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Electrical transport properties of highly doped PrBa22xSrxCu3O7 thin films prepared by pulsed
laser deposition

Y. G. Zhao,* Z. W. Dong,† M. Rajeswari, R. P. Sharma, and T. Venkatesan
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~Received 23 January 1998!

We have prepared single phase PrBa22xSrxCu3O7 ~x50,1.3,1.6! thin films with dopant concentration ex-
ceeding the solid solubility limit by using the pulsed laser deposition method. The resistivity of the doped thin
films decreases with increasing dopant concentration. Forx51.3, the electrical resistivity ratios
r~4.2 K!/r~300 K!52.56; while for x51.6, r~4.2 K!/r~300 K!51.98, comparable to that of the
Y0.5Pr0.5Ba2Cu3O7 sample, which is very close to the insulator-metal transition. Moreover, the resistivity of the
PrBa0.4Sr1.6Cu3O7 thin film is very close to the Ioffe-Regel limit, also indicating its proximity to the insulator-
metal transition. The decrease of the resistivity with doping for PrBa22xSrxCu3O7 can be explained by the
decrease of the hybridization between Pr 4f and O 2p states in the CuO2 planes due to the Sr doping induced
increase of the Pr-O bond length.@S0163-1829~98!01025-X#
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INTRODUCTION

It is well known that allRBa2Cu3O7 ~R5rare-earth ele-
ments! materials, exceptR5Pr,Ce, are superconductors wi
Tc above 90 K. The absence of superconductivity in t
PrBa2Cu3O7 ~PBCO! compound is not fully understood, a
though a lot of work has been done concerning this iss1

Recently, there has been a paper stating that PBCO
superconductor.2 There is a need for further research to u
derstand the anomalous properties of PBCO. The elect
transport property of PBCO shows variable range hopp
~VRH! behavior3,4 and the Pr ions order antiferromagne
cally at 17 K, which is an order of magnitude higher than t
Néel temperature of otherRBa2Cu3O7 compounds.5,6 Cur-
rently, several models have been proposed,1 such as hole
filling, hybridization of the Pr 4f and O 2p states of the
CuO2 plane, magnetic pair breaking, and mixed valency, e
to interpret the anomalous properties of PBCO. It seems
the hybridization model is essential for the explanation of
anomalous properties of PBCO. In this scenario, the Prf
state hybridizes with the O 2p state, leading to the localiza
tion of the carriers ~holes! and thus destroys supe
conductivity.7–15

In a previous work involving bulk materials,16 we have
shown that Sr doping at a Ba site in PBCO increases
distance between the Pr and O ions in the CuO2 planes, re-
sulting in the decrease of the hybridization between the Pf
and the O 2p states in the CuO2 plane. A dramatic decreas
of resistivity occurred for the doped samples. However
was also found that the solid solubility limit of Sr in PBC
is about 0.8, which hindered further doping.

Pulsed laser deposition~PLD! has played a very importan
role in the fabrication of a variety of thin films. It has als
proved to be very effective in growing highly doped th
films whose dopant concentration cannot be achieved by
solid-state reaction method.17,18 In this paper, we repor
the fabrication and characterization of pure pha
PrBa22xSrxCu3O7 thin films with x50,1.3,1.6 prepared by
PLD. The resistivity of the doped thin films decreases w
PRB 580163-1829/98/58~2!/1068~5!/$15.00
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doping and this is consistent with the results of bulk mate
als, which can be explained by a decrease of the hybrid
tion between the Pr 4f and O 2p states induced by Sr dop
ing.

EXPERIMENT

The thin films were deposited from high-purity, high
density PBCO, PrBa0.7Sr1.3Cu3O7, and PrBa0.4Sr1.6Cu3O7
targets on~001! LaAlO3 ~LAO! substrates by PLD with a
KrF laser (l5248 nm). Several laser energy fluences, s
strate temperatures, and oxygen ambient pressures du
deposition were used to optimize the necessary condit
for the film growth. After deposition, the films were coole
in about 500 Torr oxygen and kept at 460 °C for 1 h before
cooling down to room temperature. The thickness of the fi
was about 200 nm as measured with a Dektaka-step profilo-
meter. A Rigaku x-ray diffractiometer~XRD! with Cu Ka
radiation was used for phase and crystallinity analysis.
the phase purity checking measurement, 0.02°/step, 5°/
was used for theu-2u scan. For the lattice constant measu
ment, the scan speed is reduced to 1°/min. From the~001!
peak positions, which can be obtained from the compu
with the XRD software, we can calculate the lattice const
c. Crystalline quality of the doped films was also examin
with an ion channeling technique. Rutherford backscatter
spectroscopy~RBS! and energy dispersive spectrosco
were used to measure the composition of the thin films
standard four-probe technique was used to measure the t
port property of these films from room temperature down
liquid-helium temperature. For some samples that had v
high resistance (.10 MV), an electrometer was used in
stead of the four-probe method.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the PrBa0.7Sr1.3Cu3O7
target, PrBa0.7Sr1.3Cu3O7 thin film, and PBCO thin film. Ob-
viously, the target contains impurity phases as shown aro
32° ~2u! by stars@Fig. 1~a!# because the dopant concentrati
1068 © 1998 The American Physical Society
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exceeds the solid solubility limit of Sr in PBCO, which
about 0.8.16 The doped thin films were prepared at 660
780 °C substrate temperatures in 144 mTorr oxygen amb
pressure with a laser energy fluence of 2.8– 3.3 J/cm2. Under
these deposition conditions, all the thin films showed a p
123 phase. The doped thin film@Fig. 1~b!# shows the pure
123 phase with thec axis perpendicular to the surface of th
substrate, as can be seen from the XRD pattern of the PB
thin film @Fig. 1~c!#. For low substrate temperatures~e.g.,
660 °C!, a axis alignment becomes dominant, i.e., thea axis
of the doped thin film is perpendicular to the surface of
substrate. Similar results have been obtained
Pr12xCaxBa2Cu3O7 thin films grown by PLD.18

Figure 2 shows the XRD patterns of the PrBa0.4Sr1.6Cu3O7
target and thin films. For the target, the amount of the im
rity phases increases a lot compared with that
PrBa0.7Sr1.3Cu3O7 target, which is understandable on the b
sis of the increased Sr content. Single phase thin films ca
obtained with a substrate temperature of 720–760 °C. Lo
substrate temperatures result in the appearance of an im
rity phase. In Fig. 2~b!, the ~003! peak of the thin film
merges with the LAO~001! peak. It can be seen that th
doped thin film also showsc axis alignment.

The ~001! peaks of the thin films shift to higher diffrac
tion angles with Sr doping, indicating that the lattice const
along thec axis decreases due to Sr doping at Ba sites.
lattice constantc is found to be 1.171, 1.165, and 1.159 n
for PrBa22xSrxCu3O7 with x50, 1.3, and 1.6, respectively
The contraction of the lattice constantc is consistent with the
fact that the ion radius of Sr21 is smaller than that of Ba21.

FIG. 1. XRD patterns of~a! the PrBa0.7Sr1.3Cu3O7 target ~the
stars indicate the peaks of impurity phases!, ~b! a PrBa0.7Sr1.3Cu3O7

thin film, and~c! a PBCO thin film. The~001! peaks belong to the
123 phase.
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For PrBa22xSrxCu3O7 bulk materials, we have shown tha
the distance between the Pr ions and the oxygen ions in
CuO2 planes increases, although the lattice constantc de-
creases due to Sr doping.16 The idea is that when Sr is dope
at the Ba site, the nearest neighbor~NN! of Sr will come
closer, while the next nearest neighbor~NNN! will come less
close to Sr, i.e., the atoms in the unit cell do not move
unison. This results in the increase of the bond length
Pr-O ~the CuO2 plane is the NN of Sr and Pr is the NNN o
Sr!. Rietveld refinement analysis indeed shows that the P
bond length increases upon Sr doping.16 Similar results have
been obtained in Tl(Ba12xSrx)2PrCu2O7 ~1212 phase!
compound,19 which is an isostructure of PrBa2Cu3O7. We
believe that this idea can also be applied to the doped
films. Later it will be shown that the transport results of t
doped thin films can be explained using this scenario.

The f scan of the~103! peak of the doped thin films
shows four peaks separated by 90°. This fourfold symme
shows gooda-b plane alignment indicating epitaxial growt
of the thin films. RBS measurements show that the com
sition of the thin films is consistent with the composition
the targets. Ion channeling measurements on the doped
films show a 6% minimum yield, which again confirms goo
crystallinity.

Figure 3 shows the temperature dependence of the re
tivity of PrBa0.7Sr1.3Cu3O7 thin films with different substrate
temperatures. It can be seen that the resistivity of the
films decreases with the decrease of the substrate temp
ture, especially low-temperature resistivity, although the
thin films all show a pure 123 phase. Similar results we
obtained for PrBa0.4Sr1.6Cu3O7 thin films, as shown in Fig. 4.
These results may be explained by the substrate temper
influence on the desorption of Sr from the substrate dur
deposition. Energy dispersive x-ray analysis~EDX! measure-
ments show that Sr concentration of the thin films prepa
at higher substrate temperatures is a little bit less than th
prepared at lower substrate temperatures, thus suppo

FIG. 2. XRD patterns of the PrBa0.4Sr1.6Cu3O7 ~a! target and~b!
thin film.
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this explanation. For example, the PrBa0.7Sr1.3Cu3O7 thin
film prepared at a 780 °C substrate temperature shows a
decrease of Sr concentration relative to that of
PrBa0.7Sr1.3Cu3O7 thin film prepared at a 660 °C substra
temperature. Furthermore, the lattice constantc is shorter for
the doped thin films prepared at a low substrate tempera
than that prepared at a high substrate temperature, cons
with the idea that the Sr concentration of the doped thin fil
increases with decreasing substrate temperature. For
ample, the lattice constantsc are 1.1653 and 1.1621 nm fo
the PrBa0.7Sr1.3Cu3O7 thin films with 780 and 740 °C sub
strate temperatures, respectively, while the lattice constanc
are 1.1588 and 1.1576 nm for the PrBa0.4Sr1.6Cu3O7 thin
films with 760 and 740 °C substrate temperatures, resp
tively. So for the thin films prepared at a lower substra
temperature, more Sr was doped into the thin films, resul
in lower resistivity.

Figure 5 shows the temperature dependence of the r

FIG. 3. Temperature dependence of the resistivity
PrBa0.7Sr1.3Cu3O7 with different substrate temperatures:~a!
780 °C,~b! 760 °C,~c! 740 °C, and~d! 660 °C.

FIG. 4. Temperature dependence of the resistivity
PrBa0.4Sr1.6Cu3O7 thin films with different temperatures:~a!
760 °C,~b! 740 °C, and~c! 720 °C.
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tivity of PBCO, PrBa0.7Sr1.3Cu3O7, and PrBa0.4Sr1.6Cu3O7
thin films. It can be seen that Sr doping leads to the decre
of resistivity. This is consistent with the idea that Sr dopi
increases the distance between Pr and O ions in the C2
plane, leading to the decrease of hybridization between Pf
and O 2p states. Therefore the localization of the holes in t
CuO2 plane becomes weaker and the resistivity of t
thin films decreases, especially at low temperatures
has been found thatr~4.2 K!/r~300 K!52.56 for the
PrBa0.7Sr1.3Cu3O7 thin film andr~4.2 K!/r~300 K!51.98 for
the PrBa0.4Sr1.6Cu3O7 thin film. For the PBCO thin film,
r~13 K!/r~293 K!51.273105. In the Y12xPrxBa2Cu3O7
polycrystalline bulk sample, the insulator-metal or superc
ductor transition occurs aroundx50.45.20 For x50.5, the
electrical resistivity ratior~4.2 K!/r~300 K!;2.6. So we can
deduce that our PrBa0.4Sr1.6Cu3O7 thin film with
r~4.2 K!/r~300 K!51.98 is very close to the insulator-met
transition. It is noticed that room-temperature resistivity
PrBa0.4Sr1.6Cu3O7 is around 2.531023 V cm, which is one
order lower than that of the Y0.5Pr0.5Ba2Cu3O7 polycrystal-
line bulk material (1.531022 V cm).20 For bulk polycrys-
talline materials, the resistivity contains two parts. One is
intragrain contribution, that is intrinsic, and the other is t
intergrain contribution, which is dominated by grain boun
aries and thus extrinsic. Generally speaking, the resistivity
the grain boundaries is much higher than that of the bulk
the high-Tc superconductor related materials. This is why t
insulator-metal transition resistivities are different for pol
crystalline bulk and thin-film samples. The difference b
tween the resistivity of the polycrystalline bulk and thin-fil
samples for the insulator-metal transition has also been
ticed by Infanteet al.21 It has been found that both the com
position controlled and temperature induced insulator-m
transitions, shown by the sign of the temperature coeffici
of resistivity changing from negative to positive, occurs
the universal value of 231023 V cm for oxide thin films.21

This is explained quantitatively by Mott’s theory of min
mum metallic conductivity based on the idea of Anders
localization and the concept of a minimum mean-free path
the order of the distance between atoms~Ioffe-Regel prin-

f

f

FIG. 5. Temperature dependence of the resistivity for~a! PBCO,
~b! PrBa0.7Sr1.3Cu3O7, and~c! PrBa0.4Sr1.6Cu3O7 thin films.
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ciple! in the solid,22 and the Ioffe-Regel limit for resistivity
is found to be 231023 V cm that is consistent with the
universal value for insulator-metal transitions. It is al
shown that the resistivity along thec axis (rc) in high-Tc
superconductors shows metallic behavior when its resisti
along thec axis is below the Ioffe-Regel limit, while it
shows semiconductorlike behavior when its resistivity alo
thec axis is above the Ioffe-Regel limit.23 Again, we can see
that the resistivity of the PrBa0.4Sr1.6Cu3O7 thin film (2.5
31023 V cm) is very close to the Ioffe-Regel limit. For th
Y12xPrxBa2Cu3O7 single crystal, the insulator-metal trans
tion occurs aroundx50.55 with a resistivity of 2.5
31023 V cm,24 which is comparable to the resistivity of th
PrBa0.4Sr1.6Cu3O7 thin film. It has been shown in our prev
ous paper that the strain effect caused by the lattice mism
between the thin film and substrate also affects the elect
transport property of the doped thin films.25 So, if a suitable
substrate is used, it will favor the insulator-metal transitio
In fact, we have prepared some PrSr2Cu3O7 thin films. Al-
though the phase of the thin films is not very pure, so
samples showed metallic behavior above 100 K, which
very interesting and worth further study. It should be me
tioned that the hybridization between the Pr 4f and O 2p
states increases with decreasing temperature if we con
that the distance between the Pr ions and oxygen ions
creases with decreasing temperature. This will contribute
the temperature dependence of the resistivity and other p
erties. The temperature dependence of the resistivity
some PrSr2Cu3O7 thin films may be explained on the bas
that the hybridization between Pr 4f and O 2p states is very
weak above 100 K and increases below 100 K due to
contraction of the unit cell with decreasing temperature,
sulting in the resistivity increase at lower temperatures.

In Fig. 6, we used the three-dimensional~3D! VRH
conductivity model to fit the transport data. For the 3
VRH mechanism, r(T)5r0exp(T0 /T)1/4, and T0
5b/@kBN(0)d3#, whereN(0) is the density of states at th
Fermi level,d is the localization radius of the states near t
Fermi level,kB is the Boltzmann’s constant, andb is a nu-
merical coefficient. The resistivity of PBCO can be fitte

FIG. 6. T21/4 dependence of the resistivity for~a! PBCO, ~b!
PrBa0.7Sr1.3Cu3O7, and~c! PrBa0.4Sr1.6Cu3O7 thin films.
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from 100 K to lower temperatures, which is consistent w
the published results.4 However, in the case of doped thi
films, the resistivity cannot be fitted well, which may be d
to the dramatic decrease of the localization of the carriers
we assume that the resistivity of the doped thin films is s
dominated by VRH at low temperatures, we can obtain
value ofT0 by using the curves at lower temperatures giv
in Fig. 6. Then, using the valuesN(0)51021/cm3 eV, b
520,3 and assuming thatN(0) does not change with doping
we can obtain the localized radius,d. The dependence ofd
on the doping is shown in Fig. 7. Data from previous work
also shown in the figure.16 It can be seen that the localizatio
length is greatly increased at a higher doping level. This
be explained by the decrease of the hybridization betwee
4 f and O 2p states due to Sr doping. It should be mention
that the strain effect that originated from the lattice const
mismatch between the doped thin films and the LAO s
strate also contribute to the decrease of the hybridiza
because this strain effect increases the distance betwee
ions and oxygen ions in the CuO2 planes.25

For the PBCO thin films, we found that an impurity pha

FIG. 7. Variation of the localization radiusd with Sr doping for
the PrBa22xSrxCu3O7 samples.

FIG. 8. Temperature dependence of the resistivity for PB
thin films with a different amount of the impurity phase. The pe
centage in the figure corresponds to the intensity ratio of the
peak relative to that of the PBCO~005! peak.
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peak at around 42°~2u!, which may be related to BaCuO2,
has a dramatic influence on the temperature dependenc
the resistivity. The increase of this peak intensity is accom
panied by a large resistivity drop at low temperatures, re
tive to that of the pure phase PBCO thin films. Figure
shows the temperature dependence of the resistivity
PBCO thin films with different amounts of the impurity
phase. It should be pointed out that the curve for the PBC
with a 12% impurity phase is similar to some paper about t
temperature dependence of the resistivity of PBCO th
films.26 So the impurity phase has a dramatic effect on t
resistivity of PBCO thin films. It is possible that the resistiv
ity of the impurity phase is lower compared with that of th
pure PBCO phase, leading to percolation paths in the th
films. An alternative is that the existence of the impurit
phase results in some vacancies in the PBCO phase. Th
vacancies produce distortion in the PBCO structure or de
calization of the carriers.

Recently, Zouet al. found that the PBCO single crystals
prepared by the travelling-solvent floating-zone~TSFZ! tech-
nique show bulk superconductivity withTc around 80 K af-
ter annealing in oxygen atmosphere, while PBCO sing
crystals prepared by the slow cooling technique rema
semiconducting.2 One remarkable difference is that thec
a
s:
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axis for TSFZ PBCO single crystals is longer than that
PBCO crystals prepared by other techniques. This may in
cate that the hybridization between Pr 4f and O 2p states is
rendered very weak due to the lattice constantc increase in
the TSFZ PBCO single crystals, which then leads to the
covery of superconductivity.

In summary, we have prepared single phase epita
PrBa22xSrxCu3O7 ~x50,1.3,1.6! thin films by PLD with the
dopant concentration far exceeding the solid solubility lim
The resistivity of the doped thin films dramatically d
creases, which can be explained by the Sr doping indu
decrease of the hybridization between the Pr 4f and O 2p
states. The PrBa0.4Sr1.6Cu3O7 thin film is very close to the
insulator-metal transition and, with further doping or induc
strain from an appropriate substrate, the sample could
made metallic or even superconducting.
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