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By resonant x-ray scattering at the Mn K edge on La;/3Sr; sMnOs, we show that an orbital polaron
lattice (OPL) develops at the metal-insulator transition of this compound. This orbital reordering explains
consistently the unexpected coexistence of ferromagnetic and insulating properties at low temperatures,
the quadrupling of the lattice structure parallel to the MnO, planes, and the observed polarization and
azimuthal dependencies. The OPL is a clear manifestation of strong orbital-hole interactions, which play a
crucial role for the colossal magnetoresistance effect and the doped manganites in general.
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During the last 20 years there have been tremendous
efforts worldwide to unravel the physics behind the doping
induced changes in magnetic transition metal oxides.
Besides the high-temperature superconducting copper ox-
ides, where the interplay of spins and charges is relevant
[1], the physics of doped manganites has become another
main focus in this field. In these materials not only are the
spins and the charges important, but also the so-called
orbital degree of freedom plays a central role for the
physical properties [2]. This is already documented by
the insulating ground state of undoped LaMnOj;, which
does not only display antiferromagnetic (AFM) order but
also antiferro-orbital order, meaning that the spatial distri-
bution of the 3d electrons alternates from one Mn site to
the next [3]. Doping of this correlated magnet with holes
results in a large number of intriguing physical phe-
nomena. The most prominent is the colossal magnetoresis-
tance (CMR) effect, i.e., the enormous suppression of the
electrical resistivity in applied magnetic fields.

On a qualitative level, the CMR can be understood in
terms of the double exchange (DE) model. The DE mecha-
nism refers to spin-charge interactions only and implies
that parallel spin alignment and charge itineracy are
equivalent. Nonetheless, bare spin-charge scenarios fail
to describe the CMR effect on a quantitative level [4].
An even more clear example for the failure of bare spin-
charge scenarios is the ferromagnetic insulating (FMI)
phase of lightly doped La;_,Sr,MnO; around the com-
mensurate doping level x = 1/8. The apparent contradic-
tion between the FMI properties and the DE clearly
indicates that the other degrees of freedom referring to
the lattice and the orbitals are indispensable to understand
the physics of the manganite materials. In the case of the
FMI phase, this conjecture agrees with the observed com-
plex structural modulations that point to a complex order-
ing of lattice and orbital degrees of freedom [5-9].

Indeed, in a previous publication we could show that the
development of the FMI phase of Lay/gSr; ;sMnO; below
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the metal-insulator transition at Ty is connected to an
orbital reordering [10]. But despite extensive theoretical
and experimental effort, there is no consensus about the
type of ordering, as manifested by the large variety of
different models proposed in the literature [6—8,11-13].
In order to clarify the microscopic nature of the FMI phase
and to identify the relevant interactions, we have per-
formed resonant x-ray scattering (RXS) experiments at the
Mn K edge on Lay/3Sr;;sMnO;. Obviously, to be able to
observe the complex orbital arrangement of only one elec-
tron per Mn3" site, ordinary diffraction is not sufficient. By
using in addition the spectroscopic signature of the Mn3*
valence orbitals, appropriate positions in reciprocal space
as well as the dependence of the scattering intensity on the
mutual orientation of x-ray polarization vector and orbital
orientation, we achieve enough sensitivity in this ‘“‘spectro-
diffraction” that we can unambiguously determine the
long-range ordered orbital configuration.

The experimental data provide firm experimental evi-
dence for the formation of an orbital polaron lattice (OPL)
at low temperatures, which unifies ferromagnetic and in-
sulating properties in a natural way. To our knowledge, the
OPL is the first microscopic model reproducing the correct
unit cell. Furthermore, the OPL in the FMI phase consti-
tutes a clear manifestation of strong orbital-hole interac-
tions, which play a crucial role for the doping induced
transition from an AFM insulating to a FM metallic state
and are of crucial importance for the physics of doped
manganites in general.

In the course of the present RXS study, two
Lay/gSr; sMnO; single crystals with carefully polished
(001) and (112) surfaces have been investigated (Pbnm
setting). The samples have been prepared from the same
sample rod, obtained by the traveling floating zone method
[14]. Although there are six possible structural twin do-
mains, whose [100], [010], and (112) directions can coin-
cide, in our samples only a subset of twins is realized,
where [100] or [010] directions (type A twins) never over-
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lap with (112) directions (type B twins) [10]. Further
experimental details about the RXS experiment, which
has been performed at the wiggler beam line W1 at
HASYLAB, can be found in the literature [10].

Upon cooling the samples from room temperature to
10 K, in addition to a symmetry change from orthorhombic
to monoclinic and triclinic, several types of structural
modulations have been observed. The corresponding
superstructure reflections can be grouped into (I) so-called
ATS reflections, (II) reflections with modulation wave
vector (0,0,1/2), (IN) reflections with (1/4, —1/4,0),
and (IV) reflections with (1/2,1/2,0). The ATS (anisot-
ropy of the tensor of susceptibility) reflections of (I) are
forbidden reflections due to glide plane and screw axis
symmetries, e.g., (300), (030), (003), or (104), which can
be observed in resonance at the Mn K edge [15]. The
reflections belonging to the groups (II)—(IV) appear only
in the FMI phase below Tyg =~ 150 K. Group (II) reflec-
tions have been discussed in terms of charge order [§—10]
and group (IV) reflections in terms of an orbital rearrange-
ment [10].

The studies on the (112)-oriented sample proved the
occurrence of a superstructure reflection at the nominal
(1.75, 2.25, 4) position in the FMI phase (group III). Since
there is no superposition of type A and type B twins in our
samples, the observation of the nominal (1.75,2.25,4)
reflection unambiguously shows that a quadrupling along
the orthorhombic [110] or [110] exists below Ty;. The
energy dependence of the intensity at the (1.75,2.25,4)
position displays a diplike feature around the Mn K edge,
as can be observed in Fig. 1(a). This implies a dominant
contribution to the intensity due to the heavy nonresonant
scatterers, which participate in the corresponding super-
structure modulation [Fig. 1(b)]. Note that this type of
energy dependence does not allow one to infer anything
about possible charge and/or orbital order, as has been
done in the literature [11]. Even in the naive case of
ordered Mn?* and Mn** ions, the corresponding reso-
nance can be easily masked by the signal of the heavier
nonresonant sites.

To summarize so far, the present RXS measurements
reveal a superstructure modulation in the FMI phase, which
involves a doubling along the ¢ direction and a quadrupling
parallel [110] or [110]. Furthermore, the (3/2,3/2, 3) re-
flection (group IV) signals a doubling along [110] or [110].
The twinning prevents a unique identification, but because
the (1.75,2.25,4) reflection displays a dip at the Mn K
edge, while a resonance is observed at the (3/2,3/2,3)
position [cf. Ref. [10]], it is tempting to assign them
mutual orthogonal directions. This result is in agreement
with a selected area electron diffraction (SAED) study
which probes a single twin domain [5]. Both the RXS
and the SAED data imply a 2a, X 4b,. X 4c, unit cell in
the FMI phase, where the subscript ¢ indicates the pseu-
docubic lattice parameters of the high-temperature ortho-
rhombic phase (cf. Fig. 2). To the best of our knowledge,
the quadrupling along the pseudocubic b direction is not
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FIG. 1. (a) Energy dependence of the intensity at the nominal
(1.75,2.25,4) position taken at T = 50 K (without absorption
corrections). (b) Illustration of a distortion that involves the
heavy La sites. The gray and white lobe represents the spatial
e -¢electron distribution of a Mn3* site that corresponds to about
1/100 of the total charge per unit cell. The breathing distortion at
the Mn*" site and shifts of the La sites are indicated by arrows.

reproduced by any of the published microscopic models for
the FMI phase of La;/3Sr;sMnO; [6-9,11-13], which
calls for the development of a model based on the correct
unit cell. In a first approximation we will assume a strong
localization of the doped holes, which is well verified by
the pronounced insulating properties of the FMI phase
[16]. Furthermore, we will omit the small triclinic distor-
tion present below Ty [17].

The superstructure modulation signaled by reflections of
the type (h, k, [ + 0.5), which are observed in neutron and
x-ray scattering experiments, as well as Hartree-Fock and
LSDA + U calculations, provide strong evidence for an
alternation of hole-rich and hole-poor planes along the
orthorhombic ¢ direction below Ty [6,8,9,12,13]. The
terms hole-poor and hole-rich indicate that there is not
necessarily a perfect segregation into completely undoped
and doped planes. Similarly, the terms hole-poor and
hole-rich Mn sites will be used to stress that the valence
difference 8¢ between Mn*>*%7 and Mn>3~%9 can be less
than 6g = 0.5. The theoretical model calculations also
yield an antiferro-orbital ordering within the hole-poor
planes [12,13], indicating that the superexchange and/or
electron-lattice interactions which stabilize this type of
orbital order [18] are still relevant in the FMI phase. In
what follows, these interactions will be represented by the
coupling constant J. Hole induced interactions due to
lattice distortions as well as Coulomb and double exchange
interactions [19,20] will be summarized by the coupling
constant A, hereafter. The interactions J and A both de-
termine the orbital occupation at a given hole-poor, i.e.,
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FIG. 2. Orbital polaron model for the FMI phase of
La;/5Sr; sMnO;. A top view of the different ab planes along
the ¢ axis is shown. The orbitals have been calculated according
to the interaction HH op with A/J = 1. The orthorhombic (a, b)
as well as the pseudocubic (a., b.) lattice parameters are
indicated. The hatched cross (z = 0) and the gray bars (z =
0.5) mark the orbital polaron and charge stripes in the ab planes,
respectively.

Mn3*-like site, next to a hole. In terms of a mean field
approach, this can be modeled by Hamiltonians of the form
Hop = —(Jo* + Ag?), which describe these interactions
parallel to the c direction (o*”: Pauli matrixes) [19]. Based
on H op, the alternation of hole-poor and hole-rich planes
along the ¢ direction, and the 2a, X 4b. X 4c. unit cell,
we obtain a model for the FMI phase, which is depicted in
Figs. 2 and 3 for J//A = 1. The interaction J establishes an
almost complete antiferro-orbital order within the hole-
poor planes. However, due to the additional orbital-hole
interaction A the antiferro-orbital ordering is modified.
This is most evident in the hole-rich planes (z = 0, 0.5)
in Fig. 2. A induces a polarization of the orbitals next to a
hole and, consequently, the model constitutes an OPL.

In order to check whether the ordering represented in
Fig. 2 is consistent with our experimental RXS results, we
performed a model calculation based on the OPL. The
sensitivity to orbital order of RXS at the Mn K edge stems
from the fact that at this energy the scattering process
involves Mn:4 p-intermediate states. The energy splitting
of the Mn:4p states reflects the orbital occupation at a
given Mn site [ and gives rise to a characteristic anisotropy
of the corresponding form factor f, with respect to the
beam polarization [3]. This polarization dependence can be

described as f;(€;, €;) = €/ - f, + €, with the second rank
tensor fl and the polarization vectors €; and € of the
incoming and outgoing beam, respectively. In the follow-
ing, o or 7 polarization refer to polarizations 1 and
parallel to the scattering plane, respectively [cf. [10]].
For the hole-poor sites we take the f, to be diagonal
with diagonal elements f*“ = fM°(1 + 8%) (a = x, y, 2),
where the 6;”° are related to the splitting of the Mn:4p
states. As a result, the symmetry of the tensors f | corre-
sponds to the symmetry of the orbitals in Fig. 3. The hole-
rich sites are described by an isotropic f}, i.e., fre = f
Using the set of basis sites shown in Fig. 3 and the form
factors described above, the structure factor matrix for a
reflection Q can be calculated: £(Q) = 3,7, - €/%C, where
d; describes the position of lattice site /. The resonantly
scattered intensity I(Q) = Ie;.l:" (Q).€,|*> is polarization
dependent and displays a characteristic variation, when
the sample is rotated about ¢ around the scattering vector
Q. This is the so-called azimuthal dependence. A straight-
forward calculation yields the following expressions for
the azimuthal dependencies of the (1.5 1.5 3) reflection:

1, = Asin>¥cos?isin>y + Bcos>Isinifs

I1,, = A’sin*yy + const.

For the (300) reflection I, = A”cos?dsin’¢ and I,,,, =
0 + O(8?) is obtained. In the above equations, ¥ is the
scattering angle; the constants A, A/, A”, and B are func-
tions of the matrix elements of the f ;- In addition, the
indices o and 7 refer to the initial and final beam polar-
ization (see Fig. 4). The matrix elements have been used as

z=0.75

z=0.5

z=0.25

FIG. 3. Basis of the orbital polaron model for the FMI phase of
La;/3Sr;sMnO; which has been used for the calculation of the
structure factor. The thick solid lines indicate the 2a,. X 4b, X
4c,. supercell.
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FIG. 4. Comparison between the measured data and a model
calculation based on the orbital polaron lattice. The model
calculation, which takes into account the twinning of the sample,
reproduces the polarization dependencies observed at the nomi-
nal (300) and (1.5, 1.5, 3). A omr-scattering process is sketched in
the lower left panel.

parameters to fit the azimuthal dependencies of the (300)
and the (1.5 1.5 3) simultaneously. As demonstrated in
Fig. 4, the OPL model nicely reproduces the polarization
dependencies observed at the nominal (300) and (1.5 1.5 3)
position. In particular, the model is capable of reproducing
the relative intensities observed at the (300) and the (1.5
1.5 3) position in the oo and the o7 channel, although it
has to be noted that the fitted components of the f ; could
not be determined unambiguously. But we emphasize that
the simultaneous description of the data in Fig. 4 provides
very strict constraints for the orbital polaron order. For
example, an OPL based on the charge ordering pattern
proposed in Ref. [6] always leads to I, = O(5) for the
(300) reflection; i.e., there is always a significant intensity
in the oo channel. The ordering shown in Fig. 2 is similar
to one of the ground states obtained by Hartree-Fock
calculations for Lay/gSr; sMnOj; [12], supporting the sce-
nario developed above. Note that orbital polarons are
ferromagnetic objects which lead to a strong reduction of
the charge carrier bandwidth [19]. A closer look at the OPL
shows that there is always a nonvanishing overlap between
an empty and an occupied e, state; i.e., the resulting ex-
change interactions are all ferromagnetic. As a result, the
OPL unifies ferromagnetic and insulating properties. Inter-
estingly, according to this model half doped charge stripes
exist below Tyy. Since these stripes run along the a,
direction, which is doubled below Ty, one may speculate
whether a mechanism similar to a Peierls effect is relevant
for the FMI phase.

It is important to note that there is clear experimental
evidence that local charge hopping (DE) processes con-

tribute significantly to the stabilization of the FMI phase
[21,22]. This is in perfect agreement with the OPL model,
because orbital polarons are stabilized by local DE pro-
cesses. Furthermore, the phase diagram of La;_,Sr,MnO;
as a function of x can be reproduced by a model where the
OPL formation competes with the AF-orbital order and
with orbital fluctuations [19]. This competition together
with the importance of local DE processes also explains the
stability of the OPL in other compounds. For instance, in
lightly doped La;_,Ca,MnO; and Pr;_,Ca,MnO; the DE
interaction is reduced and, correspondingly, the AF-orbital
ordering is observed instead of the OPL [23,24]. None-
theless, the tendency to form orbital polarons is also ex-
pected to be present in these systems. We emphasize that
the OPL has been derived based on the interactions de-
scribed by H op, which means that the OPL is a direct
manifestation of strong orbital-hole interactions in doped
manganites. Furthermore, it can be concluded that these
interactions are strongly spin dependent, since the DE
mechanism is found to contribute significantly to the sta-
bilization of the FMI phase [22]. According to the above
discussion, the spin-dependent orbital-hole interaction is a
general feature of doped manganite compounds and it is
clear that such an interaction is of great relevance for the
CMR effect.
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