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A recent study of (SmGd) F£Si; showed an anomalous x-ray diffraction pattgPnC. Ezekwenna,

G. K. Marasinghe, J.-H. Nam, W. J. James, W. B. Yelon, M. Ellouze, and Phriti¢te J. Appl.
Phys.87, 6716 (2000]. Although all observed peaks could be indexed to the rhombohedral 2:17
phase(R-3m many lines were strongly reduced in intensity. Subsequently, the same phenomenon
was seen in neutron diffraction patterns from ,NgDy,Fe;;_,Si, alloys and conventional
refinement using the rhombohedral phase left significant residuals. Fourier mapping revealed
additional density along the-axis chains of Fe dumbbells and rare earth atoms. The pexfbet

stacking of the CaGulayers with regular 1/3 replacement of the rare earth atoms by Fe dumbbells
appears to be broken. Detailed analysis shows that excess Fe dumbbells are incorporated into the
structure and some reverse substitution is seen. In addition, the weak intensities are associated with
a near equivalence of thel@nd 1& Fe sites, as in the parent Ca(hhase. The relationship of this

new structure to the other Cagderived phases is described. The high Fe concentration creates the
possibility of high Tc and higher remanence than in the ordered 2:17 compounds2002
American Institute of Physics[DOI: 10.1063/1.1453325

I. INTRODUCTION form as a line compound without disorder and with fixed
i 33% dumbbell substitution. Recent x-ray and neutron data on
A large number of magnetic compounds are based on thg, e containing mixed light and heavy rare earth and Si
CaCuy structure. Co based compounds form Sm05),  haye produced spectra that clearly showed the rhombohedral
Sm,Coy7, and reportedly a SmGQL:7) structure. The first oo byt could not be well fitted with the stoichiometric
of these is hexagonal, containing one formula unit, but it iSpq4e|. we have discovered that a disordered rhombohedral

reported that a small percentage of the Sm 1atoms areé '$pR) variant also exists. The details of this structure are
placed by Co dumbbells oriented along thaxis™ The sec-  jascribed in this article.

ond structure is rhombohedrd@R), built from three SmCg

units in which 1/3 of the Sm atoms are replaced in a regular

manner by Co dumbbells. The last is a more highly disor-

dered variant on the Smgeell with up to about 23% ran- || EXPERIMENT

dom dumbbell replacemefiilthough the 1:5 and 1:7 struc-

tures do not form with Fe, the OR structure forms with Fe ~ Samples of nominal §Fe;_,Si, (R=rare earth) were
and the light rare earths, and a disordered hexag@id) prepared with mixtures of NdDy, Nd+Tb and Sm-Tb,

2:17 structure forms with the heavy rare earths. This strucand withx=1, 2, 3. The Nd/Dy mixtures spanned the entire
ture is based on a two layer stacking of Cg@ype units. In  range from pure Nd to pure Dy, while the Sm/Tb mixture
the ideal hexagonal structure Fe dumbbells are found only owas prepared only with 50% or less Sm because higher con-
2/3 of thec-axis chains, alternating with a single rare earth.centration samples would not be measurable with neutrons.
In practice some dumbbells are found on all chains and a fullhe materials were induction melted under an Ar atmosphere
50% substitution is probably not realized on any chain. Inand annealed for a minimum of one week at 1073 K. Neu-
addition, certain substituents for Fe, including Ti, Mn, V, Mo, tron diffraction measurements were carried out at room tem-
etc., lead to the formation of the 3:29 phase in which twoperature on the high-resolution powder diffractometer at
rare earths out of fivé40%) are replaced by dumbbells, and MURR on approximatgl 1 g samples. The neutron data
the 1:12 phase in which of the rare earths are replaced. It were refined using th&UuLLPROF version of the Rietveld
has been thought that the rhombohedral 2:17 phase can ontpde®

0021-8979/2002/91(10)/8486/3/$19.00 8486 © 2002 American Institute of Physics
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18000 T T T T T T T T T T TABLE |. The coordinates at @ and 1% sites of NgFe;sSi, and
3 (@) Nd,Fe55i; Room Temperature NdDyFe,Sis.
Gl 15000 -
g, X y z
§ 12000 .
9d 1/2 0 1/2
o000 i 18h of Nd,Fe;sSi, 0.16841) —0.1684(1) 0.491®)
18h of NdDyFe,Si; 0.16673) —0.1667(3) 0.494®)

P R o show additional density along tleeaxis chains. In particular,
T density is seentad 0 0.24 ad 0 0 0.44(and equivalenis
! ' The Fe dumbbells that replace the rare earth ato@(a0 in

wr i vl N v‘vaI'v""v" o) | the OR structure are found approximatety0e0 0.1 and 0 O

IR T TR T R 0.9, while the rare earth atoms are found& 0.34 and 0 O

[ O S O A N VY BT VBTN L TR IR NAA]
Lo o III:IIIIIIIIIII THenhn

-6000

oo EomoM R e s s 0.66. The extra density strongly suggests some Fe dumbbells

# e (des) replacing the rare-earth atoms at 0 0 0.34 and 0 0 0.66. The

14000 T T T T T T T T 1 data were thus modeled assuming some disorder of the Fe
) NdDyFe,Si; Room Temperature | dumbbell positions, but with a constraint that the 2:17 sto-

ichiometry be preserved, i.e., reverse substitution of Fe
dumbbells by rare earth atom$ @ 0 0. Relaxing this con-
i straint leads to only a small improvement for case 2, i.e., the
deviation from stoichiometry is small. However, in other
samples from the NdDy serieB/R (T=Fet Si) ratios as
- high as 9.5 are fitted, especially in the cases with high Dy
content that tend to form as two phase samples consisting of
mixtures of DH and rhombohedral phases with differing total
oL rare earth in each phase. Since the rare earth content is no
o L ] longer fixed by stoichiometry, its scattering power cannot be
“"’“““W‘“*"““WWM’WW"’”WM‘“‘*V"W used as the reference for determining the scattering power of
000 — the Fe sites as they are substituted by Si. Reasonable results,
however, are reached if it is assumed that no Si occupies the
9d sites, as is the case in the OR structure. Refinement of the
FIG. 1. () Neutron diffraction data and fitted diagram for M;sSi, at  magnetic structure is also problematical unless a constraint is
room temperature(b) Neutron diffraction data and fitted diagram for applied between theddand 18 moments. We have assumed
NdDyFe ,Si; at room temperature. . .
them to be equal, but other constraints would also give stable
refinements.
IIl. RESULTS AND DISCUSSION The structure of the OR 2:17 phase is shown in Fi@) 2
. . . . and the ideal hexagonal structure is shown in F{g).2Vith
The neutron diffraction pattern for NHe,sSl, (case 1is the exception of the-axis chains of Fe dumbbells and rare

shown in Fig. 1a). Itis typical of the ordered. rhompohedral earth atoms, the two structures are the same. Figure 3 shows
phase and about 55 peaks can be clearly distinguished in the

diagram. Figure (b) shows the neutron diffraction diagram
for NdDyFe ,Si; (case 2. Although all of the peaks seen in a)
Fig. 1(b) are indexed on the same rhombohedral structure, A ‘ o
thgre are distinct differences between the two diagrams. Oni rﬁﬁmﬁ
notices a broadening of the peaks, probably related to stack D Yty “‘}9\}95‘)
ing faults, and it is only possible to count about 45 peaks. § \ffr)—f‘
More significantly, it is clear that the large peaks are hardly
changed in intensity while there is a substantial reduction in
the intensity of the small peaks. Those small peaks arise
from the breaking of the symmetry of the CaCeell in the
tripled rhombohedral cell, with the splitting of theg3site ¢
into the 1& and A sites and with the replacement of the =
_rare_earth by Fe dumbbells. The decrease in thelr_ Inter]SItI\»'{IG. 2. (@) The unit cell of the ordered rhombohedral 2:17 structure. The
implies that the @ and 18 are now more closely equivalent |arge black symbols are rare earth atoms, and Fe atoms are small white
(which is borne out in their coordinates—Table &nd that  symbols. The 6 sites are labeled witk, 9d sites are labeled witd, 18f

the distinction between rare earth and dumbbell positions jgites are labeled with, and 18 sites are labeled with. (b) The unit cell
being blurred of the (idea) hexagonal 2:17 structure. The large black symbols are rare

. . earth atoms, Fe atoms are small white symbols. THesls are labeled
Refinement of the data for case 2 using the orderegiin k, 12 sites are labeled with, 6g sites are labeled with, and 4 sites

rhombohedral model is unsatisfactory, and Fourier mapare labeled wittf.
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2) k) the c/a ratio with increasing« and thereby allow the differ-
ent phases to form.
In several samples the fraction of rare earth substituted
by Fe dumbbells reaches over 40%, the same as in the 3:29
phase*® It is likely that the different c/a rati¢for the under-
lying CaCu-type uniy determines which phase forms. Re-
cent samples produced deliberately away from the 2:17 sto-
ichiometry suggest that still higher dumbbell substitution can
002 2R1Az 13252 be achieved. As the concentration of dumbbells increases,
002 23181 1828, however, all of the weak peaks that distinguish the DR and
FIG. 3. The stacking side view of the ordered rhombohedral 2:17 structurP_H Strucwres_ are expe_cted to _decrease further an_d_lt IS pos-
(a) and the(idea) hexagonal 2:17 structur@). The large symbols are rare  Sible that a different unit cell will be best for describing the
earth atoms, and the small ones are iron atoms. distribution of atoms.
The DH phase has been ignored for magnet application
since it is based on the heavy rare earths which couple anti-

a side view of the stacking of those chains for the two ideaf®omagnetically. This DR phase, with mixed rare earths
structures. The OR structure has the same net dumbbell cofd high Fe concentration, has the promise of higher rema-
tent on each chain and, thus, the “ideaaxis length is the N€nce and potentially higfic. We will be exploring the
same for every chain. On the other hand the ideal hexagoniMits Of phase formation with other substituents and pure
structure has no Fe dumbbells on the chain thhoi@ 0 and light rare earth, as well as the limits T@R ratio to determine
50% dumbbells on the other chains. Since the dumbbells aré Practical magnets can emerge from this interesting new
longer than the rare earth radius, the chains thnduig 0 set ~ System.

one I_ength while the others set a greater length. It is NOACKNOWLEDGMENTS
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the DH phase. This is observed. Taking, for example, the
Dy2 sample withx=1, we generated a two-phase sample of *P. E. Johnson, W. J. James, and R. Lemaire, The Rare Earths in Modern
; Sci. Technol,1, 395(1978.

the OR and DH phases. Tma.ratlos for these two phases_ 2K. H. Buschow and F. J. A. den Broeder, J. Less-Common Ble191

are 1.4616 and 1.472, respectively. If the DR phase contains ;975

excess Fe dumbbells, we expect/a ratio that is interme-  3J. Rodriguez-Carvajal, iShort Reference Guide of the Program FULL-

diate to the OR and DH phase. This is seen, for example, in PROF, edited by J. Rodriguez-Carvajal, Laboratoire Leon Brillouin
: — : (CEA-CNRS, France.

th.e Dy, sample withx=3 which form; as a pure DR phase 47 Hu and W, B. Yelon, J. Appl. Phyg6, 6147 (1994,

with ac/a rat!o of 1.4684 anq _a_/R ratio above 9:5- Appar- 5J. M. Cadogan, H.-S. Li, R. L. Davis, A. Margarian, S. J. Collocott, J. B.

ently, the major role of the Si in these samples is to increase Dunlop, and P. B. Gwan, J. Appl. Phyg5, 7114(1994).
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