PHYSICAL REVIEW B VOLUME 56, NUMBER 7 15 AUGUST 1997-I

Interrelation between persistent photoconductivity and oxygen order in GdBaCu30, thin films
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We study the metastable states induced by photoexcitation, oxygen disorder, and both effects combined, in
superconducting GdB&u;O, thin films. The states are identified by the temperature dependence of the
resistivity. The relaxation dynamics is characterized through the time evolution of the conductivity. The results
show that photoexcitation and oxygen disorder behave as noninteracting and do not cancel each other out.
However, in both cases the relaxation dynamics is related to oxygen movd®eh63-18207)09131-5

Since the existence of persistent photoconductiigPQ is compared to PPC excitation. Starting from the equilibrium
and photoinduced superconductiifyin high-T, supercon- state at a temperatur€,q we induce different metastable
ductors was established, these phenomena have attracted sthtes by oxygen disorder, photoexcitation, or both com-
tention. The experiments show that illumination with bined. If the PPC and the oxygen disorder effects could be
visible! 2 or UV light* produces an increase in the conduc-explained solely by a charge transfer process, i.e., by a one
tivity, o, and the superconducting critical temperaturg, free parameter process, then a photoexcitation simultaneous
of the material. These changes are persisténitin the ex- to an oxygen disorder of adequate magnitudes should cancel
perimental time scale if the sample is kept at temperaturesach other out, leaving the sample in the equilibrium state.
below 250 K, but relax back to the equilibrium state atThe results presented here show that this is not the case and
higher temperatures. that the combined metastable state is not the equilibrium one.

Although from the beginning it was clear that the phe-Also, the relaxation dynamics of the PPC and the oxygen
nomena were due to the trapping of photoinduced electrondisordered states relax independently with different time
with the consequent pumping of photoexcited holes to thescales. In both cases the dynamics is described by a stretched
conduction band,the trapping mechanism remains elusive exponential. The exponents of these stretched exponentials
until now. Several models have been proposed like photoasind the activation energies of the thermally activated char-
sisted oxygen orderingtrapping at oxygen vacanciééand  acteristic times are very similar, indicating that both pro-
photoinduced oxygen diffusichExperimental evidence has cesses involve oxygen movement.
been presented supporting all the models. For example, the The GdBaCuwO, (GdBCQ) thin films were grown by
similarity between time scales for oxygen ordering and PPQIc magnetron sputtering from a stoichiometric target in the
relaxation® and the similar oxygen content dependence ofparallel off-axis configuratio®? Film deposition was done in
the maximum induced change . by photoexcitation and an Ar90%)/0,(10%) mixture at a total pressure of 300
by oxygen disorde?,have been used as arguments in favormTorr. The substrate temperature was controfied 760 °C
of photoassisted oxygen ordering. On the other hand, thduring this stage. After deposition, the film was cooled down
existence of a monotonic behavior for ther/o vs oxygen to 450°C where it was oxygenatedrfa h at 100Torr of
content curvé,the existence of a peak in the photoexcitationpure G . The film thickness was 3000 A f@ 2 hdeposition
efficiency for UV illumination? and the correlation between period. The x-ray diffraction spectra sho@01) oriented
the efficiency curve and the photoluminescence sp¥ctragrowth over the single crystallinél00) MgO substrates.
have been used as arguments in favor of electron trapping ifypical rocking curve widths indicate a mosaic spread of
oxygen vacancies. 0.5°. Scanning electron microscopy micrographs show a

Recently!! results have been presented in which the ef-smooth surface with no inclusions and energy dispersive
fect of oxygen disorder at constant oxygen content is studiedspectroscopy analysis indicates that the chemical composi-
This type of experiments are very important since they offettion is correct within the resolution achievable in thin film
a chance to separate between those effects due to oxygeamples. The as-grown films show linear metallic behavior
disorder and those effects related to the number of oxygefor the resistivity,p(T), and T, of 88—90 K with transition
vacancies. The results presented there seem to support thédths,AT., of 2 K. The oxygen content of the samples was
photoassisted oxygen order mofeHowever, in analyzing adjusted in a controlled fashion using the isostoichiometry
the data the authors assume that the photoexcitation and oxljre annealing methotf: All measured samples were pat-
gen ordering effects are linearly additive, a point that will beterned into a four probe geometry by wet photolithography.
proved in this paper. The experiments were carried out in a closed cycle refrig-

In this work we study the metastable states induced berator equipped with an optical window. The maximum cool-
photoexcitation and by oxygen disorder at constant oxygeing rate of the system was 3 K/min. All temperature depen-
content, and their relaxation dynamics. In this way we aredencies were measured at a controlled rate of 1 K/min at
able to directly compare the oxygen ordering and PPC relaxwhich no thermal lag was detected. A halogen lamp was
ation processes towards the same equilibrium state, diffedsed as the illumination source. The light beam was guided
ently from Muler et all* where oxygen disorder relaxation to the sample through an optical fiber, which cuts off the IR

0163-1829/97/5@)/35524)/$10.00 56 3552 © 1997 The American Physical Society



56 BRIEF REPORTS 3553

T T T T T T T T T T T T T T v 50 ey T Ty T T
disordered Teq =310K a
200 | combined photoexcited [ photoexcited
- equilibrium i [ ® o4
g T (K) S
s )
=1 £ o
~ n
< ©
100 | . <
[ o e o oe
| combined
e o0
| disordered
=50 [+t -+ +——— +—+—+—+++++
0 L L L L 2 ’ L L L L L L L 4
40 50 60 70 photoexcited b
T (K) ., ]
i ..
L]
FIG. 1. Temperature dependence of the resistivity of a 501 % 7
GdBaCuyOg 65 thin film. Curves for the equilibrium and meta-
stable states described in the text are shown for the case ~  * &3 5
Teq=310 K. The inset shows the same curves in an extended tem- g | combined © e
perature range. K2
o
. . . <
part of the spectrum. This avoided the IR quenching effect.  dordered
For most of the illuminations an interference filter of 644 nm | O oo
central wavelength and 10 nm bandwidth was used to render Solot i e
a monochromatic beam of 1 mw/énover the sample. 1 10 100 1000

Where indicated we also illuminated without filtering, i.e., t (min)

with the full spectrum of the lamp at an intensity of FIG. 2. Relaxation dynamics of\o(t)=o(t)— e for a
160 mwfenf. . . GABaCU;0 525 thin film at To=310 K. (@) Photoexcitation dose

AS a starting pO_Int in the experlments_, thermodynamlcto compensate the oxygen disorder effect at 15@HX;Photoexci-
equilibrium was achieved at a temperatliggin the range of  tation dose to achieve a nearly saturated PPC state. The solid line is
room temperature or above. From this equilibrium state thregye addition of the relaxations for the oxygen disordered and the
different metastable states were inducég:an oxygen dis- photoexcited states.
ordered state, obtained by achieving thermodynamic equilib-
rium at 350 K>T¢qand cooling down at the maximum cool- oxygen disorder. The behavior shown in this figure is typical
ing rate to 200 K.(ii) A photoexcited state, induced by and has been observed also in a GdBg®ample and for
quenching thél ¢4 equilibrium state down to 150 K and illu-  different T, temperatures.
minating with monochromatic light. The amount of illumi-  After measuring eacp(T) curve, the relaxation dynam-
nation was selected such that the photoinduced change ios of the metastable state was studied by increasing the tem-
resistivity was equal to that produced by the oxygen disorperature toTeq at the maximum achievable raté K/min),
dered state(i), i.e., pgis(150 K)—pef 150 K)=p(150 K)  and measuring as a function of time. Figure(d) shows the
—ppr(150 K). (iii) a combined metastable state, in which thetime dependence ol o= o — o4 after the temperature is
same illumination as ir(ii) was applied to the disordered stabilized for the three metastable states of Fig. 1.
state(i). In this way, a metastable state was achieved that had The oxygen disordered state and the photoexcited state
the same resistivity as the equilibrium one at 150 K,relax to the equilibrium state with time dependencies that can

Pcomtl 150 K)=p(150 K). be adjusted by stretched exponentials. This behavior will be
The reproducibility of the induced metastable states wasliscussed later, but it is already noticeable that the time
determined to be of the order =4 S cm* scales in which both relaxations occur are significantly dif-

Figure 1 shows the metastable and equilibriyrgr) ferent, the one for PPC relaxation being shorter than the one
curves of a GABC@yys film for T,,=310 K. An interesting for oxygen ordering. The relaxation of the combined state
feature is that the critical temperature of the combined statshows a nonmonotonic behavior with an initial decrease in
is not the same as that of the equilibrium state, clearly indi-o, a minimum and a final increase towards the equilibrium
cating that they are not equivalent. It should be noted howstate. This again indicates that the combined state is not
ever that adjusting the combined state to have equal resistiequivalent to the equilibrium one, both having the same con-
ity to the equilibrium state at 150 K, produces ductivity only due to the way in which the combined state
Pcomt T) = ped T) in the whole temperature range of the nor- was constructed. An experimental detail worth mentioning is
mal state. This result is not consistent with an explanation ofhat the initial value of the combined stater ., iS not zero
photoexcitation based only on the basis of charge transfeat the initial time in Fig. 2 because=0 was defined as the
The simultaneous cancellation of effects@and noncancel-  time at whichT stabilizes afT.,. This means that there has
lation on T, implies that charge transfer is not the only pa-already been a small amount of relaxation by the time the
rameter being affected by either the photoexcitation or theemperature has stabilized.
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FIG. 3. Comparison of the relaxation &fo(t) = o (t) — o for
the metastable states induced in a GABA&O; g5 thin film, by FIG. 4. Temperature dependence of the characteristic titne,
illumination with monochromatic lightx =644 nm (full circles),  and the exponengs, in expressior{2) for a GdBaCu;Og 5 thin film.
and with the full spectrum of the lamfpen circles The inset ~ The 7 values are shown in an Arrehnius plot with linear fits to the

shows the temperature dependence of the resistivity for both statedata, 7= 7oe*’*", as solid lines. The line in th@ vs T inset is a
guide to the eye. Values for PPC relaxati@pen circley and for

The striking point in these data is the relation between th&XYgen order dynamicgull circles) are shown.

three time dependencies. The solid line included in the figure .

is the sum of the oxygen ordering and PPC relaxation deperusly the metastable state and the relaxation are the same,

dencies. Within the experimental reproducibility of the meta-implying that, indeed, the trapping process is not dependent

stable states the relaxation of the combined state is the line&0 the incident wavelength.

addition of the PPC and oxygen disorder relaxations, The stretched exponential behavior was studied adjusting
the functional form

Ao t)=Aoy(t)+Aoygdt). 1
comb( ) ph( ) dIS( ) ( ) Ao-:Ag-oe*[(t*towT]B (2)
This result shows that the effects of photoexcitation and oxy-
gen disorder behave as noninteracting. to the relaxation data at different temperatures. In expression
The photoexcited metastable state constructed in this ex2) t is the time afterT is stabilized, and, is the time at
periment was far from saturation. In order to check if thewhich relaxation is activated, not zero in our case but finite
different time scales are due to this, we repeated the exper&nd negative due to the finite warm up time, as was previ-
ment on the same sample and at the sdigg but with a ously discussed. The stretched exponential behavior can be
nearly saturated PPC state instead of cancelling the oxygeinderstood in terms of a microscopic distribution of charac-
disorder effects. Figure(B) shows the relaxation dynamics teristic times. Expressio(®) is not invariant with respect to
for the metastable states in which the PPC was saturated. The, i.€., the adjusted and g will depend on the value df,.
same qualitative features as in FigaRare observed and the This is not a mathematical artifact, and reflects the fact that if
same conclusions can be drawn, plus the fact that the relathe measurement is started a timafter the relaxation is
ation time of the PPC is shorter than that of oxygen orderingactivated, all the microscopic systems with characteristic
for all values of PPC excitation. times smaller thart will be already at equilibrium. These
In performing this last experiment, and to avoid the veryexperiments provide a natural way to select the cortgct
long illumination times due to the low intensity of the mono- since its value should be such th&ir g tg) =0.
chromatic light, we illuminated with the whole lamp spec-  Figure 4 shows the temperature dependenceanid 3 for
trum. In all the scenarios proposed for PER2fs. 4 and it oxygen disorder and PPC relaxation for a GdBG®ample.
is assumed that the role of the incident photon is to generatéwo facts are remarkable. First, although the time scales are
a photoinduced electron-hole pair but that it has no directifferent, the activation energies are comparable, 0.85 eV for
relation to the trapping mechanism. In this sense the illumi-oxygen ordering and 0.91 eV for the PPC relaxation. Similar
nation process would be dependent on the photowalues for both have been found in the literattfeé® Sec-
energy %1 only through the photopair generation effi- ond, the exponent values are the same for both processes.
ciency, but the final state is only dependent on the integratedhe nonmonotonic behavior ¢#(T) observed in the inset
dose received, convoluted with the spectral efficiency. Thigeflects the fact that in metallic samples at low temperatures
point, to our knowledge, has not been experimentally8 decreases with increasing, while at highT, B should
checked. Figure 3 shows th€T) curve and the relaxation approach unity.
towards equilibrium for the states achieved by illuminating These facts allow us to draw an obvious conclusion, the
with 644 nm monochromatic light and with the whole spec-microscopic mechanism that induces the relaxation for PPC
trum. The whole spectrum illumination dose was selected aand oxygen ordering is the same. Since it is known that this
to produce the samAp as the monochromatic dose. Obvi- mechanism for oxygen ordering is the hopping of an oxygen
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ion to a neighboring vacancy, then the electron detrapping iphotoassisted oxygen ordering mobiéhjs is straightforward
PPC should involve an oxygen ion movement. since the electron trapping is due to oxygen rearrangement.
The noninteraction of the photoexcited metastable statén the oxygen vacancy trapping motiehis fact could be
and the oxygen disordered metastable state could be exaken into account under the hypothesis that the lifetime of
plained under two different scenarios. The first and naive ongne trapped electron is much longer than the measuaett
is to simply state that PPC and oxygen disorder affect thghat the energy barrier for oxygen hopping is not consider-
electronic system at different locations in the structure. Thisab|y changed by the trapped electron. In this scenario the
hypothesis would favor the oxygen vacancy trapping méde'vdetrapping would occur when an oxygen ion hops into the
where the oxygen ordering processes happen at the Chafnipping vacancy.
fragments and the electron trapping at the oxygen vacancies. | conclusion, we have demonstrated that the effects of
However it is expected that a certain amount of interaction iHhotoexcitation and oxygen disorder are noninteracting and
present, since oxygen movement occurs through the vacang, not cancel each other out. The relaxations for both effects
sites. This would be more eV|.den_t at higher oxygen contentsyglve independently, following the same dynamics with dif-
where the number of vacancies is smaller. , ferent time scales. The characteristic times, however, are in-
The second possibility is more elaborate and is based ofimately related since they have the same activation energy,
the stretched exponential dynamics of oxygen ordefins showing that oxygen movement is involved in both. These

was already mentioned this behavior can be understood ifysyits introduce new constraints that should be accounted
terms of a microscopic distribution of characteristic times.¢q, by the models.

The system response will be determined by a convolution of
this distribution with the excitation mechanism. Under the Work partially supported by FundacioAntorchas Grant
hypothesis that the temperature disorder affects more effedNos. A-12830/1-32, A-13218-044, A-13359/1-13, Fundacio
tively the longer characteristic times, while PPC affects theBalseiro, and CONICET Grant No. CO21418/95. We would
shorter ones, then a response qualitatively like the one obike to acknowledge E. Morréor assistance with the deoxy-
served could be expected. genation of the films, and J. G. Lorenzana, A. Aligia, and A.
The fact that the electron detrapping involves oxygenFreeman for useful discussions. J.G., E.O., and G.N. are
movement could also be explained in both models. In thenembers of CONICET, Argentina.
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