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AbstraCt 

The structural and magnetic pro~rties of the RFem~Mo~5 alloys and their hydrided derivatives have been extensively 
~ttldied using X°ray, neutron diffraction and magnetic measurements. In this paper we discuss the impact of hydrogen 
insertion on fhe fundamental magnetic char~cteristics ,~uch as magnefisation, exchange couplings and magnetocrystalline 
ani~otropy, ,~ !t~)7 Elsevier Science S.A, 

K¢~'.~.n& Fcrmmagn¢li¢ alloD; Magnet materials: Ex¢llange interactions; Animtropy; Magnetic hydridc~ 

1. lnt¢odu¢llon 

R:MI4B. RaMI~ and R(M,M')Ia allws, with R 
rare earth and M,M'~ transition metals have poten- 
tial hard magnet properties when M = Fe and Co. 
~e i r  structures exhibit interstitial sites in which 
atoms of small size can I~c in~rted, Most of the alloy 
6mdamental characteristics are dramatically modified 
by such an insertion of a light element. The Curie 
temperature and the local magnetic moments on the 
iron sites de~nd on the volume expansion, and the 
magnet~%'stalline anisotropy of the R element de° 
pends on the charge density distribution in its neigh° 
b,~)urh~Ki, in a previous paper we reported on strut° 
rural and magnetic propertie~ before and after hydro+ 
gen i~sertion in the RFem~Mo~H, series, At the 
light of these experimental results v,,e will examine 
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mine fcalures of the models used to heifer under° 
stand the changes induced in fundamental propcr|ics. 

2. Experimental and results 

Extended details on the alloys synthesis, the hydro- 
genation procedure, the c~ta l  structure determina- 
tion (using X-ray and neutron diffraction techniques). 
the hulk magnctisation measurements on free and 
oriented ~mples, AC susceptibility measurements 
were reported in a previous pawr Ill. 

All samples were found to crystallise in the 
ThMn,:°ty~ of struc|ure (space group 14/mmm: Z 
= 2), Rare-earth atoms occupy. ",°~c, 2a site whereas 
iron atoms occupy the three sites 8t", 8i and 8j. The 
molybdenum atom preferentially occupies the 8i site. 
Hydrogen atoms occupy tl~e 2h site, with a maximum 
of one interstitial atom per formula unit, 

The cell parameters of the alloys tbllow different 
trends along the rare-earth series, The a parameter 
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decreases linearly from R = Pr to R = Lu. The c 
parameter remains almost constant as a function of 
the number of 4f electrons. Along the R series, the 
behaviour of the c / a  ratio shows a continuous in- 
crease towards an asymptotic value for the heaviest 
rare-earth elements. Upon hydrogen uptake, the rela- 
tive volume increase ranges from 1.3% (R = Sm) to 
0.4% (R = Gd). Both a and c cell parameters de- 
crease linearly with the number of 4f electron of R. 
The decrease in c remains slight and that in a is less 
pronounced than in the corresponding alloys. 

The Curie temperature T c of the starting alloys 
ranges between 460 K (R = Gd) and 335 K (R = Ce). 
Its variation agrees well with de Gennes' factor G~ = 
(gs - ljZJ(J + 1) for the rare-earth element. The mag- 
netisation values account for the well-known antifer- 
romagnetic interaction between R and 3d spins, giving 
rise to ferromagnetic couplings for the light rare-earth 
el~:men[s and ferrimagnetic arrangements for the 
heavy ones. For the alloys with non-magnetic R ele- 
ments (Y or Lu), the magnetic moments are aligned 
along the c axis below T c. When R is a magnetic 
element, anomalies in the AC-susceptibility and mag- 
netisafion vs, temperature curves can be interpreted 
in most cases as the result of spin reorientation tran- 
sitions (SRT). Iron appears as favouring an easy axis 
behaviour, but depending on the sign of the second 
order Stevens' coefficient a~, the R-magnetocrystal- 
line anisotropy favours an easy-axis (as > 0) be- 
haviour or an easy-plane one (a  s < 0). However, with 
Er ((q > 0) a SRT is observed at low temperatmv. 

The Curie temperatures are increased upon hydro= 
gen insertion, and values range between 430 K (R 
Tn|) and 500 K (R  ~ Gd). The relative Curie tempera° 
ture increase ( A T c / 7 ~ , )  upon hydrogen insertion is 
minimum for R ~ Od, whereas the de Oennes' factor 
is still verified even although strongly attenuated. At 4 
K and for the R based non-magnetic element the 
saturation magnetisation is increased by A Ms "0 .5  
~ , / f . u .  The situation revealed by neutron powder 
diffraction is more complicated. At low temperature 
in the ErFem..~Mo~..~D, system, the magnetic moment 
on the 8i and 8f iron sites is found to increase 
whereas that on the 8j iron position decreases upon 
hydrogenation. The 4f-5d=3d exchange coupling 
scheme is verified along the hydrides series. 

As for the host alloys, the hydrides with a non-mag- 
netic R element have a c-easy axis behaviour in the 
whole temperature range. In most cases and tbr R( a~ 
<O)-based starting alloys that exhibit an easy plane 

d~ or a tilted structure at low temperature,  upon hydro. 
gen insertion one observes an increase of the temper° 
ature range in which such structures are stabilised. 
On the contrary, the SRT of the Er(a~ >O)-based 
alloy is decreased upon hydrogen insertion. 

The results concerning the magnetic phases dia- 
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~ ~ ~ I s ~ • grams are +chcmatLcd in Fig. la,h for the host alloys 
and the corresponding hydrides, respectively. 

3. Discussion 

The behaviour of the cell parameters vs. the R 
clement indicates that the c parameter is mainly 
depending on the Kagom~ lattice of the ThM,,l~=typc 
structure [planes (~ 1/4,0,0)] while the a parameter 
expansion is directly governed by the atomic radius ot 
the rare-earth clement. The change in ~'~e c / a  ratio 
upon hydrogenation indicates that, for large R atoms, 
the cell expansion is mainly governed by the H=R 
interatomic distance. For small R atoms, the change 
of the cell volume is also controlled by the distortion 
of the Kagom~ lattice. 

The Ce-based alloy differs from the general be- 
haviour. In this alloy we calculated the mean radius of 
Ce atom to be (r '~v) ~ 1.78 ~. On this basis, the 
behaviour of the Ce-based alloy can be interpreted as 
corresponding to a mixed valence cerium ~tate [2]. We 
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have determined the valence V of Ce atom using the 
formula: 

( r * ' " ) = t l - v ) ( r " ~ ) + v ( r ' 4 > :  V = 3 + v  (1) 

In this expression the radii for the tetra- and triva- 
lent cerium-states were taken from [3] and v is the 
contribution of the tetravalent state, In the alloy the 
estimated value of the valence is 3.32(5), which agrees 
well with an X-ray spectroscopy determination V= 
3,353) in the parent compound CeFe~Ti [4]. 

~ e  effect of hydrogen insertion on the magnetisa- 
lion of the ~ sublattices should be intewreted as the 
result of two main effects. The first one should be the 
narrowing of the 3d band induced by the cell volume 
increase which leads to an increase of the values of 
the magnetic moments on the iron atoms located at 
the 8i and 8f sites. The second one should be an 
electron transfer from hydrogen to the conduction 
metal bands. In term of 'local' picture, the latter 
effect may concern mainly the nearest-neighbours 8j 
iron. From spin-polari~d band structure calculations. 
the density of states (DOS) at the Fermi level is 
higher for mints spin states [5] than for the opposite 
ones, Hence, il a rigid band model, the charge trans. 
let would lead to a reduction of the magnetic moment 
at thi~ site. 

~ e  Curie temperature inct'ea~ originates from 
the combination of two effects, namely a weak mean 
m~gnetic moment increase ,;tad mostly the enhance° 
merit of Fc=Fe exchange hltcta¢|ions related with the 
volume expansion (6], The bchaviour of ATt,/Tt along 
the ~cric~ results also from the decrease of R=Fe 
exchange couplio~ upon hydrogenation. Within the 
molten!at field ~pproximation and neglecting the R~:R 
interacOo,n the Cut~i,e temperature can he expressed 
a~ tbllows: 

Tt ~ Tt~ 

* o, nh v,,SIS+I ~ " 

and 

~3~ 

where ?~ is the tosublatti¢¢ number of atoms in the 
unit cell G~ is the alo~* ~ '~ mentioned de Gennes' 
factor, ~ is the ~3hr magneton, S is the effective 
spin of iron sublattice as defined by m~ e ~ ~ 2 tt t~S 
a~d m ~ is lhe n~tiean magnetic moment of iron at low 
|em~r~ture, The molecular field parameters are re- 

Table 1 
Parameters of the fit of the T c to the experimental values 
according to Eq. (1) 

Series R elements TFe (K) t6NRNFen R FeS(S + 1) 
- 

g~(10:K 2) 

Alloys Light 412 + 6 37 + 12 
Hea~' 360 + 6 30 5:4 

Hydrides Light 462 5:6 32 5:10 
Heavy. 426 + 6 25 5:3 

lated to the standard interatomic exchange coupling 
terms by the expressions [7]: 

ZFcFe 
lIFe = '~ JF,:l:'c 

2 NF~, #i~ 
(4) 

ZRFeZFc R 
ti~ .o F¢ ---- 16NR NF c ~ i  JRFc (5)  

where ZAB is the number of B first neighbours around 
the A atom. 

Fitting the experimental Tc values to Eq. (2), the 
experimental dots are found to belong to two separate 
branches, one for the light rare-earth elements and 
another for the heavy ones. The corresponding values 
are shown in 'rahle 1 

These results show that: 

i, T lw 3d c~mlrP~ution to t!ac Curie temperature 
markedly " ..... s ,~ = morea, c0 upon hydrogen insertion, As 
m~ntioncd .,h..v..., ~, this behaviour is rdated witla 
the distance dependence of the Fe=Fe exchange 
interaction as PrOl~:~d by N~el [6]. To quantify 
this effect, the Fe magnetic moment increase 
u ~ n  hydrogenation should be taken into account 
:~ well. 

2. The initial (alloy) and final (hydride) 3d contribu- 
tion to T c is a l~ governed by the lanthanide 
contraction vs. the number of 4f electrons [8]. in 
fact, this effect shows again the dependence of 
the Fe=Fe interactions on the distance but also 
for a part on the size of the R element. 

3. The two°branchesolike contribution of tlae Rqran- 
sition metal interaction to the ordering tempera- 
ture decreases ulna the hydrogen uptake. This 
has been already di~ussed for the R:Fe0~lol, 
series [9,1(1], It has been attributed to the de- 
crease of the exchange coupling terms JrF¢, This 
4f~3d exchange term, through the 5d electrons, 
should diminish because of the reduction of the 
4f-5d orbital overlapping related to the cell exo 
pansion, 
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The rare-earth sublattice anisotropy arises from the 
crystal electric field (CEF) [11]. As found by means of 
single crystal analysis [12,13], the second order CEF 
parameter A~[ is negative and small in magnitude, 
Hence, it favours an easy magnetisation direction 
(EMD) along and perpendicular to c, for R with 
second order Steven's factor t~j > 0 (e.g, Sm) and 
t~j < 0 (e.g. Pr), respectively. The competition between 
the 3d and the rare-earth magnetocrystalline 
anisotropies gives rise to SRTs (e.g. Tb). The SRT 
observed in the Nd, Dy and Er compounds can be 
understood by taking into account higher order terms 
of the CEF hamiltonian. Upon the hydrogenation 
process, because of the modification on the 
quadrupolar term, the A~[ parameter remains nega- 
tive but is strongly increased in magnitude. As a 
consequence, the above mentioned contributiot,, of 
rare-earth elements to the magnetocrystalline 
anisotropy is enhanced. Hence, at room temperature 
Tb and Dy-based hydrides have their magnetic mo- 
ments lying in the basal plane, the He hydride under- 
goes a SRT around 200 K and in Nd-based hydride, 
the canting from the c axis is increased. A donor 
character of hydrogen confirms the Coehoorn's pic- 
ture and the relative importance of the valence elec- 
tron contribution to the second order crystal field 
parameter [14], When the second order Stevens' co- 
efficient aj  is negative, hydrogen insertion along the 
axial R - H - R  environment reinforces the R contribu- 
lion to the magnetocrystalline anisotropy and recipro- 
cally for positive (q. As shown in Fig, 2 this leads to 
an enhancement of the prelate character of the 41" 
shell and accordingly of the magnitude of the A~ 
pa1°anieter  that remains negative. 

4. Conclusion 

Hydrogen insertion leads to: ( i )  an anisotropic ex- 
pansion of the lattice along the R series: (it) an 
increase of the ordering temperature (up to = 15%): 
and (iii) a weak increase of magnetisation. The A& 
parameter remains negative but strongly increases in 
magnitude. From these considerations the Sin-based 

F¢ 18i) 

Fig. 2. Schematised diagram that mimics the influence of hydrogen 
on the rare-earth 4f shell. Arrows indicate the direction of the 
magnetic moments for rare-earth atoms: (a) left: Sin-like (t~ > 0); 
(b) right: Nd-like ( otj < 0). 

hydride of the ThMn~:-type of structure appears as a 
possible candidate to be used as starting materials in 
the manufacture of rare-earth permanent magnets. 
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