
PHYSICAL REVIEW B 1 JULY 1997-IVOLUME 56, NUMBER 1
Anisotropy of resistivity in Tl-based single crystals: Direct evidence for the influence
of the blocking-layer thickness and correlation with superconducting properties

V. Hardy, A. Maignan, C. Martin, F. Warmont, and J. Provost
Laboratoire CRISMAT, URA 1318 associe au CNRS, ISMRA et Universite´ de Caen,

6 Boulevard du Mare´chal Juin, 14050 CAEN Cedex, France
~Received 21 January 1997!

The in- and out-of-plane resistivitiesrab andrc have been measured on single crystals of Tl2Ba2CaCu2O8

~Tl-2212! and Tl2/3Bi 1/3Sr2CaCu2O7 @~Tl, Bi!-1212#. The rc values were found to be much lower in the Tl
monolayer@~Tl, Bi!-1212# than in the Tl bilayer~Tl-2212!. These measurements allowed us to test quantita-
tively the predictions of the model proposed by Kimet al. @Physica C177, 431 ~1991!# about the influence of
the thickness of the blocking layers onrc , as well as the effect on the location of the irreversibility line.
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High-Tc superconductors have large electronic aniso
pies which result from their highly layered structures. The
features are particularly pronounced in the case of the
Tl- and Hg-based compounds whose structures consis
intergrowths alongc between oxygen-deficient perovski
layers containing the CuO2 planes and rocksalt-type laye
containing the Bi, Tl, or Hg cations. These latter layers
known to be intrinsically less favorable than the blocks
CuO2 multilayers for charge-carrier transport and th
strongly affect the out-of-plane conductivity yielding a n
ticeable electrical transport anisotropy. Closely related to
anisotropy of resistivity, the anisotropy parameterg, defined
by the square root of the ratio of the effective carrier mas
in the superconducting state, is involved in a lot of propert
related to vortex dynamics. An important issue is to get m
quantitative information about this electronic anisotropy a
to specify the influence of the structural and chemical f
tures.

Among the relevant parameters, one of the most imp
tant is the thicknessdi of the rocksalt-type layers which
separate the blocks containing the CuO2 planes. A correla-
tion between the value ofdi and some physical propertie
such as the irreversibility line was already clea
established.1–5 Nevertheless, there is no direct measurem
demonstrating the influence ofdi on the value of the resis
tivity anisotropy. The family of the Tl-based compounds
well suited to study the role ofdi since one can compare T
monolayers with Tl bilayers~containing one or two TlO lay-
ers within the rocksalt-type blocks, respectively!. In the
present paper, we report in- and out-of-plane resistivity m
surements on single crystals of one mixed~Tl,Bi! monolayer
@Tl 2/3Bi 1/3Sr2CaCu2O7 denoted~Tl, Bi!-1212# and one Tl
bilayer ~Tl 2Ba2CaCu2O8 denoted Tl-2212!.

The experimental conditions for the crystal growth of T
2212 and~Tl, Bi!-1212 have been reported elsewhere.6,7 The
values ofdi considered as the interplanar~Cu-Cu! distance
through the rocksalt-type layer are 8.79 and 11.55 Å for~Tl,
Bi!-1212 and Tl-2212, respectively.7,8 Note that one TlO or
~Tl, Bi!O layer corresponds to two rocksalt type layers, wh
two TlO layers correspond to three rocksalt type layers
must be pointed out that the smallerdi value in~Tl, Bi!-1212
compared to Tl-2212 is not only due to the presence of
rocksalt type layers instead of three, but also to the subs
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tion of Ba by Sr since the ionic radius of Sr21 ~1.31 Å! is
lower than that of Ba21 ~1.47 Å!.

Because of the large anisotropy itself, the determinat
of rab and rc is not straightforward. Multiterminal tech
niques as in the Montgomery9 and Busch10 methods imply
the measurement of a ‘‘bottom’’ voltage, i.e., the volta
drop between two points of one face while the current
injected through two points of the other face. It turns out th
such a voltage can hardly be measured in our Tl-based c
tals which are at the same time rather anisotropic and ra
thick (; 100mm!. Instead, we have used two configuratio
of contacts depicted in Fig. 1 which allow a more dire
determination of each resistivity. For the~C! configuration,
one can directly derive a good estimate ofrc from such a
‘‘cross’’ measurement providing that the sample is sm
enough to ensure that the current and voltage contacts
close together and close to the edges of the crystal. Sev
comparative studies with more sophisticated methods h
shown that the direct combination ofRcrosswith the dimen-
sions of the crystal yields reliable values ofrc .

10–12 Gold
wires were attached to conductive pads made by ultras
diffusion of pure indium, leading to very robust contac
with a resistance of the order of 10V. The resistive mea-
surements were carried out with conventional dc techniq
Errors in determining the absolute resistivities from unc
tainties in the dimensions are estimated to be of the orde
30%. To illustrate the obtained transition curves, normaliz
rc~T! curves of several samples for Tl-2212 and~Tl, Bi!-
1212 are shown in Fig. 2. Among the Tl-2212 crystals, t
Tc ~midpoint! varies between 108 and 112 K, while it varie
between 86 and 90 K for~Tl, Bi!-1212. In all cases the
transition widths are around 5 K. The observedTc’s lie near
the highest values which were reported for bo
compounds,6,7 indicating that these samples are close to
optimized doping state.

By contrast to the out-of-plane resistivity, therab~T!
curves show a metalliclike behavior in all cases for bo
compounds. TheT dependence ofrc in Tl-2212 indicates a
metalliclike or a semiconductinglike behavior depending
the sample. Such a variation from sample to sample ab
theT dependence ofrc was reported many times for differ
ent compounds such as Bi-2201,12 Bi-2212,13 or Hg-1223.14

The great sensitivity ofrc(T) to the doping state
15,16 can be
130 © 1997 The American Physical Society
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56 131BRIEF REPORTS
involved in this scattering but more extrinsic reasons such
stacking defects cannot be ruled out. In contrast, one o
serves that the shapes of therc(T) curves in~Tl, Bi!-1212
are all similar :rc decreases with decreasing temperatu
down to a characteristic temperature where it presents a s
low minimum and then increases slightly untilTc where it
drops abruptly. Such a mixed behavior with a semicondu
torlike T dependence at lowT and a metalliclike dependence
at high T has been previously observed in several com
pounds: Bi-2212,17,18 Bi-2201,12,19,20as well as underdoped
YBa2Cu3O72d and ~La,Sr! 2CuO4 ~see references in Ref.
21!. This peculiarT dependence is related by some autho
to a competition between different dissipative processes,19,21

while other explanations involving misalignments of th
CuO2 planes have also been proposed.12

The main goal of the present study is to compare t
absolute values ofrab and rc in a Tl monolayer@~Tl, Bi!-
1212# and a Tl bilayer~Tl-2212!. For each resistivity com-
ponent and for each compound, five crystals at least ha
been studied. In each case, the experimental interval and
mean value at room temperature are reported in Table I. T
rab ~290 K! of Tl-2212 and ~Tl, Bi!-1212 are close to
each other and lie in the same range of values found
all high-Tc superconductors. The situation is more contrast

FIG. 1. Schematic representations of the two contact configu
tionsAB andC used to measurerab andrc , respectively.

FIG. 2. Normalizedrc~T!/ rc~290 K! plots for several single
crystals of Tl-2212~a! and ~Tl, Bi!-1212 ~b!.
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about rc ~290 K! since the value in Tl-2212 is found t
be much larger than in~Tl, Bi!-1212. This is an exper-
imental determination ofrc in a Tl-monolayer compound
There was one previous study ofrc in Tl-2212 which
reported a value close to 0.1V cm.22 The present study
yields higher values which are very similar to the resu
obtained in Bi-2212 single crystals near the optimiz
doping state.15–18 The only available data in a compoun
with a double rocksalt-type layer like in~Tl, Bi!-1212 deals
with Hg-1223~HgBa2Ca2Cu3O8).

14 The rc values for this
Hg-based compound are slightly higher than in~Tl, Bi!-1212
since they range between 0.3 and 0.7V cm.14 It can be noted
that rc in ~Tl, Bi!-1212 is very close to the value in opt
mized La1.85Sr0.15CuO4 but still larger than in optimized
YBa2Cu3O72d ~see Fig. 3!.

Kim et al.have proposed a model in which the location
the irreversibility line~IL ! for Hic is intimately related to
rc .

1 The temperature dependence ofrc is neglected in this
model. According to the weakT dependence displayed i
Fig. 2, one can reasonably considerrc ~290 K! as a relevant
characteristic value for therc parameter used in the mode
This model involves first a Josephson decoupling of the v
tices followed by a melting or a depinning process within t
resulting two-dimensional vortex lattice. When compari
different compounds, one can consider as a first approxi
tion that the value of the Josephson decoupling field is
main parameter, yielding the relation

H irr}
1

rc3dc
, ~1!

a-

FIG. 3. Comparison of therc values at room temperature i
Tl-2212 and ~Tl, Bi!-1212 with other superconducting cuprate
YBa2Cu3O7 ~YBCO! ~Refs. 19, 29!; La1.85Sr0.15CuO4 ~La-Sr-
Cu-O! ~Refs. 19, 30!; Bi 2Sr2CaCu2O8 ~Bi-2212! ~Refs. 15–19!.

TABLE I. Averaged values ofrab , rc and gN5Arc /rab in
both compounds~are reported in brackets the lowest and high
values found from the measurement of five samples at least in
case!. The repeat distance of the structure (dc) and the thickness of
the blocking layersdi are also given for each compound.

Tl-2212 ~Tl,Bi!-1212

rab ~290 K! 220mV cm ~170–290! 270mV cm ~150–600!
rc ~290 K! 2.4V cm ~1.8–3.1! 0.077V cm ~0.062–0.080!
gN ~290 K! ; 104 ;17
gN (Tc) ; 130 ; 31
di ~Å! 11.55 8.79
dc ~Å! 14.72 12.07
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where dc is the repeat distance of the structure alongc.
Within this model, Kimet al. have successfully fitted th
IL’s of different materials including Tl-based compoun
and they derived values for various parameters such
rc .

1 Nevertheless there was no direct test of Eq.~1! by using
independent measurements ofrc .

The IL’s of Tl-2212 and~Tl, Bi!-1212 single crystals hav
been determined by magnetic measurements in the orie
tion Hic. The irreversibility fields Hirr(T) have been derived
from the closing points of isothermal hysteresis loops, co
sponding to aJc criterion around 50 A/cm

2. Figure 4 shows
these IL’s as a function of the reduced temperat
t5T/Tc . One can note that the IL of~Tl, Bi!-1212 is clearly
above that of Tl-2212. In the temperature range where t
can be quantitatively compared, these IL’s are shifted b
factor around 40. On the other hand, the comparison orc
and dc in both compounds~see Table I! leads to:rc @Tl-
2212# ; 32 rc @~Tl, Bi!-1212# anddc @Tl-2212# ; 1.22dc
@~Tl, Bi!-1212#. By combining these two relations it is foun
that the quantity (rc•dc) is about 40 times larger in Tl-221
than that in~Tl, Bi!-1212. Accordingly, it can be stated th
the basic relation of the model of Kimet al.1 is remarkably
well verified at least for the two investigated compoun
Moreover, the data are consistent with the predicted relat
ship betweenrc anddi : rc } exp(di /d0), whered0 is related
to the tunneling barrier height.1 Indeed, the quantitative com
parison between Tl-2212 and~Tl, Bi!-1212 yields a plausible
value ofd0 ; 0.8 Å.1

A parameter more often used thanrc to characterize the
interlayer coupling is the anisotropy of resistivity:gN5
Arc /rab. The values forgN at 300 K and just aboveTc are
given in Table I for Tl-2212 and~Tl, Bi!-1212. One observe

FIG. 4. Irreversibility lines~H ic) of Tl-2212 and~Tl, Bi!-1212
in a scale of reduced temperature. The arrow corresponds to a
by a factor of 40.
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that gN ~Tl-2212! is much larger thangN @~Tl, Bi!-1212#.
Actually, this difference ofgN reflects essentially the differ
ence ofrc since therab values are rather close in both com
pounds. Note that the metallicity ofrab makes thegN values
to increase as the temperature decreases. Kishioet al.23 have
reported a ‘‘universal’’ relation betweenH irr at high tem-
peratures andgN ~evaluated atTc): for Y-Ba-Cu-O, La-Sr-
Cu-O, and Bi-2212 with different carrier doping states
each case, it was found thatH irr varies continuously with
gN
2 . Moreover the curvesH irr (gN

2 ) correlate rather well in
the three systems and exhibit roughly a variation law:H irr

} gN
22 . Actually, this phenomenological scaling law is ve

close to Eq.~1! since the main parameter in each case
rc .

Although the anisotropy of resistivitygN5Arc /rab is
strongly influenced by the interlayer coupling, it cannot
identified to the electronic anisotropyg which is related to
the ratio of the effective masses of the charge carriers in
superconducting state. Even in the framework of an ov
simple band theory for the transport within theab planes as
well as along thec axis, it must be underlined that the di
fusion characteristic times yields an additional source of
isotropy for the resistivity. The experimental determinati
of g in rather anisotropic superconductors such as the
based compounds is a very difficult problem and one
note that there is considerable scatter in the literature.
instance the estimates ofg in Tl-2212 range from values24

lower than 5 up to values25 higher than 300. By relating the
‘‘fishtail effect’’ observed in hysteresis loops26 to phase tran-
sitions in the vortex state, we have derived estimates ofg in
different Tl-based compounds. We have obtained a ra
26–37 forg @~Tl, Bi!-1212# and 77–96 forg ~Tl-2212!. It
can be noticed that these estimates ofg are not so different
from the values ofgN . Such a rather good experiment
agreement betweeng and gN was reported many times in
different compounds.27,28 A closer inspection of the funda
mental relationship between these two anisotropies wo
deserve to be addressed in the case of layered supercon
ors.

In summary, in- and out-of-plane resistivity measur
ments have been performed on Tl-2212 and~Tl, Bi!-1212
single crystals. Mean values ofrab ~290 K! equal to 220 and
270 V cm have been found in Tl-2212 and~Tl, Bi!-1212,
respectively. These values are very close to what is gene
found in all high-Tc superconductors. As forrc ~290 K!, a
much larger value was found for Tl-2212 compared to~Tl,
Bi!-1212, sincerc ~Tl-2212! ; 2.4V cm andrc @~Tl, Bi!-
1212# ; 0.077V cm. This difference inrc can be quantita-
tively related to the observed shift of the irreversibility lin
between these two compounds, as expected in the fram
the model of Kimet al.1
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