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Interacting chains of orbital polarons in the colossal magnetoresistance material La;_,Sr,MnQO;

revealed by spin and lattice dynamics
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The origin of the effect of “colossal magnetoresistance” (CMR) remains still unexplained. In this work we
revisit the spin dynamics of the pseudocubic La;_,Sr,MnO; along the Mn-O-Mn bond direction at four x
doping values (x < 0.5) and various temperatures and report a lattice dynamics study at x, = 0.2, representative
of optimal doping for CMR. We propose an interpretation of the spin dynamics in terms of orbital polarons.
This picture is supported by the observation of a discrete magnetic energy spectrum E™#(g) with n levels,
characteristic of the internal excitations of “orbital polarons” defined by Mn** neighbors surrounding a central
Mn** hole. Because of its hopping, the hole mixes dynamically all the possible orbital configurations of
its surrounding Mn*" with degenerate energies. The E™2 values indicate a lifting of orbital degeneracy by
phonon excitations. The n value and the g range are used to characterize these orbital polarons in direct
space. At x = 0.125 and x = 0.3 the spectrum reveals two-dimensional polarons coupled by exchange and
three-dimensional “free” polarons, respectively, with sizes £ = 1.67a < 2a in all bond directions. At xo = 0.2,
the spin and the lattice dynamics provide evidence for chains of orbital polarons of size £ = 2a with a periodic
distribution over ~3a and an interaction energy ~3 meV. At T < T, the charges propagate together with the
longitudinal acoustic phonons along the chains enhancing their ferromagnetic character. The phase separation

between metallic and ferromagnetic chains in a nonmetallic matrix may be crucial for CMR.

DOI: 10.1103/PhysRevB.99.214416

I. INTRODUCTION

In the rich variety of strongly correlated quantum materials
[1-5], manganites are known for their “colossal” magne-
toresistance properties (CMR). In these compounds, atomic
substitution by various cations like Ca or Sr modifies the
conduction properties, driving metallic behavior and CMR at
an optimal doping xy. These compounds are usually classified
according to the width W of the electronic band, which
can be defined depending on the existence of charge-ordered
structures in the phase diagram [6]. Furthermore, spin, charge,
lattice, and orbital interactions simultaneously active in these
systems yield an intrinsic complexity resulting in inhomo-
geneous states [1]. The importance of such nanoscale mag-
netic inhomogeneities was early recognized, and observed
close to the ferromagnetic and metallic phase transition at
T =T. [7-9]. Phonon anomalies were also reported in the
high-energy range [10-12]. The role of the “correlated lat-
tice polarons” observed at T > T, has been highly debated
[13-18]. However, how a magnetic field applied in such a
state induces colossal magnetoresistance properties remains
an issue. In this context, the study of spin dynamics has
attracted a lot of attention. Below T, in all the compounds,
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the magnetic excitation spectrum is unconventional with a
significant broadening and, in the metallic state, a softening of
the spectra close to the zone boundary (¢ = 7 /a where a is a
pseudocubic lattice parameter) [19-24]. Their magnetic origin
was demonstrated by polarized neutrons scattering studies
[25]. In the compound La;_,Sr,MnO3; with the largest elec-
tronic band [6] it was shown that the spin-wave broadening
close to the zone boundary can be resolved into a series
of n discrete modes [26,27]. In this paper they are called
E;8(q). Importantly, in the charge-ordered state observed
atx =0.125, T < Ty (Tyy = 159 K is the charge-ordering
transition), the dispersion of the magnetic branches was found
in coincidence with the phonon ones [28].

In this work, we revisit the spin dynamics of
La;_,Sr,MnOj; for several x doping values ranging from the
quasimetallic to the metallic states [29] along the direction
Mn-O-Mn of charge hopping [30]. There, xo ~ 0.15-0.2 [31].
In addition to the three compounds previously studied [26,27],
namely, withx = 0.125 for T > T,,,xo = 0.2, representative
of the optimum doping for the CMR, and x = 0.3, we report
a determination of the spin excitation spectrum at x = 0.4.
On this basis, we propose a comprehensive analysis of the
discrete spectrum as a function of doping within a unified
picture in which all the degrees of freedom are simultaneously
at play. We also determine the lattice excitation spectrum in
the acoustic range for xy = 0.2, around 7, providing a
complete picture of the magnetic and lattice excitations in the
doping range of the optimal magnetoresistance doping value.

©2019 American Physical Society
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Spin dynamics versus x, Q=(1+q,0,0)
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FIG. 1. Spin dynamics spectra of La;_,Sr,MnO3, along Mn-O-
Mn. The g; value indicates the limit of the discrete energy spectrum.
At xp = 0.2 two g limits appear, defined by go ~ 0.35 r.L.u. and ¢, =
0.25rlu. Atx = 0.125 and xy = 0.2, the square symbols correspond
to the excitations with main intensity. The continuous lines are guides
for the eye. The pattern styles are unresolved excitations. (a) x =
1/8, T = 165 K. The empty circles of the lowest energy level (o) are
temperature dependent (see text). I shows the full energy width at
half maximum (b) xo = 0.2, T = 14 K. The hatched area indicates
an energy separation between the E; and E, ranges. (c)x = 0.3, T =
14 K. (d) x=0.4,T = 14 K (lower) and T = 250 K (upper). The
black dotted line shows the tendency for Brillouin zone folding.

Our present analysis is based on the two following ob-
servations. First, as shown in Fig. 1, the E,"“¢(q) spectrum
appears in a well-defined g range above the specific value g,
indicated by the arrows in Fig. 1. Below ¢, the spin excitation
spectrum is essentially represented by the quadratic spin-wave
dispersion law E ~ Dgq?, with the stiffness constant D, typical
of the ferromagnetic metallic state at 7 < 7,. This defines
a wave-vector scale which separates “collective” or “global”
magnetic excitations for g < ¢; from “individual” or “local”
ones for ¢ > q;. In the intermediate q;/2 < ¢ < q; range,
the two types of excitations coexist. This is especially well
observed for xp = 0.2 and x = 0.3.

Next, we follow the idea that the discrete magnetic spec-
trum E,"*®(g) results from the existence of “orbital polarons”
in a (quasi)metallic state. Such a polaron has been introduced
in manganites because of the anisotropic shape of the d or-
bital. It consists of a cluster of neighboring Mn>" sites whose
d orbitals point toward a central Mn** hole, hence optimizing
covalency effects [6]. In charge-ordered states, the polaron
is ferromagnetic (F), as shown in Fig. 2(c). To describe this
picture, we recall that each Mn>* ion hosts four electrons [see
the scheme in Fig. 2(b)]. Three of them are in a t,, orbital state
and, because of Hund’s rule, form an electrically inert core
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FIG. 2. (a) Staggered pattern of the orbital states 7, and T,
in the (a, b) planes of the pseudocubic LaMnOs. It determines a
spin coupling F in (a, b) planes and AF along ¢ according to the
Goodenough-Kanamori rules. (b) Scheme of the orbital states of
the Mn** and the Mn** ions. (c) Evolution with x of the shape
or the dimension D of the orbital polarons taken in Ref. [6] in the
charge-ordered (CO) states of manganites.

spin S = 3/2. The outer one is in a Jahn-Teller active orbital
state corresponding to either the x> — y? type (T3) or 3x> — r?
(To), 3y* — r? (T;), and 372 — r? (T.) states, with a spin S =
1/2 also aligned with the core spin. In the parent orthorhombic
LaMnOs3, a cooperative Jahn-Teller effect lifts the orbital
degeneracy by forming a staggered pattern of 7} and T, com-
ponents, from which the magnetic structure of ferromagnetic
(a, b) planes stacked antiferromagnetically along c is obtained
via the Goodenough-Kanamori rules [Fig. 2(a)]. The E,**(q)
spectrum appears upon doping, as the antiferromagnetic (AF)
exchange J.(x) vanishes and the quasimetallic state arises.
There, as the hole at the center Mn** of the polarons is hop-
ping, the orbitals of the Mn** neighbors fluctuate to accom-
modate its new position. Equivalently, the hole mixes dynami-
cally all the possible orbital configurations of its Mn** neigh-
bors with degenerate energies [32]. In these compounds where
the orbital-phonon coupling is expected to be strong [33], the
phonons lift the orbital quantum degeneracy through a dynam-
ical Jahn-Teller effect. Some constraints on the hole hopping
[34] and on the orbital structure of the polarons suggest that
the Ty, T;, and T; orbital states are mainly concerned with this
mixing. In the case where all sites are Mn>* ions, the interplay
between the spin and orbital operators arises from the crossed
term Zi’ j(S,-S )(T;T;) of the Kugel-Khomskii Hamiltonian
[35]. In a mean-field approach, the product of operators
can be uncoupled and averaged to (S;S;)T;T; [36]. These
spin-orbital excitations appear as orbital excitations with an
intensity proportional to the squared magnetization (S;S;)
M?(T). Experimentally, two situations occur. In the metallic
state (x = 0.3 and x = 0.4 at T = 14 K) the excitations are
independent of wave vector and temperature and their relative
intensity agrees with the squared magnetization M>(T). In
this limit, which corresponds to an “orbital liquid state” [32],
the magnetization arises from the collective or global spin-
coupling effect. In contrast, at lower doping (x = 0.125 and
x = 0.2) and at larger doping close to x = 0.5 (our data taken
with x = 0.4 at T = 250 K), the energy levels exhibit a ¢
dispersion and a temperature dependence. A local spin cou-
pling is superimposed over the effect of orbital fluctuations,
which reveals the existence of correlations between the orbital
polarons.

The splitting of the orbital degeneracy by phonons allows
one to determine the number of orbital degenerate states n. It
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corresponds to the number of possible orientations of the or-
bital states involved in the orbital polarons. It therefore varies
with the dimension D of the orbital polarons. Its evolution
with x has been shown in the case of the charge-ordered states
[6] and is illustrated in Fig. 2(c). At small x values (x < 0.2),
the orbital polaron is essentially a “2D” object with four Mn**
sites surrounding a central Mn*" ion, as a consequence of the
2D orbital ordering observed at x = 0. At larger doping (x =
0.25), it becomes “3D” with six Mn>* sites surrounding a
central Mn*" ion. It shrinks beyond this doping value because
of steric hindrance so that, at x = 0.5, specific zigzag paths
of orbitals set in with two Mn>? sites surrounding a central
Mn*" site. In this charge-ordered structure (CE) the zigzag
chains are ferromagnetic with an AF interchain coupling [37].
Experimentally, at x = 0.125 (2D), n = 4. As argued below,
the lowest energy level being temperature dependent, should
not be numbered. It may correspond to the (x, x), (x, y), (¥, x),
and (y,y) fluctuations of orbital orientations. The number
increases to n ~ § at x = 0.3 in the 3D metallic state where
nine possibilities are expected for the fluctuations between the
X, y, and z orbital orientations, and decreases ton =2 & 3 at
x = 0.4 in agreement with the expected evolution.

In this direct space picture, the characteristic g scale of
the excitations defined by ¢; can be transformed back to
real space to get the size of the polaron via the relation
£ = 0.5a/q;. Here, the minimum g-scale value (g; = 0.5) is
related to the lattice spacing a. This relation is valid as long as
the excitations are localized (or ¢ independent) and originate
from a coupling with the lattice (here with the phonons). This
relation tells us that for g; & 0.25 reduced lattice units (r.l.u.),
the size of the cluster along Mn-O-Mn directions is close to
two lattice spacings.

Within this analysis, the spin dynamics reveals the exis-
tence of orbital polarons which evolve with x into three steps
x < Xxp, X ® X9, and x > xp. For x # xo only one g scale is
observed which defines a size of polaron close to 2a either
coupled (x = 0.125) or uncoupled (x = 0.3). For x = Xy, two
q scales are observed, both in the spin and the lattice dynam-
ics, and characteristics of a local “ground state.” The latter
is defined by both the commensurate size of polarons (2a)
defining chains, and by their periodic distribution (A ~ 3a).

The paper is organized as follows. Section II A describes
the spin dynamic spectrum within the new analysis at x =
0.125 and T,,» < T < T.. Section II B, devoted to xo = 0.2,
presents both the spin dynamics spectrum within the new
analysis for T < T, in (1), and the lattice excitations in the
acoustic range for 7 > 7. and T < T; in (2). Section IIC
describes the spin spectrum within the new analysis in the
metallic state, at x = 0.3 and x = 0.4 (T < T.). Section III
provides the discussion and conclusion.

Inelastic neutron scattering experiments were carried out
at the Laboratoire Leon Brillouin using cold and thermal
neutron three-axis spectrometers (TAS) 4F1, 1T, and 2T
and at the Institut Laue Langevin using thermal neutron
TAS IN8. The instrument configuration and resolution was
in each case adapted to the studied momentum and energy
range. The crystal structure of the studied phases is either
weakly orthorhombic (x = 0.125, xy = 0.2) or rhombohedral
(x = 0.3, 0.4) with a rhombohedral to orthorhombic transition
at 7T = 170 K at x = 0.175 [31]. It is averaged for simplicity

to a pseudocubic structure with a~3.9 A. Only the
Mn-O-Mn bond direction or [100] symmetry direction is
considered here. The wave vector ¢ is expressed in reduced
lattice units r.l.u. (in units of 27 /a) along the symmetry
direction [100]. The magnon measurements have been
performed at Q = g + v with = = (1,0, 0). At xy = 0.2, the
phonons are distinguished from magnons by changing the
Brillouin zone 7 in the total wave vector Q where Q =g+ 1
and by using the effect of temperature (T > T.).

II. EXPERIMENTS

A. The quasimetallic regime,
x=0.125,T > Ty» =159 K, T, =181 K

The spin dynamics spectrum reported in Fig. 1(a) has
been measured in the whole g range at T = 165 K (T, <
T < T.), and at one g value (¢ = 0.5 r.l.u.) as a function of
temperature up to 250 K along Mn-O-Mn and up to 292 K in
other symmetry directions. In the small-g range, the stiffness
constant D (global coupling) has a 2D character [26]. The
acoustic phonon excitations have been also measured but not
reported here. An example of raw data is shown at ¢ = 0.15
r.lu. in Fig. 3(a). The fast increasing damping I" of the exci-
tations which follows a I' = Ag?>> law at T = 165 K smears
the transition between the small-g and the large-g regimes
[inset in Fig. 3(b)]. As shown from the raw data previously
reported for four ¢ values [26], the E; “®(g) spectrum consists
of four equidistant levels separated by ~5 meV, namely, 22.5,
17,12, and 7.5 meV at ¢ = 0.5 r.L.u. The lowest energy level,
E(0) =~ 2.5 meV, is not considered. It is actually temperature
dependent since it disappears in the ‘“charge-ordered” state
(T < T,,) in contrast with the four g-dispersed energy levels
which are in coincidence with the g-dispersed phonons [28].
It therefore looks like an anisotropy gap of magnetic and
possibly structural origin and should not be considered when
numbering the energy levels related to orbital degeneracy.

The energy E,**(q) values observed at ¢ = 0.5 r.L.u. cor-
respond successively to the g = 0.5 r.l.u. phonon excitations
LO, LA, and TA reported in Fig. 4 for xo = 0.2. The value
E =~ 7.5 meV is related to a TA* branch, specific for x =
0.125. From the g; = 0.3 r.l.u., a “size” of polarons ¢ =~
1.7a (£ =0.5a/q;) is deduced along the Mn-O-Mn bond
directions, indicating a strong lattice contraction. The most
surprising observation here is the existence of a g dispersion
with a maximum of energy at ¢ = 0.45 r.l.u. This is par-
ticularly clearly observed for the energy level E = 17 meV
with strongest intensity. Such a ¢ dependence may be inter-
preted as an AF coupling between two neighbor F polarons,
each of them being on a contracted lattice scale £ ~ 1.7a. It
corresponds to the pairing of two polarons (or bipolarons)
in a singlet state. Actually the incommensurability provides
a complexity to the analysis which leads us to explain this
observation in a further work. The discrete spectrum is still
observed at 250 K, well above T; (181 K) superimposed on
a quasielastic signal, typical of a paramagnetic state. Corre-
sponding raw data are reported in Fig. 3(c). It is no longer
observed at 292 K in agreement with NMR experiments [38].
This is illustrated in the inset of Fig. 3(c’) along the symmetry
direction [111].
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FIG. 3. Raw data corresponding to the spin dynamic spectra E (q) in the three regimes II-A, II-B, and II-C at small ¢ < ¢, and large g > ¢q;
q values. The wave vector ¢ is expressed in reduced lattice units (r.L.u.). The data are fit by Lorentzian line shapes to account for damping,
convoluted with the resolution function of the three-axis spectrometers. In the large-g range, the intrinsic energy linewidth (full width at half
maximum) is I' & 4-6 meV. II-A: x = 0.125. (a) ¢ = 0.15, T = 165 K (Ty, < T < T,). (b) Inset: g*° dependence of the energy linewidth I'.
(©)g=05,T=250K (T > T,). (') Inset: ¢ = 0.25, T = 292 K along [111]. II-B: xy = 0.2. (d) ¢ = 0.15, T = 15 K with the tail of energy
modulations in (d'),(e) ¢ = 0.2, T = 160 K for a direct comparison with x = 0.125. (f) ¢ = 0.45, T = 15 K. The pattern style corresponds
to AE (see the text). II-C: (g) x =0.3,¢g=02,T =14 K. (h) x =0.3, ¢ = 0.5, T = 14 K. The temperature-dependent spectra have been

reported in Ref. [27]. () x =04, T = 15 K.

B. The transitory regime: x = 0.2, 7, = 301 K with optimal
magnetoresistance

1. The spin dynamics spectrum

In Fig. 1(b) at T = 14 K the spin dynamics spectrum
exhibits a change in energy scale by a factor 2 with respect
to that observed at x = 0.125. Raw data are reported in
Figs. 3(d), 3(d’), 3(e), and 3(f). In the large-q range, at g =

0.35 r.l.u., an interval 8 meV appears which is larger by
AE =~ 3 meV than the interval ~5 meV of the lower energy
range. It is indicated by the hatched area in Fig. 1(b) and in
Fig. 3(f). This AE(g = 0.35rl.u.) =3 meV separates two
zones of discrete spectrum E; (<25 meV) and E| (=25 meV)
with two typical ¢ dependences. E, with four energy levels
in the same energy range as x = (0.125, corresponds to the
“in-plane” or (x, y) orbital fluctuations, so that E;, at higher
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FIG. 4. Temperature evolution of the four central energies of the
E™%(g) spectrum (a) at xo = 0.2 for ¢ = 0.45 r.L.u. and in (b) at
x = 0.3 for ¢ = 0.5 r.1.u. The dashed and continuous lines are guides
for the eyes. In (a) the black pattern indicates the separation in energy
scale: between the low-energy excitations, temperature independent,
with energy values equal to the phonon energies measured at ¢ =
0.5 r.L.u. reported in Fig. 5, and the high-energy ones, temperature
dependent, which follow variation of D(T'). In (b), the distribution
of the intensity over the dynamic spin spectrum is shown by circles
of varying size. The black line indicates the variation of the energy
with the strongest intensity as a function of temperature while
approaching T...

energy, is attributed to new “out-of-plane” ones. The energy
AE between the two zones E; and E, indicates the existence
of a connection between the in-plane and the out-of-plane
orbital fluctuations. At T = 14 K, the zone E,(q) appears
at go > 0.35 r.l.u. where the discrete levels follow the g-
dependent phonon branches. This can be in particular verified
for LA(g) where the anomaly in the ¢ dispersion indicated
by an arrow at ¢ = 0.45 r.l.u. in Fig. 1(b) is also observed
in the LA*(g) branch reported below in Fig. 5(a). We remark
that such a feature was observed for the g-dependent magnon-
phonon coincidence at x = 1/8, T < Ty (Ref. [28]). It in-
dicates the existence of strong orbital correlations along the
Mn-O-Mn bond directions in the plane, the consequence of
a charge ordering with a cut-off value go ~ 0.35 r.l.u. This
value determines a periodic distribution of charges with period
Ao = 2m/qo & 3a.

The higher energy E|(q) zone may be analyzed as the
superimposition of two spectra of distinct origins. One, ¢
independent, spreading on the [0.25-0.5] g range, determines
links of 2a size along the z direction perpendicular to the
(x, y) planes. The other one, ¢ dependent, defines a cosine law
which approximately fits to the Dg? law defined in the small-g
range. This g dependence is actually observed in the whole
temperature range 7' < 7. This is shown in Fig. 4(a) where
a T-dependent variation can be drawn through the energy
values, corresponding to D(T") (stiffness constant) or to the
squared magnetization M?(T). Therefore, the magnetic exci-
tations of the large-g range related to the orbital correlations
along z exhibit a collective character which arises from the
same ferromagnetic state as the magnetic excitations of the
small g range. Finally, a quantized spectrum with a weak
intensity is also observed in the g range of the “collective”
excitations above the quadratic Dg? down to ¢ = 0.125 r.L.u.
[Fig. 1(b)] with raw data in Figs. 3(d’) and 3(e). It defines
a 4a scale as for two orbital polarons of 2a size in contact
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FIG. 5. (a) Lattice dynamics spectrum (£ < 25 meV) for T =
350 K (filled symbols) and 7 = 290 K (open symbols) measured at
x = 0.2. The LA branch evolves at T < T, indicating a repulsive
effect with the new LA* branch which occurs in the [0.25-0.5] ¢
range. The red pattern style at ¢ = 0.5, E ~ 15 meV indicates a
broadening induced by the interaction between the LA and LA*
excitations. The arrow in the LA branch indicates an anomaly in
energy also observed in the quantized spin spectrum of Fig. 1(b). The
black pattern style defines the interaction energy AE = 3 meV at
¢o = 0.35 r.l.u. between the TA* and TAP*?(g) branches. (b) Instan-
taneous picture of interacting chains of ordered “orbital polarons”
of size 2a in one of the (x, z) planes. Chains are stretched along
the z direction and separated by ~3a in the x direction. Planes are
supposed not to be correlated in the y direction. The blue circles
correspond to Mn**, the black ones to Mn>**, and the empty ones to O
atoms. The TA* and LA* branches correspond to acoustic excitations
with, respectively, a transverse and stationary character or a longitu-
dinal and propagating one with wave vector along the chains. The
TAP®®(g) branch corresponds to slower and propagating transverse
fluctuations of at least two interacting chains with a distance between
them defined by go < 0.35 r.l.u. or X > Ay = 21 /gp =~ 3a. (c) Raw
data corresponding to the transverse acoustic phonons as a function
of g for T > T., showing the disappearance of TAP*P(g) at ¢ = 0.4
r.l.u. (d) Raw data corresponding to g = 0.25at 7 = 350 K > T, and
T =290 K < T. corrected by the detailed balance factor.

one to the other. No further scale can be observed which is
consistent with the situation in metals where, as g goes to zero,
a sum rule of intensity exists in favor of the Goldstone mode
(g =0, E = 0) of the collective excitations.

From these observations, a picture of phase separation
into ferromagnetic chains arises. The chains consist of orbital
polarons of 2a size with a periodic distribution &~ 3a in the
perpendicular bond direction of the plane which contains the
chains. This description corresponds to a 2D picture which, if
long range, would lead tox = 1/6 ~ 0.17, close to the x value
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for optimal doping [31]. The tendency for ordered orbitals
to define planes is well known [32]. In 3D space we may
assume the existence of several equivalent planes fluctuating
in time, with a weak interaction between them. This picture
of interacting chains is supported by the interaction with the
lattice described below.

2. The lattice dynamics spectrum

Figure 5(a) displays low-energy (£ < 25 meV) phonon ex-
citations with longitudinal and transverse character obtained
atT =350K (T > T,)and T =290 K, T < T;) along Mn-
O-Mn. Corresponding raw data are displayed in Figs. 5(c)
and 5(d). The transverse and the longitudinal excitations have
been obtained by using distinct experimental configurations.
Here, the scattering of magnetic origin is a background in
the raw data with intensity reduced by the form factor of
Mn ions. At T = 350 K, a nearly constant-energy value, E ~
8 meV, is observed in the [0.25-0.5] ¢ range, labeled TA*. It
is connected with the TA(q) branch of the 3D pseudocubic
structure at g; = 0.25 r.l.u. At lower energies, a dispersed
TAP*P(g) branch is observed up to gy = 0.35 r.L.u., where
a small shift in energy appears in TA*, defining AE(qy =
0.35 rlu) =3 meV. At T =290 K, <T,, the TAPP(g)
branch has nearly disappeared. In contrast, the TA* one
persists with the same behavior at gy = 0.35 r.l.u. and with
an increasing intensity at the ¢ = 0.25 r.l.u. value. Such an
increase is in contradiction with the Bose factor, similarly
to previous observations reported at higher energy [11,12].
Concomitantly, new excitations occur in the [0.25-0.5] ¢
range, such as the dispersed LA* branch just below the usual
LA(g) branch which consequently is shifted to higher energy
values, especially close to g = 0.25 r.l.u. These observations
are analyzed as follows.

The existence of two transverse acoustic branches, TA*
and TAP®P(q), reveals a privileged direction among the three
Mn-O-Mn bond directions, induced by the charge-phonon
coupling, so that the transverse acoustic excitations with wave
vectors g parallel to that direction (TA*) are distinct from
those with wave vectors g perpendicular to it [TAP*P(g)]. An
instantaneous picture of two chains with transverse excita-
tions, TA* and TAP®P(g), is shown in Fig. 5(b). Moreover, the
TA* and TAP®P(g) branches are defined in two separate en-
ergy ranges so that they are characteristic of two distinct time
scales of lattice vibrations. The propagating TAP*P(g) branch,
at low energy, corresponds to slow transverse fluctuations of
interacting chains within a plane. During this slow fluctuation
time, faster excitations occur with ¢ parallel to the direction of
the chains, either transverse and stationary corresponding to
the TA* branch, or longitudinal and propagating correspond-
ing to the LA* branch. Both types of excitations are observed
in the [0.25-0.5] ¢ range, which is characteristic of the 2a
scale expected for orbital polarons in contact each with the
other. The lock-in of the TA* branch at ¢ = 0.25 r.l.u., ensures
the structural and electrical stability of this charge-orbital-
lattice-ordered structure whatever the directions of the inter-
acting chains in 3D space. These features are observed even
atT = 350 K above T, (301 K). The interaction energy AE =
3 meV between TAP*® and TA* occurs at ¢ = 0.35 r.lu.
This g value determines the same periodic distribution of the

chains in the planes as that observed in the magnetic discrete
spectrum described above. The difference, however, is that
this periodic distribution is defined here in the complementary
g range (gy, gy < 0.35 rlu.), by a maximal instead of a
minimal wave-vector limit gyg. We can conclude that this local
charge-ordered structure is stabilized by a delicate equilibrium
between all the degrees of freedom. The occurrence of an
increasing intensity of TA* at the ¢ = 0.25 r.L.u. value for T <
T., indicates a phase coherence between the localized TA*
acoustic excitations. It appears at 7 < T, concomitantly with
the propagating LA*(g) excitation and is therefore induced
by the cooperative motion of the charge carriers along the
chains. Coming back to the spin dynamic spectrum, we see
here evidence that the enhancement of the ferromagnetism
is induced by the cooperative mobility of the charge carriers
along the chains. The TAP*P(g) branches are observable as
long as its own characteristic time, 1/f, deduced from its
frequency values f, is faster than the lifetime of the chains,
which actually decreases as the temperature is lowered. As
shown at 7 =290 K in Fig. 5(d), the acoustic transverse
fluctuations TAP*P(q) progressively disappear below T...

C. The metallic regime
x=0.3(T. =358K),x =04 (T, = 315 K)

Atx = 0.3, T, = 358 K, the spectrum reported in Fig. 1(c)
at T = 14 K with raw data in Fig. 3(h) extends on the
[~0.3-0.5] g range. It indicates a lattice contraction (£ ~
1.7a < 2a) for the “size” of the orbital polarons in all bond
directions, similar to that observed in the quasimetallic state
(x = 0.125). The energy levels are nearly g independent in
the [0.3-0.5] g scale but also temperature independent, as
seen in Fig. 4(b). The corresponding raw data have been
reported in Ref. [27]. The energy values E = 15 meV and
E =21 meV of the E,"*® spectrum (E < 25 meV), slightly
smaller than those observed at x = 0.125, agree with the g
average of the phonon energies on the g range of the polarons.
This tight relation with phonon states reveals an absence of
direct or local spin coupling, indicating an “orbital liquid”
state [32]. The magnetic character of the excitations appears
in the distribution of intensity among the discrete E, ¢ values.
Although the energy values are temperature independent,
their relative intensity is temperature dependent. By using the
raw spectra observed at ¢ = 0.5 r.l.u. reported in the Fig.
4 of Ref. [27], the energy with maximal intensity can be
reported at each temperature. It provides the black line of
Fig. 4(b).

At the nominal x = 0.4 doping value, the observed E, ¢
spectrum displayed in Fig. 1(d) with raw data in Fig. 3(i)
exhibits the same energy values as those observed at x = 0.3
with a decrease of the n value (=2 or 3 at T = 14 K). This
evolution occurs with a decrease of the stiffness constant D
at T = 14 K and of the 7, values with respect to x = 0.3. In
the upper panel of Fig. 1(d) the discrete spectrum determined
at T = 250 K spreads on the [0.25-0.5] g scale and exhibits
a tendency for folding the Brillouin zone outlined by a dotted
black line. This is the consequence of the slowing down of
the orbital fluctuations upon approaching T, as expected for
a doping value close to x = 0.5. Due to the steric hindrance,
the orbital fluctuations should occur along 1D paths defined
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by the hopping holes with T, T, and T orbital states, close
to the zigzag paths of orbitals proposed in the charge-ordered
state x = 0.5 [6] and illustrated in Fig. 2(d). This analysis is
very close to that used to interpret the spin dynamics of the
narrow electronic band Smg 5551y 4sMnQj3 in the x = 0.5 limit
[21].

III. DISCUSSION AND CONCLUSION

The main results of our analysis are summarized as fol-
lows. In the low and large doping range where g; = 0.3
r.l.u. the spin spectrum reveals orbital polarons with the size
£ ~ 1.7a along the Mn-O-Mn bonds which is characteristic
of a strong lattice contraction. They appear either with a 2D
character and F polarons paired by an AF coupling (x = 0.125
in quasimetallic state) or with a 3D character and “free” from
any direct or local spin coupling (x = 0.3 and x = 0.4 in the
metallic state T = 14 K). At the intermediate xy = 0.2 value,
the spin spectrum is richer. It reveals two g ranges, [0.35-0.5]
and [0.25-0.5] associated with two distinct energy ranges
corresponding to in-plane and out-of-plane correlated orbital
fluctuations, separated by the energy AE = 3 meV. The same
q ranges are observed in the transverse acoustic excitations of
the lattice with a ¢ wave vector respectively along one bond
and perpendicular to it. Both types of excitations reveal the
existence of chains consisting of orbital polarons of size 24,
with a periodic distribution 3a in the plane of the chains. At
T < T, the charges propagate together with the longitudinal
acoustic phonons along the chains, enhancing their ferromag-
netic character. This picture corresponds to a phase separation.
The magnetic signature of this phase separation appears in the
q dispersion of the spin dynamics when considering the exci-
tations with principal intensity [square symbols in Fig. 1(b)].
There, the ¢ dispersion is very close to a cosine law and
therefore can be nearly fitted by using one phenomenological
constant J; between the first neigbor spins. In that analysis,
at x & xq, the small-g (¢ < 0.25 rl.u.) and large-g (¢ > 0.25
rlu.) ranges of the magnetic excitations are the collective
excitations of the same ferromagnetic state. This contrasts
with the x # xo case where the large-g excitations give rise
to a hardening (x < xp) or a softening (x > x¢) (Fig. 1) so that
additional phenomenological constants are required to fit the
whole range of excitations. In these ferromagnetic chains, the
magnetic and the conduction properties are coupled together.
This may appear in the fact that the go = 0.35 r.l.u. wave-
vector value which determines the periodic distribution of the
chain A &~ 3a appears as a minimum or a maximum wave-
vector value of the excitations depending on their magnetic
or lattice origin. We conclude that these observations charac-
terize a phase separation between metallic and ferromagnetic
chains embedded in a nonmetallic matrix.

Owing to the CMR effect, a magnetic field applied at 7
would interact with the magnetic chains and, by the way,
would enhance the conduction of orbital polarons along the
chains with spin-charge-orbital and structural degrees of free-
dom coupled together. The small magnitude of the interaction
energy between the chains, AE ~ 3 meV, which stabilizes
this local ground state, agrees with predictions [1]. This
nematiclike picture was actually also predicted for cuprates

[39]. In theoretical works, the large magnetoresistance has
been first related to a crossover between a strong and a
weak regime for the J/W ratio and qualitatively interpreted
in a Kondo lattice model [40]. It was then shown that the
double exchange mechanism introduced by Zener [41] could
not explain quantitatively the effect of CMR, and that the
charge-lattice coupling would be necessary [42]. The present
picture conciliates these two effects. The bipolaron-polaron
transition predicted at 7. is not observed [43].

Many experiments have been also performed in com-
pounds with a narrow electronic bandwidth such as
La;_,Ca,MnOj. Here, at least in the metallic state, the mag-
netic excitations cannot be resolved into distinct energy levels.
We recall that it is thanks to the observation of several energy
levels and of their relation with phonon energies that the role
of the orbital fluctuations in the magnetic excitations has been
evidenced in the present work. In spite of differences between
compounds with large and narrow electronic bands indicated
by smaller 7, values and by distinct lifetimes for the CE
correlated polarons observed at T > T, [17], we suggest that
a similar effect could exist as a function of doping x.

In the narrow band La;_,Ca,MnOj3 the optimum of CMR
is expected to occur at x(Ca) = 1/3. In the quasimetallic state
corresponding to the x(Ca) = 0.17 and x(Ca) = 0.2 doping
values, a previous determination of the spin spectrum has
revealed the existence of four discrete energy levels in the
[0.3-0.5] g range and E < 22.5 meV [44]. We remark that
these observations are close to those reported at x(Sr) =
0.125, which characterize 2D orbital polarons. At larger x(Ca)
values, the discreteness of the spectrum is smeared out so that
the role of the phonons cannot be observed. In a first exper-
iment with the nominal concentration x(Ca) = 0.3, a broad
magnetic excitation spectrum was reported at £ ~ 22.5 meV
in the large g range [0.3-0.5] resulting into a flattening when
considering the whole ¢ dispersion [20]. This behavior corre-
sponds to the observations reported here at x(Sr) = 0.3. Later,
two other experiments have determined the spin dynamics
at the same nominal x(Ca) = 0.3 doping value but with a
larger T, value [23,24]. The softening effect of the energies
at the zone boundary was found to be null [23] or small [24]
so that the whole ¢ dispersion can be described mainly by
one phenomenological ferromagnetic J; coupling constant.
These observations recall those reported here at xy(Sr) =
0.2. In the most recent study, an increase of the damping
of the excitations was observed along Mn-O-Mn bonds at
E > 15 meV or g > 0.25 r.l.u., interpreted as the effect of
a phase separation picture [24]. Experiments by transmission
electronic microscopy have indicated the existence of small
charge-ordered domains with, however, a too small size to
be characterized [45]. These considerations may suggest the
existence of a local charge-ordered state at the doping value
with maximum magnetoresistance.

In summary, our study provides evidence for a spin dynam-
ics characterized by discrete magnetic energy spectra E, "(q)
and their direct relation with lattice dynamics in the acoustic
range at xo = 0.2. The E,®(g) spectrum is understood as
arising from the internal excitations of orbital polarons, which
can be seen as a hole (Mn**") interacting with orbitals of the
nearest adjacent Mn>* ions. The hopping mixes dynamically
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all the possible orbital configurations of those surrounding
Mn?** whose degeneracy is lifted by low-energy phonons.
Furthermore, the shape of those polarons evolves with dop-
ing. At the transition between their 2D and 3D evolution,
interacting chains of polarons form and longitudinal acoustic
excitations reveal the propagation of these polarons along the
chains at T < T.. This phase separation between metallic and
ferromagnetic chains in a nonmetallic matrix, may be crucial
for CMR.
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