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The effects of Fe doping in g St 34C00; has been studied by the measurements of magnetic, electrical
transport, and magnetoresistance properties. It is found that no apparent structure change is introduced by Fe
doping up tox=0.3. But the Curie temperatufie, and magnetizatioM are strongly lowered by Fe substitu-
tion. The electrical resistivity exhibits metallic behavior in low-dopge:(0.1) samples while semiconducting
behavior in high-dopedx=0.2 and 0.3 samples. In addition, Fe doping weakens the MR peak fgdout
enhances the low-temperature MR. The origin of CMR and the effect of Fe doping, gL 00; are
interpreted in terms of the spin-state transition induced by applied magnetic field.

The recent discovery of colossal magnetoresistancérromagnetic Curie temperatufe, (ii) for 0.18<y=<0.25,
(CMR) in mixed valenceR; _ A MnOj; perovskite(whereR  a cluster-glass phase below a temperaflye T, (iii) for
and A stand for rare-earth and alkaline-earth elements, re0.25<y<0.5, long-range ferromagnetic order at all tempera-
spectively has generated renewed interest in this family ofturesT<T,. At high temperature, La ,Sr,CoO; exhibits a
compounds due to its scientific significance as well as posparamagnetic phase.
sible potential applicationsThe underlying physics of this Since the magnetic and electrical properties of rare earth
system has been traditionally interpreted in terms of theransition metal oxides with perovskite type structure is
double-exchange modé¢DEM), suggested by ZenérRe- strongly dependent on the valence state and spin state of
cently, the importance of strong electron-phonon interactiommetal ions, it will be worthwhile to investigate the influence
due to the Jahn-TellgdT) distortion associated with Mr of the substitution on Co sites with other elements, which has
ion in addition to the DEM has been stressed and discussatbt yet been studied extensively. In the present work, we
intensively® choose Fe as the doping element becausé Fen has al-

Although most of the attention has been focused on thenost identical ionic radii with C8"/Cd** ion so that no
system ofR-A-Mn-O, CMR has also been observed in ma-strong lattice effect would be introduced and the change due
terials based oRCoOs.* As a typical sample of it, the sys- to electronic structure become accessible. Very recently,
tem of La ,Sr,Co0; has been extensively studi#d’ The  gatheet al. explored the magnetic and structural properties
parent compound LaCQQ1aq been known to exhibit un- ¢ Lag sSl, 4Co,_,FeO5 by neutron diffraction and magne-
usu”aI _trgnspgrt and trrlaq[netlc_tprop?t[tl_esIasta rgsllil%%‘; thefiz ation measurementS.A transition from rhombohedral to
mally induced spin-state transition of trivalent coba ! : :
At thye lowest teFr)nperatures the Toions are all in low-spin orthorhombic structure was observed with 0.5. Ferromag-

netic behavior was observed feax0.4 while antiferromag-

(.LS) state CS*(tgg, .S: Q) because the crystal-field split- netic nature was observed o= 0.8. The intermediate com-
ting s_trength (1Dq) is slightly larger than the Hund’s-rule positions x=0.5,0.6,0.7 showed complex behavior arising
Cg%pggg enﬁrgy. trl1—|owe\|/er, .tth(:’. Sm?u. inergr:/-l Sd|ffte;encefrom the presence of both ferromagnetic and antiferromag-
(~4 5 eS\/)_z; ows therma S.XC' ation ?S igh-spt 5 )13 aSe netic structure. In this paper, we present an extended study of
(t2g8g, S=2) or intermediate-spinlS) state (;¢€g, Lay 6750 34C0; _ Fe,05 on the magnetic, electrical transport,

=1) with increasing temperature. There had been controg magnetoresistance properties.

versy on the nature of high-temperature spin state OOTTCO Bulk polycrystalline samples with nominal composition
namely, Whether it is the_ HS or IS_state. Recent fln_dmg OfLa%?Sro,gsCol_xFex% (x=0.0,0.05,0.1,0.2,0.3) were pre-
the a_p_premable local lattice distortion during the_spln_-stat_ ared by the solid state reaction method. Powder x-ray dif-
transmon suggests the presence of Jahn—TeIIer distortions i tion (XRD) patterns indicate the single-phase rhombic
the hlgh—tenswperatu're spin state, supporting the $5:1)  haroyskite structure of all samples, as shown in Fig. 1. It also
state modet; S+ubst|tut|on of Sr on La sites oxidizes part of yroyes that no apparent structural change is introduced by Fe
Co’" into Cd**. The spin configuration of Cd was pro- doping up tox=0.3. The resistivity under zero d6 T mag-
posed by different investigators to be low spithy S netic field was measured by standard four-probe method.
=1/2) '® high spin 5,65, S=5/2) and even intermediate \agnetization measurements were performed in 50 G mag-
spin (t‘z‘geé, S=3/2) " depending on Sr content and tem- netic field using a vibrating sample magnetometé¢sM)
perature. While LaCo®has a ground state as nonmagneticafter zero-field cooling from room temperature.

insulator, the resistivity of La ,Sr,CoO; decreases with in- The magnetization measured in 50 G field is shown in
creasingy and the system becomes metallic when Sr contenFig. 2. It can be seen that Fe doping not only weakens mag-
exceeds 0.2. The magnetic phase diagram ef [.8r,CoO;  netization but also drives Curie temperatliteto lower tem-

has been studied in detdft’® Three phases were identified: perature. The inflectiofi, of all samples, which is defined as
(i) Fory=<0.18, a spin-glass phase at low temperature belowhe inflection point infM-T curve, are summarized in Table I.
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FIG. 1. X-ray diffraction patterns of LgSr 30, ,FeO; (x
=0.0,0.05,0.1,0.2, and 0.3

For x<0.10 samples, magnetization displays a slight dro
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TABLE I. Inflection T, of all samples studied and parameigr
of VRH model for high-doped samples£0.2 and 0.3

sample x=0.0 x=0.05 x=0.1 x=0.2 x=0.3
T. (K) 228 212 184 133 80
To (K) 3.54x10° 1.15¢<10°

found that the low-temperature rise pfappears around the
same temperature for different Sr doping level in
La, _,Sr,Co0;,° other causes such as the spin-state transition
of Co*" ion can also be a possible mechanism. For Fe-doped
samples, the frustration of ferromagnetism by Fe doping
should play a dominating role in this rise pf From Fig.
3(a), it is clear that there is a steep change in the slope of
resistivity atT=T,., which suggests that the onset of long-
range FM order promotes the conduction. For high-doped
samples x=0.2 and 0.3 the resistivity exhibits insulating
behavior in all the temperature range studied. We found that
the low-temperature resistivity of these high-doped samples
Fan be fitted by Mott’s law of variable-range hopping model,

below 80 K which may indicate the spin-state transition of
Co** with cooling. Forx=0.2 sample, there is a sharp peak
of magnetization near 110 K. We think it could be a sign of
complicated magnetic structure, such as cluster glass due t
the introduction of competing antiferromagnetism by Fe dop-
ing. When Fe content reaches 0.3, the magnetization be
comes very small and shows a bump at 70 K. The compres
sion of magnetization and the decreas& gbuggests that Fe
doping destorys the ferromagnetic interaction in the system.
The temperature dependence of resistivity under zero ant
6 T magnetic field is demonstrated in Figéa)3and 3b). For
low doped samplesx0.10), the behavior of resistivity is
metallic in most of the temperature range, with a rise at very
low temperature. For Lg-SIy 34C00;, this rise ofp at low
temperature can arise from several mechanisms such &
electron-electron interaction, weak localization by disorder
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a0l tggeg)—O—Co‘”(HS, tggeg), CAo* (LS, t34e))-0-Cd (IS,
| La, ,,S1, 5,CO0, Fe,0, t;‘geg), CA* (IS, t346,)-0O-Cd (LS, t3,e9),Ca" (LS,
o5l 2 t5,69)-0-CO (IS, t5.€;), and C* (LS, t3,e))-O-Cd**
[ < (IS, t34eq Or HS, t5.€%), all are possible channels for car-
20k rier motion. This richness of transport channels leads to the
high conductivity. With Fe substituion on Co sites, part of
—~ 45 _ the channels are blocked and the resistivity is enhanced. But
2 the resistivity is less than © cm even with Fe contemnt
o [ =0.3. As a strong contrast, the resistivity of
= 10 Lag 6:Cay 3MNoFey 03 reaches 1® Qcm at low
[ temperaturé! This great difference confirms our above ar-
St gument that there are more electrical transport channels in
- La; —,Sr,Co0; than inR;_,A;MnO; perovskites. Although
OF there also exists mixed-valence state, it was ever argued that
. the double-exchange interaction has little possiblity to occur
-3 I S L L L L - in La; _,Sr,Co0; due to the absence of both the half-filled
0 50 100 150 200 250 300 350 toq level providing the core spin and a strong Hund's rule

T (K) coupling® So the ferromagnetism in ka,Sr,Co0; may
mainly come from the superexchange interaction rather than
FIG. 4. Dependence of MR on temperature for the DE interaction. Moreover, the complex magnetic phase
Lag 6750 3LC0, — Fg 03 (x=0.0,0.05,0.1,0.2, and 0.3 diagram of La_,Sr,CoQ;, especially the spin-glass state
that usually results from the competition between ferromag-
p=p.. exp(To/T)Y4 as shown in Fig. ®). This means that netic and qntiferromagnetic interaction, in_dicates the super-
Fe doping on Co sites increases the extent of disorder in th@<change interaction could also be antiferromagnetic be-
lattice so as that the carriers are trapped in localized state BX’ee” certain valence states and spin states of Co ion.
severe potential fluctuation. The parameTgris related to .n.other possm!e reason for the relative msensm\{lty of resis-
localization lengthL by the expressiofkTo=18[L3N(E)], tIVIt¥ to Fe doping is tha}t Fe ion could take pa'rt in tzhe con-
wherek is Boltzmann constand(E) is electronic density of duction due to the identical electron Conf!guratlmgbeg) of
states. Since the value ®f for x=0.3 sample is nearly three F€ " with Co** (HS) ion. If the energy difference between
times of that forx=0.2 sample(see Table ), this large the ey bands of F&" and C4*(HS) is small enough, the
change ofT, cannot be caused by the slight variation of F€" could act as C&"(HS) and contribute to the conduc-
N(E) and should consequently reflect the change of localizallon- ) ) )
tion lengthL with increasing Fe content. Thus, the relatively  Though it has been recognized that the mechanism of
bigger T, in x=0.3 sample corresponds to a smaller local-CMR in La,_,SrCo0; is different from that in
ization length and implies a more severe disorder in the latka-A-Mn-O, there are still much controversy on the origin
tice due to Fe doping. of CMR in this system. The suppression of spin-disorder
Under applied magnetic field, the resistivity of Scattering by applied magnetic field, though could contribute
Lag 6751 34C0; _ «Fe,05 is compressed in most of the tem- partly to MR is unlikely to be_ the dpmlnatlng mec_ha_mlsm.
perature though the extent of change is not so great as igecent finding of huge anisotropic magnetostriction in
mixed-valence manganites. In Fig. 4, we depict the tempera-8 -yS,C00; provides new insight to the role of applied
ture dependence of MR response. For the parent compourfBagnetic field, i.e., a spin-state transition of*Cdnduced
Lag 6751 34C00;, MR shows a peak nedl,, consistent with by the magnetic field® As we mentioned above, the LS
previous extensive repof€° With increasing Fe content, CO’" ions can be thermally activated into IS Co ions due to
MR peak nearT, is weakened while the low-temperature the small energy difference between these states. When in a
MR is enhanced. Wher=0.3, MR keeps increasing with magnetic field of the order of several T, these LS Caons
cooling and no MR peak appears. The substitution of Fe o@'e under thg influence of the local magnetic fie]d due to th'e
Co sites depresses the peak of MR riabut enhances the ferromagnetic clusters and the externally applied magnetic

low-temperature MR, which suggests that the mechanism diled. The effective magnetic field at LS €O sites could
low-temperature MR is different from that of the high- transform the LS C%' into the close energetic configuration

temperature MR neaf,. Morever, it can also be inferred ©Of IS Co**. Hence, the conduction would be promoted be-

that the CMR inR-A-Co-O perovskites is somewhat differ- cause more channels are opened through' @8, t5,e;)-
ent from that inR-A-Mn-O perovskites because it was ever O-Cd** (LS, tggeg) or Ca@(IS, tggeé)-O-C03+(LS.
reported that Fe doping in kgaCa 3dVInO; enormously en- tggeg). As a result, a negative MR appears. This case hap-
hances CMR neaf . pens when most of the &6 ions are in LS state. However,
The different effects of Fe doping betwe@®A-Mn-O  if the ground state of Cb is IS (or HS), the spin-state
andR-A-Co-O should have its origin from the distinct fea- transition of C* ion by magnetic field would enhance the
ture of the microscopic electronic and spin configuration be+esistivity and cause a positive MR. This case could happen
tween two systems. IR;_,A MnOs, the only channel for for certain Sr doping level because the spin configuration of
carrier transport is M#" -O-Mn** . In contrast, the transport Co** may also be doping dependent. In fact, the positive
channel in La ,Sr,CoO; could be diverse. Co (LS, MR has been reported in La,Sr,Co0; aty~0.5° On an-
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other hand, an interesting and still open question is whether Be doping in LggSrp38L00; on the magnetic, electrical
spin-state transition of Gd by applied magnetic field could transport, and magnetoresistance properties. The distinctive
occur and share the responsibility for CMR. Our present reeffects of Fe doping suggest the different mechanism of
sults of Lg ¢Sr38C0;_<Fe05 could be a supporting evi- CMR between manganites and cobalt oxides. The origin of
dence to the view of spin-state transition by applied magneti€MR and the effect of Fe doping in bgSf 3$C00; are
field. The decrease of CMR by Fe doping may be ascribed téterpreted in terms of the spin-state transition induced by
two aspects. One is to decrease the proportion of Co ion; thapplied magnetic field. The peculiar and confused properties
other is to weaken the effective local magnetic field on Co?f Ri-yA/CoO; compounds are believed to be ascribed to

sites. Both aspects are against the occurence of CMR. the uncertainty of spin state of either trivalent or tetravalent

addition, the enhancement of low-temperature MR by g0 ion. Although some investigations have been performed

doping indicates that CMR can occur even without Iong—to 4e+xp.lore t:]\e exact nature of spin statehof either Cor

range ferromagnetic order. The complicated magnetic strucgf? ; lon, t erg 'g tnoth(':onCllJ)r'rer:ce reached yet and more

ture such as spin glass or cluster glass seems also a favorabieo > '€ heeded o this subject.

circumstance for CMR. The mechanism of CMR in this spin-  The authors would like to thank Professor M.-L. Tian and

glass(or cluster-glassstate has not been well understood yetDr, G.-J. Xu for help in experiments. This work was sup-

and deserves more devotion to it. ported by the National Natural Science Foundation of China
In summary, we have presented the study of the effects aiind the RFDP.

1S, Jin, T.H. Tiefel, M. McCormack, R.A. Fastnacht, R. Ramesh, J. Blasco, Phys. Rev. B7, R3217(1998.
and L.H. Chen, Scienc264, 413 (1994; R. von Helmholt, J. '?R. Caciuffo, D. Rinaldi, G. Barucca, J. Mira, J. Rivas, M.A.
Wecker, B. Holzapfel, L. Schultz, and K. Samwer, Phys. Rev.  Séraris-Rodrguez, P.G. Radaelli, D. Fiorani, and J.B. Good-
, Lett. 71, 2331(1993. enough, Phys. Rev. B9, 1068(1999.
C. Zenner, Phys. Re®@2, 403(195). . 13p M. Raccah and J. B. Goodenough, Phys. R&6, 932 (1967).
3A.J. Millis, P.B. Littlewood, and B.I. Shraiman, Phys. Rev. Lett. 14Kicjizo Asai, Peter Gehring, Henry Chou, and Gen Shirane, Phys.
74, 5144(1999; H.Y. Hwang, S-W. Cheong, P.G. Radaelli, M. Rev. B40, 10 982(1989.

. Mar.ezio,.and B. Batlogghid. 75, 9_14(1993' 155, Yamaguchi, Y. Okimoto, and Y. Tokura, Phys. Rev58
Gabriel Briceno, Hauyee Chang, Xiaodong Sun, Peter G. Schultz, R8666(1997)

5 and X.D. Xiang, Science70, 273 (1995. 18M.A. Séraris-Rodriguez and J.B. Goodenough, J. Solid State
A. Chainani, M. Mathew, and D.D. Sarma, Phys. Revi@39976 Chem.118 323(1995

(1992. 17
®R. Mahendiran and A.K. Raychaudhuri, Phys. Re\6816 044 R.H. Potze, G.A. Sawatzky, and M. Abbate, Phys. Re\o
(1996. 11501(1995.

18 :
"Vladimir Golovanov, Laszlo Mihaly, and A.R. Moodenbaugh, M. Itoh, I. Natori, S. Kubota, and K. Motoya, J. Phys. Soc. Jpn.

Phys. Rev. B53, 8207(1996. 19 63, 1486(1994. . . . .
8Martijn H.R. Lankhorst, H.J.M. Bouwmeester, and H. Verweij, V.G. Sathe, SK. Paranjpe, V. Siruguri, and A.V. lepgle, J.
Phys. Rev. Lett77, 2989(1996. Phys.: Condens. Mattdi0, 4045(1998; V.G. Sathe, A.V. Pim-

9T. Saitoh, T. Mizokawa, A. Fujimori, M. Abbate, Y. Takeda, and pale, and S.B. Roy, J. Magn. Magn. Mat&B9, 346 (1998.

M. Takano, Phys. Rev. B6, 1290(1997). 20R. Mahendiran, A.K. Raychaudhuri, A. Chainani, and D.D.
OHidekazu Takahashi, Fumio Munakata, and Mitsugu Yamanaka, Sarma, J. Phys.: Condens. Mater.561 (1995.

Phys. Rev. B57, 15211(1998. 213.-W. Cai, C. Wang, B.-G. Shen, J.-G. Zhao, and W.-S. Zhan,
IM.R. Ibarra, R. Mahendiran, C. Marquina, B. Gartianda, and Appl. Phys. Lett.71, 1727(1997).



