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Action spectra of the two-stage photoinduced insulator-metal transition in Py_,Ca,MnO,
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The action spectra for the photoinduced insulator-metal transition; inaMnO5; were investigated in the
0.45-3.05 eV range. The photon-density threshold for the transition exhibits a gaplike behavirdateV
with anisotropic features, and it is insensitive to the degree of carrier dopiAgtwo-stage mechanism is
proposed for the transition. In the first stage, photoexcited charge carriers melt down the charge-ordered state
by screening effects, which is followed by a local formation of metastable metallic domains. In the second
stage, the barrier between the metallic domains is overcome by an applied electric field resulting in a continu-
ous conducting path that remains stable as long as the current is main{&0&@3-1829)03935-1

[. INTRODUCTION a systematically lower magnetic field as the composition
varies from 0.5 to 0.8.
Perovskite manganites with the formua_,A,MnO; (R The application of external forces other than a magnetic

andA being rare- and alkaline-earth ions, respectivale a  field can also lead to a breakdown of charge ordering and
model system for extensive testing of the concept of “phaséherefore an IMT°7*? The photoinduced IMT(Ref. 12 is
control.” Charge, spin, orbital, and lattice act as independen@utstanding in the sense that only a well-localized conduct-
yet strongly coupled physical degrees of freedom that can b&9 path is generated whereas the bulk of the sample remains
influenced by a variation of the compositional degrees of”sm?‘t'”%é The phase transition is therefore distinctly
freedomR, A, andx. The interplay is subtle and leads to ocalized: ot much is known about light induced phase
highly complex phase diagrams and a number of unusuér.ans't'oné. and, n particular, about the microscopic mecha—
magnetic and electronic properties of these compodiis. nism and its relation to the well-studied magnetic field in-

... .duced IMT in our case. Here we report the action spectra of
The most spectacular of these may be a change of resistivi . .
of up to more than ten orders of magnitude in the course o 1€ photomduceq IMT, fror_n which we propose that the. tran-

ition proceeds in two distinct steps: creation of metallic do-

an insulator-metal transitiofMT) upon the application of a mains by light followed by their fusion by the applied elec-
magnetic field, the so-called colossal magnetoresistanq?ic field.

(CMR).#
In the CMR compound Rr,CaMnOg, the small ionic
radii of the cations at thé\ site lead to a small transfer Il. EXPERIMENTAL

integral between Mn ions. Charge localization is therefore _. . .
strong, and the compound shows insulating behavior over the OFg/(;a glggr%nzobucl)kﬁs)a;nnpéeg 5(())1‘ a%é?;xglogin\:ven:siéns of
whole composition range. For 6sX=<0.5, the material is  1_4 nm were in;/eétig,ated. The=0.40 sample was an
charge ordered at low temperature, exhibiting a CE-tyP&horhombic single-domain single crystal whasé, andc
structsuge[Hg. 1(b), inseq, which is incommensurate fot  ayes had been determined by x-ray diffraction. In the other
#0.5”" The charge-ordered state is energetically nearly desamples, the almost cubic symmetry of the crystal lattice led
generate with the charge delocalized metallic state driven byy 3 multi-domain structure of the principal axes. After ap-
the double-exchange mechanism. Therefore, a first-ordgslying the same polishing process to all the sampfés,
phase transition from the insulating “charge lattice” into a some of them exhibited mirrorlike surfaces whereas others
conducting “charge liquid” can be induced when a critical appeared blurred due to an infrequent pattern of microscopic
magnetic field is exceedédAs the M sites are replaced defects. A pair of gold electrodes separated by a straight 25
by Mn®* ions, the charge transfer along theaxis is pro- um gap was vacuum evaporated onto the surface of the
gressively promoted. The material thus undergoes the IMT atamples and connected to a dc regulating power supply pro-
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ool covers the space between the electrodes at an arbitrary posi-
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tion along the gap. Since the light-intensity threshold for the

B~ transition is highly sensitive even to tiny misalignments,
TG Q\E great care had to be taken to achieve and maintain an optimal
A :g’:’ﬂ*'ﬂf’iﬂ%u:um adjustment. For this purpose the image of the sample was
——t—t—+——1— monitored with a CCD camera equipped with a telephoto

lens. This enabled the adjustment of the laser beam and
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~1.0F = 15[ Once the conducting path has been formed, it remains
e | U I b 44 '_E Pr,.Ca,MnO, stable without further illumination as long as a current is
o L 2 sl [) x=04 flowing between the electrodes, but the sample returns to the
© 0.8 - \ ' initial insulating state immediately after the current has been
> } E"z.' E switched off. The path is always formed inside the illumi-
o 06FUllcg gMr 3 nated regiort> Consequently, the phase transition is most
2> ! £ 10 L2 L] easily induced if the laser spot is well focused and fully
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L helped to detect and avoid damages of the sample surface or
E the electrodes. Still, frequent fine alignment was required
ke, since wavelength tuning of the OPO led to defocusing and a
° beam walk off. The criterion for the best adjustment was
T minimization of the pulse energy required for the photoin-
3 duced IMT. Gradually occurring effects, due to the unstable
5 performance of the OPO laser beam or to microscopic dam-
© ages of the electrodes after recurrent induction of the phase
g- transition, were taken into account by repeating the measure-
ment several times during one experimental run. Asymme-
0.0 tries originating in an elliptical laser-beam profile were com-
03 04 05 06 07 0.8 09 1.0 1.1 1.2 1.3 pensated by verifying the threshold for the IMT for selected
Photon energy (eV) photon energies with the sample rotated by 90°.
FIG. 1. (a) Spectral and polarization dependence of the photon IIl. RESULTS AND DISCUSSION

density o required to trigger the IMT in a B§C& /MnO; single Figure Xa) shows the action spectrum, that is, the spectral
crystal at 30 K for a voltage of 50 V applied to the sample elec-ang polarization dependence of the minimum photon density
trodes separated by a 25m gap. Circles and squares denote a . required to trigger the IMT in the RECa ;MnO; single
transition induced by applying the voltage) along theb or ¢ axis crystal with 50 V applied. Sincer does not vary much at

of the crystal, respectively. Open and closed symbols denote a P®Bhoton energie€>1.0 eV, only the low-energy range is
larization of the incident light along thle or ¢ axis of the crystal,  gown in Fig. 1a). There is distinct evidence for an energy
respectively. The inset shows the spectral dependence of the anis%}ap atE~0.4 eV. The threshold density remains indepen-
ropy ratio o(b)/c(c). (b) Optical conductivity spectrum of the - jent of the polarization of the incident light, but beldgv
sample at 10 K for electric fields of the incident light {,) polar- =1.0 eV an anisotropy appears with respect to the direction
ized along theb andc axis, respectively. The inset shows the col- of the applied electric field, the anisotropy ratigb)/«(c)
linear CE-type spin-, orbital-, and charge-ordering structure. LObeﬁeing shown in the inset iﬁ Fig.d. For comparison, Fig.
denote the manganesig,z_2 anddsyz_2 orbitals. 1(b) shows the optical conductivity spectrum for light polar-

. B . . ized along theb and c axis, respectively® Contrary to the
tected by a 50 resistance. On the=0.4 single-domain action spectrum, the optical conductivity starts to rise at

sample, two pairs of electrodes with gaps perpendicular g, er energy with a clear anisotropy with respect to the po-
each other were evaporated so that the electric field could bgyiation of the incident light.

applied along thé andc axes simultaneously with indepen-  Figyre 2 shows the action spectra of all samples with 50
dent power supplies. The samples were mounted in & applied to the electrodes. The=0.40 spectrum of Fig. 2
continuous-flow helium cryostat and kept at a temperature ofyas derived by averaging over the four spectra of Fig).1

30 K unless otherwise stated. As light source, an opticaSince all other samples were not single domain, the direc-
parametric oscillatofOPO pumped by the third harmonic tional dependence of their spectra was not studied. EFor
of a Nd:YAG laser was used. The IMT was induced by illu- >2.0 eV, o saturates at a value quite insensitive to both
minating the gap between the electrodes with 5 ns lighphoton energy and carrier doping. By averaging over the five
pulses from the OPO at a photon energy of 8:805 eV, different curves, the saturated photon density is found to be
while applying a fixed voltage of up to 50 V to the elec- ogu=(24.6+2.9)x10" cm 2 in the 2.0-3.0 eV energy
trodes. The transition was noted as a sudden drop of theange (inset in Fig. 2. For E<2.0 eV, ¢ increases with
resistance between the electrodes after a single light ptilse decreasing photon energy. A steep increase af the low-
The polarization and intensity of the light pulses were con-est photon energies indicates the presence of an energy gap
trolled with three revolving Glan-Thompson prisms. Theat E~0.4 eV. At 0.45 eV, is about 50 times larger than
pulse energy was monitored with a flat-response Joule metes;., with a variation of=50% for the different samples. The
and the beam diameter was measured with a traveling knifeariation, however, does not systematically depend on the
edge. The absorbed photon densitywas calculated using degree of carrier doping. It is rather due to the aforemen-
results of these measurements and was corrected for the réaned differences in sample quality or long-term variations
flectivity. of the laser performance. Nonetheless, the anisotropy
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[o(b)/o(c)~1.5 at E=0.45 eV] for thex=0.4 sample the photoexcitation has to overcome the highest barrier in

[Fig.1(a)] is reliable, since the data were gained from a singlea” directions against charge delocalization for the phloto.m-
sample and in a single run. duced IMT. This should be the charge-transfer excitation
The insensitivity to the degree of carrier doping of thefrom Mn®* to Mn** in the CE-type charge- and orbital-
spectra shown in Fig. 2 is the most remarkable feature. Agrdered state. The insensitivity of the gap energy and of
shown in Ref. 7 and mentioned earlier, it becomes easier ta to the compositiorx is reasonable since the CE-type or-
induce the IMT in a magnetic field upon a decrease foom dering, which is overcome by the photoinduced screening,

=0.5 tox=0.3. The absence of this tendency in our experi-persists throughout the entire composition rangesx3
ments shows that the mechanism underlying the photoin<0.58
duced IMT acts on the charge-ordered state in a completely (2) Phase transition due to screening by photoinduced
different way. charge carriers are known in ferroelectric materials where
The magnetic-field induced IMT described in Sec. | is anscreening modifies the frequency of the soft polarization vi-
equilibrium process. The insulating state with low transferbration mode and therefore the Curie temperatfiras to
integral at zero field and the metallic state with higher transthe manganite compounds, screening attenuates the long-
fer integral at a nonzero field are about degenerate, and thenge Coulomb interaction, which, besides Jahn-Teller and
Zeeman energy simply biases the fluctuations around thether local lattice distortions, is responsible for the charge
system equilibrium to find a path from the insulating to thelocalization!”*® The Hamiltonian for the double-exchange
metallic ground state. In this sense, the transition is governeihteraction is modified by the screening to a much lesser
by the weakest path through phase space between the tvextent!® When the screening is strong enough, the charge

ground states. localization therefore becomes inferior to the double ex-
The optical transition, on the other hand, is a nonequilib-change, and the IMT occurs.
rium process and may be divided into steps as follods: (3) The photoinduced metallic phase is created locally and

From the localized state, charge carriers are excited acrosiserefore strongly competes with the surrounding antiferro-
the M®*—Mn*" charge-transfer gap by a light pulg®) magnetic phas#. Due to this “pressure,” the metallic state
Due to screening by the delocalized electrons, the chargés not stable, even though it is surprisingly long lived with a
ordered state melts, ar{@) the formation of a multidomain lifetime of about 1xs2%??|f the sample has fully undergone
metallic phase occurs instea@l) The decay of this meta- the IMT in a magnetic field, the lifetime is greatly extenéed
stable state is interrupted by the electric field by fusing thedue to the absence of the background pressure so that the
domains into a continuous conducting path between the eleenetallic state is regarded as stable. Note that the described
trodes. Once the path is established, the dc current providgghotoexcitation is a quantum process. Thereforegti@ntum
the screening and maintains the metallic phase for an infinitefficiencysaturates at high photon energi€gg. 2, inset. On
time. the other hand, thpower efficiencgoes down as the photon

(1) The relevant optical excitation process in this modelenergy goes up, disproving that laser heating is of any
can be seen by comparing Figgaland Ab). The low-  significance213%
energy tail in the optical conductivity for the-polarized (4) It is known that the photoinduced phase is
light is due to the extended one-dimensional electronic statéerromagnetié® In the absence of the external magnetic
along thec axis mediated by the partial filling of the;  field, however, the ferromagnetic domains are randomly ori-
orbitals at Mrt* sites as discussed before. The optical exci-ented and cannot easily merge. The role of the external elec-
tation within this extended state, however, does not disruptric field in the photoinduced IMT is to fuse the domains and
the charge-ordering pattern and hence cannot lead to the m& form a continuous conducting path between the electrodes,
tallic state, which must be three-dimensioffalClearly,  which prevents the charge carriers from relocalization as
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long as the current is maintained through it. The fusing prothe averaged value and the insensitivity to the direction of
cess requires essentially the electrical breakdown in the inthe applied electric field confirm that,,(U) is indepen-
sulating parts between the domains. Creation of metastablgent of bothE and of the orientation of the crystal. Accord-
metallic domains by light followed by their fusion into a ing to the two-stage model, the voltage required to trigger the
stable metallic path by the applied voltage constitute ougeneration of the conducting path should only depend on the
two-stage photoinduced IMT model. _ density of metallic domains, irrespective of the photon en-
The above scenario is buttressed by the observation thaqy of the excitation. Even though the required photon den-
the resistance of the conducting pasiee belowis indepen- i depends ofE (because the density of metallic domains

dent of the degree of carrier doping whereas the ohmic redoes), the normalized threshold value,,(U) should not,
sistance of the samples in the insulating state changes b&/ ©

three orders of magnitude while going fror=0.5 to x hd indeed it does not.
o . Let us further note two distinct features in Fig. 3. The first
=0.32° The thresholdr thus reflects the resistive properties us wo dist ures In g )

of the metallic state, which corroborates thatis determined Lirg]sehg{;eggéessgogsr}:g db\(/act)\f\tlaeeg tgr? drter::elp;z(c:;ilngoi;rqsgzg (i/
by the electric field applied to the sample in the stafter PP g€,

the laser irradiation when the metallic state is alreadyo_ffset at the abscissa. Both cannot be understood in terms of

present. The two-stage model is also supported by Fig. 3, ifmP!e percolatiof? or Ostwald ripening phenomeA@ain
which the threshold photon density is plotted as a function of Ithér case, more photons create more metallic domains,
the applied voltage. The threshold values at six differentVhich at some point should fill up the space between the
photon energiesg§=0.5, 0.6, 0.7, 0.9, 1.2, and 1.6 g¥or electrodes resulting in the metallic path at zero applied volt-
the electric field applied along tHeor ¢ axis of thex=0.4  @ge. One would expect an abrupt drop of applied voltage as
sample, respectively, were normalized to the threshold at 1/onom @pproaches zero, and a nonzero intercept on the or-
=50 V and averaged over all six energies to arrive atdinate rather than on the abscissa. The behavior shown in

(Trom(U))=(c(U)/ (50 V)). The small 5% variance of Fig. 3 can be understood if we consider the internal degree of
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freedom of the metallic domains, the magnetization. Becauseffects would add up, and should smoothly decrease to-

the total magnetization should be conserved during the phowards zero at 53 K. Lack of such a behavior indicates that

toexcitation, the domains that appear out of the antiferromagthe role of the applied field in the respective IMT’s is com-

netic background must be accompanied by domains with oppletely different.

posite spin, the boundary being the antiferromagnetic

insulating wall. This is not to be confused with a domain IV. CONCLUSION

wall in an ordinary ferromagnetic metal. Even at the limit of

infinite light intensity, the boundary between the domains In summary, the application of optical spectroscopy re-

is left. The applied field is needed to overcome this boundaryealed that the photoinduced IMT inPrCaMnO; can be

whereby te 5 V offset must be exceeded in order toregarded as a process with two largely independent stages.

maintain the continuous metallic path in accordance withAt the first stage, charge carriers are photoinduced in a

Fig. 4. charge-transfer excitation. The screening effect weakens the
With the above view, the anisotropy in Fig(al can be  strong correlation between the electrons leading to the reor-

easily understood in terms of the aforementioned “pres-ganization of the local electronic structure from that of the

sure.” One signature of such an effect is the current-voltage€harge-ordered insulator to that of the metallic phase. At the

(1-U) relationship after the IMT, which is shown in Fig. 4. sec_ond stage, the insulating barriers bet_ween the_ |sqlated me-

tallic domains are overcome by an applied electric field, and

The re&stanc@_J/l represe_nts the “stress needed_to MaiN- 5 metallic path is formed between the electrodes. Unlike the
tain the metallic path against the surrounding antiferromag-

. ) . : magnetic-field induced IMT, which works via the amplifica-
netic §tate. With the width of the~ conducting path COIme-4: 0 of double exchange, the photoinduced IMT works via
sponding to the path current, theU curve shows strong the attenuation of charge ordering. It is therefore insensitive
negative differential resistanci/d1.2528 According to Fig.  to the degree of carrier doping.

4, the resistance for a given current along lthaxis is 50% According to the proposed model, the presence of the
higher than for thec axis. This reveals a corresponding an- metallic state is due to photoexcitation whereas the external
isotropy of the background pressure which in turn explainslectric field enables its persistency. Hence, evidence for the
the anisotropy otr with respect to the direction of the elec- metallic state should be found in a pump-and-probe experi-
tric field in Fig. 1(a). ment in which the spectral change of reflectivity accompa-

The final evidence that the photoinduced IMT occurs farnying the phase transition is probed in the absence of an
away from the thermal equilibrium and that it is not affectedelectric field. An investigation of the temporal evolution of
by laser heating is presented in Fig. 5, in whighs plotted  the photoinduced IMT would therefore offer a different ap-
as a function of the temperature. The incident photon energgroach to the problem of “phase control.”
and the applied voltage were fixed at 1.2 eV and 30 V, re-
spectively. The insensitivity of the photoinduced IMT to the ACKNOWLEDGMENTS
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