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The magnetism of LaCo13-type alloys such as LaCo13, PrCo132xSix , etc., has recently received
considerable attention as potentially useful magnetic materials. The present study is concerned with
RCo132xSix where R5La, Pr, Nd, Gd or Dy. ©1996 American Institute of Physics.
@S0021-8979~96!33508-2#
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I. INTRODUCTION

The alloys LaCo13 and La~Co,Fe!13 have a high content
of 3d elements. The high concentration of 3d elements leads
to a large magnetization and, in some cases, a highTC . Be-
cause of these properties these alloys have attracted atten
as potential high energy permanent magnet materials.1–6 In
earlier studies from this laboratory, Idoet al. have studied
La~Co,Fe,Al!13 ~Ref. 1! and Huang et al. have studied
PrCo132xSix .

7 The earlier works have been extended in th
present study to include the ternaries RCo132xSix , in which
R5Nd, Gd, and Dy.

II. EXPERIMENTAL DETAILS

The ternary alloys were prepared by induction meltin
under argon, after which they were heat treated at 1273 K
about one week. X-ray diffraction~XRD! with Cu radiation
was used to determine crystal structure, lattice paramet
and the phases present.

The magnetic properties~M andTC! were measured us-
ing vibrating sample magnetometers~VSM! at temperatures
ranging from 10 to 1173 K and fields ranging from 500 Oe
17 kOe. The TMA measurements were made in such a m
ner @low applied field~500 Oe! and variable heating rate# to
provide the most reliable information about the phas
present and the values ofTC and to clearly identify the spin
reorientation

III. RESULTS AND DISCUSSION

A very large body of data was acquired. Due to spa
limitations, only a few representative data can be present
The results are exemplified by the data given in Tables I a
II and Figs. 1–7.

A. Phases formed and structural information

Information concerning the phase relationships is o
tained by XRD measurements such as those shown in Fig
and 2. The phase relationships are rather similar for the fi
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systems studied:~1! At low Si content, 1.5<x<2.0, the al-
loys form in the fcc NaZn13 structure.~2! At high Si content,
3.5<x<4.5, they form in the body-centered tetragonal~bct!
Ce2Ni17Si9 structure.~3! At intermediate Si concentrations
the systems are a mixture of fcc and bct alloys. There a
however, some exceptions to these generalizations:~1! The
fcc phase forms atx50–2 for R5La. ~2! The fcc structure
begins to form atx51.5 for R5Pr, whereas it forms only for

TABLE I. Phases present and structural information for RCo132xSix alloys
~R5La, Pr, Nd, Gd, Dy!.

Phases present Lattice parameters~main phase!

R x Main Minor a ~A! c ~A! c/a V ~A3!

La 0 fcca 11.340 1458.27
1.0 fcc 11.325 1452.49
2.0 fcc 11.295 1440.98
2.5 fcc bct
3.0 bct fcc 7.871 11.523 1.464 713.88
3.5 bctb ~fcc-.0! 7.851 11.551 1.471 711.98
4.0 bct 7.827 11.567 1.478 708.63
4.5 bct Co2Si 7.834 11.592 1.478 711.42

Pr 2.0 fcc 11.259
2.5 fcc bct
3.0 bct fcc
3.5 bct fcc 7.821 11.500 1.470 730.43
4.0 bct 7.805 11.539 1.478 702.93
4.5 bct Co2Si 7.826 11.566 1.478 708.37

Nd 3.0 bct fcc, 1:11c 7.834 11.459 1.462 703.25
3.5 bct fcc 7.828 11.489 1.470 702.22
4.0 bct 7.788 11.519 1.479 698.66
4.5 bct Co2Si 7.797 11.552 1.481 702.28

Gd 3.5 bct 1:11
4.0 bct fcc, Co2Si 7.773 11.495 1.478 694.52

Dy 3.5 bct 1:11
4.0 bct Co2Si 7.758 11.491 1.481 691.66

afcc signifies the NaZn13 structure.
bbct signifies the Ce2Ni17Si9 structure.
cThe 1:11 signifies the BaCd11 structure.
59499/3/$10.00 © 1996 American Institute of Physics
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x exceeding 3–3.5 for the heavier rare earths, Nd, Gd, or
Also as noted in Table I, some of the alloys contained min
amounts of other phases: 2:17, 1:11, and Co2Si. The lattice
parameters~Table I! show that Si doping causes a shrinka
of the lattice.

In summary, the ternaries~and LaCo13! are fcc for low Si
content and one bct at high Si content. Further details
given in Table I.

B. Magnetic properties

Magnetization results are given in Figs. 3–7 and in Ta
II. From the results presented, it is to be noted that LaCo13,
which is fcc, is a strongly ferromagnetic material~moment
5131 emu/g! with a highTC , 1297 K. It thus satisfies two o
the requirements for a high energy permanent magnet m
rial. However, it lacks a third requirement—a uniaxial crys

FIG. 1. XRD patterns for LaCo132xSix . The splitting of the 422 peak a
2u;39° is a clear indication of the transformation from cubic to tetrago
symmetry.

TABLE II. Magnetic properties of RCo132xSix ~R5La, Pr, Nd, Gd, and Dy!.

R x Tc ~K!

M ~emu/g!
M ~mB/f.u.!
10 K

M ~Co,R!
mB/atom

Tsr
~K!

Hc ~Oe!
10 K293 K 10 K

La 0 1297 126.0 131.4 21.3 1.64
1.0 1050 106.0 108.0 16.9 1.41
2.0 880 75.9 80.2 12.1 1.10
3.0 295,880 26.6 41.4 6.0 0.6
3.5 200,880 4.3 24.0 3.4 0.4
4.0 40 0.33 2.24 0.3 0.03
4.5 ••• 0.23 0.28 0.04 •••

Pr 2.0 903 78.1 92.7 14.0 1.9
2.5 ;295,903 54.4 73.7 11.0 ;28 900
3.0 ;290,903 29.9 55.2 8.1 2.1 ;28 700
3.5 ;70,903 10.1 37.2 5.3 1.9 ;55 600
4.0 20 1.7 19.2 2.7 2.4 •••
4.5 20 1.4 15.8 2.2 2.2

Nd 3.0 ;300,908 29.6 53.9 7.9 1.9 ;45 500
3.5 225,908 5.8 40.7 5.8 2.4 ;48 400
4.0 20 0.7 17.8 2.5 2.2

Gd 3.5 70,483 8.6 23.1 3.4 6.8
4.0 50,600 7.9 26.5 3.8 4.1

Dy 3.5 55,490 8.5 37.7 5.5 8.9 ••• 750
4.0 45 2.2 36.8 5.3 5.8 ••• 240
5950 J. Appl. Phys., Vol. 79, No. 8, 15 April 1996
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structure. The present study~and earlier studies! shows that
the third requirement can be induced by Si doping.1,6,7 Un-
fortunately, however, as indicated in Figs. 3–7 and in Tab
II, the tetragonal materials have a lowTC—room tempera-
ture or below. The fcc alloys have aTC ranging from 880 K
~for LaCo11Si2! to 1297 K for LaCo13. For a given Si con-
tent, theTC of the fcc phase is dependent on the nature of R
As expected, the dominant interaction is the Co–Co intera
tion.

In regard to the magnetic moment, there is a decrease
Si replaces Co, but the decrease is larger than expected
to the simple dilution of the Co sublattices. The decreas
begins in the fcc alloys and continues in the bct alloys. Th
bct alloys have small moments,,10 emu/g, as measured at
;10 K.

The TMA for bct alloys with R5Pr and Nd show clear
indications of a spin reorientation when cooled to tempe
tures in the liquid hydrogen range~Figs. 4 and 5!. As shown
in Table II, Tsr555 and 48 K for PrCo9.5Si3.5 and
NdCo9.5Si3.5, respectively. No spin reorientation was ob
served for the La, Gd, and Dy ternaries. This is as expect
for La~Co,Si!13—since La carries no moment—and for
Gd~Co,Si!13—in which the rare earth is spherical and henc
is isotropic. It is unclear why there is no indication of spin

al

FIG. 2. XRD pattern for NaCo132xSix .

FIG. 3. M vs T for three representative bct La~Co,Si!13 alloys. The alloys
with x53.5 and 4 are nearly single-phase material. Their Curie temperatu
are about 200 and 40 K, respectively. The alloy withx53 is a two-phase
system composed of fcc and bct alloys~see Table I!. The presence of the fcc
impurity phase strongly affects the magnetization of the bct phase.
Huang et al.
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FIG. 4. M vs T for two representative Nd~Co,Si!13 alloys. TheTC’s for
NdCo9Si4 and PrCo9Si4 are essentially identical. The spin reorientation a
;50 K is clearly evident.

FIG. 5. M vs T for Pr~Co,Si!13 alloys. The spin reorientation at;28 K is
clearly evident forx52.5–3.5.

FIG. 6. M vs T for two-phase NdCo10Si3 alloy showing the spin reorienta-
tion at;45 K and theTC’s for the bct and fcc components.

FIG. 7. Hysteretic behavior of PrCo10.5Si2.5, showing significant coercivity
for T,Tsr , but not forT.Tsr .
J. Appl. Phys., Vol. 79, No. 8, 15 April 1996

Downloaded¬23¬Jan¬2001¬¬to¬128.2.132.154.¬¬Redistribution¬subjec
rotation for the Dy-containing ternaries. Boltich, Pedziwiat
and Wallace showed8 some years ago that spin reorientatio
in rare earth–d-transition metal alloys occurs as a result of
complex interplay between the crystal field interaction fo
the R sublattice and exchange primarily involving thed su-
blattice. The temperature of the spin reorientation and t
shape of the aberration in the TMA depend on the details
this interplay. Perhaps in Dy~Co,Si!13 the spin reorientation
takes place at a temperature lower than that covered in t
study. Interestingly, the Dy alloy exhibits coercivity in its
hysteresis loop even though it does not indicate spin reorie
tation in itsM vs T plot.

Hysteresis loops were measured at temperatures ab
and belowTsr for the ternaries in loose powder form. A rep-
resentative loop~for PrCo10.5Si2.5! is shown in Fig. 7. There
is negligible coercivity forT.Tsr but appreciable coercivity
for T,Tsr. This suggests that magnetization is along thec
axis belowTsr and shifts to theab plane aboveT.Tsr.

IV. CONCLUSION

LaCo13 exists in the fcc NaZn13 structure. The corre-
sponding Pr alloy also forms in the same structure if a sm
portion of the Co is replaced by Si. At higher Si content, a
the systems adopt the bct Ce2Ni17Si9 structure. The fcc alloys
have highTC and are strongly magnetic. The bct alloys ar
weakly magnetic withTC at or below room temperature.
Pr~Co,Si!13 and Nd~Co,Si!13 exhibit spin reorientation at
;60 and 50 K, respectively. Hysteresis results suggest
uniaxial material at temperatures belowTsr and ab plane
anisotropy forT.Tsr. Si doping stabilizes the NaZn13 struc-
ture in R~Co,Si!13 alloys. This does not appear to be exclu
sively a size effect.
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