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Localization of charge carriers by Pr in the Tl2Ba2Ca1ÀxPrxCu2Oy system

S. N. Bhatia,* P. Chowdhury, S. Gupta, and B. D. Padalia
Department of Physics, Indian Institute of Technology, Bombay 400 076, India

~Received 22 October 2001; revised manuscript received 19 August 2002; published 31 December 2002!

We have measured the resistivity and thermoelectric power of Tl2Ba2Ca12xPrxCu2Oy samples withx<0.6
in the temperature range 10–300 K.Tc decreases with an increase in the Pr concentration and a crossover from
a metallic to insulator state is observed in samples withx.0.4. In the highly resistive samples (x.0.4)
conduction is governed by the in-plane variable range hopping of the carriers while in others, localization of
bosons appears to be dominating. A ‘‘spin gap’’ is observed in the resistivity of these samples. The resistivity
and thermoelectric power show the localization of the carriers to increase with an increase in Pr concentration.
These data, examined in the light of existing models of conduction by localized carriers, show a preference for
the model proposed by Nagaosa and Lee wherein the fermion contribution decreases and that of the bosons
increases with the increase in the Pr concentration. The PrL3-edge absorption data show Pr to be present in the
mixed (31 and 41) valent state. Correlating the hole density ‘‘p’’ determined fromTc and thermoelectric
power with the valence of Pr estimated from x-ray-absorption edge measurements, we find hole filling along
with hybridization to be the dominant mechanism for destablization and eventual suppression of superconduc-
tivity in these materials.

DOI: 10.1103/PhysRevB.66.214523 PACS number~s!: 74.72.Fq, 74.25.Fy, 74.62.Dh
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I. INTRODUCTION

In recent years, rare-earth substitutions in hig
temperature superconductors~HTS! have attracted consider
able attention. Pr substitution at the Ca site
Bi2Sr2CaCu2O8 ~BSCCO! ~Refs. 1 and 2! were found to
localize the carriers, with increasing Pr concentration, a
lead to the suppression of superconductivity for Pr conc
tration exceeding a certain critical valuexc . At higher con-
centrations of Pr, conduction was observed to take place
the variable range hopping~VRH! of the carriers which
changed character from being two dimensional near the
perconductor - insulator boundary (x;xc) to three dimen-
sional far above it. Of all the rare-earth metals, Awanaet al.1

found both Pr and Ce to be most effective in suppressing
superconductivity due to the hole-filling mechanism, sin
both these ions were found to exist in the tetravalent st
Further substituting Y for Ca in Tl2Ba2CaCu2O8 ~TBCCO!,
Poddaret al.3 found Y to behave identically to Pr in BSCCO
in suppressing superconductivity and localizing the carrie
However, the localization for Y substitution must be fund
mentally different since Y does not have any 4f electrons.

In YBa2Cu3O7 ~YBCO!, where Pr substitution also sup
presses superconductivity, three mechanisms have
proposed.4,5 The first involves the breaking of the superco
ducting pairs by the magnetic moment carried by Pr wh
causes the scattering of the holes within the CuO2 planes to
be spin dependent. According to the second mechanism
exists in a higher valence state than those of the ions it
places and acts as a donor of electrons, thereby filling
holes available for conduction in theab planes. The third
mechanism involves the hybridization of the Pr~41! orbital
with the O-2p state which leads to the localization of th
holes without a significant change in the total hole conc
tration. Neumeieret al.4 and Norton et al.5 studied these
mechanisms in YBCO by substituting both Pr and Ca at
Y site. They found all three mechanisms to be operative.
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former ion acts as a donor, and the latter acts as the acce
of electrons because of its valence is lower than that o
The magnetic moment of Pr was also found to facilitate p
breaking. Using the resistivity and thermopower data
PrxY12xBa2Cu3O72d , Goncalveset al.6 concluded the band
filling to be responsible for suppression of superconductiv
in YBCO. From NMR measurements on PrBa2Cu3O7, Reyes
et al.7 found hole filling as well as pair breaking to be o
erative while in (R-Pr)Ba2Cu3O7 (R5Sm, Gd, Tm), Malik
et al.8 and Xu and Guan9 found hybridization to dominate. I
is therefore of interest to see which of these mechanisms
operative in TBCCO.

Further, since its identification by Anderson, much wo
has been reported on the resonating-valence-bond mo
Nagaosa and Lee10 have shown that below their condens
tion temperature, a ‘‘gap’’ appears in the spectrum of bos
which manifests itself in the electric and thermal conductio
The dependence of resistivity on temperature becomes
nificantly different from that proposed by Anderson.

In order to examine the proposed mechanisms, we h
substituted Pr at the Ca site in TBCCO. We find this sub
tution to increase the localization, leading to a metal-
insulator transition for sheet resistance exceeding the crit
value proposed by Fisheret al.11 We also find conduction by
VRH to be prevalent in insulating samples, but in superc
ducting samples (x<xc), we observe a ‘‘spin gap’’ in their
normal-state resistivity and conduction to take place
charged bosons following the model proposed by Naga
and Lee.10 Correlating the hole density ‘‘p’’ determined from
Tc and thermoelectric power~TEP! with the valence of Pr
estimated from x-ray-absorption edge measurements, we
hole filling along with hybridization to be the dominan
mechanism operating in these samples. The results of s
investigations are discussed here.

II. EXPERIMENTAL DETAILS

The conventional powder-metallurgy approach, that
mixing and heating the constituent oxides and carbona
©2002 The American Physical Society23-1
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Tl2O3 , BaCO3, CaCO3, and CuO, does not succeed in t
synthesis of Tl2Ba2CaCu2O81d superconductors due to th
high volatility of Tl2O3 at the reaction temperature. Tl2O3
decomposes above 850 °C to Tl2O, which melts at 300 °C.
The problem of Tl loss can be significantly curbed by us
the precursor matrix reaction method.12 A precursor with the
composition Ba2Ca12xPrxCu2O51d was prepared by calcin
ing stoichiometric mixtures of BaCO3, CaCO3, Pr6O11, and
CuO at 850 °C for 24 h in air. The product was then grou
and fired at 930 °C for 24 h in order to facilitate the comp
tion of the reaction. Ba2Ca12xPrxCu2O51d was mixed with
Tl2O3 in the molar ratio 1:1, ground, and pressed into pelle
The pellets were kept inside a vertical furnace, preheate
810 °C, for 10 min under oxygen flow and then furna
cooled to room temperature. After grinding and repelletizi
the pellets were heated again at the same temperature f
increased duration (;1 hr) under oxygen flow. The sample
were characterized by the powder x-ray diffractometry us
Cu Ka radiation. The oxygen content, ‘‘y,’’ of these sampl
was measured by the standard iodometric titration met
and is listed asYT in Table I. ac susceptibility was measure
to check the stratification of oxygen in the samples. A sin
peak with a width of;5 K was observed inx9 which indi-
cates the oxygen to be distributed reasonably uniform
within the sample.13 The temperature dependence of dc
sistivity of rectangular-shaped samples was measured
standard four-probe technique in the temperature range
300 K. A closed-cycle refrigerator was used for cooling t
samples while their temperatures were monitored with
silicon-diode sensor. TEP was measured by a dc differen
method in the same temperature range. Care was taken t
the same pellet for both measurements. The temperature
dient across the sample was measured using two pair
copper-constantan thermocouples. The sample was mou
with low-temperature epoxy on top of two well-separat
copper blocks. Strain gauges were attached to these bl
and were used as heaters to create the desired tempe
gradient. By reversing the gradient, the thermally genera
spurious voltages could be compensated. The tempera
gradient between the two blocks was kept at 0.5 K. To eli
nate the effect of the reference leads, the absolute ther
electric power of Cu was subtracted from the measured t
moelectric voltage. The entire measurement syst
comprised of two 181 Keithley nanovoltmeters, a 224 K
thley current source, and a Lakeshore temperature contro

TABLE I. Tc , p, the oxygen content of the molecules, an
residual sheet resistancerh for different concentrations of Pr andx.
y(Pr31) andy(Pr41) were calculated for Pr in 31 and 41 valent
states, respectively.

x Tc ~K! p yT y(Pr31) y(Pr41) rh (kV)

0.0 97.5 0.20 8.1360.01 8.16 8.16
0.05 95.0
0.1 85.7 0.12 8.18 8.17 8.22 3.87
0.2 52.0 0.08 8.19 8.18 8.28 6.61
0.4 15.2 0.06 8.34 8.26 8.46 11.7
0.6 <10 0.05 8.34 8.35 8.65
21452
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was interfaced with a personal computer for automatic d
acquisition.14 X-ray-absorption measurements on the PrL3
and CuK absorption edges were made with a focusing sp
trograph using a laboratory source of x rays. Spectra w
collected at room temperature on finely powdered samp
mounted on adhesive tape. The spectra were backgro
subtracted and normalized. The details of the spectrogr
and the normalizing procedure are discussed elsewhere.15

III. RESULTS AND ANALYSIS

The x-ray-diffraction ~XRD! patterns of
Tl2Ba2Ca12xPrxCu2Oy @TBC~Pr!CO#, are shown in Fig. 1
for all the dopant concentrations studied. All samples
single phase. The XRD patterns were indexed with a tetr
onal unit cell and space groupI4/mmm. The variation of the
lattice parameters ‘‘a’’ and ‘‘ c’’ with the dopant concentra-
tion is shown in Fig. 2. Thea-axis parameter increases, whi
the c-axis length decreases after an initial increase withx.
The decrease inc can arise due to~i! an increase in the
oxygen content,~ii ! substitution of a higher valence cation
or ~iii ! substitution of a cation with an ionic radius small
than that of Ca21 with eightfold coordination. The eightfold
coordinated ionic radius of Ca21 is 1.12 Å, while for Pr31

and Pr41 it is 1.126 and 0.96 Å, respectively. The oxyge
content of these samples increases withx up to x<0.4 be-
yond which it saturates~Table I!. Apparently all these effects
contribute to the observed reduction inc.

The PrL3 absorption edge spectra for thex50.4 andx
50.6 samples are shown in Fig. 3. The spectrum of the
erence compound Pr6O11 is also included for comparison
Our spectrum of Pr6O11 is similar to that reported by Gas

FIG. 1. Powder x-ray-diffraction patterns forx50, 0.1, 0.2, 0.4,
and 0.6 in the Tl2Ba2Ca12xPrxCu2Oy samples.
3-2
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LOCALIZATION OF CHARGE CARRIERS BY Pr IN . . . PHYSICAL REVIEW B66, 214523 ~2002!
gnier et al.16 The spectral features of thex50.4 andx50.6
samples given in Fig. 3 resemble with those of Pr6O11. This
suggests that Pr inx50.4 and 0.6 samples is present in 31 as
well as 41 valence states. Further, through the CuK-edge
measurements, Cu was found predominantly in the diva
state in these samples.

FIG. 2. The variation of the lattice parameters ‘‘a’’ and ‘‘ c’’ with
x in Tl2Ba2Ca12xPrxCu2Oy samples.

FIG. 3. Pr L3 absorption spectra for~a! Pr6O11 and
Tl2Ba2Ca12xPrxCu2Oy samples withx50.4 andx50.6. The origin
of energy is set at the main peak of Pr6O11. The curves have bee
shifted vertically for clarity.
21452
nt

A. Analysis of resistivity and TEP data of superconducting
TBC„Pr…CO samples,xÏ0.2

Figure 4 shows the temperature dependence of resist
for TBC~Pr!CO with x<0.6. With an increase of Pr concen
tration, the absolute value of the resistivity in the norm
state (rn) increases and the transition temperatureTc(r
50) gradually decreases. Forx<0.2, the temperature coef
ficient of resistivity,dr/dT, is always positive, indicating a
metallic conduction. For samplesx50.4 and 0.6, resistivity
at high temperatures is semiconductorlike withdr/dT being
negative up to;100 K. Forx50.4 a superconducting stat
with an onset at;100 K sets in, but forx50.6 the semicon-
ducting behavior continues up to the lowest temperat
measured (;10 K). The variation ofTc(r50) with x is
shown in the inset of Fig. 4.Tc decreases with the incorpo
ration of Pr in the lattice. The critical concentration at whi
superconductivity disappears is;0.45. The behavior ob-
served here is similar to that observed in BSCCO by Awa
et al.1 where superconductivity was seen to be complet
suppressed for Pr concentrations of;0.4 and the materia
became semiconducting forx>0.5. However, it is noted tha
the resistivity of the present samples is much lower th
those of the corresponding BSCCO samples for the sa
level of Pr substitutions. Further it can be seen from
figure thatTc varies nonlinearly withx at smallx and linearly
at largex. The linear part, when extrapolated tox→0, gives
an intercept of 11262 K which is also the maximumTc
observed for this series.17

FIG. 4. The temperature dependence of resistivity
Tl2Ba2Ca12xPrxCu2Oy samples with 0<x<0.6. The figure in the
inset shows the variation ofTc with x. The ~dashed! line is a guide
to the eye to indicate the linear variation ofTc at largex.
3-3
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The thermoelectric power~S! for all the samples is plotted
in Fig. 5. For the undoped sample (x50.0), S is small in
magnitude and shows an almost linear variation with te
perature with a negative slope (dS/dT) up to;100 K below
which it passes through a maximum and then falls rapidly
zero at the transition temperature. It shows a positive th
mopower in the temperature range 100–200 K and is ne
tive above this temperature. With the incorporation of Pr,
variation of TEP withT becomes nonlinear. TheS vs T
curves become convex and their convexity increases with
increase in Pr concentration. The temperature at whicS
attains its maximum value also shifts to higher values. T
behavior ofS observed here is qualitatively similar to th
observed by Goncalveset al.6 in PrxY12xBa2Cu3O72d .

Obertelli et al.18 observed that the room-temperatu
value of TEP (SRT) of various high-Tc cuprates follows a
universal dependence on the density of holes in the C
planes,p, andTc /Tc

max in both the underdoped as well as th
overdoped regions.Tc

max here is the maximumTc observed
for the particular series. According to this behavior,SRT is
negative for the overdoped samples only. It is positive a
increases with decreasingp for the underdoped samples. In
terestingly the present samples appear to follow this univ
sal behavior sinceSRT of all the samples falls on these curv
for the value ofTc

max determined above. Since the TEP of t
undoped sample (x50) is negative in the neighborhood o
room temperature, it is overdoped while all the Pr-dop
samples are underdoped because theirSRT’s are positive. Un-
derdoped samples have characteristically large and pos
values of TEP with a dependence onT of the type observed
here for Pr-doped samples. We have determinedp from these
universal curves for all Pr concentrations and have listed
same in Table I.p is observed to decrease with increasingx.
This suggests that holes are being removed by Pr. With th
values ofTc

max andp, Tc follows the universal relation pro
posed by Preslandet al.19 for the cuprates:

Tc5Tc
max@1282.6~p20.16!2#. ~1!

FIG. 5. Temperature dependence of the thermopower~S! for
Tl2Ba2Ca12xPrxCu2Oy samples with 0<x<0.6. The dashed curve
are the predictions of the Nagaosa and Lee model, Eq.~5!.
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This is a parabolic relation, showing a gradual decreas
Tc at small p and essentially a linear decrease at largep.
Poddaret al.3 studied the effect of Y doping in TBCCO
They have also measured the Hall coefficient in TBC~Y!CO
and found the concentration of mobile holes to decreasex
increases. They also foundp to increase at first nonlinearly
with x and then linearly at largex. A similar quadratic rela-
tion between Tc and x was also found in
Y12x2yCayPrxCu3O71d by Neumeieret al.4 The observation
of an initial nonlinear variation ofTc with x in the present
samples is an important result, since it suggests that the m
netic moment of Pr ions may not be responsible for the s
pression of superconductivity. According to the pair-break
theory of Abrikosov and Gorkov,20 Tc is expected to de-
crease linearly withx for low concentrations of the magneti
impurities.

It is to be noted that even though thex<0.2 samples show
a positivedr/dT, their resistivities do not follow a linea
relation (r5A1BT) over the entire range of temperatur
~100–300 K!. They are linear above;200 K only and devi-
ate rather sharply from this behavior below 200 K, as sho
in Fig. 6~a!. A linearly decreasingr in the room-temperature
region is a common feature observed in the cuprates and
been ascribed to the HTS being ‘‘good metals.’’ Howev
this behavior contrasts sharply with that observed from T
For good metals, Mott’s formula predicts TEP to decrea
essentially linearly with temperature whereas it is obser
to increase withT in the present samples. Such an increas
predicted for the semiconducting samples or for mater
having localized states near the Fermi level.21 A few phe-
nomenological models have also been proposed by, e.g.,
twick et al.22 and Gasumyantset al.,23 which take this local-
ization into account by superimposing a narrow band
localized states on a fairly wide conduction band. As sho
in Fig. 7, the TEP for the present samples follows the
models adequately and the localized band gets progress
filled14 suggesting thereby the localization to increase w

FIG. 6. ~a! The presence of a pseudogap in these samples
~b! agreement of the resistivity data with the Nagaosa and
model, Eq.~2!.
3-4
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LOCALIZATION OF CHARGE CARRIERS BY Pr IN . . . PHYSICAL REVIEW B66, 214523 ~2002!
the Pr concentration. Deviations from linearity in the res
tivity data similarly point towards the presence of localiz
states. In our opinion this data should not be bifurcated i
‘‘metallic’’ and ‘‘nonmetallic’’ ranges. Instead it should b
analyzed in one range starting from room temperature
extending up to the onset temperature of superconducti
A similar sharp departure from linearity was also seen in
resistivity data of Y12xPrxBa2Cu3O7 ~Y~Pr!BCO! by Liu
and Guan24 and attributed to the opening of a ‘‘spin gap
The gap width was seen to increase with Pr concentrat
The onset temperatureTs and the width of the gapD are both
related to the hole/carrier density. The values ofD in the
present samples are about the same as observed in Y~Pr!BCO
(;200 K), but they do not vary as rapidly withx as they do
in Y~Pr!BCO. In the Pr-free samples, the resistivity rema
linear right down to;120 K. The onset of the gap~if any!
there appears to be masked by the thermal fluctuations w
appear at around the same temperature.25 It may be pointed
out that a linearly varyingr(T) at high temperatures can als
result from the scattering of electrons by phonons, but su
process gives a concaver(T) vs T curve ~Bloch-Gruniesen
relation! whereas the shapes of the curves in the present
are distinctly convex.14

Nagaosa and Lee10 have suggested that the anomalo
normal-state properties of high-Tc cuprates can be explaine
by using a variation in the uniform resonating-valence-bo
~RVB! model in which fermions and spinless bosons
coupled by a gauge field. A spin gap opens due to the pai
of the fermions at temperatures above the condensation
perature,TD

0 , of the holons. The system behaves like a no
degenerate semiconductor instead of a metal. The resist
equals the sum of the boson (rB) and fermion (rF) resistiv-
ities. Since at high temperatures,rB varies asT and rF as
T24/3 the net resistivityr(T) is expected to vary as

FIG. 7. Best-fit curves for Tl2Ba2Ca12xPrxCu2Oy (0<x<0.6)
samples. The dashed lines depict the predictions of the Gottw
et al. model ~Ref. 22! and the solid lines of the Gasumyantset al.
model ~Ref. 23!.
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r~T!5~AT1BT24/3!. ~2!

Further sincerB@rF , r(T) will generally vary linearly with
T. The convexity inr then arises due to the opening of th
spin gap. Its onset temperatureTs will increase asTD

0 in-
creases with decreasing hole concentration. The data o
superconducting samples follows this equation at temp
turesT.2Tc only. The plots ofr(T)/T vs T27/3 are shown
in Fig. 6~b!. As seen here these plots become linear ab
200 K for all samples withx<0.2. The values of the coeffi
cientsA andB and the temperatureTL above which the lin-
earity begins are given in Table II.TL is observed to decreas
with increasingx. This suggests that the undoped sam
may follow Eq. ~2! above;300 K. Nagaosa and Lee hav
further found that in TEP also, the contributions of boso
and holons are additive,S5SB1SF , with

SB5
kB

e F12 lnS 2pp

m* kBT
D G ~3!

and

SF52S kB

e D kBT

EF
, ~4!

wherem* is the mass of the boson. With these values,Scan
be rewritten as

S5
kB

e F12F ln
2ppG

T
2

T

HG , ~5!

where G51/m* kB , H5EF /kB , and F51. As shown in
Fig. 5, this model agrees well with the data over an exten
range of temperatures for all concentrations of Pr (x,0.2)
with the values of the parameters given in Table III. Ch
et al.26 and Keshriet al.27 have also found similar agreeme
of their TEP data on Pr-doped BSCCO and Y-doped TBC

k

TABLE II. Parameters obtained by fitting resistivity data to th
Nagaosa and Lee model, Eq.~2!.

x A B TL

(mV cm K21) (mV cm K4/3) ~K!

0 ~as prepared! 31 0.28 260
0.1 8 1.3 240
0.2 4 1.8 220

TABLE III. ParametersF, H, and G obtained by fitting TEP
data to the Nagaosa and Lee model, Eq.~5!.

x F H ~K! G ~K!

0
~as prepared!

0.013160.002 41486110 (7.261.0)31024

0.1 0.11260.006 1229640 (8.460.2)3104

0.2 0.24260.01 851620 17606100
0.4 0.39360.03 88065 36264
0.6 0.42060.01 1256625 407610
3-5
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BHATIA, CHOWDHURY, GUPTA, AND PADALIA PHYSICAL REVIEW B 66, 214523 ~2002!
samples, respectively, and the same has occurred for Ikeg
et al.28 in Eu- and Y-doped electron superconduc
(NdCe)4(BaSr)4Cu6Oy . In the present samples both res
tivity and TEP data are consistent in showing that the f
mion contribution decreases and that of the bosons incre
as the concentration of Pr increases in these samples.

B. Analysis of resistivity and TEP data of nonsuperconducting
TBC„Pr…CO samples,xÐ0.4

The sample with Pr concentrationx50.6 shows a resis
tivity varying as exp(T0 /T)n at low temperatures. A
temperature-dependent resistivity of the form

r~T!5r0 expS T0

T D n

~6!

generally indicates a conduction by variable range hopp
by polarons.21 The exponent ‘‘n ’’ in this equation depends
crucially on the behavior of the density of states~DOS! with
energy near the Fermi level and the dimensionality ‘‘d’’ of
the system. For an (E-EF)m dependence of the DOS on e
ergy,n5(m11)/(m1d11).29 Thusn equals 1/3 or 1/4 for
hopping in two or three dimensions, respectively, when
DOS remains finite (m50) at the Fermi level. In Fig. 8, we
have plotted lnr vs T2n in the temperature range 10–300
for bothn51/3 andn51/4 for this sample. As is clear from
the figure, below;60 K, both values ofn appear to be
equally acceptable to the data since both plots appear t
approximately linear but deviate at higher temperatures
this model, the ‘‘activation energy,’’Eg , defined as
d ln r/d(1/T), is expected to vary asT12n and provides an-

FIG. 8. A plot of ln(r) vs T2n for the Tl2Ba2Ca12xPrxCu2Oy

sample withx50.6. Inset I shows the variation of the ‘‘activatio
energy’’Eg with temperature. The~dashed! line drawn through the
data at low temperatures corresponds ton;1/3. Inset II shows that
the TEP follows the 2D variable-range-hopping model at low te
peratures in thex50.6 sample. The~dashed! line is a guide to the
eye.
21452
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other method from which to choose between the two val
of n. We have obtainedEg by numerically differentiating the
resistivity data and have shown it as inset I in Fig. 8,
plotting it on a log-log graph. Below;60 K, though the
scatter in the data is large, still a straight line with a slo
0.65 corresponding ton;0.35.1/3 can be passed through i
Above this temperature the plot shifts upwards, its slope
creases, and a single value ofn cannot be obtained. The
measured resistivity when divided by exp(1/T)1/3, which cor-
responds to the valuer0exp(T0)

1/3, is not constant indicating
that the characteristic temperature,T0, is not temperature
independent above;60 K. This is also supported
by the TEP data. Within the VRH model, TEP is expected
vary as29

S}T(d2m21)/(d1m11), ~7!

which shows that ford52 and 3,S should vary asT1/3 and
T1/2, respectively, for an energy-independent DOS. TheS vs
T1/3 plot for this sample is also shown in Fig. 8 as inset
The data appears to follow this behavior below;80 K.
Above this temperature though the plot still appears to
linear but the agreement is not as good as it is for the d
below 80 K. Also the slope of this straight line changes
this temperature. Because the slope in Eq.~7! is proportional
to T0

2/3, this change in the slope therefore reflects the va
of T0 to increase at 80 K. The value ofEg determined here,
though appropriate for hopping at low temperatures, is sm
(;20 K). It compares favorably with its value determined
single crystals of BSCCO.30 The localization length esti-
mated from this value, using the DOS determined from
specific heat measured by Junodet al.31 for undoped TB-
CCO, works out to be;22 Å.

It appears that only those samples which do not att
superconductivity upon cooling conduct by variable ran
hopping. For the sample withx50.4, though the resistivity
appears to follow the VRH process equally well for bo
values ofn @at temperatures above the onset temperatur
superconductivity (;120 K)], Eg obtained from it does no
support it as it gives a fairly large value forn;0.8. TEP also
does not decrease either asT1/3 or asT1/2, as is expected for
the two-dimensional~2D! and three-dimensional~3D! sys-
tems. Conduction here obeys the Nagaosa and Lee mo
The resistivity shows linear plots forr(T)/T vs T27/3 above
220 K as shown in Fig. 6~b!, while TEP fits Eq.~5! down to
;120 K, Fig. 5. Thex50.6 sample on the other hand do
not follow this model since ther(T)/T vs T27/3 plots are not
linear over any significant interval of temperature.

It may be pointed out that generally resistivity and TE
data in polycrystalline samples do not agree in the sa
model,6 since the heat current is expected to be much l
sensitive to the porosity and other weak links present in th
samples than the charge current.18 From this point of view
the present samples appear to be less porous and also
grains large in size. Underdoping results in creation of o
gen vacancies in the samples. As is argued below, oxy
deficiency in the present samples increases with the inco
ration of Pr in the lattice. Localization of the carriers o
served here may result from the disorder created by th

-

3-6



rl

e
t i
he

o
io
e

06
io
in
to
e
on

y
th

tr
e

a
le
e
n-

e
ed
g
-

th

-
l,

lu

is

s-
e
ir
s

a

d
n
alue
eir

-
nt
es
ta

ate.
e a

y-
tate
the

se
-
re

ults

ced
This
ne
me
in

an

on

r
ity
-

ee,
f re-
p’’
the
in-

the
osed
n

op-

r a
ge

LOCALIZATION OF CHARGE CARRIERS BY Pr IN . . . PHYSICAL REVIEW B66, 214523 ~2002!
vacancies within the conduction layer. It was realized ea
in the studies of localization32 in 2D systems that atT50, all
single electron states at Fermi levels of these systems w
localized irrespective of the strength of disorder presen
them. However a metallic conductivity can still be seen if t
‘‘sheet resistance’’ of the samples is less thanh/4e2

56.5 kV.11 This quantity is a universal number and does n
depend on the nature of disorder that drives the localizat
The more recent scaling theories of localization furth
predict33 an insulator-to-superconductor transition for 0.
<p<0.2 and a normal-metal-to-superconductor transit
for p>0.2. These predictions can be verified from the
plane resistivity,rab , of the samples. We have attempted
estimate this resistivity for the doped samples from that m
sured on the polycrystalline samples using a model of c
duction through grains developed by Veira and Vidal34 and
used by the authors35 to analyze the fluctuation conductivit
of polycrystalline BSCCO. This model takes into account
orientational randomness of theab planes of the grains
present in the polycrystalline samples through a geome
factor ‘‘g’’ and the intergrain conduction by including th
grain-boundary resistivityrgb ,

r~T!5Frab~T!

g
1rgbG . ~8!

In the room-temperature region, sincer(T) decreases lin-
early with T, it implies thatrgb will also decrease linearly
with T. By takingrgb5r0gT and using therab(T) measured
on single crystals14 we have determinedg for the undoped
TBCCO. Since the doped samples have also been prep
under conditions identical to those of the undoped samp
their microstructures are expected to be identical to thos
the undoped samples.g is therefore expected to remain u
changed with doping. However,r0g will increase withx as
r(T) increases with it. Assumingr0g increases at the sam
rate as that ofr(T), rab of these samples can be calculat
by using the value ofg determined above. By extrapolatin
this resistivity toT→0, the residual resistivity can be ob
tained from which the sheet resistancerh of the double layer
can be calculated by dividing it by the distance between
layers (;15 Å).

We have listed these values in Table I. Forx50.4 and 0.6,
room-temperature values ofrh are given since the extrapo
lation of r(T) to T→0 is not possible. For the single crysta
rh is ;20 V and is much less than its corresponding va
for BSCCO.30

From Table I it is seen thatrh increases withx but re-
mains less than the critical value 6.5 kV for x<0.2. These
samples exhibit metallic conductivity~at high temperatures!.
For x50.4, rh is greater than the critical value, and th
sample exhibits a nonmetallic conductivity.

A decrease inp with incorporation of Pr needs some di
cussion. The decrease ofp with x suggests that Pr ions ar
effectively filling the holes. As is expected, due to the
higher valence@in comparison to the valence of the ion
(Ca21) that they are replacing#, Pr ions will release more
electrons into the lattice. Since the oxygen contenty of the
molecules is also increasing, some of these electrons
21452
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likely to be ‘‘taken up’’ by the oxygen ions. For a fixe
valence of Pr, 31 or 41, a simple calculation of the oxyge
content that a molecule requires to have the observed v
of p ~Table I!, assuming Tl, Ba, and Ca to be present in th
nominal valence states, shows that they required for the
valence 31 @i.e., y(Pr31)] is much closer to the experimen
tally determined values ofy, thus suggesting Pr to be prese
in the mixed, 31 and 41 valent states. This inference agre
with the result obtained from the x-ray-absorption da
which also show Pr to be present in the mixed-valent st
In the 31 state, Pr has a large ionic radius and can provid
large overlap between the wave functions of its 4f electrons
with the wave functions of the neighboring copper and ox
gen ions. At the same time, being in the higher valence s
~41!, Pr will release more electrons. This indicates that
electrons attached to the Pr31 state may be hybridizing with
the surrounding ligands and losing their mobility while tho
originating from Pr41 may be filling the holes. This sugges
tion is in line with a recent calculation of electronic structu
of PrBa2Cu3O7 by Fehrenbacher and Rice,36 wherein they
have shown that the suppression of superconductivity res
due to the existence of a local 4f 2Pr22pp2O2Pr(IV) hy-
bridized state.

IV. CONCLUSION

The analysis of the data on Tl2Ba2Ca12xPrxCu2Oy shows
that the carriers are localized and their numbers are redu
as the concentration of Pr in the samples is increased.
implies that the hole which was originally in the Cu-O pla
and was mobile is now transferred to Pr and has beco
immobile because of a lack of any conducting path with
the plane containing Pr. This contention is in line with
earlier suggestion that the hybridization of the Pr-4f state
with the O-2p state results in the localization and reducti
in the density of mobile holes. The mixed- (31 and 41)
valent nature of Pr suggests that the electrons of the P31

state hybridized with surrounding ligands lose their mobil
while those of Pr41 are filling the holes, supporting the re
cent work of Fehrenbacher and Rice.36 The transport data
appears to prefer the model proposed by Nagaosa and L10

since it predicts correctly the temperature dependence o
sistivity and thermoelectric power as well as the ‘‘spin ga
that is observed by us in the resistivity data. It is seen that
fermion contribution decreases and that of the bosons
creases with Pr concentration. Further, it is found when
residual sheet resistance exceeds the critical value prop
by Fisheret al.,11 this model breaks down and conductio
takes place by the conventional Mott’s variable range h
ping process.
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