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Abstract: We review our recent activity in the field of photo-induced structural dynamics in crystalline solids
studied using femtosecond X-ray diffraction techniques.
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Introduction

Very short, intense pulses of light have the
ability to excite matter far from equilibrium
on extremely short time scales. The ensu-
ing real-time dynamics have the potential
to reveal unique insights into the complex
interplay of forces that ultimately deter-
mine the properties of materials. To obtain
both the spatial and temporal resolution to
resolve the dynamics of long-range order
on the atomic scale, femtosecond laser-
pump/X-ray-probe methods have proven
to be a highly versatile tool. They can
capture the dynamics of electron, spin and
structure directly in the time domain. This
allows investigations of correlations in real
space as they develop in time.!!-7]
FEMTO is a tunable undulator source
for femtosecond X-rays in the range 5—12
keV in operation at the microXAS beam-
line at the Swiss Light Source (SLS).18]
Two classes of experiments are performed
at FEMTO: time-resolved X-ray diffrac-
tion (trXRD) in the solid state, and X-ray
absorption (trXAS) experiments in photo-
chemistry. In crystalline systems trXRD
provides information about coherent tran-
sient changes of long-range order, whereas
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XAS is a complementary technique that
measures local electronic and structural
changes. In both cases a typical measure-
ment allows the reconstruction of atomic
distances with a precision of <0.01 A. The
element specificity of trXAS has been ap-
plied to study electronic and structural
dynamics during the fs magnetization of
metal-ligand complexes, where an elec-
tron in a low-spin ground-state is optically
excited and eventually joins with another
metal-centered electron to generate a para-
magnetic high-spin excited state.[%10]

The in-house research of the FEMTO
team concentrates on the ultrafast struc-
tural dynamics of laser-excited solids. In a
crystalline solid the local structural chang-
es of dilute laser-excited impurities have
been studied by time-resolved X-ray ab-
sorption near-edge structure (XANES).[11]
To study the dynamics of long-range order,
initial experiments focused on the develop-
ment of suitable trXRD techniques and on
understanding fundamental aspects of elec-
tron-phonon interactions in model systems
where the unit cell contains only two or
three atoms. In collaboration with the SLS-
RESOXS group (resonant soft X-ray spec-
troscopy) we have recently expanded our
research to include structural dynamics of
strongly correlated electron systems (SC-
ES) in the vicinity of phase transitions.[!2]
In this report we will give an overview of
the source and the methods involved, and
discuss our activities in this rapidly grow-
ing area of research.

Femtosecond X-rays at the SLS

Relativistic electrons propagating in a
periodic magnetic field emit highly col-
limated X-rays. The frequency, polariza-
tion, coherence and time structure of this
radiation can be precisely tailored by con-
trolling the electron dynamics in phase
space. There are several ways to gener-

ate ultrashort X-rays at undulator sources
for instance by ‘slicing’ or compressing
the electron pulses. These approaches all
rely on a dispersive element to exploit an
energy-momentum correlation within the
bandwidth of the electron pulse to either
spatially separate a short fraction from the
core pulse (as is the case with slicing), or to
use time-of-flight dispersion to compress
the entire pulse. So far electron bunch
slicing at storage rings(8:13:14] and electron
bunch compression at free electron lasers
(FEL)15.16] have been demonstrated.

A schematic view of the slicing setup
at the SLS is shown in Fig. 1a. Femtosec-
ond electron beam slicing is essentially a
three-step process.[13] First, an ultrashort
laser pulse modulates the energy of a slice
of relativistic electron bunch travelling
through a periodic magnetic structure. In
the second step, the bunch travels through
energy dispersive bend magnets that sepa-
rate the modulated electrons from the core
beam. The energy modulated electrons
then pass through a 19-mm-period in-vac-
uum undulator, emitting X-rays that are
separated from those emitted by the core
beam with appropriate apertures in the X-
ray beamline.[17-18]

The FEMTO laser system consists of
a fs Ti:Sapphire oscillator synchronized
to the SLS storage ring and two parallel
regenerative amplifiers. The amplifiers de-
liver high energy fs pulses for both pump-
ing samples and modulating the electron
bunches inside the storage ring. In this way
slicing provides inherently synchronized
optical pump and X-ray probe pulses. A
simulation of the ~1% energy modulation
imposed by the laser pulse on the electron
bunch is shown in Fig. 1b. A diagnostic
port installed at the first bending magnet
after the interaction straight allows the
extraction of coherent THz radiation emit-
ted by the modulated electron bunches.!%]
The intensity of the THz radiation in-
creases quadratically with the number of
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Fig. 1. (a) Schematic layout of the laser-X-ray pump-probe experiments at the microXAS beamline at the SLS. Mono: single crystal monochromator;
KB: Kirkpatrick-Baez focusing system. (b) Simulation of the energy modulation on the 2.4 GeV storage ring electrons in the storage ring using the
2mJ 50 fs 800 nm optical pulse provided by the laser system.

modulated electrons, providing a diagnos-
tic tool to optimize and monitor the spatial
and spectral laser-electron overlap. The
fast transverse and longitudinal electron
orbit feedback systems of the SLS storage
ring, together with top-up mode operation,
provide the stability needed to achieve
micron-level position and micro-radian
pointing stability of the X-ray beam. The
stability of the source means that 200 fs
time resolution pump-probe experiments
can be performed over many hours. This
compensates somewhat for the low X-ray
source flux, on the order of 5-10 x 10°
photons/s per 0.1% bandwidth.

Femtosecond Grazing Incidence
X-ray Diffraction

In opaque solids, optical-wavelength
photons are usually absorbed in a very thin
surface layer ranging from 10-100 nano-
meters, whereas the attenuation length ex-
tends typically into the micrometer scale
for X-ray wavelengths near 1 A. One way
to avoid this undesirable mismatch of ex-
cited and probed sample volume is to use
thin films.2l In cases where the X-ray
scattering is weak, the overall diffraction
efficiency for thin films in a symmetric
scattering geometry is very low. This is
a serious disadvantage when using a low
flux slicing source. In many cases a more
efficient solution is to apply a grazing-
incidence, non-coplanar asymmetric dif-
fraction geometry.[% This geometry allows
one to match the absorption depth of the
X-ray probe to the laser excitation depth
by setting the incidence angle of the X-rays
to values near the critical angle for total
external reflection.

Coherent Phonon Dynamics

Our initial experiments concentrated
on laser induced coherent acoustic phonon
motion such as strain waves in InSb and
Bi,[20211 and on coherent optical phonons
in Bi and Te.l68:21.22] Large amplitude co-
herent optical phonons that can be generat-

ed in bismuth with an ultrashort laser pulse
via the displacive excitation mechanism
have been studied by optical methods for
many years.[22-25] Recently this phenom-
enon has received renewed interest as a
test ground for new ultrashort X-ray and
electron pulse sources that can directly
resolve the atomic motion using diffrac-
tion techniques.[2:6:826.27] Progress has also
been made in developing computational
models.[28-30]

Bismuth, a semimetal with an indirect
negative bandgap, has a two-atom rhom-
bohedral unit cell that is slightly distorted
from simple cubic symmetry due to the
Jones-Peierls effect.3!l This distortion
is very sensitive to electronic excitation,
which tends to push the system towards
higher structural symmetry. This motion
of the atoms along the body diagonal of
the rhombohedral unit cell corresponds to
that of the symmetry preserving A 0pt1-
cal phonon mode. Excitation with a near-
infrared laser pulse significantly shorter
than its phonon period of ~300 fs leads to
a coherent, large amplitude Alg mode. The
frequency of this mode decreases signifi-
cantly when increasing the optical pump
intensity.[2:6.26]

One problem in understanding the
excited-state dynamics of bismuth has
been to disentangle the role of electronic
transport dynamics (e.g. diffusion of car-
riers from the surface) from the relaxation
of carrier energy via interaction with the
lattice. The ability of femtosecond grazing
incidence diffraction to probe the struc-
tural dynamics over different depth inter-
vals can address this issue. Fig. 2 shows
the observed intensity of the (111) Bragg
reflection versus pump-probe delay for dif-
ferent incidence angles. Because electron-
ic excitation causes the quasi-equilibrium
position of the atoms to suddenly shift to-
wards the higher symmetry structure, we
observe strong, depth-dependant changes
in the structure factor for diffraction from
the (111) planes. The differences in the
data as a function of incidence angle dem-
onstrate the importance of control over the
X-ray probe depth. By fitting the data us-
ing a model based on density functional

theory?l we were able to extract an effec-
tive diffusion rate of 2.3 = 0.3 cm?s for the
excited carriers and an estimated electron-
hole interaction time of 260 + 20 fs.16]

XRD also allows mode-specific in-
vestigation of atomic motion. This is of
particular interest in view of DFT calcu-
lations that predict at high excitation flu-
ences a strong coupling between the A,
and the degenerate £ symmetry- breaklng
optical phonon.[?9] ()ptlcal pump-probe
experiments performed at 7 K have shown
evidence of a coupling between the AIg and
E, optical phonon modes.[?3 To investigate
this and other types of structural dynamics
in bismuth, we performed measurements
of diffraction from the (1-10) and (1-21)
lattice planes which are insensitive to the
motion of the A, phonon coordinate.[32!
The data show evidence of an increase in
lattice disorder with a time scale of less
than 500 fs. This time scale is much faster
than the time scale of lattice heating in-
ferred from the behavior of the A, phonon
coordinate, suggesting a non- thermal type
of lattice disorder in this system.[6]

To investigate any possible coupling
of this disorder with the coherent A, pho-
non, we applied a sequence of two pulses
to control the population of the A, pho-
non mode.[32 In this double-pump control
experiment, the amplitude of the coherent
atomic motion can be manipulated through
the delay of the second pulse by keeping
the electronic excitation constant. Any sig-
nificant coupling from the A, mode to the
disorder within the (111) plane should lead
to a change of the corresponding Bragg
diffraction signal when the pulse sequence
is adjusted to either maximize or to cancel
the amplitude of the coherent A, phonon.

The control of the A, ampglitude for
two different delay settings of the ex-
citing pulse pair and the corresponding
(1-21)-transients are shown in Fig. 3. With-
in the accuracy of our experiment we do
not observe any change of the (1-21)-dif-
fraction signal. We conclude that at room
temperature coupling from the A  to the
increase in lattice disorder within the (111)
plane is not measurable. The observed
fast decrease in diffraction efficiency ap-
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T T ——

.}
0.90
0.85}
0.80 | :

" il T?P&;’[i&ﬂlifm

i relative intensity of
the Bi (111) Bragg
reflection at 1.1 mJ/
cm? absorbed fluence
of 800 nm 100 fs
pulses is measured
for different values

il

1.00 f II 1;11115
vy

0.95 b
0.90 } a=0.45°

0.85F

i

of the X-ray grazing
incidence angle

corresponding to a
probe depth of 7.5,

v |
¥ I]’HI}#HHIIIIII i
Iﬂl 1| 15,25,55,82.5and

o 155 nm, respectively.®!

1.00
0.95
0.90
0.85

- Illxlllrlllﬁ

[ =0.5° x,;%;s,f,.hf“h‘“““”’ .

1.00

o IIII!ITIHQ'[

Normalized diffracted intensity

0.95F i _;E;llnl:zl..
o=0:7° ‘?AW

0.90 ¢ E

1.00 B #ll:l-xlﬂ: -

0.95F a=1.0° WW‘EM*"

1.00 ‘III'I!III!H‘- ' .

3

0.05 } a=2.0° W ‘

= 0 1 2 3
Time(ps)

Fig. 3. Measured

0.85

0.80

075

response of the Bi
(111) and (1-21) Bragg
peaks controlled by a
two-pulse excitation
scheme for a relative
delay of 380 (full)

and 575 fs (empty
circles) between the
pump pulse pair. The
absorbed energy
density was 1.1 mJ/
cm? for the first

and 0.8 mJ/cm? for

1.00 Fh
N

0.95

Normalized diffraction efficiency

0.90

0.85

the second pulse,
respectively.

-0.5 0.0

Time (ps)

pears instead to be a direct consequence
of electronic excitation of the crystal. This
results in a nearly instantaneous change
in the frequencies of vibrational modes
throughout the Brillouin zone, causing a

non-thermal increase of the rms displace-
ments of random atomic motions within
the (111) plane. Later experiments with
more precision have revealed small oscilla-
tions in this non-equilibrium lattice noise,

providing direct experimental evidence for
a phenomenon known as ‘phonon squeez-
ing’ .33

Photo-induced Phase Transitions
in Strongly Correlated Electron
Systems

In strongly correlated electron systems
(SCES) the strong interplay between va-
lence charge distribution, orbital order,
magnetic order, and subtle distortions of
the atomic lattice give rise to complex
phase diagrams. The structural, electronic
and/or magnetic long range order often is
the result of competing atomic-scale in-
teractions that lead to changes in crystal
symmetry and to technologically relevant
material properties such as high-T super-
conductivity, colossal magnetoresistance
and multiferroicity. Exciting the electronic
system with a strong pulse of light can
disturb this order and trigger non-thermal
phase transitions on an ultrafast time scale.
This opens new opportunities to investi-
gate underlying correlations in the time
domain and to control material properties
on a subpicosecond time scale.

Recently, we have applied trXRD dif-
fraction to observe direct and unambigu-
ous structural motion due to laser induced
charge- and orbital-order melting in a thin
film (d = 55 nm) of the three-dimensional
manganite system La, CaMnO, (LC-
MO) x = 0.5.34 For x = 0.58, LCMO at
room temperature is paramagnetic and un-
dergoes upon cooling a phase transition to
a charge and orbitally ordered phase (T <
Teo00 * 240 K).35I The staggered structure
of the O-octahedra at the Mn** sites shown
in Fig. 4a is a result of a Jahn-Teller (J-T)
distortion that induces a doubling of the
unit cell along the b-axis as compared to
the high-7" orthorhombic Pbnm structure.
This structural change leads, for T< T
to additional weak superlattice (SL) Bragg
peaks. The time dependence of such a SL
reflection is shown in Fig. 4b for two flu-
ences. At low excitation fluences we ob-
serve the displacive excitation of a coher-
ent optical A, phonon mode that involves
motion of the La/Ca cations in the direc-
tion of the crystal a-axis.[371 Under high ex-
citation conditions we observe a complete
phase transition occurring within ~1 ps as
demonstrated by the disappearance of the
SL reflection. The simultaneous increase
of the non-SL Bragg peak intensity con-
firms this interpretation. The initial step
of the phase transition, corresponding to
an 80% drop of the SL reflection, occurs
on a time scale of less than 200 fs (our
experimental time resolution). This drop
is attributed to motion of the Mn*" octa-
hedra triggered by the prompt release of
the J-T distortion upon direct melting of
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Fig. 4. (a) Ground state structure of P2 nm symmetry of charge and orbitally ordered half-doped
LCMO.B (b) Laser-induced response of the (5 -2%2 2) SL and (5 -2 2) non-SL Bragg reflections.

the charge and orbital order. The energy
needed to launch this non-thermal phase
transition is of the same order as that esti-
mated to thermally melt the low-T phase.
This suggests that the J-T distortion is the
main driving force for the rich manifold of
electronic and magnetic order observed in
these materials.

To understand these dynamics on a
more detailed level, we intend to investi-
gate different manganite systems over a
wide parameter range. Complimentary to
this, we plan to probe the response of the
charge and orbital order with resonant soft
X-ray diffraction at existing 4" generation
soft X-ray sources that in the near future
might offer a time resolution in the sub-10
fs range needed to fully resolve the under-
lying structural and electronic dynamics.
The combination of structural and elec-
tronic information will help to separate
correlated effects on an ultrafast time scale
as they evolve to clarify the complex inter-
play between the electronic system and the
lattice in these materials.

Charge density waves (CDW) com-
prise another class of collective phenom-
ena arising from a correlation between the
electron density and the underlying lattice.
There exist several competing hypotheses
for the mechanism driving the CDW for-
mation in 1T-TiSez, such as the band J-T
effect, Fermi-surface nesting or exciton
condensation. The latter becomes possible
due to a low free carrier density and a con-
sequently poorly screened Coulomb inter-
action.38] We studied the dynamics of the
structural order parameter of the CDW in
TiSe, by time-resolved optical reflectivity
and trXRD.[*! In contrast to our experi-
mental finding on the J-T driven manga-
nite system discussed above we find that
the energy needed to melt the CDW in 17-
TiSe, is significantly lower than that ex-
pected for a thermal phase transition. This
observation combined with the extremely
fast time scale (< 200 fs) for the phase tran-

sition, provides experimental support for
the exciton condensation mechanism as the
main driving force for the CDW formation
in 17-TiSe 1401

Away from an absorption edge, X-rays
interact predominantly with tightly bound
core level electrons, providing information
about the relative positions of atoms. The
situation is somewhat different for X-ray
energies close to an electronic transition.
Resonant X-ray diffraction (RXRD) is
a powerful technique to obtain direct in-
formation about charge, orbital and spin
degrees of freedom.[*!-43] It combines the
atomic resolution of XRD to probe long-
range order with element specific sen-
sitivity of XAS to probe local electronic
configurations. Time resolved RXRD can
study the dynamics of long-range order of
magnetism, charge and orbitals.l'2l Using
the high intensity of the X-ray pulses of-
fered by FEL’s time-resolved RXRD ex-
periments may be pushed to the inelastic
regime by applying resonant inelastic X-
ray scattering (RIXS) techniques to mea-
sure momentum transfer dispersion of col-
lective magnetic excitations in long-range
ordered magnetic systems.[44l

THz-induced Dynamics

So far we have used optical pulses with
photon energies in the 1-3 eV range to pho-
to-excite samples, resulting in strong elec-
tronic excitations. The various relaxation
mechanisms from this strong perturbation
of the electronic states result in a some-
times complex chain of events which are
often difficult to disentangle. Sources of
short-pulse THz frequency radiation, now
able to generate transient electric fields in
the hundreds of kV range,/*! opens up the
possibility to perform two important types
of experiments:

i) Resonant excitation of specific lattice
modes with tunable THz light offers the

opportunity to investigate the coupling
from the lattice to the electronic system
by resonantly exciting selected vibra-
tional IR-active modes and by probing
the lattice motion and corresponding
changes of the electronic and magnetic
order using time-resolved RXRD.[4l
This way no excess energy is dumped
into the material as it is often required in
optically pumped experiments. A met-
al-insulator transition in a manganite
via mode selective-excitation has been
demonstrated for Pr,.Ca ,MnO,.47]

ii) By taking advantage of the high elec-
tric fields offered by intense THz half
cycle pulses it might even be possible
to study the dynamical response of
multiferroic materials to intense elec-
tric fields and even control their mag-
netic state without use of high electric
currents. Multiferroics intrinsically ex-
hibit a coupled ordering of a magnetiza-
tion (arising from the electron spin and
associated orbital magnetic moments)
and of an electric polarization (arising
from aspheric charge distribution).[8!
Using static resonant X-ray diffrac-
tion, such a coupling has directly been
demonstrated in multiferroic ErMn,O,
by applying an electric field that pushes
the system from its ferroelectric phase
below TCM into the commensurate
(CM) magnetic phase.[*]

Summary and Outlook

After five years of operation, the FEM-
TO source at the Swiss Light Source has
made significant progress in developing
trXRD methods. Current work focuses
mostly on structural and magnetic dynam-
ics in strongly correlated electron systems.
The rapid technological development of
new sourcesP% and techniquesB!-32 in the
area of ultrafast structural research has and
continues to stimulate tremendous growth
of our ability to study the relationships be-
tween electronic, magnetic and structural
order in correlated electron systems.
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