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Abstract. New interstitial hydrides RRg 35Nbg gsH, and carbides RRhg3sNbg esC, (R = rare

earth metal) have been synthesized. Structural characteristics and preliminary magnetic properties
(Tc andmp,), together with those of the starting alloys, are presented and compared to the
previously studied nitrides. Large increases of the Curie temperature and of the iron moment,
particularly large in the carbides, are obtained. The evolutions of the deduced Fe—Fe and R-Fe
exchange interactions are discussed. The large Curie temperature obtained with the carbides
makes this series particularly attractive for permanent magnet applications, owing to the easy
route proposed for the synthesis.

1. Introduction

It is well established that the pure RE@lloys (R= rare earth metal) do not exist; however,

the tetragonal ThMp type structure can be stabilized in the pseudo-ternary; RE
compounds whea M element, with M= Al, Si, Ti, V, Mo, W, Re, . ., is partly substituted for

iron [1-3]. Among the stabilizing elements there are either sp- or d-valence electron metals. It
was argued that in theJRe;7 parent series the substitution scheme of such different elements
was Fe site selective owing to the relative heat of formation for a binary R—M or Fe—M system,
i.e. the most negative heat of formation, the largest number of R (or Fe) neighbours in the
R>(Fe M)q; [4]. This is effectively realized in RRe_,Al, (x < 4), but it is reversed for

the parent RE&Alg. Besides relative electron filling and transfer considerations, the atomic
radius value plays a determining role in the formation of the ternary Thinucture type

of compound. The largest accommodated metal is titaniym £ 1.47 A), whereas the
isoelectronic zirconium does not stabilize the ThiMtype of structurer(z, = 1.58 A).

For a given M element, the smalleris, the larger the Curie temperature. Therefore in
the search for new materials for permanent magnet applications, the elements M which allow
the smallesk values are of particular interest. This is the case of the series qfi BN 65
compounds which have been recently obtained, wite R, Sm, Gd to Er and Lu [5]. The
niobium’s ability to form the 1-12 compounds can be explained because its radius is similar
to that of titanium ¢y, = 1.47 A). Furthermore the authors of the above referenced paper
have synthesized the corresponding RigNbg esN,, nitrides using a gas—solid reaction. An
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extended investigation of the magnetic properties of the nitrides was also reported, appearing
strongly modified in comparison with the starting alloy characteristics.

This present paper is devoted to the new interstitial hydrides R8¢y 6sH, and carbides
RFe1135Nbg65C, that we have synthesized by hydrogen gas reaction for the first series and
carbonation using anthracene for the second one. Structural characteristics and preliminary
magnet measurements are presented.

2. Experimental details

The RFe;35Nbg 65 compounds were prepared by melting the constituents (purity better than
99.9%) in a cold crucible induction furnace under argon gas atmosphere of high purity
(99.995%). The samples were annealed at°@@®or 1 month. The alloy homogeneity

was checked using conventional x-ray powder diffraction technique. ¢he&diation). For

the preparation of the hydrides, a high purity hydrogen atmosphere (99.9995%) was applied
at 2.5 MPa pressure in a special steel autoclave. The hydrogen uptake was achieved within
48 hours when the sample was thermally activated at€36or the preparation of carbides,

the alloys were finally crushed (mean size less thap B0 and then carefully mixed with a
determined amount of anthracene so that the carbon amount exceeds slightly the expected final
stoichiometry. The mixed powder was compacted into tablets of about 2—3 g and then sealed
under vacuum in quartz tubes. Since the anthracene decomposition brings a corresponding
amount of hydrogen gas, care must be paid to avoid either the absorption of hydrogen by the
samples or reaching an over-pressure level so that the ampoule explodes. We have solved this
problem by introducing into the ampoule a few magnesium chips that enable us to completely
absorb hydrogen at 30€C and above. Hence, the ampoule was divided in two parts by a
narrow neck, the lower part containing the compressed tablets and Mg occupying the upper
part. The synthesis of the ternary carbide via the decomposition reactiontéfdand then
diffusion of elemental carbon was optimized by reacting at*42€r up to 150 hours.

Allthe samples were also checked by x-rays for the starting alloys. The Curie temperatures
were determined by using a high-sensitivity thermomagnetic balance, a few mg of powder being
sealed in small silica sample holders. The very reduced dead volume allows us to maintain
the hydrides close to their starting hydrogen stoichiometry when immediately creating a rather
large over-pressure in the ampoule. Field dependences of magnetization were measured by
the extraction technique.

3. Results and discussion

The x-ray analyses confirm that the dominating phase of the alloys has the;7 e
structure. However the presence of small amounts of impurities was detected,feg; R
(ThzN17 type) RFe), the relative proportions depending on R. The purest compounds were
the Ho and Er alloys. The characteristics of the crystal structure of these alloys are listed in
table 1. The cell parametegsandc are very close to those obtained in the previous work [5].
The cell volume of the RRe35Nbg g5 compounds decreases with the increasg @) which
results from the lanthanide contraction.

After hydrogenation and carbonation, the multiphase composition of the alloys changes.
It is remarkable that both the amounts of thg-B ; and the RFgphases decrease and almost
disappear. There are no Bragg peaks gF&; type in the x-ray patterns for the compounds of
Gd, Dy, Ho and e.g. Er (figure 1). The amount of thd-B 7 phases in less in the carbides of
Y and Tb than in their starting alloys. This is well confirmed by the thermomagnetic analysis
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Table 1. The crystal data and Curie temperature of the Erg€Nbg g5 compounds.

Tc (K) Tc (K)
Compound aAy c@B) c/a v (A%  Thiswork [5]
YFe1135Nbogs 8530 4.800 0.563 349.25 522 526
GdFe13sNbpes 8.550 4.818 0.563 352.20 600 597
TbFe135Nbpss 8.518 4.807 0.564 348.78 553 556
DyFej;3sNbogs 8512 4.802 0564 34492 534 536
HoFe13sNbpgs 8.503 4.805 0.566 347.40 523 520
ErFer135Nbogs 8.485 4.801 0.566 345.64 509 507

2500

2000 ErFe Nb

11.35 0.65

1500 -

1000

500 | | |

0 " .
25 30 35 40 45 50 55 60 65

intensity

3000

2500 |

2000 ErFe Nb,

C
11.35 70,65

1500

intensity

1000

0

25 30 35 40 45 50 55 60 65
Scattering angle26 (degrees)

Figure 1. The x-ray patterns of ErkessNbg.es (upper part) and ErkessNbg 6s5C (lower part).

indicating no trace of an fFe; signal either for RFg 35Nbg65C,, with R = Gd, Dy, Ho

and e.qg. Er (figure 2), or for RirgssNby gsH, with R = Dy, Ho, Er. The thermomagnetic
curves reveal a dramatic instability of both the hydrides and the carbideg 8NRbg ¢5C,

for temperatures higher than 820 K. The resulting increase of magnetization comes from the
disproportionation of free iron particles.

The cell parameters and cell volumes of both the hydrides and the carbides are reported
in table 2. The volume increases, with respect to those of the starting alloys, stand between
2.2 and 3.6% for the carbides; they are close to 1% for the hydrides (the small values for
Y and Gd are probably related to the weak accuracy in the cell parameter determination of
the hydrides arising from the very small amount of material used for the x-ray pattern). So,
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Figure 2. Magnetization versus temperature curves of Erk€Nbges, ErFe13sNbygsH and
ErFe135NbgesC. The three curves are expressed in relative arbitrary units.

reference to data obtained earlier for different values of carbon content in theddbfer sC,
system ¢ = 0.0, 0.22, 0.48, 0.67, 0.88, 0.99) [6], we can quantify approximatelyxthe
value for the RFg 35NbygsC, series from theAV/V, ratio (table 2). For instances for
the TbFg13sNbgesC, and ErFeyssNbyesC, x is equal to~1. In the hydrides a precise
determination is not possible due to the reduced volume expansion.

Table 2. The crystal data and Curie temperature of the REgNbo 65X, (X = H, C) compounds.

AV /Vo

Compound ady @A) c/a V(A% (%) Tc (K)

YFe1135Nbo65Cy 8.609 4.856 0.564 359.90 3.05 703
x=0.9

YFey1135Nbg gsH 8.53 4.79 0.561 348.53-0.20 563

GdFe135NbpesC,  8.584 4.884 0.569 359.87 2.18 718
x =05

GdFe135Nbg esH 8.57 4.80 0.560 352.54 0.10 663.90

TbFe135NboesC,  8.588 4.882 0.568 360.6 3.24 708
x=1

TbFe 1 35Nbg g5H 8.5530 4.810 0.562 35190 0.89 603

DyFe 1 35NbossC, 8.562 4.886 0.568 356.71 2.53 696
x =0.6

DyFe, ssNbossH 8559  4.7930 0560 35110 0.91 588

HoFe 135NbggsCy  8.562 4.864 0.568 356.57 2.64 706
x =07

HoFe1 35Nbg e5H 8.543 4.803 0.562 350.60 0.92 580

ErFe;135Nbg 65C, 8.568 4.864 0.568 357.06 3.30 706
x=1

ErFe;135NbggsH 8.520 4.791 0.562 347.90 0.65 549

The Curie temperatures of the REgNbg g5 compounds are close to those reported in
[5] (table 1). The Curie temperatures of the hydrides increase from 7% (Y) to 11% (Gd). For
the carbides the increases are much larger and range from 20% (&d).5) to 39% (Er,
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x = 1). These increases are on the same order of magnitude as in the nitrides [5]. It can
be speculated that tHg increases markedly depends A/ Vy, i.e. on the carbon content.
Such a dependence has been already studied in the; fidH® ¢sC, system [6] wherel
considerably increases up:ito= 0.5, and then changes little for higher values. As the carbon
contents of our compounds are larger or equal to 0.5, a comparison T thiethe different
compounds can be valid.

We have performed magnetization measurements of the Gd based matdri@is afield
upto 10 T. The iron momentsi(r.) have been determined from the spontaneous magnetization
by assuming a momentu(;,) of 7 up on the Gd atoms, whereg,; are coupled antiparallel
tomp.. These values are reported in table 3. In Gdeg&Nbg 65 the saturation magnetization,
obtained by extrapolating/ against YH?2 for 1/H2 = 0, reached 18 uzN fu™!, a value
very close to that15.0 5 fu™t) previously obtained [5]. For the nitrides, one can deduce an
Fe moment of ©6 .z when applying the result of [5] and assuming the same ratio between
the spontaneous magnetization as that valid for the parent alloys. This value is close to that
observed in the carbides (see table 3).

Table 3. RFey135Nbp 65X, compounds: average value of the Fe magnetic moments determined at
4 K for R = Gd; some characteristics of the exchange interactions obtained from the analysis (see
text).

Tre C Jrere  JRFe  MFe
RFe13sNboesCy,  (K)  (K?) (K) (K) (uB)

y=0 485 16269 86 22  1.79
X=C 699 2783 102 08  2.03
X=H 529 17783 84 22  1.93
X = N[5] 702 13568 101 1.8  1.96

In this type of material, within the molecular field approximation and when neglecting the
R-R interaction, it is usual to write the Curie temperature as [7-9]:

Tc =3 (Tpe +,/T2, + 4T,§Fe> (1)

whereTr, = AJp.r.S(S+1) and 4'7,, = BS(S+1)J3,,G;. A andB are constants within

a series of compounds; andG,; = (g; — 1)?J(J + 1) are the iron spin an the de Gennes
factor, respectively. Jr.r. and Jrr, are the exchange integrals between Fe—Fe and R-Fe
nearest neighbours. With non-magnetic rare earth elemgnts, Tr.. ThenTr, should be

given by the Curie temperature of the Y compounds. However in in the former compounds
the Curie temperatures are larger than those of the corresponding Er compounds which is in
contradiction with equation (1). This has already been observed and generally one has a better
estimate offr, when R= La or Lu. Assuming that the exchange integial. is almost
independent of R (which has been shown to be rather correct for heavy rare earth elements [9])
one expects thal, depends only o7 ; through

Tc =3 (Tpe +./T2, +CG,) )

In our case, in order to estimafg, andC = BS(S + 1)J,§Fe we proceeded as follows
for each series; we plottefl- as a function ofG; as shown in figure 3. Then we fitted the
experimental data with the theoretical variations (in full lines in figure 3) and obtained for each
series an estimate dfz, andC which are reported in table 3. Note that the full lines fit the
experimental data rather well which shows that the properties of the compounds follow the
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model quite well. It is worth noting that tHE- of the carbides weakly depend ¢ty (small

value ofC) in contrast to the other compounds which dependgiin approximately the same

way (comparable values @f). This means that in the carbon compounds the R—Fe interactions
are much smaller than in the three other series. Considering, as other authdi$s thelf the

low temperature value of the Fe moment, expressed ip 3, from the values of ., andC we

have been able to estimafkg, . andJ r. Which are reported in table 3. From table 3 itappears
that (i) for the hydrides the increase®f mainly results from the increase of the iron moment,
whereas the exchange interactions are approximately the same as in the starting alloys; (ii) in
the carbides and nitrides one observes approximately the same large increase of both the Fe—Fe
exchange interaction and the iron moment; (iii) as mentioned above the insertion of carbon
leads to a large decrease of the R—Fe exchange interaction. It is interesting to discuss the
evolution of the magnetic properties in the light of the change of the lattice parameters. The
volume expansion arising from the introduction of the interstitial elements leads, as expected,
to the enhancement of both the Fe—Fe exchange interaction (in agreement wigieth8Ister

curve) and of the iron moment (associated with the localization of 3d electrons). The larger
the volume expansion is the largéf.r. andmp.. For the hydrides, in which the volume
expansion is small, the main effect occursmp,. Besides for nitrides [5] and hydrides one
observes a decrease of th&: ratio whereas this ratio increases for carbides. We conclude
that the chemical bonds between the inserted elements and their next neighbour metal atoms
(2R—4Fe) are not similar for all three series. This could be the origin of the difference in the
evolution of the R—Fe exchange interaction. Neutron diffraction investigations are in progress
in order to better understand these aspects.
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Figure 3. Curie temperature variation versus the ‘de Gennes’ faGtor= (g; — 1)2(J + 1) for

the RFeg135Nbg 65X, compoundsy = 0; full circles; X = H: full squares; X= C: full triangles;

X = N: empty circles). Full lines are fits using equation (2) to the experimental points of each
series except that of Y compounds { = 0).

4. Conclusion
We have been able to synthesize new hybrides ;REsNbygsH, and carbides

RFe 135NbgesC, . It appears that the atomic radius of the extra metal is one of the determining
factors enabling the stabilization of such an iron rich 1-12 family. In the carbides we find
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particularly high Curie temperature since they alloy a minimum of non-magnetic elements.
Whereas the increase of the Fe—Fe exchange interaction and of the iron moment is related to
the cell volume expansion, the evolution of the R—Fe exchange interaction, especially small
in the carbides, seems related to the evolution otfleratio. The large Curie temperatures
obtained in carbides make this series particularly attractive for permanent magnet applications.
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