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Calorimetric study of La;_,Sr,Co0O;_5 (0=x=0.5: Evidence for long-range ferromagnetic
ordering for x=0.3
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Heat capacities of La ,Sr,Co0O;_ 5 (0=<x=<0.5) were measured in a temperature range of 1.8—300 K and
in magnetic fields of 0 and 9 T. Ik=0.3, a clear heat capacity anomaly was observed due to a paramagnetic-
to-ferromagnetic phase transition. A ferromagnetic short-range ordering was observed #nQHesample as
a small heat capacity anomaly depending on a magnetic field. The electronic contribution to the heat capacity
was observed in=0.2, which indicates that an insulator-to-metal phase transition occurs betwd®t and
0.2. The nature of the magnetic ordering was discussed in the light of the earlier reports.
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[. INTRODUCTION of the magnetic ordering based on the present results and on
earlier reports°
Perovskite-type cobalt oxide, LaCgOhas been investi-

gated by many researchers for the elucidation of the peculiar
electromagnetic properties which originate from the Polycrystalline samples of La,Sr,CoO;_ 5 (x=0, 0.1,
temperature-dependent spin-state change. La@a® triva- 0.2, 0.3, 0.4, and 0)5vere prepared by a conventional solid-
lent Co ions whose ground state is a low-spin configuratiorstate reaction method. The appropriate amounts gfOka
(t59). Itis well-known that the spin-state change takes placépurity was determined by ethylenediaminetetraacetic acid
successively around 100 and 500K although it has not (EDTA) titration], CoG0,:2H,0, and SrCQ were ground
been clarified yet what spin state is achieved by the twc}Mth ethanol and calcined with flowing an,@as at 1373 K

spin-state changes. It has been reported that replacement d12 h. The calcmgd p(r)]wder was th(ejn.groun_d Tllga'.n’ and
Le®* in LaCoO, by SP* resulting in a metallicity and a 0 0nce more under the same condition. Finally, it was
pressed into pellets, sintered at 1573 K for 24 h, and cooled

ferromagnetism abOVE”O-Z-?A However, there are many gown to room temperature at a rate of about 100 K/h. The
reports |nd|Cat|ng the gIaSS-Ilke behavior with respect to th%amp|es were confirmed to be a Sing|e phase with a rhombo-
magnetic order even in the regior=0.2. ltohet al. have  hedrally distorted perovskite structure by powder x-ray dif-
suggested from dc magnetizaticend NMR measuremefits  fraction measurements using KCa radiation(MAC Science
that thex-T phase diagram is divided into two regions: a spinMXP18-HPF. The lattice constants of=0.2 and 0.5 samples
glass region inx<0.18 and a cluster glass region in  Wwere determined at 35 and 298 K using polycrystalline Si as
>0.18. Their NMR measurements at 4.2 K revealed theh internal standard. The oxygen content of the samp, 3-
presence of a large distribution of the internal magnetic fieldVaS determined by iodometric titrations within the experi-
at the Co site even fax=0.2 samples, which indicates that mental error of =0.01 as tabulated in Table I. All the

) . . samples indicated a deviation from the stoichiometric value,
L8, _,S5C0Q; is not a typical ferromagnet with a long-range 3. The excess oxygen contentsxs0.4 samples are differ-
order® Nam et al. found aging effect in Lg:Sr, Co0;, as

X i ent from the earlier reports indicating oxygen defecfeffit
often observed in a glassy systér@n the other hand, Gan- 4,14 pe due to the difference of starting materials or prepa-

guly et al. suggested, by ac susceptibility measurements, thakion conditions. Heat capacities were measured by a relax-
the long-range ferromagnetic ordering takes place Xor ation method using a Quantum Design Physical Property
=0.3° Satheet al. also reported the presence of long-rangemeasurement System between 2 and 300 K and under the
ferromagnetic order ix=0.2 samples through the neutron magnetic fields of 0 and 9 T. Dc magnetizations were mea-
diffraction measuremenfsin addition, Anil Kumaretal. sured using a superconducting quantum inteference device
suggested that the cluster-glass-like behavior originates fromagnetometefMPMS5S, Quantum Desigrunder a mag-

its magnetocrystalline anisotropy because the splitting of doetic field of 10 Oe.

magnetizations of zero-field and field cooled-sample are also

observed in long-range ordered ferromagnetic systems, such IIl. RESULTS

as SrRuQ and La /Ca, MnO;.° As stated above, the tem- Figure 1 shows the temperature dependence of heat ca-
perature and the compositional dependences of magnetic Qacities under zero magnetic field, for x=0, 0.1, 0.2, 0.3,
der in Lg _,Sr,CoO; have yet to be clarified.

In this study, we carried out heat capacity measurements TABLE I. Oxygen contents of La ,S5C00;- ;.
of La; ,Sr,CoO;_; in order to examine the nature of mag-
netic ordering as a function of and T. Evidence of long-
range ferromagnetic ordering was obtained as a clear hegt s 3.02 3.06 3.06 3.04 3.01 298
capacity anomaly in the range=0.3. We discuss the nature

Il. EXPERIMENT
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FIG. 1. Heat capacities of La,Sr,Co0O;_4 in the temperature = 15 §
range of 2—-300 K and under zero magnetic field. The inset shows © 72
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enlarged data in the range of 2—100 K.
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0.4 and 0.5 samples. A clear heat capacity anomaly was ob-

served inx=0.3, 0.4, and 0.5 samples due to a phase tran-

sition at around 220, 235, and 250 K, respectively. The heat FIG. 3. ACy andM/H vs T plots of x=0.2 (a) andx = 0.5

capacity curve ofk=0.2 sample showed a broad anoma|ysample(b). Solid and open circles represent the results obtained on

around 180 K. The heat capacitiesof0.2, 0.3, 0.4, and heating after zero field coolinZFC) and field cooling(FC), re-

0.5 samples are almost same below 180 K. On the otheiPectively. Open squares indical€,, .

hand, the heat capacities a=0 and 0.1 samples were ) .

smaller than those of=0.2—0.5 samples at least below 250 €sults imply that theshort- or long-rangeferromagnetic

K. As shown in the inset of Fig. 1, it was found that the heatordering occurs even in=0.1 and 0.2 samples. Here, the

capacity ofx=0 sample becomes close to thosexaf0.1 temperature.showmg the minimum AfC is deﬂr;ed as the

samples around 50 K, while it departs from those below and€romagnetic ordering temperatuf . Itoh et al” defined

above the temperature. The behavior is due to a Schottki'® SPIn glass or cluster glass transition temperature as a

anomaly in LaCoQ originating from the thermal excitation emperatureTs, below which dc magnetizations measured

from the low-spin ground state to the excited stat after zero-field and field cooling depart from each other. We
Figure 2 shows the difference between the heat capaciti€€nfirmed thatTs is coincident withTc at least abovex

measured under 9 and 0XC,,(=Cq1— Co1). As indicated =0.2 as found from Fig. 8only the results ok_:Q.Z and 0.5

by open circles in the insef C,, of x=0 sample is positive samples were shown ther@ herefore, the splitting of the dc

up to 50 K, and changes to negative above the temperatufgagnetizations of zero-field cooled and field cooled samples

due to the spin-state excitatidh.On the other handx  PelOWTs(=Tc) would not be due to the freezing-in of clus-

=0.1, 0.2, 0.3, 0.4, and 0.5 samples showed the opposiﬂé’rs but to the coercive force problem as suggested by Anil

tendency, namelyAC,, changes its sign from negative to Kumaret al? 5 _

positive with an increase in temperature. This character con- Figure 4 showsC/T vs T plots in the temperature range
cludes that the phase transitions observex-i.3, 0.4, and 2~10 K whenH=0 T. The heat capacity of a metallic fer-
0.5 samples are a paramagnetic-to-ferromagnetic phase trariﬁ)_magnet at low temperature generally consists of contribu-

sition, because the ferromagnetic critical fluctuation is suptions from the excitations of conduction electrons, spin
pressed by applying the magnetic fiéfdin addition, the = Waves, and phonons. The heat capacities at the low tempera-
tures are almost same even by applying a 9-T magnetic field

which should enhance the energy gap of spin wave excita-
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FIG. 2. ACy vs T plots of x=0.2, 0.3, 0.4, and 0.5 samples,
where AC=Cgq71—Cqy7. The inset shows those af=0 and 0.1
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FIG. 4. C/T vs T? plots of x=0, 0.1, 0.2, 0.3, 0.4, and 0.5
samples under a zero magnetic field. Solid lines show the results of
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TABLE Il. The best fit3 andy of La, _,Sr,Co0;_ 5 obtained by 300 Y .
the least-square fitting of the data in the range of 2—10 K with Eq. § @
(1). Those ofx=0.1 sample were not estimated. ‘/’I §
N\
.
X B (MIK *mol™1) v (MIK 2mol™ 1) | \ |
200 §
0 0.09 0 ~ =
. 5 .
0.2 0.15 40 §
0.3 0.14 41 100 §P 1
0.4 0.15 43 \ I(O{-Dl) sn}.n
0.5 0.15 46 \ o* o é 1
! | <, OOIO | - LR-FM
) , o , o 00 02 03 04 05
tion. This result indicates that the spin wave contribution is x

=
=

small as compared to the other contributions even if it is !

present, possibly because of the large exchange interaction or FIG. 5. Schematic phase diagram of;LaSr,CoO;_ 5. Solid
the large energy gap. Therefore, the data in Fig. 4 were fittedircles indicateT which is estimated by heat capacity measure-

by the following equation: ments in this study. See the text for the definition. A thick solid line
is a visual guide. Squares show schematic figures in each phase. PlI,
C=~T+pBT? (1) DI, SR-FI, PM, LR-FM, and G represent paramagnetic insulator,

] ) diamagnetic insulator, short-range ferromagnetic insulator, para-
The best fitg and y of each sample are tabulated in Table Il. magnetic metal, long-range ferromagnetic metal, and glass-like re-
The B's are almost same above=0.2, but 8 of x=0 gions (orders, respectively.

sample is small as compared to the other samplesy&hef

x=0.2, 0.3, 0.4, and 0.5 samples are in the same ordehoundary in their polycrystalline samgle.

The magnitude ofy is so large as compared to other In the insulating region, a ferromagnetic-like anomaly
metallic perovskite-type oxides 3 mJK ?mol™ ! for  was observed i\ C,, of the x=0.1 sample. The magnitude
La;_,SrMNn03,*° ~14 mIK 2mol~* for LaNiO;,*® and  much smaller than those &f=0.3 samples, and a spin-glass-
~8 mIK 2mol~! for Srv0O;.Y) Though the reason is un- like anomaly observed by the magnetization measurerents
clear yet, they may be enhanced by electron-electron and/orconcluded that the ferromagnetic-like ordering is a short-
electron-phonon interaction. The largemay be a character range type. Therefore, it is suggested that ferromagnetic and
of the perovskite-type cobalt oxides, becaysts also large insulating clusters are created beldw in x<x;y . In the

in La,_,CaCo0; (Ref. 18 and Pi_,CaC00;.1° The re-  metallic region above=xy , the present study clarified that
sults ofx=0.1 sample are not shown there becauseQHE  a long-range ferromagnetic ordering occurd at(at least in

vs T2 curve could not be fitted even by including the contri- x=0.3), because a clear heat capacity anomaly was observed
bution from spin waves into Eql). The reason is unclear at at the temperature. However, NMR and ac magnetic suscep-
present, but such a behavior has been reported also Hibility studie$”??suggested that the phase beldw has a

La, _,SrVO; around the boundary between insulating andcertain glasslike nature. On the other hand, a neutron diffrac-
metallic phase&’ However, it is clear that's of x=0 and  tion study’ suggested a presence of long-range order even at
0.1 samples vanish or could be much smalleren if it is 10 K. Because the earlier experiments were carried out far-

present than those ok=0.2 samples. away belowT, the results force us to conclude that the
long-range ferromagnetic order and the glasslike order coex-
IV. DISCUSSION ist at least at low temperatures. Such a coexistence was re-

ported in many materials, so-called reentrant spin glass sys-

Figure 5 shows a possible schematid phase diagram tems, e.g., AplgiFe 19,2>2% Al Fey 7,2 Elg Sty 45,228
of La; ,Sr,CoO; deduced from the present results and theFe, sdMgo 4<Cl,,?” and so on. However, the heat capacity
earlier reportsT was indicated by solid circles. The presentanomaly around the magnetic ordering temperature in these
study clarified that the electronic specific heat coefficient, materials is broad?%?” as compared to the anomaly of
appears abruptly betweer 0.1 and 0.2. The abrupt appear- La; ,Sr,CoO; observed inx=0.3. Judging from the facts
ance ofy suggests that the phase diagram is divided into the¢hat long-range antiferromagnetic and spin glass orders co-
insulating and metallic regions below and abowex,, lo-  exist in Fg sgVigg 4sCl, even just belowly and that the cor-
cating between 0.1 and 0.2. This is consistent with the transresponding heat capacity anomaly is brdad,is supposed
port studies*?! It has been reported that the resistivity that the broadness originates from such a coexistence present
shows insulating and metallic natures»@s<0.1 and=0.3, even at the magnetic ordering temperature. Therefore, it is
respectively. On the other hanxl;=0.2 sample has been re- natural to conclude that there is no such a coexistence in
ported to be semiconducting by Senaris-Rodrigeeal.*  La;_,Sr,Co0, (x=0.3), at least just beloW., even if such
but on the other hand, metallic by Yamaguehial?* Taking  two kinds of orders coexist at low temperatures. However,
account of the sameg of x=0.2 sample ax=0.3 samples, the heat capacity anomaly &f=0.2 sample is broad, which
the semiconducting behavior would be due to the grairis similar to the heat capacity anomaly of j5gVigg 4=Cl,
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(Ref. 279 at Ty. Therefore, the long-range ferromagnetic phonon as demonstrated by tie of x=0.2 samples 1.7
and glasslike orders might coexist i=0.2 sample even times larger than that of=0 sample. The magnitude of the
aroundTc. large B change is consistent with the occurrence of
From the above discussion, the temperature dependené@mposition-dependent spin-state change as described below.
of magnetic order in the metallic region is quite different It has been reported that the elastic modulus of LafoO
from the reentrant spin glass system. As a reason for tharound 100 K is 0.7 times as large as that atb6nK be-
peculiar magnetic ordering, we propose a temperaturecause of the spin-state charféé[his change corresponds to
induced spin-state transition, namely the populationsdf ~70% increase in8, becausege 6, 3xv 3 C_*2, where
band depends on the temperature. In order to obtain evideng®,, v, andC, represent the Debye temperature, sound ve-
to support this proposition, the lattice constantsxef0.2  locity, and elastic modulus. Thereforg, of La; _,Sr,CoO;
and 0.5 samples were measured at 35 and 298 K. The volould also increase by-70% if such a spin-state change
ume changes between the temperatures weie0% and occurs atx=xy,. The insulator-to-metal transition at
~0.7% forx=0.2 and 0.5 samples, respectively. The vol-=x;, might occur when the average occupatioregforbit-
ume changes ok=0 and 0.08 samples are2.0% and als reaches a critical value.
~1.0%, respectively, according to the literatdr&. These

volume changes are relatively large as compared to other V. CONCLUSIONS
perovskite-type oxides, e.g=0.5% for PrCoQ,*° ~0.3%
for LaMn0,;,%° ~0.5% for LaNiQ,*° and ~0.4% for We have measured heat capacities of polycrystalline

LaAlO5.31%2 This suggests that the spin state graduallyLa; ,SrCoO;_ 5 (0<x<0.5) samples. As reported by Itoh
changes in La_,Sr,Co0; (0<x=<0.5) with decreasing tem- et al.’ the x-T phase diagram was divided at arourd
perature. Therefore, the long-range ferromagnetic order 0.18 into two regions which are clearly distinguished by
formed atT. might run into the coexistence of the long- the absence or presence of electronic specific heat. In the
range and glasslike orders as decreasing temperature, besulating smallk region, a short-range ferromagnetic order-
cause of the difference in the spin stdtad thus the ex- ing occurs around 50 K. In the metallic largeregion, a
change interaction between aroundT. and at low long-range ferromagnetic ordering occurs around 250 K. Ac-
temperatures. cording to the earlier reports indicating both long-range fer-
In addition, the present study suggests that the spin stat@magnetic and cluster glass behaviors, it was suggested that
gradually changes as increasirgrom 0 to x;,, from the the long-range ferromagnetic order formedTat runs into
following reasonsg and the heat capacity below 180 K are the coexistence of the long-range and glasslike orders as de-
nearly same in the range=0.2. On the other hand, the heat creasing the temperature, possibly due to the temperature-
capacity decreases as decreasingrom 0.2 to 0 (not dependent spin state change. The character of low tempera-
abruptly. It would be impossible to attribute the increasedture heat capacitylarge electronic specific heat coefficient,
heat capacity from 0 to 0.2 only to the difference in the mearsmall spin wave contribution, and anomalous behaviox in
valence of Co ions and the Sr content, because the increasetd.1 samplg should be clarified in connection with the co-
heat capacity from 0 to 0.2 is much larger than that from 0.2xistence or the presence of ferromagnetic clusters in a para-
to 0.5. Therefore, it is natural to consider that the increaseghagnetic or diamagnetic matrix.
heat capacity from 0 to 0.2 originates from a certain spin
state change, namely a co_mposi.tior)—depender}t spin-state ACKNOWLEDGMENTS
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