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Structure and magnetic properties of nanocrystalline SniFe;_,Co,) 1 Ti (X<2)
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Magnetic properties correlated to structural transformations, from metastable hexagonaityjeOphases
to equilibrium tetragonal 1:12 phases, are studied systematically for nanocrystalline,Sp&&#g,4Ti alloys
(x=<2). The Rietveld analysis gives a stoichiometry ratio equal to 1:10, for the out of equilibrium hexagonal
precursor, which is described with three crystallographic transition-riietdés: 3y is fully occupied, and b
occupation is limited to hexagons surrounding thalumbbell pairs 2. The substitution of Co, in both
structures, contributes to reduce the negative exchange interactions and results in Curie temperature enhance-
ment. The hyperfine parameter assignment, on the basis of the Wigner-Seitz volume calculation, in the tetrag-
onal structure points towards the Cd Breferential occupation. The mean hyperfine field increase, with Co
content, in the two phases, might be correlated to the compensation of the core-electron polarization field by
the 4s polarization field produced by thed3moment. The coercitive field of 0.6 T measured at room tem-
perature suggests that nanocrystalline Sg@eeTi, with a Curie temperature equal to 790 K, is a semihard
material and is a potential candidate for magnetic recording.
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[. INTRODUCTION position, which is rich in 8 metals, a high saturation mag-
netization would be expected, and, due to the large ratio of
The rare-earth iron intermetallic compounds are of inter-a/c, a strong magnetocrystalline anisotropy is hopeful.
est from an application point of view and in understanding In order to understand more fully the phase formation of
fundamental physics and metallurgical properties. The twdhe mechanically alloyedMA) Sm-Fe-Co-Ti powders, we
main areas of application for magnetic materials are magearried out a systematic investigation of the effects of the
netic recording(semihard magnetsand dynamic and static cobalt substitution and the annealing conditions on the struc-
permanent magnet applicatioftsard magnefs ture and the magnetic properties of a tetragonal Sxilre
After the discovery of the Nd-Fe-B permanent magrets, semihard nanocrystalline alloy. It is well known that prepa-
research began for new Fe-based intermetallic phases thetion techniques such as mechanical alloying, high-
might be suitable as permanent magnets. So far, iron-ricfrequency sputtering, or melt-spinning produce disordered
and rare-earth-containing phases with the tetragonal ThMn phases and precursors to the known equilibrium phases.
crystal structure have attracted the most atterftién. A detailed description of the relationship between the dis-
The ternary compound®k(FeM),, (R=rare earthM ordered hexagonal precursor and the ordered 1:12 structure
=Ti,V,Mo, ...) with the ThMn,type tetragonal structure Wwill be first presented. Afterwards, structure results relative
are known to be possible candidates for permanent magn&@ the known stoichiometric 1:12 phase will be used to ex-
materials>*~%When theR atom has a positive Stevens coef- plain the hexagonal parent, with information about diffrac-
ficient, the easy axis of the magnetization is along the crystion domain size, lattice stress, and nature of minor phases.
tallographic axisc. The effect of the third elememt is con-  Curie temperature evolution will attest for the pertinence of
sidered to be essential for stability and magnetic propertiethe Fe substitution in both phases. The Co site preference in
of the alloys® The occupation criteria relative to the stabiliz- the 1:12 phase will be demonstrated by $dbauer spectros-
ing metal depend on steric effects and enthalpy values coréopy and will provide the interpretation of the disordered
cerning the R-M bond’ Attractive features of the phase Mssbauer spectra. The effect of nanocrystallinity on
RFe;,_,M, compounds are their relatively simple tetragonalcoercivity will be finally reported. The study of the
crystalline structure. So, these compounds are of interest fd@mFe;_,Co,Ti series has been limited up to=2, where
understanding fundamental physics problems. the easy direction of magnetization of the tetragonal phase
The synthesis of a number of rare-earth—transition-metalemains axiaf?
alloys by mechanical alloying has recently been repdtted.
Optimally, heat-treated structures have been shown to ex-
hibit high coercive forces and isotropic behavior associated
with nanocrystalline microstructures, indicating that me- Intermetallic compounds SmpEe,CaoTi with Co con-
chanical alloying is a very interesting preparation method tacentrationx=0, 0.5, 1, 1.5, and 2 were prepared from el-
achieve the permanent magnet application of rare-earthemental powders of 99.9% pure Sm, Fe, Ti, and Co with
transition-metal alloys. respective particle size 40, 325, 50, and 50 mesh, milled in a
In a continuing program of study relative to structural andhigh-energy Fritsch P7 planetary ball mill to form an ul-
magnetic properties of rare-earth iron intermetallic com-trafine layered microstructure. Mixtures of the powders were
pounds, we have investigated ThMrstructure compounds. sealed in a hardened steel vial together with five 15 mm
This is because with this structure, on the basis of the comdiameter steel balls. A ball to powder mass ratio of 15:1 was

II. EXPERIMENT
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used with milling time of 5 h. A high-purity, argon-filled having ThCy structure except th®6/mmmSmFg phase,
glove box with an @ and HO rate around 1 ppm was used which we reportetf as the parent phase of Ske,; in agree-

for loading and sealing the vials and all post-milling powderment with Teresiaket al® It is worth noting that the
handling. The as-milled powder was wrapped in tantalumpg/mmm precursor to the 1:124/mmm structure of the

foil and sealed in silica tubes under a vacuum of 5Sm(Fe,Co),Ti alloys was considered up to now as a ThCu

x 10" 7 Torr, then annealed for 30 min at temperatures bephase. Preliminary considerations about the structure rela-
tween 923 and 1423 K. tionship are required to justify the model used in the struc-

The overall chemical composition of all samples wastyre refinement.

checked by inductively coupled plasma atomic emission The lattice parameters of the tetragonal Thiiype
spectroscopy(ICP-AES and appeared, within the experi- phase can be converted into those of hexagonal Cae

mental uncertainties%0.04), in agreement with the nomi- phase according to the following conversion equations:
nal composition. Energy-dispersed x-ray spectrometry

(EDX) with LINK AN10000 equipment and a beam size of a1

25 nm, mounted on a JEM 100 CX Il microscope, was em- a1:5=C1:12 @Nd Cy5=——

ployed to analyze specifically the Thiylrtype structure of

all alloys annealed at 1423 K. Furthermore, when two dumbbell pair§-(T) substitute

The crystal structure was deduced from x-ray-diffractionfor 2R atoms over a R Ts-type cell, the ThMp,-type phase
(XRD) patterns, registered on a Brucker diffractometer withoccurs as follows:
automatic  divergence slit (CkKla radiation \
=1.54178 A). The x-ray spectra were refined using the 4(RT5) —2R+4T(dumbbel) — 2(RTyp).
FULLPROF program based on the Rietveld meth6d’ _ _ _ _ _
The peak-shape function was Chosen as Thompson_Cox_ RT5 IS ConStItuted by th& |att|Ce bU|It at the COOI‘dInate
Hastings pseudo-Voigt typ&.As a measure of the quality of origin 1a (0,0,0 and 2T sublattices built on & (%,%,0) and

. 2 .
refinement, two agreement factorRg( and x“ will be de- 34 (1 1) positions. This arrangement leads to two types of
fined in Sec. IV A from the program output were used.  |avers: in the lowest oneR atoms are centered o hexa-

The magnetization was measqred using a Manlcs dn‘fergons, whereas in the next layer ofllyatoms are accommo-
ential sample magnetomet@SM) in magnetic fields up to  4-aq

1.8 T. When necessary, the samples were sealed in silica Thé T-excess region of th® Ty
tubes to avoid oxidation upon heating.

Thermomagnetic data were measured under an appli
field of 1000 Oe with a heating rate of 10 K/min. The Curie
temperatureT. was determined from thé1-T curves by
extrapolating the linear part of theél-T curve and finding
the temperature values of the intersection with the extende
baseline.

unit cell has been de-
scribed by the formuld;  Ts, ,s, Wheres expresses the
mber of R substitutions. In the low-excesB region (s
=0.12) Givordet al'* have proposed the following scheme
for Sm-Co alloys: if (+-5s) is the R occupation rate in the
,0,0 la position, with decreasing® content, 3T atom
airs substitute thR positions. They constitute the dumbbell
S’Fe Mossbauer spectra were obtained between 77 angglrzz Ioc;?]ti?td otr;\/t\?aerd(g Z))tr?ee f Osg)l(?: | Tize ”::Ieal %Qsiﬁin

300 K, with a 50 mC ®*'Co/Rh source, on a constant- 1
' ' P X<z].
acceleration 512-channel spectrometer. The calibration, pe?—I [(X,2X,0); X<3]. As a consequence, only 2¢B3s)T

formed with a-iron foil, gave a linewidth for the external 2toms remain located in the special @osition G.5.0) and
peaks of 25 mm/s. The sample’s natural iron concentratiofour T crystallographic sites are necessary to explain the
was around 12 mg/cfn The parabolic distortion of the spec- T-€xcessPé/mmmstructure. Nevertheless, thRs/mmmRT

tra was canceled by working in the mirror image mode, andorecursor of the orderedR3m 2:17 structure and the
the small resulting linear drift of the baseline was corrected] 4/mmm structure known as TbGttype phase have not
The spectra were fitted as discussed in Sec. IV and the estieen described with thel Gite!®

mated errors were at most0.1 T for hyperfine fields, From s=0 up tos=0.33, the 6 population increases
+0.005 mm/s for isomer shifts, and¢t0.01 mm/s for the while the Z decreases from 2 down to 0, with a theoretical
quadrupole shifts. equipartition fors=0.16 (see Table ) Moreover, high en-
richment gives evidence of the additiondl €ite by the fact
Ill. STRUCTURAL CONSIDERATION OF THE AB; that only the Z site cannot describe sudhcontent.
PHASE AND DERIVED STRUCTURES In this paper, we intended to extrapolate the Givord

et al’s model towards highes values 6=0.33). This model

The stoichiometricRTs structure of CaCyP6/mmm  gives the possibility to take into account tAedistortion
type can evolve to nonstoichiometrR6/mmm structures.  gbviously brought by th& substitution. The more general 6
Atomic ordering generates phases with discrete compositiogjte, which involves the previousc2hexagons, implies an
2:17, 3:29, and 1:12 indicative oR3m, P2,/C, and atom occupation rate limited th. At most one-third of 6 T
l4/mmmspace groups. The homogeneity range of the hexatoms forming hexagons surround the dumbbell(Rig. 1).
agonal phase varies witR and T elements. FOR=Y and  We have applied such theoretical substitution mechanisms to
T=Co, an upper limit of Co content, 7.3, has beenthe hexagonal precursor of the ThMB8m(Fe,Co),Ti with
reported:! The R-Fe precursors are generally described aghree iron sites &, 61, and 3y (see Table)l
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TABLE I. Atom Wyckoff positions, number of subsequent atom in the pafnt;Ts. s hexagonal
P6/mmmstructure as a function of theparameter atom occupancy, and Wyckoff positions with numbers of
subsequent atoms in theT;, |4/mmmtetragonal structure.

Atom position Ri_Ts5 06 Atom position RTy,

s=0 0<s<0.33 s=0.33 $>0.33

Sm (1a) 0,0,0 1 1s 0.66 1s Sm (2a) 0,0,0 2
T, (2¢) 5.5,0 2 2(1-3) 0 0 T, (87) 7.7.% 8
T, (6l) X,2X,0 6s 2 2 T, (8i) X,0,0 8
T3 (2e) 0,0Z 2s 0.66 x T; (8)) X,%,O 8
T, (39) 3,03 3 3 3 3

We used the known atom distribution of the well- site!® Ti is one of the stabilizing elements of the binary
established ThMp-type structure to deduce atomic popula- Fe-Sm alloy. In the case of the YfRe,Ca Ti compounds,
tion in the P6/mmmstructure. No drastic atom modification Co atoms are known to occupy preferentially thsite in
over change was expected. Most particularly Ti and Co disbulk materia?® Fe atoms are located on tlesite and the
tribution in the hexagonal precursor ought to be close taemaining fraction on thé andf sites.
those of the descent. The distribution of Co in the Sm(Fe,CgJi alloys still

The tetragonaR T, phase is characterized by three crys-remains a problem open to discussion. As a matter of fact,
tallographic nonequivalent sites: 8, 8j, 8f. One-half of XRD cannot distinguish the Co and Fe positions due to their
the atoms on the I§2c) site in the P6/mmm RT motif  close atomic diffraction factor. A neutron diffraction study is
become equivalent to the pair of substitution atoms and forndlifficult to carry out owing to the samarium absorption.
the 8 site. One-third of the atoms on they 3ite and the Mossbauer spectroscopy appears to be a powerful technique
remaining half of the atoms in thel §2c) site of the to define the preferential occupation of Co in 1:12 structure;
P6/mmmcell constitute the Bsite. The other two-thirds of we will discuss this point in Sec. IV B.
the 3g site constitute the Bsite.

Although XRD is not sensitive to the Co and Fe distribu-
tion, we will adopt such a relationship to fit tHe6/mmm IV. RESULTS AND DISCUSSION
structure. Keeping in mind that the Ti atom site results from
an evolution ofP6/mmm2e and @ population, and 8 at-
oms provide the § site. These observations will constitute  The x-ray diagrams of the as milled samples reveal the
the basis of the model used for the analysis of XRD diagraméines of a bcca-Fe—Ti and Co solid solution. At low angles,
and Massbauer spectra relative to the hexagdp@8mmm  a background increase that results from the collapse of the
RTs-type phase. samarium lines is associated with amorphous samarium as

However the binaryRT,, structure does not exist and corroborated by Mssbauer spectroscopy. An additional
needs to be stabilized by a third element that occupiesithe &olid-state diffusion reaction at low annealing temperature

A. Structural properties

FIG. 1. Two-dimensiona{001) projection of
the partially disordered hexagond6/mmm
structure. & hexagons surround the dumbbell
iron site 2e.

Fe (39) Fe (2€)
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FIG. 2. X-ray diagram of Smkg{aq,sTi annealed at 1023,
1123, and 1423 K.

T, leads for allx content to the hexagon&6/mmmstruc-
ture. The ordered phase of Thirype | 4/mmmis obtained
above 1023 K.
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FIG. 3. Rietveld analysis for Smiz@i annealed at 1423 K. The
set of ticks refer, respectively, to SmkEi, Fe,Ti, a-Fe-Ti, and
SmO-N.

tive of the ThMn, type structurel4/mmm Moreover, the
broadening of the diffraction peaks reduces at high annealing
temperature. Foll ,=1423 K, the XRD pattern can be in-
dexed unambiguously into the Thiylrtype structure.

The XRD diagrams of the annealed material at a tempera-
ture up to 1073 K show a main phase contribution of about
95 vol% for 0O<x<2, indexed by the disordered
CaCu-type hexagonaP6/mmmocell, in agreement with re-
sults from rapidly quenchéd SmFg,Ti. The additional
weak lines are assigned to baeFe-T, around 2%; F£Ti,

1%; and SmO-N, 2%.

In the Rietveld refinement process, the following various
structure parameters were adjusted: atom positions, atom site
occupancy, Debye-Waller factors, and cell parameters, to-

As an example, the XRD spectra of three MA samplesgether with the parameters describing the line profile. How-

with the composition Smkg:=Co,sTi annealed at 1423 K,

ever, the structural model must be knoarpriori with pa-

1123 K, and 1023 K respectively, are shown in Fig. 2. Atrameters close to the real parameters.

1023 K, the XRD diagram can be indexed according to the The line broadening reflects microstrains and isotropic
hexagonalP6/mmm structure. With increasing annealing size effects. In order to evaluate those contributions, we have
temperature, 10/R8T,<1173 K, a more ordered state ap- chosen a peak function of Thompson-Cox-Hastings pseudo-
pears, indicated by the gradual emergence of superstructukigt type, defined as a convolution of Lorentzian and

reflection peaks denoted thkl (202, (002, (202), indica-

Gaussian functions.

TABLE Il. T composition of thel4/mmm phase as given by EDX analysis for the various nominal composkjaa, andc cell
parametersD mean diffraction domain size; strain rate, andRg and x? factors from the Rietveld fit fol y=1423 K.

x=0 x=0.5 x=1 x=15 x=2
Fe=10.97 Fe=10.46 Fe=9.96 Fe=9.45 Fe=8.96
T atoms T=1.02 Ti=1.02 Ti=1.03 Ti=1.04 Ti=1.03
EDX analysis Ce0 Co=0.5 Co=1.01 Co=1.51 Co=2.02
a (nm) 0.855%3) 0.85523) 0.855%3) 0.85523) 0.855%3)
¢ (nm) 0.47943) 0.47913) 0.47883) 0.47873) 0.478%3)
D (nm) 95 107 89 80 87
7 (%) 0.18 0.26 0.33 0.30 0.36
Rs 3.79 5.21 4.94 5.61 6.47
X2 221 1.80 1.69 1.57 1.33
X{8i} 0.357 0.358 0.359 0.359 0.359
X{8j} 0.276 0.275 0.274 0.274 0.275
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FIG. 4. Rietveld analysis for SmgeCo, sTi annealed at 1423 FIG. 5. Rietveld analysis for SmiggCa, sTi annealed at 1023
K. The set of ticks refer, respectively, to the main phase and{. The set of ticks refer, respectively, to the hexagonal phase and
a-Fe—(Ti,Co). SmO-N.

Isotropic Lorentzian and Gaussian contributions of size
and microstrains were taken into account. The full width at
half maximum of the Gaussiadg and LorentziarH, com-
ponent of the profile function is given by

; l1k(0)—I(c)]
RB: ,

2 Ik (0)
K

wherel ¢(0) is the observed Bragg intensity ahgc) is the
calculated one, and

HZ=utarf 6+v tanf+w,

Ei w;lyi(0) = yi(c)|?
N-P+C ’

H =xtan6+ ,

cosf =

where y provides a size value representing the volume
averaged diameter of crystallites in all directions. Thea-
rameter leads to an estimate of the isotropic broadening d
to strain effects.

The various structural parameted§,and Z atomic posi-
tion, Debye-Waller factor, occupancy paramesgecell pa-
rameter, and thel, x, andy profile parameters, are least-
square fitted. The goodness-of-fit indicators are calculated af

‘wherey;(0) is the intensity observed at thigh step in the
step scanned powder diffraction patteyr(c) is that calcu-
Y&ited, andw; is the weight of the observatiol is the total
number of points used in the refinemeRtthe number of
refined parameters, an@ the number of strict constraint
function.

For samples annealed at 1423 K, the agreement between
eoretical and experimental XRD diagrams related to the

follows: ThMny, phase was calculated with the Fe/Ti and Fe/Co ratio
_ TABLE lll. P6/mmmcharacteristics deduced from the Rietveld %07 e T 'of Thhn 'phasé 12%0
fit; sis the atom occupancy parameter. 850_. —v— TZ of CaCu;zphase o7
x=0 x=0.5 x=1.5 & 800- 1=
o 1 4265 X
s 0.439 0.422 0.404 2 ™7 1o =
Sm content 8.7 9.0 9.3 ‘T 700+ 1 3
a (nm) 0.48993)  0.48993)  0.49063) & oo 1%
¢ (nm) 0.422%3) 0.42323) 0.42323) £ o] 1%
D (nm) 17 16 16 £ ] 245 I&
Strain rate(%) 0.45 1.00 1.00 © ss0- —&— H, of ThMn,, phase] ,,,
Rs 3.84 6.21 5.57 oo — 4 H,of Calu, phase)
X2 1.47 1.18 1.42 0.0 0.5 1.0 15 2.0
X 0.287 0.288 0.288 Co content x
Z 0.295 0.299 0.295 FIG. 6. Curie temperature and mean hyperfine field versus Co
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TABLE IV. Curie temperaturd ¢ and the coercive fielti - for SmFg,_,Cao,Ti annealed at 923 K, 1123

K, and 1423 K.
He(T) Te(K)

Cocontentx Ta=923K To=1123K Ta=1423K Tp=923K Ta=1123K T,=1423K
0 0.07 0.41 0.20 526 594 595
0.5 0.08 0.55 0.20 599 652 653
1 0.07 0.56 0.18 664 710 710
1.5 0.07 0.57 0.190 728 747 748
2 0.07 0.60 0.19 748 789 789

given by the EDX analysigssee Table . First, the refine- are atom deficient. Yet the model that we have adopted in-
ment was performed with Ti and Co statistically distributedcludes one unique occupancy parameter that correlates only
among all sites. Such hypothesis could be assumed owing two families, R and 2 T dumbbells. We have maintained
the preparation process of the material, which was out ofhe @ occupancy rates equal to 0.33 to ensure the best geo-
equilibrium and possibly responsible for the high defect ratemetrical equilibrium amond hexagons. In the fitting proce-
However, the agreement was improved with Ti atoms disdure, the parameter considered as free were the following:
tributed oni sites as observed for bulk material. The Coa, ¢, strain rate, diffraction domain siz& and T Debye-
atoms were assumed to occupy thesite in analogy to Waller factors,x and z Wyckoff parameters of band 2
Y(FeCoTi);,.?° Figures 3 and 4 show such a Rietveld re-sites, ands occupancy parameter. The Ti and Co positions
finement for samples witk=0 andx=0.5, respectively, as were deduced from the structure relationship between
an example. The results concerning the fit of the varioug4/mmm and P6/mmm phases with Ti and Co in and f
samples are given in Table Il. It appears thatdhgarameter sites, respectively.

remains constant and equal to 0.85350003 nm with in- The results of the Rietveld analysis for the hexagonal
creasingx. A noticeable decrease is observed fofrom  CaCy type phase are given in Table Il for sample
0.4794 down to 0.4785 nm. The small trend to a reduction ot=0, 0.5, 1.5, and an example of a Rietveld fit for sample
the diffraction domain size together with an increase of theSquo.5TiC00.5 annealed at 1023 K is reported in Fig. 5.
strain rate as the Co content increases might be consistent
with the disorder brought by the fourth element slowing

down the diffusion process. The higher size values remain 2.70 ]
still in the nanoscale range. 2,68 ]
The Rietveld refinement of the hexagonal phase is more ¢ 1 ]
complex than that for the tetragonal case, for which the crys- 064 h
tallographic atom occupancy paramesas always equal to 1.08 4 .
1. The difficulties are linked to the fact that it grows at a 1
lower temperature and the crystalline quality is not as good 1.06 1
as that for the 1:12 phase. It results in a higher line broaden- 1
ing induced by higher strain rates and a smaller autocoherent ~ 1.04 .
diffraction domain size. MoreoveR andT sites, except §, 2 270 1 ]
Q . =1 -
S ] ]
12 T T T T T T T Q 268_— _.
1 O 2,66 -
. 3 4 £
oo 2.64 - -
] S 1.004 -'
m ] =S ]
= 1.08 H -
3 i - E
g ] 1.07 H -
= ] ] ]
= 1.06—_ 7
] 0.98 - 4
] 0.96 - 4
N — 0.94 - i
300 400 500 600 700 800 900 1000 IR RN N L R LA R RN N R I B BN |
Temperature (K) 10 -8 -6 -4 2 0 2 4 & 8 10
Source Velocity(mmis)
FIG. 7. Temperature dependence of the magnetization for
Sm(Fq_,Ca,)4,Ti compounds with ThMp, type structure forx FIG. 8. The 77 K Masshauer spectra of tetragonal
=0 andx=2. Sm(Fg_,Ca)q4Ti.
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FIG. 9. The 300 K Mssbauer
Sm(Fe-xCa,)11Ti.

spectra of tetragonal  F|G. 10. The Masbauer spectra of tetragonal Smgo, cTi

obtained at the indicated temperatures.

The deduced samarium and transition-metal stoichiometry of 1pq composition dependencies of the Curie temperatures
the h_exagonal phase is 1:10. The diff_raction domain size i%c for the SmFe, ,Ca,Ti alloys derived from thermomag-
drastically reduced at 1023 K, reaching a lower range ofgiic analysis results are shown in Fig. 6 and summarized in
nanocrystaliine scale. , , _Table IV. With increasing Co content, the Curie temperature

The higher amount of bcc iron compared with the higher-¢ e ThMn,type phase increases from 595 K=0) to
temperature diagrams might be due, first, to the fact that th989 K (x=2) (see Table IV, Fig. ¥

diffusion process is slower at 1023 K and nonreacted iron is The Curie temperature of the Ca@lype phase changes
present with samarium poorly crystallized. Second, the hexf om 526 K forx=0 to 748 K forx=2. This indicates that

agonal phase stoichiometry does not match exactly that Ghe addition of the Co atom enhances the exchange interac-
the 1:12 phase. We suggest that stoichiometry between boli n of the nearest-neighbor atoms in the Sm-Fe-Ti-Co se-
phases is recovered by stacking faults. ries

From Fig. 6 it can be seen that the Curie temperatures
increase monotonically with increasing Co content for both
The Curie temperaturé. of the 1:12 compounds varies structures (ThMp, and CaCyg). There are three types of

similar to theR,Fe;,B and R,Fe;; systems. The Curie tem- exchange interaction existing iRFe;_,M, compounds,
perature is mainly determined by Fe-Fe exchange interagiamely theR-R interaction between the magnetic moments
tion. The compoundB(Fe, Ti);, show higher Curie tempera- on theR sublattice, the'-T interaction between the magnetic
ture than the correspondirig,Fe;; compounds. It is known moments on thd sublattice, and th&-T intersublattice in-
that the Fe-Fe exchange interaction depends markedly on theraction. Among them, th&-T interaction is the strongest
interatomic distance. and determines the ordering temperature. It is well known

B. Magnetic properties

TABLE V. Wigner-Seitz derived near-neighbor environments and volumes in §ifiFe

Site Sm{2a} Fe(8i} Fe(8j} Fe(8f} Iron near neighbors WSC volume R
Sm{2a} 0 4 8 8 18 30.56
Fe{8i} 1 5 4 4 11.75 18.84
Fe(8j} 2 4 2 4 9 11.94
Fe{8f} 2 4 4 2 9 11.64
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TABLE VI. Mo ssbauer hyperfine parameter for SmfFe(x=0, atT=300 K). Hyperfine fieldH ¢ ; isomer shift,s (relative toa-Fe
at room temperatujgerelative areaS, and quadrupole splitting;.

Parameter B, 8i, 8i, (8i) 8jo 8j,1 8j, (8j) 8f, 8f; 8f, (8f)

Hye (T) 30.66 27.46 2255 2715 2561 2368 2013 2354 2892 2559 2149 2579
s(mm/s) 002 -0096 —0.092 —0.063 —0.048 -0.148 —-0.101 —0.113 —0.061 -0.188 —0.116 —0.129

e (mm/s) 0.052 0.015  0.063 0.047 0032  0.045 0.043-0.008  0.027

S(%) 8 13 7 12 16 8 12 16 8

that theT-T interaction is very sensitive to the distance be-11.64, 18.84, 11.94 A (see Table V. During the analysis
tween the transition-metal moments. Haial?* have re- procedure, in the first step, we calculated the relative sextet
ported that Fe at thei&ite has the largest magnetic momentareas by a hinomial distribution law and fixed them. The
while Fe at the 8 site has the smallest moment. The inter- ayerage isomer shifts were classified on the basis of the WSC
atomic distances between the near neighbors of Fe atoms gbjymes;, i.e., 8>8j>8f. In the last step, all hyperfine pa-

the di_ffezrzent sites are different. According to Givord and ameters were considered as free. The detailed approach was
Lemaire;“ there are twoT-T exchange interactions in gerformed as follows.

R,Fe; compounds, positive and negative. When the distanc Forx=0, three sextets ought to be used at least to repro-

of the_ Fe-_Fe pairs 1S smaller than 2.45 A, the ex_change Nuce the spectra according to the existence of the three crys-
teraction is negative, whereas at larger Fe-Fe distances ttegno raohici i f sites. However more sextets are neces-
interaction is positive. It may be assumed that this is also the graphict, J, ’ '

case in 1:12 systems. So, when the substitution of Co for Fgary_to fit the_spe_ctrg _broadening. The s_tatistic_al distribution
occurs at sites where the distance between Fe-Fe pairs ?é.T' atoms in sitei influences the nelghbpr|ng Of. eagh
smaller than a certain critical distance, the negative interad- I+ f F€ atom. The presence of 0, 1, 2 adjacent Ti neigh-
tion will be reduced and the total interaction will be en- POrs to thei, j, f Fe atom was taken into account. Nine
hanced, so that the Curie temperature will increase due to trR€Xtets were then used to simulate the experimental spectra
substitution of Co for Fe. to, 11, 125 Jo, J1, J23 fo, f1, f2 (see Table V).

Moreover, qualitatively, when thed3band is nearly full, In addition, each Biron has the most adjacent Fe atoms,
it is established that positive interactions dominate. For half11.75 (see Table ¥, whereas eachj8and & Fe has only
full band, competition exists between negative and positiveine adjacent Fe neighbors. Thus, the largest hyperfine field
interactions. The substitution of Co, which contributes toshould be attributed to thei &ite. However, it is difficult to
complete the @ subband, reduces the negative interactionsissign properly the subspectra to theahd & site because
and induces the Curie temperature enhancement in botle numbers of the site occupancies and the adjacent Fe at-
structures. oms are the same for both sites. According to the neutron

The ThMntype phase Mssbauer spectra were mea- diffraction resulté’ the local magnetic moment of thg 8ite
sured between 77 and 300 K. The 77 and 300 K spectras larger than that of thef8 One can be tempted to correlate
together with the fits, are presented in Fig. 8 and Fig. 9. Athis result to the local hyperfine field. However, Coehoorn
300 K it is obvious that the mean hyperfine field increasest al?® have shown that the contribution of the dlectrons
with x (cobalt contentin agreement with Curie temperature to the hyperfine field resulted in a significant deviation from
variations. The same trend is observed at 77 K. The spectia simple proportionality relation between the hyperfine field
for x=1.5, as an example, between 77 and 300 K, are showand the local Fe moments.
in Fig. 10. The correlation between WSC volume and isomer shift

The analysis was performed according to the local enviwas demonstrated:?® Moreover, the calculated sextet abun-
ronment of each of three crystallographic iron sites, takingdance forjq fo, j; f1, jo T2 is, respectively, 12, 16, 8. The
into account the effect of titanium and cobalt near neighborsassignment of the various sextets to the different subsites
Our model is based upon the two following assumptions: Tiwas then carried out on the basis of the correlation between
and Co atoms occupy, respectively, @d & sites accord- WSC volumes and.

ing to previous Mesbauer spectroscopy results on YJfFe The same approach was used for the Co compounds. The
and Y(Fe,Co);Ti (Refs. 23 and 20and neutron diffraction effect of 0, 1, 2, 3, 4 Co neighboffor x=2) were consid-
measurements on Nd(FeTiGg)Ref. 24. ered, but to obtain a physically meaningful fit the relative

For each individual sextet, Lorentzian linewidths of 0.27 abundance lower than 3% was neglected. The same model
to 0.29 mm/s were used. The area ratio of the absorptiohas been applied to all samples for each temperature.
lines was assumed to be 3:2:1:1:2:3 because the absorber The results of the above analysis are summarized in Table
was a powder with randomly oriented particles, as corroboVIl for x=1, as an example, the monotonic variation of the
rated by x-ray analysis. mean individuali, j, f site 6 values as a function of tem-
From the Wigner-Seitz ce(WSC) calculation, we deter- perature attests for the pertinence of the analfSig. 11).
mined the near-neighbor environment and volumes. Iron The isomer shift of the Band § atom shows a noticeable
near neighbors for the different sitea,28f, 8i, 8j, and the increase with Co substitution, while thé-&tom isomer shift
WSC volumes were, respectively, 18, 9, 11.75, 9 and 30.56emains quasiconstaiifig. 12a), Fig. 12b)]. This result
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TABLE VII. Mo sshauer hyperfine parameter for Sme®Ti (x=1). Hyperfine field,H,¢ ; isomer shift,s (relative to thea-Fe at
room temperatupe relative areaS, and quadrupole splittings.

T(K) Parameter Byo 8ig1 8i1g 8i11 8iy 8iy (8i)
300 Hye 30.75 31.97 26.44 29.77 24.62 25.62 28.22
o 0.064 0.134 —0.054 -0.17 —0.269 0.359 —0.004
e 0.135 0.235 0.094 0.025 —0.044 0.278
S 3.3 4.4 5.6 7.4 3.7 4.9
8joo 8jo1 8j10 8j11 820 8j21 (8i)
Hue 25.63 28.15 24.5 26.48 20.02 22.82 25.10
o —-0.074 —0.067 —-0.191 —-0.211 —0.085 —0.227 —0.095
e 0.075 0.089 0.046 0.09 0.074 —0.018
S 4.5 5.9 5.9 7.9 3.0 3.9
8foo 8fo1 8f1o 8f1 8f20 8fa (8f)
Hure 29.88 31.53 26.72 29.86 22.46 24.0 27.47
1) 0.02 —0.02 —0.228 —0.263 —0.153 0.048 —0.129
e 0.053 0.041 —0.068 —0.161 0.07 —0.025
S 7.9 3.0 10.6 7.1 5.3 35
230 8oy 8oy 8iL 8i,; 85 8, (8i)
Huye 26.33 35.02 28.29 29.38 28.48 28.57 29.42
o 0.064 0.199 0.193 —-0.123 —-0.732 0.464 0.027
& 0.76 —0.046 0.17 —0.013 0.331 0.268
S 3.3 4.4 5.6 7.4 3.7 4.9
8joo 8jo1 8j10 8j11 820 8j21 (8i)
Hue 26.44 30.36 24.96 27.54 20.4 24.42 26.34
1) 0.043 0.114 —0.063 —0.096 —0.058 —0.365 —0.061
e 0.123 0.02 —0.213 0.121 —0.03 —0.248
S 4.5 5.9 5.9 7.9 3.0 3.9
8f o0 8fo1 8f10 8f11 8f20 8fa (8f)
Hye 31.89 32.36 27.73 31.23 23.29 25.07 28.73
o —0.025 0.213 —0.223 —0.209 0.0123 —0.049 —0.103
e 0.024 0.179 —0.064 —0.073 0.014 0.078
S 7.9 3.0 10.6 7.1 5.3 35
180 8o 8io; 8i1 8iy 80 8y (8i)
Hue 25.56 35.68 28.69 29.85 28.77 29.11 29.75
8 0.558 0.138 0.168 —-0.118 —-0.71 0.492 0.059
& 0.796 0.024 0.21 -0.014 0.315 0.271
S 3.3 4.4 5.6 7.4 3.7 4.9
8joo 8jo1 8j10 8j11 820 8j21 (8i)
Hue 26.92 30.88 25.25 27.94 21.48 24.75 26.81
1) 0.008 0.099 —0.046 —0.067 —0.034 —0.335 —0.044
e 0.139 0.038 —0.205 0.109 0.009 —0.303
S 4.5 5.9 5.9 7.9 3.0 3.9
8f o0 8fo1 8f10 8f11 8f20 8fa (8f)
Hye 32.39 32.61 27.9 31.84 23.84 25.33 29.12
S —-0.037 -0.12 —0.064 —0.208 —-0.011 —0.049 —0.082
e 0.01 0.175 —0.073 —0.059 0.119 0.074
S 7.9 3.0 10.6 7.1 5.3 35
130 8o 8io; 8i1 8iy 80 8y (8i)
Hue 28.05 34.0 28.96 30.0 29.0 30.7 29.89
o 0.328 0.25 0.154 —0.082 —0.361 0.351 0.100
e 0.697 —0.015 0.304 —0.093 0.314 0.326
S 3.3 4.4 5.6 7.4 3.7 4.9
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TABLE VII. (Continued.

T(K) Parameter 800 8jo1 810 8j11 8j20 821 (8j)
Hue 26.75 31.05 25.72 28.13 22.5 25.18 27.01
) 0.052 0.184 0.008 —0.009 —-0.12 —-0.323 —0.015
e 0.163 0.009 —0.234 0.032 0.027 —0.408
S 4.5 5.9 5.9 7.9 3.0 3.9
8f 0o 8fo1 8f10 8f11 8f20 8fa (8f)
Hue 33.05 33.37 28.08 32.21 24.68 25.52 29.27
S —0.02 —0.025 —0.046 —-0.125 -0.15 —0.025 —0.054
e 0.027 0.158 —0.106 —-0.128 0.103 0.105
S 7.92 2.57 10.60 7.07 5.25 3.53
77 800 8ioy 8i1o 8i1, 8is 8iy (8)
Hur 33.71 35.56 27.72 31.1 25.56 27.74 30.15
) 0.448 0.178 0.107 —-0.212 0.232 0.345 0.132
e 0.36 —0.031 0.09 0.107 0.05 0.549
S 3.3 4.4 5.6 7.4 3.7 4.9
8joo 8jo1 8j10 8j11 8j20 8j21 (8j)
Hue 25.95 31.0 27.74 29.64 22.75 25.05 27.76
) —-0.02 0.02 —0.046 -0.1 0.179 —0.015 0.040
e 0.08 0.08 —-0.139 0.132 0.077 -0.13
S 4.5 5.9 5.9 7.9 3.0 3.9
8f0o 8fo1 8f10 8f11 8f20 8fy (8f)
Hur 32.53 34.1 28.98 31.73 24.98 25.56 29.13
) 0.21 —-0.13 —0.072 —0.142 —0.009 —0.185 —0.007
e 0.112 0.066 —0.058 —0.204 0.056 0.05
S 7.9 3.0 10.6 7.1 5.3 3.5

can be understood in terms of the preferential Co atom ocpreferential occupation of Co atoms on this site. Meanwhile,
cupation. The 8and § site Fe atoms have four adjacerft 8 the dependence with composition of the average isomer shift
neighbors and the f8site atoms have only two. The isomer can be considered as linear within a good approximation.
shift behavior of the Band § site Fe atom is attributed to The nuclear hyperfine fieléHe variation corroborates
the additional 8 electrons brought by 8 Co neighbors. too the validity of the field assignment reported as a function
They enhance the shielding of the électrons, reduce th®@  of temperature fox=1 (Fig. 13 and versus Co content
charge density at the nucleus, and result in an increasingrig. 14(a), Fig. 14b)] at 300 and 77 K. One must remember
isomer shift. In contrast, if 8atom surrounding is poorly thatH{8f} is larger thanH,£{8j}, unlike the & and &
affected by the Co substitution, tisecharge density is then local magnetic moments measured by neutron diffraction.
not modified. No change is observed for theiS8omer shift.  The reason is that neutron measurement involves the core
The difference for the B-site behavior then corroborates the part of the atom. The main contribution to the hyperfine

] FIG. 11. The temperature dependence of the
-0.03 . isomer shifts in SmRgCoTi.

Isomer Shift 5 (mm/s)

4 I v I ' 1 i I i I
50 100 150 200 250 300
T(K)
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FIG. 12. The compositional dependence of the isomer shifts for

FIG. 14. The compositional dependence of the hyperfine fields
the tetragonal 1:12 phage) at 300 K, (b) at 77 K. P P yp

for tetragonal phaséa) at 300 K, (b) at 77 K.

field, which is the Fermi contact term, contains contributions ) ) ) )
from all s core electrons andsivalence electrons as pro- the 3 site. With the highest near Fe neighbors, tresite,
posed above for our analysis and verified hengosteriori relative to the dumbbells, shows the highest QQISC volume. It
The Massbauer spectriig. 15 relative to the hexagonal 1S Obvious from Fig. 1 and through Forket al™ that WSC
phase are broadened compared with those of the tetragoriadd} iS larger than WSC{6l}. We have, in a first step,
phase, where Ti is located on one crystallographic positionf€Produced the experimental spectra with seven broadened
According to the structure relationship described in Sec. 111 S€Xtets with respective abundances equal to crystallographic
it should be statistically distributed over sites and 6. Co, ~ I'on occupancies with the sequenge>5;> ;. A detailed
located on the 8 site in the 1:12 structure, should occupy study of the hyperfine parameters in this complex structure is

31 T T T T d T d T T T 11.54

*7] ] 11.52 JF PHIES
29 4 i 4
11.50

11.48
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27 1 -

Hypetfine Field H . (T)

26+
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FIG. 13. The temperature dependence of the hyperfine fields in FIG. 15. The 300 K Mesbauer spectrum of hexagonal
tetragonal SmRgCoTi. SmFgCoTi annealed at 1023 K.
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Applied Field (T) FIG. 17. Coercitive field, at room temperature, versus annealing

temperature in Sm(ke,Ca,),Ti for indicatedx values.

FIG. 16. Hysteresis loops of Smfx£0, sTi annealed at indi-
cated temperatures. due to an unfavorable microstructure, probably resulting
. S from a small grain size containing many defects. Further-
in progress. Nevertheless, the mean hyperfine field increasegore, it is well established that the coercive fiddg de-
monotonically. o _ _ creases with increasing grain size, i.e., with increasing an-

The mean hyperfine field increases in both struct(f&s  nealing temperature. This is the reason for the srigll
6). This behavior can be correlated directly to the mean magyajue for samples annealed Bt= 1423 K.

netic moment variation eXpIained on the basis of a rlgld band Coercivity exhibits two antagonist regimes as a function

model?® The increase in @-electron number brought by Co of T, (Fig. 17. When increasing 5, on the one hand, the
fills up asymmetrically the @ subbands. number of surface defects of the CaCphase are reduced
_The nuclear hyperfine fieldd g is the sum of three con-  and results in an increase ldf. ; on the other hand, the x-ray
tributions: diffraction domain size of the ThMg phase increases,
which reducesH. The intersection of both behaviors oc-

Hur=Hgc+HgiptHorp - curs around 1123 K wherkl shows a maximum. In this

_ _ - ~ region the two phases Cag£(0% and ThMn, (90%) co-
The dipolar fieldH 4;, can be neglected because it is small ingxist.

metals.H,,;, is produced by the unquenched orbital angular
momentum of valence electrorts,,,, is positive, is arounty
2 T, and is assumed constant for all compounds. The Fermi
contact termHg- can be divided into two contributions: High-energy ball milling and subsequent annealingd at
Hce, the core-electron (4,2s,3s) polarization field, which >1173 K lead to a continuous and homogeneous substitu-
is negative, andH ,., the 4s conduction-electron polarization tion of Co for Fe in thd 4/mmmSmFeg,Ti compound. The
field, produced by the FedBmoment, which is always posi- unit cell parametern remains constant and shows a small
tive. decrease. The increase of Curie temperaiigeand hyper-
By comparing the experimental mean hyperfine field befine field Hyr attest for the Co continuous substitution, cor-
havior of the ThMn, and CaCy structures(Fig. 6), two  roborated by EDX analysis.
observations can be mad@) |Hyg[{1:12 is greater than For T,<1073 K a hexagonalP6/mmmCaCu-type
|[Hye|{1:5}. This can be explained by the fact that the num-phase, the precursor of the tetragondl4/mmm
ber of Fe atoms in the 1:12 cell is larger than that in the 1:535mFg,_,Co,Ti phase, is detected as the main phase. The
cell. It results in|Hcg|{1:12 being higher thahfHg/{1:5}.  Rietveld analysis gives a phase stoichiometry described as
(i) The overall mean hyperfine field, ¢ is negative but the 1:10, with three crystallographic transition-metal sites P) (6
additional 3 Co electrons affect the positivé,s term, and atoms, 3 (8) atoms, 2 (2e), and one Sm site 1s(1a).
its contribution is higher for a 1:5 cell than for a 1:12 cell.  For 1093<T,<1173 K the hexagonal phase is trans-
Qualitatively, it means thatly- will be reduced faster for formed into the tetragonal phase. We suggest that this evo-
the 1:5 compounds than for the 1:12 compounds. This resultsition is favored by a recovery of the stacking fault between
in a slope, versus Co content, fdi;{1:5} to be half of that the hexagonal phase and the coexisting bcc phase.
for Hye{1:12. The substitution of Co, which contributes to complete the
The hysteresis loops of Sm§=diCo; s measured at room 3d subband, reduces the negative interactions and induces
temperature are illustrated in Fig. 16. The effect of annealinghe Curie temperature enhancement in both structures. The
temperature on magnetic properties is demonstréased hyperfine parameters were assigned on the basis of the cal-
Table IV). The coercive field increases with increasing an-culation of WSC volumes. The isomer shift behavior of the
nealing temperature up to 5.67 kOe«£B35 nm). The small 8i- and §-site Fe atom is attributed to the additionad 3
coercivity for an annealing temperature of 920 K must beelectrons brought by 8Co neighbors. In contrast, no change

V. CONCLUSIONS
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is observed for the Bisomer shift. The difference for the and suggests that such semihard material is a potential can-
8f-site behavior corroborates the preferential occupation oflidate for magnetic recording media.
Co atoms on this site in the 1:12 structure.
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