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Possible role of phase segregation in the disagreement between the metal-insulator and
ferromagnetic transition temperatures in some colossal magnetoresistance compounds

Hirotoshi Terashita and J. J. Neumeier
Department of Physics, Florida Atlantic University, Boca Raton, Florida 33431-0991
(Received 27 October 2000; revised manuscript received 24 January 2001; published 13 April 2001

The isovalent substitution of Gd for La in §.g8Ca ;MnO; lowers the paramagnetic-ferromagnetic transition
temperatureT, and metal-insulator transition temperatufg, with a substantial increase in the electrical
resistivity p. Reduction of the ferromagnetic saturation momkht5 K) below that expected for complete
ferromagnetic alignment of the Mn magnetic moments occursTapdis significantly lower thanT . for x
>0.2. The observations are consistent with the existence of a granular mixture of ferromagnetic/conducting
La-Ca-Mn-O and ferrimagnetic/insulating Gd-Ca-Mn-O. The ionic radius of the substituted rare-earth ion is
found to be an important factor in determining whether or not granular behavior occurs. The results provide
insight into whyT.# Ty, in some colossal magnetoresistance oxides.
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I. INTRODUCTION systemsT. agrees with the metal-insulator transition tem-
peratureTy, . Our study of (La_,Gd,)qCa MnO; reveals
The charge, lattice, and magnetic degrees of freedom ithat Gd substitution for La systematically redudgsandT,
the manganese oxides exhibit an unusually strong couplingnd increaseg. At concentrationsx>0.2, T, is no longer
which leads to a magnetoresistance effect referred to as cequal toTy, and the low-temperature ferromagnetic satura-
lossal magnetoresistan¢€MR).1? Recently the occurrence tion moment is decreased from the expected value of
of magnetic and electronic phase segregation has become3a/xs/Mn ion, whereug is the Bohr magneton. Our obser-
topic of intense intere$in the study of CMR. The observa- Vations suggest a mixture of two independent electronic
tion of real-space ordering of charge in manganese, nickePhases consisting of electrically conducting and ferromag-
and copper oxidé$ and computational studies reveal netic La—Ca—Mn-Olwnh m_sulatlng and ferrimagnetic Gd-Ca-
electronic/magnetic phase segregation in the manganese g¥n-O and results in physical behavior comparable to that of

ides whereby ferromagnetic and antiferromagnetic region r?nular rtne_taIIsTchc_)ns?tmg of a met?' mterspgrsedl V;”tgt'nstlrj]'
coexist or ferromagnetic clusters coexist within a paramag—a Ing material. This phase segregation may be related 1o the
lectronic phase segregatfomentioned above, although

netic background in otherwise compositionally homogeneou L
6 X .here the doped electron concentration is expected to be ho-
systems:® These results are supported by various experi-

. . X . findi i ith Its f h
ments which display ferromagnetic cluster formatfoiThe mogeneous. Our findings, considered with results from the

. i literature, indicate that granular behavior is common in the
strong competition between ferromagnetism and other Coe)taMnQ,, system when the ionic radius of the substituted
isting phases is expected to strongly influence th

=S _ : Gare-earth ion is smaller than that of La by 0.1 A or more.
magnetoresistivity,thus the phase segregation scenario pro-

vides a theoretical view of CMR that is alternative to the
local mean-field approach which neglects charge
inhomogeneity’ Polycrystalline samples (La,Gd,)qC& aMnO; (0=<x
Experiments show that the conduction electron mobility<0.3) were prepared from stoichiometric amounts of high-
and ferromagnetic transition temperatirg are determined purity (99.99% or higherLa,O5 (dried at 600 °Q¢, Gd,Os,
not only by the concentration of conduction electrérigjt ~ CaCQ, and MnG, powders. These were mixed for 20 min
also by the transfer integral between ¥nand Mrf* ions  followed by reaction for 20 h at 1200°C. The specimens
which depends on the Mn-O-Mn bond angf¥. The bond  were reground for 20 min, reacted for 20 h at 1200 °C, re-
angle can be varied through chemical substitufidher the  ground for 20 min, reacted for 20 h at 1300 °C. This step was
application of high pressuf@~*?In the case of the herein repeated four additional times, followed by regrinding for 20
investigated Ggl,.Ca, ;MnO; and Lg Ca, sMnO3 solid solu-  min, pressing into pellets, reaction for 17 h at 1300 °C and
tions, substitution of the smaller rare-earth Gd ion for Lacooling at a rate of 1.5 °C/min for€x=<0.3 specimens. The
should decrease the Mn-O-Mn bond angle and decréase specimens 0£x<1 were prepared similarly with a maxi-
While Lay/Ca MnO; is the well-known ferromagnetic mum reaction temperature of 1375°C. Another set of
CMR material, Gg/Ca aMnO; displays a complex mag- samples in the range<0x<0.3 were made with two less
netic behaviot>~1° Two ferromagnetic lattices, one associ- grindings, and reaction to maximum temperatures of 1300
ated with the Gd moments and the other with the Mn mo-and 1375 °C; they displayed broader ferromagnetic transi-
ments, create a ferrimagnetic state below 80 (Ref. tions, but were otherwise comparable to the specimens pre-
13) in GdygLa3MNO; (assumed here as identical pared as outlined above. The extra intermediate grindings,
to Gd)CaMnOy). GdyeCa3MnO; is a very poor rather than reaction temperature, improves the specimen ho-
conductot* with p(40 K)=26 G cm. In typical CMR  mogeneity providing sharper magnetic and metal-insulator

Il. EXPERIMENTAL DETAILS
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FIG. 1. Lattice constants at T=300 K for g JR—
(La;_,Gd,) o Cap MnO,. Solid circles, solid squares, and open = e
circles represemd, b, andc, respectively. & ﬁ:oﬂ; X
5_” 04 M s ° x=015 —
" a , o
transitions. The resistivity was measured during cooling by a = B . " Lo H =100 Oe
four-probe dc technique. The magnetization was measured -'_03 W % °
with a commercial dc superconducting quantum interference o = o %
device magnetometer; the specimens were cooled in zero 0 100 200 300
field and measured as the temperature was increased. T (K)

FIG. 2. (a) Temperature dependence of the magnetizaltiom
applied magnetic fieldd =4 kOe for (La_,Gd,),Ca MnO; (0
=<x=<0.3). (b) M versusT atH =100 Oe forx=0.05, 0.15, 0.2, and
0.3.

Powder x-ray diffraction showed all specimens are single
phase. Rietveld refinements of structural data were conromagnetic Mn moment alignment or the existence of a sec-
ducted with thecsas progrant® revealing an orthorhombic ond magnetic phase with a smaller saturation moment.
perovskite structure with space groignma as reported In Fig. 3a M versus T is presented for
previously®® Figure 1 shows the lattice parameters for(La, ,Gd,)q7Ca MNO; with x=0.4, 0.6, 0.7, and 1. Unlike
(Lay - Gd) o Ca MnO; with 0<x<1 at 300 K. Due to the what is seen in Fig. (&), typical ferromagnetic behavior is
small ionic size of Gd relative to La and Ca, b, andc  not observed. The magnetization remains well below the ex-
decrease slightly as Gd is substituted for La in the region (pected valueM ,=3.7ug at all temperatures. The peak near
<x=<0.2. In the region 0.25x=<1, b andc continue to de- 30 K for thex=0.4 specimen moves to slightly higher tem-
crease while increases leading to a more pronounced orthoperature with increase of This peak results from ferrimag-
rhombic distortion. netic (FIM) order whereby the Gd ions align antiferromag-
netically with regard to the Mn ferromagnetic lattice, as
previously discussed for GgCay3Mn0;.1° Low-field
measurements were carried out to highlight the peaMin
versusT. The magnetization measurements %er 1 reveal
behavior similar to that reported earfigrwith a peak in
M(T) near 55 K, a minimum itM near 20 K and hysteresis
in M (5 K) versusH as shown in Fig. @) and the inset
K. The ferromagnetic transition temperatufg decreases thereof. A similar peak itM (T) is observed in Fig. 2 near 50
with x andM (T) below T, is significantly broader for speci- K for specimens withx=0.2 while no peak occurs for speci-
mens withx=0.2. Considering only the Mn magnetic mo- mens withx=<0.15. These data suggest that FIM Gd-Ca-
ments, taking the orbital angular momentirs0, and as-  Mn-O regions exist in the samples for compositions0.2.
suming that all spins in unfiled Mn shells are The magnetizatioM (5 K) versusH is displayed in the
ferromagnetically aligned, the total magnetic momkhfat  inset of Fig. 3a) for selected specimens. The measured satu-
T=0K for Lag .Ca sMnO; is estimated ad/;=gSug; in ration moments at 5 KMy, (5 K), for all specimens are
this relationg=2 andSis the average spin on the Mn ion. presented in Table I. Saturation bf occurs near 3 kOe for
The ratio Mf*/Mn**=] leads to S=1.85 and M,  x=<0.1 withM (5 K) attaining theM, value expected for full
=3.7ug. This value agrees well with observed saturationferromagnetic Mn moment alignment. The specimens with
momentsM ¢ (5 K), determined from the inflection point in x>0 display an additional linear itd component forM
M(H) below 5 kOe, for 6=x=<0.2 displayed in Fig. @) and  above~3 kOe causindv (H) to rise above that observed for
Table 1. Forx=0.25 and 0.3 My (5 K) is significantly =~ x=0, a behavior attributable to the presence of paramagnetic
below the valueVl ;= 3.7ug indicating either incomplete fer- Gd moments. This can be seen if the expected paramagnetic

Ill. RESULTS

A. Structural results

B. Magnetic properties

Figure 2a) shows the magnetizatioM versus tempera-
ture T for (La;_,Gd)o/CaMnO3 with 0=x<0.3 in a
magnetic field H=4 kOe. This magnetic field is large
enough to saturate the magnetization of ¥aa, ;MnO5 at 5
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TABLE I. Values of the averagA-site ion ionic radius(r ), metal-insulator transition temperatufig,, ,
and ferromagnetic transition temperatirg the electrical resistivity at 5 Ky (5 K), the electrical resistivity
at Ty, pmax @nd the saturated magnetization vallks, (5 K) for (La; _,Gd,) /Ca sMnO5 specimens.

X 0 0.05 0.10 0.15 0.20 0.25 0.30
(ra) (A2 1.148 1.144 1.141 1.137 1.133 1.129  1.126
Tw (K)P 265 238 200 161 120 89 50
T, (K)© 268 237 204 177 168 151 138
p(BK) (Qcm) 45x10°° 3.8x10°% 6.8x10° 21x102 39x1072 017 2.5<10%
Pmax (QCm)  4.6x10°?2 0.10 0.35 3.1 25 410 2310
Mz (5 K) 3.38 3.73 3.45 3.71 3.50 2.83 2.11

3onic radii for eight-coordinated %4, G&®*, and C4" ions from Ref. 21 were used to calculgte,).

T,y is determined as the temperature wherep pay.

°T. was determined as the intersection point of two linear lines drawn through the data above and below the
temperature region near the ferromagnetic transition.

behavior, calculated with the Brillouin function for Gd with considered herein and is probably not of major importance
total angular momenturd= %, is subtracted from the data for the Gd doped specimens. Rather than canting, the mag-
as illustrated forx=0.15 by the dashed line in the inset of netic measurements suggest a simple two-lattice model for
Fig. 3(@. This correction leads to a typical ferromagnetic the low-temperature magnetic properties of these specimens.
(FM) response foM(H) above 3 kOe. A correction of this In the regimex<0.20 one magnetic lattice is due to the
type is successful only fox<<0.20 suggesting that Gd-Gd paramagnetic Gd moments and the second is that formed by
magnetic interactions play a role at higher doping levels. the ferromagnetic Mn ions. At Gd concentratioxs 0.20,
Incomplete ferromagnetic order similar to that revealed inthe increased density of Gd ions leads to the formation of
Figs. 2 and 3 is often ascribed to canting of the ferromagGd-Ca-Mn-O FIM regions which cause a reductionMiy
netic moments which is expected to occur within the doublg’5 K) and the development of a peakMYT). For the region
exchanggDE) model® for Ca doping levels other than that 0.20<x<1, FM and FIM regions coexist, this phase segre-
gation becomes most apparent in the region<40.7.

2 LI B B B S L L This picture is supported by a simple phenomeno-
L @ o xous ... A logical model involving the contribution of FM
s _&““ffﬁoj?%o ﬁﬁ;:; I (Lag 7Cay sMNn0Os); _, and FIM (Gd, -Ca, gMnOy), clusters in
E L e 2R (Lay,Gd)oCa,MnO;. The FM (LagCayMnOs);
g M e, w1 T=5K1 clusters possess a net magnetic momeni3.&s explained
B O TR R above. The FIM(Lay /Gd, sMNnOy), clusters contain Mn and
s et °e Mo H (kOe) . Gd ions ordered ferrimagnetically resulting in a net magnetic
05 Lo o, e, g H = 4 kOe 1 saturation moment per Mn ion given Byl =[2X0.7x %
Lo & e RSN | —3.7ug=1.2ug at T=0 K.*® Two possible alignments of
~ '--..-.iﬁ;:%??gggam the FM and FIM clusters with regard to one another eXist:
0 e the net moments from the FM and FIM clusters are aligned
04 - (b) BT T T, e parallel or(ii) antiparallel. For casé), the total magnetiza-
L o L=l gt 4 tion per Mn ion is estimated asM=[3.7(1—x)
= o3l < 0 .:4:7 4 +1.2(x) Jug (dashed line in Fig. ¥ For cas€(ii), the total
E i cw L '/ sk | - magnetization per Mn ion is estimated &s=[3.7(1-X)
ool o ol ] —1.2(x)]ug (solid line in Fig. 4. Our data in Fig. 4, with
3 Fa et o 00 10 Mt (5 K) determined as the inflection pointM(H), agree
= 'Oooo"o A H(k0e) i well with case(ii) thereby providing further support for the
0.1 3.-““:" ..'°°° ‘ng H=1000¢ | proposed two-lattice model.
_Mo "..o ...o °°°o:°°gé -
00 50 100 150 200 C. Electrical resistivity
T&) The electrical resistivity p(T) for

FIG. 3. (a) Temperature dependence of the magnetizatidor ~ (-81-xGd)0.7C8 sMnO; with 0<x=0.3 is shown in Fig. 5.
(Lay_,Gdy)oCaMnO; (0.4<x<1) in H=4 kOe. Field depen- Gd substitution dramatically altegsand decreases,, in a
dence ofM at T=5 K for x=0.15, 0.4, and 0.7 is presented in the Systematic fashion. The electrical resistivity beyord0.3
inset; the dashed line is for=0.15 after correction for paramag- IS too high for measurement with our experimental appara-
netic Gd moments(b) Temperature dependence Mffor x=0.4,  tus. Althoughp (300 K) is only weakly affected by Gd sub-
0.6, 0.7, and 1 irH = 100 Oe using identical symbols as(@. The  stitution, the peak ip increases by nearly six orders of mag-
hysteresis loop at =5 K for x=1 is displayed in the inset. nitude in the doping range illustrated in Fig. 5. A strong
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~ FIG. 4. The saturation momeri g, (5 K) is plotted (solid FIG. 6. Ferromagnetic transition temperatlre (solid circle3
circles as a function ok for (La, -,Gd)o.1C&.MnOs. The dashed 544 metal insulator transition temperatdig, (solid squaresver-

line and so!id lines represent a phenomenological model wit_h the s averag@-site ionic radiugr ,) for x<0.3. Selected data fdF,
net magnetic moments from the. FM and FIM components aligneqyere obtained from the literatur@Refs. 1 and 1P (open circley
parallel and antiparallel, respectively. illustrating specimens whefg,= T, . Lines are drawn as guides to

correlation exists between the electrical transport and maghe eYe-
netic properties as illustrated in the inset of Fig. 5 whdrg,
(5 K) andp (5 K) are plotted versus on a log scale; fox
>0.2 the sharp increase of (5 K) corresponds well with
the decrease dfl.,. At a doping level ofx=0.25, the re-
tsr:stlwty at 55 IS more than two orders of magnitude larger,, ;. i i for eight-coordinated Ba, G&**, and C&*

an for x=0 whie the resistivity at 5 K for . ooty oce values are presented in Table I. A ploTgand
(Lag 75P19 25)0.7C8 sMNO5 is almost the same as that for ' <03p. din Fi ' 6p o i
Lag Ca aMnO; (Ref. 1) indicating that Gd substitution is Tw Versus(ra) (x=<0.3) is presented in Fig. 6 revealing a

significantly more efficient at destroying the charge carrierdecrea?atr']ﬁtc ttrl?at I:Is vvte.aktlar th:jan ok dI.'V” ' Thes? resultsl
transport at low temperature than is Pr substitution. It is jn-Suggest that the electrical and magnetic properties are 1ess

: . weakly coupled below(r,)~1.138 A. T, values for
teresting thafl,, corresponds well witil; only for x<<0.2 ¢ 12
(see Table)l In all other cased), is significantly belowT . (Lay_Pr)g 12 MnO; from Hwang and co-workers,” for

These observations suggest that the degradation of ferrom:?é—hwh full ferromagnetic order are observed, are shown for

netic and electrical properties in this system are intimatel o_r{wparlsllon_(tc;]pen _I(_:lrcle$| Int?resélsngg/b 'tzhe:e ciata a;ﬁree
related. Similar behavior arises in substitutions of the formdU!'€ Well with ourfy, values for tsx=0.2. A notewortny

19,20 aspect is the physical properties of G8a MnO; and
(L21Yx)0. 702 MNO; and (L3 g5th 2)o 7251 28MNOs: Pro Cay MnO;. Pry Cay sMnO; is insulating at 50 K withp

IV. DISCUSSION (50K)=1 MQcm and a significant magnetoresistance,
moderate hydrostatic pressufpressure increases the Mn-

In order to understand the observations above, the stru@-Mn bond angle toward 18p%f about 1 GPa results in a
tural effects of Gd doping should be considered. Substitutingnetal-insulator transition typical of CMR compound$?
This observation suggests that, from a structural standpoint
Pry Ca sMnO; is near to being a CMR compound. On the
other hand, GglsCa, 39VMINnO3, has an electrical resistivity at
40 K of 26 GQ cm and no significant magnetoresistaice®
suggesting that it is further from the metal-insulator/CMR
phase boundary than fCa ;MnO;.

Careful consideration of the ionic radii of the dopants is
quite revealing with regard to the observed behavior. From
Ref. 21 the ionic radii for the ions used in this and other
studies were found to be: Ba (1.160 A, PP (1.126 A),
cat (1.120 A, G (1.053 A), and ¥ (1.019 A). The

0 100 200 300 discussion above revealed that substitutions of Pr for La re-
T ) tain theT =T, relationship, result in a strong depression of

FIG. 5. Temperature dependence of electrical resistiifpr ~ 1c» and I(.ess. prongunced enhancememodﬁ K); in this
(LayGdy)o-Ca MnOs in the range Bx<0.3 plotted on a loga- ¢ase the ionic radii for L& and PF* differ by 0.034 A.
rithmic scale. In the inset, the magnetic saturation momégg (5 Samples of the form (LgeSmy 240,751, sMNO3 also exhibit
K) is plotted as the solid squares versuand thep (5 K) is plotted ~ Tc= Ty ; here, the ionic radii of L& and Sni* (1.079 A
on a logarithmic scale as the solid circles. The lines are drawn adiffer by 0.081 A20250n the other hand, substitutions of Y
guides to the eye. for La (Refs. 1 and 1Por Gd for La result inT.# Ty, , a less

La with smaller rare-earth ions is known to decrease the
Mn-O-Mn bond angle leading to a decreaselgf the aver-
ageA-site ionic radiugr ) can also be used to parameterize
this decrease of,.*? Values of(r ,) were calculated using

P (& cm)
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pronounced depression ®f., and a reduction of the ferro- immediate neighbors, therefore, under ideal homogeneity
magnetic saturation moment; in these cases, the ionic radéonditions aZ ion concentration of 12.5% would, to some
differ by 0.141 and 0.107 A, respectively. Comparison ofextent, affect all Mn ions. In the case of the Gd doped
these substitutions indicates that substituted ions with ionisamples considered herein, the concentraker0.2 corre-
radii smaller than that of 33 by 0.1 A or more have a sponds to am-site Gd concentration of 14%, the borderline
weaker influence on the magnetic transition temperature, above which formation of Gd-Ca-Mn-O islands is certain.
dramatic influence on the electrical resistivity, and lead toThese simple considerations provide a physical basis for our
incomplete ferromagnetic order. observation of FIM behavior attributable to Gd-Ca-Mn-O is-

Noting the poor electrical conductivity of GeCa, ;MnO;  lands at doping levelg=0.20 and for the onset of percola-
(Refs. 13—-15% in comparison to Lg/Ca sMnO; Gd-Ca- tive conduction withx below the percolation limit.

Mn-O islands are likely to localize charge carriers, increase

the.bulk electrical resistivity and, ata high epough concen- V. CONCLUSIONS

tration, eventually lead to percolative conduction where con-

ductivity takes place via tunneling through Gd-Ca-Mn-Ore- In  the low x regime &<0.2) T, of
gions from one La-Ca-Mn-O region to another. In addition,(La; ,Gd,)oCaysMnO; is systematically reduced witln »)

the region of the La-Ca-Mn-O matrix adjacent to a Gd-Ca-because the Gd-Ca-Mn-O islands are dispersed in the FM
Mn-O island is likely to be strongly distorted, due to the La-Ca-Mn-O matrix with a high probability for the existence
small Gd ionic size, which will affect the properties of the of a continuous conducting path and a low probability for the
matrix. Local changes in the Jahn-Teller distortion could alsa@xistence of larger FIM Gd-Ca-Mn-O islands which possess
play a role. The solid solution of GdCa  MNnO; and poor electrical conductivity; the Gd ions behave paramag-
Lay Ca ;MnO; can be compared to mixtures of conducting netically in this range. Fox=0.2, Gd doping increases the
and nonconducting materials in sputtered thin films of Ni orfraction of FIM phase leading to a rapid increasepdb K)

Al mixed with SiO, which have been studied extensively andandT.# Ty, as well as the development of Gd-Gd magnetic
are referred to as granular met&i$*As x increases beyond interactions. The mixture of ferromagnetic/conducting La-
a certain limit, the percolation threshold is reached, causing €a-Mn-O with a large enough concentratiorn>0.2) of
strong increase in the bulk resistivity. Studies of granularferrimagnetic/poorly conducting islands of Gd-Ca-Mn-O re-
metals, such as Al or Ni thin films mixed with Sj@eveal a  sults in percolative conduction because conducting paths
dependence op on the volume fraction of SiQ(Refs. 23  along Mn-O-Mn bonds are destroyed. Within this picture,
and 24 that is reminiscent of what is displayed in the insetthe disagreement betwedn and T, occurs as a result of

of Fig. 5. For manganese oxides, the situation is more comeompetition among the two electronic/magnetic phases.
plicated than that of simple granular metals because of th&/hen ferromagnetism within the distorted La-Ca-Mn-O re-
complex p(T) dependence for CMR compounds, but thegions begins to set in af., the electrical resistivity there
analogy between these two systems makes physical sensestarts to decrease while the electrical resistivity of the Gd-
lieu of the magnetic and electrical transport properties reCa-Mn-O regions continues to increase. Further reduction of
vealed in this study. Rietveld refinements of the x-ray dataemperature increases the magnetization and electrical con-
using the two distinct phases {#£aMnO; and ductivity in the La-Ca-Mn-O regions eventually providing a
Lag /Gdy sMNO;3 in appropriate ratios, as a structural test of conducting path wherg decreases with temperature. The
this granular picture, could not produce converging fits suglikelihood that this type of phase segregation occurs may be
gesting that a crystallographically single-phase solid solutiorenhanced by the natural tendency for electronic phase
(La,_,Gd,)o-Ca aMnO; exists. Therefore our observations segregatiof® in CMR-related systems, although in the
indicate the existence of two distinct magnetic/electronicpresent case the doped electron concentration is expected to
phases in a crystallographically single-phase system. be homogeneous.

From the discussion aboves0.2 seems to be the critical In summary, Gd substitution for La in kaCa MnO;
value above which the effects of Gd-Ca-Mn-O islands makdeads to effects quite different than those observed for sub-
their presence apparent. The following simple explanation istitutions where the size of the substituted rare earth is closer
offered to understand the origin of this critical concentration.to that of La. These results indicate the existence of a phase
Each A-site ion possesses six nearest-neighBesite ions  segregated mixture of ferromagnetic/conducting La-Ca-
thus forming a group of 7 which we call a seven cluster.Mn-O and ferrimagnetic/insulating Gd-Ca-Mn-O. This be-
Consider for simplicity that the\-site ions are made up of havior appears to be common if the rare-earth ionic radius of
two different elements, element and Z with elementX  the substituted ion is 0.1 A or more smaller than that of La.
making up the majority. When elementis at a concentra-
tion of (3)~14%, under ideall homogeneity cont_jitions every ACKNOWLEDGMENTS
seven cluster possesses an ion of elerdeAt doping levels
above this, islands consisting of three or more adjacent We thank J. L. Cohn, C. D. Ling, and J. Leao for their
ZMnO; unit cells must form. Furthermore, substitution of assistance. We acknowledge support through National Sci-
one X ion with a Z ion affects all eight Mn ions which are ence Foundation CAREER Grant No. 9982834.
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