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Measurements of spin excitations are essential for an understanding of spin-mediated pairing
for superconductivity; and resonant inelastic X-ray scattering (RIXS) provides a considerable op-
portunity to probe high-energy spin excitations. However, whether RIXS correctly measures the
collective spin excitations of doped superconducting cuprates remains under debate. Here we demon-
strate distinct Raman- and fluorescence-like RIXS excitations of Bii.5Pbg.6Sr1.54CaCu20s4s in the
mid-infrared energy region. Combining photon-energy and momentum dependent RIXS measure-
ments with theoretical calculations using exact diagonalization provides conclusive evidence that the
Raman-like RIXS excitations correspond to collective spin excitations, which are magnons in the
undoped Mott insulators and evolve into paramagnons in doped superconducting compounds. In
contrast, the fluorescence-like shifts are due primarily to the continuum of particle-hole excitations
in the charge channel. Our results show that under the proper experimental conditions RIXS indeed

can be used to probe paramagnons in doped high-7. cuprate superconductors.

Inelastic X-ray scattering is a powerful spectroscopic
tool to probe charge fluctuations and lattice dynamics
of materialst*?. Because of core-level spin-orbit interac-
tions in the intermediate state, resonant inelastic X-ray
scattering (RIXS) also can be sensitive to spin excita-
tions of transition-metal compounds under the proper
conditions®. L-edge (2p — 3d) RIXS is increasingly be-
coming an important spectroscopic technique to examine
the electronic dynamics of diverse materials. The Cu Ls-
edge RIXS, which does not require large sample volumes
and can access relatively high energies, has been used to
probe spin excitations in antiferromagnetic insulating®8,
hole-doped?19 and electron-doped!® cuprates.

The interpretation of these RIXS measurements in
terms of a collective magnetic mode that evolves with
doping from a coherent magnon in the undoped phase
to a damped magnetic excitation—paramagnon—in the
doped phase, however, is in dispute? L8 Firgt, RIXS
measurements have revealed the persistence of these ex-
citations well beyond the antiferromagnetic phase of
cuprates, even in heavily-doped compounds for which su-
perconductivity disappears?3. Calculations which em-
ploy small clusters demonstrate that the RIXS cross sec-
tion in a cross polarized geometry can be approximated
by the spin dynamical structure factor S(q,w)*’. How-
ever, other techniques using a single-band model of non-
interacting quasiparticles’® seem to explain RIXS mea-
surements on BiySroCaCuyOg s (Bi2212)4 without in-

voking collective magnetic excitations. Intriguingly, very
recent RIXS measurements on YBasCuzOg, provide ev-
idence that the mid-infrared RIXS in doped cuprates pre-
dominantly arises from magnetic collective modes, but no
results due to the continuum of particle-hole excitations
are reportedt®.

To reconcile these seemingly contradictory findings
and interpretations in doped superconducting cuprates,
we performed comprehensive RIXS measurements on
Biy 5Pbg.¢Sr1.54CaCusOgys5 (Pb-Bi2212) together with
theoretical analysis using small-cluster exact diagonal-
ization (ED). As its electronic structure and spin exci-
tations have been well studied, Bi2212 is an ideal sys-
tem to test whether RIXS correctly measures collective
magnetic excitations in doped cuprates. Here we show
that under the proper experimental conditions RIXS in-
deed can be used to probe paramagnons in doped high-T.
cuprate superconductors. Our results highlight the pow-
erful role that X-ray polarization, incident photon energy,
and mometum transfer associated with the RIXS process
can have on identifying, characterizing, and disentangling
the RIXS excitations in the mid-infrared energy region.

Results

RIXS spectra of Pb-Bi2212. Figure [I] plots the in-
cident photon-polarization dependence of RIXS spectra
taken at 20 K, well below the superconducting transition
temperature T, = 95 K. The polarization of the incident
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X-ray is within or perpendicular to the scattering plane,
i.e. w or o polarization, respectively. Figure c) shows
RIXS spectra excited with m- and o-polarized X-rays of
energy set to the Ls absorption threshold, 0.6 eV above,
and 1.2 eV above, as indicated in Fig.[[{b). The RIXS in-
tensities for energy loss between 1 and 3 eV arise mostly
from dd excitations in which the Cu 3d,2_,» hole has
been excited into previously filled 3d orbitals. Between
0 and 1 eV, the RIXS spectra are sensitive to incident
photon energy and polarization, and in fact RIXS spec-
tra of m and o polarization show drastically different de-
pendences on incident photon energy, particularly in the
mid-infrared region.
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FIG. 1. RIXS spectra of Pb-Bi2212. (a) RIXS scatter-
ing geometry. The angle between the incident X-ray and the
ab plane of the sample is ;. The wave vectors of incident
and scattered X-rays are k; and kj, respectively. The mo-
mentum transfer is q = k; — ky, and its projection onto the
ab plane is q (b) Cu L3-edge X-ray absorption (XAS) mea-
sured in the fluorescent yield mode. The energy bandwidth
of incident X-ray is 0.6 eV. (¢) RIXS spectra with incident X-
ray energy set to the Lz absorption threshold, 0.6 eV above,
and 1.2 eV above using m-polarized (color) and o-polarized
(black) X-rays with 6; = 110° and and 20°, i.e. grazing-exit
q) = —0.734(m, 0) and grazing-incidence q; = 0.734(w,0), re-
spectively. Spectra are normalized to the dd excitations and
also offset for clarity.

Distinct Raman- and fluorescence-like RIXS. The
detection of magnetic RIXS is known to be dependent on
the polarization of incident photons. According to single
Cu?? ion calculations® 17 the cross section for a single
spin flip is enhanced for grazing-incidence geometry (g >
0) with incident X-rays of o-polarization and grazing-exit
geometry (¢ < 0) with incident X-rays of 7-polarization.
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FIG. 2. Magnified plots of RIXS excited with X-rays at
selected energies. (a) & (b): RIXS spectra taken with o-
polarized incident X-rays under a grazing-incidence geometry
and m-polarized incident X-rays under a grazing-exit geome-
try, respectively. The RIXS spectra of each scattering geom-
etry are normalized to the elastic scattering of energy set to
the L3 absorption threshold. The RIXS spectra are vertically
offset for clarity. Top panels illustrate the scattering geome-
tries in which the scattering plane is defined by the [001] &
[100] of the Pb-Bi2212 crystal. All notations are defined in
Fig. The dashed lines serve as guides to the eyes.

Figure [2] shows magnified plots of RIXS recorded under
theses conditions. With grazing-incidence X-rays of o-
polarization, we found that the energy loss centroid of the
broad mid-infrared RIXS feature, as plotted in Fig. [2{a),
shifts with increasing incident energy from the L3 edge to
0.6 eV and 1.2 eV above it. Conversely, as shown in Fig.
b), the RIXS intensity at an energy loss of about 300-
350 meV using w-polarized X-rays does not shift with the
incident photon energy, indicating its Raman-like nature.

The photon energy dependence of the o spectra is
consistent with the previous RIXS measurement on the
same compound. This fluorescence-like feature was ex-
plained as particle-hole excitations with a single band
model'®, Such particle-hole interpretations may not hold
in magnetic RIXS, perhaps arising from the charge chan-
nel. In fact, at the Cu L-edge, the maximum energies
of the RIXS excitations with both o (g = +0.734) and
7 (g = —0.734) polarizations coincide. However, their
incident-photon-energy dependences are drastically dif-
ferent, indicating that at least two types of excitations co-
exist in the energy range where “paramagnons” in ques-
tion reside.

ED Calculations of RIXS spectra. We compare our
measurements with ED calculations for the RIXS spec-
tra of the single-band Hubbard model (see Methods).
This incorporates effects from full many-body interac-
tions, core-level spin-orbit coupling, and the polarization
of incident and scattered X-rays'?, which allows us to
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FIG. 3. Full RIXS ED calculations. The ED calculations
were performed as described in Methods using the single-
band Hubbard model on a 12-site cluster under TABC (100
boundary conditions were used) at 16.7% hole-doping. The
parameter values are given in Methods. Panel (a) and (b)
show the calculated spectra for o-incoming polarization and
m-incoming polarization respectively. Panel (c) through (f)
show the calculated spectra also discriminating the outgoing
photon polarization, which are plotted on the same linear in-
tensity scale (intensity of Fig 3(c) is multiplied by 1/4). For
all panels an offset is used for clarity. The transferred momen-
tum is (27/3, 0) for o-polarization incidence and (-27/3, 0)
for m-polarization incidence in theory units where the lattice
constant a is 1.

cleanly distinguish between charge channel and magnetic
excitations. The cross polarization channels 7 — o and
o — highlight single spin-flip magnetic excitations, while
the m — 7 and o — ¢ parallel polarization channels should
be dominated by charge excitations or bimagnon-like spin
excitations.

Figures [3[(a) and [3(b) show the calculated spectra for
o-incoming and 7-incoming polarization respectively, un-
der similar scattering geometry to the experimental data
shown in Fig. |I, but with q = (27/3,0). With parallel
polarization, i.e. Figs. [3[c) and[3{e), the observed charge
channel excitations at the absorption edge are broad, ex-
tending over a wide energy range from less than 0.5 eV up
to above 1.5 eV. As a function of incident photon energy,
the intensity of these excitations decreases, while the cen-
troid moves to higher energies. These fluorescence-like
excitations are associated with broad, less well-defined
particle-hole excitations in the charge continuum, which
in fact may be well captured by non-interacting or the
random-phase approximation (RPA) treatments.

In contrast, the excitations observed with cross
polarization, i.e.  Figs. d) and f), are sharp,
more well-defined single spin-flip excitations at an en-

ergy ~ 300 meV. Increasing the incident photon energy
above the absorption edge reduces the intensity of these
excitations, while the energy loss remains fixed. These
Raman-like excitations previously have been identified
as single-magnons in calculations for undoped systems
or paramagnons in calculations of the doped Hubbard
model based on the character of the final states and their
momentum dependence.

These results demonstrate that neither o-polarized nor
m-polarized incident X-rays perfectly discriminate be-
tween Raman-like spin or fluorescence-like charge exci-
tations. However, differences in matrix elements mean
that m-polarization enhances the magnetic response rel-
ative to that in the charge channel, leading to obser-
vations dominated by the Raman-like spin excitations.
On the other hand, while the grazing-incidence geome-
try enhances spin-flip excitations for o-polarization, the
charge channel fluorescence-like excitations remain dom-
inant due to the much larger matrix elements (see Fig.
[[c) and note the rescaling factor).
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FIG. 4. Intensity maps of magnetic RIXS and disper-
sion of magnetic excitations in Pb-Bi2212. The mo-
mentum transfer q is varied along (0,0) — (,0) in panel
(a) and (0,0) — (m,7) in panel (b). The RIXS intensities
shown in the color maps are after background subtraction.
The excitation energies shown in red open circles are deduced
from RIXS data with m-polarized incident X-rays as described
in the text.

Dispersion of paramagnons. RIXS measurements
with 7-polarization for the broad spin excitations in Pb-
Bi2212 confirm the character of collective excitations.
We performed momentum-dependent measurements with
q) along the nodal and antinodal directions using n-
polarized incident X-rays to highlight magnetic excita-
tions. See Supplementary Figs. S1 & S2 for the raw
data and Methods for the data analysis. Figure [4 shows
intensity maps and dispersions of high-energy magnetic
excitations after background subtraction. The RIXS
profile of a paramagnon excitation can not be fitted
fully with a Lorentzian or an antisymmetrized Lorentzian
lineshapd™15. For RIXS spectra with energy loss below
1 eV, we subtracted the elastic line and the background
tail of the dd excitations from the original spectra to ob-
tain the magnetic RIXS spectra. The energy maximum



after background subtraction is taken as the energy of the
paramagnon excitation. We found that the paramagnon
excitation along the nodal direction is less dispersive than
that along the antinodal direction, and is softened near
the antiferromagnetic zone boundary.

Discussion

For incoming and scattered X-rays of given polarizations
and energies, one can apply the Kramers-Heisenberg for-
mula to obtain the RIXS cross section (see Eq. in
Methods). It is generally agreed that, due to the large
spin-orbit coupling for the core hole created in the inter-
mediate state of the RIXS process, a 3d electron in the
final state can undergo a spin-flip with respect to that
of the initial state®18%2l  However, some details of this
process remain unclear.

In the scenario of collective spin excitations, one as-
sumes that the energy loss and momentum transfer be-
tween the incident and scattered X-rays will correspond
(under particular experimental conditions) to the energy
and wave vector of the spin excitation. In this scenario
the energy loss as a function of momentum reveals a
distinctive dispersive feature (a “magnon” or “param-
agnon”), independent of incident photon energy. That
is, both at and above the L3 absorption threshold, the
energy loss is constant for a fixed momentum trans-
fer, and therefore would be Raman-like. This is sup-
ported by the fact that RIXS is “proportional” to the
spin dynamical structure factor, which, for the doped
Hubbard model, posses a distinctive dispersion, resem-
bling the well-known “magnon” of the undoped Hubbard
model from the I' point toward the antiferromagnetic
zone boundaryL”.

In the noninteracting electron-hole scenario, the energy
of the intermediate state of RIXS increases with incident
photon energy; and the final state falls into the contin-
uum of electron-hole excitations. Hence the spin-flip exci-
tation is no longer at constant energy, but rather the reso-
nant energy shifts toward higher energies as the incident
photon energy transcends the L3 absorption threshold,
like a fluorescence feature in a RIXS spectrum®®. The
ED calculations show that the observed fluorescence-like
shifts for o-polarization are due primarily to the contin-
uum of particle-hole excitations in the charge channel.

Here we show that, subject to the experimental con-
ditions of RIXS, signatures of both scenarios can be
partially observed in the RIXS spectra. We observed
two distinct types of RIXS spectra, Raman-like and
fluorescence-like when the incident X-rays are m- and o-
polarized, respectively. Unlike particle-hole excitations,
the collective spin excitations probed by m-polarized
RIXS are sharp and well defined, not decaying into a con-
tinuum, and hence the energy loss remains unchanged.
The competition between these two types of RIXS exci-
tations will give rise to an opportunity to probe Mott-
like versus band-like electronic states, analogous to the
competition between resonance photoemission and Auger

emission?Z,

Our combined results, including photon-energy and
momentum dependent RIXS with full ED calculations,
consolidate the evidence for Raman-like collective spin
excitations in RIXS measurements on hole-doped su-
perconducting cuprates. For measurements with -
polarization and grazing-exit geometry shown in Fig. [4
the dispersion appear to resemble those measured with
o-polarization and grazing-incidence geometry'?. Im-
portantly, our measurements confirm the “collapse” of
the paramagnons, i.e. the notably reduced bandwidth
along the nodal direction. This is indeed the behav-
ior of Raman-like paramagnon excitations, rather than
particle-hole excitations with trivial spin flips; therefore,
the “collapse” of the paramagnon remains an open ques-
tion that cannot be simply explained by non-interacting
single-band theories.

Methods

Experimental details. We measured RIXS on a
Biy 5Pbg ¢Sr1.54CaCusOsy5 (Pb-Bi2212) single crystal at
selected incident photon energies and polarizations using
the AGM-AGS spectrometer at beamline 05A1 of the Na-
tional Synchrotron Radiation Research Center (NSRRC),
Taiwan?3. To measure the inelastic scattering arising
from spin excitations, we set the photon energy about
the Ls-edge absorption of Cu, i.e. 931 eV. RIXS spec-
tra were recorded with a combined energy resolution ~
125 meV without analysis of the polarization of scat-
tered X-rays. The polarization of the incident X-ray was
within or perpendicular to the scattering plane, i.e. 7
and o polarizations, respectively.

Being among the most studied cuprate superconduc-
tors, Bi2212 cuprate shares a two-dimensional layered
perovskite structure with superconductivity taking place
in the copper-oxide planes. The optimally doped Pb-
Bi2212 single crystal of high quality was grown with
the floating-zone method. The concentration of holes
was optimized on annealing the samples under flowing
Ns. Pb doping in Pb-Bi2212 suppresses the incommen-
surate structural modulation of the BiO planes along the
pseudo-tetragonal axis?42%, The Pb-Bi2212 crystal was
cleaved in air before being loaded into the vacuum cham-
ber (~ 1 x 10~® mbar) for RIXS measurements, which
were taken on the sample at 20 K, well below the super-
conducting transition temperature T, = 95 K.

As illustrated in Fig. a), we varied the incident angle
#; to change the momentum transfer of RIXS projected
onto the ab plane, i.e. q), while the scattering angle be-
tween the incident and scattered X-rays was fixed at 130°.
The Pb-Bi2212 crystal was rotated about its surface nor-
mal [001] in vacuum to select q along the nodal (diago-
nal) or antinodal (parallel to the Cu-O bonds) direction
in momentum space. Supplementary Figure S1 depicts
original momentum-dependent RIXS spectra within an
energy loss below 4 eV. To identify the excitation energy
below 1 eV, we subtracted the elastic line and the back-
ground tail of the dd excitations from the original spec-
tra, as demonstrated in Supplementary Fig. S2(a). The



energy of the paramagnon excitation in each spectrum
is determined by the maximum of the broad magnetic
RIXS after background subtraction. The energy range
in which the RIXS intensity is larger than 95% of the
maximum intensity is taken as the error bar of the para-

I(q,w,win)
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magnon energy. Supplementary Figures S2(b) and S2(c)
plot RIXS spectra after the aforementioned background
subtraction within the energy loss below 0.9 eV.

Full RIXS ED calculations. The Cu Lz-edge RIXS
cross-section is calculated using the Kramers-Heisenberg
formula for the single-band Hubbard model
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where q is the momentum transfer; w;, and

W = Wip — Weyt are the incident photon energy (in
our study the Cu Ls-edge) and photon energy trans-
fer, respectively; Eyp is the ground state energy of
Huubbara; |0) is the ground state wave function of
Hyubbard; | f) is the final state wave function of Hyybbard;

Tfo = (dy2_y2 o |€- |Pac)d! piao (and h.c.) dictates the
dipole transition process from Cu 2p to the 3d level (or
from Cu 3d to 2p), with the X-ray polarization € (e; for
incoming photon and €, for outgoing photon) either 7 or
o; and I is the inverse core-hole lifetime. In Hyupbard,
< ...>and < ... > represent a sum over the nearest and
next nearest neighbor sites, respectively. The Hamilto-
nian for the intermediate state also involves the on-site
energy € — €? for creating a 2p core hole, Coulomb in-
teraction U, induced by the core-hole and spin-orbit cou-
pling A, all denoted as in Hcy.

In the RIXS process, the optical transition operator
T< excites the ground state |0) to an intermediate sate
T<|0) through creation of a core hole with lifetime broad-
ening I reflected in the spectra, while promoting an elec-
tron to the 3d shell. After a fluctuation described by the
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propagator (w;+ E; — Hiubbard — Hog +i1) ~1 the operator
Tt fills the core hole and at the same time annihilates
a 3d electron. The parameters used in the RIXS calcula-
tionaret =04eV,U =8 =32¢eV,t/ = -0.3t = —0.12
eV, el —e? =930 eV, U, = —6t = —2.4 eV, A\ = 13 eV
and I' = 1t = 0.4 eV. The RIXS results were obtained
for a Lorentzian broadening with half width at half maxi-
mum (HWHM) = 0.01 eV (0.025¢) and a Gaussian broad-
ening with o = 0.08 eV (0.2¢) on the energy transfer.
The numerical calculations were performed on the 12-site
cluster, using Parallel Arnoldi Package (PARPACK ),
bi-conjugate gradient stabilized method (BiCGSTAB)4"
and continued fraction expansion method?32,

To reduce finite size effects, we also implemented
twisted average boundary condition (TABC)®Y. The
boundary condition is expressed as d;yr, = €'®*d; and
di+ g, = €9d;. For 100 boundary conditions used in our
calculations, we set ¢, = 0,27/10,27/10x2, ...,27/10x9
and ¢, = 0,27/10,27/10 x 2,...,27/10 x 9. The TABC
results are obtained by calculating the RIXS spectra for
Hyubbara on the 12-site cluster with the 100 boundary
conditions and averaging the results3%s1,
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Supplementary Information
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Supplementary Figure S1. Momentum-dependent Ls-edge RIXS spectra. (a) & (b) RIXS spectra along antinodal and
nodal directions measured with 7-polarized incident X-rays. q is expressed as gj(,0) or gj(m,7). The incident angle 6;
measured between the incident X-ray and sample surface is varied between 65° at g = 0 to 115° at the largest ¢. All the data
are normalized to the dd excitations.
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Supplementary Figure S2. Momentum-dependent Ls;-edge RIXS spectra after subtraction of elastic peak. (a)
Selected original RIXS data plotted together with the elastic line (green) and the background tail of the dd excitation (blue)
at selected q along the antinodal (7,0) and nodal (w,r) directions. The data after background subtraction are plotted with
orange lines. (b) & (c) RIXS spectra of various q| after removing the elastic line and the background of dd excitations.
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