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Recently observed skyrmionic, bubble, stripelike spin textures, along with multiple possible magnetic and
related electrical phases, have renewed interest in doped rare-earth perovskite material, lanthanum strontium
manganite La;_,Sr,MnO; (LSMO). Microscopic mechanisms that lead to exotic spin dynamics, spin structures,
and electrical transport of LSMO over the varied temperature range are still not well understood. In the
present study, temperature-dependent micro-Raman spectroscopic measurements indicate the intriguing trend
of the evolution of spin-phonon and electron-phonon couplings with temperature across multiple magnetic
and electrical phases in LSMO (x = 0.125, 0.175) having orthorhombic and rhombohedral phases. Electrical
transport and magnetization studies revealed a metal-insulator phase transition in LSMO-0.125, whereas the
system remains in the metallic phase in LSMO-0.175 over the low-temperature ferromagnetically ordered
state. The observed anomalous Raman spectral shifts across magnetic phase transition temperatures relate to
the complex nature of the coupling between spin and phonon dynamics in these compounds. Especially, the
systematic modulation in the change in Raman shift with temperature in the ferromagnetic metallic phase,
over which these materials are expected to exhibit nearly zero-field stripe spin structure, is noteworthy. The
onset of such a trend is observed just above the paramagnetic-to-ferromagnetic phase transition temperature
in LSMO-0.125. The unusual variation of Raman spectral linewidth at the crossover between the insulating
and metallic ferromagnetic phase in LSMO-0.125 indicates an intertwined electron density of states near Fermi
energy and phonon dynamics at this juncture. To this end, we report the expected signature of the existence of
orbital polaron in the ferromagnetic insulating phase of LSMO-0.125 by studying the detailed spectral profiles of
high wave-number Raman modes under different excitation wavelengths and varying temperatures. Combined
manifold spin-phonon coupling schemes and the existence of orbital polaron in the ferromagnetic insulating
phase, as could be qualitatively deliberated from Raman measurements, offer a crucial ingredient for a better
understanding of microscopic mechanisms for the formation of exotic phases and various spin textures in LSMO.
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I. INTRODUCTION

Over the past decades, doped rare-earth perovskite lan-
thanum strontium manganite, La;_,Sr,MnO; (LSMO), at-
tracted much attention due to the richness of interrelated
charge, spin, lattice, and orbital degrees of freedom of
the system. These classes of compounds display multi-
ple electrical and magnetic phases, such as ferromagnetic
metallic (FMM), ferromagnetic insulating (FMI), paramag-
netic insulating (PMI), canted antiferromagnetism insulating
(CAFM-I), and polaronic states [1-9]. The origin of colossal
magnetoresistance (CMR) close to FMM-to-PMI transition
has been extensively investigated [10-15]. Recently observed
skyrmionic, bubble, stripe, and other spin textures [16-20]
spawned new interest in these compounds. LSMO is con-
sidered as one of the most desired choices for spintronic
applications because of its high spin polarization [21] and the
high Curie temperature (7¢) [1] in the manganite perovskite
family.

Studies on phonon dynamics shed light on the corre-
lation between structural, magnetic, and electrical degrees
of freedom of complex systems. Since the report on the
detection of orbital wave in LaMnO3; by Raman-scattering
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measurements [22], quite a few articles in the literature
have discussed the origin of the FMI phase in orthorhombic
LSMO by studying the high wave-number phonon modes,
coupled with this elementary excitation of the system [23,24].
Self-trapped orbiton-mediated multiphonon scattering via the
Franck-Condon process was predicted theoretically by Allen
and Perebeinos [25-27]. In this process, first a self-trapped or-
bital defect (orbiton) is produced by the incident photon in the
Jahn-Teller (JT) ground state. This excitation decays to orbital
ground state via n-phonon resonant Raman scattering follow-
ing the first-order electron-phonon interaction. Kruger et al.
[28] attributed the observed Raman mode near 1300 cm™!
in LaMnOj; to multiphonon Raman scattering via the Franck-
Condon mechanism involving self-trapped orbitons formed in
the JT state. Nonetheless, few reports [23,24] suggested that
the above-mentioned Franck-Condon mechanism was insuf-
ficient to describe the multiphonon Raman modes in LSMO.
The existence of orbital polaron in explaining the FMI phase
of orthorhombic LSMO was predicted by studying the giant
softening of the Mn-O breathing vibrational mode of LSMO
[23]. The reports in the literature suggested that the orbiton-
phonon coupling mechanism in LSMO was much stronger
than expected in the Franck-Condon mechanism in LaMnOj3
[24]. In Ref. [24], the anomalous behavior of both Raman

©2024 American Physical Society
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FIG. 1. Field-cooled magnetization (M) vs temperature (7) (in
red) and resistivity (p) vs temperature (7) (in blue) plots for (a)
LSMO-0.125 and (b) LSMO-0.175. The change in dM/dT with T is
shown as an inset in each panel. 7c-s are marked by arrows in both
panels.

shift and intensity of the higher wave-number Raman modes
with temperature indicated the mixed orbiton-phonon charac-
ter of the observed spectral feature in the FMI phase. It is to
be noted that albeit innumerable studies on LSMO, reports
on the evolution of spin-phonon coupling mechanism across
multiple electrical and magnetic phases are still missing in the
literature. Moreover, the lattice dynamics, while the system
attains magnetic texture, is unexplored.

We choose Lao_g758r0‘125MnO3 (LSMO-OlZS) and La0'825
Sty.175sMnO3 (LSMO-0.175) compounds having orthorhom-
bic (O-LSMO) and rhombohedral (R-LSMO) crystal struc-
tures, respectively, for the present study as they show multiple
phase transitions upon the change in temperature. Moreover,
the crystal-field induce lattice distortion differs for these two
structures, which further helps the present investigation. More
importantly, both compounds exhibit stripe magnetic struc-
tures at relatively high temperatures and under nearly null
magnetic fields [16—18]. The magnetization (M) and resis-
tivity (p) vs temperature (7) plots of the compounds are
shown in Fig. 1. Also, see the derivative of the M-T plot in
the inset. In LSMO-0.125, while lowering the temperature,
cooperative JT distortion in the PMI lattice sets in at TSR
(~260 K). At TC02R ~ 210 K, it attains an FMM phase. Below
TC%R ~ 150 K, the system becomes an insulator, retaining

the ferromagnetic phase (FMI). Details of the magnetization
and electrical transport in this system are discussed elsewhere
[29]. Reports in the literature [30-32] attribute TC%R to charge
ordering/orbital ordering transition, as the insulating state be-
low this temperature arises due to the localization of charges
and ordering of orbital. Figure 1(b) plots the change in mag-
netization and resistivity of LSMO-0.175 with temperature.
The compound is in the PMI phase down to X ~ 274 K,
below which it attains an FMM phase. At TCR2 (~167 K), the
slight downturn of the magnetization plot is possibly related
to the onset of a spin texture (stripes) in the FMM phase of the
compound [8].

In this paper, we discuss the gradual evolution of spin-
phonon coupling dynamics across the above-mentioned var-
ious magnetic and electrical phases of O-LSMO-0.125 and
R-LSMO-0.175, using temperature-dependent micro-Raman
spectroscopic measurements. The observed trends in spec-
tral parameters can be correlated with the evolution of the
magnetic and electric phases with temperature, suggesting the
existence of manifold spin-phonon coupling mechanisms in
the system. The unique undulation of the spectral parameters
in the FMM phase (over which formation of stripe magnetic
structures is reported) of both compounds suggests the exis-
tence of the intricate nature of different types of magnetic
interactions in the system in this state and their tie with the
lattice dynamics. A signature of strong electron-phonon cou-
pling in LSMO-0.125 at the crossover between the FMI and
the FMM phase is evident from the analysis of the thermal
evolution of Raman linewidth. To this end, through a brief
discussion on the high wave-number Raman-scattering mea-
surements under varying excitation wavelengths over a wide
range of temperatures, we reestablish the existence of orbital
polaron to describe the FMI phase and its unrelatedness to
JT distortion in O-LSMO-0.125. The finding has been further
corroborated by the observations on R-LSMO-0.175, which
do not exhibit the FMI phase.

II. EXPERIMENTAL DETAILS

LSMO-0.125 and LSMO-0.175 compounds were synthe-
sized by standard solid-state reaction method [8,29]. The
sample phase and purity were confirmed by x-ray-diffraction
(XRD) measurements and reported elsewhere [8,29]. Ri-
etveld refined XRD patterns of the compounds are available
as Supplemental Material S1 in Ref. [33]. Micro-Raman
measurements of the samples were carried out using the Ra-
man spectrometer of model LabRam HR evolution (Horiba,
France). The spectrometer was equipped with a confocal
microscope (BX41, Olympus, Japan), a Peltier-cooled charge-
coupled device detector (Syncerity, Horiba, USA), and a
532-nm Nd-yttrium aluminum garnet diode laser (Excelsior
532 single mode, Excelsior, UK) as the excitation source.
With 1800 grooves per millimeter grating and 50-um slit
width, the resolution of the measurements was 0.5 cm™!.
The Raman spectra were also recorded using a 785-nm diode
laser as the excitation source and a Raman spectrometer (IHR
550, Horiba, France). Temperature-dependent Raman spectra
between 80 and 450 K were recorded using a low-temperature
sample stage (model THMS600, Linkam, UK) equipped with
a cryostat and a liquid nitrogen pump. All measurements were
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FIG. 2. Characteristic temperature-dependent Raman spectra of
(a) O-LSMO-0.125 and (b) R-LSMO-0.175 at set temperatures,
marked on the right. (c), (d) Recorded Raman spectra of LSMO-
0.125 and LSMO-0.175, respectively, at 80 K. In each panel, the
measured spectrum is shown by + symbols. Solid blue and red
curves show the deconvoluted components and the net fitted spec-
trum, respectively. In (c), peaks P1-P9 and in (d) peaks P1-P5,
discussed in the text, are marked. Inset of (d) plots the Raman
spectrum of LSMO-0.175 over the spectral range between 100 and
1600 cm~! at 80 K.

performed using an objective lens of magnification 50x to
focus the laser beam on the sample and to collect the scattered
light in the backscattered geometry.

Both samples were tested with different incident laser
power and integration time to avoid laser heating. All reported
data were recorded with 1-mW laser power on the sample.
We observed a significant change in spectral profile for higher
laser powers. Before the measurements, temperature stability
was checked by recording the spectra after waiting at a set
temperature for various times, varying from 2 to 30 min. We
did not observe any spectral shift beyond 5 min of the waiting
time. For all reported spectra, the waiting time was 10 min
after attaining each set temperature.

II1. RESULTS

Figures 2(a) and 2(b) plot characteristic Raman spectra of
0O-LSMO-0.125 and R-LSMO-0.175, respectively, at various
temperatures. All temperature-dependent Raman spectra are
available in Figs. S2(a) and S2(b). A large number of reports
in the literature have discussed the first-order Raman modes
of LSMO of different crystal structures [34-39]. For O-
LSMO-0.125 with space group Pbnm (no. 62), group theory
predicted 60 first-order gamma-point phonon modes, out of
which 24 modes were Raman active following irreducible
representation I' = 7Ag + 5B, + 7By, + 5B3; [34]. The
magnified view of the linear background-subtracted Raman
spectrum recorded at 80 K over the spectral range between

200 and 900 cm™~! is shown in Fig. 2(c). We observed eight
Raman modes (P1—P8) below 700 cm~'. The Raman mode at
820 cm~! (P9) was an overtone of the primary mode at P5.
The spectrum was deconvoluted with a sum of nine Lorentzian
functions, keeping the peak position, width, and intensity of
each component as free-fitting parameters. The deconvoluted
components and the net fitted spectrum are shown by blue
and red solid curves, respectively. The atomic vibrations
corresponding to observed modes P1-P7, using the results
obtained from the calculations based on density-functional
theory (DFT) on the LaMnOj3 bulk phase with space group
Pbnm, are available as Supplemental Material Fig. S3(a) of
Ref. [33]. In the simulation, we used the unit-cell volume
of O-LSMO-0.125 (as obtained from the current Rietveld
refinement of the XRD pattern) as the initial input. The details
of the calculations are available as Supplemental Material
S3 in Ref. [33], with Refs. [40-53]. The mode at 665 cm™!
could not be detected in the present DFT simulation. In the
literature, this particular mode is assigned to the breathing
mode of MnOg octahedra [28,39]. In Fig. 2(a), it is to be
noted that the higher wave-number Raman modes beyond
1000 cm~! are unexpectedly of higher intensity than that
of first-order Raman lines. A discussion on these spectral
features is available later in this paper.

The compound LSMO-0.175 with R3¢ (no. 167) space
group has 30 gamma-point phonon modes, as predicted by
group theory. Out of these 30 modes, 5 are Raman active,
and the irreducible representations for Raman modes are
given by I' = 1A, + 4E, [38]. Raman spectrum recorded
at 80 K, shown in Fig. 2(d), could be fitted with a sum of
five Lorentzian functions. The deconvoluted components
and net fitted spectrum are shown by the blue solid and red
solid curves, respectively. The five observed Raman modes
are marked as P1-P5 in Fig. 2(d). Similar broad modes for
R-LSMO were reported earlier in the literature [38], the origin
of which was assigned to the scattering by oxygen-related
lattice vibration in the system. The schematic diagrams
showing the atomic motion related to these Raman-active
modes are available as Fig. S3(b) in Ref. [33], as obtained
from the present DFT calculations of the parent compound
LaMnOs with space group R3c (no. 161), having the unit-cell
volume the same as the present compound LSMO-0.175.
Though the relative intensity between the Raman peaks
changed, we did not observe the appearance of any other
new mode, indicating that the structural symmetry with
space group Pbnm and R3¢ was retained in LSMO-0.125 and
LSMO-0.175, respectively, over the entire temperature range
of interest. Thus, all spectra recorded at various temperatures
were analyzed as described for Figs. 2(c) and 2(d) for
the corresponding phases. It is worth noting that unlike in
LSMO-0.125, high wave-number Raman modes are absent
for LSMO-0.175 [refer to the inset in Fig. 2(d)].

IV. DISCUSSION
A. Participation of phonon in multiple magnetic and electrical
phase transitions

We direct the attention on intense first-order Raman modes,
P1, P3, and PS5, in Fig. 2(c). Figure 3(a) plots magnified
spectra at different temperatures, focusing only on these
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FIG. 3. (a) Magnified view of characteristic Raman spectra focusing on the evolution of P1, P3, and P5 with temperature of LSMO-0.125.
The blue dashed lines mark the nonmonotonic shift in Raman wave number with temperature. (b) Evolution of Raman shifts with temperature
for the peaks P1, P3, and P5. The error bars are the standard deviation of the parameters as obtained from the fitting procedure. Green dashed
curves are the best fit to the data points over the entire temperature range of interest using Eq. (1). The solid red curves are best fit to the data
points by the same equation for the temperature range 7 > TSR. These best-fitted solid red curves are extended up to 80 K and shown by
dotted lines (see text). (c) Variation of Aw [difference between values of the data point and the value on the red solid (extended) plot in (b)]
with temperature. Blue solid curves are guides to the eyes. T9¥ in the PMI phase is marked by down black arrows. In (b) and (c), the yellow-,
violet-, and gray-shaded areas in each panel mark the data points above TOR, between TSR and TSR, below TSR, respectively, following the

color code in Fig. 1.

three intense Raman modes. The blue dashed lines mark the
nonmonotonic Raman shift of the above three modes with
temperature. The evolution of Raman shifts with temperatures
of these modes, as obtained by following the above-mentioned
curve-fitting procedure [for Fig. 2(c)] for spectra recorded
at various temperatures, are shown in Fig. 3(b). According
to Granado et al. [54], the temperature dependence of the
change in phonon wave number in magnetic materials can be
expressed by the following relation: w(T) — wy = Awiay +
Awgnh + Awgy + Awyen. wp is the phonon frequency at 0 K,
and Awyyy is the change in phonon frequency due to lattice
expansion. The shift Awy,, can be estimated from the relative
change in unit-cell volume (A V/V) with temperature using the

relation % = —yj%. Auwj is the shift in phonon frequency

of the jth phonon mode, w is the frequency of the jth phonon
mode, and y; is the Griineisen parameter of the jth mode.
The value y; is ~2 for similar perovskites [55]. The change
in unit-cell volume of LaMnOs between 80 and 300 K is
only 0.4%, as obtained from small-angle neutron-scattering
measurements [56]. Hence, the expected shift in Raman mode

due to the change in unit-cell volume is less than 1%. Thus,
the contribution of the change in volume of the lattice over the
temperature range of interest is negligible to account for the
observed change in the Raman shift below TSR in Fig. 3(b).

Awqnn 18 the shift in the phonon frequency due to the
anharmonic nature of the vibrational potential with the rise in
temperature at the constant volume of the lattice. Considering
three- and four-phonon decay processes in which one optical
phonon decays into two and three acoustic phonon modes, the
shift in the phonon wave number with temperature is given by
[57]

AwWanh = wg + A(T), with

2

3 n 3 !
N (e¢/3_1)2). (1)

¢ = hwy/kgT, and A, B are anharmonic constants corre-
sponding to three- and four-phonon decay processes. kg is

+B<1+
e
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the Boltzmann constant. In addition, the spin-phonon cou-
pling in a magnetically ordered system can shift phonon wave
number (Awgp). Aw, is the shift of phonon frequency as
a result of the renormalization of electronic states near spin
ordering temperature. We fit the variation of the w vs T plot
for the intense first-order Raman peaks P1, P3, and P5 in
Fig. 3(b) for the whole temperature range using Eq. (1) and
show by green dashed curves. For these phonon modes, the
mismatch between the data points and fitted curves, especially
in the low-temperature region, over which the system enters
into different magnetically ordered states (shown by colored
shaded areas: gray: FMI; violet: FMM; and yellow: PMI), is
noteworthy.

To investigate the evolution of the Raman shift below TC(iR,
we adopted the following procedure: It is to be recalled that
above TC(iR = 260 K, the system is in the PMI phase, and the
cooperative JT distortion in the system is yet to set in [32].
Thus, for T > Tgﬁ, the evolution of phonon wave number
with temperature is governed by the anharmonicity of the
vibrational potential only. In view of this, we fitted data points
in Fig. 3(b) over the region T > TC(iR with Eq. (1) [solid red
curves in each panel of Fig. 3(b)]. Using the fitted parameters
A and B (available as Supplemental Material S4 [33]), we gen-
erated the expected curves down to 80 K (dotted red curves),
which carry the information of the evolution in Raman shifts
with temperature only due to the change in anharmonicity
in the system. The disparity between the data points and the
extended dotted curves for each panel in Fig. 3(b) indicates
that phonon wave numbers of the modes are affected by
various other factors in addition to the anharmonicity in the
low-temperature range.

The subtracted value on the fitted curve from the mea-
sured values of w at the corresponding temperature, Aw vs
T plots in Fig. 3(c), provides a meaningful insight into the
coupling lattice and spin degrees of freedom of the system
across multiple phase transitions. As Aw is ~0 for the entire
temperature range above T9R when the system is in the PMI
phase, for our subsequent discussion, we only show the data
points related to the PMI phase up to 350 K in Fig. 3(c) so that
the Aw vs T plots below TCOIR could be magnified and followed
in the panels with clarity. As in Fig. 3(b), the temperature
ranges over which the system attains FMI, FMM, and PMI
phases are shown by gray-, violet-, and yellow-shaded areas.
As expected, beyond TSR, Aw~0. Below TSR, the interesting
nonmonotonic modulation of different natures in Aw vs T
plots is observed. For TSR > T > TOR, the increase in the
value of Aw [the yellow-shaded area in Fig. 3(c)] is due
to the set-in of the cooperative JT distortion, which induces
additional strain in the lattice over the same due to doping [9].
For TO! > T > TSR, we observe an interesting undulation in
Aw vs T plot, the onset of which occurred just above TC%R.
Here, we would like to mention that though the undulation
is within the resolution (0.5 cm™') of our measurements,
we have observed a similar trend for data points from three
individual sets of measurements on the same sample (the
results of another set of data are available in Supplemental
Material Fig. S5 [33]). At TSR the system enters into the
FMM state, i.e., both magnetic and electrical phases change.

The value of Aw begins to increase just below TCO3R, reaches

a maximum at TCO3R, and then saturates. It is to be noted that

both in gray- and violet-shaded regions in Fig. 3(c), the system
remains in the FM state; however, it undergoes metal-insulator
transition (MIT) at TSR, The above observation possibly in-
dicates the onset of different types of spin-phonon coupling
schemes across FMM and FMI phases and/or renormaliza-
tion of phonon frequency across MIT (Awg, mentioned
earlier).

The change in JT distortion across MIT can result in a
change in the Raman shift [58]. As the system undergoes
a transition to the FMM state, there is delocalization of
the carrier, which reduces the distortion of MnOg octahedra
and is expected to weaken the JT distortion. This may de-
crease the vibrational energy in the FMM state [58]. In the
present system, the observed unchanged characteristics of JT
distortion-related phonon mode below TSGR (will be shown
later) negates the above possible explanation as the origin of
anomalous spin-phonon coupling across the FMI-FMM phase
in this system.

Next, we look into the magnetoelastic coupling in LSMO-
0.175. Tt is to be recalled that LSMO-0.175 is in the FMM
phase below T ~ 274 K, above which it turns into a PMI
system. The magnified view of the evolution of intense peaks
P2 and P4 is shown in Fig. 4(a). The blue dashed lines mark
the change in peak positions with temperature. The evolution
of Raman shift with temperature of the intense modes P2 and
P4 [refer to Fig. 2(d)] are shown in Fig. 4(b). The data points
are analyzed following the same methodology as discussed
for Fig. 3(b) for LSMO-0.125. The dashed green curves are
the best fits to the data points using Eq. (1), which determines
the contribution of anharmonicity in the vibrational potential
to the Raman shift with temperature. The mismatch between
the fitted curve and data points in the low-temperature regime
for peaks P2 and P4 prompted us to fit the data points above
274 K in the PMI phase using Eq. (1), shown by the red solid
curve in Fig. 4(b). The extended curves till 80 K are shown by
red dots. The evolution of Aw with temperature, where Aw is
the difference between the values of the data point and the red
dotted curves, is plotted in Fig. 4(c). The temperature ranges
for FMM and PMI phases are marked as violet- and yellow-
shaded areas, respectively. As in Fig. 3(c) for LSMO-0.125,
above 274 K for the data points in PMI phase Aw~0. We
did not observe any appreciable changes in Aw at the begin-
ning of the FMM phase (in the violet-shaded area). However,
like O-LSMO, an undulation was noted below TCRz(shown by
open red arrows). Also see Fig. S5(b) in the Supplemental
Material [33].

The unique oscillation-type Aw vs T plots in Figs. 3(c)
and 4(c) in the FMM phase over a particular temperature
regime are noteworthy [also see Figs. S5(a) and S5(b) for a
second set of data]. As mentioned earlier, in the literature,
Lorentz transmission microscopy revealed the existence of
magnetic stripe spin textures in various crystal planes of the
FMM phase in LSMO-0.125 and below 7% in LSMO-0.175
without an applied magnetic field [16—18]. Thus, the atyp-
ical modulation in Aw vs T plots in Figs. 3(c) and 4(c)
mentioned above possibly signifies a complex nature of spin-
phonon coupling while magnetic textures are attained in the
FMM phase.

For complex magnetic oxide systems, the stable magnetic
phase is determined by elegant competitive interaction mech-
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FIG. 4. (a) Magnified view of characteristic Raman spectra focusing on the evolution of P2 and P4 with temperature of LSMO-0.175. The
blue dashed lines mark the nonmonotonic shift in Raman wave number with temperature. (b) Evolution of Raman shifts with temperature for
the peaks P2 and P4. Green dashed curves are the best fit to the data points over the entire temperature range of interest using Eq. (1). The
solid red curves are the best fit to the data points by the same equation for the temperature range 7 > TX. These best-fitted solid red curves
are extended down to 80 K and shown by red dotted curves. (c) Variation of Aw [difference between values of the data point and the value on
the red fitted (extended) plot in (b)] with temperature. 7%, in the FMM phase is marked by red open arrows. Blue solid curves are guides to the
eyes. In (b) and (c), the yellow-, and violet-shaded areas in each panel mark the data points between 75 and 7%, and below 7%, respectively,

following the color code in Fig. 1.

anisms following the spin-spin interaction Hamiltonian as
[59] Hspin = ZZ”[J]E(S,SJ) +Dij.(Si X SJ) + S;. F,'j. SJ] +
Ay (n;.S;)>. While the first term corresponds to isotropic
exchange (IE) interactions, the second, third, and fourth terms
in the Hamiltonian correspond to the Dzyaloshinskii-Moriya
(DM) interaction, anisotropic exchange (AE) interaction, and
the single-ion anisotropy (SIA) interaction. Jig, D;j, and I';;
are IE, DM, and AE interaction coefficients. The SIA coef-
ficient and the vector pointing in the direction of the easy
axis are denoted by A and n, respectively. S; and §; are
spin magnetic moments of the next-nearest neighbors. It is
to be recalled that O-LSMO and R-LSMO have centrosym-
metric crystal structures with space group Pbnm and R3c,
respectively. DM interaction, in general, is observed in non-
centrosymmetric magnetic materials [60,61]. However, quite
a few reports in the literature suggested anisotropic spin-spin
interaction in O-LSMO and R-LSMO [16-18]. Zhang et al.
[20] have shown that the DM interaction can be achieved in
a pseudocubic lattice of LSMO. The presence of relatively
strong JT distortion (discussed later in this paper) and struc-
tural strain can result in local strain in the system [62,63],
which can switch on the DM and other anisotropic spin-
spin interactions in the doped system over a certain range
of temperatures. A competing role of the above interaction
mechanisms can result in a complex magnetoelastic coupling
mechanism, leading to undulation in the Aw vs T plot in
the FMM phase. Here, we would like to mention that the
oscillating magnetic field of an electromagnetic radiation can

induce an indirect magnetic dipole-dipole interaction [64].
However, such an effect of radiation is appreciable only under
certain boundary conditions followed by dipole arrangements
(permanent dipoles are at the edge) and under the resonance
between the rotational frequency of the transition dipoles and
the frequency of the magnetic field. Thus, it is unlikely that the
observed undulation is due to any such effect of radiation on
magnetic dipoles of the system and possibly arises only due
to the cumulative effect of various types of direct spin-spin
interactions mentioned above.

It is worth noting that though for all studied modes for
LSMO-0.125 in Fig. 3(c), the nature of undulation, discussed
above, is very similar for all three Raman modes, though P3
and P35 involve the atomic motion of MnQOg octahedra, while
P1 also involves atomic displacements of La/Sr. In contrast,
for LSMO-0.175, an opposite trend (up and down of Aw = 0)
for P2 and P4 is observed in Fig. 4(c), though both modes only
involve the atomic motion of MnQg octahedra. Indeed, the
role of difference in magnetocrystalline anisotropy for LSMO
with different crystal symmetry governing magnetic textures
has been discussed in the literature using Lorentz transmission
microscopy [17]. Thus, it is reasonable to believe that the
symmetry of the crystal structure determines the coupling
mechanism of the electronic spin and lattice dynamics in
the magnetic stripe phase of the compounds via anisotropic
interactions. It is to be noted that the quantitative estimation
of spin-phonon coupling strength over different magnetic and
electrical phases of the compounds is nontrivial because of

214411-6



CROSSTALK BETWEEN LATTICE-SPIN ELECTRON ...

PHYSICAL REVIEW B 109, 214411 (2024)

the complex nature of spin-spin interaction in this system.
The well-known formalism proposed by Grando et al. [54] for
estimating spin-phonon coupling strength is valid only when
the superexchange interaction following the Hamiltonian H =
J(S:.8 ;) prevails. Hence, it cannot be exploited in the present
study.

B. Signature of strong electron-phonon coupling across
low-temperature FMM-FMI phase transition

Studies on the topology of Fermi surface and electrons—
quasiparticle dynamics using angle-resolved photo emis-
sion spectroscopy (ARPES) measurements [65-71] indicate
“nodal-antinodal dichotomy” via the formation of pseudogap
at the antinode and quasiparticle (polaron) excitations at the
nodal points of band dispersion in the FMM phase of LSMO,
like in superconductors [66]. Detailed investigation of the
3D electronic structure using in situ high energy-resolution
ARPES measurements showed a distinct kink near Fermi
energy around Fermi momentum, which, in turn, suggested
electronic-bosonic gluing in the system [71]. Inelastic neu-
tron scattering further attributes the observed kink to strong
electron-phonon coupling in the FMM phase of LSMO, which
is suggested to be the genesis of polaronic quasiparticles [71].

The theory of thermal equilibrium of electronic density of
states in metal suggests that at an elevated temperature, the
distribution of excess energy between the lattice and elec-
tronic subsystem maintains the local equilibrium of electron
distribution via electron-phonon coupling, which affects the
FWHM of phonon modes. The renormalization of a phonon
mode due to this coupling scheme can be estimated from
Allen’s formulation [72,73], which states AT" o« . AN(EF),
where AN(Eg) and AT are the changes in the density of
electronic states at the Fermi level and the corresponding
change in linewidth of the phonon mode, respectively; A is
the electron-phonon coupling constant.

We look into the variation of Raman spectral width
with temperature, as obtained by analyzing Raman spectra
recorded at various temperatures. The evolution of full width
at half maximum (FWHM) for the same three phonon modes,
P1, P3, and PS5, discussed in Fig. 3, are plotted in Fig. 5(a).
Due to the increase in anharmonicity in the vibrational po-
tential with the rise in temperature, FWHM increases with
temperature monotonically following the relation [57]

2
r<m=c(1+m>

+D(1+

3
At 1)2). @)
C and D are anharmonicity coefficients corresponding to
three- and four-phonon decay processes. We fitted the full
range of experimental data points in Fig. 5(a) using Eq. (2).
The best fits to the data points in all panels are shown by
red solid lines in Fig. 5(a). Raman wave number and FWHM
are governed by the real and imaginary components of the
self-energy of the phonon due to electron-phonon interac-
tion. Reports in the literature [74,75] suggest that in strongly
correlated systems, the imaginary component of phonon self-
energy is less affected by electron-phonon interaction, unlike

8 {P1

300 450 100 200 300

150
Temperature (K) Temperature (K)
FMI FMM PMI

FIG. 5. (a) Change in linewidth (FWHM) of the Raman modes
P1, P3, and P5 of O-LSMO, with temperature. The error bars are
the standard deviation of the parameters as obtained from the fitting
procedure. The solid red curves are the best fits to the data points
using Eq. (2). (b) The variation of AT" (obtained by subtracting the
fitted values from the corresponding experimental data points at a
given temperature) with temperature. In (a) and (b), the yellow, vio-
let, and gray shaded areas mark the data points above T9F, between
TSR and TSR, and below TSR, respectively. In (b) the temperature
corresponding to TSR is marked by black down arrows.

its real part. We believe that possibly because of this reason,
unlike Raman shift, the FWHM of Raman modes over the
entire range of temperature of interest could be fitted using
Eq. (2), which considers only the anharmonic contribution
to phonon linewidth. However, the systematic mismatch be-
tween the fitted curves and the data points near the crossover
between the FMM (violet-shaded area) and FMI (gray-shaded
area) phases in all panels in Fig. 5(a) is noteworthy. We
subtracted the values on the fitted curve from the measured
data points at all temperatures for each mode and show as
AT vs T plot in Fig. 5(b). An interesting trend is observed.
There is an increase in AI' as the system enters from the
FMM to FMI phase (at the junction of gray- and violet-shaded
regions) in Fig. 5(b). Following Allen’s formalism, the sharp
rise in AT in the metallic region and then its fall when the
system enters into an insulating phase at TCO3R in Fig. 5 reflects
a strong electron-phonon coupling at the FMI-FMM crossover
in LSMO-0.125.

We recall the observations from ARPES on tetragonal-
LSMO [71], which show a kink at k ~ 0 near Fermi energy
in the momentum distribution curves and attribute this fea-
ture to quasiparticle-phonon coupling. In our observation in
Fig. 5, the low wave-number gamma-point phonon modes are
possibly picking up this characteristic of the electronic den-
sity of states of the FMM phase just before the present
system of O-LSMO enters into the polaronic insulating
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FIG. 6. (a) Raman spectrum of LSMO-0.125 recorded (I) at 80 K using 532 nm as the excitation wavelength; (II) at 300 K using the
same wavelength; and (III) at 80 K using 785 nm as the excitation wavelength. In all panels measured data points are shown by black curves.
In (I) and (II), deconvoluted components and net-fitted spectrum with two Lorentzian functions are shown by blue and red solid curves,
respectively. Net-fitted spectrum with a single Lorentzian function is shown by an orange dashed curve in (I). (b) Variation in peak positions
with temperature of (I) and (II) of the JT modes and (III) and (IV) of the orbiton-related phonon modes. The solid lines are the guide to the
eyes. (¢) Variation in normalized (with respect to the value at 80 K) intensities with temperature of (I) and (II) of the JT modes and (III) and
(IV) of the orbiton-related modes. (d) Evolution of (I) Raman shift and (II) intensity of the breathing mode at 665 cm~' with temperature. The
intensity ratios of the orbiton-related modes at 1285 and 1326 cm™! to that of the breathing mode are shown in panels (III) and (IV).

phase (refer to later discussion). Interestingly, in the case of
R-LSMO-0.175, which does not exhibit low-temperature
MIT, data points over the entire range of temperature could
be fitted fairly well with Eq. (2) (see Fig. S6 in Ref. [33]).
The above discussion further indicates the probable crucial
role of structural symmetry in determining electron-phonon
coupling in the system. The lack of knowledge on the variation
of AN(Er) with temperature refrained us from the quantitative
estimation A.

C. Coupling of orbital polaron and the phonon in the FMI phase

Next, through a brief discussion, we confirm the existence
of orbital polaron in the FMI phase of the present system
O-LSMO (LSMO-0.125). As mentioned earlier, extensive dis-
cussions on higher-order Raman modes to demonstrate the
existence of orbital polaron in the FMI phase of O-LSMO
are available in the literature [23-28]. Our observations in
LSMO-0.125 reiterate the same. Refer to the intense high
wavenumber Raman mode between 1150 and 1500 cm~! in
Fig. 2(a). Due to the higher intensity of the observed high
wave-number features in Fig. 2(a), we rule out the possibility
of their origin as the overtone of the first-order Raman modes
[28].

Quite a few articles in the literature [24,28] indicated high
wave-number Raman modes with an excitation wavelength
of ~2 eV carry the signature of orbital ordering in LaMnOj3

and low hole-doped LSMO. Figures 6(a.l) and 6(a.Il) plot
Raman spectra of LSMO-0.125 over 1150 and 1500 cm™!
at 80 and 300 K recorded using 532 nm (~2.33 eV, close
to the orbiton excitation energy of LSMO [24,28]) as the
excitation wavelength. As a single Lorentzian function could
not fit the data points [refer to the dashed curve in Fig. 6(a.])]
satisfactorily, we deconvoluted the spectral range between
1150 and 1500 cm~! with two Lorentzian functions. The fitted
peak positions for these two modes are 1285 and 1326 cm ™.
Raman spectrum recorded at 300 K using the same exci-
tation wavelength is shown in Fig. 6(a.Il). The intensity of
both peaks drops with temperature. It is to be noted that the
spectrum recorded at 80 K for the compound with 785 nm
as the excitation wavelength over the spectral range between
200 and 1500 cm™! [Fig. 6(a.IIl)] does not exhibit the high
wave-number modes, confirming the orbiton resonance phe-
nomenon. Thus, we assign both spectral features at 1285 and
1326 cm™! in Fig. 6(a.I) to orbiton-related phonon mode in
the system.

Further, we look into the possible origins of these modes
in LSMO-0.125. Figures 6(b.I) and 6(b.I) plot the change
in Raman shift of the peaks at 503 and 615 cm~! with tem-
perature. Both these modes are related to JT distortion in
the system [23,24,76,77]. It is to be noted that though the
cooperative JT distortion sets in only at T9R, the dynam-
ical JT distortion can exist much beyond this temperature
[78]. JT phonon modes are affected by locally deformed
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octahedra and dynamically disordered octahedra. We observe
a softening of the modes by ~8 and 12 cm™' over the
entire temperature range for these two JT modes, respec-
tively. We do not observe any anomalous softening of the
JT modes across the magnetic phase transition temperature
and at TCCiR. Unlike these modes, both orbiton-related modes
undergo an unusually large change (~20-40 cm™') in wave
number with temperature [Figs. 6(b.Il) and 6(b.IV)]. The
intensities of both JT modes remain unaffected by the rise
in temperature up to 260 K (TS®) and then slightly drop
down [Figs. 6(c.I) and 6(c.I)], as beyond this temperature,
only dynamical distortion contributes. However, the intensity
of both high wave-number modes drops monotonously with
temperature [Figs. 6(c.III) and 6(c.IV)] over this temperature
range.

Reports in the literature suggest that orbiton-polarons, the
genesis of which are dressed electrons by orbitals, give rise to
the low-temperature dominating FMI phase in this compound
[23,79,80]. The orbiton-polarons couple with the breathing
mode [79,80] of LSMO. Figures 6(d.I) and 6(d.II) plot the
variation in peak position and intensity of the observed breath-
ing mode at 665 cm~! with temperature. We find a monotonic
softening of this mode by 15 cm™! with the increase in tem-
perature. It is to be noted that in Fig. 6(d.]), the drop in the
peak position is much higher than the same for first-order
Raman modes. In Fig. 6(d.II), we find that the intensity of this
mode drops monotonically with temperature, and its nature
is very similar to that of orbiton-related modes shown in
Figs. 6(c.III) and 6(c.IV). Figures 6(d.III) and 6(d.IV) plot the
intensity ratio of both orbiton-related modes and the breathing
mode. Due to the drop in intensities of both modes at high
temperatures, the error bars to the data points for the ratio
are large above 300 K. Within this error in measurements, the
ratio remains nearly unchanged with temperature. An interest-
ing aspect to note here is that with 785 nm as the excitation
wavelength in Fig. 6(a.Ill), both higher-order orbiton-related
phonon mode and the breathing mode are not observed. The
above results suggest that the higher-order orbiton-related
modes possibly arise due to the coupling of the orbiton-
polaron with the phonon. The same claim was made earlier
in the literature from more detailed Raman measurements
[23,24]. In the case of LSMO-0.175, despite the presence of
JT broad mode at 500 cm ™!, we do not observe any signature
of the higher wave-number orbiton-related Raman signa-
ture in LSMO-0.175. This further supports the fact that JT
distortion is not the sole origin of orbital ordering and FMI

phase in LSMO, as we claimed from our observations in
LSMO-0.125 (Fig. 6).

V. SUMMARY

We explore the role of phonons in multiple magnetic
and electric phase transitions of the perovskite manganite
orthorhombic LSMO-0.125 and rhombohedral LSMO-0.175.
Micro-Raman measurements over a wide range of temper-
atures, encompassing the various magnetic and electrical
phases of the system, are carried out. The observed anomalous
changes in Raman shift across the transition temperatures
indicate an intricate nature of spin-phonon coupling mech-
anisms, involving various types of spin-spin interactions in
the system. A unique undulation of Raman shift with tem-
perature is observed in the regime over which the systems
are expected to attain a stripe magnetic texture. It is to be
noted that the physics of microscopic mechanisms involved
in complex spin-phonon coupling following the Hamiltonian,
which involves both isotropic and anisotropic interactions, are
still not fully understood. We hope our detailed experimental
results will motivate researchers for further theoretical studies
to investigate the phonon anomalies in such cases quantita-
tively. Further, the analysis of Raman linewidth suggests a
strong electron-phonon coupling near the Fermi surface at
the low-temperature MIT in the FM phase of LSMO-0.125.
Wavelength- and temperature-dependent Raman measure-
ments and detailed spectral analysis of the JT mode and
breathing mode confirm the expected signature of orbiton-
polaron in the FMI phase of O-LSMO.
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