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Comparative Raman study of Ruddlesden-Popper nickelates and the monolayer-trilayer polymorph
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Ruddlesden-Popper (RP) nickelates have attracted intense interest following the discovery of superconductiv-
ity in several members of the series, including bilayer (BL) La;Ni, O, trilayer (TL) LasNi3; Oy, and structural
polymorphs composed of monolayer-bilayer or monolayer-trilayer (ML-TL) units. However, an inherent propen-
sity of the RP series to form intergrown phases during single-crystal synthesis, together with spatial variations in
oxygen stoichiometry, has complicated the determination of their intrinsic material properties. As a consequence,
conflicting reports have emerged on both their electronic phase transitions and lattice dynamics. In this work,
we perform a comparative study of the phononic and electronic Raman responses of high-quality ML-TL single
crystals and contrast them with those of the other RP nickelates, using samples with optimized oxygen content.
We establish several Raman spectral features that enable unambiguous phase identification across the series.
Moreover, we uncover characteristics in the phononic and electronic Raman response of ML-TL that are not
reflected in the pure ML and TL compounds. We attribute these differences to a distinctive electronic structure
arising from self-doping and confinement effects induced by the ML unit within the ML-TL lattice architecture.

DOL: 10.1103/m2js-yzky

I. INTRODUCTION

The search for high-7. unconventional superconductiv-
ity beyond the layered cuprates has long been guided by
the idea that materials sharing key structural and electronic
configurations with cuprates might host similar physics [1].
Shortly after the discovery of superconductivity in hole-doped
cuprates, nickelates with composition RE;NiO,4 (RE = rare-
earth ion) were intensively investigated as natural candidates
[2]. This interest was motivated by the chemical proximity
of Ni and Cu and by the observation of charge and spin
stripe order [3], reminiscent of the stripe phases in hole-doped
La;CuOQy4 [4], where they precede the onset of superconduc-
tivity [5,6]. Despite extensive experimental and theoretical
efforts, however, superconductivity has never been conclu-
sively established in nickelates composed of single layers of
NiOg octahedra [7], such as hole-doped RE,_,Sr,NiO4 [8].
Superconductivity has likewise not been observed in nickelate
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heterostructures with ultrathin perovskite layers [9] that were
predicted to realize a cupratelike electronic structure [10,11].

A critical advance came with the discovery of super-
conductivity in thin films of hole-doped infinite-layer (IL)
nickelates [12—-14]. These materials exhibit square-planar
NiO, layers without apical oxygen stacked along the c-axis
direction, a structural motif that had been predicted by early
theoretical work to be favorable for cupratelike electronic
states [15]. Subsequent extensions to related IL-derived sys-
tems, including the quintuple-layer compound NdgNisOq;
[16], demonstrated that superconductivity is not restricted to a
unique structural realization, but might instead emerge across
a broader nickelate materials space. Indeed, superconductivity
was subsequently observed in single crystals of the bilayer
(BL) nickelate La3Ni,O7, which contains apical oxygen, with
transition temperatures exceeding 80 K under high pressure
[17]. Superconductivity was also reported in epitaxial thin
films of the same compound, without the need for external
pressure application [18,19]. The remarkably high 7. in BL
single crystals surpasses the boiling point of liquid nitrogen
and therefore represents a major milestone in the search for
new families of high-T, superconductors [20].

Both the BL compound and the earlier investigated
monolayer (ML) nickelates belong to the Ruddlesden-
Popper (RP) series [21], described by the empirical formula
RE, 1Ni,O3,,1, which consists of n perovskitelike NiOg lay-
ers separated by rock-salt REO blocks. Following the BL
compound, superconductivity was also reported in the trilayer
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(TL) nickelate LayNizOyg, albeit with a lower 7. of 30 to
40 K [22,23]. This trend contrasts with the layer dependence
observed in cuprates, where 7, typically increases from single-
layer to multilayer systems [5,24], and points to a distinct and
nontrivial interplay between crystal structure and electronic
properties in RP nickelates [22,23,25-30].

Nonetheless, the superconducting phases of BL and TL
nickelates emerge in close proximity to charge density
wave (CDW) and spin density wave (SDW) instabilities,
reminiscent of the behavior observed in cuprate and iron-
based superconductors [5,6,31]. In TL nickelates, intertwined
CDW and SDW order condense below approximately 140 K
[32], whereas in BL nickelates the two orders are dis-
joint, with Tgpw =~ 150 K and Tepw =~ 110 K [33]. These
density-wave (DW) instabilities have been investigated using
a variety of spectroscopic techniques, including angle-
resolved photoemission spectroscopy (ARPES), muon spin
rotation/relaxation (uSR), and Raman scattering [34-46].
Specifically, recent polarized Raman measurements have re-
vealed a multiorbital character of the DW instability, involving
both Ni 3d,._,» and 3d,. states [47].

Beyond the conventional RP phases with uniform stacking
of NiOg octahedral units, a tendency to form unconventional
polymorphic structures during bulk single-crystal growth has
been reported, yielding variants with alternating monolayer-
bilayer (ML-BL) [48,49] or monolayer-trilayer (ML-TL)
stacking sequences [50-52]. These materials are also referred
to as the “1212” and “1313” phases, respectively. The ML-BL
variant exhibits a 7, of approximately 60 K [49], whereas for
the ML-TL polymorph reported 7, values range between 4 and
80 K [50,53]. Whether specific polymorphic arrangements
of RP building blocks favor or suppress DW correlations, or
support a decoupling of spin and charge degrees of freedom,
remains under debate as the reported trends vary substantially
and are likely influenced by differences in oxygen stoichiom-
etry among samples [48—54]. Nevertheless, these polymorphs
offer an additional avenue for probing the layer dependence
of correlated electron phenomena in nickelates. At the same
time, they introduce an added level of complexity beyond
the already multiband and multiorbital nature of conventional
RP nickelates [25,55-58], since multiple structural building
blocks contribute simultaneously to their low-energy elec-
tronic structure.

In particular, ARPES measurements on the ML-TL poly-
morph revealed the presence of the additional & pocket at
the Fermi surface, exhibiting Ni 3d orbital character [59],
which is absent in pure ML, BL, and TL phases [34,60,61].
Furthermore, the quantum confinement of the TL between the
ML blocks along with possible charge transfer was proposed
to alter correlation strength and Ni valences [62—66], possibly
giving rise to distinct Fermi surface features, such as Fermi
arcs [67]. It therefore remains an open and central question
how these emergent electronic features in the polymorphs in-
fluence the DW instabilities and superconductivity, and more
broadly how lattice degrees of freedom are intertwined with
the low-energy electronic structure.

In this work, we use polarized Raman scattering to in-
vestigate the phononic and electronic Raman response of the
ML-TL polymorph, in direct comparison to the Raman re-
sponse of other relevant members of the RP nickelate series.

We observe unique Raman spectral features for each mate-
rial, serving as a spectral fingerprint to identify the phase.
Notably, the TL phase and the ML-TL polymorph exhibit
a strikingly similar phonon spectrum at room temperature,
although with subtle distinctions. At lower temperatures, dra-
matically different spectral features unique to each structural
motif emerge, demonstrating the significance of Raman spec-
troscopy in the study of polymorph structures. In electronic
Raman scattering, we observe emergent features attributable
to DW formation, with both distinctions and similarities com-
pared to those reported for the pure BL and TL compounds.

II. MATERIALS AND METHODS

Single crystals of the RP series La,,+Ni, 03,4 were grown
using a high-pressure high-temperature optical floating-zone
(OFZ) furnace (Model HKZ, SciDre GmbH, Dresden). De-
tails about sample synthesis and characterization are provided
in the Supplemental Material [68].

The Raman spectra were obtained with a HORIBA Jobin
Yvon LabRAM HRS800 spectrometer in backscattering ge-
ometry, using a He-Ne laser (wavelength 632.8 nm) focused
on the sample with a x50 magnification ultralong work-
ing distance objective. The laser power on the sample was
less than 1 mW. The indicated temperatures were deter-
mined by Stokes/anti-Stokes intensity analysis. All plotted
Raman spectra were divided by the Bose-Einstein factor. For
low-temperature measurements, a Konti Micro helium-flow
cryostat from CRYOVAC was used.

Phonon frequency calculations were performed using den-
sity functional theory (DFT) as implemented in the Vienna
Ab-initio Simulation Package (VASP) code [69]. The Perdew-
Burke-Ernzerhof (PBE) [70] exchange-correlation functional
and the projector-augmented-wave (PAW) [71] approach were
used. Lattice constants and internal atomic positions were re-
laxed using generalized gradient approximation (GGA), with
a plane-wave cutoff energy of 600 eV. Forces were minimized
to less than 0.001 eV/A in the relaxation. The calculations
were performed for the tetragonal P4/mmm (No. 123) unit
cell. This symmetry is adopted by the ML-TL polymorph
under pressure [50] when the octahedral tilts characterizing
the larger Fmmm unit cell vanish. The relaxed structural pa-
rameters were a, b = 3.84 A and ¢ = 20.24 A, obtained from
the P4/mmm structure under 1.5 GPa. In the phonon calcula-
tions, the cutoff energy was set to 400 eV for expanding the
wave functions into plane-wave basis, and the number of k
points was setto 3 x 4 x 4 fora 1l x 2 x 2 supercell. The real-
space force constants of the supercells were calculated using
density-functional perturbation theory (DFPT) [72] and the
phonon frequencies were calculated from the force constants
using the PHONOPY code [73,74].

III. RESULTS
A. Phase identification

Figures 1(a)-1(c) provide an overview of the lattice ar-
chitectures of the ML La,;NiO4, BL LazNi,O;, and TL
LayNizOq9 RP nickelates, along with the ML-TL La3Ni, O
polymorph in Fig. 1(d). A wide-area survey using high-angle
annular dark-field (HAADF) scanning transmission electron
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FIG. 1. (a)—(d) Schematics of the crystal structures of (a) ML
La,NiOy4, (b) BL La3Ni,O7, (¢) TL LayNizOy9, and (d) ML-TL
La;Ni, O;, with Bmab, Amam, P2, /a, and F mmm unit cells, respec-
tively. (¢) STEM-HAADF images of a ML-TL single crystal. The
low-resolution image (left) demonstrates the absence of secondary
phases on large length scales. The contrast between bright and dark
vertical stripes corresponds to minor topographic differences due to
curtaining effects caused by ion milling during specimen preparation.
The atomic-resolution image (right) resolves the stacking sequence
of ML (red) and TL (green) units. The [001] and [010] directions of
the F'mmm unit cell are indicated.

microscopy (STEM) on an ML-TL single crystal used for the
Raman measurements demonstrates high crystalline quality
and the absence of secondary phases on macroscopic length
scales (Fig. 1(e), left panel). Atomic-resolution HAADF
imaging from a representative area resolves the characteristic
alternating stacking of ML and TL structural units (Fig. 1(e),
right panel). Note that phase-pure ML-TL single crystals
grown by the OFZ technique reach lateral dimensions of sev-
eral tens to a few hundred micrometers [50,51,54], whereas
larger crystals typically contain mixed-phase regions. The
spatial resolution of micro-Raman spectroscopy (see Materi-
als and Methods) therefore enables measurements on small

Raman Shift (meV)

0 50 100 150
L L 1
(a) Z(xu)z ML
X
20 4 [ x'
y
0 T T T .
(b) == BL
20 1
5
)
=20 - -
2 (c) i T i 1 1 TII_
3 : '
= ;
3- , J
0 : T Inl T 1 1
(d) : : ML-TL
s |
O T 1 1 T
0 300 600 900 1200

Raman Shift (cm™)

FIG. 2. (a)—(d) Raman spectra of the (a) ML, (b) BL, (c¢) TL, and
(d) ML-TL phases acquired at room temperature in Z(xu)z scattering
configuration (without analyzer). The inset in (a) shows the top
view of a Ni-O plaquette in the ab plane of layered nickelates, with
octahedral tilts omitted for simplicity. The x and y directions of the
laboratory frame of the Raman experiment point along the Ni-O-Ni
bond directions. The x’ direction is also indicated. Vertical dashed
lines in (c) and (d) indicate the position of characteristic phonon
modes of the TL phase that are absent in ML-TL. Green arrows mark
a broad electronic Raman feature present in both TL and ML-TL.

phase-pure single crystals as well as the selective probing of
individual phases in mixed-phase nickelate crystals.

Figure 2 contrasts the distinct Raman spectra of the ML,
BL, TL, and ML-TL phases. The scattering geometry includ-
ing the photon polarizations are given in Porto’s notation, with
u indicating that no analyzer was inserted in the scattered light
path, i.e., Z(xu)z contains both Z(xx)z and Z(xy)z scattering
contributions. For simplicity, the labels Z and z, denoting the
incident and scattered photon directions in back-scattering ge-
ometry, respectively, are omitted in the following. The x and y
directions are aligned parallel to the Ni-O-Ni bond directions
within the reference frame of the square-planar NiO, planes.
The x’ and y' directions are aligned at 45° to the Ni-O-Ni
bonds.

Figure 2(a) shows the Raman spectrum of oxygen-
stoichiometric ML La,;NiOy, which exhibits the orthorhombic
space group Bmab (No. 64) at room temperature. Notably, the
symmetry of this material sensitively depends on the oxy-
gen content [75]. In the present study, to enable the direct
comparison between the Raman spectra of the different RP
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nickelates, the sample synthesis was optimized towards full
oxygen stoichiometry of the compounds (for synthesis details
see Materials and Methods and Supplemental Material [68]).
The spectrum in Fig. 2(a) is characterized by three prominent
low-energy phonon modes between 100 and 300 cm~! and an
intense mode centered at 440 cm ™!, which involves buckling
of the NiOg octahedra. Moreover, we observe a subtle mode
around 670 cm~!, which is indicative of the orthorhombic
symmetry, whereas it is not present in the oxygen-excess
tetragonal /4/mmm (No. 139) phase of La;NiOy45 [76].

The BL compound La3Ni,O; crystallizes in the or-
thorhombic Amam (No. 63) structure, although deviations
from this symmetry have been reported, possibly reflecting
differences in oxygen stoichiometry between samples studied
in the literature [77-80]. The Raman spectrum of the BL
phase is markedly distinct from that of the ML compound,
with the most intense phonon mode centered at 580 cm~! and
an additional prominent mode at 360 cm~! [Fig. 2(b)]. The
former corresponds to an in-plane breathing distortion of the
oxygen atoms within the NiO, planes, while the latter involves
out-of-plane stretching of the apical oxygen atoms of the NiOg
octahedra [46]. In addition, a broad and comparatively weak
feature emerges around 1240 cm~!, which was not reported
in earlier Raman studies of the BL phase [40,46].

For close-to-stoichiometric oxygen contents, the TL com-
pound LayNi3Oy realizes the monoclinic space group P2;/a
(No. 14), yielding a large number of phonon modes, par-
ticularly in the low-energy range between 60 and 200 cm™!
[Fig. 2(c)]. The most prominent phonon mode appears near
400 cm™~! [41-44,47], clearly distinguishing the TL spectrum
from those of the ML and BL compounds. This mode is
associated with bond-stretching vibrations of basal oxygen
atoms in the outer NiO;, planes of the TL block [47]. No-
tably, a broad continuum of spectral weight underlies the
phonon peaks and extends up to approximately 910 cm™',
where it terminates in a humplike feature [green arrow in
Fig. 2(c)]. Polarized Raman measurements have revealed a
strong temperature dependence of this continuum, indicating
gap formation associated with the intertwined CDW and SDW
order in LasNi3Ojo [47]. As the hump feature defines the
high-energy cutoff of this continuum, it is likely associated
with an electronic excitation, such as a 2Apw peak arising
from short-range fluctuations of the DW that persist above
the ordering temperature. Alternative interpretations cannot
be fully excluded, including a multiphonon scattering origin,
and a recent unpolarized Raman study proposed a bimagnon
origin [81].

Figure 2(d) displays the Raman spectrum of the ML-TL
polymorph. For oxygen-annealed single crystals with close-
to-stoichiometric oxygen content the orthorhombic space
group Fmmm (No. 69) was determined by high-resolution
single-crystal x-ray diffraction [50]. In contrast, studies on as-
grown crystals reported the orthorhombic space group Cmmm
(No. 65) [51,52]. A key structural distinction between these
two solutions is a doubling of the unit cell along the ¢ axis
and the presence of octahedral tilts in the Fmmm structure
[Fig. 1(d)]. The Raman data shown here were acquired on an
Fmmm crystal from the same growth batch as those reported
in Ref. [50]. Remarkably, the ML-TL spectrum in Fig. 2(d)
closely resembles that of the pure TL phase [Fig. 2(c)],

including an intense phonon mode near 400 cm~! together
with a broad electronic continuum and the humplike feature
around 910 cm~!. Nevertheless, differences become apparent
upon closer inspection of the low-energy phonon region, with
at least two phonon modes around 120 and 345 cm~! present
in the TL phase but absent in the ML-TL polymorph, as
indicated by the vertical dashed lines in Figs. 2(c) and 2(d).

Overall, Fig. 2 establishes that Raman spectroscopy pro-
vides clear, phase-specific fingerprints across the RP nickelate
family, that are useful for phase identification in the con-
text of crystal growth and sample characterization, which
has proven challenging in this class of materials [82]. The
close resemblance between the TL and ML-TL spectra nat-
urally reflects the presence of TL building blocks in the
polymorph, while obvious signatures associated with the ML
block appear elusive in the ML-TL spectrum. To gain qualita-
tive insight into characteristic displacement motifs associated
with the ML and TL building blocks, we next examine the
polarization-resolved phonons together with calculations for
a high-symmetry reference structure.

B. Phonons

The Fmmm crystal structure of ML-TL (D,;, point group)
gives rise to 63 Raman-active modes (19 A, + 10 B, +
17 Byg + 17 Bs,) and 68 infrared-active modes at the I' point.
The corresponding Raman tensors are presented in the Sup-
plemental Material [68]. Figures 3(a) and 3(b) show Raman
spectra of the ML-TL compound measured in four polariza-
tion configurations (xx, x'x’, xy, and x’y’) at 315 and 60 K,
respectively. According to the polarization selection rules for
our employed backscattering geometry with in-plane polar-
izations, only the A, and B;, modes are expected to be
observable, with the Bj, modes suppressed in the xx and
x'y" configurations. Consistent with this expectation, phonon
modes such as those near 355 and 425 cm™! exhibit sig-
nificantly enhanced intensity in the x’x’ and xy channels
compared to the xx and x’y’ channels, respectively. Residual
intensity observed in the nominally forbidden channels may
arise from polarization leakage or from microscopic a/b twin-
ning within the laser spot. By contrast, the x'x’ configuration
allows contributions from both A, and B, modes, and the cor-
responding spectrum in Fig. 3(b) exhibits the highest number
of modes among the four channels, with at least 23 individual
peaks discernible.

The temperature dependence of several representative
phonon modes between 120 and 600 cm~! in the x'x” channel
is displayed in Figs. 3(c) and 3(d). Upon cooling, both the
low-energy modes in Fig. 3(c) and the modes near 400 cm™!
in Fig. 3(d) sharpen and gain intensity. In addition, a promi-
nent cluster of modes emerges between 430 and 580 cm~! and
becomes increasingly pronounced upon cooling, at least down
to 120 K.

The detailed temperature evolution of the phonon en-
ergy, integrated intensity, and linewidth for representative
modes near 140 cm ™' [purple triangle in Fig. 3(c)], 400 cm™!
[green triangle in Fig. 3(d)], and 425 cm~! [orange triangle
in Fig. 3(d)] is summarized in Fig. 3(e). These parameters
were extracted from Voigt-profile fits to the individual phonon
peaks. Within the restricted spectral windows used for these
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FIG. 3. Polarization-resolved Raman spectra of the phonon sector of ML-TL at (a) 315 K and (b) 60 K, acquired in xx, x'x’, xy, and x'y’
scattering configuration, respectively. For clarity, the xy and x'x’ spectra are offset in vertical direction by 0.5 a.u. and the xx spectra by 2 a.u.
(c) Temperature dependence of selected low-energy phonon modes. Spectra are offset in vertical direction by 1 a.u. Solid yellow lines are fits
of the data using Voigt profiles. Individual profiles of the 34 K fit are shown as black lines at the bottom of the panel. The phonon mode around
140 cm™! is highlighted by the triangle symbol and its fitted peak profile is shaded in purple. (d) Temperature dependence of higher-energy
phonon modes, with modes around 400 and 425 cm~! highlighted by green and orange triangle symbols, respectively, and the corresponding
peak profiles shaded in the same colors. (e) Temperature dependence of the Raman shift, integrated intensity, and linewidth of the modes
evolving around 140, 400, and 425 cm™! with the same color coding as in (c) and (d).

fits, the underlying electronic Raman background is nearly
flat and was modeled by a constant. Asymmetric, Fano-like
phonon line shapes were not observed over the investigated
temperature range. The fitted individual peak profiles between
330 and 600 cm ™! are provided for all measured temperatures
in the Supplemental Material [68]. Overall, the temperature
evolution is continuous within the experimental error, without
clear anomalies at specific temperatures that would indicate a
structural or electronic phase transition. This behavior con-
trasts with the Raman spectra of the TL compound, where
additional phonon modes appear below the DW transition
around 140 K and subtle renormalizations of phonon self-
energy parameters have been reported [47].

To obtain qualitative insight into representative atomic
displacement patterns and vibrational energy scales, we per-
form DFPT calculations in combination with the PHONOPY
package for the tetragonal P4/mmm structure (see Materials
and Methods). This high-symmetry reference preserves the
characteristic ML-TL stacking sequence and corresponds to
the experimentally established high-pressure structure of the
ML-TL polymorph [50]. The c-axis lattice parameter of the
P4 /mmm unit cell is approximately half of that of the Fmmm
cell and octahedral tilts are absent. A schematic comparison
with the ambient-pressure F'mmm structure is provided in the
Supplemental Material [68].

The P4/mmm unit cell (Dy, point group) gives rise to
18 Raman-active modes (8 Ajg + 9 E; + 1 By). A table with
the calculated phonon frequencies is provided in the Supple-
mental Material [68]. In the c-axis backscattering geometry

employed here with both photon polarizations in the ab plane,
only the eight A, and one B, modes are symmetry allowed,
whereas the E, modes are forbidden. Nevertheless, a high-
symmetry parent or reference structure can provide qualitative
insight into phonons of a structurally related lower-symmetry
phase. Specifically, in perovskites and related layered com-
pounds it was demonstrated that upon symmetry lowering
and enlargement of the translational cell, the lower-symmetry
phonon manifold can contain split, zone-folded, and mixed
components related to parent-phase vibrations, while charac-
teristic local displacement motifs may remain recognizable
[83-86]. For instance, it was shown for the bilayer RP com-
pounds CazMn, 07 and Ca3Ti,O7 that their lower-symmetry
structures can be described systematically as symmetry-
adapted distortions of a tetragonal /4/mmm parent structure
[87]. Accordingly, the calculated P4/mmm eigenvectors can
be used to identify representative local displacement motifs of
the ML-TL lattice that potentially remain recognizable in the
Fmmm phonon manifold, although a one-to-one correspon-
dence between modes of the two structures is not implied.
Figures 4(a)-4(f) show the atomic displacement patterns
of representative phonon modes calculated for the P4/mmm
reference structure. The lowest computed mode at 48.6 cm™!
has E, symmetry and involves in-plane oxygen displacements
in the TL block, together with subtle displacements of apical
oxygen atoms in the ML block. In addition, La atoms from
both the ML and TL blocks participate in the distortion,
with the largest displacements occurring on the La atoms in
the outermost TL layer [Fig. 4(a)]. Nevertheless, a direct
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134.7 cm™"

calc. 48.6 cm™"

232.8 cm™

400.9 cm™" 424.6 cm 629.3 cm™

FIG. 4. (a)—(f) Atomic displacement patterns of selected phonon modes calculated for the tetragonal P4/mmm high-symmetry reference
structure of ML-TL. The E,, B,,, and A, mode symmetries are indicated along with the computed phonon frequencies. Green arrows display
the directions and amplitudes of the atomic vibrations. For clarity, only displacements with large amplitudes are shown for each mode. The b

and c directions of the P4/mmm unit cell are also indicated.

correspondence between the experimentally observed
phonons in Figs. 3(a) and 3(b) and the parent-structure
vibration cannot be established because the P4/mmm E,
mode is forbidden in the present scattering geometry. A
second E, mode, calculated at 134.7 cm™!, exhibits similar
in-plane oxygen motion, but without participation of the ML
La atoms [Fig. 4(b)]. The only Bj, mode in the P4/mmm
structure is computed at 232.8 cm ™! and is characterized by
out-of-plane displacements of in-plane oxygen atoms in the
outer TL layers, with nearest neighbors moving antiparallel
within the plane [Fig. 4(c)].

In the vicinity of 400 cm™!, the calculations yield several
Aj, modes, including a mode at 400.9 cm™! that involves
axial displacements of in-plane oxygen atoms against the
NiO; planes in both the ML block and the outer TL lay-
ers [Fig. 4(d)]. Experimentally, a dominant phonon peak
is observed near 400 cm~! in both the ML-TL and pure
TL compounds. In the latter case, however, this mode has
been identified as an A, vibration dominated by in-plane
bond-stretching displacements of basal oxygen atoms in the
outer NiO, planes [47]. These distinct displacement patterns
illustrate that frequency proximity alone does not necessar-
ily imply a common eigenvector across structurally related
phases. An additional computed A;, mode in the P4/mmm
structure at 424.6 cm™! involves out-of-plane displacements
of apical oxygen atoms in the outer TL layer, while distortions
in the ML block are small [Fig. 4(e)]. The highest-energy
computed mode at 629.3 cm~! exhibits E, symmetry and is
dominated by in-plane horizontal displacements of oxygen
and Ni atoms in the outer TL layer [Fig. 4(f)].

Taken together, the P4/mmm reference calculations in-
dicate that the ML unit contributes actively and in a
mode-selective manner to the lattice dynamics of the
ML-TL structure. A detailed mode-by-mode correspondence,
however, requires future calculations for the full Fmmm
structure.

C. Electronic Raman response

As a next step, we examine the polarization and temper-
ature dependence of the electronic Raman response over an
extended energy range up to 2000 cm~'. For the ML-TL
polymorph, the hump feature at 910 cm~' defines an upper
energy scale beyond which the spectra in all four polarization
channels are largely featureless and exhibit only a weak tem-
perature dependence [Figs. 5(a)-5(d)]. This feature is most
pronounced in the parallel polarization channels [green ar-
rows in Figs. 5(a) and 5(b)] and is strongly suppressed in
the crossed channels [Figs. 5(c) and 5(d)]. These character-
istics closely resemble those reported for the corresponding
910 cm ™! feature in the TL compound [see Ref. [47] and
green arrows in Figs. 5(e) and 5(f)], where it has been inter-
preted either as the 2A py peak associated with an intertwined
DW [47] or as a bimagnon excitation [81].

Remarkably, the ML-TL phase exhibits an additional dis-
tinct peaklike feature near 680 cm~' at low temperatures,
with a linewidth comparable to that of the 910 cm™' hump.
This feature is most prominent in the xy polarization channel
[purple arrow in Fig. 5(c)], although weaker signatures are
also visible in the other channels. No analogous feature is ob-
served in the TL compound [Figs. 5(e)-5(h)]. Instead, the TL
spectra show a pronounced suppression of spectral weight in
this energy range upon cooling, extending from low energies
up to the 910 cm~! feature [Figs. 5(e) and 5(f)], which has
been associated with the incoherent opening of the DW gap
[47]. In ML-TL, a partial suppression of low-energy spectral
weight is also discernible in the xy channel between 100 and
350 cm~!. However, because this effect is essentially absent
in the other polarization channels [Figs. 5(a), 5(b), and 5(d)],
a direct analogy to the TL behavior is not straightforward.

These observations raise the question of whether the pres-
ence of the ML block can directly account for the additional
680 cm™! feature unique to the ML-TL phase. To address
this, we performed reference measurements on the pure ML
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from Ref. [47].

compound [Figs. 5(1)-5(1)]. While the ML spectra indeed
exhibit several high-energy features, these are generally much
sharper than those observed in the ML-TL and TL compounds
between 500 and 910 cm~!. This is also the case for a promi-
nent feature near 680 cm~! in the ML material, which is
most intense in the x’x’ and x’y’ polarization channels and
can be assigned to a phonon mode. Moreover, in contrast to
the ML-TL spectra, this mode in the ML compound shows
a significant reduction in spectral weight upon cooling from
327 to 36 K [Fig. 5(j)], consistent with a phononic origin and
with its relation to the orthorhombic-to-tetragonal structural
phase transition of the ML compound at low temperatures
[76]. Several of the higher-energy features in ML are multi-
phonon peaks and the broad feature around 1700 cm~! likely
corresponds to a bimagnon [88].

Nevertheless, an electronic Raman feature reminiscent of
the 680 cm™! peak in ML-TL has been reported in the BL
compound below 150 K, where it was attributed to SDW
formation [40]. Notably, in the BL compound the character-
istic 650 cm~! feature emerges exclusively in the xy channel,

occurring most pronounced in the xy channel of ML-TL. The TL spectra in (e)—(h) are adopted

whereas in our ML-TL spectra it persists in multiple polar-
ization channels, albeit with reduced intensity. Furthermore,
BL exhibits a second SDW-related feature appearing only in
the x’y’ channel near 370 cm~!. In ML-TL, spectral weight
gain at low temperatures is also observed in the x’y’ channel
around 500 cm™!, which however might be associated with
increasing intensity of closely spaced phonon modes in this
energy range.

Overall, the low-temperature evolution of the integrated
spectral weight in the 430-600 cm~! range is less clearly
monotonic than at higher temperatures, leaving open the
possibility of an additional electronic contribution. At the
same time, the pronounced internal peak structure (see de-
tailed fits with individual peak profiles in the Supplemental
Material) indicates that a substantial phononic component
remains present. In contrast, the 680 cm™! feature shows a
qualitatively different temperature dependence, exhibiting a
pronounced intensity enhancement with an onset between
170 and 200 K. Therefore, the 680 cm™! feature is attributed
to electronic Raman scattering likely associated with DW
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formation. Taken together, since none of the low-temperature
emergent features can be directly traced to an origin in the
isolated ML block, the electronic Raman response of the
ML-TL polymorph cannot be understood as a simple super-
position of its ML and TL constituents, but instead reflects a
distinct electronic structure intrinsic to the ML-TL phase.

IV. DISCUSSION

Our comparative Raman study reveals a nuanced inter-
play between lattice dynamics and electronic excitations in
the ML-TL polymorph, highlighting both similarities to and
important departures from the behavior of the pure TL and
BL compounds. At room temperature, the phononic Raman
response of the ML-TL phase closely resembles that of the
pure TL compound. However, the P4/mmm reference calcu-
lations reveal representative displacement patterns involving
atoms in both the ML and TL blocks, showing that the ML-
TL lattice supports Raman-active vibrational motifs involving
both structural constituents. Specifically, while the TL block
remains a dominant contributor to the lattice dynamics, the
ML block is clearly not only a passive structural spacer. In-
stead, it hybridizes with TL-derived vibrations and actively
shapes the phonon spectrum of the ML-TL polymorph.

Beyond similarities and subtle differences to the TL spectra
at room temperature, unique characteristics of the phononic
Raman response of the ML-TL phase emerge upon cooling.
In particular, a pronounced cluster of modes emerges between
430 and 600 cm~!, most prominently in the xx and x'x’ po-
larization channels. Its pronounced internal peak structure
demonstrates a substantial phononic contribution, while an
additional or mixed contribution from an electronic excitation
cannot be separated unambiguously in the present data.

In contrast to the continuous temperature evolution of the
well-resolved lower-energy phonons, the electronic Raman
scattering shows qualitatively new features at low tempera-
tures. Specifically, a broad feature develops near 680 cm™!
that has no direct analog in the TL compound and also
differs from the polarization selection rules of the SDW
feature reported for the BL phase [40]. The distinctive
symmetry-dependent redistribution of spectral weight at low
temperatures indicates that a simple transfer of the BL SDW
scenario to the ML-TL phase is insufficient. Furthermore,
the vanishing of spectral weight associated with the DW gap
opening in the pure TL compound [47] is absent or super-
posed by the emergence of the 680 cm~' feature in ML-TL.
Nevertheless, the feature near 910 cm™! attributed to short-

range CDW fluctuations in pure TL [47] occurs closely similar
in ML-TL across the different polarization channels, indicat-
ing comparable CDW correlations in the TL block of ML-TL.

These findings suggest that the ML-TL polymorph does
not simply inherit the DW physics of the TL or the BL
compound, but instead realizes an at least partially distinct
correlated electronic state. This conclusion is consistent with
recent theoretical work predicting that the periodic insertion
of ML blocks leads to a more complex electronic structure
than in the pure TL phase, including additional Fermi surface
sheets and enhanced correlations [62,67]. The ML blocks
therefore not only modify the lattice dynamics but also qual-
itatively alter the low-energy electronic excitations probed by
Raman scattering.

V. CONCLUSION

In summary, our study compared the unique Raman
spectroscopic fingerprints of the RP family members ML
La;NiOy4, BL La3Ni,O;, TL La4Ni3Oyg, and the polymorph
ML-TL La3Ni,O7, providing clear benchmarks for phase
identification and characterization studies. A central result
is that, although the room-temperature Raman spectra of
ML-TL and TL appear closely similar, pronounced differ-
ences emerge at low temperatures, particularly affecting the
polarization-resolved electronic Raman response. We attribute
these contrasts to subtle but important differences in the un-
derlying electronic structures of the two materials, driven by
self-doping and quantum-confinement effects from the ML
unit in the ML-TL crystal structure. Understanding how these
differences relate to superconductivity, in particular to the
possibly reduced T, of ML-TL [53] compared to TL and BL,
will be an important direction for future work.
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