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ABSTRACT

Magnetization and neutron diffraction studies have been performed on Ce4Sb; compound (cubic Th3Py4-
type, space group 143d, no. 220). Magnetization of Ce,Sbs reveals a ferromagnetic transition at ~5 K, the
temperature below which the zero-field-cooled and field-cooled magnetization bifurcate in low applied
fields. However, a saturation magnetization (Ms) value of only ~0.93us/Ce®" is observed at 1.8K,
suggesting possible presence of crystal field effects and a paramagnetic/antiferromagnetic Ce3*
moment. Magnetocaloric effect in this compound has been computed using the magnetization vs. field
data obtained in the vicinity of the magnetic transition, and a maximum magnetic entropy change,
—ASy, of ~8.9]/kg/K is obtained at 5K for a field change of 5T. Inverse magnetocaloric effect occurs at
~2Kin 5T indicating the presence of antiferromagnetic component. This has been further confirmed by
the neutron diffraction study that evidences commensurate antiferromagnetic ordering at 2K in zero
magnetic field. A magnetic moment of ~1.245/Ce3* is obtained at 2K and the magnetic moments are

directed along Z-axis.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Magnetocaloric properties of various rare-earth intermetallic
compounds and transition metal oxides are being more actively
explored of late owing to their possible applicability in energy-
efficient magnetic refrigeration technology [1-3]. To meet low-
temperature and near-room-temperature cooling demands, suitable
candidate materials for a broad working temperature range of
4-300K are being sought. Ce-based intermetallic compounds and
alloys, in general, are known to display interesting physical
properties such as heavy fermion behaviour, valence fluctuation
and Kondo behaviour. The Ce,Sb; compound has cubic Th3P4-type
structure (space group 143d, no. 220) at room temperature [4,5].
This compound is known to exhibit ground-state ferromagnetic
properties in competition with Kondo interaction [6,7]. The
isostructural Ce4Bi; compound displays a first-order transition
to a ferromagnetic state at ~3.5K.

In the present work, magnetization measurements were
performed on polycrystalline CesSbs in magnetic fields up to 5T.
In addition, neutron diffraction study in zero field has been
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carried out down to 1.8 K. The magnetization results indicate that
a ferromagnetic order sets in at ~5K (T¢) in Ce4Sbs compound.
Furthermore, a persisting antiferromagnetic component seems to
exist at 1.8 K within the ferromagnetically ordered state. Neutron
diffraction data at 2K indeed confirm an antiferromagnetic spin
arrangement at 2 K.

2. Experimental

The polycrystalline CesSbs compound was prepared in an
electric arc furnace under argon atmosphere using a non-
consumable tungsten electrode and a water-cooled copper tray.
Antimony (purity 99.999 wt%) and cerium (purity 99.9 wt%) were
used as the starting components. Zirconium was used as a getter
during the melting process. The quality of the sample was
determined using X-ray powder diffraction and analysis by
scanning electron microscopy (SEM) equipped with EDX microp-
robe analysis. (A “Camebax” microanalyser was employed to
perform microprobe X-ray spectral analyses of the specimen.)

X-ray powder diffraction pattern was obtained on a diffract-
ometer DRON-3 (CuKo-radiation, 26 =20-90°, step 0.05°).
The obtained diffractogram was identified and intensity calcu-
lations were made in the isotropic approximation using the
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Fig. 1. Temperature dependence of magnetization, M(T), of Ce4Sbs compound in
0.5T field (inset: zero-field-cooled and field-cooled magnetization of Ce,Sbs as a
function of temperature in 10 mT field).

Rietan-program [8]. The neutron diffraction investigation was
carried out from 26K to 2K in zero applied magnetic field at the
Institute Laue-Langevin, Grenoble, France, using the high-resolu-
tion powder diffractometer D1B [9], operating at a wavelength
A=0.252nm (20 =2.8-84°). The diffraction patterns were
indexed and the calculations performed by using the FULLPROF
98-program [10]. DC magnetization studies were carried out
using commercial SQUID magnetometer (MPMS, Quantum Design,
USA) in the temperature range of 1.8-300K, in magnetic fields
upto5T.

3. Results and discussion

Room temperature X-ray diffraction pattern confirms the
formation of single-phase cubic Th3P4-type CesSbs (space group
143d, no. 220) compound. The temperature variation of magne-
tization of Ce4Sbs is measured in 0.5 T applied field (Fig. 1). These
data reveal that this compound orders ferromagnetically at ~5K.
In an applied field of 10 mT, the zero-field-cooled (ZFC) and field-
cooled (FC) magnetization data branch off below 5K (inset in
Fig. 1). In general, the difference between ZFC and FC magnetiza-
tion implies possible competing interactions in the compound,
spin glass nature or domain wall pinning in narrow domain wall
systems. The magnetic ordering temperature value of 5K is in
agreement with that of the earlier study [4]. The paramagnetic
susceptibility follows Curie-Weiss law with a paramagnetic Curie
temperature (6p) of ~—6 K and an effective paramagnetic moment
(terr) of ~31/Ce3". The negative Op value points to the presence
of competing antiferromagnetic and ferromagnetic interactions.
The effective paramagnetic moment value is slightly larger than
that of theoretical estimate for free ion Ce3* (g[JJ+1)]'? is
~2.54p/Ce3).

Though a ferromagnetic-like ordering is observed at 5K, the
magnetization vs. field (M-H) isotherm obtained at 1.8 K yields a
saturation magnetization (Ms) value of only ~0.93ug/Ce>" in 5T
field (Fig. 2). This is much less than that expected from the
theoretical Ce>* free ion value of 2.14ug (g/). Magnetization
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Fig. 2. Magnetization vs. field isotherms at various temperatures in the
temperature range of 20-1.8K, in fields up to 5T.

changes its slope around 4.5T and increases steeply up to 5T.
Hence, a possible field-induced, high-field state which is more
ferromagnetically ordered is not ruled out.

In order to examine the ground-state magnetic structure of
CesSbs compound, a powder neutron diffraction study was
undertaken. Typical powder neutron diffraction patterns in
the paramagnetic state and magnetically ordered state were
obtained at temperatures 26 and 2K (Fig. 3), respectively. The
neutron diffraction pattern at 2K shows the development of
commensurate reflections (110) and (330) that correspond to
long-range antiferromagnetic structure. The details of the
magnetic structure at 2K are given in Fig. 4 and Table 1.
The positions of Ce atoms in the unit cell are given in Table 2.
Fig. 4 shows that the magnetic sublattice consists of two identical
Ce sublattices (Cel, 2, 3, 4, 9, 10, 11, 12 and Ce5, 6, 7, 8, 13, 14, 15,
16). The shortest Cel, 2, 3, 4-Ce9, 10, 11, 12 (Ce5, 6, 7, 8-Ce13, 14,
15, 16) distance is 0.3678 nm, which is close to the sum of Ce
atomic radii (Rce = 0.1825 nm [11]), whereas Cel, 2, 3, 4, 9, 10, 11,
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Fig. 3. Powder neutron diffraction pattern of Ce,Sbs at 26 K (paramagnetic state)
(a) and at 2K (magnetically ordered state) (b).
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Fig. 4. Magnetic structure of CesSbs at 2K in zero field. (Projection of Th3P4-type
unit cell on YZ plane. Sb atoms are not shown for the sake of clarity.) The shortest
Ce-Ce distances are marked and Cel, 2, 3, 4, 9,10, 11,12 and Ce5, 6, 7, 8, 13, 14, 15,
16 moments are indicated in the figure.

12-Ce5, 6, 7, 8, 13, 14, 15, 16 distance is 0.4122nm at room
temperature.

The magnetic moment at Ce site is found to be 1.24(1)ug/Ce3",
somewhat larger than that observed by magnetization data, yet

Table 2
Atomic positions of Ce atoms in the Th3P4-type CesSbs unit cell

Atom Xla Y/b Z[c

Cel XCe XCe XCe

Ce2 Xce—1/2 3/2—Xce 1—Xce
Ce3 1—Xce Xce—1/2 3/2—Xce
Ce4 3/2—Xce =R Xee—1/2
Ce5 Xcet1/4 Xcet1/4 Xcet1/4
Ce6 3/4—Xce Xce—1/4 5/4—Xce
Ce7 Xce—1/4 5/4—Xce 3/4—Xce
Ce8 5/4—Xce 3/4—Xce Xce—1/4
Ce9 Xce—1/2 Xce—1/2 Xce—1/2
Cel0 Xce 1—Xce 3/2—Xce
Cell 3/2—Xce Xce 1—Xce
Cel2 1—Xce 3/2—Xce Xce
Cel3 Xce—1/4 Xce—1/4 Xce—1/4
Cel4 5/4—Xce 1/4+Xce 3/4—Xce
Cel5 1/4+Xce 3/4—Xce 5/4—Xce
Cel6 3/4—Xce 5/4—Xce 1/4+Xce

not closer to the Ce tripositive free ion magnetic moment. The Ce-
moments are directed along Z-axis of a cubic unit cell.

The magnetocaloric effect in this compound near 5K has
been evaluated using the M-H data obtained in the vicinity
of the magnetic transition (Fig. 5). The Arrot plots (M? vs. H/M)
suggest that the magnetic transition at 5K is of second order
(figure not shown). The magnetic entropy change associated
with the transition, ASy;, has been calculated from isothermal
magnetization measurements performed at small, discrete field
intervals at different temperatures near T¢, using the following
formula:

M; — Miy4 AH 1)

ASul = S A= M
[Adul — Ti1 —T;

where M; and M., are the values of magnetization at tempera-
tures T; and T, respectively. A maximum magnetic entropy
change is found to be ~8.9]/kg/K at 5K, for a field change of
5T. The sign of magnetocaloric effect changes at 1.8K in 5T
field, confirming the existence of antiferromagnetic component
within the ferromagnetically ordered state. It is worth to
recall that the earlier report on heat capacity data of CesSbs
compound has observed a T> dependence of heat capacity
below Tc and suggested strengthening of antiferromagnetic
spin wave stiffness in applied magnetic field [7]. High-
field magnetization measurements are in progress. The structure
and magnetic properties of Ce,Sbs compound are summarized in
Table 3.

Thus, magnetism of CesSbs system indeed shows interesting
features such as presence of competing magnetic interactions and
their significance in various regions of the temperature-field
phase diagram as depicted by their magnetic properties.

4. Conclusions

The magnetic and magnetocaloric properties of Ce4Sbs com-
pound have been studied down to 1.8 K. Isothermal magnetic
entropy change of magnitude ~9 J/kg/K is obtained close to 5K,
the ferromagnetic transition temperature. Existence of the
antiferromagnetic component in CesSbs at 1.8K is evidenced by
both magnetic and neutron diffraction measurements.
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Table 1

Crystallographic and magnetic parameters of CesSbs compound: cell parameter a, atomic position parameters Xc., magnetic moment of the Ce atom Mc. at different
temperatures T

Fig. T (K) State T (K) a (nm) Xce Rg (%) Mce () Atom 0(°) RP (%)
Para?® 300 0.95190(6) 0.5699(3) 6.1
26 0.9560(2) 0.5705(5) 2.2
2 <14 AF 2 0.9560(2) 0.5710(6) 2.2 1.24(1) Cel,4,5,8,9,12,13,16 0 8.7
Ce2,3,6,7,10,11,14,15 180

0 is the angle of Ce magnetic moment with Z-axis of the unit cell. The temperature Ty refers to a magnetic transition from neutron diffraction experiment. Reliability factors
Rg (crystal structure) and Rf" (magnetic structure) are given in percent (%).
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Table 3

Crystallographic and magnetic properties of Th3P4-type CesSbs compound

Structure type ThsP4
Space group 143d, cI28, no. 220
Cell parameter a, nm at 300K 0.95190(6)

Atomic positions (at 300K)

Paramagnetic temperature Op (K)

16 (c) Ce [0.5699(3),
XCev XCe]
12 (a) Sb [3/8, 0, 1/4]

Effective paramagnetic moment (ug/Ce>") 3

Curie temperature Tc (K) 5

Critical field Hc (T) 4.5

Saturation magnetization, Ms (g) 0.93

Magnetic structure at 2K in zero field (neutron Commensurate

diffraction)

Magnetic moment at 2K in zero field, MZ. (ug) (from
neutron diffraction)

Magnetocaloric effect at 5K, for 5T field change |ASy|
(J/kgK)

antiferromagnetic
1.24(1)

8.85
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