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The evolution of the structural properties ofA12xAx8MnO3 was determined as a function of temperature,
averageA-site radius^r A&, and applied pressure for the ‘‘optimal’’ doping rangex50.25, 0.30, by using
high-resolution neutron powder diffraction. The metal-insulator transition, which can be induced both as a
function of temperature and of^r A&, was found to be accompanied by significant structural changes. Both the
paramagnetic charge-localized phase, which exists at high temperatures for all values of^r A&, and the spin-
canted ferromagnetic charge-ordered phase, which is found at low temperatures for low values of^r A&, are
characterized by large metric distortions of the MnO6 octahedra. These structural distortions are mainly inco-
herent with respect to the space-group symmetry, with a significant coherent component only at low^r A&.
These distortions decrease abruptly at the transition into the ferromagnetic metal phase. These observations are
consistent with the hypothesis that, in the insulating phases, lattice distortions of the Jahn-Teller type, in
addition to spin scattering, provide a charge-localization mechanism. The evolution of the average structural
parameters indicates that the variation of the electronic bandwidth is the driving force for the evolution of the
insulator-to-metal transition at TC as a function of ‘‘chemical’’ and applied pressure.
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I. INTRODUCTION

An intense research effort has recently been devote
studying the interplay between structure, magnetism,
transport in manganese perovskitesA12xAx8MnO3 ~A5La,
rare earth,A85Ca,Sr,Ba).1–9 As a function of temperature
applied magnetic field, doping, applied pressure,A-site ionic
radius^r A&, andA-site size disorder, this system displays
rich phase diagram for both magnetotransport and struct
properties. In the absence of charge carriers (x50), this
compound is an antiferromagnetic insulator,10,11 although its
magnetic structure~known as anA-type structure!, being
made of ferromagnetic MnO2 planes coupled antiferromag
netically along theb axis,12 implies the existence of both
ferromagnetic and antiferromagnetic interactions betw
Mn spins. Upon substitution of a divalent alkaline-ea
metal ~Ca,Sr,Ba! for a trivalent rare earth or lanthanum o
the perovskiteA site, a certain percentage of Mn31 is for-
mally replaced with Mn41 ~electronic doping!, providing po-
tential charge carriers for electrical conductivity. For certa
values of the electronic doping and of theA-site ionic radius,
these compounds are metallic and ferromagnetic at low t
peratures, while their conductivity displays semiconduct
behavior at high temperatures. The metal-insulator transi
between these two states is strongly coupled with the m
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netic ordering transition. The metal-insulator transition te
peratureTM -I coincides with the Curie temperatureTC .
Therefore, for temperatures in the vicinity ofTC , a strong
variation of the electrical resistivity, up to several orders
magnitude, occurs upon application of a magnetic field o
few tesla, a phenomenon that has become known as colo
magnetoresistance. The nature of the low-temperature fe
magnetic metal phase, and the coupling betweenTC and
TM -I were discussed in 1951 by Zener,13 who proposed the
so-called double-exchange mechanism.14,15 In Zener’s
model, ferromagnetic alignment of the Mn magnetic mom
is favored by coupling through the conduction electrons. F
thermore, aboveTC , charge carriers are localized throug
scattering by the Mn spins, in the context of strong on-s
Hund’s rule coupling. Upon the more recent renaissance
manganite research, in spite of the effort to adapt the th
retical description of the double-exchange model to the n
experimental data,16 the validity of this latter assumption ha
been called into question. In fact, some authors have p
posed that double exchange alone is unable to explain e
the value ofTC ~which should be much higher!, or the abso-
lute value and the temperature dependence of the elect
resistivity aboveTC .17–19For these reasons, the nature of t
charge-carrier localization mechanism in the paramagn
phase is perhaps the most important issue in the physic
these materials.
8265 © 1997 The American Physical Society
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8266 56P. G. RADAELLI et al.
Among the possible mechanisms for charge localizati
lattice distortions due to the different ionic radii of Mn31 and
Mn41 and to the tendency of Mn31 to assume a Jahn-Telle
distorted configuration have received a considera
attention.17–19 In particular, some authors have propos
that, aboveTC , charge may be localized in the form of ‘‘J
polarons.’’ In this scenario, JT distortion of the Mn31O6 oc-
tahedra should be present in the paramagnetic phase bu
sent in the low-temperature metallic phase. However, i
clear that, at least in the case of the compositions with
highestTC , these distortions cannot be coherent with resp
to the crystallographic space group symmetry (R3̄c), which
imposes on average identical and metrically undistor
MnO6 octahedra. Strong supporting evidence that partia
incoherent structural distortions are involved in theM -I
transition has been recently provided by the observation
an abrupt reduction of the oxygen Debye-Waller factors
TC on cooling,5,20–22 which is accompanied, in the ortho
rhombic phase, by a decrease of the~small! coherent com-
ponent of the JT distortion.5

Crystallographic techniques can measure the full exten
these lattice distortions only for phases, like LaMnO3,

10,11

which displaycoherent orbital ordering. Therefore, a key
role in the understanding of the relationships betweenlocal
and average structure is played by the so-called charg
ordered compounds, like La0.5Ca0.5MnO3 ~Refs. 5 and 23! or
Pr0.7Ca0.3MnO3.

24–27 In the case of La0.5Ca0.5MnO3, it has
been shown9 that charge and magnetic ordering are asso
ated with orbital ordering, whereby the JT-distorted Mn31O,
octahedra form a long-range-ordered quasicommensurat
perstructure. We will argue in the remainder of this pap
that, based on the similarities of the average structure, a s
lar but short-range-orderedarrangement may be present
the paramagnetic phase. This is the first important reaso
study the evolution of theaverage structural parameter
across the phase diagram in general, and through theM -I
and charge-ordering transitions in particular.

A second but no less important reason to analyze syst
atically the crystal structure of the manganites is understa
ing the basic mechanism by which the magnetotrans
properties can be ‘‘tuned’’ at constant doping. It has be
shown thatTC is very sensitive to both ‘‘chemical’’ pressur
~i.e., structural distortions induced by changing^r A&!,1,7,8and
applied pressure.2,28,29It has been proposed that these effe
are related to changes of the charge-carrier bandwidthW,
which describes electron hopping from the Mn sites. Preli
nary data1 have evidenced, as a function of^r A&, large
changes of the Mn-O-Mn angles, which are presumed to
fect W. In the present work, a comprehensive study of th
effects is presented.

In this paper, we present a systematic neutron powd
diffraction study of the structural and magnetic properties
A12xAx8MnO3 ~A5Pr, La,A85Ca, Sr, Ba,x50.25, 0.30! as
a function of temperature,A-site ionic radiuŝ r A&, and ap-
plied pressure, spanning across the three magnetotran
phases~paramagnetic semiconductor, ferromagnetic me
and charge-ordered spin-canted insulator!, and across the
three crystallographic phase regions~Pnma, R3̄c, andImma,
see Ref. 6!, which are found for these doping levels. B
correlating ‘‘chemical’’ pressure and applied pressure da
,
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we investigate the influence of both Mn-O-Mn angles a
Mn-O bond lengths upon the magnetic and transport prop
ties. Furthermore, we show the existence of structural si
larities between the spin-canted, charge-ordered insula
phase~which is present at low temperatures for small^r A&!
and the paramagnetic semiconductor phase~found for larger
^r A& aboveTC!. Both phases are characterized by a coher
JT distortion of the MnO6 octahedra and by large Debye
Waller factors, which are both abruptly reduced by cross
the phase boundaries into the metallic phase.

II. SYNTHESIS AND NEUTRON POWDER DIFFRACTION

Polycrystalline samples ofA12xAx8MnO3 ~A5La, Pr,
A85Ca, Sr, Ba,x50.25, 0.3! were synthesized through con
ventional solid-state reaction in air. The samples of
A0.7A0.38 MnO3 series, with compositions Pr0.7Ca0.3MnO3,
La0.525Pr0.175Ca0.3MnO3, La0.7Ca0.17Sr0.13MnO3,
La0.7Ca0.13Sr0.17MnO3, La0.7Sr0.3MnO3,
La0.7Sr0.12Ba0.18MnO3, and La0.7Ba0.3MnO3 and masses o
1–2 g, are the same used for the work reported in Refs. 1
6. For the study of the structural anomalies atTC , a large
La0.75Ca0.25MnO3 sample~20 g! was prepared by the sam
technique~preliminary data collected from the same samp
was reported in Ref. 5!. This slightly different doping value
was chosen because, at this composition, we have previo
observed the presence of lattice constant anomalies
TC'240 K ~Ref. 4!. Neutron powder-diffraction data wer
collected on theA0.7A0.38 MnO3 samples at ambient pressur
at 1.6 and 300 K, using the D2B diffractometer of the Ins
tute Laue-Langevin, equipped with a standard ‘‘orange’’ c
ostat, at a wavelength of 1.594 Å and with no primary be
collimation ~the monochromator mosaic spread full width
half maximum being;158 of arc! and 58 collimation be-
tween sample and detector. High-pressure neutron pow
diffraction data were collected on the same samples at ro
temperature and at pressures between 0 and 0.6 GPa,
the time-of-flight special environment powder diffractome
at the intense pulsed neutron source of Argonne Natio
Laboratory, equipped with a helium gas cell. Structural p
rameters were refined by the Rietveld method, using the p
gramGSAS.30 For each composition,̂r A& was calculated us-
ing the tabulated values of Ref. 31 for atoms in ninefo
coordination ~for details, see Sec. IV!. Temperature-
dependent neutron powder-diffraction data (20<T<400 K)
were obtained on the La0.75Ca0.25MnO3 sample using D2B
equipped with an ILL cryofurnace. Since for this compo
tion themetric distortion from a tetragonal unit cell is ver
small (a'c), particular care was taken to optimize the res
lution. Therefore, for each temperature, data were obtaine
two different wavelengths~l151.594 Å,l252.400 Å!. The
l2 wavelength was filtered using a 3 cmthick highly ori-
ented pyrolitic graphite filter in the primary beam~l/2 and
l/3 contamination were lower than 0.1% and 0.2%, resp
tively!. Furthermore, for both wavelengths, the monoch
matic beam divergencea2 was limited to;0.2°, by means
of a slit system positioned;15 cm after the monochromato
~the same configuration as for the other data was used
the primary beam and detector collimation!. Data sets at
the two wavelengths were simultaneously refined using
program GSAS. As an example, the Rietveld plots fo
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FIG. 1. Rietveld plots of neutron powder-diffraction data atl151.594 Å ~bottom! andl252.400 Å ~top! for La0.75Ca0.25MnO3 at 20 K.
The plus~1! signs are raw data~the background was not subtracted!. The solid line is the calculated profile. The tick marks below the pro
indicate the position of allowed Bragg reflections. A difference plot~observed minus calculated! is plotted at the bottom. In thel1

51.594 Å pattern, a narrow region near 2u5150° was excluded due to the presence of an aluminum peak from the cryostat tail.
-
l
ffi-
st
os
ic
an

o

r

h
n-
ifi
M
r

y

e

ra-

and
-
ed
the
nd
ior

-
en-

i-

in
pri-
La0.75Ca0.25MnO3 at 20 K are shown in Fig. 1. For ferromag
netic samples of theA0.7A0.38 MnO3 series, a simple mode
with collinear Mn moments, which were refined, was su
cient to describe the magnetic scattering at the present in
mental resolution. One sample of the series, with comp
tion Pr0.7Ca0.3MnO3, displayed a very complex magnet
structure, with the coexistence of both ferromagnetism
antiferromagnetism. The antiferromagnetic component
this structure contains two propagation vectors~1/2 00 and
1/2 0 1/2!, associated with two Mn sublattices.24 A ferro-
magnetic~FM! moment of 0.48~2! was also refined for the P
site, but the small improvement of theR value is not consid-
ered sufficient proof of the Pr magnetic ordering. For t
La0.75Ca0.25MnO3 sample, due to the higher resolution co
figuration employed for the neutron data collection, sign
cantly better refinements could be obtained with the
spins parallel to thec axis, with respect to the two othe
orientations. The structural parameters of theA0.7A0.38 MnO3

compounds at 300 and 1.6 K, for the three space-group s
metries encountered in the system~Pnma,R3̄c, and Imma!
are listed in Tables I, II, and III, respectively. Th
ru-
i-

d
f

e

-
n

m-

La0.75Ca0.25MnO3 structural parameters at selected tempe
tures are reported in Table IV.

III. METAL-INSULATOR TRANSITION AS A FUNCTION
OF TEMPERATURE

As already discussed in Ref. 4, the lattice parameters
unit-cell volume of La0.75Ca0.25MnO3 display a sharp discon
tinuity at TC5240 K. The lattice parameters as determin
from neutron powder-diffraction data are consistent with
previous synchrotron x-ray-diffraction determination, a
will not be reported herein. Here, we focus on the behav
of the internal structural parameters~bond distances and
angles and Debye-Waller factors! as a function of tempera
ture. Figure 2 shows the three crystallographically indep
dent Mn-O bond lengths~center panel! and their average
value ^Mn-O& ~top panel! as a function of temperature, ev
dencing the presence of a discontinuity atTC for all param-
eters. In particular, the abrupt reduction of^Mn-O& at TC is
consistent with the formation of stronger metallic bonds
the ferromagnetic phase, and is the parameter which is
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TABLE I. Refined structural parameters from neutron powder-diffraction data for theA0.7A0.38 MnO3 compounds having Pnma~No. 62!
space-group symmetry. Numbers in parentheses are statistical errors of the last significant digit. The site occupancies are kept at fi
consistent with the nominal stoichiometry. The atomic positions are Mn: 4b 1̄ ~0,0,0.5!; A/A8, O~1!: 4c .m. (x,0.25,z), O2: 8d 1 (x,y,z).
The low-temperature magnetic structure of Pr0.7Ca0.3MnO3 has a ferromagnetic~FM! and an antiferromagnetic~AFM! component~Ref. 24!.
A FM moment of 0.48~2! was also refined for the Pr site.

A/A8 Site Pr0.7Ca0.3 La0.525Pr0.175Ca0.3 La0.7Ca0.17Sr0.13 La0.7Ca0.13Sr0.17

Temperature 300 K 1.6 K 300 K 1.6 K 300 K 1.6 K 1.6 K
a ~Å! 5.4646~2! 5.4663~2! 5.4585~2! 5.4493~1! 5.4690~1! 5.4563~1! 5.4572~1!

b ~Å! 7.6749~3! 7.6659~3! 7.7146~2! 7.6987~2! 7.7292~2! 7.7129~2! 7.7145~2!

c ~Å! 5.4308~2! 5.4240~2! 5.4674~2! 5.4579~1! 5.5045~1! 5.4901~1! 5.4968~1!

V (Å 3) 227.77~2! 227.17~2! 230.23~1! 228.97~1! 232.679~9! 231.046~8! 231.409~8!

m (mB) 0 FM 2.13~2! 0 3.43~3! 2.08~3! 3.46~3! 3.51~3!

AFM 1.42~2!

Mn uiso (Å 2) 0.0026~4! 0.0026~4! 0.0028~4! 0.0018~4! 0.0043~4! 0.0012~4! 0.0007~4!

A/A8 x 0.0354~4! 0.0383~4! 0.0236~4! 0.0248~3! 0.0117~4! 0.0147~3! 0.0115~3!

z 20.0055(7) 20.0031(7) 20.0057(7) 20.0045(5) 20.0028(3) 20.0032(2) 20.0027(2)
uiso (Å 2) 0.0087~4! 0.0064~4! 0.0079~4! 0.0031~3! 0.0077~3! 0.0030~3! 0.0025~3!

O~1! x 0.4853~4! 0.4844~4! 0.4893~7! 0.4905~5! 0.4944~6! 0.4947~4! 0.4963~5!

z 0.0719~4! 0.0731~4! 0.0668~5! 0.0655~4! 0.0587~3! 0.0581~3! 0.0570~3!

u11 (Å 2) 0.020~1! 0.022~1! 0.018~2! 0.005~2! 0.013~1! 0.010~1! 0.008~1!

u22 (Å 2) 0.006~1! 0.001~1! 0.005~2! 0.003~1! 0.005~1! 0.005~1! 0.005~1!

u33 (Å 2) 0.007~1! 0.005~1! 0.005~2! 0.003~1! 0.007~1! 0.0088~9! 0.008~1!

u13 (Å 2) 20.0039(9) 0.003~1! 20.002(1) 20.0005(9) 0.000~1! 0.0002~9! 0.001~1!

O~2! x 0.2878~3! 0.2898~3! 0.2782~5! 0.2789~4! 0.2672~3! 0.2692~2! 0.2658~3!

y 0.0374~2! 0.0380~2! 0.0342~2! 0.0338~2! 0.0306~2! 0.0309~1! 0.0301~1!

z 0.7145~3! 0.7157~3! 0.7198~4! 0.7204~4! 0.7331~3! 0.7310~2! 0.7341~3!

u11 (Å 2) 0.0177~7! 0.0192~7! 0.0104~8! 0.0033~6! 0.0121~8! 0.0044~7! 0.0036~7!

u22 (Å 2) 0.0116~6! 0.0046~6! 0.0146~9! 0.0062~6! 0.0145~7! 0.0055~6! 0.0066~5!

u33 (Å 2) 0.0111~6! 0.0081~6! 0.0156~9! 0.0062~7! 0.0130~7! 0.0057~6! 0.0075~6!

u12 (Å 2) 20.0014(5) 0.0009~6! 20.001(1) 0.0004~8! 0.0025~9! 0.0009~7! 0.0015~8!

u13 (Å 2) 20.0019(6) 0.0011~6! 20.0016(7) 20.0010(5) 20.0035(6) 20.0022(5) 20.0028(5)
u23 (Å 2) 0.0015~6! 0.0007~6! 0.002~1! 0.0006~9! 0.0002~8! 0.0001~6! 0.0002~7!

RWP ~%! 4.27 4.86 5.75 6.01 5.23 5.78 5.61
x2 ~%! 1.581 2.534 1.660 1.809 1.729 2.033 1.753
dy
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marily responsible for the volume discontinuity. As alrea
pointed out,5 the behavior of the individual Mn-O bon
lengths as a function of temperature is consistent with a
duction of thecoherentJT distortion of the MnO6 octahedra
at TC . However, it is necessary to stress that this coheren
distortion is already very smallabove TC . This can be quan-
tified by defining a JT parameter

sJT5A1

3 (
i

@~Mn-O! i-^Mn-O&#2,

~which is plotted as a function of temperature in Fig. 2, b
tom panel!. For La0.75Ca0.25MnO3 at 300 K, sJT'3.7
31023, some 30 times smaller than for the prototype co
pound LaMnO3 at the same temperatur
(sJT51.231021).32 Furthermore, for La0.75Ca0.25MnO3, sJT
increaseswith decreasing temperature belowTC and, at 20
K, becomes as large as at 300 K. Both these observat
indicate that the behavior of the coherent JT distortion i
useful indication that a structural rearrangement is occur
at TC , but cannot be taken as a conclusive proof of the r
of lattice distortions in charge localization in the parama
netic phase.
e-
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-
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We should remark, however, that a small coherent JT
tortion is not incompatible with a large total JT distortio
provided that the largest part of it cancels upon applicat
of the space-group symmetry operators. This has been
cently demonstrated in the case of the charge-ordered c
pound La0.5Ca0.5MnO3 ~Ref. 9!. For La0.5Ca0.5MnO3 at low
temperatures, the Pnma-averaged JT distortion is very s
@sJT~coherent!51.931022# and of theapically compressed
type ~each Mn atom has two short and four long bonds w
adjacent oxygen atoms!. However, when the diffraction dat
are analyzed in terms of the quasicommensurate supers
ture, the JT distortion of the Mn31O6 octahedra is deter
mined to be of theapically elongatedtype and to be as large
as for LaMnO3 @sJT~total!51.231021#. Obviously, in this
case, the Pnma-incoherent component of the JT distor
~i.e., the component which averages to zero upon applica
of the Pnma symmetry operators! is actually coherent with
respect to the superstructure space group. If the diffrac
data are analyzed using the Pnma space group, this Pn
incoherent component is manifest only by rather large lo
temperature oxygen Debye-Waller factors@U(O);131022

as compared, for instance, toU(O);331023 for LaMnO3
at 2 K ~Ref. 9!# indicating the presence of static disorder.
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TABLE II. Refined structural parameters from neutron powder-diffraction data for theA12xAx8MnO3

compounds havingR3̄c ~No. 167! space-group symmetry. The hexagonal axes setting was used fo
refinement. Numbers in parentheses are statistical errors of the last significant digit. The site occupan
kept at fixed values consistent with the nominal stoichiometry. The atomic positions are Mn: 6b 3̄. ~0,0,0!;
A/A8: 6a 32 ~0,0,0.25!, O: 18e .2 ~x,0,0.25!.

A/A8 Site La0.7Ca0.13Sr0.17 La0.7Sr0.3 La0.7Ba0.18Sr0.12 La0.7Ba0.3

Temperature 300 K 300 K 1.6 K 300 K 300 K
a ~Å! 5.5022~1! 5.5060~1! 5.499 30~9! 5.5245~1! 5.537 80~15!

c ~Å! 13.3291~3! 13.3564~3! 13.3175~3! 13.4431~3! 13.5011~4!

V (Å 3) 349.47~1! 350.66~1! 348.80~1! 355.32~1! 358.57~2!

m (mB) 2.18~4! 2.36~4! 3.09~4! 2.29~4! 3.37~3!

Mn uiso (Å 2) 0.0053~5! 0.0037~5! 0.0024~5! 0.0036~5! 0.0038~6!

A/A8 uiso (Å 2) 0.0075~3! 0.0072~3! 0.0040~3! 0.0076~3! 0.0094~4!

O x 0.4515~1! 0.4577~1! 0.4563~1! 0.4647~1! 0.4706~2!

u11 (Å 2) 0.0111~3! 0.0100~3! 0.0057~3! 0.0176~3! 0.0203~5!

u22 (Å 2) 0.0099~5! 0.0086~5! 0.0047~4! 0.0133~5! 0.0135~7!

u33 (Å 2) 0.0097~4! 0.0138~4! 0.0077~4! 0.0079~4! 0.0122~5!

u12 (Å 2) 0.0050~2! 0.0043~2! 0.0023~2! 0.0066~3! 0.0067~3!

u13 (Å 2) 20.0014(2) 20.0020(2) 20.0014(2) 20.0017(2) 20.0023(3)
u23 (Å 2) 0.0028~4! 0.0040~4! 0.0028~4! 0.0035~4! 0.0045~6!

RWP ~%! 5.78 6.93 7.79 6.21 5.91
x2 ~%! 2.262 2.461 3.038 3.780 3.244
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TABLE III. Refined structural parameters from neutron powd
diffraction data forA12xAx8MnO3 compounds having Imma~No.
74! space-group symmetry. Numbers in parentheses are statis
errors of the last significant digit. The site occupancies are kep
fixed values consistent with the nominal stoichiometry. The ato
positions are Mn: 4b 2/m. ~0,0,0.5!; A/A8: 4e mm2 ~0,0.25,z!,
O~1!: 4e mm2 ~0.5,0.25,z!, O~2!: 8g .2. ~0.25,y,0.75!.

A/A8 Site La0.7Ba0.18Sr0.12 La0.7Ba0.3

Temperature 1.6 K 1.6 K
a ~Å! 5.4903~1! 5.508 88~8!

b ~Å! 7.7607~2! 7.788 2~1!

c ~Å! 5.5295~1! 5.539 56~8!

V (Å 3) 235.603~8! 237.669~6!

m (mB) 3.40~3! 3.37~3!

Mn uiso (Å 2) 0.0012~3! 0.002 2~5!

A/A8 z 0.0019~2! 0.001 8~3!

uiso (Å 2) 0.0023~2! 0.003 0~3!

O~1! z 0.0451~3! 0.039 1~4!

u11 (Å 2) 0.008~1! 0.011~2!

u22 (Å 2) 0.004~8! 0.004~1!

u33 (Å 2) 0.0110~7! 0.015~1!

O~2! y 0.0225~1! 0.019 5~2!

u11 (Å 2) 0.0038~7! 0.007~1!

u22 (Å 2) 0.0132~5! 0.013 7~7!

u33 (Å 2) 0.0106~5! 0.013 9~7!

u13 (Å 2) 20.0030(5) 20.0053(7)
RWP ~%! 5.05 5.43
x2 ~%! 2.568 2.651
the case of the paramagnetic phase of La0.75Ca0.25MnO3 and
other near optimally doped compositions, the absence
charge ordering indicates that, if present, the residual JT
tortion must be truly incoherent, either through static or d
namic disorder.

The temperature dependence of the anisotropic oxy
Debye-Waller factors for La0.75Ca0.25MnO3 is plotted in Fig.
3. We have chosen to plot^U& ~defined as 1/3 the trace o
the Debye-Waller tensor!, and the projections of the therma
ellipsoid along the directions of the Mn-O bonds (Upar) and
on the plane perpendicular to them (Uperp). Uperp is always
larger than (Upar), as phonon energies are lower for tiltin
modes than for breathing modes. However,Upar displays a
rather flat temperature dependence aboveTC , and a sharp
drop atTC , while Uperp has a linear temperature dependen
aboveTC and a much smaller discontinuity. These data
consistent with the presence, aboveTC , of incoherent struc-
tural distortions which involve oxygen displacemen
mainly along the Mn-O bonds. Furthermore, the absol
value ofUpar at TC(;131022 Å 2) implies a mean-square
displacement of the oxygen atoms of;0.1 Å, which is com-
parable withsJT for LaMnO3 or the La0.5Ca0.5MnO3 super-
structure. All these observations support the possibility th
in the paramagnetic phase, the Mn31O6 octahedra may be
nearlyfully distorted, the largest part of this distortion bein
incoherent. Our results are also in good agreement with
evidence obtained using probes that are sensitive to the l
structure, like neutron-scattering pair-distribution-functi
analysis20 and extended x-ray-absorption fine structure.33

Figure 4 shows the Mn-O-Mn bond angles as a funct
of temperature for La0.75Ca0.25MnO3. This parameter is im-
portant because it is related to the electronic bandwidth
discussed in Sec. V. Both crystallographically independ
Mn-O-Mn angles suddenly increase atTC . This fact, along
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TABLE IV. Refined structural parameters from neutron powder-diffraction data for La0.75Ca0.25MnO3 at selected temperatures. The spa
group symmetry is Pnma~No. 62!. Numbers in parentheses are statistical errors of the last significant digit. The site occupancies are
fixed values consistent with the nominal stoichiometry. The atomic positions are Mn: 4b 1̄ ~0,0,0.5!; La/Ca, O~1!: 4c .m. (x,0.25,z), O~2!:
8d 1 (x,y,z).

Temperature 20 K 130 K 220 K 240 K 250 K 300 K 360 K 420 K

a ~Å! 5.470 57~3! 5.472 31~3! 5.476 94~4! 5.480 41~4! 5.480 51~4! 5.481 84~4! 5.483 77~4! 5.485 74~4!

b ~Å! 7.733 74~4! 7.736 84~4! 7.743 65~6! 7.747 60~6! 7.748 02~5! 7.751 50~5! 7.755 73~5! 7.759 80~5!

c ~Å! 5.488 53~3! 5.490 75~3! 5.494 96~4! 5.496 65~4! 5.496 95~4! 5.499 64~4! 5.503 09~4! 5.506 54~4!

V (Å 3) 232.208~2! 232.470~2! 233.050~3! 233.389~3! 233.417~3! 233.694~3! 234.050~3! 234.404~3!

mz (mB) 3.51~1! 3.33~1! 2.29~1! 0.07~3! 0 0 0 0
Mn uiso (Å 2) 0.000 3~2! 0.001 3~2! 0.002 1~2! 0.0027~2! 0.002 3~2! 0.002 9~2! 0.003 6~2! 0.004 3~2!

La/Ca x 0.021 3~1! 0.020 9~1! 0.021 0~1! 0.021 4~1! 0.021 5~1! 0.020 8~1! 0.019 9~1! 0.018 8~1!

z 20.0043(1) 20.0044(1) 20.0041(2) 20.0044(2) 20.0044(2) 20.0043(2) 20.0041(2) 20.0039(1)
uiso (Å 2) 0.002 3~1! 0.003 6~1! 0.005 8~1! 0.007 1~1! 0.006 9~1! 0.007 5~1! 0.008 6~1! 0.009 9~1!

O~1! x 0.491 8~2! 0.491 6~2! 0.492 0~2! 0.491 2~2! 0.491 3~2! 0.491 4~2! 0.491 8~2! 0.492 3~2!

z 0.064 0~1! 0.064 1~1! 0.064 7~1! 0.065 0~2! 0.065 1~1! 0.064 7~1! 0.064 4~1! 0.063 8~1!

u11 (Å 2) 0.006 3~5! 0.007 8~5! 0.012 1~6! 0.013 6~6! 0.013 5~6! 0.015 2~6! 0.015 7~6! 0.018 0~6!

u22 (Å 2) 0.001 2~4! 0.002 7~4! 0.005 5~5! 0.008 3~5! 0.007 5~5! 0.007 7~5! 0.008 3~5! 0.009 0~5!

u33 (Å 2) 0.003 1~3! 0.004 1~4! 0.004 9~4! 0.007 3~4! 0.006 9~4! 0.008 1~4! 0.010 0~4! 0.011 5~4!

u13 (Å 2) 0.000 4~3! 0.000 3~3! 20.0007(4) 20.0005(4) 20.000 92(4) 20.0007(4) 20.0008(4) 20.0015(4)
O~2! x 0.276 0~1! 0.275 8~1! 0.276 0~1! 0.277 1~1! 0.277 3~1! 0.276 7~1! 0.276 0~1! 0.275 3~1!

y 0.033 23~6! 0.033 20~7! 0.033 25~8! 0.033 73~8! 0.033 6~8! 0.033 37~8! 0.033 10~8! 0.032 88~8!

z 0.725 43~9! 0.725 54~9! 0.724 50~1! 0.724 3~1! 0.724 3~1! 0.724 6~1! 0.725 2~1! 0.725 8~1!

u11 (Å 2) 0.003 5~2! 0.004 8~2! 0.008 2~3! 0.009 5~3! 0.009 4~3! 0.010 2~3! 0.011 3~3! 0.012 9~3!

u22 (Å 2) 0.003 9~2! 0.005 5~2! 0.009 1~3! 0.010 2~3! 0.010 4~3! 0.011 4~3! 0.013 3~3! 0.014 3~3!

u33 (Å 2) 0.003 2~2! 0.004 4~2! 0.006 0~3! 0.009 7~3! 0.009 6~3! 0.010 3~3! 0.011 4~3! 0.012 3~3!

u12 (Å 2) 0.000 06~3! 0.000 1~3! 0.000 3~3! 0.000 63~3! 0.000 3~3! 0.000 2~3! 20.0002(3) 20.0005(3)
u13 (Å 2) 20.0009(2) 20.0012(2) 20.0009(2) 20.0005(2) 20.0009(2) 20.0017(2) 20.0017(2) 20.0025(3)
u23 (Å 2) 0.000 7~3! 20.0005(3) 20.000 8~2! 20.000 1~4! 0.000 5~3! 20.0004(3) 20.0004(3) 0.000 2~4!

RWP ~%! 4.34 4.32 4.34 4.27 4.04 3.89 3.76 3.64
x2 ~%! 2.99 2.94 3.00 2.95 2.69 2.51 2.30 2.21
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with the concurrent drop of̂Mn-O&, is consistent with a
large value of the bandwidthW in the metallic phase. It is
noteworthy that the behaviors of^Mn-O& and of^Mn-O-Mn&
have opposite effects on the unit-cell volume, which fo
distorted perovskite, can be expressed as

V'Z@2^Mn-O&cosv#3, ~3.1!

where

v5
1

2
~p-^Mn-O-Mn&!, ~3.2!

andZ is the number of formula units in the unit cell~Z54
for the present case!. The volumeincreaseat TC on cooling,
produced by the sudden increase of^Mn-O-Mn&, is overcom-
pensated by a volume decrease due to the^Mn-O& drop,
yielding the observed volume contraction.

IV. METAL-INSULATOR TRANSITION
AS A FUNCTION OF Šr A‹

A considerable amount of work has been recently devo
to the evolution of the transport and magnetic properties
altering, at constant electronic doping, the ionic radii of t
A-site ions. Usually, the evolution of the physical propert
is described in terms of the averageA-site ionic radiuŝ r A&.
d
y

s

We should stress that^r A& has simply the meaning of a con
tinuous abscissa used to plot physical or structural parame
In fact, the ‘‘true’’ ionic radius is a rather ill-defined concep
since it depends on theA-site coordination, which, as we
shall see, is itself a function of̂r A&. Therefore, for the
present and previous1,5,6 papers, in order to avoid complica
tions, we chose to calculate ionic radii at constant coordi
tion number ~9!, using tabulated values.31 The choice of
ninefold coordination was made simply because this is
highest coordination number for which tabulated data
available for all the cations of our series. The parameter^r A&
can be continuously varied only by making solid solutio
with variable concentrations of ions of different sizes, and
this end, for eacĥ r A&, several combinations of large an
small ions may be used. A recent work by Rodrigue
Martinez and Attfield34 has indicated that samples with equ
^r A& and doping levelx may have different properties, de
pending on whether ions with widely different radii~e.g., Lu
and Ba! or almost equal radii~e.g., Pr and Ca! are used. In
other words, in addition tox and^r A&, the cation-size disor-
der parameter,s(r A), may also play a role. The magnet
properties of the rare-earth ions may also be important,
pecially at low temperatures. In the present paper, keepin
mind thesecaveats, we will nonetheless follow the ‘‘tradi-
tional’’ approach of usingx and ^r A& as the only ‘‘chemi-
cal’’ parameters~the possible effects ofs(r A) upon the elec-
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tronic bandwidthW and the JT localization energyEJT will
be discussed in Sec. V!. We remark, however, that, due t
the choice of metal ions used to synthesize our series, the
a systematicincreaseof s(r A) as a function of̂ r A&, from
4.5831024 for Pr0.7Ca0.3MnO3 (^r A&51.179) to 1.16
31021 for La0.7Ba0.3MnO3 (^r A&51.292). In the presen
section we focus on the structural effects occurring at
metal-insulator transition as a function of^r A&, while Sec. V
is be devoted to the changes of the electronic bandwidthW
induced by varyinĝ r A& ~‘‘chemical’’ pressure! and by ap-
plying an external pressure.

It has previously been shown that, for a constantx50.3
value, the low-temperature transport and magnetic prope
of A12xAx8MnO3 change from canted antiferromagnetic ins
lator ~CAF! for small ^r A& to ferromagnetic metal~FM! for
large ^r A&. Furthermore, the Curie temperature is a no
monotonic function of̂ r A&, reaching a maximum for the
composition La12xSrxMnO3 (^r A&'1.24 Å). Inspection of
theT vs ^r A& phase diagram1 indicates that two types ofM -I
transitions occur: from CAF to FM~at low temperatures! and

FIG. 2. Effects of the magnetic and metal-insulator transition
the Mn-O bond lengths for La0.75Ca0.25MnO3. Average Mn-O bond
length: ~top!, individual Mn-O bond lengths~center! and Jahn-
Teller distortion parametersJT5A1/3 ( i@(Mn-O)i2^Mn-O&#2

~bottom!. The arrows indicate the position of the magnetic a
metal-insulator transition.
is

e

es
-

-

from the paramagnetic insulator~PI! phase to FM around
room temperature~the radii at theseM -I transitionsr M -I ,
being 1.185 and 1.216 Å at 2 and 293 K, respectively!. The
A12xAx8MnO3 structural phase diagram has also been pre
ously reported.6 Three allotypes of the perovskite structu
~with space groups Pnma,R3̄c, and Imma! have been shown
to exist in this range of parameters. In this section, we fo
on the variation of the structural properties as a function
^r A& relating to theM -I transitions.

The Mn-O bond lengths and the average oxygen Deb

n

FIG. 3. Incoherent distortions of the MnO6 octahedra vs tem-
perature for La0.75Ca0.25MnO3. Isotropic oxygen Debye-Waller fac
tor, defined as 1/3 of the trace of the Debye-Waller tensor,~bottom!,
and projections of the oxygen anisotropic Debye-Waller fact
parallel (Upar) andperpendicular(^Uperp&) ~top! to the direction of
the Mn-O bond lengths for O~1! ~filled circles! and O~2! ~open
squares!.

FIG. 4. Mn-O-Mn bond angles as a function of temperature
La0.75Ca0.25MnO3. The error bars are smaller than the symbo
Lines are guides to the eye.
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Waller factor~defined as 1/3 the trace of the Debye-Wal
tensor in the orthorhombic phases, the average over the
independent oxygen sites is also performed!, as a function of
^r A& are shown in Fig. 5 forT5293 and 2 K. For
Pr0.7Ca0.3MnO3, which is the sample of our series having t
smallest^r A& value, both the coherent JT distortion and t
oxygen Debye-Waller factors are rather large:sJT52.0
31022 and 7.731023, and U(O)51.231022 and 1.0
31022 at 2 and 293 K, respectively. With increasing^r A&,
the coherent JT distortion decreases and finally disapp
abover M -I . It should be pointed out that, as in the prev
ously discussed La0.75Ca0.25MnO3 case, a few samples in th
FM phase have a small but still measurable value ofsJT at
low temperatures. The oxygen Debye-Waller factorsU(O)
show a similar albeit slightly more complex behavior. T
abrupt reduction ofU(O) in the vicinity of r M -I is evident,
especially in the low-temperature data. It is notewort
however that this behavior is superimposed on anincreaseof

FIG. 5. Coherent distortion of the MnO6 octahedra as a function
of ^r A& for A0.7A0.38 MnO3 ~see also Ref. 5!. Mn-O bond lengths at 2
K ~lower! and 293 K~center!, and average oxygen Debye-Walle
factors ~top!. The dashed lines separate the different structu
phases. Error bars are either shown or smaller than the sym
Solid lines are guides to the eyes.
r
o

rs

,

U(O) as a function of̂ r A&. The likely cause of this effect is
the aforementioned systematic increase ofs(r A) as a func-
tion of ^r A&, which induces structural disorder in the positio
of the oxygen atoms, which are coordinated with theA-site
cations. This disorder manifests itself as a temperatu
independent contribution to the oxygen Debye-Waller fa
tors.

The behavior of the Mn-O distances and ofU(O) just
described is consistent with the picture we have establis
for La0.75Ca0.25MnO3: the metallic phase~above r M -I! is
characterized by a small coherent JT distortion of the Mn6
octahedra and by smallU(O)’s, whereas, in the insulating
phases, these parameters are larger. Furthermore, if the
U(O)’s are interpreted as arising from an incoherent JT d
tortion of the MnO6 octahedra, the total JT distortions of th
Mn31O6 octahedra can be as large as in LaMnO3 ~note that,
in the ideal case of complete charge localization, only 7
of the MnO6 octahedra are expected to be Jahn-Teller d
torted, since the formal valence of Mn inA0.7A0.38 MnO3 is
3.3!. What is particularly noteworthy about th
A12xAx8MnO3 series is the existence of similarities betwe
the average structures of the PI phase~all RT samples below
r M -I! and of the CAF phase~Pr0.7Ca0.3MnO3 at 2 K!, in that
both support large~coherent and incoherent! JT distortions.
These similarities will be discussed in further detail in Se
VI.

V. EFFECTS OF ‘‘CHEMICAL’’
AND APPLIED PRESSURE

As already mentioned, the magnetic and transport prop
ties can be varied at constant doping by varying theA-site
cation composition1,7,8,34 or by applying external
pressure.2,28,29A metal-insulator transition can be induced b
decreasing the averageA-site ionic radiuŝ r A& below a criti-
cal value (̂ r A&'1.18). In the metallic regime,TC varies by
more than a factor of 2 as a function of^r A&, and, for the
Mn41/Mn31 ratio of 0.3, it displays a maximum correspon
ing to the composition La0.7Sr0.3MnO3 (^r A&51.244). The
application of external pressure always increasesTC , with
dTC /dP varying in the range 5 – 50 K GPa21. These effects
have been discussed by the majority of authors in terms
variation of the electronic bandwidthW as a function of
chemical and applied pressure, with the main focus being
the influence of the Mn-O-Mn bond angle onW. Mn-O-Mn
is expected to increase both as a function of increasing^r A&
and as a function of applied pressure, which would acco
for the general trend of increasingTC with these parameter
~the metallic phase is stabilized by larger values ofW!. Ac-
cording to the most recent theoretical discussions, it app
that, in addition toW, another energy scale acts as an ess
tial ingredient in the description of these systems, namely
JT energyEJT. For instance, Millis, Shraiman, and Mueller18

have proposed a generalized phase diagram of the man
ites at constant dopingx;0.3, as a function of the reduce
temperatureT/t ~t is the electron hopping parameter, whic
is proportional toW!, and of the electron-phonon couplin
l5EJT/t. As a consequence, possible variations ofEJT as a
function of ‘‘chemical’’ or applied pressure need to be tak
into consideration. This approach was recently followed

l
ls.
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Rodriguez-Martinez and Attfield,34 in their description of the
effects onTC of varying the cation size disorder at constanx
and ^r A&. Rodriguez-Martinez and Attfield note thatTC is
strongly suppressed when mixtures of very large and v
small cations are used, and interpret this effect by hypo
esizing that the strain field induced by the cation size dis
der stabilizes the JT distortions, effectively increasing
parameterEJT. It has to be noted, however, that the latti
parameters reported by Rodriquez-Martinez and Attfield
dicate significant changes in the average structure, and
particular, an increase of the unit-cell volume by 0.5
throughout the series. Since no information on the inter
structural parameters is available for this series of sample
is impossible to ascertain whether the observedTC variation
is due to an increase ofEJT, as proposed by the authors, or
a reduction ofW, which could be a consequence of an i
crease of the average Mn-O bond length~see below!. In the
remainder of this section, we present a detailed study of
evolution of the internal structural parameters as a func
of ^r A& and applied pressure for our samples. Based on th
data, we estimate the corresponding changes inW. Our data
indicate that all the observedTC variations can be explained
at least qualitatively, by changes of theW parameter, but do
not completely rule out a contribution from a variation
EJT, which is, however, much more difficult to estima
~some qualitative considerations are presented at the en
this section!. Our results also indicate that, in addition to t
Mn-O-Mn bond angle, Mn-O bond distance changes pla
major role in influencingW, especially as a function of ap
plied pressure. These conclusions are based on the evol
of the structural parameters~bond lengths and angles! aver-
agedover the crystallographically independent values. T
procedure is always justified for the Mn-O-Mn bond angl
since the difference between Mn-O1-Mn and Mn-O2-Mn
the orthorhombic phases is only 1–3°. As far as the Mn
bond lengths are concerned, somecaveatsare necessary
since, as we have seen, a measurable coherent JT disto
is present in the paramagnetic phase at low^r A&.

For perovskite compounds with general formulaABX3 , it
is a straightforward result from tight-binding approximatio
that W depends on both theB-X-B bond angles andB-X
bond lengths, through the overlap integrals between thed
orbitals of the metal ionB and the 2p orbitals of theX anion.
The following empirical formula has been used to descr
this double dependence:35

W}
cosv

dB-X
3.5 , ~5.1!

wherev is the ‘‘tilt’’ angle in the plane of the bond@already
defined in Eq.~3.2!#, and is given byv5 1

2 (p-^B-X-B&),
anddB-X is theB-X bond length. From the previous formula
it is clear that, for weakly distorted structures like the ma
ganite perovskites, where cosv is close to 1, only very large
changes in theB-X-B bond angle can significantly affectW.
TheaverageMn-O bond lengths and Mn-O-Mn bond angle
as a function of̂ r A& for our series of samples are plotted
Fig. 6 ~bottom and top panels, respectively!. The change of
the Mn-O-Mn bond angles is apparently quite remarka
~14° throughout the range!. However, the total change i
cosv is very small, less than 2% and is comparable to
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^Mn-O& change~about 1%!, as shown in Fig. 7~bottom
panel!. Therefore, the presence of aminimumin ^Mn-O& for
^r A&;1.24 has remarkable consequences on the evolutio
@cosv/dB-X

3.5 # @assumed to be proportional toW through Eq.
~5.1!# as a function of̂ r A& ~Fig. 7, top panel!. At low ^r A&,
the increase of̂Mn-O-Mn& and the decrease of^Mn-O& both
contribute to the rapid increase ofW. At high ^r A&, however,
the two structural parameters have opposite effects onW,
yielding a netdecreaseof W with a much smaller slope. The
evolution ofW as a function of̂ r A& is remarkably similar to
that of TC . However, the conclusion thatW is directly re-
lated toTC , and, in particular, is solely responsible for th
metal-insulator transition as a function of^r A&, should be
taken with some care, as the total change ofW throughout
the metallic range is only about 4%, whereasTC varies by
more than a factor of 2. The bandwidth scenario, therefore
plausible only assuming thatTC is very sensitive to smallW
variations. By comparison, in the generalized phase diag
proposed by Millis, Shraiman, and Mueller,18 theEJT param-
eter must vary by about 20% to obtain a comparableTC
variation.

The presence of a minimum in̂Mn-O& ~Fig. 6! is unex-
pected, and needs to be discussed. The minimum oc
within the trigonal phase, and cannot be correlated with
Pnma→R3̄c structural phase transition. On the other han
chemical and iodometric analyses performed on the pre
and on similar samples rule out the possibility that the o
served effect is due to a systematic change of the formal
valence throughout the series.1 We propose that the presenc
of a minimum is due to the interplay between steric a

FIG. 6. Structural parameters affecting the electronic bandw
W: average Mn-O bond lengths~bottom! and Mn-O-Mn bond
angles~top! as a function of̂ r A& for A0.7A0.38 MnO3.
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coordination effects around theA site of the perovskite struc
ture. At low values of̂ r A&, the octahedral framework fold
around the smallA-site cation until it attains equilibrium
distances with 8 of the 12 surrounding oxygen atoms~eight-
fold coordination, see Fig. 8!. The A-O distances with the
three remaining oxygen atoms are in excess of 3 Å which
makes them effectively nonbonded. In this situation, v
little strain is imposed upon the Mn-O bond lengths, whi
can adjust to their optimal value. With increasing^r A&, the

FIG. 7. Bottom: Relative changes of the average Mn-O bo
lengths and cosv @for the definition, see Eq.~3.2!# as a function of
^r A& normalized to the values for Pr0.7Ca0.3MnO3 (^r A&51.18 Å).
Top: comparison of the evolution of the cosv/dB-X

3.5 ratio ~assumed
to be proportional toW, see Eq.~5.1! and of TC as a function of
^r A&.

FIG. 8. A-site cation to oxygen bond lengths as a function
^r A& at T52 K. The numbers beside the lines indicate the bo
multiplicity in the various phases. Lines are guides to the eye.
y

octahedral framework untilts. As a consequence, the
away oxygen atoms in the first coordination shell com
closer to theA site, and start to feel anattractiveinteraction,
which is transmitted to the Mn-O network as an effecti
‘‘internal’’ pressure. For even larger values of^r A&, the A
cations becomes effectively 12-fold coordinated, and
whole lattice, including the Mn-O distances, must expa
with increasinĝ r A&. This reversal of the sign of the interna
pressure could, in fact, be quite a general effect in pero
kites, which deserves to be explored in other systems as w

The application of an external pressure on these co
pounds produces quite different structural effects than
aforementioned ‘‘internal’’ pressure. The primary effect
the external pressure is to compress all the bond len
~Mn-O and A-O!. However, theA-O bonds are less com
pressible than the Mn-O bonds, whence a slight increas
the Mn-O-Mn bond angles as a function of pressure. W
have measured the internal parameter compressibility fo
the samples of our series up to;0.6 GPa. No remarkable
difference between the samples has been noted. Figu
shows the pressure evolution of the internal parameters,
malized as in Fig. 7. Although the behaviors of both^Mn-O&
and cosv go in the sense of an increase ofW as a function of
pressure, it is clear that^Mn-O& gives by far the largest con
tribution to this effect.

The determination of the relative compressibilities
a function of ‘‘chemical’’ and applied pressure allows a
interesting quantitative comparison to be made betw
the their influence ofTC . Assuming that the internal struc
tural parameters only influenceTC through W, that is, TC
5TC@W(dMn-O ,v)#, and using Eq.~5.1!, one obtains

dTC

d^r A&
5W

dTC

dW
@kv

r 23.5kd
r #, ~5.2!

dTC

dP
5W

dTC

dW
@kv

P23.5kd
P#, ~5.3!

where

d

f
d

FIG. 9. Relative pressure evolution of the internal paramet
normalized as in Fig. 6, for selected samples of theA0.7A0.38 MnO3

series. The right and left scales are identical. The lines are lin
best fits through the average values between the different comp
tions.
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kv
r 5

1

cosv

] cosv

]^r A&
; kd

r 5
1

^Mn-O&

]^Mn-O&
]^r A&

, ~5.4!

kv
P5

1

cosv

] cosv

]P
; kd

P5
1

^Mn-O&

]^Mn-O&
]P

, ~5.5!

are the ‘‘internal’’ and applied pressure compressibilities
the internal parameters. By taking the ratio between E
~5.2! and ~5.3!, one obtains

dTC /dP

dTC /d^r A&
5

@kv
P23.5kd

P#

@kv
r 23.5kd

r #
5Rr

P , ~5.6!

whereRr
P is the radius-pressure conversion factor previou

introduced in Ref. 2. In other words, it is possible to pred
Rr

P purely based onstructural parameters. The compariso
with the experimental values obtained from transport pr
erty measurements can therefore be used to verify the b
width hypothesis.

The applied pressure compressibilities are easily ev
ated from the fits in Fig. 9:

kv
P50.000 21~7! GPa21; kd

P520.002 32~4! GPa21

and can be considered as independent of^r A&. The ‘‘chemi-
cal’’ pressure compressibilities obviously change as a fu
tion of ^r A&, with kd

r notably changing sign. The following
approximate values can be used:

kv
r 50.23 Å21; kd

r 520.11 Å21

~below ^r A&51.24 Å!,

kv
r 50.08 Å21; kd

r 50.08 Å21

~above ^r A&51.24 Å!.

From Eq.~5.6! we obtain

Rr
P50.0137 Å GPa21 ~below ^r A&51.24 Å!,

RR
P520.044 Å GPa21 ~above ^r A&51.24 Å!.

These values are of the correct order of magnitude but
systematically larger than the experimental values, espec
at high^r A&. For instance, for̂r A&51.205~corresponding to
the composition La0.7Ca0.3MnO3, studied in Ref. 2!, based on
an experimental value ofdTC /d^r A&'2700 K Å21, one
would predictdTC /dP537 K/GPa, to be compared with th
experimental value (dTC /dP)exp'20 K/GPa. In Ref. 2 we
demonstrated that the effect of pressure could be mappe
changes in^r A& for ^r A&<1.24 Å. However, above this
value, our model predicts apositive dTC /dP, although
dTC /d^r A& is negative. In order to verify this, we have me
sured the pressure dependence ofTC for
La0.7Ba0.3MnO3(^r A&51.292), and indeed found apositive
dTC /dP of ;6 K/GPa. This value is, however, smaller tha
the calculated value of 28 K/GPa, predicted on the basi
the experimentaldTC /d^r A&'2630 K Å21. Obviously, the
approximate nature of the bandwidth expression in Eq.~5.1!
may explain some of this discrepancy. However, both
high values ofdTC /d^r A& compared todTC /dP and the
f
s.

y
t

-
d-

u-

-

re
lly

to

of

e

rather small total variation ofW as a function of̂ r A& suggest
that at least part of theTC variation with^r A& may be attrib-
uted to a change inEJT.

The changes inEJT induced by varying theA-site cation
composition are very difficult to estimate, and only qualit
tive considerations can be presented.EJT is the difference
between the on-site electronic energy, which is gained
distorting the ligand configuration around the Mn31 ions, and
the energy loss which results from the lattice distortions. T
example of La0.5Ca0.5MnO3 indicates that an optimal situa
tion is realized by forming orbitally ordered configuration
with very small net distortions,9 which could also be presen
as short-range-ordered clusters in the PI phase~see Sec. VI!.
Although these JT distortions are expected to be largely
coherent, and therefore fairly insensitive to the global latt
symmetry, theA-site cation composition at constant dopin
could affectEJT in at least two ways:~1! The eightfold co-
ordination around theA site, which is observed for sma
values of^r A& in the Pnma phase, allows more flexibility
than the higher coordinations encountered for large value
^r A&, three of the 12 oxygen atoms being effectively no
bonded. This means that fairly large~coherent and incoher
ent! fluctuations of the Mn-O bond length can be accomm
dated at little energy cost, effectively increasingEJT. ~2! As
proposed by Rodriguez-Martinez and Attfield,34 a similar ef-
fect could be induced byA-site size disorder~expressed in
terms of the parameters^r A&!, which would provide prefer-
ential sites to accommodate Mn31O6 distorted octahedra. In
summary, we conclude that the bandwidth scenario is abl
explain, at least qualitatively, all the observedTC variations
as a function of ‘‘chemical’’ and applied pressure. Howev
a simultaneous influence of the JT energyEJT cannot be
ruled out, especially at very loŵr A& and at highs^r A&.
Clearly a more accurate description of the influence of
structural parameters upon the electronic structure of th
materials is needed to clarify this issue.

VI. DISCUSSION AND CONCLUSIONS

In the previous sections we have discussed the struct
properties of the three magnetotransport phases which
encountered forx50.25– 0.30: paramagnetic insulator~PI!
at high temperatures, charge-ordered spin-canted insu
~CAF! at low temperature and narrow bandwidth, and fer
magnetic metal~FM! at low temperature and wide band
width. We have shown that the average crystal structur
similar for the first two phases, and is characterized by la
incoherent structural distortions of the JT type, which a
accompanied, in the case of thePnmasymmetry, by a mea-
surable coherent JT effect. Both coherent and incoherent
tortions are abruptly reduced by the transition into the fer
magnetic metal phase. We have also shown that
evolution of the electronic bandwidth, as determined fro
the internal structural parameters, is sufficient to explain
least qualitatively, the evolution ofTC as a function of
‘‘chemical’’ and applied pressure in the metallic phase
well as the presence of a metal-insulator transition at nar
bandwidths as a function of^r A&. However, the similarities
between the average structures of the charge-ordered
paramagnetic phases deserve to be discussed in furthe
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tail. To understand this relationship, it is useful to point o
that a phase transition between the charge-ordered and p
magnetic phases occurs as a function of temperature
narrow-bandwidth compositions. This phase transition h
been studied, for instance, by De Teresaet al.,36 using dilato-
metric techniques for the composition Pr2/3Ca1/3MnO3. This
study has evidenced the absence of a volume anomaly a
phase transition, upon cooling in the absence of an app
external magnetic field, indicating that the phase transition
second order~a volume contraction is present when a firs
order transition to the metallic phase is induced by cooling
a strong magnetic field!. Both the PI and the CAF phases a
characterized by a deviation of the thermal-expansion co
ficient from the Gru¨neissen law, with onset in excess of 40
K. These observations lead to the hypothesis that thelocal
structure is unchanged at the PI-CAF phase transition, wh
would then be characterized only by the long-range order
in the CAF phase, of structural distortions which would
already present in the PI phase. In this scenario, the JT
laron, as proposed by Millis and other authors, would not
isolated JT-distorted Mn31O6 octahedra, but rather extende
clusters with the samelocal structure of the charge
L

,

e

d

t
ra-
or
s

the
d

is

n

f-

h
g,

o-
e

ordered phase, in which several JT-distorted Mn31O6 and
undistorted Mn41O6 octahedra would form an orbitally or
dered arrangement. A possible implication of such a mo
would be the existence of short-range magnetic correlat
between the Mn ions in the cluster, which would be t
precursors of the long-range magnetic ordering in the cha
ordered phases, as well as in the undistorted region betw
the clusters. Based on this analogy, one would expect t
correlations to be predominantlyantiferromagneticin the
distorted regions andferromagneticin the undistorted ones
This model would provide an explanation for the stro
short-range magnetic fluctuations recently observed by L
et al.37 and by De Teresaet al.38 in the paramagnetic phas
of these compounds.
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Muñoz, and X. Obradors, Phys. Rev. Lett.76, 1122~1996!.

9P. G. Radaelli, D. E. Cox, M. Marezio, and S-W. Cheong, Ph
Rev. B55, 3015~1997!.

10J. B. A. A. Elemans, B. Van Laar, K. R. Van Der Veen, and B.
Loopstra, J. Solid State Chem.3, 238 ~1971!.

11P. Norby, I. G. K. Andersen, E. K. Andersen, and N. H. And
sen, J. Solid State Chem.119, 191 ~1995!.

12Here, as in the remainder of the paper, the standard settingPnma
is used to describe the orthorhombic space group adopte
LaMnO3 and other compounds in theA12xAx8MnO3 system.

13C. Zener, Phys. Rev.82, 403 ~1951!.
14P. W. Anderson and H. Hasegawa, Phys. Rev.100, 675 ~1955!.
15P.-G. de Gennes, Phys. Rev.118, 141 ~1960!.
16N. Furukawa, J. Phys. Soc. Jpn.64, 2734~1995!.
17A. J. Millis, P. B. Littlewood, and B. I. Shraiman, Phys. Re

Lett. 74, 5144~1995!.
18A. J. Millis, B. I. Shraiman, and R. Mueller, Phys. Rev. Lett.77,

175 ~1996!.
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