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Normal-State Resistivity Anisotropy in UnderdopedRBa2Cu3O61x Crystals
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We have revealed new features in the out-of-plane resistivityrc of heavily underdopedRBa2Cu3O61x

(R ­ Tm, Lu) single crystals, which give evidence for two distinct mechanisms contributing to
c-axis transport. We have observed a crossover towards “metal-like” (≠rcy≠T . 0) behavior at
the temperatureTm which quickly increaseswith decreasing doping. The metal-like conductivit
contribution dominates atT , Tm and provides a saturation of the resistivity anisotropy,rcyrab .
The antiferromagnetic ordering is found to block this metal-like part of thec-axis conductivity and
complete decoupling of CuO2 planes, which may be the reason of superconductivity disappeara
[S0031-9007(98)07984-8]

PACS numbers: 74.25.Fy, 74.62.Dh, 74.72.Bk
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The primary indication of an unusual normal sta
in high-Tc cuprates is the contrasting behavior of t
in-plane (rab) and out-of-plane (rc) resistivity. In
most cuprates, for instance, La22xSrxCuO4, underdoped
YBa2Cu3O61x, Bi2Sr2CuOy, the “metal-like” electron
transport along CuO2 planes coexists with a nonmeta
lic conductivity between planes, and the resistiv
anisotropy,rcyrab, diverges with decreasing temperatu
till the superconducting transition interrupts this tenden
[1–3]. This behavior violating the conventional co
cept of band electron transport has brought into be
many theories which imply blocking thec-axis coherent
transport and charge confinement within the CuO2 planes
[4–6]. The salient consequence of charge confinem
is a possibility of superconductivity owing to interlaye
pair tunneling [4,5]. The two-dimensional behavior
considered thus as a key quality of that unusual nor
state giving rise to high-Tc superconductivity.

Important exceptions from this straightforward pi
ture were however found, and the best known one
YBa2Cu3O7 (Y-123) which is a 90-K superconducto
but possesses a metallic out-of-plane conductivity [
A crossover towards the coherentc-axis electron trans-
port with decreasing temperature was recently found
YBa2Cu4O8 (Y-124) [8,9]. This peculiar behavior o
Y-123 and Y-124 systems was attributed to the me
lic conductivity of their Cu-O chains. In contrast to e
pectations, a temperature crossover inrcsT d resembling
that in Y-124 was observed also in heavily underdop
RBa2Cu3O61x (R ­ Y, rare earth) crystals in which, ob
viously, the Cu-O chains were destroyed [10].

Analyzing experimental data for highly anisotrop
high-Tc cuprates, one should take into account crys
perfection problems. Stacking faults can well block t
c-axis conductivity and give rise to insulatingrcsT d,
while an apparent metallic behavior and crossovers
originate from numerous screw dislocations [11] sho
circuiting the whole set of CuO2 planes. Recently [12]
we have found thatR-123 crystals can grow not only a
conventional thin or thick plates, but also like whiske
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along theb axis. We succeeded in growing whiskerlik
Tm-123 crystals which had a shape of thin, wide bars w
the shinybc faces being thelargestones. These unique
crystals are very attractive for studying the resistiv
anisotropyrcsT dyrabsT d. While their shape is suitable
for measuringboth resistivity components, the growt
mechanism being distinct from that of platelets impli
the absence of screw dislocations along thec axis, i.e., in
the direction transverse to the crystal growth one.

In the present work, using mainly these whiskerli
crystals, we demonstrate that the out-of-plane conduc
ity in RBa2Cu3O61x inherentlycontains two distinct con-
tributions associated presumably with two types of cha
carriers. The first contribution is temperature activa
and provides the familiar contrast betweenrcsT d and
rabsT d. The second one roughly follows the in-plane co
ductivity sab though reduced by 4 orders of magnitud
This contribution dominates the low-temperaturec-axis
transport, induces a crossover inrcsT d, and prevents the
resistivity anisotropy from diverging at lowT . In contrast
to the Y-124 system [9] this metal-like conduction cann
be associated with Cu-O chains which are destroyed
our underdoped crystals.

Both the plate- and whiskerlikesTm, LudBa2Cu3O61x

crystals were grown by the flux method [12] and th
oxygen stoichiometry was varied by subsequent hi
temperature annealing [10]. Measurements ofrcsT d and
rabsT d were performed by the four-probe method on tw
samples cut always from the same single crystal. Fur
description will concentrate mainly on whiskerlike Tm
123 crystals, since their shape and absence of sc
c-axis dislocations allow a straightforward analysis
rc data. For example, the sample in Fig. 1 was45 3

400 3 550 mm3 with the largest dimension along thec
axis. Mapping this crystal on an isotropic model, o
obtains a thin, long wire (ø0.01 3 0.1 3 10 mm3), for
which evaluatingrc from raw data holds, obviously, n
problems. Forrab measurements, in their turn, a narro
bar of 45 3 800 3 140 mm3 was cut from the same
whiskerlike crystal.
© 1998 The American Physical Society
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FIG. 1. The out-of-plane resistivity,rcsTd, of the TmBa2Cu3O61x “whiskerlike” single crystal at various oxygen conten
x ø 0.41, 0.44, and 0.49 (top to bottom). Inset: The contact configuration.
ly
iv
re
e

as

b
r
s
to

or
els
s
he
s

e
vit
n
o

-
lik
n
o

tu

pr

he
r t
n-

As
p-
au
u-O
con-
tal-
nt.
of
o-

ains
e no

ctiv-
In the RBa2Cu3O61x system, superconductivity most
hides the low-T region and the normal-state resist
ity can be measured down to fairly low temperatu
only in a narrow doping range in the vicinity of th
antiferromagnetic-superconducting (AFM-SC) ph
boundary. A selection ofrcsT d curves obtained within
this heavily underdoped region is presented in Fig. 1.
contrast to what one could expect thec-axis resistivity
does not grow sharply with decreasing temperature
passes through a maximum atTm and begins to drop. Fo
the sample withx ø 0.41, rc monotonically decrease
within a wide temperature range from 127 K down
Tc ø 19 K. A tendency ofrc to saturate is apparent f
x ø 0.49 as well, but for such and higher doping lev
therc crossover is masked, becauseTm quickly decrease
with doping, while superconductivity in its turn hides t
larger temperature range. This is why other studie
YBa2Cu3O61x dealing mainly withx $ 0.6 [2] could not
reveal thisrc peculiarity. The crossover observed giv
evidence for the change of the dominating conducti
mechanism and implies most likely that the out-of-pla
conductivity contains two contributions, the balance
which determines the shape ofrcsT d curves.

The crossover temperaturesTm determined from 34 re
sistivity curves measured on nine plate- and whisker
Tm-123 and Lu-123 crystals with different oxygen co
tents are collected in Fig. 2. The data are plotted
the phase diagram in which both the Néel tempera
TN and the superconducting transition temperatureTc are
determined from resistivity measurements [10] and
sented as a function of the in-plane conductivitysab ,
which is roughly proportional to the hole density in t
CuO2 planes. This diagram presentation looks simila
the usualT -x one but qualitatively accounts for the i
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fluence of oxygen ordering on the hole density [10].
can be seenTm quickly decreases with increasing do
ing (increasingx) and somewhere at the 60-K plate
the crossover line gets under the SC region. The C
chains, when perfectly ordered, possess the metallic
ductivity [7,9], and one could expect the range of me
lic behavior to extend with increasing oxygen conte
Obviously the phenomenon we are dealing with is
a different nature. The metal-like conductivity comp
nent dominates just in the region where the Cu-O ch
are destroyed. The heavily underdoped crystals hav
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FIG. 2. A cumulative diagram for TmBa2Cu3O61x and
LuBa2Cu3O61x crystals. The crossover temperatureTm
together with the AFM and SC transition temperatures,TN
and Tc, are presented as a function of the in-plane condu
ity sab .
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other conducting subsystem besides CuO2 planes, and on
hence has no choice but to attribute the metal-like con
tion to the direct interplane charge transport.

Each conductivity contribution can be analyzed se
rately at a distance from the crossover line, i.e., in
range where it dominates. The metal-like contribut
roughly tracks the in-plane conductivity behavior, wh
the activated one can be fitted by exponential exp
sions, the simplest of which is that of variable range h
ping. The crossover behavior can be thus describe
scsT d ­ KsabsT d 1 C exps2ByT1y4d, with the conduc-
tivity anisotropy approaching a constant value at lowT .

To obtain additional information on the conductivi
contributions we had available two simple approach
First, we could move the crystal from the SC to AF
doping region, see Fig. 2, and analyze how the long-ra
magnetic order influencesrc. To test the nature of th
metal-like conductivity one has to place the Néel te
perature in that temperature region where this contr
tion dominates; i.e.,TN should be,100 K. The second
possibility is to use the well studied phenomenon
chain-layer oxygen ordering, see Ref. [10], and referen
therein, as a convenient way of tuning the hole densit
CuO2 planes. The hole-doping level can be reduced
ø20% by heating the crystal toø120 ±C with subsequen
quenching, and it can be gradually restored simply
room-temperature aging. The advantage of this proce
is that both the stoichiometry and the contact confi
ration remain exactly unchanged.

Figure 3 combines both approaches and presents
rcsT d and rabsT d data obtained for nonsuperconducti
crystals. One can see that atT . 20 K [13] rab has
almost parabolic temperature dependence and rou
scales with hole doping. The interplane resistivity reta
the pronounced crossover, but an anomaly assoc
with the AFM ordering [10] has appeared instead of
transition; compare with Fig. 1. A steplike increase
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FIG. 3. In-plane,rabsTd, and out-of-plane,rcsT d, resistivity
of TmBa2Cu3O61x (x ø 0.37) crystals. Measurements we
performed immediately after quenching (solid circles) and a
five days aging at room temperature (open circles).
5638
c-

-
e
n

s-
-
as

s.

ge

-
u-

f
es
in
y

y
re
-

the

ly
s
ed

f

r

rc occurs upon cooling below the Néel temperature.
notice thatTN is essentially below the crossover point, a
the rc anomaly is located in the region where the met
like conductivity component undoubtedly dominates, b
at the same time no peculiarity is observed onrabsT d
curves. This is probably the most visual evidence that
rc crossover cannot be associated with some admixtur
the in-plane conductivity.

Figure 4 presents thesrcyrabd sT d curve obtained from
the data shown by solid circles in Fig. 3. AboveTN the
resistivity anisotropy can be well fitted by the empiric
expression implying thatsc contains two contributions
One can see that in the absence of antiferromagnetic
dering, the anisotropy would saturate at a value of s
eral thousand. The long-range AFM ordering obviou
blocks the metal-like conductivity contribution and com
pletes decoupling of CuO2 planes. For comparison, i
the right inset we show the anisotropy data obtained fo
highly homogeneous platelike Lu-123 crystal. The on
apparent difference is a sharper AFM transition, wh
makes the regular behavior of the resistivity anisotro
and, particularly, its tendency to saturation more specta
lar. The same anisotropy saturation is obviously ch
acteristic of SC samples as well, sincercsT d curves for
crystals withTc ø 19 K and TN ø 65 K, Figs. 1 and 3,
differ not much aboveTcsTN d.

The left inset in Fig. 4 compares fits of regular (T .

TN ) srcyrabd sT d dependences for two hole-doping leve
of the same crystal and illustrates one more surpris
result. The resistivity anisotropy at highT considerably
decreases with increasing density of carriers, but
extrapolated low-temperature value, in contrast to w

FIG. 4. Main graph: Resistivity anisotropyrcyrab for
whiskerlike TmBa2Cu3O6.37; solid line: a fit of the regular
temperature dependence (T . TN ). Left inset: Fits of the
resistivity anisotropy for quenched and aged states of the s
crystal. Right inset: Resistivity anisotropy for a “platelike
LuBa2Cu3O6.34 crystal.
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one could expect,increaseswith increasing doping. The
metal-like conductivity contribution under discussi
has therefore nothing to do with the metallic conduct
ity in fully oxygenated YBa2Cu3O7. Instead, it is the
temperature-activated contribution which should gra
ally acquire metallic features withx ! 1 and begin to
dominate over the whole temperature range.

Few theories consider a possibility of crossover towa
metal-likec-axis conductivity at low temperatures in u
derdoped cuprates [6,14]. The general problem wh
emerges upon constructing a picture based on multib
conduction, Kondo scattering, etc., is thatrc at any tem-
perature appears to be too large to fit the concept of
herent conduction. To ascribe the metal-like conductiv
observed to the coherent transport one has either to
pose that only a small fraction of carriers participates
the c transport or to introduce new heavy quasipartic
[14]. On the other hand, the incoherentc-axis conductiv-
ity can also track the behavior ofsab , if just the strong
in-plane scattering blocks the interplane transitions [5]

The most attractive approach for the temperatu
activated conductivity contribution is to attribute it
Cu-O chains. Really, if perfect Cu-O chains in Y-123 a
Y-124 systems possess the metallic conductivity [7
fragmented ones in underdoped crystals should natu
provide the hopping electron transport. This assump
would explain the observed strong dependence ofrcsT d
on both the oxygen content and oxygen ordering.

However, we probably should search for a more gen
explanation for the puzzlingc transport rather than tha
based on structural peculiarities ofR-123. Actually, apart
from the resistivity scale, similar behavior (rab ~ T2 and a
crossover inrc atø120 K) was observed in the noncupra
layered system Sr2RuO4 [15], and the anisotropy saturatio
at low T was reported for La22xSrxCuO4 [3]. Of course,
approaches not assuming any role of Cu-O chains c
be suggested. The concept of charge confinement, fo
stance, implies blocking of the interplane single-parti
tunneling but retains a possibility of coherent transport
pairs [4,5]. The two types of carriers, namely, boso
and thermally excited fermions, could thus be resp
sible for distinct conductivity contributions observed. T
pair formation not necessarily results in superconduc
ity and these are preformed pairs which are often con
ered as a cause of pseudogap effects in cuprates [14
Just a glance is enough to find a similarity between
crossover temperatureTm in Fig. 2 and the pseudoga
crossover temperatureTp in popular phase diagrams su
gested for cuprates [17]. Some difference existing in
scales, but not in the doping dependences, is not valua
since bothTm andTp correspond to arbitrary determine
crossover points.

The blocking phenomenon due to AFM ordering ho
a problem for all cited above models and remains ye
be explained. Ifrc was controlled by interplane sca
tering [5], it would not change atTN , since the in-plane
scattering obviously does not undergo considerable va
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tion. On the other hand, if the metal-like conductiv
component originates from preformed pairs [4,5,14],
necessarily faces the question how spinless carriers i
act with the magnetic order. An interesting conseque
within the preformed-pair model is that blocking of i
terplane pair transitions could explain why antiferrom
netism and superconductivity hardly coexist in cuprate

In summary, we have found new features in
out-of-plane electron transport of heavily underdo
RBa2Cu3O61x single crystals. We have shown that
c-axis conductivity intrinsically contains two contrib
tions. The first one is the familiar semiconductorl
conductivity usually observed in moderately underdo
samples. The other looks metal-like and dominates
interplane transport at low temperatures and low dop
where the Cu-O chains are destroyed. Because of
contribution the resistivity anisotropy saturates at lowT
instead of diverging. The finding possibly having imp
cation for the nature or high-Tc superconductivity is tha
in nonsuperconducting samples the metal-like part ofsc

is blocked by antiferromagnetic ordering.
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