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Function by interfaces (“1 + 1 > 2”)

| Complete ultrafast photoelectron spectroscopy at SXP/EuXFEL | Kai Rossnagel, 24 Jan 2022

“The interface is (still) a new material, the device, and the catalyst.”

Insulator + insulator
= interface metal (superconductor)

Bi2Se3

Vacuum

Dirac SS

LaAlO3

SrTiO3

q2-DEG

Metal + semiconductor = diode

2D semiconductor + 2D semiconductor
= correlated insulator (superconductor?)

Wang et al., Nat. Mater. 19, 861 (2020)

Molecule + metal
= hybrid system

Semiconductor
+ spacer

+ semiconductor
= high-µe transistor

Ertl,
Angew. Chem. Int. Ed.

47, 3524 (2008)

Molecules + metal
= different molecule
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Function via dynamics
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“If you want to understand function, study structure” … and dynamics!

STRUCTURE DYNAMICS
(Electrons at interfaces!) FUNCTION

Electronics Spintronics

Catalysis

Band structure Spin structure

Chemical structure

Electron hopping
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Science cases
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Dynamics of electronic, magnetic, chemical, and geometric structure in materials and at interfaces

Quantum materials

−

Electronic devices

+ + + +
− − − −

Surface chemistry

712 Kai Siegbahn: Electron spectroscopy

1956 I published (K. Siegbahn and Edvarson, 1956) to-
gether with my collaborator, Kay Edvarson, an account
of this phase of the work under the title "P-ray Spectros-
copy in the Precision Range of 1:10." In the next phase
I had, however, to overcome many difficulties in hand-
ling the low-energy electrons excited by x rays and to
record them by the G-M counter. This had an extremely
thin window through which gas diffused continuously,
and so was compensated for by an automatic gas inlet
arrangement. I did not realize, to start with, the precau-
tions I had to take when dealing with surfaces of solids
in order to record resolved line structures.
After some further testing of the equipment, concern-

ing the influence of the finite nuclear size on the conver-
sion lines in some nuclei (Sokolowski, Edvarson, and
Siegbahn, 1956; Nordling et al. , 1956), my two new co-
workers, Carl Nordling and Evelyn Sokolowski, and I fi-
nally made the transition to atomic physics and were
able to record our first photoelectron spectrum (Nordling
et al. , 1957; Sokolowski et al. , 1957) with extremely
sharp lines and with the expected intensities. These elec-
tron lines definitely had all the qualities which I had set
as my first goal. They were symmetric, well defined,
and had linewidths which could be deduced from the
linewidth of the x-ray line used and the width of the
atomic level of the element under study, plus of course a
small additional broadening due to the resolution of the
instrument. Figure 1 shows an early recording of MgQ.
The exact position of the peak of the electron lines could
be measured with considerable accuracy. E1ectron spec-
troscopy for atoms could be developed further with con-
fidence.
Figure 2 illustrates the steps which we took from the

earlier recording of the photoelectrons expelled from a
gold foil by Robinson (1925) in 1925 to the introduction
of the electron line spectroscopy in 1957. The dotted
line inserted in Robinson's spectrum should correspond
to the place where our spin doublet NviNvir to the right
in the figure is situated. The distance between the two
well-resolved lines in our spectrum would correspond to
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Rev. Mod. Phys. , Vol. 54, No. 3, July 1982

suffer much energy loss and were the interesting ones
upon which I should base my spectroscopy. In retros-
pect, this last stage in my considerations was of course
of some interest, in view of the later development of
electron spectroscopy into a surface spectroscopy. I
guessed that what is now called the "escape depth" of
the electrons should be less than a light wavelength and
more than a few atomic layers, and so I used 100 A in
my calculations. This was not too bad a guess in con-
sideration of later studies, indicating a lower figure for
metals and 100 A for organic multilayers. I finally ar-
rived at an estimated counting rate on a photoline in my
apparatus of several thousands of electrons per minute,
as recorded in the geiger-Muller (G-M) counter placed
at the focal plane in the double-focusing spectrometer.
Afterwards I was satisfied to find that this calculation
turned out to correspond fairly well to reality. This step,
however, in fact took several years to make.
The equipment which I had to build and test was at

that time very complicated. The resolution ultimately
achieved turned out to be high enough to enable record-
ing even of the inherent widths of internal conversion
lines (K. Siegbahn, 1955). This was done in 1954, and in
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crystal.

from zero binding energy to, say, 50 eV. Our first study
of this entire region concerned ionic crystals 1ike the al-
kali halides (ESCA I, Sec. IV, p. 72).
In a later study (K. Siegbahn et al. , 1970a, b,) of a sin-

gle crystal of NaCl we discovered the phenomenon of
ESCA diffraction We .investigated the angular distribu-
tion of emitted Auger electrons from the NaKLL ('D2)
transition and the photoelectrons from the Nals, Na2s,
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FIG. 12. I3d spectrum from a solution of NaI(0.4 M) + I&(0.4 M) in ethanol obtained at T=200 K. The doublet for each spin-
orbit component is due to ionization of the central atom (lower peak) and outer atoms (higher peak) of the I3 ion. The extra
peaks at the high-binding-energy sides of each spin-orbit component are interpreted as shake-up structures.
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function as a high-mobility transistor26. We used scanning photoemis-
sion microscopy (SPEM) to locate the sample in the ARPES chamber 
(Fig. 1d; see Methods). Figure 1e shows energy, E − EF (where E is the 
measured photoelectron kinetic energy and EF is the kinetic energy of 
electrons removed from the Fermi level) versus in-plane momentum 
for a slice through the Dirac cone near the graphene zone corner K, 
acquired at a series of gate voltages (VG) at 105 K. As expected, the 
Dirac-point energy, ED, shifts from above EF at VG = −5 V to below 
EF at +5 V. Fitting a linear dispersion, E(k) = ED ± ħvFk (blue dashed 
lines in Fig. 1e; ħ is Planck’s constant and k is the in-plane momentum), 
gives ED and the Fermi velocity, vF. The variation of ED with VG (Fig. 1f) 
is consistent with the expected form for this dispersion (solid line; 
see Methods). No modification of the dispersion near ED, as could arise 
because of interactions, is detectable with the present spectral resolu-
tion (see Extended Data Fig. 2). We find that vF = (9.3 ± 0.1) × 105 ms−1 
at VG = 0, with a weak VG dependence (see Extended Data Fig. 3).

The consistency of the above properties with the literature on 
graphene, together with the observation that the spectrum is undis-
torted as VG is changed, implies that the photoelectron trajectories are 
not affected by stray electric fields resulting from the gate voltage or 
charging effects. We conclude that our technique produces accurate 
local electronic spectra during live electrostatic gating.

To study gate doping of 2D semiconductors, we incorporate an 
MX2 flake into the stack on top of the BN and partially overlapped 
by graphene, which acts as a contact to the MX2 (Fig. 2a). Figure 2b, c  
shows optical and SPEM images of a device with a WSe2 flake that 
has monolayer (1L), bilayer (2L) and trilayer (3L) regions. Figure 2d–f 
shows momentum slices obtained with the beam spot on each of these 
regions and along Γ–K in the WSe2 Brillouin zone at a temperature 
of 100 K (Fig. 2g, inset). As expected, at VG = 0 (upper row) only the 
valence bands can be seen. Their evolution with layer number is consi-
stent with the literature27 and matches well with the overlaid theoretical 
predictions (the GW approximation; see Methods). At VG = +3.35 V  
(lower row), an additional spot appears near EF. The size of this  
conduction-band feature is determined solely by the resolution of the 
measurement. In 1L WSe2 the spot is located at K, whereas in 2L and 
3L it is at Q (Fig. 2g and Extended Data Fig. 4). This is consistent with 

evidence from photoluminescence25 that the gap is direct at K in the 
monolayer, but indirect for two or more layers.

Table 1 displays the band parameters for 1L–3L WSe2, as well as for 
other monolayer MX2 species, derived15 from measurements on this 
and other devices (Extended Data Fig. 5). We determined the bandgap, 
Eg = EC − EK, where EC is the energy of the CBE, at a gate doping level 
of nG approximately equal to 1013 cm−2, for which EF − EC is approxi-
mately 30 meV (see Methods). We also list the simultaneously deter-
mined hole effective mass ∗mK, the valence-band edge EK, the spin–orbit 
splitting ∆SOC, and EKΓ (the latter three being defined in Fig. 2g)—all 
measured for the first time on a hexagonal BN substrate with no cap 
and with greater precision than in previous reports.

We now consider the full gate dependence of microARPES spectra. 
Figure 3 shows the behaviour of the top of the valence band at Γ, where 
the photoemission signal is strongest, for our monolayer WSe2 device 2. 
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Fig. 3 | Electrostatic gating of monolayer WSe2. Each vertical strip in the 
chart at the bottom is an energy-momentum slice, 0.6 Å−1 wide, through  
Γ in WSe2 device 2 (dBN = 6.0 ± 0.5 nm), measured at the gate voltages 
shown on the x axis. ∆EΓ is the photoelectron kinetic energy measured 
relative to the Γ maximum at VG = 0. The dashed line has slope −1/e. 
Above left is a device schematic, indicating the photoemission current IPE 
from the beam spot, current IC from the graphene contact, and current IG 
from the gate due to photoconductivity of the BN. The schematic band 
diagrams on the right indicate the situations at the gate voltages labelled A to 
E. The grey rectangle is the graphene Fermi sea; the blue lines are the WSe2 
conduction- and valence-band edges; the blue circles represent gate-induced 
electrons (solid) and holes (empty); the black arrows correspond to the arrows 
in the left-hand diagram and indicate when IG and IC must be taken into 
account. Blue arrows indicate contact current carried by electrons or holes.
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The technique
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Complete time-resolved soft x-ray photoelectron spectroscopy 

femtosecond time resolution (via pump–probe)
+

tunable MIR–THz pump
• low-energy resonances

+
tunable soft x-ray probe

• interface sensitivity
• 3D momentum selectivity

• core resonances
• forward scattering

+
ultra-efficient 3D energy-momentum detection

+
(ultra-efficient 2D spin detection)

=
complete ultrafast

“core-cum-conduction(-cum-spin)”
photoelectron spectroscopyC
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The source & instrument: kHz⋯MHz-XFEL + ToF k-mic

| Complete ultrafast photoelectron spectroscopy at SXP/EuXFEL | Kai Rossnagel, 24 Jan 2022

Highest repetition rate of soft x-ray pulses + highest efficiency in photoelectron detection

H. Matsuda et al. / Journal of Electron Spectroscopy and Related Phenomena 195 (2014) 382–398 383

Fig. 1. Effects of refraction of light ray at spherical and ellipsoidal interfaces. The
ratio  of the refractive indices inside and outside the interfaces is given by n0/n1 = 1.5.
(a)  Special case of refraction (with no spherical aberration), where the object position
is  given by d = (n1/n0)R, (b) Effect of the shift in the object position, and (c) effect of
the  deformation of the spherical interface to an ellipsoidal shape. The object position
in  (c) is the same as in (a). The right figures of (b) and (c) show spherical aberration
at  the virtual image plane (VIP). The shape parameter ! is given by the ratio of the
major  to minor radii of the ellipsoid.

with increasing the photoelectron kinetic energy and it becomes
less than around ±15◦ for kinetic energies greater than several
hundred eV. Consequently, the PEEM cannot perform (or at least
cannot  perform efficiently) 2D photoelectron diffraction analysis
and  related measurements, which need kinetic energies greater
than  several hundred eV and acceptance angles of greater than
around ±45◦.

To overcome the above difficulties, a wide-acceptance-angle
electrostatic  lens (WAAEL) has been proposed [16–19] and devel-
oped  [20–23]. This lens does not use a strong electric field around
the sample, but it can achieve a wide acceptance angle comparable
to  that of DIANA. The key is the use of an ellipsoidal mesh in combi-
nation  with other correction electrodes. Optimizing the mesh shape
using  ellipsoidal shape parameters and other parameters for fine
deformation, it is possible to completely correct spherical aberra-
tion  over a wide acceptance angle up to around ±60◦. This enables
photoelectron imaging and then selected-small-area analysis of 2D
angular  distribution.

The  principle of aberration correction in WAAEL is based on that
in  a spherical mesh lens [24]. It is well known that positive spher-
ical  aberration is unavoidable for rotationally-symmetric electron

Fig. 2. Wide-acceptance-angle electrostatic lens (WAAEL) and a cross-sectional
view  of the design. Also shown are equipotential lines and electron trajectories with
initial  angles up to ±45◦ .

lenses with no space charge [25]. A difficulty arises because the
spherical aberration greatly increases with increasing the incidence
angle.  In WAAEL, the electric field around the mesh electrode is
followed  by a focusing field with positive spherical aberration. The
field  around the mesh electrode decreases the angular spread of
electrons  and simultaneously produces negative spherical aberra-
tion  to cancel the positive spherical aberration produced by the
focusing field. Fig. 1 explains the principle of our approach by an
analogy  with light optics. The analogy is based on the fact that the
movement of electrons in an electrostatic field can be seen as suc-
cessive  refractions at equipotential surfaces. Here the square root of
an  electric potential plays the role of a refractive index. In Fig. 1(a),
light  rays start from a point source P0 and are refracted at a spher-
ical  interface S, obeying Snell’s law, n 0 sin "0 = n1 sin "1, where n0
(n1) is the refractive index inside (outside) S and "0 ("1) is the angle
of  incidence (refraction) at S. The point source is located on axis at
a  distance of d = Rn1/n0 from the center of S, where R is the radius of
S.  In this case, a virtual image is produced at a distance of L = Rn0/n1
from the center of S with no spherical aberration, as shown by dot-
ted  lines. Negative spherical aberration can be produced by shifting
the  point source in the positive z direction, as shown in Fig. 1(b).
Fig.  1(c) shows that negative spherical aberration can also be pro-
duced  by deforming the spherical interface to an ellipsoidal shape.
An  important feature is that the negative spherical aberration can
be  greatly increased by increasing the ratio ! of the major to minor
radii  of the interface, which enables to cancel spherical aberration
over a wide acceptance angle.

In WAAEL, there is no electric field between the sample and the
lens  entrance in contrast with PEEM systems, since the mesh (which
is  located at the entrance of the lens) and the sample are both
grounded. Another significant feature is that WAAEL can be applied
in  a wide range of photon energies including the hard X-ray region

2D

3D

Deflection
only

Time of
flight

EF 4f C 1s
O 1s

2p resonances
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HEXTOF @ PG2 / FLASH
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“The momentum microscopy (ARPES) and photoelectron diffraction (XPD) machine”

WSe2

Kutnyakhov et al., Rev. Sci. Instrum. 91, 013109 (2020)

HHG lab @ CFEL / DESY
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CuPc / TiSe2: “EF” + C 1s

| Complete ultrafast photoelectron spectroscopy at SXP/EuXFEL | Kai Rossnagel, 24 Jan 2022

Spectral, angular, and temporal dissection of intertwined charge, orbital, and structure dynamics

94 H. Offenbacher et al. / Journal of Electron Spectroscopy and Related Phenomena 204 (2015) 92–101

Fig. 1. Relationship between the real space molecular orbital and the photoemission momentum map. At a particular photon energy the momentum k of the photoemitted

electron  is k =
√(

2m/h2
)

Ekin as indicated by the red hemisphere. The absolute value of the orbitals Fourier Transform on this hemisphere yields the momentum map [3].

Fig. 2. Momentum maps of the HOMO of pentacene from monolayers adsorbed on Ag(1 1 0) and Cu(1 1 0) taken at binding energies of 1.2 and 1.5 eV, respectively, using a
photon  energy of 35 eV and an angle of incidence of 40◦ . The sign (red and blue) of the wavefunctions has been assumed and imposed on the data and the result of the Fourier
transforms  are in good agreement to the real space orbital.

Stefan Hüfner:
Photoelectron Spectroscopy

H. Offenbacher et al.,
J. Electron Spectrosc. Relat. Phenom. 204, 92 (2015)

HOMO momentum map C 1s momentum mapC32H16CuN8

TiSe2
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CuPc / TiSe2: “EF” 
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Time-resolved ARPES (k-microscopy)
Kiana Baumgärtner Markus Scholz

t-1 t0 t1 t2

CuPc LUMO (B)

t-1 t0 t1 t2

TiSe2 Ti 3d (A)

CuPc HOMO (C)
+
TiSe2 Ti 3d (E)

Se 4p (D)
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h⌫probe = 36.3 eV

h⌫pump = 1.6 eV

F ⇡ 3.5mJ/cm2
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CuPc / TiSe2: C 1s

| Complete ultrafast photoelectron spectroscopy at SXP/EuXFEL | Kai Rossnagel, 24 Jan 2022

Time-resolved XPS
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h⌫probe = 371 eV

h⌫pump = 1.6 eV

F ⇡ 3.5mJ/cm2
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CuPc / TiSe2: C 1s
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Time-resolved XPS cum XPD

t-1 t1
<latexit sha1_base64="0FMA5JU6cooYUhKjskEPeyYra44="></latexit>

h⌫probe = 371 eV

h⌫pump = 1.6 eV
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ToF k-mic @ SXP/EuXFEL
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Complete time-resolved soft x-ray core-cum-conduction(-cum-spin) photoelectron spectroscopy

NEH 2.2/LCLS-II
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24 · · · 730 eV

trXPS
trARPES

trXPD
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5 kHz

HHG

trARPES
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. 100 eV
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 500 kHz

SXP/EuXFEL

trXPD
trXPS

trARPES
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27/3 kHz
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Contributions to SXP (“Open Port”)
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Total BMBF funding (Hamburg, Mainz, Kiel, Duisburg, 2013–2022): 5.1 MEUR 

FEL pulse arrival time monitor

§ EuXFEL design
§ Δt = 10–20 fs

Pump laser in-coupling

§ 800 / 1030 nm
§ quasi-collinear

geometry

FEL

optical
laser

Real-time FEL
pulse diagnostics

ToF momentum microscope X-ray optics

Multi-channel delay-line detector Wavefront propagation
simulations

Roughness: 8.0 nm (RMS)

hor: 15 µm

vert:
37 µm
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First experiments: 2D materials (+ molecules)

| Complete ultrafast photoelectron spectroscopy at SXP/EuXFEL | Kai Rossnagel, 24 Jan 2022

CAU Kiel / DESY Hamburg

Ultrafast spincrossover on TMDC surfaces

Rohlf et al.,
J. Phys. Chem. C 125, 14105 (2021)

Influence of Substrate Electronic Properties on the Integrity and
Functionality of an Adsorbed Fe(II) Spin-Crossover Compound
Sebastian Rohlf,†,‡ Jan Grunwald,¶ Torben Jasper-Toennies,† Sven Johannsen,† Florian Diekmann,†,‡

Michał Studniarek,§ Richard Berndt,† Felix Tuczek,¶ Kai Rossnagel,†,‡,∥ and Manuel Gruber*,†

†Institut für Experimentelle und Angewandte Physik and ¶Institut für Anorganische Chemie, Christian-Albrechts-Universitaẗ zu Kiel,
24098 Kiel, Germany
‡Ruprecht-Haensel-Labor, Christian-Albrechts-Universitaẗ zu Kiel und Deutsches Elektronen-Synchrotron DESY, 24098 Kiel and
22607 Hamburg, Germany
§Swiss Light Source, Paul Scherrer Institut (PSI), 5232 Villigen, Switzerland
∥Deutsches Elektronen-Synchrotron DESY, 22607 Hamburg, Germany

*S Supporting Information

ABSTRACT: The bistability of spin-crossover complexes on surfaces is of
great interest for potential applications. Using X-ray absorption spectroscopy,
we investigated the properties of [Fe(pypyr(CF3)2)2(phen)] (pypyr = 2-(2′-
pyridyl)pyrrolide, phen = 1,10-phenanthroline), a vacuum-evaporable Fe(II)
complex, in direct contact to a set of substrates. The electronic properties of
these substrates range from metallic to semiconducting. While dissociation is
observed on metal surfaces, efficient light-induced switching is realized on
semimetallic and semiconducting surfaces. This indicates that the density of
states of the substrate at the Fermi level plays a role for the integrity and
functionality of the adsorbed compound. In an intermediate case, namely,
[Fe(pypyr(CF3)2)2(phen)] on graphene/Ni(111), functional and dissociated species are found to coexist. This result indicates
that some previous studies may deserve to be reconsidered because the possibility of coexisting intact and fragmented spin-
crossover complexes was neglected.

■ INTRODUCTION
The conformation and spin-state bistability of spin-crossover
(SCO) compounds make them attractive for applications.1−6

In that respect, considerable efforts were made to realize thin
films of SCO complexes using physical vapor deposi-
tion.2−4,7−24 These films usually exhibit decent SCO proper-
ties. However, the direct contact to a substrate may change the
properties of the SCO complexes. The interaction with metal
surfaces can lead to complexes trapped in the high-spin (HS)
and/or in the low-spin (LS) state12,13,17,25−27 or to the
fragmentation of the SCO complexes despite their integrity in
the gas phase.28−31 In contrast, the absence of spin-state
locking and efficient spin switching was evidenced for SCO
complexes on highly ordered pyrolyt ic graphite
(HOPG)24,32−35 or for SCO molecules decoupled from the
metal surface by a thin insulating layer.10,25,36 Considering all
these possible outcomes, it appears essential to determine the
influence of the substrate properties on the integrity and SCO
behavior of the adsorbed SCO complexes, ideally for a single
SCO compound.
Here, using X-ray absorption spectroscopy (XAS), we

investigate sub-monolayer (sub-ML) coverages of [Fe(pypyr-
(CF3)2)2(phen)] (pypyr = 2-(2′-pyridyl)pyrrolide, phen =
1,10-phenanthroline) (Fe-pypyr) on Co/Cu(100), Au(111),
graphene/Ni(111), HOPG, WSe2, and HfS2. The electronic

properties of these substrates range from metallic to semi-
conducting. While the complexes are found dissociated on
metals, (light-induced) spin transitions are observed on
semiconducting substrates. An intermediate scenario is found
for Fe-pypyr on graphene/Ni(111) where dissociated mole-
cules coexist with fully functional complexes. We demonstrate
that this case can easily be misinterpreted as a coexistence of
functional and spin-state locked molecules. Furthermore, we
show that erroneous conclusions may be drawn if the quality of
the sample is not reliably determined by XAS at the Fe L2,3
edges.

■ EXPERIMENTAL METHODS
Sample Preparation. Clean and flat Au(111), Ni(111),

and Cu(100) surfaces were prepared by several cycles of Ar
sputtering (1.2−2 keV) and subsequent annealing
(500−550 °C). For the preparation of graphene/Ni(111), a
similar procedure as in ref 37 was used. After the last Ar
sputtering cycle, the Ni(111) crystal was annealed to 650 °C
for 30 s. The temperature was then decreased to 570 °C. After
5 min, a partial pressure of 1 × 10−6 mbar ethylene gas was

Received: March 26, 2019
Revised: June 24, 2019
Published: July 1, 2019

Article
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Rohlf et al.,
J. Phys. Chem. C 123, 17774 (2019)

Rohlf et al.,
J. Phys. Chem. Lett. 9, 1491 (2018)

Layer-selective pump–probe in TMDC heterostructures

Top gate
hBN

hBN
Bottom gate

VTG

VBG

Yu et al.,
Sci. Adv. 7, eabi5833 (2021)
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First experiments: Topological & correlated materials
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KTH Stockholm / JGU Mainz

Ultrafast strain-induced topological phase transition

Sie et al., Nature 565, 61 (2019)

Son et al., N
ature 565, 32 (2019) [N

ew
s & view

s]

Ultrafast dynamics of coexisting electronic orders

Forgan et al., Nat. Commun. 6, 10064 (2015)

Torchinsky et al., Nat. Mater. 12, 387 (2013)
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Future direction

| Complete ultrafast photoelectron spectroscopy at SXP/EuXFEL | Kai Rossnagel, 24 Jan 2022

Tracking of coherent electron dynamics in quantum materials with 5-fs soft x-ray pulses

§ laser-induced coherences
§ Coulomb-induced correlations
§ resonantly coupled excitations
§ quantum-kinetic retardations 

Quantum materials dynamics in real time

§ observe on timescales shorter than typical interaction times
§ control the outcome of interaction processes

Electron motion Coherence Incoherence

Quantum engineering of correlated many-particle states

1 fs 10 fs 100 fs

few-100 as spectroscopy few-10 fs spectroscopy

ultrahigh time resolution high energy resolution

Relaxation & thermalization

<latexit sha1_base64="QutRmfju+S4D7bSYLGZu0Sun3qY="></latexit>

5 fs  ! 360meV
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teff

t0

t ’eff

Optically dressed

Equilibrium

FIG. 8 Versatile functionalities enabled by Floquet engineering. (a) Periodic driving using optical fields can steer the macro-
scopic properties of quantum materials by dressing their microscopic degrees of freedom, such as electronic hopping parameters.
(b) Examples include proposals and experimental realizations of new electronic band structures (Mahmood et al., 2016; Wang
et al., 2013), the manipulation of band topologies (Kitagawa et al., 2011; Lindner et al., 2011; McIver et al., 2019; Oka and Aoki,
2009), and the observation of excitonic Stark shifts caused by the creation of ultrastrong synthetic magnetic fields (Kim et al.,
2014; Sie et al., 2015). Additional proposals include the optical control of magnetic correlations (Claassen et al., 2017; Kennes
et al., 2018; Mentink et al., 2015), experimentally observed in quantum simulation settings (Görg et al., 2018), the creation
of fractionized quasiparticles obeying nonabelian statistics (Lee et al., 2018), and forms of photon-dressed superconductivity
(Kennes et al., 2019a; Knap et al., 2016; Murakami et al., 2017; Tindall et al., 2020).

et al., 2018; Schultze et al., 2013), light-field driven cur-
rents (Higuchi et al., 2017; Schi↵rin et al., 2013) and the
parametric amplification of plasma waves (Rajasekaran
et al., 2016). Comprehensive reviews of many of these
topics can be found by Ghimire and Reis 2018 and
Kampfrath et al. 2013. Here, we focus on observables de-
scribed by the coherent dressing of a material’s quantum
states by the rapidly oscillating light-field. The man-
ner and degree to which the states are dressed are de-
termined by the amplitude, frequency and polarization
of the electromagnetic drive. Such coherent light-matter
interaction thereby provides an external control knob for
transiently tuning the electronic and magnetic interac-
tions in solids, which can be used to engineer quantum
states with no equilibrium counterpart.

The consequences of photon dressing have long been
investigated in the context of atomic systems and have
led to applications in atomic clocks, precision spec-
troscopy, and quantum information processing (Scully

and Zubairy, 1997). At the root of many of these phe-
nomena is the AC Stark e↵ect, a process whereby the
oscillating electromagnetic field e↵ectively shifts or splits
electronic energy levels via the electric dipole interaction
(Autler and Townes, 1955). This fundamental dressing
e↵ect has also been observed in solid state systems us-
ing the strong AC fields in ultrafast laser pulses (Bonitz,
2016; Fröhlich et al., 1985; Haug and Jauho, 2008; Mücke
et al., 2001; Reutzel et al., 2020; Rossi and Kuhn, 2002;
Schäfer and Wegener, 2002; Sie et al., 2015).

Quantum materials can be dressed by light in more
complex ways than isolated atomic systems by exploit-
ing the additional degrees of freedom that interact with
the light field. While this enhanced complexity is an op-
portunity for realizing novel material responses, it comes
at the cost of increased dissipation, which leads to de-
coherence due to electron-electron, electron-phonon and
other scattering mechanisms. Far stronger optical fields
are thereby required to overcome these sources of deco-
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FIG. 8 Versatile functionalities enabled by Floquet engineering. (a) Periodic driving using optical fields can steer the macro-
scopic properties of quantum materials by dressing their microscopic degrees of freedom, such as electronic hopping parameters.
(b) Examples include proposals and experimental realizations of new electronic band structures (Mahmood et al., 2016; Wang
et al., 2013), the manipulation of band topologies (Kitagawa et al., 2011; Lindner et al., 2011; McIver et al., 2019; Oka and Aoki,
2009), and the observation of excitonic Stark shifts caused by the creation of ultrastrong synthetic magnetic fields (Kim et al.,
2014; Sie et al., 2015). Additional proposals include the optical control of magnetic correlations (Claassen et al., 2017; Kennes
et al., 2018; Mentink et al., 2015), experimentally observed in quantum simulation settings (Görg et al., 2018), the creation
of fractionized quasiparticles obeying nonabelian statistics (Lee et al., 2018), and forms of photon-dressed superconductivity
(Kennes et al., 2019a; Knap et al., 2016; Murakami et al., 2017; Tindall et al., 2020).

et al., 2018; Schultze et al., 2013), light-field driven cur-
rents (Higuchi et al., 2017; Schi↵rin et al., 2013) and the
parametric amplification of plasma waves (Rajasekaran
et al., 2016). Comprehensive reviews of many of these
topics can be found by Ghimire and Reis 2018 and
Kampfrath et al. 2013. Here, we focus on observables de-
scribed by the coherent dressing of a material’s quantum
states by the rapidly oscillating light-field. The man-
ner and degree to which the states are dressed are de-
termined by the amplitude, frequency and polarization
of the electromagnetic drive. Such coherent light-matter
interaction thereby provides an external control knob for
transiently tuning the electronic and magnetic interac-
tions in solids, which can be used to engineer quantum
states with no equilibrium counterpart.

The consequences of photon dressing have long been
investigated in the context of atomic systems and have
led to applications in atomic clocks, precision spec-
troscopy, and quantum information processing (Scully

and Zubairy, 1997). At the root of many of these phe-
nomena is the AC Stark e↵ect, a process whereby the
oscillating electromagnetic field e↵ectively shifts or splits
electronic energy levels via the electric dipole interaction
(Autler and Townes, 1955). This fundamental dressing
e↵ect has also been observed in solid state systems us-
ing the strong AC fields in ultrafast laser pulses (Bonitz,
2016; Fröhlich et al., 1985; Haug and Jauho, 2008; Mücke
et al., 2001; Reutzel et al., 2020; Rossi and Kuhn, 2002;
Schäfer and Wegener, 2002; Sie et al., 2015).

Quantum materials can be dressed by light in more
complex ways than isolated atomic systems by exploit-
ing the additional degrees of freedom that interact with
the light field. While this enhanced complexity is an op-
portunity for realizing novel material responses, it comes
at the cost of increased dissipation, which leads to de-
coherence due to electron-electron, electron-phonon and
other scattering mechanisms. Far stronger optical fields
are thereby required to overcome these sources of deco-

de la Torre et al., Rev. Mod. Phys. 93, 041002  (2021)

<latexit sha1_base64="t+zUJIGd35anIUwjYUrS+oWHf1U=">AAACEnicbVDJSgNBEK1xN25xuXlpDIKChhkV9Rj04jGCUSETQk+nRpv0LHTXiGHIN3jxV7x4UMSrJ2/+jZ1FcHtQ8Hiviqp6QaqkIdf9cEZGx8YnJqemCzOzc/MLxcWlc5NkWmBNJCrRlwE3qGSMNZKk8DLVyKNA4UXQPu75FzeojUziM+qk2Ij4VSxDKThZqVnc9IlnTZ/wlnSU4/Y2dn2epjq5ZZ7rb30Zoek2iyW37PbB/hJvSEqVFeij2iy++61EZBHGJBQ3pu65KTVyrkkKhd2CnxlMuWjzK6xbGvMITSPvv9Rl61ZpsTDRtmJiffX7RM4jYzpRYDsjTtfmt9cT//PqGYWHjVzGaUYYi8GiMFOMEtbLh7WkRkGqYwkXWtpbmbjmmguyKRZsCN7vl/+S852yt1/ePd0rVY4GacAUrMIabIAHB1CBE6hCDQTcwQM8wbNz7zw6L87roHXEGc4sww84b59Tep6S</latexit>

⌧e–e ⇡ 10 fs

cf. Axt & Kuhn,
Femtosecond spectroscopy in semiconductors:
a key to coherences, correlations and quantum kinetics,
Rep. Prog. Phys. 67, 433 (2004)


