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Crystallographic and hyperfine parameters of PrTi(Fe,Co ; and their carbides
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PrTiFe, ,Cao, alloys (x<3) prepared by melting and subsequent annealing have been investigated with
their carbides PrTiRg_,Co,C, (y=1) 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
ThMn,-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. Thesélbauer 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 Bsites. The hyperfine parameter sets were assigned according to the relationship between
the Wigner Seitz cell volume of each iron site and their isomer ghsio thats{8i}> 5{8j}> 5{8f}. It results
that Co preferentially occupies thef &ite with the recurrent sequenég,{8i}>H,{8f}>H,{8j}. 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 thed3band by the additional @ 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 PrTiRe_,Co,C as compared to PrTikg ,Ca,.
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[. INTRODUCTION due to their relative high Curie temperature and favorable
magnetization, these alloys may develop permanent magnet
Rare-earth transition metal intermetalli&s-M are at- characteristics. However, the studies have been mainly per-
tractive compounds for their technological magnetic applicaformed up to now withR=Nd and M=Ti or Mo as the
tion. Most particularly, theRFe;, family has focused much stabilizing metalé:** WhenR is Pr, Mo was taken generally
attention due to the low ratio of rare-earth and high contengs the stabilizing elemen!* except in the work from
of low cost iron. However, the tetragonal Thirstructure, Akayama et al,'?> which reports structural and magnetic
with space groug4/mmm is not formed for any binary properties of induction melted PrTigeand its nitrides. The
rare-earth iron intermetallic, but it must be stabilized by sub-anisotropy field of PrTiFgN, 5 was estimated to be higher
stitution of a small amount of Al or a transition metal such asthan 7 T at room temperature but owing to the difficulties to
Ti, V, Cr, Mo, W, etc. Consequently, there exists a greatget single phase PrTilcg Tanget al. preferred recently to
variety of magnetic properties according to tesolubility  prepare the pseudoternary compound RrEeV,Tig 5 (Ref.
range and to the sign of the second-order Stevens coefficiedB). Interstitial carbon is expected to induce the same mag-
a; of the rare earth. netic behavior as nitrogen. However, until now, few data
ThMn,, intermetallic structure possessBsFe, octahe- about carbides are available for light rare-earth with negative
dron units, which can be filled with nitrogen or carbon by «; and concern Nd(Fe,M@)C, (Ref. 3 or Nd(Fe, Ti),C,
solid-state diffusion in a low temperature gas-solid or solid-(Ref. 14. Nevertheless, the possibility of producing interest-
solid reaction. The anisotropy of rare-earth iron compound$ng hard permanent magnets is worth pursuing. Conse-
is determined from the sum of the Fe sublattice anisotropyjuently, in this context, we have carried out the study of the
and the rare-earth sublattice anisotropy. The contribution oPrTiFe;_,Co, alloys (x<3) with their recurrent carbides
rare-earth sublattice to magnetocrystalline anisotropy ariseBrTiFe;_,Co,C, (y=1). The aim of the partial substitution
from the coupling between rare-earth ion orbit magnetic moof Fe for Co is mainly to increase their Curie temperafdre.
ment and the crystal electric field. If the second-order field Moreover, as the carbides do not exist at temperature up
term is predominant, the anisotropy of rare-earth sublatticeo 1373 K which is the annealing temperature required for
can be described by the product of the second-order crystahe PrTiFg;_,Co, alloy formation, it is necessary to prepare
parameterA,, and the second-order Stevens coefficiagt the host series prior to carbonation. The study of the
on the basis of single ion modeA negativea ;A,, exhibits  PrTiFe,_,Co, series is then the preliminary step to that of
a uniaxial anisotropy. Extensive works have shown that thearbides PrTiFg_,Co,C, .
magnetocrystalline anisotropy was significantly modified by Herein, we report structure, Mebauer effect study and
insertion of a small p element such as carbon or nitrogen, Curie temperature measurements of the precited series for
which expands the lattice* This expansion modifies the which no attempt had been made up to now to prepare either
A,owhich becomes positive so that, for rare earth with negathe PrTiFg;_,Ca, or the carbides. Mssbauer spectrometry
tive @y such as Nd or Pr, theaxis becomes easy. Especially, appears as a complementary tool to x-ray investigation be-
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cause it is suitable, as local atomic probe, to distinguish the TABLE I. Microprobe analysis results.
iron environment in the various crystallographic sites and;

hence, the cobalt location and the carbon perturbation. Nominal x=0  x=15 x=2  x=3
composition
Pr 1.00 1.00 1.00 1.00
Il. EXPERIMENT Experimental Fe 10.96 9.42 8.89 7.95
composition Co 0 1.52 2.07 2.95

The polycrystalline PrTiFg_,Co, ingots x=<3) were
prepared by induction melting from appropriate amounts of
99.9% purity Pr, Fe, Ti and Co under a highly purified Ar
atmosphere. Their homogeneity was insured with ten times
consecutive melting. The as-cast alloys wrapped in tantalum IIl. RESULTS AND DISCUSSION
foil and sealed in silica tubes under a vacuum of 5 A. Microprobe analysis
x 10" 7 Torr were annealed six days at 1373 K and water . .
guenched. Prior to carbonation, the sample composition was The electron microprobe images, versus Co content of the

: S lloys PrTiFe,_,Caq,, have shown some minor precipitates
checked by electron microprobe analysis with an accuracy o e 17x =X o . :
450 Thg carbides PrTiEng CaC, v)\;ith )\;\11 were :yn-y identified asaFe-(Ti,Co) and FgTi, imbedded in a matrix
thesized using a solid-si)lid reaction as desc:ribeaCOrreSponOIing to the major phase 1:12. The chemical com-

previously'® The carbon transfer into tHet/mmmstructure position of the matrix is reported in Table | f&rzO,_l.S, 2,
was monitored after reacting the PrTie,Cao, compound an .d 3'. It appears frqm these results 'that the nqmmal compo-
ground to 50um powder size with an appropriate over S|_t|on is representative of the experimental ratio Fe/Co and
weight of G,H,, powders, the same for ak content, in TilFe.
order to obtain the maximum possible carbon insertion of
one carbon atom per unit formula. At temperature above 673
K, it was shown that the carbon insertion is immediate. Mg
chips inside the reacting tube absorb the overpressure of H. 1. PrTiFey xCoy

However to insure a good homogeneity of the carbon distri- The x-ray diffraction diagrams of the PrTife,Co, an-
bution, the samples were annealed 48 h at 750 K. nealed at 1373 K, reveal the presence of the main phase with

The x-ray diffraction(XRD) patterns were recorded by the tetragonal ThMp structure with space groug/mmm
means of a Bruker diffractometer mounted with the Bragg-and weak extra lines which belong teFe-(Ti,Co), FeTi
Brentano geometry and automatic divergence slit, using thgor x=0 and 0.5. As well known in theRFe,;Ti alloys, Ti
Cu Ka radiation. The unit cell parameters were measurewccupies the B site?® For the Rietveld fit, the Co atoms,
with Si as standarda=5.4308 A). The counting rate was which cannot be discerned by x-ray from Fe, have been lo-
22 s per scanning step and step size of 0.04°. The data treafated statistically in B 8], 8f sites according to the nomi-
ment was carried out by a Rietveld refinenténfas imple-  nal composition of each sample in a first approach. However,
mented in thesuLLPROFcomputer cod@-°with the assump-  as justified by the Mssbauer spectra analysis given below,
tion of a peak line profile of Thompson-Cox-Hastings the Rietveld fits were finally performed with Co distributed
allowing multiple phase refinement of each of the coexistingn 8f sites.
phases. The goodness-of-fit indicat®g and y? are calcu- The calculated patterns along with the observed ones are
lated as usual and described eardie?? The Curie tempera- presented on Fig.(4) for x=1.5 as an example. The atomic
ture T measurements were performed with a MANICS dif- positions and unit cell parameters obtained from the Rietveld
ferential sample magnetometer under an applied field ofit are given in Table Il. The substitution of Co for Fe induces
1000 Oe with around 10 mg sample sealed under vacuum.a decrease of both parametarandc, however, thec/a ratio

The Mossbauer spectra were obtained between 77 antemains constant and equal to 0.557 forsallFig. 2). The
293 K on a constant-acceleration spectrometer in transmismall size difference between Fe and Co radii cannot alone
sion geometry. The parabolic distortion was canceled bexplain such reduction. The magnetic coupling energy be-
working in the mirror image mode and the small resultingtween each sublatticR and M combined with an electronic
linear drift of the baseline was corrected. Thaay source effect due to the additional Cod3electron should play a
was 50 mCi cobalt-57 embedded in rhodium matrix. Therole. In the case of SmTike ,Co, alloys (x<2) (Refs. 22
absorbers contained around 15 mgfaof natural iron. Hy-  and 24, for which the crystalline field favors a ferromagnetic
perfine fields are quoted relative to a high purity metalliccoupling betweerkR and T sublattices along, the a param-
a-iron foil absorber at room temperature used to calibrate theter is insensitive to the Co substitution whidedecreases
spectrometer. This reference had a full-width at half maxi-weakly withx. Nevertheless for PrTike_ ,Co, which do not
mum of 0.25 mm/s for the external peaks. The foldedsbB4o show an axial magnetic anisotropy upxe 3, both param-
bauer spectra presented herein contain 512 channels. Thkters decrease. Their monotonous behavior suggests a unique
fitting procedure will be explained below. The estimated er-mode of Co substitution for Fe up to=3.
rors are at most=0.1 T for hyperfine fieldsH,z and  The volume ratio of the extra phases deduced from the Ri-
+0.005 mm/s for isomer shift§ and quadrupole shifts2  etveld fits corroborates the results from the microprobe-

Ti 1.04 1.06 1.04 1.10

B. X-ray diffraction
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FIG. 1. Rietveld analysis for(a) PrTiFgCo, s and (b)
PrTiFe sCo, sC. The set of ticks refer, respectively, {@ the
ThMny, phase and aFe-(Ti,Co), and (b) ThMn;, phase,
aFe-(Ti,Co), and F£Ti.

FIG. 2. Unit cell parameters vs Co content of PrTiFgCa,
and PrTiFg; ,Co,C. AT:/Tc vs AV/V (insed. Solid line is a
guide for eyes.

. . . . 2. PrTiFey—,Co,C
analysis. Their total amount is never higher than 7%. It de- s

creases down to 3.8% for=3. The substitution of Co re- The crystalline qualilty of the samples annealed at 750 K
duces the precipitation of smalFe-(Ti,Co) contents which allows a good determination of the unit cell parameters
might result from the peritectic formation reaction. (Table ll). The carbides PrTiRe_,Ca,C clearly show an an-

TABLE II. a, ccell parameters anBlg , x? factor from Rietveld fit for PrTiFg_,Cao, and their carbides.

Compound x=0 x=0.5 x=1 x=15 x=2 x=3
a(h) 8.594 8.592 8.590 8.588 8.582 8.564
c(A) 4.789 4.787 4.786 4.782 4.779 4.773
Rs 5.38 5.81 5.01 5.39 3.47 4.55
PrTiFe; ,Co, 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{8j} 0.275 0.272 0.274 0.274 0.273 0.273
Tc(K) 550 618 670 705 740 785
a(h) 8.640 8.624 8.602 8.599 8.593 8.572
c(A) 4.885 4.863 4.839 4.833 4.829 4.813
Rg 4.64 5.78 5.08 5.36 4.93 5.65
PrTiFe, ,Co,C 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{8j} 0.272 0.272 0.272 0.270 0.270 0.271
Tc(K) 656 691 726 757 776 818

054430

-3



BESSAIS, SAB, DjBA-MARIADASSOU, AND GRENECHE PHYSICAL REVIEW B 66, 054430 (2002

800 7 y T y T y T y T T T C. Curie temperature measurements
700 S - The Curie temperature of the PrTige,Cao, alloys in-
] S creases from 550 K fok=0 to 785 K forx=3, while a

small decrease of the Fe-Fe distances, at most equal to 0.3%
is observed. ThisT raise reflects the enhancement of the
Fe-Fe interactions and can be explained by electronic effects.
The Fe weak ferromagnetic character is progressively modi-
fied into strong ferromagnetism upon the filling of tthéand

with the additional Co electron.

Upon carbonation, th&: values are also enhanced, com-
pared to the PrTiRg_,Ca, alloys(Table Il). In that case, the
unit cell expansion induces a strengthening of the Fe-Fe in-
. ' , ' ' teractions due to the increase of the Fe-Fe distancesT{he

30 40 50 60 70 80 increase, AT /T, equal forx=0 to 19.4% is, however,
20 angle (deg) reduced to 4.2% fox=3. One must outline that all inter-
atomic distances in the PrTige ,Co, alloys, whatevek, are

FIG. 3. XRD pattern of aligned carbide for=1.5, as an ex- higher than the critical distance of 2.39 A, limit with nega-
ample tive magnetic interactions, except the interatomic distance
dgs_gs €qual to 2.39 A. This distance augments to 2.44 A for

isotropic unit cell expansion with respect to their homolo-PrTiFeC. Forx=3, itis only increased to 2.41 A. A linear

gous PrTiFg,_,Co,. The calculated and experimental pat- COrrelation is observed betweekiT¢/Tc and the volume
terns are shown in Fig.(h) for x=1.5 as an example. The €XPansionAV/V related to the initial host latticgFig. 2

results of the Rietveld refinement are listed in Table 1. (NSe?l. _ .
For x=0, Aa/a and Ac/c are respectively equal to 0.5 The enhancement of the Curie temperatures is the result

and 2.03% more than for the nitride investigatedOf two combined effegts: fiIIing. of thel band by the Co
previously2 These values lead to a volume increase similareIeCtronS. and F_e-Fe dl_stan.ces increase. For saturatgd carbon
o the maximum uptake of one carbon per unit formula ob_aIon_s, with Co increasing, it seems that the electronic effect
served in thR(Fe,_M,) series stabilized byl = Mo (Ref. g\(;(r)rlmgfs progressively the volume effect to rule The
25). With Co content, the volume expansion is reduced '
monotonically to 1.8% fox= 3 but this evolution is mainly

associated to a increase. The carbon insertion induces the
expansion of the Pr-Fe{B-Fe(8)-Pr chains along tha axis For simplicity, the M@sbauer spectral analysis has been
via the carbon P and iron 3 electrons while thec axis  performed first on the PrTike ,Co, alloys. Afterwards, the
increase is connected to the more important elongation of theffect of carbon should be more easily understood. However,
bi-pyramid Pr(2)-Fe(8j) which delimits the interstitial car- for both series the same general c_onsiderations are available.
bon site D via the carbon () and Pr (%,6s) electrons. We must outline that the atomic arrangements are rather
complex due, on the one hand, to the existence of three crys-
gallographic sites and, on the other hand, to the statistical

jstribution of Ti and Co. Consequently, the experimental

& a @
f=3 (=3 (=3
(=] (=] (=]
1 1 1

200 4

Intensity (arb. units.)

D. Mossbauer spectra

The unit cell parameters measured ket 2 with a nomi-
nal carbon content equal to 0.5 atom per unit formula lead

to a volume increase equal to half of the increase measure o
for the saturated sample with one atom per unit formula. Wi pe_ctra resuit from th? superposition Of. NUMErous sextets.
' arious sets of hyperfine parameters might lead to a good

can therefore assess that the whole series corresponds to the . . A
. reproduction of the data but the choice of the solution is
maximum carbon uptake of one carbon, as all samples we

e . .
. » ependent on consistent physical models supported by other
prepared in the same conditions. b PRy bp y

) techniques or justified by pertinent theoretical consider-
X-ray diffractometry was also performed on powder 44i0ns

samples of c;arbides previously magnetically aligngd yndgr We have based the dsbauer spectra analysis upon two
an external field of 0.7 T. It reveals that the magnetization igriteria: the count of the different iron neighboring according
aligned along thec axis of the tetragonal structure in to the binomial law, the assignment of the hyperfine param-
PrTiFe;-4Co,C. An example of such diffraction pattern is eter setss, H, and 2 of an individual sextet to its right
given in Fig. 3. Some grains may be misoriented, not strictlycrystallographic site, in agreement with the relationship be-
monodomain and thus can contribute to some Bragg peak@veen isomer shift and Wigner-Seitz c€WSC) volumes:
other than (0D. Nevertheless, both the growth of the (PO the larger the WSC volume, the larger the isomer shift
reflections[ (002 and (004)] and the disappearance of the The WSC volumes have been calculated by means of Dirich-
(hkO) reflections give evidence for a preferential orientationlet domains and coordination polyhedra for each crystallo-
of the basal plane along the reflecting surface. Under carborgraphic family. The radius values of 1.82, 1.26, 1.25, and
ation the magnetic anisotropy turns from planar to uniaxiall.47 A have been used respectively for Pr, Fe, Co, and Ti.
with Co content up tox= 3, at room temperature as observedHowever, for C, the twelve coordinated atomic radius of 0.92
for carbon uptake per unit formula equal to one atom. A is inconsistent with the B octahedral site size for ak
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TABLE llI. Near-neighbor environments and WSC volumes’YAn PrTiFg,Co and in PrTiFgCoC as
an example.

Site Pr{2a} Fe/Ti{8i} Fe[8j} Fe/Cd8f} C{2b} Iron near WSC volume WSC volume
neighbors PrTiFgCo  PrTiFgyCoC

P{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(8j} 2 4 2 4 1 8 11.54 11.95
Fe/Cqsf} 2 4 4 2 0 8.5 10.51 11.46

C{2b} 2 0 4 0 0 4 2.68

content. The site diameter which varies from 1.45 A or Forx=0, according to the numbérof Ti neighbors, a total

=0 down to 1.40 A forx=3 is more in agreement with the of nine sextets has been used to simulate ihe§, 8f sites.
covalent radius value of 0.77 A generally given for C.The gpectra of the substituted samplfes x>0) were ex-
Hence, we have used the carbon radius value of 0.73 A fopjained with the same approach but, the combined effects of
x=0 and 0.70 A forx=3, for the calculation of the WSC | Co neighbors were considered. As an example, to keep a
volumes reported in Table Ill, within the size limits calcu- physical meaning to the various abundanéesas limited to
lated from the measured octahedral &ite size. The follow- 2 ang| to 3 forx=2. The set of hyperfine parameters result-
ing sequence of the WSC volumes=88)>8f, whateverx,  ing from such a fit are reported in Table IV far=1.5 at 77

is obeyed for the PrTiRg_,Co, and the carbides. Moreover g

for the fits, we have taken into consideration the weak extra The isomer shift behavior with Co content at 293 K is

iron-based phases observed by XRD that might be not ngzported on Fig. @) At all temperatures, for a giveavalue,

glected as their Lamb-Mssbauer factor is larger than for the e relations{8i} > &{8j}> 5{8f} is always obeyed, accord-

R-Fe phase. o ing to our assumption derived from the WSC volumes. The
Four assumptions have been madi¢:The 8 sites are  mean jsomer shift of theigand § atoms increase upon Co

those occupied by the stabilizing transition elements of thgpstitution, while it remains quasiconstant for tHesoms.
1:12 structuré® They must obey steric and electronic crite-

ria. The atomic radius of these elements must be greater tha~
Fe radius and the number of theird34s electrons
smaller?’ It results that the Co substitution ini &ite has
been excluded(ii) Co atom occupies f8sites according to 7.56 1
previous Msbauer spectroscopy results on Y(Fe 6h)
(Ref. 28 and neutron diffraction measurements on 7.53
Nd(FeTiCo),, (Ref. 29. (iii) The Lamb-M®sbauer factors 6.54
are equal for all sitesi8 8j, 8f of the 1:12 structureliv) As
no crystallographic texture was observed, the relative inten¥2 .51
sity of each sextet line was taken in the ratio 3:2:1 of random =3
powders. 8
Consequently, in a first step we have calculated the rela-3
tive abundances of the Fe families in the various crystallo—g‘)0
graphic sites B 8j, and & with the assumption of Ti in 8 E
site, Co in & site with the multinomial law. These assertions
will be justified below by the coherency of the hyperfine
parameter evolution vs and temperature. All along the fit- 4.92
ting process, these abundances were maintained as fixed p
rameters, they were normalized after neglecting those lowel  5.07
than 2%. All other parameters vi#, Hye, and 2 were 1
free. In the second step of the refinement, the deduced avel  5.04 -
aged isomer shift values have been assigned to each site « 1
the 8, 8j, 8f families according to the WSC volume rela- 5.01

7.59

6.48 -

4.95

tionship. Finally, in the last step of the fit all hyperfine pa- :
rameters were free. 4.98 +———————"—T——T——T——T—— T

10 8 6 -4 -2 0 2 4 6 8 10

1. PrTiFey_4Co, ]
rTiFey—,Co Source Velocity (mm/s)

Figure 4 shows the Mgsbauer spectra at room tempera-
ture for all x content and Fig. 5 reports the spectra of FIG. 4. The 293 K Mssbauer spectra and their decomposition
PrTiFg Co at various temperatures between 77 and 293 K(see text of PrTiFe,_,Co,.
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FIG. 5. Massbhauer spectra and their decompositee text of
PrTiFe Co obtained at indicated temperature. FIG. 6. The compositional dependence(af the isomer shifts
and(b) the hyperfine fields at 293 K for PrTile ,Co, . Solid line

This result can be understood in terms of the preferential Cé @ guide for eyes.

atom occupation. The WSC volume reduction which might

contribute to an increase in theelectron density at the Fe ditional Cod electron favors the shielding of thesZlec-
nuclei is widely balanced by the enhancement ofdreec-  trons. It results an increase in the isomer shift for the Fe sites
tron density brought by Co which, in turn, gives rise to ahaving Co first neighbors and weaker effect for the site
reduction of thes electron density at the Fe nuclei. The ad- where Fe/Co are located. Thé 8nd § Fe sites have four

TABLE IV. Mo ssbauer hyperfine parameter for PrijEeo, sC, (x=1.5) at 77 and 293 K. Hyperfine fieltl,r; Isomer shift,5; relative
area,S and quadrupole interactiong2

y T(K) 8y o 8ip 8iz1 (8i) 8jo1 8oz 8ju 812 821 (8) 8foo 8fo; 8f10 8fn  (8f)

Hur(T) o 77 33.7 31.8 28.1 315 27.6 28.5 25.6 26.2 24.4 26.6 31.2 29.7 27.8 28.2 29.8
293 28.6 29.3 28.0 28.7 27.0 28.2 24.0 245 27.0 25.3 28.6 27.9 27.0 26.2 27.6

1 77 343 35.1 30.2 33.5 325 32.6 27.5 31.1 22.2 29.5 321 33.9 24.5 28.9 30.6

293 31.0 32.0 30.5 31.2 28.0 28.5 25.6 26.4 23.6 26.5 29.6 311 29.1 26.7 29.6

Smm/s 0 77 0.098 0.068 0.045 0.072 0.041 0.054 0.023 0.028 0.018 0.0330.012 -0.011 —-0.058 —0.068 —0.021
293 0.002 -0.011 -0.032 -0.010 -0.012 -0.012 -0.023 -0.121 -0.119 -0.030 -0.099 -0.111 -0.129 -0.166 —0.112

1 77 0212 0.169 0.101 0.165 0.084 0.089 0.062 0.069 0.058 0.069 0.019.011 -0.012 -0.031 -0.003

293 0.082 0.021 0.011 0.020 0.021 0.029-0.045 -0.065 —-0.091 -0.010 —0.016 —0.019 -—-0.064 —-0.052 -0.032

2e(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 0.05-0.01 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
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adjacent 8 neighbors while the Bsite atoms have only two. LI B B B A L L
In contrast, if &-atom neighboring is poorly affected by the 1.42 4
Co substitution, the charge density is then not modified. A
weak change is observed for ti#8f}. The difference for
the 8f site behavior then corroborates the preferential occu-  1.40 4
pation of Co atoms on this site. This later result is in agree-
ment with the results obtained for YRe,Co,Ti (Ref. 28
and SmFeg_,Co,Ti (Ref. 22. 2 1.04-
The monotonous$l ¢ variation withx, andT for a given §
X, corroborates the validity of the field assignment. As re- 8 1024
ported versus Co content at room temperature on Rig, 6 &
the weighted average hyperfine field increases withcon- S0
nection with the observed and expected increase of the Curi§ :'gg_
temperature upon Co substitution. In the 1:12 structure, un-~ " |
doubtedly, the 8 site with the highest number of Fe neigh- 1.22 4
bors, so far, is expected to show the highdgt (Table 1V). 1
However, it appears, that,4{8f} is always larger than 1.20 1
Hue{8j}. This hyperfine magnetic field sequence which re- 1
sults from the assignment of the hyperfine parameter set: 118
based on the correlation betweérandH ¢ is in agreement 1169
with the sequence of the magnetic moments determined by 1
neutron diffraction data on YTi(Fe,Cp) (Ref. 30 and 1144
Mossbauer study oRTi(Fe,Co); R=Y, Dy and Er (Ref. 1
31). However, our hyperfine magnetic field sequence does 1127
not follow other previous analysi 3*supported by the local

magnetic momenu sequence measured by neutron diffrac-
tion on Y(Ti,Fe);, (Ref. 39, u{8i}>u{8j}>u{8f}. Source Velocity (mm/s)

The main contribution to the hyperfine field, i.e., the
Fermi contact ternid -, arises from the interaction between  FIG. 7. The 77 K Mesbauer spectra and their decomposition
the Fe nucleus magnetic moment and the magnetic field dusee text of PrTiFe;_,Cao,C.
to its owns electrons. It originates from two opposite terms:
the negative core-electron polarization figtt.z and the
positive 4s conduction-electron polarization field,s. Hce
results from the difference in spin-up and spin-down charg
densities ins shell produced by the partial filling of the
band and arises directly from the lochinoment. Within the
u sequence given above for Y(Ti,Rg) it might be pro-
posed that this negative contribution, proportional to the . 2 : .
moment, might be partially balanced by the conduction elec€SPeCtively, in Figs. @ and 8b). The isomer shift for the
tron positive termH 4. arising from changes induced by tte different iron sites in the carbides are in good agreement with

moment distribution on the Fe site. This compensation mighthose obtained for PrTife ,Co, and correlate with their
be more pronounced forj&han for & Fe atoms and would WSC volumes, as described above. The isomer shift in car-
lead to the observed sequertdg-{8f}>H{8j}. bides shows similar temperature dependence.

The change with increasing Co content is due to the The isomer shift is affected by the presence of interstitial
known effect of transition metal at the right side of Fe, evenelement. Going from PrTiRe ,Co, to their carbides we
though the local moment of the substituting atom is less thaflave noticed an increase of the isomer shift at the Fe nuclei.
that of Fe. Upon substitution, the additional Co electron conThe increase of reflects the decrease of electron density
tributes to the asymmetric filling of thd band and might With carbon insertion. It indicates a charge transfer from the
enhance the negative core-electron polarization term. It thefre-earth € orbital into the carbon atoms combined with
follows that the mean hyperfine field increases. The samghe effect of the volume expansion which is quite significant.

trend for each individual site is observed within the sameSimilar trends on the isomer shift are observed upon nitrogen
schemeH y{8f}>H 8]} or carbon insertion as reported in Ref. 36. This means that,

whatever the interstitial element in the ThiMrcrystal struc-
ture, a modification of the rare-eartls ®rbital is observed.
This is not surprising because the interstitial elements act as
The Mcssbauer spectra of PrTiRe,CoC were mea- first neighbors of the rare earth. In addition the short bonds
sured between 77 and 293 K. The results at 77 K are showobserved between Pr and the interstitial witness to hybridiza-
as an example in Fig. 7 for various cobalt contents. Theion. The assignment of thei 88) and & site isomer shifts
linewidth remains the same than for PrTjig.Co,, sug- in the carbides is also in agreement with their relative WSC

gesting that the possible disorder introduced by carbon inser-
tion in the lattice is of second order, the statistical arrange-
fent of Ti and Co being the main cause of the line
broadening.

The compositional dependence of the isomer shift and the
hyperfine magnetic field, for the three iron sites, are shown,

2. PrTiFe;—4Co,C
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Ref. 37 and better agrees with that f&(Fe;1Ti)N, value
(AS/IA InV=2.6 mm/s Ref. B it is consequently suggested
that the interband electron transfer on carbonation in
PrTiFe,_,Co, is stronger than in nitrides of the 2:17 series.
The effect of carbonation on the isomer shift may be dis-
cussed on the basis of either the weighted average isomer
shift or the individual site isomer shifts. Upon carbonation,
the unit cell volume expands, and hence the WSC volume of
each site increases. In order to understand the effect of car-
bonation on the isomer shift of an individual iron site, both
the volume increase upon carbonation and the presence of a
near-neighbor carbon atom must be considered. Thand
8f sites have no carbon near neighbors and, hence, we ex-
pect to observe only the influence of the volume increase on
the isomer shift. For the j8site with one carbon near neigh-
. bor, a combined volume increase and near-neighbor carbon
influence on the isomer shift is expected. For the&, and
8] sites the isomer shift increase §), and Wigner-Seitz
cell volume increaseX InV), and the ratio A 6/A InV) are,
respectively, 0.098, 0.092, and 0.116 mm/s, 0.049, 0.128, and
0.086, 2.01, 0.72, and 1.35 mm/s. Thieghd & sites show
similar values of the isomer shift increase, which are due
only to lattice expansion of the Wigner-Seitz cell volume.
] For the § site, the isomer shift increase of 0.116 mm/s is the
(a) largest and may be attributed to both effects, the carbon near
T T T T T T T neighbor and the lattice expansion of the Wigner-Seitz cell
00 04 08 12 16 20 24 28 32 volume.
Cobalt content x The magnetic hyperfine fields for each site in the carbides
are given in Table 1V, fox=1.5, and are shown as a func-
FIG. 8. The compositional dependence(af the isomer shifts  tion of cobalt content in Fig.®). The sequence of hyperfine
and(b) the hyperfine fields at 77 K for PrTig ,Ca,C. Solid line  fields does not agree with the sequence suggested by Yang
is a guide for eyes. et al3®
It can be seen from Table IV that there is an increase in
volumes. As it is shown in Fig. (8), the isomer shift se- the Hye at all iron sites on carbonation which can be dis-
qguence is 8>8j>8f. cussed on the basis of either the magnetovolume and the
Upon carbonation, the general increase in the isomer shifthemical effects. The first effect causes an increase of mag-
results from the unit cell expansion which decreases thaetic moment as a result of lattice expansion and a conse-
s-electron density at the iron nucleus. This effect is best il-quent 31 band narrowing. The second effect is due to the
lustrated with the linear relation between the weighted averdifference in the electronegativity of iron and carbon and
age isomer shift and the unit cell volume, which indicatescauses transfer of charges from thandp bands of carbon
that the unit cell expansion is responsible primarily for theto the 3 band of nearest iron. Heifiehas calculated that in
increase of the isomer shift. A plot of the weighted averagearansition-metal-rich compounds, the width of the Band is
isomer shift versus the unit cell volume reveals a perfectlyinversely proportional to the fifth power of the lattice param-
linear  correlation J=aV+B, where «=9.17 eter. The narrowing of theddband induces more localization
X 1073 (mm/s)/R and 8= —3.34 mm/s. of the 3 electrons and a concomitant moment enhancement.
This overall expansion of the lattice results in the well-Dong, Yang and Yarf{ have observed an increase in the
known volume effect on the weighted average isomer shiftmagnetic moment oRTiFe;; on nitrogenation, which is also
The decrease of the electron density at the iron nucleus prettributed to the band narrowing effect.
duces an increase in the observed weighted isomer shift As it is shown in Figs. @) and 8b) the introduction of
of 0.102 mm/s. This value agrees with the increase of 0.Lobalt into the Fe sublattice causes an increase in the value
mm/s reported by Hiet al,*” who prefer to estimate the of hyperfine field for all crystal sites. This behavior is ob-
volume effect on the isomer shift by calculatidgs/A InV.  served at all temperatures from 77 to 293 K. Upon carbon-
Phenomenologically, the effect of volume change on the isoation, the §, 8i, and & hyperfine fields increase by around
mer shift of iron is well established 65/A(InV)=1.3 mm/s 1.1, 2.8, and 3.7 T, in relation with the increase of magneti-
(Ref. 38, and this gives a yardstick by which additional zation and Curie temperature. The minor increase johg
influences of chemical bonding may be assessed. Taking thserfine field might be due to the presence of one carbon as
relative volume expansion valueSV/V=AInV=3.09%, nearest neighbor. If a conversion factor of 1aF/is used at
we found thatA /A InV on carbonation is 3.2 mm/s. This is room temperature thei 88j, and & site magnetic moments,
larger than the value foR,Fe;N, (AS/AInV=1.7 mm/s forx=0, are 1.74, 1.45, 1.5 for PrTiFe, and 1.93, 1.53,

Isomer shift (mm/s) Hyperfine field H,. (T)
|
®
@,|.|.|.|.|.|.
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1.83 u for their carbides. Upon carbon insertion, thiesite The Massbauer spectra collected between 77 and 293 K
shows the highest hyperfine field increase, which can be cofor both series have been analyzed taking into account the
related to the increase of the Fe-Fe interatomic distancestatistical distribution of Ti in 8 sites. The hyperfine param-
hence the WSC volume df. o eter set attribution has been performed according to the cor-
The increase of 12% in average hyperfine fields, fromgation between Wigner-Seitz cell volumes and isomer shift
23.810 26.8 T, at room temperature after carbonation deriveg a: g temperatures, for a giver value, it results the

from the large increase of Curie temperature, from about 55(r)OIIOWing sequenced(8i}> 5(8j}> 8(8f}. This assignment

K for PrTiFe;; to 656 K for carbide Table Il. At 77 K there is . ' : . ;
approximately a same change of the average hyperfine fiel'él‘duces the hyperfine field correlatidde{8i}>H e 8f}

after carbonation, about 3.3 (2% which is smaller than >HHF{8]} which can be un_derstood on the basis 9f the com-
the increase of 13.4% found in the case of NgFtlyg petition betvygen the negatlve core-electrqn pplan_zanon field
(Ref. 42. All the quadrupole shift values are small and tem-and_ the positive conduction-electron polgnzaﬂon fl_eld. In the
perature independent within the experimental accuracy. P/ T1F@1-xCo alloys, upon Co substitution, th&{8i} and
5{8j} increase is explained by the perturbation brought by
Co neighbors. The reduction of tiseelectron density at the
corresponding Fe nuclei is due to the shielding of tle 4
The PrTiFg,_,Co, host alloys k< 3) have been success- electrons by the additional cobalilectrons. For the Bsites
fully prepared by melting and subsequent annealing. The cawith less cobalt neighbors, the isomer shift remains quasi-
bon transfer was performed by means of a solid-solid reaceonstant which implies the location of cobalt i 8ites. The
tion with C4H;o powders which allows the maximum carbon hyperfine field at Fe site increases with cobalt content, what-
insertion of one atom per unit formula. The Rietveld refine-ever the site.
ment have shown that all compounds are ThMygpe. The The increase in the isomer shifts of an individual iron site
unit cell parameter variation with cobalt content, measuredipon carbonation may be understood in terms of the increase
against the standard Bragg reflection of Si mixed with then unit-cell volume and the presence of a carbon near neigh-
sample, exhibits a small decrease of batndc parameters, bor for a specific site. Our assignment leads to a reasonable
for the PrTiFg,_,Cao, alloys while upon carbonation, a sig- change in the isomer shifts of all sites upon carbonation. The
nificantly anisotropic unit cell expansion is observed. X-raycarbides exhibit easg-axis anisotropy throughout the tem-
diffraction analysis of magnetic field aligned carbide pow-perature range due to the crystal field created at praseody-
ders has revealed that the magnetic anisotropy turns frommium produced by the pairs of carbon neighbors alongcthe
planar to uniaxial up t&x=3. Change in electronic structure axis. The average hyperfine fields of carbides are 12 to 5%
upon cobalt substitution and dilatation of the crystal latticefor, respectivelyx=0 andx=3 larger than those of the par-
upon carbonation are responsible for the Curie temperaturent compounds at 77 K and at room temperature. The
raise. For the carbides, a linear relationship between the vothanges in hyperfine field upon carbonation of
ume expansion and the Curie temperature increase can BaTiFe,_,Co, are in agreement with the unit cell volume
given. expansion.

IV. CONCLUSION
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