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Fhe magnetic susceptibility of polycrystalline solid solutions CoRh,Ga,_,O, with a spine1 structure have 
been measured between 4.2 and 1000°K. The magnetic properties have been found to vary with the 
composition x as a consequence of the variation in the distribution of Co 2f ions among tetrahedral and 
octahedral sites. The low-temperature magnetic behavior reveals an antiferromagnetic order and the con 
comitant presence of finite clusters of exchange-coupled Co 2+ ions and of isolated paramagnetic ions. 

Introduction 

The nature of the magnetic exchange 
interactions in compounds having a spine1 
structure has been a subject of continuing 
interest. Previous work (Z-4) has shown that 
the magnetic properties of spinels cannot be 
interpreted only in terms of nearest-neighbor 
interactions, but it is also necessary to take 
into account distant-neighbor superexchange 
interactions. 

The A-A (tetrahedral-tetrahedral) and the 
B-B (octahedral-octahedral) interactions 
have been investigated in spinels with the 
magnetic ions on, respectively, A sites (3,.5) or 
B sites (2, 6). Some different exchange paths 
have been proposed in these types of magnetic 
lattices (3,4, 6). 

We now describe an investigation of the 
magnetic properties of the spine1 solid 
solutions CoRh,Ga,-,O, with the magnetic 
on Co*+ distributed (as a function of the 

composition x) among both tetrahedral and 
octahedral sites, giving rise to concomitant 
AA, BB, and AB interactions. The work was 
carried out with the aim of correlating the 
magnetic properties with the cation distri- 

bution and thus obtaining information on the 
relative strengths of the various exchange 
interactions in the magnetic ordering. 

Experimental 

The sample preparation, lattice parameters, 
and cation distribution are reported elsewhere 
(7). Magnetic measurements (8) were perfor- 
med on CoRh,Ga, _,O, polycrystalline solid 
solutions, prepared at 1273’K, using two 
Faraday-type balances. 

Low-Temperature Measurements: 4.2-3OOOK 

In the range 4.2 to 300°K the magnetic 
measurements were carried out on a 
Faraday balance system (Oxford Instruments 
Cryogenic System) similar in principle to that 
described by Gardner and Smith (9). 

The magnetic field HZ and the field gradient 
dHldz were generated by two different super- 
conducting NbTi coils, allowing both H, and 
dHldz to be set independently of each other. 

The main coil and gradient coils could be 
energized to a maximum of 70 kOe and 1 kOe/ 
cm, respectively. The changes in weight were 
measured on an electronically controlled 
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vacuum microbalance (Sartorius) with a 
resolution of 1 pg. 

The temperature was measured with a gold 
(+0.03%) Fe versus chrome1 P thermocouple. 
The main field was calibrated, dH/dz remain- 
ing constant at maximum value, using 
HgCo(SCN),. 

The accuracy of our measurements is 
limited primarily by the accuracy with which 
the magnetic susceptibility of HgCo(SCN), is 
known (IO), i.e., 5 parts in 103. 

High-Temperature Measurements 

In the range 300 to 1000°K the magnetic 
susceptibility measurements were performed 
using a magnetic balance described in detail in 
(11). 

The experimental susceptibility was cor- 
related for diamagnetism using the table of 
Selwood (12) and for temperature-independent 
paramagnetism (T.I.P.) using our own results, 
obtained from high-temperature measure- 
ments by plotting x vs l/( T - 8). 

Experimental Results 

The cation distribution in the solid solutions 
CoRh,Ga,-,O, has been found by X-ray 
diffraction to be a function of temperature and 
composition x (7). 

Magnetic measurements were performed on 
the series prepared at 1273OK (8), within 
which the Co*+ distribution among the tetra- 
hedral and octahedral sites varies with 

composition x. This leads to a variation of the 
magnetic behavior (Table I). CoRh,O, is a 
normal spinel, as reported by Blasse (3). 

Differently from Rh3+ ion, which always 
occupies octahedral sites in all solid solutions, 
the Ga” has been found to occupy both Td 
and 0, sites. Consequently, CoGa,O, is a 
partially inverse spine1 (Coo.29Gao.,1[Coo.,1- 
GaI.2JOS. 

Substitution of Rh3+ by Ga3+ has been 
found to produce a progressive displacement 
of Co*+ ions from Td toward 0, sites. 

The Co*+ site occupation and the magnetic 
data determined by susceptibility measure- 
ments in the range 4.2 to 1OOOOK are reported 
in Table I at various compositions. 

All samples are antiferromagnetic, as 
deduced from the occurrence of a NCel point 
and from the negative value of the asymptotic 
Curie temperature 19. 

The values of C and 0 were evaluated by 
fitting with a least-squares program the r1 vs 
T plots in the range 300 to 1000°K, where any 
contributions from short-range order are ab- 
sent. 

Low-Temperature Data 

(a) Temperature-dependent susceptibility 
measurements. A survey of susceptibility 
measurements at fields of 10 kOe is given in 
Figs. 1 and 2, which show the r1 vs T plots. 
CoRh,O, and CoRh,.,Ga,,O,, with higher 
Co*+ T, occupation compared to that in the 
other samples of the series, exhibit a regular 

TABLE I 

MAGNETIC DATA FOR CoRh,Ga,-,O, SOLID SOLUTIONS 

WO,Y 
X (%I 

2.00 0 
1.50 28 
1.00 44 
0.50 50 
0.00 71 

a From Ref. (7). 

T.I.P. ~‘ea WW 
(emu x 106) T,(“K) k 1 --@(OK) k 1 c * 0.02 kO.02 

582 25 29 2.15 4.15 
502 15 31 2.20 4.20 
418 7 54 2.36 4.35 

94 6 12 2.46 4.44 
18 10 55 3.07 4.90 
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antiferromagnetic behavior and a Curie-Weiss 
law that holds at temperatures down to TN. 

The remaining samples (X = 1.0, x = 0.5, 
x = O.O), with lower tetrahedral Co2+ oc- 
cupation, are still antiferromagnetic, but the 
r1 vs T plots exhibit the following differences 
at lower temperatures: 

x1 decreases rapidly with decreasing 
temperature. 

The Neel point appears flattened. 
x1 deviates considerably from a Curie- 

Weiss law at temperatures up to -lOTN. 
(b) Field-dependent magnetization measure- 

ments. A survey of the magnetization 
measurements at fields up to 70 kOe at 5°K is 
given in Fig. 3 as M vs H plots. For CoRh,O, 
the magnetization is linear with field, while for 
the remaining samples a field-dependent sus- 
ceptibility is observed and the plot shows a 
curve concave toward the H axis at high fields. 

High-Temperature Data 
-100 0 loo 200 300 

11 K) 
A survey of the temperature-dependent 

FIG. 1. Reciprocal magnetic susceptibility as a func- 
susceptibility measurements from 300 to 

tion of temperature with an applied field, H = 10 kOe. 1000°K at fields of about 9 kOe is given in 
Fig. 4 as 6’ vs T plots. CoRh,O, exhibits a 
curve concave toward the T axis due to 
temperature-independent paramagnetism. In 

1 the plots of the other solid solution this 
concavity decreases as the composition 

I 
0 10 20 30 40 50 60 10 80 90 

TI KI H (KO.) 

FIG. 2. Reciprocal magnetic susceptibility as a func- FIG. 3. Molar magnetization at 5OK as a function of 
tion of temperature with an applied field, H = 10 kOe. applied field. 
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FIG. 5. Variaton of TN (0) and 0 (0) with percentage 
WOJ. 
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Co2+ ions over 0, and Td sites and changes of 
the Curie constant for each of these sites. (Fig. 
0 

Low-Temperature Magnetic Behavior 
The CoRh,O, spine1 shows (Fig. 1) an anti- 

ferromagnetic behavior with a Curie-Weiss 
Law holding at temperatures almost down to 
TN. This fact demonstrates that short-range 
ordering is practically absent above the NCel 
point. 

300 400 500 600 700 800 900 loa 

TC Kl 

FIG. 4. High-temperature magnetic susceptibility 
measurements. 

approaches x = 0, until it disappears for 
CoGa,O,, which shows a linear behavior (13). 

Discussion 

In the series of CoRh,Ga,-,O, solid 
solutions, the Co2+ site distribution determines 
the overall magnetic interaction strength, as 
revealed by the dependence of 19 on the 
composition (Fig. 5) due to the relative force 
and to the number of the various types of 
exchange interaction, i.e., AA, BB, and AB. 

The composition dependence of the TN (Fig. 
5) results from the variation of the balancing 
out of the various types of exchange inter- 
actions, which would produce a change in the 
kind of antiferromagnetic ordering present. 

The dependence of C on the composition is 
the result of changes in the distribution of 

The observed ratio I 19/r, I = 29/25 = 1.16 
is very close to unity, as predicted from the 
simple two sublattice model, where the 
nearest-neighbor AA interactions dominate. 
The larger value for 8 may mean that there are 
contributions from next-nearest neighbors, as 
proposed by Blasse (3). 

The x1 vs T plot for the solid solution with 
x = 1.5 (Fig. 2) still shows a regular antiferro- 
magnetic behavior, but a larger difference 
between TN (15OK) and 8 (-3 1°K) is obser- 
ved. This indicates that more than one type of 
interaction is present, as a consequence of 
Co2+ distribution among T, (72%) and 0, 
(28%) sites. For the remaining samples (x = 
1.0; x = 0.5; x = O.O), the rapid decrease of 
;r’ at lower temperatures is attributed to the 
presence of small, uncompensated, isolated 
clusters of exchange-coupled Co2+ ions and to 
a fraction of paramagnetic Co2+ ions. 

In the very low temperature range, the 
susceptibility is almost completely determined 
by these particles, bearing a net moment and 
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having a susceptibility that increases rapidly 
with decreasing temperature. For this reason 
that TN is almost obscured, appearing as a 
broad minimum in r’ vs T plots. 

The presence of isolated clusters of ex- 
changed Coz+ ions is confirmed by the M vs H 
curves at 5OK. Indeed, while CoRh,O, shows 
a magnetization linear with the field, for the 
other compounds the M vs H curve shows a 
Brillouin-type behavior, as expected in systems 
where uncompensated clusters and para- 
magnetic Co2+ ions are present. 

High-Temperature Magnetic Behavior 

The r1 vs T plot (Fig. 4) for CoRh,O, in 
the high-temperature range 300 to 1000°K 
shows the same behavior as found for Co2+ 
ions in the tetrahedral interstices of an oxide 
lattice (14). The concavity toward the Taxis is 
due to T.I.P., arising from Td Co2+ ions by 
“mixing” in the magnetic field of the ground 
state 4A2 with the upper state “T2 and from 0, 
Rh3+ ions, by mixing of the ground state lA,, 
(Q with the excited state IT&&eJ. Therefore 
the experimental values of T.I.P. (Table I) 
were found to decrease on approaching the 
composition x = 0, i.e., as the Td Co2+ 
occupation and the Rh3+ content decrease. 

Composition Dependence of C, 19, and TN 

The Curie constant C increases as octa- 
hedral Co*+ occupation increases (Fig. 6). The 
nonlinear behavior of C vs percentage Co2+ 

0 50 *cOtoh) 
FIG. 6. Variation of the Curie constant C with 

percentage Co(Q). 

(Od demonstrates that C, (Curie constant for 
A sites) and C, (Curie constant for B sites) do 
not remain constant throughout the series of 
CoRh,Ga,-,O, solid solutions. The reason 
could be a gradual change in lattice site sym- 
metry and crystal field parameters with com- 
position. 

There is an increase in the asymptotic 
temperature If?1 (Fig. 5) as the 0, Co*+ 
occupation increases, reaching a maximum at 
50% 0,. This behavior could be due to the 
increasing number of AB antiferromagnetic 
interactions, which are stronger than the anti- 
ferromagnetic AA interactions. Indeed I 131 
reaches the maximum value for the com- 
position x = 0.5 (50% 0,; 50% Td), in 
correspondence with the maximum number of 
AB interactions. 

The following decrease in I BI may be due to 
the decreasing number of antiferromagnetic 
AB interactions and/or to the increasing 
number of B-B ferromagnetic exchange inter- 
actions. 

The AB superexchange interactions seem to 
be the strongest, in line with Goodenough’s 
predictions (15), since the B-site Co*+ ions 
have half-filled es orbitals and the A-site Co2+ 
ions have half-filled t,, orbitals, intervening in 
the superexchange mechanism. 

Note that in our case the experimental 8 
value does not allow absolute estimation of the 
interaction strength, because it does not 
depend only on exchange interactions. Indeed, 
because of contributions of spin-orbit coupl- 
ing and low-symmetry crystal fields, even in 
the absence of exchange, the susceptibility of a 
system of isolated “octahedral” Co*+ ions with 
a 4T, ground term apparently obeys a Curie- 
Weiss law with non-negligible asymptotic tem- 
perature 19. 

At low temperature the magnetic suscep- 
tibility increases even more rapidly than given 
by Curie-Weiss behavior (i.e., l/x tends 
toward zero at 0“K) (16,17). This means that 
the composition dependence of the Curie 
constant of octahedral Co2+, as determined 
from the slope of l/x vs T, is also influenced 
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by these parasitic single-ion contributions. In 
spite of this effect, however, the experimental 9 
value can be used to obtain an estimate of the 
dependence of the interaction strength on the 
composition. The dependence of T,,, on the 
octahedral site occupation (Fig. 5) decreases 
until it reaches a minimum at 50% Co*+ in B 
sites. In normal spine1 CoRh,O, there is an 
antiferromagnetic long-range ordering of Co*+ 
spins on Td sites. The decrease in TN with 
increase in octahedral occupation may be due 
to the dilution effect and to the intervening 
AB interactions. 

Thus, the AB interactions tend to destroy 
the AA antiparallel order and would impart 
some noncollinear character to the spins. The 
increase in TN for CoGA,O, would arise as a 
result of the changed equilibrium between the 
various competitive interactions, which prob- 
ably produces a complicated kind of anti- 
ferromagnetic ordering. 
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