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We report studies of polycrystalline samples of the metallic ferromagnreSBrCo0O; through measure-
ments of the magnetization, ac magnetic susceptibility, resistivity, and specific heat. We find an unusual
anomaly around 4= 120 K, much below the ferromagnetic transitiohc(= 226+ 2 K). The anomaly is mani-
fested in field cooled magnetization as a downward step in low fi¢ids@.01 T) but is transformed into an
upward step foH=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 inter- Figure 1 shows the temperature dependence of the inverse
est in mixed valent transition metal oxides of the typesusceptibility H/M) at H=10mT while warming the
Ri_xAMO; (R=La’", PP" etc, A=Ca&" SP' etc, sample fron 5 K after zero field cooling. The data in the
M=Mn, Co),“*but the origin of ferromagnetism in the co- temperature range 255-370 K fit a Curie-Weiss I8
baltates seems to be fundamentally different from that in the- C/(T—0) with ®=241.5K andC=1.84 emu/mole K.
manganites. The phase diagram of cobaltates is also muchrhe cé* and Cd™ ions can be in either the low spihS)
simpler than manganites which exhibit exotic varieties Ofgiate. the intermediate spifS) state, or the high spitHS)
antiferromagnetic phases with different doping leva).(  state due to the closeness of the crystal field and exchange
The widely studied L@ ,Sr,CoO; series shows spin glass energied! In the ferromagnetic metallic composition of
(0.05=x=0.2) and cluster glass (G6sX=0.5) behavior and La;_,Sr,Co0; (0.3<x<0.5), the C8* and C4™ ions are
SrCoQ; is a long range ferromagnéfhe cluster glass phase believed to be in the IS stateggel ,S=1) and the LS state
has long range ferromagnetic order but with a possible COG)YP e S=1/2), respectively? Theg estimated effective para-
istence of superparamagnetic clustefie use of cobaltates 29 g’t' ' P.—38 ' f th imental C
in ferroelectric thin film capacitor$solid oxide fuel cells, G0 © 1 MOTEN" et 4#5; e 3 2 caloulated
possible applications as magnetostrictive actudtossd W?ﬂl:eg)%o/f U|SS?; 35) e(Ps ﬁ:gz g %B;jmga%' E’;ngfu(gi

€ . ’ €

thermoelectric elemenfsand more importantly their distinct —1.73ug) and 50% Pt (P.—3.581z).22 The observed

physical properties with respect to manganites are all com- i
pelling reasons to investigate them in detail. We have inve and calculatedPeq values do match, however, if half of the

S: . )
: : : ; S Cd** are in the IS stateR.4=3.87ug). Such a combi-
tigated the magnetic, electrical, and thermal properties of -‘Jﬁation of IS C3", IS Cd. and LS C4" is consistent with

Pr-based ferromagnetic metallic cobaltate, and we find evi-

dence for a double magnetic transition unlike that observeH}eFma;'ml\levg?e Oftt_lr_"i ?zgneélaailc;n_rshﬁyvrr: N tTe Inset
in previous studies of the cobaltates. Of Fig. 1 (M=1.87u5 atT= andr =7 1 which IS close

Polycrystalline PysSr, Co0; was prepared by a sol-gel to the saturation magnetic momentMf=2ug expected for
process previously us&éh the synthesis of LgSr, <Co0;,
and the qualitative features presented below were confirmed 80 ——T
in samples prepared by a standard ceramic synthesis. The
oxygen stoichiometry was found to be 2:9@.02 from io-
dometric titration and the room temperature structure was
found by x-ray diffraction to be monoclinid®2,/m) in ac-
cordance with an earlier repdftThe dc magnetizationM)
was measured using Quantum Design SQUID magnetome-
ters (MPMS), and ac susceptibilityy), resistivity, and spe- 5 0 5
cific heat C) were measured with the Quantum Design HM
Physical Property Measuring Systé@PMS. The tempera-
ture dependent magnetizatiovi(T) was recorded in three L;
modes. In the ZFC mode, the sample was first cooled to 00 50 100 150 200 250 300 350
=5 K in zero field and data were taken while warming after T(K)
setting the magnetic field at 5 K. In field-cooled-cooling
(fcc) and field-cooled-warmingfcw) modes, the field was FIG. 1. Temperature dependence of the inverse susceptibility
applied at 300 K, and data were taken during cooling anqH/M) measured while warming withi=10 mT after zero field
warming, respectively in a field. We measurg€l) in dif-  cooling to 5 K. The inset shows the field dependence of the mag-
ferent dc bias fieldsHy) in fcw mode withH,.=10 Oe netization, which indicates the ferromagnetic nature of the low tem-
r.m.s. perature phase.
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FIG. 2. Temperature dependence of the dc magnetization of ' ’ ‘ R
PrysS1,5C0o0; under different magnetic history conditiofgFC: [# ]
zero field cooled, fcc: field cooled cooling, fcw: field cooled warm- 0'02:
ing). Note the unusual step in fcc magnetization which sets in — ! S ———
aroundT,=120 K and changes from downward to upward with o 500 100 450 200 250
increasing field for more thaH=0.05T. T (K)

FIG. 3. The temperature dependence of the real part of the ac

these spin configurationsWhile this agreement is reason- susceptibility (') in different dc magnetic fields. The large peak

f"‘b'e* hote t.hat magnetlc' phase Separéjtlon magngtlc field aroundT-~226 KinHy4=0 T is due to the onset of ferromagnetic
induced spin state transitidhsould affect the relative prop- transition
erties of the different spin-states in the ferromagnetic state, '

and thus this assignment of the spin states needs to be COofswn in temperature with increasing fielthis behavior has
firmed by detailed spectroscopic studies. also been observed in other ferromagHet3. The 70 K
Figure 2a) showsM(T) at H=5mT and 0.01 T. The mayimum, the onset of which correspondsTp, moves to
rapid increase oM aroundT¢=226+2 K signals the phase pigher temperatures with increasing field and merges with
transition from a paramagnetic to a ferromagnetic state age higher temperature peak fdr~1 T. The feature aT  is
expected from neutron scattering studfeand from the na-  ai5q evident in Fig. 4 where we plot magnetic hysteresis
ture of theM(H) data shown in the inset to Fig. 1. The |oops at selected temperatures. The coercive fielg) (is
magnetization is strongly dependent on magnetic history,iner large(53 mT at 5 K, and, when plotted as a function
starting from a temperature just beldw to the lowest tem-  of temperature(Fig. 4 insel, there is a clear maximum in
perature. Although suchlgbehawor is known in the relateq_|c(-|-) aroundT,. This behavior is very different from that
compound LgsSIpsC00;,™ there are two unusual features of 5 conventional ferromagnet in whidh, continuously in-

yvhich were not found in the La-based cobaltate. First, therg aases below ¢ and suggests that the unusual behavior of
is a clear hysteresis between fcc and fcw curves. Second,

there is a downward step arouiig~ 100 K in both fcw and 10
fcc curves and a hump in the ZFC data at the same tempera-

ture. This anomaly cannot easily be attributed to a transition

into an antiferromagnetic state becauselih@l) curve at 5 0.5
K (discussed belowclearly indicates ferromagnetism, and
neutron studies did not observe any evidence for
antiferromagnetism® Moreover, the downward step changes _
into an upward step fad=0.05 T(visible even aH=5T) as 3
seen in Figs. @) and Zc), and the temperature of the 205
anomaly increases with increasing magnetic field. A similar =
anomaly can be seen in the relatively high field data of

Brinks et all® and those of Yoshii and Abkdemonstrating -1.0

that this lower temperature transition is a robust feature of o

the material rather than an artifact of our specific sample 15 ¢
preparation technique. '_0.2 o1 00 o 0.2

Figure 3 shows the temperature dependence of the real
part of the ac susceptibility’(T) in different applied dc
magnetic fields. In low fields, there are two maxima in  FiG. 4. Main panelM-H hysteresis loop at few selected tem-
X' (T), one nearT¢ and one at 70 K. In larger applied dc perature. Note that hysteresisTat 125 K is wider than the one at
fields, the higher temperature maximum broadens and split=100 K. Inset: Temperature dependence of the coercive field
into two peaks, one remaining neB¢ and the other moving (H¢), which has an anomalous peak né&ar.

H(T)

024427-2



DOUBLE MAGNETIC TRANSITION IN Pt 5Sr5sC0o0; PHYSICAL REVIEW B 68, 024427 (2003

' 7 T and results in negative magnetoresistance of about 7%,
similar to La ;Sry 3Co0O; which does not exhibit the low-
temperature anomaly in the magnetizatfon.

We now discuss possible origins of the anomalyTat
which appears to be associated with a second ordering tran-
sition deep within the ferromagnetic state. Brirgtsal 1° ob-
served no clear indication of symmetry breaking structural
changes between 300 and 10 K, although they noted an
anomalous change in the unit-cell dimensions with contrac-
tion of ¢ axis by 0.32% and expansion af and b axes
0 %210 sz?K)zso ] between 10 and 170 Kpossibly associated with an abrupt
g . \ change in lattice parameters associated With. While the
0 100 200 300 downward step irM(T) at low fields suggests an antiferro-

T (K) magnetic transition, the upward step at higher fields discount
- _ this possibility, and neutron diffraction studi€sevealed no
FIG. 5. Temperature dependence of the specific Y in evidence of antiferromagnetism at low temperature. The his-

zero magnetic field. The peaks arouhg~226 K andT,=120 K S
correspond to the magnetic transitions indicated by the magnetiza@ry dependence di(T) below T, could indicate a reen-

tion data. The top and bottom insets show the excess specific he@t SPIN glass transition, but the upward step observed on
(AC) aroundT; and T,, respectively, obtained by subtracting a cooling at high fields again suggests that this is not the case.
smooth background. We hypothesize the behavior 84 indicates either a sec-

ond ferromagnetic transition or a change in the nature of the
the ZFCM(T) is attributable to associated domain effects. ferromagnetic state. This explanation would be consistent
The anomaly aT 4 is also manifested as a peak in the zerowith the specific heat and susceptibility peakd gt as well
field specific heat €) shown in Fig. 5. The approximate as the rise itV (T) upon cooling in large magnetic fielfihe
sizes of the peaks i€(T) above the background are 4.7 drop in M(T) on cooling throughT 5 at low fields could be
J/mole K atT¢ and 2.5 J/mole K al, (see insets to Fig.)5  associated with the abrupt change in the coercive field noted
An estimate of the magnetic entropy associated with thesg Fig. 3]. A double ferromagnetic transition would be quite
features can be obtained by integratih@/T after subtract- ynysual and may be associated with electronic or structural
ing a smooth backgrourithased on a polynomial fit t6(T)  phase separation, i.e., different parts of the sample ordering
measured above and below the regions of the ged{® 4t gifferent temperatures, or ordering of the Pr momé&hts.
resultant ~ magnetic  entropy S Spa=0.4 and  \ytiple magnetic transitions occurring in a single phase
0.28 JK ' mole ! at T, and T respectively, well below the sample has been observed in many of the perovskite
fl_JII _spin entropy as expe_cted. By contrast, the zero field "manganited®*” but we are not aware of previously observa-
sistivity (Fig. € changes its slope arounit and decreases ;<" the cobaltates. An alternative explanation would be a

smoothly without any clear anomaly arouig. Application change in the nature of the ferromagnetic coupling associ-

of a 7 T magnetic field suppresses the change of slope N€8fed with orbital ordering among some fraction of the Co

ions, e.g., a long range Jahn-Teller orderinggbrbitals of

the intermediate spin G ion (t3,e5). For example, Fauth

et al*® recently showed evidence for a long range orbital

ordering in Lg sBay sC00;. Because of the strong magneto-

10 elastic coupling, cooperative orbital ordering within the fer-

romagnetic state can lead to a change in magnetic domain

structure or change in the magnetic anisotropy. Indeed, Liu
et al!® reported a step in the field-cooléd(T) due to or-

5 bital ordering in La_,Sr,MnO; (x=0.12-0.19), suggesting
that this behavior is hot uncommon at least in the mangan-
ites. In this scenario, the changing character of the feature in
M(T) with increasing applied field may be caused by a

200 P . . l . 0 change in orbital orientation and associated modification in

50 100 150 200 250 300 domain structure/spin orientatidmhich would account for

TK) the changes i ). Another possible explanation of the fea-
ture atT,, is that there is a spin state transition of a signifi-
=0T andH=7 T. The zero field resistivity exhibits a clear change cant fraction %f C3" ions from |ntermed|atet§geé) to low

of slope around =230 K, but no clear feature is seen around the SPIn state Ggeg) asT decreases below 120 K. This would be

second magnetic transitiorT (=120 K). The temperature depen- Similar to behavior seen in LaCa@® but a population of

dence of the magnetoresistar(s@own by the thin solid linealso  the low spin state is also known to cause insulating behavior,
shows no feature nedry . unlike what is observed in our compoutd.

120 |
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FIG. 6. Temperature dependence of the resistiyjy in H
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The above explanations are speculative, and detailed nedemonstrate a new significance to such ordering in the
tron diffraction studies or high resolution synchrotron x-ray cobaltates.
diffraction studies would greatly elucidate the nature of the R M. thanks Dr. R. Mahesh, Dr. J. Blasco, and Dr. A.

transition atT,. Regardless of the origin of the anomalous \iaignan for providing different pieces of samples prepared
behavior atT,, the observed double transition in the mag- by different chemical routes. R. M is also thankful to Profes-
netization is qualitatively different from the behavior of other sor M. R. Ibarra for his critical comments and B. G. Ueland
cobaltates and deserves further investigation. If the transitiofor assisting in the specific heat measurement. The work was
at T, is attributable to orbital ordering, these data will supported by NSF Grant No. DMR-0101318.
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