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We present a systematic study of normal-state transport properties in a series ofc-axis-oriented YBa2Cu3Ox

~YBCO! epitaxial thin films and YBa2Cu3O7/PrBa2Cu3O7 ~YBCO/PrBCO! superlattices. The hole doping level
in the YBCO films is varied from the optimum-doped metallic down to the underdoped insulating regime by
changes in the oxygen contentx. We find that the magnitude of the resistivityr and Hall coefficientRH

increases monotonically with decreasingx and that their respective temperature dependences undergo marked
changes. TheRH(T) behavior is reminescent of the Hall effect behavior in heavy fermion metals, taking into
account a difference in temperature by a factor of 100. The Hall angle cotuH5r/RHB shows a quadraticlike
temperature dependence, with systematic deviations at high and low doping levels. Transport measurements in
YBCO/PrBCO superlattices, with the YBCO layers in the two-dimensional regime, indicate that the deviations
of aT2 dependence of the Hall angle are intrinsic and not related to the dimensionality of the system. Amethod
of analyzing the transport data is presented, revealing a striking scaling behavior of the respective properties.
A comparison with reported transport data in the literature suggests that the observed scaling behavior may be
universal for underdoped cuprates. Furthermore, we show that reported NMR Knight shift data for oxygen-
deficient YBCO samples can also be mapped on a single scaling curve, by using the same scaling parameter
derived from our transport measurements. This finding strongly indicates that the dominant scattering mecha-
nism in these materials is of magnetic origin. Going one step further, we present a qualitative analysis of the
conductivity under the assumption that we may use the expression for a two-dimensional quantum liquid and
that the inelastic scattering length may be replaced by the magnetic correlation lengthj(T). Expressions for the
latter are taken from reported calculations for undoped and doped cuprates. A good qualitative agreement is
obtained between the calculated and experimentally observed temperature-dependent conductivity.

I. INTRODUCTION

One of the important issues which remains unsolved in
physics of the high-temperature superconductors~HTSC’s! is
the nature of the characteristic excitations in the normal state
(T.Tc). Many normal-state properties have been found to
behave anomalously with respect to a simple metallic or
Fermi liquid behavior,1–3 possibly indicating the existence of
quite exotic elementary excitations typical for strongly cor-
related electron systems. It is commonly accepted now that
an insight in the normal state may provide an important clue
to the understanding of the superconductivity mechanism
itself.4

Today, the investigation of the normal state involves a
wide variety of electrical, magnetic, and optical studies.
Ironically enough, it is the appearance of superconductivity
itself at high temperatures which inhibits a proper study of
the normal state down to sufficiently low temperatures.
Therefore it is of interest to study the normal-state properties
in underdoped~lower-Tc! materials. Moreover, systematic
studies of the normal-state propertiesas a function of doping
from the insulator side up to the high-temperature supercon-
ductor side may reveal some interesting insights concerning
the evolution of the exotic metallic state from the antiferro-
magnetic insulating state.

Quite important in this respect is the study of the electri-
cal transport properties as a function of doping. The anoma-
lous temperature dependences of the resistivityr and the
Hall coefficientRH , which seem to be a fingerprint of the
HTSC’s,1,2 remain difficult to explain. Moreover, the avail-

able experimental data seem to indicate that bothr(T) and
RH(T) depend delicately on the doping level.

5–10Since these
properties are intimately related to the scattering mechanism
of the charge carriers, a clear insight in their behaviour is
highly desirable.

In the present paper we will first present the results of a
systematic study of the normal-state transport properties of
YBa2Cu3Ox ~YBCO! epitaxial thin films as a function of the
oxygen contentx. Part of these results has appeared already
elsewhere.5,6 The results forr(T) and RH(T) will be de-
scribed, together with an analysis in terms of the Hall angle
cotuH . A quadraticlike temperature dependence is obtained
for all oxygen content values, but systematic deviations seem
to question the universality of theT2 dependence of cotuH .

In Sec. IV we will present a method of analyzing the
resistivity and Hall effect data.7 It will be shown that the
changes induced by a diminishing hole doping level in the
behavior ofr(T), RH(T), and cotuH(T) can be understood
as the result of a changing temperature~or energy! scale. For
all the studied properties it will be demonstrated that the
obtained data can bescaled onto universalcurves. The scal-
ing parameterT0, determined from the resistivity data, is the
temperature below whichr is no longer linear inT. A com-
parison of these striking observations will be made with
transport data reported for underdoped YBCO single crystals
and for other cuprates. Both seem to corroborate the univer-
sality of our scaling observations.

Finally, we will compare the transport data with measure-
ments of magnetic normal-state properties. During the last
few years, magnetic measurements like inelastic neutron
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scattering or nuclear magnetic resonance have indicated the
importance of magnetic spin fluctuations in HTSC’s.11,12 It is
well known that the superconducting cuprates become anti-
ferromagnetic~AF! insulators with a Ne´el transition tem-
peratureTN of several hundred kelvin when the doping level
is strongly reduced. The long-range AF order is, however,
suppressed with increasing doping, resulting in a vanishing
TN near the insulator-metal transition. Nevertheless, there is
nowadays considerable evidence for the existence ofshort-
rangeAF correlations in samples which are well inside the
metallic regime~and are superconducting at low tempera-
tures!. Moreover, the magnetic measurements clearly indi-
cate that at a temperature well aboveTc the spin correlations
become very important, resulting in the opening of aspin
gap in the spin excitation spectrum.11

We will present evidence for a remarkable resemblance
between the characteristic features found in transport and
magnetic properties. This correlation strongly indicates the
magnetic origin of the dominant charge carrier scattering
mechanism in the cuprates. In view of this finding we will in
a last part calculate the conductivitys in a two-dimensional
~2D! quantum antiferromagnet,13 using the magnetic correla-
tion lengthj as the inelastic scattering length. Several theo-
retical predictions and calculations ofj(T) will be consid-
ered for the calculation ofs(T) and compared to the
experimental results.

II. EXPERIMENTAL METHOD

The c-axis-oriented epitaxial thin YBCO films with a
thickness of 1000–1100 Å were grown on MgO~100! sub-
strates by a single target 90° off-axis magnetron sputtering
technique.14 X-ray diffraction characterization shows that the
as-prepared films arec-axis oriented and of single-phase
character. The narrow rocking curve widths~Dv~005!<0.3°!
indicate a low degree of mosaic spread, while the low ion
channeling yields~xmin<7%! and a detailed transmission
electron microscopy study provide evidence for the epitaxial
character of the films. The as-prepared films have a high
critical temperature ~Tc.89 K!, a small normal-to-
superconducting transition width~DTc,2 K!, and a high
critical current density~Jc.107 A/cm2 at T55 K, Jc.106

A/cm2 at T577 K!, comparable to the best values quoted in
the literature. Patterning of the films into a~2310! mm2

structure, necessary for Hall effect measurements, is done by
classical photolitographic and wet-etching techniques, with-
out deterioration of the film properties.

The oxygen depletion is carried outex situusing a special
heat treatment procedure reported previously.15 The film is
packed in a box of YBCO bulk material and placed inside a
quartz tube. The desired nominal oxygen concentrationxn is
obtained by a controlled heat treatment of the film following
a constant oxygen content (xn) line in the oxygen-pressure–
temperature (PO2

-T) phase diagram of YBCO.16 This tech-
nique has been shown to be reproducible and reversible for
the preparation of oxygen-deficient YBCO samples. Al-
though we are not able to measure thereal oxygen contentx
of the films in a direct way, we have made an indirect deter-
mination by comparing the obtained critical temperatures
Tc(xn) with the Tc(x) behavior observed in YBCO bulk
samples,18 of which the oxygen content is accurately deter-

mined by chemical and thermogravimetric analyses. It was
found in this way that the nominal oxygen content valuesxn
are systematicallyoverestimated by an amount;0.1. We be-
lieve that this effect is related to the particularPO2

-T phase
diagram which we have applied for the oxygen reduction
process, since we observed recently19 that theTc data of
YBCO thin films and ceramics collapse when the films are
heat treated following the phase diagram of Tetenbaum
et al.20 For the sake of consistency, however, all oxygen re-
duction processes of YBCO thin films in the present study
are carried out using the phase diagram of Gallagher.16 In
order to facilitate a comparison of the present results with
other available data, the oxygen content valuesx that we
refer to in this work correspond to the original nominal val-
ues xn subtracted by an amount 0.1:x5xn20.1. To the
fully oxidized films we assign the value for optimum hole
doping,x56.95. We estimate the error on the absolute oxy-
gen content value determined in this way to be;0.05.

The temperature dependences of the resistivity and Hall
coefficient are measured inside a temperature-stabilized He
flow cryostat, using a four-point ac lock-in technique, with a
current densityJ<102 A/cm2. All electrical contacts are
made by direct wire bonding onto the film surface using AlSi
wires. The Hall coefficient is obtained from the transverse
voltage between two opposing contacts, measured using a
classical field inversion technique, in a magnetic field
B50.72 T. For all the films the Hall voltage varies linearly
with applied field and current.

III. RESULTS

A. Resistivity

Using the method described above, we have systemati-
cally varied the oxygen content in severalc-axis-oriented
YBCO films and measured the temperature dependence of
the resistivity. Figure 1 shows a compilation ofr(T) data
from three different films. Although for several of the indi-
catedx values ther(T) behavior was measured in more than
one film, we show for clarity only one curve perx value.
Note that the upper temperature window was always re-
stricted to.300 K since we observed a time-dependent be-
havior of r above 300 K, which we believe is caused by
rearrangement of oxygen in the CuO-chain plane.17

It is clear from Fig. 1 that the reduction of the oxygen
content leads to a corresponding decrease ofTc as is well
known for YBCO. Another important consequence of the
oxygen reduction in the YBCO films is the marked increase
in absolute resistivity. Starting from a valuer~290 K!.300
mV cm for x56.95, it increases tor~290 K!.4 mV cm for
x56.3 as shown in Fig. 2. Although there is some scatter in
the data, both due to an uncertainty inx and in the exact film
thicknesst, a clear trend emerges. With decreasingx the
resistivity goes up smoothly at first, but atx56.5, the curve
suddenly increases much faster. This kink may be related to
the sudden change in carrier concentrationn which is seen in
many calculations forn(x) ~Refs. 21–23! around thisx
value.

According to Fig. 1, ther(T) curve forx56.95 shows the
well-known linear temperature dependence, as discussed in
the Introduction. However, reducingx below its optimum
doping value produces a clear change in the temperature de-
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pendence ofr.5,6 The temperature interval in whichr is lin-
ear systematically shifts to higher temperatures, and a down-
ward bending develops at lower temperatures, eventually
followed by an upward bending becoming more pronounced
for the lowestx values. Finally, for the nonsuperconducting
x56.3 sample, we observe only the upward bending, indicat-
ing the onset of localization effects.

A similar change in temperature dependence, including
the development of a kind of ‘‘S shape,’’ has been reported
also for oxygen-deficient YBCO single crystals8,24 and thin
films,25–27 for Co-doped YBCO single crystals,9 and also for
underdoped La22ySryCuO4 ~LSCO! ceramics28 and single
crystals.29 On the other hand, several studies on Zn-doped30

or Pr-doped YBCO single crystals31 show a linearT depen-
dence ofr also in samples with reduced critical tempera-
tures. The difference between both classes of systems, show-
ing a nonlinear respectively linearr(T) behavior in samples
with reducedTc’s, is the mechanism which suppresses super-
conductivity, i.e., electron doping versus disorder.

Hence the following consistent picture seems to emerge:
A pronounced nonlinearr(T) behavior develops systemati-
cally in cuprates with reduced hole densities, while a linear
behavior with constant slope but increased magnitude ofr is
obtained in cuprates in whichTc is suppressed by other
means than hole doping~e.g., by disorder!.

B. Hall effect

For the same samples on which we measured the resistiv-
ity and in the same measuring run, we have studied the be-
havior of the Hall numbernH(T)51/[RH(T)e]. The main
result ofnH(T) as a function ofx is shown in Fig. 3 for nine
different oxygen concentration values~from the same
samples as used for Fig. 1!. We preferred to show the data
for the different oxygen content films in separate graphs,
since plotting them all together may be misleading. In the
following we will focus on the relation ofRH with the carrier
density and on the changes of the temperature dependence
with varying x.

Note that the Hall effect behavior in the vicinity ofTc ,
i.e., in the ‘‘mixed state,’’ is mainly governed by the move-
ment of magnetic flux lines. This regime will not be treated
here since it goes beyond the scope of the present work~see,
e.g., Ref. 32!.

Although the pronounced temperature dependence ofRH
makes it too arbitrary to extract absolute values for the car-
rier densityn, it is nevertheless interesting to look at the
relative changes inRH with oxygen doping in YBCO. There-
fore we have plotted in Fig. 2 besides the resistivity values
also the values ofRH atT5290 K versus the oxygen content
x for all the measured samples.

The figure shows the same trend for the Hall coefficient
data than for the resistivity data: Starting from the opti-
mum doping valuex56.95,RH increases monotonically with
decreasingx, displaying akink at x.6.5, below which the
increase inRH is much faster. This result, which is indepen-
dent of temperature, is in good agreement with theRH(x)
behavior reported for ceramic YBCO samples33 which also
shows a sharp increase inRH at x.6.5. Since bothRH andr
are inversely proportional to the density of mobile carriersn
in the CuO2 planes~at least in a free-electron picture!, it is
tempting to assign the characteristicx dependence of both
properties to thex dependence ofn. Furthermore, this idea is
supported by the calculated behavior of the hole density ver-
sus oxygen content in YBCO,21–23showing a sharp drop inn
at x.6.5.

Contrary to what some authors claim,1 the temperature
dependence ofnH does not disappear with decreasing hole
density, but is pronounced forall x values as shown in Fig. 3.

FIG. 1. Resistivityr vs temperatureT as a function of the oxy-
gen contentx in c-axis-oriented YBCO films. The results are ob-
tained from YBCO No. 1~x56.95, 6.85, 6.75, 6.65!, YBCO No. 2
~x56.6, 6.5, 6.45, 6.4!, and YBCO No. 5~x56.3!.

FIG. 2. Variation of the resistivityr~290 K! ~left scale, squares!
and of the Hall coefficientRH~290 K! ~right scale, circles! with
oxygen contentx in the YBCO films. The dashed line is a guide to
the eye.
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Only theamplitudeof nH goes down with decreasingx. Fur-
thermore, although the curves might all look very similar at
first sight ~except forx56.3!, a systematic evolution in the
temperature dependence is perceptible. For the fully oxidized
sample, withx56.95, aT-linear Hall number is obtained in
agreement with published data for optimum doped
cuprates.34,35 Linearity is, however, not observed up to the
highest temperatures as sometimes reported, but instead the
nH curve tends to bend off forT.220 K. This bending dis-
appears for the lower oxygen content values, yielding a lin-
ear behavior over almost the whole temperature region from
300 K down toTc for thex56.85 sample. By further reduc-
ing x, it can be seen that a broad minimum develops, and as
a consequence, the onset of linearity shifts systematically to
a higher temperature. Similarly as in case of the resistivity,
this systematic evolution seems to indicate that the reduction
of the oxygen content leads in fact to a systematic change of
the temperature scale. We will further discuss this interesting
finding in Sec. IV.

The characteristic temperature dependence ofRH in the
cuprate superconductors was discussed by Fiory and

Grader36 in terms of asymmetric magnetic scattering or
‘‘skew scattering.’’ ThisextraordinaryHall effect arises from
asymmetric scattering of conduction electrons by local mag-
netic moments and occurs in addition to the Lorentz force
that is responsible for theordinary Hall effect.37 The skew
scattering mechanism was also proposed38–40 to explain the
anomalous Hall effect behavior in theheavy fermion metals.
As the cuprates, these materials are characterized by strong
electron correlations and by the presence of localized mag-
netic moments~situated on the 4f or 5f shell! which can be
viewed as the counterpart for the 3d moments in the cu-
prates. These moments, being independent at high tempera-
tures, form so-called ‘‘Kondo singlets’’ below the Kondo
temperatureTK and become coherent below a temperature
Tcoh,TK,10 K ~below which Fermi liquid behavior is es-
tablished!. For the Hall coefficient, this results in a charac-
teristic temperature dependence: At lowT, RH is almost
constant and of modest size, while, asT increases above
Tcoh, RH rapidly rises as a result of the onset of magnetic
skew scattering, then reaches a maximum, and monotoni-
cally decreases. The similarity with theRH(T) behavior in

FIG. 3. Hall number
nH51/RHe vs temperatureT as a
function of the oxygen contentx
in c-axis-oriented YBCO films.
~Some data points at the lowest
temperatures have been omitted
for clarity.!
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the cuprates, as first pointed out by Fiory and Grader,36

makes it attractive to invoke the same physical mechanism in
both classes of materials. This would lead to a ‘‘coherency
temperature’’Tcoh for the cuprates which is higher by a factor
of 100 compared to the values for the heavy fermion metals.3

Note that the typical superconducting transition temperatures
in high-Tc and heavy fermion superconductors differ also
roughly by the same factor.

In order to check the plausibility of a skew scattering
picture, the field dependence of the Hall voltage can be in-
vestigated. Since the anomalous component to the Hall sig-
nal saturates when the external magnetic fieldB exceeds the
value required to fully polarize the magnetic moments, the
total Hall voltage should show a deviation from linearity at
high fields. We have checked the field dependence of the
Hall voltage for a YBCO thin film withx56.7 at several
temperatures and for magnetic fields up to 10 T. The ob-
tained results clearly indicate that the Hall voltageVH is
perfectly linear with the fieldB up to 10 T. This might be
used as an argument against skew scattering in these
samples, as is done by several authors.1,41 However, when

we again apply the analogy to the heavy fermion systems, we
can estimate the magnetic field necessary to align the mag-
netic moments from the energy required to destroy the
Kondo singlets:mBB;kBTK , with mB the Bohr magneton
andkB Boltzmann’s constant. Hence, for an estimated Kondo
temperatureTK.100 K in the cuprates, a magnetic field
B.160 T is required. Very recent results of the Hall voltage
in pulsed magnetic fields~up to 40 T! seem to indicate the
onset of saturation,42 thus leaving the skew scattering picture
still plausible.

C. Hall angle

In view of the experimental and theoretical findings men-
tioned in Sec. I, it is interesting to compute the Hall angle
from the resistivity and Hall effect data for the series of
oxygen-deficient YBCO thin films.5,6 Figure 4 shows cotuH
versusT2 calculated from the results presented in Figs. 1 and
3 in the previous sections. It can be seen that irrespective of
the complicated temperature dependences ofr and RH , a
quadraticlike temperature dependence of cotuH is obtained
for all x values.

FIG. 4. Cotangent of the Hall
angle cotuH vs the square of the
temperature,T2, calculated from
the resistivity and Hall coefficient
data shown in Figs. 1 and 3.
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When looking to the linear part in all the curves of Fig. 4,
we clearly observe a systematic evolution with varying oxy-
gen content. First, the sloped~cotuH!/d(T2)5a decreases
systematically with decreasingx, and second the intercept
C5cotuH(T50) becomes nonzero forx,6.5. In former pa-
pers we have elaborated these findings5,6 and presented evi-
dence for a linear relation between the Hall angle slopea
and the hole density in the CuO2 planesn. It was shown that
thereforea may be a better measure of the hole density than
the Hall numbernH .

Although the quadratic temperature dependence of cotuH
is nowadays often considered as a universal property of the
high-Tc cuprates, we would like to point out that some res-
ervation may be necessary. A closer look to the different
curves in Fig. 4 reveals that only for the intermediate oxygen
concentrations is a linear behavior obtained over the full
temperature range. The films with largex clearly show a
sublinear behavior, in particular at higher temperatures,
while the films with smallx demonstrate an upturn of cotuH
at low temperatures.

A careful analysis of published Hall angle data reveals
similar trends, although these deviations from perfectT2 be-
havior are usually ignored or assigned to extrinsic effects.

Since it is generally known that with reducingx in YBCO
also the dimensionality is changed from anisotropic 3D to-
wards 2D, the deviations observed at high doping levels
might originate from the non-2D character of the samples. In
order to check this possibility, we have carried out some
additional r(T) and RH(T) measurements in a set of
YBa2Cu3O7/PrBa2Cu3O7 ~YBCO/PrBCO! superlattices with
varying PrBCO layer thicknesses~1:1, 1:3, 1:5!.43 With in-
creasing PrBCO thickness, the dimensionality of the system
is artificially lowered, keeping the oxygen content in the
YBCO layers constant~x56.95!. Hence, if the dimensional-
ity is important for the behavior of the Hall angle, one would
expect a systematic evolution of cotuH(T

2) in this set of
samples. The results for the behavior of the Hall angle are
shown in Fig. 5. It can be seen in this figure that there is
clearly no systematic improvement of the linearity of cotuH
in the more decoupled superlattices~1:3, 1:5!, indicating that
the deviations are not directly related to the dimensionality
of the system.

A careful investigation of the available experimental Hall
angle results in the literature indicates that the deviations
from a T2 dependence that we observe for high and lowx
values are generally observed for YBCO samples with high
and lowdoping levels. Therefore we believe that those de-
viations should not be neglected, but they should rather be
included in the theoretical models.

IV. DISCUSSION

A. Scaling behavior

From the foregoing it has become clear that although the
reduction of the oxygen content in YBCO gives rise to dif-
ferent temperature dependences of the transport properties,
the changes take place in a very systematic way.8 As an
example, we refer back to ther(T) behavior, where we saw
that theT-linear part systematically shifts towards higher
temperatures whenx is lowered and simultaneously a pro-
nounced S shape develops at lower temperatures. This evo-

lution becomes even more clear when we plot the derivative
dr/dT versus temperature for the oxygen-deficient YBCO
films, as done in Fig. 6. For clarity we have cut off the
normal-to-superconducting transitions. It can be seen that a

FIG. 5. cotuH vs T2 for three YBCO/PrBCO superlattices, with
different layer thicknesses. The YBCO layer is one unit cell thick in
all samples, while the PrBCO thickness varies from one up to five
unit cells. The larger noise for the 1:5 sample arises from its higher
longitudinal resistance compared to the other samples.

FIG. 6. Temperature derivative of the resistivitydr/dT vs tem-
peratureT as a function of the oxygen content. The data correspond
to the barer(T) curves which were shown in Fig. 1. The arrow
indicates the position of the maximum in the curves which appears
at a temperature;T0/2.
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maximum indr/dT ~see the arrows in Fig. 6! develops sys-
tematically with decreasingx, which simultaneously shifts to
higher temperatures.

In order to quantify this evolution, we can define a char-
acteristic temperatureT0 as the temperature above whichr is
linear in T. In Fig. 6, T0 corresponds to the temperature
above which the derivative is constant and is approximately
equal to twice the temperature of the maximum indr/dT, as
may be seen. HenceT0 can be determined in a direct way for
the data sets withx.6.5 and can be estimated for the
samples withx<6.5 as twice the temperature of the maxi-
mum in the derivative. By derivingT0 in this way for all
measured samples, we estimate that an error of620 K has to
be taken into account.

Using the characteristic temperatureT0, we may now
scale the temperature axis and simultaneously scale the re-
sistivity with the value ofr at T0.

8 The result of this opera-
tion for all the available thin film resistivity data~15 data sets
in total! is shown in Fig. 7. Very interestingly, we can see in
this figure that to a good approximationall the r(T) curves
collapse onto one universal curve.6 Given the considerable
overlap in the reduced-temperature scale between the 15 re-
sistivity curves, it is very unlikely that this scaling result is a
fortuitous coincidence or an artificial effect of splicing sepa-
rate curves together.

The universal resistivity curve consists of an S-shaped
part for T/T0,1, followed by a linear part forT/T0.1,
which approximately extrapolates to zero forT50. Hence
this scaling curve clearly demonstrates the limited validity of
the often-citedT linearity of the resistivity. Note that the
curves tend to separate slightly atT/T0.1.5. This may be
due to small differences in residual resistivity between the
different samples, which was not included as an extra param-
eter in the scaling.

In order to check whether the scaling behavior of the re-
sistivity is an intrinsic property of YBCO, we have also ap-
plied the same scaling procedure to reported data on oxygen-
deficient YBCOsingle crystals~x56.45, 6.58, 6.68, 6.78,
6.85, 6.9! by Ito et al.8 and onCo-dopedYBCO single crys-

tals ~Co doping levely50.0%, 1.1%, 4.1%, 9.6%! by Car-
ringtonet al.9 and included them in Fig. 7. Since Co substi-
tutes Cu in the CuO chains, as was shown by neutron
diffraction,44 it is assumed that Co doping reduces the carrier
density.45 This is in contrast to, e.g., Zn doping, which sub-
stitutes Cu in the CuO2 planes and leads to an increased
disorder scattering.46 Hence a combination of the thin film
data with the two studies cited above compares samples of
different nature~thin film versus single crystal! and hole
doping mechanisms from different origins~O deficiency ver-
sus Co doping!. It can be clearly observed in Fig. 7 that the
scaled data points for the single crystals agree very well with
the thin film data. The scaled curves from the oxygen-
deficient YBCO single crystals tend to saturate at a slightly
smaller low-temperature value, which may be due to a lower
residual resistivity of these single crystals.

The fact that the scaling behavior ofr(T) is observed in
different YBCO samples with a variety of hole densities
strongly indicates that the main scattering mechanism in
YBCO remains unchanged when the carrier concentration is
reduced from its optimum value down to the metal-insulator
transition.6,8 The characteristic energy scale on which the
scattering occurs and which is determined by the temperature
T0 decreases monotonically with increasing oxygen content
or decreasing Co doping level, as shown in Fig. 8. These
results therefore confirm the close similarity between oxygen
reduction and Co doping to vary the carrier concentration in
YBCO. This is in sharp contrast to, e.g., Zn doping, which
leaves the overall temperature dependence of the resistivity
unchanged, except for a constant term added.30

After having demonstrated the scaling behavior of the re-
sistivity, it becomes particularly interesting to make the same
kind of analysis for the Hall effect data. Using thesame
characteristic temperature T0 as for the resistivity, we have

FIG. 7. Scaled in-plane resistivityr/r~T0! vs scaled temperature
T/T0 for 15 thin film samples, together with reported data for
oxygen-deficient~Ref. 8! and Co-doped~Ref. 9! YBCO single crys-
tals.

FIG. 8. Characteristic temperatureT0 vs oxygen contentx and
Co doping levely, for the oxygen-deficientc-axis YBCO films and
single crystals~Ref. 8! and for the Co-doped YBCO single crystals
~Ref. 9!. A typical error bar is indicated; the line is a guide for the
eye.
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plotted in Fig. 9 the Hall number versus temperature scaled
with nH(T0) andT0, respectively. Included are the 15 sets of
thin film data together with the reported data on
oxygen-deficient8 and Co-doped9 YBCO single crystals. It
can be seen that within the experimental scatter on the data
again one universal Hall number versus temperature curve
emerges. This behavior follows an S-like shape which is ap-
proximately linear in only a very limited temperature region
0.75,T/T0,1.25. At higher temperatures the curve bends
off, tending towards a saturation, while at lower temperature
the scaling curve levels off more sharply atT/T0.0.5 to a
constant value. The inflection point of the transition from a
positive to a negative curvature occurs exactly at the charac-
teristic temperatureT0.

The observation of scaling behavior for the Hall number,
using the same scaling parameter as the one derived from the
resistivity data, is quite surprising. It strongly indicates that
both properties are governed by the same characteristic en-
ergy.

In view of the scaling observations for the separate resis-
tivity and Hall effect data, a scaling behavior is expected to
appear also for the Hall angle cotuH5r/RH .B. Again, using
the same scaling parameterT0 derived from the resistivity
data, we plot in Fig. 10 the scaled cotangent of the Hall
angle, cotuH/cotuH(T0), versus the square of the reduced
temperature,~T/T0!

2, for the 15 sets of thin film data and the
reported data on oxygen-deficient8 and Co-doped9 YBCO
single crystals. As expected, all the data are mapped onto a
single curve.

Figure 10 clearly shows that the often-cited quadratic
temperature dependence of cotuH is only valid in a limited
low-temperature region@0.3<~T/T0!

2<1.5#. At a higher re-
duced temperature a good fit to the data is obtained using the
relation cotuH5a8Tp1C8 with p51.69. The latter value is

in good agreement withp51.63 reported by Hofmann
et al.47 for nearly optimum doped YBCO thin films.

B. Comparison with magnetic measurements

In order to get more insight into the meaning of the char-
acteristic temperatureT0, we will compare in this section the
electrical transport results with published data on normal-
statemagneticproperties. There exists nowadays growing
evidence for the intimate relation between magnetic and
transport properties,8,48,49which may be the clue to the un-
derstanding of HTSC.50

In the past few years, a very intensive effort has been
developed to study the spin excitations in HTSC’s using in-
elastic neutron scattering~INS!. An excellent review of the
measurements carried out in YBCO as a function of hole
doping is provided by Rossat-Mignodet al.11 While the INS
research was initially concentrated on the antiferromagnetic
state in the undoped parent compounds YBa2Cu3O6 and
La2CuO4, interesting results have more recently also been
obtained for the metallic compounds. In particular, the INS
measurements show that although the long-range AF order is
destroyed above a certain doping value~x.6.4 in YBCO!,
dynamical short-range AF correlations persist also in metal-
lic samples~x.6.4 in YBCO!. Furthermore, it was found
that in underdoped YBCO samples a so-calledspin gapor
pseudogapopens up in the spin excitation spectrum at a
temperatureTSG, well above the superconducting transition
temperatureTc , below which the spins become highly cor-
related @analog of the coherent state in the heavy fermion
metals atT,Tcoh ~Ref. 51!#.

The opening of a spin gap has also been confirmed by
NMR measurements of the Knight shiftDK and of the spin-
lattice relaxation time~T1!. The Knight shiftDK expresses
the frequency shift of the NMR signal caused by the Pauli
susceptibility xs of the free-electron band12 ~besides a

FIG. 9. Hall numbernH divided bynH(T0) vs reduced tempera-
tureT/T0 for 15 sets of thin film data together with reported data for
oxygen-deficient~Ref. 8! and Co-doped~Ref. 9! YBCO single crys-
tals.

FIG. 10. Cotangent of the Hall angle cotuH divided by
cotuH(T0) vs the square of the reduced temperature~T/T0!

2, for 15
sets of thin film data together with reported data for oxygen-
deficient~Ref. 8! and Co-doped~Ref. 9! YBCO single crystals.
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temperature-independent chemical shiftd! and is usually
temperature independent in normal metals.

Figure 11 shows the Knight shift89DK versus temperature
reported by Alloul52 for YBCO samples with varyingx. In
this caseDK is measured on the89Y nuclei, but very similar
temperature dependences are obtained at the17O and63Cu
nuclei.12,53

It can be seen in Fig. 11 that while the NMR shift is
nearlyT independent~Pauli-like! for x57, a large decrease
of u89DK u at lowT occurs even for slightly depleted samples.
This effect is associated with an anomalous reduction of the
susceptibilityxs , due to the increase of AF spin correlations
at low T in the spin system or, in other words, due to the
opening of the spin gap. The figure clearly shows that with
reducing x the decrease inu89DK u starts at systematically
higher temperatures, indicating that the spin gap temperature
TSG increases with decreasing hole doping.

It was shown before8 that these Knight shift results
closely resemble the behavior ofr/T versusT. Hence the
latter suggests that the spin gap temperatureTSG determined
by NMR Knight shift measurements may be related to the
characteristic temperatureT0 determined from transport mea-
surements.

In order to check this suggestion, we have assigned a
characteristic temperatureT0 value to the NMR data
~7<x<6.48! using theT0(x) relation presented in Fig. 8 and
replotted the Knight shift data from Alloul,52 shown in Fig.
11, versus reduced temperatureT/T0. The result of this op-
eration is shown in Fig. 12. Clearly, all the temperature-
dependent Knight shift data for the samples with different
oxygen contents collapse onto one curve.

This scaling observation shows that also for the magnetic
properties the physics does not change with decreasing hole
doping, but rather the temperature scale changes. Moreover,
the fact that this scaling behavior is obtained using thesame
characteristic temperature T0 derived from transport mea-
surements~shown in the inset of Fig. 12! strongly indicates
that transport and magnetic properties in YBCO are closely
related.

Besides the Knight shift, also the temperature dependence
of the spin-lattice relaxation rate (T1T)

21 shows specific fea-

tures which may be related to the effects seen in transport
measurements. Unlike the Knight shift, however, the tem-
perature dependence of (T1T)

21 differs for the different
probing NMR nuclei. The temperature dependences of
17O(T1T)

21 and89Y(T1T)
21 closely follow the behavior of

DK(T) shown earlier, while63Cu(T1T)
21(T) behaves quite

differently, showing a broad maximum.52–54

Unfortunately, there are too few63Cu(T1T)
21(T) relax-

ation rate data in underdoped YBCO samples, so that a com-
parison with transport data may be rather hazardous. The
results forx.6.6 reported by Takigawaet al.53 and Alloul52

show a broad maximum atT.150 K. In contrast, a sharp
maximum in 63Cu(T1T)

21(T) is always observed for the
fully oxidized samples nearTc . Although the broad maxi-
mum forx.6.6 shows up at a much lower temperature than
its expected characteristic temperature~T0.300 K!, it may
also be connected to the opening of a spin gap.55

Given the difference in the spin gap temperature derived
from DK(T), 17O(T1T)

21(T), or 89Y(T1T)
21(T), on the

one hand, and63Cu(T1T)
21(T), on the other hand—which

seem to differ by a factor of 2—some authors suggest the
possibility of a spin gap opening at different temperatures for
different locations inside the Brillouin zone.48 In our opinion,
a more extensive study of63Cu(T1T)

21(T) as a function of
x is required in order to clarify this issue.

C. Comparison with other cuprates

It is interesting to compare the present results with the
normal-state properties measured as a function of the hole
doping level in other high-Tc cuprates, in particular LSCO.
Systematic measurements of the temperature dependence of
r ~Ref. 29! andRH ~Refs. 10,56! in underdopedLSCO ~y
,0.15! samples show the same characteristic features as in
case of underdoped YBCO, i.e., an S shape ofr(T) which
becomes more pronounced for lowery values, and a satura-
tion of RH at low temperatures. This indicates that the trans-
port properties of underdoped LSCO may be described by
similar scaling functions as for YBCO.

FIG. 11. NMR Knight shift89DK vs temperatureT from 77 to
300 K for a series of YBCO samples with different oxygen contents
x, after Ref. 52.

FIG. 12. Knight shift data from Alloul~Ref. 52! for 7<x<6.48
plotted vs reduced temperatureT/T0. Inset: characteristic tem-
peratureT0 vs oxygen contentx; the small circles represent the
values for the YBCO thin films~from transport; cf. earlier! and the
larger symbols~same as in main graph! correspond to the NMR
samples~x57, 6.95, 6.85, 6.75, 6.63, 6.53, and 6.48!.
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For overdopedLSCO ~y>0.15! ceramics and thin films,
Hwanget al.10 recently reported the observation of a scaling
of RH(T). In this study, a characteristic temperatureT*
marks the crossover from a pronounced temperature depen-
dentRH at low temperatures to a temperature-independent
RH at higher temperatures. Our observation of a saturation
onset innH at high temperatures~see Fig. 9! implies that a
similar crossover in the behavior of the Hall coefficient
seems to exist in overdoped YBCO. Very recently, the latter
has indeed been demonstrated in Ca-doped SmBa2Cu3Ox
thin films by Chenet al.57 The authors obtained a very simi-
lar scaling curve as the one reported by Hwanget al.10 Both
characteristic temperaturesT0 andT* , defined from resistiv-
ity and from Hall coefficient data, respectively, show a simi-
lar decreasing behavior with increasing hole concentration in
the CuO2 planes.

Hence the comparison with several reported results in the
literature indicates that the scaling observations of the trans-
port properties, which we have presented above for under-
doped YBCO compounds, can be expanded towards other
cuprates and towards a wider doping range covering both
underdoped and overdoped regimes. This suggests that the
observed scaling behavior is an intrinsic property of the
CuO2 planes.

Also, the magnetic properties have been extensively stud-
ied in the normal state of LSCO. Johnston58 demonstrated
the existence of a scaling relation for the macroscopic mag-
netic susceptibilityx(T) in LSCO samples with different Sr
concentrations. This scaling was later confirmed by Nakano
et al.49 using NMR measurements. Moreover, these authors
additionally showed the close resemblance between the be-
havior of x(T) and that ofr(T), for Sr contents between 0
and 0.3~i.e., underdoped and overdoped regimes!.

The characteristic temperatures derived from the
magnetic49 and the Hall effect10 measurements in LSCO cor-
respond remarkably well to each other, and both increase
with decreasing Sr concentration~i.e., with decreasing hole
content!, similar to our observations for YBCO~see Fig. 8!.

Convincing correlations between transport and magnetic
measurements have also been reported for YBa2Cu4O8
~1:2:4! compounds.48,59 The 1:2:4 material60 is closely con-
nected to the YBCO 1:2:3 compound, the former having two
CuO ~chain! planes per unit cell instead of one for the latter.
It is generally believed that the 1:2:4 system is a slightly
underdoped cuprate, resulting in aTc.80 K. It may there-
fore be compared with slightly oxygen-deficient YBCO
samples.

Similarly to the above observations for YBCO 1:2:3,
Bucheret al.48 demonstrated that in the 1:2:4 compound a
temperatureTD*.160 K characterizes the downward bending
in the resistivity, an inflection point in the Hall coefficient,
and the maximum in63Cu(T1T)

21(T). Note that the value of
160 K corresponds to the characteristic temperatureT0 for a
YBCO sample withx.6.85 ~Fig. 8!, having approximately
the sameTc ~.80 K! as that of the 1:2:4 compound.

From this short overview it becomes clear that there exists
a close correlation between the electrical transport and the
magnetic properties in several HTSC compounds. The results
clearly indicate that both type of properties are governed by
the same characteristic temperature, which may be related to
the opening of a spin gap. Because of the apparent univer-

sality of the characteristic temperature, we believe that the
latter should be included in the generic phase diagram of the
HTSC’s, as shown schematically in Fig. 13.

D. Theoretical consideration of the spin gap

A quite attractive model to explain the appearance of a
spin gap and its dependence upon doping seems to be the
resonating-valence-bond~RVB! theory of Nagaosa and
Lee.61 Based on this theory, a general phase diagram for the
HTSC’s has been obtained, as schematically shown in Fig.
14.62,55It can be seen that the underdoped side of the latter is
qualitatively very similar to the experimental phase diagram
presented in Fig. 13.

In the mean-field approximation of the RVB theory, two
characteristic temperatures govern the physics. On the one
hand, TRVB , below which the spin degrees of freedom
~spinons! form a kind of Zhang-Rice singlets63 or spin po-
larons, and on the other handTB , below which the charge
degrees of freedom~holons! become paired and Bose con-
dense. According to the phase diagram presented in Fig. 14,
one can distinguish four different regimes. ForT.TRVB and
T.TB , an anomalous metallic state~‘‘strange metal’’! is ob-

FIG. 13. Schematic drawing of the HTSC phase diagram in the
plane of hole doping and temperature, including the characteristic
temperatureT0.

FIG. 14. Shematic presentation of the mean field phase diagram
for the CuO2 plane as proposed by Nagaosa and Lee~Ref. 61!.
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tained~with, e.g.,r}T!. At the underdoped side of the dia-
gram, a spin gap state develops betweenTRVB andTB . At the
overdoped side, a Fermi liquid behavior results belowTB
and aboveTRVB . Finally, forT,TRVB andT,TB , supercon-
ductivity sets in. Although in YBCO only the underdoped
regime is probed, there is a good agreement with the theo-
retically predicted and the experimentally observed behavior,
when the characteristic temperatureT0 is identified with the
temperature for singlet pairing,TRVB .

The microscopic magnetic scattering mechanism of the
charge carriers is still debated. Following the predictions of
Nagaosa and Lee,61 the charge carriers can be scattered by
the spin system in two different ways. On the one hand, they
can be scattered by chiral spin excitations, which are situated
around the origin of the dispersion law of the spin excitations
~low q! and which can be probed by the NMR Knight shift.
On the other hand, the charge carriers can also be scattered
by AF spin fluctuations~high q!, which are well probed by
the spin-lattice relaxation rate at63Cu.

The available experimental data on YBCO indicate that
the spin gap temperature of the resistivity~T0! coincides with
the onset temperature of the spin gap in the Knight shift,
while the spin gap opening in63Cu(T1T)

21 apparently oc-
curs at;T0/2. Therefore these findings strongly favor the
low-q scattering mechanism in YBCO.

E. Conductivity in a 2D quantum antiferromagnet

After having convincingly demonstrated the close relation
between electrical and magnetic properties, we will in this
final section briefly investigate the possibility to explain in a
phenomenological way the temperature dependence of the
conductivity ~i.e., the inversed resistivity!. To do this, we
will make use of two basic assumptions which we believe
are valid in case of the high-Tc cuprates.

13

~1! We assume that the charge carrier scattering is domi-
nated by magnetic spin fluctuations, so that the inelastic
lengthLf is given by the magnetic correlation lengthj.

~2! In view of the layered structure of the HTSC’s and the
pronounced anisotropy of the transport properties, we use the
quantum transport expression fors ~Ref. 13! derived for 2D
metallic systems by Gor’kov, Larkin, and Khmelnitskii:64

s.s2D} lnS Lf

l D. lnS j

l D , ~1!

with l the elastic mean free path.
In the following paragraphs we will consider some impor-

tant predictions for the behavior ofj(T). Using Eq.~1!, we
can then qualitatively compare the behavior of lnj(T) with
the experimentally observeds(T).

1. Correlation length in the undoped compounds

The behavior ofj(T) for the case of the undoped parent
compounds YBa2Cu3O6 or La2CuO4 has been theoretically
described in a paper by Chakraverty, Halperin, and Nelson65

and for weakly doped compounds by Chubukov, Sachdev,
and Ye.66 These papers are certainly the main reference
works in this area. Starting from a 2DS51/2 Heisenberg
model on a square lattice—which presents a good descrip-
tion of the undoped cuprates67—with nearest-neighbor inter-
actions only, the authors calculate the behavior of the corre-

lation lengthj as a function of temperature in the framework
of the quantum nonlinears model.65

On the basis of the obtainedj(T) behavior, they can dis-
tinguish three separate regions depending on the temperature
and the coupling constant~which is inversely proportional to
the exchange interactionJ!. In the renormalized classical
region an exponential dependence

j}expS 2prs
kBT

D ~2!

is obtained, wherers expresses the spin stiffness~}J!. The
main effect of weak doping is to decrease the bare spin
stiffness.66 Thequantum criticalregime is characterized by a
magnetic correlation lengthj, which is inversely propor-
tional to T, and in thequantum disorderedregime, j be-
comes independent ofT. The three regimes are schematically
presented in Fig. 15.

The results of the calculations by Chakraverty, Halperin,
and Nelson65 and Chubukov, Sachdev, and Ye66 are in good
agreement with results of other calculations and with the
experimentally determinedj(T) behavior for La2CuO4.

65,66

However, it remains still unclear whether the results may be
extrapolated up to optimum doped compounds, as studied in
the present work.

Sokol and Pines68 have combined the results of
Chakravertyet al. with NMR data to propose a ‘‘unified
magnetic phase diagram’’ for the cuprate superconductors. In
essence, they consider the coupling constant in Fig. 15 as the
doping level. Roughly speaking, the renomalized classical
region then corresponds to the long-range antiferromagnetic
Néel phase, the quantum critical region to the anomalous
metallic phase, and the quantum disordered region to the
spin gap phase. Although this analysis looks attractive, it
implies a spin gap temperature which increases with increas-
ing hole doping. Obviously, this is in sharp contrast with the
experimental observations.

A rather different picture emerges when we computes(T)
from j(T) using Eq.~1!. Because of the logarithmic depen-
dence ofs on j, one can see immediately that the famousT
linearity of the resistivity~or s}rs/T!, which is valid above
the characteristic temperatureT0 in YBCO, is obtained when
j depends exponentially onrs/T.

13 The latter is effectively

FIG. 15. Schematic representation of the theoretically calculated
phase diagram by Chakravertyet al. ~Ref. 65!.
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the case inside the renormalized classical regime, implying
that the high-Tc cuprates with a linear temperature depen-
dence of the resistivity~i.e., optimum and underdoped cu-
prates! are in the renormalized classical regime forT.T0 .
Hence, from Fig. 15, it follows that forT,T0 the cuprates
should remain inside this regime. Then the question naturally
arises: Which effect inj(T) causes the change ins(T) at
T5T0 , if it is not a transition to another regime in the phase
diagram?

2. Exchange interaction with a small anisotropy

A possible answer may be provided by a recent paper of
Ding.69 He shows that a 2D AF spin-1/2 Heisenberg system
undergoes a transition to anXY system when a small in-
plane anisotropy is included in the exchange interactionJ.
Ding uses this argument to explain the occurrence of long-
range magnetic ordering in a 2D system at finite tempera-
tures. The latter is experimentally observed in many systems,
including undoped cuprates, but is in contradiction with the
theoretical prediction for a pure 2D Heisenberg system.70,71

In this paper, Ding considers a 2D AF anisotropic model
of the XXZ type which describes the in-plane spin interac-
tions:

H5J(̂
i j &

@Si
xSj

x1Si
ySj

y1~12l!Si
zSj

z#. ~3!

The parameterl describes the anisotropy; the isotropic
Heisenberg system is obtained forl50, the pureXY system
for l51. Monte Carlo calculations have been carried out
using Eq.~3!, yielding results for the transverse (^SySy&) and
longitudinal (̂ SzSz&) spin correlation functions. From the
correlation functions at several temperatures, the respective
correlation lengthsjT and jL and their temperature depen-
dences have been computed. It was found that while the
longitudinal correlation length behaves much like in an iso-
tropic spin-1/2 antiferromagnet@cf. Eq. ~2!#, the behavior of
the transverse correlation length is given by the expression
for the spin-1/2XY model,

jT}expS B

~T2Tc
XY!1/2D . ~4!

HereB}J andT c
XY is the magnetic ordering temperature in

theXY system.
It may be seen from Eq.~4! that a small anisotropy in the

exchange interactionJ results in a magnetic correlation
length which no longer diverges atT50, but rather at a finite
temperatureT c

XY. This indicates that at a temperatureTcr
aboveT c

XY the spin system undergoes a crossover from the
Heisenberg behavior to theXY behavior. This crossover tem-
perature depends on the anisotropyl, according to the rela-
tion

kB~Tcr2Tc
XY!

J
}l. ~5!

The point that we want to focus on here is that a very
similar analysis might be applicable for the dynamic spin
system in the doped metallic cuprates. If we assume that
there is a small anisotropy in the exchange interactionJ, a
transition from a Heisenberg-like behavior to anXY-like be-

havior may occur atTcr , which we correlate then with the
characteristic temperatureT0. Hence the temperature depen-
dence of the magnetic correlation lengthj for T.Tcr is
given by Eq.~2! and forT,Tcr by Eq.~4!. By means of Eq.
~1!, which relatesj(T) to s(T), we expect that the resistivity
will change fromr}T to r}(T2T c

XY)1/2.
In order to check this, we plotted in Fig. 16 the scaled

resistivity curve for an YBCO thin film withx56.60 ~repre-
sentative for the universal scaling curve forT/T0<1! with a
calculation ofr(T) using Eq.~1! with j(T) given by Eq.~4!.
For this calculation we usedT c

XY50.38T0 . It can be seen
that a reasonable agreement is obtained between the calcula-
tion and the experimental curves for 0.5,T/T0,1. Below
T/T050.5, the resistivity changes its curvature, possibly in-
dicative of the onset of localization.

Because of the scaling behavior, the relationT c
XY50.38T0

should be valid for allx values. Hence, likeT0, the tempera-
tureT c

XY is a decreasing function ofx. Intuitively, this might
be understood as the consequence of a decreasing anisotropy
of J with x, which is consistent with the decreasing anisot-
ropy between the in-plane and out-of-plane directions in
YBCO ~2D towards 3D behavior!, but not consistent with
the behavior of the in-planea-b anisotropy, which increases
with decreasingx.

3. Correlation length in doped cuprates

Since the previous calculations are, strictly speaking, only
valid for the undoped and weakly doped cuprates, it is of
interest to checkj(T) calculations for relatively large levels
of doping. Such studies are, however, not abundantly present
in the literature. One particularly interesting work in this area
has been reported in the Ph.D. thesis of Reefman.72 He has
presented a Monte Carlo study of a 2D Heisenberg antifer-
romagnet as a function of doping. As in the previous para-
graph, a slightly anisotropic exchange interactionJ is
adopted. For his study Reefman considers a model of real
space pairs~RSP’s!, moving in an AF background.73 The
RSP’s are built up of singlet states which are already paired
above the critical temperatureTc ~at which the pairs Bose
condense!.74,75 The singlet states may, for instance, be

FIG. 16. Scaled resistivity curve for an oxygen-deficient YBCO
film with x56.60 ~open symbols!, together with a calculation of
r(T) using Eqs.~1! and ~4! ~line!.
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viewed as a kind of Zhang-Rice singlets,63 in which the spin
of a doped hole combines with a copper spin to form a sin-
glet, consisting of the copper atom with its four neighboring
oxygen atoms.

The results calculated for the NMR Knight shift~i.e., the
susceptibility! and spin-lattice relaxation rate (T1T)

21 are in
very good agreement with experiments as a function of hole
doping. For instance, the broad maximum in63Cu(T1T)

21 is
nicely reproduced and shifts systematically to higher tem-
peratures for lower doping levels, as observed experimen-
tally.

Besides the NMR properties, also the temperature depen-
dence of the magnetic correlation length is calculated for the
different doping levels. In order to check for a possible scal-
ing behavior, we have plotted the logarithm of the calculated
j(T) results for three different carrier densitiesn versus a
reduced inverse temperature 2Tm/T in Fig. 17~a!. Note that
this way of presenting the results enables a direct comparison
with the experimental data fors(T) through Eq.~1!. Tm

represents the temperature of the maximum in the spin-
lattice relaxation rate63Cu(T1T)

21 and is explicitly quoted
in the work of Reefman for the different carrier densities.72

We have reduced the temperature in Fig. 17~a! on purpose by
twice Tm since the available experimental data on
63Cu(T1T)

21(T) are indicative for a relationT0.2Tm ~cf.
supra!. The values of lnj are reduced by the respective val-
ues atTm ~j at 2Tm was not calculated!.

Quite astonishingly, the calculatedj(T) data also show a
clear scaling behavior. Moreover, a good qualitative agree-
ment is obtained between the scaled conductivity behavior
for the YBCO films, shown in Fig. 17~b!, and the lnj behav-
ior shown in Fig. 17~a! ~in which the extrapolation to higher
temperatures is indicated by the dashed line!. Although the
number of data points from the Monte Carlo calculations is
rather limited, it may be seen that both data sets show a
change of slope around the same reduced inverse tempera-
ture and a slight bending at higher inverse temperatures.

Hence these findings—in particular the scaling observa-
tion of the calculatedj(T) behavior—once more support the
idea that the electrical conductivity is mainly determined by
magnetic scattering in the cuprates. Furthermore, the results
may indicate the validity of the real space pairing approach
for the normal state.

4. Experimental determination ofj„T…

Finally, some remarks about the experimentally observed
j(T) behavior for doped cuprates have to be made. Neutron
scattering studies on the doped YBCO system indicate thatj
is essentially independent of temperature in a wide tempera-
ture range.11,76 On the other hand,j extracted from NMR
measurements on YBCO 1:2:4 samples59 is clearlyT depen-
dent and increases with decreasing temperature. As pointed
out by Tomenoet al.,59 a comparison between both results is
difficult due to the complicated situation to determinej from
the imaginary part of the dynamic susceptibility, as is done in
neutron scattering studies. Hence, in order to check the theo-
retical predictions forj(T) in case of doped cuprates, more
reliable experimental data are necessary.

5. Other alternatives: density-of-state peaks and singularities

The linear temperature dependences of the resistivity and
Hall number in high-Tc cuprates can be also successfully
described by assuming the existence of the narrow density of
statesg(E) in the vicinity of the Fermi levelEF .

77–79How-
ever, the microscopic origin of the narrowg(E) peak has not
been found. It is worth noting here that one of the possible
mechanisms leading to the formation of the density-of-states
peak, mentioned in Ref. 78, is an appearance of the saddle-
point singularity in the vicinity of the Fermi level. The ex-
istence of such a van Hove singularity has been recently
confirmed in high-resolution angle-resolved photoemission
experiments.80,81At this moment it is not clear yet whether
the narrow density-of-states peak model can also explain the
observed evolution of transport properties and the scaling
behavior of resistivity, Hall number, and the Knight shift.

V. CONCLUSIONS

In this paper we have presented and discussed experimen-
tal normal-state transport data on oxygen-deficient YBCO

FIG. 17. ~a! Scaled lnj/ln j(Tm) data obtained from Monte
Carlo calculations~Ref. 72! for three different carrier concentra-
tionsn vs reduced inverse temperature 2Tm/T; ~b! Scaled conduc-
tivity s/s0 vs reduced inverse temperatureT0/T for one YBCO film
and five different oxygen content values.
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films. From the resistivity curves a characteristic temperature
T0 is derived which separates the linear part at high tempera-
ture from the S-shaped part at low temperature. By scalingT
with T0 andr with r~T0!, all the thin film data collapse onto
one universal curve. In addition, resistivity data taken from
the literature for underdoped YBCO single crystals are
mapped on the universal resistivity curve as well. Using the
same characteristic temperatureT0, a scaling behavior is also
observed for the Hall effect and Hall angle data.

These results indicate that a reduction of the hole doping
level in YBCO does not affect the dominant scattering
mechanism, but rather modifies the energy scale on which
the scattering occurs. Furthermore, the universal scaling
curves clearly show that the transport properties obey the
often cited linear or quadratic temperature dependences only
within limited temperature intervals. Hence theoretical mod-
els describing the normal state of the cuprates should not
only explain these simple temperature dependences, but
rather the full scaling curves as well.

From a comparison of the transport behavior with pub-
lished data on the magnetic normal-state properties of the
cuprates, it becomes clear that both types of properties are
governed by the same physics. As the most prominent fea-
ture, we note that we have mapped published NMR Knight
shift data for oxygen-deficient YBCO onto a single curve by
scaling the temperature axis with thesame characteristic
temperature T0 derived from our transport measurements.
These findings indicate that the spin correlations, which are
believed to determine the anomalous behavior of the mag-

netic properties, are also governing the transport properties
in the cuprates. It is then most likely thatT0 is related to the
opening of a spin gap in the spin excitation spectrum, which
is observed in NMR and neutron scattering experiments.

Finally, we have examined some theoretical predictions
for the temperature dependence of the magnetic correlation
length and tried to correlate them with the behavior of the
conductivity in the YBCO films. It follows that the optimum
and underdoped YBCO results can be classified within the
renormalized classical regime. This is in agreement with un-
derdoped LSCO, which can also be classified in this regime,
according to the NMR data from Imaiet al.82 Furthermore, a
crossover from Heisenberg toXY behavior induced in the
spin dynamics by a very small anisotropy of the exchange
interaction may explain the change ins(T) @or r(T)# at the
characteristic temperatureT0. Monte Carlo calculations for
undoped and doped systems give some support for this pic-
ture.
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