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Persistent photoconductivity in overdoped highT ; thin films
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Overdoped TJBa,CuOg, s exhibits persistent photoconductivity at low temperatures. This effect has been
observed before only in underdopBBa,Cu;0,_ s (R=rare earth or yttriuth Contrary toRBa,Cu30,_,
TI,Ba,CuOg., s shows either a persistent increase or decrease of the carrier density with illumination, depend-
ing on doping and wavelength of the incident light. Thus it is possible to increase or decrease the supercon-
ducting transition temperature in ;Ba,CuQg, 5 reversibly. These photoinduced changes can be explained by
the existence of localized states in the charge reservoir |5$60.63-182807)06046-3

An interesting feature of the highz superconductors is The four-point resistance and the Hall coefficient were
that it is possible to change their superconducting and normaheasured in a He-flow cryostat equipped with optical quartz
state properties by “doping,” e.g., by chemically changingwindows. Since the photoinduced changes are small
their stoichiometry. Moreover RBa,Cu;0;_s (R123, (Ap/p<1%), it wasnecessary to keep the temperature dur-
R=rare earth or yttrium thin films show persistent ing the measurement stable within a few mK. For the optical
photoconductivity (PPQ and persistent photoinduced excitation either a 1000-W Hg-Xe arc lamp or a halogen
superconductivity (PPS. After illumination with visible lamp was used. While using the Hg-Xe arc lamp far-infrared
light of an oxygen deficienR123 thin film, its normal state wavelengths were eliminated by using a liquid water filter, in
resistance decreases and its superconducting transition tewrder to protect other optical elements and the sample from
peratureT . increases substantially. This effect is persistent aexcessive heat. For the excitation, a specific wavelength in
temperatures below 100 K and relaxes typically within a daythe range 250—-1000 nr(#.8—1.1 eV was selected using
at room temperature. Hall effécand structurdl measure- interference bandpass filters with a bandwidth of 10 nm. The
ments show a remarkable similarity between this “photodop-ight intensity at the sample was carefully measured for each
ing” and oxygen doping irR123° wavelength and was adjusted to typically 0.1 mWfcin

Here, we report PPC in 3Ba,CuQg_ 5 (TI2201), which  order to avoid any significant heating of the sample. After
is to our knowledge the first high: material to show this the excitation the sample was relaxed to its initial state by
effect besidesR123. In contrast toR123% TI2201 has a warming it up for several minutes to above 100 K.
rather simple structure with only one Cy@lane per unit Figure 1 shows the basic effect of illumination on the
cell sandwiched between TIO layers, and CuO chains.  resistivity of TI2201. Depending on the doping level and the
This shows clearly that PPC in high: materials does not wavelength the normal state resistivigyand theT, can ei-
require CuO chains. By increasing in Tl2201 the oxygenther increase or decrease. The TI2201 thin film with an initial
concentration, it is possible to decrease Thefrom 85to 0 T, of 60 K [see Fig. 1a)] shows an increase in both, and
K.8 Thus the TI2201 films used in this study are in theer-  p during illumination with 1000 nm light, while botfi, and
dopedregime, meaning a decreasifig with increasing car- p decrease during illumination with 400 nm light. In con-
rier densityn (dT./dn<0), while theR123 films used in trast, a higher-doped TI2201 film, with& of 13 K, shows
earlier measuremerits are in the underdopedregime only a decrease of. andp, which is shown in Fig. (b) for
(dT./9n>0). With appropriate illumination we can change 440 nm light. Notice that since these TI2201 films are over-
n reversibly, which allows us to verify the overdoped naturedoped, the change df, andp have the same sign, unlike in
of our TI2201 samples directly and unambiguously. R123, whereT, increases ang decrease$.This is an un-

The TI2201 films were grown by rf sputtering on SrHO equivocal signature for overdoping. The photoinduced
substrates by a method described in detail in Ref. 9. Thehanges ofT. and p in TI2201 are comparable to the
thicknesses of the films were 500—-800 A, which is below thechanges observed in almost optimally dofa3, but con-
optical penetration depth o£1000 A. Therefore the films siderably smaller than in underdop&d23° The measure-
were transparent and completely penetrated by the light usedents of the temperature dependence of the resistance were
in the experiments. After growth, thg, of the films was done during illumination to measure the saturation changes.
adjusted between 10 and 80 K by annealing in argon or ailWith the light off, the PPC would, even at low temperatures,
For the transport measurements, the films were photolithoslowly relax. However, any significant thermal heating due
graphically patterned into a standard four-point and Hall bato the illumination can be ruled out, because of the very low
geometry. To reduce contact resistance, the contacts wepmwer densities40.1 mW/cn?).
made to small silver pads, which were sputtered through a Figure 2 shows for both TI2201 films the time depen-
contact mask onto the film surface. dence of the resistivity and Hall coefficienRy in the nor-
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FIG. 1. Resistance vs temperature duridgshed or dotted line &  0.00
and without (solid line illumination for TI2201 thin films with o
different doping.(a) Initial R(T) (solid line) with T.=60 K and \O‘.’< -0.25
R(T) during illumination with 1000 nn{dash-dotted lineand 400 o_g
nm (dashed linglight. (b) Initial R(T) with T.,=13 K (solid line) g 050
andR(T) during illumination with 440 nn{dashed linglight.
-0.75
mal state during illumination. Except for the sign in Fig.
2(a), this photoinduced change im and R, has the same Al |

functional dependence as R123 and can be fitted to a
stretched exponentidl. The excitation time constants in
TI2201 are a few minutes, much faster, than the few hours ir 3
R123. This is remarkable since the light intensities used here
were two order of magnitudes lower than usedRi2312

The changes oRy have the same sign as(see Fig. 2
In a simple one-band modeR{;«1/n, n being the carrier 1+
density this indicates that the carrier density can either de-
creasd Fig. 2@)] or increasdFigs. db) and Zc)] with illu-
mination. It is interesting to notice that the Hall mobility 1 2 3 4 5
un=c|Ry|/p has the opposite trend.

The spectral dependences of the photoinduced changes ui
p are shown in Fig. 3, where the resistivity change at satu- F|G. 3. Spectral dependence of PPC and dielectric constant. The

saturation resistivity chang&p,,.x normalized to the initial resis-

€1, &

o

photon energy (eV)

T.=60K T.=13K tivity pg vs the incident photon energy for tig=60 K (a) and the
(2) 1100nm  (b) 400nm (c) 440nm T.=13 K (b) sample(measured at 85 K and 30 K, respectively
1.006 The solid lines are guides to the eye) The real parte; (dashed
1.004 1.004 line) and imaginary part, (solid line) of the dielectric function of
optimally doped T.=85 K) TI2201 measured at 300 K taken from
<& 1.002 <& 1.002 Ref 13,
a a

1.000F = = === - = -1 w l.OOOE: -----
0.998 0.998 ration Apnay is plotted against the incident photon energy.

L0 02 Independent of doping there are three distinct energy re-
| ' gions, below 1.3 eV, 1.3-2.8 eV, and above 2.8 eV. In each

g ;fg _________ R S (;':: of these energy regiond p,,. is almost constant. For the
ke B lower-doped TI12201 sampleT{=60 K), the energy region
~ 096 & 096 . ) ; . .
with a photoinduced increase pfchanges continuously into
054 094 the region with a photoinduced decreasepofOn the other
0.92 20 40 20 40 0.92 55 40 60 80100 hand, the spectral efficiency(% w)=[dInR(n)/dn],-o (A w
Time (min) Time (min) Time (min) being the incident photon energy amdbeing the photon

dose is featureless from 1 to 4.8 eV. This is in contrast to

resistivity p and the Hall coefficienRy . The TI12201 thin film with ﬁlzlg’ where a large enhancementpis observed for 4.1
T.=60 K was measured at=80 K, H=7 T with illumination of ev. . .

1100 nm(a) and 400 nm(b) light, while the TI2201 thin film with In Fig. 3 the spectral dependence of PPC is also compared
T.=13 K was measured at=20 K, H=7 T with illumination of ~ t0 the dielectric functione=e;+ie, of optimally doped

440 nm(c) light. po andRy,  are resistivity and Hall coefficient of  TI2201 (T,=85 K).'* The imaginary park, shows a peak

the samples in the initial fully relaxed state, which are also indi-right where the second plateau in the spectral dependence of
cated by dashed lines. the PPC starts. This peak at 3.3 eV is attributed to transitions

FIG. 2. Time dependence of the photoinduced changes of th
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FIG. 4. Excitation(a) and relaxatior(b) of the persistent photo-
conductivity in TI2201 withT,=13 K measured al =30 K. (a) FIG. 5. Photoinduced resistivity change &t 30 K in T12201
Excitation v_\nth_ 400 nm ||ght(b_) Relaxation thermallysolid Sym-  (T.=13 K) using 630 nm light. The sample was either initially
bols) and with infrared quenching at 1100 nispen symbols pois  f,)ly relaxed (solid symbol or excited up to saturation with 440
the initial resistivity _of the fully relaxed sample, which is also in- light (open symbolsprior to the measuremenp, is the resis-
dicated by dashed lines. tivity of the fully relaxed sample.

from the Fermi level to the upper Hubbard band in TI2201
and shifts to slightly higher energies with increased dopthg. TI2201 are due to interstitial oxygen ordering in the TIO
As mentioned before, the time constant for excitation islayers!’ In fact, the pressure-induced changes show two
much faster in TI2201 than iR123. Also the time constant metastable states with different energy barriers for relax-
for relaxation is much shorter as is shown in Fig. 4Rt23  ation, reminiscent of the two distinct photoinduced excited
there is no relaxation measurable below approximately 108tates(Fig. 3). However, independent of doping, applying
K and there is only very slow relaxation of order of hours atpressure leadsnly to aT. decrease, in contrast to the photo-
room temperatur& In comparison, in TI2201 even at low induced changes. Therefore it is doubtful that pressure and
temperatures there is a thermal relaxation of the photoinphotoinduced changes are due to the same mechanism.
duced effects. In Fig. @) this is shown for the higher-doped Moreover, a structural ordering mechanism for PPC is ruled
sample T.=13 K) at T=30 K after excitation with 400 nm out in TI2201, since oxygen ordering always leads to a de-
light. After stopping the illumination the resistivity relaxes crease in resistivity and thus is clearly irreversible unless
very slowly (typically a day or longerback to its initialp.  thermally relaxed. On the other hand, the sign of the photo-
This relaxation is much faster at higher temperatures anéhduced resistivity changes depends on dogiaigs. 1 and
takes only a few minutes above 100 K. In addition it is 2) and is reversibléFig. 5, which would imply the unlikely
possible to quench the resistivity in the higher-doped samplease that illumination with a single wavelength eitbeders
back to its original value by illuminating the sample with or disordersoxygen, depending on doping or initial resistiv-
1100 nm infrared light. The origing is this way recovered ity.
within an hour. This observation is remarkably different On the other hand, a purely electronic mechanism, similar
from R123, where only a partial infrared quenching is ob-to the ones proposed fd&®123'° can account for most of
served for wavelengths from 980 to 1480 hi3—-0.8 eV.'>  the observed photoinduced effects. In this model illumina-
However, it might be possible that a complete infraredtion creates an electron-hole pair, and the electron is trapped
guenching forR123 exists for energies below 0.8 eV, al- at a localized state outside the Cu@lanes, while the re-
though this would be below the energy barrier for thermalmaining hole enhances the conductivity. The spatial separa-
relaxation of 0.9 e\% tion of the trapped electrons in the charge reservoir layers
Also note that the resistivity after illumination is indepen- and the holes in the CuQDplanes causes a long relaxation
dent of the initial resistivity, which is shown in Fig. 5. In Fig. time.
5 the sample is initially either fully relaxed or excited up to  ForR123 it is proposed that oxygen vacancies in the CuO
saturation with 440 nm light. After illumination with 630 chains trap the photogenerated electrbHsin TI2201 there
nm, the final resistivity is independent of the initial one andare two types of structural defetts—Cu for Tl substitution
the time constant for the photoinduced resistivity change isn the TIO layers and interstitial oxygen between the TIO
in both cases similar. This shows that the photoinducedayers—which might trap the photogenerated electrons. The
changes in TI2201 are completly reversible. presence of these two types of defects can also explain the
There are essentially two models to explain the PPC irobserved spectral dependence with two excitation levels
R123. One is based on ordering of the oxygen in the CudFig. 3. For higher doping T,=13 K) the two types of
chainst® while the other, a purely electronic mechanism, isdefects could act as traps for photogenerated electrons,
based on photogeneration of electron-hole pairs, togethevhich are accessible above different thresholds for the inci-
with trapping of electrons at oxygen vacancies in the CuQdent photon energiesx(1.3 and=2.8 eV, respectively On
chains®1° the other hand, for the lower doping =60 K), the local-
It has been suggested that pressure-inddgethanges in  ized electron states belonging to one of the two types of



56 BRIEF REPORTS 13745

defects could have moved below the Fermi energy, so thahvestigating doping effects. The reversible photodoping al-
these states are occupied in the fully relaxed state. Then it isws one to measure ionesample the dependence of other
possible that infrared light<1.3 eV) excites the electrons physical propertiege.g., the energy gamn the carrier con-
out of these localized states and thus reduces the hole densigntration in the higiF, materials.
in the CuG, planes, which in turn would decrease the con-  |n summary, we have shown that ;Ha,CuQg, 5 sShows
ductivity. . _ persistent photoconductivity. This is to our knowledge the
_If this model is correct, PPC should be present in mos§jrst time that this effect is observed in another highma-
high-T. materials, since all it requires are localized electrongig) besidesRBa,Cu;0;_ s and shows that persistent pho-
states s_patially separated from extended hole states in t Sconductivity is not unique to higfi, materials with CuO
conduction layersCuO, planes. So far the search for PPC chains. Depending on doping level and illumination wave-

n other high¥, materials h‘?‘s *?eef‘ unsucces_éﬂjl. length the normal state resistivity aiid can either increase
Bi,Sr,CaCu,0Og, s shows upon illumination only an irre- : . . .
g e . . or decrease, consistent with overdopind {/dn<0). This
versible increase of resistivity, which can be explained by . X ST :
9 _ together with the fact that the saturation resistivity after illu-
loss of oxygent® On the other hand, preliminary results on 2. ..~ " " L
La. .Sr.CuO, indicate that there mav be PPC in this mination is independent of the initial state shows that the
2-x= X 4 y mechanism for the persistent photoconductivity in this mate-

Q;ﬁgal'hogsg&r? dorsﬁa?BeaSZ%?ci:t??ﬁa e:gt'ité its r?(ite%?tlies rial is purely electronic. The spectral dependence shows two
P 9 9 prop ’gistinct excitation levels, which might be related to the two

which may be related to PPC. Thus PPC might exist in mos ifferent defects in TJBa,CuOg. 5. The observed revers-

high-T materials. ible photodoping might be important for measurements using

This result has important consequences for measuremen ?)tical probes and can be used to study the doping depen-

using optical probes, e.g., Raman scattering or photoemlsd—ence of other physical properties
sion spectroscopy. The increased doping level during illumi- '
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