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CONSPECTUS: Driving phase changes by selective optical excitation of specific
vibrational modes in molecular and condensed phase systems has long been a
grand goal for laser science. However, phase control has to date primarily been
achieved by using coherent light fields generated by femtosecond pulsed lasers at
near-infrared or visible wavelengths.

This field is now being advanced by progress in generating intense femtosecond
pulses in the mid-infrared, which can be tuned into resonance with infrared-active
crystal lattice modes of a solid. Selective vibrational excitation is particularly
interesting in complex oxides with strong electronic correlations, where even
subtle modulations of the crystallographic structure can lead to colossal changes
of the electronic and magnetic properties.

In this Account, we summarize recent efforts to control the collective phase state
in solids through mode-selective lattice excitation. The key aspect of the
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underlying physics is the nonlinear coupling of the resonantly driven phonon to other (Raman-active) modes due to lattice
anharmonicities, theoretically discussed as ionic Raman scattering in the 1970s. Such nonlinear phononic excitation leads to
rectification of a directly excited infrared-active mode and to a net displacement of the crystal along the coordinate of all
anharmonically coupled modes. We present the theoretical basis and the experimental demonstration of this phenomenon, using
femtosecond optical spectroscopy and ultrafast X-ray diffraction at a free electron laser.

The observed nonlinear lattice dynamics is shown to drive electronic and magnetic phase transitions in many complex oxides,
including insulator—metal transitions, charge/orbital order melting and magnetic switching in manganites. Furthermore, we show
that the selective vibrational excitation can drive high-T cuprates into a transient structure with enhanced superconductivity.
The combination of nonlinear phononics with ultrafast crystallography at X-ray free electron lasers may provide new design rules
for the development of materials that exhibit these exotic behaviors also at equilibrium.

B INTRODUCTION

Coherent optical excitation of infrared-active lattice vibrations
in solids is emerging as a new tool to control the crystal
structure of solids directly and to drive phase transitions
dynamically. Particularly in correlated electronic systems, where
the phase state is determined by the interactions between
charges, orbitals, spins, and the crystal lattice," these optically
driven lattice distortions lead to colossal rearrangements in the
electronic and magnetic properties, opening up many
opportunities for applications in ultrafast data processing and
storage. Especially attractive is the ability to switch the
functionality of these solids at high speeds, while minimizing
heating and dissipation.

These advances are related to previous work aimed at driving
chemical reactions by the coherent control of specific molecular
vibrations,”> in what is often referred to as “bond selective
chemistry”. However, bond selective chemistry has been often
severely limited by the large atomic motions needed to break or
make chemical bonds. These dynamical distortions inevitably
lead to uncontrolled energy transfer to molecular and bath
modes, an effect typically referred to as internal vibrational
redistribution.*®> Hence, the applicability of bond selective
control to chemical reactions has so far been limited.
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Such limitations are far less important in the solid state. First,
due to cooperativity, the unit cell distortions that accompany a
phase transition are far smaller than the bond dilations and
bond breaking necessary for a chemical reaction. It is not
uncommon to observe enormous changes in the macroscopic
properties of solids for minute lattice distortions, sometimes of
only a few percent of the equilibrium lattice constant. This is
especially true for complex materials, in which electronic
correlations make the collective properties of the solid a highly
nonlinear function of many perturbations. Second, the internal
vibrational redistribution is far less pronounced in crystalline
solids, where translational invariance limits the density of states
of the lattice modes and introduces momentum-conservation
constraints for the decay of vibrational energy.

In this Account, we present some recent advances in this
area. We first discuss how anharmonic energy flow among
different modes is key to atomic structural control. We show
how cubic anharmonicities lead to net displacements of the
crystal lattice. We then summarize some recent experimental
demonstrations for this nonlinear phononics, which involve both

Received: October 24, 2014
Published: January 16, 2015

DOI: 10.1021/ar500391x
Acc. Chem. Res. 2015, 48, 380—387


pubs.acs.org/accounts
http://dx.doi.org/10.1021/ar500391x

Accounts of Chemical Research

(a)

Energy (arb. units)

n 1 L n "
- -1 0 1 2 3

Q, (arb. units)

G

Energy (arb. units)

N R

Q, (arb. units)

Figure 1. (a) Parabolic energy potential of a Raman-active phonon mode (dashed curve). This potential shifts when a static infrared distortion takes
place. For cubic coupling, the potential energy is displaced (solid curve). (b) For quartic coupling, the potential is not shifted but softened (or
stiffened). For the case of softening, beyond a certain threshold the potential becomes unstable and can lead to a symmetry breaking transition.

ultrafast X-ray and ultrafast optical probing. We also show how
nonlinear control of the crystal lattice can be used to drive
phase transitions, hence inducing large cooperative response in
a solid. Finally, we discuss how mode-selective nonlinear
phononics has been used to enhance superconductivity in the
high-T¢ cuprates, a phenomenon that is only partially
understood.

B NONLINEAR PHONONICS

The linear response of a crystal lattice to a light field made
resonant with an infrared-active phonon mode is described by
the potential energy term Hy, = (1/2)wixQfx. In this
expression, Q is the normal coordinate of the mode and
o its frequency. When driven by a pulsed field of the type f(t)
= F(t)sin(wgt), for which F(t) is a Gaussian envelope function,
the dynamics is described by the equation of motion of a
damped harmonic oscillator

Qg + 21 Qg + a)IRzQIR =f(t) (1)
where @y and y are the eigenfrequencies and damping
constants of the mode, respectively. Hence, the atoms oscillate
about their equilibrium positions along the normal coordinate
of the mode and relax over a time scale determined by the
duration of the envelope function or by the damping time, 1/
7, Whichever is longer.

When the strength of the driving electric field increases,
anharmonic coupling to other modes with generic coordinate
Qg becomes important. In the limit of cubic coupling, the
lattice Hamiltonian can be expressed as H = Hy, + Hy;, with
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where aj; are the anharmonic coupling constants. Equation 2 is
simplified if we restrict the discussion to centrosymmetric
crystals, for which infrared-active phonon modes are of odd
parity and Raman-active modes are even. In this case, the first
coupling term, a,,QrQg’ is always zero and the second term
51Qi*Qg is nonzero only if Qg is of Raman symmetry. For a

finite static amplitude Qffy of the infrared-active mode, this
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nonlinear phonon interaction manifests itself in a shift of the
energy potential of the Raman mode, as shown in Figure la.

The dynamics is described by the two coupled equations of
motion

Qg + 271RQIR + wIRzQIR = 2a5,QQy + f(t) (3)

Qp + 25 Qe + OR' Qe = 3 Q” 4)
The key feature of cubic coupling is the appearance of a driving
force onto one or more anharmonically coupled modes Qg
when Qy is driven periodically. This driving force is given by
the expression a,,Qr” in eq 4.

Due to this force, the atoms not only oscillate along the
infrared coordinate Quz (red curve in Figure 2) but also are
simultaneously displaced along the Raman coordinate Qg (blue
curve in Figure 2). This effect is the equivalent of rectification
in nonlinear optics. Furthermore, if the period Ty of the Raman
mode oscillations is longer than the duration of the infrared
pulse, coherent oscillations along Qg are induced (see blue

Q

IR

Figure 2. Dynamical response of the two modes in the limit of cubic
coupling involves an oscillatory motion of the infrared mode (red) and
a directional displacement of Qg (blue). This displacement is
proportional to Quz* and survives as long as Qg is coherent. If the
optical pulse is shorter than the Raman phonon period, coherent
oscillations take place along Qg, which decay with the dephasing time
of the Raman mode.
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curve in Figure 2). This physics was already analyzed
theoretically® ® for the case of incoherent generation of
Raman phonons. However, this phenomenon, then termed
“lonic Raman scattering”, was never observed due to lack of
intense optical sources in the mid-infrared. Here, we shall refer
to the coherent excitation of lattice modes by nonlinear
phononics as stimulated ionic Raman scattering.

These two effects, a displacement and oscillations, are also
characteristic of the well-known response of crystal lattices to
pulsed excitation in the near-IR or visible.”'! However, in that
case the lattice displacement and oscillations are driven by
electron—phonon coupling and not, as is the case for nonlinear
phononics, by lattice anharmonicities. Note also that for the
case of nonlinear phononics the excitation is more selective and
dissipation is by far reduced due to the low photon energy and
the associated strongly reduced number of accessible energy
relaxation channels.

Quartic nonlinearities may be expected at large enough field
strengths, when terms of the type a,,Qr’Qx* may become
sizable. For small static displacements Qff, the quartic coupling
is characterized by a broadening of the Qg energy potential, that
is, a softening of this mode. Above a certain threshold, the
eigenfrequency becomes imaginary and the energy potential
gradually changes from the parabolic to a symmetric double-
well shape (see Figure 1b). In turn, the crystal will be distorted
into a new structure. Note that in this case the atoms are
displaced into one of two possible directions, which would
presumably be selected by the instantaneous position and
velocity of the atoms. However, this effect is likely to be
considerably smaller than the cubic coupling and becomes
important only if the latter is forbidden by symmetry. There are
virtually no symmetry restrictions for quartic interaction, and
coupling to any other phonon mode in a crystal, both infrared
and Raman active, is allowed.

B EXPERIMENTAL DEMONSTRATION

In the following, we discuss the first experimental observations
of nonlinear phononics in the rhombohedrally distorted
perovskite Lay,Sry3;MnO;, a double-exchange ferromagnet
with low electrical conductivity (T. 350 K). Many
unscreened infrared-active phonon modes are found in this
material, with a Mn—O stretching mode of E, symmetry at 605
ecm™ (20 THz)."? In the experiments discussed here, a
resonant mid-infrared pump pulse excited this mode to large
amplitude.

Figure 3a displays the time-dependent optical reflectivity
changes that follow the excitation of this mode, measured by
mid-infrared (15 pm wavelength) pump—near-infrared (800
nm wavelength) probe experiments.'> Crucially, the ultrafast
optical response exhibits clear reflectivity oscillations at 1.2
THz, indicative of the excitation of a Raman mode and
corresponding to the frequency of the E, symmetry mode,
involving the rotation of oxygen octahedra around the Mn
cations. The symmetry assignment is substantiated by the
polarization dependence of the oscillatory signal, which shows a
180° phase shift for two orthogonal probe polarizations,
characteristic of E, symmetry. In addition, the pump wave-
length dependent amplitude of the coherent E, Raman mode
oscillations follows the resonance profile of the infrared-active
Mn—O stretching vibration, as shown in Figure 3b.

These all-optical measurements clearly identify the frequency
and the symmetry of the coherently driven Raman mode. The
phase of the oscillations may carry some information on the
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Figure 3. (a) Time-resolved reflectivity changes in a Lay;Sro;MnO;
single crystal induced by the resonant excitation of the infrared-active
E,-symmetry Mn—O stretching vibration at 14.3 ym wavelength (87
meV photon energy). The excitation fluence is 2 mJ/cm? The 800 nm
probe pulses are set to two orthogonal polarizations, and the inset
shows the anisotropic lattice-induced signal contributions. (b) Pump
photon energy dependent amplitude of the coherent E,-symmetry
Raman phonon shown in panel a.

excitation process;'"'* however the lattice displacement
predicted by the model of nonlinear phonon coupling cannot
be directly proven. From the optical probe data shown in
Figure 3a, it is not possible to uniquely establish whether the
Raman-mode oscillates coherently around the atomic positions
of the displaced crystal structure or around those of the
unperturbed ground state.

Therefore, the motion of the crystal lattice was studied with a
complementary technique by measuring ultrafast X-ray
diffraction in combination with ultrafast mid-infrared excita-
tion."® In these experiments, the intensity modulation of an X-
ray Bragg peak, as resulting from atomic motions along the
phonon coordinate, was determined by the ultrafast changes in
the X-ray structure factor.'®'” For the case of the rotational E
Raman mode, one expects antiphase rotations of the two MnOjq
octahedra of the Lay,Sr);MnO; unit cell,'®" as illustrated in
Figure 4. Because only motions of the oxygen atoms are
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Figure 4. Time-resolved intensity changes of the (012) and the (201)
Bragg reflections in La,;Sr,;MnOj3, induced by the same mid-infrared
excitation as the all-optical experiments shown in Figure 3. These
Bragg peaks are sensitive to the rotational motions of the MnOq
octahedra associated with the E-symmetry Raman mode (see also
illustration on the right-hand side). The solid lines are the intensity
changes calculated from the coupled equations of motion and the
structure factors of the respective lattice peaks, with the anharmonic
coupling constant being the only fitting parameter.
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involved, we measured diffraction from the {201} family of
reflections, forbidden in the Mn and La/Sr sublattices of
rhombohedral Lay;Sry;MnO; and hence exposing the motion
of the oxygen atoms. We note here that due to the small
scattering of the oxygen atoms this measurement involves a
very inefficient Bragg reflection, and it is only possible thanks to
the high flux of an X-ray free electron laser.

Figure 4 summarizes the results of femtosecond X-ray
diffraction experiments carried out at the Linac Coherent Light
Source (LCLS) free electron laser.”® Here, the transient
intensity changes of the (201) and the (012) lattice peaks
were measured with 6 keV, 70 fs X-ray pulses.

Two displacive responses were observed in the transient
Bragg intensities, with different amplitudes and opposite signs
for the different peaks. These curves were fitted by a numerical
solution of the coupled equations of motion, eqs 2 and 3,
furthermore taking into account the calculated relative intensity
changes (AI/I;)/Qg for a motion of the oxygen atoms with
amplitude Qg along the coordinate of the Raman mode. Note
that the anharmonic coupling constant a,, was the only
parameter that has been chosen to best fit the calculations to
the experiment. These fits indicate that the correct sign and
ratio of the two structure factor changes are measured and
reveal a rotation of the MnOg octahedra of 0.035°. However,
the coherent phonon oscillations predicted by the model and
observed in the optical probe experiment (see Figure 3) could
not be resolved, likely because of the small signal-to-noise ratio
in the measurement of these weak reflections.

B DRIVING PHASE CHANGES BY NONLINEAR
PHONONICS

The atomic motions revealed above for the case of
rhombohedral La,SrysMnO;, for which the resonant ex-
citation of the Mn—O stretching mode is converted into the
rotation of the oxygen octahedra, opens interesting possibilities
to control the collective electronic properties of manganites.
The rotational motion of the octahedra is in fact particularly
important because it controls the Mn—O—Mn bond angles,
which themselves strongly affect the electronic and magnetic
properties. This effect results from the sign of the exchange
interaction, which for a semicovalent bond depends on the
spatial overlap of the orbital wave functions along these bonds.
The magnetic and structural properties of manganites can be
understood by considering the Goodenough—Kanamori (GK)
rules* for semicovalent bonds. These rules explain the sign of
the exchange interaction between neighboring manganese
cations (Mn** or Mn*") connected by an oxygen anion
(O*7). According to the GK rules, the exchange integral ] will
always be negative, that is, promote antiferromagnetic align-
ment, if the semicovalent bond is formed between two half-
filled (Mn®") orbitals or between two empty orbitals (Mn**).
Antiferromagnetic bonding is, as a rule, associated with
insulating behavior along the chain, because the hopping is
inhibited by Pauli’s exclusion principle. However, when the
bond is between a half-filled orbital (Mn**) and an empty
orbital (Mn**), as is the case for doped manganites like
Lay,Sro3MnOj or Pry,Cay3MnO;, either ferromagnetic metal-
lic or antiferromagnetic insulating behavior is possible, as
constrained by the onsite Hund interaction. Generally, one
finds that for asymmetric Mn**—~0O*"—Mn*" bonds, hopping
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.
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This complex interplay and phase competition is especially
evident in the octahedral manganite Pr,,Ca;;MnO;, which is
an insulator because of its strongly distorted perovskite
structure. However, these prozperties are unstable against
many forms of perturbation.””"*® Importantly, a metallic
phase can be induced by application of static pressure,”’ for
which the lattice distortion qualitatively “straightens” the bonds.

Experiments in Pr,,Ca,sMnO; by Rini et al.*® revealed a
prompt increase in conductivity by nearly S orders of
magnitude after resonant excitation of the Mn—O stretching
vibration at ~17 ym wavelength. Figure Sa shows the transient
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Figure 5. (a) Time-dependent electric conductivity of a
Pry,Cay3MnO; single crystal following resonant excitation of the
Mn—O stretching vibration in the mid-infrared. The DC conductivity,
measured at negative time delay, is drastically increased as result of the
insulator—metal transition. (b) Photon energy dependence of the
strength of the insulator—metal transition, derived from an optical
probe experiment. For comparison, we also plot the absorption
spectrum convolved with the spectral width of the mid-infrared
excitation pulses.

changes in electric transport measured following ~mJ/cm*
excitation of a Pry,Cay;MnOj; single crystal, measured by
direct current transport with a fast oscilloscope. The transition
from the insulating ground state into the metastable metallic
state is evident from the large increase in electrical conductivity
within the first 5 ns. Note that the time resolution of this
experiment was 4 ns, and the ringing at later time delays results
from an artifact resulting from the fast conductivity changes and
the imperfect impedance matching to the oscilloscope.
Strikingly, this light-induced phase change follows the same
pump wavelength dependence of the nonlinear phonon
response discussed above in Figure 3. The strength of the
insulator—metal transition in Pry,Cay;MnO;, measured in an
optical probe experiment,*® clearly follows the resonance of the
Mn—O stretching mode in this compound (see Figure Sb).
Density functional theory calculations for the coupling
strength between the resonantly driven B, symmetry Mn—O
stretching mode and the Raman modes of parent compound
PrMnO,, performed by Subedi et al,” substantiate the
interpretation discussed above. The energy potential of a
strongly coupled A, symmetry Raman mode is shown in Figure
6a for fixed amplitude Qz of the B, mode. Finite B}, mode
amplitude shifts the parabolic potential of the A, mode to a new
minimum position, where the displacement of this mode from
the equilibrium increases with larger amplitude of the B,
mode. As shown in Figure 6a, the atomic motions associated
with the positive amplitude bring the crystal structure closer to
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Figure 6. (a) Calculated energy potentials of the A, Raman mode in
PrMnO; for different static displacements of the infrared-active B,
mode. (b) Atomic positions of the orthorhombically distorted
perovskite at equilibrium (top) and for finite positive amplitude Qg
of the in-plane rotational Raman mode (bottom).

the cubic perovskite, that is, flatten the Mn—O—Mn bonds.
According to the nonlinear phononics concept, the excitation of
the B;, mode by an intense mid-infrared pulse will displace the
crystal lattice along these coordinates. The insulator—metal
transition becomes apparent by calculations of the electronic
density of states of the manganese 3d orbitals in this compound
by dynamical mean field theory, which yield a gap at the Fermi
energy for the equilibrium crystal structure and a closing of this
gap in the displaced state.””

Time-resolved resonant soft X-ray diffraction at the LCLS
free electron laser was also used. The ultrafast response of the
orbital and magnetic order to vibrational excitation was studied
in the related layered manganite LaysSr, sMnO,,***" The
reduction of both orders following resonant excitation of the
infrared-active in-plane Mn—O stretching mode was observed
by measuring the transient intensity changes of certain

superlattice reflections for photon energies made resonant
with the 640 eV Mn L-edge (see Figure 7a) and hence sensitive
to the arrangement of the Mn 3d electrons.*” This response
was understood by considering that according to selection
rules, this B, -symmetry mode can couple nonlinearly to a
Raman-active Ag-symmetry Jahn—Teller mode, sketched in
Figure 7b. 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. The
displacement of this Jahn—Teller mode was then proposed to
relax these distortions, thus melting the ordering of orbitals and
spins in the driven state.

We note again that the ultrafast physical pathway of this
lattice-driven insulator—metal control in the manganites is
different from excitation at infrared or visible wavelengths. In
the latter case, the phase transition is triggered by the transfer
of charges between different orbitals or adjacent sites,
subsequently releasing Jahn—Teller distortions and modifying
the exchange interactions.>> > Differences in the microscopics
of the long-lived product states for the two types of excitations
could be unambiguously determined in a time-resolved
diffraction experiment that simultaneously discloses the charge
order, the orbital order, and the lattice dynamics.*®

B ENHANCING SUPERCONDUCTIVITY BY
NONLINEAR PHONONICS

The discussion above highlights how nonlinear lattice dynamics
can drive an insulator-to-metal transition and magnetic
switching in the doped manganites. Similar effects were
shown to take place in other highly correlated electron systems
such as nickelates’” and high-T cuprates, in which light-
induced superconductivity was observed.*®*’

A striking achievement of nonlinear phononics was recently
demonstrated in the high-temperature superconductor
YBa,Cu;Oy,,, where direct lattice excitation was shown to
enhance coherent transport below T and to induce a transient
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Figure 7. (a) Lattice-driven melting of antiferromagnetic and charge/orbital order in the layered manganite LaySr; sMnO,, measured via time-
resolved resonant soft X-ray diffraction. (b) Sketch of the equilibrium in-plane charge and orbital order, with the orbital ordering unit cell indicated
as the thick blue line (top). Displacement of the oxygen atoms associated with the nonlinearly coupled Raman-active A, symmetry Jahn—Teller
mode. The sketched relaxation of the Jahn—Teller distortions drives the order melting.
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state with important similarities to the equilibrium super-
conductor up to room temperature.‘m’41

The equilibrium crystal structure of orthorhombic
YBa,Cu;045 (Tc = 52 K) is schematically shown in Figure
8a. It is composed of bilayers of conducting CuO, planes,
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Figure 8. (a) Equilibrium crystal structure of YBa,Cu;Og and sketch
of the B,,-symmetry infrared-active apical oxygen phonon mode. (b)
Below-T( static frequency-dependent terahertz reflectivity polarized
along the crystal c-axis. The lower panel shows the light-induced
reflectivity changes above T (100 K, blue dots) at +0.8 ps time delay
after excitation with 300 fs pulses at 15 pm wavelength, polarized
along the c-axis. The light blue solid line shows the same signal at
negative time delay.

themselves comprising buckled O—Cu—O bonds, that are
separated by an insulating layer containing yttrium atoms and
Cu—O chains. The three-dimensional superconducting state
below T is characterized by coherent transport (Josephson
tunneling) of Cooper pairs both between the two 2D-
superconducting CuO, planes forming a bilayer and between
the bilayers. The so-called Josephson plasma mode, which

results from supercurrent oscillations between the capacitively
coupled bilayers, carries an optical signature of this 3D
superconductivity*> that can be traced in a time-resolved
experiment. It is a longitudinal mode with the plasma frequency
mainly determined by the density of the Cooper-pair
condensate and the distance between the superconducting
layers. The Josephson plasma resonance becomes apparent as a
characteristic edge in the terahertz reflectivity along the
crystallographic ¢ axis, as shown for a YBa,Cu;O¢5 sample at
5 K lattice temperature in the top panel of Figure 8b. For this
measurement, single-cycle terahertz pulses were generated by
optical rectification in nonlinear optical crystal and measured
after reflection from the sample using electro-optic sampling.

Above the critical temperature, the spectrally resolved
terahertz reflectivity is flat (Figure 8b, bottom, light blue solid
line). Resonant excitation of the infrared-active B,,-symmetry
lattice distortion sketched in Figure 8a with 300 fs, 15 ym mid-
infrared pulses drives the systems into a nonequilibrium state
that again exhibits a Josephson plasma resonance, that is, the
optical signature of equilibrium superconductivity below T
(Figure 8b).

Femtosecond hard X-ray diffraction experiments were carried
out at the LCLS free electron laser to reveal the nonlinear
lattice dynamics underlying this effect.*> For symmetry reasons,
the resonantly driven B,, phonon mode in YBa,Cu;Oq4; can
only couple to Raman-active phonons of A; symmetry. Among
those 11 modes, four lattice vibrations, all involving a concerted
distortion of the apical oxygen atoms toward the CuO, plane
and an enhanced in-plane Cu—O buckling, were identified by
DFT calculations to strongly couple to the specific lattice
excitation. Thus, according to the concept of nonlinear
phononics, we expect the crystal lattice to be promptly
displaced along the superposition of the coordinates of these
Raman modes.

Figure 9a depicts the time-resolved intensity changes of two
selected diffraction peaks, which were measured at 100 K
temperature using 50 fs X-ray pulses at 6.7 keV photon energy.
Following the resonant excitation of the B, phonon mode with
a fluence of 4 mJ/cm?, we observed an increase and decrease of
the (2 T1) and the (2 0 4) peaks, respectively, both recovering
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Figure 9. (a) Transient change in intensity of the (2 T1) and the (2 0 4) diffraction peaks in YBa,Cu;O4;s, measured at 100 K following resonant
excitation of the B, ,-symmetry apical oxygen mode. The red solid lines are fits as described in the text. (b) Corresponding transient crystal structure
of YBa,Cu304. The atomic displacements from the equilibrium structure are shaded.
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to the equilibrium within the lifetime of the transient state
measured in the terahertz probe experiments.***" This
similarity indicates a direct connection between the transient
crystal structure and the light-induced coherent interlayer
transport. The detailed atomic motions were determined by
fitting these data, thereby considering the time-resolved
measurement of further diffraction peaks, the computed
coupling strength of the driven infrared-active mode to the
A, Raman phonons, and structure factor calculations of the
involved Bragg diffraction peaks (see ref 43 for details of this
procedure). Importantly, the intensity changes of all the
measured peaks could be fitted simultaneously with the
amplitude of the optically excited B,, phonon being the only
fitting parameter determining the sign and size in intensity
change of all diffraction peaks. The results of these fits are
shown as the red solid lines in Figure 9a.

A sketch of the corresponding transient crystal structure is
shown in Figure 9b. The most apparent features of this lattice
displacement are (i) the decrease of the distance between the
apical oxygen and the copper atoms, (ii) the increase of the in-
plane O—Cu—O buckling, (iii) the increase of the intrabilayer
distance, and (iv) the decrease of the interbilayer distance.
Particularly the latter two observations could intuitively
describe the changes in coherent transport along the ¢ axis.
The decrease in interbilayer distance is expected to increase the
tunneling between bilayers deduced from the measurement
shown in Figure 8b. Furthermore, the increase in intrabilayer
distance supports the recent experiments by Hu et al,** who
observed that this interbilayer tunneling is enhanced at the
expense of coherent intrabilayer coupling.

H CONCLUSION

Intense mid-infrared light fields can be used to drive solids into
transient crystal structures not achievable at equilibrium. The
coupling between different vibrational modes is key to this
effect, which was demonstrated for third-order anharmonic
coupling. In complex oxides, 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 this Account, we have
summarized the basic theoretical concept of and the recent
achievements in this field, covering vibrationally induced phase
transitions in manganites and the enhancement of super-
conductivity in cuprates. Ultrafast X-ray crystallography at free
electron lasers provides knowledge of the nonequilibrium
atomic structures that induce these exotic electronic properties.
This insight might aid controlling the future of matter, which
requires design rules for the development of materials
exhibiting these exotic behaviors also at equilibrium.
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