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Magnetic frustration in mixed valence manganites
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Investigation of structural and magnetotransport propertiels,@h,,sMnO; (A=Ca,Sr) oxides reveals a
gradual increase of the magnetic frustration with bending of the Mn-O-Mn bonds. The relative strength of
competing magnetic interactions is controlled not onlyRy{R, is the mean radius of the ions at tfie, A)
site] but also by the electronegativity of the divalent cation. The magnetoresistance of these oxides results
mainly from spin disorder and the narrowing of tinéey) band has only a minor effect. We have observed that
the curveT(Ry) is not universal but it is sensitive to the alkaline i0f80163-18207)51402-0

The discovery of colossal magnetoresistive eff¢CisIR) state reaction method, mixing stoichiometric amounts of the
in ferromagnetic manganese perovskitegth a magnetore- appropriate high-purity oxides at 1100 “@vo sintering$
sistance greater thaf10'%) (Ref. 1) is attracting much in- and 1400 °Qone sinteringwith several pressings and grind-
terest due to the importance of their potential technologicaings after each sinterization process undey. ®eutron-
applications and the fascinating physics involved. It isdiffraction data were obtained at the Reactor Opbé the
widely accepted that strong magnetostructural and electronicaboratory Len-Brillouin. 3T2 and G4.1 powder diffracto-
correlation effects are at the origin of the exceptional physimeters(\=1.226 and 2.426 fwere used betweel K and
cal properties of this family of materials. In the framework of ropom temperature. All the samples were single phase with no
the double-exchange interaction mod@eE) (Ref. 2 the mo-  detectable secondary phases. Cationic stoichiometry was de-
bile charge carriers in the substituted.,A,MnO;3 (L, lan-  termined to be the nomindt-0.01) by neutron-diffraction
thanide; A, divalent cation compounds mediate the ferro- analysis. The oxygen contents were found to be 3.00 within
magnetic  interactions between Ri** ions. The the calculated standard errti%). Magnetization measure-
ferromagnetic Curie temperatureTd) is related to the ments were performed by using a superconducting quantum
Hund’s coupling () between the core spinsS&3/2, Mn  interference device magnetometer. The Curie temperatures
tgg electrong and mobilee, electrons §=1/2), and to the determined from neutron, magnetic, and resistivity measure-
strength of the hopping integral ti between ments confirm the strong dependencélgfon R, [the aver-
eq(Mn)-2p,(0)-e4(Mn) orbitals, which controls at the same age radius of the ions at thg, A) site] or, equivalently, on
time the electronic conductivity. Nevertheless ferromag-the tolerance factort [defined as t=(Ry+Rq))/
netism (F) coexists with antiferromagnetitAF) exchange \/E(R[Mn]JrR[O])]. The structural details have been thor-
interactions  between the localized t,4  spins  oughly investigated. In order to separate the different vari-
[tog(Mn)-2p.(0)-t,4(Mn)] that are governed by the trans- ables of the problem, we will address first the main inter-
fer integralt2” . In this complex picture, the first step in the atomic distances and angles that determine {hel
race for technological applications is the identification of thehybridization. We will show that, in spite of the changes in
relevant physical factors governing the CMR in order to tai-T¢ and the strong variation & R/R(%), theaverage Mn to
lor its response in the most appropriate way. Up to nowQO distance is not significantly modified for a fixed hole con-
electrical and magnetic datareveal that the CMR response centration of 1/3. In Fig. 1 we represent the average Mn-O
and the Curie temperatuf&. strongly depend on the radius distance of several samples with very different mean-ionic
of the lanthanideR,) in the L;_,A,MNnO; family having radii Ry, as obtained from high-resolution neutron-
fixed the hole content to the optimal valwe-1/3. The struc-  diffraction measurements. According to these results the
tural tuning of CMR by varyingR, has been proposed to be mean Mn-O distance dy,.0)~1.960(2) A in the series.
the result of changes in the Mn-O-Mn bond ardighat Both thedy.o distance and the Mn-O-Mn bond angle are
modify the Mn-Mn hopping ok, electrons. the basic structural parameters controlling the hybridization

Here we present experimental data on the seriestrength between MndBand O 2 states (5 andtff). In the
L,5A1sMNO5 with A=Ca and Sr which reveal a gradual Pbnmsymmetry[samples witht <~0.93(Ref. 3] there are
increase of the magnetic frustration as the Mn-O-Mn bondwo Mn-O-Mn bond angles, while foR-3C (t>=0.93)
bends. The existence of differences in the electrical and maghere is only one. We show in Fig(l) that the mean value
netic behavior of Sr and Ca specimens having identical dis#=(Mn-O-Mn) subtended irL,3A1sMNO; (Lo 7A0.aMNO;
tortion (same Mn-O-Mn bond bendifngnd doping is clearly data are taken from Ref.) 4nonotonically increases with
evidenced. They are triggered by differences in the covalentsing t, or equivalently, the ionic radiuR, (values from
component of thé\-O bonds, making evident that electronic Ref. 5 have been usgdrherefore, after Fig. 1, we are led to
effects, apart from bond bending, also play a role in modify-conclude that the essential structural feature responsible for
ing T¢ in LysA13MNO; oxides. the observedl'c dependence oh is the mean ionic radius

The polycrystalline(L,L")5A1,sMNO5; specimens I(,L’ Ry and, more specifically speaking, the tilting of the MpO
=Nd, Pr, Y, La;A=Ca, S) were synthesized by the solid- octahedra, with origin at the free space left in the structure by
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FIG. 1. (a) Average Mn-O distance in the MnQObctahedra of = i 3 1
theL,AMnO; (x=0.3 and 0.3Bfamily of magnetoresistive man- é 1E 1
ganites as a function of the meén, A) radii R,. Empty and filled e i o oo b d
symbols correspond respectively to Ca and Sr samples. Circles cor- < 01 =
respond to samples measured in this wdby. Average Mn-O-Mn E
angle(#) as a function of tolerance factofboth defined in the text 0.01 &
in the same family of perovskites. Empty and filled symbols corre- E (©)
spond respectively to Ca and Sr samples. 0.001 Ly L Ll il

small L ions. It is worth mentioning thad(t) is a unique
function of t, irrespective of the divalentSP* or C&")
alkaline used. The evolution @f{t) depicted in Fig. tb) is
of capital importance since the essential physics in these ma-
terials is closely related t@. The implications are twofold.
On one side, the effi70iency of the ferromagnetic double-
exchange mechanisth ,ls tuned by the thplng t_erm of the magnetization vsR, for Lays ,Y,AsMnO; [x=0, 0.07, 0.10,
0u_tgr-shel|d electrons ;). Therefore, by mcreasmg_t_he hy- 0.15, 0.20(A=Ca) andx=0, 0.07, 0.10, 0.15, 0.20, and 0.25
bridization between My and O 2 orbitals, the mobility of  _ gy} The inset shows the dependenceRyof the total ordered
the charge carriers and the mechanism of double-exchangg, moment at 1.5 Km, from neutron diffractionof some Sr and
are favored. Obviously, a reduction éfimplies a weaker ca samples(b) Curie temperature§T¢) vs R, for the series of
€g-2p,-€q Overlapping and a narrower bandwid). On  manganites(L;_,L;)2sA1:MN05, A=Ca [L'=Y(0=<x=<0.25),
the other side, an increase of the electron-phonon coupling,’=Yb, Gd, Dy (x=0.07)] andA=Sr[L’=Y(0<x=<0.25)], ob-
arising from the dynamic Jahn-Teller splitting of tag Mn  tained from magnetic measuremefits=25 O@ and electrical re-
orbitals, is expected when the bandwidth becomes narrdwersistivity (H=0) (while cooling. (c) Residual resistivity vs the av-
Further insight may be gained by analyzing the effects ofraged lanthanide radiu’, for the same set of sampl¢s=Ca,
the structural distortion on the magnetic properties. Thd-'=Y(0=x=<0.25), and A=Sr L'=Y(0<x=<0.5)] The inset
gradual loosening of collinearity of the overall magnetic or-shows the residual resistivity vs the reduced magnetization
der is demonstrated in Fig(&) where we plot the zero-field Mo/Ms.

FIG. 2. (a) Dependence of the zero-field extrapolated saturation
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extrapolated saturation magnetizatigp (at 5 K) as a func-  displacement of the(R,) curve is a signature of the differ-
tion of Ry for the series I(a;_,Y,),3A1,sMNO; with A=Ca  ent degree of spin disorder. The inset of Figc)2displaying
and Sr. The observation of a decreasé&/ip when reducing py vs Mg/Mg (Mg is the full Mn**4* jon magnetizatiop
Ry, that is when the bond bending increases, means that aimdicates that, as previously suggested by Ceegl.,'! the
tiferromagnetic interactions compete with ferromagnetismresidual resistivity is an exponential function of the ferro-
This fact is also confirmed by the observed reduction ofmagnetic ordered componenty~exd —B(My/Mg)], where
Tc. Then, it can be concluded that varyifignodifies both  8~0.13 and 0.52 for Sr and Ca, respectively. An exponential
thet(F, andtf,F integrals, but at a different rate, thus changingdependencp~exp(—t'j:“) is also expected for a polaron hop-
the |Ja|/| I ratio. ping transport mechanism. Within the simplest DE model

Even more, the neutron-diffraction data shéimset of tiﬁmticosbij, wheret' is the e4-0O-e4 overlap integral and
Fig. 2(@)] that the ordered magnetic component of Mn mo-®;, is the angle between neighboring localized spins. Since
ments is progressively reducedRgis shortened; thus indi- the spin-dependent contributions to the conductivity are al-
cating that the nonferromagnetic spin components are esseready included in theNl /M) term, the parametes must
tially disordered. Consequently it is clear that the softeningbe mainly governed by the transfer integtfal(or W). How-
of the F interactions, relative to the AF term, gradually leadsever, it is straightforward to note that the experimental ob-
to a more disordered magnetic structure. This F-AF compeservation of the lavwp,~ex — B8(Mo/MJ] indicates that spin
tition generates some degree of frustration leading to the aptisorder is clearly the source of scattering and thaas a
pearance of a spin glasslike phase, whose typical magnetigeaker dependence dr, than ®;; . Therefore, it follows
behavior has been recently obseréar smallerRy, When  that the colossal magnetoresistance of the mixed-valence
the metalliclike behavior is lost. 3 _manganites and its dependenceRyis mainly triggered by

It is interesting to note that, in addition, our data of F|g_. the spin arrangement resulting from the competing AF/F in-
2(a) also reveal an unexpected dependence of the red“Ct'O@ractions between Mn ions. Bandwidth variationss) play

of My(Rg) on the Q|valent alkaline. It turns out that for simi- only a secondary role on the overall magnetotransport prop-
lar Ry values,M is remarkably smaller for Sr-doped man- erties

ganites than for the Ca-doped ones. Since neutron-diffraction ;v oy finding that3(Ca)>8(S would indicate that
analysis reveals that both series are stoichiometry indistin ¢ . . .
et, coupling is also sensitive to the nature of the alkaline

guishable, this observation indicates that the strength an - L .
competition of the AF/F interactions is also influenced by the!O"S- Although the exact origin of this difference is at present

nature of divalent alkalines. We believe that the distinct elecnOt cléar, one could speculate that it signals a distinct band-
tron affinity in theA-O bond underlies the observed differ- Width [t, (Ca>t; (Sn] or a softer coupling for polarons
ences. According to this, the data of FigaR which suggest (=t}/6p) in the Sr case than in the Ca cds8.Further in-
weaker ferromagnetic coupling for Sr-based oxides, also prevestigations of electronic structure and transport properties
dict that the Curie temperatu(€.) should be smaller than in  will be necessary to ascertain which is the dominant factor.
similarly distorted Ca-based oxides. This prediction is In summary, we have shown that steric and electronic
clearly confirmed in Fig. &), where we showlc vs R, for  factors control the competing magnetic interactions in
(L1xLy)23A13MNO3 (A=Ca and Sr. These results are in mixed-valence manganites. The Mn-O-Mn bond bending
clear contrast with earlier suggestions indicating thatvas  weakens both the ferromagnetic and antiferromagnetic cou-
simply triggered by steric effects. Consequently, a universapling, but at a different rate, raising the magnetic frustration
curve T¢(Ro) should not exist since the alkaline ions play and thus loweringlc and increasing the residual resistivity.
also a role. We have also demonstrated that for stoichiometric and
At this poin_t, it is useful to _recall that theandp orb@tals equally doped. ,5A,sMnO; manganitesT(R,) displays a
of theA”" cations compete directly with the My, orbitals — gitferent functional dependence for Sr and Ca doping. De-
for the O:2p,, electrons? That is, the O:p,, electrons are  gyjite g heing a unique function o, the M-I transition tem-

simultaneously shared by the Mg orbitals, with which  yo ot res are systematically lower with divalent Sr than Ca.
they arewr bonded, and the outéx orbitals, with which they In addition, for the same degree of distortion in the structure,

area bon(.jed..Therefore, the presence of a more electroposihe spin disorder is systematically smaller with Ca than with
tive alkaline ion (Sr) makes the covalent overlap of the

A2T.0 bond smaller, and increases the Sr. Such a different behavior of both series can be under-

to5(Mn)-2p,(O)-t,g(Mn) hybridization (tﬁF), which is at stood on the basis of the distinct electronegativity of the

the origin of the antiferromagnetism in this system. Thus, for.alkallne lons, a difference that is usually neglected. The ex-

. ) . ) istence of new electronic effects in addition to the known
a given bond distortion : t27(Sr)>t27(Ca), and the relative

strength|J,el/| 3| is also bigger with Sr than with Ca. The structural ones opens new possibilities in the control of the

i s . . 7. anomalous resistivity and the magnetoresistance of these fer-
above relative change implies that magnetic frustration is

enhanced at the Sr series and so the effective ferromagnetrigmaIgjneuc metals.

coupling andT . decrease. We would like to acknowledge financial support by the
The subtle electronic effects produced by the alkalineCICYT-MIDAS (MAT94-1924-C0O2, DGICYT (PB92-

also have observable consequences in transport data. In Fig849 projects and the Generalitat de Catalui@@RQ95-

2(c) it is shown how the zero-field residual resistivity is ~ 8029. A.S. is grateful to the Instituto de Cooperaticon el

always higher, as a function &, in the Sr-doped samples Mundo Arabe for financial support. The L.L.B. is acknowl-

compared to that of Ca samples for a similar distortion. Theedged for making available the neutron beam time.



55 MAGNETIC FRUSTRATION IN MIXED VALENCE MANGANITES R671

IR. von Helmolt, J. Weckerg, B. Holzapfel, L. Schultz, and K. 6N. Furukawa, J. Phys. Soc. J@#8, 3214(1994.
7J. Inoue and S. Maekawa, Phys. Rev. L&tt, 3407 (1995.

Samwer, Phys. Rev. Let71, 2331 (1993; Y. Tomioka, A.
Asamitsu, Y. Moritomo, H. Kuwahara, and Y. Tokurhid. 25, 8A. J. Millis, B. I. Shraiman, and R. Muellgiunpublishegl
5108 (1995; P. Schiffer, A. P. Ramirez, W. Bao, and S. W. °J. M. De Teresat al, Phys. Rev. Lett76, 3392(1996.
Cheongi,ibid. 18, 3336(1995; B. Raveau, A. Maignan, and V. 103, B. Goodenough, Mater. Res. Bufl, 967 (1971); Phys. Rev.
Caignaert, J. Solid State Chedil4, 297 (1995. 164, 785 (1967; M. Takanoet al, Phys. Rev. Lett67, 3267
2C. Zener, Phys. Reg1, 440(195)); P. de Gennesbid. 118 141 (1991).
113, M. D. Coey, M. Viret, L. Ranno, and K. Ounadjela, Phys. Rev.

(1960.
SH. Y. Hwanget al, Phys. Rev. Lett75, 914(1995; R. Havinga, Lett. 75, 3910(1995; M. F. Hundley, M. Hawley, R. H. Hef-
Philips J. Res21, 432(1996. fner, Q. X. Jia, J. J. Neumeier, J. Tesmer, J. D. Thompson, and
4J. Fontcubertat al., Phys. Rev. Lett76, 1122(1996. X. D. Wu, Appl. Phys. Lett67, 860(1995.
12K, Knizeket al, J. Solid State Cheni.00, 292 (1992.

5R. D. Shannon, Acta Crystallogr. Sec.3®, 751 (1976.



