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Time-resolved nonlinear optical spectroscopy of Mn3¿ ions in rare-earth hexagonal manganites
RMnO3 „RÄSc, Y, Er…
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A time-resolved, spectroscopic study of the third-order nonlinear optical response of rare-earth hexagonal
manganitesRMnO3 (R5Sc, Y, Er! was performed in the range of 1.45 to 1.62 eV nearby the firstd–d
transition in Mn31 ions. The nonlinearity was shown to result in a transient perturbationD«(v) of the
dielectric permittivity tensor, whose antisymmetric part decays within less than 100 fs through the relaxation of
excited electrons. The symmetric part ofD«(v) was found to depend upon two distinct relaxation processes
with decay times of about 360 fs and more than 70 ps, which were attributed to phonon thermalization and
lattice cooling, respectively.
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Time-dependent optical phenomena related to the th
order nonlinear susceptibilityx (3) of materials attract much
interest because of their importance for applications suc
ultrafast optical switching.1,2 Transition metal oxides mani
fest a largex (3) in the spectral range where their absorpti
is dominated byd–d and near-bandgap transitions. Recen
transition metal oxides such asa-Fe2O3, g-Fe2O3, or Fe3O4

have been found to present some of the highest va
(10210–1029 esu) of x (3) among inorganic compounds3

However, while one of the main purposes of the enhan
ment of the third-order nonlinear susceptibility is the realiz
tion of fast optical switching, to the best of our knowledg
no time-resolved study of the nonlinear optical phenom
in these materials has been performed as yet. Moreover
study of x (3) in transition metal oxides has not been mu
extended to species other than the simple oxides mentio
above.

Rare-earth~R! manganitesRMnO3 form a broad class o
transition metal oxides exhibiting a wide range of exotic g
vanomagnetic, magnetic, electronic, and optical properti4

The huge interest for this family of strongly correlated sy
tems has mostly been focused on orthorombic mangan
which exhibit giant magnetoresistivity. Only recently w
some attention devoted to hexagonal manganites. Their
ear and nonlinear optical properties are of particular inte
from both an experimental5–8 and a theoretical point o
view.9–11 Up to now, though, no time-resolved analysis
their nonlinearities was performed, although this would p
vide new fundamental information about their nonequil
rium electronic and optical properties. We report here o
temporal and spectroscopic optical study of three hexag
manganites, ScMnO3, YMnO3, and ErMnO3.

Intense light excitation modifies the optical properties o
medium, which in turn can affect the properties of light
self. This can be used for all-optical studies in a two-be
configuration, in which an intense~pump! light beam excites
the medium and a less intense~probe! beam monitors the
pump-induced nonlinear changes of its properties. In suc
configuration, the nonlinearity can be expressed through
0163-1829/2001/64~20!/201103~4!/$20.00 64 2011
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third-order nonlinear polarization vectorP(3)(v) arising
from the interaction of the pumpE(v) and probee(v) elec-
tric fields:

Pi
(3)~v!5x i jkl

(3) ~2v;v,v,2v!ej~v!Ek~v!El* ~v!, ~1!

wherex i jkl
(3) is the static third-order nonlinear susceptibility

the material. Equation~1! can be rewritten as a relation be
tween the pump-induced perturbation of the dielectric p
mittivity tensor«(v) and the nonlinear susceptibility tenso
x (3):

D« i j ~v!5x i jkl
(3) ~2v;v,v,2v!Ek~v!El* ~v!. ~2!

The productEk(v)El* (v) can be conveniently decom
posed into a symmetric and an antisymmetric part with
spect to permutations of the indicesk and l. The symmetric
part is real and nonzero when the pump is linearly polariz
while the antisymmetric part is imaginary and nonzero wh
the pump beam is circularly polarized. The tensorD« i j itself
comprises a symmetricD« i j

s and an antisymmetricD« i j
a part

with respect to permutations of the indicesi and j.12 The
nonlinearities resulting inD« i j

s andD« i j
a can be shown to be

determined by the real and imaginary parts ofEk(v)El* (v),
respectively.

In the following we discuss the spectral and temporal
havior of the optical nonlinearities due tod–d transitions in
the Mn31 ions of hexagonal manganites. Their electron
structure has only very recently become a subject of theo
ical studies. For example, calculations based on different
proximations predicted YMnO3 to be a charge–transfer in
sulator with a bandgap of 1.1 eV,10 or a semiconductor with
a bandgap of about 1.5 eV.11 Although reported experimenta
data5,7 are close to the theoretical estimates, the assignm
of the strong absorption in this spectral range to an interb
or a charge–transfer transition remains controversial.

Recently, though, a new interpretation of the optical pro
erties of hexagonal manganites was proposed.8 Figure 1
shows their electronic energy diagram as derived from
local symmetry of the Mn31 ion. Without crystalline field,
©2001 The American Physical Society03-1
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the four 3d electrons of the free Mn31 ion (3d4 configura-
tion! occupy the ground state5D (L52, S52) which is a
quintet state. In an hexagonal manganite the5D state splits
into a 5G1 ground state and two excited5G5 and 5G6 states
under the influence of a moderate crystalline field result
from the trigonal bipyramidal symmetry 6m̄2. The overall
splitting is approximately 2.6 eV, including thed–d transi-
tion 5G1(t2

3e1)→ 5G5(t2
2e2) at 1.6 eV.13 Charge–transfer

transitions between O 2p and Mn 3d are expected to occu
above 3 eV,7 i.e., far above the 1.1–1.5 eV predicted by t
aforementioned theoretical calculations.10,11Hexagonal man-
ganites are transparent below 1.3–1.5 eV down to about
eV, where phonon absorption starts to rise.14,15

The samples investigated for this study are@0001#-
oriented single crystals grown from high temperature so
tions in a PbO-PbF2 flux. The optical measurements we
performed in a pump and probe configuration, using a pul
Ti:sapphire laser with a pulse duration of approximately 1
fs and a repetition rate of 82 MHz in the photon energy ran
of 1.45–1.62 eV.

FIG. 2. Spectral dependences of the photo-induced magn
optical Kerr rotation~full circles! and ellipticity~open circles! in ~a!
ErMnO3, ~b! ScMnO3, and~c! YMnO3. Lines are guides to the eye

FIG. 1. Energy level scheme of hexagonal manganites.
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The antisymmetricnonlinear perturbationD« i j
a (v) of the

dielectric permittivity tensor«(v) is deduced from the
pump-induced magneto-optical Kerr effect experienced
the probe beam. The setup for time-resolved magneto-op
Kerr effect measurements was described in de
elsewhere.16 The polarization of the circularly-polarize
pump beam was modulated between left-handed and ri
handed helicities, while the probe wass-polarized. Both
beams were focused on the sample to a spot diamete
about 100mm for the pump pulse and slightly less for th
probe pulse. The pump fluence on the samples was aro
10 mJ cm22. The Kerr rotation and ellipticity experience
by the probe beam were measured as a function of the
delaytd between pump and probe pulses, with a sensitiv
as high as 0.2mrad. The spectral width of the pulses, mon
tored with an optical multichannel analyzer, was about 0
eV over the whole photon energy range.

The behavior of the thesymmetricnonlinear perturbation
D« i j

s (v) of the permittivity tensor«(v) is also deduced
from the rotation of the probe polarization plane upon refl
tion from the sample. The same setup as described abo
used, with the exception that the incoming probe polarizat
is set to 20° from thes direction, whereas the pump pulse
are linearlys-polarized but modulated in intensity. The rot
tion experienced by the probe beam, measured as a func
of td , is due to the nonmagnetic, third-order nonlinear op
cal Kerr effect.17 In order to avoid confusion between th
photo-induced magneto-optical Kerr effect and the opti
Kerr effect, the latter will be described in the following as
photo-induced ‘‘birefringence.’’

The spectral behavior of the photo-induced magne
optical Kerr effect attd50 is shown in Figs. 2~a!, ~b!, and
~c! for ErMnO3, ScMnO3, and YMnO3, respectively. A
maximum of the Kerr ellipticity and a zero of the Kerr rota
tion are observed approximately at the same photon en
in ErMnO3 @Fig. 2~a!#. The spectral dependence for ScMnO3
@Fig. 2~b!# and YMnO3 @Fig. 2~c!# is similar, provided a shift
towards lower photon energies is performed, and is typica
the photo-induced magneto-optical Kerr effect in the case
a two-level system in which an energy splitting of the sp
sublevels exists.16,18

The electronic energy diagram of Mn31 ions, together
with those spectral shapes and the fact that comparable
ues of the Kerr effect were measured in all three materi
suggest that, within the studied spectral range, the obse
nonlinear optical properties are determined by thed–d tran-
sition 5G1→ 5G5 in Mn31 ions. The transition energy varie
slightly from compound to compound, which can be e
plained by the difference in their crystalline fields. The spe
trum of ErMnO3, with a transition energy markedly apa
from that observed for the two other compounds, can
accounted for by an additional transition4I 15/2→ 4I 9/2 in
Er31 ions that takes place at;1.525 eV.19

The dependence of the Kerr ellipticity upontd is shown
in Fig. 3 for ErMnO3. The signal is nonzero only over th
time domain of the cross correlation functionC(t) of pump
and probe pulses. A similar temporal behavior is obser
for the Kerr rotation. Figure 3 also presents the polarizat

to-
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rotation due to the photo-induced ‘‘birefringence,’’ who
temporal behavior, in contrast to that of the magneto-opt
Kerr effect, can clearly be decomposed into a fast initial pe
and a slower relaxing part. Bytd52 ps the relaxation ha
been completed and the signal reaches a plateau, wit
further change during the following 70 ps. It should be me
tioned that this photo-induced birefringence also contain
coherent peak within the duration ofC(t), but for clarity this
contribution is not shown. The data can be fitted neglect
this instantaneous coherent contribution and the best fits
obtained considering two relaxation components:18

uK5
B

2
expS w2

t1
2

2
td

t1
D F12erfS w

t1
2

td

2wD G
1

C

2
expS w2

t2
2

2
td

t2
D F12erfS w

t2
2

td

2wD G , ~3!

where w is the rms width of the pulses. The two relaxin
terms of amplitudesB andC have relaxation timest1 andt2,
respectively. The parametersw550 fs andt2@w were set
as fixed, whileB, C, andt1 were the fitting parameters. Th
fitting procedure produced an estimatedt15360640 fs.

Notice that no signal was observed when the linear po
ization of the probe beam was set tos, while the polarization
of the pump beam was tilted from its initials orientation by
an angle of 20°. This suggests that the temporal behavio
the photo-induced ‘‘birefringence’’ shown above is large
dominated by isotropic changes in the refraction index its

Under the assumption that light reflection from the crys
surface is determined by the real part of the refractive in
n, the amplitudesB andC deduced from the fitting procedur
were expressed in terms of the differential refractive ind
Dn/n, as presented in Fig. 4 for ErMnO3. This transforma-
tion was done assumingn52.01 over the whole studied
spectral range.20 Notice that the absolute sign of the phot
induced ‘‘birefringence’’ cannot be deduced from our me
surements. Consequently, the corresponding photo-refrac
and its characteristic amplitudesB andC are shown with an
inherent uncertainty about their signs. Clearly, though,B and

FIG. 3. Temporal dependences of the photo-induced magn
optical Kerr ellipticity ~open circles! and birefringence~solid
circles! in ErMnO3 at 1.61 eV. Lines are fits based on Eq.~3!.
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C have different spectral dependences. The amplitudeB of
the fast relaxing contribution shows a maximum at the
ergy of the transition5G1→ 5G5 in Mn31 ions ~see Fig. 1!,
whereas the amplitudeC of the slowly relaxing part change
sign at approximately the same energy. From the maxim
value reached by the amplitudeB of the fast componen
within the experimental spectral range, we could estimate
maximum of the relevant third-order susceptibilityx (3) of
ErMnO3 to be of the order of 231029 esu.

Absorption spectra of hexagonal manganites show
the spectral line of the5G1(t2

3e1)→ 5G5(t2
2e2) transition in

Mn31 ions is rather broad,7,8 which is usually attributed to an
electron–phonon interaction, i.e., the fact that the transit
of an electron towards an excited state is accompanied by
radiation of an optical phonon. Clearly, the very large sp
tral linewidth reported in literature cannot be related to inh
mogenous broadening.13 Moreover, the studied transition
takes place between states of different electronic config
tion, and is therefore intrinsically broad.9,13 Thus the lifetime
of the electron in the excited state cannot exceed much a
tens of femtoseconds. Therefore, in our experiment, the
sociated photo-induced magneto-optical Kerr effect is
expected to be observed for pump-probe time delaystd
longer than the duration of the pump-probe cross correla
function C(t). Nevertheless, whereas excited electrons re
very fast indeed, the medium remains in an excited s
because of the generation of phonons through electr
phonon interactions and nonradiative relaxation of electr
from the excited to the ground state. The complex refract
index should be sensitive to this nonequilibrium state. Th
the temporal behavior of the photo-induced ‘‘birefringenc
is driven by the dynamical phenomena involving phonon

Although a detailed explanation of this dynamical beha
ior is beyond the scope of this paper, we can neverthe
propose a simple model to describe the observed spe
dependences. The spectral dependence of the refractio
dex within a given energy range comprising only one el
tronic transition can be presented as the sum of an ene
independent contribution resulting from all electron

o-

FIG. 4. Spectral dependences ofB and C, amplitudes of the
relaxing contributions to the photo-induced differential refracti
index of ErMnO3. Lines are guides to the eye.
3-3
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transitions outside the considered spectral range and
contribution resulting from the transition within this rang
The latter depends on photon energy and is characterize
ans-like spectrum. In the frame of this model, the fast rela
ing component arises from photo-induced changes of
energy-independent part of the signal, i.e., it is mostly due
spectral changes outside the considered energy rang
spectral maximum of the fast relaxing contribution with
this range shows that the initial optical excitation of the s
tem consists of5G1→ 5G5 transitions in Mn31 ions. On the
other hand, the slowly relaxing component shows a disti
tive dispersion mostly conditioned by effective changes
the spectral weight of the resonant5G1→ 5G5 transition. The
drastic changes of theDn/n spectrum within the first 1.5 ps
strongly suggest rapid variations of the phonon distribut
function. The fast relaxation can therefore be attributed
phonon thermalization through the anharmonic decay of
tical phonons. From experimental Raman scattering data
can estimate that this decay takes place within approxima
500 fs.15 This is in good agreement with the value obtain
in this work (360640 fs). When this rapid thermalizatio
process is completed, the excitation of the system manif
itself through an increased phonon temperature. Although
temperature increase influences all optical transitions,
a-
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contributions from transitions other than5G1→ 5G5 are
blurred as a consequence of dispersion. Therefore the s
relaxation is related to lattice cooling.

In summary, a time-resolved spectral study of the thi
order nonlinear optical response of rare-earth hexago
manganites was performed. The observed spectral r
nances were attributed tod–d transitions 5G1→ 5G5 in
Mn31 ions. The nonlinearities exhibited by these system
found to be of the order of 231029 esu, are on a par with
the largest values measured in other inorganic compou
The decay of the nonlinearity resulting in an antisymmet
perturbationD« i j

a of the dielectric permittivity tensor was
shown to be conditioned by the relaxation of the excit
electrons. The nonlinear symmetric perturbationD« i j

s of the
tensor extends over a longer time span, and experienc
drastic change of its spectral dependence within the first
ps, the analysis of which led us to attribute its decay to b
phonon thermalization and lattice cooling.

We thank K. Kohn for providing crystals of ErMnO3 and
V. N. Gridnev for fruitful discussions. This work was sup
ported in part by NWO, INTAS, RFBR, and the EU TMR
Network NOMOKE.
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