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a b s t r a c t

The nonlinear lattice dynamics of La0.7Sr0.3MnO3, as initiated by strong mid-infrared femtosecond pulses
made resonant with a specific lattice vibration, are measured with ultrafast X-ray diffraction at the LCLS
free electron laser. Our experiments show that large amplitude excitation of an infrared-active stretching
mode leads also to a displacive motion along the coordinate of a second, anharmonically coupled, Raman

Scattering theory and explains how direct lattice excitation in the nonlinear regime can induce a
structural phase transition.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Selective excitation of infrared-active lattice vibrations has led
to new avenues for the control of quantummatter. Insulator–metal
transitions [1–4] and even high-temperature superconductivity [5]
have been induced in this way. Such vibrational stimulation differs
significantly from carrier excitation in the near-infrared [6,7], and
makes possible the control of solids in their electronic ground
state. The reduced dissipation of direct lattice excitation makes it
also attractive for applications in functional material control.

Despite all these striking observations, until recently it has
been difficult to understand how an infrared field, which drives
atomic motions with zero average displacement about the equili-
brium crystal structure, could induce a long lived change in the
properties of the system other than heating. A working hypothesis
was derived from recent all-optical experiments [8], which indi-
cated that the underlying structural dynamics can be described by
the theory of Ionic Raman Scattering (IRS) [9–11]. In the IRS
ll rights reserved.
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process, the oscillatory motion of a resonantly excited infrared-
active mode couples nonlinearly to a Raman-active distortion. As
lattice anharmonicities that scale with the square of the phonon
coordinate QIR can cause rectification of the vibrational field
(similar to optical rectification in nonlinear optics), a displacive
force can be exerted onto the crystal lattice in this way [8]. In the
specific case of La0.7Sr0.3MnO3, the structural pathway is believed
to involve a conversion from optically driven Mn–O stretching
vibrations into rotations of oxygen octahedra. This motion is
especially important in the manganites as it can control the Mn–
O–Mn bond angle, which strongly influences the electronic and
magnetic properties [12].

From the optical probe experiments in La0.7Sr0.3MnO3, the
frequency and the symmetry of a coherently excited Raman mode
excitation could be extracted. But the one key phenomenon of a
displacive force that drives the crystal structure into a new
transient conformation could not be proven. Indeed, from the
analysis of the optical data alone, it is not possible to uniquely
establish if the Raman-mode oscillations occur around the atomic
positions of the unperturbed ground state or around those of a
displaced crystal structure.

To demonstrate the existence of a displacement, we make use
of femtosecond X-ray pulses to measure the ultrafast evolution of
those weak Bragg reflections that are exclusively sensitive to the
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Fig. 1. (Color online) Time-resolved optical spectroscopy: (a) time-resolved reflec-
tivity changes following resonant excitation of the Eu symmetry Mn–O stretching
vibration in La0.7Sr0.3MnO3. Mid-infrared 120-fs light pulses at 14.3 mm (2.5 mm
FWHM) were focused onto the sample providing an excitation fluence of 2 mJ/cm2.
The probe polarization at 800 nm wavelength has been set parallel (light blue) and
perpendicular (dark blue) to the pump polarization. The Eg phonon induced
oscillatory signal contributions at 1.2 THz frequency are 1801 out-of-phase for the
different polarizations and (b) Raman phonon-induced anisotropic contributions to
the transient reflectivity obtained by subtracting the two signals shown in part (a).

Fig. 2. (Color online) Phonon modes and Bragg planes: illustration of two adjacent oxyge
D6
3d. (a) Atomic motion associated with the infrared-active Mn–O stretching vibration of E

active Eg mode, a rotation of these oxygen octahedra around an axis (red arrow) perpend
to an increase and decrease in scattering efficiencies at the (012) and (201) Bragg plane
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oxygen positions [13–18]. Note that this feat is uniquely made
possible by the high X-ray flux of the free electron laser and would
not be observable using weaker femtosecond X-ray sources. By
measuring a long-lived change in two structure factors, we prove
that the mechanism of nonlinear lattice control involves a dis-
placement of the atoms, with a quantitative agreement to the
predictions of the Ionic Raman Scattering theory.

Fig. 1 summarizes the information that can be retrieved from
optical probe experiments (see also Ref. [8] for details). Oscilla-
tions at 1.2 THz follow resonant excitation of the 18-THz Mn–O
stretching vibration with Eu symmetry [19,20]. The polarization
dependence confirms that the observed Raman-active mode has Eg
symmetry [21,22]. Note that an offset in the lattice coordinates is
qualitatively consistent with the data of Fig. 1(b), where a long-
lived step results after the polarization independent response has
been subtracted from the transient reflectivity. However, heating
or other long-lived effect may also explain this step.

Atomic motions along optical phonon coordinates result in a
change of the X-ray scattering structure factor, thus modulating
the intensity of Bragg peaks [14]. As shown in Fig. 2(b), the Eg
Raman mode corresponds to rotations of adjacent MnO6 octahedra
around an axis (red arrow) orthogonal to the rhombohedral [111]
direction (blue arrow) [19,22,23]. In La0.7Sr0.3MnO3, the {201}
family of reflections is forbidden in the Mn and La/Sr sublattices,
and is therefore solely sensitive to the motions of the oxygen
atoms. We note that these reflections are also very weak and the
only femtosecond X-ray source with sufficient flux to observe
them is a free electron laser.

The femtosecond X-ray diffraction experiments discussed here
were performed at the XPP beamline of the Linac Coherent Light
Source (LCLS) free electron laser [24]. The crystal was excited by
220-fs mid-infrared pulses at 15 mm wavelength. The incident
excitation fluence was 1.2 mJ/cm2. X-ray probe pulses, estimated
to be o70 fs in duration, were generated by the free electron laser.
The experiment was carried out at a repetition rate of 120 Hz.
A silicon (111) monochromator was used to select the 6 keV probe
pulse energy. Non-coplanar time dependent diffraction from the
(201) and (012) lattice reflections was measured at an incidence
n octahedra in La0.7Sr0.3MnO3, a rhombohedrally distorted perovskite of point group
u symmetry, according to Ref. [20] and (b) Sketch of the nonlinearly driven Raman-
icular to the rhombohedral [111] direction (blue arrow). These atomic motions lead
s, respectively.
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angle of 51, chosen to match the X-ray penetration depth to that of
the mid-infrared pump pulses. Shot-to-shot normalization to the
X-ray pulse energy after the monochromator corrected the
detected signals for intensity and wavelength fluctuations from
the free electron laser. The time resolution of the experiment was
300 fs, as limited by the timing jitter between the mid-infrared
and X-ray pulses.

Fig. 3 shows the time-delay dependent relative changes in
scattered intensity from the (012) and (201) lattice reflections after
resonant excitation of the Mn–O stretching vibration. Two step-
like responses of opposite sign are observed. By fitting the data
with error functions, relative scattering changes ΔI/I0 of +0.28%
(70.02%) and �0.66% (70.05%) are derived, respectively.

To deduce the atomic displacement along the Eg phonon
coordinate from the changes in scattered intensity, we compare
the measured signals to the formula for the specific structure
factors [25]. Specifically, Fhkl ¼∑jf jexpð�iGhkl⋅rjÞ with Ghkl the
reciprocal lattice vectors associated with the (hkl) diffraction
peaks, fj the atomic scattering factors and rj the positions of the
j-th atom in the unit cell. The transient atom positions are
obtained by displacements from the equilibrium positions rj(0)

with amplitude QRS along the eigenvector ej of the Eg mode, i.e.
rj¼rj(0)+QRSej.

For lattice distortions considerably smaller than interatomic
distances, the change ΔI in scattered intensity I� |F|2 is to leading
order linearly proportional to the normal coordinate QRS. Atomic
motion along the Eg coordinate, as nonlinearly excited in our
Fig. 3. (Color online) Time-resolved X-ray diffraction: time-resolved changes in
scattered intensity from the (012) and (201) lattice reflections in La0.7Sr0.3MnO3,
following resonant excitation of the Mn–O stretching vibration in the mid-infrared.
The error bars are calculated from photon statistics. The Bragg peaks are sensitive
to the Eg symmetry rotational Raman mode. The gray solid lines are error functions
fitted to the data. The color lines are results of QRS, calculated from the coupled
differential Equations (1) and (2) and multiplied by the coefficients ðΔI=I0Þ=QRS for
the respective lattice reflections. Here, the anharmonic constant A is the only
parameter that has been adapted to fit the calculations to the experimental data.
experiment and shown in Fig. 2(a), results in calculated relative
intensity changes (ΔI/I0)/QRS of +0.043 pm�1 and �0.057 pm�1

for the (012) and (201) Bragg peaks, respectively. We divide the
measured ΔI/I0 by the coefficients above and average over the
results of the two peaks. In this way, we extract displacement
along the phonon eigenvector of about QRS¼0.09 pm, which is
equivalent to rotations of the oxygen octahedra of 0.0351.

According to the IRS theory, the nonlinear interaction between the
resonantly driven infrared-active vibration and the Raman-active
mode is described by the Hamilton operator HA¼�NAQIR

2QRS. Here,
QIR is the normal coordinate of the IR-mode, A is the anharmonic
coupling constant between the two modes and N is the number of
unit cells [10]. The classical equations of motion of the coupled
oscillators with frequencies ΩIR and ΩRS are

μIRð €QIR þ 2γIR _QIR þΩ2
IRQIRÞ ¼ AQIRQRS þ f ðtÞ ð1Þ

and

μRSð €QRS þ 2γRS _QRS þΩ2
RSQRSÞ ¼ AQ2

IR ð2Þ
where mi are the effective masses, and γi the damping rates. The
driving force on the IR mode is given by the incident laser pulse
through f(t)¼enE0 sin(ωLt) exp(�2 ln(2)t2/τL2), with en the effective
charge, E0 the peak electric field, ωL the laser frequency, and τL the
pulse duration (FWHM).

In centrosymmetric crystals the Raman modes are even, thus
they cannot be excited directly by light. Instead, they are non-
linearly driven by a term proportional to the amplitude squared of
the IR-active vibration. The excitation is prompt, if the Raman
frequency ΩRS is considerably smaller than, both, the IR-mode
frequency ΩIR and the inverse laser pulse duration 1/τL. In this case,
the normal coordinate QRS is predicted to oscillate coherently
around a new equilibrium position [8], as observed qualitatively in
Fig. 1(b).

The color lines plotted in Fig. 3 represent the results of the
numerical solution of the coupled differential Equations (1) and
(2). For these plots, the calculated transient Eg mode amplitude QRS

was multiplied by the coefficients (ΔI/I0)/QRS for the respective
lattice reflections and convolved with a Gaussian of 300 fs FWHM
to take into account the timing jitter between the pump and probe
pulses. The anharmonic constant A is the only parameter that has
been chosen to best fit these calculations to the experimental data.
We find A¼6.4�1012 g/(cm s2) and an Eg phonon displacement of
0.1 pm which corresponds to relative intensity changes of about
+0.4% and �0.55% in the (012) and (201) diffraction peaks. These
calculated transient diffraction changes deviate only slightly from
the error function fits and the experimental data. The coherent
oscillations could be observed in the measurements if the signal to
noise ratio was reduced far below 0.1%, which is not realistic for
these weak reflections.

Alternative scenarios fail to describe our experimental data.
The amplitude QIR of the resonantly driven infrared-active Eu mode
oscillates around its equilibrium position with no net displace-
ment. With the given time resolution of this experiment no
intensity change is expected for the (012) and (201) diffraction
peaks. Secondly, heating of the crystal lattice may happen already
on the sub-picosecond time scale, although this effect reduces the
diffraction intensity for all peaks, according to the Debye–Waller
factor. Thus, the observed increase at the (012) diffraction peak
clearly excludes heating as an explanation.

Finally, we compare the measured value for the anharmonic
constant A to an order-of-magnitude estimate for the IRS mediated
coupling between distinct phonon modes in quartz. Martin and
Genzel argued that equal harmonic and anharmonic contributions
to the lattice potential energy U ¼N∑

i

1
2 μiΩ

2
i Q

2
i þ NAQ2

IRQRS are to
be expected for atomic displacements of order the interatomic
distances [10]. Adapting this argument to the nonlinear coupling
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of the infrared-active Eu to the Raman-active Eg mode in
La0.7Sr0.3MnO3, one estimates A¼6�1012 g/(cm s2), which is reas-
suringly comparable to the experimentally determined value
A(exp)¼6.4�1012 g/(cm s2).

In summary, the present femtosecond X-ray diffraction study
demonstrates the displacive reaction of a crystal lattice driven to
large amplitudes by mid-infrared radiation. The relative change of
the two peaks analyzed, quantitatively substantiates the applic-
ability of Ionic Raman Scattering theory to mid-infrared control of
the solid state. We note that in the related single-layered com-
pound La0.5Sr1.5MnO4, we recently suggested that vibrationally
induced melting of the charge/orbital and magnetic order para-
meters could be explained by a quench of exchange interactions
caused by IRS excitation of the Jahn–Teller distortion [3]. The
present work explicitly supports this earlier assignment. More
generally, the ability to quantify nonlinear lattice dynamics with
femtosecond X-rays paves the way towards predictively accurate
design of lattice control experiments. Pressure-like effects along
selected normal mode coordinates could be achieved in this way,
with the ability to control the electronic properties of quantum
matter [12,26]on the ultrafast time scale.
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