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Hard magnetic Sm(Fe, S)4 carbides: Structured and magnetic properties
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The structural and magnetic properties of the metastable hexagonal SIBEE compounds, wherg is
0.25, 0.5, 0.75, and 1, have been investigated by means of powder x-ray diffraction, Curie temperature,
magnetic moment and coercivity measurements, iron-5&ddauer spectroscopy, and high-resolution trans-
mission electron microscopy. The Rietveld analysis points out a lattice expansion after carbon insertion. Upon
carbonation the Curie temperatures are systematically 26 to 70 K higher than those of the homologous
Smy(Fe,Si),C,. The magnetic moment per iron atom increases withut remains below that of the non-
carbonated alloys. The statistical occupation of silicon @ sSte and the random distribution of thes 2
dumbbell iron atoms have been taken into account to calculate the Wigner-Seitz cell volumes, which rule the
hyperfine parameter assignment. The following sequence of isomer &R > 5{3g}> {61} is used to
deduce the following sequence of hyperfine field:-{2e}>H{6l}>H{3g}. From Sm(Fe, S} to their
carbides, the increase of isomer shift is less pronounced for eéh&t@ with no carbon neighbor. The small
volume effect on the weighted average isomer shift may indicate hybridization betweeihcarbon and @
of iron stronger than that of nitrides. The best coercivity of 15 kOe is obtained for $Sp%e,C with
annealing temperature of the noncarbonated powder at 750°C. Howeverg SHEE, with 13 kOe and an
optimal grain size around 22 nm, presents a better thermal stability and might be suitable for permanent-
magnet applications.

DOI: 10.1103/PhysRevB.69.064402 PACS nunt§er75.50.Bb, 75.50.Tt, 76.88y

I. INTRODUCTION and Fe-C preallof® arc-melting followed by melt-spinnin®,
gas-solid reaction of Ssire;; with hydrocarbon g&s' ~*°or
The basic principle of searching for permanent-magnetolid-state reaction by ball milling of SjfRe;; blend and
materials is as follows: combine an inexpensive transitiongraphite and subsequent annealingr mechanical alloying
metal with a sufficiently high Curie temperature and highprior to gas-phase reactidh. Carbon insertion can be
magnetization with another component, such as a rare-eardfthieved with a significant improvement of the thermal sta-
element, in such a way that the resultant compound has ity by substitution for Fe by small amounts opZlements
sufficiently high uniaxial magnetic anisotropy. such as low-cost silicon, opening the route to high-

After the discovery of interstitial ternariz,Fe;7X alloys  emperature processes for the preparation of highly dense
(R=rare earthX=N or C) by Coey and Hong,a new ho- magnetg/:910.13-17

rizon was opened in mggnetig.materie.llls. Besides th‘? funda- A large anisotropy field has been found previously on the
mental interest of such interstitial modified alloys, which re- —

vealed the fair agreement between experimental results arfgo™ SMe(Fe, Si)/C alloys. The highest coercivities of these
theoretical predictions based upon the expansion of th€0mpounds, up to 8 kOe, were obtained from ribbons with
Fe-Fe distances, increasing the Fe magnetic moment and tkkenditions still maintaining the equilibriurR3m phasé In
Curie temperature, some of the alloys appeared as promisirthis context, investigations on less studied out-of-equilibrium
candidates for permanent-magnet applications. The introdug@hases open the route to specifically improved intrinsic prop-
tion of interstitial atoms in thé&k3m Th,Zn, ~type structure erties. Moreover, the out-of-equilibrium elaboration tech-
results in modification of the crystalline field potential and niques may favor the adequate microstructure, consistent
induces an enhancement of the anisotropy field, which turnwith better extrinsic magnetic properties. There are different
uniaxial when the second-order Stevens coefficient of thgrocesses for forming metastable phases. Mechanical alloy-
rare earth is positive. Attention was then given to,Em; ing is one of the most convenient processes. The metastable
nitrides and carbides. 1/9 phase has been found to form in the mechanically al-
The interest of the carbides is their better thermal stabilityjoyed materials after annealing at specific temperature. The
than that of nitride€:® Unlike the nitrides obtained only by competing processes of deformation, fracture, and welding
gas-phase reaction, they can be produced by several routegntinue during milling, resulting in composition changes
such as conventional melting of appropriate amount of Snand microstructural refinement. Subsequent annealing is ben-
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eficial to the formation of metastable phases at relevant tem4pon the same relative Si content given by the relationship
peratures and even leads to the equilibrium phases at hidietweenx andy, i.e., y=x(17/9). In order to get a similar
temperatures. relative nominal carbon stoichiometry per unit formula, we
It was shown recently that, on one hand, from x-ray dif-have prepared the series Sm{EgSi,)C. The mixtures of
fraction investigations, the out of thermodynamic equilib-alloys and G,H,owere annealed at 420° C under vacuum for
rium P6/mmm Sm(Fe,Sij compounds are stable up to 48 h to ensure a good homogeneity of the carbon distribu-

800°C without any onset of extra lines belonging to&m  tion. Mg chips inside the reacting tube absorbed the hydro-
structure. On the other hand, the noncarbonated Sm(fge, Sipen overpressure resulting from the cracking of the

alloys show Curie temperatures systematically just 30 khydrocarborf® _ _
higher than those of the homologous Si-containlﬁﬁm X-ray diffraction measurements were carried out with Cu

Smy(Fe, Si) ;7 alloys, with only a slight improvement of the K.“ radiation on a Bruker difrractqmeter quipped with a
magnetic moment per iron atoffr® single crystal monochromator. An internal Si standard was

The study of out-of-equilibrium carbonated Sm(FeqSi) used to ensure a unit-cell parameter accuracy of

_3 s
alloys, to which no work has been devoted up to now, is the -+ 10 A. Intensities were measured from§2 20 to

objective of this contribution. The structure, intrinsic mag- 100 deg W'th. a step size of 0.04 deg an(_j counting time of 22
netic properties such as Curie temperature, magnetic mgz PEr scanning step. The data were f'ttEd. by the Rietveld
ment, and hyperfine parameters will be reported orfcCNidue using theULLPROFcomputer code in the assump-
Sm(Fg_,Si,) alloys high-energy ball-milled and subse- tion of_ Thompson-Cox-Hastings I!ne_ profile which perm|t_s
quently annealed, carbonated with a solid-state reaction b he refinement of each of the coexisting phases and takes into

means of heavy hydrocarb8hOwing to the samarium neu- ccount the broadening of the diffraction lines induced by
tron absorption, Mesbauer spectroscopy appears to be th rain size and stré:un effects. The cIaSS|caI_2g700dness—of—flt
powerful corroborative technique to understand these Out_oiggreement_factorg andRg have been usett .
thermodynamic equilibrium phases. Finally, the effect of an- . The Curie temperaturék; were m_easu.red on a differen-
nealing temperature upon microstructure and coercivity willt"".lI sample magnetometéMANICS) in a field of 1009 Oe,

be reported and discussed on the basis of high-resolutio‘(’{'th around 10 mg sample sealed under a vacuum in a small

transmission electron microscopy experiments combined!ca tube in order to prevent oxidation during heating. Mag-
with energy dispersive x-ray analysis netization measurements were performed with a vibrating-

sample magnetometer 4 K with applied field up to 90 kOe.
Hysteresis loops were obtained at room temperature with a

Il. EXPERIMENT maximum applied field of 17 KOE€MANICS) or 55 kOe
] ) (superconducting quantum interference deyice
Polycrystalline Sm(Fg.,Si) alloys (x=0.250.5,0.75, The 5’Fe Massbauer spectra were collected at room tem-

1) were obtained by ball milling an appropriate stoichio- yeratyure using a constant-acceleration 512-channel spectrom-
metric mix of SmFe7, Si(99.99% and Sm(99.9% POW-  eter working in the mirror image mode with a 50 m&Co

ders. The Sm powder was weighed in with an excess of 12%, rp source and absorbers containing 12 mg of natural iron
in order to maintain a Sm overpressure on the sample. ThEar cn?. The a-iron reference had a full width at half maxi-
quality of SmpFe; prealloy was checked by inductively mym of 0.25 mmis for the external peaks. The spectra were
coupled plasma atomic emission spectroscopy. Milling wageast-square fitted assuming Lorentzian lines without thick-

performed fo 5 h under high-purity Ar atmosphere with a a5 proadening of the absorption lines. The estimated errors
ball to powder ratio of 15:1 as explained previougliLhese are=+1 kOe for hyperfine fielHd,,, =0.005 mm/s for iso-

milling conditions correspond to kinetic shock energy, shockyer shift 5. and quadrupole interactione2
frequency and inj.ected shock power values, respectively, High-resolution  transmission electron  microscopy
equal to 0.81 J/hit, 62 Hz, and 19.5 WHyThe samples (4RTEM) was performed in bright field mode. The instru-
wrapped in tantalum foil were annealed for 30 min underant used was a JEOL 2010 operating at 200 kV. The sample
vacuum at 750°C fox=0.25 and 0.5, at 850°C foK  howders were embedded in epoxy and ultrathin secticas
=0.75 and'l acco_rdlng to the conditions established previzg nm thick were photographed at a magnification from
ously, consistent with a pure hexagonal phiisdowever to 40000 to 800 000. Interfringe measurements were performed
study the evolution of coercivity, annealing for 30 min be- ang confirmed by Fourier-transform images obtained with
tween 650 and 1150°C has been performed. _ local software on digitized negatives. A systematic energy
Carbonation was achieved after reacting Smg(E8k)  dispersive x-ray analysis was carried out for each experiment
powders ground to 5@m with an appropriate amount of yith a spot size of 10 nm in order fo situ verify the nature
Ci4H19 powders. In the known SyiFe,Siy; R3m alloys, of observed species.
most of the works are related to a carbon nominal composi-

tion of two atoms per formula unit although from a crystal- IIl. RESULTS AND DISCUSSION
lographic point of view, a carbon content up to three atoms )
can be reached. It had been observed indeed that additionally A. Structure analysis

carbonized alloyS do not show any further Curie temp_erature The X-ray diagrams of the Sm(Fe’&) Series(Fig_ 1)
enhancemerft-® The link between homologous allo®3m  show a major phas@round 97 wt %typical of the hexago-
Smy(Fe,,Siy)1,C, andP6/mmmSm(Fe ,Si,)oC is based nal P6/mmm SmFg structure as obtained previously, with
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— v - T T TABLE I. a,c cell parameters, anEB,X2 factors from the Ri-
etveld fit for SmFeg_,Si,C.

T T ]
1200 A ;

2]
= 10 1 /\m ] x=025 x=05 x=075 x=1
S 800+ i h J ] 104 A
: s ot o L™ X=1.0 g4 a (R) 5.024 5.011 4.990 4.965
2 GOOLWWWM \”Mi st il P 4196 4197 4212 4213
8 _‘Wwﬁmww Nﬁ__w%w A s mmn s -X=O,,§LJ5WW Vv (A% 91.715  91.220  90.835  89.931
>, 4004 e - AVIV (%) 5.05 4.75 4.43 3.75
-‘5 D (A) 214 193 181 169
c 2001 Strain rate(%) 0.722 0.830 0.862 0.903
2 ] Re 3.89 4.99 5.89 5.33
- - X2 1.66 1.22 2.17 2.19
25 30 35 40 45 50 55 60 65 X{6l} 0.285 0.286 0.287 0.285
20 angle (deg) Z{2e} 0.284 0.286 0.290 0.294
Tc (K) 690 675 667 654
FIG. 1. X-ray diagrams of Smke,Si,C. u (ug/Fe) 1.45 1.51 1.72 1.75

shifted line positions compared to the noncarbonated

alloys® Small amounts of SpD; are detected. SyD; is  (X,2X,0) and the § site (3,0,5) occupied totally by Fe and
logically assigned to the initial excess of Sm. It reacts withSi according to the Si content. The samarium 2,0 is
traces of oxygen still present on the reacting powder surfaceccupied by 0.64-0.62 atom within the scheme
or with air during the measurements-Fe is only observed SM:i—s(Fe,Sik. 25" As an example, Fig. 2 illustrates the

for SMFg 7:Sip 2:C. It may result from a small decomposi- Ri€tveld plot for SmFg;sSio »<C. _
tion of the Sm(Fe,Si) phase occurring during the carbon- The Rietveld refinements lead to an evaluation of the au-

ation process because neFe was observed, neither on the tocoherent diffraction domain size of 22 nm with a strain rate
x-ray diagram nor on the Nsbauer spectra before of 0.7% for.x=0.25. They decrease glightly to _18 nm for
carbonatiort?® This Fe amount, more accurately detected by =1 according to the role played by Si on the microstructure.
57Fe Massbauer spectroscopy as explained below, disappealr'é,5|aCkenS the grain coarsening but increases the strain rate
with x increasing. This result gives evidence for the benefif 1able ).

effect of Si upon the thermal stability of tHR6/mmmphase.

Presence of higher amount afFe has been observed in B. Intrinsic magnetic properties: Curie temperature
all works concerning the carbonation of tiR3m 2/17 and magnetic moments
Sm-Fe phase, whatever the substituting element Si, Ga, Al For comparison, homologous compounds
H 7,9-11,13,15,17 —
and the carbonation proce$$! Smy(Fe, -, Siy)17C, with orderedR3m structure have been

The lattice parameters of the Sm(FegBl)alloys were  oonar6q”according to the same process as that for the
determined from the corresponding Rietveld refinements fo m(Fg_,Si,)oC (the relationship betweem and y is y
— XX

their nominal composition, according to the atomic distribu-_ 5 17/9) alloys but they were annealed before carbonation
tion used previously to describe tR&/mmmunit cell of the at 1150°C

noncarbonated alloys with one C randomly distributed over Figure 3 reports the Curie temperature evolution versus Si

all three & positions ¢,0,0),(03,0),(3,3.0). The location  content for the noncarbonated and carbonated 1/9 alloys and

of the carbon atom is deduced from its counterpart’s location

in the R3m Smy,(Fe, Si);; structure. The unit-cell parameter o1 71 T ]

evolution with Siincreasing reflects the same trend as that of 1400 i 8

the noncarbonated samples, just less pronounced. For thamoo-' q ]
]

smallest Si content up o=0.5, Aa/a per Si atom is equal = 4]
to —0.26% whilec remains constant within the experimental = ]
uncertainty. Fronx=0.75 to 1,Aa/a is negative equal to
—0.45% andAc/c positive equal to+0.40%. These unit- i i ‘

cell parameter evolutions corroborate the small iron enrich-= ] g ;\ ] ﬂ .

! I
ment of the Smkephase yet evidenced previously on the é ZOOjWﬁJ*W; e "ww'x M«m:
C

(arb

ty

noncarbonated alloy$,supported by the model proposed by 0 ! ! no e D W

BUSChOW and Van del’ GO&% b L Ty T I LT VTR T T R A T YT TR TR T TR

. -200 N e 4

Upon carbonation for a given Si content, the unit-cell vol- o 20 35 | 40 45 0 85 o 65
ume increases; but versus silicon content, this increase i 2 6 angle (deg)

reduced. The results of the structure refinement performead
for the carbonated alloys are listed in Table | with 0.72—-0.76 FIG. 2. Rietveld analysis of SmEeSi,,<C. The set of ticks
Fe atom in 2 (0,0Z) position, 2 Fe atoms in thel osition  refer, respectively, to SmEesSiy ,:C, a-Fe, and Sz0;.
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FIG. 3. Curie temperature vs Si contextfor P6/mmm and
R3m phases and their carbides.

Megacounts

their homologous compounds 2/17 with, respectively, the

P6/mmm and the orderedk3m structure. The carbonated
samples exhibit Curie temperatures above the noncarbonated
ones in agreement with the known magnetovolumic effect
(Table ). Moreover the Curie temperatures of the carbonated
P6/mmmalloys are systematically higher than those of the

carbonatedR3m series, 26 deg fok=0.25 up to 70 forx
=1 in agreement with the results observed on the noncar-
bonated alloys$®°

The average magnetic moment per Fe atom at(Gadble
I) has been calculated from the magnetization value obtained .
at 90 kOe on the assumption of free-ion moment for sa- Source Velocity (mm/s)
marium. The moments given in Table | are not saturation ,
values. It appears smaller than that concerning the non- F'CG-4. The room-temperature Msbauer spectra of hexagonal
carbonated alloys. It increases with Si content from 45 SM(Fg-xSk)oC.
up to 1.75ug per Fe atom, respectively, for=0.25 and 1
while for the noncarbonated alloys, it was found to increaserystallographic family 2, 3g, 6l, and ¥ with radius
from 1.88ug to 1.97ug per Fe atom for the same Si content. values® of 1.81, 1.26, 1.17, and 0.70 A for, respectively, Sm,
The smaller values of the magnetic moment of the carbonFe, Si, and C. The statistical occupation of Si in tigpsdte
ated samples agree with the fact that they are hard magnetitd the random distribution of theedumbbell atoms have
materials. The moment increase withconsistent with the been simulated by the use of an approprig@&mmm sub-
asymmetric filling of the iron @ band by the silicon B group,P1 witha'=3a, b’=3a, ¢’ =2c (V'=18V), allow-

electrons?® yields a reduction of the anisotropy field. ing the splitting of the partially Si occupied positions accord-
ing to the procedure used for the noncarbonated saniles
C. Hyperfine parameters randomly distributed over 54 positionsThe WSC volumes

. , . calculated with the crystallographic parameters given in
The experimental and fitted Nebauer spectra are re- rapje | are reported in Table II. The following sequence for
ported as a function ot in Fig. 4. Their analysis takes into {ha WSsC volumes (&>3g>6l) is obeyed whatever the Si
account the presence of a possibid-e contribution besides  ¢ontent, but all values decrease versgsst as the unit-cell
the main Sm(Fg ,Si,)oC as suggested by x-ray analysis. \,qjumes.
The amount of Fe equal to 8% wt far=0 decreases to 6% The somewhat large width of the Msbauer spectrum

wt for x=0.25 and is not detected far=0.5. These results carpide contribution(Fig. 4) remains the same as that of

are deduced from the percentage increase of the Fe absorgm(,:e,sm, Ref. 19, and originates likely from the statisti-
tion lines upon a weighted Fe addition. This result corrobo-

rates the stabilizing effect of Si. ' : : .
The interpretation of the spectra relative to &/mmm PGK‘?'&? Il. Wigner-Seitz cell volumes (A in SmFg_,SiC,

phase is based on the counting of the various iron neighbors

in the assumption of a binomial atom distribution law and on

the assignment of the hyperfine parameter sgtk,-,2¢ to Smi1a} Fel2e} Fei3g) Felél}
the various crystalline sites according to the relationship beg.25 34.76 20.68 13.74 13.65
tween the isomer shif6 and the Wigner-Seitz celWSC) 0.5 34.68 20.60 13.68 13.53
volumes: the larger the WSC volume, the larger the isomep.75 34.36 20.29 13.50 13.42
shift.28-?1The WSC volumes have been calculated by means 33.96 19.87 13.45 13.39

of Dirichlet domains and coordination polyhedra for each
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320 TABLE Ill. Interatomic distances in the hexagon@b/mmm
structure for SmFg ,Si,C (x=0.25, as an exampl@=5.024 A,
—~ 300 - ] c=4.196 A). The distances are calculated inside a radius of the
8 coordination sphere equal to 2.76 A.
X
5 2807 ] Fe sites Distance  Number of Average  C,Fe,Fe/Si
2 R) of neighboring number of Fe
© 2607 T atomic sites neighbors
T 240 i 6l 1.29 2 6.89 3
o ] 2.46 4 Y
T 2204 i 2.48 2 4
] T T T T T 2.75 2 &
] ] 2.75 2 3
- 0187 |—e—2e 2e 2.39 1 7.86 2
S 0,151 —A— 39 - 2.67 6 3
e 1l=v=96 1 2.75 6 8
P ] 3g 2.10 2 5.73 3
< .09 J 2.46 4 a
@ ; A,,/&//“r”’i ; 251 4 Y
D 0,061 y 2.67 2 P
S]]
@ 0,03 7 .
0.00 (a) ] The isomer shift is affected by the presence of the inter-
' T T r T r T stitial element. Going from Sm(Fe, $ijo their carbides we
0.25 0.50 0.75 1.00 have noticed an increase of the isomer shift for each crystal-
Si content lographic site. The increase of isomer shiftg) reflects the
FIG. 5. The compositional dependence(af the isomer shifts decrgase of electron de”S'tY with carbon insertion. .
and (b) the hyperfine fields for the Sm(EeSi,)oC. The plotted It indicates that the combined effect of vplume expansion
data are the weighted average values for the three sites. and charge transfer from the rare-earthdsbital to the car-

bon atoms is quite significant. This means that the interstitial
B ) ] ) element in theP6/mmmecrystal structure induces a modifi-
cal occupancy of silicon over theg3sites. This behavior cation of the rare-earthsorbital. This is not surprising be-

indicates that the possible disorder introduced by carbon incayse the interstitial elements act as first neighbors of the
sertion in the lattice or by an incomplete carbon filling of the rare earth. In addition the short bonds observed between Sm

3f sites plays a second role. and the interstitial atom witness hybridization. The increase
The compositional dependences of isomer shift and hyis more pronounced in the case ofg3(A&{3g}

perfine field are shown, respectively, in Figga)5and §b)  =0.037 mm/s) and I6sites (A 6{61}=0.062 mm/s) than for

for the three iron sites. 2e (A6{2e}=0.029 mm/s). Fe atoms at the Bite have no

The mean hyperfine field decreases with Si content a€ near neighbor. It might explain the smaller increasa ih

observed in theP6/mmm Sm(Fe,Sij and in theR3m  observed at this site upon carbonation.

Smy(Fe, Si); compounds. It results from the competition be- The expansion of the lattice induces the well-known vol-

tween the negative core polarization term and the positiveime effect on the weighted average isomer shiit. (The

term arising from 4 conduction electrons. The following decrease of the electron density at the iron nucleus produces

hyperfine field sequence{2e}>Hy{61}>H,{3g} is  anincrease in the observed weighted isomer ahffof 0.05

obtained. This classification matches closely the number offm/s. This value is lower than the value 0.12 mm/s reported

iron near neighbor of each sit@ables Il and V. by Hu et al3! for nitrides, although their volume expansion
As an example, fox=0.25, the increase of& 6|, and is similar (~5%) The volume effect on the iron isomer shift

39 hyperfine fields by 34, 25, and 10 kOe at room temperaA §/A(InV) is typically 1.3 mm/s for close-packed
ture after carbonation is related to the increase of the Curistructure® the value obtained for Sm(Fe, §) in this work
temperature from about 492 to 689 K. is 0.9 mm/s, whereas the value of the nitrittés 1.8 mm/s.
The isomer shift behavior with Si content at 293 K is One possible interpretation is that interband charge transfer
reported in Fig. &). For a givenx value, the relation between 8 and 4s occurs in the opposite sense in nitrides
S8{2e}>8{3g}> {61} is always obeyed, according to our and carbides. Another possibility is a greatex Zp inter-
assumption derived from the WSC volumes. The mean isoatomic charge transfer in the nitrides, on account of the
mer shift of the 2 and @ atoms increases upon Si substitu- greater electronegativity of nitrogen. According to band cal-
tion, while it remains quasiconstant for thg &toms. This culations onY,Fe ;X5 (X=C,N) Ref. 33, the hybridization
behavior corroborates the preferential occupation of silicorbetween $ of carbon and @ of iron is stronger than that of
atoms at this site as found in Ref. 19. nitride, which decreases the magnetic moment of carbide
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TABLE IV. Mossbauer hyperfine parameter for Spf8i, ,:C, as an example, at room temperature.
Hyperfine field,Hye (kOe); isomer shift,d (mm/9; quadrupole interaction,&2(mm/g, and relative area)
(%). LinewidthT"=0.32 mm/s.

2eg 2e, (2e) 390 30: (39) 6lo 61, (61)
Hue 317 300 315 228 236 229 263 220 258
o 0.060 0.061 0.061 0.018 0.046 0.043 0.020 0.010 0.018
2¢e 0.062 0.020 —0.015 -0.039 —0.105 -—0.106
A 12.6 1.4 14.0 44 .4 10.0 54.4 245 7.0 31.5

more than in the nitride and may weaken the screening efSm(Fe, SiyC phase, which is responsible for magnetic hard-
fects ofd electrons of iron on the carbide more than on theening. When increasin,, on the one hand, the number of

nitride. surface defects of the hexago/mmmphase is reduced,
resulting in an increase di.; on the other hand, the x-ray
D. Coercivity diffraction domain size increases and redueks.
Figure 6 shows the hysteresis loop for SmRSiy ,:C as HRTEM images were taken to study the morphology and

an example. Figure 7 represents the coercive fislgsnea- the structure of three specific samples. The measurement of
sured at 55 kOe fox=0.25 0.5. 0.75 and 1 versus the interplanar distances permits identification of the grains via
annealing temperaturé, bf 'Ehe.a,s—hille,:d powders before thei_r crystallographic parameters. _Fi_guréJ)Sis relative _tc_)
carbonation. For annealing temperatures higher tha|:::fr;""nTS T%ngiﬁgf’s'%i?é’ﬁ }ewhé:)h s;glctgtr?lsth?hzeslto(x):srgwy

o — . A_ . A
clzi(\)/(()aofie?d, g:cel‘;trﬁggrg ?zggﬂggg} -trhhee arﬂg;(inauzrg cgﬁr- =650 °C relevant for the smallest grain size around 10 nm

. ) X and H-=1.4 kOe. Figure &) corresponds to the highest
nealed at 750 °C. The maximum seems to shift towardq—Azllso °C with grain size around 40 nm and consistent

800 °C for all remaining alloys. They are, however, de- ' _ .
scribed by theP6/mmmspace group. Thél: value is still with the R3m 2/17 structure anéc=0.8 kOe. Figure &)

high, around 13 kOe fork=0.5 but decreases down to 8.5 represents '_[he case of the optirktd eq_ual to 15 kOe(Fi_g.

kOe forx=1. This variation can be correlated to the unit- ©); "€ grain size is around 22 nm, in agreement with the
cell volume evolution. Versus silicon content, the vqumeR'ewe!d ana!y3|s. The grain bour_1dar|es appear to connect
increase upon carbonation is reduced. The relative volum € ne|ghbor|ngP6/mmmgra|ns W'.thOUt any |ntergranular
augmentationAV/V, varies from 5.05% fox=0.25 down ayer and mlght favor the magnetic exchange coupling be-
to 3.7% forx=1. This effect suggests a reduction of the Lﬁ?}igrﬁgitg;%ni dTohg rsnrlnil{ lr)imea:(nﬁgi%idragwirl\\/lt;re:]za-nular
magnetic anisotropy field with increasing Si content, which : 9 P y 9

is consistent, too, with the magnetic moment increase at 98xc_hange of grains of the main phase r.ather than via the
kOe and 5 K. grains belon_glng to the small iron contribution found by
The maximum observed for coercivity as a functiontqf x-ray analysis and Mssbauer spectroscopy. The same trend

(Fig. 7) is a consequence of two opposing influences. To for the remanence ratio is observed for all other composi-

low an annealing temperature hinders the complete solic?[—'ons' They do not exhibit any free iron.

state reaction from forming a perfect metastable |t mustbe outlined that the3m alloys have been usually
studied for the particular valug=2 and two C atoms per

o T T T ———T 1 unit formula 2/17, consistent witkt=1 and one C atom per
unit formula 1/9. This Si composition seems here to be less
100 T 16
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FIG. 6. Hysteresis loop at room temperature of SgE®i; ,:C FIG. 7. Coercive field of carbides, at room temperature, vs an-
annealed at 750 °C before carbonation. nealing temperature of Sm(FgSi,)q for indicatedx values.
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FIG. 8. High-resolution TEM image of grains of SmeSiy.:C. (8) Sample annealed &t,=650 °C. (b) Sample annealed &,
=750 °C. (c) Sample annealed at,= 1150 °C. In the insets higher magnifications of crystalline areas exhibit several sets of fringes.

efficient owing to a probable reduction of the anisotropyment of the SmRgphase. It follows that the unit-cell expan-
field. The high coercivity achieved in the mechanically al-sjon is reduced with increasing.
loyed magnet originates from the contribution of the meta- The Curie temperature values of the carbonated 1/9 series
stable phase Sm(Fe,§J rather than from that of are higher than those of the noncarbonated alloys, in agree-
Smy(Fe, Si;C,. For theP6/mmm1/9 alloys, the composi- ment with the magnetovolume effect. These values are sys-
tion x=0.25 seems optimal but the alloys with Si contenttematically raised compared to those of the homologous or-
equal to 0.5 show still importard ¢, with the advantage for  jaoreq R3m alloys (26 to 70 K. The average magnetic
a better thermal stability brought by the Si substitution. moment per iron atom, at 90 kOe and 5 K, increases with
as that of the noncarbonated alloys but remains smaller ow-
IV. CONCLUSIONS ing to the fact that carbon induces high anisotropy.
Because of the good resolution of the $4bauer spectra,

To the best of our knowledge, interstitial modification of it was possible to perform a detailed analysis, based on the
SmFeg_,Si, alloys (0.25<x=<1) by carbonation with one local environment of each of the three iron sites and on the
carbon per unit formula has been carried out for the firseffect of silicon and carbon on the structure and magnetic
time. properties. The spectra were fitted accounting for the pos-

Carbonation leads to an expansion of B@mmmcrystal ~ sible a-Fe contribution besides the main SmEgSi,C
lattice. The Rietveld refinements point out individual unit- phase as suggested by x-ray diffraction. The amount of Fe
cell parameter evolutions, which corroborate the trend obequal to 6% wt forx=0.25 is not detected for highercon-
served on the noncarbonated alloys. For the small Si contentent. This result gives evidence for the stabilizing effect of Si
0.25<x=<0.5, ais reduced and remains quasiconstant. For upon the SmR& alloys.
x>0.5, thea decrease is partially balanced by thancrease The interpretation of thé?6/mmm contribution to the
and gives evidence for the small Fe stoichiometry enrichMossbauer spectra is based on the one hand on the binomial
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distribution law of the Fe & dumbbells and the statistical the competition between the negative core polarization term
occupation of Si on § site and, on the other hand, on the and the positive 4 conduction term.
assignment of the various crystalline site isomer shiftsc- The high coercivity measured in these mechanically al-
cording to the relationship betweehand the Wigner-Seitz loyed magnets is brought about by tR&€/mmm precursor
cell volumes(WSC). The WSC volumes were calculated by Sm(Fe, Si)C rather than by th&3m Sm,(Fe, Si),C,. Co-
means of a specific computing code with the use ofRlie ercivity measured at 55 kOe at room temperature versus the
group allowing the splitting of the partial Si and dumbbell annealing temperature of the noncarbonated alloys exhibits a
occupation. It results the following sequencéj2e} maximum. The best coercivity of 15 kOe is observed Xor
> §{3g}> 5{6l}. =_0.25 for the annealing temperature of 750 °C and grai_n
The specific § site behavior corroborates the preferentialSize around 22 nm as observed by high-resolution transmis-
occupation of silicon at this site. The isomer shift increase ofion electron microscopy and in agreement with the Rietveld
each individual crystallographic site is connected to the defltS: A small remanence ratio enhancement around 0.6, mea-
crease of Fes electron density with C insertion more pro- sured_ for all alloys, mlght result from intergranular exchange
nounced for § and @ atoms than for 8 atoms which have couplmg.between grains of the main phase. more thgn_ from
no C near neighbor. This increase reflects in fact the raret-he free iron d_etected only for=0.25. '_I'he high coercivity
earth 6 orbital charge transfer into the C atoms coupled to0f 13 kOe achieved fox=0.5 makes this alloy still suitable

the volume expansion. Moreover the increase of thdor permanent-magnet application as it presents a better ther-

weighted average isomer shift, lower in carbides than in nimal stability.

trides, attests for hybridization betweep 2lectrons of the
interstitial element and @iron, stronger in carbides than in
nitrides. The authors are grateful to Dr. V. Lalanne for her techni-

The hyperfine field sequenceHyg{2e}>H,{6l}  cal help in the sample elaboration and wish to thank P. Beau-
>Hye{3g} agrees with the mean number of Fe near neighnier (Service central de microscopiéleetronique de
bors. The decrease of the mean hyperfine field results frofuniversite Paris VI for the HTREM micrographs.
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