Magnetic characteristics of RCo 45_,Si, alloys (R =La, Pr, Nd, Gd, and Dy)
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The magnetism of LaGgtype alloys such as LaGg PrCos ,Si,, etc., has recently received
considerable attention as potentially useful magnetic materials. The present study is concerned with
RCo,5_,Si, where R=La, Pr, Nd, Gd or Dy. ©1996 American Institute of Physics.
[S0021-897€06)33508-2

I. INTRODUCTION systems studiedl) At low Si content, 1.5x<2.0, the al-
loys form in the fcc NaZp, structure (2) At high Si content,
3.5=x=<4.5, they form in the body-centered tetragoftadt)
CeNi;;Siy structure.(3) At intermediate Si concentrations
systems are a mixture of fcc and bct alloys. There are,
owever, some exceptions to these generalizati@isThe

fcc phase forms at=0-2 for R=La. (2) The fcc structure
begins to form ak=1.5 for R=Pr, whereas it forms only for

The alloys LaCg; and LgCo,Fg;5 have a high content
of 3d elements. The high concentration af 8lements leads
to a large magnetization and, in some cases, a highBe-
cause of these properties these alloys have attracted attenti
as potential high energy permanent magnet materidlin
earlier studies from this laboratory, Id&t al. have studied
La(Co,Fe,A);3 (Ref. 1) and Huanget al. have studied
PrCas_,Si,.” The earlier works have been extended in the
present study to include the ternaries RCQSi,, in which

R=Nd, Gd, and Dy. TABLE I. Phases present and structural information for RC¢Si, alloys
(R=La, Pr, Nd, Gd, Dy.

Il. EXPERIMENTAL DETAILS

Phases present Lattice paramei@nsin phasg

The ternary alloys were prepared by induction meltingg x  Main Minor a(A) c(A) cla V(A

under argon, after which they were heat treated at 1273 K for
: : : L fo@ 11.340 1458.27

about one week. X-ray diffractioiXRD) with Cu radiation 10 feo 11 305 1452.49
was used to determine crystal structure, lattice parameters, 20 fec 11.295 1440.98
and the phases present. 25 fcc bet

The magnetic propertigd! andT.) were measured us- 30 bet  fcc 7.871 11523 1.464  713.88
ing vibrating sample magnetometdhéSM) at temperatures 35 bt (fcc->0) 7851 11551 1471  711.98
ranging from 10 to 1173 K and fields ranging from 500 Oe to j:g Eg: Cosi Z_fg 111155527 11_2?7788 ;ff_f;

17 kOe. The TMA measurements were made in such a man-
ner[low applied field(500 O¢ and variable heating rat¢o  Pr 2.0 fec 11.259
provide the most reliable information about the phases gg LC(; ?;;

present and the values & and to clearly identify the spin '

_ : 35 bct  fec 7.821 11.500 1470 730.43
reorientation 4.0 bet 7.805 11.539 1.478  702.93
45 bct  CgSi 7.826 11.566 1.478  708.37
IIl. RESULTS AND DISCUSSION Nd 30 bet foc, 1:11  7.834 11450 1462  703.25
A very large body of data was acquired. Due to space 35 bet  fec 7828 11489 1470 70222
limitati v o f e d b q 4.0 bct 7.788 11519 1479  698.66
imitations, only a few representative data can be presented. 45 bt  CgSi 7797 11552 1481  702.28
The results are exemplified by the data given in Tables | and
Il and Figs. 1-7. Gd 35 bat LIl

4.0 bct fcc, CgSi 7.773 11495 1.478 694.52

Dy 3.5 bct 1:11

A. Phases formed and structural information 40 bot CoSi 7758 11491 1481 69166

Information concerning the phase relationships is ob-afcc signifies the Nazp structure,

tained by XRD measurements such as those shown in Figs.od; signifies the Cai,;Si structure.
and 2. The phase relationships are rather similar for the fiverhe 1:11 signifies the BaGgstructure.
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TABLE Il. Magnetic properties of RCg_,Si, (R=La, Pr, Nd, Gd, and Dy

X= E 2:17+Co
M (emu/g
— = M(ug/fu) M(Co,R Ty H(O® =
R x T, (K 293K 10K 10K pglatom (K) 10K E
=
La 0 1297 1260 1314 213 1.64 5
1.0 1050 106.0 108.0  16.9 1.41 =
2.0 880 759 802 121 1.10 2
3.0 295880 266 41.4 6.0 0.6 2
35 200,880 4.3 240 3.4 0.4
4.0 40 033 224 03 0.03
45 023 028 004
Pr 20 903 781 927  14.0 1.9
25 ~295903 544 737 110 ~28 900 20 30 40 50 60
3.0 ~290,903 29.9 55.2 8.1 21 ~28 700 20
35 ~70,903 101 37.2 5.3 19 ~55 600 FIG. 2. XRD pattern for NaCg_,Si, .
4.0 20 17 192 2.7 24 -
45 20 14 158 2.2 2.2
Nd 3.0 ~300,908 29.6 53.9 7.9 1.9 ~45 500 structure. The present studgnd earlier studigsshows that
35 225908 58 407 58 24 ~48 400 the third requirement can be induced by Si dopifig.Un-
40 20 07 178 2.5 22 fortunately, however, as indicated in Figs. 3—7 and in Table
Gd 35 70483 86 231 3.4 6.8 I, the tetragonal materials have a lol=—room tempera-
40 50600 7.9 265 3.8 41 ture or below. The fcc alloys haveTg ranging from 880 K
Dy 3.5 55490 85 377 55 89 - 750 (for LaCoy;Si,) to 1297 K for LaCgq;. For a given Si con-
4.0 45 22 368 5.3 58 -+ 240

tent, theT of the fcc phase is dependent on the nature of R.
As expected, the dominant interaction is the Co—Co interac-
tion.

x exceeding 3—3.5 for the heavier rare earths, Nd, Gd, or Dy.  In regard to the magnetic moment, there is a decrease as
Also as noted in Table |, some of the alloys contained minoiSi replaces Co, but the decrease is larger than expected due
amounts of other phases: 2:17, 1:11, angStoThe lattice to the simple dilution of the Co sublattices. The decrease
parametergTable ) show that Si doping causes a shrinkagebegins in the fcc alloys and continues in the bct alloys. The

of the lattice. bct alloys have small moments;10 emu/g, as measured at
In summary, the ternarigand LaCq,) are fcc for low Si~ ~10 K. _

content and one bct at high Si content. Further details are The TMA for bct alloys with R=Pr and Nd show clear

given in Table I. indications of a spin reorientation when cooled to tempera

tures in the liquid hydrogen rand€igs. 4 and & As shown

in Table 1I, T4,=55 and 48 K for PrCesSi;5; and

NdCaq, sSi; 5, respectively. No spin reorientation was ob-
Magnetization results are given in Figs. 3—7 and in Tableserved for the La, Gd, and Dy ternaries. This is as expected

IIl. From the results presented, it is to be noted that LaCo for La(Co,S),;—since La carries no moment—and for

which is fcc, is a strongly ferromagnetic materialoment  Gg(Co,S),s—in which the rare earth is spherical and hence

=131 emu/gwith a highT¢, 1297 K. It thus satisfies two of s jsotropic. It is unclear why there is no indication of spin

the requirements for a high energy permanent magnet mate-

rial. However, it lacks a third requirement—a uniaxial crystal

B. Magnetic properties

T
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x=4.5 F bet L I ! )
A AM nh S A 0 50 100 150 200 250 300
, . . T (K) (H=5000¢)
20 30 40 50 60 FIG. 3. M vs T for three representative bct (&o,S), 5 alloys. The alloys
20 with x=3.5 and 4 are nearly single-phase material. Their Curie temperatures

FIG. 1. XRD patterns for LaCg_,Si,. The splitting of the 422 peak at are about 200 and 40 K, respectively. The alloy with3 is a two-phase
26~39° is a clear indication of the transformation from cubic to tetragonal system composed of fcc and bct alldgee Table)l The presence of the fcc
symmetry. impurity phase strongly affects the magnetization of the bct phase.
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FIG. 4. M vs T for two representative N€o,S),5 alloys. TheT's for
NdCaySi, and PrCgSi, are essentially identical. The spin reorientation at

~50 K is clearly evident.
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FIG. 5. M vs T for Pr(Co,S);5 alloys. The spin reorientation at28 K is

clearly evident forx=2.5-3.5.
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FIG. 6. M vs T for two-phase NdCg@Si; alloy showing the spin reorienta-

tion at ~45 K and theT’s for the bct and fcc components.
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FIG. 7. Hysteretic behavior of PrGosSi, 5, showing significant coercivity
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rotation for the Dy-containing ternaries. Boltich, Pedziwiatr,
and Wallace showédsome years ago that spin reorientation
in rare earthd-transition metal alloys occurs as a result of a
complex interplay between the crystal field interaction for
the R sublattice and exchange primarily involving theu-
blattice. The temperature of the spin reorientation and the
shape of the aberration in the TMA depend on the details of
this interplay. Perhaps in D€0,S);5 the spin reorientation
takes place at a temperature lower than that covered in this
study. Interestingly, the Dy alloy exhibits coercivity in its
hysteresis loop even though it does not indicate spin reorien-
tation in itsM vs T plot.

Hysteresis loops were measured at temperatures above
and belowTy, for the ternaries in loose powder form. A rep-
resentative loogfor PrCoy sSi, 5) is shown in Fig. 7. There
is negligible coercivity fofT> T, but appreciable coercivity
for T<T,,. This suggests that magnetization is along the
axis belowTg, and shifts to theab plane abovel >Tg,.

IV. CONCLUSION

LaCo,; exists in the fcc NaZp structure. The corre-
sponding Pr alloy also forms in the same structure if a small
portion of the Co is replaced by Si. At higher Si content, all
the systems adopt the bct D& ;Sig structure. The fcc alloys
have highT and are strongly magnetic. The bct alloys are
weakly magnetic withT- at or below room temperature.
Pr(Co,S);3 and NdCo,S),; exhibit spin reorientation at
~60 and 50 K, respectively. Hysteresis results suggest a
uniaxial material at temperatures beldlw, and ab plane
anisotropy forT>T,. Si doping stabilizes the NaZgstruc-
ture in RCo,S),3 alloys. This does not appear to be exclu-
sively a size effect.
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