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Negative exchange interactions and Curie temperatures for Sgie;; and SmyFe /N,
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(Received 1 July 1996

Mossbauer spectra of Ske;; and SmFe /Ny in a temperature range between 77 K and the Curie tempera-
ture have been studied. The exchange integrals, as a function of the distances between the Fe-Fe pairs, have
been found by fitting the hyperfine field data at various temperatures for each Fe site. The results show that
there exist both positive and negative exchange interactions fgF&pand SmFe;;N, . The magnitude of the
negative interaction leads to a significant difference in the Curie temperature for the two materials. Based on
a model that considers the competition between the positive and negative exchange interactions, the Curie
temperatures of some 2:17-type compounds have been calculated; the results agree well with the experimental
values.[S0163-1827)01106-5

. INTRODUCTION magnetization$® In addition, Jeg can be derived directly
from the kinks or the slope of the magnetization curve in the

The magnetic 2:17-type compounds possess many intehigh-field region** However, all these methods only give an
esting properties. One of them is abnormalities in their Curieaverage value for the exchange interactions, and not the mag-
temperatures. When nonmagnetic atoms replace Fe in binanjitude and the sign of the interactions for each Fe site.

FeM alloys (M is a metallic element but excludes the rare  Mossbauer spectroscopy is a powerful experimental way
earthsR) the Curie temperatures always decrease. Howevetp study the magnetic properties at each iron site inRkee
some nonmagnetic atoms, such as Al, Ga, and Si, substitutedmpounds. In the present paper, $dbauer spectra in a

for Fe in the R,Fe; compounds can elevate the Curie temperature range of 77 K to the Curie temperature for
temperature-® In addition, it was recently discovered that Sm,Fe;; and SmFe;/N, are reported and analyzed. The ex-
when N or C is introduced interstitially into the lattice of perimental temperature dependences of the hyperfine fields
R,Fe; compounds, the Curie temperatures are elevated blgave been used to calculate the magnitude and sign of the
about 400 °C:® The increase in the Curie temperatures isexchange integrals between Fe pairs for all the sites. The
usually attributed to an expansion of the lattice. However, folFe-Fe exchange integrals as a function of distance between
Si-substitutedR,Fe,;, the cell volume actually decreast§, the Fe atoms have also been determined. The exchange inte-
instead of increasing. Interstitial N or C atoms do not lead tayrals so deduced are negative for Fe pairs between the
an increase in the Curie temperature for martensite Fe-N anc-6¢ and 9d-18f sites of SmFe;;. These results establish
Fe-C alloys. Therefore, the origin of this increase in the Cuthe validity of the hypothesis of the negative interactions for
rie temperature for the substitutd®,(FeM);; compounds some pairs. As far as we know, this is the first time that
andR;Fe7Z, (Z=N or C) is still a problem that remains to Mossbauer spectroscopy has been used to obtain the sign and
be solved. magnitude of the exchange integrals between the Fe-Fe pairs

The above problems involve the magnitude and the sigin the R-Fe compounds. In addition, the negative interaction
of the exchange interactions in the 2:17-type compounds. Anodel turns out to be useful for many othBrFe com-
hypothesis that negative exchange interactions exist for sonm@ounds, such aR,Fe, B, RTiFe;;, andR,(FeM),.

Fe-Fe pairs irR-Fe compounds was proposed by Givord and
Lemaire? Since then, this hypothesis has been extensively
used to interpret the abnormalities in Curie temperatures and
thermal expansions. For example, Narasingirall® sug- The SmFe;; compound was prepared by arc melting un-
gested that the short distances between the&# or 6¢c-6¢ der an Ar atmosphere. The purities of the starting materials
Fe atom pairs may lead to a low Curie temperature for thavere 99.8% Sm and 99.9% Fe. The ingot was remelted three
R,Fe; compounds. Also, Lit al!! interpreted an increase times in order to achieve homogeneity and then was an-
in the Curie temperature when Si atoms replace F&,ife;;  nealed at 1200 K for 4 h. SyRe;/N, nitride was made by

in terms of a decrease in the negative exchange interactionkeating the ground fine-particle powders of 5, in a N,
However, direct experimental evidence for the negative inatmosphere at 480 °C for 1 h. The N concentration was de-
teraction hypothesis is needed. termined to be about=2.7 by weighing.

It is known that many ways can be used to find the ex- X-ray diffraction with CW, radiation indicated that
change integrals of the Fe-Fe or Repairs forR-Fe com- ~ SmyFe ; and SmFe;N, are primarily single phases with the
pounds. Based on the high-temperature approximation of th€h,Zn,; structure; a small amount af-Fe is also present.
mean-field theory, the exchange integrdds..andJr can  The Curie temperatures were found to be 410 and 740 K for
be obtained from the Curie temperatutédn terms of the SmyFe; and SmFe Ny, respectively.
two-sublattice modelJgeres Jer, and Jgg can be found Mossbauer absorbers were made by immobilizing the
from the temperature dependence of the saturatiopowdered samples in benzophenone for measurements below

Il. EXPERIMENT
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FIG. 1. Mossbauer spectra of Sfe; at T=77, 300, and 420 FIG. 2. Massbauer spectra of SfeN, at T=77, 300, and
K, as well as the curves for the subspectra obtained by a compute00 K, as well as fitted subspectrum curves.
fitting.
room temperature and in boron-nitride powders for high tem—gf: ;%n;nn%nihi :22 ilijt?;peegtfr?hgrdﬁ terenrqflirr:idfiz:j;h?ll'rh;e:‘ﬁ:gde
peratures. The absorbers contained about 8 nfgéématu- 9 yp '

. " tios of the subspectra on the, 8d, 18f, and 1%
ral iron. >’Fe Mdssbauer spectra of SFe;; and SmFe;N, area ra PRy P
were taken between 77 K and the Curie temperature with gltes are 11.9:17.9:35.7:343.0:3.0:6.1:5.9 for Shie;

conventional constant-acceleration spectrometer. Fhay and 10.7:17.8:35.7:35:61.8:3.0:6.1:6.1 for Sgre;N,.
=S ) | SPE ) . These values are very close to the ratios of numbers of the
source was’'Co in a Rh matrix. Calibration was made using

the spectrum ofx-Fe at room temperature. The Nkbauer site occupanies: 2:3:6:6. The magnitude of the hyperfine

; . _fields has the sequencesl(6c)>H(9d)>H(18f)
spectra of SpFe;; were fitted with four subspectra, corre >H,:(18h). The Mcssbauer parameters®t 77 K from the
sponding to the four crystallographically inequivalent Fe

! ; fittings are listed in Table I.
sites, the 6, 9d, 18f, and 1 sites, of the ThZn,, struc The average spectrum shifts and quadrupole splittings be-
ture. The Mesbauer spectra of Ske-N, were fitted with . L 97
. i y tween 77 K and the Curie temperature are shown in Figs.
five subspectra, with two subspectra assigned to tbe 9 . .
15 . . 9 3(a) and 3b), respectively. The average spectrum shifts de-
site.” Some constraints were used in the fitting procedure, o :
) . . crease with increasing temperature for both,Bey, and

The quadrupole interaction was treated as a perturbation g

the magnetic-dipole interaction. The area ratios of the sixngFe”Ny’ which is consistent with the second-order Dop-

> . . tg)ler shift. The average quadrupole splittings can be consid-
absorption lines in each subspectrum were assumed to be g . ;
efed almost constant or linear with a small slope in the range

3:2:1:1:2:3. The areas ratios amongst the subspectra at Vaﬂ'om 77 K to the Curie temperatures; however, they have
ous temperatures were kept the same as thpse at room tercﬂfferent signs because of the different types of magnetic
perature. In addition, a sextet, corresponding to caRe

. : : anisotropy for SrgFe;; and SmFe;/N, .
phase, Wa_s mcorporat_ed into the fit for both ;#y; and The dependences of the hyperfine fields on temperature
SmFe;;N,; a double-line spectrum appears above room

) . are shown in Figs. 4 and 5 for Ske;; and SmFe;/N,,
temperature for_ SareNy , .Wh'Ch may be attributed to su- respectively. With increasing temperature, the hyperfine
perparamagnetism of the fine partict8s.

fields decrease at different rates for the four Fe sites. For
SmyFe;; the hyperfine field decreases most rapidly for tide 9
site and most slowly for the 18site. At T=77 K the first

Some M@sbauer spectra and computer-fitted subspectrines of the subspectra for the@nd 9 sites are separated
for SmyFe ; and SmFe;/N, are shown in Figs. 1 and 2. The from those for the 1Band 18& sites; however, af =300 K

lll. RESULTS
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FIG. 3. The dependences @) the average spectrum shifs,
and(b) the average quadrupole splitting,on the temperature. The
open circles are for SyRe; and the solid circles are for

SmpFe7Ny .

these lines overlap. For Sfe /N, the hyperfine field de-
creases most rapidly for thec6site. These features are re-
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IV. DISCUSSION
A. Exchange interactions

For an R-Fe compound théR-R exchange interactions
can usually be neglected. Based on the mean-field theory, the
Heisenberg Hamiltonian can be written as

H__ZE ‘]FeF e’ S{:e 22 ‘]FeR .e

lated to the negative exchange interactions between some
sites, as will be described in Sec. IV.

TABLE |. Hyperfine parameters of Sjiie;; and SmFe /N, at
77 K. Hy¢ is the hyperfine fielde is the quadrupole splittingiis the
spectrum shift, relative ta-Fe at room temperature, ai8lis the

= _E Sk ZJFeFéSJFe>+JEeQ<SJ§>)_iE<j IPeSk(Ske)
(1)

whereJ Y is the exchange integral between flle A atom
and thejth B atom,S}, is the spin operator of thieh A atom,
and(Szy and(Sg) are given by

(Sre'=—urd T)/Qre, (2

spectral area. The numbers in parentheses are the errors in the last
significant digit.

SmFe;

Site Hp (kOe) e (mm/9 o (mm/9 S (%)
6¢C 353(3) 0.072) 0.292) 11.98)
od 322 -0.13 —0.02 17.911)
18f 293 0.29 —0.04 35.123)
18h 271 -0.11 0.09 34.622)

SmpFe7Ny
6¢C 4153) —0.062) 0.282) 10.710)
9d 380 —-0.05 0.04 17.817)
18f 356 —0.26 0.12 35.B4)
18h 313 —-0.20 0.21 35.84)

(SRy=((gr—1)JIr)=—yur(T), ©)

where y= —(gr—1)/0r, 9re=2, andgg=2/7 for the Sm
ion.

In SmyFe;; and its nitride there are four Fe sites and one
R site. In order to calculate the values of the exchange inte-
grals between Fe atom pairs some assumptions are rfiade:
only the interactions between the neighboring atoms are con-
sidered,(2) all exchange integrals between the Fe dld
atoms are assumed to be the sadigq:JFeq, and (3) the
magnitude of the exchange integral¥,., are related to the
distances of Fe-Fe pairs, i.e., the integral of Fe-Fe pairs is the
same if their distances are equal or very close.

After substituting Egs.(2) and (3) into Eq. (1), the
Heisenberg Hamiltonians are given by
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Hee= — SFe( ; 200 ZPerdttd T)/Qret JFeRZiRFe?’MR(T)) \

(4)

He= —SRJRF; ZE ik T/ 9re, (5)

for theith Fe site andR site, respectively, wherg,g is the

number of neighborin@®@ atoms for a giverA atom.

The magnetic moment®r hyperfine fields of Fe andR
can be expressed as a Brillouin functi®y, with S=1 for

Fe andS=5/2 for Sm, respectively,

Hihf(T):Hihf(o)BS{% (2 ZJ::jeFt,ZiFjeFQGHLf(T)) / OFe

- JFeRZiRFe%U« r(T) |, ©)

S . )
MR(T):MR(O)Bs<kB_F-e|— \]RFe; ZJFeRMIFe(T)/gFe)y (7

where 8=1/15Qug/kOe is the proportionality coefficient be-
tween an Fe magnetic moment and its hyperfine field.
H}(0) are taken a#l; (77 K) and ur(0) as 1.Gg.

Based on Eqgs(6) and (7), the exchange integrald{..,
of the Fe-Fe pairs can be found. First of all, the numbers of
adjacent atomsZ{r, and Zr, and their interatomic dis-
tances are listed in Table Il. Because no exact determination
of the parameters of the atomic positions could be found for
SmyFe;; and SmFe N, in the literature, the atomic
positions’ for Nd,Fe;; and NgFe;;N, were used instead to
calculate the interatomic distances. However, the lattice pa-
rameters for SpfFe ; and SmFe;N, were used.

Second, the values afgr =Jrg) are calculated to be
16.6 and 16.3 K for Spfre,; and SmFe;/N, , respectively,
based on the Curie temperaturdg, and T, of Sm and Y
compounds and the formula

3
‘]FeRZE Kg

" \/ Tr(Tr—Ty)
(Zrre){Zrer) Srd Sret 1)(gr— 1)?Jr(Jr+1)’

8)

where(Zgre) =6 is the number of neighboring Fe atoms for
a givenR atom andZg)=5.41 is the number of neighbor-
ing R atoms for a given Fe atom.

Then, the values olg(T) are found from Eq(7). Fi-
nally, a nonlinear least-squares method is applied to(&q.
where the exchange integralyl,-,, are the fitted param-
eters. By iteration a set of optimum exchange integrals is

TABLE Il. The interatomic distance@n A) and the numbers of adjacent atoms for each site.

SmyFer;
Site 6c ad 18f 18h R
6¢C 2.392x1 2.625<3 2.742<6 2.656x3 3.077x1 5.061x3 5.118x3
ad 2.625x2 2.438<4 2.467<4 3.307%2 4.813<4
18f 2.742<2 2.438x2 2.467<2 2.553x2 3.070x2 4,934x2 5.260x1
2.657x2
18h 2.656x1 2.467<2 2.553x2 2.508x2 3.085x1 3.203<1 3.255x1
2.657x2 4.877<2
sz':eﬂNy
6¢C 2.427<1 2.674x3 2.760<6 2.620<3 3.065<1 5.170x3 5.200x3
ad 2.674X2 2.473<4 2.469<4 3.327<2 4.875<4
18f 2.760x2 24732 2.479%2 2.583x2 3.148x2 4.,945x<2 5.312<1
2.724x2
18h 2.620x1 2.469<2 2.583x2 2.650x2 3.1471 3.246x1 3.423<1

2.724X2

4.939<2
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TABLE lll. The fitted exchange integralSg.re, and the interatomic distances,

SmyFey;
18f-18f 6c-18h
Fe-Fe pair  @-6¢C 9d- 18f 9d-18h 18h-181 18f-18h 18f-18n 18f-18h 6c-18f
d @A) 2.392 2.438 2.467 2.508 2.553 2.625 2.657 2,742
Jrere(K)  —201(19) —20(5) 315) 2917 58(5) 7809) 537)  16(4)
SmyFe 7Ny
9d-18f,9d-18h
Fe-Fe pair  8-6¢C 18f-18f 18f-18n 6¢-18n  18h-18h  6¢-9d  18f-18n  6c¢-18f
d @A) 2.427 2.469-2.479 2.583 2.620 2.650 2.674 2.724 2.760
Jrere (K) —49(7) 394) 44(6) 65(8) 53(9) 4513 26(5) 22(4)

found that make the mean-square deviation between the caktoms are located at a larger distance the interactions are

culated and experimental valuesldf(T) a minimum. The

positive. Further, the positive interactions increase at first

fitted results are listed in Table Ill. By substituting the fitted @nd then decrease.

JU .into Eq. (6), the hyperfine fields for each Fe site as a
function of temperatures are calculated; the results are sho
by the solid curves of Figs. 4 and 5. The calculated curveg

agree well with the experimental data for both J5&; and
SmyFeN, .

For SmFe;, three siteqthe 6¢, 9d, and 18 siteg in-

Ive negative exchange interactions; 4 of 10 pairs of ttie 9
atoms associated with its neighboring Fe atoms, 2 of 10 pairs
the 1& atoms and 1 of 13 pairs of thec6atoms are
negative interactions. Meanwhile, only the interactions be-
tween the 1B atom and its neighboring Fe atoms are posi-

The exchange integraldgce. as a function of the dis- tjve. Hence, with increasing temperature, the hyperfine fields
tances of the Fe-Fe pairs, are plotted in Fig. 6. The two setgecrease most rapidly for thelite and most slowly for the

of data(for Sm,Fe;;N, and SmFe;/N,) lie very well on the

18h site.

same curve; it is very similar to the famous Bethe-Slater The exchange integrals for SHe /N, are different in two
curve. This Implles that the SignS and magnitudes of the eXSigniﬁcant ways as Compared to g'FBlT First, the exchange
change integrals are mainly determined by the distances Qﬁtegrals are elevated th= — 49 K from J= — 201 K for the

the Fe-Fe pairs for both Siee;; and SmFe;;N, . With an

6¢-6c¢ sites and second, the negative exchange interaction is

increase in the distance of the Fe-Fe pairs, the exchang@ed into a positive one for thed918f site. Consequently,
integrals undergo a transition from negative to positiveith increasing temperature the hyperfine fields decrease
When. the distance is smaller than 2.45 A, the eXChange INmost rap|d|y for the 6 Site; more importanﬂy, the Curie
teractions between the Fe atoms are negative; when the k&mperatures are greatly elevated for,SeN, .
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FIG. 6. The exchange integraldz.g., as a function of the dis-
tances between the Fe-Fe pairs. The open circles are fgFegm
and the solid circles are for Sive;/N, .

B. Curie temperatures
1. Y-Fe compounds and their nitrides and carbides

Gaviganet al® state that the mean local Fe coordination
numbers play an important role in determining the Curie
temperatures folR-Fe compounds. However, for ke,
YFe,;Ti, Y,Fe B as well as the nitrides and carbides, al-
though the average coordination numbers and the average
distances of Fe-Fe pairs are approximately equal, as shown
in Table 1V, their Curie temperatures are significantly differ-
ent, from 324 K for ,Fe,; to about 700 K for ¥Fe;;N, and
Y,Fe/C,. The source is a large difference in the magnitude
of the negative interactions for these compounds.

Based on the competition between the positive and nega-
tive exchange interactions, a model is now proposed to pre-
dict the Curie temperatures of the Y-Fe compounds as well
as their nitrides and carbides. First of all, the dependence of
the exchange integrals on distances between the Fe-Fe pairs
is simplified into a step function. When the distance of Fe-Fe
pairs is smaller than 2.45 A, the exchange interactions are
negative; at larger Fe-Fe distance, the interactions are posi-
tive. Then, based on Fig. 6 the positive exchange integral is
taken asl, =55 K on the average and the negative exchange
integral is taken agl_=—115 K. Finally, for Y-Fe com-
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TABLE IV. The Curie temperatures calculated from E(®—(11) for some Y-Fe compounds and their
nitrides and carbidegJ, =55 K andJ_=—115 K)

z z drere®) T, (K)  T_o(K)  TEC(K)  TPPK)
Y Fe, 10 1.53 2.56 733 —346 387 324
YFer N, 10 0.12 2.60 733 -27 706 694
Y FeCy 10 0.12 2.60 733 -27 706 660
YFeTi 9.96 0.92 2.61 730 —208 522 524
YFe4TiNy 9.96 0.25 2.63 730 —57 673 713
YFe 4 TiC, 9.96 0.25 2.63 730 —57 673 708
Y Fe,B 9.64 0.71 2.58 707 —162 545 571
pounds, mean-field theory gives the Curie temperatures as 2. Si-substituted 2:17-type compounds
The Curie temperatures &,Fe;sSi, (R=Y, Nd, Sm, Gd,

25rd Spet 1) :

=" (7,3, +Z_J.) and E) can also be calculated using the above model. For

3 Fe-based alloys with a low solvent concentration, the depen-
2 dence of the Curie temperatures on the concentrations can be
Srd Sret1

) [2d,+Z_(I_—3))] considered, to a good approximation, to be linear. The first

3 term in Eq.(9), therefore, can be expressed as
=T,+T_, 9)
whereZ . andZ_ are the average numbers of the neighbor- T, =To(1—ax), (12)

ing Fe atoms that are linked by positive and negative inter-

actions, respectively, with a given atom afieZ, +Z_ IS \yhere T,=733 K is the Curie temperature of,¥e;; if no
the average coordination number of an Fe atom. negative exchange interactions are preseris the Si con-
The first term in Eq(9), centration, andx is a coefficient. In addition, the contribu-
2S (S 41 tion of the R-Fe interaction on the Curie temperatures,
T, :% z3,, (100 Trere, should be considered. Hence, RFe,sSi;, the Curie

temperaturesT$?°, are given by

is the Curie temperature of the Y-Fe compounds when no
negative exchange interactions are present. Because the av-

erage Fe coordination numbers are not much diffefentis cale._ 2Srd(Spet1)
almost the same for all the compounds involved. Ti=To(l-a)+ ——2——Z-(J- =)+ Trre,
The second term, (13

where the value of is taken as 0.016 for St the values of
Z_ are derived from the areas of the B&bauer subspectra,
and the values of .. are obtained from the Curie tempera-
ture of R,Fe; minus that of ¥Fe ;. The calculated Curie

is the contribution of the negative interactions on the Curiglemperatures are listed in Table V; they are close to the ex-

temperature. This term is significantly different in magnitudeperl':megtallz data.S_ i | T .
for the various Y-Fe compounds. From the average numbers,bI OL b el7*X.f [[Xh’ a nlega&rve va lije 0 F(eﬁ IS u?hreacsor?-
Z_, of Fe-Fe pairs associated with the negative interactiof >.c- OWEVET, IThe value Ofigex IS derived from the Lurie
andJ_—J,=-170 K, the values off _ found from Eq. temperatures of BFe; and LyFe; (268 K), one obtains
(112) are also listed in Table IV. For ¥e;, Z_=1.53 and . )
T_=-346 K, however, for \gFe”Ny and Y2F917Cy, TABLE V. The Curie temperatures calculated by EtR) with
Z_=0.12 andT_=—27 K. Thus the contribution that the 70016 andTo=733 K for RyFe;7_ Sk (R=Y,Nd.Sm,Gd.Ey.
negative interaction makes is decreased by 320 °C in magnfJ "€ Value ofTz.g. with the superscript is deduced from the Curie
tude for Y,Fe N, and Y,Fe-C, as compared to ¥e temperatures of BEFe;; and LyFe ;7 and the corresponding;®© is

20 ATy 2 Sy 7" also marked with the superscript.
Consequently, the Curie temperatures ofF&-N, and
Y,Fe/C, are enormously elevated. Similar conclusions alsqq
apply for YFg;Ti and its nitride and carbide.

— 2Srd Sret 1)

_ 3 Z_(3_-J,), (11)

Z T T Ter®) TEK) THK)

In addition, the Curie temperatures fopbFg,;, YFe  Ti, Y 1.13 710 —255 0 455 490
Y,Fe B as well as their corresponding nitrides and carbidesnd  1.18 710  —268 3 445 500
have been calculated based on E@—(11), with J, =55 sm 1.21 710 —274 86 522 530
K, J_=-115 K and the parameterg andZ_, listed in g4 112 710 -255 149 604 570

Table IV. The calculated Curie temperatur'é%a,'c agreewell gr 119 710 -269 —1937 422,47% 480
with the experimental data, as shown in Table IV.
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TABLE VI. The Curie temperatures calculated by E&3) with  tween the Fe-Fe pairs, have been deduced by fitting the
a=0.016 andT,="733 K for SmFe;7_,Si. Mossbauer hyperfine field data at various temperatures for
each Fe site. The results show that there are positive and
negative exchange interactions in g ; and SmFe;/N, .

x

Z. T, K To(K) Teesm(K) TECK)  TPP(K)

0 153 733 —346 86 473 410 When the interatomic distance is smaller than 2.45 A, the
05 1.42 727 —322 86 491 450 exchange interactions between the Fe-Fe pairs are negative;
1 135 721 —306 86 501 490 when Fe atoms are located at a larger distance the interac-
2 121 710 —274 86 522 530 tions are positive. These results establish that the hypothesis
3 118 698 —267 86 517 525 of negative interactions in the 2:17-type compounds is valid.

For SmFe,;, the 6c-6¢ and the @-18f pairs have nega-
tive exchange interactions. This leads to a rather low Curie
Trer=237 K and T¢¥=478 K; this latter value agrees very temperature folR;Fe;;. For SmFe;N,, the negative ex-
well with the experimental value of 490 K. It has beenchange interaction between the-6c pairs is weakened and
shown that the dependences of the Curie temperatures dhat between the®-18f pairs is shifted into a positive inter-
JG [G=(g—1)?3(J+1)] can be divided into two branches action. When Si atoms replace FeRgFe,;, Si atoms prefer
for R,Fe4B; one branch takes the Y compound as the startthe 1&/12j and €c/4f siteg? which leads to a decrease in the
ing point for the light rare-earth compounds, the other takegiegative interactions. Hence, the elevation of the Curie tem-
the Lu compound for the heavy rare-earth compoufits 9  perature for SpFe;;N, andR,(Fe,S),- is identified with the
in Ref. 13. Therefore, it is reasonable to obtain the value ofnegative exchange interactions, a microscopic origin, instead

Trer from the Curie temperatures of JBe ; and LyFe;;. of a volume effect, a macroscopic origin, as concluded in
The Curie temperatures of SRe;;_,Si, (x=0, 0.5, 1, 2, many earlier investigations.

and 3 have been calculated on the basis of EtB) with The negative interaction model is useful in predicting the

To=733 K, @=0.016, Tre.5,=86 K, and the values o~ Curie temperatures for maniR-Fe compounds, such as

taken from Ref. 11. The calculated results, as shown in Tale’zFe-MB, YTiFell, and Rz(Fe,S)]J. The Curie temperatures

VI, replicate the characteristics of the experimental dataca|culated by this model are consistent with the experimental
which increase at first, reach a maximumxat 2, and then data.

decrease with Si substitutions.
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