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We have studied the incommensurate-ordered phase in overdoped Lag 4Sr; ¢ MnO,4 by resonant x-ray
diffraction at the Mn K edge. Weak resonant superlattice (h = 0.2 h = 0.2 0) and (h = 0.4 h = 0.4 0)
reflections of the tetragonal structure were found below ~240 K. The energy, azimuth angle, and
polarization dependencies of the resonant scattering have revealed sinusoidal modulations of the oxygen
motions that are transverse and longitudinal to the tetragonal [110] direction. This result discards
(Mn3*, Mn**)-like stripe-type order but point to a charge-density-modulation picture.
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Manganites near half-doping show phase transitions tradi-
tionally associated with a charge-orbital ordering of Mn>*
and Mn*" ions following a checkerboard pattern [1-3]. The
Lay 5Sr; sMnO, layered perovskite has been long consid-
ered as the typical example of these charge-orbital-ordered
manganites [4]. Recently, the charge difference between the
two manganese sites (about (.2 electrons) has been found to
be much smaller than the one expected for a full ionic
disproportionation [5-7], but the charge modulation has
been still regarded as an ordered superlattice of electron
poor (Mn**-like) and electron-rich (Mn3*-like) ions. In a
recent paper, we have shown, using the resonant x-ray
scattering (RXS) technique, that the checkerboard ordering
in Lay5Sr; sMnQO, is nicely explained as due to the con-
densation of three soft modes acting on the oxygen atoms
[8]. The associated charge disproportionation, as well as the
local anisotropy of the two different crystallographic Mn
sites, results from these atomic displacements, discarding
any kind of ionic charge-orbital ordering.

For overdoped compounds (x > 1/2), incommensurate
charge ordering occurs with a wave vector that depends
linearly on the extra charges as 2e = (1 — x)a, where a is
the reciprocal-lattice vector. This fact has suggested the
occurrence of a pattern of stripes as several models claimed
[3,9-14]. Alternatively, a charge-orbital density wave of e,
electrons has also been proposed by x-ray and neutron
diffraction measurements as well as transmission electron
microscopy [15-21]. Thus far, the precise nature of the
charge and lattice modulation for overdoped manganites is
still unknown.

In this Letter, we have investigated the insulating phase
of the overdoped Laj4Sr; ¢MnO, manganite. This com-
pound exhibits an incommensurate superstructure below
T ~ 240 K, which has been also related to the ordering of
charge and orbitals of e, electrons as in Laj 5Sr; sMnO,. We
have made use of the atomic selectivity of the RXS tech-
nique at the Mn K edge to determine the charge and lattice
modulations of the Mn sublattice by analyzing the energy,
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azimuth angle (¢), and polarization dependences of the
observed superlattice reflections. Here, we show that the
incommensurate superstructural order in Lag4Sr; {MnO,
(x = 0.6) is characterized by the appearance of weak reso-
nant superlattice (h * ¢ h = € 0), and (h = 2e h * 2¢ 0),
reflections with a modulation vector of 2e =1 — x = 0.4
(the subscript ¢ indicates the room-temperature tetragonal
unit cell). They correspond to the (2 = 1/4 h *+ 1/4 0), and
(hx£1/2 h*=1/20), commensurate modulations ob-
served in Lag 5sSr; sMnO, (2e = 0.5). The observed energy,
azimuth angle, and polarization dependences of the resonant
scattering at (h £ 0.2 h £ 0.2 0), and (A = 0.4 h = 0.4 0),
reflections are well explained by the presence of two types
of sinusoidal modulations of the oxygen displacements,
transverse and longitudinal to the tetragonal [1 1 0] direc-
tion, respectively. Similar to the half-doped compound [8],
we discard any bimodal (Mn®*, Mn**)-like ordering in
stripes for the overdoped manganites.

Lag 4St; ¢MnOy, single crystal was grown using a floating-
zone furnace with oxygen pressure of 2 bars. The growth
speed ranged between 12 and 10 mm per hour [22]. The
sample was single phase with a tetragonal structure (space
group I4/mmm, a = 3.852 A and ¢ = 12.4 A) at room-
temperature. The single crystal was cut and polished in the
(110), plane. RXS experiments at the Mn K edge were
performed at the ID20 beam line [23] in ESRF (Grenoble,
France). The incident monochromatic beam was linearly
polarized (99%) perpendicular to the scattering plane (en-
ergy resolution being 1 eV). A four-circle vertical diffrac-
tometer was used equipped with a Cu (220) crystal analyzer
for o-0’ and o-7r' polarization measurements. The energy
dependence spectra across the Mn K absorption edge were
corrected for absorption by using the experimental fluores-
cence. Azimuth scans at the resonance energy were mea-
sured by rotating the sample around Q, ¢ = 0° for o
polarization vector parallel to [110],. In order to get a
reliable comparison between the experimental intensities
and the theoretical simulations, we first estimated the
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intensity ratio of the measured scattered intensities of both,
(h£0.2h*=0.20), and (2 = 0.4 h + 0.4 0), superlattice
reflections, here studied by comparison to Thomson intense
Bragg reflections within a relative error of about 30%. We
chose the (220), Bragg reflection and we normalized its
experimental scattered intensity at energies far from the
Mn K absorption edge to the square of the nonresonant
structure factor in absolute squared electron units calculated
with FDMNES [24] in the orthorhombic unit cell defined as
a,=a,+b,, b,=a,—b,, ¢, =c, (From here on the
J2a, X \2a,X ¢, cell is used.) Finally, we expressed the
intensity of the two types of superlattice reflections in
absolute squared electron units by scaling to their respective
experimental intensity ratios to the (220),. Since the crystal
is a and b twinned, the intensity of the (220), reflection has
contributions of the two domains, whereas only one domain
contributes to the superlattice reflections. We have also
taken into account this fact in the normalization procedure
assuming a 50-50 population.

The energy dependences of the (1.6 1.6 0), and
(1.4 1.4 0), reflections recorded in the o-¢’ polarization
channel at different ¢ angles are shown in Fig. 1(a). The two
superlattice reflections, associated with the so-called charge
ordering, have a similar energy dependence and resemble
the behavior of the (3/2 3/2 0), superlattice reflection in
the x = 0.5 sample [8]. We observe the scattered intensity at
energies below the Mn K edge, which comes from the
atomic displacements breaking the 14/mmm symmetry
(Thomson scattering) and a broad main resonance with a
strong intensity enhancement at 6556 eV, approximately
3 eV beyond the Mn K edge. This enhancement comes from
the difference between the anomalous atomic scattering
factors of Mn atoms located in different crystallographic
sites. The spectral shape and the overall intensity of
the (1.6 1.6 0), reflection show a moderate azimuthal
dependence as depicted in Fig. 1(a).

Figure 1(b) shows the energy dependences of the (1 +
0.21*=0.20), and (2= 0.2 2 £0.2 0), reflections in the
o-7' channel. These reflections are ascribed to the so-called
orbital ordering. No scattered intensity was observed at
energies below the absorption edge but a strong resonance
peak is visible at the energy of the Mn K edge. A polariza-
tion analysis indicates that the resonant scattering is purely
7' polarized. The lack of a o-o” signal demonstrates that
these reflections are forbidden by symmetry and they shall
be classified as anisotropy of the tensor susceptibility (ATS)
reflections [25,26]. The azimuthal dependence follows a 7
periodicity [see inset of Fig. 1(b)]. Intensities at different Q
scattering vectors follow the cos?># dependence. RXS spec-
tra for these ATS reflections are strikingly reminiscent of
those reported for (h/4 h/4 0),-type reflections (A odd) in
Lay 5Sr; sMnO,4, which suggests the presence of similar
distortions of the MnOg octahedron [8].

The energy, polarization, and azimuthal behavior of
the two types of reflections exhibit completely different
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FIG. 1 (color online). Energy dependence around the Mn K
edge of scattered intensities for Lag,Sr; ¢MnO, at 80 K of
(a) superlattice reflections collected in the o-¢’ polarization
channel at different values of ¢ and (b) ATS reflections collected
in the -7’ polarization channel at ¢ = 0°. The inset shows the
azimuthal angle dependence of (1.8 1.8 0), intensity at the
resonant peak, E = 6.555 keV (open circles). The solid line is
the calculated intensity = Acos?¢.

characteristics from each other. However, for a bimodal
distribution of Mn3*- and Mn*"-like atoms, all of the
previous incommensurate reflections would show nonzero
o-0' and o-7' scattered intensity. The bimodal stripelike
model cannot then explain either the lack of o-o¢” intensity
inthe (h = 0.2 h = 0.2 0), reflections or the intensity ratio
between the observed superlattice reflections. Therefore,
RXS data rule out any kind of bimodal Mn3*- and
Mn**-like ion ordering in Lagy,Sr; (MnO, and rather,
they indicate the presence of a sinusoidal modulation of
the anomalous atomic scattering factor of the Mn atoms.
The terms of the Mn anomalous atomic scattering tensor
(AAST) will be given by f;;, = fi;0 + Af;jcos(2Qmq-r, +
a) with q the wave modulation vector, r, the position of
the n Mn atom, and « the phase. The anomalous structure
factor tensor for this type of modulation is given by F;; =
Afi;i Y 62m(Q + q) — Gyy), where Gy, is a generic
reciprocal-lattice vector. Thus, each term of the structure
factor tensor is equal to the amplitude of the atomic Af;;
modulation.

The AAST in the hard-x-ray region depends on the local
structure around the scattered atom [5,7]. Any change in the
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FIG. 2 (color online). Schematic picture in the a,-b, plane of
the proposed sinusoidal oxygen modulations in the low-
temperature Laj4Sr; (MnO, supercell. Longitudinal and trans-
verse atomic displacements for the five nonequivalent MnOg
octahedra with the central position x = (5N + p)d},, (N: arbi-
trary integer, p : 0, 1,2, 3, 4) are indicated by arrows. Only one
of the two MnO, planes is shown for the sake of clarity. Big red
circles represent Mn and small blue circles represent O atoms.

coordination geometry of the scattered atom is reflected on
the AAST terms, and for small atomic displacements, the
variation of the AAST is linear with the magnitude of the
distortions. Here, the modulation of the atomic positions of
the nearest-neighbor oxygen atoms will induce the same kind
of modulation in the AAST terms of the Mn atoms that will
be correlated to a modulation of the multipole terms of the
local charge distribution. A uniform compression or expan-
sion of the bond lengths will affect the diagonal components
of the AAST (charge monopoles) whereas a deformation
maintaining the average bond distances will act on the out
of diagonal components (charge quadrupoles). Regarding
our specific problem, (A = 0.4 h = 0.4 0), and (h =0.2 h =
0.2 0), reflections correspond to a uniform and an anisotropic
modulation of the interatomic distances, respectively.

Now, we check the sinusoidal modulation in a particular
case (« is fixed). The value of « is chosen so as to
reproduce the checkerboard ordering of the Mn atoms in
Lag 5511 sMnQOy,. The sinusoidal modulation will follow the
a, axis in the orthorhombic cell \/Ea, X \/iat X ¢;. RXS of
the half-doped manganite is well described as due to the
distortion originated by the three soft modes: A,(B,,),
X (B,,), and X; (A) [8]. In the present case, only a longi-
tudinal modulation of the oxygen atoms in the a,-b, plane,
given by Ax=Axycos(2@mXnX2e), is present for the
X{ (B,,) monopole mode. The same type of modulation
is considered for the X;"(A) mode acting on the apical
oxygen atoms (along the ¢, axis). Finally, the transverse
modulation for the A,(B,,) quadrupole mode follows the
expression, Ay = Ayo[cos(2m X nX &) +sin(2m X n X g)].
The same movements yield a checkerboard sequence of an
expanded-distorted and compressed-undistorted MnOg octa-
hedron for 2& = 0.5.

We show this superstructure model for 2e = 0.4 in
Fig. 2, which is commensurate with five cells in the a,

direction. We can identify five different Mn sites resulting
from the above modulations of the oxygen atoms. The
AAST for each of the five distinct Mn atoms were calcu-
lated for a cluster radius of about 5 A using the program
FDMNES [24]. We have got that the only elements of the
AAST, which give nonzero contributions are the diagonal
fxxs fyys and f . components and the off-diagonal element
fxy- We have then calculated the anomalous structure
factor tensor for reflections of the (h'00)-type correspond-
ing to the (h/10 h/10 0),-type using tetragonal Miller
indices. Only ((4'00) reflections with 4’ even have a non-
zero structure factor. Therefore, the structure factor for the
((10(h = 0.4)00) reflections is F(10(h = 0.4)00) =
AF, cos’¢ + AF_sin’¢ in the o-o’ channel, whereas
the structure factor of the (10(4 * 0.2)00) reflections in
the o-7' channel will mainly follow the modulation
of the F,, term and it is given by F(10(k * 0.2)00) =
AF ', cosf cose. This formulation accounts for the ob-
served azimuthal behavior: Similar AF,; and AF,, ampli-
tudes barely produce any significant intensity variation of
(10(h = 0.4)00) reflections as a function of ¢, whereas
ATS (10(h % 0.2)00) reflections show a pronounced
cos” ¢ dependence as experimentally observed.

Figure 3 compares calculated and experimental spectra
for representative reflections of Lag4Sr; ¢MnO, and the
half-doped sample. We obtained a satisfactory agreement
with the values of the refined distortions for the longitudi-
nal, transverse, and apical modulations: Axy = 0.002 A,
Ay, = 0.014 A, and Az, = 0.001 A, respectively. The am-
plitude of the oxygen displacements for any of the modu-
lations is significantly smaller than that found in
LaysSr;sMnO, (Axy =0.02 A, Ay, =0.07 A, and
Azy = 0.008 A), indicating that the oxygen displacements
decrease with the hole doping. In the case of superlattice
(10(h = 0.4)00) reflections, AF, and AF, can be related
to the chemical shift arising from a charge disproportiona-
tion among the different Mn atoms in the unit cell due to the
sinusoidal modulation. We obtain that the maximum chemi-
cal shift is about 0.1 eV. This corresponds to a charge
disproportionation of *+0.03 electrons.

This study demonstrates that the occurrence of (h =
0.4 h=0.4 0), and (h = 0.2 h = 0.2 0), reflections is or-
iginated by sinusoidal oxygen motions, longitudinal and
transverse to the modulation direction (orthorhombic a,
vector). Reflections that arise from the transverse modula-
tion in the a,-b, plane are forbidden for Thomson scatter-
ing and they are only detected in the o-7' polarization
channel. On the other hand, characteristic reflections of the
longitudinal modulation show Thomson scattering and the
resonance at ¢ = 0° is -0 polarized. The apical motion
gives a contribution to this oo’ resonance at ¢ = 90°.
Thus, our RXS results confirm that the two modulations
with ¢ = 0.2 and 2& = 0.4 have a different origin, i.e., the
modulation with 2e = 0.4 does not correspond to the
second harmonic of the modulation with & = 0.2. In
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FIG. 3 (color online). Energy dependence of the FDMNES cal-
culated and experimental intensities for La;_ Sr;; MnO, (x =
0.5 and 0.6) of (a), (b) the (2 —2e 2 — 2¢ 0), superlattice
reflections collected in the o-o’ polarization channel. Closed
and open symbols are the experimental spectra at ¢ = 0° and
¢ = 90°, respectively. Solid lines are the best-fit calculations
and (c) and (d) are the (2 — & 2 — ¢ 0), ATS reflections col-
lected in the o-7' polarization channel. Symbols are the experi-
mental spectra at ¢ = 0° and lines are the best-fit calculations.

conclusion, we have solved a long controversy between the
two proposed models, i.e., charge stripes vs continuous
charge-orbital density waves, to describe the low-
temperature incommensurate-ordered phases in overdoped
manganites. Our results clearly confirm the existence of a
charge-density-wave ordering [27]. The continuous change
of the periodicity with either the doping [16,17] or the
temperature [18] agrees with a continuous variation of
the oxygen structural modulations. The origin of the
semiconductor-insulator phase transition would then be
explained by a Peierls opening of a gap with a periodicity
that involves a superlattice cell containing an integer num-
ber of e, electrons. The lack of charge stripes in layered
manganites has profound implications in the physics of
other doped Mott insulators such as cuprates, nickelates,
and cobaltates, where stripes were also proposed [28-30].
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