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11.57Si1.43 intermetallic compound have been prepared by high-energy ball milling
in the presence of hydrogen gas, a process known as reactive milling. The Curie temperature of the
samples was tuned within the temperature range of 199 K to 346 K by changing the hydrogen
content from 0 to 2.3 at. % without compromising much of the magnitude of the magnetocaloric
effect. Arrott plots and large hysteresis in the magnetization vs magnetic field curves confirm that
the first-order itinerant-electron metamagnetic transition is the reason for large entropy change in the
parent as well as in the hydride samples. The present study indicates that reactive milling can be an
effective method for incorporating interstitial hydrogen within these compounds in order to raise
their TC

I. INTRODUCTION

During the last few years giant magnetocaloric effect in
iron rich compounds has attracted significant attention be-
cause of its possible applications in domestic appliances at
room temperature.1–4 Usually, magnetic materials showing a
first-order ferromagnetic to paramagnetic transition at Curie
temperature, TC, give rise to a large change in magnetic en-
tropy and hence large magnetocaloric effect �MCE�. Interme-
tallic compounds such as Gd5Si2Ge2, MnFeP1−xAsx,
MnAs1−xSb, LaFe13−xSix are of prime interest as they show
giant magnetocaloric effect due to first order ferro/
paramagnetic phase transition at temperatures close to the
room temperature.1–6

The transition from magnetically ordered to disordered
state is conventionally second order. It has been demon-
strated earlier that giant MCE is associated with the field-
induced first-order paramagnetic to ferromagnetic transition
which, in many cases, is of itinerant electron metamagnetic
�IEM� transition type.7,8 Wohlfarth and Rhodes first pre-
dicted the IEM transition based on the Stoner model.9,10

They showed that exchange-enhanced Pauli paramagnets
which exhibit a maximum in the temperature dependence of
susceptibility would show an IEM transition. Shimizu first
derived the condition for the appearance of the IEM
transition.11

LaFe13−xSix intermetallic compound with x�1.6 shows a
giant MCE around their TC�195 K.5 The TC of these com-
pounds has been raised to room temperature by incorporating
interstitial atoms such as hydrogen, carbon, or by substitut-
ing various elements such as Co for Si.12–17 We have dem-
onstrated earlier18 that mechanical milling of LaFe11.57Si1.43

in the presence of a suitable gas such as hydrogen, called
reactive milling,19 can be an efficient and safe method for

incorporating interstitial atoms in the crystal structure. We
have extended the above study to show that the parent com-
pound as well as the hydrides formed by reactive milling
exhibits the IEM transition and hence a giant MCE.

II. EXPERIMENT

LaFe11.57Si1.43 intermetallic compound was prepared in
an arc-melting furnace in the argon atmosphere.18 The
sample was homogenized by annealing it at 1323 K for 10
days and termed as the parent sample. X-ray diffraction of
the samples was carried out to determine the phase and lat-
tice constants of the samples using the Rietveld refinement.
Almost 7% by the weight of �-Fe phase was found in the
parent sample. To study the hydrogen absorption temperature
of the compound differential scanning calorimetry �DSC�
was performed in the presence of hydrogen. The parent com-
pound was mechanically milled in the presence of hydrogen
to incorporate hydrogen atoms as interstitial atoms within the
crystal structure.18 The ball to powder ratio was taken as
10:1. The material was saturated with hydrogen when milled
for 60 min in the presence of 5 bar hydrogen. The release of
hydrogen from the sample due to the change of its tempera-
ture was also studied by measuring the change in pressure in
a vacuum chamber �keeping the turbomolecular and rotary
pumps on� where the sample was slowly heated. To vary the
TC within the minimum �shown by the parent sample� and
maximum limit �shown by the reactive-milled sample�, the
hydrogenated sample was heated in a closed chamber under
a vacuum of �1�10−5 mbar at 150 °C for a 30 min and 60
min duration. The hydrogen content in the hydrogenated
sample was determined by the hot extraction method. The
four samples with different hydrogen content used for vari-
ous experiments are LaFe11.57Si1.43, LaFe11.57Si1.43H0.8,
LaFe11.57Si1.43H1.2, and LaFe11.57Si1.43H2.3. The magnetic
properties and specific heat at constant pressure �CP� of thea�Electronic mail: kalyan@bose.res.in
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sample was measured by MPMS and PPMS �Quantum De-
sign�, respectively. In addition, the pulsed-field facility at
IFW-Dresden has been used to study the MCE properties.

III. RESULTS AND DISCUSSION

DSC study of LaFe11.57Si1.43 in the presence of hydrogen
at a pressure of 5 bar is shown in Fig. 1�a�. A large exother-
mic peak is observed at 473 K indicating the formation of
hydrides at that temperature. Similarly, the release of H from
the sample as a function of temperature has been plotted in
Fig. 1�b�. Maximum release of H is also observed at the
same temperature �473 K� where hydrides are formed.

The x-ray powder diffraction patterns of the parent com-
pound LaFe11.57Si1.43 and its hydride LaFe11.57Si1.43H2.3 are
shown in Fig. 2. The XRD patterns confirm the NaZn13 type
structure for all the samples with a small amount ��7%� of
�-Fe as an impurity phase. The peaks in the hydride sample
shift toward lower angles compared to the parent compound
indicating an increase in lattice constants due to the incorpo-
ration of hydrogen atoms in the lattice structure and the in-
crease is �1.2% for the sample with maximum H content
�y=2.3�.12 Figure 3 shows the SEM micrograph of sample

LaFe11.57Si1.43 and LaFe11.57Si1.43H2.3. The parent compound
shows some non-negligible amount of La-rich �bright con-
trast� and Fe-rich �dark contrast� phases. The reactive-milled
hydrogenated powder shows much better homogeneity than
the parent compound, which is also evident from the XRD
pattern.

Figure 4 shows the M vs T curves of the parent and
hydrogenated samples in the presence of a 100 Oe dc mag-
netic field. A sharp change in magnetization is observed
around their TC. The Curie temperature determined from the
M-T curves are 199, 236, 277, and 346 K for samples with
y=0, 0.8, 1.2, and 2.3, respectively. TC increases with the
increase in the H content. The interstitial H-atom increases
the lattice constants and reduces the overlap of 3d wave
functions of Fe. The 3d electrons become more localized in

FIG. 1. �a� DSC measurement �heat flow, �Q vs temperature, T� of
LaFe11.57Si1.43 at 5 bar of hydrogen and �b� the release of hydrogen upon
heating the sample in vacuum keeping the evacuating system on �plot of
pressure in the vacuum chamber, P vs temperature T�.

FIG. 2. XRD study of the LaFe11.57Si1.43Hy intermetallic compound with �a�
y=0 and �b� y=2.3.

FIG. 3. SEM micrographs of LaFe11.57Si1.43Hy with �a� y=0 and �b� y
=2.3.

FIG. 4. Temperature dependence of magnetization of LaFe11.57Si1.43Hy for
y=0, 0.8, 1.2, and 2.3 with �0H=0.01 T.
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the hydrides increasing the TC of the hydrogenated samples.
The real part of ac susceptibility, ��T� �f =133 Hz� of the
samples with y=0, 1.2 has been plotted in Figs. 5�a� and
5�b�, respectively in the presence of dc magnetic fields of
0.004 T, 1 T, 4 T, and 8 T. At 0.004 T, ��T� shows a sharp
decrease in magnitude at TC usually observed in a ferromag-
netic to paramagnetic transition. At 1 T and higher fields, a
peak is observed in the ��T� vs T curves. This peak reduces
in magnitude, becomes broader and shifts toward higher
fields with the increase in magnetic field as the TC of the
sample shifts toward higher temperatures due to the increase
in the magnetic field. The shift of the peaks with magnetic
field is shown in the insets of Fig. 5.

To clarify the order of magnetic phase transition and to
give a rough estimate of adiabatic temperature change, the
specific heat vs temperature has been measured and plotted
in Fig. 6 for samples with hydrogen content, y=0 and 1.2. In
the case of the parent compound, a discontinuous peak in
specific heat measurement is observed at its TC confirming
the first-order ferro/paramagnetic transition. However, the
corresponding peak for LaFe11.57Si1.43H1.2 is a broad one per-
haps due to particle size distribution or structural disorder
introduced by mechanical milling.

The magnetization isotherms of LaFe11.57Si1.43Hy com-
pounds were measured around their TC at 3 K temperature
steps and they are shown in Fig. 7 for samples with y=0 and
2.3. A large hysteresis effect in the M-H curve is observed in
the case of the parent compound on increasing and decreas-
ing the magnetic field. The hysteresis effect is much less in
case of hydrogenated samples. The MCE of the samples was
determined by calculating the change in magnetic entropy
��SM� under a magnetic field change of 0–5 T using the
Maxwell’s thermodynamic relations

��SM� = �
0

H dM

dT
dH , �1�

and the results as a function of temperature are plotted in
Fig. 8. The parent compound shows a maximum of ��SM�
�23.5 J /kg K around 200 K whereas for hydride samples it
is �16.4, 16.9, and 17.8 for y=0.8, 1.2, and 2.3 around the
temperatures 240 K, 280 K, and 340 K, respectively.

The sudden large slope change and hysteresis effect in
the magnetization isotherms shown in Fig. 7 suggest a field-
induced paramagnetic to ferromagnetic first-order transition,
probably of the IEM type. Arrott plots �M2 vs H /M� of the

FIG. 5. Temperature dependence of real part of ac susceptibility �f
=133 Hz� in the presence of dc magnetic fields of 0.004, 1, 4, and 8 T for
the sample �a� LaFe11.57Si1.43 and �b� LaFe11.57Si1.43H2.3.

FIG. 6. Specific heat at constant pressure �Cp� vs temperature of
LaFe11.57Si1.43 and LaFe11.57Si1.43H1.2.

FIG. 7. Magnetization isotherms of �a� LaFe11.57Si1.43 and �b�
LaFe11.57Si1.43H2.3 at 3 K intervals.

FIG. 8. Temperature dependence of change in magnetic entropy, ��SM� of
LaFe11.57Si1.43Hy �y=0, 0.8, 1.2, and 2.3� due to a change in static magnetic
field from 0 to 5 T.
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sample LaFe11.57Si1.43 and LaFe11.57Si1.43H2.3 are shown in
Fig. 9. These plots indicate metamagnetic transitions in the
paramagnetic region as linear extrapolation of H /M value to
0 at low and high fields corresponds to negative and positive
M2, respectively.20,21

Previous studies indicate that the IEM is the cause of the
giant magnetocaloric effect observed in some materials.7,22

IEM is discussed using Landau-Ginzburg expansion of the
free energy density f incorporating the renormalization effect
associated with spin fluctuation and is expressed as23

f�M� =
1

2
aM2 +

1

4
bM4 +

1

6
cM6, �2�

where a, b, and c are three parameters depending on tem-
perature and pressure. The conditions for first-order magnetic
transition are a�0, b�0, c�0, and 3

16 �ac /b2�
9

20 �Refs.
10 and 23�. Under this condition, the free energy as a func-
tion of magnetization f�M� has a double minimum, one in
the paramagnetic �P� state with zero value of M and another
in the ferromagnetic �F� state with M equal to the spontane-
ous magnetization, MS. These two minima are separated by
an energy barrier. The thermally induced first-order transition
between F and P states occurs at TC when f�MS� exceeds the
maximum value of the energy barrier f�Mb�. In the P state,
due to the application of a critical magnetic field Ht, both
f�MS� and f�Mb� become lower than f�0� due to the Zeeman
energy −MHt. As a result, field induced IEM transition takes
place at a magnetic field Ht.

10

Figure 10 shows the temperature dependence of the criti-
cal field Ht for IEM transition of the sample LaFe11.57Si1.43

and LaFe11.57Si1.43H2.3. Ht has been calculated by taking the
average of the inflection point in the ascending and descend-
ing magnetization curves. As per previous theoretical work,
Ht�T� can be expressed as a function of the amplitude of spin
fluctuations 	�T� through the relation

Ht�T� = CMt
3�
�T�2 − 
�Tt�2� , �3�

where C is the constant obtained from the DOS around the
Fermi level in the ground state and Mt is the thermal induced
magnetic moment at Tt.

10,23 Earlier studies reveal that 
�T�2

and hence Ht�T� is proportional to T2 if the IEM transition
takes place at low temperatures as observed in the case of
pyrite compounds and Co-based Laves phase24 and is pro-
portional to T for IEM transition at higher temperatures.7 In
the case of LaFe11.57Si1.43 and its hydrides, the least square
fitting of Ht=�+�T� to the experimental data, gives ��1
for both the samples. Therefore, Ht�T� is almost proportional
to T in our samples.

The field dependence of ��SM� of sample LaFe11.57Si1.43

at 200 K is shown in Fig. 11�a�. ��SM� increases faster
around Ht ��1 T� and gradually approaches to a saturation
value at higher fields due to the suppression of spin fluctua-
tions ��M /T� by the magnetic field. Using Eq. �1�, the
spin fluctuation can be approximately described by the rela-
tion M /T��S /�H and by plotting �S /�H against H in
Fig. 11�b�, we observe that the gradual decrease in magni-
tude of �S /�H in higher fields above Ht is related to the
suppression of spin fluctuation by magnetic field.

Most of the studies reported earlier on magnetocaloric
effect are using static dc fields. Electromagnets can generate
dc fields usually less that 3 T. Fields higher than 3 T can be
generated by superconducting magnets with elaborate ar-
rangements. On the other hand a pulsed magnetic field up to

FIG. 9. Arrott plots of �a� LaFe11.57Si1.43 and �b� LaFe11.57Si1.43H2.3 at dif-
ferent temperatures.

FIG. 10. Average critical field Ht for the itinerant-electron metamagnetic
transition as a function of temperature for the samples LaFe11.57Si1.43 and
LaFe11.57Si1.43H2.3.

FIG. 11. �a� Variation of magnetic entropy change, ��SM� of LaFe11.57Si1.43

with static and pulsed magnetic fields at a temperature of 200 K. �b� Varia-
tion of �S /�H as a function of static magnetic field of the sample
LaFe11.57Si1.43 at 200 K.
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100 T has already been developed in some laboratories.25

Therefore an attempt has been made to study MCE of
LaFe11.57Si1.43 compound using a magnetic field up to 50 T.
The magnetic isotherms around TC have been plotted in Fig.
12. Field dependence of ��SM� at 200 K due to pulsed field
has been shown in Fig. 11�a� along with the static magnetic
field. The MCE effect with pulsed field is less than that with
static field. In the case of pulsed field measurement, the field
was changed from 0 to 25 T within a time period of 9 ms.
Due to this sudden and large change in a pulsed magnetic
field, M does not reach its final stable value instantaneously.
Because of this magnetic viscosity, the M value due to the
pulsed field is 3%–7% less than the corresponding M value
measured with a static magnetic field. This might be one of
the reasons for less ��SM� obtained with pulsed fields than
that with a static field. The M�H� measurements with pulsed
fields are also not isothermal as a quick rise and drop of a
magnetic field coupled with large MCE changes the sample
temperature during measurements. Strain due to discontinu-
ous volume changes with pulsed fields also affects the ��SM�
value.

IV. CONCLUSIONS

Mechanical milling in the presence of a suitable gas,
termed as reactive milling, is an effective and safe method
for incorporating hydrogen in LaFe11.57Si1.43 intermetallic
compound as opposed to annealing at high temperature in the
presence of inflammable hydrogen. The Curie temperature
can be tuned from 199 K to 346 K by changing the hydrogen
content in the samples without altering the magnetocaloric
effect significantly. Arrott plots and large hysteresis in the
magnetization isothermals suggest that first-order itinerant
electron metamagnetic transition causes the large magneto-

caloric effect in the parent as well as in the hydrogenated
sample. The pulsed field is observed to produce less entropy
change compared to the static field because of the magnetic
viscosity, change of sample temperature during M�H� mea-
surements, and discontinuous volume changes with the
pulsed field.
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