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Plasmon dispersion in bilayer cuprate superconductors
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The essential building blocks of cuprate superconductors are two-dimensional CuOs sheets in-
terspersed with charge reservoir layers. In bilayer cuprates, two closely spaced CuO2 sheets are
separated by a larger distance from the subsequent pair in the next unit cell. In contrast to single-
layer cuprates, prior theoretical work on bilayer systems has predicted two distinct acoustic plasmon
bands for a given out-of-plane momentum transfer. Here we report random phase approximation
(RPA) calculations for bilayer systems which corroborate the existence of two distinct plasmons
bands. We find that the intensity of the lower-energy band is negligibly small, whereas the higher-
energy band carries significant spectral weight. We also present resonant inelastic x-ray scattering
(RIXS) experiments at the O K-edge on the bilayer cuprate Yo.s5Cag.15BazCusO7 (Ca-YBCO),
which show only one dispersive plasmon branch, in agreement with the RPA calculations. In addi-
tion, the RPA results indicate that the dispersion of the higher-energy plasmon band in Ca-YBCO
is not strictly acoustic, but exhibits a substantial energy gap of approximately 250 meV at the

two-dimensional Brillouin zone center.

Cuprate high-temperature superconductors have gar-
nered a prominent position in modern condensed matter
research [1]. In addition to superconductivity, a broad
range of phenomena, including the pseudogap, spin and
charge density wave orders, and the strange metal phase
[2-4], occur when charge carriers are introduced into the
CuO; sheets, which are periodically stacked along the
z-direction.

The electrodynamics of such a layered configuration
draws close parallels to that of the layered electron gas
(LEG) model [5-7], which was predicted to host uncon-
ventional plasmon excitations [8, 9]. Specifically, the
plasmon spectrum in a LEG system consists of one opti-
cal and several acoustic modes with a characteristic dis-
persion as a function of both the in-plane (q”) and the
out-of-plane momentum (¢,). For ¢. = 0, the plasmon
dispersion corresponds to the optical branch for all values
of q;. For a finite ¢., the plasmon dispersion follows the
acoustic branch, where the lowest-energy mode is reached
when ¢. = 7. This distinct three-dimensional (3D) de-
pendence of the plasmon dispersion in a LEG sets it apart
from the /g dispersion in a purely two-dimensional (2D)
system and the ¢ dependence in an isotropic 3D metal.

To calculate the details of the corresponding plasmon
dispersion in cuprates, several computational methods
have been employed [10-17], including the random phase
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approximation (RPA) [5, 8, 9, 18, 19] and a large-N the-
ory for the layered ¢-J model with long-range Coulomb
interaction (¢-J-V model) [20-24]. Yet, the majority of
theoretical studies considered cuprates with equidistantly
stacked CuOg sheets [Fig. 1(a)], whereas the cuprates
with the highest superconducting transition tempera-
tures (T.) are multilayer systems [1]. Specifically, in a
bilayer system, two closely spaced CuQO; planes are sepa-
rated by a substantially larger distance from the next set
of planes in the subsequent unit cell [Fig. 1(b)]. For such
bilayer systems, the generalized RPA approach by Grif-
fin and Pindor predicted that for a given ¢, the acoustic
plasmon modes separate into high- (wy) and low-energy
(w—) bands [25]. This is markedly distinct from a sys-
tem with equidistantly spaced planes [Fig. 1(a)], where
one band comprises all acoustic plasmon modes. Fur-
thermore, the bilayer RPA approach [25] indicated that,
at a given q, the plasmon modes of the w_ band are
essentially degenerate and do not depend on the value
of q.. By contrast, the plasmon modes in the w4 band
exhibit a ¢.-dependence that is qualitatively similar to
that of systems with equidistant planes.

Similarly to the majority of theoretical studies, pre-
ceding resonant inelastic x-ray scattering (RIXS) exper-
iments investigating plasmons in cuprates focused on
compounds with equally spaced CuOs sheets, includ-
ing (La,Nd)2_xCe,CuOy4 [10, 26, 27], Lag_xSryCuOy
[23, 28-30], and BiySrg.16Lag4CuOgqs (Bi2201) [23].
RIXS is a particularly versatile tool to study the plasmon
phenomenology in cuprates, because it provides high mo-
mentum resolution in all three spatial directions along
with polarization analysis, which facilitated the iden-
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FIG. 1. (a) Sketch of a system with equally spaced conducting
sheets (red shaded planes). Hopping between the sheets is
denoted by t.. The black boxes represent unit cells with the
lattice parameters a, b, and c. The distance between the
planes is denoted by d. (b) Sketch of a bilayer system that
contains two closely spaced sheets within a unit cell. The
intra-bilayer hopping is denoted by t. and the inter-bilayer
hopping by t.. The distance between the two closely spaced
planes is denoted by d. (c) Schematic of the crystal structure
of the bilayer cuprate Ca-YBCO. The red shaded planes are
the CuO> sheets.

tification of acoustic plasmons [10, 23, 28]. In addi-
tion, recent RIXS experiments revealed that the nomi-
nally acoustic plasmon branch in cuprates deviates from
a pure acoustic dispersion due to an energy gap at the 2D
Brillouin zone (BZ) center [24] when charge carrier hop-
ping (t.) between the CuOs planes is present [20]. De-
spite these advances, RIXS studies have yet to explore
the plasmon dispersion in multilayer cuprates, includ-
ing bilayer systems such as YBasCu3zOg4s (YBCO) and
BisSroCaCusOs4s5 (Bi2212). Specifically, the impact of
the relatively large interlayer hopping within a bilayer
unit on the plasmon spectrum as well as the anticipated
coexistence of wy and w_ plasmon bands [25] have re-
mained open questions, fundamental to a comprehensive
description of their electrodynamics.

In this work, we adapt an RPA framework for bilayer
systems beyond that of Ref. 25, incorporating a cuprate-
specific electronic band dispersion and interlayer hop-
ping t,. This enables us to evaluate the relative spectral
intensities of plasmon bands in bilayer cuprates. Uti-
lizing RIXS at the O K-edge on the bilayer cuprate
Y0_85Ca0,15BagCu307 (Ca—YBCO) [Flg 1(C)], we iden-
tify a single dispersive plasmon mode. This observa-
tion is compatible with our RPA analysis, which pre-
dicts that one of the two plasmon bands carries almost
vanishing spectral weight. Furthermore, the experimen-
tally observed plasmon dispersion is captured when us-
ing cuprate-typical effective interaction parameters in the
RPA, while an extrapolation of the plasmon dispersion
to the 2D BZ center suggests the presence of a gap of the
acoustic-like branch of approximately 250 meV.

For the RPA calculations, we consider a bilayer setting
[Fig. 1(b)] under the presence of a long range Coulomb
interaction. In order to extract fundamental characteris-
tics of bilayer systems without compromising generality,
we start with a generic model. The Hamiltonian is given

by H = Hy + Hy, with the single particle Hamiltonian

Hy = Z CTk,cr,aiLab(k)ck,a',b (1)
k,o,a,b

where iLab are the elements of the matrix

Here ¢l is the in-plane dispersion,

al‘( = —2t(cosk, + cosky), (3)

which contains the nearest neighbor hopping ¢, and €= is
the out-of-plane dispersion,

ElJc_ = _tzeikZda (4)

which contains only the intra-bilayer hopping ¢., while
omitting the inter-bilayer hopping ¢, [Fig. 1(b)]. The
electron annihilation operator is denoted by ck ¢, Where
o is the spin index and a = 1,2 indicates each plane in
the unit cell. The symbol '« means complex conjugate.
In the following, the in-plane hopping ¢ is considered as
the energy unit.
The Coulomb interacting Hamiltonian is given by

Hy =) na(a)Va(a)ns(—a), (5)

a,a,b

where n,(q) is the electron density at a given plane a,
with the intra-bilayer Coulomb interaction

sinh |q|c )

- Y (6)
o |q||| cosh|q|||c—cosqzc

Vii(q)

and inter-bilayer interaction

V. (sinh|qy|(c — d) + e7'9=¢sinh |q|d _i
Vigla) = o (U= UMY st

lqy| cosh|q|c — cosg.c
(7)

where Vo1 = V}5 and Vay = V3. These forms of the inter-
and intra-bilayer interactions are those used in Ref. [25].
However, in contrast to a simplified treatment of the con-
ducting sheets in a 2D LEG picture in Ref. [25], our ap-
proach incorporates tight-binding dispersions [see Eqs. 3
and 4], which allow for the accommodation of bandstruc-
ture effects.

Within RPA, the
x(q,iwy) is given by

dressed charge susceptibility

fain) = [1- X i)V (@] Oaiw). (©



10"

0 01 02 03 040 0.1

(g, 0)/m (g, 0)/m

FIG. 2. Computed intensity maps of the RPA charge response for a generic bilayer system. (a-
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Red dashed lines correspond to the zeros of the dielectric function (w4 and

w-). White dotted lines are guides to the eye marking the upper bound above which the spectral weight of the particle-hole
continuum becomes insignificant. (d) Intensity map in the g.-w plane for ¢, = ¢y, = 0.17.

where (©) is the bare charge susceptibility. Here, x(%)
and x are 2 x 2 matrices. The dielectric function €(q, iw;)
can be calculated as the determinant of the matrix [I —
)Z(O)V]. In the above expressions, the bare susceptibility
(9 is defined as the convolution of two Green’s functions

(0)

Xap (4 iwr) Z G (k, i) Gy (k + vy + i),
Sk JiUp
(9a)
with
: I 1 -1
@(0)(k7iyn) _ | Wn— (ex —H) —ck |
et it — (e — 1)
(9b)

the 2 x 2 bare electronic Green’s function. w; (vy,) is a
bosonic (fermionic) Matsubara frequency. For the mo-
mentum q (¢z), we use the units of the in-plane (out-of-
plane) lattice constant a (¢). T' (Ns) is the temperature
(number of sites).

We compute the 2 x 2 dressed RPA charge susceptibil-
ity, and execute the analytical continuation iw, = w+il’,
where I is in principle infinitesimally small. We then take
the imaginary part x” ,;(q, w) = —Imxas(q, w—i—iF) of the
charge susceptibility. The full charge response x”(q,w)
is

ZX@Z) q,w (10)

Xe (d,w

We employ the following generic parameter set: ¢ = 3a
and d = ¢/3 for the structural parameters, ¢,/t = 0.1 for
the hopping, and the temperature 7' = 0. The chemical
potential is set to u/t = —1.0. The Coulomb repulsion
strength is parameterized by V.. For the purpose of il-
lustration, we use the value V./t = 50, which allows us
to emphasize the intensity of both w; and w_ modes.

Figure 2 shows the computed intensity maps of the
charge response, i.e., the imaginary part of the charge
susceptibility. Panels (a)-(c) present results within the
q-w plane for ¢, = 0, 0.27, and 7, respectively. Red
dashed lines in each panel indicate the two zeros of the
dielectric function, wy and w_, which are situated above
the particle-hole continuum (white dotted lines). Note
that a logarithmic scale was used for the intensities in
the maps to accentuate the contrast between the spec-
tral weights of w4, w_, and the particle-hole continuum.
Interestingly, although both modes are zeros of the di-
electric function, the spectral weight of the w_ mode is
much lower than that of the w; mode. In particular,
for g, = 0, the spectral weight of w_ is exactly zero
[Fig. 2(a)] for all q) values. Conversely, w, corresponds
to the conventional optical plasmon branch, experiencing
a decline in spectral intensity as q| decreases, reaching
exactly zero intensity at q = (0,0). For ¢, = 0.27, some
subtle spectral weight emerges for w_ at large q) values
[Fig. 2(b)]. For g, = m, the spectral weight of w_ becomes
more discernible across the entire q) range [Fig. 2(c)]. In
addition, we note that for finite ¢, values [Figs. 2(b),(c)],
an energy gap is present for the w; band at q = (0,0),
whereas w_ approaches zero-energy. Hence, in contrast
to the purely acoustic plasmon bands in Ref.[25], we find
that a gap opens for the w; band as a direct consequence
of the inclusion of a finite ¢, in our model.

For a more detailed analysis of the evolution of the
plasmon spectral weight along the out-of-plane direc-
tion, we plot the intensity map within the g,-w plane
for g, = ¢, = 0.17 in Fig. 2(d). Notably, the dispersion
of w_ appears to be almost independent of ¢,, whereas
the behavior of w; with a maximum at ¢, = 0 and a
minimum at ¢, = 7 is reminiscent of that of plasmons in
systems with equidistant sheets [10, 23, 31]. In addition,
we find that the spectral weight of w_ decreases strongly
with decreasing ¢, and is nearly invisible for small g, .

To assess the predictive power of our theoretical model,
we perform RIXS experiments. Specifically, we carry out



RIXS measurements on a detwinned Ca-YBCO single-
crystal (p = 0.21) [32] with a superconducting transition
temperature T, ~ 75 K. In addition to this overdoped
variant of YBCO, we also conduct O K-edge RIXS mea-
surements on an optimally doped YBCO film (without
Ca substitution), which yield qualitatively comparable
results (see Appendix A).

Figure 1c shows the crystallographic unit cell of Ca-
YBCO, with the lattice constants a = 3.89 A, b = 3.88
A, and ¢ = 11.68 A. The spacing between the two CuOs
planes (intra-bilayer spacing) is d = 3.36 A, and the dis-
tance to the next pair of planes along the c-axis direction
(inter-bilayer spacing) is 11.68 A (i.e., equivalent to the
c-axis lattice constant). The RIXS spectra were collected
with high energy resolution (AFE ~ 27 meV) at T = 20 K
at the ID32 beamline of the ESRF [33]. A similar scatter-
ing geometry as in Ref. 23 was employed, with the b-axis
and the c-axis of Ca-YBCO lying in the scattering plane
and incident photons linearly polarized perpendicular to
the scattering plane (o-polarization). The scattering an-
gle was varied by continuous rotation of the RIXS spec-
trometer arm, which in combination with a rotation of
the sample enabled for the variation of the in-plane (qH)
and out-of-plane momentum transfer (¢.) independently
of each other.

Figure 3a shows the XAS signal of Ca-YBCO across
the near-edge fine structure of the O K-edge. A promi-
nent peak feature emerges around 528.5 eV, similarly to
the hole-peak reported in the O K-edge XAS of various
other doped cuprates [34-38]. The hole-peak in cuprates
is associated with the Zhang-Rice singlet states, corre-
sponding to plaquettes of hybridized states between cop-
per and oxygen ions. In previous RIXS experiments on
hole-doped cuprates with equidistant CuOs sheets, dis-
persive plasmon excitations were detected for incident
photon energies coinciding with the energy of the hole-
peak in the O K-edge XAS [23, 28, 29].

Figure 3b presents the RIXS spectra for various mo-
mentum transfers, acquired with an incident photon en-
ergy of 528.5 eV. The momentum transfer is denoted by
(H,K,L) in reciprocal lattice units (27 /a,2m/b,27/c).
Throughout the experiment, the out-of-plane momentum
is fixed to L = 0.9, while the in-plane momentum transfer
is varied along the K direction, although we note that a
qualitatively similar plasmon dispersion can be expected
for momentum transfer along the H direction of Ca-
YBCO. We fit the RIXS spectra by the sum of the elas-
tic line at zero-energy loss and several damped harmonic
oscillator functions for the inelastic features. In addi-
tion, intense peaks from fluorescence and dd-excitations
emerge beyond 2 eV energy loss, whose tails extend down
to 1 eV and below, and are captured by an exponential
function in our fits. Further details of the fitting proce-
dure are given in Appendix B.

Notably, the RIXS spectra exhibit a peak that dis-
perses approximately from 350 to 600 meV when the
momentum component K increases from 0.02 to 0.1
[Fig. 3b]. Such a rapid dispersion within a small vari-
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FIG. 3. (a) XAS of Ca-YBCO across the O K-edge mea-

sured with o-polarized photons. The arrow indicates the in-
cident photon energy (528.5 eV) used for the RIXS experi-
ment. (b) RIXS spectra of Ca-YBCO measured at various
momenta along the K direction, while H and L were fixed to
0 and 0.9, respectively. The fit (black line) to the experimen-
tal data (blue symbols) includes the plasmon peak (orange
peak profile) and other contributions (not shown here) that
are described in Appendix B. Curves for different momenta
are offset in the vertical direction for clarity.

ation of the in-plane momentum is reminiscent of that of
plasmons in other cuprates [10, 23, 24, 26-28]. In con-
trast, magnetic excitiations in doped cuprates, such as bi-
paramagnons, were found to be (almost) non-dispersive
in O K-edge RIXS [23, 28, 39, 40], and the bandwidth
of the dispersion of paramagnons in Cu L-edge RIXS is
typically less than 300 meV. Moreover, the energy scale
of the dispersive peak in Fig. 3b is situated far above
that of phonons in cuprates, which is typically below 100
meV. Hence, we tentatively assign the observed feature
to a plasmon.

At first sight, our observation of a single dispersive
plasmon mode in bilayer Ca-YBCO appears to conflict
with the emergence of wy and w_ bands on equal foot-
ing [25], but might be compatible with our RPA model
predicting a vanishingly small spectral weight of the w_
band. Thus, for further scrutiny, we next apply our bi-
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FIG. 4. Computed intensity maps of the RPA charge re-
sponse using renormalized effective parameters optimized for
the bilayer cuprate Ca-YBCO. The dispersion is along the K-
direction for ¢, = 0.2w. The superimposed red symbols are
the plasmon energies for Ca-YBCO extracted from fits to the
RIXS data [see Fig. 3(b)].

layer RPA approach to fit the plasmon dispersion ob-
served in the RIXS experiment on Ca-YBCO. To this

end, we include the next-nearest neighbor hopping ¢’

in the in-plane dispersion 5{'( = —2t(cosk, + cosk,) —

4t’ cos ky cos ky, such that t'/t = —0.3 with ¢ = 0.35
eV, as discussed in Ref. [41] for YBCO. Furthermore,
we choose V. /t = 25 and t,/t = 0.06, along with the out-
of-plane dispersion e = —t,(cos(k;) — cos(ky))?e*=4,
which was proposed for YBCO in Ref. [41]. In cuprates,
inter-bilayer hopping [Fig. 1(b)] is typically very small
(t, < t,) [41], and is therefore not considered in the fol-
lowing. The charge carrier doping is set to 6 = 0.21,
in accord with the Ca-YBCO sample of the experiment.
Since YBCO is a strongly correlated system, correlations
are expected to affect the bare parameters. As discussed
in Ref. [20], taking into account these renormalization
effects is important for an accurate description of the
plasmon dispersions reported in RIXS experiments on
cuprates [10, 23, 24|, prompting the renormalization of
the bare parameters ¢,t’, and ¢, by a factor 4.

Figure 4 shows the computed intensity map along the
K-direction for ¢, = 0.27 together with the experimen-
tally extracted plasmon energies (red symbols) at L = 0.9
(- = 1.8m). We assume that this out-of-plane momen-
tum employed in the experiment mirrors the essential
features of the plasmon dispersion at ¢, = 0.27 in the
first BZ. For completeness, we also present an intensity
map computed for bare Ca-YBCO parameters without
renormalization in Appendix C, yielding qualitatively
similar results. The dispersion of the w; mode (upper
red dashed line) in Fig. 4 agrees remarkably well with
the RIXS experiment, corroborating our previous assign-

ment of the dispersive mode to a plasmon excitation. At
the 2D BZ center, the computed w, dispersion exhibits
an energy gap of approximately 250 meV. In contrast,
the computed dispersion of the w_ mode (bottom red
dashed line) is essentially gapless, and its marginal spec-
tral weight is almost indiscernible in the color map in
spite of a logarithmic intensity scale. This suggests that
at least for L = 0.9 the w_ mode is below the detection
limit of RIXS experiments, whereas the wy mode can be
prominently observed.

The results of our study have several implications.
First, they underscore the distinct nature of charge exci-
tations in bilayer systems, as already pointed out in ear-
lier works investigating the zeros of the dielectric function
[25, 42]. However, while our RPA calculations corrobo-
rate that the emergence of wy and w_ bands is a general
characteristic of bilayer systems, we have revealed that
the spectral weight of the w_ band is negligibly small
throughout most parts of the BZ. This also rationalizes
why only one dispersive plasmon band (w4 ) is observed
in our RIXS data on bilayer Ca-YBCO.

Another insight from our study is the remarkably large
plasmon gap of about 250 meV at the center of the BZ.
This value of the gap in bilayer Ca-YBCO is possibly at-
tributable to the large intra-bilayer hopping ¢, /t = 0.06,
which is consistent with the magnitude of the hopping
discussed in Ref. [43].

Despite our model’s ability to quantitatively and qual-
itatively describe the observed plasmon mode in the bi-
layer cuprate Ca-YBCO, there remain several open areas
for future research. For instance, although the predicted
spectral weight of the w_ band is diminishing, it might
be detectable with RIXS for momenta close to ¢, = 7w
and for large q| values, where its maximum intensity is
expected according to Figs. 2(c,d). A telltale signature
to discern between the wy and w_ bands in this part
of the BZ might be their dispersive versus non-dispersive
character in a RIXS scan along the g, direction. Further-
more, since cuprates are strongly correlated systems, im-
plementing the comprehensive ¢-J-V model calculation
for the bilayer lattice including the intra- and inter-layer
hoppings should be a consideration for future work.

We thank C. Falter for fruitful discussions and A. P.
Schnyder for critical reading of the manuscript. A. G.
acknowledges the Max Planck Institute for Solid State
Research in Stuttgart for hospitality and financial sup-
port. H. Y. was supported by JSPS KAKENHI Grant
No. JP20H01856 and World Premier International Re-
search Center Initiative (WPI), MEXT, Japan. Parts of
the results presented in this work were obtained by using
the facilities of the CCT-Rosario Computational Center,
member of the High Performance Computing National
System (SNCAD, MincyT-Argentina).

[1] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida,
and J. Zaanen, From quantum matter to high-

temperature superconductivity in copper oxides,



Nature 518, 179 (2015).

[2] P. A. Lee, N. Nagaosa, and X.-G. Wen, Doping a mott in-
sulator: Physics of high-temperature superconductivity,
Rev. Mod. Phys. 78, 17 (2006).

[3] D. J. Scalapino, A common thread: The pair-
ing interaction for unconventional superconductors,
Rev. Mod. Phys. 84, 1383 (2012).

[4] N. P. Armitage, P. Fournier, and R. L. Greene,
Progress and perspectives on electron-doped cuprates,
Rev. Mod. Phys. 82, 2421 (2010).

[5] D. Grecu, Plasma frequency of the electron gas in layered
structures, Phys. Rev. B 8, 1958 (1973).

[6] A. L. Fetter, Electrodynamics of a layered electron gas.
ii. periodic array, Ann. Phys. 88, 1 (1974).

[7] D. Grecu, Self-consistent field approximation for the
plasma frequencies of an electron gas in a layered thin
film, J. Phys. C Solid State 8, 2627 (1975).

[8] V. Z. Kresin and H. Morawitz, Layer plasmons and high-
T. superconductivity, Phys. Rev. B 37, 7854 (1988).

[9] A. Bill, H. Morawitz, and V. Z. Kresin, Electronic collec-
tive modes and superconductivity in layered conductors,
Phys. Rev. B 68, 144519 (2003).

[10] M. Hepting, L. Chaix, E. Huang, R. Fumagalli,
Y. Peng, B. Moritz, K. Kummer, N. Brookes, W. Lee,
M. Hashimoto, et al., Three-dimensional collective charge
excitations in electron-doped copper oxide superconduc-
tors, Nature 563, 374 (2018).

[11] M. V. Eremin and D. S. Kochergin, On the The-
ory of Plasmon Dispersion in Electron-Doped Cuprates,
JETP Letters 108, 132 (2018).

[12] M. Fidrysiak and J. Spalek, Unified theory of spin and
charge excitations in high-7. cuprate superconductors: A
quantitative comparison with experiment and interpreta-
tion, Phys. Rev. B 104, L020510 (2021).

[13] T. Bauer and C. Falter, Impact of dynamical screen-
ing on the phonon dynamics of metallic LasCuOu,
Phys. Rev. B 80, 094525 (2009).

[14] J.  Ruvalds, Plasmons and
superconductivity in alloys of
Phys. Rev. B 35, 8869 (1987).

[15] A. Romero-Bermudez, A. Krikun, K. Schalm, and J. Zaa-
nen, Anomalous attenuation of plasmons in strange met-
als and holography, Phys. Rev. B 99, 235149 (2019).

[16] F. Gabriele, C. Castellani, and L. Benfatto, Generalized
plasma waves in layered superconductors: A unified ap-
proach, Phys. Rev. Research 4, 023112 (2022).

[17] V. M. Silkin, S.-L. Drechsler, and D. V. Efre-
mov, Unusual Low-Energy Collective Charge Ex-
citations in  High-Tc Cuprate Superconductors,
J. Phys. Chem. Lett. 14, 8060 (2023).

[18] P. Prelovéek and P. Horsch, Electron-energy
loss spectra and plasmon resonance in cuprates,
Phys. Rev. B 60, R3735 (1999).

[19] R. S. Markiewicz, M. Z. Hasan, and A. Bansil, Acoustic
plasmons and doping evolution of Mott physics in res-
onant inelastic x-ray scattering from cuprate supercon-
ductors, Phys. Rev. B 77, 094518 (2008).

[20] A. Greco, H. Yamase, and M. Bejas, Plas-
mon  excitations in layered high-7T. cuprates,
Phys. Rev. B 94, 075139 (2016).

[21] A. Greco, H. Yamase, and M. Bejas, Origin of high-
energy charge excitations observed by resonant in-
elastic x-ray scattering in cuprate superconductors,
Commun. Phys. 2, 3 (2019).

high-temperature
copper  oxides,

[22] A. Greco, H. Yamase, and M. Bejas, Close inspec-
tion of plasmon excitations in cuprate superconductors,
Phys. Rev. B 102, 024509 (2020).

[23] A. Nag, M. Zhu, M. Bejas, J. Li, H. C. Robarts,
H. Yamase, A. N. Petsch, D. Song, H. Eisaki, A. C.
Walters, M. Garcia-Fernandez, A. Greco, S. M. Hay-
den, and K.-J. Zhou, Detection of acoustic plasmons
in hole-doped lanthanum and bismuth cuprate super-
conductors using resonant inelastic x-ray scattering,
Phys. Rev. Lett. 125, 257002 (2020).

[24] M. Hepting, M. Bejas, A. Nag, H. Yamase, N. Coppola,
D. Betto, C. Falter, M. Garcia-Fernandez, S. Agrestini,
K.-J. Zhou, M. Minola, C. Sacco, L. Maritato, P. Or-
giani, H. I. Wei, K. M. Shen, D. G. Schlom, A. Galdi,
A. Greco, and B. Keimer, Gapped Collective Charge Ex-
citations and Interlayer Hopping in Cuprate Supercon-
ductors, Phys. Rev. Lett. 129, 047001 (2022).

[25] A. Griffin and A. J. Pindor, Plasmon disper-
sion relations and the induced electron interac-
tion in oxide superconductors: Numerical results,
Phys. Rev. B 39, 11503 (1989).

[26] J. Q. Lin, Jie Yuan, Kui Jin, Z. P. Yin, Gang Li, Ke-
Jin Zhou, Xingye Lu, M. Dantz, Thorsten Schmitt, H.
Ding, Haizhong Guo, M. P. M. Dean, and X. Liu, Doping
evolution of the charge excitations and electron correla-
tions in electron-doped superconducting Las—Ce; CuOu,
npj Quantum Mater. 5, 4 (2020).

[27] K. Ishii, M. Kurooka, Y. Shimizu, M. Fujita,
K. Yamada, and J. Mizuki, Charge Excitations in
Nds_,Ce; CuO4 Observed with Resonant Inelastic X-ray
Scattering: Comparison of Cu K-edge with Cu Lz-edge,
J. Phys. Soc. Japan 88, 075001 (2019).

[28] A. Singh, H. Y. Huang, C. Lane, J. H. Li, J. Okamoto,
S. Komiya, R. S. Markiewicz, A. Bansil, T. K. Lee, A. Fu-
jimori, C. T. Chen, and D. J. Huang, Acoustic plasmons
and conducting carriers in hole-doped cuprate supercon-
ductors, Phys. Rev. B 105, 235105 (2022).

[29] M. Hepting, T. D. Boyko, V. Zimmermann, M. Be-
jas, Y. E. Suyolcu, P. Puphal, R. J. Green, L. Zinni,
J. Kim, D. Casa, M. H. Upton, D. Wong, C. Schulz,
M. Bartkowiak, K. Habicht, E. Pomjakushina, G. Cris-
tiani, G. Logvenov, M. Minola, H. Yamase, A. Greco,
and B. Keimer, Evolution of plasmon excitations across
the phase diagram of the cuprate superconductor
Lag_Sr;CuOy, Phys. Rev. B 107, 214516 (2023).

[30] Q. Li, L. Ju, H. Huang, Y. Zhang, C. Zou, T. Ren,
A. Singh, S. Zhang, Q. Qiu, Q. Xiao, D.-J. Huang,
Y. Xie, Z. Chen, and Y. Peng, Charge redistribution,
charge order and plasmon in Lag_4Sr,CuQO4/LazCuO4
superlattices, arXiv preprint arXiv:2309.01649 (2023),
arXiv:2309.01649 [cond-mat.supr-con].

[31] A. Greco, H. Yamase, and M. Bejas, Origin of high-
energy charge excitations observed by resonant in-
elastic X-ray scattering in cuprate superconductors,
Commun. Phys. 2, 3 (2019).

[32] M. Minola, G. Dellea, H. Gretarsson, Y. Y. Peng,
Y. Lu, J. Porras, T. Loew, F. Yakhou, N. B. Brookes,
Y. B. Huang, J. Pelliciari, T. Schmitt, G. Ghiringhelli,
B. Keimer, L. Braicovich, and M. Le Tacon, Col-
lective nature of spin excitations in superconducting
cuprates probed by resonant inelastic x-ray scattering,
Phys. Rev. Lett. 114, 217003 (2015).

[33] N. B. Brookes, F. Yakhou-Harris, K. Kummer,
A. Fondacaro, J. Cezar, D. Betto, E. Velez-Fort,


http://dx.doi.org/10.1038/nature14165
https://doi.org/10.1103/RevModPhys.78.17
https://doi.org/10.1103/RevModPhys.84.1383
https://doi.org/10.1103/RevModPhys.82.2421
https://link.aps.org/doi/10.1103/PhysRevB.8.1958
http://www.sciencedirect.com/science/article/pii/0003491674903972
https://doi.org/10.1088/0022-3719/8/16/014
https://link.aps.org/doi/10.1103/PhysRevB.37.7854
https://link.aps.org/doi/10.1103/PhysRevB.68.144519
https://doi.org/10.1038/s41586-018-0648-3
https://doi.org/10.1134/S0021364018140059
https://doi.org/10.1103/PhysRevB.104.L020510
https://doi.org/10.1103/PhysRevB.80.094525
https://doi.org/10.1103/PhysRevB.35.8869
https://doi.org/10.1103/PhysRevB.99.235149
https://doi.org/10.1103/PhysRevResearch.4.023112
https://doi.org/10.1021/acs.jpclett.3c01871
https://doi.org/10.1103/PhysRevB.60.R3735
https://doi.org/10.1103/PhysRevB.77.094518
https://doi.org/10.1103/PhysRevB.94.075139
https://doi.org/10.1038/s42005-018-0099-z
https://doi.org/10.1103/PhysRevB.102.024509
https://doi.org/10.1103/PhysRevLett.125.257002
https://doi.org/10.1103/PhysRevLett.129.047001
https://doi.org/10.1103/PhysRevB.39.11503
https://doi.org/10.1038/s41535-019-0205-9
https://doi.org/10.7566/JPSJ.88.075001
https://doi.org/10.1103/PhysRevB.105.235105
https://doi.org/10.1103/PhysRevB.107.214516
https://arxiv.org/abs/2309.01649
https://doi.org/10.1038/s42005-018-0099-z
https://doi.org/10.1103/PhysRevLett.114.217003

(38]

(40]

A. Amorese, G. Ghiringhelli, L. Braicovich, R. Bar-
rett, G. Berruyer, F. Cianciosi, L. Eybert, P. Mar-
ion, P. van der Linden, and L. Zhang, The beam-
line ID32 at the ESRF for soft x-ray high energy
resolution resonant inelastic x-ray scattering and
polarisation dependent x-ray absorption spectroscopy,

Cu Ls-edge resonant inelastic x-ray scattering of

orbital and spin excitations
Phys. Rev. B 99, 134517 (2019).

Nuclear Inst. and Methods in Physics Research A 903, 175 (2018).

C. T. Chen, F. Sette, Y. Ma, M. S. Hybertsen, E. B.
Stechel, W. M. C. Foulkes, M. Schulter, S.-W. Cheong,
A. S. Cooper, L. W. Rupp, B. Batlogg, Y. L. Soo,
Z. H. Ming, A. Krol, and Y. H. Kao, Electronic states
in Lag_;Sr;CuO44s probed by soft-x-ray absorption,
Phys. Rev. Lett. 66, 104 (1991).

C. T. Chen, L. H. Tjeng, J. Kwo, H. L. Kao, P. Rudolf,
F. Sette, and R. M. Fleming, Out-of-plane orbital char-
acters of intrinsic and doped holes in Lag_;Sr;CuQOy,
Phys. Rev. Lett. 68, 2543 (1992).

E. Pellegrin, N. Niicker, J. Fink, S. L. Molodtsov,
A. Gutiérrez, E. Navas, O. Strebel, Z. Hu, M. Domke,
G. Kaindl, S. Uchida, Y. Nakamura, J. Markl,
M. Klauda, G. Saemann-Ischenko, A. Krol, J. L. Peng,
Z. Y. Li, and R. L. Greene, Orbital character of states
at the Fermi level in Las_,Sr,CuO4 and Ro_,Ce,CuOy4
(R=Nd,Sm), Phys. Rev. B 47, 3354 (1993).

N. B. Brookes, G. Ghiringhelli, A.-M. Charvet, A. Fu-
jimori, T. Kakeshita, H. Eisaki, S. Uchida, and
T. Mizokawa, Stability of the Zhang-Rice Singlet
with Doping in Lanthanum Strontium Copper Ox-
ide Across the Superconducting Dome and Above,
Phys. Rev. Lett. 115, 027002 (2015).

K. Ishii, T. Tohyama, S. Asano, K. Sato, M. Fujita,
S. Wakimoto, K. Tustsui, S. Sota, J. Miyawaki, H. Niwa,
Y. Harada, J. Pelliciari, Y. Huang, T. Schmitt, Y. Ya-
mamoto, and J. Mizuki, Observation of momentum-
dependent charge excitations in hole-doped cuprates us-
ing resonant inelastic x-ray scattering at the oxygen K
edge, Phys. Rev. B 96, 115148 (2017).

V. Bisogni, L. Simonelli, L. J. P. Ament, F. Forte,
M. Moretti Sala, M. Minola, S. Huotari, J. van den Brink,
G. Ghiringhelli, N. B. Brookes, and L. Braicovich, Bi-
magnon studies in cuprates with resonant inelastic x-ray
scattering at the O K edge. I. Assessment on LaxCuOy
and comparison with the excitation at Cu L3 and Cu K
edges, Phys. Rev. B 85, 214527 (2012).

V. Bisogni, M. Moretti Sala, A. Bendounan, N. B.
Brookes, G. Ghiringhelli, and L. Braicovich, Bimagnon
studies in cuprates with resonant inelastic x-ray scatter-
ing at the O K edge. II. Doping effect in Las_5Sr;CuQOu,
Phys. Rev. B 85, 214528 (2012).

O. Andersen, A. Liechtenstein, O. Jepsen,
and F. Paulsen, LDA energy bands, low-
energy hamiltonian, ¢/, t', ¢t (k), and J,,
J. Phys. Chem. Solids 56, 1573 (1995).

G. E. Santoro and G. F. Giuliani, Acoustic plasmons in
a conducting double layer, Phys. Rev. B 37, 937 (1988).
S. Chakravarty, A. Sudbg, P. W. Anderson,
and S. Strong, Interlayer tunneling and gap
anisotropy in  high-temperature  superconductors,
Science 261, 337 (1993).

R. Fumagalli, L. Braicovich, M. Minola, Y. Y. Peng,
K. Kummer, D. Betto, M. Rossi, E. Lefrancois,
C. Morawe, M. Salluzzo, H. Suzuki, F. Yakhou,
M. Le Tacon, B. Keimer, N. B. Brookes, M. M.
Sala, and G. Ghiringhelli, Polarization-resolved

in NdBa2xCusO7_s,


https://doi.org/https://doi.org/10.1016/j.nima.2018.07.001
https://doi.org/10.1103/PhysRevLett.66.104
https://doi.org/10.1103/PhysRevLett.68.2543
https://doi.org/10.1103/PhysRevB.47.3354
https://doi.org/10.1103/PhysRevLett.115.027002
https://doi.org/10.1103/PhysRevB.96.115148
https://doi.org/10.1103/PhysRevB.85.214527
https://doi.org/10.1103/PhysRevB.85.214528
https://doi.org/https://doi.org/10.1016/0022-3697(95)00269-3
https://doi.org/10.1103/PhysRevB.37.937
https://doi.org/10.1126/science.261.5119.337
https://doi.org/10.1103/PhysRevB.99.134517

—~

XAS intensity
(arb. units)

~—

526 527 528 529 530 531 532 533 534
Photon energy (eV)

(b)

YBCO

|
|
|
|
I
|
|
- |
2 I
S [
5 |
& -
E |
= |
c |
2 I
£
»n H=0.08 !
X I
2 |
|
|
|
H=0.04 I
|
|
I
T T T T T T T T T T T T T T I T T T J
1.5 1.0 0.5 0.0

Energy loss (eV)

FIG. 5. (a) XAS of the YBCO film across the O K-edge. The
arrow indicates the incident photon energy (527.32 eV) used
for the RIXS experiment. (b) RIXS spectra of the YBCO film
measured at various momenta along the H direction. Curves
for different momenta are offset in the vertical direction for
clarity.

Appendix A: Complementary RIXS measurements

In addition to the RIXS experiment on the Ca-YBCO
single crystal, we investigated plasmon excitations in an
YBCO thin film. The epitaxial film with a thickness of
approximately 50 nm was grown by pulsed laser deposi-
tion (PLD) on a (001) oriented SrTiO3 substrate. The
lattice parameters were a,b = 3.87 A and ¢ = 11.72 A.
After the growth, the YBCO film was annealed in oxygen
atmosphere in order to achieve full oxygenation, corre-
sponding to a hole-doping of p = 0.19. The measured T,
was 83 K.

The O K edge RIXS measurements were performed
at the REIXS beamline of the Canadian Light Source
(CLS). The XAS data in Fig. 5(a) were taken with o-
polarized photons at an incident angle § = 35° in par-
tial fluorescence yield using a silicon drift detector, col-
lecting only the O K, emission line. The RIXS spec-
tra in Fig. 5(b) were collected at 300 K using a Row-
land circle spectrometer with a combined energy reso-
lution AE ~ 190 meV and linearly polarized photons
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FIG. 6. Fit of a RIXS spectrum at the representative momen-
tum (0, 0.02, 0.9). The model uses a Gaussian for the elastic
peak (dashed black line) and anti-symmetrized Lorentzians
for all other contributions in the spectrum, convoluted with
the energy resolution of 27 meV via Gaussian convolution.
The individual contributions are described in the text.

(o-polarization). The ¢ and the a/b-axes of the twinned
film were lying in the scattering plane. The scattering
angle was kept fixed at 90°, while the angle # between
the sample surface and the incident x-rays was varied for
momentum dependent measurements. In this scatter-
ing configuration, a variation of the in-plane momentum
transfer q; also leads to a (small) change of the out-of-
plane momentum g .

Figure 5(b) shows the RIXS spectra of the YBCO film
measured at various momenta along the H direction. The
spectra were acquired with an incident photon energy of
527.32 eV, corresponding to the energy of the pre-peak in
the XAS data [Fig. 5(a)]. The change of H from 0.04 to
0.16 involves a concomitant change of L from 0.69 to 0.51.
Hence, the measured plasmon dispersion in the YBCO
film is not directly comparable to that of the Ca-YBCO
crystal in Fig. 3(b) of the main text, where the out-of-
plane momentum was fixed to L = 0.9. Nevertheless, the
dispersive character and the energy scale of the dispersion
of the plasmon in both samples are similar.

Appendix B: RIXS raw data and fits

Figure 6 displays a representative fit for a RIXS spec-
trum of the Ca-YBCO single crystal measured at the
ID32 beamline of the ESRF. The components fitted to
the spectrum are the elastic peak modeled by a Gaus-
sian, and the other contributions are modeled by anti-
symmetrized Lorentzians [10, 23], convoluted with the
energy resolution of 27 meV via Gaussian convolution.
The anti-symmetrized Lorentzian profiles ensure zero in-
tensity at zero energy loss (prior to convolution) for the
inelastic features. In detail, the inelastic features are as-
signed to two phonons, a plasmon, and dd-excitations.
For the dd-excitations, only the low-energy tail below
1.7 eV energy loss was fitted. For spectra with small
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FIG. 7. Computed intensity map in analogy to Fig. 4, but for
bare parameters of Ca-YBCO

in-plane momentum transfer, an additional phenomeno-
logical background contribution was fitted. This broad
and almost featureless background is reminiscent of the
background observed in the low-energy region of RIXS
spectra of other cuprates [10, 24, 29, 44] and possibly
originates from charge excitations with (partly) incoher-
ent character and/or a bimagnon continuum [32].

Appendix C: RPA calculation using bare parameters

In the main text, the RPA results for the bilayer sys-
tem using the renormalized Ca-YBCO parameters are
shown. For comparison, we present the results for the
bare parameters of Ca-YBCO in this Appendix [Fig. 7],
using V./t = 2.5.



