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Abstract

La(FeSi;_,)13 exhibit an itinerant-electron metamagnetic (IEM) transition at relatively low applied magnetic fields just above the Curie
temperature/c. Large magnetocaloric effects (MCESs) in terms of the isothermal temperature chapgend the adiabatic temperature
changeAT,q are followed by the IEM transition. The MCEs increase, whiledecreases with increasing Fe concentration. Therefere,
of these compounds should be controlled up to room temperature from the viewpoint of practical applications. The working temperature as
magnetic refrigerants is extended from about 185 to 330 K by adjusting hydrogen concentration. After hydrogen absorption, the MCEs as well
as the thermal conductivity of La(F®i;_.)13 and their hydrides exhibit excellent characteristics in the temperature range mentioned above.
Consequently, the present compounds are one of the promising candidates for magnetic refrigerants working in a wide temperature range
covering room temperature.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction It should be also mentioned that many compounds
consisted of rare-earth and 3d transition metals have been
Recently, magnetic materials including rare-earth ele- reported to exhibit various magnetic phase transition related
ments and compounds have attracted much attention into the itinerant character of 3d electrdb$. Recently, it has
development of room temperature magnetic refrigerants been demonstrated that La(S&_,)13 in the concentration
having large magnetocaloric effects (MCEs) such as the range 0.86< x <0.90 show the thermal-induced first-order
large isothermal entropy change and the adiabatic tem-magnetic phase transition from the ferromagnetic (F) to the
perature changgl]. For example, Gd was adopted for a paramagnetic (P) phase at the Curie temperatgraround
room temperature magnetic refrigerant in demonstration 200 K. The magnetic field induced first-order transition from
[2,3]. High-efficiency magnetic refrigerations will achieve the P to the F phase also occurs just abByén relatively
abolition of environmental hazardous Freon-based gasesow magnetic fields, which is known as the itinerant-electron
and also facilitation of the energy-saving in cooling tech- metamagnetic (IEM) transitiorj6—9]. It has been also
nologies. For these purposes, materials with the magneticconfirmed that the large MCEs are followed by the IEM
field induced first-order transition are advantageous in uti- transition [10-13] Therefore, the increase dfc up to
lization of the latent heat of the transition. Among magnetic room temperature makes the present compounds applicable
rare-earth-based compounds, sGa@Si> is one of recent to the magnetic refrigerants showing the large MCEs in
candidates, because of its large MCEs due to the magnetiaelatively low magnetic fields at wide temperature ranges
phase transition induced by the first-order crystallographic covering room temperature. It has been reported Taas
structural transformation around room temperafdte increased by hydrogen absorption in La(Ee_,)13 up to
room temperature with keeping the IEM transitidd—16]
mpondmg author. In the present paper, the inflqence of hydrogen ab;orption
E-mail address: fukamich@tagen.tohoku.ac.jp (K. Fukamichi). on 7c and the MCEs of La(F&ii—x)13 and their hydrides
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are evaluated. Furthermore, the thermal transport property isstable against cycle running of refrigerators. It has been
discussed from the viewpoint of practical applications. found that FggRhs; exhibits large magnetocaloric effects,
namely the isothermal entropy changeS,,=—12 J/kgK
and AT,g=8K in magnetic field changaB of 0-2 T, due
2. Experiments to the first-order antiferromagnetic—ferromagnetic transition
accompanied by the lattice distortion around room temper-
La(Fe Si;_,)13 were prepared by arc-melting in an argon ature[17,18] However, large MCEs in RgRhe; are dras-
gas atmosphere. To homogenize the specimens, the heat treatically reduced by the irreversible transition after thermal
mentwas carried outin a vacuum quartz tube at 1323 K for 10 cycles[18]. In GasGeSip, another candidate for magnetic
days. The hydrogen absorption was made out by annealing inrefrigerants, the gradual shift of the transition temperature by
a hydrogen atmosphere by using a closed chamber. The magthermal cycles has been observed because of the martensitic-
netization was measured with a superconducting quantumlike structural transformation coming up with the magnetic
interference device (SQUID) magnetometer. For direct mea- phase transition, although large MCEs are conserved in the
surements of adiabatic temperature change, the specimenthermally cycled specimerj$9]. On the other hand, accord-
were put into a thermal insulation holder made of a quartz ing to temperature and magnetic field scan measurements of
and moved quickly between the inside and the outside of a X-ray diffraction[9,20], no crystalline structural transforma-
superconducting solenoid. The temperature of the specimertionisinduced by the thermal induced and the IEM transitions
was measured with a resistance thermometer having fourin La(FeggSio.12)13, though the isotropic volume magne-
manganin terminals with low thermal conductivity. Thermal tostriction larger than 1% is caused by the IEM transition
conductivity measurements were carried out by a pulse [7-9,20] Therefore, the transition stability against thermal
method. cycle is much excellent, compared to the materials having
the structural transformation transition mentioned above.
According to the Maxwell relation, the isothermal entropy

3. Results and discussion change is related with the thermal variation of magnetization
as
Fig. 1 shows thermomagnetization curves in 0.3 T for Hmax oM
La(Fe.gsSio.12)13 measured during the 1st, 2nd and 10th ASm =/ o (EJT) dH 1)

temperature cycles between 192 and 200K. The annealed

specimen was cooling down from room temperature to 185 K With B =p.oH, wherepo, B andH are permeability, magnetic
before the first cycle. A steep change in magnetization flux density and magnetic field, respectively. The magne-
M appears around 195.5 and 194.5K in the heating andtization around the Curie temperatufe exhibits a steep
cooling processes, respectively, of the first cycle. There- change due to the first-order phase transition as shown in
fore, the hysteresis width of the thermal-induced first-order Fig. 1 Furthermore, the temperature dependence of the
transition between the ferromagnetic and the paramagnetichitiC&' field of the IEM transition gives a monotonic increase
states is within 1K at 0.3T. As seen Fig. 1, no shifts [12], therefore, the F state exists up to higher temperature
of the F—P and P—-F transition temperature are caused byranges by applying magnetic fields and a laég#/oT due

the thermal Cyc|es_ For app"ca‘[ion as magnetic refriger- to the thermal-induced transition is obtained at hlgher tem-
ants, it is desired that the first-order transition should be Peratures with increasing the strength of applied magnetic
fields. Accordingly, a largé\Sy, is expected in temperature
ranges abovec. By applying Eq.(1) to the isothermal
magnetization data, the temperature dependenceSgfis
evaluated. The hysteresis is also observed in the isothermal
magnetization curves due to the IEM transition. By regarding
M as a function off and B, the thermal variations oASy,

in the magnetic field change from 0 to 2 R88=2T) and
from2to 0T AB=-2T) are obtained for La(E&i1_y)13
(x=0.88 and 0.90) as given iRig. 2 As expected from
Eqg. (1) and the data displayed iRig. 1, a steep increase
of ASym appears in negative and positive directions with
respect toAB=2 and—2 T around7¢c =195K forx=0.88,
bringing about a maximum value pASyy| =20 J/(kg K). The

| ASm|-T curve forx=0.88 shows a slight decrease between
195 and 203K, then the value is remarkably reduced to
almost zero above 204 K. In the La(fS# )13 compounds,

Fig. 1. Thermomagnetization curves of LagkgeSio.12)13 measured during Tc decreases with in_CreaSing Fe cgncentrat[@h For
the 1st, 2nd and 10th temperature cycles between 192 and 200 K. x=0.90, the value of ¢ is 183K, accordingly, a largeA S|
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Fig. 2. Temperature dependence of the isothermal entropy chissigéor
La(Fe Sii—y)13 (x=0.88 and 0.90) in the magnetic field change from 0 to
2Tandfrom2toOT.

is observed in lower temperature range, compared to that for

x=0.88. That is, the magnitude ¢ASy|=28J/(kgK) for
x=0.90 is about 1.4 times larger than that for 0.88. For
both the compounds with=0.88 and 0.90, the steep change
of |ASm| in AB=2T appears at lower temperatures than
that in AB=-2T. The difference in the temperature range
for large ASm with respect to sign oAB is 1-2 K. Such

hysteresis width is smaller than the adiabatic temperature

change (se&ig. 3a and b)). It should be stressed that the
maximum value ofASy, for the present compounds with
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Fig. 3. Temperature vs. entropy curves in magnetic fields of 0 and 2 T for: (a)
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AB=2T is comparable or superior to the values in other
candidates such as @@eSi; with ASy,=-28J/(kgK)
[21] and MnFeAsg 5Py 5 with ASy, = —16 J/(kg K)[22].

For high-efficiency cooling cycles, not only a large,
but also a large adiabatic temperature chaf@gy is neces-
sary. The relation betweenT,q and ASy, is expressed as

)

whereCp is the total specific heat under magnetic figldl
Therefore,ATaq is proportional toASy,, but the magnitude
of AT,qis not defined untilCp is determined. The value of
ATgyq is also evaluated from the simpler following relation

[1]:

ATad = [T(S)p — T(S)ols ©))

where T(S) is the temperature as a function of entrafiy
Therefore,ATyq is evaluated from heat capacity data under
magnetic field. Shown ikig. 3(@ and b) are th&-S curvesin
B=0and 2T forx=0.88 and 0.90, respectively. The vertical
arrows indicate the magnitude Aff3q at 7c. The7-S curve

for x=0.88 in the P state in O T shows a similar variation
to that forx=0.90. Therefore, a wider area is enclosed by
the T=S curves due to largeASy, for x=0.90 compared to
those forx =0.88, as indicated by the horizontal arrows. The
temperature dependence &f;q obtained from Eq(3) for
x=0.88 and 0.90 is displayed in the insetkif. 3(a and

b), respectively. Far =0.88, the maximum value & T5q of
about 6.5K is observed @ and AT,q gradually decreases
with increasing temperature because ¢ curve in 2T
approaches to that in 0 T. On the other hand, the maximum
value ofAT53=8.1 Kis observed for=0.90. The decreasing
rate of ATaq aboveTc for x=0.90 is slightly larger than that
for x=0.88, because value @t |z=2 71 is close to the sum of
Tclp=0T+ ATagfor x=0.90 as shown ifrig. 3(b).

Based on the Brayton cycle, the active magnetic regen-
erator (AMR) type refrigerator has recently been proposed
as a most practical refrigeration scheftie8]. In the AMR
refrigerator, magnetic materials with different working
temperature range can be combined to expand the whole
working temperature range of refrigeraftf. Therefore, by
controllingT¢ of the La(FgSi;—,)13 compounds up to room
temperature with keeping the IEM transition, the present
compound system can be used as magnetic refrigerants
in the range from 180K to room temperature. According
to our recent researches, the magnetovolume effects in
the present compounds are very large-9,23,24] For
instance, the volume in the F state is larger than that in the
P state due to the spontaneous volume magnetostriction
[8,9]. Furthermore7¢ of the La(FgSii—,)13 compounds is
sensitive to external hydrostatic press[#24] because the
magnetic properties of the present compounds are dominated
by characteristics of Fe 3d electron band structygsy.

x=0.88and (by = 0.90. Theinsets n (aand b) show temperature dependence Therefore, the increase @t is connected with the lattice

of the adiabatic temperature chang&,q for x =0.88 and 0.90, respectively.

constant with keeping the characteristic band structure. It has
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been known that hydrogen is easily absorbed in rare-earth When one of the magnetic refrigerants is embedded in a
3d transition metal-based compounds and hydrogen atomgefrigerator,7; and 7> in Eq. (4) are regarded as the tem-
in the interstitial positions expand the lattice parameter. In peratures of the hot and cold sinks, respectiy28]. On the
fact, La(Fe.gsSio.12)13H, have been readily prepared by other hand, in the refrigerator with plural magnetic refrig-
annealing in hydrogen atmosph¢t@—16] erants, the heat transfer by magnetic refrigerants with lower
From the magnetization measuremefitsexhibits a lin- working range is cascaded to other refrigerants with higher
earincrease with the hydrogen concentragioht the present  working range, resulting in the extension of whole working
stage, the highest value B¢ is found to be about 330K in  temperature rangg4]. Therefore, to evaluate the value of
La(Fe&.gsSio.12)13H1.6. After hydrogen absorption, the transi- ¢ in the La(FgSii—)13H, compounds with a certain hydro-
tion at7c is still the first-order and the IEM transition occurs gen concentration]¢ is regarded ag1, and furthermore,
aboveTc. Therefore, hydrogenated La@=Sip.12)13H, are the temperature spah—T1 is settled to be the same mag-
also expected to exhibit large MCEs. Practically, magnetic nitude of ATyq in AB=2T. Because of the largaSy, as
refrigerants are desired to have not only a latgg, but also well as a plateau-like behavior &fS,,—T curve abovdc for

a large refrigerant capacitydefined by the La(F@.ssSio.12)13H, compounds, the refrigerant capac-
I, ity ¢ reaches to about130 J/kg, which is almost the same in
g= / ASmdT 4) magnitude with data calculated frofSy, in the literates for
T GdsGeSiz [21] and MnFeAs 5P 5 [22]. Furthermore, the

) value ofg is enhanced as well a@sSy, with increasing Fe con-
whereg is a measure of how much heat can be trans_ferred centration as seen from the data for La{BsSio.10)13Hy in
between thermal baths d4 and 7, in one ideal refrig- g 5 Sych steady value gfagainst increase @k is favor-
eration cycle[25]. Fig. 4 displays the variation 0fASm able for construction of the cascade system by combining
and g plotted against’c for various hydrogen concentra- e La(FeSi_,)13H, compounds with different, bringing
tion y for La(F&.saSio.12)13H,. For comparison, the data for 54t extension of the working temperature range.
La(Fey.90Si0.1013Hy (v=0.0 and 1.0) are also plotted. It is The value of AT,y and the thermally normalized
noteworthy thatASy, in AB=2T is unchanged aftefc is value ATadT are plotted againsfc in AB=2T for the
elevated by hydrogen absorption. As seen from(Eg.ASm La(Fe sSio.12)13H, (y=0.0, 0.5, 1.0 and 1.5) compounds
is significantly influenced by change M at Tc. The value in Fig. 5. For comparison, the data for Lag@Sio 10)13Hy
of T¢ at the first-order transition is determined by equal- (y=0.0 and 1.0) are also shown in the same figure. The
ity of the Gibbs energy in the F and P states, therefore, \5jye of AT, is located around 6.5K after controlling
increase offc does not necessarily mean the increase of the Tc in a temperature range between 195 and 320K for the
magnetic moment in the F state. It has been reported thatLa(FQ).SBSiO.lZ)BHv compounds. As seen frofig. 3a and
hydrogen absorption in the present compounds results in noty) “the phonon contribution is less sensitive to the Fe con-
only increase of ¢ but also increase of spin-wave dispersion  cenration than that ok Sm. Similar situation appears after
coefficient26]. In qtherwords,_the thermal Qemagnetization hydrogen absorption, resulting in a larger valueAdt,g for
bgcqmes smaller in the La(F8i;_,)13H, hav!ng 'hlghelTC La(Fe 00Sio.10)13H, than that for the La(ReseSio.12)13H,
with increasing. As a result, the magnetization in the F state compounds in whole temperature range. From the relation
atTc is almost the same even though the F state persists up tooetweerATad andASm derived from Eq(2), ATadT'is given

higher temperatures, resulting in unchanged valugS. by the following expression including the total specific heat
0 | T \ | 0 9 T T T T 0.05
§ ; 0.90
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Fig. 4. The isothermal entropy changesy,, and the refrigerant capacity Fig. 5. The adiabatic temperature changg,q and the thermally normal-
g in AB=2T plotted againsf¢ for various hydrogen concentratignin ized valueAT,d/T plotted againsfc in AB=2T for La(Fe ggSio.12)13H,
La(Fe gsSio.12)13H,. The data of La(RggoSio.10)13H, (y=0.0 and 1.0) are (y=0.0, 0.5, 1.0 and 1.5) compounds. The data of La{t®i.10)13H,
also shown, for comparison. (y=0.0 and 1.0) are also shown, for comparison.
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Cp in the magnetic fields. 12 | T T

ATad ~ ASm
T Cp

The value ofC becomes large around room temperature due
to the phonon contribution of the lattice part, which is not con-
trolled by magnetic field. Accordingly, the heat change due
to ASp, is reduced by the thermal load of the lattice part and
ASm/Cp represents the ratio between the cooling power and
the lattice thermal load at a certain temperaftiteAlthough

a slight decrease oAT,¢/T is observed with increasing

(®)

Tc in both La(F@.ggSio.12)13H, and La(Fe@.90Sio.10)13Hy, 0 : ' L

ATad T around room temperature still keeps its value of about 250 275 300 325 350
0.02-0.03, large enough to expect high efficiency in an AMR T(K)

refrigeratorf1].

The heat transfer in the magnetic refrigerator is a dynamic Fig. 6. Temperawre dependence of thermal ~conductivity for
g g y La(Fey gsSin.12)13Ho.4, together with the calculated values of the

process, therefore, the local thermodynamic equilibrium state gjectronic ;) and phonon«pn,) contributions given by the dotted lines.

is scarcely maintainefR7]. In adiabatic processes for the The values ok for GdsGe;Sip and MnAs are also plotted, for comparison.

second-order phase transition, the thermodynamic change

is achieved in the time scale of spin-lattice relaxation rate. foomtemperature for the La(k:€sSio.12)13Ho.4is almost the

Therefore, the adiabatic temperature change is achieved eve§ame in magnitude with that of Gd metal, whereas the val-

inthe dynamic process of the refrigerators. On the other hand,ues of« for other candidates such as §&£,Si, [28] and

the first-order phase transition proceeds with going over the MNAs [28] are much smaller in this temperature range. The

energy barrier between the F and P states, resulting in thetotal value ofc is expressed as the sum of the electronic part

nucleation and growth phenomena. The time scale of adia-kel @nd the phonon pakh. Furthermore, the electronic part

batic process related to the nucleation and growth is unknownkel is related to the electrical resistiviy as given by the

in a priori, consequently the direct measurement of adiabatic following Wiedeman—Franz law:

temperature change is necessary by taking time scale into LT

account. The directly observed adiabatic temperature changecel = —— (6)

Ang is brought within 1.5s after producing the magnetic

field change, therefore, itis revealed that the adiabatic processvhereL is the constant value of 2.45610~8 W Q/K2. From

in the present compound is achieved smoothly. It has beenthe p—T data,«¢| for the present compound is calculated to

reported that the temperature dependence\ﬁjd is simi- be about 60% of the total value efaround room temper-

lar to that of the value oA T,q4 estimated from the specific  ature. The thermal variations @§; and «pn calculated for

heat measurement except for a slightly smaller maximum La(Fe&) gsSip.12)13 are also displayed iRig. 6. The total val-

value due to the incomplete thermal isolation in the present ues ofx of GdsGe,Si; and MnAs are, respectively, almost

experiment. However, taking non-equilibrium condition in the same age and smaller thampn of La(Fe& gsSio.12)13-

the actual refrigerator into account, the maximum value of For both GdGeSi; and MnAs, the Debye temperature

Ang of 5.9KIin AB=2T is expected to be large enough for 6p lies about 220-250 K29,30], while 6p is about 350 K

practical applications. for La(Fey.ggSio.12)13, therefore, thermal decay afy, due
Inreal actions of AMR refrigerators, thermodynamicirre- to the Umklapp phonon scattering is relatively smaller in

versible processes take place and an additional entropy isLa(Fey gsSio.12)13. Furthermore, covalent or ionic characters

generated within one refrigeration cydl. The additional of atoms in GdGe,Si; and MnAs would reduce the elec-

entropy is generated by mainly three terms, i.e., the dissipa-tronic contribution to thermal conductivity. In consequence,

tion of flow energy of heat transfer fluid, the axial heat con- the thermal conductivity of the present compound is better for

duction along the regenerator through the AMR bed retaining reduction of entropy generated by finite heat transfer between

magnetic refrigerants between hot and cold sinks, and thethe magnetic refrigerant and the heat exchange fluid.

finite heat transfer between fluid and the magnetic refriger-  Finally, it should be emphasized that the elements of the

ants[1]. The entropy generations due to the former two terms present compounds are very cheap economically and also

are reduced by keeping enough porosity in the bed, and bycompletely harmless for human life.

lowering the effective heat capacity of fluid than that of the

bed. To reduce the third-term, the thermal conductivity of

the magnetic refrigerants should be larger compared to head. Conclusion

flow of fluid. Therefore, it is necessary to measure the ther-

mal conductivityx of the magnetic refrigerants to construct The magnetic properties and magnetocaloric effects,

the high-efficiency refrigerators. As showrHig. 6, x around together with thermal conductivity have been investigated for
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La(Fe Si1—)13 itinerant-electron metamagnetic (IEM) com-
pounds and their hydrides. The Curie temperafiyéor the

first-order transition from the ferromagnetic (F) to the param-

agnetic (P) states of La(bgsSio.12)13 is scarcely influenced
by thermal cyclesT¢ is increased from 195K foy=0 to
330K fory=1.6. After controllingTc by hydrogen absorp-

tion, the IEM transition is confirmed to be preserved, resulting
in large magnetocaloric effects (MCESs) as well as the refrig-

erant capacity even in the relatively low magnetic field of

2T at a range of temperature 180-330K. From the direct
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