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Magnetic ordering and spin-state transition in R 4,Sr;3;C00;
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(Received 26 January 2001; published 22 May 2001)

A series of ceramic R 7St 33C005 samples with R =La, Pr, PrysNdy 5, Nd, Nd; sSm,, 5, and Sm have been
prepared. We report on detailed structural, electrical, magnetic, and thermodynamic studies. All samples reveal
magnetic order, spanning the range from a ferromagnetic metal to a ferrimagnet close to a metal-to-insulator
transition. We found a clear correlation between structural properties and resistivity as well as between struc-
ture and magnetic exchange interactions. In this context the importance of double exchange is discussed. Heat-
capacity experiments show a significant anomaly at the magnetic transition temperature of the La compound
only. The samples with magnetic rare-earth ions reveal significant Schottky anomalies at low temperatures and

allow for a rough estimate of the crystal-field splittings.

DOI: 10.1103/PhysRevB.63.224416

I. INTRODUCTION

For trivalent cobalt in LaCoO; the subtle balance between
the crystal-field energy A, and the intra-atomic exchange
energy J,, (Hund’s coupling) is the precursor of a peculiar
spin-state transition observed around 90 K.! At the lowest
temperatures, Co>* is in a low-spin (LS) configuration tggeg
revealing a nonmagnetic ground state with S=0. Upon heat-
ing, thermal excitations lead to a gradual population of inter-
mediate spin states (IS) tgge; with §=1.23 At even higher
temperatures a metal-insulator transition occurs and most
probably the high spin state (HS) tggez, with §=2 is estab-
lished. Recently in the structurally related RBaCo,Os5 (R
=Y, Tb) compounds, a spin-state transition of the Co ions
has also been observed.*’

In general the magnetic and electronic properties of A BO5
perovskite oxides can easily be tuned by modifying the lat-
tice parameters.® The crystal symmetry changes from cubic
to thombohedral and subsequently to orthorhombic, depend-
ing on the size of the 4 and B ions. The different lattice
distortions are determined by the tolerance factor ¢, which is
defined as 1= ((r )+ {(ro))/[\N2({rp)+(ro)]. Here (r;)
represents the ionic size of each element in the 4ABO;
perovskites.” When ¢ is close to 1, the cubic perovskite struc-
ture is obtained (e.g., SrTiO;). As ¢ decreases the lattice
symmetry transforms to rhombohedral and subsequently to
orthorhombic, in which the B-O-B bond angle more and
more deviates from 180°. Concomitantly the crystal field
(CF) slightly changes at the B site. In most cases this effect
can be neglected (e.g., in the manganates). However, in co-
balt based perovskites the aforementioned balance between
A.sand J,, can easily be disturbed, yielding transitions be-
tween different electronic configurations. This possibility of
inducing and controlling a spin-state transition through struc-
tural tuning motivated us to reinvestigate the R;_,.4,Co0O;
series (R=rare ecarth, 4 =divalent ion) series. In the carly
work of Jonker and Van Santen® it was shown that
La,_,Sr,CoO; becomes ferromagnetic (FM) for x=0.15.
Recent studies revealed that for Sr concentrations 0.15<x
=0.25 a cluster formation sets in and that true long-range
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FM order evolves for x=0.3 only.” The same doping depen-
dence occurs when La is substituted by other rare-earth
jons.'®'2 In this paper we report on systematic magnetic,
electric, and  thermodynamic measurements in
Ry 67519 33C005 which clearly indicates magnetic ordering
and spin-state transitions as a function of (r,).

II. EXPERIMENTAL DETAILS

The polycrystal specimens were prepared using conven-
tional ceramic techniques. Ultra pure oxide powders were
dried, mixed in the appropriate amounts, and were carefully
ball-milled to ensure homogeneous samples. The
R 67519 33C005 samples have been pressed into pellets and
were prepared by heating in air at 1250°C for 120 h and then
slowly cooled to room temperature. For practical reasons,
when refering to a specific sample, only the R ions are de-
noted (e.g., Ndj sSm 5 holds for [ Nd, s5Smy 5] 67510 33C003).
It has been experimentally established that for samples pre-
pared in air, oxygen stoichiometry is prevailed for doping
levels up to 50%.'>!* Hence we assign our samples a nomi-
nal oxygen content of 3, although we are aware of possible
small deviations from the ideal stoichiometry. Powder-
diffraction patterns were collected employing Cu-K ,; radia-
tion at room temperature. All samples revealed the proper
perovskite structure with no traces of impurity phases. For
R=La the diffraction pattern was indexed on the basis of a
hexagonal lattice (a=5.4424 A, ¢=13.1380 A), although
rhombohedral indexing is equivalent. All other samples re-
veal an orthorhombic structure. The lattice parameters for the
orthorhombic samples as a function of average ionic radii
(r4) are shown in Figs. 1(a)—(c). Clearly two orthorhombic
phases can be distinguished. For (r,)>121 A the typical
orthorhombic distortion (a/c> \/5) appears as a conse-
quence of the cooperative buckling of the CoO4 octahedra.
However, for (r,)<1.21 A the ratio a/c becomes almost
equal to V2 and might signal the onset of additional Jahn-
Teller distortions. We note that the parent compounds with
heavy rare-earth ions do not show any cooperative long-
range Jahn-Teller distortion.'”> However, the possibility of
short-length dynamical Jahn-Teller distortions, as reported
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FIG. 1. Orthorhombic lattice parameters for the R ¢7Sr) 33C003
compounds as a function of (r ). The hexagonal La compound has
been omitted. Solid lines are to guide the eye.

for La;_,Sr,CoO; by Louca et al.,'® cannot be excluded.
Especially when considering the doped compounds, one has
to pay attention to the fact that the intermediate spin states of
Cco*t (4 gei,) and Co** (t‘z‘gei,) are both susceptible to Jahn-
Teller distortions due to the double degeneracy of the e
orbitals.

The magnetic susceptibility and magnetization were mea-
sured using a dc superconducting quantum interference de-
vice magnetometer (0—50 kOe, 1.5=<7<400 K) and a dc-
extraction magnetometer (0—140 kOe, 1.5=7=<300 K).
Resistivity measurements were performed with a standard
four-probe method. The heat capacity of the samples was
measured using an ac method.

g

III. RESULTS AND DISCUSSION
A. Electronic properties

The temperature dependence of the dc resistance p for
R=La, Pr, Nd, and Sm is shown in Fig. 2. The La, Pr, and
Nd samples reveal metallic behavior (dp/dT>0) above and
below 7.. The Sm sample exhibits a weak semiconducting
characteristic (dp/dT<0) above T,., and changes slope in
the magnetically ordered regime, although it should be noted
that the overall temperature dependence is relatively weak.
An anomaly at 7, with an increase of the slope dp/dT on
decreasing temperature can be detected for all samples inves-
tigated. This effect probably is due to a freezing out of spin-
disorder scattering. One could argue that the increase in con-
ductivity below T, also indicates the onset of double
exchange (DE) interactions, which are known to play a
dominant role in the manganate systems. But as we discuss
later on, the DE mechanism seems to be only of minor im-
portance in the cobaltites. The Nd and Sm samples show an
additional interesting behavior concerning the electronic
properties. The resistance shows a pronounced minimum at
low temperatures correlated to the observation of a maxi-

PHYSICAL REVIEW B 63 224416

R0.67S|’0.3BC:OC)3

1.20 1A24
. ' ' <r> .( )
0 100 200 300
T(K)

FIG. 2. Temperature dependence of the dc resistivity for R
=La, Pr, Nd, and Sm. The inset shows the room-temperature resis-
tivity p,73x as a function of (r,).

mum in the magnetization as we discuss in Sec. III B. The
room-temperature resistivity strongly increases with decreas-
ing ionic radii (r4) and is enhanced by almost a factor of 10
when (r,) decreases from 1.24 to 1.20 A (see the inset of
Fig. 2). This effect results from an increasing buckling of the
CoOg octahedra and a concomitant decrease of the charge
transfer along the Co-O-Co bonds.

B. Magnetic properties

Figures 3(a)—(d) shows the temperature dependence of
the magnetization (left scale) for R=La, Pr, Nd, and Sm.
Within the same frame the inverse susceptibility 1/y is
shown vs temperature (right scale). In the paramagnetic re-
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FIG. 3. Temperature dependence of the dc magnetization (left
scale) and inverse magnetic susceptibility x (right scale) for the
samples R=La (a), Pr (b), Nd (c), and Sm (d) measured in a field of
10° Oe. The average ionic radius (r,) of the 4 site for each com-
pound is also indicated.
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TABLE 1. Variation of average ionic radius (r,), paramagnetic Curie-Weiss temperature ©, ferromag-
netic transition temperature 7., spontaneous magnetization M, measured at 5 K, and effective magnetic
moment p,, (measured and calculated) for various R ;Srg33C00; compounds. The most probable corre-
sponding spin state of the Co®* and Co** ions are also indicated.

R (rod)y  OK)  TAK)  M(pp)  pi(ums)  pl(mg)  CoT o Cott
La 1.2470 263.5 239.0 1.64 3.37 3.21 IS IS
Pr 1.2222 200.1 192.6 0.88 2.63 2.52 IS LS
ProsNd, 5 1.2168 1873  186.2 0.56 2.64 2.52 IS LS
Nd 1.2115 178.8 173.6 0.37 2.57 2.52 IS LS
Nd, sSmy 5 1.2011 1523 1424 0.52 2.98 321 IS IS
Sm 1.1907 125.9 112.3 0.55 3.54 3.21 IS IS

gime all samples obey the Curie-Weiss (CW) law. The para-
magnetic CW temperature © steadily decreases on decreas-
ing ionic radii of the R ions (Table I). It amounts 263.5 K for
R=La and decreases to values as low as 112.3 K for the Sm
compound. While the almost semiconducting Sm compound
exhibits an ideal CW behavior, FM fluctuations show up in
the metallic La sample, while for R =Pr, PrysNd, 5, and Nd
the inverse susceptibility gets suppressed close 7. . The latter
behavior most probably indicate the onset of ferrimagnetism.
Below the transition temperature 7', all samples reveal a
spontaneous magnetization which becomes minimal for the
Nd compound [Figs. 3(a)—(d) and Table I]. The suppression
of T, is closely related to changes in the lattice distortion
induced via the reduction of the average radius of the 4 ion.
As (r,) decreases from La to Sm, the hexagonal lattice
structure transforms to orthorhombic, in which the Co-O-Co
bond angle deviates significantly from 180°, yielding a re-
duced effective d-d electron transfer via the O 2p states.
The results of the analysis of susceptibility and magneti-
zation are summarized in Table I and in Figs. 4(a) and (b).

200
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@
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FIG. 4. The paramagnetic Curie temperature ® (a) and the ef-
fective magnetic moment p,,, (b) as a function of average ionic
radius (r,) for the series R ¢;Sr)33C00;. In (b) we included theo-
retical values of p,, for two different electronic configurations of
the cobalt ions (dotted lines), which come close to the experimen-
tally observed values.

The paramagnetic Curie-Weiss temperature ® decreases lin-
early on decreasing average ionic radii (r,), driven by the
same reasons as discussed in the case of T, [Fig. 4(a)]. To
elucidate the spin states of the cobalt ions in the various
samples we calculated the effective paramagnetic moments
Pesy from the linear part of the Curie-Weiss regime by sub-
tracting the contribution of the rare-earth ion [Fig. 4(b) and
Table I]. For this calculation tabulated values for the mag-
netic moments of the R ions were used.!” Attention has to be
paid in the case of the Sm compound, since paramagnetic
Sm®* is known not to follow a Curie-Weiss law. We are
aware of the fact that some error in our analysis could be
caused by a nonlinear behavior of the inverse susceptibility,
but we see no other possibility to properly analyze our data.
Despite those considerations, it is, however, quite astonish-
ing that the Sm sample shows an almost perfectly linear
Curie-Weiss behavior above the magnetic ordering tempera-
ture [see Fig. 3(d)]. A minimum of p,, can be observed for
(rq)~121 A. We also calculated theoretical values of p,
for all compositions assuming a simple ionic spin-only pic-
ture, taking the possible spin states (LS, IS, and HS) of the
Co®* and Co** ions into account. We note that all calcula-
tions were performed using a Landé factor of g=2, despite
the fact that measurements made by Bahadur er al.'® re-
vealed a g value close to 1.25 for related materials. Theoret-
ical values for the most probable corresponding spin state of
the Co ions are indicated in Table I. For R =La, both cobalt
species (i.e., Co®™ and Co*") seem to be in an IS state. As
discussed later, this conclusion also is supported by field-
dependent magnetization measurements. For the Pr,
Pry sNd, s, and Nd samples either Co®™ or Co*™ transforms
into a LS state, yielding a reduced p,,. This spin-state tran-
sition is triggered by the change in lattice symmetry as ob-
served by replacing La through Pr or Nd. Concomitantly a
change in the crystal field makes the LS state more favor-
able. It is somewhat unexpected that p,, rises again for the
R=Nd;sSmys and Sm compounds. However, this can be
understood by taking the structural changes into account
which appears for (r,)<1.21 A (Fig. 1). We already noted
that for these compounds c¢/a~ \2, a fact that indicates the
system to be close to an Jahn-Teller (JT) instability. It is
generally accepted that polaronic effects can significantly
renormalize and enhance the p,,, values, especially in the
case of JT ions (e.g., Mn®*).!"” As mentioned in Sec. II, this
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FIG. 5. Field dependence of the magnetization at 7=5 K for the
R.67S1933C00; compounds (R =La, Pr, Nd, and Sm). In the insets
(a) and (b) the coercive field H.,,, and the spontaneous magnetiza-
tion M, are shown as a function of (r,), respectively.

possibility has to be taken into account when considering IS
Co*t (tgge;) and IS Co*™" (tgge;) electronic configurations,
which are both susceptible to Jahn-Teller distortions of dy-
namical and static nature. Since charge carries are close to
localization in the Nd, sSm, 5 and Sm samples and are rather
itinerant in the La and Pr compounds (see Fig. 2), it is rea-
sonable to assume that polaronic effects due to dynamic JT
distortions become more effective for the former com-
pounds, naturally explaining the enhanced p, /s values. It is
also possible that short-length cooperative JT effects stabi-
lize the IS state for both cobalt species in the samples with
cla=\2 as suggested by Louca et al.'®

The low-temperature magnetization behaves rather differ-
ently in the various compounds under investigation (Fig. 3,
left scale). For an applied magnetic field of H=10° Oe
Lay 4751 33C005 shows a steep increase of M(T) just below
the ferromagnetic ordering temperature and a saturation
close to 0.8 . The Nd and Sm compounds exhibit a much
smaller increase of M(T) and saturation values close to
0.5up (Nd) and 0.6u5 (Sm) are reached, followed by a de-
crease of M(T) towards lowest temperatures, a feature
which is especially distinct in Nd 751, 33C005. We note that
in related systems a glassy behavior at low temperatures has
often been reported.’’?! Considering the ferromagnetic
nature of double exchange interactions between Co®*-Co**
and antiferromagnetic superexchange interactions between
Co*t-Co®* and Co**-Co**, it was suggested that cluster-
glass behavior shows up, due to the competition betweeen
FM and AFM interactions along with randomness. However,
we do not think that in our case a glassy state drives the
low-temperature magnetization. We address this issue in
more detail at the end of this section.

Hysteresis measurements taken for various samples at 7
=35 K are plotted in Fig. 5. We note that no metamagnetic
transitions or other anomalies have been observed for M (H)
in fields up to 140 kOe. In the insets the coercive field H.,,,
(a) and the spontaneous magnetization M, (b) vs (r,) are
shown for all compounds. For smaller ionic radii larger co-
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ercive fields can be seen [inset (a) of Fig. 5]. This effect most
probably is driven by an enhanced magnetic anisotropy in-
duced through the spin-orbit coupling of the rare-earth ions
as already discussed by several authors.!""'2 At 5 K the value
of the spontaneous magnetization M decreases from La to
Nd, reveals a minimum for R =Nd, and becomes almost con-
stant for smaller ionic radii [inset (b) of Fig. 5]. In the La
compound the ordered moment agrees quite well with the
expected value considering localized magnetic moments. In
fact, the saturated magnetic moment for the La sample is in
reasonable agreement with the value reported from neutron-
diffraction experiments.’** In the others samples, the ordered
magnetic moments deduced from the M(H) curves are sig-
nificantly smaller than predicted from a simple ionic picture.
This behavior is opposite to what has been observed in man-
ganates systems, where the ionic picture worked rather
well." In the cobalt compounds under consideration the for-
mation of a narrow o* band evolving the Co e, states calls
for an itinerant electron description. The origin of ferromag-
netism in cobaltites is still controversial although many au-
thors proposed a double exchange (DE) mechanism.” The
DE mechanism was initially introduced by Zener to explain
the simultaneous occurrence of ferromagnetism and metallic
conductivity in the manganates.”> However, there are several
evidences that a simple DE picture cannot hold for the FM
state in the cobaltites. First, the essential ingredient of the
DE mechanism, a strong Hund’s coupling, is absent for the
cobalt ions. This is primarily because of the lack of a half
filled #,, band which is neccessary for a strong J,,. It is
questionable whether DE can drive such a system ferromag-
netic. A second evidence comes from the fact that unlike in
the manganates, no intimate coupling between ferromag-
netism and metallic behavior is present in the cobalt series.
One would expect a similar behavior of the conductivity at
T, as has been observed in the manganates. The lack of
strong discontinuities in the transport properties at T, (the
resistivity reveals a metallic behavior even for 7>T7,.) and
also the absence of colossal magnetoresistance effects call
for an alternative explanation (band magnetism).

Figure 6 shows the temperature dependence of the coer-
citive field H,,,, (a) and the remanent magnetization M.,
(b) for Nd, ¢,Sr 33C005. H,,., exponentially increases upon
decreasing temperature reaching values up to 8 kOe. This
fact makes zero-field-cooled (ZFC) measurements very dif-
ficult to interpret. Even a very small remanent field freezes
the spins in and can easily lead to wrong conclusions. Often
the splitting of the ZFC and field-cooled (FC) branch of dc
magnetization is due to this effect and not driven by spin-
glass behavior. Finally the temperature dependence of M,,,,
qualitatively follows the M(T) curve (see Fig. 3).

We now focus on the low-temperature properties of the
Nd sample. For 7= 50 K the magnetization starts to decrease
again. The same behavior has also been observed for
PrgsNdg 5, NdysSmg 5, and Sm. In order to study the role of
the rare-earth ion we prepared a number of samples with
identical (r ) as for the Nd compound. The temperature de-
pendences of the magnetization for these samples are shown
in Fig. 7. It can be clearly seen that the ferromagnetic tran-
sition temperature 7', remains almost constant. This nicely
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FIG. 6. Temperature dependence of the coercive field H,,,, (a)
and the remanent magnetization M,,,, (b) for Nd, ¢;Sr,33C005.

confirms the conclusion that 7', is a function of {r ) only and
that in these compounds the structural fine tuning works very
well. However, the low-temperature transition accompanied
with a reduction in M which clearly is observed in the Nd
compound, can hardly be detected in Lag3;Sm 63 and is al-
most absent for Prj ¢cSmy 34. This points out that this feature
is not related to structural changes. A possible explanation of
a decreasing magnetization certainly is an spontaneous anti-
ferromagnetic (AF) order of the Nd*" ions. However in un-
doped NdCoO; the Nd** ions order antiferromagnetically at
Ty=1 K while the Co®" ions remain paramagnetic.z“’25 Itis
straightforward to assume that the magnetic interactions be-
tween Nd®>* ions in Ndy¢,Srg;3;C00; remain weak. In a
forthcoming paper we will present neutron-scattering data,
which reveal that the reduced magnetization at low tempera-
tures is due to a ferrimagnetic ordering of the Nd magnetic
sublattice mainly induced via the ordered Co moments.*® In

R0.67sr0.33coo3
0.4f S Lao.37smo.63 1100
%
(a) <r,>=1.211 o
—_ g
3 S
N 3
z s
= 3
£
0.0 Q
0 200 400

FIG. 7. Temperature dependence of the dc magnetization (left
scale) and inverse magnetic susceptibility y (right scale) for the
samples R=LaSm, Nd, and PrSm (a), (b), and (c), respectively,
measured in a field of 10° Oe.
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FIG. 8. Specific heat for the samples R=La, Pr, Nd, and Sm.
The curves are shifted in steps of 0.1 J/mol K?. A sharp transition
associated with a pronounced peak has only been observed for R
= La. For the other samples the anomaly at T, is smeared out. In the
inset we plot C/T vs T for the La sample.

order to explain the reduced values of the low-temperature
magnetization, we assume that the Nd moments are aligned
antiparallel to the field created by the Co moments. Hence
some antiferromagnetic Nd-Co coupling must be invoked.
Recently  ferrimagnetism  has been  reported for
Gdy ¢-Cag 33Mn05.2” The authors suggested a molecular-field
model with a ferromagnetic manganese sublattice antiparal-
lel to the gadolinium sublattice and we think that the very
same considerations apply also in the present system.

C. Specific heat

Figure 8 shows the specific heat for R 4,Sr)33C005 (R
=La, Pr, Nd, Sm). At the moment only the data down to 8 K
are available. A sharp transition associated with a pro-
nounced peak at the ferromagnetic transition temperature has
only been observed for R=La. For the other samples the
anomaly at 7. is smeared out. It is noticable that the data in
the vicinity of the magnetic phase transition reveal very
small values for the entropy changes associated with the Co
ordering. An estimate, as obtained by integrating the area
between the measured curve and a smooth background curve
passing through the temperature range from 180 to 250 K
only gives ~10% of the expected entropy. Similar observa-
tions in related materials (e.g., manganates) have been re-
ported by other groups.?®* *° The inset of Fig. 8 shows C/T
vs T? for the La sample. Since the La compound is metallic
a linear electronic contribution to the specific heat has been
expected. A linear extrapolation of C/T—0 K yields a
Sommerfeld coefficient y=47.8 mJ/K? mol. This vy value is
two times larger than in Nd;Srg3;Mn05,** and 16 times
larger than in Lay,Sry3Mn0O;.%! As already discussed by
Gordon et al.*° this linear term probably is mainly magnetic
in origin and similar contributions have also been observed
in the nonmetallic NdCu,0,.*? For the other samples contri-
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FIG. 9. Schottky anomalies for R="Pr, Nd, and Sm obtained by
taking the difference between the R curve and the La one. In the
inset we show the calculated entropy obtained by integrating the
curves shown in the main frame.

butions due to crystal-field effects of the magnetic rare-earth
ions make an analysis of the low-temperature data more
complicated.

Figure 9 shows Schottky anomalies for R=Pr, Nd, and
Sm which have been obtained by substracting the heat ca-
pacity of the Lag¢;Sry33C005 from that observed for the
other rare-earth compounds. Schottky-type anomalies have
been found in all three compounds investigated with maxima
close to 30 K (Pr), 35 K (Nd), and 20 K (Sm). However, for
the latter two compounds a further Schottky anomaly ap-
pears toward lower temperatures. We also calculated the en-
tropy from these curves by integrating the C/T curves from 5
to 150 K in steps of 25 K. The upper limit is given by the
ferromagnetic transition temperatures of the samples, since
only the contributions from rare-earth ions should be taken
into account and not the ones resulting from the ordering of
the cobalt moments. Theoretically values of $=0.67R In(2J
+1) J/mol K (Pr: 12.2, Nd: 12.8, and Sm: 10) are expected.
The discrepancy between measured and calculated values
can be understood if one considers that the analysis was lim-
ited by a lower bound of 5 K and that especially for Nd and
Sm contributions are expected to show up below this tem-
perature as is evident from Fig. 9. Errors could also rise up
from the fact that the ferromagnetic order of the cobalt mo-
ments may be not the same throughout the whole series, i.c.,
the polarization of the spin-up and spin-down bands may
differ. Measurement of the low-7 specific heat have to be
performed to arrive at final conclusions.
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IV. CONCLUSIONS

We have presented detailed magnetic susceptibility, mag-
netization, electrical resistivity, and heat-capacity results on
the doped rare-earth cobaltites R ;51 33C00;. We would
like to recall that in the doped manganates of similar com-
position, large magnetoresistance effects are apparent when
the systems passes from an insulating paramagnetic to a me-
tallic ferromagnetic state. For these effects the double ex-
change interactions play a vital role. Depending on the spin
state of the cobaltites similar effects were expected. How-
ever, it is well established that in these systems the crystal-
field energies are of the order of the Hund’s coupling making
these systems even more complex. In the course of this work
polycrystalline samples have been prepared. The lattice con-
stants show a steplike increase as the average ionic radii of
the rare-earth ions increase. We interpret this observation as
a result from an increasing importance of Jahn-Teller distor-
tions for larger ionic radii. All samples reveal a metallic
character, with the La compound being a rather good metal
and the Sm compound being on the borderline of a metal-to-
insulator transition. We established a clear correlation be-
tween the ionic radii and metallicity. In addition, another
clear correlation exits between the magnetic ordering tem-
peratures and the ionic radii. From the effective paramag-
netic moments we give an estimate of the spin states of the
compounds investigated. We conclude that Co®" always is
in an intermediate spin state, while Co** reveals a low spin
state for R=Pr and Nd. The La compound exhibits a pure
ferromagnetic ground state, while in the systems doped with
magnetic rare-earth ions we find indications for ferrimag-
netism with the spins of the cobalt and the rare-earth ions
pointing in opposite directions and yielding a reduction of
the bulk moment at low temperatures. These effects are
strongest in the Nd compound. The decrease in the mangeti-
zation due to a strong increase of the ordered rare-earth mo-
ment aligned antiferromagnetically to the Co ions is corre-
lated with a significant increase of the resistivity. At present
we have no explanation for this behavior. From heat-capacity
measurements we find a linear electronic contribution to the
specific heat with a Sommerfield coeffient y=47.8
mJ/K2mol. This large v value can only be explained taking
magnetic contributions into account. The samples containing
magnetic rare-earth ions reveal clear Schottky-type anoma-
lies due to crystal-field effects.
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