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Correlated materials and ferroic order
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Zhou et al. Energy Harvesting and Systems, 3 (2015)Spaldin, Fiebig, Science 309, 391 (2005)

• Interactions strongly compete 
• Complex phase diagrams

• We study nonlinear dynamics 
up to the point of ferroic order 
reversal
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Accelerator based x-ray sources

Swiss Light Source

~1010 more photons in one pulse!

“Third” generation “Fourth” generation “Fifth” generation



Nov 28, 2018 XLS | CompactLight User Meeting - CERN, Geneva 4/19

X-ray diffraction

Intensity as function of photon momentum transfer 
directly related to Fourier Transform of electron density
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[Johnson et al. PRL 100, 155501 (2008)]
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Case Study # 1: Sn2P2S6 a soft mode ferroelectric

Int. J. Mol. Sci. 2012, 13 14358

Figure 1. The crystal structure of Sn2P2S6 ferroelectric phase [20]. The tin atoms positions
in the paraelectric phase [14] are shown in red. The shape of the Brillouin zone with denoted
symmetrical points illustrates the primitive monoclinic lattice.

Sn2P2S6 crystals are ferroelectric semiconductors with promising photorefractive [21],
photovoltaic [22], electrooptic [23] and piezoelectric [24] characteristics. Their ferroelectric properties
are effectively influenced by the state of the electronic subsystem [25]. The influence of the sulfur and
tin vacancies on semiconductive and optic properties of Sn2P2S6 crystals has recently been studied [26].
These data motivate the electronic structure investigation for Sn2P2S6 crystals in the paraelectric and
the ferroelectric phases.

The first-principles calculations in LDA approach of Density Functional Theory (DFT) for Sn2P2S6

ferroelectric phase were carried out by several groups [27–29]. Grigas et al. [19,30] calculated the
electronic structure of both paraelectric and ferroelectric phases of Sn2P2S6 using the cluster approach.
For the Sn2P2Se6 selenide analog, the electronic structure have been investigated [31] by first-principles
calculations only for the paraelectric phase. The electronic structure and phonon spectra pressure
dependence for the acentric layered rhombohedral crystal SnP2S6 were investigated theoretically by
the LDA approach [32]. For this compound, the tin cations are almost fully ionized (Sn4+ charge state),
which excludes the possibility of stereochemical activity of their 5s2 electron lone pair. The electronic
structure of high-charged (P2S6)4− and (P2Se6)4− anion clusters was discussed in papers [29,31,32] at
analysis of Sn2P2S6, Sn2P2Se6 and SnP2S6 electron energy spectra. Analysis of P2S6 cluster chemical
bounding was also done using the Hartree–Fock approach [33]. The anion arrangements have been inves-
tigated experimentally and theoretically in different approximation for the layered crystals like M2P2S6

(M = Fe, Ni, Mn, . . . ) [34–38]. For the CuInP2Se6 layered compound with two differently charged
cations, the SOJT effect was established as an origin of the ferroelectric ordering in Cu [39].

In this paper, the first-principles calculations in LDA approach of DFT for electronic structure of
Sn2P2S6 crystal in the paraelectric and the ferroelectric phases were used for analysis of chemical bond
transformation at the spontaneous polarization appearance and for establishing the ferroelectric state

[Glukhov et al. Int. J. Mol. Sci. 2012, 13, 14356]

Soft mode 

33 cm-1 = 1 
[Vysochanskii et al. Fiz. Tv. Tela 20, 90 (1978)]

Sn-atoms position determine the ferroelectric properties. 
We want to resonantly excite the soft phonon mode to induce reversal in the ferroelectric polarisation  
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Sn2P2S6: THz pump - x-ray probe
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Sn2P2S6 THz pumping at LCLS, XPP
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We can excite large variations in the diffracted intensity (>20%) 
We quantify the corresponding change in FE polarisation to > 5% of the full reversal 
We can track the phase transition by measuring the induced effect at different temperatures

Savoini et al. in preparation
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Case Study # 2: ultrafast demagnetisation

1996 
Beaurepaire, PRL (1996)

§ Unexpectedly fast drop in a Ni sample magnetization 
upon laser pulse illumination 

§ Not well understood how angular momentum is 
conserved 

§ In 2016 we designed a possible test experiment.
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Our idea: ultrafast Einstein - de Haas effect
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Our idea: ultrafast Einstein - de Haas effect
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~f = r · �M

⇒ force density non-zero only at surfaces!! initial magnetisation / 
external field 

force / movement 
during ultrafast demagnetisation 





Transverse displacement wave
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Experiment & results

13/19

§ X-ray diffraction 
§ In-plane geometry with grazing incidence 

and exit 
§ Crystal Truncation Rod 
§ Recover lattice dynamics by comparing 

with simulation 

What we measured
Measurements Simulations

From our measurements we 
estimate that the lattice is taking 
up to 80% of the lost magnetic 
moment within the first 200 fs.

Dornes et al., Nature (in publication)
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LETTERS
PUBLISHED ONLINE: 27 OCTOBER 2013 | DOI: 10.1038/NPHYS2788

Fourier-transform inelastic X-ray scattering from
time- and momentum-dependent phonon–phonon
correlations
M. Trigo1,2*, M. Fuchs1,2, J. Chen1,2, M. P. Jiang1,2, M. Cammarata3, S. Fahy4, D. M. Fritz3, K. Gaffney2,
S. Ghimire2, A. Higginbotham5, S. L. Johnson6, M. E. Kozina2, J. Larsson7, H. Lemke3,
A. M. Lindenberg1,2,8, G. Ndabashimiye2, F. Quirin9, K. Sokolowski-Tinten9, C. Uher10, G. Wang10,
J. S. Wark5, D. Zhu3 and D. A. Reis1,2,11*

The macroscopic characteristics of a material are determined

by its elementary excitations, which dictate the response of

the system to external stimuli. The spectrum of excitations

is related to fluctuations in the density–density correlations

and is typically measured through frequency-domain neutron
1

or X-ray
2–4

scattering. Time-domain measurements of these

correlations could yield a more direct way to investigate

the excitations of solids and their couplings both near to

and far from equilibrium. Here we show that we can access

large portions of the phonon dispersion of germanium by

measuring the diffuse scattering from femtosecond X-ray free-

electron laser pulses. A femtosecond optical laser pulse slightly

quenches the vibrational frequencies, producing pairs of high-

wavevector phonons with opposite momenta. These phonons

manifest themselves as time-dependent coherences in the

displacement correlations
5
probed by the X-ray scattering. As

the coherences are preferentially created in regions of strong

electron–phonon coupling, the time-resolved approach is a

natural spectroscopic tool for probing low-energy collective

excitations in solids, and theirmicroscopic interactions.

Density fluctuations in nominally periodic media reduce the
intensity of the Bragg diffraction peaks and consequently increase
the weak diffuse scattering between these peaks, the details
of which reflect the amplitudes and spatial frequencies of the
fluctuations6. The scattered intensity is determined by the dynamic
structure factor S(Q,!) at momentum Q and frequency !,
which is proportional to the Fourier transform of the correlation
function of the density–density fluctuations. For phonons, these
correlations are huq(0)u�q(t )i, where uq is the phonon amplitude
at reduced wavevector q=Q�KQ and KQ is the closest reciprocal
lattice vector to Q, and in this context the expectation value
is a thermal average7. In typical X-ray or neutron scattering
experiments the measured diffuse scattering is proportional to the
equal-time correlations huq(0)u�q(0)i (refs 3,7,8); whereas dynamic
information is obtained by analysing the energy and momentum

1Stanford Institute for Materials and Energy Sciences, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA, 2Stanford PULSE
Institute, SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA, 3Linac Coherent Light Source, SLAC National Accelerator Laboratory,
Menlo Park, California 94025, USA, 4Tyndall National Institute and Department of Physics, University College, Cork, Ireland, 5Department of Physics,
Clarendon Laboratory, University of Oxford, Parks Road, Oxford OX1 3PU, UK, 6Physics Department, ETH Zurich, 8093 Zurich, Switzerland, 7Department
of Physics, Lund University, S-22100 Lund, Sweden, 8Department of Materials Science and Engineering, Stanford University, Stanford, California 94305,
USA, 9Faculty of Physics and Center for Nanointegration Duisburg-Essen (CENIDE), University of Duisburg-Essen, 47048, Duisburg, Germany,
10Department of Physics, University of Michigan, Ann Arbor, Michigan 48109, USA, 11Departments of Photon Science and Applied Physics, Stanford
University, Stanford, California 94305, USA. *e-mail: mtrigo@slac.stanford.edu; dreis@slac.stanford.edu

of the inelastically scattered photons from a highly monochromatic
beam. As we demonstrate here in a single crystal of the prototypical
semiconductor germanium, a femtosecond laser pulse generates
temporal coherences in the equal-time correlation functions
g (⌧ )= huqu�qi parameterized by the pump–probe delay ⌧ between
the optical pulse and the X-ray probe. As the X-ray pulse from
the free-electron laser (FEL) is short compared with the vibrational
motion, we assume that the scattering is effectively instantaneous.
Under this approximationwemeasure g (⌧ ) stroboscopically, which
unlike in the thermal case has an oscillatory contribution from a
two-phonon squeezed state generated by the laser pulse, as well as
a contribution from incoherent changes in populations9. In this
paper we focus on the oscillatory component, which yields large
portions of the phonon dispersion directly from the measurement
without any particularmodel of the interatomic forces.

Consider a sudden change in the harmonic potential driven
by excitation of electron–hole pairs by the laser pulse, which
for tetrahedrally bonded semiconductors is expected to primarily
soften the transverse acoustic modes10–13. The evolution of a
harmonic oscillator after a sudden quench of the frequency has been
studied in the context of vacuum squeezing, as shown for photons14
and phonons15,16. This effect is formally equivalent to the dynamical
Casimir effect17 and its acoustic analogue in which a sudden quench
of the sound velocity was shown to produce correlated pairs of
phonons18, and is analogous to (spontaneous) parametric down-
conversion. Although our experiment was performed at room
temperature, and the results are due to thermal rather than vacuum
squeezing, we consider the zero temperature case for simplicity.

For oscillators with frequencies ⌦q and mass m in the ground
state, a sudden change in the frequency ⌦q ! ⌦ 0

q at ⌧ = 0 leaves
each mode in a state where the variance in the displacement
evolves according to19

huqu�qi = 1
4m⌦q

[(1+�2
q)+ (1��2

q)cos(2⌦
0
q⌧ )] (1)

790 NATURE PHYSICS | VOL 9 | DECEMBER 2013 | www.nature.com/naturephysics

© 2013 Macmillan Publishers Limited. All rights reserved

NATURE PHYSICS DOI: 10.1038/NPHYS2788 LETTERS

3

2

1

0

3

2

1

0

q1 q2

q1

q2

q3

q

q

q4q3

q4

Ph
on

on
 fr

eq
ue

nc
y 

(T
H

z)
Ph

on
on

 fr
eq

ue
nc

y 
(T

H
z)

ω

a c

d

b

Figure 4 | Extracted dispersion relation in selected directions. a, Schematic of the constant-frequency cuts of the acoustic dispersion relation
that yield the data in Fig. 3. The surfaces represent the two transverse-acoustic branches and the plane represents a constant-frequency cut at
2! = 2.5 THz. b–d, Acoustic dispersion along the sections shown with dashed lines on the calculated intensity (b) where q1 = (�0.1, 0, �0.07),
q2 = (�0.33,�0.75,0.37), (c), q3 = (0.13,�0.04,0.05) and q4 = (�0.09,�0.98,�0.08) (r.l.u) (d). White lines in c,d represent the calculated
acoustic dispersion.

bonded semiconductors. Otherwise, the discrepancies are small
and could be due to systematic errors in determining the sample
orientation or the forces as much as changes in the excited-state
forces. The curvature of the branches is due to our particular
geometry, which results in a non-planar section of reciprocal space.
The flat spectral components at lower frequencies are probably due
to fluctuations of the FEL that were not removed by our background
subtraction. The sample was oriented far from the zone-centre
(q=0) to avoid strongBragg reflections on the detector, particularly
given the large wavelength fluctuations of the FEL.

We note that the present experiment was limited by the FEL and
laser parameters as well as detector performance as available shortly
after hard X-ray operations of the LCLS commenced. Recently,
self-seeded operation of the LCLS has been demonstrated27. This
provides better X-ray pulse stability yielding better momentum
resolution, lower noise, and the narrow bandwidth will allow
sampling closer to q = 0. In addition, a new single-shot timing
diagnostic has been reported that mitigates the loss in temporal
resolution due to timing jitter between the optical and X-ray
lasers28. This enables the observation of faster oscillations and thus
higher-frequency excitations limited by the pump and probe pulse
duration. We further note that the FEL can operate with pulses
down to a few femtoseconds long, and optical lasers with pulse
durations in the few tens of femtosecond range are readily available.
These improvements will allow access to high-frequency optical
phonons modes in the >10 THz range such as those in many
complex oxide materials.

The induced temporal coherences in the density–density
correlations observed here are a consequence of a sudden change

in the interatomic potential. These coherences span the entire
Brillouin zone but will be favoured in regions where the resultant
(real or virtual) charge–density couples strongly to the phonons.
For example, it will be particularly strong in regions of enhanced
electron–phonon coupling and could find broad use in the study of
the coupled degrees of freedom in complex materials. We further
stress that, far from equilibrium the pump–probe approach gives
unique access to the phonon excitations and their interactions in
the short-lived transient state.

Received 14 March 2013; accepted 11 September 2013;

published online 27 October 2013

References
1. Brockhouse, B. N. & Stewart, A. T. Scattering of neutrons by phonons in an

aluminum single crystal. Phys. Rev. 100, 756–757 (1955).
2. Rueff, J-P. & Shukla, A. Inelastic x-ray scattering by electronic excitations

under high pressure. Rev. Mod. Phys. 82, 847–896 (2010).
3. Krisch, M. & Sette, F. in Light Scattering in Solid IX Vol. 108 (eds Cardona, M.

& Merlin, R.) 317–370 (Topics in Applied Physics, Springer, 2007).
4. Abbamonte, P., Finkelstein, K. D., Collins, M. D. & Gruner, S. M. Imaging

density disturbances in water with a 41.3-attosecond time resolution.
Phys. Rev. Lett. 92, 237401 (2004).

5. Glauber, R. J. Time-dependent displacement correlations and inelastic
scattering by crystals. Phys. Rev. 98, 1692–1698 (1955).

6. Warren, B. E. X-Ray Diffraction (Dover, 1969).
7. Sinha, S. K. Theory of inelastic x-ray scattering from condensed matter.

J. Phys. Condens. Matter 13, 7511–7523 (2001).
8. VanHove, L. Correlations in space and time and born approximation scattering

in systems of interacting particles. Phys. Rev. 95, 249–262 (1954).
9. Trigo, M. et al. Imaging nonequilibrium atomic vibrations with x-ray diffuse

scattering. Phys. Rev. B 82, 235205 (2010).

NATURE PHYSICS | VOL 9 | DECEMBER 2013 | www.nature.com/naturephysics 793

© 2013 Macmillan Publishers Limited. All rights reserved

NATURE PHYSICS DOI: 10.1038/NPHYS2788 LETTERS

3

2

1

0

3

2

1

0

q1 q2

q1

q2

q3

q

q

q4q3

q4

Ph
on

on
 fr

eq
ue

nc
y 

(T
H

z)
Ph

on
on

 fr
eq

ue
nc

y 
(T

H
z)

ω

a c

d

b

Figure 4 | Extracted dispersion relation in selected directions. a, Schematic of the constant-frequency cuts of the acoustic dispersion relation
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Lecture 9 (half lecture, following end of THz): Short pulse x-ray

sources from accelerators

Lecturer: S. Johnson

May 6, 2016

Abstract

This lecture briefly discusses accelerator-based sources of short pulses of x-ray radiation.

Main reading: R. W. Schoenlein et al. Science 287, 2237 (2000).

1 Synchrotron radiation
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Synchrotrons are charged particle accelerator facilities that are predominantly used to generate elec-
tromagnetic radiation for experiments, particularly in the x-ray range where competing technologies are
comparatively weak. Physically, a synchrotron typically consists of an electron source (similar to a cath-
ode ray) that is accelerated to relativistic speeds by a linear accelerator using predominantly electric
fields to an energy of 1-2 GeV. This electron beam is then injected into a storage ring where the electrons
are forced by magnets to follow a nearly circular trajectory. Every time the electrons are accelerated
(including a change of direction via magnetic field) radiation is emitted. This leads to a loss of energy
which is replenished by radio frequency cavities that, provided the phase of the RF field is correct with
respect to the time that the electrons traverse the cavity. For this reason the electron beam in the storage
ring is not continuous but “bunched” in time. The time between bunches is equal to the period of the RF
used to reaccelerate electrons. Typically the RF frequency is 500 MHz, leading to a 2 ns spacing. Since
charge-charge scattering leads to losses of the beam, typical durations of the bunches are kept fairly long,
on the order of 100 ps.
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Synchrotrons are charged particle accelerator facilities that are predominantly used to generate elec-
tromagnetic radiation for experiments, particularly in the x-ray range where competing technologies are
comparatively weak. Physically, a synchrotron typically consists of an electron source (similar to a cath-
ode ray) that is accelerated to relativistic speeds by a linear accelerator using predominantly electric
fields to an energy of 1-2 GeV. This electron beam is then injected into a storage ring where the electrons
are forced by magnets to follow a nearly circular trajectory. Every time the electrons are accelerated
(including a change of direction via magnetic field) radiation is emitted. This leads to a loss of energy
which is replenished by radio frequency cavities that, provided the phase of the RF field is correct with
respect to the time that the electrons traverse the cavity. For this reason the electron beam in the storage
ring is not continuous but “bunched” in time. The time between bunches is equal to the period of the RF
used to reaccelerate electrons. Typically the RF frequency is 500 MHz, leading to a 2 ns spacing. Since
charge-charge scattering leads to losses of the beam, typical durations of the bunches are kept fairly long,
on the order of 100 ps.
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Figure 2 | Coherence in the density–density correlations. a, Representative frames of the oscillatory component of 1I/Imax after background subtraction.
b, Time dependence of the subtracted data at a few reduced wavevector locations between u= (�0.1, 0.00,�0.08) and v= (�0.03, 0.15,�0.27) (r.l.u.)
in Fig. 1a. These curves have been displaced vertically for clarity.
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Figure 3 | Constant-frequency phonon momentum distribution. Magnitude of the time Fourier transform at representative frequencies of the
background-subtracted data. The colour bar indicates relative units on a linear scale. Top and bottom panels, zoomed view of the region of q-space labelled
1 and 2 in Fig. 1, respectively.
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Manipulating correlations

• Sufficiently short pump that couples to excitations induce coherences in time 
• Xray photons have reasonably large momentum, allows momentum coverage
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• Way to use FT spectroscopy to study transient states 
• Strong pump followed by weak pump-probe pair  
• Initially optical - optical - X-ray, afterwards optical - X-ray - X-ray 
• Subtract out signal without second pump
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Coherent dynamics of macroscopic electronic
order through a symmetry breaking transition
Roman Yusupov1, Tomaz Mertelj1, Viktor V. Kabanov1, Serguei Brazovskii2, Primoz Kusar1,
Jiun-Haw Chu3, Ian R. Fisher3 and Dragan Mihailovic1*
The study of the temporal evolution of systems undergo-
ing symmetry breaking phase transitions—whether it is in
condensed-matter physics, cosmology or finance1–6—is diffi-
cult because they are hard to repeat, or they occur very rapidly.
Here we report a high-time-resolution study of the evolution
of both bosonic and fermionic excitations through an elec-
tronic charge-ordering symmetry breaking phase transition.
Periodically quenching our system with femtosecond optical
pulses, we subsequently detect hitherto-unrecorded coherent
aperiodic undulations of the order parameter, critical slowing
down of the collective mode and evolution of the particle–hole
gap as the system evolves through the transition. Modelling on
the basis of Ginzburg–Landau theory is used to reproduce the
observations without free parameters. Of particular interest
is the observation of spectrotemporal distortions arising from
spontaneous annihilation of topological defects, analogous to
those discussed by theKibble–Zurek cosmologicalmodel2,3.

The behaviour of symmetry breaking phase transitions (SBTs)
is commonly studied under near-equilibrium (near-ergodic)
conditions, where excitations on all timescales contribute to the
process, and the behaviour of physical quantities through the
SBT is described by power laws with critical exponents. However,
when the ordering proceeds non-ergodically, the quasiparticles and
collective boson excitations perceive the crystal background as an
effective vacuum. To study this behaviour in condensed-matter
systems, we chose crystals with electronically driven instabilities
caused by a Fermi-surface nesting, leading to a second-order
transition to a charge-density-wave (CDW) ordered state7–12. The
state is characterized by spatial modulations ⇠ cos(Qx +�) of the
electronic density and lattice displacements described by a complex
order parameter  ⇠ �ei� . The elementary bosonic collective
excitations of � and � are the amplitude and the phase modes
(AM and PhM), and  may be viewed as a ‘Higgs field’1, opening
a gap 2|�| in the fermionic spectrum. In this paper we focus on
TbTe3 (CDW transition at Tc = 336K; refs 13,14), but experiments
on other microscopically diverse systems (DyTe3, 2H-TaSe2 and
K0.3MoO3) are also presented, demonstrating universality.

The main idea realized here is to quench the system into
the high-symmetry state with intense ‘destruction’ (D) laser
pulses and then monitor the time evolution through the SBT
by measuring the resulting reflectivity oscillations with a pump–
probe (P–p) sequence (Fig. 1a). The D pulse excites electrons
and holes, thus suppressing the electronic susceptibility at 2kF,
whose divergence is the cause for the CDW formation. Any
asymmetry in the band structure also leads to an imbalance of the
e and h populations, shifting the chemical potential and causing a

1Department of Complex Matter, Jozef Stefan Institute, Jamova 39, Ljubljana, SI-1000, Ljubljana, Slovenia, 2LPTMS-CNRS, UMR8626, Univ. Paris-Sud, Bat.
100, Orsay, F-91405, France, 3Geballe Laboratory for Advanced Materials and Department of Applied Physics, Stanford University, California 94305, USA.
*e-mail: dragan.mihailovic@ijs.si.

disturbance �q of the Fermi surface kF according to ne�nh /|�q |/⇡
and destroying the CDW. After initial rapid quasiparticle (QP)
relaxation, we can expect the appearance of topologically non-
trivial local configurations—domain walls, solitons and so on,
which are allowed by the ground-state degeneracy with respect
to � (ref. 15). (The experimental details are given in the
Supplementary Information).

The transient reflectivity 1R/R of TbTe3 as a function of
D–P time delay 1t12 is shown in Fig. 1b. We distinctly observe
an exponential QP transient at short times 1t23 < 1 ps, and
an oscillatory response owing to AM and coherent phonon
oscillations14. A two-dimensional plot highlighting theQP response
is shown in Fig. 2a. Immediately after the quench the QP
peak amplitude AQP is completely suppressed, indicating the
disappearance of the CDW gap. As the QP peak starts to recover,
initially the QP lifetime ⌧QP is a few picoseconds, but both AQP
and ⌧QP recover to their equilibrium values within 1–2 ps. A
single-exponential fit to both ⌧QP(t ) and AQP(t ) is shown in
Fig. 2b, giving the QP gap recovery time ⌧⌧QP = ⌧AQP = 650± 50 fs.
This behaviour is consistent with the previously reported relation
⌧QP ⇠ 1/�(T ) (refs 14,16).

Figure 1c shows1R/Rwith theQP signal subtracted, showing an
aperiodic oscillatory response for short1t12. The fast Fourier trans-
form power spectra of these data as a function of 1t12 are plotted
in Fig. 2c. The most obvious non-trivial observation in the �–1t12
plots is that the intensity of the AM fluctuates strongly up to ⇠7 ps.
The fluctuations are irregular at first, showing a distinct slowing
down in the critical region1t12 = 1.5 ps. The AM, whose frequency
in the equilibrium broken-symmetry state is 2.18 THz, shows a dra-
matic softening for1t12 <2 ps. In the course of the system recovery,
the AM crosses the 1.75 THz phononmode, and a Fano interference
effect is clearly observed around t12 ' 1 ps, similar to the one ob-
served in the temperature dependence14. Significantly, the spectra
seem strongly distorted around1t12 =3.5–4 ps, showing asymmet-
ric diagonal ‘blobs’. After 6 ps the fluctuations die down and the AM
intensity eventually reaches full amplitude in approximately 60 ps.

To model the evolution of the system through the SBT, we
describe  using a weakly dispersive Ginzburg–Landau model.
Ignoring phase fluctuations (phase perturbations can be ignored
on short timescales, because they require significant time for
nucleation), the potential energy of the system can be described by
a double-well, rather than a ‘Mexican hat’, potential:
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Figure 1 | Schematic representation of the experiment and the
time-resolved response at different times after the destruction of the
ordered state. a, A schematic of the timing of the laser pulses: a
destruction (D) pulse (represented by the blue ball) is absorbed within the
penetration depth and quenches the system, and a pump–probe (P–p)
sequence probes the reflectivity at a later time 1t12. P and p pulses are
represented by red and green balls respectively. b, Raw transient reflectivity
data 1R/R for different delays 1t12 (displaced vertically), showing a QP
peak at short times, and order-parameter and coherent phonon oscillations
at longer times. c, 1R/R with the QP response subtracted.

Its time dependence is shown schematically in Fig. 3a. Here
A(t ,z)=�(t ,z)/�eq is the time-space-dependent amplitude of ,
normalized to the equilibrium value �eq, and ⇠ is the coherence
length. The function 1 � ⌘(t , z) is a parameter describing the
perturbation, akin to the temperature deviation (T � Tc) from
criticality in usual Ginzburg–Landau theory. For spatially uniform
A(t ), ⌘(t ) = ⌘(0)exp(�t/⌧AQP ) as shown in Fig. 3b, where ⌧AQP

is determined from fits to Fig. 2b. The time evolution of U and
µ= 1�⌘ with ⌘(0)= 2 is shown schematically in Fig. 3. Before the
D pulse, and for large t or z , ⌘=0, the system is ordered and |A|=1.
After theD pulse, 1�⌘<0 and the double-well potential disappears
in favour of a single energy minimum at A= 0. As 1�⌘ increases
and becomes positive, two minima emerge at ±Amin =±(1�⌘)1/2,
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Figure 2 | Evolution of the quasiparticle response and collective mode
after the destruction pulse. a, |1R/R|QP after the quench as a function of
1t12. (Note the ripples arising from coherent oscillations of the order
parameter.) b, The QP lifetime ⌧QP and the amplitude of the QP response
AQP as a function of 1t12. A single-exponential fit to both data sets (shown
by the lines) gives ⌧⌧QP = ⌧AQP = 650±50 fs. c, The fast Fourier transform
power spectra of the data in Fig. 1c as a function of 1t12 recorded at 100 fs
intervals. Note the non-periodic fluctuations of intensity at around the
transition (1.5 ps) and the strongly asymmetric spacetime lineshapes for
1t12 = 2–4 ps (white arrow). The orange arrow indicates the critical time of
the SBT. The red line is a superimposed plot of a fit to the QP decay from b.

and start to attract the system, breaking the symmetry. From
equation (1), the equation ofmotion can be written as
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Here !0 is the angular frequency of the bare (2kF) phonon mode
responsible for the CDW formation. The second term describes
its damping ↵  1⌫AM/⌫AM. The exponentially decaying light
intensity due to the finite penetration depth of light is accounted
for by the excitation function ⌘0(t ,z) = ⌘(t )exp(�z/�), where
� = 20 nm is the light absorption depth of TbTe3 at 800 nm.
Using the experimental values for ⌧QP, ⌫AM = !̃0/2⇡= 2.18 THz,
linewidth 1⌫AM = 0.2 THz and coherence length ⇠ = 1.2 nm
(ref. 9), we can compute A(t , z). In Fig. 3b we first plot the
spatially homogeneous solution with ⇠ = 0, with and without the
P pulse. The final ground state is ergodically uncorrelated with
the initial one, so the formation of domains is expected under
inhomogeneous conditions.

The full inhomogeneous solution A(t , z) to equation (2) is
plotted in Fig. 4a. We see that after ⇠1 ps four domains are formed
parallel to the surface, with A(t ,z) oscillating either around 1 or
�1 (orange or blue respectively), accompanied by the emission of
propagating A(t ,z)-field waves. At ⇠3 ps we observe the fusion of
two domain walls, which is accompanied by the emission of field
waves of A(t ,z) propagating towards the surface and into the bulk
(arrows). They seem to reach the surface around 1t12 ' 4–5 ps,
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Figure 1 | Schematic representation of the experiment and the
time-resolved response at different times after the destruction of the
ordered state. a, A schematic of the timing of the laser pulses: a
destruction (D) pulse (represented by the blue ball) is absorbed within the
penetration depth and quenches the system, and a pump–probe (P–p)
sequence probes the reflectivity at a later time 1t12. P and p pulses are
represented by red and green balls respectively. b, Raw transient reflectivity
data 1R/R for different delays 1t12 (displaced vertically), showing a QP
peak at short times, and order-parameter and coherent phonon oscillations
at longer times. c, 1R/R with the QP response subtracted.

Its time dependence is shown schematically in Fig. 3a. Here
A(t ,z)=�(t ,z)/�eq is the time-space-dependent amplitude of ,
normalized to the equilibrium value �eq, and ⇠ is the coherence
length. The function 1 � ⌘(t , z) is a parameter describing the
perturbation, akin to the temperature deviation (T � Tc) from
criticality in usual Ginzburg–Landau theory. For spatially uniform
A(t ), ⌘(t ) = ⌘(0)exp(�t/⌧AQP ) as shown in Fig. 3b, where ⌧AQP

is determined from fits to Fig. 2b. The time evolution of U and
µ= 1�⌘ with ⌘(0)= 2 is shown schematically in Fig. 3. Before the
D pulse, and for large t or z , ⌘=0, the system is ordered and |A|=1.
After theD pulse, 1�⌘<0 and the double-well potential disappears
in favour of a single energy minimum at A= 0. As 1�⌘ increases
and becomes positive, two minima emerge at ±Amin =±(1�⌘)1/2,
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Figure 2 | Evolution of the quasiparticle response and collective mode
after the destruction pulse. a, |1R/R|QP after the quench as a function of
1t12. (Note the ripples arising from coherent oscillations of the order
parameter.) b, The QP lifetime ⌧QP and the amplitude of the QP response
AQP as a function of 1t12. A single-exponential fit to both data sets (shown
by the lines) gives ⌧⌧QP = ⌧AQP = 650±50 fs. c, The fast Fourier transform
power spectra of the data in Fig. 1c as a function of 1t12 recorded at 100 fs
intervals. Note the non-periodic fluctuations of intensity at around the
transition (1.5 ps) and the strongly asymmetric spacetime lineshapes for
1t12 = 2–4 ps (white arrow). The orange arrow indicates the critical time of
the SBT. The red line is a superimposed plot of a fit to the QP decay from b.

and start to attract the system, breaking the symmetry. From
equation (1), the equation ofmotion can be written as
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Here !0 is the angular frequency of the bare (2kF) phonon mode
responsible for the CDW formation. The second term describes
its damping ↵  1⌫AM/⌫AM. The exponentially decaying light
intensity due to the finite penetration depth of light is accounted
for by the excitation function ⌘0(t ,z) = ⌘(t )exp(�z/�), where
� = 20 nm is the light absorption depth of TbTe3 at 800 nm.
Using the experimental values for ⌧QP, ⌫AM = !̃0/2⇡= 2.18 THz,
linewidth 1⌫AM = 0.2 THz and coherence length ⇠ = 1.2 nm
(ref. 9), we can compute A(t , z). In Fig. 3b we first plot the
spatially homogeneous solution with ⇠ = 0, with and without the
P pulse. The final ground state is ergodically uncorrelated with
the initial one, so the formation of domains is expected under
inhomogeneous conditions.

The full inhomogeneous solution A(t , z) to equation (2) is
plotted in Fig. 4a. We see that after ⇠1 ps four domains are formed
parallel to the surface, with A(t ,z) oscillating either around 1 or
�1 (orange or blue respectively), accompanied by the emission of
propagating A(t ,z)-field waves. At ⇠3 ps we observe the fusion of
two domain walls, which is accompanied by the emission of field
waves of A(t ,z) propagating towards the surface and into the bulk
(arrows). They seem to reach the surface around 1t12 ' 4–5 ps,
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Figure 3 | The system is modelled by a Ginzburg–Landau model with a
time-dependent potential. The oscillatory solutions to the model can be
directly compared with experiments. a, The evolution of the potential U
(equation (1)) as a function of time. The system is in the high-symmetry
state (grey) at very short times after the quench. The red dot signifies the
state of the system, and the blue/orange potential signifies a topologically
mixed broken-symmetry state. b, The time dependence of the control
parameters µ(t) = 1�⌘(t) (solid red) and µP(t) (dashed red) calculated
with the experimental value of ⌧AQP = 0.65 ps for 1t12 = 0.4 ps. The
predicted oscillations of A(t) with and without the P pulse are shown by the
dashed and solid oscillatory blue curves respectively. In this simulation, a
small perturbation of the P pulse causes the system to revert to a different
minimum. The predicted optical response 1R(t) is shown by the
green curve.

which—as we shall see—causes detectable distortions of the spectra
at around 5–6 ps. (More A-field wave dynamics is shown in the
accompanying movies.)

In Fig. 4b we show the predicted fast Fourier transform power
spectra taking full account of spatial inhomogeneity for theD, P and
p pulses. (The response function is derived in the Supplementary
Information). The main features of our data in Fig. 2c are
unmistakably present: oscillations of A(t ) at short times and the
critical slowing of the AM oscillations close to the critical point tc '
1.5 ps. The calculation also reproduces the softening of the AM for
1t12 < 2 ps. After 2 ps, the ripples in A(t ,z) discussed above cause
a temporal deformation of the spectral profiles, giving diagonal
blobs at 5⇠ 6 ps shown in Fig. 4b. These are remarkably similar to
the diagonal spectral distortions observed in the experimental data
in Fig. 2c. Exhaustive modelling presented in the Supplementary
Information unambiguously shows that the diagonal distortions in
⌫–t12 plots are caused by the annihilation of defects.

Further experiments on other microscopically diverse systems
(2H-TaSe2, K0.3MoO3 and DyTe3) presented in the Supplementary
Information show that the sequence of events after the quench,
ultrafast QP gap recovery !  -field amplitude fluctuations
! critical slowing down through ts and domain creation !
coherent defect annihilation, is commonly observed in the
tellurides and the selenide. The microscopic properties of the
underlying vacuum such as � and ⇠ may change the details,
so K0.3MoO3 does not show step (4), which we attribute to
departure from universality16. Note that the mechanism described
here for topological defect creation is conceptually and historically
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Figure 4 | The predicted evolution of the domain structure and the
behaviour of the collective mode through the quench. a, The calculated
A(z,t) as a function of depth z and 1t12. Note the ripples caused by the
annihilation event at ⇠3.5 ps (arrows). b, The corresponding computed
transient reflectivity 1R(z,t) as a function of 1t12. Note the predicted
diagonal distortion owing to the A(z,t) wave reaching the surface, indicated
by the white arrow. The orange arrow points to the critical slowing down at
the critical time of the transition tc, that is, the bifurcation point.

related not only to vortex formation in superconductivity, but
also to the Kibble–Zurek mechanism for the formation of
cosmic strings. The  (t , z) waves such as we observe after
annihilation events have a direct analogue in theHiggs spontaneous
symmetry breaking mechanism. All these models share a common
underlying potential, albeit with different microscopic properties
of the underlying vacuum and different symmetries of order
parameter1–3,5,17. A notable distinction of our system is that �
relaxation is slow compared with the relaxation of the potential
itself, enabling the collective mode and topological defect dynamics
to be uniquely observed.
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“Double pump” experiments
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• Pulse duration < 10 fs gives enough bandwidth to study < 60 meV excitations via FT 
methods 
• going to sub-fs is not a strong requirement 

• Transform limited pulses desirable 

• Ability to smoothly tune pulse duration and bandwidth within FT limit beneficial 

• Extra lasers synchronised for double pump experiments 

• High rep rate not critical, unless coupled with THz pulses directly from the machine 

• Accurately timed and phased double pulses might be useful for double pump schemes 
(needs further study) 

• Stability essential 

• Complete polarization control essential (for E < 1 keV)

Limits and Opportunities

/19
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