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ABSTRACT

Recent advances in laser technology have made it possible to generate of precisely shaped strong-
field pulses at terahertz frequencies. These pulses are especially useful to selectively drive collective
modes of solids, for example, to drive materials in a fashion similar to what done in the synthetic
environment of optical lattices. One of the most interesting applications involves the creation of
non-equilibrium phases with new emergent properties. Here, | discuss coherent control of the lattice
to favour superconductivity at ‘ultra-high’ temperatures, sometimes far above the thermodynamic

critical temperature T.

1. Introduction

Ultrashort laser pulses at near-infrared and visible photon
energies (0.5-3 eV, i.e. 102-10° THz frequency) are rou-
tinely used to perturb materials, measuring their relaxa-
tion rates and pathways as well as inducing new properties
not found at equilibrium.

In the case of complex solids with strongly correlated
electrons, optical excitation has been especially effective
because it can redistribute charges amongst different
orbitals, tipping the balance between competing forms
of order. Photo-induced insulator-to-metal transitions
[1-6], control of magnetic [7] and orbital [8] orders have
been widely discussed in the literature.

However, in most cases eV-energy photons cannot
effectively control cooperative physics that occurs at meV
scales, because high-temperature electron distributions
are induced (1 eV - 14,000 K), which in turn generate large
amounts of heat through incoherent scattering [9,10].

In Figure 1, we report a schematic classification of
elementary excitations in complex solids, along with the
corresponding energy scales. Infrared-active phonons and
local vibrational modes of molecular solids can be typi-
cally reached with optical pulses (5-20 um wavelength,
50-250 meV photon energy, 15-50 THz frequency). At
lower frequencies in the single-THz range (~300 pum wave-
length, ~few meV photon energy), collective modes from
broken symmetry states are found. Recent developments
in generation of intense laser pulses of sub-picosecond
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duration at mid-infrared (MIR) and terahertz (THz) fre-
quencies [11] have opened up the non-linear excitation
of these low-energy modes [12].

2. Coherent control of the crystal lattice

The linear response of a crystal lattice to a resonant
light field is determined by the potential energy
H, = %wfRQfR. In this expression, Q, is the normal
mode coordinate and w, its eigenfrequency. When res-
onantly driven by a pulsed field f(t) = F(t) sin(ew,t)
(being F(t) a Gaussian envelope), the dynamics can be
described by the equation of motion of a damped har-

monic oscillator

QIR + 2y QIR + w?RQIR = f(1),

where y,, is the damping constant. After stimulation, the
atoms start to oscillate about their equilibrium positions
along the normal mode coordinate and then relax over
a timescale set by either the envelope duration or by the
decay time 1/y,.

We then turn to ‘strong’ electric fields, larger than
~1 MV/cm, that is when oscillatory atomic motions extend
beyond 1% of the equilibrium lattice constant. In this case,
anharmonic coupling to other modes with generic coordi-
nate Q, becomes important. To the lowest order, the lattice
Hamiltonian describing the non-linear interaction reads

L 5 2 2
H = EwRQR - ﬂleIRQR - aleIRQR’
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Figure 1. Energy scales of the fundamental excitations of solids in the visible and infrared. Whereas, light pulses at near-infrared and
visible frequencies (102-103 THz) drive electronic transitions, phonons and other collective modes can be excited at MIR and THz

frequencies.
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Figure 2. (a) Energy potential V, for a Raman-active phonon mode (dashed curve). Within cubic coupling, this energy potential shifts

R

towards a new position (solid curve) for finite static displacement of a coupled IR-active mode Q. (b) Dynamical response of the two
coupled modes. The ions oscillate coherently along the IR-active mode coordinate Q,, (red) and undergo a directional displacement
along Q,, with a displacement scaling as Q,ZR. If optical excitation is fast compared to the Raman phonon period, also coherent oscillations

along Q, take place.

where a are the anharmonic coupling constants.

In the case of centrosymmetric crystals, for which
IR-active phonons have odd parity, while Raman-active
modes are even, the first coupling term a,,Q,, Q3 is always
zero (for symmetry reasons) and the second terma,, QIZR Qg
is nonzero only if Q, is a Raman mode. For a finite dis-
placement Q,,, a shift of the Raman mode’s energy poten-
tial V, along its coordinate Q, is induced, as depicted in
Figure 2(a). This phenomenon was analysed theoretically
in the 1970s and named ‘Tonic Raman scattering’ [13-15].

The dynamics following excitation of the IR-active
mode are described by the two coupled equations of
motion

QIR + ZVIRQIR + w?RQIR =2a,,QrQy + f (1),

QR + ZVRQR + wiQR = a21Q?R'

The Raman mode Q,, is then subject to a force a, Q7,, with
its direction being independent of the sign of Q.. Hence,
the atoms of the crystal lattice are not only made to oscil-
late along the IR coordinate Q,,, but are simultaneously
also displaced along the Raman coordinate Q,, as sche-
matically depicted in Figure 2(b).

These lowest order non-linear phonon effects were
demonstrated in a number of materials, including man-
ganites [16,17] and ferroelectrics [18]. These physics was
also extensively applied to experiments in which specific
bonds were targeted to drive electronic phase transi-
tions through selective changes in lattice arrangements
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[19-21]. Amongst these applications, an important strand
of research has been one in which specific electronic sym-
metries can be broken with light. In the following, we
review work in which non-linear phononics has been
used to enhance electronic coherence in unconventional
high-temperature superconductors.

3. Photo-induced superconductivity in the
cuprates

3.1. High-temperature superconductivity in the
cuprates

High-T superconductivity emerges in single-layer cuprate
of the type of the type La,CuO, when a few per cent excess
charges are injected, for example, by doping with Sr or
Ba. A schematic drawing of a cuprate crystal structure
is reported in Figure 3. The key unit of these structures
is the ab plane, in which Cu atoms surrounded by four
oxygens dominate the physics. The extraordinary feature
of these materials is that, despite their ceramic character,
poor conductivity in the normal state and the proximity
to insulating phases, they become superconducting when
cooled below high critical temperatures [22]. Depending
on the compound T can range between 30 and nearly
200 K.

Immediately after the discovery of high-T. cuprates,
P.W. Anderson pointed out [23] a few unique features of
these materials. Firstly, these materials are strongly cor-
related Mott insulators, and are close to an antiferromag-
netic state. A Mott insulator is a material in which the
conductivity vanishes, even though band theory would
predict it to be metallic.

Figure 3. (a) Crystal structure of La,CuO,,
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Many examples of Mott insulators are known, includ-
ing NiO, LaTiO, and V,O,. A Mott insulator is funda-
mentally different from a conventional (band) insulator.
In the latter, conductivity is blocked by the Pauli exclusion
principle. When the highest occupied band contains two
electrons per unit cell, electrons cannot move because all
orbitals are filled. In a Mott insulator, charge conduction
is blocked instead by electron-electron repulsion. When
the highest occupied band contains only one electron per
unit cell, electron motion requires creation of a doubly
occupied site. If the electron-electron repulsion is strong
enough, this motion is blocked. The amount of charge
per cell becomes fixed, leaving only the electron spin on
each site to fluctuate. Doping restores electrical conduc-
tivity by creating sites to which electrons can jump with-
out incurring a cost in Coulomb repulsion energy. The
high-T cuprates are highly unconventional versions of
Mott insulators, which rather than metallic become super-
conducting when the electron concentration is changed
from one per cell.

Secondly, Anderson reasoned, the electronic properties
of these materials are two dimensional, because the doped
charges reside in the planes and the coupling between
those is small. Hence, their fluctuations are especially
large. He proposed that the quantum fluctuations of a
two-dimensional spin % system like the parent compound
La,CuO, or for low doping values might be sufficient to
destroy long-range spin order.

The resulting ‘spin liquid’ would contain electron pairs
whose spins are locked in an antiparallel or ‘singlet’ con-
figuration. It was also pointed out that the valence bonds
resemble the Cooper pairs of Bardeen-Cooper-Schrieffer

the ‘parent compound’ of the La
Doping is achieved by substituting Sr ions. (b) Schematic of CuO, plane, the crucial structural subunit for high-T_superconductivity. In
grey, we find oxygen ‘po orbitals’; responsible for the superexchange interaction.

)SrXCuO

24 family of high-temperature superconductors.
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(BCS) superconductivity. Because the Mott insulator is
naturally paired, Anderson argued, it would become
superconducting if the average occupancy is lowered
from one. One aspect of the Anderson early proposal that
has survived the test of time is that the magnetic prop-
erties are keys to the physics of cuprates. Indeed, virtual
charge fluctuations in a Mott insulator generate negative
exchange interaction, which favours antiparallel align-
ment of neighbouring spins. In many materials, this leads
to long-range antiferromagnetic order. The spins order in
a commensurate antiferromagnetic pattern at a high Néel
temperature between 250 and 400 K. The extent of the
antiferromagnetic phase in the temperature versus carrier
concentration plane of the high-T phase diagram is illus-
trated in Figure 4 (see green section of the phase diagram).
The Néel temperature drops very rapidly as the average
occupancy is reduced from 1 to 1 — x, reaching zero at a
critical doping x c of only 0.02 in the La,, ,Ba CuO, sys-
tem, for example. As the doping increases, the magnetic
order reduces and the superconducting state emerges.
In the last few years, it became clear that inhomogene-
ous spin and charge ordering, more colloquially known
as stripes was found in these systems. Indeed, as shown in
Figure 4, superconductivity is found for hole concentra-
tions x > 0.05, reaching the maximum TC at x ~ 0.16. The
region of the phase diagram around x = 1/8 is also char-
acterised by the periodic one-dimensional modulation
of charge and spin density (the so-called stripes) [24,25],
which causes a reduction in T [26,27]. In La, Ba CuO,,
these stripes become static at 1/8-doping, thanks to a peri-
odic buckling of the CuO, planes in a low-temperature

tetragonal (LTT) phase [28-30]. Static stripes, LTT phases
and suppressed superconductivity are also detected in
other single-layer cuprates, such as La , Eu ,Sr CuO,
[31,32]. A typical crystal structure for these compounds
is displayed in Figure 3(a), a compound for which the
superconducting critical temperature is strongly reduced
for all doping values x < 1/8 and completely suppressed
at x = 1/8 (see Figure 3(b)) [33,34].

While stripes are typically pinned by the LTT dis-
torted structure and compete with superconductivity,
recent experiments performed under external pressure
have revealed the presence of stripes without any LTT
distortion [35,36], underscoring the notion that charge
ordering alone may be driving the microscopic physics
[37]. Even more strikingly, recent experiments [38,39]
have suggested that the individual striped planes may in
fact be in a highly coherent paired state, a so-called pair
density wave, in which the stripes (see Figure 3(c)) mod-
ulate the superconducting order parameter in plane and
frustrate the interlayer coherent transport. This notion is
supported by new experimental work based on non-linear
optical spectroscopy at terahertz frequencies [40].

It is also helpful to briefly discuss here how supercon-
ductivity is destroyed either by raising temperature or by
changing doping. There is wide agreement on the deter-
mining factor for T’ in underdoped materials, largely due
to the pioneering experiments of Uemura and collabora-
tors [41] and some insightful theory and phenomenology.
Uemura et al. found that, unlike in the conventional super-
conductors studied before the discovery of the cuprates, T.
is not proportional to the gap but to the zero-temperature

(c)

TinK

Figure 4. (a) Schematic crystal structure and (b) phase diagram for La

0.15 0.20 0.25
Hole Doping

Eu,,Sr,Cu0,. The concentration of Sr (x) corresponds to hole

1.8—x-7027"x

doping. This compound is an antiferromagnetic insulator at x = 0. A low-temperature tetragonal (LTT) distortion, associated with
buckling of the Cu0, planes, quenches superconductivity at x = 1/8 (vertical dashed line), and reduces it a lower hole doping levels.
At this doping, a one-dimensional modulation of charges (CO) and spins (SO), the stripe state, emerges in the planes. At x > 1/8, the
compound is superconducting. (c) Periodic stacking of CuO, planes in the stripe phase. The stripe orientation rotates by 90° between

layers, thus preventing interlayer superconducting phase coherence.
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superfluid density (or phase stiffness) p (T = 0) for a wide
range of underdoped materials.

This observation was discossed by many groups,
although it was formulated in a very general context by
Emery and Kivelson [42], who clarified how a conven-
tional superconductor has two important energy scales:
the BCS gap A, which measures the strength of the bind-
ing of electrons into Cooper pairs, and the phase stiftness
p.» which measures the ability of the superconducting state
to carry a supercurrent. In conventional superconduc-
tors, A is much smaller than p_and the destruction of
superconductivity begins with the breakup of electron
pairs. However, in cuprates the two energy scales are
more closely balanced; when the temperature exceeds
~p,, thermal agitation will destroy the ability of the
superconductor to carry a supercurrent, while the pairs
continue to exist; thus, T is bounded above by a pure
number times p (T = 0). With time it has become clear
that superconductivity is reduced by phase fluctuations,
although quasiparticles play a crucial role in weakening
the phase stiffness.

3.2. Restoring superconductivity in the striped
phase

Recently, non-linear phononics has been exploited to
control this competition dynamically in the 1/8-doped,
non-superconducting La, . .Eu ,Sr;,.CuO,. The crystal
lattice was driven through an IR-active Cu-O stretch in
the plane of the stripes [43]. The resulting non-equilib-
rium state was shown to be superconducting by time-re-
solved THz spectroscopy. Note that at equilibrium,
superconductivity in layered cuprates is reflected in the
appearance of a Josephson plasma resonance (JPR) in
the c-axis THz optical properties [44], a feature that is
well understood by considering that tunnelling between

CONTEMPORARY PHYSICS (&) 5

stacks of two-dimensional superconducting CuO, layers
[45-47]. Figure 5(a) displays the equilibrium c-axis reflec-
tivity of La  ,Sr, | .CuO, (T = 35 K), measured below and
above the critical temperature. The JPR appears as an edge
near 60 cm™! (~2 THz). In the normal state, for which
interlayer transport is resistive, the response is featureless.
The equilibrium THz reflectivity of non-superconducting
La, ..Eu ,Sr;,,.CuO, at 10 K, shown in Figure 5(b), is
also featureless.

Figure 5(c) reports the THz reflectivity of
La, .Eu,,Sr, ,.CuO, measured at 7 = +5 ps after excita-
tion of the Cu-O stretching mode. A reflectivity edge
was measured at the same 2-THz frequency reported for
La, ,,Sr, ,CuO, at equilibrium, indicative of non-equilib-
rium superconducting transport.

Note that the measured transient edge is only 0.1%
in amplitude, due to the pump-probe penetration depth
mismatch. At THz frequencies, the probe pulse interro-
gates a volume that is between 10? and 10° times larger
than the transformed region beneath the surface, with this
mismatch being a function of frequency. This mismatch
was taken into account by modelling the response of the
system as that of a photo-excited thin layer on top of an
unperturbed bulk (which retains the optical properties of
the sample at equilibrium).

The connection between the light enhancement of
superconductivity and the melting stripes, which quench
the superconducting state at equilibrium, was tested
with a soft X-ray Free Electron Laser (Stanford LCLS) by
femtosecond resonant soft X-ray diffraction in the com-
pound La ..Ba,  ,.CuO, [48]. 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 vec-
tor [30,49,50], whilst the LTT distortion can be directly
measured at the (0 0 1) diffraction peak [51].

(a) (b) p (c)
1.0 PR, : 0.50 %
g 2 PR Q 00009{) 0?0 T=5ps
2 bR PR 8 — ‘
L L
~ 5K ~ * 0451 M)
E—J 0.6 —Q= 40K ﬂp‘ .Té 0.6 - 10K %’ r— ol
<
- Optimally Doped w Stripe Ordered Light-induced @ o
0nl L5 0| ESCOu 0401 lesco,, g @@
50 60 70 50 60 70 40 60 80

Frequency (cm)

Frequency (cm)

Frequency (cm™)

Figure 5. (a) Equilibrium c-axis reflectivity of La, ,,Sr, ,.CuO, (T_= 35 K). In the superconducting state, the appearance of a JPR reflects

1.8477°0.16

coherent interlayer transport. Above T, incoherent ohmic transport is reflected by a flat and featureless spectrum. (b) Equilibrium c-axis

reflectivity of La
inLa

1.675-70.2770.125
1.675-70.277°0.125

Eu,,51,1,:Cu0, at 10 K, showing the response of a non-superconducting compound. (c) Reflectivity changes induced
Eu,,Sr, 1,sCu0, by MIR excitation at 10 K, showing a light-induced JPR.
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MIR pulses, tuned to the IR-active in-plane Cu-O
stretching phonon [52], were used for excitation of the
sample, which was kept at a base temperature of 15 K.
The time-dependent integrated scattering intensity of the
(0.24 0 0.5) stripe order diffraction peak in response to
the MIR excitation is plotted in Figure 6(a), and displays
a prompt decrease of ~70%. This result shows that stripe
order is melted within less than 1 ps, a timescale similar
to that observed for the onset of superconductivity in the
La, .Eu,,Sr,,.CuO, [43]. This strongly suggests that
stripe melting and light-induced superconductivity are
intimately connected.

In contrast, the evolution of the LTT phase, probed by
the (0 0 1) diffraction peak drops by only 12%, and with a
much longer time constant of ~15 ps, likely determined by
acoustic propagation and expansion of the lattice planes
(see Figure 6(b)). Hence, the same direct lattice excita-
tion that induces superconducting interlayer tunnelling
between striped planes also melts charge-stripe order,
whereas it initially leaves the LTT distortion intact.

3.3. Light-induced superconductivity far above T_in
the bilayer cuprates

New aspects of the physics emerge when analysing other
types of cuprate superconductors. Enhancement of super-
conductivity was not only observed in the striped phases
of single-layer compounds, but over a far broader dop-
ing and temperature range in the bilayer high-T cuprate
YBa,Cu,0,.

Orthorhombic YBa,Cu,O, is made up of bilayers
of CuO, planes, separated by insulating Yttrium layers
(Figure 7(a)). The bilayers are further spaced by Cu-O
chains, which control the hole doping in the CuO, planes.

(a) 15 ————————————

I ipe(NOTM.)

—L—

Time Delay (ps)

Figure 6. (a) Transient intensity of the charge stripe order diffraction peak in La

2 3 4 5 6 7

In analogy with what reported for single-layer com-
pounds, the coherent inter-bilayer tunnelling of Cooper
pairs in the superconducting state of YBa,Cu,O  results in
the appearance of a JPR in the c-axis THz optical response.
This appears as an edge in the reflectivity, as shown in
Figure 7(b) for the three hole concentrations investigated
(x=16.45,7% holes, T = 35 K; x = 6.5, 9% holes, T = 50 K;
X =6.6,12% holes, TC =62 K), all belonging to the ‘under-
doped’ region of the phase diagram, i.e. the region with
doping concentrations lower than that giving the maxi-
mum T, (~16%).

The YBa,Cu,O_ single crystals were photo-excited with
MIR pulses tuned to be resonant with a phonon mode of
B, , symmetry, which involves oscillations of the so-called
‘apical’ oxygen atoms (see Figure 7(a)). Note that the static
atomic position of these apical oxygen atoms, and in par-
ticular their distance from the CuO, planes, is known to be
an important parameter in high-T cuprates, which affects
the in-plane band structure and correlates strongly with the
maximum achievable T within each cuprate family [53]. It
is therefore to be expected that large-amplitude oscillations
of these atoms driven by the MIR pulses have dramatic
effects on the superconducting response of YBa,Cu,O .

The transient response measured after excitation below
T (i.e. in the superconducting state) is summarised in
Figure 8(a)-(c). At all measured dopingsand all T< T, a
pump-induced increase in the imaginary conductivity was
measured, suggestive of an enhancement of inter-bilayer
superconducting coupling. Note that this response is by
far different and opposite in phase from that measured
after non-resonant electronic excitation at near-infrared
and optical frequencies [54,55], where only a depletion
of superfluid density due to Cooper pair breaking was
observed.

(b) 15 : . ; :

| (norm.)

"-20 0 20 40 60
Time Delay (ps)

Ba,,,sCuO, measured at the (0.24 0 0.5) wave vector.

1.875770.125

MIR excitation results in a prompt sub-ps 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) Corresponding changes in the intensity of the (0 0 1) diffraction
peak (reflecting the LTT distortion) in the same crystal under same excitation conditions. The red solid line is a single exponential fit to

the data yielding a time constant of 15 ps.
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Figure 7. (a) Crystal structure of orthorhombic YBa,Cu,0, . and sketch of the resonantly excited B, -symmetry IR-active phonon mode,
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comprising c-axis motions of the apical oxygen atoms between bilayers. (b) Equilibrium reflectivity spectra of YBa,Cu,0, ., YBa,Cu,0,
and YBa,Cu,0, , measured along the c axis, showing clear edges at the JPR frequencies.
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Figure 8. (a)-(c) Strength of the light-induced inter-bilayer coupling measured in YBa,Cu,0 ., YBa,Cu,0, , and YBa,Cu,0, at +1-

ps pump—probe delay as a function of base temperature and quantified by the zero-frequency extrapolation of the enhancement in
imaginary conductivity. Grey-shaded regions refer to the equilibrium superconducting state. (d) Phase diagram of YBa,Cu,0,. AFl, CDW
and SC refer to the equilibrium antiferromagnetic insulating, charge density wave, and superconducting phase, respectively. The light
blue shading represents the region where signatures of possible light-induced superconductivity were measured, delimited by the blue

points, which were estimated from data in (a)-(c).

Even more strikingly, when the base temperature was
raised to 100 K, i.e. above the highest equilibrium T of
the YBa,Cu,O_ family a light-induced reflectivity edge was
measured at ~1-ps time delay after excitation. As for the
equilibrium JPR (Figure 7(b)), this edge was located in the
1-2-THz frequency range and was found to stiffen with
increasing hole doping.

A temperature scale T for the disappearance of light-in-
duced superconductivity (Ag, = 0) was determined for
each doping (see Figure 8(a)-(c)). T" was found to increase

with decreasing hole concentration and to exceed room
temperature at x = 6.45, with a trend very similar to the
well-known ‘pseudogap’ transition line T* [56] (see phase
diagram in Figure 8(d)).

The pseudogap phase in the equilibrium phase diagram
of high-T cuprates defines a region (T < T*) characterised
by highly anomalous electronic properties, where the pos-
sible presence of pre-formed Cooper pairs without phase
coherence has been discussed in the past [42,57,58]. The
experimental observations reported above could thus
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suggest that phonon excitation may act on preformed
pairs and transfer phase coherence to them, giving rise
to a transient superconductor.

A second Josephson plasmon for these bilayer materials
was also analysed. This mode is located around ~15 THz
and is related to the Josephson tunnelling within the
bilayer units of the YBa,Cu,O_ crystal structure [59,60]
(see Figure 8(a)). Like the low-frequency JPR, also the
intra-bilayer one appears as an edge in reflectivity or as a
peak in the loss function, and, additionally, the presence
pf two ‘acoustic’ plasmons between and within the bilay-
ers gives rise to a third ‘optical’ plasma mode (so-called
transverse JPR). This mode appears as a peak in the real
part of the optical conductivity, o,(w) (Figure 8(b)).

At equilibrium, the intra-bilayer JPR is observed at
temperatures much higher than T, (up to ~150 K) and
its presence has been utilised to define a region of the
YBa,Cu,O, phase diagram with precursors of supercon-
ductivity in the normal state, possibly characterised by
coherent tunnelling of preformed Cooper pairs within the
bilayer units [61,62].

Time-resolved ultrabroadband (1-15 THz) spectros-
copy at x = 6.5 doping (YBa,Cu,0O, ) revealed crucial
details of the microscopic physics. The transient optical
properties of be well fitted at all temperatures and time
delays by assuming an effective medium with two compo-
nents: the first one (80%) was substantially not affected
by MIR excitation, while the second, photo-suscepti-
ble one (<£20%) showed a blue-shifted (photo-induced)
low-frequency JPR below (above) T, concurrently with a
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red-shifted intra-bilayer plasmon. Representative results
of these fits are reported in Figure 9(c)-(d).

All the observations above point to a scenario in which
inter-bilayer Josephson coupling is enhanced (or induced)
at the expenses of the intra-bilayer tunnelling strength,
while the number of Cooper pairs stays constant. This
redistribution of coherent coupling takes place only in
a fraction ($20%) of the material, throughout the pseu-
dogap phase YBa,Cu,O,, .

In search for a microscopic picture for the exotic
dynamics observed in YBa,Cu,O_ after MIR excitation,
the non-linear lattice dynamics was investigated in the
x = 6.5 sample using femtosecond hard X-ray diffraction at
the LCLS free electron laser. Referring back to the discus-
sion on non-linear lattice dynamics discussed above, we
see by elementary group theory that the resonantly driven
B, phonon mode can only couple to Raman-active phon-
ons of A symmetry, because the direct product B, ® B,
is of A_ symmetry. By means of density functional theory
calculations four strongly coupled A, Raman modes were
identified, all involving c-axis motion of the apical oxy-
gen and planar copper atoms. According to the theory of
non-linear phononics, the crystal lattice is then promptly
distorted into a non-equilibrium structure along the linear
combination of the atomic motions associated with these
Raman modes.

In Figure 10(a), we report a measurement of non-linear
lattice dynamics occurring in the transient superconduct-
ing state of YBa,Cu,O, .. Hard X-ray diffraction data were
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Figure 9. (a) In the superconducting state, the structure of YBa,Cu,0, , can be viewed as two Josephson junctions in series, which gives

rise to two longitudinal modes

(W),
optical properties of YBa,Cu,O, .. §uperconductivity is evidenced by

o wJpz) and a transverse mode (w;

) (arrows indicate the direction of the current). (b) Equilibrium c-axis
the 1/w divergence (red dashed) in the imaginary conductivity. Two

longitudinal JPRs appear as peaks in the loss function and edges in reflectivity (green and red shaded). The transverse JPR appears as a
peak in o, (blue shaded). (c)-(d) Effective medium fits used to reproduce the transient broadband optical response after MIR excitation.
Blue curves refer to the unperturbed component (280%) (equilibrium superconductor below T_and normal insulator above T ). Red
curves indicate the photo-susceptible component (£20%), which has a stiffer inter-bilayer JPR and red-shifted high-frequency plasmons.
Frequency is shown here incm=" (1 THz=33 cm™).
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excitation at 100 K. Results of simultaneous fits to all data are shown as red lines. (b) Sketch of the reconstructed transient crystal structure
at the peak signal. The atomic displacements from the equilibrium structure involve a decrease in inter-bilayer distance, accompanied

by an increase in intra-bilayer distance.

transport. The dynamics of two representative diffraction
peaks, the (-2 -1 1) and (-2 0 4), are displayed. A prompt
change in diffracted intensity was observed, as expected
from the rearrangement of the atoms in the unit cell pre-
dicted by the model of non-linear phonics. The decay to
the equilibrium structure happened on the same times-
cale as the relaxation of light-induced superconductivity,
indicating an intimate connection.

The exact amplitude and sign of the changes in dif-
fraction intensity carry fundamental information on the
light-induced lattice rearrangement. In order to recon-
struct the transient crystal structure, the computed cou-
pling strengths to the A, Raman modes were combined
with structure factor calculations, predicting the changes
in diffraction intensity of all measured Bragg peaks for
any given B, amplitude. The dynamics of all measured
Bragg peaks could then be fitted simultaneously with the
driving amplitude as only free parameter (fits shown as
red curves in Figure 10(a)).

The reconstructed transient crystal structure of Figure
10(b) shows an increase in the in-plane O-Cu-O bond
buckling and a decrease in apical oxygen to planar copper
distance. Furthermore, the intra-bilayer distance increases,
whereas the CuO, planes within the bilayers move closer
together, effectively enhancing the inter-bilayer cou-
pling. This last observation is intuitively consistent with
the ultrabroadband THz spectroscopy measurements

reported in Section 3.2, which indicated that the appear-
ance of inter-bilayer superconducting coupling comes at
the expenses of intra-bilayer tunnelling strength.

Density functional theory calculations using the tran-
sient crystal structure predict also a charge transfer from
the CuO, planes to the Cu-O chains, effectively increas-
ing the hole doping of the planes. Such self-doping effect
was recently found to accompany the temperature-driven
superconducting transition at equilibrium in YBa,Cu,O,
and might be of key importance to explain the formation
of the superconducting phase [63].

The non-linear lattice dynamics described above is
expected not only to induce a directional displacement in
the crystal lattice along all coupled Raman mode coordi-
nates. The theory of non-linear phononics (see Section 2)
predicts in addition that all displaced modes which have a
long period compared to the excitation pulse duration will
exhibit coherent oscillations about the displaced atomic
positions. The coherent lattice response of YBa,Cu,O, .,
was measured using an optical probe, in order to pro-
vide a complete picture of the structural dynamics in the
light-induced superconducting state [64].

Atomic motions along Raman mode coordinates mod-
ulate the polarizability tensor and can be observed as an
oscillation in the sample reflectivity. Therefore, this coher-
ent structural response was measured by probing the tran-
sient reflectivity using 35-fs pulses at 800-nm wavelength.
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MIR pulses were used to resonantly excite the IR-active
B, , mode. Under these conditions, all A’ Raman modes
with finite coupling to the B, mode of up to ~6 THz in
frequency are expected to be coherently driven.

Oscillations in the transient reflectivity were found
by probing both in the ab and ¢ directions, as shown in
Figure 11(a). Three dominant frequency components
appeared in the Fourier transform spectrum, attributed
to the four lowest frequency A modes of YBa,Cu,0, .,
(Figure 10(b)). Consistent with the Raman tensor for the
A_modes, the phase of the coherent response was the same
for the two orthogonal probe polarisations [65].

The oscillation amplitudes in real space could not be
quantified from these data alone, as the changes in the
800-nm polarizability depend on the unknown Raman
tensor elements [66]. However, an estimate of the oscil-
latory amplitude could be obtained by combining these
data with the previous X-ray diffraction experiment.
According to this analysis, the coherent atomic motion
is dominated by a change in distance of planar Cu atoms
d along the crystallographic ¢ axis, as sketched in Figure
11(c). Following excitation, the Cu atoms of bilayers move

(a) l_\ T T T T T
O—W/\‘ —

-1F

ARIR (%)

10K ¢ == ab =
150K ¢ — ab

_3 ' L I 1 L 1

0 1 2 3 4 5
Time Delay (ps)

(c) (¥ (d)

B
- ® .—Q

Ad (pm)

apart from each other by ~3 pm, corresponding to a rela-
tive 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 (see
Figure 11(d)).

According to the density functional theory calcula-
tions [62], this oscillatory motion would induce periodic
charge redistributions between the Cu atoms of planes
and chains, which may cause a dynamical stabilisation
of interlayer fluctuations by a modulation of electronic
properties [67].

4. Photo-induced superconductivity in K,C

Similar excitation of vibrational modes was applied more
recently to K,C, a molecular solid in which supercon-
ductivity at equilibrium below T = 20 K [68], mediated
by a combination of electronic correlations [69] and local
molecular vibrations [70]. K,C,/ crystallises in a face-cen-
tred cubic structure (Figure 12(a)), where each C}; ion
contributes three half-filled t, molecular orbitals to form
narrow bands [71] (see Figure 11)
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Figure 11. (a) Time-resolved changes in the reflection of 800-nm pulses polarised in-plane (ab) and out-of-plane (c) following MIR
excitation. The oscillatory components shown in the inset are extracted from the 10 K measurement. (b) Fourier transform of these
oscillations, showing three components, attributed to four different A. Raman modes. (c) Combined atomic motion of the A modes,
which mainly involves c-axis movement of the planar Cu atoms. d is here the distance between Cu atoms of neighbouring Cu0,. (d)
Calculated changes in d, including the full structural dynamics composed of displacive and oscillatory response.
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Figure 12. (a) Face-centred cubic unit cell of K,C, . Blue bonds link the C atoms on each C,; molecule. K atoms are represented as red
spheres. (b) C,, molecular distortion (red) along the T,  vibrational mode coordinates. The equilibrium structure is displayed in blue.
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Figure 13. (a) Equilibrium reflectivity and complex optical conductivity of K,C

« Measured at T= 25K (red) and T= 10K (blue). (b) Same

quantities measured at a base temperatures T = 25 K at equilibrium (red) and 1 ps after MIR excitation (blue).

In our experiments, femtosecond MIR pulses were
tuned between 6 and 15 pm (a spectral region where dif-
ferent local molecular vibrations are present) and used
to excite K,C. The resulting changes in THz frequency

reflectivity and optical conductivity were determined at
different pump-probe time delays and normalised to the
absolute equilibrium optical properties measured on the
same sample.
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In Figure 13, we show the transient response (reflectiv-
ity and complex conductivity) measured in metallic K,C_,
at high temperature after MIR excitation at 7 um (resonant
with the T, molecular mode displayed in Figure 12(b)),
along with the superconducting response measured at
equilibrium below T.

For all temperatures between T =20 Kand T= 100 K,
photoexcitation-induced transient changes in the optical
properties very similar to those observed when cooling at
equilibrium: at 1-ps pump-probe time delay, a saturated
reflectivity at R = 1, a gapped 0, (w), and divergent o,(w)
were observed. Furthermore, all transient optical spec-
tra could be fitted with the same function used for the
low-temperature superconductor at equilibrium.

The non-equilibrium fits evidenced a gap in the
non-equilibrium o,(w) nearly twice as large as the super-
conducting gap at equilibrium. When the same experiment
was repeated at higher base temperatures, the effect pro-
gressively disappeared, although a sizeable enhancement in
carrier mobility could be measured up to room temperature.

These data indicate that excitation of molecular vibra-
tions can coherently stimulate a transition from the
high-temperature metallic state into a non-equilibrium
superconducting phase. For the strong optical fields used
in the experiment (~1.5 MV/cm) and from the polariz-
ability of the T, molecular vibrations, one can estimate
large oscillatory distortions of the C-C bonds amounting
to several per cents of their equilibrium bond lengths.
Hence, in analogy with the non-linear phononics sce-
nario introduced above, the large amplitude excitation is
expected to extend beyond linear response and to deform
the structure of the solid along other, anharmonically cou-
pled coordinates.

To lowest order, these couplings are described by g7 Q
terms in the nonlinear lattice Hamiltonian, where qu is
the directly driven mode coordinate, and Q is the coor-
dinate of any distortion contained in the irreducible rep-
resentation of T, x T . A sizeable distortion is expected
along normal mode coordinates of H, symmetry. Because
H_modes are thought to assist pairing at equilibrium [71],
it is possible that a quasi-static H, molecular deformation
might favour stronger superconductivity, for example, by
causing an increase in the electron-phonon coupling.

Excitation of local T, vibrations is also expected to
modulate local electronic correlations. An order-of-mag-
nitude estimate for this effect has been extracted from
frozen atomic motions for the T, mode, predicting an
increase in U as high as ~10% for the orbitals orthogonal
to the vibration. Such large asymmetric change would
unbalance the occupancy of the three t, orbitals and pos-
sibly interplay with the dynamical Jahn-Teller coupling,
which is known to contribute to superconductivity near
equilibrium [72].

5. Theories of photo-induced superconductivity

The first attempt to describe the phenomena above has
followed the idea of light induced melting of a compet-
ing charge order, which is expected to enhance supercon-
ductivity. This may well apply to the single layer cuprates
and to the bilayers, although probably only close to 1/8
doping (e.g. YBa,Cu,O, ). Specifically, these studies have
analysed the role of apical oxygen excitation discussed in
Section 3.

A Floquet expansion for a time modulated apical oxy-
gen [73] shows how the exponentially dependent inter-
layer tunnelling £, = Ae™ is modified on average. If the
distance d(t) is both displaced and modulated with a
zero average optical field d(t) = d; + Ad, + Ad, sinwt,
two effects appear. Firstly, a quasi-static Ad, brings the
layers closer to one another on average. Secondly, a peri-
odic modulation Ad, sin wt factors into the exponential
z-axis tunnelling as £, = Ae""*4% """ and provides an
additional enhancement on average. An increase in the
T by even 100% was predicted, along with a suppression
of charge order due to a change in nesting conditions, also
consistent with the experimental observations.

In the same context, the use of a laser to affect the
competition between superconductivity (SC) and a
charge density wave (CDW) was studied in the Hubbard
model in Ref. [74]. It was shown that a light-field inter-
acts with the SC and CDW orders differently, and hence
affects their competition in a frequency-dependent fash-
ion. Remarkably, it was shown that optical excitation
can favour either CDW order or SC order depending on
whether the light is tuned to the red or to the blue of the
equilibrium single-particle energy gap, respectively. It has
not been possible yet to test these ideas as the non-linear
THz pumps are only partially tuneable, although recent
developments in optical technology and the development
of new optical sources at THz frequencies will make these
experiments feasible [75].

Similarly, the effect of lattice excitation on the com-
petition between CDW and SC was analysed [76] in the
context of bond density wave order in the cuprates. In
this case, fourth-order non-linear phonics was considered,
and especially the possibility of driving pairs of phonons
at opposite momenta (+k), which possess high density of
states because of the Bond Density Wave induced soften-
ing. Quartic coupling of this type has been considered also
in other contexts [77], in which it was shown that coher-
ent excitation of pairs of phonons at opposite momenta
(2k) could in fact drive squeezed vibrational motion, and,
provided that dissipation and heating would not destroy
coherence [78], parametrically amplify the superconduct-
ing instability. In a related context, dynamical enhance-
ment was considered as an effect of a parametric term
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on the BCS wavefunction [79] or as a means to enhance
superexchange pairing in the Hubbard model [80].

Other imaginative approaches to explain this class of
phenomena have also introduced other, genuinely dynam-
ical processes. Several papers have considered the effect
that the excitation and the time-dependent modulation on
the spectrum of phase fluctuations that reduce supercon-
ductivity in the strong coupling limit. For example, such
modulations were shown to ‘cool’ phase fluctuations for
specific pump frequencies [81, 82] and, most recently, the
possibility of either reducing or amplifying these fluctua-
tions in similar conditions [72, 83-85].

Kennes et al. [86] have approached the problem specif-
ically in the context of the K,C,, experiments of Section
4. This paper starts from the analysis of a strongly excited
molecular site in each C; unit. The paper is especially
interesting as it considers a situation in which electronic
squeezing for these molecules is large, that is, vibrational
levels renormalise strongly when the charge state of the
molecule is changed. In this situation, when high vibra-
tional occupation is achieved by a light field, the squeez-
ing provides an energy gain when the molecule is doubly
occupied, one in which Coulomb repulsion can be over-
come and hence creating attraction and pairing. Similar
phenomena were discussed experimentally for one-di-
mensional Mott insulators like ET-F,TCNQ [87, 88].

More comprehensive analyses of the specific physics
of K,C,, was reported by Kim et al. [89] and by Mazza
and Georges [90], who computed static and dynamical
changes in the threefold degenerate orbital structure of the
CJ; and especially the orbital dependence of the Coulomb
repulsion in a distorted state. Considering quasi-static
distortions along the driven mode coordinate, Kim and
co-workers found that the orbitally selective interaction
degeneracy was lifted by the optical stimulation. It was
argued in this paper that under these conditions only two
orbitals of the molecule participate in the pairing and that
T can be increased as a consequence of the increase in
fluctuations.

Many other papers, which will not be discussed in fur-
ther detail, have considered related mechanisms, typically
starting from a quench of either kinetic energy [91] or
interactions [92], to provide enhancement or appearance
of a previously week or absent superconducting state.

6. Concluding remarks

We have discussed how selective excitation of specific
vibrational modes and the non-linear response of the lat-
tice can drive striking non-equilibrium emergent prop-
erties of solids, and, in fact, create superconducting like
coherence or non-equilibrium fluctuations at previously
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unimaginable temperatures. Looking forward, one fore-
sees advances in these areas of research.

Fuelled by a staggering technological revolution in laser
techniques, optical methods at short timescales have now
conquered the entire electromagnetic spectrum, cover-
ing continuously all frequency scales from microwaves to
X-rays. X-ray-free electron lasers are only one of the strik-
ing new developments in this area and one that promises
new, important materials research. In an effort that we can
term non-equilibrium materials discovery, the discovery of
new functionalities at short timescales, and the use of free
electron lasers to measure the transient crystal structures,
could inspire materials design directions to stabilise these
deformations enhanced characteristics.

Also, the discovery of light induced superconductivity in
unconventional materials like the cuprates and the doped
fullerenes seems to inspire a growing number of research-
ers. The effect is not understood, although the many theo-
retical approaches seem to underscore how modulation at
specific frequencies can be used to extend quantum coher-
ence in a solid. This is perhaps not too surprising when
one considers the many forms of synchronisation between
arrays of oscillators by periodic driving. The possibility
of creating room temperature superconductors powered
by light is indeed a great dream of the author, and one
that is inspiring intense activity. A sobering remark in this
context starts form the realisation that the electric fields
necessary to induce such coherences still exceeds 1 MV/cm
and the peak powers of the femtosecond pulses used are
in the MW range. These phenomena are so far inherently
transient, not only because it is difficult to create longer
pulses at these field strengths but also because heating is
expected to make stabilisation unrealistic. However, a pre-
cise understanding of the microscopic physics may open
up orders of magnitude gains in efficiency, providing new
schemes that make use of efficient coupling of light into
the appropriate microscopic degrees of freedom.
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