working in relatively low magnetic fields. Tc=184 K.
By hydrogen absorption into the present compounds, the
IV. CONCLUSION increase ofT ¢ is significant compared with that of the spon-

taneous magnetizatioM s. In addition, the IEM transition
fakes place abové&: because of the increase of the critical
temperatureTo where the IEM transition disappears. These
behaviors reflect the suppression of the renormalization ef-
fect due to the volume expansion of the LagEsSiy 12)13Hy
compounds through magnetovolume effects. Therefore the
MCE'’s, both AS,, and AT,q, for the La(F@ggSip.12)13Hy
compounds are large, almost the same values as thoyse of
=0.0 in the temperature range between 195 and 336 K. Con-
sequently, the La(R8i; ,)13H, compounds are one of the
most promising magnetic refrigerants working in wide tem-
perature ranges in relatively low magnetic fields.

The relation between the itinerant-electron metamagneti
transition and the magnetocaloric effects of the
La(FgSi; )13 and La(FgSi; _4),3H, compounds has been
investigated. The La(Rg@sSip12)13 compound exhibits a
large value of the isothermal entropy chang&,, in rela-
tively low magnetic fields, because a significant magnetiza;
tion change of about 15 occurs at the Curie temperature
Tc=195 K due to the thermal-induced first-order transition
between the ferromagneti€) and paramagneti(P) states.
Furthermore, the La(R@sSip12)13 compound exhibits a
large value of adiabatic temperature chang€,, in rela-
tively low magnetic fields, because the critical field of the
IEM transition B strongly increases with a rate of
dB:/dT ~ 0.25 T/K with temperature due to the large mag-
netization change af. That is to say, large MCE’s in the
La(Fe) gsSig.129 13 compound are observed in relatively low  The present work was partly supported by a Grant-Aid for
magnetic fields aT =195 K, which originate from the IEM Science Researdih), No. 14702050, from the Japan Society
transition. The MCE’s are enhanced by increasinip the  for the Promotion of Science.
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