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The atomic pair-density function of La12xSrxMnO3 (0<x<0.4) obtained by pulsed neutron diffraction
indicates that their local atomic structure significantly deviates from the average structure, and that the local
Jahn-Teller~JT! distortion persists even when the crystallographic structure shows no JT distortion. In the
paramagnetic insulating phase doped holes form one-site small polarons, represented by the local absence of JT
distortion. The polarons become more extended at low temperatures, but local distortions are found even in the
metallic phase. The role of polarons in the phase transitions in transport and magnetic properties are discussed.
@S0163-1829~97!50638-2#

The manganese-based perovskite compounds
La12xAxMnO3 ~where A stands for Sr, Ba, Ca, or Pb!1–3

have recently received considerable interest because of the
discovery of their colossal magnetoresistance~CMR!.4 Over
certain ranges of composition a transition from a paramag-
netic ~PM! insulator to a ferromagnetic~FM! metal is ob-
served as a function of temperature and magnetic field.
While the connection between ferromagnetism and electrical
conduction was explained earlier in terms of the double ex-
change ~DE! mechanism,5–7 more recently Millis et al.8

pointed out that the DE model is inadequate for explaining
many of the observed properties and proposed lattice in-
volvement in the mechanism, possibly via polaron formation.
Recent experiments generally support this idea,9–16 however,
the subject is still highly controversial, and no convincing
structural evidence of polaron formation has been provided.

In this paper, we describe the results of our pulsed neu-
tron scattering experiments on powder samples of
La12xSrxMnO3 (0<x<0.4). Through the pair-density-
function ~PDF! analysis,17,18 we demonstrate that thelocal
structure in this system is quite distinct from that suggested
by the crystallographic structure. We show that the Jahn-
Teller ~JT! distortion islocally present in the metallic as well
as insulating phases, and suggest a direct link between the JT
distortions and the polarons. The presence of lattice polarons
in manganites was suggested by Billingeet al. in the PDF
study of La12xCaxMnO3.

11 However, based upon the results
on the temperature dependence of the PDF they concluded
that the polarons are of a conventional breathing type and are
unrelated to the JT distortion. The present results point to the
direct connection between them. In addition we observed
local distortions in the metallic phase at low temperatures
which pose a question on the current homogeneous picture of
the metallic state.

The powder samples were prepared by the solid-state re-
action method. Ceramic samples were formed from SrCO3,
MnO2, and La2O3 between 1250 and 1300 °C, and were an-
nealed in a controlled atmosphere at 1000 °C to ensure oxy-
gen stoichiometry. The pulsed-neutron powder-diffraction

data were collected using a time-of-flight technique with the
glass-liquid-amorphous diffractometer~GLAD! at the In-
tense Pulsed Neutron Source~IPNS! of the Argonne Na-
tional Laboratory. The data were corrected for background,
absorption, incoherent scattering, multiple scattering, and in-
elastic scattering~Placzek correction! to obtain the structure
function S(Q) up to the momentum transfer,Q, of 40 Å21.
The PDF,r0g(r ), is a real-space representation of atomic
density correlation calculated by Fourier transformingS(Q),
and has been quite effective in determining the local atomic
structure of amorphous as well as crystalline materials.17,18

The multiple-scattering correction procedure for the GLAD
spectrometer was carefully calibrated so that it gives a cor-
rect PDF for crystalline Ni, SrTiO3, and MnO powders.

The structure of LaMnO3 has monoclinic (P2l /c)
symmetry.19 The Mn31 3d states are split by the cubic crys-
tal field to thet2g andeg levels, and the singly occupiedeg
level is further split by the Jahn-Teller effect that leads to an
elongation of the MnO6 octahedron. Because of this distor-
tion the Mn-O bond lengths within the octahedron are
grouped into two, those ranging from 1.87 to 2.00 Å corre-
sponding to the short bonds~four per each Mn!, and from
2.11 to 2.22 Å for the long bonds~two per each Mn!.20 This
split is clearly seen in the PDF determined for LaMnO3 ~Fig.
1! as the first negative peak at 1.93 Å representing the short
bonds and the second negative peak for the long bonds
around 2.2 Å. Note that these peaks are negative because of
the negative neutron scattering length of Mn. The neutron
PDF’s atT510 and 300 K are in excellent agreement with
the model PDF calculated for theP2l /c structure20 also
shown in Fig. 1. The model PDF of the crystallographic
structure is originally composed of manyd functions. This is
convoluted with a Gaussian function to represent quantum
and thermal lattice vibrations with a full width at half-
maximum of 0.14 Å, which is similar to the value that best
describes the PDF of MnO, and is consistent with the Debye
temperature of La0.8Ca0.2MnO3.

21 The error in the PDF esti-
mated from the statistical error18 is about 0.012 Å23 in this
range.22
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Figure 2 shows the PDF’s of La12xSrxMnO3 at 300 K for
x50.08~monoclinic!, x50.15~orthorhombic,Pbnm!, and at
320 K for x50.20 ~rhombohedral,R3̄C!. At these tempera-
tures the samples are all paramagnetic and insulating. It
should be noted that the small negative peak around 2.2 Å
that corresponds to the long Mn-O distance persists with
little change in spite of the variation in the lattice structure.
In Fig. 3 the PDF of thex50.2 sample is compared with the
model PDF calculated for the rhombohedral structure with
x50.2.20 The JT peak at 2.2 Å is clearly present in the ex-
perimental PDF, while it is absent in the calculated PDF. The
positions of the two Mn-O peaks shown in Fig. 4 indicate
that they are basically independent of composition up tox
50.3. Thus the magnitude of the local JT distortion is un-
changed by Sr doping, and the JT distortion islocally present
even in the rhombohedral phase beyondx50.16. It is most
likely that the orientation of the local JT distortion varies
from site to site in the rhombohedral phase, and the symme-
try is maintained only in average. The presence of local JT
distortions were suggested also by the recent extended x-ray-

absorption fine structure~EXAFS! measurements12,15and the
high-resolution electron microscopy observations.23 How-
ever, one of the two EXAFS results12 yields an unphysically
long Mn-O bond length~2.5 Å! while the other15 sees very
small distortion, which is inconsistent with the large Debye-
Waller factor.24

While the peak positions are largely independent of com-
position, the intensities of the peaks vary with composition.
This is clearly demonstrated by the PDF’s in Fig. 2 and those
of the 17.5, 20, and 40 % samples atT510 K, all in the
metallic phase, shown in Fig. 5. While the first Mn-O peak at
1.95 Å becomes stronger withx, the second Mn-O peak at
2.25 Å becomes weak, and disappears almost completely for
x50.4 at 10 K. The area of the first Mn-O peak is related to
the number of short Mn-O bonds,NMn-O shown in Fig. 6 as
a function of composition. The value ofNMn-O was deter-

FIG. 1. The PDF’s of LaMnO3 at room temperature and at 10 K
compared to the PDF calculated for the crystallographic structure.
The experimental and model PDF’s show excellent agreement.

FIG. 2. The PDF’s of La12xSrxMnO3 for x50.08 and 0.15 at
300 K, and 0.20 at 320 K. All samples are paramagnetic insulators.
It can be seen that the composition dependence of the local struc-
ture is relatively small.

FIG. 3. The PDF’s of La0.8Sr0.2MnO3 compared with the PDF
calculated from the crystallographic rhombohedral structure~Ref.
20!. The Mn-O peak at 2.25 Å is present in the experimental PDF
but not in the calculated PDF.

FIG. 4. The Mn-O bond lengths as determined from the PDF
~triangles! compared to those deduced from the lattice constants of
the crystal structure~solid linesL, S1 , andS2! ~Ref. 26!. Note that
the local JT distortion is present even in the rhombohedral phase.
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mined by integrating 4pr 2r0g(r ) over the first peak up to
the valley between the two peaks atr 52.15 Å, and multi-
plying by a factor involving the neutron-scattering lengths of
the elements. Note that the peak at 1.95 Å includes only the
Mn-O distances, so that the integration over this peak di-
rectly yields the number of short Mn-O bonds without any
base-line subtraction.

In Fig. 6 the solid line labeled the ‘‘small polaron model’’
represents a linear relation betweenNMn-O and the hole con-

centrationx. It starts at 4 forx50 representing JT distorted
Mn31 ions in LaMnO3 and reaches 6 atx51.0 representing
Mn41 in SrMnO3 that has no JT distortion and has six Mn-O
bonds with equal length. This linear relation assumes that the
system is made of a mixture of Mn31 and Mn41 ions. A
doped hole is localized within one octahedron as a Mn41 ion,
forming a single-site polaron. The experimental value of
NMn-O for x50 is close to 4 as expected, and the room-
temperature data are close to the single-site polaron line,
indicating that in the PM phase holes are most likely local-
ized as single-site polarons. The presence of single-site po-
larons in the PM state is in agreement with the theoretical
prediction of entropic localization.25 The previous PDF
study11 focused on the temperature dependence of the height
of the peak at 2.75 Å. However, this peak includes not only
the O-O distances within the MnO6 octahedra but also sig-
nificant contributions from La-O and Ca-O distances, cloud-
ing the analysis. The authors speculated on the nature of the
polaron to be of a breathing type unrelated to the JT distor-
tion by modeling the changes in the PDF throughTC , but it
is difficult to obtain a conclusive result by modeling such
small changes which are barely above the noise.

At T510 K the composition dependence ofNMn-O in Fig.
6 ~circles! is significantly above the single-site small polaron
line. A fit to the data points, the chained line in Fig. 6, shows
that a Mn coordination of 6 is reached at;35% of Sr doping
with a slope that is about three times that of the single-site
polaron line. This suggests that a hole is not localized on one
site, but is spread on three Mn sites forming an extended
three-site polaron. The formation of a three-site polaron may
be related to the AFM ordering along thec axis or the orbital
ordering in the plane. In LaMnO3, once a spin is flipped on
one Mn site it becomes parallel to the spins in the layers
above and below, allowing easy passage of a hole among
these three sites. Similarly an orbital rotation on one site
would allow the hole to move easily to the neighboring two
sites in the plane.

It should be noted that in the simple DE model as consid-
ered by de Gennes7 the saturation ofNMn-O to 6 would be
reached at the insulator-to-metal (I -M ) transition at 17%, as
also shown in Fig. 6~‘‘DE model’’ !. However, at 17% the
experimental value ofNMn-O at T510 K is only around 5.
This result and the PDF in Fig. 5 indicate that in the metallic
phase up to 35% the structure is not uniform, and the local
JT distortions are still present at some Mn sites. Moreover
the linearity of the 10 K data up tox50.3 in Fig. 6 suggests
that the number of Mn sites without JT distortion per carrier
is unchanged through theI -M transition. This result then
appears to imply that the three-site polarons persist in the
metallic phase.

However, that is an unusual proposition since the local-
ized nature of polarons and metallic conduction are not mu-
tually compatible. Usually as soon as the system becomes
metallic charge carriers become delocalized and polarons
disappear. How can local distortion and metallic conduction
coexist? Before speculating on the physics of such a peculiar
behavior it is useful to refer to the transport data of
La12xSrxMnO3 reported by Urushibaraet al.26 They show
that the conductivity in the metallic phase depends strongly
on composition. Just beyond theM -I transition the conduc-
tivity is relatively low even at low temperatures, and can be

FIG. 5. The PDF forx50.175, 0.2, and 0.4 atT510 K, all in
the metallic phase. The PDF forx50.4 shows almost no JT distor-
tion represented by the peak at 2.25 Å.

FIG. 6. The number of nearest O neighbors of Mn as a function
of Sr doping atT5300 K ~320 K for x50.2, 350 K forx50.24 and
0.3, in diamonds! and 10 K~circles!. In the small polaron model the
charges are localized at Mn41 sites. AtT'RT ~room temperature!,
the data points are close to the ‘‘small polaron model’’ line. The
data points at 30 and 40 % are slightly above the small polaron line
because the data were collected slightly belowTC . The solid line
labeled ‘‘DE model’’ represents the predictions by the Zener–de
Gennes model, while the chained line is a linear fit to the 10 K data.
This result suggests that at room temperature a hole forms a single-
site small polaron (Mn41), but at T510 K it is shared by about
three octahedral sites forming a three-site polaron.
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fitted with a power law, (x2xC)a with xC50.174 anda;
1
2 up to x;0.3. The low conductivity is consistent with the
local lattice distortion observed here in this composition
range.

The results shown in Figs. 4–6 clearly suggest the pres-
ence of local JT distortion in the metallic phase. Such local
JT distortions would locally split theeg band, resulting in the
full lower band. Consequently the local electron density at
these Mn sites would be high, close to the one in the un-
doped LaMnO3, and the doped holes would be repelled by
the Mn sites with JT distortion. As the Sr concentration is
decreased fromx50.35 the increase in the number of the JT
distorted sites would lead to more scattering of the doped
holes, therefore increased resistivity. A further decrease inx,
thus a further increase in the concentration of the JT distorted
sites, may lead to confinement of some doped holes and then
to total localization andM -I transition.27 Starting from the
insulator side, on the other hand, the continuity of theNMn-O
data through theM -I transition asx is increased suggests
that this behavior could also be described in terms of con-
nectivity of polaron networks.28 This picture of a locally
varying electronic structure in the metallic state that is
strongly temperature dependent is consistent with the con-
ductivity data discussed above and the results of
photoemission,29–31 thermopower,13 and optical spectros-
copy.32

The local variation of the electronic structure would also

imply locally varying magnetic interaction.33 One possible
consequence is that even when the FM long-range order is
established, locally antiferromagnetic~AFM! correlations
can still be present,2,34 which explains the unusual spin-wave
damping.35 Indeed exact diagonalization studies36 have
shown that in the pure DE model a homogeneous FM phase
is unstable.

In conclusion this work has clearly shown that polaronic
lattice distortions related to the local JT distortion exist in the
PM and AFM as well as FM phases of La12xSrxMnO3, and
demonstrated that they play an important role in their trans-
port and magnetic properties including the CMR phenom-
enon. In particular, the local lattice distortions are present
even in the metallic state up to at least 35% of doping, in
disagreement with the homogeneous picture of the double
exchange model and other uniform mean-field models.
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