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Quantum phase transitions play an important role in shaping the phase diagram of high temperature
cuprate superconductors. These cuprates possess intertwined orders which interact strongly with super
conductivity. However, the evidence for the quantum critical point associated with the charge order in the
superconducting phase remains elusive. Here, we reveal the short range charge orders and the spectral
signature of the quantum fluctuations in La, ,Sr,CuO4 (LSCO) near the optimal doping using high
resolution resonant inelastic x ray scattering. On performing calculations through a diagrammatic
framework, we discover that the charge correlations significantly soften several branches of phonons.
These results elucidate the role of charge order in the LSCO compound, providing evidence for quantum
critical scaling and discommensurations associated with charge order.

DOI: 10.1103/PhysRevX.11.041038

I. INTRODUCTION

When doped with holes or electrons, cuprates at low
temperatures can be tuned from a Mott insulating phase to a
superconducting phase and then to a Fermi-liquid phase.
In addition, an enigmatic pseudogap phase exists in the
underdoped regime of hole-doped cuprates above the
superconductivity transition temperature 7 with a cross-
over temperature 7, which decreases monotonically when
the doping is increased [1]. Several symmetry-breaking
orders such as charge-density waves (CDWSs) have also
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been discovered in the cuprates with comparable onset
temperatures [2].

Charge fluctuations are one of the most fundamental
collective excitations in matter. Recently, CDWs in
cuprate superconductors have attracted renewed interest
[3-25], but their mechanism and competition with super-
conductivity remain subjects of vigorous discussion. The
wave vector of the CDW, for example, exhibits an
inconsistent evolution with doping in various cuprate
families [7,8]. This observation has lead to debate on
whether real-space local interactions or Fermi surface
nesting in momentum space underlies the CDW physics.
Moreover, CDWs are coupled to phonons in cuprates
[22-33], but the underlying mechanism of phonon sofi-
ening remains a mystery [6], although lattice vibrations in
metals can be damped or softened by electronic quasi-
particles or excitations.

Published by the American Physical Society
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Upon tuning a nonthermal parameter through a critical
value, quantum phase transitions occur at the absolute zero
of temperature 7. The putative quantum critical point
(QCP) in a cuprate holds the key to understanding many
profound phenomena related to its superconductivity
[34-40]. Anomalous thermodynamic [38] and transport
properties [39,40] of cuprates close to a QCP have been
observed. For example, as temperature 7 approaches zero,
the electrical resistivity varies linearly with 7' rather than
the T? dependence of a Fermi liquid. In approaching a QCP,
two quantum states of the system can exchange their energy
ordering. As a result, a CDW state can be intertwined with
the superconducting state. Also, because the energy differ-
ence is small, switching back and forth between CDW and
superconducting ground states is energetically likely,
resulting in quantum charge fluctuations. Interestingly,
recent resonant inelastic x-ray scattering (RIXS) studies
have found that the charge-density fluctuations permeate
through a broad region of the cuprate phase diagram [10].

A crucial task in the scenario of the presence of QCP is
to identify the ordered phases that terminates at the QCP.
In the present work, we presume the ordered phases to be
the CDW order and try to find evidence for the QCP
associated with the CDW in the superconducting phase.
Inelastic x-ray scattering (IXS) probes charge fluctuations
by measuring the dynamical structure factor S(q,w),
which is the space and time Fourier transformation of
the density-density correlation function. Here, q and 7w
are the momentum and energy transferred to charge
excitations, respectively, with 7 being the Planck constant
h divided by 2z. For a given electron system of charge
density n(r,f) at position r and time 7, the charge
fluctuation is én(r,t) = n(r,7) — (n(r,t)), in which
(---) denotes the quantum statistical average. The density-
density correlation function (n(r, #)n(r’,¢')) can then be
written as

(n(r.On(r.¢)) = (n(r.0)) (n(c. ) + (n(r.0)on(r' 7).
(1)

In the presence of disorder, an additional average
over disorders must be taken over Eq. (1). X-ray scattering
data, thus, comprise contributions of the static charge
distribution (n(r,7))(n(x’,7')) and its dynamical fluctua-
tions (6n(r, t)én(r’,7')), corresponding to charge suscep-
tibilities denoted by y((q, @) and y(q, @), respectively. In
addition, through the fluctuation-dissipation theorem,
S(q, w) is related to the charge susceptibility y(q,®) by
S(q,w) =2a(1—e P") 'Imy(q,w), in which g = 1/kgT,
with kg denoting the Boltzmann constant.

O K-edge RIXS probes certain characteristics of the
dynamical charge fluctuations of CDWs, although addi-
tionally modulated by the effects of RIXS matrix elements,
light polarization, and orbital characters [10,23,41,42]. In
this work, we perform high-resolution O K-edge RIXS

measurements and theoretical calculations through a
diagrammatic framework to investigate the quantum fluc-
tuations of charge order in superconducting cuprate
La, Sr,CuO, (LSCO) near the optimal doping. Our
results elucidate the role of charge order in the LSCO
compound, providing evidence for the quantum critical
scaling associated with charge order.

II. RIXS MEASUREMENTS

A. Experimental

The LSCO single crystals with the doping level x = 0.15
are grown by the traveling-solvent floating zone method
[43-45]. After growth, the crystals are annealed to remove
oxygen defects. The value of x is determined from an
inductively-coupled-plasma atomic-emission spectrometric
analysis. The T of the x = 0.15 sample is 37.5 K.

We conduct O K-edge RIXS measurements using the
AGM-AGS spectrometer of beam line 41A at Taiwan
Photon Source of National Synchrotron Radiation
Research Center, Taiwan [46]. This recently constructed
AGM-AGS beam line is based on the energy compensation
principle of grating dispersion. High-resolution RIXS data
are measured with an energy resolution of 16 meV at an
incident photon energy of 530 eV. See Supplemental
Material [47] for the details of the AGM-AGS spectrometer
and data analysis.

B. Charge order of LSCO

We first measure static charge distributions
(n(r,1))(n(r',1")) of LSCO with x = 0.15 using energy-
resolved elastic x-ray scattering. Figure 1(a) plots the
intensity of O K-edge elastic scattering as a function of
in-plane wave vector change q varied along the antinodal
direction (7, 0) at various temperatures. We observe CDW
correlations in LSCO with an in-plane modulation vector
qcepw = (0.235,0), which is given in reciprocal lattice
units (r.l.u.) throughout this paper. Figures 1(c) and 1(d)
show, respectively, the temperature-dependent CDW inten-
sity and correlation length (£) defined as the inverse of the
half width at half maximum (HWHM) of the momentum
scan. The charge order of optimally doped LSCO exhibits a
short correlation length, ranging from 22 to 12 A.
Consistent with previous results of LSCO, the CDWs
are slightly suppressed in the superconducting phase as
the temperature is decreased across T'¢ [5,9].

The observed charge correlations of LSCO persist over a
wide temperature range, up to well above 7% and into the
strange-metal phase. These correlations achieve no long-
range charge order, however, in contrast with other La-214
cuprates. For example, La; 44Nd 451 1,CuO,4 (Nd-LSCO),
which has a low-temperature tetragonal (LTT) structure,
shows long-range and short-range charge orders, as plotted
in Fig. 1(b). The short-range charge order of LSCO might
be caused by spatial disorders or phase separation arising

041038-2



QUANTUM FLUCTUATIONS OF CHARGE ORDER INDUCE ...

PHYS. REV. X 11, 041038 (2021)

@ (®)

T (K) Nd-LSCO

-
(=]
]

-
(=]
T T

eeCcCOOO OO

Integrated area (arb. units)
o
Integrated area (arb. units)
S
|

s |
0.20

0.25

qy (2m/a)
(c) (d)
o] m LSCO
& 20¢ 4 e Nd-LSCO
= el
o el
& 10f <
_‘2-. o wr
& |
g | - o :
Eol.i.:.lg...l. O_I.:-.E.IE...I.
0 100 200 0 100 200
Temperature (K) Temperature (K)
FIG. 1. O K edge elastic scattering of La 214 cuprates. (a),(b)

Scattering intensities of LSCO and Nd LSCO vs in plane
momentum ¢ along the antinodal direction (z,0) at various
temperatures. Energy resolved elastic scattering plots are ex
tracted from the integrated area of O K edge RIXS over the
energy from —5 to 5 meV. The incident x ray energy for the RIXS
spectra is tuned to the mobile hole of the so called Zhang Rice
singlet (ZRS) with an absorption energy near 528.5 eV. All
spectra are vertically offset for clarity. (c),(d) CDW intensity and
correlation length (&) of LSCO and Nd LSCO as a function of the
temperature, respectively. The vertical dashed lines show T
and 7" of LSCO and structural transition temperature 7t of
Nd LSCO. All solid lines serve as visual guidance.

from a subtle balance between Coulomb interactions and
kinetic energy. At this time, we cannot determine if the
CDWs with qcpw = (0.235,0) are truly incommensurate
or instead appear incommensurate due to defects known as
discommensurations in the commensurate CDW state
[48-51]. In a discommensurated structure, locally com-
mensurate CDW regions are separated by discommensura-
tions within which the CDW phase varies rapidly.

To unveil the charge instability and the coupling between
CDW fluctuations and phonons in LSCO, we perform
high-resolution O K-edge RIXS measurements. Figure 2(a)
presents a series of temperature-dependent RIXS intensity
distribution maps in the plane of energy loss vs in-plane
momentum transfer q along (z,0); Fig. 2(b) shows those
maps after the subtraction of elastic scattering. There exists
a pronounced excitation feature of energy about 14 meV in
the neighborhood of qcpw. Its intensity decreases with
increasing temperature, unlike that of the static CDW

intensity that has a maximum at 7' as plotted in Fig. 1(c)
with red squares. This low-energy RIXS excitation
appears to shift away from qcpw when the thermal energy
approaches the excitation energy. This reflects that, at low
temperatures, the low-energy RIXS excitation is dominated
by charge-density fluctuations and its contribution from the
coupling of CDW to acoustic phonons increases with the
increase of temperature, as discussed later.

C. CDW fluctuations

For a system that exhibits a QCP associated with charge
order, S(q, ®) near qcpw measures the collective fluctua-
tions sensitive to the proximity of the QCP. When the
thermal energy kzT is less than the typical energy of order
parameter fluctuations and less than energy Aw, their
quantum nature is important. For low temperatures, we
expect that the finite frequency fluctuation is dominated
by the amplitude fluctuation of the charge density, and the
following phenomenological form for charge susceptibil-
ity describes the quantum fluctuations [10,35]:

1
A? + Cz(‘ln —qcpw)? — (@ + iTepw)?
(2)

Here, A is the characteristic energy of the fluctuations at
T =0 and can be interpreted as the inverse correlation
length for the amplitude fluctuations. One expects that the
characteristic energy A vanishes when the doping level
approaches the quantum critical point. ¢ is a parameter
that characterizes the speed of the excitations with
dispersion @ ~ ¢|q; — qcpw|, and I'cpw is a parameter
that characterizes the lifetime of the CDW amplitude
excitations. In contrast, the static charge susceptibility
xo(q, @) vanishes except for v ~ 0 and its nearby region of
CDW phase fluctuations characterized by Eq. (2) with
A = 0 and parameters ¢ and ['cpyw. This energy region is
beyond our RIXS energy resolution.

Figure 3(a) plots RIXS spectra after the subtraction of
elastic scattering for momentum integrated from ¢ = 0.22
to g =0.25 at different temperatures. This low-energy
RIXS intensity decreases when the temperature is increased
as plotted in Fig. 3(b). On comparing the intensity, spectral
profile, and peak energy of the low-energy RIXS excitation
near 14 meV with those of calculated S(qcpw, @), in which
the contribution of the dispersion parameter ¢ vanishes, one
can obtain the evolution of A and ['cpw for various
temperatures. Figures 3(c) and 3(d) show the estimated
temperature-dependent A and ['cpw, respectively. The
evolution of A, which is inversely proportional to the
CDW correlation length [36], is accordant with the temper-
ature dependence of static charge order shown in Fig. 1.
At low temperatures, ['cpw grows with increasing temper-
ature. In the quantum critical regime, the scattering rate of

ZCDW(qH’ w) =
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FIG.2. Temperature dependent O K edge RIXS of optimally doped LSCO. (a) RIXS intensity distribution maps in the plane of energy
loss vs in plane momentum transfer q along (7, 0) at various temperatures. (b) RIXS intensity distribution maps after the subtraction of
elastic scattering. All RIXS spectra are recorded with ¢ polarized incident x rays of energy tuned to the ZRS hole. The momentum
transfer is q = (qH, 0, L) with L varying between 0.47 and 1.03 in reciprocal lattice units. Dotted lines indicate the position of measured

qcpw = (023, 0, L)

quasiparticles reaches the Planckian limit, and the change
of I'cpw is comparable with kzT/#, i.e., the Planckian
dissipation [40,52]. Although the measured data cover only
one temperature point below 7', this observation supports
the quantum critical nature of CDW fluctuations in LSCO.

Figure 3(d) also shows that, as 7 is increased, the
temperature dependence of I'py exhibits a bending feature
about 80 K. This suggests two possible scenarios: a
crossover near the QCP and the coupling of CDW
fluctuations to acoustic phonons. First, a crossover of
I'cpw behavior near the QCP [53,54] indicates that
Planckian linear-7" dependence works only at the critical
regime (low-temperature regions) controlled by the QCP. In
other words, only inside the critical regime, I'cpw shows
the linear-7' dependence, which reflects the gapless nature
at the QCP, ie., 1/I'cpw going to infinity. At higher
temperatures beyond the critical regime, ['cpw no longer
reaches the Planckian limit. In this scenario, the quantum
|

critical region is up to approximately 80 K. In the second
scenario, the bending feature of I'cpw suggests that, for the
thermal energy kzT comparable to the charge fluctuation
energy, CDW fluctuations alone do not explain the RIXS
data at high temperatures, as shown in supplemental
Figs. S8(e)-S8(g) [47]. This indicates that the low-energy
RIXS is also contributed by the coupling of CDW fluctua-
tions to phonons. We, hence, calculate the full RIXS
intensity using a diagrammatic framework, in which the
coupling between ycpw and phonons renormalizes the
phonon propagator.

III. RIXS CALCULATIONS

The intensity of the phonon excitations is calculated by
using the diagrammatic framework [55] generalized to the
O K edge. The RIXS intensity is given by (A = 1)

[ ny(—ey) _ 1y (—€kiq)
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FIG. 3. Temperature dependence of CDW fluctuations.

(a) Momentum integrated RIXS spectra after the subtraction of
elastic scattering and then momentum integration over arange from
0.22 to 0.25 in units of 27/ a at different temperatures. The RIXS
spectra are fitted to four phonon modes. The component derived
from the coupling of CDW fluctuations to acoustic phonons is
shaded in pink. The components of the BS, A;,, and B, phonon
modes are shown in green, orange, and red, respectively. Details of
the curve fitting are presented in Supplemental Material [47].
(b) RIXS peak intensity of the 14 meV component shown in (a),
compared to the maximum of calculated S(qcpw,®) after con

volution with the instrumental resolution. The value of S(qcpw, ®)
with the 24 K data point is normalized to the RIXS intensity. Values
of A and ['cpy used for the S(qcpw, @) calculations are plotted in
(c) and (d), respectively. (d) Temperature dependence of ['cpw. The
gray dashed line indicates the slope of the lifetime width vs T
determined by the limit of the Planckian dissipation. All solid lines
connecting data points in (b) (d) serve as visual guidance.

Here, n(x) is the Fermi factor; ¢y is the electron band
dispersion; g,(k,q) and D,(q, &) are the electron-phonon
vertex and phonon propagators for phonon branch v,
respectively; ¢,, (k) is the oxygen 2p,, orbital character
of the band; ¥, is a unit vector pointing along the direction
of the oxygen orbital; I" is the core-hole lifetime parameter;
7. is a lifetime parameter for the electrons; and Q =
w; — wy and q = k; — Kk are the energy and momentum,
respectively, transferred to the sample. The phonon soft-
ening is determined by the total electronic polarizability.
Our model essentially assumes that the phonons respond to
some strong CDW fluctuation caused by an external source
like correlations. That is, the coupling of CDW fluctuations
to phonons renormalizes the phonon propagator through
charge susceptibility ycpw(q.®). See Supplemental
Material [47] for the calculation details.
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FIG. 4. Phonon excitations from RIXS measurements of
optimally doped LSCO. (a) Calculated intensity distribution
map using the diagrammatic framework in comparison with
phonon dispersions obtained from RIXS spectra of 24 K. Green
squares, orange triangles, and red diamonds depict the disper
sions of BS, A, and B, phonon modes, respectively. The
dispersions of the low energy RIXS excitations are represented
by pink circles scaled to the fitted intensity. (b) RIXS intensity
distribution map of T =24 K extracted from Fig. 2(b) and
plotted with the same color scale. (c),(d) Measured RIXS spectra
with fitted components for phonon excitations of momenta g =
0.23 and 0.16 at T = 24 K, respectively. The curve fitting scheme
is the same as that in Fig. 3(a). RIXS data are plotted as open
circles with black curves to show the summation of fitted
components and a linear background. The component derived
from the coupling of CDW fluctuations to acoustic and optical
phonons is shaded in pink. The components of the BS, A/, and
B, phonon modes are shown in green, orange, and red,
respectively. The elastic component is plotted as a dashed curve.

Figure 4(a) presents the calculated RIXS intensity
distribution map. That the coupling of CDW fluctuations
to acoustic phonons enhances the RIXS intensity signifi-
cantly at 14 meV for momentum about qcpw agrees
satisfactorily well with the measurements shown in
Fig. 4(b), corroborating the phenomenological form of
charge susceptibility given in Eq. (2).

IV. ELECTRON-PHONON COUPLING

In addition to the pronounced low-energy feature, RIXS
also measures other phonon excitations [55,56]. The
electron-phonon coupling involved with states near the
Fermi level is weak for the apical mode [57]. The con-
tribution of apical phonons to RIXS can be neglected. We,
therefore, fit RIXS spectra with three components for high-
energy phonons, i.e., bond-stretching (BS), A, buckling,
and B;, buckling phonons [30,32,58-60], as shown in
Figs. 4(c) and 4(d), which plot fitting spectra of g = 0.23
and 0.16 at 24 K, respectively. Results of other g and
temperatures are presented in Figs. S9-S11 in
Supplemental Material [47]. Figure 4(a) also depicts the
phonon dispersions from curve fitting. The diagrammatic
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calculations explain well the observed photon softening. In
addition to phonon softening, the phonon energies from
RIXS agree with those are from density-functional-theory
(DFT) calculations [30] and measurements of Raman
scattering [59], inelastic neutron scattering [58], IXS
[28], and photoemission [60]. We also fit the RIXS data
of T = 24 K with three phonon modes, i.e., BS, buckling,
and acoustic phonons; the fitting results plotted in supple-
mental Fig. S12 [47] show a phonon softening consistent
with that from the four-phonon fitting. That is, our curve
fitting results show that these phonons all exhibit the
strongest softening at q = (0.25,0) rather than qcpw,
supporting the scenario of discommensurate CDWs in
LSCO at doping level x = 0.15. In domains of discom-
mensurate CDWs, phonons are strongly coupled to charge
fluctuations, and the phase shift between scattered x rays
from separate domains is negligible. The phonon softening,
therefore, occurs at q = (0.25,0) for CDW domains of
period 4a, in which a is the in-plane lattice constant.

To further understand the characteristics of CDWs in
LSCO, we examine the coupling of CDWs to phonons
through performing DFT calculations in the scheme of
frozen phonons, which are adopted to study qualitatively
the coupling of longitudinal BS mode and apical phonon
mode of A;, symmetry with a periodicity of 4a. See
Supplemental Material [47] for the details. The calculations
show that the apical mode has an energy lower than that of
the BS mode. Whereas the vibration of either the apical or
the BS mode raises the total energy, the vibrations of these
two modes together produce an energy gain for the CDW
state as compared with the vibration of each single mode.
This energy gain indicates that the coupling of these two
phonon modes with CDWs is favorable; the coupling
strength, measured by the energy gain, is found to be
stronger than that with other periodicities, such as 6a. The
coupling strength also enhances with increasing hole
concentrations. These findings are in agreement with the
RIXS results that strong phonon softening occurs about
g = 0.25. One plausible scenario is that the CDW has
effectively a period 4a and is short ranged [51]; a shift in
the wave vector of a large sample appears in the Fourier
space, giving rise to the formation of discommensu-
rate CDWs.

V. DISCUSSION AND CONCLUSION

Although the data presented in the present work are only
from a sample near the optimal doping, quantum critical
scalings of charge fluctuations in the temperature domain
are clearly demonstrated. These results are consistent with
the speculation on the existence of a QCP. On the other
hand, by suppressing superconductivity in high magnetic
fields, linear scalings in resistivity are observed in a more
extended regime around the putative QCP near a doping
level of 0.2 [39]. While the extended linear-resistivity

region shows quantum scaling in temperature, it does
not exhibit the quantum critical scaling in the nonthermal
parameter, doping. Thus, the correspondence between
quantum criticality and 7-linear resistivity may not be of
necessity [61,62]. The apparent extended critical region
that is overlapped with the putative QCP may just be a non-
Fermi-liquid phase [63]. In this scenario, the CDW phase
becomes a non-Fermi-liquid phase as the doping level is
tuned across the putative QCP. Clearly, to clarify these
issues, future work on samples (both LSCO and Nd-L.SCO)
with different dopings around the critical point and inside
the region of long-range charge-ordered phase (Nd-LSCO
sample) is required in order to unequivocally prove the
existence of QCP related to charge order in LSCO.

In conclusion, we observe short-range CDWs in LSCO
near the optimal doping over a wide temperature range;
these orders compete locally with the superconducting
order. Through combining high-resolution RIXS measure-
ments, theoretical modeling, and diagrammatic calcula-
tions, our results provide evidence for phonon softening in
superconducting cuprates induced by charge order. The
observation of phonon softening indeed results from
quantum fluctuations of the charge order.
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Resonant inelastic X-ray scattering as a probe of J.;=1/
2 state in 3d transition-metal oxide

H. Y. Huang @', A. Singh @', C. I. WU, J. D. Xie?, J. Okamoto (@', A. A. Belik (3", E. Kurmaev®, A. Fujimori(9'%, C. T. Chen’,

S. V. Streltsov®”™ and D. J. Huang ('*#®

The state with effective total moment Jo¢ = 1/2 stabilized by the spin-orbit coupling is known to suppress Jahn-Teller distortions
and may induce a strong exchange anisotropy. This in tum may lead to the formation of an elusive spin-liquid state in real

materials. While recent studies have demonstrated that such a situation can be realized in 3d transition-metal compounds such as
those based on Co?* and Cu?*, diagnosis of Jefs = 1/2 state remains challenging. We show that resonant inelastic X-ray scattering is
an effective tool to probe this state and apply it to CuAl,O,, material where Cu®* ions were previously proposed to be in the J.¢=
1/2 state. Our results unambiguously demonstrate that, contrary to previous expectations, a competitive (to Jes= 1/2) Jahn-Teller

state realizes in this compound.
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INTRODUCTION

Spin-orbit materials, i.e., systems in which physical properties are
strongly affected by the spin-orbit coupling (SOC), undoubtedly
became one of the central subjects in modern condensed matter
physics'2. In particular, it is essential for various topological effects
and anisotropic exchange interaction in magnetic materials, which
may result, eg, in a mysterious Kitaev quantum spin liquid3“.
Since the SOC constant is large for heavy elements®, the
investigations were initially concentrated on the 4d and 5d
transition-metal compounds suchasa  RuCl; and (Li,Na),IrO;*57.
However, it was very recently shown that more conventional 3d
oxides also can demonstrate similar behavior with the ground
state characterized by an effective moment Jo¢ = 1/2 (New is often
well overlooked old.)®*.

Indeed, the spin-orbital entangled state can be realized, for
example, in the case of Co?* ions having octahedral coordination
or Cu** ions surrounded by a ligand tetrahedron. Intensive
ongoing studies of layered honeycomb cobaltites have demon-
strated that anisotropic and bond-dependent exchange coupling
can be sufficiently strong and may result in an elusive quantum
spin liquid state'®'3, Strong exchange anisotropy was also
predicted for Cu?* ions occupying A sites in spinels such as
CuAlL,O, if the ground state is characterized by Jog= 1/2"4.
However, whether this situation realizes accurate 3d materials is
an open question.

Resonant inelastic X-ray scattering (RIXS) was shown to be a
powerful technique for studying Kitaev materials based on 4d and
5d transition metals. It can be used both to estimate physical
parameters of a system, such as the crystal-field splitting or the
SOC constant, and also anomalous magnetic excitation spectra of
Kitaev systems, see, e.g,'® . In the present work we demonstrate
that RIXS turns out to be a sensitive probe in the case of 3d
transition-metal compounds and can discriminate between
conventional S=1/2 and spin-orbit J. = 1/2 states, which may

lead to anisotropic exchange interactions. Applying this technique
to CuAl,04 we show that the vibronic coupling suppresses the
formation of the Jo¢ = 1/2 state in this material.

CuAl,0, belongs to the A-site spinel system, in which the Cu?*
ions site at the center of the tetrahedral A-sites and the
nonmagnetic A" ions are located at the center of octahedral
B-sites. The 3d states of tetrahedral Cu?* are split into t, and e
states because of the Ty crystal field of the four oxygen ions, as
illustrated in Fig. 1. An atomic 3 configuration is therefore realized
with a single hole in the upper t, manifold, making CuAl,O, a
possible candidate of the spin-orbit Mott insulator because the
on-site Coulomb interaction amplifies the effect of relativistic
SOC'1521 The t, degeneracy can be lifted through the following
two channels. In the presence of SOC, the triply degenerate t,
states are split into states of effective total angular momenta
Jess =1/2 and 3/2 through the approximation of effective orbital
angular momentum Leg=1 for t, states. Hence the ground state
would be a spin-orbital entangled state in the SOC limit. On the
other hand, the degeneracy can be lifted due to the Jahn-Teller
distortion, which lowers the Ty symmetry of crystal field, resulting
in a spin-half ground state with a quenched orbital angular
momentum.

Recent theoretical studies based on first-principles calculations
conclude that CuAl,O, is a spin-orbital-entangled J.¢=1/2 Mott
insulator'*'>, X-ray and neutron diffraction results also show that
the crystal structure of CuAl,O, at ambient pressure is in cubic
phase without evidence of tetragonal distortion?2. However, the
breakdown of local symmetry induced by Jahn-Teller distortion can
not be ruled out. Moreover, the diffraction data have shown a finite
site-disorder in CuAl,O,, where about 30% of Cu?* ions occupy the
octahedral sites?>?“, To unravel the ground state of CuAl,O, we
used Cu L-edge RIXS to investigate the electronic structure as RIXS
is an element- and site-selective probe. In combining with
multiplet calculations, our RIXS results demonstrate the existence
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Fig. 2 RIXS intensity distribution maps of CuAl,0; in the plane of energy loss vs. incident photon energy. a Cu L-edge XAS spectrum
measured with total electron yield. b & ¢ RIXS intensity maps measured around Cu L3 and L, edges, respectively. The vertical red dashed lines
indicate RIXS features from tetrahedral and octahedral Cu?*, corresponding to the absorption energies of the XAS spectrum shown in (a), i.e.,
930 & 949.6 eV and 930.8 & 950.2 eV, respectively. All spectra were recorded at room temperature with m-polarized incident X-ray.

of local Jahn-Teller distortion in the tetrahedral sites, in contrast to
the scenario of spin-orbital entanglement.

RESULTS

X-ray absorption

L-edge X-ray absorption spectroscopy (XAS) is an effective tool to
investigate the SOC in the ground state of transition-metal
compounds because it probes the dipole transitions from 2p
electrons to unoccupied d states. If the Cu?* is in the pure J.g=1/
2 ground state, the L, edge is forbidden due to the dipole
selection rule, ie., the transition from 2p;, to Jg=1/2 is not
allowed®?%, Figures 2(a) plots Cu L-edge XAS of CuAl,0,.

npj Quantum Materials (2022) 33

Consistent with recent XAS results of single-crystal CuALO4*2,
our data show that the L3-edge XAS contains two distinct features;
they arise from the transition to the unoccupied 3d states of
tetrahedral and octahedral Cu?*. In addition, we observed non-
vanishing Cu L,-edge XAS intensity, implying the existence of
octahedral Cu?* or tetrahedral Cu?* which has a ground state
with a Jahn-Teller distortion. Although previous XAS study
concluded that the L, XAS intensity solely originates from the
octahedral Cu?* site??, the measured XAS can also be explained
by the scenario of the coexistence of octahedral Cu®** and
tetrahedral Cu?* of a spin-half ground state. In other words,
whether CuAl,04 is a Jog=1/2 Mott insulator remains an open
question. To resolve this issue, we resort to RIXS measurements to

Published in partnership with Nanjing University
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Fig. 3 Cu L-edge RIXS spectra recorded at selected incident photon energies in comparison with multiplet calculations. a RIXS spectra
measured with the incident photon energies tuned to the resonance of Ty Cu?" compared with calculated RIXS. The solid black lines plot the
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RIXS spectra of Cu L, edge are magnified by a factor of four.
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Fig. 4 Simulation of Cu L-edge XMCD. a ¢ The calculated XAS and XMCD spectra of Cu?" tetrahedron in the spin-orbit coupling (SO)
scheme, Cu?* tetrahedron in the Jahn-Teller (JT) coupling scheme and Cu?* octahedron, respectively. The calculations are down with an
external magnetic field 1 T alone the z direction, and the polarization of incident X-ray lies on the xy plane. d The thick green line is the
calculated XMCD spectra from 37.5% Oy, Cu®>" and 62.5% T4 Cu?* with Jahn-Teller distortion; the dashed black line is the result of 37.5% O,
Cu?* and 62.5% spin-orbital entangled Ty Cu?*

separate the contribution of octahedral Cu?* to the L, absorption
from that of tetrahedral sites by examining the incident-energy
dependence of Cu L,-edge RIXS.

Resonant inelastic X-ray scattering

RIXS has been proved to be a powerful probe of crystal-field
excitation from different site symmetry?’. By selecting the incident

Published in partnership with Nanjing University

photon to particular absorption energy, RIXS measures electronic
excitations of d electrons with the site-specific orbital degree of
freedom. Figure 2(b),(c) show the RIXS intensity maps of CuAl,0O,
measured about Cu L3 and L, edges, respectively. The scattering
angle was fixed at 90°. The Ls-edge RIXS map shows two sets of
distinct excitation structures which resonate at incident energies
of 930eV and 930.8eV, respectively, indicating that these
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excitations arise from two Cu sites with different crystal field
symmetries. Two excitations with energy loss centered at 0.3 eV
and 0.82 eV were observed at the first excitation energy, resulting
from the dd excitations of tetrahedral Cu?*. The excitation at the
other incident energy shows only one broad peak at 1.52 eV and is
best explained as the dd excitations of octahedral Cu?*.
Interestingly, similar features occur at Cu L,-edge RIXS map as
well. The Cu L,-edge RIXS intensity map displays two sets of
excitations at incident energies of 9496eV and 9502eV,
respectively. These experimental observations indicate that the
Cu Ly-edge XAS spectrum is composed of the 2p to 3d
transition of two Cu sites with different crystal field symmetries,
like those in the Cu L3;-edge XAS spectrum.

To understand the electronic structure of CuAl,O,, we analyzed
RIXS data through crystal-field multiplet calculations. The RIXS
spectra measured at the L3 resonance energy of Ty Cu**, ie., 930
eV, were compared with the atomic multiplet calculations of a
single Cu?* ion in the crystal field produced by four ligands 0%,
as shown in Fig. 3(a). With the Hartree—-Fock value of 3d SOC and a
30% reduction in Slater integrals, the calculations explain
measured RIXS features well. The RIXS dd excitations of tetrahedral
Cu?* are mainly composed of the hole transitions within the t,
states and those from the t, to the e states. The corresponding
RIXS peaks are labeled A and B, respectively. The value of 10Dg
determines the energy position of peak B, while the value of the
Jahn-Teller splitting Ae controls the spectral line shape of B, as
shown in Supplementary Fig. 3(a),(b). Similarly, Supplementary Fig.
3(c) shows that the Jahn-Teller splitting At, dictates the energy
position of peak A. Through the comparison of the RIXS data with
calculations, we found that the crystal field parameters are: 10Dq
= 0.72+0.05¢eV, Ae =50+ 20 meV, and At, =270 + 50 meV. The
CuO, tetrahedron was found to be slightly compressed along the
z axis, lifting the orbital degeneracy of d,,, d,, d states. The Cu L5-
edge RIXS spectra provide explicit spectroscopy evidence for the
local distortion in CuAl,0,. Furthermore, the calculated RIXS
intensity at the L, edge nearly vanishes when no local distortion
was included (dashed gray curves), in contrast to the calculations
with CuQ, structural distortions (black curves). On the other hand,
the RIXS spectra measured at the resonance of Oy, Cu L-edge show
only a single structure, indicating a small distortion in the Cu®*
octahedron. The calculated RIXS spectra of O, Cu sites with 10Dq
= 1.6 eV reproduce the experimental data measured at 930.8 eV
and 950.2 eV (Fig. 3(b)).

Our results indicate that in CuAl,O,4, an expected spin-orbit Mott
insulator, the Ty Cu site is locally compressed. Through comparing
the measured RIXS intensities with calculations of compressed
CuO, tetrahedron and CuOg4 octahedron, we obtained an amount
of site disorder 37.5%, in line with the value obtained from
diffraction results. These results indicate that the spin-orbital
entangled ground state is destabilized against the Jahn-Teller
distorted ground state. From a general perspective, when we start
from S=1/2 and increase the SOC strength, the Jo¢= 1/2 state
admixes only perturbatively. And then at some critical SOC, we
have a drastic transition to J.¢ = 1/2, see Fig. 6 in Ref. 28, Thus, at
small SOC as in Cu, one would expect a small admixture of Jeg =1/
2, to the ground state. In fact, the distorted ground state from our
simulations based on RIXS data has 92% overap with the d,,
orbital expected for the JT ground state. In addition, one can
measure spectra of X-ray magnetic circular dichroism (XMCD) in
Cu L-edge absorption to further examine the Jahn-Teller distorted
ground state of CuAl,O,4 by applying a high magnetic field. Figure
4 plots XMCD spectra simulated by using the electronic
parameters from RIXS. Clearly, the XMCD spectral line shape at
the L,-edge of the Jog=1/2 is significantly different from that of
the Jahn-Teller state, as shown in Fig. 4(d). Also, the orbital
moment the Jahn-Teller state is expected to be quenched; a future
XMCD experimental study will be helpful for further clarification.
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different implementations of the + U term (black curve - spin-
polarization is allowed only in “U” part, so-called LDA + U; red -
spin polarization is possible in both DFT and “U” parts, LSDA + U).
Minimum atc¢/a 1 corresponds to SOC Jo¢s  1/2 state, while at c/a
<1 to Jahn-Teller S 1/2. These results illustrate that the type of
ground state strongly depends on the details of the DFT
calculations.

The conclusion drawn from the RIXS data does not disagree
with density functional theory (DFT) results of Ref. '°. It is shown in
Ref. '° that J.¢= 1/2 state can be realized in a narrow range of
parameters used in the calculations. For example, the ground state
changes if we change Hubbard U. Moreover, our calculations show
that the choice of double counting also changes the ground state
wavefunction. Figure 5 demonstrates that even the choice of DFT
+U+S0C calculation scheme may affect the result. Only a delicate
balance between Coulomb interaction and SOC stabilizes the
Jess = 1/2 state, and our experimental result shows that most
probably this idealized situation is not realized in CuAl,O,.

DISCUSSION

The spin-orbit materials have become an important class of
systems demonstrating exceptional physical properties defined
by competition of various interactions such as strong electronic
correlations, vibronic and SOCs, etc. Experimental diagnosis of
their ground state is a challenging task, which, however,
unravels mechanisms lying behind the physical effects
observed in these materials. Using RIXS and crystal-field
multiplet calculations, we demonstrate that this method is an
effective probe of the spin-orbital entangled Jo¢s = 1/2 state in
3d transition-metal oxides. Being applied to spin-orbit candi-
date material CuAl,O,4 it shows that, contrary to previous
expectations, a competing Jahn-Teller configuration is stabi-
lized in this material, and the tetragonal splittings of the e and
t, orbitals are Ae=50meV and At, =270 meV, respectively.
These results suggest that the Ty Cu site is locally compressed.
Neither neutron powder diffraction?® nor single-crystal X-ray
diffraction?® studies observed anomalous atomic displacement
in CuAl,04, but total scattering measurements like pair-
distribution-function analysis will be an excellent probe to
study the local structure.

METHODS
Sample synthesis

A stoichiometric mixture of Al,03 (99.9%) and CuO (99.9%) was used for the
synthesis of CuAl,O,. The mixture was pressed into a pellet and then
annealed at 1193 K for 84 h and 1293 K for 38 h (with several intermediate
grindings) in the air on a Pt foil. Xray powder diffraction data were
measured at room temperature on a RIGAKU MiniFlex600 diffractometer
using Cu Ka radiation (260 range of 8 140", a step width of 0.02°, and a scan
speed of 1deg/min). The X ray data were analyzed by the Rietveld method
using RIETAN 2000°°. The sample was single phase with sharp reflections.
The distribution of Cu®** cations between the tetrahedral 8a site and
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octahedral 16d site was refined with a constraint on the total chemical
composition. The experimental, calculated, and difference X ray diffraction
profiles and the main refinement results are shown in Supplementary Fig. 1.

XAS and RIXS measurements

All XAS and RIXS measurements were performed at the AGM AGS
spectrometer of beamline 41A at Taiwan Photon Source'. This AGM
AGS beamline is based on the energy compensation principle of grating
dispersion. The energy bandwidth of incident X ray was 314.5 meV while
keeping the total energy resolution of RIXS at 90 meV. The sample was at
room temperature during the measurements. Both XAS and RIXS
measurements were carried out using a linear horizontally (7) polarized
X ray. The XAS spectrum was measured with a normal incident X ray in the
total electron yield mode. For the RIXS measurement, the incidence angle
was 45° and the scattering angle was fixed at 90°.

Multiplet calculations

Simulations of RIXS, XAS, and XMCD spectra were performed with the full
multiplet code through QUANTY, a script language to calculate many body
eigenenergy, XAS, and RIXS spectra®%*3, The on site Coulomb interaction,
the crystal field, and the 2p and 3d SOC ({5, & (3,) were included in the
calculations. The intra atomic Coulomb interaction of 3d electrons is
described by the radial part of the direct Coulomb interactions F2(3d, 3d)
and F*(3d, 3d). The interaction between core hole and 3d electrons is
described by F?(2p,3d) and exchange interactions G'(2p, 3d), G3(2p, 3d).
The Hartree Fock values of (5, (13.498 eV) and (34 (0.102 eV), and a scaling
factor 70% for Slater integrals were used in the calculations. The
calculations of tetrahedral and octahedral Cu>* were conducted separately
with crystal field of 0.72eV and 1.55 eV, respectively. The calculation of
RIXS and XAS spectra are an average of three possible geometries as
described in Supplementary Fig. 2.

DFT calculations

DFT calculations were performed using VASP package®* and PBE type of
the exchange correlation functional®>. We used 125k points for the
Brillouin zone integration and chose U correction according to ref. 3¢ with
Hubbard U 7 eV3/38 and Hund's exchange J; 1eV.

DATA AVAILABILITY

All data generated or analyzed during this study are available from the
corresponding authors upon reasonable request.
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The layered crystal structures of cuprates enable collective charge excitations fundamentally different from
those of three-dimensional metals. Acoustic plasmons have been observed in electron-doped cuprates by resonant
inelastic x-ray scattering (RIXS); in contrast, the characteristics of acoustic plasmons in hole-doped cuprates are
under debate, despite extensive measurements. This contrast led us to investigate the charge excitations of hole-
doped cuprate La;_,SryCuOys. Here we present incident-energy-dependent RIXS measurements and calculations
of collective charge response via the loss function to reconcile the issues above. Our results provide evidence for
the acoustic plasmons of Zhang-Rice singlet (ZRS), which has a character of the Cu 3d,2_,» strongly hybridized
with the O 2p orbitals; the metallic behavior is implied to result from the movement of ZRS rather than the

simple hopping of O 2p holes.

DOI: 10.1103/PhysRevB.105.235105

I. INTRODUCTION

The superconductivity of cuprates, which has been a
mystery ever since its discovery decades ago, is created
through doping electrons or holes into a Mott insulator [1,2].
There exists an inherent electron-hole asymmetry in cuprates
[3,4]. The antiferromagnetic phase of electron-doped cuprates
persists at higher doping concentrations, and its supercon-
ductivity is more difficult to achieve. Electron correlations
in electron-doped cuprates appear weaker than those of hole-
doped compounds. Measurements of resonant inelastic x-ray
scattering (RIXS) reveal acoustic plasmons in electron-doped
cuprates [5,6], showing the characteristic of conduction elec-
trons of a layered system as shown in Fig. 1(a) in the presence
of a long-range Coulomb interaction [7,8]. Acoustic plas-
mons of hole-doped cuprates, however, were not observed in
measurements of Cu L-edge RIXS [9-14]. Although optical
plasmons with a quadratic dispersion appear in measurements
of electron energy loss spectroscopy (EELS), acoustic plas-
mons of cuprates were not detected in EELS measurements
[15-19]. Acoustic plasmons of cuprates were also not ob-
served in other studies such as optical spectroscopy, including
reflectance and ellipsometry measurements [20-24], which
is limited to nearly zero momentum transfer. Interestingly,
recent O K-edge RIXS results showed the presence of acoustic
plasmons in hole-doped cuprates [25].

The conducting carriers are hallmarks of hole-doped
cuprates, but their nature remains elusive. Upon doping,
the low-energy excitations in the optical conductivity of

*Corresponding author: djhuang @nsrrc.org.tw
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La;_,Sr,CuQO4 (LSCO) are much enhanced [21]; the Hall
coefficient Ry of LSCO is much smaller than what is ex-
pected from the contribution of doped holes [26], i.e., Ry <
e where n, is the hole density and e is the magnitude
of electron charge. Early photoemission studies on super-
conducting cuprates indicated that the parent compound is a
charge-transfer insulator, which led to a conjecture that doped
holes are oxygen p-like [27]. Theoretically, doped holes are
assumed to enter p orbitals of an O atom between two Cu
atoms, i.e., the Emery model [28], or of four oxygen atoms
surrounding one Cu atom to form a spin singlet termed a
Zhang-Rice singlet (ZRS) [29], as illustrated in Fig. 1(b). O
K-edge x-ray absorption [30] and resonant elastic scattering
[31] indeed provided experimental evidence for O 2p holes.
The RIXS results also concluded that the acoustic plasmons
are predominantly associated with the O sites through a strong
2p character [25]. In contrast, photoemission intensity at the
Fermi level showed no resonant enhancement at the O K
edge [32]. Many angle-resolved photoemission data [33] have
been interpreted based on band structures in the local density
approximation, which predict that Cu d and oxygen p char-
acters are about equally mixed at the Fermi level. In addition,
theoretical calculations using the three-band Hubbard model
[34] reveal that the ZRS band of hole-doped cuprates is
composed of a comparable amount of O 2p and Cu 3d,2_y..
Here we report measurements of incident-energy-
dependent O K-edge RIXS to investigate the nature of
the conducting carriers of superconducting LSCO with
the doping concentration x = 0.12. The remainder of this
paper is organized as follows. In Sec. II, we present the
experimental technique RIXS and the calculation details. The
RIXS results and their comparison with the calculated loss

©2022 American Physical Society
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FIG. 1. (a) Crystal structure of LSCO. The stacked CuO, layers
are highlighted in yellow. (b) Cartoon illustration of a ZRS in the
CuO; plane. It is a two-hole state formed by a Cu d,»_,» hole hy-
bridized with an O 2p,, hole distributed over the surrounding ligands
in an antiparallel spin configuration. The singlet moves through the
lattice of Cu®" ions in a way similar to that of a mobile hole in
the CuO, plane. The arrows on Cu®* indicate the antiferromagnetic
structure of the lattice.

function are discussed in Sec. III, followed by a conclusion
section.

II. METHODS

A. RIXS measurements

The LSCO single crystal was grown by the traveling-
solvent floating zone method [35,36]. After growth, the
crystals were annealed appropriately to remove oxygen de-
fects. The oxygen content was tuned to be 4.000£0.001
following Ref. [37]. The stoichiometry x = 0.12 was deter-
mined from an inductively coupled-plasma atomic-emission
spectrometric analysis. The sample’s transition temperature
Tt of superconductivity was 30 K. See Ref. [35] for the crystal
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growth and characterization. Based on the above informa-
tion and the previously published characterizations of LSCO
[37,38], our crystal was estimated to have lattice constants
a=b=377Aandc= 1322 A

We conducted O K-edge RIXS measurements using the
AGM-AGS spectrometer of beam line 41A at Taiwan Photon
Source. This RIXS beam line has been constructed based on
the energy compensation principle of grating dispersion. The
instrumental energy resolution defined as the full width at
half-maximum (FWHM) was ~20 meV for all RIXS mea-
surements with the monochromator exit slit set to 100 pm.
See Ref. [39] for more details of the beam line. Figure 2(a)
shows the scattering geometry of our RIXS measurements.
The crystallographic axes of the LSCO crystal were pre-
cisely aligned with x-ray diffraction using a unique holder
with tilting adjustment. Prior to RIXS measurements, the
LSCO sample was cleaved in air and then mounted on a
three-axis in-vacuum manipulator through a load-lock system.
X-ray absorption spectra were measured using a photodiode
in the fluorescence yield mode. The resonant conditions were
achieved by tuning the energy of the incident x ray to the
Zhang-Rice singlet (ZRS) about 528.3 eV or the upper Hub-
bard band (UHB) [30,40]. RIXS measurements were recorded
with o -polarized incident x rays and normalized to the fluo-
rescence intensity for various in-plane wave-vector changes.
The sample was cooled to 23 K with liquid helium.

B. Theoretical calculations

In a RIXS process, a photon scatters resonantly to an-
other state, leaving behind an electron-hole excitation of
well-defined momentum q and energy w. The general expres-
sion for the K-edge RIXS intensity [41,42] can be expressed

06

0.1

T
0.0

T
-0.1
Wave vector change q, (2r/a)

-0.2 0.1

FIG. 2. (a) Scattering geometry of RIXS measurements. The CuO, plane is perpendicular to the scattering plane defined by k and k’, which
are the wave vectors of the incident and scattered x rays, respectively. The projection of the wave vector change onto the CuO, plane, q, is
parallel to the antinodal direction. (b) O K-edge RIXS spectrum of LSCO. This spectrum was recorded for a sample at temperature 23 K and
with q; = (0.1, 0) and g, = 0.7. The total energy resolution of the RIXS monochromator and spectrometer was 20 meV. The incident photon
energy was set to the absorption at the ZRS resonance. Inset: XAS spectrum recorded through a fluorescence yield scheme. (c) RIXS intensity
distribution map of LSCO in the energy-momentum space. The wave-vector change q is decomposed into an in-plane wave-vector change q
that varies along the antinodal direction and ¢, is fixed to 0.7. RIXS spectra were recorded with incident x rays tuned to the ZRS resonance.
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TABLE I. Tight-binding hopping parameters (in meV) used in
this study.

t l/ [// t///

312.5 —31.25 25.0 68.75
as [43]
B(q)?
Tixs(qQ. @, ;) = 27N |w (o, wi)F%(‘DL(q, w). (1)

where w(w, w;) is the energy-dependent matrix element, 0(q)
[v(q)] is the interaction energy between electron hole (elec-
tron electron), and L(q, ) is the loss function in the charge
channel

Im[—e5], @

with 80_0' being the inverse dielectric function. Therefore,
peaks of K-edge RIXS intensity are directly proportional to
transitions in the loss function, which mark the presence of
collective charge modes, or plasmons [44]. To construct the
inverse dielectric function we follow Ref. [45], where it is
defined as

e = [8n — vk Prel;) - 3)

I(J) = 0 index the charge components, while I(J) € {x, y, z}
denote the various spin channels. By assuming a noninteract-
ing ground state and taking the vertex to be the identity, 8,‘,1
is the random-phase-approximation (RPA) dielectric function
and Px;, the Lindhard polarizability. Since the electronic dis-
persion is local-density-approximation-like for x = 0.12 [46],
we use the single-band electronic dispersion ¢; as defined in
Refs. [47,48] with the hopping parameters given in Table 1.

To generate acoustic plasmons we must go beyond the
usual Hubbard limiting case and consider the full long-range
Coulomb interaction. Moreover, the treatment of the long-
range Coulomb interaction for the correlated electronic sys-
tem in a layered structure requires some care. We model v(r)
as Y ;0(R)S(r —R;), so that v(q) =), v(R;)exp(—iq -
R;). 9(R;) is taken to be an on-site Hubbard U = 2 eV [49]
for R; = 0 and a screened Coulomb interaction contribution
B(R;) = €?/(s9R;) for R; # 0, using a background dielectric
constant &g = 6. To recover the correct ¢ — 0 limit of v(q)
we range separate v(r) into short-range (SR) and long-range
(LR) pieces. For the short-range interactions where r less than
or equal to a cutoff L we sum the contributions of all in-plane
Cu terms. We approximate the remaining long-range compo-
nent (r > L) by a continuum. Then after summing over the
interplane contribution we arrive at the following expression
for v(q) [43,50],

v(q) = v35(q) + Vi (Q) + v:(q), @
where
L 62
Vi@ =U+ ) —e (5a)
i#0 !

2

2me
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(50

2me? cos(g,l) — e~
v(q) = [ :|
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a and [ = c/2 are the in-plane lattice parameter and dis-
tance between adjacent CuO, planes in La,CuO4 [51,52],
respectively, J; (H;) are the Bessel (Struve) functions, and the
short-range cutoff L is 500a. Then by inserting v(g) in Eq. (3)
we obtain the loss function.

III. RESULTS AND DISCUSSIONS
A. RIXS results

LSCO has a quasi-two-dimensional (quasi-2D) crystal
structure with stacked CuO, layers. This system is theoret-
ically expected to exhibit acoustic plasmons [8]. Whereas
optical spectroscopy is limited to measurements of nearly
zero momentum transfer, RIXS can probe the dispersion of
acoustic plasmons in cuprates [5,6,25]. However, the conclu-
sion drawn from O K-edge RIXS results [25] is inconsistent
with EELS results [18,19]. Figure 2(b) plots a typical RIXS
spectrum of hole-doped cuprate LSCO with the incident pho-
ton energy set to the ZRS resonance in XAS denoted in the
inset. This spectrum includes the following features: elastic
scattering, phonon excitations, plasmons, parabimagnons, d-
d excitations, and electron-hole pair excitations. Because of
the limited energy resolution of the RIXS spectrometer, the
low-energy phonon excitations were not well resolved from
the elastic scattering, giving rise to an asymmetric and intense
spectral profile near the zero energy loss [53]. Because the O
2p bands are strongly hybridized with Cu 3d, d-d excitations
of Cu and the excitonic excitations of ZRS occur in this RIXS
spectrum at an energy loss above 1.5 eV; these excitation ener-
gies overlap with the energy of resonant fluorescence. Distinct
from the Cu L3-edge RIXS measurements, the O K-edge reso-
nance yields negligible single-magnon excitations but permits
us to observe even-order spin excitations. The excitation of
parabimagnons, which are called bimagnons throughout the
paper for simplicity, appears in the broad feature at an energy
loss centered at about 0.5 eV in LSCO [54,56]. This broad
feature might also contain plasmon excitations, depending
on the wave-vector change, which is composed of in-plane
wave-vector change q; and out-of-plane component ¢, i.e.,
q = q; + g:Z; they are expressed in units of 27” and 27”
throughout the paper, respectively.

We measured q-dependent spectra on LSCO (x = 0.12)
to examine acoustic plasmons in hole-doped cuprates. Fig-
ure 2(c) maps the distribution of RIXS intensity as a function
of in-plane wave-vector change q; along the antinodal direc-
tion with ¢, fixed to 0.7. This measurement method differs
from those used in most of previous momentum-resolved
RIXS measurements on cuprates in which g, was not fixed
[6,14]. In addition to the quasielastic scattering, overall this
RIXS intensity map shows a broad feature that shifts toward
higher energy with an increasing width as g is increased.
After scrutinizing the RIXS data with q; near the zone center,
we found that the RIXS spectrum of q; = (0.04, 0) contains a
low-energy narrow feature near 0.14 eV and a broad feature of
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bimagnon excitation centered at about 0.5 eV, like bimagnons
in the undoped compound La;CuQOy.

B. RIXS data analysis and curve fitting

In the RIXS spectra recorded at the ZRS resonance, the
bimagnon energy overlaps closely with the plasmon en-
ergy of g, larger than 0.06. We analyzed the RIXS spectra
measured at the ZRS and UHB resonances through a non-
linear least-squares curve fitting. Prior to the fitting, spectra
were normalized to the incident photon flux and corrected
for self-absorption [53,57]. Each of the plasmon, bimagnon,
and phonon components was fitted with an antisymmetrized
Lorentzian function f(w) expressed as

flw) = l[ : - : }
S 2n[(@— w2+ (/2 (@+ o)+ (y/2)2]

Q)

where wy is the transition energy and y is FWHM [5,25]. A
cubic background was used to account for the tail contribution
of d-d excitation. In addition, we used a Gaussian function for
the component of elastic scattering.

First, we fitted the spectrum of in-plane momentum g, =
0.02 with four components: one Gaussian function for elas-
tic scattering with an instrumental energy resolution of
20 meV and three antisymmetrized Lorentzian functions for
bimagnon, plasmon, and phonon of energy between 0.03
and 0.05 eV [53]. We used the previously published re-
sults [25,54] to limit the bimagnon energy to be larger than
0.4 eV and found that it was a broad peak centered about
0.5 eV. For the fitting of RIXS spectra of other in-plane mo-
menta, the position and FWHM of the bimagnon component
were constrained to be close to those obtained from the fit
results of gy = 0.02 within £0.025 eV and £0.15 eV, respec-
tively. The constraints of the bimagnon energy and width in
curve fitting may cause some uncertainty about the plasmon
dispersion, although the deduced dispersion is similar to that
of electron-doped cuprates. The conclusion from RIXS at the
ZRS resonance requires further verification because of the
spectral contributions of bimagnons. We varied the incident
photon energy in the RIXS measurements to the UHB reso-
nance to diminish the spectral weight of the bimagnon. The
bimagnon contribution to the RIXS spectra measured at the
UHB resonance is nearly negligible, particularly for high ¢
Since the UHB is more localized and at about 2 eV higher
than the ZRS band, RIXS excitations directly involved with
the ZRS resonance are more sensitive to bimagnons than those
with the UHB resonance [54]. The g|-dependent widths of
acoustic plasmons obtained from the curve fitting results of
RIXS data at the UHB resonance justify those from the data
measured at the ZRS resonance. See Figs. S1 and S2 in the
Supplemental Material [55] for the comparison of the fitted
curves with measured data. Table II lists the fitted parameters
of our curve-fitting analysis.

Figure 3(a) plots the spectra of various g after subtrac-
tion of the bimagnon and background; it reveals that the
energy of the acoustic plasmon monotonically increases from
0.08-0.69 eV as g is increased to 0.2. The obtained plas-
mon dispersion of LSCO is similar to that of electron-doped
cuprate La,_,Ce,CuO4 (LCCO) [5]. Our results indicate that

TABLE II. Fit results of RIXS spectra recorded at the ZRS and
UHB resonances for various in-plan momentum (g, 0) in units of
27 /a. The energy of plasmon (@plasmon) and bimagnon (@pimae) are
given in units of eV; their FWHM are expressed by Vpiasmon aNd Vpigmag
in units of eV, respectively.

ZRS

ybimag

0.02 0.08+£0.01 0.18 £0.02 0.23 +£0.05 0.55+£0.1 0.8+0.1
0.04 0.144+0.01 0.34£0.04 0.26+£0.05 0.54 +0.1 0.7 =£0.1
0.06 0.24 +£0.02 0.35+0.04 043 +0.09 0.55+0.1 0.8=£0.1

q| @plasmon Iplasmon Vplasmon Whimag

0.08 0.31 +£0.02 030 £0.03 0.56 +£0.12 0.5+0.1 0.8 +0.1
0.10 0.51 £0.05 0.67 £0.07 0.65+0.13 05+0.1 0.9 +0.1
0.12 0.57+£0.06 1.10£0.12 0.68 +£0.14 0.5+0.1 0.8+ 0.1
0.14 0.60 +£0.06 1.13 +£0.12 0.70 £0.15 0.5+0.1 0.8 +£0.1
0.16 0.63+0.06 1.15+0.13 0.724+0.15 05+0.1 0.9 =+0.1
0.18 0.68 +£0.07 1.03 +£0.11 0.73+0.15 05+0.1 0.6 +0.1
0.20 0.69 +0.07 0.99 £0.10 0.76 £0.16 0.5+0.1 0.6 0.1
UHB

q| Wplasmon Ip]asmon Vplasmon Wbimag Vbimag

0.02 0.08 £0.01 0.07 £0.01 0.18 £0.04 0.5+0.1 0.6 +0.1
0.04 0.15+0.01 0.09£0.01 0.20+0.04 05+0.1 0.6+0.1
0.06 0.224+0.02 0.13 +£0.01 0.35+0.07 05+0.1 0.6 +0.1

0.08 0.30+0.03 0.24 £0.02 0.60 £ 0.12 - -
0.10 044 +£0.04 0.22 £0.02 0.62+0.13 - -
0.12 049 +0.05 0.24 £0.02 0.63 +0.13 - -
0.14 0.54+0.05 0.22 £0.02 0.65+0.13 - -
0.16 0.60+£0.06 0.22 £0.02 0.67 +£0.14 - -
0.18 0.65+0.06 0.20 £0.02 0.69 +0.14 - -
0.20 0.66 =0.07 0.18 £0.02 0.73 £0.15 - -

the plasmons of hole-doped cuprates are strongly damped and
have a greater spectral width than those of electron-doped
cuprates because of stronger electron correlations [4,58]. For
example, the plasmon FWHM of LSCO at gy = 0.1 and ¢, =
1.0 is 0.68 eV, whereas that of LCCO is about 0.3 eV. Fig-
ure 3(b) plots momentum-dependent RIXS spectra measured
with the x-ray energy set to the UHB resonance, in which
the excitations are dominated by Cu 3d orbitals. As plotted
in Figs. 3(a) and 3(b), the plasmon dispersions excited by x
rays tuned to the ZRS and UHB resonances agree with each
other, revealing that both O 2p and Cu 34 orbitals are involved
with the acoustic plasmons.

C. Comparison with the loss function

To verify that the observed collective charge dynamics fol-
low the energy dispersion associated with acoustic plasmons,
we calculated the collective charge response of the system
via the loss function. That is, on incorporating a long-range
Coulomb interaction into the one-band parametrization of
LSCO [43] with a hole doping, we calculated s’l(q, w), in
which ¢ is the dielectric function, and q contains both in- and
out-of-plane momentum transfer components within the RPA.
The three dimensionality was incorporated through interplane
Coulomb interactions. The loss function was eventually ob-
tained as —Im(g~1).
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FIG. 3. (a) and (b) Momentum-dependent RIXS spectra of LSCO excited by x rays of energy tuned to the ZRS and the UHB resonances,
respectively. The out-of-plane component g, was fixed to 0.7. Color curves in (a) are spectra deduced from Fig. 2(c) after 10-point binomial
smoothing and subtraction of the bimagnon component and the background. RIXS spectra shown in (b), which are multiplied by 3 to account
for the difference in the cross section between the ZRS and UHB resonances, are plotted without bimagnon and background subtractions. The
details of data analysis are presented in the Supplemental Material [S5]. Spectra in both (a) and (b) are offset vertically for clarity; vertical
ticks indicate the plasmon energies. (c) Theoretically obtained loss function for LSCO with hole doping x = 0.12 along I' — X in the square
Brillouin zone with g, = 0.7. Measured plasmon energies of LSCO (circles and squares) deduced from the RIXS spectra shown in (a) and

(b) are also plotted for comparison.

Figure 4 shows the loss function for values of ¢, ranging
from 0-1. For g, = 0, a clear plasmon peak is seen at the zone
center near (.7 eV, in agreement with optical measurements
[21]. As g changes from I' to X, the plasmon peak dis-
perses to higher energies, eventually entering the particle-hole
continuum around (v /2, 0), where the peak intensity sharply
decreases. As ¢, increases, the plasmon energy at I' de-
creases, becoming zero for ¢, > 0.04. Moreover, the plasmon
dispersion along I'-X softens, becoming linear for g, > 0.3,
ultimately merging with the electron-hole continuum for very
large ¢q,, which dampens out the plasmon peak entirely. The
evolution of the plasmon with ¢, is in agreement with Ref. [7],
confirming that the existence of acoustic plasmons arises from
the out-of-phase motion of electrons on adjacent CuO, planes.
These calculations explain the discrepancy between EELS and
RIXS results. For transmission-type EELS, the magnitude of
electron momentum is typically larger than 27 /c by a couple
of orders [15—-17]. A special scattering geometry is required to
pick up the contribution of acoustic plasmons. The reflection-
type EELS results presented in Ref. [18] and Ref. [19] are
dominated by the in-phase motion of electrons on different
CuO; planes, and they are much less sensitive to acoustic
plasmons because the out-of-plane momentum transfers were
fixed to g, = 20.

Figure 3(c) plots the calculated loss function for 12% hole-
doped LSCO in the paramagnetic phase along the x axis in the
Brillouin zone with g, = 0.7. The measured plasmon energies
of LSCO are also shown for comparison. The dispersion of an
acousticlike plasmon excitation is seen to extend from near
zero at the zone center I to above 1 eV at X. The slight
gap at g = (0, 0) is due to the finite interlayer momentum
transfer [43,59] in accord with the observed dispersion. The
charge fluctuations near the Fermi surface govern the plasmon
excitations of small g;. As g extends away from the zone cen-
ter, more incoherent states with decreased lifetime contribute

to plasmon excitations, and the width of the plasmon peak
increases, consistent with the Landau quasiparticle picture in
which the plasmon peak becomes incoherent. As the plasmon
enters the particle-hole continuum, the peak broadens, and the
slight curve appears to follow the ridge in the particle-hole
continuum of the loss function. Consequently, the RIXS spec-
tral width of acoustic plasmons becomes broadened when g
increases, consistent with the dynamics of the electrons near
the Fermi surface. The agreement between our data and theory
thus supports the proposal of attributing the zone center mode
to acoustic plasmon excitations.

D. 3D nature of acoustic plasmons

Next, we corroborate the acoustic plasmon’s three-
dimensional (3D) nature originating from the interlayer
Coulomb interaction. Figure 5(a) plots the spectra of q; =
(0.1, 0) with selected g,. The broad spectral features about
0.5 eV were fitted with two antisymmetrized Lorentzian func-
tions: one is a g,-independent component for the bimagnon;
the other disperses with the change of ¢,. We found that
when g, is altered from 0.6 to 1.0, the energy of this feature
decreases by 91 meV for ¢ fixed to 0.1, i.e., evidence for
the 3D nature of plasmon excitations. Figure 5(b) illustrates
the dispersions of the plasmon bands of a layered electron-
gas model for the high-7;. cuprates [7]. The plasmon bands
are restricted to be in between two boundary branches cor-
responding to the in-phase motion of electrons on separate
planes and the out-of-phase motion on adjacent planes, i.e.,
g. = 0 and 7, respectively, where d is the distance between
two adjacent CuO, layers and d = c¢/2. Figure 4 shows the
loss function for values of g, ranging from 0-1 in units of
2r/c. For g, = 0 [Fig. 4 (top-left panel)] a clear plasmon
peak is seen at the zone center near 0.70 eV. As g changes
from I to X the plasmon peak disperses to higher ener-
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FIG. 4. Calculated loss function along the high-symmetry lines in the square Brillouin zone for various values of ¢,.

gies eventually entering the particle-hole continuum around
(r/2,0), where the peak intensity sharply decreases. As ¢,
increases the plasmon energy at I decreases, becoming zero
for g, > 0.04. Moreover, the plasmon dispersion along I'-X
softens becoming linear for ¢, > 0.3, ultimately merging with
the electron-hole continuum for very large g., which dampens
out the plasmon peak entirely. The evolution of the plasmon
with g, is in agreement with Ref. [7]. Figure 5(c) compare
the measured acoustic-plasmon energy with that from the
calculated loss function plotted in Fig. 4 for gy = 0.1. The
calculations further verify the decreased plasmon energy as
being due to the increase of ¢, and reveal the plasmon origin
of the observed RIXS excitation.

E. Analysis of spectral weights

In combination with the absence of acoustic plasmon in Cu
L-edge RIXS measurements [9-14], the results of O K-edge
RIXS tuned to the ZRS resonance seem to suggest that the
acoustic plasmons are predominantly of a O 2p character [25].
This conclusion, however, is in contrast to the ZRS picture
[29], in which O 2p and Cu 3d are strongly hybridized and
the singlet hops through the Cu’* lattice in a way similar
to a hole in the single-band effective Hamiltonian. In hole-
doped cuprates, the ZRS band crosses the Fermi level at wave
vectors near (7, 0) and %, %), as shown in angle-resolved
photoemission measurements [60,61]. One can use a simple
cluster model [62] to comprehend the spectral weight of the
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FIG. 5. 3D nature of acoustic plasmons. (a) RIXS spectra of LSCO after data smoothing for selected g, with g fixed to 0.1. The incident
x-ray energy was tuned to the ZRS resonance. The fitted spectral function for the plasmon and bimagnon is the antisymmetrized Lorentzian
function, as plotted in orange curves and black dashed lines, respectively; the background curves are plotted in gray lines. Bimagnon spectra
of all g, have the same energy position and width. Spectra are vertically offset for clarity. The vertical line indicates the plasmon energy of
g. = 1.0. See Supplemental Material [55] for the details of curve fitting. (b) Graphic illustration of the dispersion relations of selected plasmon
bands and the electron-hole pair excitations of a layered electron-gas model (after Ref. [7]). The circles indicate the plasmon energy in response
to the change in g, with g fixed. (c) Comparison of the measured acoustic plasmon energies with those from the calculated loss function for
q, = 0.1. The measured plasmon energies plotted as colored circles correspond to spectra shown in (a), from which the plasmon energies were
deduced through curve fitting. The plasmon energy plotted by the black line is from the calculated loss function shown in Fig. 4.

transitions from the ground state to the unoccupied ZRS and
UHB probed by O K-edge RIXS; the former has a comparable
spectral weight of O 2p and Cu 3d orbitals, whereas the latter
is dominated by Cu 3d.

In O K-edge RIXS, the O ls electron is excited to the
ZRS or UHB. Theoretically, one can use a model Hamiltonian
and the Kramers-Heisenberg formula to calculate RIXS cross
section [63]. To comprehend the spectral weight of a RIXS
process, we approximate the excitation as a transition from
the ground state to an excited state. We used a simple cluster
model [62] to obtain the spectral weight. In the following
approximation, we neglect the effect of core hole in the in-
termediate state. For a cluster model, the state of a Cu®T ion
surrounded by four oxygens is described as

[Yepr) =ald’y + B1d"°L), ©)

and the ZRS and UHB states are
|ZRS) =y |d*) + 8 |d°L) + € |d"°L?) ®)
|UHB) = |d'), ©9)

where L represents a ligand hole. The RIXS cross section at
the ZRS and UHB resonances are approximately proportional
to | (Yew+ | @) |ZRS) [ and | (UHB| &) |ce+) I> (i = Cu 3d,
O 2p), respectively, where &Z.T is the electron creation operator
on orbital i. We extract the spectral weights of O 2p and Cu
3d at the ZRS resonance as follows:

02p

Ipé = s + Bel? (10)
and
I3 = lay + BSP. (1n

Similarly, the spectral weights of O 2p and Cu 3d at the UHB
resonance are

1020 =182 (12)
IG5 = o). (13)

From the coefficients given by Eskes et al. for CuO [62],
we have o = +/0.67, B =+/0.33, y =+/0.07, § = +/0.64,
and € = +/0.28. This gives Igas = 0.86, 15139 = 0.43, Ioph
0.33, and Igﬁ%d = 0.67. Therefore, O 2p and Cu 3d orbitals
have a comparable spectral weight in the RIXS transition
at the ZRS resonance, whereas the transition to the UHB is
dominated by Cu 3d. (Note that Izolfsp + 15437 exceeds 1 is due
to the so-called dynamical effect of spectral weight transfer
widely seen in correlated systems.) Calculations using the
three-orbital Hubbard model [34] for hole-doped cuprates also
indicate that the spectral weight of Cu 3d,>_, in the ZRS band
is comparable to that of O 2p and that in the UHB band is
dominated by Cu 3d,2_,2. Our observation of plasmons at both
ZRS and UHB resonances unravels that the acoustic plasmons
are of ZRS character, consistent with the delocalized nature
of the ZRS. In other words, not only O 2p but also Cu 3d
states contribute to the itinerant motion of charge carriers in
hole-doped cuprates.

IV. CONCLUSIONS

In conclusion, our observation of acoustic plasmons sheds
light on the nature of the conducting carriers of hole-doped
cuprates. O K-edge RIXS results demonstrate that the p and
d orbitals are hybridized in ZRS bands and UHB, consistent
with XAS results. The observation of plasmons at both UHB
and ZRS resonances corroborates the ZRS picture, revealing
that the acoustic plasmons indeed result from the delocalized
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nature of the ZRS. Our findings indicate that the conducting
carriers are ZRS rather than O 2p holes.
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The recent discovery of superconductivity in the infinite-layer nickelate Nd;_,Sr,NiOs [1]
has attracted tremendous interest because the superconductivity occurs in the hole-doped
square lattice of the Ni™ ions, which have the same d° configuration as the Cu®* ions in
the cuprates. Therefore, information from the nickelates, namely, similarities to and differ-
ences from the cuprates, will help us to elucidate the mechanisms of the superconductivity
and the unusual normal-state properties of the cuprates from new perspectives. For such
purposes, experimental data from nickelates with as high quality as those from the cuprates
are indispensable. In a recent breakthrough in the Nd;_,Sr,NiOy thin-film synthesis us-
ing (LaAlO3)g.3(SroTaAlOg)o7 (LSAT) substrates, the growth and reduction conditions were
optimized and extended defects were eliminated, as reported in the recommended paper.
This allowed the authors of the paper to investigate the intrinsic transport properties of
Ndl_ISI‘INiOQ.

The recommended paper reports similarities between the nickelates and cuprates, in-
cluding the strange metal behaviors, p(T") o< T, near a quantum critical point (QCP) buried
behind the superconducting dome (7. dome). Here, the temperature at which the resistiv-
ity upturn occurs decreases with x and goes to zero at the QCP. This similarity between
the nickelates and cuprates is remarkable considering the differences between the two sys-
tems such as the Mott-Hubbard- versus charge-transfer-type electronic structures [2] and
the single-band versus multi-band structures [3,4]. In particular, in spite of the fact that
the parent compounds of the nickelates are metals due to the presence of electron pockets,
the phase diagram is qualitatively similar to that of the cuprates, as shown in Fig. 1.

Furthermore, the differences between the two systems are even more intriguing. Com-
pared to the cuprates, the nickelate show the following features:

(i) The T, dome is shifted toward higher hole concentrations by x ~ 0.05.

(ii) The QCP is shifted toward a lower hole concentration from = ~ 0.19-0.20 to 0.16.



120

-]
-
e

: Nd,_Sr,NiO,

.l | La,,Sr,Cu0,

1
1
]
\ N
' 1y &
cot '3 l,Q,RH>O
% il LB e
e N L1883 e
\ |'|-~ |g,>ng’ &
< 60 Nk NgUAT
- b P I
+ \ Ry 0431
B\ BN kg
wF B\ BN LT
N ¢\l

£

L T normal
201 % 2 N metal
f\ "
0 1 1 |

0.00 0.05 0.10 0.15 0.20 0.25 0.30
X

Figure 1: Phase diagram of Nd;_,Sr;NiO; (red) compared with that of the cuprate

Las_,Sr,CuOy (LSCO, green) reported in the recommended paper. The charge-ordered
(CO) phase of La;_,Sr,NiO, has been adopted from Ref. [5]. As for LSCO, the strange
metal phase which appears above the pseudogap temperature 7* is taken from Refs. [6-8],
and the CO phase from Ref. [9]. The resistivity upturn below 7, for LSCO has been mea-
sured under high magnetic fields, where the superconductivity is suppressed [10]

As for (i), if T¢ is determined by the density of holes in the d,2_,2» band, the presence of the
electron pockets would increase the hole density and would shift the 7. dome toward lower
x. It appears that, on the contrary, the presence of the electron pockets depletes the holes
in the d,2_,2 band, possibly through the formation of electron-hole pairs or excitons. The
sign change of the Hall coefficient Ry in the overdoped region (Fig. 1) would reflect the
shrinkage of the electron pockets and the recovery of the hole density with increasing z.

As for (ii), one should know first why the resistivity upturn occurs in the two systems. In
the recommended paper, it is pointed out that the upturn cannot be explained by an extrinsic
effect such as disorder but by an intrinsic electron correlation effect such as charge order (CO).
Figure 1 shows that the CO occurs at lower z in the nickelates [5] than in the cuprates [9],
which is correlated with the different QCP positions between the two systems. This in turn
suggests that CO plays a role in the formation of the QCP. The CO scenario is consistent with
the observation that the QCP occurs universally at z = 0.19—0.20 in various cuprates in spite



of the varying Fermi-surface shapes and topologies [11]. Other kinds of symmetry breaking
such as time-reversal symmetry breaking (TRSB) [12] and rotational symmetry breaking
(RSB) [13] have also been proposed as the origin of the QCP at z = 0.19 — 0.20 in the
cuprates. The latter scenarios have been tested by various experimental methods including
Kerr rotation for TRSB [14] and elasto-resistivity for RSB [15]. Similar experiments are
highly desired for the nickelates.

Now the recommended paper has given much deeper insight into the physics of the
nickelates than before, the next step would be to apply low energy spectroscopic tools such
as ARPES and STM/STS. As for the cuprates, at least for LSCO, transport and spectroscopy
show anomalies at the same ”pseudogap” temperature 7 [7,8] (Fig. 1). Studies on nickelates
using ARPES and/or STM/STS are challenging but will make the second breakthrough.

From the chemistry point of view, the difficulties in the synthesis of the superconducting
nickelates compared to the cuprates would be due to the unusual valence state of Nit. In
order to deduce electronic structure parameters such as the on-site Coulomb energy U and
the p-to-d charge-transfer energy A, and hence the Mott-Hubbard wversus charge-transfer
character [2], core-level photoemission spectroscopy combined with model calculations is
more accurate than x-ray absorption spectroscopy and inelastic x-ray scattering [16]. The
new high-quality thin films will allow one to perform bulk-sensitive hard x-ray core-level
photoemission and will give us a more quantitative information about chemical bonding in
the nickelates.
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Pseudogap behavior of Fermi surface in
cuprates

Fermi surface of La, ,Sr,CuO, measured by ARPES
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Resonant inelastic x-ray scattering (RIXS)
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Resonant inelastic x-ray scattering (RIXS)
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RIXS end-station at Taiwan Photon Source 41A

Front end of the beamlineA

'- :1 :‘ “(

AGM: Active grating monochromater
AGS: Active grating spectrometer

Resolving power: Both charge & spin excitation
~43,000 (AE ~ 21 meV) at Cu L, Flux ~ 7 x 102 /sec @ 900 eV,
~66,000 (AE ~ 8 meV) at O K (currently ~ 18 meV) Beam size: 4.5 um (H) x 5 um (V)

Resonant inelastic x-ray scattering (RIXS)
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Short-range charge order detected by
resonant inelastic x-ray scattering (RIXS)
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Competition between
superconductivity
and charge order

H.Y. Huang, A. Singh, C. Y. Mou, T_K. Lee, J. Okamoto, AF, C. T. Chen,
&D. J. Huang et al, PRX 11, 041038 (2021).

Charge order order

CuO, plane

Translational symmetry breaking Q = (2n/a)(0.2-0.3, 0)
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Intertwined charge density wave (CDW) and
Cooper-pair density wave (PDW) orders
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Pseudogap behavior of Fermi surface in
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Superconducting fluctuation versus density order
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Cooper pair density (PDW) order
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Superconducting fluctuation versus density order
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Charge order (plus Cooper-pair density order, spin)

Phase diagram
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Outline

+ Cuprate high-T, superconductors
— Pseudogap, strange metal, high-T_ mechanisms ...

* The origin of the pseudogap
— Superconducting fluctuations?
— Charge order?
— Nematicity?
— Electron fractionalization?
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Nematic order

CuO, plane
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ARPES of Pb-doped Bi2212 under uniaxial strain
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Outline

» Cuprate high-T, superconductors
— Pseudogap, strange metal, high-T, mechanisms ...

* The origin of the pseudogap
— Superconducting fluctuations?
— Charge order?
— Nematicity?
— Electron fractionalization?

Electron fractionalization in condensed matter

hole -, ,
+ Spin-charge separation in izz,":zgziﬁ:
quasi-one-dimensional systems éoésé\o 1929291
— Electron = Holon & Spinon i $ohboN\$0d0dd
1A A $ir ¢
(Tomonaga-Luttinger liquid) PoNpOON09009

spinon  holon

wr
| ST

« Fractional quantum-Hall effect .. N
(FQHE) .

il IR O.Q)

‘(lb
|
.‘f!v 2 et

MANKREGO)

+ Mott insulator i N N
— Electron band - Upper Hubbard band (UHB) “*"
& Lower Hubbard band (LHB)

- s, uts
v Mott gap
Y " BB

23



Cuprate high-temperature superconductors
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Electron fractionalization in condensed matter
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Electron fractionalization in Mott insulator
and doped Mott insulator
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Hubbard-cluster calcula ion by:
H. Eskes, M. J. B. Meinders & G A. Sawatzky, PRL 67, 1035 (1991).

Electron fractionalization in Mott insulator
and doped Mott insulator
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Cluster DMFT calculation: S. Sakai, M. Imada et al, PRL 111, 107001 (2013).
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Electron fractionalization in doped Mott insulator
- ARPES of electron-doped cuprates
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Cluster DMFT calculation: S. Sakai, M. Imada et al, PRL 111, 107001 (2013).
M. Horio, S. Sakai, M. Imada, T. Adachi, Y. Koike, AF et al., arXiv:1801.04247

Electron fractionalization in doped Mott insulator
- RIXS of hole-doped cuprates
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Cluster DMFT calc -> Two-component Fermion model calc: M. Imada, JPSJ 90, 074702 (2021).
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Pseudogap behavior of Fermi surface in
cuprates

Fermi surface of La, ,Sr,CuO, measured by ARPES Swavs :
i superconducting

order parameter

T. Yoshida, AF et al., PRB 74, 224510 (2006).
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Electron fractionalization in doped Mott insulator
- RIXS of hole-doped cuprates

Calculated RIXS spectra at q = (n,0)
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Cluster DMFT calc > Two-component Fermion model calc: M. Imada, JPSJ 90, 074702 (2021).
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Resonant inelastic x-ray scattering (RIXS)
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Electron fractionalization in doped Mott insulator
- Electron-hole pair (exciton) excitation in RIXS

TCFM calculation Cu L;-edge RIXS of optimally-doped Bi2212
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Cluster DMFT calc > Two-component Fermion model (TCFM) calc: M. Imada, JPSJ 90, 074702 (2021).

Experiment: A. Singh, H. Y. Huang, J. D. Xie, J. Okamoto, C. T. Chen, T. Watanabe, AF, M. Imada,
and D. J. Huang, submitted.
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Electron fractionalization in doped Mott insulator
- RIXS of hole-doped cuprates

Calculated RIXS spectra at g = (,0)
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Cluster DMFT calc -> Two-component Fermion model calc: M. Imada, JPSJ 90, 074702 (2021).

Nematic order vs. charge/PDw order

Phase diagram
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Outline

+ Cuprate high-T, superconductors
— Pseudogap, strange metal, high-T. mechanisms ...

* The origin of the pseudogap

— Superconducting fluctuations/Preformed Cooper pairs?
Charge order/PDW? Translational symmetry breaking
Nematicity? Rotational symmetry breaking
Electron fractionalization? No symmetry breaking
Loop current? Time-reversal symmetry breaking

Nematic order vs. charge/PDw order
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Outline

» Cuprate high-T, superconductors
— Pseudogap, strange metal, high-T. mechanisms ...

* The origin of the pseudogap
Superconducting fluctuations/Preformed Cooper pairs?

— Nematicity? Rotational symmetry breaking
Electron fractionalization? No symmetry breaking )
Loop current? Time-reversal symmetry breaking

Nematic order vs. charge/PDw order
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Charge order/PDW? Translational symmetry breaking )?
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Summary

* The origin of the pseudogap
Superconducting fluctuations/Preformed Cooper pairs?
Charge order/PDW? Translational symmetry breaking )9

Nematicity? Rotational symmetry breaking )
Electron fractionalization? No symmetry breaking
Loop current? Time-reversal symmetry breaking

* Outlook

— Confirmation of electron fractionalization in cuprates
using other spectroscopies (STM, pump-probe optics, ...)

— Application of the RIXS e-h pair excitation method to
various quantum materials

— ldentification of new exotic phases using advanced
spectroscopies
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Electron fractionalization in Mott insulator
and doped Mott insulator
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ARPES of Pb-doped Bi2212 under uniaxial strain
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