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We report detailed studies of the normal-state resistivity and the Hall-effect in bulkR0.8Pr0.2Ba2Cu3O72y

samples~R5Yb, Er, Dy, Gd, Eu, and Nd!. We find a linear temperature dependence of the normal-state
resistivityru and the Hall numbernH aboveTc in these systems. At a constant temperature bothrn andnH are
linearly dependent on the ion-size of the rare earth, viz., the largerR31 ionic radius, the largerrn , but the
lower nH . The cotangent of the Hall angle follows a universalT2 dependence, i.e., cotuH5aT21C. Both the
slopea and the quantityC is insensitive to theR ion and remains almost constant. On the basis of our data we
propose aTc-nH diagram which manifests an ‘‘underdoping’’ behavior ofR0.8Pr0.2Ba2Cu3O72y systems. We
suggest that the strong hybridization between the 4f states of the Pr ion and the conduction-band states in CuO2
planes, leading to hole localization and pair breaking, are the mechanism for the suppression of superconduc-
tivity in R12xPrxBa2Cu3O72y systems.

I. INTRODUCTION

PrBa2Cu3O7 is an intriguing exception among the rare-
earth substituted isomorphic YBa2Cu3O7 compounds due to
the absence of superconductivity as well as a metallic state.1

Specific heat and magnetization measurements2 on
PrBa2Cu3O7 showed an anomalous magnetic ordering at
TN517 K. Neutron diffraction3 experiment suggested that
this ordering is a three-dimensional antiferromagnetic order
in the Pr sublattice. One approach in understanding these
striking properties of PrBa2Cu3O7 is to study in detail the
effect of Pr doping inRBa2Cu4O7 compounds.

1

The attractiveness of these systems is that the continuous
composition range, 0<x<1, of solid solution formed in the
R12xPrxBa2Cu3O72y systems based on differentR provides
a unique possibility to study the superconducting and mag-
netic subsystem interference.1

We have carried out systematic study of the effect by Pr
doping inR12xPrxBa2Cu3O72y systems~R5Lu, Yb, Tm, Er,
Y, Ho, Dy, Gd, Eu, Sm, and Nd!.4–6 It is found that at a
critical Pr concentration,xcr , the superconductivity is com-
pletely quenched, beyond which the system becomes insulat-
ing and displays magnetic ordering of the Pr sublattice. We
observed a rare-earth ion size effect onTc , TN , andxcr in
these systems.

In Pr concentration region ofx,xcr , the superconducting
transition temperatureTc decreases linearly with increasing
Pr concentration, and that at a given Pr concentration,Tc
decreases linearly with increasing the radius ofR ion.4

On the other hand, in Pr concentration region ofx.xcr ,

the magnetic ordering temperatureTN of the Pr ions de-
creases linearly with increasingR concentration. At a given
R concentration,TN decreases linearly with decreasing the
radius ofR ion.5

We observed that the critical Pr concentrationxcr also
decreases linearly with increasing the radius ofR ion.4 The
observed results were interpreted in terms of the hybridiza-
tion between the local states of Pr ion and the valence band
states of the CuO2 planes.

6

One of the most puzzling problems in the study of
high-Tc superconductors has been the anomalous linear tem-
perature dependence of their normal-state resistivityrn and
the Hall numbernH aboveTc ,

7 which is inconsistent with an
isotropic single-band Fermi-liquid description. A theory in
the framework of the two-dimensional Luttinger liquid was
proposed by Anderson,8 who argues that the intrinsic elec-
tronic freedom in CuO2 planes is decomposed into two types
of quasiparticle excitations, spin-1

2 chargeless spinons and
charged spinless holons. The relaxation times for carrier mo-
tion normal to the Fermi surface and parallel to it are differ-
entiated. The predictedT2-dependence of the Hall angle has
been observed in many high-Tc cuprate superconductors.

9–14

Extensive studies of the Hall effect have been carried out
on the following 123-systems:~1! YBa2Cu3O72d with chang-
ing the oxygen contentd;9,10 ~2! Y12xPrxBa2Cu3O72d with
changing the Pr contentx;11 and~3! YBa2Cu32xMxO72d with
changing the transition metal contentx.12–14

All of the Hall experiments above9–14have focused on the
change of the concentrationx of the dopants~Zn, Co, Fe, Pr!
or the oxygen reductiond. In modification of our previous
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observation that theR31 ion size has a very strong effect on
superconducting and magnetic properties in
R12xPrxBa2Cu3O72y,

4–6 we carried out present Hall mea-
surements inR0.8Pr0.2Ba2Cu3Pr72y systems, in which instead
of changing the concentration, we change theR31 ion while
leaving the concentration of Pr and oxygen unchanged.

In this paper we report detailed studies of the normal state
resistivity and Hall effect of bulk~R0.8Pr0.2!Ba2Cu3O72y ~R
5Yb, Er, Dy, Gd, Eu, and Nd!. We find a linear temperature
dependence of the resistivityrn and the Hall numbernH
aboveTc in these systems. The cotangent of the Hall angle
follows a universalT2 dependence, namely, cotu5aT21C.
Both the slopea and the quantityC remain almost constant
and are insensitive to the change ofR ion in
R0.8Pr0.2Ba2Cu3O72y. We find a rare-earth ion size effect on
resistivity rn and the Hall numbernH . At a constant tem-
perature the resistivityrn and the Hall numbernH is linearly
dependent onR31 ionic radius, the largerR31 ionic radius,
the largerrn , but the lowernH . Based on our data we pro-
posed aTc-nH diagram which manifests an underdopinglike
behavior ofR0.8Pr0.2Ba2Cu3O7 ~R5Yb, Er, Dy, Gd, Eu, and
Nd! systems.

II. EXPERIMENTAL

The ceramicR0.8Pr0.2Ba2Cu3O72y ~R5Yb, Er, Dy, Gd,
Eu, and Nd! samples were synthesized using a conventional
solid state reaction method. Stoichiometric amounts of high
purity R2O3 ~R5Yb, Er, Dy, Gd, Eu, and Nd!, Pr6O11,
BaCo3 and CuO powders were mixed, ground and calcined
at 915 °C for about 24 h in air in Al2O3 crucibles, followed
by slow cooling in the furnace. The resultant powder was
then reground again and pressed with about 3 tons/cm2 into
pellets which was then heated at 925–935 °C for 3 days in
flowing oxygen, followed by annealing at 680 °C for 10 h
and then slow cooled to 420 °C, where they remained for 20
h before a final slow cool to room temperature. All speci-
mens were annealed in an atmosphere of flowing oxygen to
ensure a sufficient oxygen content in the final product. This
sinter procedure was repeated at least three times. All
samples were prepared at the same time in the same furnace
as much as to ensure the same sample qualities. The struc-
tures of the samples were investigated using a Rigaku Ro-
taflex rotating anode powder x-ray diffractometer~CuKa ra-
diation! at scanning rate of 4° in 2u per minute.

The dc magnetization for each sample was measured by a
Quantum Design magnetometer. To measure the Hall effect
and the longitudinal resistivity a five-probe arrangement was
used on rectangular shaped samples. The rectangular samples
were cut from sintered pellets with typical dimensions 235
30.5 mm.3 In order to perform precise Hall measurements, it
was essential to minimize the misalignment of the Hall arms
and also to achieve low-resistance Ohmic contacts. The con-
tacts were made using gold wires and silver epoxy. After a
heat treatment of 2 h at 450 °C inflowing oxygen the contact
resistance was typically less than 0.5V for contact surfaces
smaller than 0.1 mm2. Samples were mounted on small sap-
phire substrates.

In order to measureVxx and Vxy simultaneously three
voltage contacts were attached on each sample and recorded
with two sensitive digital nanovoltmeters~Keithley 182!.

The experiments were performed in a commercial Oxford
dewar with a superconducting magnet. The Hall voltage was
obtained with a measuring current of 100 mA, which roughly
corresponded toJ'10–40 A cm22. To extract the Hall volt-
age a signal was measured at two reversal directions of the
measuring current and two reversal directions of the mag-
netic field ~67 T!. The temperature dependence of the lon-
gitudinal resistivity in zero field was measured in a separate
run. The temperature was measured by a carbon glass ther-
mometer~Lake Shore carbon resistor type 500! inside the
sample chamber with an Oxford ITC4 temperature control-
ler.

III. RESULTS AND DISCUSSION

The x-ray diffraction patterns at room temperature~Fig. 1!
show that all samples have the layered orthorhombic perovs-
kitelike structure and contain no extra peaks due to impurity
phases within the experimental error. However, the ortho-
rhombicity i.e., thee parameter, defined ase52(b2a)/(b
1a), decreases with increasingR31 radius. The main peak
split is not obvious for sample Nd0.8Pr0.2Ba2Cu3O72y ~Fig.
1!. The lattice parametersa, b, c and the unit cell volumeV
of all samples are increasing monotonically with radius of
R31 ion.

The temperature dependence of the dc molar magnetiza-
tion M (T) of R0.8Pr0.2Ba2Cu3O72y ~R5Yb, Er, Dy, Gd, Eu,
and Nd! systems over the temperature region 5–90 K were
measured both in zero field cooling~ZFC! and field cooling
~FC!. The results are shown in Fig. 2~only for ZFC!. The
M (T) curves demonstrate a superconducting transition. In
ZFC measurements, in some samples there are a ‘‘knee’’ on
the transition curves. It could be due to the granular character
of the sintered samples. The transition of sintered pellets
could be divided as a two-step process with firstly the tran-
sition of grains and followed by the transition of intergrain

FIG. 1. X-ray powder diffraction patterns with CuKa radiation
for R0.8Pr0.2Ba2Cu3O72y ~R5Yb, Er, Dy, Gd, Eu, Nd!.
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barriers or junctions. The ‘‘knee’’ disappeared when we
ground the bulk and performed the powder dc magnetic mea-
surements.

Normal state resistivityrn was measured in the tempera-
ture range betweenTc and 290 K~Fig. 3!. The results indi-
cate that all samples are ‘‘metallic’’ with a linear temperature
dependence ofrn . The resistivity at 280 K changes from 700
mV cm for Yb0.8Pr0.2Ba2Cu3O72y to 1700 mV cm for
Nd0.8Pr0.2Ba2Cu3O72y. For allR0.8Pr0.2Ba2Cu3O72y samples
the slopes ofrn(T) curves have a same value of'2
mV cm/K ~Fig. 3!.

Figure 4 demonstrated thatTc ~onset! decreases approxi-
mately linearly with increasing radius ofR31 ions. This is
consistent with our previous reports.4 Tc values obtained
from both resistivity and magnetization measurements are in
good agreement with each other. It is the most striking aspect
of these data that at a constant temperature~150 and 200 K

in Fig. 5! the normal resistivityrn increases linearly with
increasing theR31 ion size.

It is traditional to express a total electrical resistivity as
the sum of two terms. One is the temperature-dependent term
arising from the dynamic deviations from crystal perfection.
Another is the temperature-independent residual resistivity
arising from the static imperfections, such as impurities and
lattice defects. The normal state resistivityrn of
R0.8Pr0.2Ba2Cu3O72y in the temperature range 100–290 K
could be fitted by the relation,rn(T)5r01aT, wherer0 is
the extrapolated value ofrn at T50 and close to zero for
undoped samples.

FIG. 3. Temperature dependence of resistivityr for
R0.8Pr0.2Ba2Cu3O72y ~R5Yb, Er, Dy, Gd, Eu, Nd!.

FIG. 5. rn vs ionic radius ofR31 in R0.8Pr0.2Ba2Cu3O72y ~R
5Yb, Er, Dy, Gd, Eu, Nd! systems.

FIG. 2. Temperature dependence of dc molar magnetization for
R0.8Pr0.2Ba2Cu3O72y ~R5Yb, Er, Dy, Gd, Eu, Nd!.

FIG. 4. Tc vs ionic radius ofR31 in R0.8Pr0.2Ba2Cu3O72y ~R
5Yb, Er, Dy, Gd, Eu, Nd! systems.
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With increasingR31 ion size, the resistivity curvesrn(T)
are shifted progressively upwards~Fig. 3!, so that the pri-
mary effect of theR ion size is to add a nominally
temperature-independent contribution,r0, to the transport
scattering rate. This may be due to a progressive decrease in
carrier concentration~our Hall measurements support this
point of view!, or/and a progressive increase of an unsus-
pected temperature-independent scattering~impurity scatter-
ing! contribution by increasingR31 ion size in samples.

The slopes of thern(T) curves,drn/dT, for different
R-ion samples~Fig. 3! are nearly identical. This suggests that
the r0 is alsoR31 ion size dependent. Ther0 is larger for
compound with largerR31 ion size. It is obvious that the
R31 ion size dependence ofrn is a consequence of theR31

ion size dependence ofr0.
Hall measurements were made with the same samples

which we discussed above. Our results demonstrated that the
Hall voltageVxy at a constant temperature was linear inH
and no saturation up to the maximum field of 7 Tesla.

The Hall coefficientRH above Tc is holelike for all
samples. The temperature dependence ofRH is shown in Fig.
6. The experimental values ofRH are in the range 0.531029

m3/C to 4.831029 m3/C. RH increases as the temperature
decreases, and then drops sharply as the superconducting
transition temperature is approached. Figure 4 also demon-
strates that theTc ~onset! values obtained from the Hall mea-
surements are in agreement with those from the magnetiza-
tion and the resistivity measurements.

It is convenient to normalize the Hall constant to the unit
cell volumeV so that, in the case of a parabolic single band,
the Hall numbernH ~derived fromnH5V/eRH! is the num-
ber of carriers per unit cell. The temperature dependence of
the Hall numbernH is presented in Fig. 7.

As shown in Figs. 6 and 7, we find for
R0.8Pr0.2Ba2Cu3O72y systems, a nearly 1/T dependence of
RH and therefore, a nearly linear temperature dependence of

nH , widely seen in many high-Tc cuprate
superconductors.9–14

The transport measurements performed in sintered bulk
samples are usually complicated by the character of the
granularity in these samples~weak links between grains! and
confused by anisotropic effect inside the grains. In spite of
this, we believed that averaging data from several repeated
measurements will merge reliable results.

For everyR0.8Pr0.2Ba2Cu3O72y compound, our Hall mea-
surements were repeated on two samples with the same com-
position in order to double check for reproducibility. The
typical results for Er0.8Pr0.2Ba2Cu3O72y are shown in Fig. 8.
The data points fall on a straight line in the temperature
range approximately below 240 K. We have estimated the
signal error of our system is about 1027;1028 V. However,
the Hall voltageVxy at low temperatures is in the order of
1026 V andVxy;1/T. Therefore, above 240 K the Hall sig-
nals are small and sensitive to thermal shift during the mea-
surements. We suspect this to be a serious source of error at
higher temperature in these samples.

A very significant feature of the Hall effect data is the
existence of aR31 ion size effect on Hall numbernH in
R0.8Pr0.2Ba2Cu3O72y ~Fig. 9!. At a constant temperature the
Hall numbernH decreases roughly linearly with increasing
R31 ionic radius.

It can be seen from Fig. 7 that for samples with smaller
R31 ionic radius ~for example, Yb0.8Pr0.2Ba2Cu3O72y! nH
varies linearly withT down to a few degrees aboveTc , but
for samples with largerR31 ionic radius ~for example,
Nd0.8Pr0.2Ba2Cu3O72y!, the range of linearity shrinks.

A fundamental question for high-Tc cuprate supercon-
ductors is whether or not the normal state from which the
superconducting one condenses is a Fermi liquid. One signa-
ture of the Fermi liquid state is a quadratic dependence of
electrical resistivity on temperature below the range in which

FIG. 6. Temperature dependence of the Hall coefficient,RH , for
R0.8Pr0.2Ba2Cu3O72y ~R5Yb, Er, Dy, Gd, Eu, Nd!.

FIG. 7. Temperature dependence of the Hall number per unit
cell volume V, nH(nH[V/eRH !, for R0.8Pr0.2Ba2Cu3O72y ~R
5Yb, Er, Dy, Gd, Eu, Nd!.
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phonon scattering dominates. The linear temperature depen-
dence of the resistivity and Hall number appears implying a
breakdown of the Fermi-liquid description.

Anderson has proposed a theory in the framework of the
two-dimensional Luttinger liquid.8 In his picture two types of
quasiparticle excitations, spinons and holons, and two differ-
ent relaxation times,ttr and tH , have been introduced. The
relaxation rates for carrier motion normal to the Fermi sur-
face ~1/ttr! is the usual transport relaxation rate. It is related
to the spinon-holon scattering which leads to a linearT de-

pendence, i.e.,ttr}1/T, and determines the longitudinal con-
ductivity sxx}t tr}1/T. The relaxation time for carrier mo-
tion parallel to the Fermi surface,tH , is the transverse~Hall!
relaxation time. It is the result of the scattering between
spinons alone which varies astH}1/T2. Thus,
sxy;tHt tr;1/T3. The cotangent of the Hall angle becomes
one of the essential quantities since it is dependent ontH
only:

cot~uH!5sxx /sxy51/vctH5aT21C, ~1!

wherea is related to the spinon bandwidthWs ~a}Ws
21!,

andC is an additive term due to magnetic impurity scatter-
ing.

The simultaneous measurements of the Hall resistivity
rxy[RHH and magnetic resistivityrxx in field of 7 Tesla
enable us to calculate accurately the cotangent of the Hall
angle, cotuH ~5rxx/rxy!. A universal quadratic temperature
dependence of cotuH is preserved in all samples of
R0.8Pr0.2Ba2Cu3O72y systems ~Fig. 10!. The fan-shaped
cot uH(T

2! curves in Fig. 10 is a result from the fluctuation
of signals at higher temperatures. The interceptsC and the
slopesa remain almost constant within small fluctuations.
The slopea as a function of theR31 ionic radius is shown in
Fig. 11.

Both rxx and rxy are approximately linearly withR31

ionic radius~see Figs. 6 and 7!, however, it seems that these
two effects combine to weaken the ionic size dependence of
cotuH~5rxx/rxy!.

Earlier Hall measurements9–14on 123-type high-Tc super-
conductors reveal that Eq.~1! seems to be universal in every
system with different dopant and doping levels. However, the
behavior of the slopea and interceptC are quite different for
different systems.

For the case of in-plane zinc dopants in crystals of
YBa2~Cu12xZnx!3O72d ~Ref. 12!, C in Eq. ~1! linearly in-
creases with increasing zinc concentration, but the parameter
a is essentially unchanged, consistent with the interpretation
that Zn is an in-plane scatterer and pair breaker12 which has

FIG. 9. The Hall number per unit cell volume
V, nH(nH[V/eRH!, vs ionic radius of R31 in
R0.8Pr0.2Ba2Cu3O72y ~R5Yb, Er, Dy, Gd, Eu, Nd! systems.

FIG. 8. Temperature dependence of the Hall number per unit
cell volume V, nH(nH[V/eRH! , for Er0.8Pr0.2Ba2Cu3O72y

~sample no. 1 and sample no. 2 were prepared under the same
conditions!.

FIG. 10. The variation of cotangent Hall angle cotuH with T
2 for

R0.8Pr0.2Ba2Cu3O72y ~R5Yb, Er, Dy, Gd, Eu, Nd!.
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little effect on the carrier concentration. For the case of CuO-
chain-sites cobalt doping in crystals of
YBa2~Cu12xCox!3O72d ~Ref. 13!, Co doping is thought to
change theTc by changing the hole concentration.15 The re-
sults showed that doping with Co decreasesa while leaving
the residual scattering parameterC unchanged.

For the case of oxygen-deficient YBa2Cu3O72d epitaxial
films,9 the oxygen reduction~an increase ind!, as in the case
of Co doping, is thought to change theTc by changing the
hole concentration. However, the results showed that oxygen
reduction increasesa, leaving the residual scattering param-
eterC unchanged.

For the case of the Y-site doping by Pr in
Y12xPrxBa2Cu3O72d epitaxial films,

9 botha andC increase
with Pr concentrationx. These results support the view that
hybridization exists between Pr 4f states and the CuO2 plane
electronic states, causing the Pr magnetic moment to become
effective scatterer to the electron transport. The scattering by
these moments reduces the carrier mobility, which corre-
sponds to an increase inC. On the other hand, the increase in
the slopea indicates a drop in the true carrier density. These
results imply that a combination of magnetic impurity scat-
tering and hole filling~hole localization! is the mechanism
for the suppression of superconductivity in
Y12xPrxBa2Cu3O72y.

All of the Hall experiments above9–14 reveal a unified
picture of Hall effect in various high-Tc cuprate systems.
While the increase ofC corresponds to a reduction of mo-
bility, the change ofa reflects the variation in true carrier
density.9

All of the Hall experiments above9–14have focused on the
change of the concentrationx of the dopants or the oxygen
reductiond, we carried out present Hall measurements in
R0.8Pr0.2Ba2Cu3O72y systems, in which instead of changing
the concentration, we change theR31 ion while leaving the
concentration of Pr and oxygen unchanged.

Our results are obviously different from those obtained
from all the other systems. In our case both parametersa and
C, in formula of cot~uH!5rxx/rxy5aT21C, remain almost
constant and do not change with the changing ofR in
R0.8Pr0.2Ba2Cu3O72y, although both magnetic and Hall resis-
tivity, rxx andrxy , are significantlyR31 ion size dependent.

A significant controversy arises over the role of parametersa
and C in Eq. ~1! by comparing our results in
R0.8Pr0.2Ba2Cu3O72y with results obtained in other
systems.9–14

In a unified picture of Hall effect as mentioned above,
parameterC is a measure of the in-plane impurity scattering
rate. It is not surprising thatC is independent ofR31 ion
substituted in Y site inR0.8Pr0.2Ba2Cu3O72y. ~The Pr ion also
was substituted in the Y site, due to its hybridization with
CuO2 planes it could reduce carrier mobility by the magnetic
scattering, causing an increase in parameterC.! On the other
hand,r0 is also a measure of the in-plane impurity scattering
rate, but as shown in Fig. 5 it is stronglyR31 ion size de-
pendent.

The change ofa was attributed to the variation in the true
carrier density.9 However, we observed that although the
Hall number nH decreases with increasingR31 ion size
while the parametera does not change withR31 ion in
R0.8Pr0.2Ba2Cu3O72y systems.

As mentioned earlier, we observed a strongR31 ion-size
effect on Tc ~Fig. 4!, rn ~Fig. 5! and nH ~Fig. 9! in
R0.8Pr0.2Ba2Cu3O72y. However, the Hall angle remains al-
most constant when we change the rare-earth ion in sample
of R0.8Pr0.2Ba2Cu3O72y. On the contrary to the conclusion in
a number of previous studies,9–14our results strongly suggest
that there is no simple correlation between the Hall angle in
the normal state, including the parametersa and C, with
superconductivity~Tc! in 123-type high-Tc superconductors.

It should also be noted that a band model involving a
square Fermi surface with rounded corners could also lead to
the aboveT2 law.16,17 Therefore, one cannot conclude the
validity of Anderson’s picture simply based on the applica-
bility of Eq. ~1! to the observed results.

It has been well established that holes are the supercon-
ducting elements in theP-type high-Tc cuprate supercon-
ductors, and are mainly confined to the two-dimensional
CuO2 sheet.18 The high-Tc cuprate superconductors have
been known to have a strong dependence ofTc on the hole
content and a certain similar trend betweenTc and the hole
content exists in these individual series compounds.19 High
transition temperatures are found in a somewhat narrow win-
dow of hole concentration.

Several authors19 suggested thatTc is an inverted para-
bolic function of carrier concentration in both the under-
doped and the overdoped regions, i.e.,

Tc5Tc,max@12h~n2nopt!
2#, ~2!

whereTc,max is the maximumTc at the optimal doping level
nopt. Such an empirical relation was well established in the
case of Sr substituted La2CuO4.

Recently, Zhang and Sato20 suggested a universal rela-
tionship between the normalizedTc and the hole contentpsh
~psh is defined as the number of holes per CuO2 unit in the
2D layer!. The universal curve is characterized by a plateau
~0.12,psh,0.25! with sharp bends at underdoped side
~0.06,psh,0.12! and overdoped side~0.25,psh,0.31!.

In both pictures mentioned above the hole concentration
psh in the covalent CuO2 sheets is given by conservation of
charge. For a giving compoundpsh is a constant and essen-
tially independent on the temperature.psh was measured by
chemical methods~titration technique! or calculated by

FIG. 11. The slopea of the curve cotuH(T
2! vs ionic radius of

R31 in R0.8Pr0.2Ba2Cu3O72y ~R5Yb, Er, Dy, Gd, Eu, Nd! systems.
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Rietveld analyses using a bond valence sum~BVS! model.21

The chemical analyses should give a total number of charge
in compounds and the BVS for the copper atoms should be
taken to represent also the total charge in the bond.

psh reflects the total number of the hole density which are
not matched with Hall numbernH . nH is related only to the
‘‘moving holes.’’ In an isotropic parabolic single-band Fermi
liquid system, the Hall number,nH5V/eRH would be the
number of carriers per unit cell. For the high-Tc cuprate su-
perconductors, due to itsT dependence and the complex
band structure,nH may not represent the actual carrier con-
centration. However, the value ofnH at a particularT corre-
lates rather consistently with the carrier concentration deter-
mined by other methods,nH scales with actual carrier
concentration.

On the basis of our Hall effect measurements, we also
found an empirical relation between the superconducting
transition temperatureTc and the mobile carrier concentra-
tion nH . Figure 12 presents theTc as a function of the Hall
numbernH (nH at T5100 K! for R0.8Pr0.2Ba2Cu3O72y sys-
tems. TheTc-nH diagram~Fig. 12! manifests an ‘‘underdop-
ing’’ behavior. The values ofnH at 100 K for several com-
pounds fall out the limits of the superconducting window
~0.06,psh51/2 nH,0.31!. The word ‘‘underdoping’’ is usu-
ally used in the case of the doping content below the opti-
mum concentration, but in our case we only change theR ion
in sample ofR0.8Pr0.2Ba2Cu3O72y while the composition re-
mains constant. Our data established that the substitution by
a R ion with larger ionic radius inR0.8Pr0.2Ba2Cu3O72y is
equivalent to increasing the Pr concentration in it.

In literature the Hall effect measurements on
Y12xPrxBa2Cu3O72d have been interpreted in the light of the
‘‘valent’’ model,1,22 because a decrease of the Hall number
nH with the increase of Pr content has been observed. The
strongT dependence ofnH in Fig. 9 complicates a determi-
nation of the true carrier density fromnH . Therefore, the
decrease ofnH with x does not provide conclusive evidence

for hole filling by the Pr dopant. The phenomena are con-
nected not to the Pr41 content, but to the ‘‘moving holes.’’ It
should be emphasized that the Hall numbernH changes by a
factor of 2 from Yb0.8Pr0.2Ba2Cu3O72y to
Nd0.8Pr0.2Ba2Cu3O72y in all temperature region 100–280 K
~Fig. 7!. Within the framework of the ‘‘valent’’ model one
expects thenH(T) dependence for the Yb and the Nd-based
systems to be close to each other.

The suppression ofTc in R12xPrxBa2Cu3O72y has been
attributed to two possible mechanisms: the pair-breaking23

and/or hole localization,6 both due to hybridization of the Pr
ion with the sandwiching CuO2 planes. Fehrenbacher and
Rice24 proposed a model for the electronic structure of
PrBa2Cu3O7. The difference between PrBa2Cu3O7 and other
RBa2Cu3O7 superconductors comes from an enhanced stabil-
ity of the PrIV state due to the hybridization with oxygen
neighbors, and involves a transfer of holes from primarily
planar O 2ps to O 2pp states. The resulting hybridized state
is a mixture of Pr41 and Pr311ligand hole, i.e., the wave
function has the form

uC&5au4 f 1p6&1bu4 f 2p5&. ~3!

If the weight of theb of the ~Pr31 L! state is large, many
local properties of Pr, as seen by high-energy spectroscopy,
would be similar to those of Pr31. Furthermore, the orbital of
4f wave functions of the Pr ions are more spatially extended
~Pr31 is the largest paramagnetic rare earth that forms in the
Y-Ba-Cu-O structure!. This fact could enhance the hybridiza-
tion between Pr orbital states and the valence band states
associated with the CuO2 planes. Hybridization could gener-
ate an exchange interaction between the Pr magnetic mo-
ments and the spin of the mobile holes in the CuO2 planes.

24

This superexchange interaction between conducting holes
and Pr magnetic moment inR12xPrxBa2Cu3O72y systems is
probably the mechanism of the pair-breaking and the hole
localization~the reduction of the number of mobile holesnH!
leading to theTc suppression.

The 4f wave function of theR ~except Pr! ions with a
symmetry different from Pr and with a smaller spatial exten-
sion does not lead to appreciable hybridization with the va-
lence band states associated with the CuO2 planes. The con-
duction holes in the CuO2 planes have almost zero density of
states at theR ion sites.25 TheR ions and the CuO2 layers are
electronically decoupled.26 The moment of R ions in
R12xPrxBa2Cu3O72y could not give an effect of pair-
breaking or hole localization. However, the spatial extent of
R ions ~ionic radius! could produce a strong effect on the
hybridization between valence band states of CuO2 planes
and Pr 4f states. ForR ions with a larger ionic radius in
R12xPrxBa2Cu3O72y, we observed a strongerTc suppression
by doping with the same Pr concentration. This is due to that
the R ion with a larger ionic radius could enhance more
strongly the hybridization between Pr orbital states and the
valence band states of CuO2 planes.

We propose that as doping Pr inRBa2Cu3O72y the hy-
bridization between Pr 4f states and valence band states in
the CuO2 planes provide an additional local impurity mag-
netic scattering by moment of Pr ions for resistivity~Kondo-
like mechanism!, and that the hybridization would result in
localization of the mobile holes~the reduction of the number

FIG. 12. TheTc-nH(nH at T5100 K! diagram illustrating an
underdopinglike behavior inR0.8Pr0.2Ba2Cu3O72y ~R5Yb, Er, Dy,
Gd, Eu, Nd! systems.
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of mobile holesnH! in the CuO2 planes. On the basis of our
experiments both effects could beR ion-size dependent.

There is one difficulty to reconcile the trend in the behav-
ior of Pr in different hostsRBa2Cu3O72y with the hybridiza-
tion picture. For example, theTc values and the critical con-
centration of Pr, xcr , necessary to suppression
superconductivity are found to decrease with the increase of
R31 radius. One would expect the opposite effect based on
the hybridization picture since increasing radius of rare earth
R31, the average distance between CuO2 planes becomes
larger which leads to a weaker Pr-CuO2 hybridization.

It is established27 that the distance between Pr and the
surrounding oxygendPr-O is less thandY-O ~most probably
due to p- f hybridization!. It is also known that increased
local buckling of CuO2 planes suppressesTc and inhibits
metallic conductivity. Thus if thedPr-O is the same in all
hosts one would have stronger buckling around Pr for larger
hostR ions.

On the basis of our x-ray diffraction data, especially note-
worthy is that the increase ofc axis from 11.654 Å
for Yb0.8Pr0.2Ba2Cu3O72y to 11.748 Å for
Nd0.8Pr0.2Ba2Cu3O72y is less than that of the ionic radii from
0.858 Å for Yb31 to 0.995 Å for Nd31. The lattice undergoes
a monotonic compression when the Y site in 123 series is
substituted byR31 with larger radius. All these facts may be
connected with the increase of Pr-CuO2 hybridization and the
role of localization with enlargement ofR31 ion radius.

Recently Nortonet al. reported the results of the investi-
gation of the transport and structural properties of
Pr12xCaxBa2Cu3O72y thin films.28 Their results support the
view that hole localization, due to hybridization of the Pr 4f
electronic levels with the O 2p orbitals, contributes substan-

tially to the suppression of superconductivity by Pr in
PrBa2Cu3O72y, and demonstrates that this suppression can
be partially compensated by appropriate hole doping with
Ca.

In conclusion, we find a linear temperature dependence of
the normal state resistivityrn and the Hall numbernH in
bulk R0.8Pr0.2Ba2Cu3O72y samples~R5Yb, Er, Dy, Gd, Eu,
and Nd!. At a constant temperature bothrn andnH are lin-
early dependent on ion size of rare earth. The cotangent of
the Hall angle follows a universalT2 dependence. Both the
slopea and the quantityC is insensitive toR ions and re-
mains almost constant. We proposed aTc-nH diagram which
manifests an ‘‘underdoping’’ behavior of
R0.8Pr0.2Ba2Cu3O72y systems. We suggest that the strong hy-
bridization between 4f states of the Pr ion and the conduc-
tion band states in CuO2 planes, leading to the hole localiza-
tion and the pair breaking, are the mechanism for the
suppression of superconductivity and the mechanism for the
increase of resistivityrn and reduction of the number of
mobile holesnH in the normal state inR12xPrx Ba2Cu3O72y
systems. Especially noteworthy is that theR ion with a larger
radius could more strongly enhance the hybridization be-
tween Pr orbital states and the valence band states of CuO2
planes. This is a natural explanation of the rare-earth ion size
effect onTc ,TN ,rn , andnH , which we observed in the last
several years.
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