
MSAE E8235x - Selected Topics in Materials Science 
Columbia University, November 11, 2015 

Ignace Jarrige, Email: jarrige@bnl.gov, Phone: 631-344-8814 

RIXS 
beamline 

Resonant Inelastic X-ray Scattering (RIXS) 



2 

Ignace  
Jarrige 

 

Paris 6 University, France  SPring-8, Hyogo, Japan  BNL, Long Island, USA 

And here is my Life Timeline: 



3 

Because this could be you at 6:40 pm today: 

And because this is you right now: 

Let me already give you… 
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The take away message of this lecture: 

•  Why do we use RIXS? 
 

•  How does RIXS work? 
 

•  Why does RIXS need light sources? 

•  Who uses RIXS? 

RIXS measures energy change (spectroscopy) and momentum 
change (scattering) of photons scattered from the sample 

RIXS probes the behavior of the valence electrons (the most important 
electrons for physics and chemistry!), both local and collective 

Bulk of users are physicists, but interest from material scientists and 
chemists is rapidly growing 

RIXS is photon hungry, and needs tunability of photon energy 
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•  And also, RIXS instruments look C O O L: 

The take away message of this lecture: 

ID32 at the ESRF (Grenoble, France), 12 meters. A similar spectrometer, 
15 meters in length, is currently in construction at NSLS-II. 
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… And because every lecture needs an outline: 

•  Section 1: What’s the big deal with electron behavior? 

•  Section 2: From band structure to electron behavior 

•  Section 3: Probing the band structure 
 
•  Section 4: How does RIXS work? 

•  Section 5: Examples of RIXS studies 

•  Section 6: RIXS at NSLS-II 
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Section 1: 
 
 
 
 

What’s the big deal with 
electron behavior? 



Different Probes for Different Scales 

Atoms 

electrons 

nucleus 
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SAXS, O. Gang 

XRD 
E. Dooryhee 

X-ray Microscopy 
Q. Shen 

X-ray Imaging 
W.K. Lee 

XAS, B. Ravel; XPS, A. Boscoboinic 



RIXS Probes Local and Collective Electron Behavior 

Atoms 

electrons 

nucleus 
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RIXS 
Local Collective 



All the Electrons? No, the Valence Electrons.  
The color of the outer shell determines which candy I want to eat first:  

Electrical and Magnetic 
Properties of Matter 

µ

Charge 

Spin 

Chemical Reactivity and Bonding 
Between Atoms 

Bond 

Valence 
electrons 

Electrons also have an ‘Attitude’, a Behavior 

The Valence Electrons Determine: 
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The Social Behavior of the Valence Electrons in Materials 

Mobile 

Bound 

Heavy 

Collective 

YBa2Cu3

O7 Superconductor 

Cu 

Copper Wire 

SiO2 
+ 

Al2O3 Ceramic Insulator 

CeRu2Si2 

Metamagnet 
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Valence Electron Behavior Making Our Life Easy 

‘Sea’ of mobile electrons 

Power Lines 

Bound electrons 

Hybrid Car Capacitors Computer Processors 

Mobile and Bound Electrons 
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$20 billion / year savings 
in the US 

Chip 500 x faster than Iphone 6’s 

NYC a 10 min ride from BNL 

Valence Electron Behavior Making Our Life Easier 

SUPERCONDUCTIVITY 

Collective 
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Section 2: 
 
 
 
 

 From band structure to 
electron behavior 



The Valence Electrons on the Element Map 
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2p 
3p 3d  4d  5d 

4f 

Are these valence “states”, or valence “bands”…? 



16 

How Do Valence Bands Form? 

Energy 

Forming a chemical 
bond between two 

atoms: 

Antibonding 

Bonding 

Energy 

Forming a chemical 
bond between four 

atoms: 

Antibonding 

Bonding 

Energy 

Forming an energy 
band with many 
atoms in a solid:  

Continuum 
of states 

Molecular Orbitals Valence Band 
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Energy 

Metal     Semimetal      Semi -        Insulator 

Overlap 

Band 
gap 

EF 
Fermi 
level 

Filling of the valence band, red=occupied, blue=unoccupied 

From Band Structure to Electron Behavior 

conductor 
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Energy k-integrated bands 

EF 

Each band has a dispersion relation, which is the energy of the band as a 
function of the electron’s wavevector k (k = q/ħ where q is the momentum) 

Semi-conductor 

High-symmetry points in the 
Brillouin zone 

From Band Structure to Electron Behavior 

Dispersion relation of the bands 

k 

EF 
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Why Use the Reciprocal Space? 

•  Crystals in real space are big! 
 

•  Periodicity is key 
 

•  Mathematical description of crystal structure 

 

•  Infinity contained in one cell 

Observable functions related to a crystal lattice (charge and spin densities, 
electric potential, …) are all periodic because of the lattice vectors 

Crystal lattices of macroscopic dimension have about 107 unit cells in each 
dimension. Rather than exploring each of them, exploit their periodicity  

The first unit cell in the reciprocal space (the first Brillouin zone), contains all 
the information we need about an infinitely periodic crystal   

Reciprocal lattice is a Fourier transform of the lattice in the real space: 
 
   

Structure and Properties of Functional Materials
(index.html)

All notes (index.html)

Main site (http://ph.qmul.ac.uk/intranet/undergraduates/module?id=73)

Lecture 3: Diffraction

9 January 2012, 11 a.m.

Reciprocal lattices in 3D

Just as before, we can write any lattice vector in terms of three basis vectors:

where , , and  are integers, and the new lattice as a whole can be written

In three dimensions, the reciprocal lattice vectors are described by

Although these expressions look a little daunting at first sight, they simply mean that

and so on for the other reciprocal lattice vectors. The first relationship is just the three-

dimensional analogue of our one-dimensional equation above. The second and third mean that

any reciprocal lattice vector is perpendicular to the other two real lattice vectors.

Putting it all together

Recall that in real space, not every atom has to sit on a lattice point — indeed, there might be no

atoms on lattice points. In reciprocal space, however, the situation is different. The reciprocal

lattice, considered as a function, is zero except at reciprocal lattice points. So when we multiply it
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The Link between Electron Behavior and Band Structure 
Copper  versus  Silicon: 

 

Same single crystal structure (face-cubic centered) 

Yet very different properties (and appearances): 

The origin of these differences is in the band structure! 
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The Link between Electron Behavior and Band Structure 

Different valence orbitals, forming different bands: 

Band crossing EF  
= no gap 

Band gap 
(indirect) 

The band structure contains precious 
information about the electron behavior, 
which governs the material properties 

So, now… how do I probe the band structure?? 

Band Diagram of Copper (metal) Band Diagram of Silicon (semi-cond.) 
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Section 3: 
 
 
 
 
 

Probing the band structure 



How does spectroscopy probe valence bands? 

23 

k-integrated bands 

EF 

Semi-conductor 

Empty 
states 

Occupied 
states 

Let’s make an analogy between valence bands and bowling ball racks:  

Energy 



How does spectroscopy probe valence bands? 
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EF 

Semi-conductor 

Let’s make an analogy between valence bands and bowling ball racks:  

k-integrated bands Energy 

If I know the 
energy it takes to 
bring the ball up,   
I know the energy 

difference 
between the two 

levels  



How does spectroscopy probe valence bands? 
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EF 

Semi-conductor 

Let’s make an analogy between valence bands and bowling ball racks:  

k-integrated bands Energy 

If I know the 
number of balls 
that are able to 

go up, I know the 
density of states 

(DOS) 



Great, we’ve rediscovered optical spectroscopy! 
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The Early Days of Optical Spectroscopy:  
First attribution of spectra to chemical elements by Kirchhoff and 

Bunsen in 1860 with their spectroscope 
  

(to continue with the analogy, and because history is fun:  
The first indoor bowling alley worldwide opened in New-York in 1840!)  
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State-of-the art Optical Spectroscopy: 
Magneto-optical Spectrometer 

Can detect transitions between near IR (0.8 eV) to UV (6 eV) 

S
andor B

ordacs, U
niversity of B

udapest 

Great, we’ve rediscovered optical spectroscopy! 



What about x-ray spectroscopy? 
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k-integrated bands 

EF 

Another way to do it: use x-rays to excite core-level electrons 

Energy 

Core level 

XPS 

Probes the 
occupied 

DOS 

XAS 

Probes the 
unoccupied 

DOS 
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Use of monochromatic x-rays to probe valence bands offers (1/2): 

Element Selectivity:  

A
LS

H
ub Tutorial 

Orbital Selectivity:  

users.aber.ac.uk/
 

What about x-ray spectroscopy? 

Charge Selectivity:  

X. Liu et al., Nature Comm., 2013 

Li-ion battery 
cathode material 

Li(Co1/3Ni1/3Mn1/3)O2 
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Use of monochromatic x-rays to probe valence bands offers (2/2): 

q=E/c 
Momentum 

Increases with 
Energy! 

Q position denoted with the same symbol as used to plot the
respective RIXS spectra. All data were obtained with ! !c
and "1=8991 eV. In each case, the spectra have been nor-
malized to have the same high-energy intensity, at 10 eV
energy loss. This intensity is dominated by the tails of the
K#5 emission line and thus provides a rough measure of the
illuminated sample volume. Normalizing the spectra in this
way therefore provides an approximate correction for varia-
tions in the beam footprint as Q is varied.

It is clear from these data that the RIXS spectra are a
function of reduced wave vector q, not the total Q. Specifi-
cally, while the energy-loss spectra exhibit strong differences
between the different q points, data taken at the same re-
duced q but different total Q reproduce almost exactly, both
in line shape and intensity. Thus, the momentum dependence
observed in a RIXS experiment arises from the crystal
lattice—from electronic states obeying Bloch’s theorem—
and not from experimental artifacts associated with the
changing scattering geometry, or due to momentum depen-
dence of the matrix elements, or indeed any other extrinsic
reason. Similar conclusion was reached in Ref. 12.

It is worthwhile at this point to consider what was ex-
pected for the momentum dependence. Platzman and Isaacs23

argued that while the matrix elements involved in the reso-
nant scattering process are all highly local, the coherent sum
of such transitions on different sites would lead to overall
crystal momentum conservation, and further, that
momentum-breaking processes—such as the creation of

phonons—would be small "by a factor "D /$, where "D is
the Debye frequency and $ the core-hole lifetime23#. How-
ever, they also point out that the inclusion of higher-order
terms "in the Coulomb interaction#, i.e., just the terms that
give rise to the shake-up scattering discussed here, will give
rise to a 1/Q2 dependence to the relevant matrix elements.
One might naively expect this to be manifest as a strong Q
dependence to the scattering intensity. Figure 2 shows no
evidence of such dependence. Apparently, Q dependence of
the matrix element and the overall intensity seems to require
more sophisticated treatment of the screening behavior.

Finally, we note that this result also has important practi-
cal consequences, in that it allows one to choose to study the
excitation in the most favorable Brillouin zone for a given
experiment. The reasons for such preference may be due to
the background, specific shape, or surface cut of the sample,
for example.

B. Polarization

The incident polarization dependence of the hard x-ray
RIXS spectra was first studied by Hämäläinen et al.4 These
authors studied the local charge-transfer excitation in
Nd2CuO4 at $6 eV "that is the intraplaquette bonding-
antibonding transition10#. They found that the incident polar-
ization selects the intermediate states participating in the
resonant process, and that the same final state is observed
regardless of the incident polarization. Specifically, when the
polarization of the incident photon is perpendicular to the
copper oxygen plane "! !c#, the intermediate state of the
resonance is associated with the 1s→4p% transition, while
for the !!c polarization, the 1s→4p& transition is selected,
where & and % denote 4p orbitals parallel and perpendicular
to the copper oxygen plane, respectively. In both cases, the
intensity of the local CT excitation at $6 eV was resonantly
enhanced.

We have carried out a similar incident polarization depen-
dence study of the highly dispersive low-energy CT excita-
tion in La2CuO4 with a goal of also investigating the polar-
ization dependence of these features and, in particular, of
their momentum dependence. In Fig. 3, we study the polar-
ization dependence of the dispersion in momentum for the
2–4 eV features. Here, we plot the excitation spectra ob-
tained at the same three high-symmetry q positions, with the
two incident polarizations ! !c "open symbols# and !!c
"closed symbols#. The incident energy for each polarization
was chosen to be the maximum of the respective x-ray ab-
sorption spectrum, for which maximal resonance enhance-
ment is observed. Detailed incident energy dependence was
reported in earlier publications.6,18

It is clear that the spectra look very similar, regardless of
the incident polarization; that is, the observed dispersion
does not depend on the polarization of the incident photon.
Note that the slight variations in the relative intensity of the
features in the 2–4 eV range could be due to the particular
choice of incident energy in our measurements. As discussed
in earlier studies,6,18 the spectral weight of each feature de-
pends crucially on the incident energy. Likewise, the inten-
sity observed around 7–8 eV for the !!c case is presum-
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FIG. 2. Comparison of RIXS spectra taken at different total Q
positions but with an equivalent reduced wave vector q for three
different q’s corresponding to q= "0,0# , "% ,0#, and "% ,%#, from top
to bottom. The two-dimensional reciprocal space net is shown in the
top panel. The same symbols are used both to denote the Q position
in reciprocal space and to show the spectra. All data were obtained
with ! !c and "1=8991 eV.
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We probe the collective magnetic modes of La2CuO4 and underdoped La2!xSrxCuO4 (LSCO) by

momentum resolved resonant inelastic x-ray scattering (RIXS) at the Cu L3 edge. For the undoped

antiferromagnetic sample, we show that the single magnon dispersion measured with RIXS coincides with

the one determined by inelastic neutron scattering, thus demonstrating that x rays are an alternative to

neutrons in this field. In the spin dynamics of LSCO, we find a branch dispersing up to "400 meV
coexisting with one at lower energy. The high-energy branch has never been seen before. It indicates that

underdoped LSCO is in a dynamic inhomogeneous spin state.

DOI: 10.1103/PhysRevLett.104.077002 PACS numbers: 74.25.Ha, 74.72.!h, 75.50.Ee, 78.70.Ck

Introduction.—Since the early days of high Tc super-
conductivity, it has been surmised from a theoretical view-
point that electronic inhomogeneity plays an essential role
in the cuprates, possibly in the form of stripes of holes and
spin [1]. Later, phase separation was observed experimen-
tally [1,2], revealing the coexistence of patches of distinct
electronic phases not only in the form of stripes, but also as
charge segregated islands. The central question is whether
such spatial inhomogeneity is merely a consequence of
static disorder induced by, for instance, the dopants, or if
these materials are intrinsically and dynamically phase
separated, and extrinsic static potentials just act as pinning
centers for the fluctuating charge segregated islands or
stripes. We address this question using momentum re-
solved resonant inelastic x-ray scattering (RIXS) to probe
the collective modes of underdoped La2!xSrxCuO4

(LSCO). Given its complete novelty, we first tested our
method on La2CuO4 (LCO), to demonstrate that single
magnon dispersion in cuprates can be determined by
RIXS, as theoretically proposed by some of us in Ref. [3].

RIXS is a unique spectroscopic technique that provides
both momentum and energy resolved information on spin
and charge dynamics and is, at the same time, element
specific [4]. We use RIXS at the copper L3 edge, where
monochromatic incident radiation (k, h!in) excites a 2p
core electron resonantly into a Cu 3d empty state. This
intermediate state quickly decays again, typically within
1–2 femtoseconds [5]. We measure the energy h!out and
the momentum k0 of the photons that are emitted. Thus, we
determine both the energy E ¼ h!in ! h!out and the mo-
mentum q ¼ k! k0 of the excitation left behind in the

sample. The schematics of the experiment is shown in
Fig. 1(a); we control the transferred momentum qk in the
ab basal plane by rotating the sample (angle "). In the
RIXS process, a 3d valence electron can, in principle, flip
its spin, using the angular momentum carried by the scat-

FIG. 1 (color online). Panel (a) layout of the experimental
setup and indication of the reciprocal space region [red thick
line] spanned inside the first Brillouin zone. Panel
(b) decomposition of the LCO spectrum at qk ¼ 1:85: elastic
(A) and single magnon peaks (B); multiple magnon (C) and
optical phonons (D) spectral features. In the inset the L3 ab-
sorption spectrum, the red arrow indicates excitation energy.
Panel (c) single magnon dispersion determined by RIXS (this
work, blue dots) and by inelastic neutron scattering (Ref. [12],
dashed purple line).
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tered photon. Whether this process is allowed depends on
the symmetry of the material under consideration and on
the absorption edge. For K edge RIXS, only double-spin-
flip scattering is allowed, and on cuprates such as LCO and
Nd2CuO4, it was indeed observed by Hill and co-workers
[6]. In L3 edge, RIXS on NiO direct spin-flip scattering is
allowed and was recently observed [7], whereas for cup-
rates, the situation is very peculiar: direct spin-flip transi-
tions are possible only if the copper spin has a nonzero
projection in the xy plane [3]. This corresponds to the
actual spin structure of layered cuprates, for which Cu L3

RIXS thus gives access to the fundamental spin excitations.
In undoped antiferromagnetic LCO, we use Cu L3 RIXS

to measure the magnon dispersion, which we find to
coincide with the one obtained with inelastic neutron scat-
tering. Subsequently, we investigate underdoped supercon-
ducting LSCO and discover a high-energy branch in the
excitation spectrum that coexists with a less-dispersive
branch at lower energy. This signals that LSCO is in a
dynamically inhomogeneous state, possibly a stripe liquid
with coherent spin dynamics up to 400 meV.

Experimental method.—The LCO and the LSCO
samples were 100 nm thick films grown by pulsed laser
deposition on the (001) surface of SrTiO3. For LSCO, the
effective hole density was obtained from the transport
measurements that indicated Tc ¼ 21:5 K. The RIXS ex-
periment was performed at the ADRESS beam line of the
Swiss Light Source [8] (Paul Scherrer Institute,
Switzerland) using the high-resolution SAXES spectrome-
ter [9]. The incident x rays were tuned at "931 eV corre-
sponding to the maximum of the Cu L3 absorption peak.
The beam line monochromator and the spectrometer con-
tributed almost equally to the combined energy resolution
!E # 140 meV. In Fig. 1(a), the experimental layout is
shown. The crystallographic axes of the sample are (a, b,
c), and ! indicates that the incident x rays are linearly
polarized parallel to the scattering plane. qk is the compo-
nent parallel to the ab plane of the transferred momentum
q. As the photon momentum k is dictated by the energy of
the Cu 2p ! 3d resonant transition, the scattering angle "
determines the maximum reachable qk. The inset shows
the 2D Brillouin zone with the red thick line indicating the
region explored in the experiment. Negative transferred
momentum qk corresponds by convention to small values
of #, i.e., incidence near grazing. Each spectrum is the
result of 30 minutes total accumulation (6 spectra of
5 min). The exact position of the zero on the energy loss
scale was determined by measuring for each qk a non-
resonant spectrum from polycrystalline graphite. The spec-
tra were measured with " ¼ 90$ (130$) for the smaller
(larger) jqkj.

A typical RIXS spectrum of LCO is presented in
Fig. 1(b): the raw spectrum is decomposed into an elastic
peak A, a single magnon peak B, a high-energy feature C,
and a low-energy ("90 meV) peak D. The latter is as-
signed to a well-known optical phonon [10], and feature C

is due to higher-order magnetic excitations, namely, bi-
magnons. We took advantage here of the improvement by a
factor of 3 in energy resolution with respect to our previous
work [11] that gave the first evidence of dispersing mag-
netic features in RIXS spectra of LCO. In Ref. [11], the
experimental resolution was insufficient to resolve B and
C, and the dispersing features had been assigned mainly to
bimagnons. The assignment of the dominant peak B to a
single magnon excitation is bolstered here by the empirical
fact that its dispersion from (0, 0) to (!, 0) is in perfect
agreement with neutron scattering data [12], as is shown in
Fig. 1(c). These results on the antiferromagnetic system
thus validate our experimental method: RIXS has become a
true alternative to inelastic neutron scattering (see also
Ref. [13]). More details on the LCO results will be pub-
lished elsewhere later [14].
RIXS response of LSCO.—Having demonstrated the

power of RIXS, we now apply it to the underdoped high
Tc superconductor LSCO with a hole concentration p ¼
0:08. The momentum resolved spectra in Fig. 2 cover a
large part of the Brillouin zone along the ð&!; 0Þ ! ð!; 0Þ
direction, namely, the qk ¼ ½&2:29; 2:29) range. The peaks
at high-energy loss are dd excitations, which are very
similar to those of LCO. At lower energy, on the contrary,
the magnon region of the spectrum is markedly changed by
doping.
Already, the three-dimensional intensity plot of Fig. 2(a)

clearly shows that, when approaching the Brillouin zone
boundary, the magnetic excitation spectrum contains mul-
tiple dispersing peaks. One should note that, after normal-
ization to the dd peak, the spectra are less intense for
qk > 0 than for qk < 0. This asymmetry is also present in
LCO and fully agrees with the theoretical cross section of
Ref. [3] for pure spin excitations. It is thus an additional
and independent indication for the magnetic character of

FIG. 2 (color online). Overview of the RIXS results for LSCO
at T ¼ 15 K. Panel (a) 3D representation of the whole dataset,
where the intensity (normalized to the integral of the dd ex-
citations) is plotted as function of the energy loss and of the
transferred momentum qk. Panel (b) example of one spectrum
including the dd excitations (qk ¼ &2:29), Panel (c) selected
spectra in the low energy spectral region.
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SOFT x-ray RIXS on La2CuO4 
Cu-L3 edge (~930 eV) 

HARD x-ray RIXS on La2CuO4 
Cu-K edge (~8990 eV) 
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Optical light momentum 
negligible in spectroscopy 

Soft x-rays RIXS gets 
close to BZ boundary 

Hard x-rays RIXS covers 
several BZ 

<1 BZ 

3 BZ 

What about x-ray spectroscopy? 
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Energy 

EF 

k 

X-ray spectroscopy can explore energy and momentum of the bands 

What about x-ray spectroscopy? 

Energy 

k 
One more ingredient for RIXS: the core-hole 



It’s about time to reveal RIXS!!! 
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Drum roll please…… 
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Section 4: 
 
 
 
 

How does RIXS work? 



The RIXS process revealed 
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Initial state 

2p2 

3d6 

EF 

Three steps involved via photon-in photon-out process:  

Energy 

k 

Fe2+, 3d6 



The RIXS process revealed 
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Initial state Intermediate state 

2p2 

3d6 3d7 

2p1 

EF 

Three steps involved via photon-in photon-out process:  

E1 

Energy 

k 
EF 

k 

Fe2+, 3d6 



The RIXS process revealed 
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Initial state Intermediate state Final state 

2p2 

3d6 3d7 

2p1 2p2 

3d6 

EF 

E2 

Three steps involved via photon-in photon-out process:  

E1 

Energy 

k 
EF 

k 
EF 

k 

Fe2+, 3d6 



The RIXS process revealed 
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Intermediate state 

3d7 

2p1 

Three steps involved via photon-in photon-out process:  

E1 

EF 
k 

Creation of the 
core-hole provides 
element, orbital 

and charge 
selectivity 

Sensitivity to 
unoccupied states 
through promotion 

of a core-level 
electron 



The RIXS process revealed 
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Final state 

2p2 

3d6 

E2 

Three steps involved via photon-in photon-out process:  

EF 
k 

Sensitivity to 
occupied states 

through 
recombination of 
core hole with a 

participator 
valence electron 

Non-dipole 
excitations, like 

here (d-d) 
allowed! 



The RIXS process revealed: Summary 

•  RIXS measures energy and momentum transfers            
(ΔE, Δq) from light to electrons 

•  It probes local and cooperative electronic effects between 
the excited and decayed valence electrons and also the 

neighboring electrons = RIXS probes electronic correlations 

E1 , k1 

E2 , k2 

ΔE=E1-E2 
Δq=k1-k2 
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NSLS-II makes the electrons glow! 

One Light Source…  
Many Beamlines: Lights of different color (energy), size, brightness 

e- 

Optics used to 
split the light into 

a rainbow of 
energies  

e- 
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Our big ‘light bulb’: NSLS-II 



RIXS is a low-yield 
technique, but the 
rich information it 
provides about the 
electronic structure 
makes it worth it! 

Measurement 

Increases 

Probability 
Decreases 

Difficulty 

Elastic X-ray 
Scattering 

Probability 0.01 

Fluorescence 
Probability 0.001 

Photoelectric effect 
Probability 1 

Resonant Inelastic  
X-ray Scattering 

Probability 0.00001 

1912 

1922 

1996 
(at NSLS!) 

1905 

My 
tool 
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Is RIXS a high-yield process?  Light meets 
with matter 
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•  Probes both Occupied and Unoccupied States ✔  

 
•  Element and Orbital Selective ✔ 

 
 

•  Applicable to All Sample Environments ✔ 
 

•  Bulk Sensitive ✔ 
 

•  Compatible with Microscopy ✔ 

 
•  Charge Neutral ✔ 

 
•  Dipole Selection Rules Non Essential ✔ 

RIXS 

XPS 

XAS 

RIXS vs XAS, XPS 



Energy Transfer 

~0.1 eV 

Scattered Light 
Intensity 

Momentum Transfer 

RIXS 
TOMORROW



SC Gap* 

Low-Energy 
Spin Excitations 

1. CHARGE 2. SPIN 

3. STRUCTURE 

RIXS TODAY



High-Energy 
Spin 

Excitations 

Charge Excitations 

Phonons 
*SC=SuperConducting 
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RIXS Data: How Do they Look? 

Enerygy 
resolution 
critical for  
low-energy 
excitations! 
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Section 5: 
 
 
 
 

Examples of RIXS Studies 



RIXS STUDY 1/2 
 CATALYTIC CONVERTERS 

 

A RIXS study about chemistry 
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Operation Temperature 
≈ 350~900 °C 

Al2O3 Pt 

CO CO2 

Pt 
CO,HC,Nox  

Fuel: HC 
Air: N2,O2 CO2,H20,

N2  

Catalyst 
Pt/Al2O3 
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What is a catalytic converter? 

Today let’s focus on the reference samples: Pt, PtO2 
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Experimental Setup: Hard X-ray RIXS 

Beamline : BL11XU @ SPring-8 
Sample Cell 

High-resolution 
monochromator 

Focusing optics Spectrometer + 
Detector 

Photon in 

Photon out 

Fully compatible with  
in-situ and operando 

environments! 

Pt-L3 :  E1=11564 eV  

Energy resolution = 700 meV 

Samples: Polycrystalline Pt, PtO2 

RIXS exp. conditions 



Pt	
 O	
 Pt	


E2, q2	


Pt	
 O	
 Pt	


E1, q1	


Pt	
 O	


2p	


Pt	


EF	


5d	


5d	


6p	


2p	


Unoccupied VB 
(XAS) 

598 J.N. Miller et al. / Photoemission of adsorbed CO and Hz0 on Pt 

its intensity tracks in photon energy with the magnitude of the Pt d bands, not the 
CO orbitals. The d-like intensity of peak pz has been previously demonstrated and 
is particularly evident as it passes through the energy of the Cooper minimum for 
the Pt 5d valence electrons [l]. The pz peak also shows similar changes in energy 
position with changing photon energy as some of the structures in the Pt valence 
band. 

So, there are four basic changes in the energy distribution curves (EDCs) which 
occur upon CO chemisorption: The peak at the Fermi level is strongly attenuated, 
some extra d-like emission increases 4 to 5 eV from Ef, the nonbinding molecular 
orbitals (4~ and lrr) move up in energy due to extramolecular relaxation, and the 
5a shifts to lower energy due to the bonding and merges with the In. 

3.2. Cross section 

In this section, we wish to discuss the gas phase photoionization cross section of 
the CO molecular orbitals. Several authors have published the gas phase cross sec- 

Pt + 5LCO 

T= 120K 

hv = 34eV 

.L 
-15 -10 -5 Ef 

INITIAL STATE ENERGY (eV) 

Fig. 4. Energy distribution curve of CO on Pt at hv = 34 eV. This plot of intensity versus initial 
state energy shows the lack of an enhancement in the 471 orbital for CO for this experimental 
geometry (compare to fig. 1 and ref. [5]). 

Occupied VB 
(XES) 

* 

RIXS 

= 

The RIXS Process on Pt Catalysts 

Initial state Intermediate state Final state 
electron	

hole	




The RIXS Process on Pt Catalysts 

fl 

dd 

Pt (metal) PtO2 (insulator) 

dp1 

fl 

dp2 

XAS RIXS RIXS map XAS RIXS RIXS map 

L3 L3 

Feature Assignments: 
dd è ???? 
dp è ???? 
fl è ???? 

No gap Gap 

If you don’t know, 
look at the DOS! 



Pt 5d	


The RIXS Process on Pt Catalysts 

Pt (metal) PtO2 (insulator) 

022172-3 Yang, Sugino, and Ohno AIP Advances 2, 022172 (2012)

FIG. 1. (a) Calculated band gap of β-PtO2 as a function of effective on-site Coulomb repulsion (Ueff) in the GGA+U
method. (b) Optimized lengths of cell edges a, b, and c as a function of Ueff. The experimental values of a, b, and c (from
Ref. 13) are indicated by dashed lines.

FIG. 2. (a) Calculated electronic density-of-states (DOS) of β-PtO2 using the one-shot G0W0, partially self-consistent GW0,
and self-consistent GW methods. (b) Energy bands of β-PtO2, calculated using the GGA (solid lines) and G0W0 methods
(scattered squares and triangles) along some lines joining high-symmetry points in the k-space. The direct coordinates of the
k-points in the Brillouin zone (BZ): " = (0, 0, 0), X = (0.5, 0, 0), M = (0.5, 0.5, 0), Y = (0, 0.5, 0), Z = (0, 0, 0.5), A = (0.5,
0.5, 0.5). (c) Partial DOS (PDOS) of Pt 5d and O 2p orbitals from GGA calculations. (d) PDOS of Pt 5d and O 2p orbitals
from the GGA+U calculations. For all the figures here and below, the highest occupied energy level is set to zero and the
unit of DOS and PDOS is state/eV/cell.

and GW is 1.31 eV, 1.45 eV, and 1.50 eV, respectively. A 4×4×4 k-mesh, an energy cut-off of
600 eV for plane waves, and a total of 400 energy bands were used for the G0W0, GW0, and GW
calculations to obtain the data shown in Fig. 2(a). The calculated GGA energy bands along some of
the symmetry lines in the BZ are shown in Fig. 2(b), together with some G0W0 quasiparticle energy
points. It is found that the energy dispersion of GGA and the G0W0 energy points is similar. Due to

Downloaded 24 Jun 2013 to 130.199.3.165. All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported license.
See: http://creativecommons.org/licenses/by/3.0/

RIXS 
(exp.) 

DOS 
(calc.) 

Resolution=1.6 
eV (solid line) 

and 0.7 eV 
(dotted line) 

The RIXS spectra really reflect the k-integrated convoluted occupied and 
unoccupied DOS! Pure 5d for Pt metal, and mixed Pt5d-O2p for PtO2 
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The RIXS Process on Pt Catalysts 

fl 

Pt (metal) PtO2 (insulator) 

dp1 

fl 

dp2 

XAS RIXS RIXS map XAS RIXS RIXS map 

L3 L3 

Feature Assignments: 
dd è Pt5d - Pt5d transitions (RIXS) 
dp è Pt5d/O2p - Pt5d/O2p transitions (RIXS) 
fl è Fluorescence (XES) 

NEXT SLIDE: 
Take a slice here  

dd 



Pt	
 O	
 Pt	


el* dp1 dp2 

Edp1=E5d occ-E5d unocc 

Edp2=E2p occ-E5d unocc 

The RIXS Process on Pt Catalysts 

Final state 

2p	


5d	
 5d	


2p	
 2p	


el* = elastic peak 

electron	

hole	


Unoccupied VB * Occupied VB = RIXS, E loss constant 



The RIXS Process on Pt Catalysts 

fl 

dd 

Pt (metal) PtO2 (insulator) 
XAS RIXS RIXS map XAS RIXS RIXS map 

L3 L3 

NEXT SLIDE: 
Take a slice here  

Feature Assignments: 
dd è Pt5d - Pt5d transitions (RIXS) 
dp è Pt5d/O2p - Pt5d/O2p transitions (RIXS) 
fl è Fluorescence (XES) 

dp1 

fl 

dp2 



Pt	
 O	
 Pt	


fl 

Efl=E5d occ-EPt 2p 

Ei ì

RIXS XES 

Occupied VB: XES, E photon constant (E loss drifts!) 

The RIXS Process on Pt Catalysts 

Final state 

2p	


5d	


2p	
 2p	


5d	


el* dp1 dp2 

electron	

hole	


Unoccupied VB * Occupied VB = RIXS, E loss constant 

Two spectroscopic processes  
intertwined: Raman, Fluorescence 



The RIXS Process on Pt Catalysts 

fl 

Pt (metal) PtO2 (insulator) 
XAS RIXS RIXS map XAS RIXS RIXS map 

L3 L3 

XES (fluores.) stronger than RIXS 
 

RIXS (Raman) stronger than XES 

Metallicity ì

RIXS is weaker in metals where conduction states are more delocalized, 
and lifetime of excited photoelectron in intermediate state is shorter 

dd dp1 

fl 

dp2 
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RIXS STUDY 2/2 
 High-TC SUPERCONDUCTIVITY 

 

A RIXS study about physics 
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the cryostat—just in case the helium transfer worked.
The mercury resistor was constructed by connecting

seven U-shaped glass capillaries in series, each containing a
small mercury reservoir to prevent the wire from breaking
during cooldown. The electrical connections were made by
four platinum feedthroughs with thin copper wires leading to
the measuring equipment outside the cryostat. Kamerlingh
Onnes followed young Holst’s suggestion to solidify the mer-
cury in the capillaries by cooling them with liquid nitrogen.

The first mercury experiment
To learn what happened on 8 April 1911, we just have to fol-
low the notes in notebook 56. The experiment was started at
7am, and Kamerlingh Onnes arrived when helium circula-
tion began at 11:20am. The resistance of the mercury fell with
the falling temperature. After a half hour, the gold resistor
was at 140 K, and soon after noon the gas thermometer de-
noted 5 K. The valve worked “very sensitively.” Half an hour
later, enough liquid helium had been transferred to test the
functioning of the stirrer and to measure the very small evap-
oration heat of helium.

The team established that the liquid helium did not con-
duct electricity, and they measured its dielectric constant.
Holst made precise measurements of the resistances of mer-
cury and gold at 4.3 K. Then the team started to reduce the
vapor pressure of the helium, and it began to evaporate rap-
idly. They measured its specific heat and stopped at a vapor
pressure of 197 mmHg (0.26 atmospheres), corresponding to
about 3 K.

Exactly at 4pm, says the notebook, the resistances of the
gold and mercury were determined again. The latter was, in

the historic entry, “practically zero.” The notebook further
records that the helium level stood quite still. 

The experiment continued into the late afternoon. At the
end of the day, Kamerlingh Onnes finished with an intriguing
notebook entry: “Dorsman [who had controlled and meas-
ured the temperatures] really had to hurry to make the ob-
servations.” The temperature had been surprisingly hard to
control. “Just before the lowest temperature [about 1.8 K] was
reached, the boiling suddenly stopped and was replaced by
evaporation in which the liquid visibly shrank. So, a remark-
ably strong evaporation at the surface.” Without realizing it,
the Leiden team had also observed the superfluid transition
of liquid helium at 2.2 K. Two different quantum transitions
had been seen for the first time, in one lab on one and the
same day!

Three weeks later, Kamerlingh Onnes reported his re-
sults at the April meeting of the KNAW.7 For the resistance
of ultrapure mercury, he told the audience, his model had
yielded three predictions: (1) at 4.3 K the resistance should
be much smaller than at 14 K, but still measurable with his
equipment; (2) it should not yet be independent of tempera-
ture; and (3) at very low temperatures it should become zero
within the limits of experimental accuracy. Those predictions,
Kamerlingh Onnes concluded, had been completely con-
firmed by the experiment.

For the next experiment, on 23 May, the voltage resolu-
tion of the measurement system had been improved to about
30 nV. The ratio R(T)/R0 at 3 K turned out to be less than 10−7.
(The normalizing parameter R0 was the calculated resistance
of crystalline mercury extrapolated to 0 °C.) And that aston-
ishingly small upper sensitivity limit held when T was low-
ered to 1.5 K. The team, having explored temperatures from
4.3 K down to 3.0 K, then went back up to higher tempera-
tures. The notebook entry in midafternoon reads: “At 4.00 [K]
not yet anything to notice of rising resistance. At 4.05 [K] not
yet either. At 4.12 [K] resistance begins to appear.”

That entry contradicts the oft-told anecdote about the key
role of a “blue boy”—an apprentice from the instrument-
maker’s school Kamerlingh Onnes had founded. (The appel-
lation refers to the blue uniforms the boys wore.) As the story
goes, the blue boy’s sleepy inattention that afternoon had 
let the helium boil, thus raising the mercury above its 4.2-K
transition temperature and signaling the new state—by its
 reversion to normal conductivity—with a dramatic swing of
the galvanometer.

The experiment was done with increasing rather than
decreasing temperatures because that way the temperature
changed slowly and the measurements could be done under
more controlled conditions. Kamerlingh Onnes reported to
the KNAW that slightly above 4.2 K the resistance was still
found to be only 10−5R0, but within the next 0.1 K it increased
by a factor of almost 400.

Something new, puzzling, and useful
So abrupt an increase was very much faster than Kamerlingh
Onnes’s model could account for.8 He used the remainder of
his report to explain how useful that abrupt vanishing of the
electrical resistance could be. It is interesting that the day be-
fore Kamerlingh Onnes submitted that report, he wrote in
his notebook that the team had checked whether “evacuat-
ing the apparatus influenced the connections of the wires by
deforming the top [of the cryostat]. It is not the case.” Thus
they ruled out inadvertent short circuits as the cause of the
vanishing resistance.

That entry reveals how puzzled he was with the experi-
mental results. Notebook 57 starts on 26 October 1911, “In

Figure 4. Historic plot of resistance (ohms) versus temper-
ature (kelvin) for mercury from the 26 October 1911 experi-
ment shows the superconducting transition at 4.20 K.
Within 0.01 K, the resistance jumps from unmeasurably
small (less than 10–6 Ω) to 0.1 Ω. (From ref. 9.) 
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1911: First Observation of Superconductivity, in Mercury 
(H.K. Onnes) 

Tc=4.2K 
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How It Took Off 

1911 - … : Conventional Superconductors 
 

1986 - … :  Cuprates Superconductors (High-TC) 
 

2008 - … : Iron-based Superconductors (High-TC) 
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Superconductivity Is About Cooper Pairs 

If these people were electrons, to superconduct they would need to form pairs like this 

Spin up 

Spin down 
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Paramagnetism 

How Do Cooper Pairs Form In Cuprates? 
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Cooper Pair 
AFM Coupling 

AFM=AntiFerroMagnetic 

Tî 

+ 
Electron 
doping 

Antiferromagnetic Interactions Likely At The Origin of 
Cooper Pair Formation In Cuprates: How do we Know? 

LETTERS

PUBLISHED ONLINE: 4 AUGUST 2013 | DOI: 10.1038/NMAT3723

Persistence of magnetic excitations in
La2�x

Sr
x

CuO4 from the undoped insulator to the
heavily overdoped non-superconducting metal
M. P. M. Dean1*, G. Dellea2, R. S. Springell3, F. Yakhou-Harris4, K. Kummer4, N. B. Brookes4, X. Liu1,5,
Y-J. Sun1,5, J. Strle1,6, T. Schmitt7, L. Braicovich2,8, G. Ghiringhelli2,8, I. Bo�ović1 and J. P. Hill1*

One of the most intensely studied scenarios of high-
temperature superconductivity (HTS) postulates pairing by
exchange of magnetic excitations1. Indeed, such excitations
have been observed up to optimal doping in the cuprates2–7.
In the heavily overdoped regime, neutron scattering mea-
surements indicate that magnetic excitations have effectively
disappeared8–10, and this has been argued to cause the
demise of HTS with overdoping1,8,10. Here we use resonant
inelastic X-ray scattering, which is sensitive to complementary
parts of reciprocal space, to measure the evolution of the
magnetic excitations in La2�x

Sr
x

CuO4 across the entire phase
diagram, from a strongly correlated insulator (x = 0) to a
non-superconducting metal (x=0.40). For x=0, well-defined
magnon excitations are observed11. These magnons broaden
with doping, but they persist with a similar dispersion and
comparable intensity all the way to the non-superconducting,
heavily overdoped metallic phase. The destruction of HTS
with overdoping is therefore caused neither by the general
disappearance nor by the overall softening of magnetic
excitations. Other factors, such as the redistribution of spectral
weight, must be considered.

The undoped high-Tc cuprates such as La2CuO4 are antiferro-
magnetic (Néel-ordered) insulators, withmagnetic Bragg peaks and
well-defined high-energy magnetic excitations termed magnons11.
As shown in Fig. 1a, doping rapidly destroys the Néel ordering,
leading to the emergence of the pseudogap state and superconduc-
tivity. In the underdoped and optimally doped cuprates, supercon-
ductivity is accompanied by an ‘hour-glass’-shaped dispersion of
magnetic excitations around the scattering vectorQAFM = (0.5,0.5)
in Fig. 1b (refs 2–6,12). In the lightly overdoped, but still super-
conducting regime, high-energy magnetic excitations have been
observed in La1.78Sr0.22CuO4 (ref. 13) and YBa2Cu3O7 (ref. 7). Far
less work has been done on the magnetic excitations in the heavily
overdoped region of the phase diagram. Neutron scattering studies
of La1.70Sr0.30CuO4 report that the Q-integrated magnetic dynamic
structure factor S(!) ismuch reduced by x=0.25 and thatmagnetic
excitations have effectively disappeared by x = 0.30 (ref. 9), where
x is the doping level. This observation has been used in support
of proposals that spin fluctuations mediate the electron pairing

1Department of Condensed Matter Physics and Materials Science, Brookhaven National Laboratory, Upton, New York 11973, USA, 2Dipartimento di Fisica,
Politecnico di Milano, Piazza Leonardo da Vinci 32, I-20133 Milano, Italy, 3Royal Commission for the Exhibition of 1851 Research Fellow, Interface Analysis
Centre, University of Bristol, Bristol BS2 8BS, UK, 4European Synchrotron Radiation Facility (ESRF), BP 220, F-38043 Grenoble Cedex, France, 5Beijing
National Laboratory for Condensed Matter Physics, and Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China, 6Department for
Complex Matter, Jo�ef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia, 7Swiss Light Source, Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland,
8CNR-SPIN, Consorzio Nazionale Interuniversitario per le Scienze Fisiche della Materia, Italy. *e-mail: mdean@bnl.gov; hill@bnl.gov

in high-Tc superconductors1. A necessary, although not sufficient,
condition for such scenarios is that spin fluctuations persist across
the superconducting portion of the phase diagram while retaining
appreciable spectral weight. For this reason it was suggested that
the destruction of HTS in the overdoped cuprates is due to the
disappearance of magnetic excitations8.

Resonant inelastic X-ray scattering (RIXS) at the Cu L3 edge
has recently emerged as a new experimental method for measuring
magnetic excitations in the cuprates7,14–19. RIXS is particularly well
suited to measuring high-energy magnetic excitations and requires
only very small sample volumes14,15. As explained in ref. 7, this
sets it apart from current neutron scattering experiments, which
require large single crystals of several cm3 in volume that are usually
very difficult to synthesize, especially in the heavily overdoped
region. We also note that Cu L3 edge RIXS experiments focus on a
complementary region of the Brillouin zone in Fig. 1b compared to
most Q-resolved neutron scattering experiments20. RIXS typically
measures from (0,0) towards (0.5,0); whereas neutron scattering
experiments focus around (0.5,0.5), where themagnetic excitations
are strongest. In the absence of a universally accepted, quantitative
theory of high-Tc superconductivity, it is essential to consider the
excitation spectrum over the whole Brillouin zone.

We synthesized La2�x

Sr
x

CuO4 films with x = 0, 0.11, 0.16,
0.26 and 0.40 using molecular beam epitaxy. These films, unlike
bulk samples, have atomically smooth surfaces (root mean square
roughness, as measured by atomic force microscopy, down to a few
Å), which reduce the diffuse elastic scattering contribution to the
spectra20. We chose the doping levels to span the La2�x

Sr
x

CuO4
phase diagram, as indicated by the solid black squares in Fig. 1a.

RIXS spectra for these samples are shown in Fig. 1c. The
most intense feature corresponds to optically forbidden dd orbital
excitations in which the valence band hole, primarily of Cu d

x

2�y

2

character, is promoted into higher energy orbitals21. The intensity of
these excitations can provide a reference to compare different RIXS
spectra22. In the mid-infrared energy scale (50–500meV) single
spin-flip excitations can be excited owing to the spin–orbit coupling
of the Cu 2p3/2 core hole23,24. A broad, flat background of intensity
arises from charge-transfer excitations of the Cu d

x

2�y

2 hole into the
O 2p states. As x increases the dd excitations are seen to broaden,

NATUREMATERIALS | VOL 12 | NOVEMBER 2013 | www.nature.com/naturematerials 1019
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Using RIXS To Detect Spin Excitations 

Phase diagram of La2-xSrxCuO4 

Underdoped Superconducting Overdoped 

CuO2 plaquette 

Cu 

O 

Momentum range 
of soft RIXS 
experiment 

RIXS Data 

Charge 
excitations 

(d-d) 

Elastic peak  
+  

spin excitation 

Exploring the phase diagram of a superconductor with RIXS: 
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Using RIXS To Detect Spin Excitations 

Doping 

M
om

entum
 

Elastic peak  Spin excitation 

Spin excitations found to persist in superconducting state! 



Using RIXS To Detect Spin Excitations 

Dispersion of the spin excitation measured by RIXS: 

Good agreement with Inelastic Neutron Scattering (INS). 
RIXS can be used on small crystals (beam size down to ~10 µm nowadays) 
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Neutrons need BIG crystals, 
or a LOT of small ones:  
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Section 6: 
 
 
 
 
 

RIXS at NSLS-II 



Imagery ©2015 DigitalGlobe, New York GIS, USDA Farm Service Agency, Map data ©2015 Google ­

To see all the details that are visible on the
screen, use the "Print" link next to the map.
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The SIX Beamline at NSLS-II, 
and the Neighborhood at BNL 
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SIX 

65 



SIX in Four Words 

SOFT 

INELASTIC 

X-RAY 
SCATTERING 
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SIX in One Number 

 
 

Ability to Distinguish Photons With a Difference in Energy of 0.001% 

100,000 
A Resolving Power Of 
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At XFEL: Get RIXS to the Heisenberg limit in time and energy
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World-Wide Resolution Race in RIXS 

RIXS Spectrum Shown for 
Different Energy Resolutions  

∞ Ideal (theory) 
SIX @ NSLS-II 100000 

ADRESS @ SLS 

eRIXS @ ESRF 
Veritas @ MaxLab4 
AGS-AGM @ TPS 
I21 @ Diamond 

ARHEA @ SOLEIL 
Hornet @ SPring-8 
qRIXS @ ALS 
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RIXS Instruments Around the World 



SIX Needs To Be Looooong (100000) 
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Spectrometer: How Long is Long? 
SOFT X-RAY EMISSION SPECTROMETER

SCIENTA XES 350

Scienta XES 350 is a state-of-the-art soft X-ray emission
spectrometer. It is a grazing incidence spectrometer cover-
ing a wide energy range, 50 -1000 eV, at high resolution and
sensitivity.* The Scienta XES 350 is easily adapted to diffe-
rent excitation sources, since the instrument is flange-
mounted and has an optical axis that is easily adjusted to
the excitation source.

The Scienta XES 350 optical arrangement consists of a
variable entrance slit, two moveable shutters for grating
selection, three spherical gratings, and a 2-D detector that
can be moved in a three-axis coordinate system. The Scienta
XES 350 can be described as three spectrometers merged
into one by having a common entrance slit and a detector
that can be aligned to the focal curve (Rowland circle) of
the selected grating.

X-ray emission spectroscopy, XES, measures the intensity
distribution of soft X-rays emitted due to radiative decay of
a core hole. With an attenuation length of photons in this
energy range of typically hundreds of nanometers, the
method is inherently bulk sensitive.

The Scienta XES 350 is ultrahigh vacuum compatible, but it
can also be used with relatively high pressure gas systems
such as vapor deposition equipment. Scienta XES 350 can
therefore be used for in-situ characterization in thin film
deposition. It also makes it possible to study liquids and
solid/liquid interfaces. Since the X-ray emission process
follows the dipole selection rule, XES offers detailed infor-
mation about the valence band electronic structure. For
solids, essentially a partial density-of-state (PDOS) mapping
is obtained.

In XES problems encountered with electron spectroscopy,
such as charging or disturbance from electromagnetic fields,
are not present. XES makes measurements of insulators,
large bandgap semiconductors and ferromagnets feasible.
The bulk sensitivity of XES makes it possible to study buried
layers such as corrosion-sensitive films covered by an inert
capping layer.

*) J. Nordgren et al., Rev. Sci. Instr. 60, 1690 (1989)
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Source 

Beamline: How Long is Long? 

Spectrometer 
rotates over 112° 
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Sample 

Detector 

Beamline 105 m 

Incoming beam 

Spectrometer 

15 m  

Outgoing 
beam 

SIX, NSLS-II 



To see all the details that are visible on the

screen, use the "Print" link next to the map.

Google Map 2014 
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Imagery ©2013 DigitalGlobe, New York GIS, USDA Farm Service Agency, Map data ©2013 Google ­

To see all the details that are visible on the
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SIX is Too Long for NSLS-II Experimental Hall 

Google Map 2012 
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The SIX Spectrometer Building 

May 2013  -  Start of contract 
August 2013  -  Footings 

September 2013  -  Floor slab 
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The SIX Spectrometer Building 

November 2013  -  Steel 
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The SIX Spectrometer Building 

February 2014  -  Weather Tight 
June 2014 - Complete 
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And nowadays?... 
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SIX 



1 nm 

10 nm 

1 µm 

Optics Polishing for SIX Down to Atoms 

200~400 mm 

Si atom 
220 ppm 
diameter 

x100 

x10 
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SIX Needs To Be Stable 

78 



SIX Needs To Be Stable 

Goal 
LIE (0.8 miles) Shore (8 miles) LIRR (1 mile) 

Environment 

Our design 

Concrete slab isolated from 
the ‘rest of the world’ 

Sample and optics on granite blocks, 
decoupled from chamber 
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Doing a RIXS experiment at SIX 
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Doing a RIXS experiment at SIX 
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You in a couple of years…? 
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First Light For SIX End of 2016 



83 

Questions? 


