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The resistivities of high-quality single crystals of YBa2Cu4O8 have been measured along all three crystal-
lographic axes up to 450 K. Both the in-plane and out-of-plane resistivities show a distinct change in behavior
on cooling from high temperatures. The chain resistivityrchain(T), by contrast, obeys aT2 law over the entire
temperature range. Thec-axis resistivityrc(T) is almostT independent at highT, but as the temperature is
reduced, the slopedrc /dT gradually increases and thec-axis transport crosses over from incoherent to
metallic, implying the onset ofthree-dimensional conductivity at lowT. These measurements reveal that the
nonmetallic behavior ofrc(T) in underdoped cuprates isnot universal.@S0163-1829~97!50242-6#

It is now well established that underdoped high-Tc cu-
prates are characterized by the presence of a pseudogapEg in
the normal-state excitation spectrum.1 This pseudogap, or
normal-state gap, has been observed by a variety of experi-
mental probes and is found to affect many normal-state prop-
erties in an unusual and complex way. For underdoped
YBa2Cu3O72],

2,3 for example, the in-plane resistivity
rplane(T) shows marked deviations from the high-T T-linear
behavior below a characteristicT* , well aboveTc , whose
value decreases with increasing hole concentrationp in a
manner similar toEg(p). In contrast, rc(T) increases
sharply belowT* .2,3 This increase inrc(T) appears to be
correlated with the development of a pseudogap in the out-
of-plane optical conductivitysc(v) which suppresses the
low-frequency spectral weight and transfers it to a higher
v.4,5 However, in all underdoped cuprates whererc(T) is
nonmetallic belowT* , doping introduces considerable dis-
order between the CuO2 planes ~e.g., oxygen vacancies
and/or cation substitution!, which may have a significant ef-
fect on the out-of-plane conductivity, yet the importance of
which has so far been rather overlooked.

Underdoped YBa2Cu4O8 (Tc578 K) is naturally sto-
ichiometric and in principle can be prepared with negligible
interplane disorder. It is also untwinned, thus allowing the
possibility to distinguish the effects of the normal-state gap
on both the plane and chain charge carriers. Evidence for the
normal-state gap has been observed in the spin-lattice relax-
ation rate,6 Knight shift,7 in-plane resistivity,8 and
thermopower9 with 160 K<T* <250 K. A reduction in the
in-plane scattering rate10 and a suppression ofsc(v) ~Ref.
11! have also been observed in optical spectra below a char-
acteristic frequencyv* . Recently, however, Zhouet al.12

reported amaximumin the c-axis resistanceRc(T) around
T5140 K, which appears to contradict the observation of a
suppression ofsc(v) at low v.

Here we report the resistivities of high-quality
YBa2Cu4O8 single crystals along all three crystallographic

axes up to 450 K. The quality of the crystals is confirmed by
the observation of a negligibly small residual resistivity for
rchain(T). We find that the maximum inrc(T) reported by
Zhou et al.12 is not intrinsic to the temperature dependence
of rc(T), although we confirm that in contrast to other un-
derdoped cuprates,rc(T) in YBa2Cu4O8 does become in-
creasingly more metallic as we approachTc . This observa-
tion represents an important challenge to existing theoretical
models of thec-axis conductivity of high-Tc cuprates and
suggests that interplanar disorder may have a significant ef-
fect on the behavior ofrc(T) in other underdoped cuprates.

YBa2Cu4O8 crystals were grown by a flux method in
Y2O3 crucibles and an Ar/O2 mixture at 2000 bar, with a
partial oxygen pressure of 400 bar.13 ra(T) andrb(T) were
measured by a direct~four-probe! method, whilerc(T) was
measured using a quasi-Montgomery technique on near-
cubic crystals. A large number of crystals were studied and
the data shown here were reproduced on several other crys-
tals for all three current directions~up to 300 K!.14 The tran-
sition temperatures varied from 76 to 79 K~defined as the
temperature of zero resistance! and the resistive transitions
had a typical width of 0.5–1.0 K.

Because of the resistive anisotropy within the plane,
rb(T) data were taken on needlelike crystals to ensure 1D
current flow along theb axis. Forrc(T), large current and
voltage pads were mounted across the top and bottom so as
to short out thea-axis and maximize thec-axis dimension of
the effective ‘‘isotropic’’ crystal. As previously mentioned,
Zhou et al.12 reported c-axis resistanceRc(T) data for
YBa2Cu4O8, which showed a maximum aroundT5140 K.
However, for their crystal,Rc(300 K!,0.003V, which we
believe is far too small to represent a genuinerc(T) mea-
surement. This maximum inRc(T) most likely arises from a
change in the current distribution inside the crystal as the
anisotropyrc /rb decreases and the effective ‘‘isotropic’’
crystal becomes thinner. To illustrate this point further, Fig.
1 showsRc(T) data for several crystals of different aspect
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ratios @and hence differentRc(300 K! values#. The data are
normalized toRc (T5Tc). For crystals withRc ~300 K!
,0.07 V, we also observed a maximum inRc(T) which
shifted to lowerT asRc ~300 K! decreased. ForRc ~300 K!
between 0.2 and 0.7V, however, theT dependences and
absolute magnitudes ofrc(T) were found to be identical
within experimental accuracy, at least up to 300 K. The
rc(T) data discussed in this report were taken on a crystal of
(190 mm!2 area and 140mm thickness withRc ~300 K!50.3
V. No maximum was observed inrc(T) up to 450 K. Errors
in the absolute magnitudes of the resistivities, mainly due to
finite contact dimensions, are estimated to be around 25% for
ra(T) andrb(T) and around 10% forrc(T).

Figure 2 shows all three resistive components of
YBa2Cu4O8 below 450 K. Thea axis is perpendicular to the
double CuO chains and sora(T) represents the resistive
component of the CuO2 planes only.ra(T) decreases essen-
tially linearly with T from 450 K, but asT falls, the slope
dra /dT gradually increases. This change of slope has been
interpreted as a ‘‘kink’’ inra(T) aroundT* 5160– 180 K,
which is thought to correlate with the opening of the normal-
state gap and is attributed to the removal of the spin scatter-

ing channel within the plane aroundT5T* .8 AlthoughT* is
itself a debatable quantity, as we shall discuss later, it is clear
that there is a marked reduction in the in-plane scattering rate
over a wide temperature range well aboveTc .

rb(T) contains contributions from both the CuO2 planes
and the double CuO chains and therefore has a lower resis-
tivity than ra(T). The anisotropy atT5Tc (ra /rb'6) is in
excellent agreement with the square of the anisotropy of the
in-plane penetration depth (la /lb)256.25,15 implying that
the scattering rates 1/tchain and 1/tplane, are essentially
equivalent at the superconducting transition. NMR and NQR
measurements have shown that spin susceptibilities on the
planes and chains are markedly different,7,16,17 suggesting
that the two conducting channels may act independently of
one another. Assuming isotropic conductivity within the
CuO2 planes, we can extractrchain(T) using the expression
for two conductors in parallel, i.e., 1/rchain(T)51/rb(T)
21/ra(T). The resultantrchain(T), plotted as a dashed line
in Fig. 2, can be fitted extremely well to the formrchain(T)
5r01AT2, as shown in Fig. 3, withr050.5mV cm
and A51.47 nV cm/K2.18 A T2 dependence has also been
reported for rchain(T) in YBa2Cu4O8 ~Ref. 19! and un-
twinned YBa2Cu3O6.9 ~Ref. 20! with r0 values of 10mV cm
and 100mV cm respectively. Since quasi-1D structures such
as CuO chains are extremely susceptible to disorder, the re-
markably low value ofr0 reported here implies that there is
negligible disorder or oxygen vacancies along the chains and
confirms the very high level of purity of these crystals. The
T2 resistivity, together with the observation of a Korringa
law in 1/T1T for the Cu~1! chain site in YBa2Cu4O8,

6,16 sug-
gests that the chain carriers are itinerant electrons of Fermi
liquid character. Furthermore, Knight shift data for the Cu~1!
~Refs. 7,17! and O~1!17 chain sites are essentiallyT indepen-
dent with no clear evidence of the gap in the spin spectra
above Tc that is seen within the plane.7,16,17 Importantly,
rchain(T) shows no deviation from itsT2 behavior between
80 and 450 K, providing further evidence that the behavior
of ra(T) is intimately linked to the opening of the normal-
state gap.

We now turn our discussion torc(T). At 300 K, rc
'8 mV cm andrc /ra'30. These values are significantly
lower than those for YBa2Cu3O6.8,

3 which has a similarTc
and hole doping level to YBa2Cu4O8, and suggests that there
is a considerably strongerc-axis coupling in YBa2Cu4O8,

FIG. 1. c-axis resistanceRc(T) data for YBa2Cu4O8 crystals
with differentRc ~300 K! values. The data have been normalized to
the value atT5Tc . For Rc ~300 K!50.30 V and 0.45V, the data
overlap.

FIG. 2. The anisotropic resistivity components of YBa2Cu4O8

up to 450 K. Solid lines representra(T), rb(T), andrc(T). The
dashed line representsrchain(T) ~right-hand scale! derived from the
expression 1/rchain51/rb21/ra .

FIG. 3. rchain(T) of YBa2Cu4O8 plotted versusT2. The solid
line is a fit to the expressionrchain(T)50.510.00147T2 mV cm.
Note that there is no signature of a crossover in behavior with
decreasingT.
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presumably due to the presence of the fully loaded double
chains. Above around 350 K,rc(T) shows a very flatT
dependence with a small positive slopedrc /dT
53 mV cm/K, which extrapolates to a very large apparent
residual resistivity at 0 K. Similar behavior has also been
observed in underdoped YBa2Cu3O72] ~Refs. 2,3! and
La22xSrxCuO4 ~Ref. 21!. Although this high-T resistivity
looks ‘‘metallic,’’ measurements of the pressure dependence
of rc(T) in La22xSrxCuO4 ~Ref. 22! have shown that this
positivedrc /dT can be attributed almost entirely to the ef-
fects of thermal expansion on some form of incoherent tun-
neling or hopping process along thec axis. It seems reason-
able to assume that the almostT-independent rc(T)
observed here is also a signature of nonmetallicc-axis con-
ductivity in YBa2Cu4O8 at highT. As T falls, rc(T) starts to
decrease more rapidly. The slope in the resistivity changes
continuously down toTc , and by 100 K,rc(T) has reduced
to almost half its value at 350 K. Thermal expansion is es-
sentially linear below 300 K~Ref. 23! and hence it is most
unlikely that this dramatic decrease inrc(T) can be attrib-
uted to any type of expansion effect. Therefore, we conclude
that this dramatic change in slope reflects a gradual crossover
from 2D to 3D electronic transport in YBa2Cu4O8 with de-
creasingT.24

This crossover at lowerT is strikingly different from what
is observed in underdoped YBa2Cu3O72] ~Refs. 2,3! and
La22xSrxCuO4 ~Ref. 21! where drc /dT changes its sign
from positive to negative asT falls. It is perhaps even more
remarkable when one compares YBa2Cu4O8 and
YBa2Cu3O6.8 ~Ref. 3! where theT dependence and magni-
tude of ra(T) are almost identical, yetrc(T) deviates in
opposite directions at lowT. It is significant to note too that
for YBa2Cu4O8, rc ~100 K!'8 mV cm is on the boundary of
the Mott-Ioffe-Regel criterion for metallic c-axis
conductivity.25 In this sense,rc(T) of YBa2Cu4O8 is similar
to that of the quasi-2D metal Sr2RuO4, which has a broad
maximum around 130 K and shows a gradual evolution to a
metallic T2 dependence below 30 K whererc(T)
,10 mV cm.26

In Fig. 4 we plot the temperature derivativesdrc /dT(T)
anddra /dT(T), in order to illustrate some common miscon-
ceptions about the behavior of the normal-state resistivity in

underdoped cuprates. First,ra(T) first deviates from linear-
ity at a much higherT than the value ofT* that is commonly
quoted for YBa2Cu4O8. Indeed, in the vicinity ofT* ~160
K,T* ,200 K!, it is clear that there is no additional feature
in dra /dT and the characteristic ‘‘kink’’ atT* should really
be dismissed as a crude visual interpretation of the data.
Second, the change of slope in both current directions is a
very gradual, continuous process and does not appear, as is
often suggested, as some form of phase transition. Finally,
the deviation from linearity appears to begin within the same
range for bothra(T) and rc(T), suggesting that the cross-
over to metallic conduction along thec axis coincides with a
reduction of the in-plane scattering rate. Whether the onset of
metallic conduction along thec axis is actually correlated
with the opening of the normal-state gap is of course still
debatable and further studies, such as the effects of hole
doping onrc(T), will be required in order to provide a more
definitive answer to this question.

The behavior ofrc(T) also raises another important issue,
namely the existence of a genuine pseudogap insc(v) in
YBa2Cu4O8, as reported by Basovet al.11 This pseudogap
was believed to show the generic features of the pseudogap
state observed in other underdoped cuprates4,5,27 and it was
assumed that the spectral weight that is suppressed below
200 cm21 is transferred to higher energies. However, in or-
der for rc(T) andsc(v) to be consistent, there must be an
enhancement insc(v) at low frequencies. Hence, in
YBa2Cu4O8, the missing spectral weight may be transferred
to lower frequencies, at least in part.

There has been considerable theoretical effort28–34 in try-
ing to understand the origin of the nonmetallicrc(T) of un-
derdoped high-Tc cuprates at lowT. In particular, this be-
havior has been viewed as strong evidence for charge
confinement within the CuO2 planes, possibly associated
with a non-Fermi liquid ground state and/or spin singlet pair
formation in cuprate superconductors.28,29,32,34 This claim
has been strengthened by the observation of a low-T metallic
c-axis response in Sr2RuO4 which is isostructural with
La2CuO4 but shows many properties consistent with a highly
anisotropic Fermi-liquid description.35 The observation of
similar behavior in underdoped YBa2Cu4O8 now represents
an important challenge to the charge confinement picture.

We may draw two possible scenarios for the distinct
rc(T) behavior in YBa2Cu4O8. First, we note here that
YBa2Cu4O8 and Sr2RuO4 are stoichiometric compounds with
effectively no disorder between the conducting planes. In
contrast, as we have already pointed out, the other cuprates
~in particular underdoped YBa2Cu3O72]), which show a
pseudogap insc(v) and a nonmetallicrc(T) at low T, con-
tain a significant amount of interplane disorder in the form of
oxygen vacancies and substituted cations. These impurities
must act as an extra blocking layer for out-of-plane transport
and reduce the mean free path along thec axis. This effect
will be substantially enhanced when the transfer integral per-
pendicular to the planes is very small and may ultimately
inhibit the formation of a 3D metallic band at lowT. Within
this simple picture, the ‘‘charge confinement’’ in
YBa2Cu3O6.8 would originate from the highly disordered
blocking layer situated between the planes~with 20% oxy-

FIG. 4. The derivative of the in-plane (dra /dT) and out-of-
plane resistivity (drc /dT) of YBa2Cu4O8. Note that the derivative
starts to increase in the same temperature range for both directions
and that there is no kink in the derivatives at lowerT which could
be ascribed toT* .
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gen vacancies! rather than from any exotic non-Fermi liquid
property of the CuO2 plane carriers themselves.

An alternative scenario is that the metallicc-axis conduc-
tivity does not show a generic behavior of layered cuprates
but is observed only in YBa2Cu4O8 due to the presence of
the double chain Fermi sheets. It may be argued, within a
two-channel picture, that only the chain channel forms a co-
herent band along thec axis and therefore it may still be
possible that the carriers in the plane band remain confined.
However, this appears to contradict the apparent correlation
between the onset of metallic behavior inrc(T) and the re-
duction of thein-planescattering rate. Further transport stud-
ies, where disorder is introduced onto the planes or onto the
chains, should help to clarify which scenario is the most
applicable to YBa2Cu4O8.

In conclusion, we have measured all three resistive com-
ponents of YBa2Cu4O8 up to 450 K.rc(T) shows a striking

crossover from incoherent to metallic behavior with decreas-
ing T. Since YBa2Cu4O8 is one of the cleanest high-Tc cu-
prates, itsc-axis response may represent theintrinsic behav-
ior of the out-of-plane conductivity in underdoped cuprates
and suggests that interplane disorder plays a much more
critical role in determining the behavior ofrc(T) than has
previously been acknowledged. Furthermore, these observa-
tions cast a serious challenge against the generally accepted
picture of charge confinement in underdoped cuprates below
T* .
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