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In the ferrimagnetic rare-earth cobalt compounds, the reciprocal susceptibility obeys a
Noel-type law. As a function of rare-earth content, the paramagnetic moments of cobalt
atoms vary similarly with those deduced from saturation measurements. Particularly, for
RCo2 (R= Gd, Tb, Dy, Ho, or Er) compounds the cobalt effective moment is (2. 00 + 0.50)p~,
twice the value obtained in the ordered state.

I. INTRODUCTION

The study of magnetic properties of rare-earth
cobalt intermetallic compounds has been a subject
of great interest. The 4f electrons, responsible
for the magnetism of rare earths, are well local-
ized. This cannot be asserted about the cobalt 3d
magnetic shell. Thus, depending on the modifica-
tion of the valence-electron concentration as a con-
sequence of the increase of rare-earth content in

compound, a decrease of the cobalt magnetic mo.-
ment, determined from saturation measurements,
is evidenced. ' Generally, we refer to mean mag-
netic moments since the magnetic contribution of
cobalt atoms in compounds with complex crystal-
line structure differs according to position. 3

This paper shall present an experimental study

of magnetic behavior of two classes of compounds:

(i) the RCo~ (R=Gd, Tb, Dy, Ho, or Er) Laves-
phase compounds. The special interest in these
compounds is associated with the crystalline struc-
ture. The punctual symmetry of the cobalt and

rare-earth atoms is 3' and cubic, respectively.
In this case the determined magnetic moments
correspond to the real values, since the Co and R
atoms occupy equivalent positions in the lattice;
(ii) the gadolinium cobalt compounds. Since gado-
linium is in the S state, its magnetic moment, un-
like the other rare earths, is influenced very little
by the crystalline field. Consequently, from the
saturation measurements the real cobalt mean
contribution may be obtained.

The studies previously performed generally had

in view only measurements below the Curie temper-

ature. By paramagnetic investigations we intend to
emphasize the existence and the values of the cobalt
moment outside the magnetically ordered domain.

Previous investigations on the paramagnetic
range were made by Farrell and Wallace on some
RCo~ compounds. They supposed that the recipro-
cal susceptibility for TbCoa, DyCo2, and ErCo~
obeys a Curie-Weiss law. Recently, based on the
paramagnetic measurements, ' Bloch and Lemaires
have proposed a phenomenological model for the in-
terpretation of magnetic characteristics of these
compounds. These authors consider a two-compo-
nent alloy, in which one component R possesses a
permanent magnetic moment and the other, Co, has
an exchange-enhanced paramagnetic susceptibility.

It is our purpose to present a different interpre-
tation of the magnetic behavior of these systems.
As a result of the present study we conclude that
the paramagnetic moment of cobalt atoms K~„
deduced from the Curie constants is approximately
twice the SEC, value obtained from saturation mea-
surements. The variation of cobalt magnetic mo-
ment as function of the molar fraction of R atoms
characterizes the two temperature ranges, the
ratio SLf,,/SR3, being approximately constant. This
behavior is similar to that observed in metallic
cobalt, whereK~C, =3.30'~ is twice the value %C,
=1.70 ',~ determined in the ordered state.

II. EXPERIMENTAL

The samples were prepared by the melting meth-
od previously described. ' After a fast quenching,
to block the possible peritectic transformations,
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TABLE I. Magnetic properties of BCo2 compounds.

Compound GdCo& TbCo2 DyCo& HoCo& ErCo&

Saturation
magnetic moment
per formula unit (Luz)

4..96 6.30 6.80 7.30 6.20

Magnetic moment
of cobalt atom (pa)

1.02' 1 00" 1 00 1.00 1.00

Magnetic moment
of rare-earth
atoms (p~)

7.00 8.30 8.80 9.30 8.20

Curie
temperature ('K)

Volume depen-
dence of
Curie temperature

' dlogIOTc c

d loggp V

395 228 135 74 33

13

Determined supposing ~G~= 7 pz.
"Determined by neutron diffraction (Ref. 8).
Deference 5.

The neutron-diffraction studies evidenced that
the cobalt moments SRoc, = (1.00+ 0.20)ate are anti-
parallel oriented as compared with those of rare
earths. The saturation magnetic moments per
formula unit are presented in Table I. Taking in-
to account the above values of the cobalt moments,
the magnetic contributions of rare-earth elements
were determined. These are smaller than the the-
oretical g~ J values, probably a consequence of the
crystalline-field effects. Assuming that the mag-
netic moment of gadolinium atoms is 7p.~, we de-
termined a magnetic contribution of 1.02@.~ per
cobalt atom in GdCo2 from saturation measure-
ments.

One notes a constant magnetic contribution of
cobalt atoms in these systems and consequently
a similar electronic configuration.

the samples were annealed at 800 C for 24 h under
vacuum of 10 ~ Torr. Control of sample purity
was checked by x-ray analysis.

The magnetic measurements below the Curie
temperature were performed with an axial extrac-
tion method in a variable magnetic field up to 26
kOe. The Curie temperatures T~ were determined
from thermal variation of magnetization in the
remanent field of the electromagnet.

The yaramagnett. c studies were performed with a
translation balance, the samples being sealed in
quartz ampoules under vacuum. The experimental
points frere obtained both by heating and cooling
the samples in a magnetic field of 4 and 8 kOe. In
all these cases the results were the same, showing
absence of any ferromagnetic impurities or oxida-
tion phenomena.

III. MAGNETIC PROPERTIES OFRCoa (R =Gd, Tb, Dy, Ho,
OR Er) COMPOUNDS

TABLE II. The C", 1/Xo, a'', and 8' parameters used for
plotting theoretical curves.

Compound

GdCo2
TbCo2
DyCo2
HoCo2
ErCo2

CI

(emu)

9.60
13.26
16.28
16.40
14.84

1
XO

—8.44
—3.50
—1.40

2.40
5.60

1653
1178

505
490
405

425
260
180
120

80

In HoCo~' and ErCoa' first-order magnetic
transitions are observed. These seem to be es-
sentially determined by the rare earths. The
Curie temperatures are greater than those of rare-
earth metals and vary significantly with pressure. '
This behavior may be correlated with the presence
of cobalt magnetic atoms having a modified elec-
tronic configuration as compared to pure metal.
For the isomoryhous compound Gd¹i2, where
nickel is nonmagnetic, the Curie temperature is
pressure independent.

Above the Curie point the reciyrocal susceptibil-
ity I/y obeys a Neel-type relation, "characteristic
for ferrimagnetic ordering:

1 1 T o'
+

x xo

This law is valid starting with - 80 'K above the
Curie temperature. Except for this discrepancy
which was ascribed by Neel" to molecular-field
fluctuations, a good agreement between the experi-
mental points and theoretical predictions (plotted
by solid line) is observed in Fig. 1. In Table II
we present the C', I/ye, o', and 8' parameters
used for plotting the theoretical curves.

The Curie constants C' deduced from the asymp-
totic region of the hyperbolas [Etl. (I)] are greater
than those real C's, as a consequence of the therm-
al variation of the molecular field coefficients. '3

The real Curie constant Cis' '
1/C= 1/C' —y(I/yo) .

Making use of thepressure studies' we have esti-
mated y=4&&10 to 10&&10 (see the Appendix).
Adopting y=7&10, the real Curie constants C
were obtained (Table III).

The measurements carried out on RNia com-
pounds ' where nickel is nonmagnetic, pointed
out that the Curie constants are identical with those
of rare-earth ions. Thus, in agreement with the
additional law of susceptibilities, we obtained the
magnetic contribution of cobalt atoms (Table III).

It is reasonable to attribute an effective moment
%~c, = (2. 00 + 0. 50) tt e to all the studied compounds.
The minus deviation may be a consetluence of (i)
the presence of the temperature-independent pa-
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ramagnetic term due to conduction electrons, which
may increase the Curie constants up to 1%, or
(ii) the estimation of y value being too low.

As in the case of saturation measurements, the
cobalt electronic configuration is similar for the
studied compounds. The effective moment of co-
balt atoms is twice the value obtained by satura-
tion measurements.

Finally, it is intezesting to point opt that for
RCo, compounds the exchange-interaction coeffi-
cients J& „a.nd J~ G„defined by

have approximate constant values; J~ c, =105+15
and J~ ~ = 50 + 10, close to those calculated in the
model proposed by Bloch and Lemaire. In the
relation (3) we noted by g~ the spectroscopic split-
ting factor of the rare-earth ion and N„c„N~ „
the molecular-field coefficients, describing the in-
teractions between rare-earth cobalt and rare-
earth-rare-earth, respectively.

with a rich gadolinium content: Gd4Co3 and Gd&Co.
The crystalline structure consists of trigonal gado-
linium prisms, including cobalt atoms.

%e present in Fig. 2 a synthesis of the measure-
ments below the Curie points. In order to compare
the results we plotted in Fig. 2 the variation of re-
duced spontaneous magnetization M/Mo as function
of reduced temperature T/Tc.

In an analysis of the magnetic properties of these
systems we admit a model with two magnetic sub-
lattices antiparallel oriented, corresponding to the
cobalt and gadolinium atoms. One observes that,
depending on the magnetic contribution of the two
sublattices, various magnetization curves charac-
teristic of ferrimagnetic ordering are evident. %e
notice, according to Noel's classification, "that
for the Gd~Co» compound this variation is of P
type, for GdCo, is of M type, for GdzCo, is of N
type, and for other intermetallic compounds with a
richer gadolinium content the spontaneous magneti-
zation obeys a Q-type variation.

GdeCo is metamagnetic, exhibiting an antiferro-

IV. MAGNETIC PROPERTIES OF GADOLINIUM COBALT
INTERMETALLIC COMPOUNDS

In order to confirm the generality of the above
-results concerning. the magnetic behavior of cobalt
atoms, we have extended the magnetic studies on
the gadolinium-cobalt compounds.

Generally, these compounds may be classified
from a crystallographic point of view into two
groups: (i) compounds with a high cobalt content:
Gd&Co»y GdCO5, Gd&CO7, GdCo~, and GdCoz.
They present a crystaQine structure derived by-
ordered substitutions' from the CaCu& fundamental
type in which GdCo, crystallizes; (ii) compounds

Compound
GdCo2 TbCo2 DyCo2

(y =7 x 10-4)

Corrected Curie
constant (emu)
per formula unit

9.15 12.90 15.90

Contribution of
cobalt atom at
Curie constant (emu)

0.62 0.56 0.82

Magnetic moment determined 2.16 2.05
per cobalt atom (pa) supposed 2.00 + 0.50

2.50

TABLE III. Corrected Curie constant, the contribu-
tion of cobalt atom at Curie constant, and the magnetic
moment per cobalt atom for y =-7x 10
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FIG. 2. Reduced spontaneeus magnetization JR/~ as
a function of reduced temperature T/Tz for gadolinum-
cobalt compounds.

ferromagnetic transition even in a weak field. The
magnetic contribution of cobalt atoms in this com-
pound is null.

Using the above magne'tic model we determined
the mean magnetic value of cobalt atoms (Table IV).
This contribution decreases with the increase of
gadolinium molar fraction in compound.

Paramagnetic measurements were performed on
the following compounds: Gd~Co„GdCoe, GdCo»
Gd4Co3, and GdsCo. The Gd3Co obeys a Curie-
Weiss behavior. The effective magnetic moment
yer gadolinium atom, 8.04 ',~, is close to the the-
oretical value. Cobalt has no paramagnetic mo-

ment. The temperature dependence of reciprocal
susceptibility in compounds where a magnetic con-
tribution of cobalt atom in ordered state is evi-
denced obeys a Noel-type'law (I). In accordance
with the adopted magnet. ic model, the values of
I/gs, C, a, and 8 constants implicated in relation
(1) were determined (Table V). A good agree-
ment between the experimental points and theoreti-
cal curves plotted with these yarameters is ob-
served (Fig. 3).

The Curie constant for Gd4Cos was corrected
using y=4&10 . In compounds with a richer co-
balt content than GdCo~, corrections for the Curie
constants were not made. The absence of pressure
studies and dilatation measurements did not permit
us to estimate y. We consider that these correc-
tions are not significant, being in the limit of ex-
perimental errors.

As in the case of ACo2 compounds we determined
the mean magnetic contribution of cobalt atoms in
the paramagnetic state (Table V). The cobalt mean
magnetic moments as a function of gadolinium con-
tent are represented in Fig. 4. A continuous de-
crease of the determined values with the increase
of molar fraction of gadolinium is observed. Simi-
lar behavior was found both for iron' "and nickel'8
in rare-earth compounds.

V. CONCLUSIQNS

The experimental measurements show an inter-
esting magnetic behavior of cobalt atoms in rare-
earth compounds. In addition to a localized
character evidenced both by saturation and para-
magnetic studies, we noticed a sensibility of these
moments to rare-earth content, the valence-elec-
tron concentration, respectively. Such behavior
can be justified in the model proposed by Friedel. '

The conduction electrons contributed by rare
earths fill the 3d band, modifying its configuration.
Thus, with the increase of the rare-earth content
the electronic- configuration-of cobalt is gradually
changed from that characteristic of metallic co-
balt up to a complete 3d shell.

Of cour'se, superposed on this general tendency,

TABLE IV. Magnetic properties of gadolinium cobalt intermetallic compounds.

Compound

Magnetic moment
per formula
unit (pz)

Mean magnetic
moment per
cobalt atom (pz)

Curie temperature ( K)

Gd2Co&7

14.1

1.66

1222

GdCo5

1020

Gd2Co7

2.6

1.63

GdCos

2.3

1.57

611-

GdCo2

4. 95

1.02

395

Gd4 Col

26.0

0.66

233

G13Co

21.5

130
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FIG. 3. Temperature de-
pendence of reciprocal sus-
ceptibility for GdCo3 5 GdCo~,
GdCo3, Gd4Co3, and GdsCo
compounds. To compare the
results for the first three
compounds we plotted the sus-
ceptibility for a formula unit
having one gadolinium atom.

other factors may also inQuence the cobalt mag-
netic moments.

(i) The magnetic interactions between rare-
earth atoms modify the state density at the Fermi
level and, consequently, induce supplementary
magnetic moments at cobalt atoms. This explains
the sma, lier cobalt magnetic moment in compounds
with nonmagnetic rare earths. '

(ii) The particularities of crystalline structure
may also influence cobalt magnetic moments. As
for Gd4Co3 one observes Kc values greater than
those supposed by extrapolation (Fig. 4). This
may be correlated with the modification of interac-
tion energy between the cobalt atoms, a conse-
quence of extremely small distances among these
atoms. In Y4Co3 cobalt exhibits magnetic mo-
ments, though YCo~ with a richer cobalt content
is a Pauli paramagnet, confirming our supposition.

The variation of magnetic moment of cobalt atoms
with rare-earth content characterizes the two tem-
perature ranges, the SR',,/Koc, ratio being approxi-

mately constant. Particularly for RCo~ studied
compounds SR~c, = (2. 00 + 0. 50) p, ~, while 3Roc,
= (1.00+0. 20)p~. This behavior is also charac-
teristic of iron and nickel in rare-earth compounds,
being similar to that observed for Sd transition
elements.
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APPENDIX: ESTIMATION OF y VALUE

The large variation of the Curie temperature with
pressure seems to indicate a significant thermal
variation of the molecular-field coefficients N' '":

N= No(1+ yT),

where N~ is the molecular-field coefficient at 0 'K

TABLE V. C, 1/Xo, 0, and cr constants implicated in relation (1}.

Compound

Curie con-
stant (emu}
per formula

unit
1

Xo

Effective
moment per

cobalt
atom (p~}

~Ca
~CD

Curie
paramagnetic
temperature

('K}

11.72
10.95
9.15~

32.10
24. 15

GdCo3 5

GdCos
GdCo2
Gd4Co3
Gd3Co

~Corrected values.

—5.80
—8.00
—8.44
—5.50

790
640
425
240

1152
1650
1653

3

3.00+ 0.10
2. 90 + 0.10
2.16+ 0.50
1.20+ 0.80

0

1.84
1.85
2.09
1.82

160
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FIG. 4. Variation of cobalt magnetic moment values
with gadolinium content.

and y is a characteristic constant of the system:

y= o.
d logsp N
dlog~p V

The u thermal dilatation coefficients for RCoz com-
pounds were previously determined. '

Under the conditions resulting from the relative
magnitude of molecular-field coefficients we ap-
proximate

d logipN d logip Tc d logip Mp
d log&p V dlog&p V dlog, p V

Wenotedbyd logio 7c/dlog» Vanddlog»M, /dlog»V
the variation with the volume of the Curie tempera-
ture and saturation magnetization, respectively.

We estimated the y constant for GdCo» TbCo»
and DyCoa, where the d log, ~ To/d log, oV values
have about the same magnitude (Table I). Since
dlog, oMo/dlog, oV are not known, we consider in
a first approximation

d log~p Tc d logqp Mp
d log, p V d log»V

The Bloch's pressure studies for Sd transition al-
loys' confirm that this assumption is acceptable.
It results under such conditions that y= (4-10)
x10~. The values thus obtained are greater, but
of same order of magnitude as those determined
for rare-earth garnets and ferrites. '
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ERRATA

Effect of Exchange with Local Moments and Hyper-
fine Interactions on the Electron-Spin-Resonance
Line Shape in Metals, J. H. Pifer and R. T. Longo
[Phys. Rev. B 4, 3797 (1971)]. The manner in

which we have extended the j angreth-Cowan-Wil-
kins equations to unequal g values is incorrect. '
The cross-relaxation terms in Egs. (3) and (4) are
written so that total magnetization rather than an-


