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The magnon dispersion in the charge, orbital, and spin ordered phase in La;/,Sr3/,MnO, has been
studied by means of inelastic neutron scattering. We find excellent agreement with a magnetic interaction
model based on the CE-type superstructure. The magnetic excitations are dominated by ferromagnetic
exchange parameters revealing a nearly one-dimensional character at high energies. The strong ferro-
magnetic interaction in the charge or orbital ordered phase appears to be essential for the capability of
manganites to switch between metallic and insulating phases.
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Colossal magnetoresistivity in the manganites is only
partially explained by the Zener double-exchange mecha-
nism; the larger part of it appears to arise from the compe-
tition of two states: the metallic ferromagnetically ordered
state on the one side and the insulating one with a co-
operative ordering of charges, orbitals, and spins (COS) on
the other side [1,2]. The insulator to metal transition con-
sists in switching from a phase with long- or short-range
COS correlations into the metallic state where spins are
aligned either by a magnetic field or by spontaneous mag-
netic order. Such an interpretation is strongly supported by
studies of the diffuse scattering: The decrease in electronic
resistivity is found to scale with the suppression of COS
correlations as a function of either temperature [3,4] or
magnetic field [5].

In spite of its eminent relevance for colossal magneto-
resistivity, the exact nature of the COS states in the man-
ganites has not yet been fully established. The combined
COS ordering was first studied in the pioneering work by
Wollan and Koehler [6] and by Goodenough [7] proposing
the so-called CE-type arrangement, which is illustrated in
Fig. 1(a). For half-doping, i.e., equal amounts of Mn* and
Mn**, there is a checkerboard arrangement of different
charges. In addition, the e, orbitals at the Mn3* sites form
zigzag chains. The CE-type charge and orbital arrange-
ment will yield a ferromagnetic interaction in the zigzag
chains and an antiferromagnetic one in between. In the
recent literature, there is evidence both for [8,9] and
against [10] this CE-type picture of the COS state near
half-doping. The quantitative structural analysis excludes a
full ordering of charges and orbitals [8,9] which would
induce stronger structural distortions. Recently, a qualita-
tively different scheme was proposed for Prj¢Cay4MnO3
where charges do not order on the metal sites but on the
Mn-O-Mn bonds forming Zener polarons [10]. Whether
this Zener-polaron picture is applicable for all manganites
or whether it is relevant at all is still under debate [11].
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The magnetic excitations in the ferromagnetic metallic
manganites have been studied in many different composi-
tions [12-15]; for a recent summary, see Ref. [15]. In view
of the large amount of data on the ferromagnetic phases, it
may astonish the reader that there is still no detailed study
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FIG. 1 (color online). (a) Schematic representation of the CE-
type ordering in the ab plane of half-doped manganites with the
three magnetic interaction parameters described in the text.
Notice that the FM zigzag chains run along the [110] direction.
(b) Schematic arrangement in the Zener-polaron picture [31].
(c) Dispersion of the magnetic excitations in La; /,Sr3/,MnOy in
a direction parallel to [100] (I" to A), perpendicular to the chains
(I to B), and parallel to the chains (I" to C). The solid and dashed
lines give the spin-wave dispersion calculated with two parame-
ter sets; see text. Inset: Sketch of the magnetic Brillouin zone,
displaying the high symmetry points I' =(0,0,0), A=
(1/4,0,0), B=(1/8,—1/8,0), C = (1/8,1/8,0), and the path
of the calculated dispersion.
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on magnetic excitations in antiferromagnetic COS states.
Besides the intrinsic complexity of the CE-type magnetic
ordering, such a study is severely hampered by the twin-
ning of the manganite crystals in the perovskite phases.
We, therefore, have chosen the layered material
La;/,Sr3,MnO, to study the magnon dispersion in the
COS state. We obtain the full dispersion of the two magnon
branches with lowest energies which may be satisfactorily
described in the CE-type model.

The structural, electronic, and magnetic phase dia-
gram of La;;,Sry_,MnO, has been -elaborated in
Refs. [16-18]. For x = 0, LaSrMnQy,, all Mn are three-
valent with occupation of the (3z> — r?) e, orbitals and
spins ordered antiferromagnetically. The half-doped com-
pound La, /,Sr3,,MnO, exhibits cooperative COS order-
ing, which has been studied by various techniques [19—
23]. Compared to most perovskite manganites at half-
doping, the COS state in La, /,Sr3,,MnO, appears to be
rather stable; only in very high magnetic fields of the order
of 30 T is the COS state suppressed and colossal magneto-
resistivity observed [24], but good metallic properties are
never achieved in the single-layered manganites neither by
field nor by doping.

The single crystal used in this study was grown by the
floating zone technique as described in Ref. [25] (volume
0.6 cm?, space group I4/mmm, a =3.86 A and ¢ =
12.42 A at room temperature). Upon cooling, we observe
the sequence of structural and magnetic ordering following
the appearance of the respective superstructure reflections
in neutron diffraction experiments. Orbital and charge
ordering within the CE-type picture is related with super-
structure reflections displaced from reciprocal lattice vec-
torsby @ = (x4, £1,0)and by (=1, =1, 0), respectively
(we use reduced lattice units of 27” with respect to the
I4/mmm cell). The onset of charge or orbital ordering is
observed at Tco00 =230 K in  agreement with
Refs. [19,21]. In addition, below T, = 110 K antiferro-
magnetic ordering is evidenced through magnetic reflec-
tions [19]; magnetic ordering, however, is not fully three-
dimensional. For the determination of the magnon disper-
sion, the lack of correlations along the c¢ direction is
irrelevant, as the magnetic exchange parameters are negli-
gible along this direction. In the following, we discuss only
the layered magnetic ordering.

Let us illustrate the different propagation vectors with
the aid of the scheme given in Fig. 1(a). With the orbital
ordering, the nuclear lattice becomes orthorhombic with
lattice constants of +/2a along [1, 1,0] and 22a along
[1, 1, 0]. Note that the zigzag chains run along the [1, 1, 0]
direction. Orbital ordering is related only to superstructure
reflections with q = *(,1,0). Considering only the
Mn?*" sites, the magnetic lattice is orthorhombic, too,
and of the same size as the structural one but rotated by
90°, 2+/2a along [1, 1,0] and +/2a along [1, 1,0]. The
Mn?** spins contribute to magnetic superstructure reflec-

tions with q = *(3, — 1, 0); for example, there is a con-
tribution at (0.25, 0.75,0) = (0.25, —0.25, 0) but none at
(0.25,0.25, 0). The Mn** spins do not contribute to either
of these but to positions with q = *(0,0.5,0) or q =
+(0.5, 0, 0), where the Mn** spins do not contribute. The
full magnetic cell has to be described in a pseudoquadratic
lattice with constants 2+/2a along [1,1,0] and [1, 1, 0], as
shown in Fig. 1(a). Because of the twinning in the ortho-
rhombic COS phase, the arrangement in Fig. 1(a)
(orientation I) is superposed by the same rotated by 90°
(orientation II) in a sample crystal. Both twin orientations
contribute equally in our sample, but we will always refer
to orientation I for the analysis.

Neutron scattering experiments were performed on the
triple-axis spectrometers 4F and 17T at the Orphée reactor
in Saclay, France, and on /N3 at the Institut Laue Langevin
in Grenoble, France. The sample was mounted with the
[001] direction perpendicular to the scattering plane and
cooled to 7 = 15 K. Monochromatic neutrons were se-
lected using Bragg scattering from the (002) reflection of
pyrolytic graphite (PG) or—at higher incident energies—
the (111) reflection of copper. The final energies were, in
most cases, fixed to 14.7 meV to suppress higher order
contaminations with the aid of a PG filter.

At the antiferromagnetic zone center, we find a gap in
the magnetic excitation spectrum and a small energy split-
ting of the lowest excitation. The degeneracy of the two
transverse magnons appears to be lifted due to complex
magnetic anisotropy terms [26]. Already for g > 3.9 X
1073 A7! away from the zone center, no splitting in the
magnon frequencies is resolved anymore. In spite of the
twinning of the crystal in the COS phase, we are able to
separate the magnon branches parallel and perpendicular to
the zigzag chains, as only one twin orientation contributes
to a quarter-indexed magnetic superstructure reflection.
When going from the antiferromagnetic zone center
(0.75, —0.75,0) along the [1,1,0] direction, one deter-
mines the spin-wave dispersion parallel to the zigzag
chains [see Fig. 2(e)], and, when going along the [1, 1, 0]
direction, one measures the dispersion perpendicular to the
chains. This behavior is corroborated by the structure-
factor calculations presented in Fig. 3 as discussed below.
The raw-data scans shown in Fig. 2 unambiguously dem-
onstrate that the dispersion along the zigzag chains is much
steeper than perpendicular to them. The magnetic structure
has to be considered as a weak antiferromagnetic coupling
of strongly coupled ferromagnetic zigzag chains. The ob-
tained magnon dispersion is presented in Fig. 1(c). The
branch propagating along the chains, path I' — C, is much
steeper than the branch propagating perpendicular to it,
path I' — B. At the magnetic zone boundaries C and B, we
find magnon energies of 19 and 6.5 meV, respectively. At
the point C where q is parallel to the chains, the end point
of the acoustic branch coincides with that of the lowest
optic branch, whereas there is a large gap between these
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FIG. 2. Raw-data scans to determine the magnon dispersion in
La;/;Sr;,MnQO,; symbols denote data and lines fits with
Gaussians. (a)—(c) Constant Q scans at the antiferromagnetic
zone center and zone boundaries. (b) and (c) were measured with
E; = 7.37 meV and using the copper monochromator; the dif-
ferent Q dependence separates magnetic from phononic scatter-
ing in (b) and (c). (d)—(f) Constant-energy scans for different
energies across (0.75, —0.75,0) in the [1, 1, 0] direction, i.e.,
perpendicular to the zigzag chains (d), and in the [1,1,0]
direction, i.e., parallel to the zigzag chains (e). The scan is
aiming at the dispersion along the [0, 1, 0] direction, path T" —
A (f).

branches along the path I' — B. The magnon branch along
the [100] direction, path I' — A at 45° to the chains,
exhibits an intermediate dispersion. Finally, all zone-
boundary modes connect when passing along the zone-
boundary paths A — B and A — C.

We have performed measurements around the quarter-
integer-indexed magnetic zone centers as well as around
half-integer-indexed ones. As explained above, in elastic
scans at these Q values, one strictly measures the scattering
contribution of the Mn?* and that of the Mn** sites,
respectively. This separation should hold for inelastic scat-
tering at rather low energies as well. Around these Q
values, we find exactly the same dispersion, as is expected
for collective magnons. At finite energies, there is also a
significant structure factor around the integer-indexed Q
values, like (1,0, 0); again, the dispersion of the modes
fully agrees with the other zones. The dispersion shown in
Fig. 1 was obtained finally by combining many scans in
different magnetic zones. At energies significantly above
the saturation of the acoustic magnon branch perpendicular
to the zigzag chains, i.e., 6.5 meV, the magnetic interaction
perpendicular to the chains does not play any role anymore
and the magnon dispersion exhibits a one-dimensional
character.

The spin-wave dispersion has been calculated using the
Holstein-Primakoff transformation with a simple spin-only
Hamiltonian illustrated in Fig. 1(a) (in the sums, each pair
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FIG. 3 (color online). Upper panel: Constant-energy cuts
through the calculated spin-wave structure factor S(Q, w) with
a constant-energy resolution of 2 meV within each plot and with
energy steps of 2 meV between adjacent plots, showing the
dispersion and scattering distribution of the lowest magnon
bands. Lower panel: Constant-energy scans along the direction
indicated by arrows in the 29 meV cut (above) to experimentally
verify the one-dimensional character of the high energy mag-
netic scattering. The arrows indicate the expected positions of
the magnon.

appears only once):

w3
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Details of the calculation can be found in related work
on spin excitations in stripe phases [27]. The Mn*" and
Mn** spins were fixed to the values of S = 2 and S = 1.5,
respectively. Taking into account only the two nearest-
neighbor interactions for Mn?* — Mn** -spin interactions
for pairs within and in between the zigzag chains, Jgy; and
Jarpm, one obtains a good description of the measured
dispersion denoted in Fig. 1(c) by dashed lines. However,
there remain significant discrepancies; it is impossible to
simultaneously describe the large initial slope of the spin-
wave dispersion along the chains and the relatively lower
zone-boundary frequencies. This behavior implies the rele-
vance of an additional longer-distance interaction parame-
ter acting along the ferromagnetic chains. Indeed, a fully
satisfactory description is obtained by including a ferro-
magnetic interaction for Mn** — Mn**-spin pairs con-
nected through a Mn®" within a zigzag chain; see the
solid lines in Fig. 1(c). We determine the parameters:

JarmSi * S
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JFM =098 meV, JAFM = 1.83 meV, JFM,Q = 3.69 meV
and an anisotropy term of A = 0.05 meV. The magnon
dispersion can be described nearly as well when consider-
ing a ferromagnetic coupling between two Mn3* sites
along the zigzag chain, but this parameter appears less
physical. This model predicts the existence of rather flat
optical branches around 75 meV, which, however, could
not be observed so far due to the high phonon signal at
these energies. Figure 3 presents the calculated magnon
scattering intensities in the form of constant-energy cuts.
One can see how the anisotropic spin-wave cones develop
around the magnetic Bragg peaks with a finite structure
factor. At intermediate energies, also those magnetic
Brillouin zones contribute where there is no elastic scat-
tering. Figure 3 further illustrates that, well above the
maximum of the acoustic magnon perpendicular to the
zigzag chains, the system looks like a magnetically one-
dimensional system as the magnons disperse only along the
zigzag chains. The one-dimensional character was verified
by special constant-energy scans; see Fig. 3. The dominant
ferromagnetic coupling is furthermore seen in experiments
upon heating across To/00- The diffuse magnetic scatter-
ing as well as the magnetic fluctuations turn ferromagnetic
in character at high temperatures [26].

The ferromagnetic interactions in the COS phase of
La, /,Sr;,MnO, are remarkably large, whereas the anti-
ferromagnetic coupling is small probably due to competing
effects. Jgpy is about a factor of 5 larger than the ferromag-
netic coupling in LaMnOs [28] acting on two Mn3* sites
with an antiferroorbital coupling. Jgy is also significantly
larger than the ferromagnetic interaction in the metallic
ferromagnetic phases with the highest Curie temperatures
[12,13]. Furukawa has studied how the double-exchange
model in the metallic manganite phases maps to a
Heisenberg-model description: With increasing electron
localization, the spin-spin interactions become more
short-range [29]. The strong ferromagnetic interaction in
the zigzag chains being not restricted to the nearest neigh-
bors indicates that electrons are not fully localized in the
COS phase as well. The large and nonlocal ferromagnetic
interactions in the zigzag chains yield considerable resem-
blance between the COS and the metallic phases. This
resemblance might be essential to understand the capa-
bility of manganites to switch between the metallic ferro-
magnetic and the insulating COS phases. An explanation
why the zigzag chains nevertheless are insulating has been
given in Ref. [30].

In contrast with the excellent magnon-dispersion mod-
eling presented above, there is no straightforward descrip-
tion of the observed dispersion within the Zener-polaron
model. Obviously, there is a dominant ferromagnetic cou-

pling within the Zener dimer, but the interdimer couplings
are less clear. As may be seen in Fig. 1(b), the dimers are
stacked in a herringbone pattern, and only the interdimer
interaction along this stacking should be sizable and non-
frustrated. Efremov et al. [31] have proposed a noncol-
linear magnetic ordering [see Fig. 1(b)] different from the
structure presented in the initial work [10]. This arrange-
ment may correctly describe the diffraction signal, but it
yields a spin-wave anisotropy—there is dispersion only
along the dimer stacks—just opposite to our experimental
result. This failure and the excellent spin-wave description
obtained within the CE-type model give strong support for
the latter in La]/QSr3/2MnO4.
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