
T

J
a

b

c

a

A
R
R
A
A

K
M
M
E
M

1

a
h
m
H
b
t
[
T
t
p
i
s
t
c
i
o
a
t
w
e
I

U
+

0
d

Journal of Alloys and Compounds 507 (2010) 257–260

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

he microstructure and magnetic susceptibilities of LaFe11.4Si1.6 compound

.D. Zoua,b,∗, W. Lib, B.G. Shenc, J.R. Sunc

School of Materials Science and Engineering, Beihang University, Beijing 100191, China
Division of Functional Materials, Central Iron and Steel Research Institute, Beijing 100081, China
State Key Laboratory for Magnetism, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

r t i c l e i n f o

rticle history:
eceived 17 March 2010
eceived in revised form 16 July 2010

a b s t r a c t

The fabrication processes of bulk LaFe13−xSix compounds are usually time-consuming but significantly
impact on the microstructural and magnetic properties. High-resolution transmission electron micro-
scope (HRTEM) and bulk magnetometry measurements are employed to study the microstructural and
ccepted 20 July 2010
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magnetic properties of LaFe11.4Si1.6 compound. The crystallization status frozen by quenching is uncov-
ered completely through the HRTEM observations. Besides of crystalline structure, both noncrystalline
and nanocrystalline structures are observed. This behavior may originate from the difficulty in the
combining capacity between Fe and La. The magnetic measurements reveal that dc and ac inversed sus-
ceptibilities are not consistent under strong and weak applied magnetic fields. The behaviors of magnetic

om th
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agnetic intermetallics

susceptibilities deviate fr

. Introduction

Pursue materials showing large magnetocaloric effect (MCE)
re very important for development magnetic cooling devices and
ave attracted increasing attentions [1–4]. Many efforts have been
ade to improve the performance of magnetocaloric materials.
owever, a number of factors determine the MCE, and need to
e investigated deeply. Recently, some researchers start to study
he microstructural properties and their influences on the MCE
5–7], but so far the researches in this area are still very limited.
he NaZn13-type LaFe13−xSix compounds are employed to inves-
igate the relationship between the microstructural and magnetic
roperties. The LaFe13−xSix compounds have been intensively stud-

ed owing to large magnetocaloric effect (MCE) (Ref. [8–12]), large
pontaneous magnetovolume effect [8,9,13–16], and itinerant elec-
ron metamagnetic (IEM) transition (Ref. [13–17]) etc. LaFe13−xSix
ompounds are looked as proposing magnetic refrigerant. Interest-
ngly, the LaFe13 compound cannot be obtained directly because
f positive formation enthalpy between lanthanum and iron. Usu-
lly, substitutions of some Si or Al for Fe are employed to stabilize

he bulk NaZn13-type LaFe13−xSix compounds (space group Fm3c),
hile time-consuming annealing and quenching are required. Nev-

rtheless, the quenched LaFe13−xSix compounds are metastable.
t is imaginable that the crystallization processes will have great
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influence on the properties of the quenched samples. The following
discussions will reveal the correlations between the crystallization
processes and the magnetic properties.

The cubic LaFe13−xSix compounds can be stabilized in the com-
position range between x = 1.56 and 2.47 [18]. The samples with
low silicon concentration can be synthesized by extending heat
treatment time. The first-order phase transition between the fer-
romagnetic (FM) and paramagnetic (PM) state occurs at Curie
temperature. Many efforts have been made to explore the influ-
ence of applied magnetic field, interstitial atom, and pressure etc
on the properties of LaFe13−xSix compounds [13–17,19], whereas
the importance of microstructure is not totally realized. The
microstructural information is helpful to understand the properties
of quenched LaFe13−xSix compounds [7]. Here the crystallization
processes of LaFe11.4Si1.6 are analyzed by HRTEM. The magnetic
properties impacted by the crystallization processes will be inves-
tigated by the bulk magnetometry study.

2. Experimental details

Stoichiometric LaFe11.4Si1.6 sample with the normal compositions was prepared
by arc melting the pure materials under ultra-pure argon gas atmosphere in a water-
cooled copper crucible. The product was sealed in a quartz tube of high vacuum,
and then annealed at 1343 K for 58 days. Subsequently, the sample was quenched in
liquid nitrogen. The specimen with the NaZn13-type structure was confirmed by the
X-ray powder diffraction (XRD) study at room temperature. HRTEM analysis with

conventional powder sample was carried out on a JEM 2010 TEM with a 200 kV
accelerating voltage. The dc and ac magnetization measurements were performed
using physical properties measurement system (PPMS) from Quantum Design Inc.
Temperature dependence of magnetization was measured on heating. The zero-
field-cooling (ZFC) and fixed point model were adopted. The oscillate mode is used
to reduce residual field (from 2 T to 0 T).

dx.doi.org/10.1016/j.jallcom.2010.07.172
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. Room temperature XRD pattern of LaFe11.4Si1.6. The diffraction peaks are
ndexed.

. Experimental results and discussion

.1. HRTEM analysis

The XRD pattern of LaFe11.4Si1.6 is shown in Fig. 1 confirming
he NaZn13-type structure. The lattice constant extracted from XRD
attern is 11.4654 Å. The bright field image of LaFe11.4Si1.6 is shown

n Fig. 2(a). A corresponding dark field image is shown in Fig. 2(b).
omparing with the bright field image, it should be noted that some
anocrystals (from several nanometers to tens of nanometers) are
bserved. The bright spots in the dark field image convincingly indi-
ate the grain sizes and shapes of the nanocrystals. HRTEM image
re shown in Fig. 3. The nanocrystals are surrounded by dash lines
pproximately. The dash lines clearly depict the grain sizes, grain
oundary features, and grain shapes of the nanocrystals. The non-
rystalline areas are observed together with the nanocrystals. The
ano-scale grains embed in the noncrystalline area and look like

slands. Despite this, the micron-scale crystalline grains are major-
ty in the heat-treated bulk LaFe11.4Si1.6 compound. The HRTEM
mages portray the features of crystallization status at high tem-
erature frozen by quenching.

In fact, the cooling rates of liquid nitrogen quenching are not
ufficient to produce metallic noncrystalline structure. Usually,
oncrystalline alloys are produced by rapid solidification from the
elt, and cooling rates of order 105 C/s are generally required [20].

t is possible that the slow crystallization processes lead to the

mergence of noncrystalline structures in bulk LaFe13−xSix com-
ounds. That is in a sense the reason for the metastability of
aFe13−xSix compounds. The long-term heat treatment promotes
he atom diffusion, and homogenizes the alloy which is favorable
or the formation of NaZn13-type structure. Due to the intrinsical

Fig. 2. (a) The birght field image of LaFe11.4Si1.6. (b) Th
Fig. 3. Room temperature HRTEM image of LaFe11.4Si1.6. Nanocrystals are sur-
rounded by dash lines approximately.

difficulty in combining capacity, however, some atoms form nano-
scale grains, and some atoms even form noncrystalline structure.
Therefore, some of crystallization processes cannot be entirely fin-
ished and frozen by liquid nitrogen quenching.

3.2. dc bulk magnetometry measurements results

The bulk magnetometry studies were performed on the synthe-
sized products in order to reveal the influence of the crystallization
process. Temperature dependences of dc magnetizations are shown
in Fig. 4(a) and (b). With the increase in applied magnetic field,
Curie temperatures move up (from 198 K at 20 mT to 218 K at
5 T) which present the typical feature of first-order phase tran-
sition. Curie temperatures are determined by the extremum of
first derivative of M–T curves. Temperature dependence inversed
magnetic susceptibilities under various applied fields are shown in
Fig. 4(c) and (d), respectively. The data under strong applied fields
(above 0.2 T) present good consistency. The �−1–T relation, how-
ever, deviates from each other under weak applied fields (below

40 mT), and are not consistent with those under strong applied
field (above 0.2 T). This result is in contrast to native expectations
based on the Curie–Weiss law that inversed susceptibilities should
be unanimous in their paramagnetic states, whether the applied

e corresponding dark field image of LaFe11.4Si1.6.
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Fig. 4. The dc magnetizations of LaFe11.4Si1.6. (a) and (b) Temperature dependences of magnetizations measured on heating from 180 K to 280 K under different applied field
after zero-field-cooling. (c) and (d) The dc inverse susceptibilities. The �−1–T relations above TC consist with the Curie–Weiss law above 0.2 T, but depart from Curie–Weiss
law lower than 40 mT.

Fig. 5. The ac magnetic susceptibilities of LaFe11.4Si1.6. (a) and (b) Temperature dependences of ac magnetic susceptibilities measured on heating from 180 K to 280 K under
different applied field after zero-field-cooling. (c) and (d) Temperature dependences of ac inverse susceptibilities. The amplitude of ac field is 10 Oe, and the frequency is
1000 Hz.
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ig. 6. The frequency dependences of ac susceptibilities of LaFe11.4Si1.6. (a) The ac
usceptibilities below TC (at 196 K). (b) The ac susceptibilities at TC (at 198 K). The
mplitude of ac field is 10 Oe, and the dc field is zero.

eld strong or weak. The similar behaviors are previously observed
n the LaFe11.5Si1.5 sample [7].

.3. ac bulk magnetometry measurements results

In order to verify the anomalous susceptibilities, the ac mag-
etic measurements are employed. Fig. 5(a) and (b) shows the
emperature dependence of ac susceptibilities, Fig. 5(c) and (d)
hows the temperature dependence of inversed susceptibilities.
he inversed ac susceptibilities curves dovetail nicely with each
ther above TC when the dc magnetic fields are lower than 20 mT
r higher than 0.2 T. However, obvious discrepancies in the �−1–T
elations between strong and weak applied fields conditions are
bserved. According to Curie–Weiss law, inversed susceptibilities
hould be unanimous in paramagnetic states. Fig. 6 shows the fre-
uency dependence of ac susceptibilities. The sharp peak of FM
omponent in the range of low frequency at 196 K is shown in
ig. 6(a). The peak disappears and the magnitude of signals seri-
usly damped at TC (198 K), shown in Fig. 6(b). It indicates that the
ossibility of FM component above TC is excluded.

We propose that the anomalous susceptibilities may originate
rom the existence of noncrystalline and nanocrystalline structure.
aFe13−xSix compounds are itinerant electron ferromagnets which
ay be sensitive to the atoms disorder and the finite-size of the

rains. However, it is difficult to know the magnetism of noncrys-
alline structure completely by now. Chiang et al. [21] have revealed
hat the saturation magnetization of amorphous La(FexAl1−x)13 are
arger than those crystalline alloys, which support our analyses.
esides, we should pay attentions to the appearance of nanocrystal
erified by the HRTEM measurements. The previous reports have

hown that the finite-size effect influence the magnetic proper-
ies, especially for itinerant electron ferromagnet, such as magnetic

omentum etc [22–24]. These may lead to the total angular
omentum increase when the sizes of the grains decrease con-

inuously. As results, the �−1–T relations will deviate downward

[
[
[

[

mpounds 507 (2010) 257–260

from the Curie–Weiss law.

4. Conclusions

HRTEM combined with ac and dc magnetic measurements
are employed to study the unique properties of quenched bulk
LaFe11.4Si1.6 compound. Both noncrystalline and nanocrystalline
structure are observed together with the micron-scale structure.
These indicate that the crystallization processes cannot be entirely
finished due to the poor combining capacity between Fe and La,
even though the sample underwent long-term heat treatment. The
magnetic properties of the synthesized sample are investigated
carefully. The dc and ac bulk magnetometry measurements show
that the �−1–T relations in paramagnetic states are inconsistent
under strong and weak applied fields. The inversed susceptibil-
ities under weak dc applied field dramatically depart from the
Curie–Weiss law. According to the ac magnetic measurements, the
influence of FM component above TC is excluded. Therefore, the rea-
son of anomalous susceptibilities may be ascribed to the imperfect
crystalline processes. The noncrystalline and nanocrystalline struc-
ture may have different magnetic properties from the crystalline
structure. As results, the susceptibilities show discrepant behaviors
under strong and weak applied magnetic fields, and deviate from
Curie–Weiss law. The results are benefit to understand the proper-
ties of bulk LaFe13−xSix compounds, and promote their performance
in the practical applications.
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