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We present the results of a neutron-powder-diffraction study in which we have examined the magnetic and
structural properties of Rg(Ca, _,Sr)o..MnO; (0=<x=<1) as a function of doping concentratiarand tem-
perature. Fok<0.15 charge ordering and a Jahn-Teller distortion below 250 K are evident from rapid changes
in the lattice parameters and bond lengths as a function of temperature and a transition from a high-temperature
orthorhombic to a low-temperature monoclinic structure. ¥0.0 the system orders antiferromagnetically at
Tn=170 K. At low temperature the system has a car@&dstructure. As the temperature approachgshere
is a transition to a collinear magnetic arrangement. For Sr doping of =115 the magnetic transition
temperature remains almost constant but the magnetic arrangement now has a ferromagnetic component which
persists up tdy . Forx>0.15 the charge ordering is removed and the lattice parameters show a more normal
temperature dependence. The materials are now simple ferromagnets and the ferromagnetic transition tempera-
ture T increases rapidly witlx. [S0163-182608)02238-3

[. INTRODUCTION and 2. As a result this series of materials provides us with an
excellent opportunity to study, at a constant level of alkali-
Perovskites of compositioR; _,A,MnO; (R=rare earth  earth doping, the sometimes competing, sometimes comple-
and A=alkali earth have attracted considerable interest be-mentary phenomena displayed by this class of rare-earth
cause they display a range of extraordinary magnetic, eledgnanganites during the crossover from a material which is a
tronic, and structural properties including colossal negativéharge ordered antiferromagnetic insulator to a ferromag-
magnetoresistance? charge orderinty® and magnetic-field-  netic conductor.
induced changes in structut®!! There have been many
studies which have attempted to correlate the changes in Il. EXPERIMENTAL DETAILS
structure with the variations in the nature of the magnetic pgycrystalline samples of RPgCay_Sk).MNOs
ordering and the electronic properties of these systemgo<x<1) were prepared by a normal solid-state reaction
These have included studies as a function of doping across
an entire series such as{LgCaMnO; and Lg _,Sr,MnO; A
(Refs. 12—13and studies at fixed doping as a function of the r
dopant, particularly in the ferromagnetically ordered materi-
als atx=0.31315Charge orderingCO) has been reported
in a number of materials neax=0.5, for example, in
Lag £Cay sMNOs, %78 Pry sSr, sMnO5, 8 and N St MnO5.°
CO has also been reported in systems such as
Pr, _,CaMnO; which exhibits a thermally activated conduc-
tivity over the entire Ca concentratidf?*In this paper we 0
describe the results of neutron-powder-diffraction study 400
of materials with the composition $4Ca _,Sr)qMnO;
(0=x=1). In this case, although the level of doping re-
mains constant throughout the series, the two end com-
pounds have been shown to exhibit very different properties.
On the one hand, P§Ca ,MnO; has a charge-ordering tran-
sition at 250 K and orders antiferromagneticaiyFM) with 100
a CE magnetic structure below 170 K. In zero field it exhib-
its activated temperature dependence becoming an insulator 0
below 50 K In contrast, PySrMnO; is a ferromagnet
(FM) with a Curie temperatur& of 305 K.” The magnetic
transition is accompanied by a switch from a resistivity with  FIG. 1. Temperature dependence of the ac susceptibility for se-
an activated temperature dependence, to a regime where theted PgCa, _,Sr),MnO; samples. Open symbols refer to the
resistivity decreases with decreasing temperatsge Figs. 1  right-hand scale, closed symbols to the left-hand scale.
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FIG. 2. Variation of resistivity with temperature for selected

Pry¢(Cay —Sk)9.4MNO3 samples.

route. Stoichiometric quantities of §&,,, CaCQ, SrCQ,
and MnG, were repeatedly ground and then sintered in air
for 12 h at a temperature of 1350 °C before finally being
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pressed and sintered at the same temperature for 24 h. X-ray 05 ZOT 0 60 %0

analysis revealed all the samples to be single phase.

Neutron-powder-diffraction experiments were carried out

at the Institut Laue-Langevin in order to study the crystallo-

graphic and magnetic structure of this series of compounds

patterns for seven samplegx=0.0, 0.12, 0.15, 0.25, 0.5,
0.75, and 1.pwere collected at different temperatures be-
tween 1.6 and 320 K using the D1B diffractometer. This
high flux diffractometer operated at a wavelength )of
=2.52 A with a multidetector extending over 80° ir®2
After preliminary analysis of the data, the D2B diffracto-
meter operating at a wavelength f1.594 A over an an-
gular range between 0° and 160° was used to collect higher
resolution data required for detailed structural analysis. The
nuclear and magnetic structures were refined by the Rietveld

b
'!
as a function of temperature and the Ca/Sr ratio. Diffraction < =025 ”J

method using the prograruLLPROF

Ill. EXPERIMENTAL RESULTS

A. Introduction

The observed properties of the RBiCa _,Sr)q.4MnO3
(0=x=1) system allow us to divide this series into three
distinct composition regimes. Figure 3 shows the three;
dimensional (3D) thermograms for samples witk=0.0,
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FIG. 3. 3D thermograms for samples ofRiCa _,Sr,) ¢ /MnO;
with x=0.0, x=0.10, andx=0.25. The temperature dependence
of the peaks labelea (1/2, 1, 0, b (1/2, 0, 2, c (1, 1, O, and
d (1, 2, /(2, 1, D are indicative of the temperature dependence of
the antiferromagnetic ordering, the canted to collinear transition,
ferromagnetic ordering, and the Jahn-Teller/charge-ordering transi-
tion, respectively.

0.10, and 0.25, which are typical of the materials in each of

the three regions. The=0.00 compound has a charge or-

dering transition at 250 K and orders antiferromagneticallymore detail the nature of the magnetic order across this series

with a CE magnetic structure below 17023 For low lev-

of compounds. We then discuss the evolution of the struc-

els of Sr doping (0.04x=<0.15) the system is CO but now tural parameters as a function of temperature and doping

there is a coexistence of FM and AFM order. Boe0.2

level. Finally we briefly discuss our findings in the context of

there is no evidence of a CO transition and the samples argome of the simple models which have been used to under-
simple ferromagnets. In the following we first describe instand the behavior of this class of materials.
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x=0.0

B. Magnetic properties 1 s

Forx=0.0 the system orders antiferromagnetically with a
magnetic structure which changes considerably as a function
of temperature. The magnetic lines in the diffraction pattern
can be divided into two groups, one set whtkr half integer,
k=integer or half integer,=even and the other set with
= half integer k=integer or half integed,= odd correspond-
ing to moments along th®01] and[010] directions, respec-
tively. At 1.5 K the system has a canted CE structure with 0 :
colinear moments within eac®01) plane and two distinct 0 100 200 300
magnetic sublattice€ The magnitude of the moments are @) Temperature (K)
My=1.52ug andM,=2.29%uz giving M =2.75+ 0.03ug for
the first (Mr#*) sublattice andM,=1.1%pg and M, L
=2.44u5 giving M=2.72+0.03ug for the second (M#") §
sublattice. At 30 K there is a small increase in the value of
the moments to 2.890.03ug and 2.7%0.03ug. As the
temperature increases the cant angle decreases ahg at
=150 K they component on both the MA and Mrf* sub-
lattices is reduced to zero leaving magnetic moments of
1.39+0.03ug and 1.510.03ug respectively. This transi-
tion to a collinear structure is reflected in the difference in
the temperature dependence of two sets of magnetic lines
with odd and evem indices(see Fig. 4 The two sublattices
are coupled together with a commdiy of 170 K. The sub-
stitution of a small amount of Sr results in a system which
still has an antiferromagnetic CE structure. For example, in
Pry ¢Cay 3.5 0eMINO; the transition temperatures are now
Ty=150 K andTy=180 K. However, there is now also a
ferromagnetic component to the magnetic order with the
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magnetic contributions to the peaks appearing on lines with 06 0 ' 1(')0 I 2(')0 l 200
h, k=integer anch+ k= even. A plot of the observed versus (b) Temperature (K)
calculated neutron-diffraction pattern for

Pry.6Cay 3.5 0éMN0O; is shown in Fig. &). In this x=0.15 0 ]
sample at 1.5 K,M,=1.63ug, My=1.1%g, and M, 0.9 |
=2.21ug giving M =2.99+ 0.03ug for the first (Mr#*) sub- Cos |
lattice andM,=1.63ug, My=1.01ug, and M,=2.26ug =3 0'7 |
giving M =2.97+0.03ug for the second (Mfi") sublattice. 25 06 i
Again there is a small increase in the magnitude of the net 28 0'5 i
moment at 30 K. In all the materials where AFM and FM e

o
'S

coexist, the ferromagnetic component persists upfo The
temperature dependence of integrated intensities in the mag-
netic peaks which correspond to FM order also have an un- 100 200 300

usual temperature dependerisee Fig. 4 which makes the © Temperature (K)

exact determination of ¢ difficult. This type ?J behavior has FIG. 4. Temperature dependence of selected lines in the
previously been observed by Yoshizaaial™for a sample  neyyron-powder-diffraction  patterns o the ~samples  of
of Pro 65(Cay xSk 0.3gMINO3 with x=0.3. We attribute this  py (ca_,Sr,),,MNnO; with x=0.0, x=0.15, andx=0.25. Forx
behavior to a coupling of the AFM and FM structures within = 0.0 the(1/2, 1, 0 line is indicative of the onset of antiferromag-
these materials. As the concentratiorxds$ increased further netic order with a CE structure aty=175 K. The variation in
the system becomes purely ferromagnetic.intensity of the(1/2, 0, 1 line reflects the switch from a collinear to
Pry.6Ca 35 1MNO; has aT of 175 K with magnetic mo-  a canted CE structure @, =150 K. Forx=0.15 the variations of
ment belowT of 3.3ug. Forx=0.5,x=0.75, andx=1.0 intensity with temperature of thel/2, 1, Q and (1/2, 0, ) lines
compounds are also ferromagneflG; increases withx (see  again reflect the evolution of the antiferromagnetic order. The ad-
Table ) with a magnetic moment of-3.4ug for all the ditional magnetic intensity in thél,1,0 line indicates the onset of
compounds within this range of In this regime the tem- ferromagnetic order, which is coupled to the antiferromagnetic or-

perature dependence of the magnetization appears to haveél@l- Forx=0.25 the additional ferromagnetic intensity in {1e1,0
more normal behavior. line shows a more normal temperature dependence.

S 9
o W

<

ined have an orthorhombiPbnm structure. The onset of

charge ordering and the appearance of well defined*Mn
First we discuss the overall crystallographic structure ofand Mrf* crystallographic sites are expected to be accompa-

the materials. At room temperature all the materials examnied by lattice distortions due to the size difference between

C. Structual parameters
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FIG. 5. (a) Powder-diffraction pattern for RECa, 3.5 odMINO; (x=0.15) taken al =5 K with A=2.52 A and a Rietveld refinement of
the data. The difference between the observed and the calculated profiles is plotted at the WftdPowder-diffraction pattern for

Pr, Ca qMnO; taken atT=200 K with A=1.594 A and a Rietveld refinement of the data. The difference between the observed and the
calculated profiles is plotted at the bottom. The inset shows the superlattice peaks which appear below 250 K indicating the onset of charge

ordering. The Miller indices refer to the high-temperatttenmsetting. The peak labeled comes from the vanadium sample can.
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TABLE I. Selected magnetic parameters for samples g§¥a, _,Sr,)o/MnO; (0.0<=x=<1.0).

X Tm (K) Ty (K) Maemz (#8) M aemz (m8) Tc (K) M (ug)

0.00 150 175 1.390.03 @ 150 K 1.5%0.03 @ 150 K
2.89+0.03 @ 30 K 2.790.03 @ 30 K
275:0.03 @ 15K 272003 @ 15K

0.10 130 170 2.950.03 2.9-0.03

0.15 150 180 2.990.03 2.970.03

0.25 175 3.3-0.03
0.50 250 3.4:0.03
0.75 275 3.45:0.03
1.00 305 3.3:0.03

the Mr** and Mrf" ions. This could lead to the appearancetransition to a monoclinid 2/a phase. A full discussion of

of additional Bragg peaks which may either be associatethis low-temperature phase transition has already been given
with the difference in charge on the two Mn sites but arein Ref. 28 and will not be repeated here.

more likely to reflect the displacement of the Mn cations and We now consider the behavior of the internal structural
the coordination oxygen atoms due to the different ionic radiparameters. For simplicity we have used the higher symme-
and the Jahn-Teller distortions of the D, octahedra. In  try Pbnmspace group in the refinements. This produces av-
any event, such a CO distortion cannot be accommodated irage values for bond lengths and bond angles. The struc-
the Pbnmspace group and requires a reduction in the crystural information extracted in this way from the diffraction
tallographic symmetry. Fax=0.0, a careful examination of data including the variation with temperature and Ca/Sr dop-
spectra taken between 200 and 240 K, but abyewhere ing ratio of the lattice parameters, Mn-O bond angles and
the magnetic ordering greatly complicates the picture, reMn-O bond lengths are collected in Figs. 6—-11 and Table IIl.
veals that the CO is indeed evident as a subtle distortiofFfor x=0.0 at room temperature, a double tilting of the MnO
which produces changes in the widths of some lines andctahedra produces an O orthorhombic structure Wwitha
leads to the appearance of some superlattice pe@lesFig.  =c/v2. Around 250 K we observe a rapid increase in ¢he
5(b)]. The structure can then be indexedR#; /m. (Notea,  andb lattice parameters, while decreases producing arf O

b, andc in the P2, /m space group correspondtoc, anda, orthorhombic structure withh=a>c/v2. Below 200 K the
respectively, in thePbnmspace group The data has been lattice parameters contract slowly as the temperature is re-
fitted assuming a doubling of the unit cell along thexis in  duced(see Fig. 6. Rapid changes in the Mn-O bond lengths
the P2, /m setting. The four inequivalent sites in tRbnm  are also observed around 250 K. There is an increase in the
structure are increased to 15 fB2,/m. The resulting in-  lengths of the equatorial Mn-O2 bonds and a decrease in the
crease in the number of atomic parameters requires that somapical Mn-O1 distance. However, the net result is only a
are coupled during the refinement. The way in which thesmall decrease in the average Mn-O bond length. Below 200
parameters have been coupled in this case can be deduckdhe values for the bond lengths are almost constant, so the
directly from the identical errors bars in the list of structural average the Mn-O bond lengttMn-O) is virtually un-
parameters given in Table Il. The Mhions are left in the changed over the entire temperature range stugiee Figs.
special positions 0, 0, 0 an 0, 0 while the MA* at3, 0, 7 and 8. The Mn-O-Mn bond angles also vary with tempera-

3 and3, 0, ; are displaced along in opposite directions to ture (see Fig. 9 although the magnitude of the variations are
one another. The PX) and P(3) ions shift in the same di- relatively small. The observed changes all mark an increase
rection as the neighboring Mh ion. The O1 oxygen atoms in the Jahn-TellefJT) distortion and coincide with the onset
are left at the special positions 3, z, while the O2 oxygen of a CO transition which also occurs &t=250 K. Similar
atoms are shifted to reduce the distortion around thé*Mn behavior has been observed in samples with0.10 andx

site. As a result the Mn-O oxygen distances in the*Mby =0.15. It has been suggested that the distortions resulting
octahedra vary from 1.93 to 1.97 A, while the Mn-O dis- from charge ordering and JT effects in this class of materials
tances in the M# Oy octahedra range from 1.89 to 2.02 A should be primarily metric in nature, i.e., associated with
[for Mn(2)] and 1.91 to 2.035 Afor Mn(3)]. A similar  changes in the Mn-O bond lengths as opposed to distortions
monoclinic distortion has been observed for the0.10  of the Mn-O bond angle® For the Ca-rich samples studied
sample. We note that Hervieet al?’ have recently pub- here, in which these effects are most marked, this is certainly
lished details of a high-resolution microscopy investigationthe case.

of a sample of Ry;{Ca& »s51p.0gVINO5 in which they observed As expected, for the samples which have a simple FM
the presence of monoclinic domains within an orthorhombioground state, i.e., for 0.26x<1.0, the structural parameters
Pbnmmatrix, whilst Radaelliet al® have proposed a similar are well behaved at temperatures around 250 K. In fact, in
monoclinic structure for LgCa, sMNnO5 in the CO state. In  this composition range, both the lattice parameters and the
contrast, for samples witk=0.25 there are no additional (Mn-O) bond lengths vary monotonically with temperature
superstructure lines which appear below 250 K. We concluddown to 1.5 K(see, e.g., the behavior for=0.5 sample
that the CO transition does not take place in these Sr-rickhown in Fig. 7. There have been several studies which
samples. Forx=1.0 there is a low-temperature structural have focused on the behavior of structural parameters of
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TABLE IlI. Structural parameters for PgCa, ,MNnO; calculated using the orthorhombibimand mono-
clinic P2, /m space groups at 200 K. A comparison between these two refinements indicates the distortions
which arise as a result of the charge ordering transition. The refinement in the monB&inlim was made
using several constraints. We began with ®lenm atomic positions. The cell was doubled along the
direction in theP2, /m space group. Nota, b, andc in the P2, /m space group correspond ¢, anda,
respectively, in theePbnmspace group. The parameter of the M8) was varied. Then the parameters for
the P(1) and P(3) sites were allowed to follow the shift of the NB). Finally thez parameters of the oxygen
atoms in the M(B)-Og octahedra were refined. The apical(@land O14) oxygen atoms are constrained to
move in opposite directions while the equatorial oxygen$lP@2(4) all move in the same direction. The
numbers in parentheses are the statistical errors of the last significant digits.

Refined structural parameters in tRbnmspace group of BgCa ,MnO; at T=200 K

K
a(A) 5.43102) a(degreep 90
b(A) 5.44172) B(degrees 90
c(A) 7.60223) v(degreep 90
Atom X y z B
Pr —0.00784) 0.03366) 0.25 0.594)
Mn 0.5 0.0 0.0 0.2%)
o) 0.07045) 0.48785) 0.25 0.704)
0(2) 0.71684) 0.28424) 0.03692) 0.783)
Refined structural parameters in tR€,/m space group of BgCa qMnO; at T=200 K

a(A) 10.882@4) a(degreep 90
b(A) 7.60222) B(degrees 90

c(A) 5.43132) v(degrees 90
Atom X y z B
Pr(1) 0.26672) 0.25 —0.0182) 0.624)
Pr(2) 3/4—Pr(1) 0.75 0.49Q) 0.624)
Pr(3) 1/2+Pr(1) 0.25 0.00Q) 0.624)
Pr(4) 1/2+Pr(2) 0.75 P{2) 0.624)
Mn(1) 0.0 0.0 0.0 0.2(6)
Mn(2) 0.5 0.0 0.0 0.2(6)
Mn(3) 0.25 0.0 0.488) 0.21(5)
01(1) 0.49372) 0.25 0.0761) 0.66(4)
01(2) 3/4-01(1) 0.75 0.5542) 0.664)
01(3) 1/2+01(1) 0.25 011)(8) 0.664)
014 1/2+01(2) 0.75 0.5762) 0.664)
02(1) 0.39222) 0.03732) 0.69856) 0.51(3)
02(2) 3/4-02(1) 1-02(1) 02(1)-1/2 0.513)
02(3) 1/2+02(1) 011) 0.733@5) 0.51(3)
02(4) 1/2+02(2) 1-02(1) 02(3)-1/2 0.513)

manganites around the ferromagnetic transition. Argyriotand 220 K before relaxing back to its room temperature
et al*° have reported on the temperature dependence of thealue at 20 K. In contrast, the two equatorial Mn-O2 bond
structural parameters for an orthorhombic insulating sampléengths change substantially-0.05 A) over a temperature

of Lagg7551h 129MNO3 with a ferromagnetic ordering tem- interval centered around 220 K producing a large breathing
peratureT - of 220 K. They showed that threeaxis decreased motion in the plane of the MnQoctahedra. Although our
smoothly with temperature while thie and ¢ axis lattice  data points are much more widely separated in temperature
parameters undergo pronounced changes with temperatutéere is no evidence for similar breathing mode arotipdn
From room temperature down to 220 K thexis exhibited any of our ferromagnetic samples. Radaetlial?® have re-

a large positive thermal expansion, while theaxis had a ported much smallef~0.005 A anomalies in the Mn-O
large negative expansion. A, the c-axis thermal expan- bond lengths around¢ in a sample of Lg;£Ca »gMnOs,

sion decreased, while theaxis thermal expansion increased. while Caignertet al3! have observed a decrease in the dis-
Below 100 K the unusual behavior disappeared. The internéabrtion of the MnQ octahedra at the transition to a ferromag-
structural parameters also show unusual temperature depemetically ordered state in a sample of
dence. The apical Mn-O bond contracts slightly between 30®r, {Ca _,Sr, ), MNnO; with x=0.33. In both cases the dif-
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g length for samples of Rg(Ca _,SK)oMNO; with x=0.0 andx
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(=¥
§ i / 4 state. In this study we have not observed any anomalies in
§ x=05 the structural parameters for samples which order antiferro-
541 . , ! ! ! magnetically which can be directly associated with the mag-
0 100 200 300 netic ordering.
Temperature (K) Although the structural parameters of these materials

. show a complex behavior as a function of temperature the
FIG. 6. Temperature dependence of the lattice parametergariations seen as a function sfare more straightforward.
{a(®), b(M), andc(A)} for Pro o Cay—«Sn)oMnO; samples with At 280 K, thea lattice parameter increases withwhile the
x=0.0 andx=0.5. b- andc-axis lattice parameters remain nearly constant across
the serieqFig. 10. Thus for smallx, b>a=c/v2, while at
ference in the absolute values of the discontinuities in théarge x, a>b>c/v2 and there is an overall increase in the
Mn-O2 bond lengths produces a decrease in the averagell volume withx. At 4 K, for x=0.00b>a>c/v2. As the
bond length which can be associated with the formation ofSr content increasea>b>c/v2 for the Pbnmphase. Again
metallic bonding. Discontinuities of this type and magnitudethere is an overall increase in cell volume with increasing
are consistent with the data presented here for samples witht all temperatures the Mn-O-Mn bond angles increase as a
0.25<x=<1.0 although data points which are closer in tem-function ofx (see Fig. 11 In the Ca-rich samples the Mn-O1
perature around - would be required to confirm the pres- is much smaller than Mn-O2 distance. As the Sr content
ence of this kind of behavior. We note that Caigreral3!  increases the lengths of the two Mn-O2 bonds are split more
also observed a decrease in the distortion in a sample gymmetrically around the Mn-O1. The average Mn-O dis-
Pry L&y 0551 0gMN0O; at the transition to an AFM ordered tance(Mn-O) decreases with (Fig. 11).
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FIG. 7. Temperature dependence of the Mn-O bond lengths FIG. 9. Temperature dependence of the Mn-O-Mn bond angle
{Mn-01 (O), and Mn-O2(l and(A)} for Pry¢(Ca _SK,)0.4MnO3 {Mn-O1-Mn (®) and Mn-O2-Mn (O)} in samples of
samples wittk=0.0 andx=0.5. Pry ( Cay _ 4 SK) g sMNO; with x=0.0 andx=0.5.
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S sn i the level of Sr doping in samples RygCa; _SK,)o.MnO; at 280
§ i K.
B 539 Tedk
— - . tions which are introduced into the material by a mismatch in
537

: : : the size of the rare earth and the alkali ions. The tolerance
0 025 05 075 ! factor t=(R-0)//2(A-O) (where R-O and A-O are the
X (Sr concentration) S )
equilibrium bond lengthsgives a measure of the degree of
FIG. 10. Lattice parametefa(®), b(M), andc(A)} versus Sr distortion present. Using the values for ionic radii in 12-fold
dopingx for samples Ryg(Ca_ (SK)o.MnO; at 280 and 4 K. coordinatiorf>*3t~0.96 forx=0.0. This is close to the criti-
cal value delineating the boundary between an AFM/
insulator and a FM/conductdf.t increases with the addition
of Sr driving the system toward a FM conducting ground
The properties of Brg(Ca _,Sr)0.4MnO; show remark- state. The phase diagram shown in Fig. 12 which includes
able sensitivity to changes i highlighting the strong cor- data taken from other wotk shows that the results of this
relation between the structural, magnetic, and electronistudy are in reasonable accord with this simple model, par-
properties of these manganite materials. There are a numbgcularly for samples which are purely FM. At the Ca-rich
of different models which can be used to help understan@nd the ordering temperature is clearly not a strong function
this behavior. In the simplest picture we consider the distorof t.

IV. DISCUSSION

TABLE lIl. Selected structural parameters for samples gfsfCa, _,Sr)o.4aMnO; with x=0.0,x=0.25, andk=0.5. All the refinements
were carried out using the higher symmetry orthorhonftiiomspace group. The numbers in parentheses are the statistical errors of the
last significant digits.

T (K) a(A) b(A) c(A) Mn-O1 Mn-02 Mn-02  (Mn-O)ye Mn-O1-Mn  Mn-02-Mn
x=0.0
280.0 5.4156) 5.432%1) 7.64231) 1.9491) 1.9542) 1.9572) 1.9533 157.21) 157.334)
260.0 5.415p1)  5.43311) 7.63921) 1.9481) 1.9532) 1.9592) 1.9533 157.¢1) 157.245)
240.0 5.417(1) 5.43481) 7.63241) 1.9471) 1.9522) 1.9612) 1.9533 157.41) 157.296)
220.0 5.429@) 5.44122) 7.60672) 1.9401) 1.9562)  1.9642) 1.9533 157.91) 157.375)
200.0 5.431(®) 5.44172) 7.60223) 1.9401) 1.9552) 1.9642) 1.9530 156.41) 157.536)
150.0 5.4302) 5.44022) 7.598493) 1.9391) 1.9543) 1.9653) 1.9527 156.81) 157.464)
80.0 5.42912) 5.43872) 7.597%3) 1.9391) 1.9553) 1.9643) 1.9527 156.81) 157.386)
4.0 5.42903) 5.43823) 7.59483) 1.9391) 1.9544) 1.9634) 1.9520 156.61) 157.5%4)
x=0.25
280.0 5.427¢1)  5.42721) 7.66071)  1.9481) 1.9472) 1.9552) 1.9500 158.01) 159.072)
200.0 5.4246l) 5.42461) 7.65331) 1.9461) 1.9472) 1.9572) 1.95 158.81) 158.732)
150.0 5.422p1)  5.42391) 7.649%1) 1.9451) 1.9452) 1.9552) 1.9483 159.Q1) 158.843)
80.0 5.41871) 5.420%1)  7.64941) 1.9451) 1.9452) 1.9522) 1.9473 158.81) 159.0%3)
4.0 5.41881) 5.42031) 7.64671) 1.9451) 1.9443) 1.9533) 1.9473 158.8) 159.133)
x=0.50

280.0 5.447®) 5.435%2) 7.67762)  1.9501) 1.9452)  1.9582) 1.9510 159.61) 160.6@2)
200.0 5.4426l) 5.43061) 7.67192) 1.9491) 1.9452)  1.9542) 1.9493 159.61) 160.772)
150.0 5.44021) 5.42911) 7.669%2)  1.9481) 1.9462) 1.9532) 1.9487 159.61) 160.763)
80.0 5.4386l) 5.42791) 7.66592) 1.94711) 1.9462) 1.9522) 1.9483 159.61) 160.5%3)

4.0 5.43881) 5.42711) 7.663@1) 1.9471) 1.9473) 1.95%3) 1.9483 159.81) 160.6713)
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t (tolerance factor) lomb repulsion of charge carriers. These effects all produce
0.965 0.9655 0.975 charge localized or charge ordered systems with AFM order.
This study underlines that there are several competing
factors which determine the eventual ground state of the sys-
7 tem. In this case doping with Sr does produce an increase in
4 the Mn-O-Mn bond angles with increasingwhich should
lead to a stronger double-exchange-mediated FM coupling.
However, forx=0.0 the properties of the system are domi-
nated by the CO and the static JT distortion which occurs at
. 250 K. The resulting additional localization produces an
! ! AFM insulating ground state. The addition of a small amount
0 0.25 0.5 075 1 of Sr does not remove the CO or the JT distortion at 250 K.
x (Sr concentration) The magnetic ordering temperature appears to be almost
_ ] constant. However, below 170 K the magnetic ordering now
FIG. 12. Phase diagram showing the temperature versus Sr copas hoth AEM and FM components. A fall in the resistivity
centration and tolerance factor for samples in  thegf the x=0.15 sample at low temperatufsee Fig. 2 sug-
Pro.e(Ca - Sh)0.MnOs series;(O) denotes charge-ordering tem- gests that the CO is suppressed within the magnetically or-
perature(®) Ty, (M) Ty, and(O) Tc. Also shown ardl)) T’ gareqd state although it is not possible to determine if this is
for samples of Lg;Ca MNO; and La 7St MnO; taken from Ref. - e case from the neutron data. It should be noted that the
15. temperature at which the fall in resistivity occurs does not
coincide with the onset of FM. Only when the CO and static
At a more fundamental level, the behavior of these mate3jT distortions which are observed around 250 K are sup-
rials has traditionally been explained within the frameworkpressed does the system order with a simple ferromagnetic
of the double-exchangéDE) modef>~*"in which the mag-  structure. Initially T is still around 170 K but increases
netic coupling between Mif and Mrf"* ions arises from the  rapidly reaching 305 K at=1.0. Now the fall in resistivity
motion of electrons between two partially filled Mhshells  gccurs close tac.
with strong on-site Hund’s coupling. In PrMrGhe M’ Finally, it has been suggested that the effects of chemical
ions have threé,, electrons forming an inert core, while the pressure applied through doping, the application of external
gq electron is electronically active with its spin parallel to the pressure, and the application of a magnetic field all play the
core. Doping with divalent Ca and Sr ions means bot"Mn same role in these materials, namely, to drive the system
and Mrf" ions are present. They, electrons now hop using from a charge ordered antiferromagnetic state which remains
an intermediate oxygen ion between ¥Mnand Mrf* ions  insulating down to low temperatures, through a regime
via the DE mechanisrif. Thus DE facilitates electron itiner- where the material first charge orders, then undergoes an
ancy and ferromagnetism. The effective electron trartsier insulator metal transition to a conducting state, eventually
given byt=t;; cos@;/2) wheret;; and ;; denote the elec- reaching a regime where the system switches directly from a
tron transfer probability when the localizég, spins are par- paramagnetic state with a conductivity which has an acti-
allel, and the angle between two neighboring spins, re-  vated temperature dependence to a ferromagnetic state with
spectively. The mobility of the electrons is expected tometallic conductivity. Yoshizawaet al?® have studied the
increase as increases. This can be brought about either byeffects of external hydrostatic pressure on the ground-state
aligning the spins using an externally applied magnetic fielcproperties of the BrCa sMnO; and confirmed that these
or alternatively by increasing the bond angle between thehree regimes do exist as a function of pressure. Previous
manganese and the oxygen ions. In competition with the DEvork on the properties of Pr,CaMnO; in a magnetic
there are several mechanism which increase the localizatidield®?3 have also identified these three regimes as a func-
of the carriers. The JT distortion of the MiOg state lowers tion H. The results obtained here and in a previous study on
the energy of theg; electron and impedes hopping to an Pry g5 Cay —Sk) 0. 39MNO; (Ref. 26 clearly demonstrate that
undistortece, state of the MA" ion leading the formation of these three regimes also exist as a function of doping which
polarons. De Teresat al3 have recently reported the pres- acts to apply chemical pressure. It should be noted that ex-
ence of magnetic polarons in y@&Ca, :dMNO;. AFM super-  ternal pressure is expected to lead to a decrease in the overall
exchange produces antiparallel core spin alignment whicleell volume while doping with Sr increases the cell volume.
also inhibits the hopping of the spin polarizeg electrons.  However, in both cases there is a reduction in the distortion
There may be localization effects arising from other sourcesf the Mn-O-Mn bond angle and it is this which dictates the
of non magnetic randomne&&There is also the mutual Cou- eventual ground state of the system.
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