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CONSPECTUSDriving phase changes by selective optical excitation of speci
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 ligids generated by femtosecond pulsed lasers at
near-infrared or visible wavelengths.

This!eld 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 recemt®to control the collective phase statg
in solids through mode-selective lattice excitation. The key aspect ©of the

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 I8fimeSugihononic excitdéads to

rectl cation 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, usi
femtosecond optical spectroscopy and ultrafast Xraatiati at a free electron laser.

The observed nonlinear lattice dynamics is shown to drive electronic and magnetic phase transitions in many complex oxide
including insulatbmetal transitions, charge/orbital order melting and magnetic switching in manganites. Furthermore, we show
that the selective vibrational excitation can drivE-higiprates 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 rule
for the development of materials that exhibit these exotic behaviors also at equilibrium.

! INTRODUCTION Such limitations are far less important in the solid state. First,
e to cooperativity, the unit cell distortions that accompany a
ase transition are far smaller than the bond dilations and

Coherent optical excitation of infrared-active lattice vibratioﬂﬁ
nd breaking necessary for a chemical reaction. It is not

in solids is emerging as a new tool to control the cryst
structure of solids directly and to drive phase transitio 0 X .
dynamically. Particularly in correlated electronic systems, w! ommon to opserve enormous cha.ngeslln the macroscopic
the phase state is determined by the interactions betwedfPerties of solids for minute lattice distortions, sometimes of
charges, orbitals, spins, and the crystal'lzese, optically only a few percent of the equilibrium lattice constant. This is

driven lattice distortions lead to colossal rearrangements in %@ema_lly true for complex_ matenals_, in which _electr_omc
rrelations make the collective properties of the solid a highly

electronic and magnetic properties, opening up ma i ¢ . f bati S 4 the | I
opportunities for applications in ultrafast data processing Inear function of many perturbations. Second, the interna
jibrational redistribution is far less pronounced in crystalline

storage. Especially attractive is the ability to switch the'. . ; . L ;
ﬁgllds, where translational invariance limits the density of states
0

functionality of these solids at high speeds, while minimizi . . ;
heating and dissipation. the lattice modes and introduces momentum-conservation

These advances are related to previous work aimed at driiRgstraints for the decay of vibrational energy. o
chemical reactions by the coherent control dfspestecular In this Account, we present some recent advances in this
vibrationg;® in what is often referred to 4wnd selective ~ar€a- Werst discuss how anharmonic enécy among
chemistry However, bond selective chemistry has been oftéh €rent modes is key to atomic structural control. We show
severely limited by the large atomic motions needed to breadlg¥ cubic anharmonicities lead to net displacements of the
make chemical bonds. These dynamical distortions inevitafjijStal lattice. We then summarize some recent experimental
lead to uncontrolled energy transfer to molecular and bafi§menstrations for thisnlinear phononigkich involve both
modes, an"ect typically referred to as internal vibrational
redistributio?:> Hence, the applicability of bond selectiveReceived: October 24, 2014
control to chemical reactions has so far been limited. Published: January 16, 2015
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Figure 1(a) Parabolic energy potential of a Raman-active phonon mode (dashed curve). This potential shifts when a static infrared distortion tal
place. For cubic coupling, the potential energy is displaced (solid curve). (b) For quartic coupling, the potential is not shifted but softened (i
st'ened). For the case of softening, beyond a certain threshold the potential becomes unstable and can lead to a symmetry breaking transit

ultrafast X-ray and ultrafast optical probing. We also show hoeenlinear phonon interaction manifests itself in a shift of the
nonlinear control of the crystal lattice can be used to driwmergy potential of the Raman mode, as shown in Figure 1la.
phase transitions, hence inducing large cooperative responseTihe dynamics is described by the two coupled equations of
a solid. Finally, we discuss how mode-selective nonlineawtion

phononics has been used to enhance superconductivity in the ; )

highTc cuprates, a phenomenon that is only partially Qr* 2 RQRr*" R Qr= 281Qz &+ {1} ®)
understood.

Qp+ 2 Qx+" RZQR = @1QR2 (4)

The key feature of cubic coupling is the appearance of a driving
force onto one or more anharmonically coupled rpdes

enQp is driven periodically. This driving force is given by
the expressiom,Qg’ in eq 4.

Due to this force, the atoms not only oscillate along the
infrared coordinat®g (red curve in Figure 2) but also are
simultaneously displaced along the Raman codpgi(tztes
irve in Figure 2). ThiSext is the equivalent of recétion
in nonlinear optics. Furthermore, if the péiiarf the Raman
I S mode oscillations is longer than the duration of the infrared
Qr* 2rQr*" kR Qr= (1 @) pulse, coherent oscillations al@agare induced (see blue

! NONLINEAR PHONONICS

The linear response of a crystal lattice to al éghtmade
resonant with an infrared-active phonon mode is described
the potential energy tertd;, = (1/2)! 2Q%. In this
expressionQ is the normal coordinate of the mode and
I |rits frequency. When driven by a pulsktof the typt)

= F(t)sin( |gt), for which(t) is a Gaussian envelope function,
the dynamics is described by the equation of motion of
damped harmonic oscillator

where! g and "z 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/
"|r Whichever is longer.

When the strength of the driving eledteld increases,
anharmonic coupling to other modes with generic coordinate
Qr becomes important. In the limit of cubic coupling, the
lattice Hamiltonian can be expresséti=asl;, + Hy,, with

Q

IR

1
Hy = E RZQRZ# a,Qr QQZ# & Q‘z Q @) t

whereg; are the anharmonic coupling constants. Equation 2 . . - .
simplied if we restrict the discussion to Centrosymmetriéslgure 2 Dynamical response of the two modes in the limit of cubic

e - pling involves an oscillatory motion of the infrared mode (red) and
crystals, for which infrared-active phonon modes are of Ogod::iirectional displacement @¢ (blue). This displacement is

parity and Raman-active modes are even. In this dase, the proportional toQ.’ and survives as longQg is coherent. If the
coupling termay QrQR" is always zero and the second termpptical pulse is shorter than the Raman phonon period, coherent
3,Qr°Qr is nonzero only @ is of Raman symmetry. For a oscillations take place al@agwhich decay with the dephasing time

I nite static amplitud@j; of the infrared-active mode, this of the Raman mode.
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curve in Figure 2). This physics was already analyz (a)
theoreticalf/® for the case of incoherent generation of MW .

C

Raman phonons. However, this phenomenon, then term
lionic Raman scatteringvas never observed due to lack of g5} T per
intense optical sources in the mid-infrared. Here, we shall re<
to the coherent excitation of lattice modes by nonline&
phononics as stimulated ionic Raman scattering. n\f
These two 'eects, a displacement and oscillations, are alg
characteristic of the well-known response of crystal lattices
pulsed excitation in the near-IR or vidibtedowever, in that
case the lattice displacement and oscillations are driven
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phononics, by lattice anharmonicities. Note also that for tl Time Delay (ps) Photon Energy (meV)

case of nonlinear phononics the excitation is more selective wiu

dissipation is by far reduced due to the low photon energy aggure 3.(a) Time-resolved #ectivity changes in a8 MnO;

the associated strongly reduced number of accessible engkge crystal induced by the resonant excitation of the infrared-active

relaxation channels. E,-symmetry MnO stretching vibration at 1448 wavelength (87
Quartic nonlinearities may be expected at large éatnligh meV photon energy). The excitatioence is 2 mJ/éxiThe 800 nm

strengths, when terms of the tgp€r°Qs> may become  probe pulses are set to two orthogonal polarizations, and the inset

sizable. For small static displacer@gnthe quartic coupling shows the anisotropic lattice-induced signal contributions. (b) Pump

is characterized by a broadening @tleeergy potential, that Photon energy dependent amplitude of the cohefepmEetry

is, a softening of this mode. Above a certain threshold, tR&Mman phonon shown in panel a.

eigenfrequency becomes imaginary and the energy potential

gradually changes from the parabolic to a symmetric double-

. -« 14 . .
well shape (see Figure 1b). In turn, the crystal will be distort agclitiiig)dn bpr%%efn%éden]%\;vﬁ\éi:m?; lﬁg'ncgn 2§uplﬁﬁe”;§2;0t
into a new structure. Note that in this case the atoms y P piing

displaced into one of two possible directions, which wou, directly proven. From the optical probe data shown in

. L ure 3a, it is not possible to uniquely establish whether the
presqmably be selected by the Instantaneous position ‘wgman-mode oscillates coherently around the atomic positions
velocity of the atoms. However, thisceis likely to be

. . . of _the displaced crystal structure or around those of the
considerably smaller than the cubic coupling and becomésperturbed ground state.

important only if the latter is forbidden by symmetry. There alueTherefore the motion of the crystal lattice was studied with a

virtually no symmetry restrictions for quartic interaction, ang mplementary technique by measuring ultrafast X-ray
coupling to any other phonon mode in a crystal, both infrarg I'raction in combination with ultrafast mid-infrared excita-

and Raman active, is allowed. tion® In these experiments, the intensity modulation of an X-

I EXPERIMENTAL DEMONSTRATION ray Bragg peak, as resulting fr_om atomic motions along thg
" . . ) ) phonon coordinate, was determined by the ultrafast changes in
In the following, we discuss thet experimental observations the X-ray structure factbr:’For the case of the rotationgl E

of nonlinear phononics in the rhombohedrally distortegtaman mode, one expects antiphase rotations of the two MnO

perovskite laSp4VnO; a double-exchange ferromagnetoctahedra of the §.#pMnO; unit celt®as illustrated in

with low electrical conductivityf (" 350 K). Many  Figure 4. Because only motions of the oxygen atoms are
unscreened infrared-active phonon modes are found in this

material, with a MrO stretching mode of Eymmetry at 605 T S R S
cm?® (20 THz)!? In the experiments discussed here, &

resonant mid-infrared pump pulse excited this mode to lar 10 (012) ]
amplitude. 0.5 []

%)

Figure 3a displays the time-dependent optheativity
changes that follow the excitation of this mode, measured < 0.0
mid-infrared (15tm wavelength) purhpear-infrared (800

Al/
S
o

nm wavelength) probe experimeh@rucially, the ultrafast } {
optical response exhibits cle&eatévity oscillations at 1.2 1.0} I I
THz, indicative of the excitation of a Raman mode an (201)
corresponding to the frequency of thesyEmetry mode, e B (R R

involving the rotation of oxygen octahedra around the M
cations. The symmetry assignment is substantiated by uwuie
polarization dependence of the oscillatory signal, which shows a ) ) )
180 phase shift for two orthogonal probe polarizationé:'gure 4.Time-resolved intensity changes of the (012) and the (201)
characteristic of;Bymmetry. In addition, the pump wave- Bragg éections in LSk MnO, induced by the same mid-infrared
length dependent amplitude of the cohergRaBan mode excitation as the all-optical experiments shown in Figure 3. These

ilati foll th Bleaf the inf d-acti Bragg peaks are sensitive to the rotational motions of tge MnO
oscillations follows the resonancele € INrared-acliveé  ,ctahedra associated with theyfimetry Raman mode (see also

Mn! O stretching vibration, as shown in Figure 3b. illustration on the right-hand side). The solid lines are the intensity

These all-optical measurements clearly identify the frequeBgdnges calculated from the coupled equations of motion and the
and the symmetry of the coherently driven Raman mode. T&@ucture factors of the respective lattice peaks, with the anharmonic
phase of the oscillations may carry some information on tbeupling constant being the drtting parameter.

Time Delay (ps) (201) '

382 DOI: 10.1021/ar500391x
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involved, we measuredrdction from the {201} family of This complex interplay and phase competition is especially
retfections, forbidden in the Mn and La/Sr sublattices oévident in the octahedral mangangeCyMnO;, which is
rhombohedral k&Sp MnO; and hence exposing the motion an insulator because of its strongly distorted perovskite
of the oxygen atoms. We note here that due to the smaliructure. However, these properties are unstable against
scattering of the oxygen atoms this measurement involvemiany forms of perturbatfth?® Importantly, a metallic
very iné cient Bragg #ection, and it is only possible thanks to phase can be induced by application of static pté$sure,
the high#ux of an X-ray free electron laser. which the lattice distortion qualitatiVetisaighterighe bonds.
Figure 4 summarizes the results of femtosecond X-rayExperiments in Pa MnO; by Rini et & revealed a
di" raction experiments carried out at the Linac Coherent Lightompt increase in conductivity by nearly 5 orders of
Source (LCLS) free electron 148eHere, the transient magnitude after resonant excitation of theQMistretching
intensity changes of the (201) and the (012) lattice peaksbration a$ 17#m wavelength. Figure 5a shows the transient
were measured with 6 keV, 70 fs X-ray pulses.
Two displacive responses were observed in the transi) o (b)

Bragg intensities, with elient amplitudes and opposite signs _ " ' ' ' O
for the dierent peaks. These curves Wezd by a numerical e 10k ] o4 =
solution of the coupled equations of motion, eqs 2 and _© &
furthermore taking into account the calculated relative intens G 10*f 13 2
changes”(l/10)/ Qg for a motion of the oxygen atoms with >, < =
amplitudeQg along the coordinate of the Raman mode. Note S 'O°F ﬂ 3 n\:o 02 =
that the anharmonic coupling cons@htwas the only § 10°b ] Dé &
parameter that has been chosen td bdst calculations to o i ™
the experiment. Thests indicate that the correct sign and 8 107 : o
ratio of the two structure factor changes are measured ¢ — 00 c
reveal a rotation of the Mg@ctahedra of 0.03%However, 10°—; 0 20 S0 80 100 120
the coherent phonon oscillations predicted by the model a Time Delay (ns) Photon Energy (meV)

observed in the optical probe experiment (see Figure 3) couiu
not be resolved, likely because of the small signal-to-noise raifure 5. (a) Time-dependent electric conductivity of a
in the measurement of these weigctions. PrpCa MnO; single crystal following resonant excitation of the
I Mn! O stretching vibration in the mid-infrared. The DC conductivity,
DRIVING PHASE CHANGES BY NONLINEAR measured at negative time delay, is drastically increased as result of the
" PHONONICS insulator metal transition. (b) Photon energy dependence of the
. . strength of the insulaltonetal transition, derived from an optical
The atomic motions revealed above for the case Btfrobe experiment. For comparison, we also plot the absorption
rhombohedral k&SpMnO;, for which the resonant ex- spectrum convolved with the spectral width of the mid-infrared
citation of the MnO stretching mode is converted into the excitation pulses.
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 particularighanges in electric transport measured foll@mdécn?
important because it controls the! ®hMn bond angles, excitation of a P{CaMnO; single crystal, measured by
which themselves strondlgd the electronic and magnetic direct current transport with a fast oscilloscope. The transition
properties. This"ect results from the sign of the exchangdrom the insulating ground state into the metastable metallic
interaction, which for a semicovalent bond depends on tktte is evident from the large increase in electrical conductivity
spatial overlap of the orbital wave functions along these bonaishin the!rst 5 ns. Note that the time resolution of this
The magnetic and structural properties of manganites candxperiment was 4 ns, and the ringing at later time delays results
understood by considering the GoodehdGagmamori (GK) from an artifact resulting from the fast conductivity changes and
rule$* for semicovalent bonds. These rules explain the signtbé imperfect impedance matching to the oscilloscope.
the exchange interaction between neighboring manganesstrikingly, this light-induced phase change follows the same
cations (MA& or Mr*) connected by an oxygen anion pump wavelength dependence of the nonlinear phonon
(0?). According to the GK rules, the exchange indegital  response discussed above in Figure 3. The strength of the
always be negative, that is, promote antiferromagnetic aligisulator metal transition in PCa MnO;, measured in an
ment, if the semicovalent bond is formed between two hatfptical probe experiméfiglearly follows the resonance of the
llled (M) orbitals or between two empty orbitals“Mn  Mn! O stretching mode in this compound (see Figure 5b).
Antiferromagnetic bonding is, as a rule, associated wittDensity functional theory calculations for the coupling
insulating behavior along the chain, because the hoppingstigngth between the resonantly driygsyBhmetry MhO
inhibited by Pawi exclusion principle. However, when thestretching mode and the Raman modes of parent compound
bond is between a hdled orbital (MA®) and an empty  PrMnQ,, performed by Subedi et?&lsubstantiate the
orbital (Mrf"), as is the case for doped manganites likinterpretation discussed above. The energy potential of a
L&y S MnO; or Py L£a MnOs, either ferromagnetic metal- strongly coupled,Aymmetry Raman mode is shown in Figure
lic or antiferromagnetic insulating behavior is possible, & for! xed amplitud€,z of the B, mode. Finite § mode
constrained by the onsite Hund interaction. Generally, omenplitude shifts the parabolic potential of thde to a new
Inds that for asymmetric MnO? | Mn** bonds, hopping  minimum position, where the displacement of this mode from
occurs and the magnetic coupling is ferromagnetic as longhas equilibrium increases with larger amplitude of;the B

the bond idstraight A !bent bond, with an angk 180 mode. As shown in Figure 6a, the atomic motions associated
corresponds to an insulating, antiferromagnetic phase. with the positive amplitude bring the crystal structure closer to
383 DOI: 10.1021/ar500391x
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superlattice #ections 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 electfoithis response
was understood by considering that according to selection
rules, this Bsymmetry mode can couple nonlinearly to a
Raman-active j;Aymmetry Jahifeller mode, sketched in
Figure 7b. In the equilibrium state, \J&kHer distortions lift
the degeneracy of the 3d orbitals to lower the energy of the
system, concomitantly stabilizing orbital ordering ectoch@
exchange interactions to also induce magnetic ordering. The
displacement of this Jafeller 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 insulatanetal control in the manganites is
di"erent from excitation at infrared or visible wavelengths. In

Figure 6.(a) Calculated energy potentials of thRa@nan mode in the latter case, the phase transition is triggered by the transfer

PrMnO, for dierent static displacements of the infrared-agtive BOf charges between”efient orbitals or adjacent sites,

mode. (b) Atomic positions of the orthorhombically distortedsUbsequently releasing Ddfier distortions and modifying

perovskite at equilibrium (top) and ifoite positive amplitud®,, the exchange interactions® Di" erences in the microscopics

of the in-plane rotational Raman mode (bottom). of the long-lived product states for the two types of excitations

could be unambiguously determined in a time-resolved

the cubic perovskite, that#aiten the MhO! Mn bonds. di"raction experiment that simultaneously discloses the charge

According to the nonlinear phononics concept, the excitationatler, the orbital order, and the lattice dyn&fnics.

the B, mode by an intense mid-infrared pulse will displace th

crystal lattice along these coordinates. The insuletakr r ENHANCING SUPERCONDUCTIVITY BY

transition becomes apparent by calculatlpns _of th_e electroflic NONLINEAR PHONONICS

density of states of the manganese 3d orbitals in this compound ) o ] ] )

by dynamical meaeld theory, which yield a gap at the FermiThe dlspu35|on gbove highlights how non]lnear lattice dynamlcs

energy for the equilibrium crystal structure and a closing of t§&n drive an insulator-to-metal transition and magnetic

gap in the displaced state. switching in the doped manganites. Simlilectse were
Time-resolved resonant soft X-rayadiion at the LCLS shown to take place in other highly correlated electron systems

free electron laser was also used. The ultrafast response oftigd as nickelatésand highFc cuprates, in which light-

orbital and magnetic order to vibrational excitation was studieduced superconductivity was obs&tvéd.

in the related layered manganitg 3Mn0,>°3! The A striking achievement of nonlinear phononics was recently

reduction of both orders following resonant excitation of thdemonstrated in the high-temperature superconductor

infrared-active in-plane Md stretching mode was observed YBaCuOg,, Where direct lattice excitation was shown to

by measuring the transient intensity changes of certa@nhance coherent transport bdlgwnd to induce a transient

(a) p—t T (b) .
@  Orbital order < O
@ Magnetic order

e 9

" 1 "
0 20 40 60

Time Delay (ps)

Figure 7.(a) Lattice-driven melting of antiferromagnetic and charge/orbital order in the layered mggSyaMteO.,ameasured via time-

resolved resonant soft X-rdyadition. (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 RaymameirtivéaTeller

mode. The sketched relaxation of the Jatler distortions drives the order melting.

384 DOI: 10.1021/ar500391x
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state with important similarities to the equilibrium supermresults from supercurrent oscillations between the capacitively
conductor up to room temperattfté coupled bilayers, carries an optical signature of this 3D
The equilibrium crystal structure of orthorhombicsuperconductivity that can be traced in a time-resolved
YBaCuwOg5 (Tc = 52 K) is schematically shown in Figure experiment. It is a longitudinal mode with the plasma frequency
8a. It is composed of bilayers of conducting @la@es, 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 teraherectiwity along the
crystallographicaxis, as shown for a XBg0g 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 rectication in nonlinear optical crystal and measured
after réection from the sample using electro-optic sampling.
Above the critical temperature, the spectrally resolved
terahertz wectivity isfat (Figure 8b, bottom, light blue solid
line). Resonant excitation of the infrared-agtpsyrBmetry
lattice distortion sketched in Figure 8a with 3004s) irbd-
infrared pulses drives the systems into a nonequilibrium state
that again exhibits a Josephson plasma resonance, that is, the
optical signature of equilibrium superconductivity Bbelow
(Figure 8b).
Femtosecond hard X-rayrdction experiments were carried
out at the LCLS free electron laser to reveal the nonlinear
lattice dynamics underlying thisot* For symmetry reasons,
the resonantly driven Bhonon mode in YB2uOg 5 can
Figure 8.(a) Equilibrium crystal structure of XEgO sand sketch  only couple to Raman-active phonong fmmetry. Among
of the B-symmetry infrared-active apical oxygen phonon mode. (jhose 11 modes, four lattice vibrations, all involving a concerted
BelowT ¢ static frequency-dependent terahefectieity polarized Gdistortion of the apical oxygen atoms toward the Carg

along the crystataxis. The lower panel shows the light-induce . . . .
retfectivity changes abdwe(100 K, blue dots) at +0.8 ps time delay and an enhanced in-plané Oubuckling, were idered by

after excitation with 300 fs pulses atri5wavelength, polarized DFT calculations to strongly couple to the !speaitice

along thecaxis. The light blue solid line shows the same signal 8kcitation. Thus, according to the concept of nonlinear
negative time delay. phononics, we expect the crystal lattice to be promptly
displaced along the superposition of the coordinates of these
themselves comprising bucklddC@ O bonds, that are Raman modes.

separated by an insulating layer containing yttrium atoms anéfigure 9a depicts the time-resolved intensity changes of two
Cu O chains. The three-dimensional superconducting stetelected tiaction peaks, which were measured at 100 K
belowT. is characterized by coherent transport (Josephs¢@mperature using 50 fs X-ray pulses at 6.7 keV photon energy.
tunneling) of Cooper pairs both between the two 2D+ollowing the resonant excitation of th@fnon mode with
superconducting Cu@lanes forming a bilayer and betweena#uence of 4 mJ/cinwe observed an increase and decrease of
the bilayers. The so-called Josephson plasma mode, wkieh(2 %) and the (B 4) peaks, respectively, both recovering

Figure 9.(a) Transient change in intensity of thef{Pahd the (® 4) di'raction peaks in Y8arOq 5 measured at 100 K following resonant
excitation of the;Bsymmetry apical oxygen mode. The red solid lihesas@escribed in the text. (b) Corresponding transient crystal structure
of YBaCuOg 5 The atomic displacements from the equilibrium structure are shaded.

385 DOI: 10.1021/ar500391x
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to the equilibrium within the lifetime of the transient statdBiographies

measured in the terahertz probe experiffettdhis chael Fastreceived his Ph.D. for hi ‘ herent carrier and
similarity indicates a direct connection between the transifﬁf ae receivedis Fh.D. for Nis work on coRerent carmer an

crystal structure and the light-induced coherent interla apuce _dyr_1am|cs n semucondu_ctors _from_ th.e RWTH Aachen
transport. The detailed atomic motions were determined b{Versity in 2001. Currently, he is senibrssiantist at the Max-
Itting these data, thereby considering the time-resolv nck Instltutg for the St.ructure and Dynamlics of Matter with hls
measurement of further"miction peaks, the computed re_search focusing on optlcal and X-ray probing of ultrafast lattice-
coupling strength of the driven infrared-active mode to tHglven phase transitions in strongly correlated electron systems.

Raman phonons, and structure factor calculations of tReman Mankowskgeceived his Diploma degree from the Humboldt
involved Bragg"daction peaks (see ref 43 for details of thisUniversity in Berlin. He is currently a Ph.D. candidate at the University
procedure). Importantly, the intensity changes of all th&f Hamburg and at the Max-Planck Institute for the Structure and
measured peaks could ldeed simultaneously with the Dynamics of Matter. His research involves the study of nonlinear
amplitude of the optically excitgd @honon being the only Ilattice dynamics, with a focus on Tigbuprates.
tting parameter determining the sign and size in intensi}%1
change of all 'thaction peaks. The results of tHeéseare
shown as the red solid lines in Figure 9a.

A sketch of the corresponding transient crystal structure
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L'3wrence Berkeley National Laboratory. In 2005, he joined the faculty

shown in Figure gp, The most apparent fegtures of this latt} he University of Oxford, where he was promoted to Professor of
displacement are (i) the decrease of the distance betweeng

apical oxygen and the copper atoms, (ii) the increase of the i ?sics in 2006. Andrea Cavalleri became a Professor of Physics at the

plane ® Cu O buckling, (iii) the incréase of the intrabilayerd?qiversny of Hamburg in 2008 and is also the founding director of the
. ’ . ’ . - - Max Planck Institute for the Structure and Dynamics of Matter in

dISta}nce' and (v} the decrease of th.e |nterb|laye_r dl.s.tanﬁ%’mburg. Cavalleri has co-developed dlik of ultrafast X-ray

ggsrgﬁlé?r:%e tzﬁarl]ztéirintV\::c:)hg?jﬁtr\;?atfgsortczlfé%g;;&tlveIscience_and has been a pioneer in the optical of control emergent

The decrease in interbilayer distance is expected to increasé’lf"r?ées In quantum condensed matter.

tunneling between bilayers deduced from the measuremdnt

shown in Figure 8b. Furthermore, the increase in intrabilayer ACKNOWLEDGMENTS
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