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Metallic systems with delocalized valence electrons host collective charge density os-
cillations known as plasmons. On the other hand, conventional insulators do not have free
electrons and the low-energy charge degrees of freedom are pinned to the ions. The fate
of the collective charge excitations in the intermediate regime is an outstanding question.
This problem is especially important for strongly correlated systems such as the layered
cuprates, where unconventional superconductivity and other emergent phenomena arise
from valence electrons on the border between Mott localization and itinerancy. Using
resonant inelastic xray scattering, we track this evolution in the prototypical electron-doped
cuprate Nd,_,Ce,CuO,. We find a continuous transformation of the low-energy charge
response: from an acoustic plasmon in the metallic regime, to a gapped mode with a
dispersion anomaly at intermediate doping, and finally to a nearly dispersionless 139 meV
excitation at half filling. The 139 meV excitation at zero doping has approximately twice
the energy of the oxygen phonons responsible for the dispersion anomaly observed in
angle-resolved photoemission spectroscopy. To explain this evolution, we introduce an
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inhomogeneous microscopic framework where plasmons in metallic regions couple with
two-phonon excitations in insulating regions. These results establish a unified picture of
collective charge excitations across the phase diagram of electron-doped cuprates and
reveal a missing link in the charge dynamics of carrier doped Mott insulators.

DOLI: 10.1103/nbry-mk8w

I. INTRODUCTION

While plasmons in good metals are well understood [1], recently there has been strong interest in
the behavior of collective charge excitations in strongly correlated systems on the border between
itinerancy and localization. This is because many puzzling phenomena such as strange metals [2—5]
and high-temperature superconductivity [6,7] manifest in the charge sector upon doping the Mott
insulating state [8—10]. The cuprates is an ideal model platform for investigating unconventional
charge dynamics, as they host a rich phase diagram of insulating, metallic, and superconducting
states [7]. At half filling, the strong Coulomb potential localizes charge carriers to a single electron
per site, leading to a Mott-insulating ground state. When heavily doped, these compounds behave
like metals with Fermi-liquid-like properties [11,12]. In the intermediate doping regime, there are
signatures of a strange metal phase [2-5], where the charge quasiparticle is not well defined [13].
A pressing question is how the collective charge excitations behave, if they exist at all, in the
underdoped regime and across the Mott transition.

Previous resonant inelastic x-ray scattering (RIXS) measurements at the Cu L edge observed
sharp acoustic plasmons in electron-doped cuprates near optimal doping [14]. The plasmon disper-
sion appears to be gapless at the Brillouin zone center for nonzero perpendicular wave vectors,
consistent with a two-dimensional confinement of the electrons with weak interlayer hopping.
When the interlayer hopping is strong, as in the case of the infinite layer electron-doped cuprates,
there can be a finite Brillouin zone center gap induced by interlayer hopping [15]. P-type plas-
mons have also been observed by RIXS at the O K edge [16], as the doped holes reside on
the oxygen sites. The p-type plasmons tend to be weaker in intensity compared to the n-type
plasmons [17].

The relationship between these plasmons and high-transition-temperature superconductivity is
a long-standing question [18-20]. To gain insight into this question, it is imperative to reveal how
these plasmons evolve toward the lightly doped regime, where the pairing interaction is thought
to be strong [21]. The previous RIXS works on the electron-doped cuprates mainly focused on
La,_,Ce,CuOy films [22], which tend to be metallic even in the nominally underdoped regime.
They also cannot be synthesized as a single phase for doping below about 10% [23], thus limiting the
accessible doping range. A previous work studied the doping dependence of plasmons in hole-doped
Lay_,Sr,CuQOy4 and apparently found a reduction of the plasmon energy with decreasing doping
down to p = 0.05 [24]. However, the broadness of the p-type plasmons and limited momenta points
prevented an accurate extraction of the plasmon dispersions.

In this work, we investigate the behavior of collective charge excitations in a prototypical
electron-doped cuprate Nd,_,Ce,CuOy4 from x = 0 to x = 0.14 using RIXS at the Cu L3 edge.
This doping range spans a large region of the phase diagram from the Mott-insulating parent
compound to near the optimally doped superconducting regime [25-27]. The lightly doped regime
in electron-doped cuprates is of particular interest, as recent angle-resolved photoemission spec-
troscopy (ARPES) studies found a hierarchy of energy gaps strongly affecting the low-energy
valence electronic states [28]: an antiferromagnetic gap that reconstructs the Fermi surface to small
pockets centered at the (0, 7) and equivalent points; an anomalous normal state gap that further gaps
the reconstructed pockets. This cascade of energy gaps may strongly affect the low-energy charge
dynamics in the lightly doped regime. Our current work tracks the evolution of the collective charge
excitation from the Mott insulator to the superconducting regime, revealing its transformation from
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a nearly dispersionless two-phonon-like mode into an acoustic plasmon through an intermediate
gapped mode with a dispersion anomaly.

II. COLLECTIVE CHARGE EXCITATIONS ACROSS THE MOTT TRANSITION

We first examine the overall behavior of the low-energy collective charge excitations as a
function of doping. Figure 1(a) shows energy-momentum spectra along the (h, 0, 1) direction in
reciprocal space, taken with a photon energy at the peak of the Cu L;-edge resonance (see Fig. S1
of the Supplemental Material [29]). We use o-polarized photons (E field within the CuO plane)
to highlight the charge excitation more prominently. For x = 0.14, we observe dispersive acoustic
plasmons, similar to those reported in previous RIXS studies [14]. With decreasing electron doping,
the dispersion velocity decreases, accompanied by the development of an excitation gap near the
Brillouin zone center [Fig. 1(a)]. At x = 0, in addition to a strong magnon dispersion due to the
long-range antiferromagnetic order [30], there is a collective mode at around 139 meV with no
observable dispersion.

To gain further insight, we first extract an approximate dispersion velocity by linear fits at
different dopings [Fig. 1(b)]. Overall, we find that the plasmon velocity does not follow the expected
J/x dependence [31] at [ = 1 for x > 0.12. The velocity exhibits a jump near x = 0.12 [Fig. 1(c)],
which is associated with the antiferromagnetic Fermi surface reconstruction [32,33], where the large
Fermi surface is folded across the antiferromagnetic zone boundary to form small reconstructed
pockets. Concomitantly, there is a change in the carrier density from being proportional to x at low
dopings to being proportional to 1 — x at high dopings. Example data fitting is presented in Fig. S2
of the Supplemental Material [29].

To clarify the evolution of the collective charge excitation, we first examine their nature at the
limit of the Mott insulator. The RIXS energy distribution curves in Fig. 2(a) reveal the evolution of
the low-energy features in undoped Nd,CuQOy along the (k, 0, 1) direction. Apart from the elastic
line, we observe a one-phonon feature at around 50 meV, a dispersing magnon feature, and an
excitation near 139 meV with apparently no observable dispersion. Here, because of long-ranged
antiferromagnetic order in the undoped sample, we still observe a strong magnon feature even with
o incident photons. The magnon feature is further enhanced in the spectra taken with 7 photons
[Fig. 2(b)]. At the same time, the 50 meV phonon and the 139 meV excitation are highlighted more
prominently in the spectra taken with incident photons with o polarization. The dispersions of the
magnon and the 139 meV excitation are summarized in Fig. 2(c). We also checked the dispersion
of the 139 meV mode along the / direction at a fixed & value and found that there is no appreciable
dispersion perpendicular to the CuO; planes [Fig. 2(d)]. The dependence on the incident photon
polarization and the energy scale suggest a charge origin for the 139 meV mode.

With an understanding of the behavior at half filling, we now examine the evolution of the
excitation spectrum upon light doping. Figure 3(a) shows the RIXS spectra from Nd; 9¢Ce 04CuOy
along the (h, 0, 1) direction, taken with incident photons of o polarization. The signature of the
nearly dispersionless mode can still be resolved near the zone center for 7 < 0.06, but it becomes
less pronounced with a slightly softened energy of about 120 meV. For higher momentum, the
charge excitation intersects with the magnon to form a single peak, as electron doping weakens the
magnon intensity such that both excitations have similar intensities. To distinguish between these
two components, we perform polarization-resolved RIXS at & = 0.08 [Figs. 3(b) and 3(c)]. The
magnon peak at around 100 meV, which manifest prominently in the cross-polarization 7o’ and
o’ channels, possesses a lower energy than the charge peak (around 150 meV) extracted from the
parallel polarization channels (w7’ and oo”’). Furthermore, since the RIXS spectra taken with -
polarized photons is dominated by the magnon peak [e.g., Fig. 3(b)], it can be used to constrain the
magnon peak position and extract the component of charge excitations in the polarization-integrate
spectra taken with o incident polarization for 4 > 0.06 (see Fig. S3 of the Supplemental Material
[29]). The extracted dispersions of the charge and magnetic excitations in Nd; 96Ceg04CuO, are
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FIG. 1. Collective charge excitations in Nd,_,Ce,CuO, revealed by RIXS. (a) Color plots of energy-
momentum RIXS spectra at different dopings measured with o -polarized incident photons along the (k, 0, 1)
direction. The doping levels, defined by the Ce content, are indicated above each panel. Gray dots indicate the
fitted positions of the dispersive low-energy charge excitations. In the x = 0 sample, blue dots represent the
magnon excitation and the gray dots represent the nearly dispersionless charge excitation. (b) Dispersions of
the low-energy charge excitation extracted from fits of the RIXS spectra for different dopings. Uncertainties are
derived from the one-sigma fit confidence intervals. Lines are linear fits to the data. (c) Slopes of the dispersions
extracted from the linear fit in panel (b). The error bars in the slope are from the linear fit uncertainties. Red
region indicates the doping where the antiferromagnetic Fermi surface reconstruction occurs. Red curve is a
guide to the eye for the expected /x dependence of the acoustic plasmon velocity at nonzero /. Red arrow
highlights the plasmon velocity jump due to the carrier density change associated with the Fermi surface
reconstruction (red shaded region). Insets in panel (c) show schematics of the Fermi surface with (left) and
without (right) Fermi surface reconstruction in 1/4 of a Brillouin zone. Black dashed lines in the insets indicate
the antiferromagnetic zone boundary. Blue color regions in panel (c) indicate the superconducting doping
range. All spectra were taken using the photon energy at the peak of the x-ray absorption spectra (see extended
Fig. 1) and at a temperature of 20 K.

summarized in Fig. 3(d). As can be seen, the charge excitation becomes dispersive at & > 0.07.

Importantly, it appears to emerge from the dispersionless mode near the Brillouin zone center.
Figures 3(e)-3(g) shows the RIXS spectra taken with o -polarized photons in a moderately doped

sample (x = 0.1). Here, the magnon is much weaker and is not clearly observable in the spectra
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FIG. 2. Low-energy charge excitation in Nd,CuQy. (a) RIXS energy distribution curves along (%, 0, 1) for
Nd,CuO,. Numbers next to each curve indicate the / value in r.l.u. Red markers indicate the charge excitation
and blue markers highlight the magnon. Arrow pointing at a low-energy single-phonon peak around 50 meV.
Note that this should not be interpreted as the single-phonon (£2) mode associated with the 139 meV two-
phonon (2€2) excitation. Black curve at the bottom is the Raman spectroscopy data on Nd,CuQO,. (b) RIXS
curves at the indicated & value along (h, 0, 1), for o and 7 photon polarizations. (c) Dispersion of the magnetic
and charge excitations extracted from fits of the RIXS spectra. Vertical error bars are from the one-sigma fit
confidence interval. (d) RIXS spectra along (0.03, 0, /), showing negligible dispersion in the out-of-plane /
axis. Gray dashed lines in panels (c) and (d) indicate 139 meV.

taken with o photons. Therefore, the dispersion of the charge excitations can be reliably extracted.
As shown in Fig. 3(g), the collective charge excitations are well separated from the magnon
dispersion, which is extracted from the spectra taken with 7-polarized photons. Interestingly, the
dispersionless region near the zone center is significantly reduced compared to the x = 0.04 sample.
The dispersion anomaly manifests as a bend at low momenta near (0.02, 0, 1) with an energy scale
of approximately 100 meV [Fig. 3(f)], representing further softening from 139 meV at zero doping
and 120 meV at x = 0.04.

III. HYBRID LATTICE-PLASMON EXCITATION

The experimental observations here show that there is a complex evolution of the collective
charge excitations between the undoped Mott insulator and the heavily doped metal. While the
acoustic plasmons at high dopings are well understood, the nature of the charge excitations in the
undoped and lightly doped regimes are unclear. The nondispersive mode observed in the undoped
sample has an energy that is incompatible with the known phonons in the system [34]. There are also
no features close to 139 meV in the optical conductivity of Nd,CuO4 [35]. However, this excitation
energy can be associated with a lattice excitation involving two phonons, as there are single phonons
with an energy near 70 meV [34]. This is consistent with observations in Raman scattering [36,37],
where a peak at 1178 cm™! (146 meV) was observed and attributed to two-phonon excitations
arising from lattice anharmonicity. Alternatively, this mode could be understood as a local bound
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FIG. 3. Charge excitation dispersion anomalies in doped NCCO. (a) RIXS energy distribution curves along
(h, 0, 1) for Nd, 9¢Ceg 04CuQy. Polarization-resolved RIXS spectra at & = 0.08 for 7 incident photons [panel
(b)] and o incident photons [panel (c)]. Colored curves represent polarization-resolved spectra. Black curves
represent spectra with integrated outgoing polarization. (d) Dispersions of excitations in the x = 0.04 sample
(h, 0, 1) direction. The solid red circles, solid red diamonds, and solid red squares represent the charge
excitation dispersion obtained using different analysis methods (see main text and extended data Fig. 3). Solid
blue circles represent the magnon dispersion. (e) RIXS energy distribution curves for Nd; ¢Cey;CuQOy. (f)
Fitting for x = 0.1 spectra near the Brillouin zone center, with a quasielastic peak (yellow), a low-energy
phonon (brown), a charge excitation (red), and a background that includes bimagnon and fluorescence features
(green). (g) Dispersions of excitations in the x = 0.1 sample along the (A, 0, 1) direction. Numbers next to each
curve in panels (a) and (e) indicate the momentum along (%, 0, 1); red markers indicate the charge excitation.
Gray dashed lines in panels (a), (d), (e), and (g) indicate 139 meV. Solid blue lines in panels (d) and (g) are
spin wave fits. Red shaded regions in panels (d) and (g) are guides to the eye for the hybrid charge excitation
(see main text and Fig. 4). Vertical error bars are from the one-sigma fit confidence interval.

two-phonon excitation [38], which may be more consistent with the unusually high intensity of the
observed mode. For generality, we use the term “22 excitation” to phenomenologically denote an
excitation with twice the single-phonon energy, without distinguishing between the weakly coupled
two-phonon overtone excitation and the strongly coupled bound biphonon. We also note that our
Raman measurements reveal a shoulder feature at around 125 meV in addition to the main peak at
around 140 meV [Fig. 2(a)], indicating that multiple 22 lattice excitations could be relevant.
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Given the similar energy scales, the nondispersive mode in the RIXS spectra at zero doping
is likely the same 22 excitation as observed in the previous Raman scattering results. We note
that Raman scattering has also observed unusually intense 22 excitation in insulating p-type
cuprates (La,CuQOy4, YBa;Cu3Og s, Bip Sty YCu,034.5) at nearly the same energy as Nd,_,Ce,CuOy
(NCCO) [39]. This supports the assignment of this 2€2 excitation to the same O motions within
the CuO, plane, as the out-of-plane O are quite different between NCCO and the p-type parent
compounds. Furthermore, La,CuQy is close to being stoichiometric after annealing, unlike the other
families. Thus, the observation of similar 22 excitations suggests that O defects likely do not play
a significant role in the origin of this mode.

The observed dispersion anomaly in the lightly doped regime is consistent with coupling between
the 22 excitation and the dispersive plasmon. The continuous doping-dependent energy shift of the
RIXS zone center charge excitation and the same softening of the 22 mode observed independently
by Raman spectroscopy (see Fig. S5 of the Supplemental Material [29]) further supports this
picture. Figure 4(a) shows a homogeneous effective model that captures the eigenstates of a coupled
lattice-plasmon hybrid mode. Here, the level repulsion between the hybridized branches of the
lattice plasmon effectively opens a gap at the Brillouin zone center. In the RIXS measurements,
the lower branch is difficult to observe within the experimental resolution due to the presence of
additional single-phonon excitations and the elastic line broadening. Furthermore, if damping of the
22 excitation is strong, the lower branch can become broad and less visible than the upper branch
(see Fig. S4 of the Supplemental Material [29]). We remark that the observed zone center gap in
NCCO is unlikely associated with the plasmon gap induced by ¢, interlayer hopping as proposed in
some other cuprates [15]. Due to the lack of an apical oxygen and long inter-CuO, plane distance,
the 7, in NCCO is expected to be the smallest among cuprates [40]. This is also supported by
ARPES studies that report appreciable c-axis band dispersion in La,_,Sr,CuQO,4 [41], but not in
Pry3_,Lag7Ce,CuOy4 [42] with the same crystal structure as NCCO.

Figures 4(b)-4(d) summarize the overall evolution of the collective charge excitations in the
electron-doped cuprates. At half filling [Fig. 4(b)], the electron wave functions are localized to the
Cu ions, and the only charge excitations below the charge transfer gap of about 1.5 eV [43] are
single- and multiphonon excitations. With light doping, we expect that a small amount of spectral
weight populates the Fermi level and acquire the potential to be mobile [44]. At low densities
additional localizing interactions (e.g., Coulomb localization or disorder effects) can dominate [45],
and in reality the low-temperature resistivity still behaves like an insulator at low dopings [46].
Thus, one does not expect the presence of propagating collective charge excitations in this regime, in
stark contrast to our observation. However, it is well known that lightly doped cuprates tend to form
nanoscale phase separation [47], which could naturally resolve this dilemma. In this view, the lightly
doped system consists of regions with incipient metallicity that support plasmon-like charge fluctu-
ations, coexisting with Mott-like regions where the 22 excitation is present [Fig. 4(c)]. Intraregion
propagation is enabled by the plasmon component in the metallic regions, while coupling to the 22
excitation in the Mott regions both facilitates interregion propagation and renormalizes the effective
velocity of the mode. At high dopings, where the electron wave functions are delocalized, metallic
regions dominate and the collective charge excitations behave like free plasmons [Fig. 4(d)]. At the
same time, the spectral signature of the 2€2 mode disappears due to diminishing insulating regions.

We remark that in the inhomogeneous model, the resulting spectra are not a simple sum of the
spectral weight of the insulating and metallic components. Rather, the 22 excitation and dispersive
plasmon are coupled near the boundaries. To demonstrate that the inhomogeneous scenario aligns
with the simplified homogeneous two-mode hybridization model discussed in Fig. 4(a), we develop
an effective theory based on a random network model, as presented in the Supplemental Material
[29]. Disorder and damping are taken into account, which affect the coupling quantitatively but
do not alter its fundamental nature. In addition, we emphasize that disorder alone cannot naturally
account for the correlated doping dependence of the Raman 22 feature and the zone-center plasmon
excitation energies observed in RIXS. Instead, the proposed inhomogeneous mode-coupling frame-
work provides the most natural and consistent explanation. Finally, while our framework primarily
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FIG. 4. (a) Schematic of a minimal, homogeneous effective model that captures—upon spatial averaging—
the hybridization between a plasmon mode and a nondispersive 2€2 lattice excitation (see the Sec. II for details).
The plasmon velocity decreases with decreasing doping, reflecting the reduced volume fraction of metallic
regions and the emergence of a nearly nondispersive 2€2 mode associated with the Mott insulating phase. In
addition, hybridization between these modes leads to an avoided crossing. Here, n denotes the carrier density,
g is the coupling constant, and 2€2 corresponds to twice the energy of the oxygen phonon mode responsible
for the dispersion kink observed in ARPES. For simplicity, here we ignore the effects of antiferromagnetic
Fermi surface reconstruction. (b) At half filling, one electron is localized on each Cu site by strong Coulomb
interactions, producing a Mott insulating state. The low-energy charge response contains a nondispersive 22
lattice excitation (right panel). Not shown are single-phonon excitations at lower energy. (c) With light doping,
the system may contain nanoscale metallic regions embedded in a Mott-like matrix. Short-range plasmonic
fluctuations in the metallic regions couple to nearby 22 lattice excitations, producing a broadened hybrid
response with mixed lattice and plasmonic character (right panel). (d) In heavily doped systems with abundant
metallic carriers, the collective charge excitations evolve into acoustic plasmons. The dispersion as a function
of out-of-plane momentum ¢, is shown on the right. Here, panel (d) denotes the interlayer spacing between
CuO; planes.

addresses the deeply underdoped regime, a key open question is whether this mechanism bears a
deeper connection to the spatial inhomogeneity of the superconducting gap and pseudogap observed
by scanning tunneling microscopy at higher doping concentrations [47,48].

IV. IMPLICATIONS FOR CUPRATE PHYSICS

Our demonstration of the 22 excitation and its evolution to a gapped dispersive collective
charge excitation is unexpected and has important implications for the nature of the cuprate ground
state. Previously, hybridization between plasmons and single-phonon modes has been observed in
low-density electron systems coupled to strongly polarizing phonons, such as graphene on SiC [49].
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Furthermore, coupling between plasmons and single phonons in the cuprate context was theoreti-
cally investigated [50-52] but not yet experimentally identified. However, in the weak coupling
limit, two-phonon overtone excitations arise from a high-order process and are normally extremely
weak compared to single-phonon excitations, unlike what is observed here. Remarkably, our Raman
results also show that while the single-phonon peaks exhibit little change with doping, the 22
excitation intensity is drastically reduced with increasing doping (see Fig. S5 of the Supplemental
Material [29]). Additional experimental and theoretical efforts are required to clarify the nature of
this unusual 2€2 excitation and its doping evolution.

As the ground-state wave function incorporates the zero-point fluctuations of these collective
modes, it is likely that they leave a measurable imprint on the unconventional phases in the cuprates,
including strange metallicity and high-temperature superconductivity. The observation of a similar
2Q2 excitation mode in p-type cuprates with Raman scattering [39] suggests that 22 excitations and
possibly lattice plasmons are ubiquitous in all cuprate families. Signatures of the hybrid mode may
be difficult to resolve in the p-type cuprates with RIXS due to the relatively weaker signal.

In the layered cuprates, even though phonons are thought not to be the progenitors of the
pairing interaction, it is widely documented that they strongly interact with the electronic states
[53,54] and may play a critical role in enhancing superconductivity [55]. In particular, anisotropic
electron-phonon interactions are thought to be beneficial to d-wave superconductivity [56]. While
the coupling between single phonons and electrons is extensively studied in the cuprate context
[57,58], 2€2 excitations and the putative hybrid lattice-plasmon modes have had much less con-
siderations. How these 22 lattice excitations and the associated hybrid excitations interact with
the antiferromagnetism is still an open question, and further work is required to elucidate any role
these excitations may play in pairing. Regardless of their microscopic mechanisms and relation to
electronic pairing, our results here have demonstrated that 22 excitations and plasmons play an
important role in shaping the electronic landscape in the layered cuprates.
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