
A Universal Intrinsi
 S
ale of Hole Con
entration for High-T
 CupratesT. Honma�Department of Physi
s and Texas Center for Super
ondu
tivity and Advan
ed Materials,University of Houston, Houston, TX77204-5005, U.S.A. andDepartment of Physi
s, Asahikawa Medi
al College, Asahikawa 078-8510, JapanP.H. HorDepartment of Physi
s and Texas Center for Super
ondu
tivity and Advan
ed Materials,University of Houston, Houston, TX77204-5005, U.S.A.H.H. HsiehDepartment of Physi
s and Texas Center for Super
ondu
tivity and Advan
ed Materials,University of Houston, Houston, TX77204-5005, U.S.A. andSyn
hrotron Radiation Resear
h Center, Hsin
hu, Taiwan 30077, Republi
 of ChinaM. TanimotoDepartment of Physi
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tober 4, 2004)We have measured thermoele
tri
 power (TEP) as a fun
tion of hole 
on
entration per CuO2layer, Ppl, in Y1�xCaxBa2Cu3O6 (Ppl = x/2) with no oxygen in the Cu-O 
hain layer. The room-temperature TEP as a fun
tion of Ppl, S290(Ppl), of Y1�xCaxBa2Cu3O6 behaves identi
ally tothat of La2�zSrzCuO4 (Ppl = z). We argue that S290(Ppl) represents a measure of the intrinsi
equilibrium ele
troni
 states of doped holes and, therefore, 
an be used as a 
ommon s
ale for the
arrier 
on
entrations of layered 
uprates. We shows that the Ppl determined by this new universals
ale is 
onsistent with both hole 
on
entration mi
ros
opi
ally determined by NQR and the hole
on
entration ma
ros
opi
ally determined by the formal valen
y of Cu. We �nd two 
hara
teristi
s
aling temperatures, T �S and T �S2, in the TEP vs. temperature 
urves that 
hange systemati
allywith doping. Based on the universal s
ale, we un
over a universal phase diagram in whi
h almostall the experimentally determined pseudogap temperatures as a fun
tion of Ppl fall on two 
ommon
urves; lower pseudogap temperature de�ned by the T �S versus Ppl 
urve and upper pseudogaptemperature de�ned by the T �S2 versus Ppl 
urve. We �nd that while pseudogaps are intrinsi
properties of doped holes of a single CuO2 layer for all high-T
 
uprates, T
 depends on the numberof layers, therefore the inter-layer 
oupling, in ea
h individual system.PACS numbers: 74.25.Fy, 74.25.Dw, 74.62.Dh, 74.72.-hI. INTRODUCTIONUnderstanding some of the pe
uliar properties of thehigh temperature super
ondu
tors (HTSC's) is one of the
hallenging problems in the 
ondensed matter physi
s.Espe
ially, in the underdoped region, not only the unusu-ally high super
ondu
ting transition temperature (T
)but also many normal state properties have de�ed our
urrent knowledge of metal. The tremendous experimen-tal results have been a

umulated sin
e sin
e the dis
ov-ery of HTSC in 1986. Unfortunately, due to both theexperimental and material 
onstrains, many high qual-ity data were 
olle
ted on di�erent materials. For in-stan
e, neutron s
attering experiments require very largesingle 
rystals and therefore have almost ex
lusively beendone on YBa2Cu3Oy (Y123) and La2�zSrzCuO4 (LS214)that big 
rystals 
an be grown. Angle-resolved photoe-mission spe
tros
opy (ARPES) and s
anning tunnelingmi
ros
opy (STM), whi
h are sensitive to surfa
e 
on-ditions, have been performed mainly on Bi2Sr2CaCu2Oythat a virgin surfa
e 
an be obtained by 
leavage. On theother hand, resistivity �, Hall 
oeÆ
ient RH and thermo-

ele
tri
 power (TEP) S have been measured on almost allHTSC's. It will be most fruitful if di�erent measurementsdone on di�erent materials 
an be 
ompared and ana-lyzed on a 
ommon ground, say, hole 
on
entration perCuO2 layer, Ppl. Ppl 
an be determined by Sr 
ontent z(Ppl = z) in La2�zSrzCuO4 with only 
ation doping, butit is hard to determine Ppl unambiguously in the othersystems with anion doping. If Ppl 
an be determined byeither one of �, RH or S, then almost all the availabledata 
an be 
ompared quantitatively and analyzed on a
ommon physi
al ground. Espe
ially, establishing a s
alebased on TEP is mu
h powerful, sin
e the S of HTSC isnot sensitive to both the grain boundary e�e
t and theporosity e�e
t.1 Therefore, with some pre
autions, bothsingle 
rystal and poly
rystalline data 
an be 
ompared.The underdoped HTSC is 
hara
terized by a gap-like anomaly appeared below a 
hara
teristi
 tempera-ture, the so-
alled pseudogap temperature. The pseu-dogap behavior was �rst observed in 89Y NMR Knightshift �K and in the 63Cu spin-latti
e relaxation rate63(T1T )�1.2 It also showed up as an anomaly in the �and RH versus temperature 
urves.3,4 Subsequently, the



2pseudogap behavior has been observed in many exper-imental probes, su
h as far infrared,5 ARPES,6 TEP,7spe
i�
 heat,8,9 time resolved quasiparti
le relaxation(QPR) measurement10 and so on. The pseudogap tem-perature systemati
ally varies with 
ation or anion dop-ing in individual systems. However, due to the abovereason, these pseudogap temperatures 
an not be 
om-pared based on the hole 
on
entration. In su
h a situa-tion, the room temperature TEP (S290) was proposed tobe useful for determining Ppl.11 A

ording to this s
ale,the pseudogap behavior is summarized on the phase di-agram that the pseudogap temperature falls from highertemperature at lower hole 
on
entration to zero at a 
riti-
al hole 
on
entration a
ross the T
 
urve.12 On the otherhand, the result of ARPES suggests that the pseudogaptemperature does not 
ross the T
 
urve, but smoothlymerges with T
 on the slightly overdoped side.6For LS214 system, T
 appears at Ppl � 0.06, passes amaximum T
 (Tmax
 ) at Ppl � 0.16, and �nally falls tozero at Ppl � 0.27. It was approximated by a paraboli

urve13 T
=Tmax
 = 1� 82:6(Ppl � 0:16)2: (1)Although Formula (1) 
an be 
onveniently used to es-timate Ppl for the systems with similar paraboli
 vari-ation of T
, it 
annot be used for the systems with a
omplex variation of T
 su
h as Y123. Ppl of Y123 wasestimated from the bond valen
e sum (BVS) analysis,whi
h relied on a

urate knowledge of interatomi
 bondlengths.14 Later, it was shown that, for some HTSC's,S290 
an be used to estimate Ppl 
onsistent with that de-termined by either Formula (1) or BVS analysis.11 Thefollowing empiri
al formula has been proposed.15S290[�V=K℄=8<:372 exp(�32:4Ppl) (0:00<Ppl<0:05)992 exp(�38:1Ppl) (0:05<Ppl<0:155)24:2� 139Ppl (0:155<Ppl): (2)Formula (2) has been widely used with the distin
tadvantages that S290 is material independent. There-fore, it 
an be used to 
ompare physi
al properties asa fun
tion of Ppl of very di�erent HTSC's. But, thereare still diÆ
ulties in using Formula (2). For instan
e,there is no reason why the optimal Ppl, where Tmax
 ap-pears, should be universally � 0.16 for HTSC as has al-ready been questioned in Ref. 16. It is also not triv-ial to apply BVS to determine Ppl for systems with in-ternal strain due to the CuO 
hain stru
ture su
h asY123.17 Furthermore it is reported that, for LS214,11(CaxLa1�x)(Ba1:75�xLa0:25+x)Cu3Oy (CxLBLC),18 andBi2Sr2�xLaxCuOy (Bi2201),19 Ppl's determined by For-mula (1) are not 
onsistent with those determined byFormula (2).Y1�xCaxBa2Cu3O6 (YC1236) without CuO 
hain hastwo equivalent CuO2 planes, therefore the Ppl 
an bedetermined unambiguously by Ca 
ontent x as Ppl =x/2. Di�erent from the well known and widely usedempiri
al 
orrelation between S290 and Ppl,11 we �nd
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Ca content, xFIG. 1: Super
ondu
ting transition temperature (T
)as a fun
tion of Ca doping level for the double-layerY1�xCaxBa2Cu3Oy. The data for the samples with y =6.00 are present work. The others are data reported in theliterature.7,15 The solid lines are guide to the eyes.that S290(Ppl) for YC1236 behaves identi
ally to thatfor LS214. Sin
e the 
rystal stru
ture for YC1236 is verydi�erent from that for LS214, we argue that this new
orrelation of S290 
an be used as an intrinsi
 s
ale ofPpl for di�erent HTSC 
uprates. We demonstrate thatthis 
onje
ture seems to work by un
overing a universalphase diagram of the pseudogap and super
ondu
tivity.We �nd that while the pseudogap phase is an intrinsi
property to single CuO2 layer, the bulk T
 seems to begoverned ex
lusively by the inter-layer 
oupling.II. EXPERIMENTALY1�xCaxBa2Cu3O6 with di�erent Ca 
ontents of x =0.05, 0.10, 0.13, 0.15, 0.17, 0.18, 0.19, 0.20, and 0.22 wereprepared by 
ausing a solid-state rea
tion in a propor-tioned mixture of Y2O3 (5N), CaCO3 (5N), BaCO3 (5N),and CuO (4N). These powders were ground, pressed and�red in 
owing O2 at 900 ÆC for 6 h. This pro
ess wasrepeated several times. For the �nal �ring, two pelletswith � 0.5 g ea
h were �red for 10 � 15 h in 
owing O2at 930 � 940 ÆC. The O2 gas was ex
hanged into Ar gas(99.9995 %) at the high temperature, before in the fur-na
e with 
owing Ar gas the samples were annealed at750 ÆC and 
ooled to room temperature. The oxygen 
on-tent y was 
on�rmed to be 6.00 � 0.01 by using an iodo-metri
 titration te
hnique under Ar gas. The preparedY1�xCaxBa2Cu3O6 samples with x � 0.22 were identi-



3�ed as a single-phase by examining the X-ray powderdi�ra
tion pattern. The Y0:75Ca0:25Ba2Cu3O6 showedsome minor se
ond phase, although the main peak of these
ond phase was below 1 % for the main peak of the 123phase. The density of all prepared samples was over 80 %of the theoreti
al density. Figure 1 shows the Ca 
ontentdependen
e of T
 with previous reported results.7,15 Theprepared samples show no 
lear super
ondu
ting transi-tion until x = 0.18, while the super
ondu
tivity appearsabove � 0.125 in some other group's samples with y =6.02.7,15 A

ordingly, the 
hain-site oxygen of the presentsamples is 
on�rmed to be adequately redu
ed. The TEPwas measured by an a
 method with a low-frequen
y (33mHz) heating te
hnique.20III. RESULTS AND DISCUSSIONA. Temperature dependen
e of TEP forY1�xCaxBa2Cu3O6Figure 2 shows the typi
al T -dependen
e of TEP fora series of fully deoxygenated Y1�xCaxBa2Cu3O6 with0.05 � x � 0.22. The oxygen 
ontent is �xed to be6.00 � 0.01 here. Typi
ally, upon in
reasing tempera-ture T , positive S rises towards a broad peak at a tem-perature T �S and S de
reases almost linearly for T > T �S .T �S was reported to be 
losely related with pseudogaptemperature.7 The T -dependen
e of TEP, S(T ), system-ati
ally 
hanges with Ca doping. The T �S be
omes lowerwith Ca doping and the magnitude of TEP de
reases.The observed S(T ) is very similar to that reported in
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FIG. 2: The evolution of S(T ) for di�erent Ca 
ontents of thedouble-layer Y1�xCaxBa2Cu3O6. The Ca 
ontents of samples1-6 are 0.10, 0.13, 0.15, 0.18, 0.20, and 0.22, respe
tively.
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FIG. 3: S/S� as a fun
tion of T/T �S for di�erent Ca 
ontentsof the double-layer Y1�xCaxBa2Cu3O6. The inset showsS/S� vs T/T �S on the logarithmi
 s
ale.LS214,21{27 C0:4LBLC,18 and CaLaBaCu3Oy (CLBC)28without ordered CuO 
hain. Thus, it is 
on�rmed thatthere is no signi�
ant 
hain 
ontribution to TEP.7S(T ) 
an be well s
aled by the value S� and tempera-ture T �S of the peak as shown in Fig. 3. S/S� 
an be �ttedto a logT law for 0.3 < T/T �S < 0.8 as shown in the inset.We 
on�rmed that S(T ) data of Bi2Sr2Ca1�xYxCu2Oy(Bi2212),29 CLBC,28 and C0:4LBLC18 also show thesame s
aling behavior by using the reported S(T ) data.LogT behavior for T < T �S was reported in CLBC28 andYBa2Cu3Oy (y � 6.48).11 Similar s
aling behavior wasalso reported in the single-layer LS214, double-layer Y123(y � 6.65) and Bi2212.30,31 Sin
e all the above observa-tions were done on samples without ordered CuO 
hainslike Y123, we 
on
lude that the broad peak at T �S , logTdependen
e for T < T �S and T linear behavior for T >T �S are intrinsi
 
hara
teristi
 TEP properties of dopedholes in the CuO2 layer. As the super
ondu
tivity ap-pears with doping, the s
aled 
urve of S/S� versus T/T �S
an be 
ut o� at low temperature side as shown in Fig.3. A

ordingly, in the highly doped samples, the s
aled
urve for TEP 
ould loss the logT behavior by the devel-opement of the super
ondu
tivity. The s
hemati
 pi
turewas shown in Fig. 1 of Ref. 7. In fa
t, su
h variation ofS(T ) with doping was observed in Bi2212.31In HgBa2CuO4+Æ (Hg1201), the S(T ) was well s
aledby the temperature, where starts to de
rease linearlywith in
reasing T , and the value at the temperature.33The similar s
aling was reported also in Bi2212.34 An-other 
hara
teristi
 temperature T �S2 (> T �S) for TEP isreported in Zn-substituted Y123.32 The S(T < T �S2) issuppressed by Zn substitution, while the S(T > T �S2)



4does not depend on Zn substitution. Re
ently, the tem-perature used for another s
aling method is reported tobe just equal to the T �S2.35 Therefore, the S(T ) 
an be
hara
terized by two temperatures, T �S where S(T ) has amaximum and T �S2 where S(T ) be
omes sensitive to Znsubstitution. We will dis
uss that both T �S and T �S2 arerelated to the pseudogap in the following se
tion.B. Room temperature (RT) s
ale for hole
on
entrationFigure 4(a) shows S290 on the logarithmi
 s
ale as afun
tion of Ppl. The 
losed 
ir
les represent the S290for the fully deoxygenated samples of Y1�xCaxBa2Cu3O6with 0.05 � x � 0.22. The Ppl 
an be determined unam-biguously by Ca 
ontent x as Ppl = x/2, sin
e YC1236has two equivalent CuO2 planes without CuO 
hain. Forthe 
omparison, the reported results of S290 in LS214are represented by various di�erent symbols11,21{27 andthe universal 
urve proposed in Ref. 15 is shown as thelong dashed line. We �nd that the observed log(S290)of YC1236 varies linearly with Ppl and does not followthe universal line. This new relation 
an be representedby Formula (3a). It 
an be 
learly seen that S290 ofLa2�zSrzCuO4 with 0.05 � z � 0.21 fall exa
tly on thesame 
urve as S290(Ppl) for YC1236. For Ppl > 0.21,S290(Ppl) of LS214 
hanges from exponential to linearin Ppl as shown in the inset of Fig. 4(a). In the pureLa2CuO4, there is the large s
attering of S290 as shownin Fig. 4(a). S290(Ppl) of the double-layer YC1236 isidenti
al to that of the single-layer LS214, in spite ofthe quite di�eren
e between YC1236 and LS214 in the
rystal stru
ture, leads us to 
onje
ture that the presentrelation for S290(Ppl) 
an serve as a universal s
ale of Pplfor layered HTSC with equivalent CuO2 layers.39S290[�V=K℄=�392 exp(�19:7Ppl) (0:02�Ppl�0:21) (3a)40:5� 163Ppl (0:21<Ppl): (3b)In Ref. 11, the S290(Ppl) of La2�zSrzCuO4 did not fol-low Formula (2). Two possibilities were pointed out.11The deviation may arise from s
attering e�e
ts asso
i-ated with the in
reasing 
on
entration of oxygen va
an-
ies within the CuO2 layers whi
h o

ur espe
ially forz > 0.12. Stru
tural instabilities that are related to theorthorhombi
-tetragonal transition may have some e�e
t.Sin
e we know that YC1236 shows the tetragonal sym-metry at room temperature40 and the oxygen 
ontent is�xed at 6.00 � 0.01, the identi
al S290(Ppl) behaviors forboth YC1236 and LS214 have e�e
tively ruled out bothpossibilities.Here, we 
ompare the S290(Ppl) that we used to 
on-stru
t our universal s
ale with some theoreti
al works inHTSC. Firstly, J.R. Cooper et al. found that the roomtemperature TEP observed in LS214 
an be semiquanti-taively explained by a modi�ed Heikes formula based on
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FIG. 4: S290 on the logarithmi
 s
ale versus Ppl for YC1236and LS214. Inset: S290 on the linear s
ale vs Ppl. (a) The longdashed line shows the Formula (2).11 The bla
k solid line andgray solid line show the Formula (3a) and (3b), respe
tively.(b) The solid line shows the Formula (4).36 The dashed lineshows the Formula (5b) at 290 K.38hopping in a strongly Coulomb 
orrelated system36S(Ppl) = �kBjej ln 2Ppl1� Ppl � kBjej ln 2; (4)where e is the ele
troni
 
harge, and kB is Boltz-mann's 
onstant. The S arises from the Heikesformula, �(kB/jej)ln[Ppl/(1�Ppl)℄ and a spin entropyterm, �(kB/jej)ln2, with an orbital degenera
y term,



5�(kB/jej)ln2. The experimental data up to Ppl � 0.2
an be represented by the Formula (4) as shown in Fig.4(b). However, no magneti
 �eld dependen
e of TEP wasobserved, in spite of the expe
tation of the disappearan
eof spin entropy term under magneti
 �eld.37A

ording to Nagaosa-Lee model using a gauge-�eldtheory for a uniform resonating valan
e band (RVB)state,38 the S is represented by a sum of fermion 
ontri-bution, whi
h is proportional to T , and boson 
ontribu-tion, whi
h is proportional to [1�ln(2�Ppl/mkBT )℄. Thetotal S 
an be represented by the Formula (5a). The ex-pression 
an be simpli�ed as shown in the Formula (5b).S(T; Ppl) � kBjej �1� kBEF T � ln 2�PplmkBT � (5a)S(T; Ppl) = kBjej �a0 + a1T + a2 lnT + a3 lnPpl�; (5b)where m is the e�e
tive mass, a0, a1, a2, and a3 areadjustable parameters. The Formula (5b) is qualitatively
onsistent with the observed T -dependen
e of TEP at a�xed hole 
on
entration. The 
al
ulated TEP at 290 K,shown in Fig. 4(b), is 
onsistent with the experimentaldata up to Ppl � 0.12. For Ppl > 0.12, the 
al
ulated Sis smaller than and in
reasingly deviates from S290 withdoping.Although the present Formula (3a) and (3b) are stillempiri
al rules, it is found that the present Formula is notarti�
ial by 
omparing with the 
al
ulated results of theboth models. We expe
t that a 
ompleted theory of highT
 should be able to a

ount for the S290 versus Ppl 
urveover the whole doping region. Without even a workingphenomenologi
al theory, we resort to the same empiri
alapproa
h and further 
he
k the validity of Formula (3a)and (3b) in se
tions C and D by showing that indeed, ifapplying our universal s
ale to di�erent material systems,physi
ally meaningful 
omparisons and 
on
lusions 
anbe a
hieved.C. Appli
ation of RT s
ale to Y1�xCaxBa2Cu3OyMany TEP data for Y1�xCaxBa2Cu3Oy have beenreported.7,11,30,32,41{44 The anisotropy of the in-planeresistivity be
omes signi�
ant when y � 6.68 inYBa2Cu3Oy.3 Therefore we assume that the Y123 be-low y � 6.68 does not have the 
ondu
tive 
hain or 
hain
ontribution to the transport property. Consequently, forthe Y123 systems, the RT s
ale for the TEP was appliedto the samples up to y � 6.68.Figure 5 shows the Ppl determined from S290 as afun
tion of oxygen 
ontent for Y1�xCaxBa2Cu3Oy. ThePpl's for YBa2Cu3Oy are plotted by the 
losed bla
k/graysymbols. The Ppl's for Y0:8Ca0:2Ba2Cu3Oy are plottedby the open symbols. In YBa2Cu3Oy, the hole 
arrier ap-pears by oxygen doping beyond y � 6.15. There seemsto be a threshold of the oxygen 
ontent for generating

the hole 
arriers. Above y � 6.2, the hole 
arriers in-
rease with oxygen doping. The Ppl(y) 
urve trends todivide into two 
urves in the range of 6.2 < y < 6.6.The splitting of Ppl(y) 
urve may be related to the for-mation of the CuO 
hain stru
ture or the inhomogeneityof oxygen distribution on the CuO 
hain site. The Ca-doped Y123 shows a slight di�erent behavior 
omparedto that for Y123. In Y0:8Ca0:2Ba2Cu3Oy, up to y � 6.2,the Ppl is almost 0.10, equal to the hole 
on
entrationgenerated by Ca doping of 0.20. This suggests the hole
arriers are ex
lusively generated through the Ca doping.Above y � 6.2, the hole 
arriers in
rease almost linearlywith oxygen doping. This is due to the generation of thehole 
arriers by oxygen doping. But, there is no thresh-old behavior due to oxygen doping. The Ppl(y) 
urvetrends to divide into two 
urves like Y123. In YC1236,the hole 
arrier 
an be generated even by slight Ca dop-
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FIG. 5: Ppl determined from S290 as a fun
tion of oxygen-
ontent, y in Y1�xCaxBa2Cu3Oy. The inset shows the ef-fe
tive hole 
on
entration (Ppl�x/2) by the oxygen dopingalone. The solid lines are guide to the eyes.



6ing as shown in Fig. 4. The 
reation of hole 
arrier byoxygen doping may need the adequate oxygen 
ontentor threshold of hole 
arrier. The inset of Fig. 5 showsthe e�e
tive hole 
on
entration (Ppl�x/2) due to oxy-gen doping alone. Although there is some s
attering,the generation of hole 
arrier by oxygen doping is foundto be slightly suppressed in the Ca-doped samples. Theorthorhombi
-tetragonal transition o

urs in the rangeof 6.3 <� y <� 6.5.42,45 The Ca doping may in
uen
e theformation of the mi
ros
opi
 CuO 
hain ordering. In theCLBC and CxLBLC with signi�
ant Ca doping, there isno ordered CuO 
hain like Y123.7Figure 6 shows the T
 as a fun
tion of Ppl forY1�xCaxBa2Cu3Oy. There are two T
 vs Ppl 
urves.One is that the T
 appears at Ppl � 0.09 and in
reaseslinearly with Ppl for Ppl � 0.1 (
urve A). The otheris that the T
 appears at Ppl � 0.06 and merges intothe 
urve A around � 0.18 (
urve B). The 
urve A in-
ludes the T
(Ppl) for YC1236 without CuO 
hain andY0:8Ca0:2Ba2Cu3Oy with y < 6.6. Further, the T
(Ppl)for CLBC and CxLBLC without ordered 
hain also fol-
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FIG. 6: T
 as a fun
tion of Ppl in Y1�xCaxBa2Cu3Oy. Thesolid and dashed lines are guide to the eyes for the 
urve Aand 
urve B, respe
tively.

lows the 
urve A.18,28 In the 
urve A, two data for Y123are in
luded. The samples for these data were preparedover 10 years ago. It is well known that tuning the oxy-gen 
ontent using the quen
hing te
hnique often leads toa large degree of in-plane disorder whi
h 
auses lo
aliza-tion and strong T
 suppression.44 The disorder 
an beremoved by low-T annealing, sin
e the low-T annealing
auses the oxygen-rearrangement forming CuO 
hains.45The data from the relative new Y123 samples fall on the
urve B. The Y123 data on the 
urve A may have somedisorder within the CuO 
hain layers, although it doesnot have the ma
ros
opi
 
hain ordering. A

ordingly,the 
urve A is for the samples with no 
hain or disordered
hain fragments and 
urve B is for the samples with therelative aligned 
hain fragments. In Y0:8Ca0:2Ba2Cu3Oywith y � 6.5, the Ppl is � 0.20 and it shows the tetrag-onal symmetry.42 The 
urve B merges into the 
urve Aat Ppl � 0.18. The anisotropy of the in-plane resistivityof the pure YBa2Cu3Oy be
omes signi�
antly above y �6.68 (Ppl � 0.16),3 although the orthorhombi
-tetragonaltransition o

urs at y = 6.3� 6.5 (Ppl = 0.05� 0.12).42,45A

ordingly, it is 
onsidered that until Ppl � 0.16 the su-per
ondu
tivity and TEP are not in
uen
ed by the long
hain ordering, at least. In spite of the same hole 
on
en-tration, the T
 for the 
urve B is slightly higher than thatfor the 
urve A. This seems to suggest that the formationof the CuO 
hain fragment may enhan
e the 
oupling be-tween the CuO2 planes.D. Comparison with the hole 
on
entrationdetermined by other te
hniques: the validity of thepresent s
aleThe hole 
on
entration per CuO2 layer 
an be
hemi
ally estimated from the formal valan
y of Cuthrough the titration te
hnique. From the re-ported S290 and the Cu valen
y for the double-layer HgBa2CaCu2O6+Æ (Hg1212) and triple-layerHgBa2Ca2Cu3O8+Æ (Hg1223),33,46 the Ppl and the hole
on
entration per CuO2 layer determined from the Cuvalen
y PCV are 
al
ulated. The PCV of Hg1212 andunderdoped Hg1223 are plotted in the Fig. 7 as the up-and down-ward triangle, respe
tively. In our s
ale, theoptimal doping level for Hg1223 is � 0.21 as shown in thefollowing se
tion. In both systems, the PCV is almostidenti
al to Ppl. In the overdoped side for the triple-and four-layer HTSC, the inhomogeneity 
harge distri-bution for in-equivalent CuO2 layers was reported.47,50Sin
e our s
ale was developed for the HTSC with theequivalent CuO2 layer. So, we did not use our s
ale forthe Y123 system with 
hain 
ontribution to TEP. For thesame reason we do not apply our s
ale to the overdopedtriple- and four-layer systems. Noted also that, for anunknown reason, Ppl does not 
oin
ident with PCV forthe single-layer Hg1201.The hole 
on
entration per CuO2 layer forYBa2Cu3O6:6, Bi2Sr2CaCu2Oy (T
 = 86 K) and
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Tl2Ba2CuO6+Æ (Tl2201) with T
 = 80 K and 42 Kwas estimated from the nu
lear quadrupole frequen
yfor single- and double-layer HTSC's.48 The reportedhole 
on
entration per CuO2 layer determined from thenu
lear quadrupole resonan
e (NQR) PNQR is plottedin Fig. 7 as a fun
tion of the Ppl. The broken lineexhibits the Ppl = PNQR line. The Ppl shows a good
orrelation with PNQR in the wide doped range from0.15 to 0.3. A

ording to the relation between Knightshift perpendi
ular to the 
-axis and hole 
on
entrationfor single- and double-layer HTSC's in Ref. 48, we
an estimate PNQR for the reported Knight shift dataof Hg1201 and Hg1212.49 The PNQR of Hg1201 andHg1212 are also plotted in the same �gure as the starand upward triangle, respe
tively. Ex
ept underdopedHg1201 that show some deviation from the Ppl = PNQRline, the PNQR for both samples also show the good
orrelation with Ppl. The 
orresponden
e betweenPpl and PNQR suggests that the hole 
on
entrationma
ros
opi
ally determined from TEP is 
onsistent withthe hole 
on
entration mi
ros
opi
ally determined fromNQR.

E. Ele
troni
 phase diagram by RT s
aleWe try to validate our s
ale by examing the pseudo-gap behavior in various HTSC's. Sin
e the pseudogapstate found in �,3 ARPES,6 and nu
lear magneti
 reso-nan
e (NMR) experiments51 has emerged as an intrinsi
property of the ele
troni
 states of underdoped HTSC,if plotted on a physi
ally meaningful s
ale, we expe
t auniversal pseudogap behavior for all HTSC's.First of all, the phase diagram for Y1�xCaxBa2Cu3Oy(YC123) and Y123 is shown in Fig. 8(a). T �S 's forYC1236, YC123,53 Y0:8Ca0:2Ba2Cu3Oy (YC0:2123),7and Y12330,41 are found to lie on a 
ommon 
urve whi
hde
reases from � 300 K at Ppl � 0.025 to � 100 K atPpl � 0.24. T
's for YC1236, YC123,7 and Y12311,41also lie on a 
ommon 
urve whi
h appears at Ppl � 0.09and rea
hes Tmax
 at Ppl � 0.25 (
urve A in Fig. 6).T �S seems to be smoothly 
onne
ted with T
 at slightlyoverdoped level. T �S for both 
urve A and 
urve B inFig. 6 lay on the same T �S(Ppl) 
urve. Another 
hara
-teristi
 temperature T �r , where � exhibits a downwarddeviation from the T -linear behavior, for Y123,3 andYC123,53 form another 
urve above the T �S 
urve. Notedthat T
's for samples with same stru
ture fall on thesame 
urve and therefore, for the same stru
ture, T

an be used as a se
ondary measure of Ppl if S290 isnot available. Hereafter, we will 
all temperatures deter-mined by T �r and T �S as upper pseudogap temperatureT �up and lower pseudogap temperature T �lp, respe
tively.In Fig. 8(b), we plot T �S , T �r and T
 for CLBC28 andCxLBLC18 that have 
rystal stru
ture similar to thatof Y123.17 They show tetragonal symmetry with no or-dered 
hain. T �S and T �r fall exa
tly on the T �lp and T �up
urves found in Y123 and YC123, respe
tively. SimilarT �up and T �lp 
urves 
an be obtained for Bi-based fam-ily of Bi2201,19,54,55 Bi2212,11,29,56 and Bi2Sr2Ca2Cu3Oy(Bi2223)47 as shown in Fig. 8(
) and Hg-based familyof Hg1201,33,35 Hg1212,46 and Hg122346 as shown inFig. 8(d), respe
tively. This 
learly suggests that twopseudogaps do not depend on the number of CuO2 lay-ers in the unit 
ell. However, the super
ondu
tivity is en-han
ed with in
reasing number of layers, 
onsistent withthe empiri
al rule of T
 for HTSC. The phase diagramfor LS214 is shown in Fig. 8(e).21{27,57,58 It is seen thatboth pseudogaps follow the universal 
urves until Ppl �0.15 where the optimal T
 is. It is interesting to notethat although our universal Ppl s
ale was originally de-rived from S290 of LS214 it does seem that LS214 is anex
eptional member of HTSC as 
ommonly believed.We further demonstrate the possible appli
ation andthe advantages of using our s
ale. In Fig. 9(a),we plot the spin gap temperature signaled by a de-
rease in 63Cu nu
lear relaxation rate 63(T1T )�1 withredu
ing T and the pseudogap temperature suggestedby the disappearan
e of leading-edge gap observed byARPES as a fun
tion of Ppl exa
tly as reported in theliterature.6,51,52,59{61 There is, ex
ept of LS214, no 
leardistin
tion among them and they seem to behave as one
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9pseudogap. However if we re-plot the same data usingour s
ale,62 Fig. 9(b), the pseudogap and spin gap 
learlybelong to the T �up and T �lp, respe
tively.The 
hara
teristi
 temperatures determined fromthe time resolved quasiparti
le relaxation (QPR)measurement,10 RH ,4 and magneti
 sus
eptibility �,57that are also in
luded in Fig. 9, fall on the T �up 
urve. Thetemperature of a broad peak observed in T -dependn
eof the ele
troni
 spe
i�
 heat 
oeÆ
ient 
 falls on theT �lp 
urve.8,9 Thus, various 
hara
teristi
 temperaturesin
luding LS214 belong to either T �up or T �lp.Here, we would like to point out that T �lp andT �up are not two temperatures, determined by di�er-ent experimental probes, of a 
ommon origin. Rather,they have distin
t di�erent physi
al origins. This
an be infer from the suppression of S(T ) by Znsubstitution below T �S2 (> T �S). The T �S2's (�lledstars) lie exa
tly on the T �up 
urve as shown in Fig.8(a) and (d), while T �S (open stars) for the sam-ples substituted until 1 % in YBa2(Cu1�zZnz)3Oy32and 3 % in HgBa2(Cu1�zZnz)O4+Æ35 fall on the T �lp
urve. Further, the T �S2 determined from the S(T ) inBi2Sr2Ca1�xPrxCu2O8 and LS214 by another s
alingmethod were plotted into Fig. 8(
) and (e) as gray stars,respe
tively.34 The same T �S2 for Bi2Sr2Ca1�xPrxCu2O8and LS214 also were plotted into Fig. 9(a) and (b) asgray and yellow stars, respe
tively. The T �S2 lie on theupper pseudogap temperature. Therefore both T �lp andT �up are sequentially observed by a single TEP mea-surement. This result strongly suggests that there aretwo 
hara
teristi
 temperatures. Another experimentalresult that we 
an address is infrared response.63 Thefrequen
y-dependent e�e
tive s
attering rate 1/� showstwo 
hara
teristi
 temperatures, namely, the tempera-ture T �IR where the low-frequen
y 1/� starts to be 
learlysuppressed below 700 
m�1 and the temperature T �IR2where the high-frequen
y 1/� starts to depend on T . ForLS214, the former 
orresponds to the T �lp and the latter
orresponds to T �up as shown in Fig. 9(a) and (b).In the optimally doped La1:85Sr0:15CuO4 (Ppl = 0.15),the ARPES result shows that the pseudogap tempera-tures were observed beyond � 200 K, although the tem-perature is mu
h higher than T
 = 38 K.64 This is sig-ni�
antly di�erent from previous results.6 However, onour phase diagram as shown in Fig. 8(e) and 9(b), theunusual pseudogap temperature at � 200 K belongs tothe upper pseudogap temperature, 
onsistent with thatobserved by ARPES in Bi2212.Although there are various dis
ussions for doublepseudogaps,65{70 our results provide 
lear experimentaleviden
es and the 
alibration (temperature versus 
ar-rier 
on
entration) 
urves of two distin
t universal intrin-si
 pseudogaps in HTSC. The physi
al origins of upperand lower pseudogaps have been attributed to the onsetof the ele
troni
 inhomogeneity and the super
ondu
ting
u
tuation, respe
tively.66 If we adopt this s
enario, ourresults indi
ate that both ele
troni
 inhomogeneity andsuper
ondu
ting 
u
tuation in the pseudogap regimes

are stri
tly "2D".T. Tanamoto et al. noti
ed the two 
hara
teristi
 tem-peratures observed in Y123, the temperature at whi
h(T1T )�1 versus T takes a maximum, TR, and the onsettemperature of the suppression of 89�K, TS , and studiedboth temperatures by the extended t-J model.70 On thepresent s
ale, the TR 
orresponds to the lower pseudogaptemperatures.A

ording to the re
ent experimental result of ARPESand the angle-integrated photoemission spe
tros
opy(AIPES) in Bi2212, there are two types of pseudogapwere observed.71 One is small pseudogap, the one usuallyobserved by ARPES in Bi2212. The other is large pseu-dogap observed only by AIPES. While the small pseudo-gap temperature tou
hes T
 at slightly overdoped level,the large pseudogap temperature is mu
h higher than T
at same doping level. The large pseudogap by AIPES isplotted in Fig. 9(
) as blue stars. In Bi2212, the thirdpseudogap temperature was reported in T -dependen
e ofthe uniform magneti
 sus
eptibility.56 Further, in Y123,the onset temperature of the suppression of � and �Kabove RT was estimated from the T -dependen
e of � and�K observed below RT by the s
aling.72 Their data alsoare plotted in Fig. 9(
). On the present s
ale, it seems tosuggest the possible existen
e of a third pseudogap. Fur-ther experimental and theoreti
al studies are required topin down the physi
al origins of these pseudogaps andtheir behaviors.IV. SUMMARY AND CONCLUSIONSIn summary, we have shown that S290(Ppl) of double-layer Y1�xCaxBa2Cu3O6 follows that of single-layerLS214 and 
an be represented by Formula (3). Althoughit is not 
lear exa
tly how this s
ale works so well, we ar-gued that S290 is di
tated by some intrinsi
 equilibriumproperties of the ele
troni
 states of doped holes and,therefore, 
an be used as a 
ommon s
ale to measure Pplof layered HTSC 
uprates. Indeed, S290's were found,independent of if it is doped with hard or soft dopants,73to be identi
al in both La2CuO4+Æ and La2�zSrzCuO4up to Ppl � 0.1.74 A universal phase diagram of HTSCis 
onstru
ted by using our proposed s
ale of S290. We
on
lude that double pseudogaps are intrinsi
ally a sin-gle CuO2 layer, therefore 2D in nature, property and T
depends on the inter-layer 
oupling for all HTSC's. Mostre
ent experimental results may suggest the existen
e ofa third pseudogap. Our proposed s
ale points to a uni�edway to systemati
ally study and 
ompare physi
al prop-erties of di�erent HTSC and provides further insights ofthe possible distin
t origins of two pseudogaps.A
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