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Maossbauer study of the hyperfine interaction of*’Fe in Y;_Cos, »s and related compounds
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The magnetic and electric hyperfine interaction and the relative fractions of @ffegenuclei on the four Co
sites of Y;_¢Cos, »5 have been investigated by sbauer spectroscopy as a function of the relative nusiber
of Y atoms substituted by Co dumbbells. We also reporssbauer measurements¥Fe in GdCg, SmCa,
and SmCo,4(rh). The's dependence of the relative Msbauer fractions of’Fe:Y;_.Cos »s, together with
previous neutron diffraction results, allows an experimental site-hyperfine field assignment. The Fe atoms
strongly favor the dumbbell sites at the expense of sitesf 6he hexagon surrounding the Co pair, while sites
2c and 3 are randomly occupied. In stoichiometiRCos (R=Y, Sm, Gd we observe a sizable dumbbell
concentration, which is probably caused by the precipitatioR4F0,; favored by the impurity nature of the
Mossbauer probe. With the increasing number of nearest Co neighbors, the magnetic hyperfine field passes
from site 3 through a minimum at site 2towards the maximum =31.5 T at the dumbbell site. Thef 4
contribution to the magnetic hyperfine field is small; the changes upon substitution oR¥IBd, Sm are of
the order of 10%[S0163-18208)09117-9

[. INTRODUCTION mogeneity region varies with the element; in the case of
R=Y, the CaCy structure has been reportédo exist from
Intermetallic compoundR,M, of rare earth R) and YCo,sto YCos. Pareti, Solzi, and Marusi even give an
3d-transition metalsvl =Fe, Co, Ni, and Mn have attracted upper limit of YCg, 5. A study of the lattice parameter varia-
considerable interest in the past because of their completion in ErCa;_,, X-ray crystal structure analysis of ErCg,
magnetic properties that arise from the coexistence of thend neutron diffraction studies of YEo, (Refs. 22 and 24
magnetic moments produced by the highly localizécefec-  have led to the conclusion that in the region of Co excess
trons of the rare earth and by the itinerant&ectrons of the someR atoms of the CaGystructure are substituted by pairs
transition metals:> Measurements of the magnetic-hyperfineof Co atoms(see Fig. 1, which can be expressed by the
interaction(hfi) at the 3i site for different 3 and 4 con-  formulaR;_(Cos, »5, Wheres describes the number of sub-
stituents as function of the composition are an importanstitutions[x ands are related bys=x/(7+x)]. In RCos_,
source of information on thé-f, d-d, andf-d exchange the Co dumbbells are randomly distributed. WHeof the R
coupling in these magnetic systems. TRg-g, compounds atoms are substituted, one reachesRh€o, structure with
have therefore been extensively studied Bife Massbauer an ordered Co dumbbell arrangement. It is still unclear
spectroscopy.’ whether the substitution scheme for the Co-defect regdion
Only in a few cases®Fe Massbauer spectroscopy has RCos, , with x<<0) involves Co vacancies or the disordered
been extended to compounds whh=Co, Ni, and Mn, al-  substitution of one Co by on@ atom?3
though it appears quite likely that diluféFe substitutes the For the Co-excess region Bf _;Cos, »5 the CaCy struc-
3d constituent$~° The existence of several nonequivalentture contains four different Co sitbésee Fig. 1 sites &
d sites in most 8-4f compounds and a possible site prefer-and 3y of stoichiometricRCos, the dumbbell site & and
ence of °'Fe makes it difficult to establish an unambiguoussite 6 in the Co hexagon surrounding the dumbbell, which is
relation between the measured hyperfine parameters and theconsequence of the local distortion introduced by the Co
available lattice sites. In most cases, the site-hyperfine fielgair. The distribution of distances between sitgsahd X,
assignment is based on assumptions such as, e.g., a propggspectively, and the nearest Co pair will lead to a hyperfine-
tionality between the hyperfine field and the number of nearfield distribution for sites § and Z. If one assumes that the
est 3 neighbors and under these circumstances the extrachistribution widths are small compared to the average field,
tion of finer details of the exchange interaction become®ne expects the Misbauer spectrum 6fFe inR;_ Cos., »s
clearly problematic. to contain four components or subspecfdenoted in the
In this context the compounRCo; has attracted our in- following as Fe | to Fe IV with different hfi parameters and
terest because its properties allow a controlled variation opossibly different line widths.
the site intensities—a feature that can be exploited for an The fractions(or relative areasF; (i=1,...,IV; X;F;
experimental site-hyperfine field identification. The com-=1) of these components are determined by the relative in-
poundRCos crystallizes in the CaGustructure. At elevated tensitiesl; of the available Co sites and a possiBf€e site
temperatures 750—1200 °C) this structure exists over a preference, which in the following shall be quantified by
considerable range of Co concentrations and when rapidlfactorsP; (i=1, . ..,IV) with P;=1 for random occupation.
guenched to room temperatuRECo; ., compounds are of a Thes dependence of the site intensitigés) is easily calcu-
single phase maintaining the CaGstructure:?*?* The ho-  lated (see Table )l Assuming in a first approximation that

0163-1829/98/5(1.8)/1156510)/$15.00 57 11 565 © 1998 The American Physical Society



11 566 M. FORKER, A. JULIUS, M. SCHULTE, AND D. BEST 57

Co 2e ments localized at the?and the 3 site have been deter-
mined by polarized neutron diffractiéhto be u=1.77 ug
and 1.72ug, respectively. For information on thef £ontri-
bution to the magnetic hyperfine interaction we have per-
formed measurements on the compounds Ga@d SmCe,

\ ™~ Co 6/ which are also ferromagnets with the magnetic moments par-

allel to the c axis. Differences between our results for

O m Co3g >"Fe:RCos (R=Y, Gd, Sm and those of Nowilet al.** for
O ] >’Fe:SmCg have motivated a study of’Fe in SmCo,-
(rhombohedral of T}¢Zn,; type).

a II. EXPERIMENTAL DETAILS

O O Intermetallic compounds YGQq, with Co concentrations
O o) Co 2 x=-0.1,0.0,0.2,0.4, 0.6, 0.8, and 1.0, GdC8mCg, and
02 Sm,Co;- with 1 at. % of the Co atoms substituted BYFe
were produced by arc melting of the metallic constituents on

O Yitrium O Cobalt a water-cooled copper block and ground to a powder in an
Ar atmosphere.
FIG. 1. The crystal structure of Y ;Cos, 5. Sites Z and J In the case of YCg, , and GdCgthe losses in the sample

are the Co sites of stoichiometric YCoThe Co sites @ and @ ~ Mass after melting were of the order of 0.5 wt. %, which in
appear in Y_.Cos., ,s when Co excess causes the substitution of Ythe worst case, assuming that either only Co or onlyRhe
atoms by Co dumbbells. constituent is lost, corresponds to an uncertainty of the
stoichiometry of—0.04<Ax=<0.11 or of the substitution pa-
the site preferenceB, are independent of the numbgrof ~ fameter —0.005<As=<0.015. Considering that Y and Co

substitutions, the Mesbauer fractions and the site intensitieshave practically the same melting point, boiling point, and

are related by enthalpy of vaporization, the worst case—preferential loss of
one constituent—appears unlikely and the uncertainty of the
Fi(s)=P;l,(s+5p). (1)  substitution parameter is therefore probably much smaller
than the above estimate.
The parametes, allows for the possibility of a finite dumb- In the case of the Sm compounds melting produced sys-

bell concentration in stoichiometriRCos. It is well estab-  tematically larger losses of 3—5 wt. %, which can be attrib-
lished thatRCos is metastable at room temperature and thatuted to the relatively low Sm boiling poitit991 °Q. For the
Co dumbbells are important for its stability. Schweizer andSm compounds we therefore started the sample preparation
Tasset' and Givord et al?® have reported values of,  with a slight Sm excess~5 at. %). For SmCothe worst
=0.046(1) andsy=~0.03 for a YC@ and SmCgsingle crys- case uncertainty of the substitution parameter—i§.05
tal, respectively. <As=0.05. However, as we increased the initial quantity of
The finite homogeneity range &Cos,, allows a con- Sm to compensate for the total loss, the actual composition is
trolled variation of the number of substitutioasand thus of  probably close to SmGg.
the site intensitied;(s) with the stoichiometryx without X-ray diffraction measurements confirmed the CaCu
changing the lattice structure. The resulting changes of thstructure of allRCo; compounds. Sato;; was shown to
Mossbauer fraction;(s) carry valuable information for the be of the rhombohedral T&n,; type. In all cases, the lattice
site-hyperfine field identification. It is easy to see from Fig. 1parameters were in agreement with the literature. In the x-ray
that the number of dumbbell site® 2nd sites 6 increases, diffraction patterns oRCo;, reflections belonging t&,Co;;
that of sites 2 and 3 decreases with increasing substitution andR,Co; were not detected. However, the lattice structures
parameters. Assuming validity of Eq.(1), fractions with  of RCo; and R,Co; are closely related and their diffraction
negative slopelF,;(s)/ds can therefore immediately be at- patterns therefore very similar; the main reflections are al-
tributed to either site § or 2c, those with positive slope to most identicaf® For YCa;_ , we observed a decrease of the
either site 6 or 2e, and when combined with information on lattice parametea [a(x=0)=4.946(4) A] and an increase
the site preferences from other sources, the measurement of the parametec [c(x=0)=3.976(8) A] with increasing
the Mcssbauer fractions as a function of the number of subx such that the axial ratioc/a increases fromc/a
stitutions leads to an experimental site-hyperfine field assign=0.804(2) atx=0 to c/a=0.820(2) atx=1, which agrees
ment. In this paper, we report such an experiment for thavell with the previous results of Deportesal >’ When parts
system®Fe:YCa, . of the YCqg, g and YCq samples were annealed at 1000 °C
We have carried out a series dfFe Mossbauer measure- for 22 h and slowly cooled to room temperature, tia
ments in YC@., in the range—0.1<x=<1. Forx<1, the ratio decreased and reflections pertaining s€%;; appeared
site intensitied;(s) are in a good approximation linear func- in the x-ray pattern, indicating the decomposition into
tions ofs (see Table)l. The valence electron configuration of Y,Co,; and Y,Co;.
yttrium is very similar to that oR atoms; it carries, however, The Massbauer spectra were taken with’€0:Rh single-
no 4f-magnetic moment. YGds a ferromagnet with an easy line source, with source and absorber at 77 K. In all cases the
c axis and a Curie temperature of 920 K. The magnetic moabsorbers were used as cast without any further heat treat-
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TABLE I. The dependence of the relative intensitigs) of the sites §, 2c, 61, and the dumbbell site
2e in the CaCy structure of Y,_,Cos, »s On the substitution parameterand the experimenta dependence
of the relative intensitieE,(s) of the four components Fe I, I, lll, and IV of thH€Fe:Y; _ Cos, ,s MOssbauer
spectra. The relatiofr;(s)=P;l;(s+sp) [Eq. (1)] has been used to calculate the site referdhcand the
dumbbell concentratios, of nominal YCg, from the experimental intensitids;(s) for i=II, Ill, IV. The
value given forP4 has been calculated fro(s) with the dumbbell concentratiosy, fixed tos,=0.12. In
the case of the components Fe Ill and IV the data allow two different assignments. The assignment favored
by information on the site preference from a neutron diffraction experirtRRet. 33 is marked in bold.
Column | gives for each site the volunwgys of the Wigner-Seitz cells calculated using radical plafiesf.

37).

Lattice Rel. intensity Subspectrum Fraction

sitei 1;(s) Fei Fi(s)=P;li(s+sp) Pi, sy

Co 3g 3/(5+2s) Fel 0.56(1)-0.47(23p  P33=0.98(7)

11.69 A3

Co 2 (2—6s)/(5+2s) Fe Il 0.24(2)-1.31(155  P,=0.96(12)

Vis= ~0.4-1.365 $=0.11(2)

10.91 &3

Co 6l 6s/(5+2s) Fe llI 0.13(1)}+1.18(7k P =0.98(6)

Vis= ~1.2 $=0.11(1)

11.51 A3 Fe IV 0.072)+0.5214)s Pg=0.43(12)
So=0.13(5)

dumbbell x/(5+2s) Fe Il 0.13(1)+1.18(7% P,.=2.95(17)

Co 2e ~0.4s $%=0.11(1)

Vivs= Fe IV 0.07(2)}+0.52(145  P,.=1.30(35)

12.01 A3 Sp=0.13(5)

ment. The spectra of'Fe:YCa;. , for the Co concentrations eral case of a combined interaction the analysis ofs$4o
x=-0.1, 0,0, 0.4, and 0.8. are shown in Fig. 2; thosé’se  bauer spectra for the splr= 3 and powder samples faces an
in SmCg, GdCaq, and SmCo,, respectively, are shown in ambiguity problem: Since the trace of the interaction matrix
Fig. 3. vanishes £;_; 4£;=0) only three of the four energy eigen-
valuesE; for =3 are linearly independent. The magnetic
hyperfine field is determined by the splitting of thground
state. The four hfi paramete(®sQV,,, 7, 6, ¢) of the excited

In the data analysis a superposition of four subspectra Fstate must then satisfy only three equations and one can
I, 11, 11, and IV with different hyperfine parameters and frac- therefore find different sei®@ QV,,, 7, 6, ¢) that correspond
tions F; was fitted to the measured spectra. As the Co siteto different physical situations but lead to the same energy
have noncubic symmetry, an electric-field gradi€BEG),  eigenvalues. Consequently, if no information on one of these
for some sites possibly axially asymmetric, is expected to agbarameters is available from other sources, one parameter
on the probe nuclei in addition to the magnetic hyperfinehas to be fixed in the analysis to some arbitrary value. We
field. Thel =3 excited state ofFe is therefore subject to a have fixed the azimuthal angle, which is the parameter with
combined magnetic and electric hyperfine interaction leadinghe weakest effect on the spectrumde- 0.
to four nonequidistant hyperfine levels. The positions and In the fits, the hyperfine parametdrs;, eQV,/4, 7, 6,
intensities of the six Lorentzian lines of each subspectrunthe isomer shifs, the line widthI', and the relative fractions
were calculated by numerical diagonalization of the Hamil-F; of the four sites were adjusted to the experimental data.
tonian of a combined hyperfine interaction, which in theThe subspectra Fe | and Fe Il indicate the presence of a
most general case depends on five paraméfetse mag- strong QI that cannot be treated as a small perturbation of the
netic frequencyv,,=gunHps/h, the quadrupole interaction magnetic interaction. For these si®e®V, /4, , and 6 were
(Ql) parameteeQV,,, the asymmetry parameter of the EFG treated as free parameters. Simulations of theoretical spectra
tensorn=(V,x—V,,)/V,, and the Euler angles,¢, which  for different values ofp showed that in the present case the
describe the orientation of the hyperfine figlg; in the co- assumptionp=0 has little effect on the results obtained for
ordinate system defined by the principal axes of the EFGhe QI and the angl® of components | and II.
tensorV;; (i=x,y,2). For the components Fe Il and Fe IV the deviations from

As first pointed out by Karyagfi and discussed, e.g., by the equidistant spliting of a pure magnetic interaction
Dabrowski, Piekoszenski, and Suwaldkin the most gen- caused by the quadrupole interaction were rather small and

IIl. DATA ANALYSIS AND RESULTS
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g FIG. 3. Massbauer spectra of’Fe in GdCgq, SmCg, and
0.98 Sm,Coy7 (rh) at T=77 K and their decomposition into four compo-
] nents.
This ambiguity could be resolved by the measurements on
0.96 GdCg; and SmCg (see Fig. 3 When the yttrium atom of

YCo;s is replaced by a rare-earth atom, the smdllcbntri-
bution changes the magnetic hyperfine field at the four sites
v (mmny/s) slightly relative to each other. These changes lead to the
clearly visible right-side asymmetry of the absorption peak at
+3.5 mm/s of GdCgand SmCeg, which is not observed in
the YCaq, , spectra. This asymmetry makes#itthe clearly
better description of the GdG@and SmCg spectra with hfi
therefore only the QI parameteQV, /4 was determined for parameters for Fe I\(see Table )l very similar to the fitA
these subspectra. The valuee®V,/4 given in Table Il for  parameters of YCg not only with respect to the hyperfine
Fe Il and Fe IV were obtained with the assumptige-0,  field, but also to the isomer shift and the quadrupole interac-
0=0, ¢=0. The fits and the decomposition of the spectra oftion. Since these parameters are not expected to change
Fe:YCa,_ into the four components are given by the solid strongly upon the substitution of Y by Gd or Sm,Bitcan be
lines in Fig. 2. excluded as a solution for YGQ, .

The hfi parameters of the weakest component, Fe IV of The hyperfine parameters 6fFe in Y; _ Cos. 55 vary, if
YCos,,, could not be determined unambiguously. Weat all, only very slightly with the substitution parameter. In
found two descriptiongfits A and B) with practically the Table | we have therefore collected the values Hbf;
samey? value but different hfi parameters for component FeeQV, /4, 7, 6, & (relative toa-Fe at 290 K, andT only for
IV: H=26,2 and 30,2 TeQV,/4=0,01 and 0,27 mm/s, YCosand YCqg. In cases where parameters in Table | differ
and §=-0,14 and+0,11 mm/s for fitA and B, respec- between these two concentrations, the variation with the sub-
tively. Fit A places the outer lines of the Fe IV sextet-at  stitution parameter is linear within the experimental errors.
—5 mm/s and+ 3.5 mm/s; in the case of fi8 the outermost Table Il also contains the hyperfine parameters Ttte in
positive velocity Fe IV line coincides with the absorption GdCa, and SmCg and the results of Alamedat al® for
peak at~+5 mm/s. SFe:Nd Coy oF & 09)s-

FIG. 2. Mossbauer spectra ofFe in YCaq,,, at T=77 K for
different stoichiometriex and their decomposition into four com-
ponents.
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TABLE |I. Hyperfine parameters of’Fe on different Co sites of YGp YCo, GdCg, SmCa, and
NdCa;. The values for NdCgat 300 K have been determined by Alamedal. (Ref. 15. Fe | to Fe IV refer
to the four Mmsbauer subspectra. The corresponding Co sites of thesCatfloe, identified from thes
dependence of the relative intensities and neutron diffraction data for the site preference, are given in
parentheses. Parameters marked by an asterisk have been fixed in the analysis to the listed value. The isomer
shift is relative toa-Fe at 290 K.

Subspectrum Hy¢ eQV, /4 S r

(Co site RCaq;, (kG) (mm/9 6 (°) 7 (mm/9 (mm/9

Fe l YCaq 24.93) 0.653) 78(2) 0.495) —-0.17(2) 0.362)

(39) YCog 24.93) 0.693) 77(2) 0.505) -0.14(2) 0.412)
GdCqg 23.403) 0.71(3) 78(2) 0.5605) -0.17(2) 0.342)
SmCaq; 23.403) 0.633) 792) 0.525) —0.08(2) 0.372)
NdCgq 24.2 0.30 90 0.7 0.02

Fe ll YCos 23.23) —0.67(3) 0-10 ®.1) —0.20(2) 0.282)

(2¢) YCoq 23.1(3) —0.68(3) 0-10 ®.1) —0.24(2) 0.242)
GdCgq 22.33) —0.67(3) 0-10 (0.01 —0.19(2) 0.3%2)
SmCg 20.33) —0.62(3) 0-10 ®.1) —0.06(2) 0.3%2)
NdCgq 21.2 -0.3 0 0 0.08

Fe lll YCos 31.63) —0.04(3) o) 0* 0.062) 0.31(3)

(2¢) YCog 31.403) 0.053) 0* 0* 0.022) 0.332)
GdCqg 32.1(3) 0.173) 0* o* 0.072) 0.3603)
SmCg 31.23) 0.263) 0* 0* 0.192) 0.393)
NdCgq 30.6 0.025 0 0 0.22

Fe IV YCos 26.23) 0.01(3) 0* 0* —0.14(2) 0.263)

(el) YCoq 26.93) —0.01(3) o 0* -0.21(2) 0.243)
GdCgq 25.813) —0.06(3) o o* —0.09(2) 0.3M)
SmCg 27.13) 0.353) 0* o* —0.02(2) 0.3W3)

TABLE lIl. Hyperfine parameters of’Fe on the four Co sites of Sffio;; (rth). Fe | to Fe IV refer to
the four Massbauer subspectra. The assignment to the Co sites of rhombohed@b,Sproposed in
parentheses in column | is suggested by a comparison of the isomer shifts and the vd|ygesthe
Wigner-Seitz cells. The coordinates,{,z) used in the calculation d¥\ys are also listed. Column Il gives
the relative intensities of the four Mebauer subspectra, that of the four Co sites 0fG»3 (rh) (in
parenthesgsand the resultant preference factors. Parameters marked by an asterisk have been fixed in the
analysis to the listed value. The isomer shift is relativertbe at 290 K.

Subspectrum Rel. Hpt eQV,j/4 S r

(site) intensity (kG) (mm/s9 0(°) 7 (mm/sg (mm/s

Fe I-(6c) 0.4702) 31.9093) 0.193) 0* o* 0.152) 0.372)
Vis=11.57 A (0.118
(0,0,0,0.96 Pec=
4.02)

Fe II-(18n) 0.241) 27.1(3) 0.4403) 90(5) 0.51) 0.002) 0.262)
Vis=11.26 A3 (0.353
11 Pign=
5,5,0.168) oy

Fe IlI-(18f?) 0.171) 25.43) 0.133) o* o* —0.03(2) 0.263)
Vys=11.05 A3 (0.353
(0.288,0,0 Pig=
0.4903)

Fe IV-(9d?) 0.121) 30.23) —0.07(3) o 0* —0.24(2) 0.426)
Vs=10.69 A3 (0.176
(3.03) Poq=

0.686)
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For reasons discussed below a measurement of thesMo _ o3
bauer spectrum of’Fe in SmCoy; (rh) was of interest. ot subspectrum Fe 1 : Co 3¢
There are four different Co sites in rhombohedral,8m+: Z 06|
The sites & and 18 lie in mixed planes containing both Sm & mm
and Co atoms. They are the dumbbell site and the site of the E
hexagon surrounding the Co pair, respectively, and corre- o 03
spond to sites @ and @ of R;_,Cos, ,5, respectively. Sites B
9d and 1& lie in the planes containing only Co atoms, simi- & 0.0
lar to site 3y of RCas. The spectrum ofFe:SmCo- (Fig. 04 ]

3) was therefore analyzed with a superposition of four com-

ponents Fe | to Fe IV, admitting a combined magnetic and

electric hyperfine interaction for each of them. The result of

the fit and the decomposition into four components is shown 0.2 4

in Fig. 3. The values obtained for the relative intensities and

the hyperfine parameters,tieQV, /4, 5, 6, 6, I" are col-

lected in Table . 0.0 . . .

Figures 2 and 3 show that in all cases the measured spec- subspectrum Fe III : Co 2e
tra are well reproduced by four sextets. The line widths vary- 0.3 |
ing between 0.24 and 0.42 mni&ee Table I; values uncor-
rected for finite absorber thickngsare at most-0.2 mm/s 0.2 |
larger than the natural linewidth ofFe. If this line broad-
ening is attributed to the magnetic interaction, the width of 0.1 4
the corresponding hyperfine-field distribution iAH;;
<0.7 T, which is small compared to,Hand justifies the 0.0
initial assumption of four sites. In view of the large number
of parameters of the combined interaction, an attempt to re- 0.3 1
solve the hyperfine-field distribution by admitting a larger
number of sextets would require constraining assumptions 02 ; 16D
and is therefore unlikely to improve the analysis. ol =

IV. DISCUSSION 0.0

Figure 4 shows the dependence of the four Mebauer 0.00 0.05 0.10 015

fractions F;(s) of Y;_<Cos. o (solid point3 together with substitution s

the corresponding results f‘?r Sr-nglﬁlrlangles) find GdCe FIG. 4. The relative intensities or fractio§(s) of the four
(squares In a good approximation, _the fracuo(ﬁ(s) of components Fe I, Il, lll, and IV fitted to the Msbauer spectra
components Fe I, Ill, and IV are linear functions of the ghown in Fig. 2 as a function of relative number of substitutisns
substitutions with a negative slope for Fe Il and positive The horizontal error bars correspond to the worst-case uncertainty
slopes for Fe Ill and Fe IV. The fractidf(s) of component  of the substitution parameter. The solid lines represent fits of Eq.
Fe | changes only slightly with the substitution parameter(1) to the experimental fractions with results collected in Table I.
The parameters of these linear relations, determined by fits tbhe dotted lines show the dependence of the relative intensities
the data in the range 0.014<s<0.125 with a symmetrical I;(s) of the four Co sites &, 3g, 6l, and 2 of Y;_,Cos. 5.
worst-case errods=*0.01 of the substitution parameter,
are collected in Table I. The hyperfine fields of Fe | and IV dl,.(s)/ds are rather close, the negative offset cannot be
are rather similar, which resulted in a strong correlation beattributed to a pronounced avoidance of sitelfut suggests
tween the fraction$, andF, for s=0.079. Therefore, the a sizable dumbbell concentratisp in stoichiometric YCe.
parameters of the dependence of these fractions, listed in The values oP,. ands, calculated with Eq(1) from F(s)
Table 1ll, were determined from the data in the rangeandl,.(s) are given in Table I.
—0.014<s<0.054 alone. The values d¥, for s=0.079. The relative intensities of component Fe | and sig 3
shown in Fig. 4 were extrapolated with tleedependence have almost the same magnitude and both vary only slightly
determined from thes<0.054 data. In the analysis of the with the number of substitutionsee topmost section of Fig.
spectra withs=0.079, the intensity=, was fixed to the ex- 4), which suggests the assignment of subspectrum Fe | to site
trapolated values. 3g. The weaks dependence af;4(s) and the large experi-
For the hyperfine field-site assignment we comparesthe mental errors of(s) lead to large uncertainties if boty
dependence of the Msbauer fraction$;(s) and the site and P34 are calculated fronF(s) and I34(s). We have
intensitiesl;(s). Inspection of Fig. 4 and Table | shows that therefore determinedP;, only, using fors, the average
there is only one Mssbauer componefie Il) and one site value of sites 2, 61, and 2 (s,=0.12).
(2¢) in Y,_sCos, 55, Which decrease strongly with increas-  The intensities of both Fe | and Fe Il decrease with in-
ing substitutions. We therefore assign component Fe Il to creasing substitutios. Since the site preferenc&s are ad-
site 2c. One notes, however, a strong negative offset ofustable parameters in E{l), the alternative assignment of
Fu(s) relative to I,.(s). As the slopesdF,(s)/ds and components Fe | and Fe Il to sites 2nd 3y, respectively,
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cannot be excluded from a formal point of view. Such anpounds are contradictory. Decrogt al? report that in
assignment would, however, lead to unreasonable values fo¥Fe-doped HoCgs about 60%, 22%, and 18% of the Fe
P; and in particular forsy (39, P3q~5.4,50~2.3; 2, Py atoms reside on sited 62e, and 3j, respectively, while site
~0.35, sp~—0.9) and would also be in conflict with the 2c is completely avoided. The spectrum &8fFe:SmCgq
results of neutron diffraction studies of the preference of Fameasured by Nowilet al*® has been described by only two
for sites 33 and X in compounds with CaGustructure. For  fractions that are assigned to randomly occupied siteariti
Th(Co,_,Fe)s Laforest and Shafreport a preference of Fe 3g. The description of Fe Mdssbauer spectrum of
for the 3y site. From their data one estimates preferenceNd,(Ca, o€, o5 requires at least three componehtahe
factors ofP3g~1.3 andP,.~0.7 for the lowest Fe concen- one with the largest field H,,=306 kG) is attributed by
tration investigatedx=0.4). Deporte®t al>? have found— Alamedaet al'® to the dumbbell site. This proposal, which
also by neutron diffraction—that when Co atomsR€o;  implies a strong preference for site 2nd avoidance of site
(R=Th, Y) are substituted by otherd3elements, the smaller 6l is confirmed by our results.
atom of the two 8 constituents preferentially goes to the It has been proposed to support site assignmentsid 3
2c, the larger atom to the @8 site: In R(Co,_,Fe,)s the  compounds by comparing the isomer shift of thédgloauer
larger Fe atom favors theg3site, in R(Co,_,Ni,)5, the  components to the volume of the Wigner-Seitz cell of differ-
smaller Ni atom prefers the@site. In Co rich k=0.1) ent 3d sites® We have therefore calculated the volumes of
R(Co,_«Niy)s the preference factors arB;q~0.95, P,.  the Dirichlet domains of the four sites of;Y;Cos, »5 Using
~1.05. Only with the assignment of Fe | and Il to siteg 3 the procedure of radical planes, which results in a space par-
and Z, respectively, do our results for the site preferencegition without gaps between the polyhed¥arhe atomic po-
P34=0.98(7) andP,.=0.96(10) agree with these values. sitions determined by Schweizer and Ta¥seere used. The
There are two subspecttdll, IV) and two siteg6l and  atomic radiir(Y)=1.66 A andr(Co)=1.19 A were deter-
the dumbbell site &) that show an increase of the intensity mined in a “hard sphere” model from the shortest Co-Co
with the s parameter. In both cases there is a sizable positivand Y-Co distances. The results listed in column | of Table |
offset of the M®sbauer intensities,(s) relative tol;(s). show an increase of the volume in the order<®l<3g
Although the slopedlF, (s)/ds anddF,(s)/ds are sugges- <2e. The sequence of increasing isomer shift is
tively similar to dlg (s)/ds and dl,¢(s)/ds, respectively, Fe II<Fe I<Fe IV<Fe lll so that the assignment of Fe Ill to
with the site preferences as adjustable parameters we cannbe dumbbell site 8 in fact relates the component with the
decide between the two possible assignments of componengsallest s-electron density to the site with the largest
Fe Ill and IV to either sites band 2, respectively, or to  Wigner-Seitz cell volume. Although the cell volumes of the
sites 2 and 6, respectively, from the Mssbauer intensities other sites vary considerably, the isomer shifts of the remain-
alone. Both possibilities lead to reasonable values for the siteng fractions are rather similar, which stresses the importance
preference$ and P, and the stoichiometry parametgy  of other factors such as differences in the electronic structure
satisfying the experimentd;(s) values(see Table)l of the various sites. It should also be noted that volume re-
One of the two possible assignments can, however, bkaxation that may occur when an impurity substitutes a regu-
rejected by comparing the corresponding site preferences tar lattice atom has been neglected in the calculation of the
the result of a neutron diffraction study of the site preferencerCos, , cell volumes. For all sites the isomer shift increases
of Fe in the related compound N€o, _,Fe,),7 by Herbst in the order YCg~GdCag<SmCg<NdCag; (see Table I\
et al*3 Sites 18 and & of Nd,(Co;_,Fe); in the mixed The Wigner-Seitz cell volumes increase in the same order
planes with both Nd and Co atoms correspond to sites®  [e.g., site §, 11.69, 11.93, and 12.12%or Y, Sm, and Nd,
2e, respectively, of Y_.Cos. ,5. Herbstet al®*find a pref-  respectively, calculated using the lattice parameteR@ds
erence of Fe for the dumbbell site ®f aboutPg.~3.2(at (R=Y, Sm, Nd and the atomic positions of YGb Re-
x=0.1), mainly at the expense of sited%nd 1&. The cently, Long and Grandjedhhave reported a linear correla-
assignment of the NVesbauer components Fe Il and IV to tion of the site preference of’Co in Nd,Fe B and the
sites 8 and 2, respectively, leads to a dumbbell preferenceWigner-Seitz cell volumes of the Fe sites. In the present case
of P,.=1.3 (see Table)l and can therefore clearly be ex- (see Table)l such a correlation is not observed.
cluded. For the other possible assignment, however, our re- The distinct offset of the intensitiel;(s) of the Mass-
sult for the dumbbell preferencP,.=2.95 (see Table )]  bauer components Fe I, lll, and IV relative to the site inten-
agrees well with the value measured by Hersal 33 sities|;(s) suggests the existence of a considerable number
We therefore assign the components Fe Ill and 1V to sites, of dumbbells in stoichiometric YGoand even in sub-
2e and 4, respectively. The preference fact®g =0.43 ob-  stoichiometric YC@q4 Within the experimental uncertainty
tained with this assignment corresponds to a Co occupandfe analysis based on E¢l) gives the same value for all
of site 1& in Ndy(Co;_,Fg)17 Of nig(C0)=0.95, only three components,=0.12(2) (see Table )l This value is
slightly larger than the experimental resuhi;g(Co)  surprisingly large compared to the substitution paramgfer
=0.91(1) of Herbstetal®® for x=0.1. Other neutron =0.046(1) derived by Schweizer and Taé$dor YCos
diffractior?”*+% and electron channeling and blocking single crystals by neutron diffraction.
studies® of the Fe site preference Ry(Co,_,Fe);; cannot One of the characteristic features of the spectra in Fig. 2 is
differentiate between sites i&nd 6c, but all agree that Fe the continuous growth of the absorption line~at-5 mm/s
favors the mixed plane. with increasing substitution parametsr This line may
The conclusions concerning the site preference drawtherefore be used as qualitative indicator of the dumbbell
from previous °'Fe Mossbauer studies oRCos,, com-  concentration. It is remarkable that this line appears in all
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spectra of >’FeRCos reported up to now. In the case of

Nd(Coy o€ 05)5 (Ref. 15 the dumbbell component has a 35 g

relative intensity of 10%, which—assuming the same prefer- £

ence factorP,.~3 as deduced for YGe—corresponds to a © Gda

dumbbell concentrationsy~0.08. For °*Fe:GdCqg and - o *smtY

5Fe:SmCgqg we obtainsy~0.12 and 0.09, respectively. The 7 301 3 & &

latter result is close t@y~0.07, which one estimates from g =~ 3 Sm 3

the spectrum of’Fe:SmCg reported by Belozerskit al® < €S y s¢d =
Explaining theses, values, e.g., by a decomposition of = 234 Yo & v &

the typeRCos— R; _ (C0s ., 25+ R,C0O; (+R,Co0,7) would re- SmaGd . Y 3

quire substantial quantities of the adjacent phases. The x-ray ad >

diffraction pattern of our YCg GdCa, and SmCg 20 “ Sm o

samples, however, contained no reflections belonging to

|15 T T T T T T T
) 7 8 9 10 11 12 13

number of nearest Co-neighbours

these phases. In the case of Nd{Cd-e )5 Alamedaet al
observed weak traces of hexagonab4im; for the Fe con-
centrationx=0.1, but found a single-phase Ca(pattern at
the concentratiorx=0.05 where the Mssbauer spectrum  FIG. 5. The magnetic hyperfine field 8fFe on the Co sites@

has a dumbbell component of 10%. It therefore appears ursg, 61, 2e of Y;_Cos, ,s, GdCg, and SmCgversus the number
likely that in stoichiometridcRCo; as much as 10% of the  of nearest Co neighbors.

atoms are substituted by Co pairs.

There are indications that tHRCos MGssbauer pattern is spectra Fe | to Fe IV of’Fe:SmCoy; to the Co sites of
rather sensitive to the parameters of the sample preparatioflombohedral SpCo,; by comparing the isomer shifts to the
The spectrum of’Fe:SmCg of a sample annealed at 850 °C Wigner-Seitz cell volumes calculated using radical platfes,
for 8 days measured by Nowit al’® shows a very promi- “hard sphere” radii (Co:1.19 A, Sm:1.75 A and lattice
nent absorption line at-+5mm/s, suggesting a large parameters a=8.4019 A, c=12.2308 A. To our knowl-
dumbbell concentration in the investigated compoundedge, the exact atomic positions of Spo,; have not yet
Sm,Coy- is the compound with the largest dumbbell concen-been measured. The cell volumes were therefore calculated
tration in the Sm-Co binary system and it therefore appearewith the positions of NgCo;; from Ref. 33 [z,(Sm)
of interest to compare the fdsbauer spectrum reported by =0.343; for the Co positions see Table]llThe order of
Nowik et al®® to that of 'Fe:SmCo,,. Our measurement decreasing cell volumes isc6-18h>18f>9d, the order of
shows that the®’Fe:SmCg spectrum of Nowiket al'® is  decreasing isomer shift is Fe-Fe II>Fe llI>Fe IV, which
much closer to the spectrum 6fFe:SmCo,(rh) than to the ~ suggests the assignment of Fe | to the dumbbell siteds
other °’Fe:RCa spectra reported up to no¢Figs. 2 and 3 Fe Il to site 18 of the hexagon bisecting the dumbbell, Fe
and Refs. 8 and 25in particular with respect to the strong Il to site 18f, and Fe IV to site €.
absorption line at~-+5 mm/s. It is also interesting to note  With Fe | assigned to site® the largest field acts on the
that the recoil-less fraction of th&’Fe:SmCgq spectrum of  dumbbell site, just as for YGq, and R,Fe;; (Refs. 7 and
Nowik et al!® is practically one order of magnitude smaller 42), which is generally attributed to the fact that of alii 3
than that of the otheRCos spectra. sites the dumbbell has the largest number dfr&ighbors

These observations suggest that a substantial precipitatiGand the shortesi-d bond length. In SgFe;; the hyperfine
of R,Co,7 may occur without giving rise to the reflections of field of >’Fe on the dumbbell sitéH ;=337 kOe at 15 Kis
Th,Zn,; in the x-ray diffraction, which might be related to about 6% larger than in Sf8o,; (Ref. 42. Sites 1& of
the impurity nature of the’Fe Mossbauer probe. There are SmCo,;and 3 of SmCag are structurally related. The simi-
indications that the stability of the CaCphase is affected larity of the quadrupole parameters of sitg 8f SmCg and
by impurity atoms. According to Buschot¥;*° the addition  of component Fe Il of SpCo,; therefore further supports the
of Fe shifts the homogeneity region BCo; to higher Co assignment of component Fe |l to sitehl8The assignment
concentrations and favors the decomposition into the adjasf components Fe Il and Fe IV to sitesfl8nd 9, respec-
cent phases. A local decomposition or precipitdttonf  tively, suggested by the isomer shifts and the cell volumes
R,Coy- triggered by®’Fe would lead to a sizable admixture appears doubtful because from the ¥Cp results one
of >Fe:R,Coy; in the Mssbauer spectrum offFeRCo;,  would expect the larger field to act on the site {)L®f the
but because of the small Fe concentration the correspondirfgexagon surrounding the Co pair.
x-ray reflections would be difficult to detect. It therefore ap- The comparison of the relative intensities of the lattice
pears likely that the dumbbell component in theé $dbauer sites and the Mssbauer components Fe I-IV in Table Il
spectra of stoichiometriRCos is in part due to an admixture shows that according to this assignment Fe again strongly
of >’FeR,Co,, with the amount probably depending on pa- favors the dumbbell site 6(Pg.~4) at the expense of all
rameters of the thermal history such as, e.g., the cooling ratether sites, in excellent agreement with the results of Naga-
or annealing conditions. The pronounced linearityofs), mine, Rechenberg, and Rdyfor Smy(CoyoFey )7 and
in particular for components Fe Il and Fe [dee Fig. 4, Herbstet al 33 for Nd,(Co,_,Fe) 1.
suggests that the admixture varies only slightly between the The information obtained by this study on the magnetic
different samples of this study. hyperfine fieldH; of °’Fe in RCos is collected in Fig. 5,

In Table Il we propose an assignment of the four sub-where we have plottedH,; on the four Co sites of YGp
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SmCa, and GdCg versus the number of nearest Co neigh-of 2.853 A. Here the field foR=Sm is about 13% smaller
bors. For comparison we have included our result for thehan for R=Y. For the other sites the differences are less
SFe hyperfine field in Cgofe o measured at 77 K than 5%. The NMR results for tHe dependence of th&’Co
[H=32.015) T]. hyperfine fields are partially conflicting: Streeffreports an

The overall trend in Fig. 5 is an increase of the hyperfineincrease ofH,; by about 15% from(R=Y to R=Sm) for
field with the number of Co neighbors; the relation betweerboth 2c and 3y while Yoshieet al*® find a 50% decrease of
these two quantities is, however, far from the strict proporthe 3g field and an increase by a factor of 4 for the feld
tionality observed, e.g., in Fe, compound$? In particular, between R=Y and R=Sm, Gd. Daalderop, Kelly, and
the field on site 2 with nine nearest-neighbor Co atoms is Schuurmarf$ expect the g field to be most sensitive to the
about 10% smaller than the field on sitgy vith eight R atom, because the valence contact term of this site changes
nearest-neighbor Co. ThéCo hyperfine fields inRCos  considerably upon substitution. Their calculation predicts a
show the same trend, although the NMR results of differentlecrease of the @field by almost 50% between YGand
authoré**° differ considerably: Systematically, the absolute GdCa.
value of the field at site s smaller than at site@ Here As expected from the point symmetry, the electric-field
the reduction relative to metallic Co is even more pro-gradient at site @ is axially symmetric and points along the
nounced than foP’Fe, exceeding 50% for sitec2 In one of  hexagonalc axis, whereas for site g one finds a strong
the recent first-principles studf@s*®of the electronic struc- asymmetry and an angle of75° between the maximum
ture of YCq; Daalderop, Kelly, and Schuurmdfihiave also  componentv,, and thec axis. This is in reasonable agree-
calculated the magnetic hyperfine fields of Co on sites 2 ment with the angle of 90° predicted by Streé¥esn the
and 3 and found that the total hyperfine field is the result ofbasis of a point charge estimate of the EFG.

a cancellation of contact and orbital contributions that are of In summary, we have investigated the magnetic and elec-
the same order of magnitude but may have opposite signric hyperfine interaction and the relative fractions of dilute
According to these calculations, the reduction relative to me®"Fe nuclei on the four Co sites of;Y Cos, »s by M0ss-
tallic Co results from a larger orbital contribution in Yo bauer spectroscopy as a function of the relative nurshafr
and a positive contact valence term for sitei responsible Y atoms substituted by Co dumbbells. Thelependence of
for the smaller field relative to siteg3 the relative M@esbauer fractions of’Fe:Y;_.Cos. »5, to-

Up to now, first-principles calculations of hyperfine fields gether with the neutron diffraction results of Herlestal. >
on sites 6 and 2 are not available. Experimentally, we find allows an experimental site-hyperfine field assignment. The
that the>Fe hyperfine field on sitel6is about 15% stronger Fe atoms strongly favor the dumbbell sites at the expense of
than on site 2. Sites Z and @ are related by the substitu- sites 8 of the hexagon surrounding the Co pair, while sites
tion of a Y neighbor by a Co pair. The larger number of 2c and 3y are randomly occupied. In stoichiometiRCos
nearest Co neighbors can be expected to lead to a strong@®=Y, Sm, Gd we observe a large dumbbell concentration,
core polarization and thus explain the increasédgf from  which is probably caused to some extent by the precipitation
2c to 6l. It is, however, interesting to note in this context of R,Co,; favored by the impurity nature of the Msbauer
that the QI of sites & and @ is strongly affected by the probe. With increasing number of nearest Co neighbors the
substitution: The strong axially symmetric QI of sitee 2 magnetic hyperfine field passes from sitg tBrough a mini-
practically vanishes on sitel 6which implies that the non- mum at site 2 towards the maximum dfl,;=31.5 T at the
spherical charge distribution surrounding site Becomes dumbbell site. Measurements 6fFe in GdCg and SmCg
almost cubic when the Y neighbor is replaced by a Co dumbshow that the 4 contribution to the magnetic hyperfine field
bell. The higher symmetry could lead to a reduced orbitais small, the changes upon substitution of Y Ry:Gd, Sm
contribution and thus contribute to the increase of the totahre of the order of 10%.
hyperfine field.

The contact contribution to the magnetic hyperfine field of
’Fe induced by the localizedf4spins is quite small: On all
sites of RCos, Hy; changes only very slightly with th& The authors gratefully acknowledge the assistance of Pro-
constituent(see Table I\. The largest difference is observed fessor Elke Koch, Marburg in the calculation of the Dirichlet
for site 2c, which has three neareBtneighbors at a distance domains.

ACKNOWLEDGMENT

IH. R. Kirchmayr and E. Burzo, irCompounds between Rare and K. H. J. Buschow, J. Phys.4; 921 (1974.
Earth Elements and 3d Elementsdited by H. P. J. Wijn, °G. J. Long and F. Grandjean, Bupermagnets, Hard Magnetic
Landolt-Banstein, New Series, Group Ill, Vol. 19 pt. d2 Materials, Vol. 331 of NATO Advanced Studies Institute, Series
(Springer-Verlag, Berlin, 1990p. 1. C, edited by G. J. Long and F. Grandjeéfluwer, Dordrecht,
2D. Gignoux and D. Schmitt, irHandbook of the Physics and 1990.
Chemistry of Rare Earthsdited by K. A. Gschneidner and L. 6G. J. Long, O. A. Pringle, F. Grandjean, and K. H. J. Buschow, J.

Eyring (North-Holland, Amsterdam, 1995Vol. 20, Chap. 138. Appl. Phys.72, 4845(1992.
3K. H. J. Buschow, inFerromagnetic Materialsedited by E. P. 7J. M. Cadogan, J. Phys. BB, 2246(1996.
Wohlfarth (North-Holland, Amsterdam, 1980Vol. 1, p. 297. 8G. N. Belozerskii, N. V. Belyanina, I. N. lvanova, S. A. Tsatu-

4P. C. M. Gubbens, J. H. F. van Apeldoorn, A. M. van der Kraan, ryan, and A. |. Shapiro, Fiz. Tverd. Tetaeningrad 15, 305



11574 M. FORKER, A. JULIUS, M. SCHULTE, AND D. BEST 57

(1973. [Sov. Phys. Solid Stat&s, 223(1973]. 295, V. Karyagin, Fiz. Tverd. Telé eningrad 8, 493(1966 [Sov.
9p. C. M. Gubbens, A. M. van der Kraan, and K. H. J. Buschow, Phys. Solid Stat®, 391 (1966)].

Solid State Communl9, 335(1976. 30| . Dabrowski, J. Piekoszewski, and J. Suwalski, Nucl. Instrum.
1%p. C. M. Gubbens and K. H. J. Buschow, Phys. Status Solidi A Methods91, 93 (1972).

34, 729(1978. 813, Laforest and J. S. Shah, IEEE Trans. MayAG 9, 217
11y. Atzmony and G. Dublon, PhysicB & C 86-88, 167 (1977). (1973.
12 . .

B. Decrop, J. Deportes, D. Givord, R. Lemaire, and J. Chapperts2; peportes, D. Givord, J. Schweizer, and F. Tasset, IEEE Trans.
., 3 Appl. Phys53, 1953(1982), Magn. MAG 12, 1000(1976.

I. Nowik, I. Felner, M. Seh, and M. Rakavy, J. Magn. Magn. 333 F. Herbst, J. J. Croat, R. W. Lee, and W. B. Yelon, J. Appl.

Mater. 30, 295(1983. Phys.53, 250 (1982.

14 H _
J. Lamloumi, A. Percheron-Guegan, J. C. Achard, G. Jehaan;4R S. Perkins and H. Nagel, Physica B&OB, 143 (1975,

and D. Givord, J. PhyqParig 45, 1643(1984. 35 . . .
153 M. Alameda, D. Givord, C. Jeandey, H. S. Li, Q. Lu, and J. L. R(.1§7.6Perk|ns and P. Fischer, Solid State Comn@). 1013

Oddou, J. Phys(Parig 46, 1581(1985. 36 . )
16y . Chang, J. Jiang, and Y. C. Chuang, J. Less-Common Met. K. M. Krishnan, L. Rabenberg, R. K. Mishra, and G. Thomas, J.
107, 1 (1985, Appl. Phys.55, 2058(1984.
' 3.%"E. Koch and W. Fischer, Z. Kristalloge11, 251 (1996.

7L, C. C. M. Nagamine, H. R. Rechenberg, and A. E. Ray, w8 :
Magn. Magn. Mater89, L270 (1990. G. J. Long and F. Grandjean, J. Magn. Magn. Mai&2, 162

183, L. Oddou, C. Jeandey, R. Ballou, J. Deportes, and B. Oualad, (1996.

diaf, Solid State Commurg5, 419 (1992. K. H. J. Buschow, J. Less-Common M&%, 91 (1974.
198 Gicala, J. Pszczola, Z. Kucharski, and J. Suwalski, Phys. Lett. K. H. J. Buschow, J. Less-Common Métl, 359 (1973.
A 185, 491 (1994 41K. Kumar, D. Das, and E. Wettstein, J. Appl. Phys®, 2052
20K. H. J. Buschow, Rep. Prog. Phy0, 1179(1977. (1978.
21| cataldo, A. Lefere, F. Ducret, M.-Th. Cohen-Adad, C. Alli- “?P. C. M. Gubbens, J. J. van Loeff, and K. H. J. Buschow, J. Phys.
bert, and N. Valignat, J. Alloys Comp@41, 216 (1996. (Parig 35, C6-617(1974.
223, schweizer and F. Tasset, Mater. Res. BYli369 (1969. 43p_ C. M. Gubbens, A. M. van der Kraan, and K. H. J. Buschow,
23) . pPareti, M. Solzi, and G. Marusi, J. Appl. Phyg2, 3009 Solid State Commur26, 107 (1978.
(1992. 4R. L. Streever, Phys. LetB65A, 360 (1978; Phys. Rev. B19,
24]. Schweizer and F. Tasset, J. Phyd0F2799(1980. 2704(1979.
25D, Givord, J. Laforest, J. Schweizer, and F. Tasset, J. Appl. Phy$®H. Yoshie, K. Ogino, H. Nagai, A. Tsujimura, and Y. Nakamura,
50, 2008(1979. J. Magn. Magn. Mater70, 303 (1987; J. Phys. Soc. Jprb7,
26K. H. J. Buschow and F. J. A. den Broeder, J. Appl. Pi5k. 1063(1988.
1839(1980). 46 Nordstran, M. S. S. Brooks, and B. Johansson, J. Phys.: Con-
273. Deportes, D. Givord, R. Lemaire, H. Nagai, and Y. T. Yang, J.  dens. Matter}, 3261(1992.
Less-Common Met44, 273(1976. 4TM. Yamaguchi and S. Asano, J. Appl. Phy€, 5952 (1996.

28E. Matthias, W. Schneider, and R. M. Steffen, Phys. R85, “8G. H. O. Daalderop, P. J. Kelly, and M. F. H. Schuurmans, Phys.
261(1962. Rev. B53, 14 415(1996.



