PHYSICAL REVIEW B 109, 184506 (2024)

Charge response function probed by resonant inelastic x-ray scattering:
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In strongly correlated systems, the complete determination of the dynamical susceptibility x (q, @) is of special
relevance because of the entwinement of the spin and charge components. Although resonant inelastic x-ray
scattering (RIXS) spectra are directly related to both the charge [x.(q, w)] and the spin [, (q, ®)] contributions,
only the latter has been extensively studied with RIXS so far. Here we show how to extract from RIXS spectra
of high-7, superconducting cuprates relevant properties of x”, such as the presence of the superconducting gap
and of the pseudogap. In particular, we exploit the temperature dependence of the Cu L; edge RIXS spectra of
underdoped YBa,Cu3;0O_; at specific wave vectors q. The signature of the two gaps is given by the departure
of the low-energy excitation continuum from the Bosonic thermal evolution. This approach can be immediately
used to investigate systematically the nature of the pseudogap in cuprates, thereby taking advantage of the RIXS
technique that does not suffer the limitations of surface-sensitive electron spectroscopies. Its extension to other

interesting materials is foreseen.
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I. INTRODUCTION

The dynamical susceptibility x(q, ) encodes the whole
response of a system to an electromagnetic perturbation
and its experimental determination would entail a complete
knowledge of the dynamical properties of a material. In quan-
tum materials, the complete determination of the dynamical
susceptibility x(q, ) is of special relevance because of the
entwinement of the spin and charge degrees of freedom.
Scattering techniques are effective at its experimental deter-
mination as they directly measure the dynamical structure
factor S7(q, w) [1,2], which is related to x”(q, w) through
the fluctuation-dissipation theorem [1]. Nonetheless, all these
techniques present shortcomings: optical spectroscopies are
restrained to very small ¢ values and have an indirect access
to the spin component; electron energy loss spectroscopy
(EELS) is hampered by practical issues, such as surface
sensitivity; inelastic x-ray scattering (IXS) and inelastic neu-
tron scattering (INS) are mostly sensitive to one component
(charge and spin, respectively) and suffer from particularly
small cross-sections. Moreover, due to the poor contribution
of valence electrons in S7(q, ), in the low-energy region
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the spectra are dominated by sharp phonon peaks and the
signal from particle-hole (e-h) excitations falls often below
the detection threshold.

More recently resonant inelastic x-ray scattering (RIXS)
has emerged for its capability to access multiple degrees of
freedom. Indeed, RIXS was used to probe the orbital and
magnetic character of cuprates [3-8], to unveil the pres-
ence of charge order and charge density fluctuations in all
cuprates families [9,10], and to determine the momentum
dependent electron-phonon coupling [11-13] and its interplay
with charge order [14,15]. By RIXS it is possible to widely
explore the reciprocal space with high momentum resolution
and good sensitivity to the bulk of the material. The rapid
improvement of energy resolution [16—18] and the good un-
derstanding of cross sections [19] allows the assignment of
spectral features with high degree of confidence.

For convenience, we recall here how RIXS works for
cuprates with the help of Fig. 1. The resonant absorption
of an x-ray photon leads to the transition of one electron
from the core 2p to a valence 3d state. This highly excited
configuration rapidly decays via a variety of channels. One of
them implies the transition of a different 3d electron to fill
the 2p hole with the emission of a photon. The excited state
left behind can be a localized orbital excitation, a spin-flip
(magnon) excitation, or a band-like e-A pair. If the very same
electron decays back an elastic process takes place, or one or
more phonons can be excited in the final state. In all those
cases, the emitted photon energy differs from the incident one

©2024 American Physical Society
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FIG. 1. The RIXS process and the charge susceptibility.
(a) Sketch of the particle-hole excitations as they are produced by
RIXS and are described by x.(q, w). As the core level is localized,
transitions can involve any k, momentum of the valence dispers-
ing states. (b) The momentum conservation in the x-ray scattering
process allows the exploration of different (k,, k,) combinations.
(c) The RIXS spectrum for a given value of q is characterized by
the particle-hole continuum and by sharp peaks assigned to phonon
and magnon excitations; anti-Stokes transition, corresponding to an
energy gain, can be present at higher temperatures. The relative inten-
sity of excitations peaks depends on the resonance, i.e., on the core
level selected for the RIXS process. In the text, we refer specifically
to the 2p3,, core level of Cu and to valence states of mostly Cu 3d
character.

by the energy of the exited state. Similarly, the momentum
is conserved in the x-ray scattering process too, allowing for
the determination of the energy-momentum relation by RIXS,
i.e., the dispersion relation for collective excitations.

In this picture, the resonant character of RIXS is par-
ticularly beneficial, because it enhances the valence charge
excitation signal more than that of phonons. Indeed, in the
case of cuprates the e-h continuum signal, growing with
doping, is clearly distinguishable in RIXS spectra, although
superimposed to the optical phonons in the low-energy win-
dow.

With the aim of assessing the opportunity of using RIXS to
determine some of the properties of x.(q, w), especially the
contribution of e-h excitations, we present here a careful study
of the temperature dependence of RIXS spectra of a high
T, superconducting (HTS) cuprate, namely YBa;Cu30;_s
(YBCO). Indeed, the interplay between orbital, charge, spin
and lattice degrees of freedom is particularly relevant in this
class of materials [20-22], and this complexity has so far
frustrated the multiple attempts of properly explaining both
the superconducting (SC) and the normal state of cuprates. Al-
though the RIXS intensity can be connected to the dynamical
charge susceptibility theoretically [1,19,23,24], a systematic
experimental work is still missing [25,26]. In the case of su-
perconducting cuprates, it is important to notice that x.’(q, )
should be sensitive to the opening of the superconducting
gap across the Fermi level. The idea is relatively simple, as
sketched in Fig. 2. Assuming that one can single out the e-h
continuum in the RIXS spectra, the low-temperature spectral
function would differ from the high-temperature one for the
lack of energy-gain intensity if the sample is a normal metal,
and for a reduction also of the energy loss intensity if an
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FIG. 2. The particle-hole excitations and the gap opening. The
schematics of the transition across the Fermi level are shown on the
left, with the respective cartoon of the e-A continuum in an energy
loss spectrum on the right. In order to highlight the temperature and
sample dependence of the charge excitations in a RIXS spectrum, we
show the four cases of a fully gapped charge transfer insulator (a), of
ametal at 7 = 0 K (b), ametal at 7 > 0 K (c), and a superconductor
at T =0 K (d). In (a), the mid-IR region of the spectrum does not
host any charge continuum since the system is isotropically gapped
by the charge transfer (CT) energy, as opposed to the metallic and
superconducting examples. This represents the case of the YBCO
AF samples used for this work.

energy gap, e.g., the superconducting gap (SG) or the pseudo-
gap (PQ), is present across the Fermi level. Hence, RIXS can
give access to the phenomenology of the SG and of the PG of
HTSs. This is particularly interesting for those cuprates, e.g.,
ReBa,;Cu;307_s, intrinsically incompatible with surface sensi-
tive techniques, like angle resolved photoemission (ARPES)
and scanning tunneling microscopy and spectroscopy (STM,
STS).

The observation by RIXS of the SG and of the PG was
enabled some years ago by the realization of instruments of
adequate energy resolution, initially at the ESRF [16] and
later at Diamond Light Source [17], NSLS II [18], and other
synchrotrons, which must be of the order of the SG width
(=40 meV) or smaller. A pioneering work on BSCCO was
published by Suzuki and collaborators in Ref. [27], with a
successful though partial demonstration. Indeed, it was found
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that superimposed to the e-h continuum other spectral features
are heavily dependent on temperature, therefore complicating
the bare use of temperature differential measurements for the
distillation of the pure e-h signal form the RIXS spectra.

Building on that experience, here we propose a method to
study both the SG and the PG opening for an underdoped
YBa;Cu307_s (YBCO UD) (p = 0.15) by means of RIXS as
a function of temperature. Complementing the experimental
activity with calculations of the charge dynamical structure
factor, we selected a hot-spot in the q space to maximize
the gaps opening effects. We then performed a temperature
dependence of RIXS spectra at Cu L3 edge for both the YBCO
UD and for an undoped insulating sample (YBCO AF), taken
as areference. Following a thorough data analysis of the RIXS
temperature dependence, we are able to detect both the SG and
the PG features in the low-energy integrated intensity in the
YBCO UD data, whereas in the YBCO AF no effect is visible,
as expected. Our results demonstrate the possibility to track
changes in the charge susceptibility with RIXS, opening a new
route towards the study of low-energy charge excitations, of
the SG and of the PG in cuprates. The method can be extended
to any other materials with a high quality RIXS response.

Section II explains more thoroughly how the electron-
hole continuum can be distinguished in a RIXS spectrum,
it shows the results of our calculations of the dynamical
charge structure factor and it describes the experimental con-
ditions. Section III shows the RIXS experimental results and
illustrates the different data analysis approaches. Finally, in
Sec. IV, the main conclusions of this work are highlighted
with future perspectives.

II. METHODS
A. x.(q, ®) and the e-h continuum in RIXS

As mentioned above, the RIXS cross section is not pro-
portional to S7(q, w), differently than in IXS, EELS, INS,
and Raman scattering. This is because in all these techniques
the scattering cross section is dictated by the total charge
density, which is mostly concentrated very close to the nucleus
(core levels) and the valence electrons contribute marginally
to the total scattering probability. Conversely, in RIXS, the
scattering by valence electrons is hugely amplified, whereas
the scattering by the core electrons is little or at all affected
by the resonance. Consequently, in RIXS the e-h contin-
uum can emerge from underneath the phonon signal, which
monopolizes the spectra of other scattering techniques. The
two contributions have thus to be analyzed separately. Some
practical issues complicate the task: the energy resolution in
RIXS is still not optimal to single out in a clean way the
sharp phonon peaks, the electron-phonon coupling mixes the
two type of excitations and both sets of (bosonic) excitations
follow the Bose-Einstein statistics as a function of temper-
ature. Moreover a spurious signal from defects in the bulk
and at the surface of samples, mostly elastic and temperature
independent, is also present with sample-dependent intensity.
Therefore, the charge component of the RIXS signal can be
expressed as

Ir(q, ®) = A(q, ) + S§(q, w), ()

where S’; (q, w) stands for the resonant dynamical structure
factor, for which e-h and phonons are weighted differently
than in IXS, and A(q, w) is a temperature independent term
which takes into account spurious signals. Finally, we have
to mention that also orbital and spin excitations are present
in RIXS spectra, which in cuprates manifest at higher en-
ergy levels compared to features associated with gap opening.
The ratio between the spin and charge components of the
dynamical susceptibility in a RIXS spectrum is determined
by both cross-section considerations and the intrinsic physics
of the material. The experimental geometry can be tailored
to favor either spin flip or non-spin flip processes, as widely
discussed theoretically [19] and demonstrated experimentally
[28]. However, the underlying physics of the system also
plays a crucial role. In Fig. 3(a), we present a comparison
between RIXS spectra of two YBCO samples: one nearly
undoped and insulating (AF) and the other underdoped with
a superconducting temperature 7, = 86 K (UD). The blue
shaded area indicates the e-h continuum, exclusively present
in the UD sample. As depicted in the cartoon in Fig. 2 and
confirmed by the spectra in Fig. 3(a), going from an insu-
lating to a metallic sample enhances the charge contribution
to the dynamical susceptibility in the mid-IR region of the
spectrum due to the emergence of the particle-hole continuum.
Moreover, from Fig. 3(a), we can notice that it is not evident
how to disentangle the e-h continuum from the phonon sig-
nal at relatively low energies. When dealing with hole-doped
cuprates, one has to consider also other contributions to RIXS
spectra, namely charge density waves (at zero energy loss) and
charge density fluctuations (CDF) with up to few tens of meV
of energy [29,30]. The latter also follow the Bose statistics
but they strongly mix with both e-h excitations and phonons
close to the ordering wave-vector, where their statistical be-
havior is more complex [29]. In Fig. 3(b), the scaling of the
Bose statistics with temperature for different characteristic
energies is presented. We see that intensities of all features
below 30 meV, i.e., CDF, e-h and medium and low-energy
phonons (Cu-O bond-bending/buckling optical and acous-
tic branches [12,31-34]) increase with temperature. Instead
the Cu-O bond-stretching/breathing modes, higher in energy
(~65 meV), are expected to be less sensitive to temperature
variations, as long as 7 < 300 K [12,31-34].

The choice of the optimum q where to perform the RIXS
measurement so to maximize the effects of SG and PG open-
ing is therefore crucial and not straightforward, also due to the
strong anisotropy of both gaps in cuprates and to the electron-
correlation effects. Ideally one should calculate S¥(q, @) with
a realistic model able to describe the electronic states, the
gaps and the resonant scattering process. But this is not yet
possible. It is anyway useful to look at predictions from sim-
pler calculations. Similarly to Ref. [27], we have computed
the valence-electron response function using a single Hubbard
band, while keeping clearly in mind the differences between
the calculated S7(q, @) and a real RIXS spectrum. The results
are presented in the next subsection.

B. Calculations of the valence charge response in RIXS spectra

In order to calculate Sy(q, @), a model for x/(q, w) is
needed. Approaches with different levels of complexity can
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FIG. 3. (a) Example of RIXS spectra of underdoped (UD) and undoped (AF) YBCO, restricted to the energy loss window equivalent to
mid-infrared optical range [T = 250 K, q; = (—0.4, 0)]. The main spectral features are the elastic peak (el), the breathing phonon (breathing)
and the magnon/paramangnon (spin); the particle-hole continuum, present only in the doped sample, is highlighted with a blue shaded area.
In the inset, for a narrower energy range, the arrows indicate the energy of the relative Bose curve in (b). (b) Bose statistics as a function of
temperature for different energies labeled in meV at the right edge of the diagram.

be adopted to perform these calculations, depending on the
scope of the model itself. Here we have exploited the Lindhard
function [35]

fqu - fk

xe(q, ®) = Xk: P —

@)

where %o is the photon energy, K is the electron’s reciprocal
space vector, f is the Fermi distribution, E, is the band struc-
ture of the material under consideration (YBCO in our case),
q is the momentum transfer, and I" takes into account the ex-
perimental broadening. The Lindhard susceptibility describes
successfully systems where the non-interacting electrons ap-
proximation is valid. Starting with a single band, it makes
a convolution between occupied and empty states separated
by an energy /iw and a momentum q. Thus it represents a
drastically oversimplified description of cuprates, because it
ignores the electron-electron correlation. However, with the
implementation of the proper band structure and of the SG
and PG opening, this tool can provide a significant input
for the choice of q in our experiment, because correlation
effects are expected to move spectral weight more along the
energy axis than in momentum space. Since an experimen-
tally measured band structure is not available for YBCO
[36], we have derived it from the eight orbitals tight binding
Hamiltonian from Refs. [37-39]. Then, we selected for the
calculations the only band crossing the Fermi level, since the
Lindhard susceptibility model works under the single band
approximation. To account for the SG and PG, we adopted
the same symmetry and temperature dependence determined
by ARPES for Bi2212 in Refs. [40—42]. For the temperature
dependence of the PG width, we adopted the identical critical
behavior as observed for the SG, as shown in Fig. 4(i). This
choice was made for simplicity, given the absence of a more
precisely defined behavior. We used amplitude values of 40
and 20 meV for the SG and PG respectively, referring to
Bi2212 data in Ref. [40]. Conversely, the band structure itself
remains unaltered with temperature in our calculations. The
role of temperature is confined to the Fermi distribution, found
in the numerator of Eq. (2), and to the critical behavior of the

gaps.

The results of our calculations are presented in Fig. 4. We
set T, to 90 K and 7* to 175 K, and the gap value at O K to be
40 meV. In panels (a), (b), and (c), we present the dispersive
maps respectively in the normal (200 K), PG (90 K), and
SC (0 K) phases, along the (h,0) and (h,h) directions in the
q space. As an effect of the band structure, the strongest
low-energy features appear close to I'. Upon cooling it is clear
that the SG and PG openings are reflected more at certain q
values. In order to identify these hotspots more effectively, we
show the integrated intensity in the first 50 meV in the q space
[panels (d), (e), and (f)]. First, we see that the most promising
points, i.e., where the integrated intensity shows the largest
differences, are also near I'. Unfortunately, these q values
are usually reached experimentally in near-specular geometry,
where an overwhelming elastic intensity from defects at the
sample surface hinders the low-energy features. Therefore, we
need to consider other possible solutions. The other hotspot,
indicated by yellow arrows, is at q =~ (0.20, 0.20) r.L.u., which
is the q value of the calculated temperature dependence spec-
tra in panels (g) and (h). In panel (g), we highlight the
contribution of both the Fermi distribution in Eq. (2) and of
the detailed balance factor [1] to the calculated temperature
dependent S(q, w), switching off both the SG and the PG.
Although weak, the effect is evident and represents a further
temperature dependent component of the low-energy scale. In
panel (h) instead, we show the same calculated spectra with
the gaps switched on.

C. RIXS experiment

We have measured the temperature dependence of RIXS
spectra at the Cu L3 edge on two YBCO samples, the former
slightly underdoped (UD) and the latter insulating (AF), in the
temperature range depicted by the two green dashed lines in
Fig. 5(a). The YBCO films, with thickness t = 100 nm, have
been deposited by pulsed laser deposition on 5 x 5 mm? (001)
oriented SrTiO; substrate. Details of the growth procedure
can be found in Ref. [43]. The slightly underdoped sample
has been obtained using a post-annealing oxygen pressure
Pan = 1.5 x 1073 torr after the deposition. Here, the criti-
cal temperature [temperature where the first derivative of the
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FIG. 4. Outcomes of the dynamical structure factor calculations. [(a), (b), and (c)] Dispersive maps along the (h,0) and (h,h) directions in
the reciprocal space at T = 200, 90, and 0 K respectively, i.e., in the normal, PG and SC phases. The intensity color-scale is kept the same
for all the different cases. [(d), (e), and (f)] Maps in the q space of the integral of the simulated spectra in the first 50 meV. Again the maps
are calculated respectively at 200, 90, and 0 K and the intensity color-scale is kept the same for all the different cases. [(g) and (h)] Calculated
temperature dependence spectra at q = (0.20, 0.20) r.L.u. from 36 to 290 K respectively without any gap opening and with the SG and the PG.
(1) Critical temperature dependence of the energy of the two gaps, normalized to their O K value, as used in the calculations.

R(T) characteristic is maximum] is 7, = 86 K and the PG
temperature (temperature where the resistance deviates by 1%
from the linear fit) 7+ = 196 K [Fig. 5(b)]. The doping level
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FIG. 5. (a) Schematic phase diagram for YBCO. The green
dashed lines highlight the doping and temperature range we have
investigated with the RIXS experiment. (b) Transport measurements
of the YBCO UD sample. In red, a linear fit of the high temperature
resistance in the strange metal (SM) phase is shown. In the inset, we
present the difference between R(T') and the linear fit, in order to
highlight the loss in linearity which defines the transition from the
strange metal to the pseudogap region, conventionally associated to
the pseudogap temperature 7*. (c) Resistance vs temperature R(T")
of the YBCO AF sample.

p = 0.15 has been determined by the combined knowledge of
T. and of the c-axis length [43]. In the YBCO AF case, the
sample has undergone a post-annealing with an oxygen pres-
sure of pan = 1 X 107 torr, which translates into a doping
level p < 0.04.

RIXS spectra were measured at the ID32 beamline of
the European Synchrotron (ESRF) in Grenoble, France [16].
We worked in the high efficiency configuration of both the
monochromator and the beamline to maximize the incoming
photon flux. The energy resolution (~40 meV for the YBCO
UD measurements and ~50 meV for the YBCO AF) was
determined from a pure elastic line taken at specular con-
dition. The momentum resolution is defined by the angular
acceptance of the spectrometer in the scattering plane (20
mrad) [16] and can be estimated to be ~0.01 r.l.u.. A sketch
of the scattering geometry is shown in Fig. 6(c). We employed
o polarization of the incoming x-ray photons, scattering an-
gle 26 = 149.5° to maximize the momentum transfer ¢, and
grazing-incidence configuration, corresponding to negative q
in our convention.

We selected two q points following the results of our cal-
culations. Qy, in (—0.2, 0.2) r.L.u., is expected to be a hotspot
for observing large effects due to the SG and PG opening. On
the contrary, Q, in (—0.4,0) r.l.u. serves as a reference for
the other temperature dependent features in the low-energy
spectral region because, according both to our calculations
and to the previous measurements [27], the SG and to the PG
should influence very little the spectra in this point.
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FIG. 6. Overview of the experimental results for YBCO UD. (a) Reference spectra for the two geometries listed in the legend, taken at
T =250 K. The main spectral features are indicated by labels and the two points in the q space are highlighted in the inset. [(b) and (d)]
Temperature dependence of RIXS spectra respectively at (—0.2, 0.2) r.1.u. (Q,) and (—0.4, 0) r.1.u. (Q,). The temperatures go from 290 K (red)
to 36 K (blue). In the insets, the low-energy scale is highlighted. The spectra are normalized to the y. (c) Cartoon of the scattering geometry.
The incoming and outgoing beams are represented by red arrows. The incident angle () is depicted in blue and the scattering angle (26) in
light-blue. The grey arrow represents the polarization of the incoming beam. [(e) and (f)] Low-energy spectral region at Q; and Q.. The spectra
are normalized to the integrated intensity of the dd excitations (from —3 to —1 meV). The breathing mode phonon peak (ph) is highlighted in

both the panels.

As for YBCO UD, we acquired spectra in parallel at the
two projections of wave vector while scanning the tempera-
tures from 290 K down to 36 K in steps of about 12 K. Each
spectrum took one hour of acquisition, with the only exception
of the one at 250 K, exploited as a reference in the analysis,
which has been measured for two hours. In Fig. 6(a), wide
spectra at T = 250 K are presented for the two geometries.
The two q points are indicated in the inset.

In order to strengthen our results, we performed the
same temperature dependence on the YBCO AF, whose
temperature evolution should be determined exclusively by
low-energy phonons, as explained in Sec. II A. We adopted
the very same experimental geometry and we followed the
experimental protocol of the UD sample. An overview of
the results is shown in Fig. 7. In particular, in panel (a), a
comparison of the spectra in the two geometries for the AF
case is presented.

III. EXPERIMENTAL RESULTS

A. RIXS temperature dependence

In Figs. 6(b), 6(d), 7(b), and 7(c), we show an overview
of the temperature dependent RIXS spectra normalized to the
Iy, for both the geometries and for the two samples. As for
the UD case, at both momenta, the low-energy region shows

a marked temperature dependence. The dd excitations broad
peak is the other spectral feature that exhibits a clear temper-
ature dependence, although weaker, consisting in a softening
and a broadening of the peak with temperature. Although the
experimental conditions do not favour the spin excitations,
it seems clear that the paramagnon is mostly insensitive to
temperature. In the AF case the temperature effects are more
evident in the dd excitations, again with a softening at larger
temperatures. Although weaker, the quasi-elastic region is still
showing a very clear trend, which can be assigned to low-
energy phonons, as discussed later.

In Figs. 6(e), 6(f), 7(d), and 7(e), we focus instead on
the low-energy region. In order to clear out residual changes
in intensity due to beamline instabilities, these spectra are
normalized to the dd peak integral, from —3 to —1 eV, with
the reasonable assumption that the overall intensity of the
peak should remain almost constant at different temperatures.
Indeed, as shown in Fig. 8, the variation of the total dd in-
tensity with temperature is always very small, and unaffected
by the SC transition in the UD case (squares). To further
confirm the monotonous trend, in Fig. 8, the same integrated
intensities in both geometries for the undoped (AF) YBCO
sample are shown (triangles). This internal normalization is
useful since we are looking for small intensity modulations
due to the SG and PG opening. Comparing Fig. 6 panels (e)
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FIG. 7. Overview of the experimental results for YBCO AF. (a) Reference spectra for the two geometries listed in the legend, taken at
T = 250 K. The main spectral features are indicated by labels and the two points in the q space are highlighted in the inset. [(b) and (c)]
Temperature dependence of RIXS spectra respectively at (—0.2, 0.2) r.1.u. (Q;) and (—0.4, 0) r.L.u. (Q,). The temperatures go from 250 K (red)
to 36 K (blue). In the insets, the low-energy scale is highlighted. The spectra are normalized to the Iy. [(d) and (e)] Low-energy spectral region
at Q; and Q,. The spectra are normalized to the integrated intensity of the dd excitations (from —3 to —1 meV). The breathing mode phonon

peak (ph) is highlighted in both the panels.

and (f) with the insets of panels (b) and (d) it is clear that
this different normalization approach does not significantly
change the overall results.

In Figs. 6(e), 6(f), 7(d), and 7(e), the change in intensity
within the low-energy window is highlighted. As expected,
for both q values, the bond-stretching phonon is almost
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FIG. 8. Intensity of dd excitations integrated from —3 to —1 eV
for both Q; and Q, and for the two samples.

temperature independent and, conversely, at lower energies
across the Fermi level spectra intensity grows monotonically
with 7. These results confirm that low-energy phonons and
CDF (in the UD case) are indeed contributing to the tem-
perature dependence in the low-energy scale. In particular,
the clear temperature evolution of the quasielastic intensity
also in the AF case further confirms the role of low-energy
phonons in the temperature dependence of this spectral region,
since low-energy charge contributions are almost entirely sup-
pressed at this doping level. It is thus clear that the observation
of the SG and PG features requires cleaning the signal from
these other temperature dependent excitations, which hinder
the direct observation of gap-related information in the raw
spectra.

B. Low-energy scale intensity evolution

As a first approach to better monitor the temperature de-
pendence of the low-energy spectral weight, we adopt the well
established antisymmetrization method to retrieve x.(q, )
from the spectra, as illustrated in Ref. [2]. In order to obtain
an estimate for x”(q, ), we need to remove the Bose factor
that multiplies x(q, w) in the fluctuation dissipation theorem
[1] as follows:

X (q, ) = —n[lr(q, ®) — Ir(q, —w)], 3
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FIG. 9. (a) Low-energy antisymmetrized temperature dependent spectra for Q,. (b) Low-energy antisymmetrized temperature dependent
spectra for Q,. (c) Integrated intensity of the absolute value of (a) and (b) for the grey shaded areas, normalized to the 290 K point. The
error bars are within the symbol size. The dashed and dotted lines indicate respectively 7, and T* extracted from transport measurements, as

illustrated in Fig. 5.

where I7(q, ) is defined in Eq. (1). As explained in Ref. [2],
the advantage of this approach is to cancel out the Bose factor
contribution by automatically accounting for it in the antisym-
metrization of the experimental data with respect to the zero
energy point, exploiting the odd nature of x/(q, ®). Ideally,
any spectral contribution following the Bose statistics would
result in a temperature independent behavior, therefore high-
lighting the discrepant spectral features as special. We note
that the spurious A(q, ) term gets also canceled out if it is of
pure elastic scattering, i.e., » = 0 so that A(q, ) = A(q, —w)
for any q. Figures 9(a) and 9(b) show x/(q,w) for both
geometries. In order to catch any signature of the SG and the
PG, we take the absolute value of x/(q, ) and we integrate
it within £75 meV. The result of the integration is shown in
Fig. 9(c). The difference between Q; and Q, is evident. Within
the experimental error, the Q, intensity remains unperturbed,
meaning that the opening of both the PG and the SG does
not affect the spectral intensity in the low-energy range, as
predicted by our calculations. Although some temperature
effects are still visible in the first 30 meV [see Fig. 9(b)],
this is compensated by higher energy modulation and thus not
reflected in the integrated intensity of Fig. 9(c). On the other
hand, the temperature evolution of Q; is more structured.
Starting from high temperatures down to ~170 K [orange ar-
row in Fig. 9(c)], the data points are superimposed to Q,. Then
across the putative PG opening temperature, the Q integrated
intensity deviates from that of Q,. However, we note that this
depletion starts at slightly lower temperatures with respect to
what is extracted from transport measurements [dotted line
in Fig. 9(c)]. The second turning point corresponds with T,
measured in transport, thus we attribute it to the SG opening.

C. Influence of low-energy phonons and CDF

To confirm these results, we analyze the temperature
dependence of the low-energy region from a different per-
spective. Starting again from the RIXS spectra in Figs. 6 and
7, to amplify the temperature effects we take the differences
between all the spectra and the reference one at T = 250 K.
Then, we calculate the integral of these differences from -
75 meV, which corresponds to the energy of the breathing
phonon peak at Q;, up to +100 meV, to include all energy

gain contributions (ideally one should integrate up to +00). In
order to make the two data-sets at different q points compara-
ble, we normalize these values to the integrals of the sum of
the different spectra and the reference, as follows:

4100 meV
S(T)—S(T =250K)|dE
1(T) = J=15mev [S(T) — S( )]

+100 meV s
smey () + ST =250 K)]dE

where S here is the RIXS spectral intensity. The results are
presented in Figs. 10(a) and 10(b). Starting with the AF case
[Fig. 10(a)] as a reference, it is evident that, within the ex-
perimental error, the trends at the two different q points align.
Indeed, the main contribution to the intensity comes from low-
energy phonons, e.g., buckling mode and acoustic branches,
which are almost non-dispersing [31]. However, we cannot
entirely rule out a potential quasi-isotropic contribution from
charge ordering, whose evidence has been recently hinted at
doping levels below p ~ 0.05 [44].

As opposed to the AF data, in the UD case the two ge-
ometries present clearly different trends. At high temperature,
where the sample is in the normal state (Fig. 5), the two
integrals scale quite consistently. The first weak deviation of
the Q; data from the trend is visible below 200 K, and a
more considerable intensity drop is between 90 and 84 K. On
the contrary, within the experimental uncertainties there are
no jumps around 7, [Fig. 5(b)] for Q,, as predicted by our
calculations. We note that the temperature evolution of the
data taken at Q, in the UD is essentially the same as that of
the AF case for both q points.

As explained in Ref. [29], the quasielastic temperature
dependence due to CDF and low-energy phonons can be well
described as

2
T} )
exp(kB—T) —1

where A(q) is an additive temperature independent compo-
nent, Iy is the CDF plus phonons intensity at O K, w is the
characteristic energy of the excitation and kg is the Boltzmann
constant.
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size. The different grey areas represent the superconducting (SC), pseudogap (PG), and strange metal (SM) phases.

In order to disentangle the SG and PG contributions to
the total temperature dependence from the others (CDF, low-
energy phonons) for Q;, we fit the Q, case in Fig. 10(a)
according to Eq. (5) and we subtract the result from the Q;
data-points. Since both Q; and Q, are far from the CDF crit-
ical wave vector q [10,30], the CDF temperature dependence
can be considered to be the same in the two cases [29].

Following the approach of Ref. [29], we extract the A(q)
from the spectrum at low temperature. We fit the low-energy
scale with four peaks: a damped harmonic oscillator for the
paramagnon [45], two resolution-limited Gaussian peaks for
the breathing phonon and the elastic scattering, and a broader
Gaussian accounting for CDF and low-energy phonons,
adopting the fitting procedure of Refs. [11,12,29,46]. An ex-
ample of the fitting is shown in Fig. 11. In order to estimate
A(q), we take the total intensities of the elastic and breathing
phonon peaks obtained from the fitting of the spectrum at
low temperature. We consider these two features as the rele-
vant temperature independent components for the low-energy

T T I T T T T I T T T T T T T
— T=36K
- M breathing
cdf
elastic
L paramagnon
—fit
O Intensity

o
oo

o
o

Intensity (arb. units)
o o
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o
=}
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Energy loss (eV)

FIG. 11. Fitting of the low-energy spectral region for Q, at 36 K.
The CDF peak is reported in orange, while the elastic and breathing
mode peaks are shown respectively in light blue and purple. The tail
of the paramagnon feature is fitted with a damped oscillator, reported
in gray. The total fit is represented by the red curve.

scale. Then, exploiting the obtained A(q), we fit the Q, points
in Fig. 10(a) with Eq. (5), considering Iy and w as free param-
eters, taking into account the procedure explained in Eq. (4).
The result of this fitting is represented by the light blue curve
in Fig. 10(a). The scaling with temperature of the low-energy
spectral intensity at Q; is well reproduced by the fitting, con-
firming the Bosonic nature of the temperature dependence in
Qy, which can therefore be exploited to minimize the CDF
and phonons contributions for Q.

In Fig. 10(b), we show the integrals after the subtraction of
the same bare Bosonic intensity fit for the two geometries.
For Q; the intensity step at 87 K noticed in Fig. 10(a) is
now more evident. We consider it as the signature of the
SG opening around 7, ~ 87 &+ 3 K), determined by transport
measurements in Fig. 5(b).

Above T, an overall spectral weight depletion is evident
below 2~ 200 K and can be mainly assigned to the PG opening,
confirming what we obtained with the antisymmetrization
method in Sec. III B. This result is in fairly good agreement
with the 7%, indirectly extracted from transport measurements
[Fig. 5(b)]. However, although the SG transition clearly shows
a signature in the integrated intensity, the results in Fig. 10(b)
do not show any sharp feature for the PG, within the experi-
mental error.

IV. CONCLUSIONS AND PERSPECTIVES

We have measured the temperature dependent RIXS spec-
tra at two distinct q points, focusing on both an underdoped
YBCO sample and an undoped reference sample. Guided by
Lindhard susceptibility calculations, we selected Q; and Q; to
respectively maximize and minimize the effects on the spec-
tra of the presence of superconducting gap and pseudogap.
In consideration of the experimental difficulties (high-energy
resolution and high stability over long period of time to span
a wide temperature range in fine steps), we analyzed the data
with two different approaches. In both cases, we have been
able to decouple the electron-hole continuum temperature
dependence from the other Bosonic features (phonons, CDF)
and to observe both the signature of the SG and the PG in the

184506-9



GIACOMO MERZONI et al.

PHYSICAL REVIEW B 109, 184506 (2024)

underdoped system. The SG opening reflects into a sharp step
in the spectral weight at 7, ~ 87 + 3 K, in good agreement
with transport measurement. Instead, the PG signature results
in a smoother spectral intensity evolution above 7, which
extends up to ~200 K, around 7* as obtained from transport
measurements. Thus, while for the SG we can extract a well
defined T value, in the case of the PG no sharp onset temper-
ature can be identified, in agreement with other transport and
spectroscopic investigations of the phenomenon. Although
our approach undergoes complications from the experimental
side, we have demonstrated the sensitivity of RIXS to both
the SG and the PG. This result strengthen the possibility to
have access to the charge response function by means of
RIXS.

Our results are particularly relevant for the physics of
cuprates. Indeed, the longstanding debates about the pseu-
dogap and its nature, in relation to the superconductivity
(does it compete with the SC state or does it represent a
sort of precursor SC phase? [47]), and to the strange metal
phase (is it a mere crossover line [48] or does it represent
the onset of a proper critical phase transition? [49]) have
not been entirely settled to these days. In the last years the
almost accepted belief has been to derive T* from trans-
port measurements as the onset temperature for the loss of
linearity in the resistivity, which represents the main signa-
ture of the strange metal phase. Thus transport measurements
have been deeply exploited to study the PG to strange metal
transition, inspiring the proposal of a quantum critical point
(QCP)-based phase diagram [50,51]. However, as shown in
Fig. 5(b), the T* extraction from transport measurements is
indirect and the uncertainty is not negligible. Instead, recent
ARPES measurements suggest to adopt a radically differ-
ent interpretation on the role of 7* [52]. According to this
picture, the PG would be subordinated to the strange metal
phase and the critical doping level p. would represent a “tem-
perature independent boundary” between the strange metal
and the Fermi liquid regimes, thus excluding the existence
of any QCP. Unfortunately, ARPES can be used only for
few families of HTS. Hence, another spectroscopic technique
assessing the PG nature is very welcome because it can
help reconciling spectroscopy and transport measurements,
heading for a more consistent interpretation of this puzzling
regime.
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APPENDIX: ASSIGNMENT OF THE ZERO
OF THE ENERGY

The definition of the zero of the energy is highly debated in
the community since the advent of extremely high resolution
spectrometers combined with high quality samples with very
weak diffuse elastic response, whose intensity can be smaller
than that of phonons at energy losses of few tens of meV
of energy loss, potentially leading to erroneous assignment
of zero energy elastic peaks. As for the present work, the
antisymmetrization method proposed in Fig. 9 is intrinsically
affected by the zero energy location, which in fact makes it a
very sensitive way of checking the quality of our assignment
of the zero energy. As explained in Sec. III B, the antisym-
metrization method exploits the anti-Stokes spectral weight to
cancel out the Bosonic contribution from the Stokes spectral
weight, together with the temperature independent intensity.
According to the fluctuation-dissipation theorem, this results
in the pure imaginary part of the response function (x.(q, w)).
One of the most important features of x/(q, w) is that it is
an odd function of the energy for any value of q and it is
supposed to be asymptotically linear in energy across zero
energy [1]. One possible test to verify the accuracy of the zero
energy assignment is that of checking for the linearity range
across zero of the extracted x/(q, ). In order to confirm
the correctness of our zero energy definition, we repeated
the analysis presented in Fig. 9 by shifting the spectra in
steps of 2 meV up to 10 meV (where the zero of the energy
corresponds to the maximum of the first peak). In Figs. 12(a)
and 12(d), we show the 290 K spectra as a function of the
energy shift, respectively for Q; and Q,. We considered the
spectra at 290 K because no electronic gaps are present at
such high temperatures. In Figs. 12(b) and 12(e), we show
the resulting x/(q, w) at 290 K. It is clear that while our
original zero of the energy gives a x/(q, w) which is linear at
low energies, a departure in shape from the expected behavior
occurs when shifting the spectra by 10 meV or less. The rea-
son for this can be attributed to an overestimated anti-Stokes
spectral weight that ends up canceling the Stokes intensity
upon antisymmetrization. Consequently the integration of the
X2 (q, w) as a function of temperature for the different values
of the energy shifts cannot lead to the same result, as shown in
Figs. 2(c) and 2(f). In particular, in the case of Q, [Fig. 12(f)]
with our assignment of the zero of energy we find no temper-
ature dependence in agreement with the results obtained by
the very different analysis explained in Sec. III C. Conversely,
when changing the zero of the energy towards 10 meV the
low-energy intensity integral shows a clear decrease with tem-
perature, an effect very difficult to explain. Finally, we would
like to stress that the more we shift the spectrum towards the
energy gain side (positive energy shift), the more we subtract
in the antisymmetrization. By going in the opposite direction
(thin black lines in Fig. 2, negative shift), the effect of the
antisymmetrization procedure on the total spectral intensity is
less and less relevant and the result of the analysis tends to
be closer to a normal integration of the spectra in the low-
energy range. This consideration suggests that a systematic
error in the positive shift direction is more detrimental than a
systematic error in the negative direction.
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