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Introduction & overview. Why is scattering experiments important? 

Theoretical background for scattering experiments
Scattering on condensed matter systems + Neutron scattering experiments
X-ray diffraction and spectroscopy techniques 
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Exercise 1 [Yukawa and Coulomb potential]

a) The Yukawa potential

V (r) = V0
e
�µr

µr

describes the nucleon-nucleon interactions in the atomic nucleus. Its typical reach is 1/µ.
Derive the scattering amplitude in the Born approximation and show that the scattering
cross section is

d�

d!
=

✓
2mV0

µ4⇡2h

◆2 1

[2k2(1� cos⇥) + µ2]2

b) Derive the scattering cross section for the Coulomb potential by considering the limit
µ ! 0 with

V0

µ
=

Ze
2

4⇡✏0

fixed.

Exercise 2 [Born Approximation]

a) Consider a spherically symmetric potential V (~r) = g�(~r), with g constant, and show
that the Born approximation for the scattering amplitude is given by

f(✓) = � m

2⇡~g

b) Derive an expression for g if this potential is used to describe the scattering of thermal
neutrons with scattering length b.

Exercise 3 [Time evolution operator]

The time evolution operator U(t, t0) fulfils the differential equation:

i@t U(t, t0) = HI(t)U(t, t0) .

Show that
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Show that

a) U(t, t0) is unitary.

b) U(t, t0) can be expressed as Neumann series (use equivalent integral equation):

U(t, t0) = 1+ (�i)

Z t

t0

dt1HI(t1)

+(�i)2
Z t

t0

dt1

Z t1

t0

dt2HI(t1)HI(t2)

+ . . .

+(�i)n
Z t

t0

dt1 . . .

Z tn�1

t0

dtnHI(t1)HI(t2) . . . HI(tn)

+ . . .

c) U(t, t0) is given by the time-ordered product (insert into differential equation):

U(t, t0) =
1X

n=0

(�i)n

n!

Z t

t0

dt1 . . .

Z t

t0

dtn T (HI(t1) . . . HI(tn)) .

Exercise 2 Width of the diffraction maximum
We assume that in a linear crystal on every lattice point ~⇢ = m~a, m 2 Z, there is an identical
point-like scattering centre. The total amplitude of the scattered radiation is proportional to
F =

P
exp

⇣
�im~a ·�~k

⌘
. The sum over M lattice points has the value

F =
1� exp

⇣
�iM~a ·�~k

⌘

1� exp
⇣
�i~a ·�~k

⌘ (1)

when we use the series expansion

M�1X

m=0

x
m =

1� x
M

1� x
. (2)

a) The scattered intensity is proportional to |F |2. Show that

|F |2 ⌘ F
⇤
F =

sin2
⇣
1
2M~a ·�~k

⌘

sin2
⇣
1
2~a ·�~k

⌘ . (3)

b) For ~a · �~k = 2⇡h, h 2 Z, a diffraction maximum appears. We change �~k slightly and
define " in ~a · �~k = 2⇡h + " such that " gives the first zero-crossing of the function
sin

⇣
1
2M~a ·�~k

⌘
. Show that " = 2⇡/M . What does this mean for the width of the

diffraction maximum?
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A modern CT scanner may use 1000 angular projec-
tions ! and 1000 measurement  x from each detector array
for each of n detector arrays along the z-axis (with n rang-
ing from 16 to 320). With multiple detector arrays, a CT
scan can collect projection data at each angle and z-axis
position, P(x, !, z), such that the reconstructed images form
a 3D data set, I(x, y, z). As shown in figure 4, axial images
I(x, y) display the 3D data at a specific z location, coronal
images I(x, z) display the 3D data at a specific y location,
and sagi!al images I(y, z) display the 3D data at a specific
x location. The data can also be displayed using volume-
rendering techniques.

Because of the increasing power of computers over
the years, iterative reconstruction (IR) methods are now
routinely available. They go beyond filtered back projec-
tion to include statistical considerations and a physical
model of the CT system to produce images with lower
statistical noise. And by reducing image noise during the
reconstruction process, physicians can use lower radia-
tion doses. But even with powerful computers, IR meth-
ods can still require  minutes- to- hours of reconstruction
time. That’s unacceptable in a busy radiology depart-
ment where patients may need immediate a!ention. Ar-
tificial intelligence techniques known as convolutional
neural networks (CNNs) have recently become available
and in many cases are replacing IR approaches. They are
considerably faster to perform and can produce images
with be!er spatial resolution and lower noise levels.

Quantitative imaging
Unlike other imaging modalities in a radiology department, CT
scanners produce quantitatively meaningful grayscale images,
in which the pixel values are related to µ, the linear a!enuation
coe"cient of the imaged material. CT numbers are defined in
terms of Hounsfield units (HU), in honor of the inventor of the
first clinical CT scanner,

                          
(3)

HUv is the HU value of a given voxel v, µv is the linear a!enu-
ation coe"cient of that voxel as determined by the CT recon-
struction process, and µw is the linear a!enuation coe"cient of
water. When a voxel contains only water, the CT number equals
0 HU, and when a voxel contains only air, it equals #1000 HU.
The quantitative nature of the grayscale in CT images assists
in making a correct medical diagnosis. For example, lesions in
the lung tend to be benign when they are calcified, an e$ect
that increases the CT number relative to cancerous lesions.
Hence, lung nodules with very high CT numbers are typically
benign. Other examples include the mea surement of bone min-
eral density, which is broadly used as a predictor of fracture
risk, and blood perfusion measurements, which can reveal re-
ductions in blood flow to organs such as the brain and heart.

The physical dimensions measured in CT data sets are also
quantitatively accurate. That’s a result of the  well- defined geom-
etry required in CT, in which all transmission measurements
are made along straight lines between the  x- ray source and 
detector elements. Because of that geometry,  radiation- based
cancer treatments can be accurately planned and performed;
biopsy needles can be accurately positioned; and linear, areal,

and volumetric measurements can be accurately made. For ex-
ample, the correct size for a stent to be placed in a patient’s 
artery can be determined by the measurement of the diameter
of the artery on the CT image. The volume of a tumor can be
assessed by outlining its 3D boundaries, and a patient’s response
to radiation or drug therapy can be deduced by measuring
changes in tumor volume over time.

Radiation levels
Imaging with CT provides an amazing look into a patient’s
body and can provide lifesaving diagnostic information, but it
also involves exposing patients to ionizing radiation, which at
high doses is known to produce alterations in DNA that can
potentially lead to the development of cancer. Although the rel-
atively low radiation dose levels used in CT can be assessed ac-
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FIGURE 3. FILTERED  BACK! PROJECTION RECONSTRUCTION.
These projection data represent the total  x- ray attenuation of an 
object along a path between the  x- ray source and detector. To 
reconstruct the computed tomography (CT) image, the data are
back projected along the direction in which they were acquired. 
The process uniformly distributes the measured attenuation along
the line between the  x- ray source and detector. The image shows
four data sets at four different projection angles !, but clinical 
systems typically acquire about a thousand angular projections, each
comprising about a thousand individual data points along the 
width of the detector. After all the data are back projected, a  cross-
 sectional representation of the scanned object emerges. The 
projection data sets are mathematically filtered prior to back 
projection to overcome the blurring inherent in that process. 
(Courtesy of John Boone/University of California, Davis.)
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entrance exposure levels S0. Thus, unlike in  film- based radiog-
raphy, images are never over- or underexposed.

Medical CT imaging uses  x- ray energies of about 30 to 150 keV.
At those photon energies, Compton sca!ering dominates  x- ray
interactions in tissue. Compton sca!ering depends on electron
density !e as

                                          
(2)

where ! is the mass density, N0 is Avogadro’s number, Z is the
atomic number, and A the atomic mass number. It turns out
that Z /A is the same (") for the prevalent  elements— carbon,
oxygen, and  nitrogen— that compose so# tissue. Hence, the CT
image primarily shows a map of mass density, with some Z de-
pendence due to the photoelectric  x- ray interaction, which is
more pronounced for higher Z elements, including bone (cal-
cium), metal implants (titanium, tantalum, steel), and injected
contrast agents (iodine).

Panel a of figure 1 illustrates the mechanical designs of an
early CT system, in which overcoming the physics of inertia
was a major challenge. The first scanner used an  x- ray tube and

an  x- ray detector mounted opposite each other on a rigid but
movable  gantry— the framework into which the patient’s head
was placed. The  first- generation,  translate– rotate design mech-
anism was fundamentally limited by the large mass of the  lead-
 shielded gantry, which had to accelerate and then decelerate
for each projection measurement. Eighty measurements were
acquired during translation of the  x- ray tube and detector from
one side of the patient to the other, a#er which the gantry ro-
tated 1°. The tube and detector were then translated across
the patient again and the gantry rotated another 1°. That was
repeated until the gantry had rotated a total of 180°; the process
acquired a total of 14 400 transmission measurements in about
4.5 minutes.

The transmission data were used to produce an 80 pixel $ 80
pixel image representing the scanned cross section of the pa-
tient via a process known as image reconstruction. The image
thickness was determined by the  width— either 8 or 13  mm—
 of the collimated  x- ray beam. To image a greater length of the
body, the technologist repeated the entire process, one cross
section at a time. A complete brain scan consisted of only six
images, the acquisition of which took about 30 minutes, during

! !e 0! ,N
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Detector Detector array
(rotates)
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FIGURE 1. COMPUTED TOMOGRAPHY !CT) has evolved considerably since 1971. (a) In the  translate– rotate geometry, the  x- ray tube and
detector were mounted opposite one another, with the patient’s head placed between them. The tube and detector together translated
across the width of the patient’s head in one direction, after which the frame on which they were secured rotated by 1°; the tube and detector
were then translated back across the patient’s head in the other direction. Those processes were repeated until the device had rotated 180°
around the patient. (b) In the  rotate– rotate geometry, an array of detectors sits opposite an  x- ray tube that emits a  fan- shaped beam. Both
the tube and the detectors rotate synchronously around the patient to acquire data. Producing significantly shorter scan times, the geometry
is used in all commercial CT scanners today. (c) In the  rotate– stationary geometry, the detector was a stationary,  ring- shaped array and the
 fan- shaped  x- ray beam rotated around the patient within the detector array. The expensive detector array, less  dose- efficient geometry, and
limited ability to block scattered radiation led to abandonment of this geometry. (Courtesy of John Boone/University of California, Davis.)

Computed tomography (CT) systems ex-
tend far beyond medical applications,
from  small- specimen imaging systems to
huge devices designed for nondestruc-
tive testing. At the small end of the spec-
trum, CT systems can produce images of
tiny specimens, from gemstones to fruit
flies, at pixel dimensions below 20 nm. At

the other extreme, in 2009 government
engineers constructed a CT scanner able
to evaluate the structure of nuclear war-
heads, and an aerospace company built a
 two- story- tall system to scan aerospace
components such as rocket assemblies
and turbine blades for imperfections.

In more familiar applications, CT scan-

ners are used at airports for scanning the
interiors of checked bags. Most specimen
and industrial scanners rotate the speci-
men, rather than the  x- ray tube and de-
tector array. That imaging geometry
greatly simplifies the mechanical design
of the system. For human scanning, how-
ever, the  x- ray tube and detector array,
not the patient, are rotated.

BOX !. BIG AND SMALL SYSTEMS
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curately, the resulting risks are di!cult to quantify. That’s be-
cause radiation is a relatively weak carcinogen. Hence, epidemi-
ological studies of individuals exposed to the low radiation
doses are di!cult to perform. They also vary in their conclusions
because of numerous uncertainties and di"erent model assump-
tions; some studies demonstrate a small health benefit, some
show no e"ect, and some exhibit a small health detriment.

What’s more, the e"ect of a known radiation dose depends
upon many factors, including the distribution of dose to di"er-
ent tissues and organs; the timing of repeated exposures; and
the patient’s age, sex, race, genetics, and health status,all of which
influence the radiobiological impact of an  x- ray exposure.4 For
example, because children’s cells are more actively reproduc-
ing than the cells of an adult, most organs and tissues of a child
would have a higher risk of negative health e"ects than those
of an adult exposed to the same amount of radiation. Fortu-
nately, lower doses of radiation are needed to obtain diagnostic-
quality CT images in children, because of their smaller size.

Despite the di!culty in predicting a patient’s exact risk from
a CT scan, the amount of radiation used for medical imaging
is known to increase a person’s risk of ge#ing cancer by only a
small amount compared with the baseline risk of developing
cancer. For example, out of 1000 people, about 400 will develop
cancer sometime in their lifetime. In contrast, of 1000 patients
who receive a CT scan of their chest, abdomen, and pelvis, only
one of them might develop cancer from the scan. That same CT
scan, however, can provide information critical to the medical
care of a patient who is ill or injured. In almost all situations
where a physician recommends a CT exam, the potential ben-
efit to the patient far outweighs any potential risk.

Still, radiation can be scary for some patients, and details of
scientific studies and statistics can be hard to explain. One help-
ful approach is to describe potential risks in terms of e"ective
dose.3 For example, the e"ective dose from naturally occurring
radiation sources, such as radon gas or cosmic rays, in Denver,
Colorado, is about 5.2 mSv/year, whereas in San Francisco, it
is 3.1 mSv/year. Moving to Denver from San Francisco there-
fore increases a person’s background radiation exposure by
about 2 mSv/ year— the equivalent of one head CT scan per
year. No one is likely to worry about an increased radiation
dose of 2 mSv/year when considering a move to Denver, yet
some patients hesitate when they are advised to get even one
CT scan. That type of comparison may help patients and their
families put the small amount of radiation from a CT scan into
perspective. Even when a CT scan is negative, or normal, it can
provide physicians with important information about where to
turn next.

Clinical implications
The use of CT in caring for patients continues to increase be-
cause of its proven medical value in the hands of experienced
radiologists. The clinical demand for CT is driven by the mod-
ern scanner’s ability to produce exquisitely detailed images of
patient anatomy, the wide availability of scanners, and the time
required to perform most exams:  5– 10 seconds. Recently, two
manufacturers developed CT systems that can resolve objects
as small as  125– 150 microns.5 The achievement promises further
improvements in the imaging of bone, lung, and vascular tissues.

Because CT scans are so fast, image artifacts from patient
motion are few, even for pediatric patients, making sedation no

FIGURE 4. BLOOD VESSELS in the brain. Once referred to as CAT (computed axial tomography) scanners because the data were acquired
and reconstructed in the axial plane, modern CT systems have  submillimeter detector pixels along the z-axis of the patient. Those pixels enable
 high- resolution volumetric data acquisition and reconstruction. The  three- dimensional data can be viewed as 2D images using axial (top left),
coronal (top right), sagittal (bottom left), and  volume- rendering techniques (bottom right). (Courtesy of Cynthia McCollough/Mayo Clinic.)
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heavy-fermion superconductivity38. In strongly spin-orbit coupled
systems such as 4f - or 5f-based compounds, a novel spin-orbit den-
sity wave was proposed as an emergent quantum phase with a break-
ing of translational while preserving time-reversal symmetry, which
theoretically sheds light on the intriguing ‘‘hidden-order’’ of
URu2Si2

39. For lanthanide-based compounds, the rare-earth (RE,
except cerium) 4f moments are generally localized because unpaired
4f electrons are well shielded by the 5s2p6 shells. The 4fn5dm6s2 (n 5
2–7 and 9–14; m 5 0, 1) valence electrons in lanthanide-based con-
ductors act usually as a mediator for the interactions between 4f
moments in Ruderman-Kittel-Kasuya-Yosida (RKKY) exchanges
(i.e., the long-range ordered 4f moments interact indirectly with each
other via conduction bands since the direct coupling between loca-
lized 4f moments is generally weak)40, or are ferromagnetically polar-
ized into magnetic polarons (i.e., local short-range FM regimes) by
the localized 4f moments41–43. It is thus difficult for the conduction
electrons to form a long-ranged AFM ordering. However, taking into
account the coupling between nesting electrons and hole parts of
Fermi surface, the 4f-based conductors could provide the possibility
for combining localized 4f moments and SDWs of itinerant
electrons.

The SDW state, a low-energy self-organized collective modulation
of electron spins, often appears in electronic conducting materials
such as organic linear-chain compounds, low-dimensional metals or
superconductors13,23–25,27. Since their first observation in chro-
mium23, SDWs display progressively appealing low-temperature
properties, e.g., a proximity with charge-density waves (CDWs)

and unconventional superconductivity13,22–25,27,44. Above a threshold
field, SDWs can be described as a set of delocalized AFM spins25.

Intermetallic REPd2Si2 silicides all crystallize with the same
ThCr2Si2-type (Fig. 1) tetragonal I4/mmm structure (a 5 b 5
4.0987(1) Å, and c 5 9.8762(1) Å at ambient conditions, as listed
in Table 1) as that of the family of 122-iron-pnictides45–47 and exhibit
a wide range of interesting physical properties, e.g., pressure-induced
superconductivity in CePd2Si2 and anomalous valence fluctuations
in EuPd2Si2

48. Early theoretical proposals49 for the 4f conductors with
extended RKKY-interactions predicted that localized 4f moments
can promote a SDW state in the itinerant conduction electrons. So
far, to our knowledge, no clear example of such a material with
distinguishable propagation vectors has been identified. Here we
report on the first single-crystal neutron scattering study of
ErPd2Si2

50–55. We discover two distinct incommensurate spin states
and attribute one to the localized 4f electrons while attributing the
other mainly to itinerant valence bands. We also build a detailed
knowledge of the virtual coupling between both states, which is actu-
ally intractable in 3d-metallic systems. Our findings correspond to
theoretical predictions49 and thus establish a new model material.

Results
Neutron diffraction with polarization analysis. Figure 2 shows data
from neutron diffraction with polarization analysis after the sample
was cooled to 3 K in zero field. The non-spin-flip (NSF) channel
shows only the nuclear Bragg reflections structurally permitted by
the tetragonal space group. The spin-flip (SF) scattering shows
magnetic Bragg peaks with two incommensurable propagation
vectors. One set of peaks, that will be called I1 and I2 (Fig. 3),
appear at Q6 5 (H 6 0.557(1), 0, L 6 0.150(1)) and the second
set, which will be called IC (Fig. 3), appear at QC 5 (H 6 0.564(1), 0,
L), where (H, L) are the Miller indices for allowed nuclear reflections.
Nuclear coherent scattering of polarized neutrons will not flip the
neutron spin. Magnetic scattering via polarized neutrons can flip
the neutron spin and is determined by the relative direction of the
neutron polarization vector P̂ with regard to both the scattering
vector Q̂ and the direction of the ordered-moments m̂56,57. In our
study, P̂ is normal to the scattering plane (H, 0, L), i.e., parallel to
the b (or a) axis. In this case, the moment-dependent cross-sections
can be written as:
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where the subscripts NSF and SF refer to the non-spin flip and spin
flip cross-sections, respectively, nsi means the nuclear spin incoher-
ent contribution, and nuc refers to nuclear coherent and isotopic

Figure 1 | Powder X-ray diffraction data and crystal structure of single-
crystal ErPd2Si2 at 300 K. (a) Observed (circles) and calculated (solid
lines) in-house X-ray powder-diffraction (XRPD) patterns of a pulverized
ErPd2Si2 single crystal at ambient conditions obtained on an in-house
diffractometer employing the copper Ka1 5 1.5406(9) Å radiation. The
vertical bars mark the positions of nuclear Bragg reflections, and the lower
curves represent the difference between observed and calculated patterns.
Within the experimental accuracy, no detectable impurity phase is present.
The results of the refinement are listed in Table 1. (b) The corresponding
room-temperature crystal structure as refined.

Table 1 | Summary of the refined room-temperature structural parameters of single-crystal ErPd2Si2 from X-ray powder diffraction

Pulverized single-crystal ErPd2Si2

Structure Tetragonal (ThCr2Si2-type), I4/mmm

a, b(5a), c (Å) 4.0987(1) 4.0987(1) 9.8762(1)
a, b, c (u) 90 90 90
Atom Site x y z B (Å2)
Er 2a 0 0 0 3.06(3)
Pd 4d 0 0.5 0.25 3.53(3)
Si 4e 0 0 0.3798(2) 3.62(6)
Rp (%): 3.09; Rwp (%): 4.41; RB (%): 2.70; RF (%): 2.19; x2: 3.20.
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Fig. 3.8 a) Laue di�raction pattern of Ca2RuO4 in the ab plane with angles –1 > –2 between
zero- and first-order resonances as indicated. b) Corresponding sample (black) glued with
silver-epoxy on the sample holder.

mechanical connection of the sample to an electron reservoir (sample holder). We
can align the crystallographic axes of the sample with a Laue X-ray di�ractometer.
A typical Laue-pattern of a Pbca crystal structure of our ruthenates is shown in
Fig. 3.8 (X-ray beam along the c-axis). The brightest zero-order resonances form two
hair crosses rotated 45 deg to each other. Relative to the first-order resonances, the
Ru-Ru bond represents the hair cross enclosing a smaller angle. For transport from
our laboratory to the synchrotron beamlines, specific sample boxes were used (drawing
in the Appendix B).
ARPES probes the first few layers of the crystal, so it is absolutely crucial that the
surface is and stays clean. During the experiment, the samples are held in an ultra high
vacuum environment with base pressure of order 10≠11 mbar. The layered structure of
our ruthenate crystals allows cleaving the sample in-situ with a top-post.

3.2.5 Experimental environment

Synchrotron facilities

The biggest advantage of synchrotron light over conventional gas-discharge lamps (i. e.
He, Xe) or laser sources is the possibility to tune the photon energy over a wide range at
a high intensity and to change polarization of the incident light. In generic synchrotron
facilities, electrons are brought to high velocities (v ¥ c) by a linear accelerator and
injected into a storage ring. There they are kept at a constant kinetic energy (2.4 GeV
at SLS) until they are directed into undulators, an array of N aligned, pole alternating



x

eruptions can happen at any time, but no sub-
stantial eruptions have occurred since the erup-
tion of Mt. Pinatubo in the Philippines in 1991.

In a broader perspective, CO2 greenhouses
also operate onMars andVenus, because both plan-
ets possess atmospheres with substantial amounts
of CO2. The atmospheric greenhouse effect re-
quires that a substantial fraction of the incident
solar radiation must be absorbed at the ground in
order to make the indirect greenhouse heating of
the ground surface possible. Greenhouse param-
eters and relative surface pressure (PS) for Mars,
Earth, and Venus are summarized in Table 1.

Earth is unique among terrestrial planets in
having a greenhouse effect in which water vapor
provides strong amplification of the heat-trapping
action of the CO2 greenhouse. Also, N2 and O2,
although possessing no substantial absorption
bands of their own, are actually important con-
tributors to the total greenhouse effect because of
pressure-broadening of CO2 absorption lines, as
well as by providing the physical structure within
which the absorbing gases can interact with the
radiation field.

The anthropogenic radiative forcings that fuel
the growing terrestrial greenhouse effect continue
unabated. The continuing high rate of atmospher-
ic CO2 increase is particularly worrisome, be-
cause the present CO2 level of 390 ppm is far in
excess of the 280 ppm that is more typical for the
interglacial maximum, and still the atmospheric
CO2 control knob is now being turned faster than
at any time in the geological record (20). The con-

cern is that we are well past even the 300- to
350-ppm target level for atmospheric CO2,
beyond which dangerous anthropogenic interfer-
ence in the climate systemwould exceed the 25%
risk tolerance for impending degradation of land
and ocean ecosystems, sea-level rise, and inevi-
table disruption of socioeconomic and food-
producing infrastructure (21, 22). Furthermore,
the atmospheric residence time of CO2 is exceed-
ingly long, being measured in thousands of years
(23). This makes the reduction and control of at-
mospheric CO2 a serious and pressing issue,
worthy of real-time attention.
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The Structure of Iron in
Earth’s Inner Core
Shigehiko Tateno,1,2* Kei Hirose,1,2* Yasuo Ohishi,3 Yoshiyuki Tatsumi2

Earth’s solid inner core is mainly composed of iron (Fe). Because the relevant ultrahigh pressure
and temperature conditions are difficult to produce experimentally, the preferred crystal structure
of Fe at the inner core remains uncertain. Static compression experiments showed that the
hexagonal close-packed (hcp) structure of Fe is stable up to 377 gigapascals and 5700 kelvin,
corresponding to inner core conditions. The observed weak temperature dependence of the c/a
axial ratio suggests that hcp Fe is elastically anisotropic at core temperatures. Preferred orientation
of the hcp phase may explain previously observed inner core seismic anisotropy.

Determining the crystal structure of iron
(Fe) under ultrahigh pressure and tem-
perature (P-T ) conditions is a key piece

of information required to decipher the complex
seismic structures observed in Earth’s inner core
(1–3). Fe adopts body-centered cubic (bcc) struc-

ture at ambient conditions and transforms into
the hexagonal close-packed (hcp) phase above
15 GPa. Although hcp Fe can persist under core
pressures at 300 K (4, 5), a phase transition at
elevated temperature is a possibility. Both theory
and experiments have proposed different forms
of Fe at simultaneously high P-T conditions,
which include bcc (6, 7), face-centered-cubic
(fcc) (8), and hcp structures (5, 9). The structure
of Fe has never been examined experimental-
ly at the inner core P-T conditions (>330 GPa
and !5000 K), because the techniques previous-
ly used to produce such extreme conditions—
dynamical shock-wave experiments—impede the

ability to make simultaneous structure measure-
ments on the order of a microsecond.

Based on a combination of static compression
experiments in a laser-heated diamond-anvil cell
(DAC) and synchrotron x-ray diffraction (XRD)
measurements (Fig. 1), we determined the struc-
ture of Fe up to 377 GPa and 5700 K (10). A
temperature gradient was relatively large when
the sample was heated to more than 5000 K at
>300 GPa (Fig. 2A); nevertheless, the variations
were less than T10% in the 6-mm region across
the hot spot, which corresponds to the x-ray beam
size at full width at half maximum, considering
the fluctuations in temperature with time (Fig.
2B). We calculated the sample temperature by
averaging the variation in the 6-mm area probed
by x-rays. Pressure was determined from the unit-
cell volume of hcp Fe, using its P-V-T (where V
is volume) equation of state (11). The T10%
temperature variation leads to about T2% un-
certainty in pressure (377 T 8.5 GPa at 5700 K).
The pressure gradient in the sample was <5 GPa
at ~300 GPa in a 10-mm area after heating.

To construct the phase diagram of Fe at in-
ner core conditions, we conducted six separate
sets of experiments (Fig. 3). The first exper-
iment at 303 GPa and room temperature re-
sulted in an XRD pattern that included peaks
from hcp Fe and Re (the gasket material) (fig.
S1A) (10). Subsequently, we heated this sam-
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periments is that chemical impurities such as
silicon and sulfur, which have the ability to
change the stable crystal structure (9, 18, 25),
were not accounted for.

Strong seismic anisotropy exists in the inner
core, with longitudinal waves traveling ~3%
faster along the polar axis than in the equatorial
plane (1). This was originally attributed to the
preferred orientation of hcp Fe, which exhibits
a strong single-crystal elastic anisotropy, at

least at low temperature (26). However, Steinle-
Neumann et al. (27) demonstrated that the c/a
axial ratio of hcp Fe increases substantially
with increasing temperature (Fig. 4), which has
a significant influence on its elastic anisotropy.
More recent calculations (6, 28) reported that
the c/a ratio approaches the value of 1.6299
for the ideal hcp structure at high temperature,
and consequently elastic anisotropy of hcp Fe
no longer exists at inner core conditions. On the

other hand, experimental evidence previously
suggested weak temperature dependence of
the c/a ratio at 140 GPa (22), as do our data at
~330 GPa (Fig. 4). The c/a ratio of 1.602 at
332 GPa and 4820 K, which is substantially
lower than the ideal value, suggests that hcp
Fe should be elastically anisotropic even at the
high temperature conditions of the inner core.
The observed seismic anisotropy may therefore
result from the preferred orientation of the hcp
phase with the c axis parallel to Earth’s rotation
axis (26).
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Fig. 4. Temperature de-
pendence of the c/a axial
ratio of hcp Fe collected
at 135 GPa (red circles)
and ~330 GPa (red dia-
monds) (table S2). Previ-
ous experimental results
at 84, 106, and 140 GPa
are from Boehler et al.
(22) (blue open symbols),
and those at 161 GPa are
from Ma et al. (20) (pur-
ple open squares). The
results of theoretical cal-
culations are also shown
by the dot-dashed curve
(27), dashed curve (6),
and dotted curve (28).
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ple to 4820 K at 332 GPa. The one-dimensional
(1D) XRD pattern did not change except for the
appearance of an hcp 002 line (Fig. 1A). On the
other hand, the 2D image became spotty (fig.
S1B), indicating crystal growth and hence the
stability of hcp Fe at these P-T conditions. After
these measurements, the sample was temperature-
quenched and then further compressed to 321 GPa
at room temperature. We again heated the sam-
ple to 5520 K at 356 GPa. The XRD pattern
was still dominated by the hcp phase (Fig. 1B),

but minor peaks assigned to pyrite-type SiO2

(12) (the pressure medium) and Fe3C cementite
appeared. The measured lattice parameters and
volumes of Fe3C are in agreement with earlier
experimental results to 187 GPa (13) (table S1).
Similar observations were made in five other ex-
periments, which were conducted in a wide P-T
range from 135 GPa and 2690 K to 377 GPa
and 5700 K (Fig. 3). In all measurements, we
obtained no evidence of a phase transition to
bcc or fcc Fe phases.

The presence of Fe3C in the XRD pattern in-
dicates contamination by carbon from the dia-
mond anvils, which has been reported in several
earlier DAC studies (14–16). Nevertheless, the
maximum solubility of carbon in solid Fe is al-
ready low (<0.6%) at 44 GPa and further de-
creases with increasing pressure (17). Moreover,
although previous ab initio calculations (18) dem-
onstrated that the addition of a small amount of
carbon to Fe strongly stabilizes the bcc phase rel-
ative to the hcp phase, we did not observe XRD
peaks from bcc Fe. These suggest that the effect
of carbon contamination on the phase relation of
Fe was negligible.

These experiments were performed at tem-
peratures near the melting curve of Fe (19, 20)
(Fig. 3). We observed a temperature jump from
3220 K to ~4000 K at 135 GPa by a small in-
crease in laser output power (fig. S2). Large
fluctuations in temperature and the elevation
of background intensity in the XRD patterns
were also noticed after the temperature jump.
These are usually interpreted as a sign of melting
(21, 22). The melting temperature at 135 GPa
should thus be little higher than 3220 K, which
is somewhat higher than the previous experi-
mental determinations by Boehler (19, 22) but
lower than those by Ma et al. (20), considering
the effect of thermal pressure contributions. At
>350 GPa, on the other hand, 2D XRD images
showed the extensive grain growth above 5700 K,
suggesting that this temperature is close to the
melting point. In addition, we found no anomalies
up to 4120 K at 210 GPa. These observations
place constraints on the melting curve of Fe,
which previously existed only up to 200 GPa.

These results indicate that hcp Fe is a stable
form of Fe up to 377 GPa and 5700 K, which is
compatible with previous ab initio calculations
by Vo!adlo et al. (9). The estimation of temper-
ature at the inner/outer core boundary ranges
from 4850 to 5700 K, depending on the melting
temperature of Fe and the effect of light alloying
elements (19, 23, 24). The temperature gradient
should be very small within the inner core (24).
Our experiments thus represent a range of inner
core P-T conditions. One limitation of these ex-

Fig. 1. Representative XRD pat-
terns of hcp Fe at (A) 332 GPa and
4820 K and at (B) 356 GPa and
5520 K. The peak positions of the
bcc and fcc phases were calculated
for volumes larger by 0 to 1% than
that for the observed hcp phase.
hcp, hcp Fe; py, pyrite-type SiO2 (pres-
sure medium); C, Fe3C cementite;
Re, rhenium (gasket).
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eruptions can happen at any time, but no sub-
stantial eruptions have occurred since the erup-
tion of Mt. Pinatubo in the Philippines in 1991.

In a broader perspective, CO2 greenhouses
also operate onMars andVenus, because both plan-
ets possess atmospheres with substantial amounts
of CO2. The atmospheric greenhouse effect re-
quires that a substantial fraction of the incident
solar radiation must be absorbed at the ground in
order to make the indirect greenhouse heating of
the ground surface possible. Greenhouse param-
eters and relative surface pressure (PS) for Mars,
Earth, and Venus are summarized in Table 1.

Earth is unique among terrestrial planets in
having a greenhouse effect in which water vapor
provides strong amplification of the heat-trapping
action of the CO2 greenhouse. Also, N2 and O2,
although possessing no substantial absorption
bands of their own, are actually important con-
tributors to the total greenhouse effect because of
pressure-broadening of CO2 absorption lines, as
well as by providing the physical structure within
which the absorbing gases can interact with the
radiation field.

The anthropogenic radiative forcings that fuel
the growing terrestrial greenhouse effect continue
unabated. The continuing high rate of atmospher-
ic CO2 increase is particularly worrisome, be-
cause the present CO2 level of 390 ppm is far in
excess of the 280 ppm that is more typical for the
interglacial maximum, and still the atmospheric
CO2 control knob is now being turned faster than
at any time in the geological record (20). The con-

cern is that we are well past even the 300- to
350-ppm target level for atmospheric CO2,
beyond which dangerous anthropogenic interfer-
ence in the climate systemwould exceed the 25%
risk tolerance for impending degradation of land
and ocean ecosystems, sea-level rise, and inevi-
table disruption of socioeconomic and food-
producing infrastructure (21, 22). Furthermore,
the atmospheric residence time of CO2 is exceed-
ingly long, being measured in thousands of years
(23). This makes the reduction and control of at-
mospheric CO2 a serious and pressing issue,
worthy of real-time attention.
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The Structure of Iron in
Earth’s Inner Core
Shigehiko Tateno,1,2* Kei Hirose,1,2* Yasuo Ohishi,3 Yoshiyuki Tatsumi2

Earth’s solid inner core is mainly composed of iron (Fe). Because the relevant ultrahigh pressure
and temperature conditions are difficult to produce experimentally, the preferred crystal structure
of Fe at the inner core remains uncertain. Static compression experiments showed that the
hexagonal close-packed (hcp) structure of Fe is stable up to 377 gigapascals and 5700 kelvin,
corresponding to inner core conditions. The observed weak temperature dependence of the c/a
axial ratio suggests that hcp Fe is elastically anisotropic at core temperatures. Preferred orientation
of the hcp phase may explain previously observed inner core seismic anisotropy.

Determining the crystal structure of iron
(Fe) under ultrahigh pressure and tem-
perature (P-T ) conditions is a key piece

of information required to decipher the complex
seismic structures observed in Earth’s inner core
(1–3). Fe adopts body-centered cubic (bcc) struc-

ture at ambient conditions and transforms into
the hexagonal close-packed (hcp) phase above
15 GPa. Although hcp Fe can persist under core
pressures at 300 K (4, 5), a phase transition at
elevated temperature is a possibility. Both theory
and experiments have proposed different forms
of Fe at simultaneously high P-T conditions,
which include bcc (6, 7), face-centered-cubic
(fcc) (8), and hcp structures (5, 9). The structure
of Fe has never been examined experimental-
ly at the inner core P-T conditions (>330 GPa
and !5000 K), because the techniques previous-
ly used to produce such extreme conditions—
dynamical shock-wave experiments—impede the

ability to make simultaneous structure measure-
ments on the order of a microsecond.

Based on a combination of static compression
experiments in a laser-heated diamond-anvil cell
(DAC) and synchrotron x-ray diffraction (XRD)
measurements (Fig. 1), we determined the struc-
ture of Fe up to 377 GPa and 5700 K (10). A
temperature gradient was relatively large when
the sample was heated to more than 5000 K at
>300 GPa (Fig. 2A); nevertheless, the variations
were less than T10% in the 6-mm region across
the hot spot, which corresponds to the x-ray beam
size at full width at half maximum, considering
the fluctuations in temperature with time (Fig.
2B). We calculated the sample temperature by
averaging the variation in the 6-mm area probed
by x-rays. Pressure was determined from the unit-
cell volume of hcp Fe, using its P-V-T (where V
is volume) equation of state (11). The T10%
temperature variation leads to about T2% un-
certainty in pressure (377 T 8.5 GPa at 5700 K).
The pressure gradient in the sample was <5 GPa
at ~300 GPa in a 10-mm area after heating.

To construct the phase diagram of Fe at in-
ner core conditions, we conducted six separate
sets of experiments (Fig. 3). The first exper-
iment at 303 GPa and room temperature re-
sulted in an XRD pattern that included peaks
from hcp Fe and Re (the gasket material) (fig.
S1A) (10). Subsequently, we heated this sam-
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The mean field at an a site due to the ions on thc d sitcs is R,  = 

-(1.5 x 104)M,,. The observed Curie temperature 5.59 K of YIG is due to the 
a-d interaction. The o11ly rrlagnetic ions in YIG are the ferric ions. Because 
these are in an L = 0 state with a spherical charge distribution, their interac- 
tion with latticc deformations and phonons is weak. As a result YIG is charac- 
terized by very narrow linewidths in fcrromapetic resonance experinlents. 

ANTIFERROMAGNETIC ORDER 

A classical example of magnetic structure deter~nination by rleutroris is 
shown in Fig. 17 for MnO, which has the NaCl structure. At SO K there are 
extra neutron reflections not present at 293 K. Thc rcflcctions at 80 K may be 
classified in terms of a cubic unit cell of lattice constant 8.85 A .  4 t  293 K thc 
reflections correspond to an fcc unit cell of lattice constant 4.43 A. 

But the lattice cor~stant determined by x-ray reflection is 4.43 A at both 
temperatures, 80 K and 293 K. We conclude t2vat the chemical unit cell has the 
4.43 latticc parameter, but that at 80 K the electronic magnetic r~~o~rlerits of 

Figure 17 Neutron diffraction patterns for MnO below, and above the spin-ordering temperature 
of 120 K, after C. 6. Shnll, \\'. A. Strauser. and E. 0. U'ollan. Thc rcflcctio~r indicas arc based on 
an 8.85 A cell at 80 K and on a 4.43 A cell at 293 K. .kt the higher t ~ m p e r a t ~ ~ r e  the bIn2' ions are 
still magnetic, but they are no longer ordered. 
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(b) Measurement of spin waves

Spin wave dispersions can be measured using inelastic neutron scattering. In such an experiment the
magnitude of the incident neutron wave vector ki is not equal to the magnitude of the scattered neutron
wave vector kf . The energy of the neutron also changes from Ei = h̄2k2i /2mn to Ef = h̄2k2f/2mn because
the neutron produces an excitation in the sample of energy h̄! and wave vector Q. Conservation of energy
and momentum implies that

Ei ! Ef = h̄! (38)

ki ! kf = Q, (39)

so that a measurement of ki, kf , Ei and Ef allows a determination of ! and Q.

Spin wave evergy vs. momentum in an alloy of Co0.92Fe0.08 obtained at room temperature (Sinclair and
Brockhouse 1960).

Spin wave dispersion relations in ferromagnetic Gadolinium at 78 K (TC = 300 K) along di!erent directions in
the Brillouin zone (there are 2 modes as there as 2 atoms in the unit cell). The energy extrapolates to a

quadratic form " |q|2 near ! as expected for a ferromagnet.

28

Brockhouse 1960 

Ferromagnetic magnons: 
Neutron Spectroscopy
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Phonons in Sr2RuO4

Initial alignment scans revealed nicely “c-axis” phonons.
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A strong Kohn anomaly in ZrTe3 is identified in the mostly transverse acoustic phonon branch along the

modulation vector qP with polarization along the a! direction. This soft mode freezes to zero frequency at

the transition temperature TP, and the temperature dependence of the frequency is strongly affected by

fluctuation effects. Diffuse x-ray scattering of the incommensurate superstructure shows a power-law

scaling of the intensity and the correlation length that is compatible with an order parameter of dimension

n " 2.

DOI: 10.1103/PhysRevLett.102.086402 PACS numbers: 71.45.Lr, 63.20.kd, 71.30.+h

Dynamical modulations of the spin or charge density are
a ubiquitous phenomenon in crystalline metals and form an
important ingredient in solid state theory [1]. In many
materials, they remain dynamical at all temperatures and
contribute to the rich phenomenology of electronic, mag-
netic, and thermal transport and ordering. Recently, their
role has been rediscussed in high Tc superconducting and
colossal magnetoresistance oxides, in connection with the
formation of striped charge order [2]. Similar to the stripes,
a static charge density wave (CDW) removes spectral
weight from the Fermi level, while the superconductivity
can be supported by dynamical density waves. In general,
the modulation wave vector ~q can be incommensurate with
the underlying lattice and is derived from a nesting geome-
try of the Fermi surface that provides strong screening at

~q " 2 ~kF. Such a nested Fermi surface is found, in particu-
lar, in low-dimensional crystal structures with chainlike
atomic arrangements [1].

Because of the low-dimensional nature, the phase tran-
sition, the so-called Peierls transition, to the statically
modulated ground state of the one-dimensional chain is
strongly affected by fluctuations [3]. Inelastic neutron
scattering studies revealed a giant Kohn anomaly in KCP
[4] and blue bronze [5], whereas #TaSe4$2I [6,7] displayed
a temperature-dependent soft mode, which did, however,
not attain zero frequency at the Peierls transition tempera-
ture TP. An inelastic x-ray scattering study of the proto-
typical 1D compoundNbSe3 failed to show any clear Kohn
anomaly but only a broadening of an acoustic phonon
mode at the first modulation vector ~q1 of NbSe3 [8].

The modulated ground state itself is readily observed by
the appearance of new diffraction peaks, with a position in
the reciprocal lattice that represents the modulation vec-
tor ~q. Similar to other structural phase transitions, the
temperature dependence of these superstructure reflec-
tions is used to study the ordering of the CDW modu-
lation. Again, only a small number of 1D inorganic chain
systems show this transition, and very few studies exist.
These find that the Peierls transition is governed by a

critical exponent of the order parameter, which is compat-
ible with an order parameter of dimension n " 2 [blue
bronze [9]] or close to being a (blurred) first-order tran-
sition [#TaSe4$2I [10]]. A clear assignment to a particular
universality class has, however, not been found, and the
question remains open whether the transition can be clas-
sified in this way.
While the CDW ground state and its many fascinating

properties are well described by theory [1], the phase
transition is accessible only by experiment. In this Letter,
we present an experimental study of the fluctuations and
the soft-mode phonon in ZrTe3 to elucidate the properties
of the charge density wave in the important regime close to
and above the phase transition, where the density waves are
of dynamical nature.
ZrTe3 crystallizes in a monoclinic structure with space

group P21=m (lattice parameters a " 5:89 !A, b " 3:93 !A,
c " 10:09 !A, ! " " " 90%, and # " 97:8%). #ZrTe3$1
chains similar to NbSe3 run along b. Only one type of
chain is present in the unit cell. The Peierls modulation
~qP " #0:07; 0; 0:333$ (reciprocal lattice units) [11] is trans-
verse to these prismatic chains with a small a! component
and a tripling of the unit cell along the layering c! direc-
tion. The modulation is thus very different from NbSe3 and
mostly in the almost equidistant Te-Te chains along a,
where the prismatic chains are laterally bonded.
Resistivity measurements show an anomaly due to the
transition at TP " 63 K, and the system remains metallic
below TP [12]. Electronic structure calculations [13,14]
and a detailed photoemission study [15] explain this be-
havior by nesting in a small electron pocket of the highly
directional Te 5px band running along these Te-Te chains,
while other sheets of the Fermi surface remain unaffected
by the transition. The opening of a gap in the electronic
dispersion of this band was found to follow a BCSmodel of
the Peierls transition with a mean field transition tempera-
ture TMF about 4 times higher than TP [15]. Last, but not
least, the phase transition gives rise to a very small specific
heat anomaly at TP [16].
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The experiment was performed at the inelastic x-ray
scattering (IXS) beam line ID28 at the European
Synchrotron Radiation Facility. Phonon dispersions were
measured with an energy resolution !E ! 1:7 meV. The
momentum resolution was !Q ! 0:05 !A"1 in the horizon-
tal a# " b# plane and 0:15 !A"1 in the vertical c# direction.
Diffuse scattering and diffraction scans were recorded with
an energy-integrating detector at the same wavelength of
" ! 0:57 !A and similar momentum resolution. The
samples were grown by chemical vapor transport and
formed platelets of 1$ 2$ 0:1 mm3 along a, b, and c,
respectively, that were glued to the copper cold finger of a
closed cycle cryostat using silver paste. The absolute tem-
perature scale was calibrated relative to a diode thermome-
ter mounted on the cold finger by setting the inflection
point of the intensity of critical scattering at TP to the
known TP ! 63 K (see Fig. 4).

The phonon dispersion along the CDW modulation vec-
tor was determined as shown in Fig. 1. IXS spectra were
recorded for each momentum transfer ~Q close to the strong
Bragg spot ~G ! %40"1&, along a straight line from %40"1&
through ~qP and beyond, as shown in the inset in Fig. 1. In

the figure, the a# component of ~Q is indicated in relative

lattice units. At a temperature T ! 100 K ! 1:6TP, the
spectra are dominated by a central peak at zero energy
loss for all momenta, in particular, close to ~qP (a# ! 3:93)
and on approaching the # point (lowest curve). The spectra
are fit by a sum of three or five terms for one or two
phonons, respectively. The first term is the central peak,
and the following terms are phonons in Stokes and anti-
Stokes positions with their intensity ratio given by the
detailed balance at the corresponding temperature. No
convolution was performed, and the model function was
a sum of shifted resolution functions according to these
terms, thereby assuming that broadening effects will be
small with respect to the experimental resolution, as they
cannot be resolved in the strongly overlapping peaks. This
method yielded smooth and self-consistent phonon
dispersions.
The thus extracted dispersion is displayed in Fig. 1(b). It

shows a dip at ~qP deviating from a sinusoidal model
dispersion. This Kohn anomaly is a direct manifestation
of the Fermi surface nesting vector 2kF. No such anomaly
was observed for other acoustic phonons; in particular, a
scan along the high symmetry direction a# (longitudinal
acoustic phonon) did not show any anomaly, although the
Fermi surface could also afford a certain nesting along this
direction. All other modes that were studied did not show
any anomalies, and also a Raman scattering study of the
phonon modes at the # point did not show any anomalous
temperature dependence [17]. The line along ~qP corre-
sponds to an almost transverse dispersion along the large
c# component. The phonon polarization is along a#. Thus,
the displacement pattern of the soft mode is of mostly
transverse character with respect to the Te-Te chains whose
Te 5px orbitals form the quasi-one-dimensional Fermi
surface.
The temperature dependence of the Kohn anomaly is

traced in Fig. 2. As mentioned above, already at room
temperature (4:6TP) a slight dip is visible, barely outside
the experimental error bars. As the temperature is lowered,
the dip gets more pronounced, until the phonon frequency
drops rapidly to zero at TP. Mean field theory predicts this
freezing of the phonon as a logarithmic divergence that
would correspond to a square-root power law close to the
phase transition [1]. Inspection of our data by plotting on a
double-logarithmic scale did not reveal a well-defined
power-law behavior. Over a broad range in temperature,
the closest correspondence to a power law was approxi-

mately %T " TP&1=8. On the linear scale in Fig. 2, this 1=8
power law and the theoretical expectation of a 1=2 power
law are shown. Thus, we conclude that the soft mode
freezes in the fashion of a giant Kohn anomaly. Our results
suggest that the phonon frequency drops to zero at the
phase transition. Above the transition, fluctuation effects
lead to a much more rapid recovery of the noninteracting
phonon frequency than the logarithmic dependence pre-
dicted by mean field theory.

FIG. 1 (color online). Acoustic phonon along ~qP at T !
100 K. (a) Representative IXS spectra at momenta close to
%40"1& at ~qP (a# ! 3:93) and across ~qP on a logarithmic scale
with arbitrary offset. Error bars are smaller than the symbols
except for the outer data points. Solid lines below that data are
(shifted) resolution functions that were summed to fit the data.
(b) Phonon dispersion extracted from fits to the IXS data. The
dashed line is a sinusoidal model dispersion !ni% ~q& that serves as
a guide to the eye. The inset shows a portion of reciprocal space
with the scan direction through ~qP indicated.
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The deviation from mean field behavior led us to inves-
tigate the thermodynamic signature of the phase transition
by the study of the diffuse scattering (T > TP) and super-
structure intensity (T < TP) at ~qP. Again, the experimental
difficulty lies in the close proximity to the Bragg reflection
due to the small component a! of ~qP. A survey of momen-
tum space slightly above TP showed that the diffuse scat-

tering signal is present for ~Q " ~G# ~qP when ~G has a
strong component along the a! direction of the reciprocal
lattice.

Our combined diffuse and inelastic x-ray scattering
study allows disentangling the static and dynamical con-

tributions to the diffuse intensity. On inspection, the IXS
spectra show that the dominant contribution is the central
peak (zero energy loss). Figure 3(a) compares the intensity
of the central peak and the phonon (symbols) with the

energy integrated signal (line) at T " 73 K> TP. The
central peak is not only dominant, but its momentum
dependence corresponds to that of the diffuse scattering
signal. Thus we can interpret the diffuse scattering as a
quasistatic diffraction feature which is representative of the
(fluctuating) order of the CDW.
Scans of the integrated scattering intensity along ~qP are

displayed in Fig. 3(b) and show the emergence of a diffuse
scattering feature. Because of the strong background of
thermal diffuse scattering (TDS) from the acoustic phonon
(dominating at high temperatures), the peak shape is not
easily determined. A reliable measurement, however, is
possible for scans through ~qP along b! as the rocking curve
along this direction is sharp and no resolution broadening
affects the width of the intensity profiles. Again, at high
temperature a broad peak is partially due to TDS, but the
emergence of a sharp feature with decreasing width at
lower T is due to the longer correlation length of the
CDW order. Below TP, this peak does not sharpen any
further, although it remains slightly broadened with respect
to the experimental resolution. Its intensity grows rapidly
on lowering the temperature below TP.
The temperature evolution of the intensity and the width

along b! are shown in Fig. 4. The transition appears slightly
broadened around TP. Outside of this range, the intensity
and width show power-law scaling with reduced tempera-
ture. The critical exponents derived from these are 2! "
0:26# 0:06 for the intensity, that is taken here as a mea-
sure of the order parameter squared, and " " 0:85# 0:2
for the width, that is proportional to the inverse correlation
length. The diffuse scattering peaks as well as the diffrac-
tion profiles below TP were always well represented by a
single Lorentzian function. Other critical exponents could
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The deviation from mean field behavior led us to inves-
tigate the thermodynamic signature of the phase transition
by the study of the diffuse scattering (T > TP) and super-
structure intensity (T < TP) at ~qP. Again, the experimental
difficulty lies in the close proximity to the Bragg reflection
due to the small component a! of ~qP. A survey of momen-
tum space slightly above TP showed that the diffuse scat-

tering signal is present for ~Q " ~G# ~qP when ~G has a
strong component along the a! direction of the reciprocal
lattice.

Our combined diffuse and inelastic x-ray scattering
study allows disentangling the static and dynamical con-

tributions to the diffuse intensity. On inspection, the IXS
spectra show that the dominant contribution is the central
peak (zero energy loss). Figure 3(a) compares the intensity
of the central peak and the phonon (symbols) with the

energy integrated signal (line) at T " 73 K> TP. The
central peak is not only dominant, but its momentum
dependence corresponds to that of the diffuse scattering
signal. Thus we can interpret the diffuse scattering as a
quasistatic diffraction feature which is representative of the
(fluctuating) order of the CDW.
Scans of the integrated scattering intensity along ~qP are

displayed in Fig. 3(b) and show the emergence of a diffuse
scattering feature. Because of the strong background of
thermal diffuse scattering (TDS) from the acoustic phonon
(dominating at high temperatures), the peak shape is not
easily determined. A reliable measurement, however, is
possible for scans through ~qP along b! as the rocking curve
along this direction is sharp and no resolution broadening
affects the width of the intensity profiles. Again, at high
temperature a broad peak is partially due to TDS, but the
emergence of a sharp feature with decreasing width at
lower T is due to the longer correlation length of the
CDW order. Below TP, this peak does not sharpen any
further, although it remains slightly broadened with respect
to the experimental resolution. Its intensity grows rapidly
on lowering the temperature below TP.
The temperature evolution of the intensity and the width

along b! are shown in Fig. 4. The transition appears slightly
broadened around TP. Outside of this range, the intensity
and width show power-law scaling with reduced tempera-
ture. The critical exponents derived from these are 2! "
0:26# 0:06 for the intensity, that is taken here as a mea-
sure of the order parameter squared, and " " 0:85# 0:2
for the width, that is proportional to the inverse correlation
length. The diffuse scattering peaks as well as the diffrac-
tion profiles below TP were always well represented by a
single Lorentzian function. Other critical exponents could
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FIG. 2 (color online). Phonon dispersion from $40!1% in the
direction of ~qP at various temperatures T > TP above the tran-
sition. The inset shows the phonon energy @!q at ~qP as a
function of reduced temperature $T & TP%=TP. The solid and
dashed lines represent a 1=8 and a 1=2 power law, respectively.

6x103

5

4

3

2

1

0

in
te

ns
ity

 (
cp

s)

4.003.953.903.85
along qP  (a* component)

3.0x105

2.5

2.0

1.5

1.0

0.5

0.0

B
ragg intens. (cps)

T =   73 K 
T =   83 K 
T = 100 K

x 10-4

qP

0.6

0.5

0.4

0.3

0.2

0.1

0.0

in
te

ns
ity

 fr
om

 fi
t

4.003.963.923.883.84
along qP  (a* component)

0.20

0.15

0.10

0.05

0.00

scattering intensity

T = 73 K 

 IXS central
 IXS phonon
 diffuse scatt. 

FIG. 3 (color online). Diffuse scattering along ~qP. (a) Symbols represent the intensities extracted from data fitting of the IXS spectra:
central peak (triangles), phonon contribution (filled circles). The solid line is the total diffuse scattering intensity as measured with an
energy-integrating detector. (b) Diffuse scattering intensities at three selected temperatures as indicated. (c) Scans of diffuse scattering
across ~qP along b! at various temperatures above TP.

PRL 102, 086402 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

27 FEBRUARY 2009

086402-3



20
17

Rev. Mod. Phys. 83, 705 (2011)
http://physics.usask.ca/~chang/homepage
/xray/xray.html

Resonant inelastic x-ray scattering (RIXS)

K-edge: 1s
L-edge: 2s or 2p
M-edge: 3s …

http://physics.usask.ca/~chang/homepage


https://mediatum.ub.tum.de/doc/1575090/1575090.pdf

5.1. Previous work on angiography at the MuCLS

5.1.1 Monoenergetic angiography

While conventional X-ray tubes are well-established in clinical X-ray imaging, their
broad bremsstrahlung spectra have a number of drawbacks in terms of image quality.
The polychromatic X-ray spectrum can impede the aim to optimize both the dose level
and the image quality, as the X-ray energy cannot be tuned directly to the desired
range. A monochromatic X-ray beam, however, is able exploit the sudden increase of
the absorption coe�cient of a contrast medium at its K-edge. Coronary angiography
is a clinical application that could benefit significantly from a monochromatic X-ray
beam as it relies on the application of contrast media.

In their study, Eggl et al. [Eggl, 2017] analyzed the quantitative e↵ect of quasi-
monochromatic X-ray spectra on the CNR of coronary angiographic images. For this
purpose, they used projection images calculated from segmented patient data of a hu-
man coronary artery and compared a typically used clinical X-ray spectrum with an
ICS spectrum. For an iodine-based contrast agent, a conventional X-ray tube spectrum
at 60 kVp was compared to a quasi-monochromatic spectrum at 35 keV. Additionally, a
90 kVp conventional X-ray tube spectrum and a 55 keV quasi-monochromatic spectrum
were examined for the application of gadolinium-based contrast media.

Figure 5.1: a Measured MuCLS spectrum at 35 keV peak energy together with an X-ray
tube spectrum at 60 kVp and the mass attenuation coe�cient of iodine; b Simulated iodine-
based angiography image for the polychromatic 60 kVp X-ray tube spectrum; c Simulated
iodine-based angiography image for the 35 keV MuCLS spectrum. Figure adapted from [Eggl,
2017].

As an example, the simulated angiographic images for 60 kVp and 35 keV are shown
in Fig. 5.1 together with the used spectra. Comparing the two images, the visibility
of small vessels (ROI 1 and 2) is higher for the monoenergetic image. Eggl et al. per-
formed a CNR analysis that supports this impression with CNR values lying 17´22%
higher in the monoenergetic images than in the case of the conventional spectrum.
For lower concentrations of contrast agent, the advantage of monoenergetic imaging
increases further. This suggests that the use of a monoenergetic spectrum would al-
low for a reduction of the iodine concentration by approximately 20 ´ 30% at almost
equal CNR, which can facilitate the administration of the contrast agent for the pa-
tients. For the simulations with gadolinium similar results were obtained, with an even
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Figure 5.2: K-edge subtraction imaging of the left anterior descending artery of a porcine
heart with injected iodine contrast agent and inhomogeneous background structures: First
row: In both, the unfiltered a and the iodine-filtered b image, air artifacts and inhomogeneous
absorption make the identification of small blood vessels di�cult. In the KES image c, only
the contrast agent remains visible; Second row: The overlying bone structures make the
identification of the small blood vessel (marked by the red arrows) impossible in images d
and e. Only KES imaging combined with an energy correction restores contrast for these
blood vessels. Although the image quality is compromised in the KES image f in areas of
lower counting statistics by noise, the visibility of the small vessels is increased. The gray
scales of the images were chosen such that the contrast for the coronary arteries is optimized.
The gray scales for the unfiltered and filtered images show the relative intensity of the X-ray
beam while the gray values in the KES images show the negative di↵erences in the absorption.
Figure from [Kulpe, 2018].

results in a realistic application. KES allows to level out inhomogeneous absorption
and to remove uncontrasted tissue structures from the subtraction image. As X-ray
transmission through bones is low at an X-ray energy of 33.49 keV, the noise level is
significantly higher in regions where the bone is located. The CNR between the blood
vessel behind the rib and the rib bone is significantly increased by KES in comparison
to the non-subtraction image. This supports the visual impression of better visibility
of the small blood vessel hidden behind the rib bone.

The results of these proof-of-principle experiments demonstrate that the quasi-mono-
chromatic spectrum of the MuCLS enables filter-based K-edge subtraction imaging.
The proven beneficial characteristics of the compact synchrotron source at the MuCLS
were applied to the realistic anatomy of the heart inside the rib cage. While the global
noise level is generally compromised by the subtraction of two noise a✏icted images, the
local CNR of an iodine filled vessel is improved by the subtraction of strong absorber
materials like the costal bones. Our experiment with a porcine heart and a costal arch
demonstrates that KES strongly improves the visibility of small blood vessels, which
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In many Mott insulators this orbital physics is governed by
the crystal field: The levels of the orbitally active ion are split
and the orbital ground state is uniquely determined by local,
single-ion considerations. The orbital excitations from this
ground state are transitions between the crystal-field levels.
Crystal-field transitions between different d orbitals are
called dd excitations. Such excitations are currently routinely
seen by RIXS and are now well understood.

In other cases the crystal field does not split the levels of
the outer shell very much, leaving an orbital (quasi-)
degeneracy in the ground state. This local low-energy degree
of freedom can couple to orbital degrees of freedom on
neighboring sites by superexchange processes, and in this
way collective orbital excitations can emerge. The quanta of
these collective modes are called orbitons, in analogy to spin
waves and magnons. Definitive proof of the existence of
orbitons remains elusive; RIXS is contributing significantly
to the search for orbitons. The distinctive advantages of RIXS
over other spectroscopies when probing orbital excitations
raise promising prospects; see Sec. V.D.3.

d. Magnetic excitations

Magnetism and long-range magnetic ordering are the best
known and most studied consequences of the electron-
electron interactions in solids. When usual magnetic order
sets in, be it either of ferromagnetic, ferrimagnetic, or anti-
ferromagnetic type, the global spin rotation symmetry in the
material is broken. As a result characteristic collective mag-
netic excitations emerge. The resulting low-energy quasipar-
ticles, the magnons, and the interactions between them,
determine all low-temperature magnetic properties. Magnon
energies can extend up to !0:3 eV (e.g., in cuprates) and
their momenta up to !1 !A"1. Recently magnon dispersions
have been measured for the first time with x rays at the Cu
L edge on thin films of La2CuO4 (Braicovich et al., 2010). In
K-edge RIXS bimagnon excitations and their dispersions
have also been observed (Hill et al., 2008).

A melting of the long-range ordering, for instance, through
an increase in quantum fluctuations as a result of the intro-
duction of mobile charge carriers in a localized spin system,
or by the frustration of magnetic interactions between the
spins, can result in the formation of spin-liquid ground states.
Spin liquids potentially have elusive properties such as high-
temperature superconductivity or topological order, which is
only beginning to be explored and understood. Some of
the more exotic magnetic excitations that emerge from
these ground states, such as spinons and triplons, can also
be observed by RIXS (Schlappa et al., 2009). In Sec. V.E, we
review both the experimental and theoretical status of mag-
netic RIXS in detail.

e. Phonons

Phonons are the quantized lattice vibration modes of a
periodic solid. These are bosonic modes with energies typi-
cally below 0.1 eV, so that the detection of single phonon
excitations is only just possible with present day RIXS reso-
lution. Therefore, phonon loss features were resolved for the

first time with RIXS only very recently, at the Cu L edge
(Braicovich et al., 2010) and K edge (Yavaş et al., 2010). In
addition, anomalous features in CuB2O4 have been qualita-
tively described by extending the electron-only considera-
tions to include the lattice degrees of freedom (Hancock
et al., 2010). Theoretically, the study of phonons in RIXS
promises quantitative investigations of the electron-phonon
coupling (Ament, van Veenendaal, and van den Brink, 2010).
In Sec. V.F, we summarize both the experimental and theo-
retical results in the young field of phonon RIXS.

D. The RIXS Process

The microscopic picture of the resonant inelastic x-ray
scattering process is most easily explained in terms of an
example. We choose a copper-oxide material as a typical
example, but it should be stressed again that the focus of
RIXS on transition-metal oxides is something of an accident
and is not a fundamental limitation of the technique. In a
copper-oxide material, one can tune the incoming photon
energy to resonate with the copper K, L, or M absorption
edges, where in each case the incident photon promotes a
different type of core electron into an empty valence shell; see
Figs. 7 and 8. The electronic configuration of Cu2# is
1s22s22p63s23p63d9, with the partially filled 3d valence
shell characteristic of transition-metal ions. The copper
K-edge transition 1s ! 4p is around 9000 eV and in the
hard x-ray regime. The L2;3 edge 2p ! 3d (! 900 eV) and
M2;3 edge 3p ! 3d (! 80 eV) are soft x-ray transitions.
Alternatively, by tuning to the oxygenK edge, one can choose
to promote an O 1s to an empty 2p valence state, which takes
!500 eV.

After absorbing a soft or hard x-ray photon, the system
is in a highly energetic, unstable state: A hole deep in the

FIG. 7 (color). In a direct RIXS process the incoming x rays
excite an electron from a deep-lying core level into the empty
valence band. The empty core state is then filled by an electron from
the occupied states under the emission of an x ray. This RIXS
process creates a valence excitation with momentum !k0 " !k and
energy !!k " !!k0 .
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bulk sensitivity than electron yield methods do. The effects
of self-absorption on the metal edge TFY spectra were pro-
nounced, but they agreed in energy with the total electron
yield spectra that are presented below. The O K! XES was
excited near the O 1s ionization threshold to suppress the
high-energy satellite structure. The estimated experimental
energy resolution was approximately 0.5 eV for the XES and
0.1 eV for the XAS measurements. MnO, CoO, and NiO
!99.99%" powders obtained from Aldrich were used without
further refinement.

The x-ray emission and absorption spectra reflect the local
density of occupied and unoccupied electronic states, respec-
tively; the presence of the core hole that is created during the
absorption process modifies, to varying degrees, the informa-
tion acquired through both techniques. The relative effects of
the core hole on the measured densities of states !DOS" are
governed by the final state rule,8,9 meaning that absorption
measurements, in which the core hole is a part of the final
state, are more strongly affected than emission measure-
ments, in which the final state vacancy is in a valence state.
In the case of the transition-metal oxides, the O 1s core hole
created during the XAS measurements is expected to weakly
interact with the TM 3d states. These states appear in the
O 1s XAS spectra as transitions into hybridized
O 2p /TM 3d states and so it is expected that these measure-
ments should provide a relatively unperturbed probe of the
TM DOS.

The core hole effect in O 1s XAS for NiO is quantita-
tively studied in Ref. 10 on the basis of LDA+U calcula-
tions. Very strong Ni 3d–O 2p hybridization is found over
the entire energy range of the valence and conduction bands.
The calculated spectrum of Ref. 10 reproduces the fine struc-
ture of the O 1s XAS quite well; as expected, the lowest-
energy conduction states are formed by O 2p /Ni 3d hybrid-
ization. The lack of interaction between the core hole and the
conduction band states is, importantly, confirmed by the ob-
servation that the partial O 2p density of states with the core
hole does not differ from that calculated without the core
hole. This observation is unsurprising, given the fact that the
3d orbitals are centered on the transition-metal site away
from the O 1s core hole, and so a strong interaction is not
expected.

The estimation of the band gap from the measured
O K-edge XES and XAS spectra is achieved through a rela-
tively simple procedure. In order to avoid the uncertainties
involved with the fitting of tangent lines to determine the
location of, for example, the absorption onset, a method
based on the second derivative of the measured spectra is
used. The second derivative of the XES and XAS spectra of
a sample is plotted on a common energy scale, and the dis-
tance between the highest-energy peak of the XES derivative
and the lowest-energy peak of the XAS derivative is deter-
mined. The suitability of the material being studied must be
taken into account when applying this method, as the pres-
ence of strong resonant inelastic x-ray scattering !RIXS" ef-
fects will have an effect on the location of the absorption
edge. We do not anticipate that this will have a significant
effect in the results obtained in this study, given the weak-
ness of the RIXS effects that would be observed as a result of
excitation into the hybrid O 2p /M 3d state. These points cor-

respond to the onsets of the densities of states on either side
of the gap. It will be shown that the application of this pro-
cedure to transition-metal oxides yields values that are in
close agreement with published values.

The anion-to-cation charge-transfer energy is also graphi-
cally estimated from the XAS and XES plots. In a simple
one-electron picture, the charge-transfer energy is defined as
the energy required to move an electron from the highest
lying occupied oxygen 2p state to the lowest lying unoccu-
pied metal 3d state. The energy level of the ligand state can
be directly read from the O XES spectrum, and the lowest-
energy feature of the O XAS spectrum is used to approxi-
mate the energy of the metal state. The absence of a hole in
the ligand valence electronic structure is not expected to
have a significant effect on the energy of this state, although
this unavoidable inconsistency between our method and the
definition of " must be noted.

III. RESULTS

In Fig. 1, we compare oxygen and nickel x-ray emission
and absorption spectra to the XPS VB11 and BIS12 spectra of
NiO. The relative positions of the x-ray emission and absorp-
tion spectra with respect to the XPS VB and BIS spectra
!displayed on the binding energy scale" are chosen by taking
into account the XPS binding energies of the core levels
#Ebe!Ni 2p3/2"=854.1 eV, Ebe!O 1s"=529.4 eV$.11 The en-
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FIG. 1. The comparison of oxygen K- and Ni L-emission and
absorption spectra to XPS VB and BIS of NiO.

KURMAEV et al. PHYSICAL REVIEW B 77, 165127 !2008"

165127-2

bulk sensitivity than electron yield methods do. The effects
of self-absorption on the metal edge TFY spectra were pro-
nounced, but they agreed in energy with the total electron
yield spectra that are presented below. The O K! XES was
excited near the O 1s ionization threshold to suppress the
high-energy satellite structure. The estimated experimental
energy resolution was approximately 0.5 eV for the XES and
0.1 eV for the XAS measurements. MnO, CoO, and NiO
!99.99%" powders obtained from Aldrich were used without
further refinement.

The x-ray emission and absorption spectra reflect the local
density of occupied and unoccupied electronic states, respec-
tively; the presence of the core hole that is created during the
absorption process modifies, to varying degrees, the informa-
tion acquired through both techniques. The relative effects of
the core hole on the measured densities of states !DOS" are
governed by the final state rule,8,9 meaning that absorption
measurements, in which the core hole is a part of the final
state, are more strongly affected than emission measure-
ments, in which the final state vacancy is in a valence state.
In the case of the transition-metal oxides, the O 1s core hole
created during the XAS measurements is expected to weakly
interact with the TM 3d states. These states appear in the
O 1s XAS spectra as transitions into hybridized
O 2p /TM 3d states and so it is expected that these measure-
ments should provide a relatively unperturbed probe of the
TM DOS.

The core hole effect in O 1s XAS for NiO is quantita-
tively studied in Ref. 10 on the basis of LDA+U calcula-
tions. Very strong Ni 3d–O 2p hybridization is found over
the entire energy range of the valence and conduction bands.
The calculated spectrum of Ref. 10 reproduces the fine struc-
ture of the O 1s XAS quite well; as expected, the lowest-
energy conduction states are formed by O 2p /Ni 3d hybrid-
ization. The lack of interaction between the core hole and the
conduction band states is, importantly, confirmed by the ob-
servation that the partial O 2p density of states with the core
hole does not differ from that calculated without the core
hole. This observation is unsurprising, given the fact that the
3d orbitals are centered on the transition-metal site away
from the O 1s core hole, and so a strong interaction is not
expected.

The estimation of the band gap from the measured
O K-edge XES and XAS spectra is achieved through a rela-
tively simple procedure. In order to avoid the uncertainties
involved with the fitting of tangent lines to determine the
location of, for example, the absorption onset, a method
based on the second derivative of the measured spectra is
used. The second derivative of the XES and XAS spectra of
a sample is plotted on a common energy scale, and the dis-
tance between the highest-energy peak of the XES derivative
and the lowest-energy peak of the XAS derivative is deter-
mined. The suitability of the material being studied must be
taken into account when applying this method, as the pres-
ence of strong resonant inelastic x-ray scattering !RIXS" ef-
fects will have an effect on the location of the absorption
edge. We do not anticipate that this will have a significant
effect in the results obtained in this study, given the weak-
ness of the RIXS effects that would be observed as a result of
excitation into the hybrid O 2p /M 3d state. These points cor-

respond to the onsets of the densities of states on either side
of the gap. It will be shown that the application of this pro-
cedure to transition-metal oxides yields values that are in
close agreement with published values.

The anion-to-cation charge-transfer energy is also graphi-
cally estimated from the XAS and XES plots. In a simple
one-electron picture, the charge-transfer energy is defined as
the energy required to move an electron from the highest
lying occupied oxygen 2p state to the lowest lying unoccu-
pied metal 3d state. The energy level of the ligand state can
be directly read from the O XES spectrum, and the lowest-
energy feature of the O XAS spectrum is used to approxi-
mate the energy of the metal state. The absence of a hole in
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信号強度や分解能の点では軟 X線吸収に劣るが，X線を用
いる手法であるため，軟 X線では実現不可能な高圧におけ
る測定も可能であるため軟X線による実験と組み合わせて
利用されることもある。
　軟X線吸収などによる内殻電子の励起によってできる内
殻の正孔は，不安定であるため，電子の遷移によってふた
たび埋められる。価電子が内殻に遷移する際には余剰エネ
ルギーが軟X線領域の発光になって放出されることがある。
このときに生じた発光のエネルギーは内殻と価電子のエネ
ルギー準位の差を反映するため，軟 X線発光をエネルギー
分析することで，内殻を基準とした価電子のエネルギー準
位の情報を得ることができる。これが，軟 X線発光分光法
の原理である 7。このように，物質の電子状態の情報が軟
X線領域の吸収や発光スペクトルには含まれている。

3. 液体の測定のための実験装置
　本稿で紹介する液体の軟X線分光測定のための実験装置
はSPring-8 BL17SUビームライン 2において開発された。こ
の実験装置は，真空中では減衰してしまう軟 X線を液体試
料に直接照射するための液体フローセルとそれによって発
生する軟X線発光を分光する発光分光器で構成されている。
この発光分光器は，検出効率を重視して設計されていて，
分解能は 2,000（E/dE）程度ではあるが，迅速に測定を行う
ことによって，軟 X線を使った溶液や液体の濃度や温度，
pHなどの条件による変化の系統的な測定を実現してき
た 8–13。この独自に開発された発光分光器にもさまざまな
工夫があるが，液体の測定を実現するための装置開発とい
う観点では，液体フローセルの開発が重要であるため，発
光分光器の開発 14–16に関しては，それはまた別の話という
ことで別の機会を待つことにする。

3.1 薄膜窓材を用いた液体フローセル
　薄膜を窓材にするというアイデアは単純ではあるが，実
際に窓材として使用できる高強度で均質な材料を，比較的
低コストで入手できるようになったのは，おそらく 2000年
代になってからである。放射光を使った軟 X線発光では
2002年に J. H. Guoらが行った窒化ケイ素（SiN）薄膜を窓
材に用いた封入型のセルによる液体の水の測定 17がおそら
く最初の使用例である。BL17SUビームラインでは軟 X線
分光による化学反応の観測を最終的な目標と定め，液体の
観測が可能な実験装置の開発が 2003年ごろに開始された。
2液を混合させることで化学反応中の電子状態観測を実現
させたいと考えたため，装置は液体を送液することが可能
な設計となった。筆者らが液体フローセルと呼んでいる装
置は，Figure 2に示したように薄膜窓材で真空と大気圧下

Figure 1.　Schematic energy diagrams of X-ray emission and absorption spectroscopy. Relation 
between spectral features and molecular orbitals of water molecule is shown as an example.
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The basic assumption of our experiment is that the
removal of one electron at the Fermi level by the photo-
electric effect is equivalent to chemical doping [4].
Furthermore, by using resonant excitation, we can select
Cu electronic states of initially undoped sites only [10,11],
Fig. 1(a). This 3d9 copper site is chosen by tuning the
energy of the x-rays to the L3 peak in the absorption
spectrum, Fig. 2. An electron is excited from the 2p3=2
spin-orbit split core states. In the intermediate state (i.e.,
2p53d10), the core hole preserves the memory of the 3d
hole original spin direction, which has been selected by the
sign of the circular polarization of the absorbed photon,
Fig. 1(b). In this way, the intermediate state will decay via a
2p3d3d Auger process that restores the initial spin for one
hole via the 3d to 2p transition and adds one extra 3d hole
having spin either parallel or antiparallel to the initial one,
therefore, leaving a triplet or singlet 2p63d8 final state,
respectively, Fig. 1(b). So, by measuring the spin polari-
zation of the emitted electron, one can determine whether
the two-hole final state is a triplet or singlet state. This 3d8

final state is hybridized with the two-hole state formed with
a hole on the copper and surrounding oxygen sites (i.e., the
ZRS state). The 3d8 contribution to the state is <7% but,
due to the strong resonance (! !100), this allows one to
probe the ZRS state. The two-hole final state produced in
this way is equivalent to that produced by chemical
doping [10]. The neighboring copper sites will be more
or less doped depending on the sample doping level.
Consequently, the experiment generates a doped site in
the presence of other doped sites. By measuring a series of
samples with increasing doping, one can determine how the

electronic structure, including its spin character, changes
with doping. The details of this method can be found in
Refs. [10–14].
The La2"xSrxCuO4 (x ! 0.03, 0.07, 0.15, 0.22, 0.3)

(LSCO) single crystals were grown by the traveling-solvent
floating-zone method and annealed so that the oxygen
content became stoichiometric. The underdoped sample,
x ! 0.03, is insulating, those with x ! 0.07, 0.15, and 0.22
are superconducting, and the overdoped sample, x ! 0.3, is
metallic without being superconducting. The growth details
and sample characterization are described elsewhere
[33–35]. The present results were obtained from the
cleaved surfaces of crystals that were characterized by
ARPES [36–38]. ARPES showed a systematic evolution of
the Fermi surfaces up to the doping level of x ! 0.30
demonstrating the high quality of the samples.
The x ! 0.3 sample was cleaved with a cleaver at room

temperature. The other samples were post-cleaved at low
temperature. All samples were cleaved for each measure-
ment and measured at a temperature <40 K. The exper-
imental chamber pressure remained in the low 10"10 mbar
range, and the samples showed no sign of degradation
during the measurements. Each sample was measured
several times during at least three separate experiments.
The experiments were carried out at the ID8 helical
undulator beam line of the European Synchrotron
Radiation Facility, which provides almost 100% linear
and circularly polarized light. The experimental geometry

(a) (b)

(c)

FIG. 1 (color online). (a) A schematic showing an antiferro-
magnetically ordered CuO plane. The energy and the circular
polarization of the incident x-ray photons select undoped copper
sites and their prevalent spin orientation, respectively. (b) A
simplified energy diagram showing how singlet and triplet two-
hole final states are distinguished by the spin of the photoemitted
electron. (c) The experimental geometry for the spin-polarized
resonant photoemission experiments [39].

FIG. 2 (color online). The polarized (E!c) XAS of the O K
edge and Cu L3 edge of LSCO measured at low temperature as a
function of doping x. The upper panel inset shows the maximum
intensity of the lowest energy feature in the oxygen K-edge
spectrum as a function of doping.
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In many Mott insulators this orbital physics is governed by
the crystal field: The levels of the orbitally active ion are split
and the orbital ground state is uniquely determined by local,
single-ion considerations. The orbital excitations from this
ground state are transitions between the crystal-field levels.
Crystal-field transitions between different d orbitals are
called dd excitations. Such excitations are currently routinely
seen by RIXS and are now well understood.

In other cases the crystal field does not split the levels of
the outer shell very much, leaving an orbital (quasi-)
degeneracy in the ground state. This local low-energy degree
of freedom can couple to orbital degrees of freedom on
neighboring sites by superexchange processes, and in this
way collective orbital excitations can emerge. The quanta of
these collective modes are called orbitons, in analogy to spin
waves and magnons. Definitive proof of the existence of
orbitons remains elusive; RIXS is contributing significantly
to the search for orbitons. The distinctive advantages of RIXS
over other spectroscopies when probing orbital excitations
raise promising prospects; see Sec. V.D.3.

d. Magnetic excitations

Magnetism and long-range magnetic ordering are the best
known and most studied consequences of the electron-
electron interactions in solids. When usual magnetic order
sets in, be it either of ferromagnetic, ferrimagnetic, or anti-
ferromagnetic type, the global spin rotation symmetry in the
material is broken. As a result characteristic collective mag-
netic excitations emerge. The resulting low-energy quasipar-
ticles, the magnons, and the interactions between them,
determine all low-temperature magnetic properties. Magnon
energies can extend up to !0:3 eV (e.g., in cuprates) and
their momenta up to !1 !A"1. Recently magnon dispersions
have been measured for the first time with x rays at the Cu
L edge on thin films of La2CuO4 (Braicovich et al., 2010). In
K-edge RIXS bimagnon excitations and their dispersions
have also been observed (Hill et al., 2008).

A melting of the long-range ordering, for instance, through
an increase in quantum fluctuations as a result of the intro-
duction of mobile charge carriers in a localized spin system,
or by the frustration of magnetic interactions between the
spins, can result in the formation of spin-liquid ground states.
Spin liquids potentially have elusive properties such as high-
temperature superconductivity or topological order, which is
only beginning to be explored and understood. Some of
the more exotic magnetic excitations that emerge from
these ground states, such as spinons and triplons, can also
be observed by RIXS (Schlappa et al., 2009). In Sec. V.E, we
review both the experimental and theoretical status of mag-
netic RIXS in detail.

e. Phonons

Phonons are the quantized lattice vibration modes of a
periodic solid. These are bosonic modes with energies typi-
cally below 0.1 eV, so that the detection of single phonon
excitations is only just possible with present day RIXS reso-
lution. Therefore, phonon loss features were resolved for the

first time with RIXS only very recently, at the Cu L edge
(Braicovich et al., 2010) and K edge (Yavaş et al., 2010). In
addition, anomalous features in CuB2O4 have been qualita-
tively described by extending the electron-only considera-
tions to include the lattice degrees of freedom (Hancock
et al., 2010). Theoretically, the study of phonons in RIXS
promises quantitative investigations of the electron-phonon
coupling (Ament, van Veenendaal, and van den Brink, 2010).
In Sec. V.F, we summarize both the experimental and theo-
retical results in the young field of phonon RIXS.

D. The RIXS Process

The microscopic picture of the resonant inelastic x-ray
scattering process is most easily explained in terms of an
example. We choose a copper-oxide material as a typical
example, but it should be stressed again that the focus of
RIXS on transition-metal oxides is something of an accident
and is not a fundamental limitation of the technique. In a
copper-oxide material, one can tune the incoming photon
energy to resonate with the copper K, L, or M absorption
edges, where in each case the incident photon promotes a
different type of core electron into an empty valence shell; see
Figs. 7 and 8. The electronic configuration of Cu2# is
1s22s22p63s23p63d9, with the partially filled 3d valence
shell characteristic of transition-metal ions. The copper
K-edge transition 1s ! 4p is around 9000 eV and in the
hard x-ray regime. The L2;3 edge 2p ! 3d (! 900 eV) and
M2;3 edge 3p ! 3d (! 80 eV) are soft x-ray transitions.
Alternatively, by tuning to the oxygenK edge, one can choose
to promote an O 1s to an empty 2p valence state, which takes
!500 eV.

After absorbing a soft or hard x-ray photon, the system
is in a highly energetic, unstable state: A hole deep in the

FIG. 7 (color). In a direct RIXS process the incoming x rays
excite an electron from a deep-lying core level into the empty
valence band. The empty core state is then filled by an electron from
the occupied states under the emission of an x ray. This RIXS
process creates a valence excitation with momentum !k0 " !k and
energy !!k " !!k0 .

710 Luuk J. P. Ament et al.: Resonant inelastic x-ray scattering studies . . .

Rev. Mod. Phys., Vol. 83, No. 2, April–June 2011

1s = K-edge
2p = L-edge

X-ray Absorption Spectroscopy (XAS) 
Different Edges



structural distortions and the (La,M)2O2 layer
(001) peaks measured at these photon energies.
Coupling of the symmetry of the electronic

structure to ionic positions (e.g., displacements
of in-plane oxygen along the c axis in the LTT
phase) is also expected for the CuO2 planes (29).
However, the difference in the temperature de-
pendence of the (001) peak between the CuO2

planes and the (La,M)2O2 layer shows that elec-
tronic nematicity of the CuO2 planes is not sim-
ply a trivial consequence of distortions of the
(La,M)2O2 layer and that there is an additional,
possibly intrinsic, susceptibility to nematic order
in the CuO2 planes.
Wenext explore the relationship between intra-

unit cell (Qx ! Qy ! 0) C4 symmetry-breaking
probed by the (001) peak and inter–unit cell C4

symmetry-breaking arising from unidirectional
CDW order. In Fig. 3, we compare measure-
ments of the temperature dependence of the (001)
and CDW maximum peak intensities at the Cu
L-edge. An important case is LESCO, where CDW
order onsets at temperatures well below TLTT

(Fig. 3B). Here, the key observation is that the Cu
(001) peak is enhanced below~65K, coincidently
with the onset of CDW order. This suggests that
nematicity of the CuO2 planes and translational

symmetry-breaking of the CDW order are in-
tertwined, having a cooperative relationship
where CDW order enhances nematicity and vice
versa. In contrast, the structural distortion of the
(La,M)2O2 layer,measured by the (001) peak at the
Eu M, La M or O K (apical) energies, exhibits no
such enhancement at TCDW (Fig. 2B). Whereas
the LTT structural distortion of the (La,M)2O2

layer plays an important role in stabilizing
CDW order and nematicity in the CuO2 planes,
it does not appear to be coupled as strongly
with the CDW order as the nematicity of the
CuO2 planes is.
In LBCO at a doping of x ! 1=8, ICDW be-

haves roughly as the fourth power of ICu;001
(ICDWºI4Cu;001) (Fig. 3A). However, this power-
law relationship is not generic, being seemingly
not applicable to LESCO and LNSCO, and may
be coincidental. As discussed below, it may also
be that 1/8-doped LBCO represents a special
case where the order parameters (and/or the
coupling parameters) for CDW order, CuO2 plane
nematicity, and structural distortion of the
(La,M)2O2 layer are tuned to a common critical
point.
In a minimal Landau theory that captures the

essential aspects of the relationship between CDW,

nematic, and structural orders, we consider two
types of order parameters, the electronic nematic
order parameter h and the CDW order pa-
rameter Ya (a ! x; y). h breaks the point-group
symmetry C4 down to C2. Ya, the complex am-
plitude of the CDW, also generally breaks trans-
lational symmetry. Given this, a suitable Landau
free energy, F, is

F ! ah2 ! whF" r#jYxj2 " jYyj2$"

g#h" eF$#jYxj2 ! jYyj2$"

u#jYxj2 " jYyj2$2 " v#jYxj4 " jYyj4$ #1$

Here, F is the structural C4 symmetry-breaking
associated with distortions of the (La,M)2O2 layer,
representing the three-dimensional (3D) struc-
tural phase transition with the octahedral tilting
axis rotated by 90° between neighboring planes
in the LTT phase. h and Ya are associated with
a single CuO2 plane within the 3D unit cell. The
parameters a, w, g, e, r, u, and v are functions
of temperature. From experimental observa-
tion,F acquires a nonzero value through a first-
order phase transition at TLTT, as described by a
supplementary part of the Landau theory (16).
We assume that eF << 1 because the “direct”
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Fig. 1. Structure of La-based cuprates. (A) Unit cell of (La,M)2CuO4 in the high-temperature tetragonal phase (HTT). O(1) and O(2) are in-plane and apical
oxygen sites, respectively. (B) Octahedral distortions in the LTO and LTTphases. (C) CuO2 planes showing the octahedral tilt pattern in neighboring layers (z = 0
and 0.5) in the LTTphase.The structural C4 symmetry-breaking and electronic nematicity alternates between neighboring planes, z = 0 and z = 0.5.

Fig. 2. Temperature depen-
dence of the (001) Bragg
peak intensity. The intensities
are normalized by the
corresponding low-temperature
values, I001#T$=I001#!20K$, with
photon energy tuned to
the La M-, Eu M-, O K-, and
Cu L-edges for (A) LBCO,
(B) LESCO, and (C) LNSCO. In
all cases, the (001) peak has a
more gradual temperature
dependence for Cu and O in the
CuO2 planes than for atoms in
the (La,M)2O2 layer.
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and CDW maximum peak intensities at the Cu
L-edge. An important case is LESCO, where CDW
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with the onset of CDW order. This suggests that
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where CDW order enhances nematicity and vice
versa. In contrast, the structural distortion of the
(La,M)2O2 layer,measured by the (001) peak at the
Eu M, La M or O K (apical) energies, exhibits no
such enhancement at TCDW (Fig. 2B). Whereas
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layer plays an important role in stabilizing
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it does not appear to be coupled as strongly
with the CDW order as the nematicity of the
CuO2 planes is.
In LBCO at a doping of x ! 1=8, ICDW be-

haves roughly as the fourth power of ICu;001
(ICDWºI4Cu;001) (Fig. 3A). However, this power-
law relationship is not generic, being seemingly
not applicable to LESCO and LNSCO, and may
be coincidental. As discussed below, it may also
be that 1/8-doped LBCO represents a special
case where the order parameters (and/or the
coupling parameters) for CDW order, CuO2 plane
nematicity, and structural distortion of the
(La,M)2O2 layer are tuned to a common critical
point.
In a minimal Landau theory that captures the

essential aspects of the relationship between CDW,

nematic, and structural orders, we consider two
types of order parameters, the electronic nematic
order parameter h and the CDW order pa-
rameter Ya (a ! x; y). h breaks the point-group
symmetry C4 down to C2. Ya, the complex am-
plitude of the CDW, also generally breaks trans-
lational symmetry. Given this, a suitable Landau
free energy, F, is

F ! ah2 ! whF" r#jYxj2 " jYyj2$"

g#h" eF$#jYxj2 ! jYyj2$"
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Here, F is the structural C4 symmetry-breaking
associated with distortions of the (La,M)2O2 layer,
representing the three-dimensional (3D) struc-
tural phase transition with the octahedral tilting
axis rotated by 90° between neighboring planes
in the LTT phase. h and Ya are associated with
a single CuO2 plane within the 3D unit cell. The
parameters a, w, g, e, r, u, and v are functions
of temperature. From experimental observa-
tion,F acquires a nonzero value through a first-
order phase transition at TLTT, as described by a
supplementary part of the Landau theory (16).
We assume that eF << 1 because the “direct”
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Fig. 1. Structure of La-based cuprates. (A) Unit cell of (La,M)2CuO4 in the high-temperature tetragonal phase (HTT). O(1) and O(2) are in-plane and apical
oxygen sites, respectively. (B) Octahedral distortions in the LTO and LTTphases. (C) CuO2 planes showing the octahedral tilt pattern in neighboring layers (z = 0
and 0.5) in the LTTphase.The structural C4 symmetry-breaking and electronic nematicity alternates between neighboring planes, z = 0 and z = 0.5.

Fig. 2. Temperature depen-
dence of the (001) Bragg
peak intensity. The intensities
are normalized by the
corresponding low-temperature
values, I001#T$=I001#!20K$, with
photon energy tuned to
the La M-, Eu M-, O K-, and
Cu L-edges for (A) LBCO,
(B) LESCO, and (C) LNSCO. In
all cases, the (001) peak has a
more gradual temperature
dependence for Cu and O in the
CuO2 planes than for atoms in
the (La,M)2O2 layer.
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Nematicity in stripe-ordered cuprates
probed via resonant x-ray scattering
A. J. Achkar,1 M. Zwiebler,2 Christopher McMahon,1 F. He,3 R. Sutarto,3

Isaiah Djianto,1 Zhihao Hao,1 Michel J. P. Gingras,1,4,5 M. Hücker,6 G. D. Gu,6

A. Revcolevschi,7 H. Zhang,8 Y.-J. Kim,8 J. Geck,2,9 D. G. Hawthorn1,4*

In underdoped cuprate superconductors, a rich competition occurs between superconductivity
and charge density wave (CDW) order.Whether rotational symmetry-breaking (nematicity)
occurs intrinsically and generically or as a consequence of other orders is under debate. Here,
we employ resonant x-ray scattering in stripe-ordered superconductors (La,M)2CuO4 to probe
the relationship between electronic nematicity of the Cu 3d orbitals, structure of the (La,M)2O2

layers, and CDWorder.We find distinct temperature dependences for the structure of the
(La,M)2O2 layers and the electronic nematicity of the CuO2 planes, with only the latter being
enhanced by the onset of CDWorder.These results identify electronic nematicity as an
order parameter that is distinct from a purely structural order parameter in underdoped
striped cuprates.

K
ey challenges in resolving the cuprate phase
diagram are to identify the broken sym-
metries that generically occur and under-
stand how they are interrelated. Recently,
a series ofmeasurements have shown trans-

lational symmetry-breaking in the form of charge
density wave (CDW) order to be generic to under-
doped cuprates (1–9). It has also been proposed
that electronic nematicity (intra-unit cell C4 rota-
tional symmetry-breaking) occurs in the cuprates
(10), with experimental evidence for electronic
nematicity coming from bulk transport (11–13)
and scanning tunneling microscopy (STM) mea-
surements (2, 14). Despite these developments,
the role of electronic nematicity, such as whether
it is common to the cuprates and how it relates
to CDWorder or the crystal structure of different
cuprate families, has not yet been established.
Relevant in this context are the stripe-ordered

La2–xMxCuO4 (M is Sr, Ba, Eu, or Nd) cuprates,
where it is known that the low-temperature or-
thorhombic (LTO) phase to low-temperature tetra-
gonal (LTT) structural phase transition (15–18)
plays an important role in stabilizing spin and

charge stripe order (1, 18). The LTT phase is
understood in terms of rotations of the CuO6

octahedra about axes parallel to the Cu-O bonds,
with the rotation axis of the octahedra alterna-
ting between the a and b axes (19) of neighboring
planes (Fig. 1) (15–18). This induces C4 symmetry-
breaking of the average (or intra–unit cell) elec-
tronic structure within an individual CuO2 plane
(referred to here as electronic nematicity) and
stabilizes stripes whose orientation rotates by
90° between neighboring planes (1). The LTT
distortions are understood to be a structural
phenomenon, occurring in order to alleviate a
lattice mismatch between the preferred Cu-O
bond length of the CuO2 planes and the (La,M)-
O bond length in the (La,M)2O2 layer (16). It is
unclear, however, whether there are additional
contributions to the electronic nematicity of the
CuO2 planes distinct from that engendered by a
purely structural distortion and possibly generic
to underdoped cuprates.
To address this question, we use resonant soft

x-ray scattering (RSXS) at different photon ener-
gies to probe the relationship between electronic
nematicity of the CuO2 planes, structural distor-
tions, and CDWorder. As shown in (20), with the
x-ray photon energy tuned to the O K-edge (at
an energy that is sensitive to apical oxygen),
the (001) Bragg peak can be used to probe the
LTO to LTT phase transition. The (001) peak is
forbidden in conventional diffraction but is al-
lowed when the photon energy is tuned to an
x-ray resonance (21, 22). This occurs because
on resonance the scattering cross section develops
sensitivity to the orbital symmetry of atoms
(21, 22), which differs for atoms in neighboring
planes in the LTT phase.
Here, we exploit this orbital and element se-

lective sensitivity and measure the (001) Bragg
peak at photon energies corresponding to dif-

ferent elements/orbitals (at the Cu L-, La M-, Eu
M-, and O K-edges). This enables one to differ-
entiate the CuO2 planes from the (La,M)2O2

layer and isolate the orbital symmetry of the
Cu 3d states that are most relevant to the low-
energy physics of the cuprates. We show that at
the Cu L-edge, the (001) peak intensity corre-
sponds to C4 symmetry-breaking of the Cu 3d
states, which we identify as a measure of the
degree of electronic nematicity of the CuO2

planes.
In Fig. 2 we show the (001) peak intensity, I001,

as a function of temperature at absorption edges
corresponding to different elements/orbitals:
La M, Cu L, Eu M, and O K. At the O K-edge,
the in-plane and apical oxygen sites are further
distinguished by photon energy, with 528 eV cor-
responding to in-plane oxygen, O(1), and ~532 eV
corresponding to apical oxygen, O(2) (20, 23)
(see Fig. 1). We investigated three samples—
La1.475Nd0.4Sr0.125CuO4 (LNSCO), La1.875Ba0.125CuO4

(LBCO), and La1.65Eu0.2Sr0.15CuO4 (LESCO)—
having different LTT andCDWtransition temper-
atures, TLTT and TCDW, respectively. Our principal
observation is that measurements of I001 for
atoms in the CuO2 planes [Cu and O(1)] have
a distinct temperature dependence from atoms
in the (La,M)2O2 layer [La, Eu, and O(2)]. Spe-
cifically, the former displays a more gradual
temperature dependence than the latter, which
exhibits a more pronounced first-order–like phase
transition. We ascribe this difference to an ad-
ditional electronic nematicity in the CuO2 planes
beyond the structural distortions affecting the
(La,M)2O2 layer.
The intensity of the (001) peak at the Cu L-edge

directly measures the nematicity of the Cu 3d
states (24). Specifically, ICu;001ºjhj2, where h !
faa"0# ! faa"0:5# [or ! fbb"0:5# ! fbb"0# by sym-
metry] and faa"z# and fbb"z# are diagonal com-
ponents of the atomic scattering form factor
tensor (25) averaged over all Cu sites in neigh-
boring CuO2 planes at z ! 0 or z ! 0:5 (Fig. 1).
At the Cu L-edge, which probes the Cu 2p to 3d
transition, faa and fbb are directly related to the
orbital occupation of the Cu 3d states projected
onto the a or b axes, respectively. As such, h
corresponds to a difference in the symmetry of
the Cu 3d states between planes. However, be-
cause faa"0:5# ! fbb"0# by symmetry, one can ex-
press h as h ! faa"0# ! fbb"0#, and it thus follows
that the (001) peak at the Cu L-edge measures
the electronic nematicity of the Cu 3d states
within a single CuO2 plane.
The (001) peak intensity at other absorption

edges has similar sensitivity to orbital asym-
metry. For the (La,M)2O2 layer, this orbital asym-
metry tracks the ionic displacements. The (001)
peak intensity measured at a photon energy pri-
marily sensitive to apical O exhibits the same tem-
perature dependence as the (1 0 12) Bragg peak
from conventional x-ray scattering, which is sen-
sitive to ionic positions (26). Our measurements
of I001 at energies corresponding to La or apical
O also show good agreement with convention-
al x-ray (26–28) or neutron scattering (1), re-
inforcing our view of a linear relationship between
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Resonant inelastic x-ray scattering (RIXS)

L3, is shown in Figs. 3 and 4, respectively. We will briefly
discuss the current state of the art in Sec. II.

In concert with the great progress in the RIXS experiments
over the past decades, there has been a similar rapid advance
in the theoretical understanding of the scattering process and
of the dynamic correlation functions that the technique
probes. Taken together, the theoretical and experimental

advances have driven an enormous increase in the number
of RIXS-related publications and citations to these publica-
tions, as shown in Fig. 5.

It seems likely that this strong growth will continue, first,
because of the ongoing push to better energy resolutions.
Second, and perhaps more importantly, because there are a
multitude of different x-ray absorption edges, in particular,
for the heavier elements in the periodic table, and each one of
these can, in principle, be exploited for RIXS measurements.
The bulk of RIXS data so far has been collected at 3d
transition-metal and oxygen edges. This is motivated by the
intense scientific interest in strongly correlated transition-
metal oxides such as high-Tc cuprate superconductors and
the colossal magnetoresistance manganites. This focus on
transition-metal oxides is an accident of history. It has been
beneficial to the field, driving advances in instrumentation
and theory at the relevant edges, but there is clearly a large
potential for growth as interest moves on to other materials
and other fields.

C. Probing elementary excitations with RIXS

The elementary excitations of a material determine many
of its important physical properties, including transport
properties and its response to external perturbations.
Understanding the excitation spectrum of a system is key to
understanding the system.

In this respect, strongly correlated electron materials, e.g.,
transition-metal oxides, are of special interest because the
low-energy electronic properties are determined by high-
energy electron-electron interactions (energies on the order
of electron volts). From these strong interactions and corre-
lations, a set of quantum many-body problems emerge, the

FIG. 3 (color online). Hard x-ray regime: Development of RIXS
resolution, count rate, and resulting orders of magnitude increase in
the figure of merit (count rate and resolution) as measured by the
6 eV feature in CuGeO3 at the Cu K edge (8990 eV).

FIG. 4 (color online). Progress in soft x-ray RIXS resolution at the
Cu L edge at 931 eV (a) (Ichikawa et al., 1996), BLBB at the
Photon Factory; (b) I511-3 at MAX II (Duda, Nordgren et al.,
2000); (c) AXES at ID08, ESRF (Ghiringhelli et al., 2004);
(d) AXES at ID08, ESRF (Braicovich et al., 2009); (e) SAXES
at SLS (Ghiringhelli et al., 2010). Figure courtesy of G.
Ghiringhelli (2010).

FIG. 5 (color online). Resonant inelastic x-ray scattering (RIXS).
Left: Number of publications on RIXS in 5 yr periods. Right:
Number of citations to RIXS publications in 5 yr periods. From
ISI Web of Knowledge.
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in the strong SOC limit, on which a novel platform for high
temperature superconductivity (HTSC) may be designed.

In the last few years, RIXS has become a powerful tool
to study magnetic excitations [11]. We report measurement
of single magnons using hard x rays, which has comple-
mentary advantages over soft x rays, as detailed later on.
The RIXS measurements were performed at the 9-1D and
30-ID beam line of the Advanced Photon Source. A hori-
zontal scattering geometry was used with the !-polarized
incident photons. A spherical diced Si(844) analyzer was
used. The overall energy and momentum resolution of the
RIXS spectrometer at the Ir L3 edge (! 11:2 keV) was
! 130 meV and "0:032 !A#1, respectively.

As shown in Fig. 1(b), Sr2IrO4 has a canted antiferro-
magnetic (AF) structure [8], with TN ! 240 K [12].
Although the ‘‘internal’’ structure of a single magnetic
moment in Sr2IrO4, composed of orbital and spin, is dras-
tically different from that of pure spins in La2CuO4, a
parent insulator for cuprate superconductors, the two com-
pounds share apparently similar magnetic structure.
Figures 2(a) and 2(b) show the dispersion and intensity,
respectively, of the single magnon extracted by fitting the
energy distribution curves shown in Fig. 3(a) [13]. We
highlight three important observations. First, not only the
dispersion but also the momentum dependence of the
intensity show striking similarities to those observed in
the cuprates (for instance, in La2CuO4) by inelastic neutron
scattering [14]. This provides confidence that the observed
mode is indeed a single magnon excitation [15–18]. Using
hard x-ray RIXS allows mapping of an entire Brillouin
zone within only a few degrees of 90$ scattering geometry
so that the spectrum reveals the intrinsic dynamical struc-
tural factor with minimal RIXS matrix element effects.
Second, the measured magnon dispersion relation strongly
supports the theories predicting that the superexhange
interactions of Jeff % 1=2 moments on a square lattice
with corner-sharing octahedra are governed by a SU(2)
invariant Hamiltonian with AF coupling [2,10]. Third,
the magnon mode in Sr2IrO4 has a bandwidth of
&200 meV, as compared to &300 meV in La2CuO4 [14]
and Sr2CuO2Cl2 [19], which is consistent with energy
scales of hopping t and on-site Coulomb energy U in
Sr2IrO4 being smaller by roughly 50% than those reported
for the cuprates [10,20,21].

For a quantitative description, we have fitted the magnon
dispersion using a phenomenological J-J0-J00 model [22].
Here, the J, J0, and J00 correspond to the first, second, and
third nearest neighbors, respectively. In this model, the
downward dispersion along the magnetic Brillouin zone
from '!; 0( to '!=2;!=2( is accounted for by a ferromag-
netic J0 [14,22]. We find J % 60, J0 % #20, and J00 %
15 meV. The nearest-neighbor interaction J is smaller
than that found in cuprates by roughly 50%. The fit can
be improved by including higher-order terms from longer-
range interactions, which were also found to be important

in the case of Sr2CuO2Cl2 [19]. However, here we do not
pursue this path because, as we show below, another kind
of magnetic mode in Sr2IrO4, which is not present in
cuprates, may affect the magnon dispersion.
Characterizing the magnon mode is important because it

strongly renormalizes the dispersion of a doped hole or
electron and is believed to provide a pairing mechanism for
HTSC. We now show that Sr2IrO4 supports an exciton
mode, which gives access to the dynamics of a particle
propagating in the background of AF ordered moments
even in an undoped case. Figures 3(a) and 3(b) show the
energy loss spectra along high symmetry directions. No
corrections to the raw data, such as normalization or sub-
traction of the elastic contaminations, have been made.
Another virtue of using hard x ray is that, by working in
the vicinity of 90$ scattering geometry, elastic (Thompson)
scattering can be strongly suppressed. In addition to the
low-energy magnon branch () 0:2 eV), we observe high-
energy excitations with strong momentum dependence
in the energy range of 0:4& 0:8 eV. This mode is
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FIG. 2 (color online). (a) Blue dots with error bars show the
single magnon dispersion extracted by fitting the energy loss
curves shown in Fig. 3(b) [13]. The magnons disperse up to
! 205 meV at '!; 0( and 110 meV at '!=2;!=2(. The solid
purple line shows the best fit to the data with J % 60, J0 % #20,
and J00 % 15 meV. (b) Momentum dependence of the intensities
showing diverging intensity at '!;!( and vanishing intensity at
(0,0). The inset shows the Brillouin zone of the undistorted
tetragonal (I4=mmm) unit cell (black square) and the magnetic
cell (blue diamond), and the notation follows the convention for
the tetragonal unit cell, as, for instance, in La2CuO4.
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superimposed on top of a continuum generated by particle-
hole excitations across the Mott gap [24] (estimated to be
! 0:4 eV from optical spectroscopy [25]). This is sche-
matically shown in Fig. 3(c). Taking the second derivative
of the raw data deemphasizes the intensity arising from the
particle-hole continuum and reveals a clear dispersive
feature above 0.4 eV, as shown in Fig. 4(a). The energy
scale of this excitation coincides with the known energy
scale of spin-orbit coupling in Sr2IrO4 (!SO " 0:5 eV) [7],
and thus we assign it to intrasite excitations of a hole across
the spin-orbit split levels in the t2g manifold, i.e., from the
Jeff # 1=2 level to one of Jeff # 3=2 quartet levels
[7,13,15] [see Fig. 4(d)]. We refer to such an excitation
as a ‘‘spin-orbit exciton’’; see Fig. 4(d) [26].

The dispersion of the spin-orbit exciton with a bandwidth
of at least 0.3 eV implies that this local excitation can
propagate coherently through the lattice. Our model of
the spin-orbit exciton starts from a recognition that the
hopping process is formally analogous to the problem of a
hole propagating in the background of AF ordered mo-
ments, which has been extensively studied in the context
of cuprate HTSC [27]. Although the spin-orbit exciton does
not carry a charge, its hopping creates a trail of misaligned
spins and thus is subject to the same kind of renormalization

by magnons as that experienced by a doped hole [28]. It is
well-known that the dispersion of a doped hole in cuprates
has a minimum at $"=2;"=2% [29], i.e., at the AF magnetic
Brillouin zone boundary. Since Sr2IrO4 has a similar mag-
netic order [8], it can be understood by analogy that the
dispersion of the spin-orbit exciton should also have its
minimum at $"=2;"=2%.
The overall bandwidth is determined by the parameters

involved in the hopping process, which is depicted in
Fig. 4(d) in the hole picture. It involves moving an excited
hole to a neighboring site, which happens in two steps.
First, the excited hole in site i hops to a neighboring site j
(t3=2 process), generating an intermediate state with energy
U0, which is the Coulomb repulsion between two holes at a
site in two different spin-orbital quantum levels. Then, the
other hole in site j hops back to site i (t1=2 process).
Thus, the energy scale of the dispersion is set by
2t1=2t3=2=U

0, which is of the order of the magnetic ex-
change couplings. In fact, these processes lead to the
superexchange interactions responsible for the magnetic
ordering, but here they involve both the ground state and
excited states of Ir ions.
Technically, the spin-orbit exciton hopping can be de-

scribed by the following Hamiltonian [13]:

(!/2,!/2)

(!,0)

(!,!)

(!/2,!/2)

(0,0)

(!,0)

)tinu .bra( yti snetnI

1.0 0.8 0.6 0.4 0.2 0.0
Energy (eV) IntensityMomentum q

(!,!)

(0,0)

(b) (c)

(d)

(a)

(!/2,!/2) (!,0) (!,!)(!/2,!/2) (0,0) (!,0)

1.0

0.8

0.6

0.4

0.2

0.0
)

Ve
( 

yg
r e

n
E

spin-orbit
exciton
(optically
forbidden)

e-h continuum
(optically allowed)

magnons

FIG. 3 (color online). (a) Energy loss spectra recorded at T # 15 K, well below the TN ! 240 K [8,12], along a path in the constant
L # 34 plane. The path was chosen to avoid the magnetic Bragg peaks, which appear at two of the four corners of the unfolded unit
cell (black square) shown in the inset (where the same conventions as in Fig. 2 are used). (b) Image plot of the data shown in (a).
(c) Schematic of the three representative features in the data. (d) A real space description of the spin-orbit exciton mode.
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