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The structure and magnetic properties of Ce;_4Gd,Co11B4 borides have been studied by X-ray powder
diffraction (XRPD), magnetization and differential scanning calorimetry (DSC) measurements. X-ray anal-
ysis reveals that the compounds crystallize in the hexagonal Ces;Coq B4-type structure with P6/mmm space
group. The substitution of Gd for Ce leads to an increase of the unit-cell parameter a and the unit-cell

volume V, while the unit-cell parameter ¢ decreases linearly. Magnetic measurements indicate that all
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and then increases.

samples are ordered magnetically below the Curie temperature. The Curie temperatures increase as Ce
is substituted by Gd. The saturation magnetization at 4 K decreases upon the Gd substitution up to x=1,

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The ternary rare earth (R)-transition metal (T) borides attract
considerable attention since they often exhibit very interest-
ing magnetic properties [1-3]. For example, R,Fe14B compounds
(R=rare earth) are excellent materials for the production of high-
energy permanent magnets [4]. The R3Coq1B4 compounds, where
R is a rare earth, crystallize in hexagonal structure of Ce3Coq1B4-
type having the space group P6/mmm [5]. These compounds belong
to the Ry+1Co3n4+5B2, (1=0, 1, 2, 3, oo) family. The unit cells of the
Rp+1C03p45B2;, compounds are formed by alternative stacking of one
layer of RCos and n layers of RCo3B; unit cells along the c-axis. As
can be seen in Fig. 1, in Ce3Coq1B4-type structure (n=2), the rare
earth atoms occupy two types of sites (1a, 2e), the cobalt atoms
are distributed over three different positions (2c, 3g, 6i) and boron
atoms are located on one type of site (4h).

Previous investigations on R3Coq1B4 compounds have shown
that Ce3Coq1B4 is ferromagnetically ordered while in the case
of Gd3Coq1B4, a ferrimagnetic-type ordering was shown [6-9].
The Curie temperatures are 265K for Ce3Coq;B4 and 460K for
Gd3Coq1By4, respectively. The compound GdsCoq1B4 has also the
compensation point Tcomp at 433 K. This paper presents the effect
of Gd substitution for Ce on the crystal structure and magnetic
properties of Ce3_,GdxCo11B4 compounds.
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2. Experimental

The Ce;_yGdyCoy1Bs compounds with x=0, 1, 2, and 3 were prepared by
arc-melting of mixtures of Ce (99.9%), Gd (99.9%), Co (99.5%), and B (99.7%) in
an argon atmosphere using a non-consumable tungsten electrode and a water-
cooled copper hearth. The compound was re-melted several times to achieve a
homogeneous composition. X-ray diffraction studies were carried out by using
a Bruker D8 Advance diffractometer with Cu Ko radiation. The characteriza-
tion of the samples by differential scanning calorimetry (DSC) was performed
using DSC 2010 (TA Instruments) in an alumina box under protective nitro-
gen gas above room temperature. The heating ramp was run at 20K/min.
The magnetic properties of the Ce;_yGdyCo;;Bs4 compounds were studied by
means of a SQUID magnetometer (Quantum Design) in the temperature range
4-400K in magnetic fields up to 5T. Magnetic measurements were conducted
with powder samples fixed in the sample holder. The value of the Curie
temperature (Tc) has been estimated from the minimum in the temperature
derivative of the magnetization (dM/dT) versus temperature curve. The compen-
sation temperature (Teomp) Was defined by the minimum appearing in the M-T
curve.

3. Results and discussion

The X-ray patterns confirm the existence of a hexagonal main
phase having the Ce3Coq1B4-type structure with the space group
P6/mmm and small amounts of foreign phases. The lattice param-
eters a and c determined using the standard pattern matching
method of the FULLPROF [10] program, c/a, and the unit-cell vol-
ume V for the Ce;_yGdxCoq1B4 samples at room temperature are
shown in Fig. 2, while the refined unit-cell parameters a and c, c/a
and unit-cell volume V are given in Table 1. It can be seen that sub-
stitution of Gd for Ce causes a linear increase in the lattice constant
a and unit-cell volume V together with a linear decrease in the lat-
tice constant c and c/a. The lattice parameters obtained for x =0 and
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Fig. 1. The unit-cell of the Ce3;Coy;B4-type structure.

Table 1

The lattice constants a and c, the unit-cell volume V, c/a, the Curie temperature (T¢),
the compensation temperature (Tcomp) and the saturation magnetization Ms for the

Ce3_,Gd,Coq1B4 compounds.

x a(A) c(A) V(A®)  ca Tc (K)  Teomp Ms (1p/fu)
(K)
0 50433(4) 9.9224(6) 21857 19674 256 2.10
1  50498(4) 9.8988(8) 21861 19603 301 40 1.54
2 5.0671(4) 9.8756(6) 21959 1.9490 376 286 6.39
3 50805(4) 9.8327(8) 219.80 1.9354 464 435 1345
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Fig. 2. Variation of the lattice constants a and c, ¢/a, and the unit-cell volume V with

Gd concentration x at room temperature for the Ces_,GdyCoq1B4 borides.
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Fig. 3. Temperature dependence of magnetization for the Ces_,Gd,Coq1B4 compounds.
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x=3 are in good agreement with previously reported values in the
literature [5,6,8,11,12].

The temperature dependence of the magnetization of the
Ce3_xGdxCoq1B4 compounds in the temperature range 4-400K in
an applied field of 0.1 Tesla is shown in Fig. 3. It can be seen that
all samples order magnetically. The magnetization as a function
of temperature behaves differently for the different compositions.
Ce3Co11By4 is a ferromagnet below T¢ =256 K. The samples for x > 1
have a compensation point (Tcomp ). Bearing in mind that the mag-
netic moment of the R sublattice decreases more rapidly with
increasing temperature than the magnetic moment of the Co sub-
lattice and taking into account that the total magnetic moment
of R sublattice increases with increasing Gd content x, the Co
sublattice moment can cancel the R sublattice moment at higher
temperatures. Therefore, the compensation temperature increases
monotonously. The Curie temperatures increase with increasing Gd
content x. As Ce is replaced by Gd, the exchange interactions in the
system increase due to the larger Gd 4f localized moments. This
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Fig. 4. The magnetization of Ce;_,GdxCoy;B4 borides as a function of applied field
at4K.
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Fig. 5. The saturation magnetization Ms at 4 K.

behavior may be responsible for the increase in the Curie temper-
ature. Similar behavior has been observed in the (GdxY1_x)3C011B4
[13].

Fig. 4 shows the magnetization of the Ce;_,GdxCoq1B4 com-
pounds at 4K as a function of applied magnetic field up to
5Tesla. The values of saturation magnetization as a function of
Gd concentration, extracted by extrapolating the high field part of
magnetization down to the zero field, are presented in Fig. 5 and
also listed in Table 1. In R-T intermetallic compounds, it is well
established that the exchange interaction between the 3d spins of
the T elements and the 4f spins of the R elements, exhibits fer-
romagnetic coupling for light R elements (less than half-full 4f
shell), and antiferromagnetic or ferrimagnetic coupling for heavy
R elements (more than half-full 4f shell) [14-16]. Therefore, the
competition between the total magnetic moment of the rare earth
sublattice and the magnetic moment of the Co sublattice occur.
So, the saturation magnetization with increasing x at 5 K decreases
up to the x=1, and then increases. At about x=0.7, the cobalt and
rare earth magnetization in Ce3_,GdyCo11B4 compounds compen-
sate at 4K. Similarly, at low temperatures, the compensation has
been observed in the (GdxY;_x)3Co11B4 compounds at x=0.31 [13].
Assuming the free-ion magnetic moment value for Gd*3 (7 ug), the
mean cobalt moment of 0.69 ug/Co was determined from the sat-
uration magnetization at 4 K in Gd3Coq1 B4 compound. This value is
in good agreement with previously reported values [6,7].
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Fig. 6. DSC measurements taken above room temperature for the Gd;Coq;B4 com-
pounds.
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Fig. 7. The magnetic phase diagram for the Ce;_,GdyCoq1B4 compounds.

Fig. 6 shows the heat flow of the Gd;Coq;B4 sample dur-
ing the heating at a constant ramp of 20K/min. Endothermic
reactions take place at 435K and 464K. These temperatures
correspond to the compensation and Curie temperature, respec-
tively. These transition temperatures obtained by our DSC
results are in good agreement with previously reported findings
[6-8].

The magnetic phase diagram, showing the transition temper-
atures as a function of the Gd concentration x, is represented in
Fig. 7. The transition temperatures are also listed in Table 1. The
Curie temperature increases with increasing x from 256K for x=0
to 473K for x=3, while the compensation temperature increases
with increasing x from 40K for x=1 to 433 K for x=3.

4. Conclusion

The Ce3_,GdxCoq1B4 compounds with x=0, 1, 2, and 3 have been
synthesized. They crystallize in the Ce3Coq1B4-type structure. The
substitution of Gd for Ce leads to an increase of the unit-cell param-
eter a and the unit-cell volume V, while the unit-cell parameter ¢
decreases. All compounds are ordered magnetically and the Curie
and compensation temperatures increase with increasing Gd con-
centration x. The saturation magnetization at 4K decreases upon
the Gd substitution up to x=1, and then increases again.

Acknowledgement

This work was supported by The National Boron Research Insti-
tute (BOREN) with the project number 2006-22-C21-15.

References

[1] E.Parthé, B.Chabot, in: K. Gschneidner, L. Eyring (Eds.), Handbook on the Physics
and Chemistry of Rare Earths, vol. 6, Elsevier, Amsterdam, 1984 (Chapter 48).
[2] P.Rogl, in: K. Gschneidner, L. Eyring (Eds.), Handbook on the Physics and Chem-
istry of Rare Earths, vol. 6, Elsevier, Amsterdam, 1984 (Chapter 49).
[3] H.-S. Li, J.M.D. Coey, in: K.H.J. Bucshow (Ed.), Handbook of Magnetic Materials,
vol. 6, Elsevier, Amsterdam, 1991 (Chapter 1).
[4] H.R. Kirchmayr, J. Phys. D: Appl. Phys. 29 (1996) 2763.S.
[5] Yu.B. Kuzma, N.S. Bilonizhko, Sov. Phys. Crystallogr. 18 (1974) 447.
[6] H.H.A. Smit, R.C. Theil, K.H.J. Buschow, ]. Phys. F: Met. Phys. 18 (1988) 295.
[7] A. Kowalczky, P. Stefanski, IEEE Trans. Magn. 30 (1994) 648.
[8] A.Galatanu, A. Kottar, M. Artigas, N. Plugaru, D.P. Lazar, ]. Alloys Comp. 262-263
(1997) 356.
[9] H.Ido, Y. Yamaguchi, ]. Magn. Magn. Mater. 272-276 (2004) e487.
[10] J. Rodriguez-Carvajal, Physica B 192 (1993) 55.
[11] Y. Chen, . Liang, X. Chen, Q. Liu, ]. Alloys Comp. 296 (2000) L1.
[12] N.Plugaru, A. Galatanu, D.P. Lazar, Solid State Commun. 102 (1997) 23.
[13] E. Burzo, V. Pop, C.C. Borodi, R. Ballou, IEEE Trans. Magn. 30 (1994) 628.
[14] E. Burzo, I. Creanga, N. Plugaru, V. Pop, M. Ursu, Rev. Roum. Phys. 33 (1988) 57.
[15] LA. Campbell, J. Phys. F: Met. Phys. 2 (1972) L47.
[16] T. Tolinski, A. Kowalczyk, A. Szlaferek, M. Timko, ]. Kovac, Solid State Commun.
122 (2002) 363.



	Magnetic properties of Ce3-xGdxCo11B4 borides
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgement
	References


