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Abstract

BiCoO3 is a perovskite-type cobalt oxide with a polar structure. We investi-

gated dynamics of its polar state by using photoexcitation with femtosecond

visible and THz pulses. The intensity of the second harmonic light, caused

by a polar structure without inversion symmetry, was enhanced by more than

50% by irradiating the THz pulse showing ultrafast response following the fs

THz pulse. In contrast, it was suppressed by more than 60% by exciting vis-

ible light with 100fs pulse width at room temperature. These results suggest

not only an important role of the orbital excitation in the Co3+ ion but also

a key to improving the nonlinear optical response, e.g., a figure of merit in

nonlinear crystals on the time scale of femtosecond.
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I. INTRODUCTION

Solid materials with a polar structure have attracted much interest in condensed matter

physics because the polar materials including ferroelectrics show various interesting mechan-

ical, electrical, and optical phenomena originating from the breaking of inversion symmetry.

Among them, second-order nonlinear optical phenomena (such as second harmonic (SH)

generation, photovoltaic effect, and generation of THz pulses) are also attractive in the light

of photonic materials science as well as basic research on ferroelectric systems. As is widely

known, there are two keys to observing the nonlinear effects: finite second-order electric

susceptibility χ(2) originating from the polar structure, and strong laser light or pulses.

For the past few decades, the development of ultrafast laser systems has not only enabled

us to easily access the optical nonlinear properties but also revealed the importance of the

photoexcited state driven by the fs laser light [1]. Many studies concerning the photoinduced

state have been reported especially in strongly correlated materials as well as semiconductors,

demonstrating various ultrafast control of the refractive index or absorption coefficient by

light. Such photoirradiation can also control nonlinear optical properties originated from

χ(2) [2,3] in addition to the refractive index. This indicates the possibility that the figure

of merit of nonlinear materials can optically be improved via the nonequilibrium state, and

hence it is important toward future applications in nonlinear optical devices to search for

materials showing gigantic and ultrafast change of the second order effect driven by the

increase of χ(2) by light.

Among many examples of the strongly correlated oxides, perovskite-type cobalt oxides

are known to show a unique variation of the spin configuration coupled with the lattice and

electronic structures, which is called a spin crossover (SC) phenomenon [4]. The SC change

is a spin state transition of the trivalent Co(III) ion in a CoO6 octahedron between low spin

(LS; t62g) and high spin (HS; t42ge
2
g) state. The origin of the SC is basically attributed to the

energy balance between Hund’s rule coupling and the crystal field splitting, though other

scenarios exists such as an intermediate spin (IS; t52ge
1
g) state stabilized by the dynamical
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Jahn-Teller effect [5]. An important point of the SC Co oxide system is that the SC change

can also be realized by applying various external stimuli, such as changing temperature [4],

applying a strong magnetic field [6], and irradiating light [7–9].

Lately, Azuma et al. reported a new class of SC cobaltite, BiCoO3 (BCO) [10]. Figure

1(a) shows the crystal structure of BCO at room temperature. The crystal symmetry is

P4mm. Unlike a typical perovskite, there is one apical oxygen shift along the c-axis and a

Co-O5 pyramid exists in the unit cell. This clearly suggests that BCO has a polar structure as

a result of the symmetry breaking along the c-axis, which gives birth to gigantic spontaneous

polarization about ≈ 120µC/cm at room temperature [10]. In BCO, both the Bi and Co

ions are trivalent and the spin configuration of Co3+ is a HS state due to the pyramidal

structure, where the degenerated eg and t2g states are lifted as depicted in Fig. 1(b) [10].

An important aspect of BCO is the pressure effect: applying external pressure can change

the spin configuration in Co3+ from the HS state to a lesser spin state (the IS or LS state)

with the lattice contraction [10]. They also revealed that the pressure induced SC change

was involved in the polar to nonpolar structural change, indicating that BCO belongs to not

only the SC family but also a new class of a strongly correlated polar material, which is an

attractive target for future applications in ferroelectric devices.

In this paper, we report ultrafast control of the nonlinear behavior in the polar SC

cobaltite BCO using fs visible and terahertz (THz) laser pulses as external perturbations.

For the THz pulse, a technique has recently been developed [11] that can generate a strong

electromagnetic wave that has an electric field that reaches up to an order of ≈ 1 MV/cm

in the THz photon energy region. Such an intense electric field has recently enabled us to

see intriguing phenomena driven by such a strong field: the dynamical Frantz-Keldish effect

in semiconductors [12,13], insulator-metal phenomena in an correlated oxide [14,15], and

photoinduced superconductivity [16]. In this report, using the THz pulses and novel polar

cobaltite, we demonstrate large and ultrafast enhancement of the SH signal by more than

50% and discuss its origin in terms of orbital excitations in Co3+, referring to the recently

proposed idea of a photon-dressed state [17–19]. The observed results can be viewed as an
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optical technique not only to cause ultrafast switching of χ(2) but to enhance the value of

χ(2) itself in polar materials.

II. EXPERIMENT

A polycrystalline sample of BCO was fabricated under a high pressure of ≈ 6 GPa at

1200◦C, the details of which are described elsewhere [10]. The surface of the pressed sample

for the following optical measurements was prepared by polishing using alumina slurries. The

relative changes in reflectivity (∆R/R) and SH intensity [20] (∆ISH/ISH) after the optical

pumping of visible and THz pulses were obtained by using the conventional pump-probe

method using a mode-locked Ti sapphire laser light with a regenerative amplifier system

(≈150 fs pulse width, 1 kHz repetition rate, and ≈1.55 eV photon energy). The amplified

light was separated into two light beams. We used one beam as a probe pulse to detect the

reflectance and SH change. In the reflectance measurement, the reflected light was detected

by semiconductor photodiodes, and in SH measurement, the frequency doubled light (≈3.1

eV) was detected by a photomultiplier through the high-pass filters and the grating-type

monochromator to cut the fundamental ≈1.55 eV pulses as shown in Fig. 1(c).

For the photoexcitation, we used two different pulses: a visible pulse (≈2.6 eV) converted

by an optical parametric amplifier, and a THz pulse generated by the tilted pulse front

method using a LiNbO3 crystal. The details of the generation process of the THz pulse

are described elsewhere [11]. The temporal profile of the THz pulse was detected by an

electro-optical sampling method. The generated THz pulse was focused onto the sample by

using a parabolic mirror as shown in Fig. 1(c). All the experiments were done in air and at

room temperature.

III. RESULTS AND DISCUSSIONS

Figure 2(a) shows delay time (td) dependence of ∆R/R at 0.25 and 0.8 eV. The fluence

of the pump light (480 nm) is ≈8.2 mJ/cm2. In both the photon energies, ∆R/R shows a
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sudden jump just after the photoirradiation. The open circles denote the fitting result at

0.8 eV using a single exponential and a constant term, indicating that the lifetime is ≈ 0.2

ps. The inset shows the transient spectrum just after the photoexciation. The reflectance

spectrum of BiCoO3 is flat reflecting the insulating behavior, but, just after the photoex-

citation, the reflection around the near-infrared region forms a broad peak, suggesting the

appearance of a hidden electronic state. Very recently, Ishihara et al. theoretically calcu-

lated the photoexcited state for cobaltite, which is characterized by the near-infrared peak

due to the trapped eg electrons via the double exchange interaction (HS polaron state) [21].

This explanation is very consistent with the observed transient spectrum in BCO.

Figure 2(b) shows time dependence of ∆ISH/ISH. In contrast to ∆R/R, ∆ISH/ISH sud-

denly decreases by 60% with the pumping of ≈8.2 mJ/cm2. This indicates the pump light

decreased the averaged value of polarizations of the embedded polar domains. After the

sudden decrease, ∆R/R, ∆ISH/ISH similarly decays in the case of ∆R/R, the decay time of

which is also estimated as ≈ 0.2 ps. One scenario to explain the results is suppression of the

binding energy of the crystal of BCO. The pumping light causes the charge-transfer (CT)

excitation from O 2p to Co 3d orbital [4], which reduces the total Madelung energy. This

might weaken the stiffness of the metastable polar structure of the cobalt oxide. Conse-

quently, the photoexcited state in BCO by the visible light pumping is characterized by two

results: the near-infrared peak formed due to the HS polaronic state, and the SH intensity

greatly suppressed due to the photogeneration of the less polar structure.

The next issue to be highlighted is THz pulse excitations in BCO. Figure 3(b) shows

temporal profiles of the applied THz field (ETHz) used for the pump light. In the orange,

green, and blue profiles, intensities of the field were 3/4, 1/2, and 1/4 that in the red profile,

respectively. (The ringing structures after 1 ps in the temporal profile are caused by water

vapor absorption in air.) In the red profile, the maximum value of the peak field (Epeak)

was ≈0.8 MV/cm at ≈0 ps.

Figure 3(a) shows time dependence of ∆ISH/ISH of BCO with irradiation of the THz

pulses shown in Fig. 3(b). In stark contrast to the photoexcitation case (Fig. 2), by applying
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ETHz, ∆ISH/ISH clearly increases, and the magnitude of the relative change exceeds 50 %

at td ≈ 0 in the red profiles. As the ETHz decreases, ∆ISH/ISH decreases nonlinearly. What

should be noted is the sign of ∆ISH/ISH. In BCO, ∆ISH/ISH is always positive, regardless of

the direction of the THz pulse. It is worth noting that whereas the large change in ∆ISH/ISH,

∆R/R scarcely varies (< 0.1%) with the THz field [22]. This signals that the applied field

is barely affected by the linear refractive index or absorption coefficient at 3.1 eV and hence

the change of ∆ISH/ISH cannot originate from the photonic change of the first order of the

electric susceptibility, χ(1).

In Fig 4, to see the variation of the SH change more quantitatively, we plotted the

normalized maximum value (∆IpeakSH ) at ≈0 ps as a function of the peak electric field, Epeak.

The value of ∆IpeakSH nonlinearly increases as Epeak increases. The Epeak dependence of the

∆IpeakSH is well fit by the parabolic curve as shown by the solid line. The inset of Fig. 4

demonstrates the time profile of ∆ISH/ISH (black circles) together with that of |ETHz|
2 (red

line). ∆ISH/ISH is well scaled by |ETHz|
2. These results signal the observed SH change is

proportional to |ETHz|
2 at all td. It is interesting to compare the result with that in an organic

ferroelectrics, TTF-CA by Miyamoto et al. [2]. They also observed that the SH intensity

is modulated by applying the THz pulse, in which the value of ∆ISH/ISH is proportional to

ETHz in TTF-CA, implying that ETHz slightly modulates the direction of the polarization.

This is in contrast to the observed change in BCO, where ∆ISH/ISH ∝ |ETHz|
2.

Here, let us discuss an origin of the observed THz field effect. Our results show the

positive increase of ISH regardless of the direction of ETHz, suggesting that the THz pulse

affects χ(2) itself through the optical transition by the THz pulse. Very recently, Iwai et al.

[23] has demonstrated that some absorption peaks originate from the d–d transition through

a quadrupole or magnetic dipole process around the THz energy region, where the usual

optical phonons are not observed in a similar perovskite LaCoO3 [24]. Judging from the spin

configuration in Fig. 1(b), in BCO, it is reasonable to consider that the d–d excitation from

an occupied dxy to an unoccupied dyz or dzx state can exist around the wide energy band of

an applied THz pulse. Under these circumstances, the photoexcited dyz or dzx electron can
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further elongate the apical oxygen of the pyramid thorough electron-phonon coupling and

hence cause the resultant enhancement of the pyramidal polar structure or increase of χ(2).

When we take the lowest term of ETHz, χ
(2)can be expanded [25] as χ(2) ≈ χ

(2)
0 +∆χ(2)|ETHz|

2,

where χ
(2)
0 and ∆χ(2) are the original susceptibility and variation of χ(2) with the THz pulse,

respectively. Then, ∆ISH/ISH ≈ 2|∆χ(2)/χ
(2)
0 ||ETHz|

2, which is consistent with the observed

power dependence in Fig. 4.

In this scenario of the actual orbital excitation, however, one may consider that the

disappearance of ∆ISH/ISH in Fig. 3(a) without a THz field is difficult to explain because

the lattice deformation might remain even after the THz field is removed. Very recently,

Morimoto and Nagaosa have calculated χ(2) in ferroelectrics [18,19] taking account of the

dressed state as well as Berry phase connections between the valence and conduction bands.

According to their results, the value of χ(2) can be enhanced as long as the incident light

forms photon dressed excitons in the ferroelectric crystal. This idea can be one scenario for

our THz experiment: the interorbital transition between t2g states driven by THz pulse can

cause an exitonic THz-dressed state, which can explain not only the resultant increase of χ(2)

but also the observed ultrafast change of ISH. This model is one of the possible candidates

and to make clear the microscopic mechanism a more detailed approach needs to be studied

and developed for the photoexcited state considering fourth current response with pumping

light and the incident pulse, in addition to the ultrafast structural measurement with THz

pulse.

IV. SUMMARY

In summary, we investigated the photoexcited state and variation of the SH generation

effect in a polar cobalt perovskite, BCO by pumping femtosecond visible and THz pulses.

Whereas the 480 nm excitation suppressed the SH intensity by ≈ 60%, irradiating the THz

pulse (≈ 0.8 MV/cm2) largely enhanced the SH intensity by more than 50 % on the time

scale of fs at room temperature. Especially the ultrafast enhancement of the SH signal might
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be understood in terms of the photonically dressed orbital transitions between Co t2g states

driven by the THz pulse as recent theoretical work has suggested. These results can propose

a technique to control the nonlinearity, or χ2 of a polar material by light on the fs timescale.

The irradiation of THz pulse can be viewed as a method for optically improving figure of

merit in nonlinear crystals for fs laser pulses.
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FIGURES

FIG. 1. The crystal structure (a) and the spin configuration (b) of BiCoO3 after Ref.[10]. (c):

Schematics of the THz pump and SHG probe measurement system, in which M, L, and HPS are

mirror, lens and high-pass filter, respectively. The THz pump pulse was focused onto the sample

using the parabolic mirror while the 800 nm probe pulse with the lens through the parabolic mirror.

The generated SH pulse was introduced to the monochromator and detected by the photomultiplier.

FIG. 2. Delay time (td) dependence of relative change of the reflectivity (∆R/R) at 0.25 eV

and 0.8 eV (a) and second harmonic intensity (∆ISH/ISH) (b) after photoirradiation of ≈ 2.6 eV

pulse. The inset shows the transient reflectance spectrum just after the photoirradiation (td ≈ 0

ps). The fluence of the pump pulse is ≈8.2 mJ/cm2.

FIG. 3. (a): Time profiles of the relative change of the second harmonic intensity (∆ISH/ISH)

with several different THz pulse. The color of each profile corresponds to that of THz pulse shown

in (b). (b): Waveforms of the THz filed used for the photoexcitation in the time domain. In the

orange, green, and blue profiles, intensities of the field were 3/4, 1/2, and 1/4 that in the red

profile, respectively.

FIG. 4. Normalized maximum value of the second harmonic change at ≈ 0 ps (∆IpeakSH ) as a

function of the peak value in the THz electric field (Epeak). Inset shows time profiles of ∆ISH/ISH

and square of the applied THz field (|ETHz|
2).
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