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1. Abstract 
 The overall goal of the research was to improve the capabilities of x-ray synchrotron 
instrumentation to enable cutting-edge research in condensed matter physics. The main goal of the current 
grant cycle was to find a method to measure the polarization of the scattered x-ray in resonant inelastic x-
ray scattering. To do this, we developed a polarization analysis apparatus using a thin, toroidally bent single 
crystal, which could be set to reflect one or the other of the two polarization components in the scattered x-
ray beam. Resonant x-ray scattering measurements were also carried out on interfaces and the charge 
density wave in high temperature superconducting materials.  
 
2. Introduction 

X-ray synchrotron radiation from dedicated sources has provided a powerful research tool for 
condensed matter physics over many years. Over the past 18 years, we have been involved with DOE 
funded research to improve instrumentation for inelastic x-ray scattering, a technique which enables the 
study of excitations in materials with energies from 1 meV to several eV.  This energy resolution makes it 
possible to study vibrational and electronic excitations in a wide variety of materials while varying 
parameters such as temperature and pressure. One of the main goals of the final grant period described here 
was the development of polarization analysis for the scattered x-ray for resonant inelastic x-ray scattering 
(RIXS). RIXS involves tuning the incident x-ray beam to the x-ray absorption edge of one of the atoms in 
a material, and often provides a strongly enhanced signal as compared to non-resonant scattering; the 
enhancement can be by factor of 100 or even more. Since inelastic scattering is very weak, it is often 
necessary to count for hours or days in order to get a good spectrum, so the signal enhancement from RIXS 
is critical.  However, the theory of the RIXS process is much more complicated than for non-resonant 
inelastic scattering, which makes its interpretation more difficult. Polarization of the scattered x-rays 
provides a valuable piece of information to help with the interpretation of RIXS scattering. However, due 
to technical difficulties, the polarization is not easy to measure. 
 
3.1 Development of Polarization Analysis for RIXS at the Iridium L3-edge (Ref. [1]) 

Synchrotron sources provide a highly polarized incident x-ray beam, and so control of the incident 
polarization with respect to specific crystal axes can be achieved with proper sample orientation. For 
complete polarization analysis for RIXS we also need to analyze the polarization of the scattered photons. 
In RIXS, the photons are emitted at a variety of angles, and we need to collect a large solid angle while also 
carrying out high-resolution energy analysis in order to get sufficient signal. Diced, bent high quality single 
crystals such as Si or Ge, in conjunction with a position sensitive detector, are typically used to provide the 
energy discrimination.  

Monochromatic, focused x-rays impinge on a sample at the center of the diffractometer. Scattered 
photons are diffracted from a diced, spherical, nearly perfect crystal analyzer; the diced crystal pieces are 
flat, resulting in a focal spot which is energy dispersive in the direction of the scattering plane of the 
analyzer. [3] The primary analyzer can be placed at a desired momentum transfer, Q, and the momentum 
resolution, ∆Q, is given by its solid angle acceptance. A position sensitive (strip-) detector is placed at the 
focal spot and measures the energy loss spectrum (see Fig. 1a).  For polarization analysis, an additional 
crystal that can take the converging beam off the energy analyzer crystal and discriminate between the 
different polarization components is needed. The creation of such an element and the setup to enable its use 
was a main focus of this work.  See Fig. 1b for the setup with polarization analysis. 

For the polarization analyzer to work with the energy analyzer, we need it to provide a high 
efficiency Bragg reflection of the energy-analyzed and spherically focused photons and reimage them at 
the detector.  For an analyzer with the revolution logarithmic spiral shape, the Bragg condition is satisfied 
for all x-rays diverging from a point source, but focusing becomes imperfect. [4] We developed curved 
optics which have a toroidal shape, designed to be a close approximation to a logarithmic spiral, but with 
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improved focusing characteristics which increase the energy resolution and efficiency. In earlier work, we 
made analyzers from curved graphite [4] for studies at the Cu K-edge (~8.980 keV), but these analyzers are 
not suitable for higher energy L-edges where much of the current interesting RIXS work takes place. 
Recently it has been shown that RIXS at the iridium L3-edge can provide interesting information both about 
the electronic structure[5]and the dispersion of magnetic excitations. [6] 

One of the results of the current project was the creation of a polarization analyzer for RIXS at the 
Ir L3-edge ~11.215 keV. The analyzer is a Si (444) single crystal bent to a double-concave (toroidal) shape. 
This analyzer works at a Bragg angle θB of ~45° meaning it can almost totally separate the two polarization 
components. The analyzer was made from thin (50 µm) bent Si crystal optics, using a new fabrication 
method as described in a recent paper. [1]  Work on this project was carried out on the medium resolution 
inelastic x-ray scattering spectrometers on Sectors 9 and 30 at the Advanced Photon Source (APS) at 
Argonne National Laboratory.   

To characterize the overall energy resolution broadening and overall efficiency of a polarization 
analyzer, one needs to measure the resolution function at the primary focus in front of polarization analyzer 
with the conventional RIXS setup, and the resolution function at the secondary focus after the polarization 
analyzer. The resolution function at the primary focus without polarization analysis system has an FWHM 
of 172 meV, shown in blue in Fig. 1c. The FWHM of the spectrum at the secondary focus with σ 
polarization configuration is 246 meV which broadens the primary focus by 43%. This is not too far from 
our Monte Carlo result predicted a 33% broadening, indicating good fabrication. 

Overall efficiency can be estimated by the ratio of the integrated intensity at the secondary focus 
and the primary focus. The overall efficiency turned out to be 0.4% which is lower by over an order of 
magnitude than the theoretical value. More recent results using an etched crystal have resulted in an 
efficiency of ~1%. Considering that incoming RIXS signals at the Ir edge can have signals of hundreds of 
counts per second, this efficiency, while less than ideal, is high enough for operation. 

 

 
  

FIG. 1. (from Ref. [1]) (a) Rowland circle geometry showing the sample/analyzer/detector system. The rainbow at the 
strip detector illustrates the spread in energies from the flat, diced sections of the analyzer. (b) Refocusing scheme with 
polarization analyzer. The blue triangle plane represents the reflection plane of main analyzer. The blue rectangle plane 
represents the reflection plane of polarization analyzer, given the name σ in this configuration. The green plane is the π 
polarization component.  (c) Energy resolution function at the primary focus before the polarization analyzer (blue 
curve) and secondary focus after polarization analyzer (black curve). Both spectra are taken with σ polarization of 
incident x-ray in the vertical diffraction geometry. 

(c) 
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3.2 Polarization properties of synchrotron beam (Ref. [2]) 
We also studied the polarization properties of the synchrotron beam itself.  While the x-ray beam 

in the plane of the synchrotron is linearly polarized with σ polarization, measurements which lie above or 
below the plane will also contain an incident π component. This π component provides a source which in 
principle can aid in alignment of the π-polarization setup for polarization analysis.  In addition, since any 
sample has a finite size, there is some fraction of incident π polarized x-rays in any scattering measurement.  
Using the optics development beamline at Sector 1 of the APS, we carried out measurements above the 
plane of the synchrotron to measure this component as shown in Fig. 2. Fig. 2a shows the calculated and 
measured intensity of the synchrotron radiation above the plane of the synchrotron.  Fig. 2b show the π 
(called P in this publication) component of the polarization as a function of position and angle above the 
beam. Calculations for both figures are based on a Monte Carlo ray tracing simulation as well as the 
equations for synchrotron radiation emission.   

 

 
4.0 Research during sabbatical 
 From July 2015-June 2016, the PI was on sabbatical, working roughly half time with Dr. Jun-Sik 
Lee at the SLAC National Accelerator Laboratory on resonant x-ray scattering (RXS) studies of CDWs in 
cuprates. The other half of the sabbatical involved materials synthesis and transport measurements in the 
group of Dr. Ian Fisher in the Geballe Laboratory for Advanced Materials at Stanford University. This work 
was on lead chalcogenides, with interest in possible negative-U superconducting materials.  
 
4.1 High field CDW in YBCO 

Charge density waves are a well-established phenomenon in hole-doped cuprate superconductors 
(see for example [7-11]). Recently, it was discovered that in addition to the zero field 2D CDW, there is a 
high field CDW which has very long correlation lengths and three-dimensional type order [12]. During the 
recent sabbatical, the PI was part of the team that carried out more detailed measurements of the CDW at 
high fields, taking advantage of the high flux per pulse at the LCLS, and using a high field (up to 32 T) 
pulsed magnet [13]. Measurements were taken on high quality ortho-II and ortho-VIII YBa2Cu3Ox (YBCO) 
single crystals, as a function of temperature and field.  The 3D CDW was incommensurate with a very long 
in-plane correlation length (~100 lattice constants), and also a substantial correlation length between the 
planes (~10 lattice constants) as shown in Fig. 3.   

FIG. 2. (from Ref. [2]) Simulation (black squares) and experimental results (blue circles) of analyzer testing using a 
polarization setup at Sector 1-BM of the Advanced Photon Source. (a) Total intensity from the white beam slit and 
(b) scattered intensity of the P- polarization using  polarization analyzer. Positions are referenced to the plane of the 
synchrotron 
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Both crystals show the formation of a 3D CDW at temperatures ~ 45 K, well below the 120 K of the quasi-
2D CDW, which has a gradual onset near 120 K, and also below the superconducting transition temperature 
Tc ~ 60 K. The 3D CDWs in the two different samples also show an onset at a magnetic field of ~0.6 Hc2. 
These dependences indicate that the 3D CDW is in competition with superconductivity, and its formation 

is blocked without significant 
suppression of the superconductivity. 
Thus superconductivity wins out over 
the 3D CDW ground state at low fields. 
 
4.2 CDW formation in electron-doped 
cuprates 
The question arises whether CDW 
formation is ubiquitous in the cuprates 
or only found in the hole-doped 
systems. Resonant Soft X-ray Scattering 
(RSXS) measurements of the electron-
doped cuprate Nd2-xCexCuO4 (NCCO) 
for x = 0.14 and x = 0.15 at the Cu-L3 
edge by Neto et al. [14] showed broad 
scattering peaks, possibly indicative of 
CDW formation in the electron-doped 
cuprates. To gain further insight into the 
possibility of a CDW in the electron-
doped cuprates, we carried out RSXS 
studies of electron-doped 
Nd1.86Ce0.14CuO4 single crystals. As 

 
Fig. 3. (from Ref. [13]) CDW in YBCO ortho-II. The projected peak profile along (0, 1.67, l) as a function of 
magnetic field at T = 10 K(a) and as a function of temperature at μ0H = 26.0 T (d). Solid lines are Gaussian fits. b, 
c, Fitted 3D CDW peak heights (b) and correlation lengths (c) in the l- and k-directions as a function of μ0H. e, f, 
Fitted 3D CDW peak heights (e) and correlation lengths (f) in the l- and k-directions as a function of temperature T.  
The red shaded area denotes the onset region of the 3D CDW. Dotted lines indicate zero and the error bars denote 1 
standard deviation. 

Fig. 4. (a) Temperature dependent h-scans in the as-grown NCCO 
(x = 0.14), measured at the Cu L3-edge (931 eV). The colored 
shades denote the portion of peak above the background (black 
line) which was taken at T = 380 K. (b) Plots of height (upper) and 
FWHM (lower) of the peaks at QCDW as a function of temperature. 
The open and filled circles are from the annealed and as-grown 
NCCO, respectively.  
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grown, these materials are not superconducting, but become superconducting after annealing, which 
reduces the oxygen disorder.  By studying annealed and unannealed materials, we are able to study the role 
of disorder on these materials.  

X-ray scattering measurements in these systems show a clear peak above background as shown in 
Fig. 4, consistent with earlier work. There is no indication of a difference in the scattering between the 
superconducting and non-superconducting samples, so there is no indication of competition with 
superconductivity. In addition, incident energy dependent scans show additional features in the scattering, 
and a shift in the so-called CDW peak position with energy. This shift indicates either that 1) the scattering 
is NOT from a CDW, or 2) that there is significant other scattering (such as inelastic scattering) contributing 
to the peak as well as a CDW. Our conclusion is that the CDW like feature in this electron-doped cuprate 
is substantially different than the CDW found in the hole-doped materials.   
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6. Education and human Resources 
 Two graduate students, Xuan Gao and Chengyang Li, completed Ph.D. theses with research support 
from this grant. Dr. Gao’s salary was paid by a funds from Argonne National Laboratory, but equipment 
and supply funds from the grant paid for all the materials used for his work.  He is currently a scientist at 
the Chinese Academy of Science in Chongqing, China. Dr. Li’s work was 100% supported by the grant. 
He is currently an instructor at the Southern University of Science and Technology in Shenzhen, China. A 
third graduate student, Gina Labriola, was supported for one summer under the grant but she transferred 
from the Ph. D. program in physics to the Masters’ Program in Electrical and Computer Engineering. Three 
undergraduates carried out some work on equipment received under this grant, but their salary was not 
funded by the grant.    
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