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Magnetic characterization of Zr(Crl_xCux) 2 alloys and 
their hydrides 
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Magnetization measurements were carried out on the alloys Zr(Crl-xCux)2 
(x=0, 0.1, 0.3, 0.5) before and after hydrogenation. All the binary and the ternary alloys, as 
well as their hydrides, exhibit a temperature-independent or nearly temperature- 
independent Pauli type of paramagnetism. Beside the Pauli paramagnetism, a ferromagnetic 
contribution to the total magnetization was observed for most of the alloys and their 
hydrides. It was also observed that hydrogen absorption enhances the Pauli paramagnetism 
as well as the ferromagnetism of the alloys. The rather unusual magnetic behaviour of these 
systems is briefly discussed in terms of 3d band filling of the transition metal, and is 
compared with some related systems. 

1. Introduction 
Zirconium-based Laves phase intermetallics react re- 
versibly and absorb large quantities of hydrogen and 
have therefore attracted a great deal of attention as 
possible hydrogen storage materials [1-5]. Apart from 
their possible practical application, these materials are 
also of interest due to the drastic electronic modifica- 
tions that occur as a result of the hydriding process. For 
example, in the system Zrl_xTixMna which exhibits 
Pauli paramagnetism, upon absorption of hydrogen, 
paramagnetism is enhanced (low titanium concentra- 
tion), or ferromagnetism or spin-glass behaviour is in- 
duced (higher concentration of titanium) [6]. 

It was found that partial substitution of chromium 
in ZrCr2 by iron, cobalt, nickel or copper considerably 
affects the hydrogen capacity and the dissociation 
equilibrium pressure o f  ZrCr2 [-7-10]. It was 
also found that the Pauli paramagnetism of ZrCr2 
was changed into ferromagnetism in the system 
Zr(Cr~-xFe~)2, was strongly enhanced in the system 
Zr(Cra-xCox)2 and was only moderately enhanced 
in the system Zr(Cr~_~Nix)2. Hydrogen uptake in- 
creased the magnitude of these effects. 

In this paper the results of the magnetization 
measurements for the system Zr(Crl_~Cu~)2 and 
their hydrides are reported. The aim of this study was 
to obtain further information on the magnetic behavi- 
our of ternary systems based on ZrCrz and their 
hydrides, which could help in obtaining a better 
understanding of their electronic structure. 

melting. The purity of the starting materials was 
Zr 99.9 wt %, Cr 99.9 wt %, and Cu 99.98 wt % (all 
metals supplied by Ventron, Germany). One part of 
each sample was charged with hydrogen and the rest 
was used in the hydrogen-free form. The details of 
alloy preparation, hydrogen absorption procedure, 
hydrogen pressure-composition desorption measure- 
ments, as well as the apparatus used, have been de- 
scribed elsewhere [9, 11]. 

X-ray powder diffraction patterns of alloys and 
their hydrides were obtained using a Philips PW 1050 
diffractometer equipped with a pulse height analyser; 
nickel-filtered CuK~ radiation was employed. 

Magnetization measurements were performed on 
a vibrating sample magnetometer (VMS) in the Phys- 
ics Department, University of Durham, as described 
in detail elsewhere [12, 13]. This VSM is fitted with an 
Oxford Instruments CF 1200 helium gas flow cryostat 
which allowed measurements to be made over the 
temperature range 4.2-330 K, in applied fields up to 
12kOe. HgCo(CNS)4 was used to calibrate the 
system. 

No special procedure was undertaken in order to 
prevent hydrogen release from the alloys, because the 
hydrides were assumed to be relatively stable. This 
was concluded from desorption isotherms with equi- 
librium pressure values of only several kilopascals at 
room temperature. Furthermore, no changes were ob- 
served in the X-ray patterns even after the hydrides 
had been exposed to air for several months. 

2. Experimental procedure 
The intermetallics compounds corresponding to the 
stoichiometry Zr(Crl_xCu~)2 were prepared by arc 

3. Results  
It has been reported earlier [10] that chromium in 
ZrCrz can be replaced by copper up to the composition 
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Figure 1 Magnetization versus field for the alloys Zr(Crl-xCUx)2; 
x = (D) 0, (0) 0.1, (~) 0.3 and (0) 0.5 at 300 K. 
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Figure 3 Magnetization versus field for (Vl, Q) Zr(Cro. 9 Cuo. 1)2 and 
(O, II) Zr(Cro.TCuo.3)2H2.98 at (11, 0) 10 K and (G, D) 300 K. 
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Figure 2 Magnetization versus field for the hydrides 
Zr(Crl_xCu~)2; x = (D) 0, (�9 0.1, (�9 0.3 and (0) 05 at 300 K. 

Zr(Cro.5 Cuo.5)2. The cubic Laves structure (MgCu2 
type) of the binary ZrCr2 is preserved in the whole 
ternary region. It was also reported that all the alloys 
react readily with hydrogen to form hydrides having 
two to three hydrogen atoms per formula unit. Hydro- 
gen absorption increases the unit cell volume of the 
alloys by 22%-23%. It should be noted that the 
magnetic properties before and after hydrogenation of 
the other, hexagonal polymorph of ZrCr2, have been 
reported elsewhere [14] and these data are included 
here for comparison. 

Magnetization measurements carried out for the 
alloys Zr(Crl_xCux)2 (x = 0, 0.1, 0.3, 0.5) and their 
corresponding hydrides in the temperature range 
10-300 K and in applied fields up to 12 kOe are illus- 
trated in Figs 1-3. 

All the systems investigated are paramagnetic. Most 
of the samples do not show a linear dependence of 
magnetization versus field, indicating there is a 
ferromagnetic component superimposed on a Pauli 
paramagnetic component. This is most pronounced 
for the alloy Zr(Cro.9Cu0.1)2 and its hydride. The 
possibility of ferromagnetic impurities in raw mater- 
ials has been investigated by measuring their magnetic 
properties under the same conditions as the alloys and 
their hydrides. It was undoubtedly confirmed that all 
the materials were of high magnetic purity, i.e. their 

magnetization versus field dependence was found to 
be always linear. Contamination of the alloys and 
their hydrides with ferromagnetic impurities during 
preparation and investigation was also rejected, be- 
cause several batches of prepared alloys exhibit nearly 
the same ferromagnetic effects. One further point is 
that the ferromagnetic effect was enhanced after hy- 
drogen uptake (Table I). 

It is assumed that the apparent susceptibility, • 
consists of t w o  terms; a temperature-independent 
term, • and a term which is the result of the fer- 
romagnetic effect, % / H .  The saturation magnet- 
ization, %, was determined by extrapolation of the 
linear behaviour of magnetization versus field, H, at 
high fields to zero field. The experimental values of 
susceptibility at fields above 5 kOe were fitted accord- 
ing to 3'Cap p = 3~0 -~ (Ys/H" The relevant magnetic data 
are summarized in Table I. 

4.  D i s c u s s i o n  

The results of this study indicate that all the samples, 
the host metals and the hydrides, are paramagnetic. 
The magnetization is temperature independent or 
nearly independent down to about 30 K. Below 30 K, 
a gradual increase in magnetization is observed. 
However, this is not completely valid for the 
Zr(Cr0.9Cuo.1)2 alloy and its hydride (Fig. 3), i.e. the 
samples that exhibit the greatest ferromagnetic effect. 
Fig. 4 illustrates the magnetization versus temper- 
ature curves for the Zr(Cro.TCu0.3)2 alloy and its 
hydride. In this region, none of the systems studied 
exhibits a Curie-Weiss behaviour. A possible source 
of the increase of magnetization below 30 K could be 
the presence of various oxygen contents retained with- 
in the sample, resulting in a pronounced change in 
magnetization as a consequence of the change of phys- 
ical condition (liquid-solid), and/or the allotropic 
forms of oxygen. Namely, it is well known that the 
three solid and two liquid forms Of oxygen exhibit 
different magnetic properties. 

Taking all this into account, it was concluded that 
the samples exhibit Pauli paramagnetism. The sam- 
ples also have a ferromagnetic component superim- 
posed on the Pauli paramagnetic component, which is 
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T A B L E  I M~gnetic ~ for  ~ Z~((~Cr a _xCu~,)2 ;dtoys ~ d  hydrides 

Composition ~a~fit ~11 :S~scep~bility, .x0 

~(~m) 

~,& tu r a:t~on 
magae~ation, ~ 
(OcO -~ e.m.u, tool- ~) 

Reference 

ZrCr2 ~l~ex a = ? &40 
,c ~'.,9 

ZrCr2Hs.8 he'x a~ = ? 1.A6 

ZrCr2 ~ = ~5~1,(~7 @,83 
c = fO~ZF4 

ZrCrzH,.2 a = :0.5470 1223 

ZrCrz a = 0.7~00 ~ 8  
ZrCr2H~.~ .a .= ~0.7,755 0.97 
ZrCr2 ,a ~ @55~104 ~0~ 1 

ZrCr2H3.4-4 ca = (053.88 ~..~13 

ZrCr2 a~ = ~0;7213 03~ 
ZrCrEH3. 7 :a~. /77[ .J /2  0.35 
Zr(Cro.9 Cuo. ~ )2 a = ~0.'~94 tlil:gE 
Zr(Cro.9 Cuo. ~ )2H2.98 a = 0.7693 0.45 
Zr(Cro.TCUo.3)2 at  = � 9  0.34 
Zr(Cro.7 Cuo.3)2H2.25 ca ~ (O.7~d~)~) ~ 5 2  

Zr(Cro. ~ Cu0. ~)2 a = 0.7203 cO;if2 

Zr(Cro.s CU0.5)zH2.06 ca := ~0.,7742 0.40 

D ~  

L ~  

1 .34  P . W .  ~ 

5.94 P.W. 
38.30 ~.,~g~.. 
43.21 P.W. 

0.34 P . ~ .  
0.44 ~..~.. 
3.60 P.W. 
5.50 P.W. 

P,W., present work. 
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Figure 4 Magnetization versus temperature ffor (IS]) Zr (Cro.~ Cu0.a )2 

and ((3)Zr(Cro.7Cuo.3)2H2.25 at 5 l(Oe. 

most pronounced for the alloy Zr(Cr0.9Cu0.1)2. Hy- 
drogen absorption increases the Pauli type of para- 
magnetism as well as the ferromagnetic component of 
the alloys (Table I). 

Before we attempt to discuss the results obtained for 
the ternary alloys and their hydrides, it is as well to 
compare the susceptibility values for both polymorphs 
of ZrCr2 and their hydrides with the values obtained 
by other authors (Table I). Our results on the hexa- 
gonal ZrCr2, which have been published elsewhere 
[14], indicate that this polymorph has a 33% larger 
susceptibility value than the cubic one. However, hy- 
drogen uptake strongly enhances the paramagnetism 
of the hexagonal phase, but moderately enhances the 
paramagnetism of the cubic phase. This difference in 
behaviour may either originate with slight differences 
in the electron structure of the cubic and hexagonal 
ZrCr2 (c/a ratio differs from the ideal value 1.667) or 
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with chromium atoms residing on the :ziTco~~m ~ites 
in the cubic ZrCr2. This will be ~ e d  later. 'The 
susceptibility values for the hexag~al~FJr,Cr2 (WaatNe I; 
[14]) are in good agreement with the rca]a~es .given ~y 
Jacob et al. [15] but not with ~ wa~es ff~-~l bY 
Hirosawa et al. [8] which are largea" ~y  a ,hetor ,af2. 
After hydrogenation, our sUscepfl~[i'.~y ~ N~ ~he 
hexagonal phase [14] are in good agreement with ~he 
values given by both authors. It i s i ~ ~  ~o ~ 
out that hydrogen uptake increases the suscepiig ;fl~ty 
of the cubic Z r C r / o n l y  moderately. TJNs ii~ in ~g~ee- 
ment with the available data in the ditemmr~, JLe. with 
those given by Hirosawa et aL [8], ~h~t ~ ~,,epox~d 
values which are greater by a factor of 3. 

The temperature-independent , P ~  ~ a ~ m a g -  
netism most likely originates with ~he 3d 'band ,elec- 
trons. These values do not change ~ s i ~ ~ y  with 
substitution of chromium by copper. ~ ~  ~ o  
opposite effects take place, i.e. copper aatt~ms inm~ase 
the local electron density of state of;chrommm, hu t  
at the same time the concentration ~ot" ~ . m n  
decreases because the concentration ~T ~a~k~ex is iha- 
creased. After hydrogenation, the ~,auh ~ma~ma, g- 
netism of Zr(Crl _~Cu~)2 alloys is increased as:,:a con- 
sequence of an increase in the electron ~ ~,~tates. 

The most interesting feature observed ~ ~ ' e  ~ -  
terns is the unexpected induction of ~ a k  Ye~omag- 
netism. This was observed in virtu~ff~y Nil ~ e  aflll~2~s 
investigated and increased after hydrogenation. The 
ferromagnetic component is temperature independent, 
which means that the temperature r e g ~ f i ~ e  " ~  
lies well below the Curie temperature. A~qf l tan~f ion 
for the presence of ferromagnetism in these~llo3~sAaes 
not seem to be easy and straightforward.N~weve~;we 
believe that some semiqualitative discussion can be 
given. 



TI~'e ferromagnetism may he associated with small 
ame~o~.~ ef  chremd~., atom~ resid~g o~ the ziare~- 
mi~m sites in the crystal s t r u e t ~ .  These chromium 
a~m~ ea~t3~ ~ mome~t~ ~ a remh of be~mr 3d 
hertd~ ~ g .  Trfi:s i~ the consequence of a larger elec- 
tron transfer from. zirconium to chmn~u~ (difference 
i~, e k ~ : ~ ~ . ~ )  d~ae to mmre s g n ~ m a ~ g  z2re~- 
n~mrr~ ,~WIelarS:. All other chromium atoms residfng on 
the exp~ted~ sm .~  , atom sites in the: stxu~ure are 
,sack,am . ~  - ~ f,e~r~ zirconium z~toms a ~  ~ eltee- 
~o,rr tr~rsfear fs less pronounced. As a result, the later 
chromfum atom~ exhibit paramagnetism only.. Col~Se- 
~ , ,  f ~ c  clusters exist in the sVrtteture, 
embed'd~ ii~,, a pin,  magnetic matrix. The observed 
irregul:asr vaxiati~-~ in ferromagnetism with the com- 
pos~tia~rr~ co, ~t~ 1~, explained by different .amounts of 
e l ~  ~ residing on the zircon'[um~ sites. 
S o m ~ o ~ i o ~ ~  Oll non-stoichiometric ZizC~z [i'6;J 
SUpl~t ~ a~samalrtion as do data published on the 
~ e l a e a ~ s ~  based on ZrMnz [4] and ZrCo2 [17]. 

The o~.~aa~ene~: of ferromagnetism in cubic Z~Crz 
b~: n ~  i~ ~ 1  ZrCr2 could also be extJtai,'rmd ~ 
in ttaL~ ~ y ; ,  ile. file much larger deviation from 
stoichiometry, which is possible in the cubic structure 
[16],: favorers chromium atoms residing on zirconium 

Iti~ wa~t~ compm:ing the results reported here with 
the res~rt~ reported on related systems. In the system 
Zr(Crl_~Fe~)2 it was found that small quantities of 
iron induce C~e'-Weiss behaviour at the same time 
a~ the t ~ e - i n d e p e n d e n t  Pauli susceptibility 
e ' a ~ n ~ e d t  f~nr trnre ZrCr2, while higher iron quant- 
ities~ i i rdh~ magnetic order [15]. In the system 
Zr(Cr~_~Co~)~, the susceptibility of ZrCr2 is en- 
ha,arced by cobMt substitution, but is much weaker 
t ~  in s~s:tem~ containing iron. At higher cobalt 
c ~ s _  (x---=@5',)? the total susceptibility is found to 
be a, s ~  ~ t h e  Pauli and Curie-Weiss contributions 
[8, 15]! ~fnalty:',, in the system Zr(Crl-xNi~)2, small 
quantities of nictCel (x > 0.375) induce a Curie-Weiss 
co~,ribution sulNrimposed on the temperature-inde- 

l i b i l i t y  term. However, this contribu- 
tion i~ m~ael~r ' weaker than in the system containing 
cobalt [14t. Hydrogen uptake always increased the 
magnitude - o f  the observed effects. 

Tlle'.syster~r(Cr~ _~Cu~)2 does not strictly follow 
tlie:el~e~ed~t~end in magnetic behaviour, because the 
tran~'fi:o~metal changes from iron to copper in the 3d 
transi~o,n metM, period. Rather, it behaves similarly to 
the Z~(C~,_~Co~)2 system, where small quantities of 
cobalk and hydrogen uptake were found to induce 
fe r rom~et i sm with a very small saturation magnetic 
m~me~(NNl~g~,formula unit) [15], or as in the sys- 
tem~based~o~r~Mn2 where hydrogen absorption or 
subs~i~urib-n; of zirconium with titanium induces weak 
ferromagnetism, which is not observed for binary 

Iq%~e~r;, the possibility that the ferromagnetism 
o~er~ved~in~e system described in this paper is asso- 
cia~ed2w~l~ small quantities of a second ferromagnetic 
pliase~ (l~igh-~ Tr not detectable by X-rays could not be 

cxrmpte~y r~ed~ o'~K af~theugh o p ~  metallographic 
~rv,~gal~cms ~r ~ e  n[l~N- t ~ e r  te  hydrogenation 
c o ' _ ~  ~kefir s i n g M - p ~  nail-e, A more derailed 
i ~ v ~ r ~ o ~  o~ ~ e  r m t ~ e m ~ i ~ Z r C r ~ ,  as well 
as on systems based on' ZrM~z ~ probably shed 
mere ~r r ~ i m ~  m~gaefic behaviotrr of 
tl~ese systerrr~ 

5. Corrcfus~m~ 
A~ a. oonclusio~ o~ the m~i let ic study of the 
Z2~(Tr~_~C,~)~ ~ ~ timid k~ydrides, we can say 
that all' ffre~ Mloy~ ane[ theist r r y ~  exhibit a temper- 
ature-independem:oT n'eaffy, temperature-independent 
Pm~N ~ ~ .  ~ garamngnetism probably 
origina*e~ w i ~  ttie. 3ff b~md~ eIt~gr~s of chromium. 
In a d d ] ~  t~ ~ P ~  pa~mrI~gnetism, a ferro- 
magnetic, e e m ~ r ~ x ~  tg, file total magnetization 
was a l ~  a ~  a~r~ ~ m.o~ pronounced for the 
Z'r((Cr~b.9~Cuo~..~.):z att~y a ~  i~  h~dride. The weak fer- 
r ~ S m ~  m ~  he ~ with small quantities 
of'chromium atam~ ~x~idiiag o~n~ the zirconium sites in 
the crystal lattice and carrying magnetic moments. 
These moments are a result os larger electron trans- 
f e r ~  z i i ~ , a a ~  r~ ~ a a m  atoms compared 
with tile electron t ~  fizom~ zirconium to chro- 
mium atoms residing on the' expected small atoms 
sites of the structure. After hydrogen uptake, the Pauli 
paramagnetii~eomponent, as well as the ferromagnetic 
componen% i:s~ ~ c e d L  
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