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Abstract

After 30 years of extensive scrutiny from their discovery in 1986, copper oxide high-temperature
superconductors remain one of the most enigmatic and captivating platforms for emergent many-
body phases in condensed matter physics. Understanding the emergent physics of collective
electronic orders and excitations across the cuprate phase diagram is a key to decode the puzzle of
high-temperature superconductivity and how it arises from the strongly correlated Mott state.

With the advance of soft X-ray instrumentations during the last decade, resonant elastic and
inelastic X-ray scattering (REXS and RIXS) have rapidly established as highly sensitive and
versatile probes of electronic orders and excitations in quantum materials.

Using REXS at the Cu-L3 resonance, we investigated the evolution of momentum-space topology
of charge correlation in electron-doped cuprates 7’-(Nd,Pr)2CuQas-5 as a function of carrier doping.
We revealed that, upon doping the parent Mott insulator, charge correlations first emerge in the
form of rotationally-symmetric spatial density modulations, which evolve to more conventional
long-ranged checkerboard order at higher doping levels. Our charge susceptibility calculations
uncover a close link between the topology of charge correlations and the underlying fermiology in
electron-doped cuprates and also suggest that the nature of charge correlations changes from
locally incoherent charge ripples to a long-ranged broken symmetry state upon carrier doping.

Using RIXS, we developed an experimental method to disentangle various electronic excitations
in cuprates based on their nature. Our approach is built on the tensorial nature of the RIXS
scattering matrix, whose form is imprinted onto the angular dependence of RIXS signal. Applying
this method to prototypical magnetically-ordered and superconducting cuprates 7"'-(Nd,Pr),CuQOs-
s and YBaxCu3Oe.75, we resolved the charge, spin, and orbital character of elastic scattering,
(para-)magnon/bimagnon modes, and higher-energy intraband orbital excitations.
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Resonant elastic and inelastic X-ray Scattering

1.1 Introduction

Since the discovery of X-rays and development of X-ray sources, X-ray scattering has
represented a prime tool for structural characterization in condensed matter physics. Based on the
Bragg’s condition of constructive or destructive wave interference, X-ray scattering directly
accesses periodic structures or reciprocal space information of the sample. Combined with other
scattering probes such as electrons and neutrons, X-ray scattering has provided a detailed view of
charge, spin, and structural orders in solids. In general, X-rays offer several advantages over other
probes, including the sensitivity to various scattering sources, large penetration depth, and
applicability to quite a range of sample sizes and shapes, from bulk crystals to thin films to
nanoparticles. However, information obtained from conventional X-ray scattering has, for a long
time, been limited to the characterization of the arrangement of atoms in solids.

The field of X-ray scattering has been revolutionized with the discovery of the resonant
effect in X-ray scattering. This discovery is tied to the advent of a synchrotron, a bright X-ray

source with continuously controllable photon energy. With the energy tunability of the synchrotron,



an anomalous enhancement of diffracted intensity was detected when the incoming X-ray energy
is tuned to the electronic absorption edges (transition of an electron from an occupied atomic levels
to a conduction band) of elements that make up a sample.!~ Soon after, the theoretical framework
to understand this anomalous contribution has been formulated.*” These pioneering works led to
the experimental development of ‘resonant elastic / inelastic X-ray scattering (REXS / RIXS)’
techniques as a highly sensitive probe of electronic orders and excitations in quantum solids.
Resonant X-ray scattering (RXS) has the following valuable assets over conventional non-

resonant X-ray scattering.®0

First, unlike traditional X-ray scattering, RXS is endowed with
enhanced sensitivity to the valence electrons of specific elements when the photon energy is tuned
to the corresponding absorption edge. Since the energy of absorption edges depends on elements,
orbitals, and local environments, the RXS signals measured at different absorption edges provide
element-, orbital-, and site-specific information on the system of interest. Second, RXS scattering
cross-sections are resonantly enhanced near the absorption edges. This enables RXS to
experimentally detect weak signals from collective electronic orders previously invisible in non-
resonant X-ray scattering experiments. Third, due to its second-order nature, RXS signal has a
strong dependence on both incoming and outgoing polarizations. The polarization dependence of
the RXS signal enables a full reconstruction of the scattering tensor, which contains rich
microscopic information on the nature, character, and symmetry of orders and excitations in solids.

Below, we will discuss how the conventional Thompson scattering as well as anomalous
resonant scattering terms emerge from the perturbative expansion of the light-matter interaction
Hamiltonian. Special attention will be given to how the second-order nature of RXS results in the

strong photon energy- and polarization-dependences as well as the element-, site-, and orbital

selectivity of the RXS signal. We note that the description below is largely based on Ref. 8-10.
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1.2 Light-matter interaction

In the framework of the second quantization, the vector potential A4, electric field E, and
magnetic field B of the electromagnetic plane wave are given by

A(r,t) = Ag(eae’®mwh 4 g*qte-itkr-wD)
E(r,t) = —iwAg(€ae!® 770 — g*qte-itkr-wD)
B(r,t) = idy(k x eae!®™") —k x e*alte itkr-w0),

where Ay is the amplitude of vector potential, €, k, and w are the polarization, wave vector, and
frequency of the electromagnetic wave, and a is the annihilation operator of the photon. With these

fields, the light-matter interaction Hamiltonian H; can be written as

H ¢ A+e B+ezA2 © A+e2
g . _S' —_— ~ — . —_—
! mp m 2m mp

A?.
2m

In the second expression, we ignored the s-B term describing an interaction between the
magnetic field of light and the spin of the electrons. This term contributes to non-resonant magnetic
scattering but has a very small amplitude so that it can be ignored for the current description.®

If we treat H; as a perturbation to the non-interacting Hamiltonian H,, the transition

operator up to the second order in e/m is given by

T ~ H H - H ~ T Tnonres Tres'
1t "B —H, +m S0 t+ 13 + 13
r=Sp-a  rpowes = 4.4 TWS=(5)2p-A———1 p-A
) ’ 2 2m ’ 2 m E;—H, +in

Note that we have distinguished the 7; and 7> terms based on the order of 4. Since each vector
potential term A contains one photon annihilation or creation operator a or a', the 7, term, linear
in A, describes a single-photon process such as X-ray absorption or emission, while the 7> terms

quadratic in 4 describe a two-photon process, such as X-ray scattering. The T5'°""® term
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originates is first-order in the expansion of H;, and represents a non-resonant Thompson scattering

process. This term does not explicitly depend on the photon energy. In contrast, the T2 ¢S process

originates from the second-order term H,E;—H,nH,, and its strong energy dependence and
i—Mo

resonant nature is clearly embedded within its denominator. This 75 ®® term is responsible for the

anomalous scattering near an absorption edge, namely resonant X-ray scattering.

1.3 Resonant elastic X-ray scattering
In the framework of the perturbation theory, a scattering probability is given by the Fermi’s
golden rule:
wioy = 2m || || 6 (Ef - Eo).
In the current case, the initial (final) state 1; sy is the product of the many-body electronic ground
state and incoming (outgoing) photon state, i.e. ¥;r) = Ygs X Yphin(our)- Correspondingly,
Ei(fy = Egs + hwin(our). In this section, we will consider elastic processes with hiw;, = Aw,y,-

First, Thompson or non-resonant scattering cross-section can be obtained by plugging in
the 77'°™""®® term to the Fermi’s golden rule as

2
eZ

wiSpTes = 2 o (| 5 4% (r;, ) [y )

o« |(gs| ;e out=aim)7; |‘PGS)|2

< [{Yeslp(@Iyes)?.

The non-resonant term w;:77"* behaves as expected in conventional Thompson scattering, namely,

it measures the Fourier transform of the total charge density of the ground state with the intensity
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proportional to the square of p(Q). We again emphasize that this Thompson scattering term does
not explicitly depend on photon energy and polarization.?

In case of the resonant scattering cross section from T3 ®°, the cross section becomes

res __
Wiy =2m

Y fulp ag—prgr-als)|

(e )ZZ (Wi| Zip; - A(ry, 0) [m Y on| T i - A(rie, ©) [y
M

2
=27

2

x Z (Vos|€in - P ™I [Yp Ntha | €out - Pree 190wt x|hgs)
M,jk EGS + h(l) - EM + ln

It is important to note that in the second line, we adopt the completeness relation Xy | Yy XYy | =

1 with M running over all possible many-body states 1,. Then the resonant term w5} effectively

describes the two-step process of scattering, as depicted in Fig. 1.1: First, the incoming photon
with energy hw, wave vector q;,, and polarization €;, is absorbed and excites the initial electronic
ground state Y;s to an intermediate state 1,,. This excited intermediate state is highly unstable
and subsequently decays back to the ground state by emitting an outgoing photon with energy Aw,
wave Vector q,,;, and polarization €,,;. The corresponding matrix elements of the excitation and
decay processes appear as (i;|p - Aly) and (Yy|p -Altl)f) terms in the second line. In the
energy range of X-ray photons, the transition between ;s and Y, often corresponds to the
excitation of a core electron onto an unoccupied valence band orbital. For example, soft X-ray
photons with energy 400 eV ~ 1050 eV cover the L3 absorption edges of 3d-transition metal

elements, i.e., the excitation from 2p core electrons to 3d orbitals.

2 It depends only on the inner product of incoming and outgoing polarizations €;, * €,,;.
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Initial state ¢, Intermediate state ¢, Final state ¢,

A A A

<¢g|p-AIwM>,f” \‘\‘-:wMIp

W q, &, S \‘\
Absorption edge

N }

Core hole

Figure 1.1 | Schematic two-step process of REXS. The core electron in the initial ground state is first excited to the
valence band state by absorbing a photon with the energy around the absorption edge. The intermediate state
subsequently decays back to the ground state, emitting a photon with same energy, but with changed momentum and

polarization depending on the interaction with the system.

We further simplify w/$} by adopting following approximations: 1) We use the dipole
approximation, which is valid for photon wavelengths of interest in our studies. This means that
we neglect the detailed distribution of electrons around the atomic core, and approximate the phase
factor e 7 ~ e~'R where R is the position of each atomic site. 2) We also take the single-ion
approximation, which assumes that an excitation at site ; is purely local and does not perturb other
sites. With this, we can greatly simplify the many-body ground and intermediate state wave
functions g and P, as single orbitals ¢, and ¢4, from and to which the electron is excited.
3) Due to the decoupling of the excited site and environment in 2), the de-excitation also occurs at

the same site j. With these approximations, we get

2

(¢core |pj = | ¢val )(qbval |pjﬁ |¢core) G ..
res , . —i(qout—qin)Rj | .
Wior & Zaﬁ (€im)e (Z i Eretho—Epg +in  © ‘ ’) (€out)p

=Yl



| , \ |2

D e (D £ ) Ceunolp
ap

2

x Z(ein)a ' F(Q)aﬁ ’ (Eout)ﬂ
ap

[0

Here we define £, the resonant contribution to the atomic form factor, and F, the REXS scattering
tensor. Indices a and £ are used to highlight the tensorial natures of fand F.
The most important facets of REXS can be captured from the above form of w5} First,

the sensitivity to electronic periodicity is inherited to the factor e "'@¢®i in F, similar to that in the

Thompson scattering cross-section. Unlike w/*°F ¢S however, w/ €5 inherits the strong ener
i-»f i»f

dependence from the factor . Especially, the REXS cross-section is resonantly

Egs+ho-En+in
enhanced at Aw = E,;; — Eyre, 1.€., When the incoming photon energy is tuned to an absorption
edge of the system. This resonance at the absorption edge dramatically increases the sensitivity of
REXS to the (often subtle) periodic arrangement of valence electrons in solids, which falls below
the detection limit of conventional non-resonant X-ray scattering. Second, among the signals from
excited states in the summation Y, only those corresponding to the specific absorption edge
Yes = Yy are selectively enhanced in REXS. Since different elements / orbitals / sites in solids
have distinctive absorption edges, the elements-, orbitals-, and sites-resolved electronic
information of the system can be obtained in REXS experiments by tuning the photon energy to
different absorption edges. Lastly, the REXS cross-section explicitly depends on both incoming
and outgoing polarizations. Thus, the tensor structure of the form factor f'and scattering tensor F

can be captured by REXS signal measured at different polarization channels. Since the structure
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of fand F reflects the microscopic symmetry of valence electronic states, the nature of ordering
probed in REXS can be inferred by analyzing the polarization dependence of the REXS signal.
To conclude, REXS is a highly sensitive and informative probe of electronic orders in solid.
Its enhanced sensitivity, elements-, orbitals-, and sites-selectivity, and strong polarization
dependence highlight an exclusive advantage of REXS over the conventional non-resonant X-ray
and other scattering techniques. In Chapter 3, we will highlight how these unique aspects of REXS
played a central role in the discovery of universal charge order instabilities in cuprate high-

temperature superconductors.

1.4 Resonant inelastic X-ray scattering

So far, we have focused on the resonant ‘elastic’ X-ray scattering or REXS, which detects
electronic periodicity or orders in a ground state. In REXS, the energies of incoming and outgoing
photons are identical, i.e., hw;, = Aw,y:, and the system returns to the ground state after the
scattering event (Fig. 1.1). However, it is equally possible that the excited intermediate state decays
into other lower-energy excited states by releasing a photon with lower energy than the incident
photon (Aw,,: < hw;y). This results in the creation of a low-energy excitation in the sample, as
depicted in Fig. 1.2. This inelastic process forms the basis of resonant ‘inelastic’ X-ray scattering

or RIXS, which measures excitations of bosonic character in the system of interest.'’
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Initial state ¢, Intermediate state g, Final state y,

b A A

Low-energy excited states
<(pilp-AIwM>,f" <y, |pAly>
7 w_.q ., &
Absorption edge . g ar .
\ v \“
—&—@— —O—e— —&—@—
chnre hole

Figure 1.2 | Schematic two-step process of RIXS. Unlike REXS, high-energy intermediate state decays into other

low-energy excited states by emitting a photon with energy hw,, < hw;,.

Understanding the excitation spectra of many-body systems provides important insights
into their macroscopic quantum state. The excitations also directly affect many macroscopic
properties of a material, including electronic transport and optical response. Experimentally, RIXS
measures the energy, momentum, and polarization of outgoing photons after the interaction with
matter.!! By the laws of conservation of energy, linear momentum, and angular momentum in the
scattering process, it follows that the frequency, momentum, and polarization of photons can be
exchanged with an intrinsic electronic excitation of a solid. Thus, by measuring the transferred
photon energy (hw = hw;, — hw,y:) as a function of transferred photon momentum (hq =
fqin — hqous), RIXS can directly characterize the dispersion relation w(q) of various excitations
in the system. To illustrate this idea, in Fig. 1.3a, we present an exemplar magnetic excitation

spectrum of a parent cuprate 7’-Nd2CuO4 measured with RIXS at Cu-L3 edge.

=7
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Figure 1.3 | a, An exemplar magnon dispersion of parent cuprate 7’-Nd2CuOs measured by RIXS. b, Schematics of
various low-energy excitations probed in RIXS experiments. Readapted from Ref. 11. ¢, Prototypical RIXS spectrum
of parent cuprate 7'-Nd2CuQs obtained at Cu-L3 edge and at Q=0.34 r.L.u.

The momentum-resolved nature of RIXS, owing to a large phase space accessible to high-
energy X-ray photons, represents one of the key merits of RIXS compared to other inelastic
scattering techniques including Raman scattering and electron energy-loss spectroscopy (EELS).?
However, the most distinctive value of RIXS lies in its versatility. In fact, RIXS is sensitive to
almost all types of excitations in solids, as long as they are charge neutral.'' As schematically
shown in Fig. 1.3b, this covers plasmons, electron-hole excitations (excitons), charge-transfer
excitations, orbital excitations (orbitons), magnetic excitations (magnons), and lattice vibrations
(phonons). In the early days of RIXS (early 2000’s), this versatility of RIXS was hindered by a
low resolution of soft X-ray spectrometers, typically above 1 eV.!" Thus, RIXS could not resolve

the low-energy spin, charge, and lattice dynamics, and its application is mainly limited to the high-

® In principle, EELS is also momentum-resolved, but measurement and interpretation of spectra away from 0 = 0 is
troublesome due to the space-charge effect.
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energy orbital and charge-transfer excitations. However, progresses in RIXS instrumentation
during the last decade dramatically changed this situation: nowadays, cutting-edge RIXS
endstations feature an energy resolution below 20 meV at Cu-L3 edge (930 eV), so that the full
potential of RIXS can now be untapped to study a wide range of low-energy excitations.'2

There are current challenges in the rapidly developing field of RIXS. First, the calculation
of the RIXS cross-section is very computationally intensive. This hurdle mainly arises from the
difficulties in modeling a transient intermediate state in the RIXS process; consequently,
understanding how the presence of core-hole potential perturbs the many-body valence electronic
state is very complicated.!! Second, the versatility of RIXS often complicates the interpretation of
experimental RIXS spectra, as many co-existing low-energy excitations, including lattice, spin,
and charge excitations are spectrally overlapping. Disentangling the contributions from different
excitations as well as assigning the origin of individual excitations are intricate tasks. This,
combined with difficulties in theoretical modeling of RIXS, often leads to different and
contradicting interpretations of the experimental data. In Chapter 6, by taking advantage of the
second-order nature of RIXS, we develop an experimental procedure to reliably resolve the RIXS
scattering tensor to ultimately disentangle and uncover the nature of the individual excitations

measured in RIXS.
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Experimental setup

2.1 The X-ray source: third generation synchrotron

As a photon-hungry technique, RXS in the soft X-ray regime critically relies on the
availability of a bright X-ray source. Photon energy tunability is a fundamental requirement in
RXS to match a target absorption edge of a specimen. Furthermore, polarization selectivity and
micro-focused beam spot are desired to explore the full capability of RXS. To this end, state-of-
art RXS endstations utilize third-generation synchrotron facilities which deliver high brilliance,
photon energy and polarization tunability, and highly collimated X-ray beams.

Figure. 2.1 displays a plot of brightness of X-ray sources from 1940’s laboratory-based X-
ray tube to the next-generation X-ray free electron lasers (XFELs).! The evolution of brightness
of the synchrotron radiations closely follows their generations, characterized by distinct progress
in synchrotron technology. The first generation of the synchrotron X-ray source was ‘parasitic’,
depending on accelerators built for high-energy physics and using ‘byproduct’ radiation from the

acceleration of charged particles. In the second generation, synchrotrons dedicated to X-ray
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science have been constructed, with Synchrotron Radiation Source (SRS) in England, National
Synchrotron Light Source (NSLS) in US, and Photon Factory in Japan as pioneers.! To extract
radiation from electron bunches, the second-generation synchrotrons used a bending magnet,
which applies magnetic field vertical to the storage ring and bends (and thus accelerates) electrons
as shown in Fig. 2.1. The resulting continuum of radiation is characterized by a critical photon
energy &,

2.218 E[GeV]?
plm]

g.[keV] = = 0.665 B[T]E[GeV]?,

where E is the energy of electrons, p is the radius of curvature of the bending magnet, and B is the
magnetic field. With the conventional 1 T bending magnet, storage ring electrons with ~1 GeV
energy produce vacuum-ultraviolet to soft X-ray radiations, while those with ~ 2 GeV energy are
used to produce hard X-ray radiations."> We also note that this £ ~ GeV is the energy regime
where the power radiated by accelerated electrons becomes significant, owing to the nonlinear
relationship between radiation energy and electron energy:

E[GeV]*
p[m] ’

AE / turn is negligible (~ 10 eV) at E ~ 200 MeV, but it grows to AE ~ 10° eV at E ~ 2 GeV.

AE [keV] / turn = 88.5
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Figure 2.1 | Left: Evolution of the brightness of X-ray sources from X-ray tubes to X-ray free electron lasers. Right:
Schematics of radiation sources, the bending magnet (top) and the undulator (bottom). All adapted from Ref. 1.

1 1 I 1 1
. = ~
- o ™
~
. | Undulator
Q
0 —
—~
3
E .
Wiggler
\VARV/ b
Bending magnet
1 1 1 1 1

5 10 15 20 25 30
Photon Energy [keV]
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The brightness of the synchrotron radiation was further rasied at third-generation sources,
thanks to the development of insertion devices (Fig. 2.1). The insertion device is essentially an
array of alternating magnets, which drive the electrons into an oscillatory path. The insertion
device can be categorized as a wigger and an undulator based on its characteristic deflection
parameter Kj4, which depends on magnetic field B and magnetic period A of the device as'?

K;q = 0.934B[T]A;4[cm].

A wiggler is an insertion device with a large magnetic field and long magnetic periods, and thus
large Kis>>1. A wiggler can be considered as an N superposition of bending magnets and produce
similar continuum radiation but with the enhanced intensity 7/ «« N (Fig. 2.2). In contrast, an
undulator operates at a weak magnetic field with relatively short magnetic periods and thus has Ky
< 1. The key characteristic of the undulator is that the radiations from N magnet arrays are
coherently superposed, resulting in a comb of X-ray harmonics with intense brilliance I oc N? (Fig.
2.2). The energy of photons from the undulator radiation is given by

0.95nE[GeV]?

2 ’
Ay [em] (1 + ’%i)

elkev] =

where 7 is the odd harmonics. Note that the energy of the undulator radiation can be easily tuned
by controlling vertical spacing (or ‘gap’) between magnets: the reduction of gap results in stronger
magnetic field B, larger Kis, and thus shifts radiation to lower energy. Also, the polarization of the
radiation can also be controlled in specially-designed helical undulators by modulating the
magnetic field direction via relative horizontal shift (or ‘phase’) of magnet arrays.'? Thus, even
with the advent of the fourth-generation XFELs featuring superior brightness and temporal
coherence, the third-generation synchrotrons with high flux and full control of the photon energy

and polarization remain as the most versatile tool for X-ray researches.
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2.2 Endstations and kinematics

The radiation from the undulator is delivered to RXS endstations through an appropriate
beamline. After passing through various beam-altering elements, including monochromator,
focusing mirrors, and exit slits, the polarized soft X-ray beam with high flux (> 10" photons /s /
0.01 % bandwidth), small beam spot size (~200 * 200 um?), and narrow bandwidth (< 100 meV)
is delivered to the RXS endstations.?> Due to the non-negligible absorption cross-section of soft
X-rays to ambient atmosphere, and the need for cryogenic temperature environments for many
quantum electronic materials of interest, soft X-ray RXS measurements are performed inside an
ultrahigh vacuum chamber with typical pressure < 107 torr. The sample stages are attached to

liquid He-cryostats to achieve temperature control with base temperature < 20 K.
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Figure 2.3 | RXS scattering geometry with a four-circle diffractometer.
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Figure 2.3 displays the typical RXS scattering geometry with a four-circle diffractometer.
The momentum-space of the sample is scanned by a rotation of the sample angle fand the detector
angle 26:° At a given photon energy E and photon momentum ¢, the detector angle 26 (which is
essentially the angle between incoming and outgoing photons), determines a total momentum

transfer to the sample as?

. (26
IQl = |qin - qoutl = 2|CI| sin (7)
Then the sample angle 6 determines the in-plane (Q;) and out-of-plane (Q1) component of

momentum transfer

Q, = 1Q|sing = |Q|sin (9 —?)

0. = 10l cos s = 1QIcos (9 - =)

where f is the angle between the sample normal and Q. The other angular degrees of freedom,
sample tilt ¥ and sample azimuth @, can be additionally used for a precise alignment of sample, or
to expand the momentum-space under investigation. The polarization of X-rays is defined with
respect to the scattering plane, either perpendicular or parallel, corresponding to the ¢ and n
configurations as shown in Fig. 2.3.

In REXS experiments, the flux of scattered X-rays is measured by suitable photon
detectors. Silicon photodiodes are very common, but in some endstations, area detectors like multi-

channel plate are also adopted for two-dimensional detection of scattering signals.>*

© Note that the name 28 for detector angle is solely from the convention. The value of 268in general is different from
the twice of 6.

¢ In the case of inelastic X-ray scattering, |gou] is different from |gin| due to the change of photon energy. However,
for the low-energy excitations of our interest, this change is marginal (below 0.5 %) and usually ignored.
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In RIXS experiments, the scattered photons additionally go through a spectrometer for
energy discrimination. Unlike hard X-ray spectrometers which are based on crystal optics, soft X-
ray spectrometers rely on grazing-incidence line gratings,® which diffract photons to different
angles based on their energy as schematically displayed in Fig. 2.4. The RIXS energy resolution
depends both on the size of the beam spot on the sample and grating and on the length of the
spectrometer arm. At the ADRESS beamline of the Swiss Light Source, where we performed our
RIXS experiments, the energy resolution ~130 meV is typically achieved with a 3-meter-long
spectrometer.” A longer RIXS spectrometer up to ~14.5 m is used at the SIX beamline of National
Synchrotron Light Source-II to achieve a state-of-art resolving power > 23000, or a resolution of

<40 meV at 1 keV.2

VLS .
CCD grating Mask  Slit

& @] |

Figure 2.4 | Schematics of soft X-ray RIXS spectrometer. Adopted from Ref. 7

In our REXS and RIXS experiments on electron-doped cuprates, we adopted two special
scattering geometries as shown in Fig. 2.5a,b respectively.”!? In REXS experiments, we performed
successive @scans for different in-plane orientations of the sample, obtained by varying the

azimuthal angle ¢. This method allows us to canvass full two-dimensional (H, K) momentum-
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space as shown in Fig. 2.5¢ (see Chapter 4 for details). In RIXS experiments, we mounted the
sample on a special wedged-sample holder with the wedge angle &, and fixed &to half of 26. This
geometry fixes the momentum transfer to the sample regardless of the azimuthal angle ¢. Instead,
with the rotation of ¢, the relative orientation of light polarization and momentum space of the
sample can be continuously varied as shown in Fig. 2.5d. Then, the azimuthal angle dependence
of the RIXS spectrum is used to reconstruct scattering tensor of each excitation in the RIXS

spectrum (see Chapter 6 for details).

from
beamline

Spectrofi;rerer
(RIXS)

K+ 6 scan K A

Figure 2.5 | a,b, Scattering geometries used in our REXS and RIXS experiments. ¢,d, Momentum-space and

relative polarization directions investigated by the geometry in a,b.
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Charge order in cuprate high-temperature
superconductors

High-temperature superconductivity in cuprates was first reported by Bednorz and Miiller
in BaxLas.xCusOs3.y) systems with the critical temperature T, of 30 K.! Currently, the record T (at
ambient pressure) among the cuprate family is 135 K, in the Hg-Ba-Ca-Cu-O systems.? Unlike
conventional superconductors, the superconducting order parameter in cuprates is anisotropic,
with a characteristic d-wave symmetry, and an electron-phonon coupling strength and isotope
dependence at odds with the conventional Bardeen, Cooper, Schrieffer (BCS) model.? This places
cuprates in the arena of unconventional superconductors, along with closely-related Fe-based
superconductors, heavy-fermion superconductors, and some of the organic superconductors.?

One of the most intriguing features of the cuprate high-temperature superconductor is that
it develops upon doping carriers into the parent Mott insulator phase, where electron hopping is
completely inhibited due to the large on-site electron-electron repulsion.* Such strong Coulomb
interaction between electrons is a defining trait of cuprate superconductor, upon which many

microscopic theories of high-temperature superconductivity have been built. Another consequence
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of the strong electron-electron interaction is that the interaction energy scale competes with the
kinetic energy scale of doped carriers, driving the system into various symmetry-broken ground
states. As the competition or balance between two energy scales can be tuned by external
parameters such as doping, temperature, magnetic field, and pressure, cuprates realize an
exceptionally rich phase diagram, encompassing antiferromagnetism, spin-glass, pseudogap,
charge order, strange metal, and d-wave superconductivity, and metallic Fermi liquid phases. The
universal temperature-doping phase diagram of the hole-doped cuprates is schematically shown in
Fig. 3.1.° Below, we will focus on the charge order phase, which has most recently been recognized

as a universal instability of copper-oxide superconductors.

300

200

Temperature, T (K)

100

Pmin Py - Pcz .
Hole doping, p
Figure 3.1 | Universal phase diagram of hole-doped cuprates, featuring a wide variety of many-body ground states.

Adapted from Ref. 5.
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Charge order is defined as ‘an electronic phase breaking the translational symmetry of
underlying lattice through an organization of electrons into periodic structures’.® Even though
first discussed within the Peierls’ instability of one-dimensional systems, it has been revealed that
charge order is a much more prevalent phenomenon in many different material systems. The first
discovery of charge order in cuprates comes from the neutron scattering experiment on 12.5 %
doped LazxyNdySrxCu204+5, Where charge order manifests in the form of spatially-modulated
electronic stripes, in which unidirectional spin and charge modulations are microscopically
entangled with the relationship between their modulation periods Aspin = 2Acharge.” In the early
2000’s, scanning-tunneling microscopy (STM) with atomic-resolution was developed and used to
reveal an electronically modulated state in Bi2Sr2CaCu20s+5 (Bi2212) and Na-doped Ca>CuO:Cl:
(Na-CCOC).%° The STM conductance maps of the charge order state in underdoped Na-CCOC
are shown in Fig. 3.2a-c, where a periodic, bidirectional arrangement of charge carriers is directly
visualized in real space. In the corresponding Fourier maps of Fig. 3.2d-f, the four-fold rotationally
symmetric Ag = 1/4 r.L.u. (reciprocal lattice unit) peaks along Cu-O bond directions could be
identified, revealing bidirectional four-unit-cell periodic charge modulations in Na-CCOC. As
highlighted in Fig. 3.2g-i, the observed Aq = 1/4 r.l.u. peaks manifest independently on the bias
voltages, and thus represent a static electronic order in distinction from energy-dependent
quasiparticle interference patterns in STM.!? Notably, in both Bi2212 and Na-CCOC samples,
electronic modulations are strongest when superconductivity is suppressed, either by doping or
external magnetic field.®° This provided first direct evidence for the competitive relationship

between superconductivity and charge order in cuprates.
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Figure 3.2 | a-¢, STM conductance maps of underdoped Na-CCOC at different bias voltages. d-f, Corresponding two-
dimensional Fourier transform maps of a-c. g-i, Line cuts of the Fourier transform maps along Cu-O bond directions.
All adapted from Ref. 9.

Even though STM studies have initiated the field and continuously produced core results,
the STM has fundamental limitations coming from its surface dependence. This indicates that the
applicability of STM is largely limited to the samples with atomically uniform cleavage plane.
One of the most important achievements of RXS in the field is extending the presence of charge

order phase to all other cuprate families, and thus establishing the charge order as a universal bulk

7,



instability of cuprate high-temperature superconductors.® The pioneering RIXS experiment''
revealing a charge order in YBa:CuzO7.5 (YBCO) family is summarized in Fig. 3.3.° As shown in
Fig. 3.3a, the low-energy RIXS spectra measured at Cu-L3 edge consist of three features, the elastic
line at zero-energy transfer, spin (or magnon) excitations, and dd orbital excitations. The latter two
weakly depend on the in-plane momentum transfer Q), while the elastic line is strongly enhanced
at an in-plane momentum transfer Q) =—0.3 r.L.u. along the Cu-O bond direction (Fig. 3.3a,b). The
photon energy and polarization dependence displayed in Fig. 3.3c-f further shows that the
scattering signal is produced by a periodic charge modulation and that it resonates at the absorption
edge of Cu sites within CuO: planes. These observations demonstrate the presence of
incommensurate charge order in the CuO; planes of YBCO, akin to those visualized in Bi2212

and Na-CCOC by STM.

..._q,‘ donga' e
g 0075 —o—gq,alongb* ] g 010
R
-~ =
el /‘} 5005t
@ 0025 | ,E
1 o.w i 1 i
i 04 03 02 04 -03 02
%,lf L q,(rlu) q, (rhu)
”2 . : —TT
- —— Charge (theory) A
R 3t Spin-flip (theory) A
o ® YBCO6.6 Elastic e
g 2f v YBCOG6Spin '
o NBCOElastic
B
10 & NBCOSpin .-~
Energy loss (eV) %4 02 w02 o 9% 932 934 9% 938 940
Q (rlu Photonenergy(eV)

Figure 3.3 | Charge order in YBCO revealed by RIXS. a, RIXS spectra as a function of in-plane momentum transfer
Q) along the Cu-O bond directions. The elastic line displays a strong peak around |Q=0.3 r.Lu. as summarized in b.
¢, Polarization dependence of the peak revealing its charge origin. d, X-ray absorption spectra of YBCO showing
multiple absorption edges of Cu at CuO chain (Cul) and CuO: plane (Cu2) sites. e, Photon energy dependence of the
charge order peak. All re-adapted from Ref. 11.

© It is worth noting that the signature of density wave order in YBCO is first identified by nuclear magnetic resonances
and quantum oscillations, the probes sensitive to the local symmetry breaking.?**
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After the initial successes of RIXS studies in YBCO, extensive REXS and RIXS
experiments have been carried out in most other families of cuprates including LazxSrxCuOs,
Bi;Sr2.xLaxCuOs (Bi2201), Bi2212, HgBa;CuOs4+s (Hgl201), and electron-doped cuprates
(La,Nd,Pr)2.CexCuOs.5.'2718 All these experiments reported the presence of some form of charge
order, establishing the latter as an integral constituent of the cuprate phase diagram. The
experimental onset temperatures and wave vectors of charge order in hole-doped cuprates as a
function of doping are summarized in Fig. 3.4.° Despite the diverse structures and chemical
compositions of the different families, some common threads are found:

- Charge order appears as a two-dimensional order residing on the CuO2 planes, with

weak coherence along the c-axis.

- Charge order appears as a short-range order with a typical correlation length 20~30 A.f

- On the doping axis, the charge order mainly populates the underdoped region of the

cuprate phase diagram. This indicates that the charge order might be the first electronic
phase appearing upon doping the parent Mott insulator.

- On the temperature axis, the charge order in underdoped cuprates always appears below

the pseudogap temperature, hinting that the instability in the pseudogap phase might be
a precursor to the formation of charge order.

- The onset temperature of charge order peaks around 12.5 % doping, suggesting the

competition between charge order and superconductivity as an origin of 1/8 anomaly

of superconducting transition temperature.

" The correlation length of charge order in YBCO is a bit longer than those in other cuprates, reaching ~50 to 100 A.
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- Charge order wave vector increases with electron concentrations in both hole- and
electron-doped cuprates.® This indicates a strong correlation between charge order and
underlying fermiology in cuprates.

All in all, all these common denominators in the charge order phenomenology across

different cuprate families underscore its universality as an electronic instability of the CuO; plane

of cuprate high-temperature superconductors.
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Figure 3.4 | Summary of the doping and temperature dependence of charge order onset temperatures and wave vectors
in hole-doped cuprates. Adapted from Ref. 6.

e It should be noted that the La-doped cuprates represent an exception of this trend (Fig. 3.4b), which might be due
to the intricate entanglement of spin and charge degrees of freedom in these compounds.*’
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We will close this introductory chapter by outlining two pending questions in this field,
particularly related to our study in Chapter 4. First, the driving mechanism of charge order in
cuprates is still under debate. In Bi2201 and Bi2212, a flurry of studies combining RXS, angle-
resolved photoemission spectroscopy (ARPES), and STM have established that the wave vector
of charge order closely follows the distance between the tips of disconnected Fermi arcs (or hot
spots, see Fig. 3.5), proposing the instability of pseudogaped Fermi surface as a driving force of
charge order.'>'%!° This scenario captures the temperature and doping dependence of charge order,
and has supported by charge susceptibility calculations in various schemes. However, more recent
STM and RIXS studies on very underdoped Bi2201 and overdoped (Bi,Pb)2.12Sr;8sCuQs+s
revealed charge orders outside the pseudogap regime, leaving the origin of charge order
undisclosed.??! Other scenarios of charge order rely on the strong real-space electron-electron
interaction instead of momentum-space instability, and regards charge order as a natural derivative
of the Mott insulating state upon carrier doping. This scenario has explained the experimental
doping dependence of the charge order wave vector with a doping-dependent phase-slip of
commensurate four-unit cell periodic charge order predicted from the theories.??

Second, the exact nature of the charge order in the cuprates is still unclear. Even though
mostly regarded as a collective and static electronic state with some degree of spatial coherence,
there exists a viewpoint that the diffraction peaks observed in RXS may arise from the Friedel
oscillations of charge density in real space induced by a defect potential, similar to the quasiparticle
interference patterns seen in STM.2326 This suggests that the charge order would remain incipient
or fluctuating in cuprates if there is no disorder potential.?” This scenario naturally explains the
observed short-correlation length of charge order in cuprates, compared to other charge density

wave materials. The ground state nature of charge order is partly confirmed in a subset of cuprates
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by energy-resolved experiments such as RIXS and scanning tunneling spectroscopy,”'*!*?! while

it remains unanswered in many other cuprates.
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Evolution of charge order topology across a
magnetic phase transition in cuprate
superconductors

This chapter is based on the article M. Kang et al., Evolution of charge order topology across a

magnetic phase transition in cuprate superconductors, Nature Physics 15, 335-340 (2019).

Charge order is now accepted as an integral constituent of cuprate high-temperature
superconductors, one that is intimately related to other electronic instabilities including
antiferromagnetism and superconductivity.!'!' Unlike conventional Peierls density waves, the
charge correlations in cuprates have been predicted to display a rich momentum space topology

1218 However, to date charge order has only been

depending on the underlying fermiology.
observed along the high-symmetry Cu-O bond directions. Here, using resonant soft X-ray
scattering, we investigate the evolution of the full momentum space topology of charge correlations
in 7’-(Nd,Pr)>CuOs as a function of electron doping. We report that, upon doping the parent Mott

insulator, charge correlations first emerge in a hitherto-unobserved form, with full (Ciy) rotational

symmetry in momentum-space. At higher doping levels, the orientation of charge correlations is
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sharply locked to the Cu-O bond directions, restoring a more conventional bidirectional (Cy)
charge order with enhanced correlation lengths. Through charge susceptibility calculations, we
reproduce the evolution in topology of charge correlations across the antiferromagnetic phase
boundary, highlighting the interplay between spin and charge degrees of freedom in electron-
doped cuprates. Finally, using the established link between charge correlations and the fermiology,
we propose a revised phase diagram of 7’-Ln,CuQOs4 with a superconducting region extending

toward the Mott limit.

4.1 Introduction

In cuprates, an unconventional momentum-space electronic structure rapidly surfaces upon
doping carriers into the parent Mott insulator. The unconventional fermiology of lightly doped
cuprates is embodied by the ‘pseudogap’ regime, where coherent quasiparticle excitations are only
found in a subregion of the Brillouin zone.!>?° In this emergent state, electronic carriers in the
CuO: planes concomitantly organize into periodically modulated patterns (charge order) in real
space.!"!! The visualization and elucidation of the microscopic link between these density waves
and the many-body fermiology is a stepping stone toward understanding the nature of charge order
and its relationship to the Mott physics, pseudogap, and high-temperature superconductivity. In
the hole-doped cuprates, charge order has been mapped out to a great extent, yet its origin and
driving mechanism remain unclear. In Bi-based compounds, scanning tunneling microscopy
(STM)?*7# and resonant X-ray scattering (RXS)”® experiments proposed that an instability of the
pseudogapped Fermi surface might underlie the development of charge ordering. This proposal
captures the temperature and doping dependence of charge order,*”# and has been supported from

charge susceptibility calculations in various implementations.'¢-!® On the other hand, recent STM
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and resonant inelastic X-ray scattering studies detect charge order outside the pseudogap phase
(i.e. in the very underdoped or overdoped limits) leaving the exact relationship between the charge
order and fermiology unsettled.?'??

Electron-doped cuprates are an alternative platform to gain new perspectives on this
problem, given their analogies to hole-doped cuprates in the phenomenology of charge order.'®!!
At variance with hole-doped systems, here antiferromagnetic (AFM) correlations persist over a
wide doping range (Fig. 4.1a), and deeply influence the many-body fermiology of electron-doped
cuprates, as reflected in the appearance of an AFM pseudogap and the evolution of Fermi surface
topology with doping.?®?? Further, in these systems charge order populates a doping region
characterized by strong AFM correlations,'®!! setting an ideal stage to study the interplay between
the spin and charge degrees of freedom in cuprates.

The intimate relationship between AFM and charge order has been explored in numerous
theoretical studies!'?!® that have focused on density wave instabilities localized along the Cu-O
bond directions, in accordance with experimental reports.'!! At the same time, theory suggests
that strong AFM correlations might induce charge instabilities in broader regions of momentum

space (Q-space).!>!315 Charting the topology of charge correlations in electron-doped cuprates is

thus a new opportunity to probe the connection between charge order, antiferromagnetism, and
many-body fermiology in cuprates.

Here, we investigate the evolution of the momentum-space topology of charge correlations
in 7°-Ln2CuO4 (Ln=Nd, Pr) thin films as a function of electron doping. In contrast to widely
studied Ce-doped superconductors (7’-LnaxCexCuQs), thin films of 7’-Ln,CuOs4 can host
superconductivity without cation substitution, when subjected to post-growth reduction annealing

procedures.?* The possibility of superconductivity in the ‘undoped’ limit questions the very Mott
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nature of the parent T’-cuprates, and alternative scenarios involving a Slater mechanism have been
proposed.?*?5 On the other hand, recent angle-resolved photoemission spectroscopy (ARPES), X-
ray photoemission spectroscopy, and X-ray absorption spectroscopy studies concluded that
superconducting 7-Ln2CuOs are actually electron-doped, presumably due to oxygen vacancies.?%
28 However, the exact doping-temperature phase diagram remains unclear due to difficulties in

estimating the intrinsic electron concentration in these samples.
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Figure 4.1 | Charge correlations in T’-NCO#1 along the Cu-O bond directions. a, Doping-temperature phase
diagram of cuprates with the superconducting (SC), antiferromagnetic (AFM), charge ordering (CO) and pseudogap
(T*) regions highlighted. b, Schematics of the RXS experimental geometry. The inset shows the region of Q-space
that can be spanned by a combination of in-plane (6) and out-of-plane (¢) rotations. ¢,d, Photon energy and
temperature dependence of RXS scans along the Cu-O bond direction. Data in ¢ (d) were obtained at 12 K (932 eV).
The inset in d shows the 12 K RXS scan after subtracting the room-temperature (300 K) profile. The grey line

represents the half-width-at-half-maximum.
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4.2 Cins symmetric charge correlation at the low-doping

Figure 4.1b illustrates the schematics of our experimental setup. In RXS experiments, the
in-plane component of momentum transfer (Q) is scanned by rotating the sample about the axis
perpendicular to the scattering plane (). To access the full Q-space structure of charge
correlations, we acquired successive @scans for different orientations of the CuO; planes, obtained
by varying the azimuthal angle, ¢. The range of Q-space canvassed by this method is schematically
shown in the inset of Fig. 4.1b.

We first demonstrate the presence of enhanced charge correlations in 7'-Nd2CuOq
(hereafter referred to as 7'-NCO#1) along the Cu-O bond directions (¢ = 0°). Figures 4.1c,d show
the series of RXS scans as a function of photon energy and temperature. When the photon energy
is tuned to the maximum of the Cu-L3 absorption edge (E = 932 eV), the scattered intensity displays
clear peaks in momentum space centered at |Qj| = 0.2 reciprocal lattice units, or r.l.u. (Fig. 4.1c).
The scattering peak rapidly vanishes as the photon energy is tuned off resonance, confirming that
it originates from electrons in the CuO> planes. As displayed in Fig. 4.1d, the intensity of this peak
smoothly diminishes with increasing temperature, but survives up to room temperature, as in other
electron-doped cuprates.!®!! After subtracting the room temperature background from the 12 K
data (inset of Fig. 4.1d), we extract a correlation length & = 5-6 unit cells or = 20-25 A. Such short-
ranged charge correlations have been seen in other cuprates, (Nd,La)2-«CexCuO4 (NCCO, LCCO),
Bi2Sr2xLaxCuOs+s (BSLCO), and HgBa;CuO4+5 (HgBCO).3-!!

The presence of periodic charge modulations in the CuO: planes indirectly reflects the
intrinsic carrier doping in the chemically-undoped 7-Ln2CuQ4.?%2® The observed wave vector of
charge modulations (Qc) can be used to estimate the carrier concentration from experimental

measurements of Q. vs. doping in both hole- and electron-doped cuprates.>>31%!! Previous RXS
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studies reported that Q. in electron-doped cuprates (NCCO, LCCO) increases with higher electron
content, similarly to hole-doped cuprates (BSLCO, HgBCO, YBCO). From previous
estimates,'®!! the observed wave vector of 7-NCO#1 (Q. = 0.2 r.L.u.) maps onto an electron
density # = 0.07+0.02 / Cu, placing our sample at the low-doping limit of the phase diagram.

In this low-doping limit, we successively performed RXS scans at various azimuthal angles
¢ to map the complete Q-space topology of charge correlations. Surprisingly, as shown in Fig.
4.2a, broad but clear diffraction peaks are detected along all investigated momentum directions
¢ =0, 15, 30, 45, 65, and 90°. To investigate this feature in more detail, we subtract a slowly-
varying fluorescence background from each scan and plot the residual resonant peaks in Fig. 4.2b.
The peaks display almost identical intensity, wave vector (Qc = 0.2+0.02 r.l.u.), and linewidth
(half-width-at-half-maximum =~ 0.07+0.02 r.l.u.), regardless of the probed momentum direction.
Furthermore, the detailed temperature and photon energy dependence of the scattering peaks at
representative azimuthal angles (0, 15, and 45°, Fig. 4.3) fall into a single curve within
experimental errors, indicating these structures arise from the same state. The two-dimensional
plot in Fig. 4.2c summarizes this observation, highlighting the fact that, at low doping levels, the
charge correlations in the CuO; plane possess full (Cinf) rotational symmetry in Q-space. This
result is in marked contrast to all previous reports of bond-oriented charge order in cuprates (Fig.
4.2d),>>!! and demonstrates that upon electron doping to the parent Mott/Slater insulator, charge
correlations initially develop a complex Q-space structure that was entirely unanticipated.

To gain additional insights on the observed topology of structure factor S(Q), we simulate
a possible charge density map §p(r). In doing so, we adopt randomly-assigned reciprocal space
complex phases, thus §p (1) represents only one of the possible realizations corresponding to S(Q)

(see Section 4.7, Materials and Methods). The simulated map of §p(r) in Fig. 4.2e depicts a
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‘glassy’ state with an apparent tendency to periodic ordering at wave vector Qc (5 unit cells period)
but without any orientational preference. This is again in sharp contrast to the case of bond-oriented

charge order, whose simulated 8p(r) is shown in Fig. 4.2f.
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Figure 4.2 | Full momentum-space topology of charge correlations in T’-NCO#1. a, RXS scans of T"-NCO#1 for
various azimuthal angles. Curves are vertically shifted for clarity. Overlaid grey dotted-lines represent polynomial fit
to the fluorescence backgrounds. b, Charge correlation peaks derived from a after background subtraction. ¢,d,
Momentum space topology of charge correlations (structure factor) in 77-NCO#1 and BSLCO. ¢ is a polar plot of data
from b, while d is reproduced from data in Ref. e,f, Simulated real space charge density modulations &p(r)

corresponding to the structure factors in ¢ and d, respectively.
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15, and 45°. Shaded profiles in b represent the Cu-Ls edge X-ray absorption scans with 6/7 incoming polarizations.

4.3 The origin of Cins symmetric charge correlation: Friedel oscillations

To elucidate this new phenomenology, we recall that, within Lindhard theory,” the
linearized charge density perturbation p(Q) induced by an external potential ¢(Q) is obtained as
p(Q) = x(Q) - $(Q), where the generalized charge susceptibility y(Q) is directly linked to the
underlying electronic band structure. In this framework, a local potential can induce Friedel
oscillations of charge density (akin to quasi-particle interference modulations observed in STM),
to which RXS is sensitive as revealed by recent theoretical studies.'’**! Given that the
experimental observable, the structure factor S(Q), is proportional to the squared amplitude of the
charge density (i.e. S(Q) x |p(Q)|? = |x(Q) - $(Q)|?), this formulation of the scattering process
allows to analyze the RXS information not only in terms of genuine long-range ordering with
spontaneous symmetry breaking, but also as a direct reflection of generic many-body instabilities

in Fermi surface, encoded in the interacting charge susceptibility.
To articulate this scenario, in Fig. 4.4 we compare the Fermi surface topology, the Q-space
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maps of the static charge susceptibility, and the Q-space topology of observed RXS peaks. Figures
4.4a-¢ and figures 4.4f-j respectively show the calculated Fermi surfaces and static charge
susceptibilities of 7°-NCO at various representative doping levels. The calculation is based on the
momentum-resolved density fluctuation model, which has been used to capture certain
experimental characteristics of charge order in hole-doped cuprates from the instabilites in the
Fermi surface (see Section 4.7, Materials and Methods for details).'® In electron-doped systems,
the longitudinal spin and charge susceptibilities become mixed in the presence of commensurate
AFM correlation,® which results in the spin-charge interaction being distinct from the
incommensurate stripe physics of hole-doped cuprates. In the low-doping limit (n=0.05, Fig. 4.4a)
with strong AFM correlations, the electrons first fill the upper Hubbard states at the antinodes,
developing electron pockets around (£m, 0)/(0, +m) that are very circular in this limit due to the
presence of strong (7, £71) AFM scattering. Correspondingly, the interacting charge susceptibility
is enhanced uniformly along all azimuthal directions at |Q)| = 0.2 r.l.u. (Fig. 4.4f,]), in remarkable
accordance with the observed Q-space structure of the scattering peaks in 7-NCO#1 (Fig. 4.4k,m).
This analysis demonstrates that the RXS structures in Fig. 4.2 reflect the rotationally-symmetric
particle-hole scattering channels connecting low-energy states across the Fermi surface, which
materialize in real space possibly through the defect- or impurity-induced Friedel oscillations in
charge density.!”-33! We note that oxygen vacancies, a likely source of doping in 7’-Ln,CuQs,

might provide a pinning potential in this framework.
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Figure 4.4 | Crossover from Cinr to C4 symmetric charge correlation in electron-doped cuprates. a-e, Evolution
of the Fermi surface of electron-doped cuprates as a function of intrinsic electron density. f-j, Corresponding Q-space
plots of the static charge susceptibilities obtained from momentum-resolved density fluctuation calculations. Red-
dotted lines highlight the contours where an enhanced charge response is expected. k,p, Q-space representation of
charge correlations in the low-doping (7"-NCO#1, n = 0.05) and high-doping limit (7"-PCO#1, n = 0.17). l-o,
Comparison of charge susceptibilities (I,n) and RXS intensities (m,0) along Qx directions at » = 0.05 (l,m) and n =
0.17 (n,0). Dotted-lines in p represent the momentum-space segments along which the RXS profiles of 77-PCO#1 in

o are sampled.

4.4 C4 symmetric charge correlation at the high-doping

The dramatic change in Fermi surface topology occurs near the AFM critical point, where
the termination of Néel order accompanies the collapse of the Mott gap, resulting in the formation
of hole pockets at (+n/2, +nt/2) (see Fig. 4.4c,d). With the weakening of (n,m) AFM scattering, the

charge susceptibility becomes anisotropic, and is enhanced around the high-symmetry Cu-O bond
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directions (Fig. 4.4h,i), recovering the Cs symmetry of the underlying lattice. This trend continues
up to the paramagnetic limit (» = 0.17, Fig. 4.4¢), where the electron and hole pockets merge to
form a single large Fermi surface centered at (xm, +7). We note that the doping evolution of the
Fermi surface presented here is in close agreement with experimental Fermi surfaces obtained
from ARPES and quantum oscillation experiments on electron-doped cuprates.?®?* These
calculations thus suggest that AFM order in electron-doped cuprates promotes charge correlations
in all momentum directions in the low-doping limit as detected by the present RXS experiments,
while a more conventional bidirectional charge order emerges as AFM order is removed at larger
doping.

To confirm the crossover from Ci,sto Cs topology of the charge correlation, we performed
RXS measurements on the 7'-Pr,CuQO4 (T°-PCO#1) sample with higher intrinsic doping. As
displayed in Figure 4.40, we observed a sharp RXS peak at Q)| = 0.32+0.01 r.L.u. along the Cu-O
bond direction. Unlike the peaks observed in 7'-NCO#1, the peak in 7’-PCO#1 rapidly disappears
when measured along off-axis direction as shown in Fig. 4.40 and Fig. 4.5, indicating that it is
sharply locked along the Cu-O bond directions. From the empirical doping dependence of Q. — or
equivalently by comparing Q. to the maximum wave vector of the calculated charge susceptibility
(Fig. 4.4n) — the value Q; = 0.32+0.02 r.l.u. maps to an electron density n = 0.17+0.02."" This
observation confirms that low-doping charge correlations with Ci,srotational symmetry morph into
a disconnected topology with charge order peaks pinned to the Cu-O bond directions in the high-
doping limit, forming a more conventional type of bidirectional charge order as schematically

displayed in Fig. 4.4p.

-53-



a L. e () | d Photon E(eV) | e Temperature (K)
v 9330 200
by — 9320 — 180
i) — 9310 — 160
ki — 9305 — 140
— 9300 — 120
" — 9295 — 100
— 9290 — B0
— 9280 |-
— 9270
] \
£
e "
3
£
5
oy L
§
b 25 =
004 al) — 15 £
— 05
— 00 M/\'\,
—-05 ||
o2 —— % L
_ . —-25 H
3
= 0
; P——
——— MW\\A‘.\J
—————— B e
_0'02\ \\’_\"\_\—\—
-004|
1 1 1 1 1 1 1 1 1 1 1 1 1 1 £l 1 1
-04 -0.3 -02 0.4 03 —02 036 -032 -028 -024 036 -032 -028 —024
Hrlu.) H(rlu.) H(rlu.) H(rlu)

Figure 4.5 | Experimental setup and the full RXS data sets on the T’-PCO#1. a, Schematics of the RXS
experimental setup for the sample 7°-PCO#1. The polar angle () is a new variable that controls the momentum
contour scanned during the &scan. b, Paths in momentum space scanned by the @scans at different a values. Note
the different scale used for the H and K axes. In first approximation, &scans at different a values slice across
momentum space along a direction nearly parallel to the H-axis at various K values. Unlike the 2D momentum space
mapping with the azimuthal-angle (#) rotations (the method applied to 7°-NCO#1), polar angle mapping is
advantageous when RXS peaks are strongly confined to a small region of momentum space as in the present case. ¢,
The a-dependence of the RXS peak in the 7°-PCO#1. The peak rapidly suppressed when scans move away from K=0,
demonstrating that it is pinned to the Cu-O-Cu bond axis. The arrow in b corresponds to the range of K where the
peak is visible which spans roughly K = —0.015 ~ 0.015 r.L.u. Note that the range is similar to the FWHM of the peak
in H direction. d,e, Photon energy and temperature dependences of RXS peaks in 7"-PCO#1. The RXS intensity
sharply peaks at 930 eV, confirming its resonant nature. The intensity of the peak decreases with increasing
temperature, but the peak survives at least up to 200 K.
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4.5 The origin of Cs symmetric charge correlation: long-range charge-ordered
ground state

It is worth noting that the charge order in the high-doping limit (7”-PCO#1) is rather long-
ranged, with a correlation length & = 20 unit cells or = 80 A, which is ~4 times larger than the low-
doping limit (7’-NCO#1). This pronounced enhancement in spatial coherence is consistent with
proposals that the charge order correlation length is affected by the degree of directionality in the
underlying electronic susceptibility.!” We note that the long correlation length of 7 -PCO#1 is
comparable to that in YBaxCu3Os+s (YBCO), where charge order directly competes with
superconductivity.’ On the other hand, the short correlation length of 7°-NCO#1 is akin to that of
BSLCO and HgBCO,%® where the direct competition between charge order and superconductivity
is not fully established. This fact hints at a possible crossover in the nature of charge order as a
function of electron doping: from an incipient ordering phenomenon in the low-doping regime, to
a long-range-ordered ground state at higher electron doping as the electronic susceptibility
acquires strong directionality. At the same time, the analogy between 7'-NCO#1 and BSLCO and
HgBCO raises an important question on the nature of charge order in these hole-doped systems:
whether it is a bona fide symmetry-broken phase or rather an incipient state possibly initiated by
quasiparticle scattering across the Fermi surface as observed here. Altogether, our results
combined with previous reports on hole-doped cuprates,’>* hint at a common link between the
low-energy fermiology and the spatial organization of the electronic state in hole- and electron-

doped cuprates.
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4.6 Revised phase diagram of electron-doped cuprates

The established connection paves the way to use Q. as a measure of intrinsic electron
density. This inference is especially valuable for all 7 -structured cuprates, whose unknown
oxygen stoichiometry usually hinders the exact determination of their true electron density.?*2%
2833 In Fig. 4.6b, we plot the calculated doping dependence of Q. as extracted from the maximum
of the charge susceptibility (Fig. 4.6a). For comparison, we also plot the Ce-doping dependence of
Q. from previous studies of NCCO and LCCO.!"" A common trend is apparent, nonetheless the
NCCO data appear to be slightly offset to higher doping levels. To some degree, this deviation is
natural since the Ce concentration cannot represent the sole factor determining carrier density in
electron-doped cuprates, as emphasized in recent photoemission studies.?6-2833 This consideration
further underscores the importance of the explicit determination of intrinsic electron
concentrations in 7 ’-cuprates.

In addition to 7"-NCO#1 (Q: = 0.2 r.l.u.) and T’-PCO#1 (Q. = 0.32 r.1.u.) presented above,
we measured two additional samples with RXS peaks at Q. =~ 0.22 r.l.u. (T’-PCO#2) and Q. = 0.25
r.l.u. (7°-NCO#2). Based on the relationship between Q. and #n, we infer that our samples cover a
wide doping range from n =~ 0.05 to 0.17 as marked in Fig. 4.6b. Interestingly, all our samples were
subjected to the post-growth annealing and show superconductivity with Tc = 24.4, 23.1, 24.6 K,
and 24.8 K (for 7°-NCO#1, T’-PCO#2, T’-NCO#2, and T’-PCO#1, respectively), as shown in Fig.
4.6c. This finding reflects a persistence of the superconducting phase into the low-doping region,
in contrast to the conventional phase diagram of electron-doped cuprates (Fig. 4.1a). This
conclusion lends support to the very recent ARPES studies on bulk 7-Pr2.xLaCexCuQs.s, which
also reports a revised phase diagram with an extended superconducting dome based on the intrinsic

electron density estimated from Luttinger’s theorem.?* In sum, our experimental observations
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challenge the conventional understanding of charge order and phase diagram of electron-doped
cuprates, and provide new crucial insights onto a unified description of charge order

phenomenology.
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Figure 4.6 | Phase diagram of 7"-Ln2CuOQa. a, Stack of the charge susceptibility y along the reciprocal H-axis
calculated at various electron concentration n. 7 displays a clear maximum at the wave vector Qc**, which
systematically increases with doping. b, Relationship between Q. and dopant concentration n in electron-doped
cuprates. The orange solid line tracks the Q. versus n. Dark (light) blue dots represent the Ce-concentration
dependence of Qc in NCCO (LCCO). The four 7”-Ln2CuOs samples investigated here are marked by red circles. ¢,
Temperature-doping phase diagram of T’-Ln2CuOs with onset temperature of charge correlations (Tco),
superconducting transition temperature (Tc), and AFM region. The latter is sketched on the basis of both neutron
scattering and ARPES studies. Orange dotted lines represent error bars on Tco, comes from the noise level of RXS
intensity or the highest temperature investigated. The insets display the momentum space topology of charge
correlations in the low- and high-doping limits. The evolution of &co as a function of the electron density is also

overlaid as a blue solid line. Error bars of Eco come from the inaccuracy in Gaussian fitting of RXS peaks.
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4.7 Materials and Methods

4.7.1 Sample growth and characterizations

Thin films of 7°-NCO and T’-PCO used in this work were grown by molecular beam
epitaxy under ultra-high vacuum using Nd, Pr, and Cu metal sources and atomic oxygen generated
in-situ from an RF oxygen source.’* Reflection high energy electron diffraction (RHEED) and
electron impact emission spectroscopy (EIES) were used to monitor and control the growth of
NCO and PCO films on (001) SrTiOs substrates in real time. High-resolution reciprocal space
mapping data show that the films of thickness = 100 nm are grown fully relaxed. The films were
subjected to the two-step annealing process.*> The superconducting transition was measured by

electrical transport and magnetometry.

4.7.2 Resonant X-ray scattering experiments

RXS experiments were performed at the UE46 PGM-1 beamline of the BESSY II (T-
NCO#1, T'-NCO#2), the REIXS beamline of the Canadian Light Source (7°-PCO#1), and the
Beamline 4.0.2 of the Advanced Light Source (7’-PCO#2). Experiments were conducted at 12 K
(unless specified) and under a high vacuum better than 10 Torr. Samples were oriented in situ
using Bragg reflections. All measurements were conducted at the Cu-L3 absorption edge with out-
of-scattering-plane (o) incoming polarization to maximize the sensitivity to charge scattering.
Momentum-space scans were obtained by rocking the sample angle at fixed detector position. The
temperature dependence series were acquired by both heating and cooling the samples, yielding

consistent results.
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4.7.3 Simulations of the real space charge fluctuations
The structure factor S(Q) for 7-NCO#1 is modeled by S(Q) = exp (“Lz(:le_—QC)z), where

the Q. is the wave vector centroid of charge correlations, and w is the FWHM. S(Q) for BSLCO
1s similarly modeled by a 2D Gaussian function centered at (Qc, 0), (0, £Qc). The real space
charge-charge correlation function C(r) is obtained by discrete 2D Fourier transform of S(Q). To
simulate the real space charge density fluctuation do(r), we first introduce a matrix of random

reciprocal-space phases ¢(Q,,) and subsequently simulate the charge fluctuation as Sp(r) =

YmVS(Qm) cos(Q. - T + ¢(Qmm)), where m labels the discretized Fourier components.*¢

4.7.4 Momentum-resolved density fluctuation calculations

We take an effective Hamiltonian near the AFM saddle point

H = Z[fkck,ack,a + Umack+Q,ack,U] + h.c.,
k,o

where the non-interacting dispersion ¢, is taken from tight-binding calculation of previous works,
U is on-site Hubbard interaction, and m gives the staggered magnetization.>? In the commensurate
AFM state with Q=(r, ), the longitudinal spin and charge susceptibilities become mixed in the
Umklapp scattering channels, while the transverse spin susceptibilities remain decoupled. Based
on the above Hamiltonian, we compute the correlation functions with many-body corrections
implemented within the random-phase approximations and self-energy corrections. In the
framework of the momentum-resolved density fluctuation model, both the single-particle Green’s
function and the two-body correlation functions are calculated self-consistently with the self-

energy corrections. We included Bethe-Salpeter-type vertex corrections obeying the Ward’s
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identity. The AFM gap and chemical potential are also computed self-consistently for each doping

with a doping dependent U adopted from previous studies.>?
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Magnetic excitations in cuprate high-temperature
superconductors

Inelastic light scattering techniques have long been used to probe various excitations in
solids involving charge, lattice, and orbital degrees of freedom.! However, they are not particularly
sensitive probes of magnetic excitations including an odd number of spin-flips, since, unlike the
case of neutron scattering, photons do not carry a spin momentum to be exchanged with that in
solids.?

Resonant X-ray scattering at transition metal L or M edges partly obviate to this limitation
owing to the significant spin-orbit coupling of core holes in the intermediate state, which mediates
the exchange of photon orbital angular momentum with the spin angular momentum of electrons
in solids.?* This possibility has been extensively considered for Cu?* under a tetragonal crystal
field," the case particularly relevant to the cuprates. However, early calculations were limited to

the cases where spins are parallel to z-direction, yielding a vanishing cross-section of spin-flip

" where the single-hole in 3¢° configuration resides in the 3dx.y2 orbital.
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excitation at the Cu-L3 edge unless accompanied by an orbital excitation.*® The vanishing cross-
section in this case can be understood as follows.? Starting from the initial state hole in dxzy2 =
(Y22 + Y2.2)' with spin S, = ¥, dipole-allowed transitions upon absorption of incident X-rays result
in a 2p core hole which is a superposition of Y11 and Y; ., orbitals state with preserved spin S, = "%.
In this intermediate state, the strong core hole spin-orbit coupling, L-S = L,S, + (L,S_ +
L_S,)/2, may flip the spin to S, = —'4(through the L,S_ term in this case), changing the orbital
state to Y10. However, the transition from Yi o core hole to final di.y2 = (Y22 + Y2,2) state is dipole
forbidden, as it requires AL, = 2. This results in a vanishing cross-section of single spin-flip
excitation at the Cu-L3 edge, limiting the application of RIXS to study spin excitations in cuprates.

This paradigm is dramatically changed in 2009 by a seminal work of Ament et al., which
demonstrated that the single-spin flip process in RIXS is actually allowed when there exists a finite
in-plane spin component.®> For example, when the spin is parallel to x, the spin-flip transition in
the intermediate state occurs through the L,S, term, which preserves the orbital state within a
linear combination of Y1) and Yi.; state. Then, the transition to the final dxz.y2 = (Y22 + Y2,2) state
is indeed dipole-allowed, and the overall spin-flip cross-section becomes non-vanishing. This
result has a direct implication to cuprates, since the magnetic moment in cuprates predominantly
lies in the CuO: planes, either along [110] direction in hole-doped cuprates or along [100] / [010]
directions in electron-doped cuprates.

Motivated by this proposal, several RIXS studies have been carried out first on the parent
cuprates with long-range antiferromagnetic order.”® The Cu-L; edge RIXS spectrum of the
prototypical parent compound La,CuOs is shown in Fig. 5.1a. Besides the elastic scattering,

phonon excitations, and bimagnon (or multimagnon) excitations which have been observed in

i Here, Yi.m represents spherical harmonics. We ignore the normalization factor for simplicity.
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other light scattering techniques such as Raman spectroscopy,’ a dispersive and resolution-limited
peak (marked as B in Fig. 5.1a) appears at roughly half of the bimagnon peak energy, suggesting
that it involves the single spin-flip process or the single magnon excitation. Accordingly, as shown
in Fig. 5.1b the momentum-dependence of the peak closely follows the magnon dispersion
determined by neutron scattering experiments. The above combination of theories and experiments
thus confirm that the Cu-L3 edge RIXS can be a powerful tool to probe magnetic excitations in
cuprates, complementing the conventional inelastic neutron scattering in extended energy,

momentum, and material ranges.
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Figure 5.1 | a, Cu-Ls RIXS spectrum on parent cuprates. b, Dispersion of single magnon peak in comparison with

that obtained from neutron scattering experiments. Readapted from Ref. 7.
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Subsequently, RIXS studies have been extended to doped cuprates, questioning how the
magnetic excitation of the parent Mott insulator evolves in the doped cuprates, from which high-
temperature superconductivity emerges.®!® The comparison of RIXS spectra obtained in the
undoped antiferromagnetic Ndi:BaisCu3Os (NdBCOs) and the underdoped superconducting
Nd; 2Ba; sCu307 (NdBCO») is displayed in Fig. 5.2.° Similar to the case of La2CuQs in Fig. 5.1a,
the low-energy RIXS spectrum of antiferromagnetic NdBCOs (Fig. 5.2¢) consists of the elastic
line, phonon contribution, single-magnon excitation, and bimagnon (or multimagnon) excitations.
Polarization-dependence in Fig. 5.2c shows that the single-magnon peak around 300 meV is
8

especially pronounced with m incoming polarization, consistent with theoretical predictions.*

Surprisingly, as shown in Fig. 5.2f, the low-energy excitation around 300 meV also appears in

-68 -



superconducting NdBCO», located far outside the antiferromagnetic phase. This low-energy
excitation in doped cuprates displays very similar polarization-dependence (Fig. 5.2d) and
dispersion (Fig. 5.3b) with the magnon excitation in parent cuprates and was thus termed the
paramagnon excitation. Soon after, the detailed doping dependence of the paramagnon excitation
was investigated on the series of LayxSrxCuOys crystals, covering the entire phase diagram from
the antiferromagnetic insulator to the heavily-overdoped Fermi liquid regime (Fig. 5.3a).'" The
result of RIXS experiments on Lax.xSryCuQOs is summarized in Fig. 5.3b-d, showing that the
dispersion and intensity of magnetic excitations are largely preserved away from the
antiferromagnetic phase, though their linewidth tends to increase with doping. This indicates that
short-range spin fluctuations, formed upon disruption of the long-range antiferromagnetic order in
the parent cuprates, widely prevail in the entire phase diagram of cuprate.

This result has a profound implication on the spin fluctuation-mediated Cooper pairing
scenario of high-temperature superconductivity.!! Previous neutron scattering experiments, which
focused on the narrow kinematic range around the antiferromagnetic ordering wave vector,
consistently reported that the magnetic spectral weight of cuprates strongly diminishes with doping.
As a result, the amplitude of the spin fluctuation of the optimally-doped cuprate seems very
insufficient to account for the high-temperature Cooper pairing.'? In contrast, RIXS data on the
wider kinematic range supports that the magnetic spectral weight from the parent cuprate largely
persists with doping, all the way up to the heavily-overdoped regime. Based on the experimental
spin excitation spectrum of YBCO obtained from RIXS, a numerical solution to the Eliashberg
equations yields a high critical temperature 7. ~ 170 K, which is comparable to the highest critical
temperature observed in cuprates family. The RIXS results in general thus lend support to the

magnetic pairing scenario of high-temperature superconductivity.'?
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Figure 5.3 | a, Phase diagram of La>xSrxCuQOa. b-d, Evolution of the dispersion, width, and intensity of paramagnon

excitations in LaxxSrxCuQs as a function of doping. Readapted from Ref. 10.

At the same time, it should be noted that the nature of the observed paramagnon excitations

in doped cuprates has been under intense debate. Even though the paramagnon spectrum smoothly

evolves with doping from the spin-wave spectrum of parent cuprates, its energy-range overlaps

with a continuum of electron-hole excitations in doped cuprates. Consequently, the magnetic

nature of the paramagnon excitations has been challenged by various theories as discussed in

Chapter 6. Evaluating the nature of paramagnon excitations as well as disentangling the charge

and spin contributions to low-energy excitation of doped cuprates is thus a timely task. This

motivates us to develop a reliable experimental methodology to resolve the charge, spin, and

orbital character of the excitations in RIXS spectrum. This will be the topic of the next chapter.
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Resolving the nature of electronic excitations in
resonant inelastic X-ray scattering

This chapter is based on the article M. Kang”, J. Pelliciari” et al., Resolving the nature of electronic

excitations in resonant inelastic X-ray scattering, Physical Review B 99, 045105 (2019).

The study of elementary bosonic excitations is essential toward a complete description of
quantum electronic solids. In this context, resonant inelastic X-ray scattering (RIXS) has recently
risen to becoming a versatile probe of electronic excitations in strongly correlated electron
systems. The nature of the radiation-matter interaction endows RIXS with the ability to resolve
the spin and orbital nature of individual excitations. However, this capability has been marginally
explored to date. Here, we develop a systematic method for the extraction of the character of
excitations as imprinted in the azimuthal dependence of the RIXS signal. Using this new approach,
we resolve the charge, spin, and orbital nature of elastic scattering, (para)magnon/bimagnon
modes, and higher energy dd excitations in electron- and hole-doped copper-oxide perovskites
(Nd2CuO4 and YBa>Cu30s.75). Our method derives from a direct application of scattering theory,

enabling us to deconstruct the complex scattering tensor as a function of energy loss. In particular,
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we use the characteristic azimuthal dependence of each excitation to precisely and reliably
disentangle the charge and spin contributions to the RIXS spectrum. This procedure enables to
separately track down the evolution of spin and charge spectral distribution in cuprate with doping.
Our results demonstrate a new capability that can be integrated to the RIXS toolset, and that

promises to be widely applicable to materials with intertwined spin, orbital, and charge excitations.

6.1 Introduction

The emergence of collective excitations associated with different often coupled degrees of
freedom is a common trait in strongly interacting systems. The detailed nature of the fundamental
interactions is reflected not only in the momentum-energy spectrum, but also in the character of
these emerging excitations. In recent years, resonant inelastic x-ray scattering (RIXS) has earned
a leading role in the study of electronic excitations in quantum materials, thanks to improved
energy resolutions enabling access to low-energy excitations.!"'® In addition to its distinctive
features including elemental selectivity, bulk sensitivity, and compatibility with small samples or
thin films, RIXS covers an extended kinematic range in energy and momentum, complementing
prominent scattering techniques, such as neutron scattering, electron energy loss spectroscopy, and
Raman/Brillouin scattering.! At the same time, RIXS is sensitive to a broad array of excitations
arising from the spin, charge, orbital, and lattice degrees of freedom. However, the assignment of
individual excitations is intricate and has sometimes been elusive, leaving the full potential of
RIXS untapped.!’>

The complexity of the interpretation of RIXS spectra has represented a constant challenge
for experimental and theoretical RIXS studies on cuprate.!’-?? In cuprates, the evolution of the low-

energy excitations from the antiferromagnetic parent insulator to the carrier-doped superconductor
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is a key piece in the grand puzzle of high-temperature superconductivity.?* RIXS has detected
persisting spin excitations across the phase diagram of the cuprates, producing experimental
evidences to be accounted for in magnetic pairing theories.>* However, the radiation-matter
interaction is extremely complicated and allows the observation of several degrees of freedom
whose nature is hard to disentangle experimentally leading to possible different interpretation of
the experimental data.!” Subsequently, the various interesting theories have been proposed: Some
calculations argue that RIXS actually probes the spin dynamical structure factor in doped cuprate

),2122 whereas others suggest the incoherent particle-hole excitations

(i.e., paramagnon excitation
arising from the band structure effect as an origin of the experimental RIXS spectra in metallic
cuprates.'®!® The full validation of these scenarios rests on the experimental capability to
separately track down the doping evolution of the spin and charge susceptibility.

In other materials, it is the orbital degrees of freedom that plays an essential role in
determining the electronic ground-state and low-lying excitations. This class of strongly correlated
systems includes orbital-ordered nickelates and manganites, Fe-based superconductors, cobaltates,
and spin-orbit coupled 5d oxides.!>'%-23-33 In these materials, the orbital degrees of freedom are
dynamically active (and often coupled to spin and charge) and contribute to the spectrum of low-
energy excitations, thus complicating the interpretation of RIXS spectra. Most importantly, the
polarization analysis, besides requiring additional experimental components, provides only limited
information in these cases since the scattering matrix for orbital excitations is typically more
asymmetric than the charge and spin channels (see Appendix 6.7.1). These considerations

underscore the importance to develop a systematic method to resolve the nature and character of

individual excitations encoded in the RIXS spectra.
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RIXS is a second-order interaction process governed by a polarization-dependent cross
section which can be derived from the Kramers-Heisenberg formula.!'' Most importantly, in the
RIXS process, the character of each excitation is uniquely imprinted onto a distinctive form of the
scattering tensor, which is ultimately determined by the matrix elements of the interaction (electric
dipole) operator. The scattering tensor can be partly resolved by measuring the RIXS signal as a
function of the polarization of incident (cin / Tin: perpendicular / parallel to the scattering plane)
and scattered (Gout / Tout) photon beams for a total of four polarization channels. Full polarization
analysis is therefore often insightful?3435 but ultimately insufficient to resolve the full (3 by 3)
scattering tensor especially in systems with complex orbital physics where all components are
nonzero and the tensor is asymmetric.

In this work, we apply a special procedure to resolve the RIXS scattering tensor at a given
momentum transfer, and correspondingly uncover the nature of excitations as a function of both
energy and momentum. Our experimental approach relies on the use of an azimuthal scanning
geometry where the sample is placed on a wedged holder as shown in Fig. 6.1a. This geometry,
owing to the collinearity of the azimuthal rotation axis to the direction of momentum transfer,
ensures that the probed wave vector remains fixed for all values of the azimuthal angle @. At each
azimuthal angle, different combinations of the tensor components are selected so that the
symmetry of scattering tensor is imprinted onto the azimuthal dependence of RIXS signal. This
probing scheme is often used in resonant elastic x-ray scattering experiments and is here
demonstrated for inelastic processes.*®*7 In our experiment, an ostensible variation of the RIXS
signal can be observed as a function of ¢ and, most importantly, the intensity modulation is
different for each spectral component, reflecting the symmetry of the underlying scattering tensor

(Fig. 6.1e). We applied this method to resolve the charge, spin, and orbital nature of elastic
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scattering, magnon and multimagnon, and dd excitations in cuprate compounds antiferromagnetic
and superconducting Nd2CuQOs (AF-NCO and SC-NCO) and YBaxCu3Os.7s (YBCO). The
excellent agreement between theory and experiment for a wide range of excitations confirms the
ability of our method to accurately disentangle the charge, spin, and orbital contributions to

elementary excitations in solids.
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Figure 6.1 | Scattering geometry and representative RIXS spectra of AF-NCO and SC-NCO. a, Schematic
representation of the scattering geometry for azimuthal angle-dependent RIXS experiments. The orientation of the
sample as in the figure defines the zero of the azimuthal angle ¢. b,c¢, Low energy RIXS spectra of AF-NCO and SC-
NCO after subtraction of a linear background. Orange, magenta, and green Gaussian peaks represent the elastic,
(para)magnon, and bimagnon peaks, respectively. d, dd excitation region of AF-NCO. e, Surface plot of the azimuthal

angle dependence of the low energy RIXS spectrum. Data in b-d are measured at ¢ = 0°. All data are obtained with

incoming o polarization.

6.2 RIXS spectra of T’-cuprates

Fig. 6.1b shows a representative Cu-L3; edge RIXS spectrum of AF-NCO measured with
0, polarization and ¢ = 0° at Q = (0.34,0,1.27) reciprocal lattice units (».L.z.). As it is now
accepted,>%2034 the low-energy RIXS spectrum of cuprates consists of elastic, magnon, and

bimagnon (or multimagnon) peaks, which in AF-NCO are respectively located at AE =0,
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0.27 (£0.02), 0.39 (£0.02) eV (AE being the energy transfer: AE = E;;, — E,,,;). The standard
deviation of the peak energy across the full azimuthal series is lower than 6%, indicating a good
alignment between the scattering wavevector and azimuthal axis. Note that the energy of the
bimagnon peak observed here is consistent with a bimagnon energy of 0.38 eV and 0.43 eV
measured by optical Raman scattering and Cu-K edge RIXS in the closely related compound
La>Cu04.2%® As illustrated in Fig. 6.1¢c, low energy excitations in SC-NCO remain similarly well-
resolved in spite of the width of the (para)magnon and bimagnon peaks becoming broader due to
the doping-induced breakdown of long-range magnetic order.>* In Fig. 6.1d, we also show the dd
excitation peaks from AF-NCO, which exhibit different orbital channels that appear well separated
compared to other cuprates.?® Considering the local D4y symmetry of Cu?" ion, we assign the peaks
at AE = 1.42, 1.67, and 2.40 eV to dy,, dxzp-, and ds:2.2 orbital excitations, respectively. The
additional, small peak near 1.95 eV has been observed in other 7’-cuprates such as CaCuO: and
Sr2Cu0:Cly, and has been suggested to originate from random oxygen vacancies that affect the
local electronic structure of Cu?*.%

Before discussing the detailed azimuthal dependence of RIXS spectra and the comparison
between experimental data and theoretical calculations, we remark that the self-absorption of
scattered photons has to be accounted within the quantitative analysis of the X-ray scattering
intensities in different geometries.*? In our case, the measured atomic form factor allows us to
calculate the effect of self-absorption as a function of experimental geometry and energy transfer,
as in Refs. 36,37. In Appendix 6.7,3, we present the detailed procedure for the self-absorption
correction that was applied to our RIXS spectra. At the same time, we emphasize that the intensity

variation in our experiment is clearly distinctive across different excitations and polarizations even

before the self-absorption corrections. Thus, we can firmly rule out that self-absorption effects,
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which depend mainly on the experimental geometry, might hinder the reliability of our analysi

All the data presented below are corrected for self-absorption accordingly.
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Figure 6.2 | Azimuthal angle dependence of low energy RIXS spectra. a,b, Azimuthal angle dependence of low

energy RIXS spectra of AF-NCO measured with ¢ and 7 incoming polarization at @ = (0.34,0, 1.27) r.Lu. Positions

of elastic, magnon, and bimagnon peaks at ¢ = 0°, 90°, 180°, and 270° are marked using orange, magenta, and green

markers for guidance. ¢,d, Fitting of RIXS spectra at four representative azimuthal angles: ¢ = 0°, 90°, 180°, and

270°.
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6.2 Azimuthal dependence of the low-energy RIXS spectra

Fig. 6.2a,b illustrate the azimuthal angle dependence of the low-energy RIXS spectra of
AF-NCO measured with a;,, and m;;, polarized incoming light, respectively. Fig. 6.2c,d include a
sample of individual spectra at four representative azimuthal angles ¢ = 0°,90°,180°, and 270°.
In the case of incoming o;, polarization, it is clear from both the two-dimensional map (Fig.
6.2a,b) and the fitting (Fig. 6.2c,d) that the cross-section for elastic scattering is maximized at ¢ =
0° and 180°, and minimized near ¢ = 90° and 270°. In stark contrast, the magnon intensity shows
a maximum at ¢ = 0° and a minimum at 180°, with a doubled azimuthal periodicity compared to
the elastic signal. With m;;,, polarization, the position of maxima and minima is reversed, while the
periodicity for each excitation is preserved. The azimuthal dependence of the bimagnon peak has

a mixed charge-spin character as we discuss in more detail below.

-80-



T T T T T[T T T T T T

a Elastic b Magnon C Bimagnon d d,,

7

A

z

€

-

g

ih i 4 b . o b . o
E‘ Low Energy Excitations dd excitations

c T T T T T T T T T
U

£lg Elastic | | h Magnon k d/d,
i~ i

< | L 4
@

o

180 360

of

180 360 0 180 360 0 180 360 0 180 360 0 180 360
Azimuthal Angle (°)

off

Figure 6.3 | Distinct azimuthal angle dependence of charge, spin, and orbital excitations. a-¢, Azimuthal angle
dependence of low energy excitations of AF-NCO. Light blue (dark blue) open circles represent data measured with
o (m) polarization. d-f, Azimuthal angle dependence of dd excitations of AF-NCO. Note that dd excitations have a
common normalization, while low energy excitations have individual normalization factors. g-1, Corresponding
calculations of azimuthal angle-dependent RIXS intensity under the single ion approximation. The thick lines in f

show the calculation of azimuthal dependence of di.2- excitation for the spin-flip channel only.

In Figs. 6.3a-c, we summarize the azimuthal dependence of low-energy excitations of AF-
NCO. For comparison, in Figs. 6.3g,h, we simulate the azimuthal dependence of elastic scattering
and magnon excitations based on the scattering tensors obtained within the single-ion
approximation (see the appendices for the details of the calculations). Overall, the distinctive
azimuthal dependences observed for different excitations are well reproduced by the calculation
for both polarizations.

The scattering tensors for elastic scattering (non-spin-flip) and magnon excitations (single

spin-flip) have the following form in the cuprates:

2 0 0 0 i 0
Felastic ={0 2 0 ’ Fmagnon =|l—-i 0 O
0 0 O 0 0 O
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As expected, Fg ¢ is reduced to a diagonal tensor since there is no transfer of photon angular
momentum to the sample for elastic scattering at this wavevector. In contrast, magnetic excitations
require transfer of the photon angular momentum to the spin angular momentum of the sample via
core-hole spin-orbit coupling. Thus ;4 gnon has nonzero off-diagonal components only.” We note
that our form of F,;,;4n0n in the single-ion approximation agrees with the general spin excitation
tensor in the cuprates.'’

The intuitive way to understand how different realizations of the scattering tensor are
imprinted in the azimuthal dependence of the RIXS intensity is to consider the symmetries of the
RIXS process. In the case of pure charge excitations, the intensity is dominated by polarization
preserving (¢ = ¢’ and m — ©') channels. Thus, for most scattering events, the mirror symmetry
with respect to the scattering wave vector Q is preserved. The resulting symmetry between I(¢)
and (180 — ¢) forces the occurrence of two minima and two maxima over the full azimuthal
range. In contrast, for excitations with a single spin-flip, the intensity is dominated by polarization
flipping (¢ = '’ and m — ¢’) channels which break the mirror symmetry with respect to Q. This
gives rise to doubled periodicity of the intensity of (para)magnon excitations compared to purely
elastic scattering (charge) as clearly observed in our experiment.

The azimuthal dependence of the bimagnon excitation is expected to exhibit a mixed
charge-like and spin-like character. In fact, as shown in Fig. 6.3c, the azimuthal dependence of
bimagnon intensity displays two minima and maxima but with a clear asymmetry between ¢ = 0°
and 180° for both polarizations. This behavior can be reproduced by a superposition of charge and
spin scattering as depicted in Fig. 6.31 (with an estimated ratio charge-to-spin of 2.7 + 0.2). The

dominance of AS = 0 processes in the bimagnon spectral weight naturally explains the
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resemblance of bimagnon spectra of La;CuQOs measured at the Cu-L3; and Cu-K edge, where in the
latter case only AS = 0 bimagnon excitations are allowed.*!

In Fig. 6.4, we extended our analysis to the doped cuprates SC-NCO and YBCO. In the
case of SC-NCO, the azimuthal dependence of elastic scattering, paramagnon excitation, and
bimagnon excitation excellently agrees with the result from AF-NCO. Our results strongly support
the hypothesis that the (para-)magnon and bimagnon peaks in SC-NCO possess the same character
as in the parent insulator. At the same time, fitting to azimuthal dependence of bimagnon excitation
in SC- NCO reveals that the charge-to-spin ratio slightly increased with doping (from 2.7 + 0.2 to
3.0 + 0.2), indicating the additional contribution to the charge spectral weight from doped carriers
(see below).!7-1°

In the case of YBCO, we used the experimental geometry that locks the in-plane

momentum transfer (Qy) at the charge order wave-vector h ~ 0.33 r.l.u. where the RIXS spectrum

is characterized by a pronounced enhancement of the elastic line as illustrated in Fig. 6.4d.*> The
azimuthal dependence of the elastic scattering intensity of YBCO shows two minima/maxima as
expected for charge scattering, although the intensity is partly suppressed near ¢ = 180°
presummably due to a slight misalignment between in-plane momentum transfer and the exact
charge order wave vector. On the other hand, the azimuthal dependence of the paramagnon
intensity in YBCO quantitatively agrees with that of AF-NCO and SC-NCO. In conclusion, the
characteristic azimuthal dependence of charge and spin excitations shows high consistency across

all samples investigated, confirming the high reliability of our methods.
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Figure 6.4 | a-c, Azimuthal dependence of elastic scattering, paramagnon excitation, and bimagnon excitation in SC-
NCO. d, Low-energy excitations of YBCO around the charge order wave vector. e,f, Azimuthal dependence of the

charge order scattering and the paramagnon excitation in YBCO.

6.4 Azimuthal dependence of the orbital excitations

With the sensitivity to the detailed azimuthal dependence of low-energy excitations, our
method can be further applied to resolve the excitations with a more complex scattering tensor. In
cuprates, this is the case for the dd excitations at higher energies where the scattering matrices are
intrinsically asymmetric and contain a larger number of nonvanishing matrix elements: For

example, the scattering matrix for non-spin-flip excitation from dxz.y2 to dy. is

1 i 0
2 2
i 1
dxz-yz"dlcz - E - ‘_')_' 0
1 3i 0
2 2

The pronounced asymmetry is due to the different orbital quantum numbers between initial and
final states, which forces the RIXS process to occur via transfer of photon angular momentum to
orbital angular momentum. This results in the complex azimuthal dependence of RIXS intensity
as calculated in Figs. 6.3j—6.31. Through this analysis, we can assign the experimentally observed

azimuthal dependence of dx. and dy. / dy. excitations to corresponding calculations for different
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orbital excitations as displayed in Figs. 6.3d and 6.3e. The excellent agreement demonstrates that
our approach is not limited to the charge and spin excitations and is applicable in resolving the
excitations involving complex and very general (or low-symmetric) form of the scattering tensor.

It is worth noting that the azimuthal dependence of the d3.2-r2 excitation shows an ostensible
discrepancy with the calculation. The deviation from the calculation is manifested differently for
the o, and m;, polarization channels (for example, the experimental intensity at ¢ = 180°
appears to be higher than the calculation in the g, channel, whereas it is lower in the m;;,, channel),
so we rule out any geometrical causes (for example, inaccuracies in the self-absorption correction).
Rather, this unexpected azimuthal dependence might reflect an intrinsic property of the sample.
Surprisingly, the experimental azimuthal dependence can be perfectly reproduced if we only
account the ds.2.r2 excitation with the spin-flip, shown as a thick line in Fig. 6.3f. This implies that
the spin-conserving excitation is intrinsically suppressed on the CuO: plane. The origin of this
unexpected behavior of ds» excitation in the T’-cuprate might be beyond the single-ion
approximation and will be the subject of future theoretical studies.

Altogether, the broad agreement between experiment and theory for charge, spin, and
orbital excitations demonstrates that azimuthal angle-dependent RIXS can be used to unfold the
contribution of multiple elements of the scattering matrix. The proposed approach can be used to
identify the character of local and collective excitations in several materials with coupled
spin/charge/orbital degrees of freedom, such as cobaltates, Fe-based superconductors, orbital-

ordered maganites, and spin-orbit coupled 5d oxides.!3:16.27:28.30-32
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6.5 Disentangling the RIXS spectra in terms of the nature of excitations

In the last part of our analysis, we extend the machinery developed thus far to extract the
charge- and spin-like components of the RIXS spectrum. Fig. 6.5a,b report the azimuthal
dependence of the RIXS spectrum of AF-NCO and SC-NCO measured with incident a;,, polarized
light. From these (E, ¢) maps of RIXS intensity, we can separate the contributions having charge
and spin character by fitting the RIXS azimuthal dependence (at every value of energy transfer) to
the following equation:

I(E, ¢) = we(E) - I.(p)+w(E) - Is($)

Here I.(5)(¢) is the calculated azimuthal dependence of the charge (spin) excitation
intensity and w,(5)(E) is the respective energy dependent weight. Considering the similarity of
I.(s)(¢) with the cos 2¢p (cos ¢) function, this procedure is similar to the Fourier transform in the
¢ domain where the p (2p) periodic component represents the weight from the charge (spin)
channel. As displayed in Fig. 6.5¢,d, the spin and charge components of the RIXS intensity can be
effectively disentangled using this method. The charge-like contribution dominates the intensity
of the elastic scattering and bimagnon excitation, while spin excitations sharply peak at the single
magnon/paramagnon energy. Additionally, our approach accurately captures subtle features such
as an assymmetry in the spin spectral distribution (SD) near 400 meV due to spin contribution of
bimagnon excitation, and the broadening of magnetic excitations in SC-NCO due to the damping
with the Stoner continuum.>® This finding underscores the high sensitivity of azimuthal angle-
dependent RIXS in revealing the character of all possible types of electronic excitations, even

when overlapping on the spectral axis.
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Figure 6.5 | Disentangling charge and spin excitations in RIXS spectra. a,b, Azimuthal angle dependence of RIXS
spectra of AF-NCO and SC-NCO measured with ¢ incoming polarization at Q = (0.34,0,1.27) r.lu. ¢d,
Disentangled intensity of charge-like and spin-like excitations in RIXS spectra of AF-NCO and SC-NCO. e,

Difference of the spin and charge spectral distribution between AF-NCO and SC-NCO.

The present method enables separately tracking down the evolution of the spectral
distribution from charge- and spin-like excitations as a function of doping. This information is
pivotal to understand the role of low-energy excitations in the framework of high-temperature
superconductivity. The mixed spin-charge character of the bimagnon peak also indicates that the
spin and charge channels cannot be simply separated by isolating the magnon and bimagnon

features but require a more detailed analysis of the kind discussed in this paper. In Fig. 6.5¢,f, we
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present the SD difference between AF-NCO and SC-NCO (ASD = SD,r — SDg¢) in the charge
and spin channel. The main finding is that the spin and charge spectral distributions are unequally
affected by doping: In the superconducting phase, the total spin spectral weight decreases by 10
%, while the charge spectral weight increases by a similar amount. The difference of spectral
distribution in the spin channel displays a positive peak at the single (para)magnon energy and two
side minima, which likely arise from the broadening of both (para)magnon and bimagnon
excitations upon doping.3- In contrast, we observe additional spectral weight in the charge channel
of SC-NCO at high energy (from 0.5 eV to 1 eV), which cannot be attributed to the broadening of
AS = 0 bimagnon excitation. Instead, this spectral weight might originate from additional
contributions due to particle-hole excitations in the doped compound as suggested in recent
theoretical studies.!®!® The energy scale of this particle-hole contribution is similar to that of the

broad continuum in overdoped YBCO which exhibits fluorescence behavior.?

6.6 Conclusions

To summarize, we have demonstrated a systematic method to resolve the charge, spin, and
orbital character of the electronic excitations in RIXS spectra. In the study of prototypical cuprate
compounds, we observed distinct azimuthal dependences of elastic scattering, (para-
)magnon/bimagnon excitations, and dd excitations and find them in excellent agreement with
theoretical calculations within the single-ion approximation. Ultimately, our method has been used
to disentangle the spin and charge contributions to the low-energy RIXS spectra of cuprates. The
ability to track down the evolution of the chargelike and spinlike characters of excitations from
the antiferromagnetic to the superconducting regime reveals important information on the

excitations that are more strongly coupled to the electronic states on the CuO; planes. The method
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presented in this paper introduces a different way to use RIXS to resolve the character of electronic
excitations in a wide range of quantum materials with entangled charge, spin, and orbital degrees

of freedom.

6.6 Materials and Methods

6.6.1 Sample characterization

Thin films of AF-NCO and SC-NCO used in this work were grown by molecular beam
epitaxy under ultra-high vacuum using Nd and Cu metal sources and atomic oxygen generated in-
situ from a RF oxygen source.** Reflection high energy electron diffraction (RHEED) and electron
impact emission spectroscopy (EIES) were used to monitor and control the growth of Nd2CuO4
films on (001) SrTiOs substrates in real time. High-resolution reciprocal space mapping data
clearly show that the NCO films (100 nm) are grown fully relaxed. As-grown NCO films (AF-
NCO) were rapidly cooled after the growth under ultra-high vacuum whereas SC-NCO were
subject to a two-step annealing process.** Superconductivity was confirmed by electric transport
and magnetization measurements. The YBCO single crystals were grown by a self-flux method

using BaZrOjs crucibles.*

6.6.2 Resonant Inelastic X-ray scattering

The RIXS data were collected at the ADRESS beamline of the Swiss Light Source at the
Paul Scherrer Institute, Villigen PSI, Switzerland.*®*” The combined energy resolution was
approximately 130 meV (determined by recording the elastic scattering from a carbon-filled
acrylic tape), and the scattering angle was fixed to 130 degrees. The samples were mounted on a

wedged-sample holder to align the azimuthal rotation axis with the direction of the probed
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wavevector Q. The azimuthal angle ¢ = 0° is defined so as to have the a and c¢ crystallographic
axes spanning the scattering plane. All measurements were performed at 15 K using a liquid He
cryostat. The excitation energy for RIXS measurements has been set to the maximum of the
absorption edge and has been periodically checked during the experiment. The data reported here
have been normalized to the acquisition time checking that the intensity of the incoming beam is

constant by the measurement of the drain current on the last optical elements before the sample.

6.7 Appendices

6.7.1 RIXS scattering matrices
In resonant inelastic x-ray scattering (RIXS), the intensity of the scattered electric field can

be expressed as:

IRXS (., k, k', €,€") = Z]?fg (k k', €€, wp)| x 8(Ef + hwy — E; + hawy),
7

where wy, k, € (wy, k', €') represent the energy, momentum and polarization of the incident
(outgoing) light, and F, is the RIXS scattering amplitude.! The summation runs over all possible
final states, and the §-function enforces the energy conservation explicitly.

In cuprates, the Cu?' ion is surrounded by four oxygen ions and has D, point group

symmetry. The Cu-L; RIXS process can be summarized as 2p3 /23d22_yz - 2p3,,3d"° -
2p3 /23d,?. Under the single ion approximation and the dipole approximation, the RIXS intensity

for each final state at Cu-L4 edge is proportional to the following matrix elements in the 2" order

perturbation expansion:

2
> (1D} 1203 /2.m) (23 /2mIDel B}y 2)
m

2

I}"XS(w, €€) x

> (DL Dl g)
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Note that the matrix elements directly depend on the direction of valence band spin state. In hole-

doped cuprates,’ Cu spins are antiferromagnetically aligned the in-plane diagonal direction

(0,0) — (1,1), therefore the state dlz_yz can be rewritten as ((1 — i)d;zz_yz + \/fdizz_yz)/Z.

T

Depending on the final state, the above equation describes the elastic scattering for |f) = 3dx2_y2,

the spin excitations for |f) = 3d;2_y2 , and the orbital+spin excitations for |f) =

3dyy,3dy;, 3d,,;,3d3,2_,2. In the calculation of the intensity of orbital excitations, we summed
over all possible final spin states since spin splitting for the dd excitation is not resolved in our
experiment. Theoretically, this can be justified by the fact that the super-exchange coupling J is
orbital dependent, and negligible except for d,2_,2 orbitals.*

Based on the above equation, we first express the scattering matrices in the sample frame.
For the elastic scattering and magnon excitations, the orbital symmetry is preserved, and the

resulting matrices has a relatively simple form:

2 0 0 0 ¢ O
Felastic = 0 2 0 ’ Fmagnon = _‘l O 0 .
0 0 O 0 0 O

This simple form of the scattering matrices can be readily understood: For elastic scattering, there
can be no transfer of photon angular momentum to the sample and F,,¢;. is reduced to a diagonal
tensor. In contrast, spin-flip scattering requires the transfer of photon angular momentum to spin
angular momentum of sample via core-hole spin-orbit coupling, and thus Fgp;,_ sy, has only off-

diagonal components (xy).

1 Our experiment deals with both electron- and hole-doped cuprates. The main outcome of the calculation is identical
in both cases, so we only display the calculation of hole-doped cuprates here.
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The scattering tensor for orbital excitations is more complex and asymmetric compared to
Feiastic and Fpagnon - For example, the d,2 orbital excitation matrices for all possible spin

channels are given as:

o -2 o -2
V3 V3
20 2i
e I B B .
V2i  V2i o VZi 2i
V3 V3 V33
1 1
—ﬁ 0 0 —-ﬁ 0 O
1 1
Fip e = 0 B % Faapan=| 0 B O
v2o V2o, Y2 Nz
V3 V3 V3 3

As expected, the matrix elements representing a positive transfer of angular momentum from the
sample to the photon (below diagonal) are nonzero, while those representing a negative transfer
(above diagonal) become vanishing. This complexity of the orbital excitation tensor leads to a

nontrivial azimuthal dependence of the RIXS intensity as discussed in above.

6.7.2 Calculation of the azimuthal dependent RIXS intensity with a wedge geometry

The above scattering matrices are defined in the sample frame, while the polarization
vectors of incoming and outgoing photon are defined in the laboratory frame. Thus, we need an
appropriate rotation matrix R(6,,¢,8) before projecting the scattering matrix onto the

polarization vectors.
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The total rotation matrix R,,;(6,,, ¢, 8) consists of four sequential rotation operations: R,,
rotates the sample frame to 8,, = ¢ = 6 = 0 position in the laboratory frame; R,, implements the
transformation to the wedge sample holder configuration; R is responsible for the azimuthal
rotation; and Ry aligns the axis of the azimuthal rotation with the scattering wave vector Q = k' —
k. Therefore we have Ry, (0, ¢,68) = RyR,,RyRy. The angles 8,,, ¢, 0 are defined in Fig. 6.6a,
and the schematic for each rotation is shown in Fig. 6.6b-d. In our experiment, 8,, and 8 are fixed
to 40° and 65° respectively, and ¢ is varied from -60° to 270°, covering 92 % of full 360° rotation.

After applying the full rotation operation to the scattering tensor, corresponding to each type of

excitation, we can directly calculate the azimuthal dependence of the RIXS intensity as:
, 2
[F75(€,6) = ) |- Rl (§) Fr Ruoe() -
€/

Here, we sum the intensity over the polarization of the outgoing photons since the latter is not
experimentally determined in the present experiment. The essence of azimuthal dependence
analysis is that, via the action of the azimuthal angle-dependent unitary matrix R;,.(¢), the
individual elements of the scattering tensor can be disentangled once projected to fixed
polarization vectors. In other words, the form of the scattering tensor and thus the nature of the

corresponding excitation is imprinted onto the ¢ dependence of IF*° (e, ¢).
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Figure 6.6 | Scattering geometry and schematics for Rotation matrices. a, scattering geometry of our experiment

and definition of the rotation angles. b-e, schematics for the sequential operations of R,,, R,,, R, and Rg.

6.7.3 Self-absorption correction in RIXS

Self-absorption is an unavoidable contribution to the measured intensity of scattered X-
rays, and depends on the experimental geometry and energy loss of the photons. Generally, the
removal of self-absorption effects in the raw data is precluded in the absence of outgoing
polarization-resolved data. However, in our case, the effect of self-absorption can be exactly
calculated in the model, given a specific form of the scattering tensor (see also Refs. 36,37).

Specifically, the following formula is used to correct for self-absorption effects*’:

-~ -1
kin - ()

Leorr = ltheory X |Min (Bins €ins @) + oue (Bouts €oues P) X = = =
Kout " ()

= "theory X C(Ein» €in, Eout: €out, d))
Here, p;, and u,,: are, respectively, the absorption coefficient for the incoming and outgoing light,

and 71 is the vector normal to the sample surface. The dot product of fi and kin or ke defines the
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geometrical factor for self-absorption correction. The ¢p dependence of the correction function C
originates from the absorption coefficient as well as the geometrical factor.
The explicit dependence of the absorption coefficient on the experimental parameters can

be written as:

faa (Ein(out)) 0 0
Hin(out)y = €incout) * |RT (P) 0 faa(Ein(outy) 0 R() | Eincour)-
0 0 fcc (Ein(out))

In our experiment E;, is fixed to the energy of the Cu-L5 edge (in our case, 929.7 eV), but the
emission energy of the photons E,,;, and thus f,,(E,y,:) and f..(Eyy:), vary for different
excitations. The energy-dependent values of f,, and f,. can be obtained from X-ray absorption
spectra (total electron yield) collected at different polarization. In Fig. 6.7a, we show the absorption
spectra of parent Nd>2CuO4 (AF-NCO), overlapped with the excitation spectrum from RIXS. The
fee/ faa ratio is minimum at the peak of the absorption spectrum, and approaches unity for higher
energy transfers. For example, f../f,a = 0.36 for elastic scattering, and f../f,a = 0.63 for the

dyy excitation.
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Figure 6.7 | Azimuthal angle and polarization dependence of the self-absorption correction factor. a, XAS and
RIXS spectrum of AF-NCO. b,c Azimuthal dependence of the absorption coefficients for f.. /f,,= 0.36 and f.. /foa=
0.63. ¢,d, Azimuthal dependence of the self-absorption correction factors for elastic scattering and d,, orbital

excitation.

Figures 6.7b,c show the dependence of the absorption coefficient on the polarization and
azimuthal angle, for different values of f../f,, (corresponding to different excitations in the RIXS
spectrum of Fig. 6.7a). The variation with azimuthal angle is maximized for small f../f;4, and is
suppressed as f./f2q approaches unity for high energy excitations. The azimuthal dependence of
U possesses mirror symmetry with respect to ¢p = 180° due to the mirror symmetry relative to
scattering plane. Additionally, the profiles of u,  and u,  are shifted by 180° due to mirror
symmetry with respect to scattering wave vector Q.

Figures 6.7d,e display the calculated correction factor C for elastic scattering and for d,,
excitations. Overall, the effect of self-absorption correction is maximized for a grazing emission
geometry (¢p = 180), and minimized for a grazing incidence geometry (¢ = 0), as expected. The

outgoing polarization dependence of C is suppressed at high f../f,,, and curves with different

outgoing polarizations and eventually collapse onto a single curve when f../faa = 1.
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To calculate the RIXS intensity for ¢ and m incoming polarization, the self-absorption
correction should be applied separately to each polarization channel, as follows:
Is () corr (@) = lo(m)s6(@) X Com)ne (@) + lomyon (@) X Comyon(P).
With the exact knowledge of Iz (@) and Iy (¢p) from calculation, we can combine
Co(my»c (@) and Cy(r)—r (@) to the single factor Cy(r) (@) as

la(n),corr(¢) = [Ia(n)—mr(d)) + Ia(n)—-»rz((p)]

% 10'(11.')—>0'(¢) X Ca(n)—m(d)) + Io(n')—»n(d’) X Ca‘(n)—m(d’)
[IU(TI)—W((I)) + Icr(n:)—»n((;b)]

= 10‘(7:) ((;b) X Co‘(n) (¢)

In Fig. 6.8, we report an example of the procedure outlined above. Figure 6.8a shows the
calculated (para)magnon intensity for each incoming and outgoing polarization. The RIXS
intensity of (para)magnon excitations is dominated by cross-polarization channels as expected.
The intensity of @ — o scattering vanishes for all azimuthal angles, as the scattering processes in
this channel do not transfer photon anglular momentum to the sample. In contrast, the m » @
scattering channel is active since m;, and m,,; are not parallel to each other. In Figs. 6.8b,c we
plot the outgoing polarization-resolved correction factors Cy(n)-s(@) and Cy(ryr (@), as well

as the total self-absorption correction factors C,(,)(¢) calculated from the above equation.
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Figure 6.8 | Calculation of the total self-absorption correction factors. a, Calculated (para)magnon intensities for

different polarization channels. b,e, Outgoing-polarization-resolved and total self-absorption correction factor for &

and 7 incoming polarization.

In the main text, we divided the experimental data by C,)(¢) instead of imposing its effect on

theory. By this, we remove the effect of self-absorption, and present the azimuthal dependence

arising purely from charge/spin/orbital excitations.
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6.7.3 Low-energy data for AF-NCO and fitting procedure

p=—60 |[ ' ' ' " p=s ||

¢ =60 -] $=75 4t $=90" {1 ¢ =105 4

E
5
£
g ®=120 {} ¢=135 1}
g
E
¢=180 || =195 || =210 ] | =225

T . T -10 -08 06 -04 -02 00 02
b =240° $=255 4|

| . I

-10 -08 -06 -04 -02 00 02-10 08 —06 -04 -02 00 02-10 -08 -06 -04 -02 00 02

Energy (eV)
Figure 6.9 | Low-energy RIXS spectra of AF-NCO measured with ¢ incoming polarization.

Figure 6.9 includes low energy RIXS spectra of AF-NCO before self-absorption correction.
The spectra were measured with o incoming polarization. Overall, the intensity is enhanced near
¢ = 0° and suppressed near ¢» = 180°, which is the expected behavior in the presence of self-

absorption effects (Figs. 6.7, 6.8).
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We fit the spectrum with linear background and three Gaussian peaks. During the fitting
process, we restrict the width of each peak to be constant across all the spectra for different ¢.
Spectra at all different azimuthal angles can be well fit with AE = 0, 0.27 (£0.02), 0.39 (£0.02)
eV, corresponding to elastic scattering, magnon excitations, and bimagnon excitations
respectively.

Even without self-absorption correction, we can capture the difference in the azimuthal
angle dependence of each peak. For example, the magnon excitation intensity is almost completely
suppressed near ¢p = 180°, while a substantial portion of intensity remains in case of elastic
scattering and bimagnon scattering. In contrast to the rapid and monotonic suppression of the
magnon excitation intensity from ¢ = 0° to ¢ = 180°, the intensity of elastic scattering in the raw
data is almost constant from ¢ = 90° to ¢ = 270°, which can be interpreted as a result of the
interplay between the self-absorption correction factor (Fig. 6.7) and the intrinsic modulation of

the cross-section (see Fig. 6.3g).
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