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Abstract. The origin of the colossal magnetoresistance (CMR) observed in
La,_,Ca,MnOs;, at x = 0.3, is still largely debated. Actually, the precursor phase
of the ferromagnetic (F) metallic state, defined as the concentration ranges
0.125 < xcy < 0.22and 0.1 < x5, < 0.171inLa;_,Ca,MnO; and La; _,Sr,MnO;
systems respectively, is poorly understood. At these concentrations where the
compounds are F, a very specific temperature behaviour is observed, the systems
evolving from a quasi-metallic state below 7 towards an insulating state at lower
temperatures. The double-exchange coupling alone is insufficient to describe the
physics of these compounds and other interactions have to be considered, the
origin of which is still unclear. In this paper, we mainly review and discuss
neutron scattering studies performed on three compounds, Lagg3;Cag17MnOs,
Lay g75510.12sMn0O3 and LajpgCay,MnO;. The magnetic excitations, as well as
the dispersion of acoustic and lower optical phonons have been determined
using inelastic neutron scattering. In the three systems, and over the whole
temperature range, the spin-wave excitation spectrum is characterized by a
splitting into several levels or several branches which are more or less dispersed.
In the quasi-metallic state, particularly studied in the two Ca-doped compounds,
these levels can be characterized as spin-waves confined within nanosize F spin
domains. Within some model, a quantitative analysis of these excitations is
proposed which determines their sizes, shapes and magnetic couplings. These
couplings are found to be anisotropic, a feature characteristic of some orbital-
ordering. These observations are interpreted by a charge segregation. Moreover,
in the low-temperature state of La g3Cag ;7MnQO3, the existence of an underlying
periodicity for the magnetic characteristics is revealed, suggesting a charge-
ordered state similar to the case of Lagg75Sr).12sMnO;. Finally, a coupling of
magnons with acoustic and lower optical phonon branches is strongly suggested,
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particularly in Lajg75519.1,sMnQO3, where a coincidence between the magnon
and acoustic phonon energies is observed in a large g-range along the [100]
direction.
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The phase diagram of doped manganites exhibits a variety of structural and magnetic phases
which have attracted considerable attention in the last few years. The physical properties of these
states are often sensitive to small changes in external conditions, giving rise to a number of
‘colossal effects’, among which is the colossal magnetoresistance (CMR). However, the very
origin of this effect is still widely debated. A crucial point is actually that the precursor phase of

the metallic ferromagnetic (F) phase itself is still poorly understood.
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Figure 1. Orbital structure (left panel) and AF structure of type A (right panel)
in LaMnOs.

It is now clear that the double-exchange (DE) coupling alone [1] cannot explain the CMR
properties. The most striking example is the existence of a non-metallic F phase at concentrations
lower than those defining the metallic state, in both La;_,Ca,MnOj; and La;_,Sr,MnO;. Other
mechanisms have been suggested such as electron—phonon coupling [2], charge segregation
processes [3]-[7] with magnetic or lattice character (magnetic or lattice polarons), or orbital
degeneracy effects [11]—[13], but their respective importance remains controversial.

The present paper is devoted to this peculiar F precursor phase, but we will start with a
survey of known properties of the insulating phases at low-doping.

1.1. Pure LaMnQO;

The pure compound, LaMnOs;, is well understood. The Mn?** ions have one electron in
the ds2_» e, orbital state, which induces a magnetic coupling of superexchange type. An
antiferromagnetic (AF) structure of type A appears below Ty = 140 K, which consists of F (a, b)
planes stacked antiferromagnetically along the ¢ direction (figure 1, right panel). Here, a, b, ¢
correspond to the axes of the pseudo-cubic structure of the perovskite. This magnetic structure
derives from the orbital-ordered state (figure 1, left panel) which occurs at 7,7 = 750K and is
associated with a structural transition from a pseudo-cubic to an orthorhombic phase [10]. The
exchange interactions between the first Mn neighbours have been shown to be equal along a
and b, with J,, > 0, and J. < O from the g-dispersion of magnetic excitations [14, 15], and the
experimental values are in good agreement with theory [21]. In addition, a large energy gap is
observed at g = 0, indicating a large single-ion anisotropy, associated with the spin alignment
along [a + b].

1.2. Low doping regime or CAF state

When increasing the hole doping, the first step (0.05 < xc, < 0.125, 0.05 < x5, < 0.1)
corresponds to a canted antiferromagnetic state (CAF), at low temperature, in agreement with
de Gennes [8] mean field theory. With increasing x, the average F spin component is gradually
rotated towards ¢. However, this magnetic state is inhomogeneous [16]. The inhomogeneities
consist in small anisotropic magnetic clusters, which have been quantitatively characterized.
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Figure 2. The large gap (LG, ®) and small gap (SG, O) spin-wave branches in
Lay9Cap 1 MnOj (upper panel) and in La g75Cag 12sMnO; (lower panel).

They have a larger size (£ 16 A) in the (a, b) plane than along ¢, the average distance between
clusters is d ~ 2&. A distance of exclusion d’ ~ £ indicates a repulsive interaction [17].

The nature of the CAF state was further characterized from the magnetic excitations or
spin-waves, determined by inelastic neutron scattering [ 16]-[20]. Two spin-wave branches with
distinct g-dependences have been observed. As an example, the spin-waves of the xc, = 0.1
compound are reported in figure 2 (upper panel), in cubic indexing for ¢ (left panel) and a or
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b (right panel) directions. One branch with a large anisotropy gap (LG), close to that of pure
LaMnO3, has been modelled using a Heisenberg Hamiltonian, and its doping dependence denotes
an increase with x of the F superexchange constant J,;, (x) and a decrease, in absolute value,
of the AF J.(x) constant. Both variations are expected, due to the effect of F double-exchange
coupling. They agree with the theoretical model of Feiner and Olés [21], although, in this model,
a single branch is predicted. This branch with the large anisotropy gap is related to the magnetic
characteristics of the matrix of Mn>* ions, renormalized by the effect of DE. A second branch,
induced by doping, is observed around F Bragg peaks only. It lies at lower energy, with a small
gap (SG), and follows a quadratic dispersion in the small g-range, indicating an F character.
However, its g-dependence is quite peculiar. Along ¢, it exhibits a 2a periodicity, characteristic
of the AF order. Along a or b, it can be clearly identified only in the first half of the Brillouin
zone. These features indicate a new F coupling, induced by mobile holes coupled by DE, on a
distance of two or several lattice spacings through the hole-poor matrix of Mn** ions. The true
origin of this coupling, which, as seen below, takes place in a large part of the phase diagram up
to the metallic state (xc, = 0.22), is not known.

These two branches have well-defined dispersions and low damping, which demonstrates
their coherent nature and thus points out that this CAF magnetic phase has a single ground state.
This is in agreement with a picture of ‘charge segregation’ but not with that of ‘phase separation’.

1.3. The CAF/F transition

The next step towards the genuine metallic phase is a F phase, with very peculiar properties. It
occurs at a critical value x.,, with x.,, = 0.125 and 0.1 for Ca and Sr substitution, respectively,
where the first signature of a ‘metallic’ behaviour is observed below T¢. This transition line
corresponds precisely to the cancelling of the AF coupling J. in the J. (x) variation obtained
from the LG spin-wave branch [20]. As expected for an F state with one spin lattice, only one
spin-wave branch is observed at this critical concentration. This is illustrated in figure 2 (lower
panel), for xc, = 0.125, in cubic indexing. Referring to the previous step (figure 2, upper panel)
the evolution from two branches towards one branch, may be described as follows. Along c,
the LG branch observed around AF Bragg peaks, characteristic of the Mn** matrix, disappears
with the AF peaks (r = (0, 0, 0.5) in cubic indexing), and only the SG branch persists with
very little change. It retains a ‘2a’ periodicity along ¢, which is a very puzzling observation
in such an F state. This will be further discussed below. In the (a, b) plane, the LG branch
also disappears, at least for ¢ < 0.25, e.g. for large wavelength. For g > 0.25 (short-wavelength
spin-waves), the observed single branch is reminiscent of the ‘LG branch’ observed at x < x,,.
Actually, along a or b, the whole g-dispersion exhibits an ‘S’ shape with a small anomaly at
q = 0.25, as observed also in another similar compound [9]. This description suggests that the
magnetic excitations with g < 0.25 and >0.25 correspond to a magnetic coupling of a distinct
nature, similarly to the LG and the SG branches in the CAF state, and therefore that the magnetic
state is still inhomogeneous. This evolution with x may be interpreted by a percolation process
within the (a, b) planes, in agreement with theoretical predictions [22]. The matrix of Mn**
ions associated with the LG branch, infinite for x < x.. (the LG branch exists at all g) would
be broken on small scales (¢ > 0.25) by a new percolating quasi-metallic network. The specific
scale (¢ = 0.25) indicated by the spin-wave branch in the (a, b) plane, could be related to the
scale of an underlying charge segregation, undetected by magnetic diffuse scattering, probably
because of insufficient magnetic contrast.
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1.4. The precursor F phase

The anomalies in the transport, magnetic and structural properties which appear just beyond x,,,
are specific of the intermediate F phase, precursor of the F metallic state. Below T, a quasi-
metallic state is defined by a decrease in the resistivity. At a lower temperature, a new transition
occurs characterized by an increase in the resistivity with structural changes and magnetization
anomalies [23]—[25]. This transition, which cannot be explained by DE, reveals the existence of
additional interactions. The differences observed between the Sr- and Ca-doped systems points
out a competition between such interactions.

InLa;_,Sr,MnO; (0.1 < x5, < 0.17), weak superlattice Bragg peaks, (h, k, [+ 1/2).,, and
(h, k, 1+ 1/4)., (in pseudo-cubic notation withay =~ 3.9 A asthe length of the cubic edge) appear
at this transition [27, 28]. This has been interpreted as the occurrence of a charge ordering. This
new phase has been extensively studied, experimentally [29]-[35], [38, 39] and theoretically
[36, 37]. The origin of the transition has been attributed either to elastic forces [36] or to a new
kind of orbital ordering [34, 39] or to a lattice polaron ordering [27], but no definitive conclusion
has been reached so far.

In La;_,Ca,MnOj;, such superstructure peaks have not been reported up to now. In
this system, short-range structural correlations have been found at ¢ = (1/4, 1/4, 0)..», and
characterized as ‘correlated lattice polarons’ [40], as in the xc, & 0.3 metallic compound above
T¢ [41]. In the same compound, NMR [42] and Mossbauer spectroscopy [43] provide indications
of an inhomogeneous state, whereas susceptibility measurements indicate irreversibilities and
spin-glass properties [44].

In such a complex situation, it is of primary interest to investigate the elementary excitations
of these systems. Spin-wave measurements have been recently reported in La;_,Sr,MnQO;
(x = 0.9 and 0.125) [45], and in La,; _,Ca,MnO; (x = 0.17 and 0.2) [46]. But the importance of
structural effects associated with the transition (variation of the orthorhombicity, superstructure
peaks), calls for an investigation of the lattice excitations in both types of compounds, which has
never been reported up to now in this doping range.

1.5. Outline

In the following, we focus on three compounds belonging to the F precursor phase, namely
Lag g3Cap.17MnO3, Lag g75519.12sMnO3 and Lay gCay ,MnOj3. In section 2, their transport, structural
and magnetic properties will be examined. The observations resulting from inelastic neutron
studies performed on these compounds will be reviewed and discussed in sections 3 and 4 for
phonon modes and magnon modes respectively. A general discussion will be given in section 5.

Neutron scattering experiments have been carried out at the reactor Orphée (Laboratoire
Léon Brillouin) and at the Institut Laue Langevin on triple-axis spectrometers using thermal and
cold neutron sources. The samples are single crystals. Lag g3Cay 17MnO; and Lay gCay,MnOj3
have been grown by Y M Mukovskii and D Shulyatev from the MISIS Institute in Moscow
and Lag g75S1(,1,sMnO3 by P Reutler from the Laboratoire de Physico-Chimie in Orsay, France.
The wavevectors are defined as Q = q + 7. In this paper, only the Bragg peaks t are indexed
within the orthorhombic structure. For magnetic and lattice excitations for which the perovskite
cube is the most relevant, the wavevector q values are indexed in the pseudo-cubic structure. All
samples were twinned, so that, for instance, directions such as [00 1], [0 1 0] and [1 00], in the
pseudo-cubic notation, were superimposed. In the figures of this paper, where only one direction
is specified, the other superimposed directions are termed ‘related symmetry directions’.

New Journal of Physics 7 (2005) 84 (http://www.njp.org/)
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2. Transport, structural and magnetic properties

2.1. Resistivity

Figure 3 displays the temperature variations of the resistances or resistivity of the three
compounds [23, 26]. For the compound Lag g7551r).12sMnQOs, this variation has already been
reported by Pinsard et al [23]. For xc, = 0.17 (figure 3(a)) and xc, = 0.20 (figure 3(c)), the
variation is very close to that reported by Okuda et al and Markovitch et al [24, 25]. Below
Te = 175K (xca = 0.17) or T = 180 K (x¢, = 0.20), in a small temperature range, the variation
presents a positive slope, characteristic of a ‘metallic’ or ‘quasi-metallic’ behaviour. Below 150 K,
a smooth upturn indicates the occurrence of an insulating state. This variation shows strong
similarities with that observed in Lag g75S19.1,5sMnO;3 [23] (figure 3(c)). However, in this latter
case, the boundaries between the different regimes are much better defined. Three characteristic
temperatures are determined: 7,7 = 280K, identified as the Jahn—Teller transition from the
parameter variation of figure 4, 7 = 178 K where a ‘metallic’ behaviour occurs, identified as
the Curie temperature from the magnetic Bragg peaks (figure 5) and 7o or = 159 K, where an
insulating behaviour takes place.

2.2. Structural properties

Figure 4 reports the temperature dependence of the lattice parameters determined by neutron
scattering in Lagg3Cag7MnO3 and by x-rays in Lagg75S19.12sMnO3 previously reported by
Pinsard et al [23].

The two compounds exhibit strong similarities. In the high-temperature range, the symmetry
is pseudo-cubic and a single lattice parameter is determined. In Laj g3Cay 17MnO3, where this
determination has been obtained by neutron scattering, the structure becomes orthorhombic at
T;r = 240K. Below T =~ 150K, a decrease in the orthorhombicity is observed down to ~75 K,
where it remains constant. In this variation where the a and b parameters cannot be determined
separately, the mean value of the (a, b)., parameter decreases and the value of ¢ increases so that
the cell volume stays constant. In Lag g75S19.1,5sMnQO3, x-ray scattering measurements, with good
enough resolution to separate a and b, yields a similar evolution for b and ¢ between 7¢ and 130 K,
whereas a is nearly constant. Moreover, Rietveld refinement, as reported by Pinsard ef al [23] and
Cox et al [35], reveals that the decrease in the orthorhombicity is concomitant with a variation
of two of the three Mn—O distances. Their values, distinct in the intermediate ‘quasi-metallic
phase’, become nearly equal below Ty . In this variation, T o corresponds to the inflection
point. In Laj §Cay,MnOs, the orthorhombicity which certainly exists, is too small to be detected
within the g-resolution of the neutron scattering measurements. In figure 4(c), the temperature
evolutions of the two superstructures, (003),4, ((0,0,2L+1) type) and (0 O 4.5),/m0
((0, 0, 2L + 1/2) type) determined by neutron scattering in Lag g75519 125sMnQ3, are also reported.
They appear at the same transition temperature 7 = T . We emphasize that superstructures of
the (0, 0, 2L + 1), type are generally observed also in Laj g3Caj 17,MnO; and Laj sCay,MnO;
but with strong irreversibilities, indicating metastability. In contrast, no superstructure of the
(0,0, 2L + 1/2),,m4, type has been detected in either of the two Ca substituted compounds.

2.3. Magnetic Bragg peaks

Figure 5(a) displays the temperature dependence of the magnetic Bragg peak (20 0),,4,, for
Lagg3Cap17MnO;3. Below a first anomaly of structural origin at 7,7, we observe an increase
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in the long-range F correlations determining 7 = 175 K. This temperature dependence with a
linear part below T, suggests that, in the intermediate quasi-metallic phase, the F correlations
do not develop as in a genuine ferromagnet. In figure 4(b), the variation of the (002),.m,
Bragg peak in LajgCay,MnO; is also reported. An anomalous intensity increase is observed
at 75 K (note that the scale of intensity in figure 5 does not start at zero). We stress that this
anomaly is not systematically observed, but likely depends on the rate of cooling. In the case of
La g75S1).12sMn0O3, magnetization measurements indicate a jump in the magnetization at Ty o-.
The temperature dependences of the magnetic Bragg peaks as well as that of the diffuse scattering
between Bragg peaks, are actually very close to those previously reported by Kawano [30]. All
these experiments emphasize the anomalous character of the intermediate F phase, with structural
and magnetic disorder.
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3. Phonon dispersion curves

3.1. La0,8Ca0,2Mn03 and La0,83Ca0,17Mn03

Let us recall that, for lattice and spin dynamics, wavevectors are indexed using cubic notations.
The dispersions of transverse (TA) and longitudinal (LA) acoustic phonons, as well as the first and
second optical phonon branches (LO) have been determined along the main symmetry directions
for Lay gCap,MnOj3 and are reported in figure 6(a)—(d). In addition, the TA branch along [00 1],
measured in Laj g3Cay 17MnOs3, is displayed in figure 6(e)—(g).

In Lay gCay,MnO3, the phonon dispersion curves are close to those previously determined
in Lag 7S1p 3MnO; by Reichardt and Braden [49]. The new feature appears along [0 0 1] where the
TA acoustic phonon is very sensitive to the structural changes which occur in this concentration
range. In the temperature range where the structural (00 3),,4,, = (00 %)Cub superstructures are
observed (T < T¢), this branch appears folded with respect to g = 0.25, which becomes a new
zone boundary. No significant damping of this phonon branch is observed. This ‘classical’ effect,
is illustrated in figure 6(b) at T = 145K, where a new TA’ branch appears because of the
folding. As expected, this folding effect exhibits irreversibility or metastability as observed
for the (00 3),,, peak.

In figure 6(e), the dispersion of the TA branch of Laj g3Cay 17MnO; at 150 K is reported. At
this concentration, where a magneto-structural transition is observed below 150 K, two interesting
features can be mentioned. Firstly, a softening of the TA branch is observed below 150K as
illustrated in figure 6(f). The amplitude of this softening, which is ~15% for ¢ = 0.1, decreases
with increasing g. This variation has to be related to the anomalous variation of the lattice
parameters (figure 4(a)) which characterizes the magneto-structural transition. A similar effect,
not illustrated here, has been observed in Lay g75S1¢ 1,5sMnO3, with a larger amplitude (~30% at
q = 0.1). The second interesting feature concerns the g-dependence of the damping of the TA
phonons. As shown in figure 6(g), an anomalous increase of this damping appears at g = 0.25
below T¢. This could indicate a tendency for the TA dispersion curve to fold at this g value, as
observed in LajygCay,MnO; (figure 6(b)). One cannot exclude an interaction with the magnon
of the same ¢, which lies at a close energy value (10 meV). No such effects have been found
for the LA phonon branch.

3.2. La0,875Sr0.125Mn03

In figure 7, we have reported the dispersions of the TA, LA and LO phonon modes determined
in Lag g75S19.12sMnO;3 along the [0 0 1] direction at T = 15K and along the [1 1 0] direction at
T = 300 K. Surprisingly, in this compound where superstructures are systematically observed
below Ty ¢, no folding or anomalous damping of the TA branch is observed at g = 0.25. Only
a slight softening anomaly can be seen, reported below in figure 13, where it is compared with
the magnon energy. At smaller g, a stronger softening is found, similar to the Lag g3Sry 17MnO3
case, as indicated above.

4. Spin-wave excitations

We focus on the [100] and related symmetry directions, superimposed, except for
Laj gCay,MnO3, where several directions are reported. Along the [1 0 0] direction, the spin-wave
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Figure 6. Phonon dispersions of the TA, LA, first and second LO branches in
LaygCap,MnO; (a) along [001] at 7 = 300K, (c) along [110] at T = 145K,
(d) along [111] at T = 14 K. (b) Dispersions of the TA and TA’ branches in
LaygCap,MnO; along [00 1] at T = 145 K. TA phonon branch along [00 1] in
Lay g3Cap 17MnOs for (e) dispersion at T = 150 K, (f) temperature dependence of
the energy of the ¢ = 0.1 mode, and (g) g-dependence of the TA phonon damping
at 295K (0), 150K (W) and 90K (e@).

measurements have been performed in the second Brillouin zone, corresponding to the smallest

Q value for the energy range of interest. This allows us to keep the largest possible magnetic
form factor and thus to get maximum magnetic neutron scattering cross-section. Furthermore,
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Lay g75519.12sMn0O3, along [001] at T = 15K (left panel) and along [110] at
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we know from previous measurements that the phonon branches lying in this energy range have
no sizable intensity in this Brillouin zone (except in some experiments which will be emphasized
below).

Inelastic spectra have been fitted by a Lorentzian lineshape convoluted with the resolution
function of the spectrometer. The energy E, damping I' and intensity corrected from the Bose
factor, are determined for each mode. The Bose factor is expected for propagative spin-waves.
We emphasize that the damping value I' is rather small (E/I" & 5), and not significantly
different from the damping of the magnetic excitations determined in the CAF state, previously
reported [20]. Examples of fitted energy spectra are displayed for Lajg;Cay7MnO5; and
Lag g75Cag.125sMnOs. In the case of Lajy gCay ,MnOj3, examples of fitted spectra have been reported
elsewhere [46].

4.1. Lao.ggcao_nMnOg

4.1.1. Spin-waves along [100]+[010]+[001]. Figure 8 reports the [00 1] direction and
related symmetry directions. Measurements along [110] and [11 1] directions were also
performed and will be reported elsewhere [50].

The spin-wave excitations are described by decreasing temperature from the quasi-metallic
(T = 150K) to the insulating (T < 150 K) state.

In figure 8, upper panel, the spin-wave dispersion curves determined at 150 K and 100 K
along the [00 1] + [1 00] + [0 1 0] directions are reported.

In the quasi-metallic state, at 150 K, a set of two branches labelled (1 + 1) and (3) is clearly
reminiscent of the two branches obtained in Lag g75Cag 10sMnQO5 [20], at T = 15 K, as described
in section 1 (cf figure 2, left and right parts of the lower panel). At this doping value xc, = 0.125,
the large orthorhombicity makes it possible to assign the two branches to the two distinct a (or
b) and c directions, which are superimposed because of twinning. This comparison allows us
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curves are guides for the eye. In (c), the dashed vertical lines suggest underlying
new zone boundaries.

to assign the curve (1 + 1’), dispersing up to 18 meV, to the [1 00] (a) or [010] (b) directions
which are equivalent as far as magnetic coupling is concerned, and the curve (3) to the [00 1]
(c) direction.

Using this assignment, the two directions a (or b) and ¢ can be described separately. In
the small g-range (¢ < 0.125), the dispersion at T = 150K is quadratic and very anisotropic,
indicating a F coupling much stronger along a (or b) than along ¢, as observed in
Lao,g75Cao,125MnO3 at 15 K.

At larger g, along a (or b), the new feature with respect to xc, = 0.125 is the gap opening
in the dispersive curve (1). Within this gap, a nearly g-independent energy level exists, (2), at a
mean value of 4.5 meV. Along ¢, the branch (3) exhibits the same down-turn around g = 0.25
as observed at xc, = 0.125 or in the CAF state when considering the SG branch [19, 20]
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(figure 2, upper panel). In the CAF state, this down-turn is associated with a periodicity 2a,
characteristic of the AF ordering induced by the orbital ordering of LaMnOj;. This persisting
effect of the orbital-ordering along ¢ in the F Laj g3Cay ;7MnOj is very puzzling and cannot be
understood in terms of an homogeneous magnetic state.

Upon decreasing temperature, from 150 K to 100 K, in the small g-range (¢ < 0.125), the
weak dispersion observed along ¢ rapidly stiffens to reach the dispersion value measured along
a or b, so that at 100 K and below, the dispersion is isotropic. This isotropy is shown at 10K in
figure 9 where the dispersion curves are reported along three symmetry directions as a function
of g in A~!, yielding D = 47 meVAZ.

Concomitantly with this evolution, we observe the onset of a g-dependence in the level
labelled (2). Below 100 K, the modulation of this level is enhanced, defining a maximum in
energy at g ~ 0.35. Larger gaps appear at ¢ &~ 1/4 and ~ 3/8 and a new one opens at g = 1/8.
This is illustrated in figure 8(c) at 7 = 10 K. The changes in the dispersion are accompanied
by a redistribution of the intensity of the modes. In figure 10, two energy spectra obtained at
g = 0.4 for 125 K and 10 K are compared. The intensity of level (2) gradually decreases whereas
that of the high-energy level increases, which is the opposite effect expected due to the thermal
Bose factor. Therefore, below 100 K, the main intensity line looks like the dispersion of a split
F branch.

4.1.2. Interpretation: confined spin-waves in two-dimensional F domains and charge ordering.
Let us first discuss the quasi-metallic state and then the low-temperature insulating state.

In the quasi-metallic state, the quite new feature in the magnetic excitations with respect
to xc, = 0.125 is the g-independent level observed at low energy (=4.5meV at 150K). A
g-independent energy level denotes a localized excitation. The existence of a gap-opening at the
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crossing of branches (1) and (2) indicates an interaction between this mode and the dispersive
excitation. This implies that both excitations take place in the same macroscopic domain and
also assigns the dispersionless branch to the a or b direction. In contrast, no anomaly is found
along ¢ where the spin-wave branch is very similar to that determined at lower concentrations.
These overall observations emphasize the two-dimensional character of the localized excitations,
confined in the (a, b) plane. This is confirmed by the observations of dispersionless branches
also along the [1 1 0] direction [50].

On the other hand, we notice that these excitations are only observed for g values larger
than that of the crossing point. A first estimate of the domain size can be obtained as follows.

In the a or b direction, for wavelength values larger than the typical size of the domain
(small g), only propagating excitations may exist. For wavelengths less than the typical size
of the domain, both types of excitations, localized and propagating, exist and share the total
intensity. The crossing point, g, revealed by the gap-opening, can be related, qualitatively, to
the domain size &. With g, ~ 0.2, this yields £ = ay/q.. =~ 20 A. We can even go one step further
in the quantitative estimation, by considering the energy value of the g-independent level instead
of the crossing value ¢g.,. This will be done below together with the discussion about the case
XCca = 0.2.

In the insulating state, below 100K, the above description is no longer valid as the
g-independent level becomes modulated and new gaps open in the dispersion. A common
explanation for the origin of gaps atg = 1/8, 1/4 and 3/8, as well as of the modulation around
3/8, consists in assuming an underlying periodicity of 4a, (and possibly, in addition, of 2a) along
aand b. Indeed, in that case, new zone boundaries corresponding to the super-cell exist, indicated
by vertical dashed lines in figure 8(c), and the dispersive branch is folded at these positions,
with new gap-openings. We emphasize that the absence of symmetry of level (2), on both
sides of ¢ = 3/8, cannot be explained with the only assumption of a first-neighbour coupling.
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Figure 11. Magnetic excitations along [00 1], with main (®) and weak (O)
intensity. The dot-dashed lines are fits of the phonon dispersion branches. The
dashed line is a cosine law drawn by considering the magnetic modes with the
dominant intensity.

Therefore, we can conclude that a charge-ordered state develops at low temperature, which,
unlike the Lagg75S10.125sMnO; case, is not revealed by superstructure peaks, but through the
magnetic excitations. The fact that the doping concentration (Xc, = 0.17) is much larger than the
stoichiometric x = 1/8 value where a charge-ordered state can be expected, could indicate that
some holes are pinned on the lattice, causing a decrease of the effective hole doping value which
contributes to the charge ordering transition. Such pinned holes could be related to the existence
of short-range structural distortions, or correlated polarons, reported in this compound [40].

42 L610.875SI’0.]25MI’ZO3

A previous spin-dynamics study at a slightly smaller concentration, Lagg;Srg09MnOs,
corresponding to the CAF state, has shown the existence of two spin-wave branches as in Ca-
doped compounds [19, 45]. The coupling constant along ¢, deduced from the high-energy branch
is negative (AF) and very weak, indicating the proximity of the F state (J. &~ 0), which occurs
at xg, = 0.1.

In absence of a complete study of the quasi-metallic state, we first describe the magnetic
excitations in the low temperature insulating state (7" = 15 K), then, the temperature dependence
of the two specific magnetic modes at ¢ = 0.5 and ¢ = 0.25.

4.2.1. Spin-waves along [100]+[010]+[001]atT = I5K. The spin-wave dispersion curve
obtained at 7 = 15 K is reported in figure 11, with the phonon dispersion curves, shown as dot-
dashed lines (cf figure 7, left panel).

In the very small g-range, one dispersion curve is observed, obeying a quadratic law in
agreement with a F state. Therefore, as in the compound Lajg3;Cay 17MnO3, the dispersion
in the small g-range at low temperature, is mainly isotropic. This is confirmed by the study

along [1 1 0] [45].

New Journal of Physics 7 (2005) 84 (http://www.njp.org/)


http://www.njp.org/

18 Institute of Physies () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Sr12.5%
T=15K

1200

800

400

400

200

o

1200

Neutrons/110 s.

800

400

1200

800

400

1 1 1 1 1 1 1 0
O5 10 15 20 2510 15 20 25 30 35

Energy (meV) Energy (meV)

Figure 12. Energy spectra showing magnetic modes at several g values, from
q = 0.1to q = 0.5 along [1 OO] in Lao_g758ro_125MnO3.

At g ~ 0.125 = 1/8, a small gap appears, defining a new mode at a higher energy. Then
at larger ¢, other gaps appear in the dispersion, so that the overall dispersion curve is split into
several branches. In any case, the magnon energy with dominant intensity obeys a cosine law
(dashed line in figure 11), as expected in a F state. Some raw data are displayed in figure 12
which illustrate this g dependence.
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Furthermore, a striking coincidence is observed in a wide energy range, between the
positions of the magnon branches and those of the phonon ones. As seen in figure 11, magnon
modes are found at energies corresponding to the TA phonon branch at small g values, then
at energies corresponding to the LA branch at intermediate g values and finally at energies
corresponding to the LO branch, close to the zone boundary.

The magnetic origin of these branches is deduced from their temperature dependence.
The temperature dependence also indicates that the coincidence between magnon and phonon
energies observed at 15K is probably not fortuitous, suggesting a peculiar magnon—phonon
coupling. The magnetic modes with wave-vectors ¢ = 0.25 and 0.5 have been specifically
studied. These two wavevectors correspond precisely to the static superstructure peaks which
grow below Ty or.

In a previous paper [45], we have reported the temperature evolution of the magnetic
excitations at ¢ = 0.5. At this g value, in the quasi-metallic state (7 = 160 K), three modes are
clearly identified, respectively at the energy of the TA, LA and LO phonon modes. In addition,
a quasi-elastic intensity is observed. As temperature decreases, these three modes shift towards
the energy of the LA (17meV) and LO (23 meV) phonon modes for two of them and towards
a higher energy value (28 meV) for the third one, as shown in figure 11 at 15 K, whereas the
quasi-elastic intensity disappears.

The temperature evolution of the excitations atg = 0.25, illustrated in figure 13, is especially
interesting since it suggests that this mode could play some role at the transition. In this figure,
both magnetic modes (O) and phonon modes (®) have been plotted. At high temperatures, in the
‘quasi-metallic’ state, a single magnetic mode is mainly observed with a low energy (=3 meV),
distinct from zero even at T¢. In addition, a quasi-elastic mode is determined, which actually
exists in the whole g-range [45]. It is indicated by the hatched area in figure 13. At the transition
To o7, below which superstructure peaks appear, the inelastic mode matches the TA phonon
energy value, then follows its temperature dependence down to 14 K, the lowest temperature
studied. Concomitantly, the quasi-elastic mode disappears and an intensity transfer is observed
from the magnetic mode lying at the ‘TA’ energy to that lying close to the ‘LA’ energy. The
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latter mode is too weak above T o~ to be ascertained, but becomes clearly observable below this
temperature.

In order to further check the nature of these excitations, experiments with polarized neutrons
and polarization analysis have been also performed at this value of ¢ = 0.25, in the same Brillouin
zone. They confirm the transverse character of these magnetic excitations, as expected for usual
spin-waves, but fail to detect any phononic contribution.

4.2.2. Discussion. The study of the spin-wave spectrum in Lag g75519.12sMnO; has revealed
features, some of which are common to Laj g3Cag 17MnQOs, but others distinct. The existence of
several magnetic branches, both in the intermediate ‘metallic’ and in the insulating states appears
to be a common feature of this F state (cf section 2 for xc, = 0.17 and section 4 for xc, = 0.2).
Also, the temperature evolution of these magnetic excitations, with a transfer of spectral weight
from the lower energy level in the metallic state to the higher energy level in the insulating state,
is very similar in both compounds. We note that this evolution of the intensity is opposite to that
expected from the thermal Bose factor. Therefore, the magnetic excitations in Lag g75S1p.12sMnOj3
and Laj g3Caj 17MnO; exhibit very similar features. In the case of Laj g3Cag 17MnOs3, where the
magnetic excitations have been determined in the whole g-range in the quasi-metallic state, the
weakly dispersed level could be attributed to a confined spin-wave inside F clusters lying within
the (a, b) plane. A similar picture could exist for Lajg75510.10sMnQOj3. This will be discussed
elsewhere in connection with the general study of the quasi-metallic state.

The other prominent feature of the Sr-doped compound is the observation of a coincidence
between phonon and magnon energies. This is clearly observed along [00 1] at ¢ = 0.5 in the
whole temperature range. Such a coincidence seems to play a specific role in the transition
at g = 0.25, where the magnetic mode matches the TA phonon mode, precisely at and below
Ty o. At low temperature, this coincidence between magnon and phonon modes is observed in
a wide g-range. These observations strongly suggest the existence of a peculiar magnon—phonon
coupling, although direct evidence for such a coupling using polarized neutrons has not yet been
obtained. In this compound where superstructure peaks are systematically observed below Ty o~
at g = 0.25 and 0.5, we could expect a folding of the magnetic dispersion curve, characteristic
of these new periodicities, as found in La g3Caj17MnO;. In agreement with this expectation, a
small gap is observed at ¢ = 1/8. However, the folding of the dispersion curve at ¢ = 1/4 and
3/8 is not seen, likely overcome by this magnon—phonon coupling.

Magnetic excitations coupled with charge ordering and phonons could constitute a new
type of excitations specific to this low-temperature ground state. Such a coupling between
charge—spin—lattice degrees of freedom could assist the structural transition, giving rise to lattice
superstructures at g = 0.25 and 0.5 and possibly explain the first-order character of the transition.
This interpretation is supported by theoretical work [52] which outlined the role of long-range
elastic interactions in stabilizing a charge-ordered state.

4.3. LaoAgcao.ng’l03

The study of LajygCay,MnO; mainly concerns the intermediate ‘quasi-metallic’ state at T =
150 K. Comparing the results with observations made in Lajg3;Caj17;MnQOs;, reveals a very
interesting evolution with x. Preliminary experiments performed at low temperature and along
one direction have previously been reported [20].
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Figure 14. (a) Spin-wave dispersion along [00 1] at 7 = 150K in a first zero-
field experiment. Dot-dashed lines are fits of the phonon dispersion curves
reported in figure 5. The small-g dispersion curve is labelled (0) and the two
g-independent levels are labelled (1) and (2). The hatched area corresponds to
quasi-elastic modes.

4.3.1. Spin-waves along [100]+[010]+[001]. First H= 0 experiment: in figure 14, the
magnetic excitations measured in the ‘quasi-metallic’ state, in a first zero-field experiment
are reported. In addition, the phonon branches lying in this energy range are shown by dot-
dashed lines. At 150K, a single spin-wave dispersion branch labelled (0) is observed up to
q ~ 0.25-0.3. This indicates that the [100] or [0 1 0] (equivalent) directions, are identical to
[00 1] (c direction). Therefore, unlike the xc, = 0.17 case, the dispersion is isotropic even in the
‘metallic’ phase. This isotropy is confirmed by experiments along the other directions leading

to a stiffness constant D = 30meV A’ (as compared to 47 meV A® determined at 14 K, the
same value as in Lajg3Cagp 17;MnQO3). Beyond this ¢ value, the magnetic intensity is distributed
between three nearly g-independent modes, defined by their mean values: a high-energy mode
(1) around 18 meV, an intermediate mode around 10 meV (labelled (2)) and a quasi-elastic mode
or overdamped mode at low energy (hatched area in figure 14). We note that the energies at the
zone boundary (¢ = 0.5) coincide with those of the TA and LA phonon branches, suggesting
that these phonons may play some role in stabilizing these g-independent magnetic levels.

H = 0 experiment, after field application: a magnetic field (H = 2T) applied at 150K
suppresses the quasi-elastic scattering attributed to the spin fluctuations and reduces the damping
of the nearly g-independent magnetic levels. Another level, labelled (3), likely mixed with the
quasi-elastic peak in the first H = 0 experiment, now appears well-defined at 4.5 meV. When
removing the field at 150 K, the spin fluctuations remain considerably reduced and the magnetic
levels mainly retain the characteristics observed in the applied field. The magnetic excitations
observed in zero field after field application, are shown in figure 15 (left panel). A slight dispersion
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Figure 15. Spin-wave dispersion along [00 1] in a zero-field experiment after
applying a magnetic field, at 150 K (left panel) and 50 K and 17 K (right panel).
The small-g dispersed branch is labelled (0) and the nearly dispersionless levels
are numbered from (1) to (3). The dashed line is a cosine law corresponding to a
F state. Continuous lines are guides for the eye.

in the level (2), absent in the first zero-field experiment (figure 14), can be seen. We also mention
that the LO phonon mode, which was unobservable in the second Brillouin zone, in the first
H = 0 experiment, is now observed at 224 meV, separated from the magnetic level (18 meV).
A similar effect of the field on the intensity of the LO phonon mode has been also observed in
the xc, = 0.17 compound.

As temperature increases up to 7T¢ and above, the g-dispersed branch (0) defined in the first
half Brillouin zone renormalizes to zero, as expected for a F state. In contrast, the g-independent
energy levels observed in the larger-¢g range vary slowly. This further indicates that the magnetic
couplings, probed either by the small-g branch or by the g-independent levels in the large-q range,
have a distinct origin and that the F transition is driven by the coupling involved in the dispersive
branch only. We recall that a similar conclusion has been reached in the CAF state where only
the SG branch but not the LG one can be readily related to T, as shown in Lay ¢Cay ;MnO; [20].

Upon decreasing the temperature in zero field, a transfer of spectral weight is observed from
the lower to the higher levels whereas the small-g dispersion stiffens. Therefore the lower energy
mode (3) nearly disappears and level (2) becomes more dispersed, which reduces the energy
gap at g = 0.25 (figure 15, right panel). The overall magnetic spectrum corresponds to a split F
dispersion curve.

4.3.2. Spin-waves along [110] and [111] at T = 150K. Spin-wave measurements along
[110]+[101]+[011] and [111] (for which all domains are equivalent) have also been
measured at 150 K and 15 K. Figure 16 reports observations obtained in the quasi-metallic state
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Figure 16. Magnetic excitations (mg) for ¢ along [110]+[011]+[101] (left
panel) and along [1 1 1] (right panel) at T = 150 K, measured with unpolarized
(O) and half-polarized (A) neutrons. Full (empty) symbols refer to modes with
main (weak) intensity. The hatched area corresponds to calculated levels (see
the text). Dashed lines are fits of the phonon branches measured at the same
temperature.

(150K) along the [110] direction (left panel) and along the [1 1 1] direction (right panel).
Along the [110] direction, which is superimposed on the [101] or [01 1] directions, the
entanglements between magnon and phonon branches led us to use polarized neutrons, which
allow us to separate magnons from phonons. Besides a small-g dispersive branch labelled (0),
several levels of magnetic origin are observed, weakly dispersed. We note a coincidence between
the magnetic modes and the LO branch around 25 meV, which could also suggest a peculiar
magnon—phonon coupling. Using polarized neutrons, because of a poor intensity, no magnetic
modes could be determined above 35 meV. Along [1 1 1], beyond the small-g dispersive branch,
two dispersionless energy levels are observed, one at 23 meV and one around 46 meV. With
decreasing temperatures, the energy of the magnetic modes slightly increase (*12% at 15 K),
but the split character of the dispersion persists.

4.3.3. Discussion: confined spin-waves in 3D isotropic clusters. ~The main observation
corresponds to the existence of discrete energy levels. They reveal local excitations inside coupled
spin domains. The small damping value of the modes indicates that these domains are very similar.
Actually, these overall observations can be explained as follows. In contrast to
Lay g3Cap17MnO3, where the g-independent levels are associated with g directions in the (a, b)
plane only, the perfect isotropy of the small-g dispersion observed in the present case suggests that
the g-independent levels exist along all directions. We propose to attribute them to spin-waves
confined within 3D clusters. A model is clearly needed to assign each level to one specific
direction, a or ¢ for example, along [00 1] + [100] + [0 1 0], and to determine a cluster size.
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In a finite-size F cluster for which several modes are expected, each eigenvalue shows a
continuous distribution of g, which becomes narrower as the size increases whereas the lowest
energy level decreases. A model of magnetic excitations in F clusters has been proposed by
Hendriksen et al [51] in which the coupling between the spins is described using a Heisenberg
model with first nearest-neighbour couplings. This model is valid for isotropic clusters. The
authors deduce from their calculations that, for small clusters, the eigenvalue with the lowest
energy is a half wavelength or a half period of a standing wave, whereas it increases to a
full wavelength for larger clusters. In the following, we assume that the first standing wave
corresponds to a half period, considering that this assumption provides a lower limit for the size
determination.

Based on this model, in a previous paper [46], we have used the expression of the energy of
the propagative wave in a three-dimensional Heisenberg model with two distinct coupling values,
J..» and J, corresponding to a or b and ¢ directions respectively. J, , and J, are readily related to
the energy values at the zone boundary Ep along the various directions. These relations should
also be valid for finite-size clusters where the coupling constants characterize the spin interactions
inside the cluster. In the present case, where Eg along [1 1 0] could not be determined, J, , and
J. are obtained under some assumption by considering the [100]+ [0 10] + [00 1] directions
only and then the obtained values are used to determine the energy levels along all the other
directions.

Along [100], the mode with the highest energy level Eg, should correspond to nearest-
neighbour spins fluctuating in opposite phase, so that a half period corresponds to one lattice
spacing. One expects therefore that the lowest energy level, which is assumed to correspond also
to a half period, should be a sub-multiple of E. The size can be deduced from the ratio between
the lowest energy level, and Ejp.

In figure 15, level (1), which defines the energy of the first neighbour coupling, and level
(2) at half this value are attributed respectively to the full and half waves confined inside a
domain of two lattice spacings along [1 00] or [0 1 0]. Similarly, level (2) (*9 meV) and level
(3) at half this value (4.5 meV) are attributed to the full and half wave along the ¢ or [00 1]
direction. Level (2) corresponds therefore to two levels associated with two distinct directions

[001] and [100]), which are superimposed because of twinning. Using the energy values of

the high-energy level along each distinct direction (E]g1 00l 18 meV and ELOO Ua 9meV), we

determine J,, = 1.12 £ 0.1 meV and J. = 0.56 = 0.05 meV.

By assuming a cubic or a nearly spherical shape, we determine the two levels in all other
symmetry directions by using the relations between the zone boundary energies. These levels
are shown by hatched area instead of narrow lines in figure 17 because of limited experimental
accuracy. The good agreement with experimental values supports this interpretation.

Let us come back now to the case of Lajyg;Cag17MnO;. The energy values at the zone
boundary, whichis ~19 meV along [1 0 0] reported here and ~38 meV along[1 1 0] and =39 meV
along [11 1], reported elsewhere [50], determine J,, = 1.125meV and J. = 0.19 meV. The
very small value of J, likely explains the two-dimensional character of the confined spinwave
reported in experiments along [1 0 0]. Along [0 0 1], the energy value of the g-independent level,
~4.5meV, is 1/4 of the energy value of the zone boundary. Although only one level is stabilized
here (one could expect four levels), we consider that it corresponds to the lowest-energy level.
It is attributed therefore to a confined wave with a half period. From the 1/4 ratio value, a spin
domain consisting of four lattice spacings along a or along b is obtained. This determines a size
of 16 A, slightly smaller than our previous determination (cf section 4.1).
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5. General discussion

In the quasi-metallic state, particularly studied in the two Ca-substituted compounds, the inelastic
neutron scattering has revealed the existence of magnetic energy levels, typical of magnetic
excitations in small F clusters. The temperature evolution of their intensity, which does not follow
Bose statistics, recalls the evolution expected for magnetic quantum levels in superparamagnetic
spin clusters [47]. These observations agree with the superparamagnetic behaviour observed by
Mossbauer spectroscopy [43]. The existence of clusters or domains with a typical size, implies
that the magnetic characteristics differ over the scale of the cluster and points out a charge
segregation. The determination of anisotropic values for the magnetic coupling constants, with
Ja.» larger than J., reminds the orbital-ordered state of LaMnOj3, and therefore suggests a ‘super-
exchange’ character. This suggestion is also supported by the variation of J, ;, and J. with doping
recently reported [46], showing a monotonic increase of their absolute value, when going from the
CAF state, where J, 5, . characterizes the Mn®* matrix, towards the F state. We may conclude that
the clusters are hole-poor. In contrast, the cluster boundaries may consist of hole-rich or metallic
orbital-disordered state. If this picture is exact, it would mean that, because of some constraints,
these mobile holes induce a weak F inter-cluster coupling, smaller than the ‘superexchange’
coupling determined inside the clusters.

Within this picture, the overall evolution with doping can be described as follows. In the
CAF state, the magnetic inhomogeneities are hole-rich, strongly anisotropic (platelets within the
(a, b) plane), with a little size variation from ~16 A t0 20 A as x increases [53]. At x.,, = 0.125,
they ‘percolate’. For x > 0.125, in the quasi-metallic state of the xc, = 0.17 sample, 2D orbital-
ordered domains occur with & ~ 16 A surrounded by a ‘metallic’ orbital-disordered network.
We outline that this orbital-disordered or metallic network preserves the long-range orbital
ordering along ¢, as shown by the persisting anisotropy of the stiffness constant, and by the large
orthorhombicity. We may suggest a picture of orbital-ordered tubes more or less distorted along
¢, the 2D spin domains corresponding to their transversal section within the (a, b) plane. Finally,
in the last step, illustrated by the xc, = 0.2 sample, small orbital-ordered domains, isotropic,
with & ~ 8 A occur. There, the orbital-ordering is broken in all directions on a nanosize scale.

The persistence of a dispersive spin-wave curve in the small-g range, which exists in the
whole doping range up to xc, = 0.22, whatever the CAF or the F state, indicates that this charge
segregation does not correspond to a phase separation into two distinct F states, but rather to a
F state with two coupled components. The magnetic coupling involved in the dispersive branch,
is responsible for the onset of 3D long-range F correlations (Bragg peaks) at 7¢.

Finally, a magnon—-phonon coupling is suggested, especially in the case of
Lag g75519.12sMnO3, although not evidenced by polarized neutrons. Further experiments in applied
field are planned to confirm its existence.

In conclusion, the most prominent feature deduced from the observation of the spin-wave
excitations at the approach of the metallic state, is a charge segregation. This charge segregation
occurs actually in the whole concentration range preceding the genuine ‘metallic’ state, although
its nature may differ within this range. The size of the orbital-ordered domains in Lay gCay ,MnOs3,
at a concentration very close to the metallic state (xc, = 0.225), recalls observations reported
in the concentration range where CMR properties are observed. There, at the approach of T¢,
several experiments have indicated the existence of an inhomogeneous state with clusters of
similar size [54, 55]. If this relation is right, the present observations could be crucial for the
understanding of these CMR properties.
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