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Driving magnetic order in a manganite by ultrafast lattice excitation
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Femtosecond midinfrared pulses are used to directly excite the lattice of the single-layer manganite

Lag 5Sr; sMnO,4. Magnetic and orbital orders, as measured by femtosecond resonant soft x-ray diffraction with
an x-ray free-electron laser, are reduced within a few picoseconds. This effect is interpreted as a displacive
exchange quench, a prompt shift in the equilibrium value of the magnetic- and orbital-order parameters after the
lattice has been distorted. Control of magnetism through ultrafast lattice excitation may be of use for high-speed

optomagnetism.
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Ultrafast optical control of magnetism, of interest for
high-speed data processing and storage, has to date only
been demonstrated with near-infrared excitation. In highly
absorbing materials, e.g., metals and semimetals, photons
of eV energy significantly heat the electronic and/or lattice
systems to induce spin flips on the meV energy scale.'”
Thus, the stimulation is accompanied by strong dissipation. In
complex oxides, where the physics at hand is strongly tied to
the interplay of spin, charge, and orbital degrees of freedom,
near-IR excitation results in the transfer of charges across
semicovalent bonds, which perturbs orbital occupancy and
thus drastically affects the exchange interactions.*

Alternatively, the coherent optical excitation of lattice
vibrations in the midinfrared has been shown to control
the electronic properties of complex oxides.”” We have
recently identified the microscopic mechanism of this type
of stimulation, namely, ionic Raman scattering, which exerts
a directional force onto the crystal structure via lattice
anharmonicities.'® In manganites, magnetism is directly cou-
pled to the lattice, as evidenced by the response to external and
chemical pressure, "2 or to ferroelectric polarization.'*!> The
deformation of the bonding geometry and the corresponding
change in hopping amplitude modifies the electronic and
magnetic order in the spirit of the Goodenough-Kanamori-
Anderson rules.'® Thus, coherent lattice excitation at energies
of tens of meV may open up possibilities for low-dissipative
ultrafast control of magnetic order, although an experimental
verification is still lacking.

In this Rapid Communication, we report on the use
of femtosecond midinfrared pulses to excite the lattice in
half-doped Lag5Sr; sMnOy, inducing dynamics of spin and
orbital order that are measured by femtosecond resonant soft
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x-ray diffraction with an x-ray free-electron laser. We observe
that these electronic orders are reduced within different
time scales in the few picosecond range, and interpret this
as a result of a displacive exchange quench. We compare
these results to the case of near-infrared excitation, for
which a much faster melting of the magnetic order is
observed.

Atlow temperatures (I' < Ty = 110K < T¢o,00 =220 K),
the single-layered LagsSr; sMnOs compound exhibits CE-
type charge, spin, and orbital order, characterized by “zigzag”
ferromagnetic chains in the (001) planes, antiferromagneti-
cally coupled with one another, in and out of these planes.'’~'"?
Resonant soft x-ray diffraction at the 2p — 3d transitions
(Mn L, ;3 edges) is directly sensitive to this spin and orbital or-
der, providing both momentum-dependent and spectroscopic
information.2%?! Figure 1(a) shows the top view of the relevant

scattering geometries at the orbital (%‘1—‘0) and the magnetic
(313) wave vectors for a LagsSrisMnO, crystal cut with a
surface normal along (110). Static energy scans at the Mn
L3 and L, edges, also displayed, are in agreement with the
literature.>?3

In our experiments, LajsSr;sMnO4 was held at a base
temperature of 25 K, and excited by 130-fs, 1.2-mJ/cm?
midinfrared pulses, obtained by difference-frequency mixing
of the signal and idler output from an infrared optical
parametric amplifier. These pulses, polarized in the ab plane
of the sample, were tuned to a center wavelength of 13.5 um
(92 meV) with a 4.5-pm full width at half maximum (FWHM)
bandwidth, covering the 16-pum (78-meV) Mn-O stretch-
ing vibration.>* Pulses at this wavelength were previously
shown to excite the lattice and perturb electronic order in
LaO.SSrl_5MnO4.8
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FIG. 1. (Color) (a) Top view of the pump-probe scheme and scattering geometries for the orbital (% %0) and the magnetic (; ; 5) diffraction

132

peaks, measured on a (110) surface normal crystal of LagsSr; sMnO,4. The Bragg planes are indicated as parallel lines; polarizations of the
LCLS x-ray beam and the midinfrared light are horizontal and vertical, respectively. Also shown are the energy dependencies measured at
beamline X1A2, National Synchrotron Light Source. (b) and (c) show the diffracted spots, recorded over 180x 180 pixels of a fast CCD at

LCLS. Images represent the average of 70 shots of the FEL.

The excitation pulse train was synchronized to the 60-Hz
repetition rate of the Linac Coherent Light Source (LCLS),
an x-ray free-electron laser (FEL),”> which was operated at
640 eV in the 40-pC low-charge mode with a sub-30-fs pulse
duration. Femtosecond resonant soft x-ray diffraction®2® at
the Mn L3 edge was used to probe orbital- and magnetic-order
dynamics with a 250-fs time resolution, limited by the timing
jitter between the midinfrared and x-ray pulses. The diffracted
light was detected for each time delay with a fast-readout CCD
camera, recording images individually at 60 Hz. The diffrac-
tion spots for the two different scattering geometries, oriented
in such a way that the scattering plane of the experiment is

horizontal, are shown in Figs. 1(b) and 1(c). Transient changes
in spot intensity, position, and width were evaluated by fitting
Lorentzian profiles to the data (red solid lines).

The temporal evolution of the integrated diffraction spot
intensity at the magnetic (}}3) wave vector is reported in
Fig. 2(a). Diffraction was reduced by 8%, with a single
time constant of 12.2 ps. For comparison, we display the
significantly faster response measured after excitation with
5-mJ/cm? pulses at 800-nm wavelength,”’?® which reveals a
prompt collapse of magnetic order on the 250-fs time scale
limited by the resolution of the experiment. We reiterate
here that the disordering of the antiferromagnetic state for
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electronic excitation in the near infrared is determined by the
instantaneous charge transfer across semicovalent bonds,*
and thus is expected to follow the temporal shape of the
laser pulse. The observation of a different time scale for the
lattice-driven magnetic disordering is then evidence that this
stimulation must be followed by a different physical path.

In Fig. 2(b), we display the orbital-order dynamics mea-
sured at the (i iO) diffraction peak after midinfrared excitation.
The transient responses of the orbital and magnetic peaks
differ both in the time scale and amplitude, with the orbital
order only reduced by 3% with a single-exponential decay
time of 6.3 ps. We note that lattice-driven orbital disordering
is slower than was observed previously by time-dependent
optical birefringence,®?* which, however, is a less direct
method than the resonant x-ray diffraction used here.

Throughout these dynamics, we see no transient change
in the position and width of the scattered diffraction spots
for either order, and conclude that the correlation lengths
are not perturbed. This is shown in Fig. 2(c), where we plot
the transient width of the magnetic diffraction spot together
with its peak position. The latter is constant within <1 x
107> (calculated standard deviation). For a thermal expansion
coefficient of 6 x 107° K~! (Ref. 29) this corresponds to
a temperature increase of less than 2 K, indicative of the
low dissipation and nonthermal character associated with this
vibrational excitation. This number is in agreement with a
calculated upper limit of the 2-K temperature increase for a
2-mJ/cm? excitation on the phonon resonance (see Ref. 8
for details).’® In addition, the different time scales of the
orbital- and magnetic-order melting, as shown in Fig. 2(a),
support a nonthermal driving mechanism for the observed
dynamics. Light-induced heating of the sample across the
Néel temperature Ty and the charge-ordering/orbital-ordering
temperature Tcojoo would result in a faster response of the
magnetic compared to the orbital-order response, which is
opposite of what we observe here.

Recently, lattice dynamics observed in Laj7Sry3MnO;
following midinfrared excitation have been explained in terms
of ionic Raman scattering (IRS).!%3132 The key step of IRS is
the resonant excitation of a large amplitude infrared-active
vibration, whose mechanical field is rectified through the
second-order lattice polarizability—a process analogous to
rectification in nonlinear optics. If Qiy is the normal coordinate
of the infrared-active vibration, its rectification leads to a half-
cycle force field along the coordinate defined by the product
symmetry group Qg - Qr. Importantly, this half-cycle field
tends a finite area, resulting in a displacive force that leaves
the lattice in a different position at the end of the pulse. The
displacement has an amplitude proportional to Q7, and Raman
symmetry.'?

In Fig. 3(a) we show a schematic of the low-temperature
charge- and orbital-order unit cell of Lag 5Sr; sMnOy,>3 which
belongs to the Dy, point group. The 630-cm™' (16-m)
stretching mode excited by the midinfrared light field?*3*
has B,, symmetry [see Fig. 3(b)],*> while the rectified
field belongs to the product group By, ® By, = A,, among
which we find the Raman-active Jahn-Teller mode shown in
Fig. 3(c). Thus, according to the IRS model, rectification
of the midinfrared mode relaxes the cooperative Jahn-Teller
distortion. We conjecture that this reduces the splitting between
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FIG. 2. (Color) (a) Time-resolved changes of the intensity of
111

the scattered x-ray spot at the magnetic (5 ;) diffraction peak for
vibrational excitation at 13.8 um (midinfrared) and photodoping at
800-nm (near-infrared) pump wavelengths. Excitation fluences are
1.2 and 5 mJ/cm?, respectively. (b) Comparison of the melting of the
orbital and magnetic order for 1.2-mJ/cm? midinfrared excitation.
The red lines are single exponential fits to the data, with time
constants of 6.3 and 12.2 ps, respectively. (c) Transient change of
the scattering angle 20 and the width w of the diffracted x-ray spot
measured for the magnetic wave vector following the midinfrared

excitation.
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FIG. 3. (Color) (a) Schematic of charge- and orbital-order pattern
in the ab plane of LaysSr; sMnO,, together with the orbital-order
unit cell (thick light-blue line). Displacements of Mn and O atoms
associated with (b) the resonantly driven IR-active B,, mode and
(c) the Raman-active A, mode driven through ionic Raman scattering
are also shown. The latter mode relaxes the Jahn-Teller distortions to
affect the exchange interaction.

crystal-field levels and likely melts the ordering of the orbitals,
weakening also the exchange interaction.

We stress that, in contrast to the case of Lag 7Srg3MnOs3,'?
in which the envelope of the infrared-active E, mode drives a
low-frequency, 1.2-THz rotational E, mode impulsively, the
Jahn-Teller A, mode has a higher frequency (15 THz) than
the inverse 130-fs envelope of the midinfrared pulse. Thus, in
Lag 5Sr1 sMnOy, this A, mode is driven adiabatically within
the laser pulse duration toward its distorted position—too slow
to be driven coherently.

In Fig. 4 we present a caricature of the magnetic- and
orbital-order melting process. Within the 130-fs time scale of
the IRS-driven Jahn-Teller distortion, the equilibrium positions

Free Energy

T Magnetic
—.g
Orbital
FIG. 4. (Color) Excitation of the lattice reduces the Jahn-Teller
distortion as in Fig. 3(b), resulting in an effective shift in the
equilibrium value of the orbital- and magnetic-order parameters. The

effective force on each order parameter is given by the projection of
the gradient along each axis.
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of both order parameters are rapidly quenched to a different
value, i.e., the minimum of the free-energy surface is displaced
within the magnetic- and orbital-order parameter plane. After
this prompt displacement, which we refer to as a displacive
exchange quench, an effective force is exerted onto the spin
and orbital degrees of freedom, driving relaxation toward the
bottom of the unique free-energy surface.

The measured time scales for the two order parameters are
significantly different, with the orbital order approximately
twice as fast for the same excitation fluence. Despite the
complexity of the nonequilibrium relaxation process after the
quench, a few considerations aid our understanding. The loss
of orbital orientation involves only rearrangements in the e,
electrons, thus only one charge (or less) on each Mn3t site,
and no significant change in spin momentum per se. We expect
this effect to occur more rapidly. On the other hand, the loss
of antiferromagnetic spin order, for which one e, and three #,,
spins rotate, requires a significant exchange of spin angular
momentum, and thus has significant inertia.

The mechanism of this displacive exchange quench fol-
lowing nonlinear lattice excitation qualitatively explains the
disordering of the system, although the microscopic pathway
and the nonequilibrium physics at play are not clear. Also,
the recovery of the disordered state to thermal equilibrium on
longer time requires further clarification. An important effect
to be understood is related to the coupling to other degrees
of freedom after the exchange quench, including the fate of
the angular momentum and the entropy increase that follows
coupling to the thermodynamic bath. An important goal with
potential for applications would be to find routes to reverse the
sign of the Jahn-Teller distortion with a second pulse after the
magnetic and the orbital orders have relaxed into their different
equilibrium values. This would only be possible if the coupling
to the bath was small and the generation of entropy minimal.

In summary, we have shown that direct excitation of the
lattice in a manganite using high-intensity midinfrared pulses
melts the spin order, an effect that can only be measured di-
rectly using a direct femtosecond x-ray probe. We explain this
process by considering the ionic Raman scattering mechanism
and the excitation of the A, Jahn-Teller motion through lattice
nonlinearities, which is posited to lead to a displacive force
on the spin and orbital order. Control of magnetism through
direct distortion of the lattice may, in appropriate excitation
geometries, lend itself to bidirectional switching, of interest
for high-speed data processing applications.
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