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To understand and control functionality

> Correlated materials: 
-Metal-to-Insulator Transitions 
-Superconductors 
-Magnetic switching 
-Ferroelectrics

> Photochemistry / 
   Ultrafast chemical dynamics: 
-Metal-to-Ligand charge transfer 
-Artificial photosynthesis 
-Solar fuels 
-Heterogeneous catalysis

NATURE PHYSICS | VOL 8 | DECEMBER 2012 | www.nature.com/naturephysics 865

news & views

electronic order, including charge- and 
spin-density-wave orders and nematic 
charge order, has (mostly) been dismissed as 
being an uninteresting sideshow, a material-
dependent complication or even a disease. 
However, in recent years increasingly 
extensive but largely indirect experimental 
evidence that these other types of order 
are ubiquitous in HTSC materials has 
led to a slowly spreading realization 
that they may have to be included in the 
‘irreducible minimum’ to understand 
HTSC. The direct observation — by X-ray 
diffraction — of an incipient charge density 
wave (CDW) in high-quality (ortho-VIII) 
crystals of YBa2Cu3O6+y (YBCO) has 
now been independently reported by 
Johan Chang et al.2 in Nature Physics and 
Giacomo Ghiringhelli et al.3 in Science. This 
is an important discovery, with the broad 
implication that other forms of charge order 
are inextricably intertwined with HTSC.

YBCO is the most studied HTSC 
compound. It is a quasi-two-dimensional 
material, as all the superconducting copper 
oxides are, in which the mobile electrons 
are largely confined to move in layers 
made of copper and oxygen, forming a 
liquid of strongly correlated degrees of 
freedom carrying charge and spin quantum 
numbers. A schematic phase diagram of 
YBCO as a function of the temperature T 
and the doping level y (that parameterizes 
the oxygen content of its chemical 
composition) is shown in Fig. 1. Near 
y = 0, and below the (Néel) temperature 
TN ~ 400 K, YBCO is an antiferromagnet 
and an electrical (Mott) insulator. As y 
increases, a superconducting phase with 
the shape of a rather distorted dome (red 
curve) is found, which has its maximum at 
the value of Tc ~ 90 K at the optimal doping 
level of y = 0.93. For doping levels y < 0.93, 
the material is considered ‘underdoped’. 
At temperatures well above the maximum 
Tc is a strange or ‘bad metal’ regime with 
many anomalous properties that are 
strikingly different from those of familiar 
‘good’ metals. One of the most mysterious 
regions of the phase diagram is referred 
to as the ‘pseudogap regime’, which lies 
below a not very sharply defined crossover 
temperature T*, marking the boundary 
between the ‘bad metal’ and an even more 
anomalous regime.

What Chang and co-workers discovered 
were pronounced peaks in the X-ray 
structure factor corresponding to 
substantially correlated CDW fluctuations 
that emerge below a temperature, 
TCDW ≈ 140 K, which is lower than, but 
of order T* ≈ 250 K, at the same level of 
doping. YBCO has a crystal structure 
consisting of stacked Cu–O bilayers, and 

is strongly (electronically) orthorhombic 
due to the presence of Cu–O chain layers. 
The new peaks in the X-ray structure 
factor are centred at the scattering vectors 
Q1 = (q1, 0, 1/2) and Q2 = (0, q2, 1/2 ) with 
q1 ≈ q2 ≈ 0.31. The correlation length of the 
CDW order — obtained from the width of 
the superlattice peaks — is temperature-
dependent, but grows to a maximum value 
corresponding to a correlation length of 
roughly ξab  ~ 20 lattice constants in plane, 
and ξc  ~ 1 unit cell out of plane. The value 
of q1 implies that, in plane, the density wave 
order is incommensurate with the Cu–O 
lattice, with a period close to three unit cells 
(which would correspond to q1 = 1/3 ). The 
1/2 factor in the ordering vector implies a 
tendency for neighbouring bilayers to have 
the CDW order shifted by phase π relative 
to each other — for true long-range order, 
it would correspond to a new unit cell with 
four Cu–O planes.

This fluctuating CDW order is 
strongly coupled to, and competes with, 
superconductivity, as demonstrated by 
the observed non-monotonic temperature 
dependence of the scattering intensity 
and the correlation length; both grow 
with decreasing temperature for 
TCDW > T > Tc, then drop with further 
decrease of temperature on entering the 
superconducting state for T < Tc ≈ 60 K. 
This competition is further corroborated 
by the high magnetic-field studies of 
Chang et al.2, which show that application 
of magnetic fields up to 17 T perpendicular 
to the planes has no detectable effect on the 
CDW correlations for T > Tc, but produces a 
large magnetic-field-induced enhancement 
of both the intensity and the correlation 

length of the peak in the structure factor 
when T < Tc. Presumably, this enhanced 
CDW order is an indirect consequence 
of the field-induced suppression of the 
superconducting order.

Fluctuating3 and static5,6 charge- and 
spin-density-wave (SDW) orders (in 
the form of stripes) have been seen in 
La2–xSrxCuO4 and La2–xBaxCuO4, but were 
regarded as special to the lanthanum 
‘214’ family. Moreover, charge nematic 
order — a melted CDW/SDW state with 
broken rotational invariance — has been 
seen in neutron scattering7 in highly 
underdoped YBCO (with y = 0.45) and also 
in Nernst-effect experiments8 above the 
superconducting dome throughout much of 
the pseudogap regime. The case of  
La2–xBaxCuO4 is particularly significant as 
it has a pronounced suppression of Tc near 
x = 1/8 where static CDW and SDW (stripe) 
phases are seen, as well as a state above Tc in 
which the Cu–O layers are superconducting 
and effectively decoupled9,10. The effective 
doping of the YBCO ortho-VIII crystals 
studied by Chang et al.2 (also studied in 
ref. 3) is also 1/8, and it is natural to expect 
a relation, although the ordering wave 
vectors are different. Strong evidence of 
charge order (nematic and CDW) has 
been seen in STM experiments4,11,12 in 
Bi2Sr2CaCu2O8+δ.

More directly relevant to the findings 
of Chang et al.2 (and to those of refs 3,4) is 
the comparison with the other evidence for 
charge order in YBCO. Exquisitely detailed 
quantum-oscillation experiments in 
magnetic fields larger than 30 T (sufficient 
to suppress superconductivity in YBCO) 
provided evidence that the competing 
state is a density wave13. Subsequent NMR 
experiments in magnetic fields in the 
range 15–35 T have shown that a sharp 
thermodynamic phase transition occurs at 
the onset of the CDW phase14 (although the 
ordering wave vector does not seem to agree 
with the X-ray results). Recent ultrasound 
experiments15 have found a thermodynamic 
transition at T* and a peak in the 
attenuation rate at TCDW. Finally, possible 
evidence of time-reversal symmetry-
breaking has been reported in YBCO with 
the Kerr effect16 and in neutron scattering17.

Clear evidence of incipient CDW order 
in YBCO is an important advance in 
the field. As the ‘cleanest’ of the cuprate 
materials, any ordering tendencies 
observed in YBCO are probably intrinsic. 
Nonetheless, the results raise many 
questions. Is the incipient CDW order 
in YBCO a material-specific property of 
this family of cuprates in a narrow range 
of doping, or is it more ubiquitous? Is it 
a close relative of the fully formed CDW 
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Figure 1 | Schematic phase diagram of the 
high-temperature superconductor YBCO. 
The red curve outlines the superconducting 
dome. Underneath T* lies the pseudogap 
regime, in which mesoscale electronic phase 
separation occurs.
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ABSTRACT: Determining covalent and charge-transfer contributions to bonding in solu-
tion has remained an experimental challenge. Here, the quenching of fluorescence decay
channels as expressed in dips in the L-edge X-ray spectra of solvated 3d transition-metal
ions and complexes was reported as a probe. With a full set of experimental and
theoretical ab initio L-edge X-ray spectra of aqueous Cr3+, including resonant inelastic
X-ray scattering, we address covalency and charge transfer for this prototypical transition-
metal ion in solution. We dissect local atomic effects from intermolecular interactions and
quantify X-ray optical effects. We find no evidence for the asserted ultrafast charge transfer
to the solvent and show that the dips are readily explained by X-ray optical effects and
local atomic state dependence of the fluorescence yield. Instead, we find, besides ionic
interactions, a covalent contribution to the bonding in the aqueous complex of ligand-to-metal
charge-transfer character.

SECTION: Liquids; Chemical and Dynamical Processes in Solution

The transfer of charge from a solvated ion or molecular
complex to the surrounding solvent is an elementary step in

numerous reactions in nature and in technological processes.
Understanding charge transfer to solvent effects in molecular
systems is thus of primary importance, and X-ray spectroscopy with
its specificity to elemental and chemical sites promises to add a new
suite of powerful tools for their investigation.1 Specifically, time-
resolved X-ray spectroscopy2−11 appears to be the most direct way
of probing charge transfer initiated by a pump pulse and probed as a
function of time by scanning the delay of a short X-ray probe pulse.
However, such effects can proceed on the few-femtosecond time
scale, and it is currently very challenging to achieve a corresponding
time resolution in pump−probe X-ray spectroscopy experiments.
Therefore, it has been attempted to make use of the core−hole
lifetime of a few femtoseconds to study ultrafast charge-transfer
processes for various systems such as for adsorbates on
surfaces,12−18 ice,19 and aqueous solutions.20 Using resonant soft
X-ray spectroscopy, a core electron is excited into an unoccupied
state of the system, and the probability for it to transfer to the
surroundings during the few-femtosecond core−hole lifetime will
influence the core−hole decay channels. The Auger decay signal is
thus stronger the higher the probability for its transfer to the
surrounding medium during the core−hole lifetime.15,17,18

As core-excited states can decay via Auger electron ejection or
fluorescence, the question arises whether such ultrafast electron-
transfer processes are observable in the fluorescence decay
channel as well. This relates to the more general questions as to
whether and how bonding and charge-transfer processes can be
revealed with X-ray spectroscopy. Along these lines, Aziz et al.
recently reported the so-called “dark channel fluorescence yield”
method.21,22 They found features in the total fluorescence yield
(TFY) spectra when scanning the L-edges of 3d transition-metal
ions and complexes in solution at high concentration that dip
below the fluorescence background of the solvent. It was claimed
that this could be used as a new tool to study charge transfer to
solvent effects.21−24 The dips where attributed, first, to ultrafast
electron transfer from the metal d orbitals to the solvent21−24

and, second, to a competition of solute and solvent
fluorescence.25 Earlier, Nas̈lund et al. proposed strong orbital
mixing between the 3d orbitals of Fe ions solvated in water based
on an analysis of the O K-edge absorption spectrum of aqueous
solutions26 without making a connection to any charge transfer.
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Motivation and Introduction

X-rays
Occupied valence is harder to do 
(XES, RIXS): 
<1% fluorescence yield 
low spectrometer acceptance

Geometrical Spectrometer Acceptance 
10-5 to 10-4 of 4π

Sample Grating

I0
It

Unoccupied valence is „easy“ to do, 
(XAS in transmission, 
total / partial electron / fluorescence yield) 

but hard to understand 
(core hole in final state) 

-> broadband pulses helpful
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Fundamental Dipole Transitions

Absorption Stimulated Emission Spontaneous Emission
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Two-Color X-rays @ FERMI
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Setup at FERMI
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Probe 
Harmonic 15: 

71eV

Pump 
Harmonic 16: 

76eV

TIMEX beamline with additional spectrometer 
to separate pump and probe in transmitted beam 
~µJ pulse energies, ~10µm focal size, ~100fs pulse length
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Short pulses are absolutely crucial 
for X-ray induced non-linear processes 
(because of Auger affecting valence states)

short is ~1/2 core hole lifetime 
  < 1 fs

maybe SASE is not so bad… 
(when time structure is known…)

Time
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Amplified Spontaneous Emission @ FLASH

10

Martin Beye 
Simon Schreck 
Florian Sorgenfrei 
Christoph Trabant 
Niko Pontius 
Christian Schüssler-Langeheine 
Wilfried Wurth 
Alexander Föhlisch

Beye et al., Nature 501, 191 (2013)



Martin Beye | Workshop on Tailored Soft X-ray Pulses | May 11, 2016 |

The trick
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Angular dependence
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Amplified Spontaneous Emission at Soft X-ray Energies
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frequency suffice to drive an avalanche of stimulated scat-
tering events, which results in exponential amplification of
the Raman signal. The process is similar to the recently
demonstrated atomic inner-shell x-ray laser [31], where
population inversion is achieved by rapid K-shell photo-
ionization. The geometry of this single-pass SRXRS
amplifier is determined by the tight (1–2 !m, determined
by the focus spot size) and long (2 mm, determined by the
absorption length) longitudinally pumped gain medium.
We measured the emission in the forward direction in a
narrow cone of !1 mrad divergence. The strongest x-ray
scattering channel involves the intermediary 1s"13p 1P1
level (867.5 eV) and the final 2p"13p 1S0 level, resulting in
an emission at 849.3 eV. In a simple one-electron picture,
the core-excited electron does not participate in this spec-
tator decay. The process is stimulated by the spectral tail
of the XFEL, providing #104–105 seed photons= eV at
850 eV for an incoming central photon energy of 867 eV
and 1012 photons per pulse. This big range is due to high
irregularities of the XFEL spectrum. Irrespective of this
variation of the seed flux, the effective stimulated scatter-
ing rate at the onset of the amplification process exceeds

the spontaneous scattering rate by 4–5 orders of magnitude
(see Supplemental Material [32]). It is, hence, dominantly
the low-energy tail of the XFEL which serves as a seed of
the SRXRS process. Our experimental setup did not allow
measuring both the incoming and transmitted x-ray spectra
at the same time. We measured a set of XFEL spectra
without neon gas for reference. A cross correlation of the
electron-beam energy of the accelerator with the measured
central photon energy then allowed for a calibration of the
XFEL photon energy (see Supplemental Material [32]).
Figure 3(a) shows the recorded emission spectra for XFEL

photon energies 862<!< 880 eV. The XFEL pulse fol-
lows the diagonal, showing an intensity drop due to absorption
at the 1s-3p resonance and above the K edge. The amplified
line emission corresponds to the vertical structure at
! 850 eV, which was detected for ! as low as 864.9 eV.
Because of the broadXFELbandwidth (7 eVFWHM), cover-
ing the whole Rydberg series and part of the continuum, the
SRXRS emission is notwell separated from theK-" emission
above the edge; i.e., no pronounced variation of scattering
intensity as a function of! (for!> 867) can be discerned.
A study of the line shape and position demonstrates that

the emission for !< 870 eV indeed stems from SRXRS:
Figure 3(b) shows three single-shot spectra, each with a
distinct emission line profile and peak position. The emis-
sion for ! ¼ 872 eV has a narrower line width as com-
pared to the spectra below the K edge. Moreover, the peak
position of the three lines is different. A systematic analy-
sis of the measured line shape as a function of the XFEL
photon energy is presented in Fig. 4(a). Since we want to
compare line profiles, we omit spectra below 864.9 eV.

FIG. 2 (color online). Level scheme of neon. A simulated
SASE pulse (blue solid line) overlaps with the Rydberg series
of resonances and the continuum. The strongest spectral spike
within the width of a resonance (red dashed line) drives the
scattering. The energies and transition dipoles were calculated
by the Hartree-Fock method [50].

FIG. 3 (color online). (a) Measured single-shot spectra as a
function of the incoming photon energy. 1028 single-shot
spectra, with pulse energies ranging from 0.2 to 0.38 mJ.
The positions of the 1s"13p transition (! 867:5 eV), the K
edge (! 870 eV), and the emission lines (! 850 eV) are marked
by dashed lines. (b) Three single-shot spectra. (c) Normalized
emission lines.

FIG. 1 (color online). (a) Experimental set up. The XFEL pulses
are focused into a gas cell of 9.5 mm length filled with neon to spot
sizes of !2!m using a Kirkpatrick-Baez (KB) focusing optics.
A grating spectrometer of !1 eV energy resolution is fielded
downstream. (b) Typical raw spectrum.

PRL 111, 233902 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

6 DECEMBER 2013

233902-2

Two Colors 
from SASE 
bandwidth:

Weninger, C. et al.
Stimulated Electronic
X-Ray Raman Scattering.
Phys. Rev. Lett. 111,
233902 (2013)
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frequency suffice to drive an avalanche of stimulated scat-
tering events, which results in exponential amplification of
the Raman signal. The process is similar to the recently
demonstrated atomic inner-shell x-ray laser [31], where
population inversion is achieved by rapid K-shell photo-
ionization. The geometry of this single-pass SRXRS
amplifier is determined by the tight (1–2 !m, determined
by the focus spot size) and long (2 mm, determined by the
absorption length) longitudinally pumped gain medium.
We measured the emission in the forward direction in a
narrow cone of !1 mrad divergence. The strongest x-ray
scattering channel involves the intermediary 1s"13p 1P1
level (867.5 eV) and the final 2p"13p 1S0 level, resulting in
an emission at 849.3 eV. In a simple one-electron picture,
the core-excited electron does not participate in this spec-
tator decay. The process is stimulated by the spectral tail
of the XFEL, providing #104–105 seed photons= eV at
850 eV for an incoming central photon energy of 867 eV
and 1012 photons per pulse. This big range is due to high
irregularities of the XFEL spectrum. Irrespective of this
variation of the seed flux, the effective stimulated scatter-
ing rate at the onset of the amplification process exceeds

the spontaneous scattering rate by 4–5 orders of magnitude
(see Supplemental Material [32]). It is, hence, dominantly
the low-energy tail of the XFEL which serves as a seed of
the SRXRS process. Our experimental setup did not allow
measuring both the incoming and transmitted x-ray spectra
at the same time. We measured a set of XFEL spectra
without neon gas for reference. A cross correlation of the
electron-beam energy of the accelerator with the measured
central photon energy then allowed for a calibration of the
XFEL photon energy (see Supplemental Material [32]).
Figure 3(a) shows the recorded emission spectra for XFEL

photon energies 862<!< 880 eV. The XFEL pulse fol-
lows the diagonal, showing an intensity drop due to absorption
at the 1s-3p resonance and above the K edge. The amplified
line emission corresponds to the vertical structure at
! 850 eV, which was detected for ! as low as 864.9 eV.
Because of the broadXFELbandwidth (7 eVFWHM), cover-
ing the whole Rydberg series and part of the continuum, the
SRXRS emission is notwell separated from theK-" emission
above the edge; i.e., no pronounced variation of scattering
intensity as a function of! (for!> 867) can be discerned.
A study of the line shape and position demonstrates that

the emission for !< 870 eV indeed stems from SRXRS:
Figure 3(b) shows three single-shot spectra, each with a
distinct emission line profile and peak position. The emis-
sion for ! ¼ 872 eV has a narrower line width as com-
pared to the spectra below the K edge. Moreover, the peak
position of the three lines is different. A systematic analy-
sis of the measured line shape as a function of the XFEL
photon energy is presented in Fig. 4(a). Since we want to
compare line profiles, we omit spectra below 864.9 eV.

FIG. 2 (color online). Level scheme of neon. A simulated
SASE pulse (blue solid line) overlaps with the Rydberg series
of resonances and the continuum. The strongest spectral spike
within the width of a resonance (red dashed line) drives the
scattering. The energies and transition dipoles were calculated
by the Hartree-Fock method [50].

FIG. 3 (color online). (a) Measured single-shot spectra as a
function of the incoming photon energy. 1028 single-shot
spectra, with pulse energies ranging from 0.2 to 0.38 mJ.
The positions of the 1s"13p transition (! 867:5 eV), the K
edge (! 870 eV), and the emission lines (! 850 eV) are marked
by dashed lines. (b) Three single-shot spectra. (c) Normalized
emission lines.

FIG. 1 (color online). (a) Experimental set up. The XFEL pulses
are focused into a gas cell of 9.5 mm length filled with neon to spot
sizes of !2!m using a Kirkpatrick-Baez (KB) focusing optics.
A grating spectrometer of !1 eV energy resolution is fielded
downstream. (b) Typical raw spectrum.

PRL 111, 233902 (2013) P HY S I CA L R EV I EW LE T T E R S
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Stimulated Electronic
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