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Egect of local environment on the magnetic state of cerium in (Cet, Gd, )Rhq
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We have investigated the cubic Laves-phase compounds {Ce, ,Gd, )Rh& across the entire concen-
tration range by means of magnetic measurements and lattice-parameter studies. The magnetic data
show that only those cerium atoms having at least three nearest-neighbor gadolinium atoms are
magnetic and in the ordered state they couple antiparallel to the gadolinium sublattice. With use of
the Ruderman-Kittel-Kasuya-Yosida model and the lattice-parameter data, a value of 0.58 eV is ob-
tained for the effective exchange integral. The x-ray data do not show the change of valency for
cerium across the series.

I. INTRODUCTION

The RRh2 compounds, where R is a rare earth, have
received little attention. They crystallize in the cubic
Laves phase and order ferromagnetically with low Curie
temperatures except for LaRh2, YRh2, and CeRh2, which
are not magnetic.

Of the RRh2 compounds, EuRh2 and CeRh2 are in the
class of so-called intermediate-valence compounds.
EuRh2 and the pseudobinary compounds Eu(Rh, ,Pt, )

and (Eu, ,La, )Rh2 were investigated more than a decade
ago by Bauminger and co-workers' and Novik et al.
by use of the Mossbauer effect and x-ray photoemission
spectroscopy, respectively, because of the intermediate-
valence state of Eu. These studies and the work of Wort-
mann et al. on (Euoz5Lao75)Rh2 showed that in these
pseudobinary compounds the valency of Eu depends
strongly on its local environment.

Ce is in an intermediate-valence state in a number of
intermetallic compounds. This is the result of the hy-
bridization or mixing between the conduction electrons
of the host and the 4f electrons of Ce, ' and the
difference in the properties of these compounds is closely
related to the strength of this mixing. The hybridization
is expected to be strong in compounds with a high densi-
ty of the d electrons. Indeed, this appears to be the case.

Recent L&&& experiments carried out by Wohlleben and
Rohler and Mihalisin et al. put the valency of Ce in
CeRh2 at between 3.13 and 3.21. From their high-
temperature susceptibility data, Weidner et a/. put an
upper limit of 3.4 for the valency of Ce in CeRh2 at
T =1200 K.

Harrus and co-workers' '" investigated the change in
the valency of Ce in (Ce,R)Rh2, R =La, Y, and
Ce(Rh, ,Pt, )2 by means of susceptibility, specific heat,
resistivity, and lattice-spacing measurements. They
found that the substitution of Y for Ce in CeRh2 de-
creases the valency of cerium, contrary to the expectation
that Y with a smaller ionic radius should lower spacing
and thereby lead to the lattice pressure on Ce and, hence,
cause an increase in its valency. However, they found

(Ce,Y)Rh2 to behave much the same as (Ce,La)Rh2, al-
though La has a considerably larger ionic radius and,
hence, does not cause any lattice pressure on cerium.
Their work, therefore, supports the view that lattice-
pressure effects are not always the dominant factor in
determining the valency of cerium in the intermetallic
compounds.

The series (Ce, ,Gd, )Rh2 is expected to be interest-
ing. The effects of the substitution of Gd for Ce are
many. On the one hand, this substitution is expected to,
somewhat, increase the lattice pressure on cerium and
thereby drive it toward Ce +, since in its behavior CeRh2
resembles a-Ce. ' On the other hand, the strong ex-
change field produced by gadolinium should drive the
cerium atoms toward a Ce + state. This, however,
should lead to a situation where the effect of the local en-
vironment on cerium should be important. Furthermore,
gadolinium is an S-state ion and is, therefore, free from
the complications of crystal-field effects. The value of its
moment, both in the ordered state and in the paramag-
netic phase, is known sufficiently accurately. It is thus
possible to obtain the value of the cerium moment in this
series when and if it becomes magnetic.

We have, therefore, been investigating the series
(Ce, ,Gd, )Rh2 over the entire concentration range by
means of (i) x-ray scattering, (ii) magnetic measurement,
(iii) electron-spin resonance, (iv) nuclear magnetic reso-
nance of ' Ho at the gadolinium-rich end of the series as
a dilute substitutional impurity, and (v) specific-heat mea-
surements. In this paper we report the results of the
magnetic measurements and the lattice-spacing studies.

II. SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUES

Eight samples of (Ce&,Gd, )Rh2 with c =0.01, 0.03,
0.10, 0.15, 0.30, 0.45, 0.60, and 0.80 were made and inves-
tigated. A further three samples were prepared, but only
their saturation magnetizations are included in this pa-
per.

The samples were made by melting together the
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The variation of the magnetization with temperature
for the compounds with c =0.30, 0.45, 0.60, and 0.80 are

60.

50- .20

stoichiometric amount of 99.99%-pure rare earths and
99.9%%uo-pure rhodium in a cold-crucible induction furnace
at the Laboratoire Louis Neel, Grenoble, France. The
sample with c =0.45 and those with c ~0.80, however,
were made in an argon arc furnace. All the samples were
melted and remelted a minimum of four times under a
high-purity argon atmosphere for good homogeneity.
There was practically no weight loss during the melts.

The samples were heat treated at 800 C for 3 days un-
der an argon pressure of P ~ 10 Torr. The cubic Laves
structure of the compounds was confirmed, and the lat-
tice parameters were determined to a precision of
~ 0.003 A by the conventional x-ray diffractometry using
the Nelson-Riley method.

Magnetization measurements were made at various
temperatures between 2 and 300 K and in fields of up to
50 kOe, using a vibrating-sample magnetometer. The
temperature measurements were made using a GaAs
diode for temperatures between 2 and 60 K and a
copper-Constantan thermocouple for the temperature in-
terval 30—300 K. The "Curie temperatures" of the sam-
ples with c =0.03 and 0.10 were obtained from the graph
of magnetization squared M against (H/M), the so-
called Arrott plots, and of the remaining samples from
the infiection points of the low fields (H=0. 2 kOe)
magnetization-versus-temperature graphs. The satura-
tion magnetizations were obtained from the usual extra-
polation procedure using the high-field data.

III. RESULTS AND DISCUSSION

shown in Fig. 1 for two magnetic field values, namely,
H =0.2 and 2 kOe. As the figure shows, the behavior of
the compounds with c =0.45 and 0.60 is different from
those with c =0.30 and 0.80. The effect of the 2-kOe
field on the former two compounds is quite pronounced.
The reasonably sharp transitions observed in the low-field
M-T graphs are almost completely wiped out by the field.
It is also clear from the figure that the Curie tempera-
tures of all four compounds are somewhat reduced by the
2-kOe field. We attribute the behavior of the samples
with 0.3(c &0..8 to the distribution of cerium atoms
with a different valent state in these compounds. As will
be shown presently, in the region c & 0.3 the number of
magnetic cerium atoms is, on average, less than 5% of
their total number. In this region, therefore, the magnet-
ic properties of the samples are dominated by the gadol-
inium ions with their much larger moment. A similar sit-
uation exists for the region c ~ 0.8, where the compounds
are highly concentrated in gadolinium. In the concentra-
tion interval 0.3&e (0.8, however, an important frac-
tion of the cerium atoms are magnetic, and different
valent cerium atoms are distributed randomly. The com-
pounds in this concentration region, therefore, behave
like an inhomogeneous alloy with a distribution of the or-
dering temperatures and, hence, cannot display a sharp
transition at their ordering temperatures.

The anisotropy of the compounds in this series is weak.
The magnetization of all the samples approaches satura-
tion at about 5 kOe. This is due to the fact that at the
cerium-rich end of the series few of the cerium atoms are
magnetic, while at the gadolinium-rich end there are too
few magnetic cerium atoms to contribute to the magneto-
crystalline anisotropy. Gd being an S-state ion does not
contribute to the anisotropy to any significant degree.

The inverse susceptibilities g ' of the three most dilute
samples are plotted against temperature in Fig. 2. It is
seen that for the two most dilute samples the inverse sus-
ceptibility g ' decreases (and hence g increases) rapidly
below about 100 K. Above this temperature y ' varies
linearly with temperature. A simple computation shows
that the susceptibility of gadolinium, assumed to follow
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FIG. 1. Variation of the magnetization with temperature for
the compounds with (V, +)c=0.3, (6,+) c =0.45, (0,~ )

c =0.6, and ( o,~ ) c =0.8. The open and solid data points cor-
respond to H =0.2 and 2 kOe, respectively.

FIG. 2. Temperature variation of the inverse susceptibility
' for the compounds with (O) c =0.01, {A) c =0.03, and

(~ ) c =0.10.
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the Curie law, gradually dominates the host CeRhz sus-

ceptibility below 100 K. This situation leads to a large
negative, apparent, asymptotic temperature 9, which,
however, is not the true paramagnetic Curie temperature
6, in the sense that it does not reflect the magnitude of
the interaction between the magnetic ions. The thermal
variation of the inverse susceptibility of the samples with
c ~0. 10 is typical of the remaining compounds. It inter-
cepts the temperature axis on the positive side and varies
linearly with temperature.

In Fig. 3 the variation of T, and e against c is plot-
ted. e passes through zero at about c =0.08. The vari-
ation of T, with c is linear up to about c =0.15. Above
this concentration it rises rapidly, the rate of increase be-
ing the largest at about c =0.30.

Figure 4 shows the variation of the experimentally
determined average molar Curie constant C and the
effective moment p, tr/f. u. against c (f.u. indicates formula
unit). The Curie constants, and hence p,s; were deter-
imned for each compound from the graph of the inverse
differential susceptibility y ' against temperature. As
the figure shows, the experimental values of C fall below
the straight line representing the average of C = 8

emu/mol for Gd + and C =0.8 emu/mol for Ce +.
This clearly shows that in this series not all the cerium
atoms are magnetic; i.e., they are not all in the Ce + state
even when the gadolinium concentration reaches 80%%uo.

The variation of the effective moment p,z with c is
linear for c ~0.30 and extrapolates to p,a=2. 5p~/f. u. ,
the value of the effective moment for Ce +, as c~0.
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FIG. 4. Change of the average molar Curie constant C (~ )

and of the e8'ective moment p,&/f. u. (0 ) with godolinium con-
centration.

This is difficult to reconcile with the deficiency in C dis-
cussed immediately above as it implies that above
c =0.30 all the Ce atoms are in the Ce + state. It is
clear, however, that the experimental value of JM,& goes to
zero as one approaches the CeRh2 end of the series.

It is found by Murae and Matsubara' that the
crystalline-electric-field ground state of Ce in La-based
compounds is represented by an effective moment

p,s=g'[S(S+1)]' =1.24p~, where g'=1.43 and S =
—,
'

are the modified Lande factor and the effective spin, re-
spectively, for Ce in these compounds. This may be the
reason for the large deficiency in C close to the
gadolinium-rich end of the series.

In Fig. 5 the variation of the saturation magnetization
per formula unit, p against c, is shown. The solid line in
this figure represents the magnetization of gadolinium
alone, i.e., assuming that Ce is not magnetic. The experi-
mental points deviate from this line around c =0.30, im-

plying that above this concentration the cerium atoms be-
come magnetic and align antiparallel to gadolinium
atoms. This deviation is largest in the interval
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FIG. 3. Variation of T, and 0~ with gadolinium content.
FIG. 5. Variation of the saturation magnetization p per for-

mula unit with godolinium concentration.



4396 M. S. KARIAPPER AND A. TARI 42

0.3&c &0.80. Above c =0.80 the experimental points
approach the straight line. Here the concentration of Ce
is very low and all the cerium atoms are not yet magnetic
as will be discussed presently. This deviation, therefore,
gradually becomes less and eventually disappears on
reaching the GdRh2 end as expected.

The effect of the local environment in this series is im-
portant as one would expect from such a system. This is
displayed clearly in Fig. 6, where Pz(n, c},the probability
that a given cerium atom will have n =2, 3, or 4 nearest-
neighbor Gd atoms out of a total of 4 nearest-neighbor R
atoms, is plotted against c. Also plotted in this graph is
the variation of the experimentally determined reduced
moment, P =@lpo (@0=2.les for Ce + }, against e. As
the figure shows, n = 3 gives the best fit, and the choice is
unique. This explains why the experimental values of p,
p ff and C fall below the straight lines as discussed
above.

Except for the saturation magnetization and the
lattice-parameter determination, the compounds with
c & 0.80 were not investigated, and the reduced magneti-
zation of Ce in these compounds is not computed and,
hence, is not shown in Fig. 6 for the following reasons: (i)
The uncertainty in lu is given by b,p= A b,p, where
A =[2.14(1—c)] '. Therefore, as c~0, A~oo, and
hence the uncertainty in p becomes very large for a very
small uncertainty in the saturation magnetization. (ii)
These compounds contain 1 at% Ho, and the value of
the Ho moment is not known accurately in these corn-
pounds. For instance, an uncertainty of 0.01 in the Ho
moment will introduce an uncertainty of 0.16 in the re-
duced moment p for the compound containing 97 at. %
Gd.
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The change of the lattice spacing ao with c is shown in

Fig. 7. Our values of ao for CeRhz are in very good
agreement with the values reported in the literature. '
The dashed line is the variation expected if the valency of
Ce were constant. It is clear from the figure that the
change of ao with C is approximately linear. This is
surprising, since it implies that the valency of cerium
remains the same on going from CeRhz to GdRhz, con-
trary to the conclusion reached above on the basis of the
magnetic data. However, since the valency of cerium is
close to 3 in CeRh2 and the change in the lattice spacing

0

is only 0.026 A over the entire concentration range, it is
hard to detect any variation with the precision of our x-
ray facilities. Therefore, no firm conclusion can be drawn
from the variation of lattice spacing in this series regard-
ing the change in the valency of cerium.

In the Ruderman-Kittel-Kasuya-Yosida (RKKY) ap-
proximation the eft'ective exchange integral, J(0)=Jo,
between the conduction electrons and a localized spin is
related to the lattice sum Q„F(2kFR„)via

k&B EFJ (0)=-
3mZ Gg F(2kFR„)

where G =(g —1) J(J+1) is the de Gennes factor,
F(X)=X (X cosX —sinX), with X =2kFR„, and R„ is
the distance of a given rare earth to a chosen central ion.
The summation in Eq. (1) is over all the local moment
sites. Z in the above equation is the number of the
effective conduction electrons per atom. The other terms
have their usual meanings.

For the concentration range c ~ 0.6, we have computed
the lattice sum g F(2kFR„) for various values of R„ in

the interval 30 A&R &2000 A and have found little
difference in its variation with kF.

From Eq. (1) it is seen that the sign of 0 depends on
F(2kFR„). In order that 8~ be positive, the lattice sum
must be negative. For our compounds this occurs in the
interval 0.75 A & kF & 0.86 A, with a minimum at

0
kF=0. 80 A, which corresponds approximately to one
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FIG. 6. Change of the mean effective moment of cerium nor-
malized to go=2. 14'& and of P~(n, c) with the godolinium con-
centration. P&(n, c) is the probability of finding n nearest-
neighbor Gd atoms to a given Ce atom out of a total %=4
rare-earth atoms for a given concentration c.

FIG. 7. Variation of the lattice constant across CeRhz-
GdRh2. The dashed line is the result expected if the valence of
Ce were constant. The data point for GdRh2 is from Ref. 14.
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electron per formula unit, and 1.23 A & kz & 1.64 A, with
0

a minimum at kF=1.38 A, corresponding to approxi-
mately five electrons per formula unit. This last would be
the case if each Gd and Rh atom contributed three elec-
trons and one, respectively, to the conduction band.

In their detailed investigations of ' ' Gd in GdRh2
and of ' La and ' ' Gd in the series (Gd, ,La, )Rh2,
Dormann and co-workers' ' did not find clear evidence
for holes in the 4d band of Rh.

From this and the fact that rhodium is much more
electronegative than gadolinium, they asserted that of the
three electrons released by each gadolinium into the con-
duction band, two are taken by its two rhodium partners
to acquire the stable 4d' configuration. They concluded,
therefore, that in GdRh2 the effective number of conduc-
tion electrons per formula unit is one. This gives a kF of

0
0.823 A, corresponding to an EF of 2.62 eV. Using this
value of EF in (1), we have obtained a value of

~ J(0))=0.58 eV. This is large, but is of the right order
of magnitude. A reasonable value of J(0) in GdX2,
X =Rh, and Ir appears to be about 0.16 eV. The main
source of uncertainty in the computation of J(0) is the
value of Z. If we set Z =1, i.e., if we assume three con-
duction electrons per formula unit, then the value of

~
J(0)

~
is computed to be 0.19 eV.

We have also computed J(0), the average exchange in-
tegral for the compounds with c )0.6 using the
concentration-weighted de Gennes factor G(c) for Gd
and the magnetic Ce atoms:

G(c)=cGod+(1 —c)G&,[P(3,c)+P(4,c)] .

The value of~ J(0)~ thus computed appears to remain al-

most constant. This is surprising, since one expects a
weakening of the exchange interaction with the increas-
ing number of nonmagnetic cerium atoms and the in-
creased negative contribution due to the Anderson mix-
ing term from the magnetic cerium atoms.

IV. SUMMARY AND CONCLUSION

We conclude that in the series (Ce, ,Gd, )Rhz the
valence state of cerium depends on the number of its
nearest-neighbor gadolinium ions. Cerium atoms become
magnetic only when they posses at least three nearest-
neighbor gadolinium atoms. At c =0.3 the cerium, sub-
lattice reaches the magnetic percolation limit whereby a
continuous chain of magnetic nearest-neighbor cerium
atoms is established throughout the sample. The effective
exchange integral in this series is computed using the
RKKY model and the lattice spacings, and is found to be
-=0.58 eV for c ~0.6.
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