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Femtosecond laser spectroscopy is an important tool for investigating fundamental processes of light-matter
interaction. Here, we report on transient optical anisotropy in the multiferroic hexagonal manganite YMnO;
excited by linearly or circularly polarized laser pulses with ~17 fs and ~34 fs duration. Spectral dependencies
of photoinduced optical rotation and ellipticity at different temperatures are analyzed by considering ultrafast
population and relaxation processes near the interband transitions from the hybridized O(2p)-Mn(3d) to the
Mn(3d) states at photon energies around 1.6 eV. A Raman coherence time of ~10 fs between the excited I's |x)
and I's |y) states and a relaxation time of ~500 fs between the I's |x,y) and I'y |g) states for the electronic
transition I'y — I's are determined in that way. The ultrashort Raman coherence time is related to the strong

electron Coulomb interaction for the I's |x,y) states.

DOI: 10.1103/PhysRevB.88.195112

I. INTRODUCTION

The many 3d-transition-metal oxides behaving as Mott
insulators are characterized by large on-site Coulomb inter-
actions among the partially filled 3d levels and therefore
belong to the strongly correlated compounds with intimate
connection between their spin, charge, and orbital degrees
of freedom.' These materials demonstrate a rich variety
of physical phenomena, e.g., high-critical-temperature super-
conductivity in cuprates, colossal magnetoresistance in man-
ganites, simultaneous coexistence of several order parameters
in multiferroics, etc.*® There are numerous theoretical and
experimental studies of 3d-transition-metal oxides with regard
to properties such as the electronic structure, electron and
hole transport phenomena, magnetic ordering, and optical
properties (see, e.g., Refs. 7-9). An important, so far not
fully resolved, task is to disclose the physics underlying the
interaction of ultrashort laser pulses with strongly correlated
systems. There are theories that predict a strong enhancement
of the nonlinear optical susceptibility in Mott insulators (see,
e.g., Ref. 10). Other theories predict ultrafast dynamics in Mott
insulators on time scales of 10-100 fs or even less.'!:!

Ultrashort pulsed lasers have opened new opportunities for
implementing coherent control of electronic states in matter
(see, e.g., Refs. 13—15), which is important for applications in
fields as diverse as information processing, optoelectronics, '
spintronics,'” biology, and medicine.'® In this paper, we report
on the observation of ultrafast optical anisotropy in the hexag-
onal manganite YMnOs3, excited by linearly and circularly
polarized femtosecond laser pulses. The observed nonlinear
optical phenomena can be attributed to optical alignment and
orientation.' In conjunction with a theoretical analysis, the
experiments enable us to determine an ultrashort relaxation
time for the electronic transition I'y — I's. This assures
that YMnOs is an attractive medium for ultrafast nonlinear
manipulation of electron states on the femtosecond time scale.

II. HEXAGONAL YMnO;

Undoped 3d-transition-metal oxides are typically good
insulators with a rather large optical band gap in the range of
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1-4 eV.?° The material of choice for our study is the hexagonal
manganite YMnO3 with point group Cg,. It is a multiferroic
binary oxide with a ferroelectric Curie temperature T ¢
913 K and an antiferromagnetic Néel temperature T y
75 K.21"2 Aside from interesting multiferroic properties (see,
e.g., Refs. 24-26), this material also exhibits large second- and
third-order optical nonlinearities.>’~3"

During the last decade, the electronic structure of hexagonal
rare-earth manganites became a subject of intense theoret-
ical and experimental research. Early ab initio calculations
predicted an optical band gap of YMnOj3 in the range of
~1.5 eV.3132 The top of the valence band is formed by the
oxygen 2p states strongly hybridized with 3d,./3d,, and
3d,,/3d,>_,> states. Nevertheless, the oxygen 2p states dom-
inate the density of states near the top of the valence band.??
The hybridization originates from strong noncentrosymmetric
distortions of the local symmetry of the six Mn>* ions in the
fivefold oxygen coordination in the unit cell of Cg, symmetry.
First experimental studies reported a presence of a strong
optical absorption band near 1.6 eV in the reflection spectrum
of LuMnO3 (Ref. 34) and in polarized ellipsometry spectra
in YMnO3, ScMnO;, and HoMnO5. Remarkably, it was
found that the absorption band at ~1.6 eV is strongly polarized
and observed only with the incident polarization of the light
wave in the xy plane. This observation clearly confirms the
electric-dipole character of the observed transition, which
definitely may take place only between the states of different
symmetries, that is, 2p states of the in-plane oxygen ion 0>~
and 3d states of the manganese ion Mn**. Figure 1(a) shows
a schematic energy-level diagram for the optical transition
I’ — I's between the hybridized O?>~(2p)-Mn*(3d) states
and the Mn3+(3d3zz_,z) states. The excited state is a doubly
degenerate state I's |x,y) for the crystallographic point group
Cey.>® Another important feature of the ~1.6 eV band is its
high oscillator strength, which also confirms this transition
being related to states of different symmetries. The most recent
first-principles calculations and experimental studies of a large
group of hexagonal manganites confirmed this model of the
~1.6 eV transition.’>373% Therefore, in our theoretical model,
we treat the ~1.6 eV transition in the hexagonal YMnO; as
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FIG. 1. (Color online) (a) Schematic energy-level diagram for the
dipole-allowed optical transition I'y — I's (solid arrows) between the
hybridized O*>~(2p)-Mn**(3d) states (|g) is the ground state) and
the Mn3*+(3d) states (|x), |y) are the degenerate excited states). The
|x) S |y) (|[4+) & |—-)) transitions are characterized by the Raman
coherence time tg. The |g) & |x,y) transitions are characterized by
the population relaxation time ¢#;. (b) Dynamics of the photoinduced
reflectance in YMnOj; for photon energies of 1.55 eV. The points
are experimental data, the solid line is a fit to the data with a
single exponential convoluted with the pump-probe cross-correlation
function.

the interband electric-dipole transition from the hybridized
O(2p)-Mn(3d) to the Mn(3d) states.

III. EXPERIMENT

To access the transient nonlinear phenomena, a pump-probe
technique was used, in which a linearly or circularly polarized
pump beam induces linear or circular optical anisotropy,
respectively. In the geometry with the light wave vector parallel
to the crystal hexagonal z axis k || z, the photoinduced changes
of the complex dielectric susceptibility tensor of hexagonal
manganite YMnOs can be written as>%40

e+ & ie 0
& = —i€] €1 — & 0 , (1)
0 0 &

where ¢, and ¢ are the complex dielectric susceptibilities
perpendicular and parallel to the crystal hexagonal z axis. &
and &, are the contributions to the dielectric susceptibility
tensor ¢, induced by the circularly and linearly polarized
pump beam, respectively. The photoinduced rotation and
ellipticity are related to €, €1, and ¢, for circularly polarized
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where « is the angle between the polarization planes of the
linearly polarized pump and probe beams. Linearly polarized
light breaks the axial symmetry of a medium and induces a lin-
ear optical anisotropy in the xy plane.*! Therefore, the contri-
bution &, is related to such phenomena as optical alignment, '
photoselection,*” and optical Kerr effect.** The contribution
&1 describes the photoinduced circular anisotropy,*' which is
related to optical orientation'® and inverse Faraday effect.*>*
The corresponding magnitude of all these phenomena depends
on whether resonant or off-resonant conditions are realized in
the experiment.

The pump-probe setup for time-resolved transient measure-
ments including lock-in detection was described earlier.*>4
A Ti:sapphire laser generating ultrashort optical pulses with
1.55 eV photon energy at 80 MHz repetition rate was used for
optical excitation. The pulse chirp acquired during propagation
through the optical elements was compensated by means of a
pulse shaper and a compressor using the multiphoton intra-
pulse interference phase scan (MIIPS) procedure.*’ The pulse
durations of about 17 and 34 fs at the sample position were
obtained for spectral widths of 70 and 25 nm, respectively.
Subsequently, the laser beam was split into the pump and
probe beams, which were focused onto the sample surface
to spots of about 20 and 15 pum in diameter, respectively.
The pump fluence was about 60 ©J/cm?. Modulation of the
pump beam was accomplished by a photoelastic modulator.
Depending on the amplitude of modulation, there are two
important operation modi at A/2 and X /4 retardation. These
A/2 and A/4 modi create linearly and circularly polarized
pump light, used for measuring either linear or circular
photoinduced anisotropy. The signal detection consisted of
a Glan-Thompson prism that split the reflected probe beam
into two components each sent onto one of the two diodes
of a balanced photodetector. This way, a rotation of the
polarization plane or a change of the ellipticity angle could be
measured with high precision. Polished plane-parallel samples
of the hexagonal manganite YMnOj3 with their normal along
the crystal hexagonal z axis were prepared from flux-grown
single crystals. The measurements were done in the tempera-
ture range of 10-300 K.

IV. RESULTS

Based on comparison of optical data for different hexagonal
manganites, the main spectral feature at 1.6 eV observed
by reflectance and ellipsometry techniques®**3 is assigned to
interband charge-transfer transitions from the oxygen states
hybridized strongly with Mn orbitals of different symme-
tries to the Mn(3ds,>_,2) state.>>*® During excitation of this
transition with a photon energy close to the resonance, an
electron is moved from the hybridized oxygen-manganese
states 0>~ (2p)-Mn3*+(3d) to the manganese Mn>*(34d) states.
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FIG. 2. (Color online) Temporal behavior of the photoinduced rotation and ellipticity for linearly and circularly polarized pump excitation

at different temperatures from 7 = 10 up to 300 K.

This process is illustrated in Fig. 1(a) for the electronic
transition from the ground nondegenerate state I'; |g) to the
excited doubly degenerate states with symmetry I's |x,y), and
it is in good agreement with the almost 100% polarized
optical absorption spectra for linearly polarized light.>*3>
The lifetime of this transition was measured via the pump-
induced differential reflectivity using a conventional chopper
modulation at 2 kHz. The result of this experiment is shown
in Fig. 1(b). The excited carriers relax with a decay time of
~500 fs, which can be well distinguished from the coherent
electron dynamics, as will be shown in the following. We note
that recently coherent oscillations in the reflectivity signal were
found and attributed to acoustic phonon modes at 31 GHz.*8
These oscillations can not influence the dynamics shown in
Fig. 1(b) since they take place on a much longer time scale.
In the pump-probe experiment, a linearly polarized pump
beam generates a nonequilibrium electron polarization. Then,
the less intense linearly polarized probe with a 45° polarization
angle relative to the pump experiences different phase veloc-
ities and absorptions for its x and y components, resulting
in changes of the optical rotation and ellipticity. This effect
will be referred to as photoinduced linear anisotropy. Upon
circular excitation by the pump beam, the angular momentum

of the absorbed light is transferred to the medium creating
a nonequilibrium electron polarization with nonzero angular
momentum. In the following, this effect will be referred
to as photoinduced circular anisotropy. The left and right
circularly polarized components of the linearly polarized
probe beam consequently experience different phase velocities
and absorptions, giving rise to circular birefringence and
dichroism.*’

Figure 2 presents results on the temporal behavior of
the ultrafast photoinduced linear and circular anisotropy in
YMnOj; at different temperatures. Only small changes of the
photoinduced phenomena with respect to the temperature are
observed due to a temperature shift of the 1.6 eV absorption
band,”” which is comparable with the laser spectral width
of ~155 meV. We note that the observed photoinduced
anisotropy involves only excited states. These states are quite
insensitive to the ground electronic states responsible for the
antiferromagnetic ordering, therefore ellipticity and rotation
signals do not show changes related to the Néel temperature
T 5. The dynamical response is faster than 100 fs, i.e., the
angular momentum relaxation accessed in this experiment
is at least one order of magnitude faster than the carrier
relaxation dynamics shown in Fig. 1(b). The signals of
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FIG. 3. (Color online) Temporal behavior of the photoinduced rotation and ellipticity for linearly and circularly polarized pump excitation

for different photon energies at 7 = 300 K.

linear-induced ellipticity and circular-induced rotation have
strongly asymmetric shapes. Consequently, the decay times
here are on the order of or shorter than the pulse duration
of ~17 fs. The signals of linear-induced rotation have only
a slightly asymmetric shape, and the temporal behavior of
the circular-induced ellipticity is almost symmetric. We note
that the observed photoinduced effects are unusually large in
comparison with other magnetically ordered materials, where
the observation of photoinduced phenomena typically requires
use of amplified pulses from titanium-sapphire lasers with laser
fluencies on the samples several orders of magnitude larger
than for hexagonal YMnO3.'4

Figure 3 shows measurements of the pump-probe signals for
different photon energies at 7 = 300 K. These measurements
were performed using different transmission filters applied
to the laser beam, generated by a liquid crystal pulse shaper
covering the range of photon energies from 1.460 to 1.636 eV.
In this case, the pulse duration time is increased to ~34 fs.
The resulting changes in temporal dynamics concern only the
amplitude of the Gaussian-type signals of the linear-induced
rotation and circular-induced ellipticity, showing a maximum
around ~1.554 and ~1.540 eV, respectively. At the same
photon energies, the corresponding signals of linear-induced
ellipticity and circular-induced rotation both reveal a sign
change, which is indicative of a resonant behavior. Moreover,
the linear-induced ellipticity shows pronounced features at

negative delay times below 1.531 eV. Since the band structure
of the hexagonal manganite YMnO; is more complicated
in general than the discussed O(2p)-Mn(3d) — Mn(3d)
transition, the understanding of the origin of the underlying
resonance requires a more detailed research.

It is also instructive to compare results on the ultrafast
photoinduced linear and circular anisotropy in YMnO; for
the different pulse durations. Such comparison is presented
in Fig. 4, where linear- and circular-induced signals are
shown for pulse durations of 17 and 34 fs. The signals of
linear-induced ellipticity and circular-induced rotation have a
strongly asymmetric shape with a sign change for both pulse
durations. On the other hand, the signals of circular-induced
ellipticity have symmetric Gaussian shapes, while the signals
of linear-induced rotation have a slightly distorted Gaussian
shape.

V. DISCUSSION

To describe the dynamical behaviors of the photoinduced
linear and circular anisotropy, we model the measured rotation
and ellipticity on the basis of the following theoretical
considerations. In crystals of the symmetry point group C,,
electric-dipole optical transitions from the ground state I'; are
allowed only to the doubly degenerate states of symmetry
I's. In case of a linearly polarized pump, it is convenient
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FIG. 4. (Color online) Experimental data on linear- and circular-
induced phenomena for pulse duration times of ~17 and ~34 fs. The
temporal behavior of the photoinduced phenomena, calculated on the
basis of Eq. (7), is shown by the solid lines.

to choose the wave functions of the excited states in a
particular form, |x) and |y), which transform as the Cartesian
coordinates x and y under the symmetry operations of the
Ce, group. The nonzero electric-dipole matrix elements for
transitions from the ground state |g) to the excited states |x)
and |y) are (g|d, |x) = (g|d, |y) = d. The three states |g),
|x), and |y) constitute a degenerate three-level system [see
Fig. 1(a)].

In the case of a circularly polarized pump, it is convenient
to use a circular basis for the wave functions of the excited
states:

! ) : (x)—=ily), &
7 N x) —1ily),
where the states |£) are characterized by the z projection J,
of the total angular momentum equal to £1, respectively. The
selection rules then give (g|d™ |+) = (g|d~ |—) = d, where
d* = J5(d, £ id,).

The experimentally measured polarization of the reflected
probe pulse is determined by its integral characteristics.’® The
complex Kerr effect K = 6 4 ie describes the rotation 6 and
the ellipticity € of the pulse’s state of polarization. When a
probe pulse linearly polarized along the x axis is reflected at a
semi-infinite medium, K is given by>*>!

I+) = —=(x) +ily). |

o0 o0
K:M%&j/dw“fdmmwﬂmx (5)
cly 0 —00 ’

where Ry is the reflection coefficient at the frequency wy, Eo(t)
and k are amplitude and wave vector of the probe inside the
medium, and Iy = f dt|Ey(t)|? is the integral intensity of the
probe pulse.

Since the normal to the sample surface is the sixfold z axis,
there is no y component of the reflected probe light for an
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incoming x-polarized probe beam in the absence of pumping.
Such a component appears only due to the y component of
the third-order polarization PP () = " do, p,(;)) induced by
the probe and pump pulses, where dy, and ,o,%) are the matrix
elements of the electric-dipole moment and the density matrix,
respectively, between the ground and excited states.

In order to calculate the optical rotation and ellipticity from
Eq. (5), one needs to know the nonlinear polarization P®. This

requires solving the Lindblad equation®>>?

dp N N R
ihd—f — [Ho+ V.51 + R, ©6)

where p is the density matrix, and I:IO is the Hamiltonian
of the three-level system. R describes dissipation leading to
decay, V = —dE represents the interaction with the electric
field E = E, + E,; of the light pulses, where E, and E, are the
fields of the pump and probe, respectively.

Establishing a microscopic understanding would require
the solution of Eq. (5) by means of Eq. (6) with the full
Hamiltonian. This is beyond the scope of this paper. Therefore,
we solve Eq. (5) phenomenologically for the three-level system
shown in Fig. 1(a). When approximating the relaxation of the
photoinduced angular momentum by a superposition of an
exponential and an instantaneous contribution to the decay
process and assuming the pump and probe pulses to have
Gaussian temporal shapes, the following analytical expression
is found for the rotation 6 and ellipticity € (Refs. 46 and 54):

) 12 o2 !
9+le:Aexp —; +B6Xp m—;
R

l—erf( 21 7
X[ (E_Eﬂ’ @

where ¢ is the pump-probe time delay, erf is the Gauss error
function, 0 = tp/+/21In2, and tp is the full width at half
maximum (FWHM) of the Gaussian pulse. The complex
coefficients A and B are functions of ¢ | , &1, and ¢, [see Egs. (2)
and (3)].

In this model, two relaxation times are used to describe
the photoinduced phenomena for electric-dipole optical tran-
sitions from the ground state I'; |g) to the doubly degenerate
states I's |x,y). The relaxation between the excited states
|x), |y) and the ground state |g) is characterized by the
population relaxation time #; = 500fs, as determined from
the photoinduced reflectance measurements in YMnOj3 [see
Fig. 1(b)]. A pump pulse creates a coherent superposition of the
states |x), |y) (]4), |—)), and the transitions |x) = |y) (|+) S
|—)) are characterized by a coherence time tg. This coherence
is therefore commonly referred to as the Raman coherence
and decays with the characteristic time g called the Raman
coherence time. Since the states |+), | —) are characterized by
the projections of the total angular momentum on the z axis
J, = +1,—1, respectively, the time 7z characterizes in our
model the relaxation time of J,.

The Raman coherence time 7 can be obtained by fitting
the measured signals with Eq. (7), where o is determined by
the experimentally obtained pulse width, the coefficients A, B
and the time 7y are fitting parameters. Using this procedure,
the Raman coherence time is determined to 7z = (10 = 4)fs
for both experiments with pulse durations of 17 and 34 fs.
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The calculated dependencies for the temporal behavior of
the photoinduced phenomena, shown in Fig. 4 by the lines,
are in good quantitative agreement with the experimental
data, both for linearly and circularly polarized excitation. The
temporal evolutions of linear-induced rotation and circular-
induced ellipticity have symmetric Gaussian shapes, whereas
the linear-induced ellipticity and circular-induced rotation
have non-Gaussian shapes. These experimental findings are
well reproduced by our theoretical model.

The interband transitions from the hybridized O(2p)-
Mn(3d) to the Mn(3d) states at 1.6 eV are characterized by a
large on-site Coulomb attraction and lead to the formation
of strongly coupled small-sized excitons. The very short
Raman coherence time 7z ~ 10fs is related to the strong
electron Coulomb interaction for the excited |x) and |y) states,
and is in line with the rather broad optical absorption band
Iy — s of ~0.2 eV.**3 Although the microscopic origin
of the bandwidth is still under debate,’® we were able to
evaluate the Raman coherence time 7y in a direct pump-probe
experiment.

VI. CONCLUSIONS

The ultrafast photoinduced anisotropy in the Mott insulator
YMnOj; has been observed on a very short time scale. The

PHYSICAL REVIEW B 88, 195112 (2013)

nonthermal electron distribution is induced by linearly or
circularly polarized pump pulses with subsequent spontaneous
decay. The relaxation time hierarchy including the population
relaxation time #; = 500fs and the Raman coherence time
g = (10 & 4) fs has been disclosed. According to our theo-
retical model, the observed ultrafast dynamics is related to
photoexcitation of the dipole-allowed optical transition I'j —
I's between the ground state |g) and the excited degenerate
states |x), |y) with subsequent relaxation between the excited
states carrying the Raman coherence. This relaxation is
characterized by the ultrashort time g = (10 &£ 4) fs due to the
strong electron Coulomb interaction. Ultrafast photoinduced
phenomena, as observed here at room temperature in the
hexagonal manganite YMnO3, may have a large application
potential, because this material can be used for femtosecond
laser manipulation of electron states in all-optical device
technologies.>®
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