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Abstract. We report our studies on the superconducting and normal-state properties of metallic
YBa2Cu3Ox thin films (Tc,mid ≈ 52 K) exposed to long-term white-light illumination (photodoping).
It was observed that the effects of photoexcitation strongly depended on the temperature at which the
photodoping was performed. At low temperatures, both the Hall mobility and the Hall number were pho-
toenhanced, whereas, at temperatures slightly below room temperature, the Hall mobility initially showed
an abrupt increase followed by a long-term decrease, and the Hall number increased even stronger than
at low temperatures. The enhancement of the film’s superconducting transition temperature Tc, caused
by photodoping, exhibited the same temperature dependence as the enhancement of the Hall number,
being largest (∆Tc ≈ 2.6 K) at high temperatures. From the asynchronous behavior of the Hall quantities,
we conclude that both the photoassisted oxygen ordering and charge transfer mechanisms contribute to
photodoping. The relative contributions of both mechanisms and, thus, the electronic properties of the
photoexcited state are strongly temperature dependent. Studies of the relaxation of the photoexcited state
at 290 K showed an unexpectedly short relaxation time of the Hall mobility after termination of the illu-
mination. The relaxation saturated somewhat below the initial, undoped value, similarly to the decrease
of the Hall mobility, observed upon long illumination. These latter findings give evidence for a competition
between the oxygen ordering and thermal disordering processes during and after the photoexcitation in
the high-temperature range.

PACS. 73.50.Jt Galvanomagnetic and other magnetotransport effects (including thermomagnetic effects)
– 73.50.Pz Photoconduction and photovoltaic effects – 74.76.Bz High-Tc films

1 Introduction

Various experiments have shown that physical properties
of YBa2Cu3Ox (YBCO) compounds with nominal oxygen
concentrations in the 6 < x < 7 range are changed persis-
tently by long-term illumination with white light or visible
laser radiation [1–14]. It has been shown that this remark-
able phenomenon, known as persistent photoconductivity
(PPC), is a common feature of all oxygen-deficient YBCO
samples. In samples with x ≈ 6.4, prolonged illumination
progressively transforms YBCO from a semiconducting
(nonsuperconducting) state to a metallic state that ex-
hibits a superconducting transition at low temperatures
[1–3]. In the superconducting samples (6.4 < x < 7), the
illumination causes not only a decrease of the electrical re-
sistivity, but also a simultaneous increase of the supercon-
ducting transition temperature Tc [4–8]. A light-induced
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change of the Hall coefficient and the Hall mobility was
observed in oxygen-deficient YBCO [5–7,9]. Furthermore,
an increase of the orthorhombicity of the crystal struc-
ture was concluded from a contraction of the c-axis lattice
parameter [10,11]. Additional evidence for photoinduced
structural modifications was provided by the observation
of an increase of the superconducting coherence lengths
ξab and ξc [12]. A measurable decay of the photoexcited
state was observed only at temperatures above 250 K in
metallic YBCO [13] and above 270 K in insulating YBCO
[3,14]; below these temperatures the PPC was found to
be indeed persistent.

Attempts to clearly observe PPC in other high-
temperature superconducting (HTS) materials have
failed. Osquiguil et al. [7] did not observe PPC in
Bi2Sr2CaCu2O8−x and La2−ySryCuO4−x, and Tanabe
et al. [15] reported even an increase of the resistivity
in Bi2Sr2CaCu2O8−x caused by illumination. The latter
effect showed no relaxation at room temperature. Very
recently Szymczak et al. [16] showed the existence of
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persistent photoinduced effects in Tl2Ba2CaCu2O8 super-
conducting thin films. Both the intrinsic (Tc enhancement)
and extrinsic (magnetic properties) effects were observed,
but the explanation was based on two different types of
photosensitive pinning centers in the Tl-based compound.

The aforementioned results suggest that PPC is
strongly correlated to the oxygen stoichiometry of YBCO.
The unit cell of the x = 7 compound contains CuO2 dou-
ble planes and CuO chains, the latter playing the role
of charge carrier reservoirs for the planes [17]. It is well
known that the chain oxygen ions are weakly bounded
and can be easily removed by temperature treatments in
oxygen-poor atmospheres [18,19]. Near x = 6.5 the chains
seem to be partially ordered in what is sometimes called
the ortho-II phase [20], but, in general, the CuO chains in
partially oxygen-deficient samples consist of more or less
disordered segments.

All proposed models for PPC in YBCO are based on a
specific defect structure within the CuO chains. In the so-
called charge transfer model, developed by Kudinov et al.
[3], sample illumination generates electron-hole pairs in
the CuO2 planes. Subsequently, electrons are transferred
to the CuO chains and trapped there in unoccupied p-
levels of oxygen ions, while holes remain mobile in the
planes. The trapped electrons induce a local potential
distortion resulting in an energy barrier of about 1 eV
[3,14] that, at low temperatures, prevents the recombina-
tion of the electrons with the excess holes, resulting in
PPC. Hence, the persistent increase of conductivity, Tc
enhancement, and the semiconductor-to-metal transition
can be naturally explained by the charge transfer model.
In addition, the model can account for the wavelength de-
pendence of PPC, predicting the onset of the photodoping
efficiency [3,21,22] at the charge transfer gap energy (ap-
proximately 1.6 eV) of the semiconducting YBCO [23].
On the other hand, the charge transfer model has diffi-
culty describing the c-axis shrinking and the increase of
the Hall mobility during the photoexcitation.

The photoassisted oxygen-ordering model, proposed by
Nieva et al. [5], was stimulated by the apparent similarity
of PPC to the effect of room-temperature aging in YBCO
samples quenched down from high annealing temperatures
[24]. The authors argued that since the activation energy
of the chain-oxygen ions is close to 1.2 eV [6,25], visible
light photons used in PPC experiments should be able not
only to excite electron-hole pairs, but first of all to induce
movements of the oxygen ions and, thereby, enable oxygen
reordering in a way that the average length of the CuO
chain increases. It is well known that the increased length
of the CuO chains results in an increase of the free carrier
(hole) concentration within the CuO2 planes. Obviously,
the oxygen-ordering model is able to explain a variety of
PPC-related structural changes in YBCO crystals.

The situation became more complicated when Hasen
et al. [26] presented their experimental results on oxygen-
poor (x ≈ 6.3) YBCO samples. The authors observed that
a relative enhancement of the photoinduced conductivity
in their samples increased with the decreasing of x. This
was in direct disagreement with the predictions of both

the charge transfer and oxygen-ordering models since in
the region of very low oxygen contents the number of oxy-
gen ions should be too small to either act as trapping cen-
ters for the photoexcited electrons, or form CuO chains
of sufficient lengths. Following an earlier suggestion made
by Kreines and Kudinov [27], Hasen et al. [26] introduced
the oxygen vacancy capture model. In this model, the pho-
toexcited electrons are trapped by oxygen vacancies in the
CuO chains, in analogy to the DX-centers in GaAs (in our
opinion, this should read “F-centers”). Since the number
of oxygen vacancies increases with decreasing x, the rela-
tive photoinduced conductivity enhancement is expected
to show the observed increasing tendency. The vacancy
capture model has, however, the same limitations as the
charge transfer model in explaining the YBCO structural
changes during the photodoping.

We want to stress that each of the above discussed
models uses the same initiating process, i.e., the gener-
ation of electron-hole pairs within the CuO2 planes. The
vacancy capture and charge transfer mechanisms are phys-
ically quite similar since they differ “only” in the nature
of the trapping centers. On the one hand, the main differ-
ence between these two mechanisms and the photoassisted
oxygen ordering is that the latter involves an additional
step, namely the light-induced ordering of oxygen ions.
Considering a disordered structure of the oxygen-deficient
YBCO, where the presence of unoccupied p-levels, oxy-
gen vacancies, and a certain, disordered arrangement of
chain segments can be expected, it seems quite reason-
able that all of the above processes may simultaneously
contribute to PPC. The proportion of the contributions,
however, should depend on the oxygen content x and on
the temperature at which the photodoping is performed.

The aim of this paper is to present in situ studies of
the time evolution of the transport properties of partially
oxygen-depleted epitaxial YBCO thin-film samples, light
illuminated at different temperatures, and to determine
the exact role and contribution of each of PPC mech-
anisms in the photodoping process. In our previous pa-
per [28], we used the in situ Hall effect and resistivity
measurements to discriminate between different physical
mechanisms contributing to PPC. We observed markedly
different time evolution of the Hall coefficient and the Hall
mobility during long-term illumination of metallic YBCO
films. Our conclusion was that several mechanisms partic-
ipate in the photodoping process. Here, we extend these
preliminary studies by including different doping tempera-
tures and giving a comprehensive description of the effects
of prolonged light illumination on the transport proper-
ties of YBCO, including the resistance, Hall resistivity,
and Tc. In addition, we investigate the relaxation of PPC
at 290 K and during the PPC “erasing” procedure, per-
formed at 310 K. The presented results indicate that not
only the effectiveness of photodoping, but also the elec-
tronic properties of the photodoped state are strongly
dependent on the temperature at which the photodop-
ing process is conducted. In particular, we find an evi-
dence for a direct competition between oxygen ordering
and disordering processes near room temperature. These



C. Stockinger et al.: Contributions to photodoping in YBa2Cu3Ox films 303

structural instabilities directly influence the carrier mobil-
ity, but, at the same time, seem to have only an indirect
influence on the free carrier concentration in the material.
Our paper is organized as follows. In Section 2, we describe
the sample preparation and the experimental techniques,
stressing accuracy and reproducibility of our measurement
method. In Section 3, we present our experimental results
on photodoping, Tc enhancement, and PPC relaxation.
In Section 4, the data analysis with regard to the exist-
ing models of PPC is discussed. Finally, in Section 5, we
conclude our findings and comment on some implications
coming from our results.

2 Sample preparations and measurement
methods

Samples used in our experiments were about 140-nm-thick
YBCO films deposited in situ by rf sputtering on LaAlO3

substrates. As-deposited films were fully oxygenated and
exhibited a 0.5-K-wide superconducting transition at ap-
proximately 90 K. Subsequently, the oxygen content of our
films was reduced by annealing for 1 to 2 h at 330 ◦C to
450 ◦C in 20 mTorr of oxygen and cooling down to 270 ◦C
within 20 min, followed by a quench to room tempera-
ture. Depending on the annealing temperature, Tc values
from 10 K to 80 K were obtained with this method [29].
The reversibility of the process was checked by re-oxidizing
some of the previously oxygen-depleted films. Within 1 K
to 2 K, the initial Tc value was reproduced, showing that
the annealing procedure did not degenerate our films or
change their structural integrity. For the presented stud-
ies, samples belonging to the so-called “60-K plateau” of
YBCO were used. The Tc,mid was about 52 K, applying
the midpoint-of-transition criterion. According to refer-
ence [7], this corresponds to an oxygen content of x ≈ 6.5
to 6.6. Test structures were patterned by a laser inhibition
technique [30], allowing measurement of the resistivity and
the Hall voltage in the usual 6-point geometry.

In situ measurements of the resistivity and the Hall
effect during the light illumination and PPC relaxation
were performed in a temperature-controlled closed-cycle
refrigerator, with the sample mounted on a cold finger.
The sample was illuminated through a Suprasil glass win-
dow with a quartz tungsten halogen lamp. An estimated
light intensity of 1 W/cm2 on the surface of the sample
was used for the illumination. A water filter was placed in
the optical path to eliminate the infrared part of the radi-
ation. Long-term temperature stability was substantially
improved, compared with our previous studies reported
in reference [28], by (a) applying an additional inner heat
shield around the sample with an entrance slit of about
1 cm2; and (b) mounting the temperature sensor close to
the sample and illuminating it together with the sample.
With these measures, the initial temperature rise after
turning on the lamp was limited to ≤ 0.5 K and within a
few minutes was completely nullified by the temperature
control system.

For the Hall-effect measurements, an electromagnet
provided a magnetic field of B = 0.52 T perpendicular to

the film’s surface. The electrical measurements were per-
formed with a lock-in technique and a very stable 17 Hz
current source. The experimental setup was fully com-
puter controlled. Both the longitudinal and Hall voltages
in both polarities of the magnetic field and at the zero field
were recorded during the experiment at every 1.4 min. For
the relaxation measurements, the Suprasil window in the
cryostat was covered with an Al foil to rule out any influ-
ence of daylight or other stray radiation.

The following measurement procedure was imple-
mented. After an initial cool-down from 310 K to 40 K
to determine the YBCO’s intrinsic Tc, the temperature
was raised to a desired experimental temperature T and
the sample was photodoped for time t of 48 h. Next, it
was immediately cooled down again to determine the Tc
enhancement. Finally, the film was warmed up to 310 K
and kept there for 24 h to allow a complete decay of PPC.
Later, the cycle was repeated, including the initial cool-
down to check reproducibility of our measurements, with
the photodoping carried out at a different temperature.
The experimental setup was kept absolutely unchanged
during the entire sequence of measurements, which lasted
for several weeks, so the measurements performed at dif-
ferent doping temperatures could be really comparable.

3 Experimental results

3.1 Photodoping experiments

Figure 1 shows the longitudinal resistivity ρxx(t), mea-
sured during white-light illumination for 48 h at 70 K,
100 K, 200 K, 260 K, and 290 K, normalized to its start-
ing value ρxx(0) at t = 0, respectively. The light intensity
and, thus, the cumulative photon dose were the same in
each of the measurements. At the beginning, ρxx(t)/ρxx(0)
dropped rapidly, followed by a slower decrease at long il-
lumination times. At t < 2 h, the differences between the
data collected at different temperatures were small, but at
longer times the curves split up and the total reduction of
the resistivity achieved after 48 h (we will call this value
the photodoping effectiveness) strongly depended on the
temperature. The effectiveness was largest at 260 K (about
13%), and smallest at 200 K (about 9%). At the other
studied temperatures, the values of effectiveness of about
10% to 11% were observed. Up to 260 K there is no sign
of saturation of the ρxx(t)/ρxx(0) function, in agreement
with our previous results [28]. The lack of saturation is
clearly visible in the inset in Figure 1, where ρxx(t)/ρxx(0)
is plotted in the logarithmic time scale.

Figure 2 shows the normalized Hall resistivity
ρyx(t)/ρyx(0) as a function of the illumination time at
the studied temperatures. Compared with ρxx(t)/ρxx(0),
ρyx(t)/ρyx(0) displayed a quite different behavior of the
effectiveness of photodoping. At temperatures up to
200 K, the effectiveness of only 5% to 6% was achieved,
whereas at both 260 K and 290 K, it sharply increased
to about 11%. We note that at temperatures up to
260 K, ρxx(t)/ρxx(0) > ρyx(t)/ρyx(0) at t = 48 h, and
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Fig. 1. Time dependence of the normalized longitudinal resis-
tivity ρxx(t)/ρxx(0) of YBa2Cu3Ox (x ≈ 6.5) during white-
light illumination, measured at the indicated temperatures.
Solid lines represent the fits obtained with the help of equa-
tion (1). The inset shows three of the data curves plotted on a
logarithmic time scale.

Fig. 2. Time dependence of the normalized Hall resistiv-
ity ρyx(t)/ρyx(0) of YBa2Cu3Ox (x ≈ 6.5) in a magnetic
field of B = 0.52 T, measured under the same conditions as
ρxx(t)/ρxx(0) in Figure 1. Solid lines represent the fits obtained
with the help of equation (1). The inset shows three of the data
curves plotted on a logarithmic time scale.

only at 290 K does the opposite relation hold. Simi-
larly to ρxx(t)/ρxx(0), no saturation was observed in the
ρyx(t)/ρyx(0) dependence (see inset in Fig. 2).

The time dependences of ρxx(t) and ρyx(t) are
clearly nonexponential. In agreement with previous results
[13,28], the experimental data can be well described by the
empirical stretched-exponential Kohlrausch expression [3]:

ρik(t) = ρik(t→∞)

+[ρik(0)− ρik(t→∞)] exp
{
−(t/τik)βik

}
, (1)

where ik is replaced by either xx or yx depending on the
quantity under consideration. ρik(t → ∞) is the satura-
tion value of ρik(t), τik is a time constant, and βik is a
dispersion parameter (0 < βik < 1). The solid lines in
Figures 1 and 2 show equation (1) fits to the experimental
data. The agreement is very good, although, as reported
previously [13], at large illumination times the measured
values show a general tendency to fall somewhat below
the theoretical curves. We note that we observed no sys-
tematic dependence on the temperature in Figure 1, in
contrast to the results of relaxation measurements [3,13].
The most probable reason for this discrepancy is the sur-
prizingly different behaviors of the Hall number and the
Hall mobility during illumination (see below).

To separate the different contributions to the
photodoping effect, the Hall number pH = 1/RHe
(RH = ρyx/B is the Hall coefficient) and the Hall mobil-
ity µH = RH/ρxx were calculated from ρxx(t) and ρyx(t).
Theoretical difficulties associated with the Hall effect in-
terpretation in YBCO will be discussed in Section 4 —
here we only want to point out that within a single-band
model, changes of pH and µH can be considered to reflect
changes of the free hole concentration and the hole mobil-
ity in YBCO films, respectively. In Figure 3, it is shown
that pH increases strictly monotonously as a function of
time at all studied temperatures, and even after 48 h of
illumination there is no sign of a saturation in any of the
curves. Interestingly, the enhancement of pH is almost the
same at 260 K and 290 K, so one must conclude that the
different effectivenesses observed earlier in ρxx must arise
from the temperature dependence of the Hall mobility. We
also note that, for times below 30 h of illumination time,
the increase of pH is largest at 290 K but shows a flatten-
ing dependence at larger times. We take this latter effect
as a sign of PPC relaxation, which becomes important in
this temperature and time range.

As compared to pH , the Hall mobility µH(t) displays
a remarkably different behavior, shown in Figure 4. At
70 K and 100 K, µH(t) shows a very similar functional
dependence as pH(t), i.e., a monotonical increase with-
out a saturation up to 48 h of illumination. However, the
time dependence of µH changes dramatically when the
photodoping temperature is increased. At 200 K, µH(t)
saturates after approximately 18 h of illumination, while
at higher temperatures, µH(t) decreases at large illumi-
nation times. At both 260 K and 290 K, µH(t) increases
at the very beginning of the photodoping process, reaches
a maximum value after a few hours of illumination, and
subsequently decreases. It is obvious from Figure 4 that
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Fig. 3. Normalized Hall number pH = 1/RHe as a function of
the illumination time, taken at the indicated temperatures.

Fig. 4. Normalized Hall mobility µH = RH/ρxx as a function
of the illumination time, taken at the indicated temperatures.
Solid lines are fits to the data by the average of two Kohlrausch
terms, one increasing and the other decreasing as a function of
time.

the process responsible for the mobility enhancement at
low temperatures is still present at higher temperatures,
but it is counteracted by another process showing a falling
tendency. It should be noted that, in contrast to pH (48 h),
µH (48 h) shows a monotonical temperature dependence
and that at 290 K, µH (48 h) is somewhat smaller than
the original, undoped value. The observed behavior con-

Fig. 5. The time constants of (a) the increasing part τinc and
(b) the decreasing part τdec of the Hall mobility shown in Fig-
ure 4, plotted as a function of temperature. The squares denote
the results from “model 1”, the circles from “model 2” (see
text). In “model 2”, the fit parameters were µmax/µH(0) =
1.158, µmin/µH(0) = 0.828, and βinc = βdec = 0.464. Solid
lines are guides to the eye.

firms our previous results [28] but is considerably differ-
ent from the results presented by other groups. The other
published data show only a monotonical increase of the
Hall mobility during the illumination [6,9] with the excep-
tion of a remark made by Osquiguil et al. [7], who stated
(without showing an appropriate figure) that in a sample
with the oxygen content x = 6.7, µH decreased during the
photodoping at room temperature.

To better understand the temperature dependence of
µH , we fitted the data in Figure 4 to stretched exponential
functions similar to equation (1) (solid lines in Fig. 4). At
200 K, 260 K, and 290 K, the experimental curves can be
well fitted by the arithmetical average of two Kohlrausch
terms µH/µH(0) = (µinc + µdec)/2µH(0), where µinc in-
creases and µdec decreases with the illumination time.
We find that both µmax/µH(0) = µinc(t → ∞)/µH(0)
and µmin/µH(0) = µdec(t → ∞)/µH(0) decrease with
increasing temperature (µmin/µH(0) = 0.99 at 200 K).
At the low temperatures, µdec is not unambiguously de-
fined by the data, especially when all six free parame-
ters are used for the fits. We focused our attention on the
temperature dependences of the time constants τinc and
τdec, used to characterize the increasing and decreasing
Kohlrausch terms at all temperatures, and reduced the
number of free parameters making several assumptions.
In a first model (“model 1”), we assumed βdec = 0.5 at all
temperatures and µmin/µH(0) = 0.99 between 70 K and
200 K and found that µmax/µH(0) decreased from 1.13
at 70 K to 1.06 at 290 K. In a second, simplified model
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Fig. 6. The ρxx(T ) characteristics measured after each of the
photodoping sessions, carried out with identical photon doses
at the indicated temperatures. The inset shows the supercon-
ducting transition region on an enlarged temperature scale (for
clarity, only three of the curves are plotted).

(“model 2”), we assumed that µmax = µinc(t → ∞) and
µmin = µdec(t → ∞) are temperature independent, and
that βinc = βdec. Figure 5a shows that in both scenarios,
τinc decreases roughly linearly with increasing tempera-
ture, changing by about one order of magnitude, whereas
τdec decreases approximately exponentially by several or-
ders of magnitudes (Fig. 5b). From these findings, we con-
clude that the kinetics of µH(t) is accelerated by increasing
the temperature.

Finally, we want to point out that the lack of a sys-
tematic behavior of ρxx(t) is simply a consequence of the
dependences of pH(t) and µH(t) (Figs. 3 and 4, respec-
tively). In ρxx(t) (= 1/pHµHe) these two considerably
different dependences on temperature are mixed, result-
ing in an apparent non-systematic behavior of ρxx(t).

3.2 Tc enhancement

As described in Section 2, the Tc of our samples was mea-
sured before and after each of the photodoping experi-
ments. Figure 6 presents the ρxx(T ) characteristics mea-
sured for an undoped film and after the photodoping at
every studied temperature. It should be pointed out that
the curves measured for the “erased” samples always over-
laid, within the accuracy of our measurement, the char-
acteristics obtained for an undoped, nonilluminated sam-
ple. We observe in Figure 6 that the ρxx(T ) curves of
the samples photodoped up to 200 K overlay each other
and are more or less shifted parallel with respect to the
undoped curve. Above 200 K, the ρxx(T ) characteristics

Fig. 7. Relative changes of the longitudinal conductivity δσxx,
the Hall number δpH , the Hall mobility δµH , and the absolute
Tc enhancement ∆Tc, after light excitation for 48 h, plotted as
a function of the photodoping temperature. Solid lines are just
guides to the eye.

show measurable shape differences, depending strongly
on the doping temperature. The curves collected at the
260 K and 290 K doping temperatures exhibit substan-
tially lower resistivity values and intersect at 290 K. In
addition, near room temperature, all of our curves show
a pronounced increase toward the ρxx(T ) dependence of
the nonilluminated sample. The obvious reason for this
latter observation is that the duration of our measure-
ment becomes comparable to the PPC relaxation time.
Our previous results [12] showed that, at about 320 K,
the characteristics of photodoped samples collapsed with
the undoped one. Based on the data presented in Figure 6,
we have to conclude that photodoping carried out at dif-
ferent temperatures but with identical photon doses leads
to different ρxx(T ) characteristics and, hence, to photoex-
cited states of the different electronic structure. This re-
sult is in agreement with our observations based on the
photodoping experiments discussed in Section 3.1. The
inset in Figure 6 shows the superconducting transition re-
gions of three of the curves in more detail. We observe
that not only the value of Tc has increased upon illumi-
nation, but also the width and the shape of the transition
changed slightly with temperature. If we define the Tc en-
hancement ∆Tc as the shift of the offset temperature (i.e.,
where ρxx(T ) = 0), we find that ∆Tc depends strongly on
the temperature at which the photodoping was performed.
Photodoping at temperatures up to 200 K resulted in
∆Tc ≈ 1.3 K, but at 260 K and 290 K, ∆Tc was approxi-
mately twice as large (see inset in Fig. 6). This final result
is of particular importance since the value of Tc is corre-
lated to the carrier concentration in the material [31].
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Fig. 8. Time dependence of the Hall number during relaxation
at 310 K after photodoping at the temperature indicated in the
figure.

Fig. 9. Time dependence of the Hall mobility during relaxation
at 310 K after photodoping at the temperature indicated in the
figure.

Figure 7 gives a summary of discussed in Sections 3.1
and 3.2 effects of photodoping in our YBCO samples. The
relative changes δσxx, δpH , and δµH of σxx = 1/ρxx, pH ,
and µH are expressed as the percentage of the correspond-
ing initial values, respectively, and are plotted together
with ∆Tc. As can be clearly seen in Figure 7, ∆Tc depends
on the photodoping temperature essentially in the same

way as δpH , what confirms that the enhancement of both
these quantities is governed by the enhancement of the
same electronic parameter, i.e., the free-carrier concentra-
tion. In obvious contrast, δσxx and δµH show completely
different temperature dependences, due to the compli-
cated behavior of µH during the illumination process (see
Fig. 4).

3.3 PPC relaxation

During the experimental session (see Sect. 2), PPC was
always erased between every two photodoping measure-
ments. For this purpose, after the termination of illumi-
nation and the Tc measurement, the sample was warmed
up to 310 K and held there for 24 h. During the PPC relax-
ation at 310 K, ρxx and ρyx were monitored every 1.4 min.
From the data, the time dependences pH(t) (Fig. 8) and
µH(t) (Fig. 9) were calculated the same way as for Fig-
ures 3 and 4. Due to different values at the end of the
photodoping process, the relaxation curves start at differ-
ent onsets, but they ultimately reach the same saturation
values pH(310 K) = 1.43 × 1021 cm−3 and µH(310 K)
= 4.05 cm2/Vs within < 0.5%. These results confirm
that our PPC erasing procedure worked well and repro-
ducibly. It should be noted that the shapes of the pH(t)
and µH(t) relaxation curves depended on the tempera-
ture at which the preceding photodoping was carried out.
The full assessment of the data presented in Figures 8
and 9 must consider the structural changes occurring in
YBCO annealed near room temperature. Kawamoto and
Hirabayashi [10] observed in an insulating sample that af-
ter heating up from 295 K to 314 K the resistance showed
a pronounced relaxation behavior for several hours. In our
partially oxygen-depleted samples, we may expect a simi-
lar effect after warming up to 310 K.

The influence of temperature-induced structural
changes during the PPC relaxation process is even more
evident from a comparative study of pH and µH . Figure 8
shows that pH relaxes, as expected, from the photoen-
hanced value to its initial undoped state. In contrast, µH
(Fig. 9) exhibits an increase after all photodoping exper-
iments, regardless of its behavior during the photodop-
ing process itself (Fig. 4). This result can be understood
only if the photoenhancement of µH , observed at low tem-
peratures, was lost during the warm-up period to the
310 K level. Thus, we can conclude that µH relaxation
at 310 K is mainly caused by structural changes in our
oxygen-deficient YBCO samples induced by the tempera-
ture sweep and should not be compared to photodoping.

To further prove the above statement, we performed a
separate photodoping/relaxation experiment at a constant
temperature of 290 K. A YBCO sample was photodoped
for 24 h, then the illumination was terminated and the re-
laxation of the photodoped state was followed for another
48 h. Figure 10 shows pH and µH dependences on time
during the entire experiment. We note that the photodop-
ing part of this experiment is in excellent agreement with
the previous results presented in Figures 3 and 4. As be-
fore, pH increased until the illumination was terminated
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Fig. 10. Normalized Hall number pH(t)/pH(0) and Hall mobil-
ity µH(t)/µH(0) during illumination for 24 h, followed by the
relaxation of the photodoped state for additional 48 h. The
arrows indicate the termination of illumination.

and µH showed the initial fast increase followed by a
slow long-term decrease. After the termination of the pho-
toexcitation, µH dropped rapidly and within about 15 h
reached a constant, saturation value, while pH relaxed far
more slowly and, even after 48 h, the initial value had not
been reached. It should be also noted that µH relaxed to
a saturation value, which was somewhat below the initial,
undoped one. This finding corresponds to Figure 4, where
µH , during the photodoping at 290 K, also decreased be-
low its initial value. Unfortunately, the accuracy of our
measurement is not sufficient to decide whether at 290 K
µH shows a trend to return (rise) to its undoped value
after longer than 48 h relaxation, as it happened during
relaxation at 310 K.

Numerical fits (not shown) of the relaxation data pre-
sented in Figure 10, based on the stretched-exponential
law similar to equation (1), yielded relaxation times of
14.6 h and 4.2 h for pH and µH , respectively. From our
earlier PPC relaxation studies [13], we expect a factor of
10 decrease in relaxation time when the temperature is
increased from 290 K to 310 K. Thus, a typical warm-up
time period of the erasing procedure and the estimated
mobility relaxation time at 310 K are on the same or-
der of magnitude. As we suspected, when analyzing the
data shown in Figure 9, the photoenhancement of µH was
indeed lost before the sample reached the 310 K erasing
temperature, whereas it was still visible in pH , due to the
substantially longer relaxation time.

4 Discussion

4.1 Hall effect

The interpretation of the Hall effect measurements is one
of the most heavily discussed topics in the field of HTS
materials. The main problem is that pH shows an un-
usual temperature dependence. In a classical metal, pH is
more or less temperature independent and closely matches
the concentration of mobile charge carriers. In metallic
YBCO [32], as well as in Bi-based [33] and Tl-based [34]
compounds, pH depends almost linearly on T above Tc.
Thus, pH calculated from the simple one-band formula
pH = 1/RHe cannot be directly identified as the den-
sity of charge carriers. On the other hand, the Hall angle
tan θH = µHB in HTS materials uniformly obeys the
empirical law [32–35]:

cot θH = αT 2 + C, (2)

where α and C are constants. The T 2-dependence in-
dicates that the electron-electron (or, more generally,
fermion-fermion) scattering mechanism. Such mechanism
plays an important role in normal metals only at low tem-
peratures, while in HTS is clearly dominant up to room
temperature.

A great variety of models have been proposed to ex-
plain this remarkable equation (2) dependence in HTS
samples (see, e.g., Refs. [32,35] and references therein),
but most of them are concerned with only one of the quan-
tities, either pH or µH and only the Luttinger-liquid model
of Anderson [36] seems able to describe the temperature
dependences of both quantities. Starting with the Ander-
son model, Jones et al. [35] have derived the temperature
dependence of pH in YBCO, which agrees well with our
experimental observations in the temperature range from
150 to 310 K:

pH ∝ cot θH/ρxx ∝ nT, (3)

where n is the concentration of charge carriers. Thus, the
changes of pH and µH , observed at an arbitrarily fixed
temperature, in fact measure the changes of the carrier
concentration and the mobility, like in the conventional
spherical one-band model. This consideration is crucial
for the interpretation of our in situ Hall effect measure-
ments and is strongly supported by the fact that δpH
and ∆Tc in our photodoping experiments show essentially
the same dependence on the photodoping temperature
(Fig. 7). Note that the good agreement extends down
to 70 K, where the linear temperature variation of pH
(Eq. (3)) is not strictly obeyed. Apparently, both quanti-
ties measure the same physical parameter, i.e., the change
of the carrier concentration. Therefore, in the following
discussion, we will use the terms carrier concentration n
and mobility µ interchangeably with pH and µH .

4.2 Influence of photodoping on carrier properties

At first, we will briefly summarize predictions that the dif-
ferent PPC models (outlined in Sect. 1) give for photodop-
ing’s impact on carrier properties. In the charge transfer
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as well as in the oxygen vacancy capture model, photodop-
ing should increase mainly the carrier concentration. For
the mobility, if it is affected at all, one would expect its de-
crease rather than an increase since randomly distributed
trapped electrons should introduce a certain amount of
disorder in the material. In addition, the increasing num-
ber of charge carriers (holes) should increase the fermion-
fermion scattering rate. This picture is consistent with the
experimental results [32] that show that tan θH , taken at
a fixed temperature, decreases with the increase of the
oxygen content, indicating a slight decrease of µH as a
function of the carrier density.

The photoassisted oxygen-ordering model gives a very
special prediction, namely a close relationship between the
photoinduced change of the carrier concentration and the
mobility. In this model, electrons are not only trapped in
the CuO chains but give rise to an increase of the length
of chain segments. Thus, n is enhanced in two ways: first,
electrons trapped in the chains result in mobile holes in the
CuO2 planes; second, the chains are lengthened, inducing
an additional charge transfer from planes to chains. Injec-
tion of holes into planes by the chain-growth mechanism
is less effective than any direct charge-transfer process,
since only chain segments longer than 4 CuO units con-
tribute to the carrier density [37]. However, the growth
of the chains must have impact on the electronic and the
crystal structure of the material, as well as on µ of the
charge carriers. From general considerations, we expect
that oxygen ordering should increase the carrier mobility
since removing disorder from a system increases the av-
erage scattering time. However, in experiments of room-
temperature aging of quenched YBCO samples, a decrease
of µH was observed [6]. Admittedly, the analogy between
the photoassisted oxygen ordering and oxygen ordering in
quenched samples is limited. The photodoping starts with
the sample in more-or-less equilibrium conditions and sub-
sequently lowers the degree of thermally driven disorder,
simultaneously removing the system from its initial ther-
modynamical equilibrium. This is in sharp contrast to the
oxygen ordering, occurring in the quenched sample, which
moves the system towards the intrinsic equilibrium state.
Thus, despite apparent analogies (e.g., the applicability
of Eq. (1)), the results of room-temperature aging exper-
iments cannot be directly taken as a model for photoas-
sisted oxygen ordering.

The most striking of our experimental result is the
markedly different time dependences of pH and µH . This
finding certainly cannot be explained by implementing ex-
clusively the oxygen-ordering model since this model pre-
dicts a very close relationship between pH and µH . In
particular, the positive-to-negative change of the slope of
µH(t) at high temperatures (Fig. 4) should have been
somehow reflected in pH(t), which is obviously not the
case. On the other hand, only oxygen ordering seems ca-
pable of giving a reasonable explanation for the increasing
part of the mobility observed at all temperatures. Thus,
our conclusion is that oxygen ordering takes place during
the light illumination, but it enhances mainly µ and has
only a limited effect on n.

The decreasing component of the mobility during
a prolonged illumination µdec (Fig. 4) is an intriguing
phenomenon. The behavior is observable only in the
T > 250 K-range, where the thermal relaxation of PPC
occurs in metallic YBCO [13]. This suggests that both ef-
fects must have a common physical origin, implying that
PPC relaxation during the photoexcitation process man-
ifests itself in the behavior of the mobility, long before it
affects the carrier concentration (compare Figs. 3 and 4).
The possible reason for this intriguing consequence is that
the kinetics of oxygen ordering/disordering is strongly ac-
celerated when the temperature approaches room temper-
ature, due to the increasing diffusivity of oxygen [38], as
it is indicated by the results shown in Figure 5. It ap-
pears that the thermal relaxation process gradually de-
stroys the photoinduced ordering effects in the chains, si-
multaneously having only a limited influence on the carrier
density, or it is overcompensated by an enhanced photo-
generation of additional carriers. This would explain why,
after long exposure times, µH falls below even its initial,
undoped value, despite the fact that one would expect
PPC relaxation to cancel only the photoinduced enhance-
ment of µ. We observed this effect also in our photodop-
ing/relaxation experiment (Fig. 10), so the assignment of
the falling component of µ to the thermal PPC relaxation
is a consistent interpretation of our data. However, µdec
keeps decreasing even after 48 h of illumination (Fig. 4),
while µH under dark conditions saturates within about
15 h (Fig. 10), indicating differences between relaxation
processes with or without light exposure and again point-
ing to photoassisted oxygen ordering as a mechanism for
enhancing mobility (see Sect. 4.3).

The main contribution to the enhancement of n orig-
inates from the photodoping mechanisms that have little
or no influence on µ. The charge transfer and the oxy-
gen vacancy capture mechanisms are the main candidates
for such processes; however, other mechanisms, such as
trapping of photoexcited electrons by impurities or in lat-
tice distortions/grain boundaries may also play a role, as
indicated in the relaxation studies discussed below. How-
ever, it is obvious from Figure 3 that the enhancement
of n, being almost the same at all temperatures up to
200 K, rises substantially near room temperature, i.e., in
the same temperature region where µH exhibits its un-
usual behavior (Fig. 4) and the thermal PPC relaxation
becomes important [13,14]. Thus, our data seems to indi-
cate that the disordering processes observed in this tem-
perature region favor the photogeneration of charge car-
riers via the charge transfer processes. Possibly, thermal
disordering creates additional oxygen vacancies or other
defects that may act as trapping centers for the photo-
generated electrons.

4.3 PPC relaxation effects

The results presented in Section 3.3 indicate that, after
the illumination is terminated, µ relaxes far more rapidly
than n. The short PPC relaxation time (Fig. 10) clearly
contradicts the results obtained in the room-temperature
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aging experiments [6]. We point out again that the phys-
ical situation in both types of these experiments is quite
different. In the room-temperature aging case, an oxygen-
depleted YBCO sample is quenched from high tempera-
tures to room temperature. Hence, at the beginning of the
experiment, the sample is in a highly nonequilibrium state
and relaxes back to equilibrium. In other words, room-
temperature aging means a relaxation from a highly dis-
ordered state to a more ordered one. In the photodop-
ing experiments, our sample is initially in an equilibrated
state (at least near room temperature) with a certain
amount of disorder due to thermal activation. Photoas-
sisted oxygen ordering, as characterized by our measure-
ments, partially reorders the system. When the illumi-
nation is terminated, the system relaxes toward a more
disordered state, i.e., in the opposite direction as com-
pared to the room-temperature aging. In our opinion,
the similarities between the two processes arise only from
the fact that they are driven by movements of the same
molecules, namely oxygen ions. On the other hand, the
differences in kinetics are too obvious to expect the same
experimental results in both cases. This conclusion applies
also to the µ enhancement, attributed to oxygen ordering,
despite the disagreement with the room-temperature ag-
ing experiments.

An even more intriguing result from our relaxation
studies is the fact that µH falls below its initial, undoped
value and stays constant for the remaining duration of our
experiment (Fig. 10). From the Kohlrausch fits we learn
that the theoretical saturation values of µH(t)/µH(0) and
pH(t)/pH(0) are 0.99 and 1.03, respectively. Since∆σ/σ ∼=
∆pH/pH + ∆µH/µH , one could expect for t → ∞ a re-
maining conductivity enhancement of about 2%, suggest-
ing that at 290 K, the PPC does not completely relax. The
photoexcited state relaxes into a system that differs from
the undoped one, e.g., is characterized by a small fraction
of photoexcited electrons trapped at 290 K. This may in-
dicate that, besides the charge transfer and the photoas-
sisted oxygen-ordering processes, additional mechanisms
like electron trapping at grain boundaries or on lattice
defects are involved in the PPC process. At 310 K, how-
ever, the PPC relaxation was always complete, and both
ρxx(t) and ρyx(t) reached the values of the undoped mate-
rial, regardless of the preceding history of the photodop-
ing experiment. Hence, we believe that the photoinduced
state, being still metastable at 290 K, can be erased at
higher temperatures by strong thermal fluctuations. This
observation, however, needs further experimental studies.

5 Conclusions

We have shown that the effect of prolonged white-light il-
lumination on partially oxygen-depleted YBCO (x ≈ 6.5,
Tc,mid ≈ 52 K) depends strongly on the temperature at
which the photodoping experiment is performed. At low
temperatures, photoexcitation leads to a state with en-
hanced carrier concentration and mobility. At tempera-
tures above approximately 250 K, µ is reduced after long

illumination times, whereas n is even more enhanced, com-
pared to its value at low temperatures. Thus, photodoping
at different temperatures generates in YBCO states with
different electronic properties, resulting in different ρxx(T )
characteristics.

From the presented experimental results and their in-
terpretation, we conclude that the photoassisted oxygen-
ordering and charge transfer processes from CuO2 planes
to CuO chains are the main contributors to the PPC
effect; however, their relative contributions are different
and strongly depend on the temperature of the photodop-
ing process. The oxygen-ordering mechanism is mainly re-
sponsible for the changes of µ, while the charge transfer
acts on n. However, there is additional evidence from the
relaxation data that other mechanisms, like trapping of
electrons in lattice defects or at grain boundaries, give
some contribution to PPC. We have shown also that the
Tc enhancement due to photodoping is a function of the
carrier concentration rather than of the mobility.

The relaxation of the photoexcited state has a differ-
ent nature than the room-temperature aging of thermally
quenched YBCO samples. In particular, µ relaxes far more
rapidly after the termination of photodoping than after
quenching the samples from high temperatures to room
temperature. Moreover, the mobility saturates at a value
below the undoped one, suggesting that photodoping leads
to rearrangements of oxygen ions different than an abrupt
change of temperature.
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