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Spectroscopic study of photoinduced charge-gap collapse in the correlated insulators
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We observed an instantaneous reflectance change triggered by pulse laser irradiation. The laser heating
cannot account for the action spectra, which are indicative of the charge-gap collapse. It is found in
Pr,_,CaMnO; for a wide range of Ca doping=0, 0.1, 0.2, 0.31, 0.4, and 0.5, which suggests that the
photoinduced charge gap collapse is not characteristic of charge-ordered insulators. We propose that the
photoinduced charge gap collapse can be a general behavior in strongly correlated insulators.

The phase control in strongly correlated transition metal In order to study the role of photoexcitation, we will con-
oxides has been an attractive subject for many years. Theentrate on the first stage without electric field in this paper.
perovskite-type manganiteR, _,A,MnO;, where R is a  We measured the action spectra of the reflectance change in
trivalent rare-earth ion and is a divalent alkaline-earth ion, Pr,_,CaMnOj; for a wide range of Ca dopingkE&0, 0.1,
have been extensively investigated since the rediscovery .2, 0.31, 0.4, and 0)%y a pump and probe experiment. As
colossal magnetoresistan¢€MR).> The mother material, Shown in Fig. 1, this doping level covers entirely different
RMnOs, is a typical Mott insulator, while the system tends to Phases: antiferromagnetic insulators for all temperature
be metallic with hole doping a&2* substitutes foR3*. The ~ ranges ¥=0 and 0.}, paramagnetic and ferromagnetic in-
metallic state is accompanied by ferromagnetic spin orderin§u/aors &=0.2), and paramagnetic and CO insulatoxs (
through a double-exchange mechanism, which is a dominant 0-31, 04, and 0/  Single-crystal ~samples of
driving force of CMR phenomen2a3. However, P.rl_xC@M_nog were synthesized by the flpatlng—zone tech-
Pr,_,CaMnOs, which has a smaller one-electron bandwidthMidue, which has been reported in detail e!sewﬁeTéﬂe
W, shows no ferromagnetic metallic phase and undergoes RP'arization dependences are not discussed in this paper be-
charge-ordering phase transitibf.In the charge-ordered C2US€ aII. the gamples are multldomqln crys.tals. An optlcal
(CO) insulating state, M and M+ sites are alternately Parametric oscillatofOPO, pumped with a third-harmonic
aligned accompanied by spin and orbital ordering because & & Nd:YAG laser with 7 ns light pulse, was used for the
strong intersite Coulomb interactions and cooperative JahrRUMPIng laser pulse of a wide energy ranges-1.5 eV.
Teller lattice distortion. In previous works, a metallic state Th€ reflectance change of a cw Nd:YAG laser light (
has been obtained by magnetic fiefdpressuré, electric ~ — 1-06 «m) was monitored with an electrically cooled In-
fields® x-ray irradiation®° and electron beam irradiatidh. GaAs photodiode. In order to avoid thermal heating, the
These external fields act on the charge, spin, and/or latticBroPe laser beam was mechanically chopped to a width of
which are strongly coupled. In a certain temperature regiont-8 MS at a frequency of 10 Hz, synchronized with the pump-

the system is metastable between CO insulating and metallic

phases, resulting in an irreversible field-induced insulator- 300 —
metal transition. E
- B Pr, .Ca MnO
We have recently reported that the visible-IR pulse laser 250 [ G2 Mi0 5 1
irradiation also induces an insulator-conductor transition in r e
the CO phase of Rr,CaMn0;.'%3 By illuminating the i Teo col 4

sample with a pulse laser in the presence of a static electric
field, a stable current path is formed across electrodes, which
can be clearly visualized through a change of reflectitfty.
The current path formation is supposed to consist of two
stages?® First, metallic clusters are induced by laser emis-
sion, which can be detected as instantaneous photocurrent
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and reflectance change. When the applied electric fields 50 - I : I ]
across the electrodes are small, the photocurrent and reflec- r i

tance changes decay to zero in a fea. In the second stage, oL . -
when a large electric field is applied across the electrodes, 0 01 O'Zx 0.5

the metallic clusters are stabilized by electron injection from
the electrodes, to form a static current path. In contrast to the FiG. 1. The electronic phase diagram of BICaMnOs. Abbre-
magnetic field and x-ray-induced cases, the photoinducegations represent paramagnetic insulatiRg), spin-canted insulat-
conducting state is unstable when the electric field is reing (Cl), ferromagnetic insulatingFl), and charge-ordered insulat-
moved. This may signal a fundamentally different nature ofing (COI) states, respectivelyTy, T¢, Teo, and T, Stand for

the photoinduced phase change, which warrants further inantiferromagnetic, ferromagnetic, charge-ordering, and spin-canting
vestigation. transition temperatures, respectively.
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FIG. 2. Pumping energy dependencies of reflectance change, FIG. 3. Optical conductivity spectra of Pr,CaMnO; (x=0,
detected athw=1.16 eV A =1.06 um). The irradiated photon 0.1, 0.2, 0.31, 0.4, and 0.5t 10 K. The peak structures at about 1
number was kept constant to be %.60'7 photons per cth The eV are assigned to the excitation energy of an electron frémt®
inset shows the time dependence of reflectance=i9.31 sample, Mn** as shown in the left inset, while the broad peaks above 2 eV
pumped by a 1.4 eV laser pulse of 7 ns. are ascribed to the CT excitation?Oto Mn®*, as shown in the

right inset.
ing pulse laser. All the photoexcitation measurements were
performgq at 30 K in a He-flow-type cryostat. The Opt'?al the reflectance change, the electronic structure of the com-
conductivity spectrum of each sample was obtained via & nds was studied by optical reflectivity measurements for
Kramers-Kro_mg transfo_rm _of respective reflectivity data, 5 \ide energy region in each sample. The obtained optical
measured with a C_omblnatlon of a Fourier transform SPeCeonductivity spectra at 10 Kr(w), are shown in Fig. 3. All
trometer and a grating monochromator from 0.05 eV to 6 eVspectra show insulating behaviors, growing up frotfw)
at 10 K. =0 athw=0. The spiky structures around 0.06 eV are due

The growth of conducting clusters and the recovery to thep optical phonon modes. One can see broad peaks at 1 eV in
insulating state are observed as a change of reflectance. Thfe x=0.31, 0.4, and 0.5 samples. As reported previously in
time dependences of the reflectance at u®6 (1.16 eV}  temperature- and magnetic-field-dependent optical spectros-
were measured in the range froab us to+40 us of laser  copy measurement§ the broad peak structure at about 1 eV
pulse. As shown in the inset of Fig. 2, a sharp decrease of the the x=0.4 system is assigned to the charge-ordering gap,
reflectance and a gradual recovery, with a time of as long asorresponding to the excitation energy of an electron from
about 10us, are observed in all compounds. In the follow- the &~ to Mn** site. It is natural that the observed peaks in
ing, we refer to the peak changAR, defined as R  the x=0.31 and 0.5 spectra are also ascribed to the same
—Rg)/Ry, WhereR, andR is the reflectance before and at origin. On the other hand, in the=0 spectrum, a monotoni-
theinstance of laser irradiationrespectively| AR| increases cal increase ofr(w) is observed up to 2 eV. Arimat al.
almost linearly to the pump laser intensity. In our presenthave reported an optical spectrum of LaMgtdin which a
experiments, the incident photon number was kept constamteak ofo(w) is observed around 2 eV, which is assigned to
at 1.6< 10'" photons per cfat each pulse with a spot size of a charge transfefCT) gap. The PrMn@ spectrum in our
about 500um. We plot|AR| in Fig. 2, detected at 1.06m,  experiments is similar to their results, indicating that the
as a function of pumping photon energy,,,. A monotoni-  weak peak structure at about 2 eV can be assigned to the CT
cal decrease OfAR| toward low energy is observed in all excitation gap, electron transfer fronfOto Mn*. There-
samples. However, we can see a cleatependence in the fore, a gradual spectral weight transfer from 2 eV to 1 eV
intensity. The spectra fax=0.2, 0.31, 0.4, and 0.5 are al- while increasingx corresponds to an increase of the transfer
most identical. It is striking that the=0.2 samplga ferro-  probability of &~ —Mn*", because Ca doping on the Pr site
magnetic insulatgr behaves similarly to thex=0.31-0.5 introduces holes on the Mn sites.
compounds, because, in previous works, external field- The x dependence of the gap,s on the reflectance
induced insulator-metal transitions were considered to behange measurements can be naturally understood in terms
characteristic phenomena of CO insulators. The value obf the spectral weight shift inr(w): A,~0.5 eV for the
|AR]| is about 0.1 at 1.4 eV pumping and decreases to zero &’ —Mn** transfer forx=0.2 andA~1 eV for &7~
about 0.5 eV, indicating an energy gag.~0.5 eV. The —Mn*" transfer forx=<0.1. Thex dependence diAR| rep-
lightly and undoped samples=0 and 0.1 show smaller resents the stability of the insulating state. &0 and 0.1
|AR|, about 1/3 inx=0.1 and 1/5 inx=0 at Ep,, compounds show smallAR|, while large reflectance
=1.4 eV, compared to highly doped compounds. The reflecehanges are observedxz0.2. All experimental results in-
tance change decreases toward the low-energy region, whiclicate that the instability of the insulating phase increases
disappears at 0.9 eV and 1.0 eVxr0.1 andx=0, respec- with the hole doping, which saturates»at 0.2.
tively. In any photoexcitation experiment, one cannot avoid the

In order to investigate the origin of thedependences of
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D TR read off from Fig. 4b). Figures %a), 5(b), and 5c) show the
Pump Power (u]) absorption coefficient, pumping energy dependence of calcu-

lated surface temperature change, and action spectrum of re-

FIG. 4. Pumping power dependence of reflectance chihge  flectance change for the=0.31 sample, respectively. All
at 1.16 eV in thex=0.4 sample at 30 Ka) and temperature depen- values are arbitrarily normalized at 1.4 eV. The overall trend

dence of reflectancé), detected atiw=1.16 eV \=1.06 um). N the calculated temperature change is not consistent with
() represents pumping power dependence of the expected surfalis® experimentally observed action spectrum. In the low-
temperaturel yq,c.deduced froma) and (b). energy region, absorbed photons which are supposed to

cause local heating do not contribute to the reflectance
] change, which implies that action spectra of reflectance
bolometric effect completely. The ns pulses used here arghange cannot be explained by a simple heating picture. Just
more prone to the bolometric effect compared to sub-psgs in ordinary solids, we expect that the tail of the absorption
pulses. In order to estimate the temperature swing during thgap consists of localized states below the “band ¢@p
pulse irradiation, we show the reflectance change at 6  excitation.” As such, photoexcitation in this range of spec-
in the x=0.4 sample,|AR|, as functions of the pumping trum does not contribute to a drastic alteration of the elec-
laser power and temperature, in Figéa)dand 4b), respec- tronic state. Figure 5 thus signifies that photoexcitation into
tively. | AR| grows up to 0.1 with increasing pumping power, the proper electronic states is essential for the reflectance
while the temperature dependence|AR| is dull and tends change. The large change signals the collapse of the energy
to saturate around room temperature. If we assume that ttgap, be it the charge-ordered gap or the Mott gap. It is to be
temperature increase by laser irradiation causes the refleadded, however, that a considerable surface temperature
tance change, the expected surface temperature vs the irragiwing is possible as well. In order to obtain a better estimate
ated laser power would look like Fig(e). The upward con- of the bolometric effect, measurements employing thin films
cave shape of the temperatufle vs the laser power is are under way.
inconsistent with a local heating picture. It is reported that In summary, we observed a sudden decrease of the reflec-
the specific heat of manganites increases monotonically wittance at 1.16 eV synchronized with pulse laser irradiation in
temperaturé® Therefore, the surface temperatufeshould  Pr;_,CaMnO; (x=0, 0.1, 0.2, 0.31, 0.4, and 0.5The op-
be an upward convex function of the impute power. tical conductivity spectra show a gradual crossover of the
Further evidence excluding the simple heating picture isspectral weight from 2 eV to 1 eV with hole doping, which is
the action spectra of the reflectivity change. We estimatedonsistent withx dependences of the photoexcitation gap in
the local temperature rise by laser irradiation assuming thakeflectance change measurements. The action spectra in the
the absorbed light energy is instantaneously distributed to alleflectance change cannot be explained by a laser heating
degrees of freedom within the absorbing volume. Using a setffect. We conclude that laser irradiation excites localized
of measured parametefiseat capaciti? and optical absorp- electrons to destroy the charge gap, which may be a general
tion coefficienj, we calculated the surface temperaturebehavior not only of CO insulators but also of strongly cor-
change, from which the expected reflectance change waeglated insulators in general.
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