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Double magnetic transition in Pr0.5Sr0.5CoO3
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We report studies of polycrystalline samples of the metallic ferromagnet Pr0.5Sr0.5CoO3 through measure-
ments of the magnetization, ac magnetic susceptibility, resistivity, and specific heat. We find an unusual
anomaly aroundTA5120 K, much below the ferromagnetic transition (TC522662 K). The anomaly is mani-
fested in field cooled magnetization as a downward step in low fields (H<0.01 T) but is transformed into an
upward step forH>0.05 T. The anomaly cannot be easily attributed to antiferromagnetic ordering, but may
correspond to a second ferromagnetic transition or an alteration of the ferromagnetic state associated with
orbital ordering.
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The past few years have witnessed a renaissance of i
est in mixed valent transition metal oxides of the ty
R12xAxMO3 (R5La31, Pr31, etc., A5Ca21, Sr21, etc.,
M5Mn, Co!,1,2 but the origin of ferromagnetism in the co
baltates seems to be fundamentally different from that in
manganites.3 The phase diagram of cobaltates is also mu
simpler than manganites which exhibit exotic varieties
antiferromagnetic phases with different doping level (x).
The widely studied La12xSrxCoO3 series shows spin glas
(0.05<x<0.2) and cluster glass (0.3<x<0.5) behavior and
SrCoO3 is a long range ferromagnet.4 The cluster glass phas
has long range ferromagnetic order but with a possible co
istence of superparamagnetic clusters.5 The use of cobaltate
in ferroelectric thin film capacitors,6 solid oxide fuel cells,7

possible applications as magnetostrictive actuators,8 and
thermoelectric elements,9 and more importantly their distinc
physical properties with respect to manganites are all c
pelling reasons to investigate them in detail. We have inv
tigated the magnetic, electrical, and thermal properties o
Pr-based ferromagnetic metallic cobaltate, and we find
dence for a double magnetic transition unlike that obser
in previous studies of the cobaltates.

Polycrystalline Pr0.5Sr0.5CoO3 was prepared by a sol-ge
process previously used8 in the synthesis of La0.5Sr0.5CoO3,
and the qualitative features presented below were confir
in samples prepared by a standard ceramic synthesis.
oxygen stoichiometry was found to be 2.9760.02 from io-
dometric titration and the room temperature structure w
found by x-ray diffraction to be monoclinic (P21 /m) in ac-
cordance with an earlier report.10 The dc magnetization (M )
was measured using Quantum Design SQUID magneto
ters ~MPMS!, and ac susceptibility~x!, resistivity, and spe-
cific heat (C) were measured with the Quantum Desi
Physical Property Measuring System~PPMS!. The tempera-
ture dependent magnetizationM (T) was recorded in three
modes. In the ZFC mode, the sample was first cooled tT
55 K in zero field and data were taken while warming af
setting the magnetic field at 5 K. In field-cooled-coolin
~fcc! and field-cooled-warming~fcw! modes, the field was
applied at 300 K, and data were taken during cooling a
warming, respectively in a field. We measuredx(T) in dif-
ferent dc bias fields (Hdc) in fcw mode with Hac510 Oe
r.m.s.
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Figure 1 shows the temperature dependence of the inv
susceptibility (H/M ) at H510 mT while warming the
sample from 5 K after zero field cooling. The data in th
temperature range 255–370 K fit a Curie-Weiss lawM
5C/(T2Q) with Q5241.5 K andC51.84 emu/mole K.
The Co31 and Co41 ions can be in either the low spin~LS!
state, the intermediate spin~IS! state, or the high spin~HS!
state due to the closeness of the crystal field and excha
energies.11 In the ferromagnetic metallic composition o
La12xSrxCoO3 (0.3,x,0.5), the Co31 and Co41 ions are
believed to be in the IS state (t2g

5 eg
1 ,S51) and the LS state

(t2g
5 eg

0 ,S51/2), respectively.11 The estimated effective para
magnetic momentPeff53.84mB from the experimental C
value of our sample is higher thanPeff53.45mB calculated
with 50% IS Co31 (Peff52.84mB), 50% LS Co41 (Peff
51.73mB) and 50% Pr31 (Peff53.58mB).12 The observed
and calculatedPeff values do match, however, if half of th
LS Co41 are in the IS state (Peff53.87mB). Such a combi-
nation of IS Co31, IS Co41, and LS Co41 is consistent with
the maximum value of the magnetization shown in the in
of Fig. 1 (M51.87mB at T55 K andH57 T which is close
to the saturation magnetic moment ofM52mB expected for

FIG. 1. Temperature dependence of the inverse susceptib
(H/M ) measured while warming withH510 mT after zero field
cooling to 5 K. The inset shows the field dependence of the m
netization, which indicates the ferromagnetic nature of the low te
perature phase.
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these spin configurations!. While this agreement is reason
able, note that magnetic phase separation11 or magnetic field
induced spin state transitions8 could affect the relative prop
erties of the different spin-states in the ferromagnetic st
and thus this assignment of the spin states needs to be
firmed by detailed spectroscopic studies.

Figure 2~a! shows M (T) at H55 mT and 0.01 T. The
rapid increase ofM aroundTC522662 K signals the phase
transition from a paramagnetic to a ferromagnetic state
expected from neutron scattering studies10 and from the na-
ture of the M (H) data shown in the inset to Fig. 1. Th
magnetization is strongly dependent on magnetic hist
starting from a temperature just belowTC to the lowest tem-
perature. Although such behavior is known in the rela
compound La0.5Sr0.5CoO3,13 there are two unusual feature
which were not found in the La-based cobaltate. First, th
is a clear hysteresis between fcc and fcw curves. Sec
there is a downward step aroundTA;100 K in both fcw and
fcc curves and a hump in the ZFC data at the same temp
ture. This anomaly cannot easily be attributed to a transi
into an antiferromagnetic state because theM (H) curve at 5
K ~discussed below! clearly indicates ferromagnetism, an
neutron studies did not observe any evidence
antiferromagnetism.10 Moreover, the downward step chang
into an upward step forH>0.05 T~visible even atH55 T! as
seen in Figs. 2~b! and 2~c!, and the temperature of th
anomaly increases with increasing magnetic field. A sim
anomaly can be seen in the relatively high field data
Brinks et al.10 and those of Yoshii and Abe,4 demonstrating
that this lower temperature transition is a robust feature
the material rather than an artifact of our specific sam
preparation technique.

Figure 3 shows the temperature dependence of the
part of the ac susceptibilityx8(T) in different applied dc
magnetic fields. In low fields, there are two maxima
x8(T), one nearTC and one at 70 K. In larger applied d
fields, the higher temperature maximum broadens and s
into two peaks, one remaining nearTC and the other moving

FIG. 2. Temperature dependence of the dc magnetization
Pr0.5Sr0.5CoO3 under different magnetic history conditions~ZFC:
zero field cooled, fcc: field cooled cooling, fcw: field cooled warm
ing!. Note the unusual step in fcc magnetization which sets
aroundTA5120 K and changes from downward to upward w
increasing field for more thanH50.05 T.
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down in temperature with increasing field~this behavior has
also been observed in other ferromagnets14,15!. The 70 K
maximum, the onset of which corresponds toTA , moves to
higher temperatures with increasing field and merges w
the higher temperature peak forH;1 T. The feature atTA is
also evident in Fig. 4 where we plot magnetic hystere
loops at selected temperatures. The coercive field (Hc) is
rather large~53 mT at 5 K!, and, when plotted as a functio
of temperature~Fig. 4 inset!, there is a clear maximum in
Hc(T) aroundTA . This behavior is very different from tha
of a conventional ferromagnet in whichHc continuously in-
creases belowTC and suggests that the unusual behavior

of

n

FIG. 3. The temperature dependence of the real part of the
susceptibility (x8) in different dc magnetic fields. The large pea
aroundTC'226 K in Hdc50 T is due to the onset of ferromagnet
transition.

FIG. 4. Main panel:M -H hysteresis loop at few selected tem
perature. Note that hysteresis atT5125 K is wider than the one a
T5100 K. Inset: Temperature dependence of the coercive fi
(HC), which has an anomalous peak nearTA .
7-2
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the ZFCM (T) is attributable to associated domain effect
The anomaly atTA is also manifested as a peak in the ze

field specific heat (C) shown in Fig. 5. The approximat
sizes of the peaks inC(T) above the background are 4
J/mole K atTC and 2.5 J/mole K atTA ~see insets to Fig. 5!.
An estimate of the magnetic entropy associated with th
features can be obtained by integratingDC/T after subtract-
ing a smooth background@based on a polynomial fit toC(T)
measured above and below the regions of the peaks#. The
resultant magnetic entropy is Smag50.4 and
0.28 J K21 mole21 at TA andTC respectively, well below the
full spin entropy as expected. By contrast, the zero field
sistivity ~Fig. 6! changes its slope aroundTC and decrease
smoothly without any clear anomaly aroundTA . Application
of a 7 T magnetic field suppresses the change of slope

FIG. 5. Temperature dependence of the specific heatC(T) in
zero magnetic field. The peaks aroundTC'226 K andTA5120 K
correspond to the magnetic transitions indicated by the magne
tion data. The top and bottom insets show the excess specific
(DC) aroundTC and TA , respectively, obtained by subtracting
smooth background.

FIG. 6. Temperature dependence of the resistivity~r! in H
50 T andH57 T. The zero field resistivity exhibits a clear chan
of slope aroundTC5230 K, but no clear feature is seen around t
second magnetic transition (TA5120 K). The temperature depen
dence of the magnetoresistance~shown by the thin solid line! also
shows no feature nearTA .
02442
e

-

ar

TC and results in negative magnetoresistance of about
similar to La0.7Sr0.3CoO3 which does not exhibit the low-
temperature anomaly in the magnetization.3

We now discuss possible origins of the anomaly atTA ,
which appears to be associated with a second ordering t
sition deep within the ferromagnetic state. Brinkset al.10 ob-
served no clear indication of symmetry breaking structu
changes between 300 and 10 K, although they noted
anomalous change in the unit-cell dimensions with contr
tion of c axis by 0.32% and expansion ofa and b axes
between 10 and 170 K~possibly associated with an abru
change in lattice parameters associated withTA). While the
downward step inM (T) at low fields suggests an antiferro
magnetic transition, the upward step at higher fields disco
this possibility, and neutron diffraction studies10 revealed no
evidence of antiferromagnetism at low temperature. The
tory dependence ofM (T) below TA could indicate a reen-
trant spin glass transition, but the upward step observed
cooling at high fields again suggests that this is not the c

We hypothesize the behavior atTA indicates either a sec
ond ferromagnetic transition or a change in the nature of
ferromagnetic state. This explanation would be consist
with the specific heat and susceptibility peaks atTA , as well
as the rise inM (T) upon cooling in large magnetic fields@the
drop in M (T) on cooling throughTA at low fields could be
associated with the abrupt change in the coercive field no
in Fig. 3#. A double ferromagnetic transition would be qui
unusual and may be associated with electronic or struct
phase separation, i.e., different parts of the sample orde
at different temperatures, or ordering of the Pr moment16

Multiple magnetic transitions occurring in a single pha
sample has been observed in many of the perovs
manganites,15,17 but we are not aware of previously observ
tions in the cobaltates. An alternative explanation would b
change in the nature of the ferromagnetic coupling ass
ated with orbital ordering among some fraction of the C
ions, e.g., a long range Jahn-Teller ordering ofeg orbitals of
the intermediate spin Co31 ion (t2g

5 eg
1). For example, Fauth

et al.18 recently showed evidence for a long range orbi
ordering in La0.5Ba0.5CoO3. Because of the strong magnet
elastic coupling, cooperative orbital ordering within the fe
romagnetic state can lead to a change in magnetic dom
structure or change in the magnetic anisotropy. Indeed,
et al.19 reported a step in the field-cooledM (T) due to or-
bital ordering in La12xSrxMnO3 (x50.12– 0.19), suggesting
that this behavior is not uncommon at least in the mang
ites. In this scenario, the changing character of the featur
M (T) with increasing applied field may be caused by
change in orbital orientation and associated modification
domain structure/spin orientation~which would account for
the changes inHC). Another possible explanation of the fea
ture atTA , is that there is a spin state transition of a sign
cant fraction of Co31 ions from intermediate (t2g

5 eg
1) to low

spin state (t2g
6 eg

0) asT decreases below 120 K. This would b
similar to behavior seen in LaCoO3,20 but a population of
the low spin state is also known to cause insulating behav
unlike what is observed in our compound.17
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The above explanations are speculative, and detailed
tron diffraction studies or high resolution synchrotron x-r
diffraction studies would greatly elucidate the nature of
transition atTA . Regardless of the origin of the anomalo
behavior atTA , the observed double transition in the ma
netization is qualitatively different from the behavior of oth
cobaltates and deserves further investigation. If the transi
at TA is attributable to orbital ordering, these data w
g
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demonstrate a new significance to such ordering in
cobaltates.
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