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We present transport and neutron-diffraction data establishing a clear link between static and dynamic
distortions of the MnO6 octahedra and charge mobility inA12xA8x MnO3 (A5La or Pr; A85Ca or Sr!.
Systematic analysis of the Mn-O bond lengths versus averageA-site ionic radius indicates that increasing static
coherent MnO6 distortion is associated with increasing insulating behavior and decreasingTC . Furthermore,
we observed a sudden drop of the oxygen thermal parameters atTC , indicating that static incoherent and
dynamic effects are also important.@S0163-1829~96!07538-8#

Manganese perovskites with general formulaA12xA8x
MnO3 (A5La, Pr, Y, . . . ;A85Ca, Sr, Ba, . . . )have been
the subject of renewed interest, due to the magnetoresistance
~MR! exhibited near the ferromagnetic~FM! spin ordering
temperatureTC . For the electronic hole doping concentra-
tion of x;0.30, the high-temperature paramagnetic state is a
poor electrical conductor, whereas the low-temperature FM
state is metallic. Shortly after the discovery of these com-
pounds some forty years ago,1 the concept of double ex-
change has been developed to describe the essential aspects
of the magnetic interactions between the Mn ions, which,
due to the divalent substitutions for La on theA site, are in a
mixed-valence state (13/14).2–4 At present, there is strong
disagreement on whether theoretical models based on double
exchange alone can account quantitatively for the observed
transport and magnetic properties of manganites.5,6 Although
first introduced by Goodenough,7 upon the more recent re-
naissance of manganite research an additional important as-
pect has been reintroduced in the discussion of the physics of
manganites: lattice distortions due to the different ionic size
of Mn13 and Mn14 in general, and Jahn-Teller~JT!-type
distortions of the oxygen octahedra around Mn13 in
particular.6,8 For instance, the crystal structure of the parent
compound LaMnO3 ~Refs. 9 and 10! can be interpreted in
terms of a static coherent JT distortion. However, for the
manganites with optimized magnetoresistance, e.g.,
La0.7Sr0.3MnO3, the space group~trigonalR3̄c) enforces on
average equal Mn-O bond lengths, and thus prevents static
coherent JT-type distortions of the MnO6 octahedra. For the
trigonal compounds, Millis and co-workers proposed a dy-
namic model,6,8 in which temporally~and spatially! fluctuat-
ing local JT distortions would localize the conduction-band

electrons as polarons aboveTC . Such an effect would mani-
fest itself in a diffraction experiment as a sudden drop of the
Debye-Waller factors of the oxygen atoms belowTC . How-
ever, recent neutron-diffraction experiments have indicated
that no obvious JT-type distortions exist in trigonal
La0.7Sr0.3MnO3.

11 MR is also observed in compounds, such
as La0.7Ca0.3MnO3, forming in orthorhombic Pnma
structure. In fact, MR tends to be large in orthorhombic
phases with relatively lowTC . The Pnma space group al-
lows three independent Mn-O bonds, and can therefore ac-
commodate a static coherent distortion of the MnO6 octahe-
dra. Alternatively, the insulating behavior could be
associated with the formation of ‘‘charge-ordering’’~CO!
polarons, in which the lattice would distort around localized
holes, due to the smaller radius of Mn41 with respect to
Mn31. This view is supported by the observation, in
Pr0.7Ca0.3MnO3 and La0.5Ca0.5MnO3, of a charge-ordered
antiferromagnetic insulating phase at low temperature, which
is competitive with the FM metallic phase.12 Since CO dis-
tortions cannot be accommodated either in theR3̄c or in the
Pnmaspace groups, they must necessarily be incoherent, in
the absence of a symmetry change. However, both JT and
CO distortions, either static or dynamic are expected to be
primarily of themetric type, i.e., associated with a splitting
of the Mn-O bondlengths, as opposed to a distortion of the
bondangles.

Here, we present transport and diffraction data evidencing
static and dynamic MnO6 distortions associated with the
metal-insulator transition for orthorhombicA12xA8xMnO3
samples (x50.25, 0.30!. High-temperature transport mea-
surements show a sudden drop in resistivity with increasing
temperature at thePnma→R3̄c transition, indicating the
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presence in the orthorhombic phase of an additional charge
carrier localization mechanism that is absent in the trigonal
phase. Neutron-powder-diffraction data obtained on a series
of orthorhombic A0.7A80.3MnO3 samples with variable
A-site ionic radiuŝ r A& show that increasing insulating be-
havior and decreasingTC with reduced̂ r A& is directly asso-
ciated with increasing static coherent MnO6 distortion.
Temperature-dependent neutron-powder-diffraction data, ob-
tained on La0.75Ca0.25MnO3, show a sudden decrease of
static coherent MnO6 distortions atTC with decreasing tem-
perature. This effect is associated with a sharp volume
anomaly. Furthermore, for La0.75Ca0.25MnO3, the aniso-
tropic Debye-Waller factorsparallel to the Mn-O bond
lengths have a discontinuity atTC . This observation sug-
gests that dynamic~or static incoherent! MnO6 distortion
effects of themetric type, as well as static coherent effects,
are present in the orthorhombic phase. These results provide
a strong support for theoretical models in which static and
dynamic metric distortions of the MnO6 octahedra play a
significant role in determining the unusual transport proper-
ties of perovskite manganites.

Polycrystalline samples ofA12xA8xMnO3 (A5La, Pr;
A85Ca, Sr, Ba! were synthesized through conventional solid
state reaction in air. Electrical resistivityr was measured
using the standard four-probe technique. Neutron-powder-
diffraction data were collected with the D2B diffractometer
of the Institute Laue-Langevin at various temperatures be-
tween 2 and 300 K in the high-intensity mode, using a wave-
length of 1.594 Å. Structural parameters were refined by the
Rietveld method, using the programGSAS. For each compo-
sition, ^r A& was calculated using the tabulated values of Ref.
13. For ferromagnetic samples, a simple model with collin-
ear Mn moments, to be refined, was sufficient to describe the
magnetic scattering at the present instrumental resolu-
tion. One sample of the series, with composition
Pr0.7Ca0.3MnO3, displayed a very complex magnetic struc-
ture, with the coexistence of both ferromagnetism and anti-
ferromagnetism. The antiferromagnetic component of this
structure contains two propagation vectors (1

200 and 1
20

1
2!,

associated with two Mn sublattices.14

Figure 1 shows the behavior ofdlogr/dT as a function of
temperature for four samples of composition
La0.70Ca0.302xSrxMnO3 (x50, 0.05, 0.09, and 0.13!. As an
example, the original log(r) vsT curve forx50 is shown in
the inset. The sharp peaks below;400 K are the signatures
of the metal-insulator transition, which occurs atTC . While
increasinĝ r A& from 1.205 Å for La0.70Ca0.30MnO3 to 1.222
Å for La0.70Ca0.17Sr0.13MnO3, TC increases from 244 to 309
K.15 At higher temperatures, a smaller negative peak is
present in all the curves, indicating a sudden drop inr upon
heating. Diffraction measurements have shown that this fea-
ture is associated with the crossing of thePnma→R3̄c
structural phase transition temperatureTS .

16 The results in
Fig. 1 demonstrate that reducingTC with decreasinĝ r A&
correlates with increasingTS ~see phase diagram in Fig. 2!. It
is noteworthy that, of the two phases at the transition, the
R3̄c phase shows the lowestr. This observation can be un-
derstood by considering that, in the orthorhombic phase, ad-
ditional charge localization is provided by a static coherent
distortion of the MnO6 octahedra, involving a splitting of the

Mn-O bond lengths. Such distortion must necessarily disap-
pear atTS , since all three Mn-O distances become equal by
symmetry in theR3̄c phase. Here, astatic coherentdistor-
tion of the MnO6 octahedra has the meaning of a frozen-in
breathing mode that iscoherentover a scale of the order of
or larger than the coherent length of the diffraction probe
(;2000 Å!. In a diffraction experiment, this type of distor-
tion is associated with macroscopic strain, additional Bragg
reflections, and lowering of the space group symmetry,
which allows the three Mn-O bond lengths to be crystallo-
graphically independent. Conversely, anincoherentdistor-
tion is subject to temporal(dynamic)and/or short-range spa-
tial (static disordered)fluctuations. In this case, the space
group symmetry would allow only asingleMn-O distance

FIG. 1. Link between thePnma→R3̄c structural transition and
resistivity. dlog10r/dT as a function of temperature for
La0.7Ca0.32xSrxMnO3 (x50,0.05,0.09, and 0.13!. Filled and open
arrows indicate the orthorhombic-trigonal phase transition tempera-
tureTS and the Curie temperatureTC , respectively. Inset: log(r) vs
temperature for La0.7Ca0.3MnO3.

FIG. 2. High-temperature structural phase diagram of the
A0.7A80.3MnO3 system (A5La, Pr;A85Ca, Sr, Ba! as a function of
^r A&. The two crystallographic phase regions are presented with
different shadings and separated by a thick line. TheTC and metal-
insulator transition curves~from Ref. 15! are shown as thin lines.
Neutron-diffraction data sets are shown as squares (Pnma) and
triangles (R3̄c). Open circles are from high-temperature resistivity.
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~the symmetry-breaking reflections would be broadened into
the diffuse background!. However, the incoherent atomic
displacements with respect to the lattice-averaged positions
will reduce the scattered intensities at large momentum
transfers, and would, therefore, mimic large Debye-Waller
factors. As already pointed out, theR3̄c symmetry would not
be incompatible with an incoherent distortion.

Further evidence for the importance of static coherent
MnO6 distortions in thePnma phase is provided by the
behavior of the three Mn-O bond lengths as a function of
^r A&, shown in Fig. 3 at 293 K~top! and 2 K~bottom!. As a
function of ^r A&, the insulator-metal transition occurs, for
each temperature, at a specific valuer M -I with r M -I51.185
and 1.216 Å at 2 and 293 K, respectively. The figure shows
that a static coherent distortion of the MnO6 octahedra is
present belowr M -I . With increasinĝ r A&, this distortion de-
creases and finally disappears abover M -I . It should be noted
that, for the orthorhombic samples with^r A& much greater
that r M -I , all three Mn-O bond lengths areequalwithin the
experimental uncertainty, although no symmetry constraint
imposes such inequality. At room temperature, the MnO6
distortion appears to be of the ‘‘tetragonal’’ type~normally
associated with the ideal JT splitting!, one Mn-O bond length
being much larger than the other two. At 2 K, the two
Mn-O2 bond lengths are split more symmetrically around the
Mn-O1 ~‘‘orthorhombic’’ distortion!, but this does not rule
out the JT mechanism, as the distortion in LaMnO3, which is
thought to be a classic JT example, is markedly
orthorhombic.9,10 Once again, our observations can be ex-
plained with the removal in the metallic phase of the static
coherent distortion of the MnO6 octahedra as one of the
charge localization mechanism. It should be pointed out that,
at least at low temperatures, there is still a measurable value
of the distortion atr M -I . A possible explanation is the exist-

ence of an upper critical value of the static distortion for
metallization.

A stringent test of the relevance of octahedral distortion
for charge localization is provided by the temperature depen-
dence of the structural parameters. If static and/or dynamic
distortions do localize charge carriers aboveTC , then they
must necessarily decrease or disappear at and belowTC . A
recent synchrotron radiation work showed that, for ortho-
rhombic La0.75Ca0.25MnO3, the lattice parameters and the
cell volume have a sharp anomaly atTC ,

17 implying a rear-
rangement of the internal structural parameters. In this study,
we present the temperature variation of these parameters for
La0.75Ca0.25MnO3 as determined by neutron powder diffrac-
tion. We remark that similar effects were measured for sev-
eral orthorhombic samples with different values of bothx
and^r A&, suggesting that they are a universal property of the
orthorhombic phase. The Mn-O bond lengths and the projec-
tions of the oxygen anisotropic Debye-Waller ellipsoids

FIG. 4. Coherent and incoherent distortions of the MnO6 octa-
hedra vs temperature, for La0.75Ca0.25MnO3. Average Mn-O bond
length ~lower!, individual Mn-O bond lengths~center! and projec-
tions of the oxygen anisotropic Debye-Waller factorsparallel
(Upar) and perpendicular(^Uperp&) to the direction of the Mn-O
bond lengths for O1~filled circles! and O2~open squares! ~upper!.

FIG. 3. Static coherent distortion of the MnO6 octahedra as a
function of ^r A& for A0.7A80.3MnO3. Mn-O bond lengths at 2 K
~lower! and 293 K~upper!. The dashed lines separate the different
structural phases. Error bars are either shown or smaller than the
symbols. Solid lines are guides to the eyes.
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Ui j ~O1! andUi j ~O2! (U5^u2&) parallel andperpendicular
to the direction of the Mn-O bonds~@010# and @101# for O1
and O2, respectively!, as a function of temperature, as ob-
tained by Rietveld refinements of neutron-powder-diffraction
data, are shown in Fig. 4~center and top panels, respec-
tively!. Above TC , Upar~O1! and Upar~O2! are quite large
and weakly temperature dependent. This is a clear signature
of the presence of a disordered displacement field~spatial
and/or temporal!. At TC , Upar~O1! andUpar~O2! suddenly
drop and acquire a pronounced temperature dependence, in-
dicating a crossover into a typical phonon regime. On the
contrary, the average perpendicular components
^Uperp&~O1! and ^Uperp&~O2! display a much smaller
anomaly, indicating that the incoherent effect is primarily of
themetric type.

Further evidence is gained by analyzing the temperature
dependence of the three Mn-O bond lengths. In the tempera-
ture range 500–240 K, the MnO6 octahedral distortion tends
to increasewith decreasing temperature. However, the dif-
ference among the three Mn-O bond lengths is drastically
and abruptly reduced atTC , mainly due to adecreaseof the
largest of the Mn-O2 bond lengths. The short Mn-O2 bond
and the Mn-O1 bond also show smaller but significant
anomalies. The difference in the absolute value of the
Mn-O2 discontinuities produces a decrease of the average
Mn-O bond lengtĥ Mn-O& ~Fig. 4, bottom panel! and, as a
consequence, of the volume of the MnO6 octahedra. The
^Mn-O& contraction originates from the formation of metal-
lic bonding in the ferromagnetic phase. In the light of these

results, we conclude that, in the orthorhombic phase, the
metal-insulator transition is associated with a sudden and
significant decrease of both static coherent and dynamic~or
static incoherent! distortions of the MnO6 octahedra. These
results lend a strong support to those theoretical models
which include the effect of these distortions in their calcula-
tions. To the extent that these structural effects can be inter-
preted as arising from JT-type distortions, they are in quali-
tative agreement with the theoretical predictions by Milliset
al.8 However, the strong incoherent effects could also be
interpreted in terms of the formation of CO ‘‘Mn14’’ po-
larons, the coherent JT-type component being a secondary
effect induced in the now predominantly Mn13 matrix.
These two scenarios cannot be distinguished from the
present data.

In this study we have established experimentally a clear
link between static and dynamic distortions of the MnO6

octahedra and charge mobility. A sudden drop inr atTS can
be explained by a loss of static coherent distortion of the
MnO6 octahedra in the trigonal phase. In the orthorhombic
phase, static distortion of the octahedra is always large in the
insulating state, and always small or absent in the metallic
state. As a function of temperature, a drop of the oxygen
Debye-Waller factors as well as of the static distortion of the
MnO6 octahedra indicate that both static coherent and dy-
namic~static incoherent! effects are important ingredients for
a complete picture of the magnetic and electric properties of
perovskite manganites.
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