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Compared to 3d and 5d counterparts, 4d TM-based
materials also manifest intriguing properties owing to the
competition among the spin-orbit coupling, the Cou-
lombic interaction, and the crystal-field splitting. For
instance, α-RuCl3 is considered as a strong candidate for
quantum spin liquid23, and Sr2RuO4 hosts unconven-
tional superconductivity24. Two-dimensional van der
Waals systems NbS2 exhibit superconductivity and charge
density waves, while MoX2 (X= S, Se, Te) are semi-
conductors promising for the spintronic application25,26.
Unfortunately, the RIXS instrumentation at the tender
energy range (2–4 keV) covering L-edges of most 4d TMs
lags significantly behind, primarily due to the lack of
suitable dispersive optics. It is known that conventional
single-layer coated gratings (SLGs) and crystal optics
work well for the soft X-ray and hard X-ray regions
respectively16–22,27(Fig. 1a). Nevertheless, the diffraction
efficiency of high line density SLG drops to below 5% at
the tender X-ray range. Using (10-2) oriented quartz
crystals, an intermediate X-ray RIXS (IRIXS) spectro-
meter was constructed successfully for Ru L-edge
(~2838 eV), achieving a total energy resolution of
100meV at PETRA III28. However, IRIXS and similar
spectrometers are not easily adaptable for other 4d TM
materials due to narrow Darwin width of natural crys-
tals29 (Fig. 1a, b).
Multilayer gratings (MLG) can overcome the limitations

of both SLG and crystal analyzer optics. By fulfilling
simultaneously the generalized-Bragg diffraction of the
multilayer and the grating equation, a maximum effi-
ciency up to 60% was achieved at 3–4 keV, which is more
than one order of magnitude higher than a typical
SLG30–32. Moreover, it can continuously cover the tender
X-ray range and be extendable to hard X-rays. MLGs have
been implemented at the beamlines in SOLEIL and
BESSY-II33–36. In these beamlines, lateral uniform multi-
layers are coated on constant-line-spacing and plane-
shaped gratings in monochromators. To apply MLG for
the grating-based spectrometer as a solution of the tender
X-ray RIXS (TRIXS), one cannot simply use uniform
d-spacing multilayers, as they are incompatible with the
typical optics design of spectrometers with spherical
variable-line-spacing gratings (SVLSGs) covering a large
acceptance angle16–18.
In this paper, we demonstrate for the first time the

design and fabrication of a new laterally graded MLG with
spherical variable-line-spacing (SVLS) structure for the
TRIXS (2000–3000 eV) at I21 beamline in Diamond Light
Source. The MLG design accommodates a large beam
divergence from the sample while maintaining the high
resolution and high efficiency. Remarkably, the MLG
solution boosts the photon flux of the RIXS spectrometer
by maximal 25 times in comparison to the conventional
SLG. Moreover, the MLG does not compromise the high

energy resolution of SLG design (~10,000) and covers
continuously 2000–3000 eV by employing three multi-
layer coating stripes across the transverse direction of the
grating. We believe the work opens a new avenue for
RIXS studies at the tender X-ray range on systems with
various forms, such as small crystals, thin films, and
heterostructures. The successful implementation of the
MLG makes the I21 the only RIXS facility in the world
that covers both soft and tender X-rays (280–3000 eV)
using a grating-based spectrometer.

Results
Design of the MLGs for TRIXS spectrometer
We consider the combination of multilayer coating and

a blazed SVLS grating for the grating-based RIXS spec-
trometer at I21 beamline to achieve the highest possible
photon flux at the tender X-ray range of 2000–3000 eV.
To realize this, the grating equation (Eq. (1)) and the
generalized-Bragg condition (Eq. (2)) of the multilayer
must be satisfied simultaneously, so that the diffracted
wave from all multilayer interfaces interferes con-
structively in the grating diffraction direction.

Dðcos β� cos αÞ ¼ nλ ð1Þ

sin βþ sin α � λ cos θ
d

ð2Þ

Here, α and β are the grazing incident angle and dif-
fraction angle, respectively. n is the diffraction order, θ is
the blaze angle of the grating, D is the grating period, d is
the multilayer d-spacing, and λ is the X-ray wavelength. A
more accurate form of the generalized Bragg condition,
including the refraction, absorption, and the effect of
groove shape, can be seen in ref. 37. Considering the small
grazing incident angle, the following relationship (Eq. (3))
can be deduced

α � λ cos θ
2d

þ nd
D � cos θ ð3Þ

Thus, to achieve the maximum diffraction efficiency, the
grazing incident angle, grating period, and multilayer
d-spacing need to be matched at each photon energy. This
brings significant complexity to the design of the spec-
trometer using MLG.
The schematic layout of the spherical variable line

spacing grating (SVLSG) RIXS spectrometer at I21
beamline is shown in Fig. 1c. The single-layer metal
coated grating (SVLSG-SL) has a cylindrical shape with a
total length of 200 mm and a radius of curvature of
R= 115.72 m in the longitudinal (beam propagation)
direction. Although the outgoing X-rays are collimated in
the horizontal direction by the collecting mirror, they are
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Abstract
Resonant inelastic X-ray scattering (RIXS) is a photon-in/photon-out spectroscopic technique which has become
increasingly important for the condensed matter physics community. The development of the RIXS instrumentation in
soft X-ray and hard X-ray range facilitated the research in 3d and 5d transition metal (TM)-based materials, respectively.
However, the tender X-ray (2000–3000 eV) RIXS covering most of 4d TM-based materials severely falls behind due to
the lack of high-performance energy dispersive optics. Here, we demonstrate the design and fabrication of a laterally
graded multilayer grating (MLG) optics for the establishment of the tender RIXS at the I21 RIXS beamline in Diamond
Light Source. The successful implementation of the MLG boosts the photon flux by more than an order of magnitude
at the Sulfur K-edge (2475 eV) and the Ru L3-edge (2838 eV) in comparison to the solution of a single-layer coated
grating (SLG). More importantly, MLG retains the high energy resolution of the SLG design (~10,000) and works
continuously across the full range of 2000–3000 eV. It renders the I21 beamline as the very first RIXS facility in the world
that covers both soft and tender X-rays (280–3000 eV) using a grating-based spectrometer for a wide range of science
applications.

Introduction
Over the last decades, resonant inelastic X-ray scatter-

ing (RIXS) made a paradigm shift for the fundamental
research in material sciences, chemistry, and particularly
the condensed matter physics1–4. RIXS is well established
in probing the charge-neutral collective excitations
including plasmons, magnons, orbitons, excitons, and
phonons, as well as the ordering states, owing to its sen-
sitivity to charge, spin, orbital, and lattice degrees of
freedom. Observing and understanding the collective
excitations is the cornerstone for the study of complex
quantum materials. By working at core-level resonances,
RIXS could provide complementary information about

the electronic ordering or collective excitations of multi-
ple magnetic ions in a material. Equipped with circular-
polarized X-rays, RIXS can probe chiral phonons and
possibly other chiral collective excitations5. For energy
materials, RIXS has become a powerful tool in char-
acterizing the principle of oxygen redox by providing the
electronic structure of oxygen species6–9.
A large amount of strongly correlated quantum com-

plex matter is formed based on 3d transition metals (TM)
such as cuprate, iron pnictides, and nickelate super-
conductors10–13, Kagome Weyl semimetals showing
anomalous quantum Hall effect14, two-dimensional van
der Waals magnetic materials15. On the other hand, 5d
TM-based materials exhibit a variety of unique properties
like spin-liquid and spin-orbit coupled Mott insulating
phases owing to the strong spin-orbit coupling and more
spatially extended 5d orbitals. The advancement of
research fields has benefited from the development of
high-resolution RIXS instrumentations in both soft
(400–1500 eV) and hard (4–15 keV) X-ray regions to
access L-edges of 3d and 5d TM materials16–22.
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(~2838 eV), achieving a total energy resolution of
100meV at PETRA III28. However, IRIXS and similar
spectrometers are not easily adaptable for other 4d TM
materials due to narrow Darwin width of natural crys-
tals29 (Fig. 1a, b).
Multilayer gratings (MLG) can overcome the limitations

of both SLG and crystal analyzer optics. By fulfilling
simultaneously the generalized-Bragg diffraction of the
multilayer and the grating equation, a maximum effi-
ciency up to 60% was achieved at 3–4 keV, which is more
than one order of magnitude higher than a typical
SLG30–32. Moreover, it can continuously cover the tender
X-ray range and be extendable to hard X-rays. MLGs have
been implemented at the beamlines in SOLEIL and
BESSY-II33–36. In these beamlines, lateral uniform multi-
layers are coated on constant-line-spacing and plane-
shaped gratings in monochromators. To apply MLG for
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X-ray RIXS (TRIXS), one cannot simply use uniform
d-spacing multilayers, as they are incompatible with the
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variable-line-spacing gratings (SVLSGs) covering a large
acceptance angle16–18.
In this paper, we demonstrate for the first time the

design and fabrication of a new laterally graded MLG with
spherical variable-line-spacing (SVLS) structure for the
TRIXS (2000–3000 eV) at I21 beamline in Diamond Light
Source. The MLG design accommodates a large beam
divergence from the sample while maintaining the high
resolution and high efficiency. Remarkably, the MLG
solution boosts the photon flux of the RIXS spectrometer
by maximal 25 times in comparison to the conventional
SLG. Moreover, the MLG does not compromise the high

energy resolution of SLG design (~10,000) and covers
continuously 2000–3000 eV by employing three multi-
layer coating stripes across the transverse direction of the
grating. We believe the work opens a new avenue for
RIXS studies at the tender X-ray range on systems with
various forms, such as small crystals, thin films, and
heterostructures. The successful implementation of the
MLG makes the I21 the only RIXS facility in the world
that covers both soft and tender X-rays (280–3000 eV)
using a grating-based spectrometer.

Results
Design of the MLGs for TRIXS spectrometer
We consider the combination of multilayer coating and

a blazed SVLS grating for the grating-based RIXS spec-
trometer at I21 beamline to achieve the highest possible
photon flux at the tender X-ray range of 2000–3000 eV.
To realize this, the grating equation (Eq. (1)) and the
generalized-Bragg condition (Eq. (2)) of the multilayer
must be satisfied simultaneously, so that the diffracted
wave from all multilayer interfaces interferes con-
structively in the grating diffraction direction.
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Here, α and β are the grazing incident angle and dif-
fraction angle, respectively. n is the diffraction order, θ is
the blaze angle of the grating, D is the grating period, d is
the multilayer d-spacing, and λ is the X-ray wavelength. A
more accurate form of the generalized Bragg condition,
including the refraction, absorption, and the effect of
groove shape, can be seen in ref. 37. Considering the small
grazing incident angle, the following relationship (Eq. (3))
can be deduced
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Thus, to achieve the maximum diffraction efficiency, the
grazing incident angle, grating period, and multilayer
d-spacing need to be matched at each photon energy. This
brings significant complexity to the design of the spec-
trometer using MLG.
The schematic layout of the spherical variable line

spacing grating (SVLSG) RIXS spectrometer at I21
beamline is shown in Fig. 1c. The single-layer metal
coated grating (SVLSG-SL) has a cylindrical shape with a
total length of 200 mm and a radius of curvature of
R= 115.72 m in the longitudinal (beam propagation)
direction. Although the outgoing X-rays are collimated in
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possibly other chiral collective excitations5. For energy
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graded MLG to work at the tender X-ray energy of
2000–3000 eV. The detailed parameters of the SVLSG
used in I21 are listed in Table 1. We show below the
systematic study and optimization of the SVLSG-ML.
The SVLSG-ML structure was first optimized at one of

the most interesting photon energy values, the Ru L3-edge
(2838 eV). Cr/C multilayer was selected, given its high
reflectance in the whole tender X-ray range. The grating
period at the center position of SVLSG is 666.67 nm (1500
l mm−1) with a blaze angle of 0.68° and a grazing incident
angle of 1.81°. The overall relationship of the d, D, α, and
their combined impact on the efficiency are simulated
using coupled-wave theory, and the results are shown in
Fig. 2a. Note that the incident angle has been corrected by
considering the radius of curvature of the cylindrical
substrate. The variation of the optimal d-spacing with
grating period is relatively small. Furthermore, for the
SVLSG used at I21, the grating period only changes from
666.13 nm to 669.46 nm, and the d-spacing can remain
almost constant. The variation of the optimal d-spacing
with incident angle is much larger than for conventional
SLGs, constrained by the narrow bandwidth of multilayer.
Figure 2b shows the relationship between the d-spacing
and the incident angle. In this diffraction geometry, the
full width half maximum (FWHM) of the angular band-
width of incident angle is only around 0.16°. For a con-
stant d-spacing multilayer design, using a 200mm long
SVLSG-ML, the diffraction efficiency drops from ~65% in
the center to ~28% near the edge (Fig. 2b). Further
increasing the grating length to 340mm will reduce the
diffraction efficiency to around 10% at the edge (dashed
line in Fig. 2b). To overcome the issue, we made the

design and changed the constant d-spacing multilayer to a
laterally graded one with variable d-spacings. The gra-
dient can be optimized to exactly match the different
incident angles to satisfy the generalized Bragg conditions
as indicated by the solid line in Fig. 2b. Thus, a high
efficiency of ~60% at 2838 eV can be realized over the
entire grating (Fig. 2b).
A key difference compared to conventional SLGs is that

MLGs have a relatively narrower bandwidth, requiring the
incident angle to be tuned at different energies to fulfill
the generalized Bragg condition. The SVLSG-ML,
designed for 2838 eV photon energy, has an effective
FWHM energy bandwidth of about ~120 eV under a fixed
incident angle (Fig. 2c). By varying the incident angle, the
same SVLSG-ML can, in principle, achieve a comparable
diffraction efficiency at other energy positions. As shown
in Fig. 2c, the entire tender X-ray energy range of
2000–3000 eV can be covered with a high efficiency of
~50% when the grazing incident angle varies from
2.55° to 1.68°.
In addition, to fulfill the grating diffraction and Bragg

conditions, the optics design needs to obey the mechan-
ical limitations of the spectrometer. For a RIXS spectro-
meter, the lower limit of the object distance r1, the lower
limit of the detector height H, and the upper limit of the
detector length L constrain the incident angular range for
each energy position (marked as gray area in Fig. 2d).
Considering the mechanical constraints, the SVLSG-ML
with a single set of lateral gradient d-spacing cannot work
for the whole tender X-ray range. For instance, the above-
designed SVLSG-ML (stripe 3) can only cover 2743 eV
(Au M3-) to 3173 eV (Pd L3-), beyond which the diffrac-
tion efficiency reduces immediately to < 10% due to the
mismatched incident angle (Fig. 2e). To cover the entire
energy range of 2000–3000 eV, we designed two extra
laterally graded multilayers. Detailed parameters are
shown in Table 1. The corresponding incident angles and
working energies of the three stripes are shown in Fig. 2d.
Without violating the mechanical constraints, stripe 1
covers 2145 eV (P K-) to 2281 eV (W M3-), and stripe 2
can reach the energy range from 2367 eV (Re M3-) to
2645 eV (Pt M3-). The average diffraction efficiency of the
three SVLSG-MLs can achieve > 50% (Fig. 2e). In com-
parison, the original blazed SVLS grating is coated with a
30 nm thick Pt single layer (SVLSG-SL) whose diffraction
efficiency is less than 3% from 2000 to 3000 eV (Fig. 2e).
By coating with multilayers, the theoretical efficiency can
be boosted by 19–32 folds. A more detailed theoretical
simulation of the SVLSG-ML over different positions of
the grating and their spectral response is shown in Sup-
plementary Fig. S1 in the supplementary information.
The diffraction geometry of a MLG still obeys the

grating equation38. It means that the diffraction light
paths and aberration correction effects of the SVLSG-ML

Table 1 Parameters of the SVLSG-ML structure

Multilayer grating Structure parameters

Blaze angle (°) 0.68

Apex angle (°) 176.6

a0 (l mm−1) 1500.017

a1 (l mm−2) −4.522 × 10−2

a2 (l mm−3) −4.123 × 10−4

a3 (l mm−4) 3.4 × 10−7

Tangential radius (mm) 115,720

Tangential slope error

(μrad)

≤0.1

Multilayer materials Cr/C

Multilayer d-spacing (nm) SVLSG-ML-1

8.36–8.84

SVLSG-ML-2

7.29–7.65

SVLSG-ML-3

5.73–5.90

Effective length (mm) 180

Strip width (mm) 9
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divergent in the vertical direction, resulting in a wide
range of incident angles (α1–α3) over the length of the
grating. It is critical for the multilayer coated SVLSG

(SVLSG-ML) to match the angular span of the incident
angle and the variable grating period to achieve the high
diffraction efficiency. For this, we designed the laterally
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Fig. 1 The structural and performance schematic diagram of SVLSG-ML applied to the spectrometer. a Illustrations of various dispersive optics
- SLG, MLG, and crystal optics used for the soft, tender, and hard X-ray range, respectively. b Photon-energy-dependent diffraction efficiency of
various dispersive optics. The SLG (1500 l mm−1 groove density, 0.68° blaze angle, and 2.72° anti-blaze angle) employs a 30-nm Pt coating under fixed
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graded MLG to work at the tender X-ray energy of
2000–3000 eV. The detailed parameters of the SVLSG
used in I21 are listed in Table 1. We show below the
systematic study and optimization of the SVLSG-ML.
The SVLSG-ML structure was first optimized at one of

the most interesting photon energy values, the Ru L3-edge
(2838 eV). Cr/C multilayer was selected, given its high
reflectance in the whole tender X-ray range. The grating
period at the center position of SVLSG is 666.67 nm (1500
l mm−1) with a blaze angle of 0.68° and a grazing incident
angle of 1.81°. The overall relationship of the d, D, α, and
their combined impact on the efficiency are simulated
using coupled-wave theory, and the results are shown in
Fig. 2a. Note that the incident angle has been corrected by
considering the radius of curvature of the cylindrical
substrate. The variation of the optimal d-spacing with
grating period is relatively small. Furthermore, for the
SVLSG used at I21, the grating period only changes from
666.13 nm to 669.46 nm, and the d-spacing can remain
almost constant. The variation of the optimal d-spacing
with incident angle is much larger than for conventional
SLGs, constrained by the narrow bandwidth of multilayer.
Figure 2b shows the relationship between the d-spacing
and the incident angle. In this diffraction geometry, the
full width half maximum (FWHM) of the angular band-
width of incident angle is only around 0.16°. For a con-
stant d-spacing multilayer design, using a 200mm long
SVLSG-ML, the diffraction efficiency drops from ~65% in
the center to ~28% near the edge (Fig. 2b). Further
increasing the grating length to 340mm will reduce the
diffraction efficiency to around 10% at the edge (dashed
line in Fig. 2b). To overcome the issue, we made the

design and changed the constant d-spacing multilayer to a
laterally graded one with variable d-spacings. The gra-
dient can be optimized to exactly match the different
incident angles to satisfy the generalized Bragg conditions
as indicated by the solid line in Fig. 2b. Thus, a high
efficiency of ~60% at 2838 eV can be realized over the
entire grating (Fig. 2b).
A key difference compared to conventional SLGs is that

MLGs have a relatively narrower bandwidth, requiring the
incident angle to be tuned at different energies to fulfill
the generalized Bragg condition. The SVLSG-ML,
designed for 2838 eV photon energy, has an effective
FWHM energy bandwidth of about ~120 eV under a fixed
incident angle (Fig. 2c). By varying the incident angle, the
same SVLSG-ML can, in principle, achieve a comparable
diffraction efficiency at other energy positions. As shown
in Fig. 2c, the entire tender X-ray energy range of
2000–3000 eV can be covered with a high efficiency of
~50% when the grazing incident angle varies from
2.55° to 1.68°.
In addition, to fulfill the grating diffraction and Bragg

conditions, the optics design needs to obey the mechan-
ical limitations of the spectrometer. For a RIXS spectro-
meter, the lower limit of the object distance r1, the lower
limit of the detector height H, and the upper limit of the
detector length L constrain the incident angular range for
each energy position (marked as gray area in Fig. 2d).
Considering the mechanical constraints, the SVLSG-ML
with a single set of lateral gradient d-spacing cannot work
for the whole tender X-ray range. For instance, the above-
designed SVLSG-ML (stripe 3) can only cover 2743 eV
(Au M3-) to 3173 eV (Pd L3-), beyond which the diffrac-
tion efficiency reduces immediately to < 10% due to the
mismatched incident angle (Fig. 2e). To cover the entire
energy range of 2000–3000 eV, we designed two extra
laterally graded multilayers. Detailed parameters are
shown in Table 1. The corresponding incident angles and
working energies of the three stripes are shown in Fig. 2d.
Without violating the mechanical constraints, stripe 1
covers 2145 eV (P K-) to 2281 eV (W M3-), and stripe 2
can reach the energy range from 2367 eV (Re M3-) to
2645 eV (Pt M3-). The average diffraction efficiency of the
three SVLSG-MLs can achieve > 50% (Fig. 2e). In com-
parison, the original blazed SVLS grating is coated with a
30 nm thick Pt single layer (SVLSG-SL) whose diffraction
efficiency is less than 3% from 2000 to 3000 eV (Fig. 2e).
By coating with multilayers, the theoretical efficiency can
be boosted by 19–32 folds. A more detailed theoretical
simulation of the SVLSG-ML over different positions of
the grating and their spectral response is shown in Sup-
plementary Fig. S1 in the supplementary information.
The diffraction geometry of a MLG still obeys the

grating equation38. It means that the diffraction light
paths and aberration correction effects of the SVLSG-ML

Table 1 Parameters of the SVLSG-ML structure

Multilayer grating Structure parameters

Blaze angle (°) 0.68

Apex angle (°) 176.6

a0 (l mm−1) 1500.017

a1 (l mm−2) −4.522 × 10−2

a2 (l mm−3) −4.123 × 10−4

a3 (l mm−4) 3.4 × 10−7

Tangential radius (mm) 115,720

Tangential slope error

(μrad)

≤0.1

Multilayer materials Cr/C

Multilayer d-spacing (nm) SVLSG-ML-1

8.36–8.84

SVLSG-ML-2

7.29–7.65

SVLSG-ML-3

5.73–5.90

Effective length (mm) 180

Strip width (mm) 9
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divergent in the vertical direction, resulting in a wide
range of incident angles (α1–α3) over the length of the
grating. It is critical for the multilayer coated SVLSG

(SVLSG-ML) to match the angular span of the incident
angle and the variable grating period to achieve the high
diffraction efficiency. For this, we designed the laterally
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Fig. 1 The structural and performance schematic diagram of SVLSG-ML applied to the spectrometer. a Illustrations of various dispersive optics
- SLG, MLG, and crystal optics used for the soft, tender, and hard X-ray range, respectively. b Photon-energy-dependent diffraction efficiency of
various dispersive optics. The SLG (1500 l mm−1 groove density, 0.68° blaze angle, and 2.72° anti-blaze angle) employs a 30-nm Pt coating under fixed
2° grazing incident angle. The MLG (identical groove density) incorporates Cr/C multilayers (d-spacing= 5.90 nm), with grazing angles optimized to
3.80°, 2.11°, 1.37°, 0.97°, and 0.71° for 1500, 2500, 3500, 4500, and 5500 eV, respectively. Si(111) crystal operates at 23.30°, 19.24°, and 16.41° grazing
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follow that of the SVLSG-SL. The theoretical energy
resolution of SVLSG-ML should retain what can be
achieved by SVLSG-SL under the same incident angles.

Fabrication of the MLG
Three Cr/C laterally graded multilayer stripes were

deposited directly on the Pt single layer coated grating
using the magnetron sputtering technique39. The
designed and measured d-spacing of the multilayer
reference samples are presented in Fig. 3a, which indicates
that the deposited thickness variation is within the

designed error bar (±100 pm for strip 1, ±85 pm for strip
2, ±65 pm for strip 3). The grazing-incident X-ray
reflectivity (GIXRR) measurements and fitted results of
three stripes multilayers are shown in Fig. 3b–d. The
interface widths of the multilayers are 0.6 nm, indicating
relatively sharp interfaces of the laterally graded multi-
layer. The surface morphology of the grating before
(Fig. 3e) and after (Fig. 3f) coating was measured by the
atomic force microscopy (AFM). The groove profile of
the blazed grating is well replicated through the multilayer
coating. A slight increase of the surface roughness of the
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Fig. 3 Structural characterization of fabricated SVLSG-ML. a The designed (dotted line) and measured (solid line) d-spacing distribution of
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reference multilayer sample at the position X= 40 mm of stripe 1 (b), 2 (c), and 3 (d) with the fitted thickness of the Cr and C layers. AFM images
of grating before (e) and after (f) coating stripe3. g The grating profile curves obtained from the AFM images. h The photo of the grating coated
with three stripes

Zhou et al. Light: Science & Applications ����������(2026)�15:76� Page 6 of 11

2000 2200 2400 2600 2800 3000 3200 3400 3600
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

SVLSG-ML
~19 × 

Av
er

ag
ed

 d
iff

ra
ct

io
n 

ef
fic

ie
nc

y 

Photon energy (eV)

SVLSG-ML_Cr/C
d = 8.39–8.88 nm  
d = 7.27–7.60 nm 
d = 5.80–5.96 nm

SVLSG-SL
d = 30.00 nm

SVLG-SLSVLSG-ML
~32 × 

2200 2400 2600 2800 3000 3200 3400

1.4

1.6

1.8

2.0

2.2

2.4

P K-

W M-

Re M-

S K-

Ru L-

Rh L-

G
ra

zi
ng

 in
ci

de
nt

 a
ng

le
 (°

)

Photon energy (eV)

Strip 1 Sim.  Exp.

Strip 2 Sim.  Exp.

Strip 3 Sim.  Exp.
L limited

H limited

r1 limited

0.1
0.2
0.3
0.4
0.5
0.6

D.E.

1.70 1.75 1.80 1.85 1.90
Grazing incident angle (°)

5.50

5.70

5.90

6.10

6.30

d-
sp

ac
in

g 
(n

m
)

0.1

0.2

0.3

0.4

0.5

0.6

D.E.

5.45
645.20

5.65

5.85

655.70

d-
sp

ac
in

g 
(n

m
)

1.92
Grating period (nm)

6.05

1.86666.70

Grazing incident angle (°)

6.25

1.80
1.74678.00 1.68

0.1

0.2

0.3

0.4

0.5

0.6

D.E.a b

d

e

340 mm, d varied
200 mm, d varied

G.P. = 666.67 nm

340 mm, d const.
b

3004
2788

25720.00
2.58

0.17

2.35 2356

0.35

2.12 1.88

0.52

2140
1.65

0.70

Pho
ton

 en
erg

y (
eV

)

Grazing incident angle (°)

D
iff

ra
ct

io
n 

ef
fic

ie
nc

y

c
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follow that of the SVLSG-SL. The theoretical energy
resolution of SVLSG-ML should retain what can be
achieved by SVLSG-SL under the same incident angles.

Fabrication of the MLG
Three Cr/C laterally graded multilayer stripes were

deposited directly on the Pt single layer coated grating
using the magnetron sputtering technique39. The
designed and measured d-spacing of the multilayer
reference samples are presented in Fig. 3a, which indicates
that the deposited thickness variation is within the

designed error bar (±100 pm for strip 1, ±85 pm for strip
2, ±65 pm for strip 3). The grazing-incident X-ray
reflectivity (GIXRR) measurements and fitted results of
three stripes multilayers are shown in Fig. 3b–d. The
interface widths of the multilayers are 0.6 nm, indicating
relatively sharp interfaces of the laterally graded multi-
layer. The surface morphology of the grating before
(Fig. 3e) and after (Fig. 3f) coating was measured by the
atomic force microscopy (AFM). The groove profile of
the blazed grating is well replicated through the multilayer
coating. A slight increase of the surface roughness of the
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Fig. 3 Structural characterization of fabricated SVLSG-ML. a The designed (dotted line) and measured (solid line) d-spacing distribution of
three stripes. The color filling part represents the theoretical tolerance area. The GIXRR measured (dots) and fitting (solid line) curves of the
reference multilayer sample at the position X= 40 mm of stripe 1 (b), 2 (c), and 3 (d) with the fitted thickness of the Cr and C layers. AFM images
of grating before (e) and after (f) coating stripe3. g The grating profile curves obtained from the AFM images. h The photo of the grating coated
with three stripes
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Fig. 2 The parameter optimization of SVLSG-ML. a 3D visualization43 of the optimized diffraction efficiency of the SVLSG-ML at 2838 eV as a
function of incident angle, d-spacing, and grating period. b Diffraction efficiency dependence on grazing incident angle and d-spacing for a grating
period of 666.67 nm. The white solid curves and yellow dots in (b) represent SVLSG with a variable d-spacing for a grating length of 340 mm and
200mm, respectively. Blue dashed curves denote SVLSGs with a constant d-spacing (grating length= 340 mm) for comparison. c The diffraction
efficiency dependence of SVLSG-ML on the photon energy and the incident angle. d Variation of the incident angle as a function of photon energy,
where the gray area denotes the effective working zone limited by the spectrometer’s mechanical constraints. The solid lines show the optimum
theoretical angles of the SVLSG-ML, and the scatter points represent the measured angles with maximum efficiency. e The average theoretical
diffraction efficiency varied with photon energy, with solid lines for SVLSG-ML and dashed lines for SVLSG-SL
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facets from 0.42 nm to 0.68 nm was found after coating.
This can be further improved if a smoother grating surface
was used as the substrate. The high-quality multilayer and
conformal layer growth are essential for the performance of
the SVLSG-ML. A photo of the SVLSG-ML is shown in
Fig. 3h, and each stripe is about 9mm wide.

Tender X-ray measurements
The diffraction intensity versus the incident angle, i.e.,

the rocking curve, was measured at 2475 eV (S K-edge)
(Fig. 4a) and 2838 eV (Ru L3-edge) (Fig. 4c). The optimal
working incident angles of typical energies are further
shown in Fig. 2d. The experimental results are consistent
with the theoretical calculations suggesting the high
quality of the fabricated MLG and the validity of the
theory.
The total instrumental energy resolution of the SVLSG-

ML and SVLSG-SL at 2475 eV and 2838 eV was obtained
by measuring the non-resonant elastic scattering from an
amorphous carbon sample (Fig. 4b, d). Strocov et al.
identified an optimal operation mode of a RIXS spectro-
meter where a maximal grating illumination (i.e., the
maximal acceptance) can be achieved through combined
adjustment of the spectrometer parameters in which
coma and higher-order aberrations are minimized40.
Although the grazing incident angle is constrained in the
current multilayer design, it has a very small angular
difference of 0.23° across the full energy range (Fig. 2d).
To maintain a good total energy resolution, we optimized
the maximal illumination of the grating to be 160mm
corresponding to a vertical acceptance angle of 2.6 mrad
which is smaller than the ideal maximal acceptance.
Compared to the full usage of the entire lateral length of
190mm, the photon flux is reduced by about 16%.
However, we retain the best possible energy resolution for
the major tender X-ray range.
Concerning the gain of the photon flux, the integrated

intensity of the elastic peak from the SVLSG-ML is 12
times higher than that of SVLSG-SL at 2475 eV and 25
times higher at 2838 eV. The results are close to the
theoretical predictions of 19 times and 32 times, respec-
tively (Fig. 2e). The small discrepancy may be due to the
interfacial imperfection and slight deviations of the lat-
erally graded thickness distribution of the multilayer.
The photon efficiency is normalized to the incoming

photon flux at each energy (Fig. 4e). Note that the
deviation of the photon efficiency trend of the experi-
mental data compared to the theoretical prediction
(Fig. 2e) may be due to the energy-dependent scattering
efficiency of the carbon sample and the quantum effi-
ciency of the area detector. The latter two are unknown in
the tender X-ray range and thus were not considered for
the normalization. The total instrumental energy resolu-
tion (FWHM) of the SVLSG-ML and SVLSG-SL at

various energies is shown in Fig. 4f. The energy resolution
of the SVLSG-SL was only measured at two energy values,
2475 eV and 2838 eV. The total energy resolutions are
maintained after the multilayer deposition and align well
with the theoretical prediction. The overall total resolving
power using the SVLSG-ML is close to ~10,000 across the
entire 2000–3000 eV range. Note that the beamline
energy resolution was not experimentally determined, it
was estimated to be comparable to that of the spectro-
meter under the exit slit opening of 20 μm. It is evident
that the MLG can provide more than an order of mag-
nitude gain of the photon flux while maintaining the
energy resolution, which is crucial for photon-hungry
RIXS technique.
We now demonstrate the excellent performance of the

spectrometer based on SVLSG-ML by acquiring repre-
sentative RIXS spectra from several reference samples.
Figure 5a, b shows the incident energy-dependent RIXS
spectra of Ca2RuO4 single crystal sample across the Ru
L3-edge using π linear polarization. The resonances E1 at
~2838 eV and E2 ~ 2841 eV correspond to 2p3/2 −> 4d t2g
and 2p3/2 −> 4d eg transitions in the Ru L3- X-ray
absorption spectrum (XAS), respectively. The peak A and
B is located at energy loss ~0.3 eV and ~3.2 eV resulting
from the intra-t2g and t2g −> eg dd excitations, respec-
tively. The peak C at energy loss of ~ 6 eV and D ~ 8 eV
originate from the charge-transfer excitations. The overall
energy-dependent RIXS spectra are highly consistent to
the published data41. Figure 5c shows the efficiency
enhancement of a single RIXS spectrum collected by the
SVLSG-ML compared to the SVLSG-SL. Note that the
acquisition time of each spectrum is only three minutes.
The spectrum collected under SVLSG-SL is near the
detection limit, demonstrating the impractical use of
SVLSG-SL for the TRIXS. The implementation of the
SVLSG-ML makes the TRIXS possible for complex
experiments such as fine temperature-dependence,
detailed momentum-dependence, strain-tuning studies,
and thin film samples.
Besides Ca2RuO4 as a representation of complex 4d

quantum materials, we also tested reference samples
relevant for the field of energy materials. Figure 5d, e
shows the incident energy-dependent RIXS spectra col-
lected at the S K-edge from pure Sulfur powder sample.
Below the S K- absorption edge (~2472 eV), two Raman-
like features at ~4 eV and ~8 eV are possibly charge-
transfer excitations. Above the absorption edge, the two
excitations smoothly merge into the two fluorescence-like
excitations in the diagonal direction. Figure 5f, g displays
the incident energy-dependent RIXS spectra collected at
the P K-edge from H2KOP powder sample. Similarly,
below the absorption edge (~2154 eV), two Raman-like
excitations appear at ~15 eV and ~18 eV, much higher
than that of S K-RIXS, which may suggest a relatively
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facets from 0.42 nm to 0.68 nm was found after coating.
This can be further improved if a smoother grating surface
was used as the substrate. The high-quality multilayer and
conformal layer growth are essential for the performance of
the SVLSG-ML. A photo of the SVLSG-ML is shown in
Fig. 3h, and each stripe is about 9mm wide.

Tender X-ray measurements
The diffraction intensity versus the incident angle, i.e.,

the rocking curve, was measured at 2475 eV (S K-edge)
(Fig. 4a) and 2838 eV (Ru L3-edge) (Fig. 4c). The optimal
working incident angles of typical energies are further
shown in Fig. 2d. The experimental results are consistent
with the theoretical calculations suggesting the high
quality of the fabricated MLG and the validity of the
theory.
The total instrumental energy resolution of the SVLSG-

ML and SVLSG-SL at 2475 eV and 2838 eV was obtained
by measuring the non-resonant elastic scattering from an
amorphous carbon sample (Fig. 4b, d). Strocov et al.
identified an optimal operation mode of a RIXS spectro-
meter where a maximal grating illumination (i.e., the
maximal acceptance) can be achieved through combined
adjustment of the spectrometer parameters in which
coma and higher-order aberrations are minimized40.
Although the grazing incident angle is constrained in the
current multilayer design, it has a very small angular
difference of 0.23° across the full energy range (Fig. 2d).
To maintain a good total energy resolution, we optimized
the maximal illumination of the grating to be 160mm
corresponding to a vertical acceptance angle of 2.6 mrad
which is smaller than the ideal maximal acceptance.
Compared to the full usage of the entire lateral length of
190mm, the photon flux is reduced by about 16%.
However, we retain the best possible energy resolution for
the major tender X-ray range.
Concerning the gain of the photon flux, the integrated

intensity of the elastic peak from the SVLSG-ML is 12
times higher than that of SVLSG-SL at 2475 eV and 25
times higher at 2838 eV. The results are close to the
theoretical predictions of 19 times and 32 times, respec-
tively (Fig. 2e). The small discrepancy may be due to the
interfacial imperfection and slight deviations of the lat-
erally graded thickness distribution of the multilayer.
The photon efficiency is normalized to the incoming

photon flux at each energy (Fig. 4e). Note that the
deviation of the photon efficiency trend of the experi-
mental data compared to the theoretical prediction
(Fig. 2e) may be due to the energy-dependent scattering
efficiency of the carbon sample and the quantum effi-
ciency of the area detector. The latter two are unknown in
the tender X-ray range and thus were not considered for
the normalization. The total instrumental energy resolu-
tion (FWHM) of the SVLSG-ML and SVLSG-SL at

various energies is shown in Fig. 4f. The energy resolution
of the SVLSG-SL was only measured at two energy values,
2475 eV and 2838 eV. The total energy resolutions are
maintained after the multilayer deposition and align well
with the theoretical prediction. The overall total resolving
power using the SVLSG-ML is close to ~10,000 across the
entire 2000–3000 eV range. Note that the beamline
energy resolution was not experimentally determined, it
was estimated to be comparable to that of the spectro-
meter under the exit slit opening of 20 μm. It is evident
that the MLG can provide more than an order of mag-
nitude gain of the photon flux while maintaining the
energy resolution, which is crucial for photon-hungry
RIXS technique.
We now demonstrate the excellent performance of the

spectrometer based on SVLSG-ML by acquiring repre-
sentative RIXS spectra from several reference samples.
Figure 5a, b shows the incident energy-dependent RIXS
spectra of Ca2RuO4 single crystal sample across the Ru
L3-edge using π linear polarization. The resonances E1 at
~2838 eV and E2 ~ 2841 eV correspond to 2p3/2 −> 4d t2g
and 2p3/2 −> 4d eg transitions in the Ru L3- X-ray
absorption spectrum (XAS), respectively. The peak A and
B is located at energy loss ~0.3 eV and ~3.2 eV resulting
from the intra-t2g and t2g −> eg dd excitations, respec-
tively. The peak C at energy loss of ~ 6 eV and D ~ 8 eV
originate from the charge-transfer excitations. The overall
energy-dependent RIXS spectra are highly consistent to
the published data41. Figure 5c shows the efficiency
enhancement of a single RIXS spectrum collected by the
SVLSG-ML compared to the SVLSG-SL. Note that the
acquisition time of each spectrum is only three minutes.
The spectrum collected under SVLSG-SL is near the
detection limit, demonstrating the impractical use of
SVLSG-SL for the TRIXS. The implementation of the
SVLSG-ML makes the TRIXS possible for complex
experiments such as fine temperature-dependence,
detailed momentum-dependence, strain-tuning studies,
and thin film samples.
Besides Ca2RuO4 as a representation of complex 4d

quantum materials, we also tested reference samples
relevant for the field of energy materials. Figure 5d, e
shows the incident energy-dependent RIXS spectra col-
lected at the S K-edge from pure Sulfur powder sample.
Below the S K- absorption edge (~2472 eV), two Raman-
like features at ~4 eV and ~8 eV are possibly charge-
transfer excitations. Above the absorption edge, the two
excitations smoothly merge into the two fluorescence-like
excitations in the diagonal direction. Figure 5f, g displays
the incident energy-dependent RIXS spectra collected at
the P K-edge from H2KOP powder sample. Similarly,
below the absorption edge (~2154 eV), two Raman-like
excitations appear at ~15 eV and ~18 eV, much higher
than that of S K-RIXS, which may suggest a relatively
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further extended up to ~8 keV. Using W/B4C, they can
work towards the soft X-ray of 1 keV. The potential
extension of the MLGs towards both the low and high
X-ray energy range would significantly boost the science
applications in condensed matter physics and energy
materials covering the M- edges of rare-earths, all the
L-(M-) edges of 4d (5d) transition metals, and the
K- edges of some 3d transition metals elements. Note
that for the soft X-ray range, the photon flux enhance-
ment will be smaller compared to the tender and hard
X-ray counterparts.
TRIXS spectrometer features a moderate resolving

power of ~10,000. For the studies of low-energy exci-
tations in many quantum materials, a higher resolving
power would be desirable. There are two possible routes
to improve the resolving power, i.e., increasing the
grating line density or working at higher diffraction
orders38. For instance, by working at the 3rd diffraction
order, one could obtain an energy resolution of the
spectrometer ~82 meV at 2500 eV by a small loss of the
diffraction efficiency of 10%. The improvement of the
resolving power does not add extra requirement on the
X-ray beam parameters such as the beam divergence, the
source size, and the beam stability. Note that a similar
MLG is required for the beamline to achieve a higher
total energy resolving power. In the future, TRIXS can
have a similar or better energy resolving power com-
pared to IRIXS spectrometer using natural crystal ana-
lyzers. More importantly, TRIXS continuously covers a
very large incident energy range (>1 keV) without the
need to exchange dispersive optics. Also, RIXS spectra
up to tens of eV energy emission window can be
obtained in a single exposure without scanning the
spectrometer, which can boost significantly the experi-
mental efficiency. It is noteworthy that the MLG is not
only useful for RIXS technique but also widely applicable
to many other X-ray spectroscopic techniques, such as
tender X-ray photoemission spectroscopy or X-ray
scattering techniques.

Methods
Design and fabrication of the SVLS-ML
The diffraction efficiency of SVLSG-ML was calculated

using the RETICOLO42 software package, which is based
on the rigorous coupled-wave analysis (RCWA) method.
The laterally graded MLs were deposited using a linear
magnetron sputtering system. The grating was moving
linearly across the sputtering area with a designed speed
profile so as to control the deposited thickness gradient.
After deposition, the reference ML samples were char-
acterized using grazing incidence X-ray reflectometry
(GIXRR) measurement with a Bruker D8 DISCOVER
instrument. The surface roughness and groove profile of
the grating before and after coating were characterized

using AFM on a Bruker Dimension Icon system with a
scan area of 5 µm × 5 µm.

X-ray measurement
X-ray measurements were performed at I21 beamline at

Diamond Light Source18. The carbon sample was glued
onto a copper sample holder and fixed at an incident
angle of 80°. The spectrometer scattering angle was fixed
to 154°. The beamline exit slit was fixed to 20 μm
throughout the measurement, for which the analytical
calculations suggest that incident X-rays have comparable
energy resolution as that of the spectrometer. The
incoming photon flux using the dedicated tender X-ray
beamline grating VPG4 is about 2 × 1011 phs s−1 covering
most of the energy range (2200–3000 eV). The total
energy resolution and the photon efficiency were mea-
sured based on the non-resonant elastic scattering from
the carbon sample.
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larger charge-transfer energy. The excitations merge into
fluorescence-like excitations above the absorption edge.
Again, it is promising to obtain high statistical data within
a short acquisition time (six minutes) owing to the
enhanced efficiency of the SVLSG-ML. Future experi-
ments on energy materials under various conditions are
possible, making the RIXS technique not only relevant for
the complex quantum materials but also useful for the
study of energy materials.

Discussion
In our work, a highly efficient tender X-ray dispersive

optics is designed and fabricated using a SVLS blazed
grating combined with laterally graded multilayers. The
optics has been successfully used in the I21-RIXS spec-
trometer at Diamond Light Source. Compared to the
conventional single-layer Pt coated grating, the multi-
layers boost the diffraction efficiency by 12–25 folds

across the tender X-ray range (2000–3000 eV). The
significant improvement in photon throughput is at zero
cost of the total energy resolution. Test RIXS measure-
ments on quantum materials and energy materials show
rich profiles of various excitations within several min-
utes’ acquisition time. The implementation makes the
I21 across both soft and tender X-ray regions the very
first RIXS facility using the grating optics. A comparison
of the performance of different RIXS instruments is
shown in Supplementary Table S1 in the supplementary
information.
Currently at the beamline monochromator only a

conventional SLG is used, which has an averaged dif-
fraction efficiency of ~5%. It is noticeable that a further
gain in photon flux can be made if a MLG can be
implemented. In terms of the working energy range, the
Cr/C MLG itself can work up to ~6 keV with efficiency
>50% 30. By changing the material to Ni/C, MLGs can be

Ru L-edge (LH)

a
low high

2836 2838 2840 2842 2844
Photon energy (eV)

0

2

4

6

8

10

12

En
er

gy
 lo

ss
 (e

V) 0 

5 

10

2834.45 eV

2843.95 eV
b

0 5 10 15
Energy loss (eV)

0

1

2

3

4

5

6

Sh
ift

ed
 R

IX
S 

in
te

ns
ity

 (a
.u

.)
0 5 10

Energy loss (eV)

0

0.5

1

1.5

2

R
IX

S 
in

te
ns

ity
 (a

.u
.)

c
Multilayer
Single-layer

S K-edge (LV)

low high

d

2470 2472 2474 2476
Photon energy (eV)

0

5

10

15

20

En
er

gy
 lo

ss
 (e

V) 0

2

4

2469.5 eV

2477.1 eV

e

0 5 10 15
Energy loss (eV)

0

1

2

3

4

5

6

Sh
ift

ed
 R

IX
S 

in
te

ns
ity

 (a
.u

.)

P K-edge (LV)

low high

f

2152 2154 2156
Photon energy (eV)

0

5

10

15

20
En

er
gy

 lo
ss

 (e
V)

0 

5 

10

2152 eV

2155.8 eV

g

0 5 10 15 20
Energy loss (eV)

0

1

2

3

4

5

6

Sh
ift

ed
 R

IX
S 

in
te

ns
ity

 (a
.u

.)
Fig. 5 Energy-dependent RIXS spectra measured by SVLSG-ML and SVLSG-SL. a, b The incident energy-dependent RIXS spectra collected from
Ca2RuO4 single crystal sample at Ru L3-edge using SVLSG-ML. c The RIXS spectra at the Ru L3-edge collected under SVLSG-ML and SVLSG-SL. The
incident angle is fixed at 20°. The total energy resolution (FWHM) was 334meV. The beamline exit slit opening is 20 μm corresponding to a photon
flux of about 2 × 1011 phs s−1 and an estimated beamline energy resolution of 220 meV. d, e The incident energy-dependent RIXS spectra collected
from Sulfur powder sample at S K-edge using SVLSG-ML. The incident angle is fixed at 20° with an exit slit opening at 20 μm. The total FWHM energy
resolution was 266 meV. f, g The incident energy-dependent RIXS spectra collected from H2KOP powder sample at P K-edge using SVLSG-ML. The
incident angle is fixed at 20° with an exit slit opening at 20 μm. The total FWHM energy resolution was 220meV
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further extended up to ~8 keV. Using W/B4C, they can
work towards the soft X-ray of 1 keV. The potential
extension of the MLGs towards both the low and high
X-ray energy range would significantly boost the science
applications in condensed matter physics and energy
materials covering the M- edges of rare-earths, all the
L-(M-) edges of 4d (5d) transition metals, and the
K- edges of some 3d transition metals elements. Note
that for the soft X-ray range, the photon flux enhance-
ment will be smaller compared to the tender and hard
X-ray counterparts.
TRIXS spectrometer features a moderate resolving

power of ~10,000. For the studies of low-energy exci-
tations in many quantum materials, a higher resolving
power would be desirable. There are two possible routes
to improve the resolving power, i.e., increasing the
grating line density or working at higher diffraction
orders38. For instance, by working at the 3rd diffraction
order, one could obtain an energy resolution of the
spectrometer ~82 meV at 2500 eV by a small loss of the
diffraction efficiency of 10%. The improvement of the
resolving power does not add extra requirement on the
X-ray beam parameters such as the beam divergence, the
source size, and the beam stability. Note that a similar
MLG is required for the beamline to achieve a higher
total energy resolving power. In the future, TRIXS can
have a similar or better energy resolving power com-
pared to IRIXS spectrometer using natural crystal ana-
lyzers. More importantly, TRIXS continuously covers a
very large incident energy range (>1 keV) without the
need to exchange dispersive optics. Also, RIXS spectra
up to tens of eV energy emission window can be
obtained in a single exposure without scanning the
spectrometer, which can boost significantly the experi-
mental efficiency. It is noteworthy that the MLG is not
only useful for RIXS technique but also widely applicable
to many other X-ray spectroscopic techniques, such as
tender X-ray photoemission spectroscopy or X-ray
scattering techniques.

Methods
Design and fabrication of the SVLS-ML
The diffraction efficiency of SVLSG-ML was calculated

using the RETICOLO42 software package, which is based
on the rigorous coupled-wave analysis (RCWA) method.
The laterally graded MLs were deposited using a linear
magnetron sputtering system. The grating was moving
linearly across the sputtering area with a designed speed
profile so as to control the deposited thickness gradient.
After deposition, the reference ML samples were char-
acterized using grazing incidence X-ray reflectometry
(GIXRR) measurement with a Bruker D8 DISCOVER
instrument. The surface roughness and groove profile of
the grating before and after coating were characterized

using AFM on a Bruker Dimension Icon system with a
scan area of 5 µm × 5 µm.

X-ray measurement
X-ray measurements were performed at I21 beamline at

Diamond Light Source18. The carbon sample was glued
onto a copper sample holder and fixed at an incident
angle of 80°. The spectrometer scattering angle was fixed
to 154°. The beamline exit slit was fixed to 20 μm
throughout the measurement, for which the analytical
calculations suggest that incident X-rays have comparable
energy resolution as that of the spectrometer. The
incoming photon flux using the dedicated tender X-ray
beamline grating VPG4 is about 2 × 1011 phs s−1 covering
most of the energy range (2200–3000 eV). The total
energy resolution and the photon efficiency were mea-
sured based on the non-resonant elastic scattering from
the carbon sample.
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larger charge-transfer energy. The excitations merge into
fluorescence-like excitations above the absorption edge.
Again, it is promising to obtain high statistical data within
a short acquisition time (six minutes) owing to the
enhanced efficiency of the SVLSG-ML. Future experi-
ments on energy materials under various conditions are
possible, making the RIXS technique not only relevant for
the complex quantum materials but also useful for the
study of energy materials.

Discussion
In our work, a highly efficient tender X-ray dispersive

optics is designed and fabricated using a SVLS blazed
grating combined with laterally graded multilayers. The
optics has been successfully used in the I21-RIXS spec-
trometer at Diamond Light Source. Compared to the
conventional single-layer Pt coated grating, the multi-
layers boost the diffraction efficiency by 12–25 folds

across the tender X-ray range (2000–3000 eV). The
significant improvement in photon throughput is at zero
cost of the total energy resolution. Test RIXS measure-
ments on quantum materials and energy materials show
rich profiles of various excitations within several min-
utes’ acquisition time. The implementation makes the
I21 across both soft and tender X-ray regions the very
first RIXS facility using the grating optics. A comparison
of the performance of different RIXS instruments is
shown in Supplementary Table S1 in the supplementary
information.
Currently at the beamline monochromator only a

conventional SLG is used, which has an averaged dif-
fraction efficiency of ~5%. It is noticeable that a further
gain in photon flux can be made if a MLG can be
implemented. In terms of the working energy range, the
Cr/C MLG itself can work up to ~6 keV with efficiency
>50% 30. By changing the material to Ni/C, MLGs can be
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Fig. 5 Energy-dependent RIXS spectra measured by SVLSG-ML and SVLSG-SL. a, b The incident energy-dependent RIXS spectra collected from
Ca2RuO4 single crystal sample at Ru L3-edge using SVLSG-ML. c The RIXS spectra at the Ru L3-edge collected under SVLSG-ML and SVLSG-SL. The
incident angle is fixed at 20°. The total energy resolution (FWHM) was 334meV. The beamline exit slit opening is 20 μm corresponding to a photon
flux of about 2 × 1011 phs s−1 and an estimated beamline energy resolution of 220 meV. d, e The incident energy-dependent RIXS spectra collected
from Sulfur powder sample at S K-edge using SVLSG-ML. The incident angle is fixed at 20° with an exit slit opening at 20 μm. The total FWHM energy
resolution was 266 meV. f, g The incident energy-dependent RIXS spectra collected from H2KOP powder sample at P K-edge using SVLSG-ML. The
incident angle is fixed at 20° with an exit slit opening at 20 μm. The total FWHM energy resolution was 220meV
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High-efficiency femtosecond laser fabrication of
graphene-hybrid planar micro-supercapacitors
with micro/nanostructured electrodes
Yuyuan Zhang1,2, Tingting Zou3, Haobo Jiang4, Xiuyan Fu4, Wei Xin 1✉, Yiyang Meng1, Xilin Li5, Jun-Ming Cao1,
Lin Yang1, Yuanzheng Li 1, Weizhen Liu1✉, Dongdong Han5, Xing-Long Wu 1, Jianjun Yang3, Haiyang Xu 1✉ and
Yichun Liu1

Abstract
The integration of surface-regular micro/nanostructured electrodes within a limited footprint area is promising to
enhance the electrochemical performance of planar micro-supercapacitors (P-MSCs), while developing simple yet
efficient manufacturing methods for such electrodes remains a challenge. Here, we propose a universal strategy
combining femtosecond laser plasma lithography with spatial light modulation (SLM-FPL), fabricating well-ordered
sub-wavelength micro/nanostructured electrodes of interdigital P-MSCs (SEP-MSCs) on graphene oxide (GO) films.
Achieving 500/50 µm finger widths/spacings and 680 nm internal grating periods, this method enables device
densities >25 units inch−2 with processing efficiency orders of magnitude higher than conventional laser direct
writing. Further performance optimizations via wettability modification, electric field engineering, and hybrid
composites (GO-MXene/COF) yield outstanding specific capacitance (~41.4 F cm−3) and cycling stability (93%
retention over 5000 cycles), supporting applications in flexible sensors and compact power supplies. This SLM-FPL
technology shows strong potential for high-performance, spatially efficient SEP-MSCs in next-generation integrated
systems.

Introduction
The relentless drive toward characteristic scale

miniaturization and heterogeneous integration in micro/
nano-optoelectronic devices has necessitated break-
throughs in energy storage technology1–4. Developing
next-generation portable storage systems, combining high
power density and energy density, is critical to over-
coming the technology bottleneck5. Recently, planar
micro-supercapacitors (P-MSCs) stand out as promising
electrochemical components among emerging solutions,

which offer exceptional power performance, ultra-long
cycle life, and rapid charge/discharge capabilities6,7. These
attributes render them ideal for micro-energy storage,
smart electronics, flexible wearable applications, and so
on. The electrochemical performance of P-MSCs hinges
on both the intrinsic properties of electrode materials and
the interfacial structural design8. Strategic surface micro/
nanostructuring not only amplifies electrode-specific
surface areas to expose abundant active sites, but also
simultaneously refines charge/ion transport pathways at
electrode interfaces9,10. Structural optimization enhances
the transport efficiency of charges and ions, reduces the
internal resistance and diffusion impedance of the elec-
trode, thereby directly enhancing device performance.
Conventional surface micro/nanostructuring includes

photolithography, ion beam etching, nanoimprinting, and
self-assembly, etc.11. In contrast, laser processing has
emerged as an alternative, offering non-contact, adaptable
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