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Itinerant metamagnetism in rare earth-transition metal 
compounds 

M. Gyrot and M. Lavagna 
Laboratoire Louis Neel. CNRS. 166X. 38042 Grenoble Cedex. France 

compounds of rare-earth and transition metals present the possibility of using the large 
magnetIc moment of the first with the high Curie temperature of the second. We first discuss the nature 
of the coupling the spin of the rare-earth and transition metal. We assume that it happens within 
the d band commg from the 5d and 3d levels and describe it using the Van Vleck model for 
ferromagnetism. We then consider the particular case of Cobalt compounds where Cobalt can be magnetic 
or not dependmg of the rare-earth metal. We describe the appearance of magnetism as a collective 
metamagnetism due to the position of the Fermi level in these compounds in a steep decrease of the 
density of states. Calculation of the density of states confirms this hypothesis. 

PACS numbers: 75.1O.Lp 

INTRODUCTION 

Intermetallic cor.>pounns between rare-earth and 
transition metals present interesting magnetic proper-
ties 11 I. Among them we first point out that a large ma-
gnetization would be obtained if one would be able to 
align the large magnetic moment of a rare earth of the 
second part of the series with the moment of the tran-
sition metal. Only Nickel, Cobalt and Iron can be ma-
gnetic in these compounds and,in all cases,the spin of 
the rare earth couples antiferromagnetically to the 
spin of the transition metal making the interesting 
compounds ferrimagnetic. In the first part, we will 

the physical origin of this general rule. In 
the second part, we will adress ourself the question of 
the occurence of magnetism of the transition metal and 
particularly why Cobalt in the series TCo2 (where T is 
a rare-earth) is magneti c only for s'orne rare-earth. 
Moreover the transition is generally second order ex-
cept for the three cases Fr, Ho and Dy where it is of 

order. We will explain this behaviour by a kind 
of collective metamagnetism as described by Wohlfarth 
and Rhodes 121. 

I - THE FARE-EARTH TRANSITION METAL COUPLING 

When the 3d moment exists, a general rule is ob-
served in all known intermetallic compounds. The spin 
of the rare-earth couples antiferrornagnetically to the 
spin of the 3d moments. The exceptions, which have been 
thought to exist in compounds with Mn, turn out to have 
no real ferromagnetic interactions. In these interme-
tallic compounds, one can consider three main types of 
interactions: between rare earth metals, between tran-
si tion metals and between rare earth and transition me-
tals. The first one is of the RKKY type and is, by 
far, the smallest. The second one is usually large and 
the third has been shown to be fairly large 13 \ . 
The antiparallel coupling between 4f and 3d spin mo-
ments has been first explained by Wallace 141 with a 
model in which the interaction takes place via the po-
larization of the s conduction electrons and is of the 
RKKY type. Wallace argues that the distances in inter-
metallic compounds are such that antiferromagnetic cou-
pling arises. This is difficult to reconcile with the 
experimental fact that this coupling occurs irrespec-
tive of composition, electron concentration, or crystal 
structure. Furthermore, in amorphous alloys, anti-
parallel coupling is observed. Gomes \51 also assumes a 
coupling via s electrons but he takes them uniformely 
polarised as in a Zener model. Such coupling occuring 
within the s band contradicts the fact that critical 

temperatures are much like transition metal ones where 
coupling is known to be within the d band. Campbell 161 
was the first to suggest such a coupling. He proposed 
that the f electron spin creates a positive local d mo-
ment through the ordinary f-d exchange and that there 
is a direct interaction within the d band with any 
other d moment as in normal transition metal alloys. 
The coupling between moments in transition metals has 
been explained qualitatively by Friedel 171 with the 
concept of the virtual bound state. Campbell assumes tart 
the rare earth metal behaves like a transition metal at 
the beginning of the series which is reasonable. Howe-
ver we point out that Friedel's theory is valid for an 
impurity in a matrix and that Campbell's explanation 
holds mainly for an impurity of rare earth in a transi-
tion metal. We think that the physical background of 
this theory holds for the interrnetallic compounds. Thus 
we proposed another point of view for the interaction wi:-
thin the d band i.e. we also assume that the f electron 
spin creates a positive local d moment and we 
show that the coupling between the d moments is anti-
ferromagnetic. Our explanation relies on the Van Vleck 
model IBI for ferromagnetism in Nickel. He argued that 
correlation in transition metal make the states of 
hiBh ionization unlikely. For !Ii, atoms can be in d9 or 
d1 configurations. The states of higher polarisation 
give rise to a coupling between pairs of neighbouring 
atoms. For instance there is a ferromagnetic coupling 
between two Ni atoms in the d9 configuration because of 
tge possibility for this pair to go in the d10 + dB or 
d + d10 states. As a rough estimate, second order per-
turbation with respect to the transfer integral t asso-
ciated with the transition from a d state of an atom to 
the d state of its neighbour gives the excess of the 
energy of singlet ground state 1t over the triplet 1t 

2t2 1* -il 
where T is the mean excess energy of the 2 triplet sta-
tes of dil + d10 over the energy of the 2d9 and S the 
mean excess energy of the 3 singlet states. Here we as-
sume that the rare earth atom is in the d1 state. The 
same kind of argument for d1 + dB states shows that the 
coupling in that case is anti ferromagnetic. This stems 
from the fact that this is the Qnly possibility for the 
single electron to visit the dtl atom. Thus the cou-
pling between Nickel and a rare-earth metal is always 
anti ferromagneti c. Similar results are likely to be 
tained for Cobalt and Iron. 
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II - COLLECTIVE METAMAGNETISM III TC02 
Iron is always magnetic in intermetallic com-

pounds, contrary to Ni, which in general is not. In 
about half of the compounds with Cobalt, Co is magne-
tic. compounds are on the bO:derline : higher con-
centrat10ns of Cobalt atoms make 1t magnet1c, less non 
magnetic. For this particular series, if Tis Y, La and 
Lu, Cobalt is non magnetic but becomes magnetic for a 
magnetic rare-earth. The transition, which is, in gene-
ral, second order in all these compounds, is first or-
der with Dy Ho and Er. Bloch and Lemaire 131 proposed a 
model to explain the susceptibility of TCo2 and Bloch 
et al 191 used a phenomenological Landau theory for the 
order of the transition in Dy Ho and Er. These last au-
thors fitted their results to a Stoner theory using the 
various derivatives of the density of states at the 
Fermi level. 
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Fig. 1 : Density of states of YC02 near the Fermi level 
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Fig. 2 : Magnetization curve of YC02 deduced from fi-
gure 1. 

We have developped this model 1101 and first calcula-
ted the density of states of TNi , TFe2 and TC02 • The 
results show that the Stoner criterion is fulfilled for 
Iron, but not for Ni, in accordance with the experimen-
tal result. Cobalt is borderline. The Stoner criterion 
is nearly fulfilled and the Fermi energy lies in a 
steep decrease in the density of states. This explains 
why YCo is a Pauli param.agnet and that paramagnons ef-
fects important. Moreover the position of the Fermi 
level is favorable for collective metamagnetism as des-
cribed by Wohlfarth et al 12 I. Figure 1 shows the den-
sity of states near the Fermi level and Figure 2 the 
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magnetization on the Cobalt Atom as a function of an 
applied field which results from the behaviour of the 
density of states. Such a large magnetic field needed 
to magnetize Cobalt can be obtained easily using the 
exchange field due to the magnetic rare earth atoms : 
i.e .. If we replace Yttrium atOIT"s b:r Ho, Er or Dy 
atoms, the field created by the rare earth atoms can 
magnetize the Cobalt. Thus the following picture would 
apply to this compounds (see figure 3). 

MM 
" 

I 
To Tc ac 

Mcrit--- ----

B crit 
Fig. 3 Variation of the CObalt magnetization with the 

total field E'I in RC02 compounds. 

The internal field which magnetizes the Cobalt atom is 
A mf where A is a molecular field constant and mf the 
magnetization of the rare earth atoms. The effective 
field on the rare earth is A md where md is the ma-
gnetization of the Cobalt atom. Thus we have to solve 
self consistently the set of equations 

f(Amf' T) 
Amd 

gllB J BJ ("kT) 

where f is the function of fig. 2 and BJ a Brillouin 
function. Figure 3 shows the graphical discussion. For 
temperature greater than Tc ' the magnetization is zero. 
It appears discontinuously at temperature Tc where 
there is a first order transition. Table I gives the 
calculated values for Tc' Second order 
occur when the susceptibility of the d electrons 1S 
large enough so the Brillouin curve intersects the 
curve first at mr '" md = O. This is the case. for 
other compounds Wh1Ch have higher T because, 1n th1S 
temperature range, the susceptibility of the d elec-
trons increases with temperature. 

RC02 Tc calculated 
Tc 

expo 
in K in K 

DyC02 138 135 

HoC O2 84 77 

ErC02 43 33 

Transition temperatures of the RC02 compounds 
with heavy rare earths. 

One can also predict and it is observed that in DyC02 and ErC02 above Tc ' an applied magnetic field can in-
duce the transition on the Cobalt atom 1111. 
This itinerant metamagnetism is not limited to the TC02 
series and seems to be a rather general phenomenon. It 
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has been found in YC03 and ThC05 1121. It lPust heppen 
ever tirr.e, in a corr.pound. the Fermi level lies between 
the region of high density of states due to the tran-
sition atom and that of low density of states dlle to 
the rare-earth atoP.'. 
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