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Resonant inelastic X-ray scattering (RIXS) has played a pivotal role in advancing
our understanding of spin-orbit physics in 5d transition metal materials. The
progress in RIXS techniques has closely paralleled improvements in energy
resolution, which have enabled the study of very low-lying excitations and led
to the discovery of numerous new phenomena with significant scientific and
technological implications. The multi-bend achromat (MBA) lattice upgrade of
third-generation synchrotron sources, such as the Advanced Photon Source
(APS), heralds a transformative era by introducing enhancements in brilliance and
emittance. These advancements provide an opportunity to push the boundaries
of RIXS techniques, meeting the challenges at the research frontiers of material
science. This article aims to highlight key instrumental and technical
advancements that enable the achievement of meV resolution in RIXS and
discuss the impact of such high-resolution RIXS on exploring spin-orbit
physics in 5d transition metal materials.
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1 Introduction

Quantum materials, where quantummechanical effects are central to determining their
properties, exhibit strong correlations, topological characteristics, and unique electronic,
magnetic, and optical behaviors. Resonant inelastic x-ray scattering (RIXS) is a powerful
element-specific technique for probing collective excitations of the lattice, charge, spin, and
orbital states, providing critical information on the interactions and couplings between
different degrees of freedom in these materials (Ament et al., 2011).

RIXS is a second-order process described by the Kramers-Heisenberg formula, where an
incident X-ray excites a core electron to a higher energy state, creating a core-hole that
decays by emitting an X-ray. The energy difference between the incident and scattered
photons corresponds to the energy of excitations within the material. The K-edges of 3d and
4d transition metals (TMs) and the L-edges of 5d TMs are within the regime of hard X-ray
RIXS. During this process, quantum numbers, such as spin or orbital angular momentum,
can be exchanged between the core and valence electrons, while the total quantum number
is conserved. Strong spin-orbit coupling of the L-edge enable RIXS to probe excitations such
as spin and orbital flip excitation (Ament et al., 2009). In contrast, K-edge RIXS probes
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valence quantum-number-conserving excitations, such as two-
magnon processes and charge transfer excitations.

Inelastic neutron scattering (INS) is considered the gold
standard for probing excitations in materials, offering excellent
energy resolution. In comparison, RIXS has inferior energy
resolution, and its cross section of RIXS is more complex and
less straightforward, making its interpretation more challenging
and less transparent. However, RIXS requires only a small
sample volume, allowing for the study of thin films, and provides
access to a wide energy range, covering the full spectrum of
excitations, including lattice, charge, spin, and orbital states.
Strong neutron absorbers, such as Ir, reduce the effectiveness of
INS by limiting the number of neutrons available for scattering. In
contrast, RIXS requires different sets of monochromators and
analyzers for different transition metals, resulting in variations in
energy resolution.

Among the many technical aspects of RIXS, improving energy
resolution is fundamental to advancing our understanding of
quantum materials. High energy resolution allows for the detailed
study of low-energy excitations, accurate mapping of dispersion
relations, deeper insights into electron correlation effects, enhanced
sensitivity to weak signals, and the exploration of new quantum
phases. The development of hard x-ray RIXS has seen significant
advances in energy resolution. The pioneering work by Kao et al.
(1996) reported the first hard x-ray RIXS measurement of charge-
transfer excitations in NiO. Initially, energy resolution was within a
few electron volts (eV), but advancements, particularly the adoption
of diced spherical analyzers, refined this to hundreds of millielectron
volts (meV). This rapid technological evolution was driven by the
establishment of a dedicated RIXS beamline at the Advanced Photon
Source (APS), Argonne National Laboratory (Abbamonte, 1999;
Hill et al., 2007).

Early scientific studies focused on charge excitations in 3d TM
oxides, such as high-Tc cuprates and colossal magnetoresistance
manganites (Ament et al., 2011). Over a decade, this development
achieved more than a tenfold improvement in energy resolution,
reaching 120 meV (Hill et al., 2007). This resolution enabled the
probing of bimagnon excitations in high-Tc cuprates, illustrating
that hard x-ray RIXS offers a window into the spin degree of freedom
(Hill et al., 2008).

A subsequent breakthrough came with a novel detection scheme
that allowed point-sensitive detection of scattered x-rays (Huotari
et al., 2006), achieving energy resolutions in the tens of meV for
some of 3d TM K-edges with high detection efficiency (Shvyd’ko
et al., 2013). However, the exploration of 5d TMmaterials marked a
significant scientific leap. These materials, characterized by
substantial spin-orbit coupling, host a variety of novel quantum
states that challenge traditional paradigms of distinct spin and
orbital degrees of freedom. RIXS has proven to be an essential
tool for addressing these challenges, facilitating the study of spin-
orbit physics in 5d transition metal materials with profound
implications for both science and technology.

The significant spin-orbit coupling of the 5d L-edge core levels
has enabled RIXS to probe single spin flip excitations, such as spin
wave excitations. The seminal work by Kim et al. (2012a), showcased
the first x-ray measurement capturing the full dispersion of spin
wave excitations in Sr2IrO4. Utilizing the Si 844 secondary
monochromator and the diced Si spherical analyzer, an energy

resolution of 25 meV was achieved, opening avenues for studying
extremely low-lying excitations and leading to the discovery of
numerous novel phenomena (Kim et al., 2012b; Kim et al., 2014).

As the diced Si spherical analyzer reached maturity in its
technological development, further enhancements required
exploring new materials for analyzers or developing novel
analytical methodologies. A significant breakthrough was
achieved for the Ir L3-edge (11.215 keV) using a lower symmetry
Quartz crystal (Kim et al., 2018; Said et al., 2018; Huang et al., 2018).
Both the diced spherical analyzer and a novel flat crystal analyzer
scheme using scattered x-ray collimation (SXC) (Kim et al., 2016)
achieved energy resolutions of a few meV. These meV analyzers,
combined with meV monochromators, have successfully studied
very low meV excitation features in quantum materials, previously
inaccessible with a 25 meV resolution (Kim et al., 2020a; Ruiz et al.,
2021). Currently, a few meV energy resolution is only available for
the Ir L3-edge.

The upgrade of third-generation synchrotron sources to the
fourth-generation sources based on multi-bend achromat (MBA)
lattice marks the beginning of a transformative era, offering
significant enhancements in brilliance and emittance. This
upgrade provides a pivotal opportunity to further advance RIXS
techniques, particularly in achieving and standardizing a few meV
resolutions for all 5d TMs from Ta to Ir, addressing the evolving
challenges in 5d TM materials research. Achieving this high
resolution depends on the selection of materials, the design of
meV monochromators, and the manufacturing of analyzers.

This article explores the energy resolutions provided by lower-
symmetry crystals such as Quartz, Silicon Carbide (SiC), and
Aluminum Nitride (AlN), and discusses the intrinsic crystal
properties relevant to achieving meV resolution for the L2 and L3
edges of 5d TMs from Ta to Ir. It presents the design of meV
monochromators compatible with the existing monochromator
configuration. The article also discusses the fabrication of diced
spherical analyzers, including techniques such as porous vacuum
curvature shaping (Said et al., 2022), and examines the scattered
x-ray collimation (SXC) RIXS analyzer system (Kim et al., 2018; Kim
et al., 2020b). The discussion concludes by showcasing the impact of
meV RIXS in advancing our understanding of complex material
behaviors in 5d TM materials.

2 Lower-symmetry crystals

The reflection bandwidth (ΔEi) and the monochromator
bandwidth (ΔEm) primarily determine the energy resolution of
the RIXS spectrometer. While these two factors are central to the
SXC flat crystal analyzer, additional factors such as the detector pixel
contribution (ΔEg) and source size (ΔEs) also play a role in the point-
sensitive detection of scattered X-rays by the diced spherical
analyzer. The near backscattering reflections achieve the desired
throughput with a large angular acceptance and energy resolution
(Kushnir and Suvorov, 1990; Gog et al., 2013). Extrinsic
contributions, such as crystal strain, imperfect spherical shaping,
and degraded collimation, can further impact the resolution.

Hard x-ray optics predominantly utilize silicon (Si) crystals due
to the availability of high-quality crystals and extensive research and
development in X-ray optics. However, the high structural
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symmetry of Si limits the number of allowed backscattering Bragg
reflections, posing challenges for backscattering analyzers in high-
resolution RIXS technique. For a 25 μm pixel detector on a 2 m
Rowland circle, the lower limit of the backscattering angle for ΔEg =
10 meV detector pixel contribution ranges from 80.6° to 82.8° for the
L2 and L3 edges of 5d TMs from Ta to Ir (Gog et al., 2013). The (844)
reflection of Si has a backscattering angle of 85.73° for the Ir L3 edge
(11.215 keV), satisfying this requirement. However, no other 5d TM
absorption edges have Si reflections that meet this criterion.

Lower-symmetry crystals, such as quartz, 4H/6H-SiC, and 2H-
AlN offer broader and denser Bragg reflections, enabling the
utilization of optics across a spectrum of both lower and higher
X-ray energies. Quartz, specifically α-quartz, has been actively
studied for backscattering analyzers (Sutter et al., 2005). High-
quality of synthetic quartz crystals has been confirmed by various
groups (Sutter et al., 2006; Hönnicke et al., 2013; Huang et al., 2018).

Detailed diffraction properties of quartz for X-ray applications
are thoroughly discussed in the work by Huang et al. (2018). Quartz,
which belongs to the trigonal crystal system, exhibits threefold
rotational symmetry along the c-axis. This, combined with its
two enantiomorphic forms (left-handed and right-handed), adds
complexity to its diffraction patterns compared to materials with
hexagonal symmetry, such as 4H/6H-SiC and 2H-AlN. Reflections
from seemingly equivalent lattice planes in quartz can exhibit
different properties, including Darwin bandwidth, reflectivity, and
angular acceptance, even when they share the same Bragg angle.

Huang et al. (2018) provide a comprehensive list of strong
backscattering reflections of quartz with Bragg energies in the
medium energy range. Table 1 highlights reflections in quartz
that achieve resolutions of around 5 meV or below. In hexagonal
systems, the Bragg condition is described by (HKML) with M = - (H
+ K). There are several complications related to the diffraction
properties of certain combinations of H, K, and M, including
equivalent reflections resulting from permutations of the in-plane
Bragg indices. For simplicity, the backscattering reflections in
Table 1 are represented by a single (HKL) reflection for each 5d
transition metal absorption edge. Except for the Ta L₃ and Os L₂

edges, the selected reflections have backscattering angles where the
contribution of the detector pixel size (25 μm) falls within the
5 meV range.

4H/6H-SiC and 2H-AlN currently do not provide the same level
of large area lattice perfection as Si and quartz, with a higher density
of dislocations and other defects. However, these materials have
attracted tremendous attention and efforts from improving growth
in recent years due to their exceptional electrical, thermal, and
chemical properties, positioning them as key materials for high-
power high-temperature electronics and optoelectronics. There is
optimism that advancements in crystal growth techniques will lead
to higher-quality crystals, potentially extending their use to X-ray
applications. Figure 1 shows a white-beam topography of a (001)
AlN crystal recorded in earlier days. Dislocations in the basal plane,
threading dislocations, and low-angle grain boundaries (LAGB) are
visible, along with surface scratches. However, there are also clean
areas of a few millimeters in size where intrinsic reflection
bandwidths could potentially be obtained. Larger-size AlN
crystals with higher crystalline quality (dislocation density <102/
cm2) are emerging in the market place (Tsao et al., 2018).

Table 2 shows reflections in 4H/6H-SiC and 2H-AlN that
achieve resolutions of a few meV. Exceptions are seen in the case
of AlN, specifically for the Ta L₂, W L₃, and Os L₃ edges.
Approximately half of the selected reflections have backscattering
angles where the contribution of the detector pixel size (25 μm) is
more than 10 meV. In this context, the meV RIXS analyzer can be
more effectively realized using the SXC analyzer scheme with 4H/
6H-SiC and 2H-AlN.

Thermal properties of crystals are crucial for achieving meV
energy resolution because intense synchrotron X-rays deliver
substantial heat to the crystals, leading to lattice instability and
strain, which are directly linked to energy stability and resolution.
This issue is particularly significant with the MBA lattice upgrade,
such as that implemented at the APS, which generates a small, high-
density X-ray beam due to a significantly reduced
horizontal emittance.

Table 3 shows thermal conductivity and expansion of quartz,
4H/6H-SiC and 2H-AlN, and Si. Quartz crystal has poor thermal
properties. The study by Gog et al. (2018) found that under typical
room-temperature operation, the incident power levels that had
minimal impact on the Si monochromator caused significant
thermal distortions in the first crystal of the two-bounce quartz
monochromator, rendering it practically unusable. In contrast, 4H-
SiC, 6H-SiC, and 2H-AlN exhibit thermal expansion properties
comparable to Si, with only marginal anisotropy. Additionally, in
terms of thermal conductivity, 4H/6H-SiC and 2H-AlN outperform
Si. In this context, 4H-SiC, 6H-SiC, and 2H-AlN are increasingly
recognized as promising candidates for meV X-ray applications,
despite their reflections being inferior to those of quartz in terms of
energy resolution and backscattering angles.

3 meV monochromators

Si crystal offers an excellent working material for diffractive
X-ray optics such as high-resolution monochromators. The intrinsic
energy bandwidth associated with a single silicon lattice reflection
that is accessible to 10–12 keV X-rays is typically greater than

TABLE 1 Quartz Reflections for meV Energy Resolution at 5d TM Edges.
Example reflections in quartz that achieve resolutions of around 5 meV or
below are presented. Except for the Ta L₃ and Os L₂ edges, the selected
reflections have backscattering angles where the contribution of the
detector pixel size (25 μm) falls within the 5 meV range.

TM Ei (eV) ΔE (meV) EB (eV) ΘB (o) Reflections

Ta L2 11,136 2.78 11,131 88.33 (-4 6–7)

L3 9,881 4.52 9,826 83.93 (1 6–2)

W L2 11,544 5.55 11,526 86.77 (-1 8 3)

L3 10,207 5.81 10,190 86.71 (2 5 4)

Re L2 11,959 5.86 11,959 89.6 (4 3 7)

L3 10,535 3.66 10,506 85.78 (2 6 0)

Os L2 12,385 3.33 12,304 83.43 (5 3 6)

L3 10,871 1.92 10,870 89.42 (-4 4 8)

Ir L2 12,824 4.09 12,802 86.62 (6–3–9)

L3 11,215 3.70 11,210 88.36 (3 0 9)
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20 meV. Obtaining smaller bandwidths requires the use of
asymmetrically cut crystal surfaces (lattice vector not parallel to
crystal surface normal) to disperse the various wavelengths into
different directions like a prism. Smaller bandwidths can then be
produced by following with either a spatial slit, or an angular slit in
the form of another crystal reflection.

One such approach is the doubly nested configuration (+A, -B,
-C, +C, +B, -A) shown in Figure 2A (Toellner et al., 2011).
Significant wavelength dispersion may be introduced into the
beam by choosing low-index reflections with asymmetrically cut
surfaces for the first two reflections (for our purposes, A = B=Si(2
2 0), miscut = −11 deg.). The asymmetric surfaces also increase
angular acceptance and collimate the transmitted beam, both of
which improve overall optic efficiency. The third crystal set (C) is a
high-index lattice reflection with a narrow intrinsic energy
bandwidth and is cut asymmetrically in a way to reduce its
energy-acceptance further. The three subsequent crystals have
surface asymmetry angles that are opposite to undo the
dispersion introduced by the first three crystals and restore the
beam size and direction without a virtual source broadening. This
approach can produce few meV energy bandwidths for all the X-ray
energies from 9.8 keV to 12.8 keV corresponding to 5d TM L edges
for Ta to Ir.

Table 4 presents C-crystal choices with expected performances
for the various 5d TM L edges assuming the A and B crystals are
fixed as above. This approach allows one to cover the various TM
edges by only changing the C-crystal. Energy tuning/scanning over
tens of electron-Volts is achieved by crystal rotation with negligible

change in performance. Thermal loading caused by an intense X-ray
beam especially on the C-crystals may require separate angle and
temperature control on individual crystals to achieve performance.

The simplest solution for achieving a meV-resolution
monochromator is a two symmetric crystal monochromator
scheme in a parallel configuration, as shown in Figure 2B. In this
setup, the first crystal disperses the incident X-rays, and the second
crystal cancels out this dispersion, resulting in a low energy
bandwidth. However, as previously discussed, no suitable Si
reflections are available, and quartz is impractical due to its poor
thermal conductivity and expansion. These limitations make it
impossible to use Si and quartz for achieving a meV bandwidth
for 5d transition metal edges in the two symmetric crystal
monochromator scheme.

In contrast, 4H/6H-SiC and 2H-AlN are promising candidates
due to their comparable thermal expansion coefficients and superior
thermal conductivities compared to those of Si. Contrary to the case
in the analyzer, the two symmetric crystal monochromator scheme
only requires a small clean area of a matching in size with the
incident X-ray beam which is further reduced in the recent MBA
lattice synchrotron upgrade. Unlike the analyzer, the two symmetric
crystal monochromator scheme only requires a small clean area
matching the size of the incident X-ray beam, which has been further
reduced in the recentMBA lattice synchrotron upgrade. As shown in
Table 2, 4H/6H-SiC and 2H-AlN provide approximately 5 meV
bandwidths for most 5d TM edges. Figure 3B illustrates examples of
symmetric-cut 4H-SiC (3 2 11) or AlN (3 2–4) reflections, which
offer about a 5 meV bandwidth for the 11.215 keV incident X-ray.

FIGURE 1
White-beam topography of a (001) 1-inch AlN crystal. Transmission topograph, recorded at the APS beamline 1-BM. g = (11–20) reflection with
E = 23 keV.
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4 meV analyzers

A practical RIXS instrument requires a large solid-angle
acceptance to collect sufficient scattered photons from the
sample. Spherical diced analyzers are the most efficient method
for this purpose and are thus commonly used in standard RIXS
spectrometers with point-sensitive detection of scattered X-rays
(Huotari et al., 2006). While silicon diced analyzers have reached

a mature technological stage, fabricating analyzers using other
crystals such as quartz, 4H/6H-SiC, and 2H-AlN presents
numerous technical challenges.

Figure 3 outlines the main steps involved in fabricating high-
resolution analyzers. The process begins with bonding an analyzer
crystal wafer to a support wafer, followed by forming free-standing
crystallites, typically on the order of mm2, through dicing. The entire
assembly is then pressed and glued onto a concave lens with the
desired radius. A final etching step is performed to relieve any
mechanical strain induced by dicing.

Dicing and wet etching of silicon are well-established and
straightforward processes, largely due to advancements in the
semiconductor industry. However, these processes are far more
challenging for harder and more complex materials like quartz, 4H/
6H-SiC, and 2H-AlN. The difficulty increases depending on the wafer
orientation, requiring specialized blades and optimized procedures.
Etching harder materials such as 4H/6H-SiC and 2H-AlN
necessitates high-temperature etching in very aggressive acids,
complicating the bonding process and making it nearly impossible
to fabricate the analyzers.

High-quality single quartz crystal boules are commercially available,
and research and development for high-resolution X-ray applications
have focused on quartz (Sutter et al., 2005; Sutter et al., 2006; Hönnicke
et al., 2013; Huang et al., 2018). One specific issue encountered during
dicing quartz is the potential for cracking. Etching quartz is a prolonged
process, taking about 8–10 h to remove 30 microns. The free-standing
crystallites are bonded to the support wafer using high-resistance HF
epoxy. However, the longer the etching process, the higher the chance
that the epoxy fails, as the acid seeps under the glue, causingmany of the
pixels to fall off.

Despite these challenges, a diced spherical analyzer using the
(309) quartz reflection was successfully manufactured, offering the
best energy resolution for RIXS at the Ir L₃ edge (Said et al., 2018).
Additionally, a new apparatus has been developed that allows the
support wafer to be bent to the proper radius without using a convex
lens to form the spherical shape. This new bending mechanism uses
a porous vacuum base, where the vacuum force holds a thin crystal
assembly, including a diced crystal wafer of the desiredmaterial, on a
support substrate (Said et al., 2022). This technique eliminates the
need for permanent bonding, allowing for correction of figure
errors, avoiding long-term degradation of the permanent bond,
and making both the substrate and crystal reusable, substantially
reducing process and material costs.

These advancements instill optimism in the field, demonstrating
that continued research and development can overcome the

TABLE 2 4H-/6H-SiC and AlN reflections for high-energy resolutions at 5d
TM edges. Example reflections that achieve resolutions of a few meV are
presented. However, there are exceptions in the case of AlN, specifically for
the Ta L₂, W L₃, and Os L₃ edges. About half of selected reflections have
backscattering angles where the contribution of the detector pixel size
(25 μm) is more than 10 meV.

TM Ei (eV) ΔE (meV) EB (eV) ΘB (o) Reflections

Ta L2 11,136 4.79
8.46
12.27

11,085
11,005
10,966

84.53
81.20
79.98

6H-SiC (2 3 11)
4H-SiC (2 3 7)
AlN (208)

L3 9,881 10.52
5.39
7.87

9,712
9,715
9,673

79.39
79.48
78.21

6H-SiC (1 0–23)
4H-SiC (1 3 8)
AlN (13–4)

W L2 11,544 4.39
7.36
9.91

11,443
11,541
11,432

82.43
88.77
82.03

6H-SiC (2 3–13)
4H-SiC (2 3 9)
AlN (109)

L3 10,207 9.29
8.43
14.13

10,135
10,083
10,103

83.17
81.05
81.82

6H-SiC (3 2 1)
4H-SiC (2 1 13)
AlN (231)

Re L2 11,959 4.04
4.54
6.68

11,795
11,866
11,849

80.51
82.86
82.22

6H-SiC (5 0–5)
4H-SiC (4 0 12)
AlN (406)

L3 10,535 4.38
6.44
6.12

10,474
10,516
10,461

83.85
86.53
83.20

6H-SiC (3 1 19)
4H-SiC (4 0 8)
AlN (40–4)

Os L2 12,385 5.58
4.76
8.23

12,293
12,258
12,235

83.02
81.79
81.07

6H-SiC (2 3 17)
4H-SiC (4 0 13)
AlN (421)

L3 10,871 5.31
8.82
15.80

10,713
10,817
10,625

80.21
84.28
77.80

6H-SiC (4 0–13)
4H-SiC (4 0–9)
AlN (12–7)

Ir L2 12,824 3.19
8.20
5.63

12,776
12,674
12,746

85.04
81.24
83.66

6H-SiC (2 3 19)
4H-SiC (2 4–5)
AlN (129)

L3 11,215 5.34
4.81
4.94

11,163
11,086
11,194

84.5
81.3
86.5

6H-SiC (3 1 12)
4H-SiC (3 2 11)
AlN (3 2–4)

TABLE 3 Thermal properties of quartz, 4H-SiC, 6H-SiC, 2H-AlN, and Si. Quartz crystal has poor thermal properties. 4H-SiC, 6H-SiC, and 2H-AlN have
comparable thermal expansion with Si, but better thermal conductivities than Si.

Thermal conductivity (Wm-1K−1) References Thermal expansion (10−6 K−1) References

Quartz 10.7 (||c)/6.2 (⊥ c) Gog et al. (2018) 7.1 (||c)/13.2 (⊥ c) Gog et al. (2018)

4H-SiC 324 (||c)/471 (⊥ c) Qian et al. (2017) 2.5 (||c)/2.25 (⊥ c) Neumeier et al. (2024)

6H-SiC 273 (||c)/393 (⊥ c) Qian et al. (2017) 2.25 (||c)/2.25 (⊥ c) Neumeier et al. (2024)

2H-AlN 303 (||c)/322 (⊥ c) Inyushkin et al. (2020) 3.4 (||c)/2.9 (⊥ c) Ivanov et al. (1997)

Si 142 Shanks et al. (1963) 2.6 Becker et al. (1982)
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technical challenges of fabricating high-resolution X-ray optics. The
R&D effort includes developing direct bonding between the analyzer
crystal and the support wafer to eliminate the need for adhesive,
which cannot withstand aggressive etching processes.

To avoid fabrication challenges, a flat crystal RIXS analyzer system
using scattered X-ray collimation was built and tested (Kim et al., 2018).
Sufficient solid-angle acceptance is achieved by a collimating mirror,
and the narrow angular acceptance of meV reflections is matched by
further collimation with an asymmetric crystal.

The (309) quartz reflection for the Ir L₃-edge (11.215 keV) is the
first example demonstrating the feasibility of a meV-resolution RIXS
analyzer for 5d transition metal edges. Figure 4A shows the SXC
energy resolutions of the quartz (309) reflection alongside the
25 meV resolution of a diced Si (844) analyzer. The four-bounce
Si (844) monochromator provides a resolution of ΔEm ≈ 8.9 meV,
while the two-bounce quartz (309) monochromator achieves ΔEm ≈
3.7 meV. A significantly reduced X-ray flux, which induces
negligible thermal distortion in quartz, was used for the two-

bounce quartz monochromator. The estimated energy resolutions
of the (309) reflection from two different monochromator
measurements are 4.3 meV and 4.1 meV, respectively.

Another example is shown in Figure 4B, illustrating the SXC
energy resolutions of the quartz (24–7) reflection for the Ta L₂-edge,
alongside the 54 meV resolution of a diced Si (664) analyzer. The
four-bounce Si (664) monochromator provides a resolution of ΔEm
≈ 10.3 meV, and the estimated energy resolution of the (24–7)
reflection is 7.1 meV, close to the theoretical value of 6.2 meV.

When designing high-resolution X-ray optics, it is crucial to
consider not only the crystal quality but also the thermal properties
of the crystal. Lower thermal expansion and high thermal
conductivity are essential for achieving high-energy resolution in
high-heat-load optics like monochromators. However, such thermal
properties are less critical for analyzers, as they have a larger surface
area and the heat load is minimal. In this context, the poor thermal
properties of quartz do not pose a significant problem in the
development of meV-resolution quartz analyzers.

FIGURE 2
Schematic of the meV monochromator for the Ir L3 edge (11.215 keV). (A) Two bounce monochromator consisting of two symmetric crystals in a
parallel configuration. Symmetric-cut 4H-SiC (3 2 11) or AlN (3 2–4) reflections provide about 5 meV bandwith for the 11.215 keV incident X-ray. (B) Six
bouncemonochromator. The existingmonochromator for medium resolutions at the APS consists of two outer pairs of asymmetric-cut Si (220) crystals.
A bandwith of 4.5meV for the 11.215 keV incident X-ray is achieved by adding two-bounce asymmetric-cut Si (931) crystals in between the two outer
pairs of asymmetric-cut Si (220) crystals.

TABLE 4 Six-bounce HRMs assuming 2×(2 2 0)-2×(h k l)-2×(2 2 0) with a 11-degree asymmetry angle on the outer (2 2 0) reflections.

TM EB (eV) ΔE (meV) Eff. (%) C-crystal ΘB (o) Asym. (o)

Ta L2 11,136 5.1 50 (9 3 1) 77.9 69

L3 9,881 8.1 52 (6 6 0) 78.6 74

W L2 11,544 4.8 50 (7 5 5) 79.7 70

L3 10,207 6.8 48 (5 5 5) 75.6 66

Re L2 11,959 5.4 52 (7 7 3) 80.9 62

L3 10,535 6.1 49 (7 5 3) 80.8 73

Os L2 12,385 5.5 53 (9 5 3) 81.2 50

L3 10,871 4.8 46 (9 1 1) 73.1 66

Ir L2 12,824 5.4 53 (7 7 5) 80.8 28

L3 11,215 4.5 48 (9 3 1) 76.1 69
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4.1 meV study of 5d transition metal

5d transition metal materials are distinguished by the large
spatial extent of their 5d orbitals, strong spin-orbit coupling, and
significant electron correlation effects. These characteristics lead to
complex electronic, magnetic, and structural properties, and result
in a range of fascinating phenomena, including unconventional
magnetism, topological phases, and exotic superconductivity
(Witczak-Krempa et al., 2014). These intriguing behaviors make
5d transition metal materials a rich field of study in condensed
matter physics.

5d TM materials are particularly well-suited for hard x-ray
RIXS for several reasons. First, the L-edges of 5d TMs fall within
the hard x-ray regime. Second, these materials have a high x-ray
cross-section due to their large atomic number (Z) and the
greater number of core electrons. Third, the spin and orbit
degree of freedoms of 5d valence electrons exchange those
quantum numbers with the strong spin-orbit coupled L core
electrons, opening effective channels for spin and orbit collective

excitations such as magnon and orbiton. These spin and orbital
collective excitations possess low energy scales, propelling the
development of meV resolution. Figure 4A shows the measured
RIXS spectral resolutions using Si (844) and Quartz (309) with
matching resolution monochromators, demonstrating that the
Quartz (309) provides meV energy resolutions.

Identifying 5d TM materials particularly suitable for RIXS also
contributes to a broader understanding of material properties and
fundamental physics. The cyclical process of discovery and
innovation continues to drive progress in both spectroscopy
techniques and the scientific knowledge they uncover. Here, we
explore several immediate cases for the meV RIXS study, paving the
way for further exploration and inviting even more
intriguing examples.

Sr2IrO4 is a prototypical material that has spurred broad interest in
spin-orbit physics (Kim et al., 2008; Kim et al., 2009). It is also the first
5d transition metal oxide where RIXS has showcased the full dispersion
of magnon and orbiton excitations (Kim et al., 2012a; Kim et al., 2014).
Although Heisenberg exchange interactions dominate, the magnon at

FIGURE 3
The schematic of the main steps to fabricate a diced spherical RIXS analyzer. (A, B) a diced analyzer assembly is prepared through processes of
dicing, bonding and etching. (C) The conventional method for creating a diced spherical analyzer involves pressing the diced analyzer assembly against a
convex lens using a hydraulic press. (D) A newmethod for spherical shaping of the diced analyzer assembly utilizes a uniform vacuum force applied to the
assembly through a concave-shaped porous aluminum base.
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the magnetic zone center is not a gapless Goldstone mode but instead
exhibits a few meV magnon gap (Jackeli and Khaliullin, 2009; Porras
et al., 2019). Raman scattering measurements have shown that this
zone-center magnon is highly sensitive to uniaxial strains (Kim et al.,
2022). An outstanding question remains the dispersion relation near the
magnetic zone center, which defines the magnon velocity and has
important implications for both fundamental understanding and
applications. Despite extensive studies, Sr2IrO4 continues to reveal
surprising quantum phenomena, such as a spin nematic phase (Kim
et al., 2024). The phase mode associated with the quadrupolar order
occurs at a similar energy as themagnon of the antiferromagnetic order.
In both cases, the combination of meV energy resolution and high
momentum resolution offers the best opportunity to resolve
outstanding questions, specifically distinguishing the phase mode
from the magnon and understanding the magnon velocity associated
with the magnon gap change.

The observation of elusive quantum spin liquid is a central aim
in the field of spectroscopy. Honeycomb iridates have received much
attention as candidates for the Kitaev quantum-spin-liquid ground
state (Jackeli and Khaliullin, 2009). A key experimental challenge is
to observe the putative fractionalized excitations in these

honeycomb iridates. RIXS is predicted to be an effective
spectroscopic probe of the fractionalized excitations in Kitaev
honeycomb materials (Halász et al., 2016). The Kitaev energy
scale ranges from 15 to 24 meV (2020a). The energy scale of the
fractionalized excitations in Kitaev honeycomb materials is
calculated to be distributed within one order of magnitude of the
Kitaev energy scale, that is, from 150 to 240 meV. Because these
fractionalized excitations are only probed in spin-conserving
scattering, analyses focus on scatterings with parallel polarization
of incident and scattered x-rays, making elastic scatterings
significant. Although the energy scale of the fractionalized
excitation is high, the meV energy resolution is essential.

Topological states of matter are a profound manifestation of
quantum mechanics, showcasing unique properties that arise from
the quantum behavior of particles. Although still rare, recent years
have seen an increasing number of experimentally discovered
topological materials. Furthermore, recent computations have
shown that many more materials are topological in both 2D and
3D (Vergniory et al., 2022). Recent theoretical works have
demonstrated that RIXS provides direct measurements of
topologically non-trivial bands through distinct momentum and

FIGURE 4
RIXS spectral resolutions. (A) Ir L3 11.215 keV: The total energy resolution (ΔEt) estimates of Quartz (3 0 9) are compared with that of Si (8 4 4). The
intrinsic resolution of the crystal reflection (ΔEi), monochromator resolution (ΔEm), and detector pixel contribution (ΔEg) are indicated. A diced spherical
analyzer is used for Si (8 4 4), while an SXC analyzer is used for Quartz (3 0 9). The two-bounce Si (8 4 4) reflection provides ΔEm≈14.8 meV, the four-
bounce Si (8 4 4) reflection provides ΔEm≈8.9 meV, and the two-bounce Quartz (3 0 9) reflection provides ΔEm≈3.7 meV. (B) Ta L2 11.136 keV: ΔEt
estimate of Quartz (2 4–7) are compared with that of Si (6 4 4). A diced spherical analyzer is used for Si (6 4 4), while an SXC analyzer is used for Quartz (2
4–7). The four-bounce asymmetric Si (4 4 0) monochromator provides ΔEm≈35 meV and the four-bounce Si (6 6 4) provides ΔEm≈10.3 meV. In both
cases, the low symmetry Quartz crystals provide the solution for achieving meV energy resolution for Ir L3 and Ta L2.
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energy-resolved scattering intensities (Kourtis, 2016; Lee et al., 2023;
Schüler et al., 2023). For hard X-ray RIXS, 3D topological materials
are particularly relevant. For example, Weyl semimetals feature
topologically non-trivial bulk properties. A notable example is
TaAs, a space inversion-breaking material, which is the first
experimentally discovered Weyl semimetal. TaAs possesses
12 pairs of Weyl nodes in the bulk (Lv et al., 2015). Four pairs
(W1) in the kz = 0 plane are about 2 meV above the Fermi level,
while eight pairs (W2) in the finite kz plane are about 21 meV below
the Fermi level. The meV energy resolution is essential to access
these low energy scales. Figure 4B shows RIXS spectral resolution for
the Ta L2 at 11.139 keV. Due to the use of a rather poor
monochromator with a 10.3 meV resolution, the total energy
resolution is 12.5 meV. However, this measurement demonstrates
that Quartz (2 4–7) can achieve meV energy resolution when a
matching meV monochromator is used.

5 Conclusion

Improving energy resolution is a critical milestone in the
advancement of spectroscopy techniques. Over the past 3 decades,
significant technical and scientific progress has been made in RIXS
(Resonant Inelastic X-ray Scattering) research at third-generation
synchrotron sources like APS (Advanced Photon Source). Today,
standard RIXS experiments routinely achieve energy resolutions in
the tens of meV range. The upgrade of third-generation synchrotron
sources to a multi-bend achromat (MBA) lattice promises substantial
improvements in brilliance and emittance, offering a pivotal
opportunity to establish few-meV energy resolution in RIXS as a
routine capability in the coming decades.

This article focuses on applications involving the L2 and L3 edges of
5d transition metals from Ta to Ir. Lower symmetry crystals, such as
quartz, 4H/6H-SiC, and 2H-AlN, provide immediate solutions for
backscattering analyzers capable of achieving meV energy resolution.
Among these, quartz crystals have already demonstrated diffraction
quality sufficient for meV energy resolution. However, the crystal
quality of 4H/6H-SiC and 2H-AlN still needs improvement due to
their high defect densities, which currently limit their ability to reach the
required meV resolution. Despite this, intense research and
development efforts are underway to enhance the quality of these
crystals, driven by their attractive properties, such as large band gaps
and high thermal conductivity (Neumeier et al., 2024).

Not much attention has been given to the thermal conductivity and
thermal expansion coefficient of the analyzer crystal, as well as the
temperature stability of RIXS analyzers. In the context of tens of meV
energy resolution, meV fluctuations could be ignored. However, as we
move toward establishing stable meV RIXS measurements, controlling
these thermal properties becomes essential. Additionally, challenges
arise in the processes of dicing and etching these crystals, with the
anisotropic properties of lower symmetry crystals making uniform
dicing and etching more difficult.

We introduced the meV monochromator design using six-
bounce asymmetric-cut Si reflections. This design utilizes the
existing four-bounce monochromator of the sector 27ID RIXS
beamline at APS. The absence of virtual source broadening in the
six-bounce meVmonochromator is optimal for high X-ray focusing.

Energy tuning/scanning over tens of eV is achieved by crystal
rotation with negligible change in performance.

We also explore the potential use of 4H/6H-SiC and 2H-AlN for
the meV monochromator. Quartz, however, is unsuitable for this
application due to its low thermal conductivity, which leads to
significant thermal distortions. Conversely, 4H/6H-SiC and 2H-AlN
offer very high thermal conductivities, several times greater than
that of silicon, making them more suitable for high-precision
applications. In the upgraded APS, the X-ray beam is expected to
be nearly isotropic in both vertical and horizontal directions,
necessitating a small defect-free region for achieving meV energy
resolution. Two-bounce monochromators made from 4H/6H-SiC
and 2H-AlN crystals, which are straightforward to operate in terms
of temperature and angle control, can provide meV
monochromatized incident X-rays.

Just as machine learning and artificial intelligence improve
understanding through exposure to more examples, human
cognition deepens its grasp of new concepts and phenomena
with increased experimental data. In scientific and technical
research, understanding emergent phenomena enhances with
more examples, refining intuition, theories, and models.
Establishing meV energy resolution as a standard in RIXS will
enable the accumulation of detailed meV excitation spectra in
quantum materials that exhibit emergent phenomena,
significantly advancing our exploration and discovery of spin-
orbit physics in 5d transition metal materials.
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