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Structural, transport, and magnetic properties of PrBa22xSrxCu3O72d
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Structural, electrical transport, and magnetic properties of polycrystalline samples of PrBa22xSrxCu3O72d

were investigated. The solid solubility limit for Sr in PrBa22xSrxCu3O72d was found to be about 0.8 and the
orthorhombic-to-tetragonal phase transition occurred atx50.2. With Sr doping, the electrical resistivity re-
duced abruptly, especially at low temperatures. For thex50 sample,r~20 K!/r~300 K!;104, for the x50.8
sample,r~20 K!/r~300 K!;100, while for x51, r~20 K!/r~300 K!;3. In contrast to the aforementioned
change, the antiferromagnetic ordering temperatureTN and the effective magnetic moment of Pr ions showed
no obvious change indicating their insensitivity to Sr doping. The results are discussed considering the Sr
doping induced variation of hybridization between Pr ions and O2p of the CuO2 planes.
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Although great effort has been made towards the und
standing of the mechanism of the quenching effect of
doping on superconductivity in YBCO and also the anom
lously high antiferromagnetic~AF! ordering temperature o
Pr ions, it is still an open question.1 Several models have
been proposed, such as hole filling, hybridization, pair bre
ing, and mixed valence. It seems that hybridization betw
Pr ions and the O2p state of the CuO2 plane plays a very
important role in the Pr-doping effect. As the hybridization
related to the distance between the Pr ions and oxygen in
CuO2 plane, a change of this distance will lead to a variat
of hybridization and thus a change of the Pr doping effe
therefore, we can study the nature of hybridizatio
PrBa2Cu3O7, as the ending member of Y12xPrxBa2Cu3O7,
seems to be a good system for this study. The transport p
erty of PrBa2Cu3O7 shows semiconductorlike behavior2,3 and
the Pr ions order antiferromagnetically at 17 K which is
order higher than that ofTN(R) of other RBa2Cu3O7 ~R
5rare-earth elements!.4,5 Lai et al. studied the variation of
structure and antiferromagnetic Pr ordering in t
Tl(Ba12xSrx)2PrCu2O72d system~1212 phase! which is an
isostructure of PrBa2Cu3O7. Upon Sr doping, the distanc
between the Pr ions and oxygen in the CuO2 planes increase
although the lattice constants decrease, and both trans
properties andTN(Pr) change a lot.6 Considering the simi-
larity between the 1212 and 123 structures, it is reasonab
believe that Sr doping at Ba sites will also lead to the
crease of the Pr-O bond length in PrBa22xSrxCu3O7. In fact,
PrBa22xCaxCu3O7 has been studied for the polycrystallin
samples, but the solid solubility limit is too low (;0.4).
Even so, the transport and magnetic properties show
abrupt change.7 Therefore if the solid solubility limit of the
dopant is raised, a much greater change in transport
magnetic properties may occur and even the appearanc
superconductivity. Pulsed laser ablation~PLA! method is a
very powerful tool in the fabrication of high
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Tc-superconductor thin films, and can greatly increase
dopant solid solubility limit. This has been clearly show
in the preparation of Y12xCexBa2Cu3O7, Y12xTbxBa2Cu3O7

thin films which cannot be obtained as single-phas
samples in bulk form.8 By increasing the dopant amount w
can study the transport and magnetic properties
PrBa22xSrxCu3O72d in a wide range. Taiet al. have studied
the magnetic properties of PrBa22xSrxCu3Oy single crystals.9

Surprisingly, no antiferromagnetic Pr ordering was foun
even for thex50 sample, which is in contradiction with
other reports on magnetic properties of PrBa2Cu3O7. No
other results, to our knowledge, have been found in the
erature on the study of PrBa22xSrxCu3Oy . In this paper, we
carried out the investigation of the structural, transport, a
magnetic properties of PrBa22xSrxCu3O72d.

Polycrystalline samples of PrBa22xSrxCu3O72d were
carefully prepared by the solid state reaction method wh
is described in detail elsewhere.10 The sintering temperature
was increased with a Sr doping amount increase. So
samples were annealed at 400 °C for 12 h in flowing oxyg
in order to compare them with the results of others. For
preparation of thin films on~200! yttrium-stabilized zirconia
~YSZ! substrate, the pulsed laser ablation method was u
The structure analysis was performed by powder x-ray
fraction ~XRD! using a Rigaku D/max-RB x-ray powder dif
fractometer with CuKa radiation. For thex50, 0.6 powder
samples, the data were collected through step scan
0.02°/step from 5°–110°. At each point, the data were c
lected for 10 sec to ensure the intensity. Based on these
we carried out a Rietveld analysis. The fit is very good as
R factor approaches 3.18 and 3.80, respectively, for the
samples. The electrical resistivityr(T) of the samples was
measured using the four probe method. Indium was used
the electrical contact. The data was taken within the temp
ture range of 300–20 K which was achieved by means o
closed He refrigerator~Air Product!. Vacuum grease was
9153 © 1997 The American Physical Society
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9154 56Y. G. ZHAO et al.
employed to improve the thermal contact between
sample and the cold head of the refrigerator. The mea
current was chosen to eliminate the self-heating effect.
dc magnetization for the samples was measured using a
perconducting quantum interference device~SQUID! magne-
tometer ~Quantum Design! within the temperature rang
4.2–300 K under the magnetic field 1 kOe. The antifer
magnetic ordering temperatureTN was determined from
dM/dT curves.

Figure 1 shows the XRD patterns of PrBa22xSrxCu3O72d
samples. It can be seen that the samples are single ph
within x<0.6, but a minor impurity phase appears in thex
50.8 sample. So we can deduce that the solid solubility li
is about 0.8 for Sr in PrBa22xSrxCu3O72d, which is a little
bit higher than reported by Taiet al. on single crystals of
PrBa22xSrxCu3O7.

9 Moreover the orthorhombic-to
tetragonal~O-T! phase transition occurred at aboutx50.2,
which can be seen from the splitting of the peak around 4
This is comparable to that in the PrBa22xCaxCu3O72d sys-
tem, where the orthorhombic-to-tetragonal phase transi
occurred atx50.2.7 But considering the oxygen deficienc
of our sample prepared in air, the O-T phase transit
should occur at a higher doping level for the fully oxyge
ated sample~for example, prepared in oxygen! because oxy-
gen deficiency also reduces the orthorhombicity. This
been demonstrated by the increase of peak splitting at
after oxygen annealing of the samples. As the ion radius
Sr21 is smaller than that of Ba21, Sr doping will lead to the
contraction of unit cell and locally the increase of the d
tance between Pr ions and CuO2 planes. This has been dem
onstrated in the Tl(Ba12xSrx)2PrCu2O72d system.6 Our
Rietveld analysis for thex50, 0.6 samples shows that upo
doping, lattice constantsa,c decrease from 0.39038, 1.1683
nm to 0.38827, 1.16269 nm, while the Pr-O distance
creases from 0.23650 to 0.23768 nm. Both thex50, 0.6
samples are in the tetragonal phase as they have been tr
at 400° in the air. It has been shown that the orthorhombi
of PrBa2Cu3O7 is very small compared with that o
YBa2Cu3O7. So it is easy to become tetragonal when trea
in the air. It has been shown that oxygen content has l
influence on the bond length of the rare-earth element
oxygen in the CuO2 plane.11 The increase of the Pr-O dis
tance upon Sr doping comes from the decrease of the ch
cal pressure on CuO2 planes of Sr compared with Ba. Wit
Sr doping, the nearest neighbor~NN! of Sr will come closer
to Sr, while the next-nearest neighbor~NNN! will come less
close to Sr, i.e., the atoms in the unit cell do not move u
formly. 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!. Our result shows that the Pr-O bond length indeed
creases with Sr doping. In order to raise the doping amo
we prepared the PrBaSrCu3O7 thin films. Figure 2 shows the
XRD patterns of the target and thin film. It can be seen t
there are some impurity phases in the target, while the X
pattern of the thin film shows thec-axis aligned 123 phase
For further doping, more work is needed to optimize t
fabrication.

The variation of electrical resistivityr with temperatureT
for PrBa22xSrxCu3O72d is shown in Fig. 3. An abrupt chang
occurred upon Sr doping. For thex50.8 sample,
r~20 K!/r~300 K!;100, while for the x50 sample,
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Dr~20 K!/r~300 K!;104. For the x51 thin film,
r~20 K!/r~300 K!;3 was reached. Metallic conductivity o
even superconductivity can be expected for further dopi
Upon doping the low-temperature resistivity changes m
abruptly than that of the room-temperature resistivity. T
can be understood considering the transport mechanism
low temperatures,12 i.e., variable range hopping~VRH! r
;r0 exp(T0 /T)1/4, wherer0 , T0 are sample related param

FIG. 1. X-ray-diffraction patterns forx50, 0.1, 0.2, 0.6, and 0.8
samples of PrBa22xSrxCu3O72d . The dots in the XRD pattern o
the x50.8 sample shows the impurity phase.
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56 9155STRUCTURAL, TRANSPORT, AND MAGNETIC . . .
eters. Thus at low temperatures, exp(T0 /T)1/4 will show a
remarkable change as a result of the doping induced va
tion of T0 . The sensitivity of the low-temperature resistivi
is also reflected in the scatter of the low-temperature re
tivity data published in literature.4,12–15This may be related
to the different oxygen content and interconnection betw
grains. Thus we may expect a lower low-temperature re
tivity for a high-quality sample~high oxygen content and
good connection between grains!. Lopez-Moraleset al. stud-
ied the effect of oxygen content on the electrical transp
properties of PrBa2Cu3O72d and found that ther;T curve
shifts upward with decreasing oxygen content,15 so oxygen
content variation has the same influence on both lo
temperature resistivity and room-temperature resistivity.
the literature, the resistivity at room temperature are con
tent while the resistivity at low-temperature scatters. T
scatter of low-temperature resistivity is most likely a res

FIG. 2. XRD patterns of PrBaSrCu3O7 for target ~a! and thin
film ~b!. An asterisk indicates the impurity phases.

FIG. 3. Temperature dependence of electrical resistivityr for
PrBa22xSrxCu3O72d with x50 ~j!, 0.1 ~s!, 0.6 ~m!, 0.8 ~L!, and
1.0 ~,! ~thin film!.
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of the connection between grains and also the presenc
possible impurity phases. Unlike the variation of resistiv
with doping in PrBa22xSrxCu3O72d , the resistivity does not
show monotonic variation with doping in
PrBa22xCaxCu3O72d , in which the resistivity begins to in-
crease for thex50.4 sample.7 This has been explained a
being due to the atomic disorder effect and structu
change,7 and may also be related to impurity phases a
grain connections.

Figure 4 shows the result of dc magnetization for the o
gen annealed samples. The antiferromagnetic ordering t
peratureTN of Pr ions was determined by the midpoint of th
upturn in dM/dT curves~Fig. 5!. For the undoped sample
theTN value is consistent with the published results obtain
from the samples prepared in oxygen.7,15–18Surprisingly,TN
does not show an obvious change with Sr doping, in cont
to the variation of structure and transport properties.
present, the detailed mechanism of the antiferromagnetic
dering of Pr ions is not very clear. It is commonly believe
that the superexchange interaction between Pr ions via o
gen atoms in the CuO2 planes is responsible for the anom

FIG. 4. Temperature dependence of dc magnetizationM (T) for
PrBa22xSrxCu3O72d with x50 ~j!, 0.2 ~s!, and 0.6~d!.

FIG. 5. Variation of dM/dT with temperature for
PrBa22xSrxCu3O72d .
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9156 56Y. G. ZHAO et al.
lously highTN of the Pr ions. The hybridization between th
Pr 4f and O 2p states is also crucial to the quenching effe
of Pr doping on the superconductivity of YBCO. The prese
results indicated that theTN of the Pr ions is not as sensitiv
as transport properties to the hybridization. Yanget al. have
shown that theTN of the Pr ions does not show appare
variation upon Ca doping in PrBa22xCaxCu3O7 within 0<
x<0.2. Further doping leads to a reduction ofTN .7 For the
1212 phase materials such as Tl(Ba12xSrx)2PrCu2O72d and
Pr(Ba12xSrx)2Cu2NbO82y @the one-dimensional~1D! CuO
chain in PrBa22xSrxCu3O72d has been replaced by a TlO
chain and a NbO plane, respectively, in these t
samples#,6,16 the TN(Pr) is very sensitive to Sr doping. Thi
is in constrast to the PrBa22xSrxCu3O72d system studied
here. This shows the role of the 1D CuO chain in determ
ing the anomalous AF ordering of Pr ions. It has been sho
that doping in the 1D CuO chain strongly affects t
TN(Pr),17 while doping at the CuO2 plane site shows no
effect on TN(Pr).17,18 So theTN(Pr) is determined by the
unit cell as a whole. Our result does not support the resu
Tai et al. on the susceptibility measurement
PrBa22xSrxCu3O7 single crystal,9 in that they did not find the
slope change ofx related to Pr ions AF ordering even in th
PrBa2Cu3O7 sample which is in contradiction with other re
ports which have been well established.4,19 Using the Curie-
Weiss lawx5x01C/(T2u) to fit the experimental data
whereu is the paramagnetic Curie-Weiss temperature,x0 is
a sum of temperature-independent terms, andC5Nmeff

2 /3kB

~meff is the effective magnetic moment of paramagnetic io
kB is the Boltzmann constant, andN is the concentration o
paramagnetic ions!, we can deduce the effective magne
moment meff for x50,0.2,0.6 samples to be 2.64mB ,
2.58mB , 2.59mB , respectively. No obvious change ofmeff
occurred. It has also been shown that the effective magn
moment of the Pr ions is independent ofx and has an aver
age value of 2.6mB in the Y12xPrxBa2Cu3O6 system.18 The
magnetic moment of Pr ions lies between that of the f
Pr31 (3.58mB) and Pr41 ~2.54mB) ions. This has been ex
plained considering the crystal field effect~CFE! on the Pr31

ions.20,21Notice that the starting point of the upturn in Fig.
increases with Sr doping and also the amplitude of the up
decreases with Sr doping. This needs further study.

The variation of electrical transport and magnetic prop
ties of PrBa22xSrxCu3O72d with Sr doping can be explaine
considering the Sr doping induced variation of hybridizati
between the Pr ions and O2p of the CuO2 planes. As the
distance between the Pr ions and CuO2 planes increases, th
hybridization between them decreases. Thus the localiza
length of the carriers~holes!,which have been localized du
to hybridization, increases with Sr doping, so an abr
change occurs in the electrical transport property. At l
temperatures, the transport behavior is dominated by
VRH mechanism,22 r(T)5r0 exp(T0 /T)1/4, where T0
5b/@kBN(0)d3#, N(0) is the density of states at the Ferm
level, d is the localization radius of states near the Fer
level, kB is Boltzmann’s constant, andb is a numerical co-
efficient. Sr doping leads to the decrease ofT0 and thus the
abrupt change of resistivity at low temperature. At high
temperatures, the electrical transport behavior is domina
by another mechanism which is less dependent on dopin14
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So the electrical resistivity at room temperature changes w
Sr doping much more slowly than that at low temperatur
In Fig. 6, we show the electrical resistivity lnr versusT21/4

for the PrBa22xSrxCu3O72d samples. We also tried the elec
trical resistivity lnr versusT21/3 ~i.e., 2D variable range
hopping conductivity! and it gives similar curves. This
means that we can not distinguish between 2D and 3D VR
It has already been pointed out that it is hard to distingu
between aT21/4 and aT21/3 dependence of lnr ~VRH in 3D
or in 2D! for PrBa2Cu3O7, unless the temperature range e
tends over at least one order of magnitude which is not
isfied in this compound.23 For the critical temperature below
which the VRH law is satisfied, values of 150 and 100
have been reported, respectively.12,23 This discrepancy may
be related to the sample difference. Our result shows that
temperature increases with Sr doping and almost reac
room temperature for thex51 sample. In the experiment w
noticed that a small temperature difference between
sample and the temperature sensor is present at low tem
ture. Currently most people use the 3D VRH model to e
plain the transport properties of PrBa2Cu3O7 and related ma-
terials. Here we also use the 3D VRH model to analyze
result, and the 2D VRH model will not change the res
qualitatively. By fitting the curves in Fig. 6, we obtainedT0
and then taking12 N(0)51021/cm3 eV, b520 and assuming
that N(0) does not change with doping, we obtained t
localized radiusd and its reciprocal. TheT0 value for the
x50 sample is about 43105 K, which is very close to the
1.83105 K result reported by Fisheret al.23 Figure 7 shows

FIG. 6. Electrical resistivity r versus T21/4 for
PrBa22xSrxCu3O72d samples.

FIG. 7. Variation of the localization radiusd and its reciprocal
1/d with Sr doping for the PrBa22xSrxCu3O72d samples.
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56 9157STRUCTURAL, TRANSPORT, AND MAGNETIC . . .
the doping dependence of d and 1/d for
PrBa22xSrxCu3O72d . By extrapolating, it can be seen th
1/d will go to zero aroundx51.1, which means thatd di-
verges. This implies that PrBa22xSrxCu3O72d will become a
metal or even a superconductor owing to the delocaliza
of the carriers. For the magnetic property
PrBa22xSrxCu3O72d , the situation may be a little bit compli
cated. The AF ordering of Pr ions in PrBa2Cu3O7 shows a
series of anomalies. For example, its 17 KTN is about two
orders of magnitude higher than expected if one scales
TN of GdBa2Cu3O7 (TN52.2 K) assuming either dipolar in
teraction or Ruderman-Kittel-Kasuya-Yosida~RKKY ! ex-
change. For conventional AF, a few T of external magne
field is expected to suppress itsTN by a few degrees K, while
TN of PrBa2Cu3O7 remains unchanged under the magne
field up to 9 T.4 The dc susceptibility increases monoton
cally with decreasing temperature belowTN in PrBa2Cu3O7
instead of showing a peak atTN in conventional AF. It is
commonly believed that superexchange interaction betw
Pr ions via oxygens in the CuO2 planes is responsible for th
anomalous highTN and related phenomena. The supere
change interaction is a short-range interaction. This has b
shown inTN suppression due to dilution of Pr ions by dopin
at Pr sites. For PrBa22xSrxCu3O72d , Sr doping lead to an
increase of the Pr-O bond length~the oxygen sits in the CuO2
planes! and also a decrease of the Pr-Pr distance. The for
factor decreaseTN , while the latter may increaseTN . So the
balance of the two factors may lead to the insensitivity ofTN
to doping. The bond angle of Pr-O-Pr, which decreases w
Sr doping, should also be considered. The insensitivity ofTN
to doping was also shown in PrBa22xCaxCu3O72d with x
,0.2, while further doping leads to an abrupt decrease
r-
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TN . Generally speaking,TN(Pr) is very sensitive to struc
tural variation, especially in thec axis. For example,TN

changes very slowly with doping for Pr12xCaxBa2Cu3O72d ,
consistent with the minor structural variation, and doping
just a dilution effect. For PrBa22xCaxCu3O72d, TN decreases
much more quickly with doping than that fo
Pr12xCaxBa2Cu3O72d , together with remarkable structura
variation. The role of structural variation in suppressingTN

can also be illustrated in PrBa2Cu32xMxO72d (M
5Zn,Co,Ni,Fe) systems, in whichTN remains unchanged fo
Zn doped PrBa2Cu3O7 and shows an abrupt change for C
Ni, and Fe doped samples. Very recently, Boothroydet al.
found that the AF ordering of Pr ions interacts with Cu su
lattices indicating the complicated mechanism of AF ord
ing of the Pr ions.24

In summary, we have studied the effect of Sr doping at
sites on structural, electrical transport, and magnetic pro
ties of PrBa2Cu3O72d . An orthorhombic-to-tetragonal phas
transition occurs atx50.2 and the solid solubility limit of Sr
was found to be 0.8. Electrical resistivity abruptly decrea
upon Sr doping. In contrast, the magnetic property show
obvious change. The results were explained considering
Sr doping induced variation of hybridization between Pr io
and O2p of the CuO2 planes. Further doping may lead t
much more change and even the possible appearance o
perconductivity.
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