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Abslr+tet 

RNiAI compounds absorb hydrogen at normal pressure typical to a stoichiometry of RNiAIH, ~+,,,. Thermal desorption 
studies showed that, besides such hydrides, ~veral partly decompo~d hydrides with lower H concentrations are also stable. 
The X°ray analysis +~hows that, in most ca~s, hydrogenation leads to an orthorhombic distortion of the original hexagonal 
structure of the ZrNiAI type. The hydrogenation ~verely affects magnetic properties depressing ordering temperatures and 
changing all the magnetic pha~ diagrams. © 1~7 Elsevier Science S.A. 
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Hydrogen has been found to bc an interesting 
probe into the behaviour of RNiAI compounds (R +- 
rare ¢arth metal)crystalli+ing it; the hexagonal 
ZPNiAI+IYI~ of struclure, Recently we have sht~vn [1] 
that for +me of the+ intermetalli~, hydrogenation 
dramatically m~ifies crystal structures and magnetic 
~haviour, Unit cells of crystal structures of most 
saturated (I bar He+ pressure) RNiAIH~++ ~+ hydrides 
ht~v¢ ~en  found to be orthorhombically distorted. 
Changes of interatomic distances in the hydrogenated 
compounds accompanied by n|{~tifications of elec- 
tronic structures provide a weakening of exchange 
interactions+ For e~ample, the highest magnetic order° 
ing tem|~rature found for GdNiAI (59 K)is reduced 
in the ¢o,tPr¢ ing GdNiAIH~ hydride to 20 K, 
Ano+h~P ~vid~mce of H+induced changes to mag- 
netism are param~gnelic YNiAi and LuNiA1 in+ 

(Y ert+tcs~md+~+~g author, 

tcrmctailics where the Paul; ~usccptibility is reduced 
in both cases by tv+o orders of ma~nttude, i.e+ down 
to ~,~+10 +~ m ~ mol+~ and X,++I0 ~ '~ m +~ mol+~, 
respectively, upon hydrogen ab~rption, 

In this work we present results of magnetic suscep- 
tibility studies obtained for two of the remaining 
RENtAl compounds, i.e. SmNiAI and TmNiAI. Fur- 
thermore, as the decomp mition studies point to the 
existence of several intermediate hydrides, we were 
able to follow the variations of magnetism with the H 
concentration decreasing below that of the saturated 
hydride, ~ e  development of magnetic properties of 
the GdNiAI-H system with varying H content is 
de~:ribed, 

2. Ex~Hmental details 

The preparation of hydrides and their X-ray char° 
acterisation is de~ribed el~wherc [I]. Synthesis was 
~rt'ormed at room temperature and 1 bar loading 
pressure of He. using a volumetric method. 

Hydrogen Differential Thermal Analysis (HDTA) 



A. Kolomiets et aL ~Journal of A#oys and Compounds 262-263 (1997) .Wa6-210 ~ 7  

equipment (see [2] for the details) with a heating rate 
of 5°C min-~ was used in studies of the thermal 
stability of hydrides. 

A Faraday balance and SQUID magnetometer were 
used for magnetic studies in field up to 6 T and in the 
temperature rang,: 1.8-300 K. In all cases the mag- 
netic measurements were performed on randomly 
oriented powders fixed by a glue in a quartz crucible. 

3. Results and discussion 

The original hexagonal symmetry is not changed 
upon the formation of SmNiAIHL,_0 and TmNiAIH~.4.. 
The unit cells are expanded in the basal plane with 
simultaneous contraction in the [001] direction. In the 
case of Sm-containing hydride a pronounced expan- 
sion of the cell in the [100] direction results in the 
highest value of the volume increase (8.7%) reached 
for all the series RNiAIH.,.. 

Crystallographic characteristics for all the hydrides 
studied are presented in Table 1. 

For SmNiAIHL,, the antiferromagnetic transition 
could be observed at T N = 5 K, see Fig. 1, while the 
parent intermetallic has two magnetic phase transi- 
tions at 20 K and 16 K [3]. Magnetic susceptibility of 
both SmNiAI and of its hydride decreases with in- 
creasing temperature but does not follow the 
Curie-Weiss law: 

"" C / ( T -  Or), 

where C N#,#h#hl./.ki l ,  N is the number of 
magnetic moments in I reel of material, k ,  
Boltzmann constant, ~t, ~ Bohr magneton, & , ,~  
effective moment, T -  temperature, and O~, ~ parao 
magnetic Curie temperature. 

After the hydrogenation, no magnetic ordering was 

observed for TmNiAIHL~ o down to 5 K (Fig. 2). The 
susceptibility curve obeys the Curie-Weiss law down 
to 20 K. Below that temperature it becomes weakly 
field dependent. The fitting pr~edure gives the same 
Or, value as for TmNiAI, i.e. 3 IL while effective 
magnetic moments are somewhat different for the 
hydride (7.0/z B f.u.-~) and parent intermetallic com- 
pound (7.7/z a f.u.- ~ ). 

This effect of hydrogenation on magnetism in 
RNiAI with Tm and Sm resembles the development 
observed for other RENtAl intermetallics studied be- 
fore [1], which can be characterised by a weakening of 
magnetic interactions. 

In order to specify the stability of hydrides, hydro- 
gen vacuum desorption from the TbNiAIHL,, 
GdNiAIHt,.~.~, YNiAIHt2, and ErNiAIHt.4 was stud- 
ied. 

Three or 4 peaks are indicated on the H-pressure 
curves in the HDTA spectra for the RENiAIHx hy- 
drides under investigation (see example of GdNiAI-H 
in Fig. 3). In all cases, decomposition of hydrides is 
complete near 500°C. Total hydrogen removal from 
the metal lattice and a recovery of the hexagonal unit 
cells of the initial RNiAi intermetallics was proved by 
X-ray diffraction. 

In accordance with thermal desorption spectros- 
copy approach, the presence of several distinct H- 
evolution events with different intensities can b¢ in- 
terpreted in terms of (a) occupation of interstices with 
different metal surrounding and different radii and 
(b) changes in energy of metaloH bonds in a certain 
type of filled interstices depending on the hydrogen 
contents ill the occupied position. Neutron diffraction 
studies are needed to clarify the distribution of hy, lro- 
gen atoms in the crystal lattice of RNiAIH, hydrides 
as determined by hydrogen contents. 

Table I 
C|~slallographi¢ dlara¢teristics o1' RNiAIH~ hydrides 

Hydride a ( ~ )  I) ( ~ )  (' ( ~ )  AVIV ( ~;~ ) A a tO ( t:~;' ) AC lC ( ~'r~ ) 

YNiAIHj 2 7.602 (4) 12.353 (7) 3.713 (4) 5,9 S.0 =313 

YN iA I I~ )  ~s 7.1(~)5 (6) -=- 
NiAIH. :i 7.1|55 (3) -= 

SmNiAIHt : .  7.S0 ( I ) .... 
GdNiAIllj  ~ 7.631) (4) 12.378 (I) 
GdNiAIHt .,, 7.125 (5) ~ 
GdNiAIIt..~, 7.|)97 (5) ~" 
ErNiAIHi 4 7.4804 (3) 12.329S (5) 
ErNiAIIt , , I  7.(1322 (0) - 
ErNihl l~4~ 6.973 (6) 
TmNiA IH0  ,,, 7.210 ( I ) = '  
TbNiAIHI 4 7.636 ( I )  12.353 (2) 
~)NiAli to  ~ 7.034 ( 1 ) 
TbNiAID,,~ 14.5195 (5) ! 2.4480 (3) 

3.87O (4) 
3.77C~ (3) 
3.736 (2) 
3>)O3 (7) 
3.~130 ( I0)  
3.6888 (5) 
3.831 (It 
3.840 (8) 
3.7(M) (2) 
3.7209 (7) 
3.897 ( I ) 
3.8022 (3) 

3,2 
13 
S.7 

") 9 
2.8 
C).4 
2,6 
! . i  
4.7 
6.6 
1.5 
4.4 

()>) 1.4 
().J 1.0 
7.4 = ~.8 

1.6 = 0.~ 
1.2 O.4 
1.3 = 2,~ 
(l.9 0.8 
0.04 1.0 
3.5 = 2,3 
9.1 =4. !  
I)..~ 0.5 
3,7 = 2,0 
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The It~er hydrides in comparison with the satu- 
rated one were obtained during the HDTA experi- 
ments by interrupting the dcsorption of hydrogen 
after the pressure curve pasmd through a peak value 
and reached its local minimum. 

Studies of the crystal structure and magnetic 
properties of TbNiAIH,~ and TbNiAID,.~ [I] showed 
that partial removal of hydrogen from saturated hy- 
dride significantly reduces a degree of orthorhombie 
distortion of the unit cell from b / a ~  1,618 for 
TbNiA!H~, to 10715 for the ~NiAID.~ which is very 
near to ~uch a sequence in the hexagonal unit cell 
~ b , . j a , , . ,  =- 1,732), On further hydrogen removal, in 
°[I~NiAIH,~ the diffraction patterns are indexed in 
the hexagonal unit cell and the actu~d symmetry of 
the unit cell can be chtrified only with use of neutron 
diffraction, An expected decrease of the volume ~.so 
pan~ion accompanies the transitions from higher to 
lower hyt!|:Id~s. 

Magnetic properties are affected by changes of 
hydrogen contents as well: the temperature depeno 
dence of magnetic susceptibility of TbNiAIH.i7 has 

~ 0 1 ~  ~ .... ~:::~ :~ ~ A | H  t * ................. | 0  .... ~ ~ ~ ....... .............. ~ ! ~ 1 

6 i~ " :?e I 

o ~ ~ oo ~ so ~,~ 250 ;~oo 
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Fi~ 2 M,~$r~,~tt¢. su~cp,tibilitv, ~ vs,. tem~ra|ure fi~=r TmNiAIIi~ ~,. 
'|:t*e i~et ~ m ~  the k~w tem,~tatul-¢ data in the fields of 1 T 
~mpt'y ~p~tes } a~d 2 T (empty citd,-c:s ), 

. 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

GdNiAIHl.as 1.2 
6.0 

1.0 

~ 4.5 290 °C - 0.8 
t:  -r 

15 ~ 0.4 
0.2 

o.o . . . . .  0.o 
leo 2oo 3oo 4oo 5oo 600 r(oc) 

Fig. 3. HDTA traces of hydrogen desorption from GdNiAIH=,,~s. 
The hydrogen pressure vs, temperature dependence obtained in the 
ltDTA experiment with GdNiAll,rlt ~ (left ~ale). The etllW¢ iS 
corrected for the instrumental sloping background, Calculated cot- 
responding amount of hydrogen in the unit cell relates to the right 
scale. Lines mark the two temperatures at which the interntediate 
hydrides mentioned in the text hay,: been obtained. 

already two magnetic phase transitions at tempera- 
lures very close to that of TbNiAI in contrast with the 
saturated TbNiAIHt4, which has only one phase tran- 
sition shifted to lower temperatures. 

For the YNiAI-H system, two intermediate hydride,,, 
were obtained with 0.95 and 0.21 H atoms per for- 
mula unit. Both of them have hexagonal unit cells and 
here the orthorhombic distortion is suppressed at 
higher !oloconcentrations compared to those in the 
Tb°containing hydrides. It is worth mentioning that 
even for the lowest YNiAI  hydride with a relatively 
small concentration of hydrogen the unit cell is ex° 
panded by 1,5%, This fact can be interpreted as a 
result of charge redistribution caused by interstitial 
hydrogen which provides a modification of intern= 
tomic bonding. 

The intermediate ErNiAIH..~ and ErNiAIH,4a hy- 
drides have aim been found to be hexagonal. The 
volumes of their unit cells are larger by 2.0~ and 
i. 1%. res~ctively, than that of ErNiAI (~e Table I). 

Similar trends were ob~rved in the GdNiAI-H sys- 
tem. in which the saturated GdNiAIH~,~ has an or- 
thorhombic structure attd after de~rption of about 
30% of hydrogen this distortion is suppressed, so that 
both GdNiAIHI~ and GdNiAIH.~ crystallise in hey 
agonal structures. Due to the higher ordering temper° 
atur¢ of the Gdocontaining compounds, a detailed 
investigation of magnetic prol~:rties was undertaken 
for tMs system, It was found that the magnetic suscepo 
tibilities of GdNiAiHt~,~ ~ and GdNiAIHI~, , (Fig. 4) 
have very similar sha~s and show the magnetic tram 
sition at the same teml~2rature 7" ~ 20 K, The differ- 
ence is that XiT) for GdNiA!H~,, reaches higher 
absolute values and no low-temperature maximum at 
T ~ I I K is obmrved. Temperature dependence of the 
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Fig. 4. Temperature dependencies of magnetic susceptibility X for 
the GdNiAI-H system in the li¢ld of 0.1 T. The data for GdNiAI 
(O). saturated hydride GdNiAIll~,~s (©) and two intermediate 
hydrides with 1.06 (V) and 0.35 It (A) a t o m s  are shown on the plot. 
The data for GdNiAI had to be divided by 3 to lit within the same 
scale ( [] ). 

inverse magnetic susceptibility (Fig. 5) shows that I /X 
of GdNiAIHt.l,, cannot be presented as a linear com- 
bination of inverse susceptibilities of saturated hy- 
dride and parent intermetallic, but is intrinsic to the 
partially decomposed hydride. The values of the para- 
magnetic Curie temperature and effective magnetic 
moment, obtained from fitting the magnetic suscepti- 
bility curve to the Curie-Weiss law, are quite similar: 
(')v "= 8 K ( - 1.5 K) and P,,,It = 7.9 Pl~ f.u. ° I (7.8 ~ ,  
f.u. °~) for the intermediate (saturated) hydride. On 
tile other hand. the lowest intermediate hydride with 
0.35 H atoms f.u. ~t behaves very simihtrly to its 
parent intermetallic: it has three magnetic transitions 
at (~(~ K, 27 K, and 21 K (compare with 59 K, 28 K, 
and 22 K ior GdNiAI), although the magnetic suseel)o 
lib;lily in the ordered slate has much lower al~.solut¢ 
vMues, which suggests that tile respective magnetic 
structures are different for GdNiAI and GdNiAIH,.~. 

As in the case of crystal structure modilication, tile 
absolute amount of hydrogen in the unit cell itself 
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Fig. 5. itlversc susceptibility vs. temperature for GdNiAIoH system 
in the Iicld of i T. The data for GdNiAIH t.~,~ is shown using empty 
circles, for GdNiAIHt,., using empty squares and for GdNiAI using 
empty triangles. 

does not affect the magnetic properties in a pro[mr- 
,tonal way. In the case of TbNiAI-H, the removal of 
50% of hydrogen completely recovers the magnetic 
phase transition characteristic for TbNiAl, whereas in 
GdNiAI-H the same change of the hydrogen content 
slightly changes the maximum value of susceptibility 
leaving the transition temperatme unaffected. Such 
non-linear scaling of magnetic properties with H con- 
tent points to the decisive role of the electronic 
density modification by hydrogen bonding, namely the 
decrease of the conduction electron concentration or 
the density of conduction electrons at the Fermi 
energy. 

The reduction of the strength of exchange interac- 
tion, which is quite a general feature of the RNiAI-H 
system is not, however, found in isoelectronic NdNi- 
InH ~,7 [4]. NdNiln is a ferromagnet with the ordering 
temperature Tc = 20 K [4], but after 1.7 H atoms 
f.u. ~ ~ have been incorporated into the crystal lattice 
it becomes antiferromagnet with a N~el temperature 
of 12 K [5], and shows a metamagnetic transition at 
about 2 T. 

4. Conclusions 

The general trend of weakening of magnetic inter- 
actions in presence of interstitial hydrogen can be 
traced in the RNiAI-H systems. This is reflected in 
the notable decrease of the ordering temperatures. 
The absolute value of the paramagnetic Curie temo 
perature, which is proportional to the strength of 
exchange interaction, is also lowered with the ;no 
crease of hydrogen content. It is possible to return 
gradually to the properties of parent RNiAI ino 
tcrnletallics by partial desorption of hydrogen, so that 
magnetic ordering takes place at the same tempera° 
lures. Although the presence of several tenths of H 
atoms per f.u. is sufficient for the weakening of mago 
netic interactions: x(T)reaches maximal values much 
lower than corresponding RNiAI and O v is also freo 
quently several times smaller in hydrides. Thus, the 
modification of the electronic density resulting from 
the hydrogen incorporation into the lattice strongly 
affects magnetism, probably by decreasing the N(E v) 
value, thus reducing the number of conduction clcco 
Irons, which mediate the RKKY interaction between 
the Iocalised magnetic moments of 4f origin in rare° 
earth atoms. 

In RNiAIH., lattices, hydrogen atoms presumably 
occupy several crystallographic positions with diffcro 
ent binding energies, which is indicated by the vac~ 
uum decomposition spectra. Due to this, hydrogen 
can be removed from the crystal lattice in a stepowis¢ 
manner, which provides a possibility of obtaining ;no 
termed;ate hydrides with lower hydrogen content. 
where H atoms can be removed only from particular 
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c~lallographlc sites. The dcgre of orthorhombic 
deformation decreases with decrease of H content in 
the racial matrix and at a certain critical H concentra- 
tion such distortion is suppressed with a return to the 
off,  hal hexagonal symmetry. The expansion of the 
unit cells taking place even for small amounts of 
hydrogen (= 10% of the maximal value) may indicate 
that the main mechanism of the crystal lattice distor- 
tion is the modification of DOS due to charge transfer 
~tween hydrogen and metal atoms. 
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