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Cation disorder and size effects in magnetoresistive manganese oxide perovskites
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Large disorder effects due to size differences betwdesite R®* (R=La,Pr,Nd,Sm and M?*

(M =Ca,Sr,Bacations have been found in magnetoresistiRg M ) MNO; perovskites. The ferromagnetic-
metal—paramagnetic-insulator transition temperaliyearies asl,,= T,,(0) — pQ? due to strain fields result-
ing from ordered or disordered oxygen displaceméptshat are parametrized by the statistical mean and
variance of theA cation radius, respectively. The valuepfs related to the Mn-O force constant showing that
Mn3* Jahn-Teller distortions assist electron localizatioif @t The maximum possibl&, is estimated to be
~530 K although experimentally observable values &80 K. A large suppression of magnetoresistance
due to cation disorder is also evidencf80163-182806)51046-3

The transition between ferromagnetic metallic and paraq.132 A for R®* =La-Sm and 1.18, 1.31, and 1.47 A for
magnetic insulating states ilR{_,M,)MnO; perovskites is M?2*=Ca, Sr, and Ba, respectively, were used to calculate
characterized by a maximum in the electrical resistigityat ~ (r ,) and o2.
the transition temperatur€,,. p,, decreases greatly in an  To determine how the properties d®{_,M,)MnO; per-
applied magnetic fiel@, and this giant negative magnetore- gvskites change with thA-site variances?, we have pre-
sistanceMR) effect- may be quantified by the ratio of resis- pared a series of eight samplé&able ) with fixed doping
tivities in zero and applied fieldp(0)/p(B), which has a  (x=0.3) and mearA-cation radius (r,)=1.23 A), but in
maximum valueRg at a temperature close %,,. The mag-  which ¢? is varied by use of differenR and M combina-
nitude ofRg increases greatly K, is shifted to lower tem-  tions. The samples were prepared under identical conditions
peratures, from values of 1-2 at room temperature up topy solid-state reaction in air at 1350 °C. Powder x-ray dif-
e.g.,Rsy=250 000 in Pf 7Sty 0:Cap 2MINO; at 85 K? fraction showed all the samples to consist of a single perov-

The hole-dopingx (giving an Mn oxidation state of skite phase with the orthorhombig/2a,x 2a,x \2a,
3+x) and the averagé-site cation radiugr,) are found to  pnmasuperstructure, whera, is the cubic perovskite cell
be key chemical variables that contfg},*~" giving a maxi-  dimension'2 The cell parameters, b, andc were refined by
mum T,,=360 K for x=0.3 and(r,)=1.23 A ? Hole dop-  the Rietveld method® Resistivities[Fig. 2@)] of sintered
ing in the rangex~0.2-0.5 is needed to stabilize the low- polycrystalline bars(approximate dimensions & x 8
temperature ferromagnetic metallic phase in which amm?®) were measured between 80 and 400 K using a stan-
ferromagnetic “double exchange” interaction between thedard four-probe technique and magnetizatibvhgshown as
Iocalizedtgg electron configurations on adjacent Mn ions isB/M in Fig. 2(b)] were recorded using a Quantum Design
mediated by the itinerant, spin-polarizegl, electrons  superconducting quantum interference device magnetometer
The strong dependence f, on (r ) is shown in Fig. &)  with an applied fieldB=50 mT. The peak resistivity tem-
using experimental values forR{ ;Mg 3)MnO; samples peraturesT,, are in good agreement with characteristic mag-
from the literaturé*~®°~"and this studyTable ). This evi-  netic transition temperature3c defined by minima in
dences a very strong coupling of electronic motion to latticed M/d T.5
effects in R,;_4M,)MnO; perovskites. Supporting observa-  The parameters in Table | all show a strong dependence
tions include the switching of a lattice distortion in on ¢2. The differences between the unit-cell parameters de-
(Lag g5t 17 MnO5 by an applied magnetic fiefd,striction-  crease smoothly with increasing and the combined effects
coupled MR in the(Nd,Sm ;S sMnO; system:® and a  of disorder and inhomogeneitidiscussed belownecessi-
large oxygen isotope effect on the transition temperature imated tetragonal or cubic cell parameter constraints at high
(Lag Cay MOz A further lattice effect whose influence values of o2. T,,, shows a strong linear dependence upon
has not been studied in detail, although it is inherent to alo? up to ~0.015 A% (Fig. 3 and then varies around an
most all R;_xM,)MnO; compositions, is the random disor- average value of- 100 K above this limit. The latter behav-
der of R** andM?* cations with different sizes distributed jor is due to segregation of th& cations as a result of the
over theA sites in the perovskite structure. To quantify this large disparities in size, so that the samples are no longer
effect, we use thevariance (second moment of the  microscopically homogeneous, although they appear to be
A-cation radius distributiong®. For two or moreA-site  single phases by powder x-ray diffraction. There is a corre-
species with fractional occupancieg; (Zy;=1), the sponding change in the low-temperature behavior of the in-
variance of the ionic radir; about the mearr,) is 0>  verse magnetizatiori&ig. 2b)] which, for the three samples
=3y;r2—(r)2. Standard ionic radi® with values 1.216— with 02>0.015 A2, lie substantially above the Curie-Weiss
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FIG. 1. Plots of (a) experimental T,, values, and (b) ] o )
T(02=0) corrected for cation-size disorder using the procedure FIG. 2. Plots of(a) normalized resistivity, ancb) inverse mag-

described in the text, against averagecation radius for Netization asB/M, with the o® (x10° A?) values labeled. The

LNng-MsMnO; compositions(b) shows the fit of Eq(2). high-temperature Curie-Weiss limits are shown as full linetbin
Data for thea?=0.0036 A sample have been omitted frafn) for

o _ _ _ clarity as they largely overlap the?=0.0029 & data.
limit as T is approached from high temperatures, possibly

reflecting a coexistence of antiferromagnetic and ferroT. for the 0>=0.0240 & material(Table ). The nature of
magnetic region$’ Inhomogeneity is also evidenced by the the phase segregation will depend upon the sizes of the in-
presence of a second resistive transition in #fe=0.0207  dividual A cations so thaT , is no longer a simple function
A? sample[Fig. 2(a)], and by the disparity betweéR, and  of o2.

TABLE I. Variation of cell parametera, b, andc, the resistivity maximunp,,, and the metal-insulator
transition temperature measured from resistivify,\ and magnetizationT() data with cation-size variance
o2 for a series of Ry ;M9 MnO; perovskites with constarr ,)=1.23 A .

A-site composition (A% ad) b (A) cA  pn(@Qcm T,K) Tc(K)
Lag 7C3 1157 10 0.0016 5.5048) 7.75429) 5.44826) 1.22x10°2 363 350
Lag 3P 36570.30 0.0029 5.504@!) 7.71735) 5.45383) 1.58<10°2 336 332
Lag 5:5My 1-50 30 0.0036 5.508@1) 7.71775) 5.45823) 1.84x10°2 326 325
Pro.76St 2B 07 0.0074 5.496@) 7.73074) 5.470G3) 1.13x10°1 247 248
Nd o 76STo.1B0.14 0.0123 5.492(B) 7.7348%4) 5.474G3) 7.96x1(° 146 148
Ndo.4:SMy 22 2SSl 1o 0.0169  5.494@) 7.73284) 5.476(G3) 9.94x10 87 98
Ndo1:SMysBag»Slhos  0.0207  5.484@1) 7.748410) 5.4844 232107 76 72
SMo 7B3 .30 0.0240 5.487a) 7.761F 54879  6.67x 107 113 60

8a=c constrained to give stable refinement.
ba=h/\2=c constrained to give stable refinement.



R15 624 LIDE M. RODRIGUEZ-MARTINEZ AND J. PAUL ATTFIELD 54

400 e approximation by equation¥,=T,(0)—pQ?, where the
] oxide ion displacemen®® in the strain term are random due
] to A-site disordef Q,~ o in Eq. (1)] or ordered due to the
1 changing averaga-cation radiug Q,~r%—(r,) in Eq.(2)].
The experimentall,, values forx=0.3 [Fig. 1(a)] fall into
two regions. Forr,)<1.22 A , the cation-size variance is
] small and the true variation &f,,, with (r ») is observed. As
] (r,) increases above 22 , the disparity inR andM (=Sr

] and Ba radii gives rise to an increasing? effect which

. offsets the increase i ,(0), resulting in approximately
] constantT,, values. Lg Ba; MnO5; has the maximum ob-
] servable (r,) of 1.29 A but also a large value of
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50 : T trapolated value for an ideaRg ;M 2)MnO; perovskite is
0.000 0.005 0.010 0.015 0.020 0.025 T ~530 K

m :

2 2
of &% Our results are in agreement with recent mean-field treat-

ments of the metal-insulator transition iR{_,M,)MnO;
FIG. 3. Variation ofT,, with A-cation size variance?, showing  perovskite€® Calculations based upon the double exchange

the fit of Eq.(1) to data witho*<0.015 A interaction alone give unrealistically high values of
Tm~2500-5000 K2! but including electron-localizingpo-
laror) effects due to Jahn-Teller distortions of BnOg oc-
2y _ _ 2 tahedra gives estimates of,~500 K for smalle, electron

Tl (ra2: ) =Tml(12).0) = pro™, @ hopping energies-0.2 eV?° in agreement with our extrapo-

gives Tr((ra),0)=400 K andp;=20600 K A™? for our  |atedT,(r%,0) of 530 K. The Jahn-Teller part of the Hamil-
series of samples in whiofr)=1.23 A . T,((r),0) isan  tonian contains the lattice strain terK/2)SQ2 summed
estimate of the ideal metal-insulator transition temperaturgyer changes in Mn-O bond lengtty, whereK is the har-

that Wogld be observed if cation-size disorder were notnonic force constant for these bonds. Assuming the changes
present.® Equation(1) has been used to estimate the varia-in the T, to be due principally to this strain energy, then an
tion of T, with (r ) in the absence of cation-size disorder, approximate expression fdr,, is

shown in Fig. 1b), by extrapolatindl ,,({r 5),0) fromT,, for

all the reported compositions with?<0.015 A% in Fig. 5 o K 5

1(a), assuming the slopp; to be independent ofr ,). For Ta((ray o) =Tm(ra,0)— mz Qb )

the small number of samples with*>0.015 A? the cruder _ N

approximationT ,((r »),0)~ T+ 300 based on the inhomo- where AS,, is the entropy change at the transition. If the

geneous region of Fig. 3 has been used. mean-squared displacemen@’® (=Q; or Q) due to
A-site cation disorder results mainly in random displace-changes in the cation variance or average size are assumed to

ments of oxide ions from their average crystallographic po-be isotropic therQi= Q%3 and for six Mn-O bonds per cat-

sitions. In a close-packed, hard-sphere ionic model of théon, Eq.(3) becomes

structure, the mean random displacementQs~o (o )

=/d? is the standard deviation in the distributjoilChang- 2\ _ 0 A _ ﬂ

. . . . Tm(<rA>aU )=Tm(ra,0) (4)

ing the mearA-cation radius(r ) results in analogous, or-

AS,
dered oxide displacements for which the mean valu@gs s0 that the experimental coefficients and p, in Egs. (1)

~r2—(r,), where the ideal radius for an undistorted CUbiCand(Z) are~K/AS,,. EstimatingAS,~kIn(2(S)+1) with
perovskite isra=1.30 A for (Ro;ModMnO; composi- (gy—1 g5 and taking the range qi~21000-29000 K
tion_s.l_9 Hence, following Eq.(1), the disorder-corrected A~2 from the experimental fits of Eqg1) and (2) gives
variation of Tr, with (r) should be of the form K~45-65 N m L. This is of the correct magnitude for the
0 0 Mn-O force constant, given the approximate nature of the
Tn({(ra)0)=T(r.0) = Po(ra—(ra))*. @ calculation, and lies Wgthin the rarf)g;)e 30-300 N Mmesti-
with p,~p;. This expression is found to give a good fit to mated forK in LaMnO5.22 Hence, the local deformations of
the extrapolated data in Fig.(d) with refined parameters the MnQO; octahedra due té\-cation disorder and size ef-
Tm(r®,0)=530+20 K and p,=29000-1000 KA=2  fects act as “preformed Jahn-Teller distortions” that pro-
Tm(r%,0) is an experimental estimate of the metal-insulatormote the localization o electrons thereby loweringp, .
transition temperature for an ideal, disorder-free Conzsideration ofA-cation size disorder through the vari-
(Ro./M0.9MnO; perovskite. ance o also accounts for variations in MR properties of

These results show that both the average raffiys[Fig.  (R1-xM,)MnO; perovskites with similaiT, values. Negli-
1(b)] and the size variance? of the A-site cations(Fig. 3  gible disorder ¢?<10°° A% can be realized in the
are key chemical parameters that can be used to tune tHd1-xCaMnOs; system due to the exact size matching of
metal-insulator transition inR;_,M,)MnO; perovskites at Pr*" and C&*, which enables a variety of charge and spin
a constant doping. In homogeneous samples, the depen-ordered states to be obsern/édhese phases are nonmetallic
dence ofT,, upon both parameters is described to a goodiue to the smalr,) of 1.18 A , although a transition to the

A fit to the linear region in Fig. 3,
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ferromagnetic metallic state of pPyCa sMnO; can be in- and the magnitude of the MR inRg_,M,)MnO; perovs-
duced by applied pressufenagnetic fieldgresulting in very ~ kites are dependent upon the hole-dopirg the mean
large MR),%2 or chemical substitutions with La or Sr which A-cation radius(r »), and theA-site disorder quantified by
increase(rA>.2'5'24The latter materials have very high mag- the size variancer®. The latter two effects are both de-
netoresistance peaks, Up ®s;=250000 at 85 K in Scribed by equationd,=T(0)—pQ? in which Q is the

Pl /S.0:Ca »MnO5.2 Phases with comparable,) and ~ Mean ordered and random oxide ion displacement, respec-
T, values, but significani-cation size disorder, have much UVely, andp is related to the Mn-O force constant. These
smaller MR peaks, e.g. LaYo.CaaMnO; with strain fields reduc@&,, considerably from an estimated maxi-

o2=0.0022 R hasRg; of only 40 at 120 KL showing that mum value of 53& 20 K for x=0.3 which is in good agree-

A-cation disorder strongly reduces the magnitude of thementW|th recent theoretical estimates. Maximum MR effects

magnetoresistive effect. Smaller reductions due to dis?r® found in materials ha;/mg a low value(of,), and hence
order are observed at higher temperatures, e.g.a low Tf.“.' and a smallr®, such as Fy_,CaMnQ;-based
Lag spPlo 17Ca MnO; (02=0.0003 &) has Rg;=10 at  coMPpositions.

210 K?° whereas Ng;SrpMnO; (02=0.0044 &) has The authors acknowledge Dr. S. R. Elliott and Professor

Rer=1.5 at 195 K* E. K. H. Salje for helpful discussions. L.M.R.M. thanks the
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