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Neutron-powder-diffraction study of the magnetic and structural properties
of Pr0.6„Ca12xSrx…0.4MnO3 „0<x<1…
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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 Pr0.6(Ca12xSrx)0.4MnO3 (0<x<1) as a function of doping concentrationx and tem-
perature. Forx<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. Forx50.0 the system orders antiferromagnetically at
TN5170 K. At low temperature the system has a cantedCE structure. As the temperature approachesTN there
is a transition to a collinear magnetic arrangement. For Sr doping of up tox50.15 the magnetic transition
temperature remains almost constant but the magnetic arrangement now has a ferromagnetic component which
persists up toTN . For x.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 TC increases rapidly withx. @S0163-1829~98!02238-3#
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I. INTRODUCTION

Perovskites of compositionR12xAxMnO3 (R5rare earth
andA5alkali earth! have attracted considerable interest b
cause they display a range of extraordinary magnetic, e
tronic, and structural properties including colossal nega
magnetoresistance,1–3 charge ordering4–9 and magnetic-field-
induced changes in structure.10,11 There have been man
studies which have attempted to correlate the change
structure with the variations in the nature of the magne
ordering and the electronic properties of these syste
These have included studies as a function of doping ac
an entire series such as La12xCaxMnO3 and La12xSrxMnO3

~Refs. 12–14! and studies at fixed doping as a function of t
dopant, particularly in the ferromagnetically ordered mate
als atx50.3.1–3,15 Charge ordering~CO! has been reported
in a number of materials nearx50.5, for example, in
La0.5Ca0.5MnO3,

4–6 Pr0.5Sr0.5MnO3,
7,8 and Nd0.5Sr0.5MnO3.

9

CO has also been reported in systems such
Pr12xCaxMnO3 which exhibits a thermally activated condu
tivity over the entire Ca concentration.16–24 In this paper we
describe the results of neutron-powder-diffraction stu
of materials with the composition Pr0.6(Ca12xSrx)0.4MnO3
(0<x<1). In this case, although the level of doping r
mains constant throughout the series, the two end c
pounds have been shown to exhibit very different propert
On the one hand, Pr0.6Ca0.4MnO3 has a charge-ordering tran
sition at 250 K and orders antiferromagnetically~AFM! with
a CE magnetic structure below 170 K. In zero field it exhi
its activated temperature dependence becoming an insu
below 50 K.23 In contrast, Pr0.6Sr0.4MnO3 is a ferromagnet
~FM! with a Curie temperatureTC of 305 K.7 The magnetic
transition is accompanied by a switch from a resistivity w
an activated temperature dependence, to a regime wher
resistivity decreases with decreasing temperature~see Figs. 1
PRB 580163-1829/98/58~13!/8694~10!/$15.00
-
c-
e

in
c
s.
ss

i-

s

y

-
s.

tor

the

and 2!. As a result this series of materials provides us with
excellent opportunity to study, at a constant level of alka
earth doping, the sometimes competing, sometimes com
mentary phenomena displayed by this class of rare-e
manganites during the crossover from a material which i
charge ordered antiferromagnetic insulator to a ferrom
netic conductor.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Pr0.6(Ca12xSrx)0.4MnO3
(0<x<1) were prepared by a normal solid-state react

FIG. 1. Temperature dependence of the ac susceptibility for
lected Pr0.6(Ca12xSrx)0.4MnO3 samples. Open symbols refer to th
right-hand scale, closed symbols to the left-hand scale.
8694 © 1998 The American Physical Society
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route. Stoichiometric quantities of Pr6O11, CaCO3, SrCO3,
and MnO2 were repeatedly ground and then sintered in
for 12 h at a temperature of 1350 °C before finally bei
pressed and sintered at the same temperature for 24 h. X
analysis revealed all the samples to be single phase.

Neutron-powder-diffraction experiments were carried o
at the Institut Laue-Langevin in order to study the crystal
graphic and magnetic structure of this series of compou
as a function of temperature and the Ca/Sr ratio. Diffract
patterns for seven samples (x50.0, 0.12, 0.15, 0.25, 0.5
0.75, and 1.0! were collected at different temperatures b
tween 1.6 and 320 K using the D1B diffractometer. Th
high flux diffractometer operated at a wavelength ofl
52.52 Å with a multidetector extending over 80° in 2Q.
After preliminary analysis of the data, the D2B diffract
meter operating at a wavelength ofl51.594 Å over an an-
gular range between 0° and 160° was used to collect hig
resolution data required for detailed structural analysis. T
nuclear and magnetic structures were refined by the Riet
method using the programFULLPROF.25

III. EXPERIMENTAL RESULTS

A. Introduction

The observed properties of the Pr0.6(Ca12xSrx)0.4MnO3
(0<x<1) system allow us to divide this series into thr
distinct composition regimes. Figure 3 shows the thr
dimensional ~3D! thermograms for samples withx50.0,
0.10, and 0.25, which are typical of the materials in each
the three regions. Thex50.00 compound has a charge o
dering transition at 250 K and orders antiferromagnetica
with a CE magnetic structure below 170 K.18,23 For low lev-
els of Sr doping (0.04<x<0.15) the system is CO but now
there is a coexistence of FM and AFM order. Forx>0.2
there is no evidence of a CO transition and the samples
simple ferromagnets. In the following we first describe

FIG. 2. Variation of resistivity with temperature for selecte
Pr0.6(Ca12xSrx)0.4MnO3 samples.
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more detail the nature of the magnetic order across this se
of compounds. We then discuss the evolution of the str
tural parameters as a function of temperature and dop
level. Finally we briefly discuss our findings in the context
some of the simple models which have been used to un
stand the behavior of this class of materials.

FIG. 3. 3D thermograms for samples of Pr0.6(Ca12xSrx)0.4MnO3

with x50.0, x50.10, andx50.25. The temperature dependen
of the peaks labeleda ~1/2, 1, 0!, b ~1/2, 0, 1!, c ~1, 1, 0!, and
d ~1, 2, 1!/~2, 1, 1! are indicative of the temperature dependence
the antiferromagnetic ordering, the canted to collinear transit
ferromagnetic ordering, and the Jahn-Teller/charge-ordering tra
tion, respectively.
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B. Magnetic properties

For x50.0 the system orders antiferromagnetically with
magnetic structure which changes considerably as a func
of temperature. The magnetic lines in the diffraction patt
can be divided into two groups, one set withh5half integer,
k5 integer or half integer,l 5even and the other set withh
5half integer,k5 integer or half integer,l 5odd correspond-
ing to moments along the@001# and@010# directions, respec-
tively. At 1.5 K the system has a canted CE structure w
colinear moments within each~001! plane and two distinct
magnetic sublattices.18 The magnitude of the moments a
M y51.52mB andMz52.29mB giving M52.7560.03mB for
the first (Mn31) sublattice and M y51.19mB and Mz
52.44mB giving M52.7260.03mB for the second (Mn41)
sublattice. At 30 K there is a small increase in the value
the moments to 2.8960.03mB and 2.7960.03mB . As the
temperature increases the cant angle decreases and aTM
5150 K they component on both the Mn31 and Mn41 sub-
lattices is reduced to zero leaving magnetic moments
1.3960.03mB and 1.5160.03mB respectively. This transi-
tion to a collinear structure is reflected in the difference
the temperature dependence of two sets of magnetic l
with odd and evenl indices~see Fig. 4!. The two sublattices
are coupled together with a commonTN of 170 K. The sub-
stitution of a small amount of Sr results in a system wh
still has an antiferromagnetic CE structure. For example
Pr0.6Ca0.34Sr0.06MnO3 the transition temperatures are no
TM5150 K andTN5180 K. However, there is now also
ferromagnetic component to the magnetic order with
magnetic contributions to the peaks appearing on lines w
h, k5 integer andh1k5even. A plot of the observed versu
calculated neutron-diffraction pattern fo
Pr0.6Ca0.34Sr0.06MnO3 is shown in Fig. 5~a!. In this x50.15
sample at 1.5 K,Mx51.63mB , M y51.19mB , and Mz
52.21mB giving M52.9960.03mB for the first (Mn31) sub-
lattice and Mx51.63mB , M y51.01mB , and Mz52.26mB
giving M52.9760.03mB for the second (Mn41) sublattice.
Again there is a small increase in the magnitude of the
moment at 30 K. In all the materials where AFM and F
coexist, the ferromagnetic component persists up toTN . The
temperature dependence of integrated intensities in the m
netic peaks which correspond to FM order also have an
usual temperature dependence~see Fig. 4! which makes the
exact determination ofTC difficult. This type of behavior has
previously been observed by Yoshizawaet al.26 for a sample
of Pr0.65(Ca12xSrx)0.35MnO3 with x50.3. We attribute this
behavior to a coupling of the AFM and FM structures with
these materials. As the concentration ofx is increased further
the system becomes purely ferromagne
Pr0.6Ca0.3Sr0.1MnO3 has aTC of 175 K with magnetic mo-
ment belowTC of 3.3mB . For x50.5, x50.75, andx51.0
compounds are also ferromagnetic.TC increases withx ~see
Table I! with a magnetic moment of;3.4mB for all the
compounds within this range ofx. In this regime the tem-
perature dependence of the magnetization appears to ha
more normal behavior.

C. Structual parameters

First we discuss the overall crystallographic structure
the materials. At room temperature all the materials exa
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ined have an orthorhombicPbnm structure. The onset o
charge ordering and the appearance of well defined M31

and Mn41 crystallographic sites are expected to be accom
nied by lattice distortions due to the size difference betwe

FIG. 4. Temperature dependence of selected lines in
neutron-powder-diffraction patterns of the samples
Pr0.6(Ca12xSrx)0.4MnO3 with x50.0, x50.15, andx50.25. Forx
50.0 the~1/2, 1, 0! line is indicative of the onset of antiferromag
netic order with a CE structure atTN5175 K. The variation in
intensity of the~1/2, 0, 1! line reflects the switch from a collinear t
a canted CE structure atTM5150 K. Forx50.15 the variations of
intensity with temperature of the~1/2, 1, 0! and ~1/2, 0, 1! lines
again reflect the evolution of the antiferromagnetic order. The
ditional magnetic intensity in the~1,1,0! line indicates the onset o
ferromagnetic order, which is coupled to the antiferromagnetic
der. Forx50.25 the additional ferromagnetic intensity in the~1,1,0!
line shows a more normal temperature dependence.
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FIG. 5. ~a! Powder-diffraction pattern for Pr0.6Ca0.34Sr0.06MnO3 (x50.15) taken atT55 K with l52.52 Å and a Rietveld refinement o
the data. The difference between the observed and the calculated profiles is plotted at the bottom.~b! Powder-diffraction pattern for
Pr0.6Ca0.4MnO3 taken atT5200 K with l51.594 Å and a Rietveld refinement of the data. The difference between the observed a
calculated profiles is plotted at the bottom. The inset shows the superlattice peaks which appear below 250 K indicating the onset
ordering. The Miller indices refer to the high-temperaturePbnmsetting. The peak labeledv comes from the vanadium sample can.
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TABLE I. Selected magnetic parameters for samples of Pr0.6(Ca12xSrx)0.4MnO3 (0.0<x<1.0).

x TM ~K! TN ~K! MAFM1 (mB) MAFM2 (mB) TC ~K! M (mB)

0.00 150 175 1.3960.03 @ 150 K 1.5160.03 @ 150 K
2.8960.03 @ 30 K 2.7960.03 @ 30 K
2.7560.03 @ 1.5 K 2.7260.03 @ 1.5 K

0.10 130 170 2.9560.03 2.960.03
0.15 150 180 2.9960.03 2.9760.03
0.25 175 3.360.03
0.50 250 3.460.03
0.75 275 3.4560.03
1.00 305 3.360.03
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the Mn31 and Mn41 ions. This could lead to the appearan
of additional Bragg peaks which may either be associa
with the difference in charge on the two Mn sites but a
more likely to reflect the displacement of the Mn cations a
the coordination oxygen atoms due to the different ionic ra
and the Jahn-Teller distortions of the Mn31O6 octahedra. In
any event, such a CO distortion cannot be accommodate
the Pbnmspace group and requires a reduction in the cr
tallographic symmetry. Forx50.0, a careful examination o
spectra taken between 200 and 240 K, but aboveTN , where
the magnetic ordering greatly complicates the picture,
veals that the CO is indeed evident as a subtle distor
which produces changes in the widths of some lines
leads to the appearance of some superlattice peaks@see Fig.
5~b!#. The structure can then be indexed asP21 /m. ~Notea,
b, andc in theP21 /m space group correspond tob, c, anda,
respectively, in thePbnmspace group!. The data has bee
fitted assuming a doubling of the unit cell along thea axis in
the P21 /m setting. The four inequivalent sites in thePbnm
structure are increased to 15 forP21 /m. The resulting in-
crease in the number of atomic parameters requires that s
are coupled during the refinement. The way in which
parameters have been coupled in this case can be ded
directly from the identical errors bars in the list of structu
parameters given in Table II. The Mn31 ions are left in the
special positions 0, 0, 0 and12, 0, 0 while the Mn41 at 1

4, 0,
1
2 and 3

4, 0, 1
2 are displaced alongc in opposite directions to

one another. The Pr~1! and Pr~3! ions shift in the same di-
rection as the neighboring Mn41 ion. The O1 oxygen atoms
are left at the special positionsx, 1

4, z, while the O2 oxygen
atoms are shifted to reduce the distortion around the M41

site. As a result the Mn-O oxygen distances in the Mn41O6
octahedra vary from 1.93 to 1.97 Å, while the Mn-O di
tances in the Mn31O6 octahedra range from 1.89 to 2.02
@for Mn~2!# and 1.91 to 2.035 Å@for Mn~3!#. A similar
monoclinic distortion has been observed for thex50.10
sample. We note that Hervieuet al.27 have recently pub-
lished details of a high-resolution microscopy investigat
of a sample of Pr0.70Ca0.25Sr0.05MnO3 in which they observed
the presence of monoclinic domains within an orthorhom
Pbnmmatrix, whilst Radaelliet al.6 have proposed a simila
monoclinic structure for La0.5Ca0.5MnO3 in the CO state. In
contrast, for samples withx>0.25 there are no additiona
superstructure lines which appear below 250 K. We concl
that the CO transition does not take place in these Sr-
samples. Forx'1.0 there is a low-temperature structur
d
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transition to a monoclinicI2/a phase. A full discussion of
this low-temperature phase transition has already been g
in Ref. 28 and will not be repeated here.

We now consider the behavior of the internal structu
parameters. For simplicity we have used the higher sym
try Pbnmspace group in the refinements. This produces
erage values for bond lengths and bond angles. The st
tural information extracted in this way from the diffractio
data including the variation with temperature and Ca/Sr d
ing ratio of the lattice parameters, Mn-O bond angles a
Mn-O bond lengths are collected in Figs. 6–11 and Table
For x50.0 at room temperature, a double tilting of the MnO6
octahedra produces an O orthorhombic structure withb.a
>c/&. Around 250 K we observe a rapid increase in thea
andb lattice parameters, whilec decreases producing an O8
orthorhombic structure withb>a.c/&. Below 200 K the
lattice parameters contract slowly as the temperature is
duced~see Fig. 6!. Rapid changes in the Mn-O bond length
are also observed around 250 K. There is an increase in
lengths of the equatorial Mn-O2 bonds and a decrease in
apical Mn-O1 distance. However, the net result is only
small decrease in the average Mn-O bond length. Below
K the values for the bond lengths are almost constant, so
average the Mn-O bond lengtĥMn-O& is virtually un-
changed over the entire temperature range studied~see Figs.
7 and 8!. The Mn-O-Mn bond angles also vary with temper
ture ~see Fig. 9! although the magnitude of the variations a
relatively small. The observed changes all mark an incre
in the Jahn-Teller~JT! distortion and coincide with the onse
of a CO transition which also occurs atT'250 K. Similar
behavior has been observed in samples withx50.10 andx
50.15. It has been suggested that the distortions resu
from charge ordering and JT effects in this class of mater
should be primarily metric in nature, i.e., associated w
changes in the Mn-O bond lengths as opposed to distort
of the Mn-O bond angles.29 For the Ca-rich samples studie
here, in which these effects are most marked, this is certa
the case.

As expected, for the samples which have a simple F
ground state, i.e., for 0.25<x<1.0, the structural parameter
are well behaved at temperatures around 250 K. In fact
this composition range, both the lattice parameters and
^Mn-O& bond lengths vary monotonically with temperatu
down to 1.5 K ~see, e.g., the behavior forx50.5 sample
shown in Fig. 7!. There have been several studies whi
have focused on the behavior of structural parameters
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TABLE II. Structural parameters for Pr0.6Ca0.4MnO3 calculated using the orthorhombic Pbnmand mono-
clinic P21 /m space groups at 200 K. A comparison between these two refinements indicates the dist
which arise as a result of the charge ordering transition. The refinement in the monoclinicP21 /m was made
using several constraints. We began with thePbnm atomic positions. The cell was doubled along thea
direction in theP21 /m space group. Notea, b, andc in the P21 /m space group correspond tob, c, anda,
respectively, in thePbnmspace group. Thez parameter of the Mn~3! was varied. Then thez parameters for
the Pr~1! and Pr~3! sites were allowed to follow the shift of the Mn~3!. Finally thez parameters of the oxygen
atoms in the Mn~3!-O6 octahedra were refined. The apical O1~2! and O1~4! oxygen atoms are constrained
move in opposite directions while the equatorial oxygens O2~1!-O2~4! all move in the same direction. Th
numbers in parentheses are the statistical errors of the last significant digits.

Refined structural parameters in thePbnmspace group of Pr0.6Ca0.4MnO3 at T5200 K

K

a(Å) 5.4310~2! a~degrees! 90
b(Å) 5.4417~2! b~degrees! 90
c(Å) 7.6022~3! g~degrees! 90

Atom x y z B

Pr 20.0078~4! 0.0336~6! 0.25 0.59~4!

Mn 0.5 0.0 0.0 0.22~5!

O~1! 0.0704~5! 0.4878~5! 0.25 0.70~4!

O~2! 0.7168~4! 0.2842~4! 0.0369~2! 0.78~3!

Refined structural parameters in theP21 /m space group of Pr0.6Ca0.4MnO3 at T5200 K

a(Å) 10.8826~4! a~degrees! 90
b(Å) 7.6022~2! b~degrees! 90
c(Å) 5.4313~2! g~degrees! 90

Atom x y z B

Pr~1! 0.2667~2! 0.25 20.018~2! 0.62~4!

Pr~2! 3/42Pr(1) 0.75 0.492~2! 0.62~4!

Pr~3! 1/21Pr(1) 0.25 0.002~2! 0.62~4!

Pr~4! 1/21Pr(2) 0.75 Pr~2! 0.62~4!

Mn~1! 0.0 0.0 0.0 0.21~5!

Mn~2! 0.5 0.0 0.0 0.21~5!

Mn~3! 0.25 0.0 0.485~3! 0.21~5!

O1~1! 0.4932~2! 0.25 0.0762~8! 0.66~4!

O1~2! 3/42O1(1) 0.75 0.554~2! 0.66~4!

O1~3! 1/21O1(1) 0.25 O1~1!~8! 0.66~4!

O1~4! 1/21O1(2) 0.75 0.576~2! 0.66~4!

O2~1! 0.3922~2! 0.0373~2! 0.6985~6! 0.51~3!

O2~2! 3/42O2(1) 12O2(1) O2(1)21/2 0.51~3!

O2~3! 1/21O2(1) O2~1! 0.7330~5! 0.51~3!

O2~4! 1/21O2(2) 12O2(1) O2(3)21/2 0.51~3!
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manganites around the ferromagnetic transition. Argyr
et al.30 have reported on the temperature dependence of
structural parameters for an orthorhombic insulating sam
of La0.875Sr0.125MnO3 with a ferromagnetic ordering tem
peratureTC of 220 K. They showed that thea axis decreased
smoothly with temperature while theb and c axis lattice
parameters undergo pronounced changes with tempera
From room temperature down to 220 K thec axis exhibited
a large positive thermal expansion, while theb axis had a
large negative expansion. AtTC , the c-axis thermal expan-
sion decreased, while theb axis thermal expansion increase
Below 100 K the unusual behavior disappeared. The inte
structural parameters also show unusual temperature de
dence. The apical Mn-O bond contracts slightly between 3
u
he
le

re.

al
en-
0

and 220 K before relaxing back to its room temperatu
value at 20 K. In contrast, the two equatorial Mn-O2 bo
lengths change substantially~;0.05 Å! over a temperature
interval centered around 220 K producing a large breath
motion in the plane of the MnO6 octahedra. Although our
data points are much more widely separated in tempera
there is no evidence for similar breathing mode aroundTC in
any of our ferromagnetic samples. Radaelliet al.29 have re-
ported much smaller~;0.005 Å! anomalies in the Mn-O
bond lengths aroundTC in a sample of La0.75Ca0.25MnO3,
while Caignertet al.31 have observed a decrease in the d
tortion of the MnO6 octahedra at the transition to a ferroma
netically ordered state in a sample
Pr0.7(Ca12xSrx)0.3MnO3 with x50.33. In both cases the dif
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ference in the absolute values of the discontinuities in
Mn-O2 bond lengths produces a decrease in the ave
bond length which can be associated with the formation
metallic bonding. Discontinuities of this type and magnitu
are consistent with the data presented here for samples
0.25<x<1.0 although data points which are closer in te
perature aroundTC would be required to confirm the pres
ence of this kind of behavior. We note that Caignertet al.31

also observed a decrease in the distortion in a sampl
Pr0.7Ca0.25Sr0.05MnO3 at the transition to an AFM ordere

FIG. 6. Temperature dependence of the lattice parame
$a(d), b(j), andc(n)% for Pr0.6(Ca12xSrx)0.4MnO3 samples with
x50.0 andx50.5.

FIG. 7. Temperature dependence of the Mn-O bond leng
$Mn-O1 ~s!, and Mn-O2~j and~m!% for Pr0.6(Ca12xSrx)0.4MnO3

samples withx50.0 andx50.5.
e
ge
f

ith
-

of

state. In this study we have not observed any anomalie
the structural parameters for samples which order antife
magnetically which can be directly associated with the m
netic ordering.

Although the structural parameters of these mater
show a complex behavior as a function of temperature
variations seen as a function ofx are more straightforward
At 280 K, thea lattice parameter increases withx, while the
b- andc-axis lattice parameters remain nearly constant acr
the series~Fig. 10!. Thus for smallx, b.a>c/&, while at
large x, a.b.c/& and there is an overall increase in th
cell volume withx. At 4 K, for x50.00b.a.c/&. As the
Sr content increases,a.b.c/& for thePbnmphase. Again
there is an overall increase in cell volume with increasingx.
At all temperatures the Mn-O-Mn bond angles increase a
function ofx ~see Fig. 11!. In the Ca-rich samples the Mn-O
is much smaller than Mn-O2 distance. As the Sr cont
increases the lengths of the two Mn-O2 bonds are split m
symmetrically around the Mn-O1. The average Mn-O d
tance^Mn-O& decreases withx ~Fig. 11!.

rs

s

FIG. 8. Variation with temperature of the average Mn-O bo
length for samples of Pr0.6(Ca12xSrx)0.4MnO3 with x50.0 andx
50.5.

FIG. 9. Temperature dependence of the Mn-O-Mn bond an
$Mn-O1-Mn ~d! and Mn-O2-Mn ~h!% in samples of
Pr0.6(Ca12xSrx)0.4MnO3 with x50.0 andx50.5.
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IV. DISCUSSION

The properties of Pr0.6(Ca12xSrx)0.4MnO3 show remark-
able sensitivity to changes inx, highlighting the strong cor-
relation between the structural, magnetic, and electro
properties of these manganite materials. There are a num
of different models which can be used to help underst
this behavior. In the simplest picture we consider the dis

FIG. 10. Lattice parameters$a(d), b(j), andc(n)% versus Sr
dopingx for samples Pr0.6(Ca12xSrx)0.4MnO3 at 280 and 4 K.
ic
er
d
r-

tions which are introduced into the material by a mismatch
the size of the rare earth and the alkali ions. The tolera
factor t5(R-O)/A2(A-O) ~where R-O and A-O are the
equilibrium bond lengths! gives a measure of the degree
distortion present. Using the values for ionic radii in 12-fo
coordination32,33 t'0.96 forx50.0. This is close to the criti-
cal value delineating the boundary between an AF
insulator and a FM/conductor.34 t increases with the addition
of Sr driving the system toward a FM conducting grou
state. The phase diagram shown in Fig. 12 which inclu
data taken from other work15 shows that the results of thi
study are in reasonable accord with this simple model, p
ticularly for samples which are purely FM. At the Ca-ric
end the ordering temperature is clearly not a strong func
of t.

FIG. 11. Variation of the average Mn-O bond length~d! and
Mn-O-Mn bond angle$Mn-O1-Mn ~h!, and Mn-O2-Mn~3!% with
the level of Sr dopingx in samples Pr0.6(Ca12xSrx)0.4MnO3 at 280
K.
of the

TABLE III. Selected structural parameters for samples of Pr0.6(Ca12xSrx)0.4MnO3 with x50.0,x50.25, andx50.5. All the refinements

were carried out using the higher symmetry orthorhombicPbnmspace group. The numbers in parentheses are the statistical errors
last significant digits.

T ~K! a(Å) b(Å) c(Å) Mn-O1 Mn-O2 Mn-O2 ^Mn-O&ave Mn-O1-Mn Mn-O2-Mn

x50.0
280.0 5.4155~1! 5.4325~1! 7.6423~1! 1.949~1! 1.954~2! 1.957~2! 1.9533 157.2~1! 157.33~4!

260.0 5.4152~1! 5.4331~1! 7.6392~1! 1.948~1! 1.953~2! 1.959~2! 1.9533 157.2~1! 157.24~5!

240.0 5.4171~1! 5.4348~1! 7.6324~1! 1.947~1! 1.952~2! 1.961~2! 1.9533 157.1~1! 157.29~6!

220.0 5.4299~2! 5.4412~2! 7.6067~2! 1.940~1! 1.956~2! 1.964~2! 1.9533 157.2~1! 157.37~5!

200.0 5.4310~2! 5.4417~2! 7.6022~3! 1.940~1! 1.955~2! 1.964~2! 1.9530 156.9~1! 157.53~6!

150.0 5.4302~2! 5.4402~2! 7.5989~3! 1.939~1! 1.954~3! 1.965~3! 1.9527 156.8~1! 157.46~4!

80.0 5.4292~2! 5.4387~2! 7.5973~3! 1.939~1! 1.955~3! 1.964~3! 1.9527 156.8~1! 157.38~6!

4.0 5.4290~3! 5.4382~3! 7.5948~3! 1.939~1! 1.954~4! 1.963~4! 1.9520 156.6~1! 157.55~4!

x50.25
280.0 5.4272~1! 5.4272~1! 7.6607~1! 1.948~1! 1.947~2! 1.955~2! 1.9500 158.9~1! 159.07~2!

200.0 5.4246~1! 5.4246~1! 7.6533~1! 1.946~1! 1.947~2! 1.957~2! 1.95 158.8~1! 158.73~2!

150.0 5.4222~1! 5.4239~1! 7.6495~1! 1.945~1! 1.945~2! 1.955~2! 1.9483 159.0~1! 158.86~3!

80.0 5.4187~1! 5.4205~1! 7.6490~1! 1.945~1! 1.945~2! 1.952~2! 1.9473 158.8~1! 159.05~3!

4.0 5.4188~1! 5.4203~1! 7.6467~1! 1.945~1! 1.944~3! 1.953~3! 1.9473 158.8~2! 159.13~3!

x50.50
280.0 5.4474~2! 5.4355~2! 7.6776~2! 1.950~1! 1.945~2! 1.958~2! 1.9510 159.6~1! 160.60~2!

200.0 5.4426~1! 5.4306~1! 7.6719~2! 1.949~1! 1.945~2! 1.954~2! 1.9493 159.6~1! 160.77~2!

150.0 5.4402~1! 5.4291~1! 7.6695~2! 1.948~1! 1.946~2! 1.952~2! 1.9487 159.6~1! 160.76~3!

80.0 5.4385~1! 5.4279~1! 7.6659~2! 1.947~1! 1.946~2! 1.952~2! 1.9483 159.6~1! 160.55~3!

4.0 5.4388~1! 5.4277~1! 7.6630~1! 1.947~1! 1.947~3! 1.951~3! 1.9483 159.5~1! 160.67~3!
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At a more fundamental level, the behavior of these ma
rials has traditionally been explained within the framewo
of the double-exchange~DE! model35–37 in which the mag-
netic coupling between Mn31 and Mn41 ions arises from the
motion of electrons between two partially filled Mnd shells
with strong on-site Hund’s coupling. In PrMnO3 the Mn31

ions have threet2g electrons forming an inert core, while th
eg electron is electronically active with its spin parallel to t
core. Doping with divalent Ca and Sr ions means both Mn31

and Mn41 ions are present. Theeg electrons now hop using
an intermediate oxygen ion between Mn31 and Mn41 ions
via the DE mechanism.38 Thus DE facilitates electron itiner
ancy and ferromagnetism. The effective electron transfert̃ is
given by t̃5t i j cos(uij /2) wheret i j and u i j denote the elec-
tron transfer probability when the localizedt2g spins are par-
allel, and the angle between two neighboringt2g spins, re-
spectively. The mobility of the electrons is expected
increase ast̃ increases. This can be brought about either
aligning the spins using an externally applied magnetic fi
or alternatively by increasing the bond angle between
manganese and the oxygen ions. In competition with the
there are several mechanism which increase the localiza
of the carriers. The JT distortion of the Mn31O6 state lowers
the energy of theeg electron and impedes hopping to a
undistortedeg state of the Mn41 ion leading the formation of
polarons. De Teresaet al.39 have recently reported the pre
ence of magnetic polarons in La0.66Ca0.33MnO3. AFM super-
exchange produces antiparallel core spin alignment wh
also inhibits the hopping of the spin polarizedeg electrons.
There may be localization effects arising from other sour
of non magnetic randomness.40 There is also the mutual Cou

FIG. 12. Phase diagram showing the temperature versus Sr
centration and tolerance factor for samples in t
Pr0.6(Ca12xSrx)0.4MnO3 series;~L! denotes charge-ordering tem
perature,~d! TN , ~j! TM , and~s! TC . Also shown are~h! TC’s
for samples of La0.7Ca0.3MnO3 and La0.7Sr0.3MnO3 taken from Ref.
15.
sh

K.

tt
-

y
d
e
E
on

h

s

lomb repulsion of charge carriers. These effects all prod
charge localized or charge ordered systems with AFM ord

This study underlines that there are several compe
factors which determine the eventual ground state of the
tem. In this case doping with Sr does produce an increas
the Mn-O-Mn bond angles with increasingx which should
lead to a stronger double-exchange-mediated FM coupl
However, forx50.0 the properties of the system are dom
nated by the CO and the static JT distortion which occurs
250 K. The resulting additional localization produces
AFM insulating ground state. The addition of a small amou
of Sr does not remove the CO or the JT distortion at 250
The magnetic ordering temperature appears to be alm
constant. However, below 170 K the magnetic ordering n
has both AFM and FM components. A fall in the resistivi
of the x50.15 sample at low temperature~see Fig. 2! sug-
gests that the CO is suppressed within the magnetically
dered state although it is not possible to determine if this
the case from the neutron data. It should be noted that
temperature at which the fall in resistivity occurs does n
coincide with the onset of FM. Only when the CO and sta
JT distortions which are observed around 250 K are s
pressed does the system order with a simple ferromagn
structure. Initially TC is still around 170 K but increase
rapidly reaching 305 K atx51.0. Now the fall in resistivity
occurs close toTC .

Finally, it has been suggested that the effects of chem
pressure applied through doping, the application of exter
pressure, and the application of a magnetic field all play
same role in these materials, namely, to drive the sys
from a charge ordered antiferromagnetic state which rem
insulating down to low temperatures, through a regim
where the material first charge orders, then undergoes
insulator metal transition to a conducting state, eventua
reaching a regime where the system switches directly fro
paramagnetic state with a conductivity which has an a
vated temperature dependence to a ferromagnetic state
metallic conductivity. Yoshizawaet al.26 have studied the
effects of external hydrostatic pressure on the ground-s
properties of the Pr0.7Ca0.3MnO3 and confirmed that thes
three regimes do exist as a function of pressure. Prev
work on the properties of Pr12xCaxMnO3 in a magnetic
field19,23 have also identified these three regimes as a fu
tion H. The results obtained here and in a previous study
Pr0.65(Ca12xSrx)0.35MnO3 ~Ref. 26! clearly demonstrate tha
these three regimes also exist as a function of doping wh
acts to apply chemical pressure. It should be noted that
ternal pressure is expected to lead to a decrease in the ov
cell volume while doping with Sr increases the cell volum
However, in both cases there is a reduction in the distort
of the Mn-O-Mn bond angle and it is this which dictates t
eventual ground state of the system.
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