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The temperature dependences of the transient photoinduced conductivity at different light levels in
single crystals of YBa,Cu;0,_s and ultrathin (~40-A) epitaxial films of DyBa,Cu;0,_5 with fixed 8 are
qualitatively and quantitatively similar to those of the doping-induced conductivity in YBa,Cu;0,_5 and
DyBa,Cu30;_; with different oxygen content 8, indicative of “photodoping” over a wide range of resis-
tivities. Signatures of the photoinduced transition to metallic behavior are observed at light intensities
greater than 10'° photons/cm®. At these high levels of photoexcitation, the thermal activation energy
approaches zero and a minimum appears in the temperature dependence of the photoresistivity below
100 K. The resistivity minimum, reminiscent of the onset of superconductivity in inhomogeneous sam-
ples and in granular superconductors, is interpreted in terms of a phase separation of the photogenerated
carriers and metallic-droplet formation subsequent to photoexcitation. A modest longitudinal magnetic
field (<0.5 T) reduces both the resistivity minimum and the superlinear contribution to the transient
photoconductance. For oxygen levels close to the metal-insulator transition (§=0.6), the lifetime of the
photoexcited state is enhanced by nearly three orders of magnitude at high excitation levels, indicative of
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metastability.

I. INTRODUCTION

Although many aspects of the phenomena of high-
temperature superconductivity (HTSC) in the layered.cu-
prates remain unexplained, the transition from the insu-
lating and antiferromagnetic phase to the metallic and su-
perconducting phase is known to be correlated with the
density of charge carriers in the CuO, planes. Following
the initial discovery by Bednorz and Miiller,! consider-
able effort has been focused on the ability to control the
carrier density n, by chemical doping, either by mixed-
valence substitution, as in La,_,Sr,CuO, and
Bi,Sr,Ca,_, Y, Cu,0q, or by variation of the oxygen con-
tent (8), as in YBa,Cu;0,_s.> Photoexcitation offers an
attractive alternative method to vary the concentration of
charge carriers with a number of advantages; for exam-
ple, n. can be increased without the added complication
of a change in chemical composition and crystal struc-
ture, and n, can be increased in a transient manner with
subnanosecond resolution using pulsed-laser techniques.
The former is important for it allows one to study the
system as a function of n, without simultaneously chang-
ing the degree of disorder; the latter is important for it
provides one with the opportunity to probe the dynamics
of the electronic system at short times and well away
from equilibrium.

The initial results of transient photoinduced-
conductivity measurements in semiconducting single
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crystals of YBa,Cu;0 ; indicated that the magnitude of
the peak photocurrent changes dramatically as a function
of the light intensity (I, ); the linear dependence at low
light intensity becomes first sublinear and then super-
linear as a function of I;.? The critical I; for the onset
of this superlinearity is about 5X 10'° photons/cm?.

There have been other reports of transient photocon-
ductivity and photoinduced changes in dark conductivity
in the insulating ‘“parent” materials of the high-
temperature superconductors. Thio et al. studied the
transient photoconductivity in single crystals of La,CuO,
with 10-ns laser-pulse excitation and observed a long-
lived photocurrent with a power-law decay.* Kirilyuk
and co-workers reported that the resistivity of
YBa,Cu;0,_; thin films decreased after extended laser il-
lumination.>® Using a 1-um-thick YBa,Cu;0;_;s film
aged in vacuum at room temperature to an oxygen con-
centration near the semiconductor-metal transition
(8~0.6), they found that the resistivity decreased with il-
lumination time; for example, after 20 h illumination, the
resistance dropped by 30% at 100 K and by four orders
of magnitude at 2 K. The dark-conductivity and
magnetic-susceptibility data>® obtained from the films
after extended illumination are similar to those in films
with higher oxygen concentrations. Thus the use of light
to influence the properties of this class of materials pro-
vides an opportunity that is of scientific interest and of
potential technological importance.
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In this paper we extend our previous studies®’ of sub-
nanosecond transient photoconductivity in semiconduct-
ing crystals of YBa,Cu;0,_; and in ultrathin epitaxial
films of DyBa,Cu;0,_5. We find that the temperature
dependences of the transient photoinduced conductivity
at different light levels in single crystals of YBa,Cu;0;_;
and ultrathin (~40 A) epitaxial films of DyBa,Cu;0;_;
at fixed & are qualitatively and quantitatively similar to
the doping-induced conductivity at different oxygen con-
tent, indicative of “photodoping” over a wide range of
resistivities. By analyzing the data from YBa,Cu;Oq ; at
different light levels as a function of temperature, we find
signatures of the transient photoinduced transition to me-
tallic behavior at light intensities greater than about
5% 10" photons/cm?: (i) The activation energy of the
temperature dependence of the photoinduced conductivi-
ty o,, approaches zero; (ii) a minimum appears below
100 K in the temperature dependence of the resistivity,
pon( T)=1/0,,(T), where o, is the peak transient photo-
conductivity following photo-excitation.

The minimum in p;,(T) at low temperature is reminis-
cent of the onset of superconductivity in inhomogeneous
(mixed-phase) samples and similar to that observed from
“local superconductivity” in granular superconductors.®®
This borderline metallic behavior is interpreted in terms
of intrinsic phase separation of the photogenerated car-
riers and metallic-droplet formation in the antiferromag-
netic insulator subsequent to photoexcitation.” Phase
separation into metallic regions is consistent with the ob-
servation of metastability: At high excitation levels of
samples with oxygen content close to the metal-insulator
transition (§~0.6), the lifetime of the photoexcited state
is enhanced by nearly three orders of magnitude; the pho-
toinduced sheet conductivity persists at the value charac-
teristic of the metal-insulator transition (3~e?/h) for
times in excess of 100 ns.”" !0

By following both the dark and photoinduced conduc-
tivities as a function of aging time in ultrathin films
(~40 A) of DyBa,Cu;0,_; in a series of related experi-
ments, we have successfully monitored the transport be-
havior at different oxygen concentrations on a single sam-
ple over the full range from the metallic and supercon-
ducting phase to the semiconducting-insulating phase
(with the temperature coefficients of the resistivity chang-
ing sign from positive in the metallic phase to large nega-
tive value in the insulating phase). In the semiconducting
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FIG. 1. Schematic diagram of the Auston-switch
configuration for fast transient photoconductivity measure-
ments.

4965

phase with 8 near 0.6-0.7, behavior similar to that found
in single crystals of YBa,Cu;Og 3 was observed.

The experimental results are discussed in the context of
disorder-induced localization and an Anderson-type
metal-insulator (M-I) transition in a correlated system in
two dimensions.” The existence of a minimum metallic
sheet conductivity (Z,;,~e’/h) and a corresponding
change in the temperature dependence of the resistivity
as o crosses this universal value imply that localization of
the charge carriers in the CuQ, layers due to the random
distribution of oxygen at O(1) sites plays an important
role in the insulator-metal, or-superconductor transition
in the high-T, cuprates.

II. TRANSIENT PHOTO INDUCED
CONDUCTIVITY: EXPERIMENTAL DETAILS

The transient photoconductivity measurement uses the
Auston-switch configuration.!! The sample is mounted
across a gap in a 50-Q stripline transmission line (both
the upper strip and ground plane are Au evaporated onto
the alumina substrate), as shown in Fig. 1.> A dc bias
(typically in the range 0-10 V) is applied as indicated.
After absorption of a light pulse, the sample acts as a
current source; the current pulse propogates down the
transmission line into the detector. The 50-() impedance
matches into the input of the sampling head and boxcar
detector, thereby avoiding spurious reflections; the
transmission-line configuration enables picosecond tem-
poral resolution (since the configuration is essentially a

microwave stripline with >200 GHz frequency
response).
The  sample-preparation  techniques for the

YBa,Cu;0,_; single crystals and DyBa,Cu;0,;_5 ul-
trathin films have been published previously.»!> The
single-crystal and epitaxial thin-film samples were mount-
ed so that the conductivities were measured in the a-b
plane (parallel to the CuO, planes). The & value in the
YBa,Cu;0,_; single crystals is determined by compar-
ison for the x-ray data from the samples used for our
experiments'*® to the literature values.!*® The
DyBa;Cu;0;_; epitaxial films had a nominal thickness of
=~40 A (only three to four molecular layers), estimated
from the known rates of deposition.!* With films of this
thickness, the optical density is such that only about 10%
of the incident photons are absorbed. The different &
values were obtained by progressively aging the
DyBa,Cu;0, thin film in a dry (or vacuum) desiccator at
room temperature (over periods up to about 2 weeks).
Since the oxygen in surface layers of MBa,Cu;0,_; is un-
stable when 8 is small (here M indicates a rare-earth ele-
ment such as Y or Dy, etc.'®), it is relatively easy to con-
trol the stoichiometry of a thin film at relevant tempera-
tures. Moreover, by using ultrathin epitaxial films, one
can minimize inhomogeneity in the distribution of oxy-
gen across the sample thickness. Such films, therefore,
provide a unique opportunity to study the full range of
electronic properties from the metallic and superconduct-
ing phase to the semiconducting and antiferromagnetic
phase with the same sample.

The a-b-plane resistivity p(T) in single crystals of
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YBa,Cu;0,_; is thermally activated:
ptT)=poexp(—E, /kgT) . (1)

For the YBa,Cu;Oq ; crystals, the resistivity is about
5X10% Qcm at 300 K, increasing to 1.5X 10'° Q cm at
80 K with E, =0.18 eV (at lower temperatures, the tem-
perature dependence deviated from the simple activated
form consistent with the resistivity becoming dominated
by variable-range hopping). The a-b-plane resistivity of
the YBa,Cu;Oq 4 crystals is about 10 Q cm at 300 K, and
E, is nearly an order of magnitude smaller (E,=0.03
eV). After storing the YBa,Cu;Oq4; crystals in a dry
desiccator for more than a year, the activation energy for
YBa,Cu;0q ; increased from 0.18 to 0.22 eV, indicating
of a slight loss of oxygen. All aspects of the photoin-
duced conductivity data were checked on a number of
single crystals of YBa,Cu;0,_g and on several ultrathin
films of DyBa,Cu;0,_5 and were found to be reproduci-
ble from sample to sample.

For most experimental results reported in this paper,
the excitation source was a N, laser with photon energy
of 3.7 eV and pulse width of 600 ps. We also present
selected data obtained by using 30-ps-pulse-width excita-
tion from a pumped dye laser operating at 2.6 eV. In
time-evolution measurements, the gate width of the box-
car (EG&G PARC 4400 system) was selected at 20 ps for
the photocurrent measurements at times less than 10 ns.
In this case the rise time of the photocurrent resulted
from the response of the overall system: approximately
75 ps when pumping with the dye laser and approximate-
ly 400 ps when pumping with the N, laser. For the time-
evolution measurements in the regime from 10 ns to
10us, the gate width is chosen to be from 2 to 5 ns.

III. TRANSIENT PHOTOINDUCED
CONDUCTIVITY: EXPERIMENTAL RESULTS

A. Time profile of the photo-induced conductivity
of YBa,Cu;0q 3

The time profile of the transient photoconductive sig-
nal from the Auston switch provides direct information
on the time evolution of the photoinduced conductivity.
A delay of the maximum photocurrent by about 300-500
ps with respect to the laser excitation pulse was observed
in YBa,Cu,0 ; and reported previously.>

Typical results, obtained with 3.7-eV photons from the
N, laser (600 ps pulse width, 400 ps instrumental resolu-
tion) as pump, are shown in Fig. 2(a) and, with fio=2.6
eV photons from the dye laser (30 ps pulse width, 75 ps
instrumental resolution), are shown in Fig. 2(b). The time
delay becomes somewhat larger at the highest light inten-
sity available (this becomes a major effect for §=0.6, in-
dicative of metastability; see Sec. VI). Note that the data
in Fig. 2 are quantitative: (i) The photon flux per pulse
onto the sample was adjusted to be approximately the
same for both the 600-ps excitation pulse (3.7-eV pho-
tons) and the 30-ps excitation pulse (2.6-eV photons) so
that approximately the same number of photons were ab-
sorbed per pulse. (ii) The peak photoconductivity was
the same for both the 600-ps excitation pulse and the 30-
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ps excitation pulse. The fact that the photoconductive
response is independent of the time (the pulse width) over
which the energy is absorbed demonstrates that the signal
is genuine photoconductivity, in contrast to that arising
from sample heating [which would yield a signal propor-
tional to I, 7'2=(N/7)r'/?~1/7"'2, where 7 is the
pulse width and N is the number of photons deposited
during the pulse].'®

The photoinduced conductivity can be expressed in the
form

Opn=ncep , (2)

where n_ is the density of photogenerated charge carriers,
e is the electron charge, and p is the carrier mobility. In
general, both n_ and p are time-dependent quantities: The
carrier density initially increases during the photoexcita-
tion (or, equivalently, during photoabsorption) and then
decays as the photogenerated carriers recombine; u(?)
can vary as a result of carrier trapping and as a result of
the dynamics of the nonequilibrium carrier distribution.
Since there is no delay in photoinduced absorption in
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FIG. 2. (a) Typical time evolution of the transient photocon-
ductivity 0,,(®) in YBa,Cu;043 (E,~0.18 eV) under 600-ps,
3.7-eV pulse excitations at 80 K. The photon density is about
7X 10" photons/cm?. (b) Typical time evolution of the tran-
sient photoconductivity o, (@) in YBa,Cu;0¢ 3 (E,=0.19V)
under 30-ps, 2.6-eV pulse excitations at 80 K. The photon den-
sity is about 1X10'® photons/cm?. The solid lines in these
figure show the positions of the time origins and the time resolu-
tion of the overall system obtained from the Gaussian fit of the
accompanying weak photovoltaic signals.
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YBa,Cu;0¢;,"" the time delay of the photoconductance
with respect to the photoabsorption, shown in Figs. 2(a)
and 2(b), indicates a time delay in the onset of relatively
high mobility.
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FIG. 3. (a) Temperature dependences of the photoresistivity
in YBa,Cu;04; (E, =0.18 eV), p,(T), at several photon densi-
ties; the dashed lines are guides to the eye. I, =1X10"
photons/cm? (8), I, =1X10'* photons/cm? (A), I, =1X 10"
photons/cm? (O), I, =7X 10"* photons/cm? (0 ), I; =1.1X 10
photons/cm? (Q), and I; =2.3X10'¢ photons/cm? (@). (b)
Temperature dependences of the photoresistivity in
YBa,Cu;0¢ 3 (E, =0.18 eV), p,u(T), at several photon densities
compared with the dark resistivity () of the same sample.
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B. Temperature dependence of o,

The temperature dependence of the transient photoin-
duced resistivity of YBa,Cu;Og 3, ppu(7T), is plotted in
Fig. 3(a) for several levels of 3.7 eV photoexcitation. The
thickness used for the photoinduced-resistivity calcula-
tion is chosen as 300 A, which is inferred from the optical
constants.’® The photoinduced sheet resistance (per
molecular layer) can be calculated by dividing the volume
resistance by the thickness of the c-axis repeat unit [ap-
proximately 12 A (Ref. 13)]. In Fig. 3(b) the temperature
dependences of the photoresistance at successively higher
light intensities are directly compared with the dark
resistivity in the same sample. The YBa,Cu;0q ; data in
Fig. 3(b) are replotted on a semilogarithmic scale vs 1/T;
the results are shown in Fig. 4.

The results in Fig. 3 show that, following photoexcita-
tion, the transient photoinduced conductivity can reduce
the sample resistivity by many orders of magnitude; the
transient decrease in resistivity at 80 K is more than ten
orders of magnitude with an incident photon flux of 10!
photons/cm? (~3X10?! photons/cm® in the optical-
absorption depth), and this number is even larger at
lower temperatures. More importantly, the temperature
dependence of the photoinduced resistivity changes
dramatically under photo excitation with the following
features.

(1) The activation energy decreases as a function of I,
with E, —0 at I; > 5X 10'° photons/cm?; this is shown in
more detail in Fig. 5.

(2) At high levels of photoexcitation, a minimum ap-
pears in p(T) below 100 K. For I, =2.3X10'®

photons/cmg, the minimum value is a factor of 10 below
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FIG. 4. p,n(T) for YBa,Cu;04 ; at various levels of photoex-
citation are replotted from Fig. 3(b); the symbols and I, values
correspond to those used in Fig. 3. The dashed lines are ob-
tained by fitting the high-temperature data to Eq. (1).
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FIG. 5. Activation energy (obtained from slopes of logqopn
vs 1/T, as in Fig. 4) of the transient photoresistivity in the same
sample as that in Fig. 3 is plotted as a function of light intensity.
The activation energy of the dark conductivity in this sample is
about 0.18 eV.

the value extrapolated from p.,(T) above 100 K. This
borderline metallic-superconducting feature appears only
at photon fluxes of 5X 10'> cm ™2 and above.

The instability of oxygen in the surface layers of single
crystals of MBa,Cu;0,_5 (M =Y, Dy, etc.) when § is
small offers an opportunity to alter and control the
stoichiometry of ultrathin films.!* In Fig. 6 we plot the
dark resistivity of a DyBa,Cu;0,_; film as a function of
temperature for a number of oxygen concentrations span-
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FIG. 6. Dark resistivity p(T) of a DyBa,Cu;0;_; thin film as
a function of temperature for a number of oxygen concentra-
tions spanning the full range from the metallic and supercon-
ducting phase to the insulating antiferromagnetic phase. The
different oxygen concentrations were obtained by aging the film
at room temperature between the successive measurements of
p(T). In inset, p(T) of the fresh DyBa,Cu;0,_5 sample with
8=0 (lowest-resistivity curve) is plotted on a linear scale.
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ning the full range from the metallic and superconducting
phase to the insulating antiferromagnetic phase. The
different oxygen concentrations were obtained by aging
the film at room temperature between the successive mea-
surements of p(T). In the inset of Fig. 6, the resistivity
versus temperature of the fresh DyBa,Cu;0,_5 sample,
with § =0, is plotted on a linear scale; the onset of the su-
perconducting transition appears at about 80 K. More
detailed experimental studies show that zero resistivity in
similar films is achieved at 40-50 K.'*

In our studies of the DyBa,Cu;0,_; ultrathin epitaxial
films, we found that after photoexcitation experiments at
each low temperature (about 3—4 h of illumination or ap-
proximately 40000 pulses with I, =~10'9-10'¢
photons/cm?), the dark resistivity at that temperature de-
creased. This effect is shown in Fig. 7, where the dark
resistivity is plotted for several different §; in each case
the sample was illuminated at T=~80 K, and then the
resistivity measurement was continued to lower tempera-
tures (note the discontinuity in the data in each curve in
Fig. 7). The higher the resistivity of the sample, the
larger the decrease; more than one-order-of-magnitude
decrease was observed in samples with resistivity of 10®
Q cm at 80 K, whereas only a 30% decrease was observed
in samples with resistivity of 5X107! Qcm at 80 K.
This effect, we believe, is similar to that reported by Kiri-
lyuk and co-workers>® and confirms that long-time pho-
toillumination can reduce the dark resistivity in thin
films.

By comparing the data in Fig. 6 with the resistivity and
activation energy from single crystals of YBa,Cu;0,_g
with different 8, we estimate that the lowest-resistivity
curve (in Fig. 6 and in the inset of Fig. 6) corresponds to
8=~0-0.2, while the highest-resistivity curve in Fig. 6
corresponds to 8=0.7. The results illustrate that aging
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FIG. 7. Effect of long-term photoexcitation on the dark resis-
tivity in a DyBa,Cu;0;_; film.
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the thin films in dry air or vacuum is an effective method
to obtain samples which are nearly ideal for
photoinduced-conductivity studies with various oxygen
concentrations.

In Fig. 8 we plot the results of transient
photoinduced-conductivity measurements on an ultrathin
film of DyBa,Cu;0,_; for two different oxygen contents
with §=0.6-0.7. Although there are data points for
only a few temperatures, the transient photoinduced
changes in resistivity are essentially identical to those
shown in Fig. 3 for YBa,Cu;0q¢ ;. At high levels of exci-
tation, the photoinduced resistivity of an ultrathin
DyBa,Cu;04 5 film shows the three important features
observed in the single crystals of YBa,Cu;O043: a de-
crease in E, of the photoinduced resistivity with increas-
ing I;, a superlinear dependence of the transient photo-
conductance on I;, and a time delay in the growth of the
peak photoconductance.

Direct comparison between the dark-conductivity data
at different § values (as shown in the Fig. 6) and the pho-
toexcitation data at different light intensities at fixed 6 [as
shown in Figs. 8(a) and 8(b)] in the same film brings out
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FIG. 8. Transient photoinduced resistivity in a 40-A film of
DyBa,Cu;0,_; for two different § values. (a) E,=~23 meV,
8=~0.6: I,=2.1X10® photons/cm?> (@), I,=7.2X10"
photons/ecm®> (0), I;=2.1X10" photons/cm? (O), and
I, =1X10" photons/cm? ({). (b) E,~108 meV, 0.6 <8<0.7:
I, =2.1X10'S photons/cm’ (@), I, =6.9X 10 photons/cm>
(0), I,=2.1X10" photons/cm® (), and I, =1X10"
photons/cm? (O).
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another important feature. For a specific magnitude of
the resistivity, the resistivities show similar temperature
dependence, and they extrapolate to the same high-
temperature value, no matter which method was used to
bring the resistivity to that magnitude, i.e., by oxygen
doping as shown in Fig. 6 or by photodoping as shown in
Fig. 8.

These similarities indicate that the carrier density plays
a dominant role in both the mechanism of charge trans-
port and the M-I transition in the M Ba,Cu;0,_5 materi-
als.

IV. “PHOTODOPING”
TO THE METAL-INSULATOR TRANSITION

The phase diagram of YBa,Cu;O,_5 (0=<8=1) has
been studied thoroughly.! For large 8, YBa,Cu;0,_; is
an antiferromagnetic insulator; increasing oxygen con-
centration introduced carriers onto the CuO, planes and
results in the transition from the antiferromagnetic insu-
lating phase to the metallic and superconducting phase.
The changes in resistivity which occur during this evolu-
tion from insulator to metal (and superconductor) have
been followed in detail in a continuous set of resistivity
measurements of ultrathin films of DyBa,Cu;0,_5 (as
shown in Fig. 6).

Chemical doping (or substitution) of antiferromagnetic
insulators has been used for many years to study the tran-
sition to the metallic state in highly correlated systems.
An example which is closely related with high-
temperature superconductors is La,_,Sr,V0,;.2° The
parent compound, LaVO;, is an antiferromagnetic insula-
tor which is made metallic by chemical doping with
strontium. Disorder is introduced as a result of the ran-
dom distributions of the La®* and Sr’>* ions in the crys-
tal. The results show that the disorder is sufficient to lo-
calize the electronic wave functions at Fermi level in the
vanadium 3d band when x <0.2. The experimental situa-
tion in La, ,Sr,CuQO, is quite similar to that in the
lanthanum-strotium vanadates, except that the vanadates
do not become superconducting at low temperatures.?!
The changes in electronic transport in MBa,Cu;0,_g at
different oxygen levels are comparable to those observed
in La;_,Sr, VO, and La,_,Sr,CuO, as a function of the
Sr content; in all cases the density of holes is changed by
means of controlled changes in the chemical composition.

All of these systems show behavior characteristic of a
metal-insulator transition which can be understood in the
context of the Anderson theory?? of disorder-induced lo-
calization of electronic states in the band tails, similar to
that studied, for example, in doped semiconductors.?
The disorder from mixed-valence substitution or partial
oxygenation leads to the localization of the electronic
states and, in turn, to the formation of a mobility edge at
an energy E_; hole states at energies E > E,_ are localized
and hole states for E <E. are delocalized (extended).
This situation is sometimes called weak localization. A
metal-insulator transition occurs when the Fermi energy
is moved through the mobility edge as a result of chang-
ing the carrier density by chemical doping or by photoex-
citation (“photodoping”).
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A characteristic of disorder-induced localization as the
origin of the M-I transition is the existence of a minimum
metallic conductivity,?> which can be deduced from the
standard expression for the conductivity, o =ne?r/m in
the Ioffe-Regel limit** (the so-called dirty limit), where
the mean free path is so small that it approaches the de
Broglie wavelength of the electrons. For the anisotropic
layered HTSC materials, a two-dimensional (2D) model is
appropriate, and the minimum metallic conductivity is
universal,2®

S . ~e?/h, (3)

where e2/h=3.9X 1075 QL. In the strict 2D limit, one
can expect the measured sheet conductivity 2_; to be re-
lated with the bulk conductivity o, as 2 i =0 5inC,
where c is the spacing between successive pairs of CuO,
planes, which is equal to A. In the “insulating” regime
where o <o, the conductivity becomes activated by
thermal excitation from the Fermi energy E to the mo-
bility edge E,,

o(T)=0p,exp( —|E.—Eg|/kgT) , (4)

min

in agreement with Eq. (1), where |E.—E;| denotes
E_ > E for electrons and E, <E for holes. At lower
temperatures variable-range hopping of carriers between
the localized states near Ep becomes the dominant mech-
anism.

The effects of chemical doping on the conductivity of
DyBa,Cu;0,_5 and YBa,Cu;0,_; are consistent with
the predictions of the localization theory.

(i) As inferred from the dark-conductivity data in Fig.
6 and the results presented in Ref. 14, o,,=35 S/cm,
which is obtained by using the nominal thickness of 40 A.
This value corresponds to a sheet conductivity of
3~(0.1-0.2)e?/h.

(i) The resistivities naturally separate into two
categories: When p<1/0.;, the material is metallic
and/or superconducting, and p(T) in the normal state ex-
trapolates to a finite (metallic) value as 7—0; when
p>1/0 i, the material shows thermally activated be-
havior, and p(T)— o« as T—0.

(iii) The comparison of the photoconductive
response®?® and frequency-dependent conductivity (or
absorption'®) of YBa,Cu,;0 ; implies localization of the
low-energy states. Although there is strong absorption at
energies throughout the midinfrared portion of the spec-
trum, this absorption does not lead to mobile carriers.> 26

Precisely the same features, indicating a M-I transition
as the Fermi level is moved through the mobility edge,
are observed as a result of the photoinduced carriers as
shown in Figs. 3 and 4 for YBa,Cu;0q ; and in Fig. 8 for
DyBa,Cu;0,_5. From the activation energy of the dark
conductivity [Eq. (4)], we conclude that E; of the holes
lies above E, by about 0.2 eV in YBa,Cu3;O43; and by
about 0.03 eV for YBa,Cu;0¢,. Photodoping increases
the hole density in a transient manner and shifts the Fer-
mi level toward the mobility edge as indicated by the E,
approaching O at high light intensities (as shown in
Fig. 5). The extrapolation to 1/7-—0 determines the
sheet conductivity to be about 5X107¢ Q7!
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[=(0.1-0.2)e2/h].

The smaller observed value of the minimum metallic
conductivity per layer [about 0.2 of the value estimated in
Eq. (3)] might be due to error in the absolute value aris-
ing from the experimental configuration; i.e., since the
Auston switch is a two-probe configuration and the pho-
toconductivity is calculated by treating the photocurrent
distributed uniformly within the optical depth (300 A),
such precision is beyond the accuracy of the transient
photoconductivity experiment. In particular, we are cer-
tainly underestimating the true sheet conductance; be-
cause the electrodes are contacted to the sample in front-
surface geometry and because of the higher resistance in
the c direction, the deeper CuO, planes can be expected
to contribute less to the photocurrent.

The DyBa,Cu;0, ; data of Fig. 6 are replotted on a
semilogarithmic scale as p vs 1/7 in Fig. 9. As shown,
extrapolation to 1/T—0 yields py=3X10~2 Qcm for
DyBa,Cu;0,_;. In this case the accuracy in the volume
resistivity is also limited by the uncertainty in the film
thickness (the 40-A nominal value). The sheet conduc-
tivity obtained from p,/c is about 5X107° S/sheet
[=~(0.1-0.2)e2/h].

The consistent agreement between dark-conductivity
data obtained with different oxygen concentrations, the
photoconductivity obtained with different pump light in-
tensities at a given oxygen concentration, and the predic-
tions of 2D localization theory implies that disorder-
induced localization of the carriers is the most important
reason for the M-I transition. Obviously, this does not
imply that correlation effects arising from the electron-
electron Coulomb interaction are unimportant in these
systems. As Mott pointed out,?'?” the repulsive
electron-electron interaction results in a demarcation en-
ergy Ep, separating singly occupied from doubly occu-
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FIG. 9. Dark resistivity p(T) of DyBa,Cu;0,_5 (from Fig. 6)
plotted vs 1000/ T; the dashed lines are guides to the eye.
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pied states, the separation corresponding to the Hubbard
intrastate interaction for one of the Anderson localized
states. As localization becomes stronger and stronger,
E; will sink until all states are singly occupied, with im-
portant consequences. For example, relatively strong
electron-electron interactions account for the antiferro-
magnetic ordering in the Fermi-glass phase and imply
that above the Néel temperature the moments of the sing-
ly occupied states fluctuate between random directions.
Nevertheless, the data presented and analyzed in this sec-
tion indicate that the electron-electron interaction has a
secondary effect on the M-I transition.

It is relevant to quantitatively compare the light inten-
sity required to achieve the M-I transition through pho-
toexcitation with the oxygen-doping level required for
chemically inducing the M-I transition. For example, it
is known that the M-I transition in YBa,Cu;0,_5 occurs
near 8~0.55-0.6."° For single crystals of YBa,Cu;0 1,
about 15% more oxygen per cell [approximately
(1.0-1.5)X 10! atoms/cm?] is needed to switch the sys-
tem from the semiconducting phase to the metallic and
superconducting phases. In the transient photoconduc-
tivity experiment, the critical photon density (to reach
the superlinear regime where the activation energy turns
to zero) is about (5—7)X 10> photons/cm?, correspond-
ing to 2 X 10*! photons/cm® within the optical-absorption
depth.'® Assuming that the quantum efficiency is unity at
the time of photocurrent peak, then the density of the
photoinduced charge carriers required to reach the M-I
transition is of the same magnitude as the density of the
extra dopants (oxygen atoms) required to induce the M-I
transition. Because of phase separation of the photogen-
erated carriers (see following section), the actual quantum
efficiency could be considerably smaller than unity at the
peak of the photoinduced conductivity.

V. MINIMUM IN p,,(T):
PHASE SEPARATION AND PHOTOINDUCED
HIGH-T, SUPERCONDUCTIVITY

We have shown that by transient “photodoping,” one
can induce sufficient density of carriers to YBa,Cu;0q ;3
to shift the Fermi level to the mobility edge and to take
the material to the borderline of metallic behavior. The
obvious question is whether or not such a transient bor-
derline metal can condense to the superconducting phase.

The observation of the minimum in p,,(7) at the
highest excitation levels (see Fig. 3) is suggestive of the
onset of photoinduced transient superconductivity.
Curves similar to that in Fig. 3 were seen frequently dur-
ing the period following the discovery of high -tempera-
ture superconductivity in resistivity measurements on
samples with multiphase composition. Such behavior is
indicative of phase separation with disconnected
metallic-superconducting regions separated by insulating
regions: the decrease in p(T) near 100 K is due to the on-
set of superconductivity, and the increase in p(7T) at
lower temperatures is due to the ‘“series resistance” of the
insulating regions. Similar phenomena are observed in
granular superconducting films which exhibit local super-
conductivity with tunneling between grains.®® It is well
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known that, in this type of material, the transport behav-
ior depends strongly on the cluster size. The resistivity of
the sample decreases rapidly below T, but does not go to
zero, increasing again at low temperature under cir-
cumstances where the clusters are not macroscopically
connected (below the percolation threshold). This
phenomenon has been called “local superconductivity.””®
An important similarity between the phenomenon of lo-
cal superconductivity and the p,,(T) data inYBa,Cu;04 ;
as those shown in Fig. 3 is that T, does not change with
the cluster size or, in the case of photoexcitation, with
photon density. The similarities in both the magnitude
and shape of p(T) imply that the photoinduced charge
carriers phase separate and become inhomogeneously dis-
tributed after photogeneration.

Theoretical studies of the two-dimensional antifer-
romagnet?® ~3° have shown that dilute holes are unstable
against phase separation into a hole-rich phase and a
pure antiferromagnetic insulating phase; no region in the
zero-temperature phase diagram was found in which a di-
lute gas of holes is stable. These theoretical results sug-
gest that phase separation might be an intrinsic feature in
the M Ba,Cu;0,_5 family, whether the carriers are inject-
ed through changes in the oxygen level or through photo-
doping.

It is also well known that in materials similar to the
HTSC oxides, chemical phase separation is a common
phenomenon,; it is typically necessary to thermally anneal
specimens at high temperatures to obtain a more homo-
geneous phase. At the relatively high temperatures at
which the materials are grown, the increased entropy as-
sociated with the dilute holes may partially overcome the
tendency for phase separation, leading to a somewhat
more uniform oxygen content throughout the
YBa,Cu;0,_; series. Since, however, the photoexcita-
tion is carried out at lower temperatures, entropic contri-
butions to the free energy are less important, and more
complete phase separation would be expected.

Because of the phase separation, the transport will be
dominated by the insulating regions until the metallic
droplets become connected above the percolation transi-
tion. Thus, in the YBa,Cu;0q ; experiments, the insulat-
ing regions between metallic droplets would be expected
to have conductivity intermediate between that of §=0.7
and the § corresponding to o, (near 0.55-0.6). Metal-
lic particles encapsulated in an insulator have been inves-
tigated for many years.’! If the particles are small and
not in direct contact, an activation energy (associated
with the capacitance energy for adding one extra charge
to a small particle) is necessary for the transport of
charge from one particle to another. This may also con-
tribute to the residual activation energy in the
photoinduced-conductivity experiments at light intensi-
ties above 105 photons/cm? (as shown in Figs. 4 and 5).

There is supporting evidence indicating phase separa-
tion of the photogenerated carriers.

(i) the onset of superconductivity (as indicated by the
onset of the resistivity decrease in Fig. 3) is approximate-
ly that of the highest doped material, YBa,Cu;0,—i.e.,
the droplets appear to be well into the metallic regime.

(i) During photoexcitation, the absorbed photons

23(a)
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create electron-hole pairs in the CuO, planes. The elec-
trons will be quickly trapped at oxygen vacancies on adja-
cent partially oxidized CuO chains and would tend to
enhance locally the orthorhombic distortion, as observed
in the photoinduced-absorption experiments.*?

(iii) Although the holes are initially photogenerated
uniformly within the optical-absorption depth, hole mo-
bility is inhibited by the antiferromagnetic phase-
separated droplets (as is shown in the calculations with
t-J-U model?® 73 results in locally hole-rich regions with
relatively high mobility, causing a diffusion-limited in-
crease in u(t) and, thereby, the photoconductance [see
Eq. (2)]. The competition between this effect and
charge-carrier recombination results in the delay of the
peak photocurrent evident in the data of Fig. 2. As the
pump-light intensity increases, the hole density in the re-
sulting hole-rich regions is sufficient to shift the Fermi
level through the mobility edge, to locally convert these
regions into the metallic and superconducting phase, and
to decrease the total resistivity of the (partially) phase-
separated system.

(iv) The frequencies of the infrared-active vibrational
(IRAV) modes observed in photoinduced absorption do
not correlate with the Raman modes of the insulating
phase, but they do correlate with the Raman
modes of the metallic phase.’*3® This is true even
in TL,Ba,Ca;_,Gd,Cu,03 where the semiconductor
(x =0.02) and metal (x =0) have the same structure.’?**
These results imply that photodoping leads to metallic
screening and associated shifts in the phonon frequencies
characteristic of the metallic phase, consistent with drop-
let formation. Isolated holes would not give a IRAV
mode correlated with the metallic phase, especially when
the crystal structure is the same in both cases. Moreover,
in spite of the relatively large shifts (Aw~ 50-100 cm 1),
the IRAV modes are narrow and well defined, indicating
a long range for the metallic phase and therefore con-
sistent with phase separation; otherwise, a broad feature-
less band covering the entire Aw would be observed.

Although we do not have any direct experimental in-
formation on the length scale for the phase separation,
the size of the droplets must be at least comparable to or
larger than the pairing coherence length [ {=15 A (Ref.
34)] in the high-T, materials.

VI. EXPERIMENTS ON YBa,Cu;04 4
EVIDENCE OF METASTABILITY
AT HIGH LEVELS OF PHOTOEXCITATION

Figure 10 shows a series of transient decay curves fol-
lowing different levels of photoexcitation for a sample
with oxygen content even closer to the M-I transition,
YBa,Cu;0q 4; the data were taken at 35 K. Since, for this
sample, E, ~0.03 eV, a full set of experiments, for exam-
ple, at temperatures 7 > 50 K, were not possible because
of the low resistivity. At I, =4.5X10'* photons/cm?,
the magnitude of the transient photoconductivity is more
than an order of magnitude below the value correspond-
ing to the universal sheet conductance (o ,;,=~20 S/cm;
see Fig. 4), and the time decay of the conductivity follows
a power law (=t~ %). With increasing light intensity, the
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FIG. 10. Decay of the photoinduced conductivity for

YBa,Cuy06,4 at 35 K: I;=4.5X10" photons/cm? (0O),
I, =8.6X 10" photons/cm? (O), I; =2.1X 10" photons/cm?
(8), I,=4.4X10" photons/cm? (), and I, =1X10"
photons/cm? (@).

magnitude of o, approaches o, and the exponent of
the power law decreases significantly. Finally, when the
pump-light intensity is strong enough to photogenerate
the metallic state (0, ~0 y;,), the photoconductivity per-
sists at 0, ~ 0, to times in excess of 100 ns, corre-
sponding to enhancement of the lifetime by approximate-
ly three orders of magnitude (see Fig. 10). Similar results
have been obtained for La,CuO,.>’

The time decay of the photoinduced conductivity is
determined by Eq. (2), where both n.(¢) and pu(t) are time
dependent; n.(t1)—0 as the carriers recombine and the
system approaches the ground state; u(¢)—0 as a result
of the trapping of carriers in localized states.

The power-law decay of the transient photoinduced
conductivity at low excitation levels is consistent with
dispersive transport of the carriers, as expected in disor-
dered systems®® where the Fermi level lies between Ep
and E, in the range of energies for which the electronic
states are localized. Since the localized states act as
traps, charge transport is realized via a sequence of
multiple-trapping and release steps among localized
states in the presence of an applied electric field.”® Be-
cause of the disorder, the transfer time is a random vari-
able. Thus the accumulated sequence of these transfer
events in the motion of a charge carrier can be viewed as
a continuous-time random walk, and the resulting photo-
current follows a power-law time dependence 4P,
where the exponent S is related with the decay power

a,36

a=1—f, (5)
and S can be expressed as

B=T/T, . 6)

In the simplified model of an exponential distribution of
the trap (localized-state) density, T specifies the energy
range over which the localized trap states can be filled.*®
For example, in the insulating phase of HTSC oxides,
kg T, corresponds to the energy between the Fermi level
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and the mobility edge, |E F—Ecl (the activation energy in
resistivity measurements) so that

B=kyT/E, . (7

The data at low excitation levels in Fig. 10 are con-
sistent with dispersive transport. Since the thermal ac-
tivation energy in the dark resistivity is about 33 meV in
this sample (the Fermi level of the holes lies above the
mobility edge by about 33 meV), at temperatures near
300 K (kg T =26 meV), the density of thermally activat-
ed charge carriers at the mobility edge is so large that
photoinduced-conductivity measurements become essen-
tially impossible (the density of photo-excitations is less
than the density of thermal excitations, and the resistivity
is too low to support bias voltage without damaging the
sample). At 35 K (corresponding to 3 meV, so that
B=kyT/E,~=0.1), the density of thermally excited car-
riers is negligible, and photoinduced conductivity can be
observed as shown in Fig. 10. The exponent in the time
decay of o, at the lowest light intensity is @ ~0.9, which
is consistent with Egs. (5)-(7). Within this model, at a
fixed temperature, a decrease in 8 on increasing the light
intensity implies a shift in the Fermi level toward the mo-
bility edge, indicating an approach to the M-I transition
by photoexcitation, consistent with the fact that o, ap-
proaches o ;...
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FIG. 11. (a) Peak photoconductivity o,, of YBa,Cu;O ;
(E,=~0.22 eV) plotted as a function of excitation intensity (I )
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Aoy =[0op(B =0)—0,u(B =0.5T)] is plotted vs I, .
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At higher excitation levels, the photoinduced conduc-
tivity persists at o =~o;, to times in excess of 100 ns.
This remarkable persistence of the photoinduced conduc-
tivity at o=~o0_;, suggests metastability in n.(¢), con-
sistent with the phase separation and the formation of
metallic droplets.

VII. MAGNETIC-FIELD SUPPRESSION
OF THE PHOTOINDUCED CONDUCTIVITY

Motivated by the interpretation of the minimum in
ppu(T) at high excitation levels as indicative of the onset
of the photoinduced transient superconductivity, we have
carried out a series of transient photoinduced-
conductivity measurements in the presence of a modest
external magnetic field ( <0.5 T). In these experiments
the geometry is chosen such that the magnetic-field direc-
tion is parallel to the applied electric field so that effects
due to the Lorentz force (e.g., both the Hall effect and
magnetoresistivity) would be eliminated.

In Fig. 11(a) we compare the peak photoconductance
(G,p) as a function of the excitation intensity for B =0
and 0.5 T for YBa,Cu;0q ; at 60 K. The data were taken
with field on and off, alternately, at fixed temperature.
The differential photoconductance AG ,(B)=[G (B =
0)—G (B =0.5 T)), is plotted versus I, in Fig. 11(b). A
magnetic-field dependence is observed at excitation levels
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FIG. 12. (a) Peak photoconductivity o,, in a film of
DyBa,Cu;0;_s with 8 near 0.6 [as in Fig. 8(a)] plotted as a func-
tion of excitation intensity (/) at 80 K for B =0 (@) and
B=0.5T(0); b) opyn=[0p(B=0)—0,w(B=0.5T)]vs I;.



4974

above a critical I}, which is coincident with the onset of
the superlinear dependence, coincident with the onset of
metallic behavior, and coincident with the onset of the
minimum in p(7T). In Fig. 12 we show similar results ob-
tained from a DyBa,Cu;0,_; thin film with & near 0.6.
Figure 13(a) shows the dependence of p,.(B) for
YBa,Cu;O 3, Apyn/ppn~|AG,,/ G|l ~B'* as shown
in Fig. 13(b). We checked carefully for magnetic-field
dependence of the dark (direct-current) resistivity; none
could be detected (AG /G <1074).

Figure 14 plots the time evolution of the transient pho-
toconductivity of YBa,Cu;04; for B =0 and 0.5 T; the
magnetic field suppresses the transient transient photoin-
duced conductivity. The data show the following: (a) The
magnetic field suppresses the superlinear contribution to
the transient photoinduced conductivity at I, >5X 10"
photons/cm?; (b) the peaks of the differential photo-
currents are time delayed with respect to the excitation
laser pulses, implying that the time delay associated with
the growth of carrier mobility is magnetic-field dependent
(longer time delay at zero field). Comparison of the B =0
and 0.5 T profiles in Fig. 14 indicates that the time delay
at zero field is greater than at 0.5 T by approximately 200
ps. Although the measurement of the precise value of the
change in time delay would benefit from higher-
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FIG. 13. (a) Photoinduced magnetoresistivity in YBa,Cu;O¢ 3
(E, =~220 meV) is plotted as a function of the longitudinal mag-
netic field at 60 K under light intensity of 1.5X10'
photons/cm?’. (b) Data in (a) are replotted as Ap,,/pp, vs B'/2.
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FIG. 14. Time evolution of the transient photoconductivity
in YBa,Cu304 3 (E,~220 meV) for B=0 (@) and B=0.5T
(0) at 80 K with I, =1.5X10'® photons/cm?. The excitation
source was the N, laser; the instrumental resolution is similar to
that in Fig. 1(a).

resolution measurements, the effect is real; higher-
resolution measurements of the magnetic-field depen-
dence in YBa,Cu;04 ; and YBa,Cu;04 4 are planned for
future experiments.

We have interpreted the time delay in the peak photo-
conductance in YBa,Cu;0q ; as resulting from the com-
petition between the diffusion-limited increase in p(¢) and
the decrease in n.(¢) through charge-carrier recombina-
tion. Thus the increased time delay at high I; seen in the
results obtained in a magnetic field indicates a somewhat
longer recombination time and/or metastability in the
phase-separated state, consistent with the data in Fig. 10.
In Fig. 15 the time evolution of the transient photocon-
ductivity in YBa,Cu;0Oq ; is shown at two light intensi-
ties; the data were taken at 80 K. A decrease in the time
delay is observed upon decreasing the light intensity,
similar to that observed (at high I;) when the magnetic
field is turned on.

It is tempting to associate the magnetic-field suppres-
sion with the onset of transient photoinduced supercon-
ductivity, for example, by magnetic-field suppression of
Josephson coupling between superconducting droplets.
We note, however, that the magnetic-field effect is ob-
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FIG. 15. Time evolution of the transient photoconductivity
in YBa,Cu;0q ; (E, =220 meV) at two different light intensities
at levels ~1X10' photons/cm®> (O) and ~1.5X10"
photons/cm? (@), both at 80 K.
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served at all temperatures, even well above 100 K. Thus
the magnetic-field suppression of the transient photoin-
duced conductivity may be a more general feature of the
M-I phase boundary.

VIII. POTENTIAL ARTIFACTS: SAMPLE
HEATING OR PHOTOGENERATED CARRIERS?

The most obvious potential artifact in photoexcitation
experiments is resistance changes which result from sur-
face heating (AT), caused by the light absorption, rather
than genuine transient photoinduced conductivity. The
importance of sample heating was carefully and
thoroughly examined.

(i) To obtain the observed change in p from heating,
AT would have to exceed the melting temperature (see
Fig. 4). However, even after thousands of laser shots,
there is no indication of surface damage.

(ii) The maximum (peak) temperature increase AT ex-
pected from laser heating occurs at a time 7, ~0.57 with
magnitude AT ~N7'/2, where 7 is the laser-pulse width
and N is the number of photons deposited during the
pulse.’® In contrast, neither the magnitude of the peak
photocurrent nor the time delay are dependent on the
width of the excitation pulse, which has been varied from
30 to 600 ps (see Fig. 2).

(iii) The nonmonotonic 7" dependence (see Fig. 3) ob-
served at high I; is not consistent with heating.

(iv) Essentially identical features are observed for single
crystals and 40-A, films. Since the latter absorb only
~10% of I;,'"® AT would be smaller than in the crystals
by an order of magnitude. Thus one would expect a
several-orders-of-magnitude reduction in the signal if it
were caused by surface heating.

(v) The remarkable enhancement of the lifetime (Fig.
10) with o =0, to times in excess of 100 ns is not con-
sistent with heating.

(vi) The changes in the time profile of the photoinduced
conductivity (Fig. 14) at high excitation levels (Fig. 12)
for B=0.5 T as compared with B =0 are not consistent
with heating.

We conclude, therefore, that sample heating is not a
serious factor in our transient photoinduced-conductivity
experiments; the photoresponse arises from photoexcited
carriers and genuine photoconductivity.

IX. CONCLUSION

We have demonstrated photodoping of YBa,Cu;Oq 3
and DyBa,Cu;0q 5 to borderline metallic-
superconducting levels. Two specific signatures of the
transient photoinduced transition to metallic behavior at
light intensities greater than about 5X 10'* photons/cm?
were observed: The activation energy of o,(7) de-
creases as a function of the light intensity and approaches
zero for I; =5X 10" photons/cm?; and a minimum ap-
pears below 100 K in the temperature dependence of the
photoresistivity, pyn(T)=1/0 (7).

The minimum in p,(T) is reminiscent of the onset of
superconductivity in inhomogeneous mixed-phase HTSC
samples and similar to the “local superconductivity”
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found in granular metallic films. Such behavior is indica-
tive of phase separation and metallic-droplet formation
subsequent to photoexcitation with disconnected super-
conducting regions separated by insulating regions: The
decrease in p;,(7T) near 100 K is due to the onset of su-
perconductivity, and the increase in p,,(T) at lower tem-
peratures is due to the “series resistance” of the insulat-
ing regions.

The data are consistent with disorder-induced localiza-
tion as the origin of the metal-insulator transition.
Analysis of the temperature dependence of the dark con-
ductivity of DyBa,Cu;0,_; for different  and the tem-
perature dependences of YBa,Cu;0¢ ; and DyBa,Cu;0q 3
for different I; yield minimum surface conductances
which are consistent with 3, ~e’/h, the value predict-
ed for two dimensions where the minimum metallic con-
ductivity is universal. The data separate into two
categories: when 2 >Z . . the material is metallic, and
when 2 <Z .. the material shows thermally activated
behavior.

A longitudinal magnetic field ( <0.5 T) suppresses the
superlinear contribution to the transient photoinduced
conductivity at I; >5X10'® photons/cm?. Moreover,
the time profiles of the transient photoconductance in
YBa,Cu;0q ; demonstrate that the time delay associated
with the growth of carrier mobility is magnetic-field
dependent with a longer time delay at B =0 than at
B=0.5T by about 250 ps. We have interpreted the time
delay in the peak photoconductance as resulting from the
competition between the diffusion-limited increase in u(¢)
due to phase separation and the decrease in n,(¢) through
charge-carrier recombination. Thus the increased time
delay at high I; suggests a somewhat longer recombina-
tion time or metastability in the phase-separated state at
high I;. This increase in the photoexcitation lifetime is
suppressed by the magnetic field. Metastability of the
photoexcited metallic phase is observed for YBa,Cu;O 4
where the lifetime of the photoexcited system is enhanced
by three orders of magnitude following photoexcitation
to high levels.

In conclusion, the experimental results summarized in
Figs. 1-15 have the following implications: (1) The pho-
toexcitations phase separate into metallic droplets. (2)
The metallic regions go superconducting below T, of the
heavily doped material. (3) The photogenerated metallic
state is metastable; the lifetime is enhanced by several or-
ders of magnitude in samples with & near the M-I transi-
tion. (4) The M-I transition is caused principally by
disorder-induced localization arising from the random
distribution of oxygen in the O(1) sites. Perhaps of equal
importance is the sheer magnitude of the observed phe-
nomena. The photoinduced-conductivity changes span
10-15 orders of magnitude or even greater, depending on
the temperature, and the lifetime of the photoinduced
conductivity is enhanced by more than three orders of
magnitude at high levels of excitation.

The data have further implications, for they are direct-
ly relevant to the primary focus of the field, the mecha-
nism of high-temperature superconductivity. Theoretical
studies of the two-dimensional antiferromagnet conclude
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that dilute holes are unstable against phase separation
into a hole-rich phase and a pure antiferromagnetic insu-
lating phase.?? 73° Since no region in the phase diagram
was found in which a dilute gas of holes is stable, phase
separation might be intrinsic in YBa,Cu;0,_5 whether
carriers are injected through changes in & or through
photodoping. Moreover, Emery and Kivelson?® have ar-
gued that dynamic phase separation (fluctuations in the
carrier density at intermediate-length scales) can lead to
pairing.

Photodoping is indeed an attractive alternative method
to vary the concentration of charge carriers. By increas-
ing n. at fixed 5, we have been able to move the Fermi
level through the mobility edge and thereby investigate
the origin of the metal-insulator transition without simul-
taneously changing the degree of disorder. By using
pulsed-laser excitation, we have succeeded in increasing
n. to metallic levels in a transient manner with sub-
nanosecond resolution. The measurements involve
thousands of pulses at 10'® photons/cm? without
significant sample degradation during a measurement,
implying that one can switch the material between the in-
sulating phase and metallic or superconducting phase
effectively. Therefore, in addition to their theoretical
significance in the context of phase separation and the
photoinduced metallic or superconducting state, the re-
sults imply a potential for applications (photoinduced su-
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perconducting switch). The extension of these studies to
shorter times (by using shorter pulses and improved tem-
poral resolution) and to higher levels of excitation prom-
ises to be particularly interesting.
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