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Abstract

®
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We review some recent advances in the use of optical fields at terahertz frequencies to drive the
lattice of complex materials. We will focus on the control of low energy collective properties
of solids, which emerge on average when a high frequency vibration is driven and a new
crystal structure induced. We first discuss the fundamentals of these lattice rearrangements,
based on how anharmonic mode coupling transforms an oscillatory motion into a quasi-
static deformation of the crystal structure. We then discuss experiments, in which selectively
changing a bond angle turns an insulator into a metal, accompanied by changes in charge,
orbital and magnetic order. We then address the case of light induced non-equilibrium
superconductivity, a mysterious phenomenon observed in some cuprates and molecular
materials when certain lattice vibrations are driven. Finally, we show that the dynamics of
electronic and magnetic phase transitions in complex-oxide heterostructures follow distinctly
new physical pathways in case of the resonant excitation of a substrate vibrational mode.
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(Some figures may appear in colour only in the online journal)

1. Introduction to nonlinear lattice control

Terahertz (THz) frequency optical fields at strengths in excess
of 100kV cm™! can be used to resonantly excite collective
modes in solids, provided that these modes are at long wave-
lengths (¢ ~ 0) and infrared-active, that is, changes in their
coordinate Q involve a change in dipole moment. Lattice
vibrations can selectively be driven to amplitudes as high as
several percent of interatomic distances. A situation, in which
all modes are at low temperatures whereas one is populated
coherently to such large amplitude, is new and highly unusual.
Crucially, dynamical states are created that may have radi-
cally different average properties than the same materials at
equilibrium.

The linear response of a crystal lattice to a light field made
resonant with an infrared-active phonon mode is described by

0034-4885/16/064503+20$33.00

the potential energy term Vj;, = % w%RQIZR. In this expression,

Oir is the normal coordinate of the mode and wiy its eigenfre-
quency. When resonantly driven by a pulsed field of the type
f(t) = F(¢t) sin(wrt), for which F(t) is a Gaussian envelope
function, the dynamics can be described by the equation of
motion of a damped harmonic oscillator

O + 27ROk + WOk = f(1), (D

where 7 is damping constant of the mode. Following the
excitation, the atoms oscillate about their equilibrium posi-
tions along the normal coordinate of the mode and relax over a
timescale determined by the duration of the envelope function
or by the decay time 1/, whichever is longer.

By increasing the strength of the driving electric field,
anharmonic coupling to other modes with generic coordinate

© 2016 IOP Publishing Ltd Printed in the UK
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Figure 1. Parabolic energy potential Vr of a Raman-active phonon
mode (dashed curve). Within cubic coupling, this energy potential
shifts towards a new position (solid curve) for a finite static
displacement of a coupled infrared-active mode Qjg.

QOr becomes important. In the limit of cubic coupling, the lat-
tice potential describing the nonlinear interaction reads

WL = % wZRQZR - alZQIRQZR - aZlQIZRQR' )

where a;; are anharmonic coupling constants. Equation (2) is
simplified if we consider only centrosymmetric crystals, for
which infrared-active phonon modes are of odd parity while
Raman-active modes are even. For symmetry reasons, the first
coupling term a12Q|RQ§ is always zero and the second term
a21Q|2RQR is nonzero only if Oy is a Raman mode. For a finite
static displacement Qj of the infrared-active mode, this non-
linear phonon interaction induces a shift of the Raman mode’s
energy potential Vx along its coordinate Qr, as depicted in
figure 1. These physics were analyzed theoretically in the 1970s,
casted in the framework of Ionic Raman scattering [1-3].

For pulsed excitation of the infrared-active mode Q,
the coupled dynamics are described by the two equations of
motion, which take the form

Qr + 27|RQ|R + wirQir = 2821Q1rRQR + f (1), 3)

Gr + 295Qr + wRQR = a21Qf. )
Key to the dynamics of the anharmonically coupled Raman
mode Qg is the driving force a21Q|2R, with its direction being
independent of the sign of Q|g. Hence, the atoms of the crystal
lattice not only oscillate along the infrared coordinate Qig, but
are simultaneously displaced along the Raman coordinate Qx
(see figure 2). This effect is the equivalent of rectification in
nonlinear optics. Furthermore, if the optical excitation is short
compared to the period of the Raman mode, O exhibits coher-
ent oscillations around the quasi-static displacement amplitude.

These two effects, a displacement and oscillations are also
characteristic of the well known coherent response of crystal
lattices to pulsed excitation in the near-IR or visible [4-6].
However, in that case the lattice displacement and oscillations
are driven by electron—phonon coupling and not, as it is the

Figure 2. The dynamical response of the two coupled modes
within cubic coupling. Following excitation by the electric field
f(t) (orange), the infrared-active mode Qjr (red) starts to oscillate
coherently about the equilibrium position, while O (blue)
undergoes a directional displacement, which scales with Q,zR. This
displacement survives as long as the Qg amplitude is finite. If the
optical excitation is short compared to the Raman phonon period,
coherent oscillations along O take place, which decay with the
dephasing time of the Raman mode.

case for nonlinear phononics, by lattice anharmonicities. Note
also that the excitation through nonlinear phononics is more
selective and dissipation far reduced. Furthermore, the lattice
displacement persists as long as the infrared mode oscillates
and can thus potentially be controlled by using pulse trains or
varying the duration of the excitation pulses.

2. Driving phase dynamics in magnetoresistive
manganites

2.1. Nonlinear lattice dynamics

This experimental chapter starts off by introducing the first
experimental observations of nonlinear phononics in the
rhombohedrally-distorted perovskite Lag7Sro3MnOs, a dou-
ble-exchange ferromagnet with low electrical conductivity
below 7. ~350K. The infrared-active phonon mode, which
was resonantly excited by mid-infrared few-cycle pump pulses
to large amplitudes, comprises Mn—O stretching motions at a
frequency of ~18 THz (75 meV) and is of E, symmetry [7].

Figure 3(a) displays the time dependent anisotropic optical
reflectivity changes that follow the excitation of this mode,
measured in a pump-probe setup utilizing mid-infrared (14.3 pm
wavelength) pump—near-infrared (800 nm wavelength) probe
pulses [8]. Strikingly, the ultrafast optical response exhibits
reflectivity oscillations at 1.2 THz, which—because of their
frequency and their the anisotropic response—can be attributed
to coherent oscillations of a Raman mode of E, symmetry
that involves the rotation of oxygen octahedra around the Mn
cations [9, 10]. In addition, the pump photon energy depend-
ent amplitude of the coherent £, Raman mode oscillations
follows the resonance profile of the infrared-active Mn-O
stretching vibration, as shown in figure 3(b).
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Figure 3. (a) Time-resolved anisotropic reflectivity changes in Lag7Sry3MnO3 induced by the resonant excitation of the infrared-active
E,-symmetry Mn—O stretching mode at 14.3 pm wavelength (87 meV photon energy). The excitation fluence is 2 mJ cm™2. Adapted from
[11]. Copyright 2013 with permission from Elsevier. (b) Amplitude of the coherent E,-symmetry Raman phonon as function of the pump
photon energy. Adapted from [8]. Copyright 2011 with permission from Nature Publishing Group.
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Figure 4. (a) Relative x-ray intensity changes of the (20 1) and the (012) Bragg peaks in Lag;Sry3MnQOs3, induced by the same
mid-infrared excitation used for the optical probe experiments above. The chosen lattice peaks are sensitive to the rotational motions of the
MnOg octahedra associated with the Eg-symmetry Raman mode (see also illustration in panel (b)). The solid lines are the fitted intensity
changes considering the coupled equations of motions for nonlinear phononics and the Eg-phonon induced structure factor changes.

The anharmonic coupling constant is the only fitting parameter. Adapted from [11]. Copyright 2013 with permission from Elsevier.

These measurements clearly identified the frequency and
the symmetry of the coherently driven Raman mode. However,
the displacive character of the nonlinear phonon coupling
could not be directly proven by this all-optical experiment.

Therefore, the modification of the crystal lattice was sub-
sequently studied with ultrafast x-ray diffraction [11]. Atomic
motions along phonon coordinates modulate the x-ray struc-
ture factor, which is reflected as characteristic changes in
intensity of certain Bragg peaks [12, 13]. Thus, a study was set
out to validate the predicted displacive response by measuring

the intensity changes of selected Bragg peaks by time-resolved
hard x-ray diffraction with femtosecond time resolution.
Motions of the rotational £, Raman mode comprise anti-phase
rotations of the two MnQg octahedra of the Lagy7Sro3:MnO;
unit cell [9, 10], as illustrated in figure 4(b). As only changes in
the position of the oxygen atoms are involved, diffraction was
measured from the {201} family of reflections, forbidden in
the Mn and La/Sr sublattices of rhombohedral Lag 7Srg 3MnOs5.
Due to the weak scattering from these light atoms, however,
the experiment required both high x-ray flux in combination
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with femtosecond time resolution, two properties uniquely
provided by x-ray free electron lasers.

Figure 4(a) summarizes the results of the femtosecond
x-ray diffraction experiment carried out at the linac coherent
light source (LCLS) [14]. The transient intensity changes of
the (201) and (012) structural Bragg peaks upon the vibra-
tional excitation were measured with 70 fs x-ray pulses at
6 keV photon energy.

Two displacive responses were observed in the transient
Bragg intensities, with different amplitudes and opposite signs
for the two measured peaks. These curves were fitted by a
numerical solution of the coupled equations of motion (2) and
(3), further taking into account the calculated relative intensity
changes (& 1/1p)/Qgr for a motion of the oxygen atoms with
amplitude Qr along the coordinate of the rotational Raman
mode. The anharmonic coupling constant a,; was the only
parameter that has been chosen to best fit these calculations
to the experiment. Clearly, these fits indicate that the correct
sign and ratio of the two structure factor changes are measured
and reveal a rotation of the MnQOyg octahedra of 0.035° for the
chosen excitation fluence of 1.2 mJ cm™~2.

2.2. Driving insulator-metal transitions

The observed conversion of the resonantly driven Mn-O
stretching oscillations in Lag7Srp3sMnO;3 into the rotation
of the MnOg oxygen octahedra, which are strongly coupled
to the collective electronic and magnetic properties, opens
intriguing possibilities for the phase control of manganites.
Rotations of the MnOg octahedra modify the Mn-O-Mn
bond angles, which changes the degree of spatial overlap of
the orbital wavefunctions along these bonds and controls the
sign of the exchange interactions [15, 16]. In particular, the
probability of 3d electrons for hopping between adjacent Mn
sites is maximum for a bond angle of 180° (cubic lattice) and
decreases with decreasing angle, resulting in maximum elec-
tron bandwidth for straight bonds. The magnetic and structural
properties of manganites can be understood in more detail by
considering the Goodenough—Kanamori (GK) rules for semi-
covalent bonds [17], which explain the exchange interactions
between neighboring manganese cations (Mn** or Mn**) con-
nected by an oxygen anion (O*~). For doped manganites, both
ferromagnetic metallic or antiferromagnetic insulating behav-
ior is possible. For asymmetric Mn**—0?~-Mn** bonds, hop-
ping occurs and the magnetic coupling is ferromagnetic as long
as the bond is ‘straight’. A ‘bent’ bond, with an angle [ 180°
corresponds to an insulating, antiferromagnetic phase.

Due to this interplay, the orthorhombic manganite
Pry7Cap3MnOs is an insulator because of its strongly distorted
perovskite structure. However, these properties are unstable
against various forms of external perturbation, including elec-
tric or magnetic fields and light [18-22]. Importantly, a metal-
lic phase can also be induced by application of static pressure
[23], which qualitatively can be understood as ‘straightening’
of the bonds.

The dynamical lattice control of the electronic phase state
of a manganite was first reported by Rini er al [24], who
measured the electric transport properties in a Pry;Cag3MnO3
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Figure 5. (a) Time-dependent electric conductivity of a
Pry7Cag3MnOs single crystal, measured by direct current transport
with a fast oscilloscope, following resonant excitation of the Mn—-O
stretching vibration in the mid-infrared. The DC conductivity is
drastically increased as result of the vibrationally driven insulator-
to-metal transition. The time resolution of this experiment was 4 ns,
and the ringing at later time delays results from the fast conductivity
changes and the resulting lack of impedance matching with the
oscilloscope. (b) Dependence of the strength of the insulator-metal
transition as function of the mid-infrared photon energy, compared
with the Pry7Cag3MnOj optical conductivity (that is convolved
with the spectral width of the excitation pulses). Adapted from [24].
Copyright 2007 with permission from Nature Publishing Group.

single crystal after resonant excitation of the Mn—O stretching
mode. Excitation of the sample with ~1 mJ cm™~? femtosecond
pulses at ~17 pym wavelength induced transient changes in
electric transport, as shown in figure 5(a). The transition from
the insulating ground state into the metastable metallic state is
evident from the five-order-of-magnitude increase in electri-
cal conductivity within the first 5 nanoseconds. Importantly,
as with the nonlinear phonon response in Lag 7Srg3sMnO; dis-
cussed above, the strength of the insulator-metal transition in
Prg7Cap3MnOs clearly peaks at the resonance of the Mn-O
stretching mode (see figure 5(b)). Hence, the light-driven
phase transition is not related to the injection of charge carri-
ers and can be uniquely attributed to large-amplitude crystal
lattice distortions.

This conclusion was recently substantiated by a micro-
scopic theory for the vibrationally driven ultrafast phase con-
trol, which predicts the dynamical path taken by the crystal
lattice and its effect on the electronic material properties.
Subedi et al [25] used density functional theory to com-
pute the coupling strength of the resonantly driven Mn-O
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Figure 6. Calculated energy potential of the A, in-plane rotational
Raman mode in PrMnOj for different static displacements

of the infrared-active B}, mode. The bottom panel sketches
atomic positions of the orthorhombically distorted perovskite at
equilibrium (left) and for finite positive amplitude Q, of the
in-plane rotational Raman mode (right). Figure adapted from [25].

stretching mode to other phonon modes in the parent com-
pound PrMnOs;. The energy potential of the strongly coupled
A, symmetry Raman mode for various amplitudes Qg of the
infrared-active B, symmetry Mn—O stretching mode is shown
in figure 6(a). Finite displacement of the crystal lattice along
the By, coordinate shifts the parabolic potential of a certain A,
mode to a new minimum position. As expected for the cubic
QzBluQAg phonon coupling, the displacement of this Raman
mode from the equilibrium increases quadratically with the
amplitude of the infrared mode. As shown in lower panel
of figure 6, the atomic motions associated with the positive
amplitude of this A, Raman mode reduce the rotation of the
MnOg octahedra in the ab-plane, hence bringing the crystal
structure closer to the cubic perovskite and straightening the
Mn—O-Mn bonds.

According to nonlinear phononics, the excitation of the By,
mode by an intense mid-infrared pulse will transiently displace
the crystal lattice along these coordinates. In order to show that
these motions are responsible for driving the insulator-to-metal-
transitions, the electronic density of states of the manganese 3d
orbitals in this compound were also calculated by dynamical
mean field theory [25]. For the equilibrium crystal structure,
these calculations yield a gap at the Fermi energy, character-
istic of the insulating state, which closes in the transiently dis-
placed state. This metallization supports the hypothesis that the
nonlinear coupling of the resonantly driven Mn-O stretching
mode to the rotational Raman mode drives the experimentally
observed insulator-metal transition in Pry;Cag3MnOs [24].

2.3. Melting electronic and magnetic order

The vibrationally driven ultrafast insulator-metal transition
is expected to involve concomitant melting of the electronic
and magnetic order present in these compounds. The first set
of experiments investigating these microscopic dynamics was
carried out in single-layered, half-doped Lag 5Sr; sMnQOy.

At equilibrium and below the Neél and charge/orbital
ordering temperatures (7x = 110K, Tco00 = 220K), this
prototypical manganite exhibits complex CE-type charge,
spin and orbital order. Within the ab planes (schematically
shown in figure 7(a)), the occupied manganese 3d e,—like
orbitals align along ferromagnetic ‘zig-zag’ chains, which
are antiferromagnetically coupled with one another in and
out of plane [26-28]. This low temperature orbital configura-
tion breaks the tetragonal lattice symmetry, leading to a rec-
tangular shape of the charge- and orbital-order unit cell and
inducing optical birefringence [29]. More directly, resonant
soft x-ray diffraction at the (%4 % %2) and (*4 % 0) wave vec-
tors at the Mn L, 3 edges, involving 2p — 3d optical dipole
transitions, is sensitive to this spin and charge/orbital order,
providing both momentum-dependent and spectroscopic
information [30-33].

Tobey et al [34] investigated the optical response of
LagsSr; sMnQOy to the vibrationally driven phase transition.
Large amplitude, coherent distortions of the Mn—O bonds were
driven with femtosecond pulses at 16 pm (625 cm™!, 77 meV)
wavelength, resonant with a similar IR-active stretching vibra-
tion as the one studied in the cubic Pry;Cag3;MnO;3. Probe
pulses tunable between 10 um (0.12eV photon energy) and
600nm (2.2eV), were generated in an optical parametric
amplifier.

The time-dependent reflectivity at 650nm, measured at
90K, below the orbital ordering temperature, is plotted in
figure 7(b) showing the prompt transition into a long-lived
state that survives for hundreds of picoseconds. Similar
temporal profiles were detected at other wavelengths in the
infrared wavelength range. The spectrally resolved reflectiv-
ity changes, detected at +100ps time delay (see figure 7(c)),
showed an increase in reflectivity at all measured photon
energies below 1eV. This transient response was compared
to the measured changes in reflectivity due to an increase in
temperature above the charge/orbital ordering temperature
AR o(thermal) = (R(300) R (90K))/R(90K). The high
level of agreement suggests a similarity between the photo-
induced phase and the equilibrium non-ordered state. The
observed increase in spectral weight below 1eV results from
the loss of a 1.3eV inter-site charge transfer resonance in the
metastable state, which at equilibrium reflects the cooperative,
long-range Jahn-Teller distortion associated with the orbital
ordering [35].

In addition, the ultrafast loss of orbital ordering was con-
firmed by measuring the time-dependent birefringence [36].
Figure 8 shows the transient change in birefringence at
650 nm following the same vibrational excitation used above.
A prompt drop was observed, directly indicating melting of
orbital order. Again, the optically probed state persists for
hundreds of picoseconds. The same figure includes a cross
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Figure 7. (a) Schematic of charge and orbital order pattern in the ab-plane of Lag 5Sr; sMnOy, together with the orbital order unit cell
(thick light-blue line). (b) Vibrationally induced changes in reflectivity at 90 K, probed at 650 nm wavelength. (c) The spectrally resolved
reflectivity response at 100 ps time delay (blue data points) compared to changes in reflectivity when the sample is heated above the charge

ordering temperature (red solid line). Figure adapted from [34, 42].

correlation of the mid-IR pump pulse resonantly driving
the Mn-O stretching phonon and the 650nm probe pulses,
as measured by the electro-optic effect in a ZnTe crystal.
Birefringence was lost on a timescale identical to the rise time
of the excitation pulse, indicative of the ultrafast and non-ther-
mal nature of this process in that it occurs significantly faster
than hot optical phonons thermalize in solids [37].

Similar to electric transport and charge/orbital ordering,
also magnetism is directly coupled to the lattice in manganites,
as observed by the response to external and chemical pressure
[23, 38]. However, the optical control of magnetism in solids
has for almost two decades been demonstrated with near-infra-
red excitation only [39-41]. In the experiment by Forst ef al
described below, femtosecond mid-infrared pulses were used
to excite the same infrared-active Mn—O stretching mode in
Laj sSr; sMnOy discussed above and the induced dynamics of
spin order was measured by femtosecond resonant soft x-ray
diffraction with an x-ray free electron laser [42].

In this experiment, a (1 1 0)-cut Lag sSr; sMnO; single crys-
tal at 25K lattice temperature was excited by 130 fs, 1.2 mJ cm 2
mid-infrared pulses, polarized in the ab-plane. These pulses
were tuned to a centre wavelength of 13.5 pm (92 meV) with
a 4.5 ym FWHM bandwidth, covering the 16 pm (78 meV)

S o
N o

Birefringence (%)
=
Y

Time Delay (ps)

Figure 8. Ultrafast loss of in-plane birefringence in Lag 5Sr; sMnOy
at 650nm following vibrational excitation (blue solid line). A cross
correlation of the mid-infrared pump and the visible probe pulse
indicates that melting occurs promptly within the excitation pulse.
Figure adapted from [34].

in-plane stretching vibration [29]. The excitation pulses were
synchronized to the LCLS x-ray free electron laser (FEL),
which was operated at 640eV photon energy, resonant with
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Figure 9. (a) Time-resolved intensity changes of the antiferromagnetic (V4 % ¥2) and orbital order (¥ Y4 0) diffraction peaks for vibrational
excitation at 13.8 um wavelength and 1.2 mJ cm™ fluence. The red lines are single exponential fits to the data, with time constants of
6.3ps and 12.2ps, respectively. (b) Displacements of Mn and O atoms in the ab plane associated with the Raman-active A, Jahn-Teller
mode driven by nonlinear coupling to the optically excited infrared-active in-plane stretching vibration. This mode relaxes the Jahn—Teller
distortions to affect the exchange interaction, and thus the electronic and magnetic state of the system, resulting in an effective shift in the
equilibrium value of the orbital and magnetic order parameters as illustrated in panel (c). Figure adapted from [42].

the manganese L3 edge, and spectrally filtered to below 1eV
bandwidth by a grating monochromator. Femtosecond reso-
nant soft x-ray diffraction was then used to probe orbital and
magnetic order dynamics with 250 fs time resolution, lim-
ited by the timing jitter between the mid-infrared and x-ray
pulses.

Figure 9(a) reports the temporal evolution of the integrated
diffraction intensity at the antiferromagnetic (Y4 % ¥2) and the
charge/orbital order (Y4 Y% 0) peaks. The antiferromagnetic
order was reduced by 8% with an exponential decay time of
12.2 ps, while the orbital order dropped by only 3% with a
6.3ps time constant. We note that this lattice-driven orbital
disordering is slower than was observed by time-dependent
optical birefringence, with the latter being a less direct method
than the resonant x-ray diffraction used here.

Connecting to the discussion of third-order nonlinear
phononics above, the in-plane Mn-O stretching mode in
Lag 5Sr; sMnOy excited by the mid-infrared light field has By,
symmetry [43], while the rectified field belongs to the prod-
uct group By, ® By, = Ag, as is the Raman-active Jahn—Teller
mode shown in figure 9(b) [44]. In the equilibrium state,
Jahn-Teller distortions lift the degeneracy of the 3d orbitals
to lower the energy of the system, concomitantly stabilizing
orbital ordering and affecting exchange interactions to also
induce magnetic ordering. Hence the nonlinear phonon cou-
pling could induce relaxation of the Jahn—Teller distortion, in
turn decreasing the splitting between crystal field levels and
likely reducing the ordering of the orbitals as well as weaken-
ing the exchange interactions.

The magnetic and orbital order melting process can be
understood along the caricature sketched in figure 9(c). The
atomic positions are promptly displaced along the anhar-
monically coupled Jahn-Teller mode, hence quenching the

equilibrium positions of both order parameters to a new value.
This displacement of the free energy surface within the magn-
etic and orbital order parameter plane results in an effective
force onto the spin and orbital degrees of freedom driving
relaxation toward the bottom of the new free energy surface.
The observed timescales for the two order parameters to set-
tle to their new values are significantly different from one
another, most likely due to the fact the loss of orbital orienta-
tion involves only rearrangements in the E, electrons and no
significant change in spin momentum per se. This effect is
expected to occur more rapidly. On the other hand, the loss of
antiferromagnetic spin order, for which one E, and three 5,
spins rotate, requires a significant exchange of spin angular
momentum, and thus has significant inertia.

Again, we note that the ultrafast physical pathway of this
lattice-driven insulator-metal control is vastly different from
excitation at infrared or visible wavelengths. In that case,
the transfer of charges between different on-site orbitals or
between adjacent sites triggers the phase transition, subse-
quently releasing Jahn—Teller distortions and modifying the
exchange interactions [45—47].

3. Enhancing superconductivity by nonlinear
phononics

We have introduced above how nonlinear lattice dynamics
in the doped manganites can melt charge, orbital and magn-
etic order and turn insulators into metals on the ultrafast time
scale. In cuprates, prototypical copper oxide ceramics show-
ing high-temperature superconductivity, the same nonlinear
phonon excitation has been used to remove competing charge
order and promote superconductivity up to the room temper-
ature scale.
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Figure 10. (a) Schematic LTT crystal structure and (b) phase diagram for La; g_,Eu»Sr,CuO4 (LESCO,). This compound is an
antiferromagnetic insulator at zero doping. A low-temperature structural distortion, associated with buckling of the Cu-O planes, quenches
superconductivity at all doping levels below 1/8 (vertical dashed line). At this doping, a 1D modulation of charges (CO) and spins (SO),
the stripe state, emerges in the planes. At doping levels above 1/8, the compound is superconducting.

3.1. Light-induced superconductivity in single-layer cuprates

La,CuOy, is an antiferromagnetic Mott insulator. As holes
are doped into the CuO, planes by chemical substitution to
La,_(Ba/Sr),CuO4, an unconventional metallic phase appears
that transforms into a superconductor for x > 0.05 and reaches
the highest critical temperatures 7¢ near optimal doping of
x = 0.16. Thex = 1/8 compound deserves special attention due
to the appearance of a periodic 1D modulation of charges and
spins [48, 49] and a concomitant sharp reduction in 7¢ [50, 51].
In the Ba-doped system, these ‘stripes’ become static at
1/8-doping, enhanced by periodic buckling of the CuO, planes
in a low-temperature tetragonal (LTT) phase [52-54].

Static stripes, LTT phases and suppressed superconduc-
tivity are also detected in other members of the ‘214’ fam-
ily of cuprates, such as Laj4gNdg4St912CuOy4 [49, 55] and
La1_675Eu0_ZSro,125CuO4 (LESCOl/g) [56, 57] Figure lO(a)
shows a schematic structure of these compounds depicting
CuO, layers stacked along the crystallographic ¢ axis. The
critical temperature of LESCO; is strongly reduced for all
doping values below and completely suppressed at x = 1/8, as
illustrated in the phase diagram plotted in figure 10(b) [58, 59].

Understanding the relationship between the superconduct-
ing state, stripe order, and the LTT distortion is one of the
grand goals in high-T¢ superconductivity. It has long been
believed that stripes are pinned by the LTT distortion and
compete with superconductivity to result in a non-supercon-
ducting state. Virtually all studies have explored this interplay
by changing static doping or by adiabatically tuning an exter-
nal parameter. For example, the application of pressure has
been shown to restore superconductivity by perturbing the
equilibrium crystallographic structure [60, 61].

Fausti et al dynamically perturbed the lattice of non-super-
conducting LESCO 5 by selectively driving an infrared-active
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Figure 11. Time dependent reflectivity changes at 800 nm after
excitation of LESCO ;3 with mid-infrared pulses at 16um wavelength
and ~1 mJ cm~? intensity. Excitation within the CuQ, planes results
in the appearance of a long-lived (>100ps) meta-stable phase, while
out-of-plane excitation results in minimal reflectivity changes only.
Reproduced from [62]. Copyright 2011 with permission from the
American Association for the Advancement of Science.

lattice vibration with mid-infrared femtosecond pulses [62]. A
single-crystal sample, held at a base temperature of 10K, was
excited at 16 ym wavelength (70 meV photon energy), reso-
nant with an in-plane Cu-O stretching mode comparable to
that driven in the manganites. Above a threshold fluence of 0.1
mJ cm~2, the 800 nm reflectivity shown in figure 11, which is
at least indirectly related to the appearance of superconductiv-
ity [63, 64], showed a prompt and long-lived increase follow-
ing this excitation. In contrast, excitation with out-of-plane
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Figure 12. (a) Static c-axis electric-field reflectance of La; g4Srg ;6CuO4 (LSCOg j6). In the superconducting state at 5K < T¢ = 35K, the
appearance of a Josephson plasma edge reflects the coherent inter-layer transport. Above T, incoherent ohmic transport is reflected in a
featureless conductivity. (b) Static c-axis reflectance of La, ¢75Eu02Sro 12sCuO4 (LESCO)5) at 10K, showing the optical properties of a non-
superconducting compound. (c) Phonon-excitation induced c-axis reflectance of (LESCO,g) at 10K, normalized to the static reflectance,
showing a Josephson plasma edge that evidences the photo-induced superconducting-like state. (d) Inverse threshold (photo-susceptibility)
as a function of pump wavelength (red dots) compared to the static mid-infrared LESCO g reflectivity in the ab plane (black dots).

The extinction coefficient a (dashed curve) is extracted by means of a Drude—Lorentz fit. Reproduced from [62]. Copyright 2011 with
permission from the American Association for the Advancement of Science.

electric field polarization resulted in a small reflectivity change
during the pump pulse only, and no long-lived response.

This vibrationally driven state of LESCO;g was then
shown to be superconducting by using time-resolved THz
spectroscopy. At equilibrium, superconductivity in the lay-
ered cuprates is reflected in the appearance of a Josephson
plasma resonance (JPR) in the c-axis THz optical proper-
ties. This resonance is a general feature observed in layered
cuprate superconductors [65], well understood by consider-
ing Josephson coupling between stacks of quasi-2D super-
conducting CuO, layers to explain the 3D superconducting
state [66—08]. Figure 12(a) reports the static c-axis electric-
field reflectance of optimally doped La; g4Sry 16CuO4 below
and above the critical temperature 7¢c = 35K. A plasma edge
near 60cm ! wave numbers emerges in the reflectance of the
superconducting state. Above the critical temperature, where
interlayer transport is incoherent, the THz spectral response of
Laj 4Sr) 16CuO4 becomes flat (figure 12(a), black data points).
The equilibrium THz electric-field reflectance of non-super-
conducting LESCO 5 shown in figure 12(b) is also featureless.

Figure 12(c) reports the THz-reflectance in LESCOjz
measured five picoseconds after the mid-infrared resonant
excitation of the in-plane Cu-O stretch mode. The clear sig-
nature of a plasma edge was found to appear at a frequency
comparable to that measured in LSCOy ¢, evidencing the

emergence of photo-induced superconducting-like transport
along the ¢ axis in LESCO,z. Figure 12(d) plots the pump-
wavelength dependence of the inverse fluence threshold for
the photo-induced superconductivity in LESCOyg, used as a
measure of photo-susceptibility. This data was compared to the
wavelength dependent extinction coefficient a near the phonon
resonance (dashed line). The observed clear resonance of the
photo-susceptibility at the Cu—O stretching mode frequency
proved that direct coupling of the light electric field to the crys-
tal structure triggers formation of the superconducting phase.
Further quantitative data analysis required considering
a mismatch in penetration depth between the mid-infrared
pump (200nm) and the THz probe pulses (nearly 10 pm),
hence assuming a total THz reflectance that results from a
homogeneously transformed surface layer and the unper-
turbed bulk underneath. Here, the knowledge of both ampl-
itude and phase of static and transient field reflectance, as
measured through electro-optic sampling, allowed for isolat-
ing the real and imaginary part of the time- and frequency-
dependent optical conductivity Oj(WT) + i02(WT) in the
surface layer. In equilibrium, the low frequency limit w— 0
of wop(w, 1) is proportional to the superfluid density [69].
The same quantity can be dynamically traced by evaluating
the low-frequency limit of the measured THz transient elec-
tric field at different time delays 7. Figure 13(a) shows the
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Figure 13. (a) Time dependent plot of the normalized function
wWoR(W— 0,T), proportional to the condensate density, in LESCO 3
at 10K after excitation with infrared pulses at 16 pm wavelength.
The appearance of a 1/wdispersion demonstrates that the system
becomes superconducting. (b) Transient measurement of the
imaginary conductivity 02(w5 ps), demonstrating that for the
fluence used here (<1 mJ cm™), photo-induced superconductivity
can only be induced for base temperatures 7}, < 20 K. Reproduced
from [62]. Copyright 2011 with permission from the American
Association for the Advancement of Science.

prompt appearance of finite superconducting density, which
was found to relax into a plateau at 5 ps time delay, revealing
the formation dynamics of a 3D superconducting-like state.
In addition, figure 13(b) shows temperature dependent meas-
urements of 0y(w) at 45 ps time delays derived after subtrac-
tion of a component induced by higher frequency oscillators,
which are also perturbed by photo-excitation. The observed
divergent imaginary conductivity at low frequencies is
another defining characteristic of a superconductor. For the
1 mJ cm~2 excitation fluence used in these experiments, the
signatures of the transient superconducting-like state were
lost above a base temperature of 20 K.

Furthermore, no relaxation of the transient state was found
on the measured 100ps time scale leading to the conclusion
that the lifetime of this state exceeds some nanoseconds. The
long lifetime was understood such that the broken symmetry
of the 3D superconducting state leads to rigidity and to the
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formation of a kinetic barrier, which stabilizes this state for a
long time.

The light-induced Josephson coupling of the CuO; planes
itself was hypothesized to be the consequence of an instanta-
neous stripe order melting, mediated by the direct distortion
of the lattice through the mid-infrared excitation. The fast
time scale of this recoupling was taken as indirect support for
the picture of a 2D ‘pair-density wave’ coherent state [70],
in which the charge stripe order suppresses superconductiv-
ity only along the ¢ axis. Indeed, stripes are compatible with
in-plane Cooper pairing in a scenario, where 2D supercon-
ducting CuO; planes are decoupled due to the periodic charge
modulation that prevents interlayer Josephson tunneling [71].

In a second time-resolved experiment, the fate of the
charge stripe order and of the LTT distortion during the trans-
ition into the transient light-induced 3D superconductor was
probed. Forst et al used femtosecond resonant soft x-ray
diffraction in the strongly related stripe-ordered compound
La; g75Bag.125CuOy4 to provide insight into the microscopic
physics underlying this light-induced state [72]. Both static
stripe order and the LTT distortion were measured through
resonant diffraction near the oxygen K-edge. Here, static
charge stripes can be observed at the g= (0.24 0 0.5) wave
vector [58, 73-75], whilst the LTT distortion can be directly
measured through the (00 1) diffraction peak that is structur-
ally forbidden in the high-temperature phases [75].

These experiments were performed on a LBCOy;5 sin-
gle crystal, held at base temperature 7= 13K in the stripe-
ordered, LTT-distorted phase. Mid-infrared 200 fs pulses,
tuned to the 85 meV (14.5 pym wavelength) resonance of
the infrared-active in-plane Cu-O stretching vibration [76],
were used for excitation. The pump fluence was kept at
1.9 mJ cm~2, comparable to the conditions of the light-induced
superconductivity transition studied in LESCO 5 [62].

The time-dependent integrated scattering intensity of the (0.24
00.5) stripe order diffraction peak in response to the mid-infrared
excitation is plotted in figure 14(a), showing a prompt decrease
by about 70%. The red solid line represents a single-exponential
function with a 300 fs time constant, which was used to visual-
ize the prompt reduction of the scattering intensity. These results
showed that the mid-infrared pulses melt the stripe order on a sub-
picosecond timescale, similar to the one observed for the onset of
superconductivity in the LESCOy;3 THz probe experiments. This
implies that the ultrafast formation of the superconducting state
and the melting of charge modulations are tightly connected.

In contrast, the evolution of the LTT phase, as probed by the
(001) diftraction peak, was very different from that of the stripe
order. The integrated scattered intensity of this structural peak
dropped by only 12%, and with a much longer time constant of
15ps as extracted from a single-exponential fit to the data (red
solid line of figure 14(b)). This time constant is likely determined
by acoustic propagation when considering that the relaxation of
the LTT distortion requires the lattice planes to expand.

These combined experiments demonstrated that the mid-
infrared lattice excitation in the striped cuprates triggers the
ultrafast formation of a non-equilibrium state, in which stripe
charge order has disappeared while the LTT distortion still
exists. This decoupling is not present in the equilibrium phase
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Figure 14. (a) Transient intensity of the charge stripe order
diffraction peak in La, g7sBag 12sCuO4 measured at the (0.24 0 0.5)
wave vector. Mid-IR excitation, resonant with the in-plance Cu—-O
stretching mode, at 1.9 mJ cm~? fluence results in a prompt
sub-picosecond decrease of the scattered intensity. The red solid
line represents an exponential function with a time constant set

to 300 fs, i.e. the resolution of the experiment. (b) Light-induced
changes in the intensity of the (00 1) diffraction peak (reflecting the
LTT distortion) in the same La; g75Bag 125CuO4 crystal under same
excitation conditions. The red solid is a single exponential fit to the
data yielding a time constant of 15 ps. Figures adapted from [72].

diagram of LBCO,. It was then concluded, that the melting of
the charge order by the mid-infrared pulse removes the peri-
odic potential that suppresses interlayer coupling at equilib-
rium [70, 71]. As result, the 2D superconducting condensates
of the CuO, planes are free to coherently couple along the
c-axis and do so on the few-hundred femtosecond time scale
of the Josephson plasma resonance. Noteworthy, the LTT dist-
ortion plays a minor role in this process, if at all.

The mechanism, by which the excitation of the Cu-O
stretching mode melts the charge stripe order, requires fur-
ther investigation. The combination of microscopic modeling
of the lattice anharmonicities with the experimental findings
has already proven to be successful for the interpretation of
the induced dynamics in manganites. Therefore, future work
along these lines could aid understanding the physical path-
way of this process, too.

3.2. Light-induced superconductivity and nonlinear lattice
dynamics in bi-layer YBa,Cu3Og. «

Recently, the investigations of light-induced superconductivity
were extended to the bilayer high-7 compound YBa;Cu30¢.

1

Here, similar to the single-layer cuprates discussed above, the
superconducting phase at equilibrium involves coherent tun-
neling between stacks of bilayers that is lost above the trans-
ition temperature 7c. Kaiser et al demonstrated that resonant
lattice excitation enhances this Josephson coupling below
Tc and induces coherent interlayer transport at temperatures
up to more than 300K, far above the equilibrium transition
temperature [77].

YBayCu30¢5 (Tc =50K) crystallizes in an orthorhombic
crystal structure and comprises bilayers of CuO, planes, sepa-
rated by an insulating Yttrium layer as shown in figure 15(a).
The bilayers are further spaced by Cu-O chains, which control
the hole doping of the planes. Similar to the single-layer com-
pounds, the coherent inter-bilayer tunneling in the superconduct-
ing state results in the appearance of a JPR in the THz optical
properties. This is shown for YBa,Cu3Og¢ in the upper panel
of figure 15(b), where the THz reflectivity is featureless above
Tc while a clear edge appears in the superconducting state [78].

The lower panel of figure 15(b) shows the reflectivity
changes of YBa,Cu3Og¢s at 100K base temperature, i.e. twice
the transition temperature of 50K, at a delay of 0.8 ps after the
excitation with 300 fs 15 pm mid-infrared pulses. These light
fields were made resonant with the B}, symmetry phonon that
involves oscillations of the apical oxygen atoms illustrated in
figure 15(a). Following this lattice excitation above ¢, the mat-
erial was shown to undergo a transition into a non-equilibrium
state with striking similarities to the equilibrium superconduct-
ing state, evidenced by the appearance of the JPR in the THz
reflectivity. This signature of coherent inter-bilayer tunneling
was found at temperatures up to 300K in YBa,Cu3Og 5 [77].

In addition to this low-frequency JPR at ~50cm™!, the
reflectivity of YBCO features a second edge at higher fre-
quencies—a result of coherence between the neighboring
CuO; planes within individual bilayers. While inter-bilayer
coherence only exists below 7¢, signatures of this intra-
bilayer coupling have been suggested to persist up to 150K in
YBaQCllj;O@,s [79]

In a series of broadband THz probe experiments, Hu et al
set out to explore the response of both these JPRs to resonant
lattice excitation. Strikingly, the appearance of inter-bilayer
tunneling has been found to come at the expense of intra-
bilayer coupling [80]. A transfer of coherent spectral weight,
i.e. spectral weight associated with superconducting charge
carriers, from the intra-bilayer to the inter-bilayer junction was
observed, which became visible as the appearance of the low-
frequency inter-bilayer JPR and a concomitant red-shift of the
intra-bilayer JPR. These findings are summarized in figure 16,
which shows the frequency-dependent loss function —Im(1/€)
in the equilibrium state and in the transient state 4-0.5 ps after
lattice excitation at 100 K.

In search for a microscopic explanation of this highly
exotic state, Mankowsky et al investigated the underlying
nonlinear lattice dynamics in YBa,Cu3Og 5 using femtosec-
ond hard x-ray diffraction at the LCLS free electron laser
[81]. As the direct product By, @ 1, is of A, symmetry, the
resonantly driven By, phonon mode of figure 15(a) can only
couple to Raman-active phonons of A, symmetry. Density
functional theory (DFT) calculations identified four out of the
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Figure 15. (a) Crystal structure of orthorhombic YBa,Cu3Og 5 and a sketch of the resonantly excited Bj,-symmetry infrared-active phonon
mode, comprising c-axis motions of the apical oxygen atoms between bilayers. (b) Upper panel: c-axis static frequency resolved reflectivity
of YBa,Cu30g ¢ above and below the transition temperature of 59 K. Lower panel: light-induced changes in the reflectivity of YBa,Cu3O¢ 5
0.8 ps after excitation (red dots) with 300 fs pulses at 15 ym wavelength, polarized along the c-axis. The base temperature was 100 K. Panel
(a) adapted from [81]. Copyright 2014 with permission from Nature Publishing Group. Upper panel (b) adapted from [78]. Copyright 2003
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Figure 16. Loss-function of YBCO at 100K base temperature in the equilibrium (dashed line) and transient state 4-0.5 ps after excitation.
(a) Coherent tunneling induced by resonant lattice excitation appears as a peak in the loss function at low frequencies. The dashed

line shows the equilibrium loss-function, which has no frequency-dependent features. (b) This emergence of inter-bilayer coupling is
accompanied by a reduction of intra-bilayer coherence, evidenced by a red-shift of the intra-bilayer JPR centered around ~475cm ™.
Adapted from [80]. Copyright 2013 with permission from Nature Publishing Group.

eleven A, Raman modes—all involving c-axis motions of the  temperature. Exemplarily, the (—2 —1 1) and (-2 0 4) diffrac-
apical oxygen and planar copper atoms—to couple strongly. tion peaks measured with 50 fs x-ray pulses at 6.7 keV photon
According to the theory of nonlinear phononics, the crystal —energy are plotted. A prompt change in diffracted intensity was
lattice is then promptly distorted into a non-equilibrium struc-  observed, as expected from the rearrangement of the atoms in the
ture along the linear combination of the atomic motions asso-  unit cell predicted by the model of nonlinear phonics. The decay
ciated with these Raman modes. to the equilibrium structure happens on the same timescale as the
Figure 17(a) shows the signature of the nonlinear lattice relaxation of the induced coherent interlayer transport measured
dynamics following mid-infrared excitation at 4 mJ cm~2 flu-  previously, indicating an intimate connection [77, 80].
ence and 15 ym wavelength, the same excitation for which The exact amplitude and sign of the changes in diffraction
light-induced superconductivity was found at 100K sample intensity carry significant information on the light-induced
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Figure 17. (a) Relative changes in diffracted intensity of the (—2 —1 —1) and the (—2 0 4) Bragg peaks in YBa,Cu3Og 5, following resonant
excitation of the By,-symmetry mode at 100 K base temperature, i.e. above Tc = 50 K. Results of simultaneous fits to all data are shown

as solid red lines (see text for details). (b) Sketch of the reconstructed transient crystal structure of YBayCu3Og s at the peak signal. The
atomic displacements from the equilibrium structure involve a decrease in interbilayer distance, accompanied by an increase in intrabilayer
distance. Adapted from [81]. Copyright 2014 with permission from Nature Publishing Group.

lattice rearrangement. In order to reconstruct the transient
crystal structure, the computed coupling strengths to the
respective A, Raman modes were combined with structure
factor calculations, predicting the changes in diffraction inten-
sity of all 4 measured Bragg peaks for a given B}, amplitude.
By using these results and the signal rise and decay times
from the THz measurements, all measured Bragg peaks have
been fitted simultaneously with only two fitting parameters,
that are the amplitude of the resonantly driven infrared-active
B, mode and the relative contribution of the two decay times
found in the THz experiment (see [81] for details). The result-
ing fits are shown as red lines in figure 17(a).

The transient crystal structure, shown in figure 17(b), is
composed of an increase in the in-plane O—Cu—O bond buck-
ling and a decrease in apical oxygen—planar copper distance.
Furthermore, the intra-bilayer distance increases, whereas the
CuO, planes within the bilayers move closer together, effec-
tively enhancing the inter-bilayer coupling. This last observa-
tion is intuitively consistent with the broadband THz probe
measurements, which indicated that the appearance of inter-
bilayer coherence comes at the expense of intra-bilayer cou-
pling strength.

DFT calculations using the transient crystal structure fur-
ther predicted a charge transfer from the CuO, planes to the
Cu-O chains, effectively increasing the hole doping of the
planes. Such self-doping has recently been found to accom-
pany the equilibrium temperature-driven metal-superconduc-
tor transition in YBa,Cu30g9 and might be key in explaining
the formation of the superconducting phase [82]. Further
experiments, for example using time-resolved x-ray absorp-
tion spectroscopy, could show whether the charge redistribu-
tion predicted here is comparable in magnitude.
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Finally, a recent theoretical study by Raines et al inves-
tigated the effect of the discussed lattice dynamics on the
superconductivity and charge order. This work predicted an
increase in the transition temperature 7¢ by up to 100% and a
suppression of charge order [83]. The latter was investigated
recently in a resonant soft x-ray diffraction study, during
which a partial melting of charge order was indeed observed
[84], consistent with these theoretical findings.

3.3. Coherent modulation of the YBa,Cu3Og 55 atomic
structure

The lattice dynamics invoked by anharmonic coupling to a
resonantly driven infrared-active mode involve two comp-
onents. First, the crystal lattice experiences a directional
displacement along all coupled Raman modes as discussed
in the previous section. Secondly the coupled equations (3)
and (4) predict that all of the displaced modes, which have a
long eigenperiod compared to the excitation pulse duration,
will exhibit coherent oscillations about the displaced atomic
positions. This section covers measurements of the coherent
lattice response using an optical probe, providing a complete
picture of the structural dynamics in YBa;Cu3Og ss during the
light induced metal-superconductor transition [85].

In general, atomic motions along Raman coordinates mod-
ulate the polarizability tensor and can be observed as changes
in the reflectivity of the material. Therefore, the coherent
structural response was measured by probing the transient
sample reflectivity using 35 fs pulses at 800nm wavelength.
Mid-infrared pulses of 140 fs duration at 15 pym wavelength
were used for excitation of the infrared-active B, mode.
Under these conditions, all A, symmetry Raman modes with
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Figure 18. (a) Time-resolved changes in the reflection of 800 nm
pulses polarized in-plane ab and out-of plane ¢ following resonant
excitation of the Bj, mode in YBa;Cu3Og s55. The oscillatory
components shown in the inset are extracted from the 10K
measurement by subtracting a fit of the background (black line).
(b) Fourier transform of these oscillations. The oscillations are
composed of three frequency components, which can be attributed
to the four Raman modes (Agl4, Agl5, Ag21, Ag29) sorted by
ascending frequency. Figures are adapted from [85].

finite coupling to the B, mode of up to ~6 THz in frequency
are expected to be excited in a coherent fashion.

For probe pulse polarizations, both in-plane along the a
and b axes as well as out-of plane along the crystallographic ¢
axis, coherent oscillations were found at sample base temper-
atures below and above Tc. These oscillations are shown in
the inset of figure 18(a) for the 10 K measurement, as obtained
by subtracting a fit of the background (dashed black line).
Three dominant frequency components appeared in the spec-
trum of the Fourier transform, which were attributed to the
four lowest-frequency A, modes of YBayCu3Ogss marked
in figure 18(b). Consistent with the Raman tensor for the A,
modes, the phase of the coherent response was the same for
the two orthogonal probe polarizations [86]. Interestingly, the
same coherent oscillations were also found to follow excita-
tion of YBa,Cu3Og9 with 2eV pulses [87-89]. In these stud-
ies, however, large changes were found in their amplitudes
and relaxation times across the metal-superconductor trans-
ition. In contrast, the oscillations reported here continuously
increase with decreasing temperature and do not show sig-
nificant features when crossing 7¢. This comparison shows
the fundamental difference between conventional stimulated
Raman scattering, which involves electronic transitions [6]
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and its ionic equivalent, which only depends on structural
degrees of freedom and is therefore most sensitive to phase
transitions that also affect the lattice.

The real-space oscillation amplitudes could not be quanti-
fied from the presented data alone, mainly because the changes
in the 800 nm polarizability depends on the unknown Raman
tensor elements [6]. An estimate of the oscillatory amplitude,
however, was obtained by combining these data with the pre-
vious x-ray diffraction experiment.

According to this analysis, the atomic motions of the
coherently excited modes were dominated by a change in
distance of planar Cu atoms d along the crystallographic ¢
axis, as sketched in figure 19(a). The time-dependent change
in this distance is shown in figure 19(b). Following excita-
tion, the Cu atoms of bilayers move apart from each other by
~3 pm, corresponding to a relative change in distance of 1%.
This motion is accompanied by coherent oscillations with an
estimated amplitude of ~0.9 pm, which decay within 3 ps after
excitation.

According to the DFT calculations presented in [81], the
oscillatory motions reported above will induce periodic charge
redistributions between the Cu atoms of planes and chains,
which may cause a dynamical stabilization of interlayer fluc-
tuations by a modulation of electronic properties [90].

4. Vibrational control at complex oxide interfaces

As discussed for the manganites, many of the functional
properties of ABO; perovskite oxides are extremely sensi-
tive to rotation and tilting of the oxygen octahedra, as these
control the hopping amplitudes and the exchange interaction
through the B—-O-B bond angle and length. Hence, design-
ing or actively controlling such distortions paves the way for
engineering the electronic and magnetic properties [91-93].

One class of materials where this approach has been suc-
cessfully demonstrated is the family rare earth nickelates [94].
At equilibrium, these compounds display a sharp transition
from a high-temperature metallic to a low-temperature insu-
lating state [95, 96], which is accompanied by an increase in
the Ni-O-Ni bond bending and the appearance of a charge
density wave. Additionally, charge disproportionation
between adjacent Ni sites is associated with different Ni-O
bond lengths [97]. At low temperatures, the nickelates also
possess an unusual antiferromagnetic spin arrangement [98].
The transition temperature depends on epitaxial strain, dem-
onstrating sensitivity to lattice distortions [99].

In the following, we show how intense femtosecond
mid-infrared pulses can control the electronic properties
of a NdNiOj functional film in a heterostructure—along a
non-equilibrium path that involves mechanical coupling to a
LaAlOj; substrate, whose Al-O stretching mode is selectively
driven by mid-infrared excitation.

In a first set of optical and THz probe experiments [100],
Caviglia et al used 100 u.c (33nm) thick NdNiOj; epitaxial
thin films deposited on (00 1)-oriented LaAlOj single crystals
by off-axis RF magnetron sputtering [101]. This substrate pro-
vides —0.5% compressive strain to the material and reduces the
metal insulator transition temperature 7Ty from a bulk value of
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Figure 19. (a) The combined atomic motions of the A; modes primarily involve c-axis movement of the planar Cu atoms. The distance d
between Cu atoms of neighboring CuO, planes is defined here to describe the structural dynamics. (b) Changes in this distance d including
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Figure 20. (a) Transient infrared reflectivity changes at 800 nm following vibrational excitation of the LaAlO3/NdNiO; heterostructure for
two temperatures below and above the insulator-metal transition temperature. (b) Changes of the reflected THz peak electric field showing a
long-lived excited state for the same vibrational excitation below Tyy. Figures reproduced with permission from [100].

~200K to about 130K. 150 fs mid-infrared laser pulses tuned to
photon energies between 70 meV and 130 meV (17.7 — 9.5 pm)
excited the sample, while transient reflectivity changes in the
near-infrared (800nm, 1.55e¢V) and THz (1-6 THz, 5-25 meV)
spectral range were used to characterize the electronic proper-
ties of NdNiQOs after vibrational excitation.

Figure 20(a) shows the time-resolved near-infrared reflec-
tivity changes induced by 15 pm mid-infrared excitation for
different base temperatures. At room temperature, where
NdNiOj3 is metallic, only a modest and short-lived increase
in reflectivity was observed, likely associated to electronic
excitations near the Fermi level. Below the metal-insulator
transition temperature, however, a hundreds-of-picoseconds
long-lived —20% reflectivity change was measured, indica-
tive of the formation of a metastable electronic phase. The
time-dependent long-lived increase in the low-frequency THz
reflectance (figure 20(b)) suggested that this transient phase
was indeed metallic [102]. This interpretation was confirmed
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by frequency-resolving the THz response for the unperturbed
heterostructure and for the photo-induced state, from which
a five orders of magnitude increase in DC conductivity was
extracted for the NdNiOs film.

First insight into the driving mechanism for this vibrational
control in a heterostructure was gained by analyzing the opti-
cal response as function of the pump wavelength. An effective
photo-susceptibility for the photo-induced insulator-metal
transition was defined from the transient fluence-dependent
reflectivity changes whose dependence on the pump photon
energy is shown in figure 21 (top panel). Strikingly, this sus-
ceptibility was found to follow the absorption of the LaAlO3
substrate vibrational mode rather than that of NdNiOs.

The same dependence was measured in a second sample,
a 100 u.c thick NdNiO; film deposited on a (110) NdGaO;
single crystal. This substrate provides different mechanical
boundary conditions (+1.1% tensile strain), a different pho-
non frequency and smaller phonon oscillator strength. As for
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Figure 21. Photo-susceptibility x of the vibrationally driven
insulator-metal transition in NdNiOj as a function of pump
wavelength for the LaAlO3; and NdGaOj; substrate samples. The
solid lines show the linear extinction due to the infrared-active
phonon of the LaAlOj3 (blue) and NdGaOs (red) crystals [103, 104].
The dashed lines are the linear absorption of bulk NdNiO3 [102].
Figures adapted from [100].

the LaAlO; substrate, the transient near-infrared reflectivity
change below the static metal-insulator transition temperature
was negative and long-lived. Also in this heterostructure, the
photo-susceptibility peaked at the phonon resonance of the
substrate, as shown in figure 21 (bottom). Moreover, the data
showed a clear dependence of the amplitude of the photo-
susceptibility on the substrate phonon extinction coefficient,
which in LaAlOj is three times larger than for NdGaOs.
These all-optical experiments evidenced that the insulator-
metal transition in the functional NdNiOs film is driven across
the interface upon exciting the vibrational mode of the sub-
strate. Time-resolved resonant soft x-ray diffraction was then
applied to measure the concomitant magnetic response in the
NdNiOj; film with nanometer spatial and femtosecond tempo-
ral resolution [105], with the goal of gaining insight into the
spatiotemporal dynamics of this ultrafast phase transition. In
this experiment, 200 fs pulses tuned to the 15 pm wavelength
resonance of the highest-frequency substrate phonon, were
used to excite a ~30nm thick compressively strained NdNiO3
film deposited on a (111) LaAlOj; crystal. The dynamics of
the antiferromagnetic order on the Ni sublattice was measured
by detected x-ray pulses tuned to the Ni L3 edge and diffracted
at the corresponding pseudo-cubic (¥ % %) wave vector [98].
Figure 22(a) plots the vibrationally induced height changes
of this diffraction peak dropping by about 80% within 1.6 ps
(blue dots). This time constant was significantly longer than
the 250 fs time resolution of the experiment and than the drop
time for the case of direct interband excitation homogeneous
across the NdNiOs film [106]. On the other hand, this scale
is similar to the time needed for the film to become metallic,
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as measured by the transient THZ reflectivity in the 1-5 THz
range (green dots), suggesting a tight connection between
the insulator-to-metal transition and the melting of magnetic
order.

Transient 8 — 20 scans for the (Y4 Y4 %) diffraction peak,
which are spatially sensitive to the out-of-plane dynamics
of the antiferromagnetic order, are shown in figure 22(b). At
negative time delay, homogeneous order across the film with
sharp magnetic boundaries was confirmed by the observation
of a narrow diffraction peak also exhibiting Laue oscillations.
Following the mid-infrared excitation, the reduction in peak
height is accompanied by a significant peak broadening and
the suppression of the Laue oscillations, implying that the
magnetic order melted only over a fraction of the film and that
the boundary between the ordered and disordered regions of
the film was not sharp.

The spatial distribution of the magnetic order at each
time delay was quantitatively analyzed within a model that
assumed a soliton-like demagnetization front propagating
from the hetero-interface into the thin film, with a smeared
and adjustable width of the front that separates the ordered
from the disordered region.

Figure 22(c) shows the early time scale evolution of the
space-dependent magnetic order, extracted by numerically
fitting the diffraction peaks at various time delays using this
model. At equilibrium (—0.5 ps), the NdNiOj3 film was homog-
enously ordered across the 30nm thickness. The analysis fur-
ther showed that indeed the mid-infrared excitation induced
heterogeneous melting, with a demagnetizing phase front
that propagates halfway into the film and leaves a magn-
etically disordered region behind, with a ~10nm wide bound-
ary between the two regions. Analysis of the time-dependent
position of the phase front (not shown here) suggested that the
magnetic melt front propagates at a speed of order of, probably
even faster than the NdNiOj3 longitudinal sound velocity [107].

These experimental results can be explained by consider-
ing the direct excitation of the infrared-active phonon mode
in the substrate that induces octahedral distortions across the
interface to locally act on the electronic and magnetic order-
ing of the nickelate film. Similar scenarios indeed have been
predicted for perovskite heterostructures in the static case
[91]. These interfacial structural distortions were proposed to
locally create itinerant charge carriers, which are very efficient
at scrambling of antiferromagnetic order while diffusing into
the NdNiOs film [108]. The stalling of the phase front half-
way across the film could then be ascribed to the transfer of
initial kinetic energy into the magnetic sector [109]. This sce-
nario, which was supported by a model Hamiltonian descrip-
tion [105], is also compatible with the similar time scales
observed for the insulator-metal transition and the magnetic
order melting.

5. Conclusions

We have shown in this review, how intense light fields at mid-
infrared wavelengths can be used to drive condensed matter
into transient structures that are not achievable at equilibrium.
The coupling between different vibrational modes is key to
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Figure 22. (a) Transient height of the NdNiOj3 antiferromagnetic order
related (Y4 Y4 V4) diffraction peak at the 852eV Ni L3 edge (blue dots)
following mid-infrared excitation with a 4 mJ cm~2 fluence. The green
data points show the transient terahertz reflectivity (see figure 17).

The melting of the magnetic order and the insulator—-metal transition
take place on the same timescale. (b) Short time scale dynamics of

the momentum dependence of this diffraction peak, color-coded on a
logarithmic scale. (c) Spatiotemporal dynamics of the magnetic order
along the [107] sample growth direction, where O nm corresponds to
the film-substrate interface. These dynamics are extracted from the
numerical fits to the data shown in panel (b). Adapted from [105].
Copyright 2015 with permission from Nature Publishing Group.
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this effect, which was demonstrated for third-order nonlin-
earity. In complex oxides, prototypical examples of corre-
lated electron materials, these lattice distortions can lead to
electronic and magnetic phase changes, including insulator-
metal transitions, rearrangements of spin and orbital order,
and even enhanced superconductivity. In the spirit of static
materials engineering in complex oxide heterostructures,
light-induced deformations of the crystal lattice can also be
used to achieve functional control across hetero-interfaces
dynamically.

We have summarized the basic theoretical concept of non-
linear phonon interactions and the recent experimental mile-
stones demonstrating the applicability of this mechanism for
electronic and magnetic phase control. Optical techniques,
such as time-resolved THz spectroscopy are powerful tools
to disclose the macroscopic changes along such vibrationally
driven phase transitions. On the other hand, ultrafast diffrac-
tion in the hard and soft x-ray regime, nowadays possible at
free electron lasers, provides knowledge of the non-equilibrium
atomic, electronic and magnetic structures that induce these
exotic electronic properties. This structural analysis might pave
the way for future materials discovery by providing guide-
lines for the synthesis of condensed matter with improved
functionality.
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