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Metallic crossover through the tilt-free transition in La3Ni2O7 at high pressure and temperature
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La3Ni2O7, a bilayer nickelate with Ruddlesden-Popper structure, undergoes a pressure-induced structural
transition from a tilted Amam phase to an untilted Fmmm (or I4/mmm) phase near 10–15 GPa, concomitant
with the emergence of high-Tc superconductivity (Tc ∼ 80 K). Despite intense interest, the phase boundaries and
the impact of structural changes on the electronic properties remain unclear. Here, we combine high-pressure
and high-temperature Raman and synchrotron-based infrared spectroscopies to map the structural and electronic
evolutions. Raman measurements confirm the pressure-driven structural transition and reveal the emergence
of Fano line shapes, indicating enhanced electron-phonon coupling. High-temperature data show analogous
spectral signatures above 544 K, suggesting an upper temperature limit of the Amam phase within the T-P phase
diagram of this system. Infrared reflectivity measurements evidence a concomitant enhanced metallicity, with
a tremendous two-order-of-magnitude increase in carrier density, marking a crossover from a weakly to highly
metallic state. These results establish a unified picture of the structural transition and its strong coupling to the
electronic properties.

DOI: 10.1103/832c-p7qj

Introduction. Superconductivity in nickelates has long
been sought, particularly in the perovskite series RNiO3

(R = rare-earth cation) [1]. These compounds exhibit a com-
plex phase diagram, including structural, metal-insulator, and
antiferromagnetic transitions, which depend on temperature
(T) and the tolerance factor (t) controlled by the size of the R
cation [2,3].

Although superconductivity has not been observed in the
perovskite structure, structural distortions—particularly the
tilting of NiO6 octahedra—are believed to prevent its emer-
gence. This has led to the exploration of layered nickelates,
where reduced dimensionality and altered NiO6 connectivity
can mitigate such distortions. In 2019, superconductivity was
discovered in thin films of hole-doped infinite-layer RNiO2,
with a Tc ∼ 15 K [4,5].

Recently, superconductivity has also been reported in the
bilayer Ruddlesden-Popper compound La3Ni2O7 under pres-
sure, with Tc reaching up to 80 K at 10–15 GPa [6,7].
At ambient conditions, the system crystallizes in a tilted
orthorhombic Amam structure, whereas pressure induces a
structural transition that suppresses the tilts in NiO6 octahe-
dra, resulting in high-Tc superconductivity [6].
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Understanding the relationship between lattice structure,
electronic properties, and superconductivity is crucial to un-
ravel the mechanism of high-Tc superconductivity in these
systems. However, the high-pressure structure of La3Ni2O7

remains debated, with conflicting reports suggesting either an
orthorhombic Fmmm or a tetragonal I4/mmm phase based on
x-ray diffraction and theoretical calculations [7–11]. Recent
Raman studies propose a continuous evolution under pressure,
from a coexistence of Amam and Fmmm orthorhombic phases
to a pure I4/mmm tetragonal phase [12]. As a result, the onset
of this transition in the temperature-pressure (T-P) phase dia-
gram remains incomplete [6,8]. These structural changes are
also expected to significantly influence free carriers, similar
to perovskites where lattice distortions govern metal-insulator
transitions [2].

Here, we address these issues by performing high-pressure
(HP) and high-temperature (HT) Raman spectroscopy on
La3Ni2O7 single crystals, complemented by infrared and
visible reflectivity measurements, revealing pressure- and
temperature-induced metallic crossover through the structural
transition. Details on the crystal growth and the experimental
setups are provided in the Supplemental Material [13] (see
also Refs. [14,15] therein).

Structural transition. We performed high-pressure Raman
measurements up to 17 GPa in a diamond anvil cell at room
temperature (T = 300 K), using a 532 nm green laser to
probe the ab plane of La3Ni2O7. Spectra were collected in
the 100–1000 cm−1 range. Figure 1(a) shows the Raman
data at selected applied pressures (for further spectra see
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FIG. 1. Structural transition observed in Raman spectra under
high pressure and high temperature (laser heating). Temperatures,
derived from anti-Stokes thermometry (Methods [13]), are rounded
and correspond to the midpoints of their uncertainty ranges (see
Fig. 2).

Fig. S1 [13]). The Raman spectrum at 0.8 GPa (black curve)
shows peaks ordered from low to high Raman shift: modes at
163 cm−1, 233 cm−1, and 360 cm−1 [labeled (1)], followed
by peaks at 419 cm−1 [mode (2)] and 565 cm−1 [mode (3)],
the latter being the most intense. We observe three pressure-
induced trends, all of which reverse upon pressure release:

(i) All peaks gradually blueshift (black dotted lines).
(ii) Main peaks (1) and (3) gradually broaden, disappear-

ing completely around 14–15 GPa.
(iii) Peak (1) develops an asymmetric Fano line shape

above 5–6 GPa (see blue and green curves) [16], deviating
from a symmetric Lorentzian to a skewed profile (sawtooth-
like in our case).

The appearance and gradual development of a Fano-like
line shape in the Raman spectrum reflect the interference
between the phonon excitation and an underlying elec-
tronic continuum [16,17]. This asymmetry, characteristic of
electron-phonon coupling, becomes more pronounced above
∼6 GPa. As pressure increases, the intensities of the peaks de-
crease, ultimately leading to the complete suppression of the
Raman signal around 15 GPa. This marks the structural transi-
tion from the orthorhombic Amam phase to a high-symmetry
tilt-free phase.

By systematically varying the incident laser power, we
observe a strong dependence of the Raman spectra on heating.
Measurements at ambient pressure reveal spectral features
similar to those obtained under high pressure [Fig. 1(b)],
except that the Raman modes exhibit a redshift rather than
a blueshift, consistent with lattice expansion induced by laser
heating. The corresponding temperatures are determined from
the Stokes/anti-Stokes intensity ratio (see Methods [13]).

The temperature dependence of the Raman spectra reveals
that the Amam phase vanishes between 480 and 700 K, mark-
ing an upper-limit temperature for the structural transition in
the T-P phase diagram of bilayer nickelates. This effect is
fully reversible upon reducing laser power. Previous studies
on nickelate perovskites (RNiO3) have shown that laser heat-
ing induces structural, metal-insulator, and antiferromagnetic
transitions [3]. To quantify the observed effect, we conducted
Raman spectroscopy on a La3Ni2O7 sample mounted on a
heating stage, which enabled precise determination of the on-

FIG. 2. Pressure and temperature evolutions of fitting parameters
from Raman modes (1), (2), and (3). HP data are shown as blue
symbols, HT data as red symbols, with a double x scale allowing for
comparison of pressure and temperature effects on the modes. Peak
parameters for (1), (2), and (3) are represented by circles, squares,
and diamonds, respectively. Empty red symbols correspond to data
from laser heating experiments, with temperatures determined by
anti-Stokes thermometry (Methods [13]).

set temperature of the structural transition at ambient pressure
to be 544 K (see Fig. S2(a) and (b) [13]), in strong agreement
with a reported transition of 550 K observed decades ago in x-
ray diffraction, transport, and magnetic susceptibility [18–20].

In Fig. 2, we systematically analyze the HP-HT Raman
dataset for modes (1), (2), and (3), tracking their peak posi-
tions, widths (FWHM), integrated intensities (∝ peak size ×
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FWHM), and Fano parameters 1/|q| under pressure and heat-
ing (see Figs. S3, S4, and Methods [13]). Phonon (2) remains
stable up to 17 GPa and 1200 K without significant changes
in width and intensity (see Fig. S4 [13]). In contrast, phonons
(1) and (3) broaden and vanish under pressure at 300 K and
show similar behavior upon heating at 0 GPa:

(i) Phonons blueshift with pressure and redshift with in-
creasing temperature up to 15.25 GPa/544 K, where they
exhibit pronounced softening at the structural transition
[Fig. 2(a)].

(ii) FWHM increases linearly with both pressure and tem-
perature for phonon (3), and exhibits a dramatic damping near
the transition [Fig. 2(b)], similarly for phonon (1) (Fig. S3(a)
[13]).

(iii) Integrated phonon intensities remain constant at low
pressure/temperature until 6 GPa/400 K, then progressively
vanish at 15.25 GPa/544 K [Figs. 2(c) and Fig. S3(b) [13]].

When a phonon is associated with a specific structural
phase, its relative integrated intensity serves as a proxy for the
corresponding volume fraction [21]. Phonon (3), originating
from vibrations of tilted NiO6 octahedra, acts as a fingerprint
for the Amam phase [12]. By normalizing its integrated inten-
sity to 100% at low pressure and temperature, we track the
evolution of the Amam volume fraction [Fig. 2(c); similarly
with phonon (1) in Fig. S3(b) [13]]. The data reveal that the
sample remains fully in the Amam phase below 6 GPa and
400 K. Above these conditions, a continuous transition occurs
toward a tilt-free structure, with the Amam phase disappear-
ing completely above 15.25 GPa or 544 K. The intermediate
region (6–15.25 GPa) corresponds to a coexistence regime of
tilted Amam and tilt-free phases. The coexistence clearly ends
at 15.25 GPa (300 K) and 544 K (0 GPa), where phonons
(1) and (3) exhibit strong softening and damping. The points
(6 GPa, 300 K) and (0 GPa, 400 K) mark the onset of the
coexistence region in the T-P phase diagram.

In the visible range, we observe a reproducible color
change of the sample upon heating from 300 K to 673 K,
shifting from pink to blue (see top images in Fig. 2). To rule
out an artifact from the microscope camera, we performed
visible reflectivity measurements. As shown in Fig. S5 [13],
the reflectivity remains relatively unchanged between 300 K
and 423 K, consistent with the pure Amam phase. In contrast,
a pronounced decrease in reflectivity occurs in the red (low-
energy) region between 423 K and 573 K, with no further
change above 573 K, i.e., beyond the structural transition.
These results indicate a significant modification of the elec-
tronic structure, linked to changes in interband transitions
across the transition.

Metallic crossover. As discussed above, phonon (1) de-
velops a Fano line shape upon increasing pressure or
temperature. In Fig. 2(d), we plot 1/|q|, where q is the Fano
parameter (Methods [13]), as a function of pressure (blue
circles) and temperature (red circles). The quantity 1/|q| re-
flects the strength of the electron-phonon coupling. It remains
negligible below 6 GPa and 400 K, and then increases pro-
gressively, reaching a maximum as the phonon disappears at
15.25 GPa or 544 K. For the temperature-dependent data,
1/|q| slightly decreases just below the transition, likely due
to strong phonon softening and damping, which may affect
the coupling strength. Previous studies have observed that

some low-frequency phonons develop a Fano line shape and
survive above the structural transition, with their asymmetry
largely unchanged [12]. This suggests that, starting from the
coexistence region, the density of free carriers progressively
increases, strengthening their coupling to phonons, before it
saturates above the structural transition.

To investigate the pressure evolution of free charge carriers,
we performed synchrotron infrared reflectivity measurements
at 300 K in a diamond anvil cell up to 16.9 GPa [see Fig. 3(a)
and further in Fig. S6(a) [13]]. The reflectivity spectrum at
0.4 GPa (black curve) is consistent with previous reports,
exhibiting a strong infrared-active phonon at 695 cm−1 and a
plasma edge at low frequency around 2500–3000 cm−1 [22],
associated with the free carrier response. Upon increasing
pressure, the phonon mode at 695 cm−1 progressively dis-
appears, while the reflectivity in the 2500–3000 cm−1 range
increases by approximately a factor of 3 at 16.9 GPa (red
curve). Concomitantly, the plasma edge shifts to higher fre-
quencies, beyond our measured spectral range.

We extracted the plasma frequency of free carriers, ωp, by
performing a least-square fitting procedure of the reflectiv-
ity spectra, modeling the diamond interface with a dielectric
constant εd = 5.84 (refractive index nd = 2.42) and the nicke-
late dielectric function with Drude-Lorentz contributions (see
Methods [13]). To constrain the high-frequency response, we
combined room- and high-temperature visible reflectivity data
(300 K and 673 K), assuming that HP and HT lead to sim-
ilar reflectivity in the visible range. From the best-fit results
(Fig. S7 [13]), we obtain ωp = 3450 cm−1 at 0.4 GPa and
ωp ≈ 32 000 cm−1 at 16.9 GPa. The pressure dependence of
ωp is shown with blue circles in Fig. 3(b). Since ω2

p ∝ n/m,
where n is the carrier density and m the effective mass, our
analysis reveals an increase of nearly two orders of magnitude
in free carrier density in the HP tilt-free phase compared to the
Amam phase, assuming a weak variation of the effective mass
[see Fig. S6(b) [13]]. Infrared spectroscopic measurements
unambiguously demonstrate a strong increase in carrier den-
sity at the structural transition, consistent with the enhanced
electron-phonon coupling reflected by the Fano parameter of
the phonon modes, which highlights a metallic crossover from
a low-carrier-density to a high-carrier-density metal.

Phase diagram. We construct the T-P phase diagram
(Fig. 4), identifying boundaries between the tilted Amam
phase, the coexistence region (Amam + tilt-free), and the
pure tilt-free phase, represented by the pink, purple, and
blue zones, respectively. The pink region corresponds to the
tilted Amam structure, associated with a weakly metallic
state, while the blue one denotes the tilt-free structure, cor-
responding to a high-carrier-density metal. High-pressure and
high-temperature Raman measurements define key points at
(6 GPa, 300 K), (15.25 GPa, 300 K), (0 GPa, 400 K), and
(0 GPa, 544 K), marked by pink and purple circles.

The dashed lines separating the regions serve as guides
to the eye, connecting these points and suggesting ver-
tical boundaries at low temperature, consistent with low-
temperature x-ray diffraction measurements [6]. This phase
diagram reveals a clear correspondence between the Amam
phase and the density-wave-like (DW-like) order at low pres-
sure, and between the tilt-free phase and superconductivity at
high pressure. Superconductivity emerges at the boundary of
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FIG. 3. Evidence for a metallic crossover from HP infrared reflectivity. The grayed region in panel (a) corresponds to strong absorptions
by diamond phonons, which introduces significant noise and limits the reliability of the reference signal, particularly at HP (modifications in
diamond phonon modes).

FIG. 4. T-P phase diagram constructed from pressure- and
temperature-dependent Raman measurements. Black and green trian-
gles indicate the onset temperatures of the DW-like order (TDW) and
superconductivity (Tc), respectively, with filled symbols for single
crystals [6] and open symbols for polycrystals [7]. Pink and purple
circles represent onset pressures and temperatures from our Raman
data. The pink, purple and blue regions correspond to the Amam
(weakly metallic), coexistence (Amam + tilt-free), and pure tilt-free
(high-carrier-density metal) phases, respectively. Strange metallicity
is also reported in the high-pressure region (blue) [24]. A color
gradient in the superconducting region highlights the crossover from
filamentary to bulk superconductivity [7,23]. Schematic represen-
tations of tilted and tilt-free NiO6 octahedra are included (adapted
from [6]).

the coexistence region around 6 GPa, coinciding with an in-
crease in carrier density. Previous studies suggest a crossover
from filamentary superconductivity emerging at 6–7 GPa to
bulk superconductivity near 15 GPa [7,23], consistent with
the evolution of the structural transition. Superconductivity
may initially develop within tilt-free domains embedded in the
coexistence phase, leading to its filamentary aspect.

Summary. In this work, we combined pressure- and
temperature-dependent Raman spectroscopy, complemented
by high-pressure infrared reflectivity measurements, which
together reveal a pressure- and temperature-driven transition
from a tilted Amam structure to a tilt-free phase.

Phonons at 360 cm−1 (1) and 565 cm−1 (3) disappear
above 15.25 GPa or 544 K, accompanied by strong softening
and damping (Figs. 2 and S3 [13]), providing clear evidence
of the structural transition. The integrated intensity of these
modes, tracking the Amam volume fraction, remains nearly
constant at low pressure/temperature, decreases within the
coexistence region, and vanishes at the transition [Figs. 2(c)
and S3(b) [13]]. In parallel, the Fano parameter 1/|q| strongly
increases above ∼6 GPa or 400 K [Fig. 2(d)], together with
the plasma frequency ωp of the free electrons [Figs. 3(a)
and 3(b)], highlighting a pressure- and temperature-induced
metallic crossover.

These results establish a direct relation between the struc-
tural transition and the crossover from a weakly to highly
metallic state with significantly enhanced carrier density.

We also observe a close concomitance between the emer-
gence of the tilt-free phase and superconductivity above
∼6–7 GPa in the T-P phase diagram (Fig. 4), underlining
the important role of the structure as a prerequisite for su-
perconductivity. However, the stabilization of the tilt-free
I4/mmm phase at ambient conditions in high-pressure O2-
annealed samples does not induce superconductivity [25],
emphasizing that while high-symmetry structure and metallic-
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ity are important, they are insufficient by themselves to trigger
superconductivity.

In layered nickelates, the presence of the DW-like order
at low pressure, together with reports of linear-in-temperature
resistivity, suggests the existence of strong electronic fluctu-
ations extending into the highly metallic region, potentially
contributing to a strange-metal behavior (Fig. 4) [1,6,24].
This situation is reminiscent of cuprates, where infrared spec-
troscopy reveals a direct link between superconductivity and
electronic correlations, together with signatures of Planckian
dissipation in the strange-metal region [26,27].

Within this framework, fluctuations associated with the
DW-like phase may provide a possible route to the super-
conducting pairing mechanism in the vicinity of the structural
transition, although further work is required to establish their
precise role. Overall, superconductivity in La3Ni2O7 appears
intimately connected to the structural-driven metallic en-
hancement, which defines the electronic environment in which
charge pairing emerges.
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