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Structure and magnetic properties of nanocrystalline Sm„Fe1ÀxCox…11Ti „xÏ2…

L. Bessais and C. Djega-Mariadassou
LCMTR, UPR209, Centre National de la Recherche Scientifique, 2/8 rue Henri Dunant, Boite Postale 28, F-94320 Thiais, Fra

~Received 29 June 2000; published 4 January 2001!

Magnetic properties correlated to structural transformations, from metastable hexagonal CaCu5-type phases
to equilibrium tetragonal 1:12 phases, are studied systematically for nanocrystalline Sm(Fe12xCox)11Ti 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-metalT sites: 3g is fully occupied, and 6l
occupation is limited to hexagons surrounding theT dumbbell pairs 2e. 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 Co 8f preferential 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 the 3d moment. The coercitive field of 0.6 T measured at room tem-
perature suggests that nanocrystalline SmFe9Co2Ti, with a Curie temperature equal to 790 K, is a semihard
material and is a potential candidate for magnetic recording.

DOI: 10.1103/PhysRevB.63.054412 PACS number~s!: 75.50.Bb, 75.50.Tt, 76.80.1y
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I. INTRODUCTION

The rare-earth iron intermetallic compounds are of int
est from an application point of view and in understand
fundamental physics and metallurgical properties. The
main areas of application for magnetic materials are m
netic recording~semihard magnets! and dynamic and static
permanent magnet applications~hard magnets!.

After the discovery of the Nd-Fe-B permanent magne1

research began for new Fe-based intermetallic phases
might be suitable as permanent magnets. So far, iron-
and rare-earth-containing phases with the tetragonal ThM12
crystal structure have attracted the most attention.2–4

The ternary compoundsR(Fe,M )12 (R5rare earth,M
5Ti,V,Mo, . . . ) with the ThMn12-type tetragonal structure
are known to be possible candidates for permanent ma
materials.2,4–6 When theR atom has a positive Stevens coe
ficient, the easy axis of the magnetization is along the cr
tallographic axisc. The effect of the third elementM is con-
sidered to be essential for stability and magnetic proper
of the alloys.6 The occupation criteria relative to the stabili
ing metal depend on steric effects and enthalpy values c
cerning the R-M bond.7 Attractive features of the
RFe122xMx compounds are their relatively simple tetragon
crystalline structure. So, these compounds are of interes
understanding fundamental physics problems.

The synthesis of a number of rare-earth–transition-m
alloys by mechanical alloying has recently been reported8,9

Optimally, heat-treated structures have been shown to
hibit high coercive forces and isotropic behavior associa
with nanocrystalline microstructures, indicating that m
chanical alloying is a very interesting preparation method
achieve the permanent magnet application of rare-ea
transition-metal alloys.

In a continuing program of study relative to structural a
magnetic properties of rare-earth iron intermetallic co
pounds, we have investigated ThMn12 structure compounds
This is because with this structure, on the basis of the c
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position, which is rich in 3d metals, a high saturation mag
netization would be expected, and, due to the large ratio
a/c, a strong magnetocrystalline anisotropy is hopeful.

In order to understand more fully the phase formation
the mechanically alloyed~MA ! Sm-Fe-Co-Ti powders, we
carried out a systematic investigation of the effects of
cobalt substitution and the annealing conditions on the st
ture and the magnetic properties of a tetragonal SmFe11Ti
semihard nanocrystalline alloy. It is well known that prep
ration techniques such as mechanical alloying, hig
frequency sputtering, or melt-spinning produce disorde
phases and precursors to the known equilibrium phases.

A detailed description of the relationship between the d
ordered hexagonal precursor and the ordered 1:12 struc
will be first presented. Afterwards, structure results relat
to the known stoichiometric 1:12 phase will be used to e
plain the hexagonal parent, with information about diffra
tion domain size, lattice stress, and nature of minor pha
Curie temperature evolution will attest for the pertinence
the Fe substitution in both phases. The Co site preferenc
the 1:12 phase will be demonstrated by Mo¨ssbauer spectros
copy and will provide the interpretation of the disorder
phase Mo¨ssbauer spectra. The effect of nanocrystallinity
coercivity will be finally reported. The study of th
SmFe112xCoxTi series has been limited up tox52, where
the easy direction of magnetization of the tetragonal ph
remains axial.10

II. EXPERIMENT

Intermetallic compounds SmFe112xCoxTi with Co con-
centrationx50, 0.5, 1, 1.5, and 2 were prepared from e
emental powders of 99.9% pure Sm, Fe, Ti, and Co w
respective particle size 40, 325, 50, and 50 mesh, milled
high-energy Fritsch P7 planetary ball mill to form an u
trafine layered microstructure. Mixtures of the powders w
sealed in a hardened steel vial together with five 15 m
diameter steel balls. A ball to powder mass ratio of 15:1 w
©2001 The American Physical Society12-1
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used with milling time of 5 h. A high-purity, argon-filled
glove box with an O2 and H2O rate around 1 ppm was use
for loading and sealing the vials and all post-milling powd
handling. The as-milled powder was wrapped in tantal
foil and sealed in silica tubes under a vacuum of
31027 Torr, then annealed for 30 min at temperatures
tween 923 and 1423 K.

The overall chemical composition of all samples w
checked by inductively coupled plasma atomic emiss
spectroscopy~ICP-AES! and appeared, within the exper
mental uncertainties (60.04), in agreement with the nom
nal composition. Energy-dispersed x-ray spectrome
~EDX! with LINK AN10000 equipment and a beam size
25 nm, mounted on a JEM 100 CX II microscope, was e
ployed to analyze specifically the ThMn12-type structure of
all alloys annealed at 1423 K.

The crystal structure was deduced from x-ray-diffracti
~XRD! patterns, registered on a Brucker diffractometer w
automatic divergence slit (CuKa radiation l
51.541 78 Å). The x-ray spectra were refined using
FULLPROF program based on the Rietveld method.16,17

The peak-shape function was chosen as Thompson-C
Hastings pseudo-Voigt type.18 As a measure of the quality o
refinement, two agreement factors (RB and x2 will be de-
fined in Sec. IV A! from the program output were used.

The magnetization was measured using a Manics dif
ential sample magnetometer~DSM! in magnetic fields up to
1.8 T. When necessary, the samples were sealed in s
tubes to avoid oxidation upon heating.

Thermomagnetic data were measured under an app
field of 1000 Oe with a heating rate of 10 K/min. The Cur
temperatureTC was determined from theM -T curves by
extrapolating the linear part of theM -T curve and finding
the temperature values of the intersection with the exten
baseline.

57Fe Mössbauer spectra were obtained between 77
300 K, with a 50 mC 57Co/Rh source, on a constan
acceleration 512-channel spectrometer. The calibration,
formed with a-iron foil, gave a linewidth for the externa
peaks of 25 mm/s. The sample’s natural iron concentra
was around 12 mg/cm2. The parabolic distortion of the spec
tra was canceled by working in the mirror image mode, a
the small resulting linear drift of the baseline was correct
The spectra were fitted as discussed in Sec. IV and the
mated errors were at most60.1 T for hyperfine fields,
60.005 mm/s for isomer shifts, and60.01 mm/s for the
quadrupole shifts.

III. STRUCTURAL CONSIDERATION OF THE AB5

PHASE AND DERIVED STRUCTURES

The stoichiometricRT5 structure of CaCu5 P6/mmm
type can evolve to nonstoichiometricP6/mmm structures.
Atomic ordering generates phases with discrete compos
2:17, 3:29, and 1:12 indicative ofR3̄m, P21 /C, and
I4/mmmspace groups. The homogeneity range of the h
agonal phase varies withR and T elements. ForR5Y and
T5Co, an upper limit of Co content, 7.3, has be
reported.11 The R-Fe precursors are generally described
05441
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having TbCu7 structure except theP6/mmmSmFe9 phase,
which we reported12 as the parent phase of Sm2Fe17 in agree-
ment with Teresiaket al.13 It is worth noting that the
P6/mmm precursor to the 1:12I4/mmm structure of the
Sm(Fe,Co)12Ti alloys was considered up to now as a TbC7
phase. Preliminary considerations about the structure r
tionship are required to justify the model used in the str
ture refinement.

The lattice parameters of the tetragonal ThMn12-type
phase can be converted into those of hexagonal CaCu5-type
phase according to the following conversion equations:

a1:55c1:12 and c1:55
a1:12

2
.

Furthermore, when two dumbbell pairs (T-T) substitute
for 2R atoms over a 4RT5-type cell, the ThMn12-type phase
occurs as follows:

4~RT5!22R14T~dumbbell!→2~RT12!.

RT5 is constituted by theR lattice built at the coordinate

origin 1a ~0,0,0! and 2T sublattices built on 2c ( 1
3 , 2

3 ,0) and

3g ( 1
2 ,0,12 ) positions. This arrangement leads to two types

layers: in the lowest one,R atoms are centered onT hexa-
gons, whereas in the next layer onlyT atoms are accommo
dated.

The T-excess region of theRT5 unit cell has been de
scribed by the formulaR12sT512s , wheres expresses the
number of R substitutions. In the low-excessT region (s
.0.12) Givordet al.14 have proposed the following schem
for Sm-Co alloys: if (12s) is the R occupation rate in the
~0,0,0! 1a position, with decreasingR content, 2sT atom
pairs substitute theR positions. They constitute the dumbbe
pairs located on the (0,0,Z) 2e position. The initial 2c hexa-
gons shift towards the c axis in the position
6l @(X,2X,0); X, 1

3 #. As a consequence, only 2(123s)T

atoms remain located in the special 2c position (1
3 , 2

3 ,0) and
four T crystallographic sites are necessary to explain
T-excessP6/mmmstructure. Nevertheless, theP6/mmmRT

precursor of the orderedR3̄m 2:17 structure and the
I4/mmm structure known as TbCu7-type phase have no
been described with the 6l site.15

From s50 up to s50.33, the 6l population increases
while the 2c decreases from 2 down to 0, with a theoretic
equipartition fors50.16 ~see Table I!. Moreover, high en-
richment gives evidence of the additional 6l site by the fact
that only the 2c site cannot describe suchT content.

In this paper, we intended to extrapolate the Givo
et al.’s model towards highers values (s>0.33). This model
gives the possibility to take into account theT distortion
obviously brought by theR substitution. The more general 6l
site, which involves the previous 2c hexagons, implies an
atom occupation rate limited to13 . At most one-third of 6l T
atoms forming hexagons surround the dumbbell 2e ~Fig. 1!.
We have applied such theoretical substitution mechanism
the hexagonal precursor of the ThMn12Sm(Fe,Co)12Ti with
three iron sites 2e, 6l , and 3g ~see Table I!.
2-2
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TABLE I. Atom Wyckoff positions, number of subsequent atom in the parentR12sT512s hexagonal
P6/mmmstructure as a function of thes parameter atom occupancy, and Wyckoff positions with number
subsequent atoms in theRT12 I4/mmmtetragonal structure.

Atom position R12sT512s Atom position RT12

s50 0,s,0.33 s50.33 s.0.33

Sm (1a) 0,0,0 1 1-s 0.66 1-s Sm (2a) 0,0,0 2

T1 (2c) 1
3 , 2

3 ,0 2 2(1-3s) 0 0 T1 (8 f ) 1
4 , 1

4 , 1
4

8

T2 (6l ) X,2X,0 6s 2 2 T2 (8i ) X,0,0 8
T3 (2e) 0,0,Z 2s 0.66 2s T3 (8 j ) X, 1

2 ,0 8

T4 (3g) 1
2 ,0,12 3 3 3 3
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We used the known atom distribution of the we
established ThMn12-type structure to deduce atomic popul
tion in theP6/mmmstructure. No drastic atom modificatio
over change was expected. Most particularly Ti and Co d
tribution in the hexagonal precursor ought to be close
those of the descent.

The tetragonalRT12 phase is characterized by three cry
tallographic nonequivalentT sites: 8i , 8j , 8f . One-half of
the atoms on the 6l (2c) site in the P6/mmm RT5 motif
become equivalent to the pair of substitution atoms and fo
the 8i site. One-third of the atoms on the 3g site and the
remaining half of the atoms in the 6l (2c) site of the
P6/mmmcell constitute the 8j site. The other two-thirds o
the 3g site constitute the 8f site.

Although XRD is not sensitive to the Co and Fe distrib
tion, we will adopt such a relationship to fit theP6/mmm
structure. Keeping in mind that the Ti atom site results fro
an evolution ofP6/mmm2e and 6l population, and 8f at-
oms provide the 3g site. These observations will constitu
the basis of the model used for the analysis of XRD diagra
and Mössbauer spectra relative to the hexagonalP6/mmm
RT5-type phase.

However the binaryRT12 structure does not exist an
needs to be stabilized by a third element that occupies thi
05441
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site.19 Ti is one of the stabilizing elements of the bina
Fe-Sm alloy. In the case of the YFe112xCoxTi compounds,
Co atoms are known to occupy preferentially thef site in
bulk material.20 Fe atoms are located on thej site and the
remaining fraction on thei and f sites.

The distribution of Co in the Sm(Fe,Co)11Ti alloys still
remains a problem open to discussion. As a matter of f
XRD cannot distinguish the Co and Fe positions due to th
close atomic diffraction factor. A neutron diffraction study
difficult to carry out owing to the samarium absorptio
Mössbauer spectroscopy appears to be a powerful techn
to define the preferential occupation of Co in 1:12 structu
we will discuss this point in Sec. IV B.

IV. RESULTS AND DISCUSSION

A. Structural properties

The x-ray diagrams of the as milled samples reveal
lines of a bcca-Fe–Ti and Co solid solution. At low angles
a background increase that results from the collapse of
samarium lines is associated with amorphous samarium
corroborated by Mo¨ssbauer spectroscopy. An addition
solid-state diffusion reaction at low annealing temperat
ll
FIG. 1. Two-dimensional~001! projection of
the partially disordered hexagonalP6/mmm
structure. 6l hexagons surround the dumbbe
iron site 2e.
2-3
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TA leads for allx content to the hexagonalP6/mmmstruc-
ture. The ordered phase of ThMn12 type I4/mmmis obtained
above 1023 K.

As an example, the XRD spectra of three MA samp
with the composition SmFe10.5Co0.5Ti annealed at 1423 K
1123 K, and 1023 K respectively, are shown in Fig. 2.
1023 K, the XRD diagram can be indexed according to
hexagonalP6/mmm structure. With increasing annealin
temperature, 1073,TA,1173 K, a more ordered state a
pears, indicated by the gradual emergence of superstruc
reflection peaks denoted byhkl ~202!, ~002!, ~202!, indica-

FIG. 2. X-ray diagram of SmFe10.5Co0.5Ti annealed at 1023
1123, and 1423 K.
05441
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tive of the ThMn12 type structureI4/mmm. Moreover, the
broadening of the diffraction peaks reduces at high annea
temperature. ForTA51423 K, the XRD pattern can be in
dexed unambiguously into the ThMn12-type structure.

The XRD diagrams of the annealed material at a tempe
ture up to 1073 K show a main phase contribution of ab
95 vol % for 0,x,2, indexed by the disordere
CaCu5-type hexagonalP6/mmmcell, in agreement with re-
sults from rapidly quenched19 SmFe11Ti. The additional
weak lines are assigned to bcca-Fe–T, around 2%; Fe2Ti,
1%; and SmO-N, 2%.

In the Rietveld refinement process, the following vario
structure parameters were adjusted: atom positions, atom
occupancy, Debye-Waller factors, and cell parameters,
gether with the parameters describing the line profile. Ho
ever, the structural model must be knowna priori with pa-
rameters close to the real parameters.

The line broadening reflects microstrains and isotro
size effects. In order to evaluate those contributions, we h
chosen a peak function of Thompson-Cox-Hastings pseu
Voigt type, defined as a convolution of Lorentzian a
Gaussian functions.

FIG. 3. Rietveld analysis for SmFe11Ti annealed at 1423 K. The
set of ticks refer, respectively, to SmFe11Ti, Fe2Ti, a-Fe–Ti, and
SmO-N.
TABLE II. T composition of theI4/mmm phase as given by EDX analysis for the various nominal compositionx, a, and c cell
parameters,D mean diffraction domain size,h strain rate, andRB andx2 factors from the Rietveld fit forTA51423 K.

x50 x50.5 x51 x51.5 x52

Fe510.97 Fe510.46 Fe59.96 Fe59.45 Fe58.96
T atoms Ti51.02 Ti51.02 Ti51.03 Ti51.04 Ti51.03

EDX analysis Co50 Co50.5 Co51.01 Co51.51 Co52.02
a (nm) 0.8555~3! 0.8552~3! 0.8555~3! 0.8552~3! 0.8555~3!

c (nm) 0.4794~3! 0.4791~3! 0.4788~3! 0.4787~3! 0.4785~3!

D (nm) 95 107 89 80 87
h (%) 0.18 0.26 0.33 0.30 0.36

RB 3.79 5.21 4.94 5.61 6.47
x2 2.21 1.80 1.69 1.57 1.33

X$8i % 0.357 0.358 0.359 0.359 0.359
X$8 j % 0.276 0.275 0.274 0.274 0.275
2-4
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Isotropic Lorentzian and Gaussian contributions of s
and microstrains were taken into account. The full width
half maximum of the GaussianHG and LorentzianHL com-
ponent of the profile function is given by

HG
2 5u tan2 u1v tanu1w,

HL5x tanu1
y

cosu
,

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

The various structural parameters,X and Z atomic posi-
tion, Debye-Waller factor, occupancy parameters, cell pa-
rameter, and theu, x, and y profile parameters, are leas
square fitted. The goodness-of-fit indicators are calculate
follows:

FIG. 4. Rietveld analysis for SmFe10.5Co0.5Ti annealed at 1423
K. The set of ticks refer, respectively, to the main phase a
a-Fe–(Ti,Co).

TABLE III. P6/mmmcharacteristics deduced from the Rietve
fit; s is the atom occupancy parameter.

x50 x50.5 x51.5

s 0.439 0.422 0.404

Sm content 8.7 9.0 9.3

a (nm) 0.4899~3! 0.4899~3! 0.4906~3!

c (nm) 0.4225~3! 0.4232~3! 0.4232~3!

D (nm) 17 16 16

Strain rate~%! 0.45 1.00 1.00

RB 3.84 6.21 5.57

x2 1.47 1.18 1.42

X 0.287 0.288 0.288

Z 0.295 0.299 0.295
05441
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(
K

uI K~o!2I K~c!u

(
K

I K~o!

,

whereI K(o) is the observed Bragg intensity andI K(c) is the
calculated one, and

x25

(
i

wi uyi~o!2yi~c!u2

N2P1C
,

whereyi(o) is the intensity observed at thei th step in the
step scanned powder diffraction pattern,yi(c) is that calcu-
lated, andwi is the weight of the observation.N is the total
number of points used in the refinement.P the number of
refined parameters, andC the number of strict constrain
function.

For samples annealed at 1423 K, the agreement betw
theoretical and experimental XRD diagrams related to
ThMn12 phase was calculated with the Fe/Ti and Fe/Co ra

d
FIG. 5. Rietveld analysis for SmFe10.5Co0.5Ti annealed at 1023

K. The set of ticks refer, respectively, to the hexagonal phase
SmO-N.

FIG. 6. Curie temperature and mean hyperfine field versus
contentx for ThMn12 and CaCu5 phases.
2-5
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TABLE IV. Curie temperatureTC and the coercive fieldHC for SmFe112xCoxTi annealed at 923 K, 1123
K, and 1423 K.

HC(T) TC(K)
Co contentx TA5923 K TA51123 K TA51423 K TA5923 K TA51123 K TA51423 K

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
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given by the EDX analysis~see Table II!. First, the refine-
ment was performed with Ti and Co statistically distribut
among all sites. Such hypothesis could be assumed owin
the preparation process of the material, which was ou
equilibrium and possibly responsible for the high defect ra
However, the agreement was improved with Ti atoms d
tributed on i sites as observed for bulk material. The C
atoms were assumed to occupy thef site in analogy to
Y(FeCoTi)12.20 Figures 3 and 4 show such a Rietveld r
finement for samples withx50 andx50.5, respectively, as
an example. The results concerning the fit of the vario
samples are given in Table II. It appears that thea parameter
remains constant and equal to 0.855560.0003 nm with in-
creasingx. A noticeable decrease is observed forc from
0.4794 down to 0.4785 nm. The small trend to a reduction
the diffraction domain size together with an increase of
strain rate as the Co content increases might be consi
with the disorder brought by the fourth element slowi
down the diffusion process. The higher size values rem
still in the nanoscale range.

The Rietveld refinement of the hexagonal phase is m
complex than that for the tetragonal case, for which the cr
tallographic atom occupancy parameters is always equal to
1. The difficulties are linked to the fact that it grows at
lower temperature and the crystalline quality is not as go
as that for the 1:12 phase. It results in a higher line broad
ing induced by higher strain rates and a smaller autocohe
diffraction domain size. Moreover,R andT sites, except 3g,

FIG. 7. Temperature dependence of the magnetization
Sm(Fe12xCox)11Ti compounds with ThMn12 type structure forx
50 andx52.
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are atom deficient. Yet the model that we have adopted
cludes one unique occupancy parameter that correlates
two families, R and 2e T dumbbells. We have maintaine
the 6l occupancy rates equal to 0.33 to ensure the best g
metrical equilibrium amongT hexagons. In the fitting proce
dure, the parameter considered as free were the follow
a, c, strain rate, diffraction domain size,R and T Debye-
Waller factors,x and z Wyckoff parameters of 6l and 2e
sites, ands occupancy parameter. The Ti and Co positio
were deduced from the structure relationship betwe
I4/mmm and P6/mmm phases with Ti and Co ini and f
sites, respectively.

The results of the Rietveld analysis for the hexago
CaCu5 type phase are given in Table III for samplex
50, 0.5, 1.5, and an example of a Rietveld fit for samp
SmFe10.5TiCo0.5 annealed at 1023 K is reported in Fig.

r
FIG. 8. The 77 K Mo¨ssbauer spectra of tetragon

Sm(Fe12xCox)11Ti.
2-6
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STRUCTURE AND MAGNETIC PROPERTIES OF . . . PHYSICAL REVIEW B 63 054412
The deduced samarium and transition-metal stoichiometr
the hexagonal phase is 1:10. The diffraction domain siz
drastically reduced at 1023 K, reaching a lower range
nanocrystalline scale.

The higher amount of bcc iron compared with the high
temperature diagrams might be due, first, to the fact that
diffusion process is slower at 1023 K and nonreacted iro
present with samarium poorly crystallized. Second, the h
agonal phase stoichiometry does not match exactly tha
the 1:12 phase. We suggest that stoichiometry between
phases is recovered by stacking faults.

B. Magnetic properties

The Curie temperatureTC of the 1:12 compounds varie
similar to theR2Fe14B andR2Fe17 systems. The Curie tem
perature is mainly determined by Fe-Fe exchange inte
tion. The compoundsR(Fe,Ti)12 show higher Curie tempera
ture than the correspondingR2Fe17 compounds. It is known
that the Fe-Fe exchange interaction depends markedly on
interatomic distance.

FIG. 9. The 300 K Mo¨ssbauer spectra of tetragon
Sm(Fe12xCox)11Ti.
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of
is
f

-
e

is
x-
of
th

c-

he

The composition dependencies of the Curie temperatu
TC for the SmFe112xCoxTi alloys derived from thermomag
netic analysis results are shown in Fig. 6 and summarize
Table IV. With increasing Co content, the Curie temperat
of the ThMn12-type phase increases from 595 K (x50) to
789 K (x52) ~see Table IV, Fig. 7!.

The Curie temperature of the CaCu5-type phase change
from 526 K for x50 to 748 K forx52. This indicates that
the addition of the Co atom enhances the exchange inte
tion of the nearest-neighbor atoms in the Sm-Fe-Ti-Co
ries.

From Fig. 6 it can be seen that the Curie temperatu
increase monotonically with increasing Co content for bo
structures (ThMn12 and CaCu5). There are three types o
exchange interaction existing inRFe112xMx compounds,
namely theR-R interaction between the magnetic momen
on theR sublattice, theT-T interaction between the magnet
moments on theT sublattice, and theR-T intersublattice in-
teraction. Among them, theT-T interaction is the stronges
and determines the ordering temperature. It is well kno

FIG. 10. The Mo¨ssbauer spectra of tetragonal SmFe9.5Co1.5Ti
obtained at the indicated temperatures.
TABLE V. Wigner-Seitz derived near-neighbor environments and volumes in SmFe11Ti.

Site Sm$2a% Fe$8i % Fe$8 j % Fe$8 f % Iron near neighbors WSC volume (Å3)

Sm$2a% 0 4 8 8 18 30.56
Fe$8i % 1 5 4 4 11.75 18.84
Fe$8 j % 2 4 2 4 9 11.94
Fe$8 f % 2 4 4 2 9 11.64
2-7
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TABLE VI. Mössbauer hyperfine parameter for SmFe11Ti (x50, atT5300 K). Hyperfine field,HHF ; isomer shift,d ~relative toa-Fe
at room temperature!; relative area,S; and quadrupole splitting,«.

Parameter 8i 0 8i 1 8i 2 ^8i & 8 j 0 8 j 1 8 j 2 ^8 j & 8 f 0 8 f 1 8 f 2 ^8 f &

HHF (T) 30.66 27.46 22.55 27.15 25.61 23.68 20.13 23.54 28.92 25.59 21.49 25
d (mm/s) 0.02 20.096 20.092 20.063 20.048 20.148 20.101 20.113 20.061 20.188 20.116 20.129
« (mm/s) 0.052 0.015 0.063 0.047 0.032 0.045 0.04320.008 0.027
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that theT-T interaction is very sensitive to the distance b
tween the transition-metal moments. Huet al.21 have re-
ported that Fe at the 8i site has the largest magnetic mome
while Fe at the 8f site has the smallest moment. The inte
atomic distances between the near neighbors of Fe atom
the different sites are different. According to Givord a
Lemaire,22 there are twoT-T exchange interactions in
R2Fe17 compounds, positive and negative. When the dista
of the Fe-Fe pairs is smaller than 2.45 Å, the exchange
teraction is negative, whereas at larger Fe-Fe distances
interaction is positive. It may be assumed that this is also
case in 1:12 systems. So, when the substitution of Co fo
occurs at sites where the distance between Fe-Fe pai
smaller than a certain critical distance, the negative inte
tion will be reduced and the total interaction will be e
hanced, so that the Curie temperature will increase due to
substitution of Co for Fe.

Moreover, qualitatively, when the 3d band is nearly full,
it is established that positive interactions dominate. For h
full band, competition exists between negative and posi
interactions. The substitution of Co, which contributes
complete the 3d subband, reduces the negative interactio
and induces the Curie temperature enhancement in
structures.

The ThMn12-type phase Mo¨ssbauer spectra were me
sured between 77 and 300 K. The 77 and 300 K spec
together with the fits, are presented in Fig. 8 and Fig. 9.
300 K it is obvious that the mean hyperfine field increa
with x ~cobalt content! in agreement with Curie temperatu
variations. The same trend is observed at 77 K. The spe
for x51.5, as an example, between 77 and 300 K, are sh
in Fig. 10.

The analysis was performed according to the local en
ronment of each of three crystallographic iron sites, tak
into account the effect of titanium and cobalt near neighbo
Our model is based upon the two following assumptions:
and Co atoms occupy, respectively, 8i and 8f sites accord-
ing to previous Mo¨ssbauer spectroscopy results on YFe11Ti
and Y(Fe,Co)11Ti ~Refs. 23 and 20! and neutron diffraction
measurements on Nd(FeTiCo)12 ~Ref. 24!.

For each individual sextet, Lorentzian linewidths of 0.
to 0.29 mm/s were used. The area ratio of the absorp
lines was assumed to be 3:2:1:1:2:3 because the abs
was a powder with randomly oriented particles, as corro
rated by x-ray analysis.

From the Wigner-Seitz cell~WSC! calculation, we deter-
mined the near-neighbor environment and volumes. I
near neighbors for the different sites 2a, 8f , 8i , 8j , and the
WSC volumes were, respectively, 18, 9, 11.75, 9 and 30
05441
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11.64, 18.84, 11.94 Å3 ~see Table V!. During the analysis
procedure, in the first step, we calculated the relative se
areas by a binomial distribution law and fixed them. T
average isomer shifts were classified on the basis of the W
volumes, i.e., 8i .8 j .8 f . In the last step, all hyperfine pa
rameters were considered as free. The detailed approach
performed as follows.

For x50, three sextets ought to be used at least to rep
duce the spectra according to the existence of the three c
tallographici , j , f sites. However, more sextets are nec
sary to fit the spectra broadening. The statistical distribut
of Ti atoms in site i influences the neighboring of eac
i , j , f Fe atom. The presence of 0, 1, 2 adjacent Ti nei
bors to thei , j , f Fe atom was taken into account. Nin
sextets were then used to simulate the experimental spe
i 0 , i 1 , i 2 ; j 0 , j 1 , j 2 ; f 0 , f 1 , f 2 ~see Table VI!.

In addition, each 8i iron has the most adjacent Fe atom
11.75 ~see Table V!, whereas each 8j and 8f Fe has only
nine adjacent Fe neighbors. Thus, the largest hyperfine
should be attributed to the 8i site. However, it is difficult to
assign properly the subspectra to the 8j and 8f site because
the numbers of the site occupancies and the adjacent F
oms are the same for both sites. According to the neut
diffraction results25 the local magnetic moment of the 8j site
is larger than that of the 8f . One can be tempted to correla
this result to the local hyperfine field. However, Coehoo
et al.26 have shown that the contribution of the 4s electrons
to the hyperfine field resulted in a significant deviation fro
a simple proportionality relation between the hyperfine fie
and the local Fe moments.

The correlation between WSC volume and isomer s
was demonstrated.27,28Moreover, the calculated sextet abu
dance forj 0 f 0 , j 1 f 1 , j 2 f 2 is, respectively, 12, 16, 8. The
assignment of the various sextets to the different subs
was then carried out on the basis of the correlation betw
WSC volumes andd.

The same approach was used for the Co compounds.
effect of 0, 1, 2, 3, 4 Co neighbors~for x52) were consid-
ered, but to obtain a physically meaningful fit the relati
abundance lower than 3% was neglected. The same m
has been applied to all samples for each temperature.

The results of the above analysis are summarized in Ta
VII for x51, as an example, the monotonic variation of t
mean individuali , j , f site d values as a function of tem
perature attests for the pertinence of the analysis~Fig. 11!.

The isomer shift of the 8i and 8j atom shows a noticeabl
increase with Co substitution, while the 8f -atom isomer shift
remains quasiconstant@Fig. 12~a!, Fig. 12~b!#. This result
2-8
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TABLE VII. Mö ssbauer hyperfine parameter for SmFe10CoTi (x51). Hyperfine field,HHF ; isomer shift,d ~relative to thea-Fe at
room temperature!; relative area,S; and quadrupole splitting,«.

T(K) Parameter 8i 00 8i 01 8i 10 8i 11 8i 20 8i 21 ^8i &

300 HHF 30.75 31.97 26.44 29.77 24.62 25.62 28.22
d 0.064 0.134 20.054 20.17 20.269 0.359 20.004
« 0.135 0.235 0.094 0.025 20.044 0.278
S 3.3 4.4 5.6 7.4 3.7 4.9

8 j 00 8 j 01 8 j 10 8 j 11 8 j 20 8 j 21 ^8 j &
HHF 25.63 28.15 24.5 26.48 20.02 22.82 25.10

d 20.074 20.067 20.191 20.211 20.085 20.227 20.095
« 0.075 0.089 0.046 0.09 0.074 20.018
S 4.5 5.9 5.9 7.9 3.0 3.9

8 f 00 8 f 01 8 f 10 8 f 11 8 f 20 8 f 21 ^8 f &
HHF 29.88 31.53 26.72 29.86 22.46 24.0 27.47

d 0.02 20.02 20.228 20.263 20.153 0.048 20.129
« 0.053 0.041 20.068 20.161 0.07 20.025
S 7.9 3.0 10.6 7.1 5.3 3.5

230 8i 00 8i 01 8i 10 8i 11 8i 20 8i 21 ^8i &
HHF 26.33 35.02 28.29 29.38 28.48 28.57 29.42

d 0.064 0.199 0.193 20.123 20.732 0.464 0.027
« 0.76 20.046 0.17 20.013 0.331 0.268
S 3.3 4.4 5.6 7.4 3.7 4.9

8 j 00 8 j 01 8 j 10 8 j 11 8 j 20 8 j 21 ^8 j &
HHF 26.44 30.36 24.96 27.54 20.4 24.42 26.34

d 0.043 0.114 20.063 20.096 20.058 20.365 20.061
« 0.123 0.02 20.213 0.121 20.03 20.248
S 4.5 5.9 5.9 7.9 3.0 3.9

8 f 00 8 f 01 8 f 10 8 f 11 8 f 20 8 f 21 ^8 f &
HHF 31.89 32.36 27.73 31.23 23.29 25.07 28.73

d 20.025 0.213 20.223 20.209 0.0123 20.049 20.103
« 0.024 0.179 20.064 20.073 0.014 0.078
S 7.9 3.0 10.6 7.1 5.3 3.5

180 8i 00 8i 01 8i 10 8i 11 8i 20 8i 21 ^8i &
HHF 25.56 35.68 28.69 29.85 28.77 29.11 29.75

d 0.558 0.138 0.168 20.118 20.71 0.492 0.059
« 0.796 0.024 0.21 20.014 0.315 0.271
S 3.3 4.4 5.6 7.4 3.7 4.9

8 j 00 8 j 01 8 j 10 8 j 11 8 j 20 8 j 21 ^8 j &
HHF 26.92 30.88 25.25 27.94 21.48 24.75 26.81

d 0.008 0.099 20.046 20.067 20.034 20.335 20.044
« 0.139 0.038 20.205 0.109 0.009 20.303
S 4.5 5.9 5.9 7.9 3.0 3.9

8 f 00 8 f 01 8 f 10 8 f 11 8 f 20 8 f 21 ^8 f &
HHF 32.39 32.61 27.9 31.84 23.84 25.33 29.12

d 20.037 20.12 20.064 20.208 20.011 20.049 20.082
« 0.01 0.175 20.073 20.059 0.119 0.074
S 7.9 3.0 10.6 7.1 5.3 3.5

130 8i 00 8i 01 8i 10 8i 11 8i 20 8i 21 ^8i &
HHF 28.05 34.0 28.96 30.0 29.0 30.7 29.89

d 0.328 0.25 0.154 20.082 20.361 0.351 0.100
« 0.697 20.015 0.304 20.093 0.314 0.326
S 3.3 4.4 5.6 7.4 3.7 4.9
054412-9
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TABLE VII. ~Continued!.

T(K) Parameter 8j 00 8 j 01 8 j 10 8 j 11 8 j 20 8 j 21 ^8 j &

HHF 26.75 31.05 25.72 28.13 22.5 25.18 27.0
d 0.052 0.184 0.008 20.009 20.12 20.323 20.015
« 0.163 0.009 20.234 0.032 0.027 20.408
S 4.5 5.9 5.9 7.9 3.0 3.9

8 f 00 8 f 01 8 f 10 8 f 11 8 f 20 8 f 21 ^8 f &
HHF 33.05 33.37 28.08 32.21 24.68 25.52 29.2

d 20.02 20.025 20.046 20.125 20.15 20.025 20.054
« 0.027 0.158 20.106 20.128 0.103 0.105
S 7.92 2.57 10.60 7.07 5.25 3.53

77 8i 00 8i 01 8i 10 8i 11 8i 20 8i 21 ^8i &
HHF 33.71 35.56 27.72 31.1 25.56 27.74 30.1

d 0.448 0.178 0.107 20.212 0.232 0.345 0.132
« 0.36 20.031 0.09 0.107 0.05 0.549
S 3.3 4.4 5.6 7.4 3.7 4.9

8 j 00 8 j 01 8 j 10 8 j 11 8 j 20 8 j 21 ^8 j &
HHF 25.95 31.0 27.74 29.64 22.75 25.05 27.7

d 20.02 0.02 20.046 20.1 0.179 20.015 0.040
« 0.08 0.08 20.139 0.132 0.077 20.13
S 4.5 5.9 5.9 7.9 3.0 3.9

8 f 00 8 f 01 8 f 10 8 f 11 8 f 20 8 f 21 ^8 f &
HHF 32.53 34.1 28.98 31.73 24.98 25.56 29.1

d 0.21 20.13 20.072 20.142 20.009 20.185 20.007
« 0.112 0.066 20.058 20.204 0.056 0.05
S 7.9 3.0 10.6 7.1 5.3 3.5
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can be understood in terms of the preferential Co atom
cupation. The 8i and 8j site Fe atoms have four adjacent 8f
neighbors and the 8f site atoms have only two. The isome
shift behavior of the 8i and 8j site Fe atom is attributed to
the additional 3d electrons brought by 8f Co neighbors.
They enhance the shielding of the 4s electrons, reduce thes
charge density at the nucleus, and result in an increa
isomer shift. In contrast, if 8f -atom surrounding is poorly
affected by the Co substitution, thes charge density is then
not modified. No change is observed for the 8f isomer shift.
The difference for the 8f -site behavior then corroborates th
05441
c-

ng

preferential occupation of Co atoms on this site. Meanwh
the dependence with composition of the average isomer s
can be considered as linear within a good approximation

The nuclear hyperfine fieldHHF variation corroborates
too the validity of the field assignment reported as a funct
of temperature forx51 ~Fig. 13! and versus Co contentx
@Fig. 14~a!, Fig. 14~b!# at 300 and 77 K. One must rememb
that HHF$8 f % is larger thanHHF$8 j %, unlike the 8f and 8i
local magnetic moments measured by neutron diffracti
The reason is that neutron measurement involves the
part of the atom. The main contribution to the hyperfi
he
FIG. 11. The temperature dependence of t
isomer shifts in SmFe10CoTi.
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field, which is the Fermi contact term, contains contributio
from all s core electrons and 4s valence electrons as pro
posed above for our analysis and verified herea posteriori.

The Mössbauer spectra~Fig. 15! relative to the hexagona
phase are broadened compared with those of the tetrag
phase, where Ti is located on one crystallographic posit
According to the structure relationship described in Sec.
it should be statistically distributed over sites 2e and 6l . Co,
located on the 3f site in the 1:12 structure, should occup

FIG. 12. The compositional dependence of the isomer shifts
the tetragonal 1:12 phase~a! at 300 K,~b! at 77 K.

FIG. 13. The temperature dependence of the hyperfine field
tetragonal SmFe10CoTi.
05441
s
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I,

the 3g site. With the highest near Fe neighbors, the 2e site,
relative to the dumbbells, shows the highest WSC volume
is obvious from Fig. 1 and through Forkeret al.28 that WSC
$3g% is larger than WSC$6l %. We have, in a first step
reproduced the experimental spectra with seven broade
sextets with respective abundances equal to crystallogra
iron occupancies with the sequenced i.d j.d f . A detailed
study of the hyperfine parameters in this complex structur

r

in

FIG. 14. The compositional dependence of the hyperfine fie
for tetragonal phase~a! at 300 K,~b! at 77 K.

FIG. 15. The 300 K Mo¨ssbauer spectrum of hexagon
SmFe10CoTi annealed at 1023 K.
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in progress. Nevertheless, the mean hyperfine field incre
monotonically.

The mean hyperfine field increases in both structures~Fig.
6!. This behavior can be correlated directly to the mean m
netic moment variation explained on the basis of a rigid ba
model.29 The increase in 3d-electron number brought by C
fills up asymmetrically the 3d subbands.

The nuclear hyperfine fieldsHHF is the sum of three con
tributions:

HHF5HFC1Hdip1Horb .

The dipolar fieldHdip can be neglected because it is small
metals.Horb is produced by the unquenched orbital angu
momentum of valence electrons.Horb is positive, is around30

2 T, and is assumed constant for all compounds. The Fe
contact termHFC can be divided into two contributions
HCE , the core-electron (1s,2s,3s) polarization field, which
is negative, andH4s , the 4s conduction-electron polarizatio
field, produced by the Fe 3d moment, which is always posi
tive.

By comparing the experimental mean hyperfine field
havior of the ThMn12 and CaCu5 structures~Fig. 6!, two
observations can be made:~i! uHHFu$1:12% is greater than
uHHFu$1:5%. This can be explained by the fact that the nu
ber of Fe atoms in the 1:12 cell is larger than that in the
cell. It results inuHCEu$1:12% being higher thanuHCEu$1:5%.
~ii ! The overall mean hyperfine fieldHHF is negative but the
additional 3d Co electrons affect the positiveH4s term, and
its contribution is higher for a 1:5 cell than for a 1:12 ce
Qualitatively, it means thatHHF will be reduced faster for
the 1:5 compounds than for the 1:12 compounds. This res
in a slope, versus Co content, forHHF$1:5% to be half of that
for HHF$1:12%.

The hysteresis loops of SmFe9.5TiCo1.5 measured at room
temperature are illustrated in Fig. 16. The effect of annea
temperature on magnetic properties is demonstrated~see
Table IV!. The coercive field increases with increasing a
nealing temperature up to 5.67 kOe (D535 nm). The small
coercivity for an annealing temperature of 920 K must

FIG. 16. Hysteresis loops of SmFe9.5Co1.5Ti annealed at indi-
cated temperatures.
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due to an unfavorable microstructure, probably result
from a small grain size containing many defects. Furth
more, it is well established that the coercive fieldHC de-
creases with increasing grain size, i.e., with increasing
nealing temperature. This is the reason for the smallHC
value for samples annealed atTA51423 K.

Coercivity exhibits two antagonist regimes as a functi
of TA ~Fig. 17!. When increasingTA , on the one hand, the
number of surface defects of the CaCu5 phase are reduce
and results in an increase ofHC ; on the other hand, the x-ra
diffraction domain size of the ThMn12 phase increases
which reducesHC . The intersection of both behaviors oc
curs around 1123 K whereHC shows a maximum. In this
region the two phases CaCu5 ~10%! and ThMn12 ~90%! co-
exist.

V. CONCLUSIONS

High-energy ball milling and subsequent annealing atTA
.1173 K lead to a continuous and homogeneous subs
tion of Co for Fe in theI4/mmmSmFe11Ti compound. The
unit cell parametera remains constant andc shows a small
decrease. The increase of Curie temperatureTC and hyper-
fine field HHF attest for the Co continuous substitution, co
roborated by EDX analysis.

For TA,1073 K a hexagonalP6/mmmCaCu5-type
phase, the precursor of the tetragonalI4/mmm
SmFe112xCoxTi phase, is detected as the main phase. T
Rietveld analysis gives a phase stoichiometry described
1:10, with three crystallographic transition-metal sites 2 (6l )
atoms, 3 (3g) atoms, 2s (2e), and one Sm site 12s(1a).

For 1093,TA,1173 K the hexagonal phase is tran
formed into the tetragonal phase. We suggest that this e
lution is favored by a recovery of the stacking fault betwe
the hexagonal phase and the coexisting bcc phase.

The substitution of Co, which contributes to complete t
3d subband, reduces the negative interactions and indu
the Curie temperature enhancement in both structures.
hyperfine parameters were assigned on the basis of the
culation of WSC volumes. The isomer shift behavior of t
8i - and 8j -site Fe atom is attributed to the additional 3d
electrons brought by 8f Co neighbors. In contrast, no chang

FIG. 17. Coercitive field, at room temperature, versus annea
temperature in Sm(Fe12xCox)11Ti for indicatedx values.
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is observed for the 8f isomer shift. The difference for the
8 f -site behavior corroborates the preferential occupation
Co atoms on this site in the 1:12 structure.

The mean hyperfine field enhancement with cobalt c
tent in both structures might be correlated to the compen
tion of the core-electron polarization field by the 4s polar-
ization field produced by the 3d moment. The highestHC
value, 0.6 T, occurs aroundTA51123 K ~with TC5790 K)
at
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and suggests that such semihard material is a potential
didate for magnetic recording media.
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