PHYSICAL REVIEW B VOLUME 58, NUMBER 22 1 DECEMBER 1998-II

Crossover temperatures in the normal-state phase diagram of higi-. superconductors
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The widespread reference to phase diagrams for the highuperconductors that involve two crossover
temperature3, andT extending across the underdoped normal-state region is critically examined in the light
of NMR and heat capacity data. We conclude that, in bothgth€0,0) andq= (7, 7) 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
temperatureT, , commonly determined frori®T; T, is shown to be an artefact of convoluting the pseudogap
energy scale with an intrinsic linedrdependence arising, in the nearly antiferromagnetic Fermi-liquid model,
from the characteristic spin-fluctuation frequenay;. We conclude that models constructed on the two-
crossover temperatures scenario need to be reexaniB@t63-1828)00338-5

INTRODUCTION which the pseudogap opetfs?? (We note immediately that
this is at odds with heat capacity and tunneling data that
After 10 years of unprecedented research effort in Aigh- show that the pseudogap opens at temperatures much higher
superconductors, there is still no consensus as to the pairirthanT, .925 As the proposed, is only weakly dependent on
mechanism and the essential physics of the normal statbole concentration, the disparity increases with underdoping
What is now generally recognized is that for underdopeddue to the sharply growing pseudogap energy scaie.
cuprates there occurs some form of correlation abfvee-  antiferromagnetic-correlation pseudoscaling regime is as-
ferred to as the pseudogap state that reduces the electrorsigmed in the intermediate temperature region wiigre T
entropy, magnetic susceptibility, has a marked effect on<Ty, while the upper temperatur&, , marks the crossover
transport properties, and is clearly seen in recent angldrom pseudoscaling to mean-field behavior. It has recently
resolved photoemission spectroscofyRPES studies on  been shown by Coregt al?® and Currcet al?’ that aT, and
Bi,Sr,CaCuyOg. 18 Extensive evidence has now been pre-Ty can be deduced from the deviation from linear tempera-
sented that there is a gap in both spin and charge degreestofe  dependence in ®T,;T/%T,5 (T,) and in
freedom? Interpretations of the pseudogap and normal-staté®T, T/%3T5, (T) where %3T, is the ®3Cu Gaussian spin-
properties are manifold, including short-range pairingspin relaxation time. However, it is acknowledged that there
correlations,’ formation of real-space paifs,condensation are problems in accurately determinifif ,g . This quantity
of singlet paired spinons in the spin-charge separations affected by small magnetic fields, the magnitude of the
strong-correlation models of Fukuyama, Lee, and theifexcitation pulse and interactions with neighboril@® and
co-workers:>** antiferromagnetic(AF) correlations in the 8y nuclei?’2 The effect of interactions with unlike neigh-
nearly antiferromagnetic Fermi-liquidNAFL) model’* a  boring nuclei is more significant at higher temperatures and
charge-density wav€, charge stripes? and superspin in the can obscure the crossover temperafligerom the datg® A
SQ(5) model of Zhangd?’ All of these models cannot be cor- crossover temperature is also inferred from transport
rect. data???® infrared datg’ Raman datd and the ARPES
Many interpretations of normal-state data abdvenow  leading-edge gap enefyyf but this is numerically inconsis-
include two onset temperatures that we lagl and Ty tent with theT, obtained from®3T, T, having a strong hole
where the lowerT , is variously attributed to the opening of concentration dependence.
a spin gap? the pseudogap in the normal-state density of Clearly, the wide range of models introduced to explain
states;**° or short-range pairing correlatioh$T_ has been the data as well as the inconsistencies within the interpreta-
defined as the position of the peak i#*T;T) ! (Refs. 20 tion of the data are both unsatisfactory. We address these
and 21 or as the temperature at whiéiT,T departs from problems in this paper and make several key points.
linearity 2% In the NAFL model,T, was originally associated (i) We distinguish between amnsettemperature, such as
with a transition from a quantum critical to a quantum dy- might be associated with a mean-field transition broadened
namical regimé? This model was motivated by the observa- out due to fluctuations where changes in the spectrum occur
tion of antiferromagnetic correlations in neutron-scatteringover a temperature range small in comparison Witand an
measurements, although the model requires a temperaturenergy scalavhere changes take place over a broad tempera-
dependent antiferromagnetic correlation length, contrary teure range comparable with and are thus determined by a
analysis of the neutron-scattering d&talhe NAFL model single and at most, weakly dependent, energy scale. In the
has now evolved withT_, becoming the temperature at terminology we adopt here, an energy scale may be loosely
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described as having an associatdssovertemperaturé’
but not anonsettemperature.

(ii) There are no well-defined “kinks” in the normal-state
NMR, thermodynamic, and transport data at well-defined on-
set temperatured,, or Ty, as is widely suggested. Careful
measurements and analysis of these properties shows a
smooth evolution with temperature revealing a single under-
lying energy scale that can be accurately characterized.

(iii ) The subdivision of the normal-state phase diagram by
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two onset temperatures and the complex scenarios con- 5

structed on this assumption is not supported by a careful 0.8 —

. . T

analysis of the NMR, heat capacity, and transport data. In Ry O

particular, we take issue with the inference, froffI{T, of 041 ;

a separate loweT, associated with the opening of a spin 0.0 H08 o+
gap. L . . .

(iv) The pseudogap is present equally in both spin and 100 200 300 400
charge degrees of freedom. Moreover, the pseudogap is Temperature (K)

present equally in thg=(0,0) andq= (s, ) response as
confirmed by the Knight shift®*T; ! and electronic entropy, FIG. 1. (a) Plot of the MAS®Y NMR shift from a YBaCu,0q
S.i. Put another way, the pseudogap and the spin gap are os@mple(+). The solid curve is a fit to the data using the model
and the same. described in the textb) Plot of the derivative of the NMR shift

(v) While the above key points are quite general and in-data(solid circleg and the solid curve irfa). Also shown by the
dependent of the NAFL model, we show that they can peglotted curve isip, /JT as afunc_tion of temperature fr_om resistivity
quantitatively accounted for within the NAFL model if the measurements on a YE?LMOE_; single crystal where, is the elec-
magnitude of the peak in the dynamical spin susceptibility affical resistivity in thea direction (Ref. 36.
q= (1, ) varies asy<£? whereys is the static spin suscep-
tibility and ¢ is the antiferromagnetic correlation length, as
originally proposed by Millis, Monien, and Piné$.

racy in the temperature-dependent NMR shifts to be ob-
tained. The spectra were collected using therd®0 spin-
echo technigue where was set to one rotor period and the
NMR shifts were referencedta 1 molar aqueous solution of
EXPERIMENTAL DETAILS YCls.

Phase-pure polycrystalline samples of ¥B8g,05 were
synthesized by standard solid-state reaction at 945 °C and 60 RESULTS AND ANALYSIS
bar oxygen pressure. ;Y,CaBa,Cu;0;_s samples were

synthesized by initially decomposing a stoichiometric mix- The first point we wish to make is that no onset tempera-

ture of Y,0, CANOs),, BaANOs),, and CuO in air at 700 °C ture is apparent in the_NMR shift, transport, and thermody-
namic data, i.e., there is no temperature, or narrow range of

for 1 h. This was followed by reactions in air at 900 °C for 6 temperatures, in which the character of the spectrum signifi-
h and 915, 930, 940, and 950 °C for 24 h. The samples werg. 0 ’ P g

then heated at 980 °C ins@t 1 bar for 6 h followed by rapid cantly alt_ers resulting in t_he kln_ks_ widely cla|n_1ed o0 be
. i R .~ present in these properties. This is apparent in Fig) 1
cooling to 350 °C and then at 350 °C for 48 h to achieve . L .
. ; where we plot high-precision variable-temperature
maximum overdoping. The samples were reground afte . .
: . ; MR shift data from a YBgCu,Og sample. The NMR shift
each sinter. The hole concentrations were varied by anneal-

AR, . : is proportional to the static spin susceptibility and can be
ing in nitrogen/oxygen gas mixtures at a variety of OXygen_ - occad 43
partial pressures and temperatures. X-ray-diffraction analysis P

showed that the samples were single phase and there was no

evidence of the B&£aCyOg and BaCu® impurity phases E A

that are known to occur when there is partial Ca substitution i

of Ba. K= Yoy Xst o, @
nrse

ac susceptibility measurements were used to determine
theT, values. The hole concentratiprwas determined from  whereA; are the hyperfine coupling constaritegative for
thermoelectric powéf and from the relatioll /T yax=1  #%Y), v, is the nuclear gyromagnetic ratig, is the electron
—82.6(pp—0.16Y.%° gyromagnetic ratioys is the static spin susceptibility ane

Variable-temperaturé®y NMR measurements were per- is the temperature-independent chemical shift. The first term
formed at temperatures between 120 and 370 K using a Dotig the Knight shift,K. The low noise in thé% NMR shift
Super-VT Penguin probe, a Varian Unity 500 spectrometerdata is evident in Fig. (b) where we plot the temperature
and a 11.74 T superconducting magnet. Magic-angle spirderivative of the®®y NMR shift. From Eq.(1) it is apparent
ning MAS at a frequency of-2.5 kHz was used to remove that d®K/dT is directly proportional todys/dT. This
dipole-dipole coupling and dramatically reduce the spectraprogresses smoothly and asymptotically towards zero at high
linewidth. The narrow YBsCu,0g Y NMR MAS line-  temperature. The derivative is very sensitive to kinks in the
width (~100 Hz at 293 K coupled with long acquisition original data and nowhere does the derivative fall suddenly
times and accurate temperature control enabled high accgo as to signal an onset or transition. No features can be
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FIG. 2. (a) Plot of the normalizedy, against temperature for 0 260 4(')0 660 806200

YBa,Cu:0;_ s samples withs values shown(Ref. 37. Note that Temperature (K)
optimal doping corresponds #®~0.1.
FIG. 3. (a) Plot of ®T,;T against temperatur@open and solid
circles and 83T, T8 (T)/8%K () against temperaturet) for a
Obsrved st 160 61, 20 0 215 KAl 20 AP B samewiogh (1) vasooestom e
YBa,Cu,Og. Similarly, the normal-state thermodynamic e data in Fig. ). The *T,T data is from Curreet al. (O) (Ref.

: B ) X 27) and Coreyet al. (@) (Ref. 26. The solid vertical line indicates
functions ye=Ce /T and Sy /T where S, is the electronic T.. (b) Plot of (5T,) ! against temperature using the data plotted

entropy have a smooth broad temperature evolution, free Qf 4 Also included is thé® NMR data(solid curve and best fit

any apparent onsets indicated by an accelerated change d{ie (dotted curvefrom Fig. 1(a). The solid vertical line indicates
slope. The absence of any apparent onset temperatures above

T. in the heat capacity is evident in Fig. 2 where we pjlgt
for underdoped to slightly overdoped YR2uO; s
samples.

The absence of a well-defined crossover temperature h
also been noted by Hussey al ¢ from resistivity measure-

an order parameter shows pronounced features in all deriva-
tives occurring around the same critical temperatufesor

aIS'U . The specific heat is particularly valuable in establishing
the nonexistence of onset temperatures since it reflects the

ments on high-quality YB#&u,Og single crystals. We plot : o
o ) gt energy dependence of both the spin and charge excitations
the derivative of their datalp,/dT, in Fig. Ib) where the over all values ofy. It is very sensitive to abrupt changes as

smooth temperature evolution over the entire temperature

range is again apparent. The result is remarkably similar tc[?VidenCEd by the large jump i at Tc, seen in Fig. 2, due
the derivative of thé® Knight shift. WhereT, values have o the onset of superconductivity. We stress the absence of

previously been determined from resistivity data, it has beefomalies inye at expected values af or Ty for a wide

done so by a linear extrapolation of the high-temperaturé® '9€ of underdoped cupratPéBa,CusO;_5 YBa,CuOs,

data and defining’, as the temperature at which significant?‘az’xsrxcuo"” TosPlys— 1212, and TBaCaCU00

deviation from linearity is observed. Such a method “by(Ref' 37] indicating thatthere are no obvious onset tem-

Y . ' nperatures in either the charge or spin spectrum
eye” is deceptive because the data convolutes a linear tem- :
Having shown above that there are no onset temperatures

perature term with another that has the characteristic L - :
pseudogap temperature dependence giving the appearance'r}lglféhfh;e?j;;\g]téat?sg _O(I%’g) f(;(raspl)l(i)r?se Ofvxtzetul\rlr':/ls) Strr:gt’
a sudden downturn that simply is not there as shown by th P alin ve,

e o . Cu spin-lattice relaxation data from whichTa has been
dp,/dT data. Specifically, the resistivity may be written, : . X
= po+g(T)bT whereg(T) is function between 0 and 1 that deduced. As noted above, tfiis is generally associated with

accounts for the normal-state pseudogepis the residual the opening of a spin g&pand is given by the position of

. _1 H
resistivity, andb is the high-temperature expansion Iineart(g_er '?I_e?jk obster\f/ed |ri|53('l' lT)'t or the teaneraturg at[:yvh)l%h
temperature coefficient. 1T departs from linearity, as can be seen in Fi¢a)

Although many different constructions have been placei\lgirezwe pl(;)tct:heﬁaTlt'l' ldata of CL_Jrrloet aFIQ' (ffillgd circl_eét
on the supposed onset temperatures they all incorporate t ef. 27 and Coreyet al. (open circles (Ref. 2§ agains

e
idea of a change in the character of the electronic and/or spi

Hemperature for YB#u,Og. However, we show in Fig.(®)
6311 : 89 H
spectrum occurring at or around some temperature as, e.g., €€ °T, (circles and *K (solid curve are plotted

a mean-field transition that is broadened out due to fluctus20ainst temperature, th&fT, " is directly proportional to
tions. The data in Figs. 1 and 2 forces us to concludettfat K Wwith #%=200 ppm. This means tha’T; * has the
normal-state spectrum is characterized by an energy scaléame single underlying energy scale tf{3 has and the
and not a temperature scal&€he clear distinction is that, for appearance of an onset temperatdie originates from the
the former, all derivatives change smoothly with temperaturedivision of 3T, * by T. This is apparent in Fig.(& where
with peaks in higher derivatives progressing to lower tem-we plot &T, T8 (T)/8% () (crosses where 3K (T) is
perature. In contrast, a temperature scale as for the onset tife 8 Knight shift and 8K (=) is the high-temperature
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' ‘ ' ' ' ' that Eq.(2) reduces to the Korringa reIationT{T)*loch.

03 However it is apparent in Fig.(d) that the Korringa relation

Y is not satisfied since }(T,;T) K, and @3T,T)?
202 «1K /T implying a g-dependent dynamic susceptibility
"‘»E: consistent with the antiferromagnetic spin correlations ob-
Fot served in neutron-scattering measurements. The Mila-Rice

Hamiltoniart® can be used to determine thelependence of
, the form factor in Eq.(2) leading to f°T;T) ! being
sk ] strongly weighted byy”(q,w) near the antiferromagnetic
° wave vectorg= (7, ) and ¢'T,T) ! strongly weighted by
q near q=(0,0).3® Thus the observation that'’{,T) !
b 1K and @3T,T) 1«1’K /T implies that the normal-state

J pseudogap exists in the entire spin spectrum and not just near
051 ° o o " ] g=(0,0). This conclusion is consistent with the analysis of

° S, and y<T by Loramet al® who showed thaty T/S, is
close to the Wilson ratiog,,, for weakly interacting Fermi-
ons and that the normal-state pseudogap exists equally in the
charge and spin degrees of freedom. It is important to em-

FIG. 4. (@ Plot of ('T,T)"! (+) against temperature for phasize, thergfore, th#te pseudogap is not a spin gap only
YBa,Cu;O 5 (Ref. 38. Also included is £7T,)~ (O) (Ref. 39 The experlmentally observed correspondence betgen
and YK, (A) (Ref. 38 for the same sample and scaled so as@Nd awxsT over a wide range of temperatures for several
to coincide with the ¥'T,T)"! data. (b) Plot of (1A7T,T)* cuprate systems provides convincing evidence that the mag-
=(d/dT) (*T;Y) against temperature for YBBUOg g3 (A) and  Nitude andT dependence ofs is dominated by théenergy-
YBa,Cus0; (O) using the data of Takagawet al. (Ref. 38. The dependentsingle-particle density of states. In this circum-
solid curves are fits to the data using the model described in thétance bothy T and S, directly count the number of
text. quasiparticle states within the Fermi window. Because of this

there is a similar correspondence betweegp= dS,/dT and
8% Knight shift. We use our high precisiofK; data ex- x*=(d/dT)(xsT), viz. y=a,x*. Moreover, because
tended to higher temperatures using the model described'T1T) ' xs, then a similar correspondence should exist
later [solid curve in Fig. 1a)]. The result is exceptionally betweeny, and (1}7T1T)*=(d/dT)(17T1’1). This is ex-
linear over the entire temperature range having no feature @oited in Fig. 4b) that shows the temperature dependence
aT, of 160 K (Ref. 20 or 215 K?’ It should be noted that of (1AT,T)* for two different doping states of
this observation is substantially model-independent based, a8a,Cus0,_5 one with 6~0 where there is no pseudogap
it is, on our experimental Knight-shift data between 130 andand the other withi~0.37 and a large pseudogap energy. A
370 K. The model only effects the extremities in Figa)3 strong resemblance is seen to the datayfgmplotted in Fig.

In this regard, a key observation by Takigaatzal3® has 2 that will be discussed later, including the broad enhance-
largely been ignored. They showed that the rdfi®, /®3T;  ment aboveT, in the underdoped sample and the dramatic
is quite featureless at tHE, observed in T, T) 1. These suppression of the jump occurring Bt when the pseudogap
authors noted “this suggests a possibility that the peak irappears. The solid curves are calculated using the model dis-
(°*T,T) "' is a combined effect of th& dependence ofs,,  cussed later(We have intentionally left the issue of model-
and the development of AF correlations and may not requirding to the end of this paper because we wish to emphasize
a spin gap opening around 150 K.” The same result waghat the foregoing analysis and conclusions are essentially
obtained by Tomenet al?° in the case of YBgCu,Og. Itis  model independent
a consequence of°T;* and ('T,T)"! having the same We have shown above that there are no onset tempera-
temperature dependence H& as shown in Fig. @) where tures in the normal-state NMR, transport, and thermody-
we plot the ®*T; 1, (*'T,T) "%, and YK data of Takigawa hamic data consistent with our previous analysis showing
et al.for YBa,CusOg ¢3 > Furthermore, we show by the solid that t_he data are chh better described by an energy scale.
curve that’K, aboveT., can be well described by the, This is apparent in Fig. 5 where we show the normali%t
scaling curve discussed later. NMR shift, 8K ,(T) for a wide range of doping states f@

To understand the importance of these observations, w¥0.9Ca.1BaCus0;_5 and (b) Y ¢Ca Ba,Cuz0;- 5 plotted
note that in a single-spin component pictuf@T) “* can be ~against a scaling parameter=2kgT/Ey where E‘? is the

0.0 | L . . . .
0 50 100 150 200 250 300

Temperature (K)

written quite generally &3 pseudogap energyK ,(T) was determined front%K ,(T)
=[3K(T) —¥K(0)/[®K (=) — 39K (0)] where ®K (=) is
~ Kg X"(9,w) 8K(T) at high temperatures anéK(0) is 8K(T) at T

(T,T) l=—2’uéﬁz % |A(9)]? P (2)  =0K. It can be seen that, in spite of the wide range of

doping, the data closely follow the scaling curve to be de-
where |A(q)| is the form factor expressed a&(q) scribed later and in general terms it is evident that there is an
=X A explqg-rj), A; are hyperfine coupling constanjsg underlying energy scale without the appearance of onset
is the Bohr magneton, and’(qg,) is the imaginary part of temperatures. This is more apparent in the superconducting
the dynamic spin susceptibility. For a metal, it can be showrphase diagram for ¥ ,CgBaCu0;_ s (Ref. 40 plotted in
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L0 . o to be associated with short-range Cooper pair correlations.
Evidently, it is T, that is to be identified with the energy
o 08 ) scale ofEy . As the supposed lowdT, is considered to have
~= 0.6 1 but a weakp dependence then, for each different hole con-
gM 04l a 1 centration represented in Figgaband %b), T, would cor-

‘ respond to a different value af=2kgT, /E,. The fact that
0.zr ] the data for all hole concentrations lie on the same universal
0.0 : : ; curve means that it is free of any anomalies that might be
Loy associated with | .

o 08f . In the NAFL model the depression in the Knight shift for

;Z.: 0.6h T <T<Ty is attributed to growing antiferromagnetic corre-

& ) lations and forT<T_ there is an abrupt opening of a
041 b ] pseudogap that is temperature independent balpw* We
02+ ] have seen thaif) T, has no basis in the®3T,T) ! data,(ii)
0.0 , ) , Ty can only be considered as an energy scale,(a@ndhat

0 1 2 3 4 Xs IS not reduced due to the freezing out of spin degrees of

z=2kBT/Eg freedom only but due to freezing out or loss of spectral

weight in the total spin and charge system. The correlations

FIG. 5. (a) Plot of the scaled®Y NMR shift, 8%, (T), against 91Ving rise to the pseudo_gap cannot therefore just be antifer-
scaling parameteg=2ksT/E,, for Yo {Cay BaCu,0; 5 with T, romagnetic spin fluctuations. However, none of the features
andp values of 86 Kp=0.173(0) 83.2 K,p=0.136(C]) 65.8 K,  listed above are essential components of the NAFL model as
p=0.105(A) and 47.5 K,p=0.086(V). (b) Plot of the scaled®y  originally proposed. We consider this model in more detail
NMR shift, #,(T), against scaling parameter=2kgT/E,, for ~ below.

Y 0 Ca 1Ba,Cus0;_ 5 with T, and hole concentratiom, values of In the NAFL model,®3T, T is proportional to the charac-
84.9 K, p=0.135(0), 65 K, p=0.099 (), 57 K, p=0.082(A) teristic spin-fluctuation frequency.;, where the departure
and <4 K, p=0.053(V). The solid curves ifa) and(b) are the  of w4 from linearity is assumed to originate from the open-
scaling curve described in the text. ing of the pseudogap. We show below tHaT,T can be
modeled within the NAFL model by a linear temperature
Fig. 6 where we show thp dependence of (solid curveé  dependence im; that remains linear in spite of the opening
and the energy scal&g (open symbols obtained from the of the pseudogap. Millis, Monien, and Piféfave devel-

scaling operation that generated the data in Fig. 5. Also ingped a phenomenological dynamical spin susceptibility that
cluded isEy determined from heat capacity measurements ofs expressed by Pin¥sin the NAFL model as

YosCa BarCuO,_ s It can be seen that there is a clear

correspondence betwedsy from yg that measures thg Be? M

=(0,0) response and frorg, that averages over all values x(q,0)= S X? )

of g, further affirming that the normal-state pseudogap exists [1+(Q-g)é —iw/wg] 1-iwlly

in both the spin and charge degrees of freedom and across all

g. Moreover,E is seen to grow with underdoping towards where¢ is the antiferromagnetic correlation length ratioed by

the magnitude o8~ 1200 K, far too high for the pseudogap the in-plane lattice parametes; is the paramagnon fre-
guency,xs(T) is the temperature-dependent static spin sus-

600 ‘ ' " ' ‘ e ceptibility, andI' is the temperature-independent effective
e bandwidth. The first term accounts for the strong antiferro-
500k a ] magnetic correlations abou®=(m,7) while the second
d term is the Fermi-liquid term. However, this phenomenologi-
100k . 1 cal dynamical spin susceptibility with a temperature-
g o independentB seems to imply the existence of a gap near
= g=(0,0) and none neay= (1, 7). This is inconsistent with
p300F o2 ] the scaling ofys and S,/T mentioned earlier which clearly
o : shows that the pseudogap is in both the spin and charge
2001 . ] degrees of freedofhFurthermore, inserting Eq3) into Eq.
T ®o (2) will not lead to the experimental observation that
100F AN % ] (*T,T) Yo ys and @3T,T) tocx /T as evidenced by Figs.
/\ 3 and 4. However, this can easily be rectified by writjgig
0 - . Y.L S . =apxs(T) as originally proposed by Millis, Monien, and
0.00 0.05 0.10 0.15 020 0.25 0.30 Pines Wherao iS a constant.
P Inserting Eq.(3) into Eqg.(2), using the Mila-Rice Hamil-

FIG. 6. Plot of the hole concentration dependencd ofsolid tcng\lan andB=apxs(T) leads to E°TiT) =a 04/ x«(T) and
curve, E, determined from the scaling of tH8Y NMR data for ~ (*'T1T)=azl'o/xs(T) in the limit of £&>1 wherea, anda,
YoCaBaCwO, 5 (A), YoiCaBaCwO, 5 (O), and are constants. Thus'{T;T)xs(T)=a,l, and €T T)xs
YBa,Cu,0g (0) andE determined from the heat capacity data for =a;ws. Consequently, all the features of Figs. 3 and 4 are
Y 0.8Ca BaCu;0;_5 (@) (Ref. 40. recovered and, in particular, it can be seen in Figcrdsses
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that w(=5%T,Tx,) is precisely linear in temperature and 1.2 ‘

lacking any feature that might indicate the appearance of a

T_ or Ty in the normal state. 1.01 0%
Crossover or onset temperatures have also been deduced 0©°°

from the ®3Cu Gaussian spin-spin relaxation tinf&T,g 08k 00 ]

within the NAFL model with a temperature-independgft’ o

This was interpreted as arising from the relationé 1 o°

=constant in a pseudoscaling temperature regibns<T ZUO'G °©

<Ty and wg&?=const in a mean-field temperature region, ©

T>Ty, whereT, ~200 K andT,~500 K. WhenT<T_, it 0.4

is assumed thab; increases with decreasing temperature

due to the opening of the pseudogap. However, the inclusion 021 ]

of B=ayxs(T) to account for the experimental data in Figs. °

3 and 4 leads to an; that is linearly dependent on tempera- 0.0 - : -

ture without any evidence of an onset temperature near 200 0 200 400 600 800

K. We show below that the apparent onset temperatures are Temperature (K)

due to the temperature dependence of.

We start with an expression that has been derived for FIG. 7. Plot of the YBaCu,Og inverse antiferromagnetic corre-
63-|-2G 23 lation length&~! against temperature as obtained frafT) and

83T, using Eq.(7) where& ! is normalized to the value at the

s 0.69,0° 1 highest temperature. Thg(T) data were obtained from the best fit
O1é= 5z YT 2 ®Acr(@)]*x'(0,0)2 to the data in Fig. () and the®°T,g data are from Curret al.
128 N <3 (Ref. 27

2

' (4) dence of & 1(T) where ¢ }(T) is approximately propor-
tional to T in the intermediate temperature region and ap-

where A (q) is the effective®*Cu form factor and®y, is  proximately proportional to\T in the high-temperature

the ®Cu nuclear gyromagnetic ratio. Using the Mila-Rice region.

Hamiltonian, Eq(3), and the limit{>1, it can be shownthat ~ We now turn to modeling the temperature dependence of

1
_(N ; |%%Aer(g,@)|%x'(9,0)

83T, d=asxs(T)é. Thus, the NMR shift and thermodynamic data. We have previously

shown that the NMR Knight-shift data can be modeled by a
T, T _ temperature-independent normal-state gap ithave-like

T ,6 = 31830t ® symmetry and without the inclusion of onset

temperature$*4? We used the model of Loranet all
and where the quasiparticle energy is written B&) =& (k)?
637, T +A(K)2]Y2 with A(k)? being A(k)2=A"(K)?+Eq(k)?
ng—;:alang(T)wsffz- (6)  whereA’(k) is the superconducting order parameteero

2G aboveT;) andE4(k) is the normal-state pseudogap energy.

This model has proved successful in accounting for the de-
crease in condensate enefgyith increased underdoping,
thep dependence of the jump in the heat capacity atRef.

It has been observed experimentally tR3E, T/%%T g is ap-
proximately constant for 200K T=<500 K and®®T, T/53T3,

is approximately constant foil >500 K, leading to the
pseudogap, pseudoscaling, and mean-field temperature re-

gions discussed abo¥€&2’ However, whenB=agys(T), L2 ' '
then W
0.8}

El=agxs(T)%T 6. (7) ga

In Fig. 7 we showé ™! plotted against temperature where
xs(T) in Eq. (7) is obtained from the scaling curve in Fig. 5
and °°T,¢ was obtained from the data of Curepal?’ It can

be seen that™! decreases monotonically with decreasing
temperature but unlikeg(=5°T;Ty,) plotted in Fig. 3a) it .
is not linearly dependent on temperature over the entire L
range. In Fig. 8 we showa) wgé and (b) wgé? plotted S
against temperature usingy(T) plotted in Fig. 3a) and . . ‘
& 1(T) plotted in Fig. 7.If it is to be argued thatwé is 0 200 400 600 800
approximately constant for 150KT=500 K andwg¢ is ap- Temperature (K)

proximately constant forT=500 K (although the solid

curves as guides to the eye, would suggest this is over inter- FIG. 8. Plot of(a) wé and (b) wg£? against temperature from
preting the datg then it is apparent from Figs. 7 andaB  the plots in Figs. @) and 7. The data were scaled to the high-
that this “scaling” arises solely from the temperature depen-temperature value. The lines are guides to the eye.

0.4} a

s O

S = N W
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1) and thep dependence of th&, suppression by Ni or Zn states near the zone boundary contribute little to the thermo-
impurities*>**While this model adopts a specific dispersion, dynamic, magnetic, or transport properties owing to the mag-
its success lies in the fact that it generally reflects the impaatitude of E .
on superconducting properties of lost spectral weight due to Given the various interpretations of the ARPES data and
the presence of the pseudogap. We proceed with this mod#ie different dispersion relations used, we retai(k)
here in this spirit and do not wish to suggest that our ap=#2k?/2m*. We note that when the Fermi enerdy; , is
proach is limited to a particular dispersion. Almost indenticalsufficiently removed from half filling this form of the energy
results are obtained for a nonstates conserving triangular gafispersion is a good approximation. It is also possible to
in the density of state®0OS) and are therefore not critically account for the absence of quasiparticle peaks rkear
dependent on the specific model. The key benefits that wg+ 77,0) andk=(0,= =), by not including these states in
derive from this modeling is that it provides a basis for un-calculating the density of states while using a tight-binding
derstanding the scaling behavior to which we have referre@nergy dispersion with the Fermi level lying near the saddle
and a means to extrapolate the observed behavigs;ito  point. This can lead to a flat density of states near the Fermi
high or low temperatures for comparison witlT 1T data. level. The important point, as seen in the low-temperature
As shown in Eq.(1), 8K is proportional toys and we thermodynamic data and the NMR data plotted in Fig. 4, is
have previously modelegs using the Pauli spin susceptibil- that, for the underdoped ;Y ,CaBa,Cu;0;_s compounds,
ity, N(E) is linear nearEx and N(E) is such that at high tem-
peraturesy, is constant. We account for the Fermi-surface
evolution observed in a recent ARPES stiidpy setting
dE, ®)  Ey(k)=E4[|cos(2)|-F(@U[1-F(@] where F(z)=1
—tanh¥(2) andz= Ey/2kgT. This functional form fork, al-
whereN(E) is the density of states aridE) is the Fermi  lows Eg(k) to equalEy|cos(2)| at low temperatures and for

function. Similarly, the electronic entropy may be expressedhe Fermi surface to be completely recovered at high tem-
as peratures, as observed. It directly leads to a filling in of the

pseudogap density of states. We show in Fidga), ¥, and 5

> [ of
Xs= MB _mN(E) T 9E

o that the resultany, scaling curve can very satisfactorily de-
Sei= —ksf N(EX{f(E)In[F(E)] scribe the datgsolid curveg with N=4. This Fermi-surface
o evolution model also accounts for the decrease in the specific
+[1—f(E)]In[1- f(E)]}dE. (99  heat jump for hole concentrations less than optimal doping

(6=0.1) seen in Fig. 2y (= dSe/dT) was calculated from
As noted above, this procedure is justified by the observethe free-electron entropy density, using ). The tempera-
correspondence betwee®, and a,,xsT that emerges from ture dependence of the superconducting order parameter in
Egs. (8) and (9) because the specific Fermi windows arethe presence of the normal-state pseudogap was determined
almost identical. Using these relations, the NMR, susceptiusing the BCS equation in a manner similar to that described
bility, and thermodynamic data have been successfully modpreviously” The resultant calculated values 9f(T) are
eled using ad-wave superconducting order parameter ex-shown in Fig. 9a) where the arrow indicates decreasigg
pressed af\’(k)=A’ cos(2p) and ad-wave-like normal- (increasing hole concentratiprThis model accounts for the
state pseudogap expressedEgsk):Eg|cos(2¢)| (Ref. 40 general trends in the overall dependence o, as well as
consistent with recent ARPES data. The two-dimensionathe decrease in condensate energy and superfluid density at
density of states was obtained from the quasiparticle energpw temperatures with increasirtg, (decreasing hole con-
dispersion, E(k) =[&(k)?+Eq(k)?+A’(k)?]? with e(k)  centration.
=#2k%/2m* wherem* is the effective mass. This form for ~ As noted above, ARPES studies have confirmed the exis-
e(k), leading to a cylindrical Fermi surface, is used becauséence of the pseudogap and the anisotropy of the normal-
it conveniently leads tdN(E) being simply expressed in state gap. Analysis of the leading edge of the ARPES spectra
terms of an elliptic integral. We note that ARPES measurefor underdoped BBr,CaCyOg shows a gap that appears to
ments on optimally doped and overdoped samples whgre smoothly evolve from the superconducting gap at Ibfell-
is small indicate that the Fermi surface is not cylindrical anding linearly to zero magnitude at some higher temperature,
some studies also indicate a shadow Fermi suffavarious let us say,T*, well aboveT..8#**0This has been taken as
energy dispersions have been derived fromkliependence confirmation that the pseudogap corresponds to short-range
of the Fermi surfacé®*® The situation is complicated by pairing correlations that set in at a mean-field temperature
recent ARPES measurements on underdoped ™, without developing long-range phase coherence until the
Bi,Sr,CaCyOg_; that indicate the absence of quasiparticlelower temperatureT.. However, there is no satisfactory
peaks in the ARPES spectra abdVgand neak=(=,0)  model for the spectral line shape and the leading-edge analy-
andk=(0,+ ), the very regions itk space wher&, isata sis is oversimplified. This is highlighted by the fact that the
maximum?’ Interpretations of this behavior include collec- concluded behavior is inconsistent with the thermodynamics
tive excitations leading to a significant reduction in quasipar-of the problem. The second-order transitionTatrequires a
ticle lifetimes with the possibility of a non-Fermi liquid in positive discontinuity in the slopdA/dT at T, leading to
this region®® or strong interactions with collective excita- the observed discontinuity if, Which is not present in the
tions that lead to a decrease in spectral weight at the quasijap data inferred from the ARPES results. Figur)9
particle peak in the ARPES specffaWe note that the shows the calculatedT dependence ofy, using =
model of Loramet all is still valid nearT, because the =Ego(1—T/T*) and ad-wave order parameter beloty.. It
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magnitude of the order af>A,. In light of these observa-

: tions it is difficult to sustain the view that the pseudogap is
some form of precursor superconductivity setting in at a
mean-field transition temperature lying well abdlg.

. Finally, we distinguish betweehy,~E4/kg and the tem-
peratureT ,, at which a maximum irys occurs. In our model
we assume a flat underlying DOS. In fact there is strong

P

YDAy,
\S] w

—_
y

0 : evidence that a sharp van-Hove-singularity-like peak in the
4l 15 DOS crosses the Fermi level in the heavily overdoped region
£ R | near the superconductor/metal transitore* This quite

=37 > \\\ 1 naturally leads to a broad maximum jny with a very high
a\ N / e value of T, in the underdoped region that progresses to low
= TE®) temperature and sharpens in the overdoped region. As such,
=t e T, also does not represent a crossover or onset temperature.

0 . . . .

0 50 100 150 200 250 CONCLUSION

Temperature (K . . . .
P (K) In conclusion, we find no evidence for well-defined onset

FIG. 9. (@) The temperature dependence of the normaliggd ~ temperaturesT_ and Ty, in NMR Knight-shift, heat capac-
expected from the Fermi surface evolution model described in thély, Or resistivity data. TheT observed in NMR £PT;T
text. The arrow indicates decreasifig (increasing hole concentra- measurements is an artefact of the convolution of thie 1/
tion). (b) Plot of y.(T) expected from the model described in the Curie term with the typical pseudogap temperature depen-
text and arE, that is linearly dependent on temperature. The arrowdence of 19T, «  and is illustrated by the fact th&fT,T
indicates decreasiny (increasing hole concentratiprinsert: Ex-  multiplied by the NMR Knight shift is perfectly linear and
panded plot ofb). featureless af, . The absence of &_andTy in the NMR
Knight-shift, heat capacity, or resistivity data can be ac-
can be seen that a linearly depend&(T) aboveT, leadsto counted for in the NAFL model by including a dynamic spin
a strongT dependence o, not present in the data, and the susceptibility that is directly proportional tgs(T) as origi-
fall to zero of A(T) at T=T* leads to a discontinuity i,y  nally proposed by Millis, Monien, and Pines. These observa-
atT* also not present in the data. This calculated behavior iions require a reappraisal of some of the current complex
illustrated in detail by the enlargement shown in the insert tanodels for the high-temperature superconducting phase dia-
Fig. 9b). Such behavior is not evident in the experimentalgram that invoke several crossover temperatures.
data of Fig. 2. Again, these considerations are largely inde-
pendent of the specific model adopted. We may add that
detailed NMR and heat capacity studies show the pseudogap
and superconductivity to be independent and competing to Funding for this work was provided by the New Zealand
low temperature®? an observation strongly confirmed by the Foundation for Research Science and Technology
absence of an isotope effect in the pseudogap energy and th@.V.M.W), the Royal Society of New Zealar(d.L.T), and
concurrent presence of a superconducting isotope effect.the U.K. Engineering and Physical Sciences Research Coun-
Finally, we recall thaEg progresses with underdoping to a cil (J.W.L).
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