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Abstract

La(FexSi1−x)13 exhibit an itinerant-electron metamagnetic (IEM) transition at relatively low applied magnetic fields just above the Curie
temperatureTC. Large magnetocaloric effects (MCEs) in terms of the isothermal temperature change�Sm and the adiabatic temperature
change�Tad are followed by the IEM transition. The MCEs increase, whileTC decreases with increasing Fe concentration. Therefore,TC

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
a above.
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s the thermal conductivity of La(FexSi1−x)13 and their hydrides exhibit excellent characteristics in the temperature range mentioned
onsequently, the present compounds are one of the promising candidates for magnetic refrigerants working in a wide temper
overing room temperature.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Recently, magnetic materials including rare-earth ele-
ents and compounds have attracted much attention in
evelopment of room temperature magnetic refrigerants
aving large magnetocaloric effects (MCEs) such as the

arge isothermal entropy change and the adiabatic tem-
erature change[1]. For example, Gd was adopted for a
oom temperature magnetic refrigerant in demonstration
2,3]. High-efficiency magnetic refrigerations will achieve
bolition of environmental hazardous Freon-based gases
nd also facilitation of the energy-saving in cooling tech-
ologies. For these purposes, materials with the magnetic
eld induced first-order transition are advantageous in uti-
ization of the latent heat of the transition. Among magnetic
are-earth-based compounds, Gd5Ge2Si2 is one of recent
andidates, because of its large MCEs due to the magnetic
hase transition induced by the first-order crystallographic
tructural transformation around room temperature[4].

∗ Corresponding author.

It should be also mentioned that many compou
consisted of rare-earth and 3d transition metals have
reported to exhibit various magnetic phase transition re
to the itinerant character of 3d electrons[5]. Recently, it ha
been demonstrated that La(FexSi1−x)13 in the concentratio
range 0.86≤ x ≤ 0.90 show the thermal-induced first-or
magnetic phase transition from the ferromagnetic (F) to
paramagnetic (P) phase at the Curie temperatureTC around
200 K. The magnetic field induced first-order transition fr
the P to the F phase also occurs just aboveTC in relatively
low magnetic fields, which is known as the itinerant-elec
metamagnetic (IEM) transition[6–9]. It has been als
confirmed that the large MCEs are followed by the I
transition [10–13]. Therefore, the increase ofTC up to
room temperature makes the present compounds appl
to the magnetic refrigerants showing the large MCE
relatively low magnetic fields at wide temperature ran
covering room temperature. It has been reported thatTC is
increased by hydrogen absorption in La(FexSi1−x)13 up to
room temperature with keeping the IEM transition[14–16].

In the present paper, the influence of hydrogen absor
on T and the MCEs of La(FeSi ) and their hydride
E-mail address: fukamich@tagen.tohoku.ac.jp (K. Fukamichi). C x 1−x 13
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are evaluated. Furthermore, the thermal transport property is
discussed from the viewpoint of practical applications.

2. Experiments

La(FexSi1−x)13 were prepared by arc-melting in an argon
gas atmosphere. To homogenize the specimens, the heat treat-
ment was carried out in a vacuum quartz tube at 1323 K for 10
days. The hydrogen absorption was made out by annealing in
a hydrogen atmosphere by using a closed chamber. The mag-
netization was measured with a superconducting quantum
interference device (SQUID) magnetometer. For direct mea-
surements of adiabatic temperature change, the specimens
were put into a thermal insulation holder made of a quartz
and moved quickly between the inside and the outside of a
superconducting solenoid. The temperature of the specimen
was measured with a resistance thermometer having four
manganin terminals with low thermal conductivity. Thermal
conductivity measurements were carried out by a pulse
method.

3. Results and discussion
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stable against cycle running of refrigerators. It has been
found that Fe49Rh51 exhibits large magnetocaloric effects,
namely the isothermal entropy change�Sm =−12 J/kg K
and�Tad= 8 K in magnetic field change�B of 0–2 T, due
to the first-order antiferromagnetic–ferromagnetic transition
accompanied by the lattice distortion around room temper-
ature[17,18]. However, large MCEs in Fe49Rh51 are dras-
tically reduced by the irreversible transition after thermal
cycles[18]. In Gd5Ge2Si2, another candidate for magnetic
refrigerants, the gradual shift of the transition temperature by
thermal cycles has been observed because of the martensitic-
like structural transformation coming up with the magnetic
phase transition, although large MCEs are conserved in the
thermally cycled specimens[19]. On the other hand, accord-
ing to temperature and magnetic field scan measurements of
X-ray diffraction[9,20], no crystalline structural transforma-
tion is induced by the thermal induced and the IEM transitions
in La(Fe0.88Si0.12)13, though the isotropic volume magne-
tostriction larger than 1% is caused by the IEM transition
[7–9,20]. Therefore, the transition stability against thermal
cycle is much excellent, compared to the materials having
the structural transformation transition mentioned above.

According to the Maxwell relation, the isothermal entropy
change is related with the thermal variation of magnetization
as

�
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Fig. 1 shows thermomagnetization curves in 0.3 T
a(Fe0.88Si0.12)13 measured during the 1st, 2nd and 1

emperature cycles between 192 and 200 K. The ann
pecimen was cooling down from room temperature to 1
efore the first cycle. A steep change in magnetiza

appears around 195.5 and 194.5 K in the heating
ooling processes, respectively, of the first cycle. Th
ore, the hysteresis width of the thermal-induced first-o
ransition between the ferromagnetic and the paramag
tates is within 1 K at 0.3 T. As seen inFig. 1, no shifts
f the F–P and P–F transition temperature are cause

he thermal cycles. For application as magnetic refri
nts, it is desired that the first-order transition should

ig. 1. Thermomagnetization curves of La(Fe0.88Si0.12)13 measured durin
he 1st, 2nd and 10th temperature cycles between 192 and 200 K.
Sm =
max

0
µ0

∂M

∂T
dH (1)

ith B = �0H, where�0, B andH are permeability, magnet
ux density and magnetic field, respectively. The ma
ization around the Curie temperatureTC exhibits a stee
hange due to the first-order phase transition as show
ig. 1. Furthermore, the temperature dependence o
ritical field of the IEM transition gives a monotonic incre
12], therefore, the F state exists up to higher temper
anges by applying magnetic fields and a large∂M/∂T due
o the thermal-induced transition is obtained at higher
eratures with increasing the strength of applied mag
elds. Accordingly, a large�Sm is expected in temperatu
anges aboveTC. By applying Eq.(1) to the isotherma
agnetization data, the temperature dependence of�Sm is

valuated. The hysteresis is also observed in the isoth
agnetization curves due to the IEM transition. By regar
as a function ofT andB, the thermal variations of�Sm

n the magnetic field change from 0 to 2 T (�B = 2 T) and
rom 2 to 0 T (�B =−2 T) are obtained for La(FexSi1−x)13
x = 0.88 and 0.90) as given inFig. 2. As expected from
q. (1) and the data displayed inFig. 1, a steep increas
f �Sm appears in negative and positive directions w
espect to�B = 2 and−2 T aroundTC = 195 K for x = 0.88,
ringing about a maximum value of|�Sm| = 20 J/(kg K). The
�Sm|–T curve forx = 0.88 shows a slight decrease betw
95 and 203 K, then the value is remarkably reduce
lmost zero above 204 K. In the La(FexSi1−x)13 compounds
C decreases with increasing Fe concentration[9]. For
= 0.90, the value ofTC is 183K, accordingly, a large|�Sm|
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Fig. 2. Temperature dependence of the isothermal entropy change�Sm for
La(FexSi1−x)13 (x = 0.88 and 0.90) in the magnetic field change from 0 to
2 T and from 2 to 0 T.

is observed in lower temperature range, compared to that for
x = 0.88. That is, the magnitude of|�Sm| = 28 J/(kg K) for
x = 0.90 is about 1.4 times larger than that forx = 0.88. For
both the compounds withx = 0.88 and 0.90, the steep change
of |�Sm| in �B = 2 T appears at lower temperatures than
that in �B = –2 T. The difference in the temperature range
for large �Sm with respect to sign of�B is 1–2 K. Such
hysteresis width is smaller than the adiabatic temperature
change (seeFig. 3(a and b)). It should be stressed that the
maximum value of�Sm for the present compounds with

F r: (a)
x dence
o

�B = 2 T is comparable or superior to the values in other
candidates such as Gd5Ge2Si2 with �Sm =−28 J/(kg K)
[21] and MnFeAs0.5P0.5 with �Sm =−16 J/(kg K)[22].

For high-efficiency cooling cycles, not only a large�Sm
but also a large adiabatic temperature change�Tad is neces-
sary. The relation between�Tad and�Sm is expressed as

�Tad = −
∫ B

0

T

CB

∂S

∂B
dB ≈ − T

CB

�Sm (2)

whereCB is the total specific heat under magnetic field[1].
Therefore,�Tad is proportional to�Sm, but the magnitude
of �Tad is not defined untilCB is determined. The value of
�Tad is also evaluated from the simpler following relation
[1]:

�Tad = [T (S)B − T (S)0]S (3)

whereT(S) is the temperature as a function of entropyS.
Therefore,�Tad is evaluated from heat capacity data under
magnetic field. Shown inFig. 3(a and b) are theT–S curves in
B = 0 and 2 T forx = 0.88 and 0.90, respectively. The vertical
arrows indicate the magnitude of�Tad atTC. TheT–S curve
for x = 0.88 in the P state in 0 T shows a similar variation
to that forx = 0.90. Therefore, a wider area is enclosed by
the T–S curves due to larger�Sm for x = 0.90 compared to
those forx = 0.88, as indicated by the horizontal arrows. The
t
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ig. 3. Temperature vs. entropy curves in magnetic fields of 0 and 2 T fo
= 0.88 and (b)x = 0.90. The insets in (a and b) show temperature depen

f the adiabatic temperature change�Tad for x = 0.88 and 0.90, respectively. c It has
emperature dependence of�Tad obtained from Eq.(3) for
= 0.88 and 0.90 is displayed in the inset ofFig. 3(a and
), respectively. Forx = 0.88, the maximum value of�Tad of
bout 6.5 K is observed atTC and�Tad gradually decrease
ith increasing temperature because theT–S curve in 2 T
pproaches to that in 0 T. On the other hand, the maxi
alue of�Tad= 8.1 K is observed forx = 0.90. The decreasin
ate of�Tad aboveTC for x = 0.90 is slightly larger than th
or x = 0.88, because value ofTC|B=2 T is close to the sum o
C|B=0 T +�Tad for x = 0.90 as shown inFig. 3(b).

Based on the Brayton cycle, the active magnetic re
rator (AMR) type refrigerator has recently been propo
s a most practical refrigeration scheme[1,3]. In the AMR
efrigerator, magnetic materials with different work
emperature range can be combined to expand the w
orking temperature range of refrigerator[1]. Therefore, by
ontrollingTC of the La(FexSi1−x)13 compounds up to roo
emperature with keeping the IEM transition, the pre
ompound system can be used as magnetic refrige
n the range from 180 K to room temperature. Accord
o our recent researches, the magnetovolume effec
he present compounds are very large[7–9,23,24]. For
nstance, the volume in the F state is larger than that in

state due to the spontaneous volume magnetostr
8,9]. Furthermore,TC of the La(FexSi1−x)13 compounds i
ensitive to external hydrostatic pressure[9,24] because th
agnetic properties of the present compounds are domi
y characteristics of Fe 3d electron band structures[23].
herefore, the increase ofTC is connected with the lattic
onstant with keeping the characteristic band structure.
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been known that hydrogen is easily absorbed in rare-earth
3d transition metal-based compounds and hydrogen atoms
in the interstitial positions expand the lattice parameter. In
fact, La(Fe0.88Si0.12)13Hy have been readily prepared by
annealing in hydrogen atmosphere[12–16].

From the magnetization measurements,TC exhibits a lin-
ear increase with the hydrogen concentrationy. At the present
stage, the highest value ofTC is found to be about 330 K in
La(Fe0.88Si0.12)13H1.6. After hydrogen absorption, the transi-
tion atTC is still the first-order and the IEM transition occurs
aboveTC. Therefore, hydrogenated La(Fe0.88Si0.12)13Hy are
also expected to exhibit large MCEs. Practically, magnetic
refrigerants are desired to have not only a large�Sm but also
a large refrigerant capacityq defined by

q =
∫ T2

T1

�Sm dT (4)

whereq is a measure of how much heat can be transferred
between thermal baths atT1 and T2 in one ideal refrig-
eration cycle[25]. Fig. 4 displays the variation of�Sm
and q plotted againstTC for various hydrogen concentra-
tion y for La(Fe0.88Si0.12)13Hy. For comparison, the data for
La(Fe0.90Si0.10)13Hy (y = 0.0 and 1.0) are also plotted. It is
noteworthy that�Sm in �B = 2 T is unchanged afterTC is
elevated by hydrogen absorption. As seen from Eq.(1), �Sm
i
o ual-
i fore,
i f the
m that
h in not
o ion
c tion
b
w tate
a up to
h

F ity
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When one of the magnetic refrigerants is embedded in a
refrigerator,T1 and T2 in Eq. (4) are regarded as the tem-
peratures of the hot and cold sinks, respectively[25]. On the
other hand, in the refrigerator with plural magnetic refrig-
erants, the heat transfer by magnetic refrigerants with lower
working range is cascaded to other refrigerants with higher
working range, resulting in the extension of whole working
temperature ranges[1]. Therefore, to evaluate the value of
q in the La(FexSi1−x)13Hy compounds with a certain hydro-
gen concentration,TC is regarded asT1, and furthermore,
the temperature spanT2–T1 is settled to be the same mag-
nitude of �Tad in �B = 2 T. Because of the large�Sm as
well as a plateau-like behavior of�Sm–T curve aboveTC for
the La(Fe0.88Si0.12)13Hy compounds, the refrigerant capac-
ity q reaches to about−130 J/kg, which is almost the same in
magnitude with data calculated from�Sm in the literates for
Gd5Ge2Si2 [21] and MnFeAs0.5P0.5 [22]. Furthermore, the
value ofq is enhanced as well as�Sm with increasing Fe con-
centration as seen from the data for La(Fe0.90Si0.10)13Hy in
Fig. 5. Such steady value ofq against increase ofTC is favor-
able for construction of the cascade system by combining
the La(FexSi1−x)13Hy compounds with differenty, bringing
about extension of the working temperature range.

The value of �Tad and the thermally normalized
value �Tad/T are plotted againstTC in �B = 2 T for the
La(Fe Si ) H (y = 0.0, 0.5, 1.0 and 1.5) compounds
i
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s significantly influenced by change inM at TC. The value
f TC at the first-order transition is determined by eq

ty of the Gibbs energy in the F and P states, there
ncrease ofTC does not necessarily mean the increase o

agnetic moment in the F state. It has been reported
ydrogen absorption in the present compounds results
nly increase ofTC but also increase of spin-wave dispers
oefficient[26]. In other words, the thermal demagnetiza
ecomes smaller in the La(FexSi1−x)13Hy having higherTC
ith increasingy. As a result, the magnetization in the F s
tTC is almost the same even though the F state persists
igher temperatures, resulting in unchanged value of�Sm.

ig. 4. The isothermal entropy change�Sm and the refrigerant capac
in �B = 2 T plotted againstTC for various hydrogen concentrationy in

a(Fe0.88Si0.12)13Hy. The data of La(Fe0.90Si0.10)13Hy (y = 0.0 and 1.0) ar
lso shown, for comparison.
0.88 0.12 13 y

n Fig. 5. For comparison, the data for La(Fe0.90Si0.10)13Hy

y = 0.0 and 1.0) are also shown in the same figure.
alue of �Tad is located around 6.5 K after controlli
C in a temperature range between 195 and 320 K fo
a(Fe0.88Si0.12)13Hy compounds. As seen fromFig. 3(a and
), the phonon contribution is less sensitive to the Fe
entration than that of�Sm. Similar situation appears aft
ydrogen absorption, resulting in a larger value of�Tad for
a(Fe0.90Si0.10)13Hy than that for the La(Fe0.88Si0.12)13Hy

ompounds in whole temperature range. From the rel
etween�Tadand�Sm derived from Eq.(2),�Tad/T is given
y the following expression including the total specific h

ig. 5. The adiabatic temperature change�Tad and the thermally norma
zed value�Tad/T plotted againstTC in �B = 2 T for La(Fe0.88Si0.12)13Hy

y = 0.0, 0.5, 1.0 and 1.5) compounds. The data of La(Fe0.90Si0.10)13Hy

y = 0.0 and 1.0) are also shown, for comparison.
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CB in the magnetic fields.

�Tad

T
= −�Sm

CB

(5)

The value ofCB 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 �Sm is reduced by the thermal load of the lattice part and
�Sm/CB represents the ratio between the cooling power and
the lattice thermal load at a certain temperature[1]. Although
a slight decrease of�Tad/T is observed with increasing
TC in both La(Fe0.88Si0.12)13Hy and La(Fe0.90Si0.10)13Hy,
�Tad/T around room temperature still keeps its value of about
0.02–0.03, large enough to expect high efficiency in an AMR
refrigerator[1].

The heat transfer in the magnetic refrigerator is a dynamic
process, therefore, the local thermodynamic equilibrium state
is scarcely maintained[27]. In adiabatic processes for the
second-order phase transition, the thermodynamic change
is achieved in the time scale of spin-lattice relaxation rate.
Therefore, the adiabatic temperature change is achieved even
in the dynamic process of the refrigerators. On the other hand,
the first-order phase transition proceeds with going over the
energy barrier between the F and P states, resulting in the
nucleation and growth phenomena. The time scale of adia-
batic process related to the nucleation and growth is unknown
i batic
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Fig. 6. Temperature dependence of thermal conductivityκ for
La(Fe0.88Si0.12)13H0.4, together with the calculated values of the
electronic (κel) and phonon (κph) contributions given by the dotted lines.
The values ofκ for Gd5Ge2Si2 and MnAs are also plotted, for comparison.

room temperature for the La(Fe0.88Si0.12)13H0.4 is almost the
same in magnitude with that of Gd metal, whereas the val-
ues ofκ for other candidates such as Gd5Ge2Si2 [28] and
MnAs [28] are much smaller in this temperature range. The
total value ofκ is expressed as the sum of the electronic part
κel and the phonon partκph. Furthermore, the electronic part
κel is related to the electrical resistivityρ as given by the
following Wiedeman–Franz law:

κel = LT

ρ
(6)

whereL is the constant value of 2.45× 10−8 W �/K2. From
theρ–T data,κel for the present compound is calculated to
be about 60% of the total value ofκ around room temper-
ature. The thermal variations ofκel andκph calculated for
La(Fe0.88Si0.12)13 are also displayed inFig. 6. The total val-
ues ofκ of Gd5Ge2Si2 and MnAs are, respectively, almost
the same asκel and smaller thanκph of La(Fe0.88Si0.12)13.
For both Gd5Ge2Si2 and MnAs, the Debye temperature
θD lies about 220–250 K[29,30], while θD is about 350 K
for La(Fe0.88Si0.12)13, therefore, thermal decay ofκph due
to the Umklapp phonon scattering is relatively smaller in
La(Fe0.88Si0.12)13. Furthermore, covalent or ionic characters
of atoms in Gd5Ge2Si2 and MnAs would reduce the elec-
tronic contribution to thermal conductivity. In consequence,
t r for
r een
t

f the
p also
c

4

ects,
t d for
n a priori, consequently the direct measurement of adia
emperature change is necessary by taking time scale
ccount. The directly observed adiabatic temperature ch
T d

ad is brought within 1.5 s after producing the magn
eld change, therefore, it is revealed that the adiabatic pro
n the present compound is achieved smoothly. It has
eported that the temperature dependence of�T d

ad is simi-
ar to that of the value of�Tad estimated from the specifi
eat measurement except for a slightly smaller maxim
alue due to the incomplete thermal isolation in the pre
xperiment. However, taking non-equilibrium condition
he actual refrigerator into account, the maximum valu
T d

ad of 5.9 K in�B = 2 T is expected to be large enough
ractical applications.

In real actions of AMR refrigerators, thermodynamic ir
ersible processes take place and an additional entro
enerated within one refrigeration cycle[1]. The additiona
ntropy is generated by mainly three terms, i.e., the dis

ion of flow energy of heat transfer fluid, the axial heat c
uction along the regenerator through the AMR bed retai
agnetic refrigerants between hot and cold sinks, an

nite heat transfer between fluid and the magnetic refr
nts[1]. The entropy generations due to the former two te
re reduced by keeping enough porosity in the bed, an

owering the effective heat capacity of fluid than that of
ed. To reduce the third-term, the thermal conductivit

he magnetic refrigerants should be larger compared to
ow of fluid. Therefore, it is necessary to measure the
al conductivityκ of the magnetic refrigerants to constr

he high-efficiency refrigerators. As shown inFig. 6,κ around
he thermal conductivity of the present compound is bette
eduction of entropy generated by finite heat transfer betw
he magnetic refrigerant and the heat exchange fluid.

Finally, it should be emphasized that the elements o
resent compounds are very cheap economically and
ompletely harmless for human life.

. Conclusion

The magnetic properties and magnetocaloric eff
ogether with thermal conductivity have been investigate
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La(FexSi1−x)13 itinerant-electron metamagnetic (IEM) com-
pounds and their hydrides. The Curie temperatureTC for the
first-order transition from the ferromagnetic (F) to the param-
agnetic (P) states of La(Fe0.88Si0.12)13 is scarcely influenced
by thermal cycles,TC is increased from 195 K fory = 0 to
330 K for y = 1.6. After controllingTC by hydrogen absorp-
tion, the IEM transition is confirmed to be preserved, resulting
in large magnetocaloric effects (MCEs) as well as the refrig-
erant capacity even in the relatively low magnetic field of
2 T at a range of temperature 180–330 K. From the direct
measurements, a large value of adiabatic temperature change
is confirmed to be obtainable in practical non-equilibrium
cooling processes. In addition, the thermal conductivity of
La(FexSi1−x)13Hy is better than that of other candidates. Con-
sequently, the La(FexSi1−x)13Hy are one of the most practical
candidates for magnetic refrigerants working in a wide tem-
perature range.
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