
PHYSICAL REVIEW B 1 SEPTEMBER 1999-IIVOLUME 60, NUMBER 10
Anisotropy of persistent photoconductivity in oxygen-deficient YBa2Cu3Ox thin films
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YBa2Cu3Ox (x'6.6) thin films were deposited by pulsed-laser ablation on SrTiO3 substrates, that were cut
with a tilt anglea510° with respect to the@001# direction, inducing a steplike growth of the CuO2 layers. The
films appeared semiconducting along the projection of thec axis to the film surface, but metallic in the
perpendicular direction. From the anisotropic resistance, the in-plane (rab) and the out-of-plane (rc) resistiv-
ities were calculated. Photodoping with white light was performed at various temperatures from 70–305 K.
We have found strongly temperature dependent photoinduced decreases ofrab andrc . At low temperatures,
the relative reduction ofrc was smaller than that ofrab, whereas, near room temperature, they were nearly the
same. The electrical anisotropyrc/rab increased monotonously at 70 K, but, at higher temperatures, a fast
increase was followed by a long-term decay. This unusual behavior resembles that of the in-plane Hall mobility
in a previous study, suggesting that both quantities are changed by the same physical process. The results are
discussed within the models previously proposed for the photodoping effect in YBa2Cu3Ox .
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I. INTRODUCTION

Persistent photoconductivity~PPC!, reported by Kudinov
et al.,1 is a well-known phenomenon in oxygen deplet
YBa2Cu3Ox . It has been established that long-term exci
tion by visible radiation causes significant changes of
normal-state and superconducting transport properties,1–6 the
optical spectra,7 and the electrical properties of grain
boundary Josephson junctions.8–10Most experimental studie
of this remarkable effect were performed onc-axis oriented
thin films of YBa2Cu3Ox , and, hence were restricted to me
surements of the in-plane properties. However, x-
studies11,12 and magnetotransport experiments13 indicated
pronounced changes of the structural and electronic an
ropy of the material. From these results, one can expect
the electrical anisotropy of the samples must also be affe
by long-term light exposure. However, this is difficult
prove, since single crystals are hardly suitable for photod
ing experiments due to the small optical penetration dept
YBa2Cu3Ox , which is of the order of about 100 nm.

We have shown in a previous paper14 that this difficulty
can be overcome by using specially prepared YBCO t
films, deposited on ‘‘wedged’’ substrates. These films sh
a steplike growth with the crystallographicc axis slanted
with respect to the surface normal.15–17As a result, electrical
currents flowing along the projection of thec axis to the film
surface~in the following we will call this direction the ‘‘tilt
direction’’! have a componentparallel to the c-axis direc-
tion. In the perpendicular direction, the current propaga
along thea-b planes. From measurements of the resista
in both principal current directions, the in-plane as well
the out-of-plane resistivities,rab and rc , can easily be cal-
culated.

Using these films, we demonstrated in Ref. 14 that
PRB 600163-1829/99/60~10!/7640~6!/$15.00
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PPC effect indeed exists along thec-axis direction in
YBa2Cu3Ox . We observed similar photoinduced conducti
ity enhancements in thea-b- andc-axis directions near room
temperature. Here, we extend these studies in a system
way by investigating the effect of illumination on the ele
trical anisotropy and on the shape of therc vs temperature
characteristics at various temperatures between the supe
ducting transition temperature and room temperature. Th
experiments were stimulated by the results of our previ
magnetotransport studies6 that indicated qualitatively differ-
ent processes involved in the photodoping process at dif
ent temperatures. In these studies, however, the role of
so-calledphotoassisted oxygen orderingprocess3,4,18 could
not be determined unambiguously. With the additional inf
mation about the photoinduced changes of the out-of-pl
resistivity, provided by the present study, we can give a
more reliable picture of the photodoping process
YBa2Cu3Ox .

II. SAMPLE PREPARATION AND MEASUREMENT
TECHNIQUES

YBa2Cu3Ox thin films were grown by pulsed-laser dep
sition ~KrF-excimer laser,l5248 nm, fluence 3.25 J cm22,
pulse duration 25 ns, repetition rate 10 Hz! on ‘‘wedged’’
SrTiO3 substrates.15–17 The term ‘‘wedged’’ means that the
substrates were cut with a tilt anglea with respect to the
@001# direction~lower panel in Fig. 1!. For the present work
we useda510°. During the deposition, the substrates we
kept at 760 °C in an oxygen atmosphere of 0.2 mbar. Aft
wards, the films were annealed for 100 min keeping the o
gen pressure unchanged. The films showed a supercon
ing transition atTc0'56 K, corresponding to an oxyge
content ofx'6.6.18 The last preparation step was the fab
7640 ©1999 The American Physical Society
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PRB 60 7641ANISOTROPY OF PERSISTENT PHOTOCONDUCTIVITY . . .
cation of a cross-shaped test structure by means of pho
thography and wet chemical etching. One bridge of the cr
was parallel and the other one perpendicular to the tilt dir
tion. Four silver contact pads were evaporated on each o
bridges making the structure suitable for resistance meas
ments in the two principal directions of the electrical curre
~see Fig. 1, upper panel!.

For the photodoping experiments, the samples w
mounted in a temperature controlled closed-cycle refriger
on a cold finger. A Suprasil window allowed the illuminatio
of the sample. The electrical resistivity was measured wit
standard four-point method by using a highly stable ac c
rent source and lock-in technique. For the illumination
100-W quartz tungsten halogen lamp was used, providing
estimated light intensity of 1 W cm22 at the sample surface
Sample heating was reduced by a water filter placed in
optical path. The setup was fully computer controlled a
during light excitation, the resistivity was monitored eve
1.4 min. For temperature control, a platinum sensor w
mounted in the vicinity of the sample. The initial temper
ture rise ('0.5 K) after switching on the lamp could b
nullified within a few minutes by the computer control.

Using this setup, we measured the time dependence
the resistance in the two principal current directions dur
illumination for 25 h at 70, 100, 160, and 275 K. At first, th
sample was contacted at the pads in theCD direction and the
time evolution of the resistance was measured during ph
excitation at a certain temperature. After termination of
illumination, the sample was slowly cooled down from t
temperature at which the photodoping was performed to
K to determineTc0 and the shape of therc vs temperature
characteristics. Then, the sample was warmed up to ro
temperature and kept there for 24 h to allow the comp
relaxation of the PPC. After that, the cycle was repeated w

FIG. 1. Schematic illustration of the YBa2Cu3Ox samples used
in our experiments. Upper panel: Crosslike-shaped test struc
The vertical lines symbolize the intersections of the~001! planes
with the surface. Lower panel: cross section of the samples show
the steplike growth of the films.a is the tilt angle and CD is the
‘‘tilt direction9 of the film.
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the photoexcitation performed at a different temperatu
During the cooldown we carefully examined that the res
tance vs temperature curve was identical with the charac
istics of the undoped sample to ensure that the PPC re
ation was complete. Later, the sample was contacted in
AB direction and the above described measurement c
was repeated in this configuration.

Some additional measurements at 260, 275, and 30
were performed using another setup. In this case, the sam
was placed in a vacuum chamber, equipped with a fu
silica window, on a Peltier cooler. The light intensity an
illumination time were the same as in the other series
measurements, but the Peltier cooler enabled sample coo
only down to about 250 K. We carefully examined that t
resistance measurements during the illumination at 275
taken in both experimental setups, agreed within the exp
mental error, thereby confirming that the results were rep
ducible.

III. RESULTS

A. Calculation of rc and rab from the resistance measurements

Figure 1~upper panel! shows the crosslike test structu
of our samples schematically. One bridge is perpendicu
(AB) and the other parallel (CD) to the tilt direction. We
have shown in Ref. 14 that the resistanceRAB ~subscripts
denote the current direction! displays a metallic behavior
whereasRCD appears to be semiconductorlike. The reason
that an electrical current flowing through the sample in
CD direction has a component parallel to the intrinsicc-axis
direction of the film, as illustrated by the lower panel in Fi
1. Although, at a tilt angle ofa510°, thec component is
smaller than thea-b component, the temperature dependen
of RCD is dominated byrc because of the large intrinsi
anisotropy of YBa2Cu3Ox (rc/rab'100 at room
temperature19!. From the rotation of the resistivity tensor, w
get

RAB5
l

wd
rab, ~1!

and

RCD5
l

wd
~rabcos2a1rc sin2a!, ~2!

wherel, w, andd denote the length, width, and thickness
the bridges (l 52.3 mm, w50.1 mm, d'200 nm!. Thus
from the measurements ofRAB and RCD the principal com-
ponents of the resistivity tensorrab andrc can be calculated
The validity of this evaluation method is strongly support
by the excellent agreement with single-crystal data.14,19 A
possible influence of the defect microstructure on the m
sured anisotropy, which was observed in fully oxygena
YBCO thin films on tilted substrates,20 is obviously of neg-
ligible importance in our oxygen-deficient samples. The r
son is, most likely, that the intrinsic electrical anisotropy
larger in oxygen-deficient YBCO than in optimally dope
YBCO. rc/rab varies from about 1500–100 between 100
and room temperature in the former,19 compared to abou
80–50 in the latter.21
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7642 PRB 60C. STOCKINGERet al.
B. The impact of photoexcitation on the anisotropic transport
properties of YBa2Cu3Ox

Using Eqs.~1! and ~2!, we calculated the time depen
dences ofrab and rc as a function of the illumination time
from in situ measurements ofRAB andRCD at 70, 100, 160,
260, 275, and 305 K. Up to 275 K,rab(t)/rab(0) showed
essentially the same behavior as in conventionally gro
YBa2Cu3Ox films @compare the results in Fig. 2~upper inset!
with Ref. 6#. Therab reduction after 25 h of illumination wa
large at high temperatures~about 9–10 % at 275 and 260 K!
and also at the lowest studied temperature~about 8% at 70
K!, but smaller at intermediate temperatures~about 7% at
100 K and 5% at 160 K!. Only at 305 K a saturation a
about 8% was observed, obviously reflecting the balance
tween the photodoping effect and the PPC relaxation.22 At
the other studied temperatures, no real saturation
photodoping was achieved, in agreement with our previ
studies.6,22,23 We have shown in Ref. 22 that even aft
50–60 h of white-light illumination a further reduction ofrab
is observable, especially when the data are plotted on a l
rithmic time scale and even if the linear plot suggests sa
ration. Therefore we cannot completely rule out that the
pendences of the physical properties on the ‘‘photodop
temperature’’~i.e., the temperature where the photodoping
carried out!, which we will discuss below, are partially du
to the fact that photodoping for 25 h ends up at differe
distances from saturation at different temperatures. Howe
the present as well as the previous results clearly dem
strate that the resistance drop after about 20 h of excita
becomes very slow at all temperatures so that the differen
betweenrab ~25 h! and the saturation value ofrab should not
vary too much from temperature to temperature.

Therab vs temperature characteristics, measured after
photodoping experiments and plotted in the main pane
Fig. 2, showed essentially the same behavior as in con
tionally grown samples.23 The Tc0 enhancement was abou
1 K after photodoping at 70, 100, and 160 K, but appro
mately two timeslarger at 275 K~see the lower inset in Fig
2; the curve for the 160-K measurement lies between the

FIG. 2. rab vs temperature characteristics of YBa2Cu3Ox before
and immediately after white-light illumination for 25 h at the ind
cated temperatures. The lower inset shows the transition regio
enlarged scales. Upper inset: time dependence ofrab(t)/rab(0)
during the photodoping at the indicated temperatures.
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and 100 K curves and is therefore not displayed in the
ure!. We again note the excellent agreement with the pre
ous results from conventionally grown samples.6,23

The temperature dependence ofrc(t)/rc(0) showed a
completely different behavior~Fig. 3!. At low and interme-
diate temperatures~70, 100, and 160 K!, the resistivity re-
ductions were similar~about 4–5 %!, butsubstantially larger
at the higher temperatures~260–305 K!, where values of
8–10 % were measured. The 305-K characteristics were
viously affected by the PPC relaxation. The results in Fig
strongly suggest that, at high temperatures, an additio
contribution to the photodoping effect occurs, that is of m
nor importance at the lower temperatures.

To assess the reliability of the results in Fig. 3 we es
mated the possible errors ofrc due to the above two-ste
measurement method. We neglected possible inaccuraci
the sample geometries and the tilt angle, since we were o
interested in the photoinducedchangesof the resistivities.
Error sources like noise or temperature variations during
photodoping can be estimated from the scattering of the d
points in Fig. 3. More important are the possiblesystematic
errors arising from the fact that theRAB and theRCD values
were collected in two separate experimental runs. For
ample, slightly different temperatures in two correspond
runs could result in incorrect absolute values of the re
tances. We have simulated this effect by varying the m
sured values ofRAB andRCD by 5%, which we regard as a
upper limit of these errors. As a result, we obtainedrc(t)
curves that were shifted parallel to the measured one. A
the normalization, all these curves collapsed with the cur
in Fig. 3 within the line thicknesses, indicating that the d
cussed type of errors is negligible, if only the normaliz
values are discussed. Another type of error may arise fr
different light intensities on the sample surface in the t
runs, caused, e.g., by slightly different settings of the ha
gen lamp and/or different locations of the sample in the c
limated light beam. This type of error essentially results
different time scales ofRAB andRCD, and is expected to be
significant especially at the higher temperatures, where
two resistances have comparable magnitudes. The repro
ibility of the light intensity in our experiments was teste
experimentally, using a broadband thermopile detector.

on

FIG. 3. Time dependence of the normalized out-of-plane re
tivity rc(t)/rc(0) of YBa2Cu3Ox during white-light illumination at
the indicated temperatures.
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PRB 60 7643ANISOTROPY OF PERSISTENT PHOTOCONDUCTIVITY . . .
measured values of the intensity showed deviations defin
smaller than 10%, equivalent to a maximum possible erro
20% between the two measurement runs. Hence we s
lated a 20% stretching/compression of the one time s
with respect to the other. The result of the simulation
plotted as error bars to the 275 K curve in Fig. 3. Obvious
the above description of the behavior ofrc(t)/rc(0) is not
questioned by the errors.

Figure 4 shows the impact of light excitation on therc vs
temperature characteristics. Each curve in the figure cont
two sets of measured values: the one collected during
cooldown to 40 K and the other collected during the warm
to room temperature. The absence of any thermal lag
tween these two branches shows that the characteristic
not influenced by the PPC relaxation. Compared to therc(T)
curve of the nonilluminated sample, the curves measured
ter the photodoping experiments at 70, 100, 160, and 275
appeared ‘‘compressed,’’ similar to the effect of high hydr
static pressure.24,25 However, the inset in Fig. 4, where th
curves are plotted as lnrc vs T21/4 ~the three-dimensiona
variable-range hopping formula!, displays a remarkable dif
ference between the effect of illumination and of pressu
As in Ref. 24, lnrc in Fig. 4 ~inset! is nearly linear over a
wide temperature range, but, contrary to the effect of pr
sure, is not simply shifted parallel after photodoping. In p
ticular, the illumination at 275 K clearly changed the slope
the curve. In the variable-range hopping picture~although its
application to the out-of-plane resistivity of YBa2Cu3Ox is
somewhat problematic, as Forroet al.24 pointed out!, this
implies a substantial reduction of the hopping barrier occ
ring mainly at high temperatures.

Of particular interest is the behavior of the electrical a
isotropy of YBa2Cu3Ox during photoexcitation. In Fig. 5, we
have plotted the normalized anisotropy factorA(t)
[@rc(t)/rc(0)#/@rab(t)/rab(0)# as a function of the illumi-
nation time at the studied temperatures, with error bars
responding to the above error estimation. We observe in
5 that, at 70 K, the illumination monotonously enhanced

FIG. 4. rc vs temperature characteristics of YBa2Cu3Ox before
and immediately after white-light illumination for 25 h~1: nonillu-
minated sample; 2,3,4,5: photodoped at 70, 100, 160, and 27
respectively!. The inset shows three of the data curves plotted
lnrc vs T21/4 between 66 and 300 K; in this plot, curves 3 and
collapse with curve 1.
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anisotropy during the entire duration of the experiment.
contrast, at 100 and 160 K,A(t) showed a saturation afte
several hours of illumination, and, at the higher tempe
tures, a sharp increase ofA(t) at the beginning of the
photodoping experiment was followed by a long-term d
crease. The reason for the latter is that, at high temperat
and long exposure times,rc(t)/rc(0) decreased more rapidl
thanrab(t)/rab(0). At both 275 and 305 K,A(t) even seems
to fall below 1, which implies that the prolonged photoexc
tation finally resulted in a persistentreductionof the electri-
cal anisotropy of the system. As an additional interest
result, differenttemperature dependencesof the anisotropy,
Ar(T)[rc(T)/rab(T), were obtained after photodoping a
different temperatures, with the largest differences occurr
in the low-temperature range from 70–150 K~see the main
panel in Fig. 6!. In this range, the 70 and 100 K curves ru
above, but the 275 K curve staysbelow the ‘‘undoped’’
curve. This behavior ofAr(T) is merely a consequence o
the dependences of thein-plane ~see Fig. 2! and of theout-
of-plane~see Fig. 4! resistivity vs temperature characteristi
on the photodoping temperature. The obvious conclusio

K,
s

FIG. 5. Time dependence of the normalized anisotropy fac
@rc(t)/rc(0)#/@rab(t)/rab(0)# of YBa2Cu3Ox during white-light il-
lumination at the indicated temperatures.

FIG. 6. Temperature dependence of the electrical anisotr
Ar(T)[rc(T)/rab(T) of YBa2Cu3Ox before and after white-light
illumination at the indicated temperatures. Main panel: the temp
ture range from 502150 K. Inset: 1502300 K.
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7644 PRB 60C. STOCKINGERet al.
that the nature of the photodoped state varies with the t
perature at which the photoexcitation is conducted.

IV. DISCUSSION

We learn from Figs. 5 and 6 that the electrical anisotro
of YBa2Cu3Ox is enhancedby prolonged photodoping at low
temperatures, but isloweredat high temperatures. The latte
effect is connected with substantial increases of
photodoping effectiveness observed inrab ~see Fig. 2 and
Ref. 6! as well as inrc ~see Fig. 3! and also with pronounced
changes ofrc(T) ~see Fig. 4!. All these findings strongly
suggest that, at high temperatures, a certain photodoping
cess adds to others that are already working at low temp
tures. Most striking is the comparison between Fig. 5 and
Hall effect data presented in Ref. 6. Obviously, the photo
duced changes of the electrical anisotropy and of the in-p
Hall mobility (mH) show essentially the same unusual te
perature dependence. In particular, we notice the follow
similarities: ~a! a strictly monotonous increase at low tem
peratures and a competition between an increasing com
nent and a decreasing component at high temperature
observed,~b! the positive slope at short illumination time
increases with the increasing temperature, and~c! at the
highest studied temperatures, both quantities fallbelow
unity. Since both physical quantities are not directly co
nected, these results can only be understood, if the pho
duced changes ofA(t) and ofmH have a common physica
origin. This implies that essentially two types of mechanis
are involved in photodoping: one of themincreases A(t) and
mH , and gives a considerable contribution at all tempe
tures, whereas the other onedecreases A(t) and mH , and
shows up significantly only at high temperatures.

The decrease ofA(t) during photodoping at high tem
peratures fits well to the observed photoinducedc-axis con-
traction, since a reducedc-axis lattice parameter most likel
implies a shorter distance between neighboring CuO2 planes
and hence a reduced energy barrier for the hopping or
neling transport along thec-axis direction, in agreement with
the curves in Figs. 4 and 5 collected at high temperatu
The c-axis contraction is consistent withphotoassisted oxy
gen ordering,11,12 suggesting that the considered ‘‘high
temperature photodoping mechanism’’ can tentatively
identified with that mechanism. Another support for this a
signment is provided by studies of the Hall mobility aft
quenching a YBa2Cu3Ox sample from high temperature
down to room temperature, which is known to induce lon
term oxygen ordering processes~‘‘room-temperature
aging’’!.26 Nievaet al.4 observed adecreaseof the Hall mo-
bility during the ‘‘room-temperature aging,’’ which is ver
similar to the photoinduced decrease presented in Re
Hence, for the following discussion, we assume that the c
sidered mechanism can be identified withphotoassisted oxy
gen ordering.

In a previous paper,6 we have argued that only oxyge
ordering can give a reasonable explanation for the obse
increase of the Hall mobility at low temperatures and a
during short illumination times at room temperature. Th
argument was based on the general consideration that a
dering process should enhance the carrier mobility. Ho
ever, our new results, especially Fig. 5, suggest the mo
-
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cation of this interpretation. If the oxygen ordering proce
was more pronounced at lower than at higher temperatu
the temperature dependence of the anisotropy should be
posite to Fig. 5. Considering the higher diffusivity of oxyge
in YBa2Cu3Ox at high temperatures,27 it can be inferred from
our results that the photoassisted oxygen ordering acts on
mobile, i.e., thermally activated oxygen across the diffusi
barrier of about 1.2–1.3 eV.28,29 Otherwise, if the effect of
photodoping carried out at, e.g., 2 eV was to activate
bounded oxygen ions, prolonged photoexcitation would
nally lead to a completely disordered chain layer, which
not supported by any experimental results. On the ot
hand, the picture of the photoassisted oxygen ordering p
posed by Osquiguilet al.18 may be consistent with our inter
pretation. They proposed that photoexcited electrons
trapped at the end of chain segments and, through local
tential distortions, favor the growth of the chain segments
seems conceivable that a thermally enhanced oxygen d
sion will facilitate this process.

In Ref. 6, we considered an ‘‘oxygen disordering’’ pro
cess to be responsible for the observed mobility decre
near room temperature. Within the present interpretat
however, this hypothetic process is no longer needed. A
this picture is not in conflict with the results presented
Guimpelet al.,30 who have shown that photodoping does n
compensate for the effects of quenching-induced oxygen
order. In their experiments, photodoping was carried ou
150 K, at which temperature, according to our interpre
tion, photoassisted oxygen ordering is of minor importan

The above discussion does not include the other proc
which must be mainly responsible for the photodoping at l
temperatures. In the following, we examine the possibility
identify this process with one of the alternatively propos
photodoping mechanisms. Thecharge-transfer modelsof the
PPC in YBa2Cu3Ox assume that photoexcited electrons a
transferred from the CuO2-plane layers to the CuOx ~chain!
layers and are trapped there either in unoccupied oxy
levels2 or in oxygen vacancies,31,32 while the mobile holes
remain within the CuO2 layers. The electron capturing is
randomprocess and hence must introduce a certain amo
of disorder within the chain layers. It seems quite conce
able that a disordered CuOx layer weakens the overlap of th
wave functions between neighboring CuO2 planes and,
thereby, reduces the hopping rate in thec-axis direction. As
a consequence, the photoinduced reduction ofrc , driven by
the enhancement of carrier density in the CuO2 planes,
would be delayed relatively to that ofrab, in agreement with
Fig. 5. On the other hand, the photoinducedenhancementof
the carrier mobility can hardly be explained by a char
transfer model, so that the assignment of the process u
consideration to the models proposed in Refs. 2, 31, and
remains questionable.

The above picture of the PPC effect seems to be con
dicted by the c-axis shrinking also observed durin
photodoping at low temperatures.11,12 However, the mea-
sured relative decrease of thec-axis lattice parameter wa
'0.531024 ~Refs. 11 and 12!, which is three orders of mag
nitude smaller than the decrease ofrc ~Fig. 3!, and its impact
on the electrical anisotropy may be overcompensated by
above discussed disordering of the CuOx layers. Further-
more, in Refs. 11 and 12, insulating samples were used
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contrast to the present studies. However, according to Fig
the c-axis contraction in metallic samples should be larg
after photodoping slightly below room temperature than
lower temperatures. We strongly recommend x-ray studie
the c-axis contraction as function of the photodoping te
perature to prove this prediction.
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