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Persistent photoconductivity is an interesting and unusual property of
high T¢ superconductors. Underdoped YBapCu3Ogis shows upon illu-
mination a decrease of resistivity and an inerease of T.. These pholo-
induced changes are persistent at low temperatures and relax at room
temperatures. A possible model [or persistent photoconductivity in
these materials is that electrons of photoinduced electron-hole pairs are
trapped at localized states spatially separated from the conduction layer,
We recently measured persistent photoconductivity in ThBaaCuOgss
and Y-doped BizSraCaCugys, which indicates that persistent photocon-
ductivity might be a common phenomena in high-Te superconductors.

Onc of the interesting features of the high-T. cuprates is, that their superconducting
and normal stale properties can be changed by varying their carrier concentration.
Typically this is accomplished by chemical doping, where either one cation is substi-
tuted by another one (e.g. Sr for La in LagSryCu0y), or the oxygen-stoichiometry is
varied (c.g. YBa;CuyOgss). Furthermore it is possible to change the carrier concentra-
tion in some of the high-T, superconductors by illumination, and thus “photodope”
these materials. This persistent photoconductivity (/) and persistent photoinduced su-
perconductivity (2) was first observed in RBayCuyOges (R = rare carth or yltrium), and
recently also in cuprales without CuO chains, such as ThBayCuOyy; (3) and Y-doped
BiaSraCuCuyss.

This article will be structured as follows. First we will review the persistent
photoconductivity and persistent photoinduced superconductivily as it is observed in
RBa:Cu3O4.s and discuss theoretical models for this clfect. Following we will presemt
more recent data on similar cffects in chainless cuprates and discuss the implications
ol these results.
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Persistent Photoinduced Effects in RBa:CuzO0q.s

Duc to the finite penctration depth of light (typically 1000 A) all photoconductivity
measurements were made on thin films. C-axis oricnted RBa;Cu;O4.5 thin [ilms were
grown using magnetron sputiering on (100) MgO and (100) SrTiO; substrates ().
After growth these samples were fully oxygenated (8=0). In order to prepare
RBa;Cu304.; thin films with a specific oxygen content (3> 0), they were anncaled at
500° C following pressurc-temperature curves for a specific stoichiometry of the phase
diagram (5). After anncaling the oxygen content was determined by the c-axis pa-
rameter (6) measured by high resolution X-ray diffraction and by 7% (7) for the super-
conducting films.

The resistivity measurements were done with a four probe technique, with the
sample either directly immersed in liquid nitrogen, in a close cycle refrigerator, or in a
He-flow cryostat, cach equipped with optical quartz windows. For the illumination
several different light sources were used. Most of the excitation measurements were
done using a halogen lamp or an Ar laser (A = 514 nm), with a typical power density at
the sample surface of | Wem?.  For measuring spectral dependencies a 1000 W
Hg-Xe are lamp was used with an infrared water filter to protect the sample and the
optics from excessive heating. Specific wavelengths in the range 250-900 nm were
chosen with interference band-pass-filters having a bandwidth of 10 nm. Using this
setup the power density of monochromatic light ranged between 0.04 and S mWem™.,
After cach light excitation the sample was relaxed at room temperature while moni-
toring the resistivity to determine when the sample was fully relaxed.

Basic Effcet. The basic effect of illumination on the resistivity and 7% is shown in
Figure 2 for an underdoped GdBaaCuz0g.4s film. Before illumination the temperature
dependence of the resistivity shows a minimum and an onsct of superconductivity at
roughly 20 K. After white light illumination for 8 hat 95 K, the lamp is tuned off and
the resistance is measured again as a function of temperature. The resistance changes
such that the normal state resistance is metallie, decrcases substantially and the T, in-
creases by more than 10 K. Notice that the change in resistivity and T is not due to
heating, since the illumination is stopped during the measurement and heating would
increase the resistivity and decrease the 7. Furthermore this photoinduced change of
T¢ is remarkably different from the effect of illumination on a low T, superconductor,
which causcs a deterioration of the superconducting properties due to pairbreaking (8).

Excitation and Relaxation. These photoinduced changes in RBayCu3Og.s thin
films are persistent il the sample is kept at low temperatures (<100 K), and relax il the
sample is warmed up to room temperature. The time dependence of the excitation and
of the relaxation is shown in Figure 1. For the excitation, the light source was
switched on at £ = 0, while the sample was kept at 95 K. For the relaxation, the tem-
perature was raised from 95 10 300 K in about 12 min nearr=0. The time dependence
of both the excitation and the relaxation follows a streiched exponential, which is
given by (9):
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Figure I Time dependence of the excitation and relaxation of persistent photocon-
ductivity in GdBu,CuyOy, film (Reproduced with permission [rom reference 10,
Copyright 1995.)
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Here Apuax = p(1=0)-p(1=0) is the diflerence between the initial and the saturation re-
sistivily, T is a characterislic excitation or relaxation time, and P is a dispersion pa-

rameter 0<f<l. The relaxation shows a thermal activated behavior with an energy
barrier of 0.920.1 ¢V (9). Besides this thermal relaxation it also possible to partially
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Figure 2. Temperature dependence of the resistance lor a GdBayCu,yO,s lilm
belore (solid line) and alter (dashed line) illumination (Reproduced with permission

from reference 10, Copyright 1995.)
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Figure 3. Time dependence of the resistivity p, Hall coelficient Ry, and Hall
mobility w = | R,;|/p) during excitation and relaxation in an YBa,Cu;Oue film
(Reproduced with permission from reference 12, Copyright 1992 American Physi-
cal Society.)

quench (= 5%) the persistent photoconductivity using infrared light (0.8-1.3 eV) (/).

Other Photoinduced Changes. In addition to the decrease in the resistivity
there are also photoinduced changes in the Hall coefficient Ry and the Hall mobility
w=c(|Ryl/p) (12). These changes are shown in Figure 3 for an YBuwCuyOgs film
measured at room temperature. Clearly both Ry and 1 have the same time dependence
during excitation and relaxation as p. In a simple one band model, the Hall coefficient
Ryr is inversely proportional to the carrier density. Thus the data in Figure 3 suggest
that the carrier density increases, which results in a deercase in resistivity. In addition
the Hall mobility pu changes and contributes to the variation in the resistivity p (/2).
These variations in the transport propertics are also accompanied by a change of the ¢-
axis (/3). Upon illumination the ¢-axis contracts, which is contrary to thermal expan-
sion due to heating. Interestingly, all the observed photoinduced effects are similar to
changes due to increased oxygen doping in RBuaCuyOys (1),
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Doping Dependence.  As shown above, the photoinduced effects in
RBa;Cu30445 films are remarkably similar to oxygen doping eflects. Also it has been
shown that persistent photoconductivity only occurs in RBayCuzQgys if there arc oxy-
gen vacancies in the CuO chains (/3). Therefore it is interesting to take a look at the
influence of oxygen stoichiometry on the persistent photoconductivity in these materi-
als. In Figure 4 the saturation conductivity change after illumination at 95 K is shown
as a function of oxygen content 8. The data is normalized 1o the conductivity belore
illumination oy, since the conductivity decreases strongly with decreasing oxygen
content 8. From Figure 4 it is clear that the photoinduced effeet is strongly enhanced
for fully deoxygenated RBazCuzOs (15).

Spectral Dependence.  Early measurements of the spectral dependence of persistent
photoconductivity in RBa;Cu30es showed an onsct at 1.6 ¢V (9,/6). We extended the
measurement of the spectral dependence into the UV region, which is shown in Figure
5. It hias been shown that for a given wavelength, the magnitude ol the photoinduced
cifeets depends only on the incident photon dose

Ixt

n= (2)
where / is the light intensity at the sample surface; ¢ the measurement time, and ho the
photon energy. The spectral clficiency in Figure 5 is given by 1/n°, where ' is the
photon dose necessary for a 2% reduction of the resistivity. Notice that 1/n’ is propor-
tional to the spectral cfliciency 1 deftined by Kudinov ef al. (9):

i ]
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Figure 5. Speetral clficiency of the persistent photoconductivity for GdBa,CuyO,,
(Reproduced with permission [rom reference 17. Copyright 1996 American Physi-
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It is worthwhile to mention, that there has been also observed an effect similar to per-
sistent photoconductivity in YBayCuzOg g upon irradiation with X-rays (/8).

There are two [eatures of the spectral dependence, which are remarkable. First
the persistent photoconductivity shows an onsct at 1.6 eV, Below 1.6 eV there is cs-
sentially no change of the resistivity upon illumination. This cnergy corresponds to
the charge transfer gap in insulating YBayCuyOg; as observed with optical absorption
measurements (/9). Interestingly this charge wansfer gap vanishes in optical absorp-
tion measurements with incrcased doping (/9), while it is still clearly resolved in
photoconductivily measurements even [or superconducting YBa;CuyOpig samples
(2,16,20). This means that there are only localized states below 1.6 ¢V.

The sccond striking spectral feature is the peak of the spectral efficiency at
4.1 ¢V, This peak has been attributed to a 3ds. to 4py electronic transition of Cu'
atoms in an O-Cu-O dumbbell (2/7). These Cu' atoms are locate in the CuO chains
and have an oxygen vacancy on both sides. The enhancement observed for the persis-
tent photoconductivity at 4.1 ¢V is much stronger, than what can be expected from the
increased absorption at this energy alone (/7). Thus this implies that the persistent
photoconductivity is strongly enhanced as soon as an electron-hole pair is created in
close proximily to an oxygen vacancy, which is also consistent with the observed
doping dependence.
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Theorctical Models

Since the oxygen vacancies in the CuO chains of RBa;CuiOgqs play an important role
for the persistent photoconductivity (/3,/3,17), there were several models developed
involving specifically the CuO chains in this material. The two main models are based
on cither photoassisted oxygen ordering (22) or trapping of photogenceration of mobile
carricrs (9,13).

Photoassisted Oxygen Ordering. It has been shown, that RBayCu3Og.5 samples rap-
idly quenched from higher temperatures show transport and structural changes during
room lemperature anncaling similac 1o persistent photoconductivity (23). This cflect
of room temperature annealing was explained by oxygen ordering in the CuO chains.
Furthermore, the activation energy for the relaxation of the photoinduced cffects is
with 0.9£0.1 eV (9) close o the oxygen diffusion activation energy of 1.3 ¢V (24).
This suggest that the pohotoinduced cflects could be due to photoassisted oxygen or-
dering (22).

There is an important difference between oxygen ordering in quenched samples
and the photoinduced effects.  While in quenched samples the oxygen in the CuQ
chains order during room temperature annealing, the oxygen has to disorder from a
metastable ordered state in the photoexcited samples during room temperature relaxa-
tion. It has been shown, that the pholoexcitation process is indeed independent from
oxygen disorder induced by quenching (25). Furthermore, the oxygen ordering model
implics, that persistent photoconductivity should vanish for completely deoxygenated
(620) RBu2Cu3Oyg4s sumples, contrary o the observed doping dependence (/15). There-
fore it is doubtful that the photoassisted oxygen ordering explains the persistent photo-
conductivity in RBa;Cu;Og.s.

Electron Trapping. In another model the incoming photons create electron-hole pairs
(9,13). Subscquently, the clectron is trapped at an oxygen vacancy in the CuQ chain,
while the hole is transferred to an extended state in the CuQz planes and thus enhances
the conductivity. This model is consistent with all the observed data so far, in par-
ticular it can explain the doping dependence (/5) and the spectral dependence (/7) of
the persistent photoconductivity. [Furthermore this mechanism is also supported by
mcasurcments of the photoluminescence in YBa;Cuz Qg4 (26).

The photoinduced structural changes (/3) can be understood by a lattice dis-
tortion caused by the trapped clectrons. This lattice distortion gives rise to an encrpy
barrier, which inhibits the recombination of the trapped clectrons with a hole (/3).
However, it is not presently clear how the proposed models can explain the photoin-
duced changes in the mobility (/2). One possibility is that the photoinduced structural
modification causes the change in the mobility.

Cuprates Without CuO Chains

The above shown measurements were all done on RBapCu;3Og45. One specific feature
of this material that sets it apart [rom most other high 7% cuprates is that its structure
contains CuO chains. Since carly measurcments did not show persistent photocon-
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ductivity in other cuprates besides RBa;CuzOges (22), the theoretical models involved
in one way or another specifically these CuO chains. We will now show mecasure-
ments of persistent photoconductivily in cuprates without CuO chains (3). Thus,
clearly persistent photoconductivity does not require the presence of CuO chains and
might be a more common effect in these materials.

T13Ba:;CuOgys.  In contrast o RBa;CuyOgis, THhBaCuOgis has a rather simple struc-
ture with only one CuO; plane per unit cell sandwiched between TIO layers, and no
CuO chains. By increasing in TI;BaaCuOgyg the oxygen concentration 8, it is possible
to deerease the 7% Irom 85-0 K (27). Thus the T2Ba;CuQOg films used for the persis-
lent photoconductivity measurements are in the overdoped regime, meaning a de-
creasing 7, with increasing carrier density n (87, /dn <0), while the RBayCu;04:5
films arc in the underdoped regime (07, / én > 0).

The TlBa;CuOgs films were grown by RF sputtering on SrTiOs substrates
(28-31). The thicknesses of the films were 500-800 A, so that the films were trans-
parent and completely penetrated by the light used in the experiments. After growth,
the 7, of the films was adjusted between 10 and 80 K by anncaling in argon or air,
The persistent photoconductivity measurements were performed in the same setup as
for the KBazCu3Ogs Nlms.

Basic Effect.  The basic effect of illumination on the resistivity of
T1,Ba;CuOygys i1s shown in Figure 7. Depending on the doping and the wavelength the
normal state resistivity £ and the 7, can either increase or decrease. The TlhBa;CuOgug
thin [ilm with an initial 7, of 60 K (see Figure 7(a)) shows an increase in both 7, and p
during iHlumination with 1000 nm light, while both 7% an p deercase during illumina-
tion with 400 nm light. In contrast, a higher doped T1:Ba:CuQgq s, with o 7. of 13 K,
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(Reproduced with permission from reference 3. Copyright 1997 Amcerican Physi-
cal Socicly.)

shows only a decrcase of T and p, which is shown in Figure 7(b) lor 440 nm light
Notice, that unlike in Ba;Cu3Qg.s, the change of T, and p have always the same sign,
which is due to the TI;Ba;CuQgis being overdoped. Also the photoinduced changes in
T, and p are smaller than the ones in underdoped RBa;CuzOgss, but comparable to al-
most optimally doped RBa;CuzOgip (13, see also Figure 4).

One important difference between the measurements on TlBa;CuQOgys (Figure
7) and RBayCuj0ess (Figure 2) is the temperature dependence of the resistivity for
ThhBa;CuOg+s was measured during illumination instead of with the light turned off,
The reason for this is that in T1;Ba;CuQg,s the persistent photoconductivity slowly re-
laxes even at low temperatures. However, any significant thermal heating due to the
illumination can be ruled out, because of the very low power densities (= 0.1 chm'z)
used during the measurcements.

The time dependence of the excitation and the relaxation is shown in Figure 6
for the TlBasCuOgys sample with a 7, of 13 K measured at 30 K. Obviously the tine
constunl for the excitation is much faster han for RBuCU;04 (see Figure 1), und also
there is still some thermal relaxation to the initial p even at 30 K, in contrast to
RBa;Cu;04:5 where there is essentially no thermal relaxation at temperatures below
approximately 100 K (9). This thermal relaxation in T1;Ba;CuQOg.s becomes faster at
higher temperatures and takes only a {ew minutes above 100 K. Again both the exci-
tation and the relaxation shows a stretched exponential behavior (sce equation 1),

Also it is possible in the higher doped sample to quench the resistivity back to
its initial value by illuminating the sample with 1100 nm light [sce Figure 6(b)]. The
oripinal resistivity is this way recovered within one hour, unlike in RBua:CuzQgs where
s0 far only a partial quenching of the persistent photoconductivity has been obscrved

(/1)
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Spectral Dependence. The spectral dependence of the photoinduced resistiv-
ity changes at saturation Apmg normalized lo the initial resistivity pg are shown in
Figure 8, as they were measured at (2) 85 K and (b) 30 K for the 7. =60 K and 13 K
sample, respectively. Independent of doping there are three distinet energy regions,
below 1.3 eV, 1.3-2.8 ¢V, and above 2.8 ¢V. In cach of these energy regions Apaay is
almost constunt. For the lower doped ThBa;CuOgs sample (75 = 60 K), the energy
region with a photoinduced increase of p changes continuously into the region with a
photoinduced decrease of p. On the other hand, the spectral efficiency n(ho) (sce
cquation 3) is featureless from 1-4.8 ¢V. Interestingly, the onsct of persistent photo-
conductivity for the higher doped T1;Ba;CuQOgis (T =13 K) sample is observed at a
similar energy (1.3 ¢V) as it is for the underdoped RBa;CuyQgss (onset at 1.6 ¢V, sce
Figure 3).

This spectral dependence, with two plateaus, can be explained if one uses a
similar purely clectronic mechanism, as the one proposed for RBaxCusOgis (1,3.13).
‘This model proposes that in RBaaCuyOygs oxygen vacancies in the CuQ chains trap
photogenerated clectrons.  In ThBaCuOy s there are two types of structural defeets
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(32), Cu for Tl substitution in the TIO layers and interstitial oxygen between the TIO
layers, which might trap the photogencrated electrons.  The presence of these two
types ol deleets can explain the observed spectral dependence with two excited levels
(sce Figure 8). If this model is correct, then persistent photoconductivity should be
present in most high-T. cuprates, since all that it requires arc localized clectron slates
spatially scparated from extended hole states in the conduction layers (CuO; plancs).

On the other hand it is unlikely that the oxygen ordering model proposed for
RBa;CusOpis (22) can explain the observed persistent photoconductivity in
TlBazCuOgys. It has been shown that structural ordering in Tl;Ba;CuQgs always
leads only to a decrease in resistivity and thus is clearly irreversible unless thermally
relaxed (33). In contrast, the sign of the photoinduced resistivity changes depends on
doping (sce Figures 6 and 8) and is reversible (sce Figure 6). In order lor the structural
ordering mechanism to be correct, this would imply the unlikely casce that illumination
with a single wavelength cither orders or disorders oxygen, depending on doping or
initial resistivity.

Y-doped BLSHCaCuyOyip As mentioned above the meehanism based on defect
trapping of photogencrated clectrons suggests that persistent photoconductivity should
be a more general observed phenomenon in high-7¢ cuprates. We also recently ob-
served this effect in Y-doped Bi;SraCaCuyOgyes. These BiaSraCay. Y ,CuaOyis samples
showed an insulating temperature dependence of the resistivity. The time dependence
of the photoexcitation and thermal relaxation measured at 90 K is shown in Figure 9
and follows again a stretched exponential as in equation 1. For the photoexcitation we
choosc a wavelength of 470 nm, since this coincides with the resonance energy 2.6 ¢V
observed i resonant Raman scattering (3+4).

This persistent photoconductivity in Y-doped Bi;SrzCaCuyOgsp is remarkably
different from the photoinduced cffects in pure BiSryCaCu;Ogys. In pure
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Bi;Sr;CaCu;0g4¢ there is upon illumination an irreversible increase of the resistivity
(33), while in the Y-doped Bi;Sr;CaCu;Oy.5 there is a reversible decrease of the re-
sistivity. It is important to notice that the irreversible increase of resistivity was ob-
served in oxygen annealed overdoped BizSraCaCuaOgys, and that the irreversible in-
crease is consistent with a simple loss of oxygen during illumination. Thus these irre-
versible changes are probably unrelated to the persistent photoconductivity observed in
the other high-T, cuprates. So far there have no reversible changes been observed in
purc BiaSr;CaCuzOgus.

The electron trapping mechanism used to explain the persistent photoconduc-
tivity in RBa3Cu3O0ss and TlaBa;CuOgis can also be used for Bi;SraCaj Y, CuyOgas.
The substitution of Y for Ca might introduce localized defect states, which like in the
other materials may trap photogenerated clectrons. If this is the case then the persis-
tent photoconductivity in BizSr;Ca,Y,CuyOygis should show a similar dependence
with the Y content x as the doping dependence observed for RBapCuyOgas (see Figure
4). This may also explain the absence of any reversible photoinduced changes in pure
Bi;SrCaCusOgqs.

Other Cuprates. Besides the cuprates discussed above (RBa;CuzOgeg, T12Ba:CuQg4g,
and BisSrsCay., Y, CusOy,5) there is 10 our knowledge no obscrvation of persistent
photoconductivity in other systems. But the recent results on cuprates without CuO
chains suggest, that this cffect is more widespread in this class of materials, as ex-
pected for the clectron trapping mechanism. Indeed, we have preliminary results
which suggest that persistent photoconductivity can also be observed in Lay, Sr.CuQ,.
Furthermore, T1Ba;CaCu;Oy exhibits metastable photoinduced changes ol its mag-
netie properties, which may be related to persistent photoconductivity (36).

These results may have important consequences for measurements using opti-
cal probes, e¢.g., Raman scattering or photoemission spectroscopy. The increased
doping level during illumination, which leads to a reduced T, might have to be taken
into account for the interpretation of the data. On the other hand the persistent photo-
conductivity can also be used as a tool to investigate doping cffects. The reversible
photodoping allows to measure in one sample the dependence of other physical prop-
ertics on the carrier concentration in the high-T¢ cuprates. Furthermore, persistent
photoconductivity might exist in similar complex materials besides the high-7, cu-
prates and allow to study doping dependencies, c.g. in the colossal magnetoresistive
manganites, where one could expect a photoinduced transition from an insulating an-
tiferromagnetic 1o a metallic ferromagnetic state (37).

Conclusion

In summary, we have shown persistent photoconductivity in a varicty ol difTerent high-
T. cuprates (RBaaCu3Ogss, ThBa;CuOgss, and BisSryCay Y Cuz;Oy4s). The eflect is
characterized by a reversible change of the carrier concentration upon illumination.
This photoinduced change of the carrier concentration is persistent with a long lifetime
at low temperatures and retaxes thermally at clevated temperatures. The photoinduced
changes in turn modifly the resistivity (in most cases a decrease with illumination) and
the 7. (increase or deerease depending on initial doping level), The observation of
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persistent photoconductivity in ThhBa,CuOgis and BiaSraCuay., Y,Cuy Qg5 shows that
this effect is not limited to cuprates with CuO chains.

The doping dependence in RBa;CuyOgis and the spectral dependence in
RBa;Cu3Ogis and TIBa;CuOgis suggest that the persistent photoconductivity is due to
an electron trapping mechanism. In this model the clectron of a photogencrated clec-
tron hole pair is trapped at a localized state in the charge reservoir layer, while the re-
maining hole gets transferred to the conduction (Cu0,) layer. This model is in princi-
ple applicable to other cuprates as well, so that persistent photoconductivily might be a
more common phenomenon in high-7. materials.

The observed persistent photodoping effects might be important for measure-
ments using optical probes. Furthermore these effects can also be used to study the
doping dependence of other physical properties.
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