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unication). Experim
ents probing the m

ore im
portant but also m

ore 

dilute interface properties in heterostructures w
ill greatly benefit from

 the intensity and energy 

stability offered by the seeded beam
s at LCLS II. Such studies w

ill utilize the w
hole suite of 

facilities at LCLS II ranging from
 hard x-rays probing atom

ic m
otion to variable polarization soft 

x-rays to disentangle charge, spin and orbital contribution to the sw
itching processes. 

                         

 

Fig. II-13: Vision of a future field effect transistor w
here leakage currents are avoided by a correlated 

electron insulator that becom
es m

etallic in an applied electric field. Recently Liu et al. Nature 487, 345 

(2012) reported the first indication that the bandgap of VO
2  film

s is affected by ~1 M
V/cm

 THz pulses. 

 

 (ii) The response of quantum
 m

aterials to external electro-m
agnetic stim

uli leading to changes 

in the electrical conductivity has triggered intense efforts to search for applications in low
 

pow
er electronics (see for instance Z. Yang, et al. Annu. Rev. M

ater. Res. 41, 337 (2011)). Fig. II-

13 illustrates how
 com

bining nanotechnology w
ith quantum

 m
aterials displaying m

etal-

insulator transitions in applied electric fields can form
 a novel type of field effect transistor 

avoiding dissipative leakage currents.  

 
Single cycle THz pulses w

ith frequency w
ell below

 the low
est phonon frequencies can 

selectively trigger an electronic response in the tim
e dom

ain (M
. Liu, et al. Nature  487, 345 

(2012)). LCLS II w
ill enable to follow

 the tem
poral changes in the electronic gap w

ith inelastic 
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Optical pulse

X-ray pulse

Diffraction Iq ~ | Cq + Sq |2

selects length scale ~ 1/q
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Outlook:
Growth of magnetic order in Fe66Co10Gd24

... occurs on the ps timescale 

Durr, BESSY 2013



Durr, BESSY 2013

drives magnetic switching 
via spin currents

pumps momentum
Can we turn an insulator into a metal?
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Optically induced ultrafast structural 
& electronic phase transition in VO2

Baum, Yang, Zewail, Science 318 , 788 (2007)

Fast time scale: V-V dilation
Slow time scale: V-V rotation

fs
electron 

diffraction

fs THz 
spectroscopy

Kuebler, et al, PRL 99, 116401 (2007)

exhibits a THz conductivity almost 2 orders of magnitude
lower than in the R phase.

We now perturb the insulating phase (TL ! 295 K) by
ultrafast photo-excitation of electrons from the occupied dk
band into conduction-band states [Fig. 1(b)]. Figure 1(c)
displays the subsequent ultrafast dynamics of the spec-
trally integrated conductivity change !!1""#, for a series
of pump fluences. At low excitation densities, a sharp onset
in the pump-induced signal is followed by a nonexponen-
tial sub-ps decay. Fluences above "c ! 4:6 mJ=cm2 gen-
erate an increasing background of long-lived conductivity
that remains constant within a time window of 10 ps (not
shown). Figure 1(d) summarizes the fluence dependence of
!!1""# for two characteristic early delay times. The quasi-
instantaneous signal at " ! 60 fs scales linearly with ".
Hence, we attribute this feature to the conductivity of
directly photoinjected carriers. In contrast, the correspond-
ing value at " ! 1 ps displays threshold behavior: The
THz conductivity vanishes below "c, while it grows non-
linearly above, indicating a cooperative ultrafast insulator-
metal transition. We find that "c decreases with increasing
lattice temperature, e.g. "c"TL ! 250 K# ! 5:3 mJ=cm2

and "c"TL ! 325 K# ! 3 mJ=cm2.
The interplay between lattice and electronic DOF is

unveiled in a full 2D optical pump—multi-THz probe
experiment. The contour plots of Fig. 2 depict the spectral
shape of the conductivity changes !!1"!; "# as a function

of time delay ". Figure 2(b) shows data for an excitation
density of " ! 3 mJ=cm2 <"c at TL ! 250 K. We con-
sider two domains (labeled P and E in Fig. 2) that corre-
spond to different physical processes: Since spectral region
E (@! $ 85 meV) is free of phonon resonances [see
Figs. 1(a) and 2(a)], the pump-induced THz conductivity
in this region derives solely from electronic DOF. Features
in the energy regime P (40 meV< @!< 85 meV) relate
to the IR-active phonon resonances, exposing the dynamics
of the lattice DOF.

The differing origins of the signals in the two spectral
windows are underscored by qualitatively different tempo-
ral dynamics: Ultrafast photodoping induces a quasi-
instantaneous onset of conductivity in region E due to
directly injected mobile carriers. !!1"!; "# in region E
decays promptly within 0.4 ps. In contrast, the phononic
contribution (domain P) is more long lived. While the
onset of the phononic response varies for the three modes,
we find intriguing common features. Photoexcitation in-
duces an increase of polarizability on the low-frequency
side of each phonon resonance while a smaller change is
seen on the blue wing. For all modes, the change in
frequency is superimposed on a remarkable coherent
modulation of !!1"!; "#, along the pump-probe delay
axis ". This phenomenon is most notable at a THz photon

FIG. 2 (color online). 2D optical pump—THz probe data:
(a) equilibrium conductivity of insulating VO2 [from
Fig. 1(a)]. (b) and (c): Color plot of the pump-induced changes
of the conductivity !!1"!; "# for pump fluences
(b) " ! 3 mJ=cm2 <"c and (c) " ! 7:5 mJ=cm2 >"c at
TL ! 250 K. The broken vertical lines indicate the frequency
positions of cross sections reproduced in Fig. 3. Spectral domain
P comprises predominantly changes of the phonon resonances;
region E reflects the electronic conductivity.
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FIG. 1 (color online). (a) Mid-IR conductivity spectra of VO2

at TL ! 295 K (blue circles) and 363 K (red squares). Inset: V
sublattice of the R (upper part) and M1 (lower part) phase.
(b) Schematic of photodoping in the insulating band structure
of VO2. (c) Spectrally integrated transient change of the THz
conductivity after excitation at various fluences (TL ! 295 K).
(d) Fluence dependence of !!1""# at " ! 60 fs (blue crosses)
and 1 ps (red triangles). A linear fit to the latter graph extrapo-
lates to a critical fluence "c ! 4:6 mJ=cm2.

PRL 99, 116401 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
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THz control of the insulator-metal transition in VO2

required electric field ~1GV/m (1V/nm)

laser-induced THz field ~0.04 GV/m

near-field enhanced THz field 
~0.2 GV/mAu#

Al2O3#

VO2#
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drives ps cooperative 
Mott transition

Shaping the future of information technology:
Opportunities for nanoscale imaging...

...with few ps short x-ray pulses

drives ps magnetic 
switching via spin currents

at 1KHz - 1MHz rep. rates

availability of pump lasers crucial
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