
PHYSICAL REVIEW B 1 DECEMBER 1998-IIVOLUME 58, NUMBER 22
Crossover temperatures in the normal-state phase diagram of high-Tc superconductors

G. V. M. Williams and J. L. Tallon
New Zealand Institute for Industrial Research, P.O. Box 31310, Lower Hutt, New Zealand

J. W. Loram
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~Received 5 January 1998!

The widespread reference to phase diagrams for the high-Tc superconductors that involve two crossover
temperaturesTL andTU extending across the underdoped normal-state region is critically examined in the light
of NMR and heat capacity data. We conclude that, in both theq5(0,0) andq5(p,p) response, there is only
one crossover temperature, best described as the pseudogap energy scale rather than a well-defined onset
temperature. This has a strong, linearly decreasing dependence on hole concentration. The lower crossover
temperature,TL , commonly determined from63T1T, is shown to be an artefact of convoluting the pseudogap
energy scale with an intrinsic linearT dependence arising, in the nearly antiferromagnetic Fermi-liquid model,
from the characteristic spin-fluctuation frequency,vsf . We conclude that models constructed on the two-
crossover temperatures scenario need to be reexamined.@S0163-1829~98!00338-5#
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INTRODUCTION

After 10 years of unprecedented research effort in highTc
superconductors, there is still no consensus as to the pa
mechanism and the essential physics of the normal s
What is now generally recognized is that for underdop
cuprates there occurs some form of correlation aboveTc re-
ferred to as the pseudogap state that reduces the elect
entropy, magnetic susceptibility, has a marked effect
transport properties, and is clearly seen in recent an
resolved photoemission spectroscopy~ARPES! studies on
Bi2Sr2CaCu2O8.

1–8 Extensive evidence has now been p
sented that there is a gap in both spin and charge degre
freedom.9 Interpretations of the pseudogap and normal-s
properties are manifold, including short-range pairi
correlations,10 formation of real-space pairs,11 condensation
of singlet paired spinons in the spin-charge separa
strong-correlation models of Fukuyama, Lee, and th
co-workers,12,13 antiferromagnetic~AF! correlations in the
nearly antiferromagnetic Fermi-liquid~NAFL! model,14 a
charge-density wave,15 charge stripes,16 and superspin in the
SO~5! model of Zhang.17 All of these models cannot be co
rect.

Many interpretations of normal-state data aboveTc now
include two onset temperatures that we labelTL and TU
where the lower,TL , is variously attributed to the opening o
a spin gap,18 the pseudogap in the normal-state density
states,14,19 or short-range pairing correlations.10 TL has been
defined as the position of the peak in (63T1T)21 ~Refs. 20
and 21! or as the temperature at which63T1T departs from
linearity.22 In the NAFL model,TL was originally associated
with a transition from a quantum critical to a quantum d
namical regime.23 This model was motivated by the observ
tion of antiferromagnetic correlations in neutron-scatter
measurements, although the model requires a tempera
dependent antiferromagnetic correlation length, contrary
analysis of the neutron-scattering data.24 The NAFL model
has now evolved withTL , becoming the temperature a
PRB 580163-1829/98/58~22!/15053~9!/$15.00
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which the pseudogap opens.14,22 ~We note immediately tha
this is at odds with heat capacity and tunneling data t
show that the pseudogap opens at temperatures much h
thanTL .9,25 As the proposedTL is only weakly dependent on
hole concentration, the disparity increases with underdop
due to the sharply growing pseudogap energy scale.! An
antiferromagnetic-correlation pseudoscaling regime is
sumed in the intermediate temperature region whereTL,T
,TU , while the upper temperature,TU , marks the crossove
from pseudoscaling to mean-field behavior. It has recen
been shown by Coreyet al.26 and Curroet al.27 that aTL and
TU can be deduced from the deviation from linear tempe
ture dependence in 63T1T/63T2G (TL) and in
63T1T/63T2G

2 (TU) where 63T2G is the 63Cu Gaussian spin-
spin relaxation time. However, it is acknowledged that th
are problems in accurately determining63T2G . This quantity
is affected by small magnetic fields, the magnitude of
excitation pulse and interactions with neighboring17O and
89Y nuclei.27,28 The effect of interactions with unlike neigh
boring nuclei is more significant at higher temperatures a
can obscure the crossover temperatureTU from the data.29 A
crossover temperature is also inferred from transp
data,22,29 infrared data,30 Raman data31 and the ARPES
leading-edge gap energy8,32 but this is numerically inconsis
tent with theTL obtained from63T1T, having a strong hole
concentration dependence.

Clearly, the wide range of models introduced to expla
the data as well as the inconsistencies within the interpr
tion of the data are both unsatisfactory. We address th
problems in this paper and make several key points.

~i! We distinguish between anonsettemperature, such a
might be associated with a mean-field transition broade
out due to fluctuations where changes in the spectrum o
over a temperature range small in comparison withT, and an
energy scalewhere changes take place over a broad temp
ture range comparable withT and are thus determined by
single and at most, weaklyT dependent, energy scale. In th
terminology we adopt here, an energy scale may be loo
15 053 ©1998 The American Physical Society
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described as having an associatedcrossovertemperature10

but not anonsettemperature.
~ii ! There are no well-defined ‘‘kinks’’ in the normal-sta

NMR, thermodynamic, and transport data at well-defined
set temperatures,TL or TU , as is widely suggested. Caref
measurements and analysis of these properties show
smooth evolution with temperature revealing a single und
lying energy scale that can be accurately characterized.

~iii ! The subdivision of the normal-state phase diagram
two onset temperatures and the complex scenarios
structed on this assumption is not supported by a car
analysis of the NMR, heat capacity, and transport data
particular, we take issue with the inference, from 1/63T1T, of
a separate lowerTL associated with the opening of a sp
gap.

~iv! The pseudogap is present equally in both spin a
charge degrees of freedom. Moreover, the pseudoga
present equally in theq5(0,0) andq5(p,p) response as
confirmed by the Knight shift,63T1

21 and electronic entropy
Sel . Put another way, the pseudogap and the spin gap are
and the same.

~v! While the above key points are quite general and
dependent of the NAFL model, we show that they can
quantitatively accounted for within the NAFL model if th
magnitude of the peak in the dynamical spin susceptibility
q5(p,p) varies asxsj

2 wherexs is the static spin suscep
tibility and j is the antiferromagnetic correlation length,
originally proposed by Millis, Monien, and Pines.33

EXPERIMENTAL DETAILS

Phase-pure polycrystalline samples of YBa2Cu4O8 were
synthesized by standard solid-state reaction at 945 °C an
bar oxygen pressure. Y12xCaxBa2Cu3O72d samples were
synthesized by initially decomposing a stoichiometric m
ture of Y2O3, Ca~NO3!2, Ba~NO3!2, and CuO in air at 700 °C
for 1 h. This was followed by reactions in air at 900 °C for
h and 915, 930, 940, and 950 °C for 24 h. The samples w
then heated at 980 °C in O2 at 1 bar for 6 h followed by rapid
cooling to 350 °C and then at 350 °C for 48 h to achie
maximum overdoping. The samples were reground a
each sinter. The hole concentrations were varied by ann
ing in nitrogen/oxygen gas mixtures at a variety of oxyg
partial pressures and temperatures. X-ray-diffraction anal
showed that the samples were single phase and there w
evidence of the Ba4CaCu3O8 and BaCuO2 impurity phases
that are known to occur when there is partial Ca substitu
of Ba.

ac susceptibility measurements were used to determ
theTc values. The hole concentrationp was determined from
thermoelectric power34 and from the relationTc /Tc,Max51
282.6(p20.16)2.35

Variable-temperature89Y NMR measurements were pe
formed at temperatures between 120 and 370 K using a D
Super-VT Penguin probe, a Varian Unity 500 spectrome
and a 11.74 T superconducting magnet. Magic-angle s
ning MAS at a frequency of;2.5 kHz was used to remov
dipole-dipole coupling and dramatically reduce the spec
linewidth. The narrow YBa2Cu4O8

89Y NMR MAS line-
width ~;100 Hz at 293 K! coupled with long acquisition
times and accurate temperature control enabled high a
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racy in the temperature-dependent NMR shifts to be
tained. The spectra were collected using the 90-t-180 spin-
echo technique wheret was set to one rotor period and th
NMR shifts were referenced to a 1 molar aqueous solution o
YCl3.

RESULTS AND ANALYSIS

The first point we wish to make is that no onset tempe
ture is apparent in the NMR shift, transport, and thermo
namic data, i.e., there is no temperature, or narrow rang
temperatures, in which the character of the spectrum sig
cantly alters resulting in the ‘‘kinks’’ widely claimed to b
present in these properties. This is apparent in Fig. 1~a!
where we plot high-precision variable-temperature MAS89Y
NMR shift data from a YBa2Cu4O8 sample. The NMR shift
is proportional to the static spin susceptibility and can
expressed as33

K5

(
j

Aj

gnge\
2 xs1s, ~1!

whereAj are the hyperfine coupling constants~negative for
89Y), gn is the nuclear gyromagnetic ratio,ge is the electron
gyromagnetic ratio,xs is the static spin susceptibility ands
is the temperature-independent chemical shift. The first te
is the Knight shift,Ks . The low noise in the89Y NMR shift
data is evident in Fig. 1~b! where we plot the temperatur
derivative of the89Y NMR shift. From Eq.~1! it is apparent
that d89K/dT is directly proportional todxs /dT. This
progresses smoothly and asymptotically towards zero at h
temperature. The derivative is very sensitive to kinks in
original data and nowhere does the derivative fall sudde
so as to signal an onset or transition. No features can

FIG. 1. ~a! Plot of the MAS89Y NMR shift from a YBa2Cu4O8

sample~1!. The solid curve is a fit to the data using the mod
described in the text.~b! Plot of the derivative of the NMR shift
data ~solid circles! and the solid curve in~a!. Also shown by the
dotted curve is]ra /]T as a function of temperature from resistivit
measurements on a YBa2Cu4O8 single crystal wherera is the elec-
trical resistivity in thea direction ~Ref. 36!.
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observed near 160 K~Ref. 20! or 215 K ~Ref. 27! where
crossover temperatures have previously been deduced
YBa2Cu4O8. Similarly, the normal-state thermodynam
functions gel5Cel /T and Sel /T where Sel is the electronic
entropy have a smooth broad temperature evolution, fre
any apparent onsets indicated by an accelerated chang
slope. The absence of any apparent onset temperatures a
Tc in the heat capacity is evident in Fig. 2 where we plotgel
for underdoped to slightly overdoped YBa2Cu3O72d
samples.9

The absence of a well-defined crossover temperature
also been noted by Husseyet al.36 from resistivity measure-
ments on high-quality YBa2Cu4O8 single crystals. We plot
the derivative of their data,dra /dT, in Fig. 1~b! where the
smooth temperature evolution over the entire tempera
range is again apparent. The result is remarkably simila
the derivative of the89Y Knight shift. WhereTL values have
previously been determined from resistivity data, it has b
done so by a linear extrapolation of the high-temperat
data and definingTL as the temperature at which significa
deviation from linearity is observed. Such a method ‘‘
eye’’ is deceptive because the data convolutes a linear t
perature term with another that has the characteri
pseudogap temperature dependence giving the appearan
a sudden downturn that simply is not there as shown by
dra /dT data. Specifically, the resistivity may be written,r
5r01g(T)bT whereg(T) is function between 0 and 1 tha
accounts for the normal-state pseudogap,r0 is the residual
resistivity, andb is the high-temperature expansion line
temperature coefficient.

Although many different constructions have been plac
on the supposed onset temperatures they all incorporate
idea of a change in the character of the electronic and/or
spectrum occurring at or around some temperature as, e.
a mean-field transition that is broadened out due to fluc
tions. The data in Figs. 1 and 2 forces us to conclude thatthe
normal-state spectrum is characterized by an energy sc
and not a temperature scale. The clear distinction is that, fo
the former, all derivatives change smoothly with temperat
with peaks in higher derivatives progressing to lower te
perature. In contrast, a temperature scale as for the ons

FIG. 2. ~a! Plot of the normalizedgel against temperature fo
YBa2Cu3O72d samples withd values shown~Ref. 37!. Note that
optimal doping corresponds tod;0.1.
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an order parameter shows pronounced features in all de
tives occurring around the same critical temperatures,TL or
TU . The specific heat is particularly valuable in establishi
the nonexistence of onset temperatures since it reflects
energy dependence of both the spin and charge excitat
over all values ofq. It is very sensitive to abrupt changes
evidenced by the large jump ingel at Tc , seen in Fig. 2, due
to the onset of superconductivity. We stress the absenc
anomalies ingel at expected values ofTL or TU for a wide
range of underdoped cuprates@YBa2Cu3O72d, YBa2Cu4O8,
La22xSrxCuO4, Tl0.5Pb0.521212, and Tl2Ba2Ca2Cu3O10
~Ref. 37!# indicating thatthere are no obvious onset tem
peratures in either the charge or spin spectrum.

Having shown above that there are no onset temperat
in the resistivity, theq5(0,0) response of the NMR shift
and the summed response for allq in gel , we turn to the
63Cu spin-lattice relaxation data from which aTL has been
deduced. As noted above, thisTL is generally associated with
the opening of a spin gap21 and is given by the position o
the peak observed in (63T1T)21 or the temperature at which
63T1T departs from linearity, as can be seen in Fig. 3~a!
where we plot the63T1T data of Curroet al. ~filled circles!
~Ref. 27! and Coreyet al. ~open circles! ~Ref. 26! against
temperature for YBa2Cu4O8. However, we show in Fig. 3~b!
where 63T1

21 ~circles! and 89K ~solid curve! are plotted
against temperature, that63T1

21 is directly proportional to
89K with 89s5200 ppm. This means that63T1

21 has the
same single underlying energy scale that89Ks has and the
appearance of an onset temperature,TL originates from the
division of 63T1

21 by T. This is apparent in Fig. 3~a! where
we plot 63T1T89Ks(T)/89Ks(`) ~crosses! where 89Ks(T) is
the 89Y Knight shift and 89Ks(`) is the high-temperature

FIG. 3. ~a! Plot of 63T1T against temperature~open and solid
circles! and 63T1T89Ks(T)/89Ks(`) against temperature~1! for a
YBa2Cu4O8 sample where89Ks(T) was obtained from the best fit to
the data in Fig. 1~a!. The 63T1T data is from Curroet al. ~s! ~Ref.
27! and Coreyet al. ~d! ~Ref. 26!. The solid vertical line indicates
Tc . ~b! Plot of (63T1)21 against temperature using the data plott
in ~a!. Also included is the89Y NMR data~solid curve! and best fit
curve~dotted curve! from Fig. 1~a!. The solid vertical line indicates
Tc .
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89Y Knight shift. We use our high precision89Ks data ex-
tended to higher temperatures using the model descr
later @solid curve in Fig. 1~a!#. The result is exceptionally
linear over the entire temperature range having no featur
a TL of 160 K ~Ref. 20! or 215 K.27 It should be noted tha
this observation is substantially model-independent based
it is, on our experimental Knight-shift data between 130 a
370 K. The model only effects the extremities in Fig. 3~a!.

In this regard, a key observation by Takigawaet al.38 has
largely been ignored. They showed that the ratio17T1 /63T1
is quite featureless at theTL observed in (63T1T)21. These
authors noted ‘‘this suggests a possibility that the peak
(63T1T)21 is a combined effect of theT dependence ofxspin
and the development of AF correlations and may not req
a spin gap opening around 150 K.’’ The same result w
obtained by Tomenoet al.20 in the case of YBa2Cu4O8. It is
a consequence of63T1

21 and (17T1T)21 having the same
temperature dependence as17K as shown in Fig. 4~a! where
we plot the 63T1

21, (17T1T)21, and 17K data of Takigawa
et al. for YBa2Cu3O6.63.

38 Furthermore, we show by the soli
curve that17K, aboveTc , can be well described by thexs
scaling curve discussed later.

To understand the importance of these observations,
note that in a single-spin component picture (T1T)21 can be
written quite generally as23

~T1T!215
kB

2mB
2\2 (

q
uA~q!u2

x9~q,v!

v
, ~2!

where uA(q)u is the form factor expressed asA(q)
5( jAj exp(iq•r j ), Aj are hyperfine coupling constants,mB
is the Bohr magneton, andx9(q,v) is the imaginary part of
the dynamic spin susceptibility. For a metal, it can be sho

FIG. 4. ~a! Plot of (17T1T)21 ~1! against temperature fo
YBa2Cu3O6.63 ~Ref. 38!. Also included is (63T1)21 ~s! ~Ref. 38!
and 17Ks ~n! ~Ref. 38! for the same sample and scaled so
to coincide with the (17T1T)21 data. ~b! Plot of (1/17T1T)*
5(d/dT) (17T1

21) against temperature for YBa2Cu3O6.63 ~n! and
YBa2Cu3O7 ~s! using the data of Takagawaet al. ~Ref. 38!. The
solid curves are fits to the data using the model described in
text.
ed

at

as
d

n
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that Eq.~2! reduces to the Korringa relation, (T1T)21}Ks
2.

However it is apparent in Fig. 4~a! that the Korringa relation
is not satisfied since (17T1T)21}17Ks and (63T1T)21

}17Ks /T implying a q-dependent dynamic susceptibilit
consistent with the antiferromagnetic spin correlations
served in neutron-scattering measurements. The Mila-R
Hamiltonian39 can be used to determine theq dependence of
the form factor in Eq.~2! leading to (63T1T)21 being
strongly weighted byx9(q,v) near the antiferromagneti
wave vector,q5(p,p) and (17T1T)21 strongly weighted by
q near q5(0,0).33 Thus the observation that (17T1T)21

}17Ks and (63T1T)21}17Ks /T implies that the normal-state
pseudogap exists in the entire spin spectrum and not just
q5(0,0). This conclusion is consistent with the analysis
Sel and xsT by Loram et al.9 who showed thatxsT/Sel is
close to the Wilson ratio,aw , for weakly interacting Fermi-
ons and that the normal-state pseudogap exists equally in
charge and spin degrees of freedom. It is important to e
phasize, therefore, thatthe pseudogap is not a spin gap onl.

The experimentally observed correspondence betweenSel
and awxsT over a wide range of temperatures for seve
cuprate systems provides convincing evidence that the m
nitude andT dependence ofxs is dominated by the~energy-
dependent! single-particle density of states. In this circum
stance bothxsT and Sel directly count the number o
quasiparticle states within the Fermi window. Because of t
there is a similar correspondence betweengel5]Sel /]T and
x* 5(d/dT)(xsT), viz. g5awx* . Moreover, because
(17T1T)21}xs , then a similar correspondence should ex
betweengel and (1/17T1T)* 5(d/dT)(17T1

21). This is ex-
ploited in Fig. 4~b! that shows the temperature dependen
of (1/17T1T)* for two different doping states o
YBa2Cu3O72d, one withd;0 where there is no pseudoga
and the other withd;0.37 and a large pseudogap energy.
strong resemblance is seen to the data forgel plotted in Fig.
2 that will be discussed later, including the broad enhan
ment aboveTc in the underdoped sample and the drama
suppression of the jump occurring atTc when the pseudogap
appears. The solid curves are calculated using the model
cussed later.~We have intentionally left the issue of mode
ling to the end of this paper because we wish to empha
that the foregoing analysis and conclusions are essenti
model independent.!

We have shown above that there are no onset temp
tures in the normal-state NMR, transport, and thermo
namic data consistent with our previous analysis show
that the data are much better described by an energy s
This is apparent in Fig. 5 where we show the normalized89Y
NMR shift, 89Kn(T) for a wide range of doping states for~a!
Y0.9Ca0.1Ba2Cu3O72d and ~b! Y0.8Ca0.2Ba2Cu3O72d plotted
against a scaling parameterz52kBT/Eg where Eg is the
pseudogap energy.89Kn(T) was determined from89Kn(T)
5@89K(T)289K(0)#/@89K(`)289K(0)# where 89K(`) is
89K(T) at high temperatures and89K(0) is 89K(T) at T
50 K. It can be seen that, in spite of the wide range
doping, the data closely follow the scaling curve to be d
scribed later and in general terms it is evident that there is
underlying energy scale without the appearance of on
temperatures. This is more apparent in the superconduc
phase diagram for Y12xCaxBa2Cu3O72d ~Ref. 40! plotted in

s

e
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Fig. 6 where we show thep dependence ofTc ~solid curve!
and the energy scale,Eg ~open symbols!, obtained from the
scaling operation that generated the data in Fig. 5. Also
cluded isEg determined from heat capacity measurements
Y0.8Ca0.2Ba2Cu3O72d. It can be seen that there is a cle
correspondence betweenEg from xs that measures theq
5(0,0) response and fromSel that averages over all value
of q, further affirming that the normal-state pseudogap ex
in both the spin and charge degrees of freedom and acros
q. Moreover,Eg is seen to grow with underdoping toward
the magnitude ofJ;1200 K, far too high for the pseudoga

FIG. 5. ~a! Plot of the scaled89Y NMR shift, 89Kn(T), against
scaling parameter,z52kBT/Eg , for Y0.8Ca0.2Ba2Cu3O72d with Tc

andp values of 86 K,p50.173~s! 83.2 K, p50.136~h! 65.8 K,
p50.105~n! and 47.5 K,p50.086~,!. ~b! Plot of the scaled89Y
NMR shift, 89Kn(T), against scaling parameter,z52kBT/Eg , for
Y0.9Ca0.1Ba2Cu3O72d with Tc and hole concentration,p, values of
84.9 K, p50.135 ~s!, 65 K, p50.099 ~h!, 57 K, p50.082 ~n!
and ,4 K, p50.053 ~,!. The solid curves in~a! and ~b! are the
scaling curve described in the text.

FIG. 6. Plot of the hole concentration dependence ofTc ~solid
curve!, Eg determined from the scaling of the89Y NMR data for
Y0.9Ca0.1Ba2Cu3O72d ~n!, Y0.8Ca0.2Ba2Cu3O72d ~s!, and
YBa2Cu4O8 ~h! andEg determined from the heat capacity data f
Y0.8Ca0.2Ba2Cu3O72d ~d! ~Ref. 40!.
-
n

ts
all

to be associated with short-range Cooper pair correlatio
Evidently, it is TU that is to be identified with the energ
scale ofEg . As the supposed lowerTL is considered to have
but a weakp dependence then, for each different hole co
centration represented in Figs. 5~a! and 5~b!, TL would cor-
respond to a different value ofz52kBTL /Eg . The fact that
the data for all hole concentrations lie on the same unive
curve means that it is free of any anomalies that might
associated with aTL .

In the NAFL model the depression in the Knight shift fo
TL,T,TU is attributed to growing antiferromagnetic corr
lations and for T,TL there is an abrupt opening of
pseudogap that is temperature independent belowTL .14 We
have seen that~i! TL has no basis in the (63T1T)21 data,~ii !
TU can only be considered as an energy scale, and~iii ! that
xs is not reduced due to the freezing out of spin degrees
freedom only but due to freezing out or loss of spect
weight in the total spin and charge system. The correlati
giving rise to the pseudogap cannot therefore just be ant
romagnetic spin fluctuations. However, none of the featu
listed above are essential components of the NAFL mode
originally proposed. We consider this model in more det
below.

In the NAFL model,63T1T is proportional to the charac
teristic spin-fluctuation frequencyvsf , where the departure
of vsf from linearity is assumed to originate from the ope
ing of the pseudogap. We show below that63T1T can be
modeled within the NAFL model by a linear temperatu
dependence invsf that remains linear in spite of the openin
of the pseudogap. Millis, Monien, and Pines33 have devel-
oped a phenomenological dynamical spin susceptibility t
is expressed by Pines19 in the NAFL model as

x~q,v!5
bj2

@11~Q2q!2j22 iv/vsf#
1

xs~T!

12 iv/G0
, ~3!

wherej is the antiferromagnetic correlation length ratioed
the in-plane lattice parameter,vsf is the paramagnon fre
quency,xs(T) is the temperature-dependent static spin s
ceptibility, andG0 is the temperature-independent effecti
bandwidth. The first term accounts for the strong antifer
magnetic correlations aboutQ5(p,p) while the second
term is the Fermi-liquid term. However, this phenomenolo
cal dynamical spin susceptibility with a temperatur
independentb seems to imply the existence of a gap ne
q5(0,0) and none nearq5(p,p). This is inconsistent with
the scaling ofxs andSel /T mentioned earlier which clearly
shows that the pseudogap is in both the spin and cha
degrees of freedom.9 Furthermore, inserting Eq.~3! into Eq.
~2! will not lead to the experimental observation th
(17T1T)21}xs and (63T1T)21}xs /T as evidenced by Figs
3 and 4. However, this can easily be rectified by writingb
5a0xs(T) as originally proposed by Millis, Monien, an
Pines wherea0 is a constant.

Inserting Eq.~3! into Eq. ~2!, using the Mila-Rice Hamil-
tonian andb5a0xs(T) leads to (63T1T)5a1vsf /xs(T) and
(17T1T)5a2G0 /xs(T) in the limit of j@1 wherea1 anda2
are constants. Thus (17T1T)xs(T)5a2G0 and (63T1T)xs
5a1vsf . Consequently, all the features of Figs. 3 and 4
recovered and, in particular, it can be seen in Fig. 3~crosses!
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that vsf(563T1Txs) is precisely linear in temperature an
lacking any feature that might indicate the appearance
TL or TU in the normal state.

Crossover or onset temperatures have also been ded
from the 63Cu Gaussian spin-spin relaxation time63T2G
within the NAFL model with a temperature-independentb.27

This was interpreted as arising from the relationvsfj
5constant in a pseudoscaling temperature region,TL,T
,TU and vsfj

25const in a mean-field temperature regio
T.TU , whereTL'200 K andTU'500 K. WhenT,TL , it
is assumed thatvsf increases with decreasing temperatu
due to the opening of the pseudogap. However, the inclu
of b5a0xs(T) to account for the experimental data in Fig
3 and 4 leads to anvsf that is linearly dependent on temper
ture without any evidence of an onset temperature near
K. We show below that the apparent onset temperatures
due to the temperature dependence ofj21.

We start with an expression that has been derived
63T2G ,23

63T2G
225S 0.69

128D
0.5

~63gn!2F 1

N (
q

u63Aeff~q!u4x8~q,0!2

2S 1

N (
q

u63Aeff~q,v!u2x8~q,0! D 2G , ~4!

where 63Aeff(q) is the effective63Cu form factor and63gn is
the 63Cu nuclear gyromagnetic ratio. Using the Mila-Ric
Hamiltonian, Eq.~3!, and the limitj@1, it can be shown tha
63T2G

215a3xs(T)j. Thus,

63T1T
63T2G

5a1a3vsfj ~5!

and

63T1T
63T2G

2 5a1a3
2xs~T!vsfj

2. ~6!

It has been observed experimentally that63T1T/63T2G is ap-
proximately constant for 200 K&T&500 K and63T1T/63T2G

2

is approximately constant forT.500 K, leading to the
pseudogap, pseudoscaling, and mean-field temperatur
gions discussed above.26,27 However, whenb5a0xs(T),
then

j215a3xs~T!63T2G . ~7!

In Fig. 7 we showj21 plotted against temperature whe
xs(T) in Eq. ~7! is obtained from the scaling curve in Fig.
and 63T2G was obtained from the data of Curroet al.27 It can
be seen thatj21 decreases monotonically with decreasi
temperature but unlikevsf(563T1Txs) plotted in Fig. 3~a! it
is not linearly dependent on temperature over the en
range. In Fig. 8 we show~a! vsfj and ~b! vsfj

2 plotted
against temperature usingvsf(T) plotted in Fig. 3~a! and
j21(T) plotted in Fig. 7.If it is to be argued thatvsfj is
approximately constant for 150 K&T&500 K andvsfj is ap-
proximately constant forT*500 K ~although the solid
curves as guides to the eye, would suggest this is over in
preting the data!, then it is apparent from Figs. 7 and 3~a!
that this ‘‘scaling’’ arises solely from the temperature depe
a

ced

,

n
.

00
re

r

re-

e

r-

-

dence ofj21(T) where j21(T) is approximately propor-
tional to T in the intermediate temperature region and a
proximately proportional toAT in the high-temperature
region.

We now turn to modeling the temperature dependence
the NMR shift and thermodynamic data. We have previou
shown that the NMR Knight-shift data can be modeled b
temperature-independent normal-state gap withd-wave-like
symmetry and without the inclusion of ons
temperatures.5,41,42 We used the model of Loramet al.1

where the quasiparticle energy is written asE(k)5@«(k)2

1D(k)2#1/2 with D(k)2 being D(k)25D8(k)21Eg(k)2

where D8(k) is the superconducting order parameter~zero
aboveTc) andEg(k) is the normal-state pseudogap energ
This model has proved successful in accounting for the
crease in condensate energy40 with increased underdoping
thep dependence of the jump in the heat capacity atTc ~Ref.

FIG. 7. Plot of the YBa2Cu4O8 inverse antiferromagnetic corre
lation lengthj21 against temperature as obtained fromxs(T) and
63T2G using Eq.~7! wherej21 is normalized to the value at th
highest temperature. Thexs(T) data were obtained from the best fi
to the data in Fig. 1~a! and the 63T2G data are from Curroet al.
~Ref. 27!.

FIG. 8. Plot of~a! vsfj and ~b! vsfj
2 against temperature from

the plots in Figs. 3~a! and 7. The data were scaled to the hig
temperature value. The lines are guides to the eye.
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1! and thep dependence of theTc suppression by Ni or Zn
impurities.43,44While this model adopts a specific dispersio
its success lies in the fact that it generally reflects the imp
on superconducting properties of lost spectral weight du
the presence of the pseudogap. We proceed with this m
here in this spirit and do not wish to suggest that our
proach is limited to a particular dispersion. Almost indentic
results are obtained for a nonstates conserving triangular
in the density of states~DOS! and are therefore not critically
dependent on the specific model. The key benefits that
derive from this modeling is that it provides a basis for u
derstanding the scaling behavior to which we have refer
and a means to extrapolate the observed behavior inxs to
high or low temperatures for comparison with 1/T1T data.

As shown in Eq.~1!, 89Ks is proportional toxs and we
have previously modeledxs using the Pauli spin susceptibi
ity,

xs5mB
2E

2`

`

N~E!S 2
] f

]EDdE, ~8!

whereN(E) is the density of states andf (E) is the Fermi
function. Similarly, the electronic entropy may be express
as

Sel52kBE
2`

`

N~E!$ f ~E!ln@F~E!#

1@12 f ~E!# ln@12 f ~E!#%dE. ~9!

As noted above, this procedure is justified by the obser
correspondence betweenSel and awxsT that emerges from
Eqs. ~8! and ~9! because the specific Fermi windows a
almost identical. Using these relations, the NMR, susce
bility, and thermodynamic data have been successfully m
eled using ad-wave superconducting order parameter e
pressed asD8(k)5D8 cos(2f) and ad-wave-like normal-
state pseudogap expressed asEg(k)5Egucos(2f)u ~Ref. 40!
consistent with recent ARPES data. The two-dimensio
density of states was obtained from the quasiparticle ene
dispersion,E(k)5@«(k)21Eg(k)21D8(k)2#1/2 with «(k)
5\2k2/2m* wherem* is the effective mass. This form fo
«~k!, leading to a cylindrical Fermi surface, is used beca
it conveniently leads toN(E) being simply expressed in
terms of an elliptic integral. We note that ARPES measu
ments on optimally doped and overdoped samples whereEg
is small indicate that the Fermi surface is not cylindrical a
some studies also indicate a shadow Fermi surface.45 Various
energy dispersions have been derived from thek dependence
of the Fermi surface.19,46 The situation is complicated b
recent ARPES measurements on underdo
Bi2Sr2CaCu2O82d that indicate the absence of quasipartic
peaks in the ARPES spectra aboveTc and neark5(6p,0)
andk5(0,6p), the very regions ink space whereEg is at a
maximum.47 Interpretations of this behavior include colle
tive excitations leading to a significant reduction in quasip
ticle lifetimes with the possibility of a non-Fermi liquid in
this region,48 or strong interactions with collective excita
tions that lead to a decrease in spectral weight at the qu
particle peak in the ARPES spectra.47 We note that the
model of Loramet al.1 is still valid near Tc because the
,
ct
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states near the zone boundary contribute little to the ther
dynamic, magnetic, or transport properties owing to the m
nitude ofEg .

Given the various interpretations of the ARPES data a
the different dispersion relations used, we retain«(k)
5\2k2/2m* . We note that when the Fermi energy,EF , is
sufficiently removed from half filling this form of the energ
dispersion is a good approximation. It is also possible
account for the absence of quasiparticle peaks neark5
(6p,0) and k5(0,6p), by not including these states i
calculating the density of states while using a tight-bindi
energy dispersion with the Fermi level lying near the sad
point. This can lead to a flat density of states near the Fe
level. The important point, as seen in the low-temperat
thermodynamic data and the NMR data plotted in Fig. 4
that, for the underdoped Y12xCaxBa2Cu3O72d compounds,
N(E) is linear nearEF and N(E) is such that at high tem
peraturesxs is constant. We account for the Fermi-surfa
evolution observed in a recent ARPES study49 by setting
Eg(k)5Eg@ ucos(2f)u2F(z)#/@12F(z)# where F(z)51
2tanhN(z) andz5Eg/2kBT. This functional form forEg al-
lows Eg(k) to equalEgucos(2f)u at low temperatures and fo
the Fermi surface to be completely recovered at high te
peratures, as observed. It directly leads to a filling in of
pseudogap density of states. We show in Figs. 1~a!, 4, and 5
that the resultantxs scaling curve can very satisfactorily de
scribe the data~solid curves! with N54. This Fermi-surface
evolution model also accounts for the decrease in the spe
heat jump for hole concentrations less than optimal dop
(d*0.1) seen in Fig. 2.gel(5]Sel /]T) was calculated from
the free-electron entropy density, using Eq.~9!. The tempera-
ture dependence of the superconducting order paramet
the presence of the normal-state pseudogap was determ
using the BCS equation in a manner similar to that descri
previously.41 The resultant calculated values ofgel(T) are
shown in Fig. 9~a! where the arrow indicates decreasingEg
~increasing hole concentration!. This model accounts for the
general trends in the overallT dependence ofgel as well as
the decrease in condensate energy and superfluid dens
low temperatures with increasingEg ~decreasing hole con
centration!.

As noted above, ARPES studies have confirmed the e
tence of the pseudogap and the anisotropy of the norm
state gap. Analysis of the leading edge of the ARPES spe
for underdoped Bi2Sr2CaCu2O8 shows a gap that appears
smoothly evolve from the superconducting gap at lowT fall-
ing linearly to zero magnitude at some higher temperatu
let us say,T* , well aboveTc.

8,49,50 This has been taken a
confirmation that the pseudogap corresponds to short-ra
pairing correlations that set in at a mean-field temperat
T* , without developing long-range phase coherence until
lower temperature,Tc . However, there is no satisfactor
model for the spectral line shape and the leading-edge an
sis is oversimplified. This is highlighted by the fact that t
concluded behavior is inconsistent with the thermodynam
of the problem. The second-order transition atTc requires a
positive discontinuity in the slopedD/dT at Tc , leading to
the observed discontinuity ingel , which is not present in the
gap data inferred from the ARPES results. Figure 9~b!
shows the calculatedT dependence ofgel using Eg
5Eg0(12T/T* ) and ad-wave order parameter belowTc . It
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can be seen that a linearly dependentD(T) aboveTc leads to
a strongT dependence ofgel not present in the data, and th
fall to zero ofD(T) at T5T* leads to a discontinuity ingel
at T* also not present in the data. This calculated behavio
illustrated in detail by the enlargement shown in the inser
Fig. 9~b!. Such behavior is not evident in the experimen
data of Fig. 2. Again, these considerations are largely in
pendent of the specific model adopted. We may add
detailed NMR and heat capacity studies show the pseudo
and superconductivity to be independent and competing
low temperatures,42 an observation strongly confirmed by th
absence of an isotope effect in the pseudogap energy an
concurrent presence of a superconducting isotope effe51

Finally, we recall thatEg progresses with underdoping to

FIG. 9. ~a! The temperature dependence of the normalizedgel

expected from the Fermi surface evolution model described in
text. The arrow indicates decreasingEg ~increasing hole concentra
tion!. ~b! Plot of gel(T) expected from the model described in th
text and anEg that is linearly dependent on temperature. The arr
indicates decreasingEg ~increasing hole concentration!. Insert: Ex-
panded plot of~b!.
J.
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magnitude of the order ofJ@D0 . In light of these observa-
tions it is difficult to sustain the view that the pseudogap
some form of precursor superconductivity setting in at
mean-field transition temperature lying well aboveTc .

Finally, we distinguish betweenTU;Eg /kB and the tem-
peratureTp , at which a maximum inxs occurs. In our model
we assume a flat underlying DOS. In fact there is stro
evidence that a sharp van-Hove-singularity-like peak in
DOS crosses the Fermi level in the heavily overdoped reg
near the superconductor/metal transition.52–54 This quite
naturally leads to a broad maximum inxs with a very high
value ofTp in the underdoped region that progresses to l
temperature and sharpens in the overdoped region. As s
Tp , also does not represent a crossover or onset tempera

CONCLUSION

In conclusion, we find no evidence for well-defined ons
temperatures,TL andTU , in NMR Knight-shift, heat capac-
ity, or resistivity data. TheTL observed in NMR 1/63T1T
measurements is an artefact of the convolution of theT
Curie term with the typical pseudogap temperature dep
dence of 1/63T1}xs and is illustrated by the fact that63T1T
multiplied by the NMR Knight shift is perfectly linear an
featureless atTL . The absence of aTL andTU in the NMR
Knight-shift, heat capacity, or resistivity data can be a
counted for in the NAFL model by including a dynamic sp
susceptibility that is directly proportional toxs(T) as origi-
nally proposed by Millis, Monien, and Pines. These obser
tions require a reappraisal of some of the current comp
models for the high-temperature superconducting phase
gram that invoke several crossover temperatures.
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