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compounds with R=Ce, Pr and Nd∗

Shen Jun(! d)a)b)†, Li Yang-Xian(o�p)b), Sun Ji-Rong(�UJ)a), and Shen Bao-Gen(!��)a)

a)State Key Laboratory for Magnetism, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

b)School of Material Science and Engineering, Hebei University of Technology, Tianjin 300130, China

(Received 29 September 2008)

Magnetic properties and magnetocaloric effects of La1−xRxFe11.5Si1.5 (R=Pr, (0 ≤ x ≤ 0.5); R = Ce and Nd,

(0 ≤ x ≤ 0.3)) compounds are investigated. Partially replacing La with R = Ce, Pr and Nd in La1−xRxFe11.5Si1.5 leads

to a reduction in Curie temperature due to the lattice contraction. The substitution of R for La causes an enhancement

in field-induced itinerant electron metamagnetic transition, which leads to a remarkable increase in magnetic entropy

change ∆Sm and also in hysteresis loss. However, a high effective refrigerant capacity RCeff is still maintained in

La1−xRxFe11.5Si1.5. In the present samples, a large ∆Sm and a high RCeff have been achieved simultaneously.
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1. Introduction

Earlier work reveals that LaFe13−xSix com-

pounds have a high magnetization and low Curie

temperature.[1,2] In a paramagnetic state above the

Curie temperature TC, LaFe13−xSix exhibits field-

induced itinerant electron metamagnetic (IEM) tran-

sition behaviour.[3] It is found that the LaFe13−xSix

compounds with a low Si concentration undergo a

first-order magnetic transition at TC and exhibit a

large magnetic entropy change ∆Sm around TC.[4,5]

The families of NaZn13-type (La, R) (Fe, M)13 with

the first-order magnetic transition such as intersti-

tial compounds LaFeSiH[6,7] and LaFeSiC[8] as well as

the compounds with partial substitutions of R=Ce,[9]

and M=Mn[10] or Co,[11−13] etc for La and Fe have

been systematically studied as attractive candidates

for magnetic refrigerant materials. However, recent

study has shown that[14−16] the hysteresis loss is in-

evitable for the materials with a first-order magnetic

transition, which makes magnetic refrigeration less ef-

ficient. A material with a large ∆Sm does not neces-

sarily have a large refrigeration efficiency. To improve

the efficiency of magnetic refrigeration, it is important

to enhance the refrigerant capacity (RC) and to re-

duce the hysteresis loss. Recently, the magnetocaloric

effect (MCE) of the NaZn13-type LaRFeSi (R=Ce, Pr

and Nd) compounds was studied.[17−19] It has been

found that partial substitution of R for La enhances

the MCE in the LaFe13−xSix compounds due to the

enhancement of the IEM transition behaviour.[17−19]

Most investigations have been focused on the improve-

ment of ∆Sm for the LaFe13−xSix compounds by sub-

stituting R atoms for La, while both the hystere-

sis loss and the RC are little studied. Recently, we

have also investigated magnetic properties and mag-

netic entropy changes in La1−xPrxFe11.5Si1.5.
[20] In

the present paper, we report on the effect of the sub-

stitution of R on magnetic entropy change, hystere-

sis loss and refrigerant capacity in La1−xRxFe11.5Si1.5

compounds with R=Ce, Pr and Nd.

2. Experimental details

La1−xCexFe11.5Si1.5 (x = 0, 0.1, 0.2 and 0.3),

La1−xPrxFe11.5Si1.5 (x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5)

and La1−xNdxFe11.5Si1.5 (x = 0, 0.1, 0.2 and 0.3)

compounds were prepared by arc melting appropriate

amounts of the raw materials of Pr (99% in purity),

La, Ce and Nd (99.9%), Fe (99.9%), and Si (99.999%)
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in a high-purity argon atmosphere. The sample was

turned over and remelted several times to ensure ho-

mogeneity. The as-prepared ingots were wrapped with

Mo foil, sealed in a quartz tube of high vacuum, an-

nealed at 1373 K for 40 days and then quenched in

liquid nitrogen. X-ray diffraction (XRD) measure-

ments on powder samples were performed by using Cu

Kα radiation to identify phase structure and crystal

structure. The magnetization was measured as a func-

tion of temperature and magnetic field around Curie

temperature by using a physical property measure-

ment system (PPMS) from Quantum Design and a su-

perconducting quantum interference device (SQUID)

magnetometer.

3. Results and discussion

All the compounds studied here are of single

phase with a cubic NaZn13-type structure (space

group Fm3̄c). The temperature dependence of

the magnetization of La1−xRxFe11.5Si1.5 (R=Ce,

Pr and Nd) compounds have been measured un-

der a low magnetic field of 0.01T. Figure 1(a)

shows an example of the thermomagnetic M–T

curves measured during heating and cooling for

La0.6Pr0.4Fe11.5Si1.5. Our study shows that the M–

T curves for La1−xRxFe11.5Si1.5 have a large ther-

mal hysteresis. The thermal hysteresis is estimated

from the difference in temperature of magnetic tran-

sition between during cooling and during heating

and its value increases with the increase of R con-

centration. The thermal hystereses are found to

be about 1.4, 3.2 and 5 K for LaFe11.5Si1.5 (x =

0), La0.7Nd0.3Fe11.5Si1.5 and La0.5Pr0.5Fe11.5Si1.5, re-

spectively. This implies that the substitution of R

for La in LaFe11.5Si1.5 can enhance thermal-induced

first-order magnetic transition at TC.

Figure 1(b) shows the thermomagnetic M–T

curves in a field of 0.01 T for LaFe11.5Si1.5 (x = 0) and

La0.7R0.3Fe11.5Si1.5 (R=Ce, Pr and Nd) compounds.

The Curie temperatures TC for La1−xRxFe11.5Si1.5

are determined from the heating M–T curves and

their values are shown in Fig.2(a). The TC is found to

decrease monotonically with the increase of R concen-

tration. A similar result has been observed in other

NaZn13-type LaRFeSi compounds.[17−19] The Curie

temperatures of rare-earth (R) transition-metal (T )

compounds are determined by the T –T , the R–T , and

the R–R interactions. Generally, the T –T interaction

is dominant but the R–R interaction is negligible. For

LaFe11.5Si1.5, the Curie temperature is determined

only by the contributions of the Fe–Fe interaction be-

cause La is nonmagnetic. In the La1−xRxFe11.5Si1.5

compounds, the Curie temperature is determined

mainly by the Fe–Fe and the R–Fe exchange inter-

actions. Figure 2(b) shows a relation between the

TC and the unit-cell volume for La1−xRxFe11.5Si1.5.

The TC exhibits a monotonic reduction with the

decrease of the unit-cell volume, at a rate of

∼ 2990K/nm3 for La1−xCexFe11.5Si1.5, ∼1450K/nm3

for La1−xPrxFe11.5Si1.5 and ∼ 800 K/nm3 for La1−x

NdxFe11.5Si1.5. The difference in TC between La and

R compounds with the same phase volumes indi-

cates different contributions of the R–Fe exchange

interactions, the contribution of Nd–Fe interaction

> contribution of Pr–Fe interaction > contribution

of Ce–Fe interaction for La1−xRxFe11.5Si1.5. Some

investigations on the relation between unit-cell vol-

ume and Curie temperature for LaFe13−xSix based

compounds,[6−8,10,17,18,21] have verified that the intro-

duction of interstitial hydrogen or carbon can cause

TC to increase through expanding the lattice of the

Fig.1. Thermomagnetic M–T curves measured during

heating and cooling for La0.6Pr0.4Fe11.5Si1.5 under a mag-

netic field of 0.05 T (a) and M–T curves measured during

heating for LaFe11.5Si1.5 (x = 0) and La0.7R0.3Fe11.5Si1.5

(R=Ce, Pr and Nd) compounds (b) under a magnetic field

of 0.01 T.
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compounds,[6−8,10,17] while the application of a static

pressure can lead TC to reduce through compressing

the lattice.[22,23] A linear relation between TC and

atom spacing has been established by using the Bean–

Rodbell model.[24] Therefore, it is apparent that the

lattice contraction caused by the substitution of R for

La leads to a reduction in TC for La1−xRxFe11.5Si1.5.

Fig.2. Curie temperature TC as a function of R concen-

tration (a) and TC as a function of unit-cell volume (b) for

La1−xRxFe11.5Si1.5 compounds with R=Ce, Pr and Nd.

We have measured the magnetization isotherms of

La1−xRxFe11.5Si1.5 under an ascending magnetic field

and descending magnetic fields in a wide temperature

range around the Curie temperature. The sweep rate

of the field is slow enough to ensure that the M–H

curves are recorded in an isothermal process. As an

example, Fig.3 shows the curves for typical magneti-

zation versus magnetic field for La1−xNdxFe11.5Si1.5

(x = 0.1, 0.2 and 0.3). In an isothermal process of

magnetization, the magnetic entropy change of the

materials can be derived from Maxwell relation by in-

tegrating the magnetization M over the magnetic field

H , i.e.

∆Sm(T, H) = Sm(T, H) − Sm(T, 0)

=

H
∫

0

(

∂M

∂T

)

H

dH. (1)

To derive the temperature dependence of magnetic en-

tropy change, the following numerical approximation

of the integral is usually adopted:

|∆Sm| =
∑

i

Mi − Mi+1

Ti+1 − Ti

∆Hi, (2)

where Mi and Mi+1 are the experimental values of

the magnetization measured at Ti and Ti+1 in an ap-

plied magnetic field Hi, respectively. The ∆Sm for

La1−xRxFe11.5Si1.5 are calculated from the isother-

mal magnetization curves according to expression (2).

The R concentration dependence of ∆Sm is shown

in Fig.4, in which the value of ∆Sm is found to

increase remarkably with the increase of R content

from 23.7 J/(kg·K) for x = 0 to 32.4 J/(kg·K) for

La1−xPrxFe11.5Si1.5 (x = 0.5) and to 32.0 J/(kg·K)

for La1−xNdxFe11.5Si1.5 (x = 0.3). Large magnetic

entropy change near TC for La1−xRxFe11.5Si1.5 results

from the field induced IEM transition.[17−20]

Fig.3. Isothermal magnetization curves measured un-

der ascending and descending magnetic fields around the

Curie temperature for La1−xNdxFe11.5Si1.5 (x = 0.1 (a),

0.2 (b) and 0.3 (c)) compounds.
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Fig.4. Magnetic entropy change as a function of R concen-

tration for La1−xRxFe11.5Si1.5 compounds with R=Pr and

Nd.

For each sample under the present study, it is ob-

served that the magnetization measured in the first

half of the loop shows a distinct magnetic transition

with the increase of magnetic field in the vicinity of

its TC. The M–H loops clearly show that this field-

induced phase transition reverses as field reduces, but

with a large hysteresis in the transition field. The

magnetic transition occurs at higher magnetic fields

with the increase of temperature. It has been verified

that this transition is associated with a field-induced

IEM transition from paramagnetic to ferromagnetic

state above TC,[16,20,25] indicative of the nature of

first-order magnetic transition in La1−xRxFe11.5Si1.5.

The previous study indicates that materials undergo-

ing a temperature and magnetic field induced first

order transition often give rise to a large ∆Sm, but

bring about some thermal and magnetic hystereses as

well. For example, the Gd5Si2Ge2 compound has si-

multaneously a large ∆Sm of 20 J/(kg·K) and a hys-

teresis loss of about 65 J/kg in the vicinity of its

TC due to a magnetic field induced crystallographic

structural change from the high-temperature mono-

clinic paramagnetic phase to the low-temperature or-

thorhombic ferromagnetic phase.[14] A large ∆Sm and

hysteresis loss were also observed in Ni50Mn34In16

around the austenite-martensite transition.[26] The

magnetic hysteresis loops in the M–H curves near TC

illustrate the hysteresis loss. For La1−xRxFe11.5Si1.5

(R=Pr and Nd), the temperature dependences of

hysteresis loss, which are determined by calculat-

ing the area enclosed by the ascending and descend-

ing branches of M–H loops, are shown in Fig.5.

The hysteresis loss for La1−xRxFe11.5Si1.5 is found to

reach a maximum around TC. Figure 6 shows the

R-content dependence of maximum hysteresis loss,

which is found to increase with the increase of R

concentration for La1−xRxFe11.5Si1.5. Because the

large hysteresis loss results from the field-induced

IEM transition in compounds with first-order mag-

netic transition,[20,25] this increase in hysteresis loss

also indicates that the increase in substitution of R

content in La1−xRxFe11.5Si1.5 leads to the enhance-

ment of IEM transition.

Fig.5. Hysteresis losses as a function of temperature for

La1−xNdxFe11.5Si1.5 (x = 0, 0.1, 0.2 and 0.3) compounds

(a) and La1−xPrxFe11.5Si1.5 (x = 0.1, 0.2, 0.3, 0.4 and

0.5) compounds (b).

Fig.6. Maximum values of hysteresis loss as a function of

R concentration for La1−xRxFe11.5Si1.5 compounds with

R = Pr and Nd.

As an example, Figure 7 shows the tempera-

ture dependence of the ∆Sm for La0.7Pr0.3Fe11.5Si1.5

compound with field increasing from 0 to 5 T.

From the curves for ∆Sm versus temperature for

La1−xRxFe11.5Si1.5 compounds, the values of RC

are calculated by numerically integrating the area
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under the ∆Sm–T curve, with the temperatures at

half maximum of the peak used as the integration

limits.[27] The maximum values of RC range from 428

to 528 J/kg for a field change of 0–5 T. Although

the La1−xRxFe11.5Si1.5 compounds exhibit high RC

values, they also have a large hysteresis loss, which

can reduce the MCE of the refrigerant material. An

effective refrigerant capacity (RCeff), the hysteresis

losses are much subtracted from the calculated RC.

The maximum values of RCeff for a field change of

0–5 T are found to range from 407 to 454 J/kg for

Fig.7. Magnetic entropy change of the

La0.7Pr0.3Fe11.5Si1.5 compound as a function of

temperature for a magnetic field change of 0–5 T, where

RC is also shown as a shaded area.

La1−xPrxFe11.5Si1.5 as x varies from 0 to 0.5, and from

407 to 465 J/kg for La1−xNdxFe11.5Si1.5 as x increases

from 0 to 0.3. For the present samples, large values

of RCeff and ∆Sm have been simultaneously achieved,

which are advantageous to the practical application of

the materials in a corresponding temperature range.

4. Conclusions

Magnetic and magnetocaloric properties of

La1−xRxFe11.5Si1.5 compounds with R=Ce, Pr and

Nd are investigated by magnetization measurement.

Substitution of R for La in LaFe11.5Si1.5 can enhance

the field-induced IEM transition and results in a large

∆Sm and hysteresis loss. The maximum value of ∆Sm

for a field change of 0–5 T is found to increase from

23.7 J/(kg·K) for x = 0 to 32.4 J/(kg·K) for x = 0.5 in

La1−xRxFe11.5Si1.5 and to 32.0 J/(kg·K) for x = 0.3 in

La1−xNdxFe11.5Si1.5, the corresponding change of the

maximum hysteresis loss is from 21.2 J/kg to 99.1 J/kg

for R=Pr and to 77.5 J/kg for R=Nd. The effective

refrigerant capacity (RCeff) still reaches 407–465 J/kg

under a field change from 0 to 5 T. Our present study

reveals that a large ∆Sm and a high RCeff can be

simultaneously achieved in La1−xRxFe11.5Si1.5 com-

pounds.
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