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Crystallographic and hyperfine parameters of PrTi„Fe,Co…11 and their carbides
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PrTiFe112xCox alloys (x<3) prepared by melting and subsequent annealing have been investigated with
their carbides PrTiFe112xCoxCy (y51) synthesized by means of reaction with solid hydrocarbon at 750 K.
X-ray diffraction analysis by Rietveld method has shown that both series crystallize in the tetragonal
ThMn12-type structure. From x-ray studies of magnetic aligned samples, the magnetic anisotropy of the car-
bided alloys is found to turn uniaxial. Their Curie temperature enhancement is linearly correlated to the volume
expansion of the host lattice upon carbonation. The Mo¨ssbauer spectra recorded from 77 to 293 K, have been
analyzed on the basis of the binomial law, related to the different Fe nearest neighbor in the assumption of Ti
atoms distributed in 8i sites. The hyperfine parameter sets were assigned according to the relationship between
the Wigner Seitz cell volume of each iron site and their isomer shiftd so thatd$8i %.d$8 j %.d$8 f %. It results
that Co preferentially occupies the 8f site with the recurrent sequenceHHF$8i %.HHF$8 f %.HHF$8 j %. The
increase with Co content of hyperfine field, is correlated to the increase of the core electron polarization field
ruled by the asymmetrical filling of the 3d band by the additional 3d Co electron. Upon carbonation, both the
hyperfine fields and the isomer shifts increase in agreement with the unit cell expansion and the increased Curie
temperature of PrTiFe112xCoxC as compared to PrTiFe112xCox .

DOI: 10.1103/PhysRevB.66.054430 PACS number~s!: 75.50.Bb, 75.50.Tt, 76.80.1y
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I. INTRODUCTION

Rare-earth transition metal intermetallicsR2M are at-
tractive compounds for their technological magnetic appli
tion. Most particularly, theRFe12 family has focused much
attention due to the low ratio of rare-earth and high cont
of low cost iron. However, the tetragonal ThMn12 structure,
with space groupI4/mmm, is not formed for any binary
rare-earth iron intermetallic, but it must be stabilized by su
stitution of a small amount of Al or a transition metal such
Ti, V, Cr, Mo, W, etc. Consequently, there exists a gre
variety of magnetic properties according to theM solubility
range and to the sign of the second-order Stevens coeffic
aJ of the rare earth.1

ThMn12 intermetallic structure possessesR2Fe4 octahe-
dron units, which can be filled with nitrogen or carbon
solid-state diffusion in a low temperature gas-solid or so
solid reaction. The anisotropy of rare-earth iron compou
is determined from the sum of the Fe sublattice anisotr
and the rare-earth sublattice anisotropy. The contribution
rare-earth sublattice to magnetocrystalline anisotropy ar
from the coupling between rare-earth ion orbit magnetic m
ment and the crystal electric field. If the second-order fi
term is predominant, the anisotropy of rare-earth sublat
can be described by the product of the second-order cry
parameterA20 and the second-order Stevens coefficientaJ
on the basis of single ion model.2 A negativeaJA20 exhibits
a uniaxial anisotropy. Extensive works have shown that
magnetocrystalline anisotropy was significantly modified
insertion of a small 2p element such as carbon or nitroge
which expands the lattice.3–11 This expansion modifies th
A20 which becomes positive so that, for rare earth with ne
tive aJ such as Nd or Pr, thec axis becomes easy. Especial
0163-1829/2002/66~5!/054430~10!/$20.00 66 0544
-

t

-
s
t

nt

-
s
y

of
es
-

d
e
tal

e
y
,

-

due to their relative high Curie temperature and favora
magnetization, these alloys may develop permanent ma
characteristics. However, the studies have been mainly
formed up to now withR5Nd and M5Ti or Mo as the
stabilizing metals.6,11 WhenR is Pr, Mo was taken generally
as the stabilizing element,10,11 except in the work from
Akayama et al.,12 which reports structural and magnet
properties of induction melted PrTiFe11 and its nitrides. The
anisotropy field of PrTiFe11N1.5 was estimated to be highe
than 7 T at room temperature but owing to the difficulties
get single phase PrTiFe11, Tanget al. preferred recently to
prepare the pseudoternary compound PrFe11.52xVxTi0.5 ~Ref.
13!. Interstitial carbon is expected to induce the same m
netic behavior as nitrogen. However, until now, few da
about carbides are available for light rare-earth with nega
aJ and concern Nd(Fe,Mo)12Cx ~Ref. 3! or Nd(Fe,Ti)12Cx
~Ref. 14!. Nevertheless, the possibility of producing intere
ing hard permanent magnets is worth pursuing. Con
quently, in this context, we have carried out the study of
PrTiFe112xCox alloys (x<3) with their recurrent carbides
PrTiFe112xCoxCy (y51). The aim of the partial substitution
of Fe for Co is mainly to increase their Curie temperature15

Moreover, as the carbides do not exist at temperature
to 1373 K which is the annealing temperature required
the PrTiFe112xCox alloy formation, it is necessary to prepa
the host series prior to carbonation. The study of
PrTiFe112xCox series is then the preliminary step to that
carbides PrTiFe112xCoxCy .

Herein, we report structure, Mo¨ssbauer effect study an
Curie temperature measurements of the precited series
which no attempt had been made up to now to prepare ei
the PrTiFe112xCox or the carbides. Mo¨ssbauer spectrometr
appears as a complementary tool to x-ray investigation
©2002 The American Physical Society30-1
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cause it is suitable, as local atomic probe, to distinguish
iron environment in the various crystallographic sites a
hence, the cobalt location and the carbon perturbation.

II. EXPERIMENT

The polycrystalline PrTiFe112xCox ingots (x<3) were
prepared by induction melting from appropriate amounts
99.9% purity Pr, Fe, Ti and Co under a highly purified A
atmosphere. Their homogeneity was insured with ten tim
consecutive melting. The as-cast alloys wrapped in tanta
foil and sealed in silica tubes under a vacuum of
31027 Torr were annealed six days at 1373 K and wa
quenched. Prior to carbonation, the sample composition
checked by electron microprobe analysis with an accurac
65%. The carbides PrTiFe112xCoxCy with y51 were syn-
thesized using a solid-solid reaction as describ
previously.16 The carbon transfer into theI4/mmmstructure
was monitored after reacting the PrTiFe112xCox compound
ground to 50mm powder size with an appropriate ov
weight of C14H10 powders, the same for allx content, in
order to obtain the maximum possible carbon insertion
one carbon atom per unit formula. At temperature above
K, it was shown that the carbon insertion is immediate. M
chips inside the reacting tube absorb the overpressure o
However to insure a good homogeneity of the carbon dis
bution, the samples were annealed 48 h at 750 K.

The x-ray diffraction~XRD! patterns were recorded b
means of a Bruker diffractometer mounted with the Brag
Brentano geometry and automatic divergence slit, using
Cu Ka radiation. The unit cell parameters were measu
with Si as standard (a55.4308 Å). The counting rate wa
22 s per scanning step and step size of 0.04°. The data t
ment was carried out by a Rietveld refinement17,18 as imple-
mented in theFULLPROFcomputer code20,19with the assump-
tion of a peak line profile of Thompson-Cox-Hastin
allowing multiple phase refinement of each of the coexist
phases. The goodness-of-fit indicatorsRB andx2 are calcu-
lated as usual and described earlier.21,22 The Curie tempera-
ture TC measurements were performed with a MANICS d
ferential sample magnetometer under an applied field
1000 Oe with around 10 mg sample sealed under vacuu

The Mössbauer spectra were obtained between 77
293 K on a constant-acceleration spectrometer in trans
sion geometry. The parabolic distortion was canceled
working in the mirror image mode and the small resulti
linear drift of the baseline was corrected. Theg-ray source
was 50 mCi cobalt-57 embedded in rhodium matrix. T
absorbers contained around 15 mg/cm2 of natural iron. Hy-
perfine fields are quoted relative to a high purity meta
a-iron foil absorber at room temperature used to calibrate
spectrometer. This reference had a full-width at half ma
mum of 0.25 mm/s for the external peaks. The folded Mo¨ss-
bauer spectra presented herein contain 512 channels.
fitting procedure will be explained below. The estimated
rors are at most60.1 T for hyperfine fieldsHHF and
60.005 mm/s for isomer shiftsd and quadrupole shifts 2«.
05443
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III. RESULTS AND DISCUSSION

A. Microprobe analysis

The electron microprobe images, versus Co content of
alloys PrTiFe112xCox , have shown some minor precipitate
identified asaFe-(Ti,Co) and Fe2Ti, imbedded in a matrix
corresponding to the major phase 1:12. The chemical c
position of the matrix is reported in Table I forx50, 1.5, 2,
and 3. It appears from these results that the nominal com
sition is representative of the experimental ratio Fe/Co a
Ti/Fe.

B. X-ray diffraction

1. PrTiFe11ÀxCox

The x-ray diffraction diagrams of the PrTiFe112xCox an-
nealed at 1373 K, reveal the presence of the main phase
the tetragonal ThMn12 structure with space groupI4/mmm,
and weak extra lines which belong toaFe-(Ti,Co), Fe2Ti
~for x50 and 0.5!. As well known in theRFe11Ti alloys, Ti
occupies the 8i site.23 For the Rietveld fit, the Co atoms
which cannot be discerned by x-ray from Fe, have been
cated statistically in 8i , 8j , 8f sites according to the nomi
nal composition of each sample in a first approach. Howe
as justified by the Mo¨ssbauer spectra analysis given belo
the Rietveld fits were finally performed with Co distribute
in 8 f sites.

The calculated patterns along with the observed ones
presented on Fig. 1~a! for x51.5 as an example. The atom
positions and unit cell parameters obtained from the Rietv
fit are given in Table II. The substitution of Co for Fe induc
a decrease of both parametersa andc, however, thec/a ratio
remains constant and equal to 0.557 for allx ~Fig. 2!. The
small size difference between Fe and Co radii cannot al
explain such reduction. The magnetic coupling energy
tween each sublatticeR andM combined with an electronic
effect due to the additional Co 3d electron should play a
role. In the case of SmTiFe112xCox alloys (x<2) ~Refs. 22
and 24!, for which the crystalline field favors a ferromagnet
coupling betweenR andT sublattices alongc, the a param-
eter is insensitive to the Co substitution whilec decreases
weakly withx. Nevertheless for PrTiFe112xCox which do not
show an axial magnetic anisotropy up tox53, both param-
eters decrease. Their monotonous behavior suggests a u
mode of Co substitution for Fe up tox53.
The volume ratio of the extra phases deduced from the
etveld fits corroborates the results from the micropro

TABLE I. Microprobe analysis results.

Nominal x50 x51.5 x52 x53
composition

Pr 1.00 1.00 1.00 1.00
Experimental Fe 10.96 9.42 8.89 7.9
composition Co 0 1.52 2.07 2.95

Ti 1.04 1.06 1.04 1.10
0-2
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analysis. Their total amount is never higher than 7%. It
creases down to 3.8% forx53. The substitution of Co re
duces the precipitation of smallaFe-(Ti,Co) contents which
might result from the peritectic formation reaction.

FIG. 1. Rietveld analysis for~a! PrTiFe9.5Co1.5 and ~b!
PrTiFe9.5Co1.5C. The set of ticks refer, respectively, to~a! the
ThMn12 phase and aFe-(Ti,Co), and ~b! ThMn12 phase,
aFe-(Ti,Co), and Fe2Ti.
05443
-
2. PrTiFe11ÀxCoxC

The crystalline qualilty of the samples annealed at 750
allows a good determination of the unit cell paramet
~Table II!. The carbides PrTiFe112xCoxC clearly show an an-

FIG. 2. Unit cell parameters vs Co content of PrTiFe112xCox

and PrTiFe112xCoxC. DTC /TC vs DV/V ~inset!. Solid line is a
guide for eyes.
TABLE II. a, c cell parameters andRB , x2 factor from Rietveld fit for PrTiFe112xCox and their carbides.

Compound x50 x50.5 x51 x51.5 x52 x53

a(Å) 8.594 8.592 8.590 8.588 8.582 8.564
c(Å) 4.789 4.787 4.786 4.782 4.779 4.773
RB 5.38 5.81 5.01 5.39 3.47 4.55

PrTiFe112xCox x2 1.54 2.01 1.37 1.47 1.18 1.35
X$8i % 0.361 0.359 0.359 0.359 0.358 0.358
X$8 j % 0.275 0.272 0.274 0.274 0.273 0.273
TC(K) 550 618 670 705 740 785

a(Å) 8.640 8.624 8.602 8.599 8.593 8.572
c(Å) 4.885 4.863 4.839 4.833 4.829 4.813
RB 4.64 5.78 5.08 5.36 4.93 5.65

PrTiFe112xCoxC x2 1.74 1.67 1.49 1.47 1.22 1.37
X$8i % 0.363 0.363 0.363 0.362 0.364 0.364
X$8 j % 0.272 0.272 0.272 0.270 0.270 0.271
TC(K) 656 691 726 757 776 818
0-3
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isotropic unit cell expansion with respect to their homo
gous PrTiFe112xCox . The calculated and experimental pa
terns are shown in Fig. 1~b! for x51.5 as an example. Th
results of the Rietveld refinement are listed in Table II.

For x50, Da/a and Dc/c are respectively equal to 0.
and 2.03 % more than for the nitride investigat
previously.12 These values lead to a volume increase sim
to the maximum uptake of one carbon per unit formula o
served in theR(Fe122xMx) series stabilized byM5Mo ~Ref.
25!. With Co content, the volume expansion is reduc
monotonically to 1.8% forx53 but this evolution is mainly
associated to ac increase. The carbon insertion induces t
expansion of the Pr-Fe(8i )-Fe(8i )-Pr chains along thea axis
via the carbon 2p and iron 3d electrons while thec axis
increase is connected to the more important elongation of
bi-pyramid Pr(2a)-Fe(8j ) which delimits the interstitial car-
bon site 2b via the carbon (2p) and Pr (5d,6s) electrons.

The unit cell parameters measured forx52 with a nomi-
nal carbon content equal to 0.5 atom per unit formula le
to a volume increase equal to half of the increase meas
for the saturated sample with one atom per unit formula.
can therefore assess that the whole series corresponds
maximum carbon uptake of one carbon, as all samples w
prepared in the same conditions.

X-ray diffractometry was also performed on powd
samples of carbides previously magnetically aligned un
an external field of 0.7 T. It reveals that the magnetization
aligned along thec axis of the tetragonal structure i
PrTiFe112xCoxC. An example of such diffraction pattern
given in Fig. 3. Some grains may be misoriented, not stric
monodomain and thus can contribute to some Bragg pe
other than (00l ). Nevertheless, both the growth of the (00l )
reflections@~002! and ~004!# and the disappearance of th
(hk0) reflections give evidence for a preferential orientat
of the basal plane along the reflecting surface. Under carb
ation the magnetic anisotropy turns from planar to uniax
with Co content up tox53, at room temperature as observ
for carbon uptake per unit formula equal to one atom.

FIG. 3. XRD pattern of aligned carbide forx51.5, as an ex-
ample
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C. Curie temperature measurements

The Curie temperature of the PrTiFe112xCox alloys in-
creases from 550 K forx50 to 785 K for x53, while a
small decrease of the Fe-Fe distances, at most equal to 0
is observed. ThisTC raise reflects the enhancement of t
Fe-Fe interactions and can be explained by electronic effe
The Fe weak ferromagnetic character is progressively m
fied into strong ferromagnetism upon the filling of thed band
with the additional Co electron.

Upon carbonation, theTC values are also enhanced, com
pared to the PrTiFe112xCox alloys ~Table II!. In that case, the
unit cell expansion induces a strengthening of the Fe-Fe
teractions due to the increase of the Fe-Fe distances. ThTC
increase,DTC /TC , equal for x50 to 19.4% is, however,
reduced to 4.2% forx53. One must outline that all inter
atomic distances in the PrTiFe112xCox alloys, whateverx, are
higher than the critical distance of 2.39 Å, limit with neg
tive magnetic interactions, except the interatomic dista
d8 f 28 f equal to 2.39 Å. This distance augments to 2.44 Å
PrTiFe11C. Forx53, it is only increased to 2.41 Å. A linea
correlation is observed betweenDTC /TC and the volume
expansionDV/V related to the initial host lattice@Fig. 2
~inset!#.

The enhancement of the Curie temperatures is the re
of two combined effects: filling of thed band by the Co
electrons and Fe-Fe distances increase. For saturated ca
alloys, with Co increasing, it seems that the electronic eff
dominates progressively the volume effect to rule theTC
evolution.

D. Mössbauer spectra

For simplicity, the Mössbauer spectral analysis has be
performed first on the PrTiFe112xCox alloys. Afterwards, the
effect of carbon should be more easily understood. Howe
for both series the same general considerations are avail

We must outline that the atomic arrangements are ra
complex due, on the one hand, to the existence of three c
tallographic sites and, on the other hand, to the statist
distribution of Ti and Co. Consequently, the experimen
spectra result from the superposition of numerous sext
Various sets of hyperfine parameters might lead to a g
reproduction of the data but the choice of the solution
dependent on consistent physical models supported by o
techniques or justified by pertinent theoretical consid
ations.

We have based the Mo¨ssbauer spectra analysis upon tw
criteria: the count of the different iron neighboring accordi
to the binomial law, the assignment of the hyperfine para
eter setsd, H, and 2e of an individual sextet to its right
crystallographic site, in agreement with the relationship
tween isomer shift and Wigner-Seitz cell~WSC! volumes:
the larger the WSC volume, the larger the isomer shiftd.
The WSC volumes have been calculated by means of Dir
let domains and coordination polyhedra for each crysta
graphic family. The radius values of 1.82, 1.26, 1.25, a
1.47 Å have been used respectively for Pr, Fe, Co, and
However, for C, the twelve coordinated atomic radius of 0.
Å is inconsistent with the 2b octahedral site size for allx
0-4
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TABLE III. Near-neighbor environments and WSC volumes (Å3) in PrTiFe10Co and in PrTiFe10CoC as
an example.

Site Pr$2a% Fe/Ti$8i % Fe$8 j % Fe/Co$8 f % C$2b% Iron near WSC volume WSC volume
neighbors PrTiFe10Co PrTiFe10CoC

Pr$2a% 0 4 8 8 2 17 23.22 25.30
Fe/Ti$8i % 1 5 4 4 0 10.75 12.10 12.79

Fe$8 j % 2 4 2 4 1 8 11.54 11.95
Fe/Co$8 f % 2 4 4 2 0 8.5 10.51 11.46

C$2b% 2 0 4 0 0 4 2.68
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content. The site diameter which varies from 1.45 Å forx
50 down to 1.40 Å forx53 is more in agreement with th
covalent radius value of 0.77 Å generally given for
Hence, we have used the carbon radius value of 0.73 Å
x50 and 0.70 Å forx53, for the calculation of the WSC
volumes reported in Table III, within the size limits calc
lated from the measured octahedral 2b site size. The follow-
ing sequence of the WSC volumes 8i .8 j .8 f , whateverx,
is obeyed for the PrTiFe112xCox and the carbides. Moreove
for the fits, we have taken into consideration the weak ex
iron-based phases observed by XRD that might be not
glected as their Lamb-Mo¨ssbauer factor is larger than for th
R-Fe phase.

Four assumptions have been made:~i! The 8i sites are
those occupied by the stabilizing transition elements of
1:12 structure.26 They must obey steric and electronic crit
ria. The atomic radius of these elements must be greater
Fe radius and the number of their 3d24s electrons
smaller.27 It results that the Co substitution in 8i site has
been excluded.~ii ! Co atom occupies 8f sites according to
previous Mössbauer spectroscopy results on Y(Fe,Co)11Ti
~Ref. 28! and neutron diffraction measurements
Nd(FeTiCo)12 ~Ref. 29!. ~iii ! The Lamb-Mössbauer factors
are equal for all sites 8i , 8j , 8f of the 1:12 structure.~iv! As
no crystallographic texture was observed, the relative int
sity of each sextet line was taken in the ratio 3:2:1 of rand
powders.

Consequently, in a first step we have calculated the r
tive abundances of the Fe families in the various crysta
graphic sites 8i , 8j , and 8f with the assumption of Ti in 8i
site, Co in 8f site with the multinomial law. These assertio
will be justified below by the coherency of the hyperfin
parameter evolution vsx and temperature. All along the fit
ting process, these abundances were maintained as fixe
rameters, they were normalized after neglecting those lo
than 2%. All other parameters viz.d, HHF, and 2e were
free. In the second step of the refinement, the deduced a
aged isomer shift values have been assigned to each si
the 8i , 8j , 8f families according to the WSC volume rela
tionship. Finally, in the last step of the fit all hyperfine p
rameters were free.

1. PrTiFe11ÀxCox

Figure 4 shows the Mo¨ssbauer spectra at room tempe
ture for all x content and Fig. 5 reports the spectra
PrTiFe10Co at various temperatures between 77 and 293
05443
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For x50, according to the numberk of Ti neighbors, a total
of nine sextets has been used to simulate the 8i , 8j , 8f sites.
The spectra of the substituted samples~for x.0) were ex-
plained with the same approach but, the combined effect
l Co neighbors were considered. As an example, to kee
physical meaning to the various abundances,k was limited to
2 andl to 3 for x52. The set of hyperfine parameters resu
ing from such a fit are reported in Table IV forx51.5 at 77
K.

The isomer shift behavior with Co content at 293 K
reported on Fig. 6~a! At all temperatures, for a givenx value,
the relationd$8i %.d$8 j %.d$8 f % is always obeyed, accord
ing to our assumption derived from the WSC volumes. T
mean isomer shift of the 8i and 8j atoms increase upon C
substitution, while it remains quasiconstant for the 8f atoms.

FIG. 4. The 293 K Mo¨ssbauer spectra and their decompositi
~see text! of PrTiFe112xCox .
0-5
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This result can be understood in terms of the preferential
atom occupation. The WSC volume reduction which mig
contribute to an increase in thes-electron density at the F
nuclei is widely balanced by the enhancement of thed elec-
tron density brought by Co which, in turn, gives rise to
reduction of thes electron density at the Fe nuclei. The a

FIG. 5. Mössbauer spectra and their decomposition~see text! of
PrTiFe10Co obtained at indicated temperature.
05443
o
t
ditional Co d electron favors the shielding of the 4s elec-
trons. It results an increase in the isomer shift for the Fe s
having Co first neighbors and weaker effect for the s
where Fe/Co are located. The 8i and 8j Fe sites have four

FIG. 6. The compositional dependence of~a! the isomer shifts
and~b! the hyperfine fields at 293 K for PrTiFe112xCox . Solid line
is a guide for eyes.
9.8

7.6

0.6

9.6
TABLE IV. Mössbauer hyperfine parameter for PrTiFe9.5Co1.5Cy (x51.5) at 77 and 293 K. Hyperfine field,HHF ; Isomer shift,d; relative
area,S, and quadrupole interaction, 2«.

y T~K! 8i 11 8i 12 8i 21 ^8i & 8 j 01 8 j 02 8 j 11 8 j 12 8 j 21 ^8 j & 8 f 00 8 f 01 8 f 10 8 f 11 ^8 f &

HHF(T) 0 77 33.7 31.8 28.1 31.5 27.6 28.5 25.6 26.2 24.4 26.6 31.2 29.7 27.8 28.2 2

293 28.6 29.3 28.0 28.7 27.0 28.2 24.0 24.5 27.0 25.3 28.6 27.9 27.0 26.2 2

1 77 34.3 35.1 30.2 33.5 32.5 32.6 27.5 31.1 22.2 29.5 32.1 33.9 24.5 28.9 3

293 31.0 32.0 30.5 31.2 28.0 28.5 25.6 26.4 23.6 26.5 29.6 31.1 29.1 26.7 2

d~mm/s! 0 77 0.098 0.068 0.045 0.072 0.041 0.054 0.023 0.028 0.018 0.03320.012 20.011 20.058 20.068 20.021

293 0.002 20.011 20.032 20.010 20.012 20.012 20.023 20.121 20.119 20.030 20.099 20.111 20.129 20.166 20.112

1 77 0.212 0.169 0.101 0.165 0.084 0.089 0.062 0.069 0.058 0.069 0.01920.011 20.012 20.031 20.003

293 0.032 0.021 0.011 0.020 0.021 0.02920.045 20.065 20.091 20.010 20.016 20.019 20.064 20.052 20.032

2«~mm/s! 0 77 0.16 0.10 0.14 0.10 0.10 0.12 0.12 0.10 0.10 0.10 0.00 0.05

293 0.04 0.03 0.14 0.07 0.07 0.10 0.10 0.13 0.06 0.0520.01 0.07

1 77 0.13 0.10 0.14 0.10 0.11 0.12 0.13 0.12 0.10 0.10 0.00 0.05

293 0.12 0.10 0.16 0.10 0.10 0.12 0.12 0.18 0.10 0.10 0.00 0.08

S(%) 8.8 7.9 5.9 9.1 8.2 12.1 10.9 6.1 6.1 7.3 8.1 9.7
0-6
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adjacent 8f neighbors while the 8f site atoms have only two
In contrast, if 8f -atom neighboring is poorly affected by th
Co substitution, thes charge density is then not modified.
weak change is observed for thed$8 f %. The difference for
the 8f site behavior then corroborates the preferential oc
pation of Co atoms on this site. This later result is in agr
ment with the results obtained for YFe112xCoxTi ~Ref. 28!
and SmFe112xCoxTi ~Ref. 22!.

The monotonousHHF variation withx, andT for a given
x, corroborates the validity of the field assignment. As
ported versus Co content at room temperature on Fig. 6~b!,
the weighted average hyperfine field increases withx in con-
nection with the observed and expected increase of the C
temperature upon Co substitution. In the 1:12 structure,
doubtedly, the 8i site with the highest number of Fe neig
bors, so far, is expected to show the highestHHF ~Table IV!.
However, it appears, thatHHF$8 f % is always larger than
HHF$8 j %. This hyperfine magnetic field sequence which
sults from the assignment of the hyperfine parameter
based on the correlation betweend andHHF is in agreement
with the sequence of the magnetic moments determined
neutron diffraction data on YTi(Fe,Co)11 ~Ref. 30! and
Mössbauer study onRTi(Fe,Co)11 R5Y, Dy and Er ~Ref.
31!. However, our hyperfine magnetic field sequence d
not follow other previous analysis32–34supported by the loca
magnetic momentm sequence measured by neutron diffra
tion on Y(Ti,Fe)12 ~Ref. 35!, m$8i %.m$8 j %.m$8 f %.

The main contribution to the hyperfine field, i.e., th
Fermi contact termHFC , arises from the interaction betwee
the Fe nucleus magnetic moment and the magnetic field
to its owns electrons. It originates from two opposite term
the negative core-electron polarization fieldHCE and the
positive 4s conduction-electron polarization fieldH4s . HCE
results from the difference in spin-up and spin-down cha
densities ins shell produced by the partial filling of thed
band and arises directly from the locald moment. Within the
m sequence given above for Y(Ti,Fe)12, it might be pro-
posed that this negative contribution, proportional to thed
moment, might be partially balanced by the conduction el
tron positive termH4s arising from changes induced by thed
moment distribution on the Fe site. This compensation mi
be more pronounced for 8j than for 8f Fe atoms and would
lead to the observed sequenceHHF$8 f %.HHF$8 j %.

The change with increasing Co content is due to
known effect of transition metal at the right side of Fe, ev
though the local moment of the substituting atom is less t
that of Fe. Upon substitution, the additional Co electron c
tributes to the asymmetric filling of thed band and might
enhance the negative core-electron polarization term. It t
follows that the mean hyperfine field increases. The sa
trend for each individual site is observed within the sa
schemeHHF$8 f %.HHF$8 j %.

2. PrTiFe11ÀxCoxC

The Mössbauer spectra of PrTiFe112xCoxC were mea-
sured between 77 and 293 K. The results at 77 K are sh
as an example in Fig. 7 for various cobalt contents. T
linewidth remains the same than for PrTiFe112xCox , sug-
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gesting that the possible disorder introduced by carbon in
tion in the lattice is of second order, the statistical arran
ment of Ti and Co being the main cause of the li
broadening.

The compositional dependence of the isomer shift and
hyperfine magnetic field, for the three iron sites, are sho
respectively, in Figs. 8~a! and 8~b!. The isomer shift for the
different iron sites in the carbides are in good agreement w
those obtained for PrTiFe112xCox and correlate with their
WSC volumes, as described above. The isomer shift in
bides shows similar temperature dependence.

The isomer shift is affected by the presence of intersti
element. Going from PrTiFe112xCox to their carbides we
have noticed an increase of the isomer shift at the Fe nu
The increase ofd reflects the decrease of electron dens
with carbon insertion. It indicates a charge transfer from
rare-earth 6s orbital into the carbon atoms combined wi
the effect of the volume expansion which is quite significa
Similar trends on the isomer shift are observed upon nitro
or carbon insertion as reported in Ref. 36. This means t
whatever the interstitial element in the ThMn12 crystal struc-
ture, a modification of the rare-earth 6s orbital is observed.
This is not surprising because the interstitial elements ac
first neighbors of the rare earth. In addition the short bon
observed between Pr and the interstitial witness to hybrid
tion. The assignment of the 8i , 8j and 8f site isomer shifts
in the carbides is also in agreement with their relative W

FIG. 7. The 77 K Mo¨ssbauer spectra and their decompositi
~see text! of PrTiFe112xCoxC.
0-7
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volumes. As it is shown in Fig. 8~a!, the isomer shift se-
quence is 8i .8 j .8 f .

Upon carbonation, the general increase in the isomer s
results from the unit cell expansion which decreases
s-electron density at the iron nucleus. This effect is best
lustrated with the linear relation between the weighted av
age isomer shift and the unit cell volume, which indica
that the unit cell expansion is responsible primarily for t
increase of the isomer shift. A plot of the weighted avera
isomer shift versus the unit cell volume reveals a perfec
linear correlation d5aV1b, where a59.17
31023 (mm/s)/Å3 andb523.34 mm/s.

This overall expansion of the lattice results in the we
known volume effect on the weighted average isomer sh
The decrease of the electron density at the iron nucleus
duces an increase in the observed weighted isomer shiftDd
of 0.102 mm/s. This value agrees with the increase of
mm/s reported by Huet al.,37 who prefer to estimate the
volume effect on the isomer shift by calculatingDd/D ln V.
Phenomenologically, the effect of volume change on the
mer shift of iron is well establishedDd/D(ln V)51.3 mm/s
~Ref. 38!, and this gives a yardstick by which addition
influences of chemical bonding may be assessed. Taking
relative volume expansion valuesDV/V5D ln V53.09%,
we found thatDd/D ln V on carbonation is 3.2 mm/s. This
larger than the value forR2Fe17Nx (Dd/D ln V51.7 mm/s

FIG. 8. The compositional dependence of~a! the isomer shifts
and~b! the hyperfine fields at 77 K for PrTiFe112xCoxC. Solid line
is a guide for eyes.
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Ref. 37! and better agrees with that forR(Fe11Ti)Nx value
(Dd/D ln V52.6 mm/s Ref. 6!: it is consequently suggeste
that the interband electron transfer on carbonation
PrTiFe112xCox is stronger than in nitrides of the 2:17 serie

The effect of carbonation on the isomer shift may be d
cussed on the basis of either the weighted average iso
shift or the individual site isomer shifts. Upon carbonatio
the unit cell volume expands, and hence the WSC volume
each site increases. In order to understand the effect of
bonation on the isomer shift of an individual iron site, bo
the volume increase upon carbonation and the presence
near-neighbor carbon atom must be considered. The 8i and
8 f sites have no carbon near neighbors and, hence, we
pect to observe only the influence of the volume increase
the isomer shift. For the 8j site with one carbon near neigh
bor, a combined volume increase and near-neighbor car
influence on the isomer shift is expected. For the 8i , 8f , and
8 j sites the isomer shift increase (Dd), and Wigner-Seitz
cell volume increase (D ln V), and the ratio (Dd/D ln V) are,
respectively, 0.098, 0.092, and 0.116 mm/s, 0.049, 0.128,
0.086, 2.01, 0.72, and 1.35 mm/s. The 8i and 8f sites show
similar values of the isomer shift increase, which are d
only to lattice expansion of the Wigner-Seitz cell volum
For the 8j site, the isomer shift increase of 0.116 mm/s is t
largest and may be attributed to both effects, the carbon n
neighbor and the lattice expansion of the Wigner-Seitz c
volume.

The magnetic hyperfine fields for each site in the carbi
are given in Table IV, forx51.5, and are shown as a func
tion of cobalt content in Fig. 8~b!. The sequence of hyperfin
fields does not agree with the sequence suggested by Y
et al.35

It can be seen from Table IV that there is an increase
the HHF at all iron sites on carbonation which can be d
cussed on the basis of either the magnetovolume and
chemical effects. The first effect causes an increase of m
netic moment as a result of lattice expansion and a con
quent 3d band narrowing. The second effect is due to t
difference in the electronegativity of iron and carbon a
causes transfer of charges from thes andp bands of carbon
to the 3d band of nearest iron. Heine39 has calculated that in
transition-metal-rich compounds, the width of the 3d band is
inversely proportional to the fifth power of the lattice param
eter. The narrowing of the 3d band induces more localizatio
of the 3d electrons and a concomitant moment enhancem
Dong, Yang and Yang40 have observed an increase in th
magnetic moment ofRTiFe11 on nitrogenation, which is also
attributed to the band narrowing effect.

As it is shown in Figs. 6~b! and 8~b! the introduction of
cobalt into the Fe sublattice causes an increase in the v
of hyperfine field for all crystal sites. This behavior is o
served at all temperatures from 77 to 293 K. Upon carb
ation, the 8j , 8i , and 8f hyperfine fields increase by aroun
1.1, 2.8, and 3.7 T, in relation with the increase of magn
zation and Curie temperature. The minor increase of 8j hy-
perfine field might be due to the presence of one carbon
nearest neighbor. If a conversion factor of 15T/mB is used at
room temperature the 8i , 8j , and 8f site magnetic moments
for x50, are 1.74, 1.45, 1.59mB for PrTiFe11 and 1.93, 1.53,
0-8
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1.83mB for their carbides. Upon carbon insertion, the 8f site
shows the highest hyperfine field increase, which can be
related to the increase of the Fe-Fe interatomic distan
hence the WSC volume off .

The increase of 12% in average hyperfine fields, fr
23.8 to 26.8 T, at room temperature after carbonation der
from the large increase of Curie temperature, from about
K for PrTiFe11 to 656 K for carbide Table II. At 77 K there is
approximately a same change of the average hyperfine
after carbonation, about 3.3 T~12%! which is smaller than
the increase of 13.4% found in the case of NdFe11TiN0.8
~Ref. 41!. All the quadrupole shift values are small and te
perature independent within the experimental accuracy.

IV. CONCLUSION

The PrTiFe112xCox host alloys (x<3) have been success
fully prepared by melting and subsequent annealing. The
bon transfer was performed by means of a solid-solid re
tion with C14H10 powders which allows the maximum carbo
insertion of one atom per unit formula. The Rietveld refin
ment have shown that all compounds are ThMn12-type. The
unit cell parameter variation with cobalt content, measu
against the standard Bragg reflection of Si mixed with
sample, exhibits a small decrease of botha andc parameters,
for the PrTiFe112xCox alloys while upon carbonation, a sig
nificantly anisotropic unit cell expansion is observed. X-r
diffraction analysis of magnetic field aligned carbide po
ders has revealed that the magnetic anisotropy turns f
planar to uniaxial up tox53. Change in electronic structur
upon cobalt substitution and dilatation of the crystal latt
upon carbonation are responsible for the Curie tempera
raise. For the carbides, a linear relationship between the
ume expansion and the Curie temperature increase ca
given.
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The Mössbauer spectra collected between 77 and 29
for both series have been analyzed taking into account
statistical distribution of Ti in 8i sites. The hyperfine param
eter set attribution has been performed according to the
relation between Wigner-Seitz cell volumes and isomer s
d. At all temperatures, for a givenx value, it results the
following sequenced$8i %.d$8 j %.d$8 f %. This assignment
induces the hyperfine field correlationHHF$8i %.HHF$8 f %
.HHF$8 j % which can be understood on the basis of the co
petition between the negative core-electron polarization fi
and the positive conduction-electron polarization field. In t
PrTiFe112xCox alloys, upon Co substitution, thed$8i % and
d$8 j % increase is explained by the perturbation brought
Co neighbors. The reduction of thes electron density at the
corresponding Fe nuclei is due to the shielding of thes
electrons by the additional cobaltd electrons. For the 8f sites
with less cobalt neighbors, the isomer shift remains qua
constant which implies the location of cobalt in 8f sites. The
hyperfine field at Fe site increases with cobalt content, wh
ever the site.

The increase in the isomer shifts of an individual iron s
upon carbonation may be understood in terms of the incre
in unit-cell volume and the presence of a carbon near ne
bor for a specific site. Our assignment leads to a reason
change in the isomer shifts of all sites upon carbonation. T
carbides exhibit easyc-axis anisotropy throughout the tem
perature range due to the crystal field created at prase
mium produced by the pairs of carbon neighbors along thc
axis. The average hyperfine fields of carbides are 12 to
for, respectively,x50 andx53 larger than those of the par
ent compounds at 77 K and at room temperature. T
changes in hyperfine field upon carbonation
PrTiFe112xCox are in agreement with the unit cell volum
expansion.
u,

d

z,

ter.

.
ter.
1X.C. Kou, T.S. Zhao, R. Gro¨ssinger, H.R. Kirchmayr, X. Li, and
F.R. de Boer, Phys. Rev. B47, 3231~1993!.

2K.H.J. Buschow, Rep. Prog. Phys.54, 1123~1991!.
3Z. Tang, E.W. Singleton, and G.H. Hadjipanayis, J. Appl. Ph

73, 6245~1993!.
4Y.C. Yang, Q. Pan, X.D. Zhang, M.H. Zhang, C.L. Yang, Y. Li,

Ge, and B.F. Zhang, J. Appl. Phys.74, 4066~1993!.
5O. Kalogirou, V. Psycharis, L. Saettas, and D. Niarchos, J. Ap

Phys.76, 6722~1994!.
6Q. Qi, B.P. Hu, and J.M.D. Coey, J. Appl. Phys.75, 6235~1994!.
7K.H.J. Buschow, J. Magn. Magn. Mater.100, 79 ~1991!.
8Y.Z. Wang, L. Song, K.Y. Wang, B.P.H.G.C. Liu, and W.Y. Lai,

Magn. Magn. Mater.140, 1019~1995!.
9R. Rani, H. Hegde, A. Navarathna, and F.J. Cadieu, J. Appl. P

75, 6006~1994!.
10Z.Q. Jin, W. Tang, J.R. Zhang, L.Y. Lu, S.L. Tang, and Y.W. D

J. Magn. Magn. Mater.187, 231 ~1998!.
11Q. Zeng, Y.F. Xiao, S.Z. Dong, X.B. Liu, B.Q. Qiu, Z.Y. Zhang

and R. Wang, J. Magn. Magn. Mater.192, 321 ~1999!.
12M. Akayama, H. Fujii, K. Yamamoto, and K. Tatami, J. Mag

Magn. Mater.130, 99 ~1994!.
.

l.

s.

13S. Tang, J.H. Yin, Z.Q. Jin, J.R. Zhang, S.Y. Zhang, and Y.W. D
J. Appl. Phys.85, 4687~1999!.

14D.P. Hurley and J.M.D. Coey, J. Phys.: Condens. Matter4, 5573
~1992!.

15K.H.J. Buschow, D.B. de Mooij, M. Brouha, H.H.A. Smit, an
R.C. Thiel, IEEE Trans. Magn.24, 1161~1988!.

16R. Vert, Ph.D. thesis, Universite´ de Grenoble, 1999.
17H.M. Rietveld, Acta Crystallogr.22, 151 ~1967!.
18H.M. Rietveld, J. Appl. Crystallogr.2, 65 ~1969!.
19J. Rodrı´guez-Carvajal, Physica B192, 55 ~1993!.
20J. Rodrı´guez-Carvajal, M.T. Fernandez-Diaz, and J.L. Martine

J. Phys.: Condens. Matter3, 3215~1991!.
21C. Djega-Mariadassou and L. Bessais, J. Magn. Magn. Ma

210, 81 ~2000!.
22L. Bessais and C. Djega-Mariadassou, Phys. Rev. B63, 054412

~2001!.
23D.B. de Mooij and K. Buschow, J. Less-Common Met.136, 207

~1988!.
24S.F. Cheng, V.K. Sinha, Y. Xu, J.M. Elbicki, E.B. Boltich, W.E

Wallace, S.G. Sankar, and D.E. Laughlin, J. Magn. Magn. Ma
75, 330 ~1988!.
0-9



.L

n

g

nd

A

gn

g,

J.

ns.

BESSAIS, SAB, DJE´GA-MARIADASSOU, AND GRENÈCHE PHYSICAL REVIEW B66, 054430 ~2002!
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