PHYSICAL REVIEW B

VOLUME 49, NUMBER 6

1 FEBRUARY 1994-11

Transport and structural properties of Pr,_, Ca, Ba,Cu;0,_; thin films
grown by pulsed-laser deposition

David P. Norton, D. H. Lowndes, B. C. Sales, J. D. Budai, E. C. Jones, and B. C. Chakoumakos
Solid State Division, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831-6056
(Received 13 July 1993)

We have studied the transport and structural properties of Pr,_,Ca, Ba,Cu;0,_; thin films grown by
pulsed-laser deposition, focusing on Ca substitution levels x = 0.3 for which the bulk material is metasta-
ble. Films with 0.4 <x =<0.5 exhibit a superconducting transition due to divalent cation doping on the
rare-earth site. Pry sCay sBa,Cu;0;_ epitaxial thin films exhibit a superconducting onset temperature as
high as 47 K with T.(R =0)=35 K. X-ray-diffraction and electrical-transport data suggest that Ca dop-
ing levels greater than x =0.5 are possible, although disorder is introduced as the divalent to trivalent
cation ratio becomes large. This work demonstrates that 1:2:3-phase superconductivity can be achieved
by substituting Ca for Pr, without the presence in the alloy of Y or any other rare-earth element, R, for
which RBa,;Cu;0;_; is superconducting. This result supports the view that hole localization, due to hy-
bridization of the Pr 4f electronic levels with the O 2p orbitals, contributes substantially to the suppres-
sion of superconductivity by Pr in PrBa,Cu;0;_s, and demonstrates that this suppression can be partial-

ly compensated by appropriate hole doping with Ca.

I. INTRODUCTION

The superconducting properties of the materials
RBa,Cu;0,_; are nearly independent of the rare-earth
element R."? This is surprising as many of the
lanthanide elements possess magnetic moments, normally
a condition detrimental to superconductivity, and indi-
cates that the CuO, planes and the rare-earth ions are
electronically isolated. The exceptions to this behavior
are Ce, Tb, and Pr, which do not form superconductors,
with only Pr forming a single-phase “1:2:3” structure.
PrBa,Cu,0,_; is a semiconductor,® 3 but it is quite simi-
lar to the superconducting 1:2:3 compounds in structure
and oxygen chemistry, undergoing the orthorhombic-to-
tetragonal transition at values of temperature and oxygen
content close to those for YBa,Cu;O,_5.° However,
substitution of Pr on the rare-earth site, R, in
R, _,Pr,Ba,Cu;0,_g suppresses T, with superconduc-
tivity disappearing at x >0.5.°71¢

Much of the discussion concerning the suppression of
1:2:3-phase superconductivity by Pr has centered around
its valence. Magnetic susceptibility measurements indi-
cate that the Pr valence is nearly +4.%!”7 Neutron-
diffraction investigations of the separation of the CuO,
planes in PrBa,Cu;0,_g lead to the conclusion that Pr
has a mixed valence greater than 3.'%! X-ray-
absorption spectroscopy studies comparing Pr, Gd and
Ho in 1:2:3-phase compounds revealed features attribut-
able to both Pr*® and Pr**%, again suggesting a mixed-
valence system.?° A formal valence greater than +3 for
Pr in PrBa,Cu;0,_5 would explain both the lack of su-
perconductivity and the semiconducting behavior, since
Pr could contribute electrons to the CuO, planes, filling
the mobile holes responsible for conduction.?! However,
some resonant valence-band photoemission, x-ray absorp-
tion, and structural studies suggest that Pr is trivalent in
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PrBa,Cu;0,_5.22% Obviously, there is some confusion
over the valence of Pr in PrBa,Cu;0,_s.

Lopez-Morales et al. suggest that the value obtained
for the valence of Pr in PrBa,Cu;0,_5 depends on wheth-
er an experiment measures properties associated with the
Pr—O bond (that would yield Pr**) or the charge near
the Pr site (that would indicate Pr*3).® They consider
the formal valence of Pr to be +3, but with significant
hybridization of the Pr 4f states with the CuO, valence
bands leading to mixed-valence character as well.*24~26
A large body of experimental evidence and band-
structure calculations suggest that significant hybridiza-
tion of the Pr 4f states with the CuO, valence bands
occurs due to the larger radial extent of the Pr
ion.»?*277% Within this model, most, if not all, of the
experimental data on PrBa;Cu;0,_5 can be interpreted
consistently.

Two mechanisms have been proposed for the suppres-
sion of T, by Pr in the 1:2:3 phase. The first involves su-
perconducting pair breaking by local moments, due to
spin-dependent exchange scattering of the holes in the
CuO, planes.”®?* The reduction of T, with increasing x
in Y, ,Pr,Ba,Cu;0,_5 appears to follow the
Abrikosov-Gorkov pair-breaking model. However, the
Abrikosov-Gorkov model does not predict the oc-
currence of a metal-to-insulator transition to accompany
this suppression of superconductivity, although this is ob-
served experimentally as x is increased. In addition, other
rare-earth elements, such as Gd, possess a much larger
spin magnetic moment, with no apparent effect on T..
However, hybridization of the Pr 4f electrons with the
CuO, valence band could lead to magnetic pair break-
ing.®%2* The second mechanism for suppression of T, by
Pr involves the filling and/or localization of holes avail-
able for conduction in the CuO, planes. If the valence of
Pr is nearly +4, the additional electron contributed by
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the Pr ion (relative to Y) is expected to fill mobile holes in
the CuO, planes, effectively leaving the holes localized on
the Pr, reducing conduction and eliminating supercon-
ductivity. This view appears to be too simplistic as recent
evidence from electron energy loss and soft- x-ray-
absorption spectroscopy suggest that the total hole
concentration is unaffected by Pr content in
Y,_,Pr,Ba,Cu;0,_5.3"3? An alternative view is that
strong hybridization of the Pr 4f with O 2p states leads
to localization of the holes without requiring a Pr formal
valence greater than +3 or significant changes in the to-
tal hole (mobile and trapped) concentration, although the
mobile hole concentration does decrease as indicated by
Hall, >34 Cu NMR,* mid-ir ellipsometric,36 and muon-
spin relaxation measurement.%3"3” As with magnetic
pair breaking, the mechanism for hole localization is inti-
mately related to the strongly hybridized mixed valency
of the Pr.*

Some rather convincing evidence that Pr produces hole
localization that suppresses superconductivity has been
presented in studies of the superconducting behavior of
Y,-.-,Ca,Pr,Ba,Cu;0;_; alloys.”*"*' The substitu-
tion of Ca for Y should add holes to the CuO, planes. If
Pr reduces the mobile hole concentration available for
conduction in the CuO, planes, then the addition of holes
by Ca should compensate the effect of Pr in suppressing
T.. This behavior has indeed been observed. However,
the presence of Y in all the samples considered
(0=x =0.2,0=y =0.2) somewhat complicates the inter-
pretation of their results because of the possibility that
phase separation yields Y-rich regions, which could form
a percolative path.** Ideally, one would like to investi-
gate hole doping by Ca in the absence of Y or any
other element R for which RBa,Cu;0,_5 is supercon-
ducting. Previously, we reported that metastable
Pry sCay sBa,Cu;0,_5 films, which are fully supercon-
ducting with T,(R =0)~35 K, can be grown by pulsed-
laser deposition.** The superconducting transition obvi-
ously cannot be the result of phase segregation of a stable
superconducting phase as there are no such phases
known involving only Pr or Ca. This result supports the
view that hole localization is at least partially responsible
for the suppression of superconductivity by Pr in 1:2:3-
phase compounds.

In this paper, we report on the transport and structural
properties of Pr,_,Ca,Ba,Cu;0,_; thin films grown by
pulsed-laser deposition, focusing on Ca substitution levels
x 20.3 for which the bulk material is metastable. Films
with 0.4=<x <0.5 exhibit a superconducting transition
due to divalent cation doping on the rare-earth site. Al-
though superconductivity is induced due to the addition
of holes through Ca substitution, x-ray-diffraction data
suggest that disorder also is introduced, particularly for
x >0.5. PrysCag sBa,Cu;0,_; epitaxial thin films exhib-
it a superconducting onset temperature as high as 47 K,
with T.(R =0)=35 K. Critical current densities as high
as 10° A/cm? at 4.2 K have been measured as well. Ap-
parently, 1:2:3-phase superconductivity can be achieved
by substituting Ca for Pr, without the presence of the al-
loy of Y or any other rare-earth element R for which
RBa;Cu;0,_5 is superconducting. This result is con-
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sistent with the view that hole localization, due to hybrid-
ization of the Pr 4f electronic levels with the O 2p orbit-
als, contributes substantially to the suppression of super-
conductivity by Pr in PrBa,Cu;0,_;5, and demonstrates
that this suppression can be partially compensated by ap-
propriate hole doping with Ca.

II. RESULTS AND DISCUSSION

Pr,_,Ca,Ba,Cu;0,_j; epitaxial thin films were grown
by pulsed-laser ablation as has been described else-
where.*  Pressed and fired ceramic targets of
Pr,_,Ca,Ba,Cu;0,_5 were prepared from stoichio-
metric quantities of high-purity PrsO,;, CaCO;, BaCO;,
and CuO in a manner similar to that used to produce su-
perconducting R-1:2:3 pellets. Powder x-ray diffraction
indicated that the resulting ceramic targets were com-
posed of material with the tetragonal 1:2:3 structure
along with a small amount of BaCuO,. (001) SrTiO; sub-
strates were utilized for most of these experiments, al-
though LaAlO;, MgO, yttria-stabilized zirconia and
KTaO; substrates sometimes were included. Film growth
was carried out in an oxygen pressure of 200 mTorr.
After deposition, the films were cooled in 400 Torr of ox-
ygen at 10°C/min. Throughout this paper, the growth
temperature refers to the heater temperature as measured
by an attached thermocouple. The film composition was
assumed to be the same as the target composition which
is typically the case for pulsed-laser deposition.

Figure 1(a) shows the resistivity for three thin-film
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FIG. 1. Resistivity as a function of temperature for

Pr,_,Ca, Ba,Cu;0;_; thin films with (a) x =0.3,0.4,0.5 and (b)
x =0.6. Films were grown at 680 °C on (100) SrTiO;.
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samples with Ca contents of x =0.3,0.4,0.5. Resistivity
was measured using a standard four-point method with
the current density less than 10 A/cm?. As seen in the
figure, the resistivity decreases as the Ca concentration
increases, consistent with the view that substituting a di-
valent into a rare-earth site hole dopes the material. A su-
perconducting transition was observed for both the
Pry ¢Cag 4B2a,Cu30,_;5 [T, (onset)]~25 K, T.(R =0)~10
K] and the PrjsCaysBa,Cu;0, 5 [T.(onset)~47 K,
T.(R =0)~35 K] samples, with no transition observed
for the Pr, ,Ca, ;Ba,Cu;0,_; film. ac magnetic suscepti-
bility measurements on the PrjCa,sBa,Cu;0,_5 thin
films also indicated a superconducting transition. For
Pr 4Cay ¢Ba;Cu30,_5 thin films, no R =0 superconduct-
ing state was observed, although the resistivity demon-
strated a reentrant behavior, as seen in Fig. 1(b). This
reentrant behavior suggests that a small volume fraction
of superconducting material with T.(onset)~47 K, is
present in the material. Although this behavior is remin-
iscent of a mixed-phase material, this does not appear to
be the case here as no impurity peaks were observed in
the x-ray-diffraction pattern for this film. However,
significant broadening of the 1:2:3 x-ray-diffraction peaks
was evident. In addition, the (00/) peaks for the
Prj 4Cay ¢Ba;Cu;0,_5 film are not located at exactly in-
tegral d-spacing positions, which indicates significant dis-
order in the material. Note that a Ca content x >0.5
creates a 1:2:3-alloy material in which the majority of the
rare earth sites contain a divalent, instead of trivalent,
cation in addition to the totally divalent cation occupa-
tion of the Ba site. This substitution should prove to be
quite disruptive to the electronic properties of the CuO,
planes, leading to a material with characteristics of both
the 1:2:3 structure, with trivalent and divalent cation site
ordering, and of the so-called “infinite layer” tetragonal
structure, which contains equivalent divalent sites be-
tween all the copper oxide layers.45 4 Note, however,
that the ideal infinite layer structure contains no copper
oxide chains and no oxygen atoms in the plane of the di-
valent cations.

It is interesting to compare the properties of Ca-doped
PrBa,Cu;0;_5 films with films that are doped with
other cations. Figure 2 shows the resistivity for three
films of nominal composition PrjCa,sBa,Cu;0,_g,
PrysY, sBa,Cu;0,_5, and Pry sSry sBa,Cu;0,_5. All of
these films were grown at  680°C. The
Pry sCay sBa,Cu;0,_5 thin film has a resistivity that is
slightly metallic, and a superconducting transition with
T,(onset)=47 K and T.(R =0)=35 K. We also have
studied the magnetic field dependence of the supercon-
ducting transition, and find that T,(mid) decreases by ap-
proximately 4 K in a magnetic field of 8 T. The room
temperature resistivity is approximately 1 mQ cm. The
Pry Y, sBa,Cu;0,_; film, in which trivalent Y is substi-
tuted for Pr, is initially semiconducting with a room tem-
perature resistivity of 2.5 m{) cm. A superconducting on-
set is observed at ~22 K, although no R =0 state is
achieved. Thus, we see that Ca doping of PrBa,Cu;0,_;,
for x 0.5, leads to films with a lower resistivity and
a higher value of T, than for Y-doped PrBa,Cu;0;_;
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FIG. 2. Resistivity as a function of temperature

for Pr, sCay sBa,Cu;0;_g, Pry5Y, sBa,Cus0, g, and
Pry 5Sry sBa,Cu;0; 4 thin films grown on (100) SrTiO; at 680 °C.

of comparable doping levels. Note that a
Pry 5Y, sBa,Cu;0,_5 film, grown by single-target pulsed-
laser deposition, displays somewhat different properties
than an alloy film of the same composition that was
grown by alternating between YBa;Cu;0,_5 and
PrBa,Cu;0,_; targets, as we previously reported.*’ In
that case, the PrysY,sBa,Cu;0,_5 film showed only
semiconductorlike resistive behavior down to 4.2 K, with
no evidence for a superconducting transition. Figure 2
also shows the resistivity for a Pry Sr, sBa,Cu;0,_s thin
film. In this case, the divalent Sr cation, which is some-
what larger than Ca, is substituted onto the rare earth
site. X-ray-diffraction data show that these Sr-doped
films have expanded lattice constants relative to the un-
doped or Ca-doped films, which is consistent which the
assumption that the larger Sr cation substitutes onto the
rare-earth site. Note that while Ca substitution on the
rare-earth site leads to hole-doping and superconductivi-
ty, Sr-doping does not, even though Sr is also a divalent
cation. This illustrates the importance of cation size in
determining effective dopant candidates. This result is
consistent with the observation that, for a given Pr con-
centration, T, decreases as the rare earth-site ion size in-
creases in R, _, Pr Ba,Cu;0,_;.'41>%

It is significant that the superconducting properties of
Pr,_,Ca,_,Ba,Cu,0,_; films depend quite strongly on
growth temperature. The Pr, sCa, sBa,Cu;0,_; film with
the highest T, was grown at 680°C. Figure 3 shows resis-
tance vs temperature for PrysCagsBa,Cu;0,_5 films
grown on SrTiO; at various temperatures. In contrast, a
film grown at 780°C exhibits an onset temperature of
only ~12 K with T,(R =0) less than 4.2 K. The 680°C
growth  temperature at which we  obtained
Pry sCay sBa,Cu;0,_5 films with the highest 7, is
significantly lower than the 780°C optimum temperature
for YBa,Cu;0,_; growth. This reflects the fact that
Pr,_,Ca,Ba,Cu;0,_4 with x > 0.3 is a metastable phase,
which necessitates the use of lower growth temperatures.

Furthermore, we have not detected a superconducting
transition in any bulk Pr,_,Ca,Ba,Cu;O,_5 samples.
This inability to make the bulk material superconducting,
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FIG. 3. Normalized resistance vs temperature for
Pry sCay sBa;Cu30,_5 epitaxial thin films grown on (001) SrTiO;
at various substrate temperatures; film thicknesses are approxi-
mately 300 nm.

R(T)/R(100 K)

while thin films are, appears to be related to an inability
to properly incorporate large amounts of Ca into the bulk
compound. Other examples of metastable copper oxide
formation by means of epitaxial film growth include Ce
substitution into YBa,Cu3;0;_5 (Ref. 49) and growth of
the tetragonal phase of (Sr, Ca)CuO, (Ref. 47).

In addition to studying the resistivity of these thin
films, we also have measured their transport critical
current density J.. The J, values were somewhat smaller
than for epitaxial YBa,Cu;0,_; thin films, although the
values are respectable considering that the films are a
mixture of a- and c-axis perpendicular grains. Figure 4
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FIG. 4. Critical current density J, for a

Pry sCag sBa,Cu;0, 5 thin film grown on (100) SrTiO; at 680 °C.
Both (a) J. (H =0,T) and (b) J. (H,T =4.2 K) are shown.
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shows J.(T) in zero magnetic field for a
Pry, sCa, sBa,Cu;0,_ thin film. J, at 4.2 K is 10° A/cm?>.
Also shown is the magnetic field dependence of J, (4.2
K). This fairly high value for J, confirms that we are ob-
serving bulk superconductivity in Pry sCay sBa,Cu;0,_s,
although it is lower than J, for YBa,Cu;0,_; epitaxial
thin films by more than an order of magnitude. This may
be due to disorder, as we have evidence from x-ray
diffraction that some disorder is introduced by Ca doping
at these high (metastable) levels. This disorder may
occur because significant Ca substitution on the Pr site
essentially converts a material with well-ordered trivalent
and divalent cation sites (RBa,Cu;0,_5, where R is a
rare-earth element) into one in which half of the rare-
earth sites are occupied by divalent cations, and blurs the
distinction between the rare-earth and Ba sites. Even
though this high level of substitution introduces disorder,
we see that Ca doping at x = 0.4 provides sufficient hole
carrier density to induce bulk superconductivity.

In addition to the transport properties, we also
have  studied the  structural properties of
Pr,_,Ca,Ba,Cu;0,_; thin films utilizing four-circle x-
ray diffraction. Inam and co-workers have shown that
PrBa,Cu;0,_; epitaxial thin films tend to grow with the
a axis instead of the ¢ axis perpendicular to the substrate
at reduced substrate temperatures.>>>' We find this to be
even more strongly the case for Pr;_, Ca,Ba,Cu;0,_;.
X-ray-diffraction data show a greater percentage of ma-
terial growing with the a axis perpendicular to the sub-
strate, as the growth temperature is reduced from
730 to 640°C. Somewhat surprisingly, all of the
Pr,_,Ca,Ba,Cu;0,_g samples grown in this temperature
range contain both ag-axis and c-axis perpendicular ma-
terial, even films grown under conditions (7" =730 °C) for
which only c-axis perpendicular YBa,Cu;0,_; films are
obtained.

Within each sample, an interesting difference between
the a-axis and c-axis perpendicular material is observed
in that both the lattice parameters and crystal structure
depend on grain orientation.** The c-axis perpendicular
material is nearly tetragonal for all of the
Pr,_,Ca,Ba,Cu;0,_; thin films that we studied. 6-20
scans through the (205)cl and (025)cl reflections show a
single broad peak, indicating tetragonal material with
possible short-range orthorhombic order. ¢ scans
through the (205)cl and (225)cl peaks show in-plane
alignment of the substrate and film (110) directions, as
has been reported for c-axis perpendicular
YBa,Cu;0,_;.>2 On the other hand, the g-axis perpen-
dicular grains are orthorhombic. The origin of this
difference in lattice parameters for a-axis and c-axis per-
pendicular grains remains unclear. Figure 5 shows the c-
axis lattice constant for of PrysCa,sBa,Cu;O;_g thin
films grown on SrTiOj; at various substrate temperatures.
As has been observed for YBa,Cu;0,_,, the c-axis lattice
constant expands significantly as the growth temperature
is decreased. This expansion is more pronounced for the
c-axis-oriented material, and may be evidence for either
(Pr,Ca)/Ba cation or oxygen disorder. It is interesting to
note that, while the c-axis lattice constant changes
significantly over this growth temperature range, the a-
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and b-axis lattice constants remain relatively constant
with @ =b~3.87 A for the c-axis perpendicular grains
and a =3.835 A, b~=3.89 A for the g-axis perpendicular
material.

We also have measured the lattice parameters as a
function of Ca content, as shown in Fig. 6. All of these
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FIG. 6. Lattice parameters for Pr,_,Ca,Ba,Cu;0;_; thin
films with various Ca contents. Films were grown at 655°C on
(100) SrTiO;. Lattice parameters for both a-axis and c-axis per-
pendicular grains are shown.
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films were grown at 680°C. As the Ca content is in-
creased, the a- and b-axes decrease, while the c-axis in-
creases. If one only considers the substitution of Ca for
Pr, then significant changes in the lattice parameters are
not expected, based upon the bond-length-predicting ra-
dii for eightfold coordinated Pr** (0.1126 nm) and Ca ">
(0.112 nm). However, disorder, as evidenced by an in-
crease in the mosaic spread of the diffraction peaks, also
increases with the Ca content. This second point is not
difficult to understand, since increasing the Ca content in-
creases the fraction of rare-earth sites that are occupied
by divalent cations. This makes the chemical distinction
between Ba sites and rare-earth sites (a significant frac-
tion of which are occupied by divalent Ca) less clear,
leading to disorder that possibly involves a change in
coordination of either the rare-earth or Ba site. The in-
crease in the c-axis lattice parameter as the Ca content is
increased is more difficult to explain, and may involve
differences in oxygen content as the Ca content is in-
creased.

It is interesting to consider the properties of
Pr, sCay sBa,Cu;0,_ thin films grown on substrates oth-
er than (100) SrTiO;. It is conceivable that the observed
superconducting transition is due to a thin substrate/film
interaction layer. If this were the case, then a supercon-
ducting transition would be observed for films grown
on a specific substrate material, while not on others.
Figure 7 shows the normalized resistance for
Pr, sCa, sBa,Cu;0,_;5 thin films grown at 655°C on
SrTiO; (100), LaAlO, (100), MgO (100), and polycrystal-
line yttria-stabilized zirconia (YSZ). A superconducting
transition is observed for all of these films, thus ruling out
a film/substrate interaction layer as the origin of the su-
perconducting behavior. Earlier, we pointed out that T,
increased as the growth temperature decreased (Fig. 3),
and that the volume fraction of ag-axis perpendicular ma-
terial also increased, suggesting a correlation between T,
and the fraction of a-axis oriented material. Since
a superconducting transition is observed for
Pr, sCay sBa,Cu;0,_5 films grown on MgQO (100) (film
predominantly c-axis oriented) and on polycrystalline
YSZ (polycrystalline film), it does not appear that a high-
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FIg. 7. Normalized resistance as a function of temperature

for Pry sCay sBa,Cu;0;_5 thin films grown on various substrate
materials. Films were grown at 655 °C.
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ly a-axis-oriented film is necessary for superconductivity.
However, it is clear that the superconducting properties
of this material are strongly enhanced [higher T,(R =0)]
when a strong epitaxial relationship does exist between
the film and  substrate. More  importantly,
Pry sCag sBa,Cu;0,_; is essentially a metastable phase,
as these films exceed the bulk solubility limit of x <0.3
that has been observed for bulk samples. The incorpora-
tion of Ca above the apparent bulk solubility limit can be
attributed to the low-temperature growth conditions uti-
lized, and to the strong epitaxial relationship between the
film and substrate. This is similar to what has been ob-
served in the growth of the tetragonal infinite layer phase
of (Sr,Ca)Cu0,."’

These experiments strongly support the idea that Pr
suppresses 7, in PrBa,Cu;0,_g in part by reducing the
mobile hole concentration. The fact that replacing Y by
Pr in YBa;Cu;0,_; transforms a metal into a semicon-
ductor suggests this argument. The demonstration in this
work that PrBa,Cu;0,_; can be made superconducting
by Ca substitution on the Pr site also supports this view.
The primary result of Ca doping is to introduce addition-
al holes into the CuO, planes to compensate the hole lo-
calization due to the hybridization of the Pr 4f states
with the CuO, valence bands. If magnetic pair-breaking
were the only cause of the suppression of T, it would be
difficult to explain how Ca doping could compensate for
it. In fact, Ca doping produces superconductivity in
Pr, (Cay 4Ba,Cu;0,_5 with T_.(onset)=25 K, while
Pry ¢Y.4Ba,Cus0,_5 does not superconduct, so hole lo-

calization must be a primary cause of the suppression of
T,.
As was pointed out earlier, Neumeier et al. reported
similar results for the (Y,_, _,Ca,)Pr,Ba,Cu;0;_s sys-
tem.’® Based upon their results for 0<x <0.2 and
0=y =0.2, they derived an empirical expression for the

dependence of T, on the Y, Pr, and Ca content,
T,(x,y)=97 K—(425 K)(0.1—0.95x +)>
—(96.5 K)x . (1)

This equation predicts T.=42.2 K for
Pr, sCay sBa,Cu;0,_5, which is somewhat less than the
47-K superconducting onset temperature that we ob-
serve. However, this equation predicts that the max-
imum value for T, will occur at x ~0.5, which is quite
consistent with our results.

It must be noted that, as Ca doping apparently cannot
fully compensate the suppression of T, by Pr, a mecha-
nism in addition to hole localization must be involved.
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An interesting result showing that the suppression of T,
with Pr doping is not entirely due to hole localization has
been presented by Takita and Oshima.** They measured
the Hall coefficient for Ca-doped and Nd-doped
PrBa,Cu;0,_; bulk samples, and showed that samples of
these two alloys could be prepared with very similar
values of the inverse Hall coefficient 1/Ry but with very
different  transport  properties. In  particular,
they found that the magnitude and temperature depen-
dence of 1/Ry for (PryNdg¢)(Ba; ¢Nd; )Cu;0,_5 and
Pr, ,Ca, ;Ba,Cu;0,_5 were nearly the same, with the
former a superconductor with T, =64 K, and the latter
an insulator, even though the Hall data suggest compara-
ble mobile carrier densities. In addition, Iwasaki,
Sugawara, and Kobayashi showed that, while 7, and
conductivity systematically decrease with Pr doping in
Nd,_,Pr,Ba,Cu;0,_;, the inverse Hall coefficient be-
comes almost constant for x >0.2 suggesting carrier
scattering and localization.>* This suggests that another
mechanism besides simply hole localization plays a role
in the suppression of superconductivity in Pr-doped 1:2:3
compounds. As was pointed out earlier, strong hybridi-
zation of Pr 4f electrons with the CuO, valence band ap-
pears to occur, and could lead to both magnetic pair
breaking and hole localization from the same mechanism.

In conclusion, we have studied the structural and
transport properties of Pr,_,Ca,Ba,Cu;0,_5 epitaxial
thin films grown by pulsed laser deposition. We show
that bulk superconductivity is induced in PrBa,Cu;0,_;
by hole-doping with Ca substitution. The main
significance of superconductivity in this material is in
showing that hole doping by Ca substitution partially
compensates the suppression of superconductivity by Pr,
without the confusing possibility that a percolative path
of YBa,Cu;O,_5 exists to give the superconducting
behavior. This result cannot be explained within the con-
text of magnetic pair breaking alone, and provides con-
vincing evidence that hole localization is partially respon-
sible for the suppression of superconductivity by Pr in
RBa,Cu;0,_s. This result also demonstrates the utility
of epitaxial thin film growth in the formation of metasta-
ble materials.
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