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We have measured thermoelectric powEEP) as a function of hole concentration per Guldyer Py in
Y 1.CaBaCu0g (Py=x/2) with no oxygen in the Cu-O chain layer. The room-temperature TEP as a
function of Py, %P, of Y;_CaBa,Cu;0s behaves identically to that of La,Sr,CuQ, (P, =2). We argue
that Sng(Pm) represents a measure of the intrinsic equilibrium electronic states of doped holes and, therefore,
can be used as a common scale for the carrier concentrations of layered cuprates. We showsPhat the
determined by this new universal scale is consistent with both hole concentration microscopically determined
by NQR and the hole concentration macroscopically determined by the formal valency of Cu. We find two
characteristic scaling temperaturé’%, and T*sz, in the TEP versus temperature curves that change systemati-
cally with doping. Based on the universal scale, we uncover a universal phase diagram in which almost all the
experimentally determined pseudogi;\p temperatures as a functiBp Gll on two common curvesl;owgr
pseudogapemperature defined by tfig versusPy, curve andupper pseudogafemperature defined by tfe,
versusP,, curve. We find that while pseudogaps are intrinsic properties of doped holes of a singléa@eO
for all high-T. cuprates,T. depends on the number of layers, therefore, the inter layer coupling, in each
individual system.

DOI: 10.1103/PhysRevB.70.214517 PACS nuni®er74.25.Fy, 74.25.Dw, 74.62.Dh, 74.72h

[. INTRODUCTION most fruitful if different measurements done on different ma-
derials can be compared and analyzed on a common ground,

high-temperature superconductglTSCs is one of chal- & hole concentration per Cu@yerPy,. Py can be deter-
lenging problems in condensed matter physics. Especially iftined by Sr content (P,=2) in L&y, Sr,CuQ, with only

the underdoped region, not only the unusually high-cation doping, butitis hard to determiiy unambiguously
superconducting transition temperatuig) but also many " the other systems with anion doping.Rf, can be deter-
normal state properties have defied our current knowledge dfined by either one o, Ry, or S, then aimost all the avail-
metal. The tremendous experimental results have been accﬁbIe data can be compared quantitatively and analyzed on a

: : . common physical ground. Establishing a scale based on TEP
mulated since the d!scovery of HTSC n 1986. Unf(_)rtunately,is very powerful because thg of HTSC is not sensitive to
due to both experimental and material constraints, man

. . ) ) Yoth the grain boundary and porosity effettSherefore,
h|gh-qual|ty data were cqllected on different m.atenals. FOlith some precautions both single-crystal and polycrystalline
instance, neutron scattering experiments require very lar

_ _ 9§ata can be compared.

single crystals and, therefore, have almost exclusively been e underdoped HTSC is characterized by a gaplike
done on YBaCu;0, (Y123) and Lg_,Sr,CuQ, (LS214 so  gnomaly appearing below a characteristic temperature, the
that big crystals can be grown. Angle-resolved photoemisso-called pseudogap temperature. The pseudogap behavior
sion spectroscopyARPES and scanning tunneling micros- was first observed ifi®r NMR Knight shift AK and in the
copy (STM), which are sensitive to surface conditions, have®3Cu spin-lattice relaxation raté(T,T)™* (Ref. 2. It also

been performed mainly on EBr,CaCyO, so that a virgin  showed up as an anomaly in th@ndRy; versus temperature
surface can be obtained by cleavage. On the other hand, reurves®* Subsequently, the pseudogap behavior has been
sistivity p, Hall coefficient Ry, and thermoelectric power observed in many experimental probes, such as far infrared,
(TEP) Shave been measured on almost all HTSCs. It will beARPES® TEP/ specific hea$, time-resolved quasiparticle

Understanding some of the peculiar properties of th
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relaxation(QPR measuremerif, and so on. The pseudogap @ »=6.00 (Prosent samplc)
temperature systematically varies with cation or anion dop- A y=602 [7]
ing in individual systems. However, for the above reason, 100 1= _VI_FG'OZI[IS] . .
these pseudogap temperatures cannot be compared based on
the hole concentration. In such a situation, the room-
temperature TEPS*®®) was proposed to be useful for deter- 8o 1
mining P! According to this scale, the pseudogap behav-
ior is summarized on the phase diagram that the pseudogap 60l ]
temperature falls from higher temperature at lower hole con-
centration to zero at a critical hole concentration across the /
T, curve!2 On the other hand, the result of ARPES suggests 4r s
that the pseudogap temperature does not cross tleerve, /
but smoothly merges witffi, on the slightly overdoped side. 2l v ]
For LS214 system[. appears atP,~0.06, passes a A
maximumT(T{'®) at P, =~0.16, and, finally, falls to zero at )

Pp~0.27. It was approximated by a parabolic cudive 0.00 005 010 0.5 020
Ca content, x

T, (K)
<

TJT{™=1-82.6P, - 0.162. (1)

FIG. 1. Superconducting transition temperat(fg) as a func-
Although Eqg.(1) can be conveniently used to estimag tion of Ca doping level for the double-layer, XCaBa,Cus;O,. The
for the systems with similar parabolic variation Ty, it can-  data for the samples with=6.00 are present work. The others are
not be used for the systems with a complex variatiomgf data reported in the literatu®efs. 7 and 1p The solid lines are
such as Y123P, of Y123 was estimated from the bond guide to the eyes.
valence sum(BVS) analysis, which relied on accurate
knowledge of interatomic bond lengths.Later, it was  superconductivity. We find that while the pseudogap phase is
shown that, for some HTSC&*° can be used to estimate an intrinsic property to single CuQayer, the bulkT, seems
P, consistent with that determined by either ). or BVS  to be governed exclusively by the interlayer coupling.
analysist! The following empirical formula has been
proposed®

372 exf- 32.42,) (0.00< P, < 0.05 Il EXPERIMENTAL
ST uVIK] =1 992 exg-38.1P;) (0.05< Py < 0.159 Y ;,CaBa,Cu0g with different Ca contents ok=0.05,
24.2-13®, (0.155< Py). 0.10, 0.13, 0.15, 0.17, 0.18, 0.19, 0.20, and 0.22 were pre-
2) pared by causing a solid-state reaction in a proportioned mix-
ture of Y,03 (5N), CaCQ (5N), BaCQ, (5N), and CuO
Equation(2) has been widely used with the distinct ad- (4N). These powders were ground, pressed, and fired in
vantages thaf* is material independent. Therefore, it can flowing O, at 900°C for 6 hr. This process was repeated
be used to compare physical properties as a functid?,adf  several times. For the final firing, two pellets with0.5 g
very different HTSCs. But, there are still difficulties in using each were fired for 1815 hr in flowing G at 920
Eq.(2). For instance, there is no reason why the optifal  ~940°C. The Q gas was exchanged into Ar gas
whereT{'"® appears, should be universaly0.16 for HTSC  (99.9995% at the high temperature, before in the furnace
as has already been questioned in Ref. 16. It is also natith flowing Ar gas the samples were annealed at Z58nd
trivial to apply BVS to determiné,, for systems with inter-  cooled to room temperature. The oxygen contentas con-
nal strain due to the CuO chain structure, such as ¥123. firmed to be 6.00+0.01 by using an iodometric titration tech-
Furthermore, it is reported that, for LS2%¥4, nique under Argas. The prepared_YCaBa,Cu;Os Samples

(Calay,)(Bay 75480 254 CsOy (C,LBLC),8 and  with x<0.22 were identified as a single-phase by examining
Bi,Sr,,La,CuQ, (Bi2201),1° Po’'s determined by Eq(1) are  the X-ray powder diffraction pattern. The
not consistent with those determined by E2). Y o 7:Ca »sBaCu;05 showed some minor second phase, al-

Y 1.xCaBa,Cu;0g (YC1236 without CuO chain has two though the main peak of the second phase was below 1% for
equivalent Cu@planes, therefore, the,, can be determined the main peak of the 123 phase. The density of all prepared
unambiguously by Ca contertas P, =x/2. Different from  samples was over 80% of the theoretical density. Figure 1
the well-known and widely used empirical correlation be-shows the Ca content dependenceTpfwith previous re-
tween % and P, (Ref. 11, we find thatS®YP,) for  ported result$:’® The prepared samples show no supercon-
YC1236 behaves identically to that for LS214. Since theducting transition untik=0.18, while the superconductivity
crystal structure for YC1236 is very different from that for appears above-0.125 in some other group’s samples with
LS214, we argue that this different correlation3f°can be  y=6.027-1%Accordingly, the chain-site oxygen of the present
used as an intrinsic scale Bf, for different HTSC cuprates. samples is confirmed to be adequately reduced. The TEP was
We demonstrate that this conjecture seems to work by unmeasured by an ac method with a low-frequef@8$ mH2
covering a universal phase diagram of the pseudogap arfteating techniqué’
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FIG. 2. The evolution ofS(T) for different Ca contents of the
double-layer Y_,CaBaCu;0g. The Ca contents of samples 1-6
are 0.10, 0.13, 0.15, 0.18, 0.20, and 0.22, respectively.

IIl. RESULTS AND DISCUSSION

A. Temperature dependence of TEP for Y_,Ca,Ba,Cuz0g

Figure 2 shows the typical dependence of TEP for a
series of fully deoxygenated ,Y,CaBaCu;Og with 0.05
=x=0.22. The oxygen content is fixed to be 6.00+0.01
here. Typically, upon increasing temperaturg positive S
rises toward a broad peak at a temperatligeand S de-
creases almost linearly fof >Tg Tg was reported to be
closely related to pseudogap temperatuf@e T dependence
of TEP, (T), systematically changes with Ca dopirT@. be-
comes lower with Ca doping, and the magnitude of TEP
decreases. The observed) is very similar to that reported
in LS214 (Refs. 21-2y, Cy,.BLC (Ref. 18, and
CalaBaCyO, (CLBC) (Ref. 28 without ordered CuO

chain. Thus, it is confirmed that there is no significant chain-S214. Inset:
9 dashed line shows E@2) (Ref. 11). The black solid line and gray

solid line show the Formul&3a and (3b), respectively.(b) The
solid line shows Eq(4) (Ref. 3. The dashed line shows Ehb)

contribution to TEP.
S(T) can be well scaled by the val& and temperature
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La, Sr CuO,
S.D. Obertelli er al. [11]
Y. Nakamura ef al. [21]
T. Nishikawa et al. [22]
1S. Zhou et al. [23]
N. Kakinuma ef al. [24]
D.C. Johnston et al. [25]
ZA Xuefal [26]
Y. Hongjieetal.  [27]
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FIG. 4. $°°0on the logarithmic scale versi®, for YC1236 and
§° on the linear scale versuB,. (a) The long

T’YS of the peak as shown in Fig. &S can be fitted to a at 290 K (Ref. 38.

log T law for 0.3<T/T¢<0.8 as shown in the inset. We

confirmed thatS(T) data of BySr,CaY,Cl,0,(Bi2212)  show the same scaling behavior by using the repoB@l
(Ref. 29, CLBC (Ref. 28, and G4 BLC (Ref. 18 also  data. LogT behavior forT < Tgwas reported in CLBGRef.
28) and YB3Cu;0, (y=6.49 (Ref. 11). Similar scaling be-

havior was also reported in the single-layer LS214, double-
layer Y123(y<6.65, and Bi2212(Refs. 30 and 3)l Since

20

all the above observations were done on samples without
ordered CuO chains like Y123, we conclude that the broad
x peak atTg, log T dependence fof <Tg andT linear behav-
o ior for T>Tg are intrinsic characteristic TEP properties of
ol doped holes in the CuQayer. As the superconductiyity ap-
e 020 pears with doping, the scaled curve®/S versusT/Tgcan
¢ 0m be cut off at the low-temperature side, as shown in Fig. 3.

Accordingly, in the highly doped samples, the scaled curve
for TEP could lose the log behavior by the developement
of the superconductivity. The schematic picture was shown
in Fig. 1 of Ref. 7. In fact, such variation &T) with doping

FIG. 3. S/S" as a function ofT/Tg for different Ca contents of Was observed in Bi221@Ref. 31).

the double-layer Y_,.CaBa,Cu;0q. The inset shows/S versus

In HgBa,CuQ,, s (Hg1201), the S(T) was well scaled by

T/Tg on the logarithmic scale. the temperature, where starts to decrease linearly with in-

214517-3



HONMA et al. PHYSICAL REVIEW B 70, 214517(2004)

creasingT, and the value at the temperatd?eSimilar scal- contentx as Pp=x/2, since YC1236 has two equivalent
ing was reported also in Bi221@®Ref. 34. Another charac- CuG, planes without CuO chain. For the comparison, the
teristic temperatureTg,(>Tg) for TEP is reported in reported results of?*°in LS214 are represented by various
Zn-substituted Y123Ref. 32. The S(T<Ty,) is suppressed different symbols?*-2"and the universal curve proposed in
by Zn substitution, while th§(T>T*SZ) does not depend on Ref. 15 is shown as the long dashed line. We find that the
Zn substitution. Recently, the temperature used for anothegbserved 10¢5™) of YC1236 varies linearly wittPy and
scaling method is reported to be just equal to @_35 does not follow the universal line. This relation can be rep-
Therefore, theS(T) can be characterized by two tempera-resented by Eq(3a). It can be clearly seen the?*° of
tureS,T*s where QT) has a maximum and'*sz where gT) Laz_zerCUO4 with 0.05<z=<0.21 fall eXaCtIy on the same
becomes sensitive to Zn substitution. We will discuss thafurve asS**A(Py) for YC1236. ForPy>0.21, S*4Py) of

both Tg and Tg, are related to the pseudogap in Sec. Ill B. LS214 changes from exponential to lineaiHp as shown in
the inset of Fig. &). In the pure LaCuQ,, there is the large

scattering of S as shown in Fig. @&). $°YP,) of the
double-layer YC1236 is identical to that of the single-layer
Figure 4a) showsS*° on the logarithmic scale as a func- LS214, in spite of the difference between YC1236 and
tion of P, The closed circles represent t§&° for the fully ~ LS214 in the crystal structure, which leads us to conjecture
deoxygenated samples of; ¥CaBa,Cu;0s with 0.05<x that the present relation f(Sng(Pp,) can serve as a universal
<0.22. ThePy can be determined unambiguously by Cascale ofP,, for layered HTSC with equivalent CyQayers®

B. Room-temperature (RT) scale for hole concentration

392 expg— 19.7P 0.02< P, <0.2 3
SZQ(LMV/K] — lﬁ pl) ( pl 1) ( a)
40.5-16%, (0.21< Py). (3b)
[
In Ref. 11, theszgo(Pp,) of La,_,Sr,CuQ, did not follow According to the Nagaosa-Lee model, using a gauge-field

Eq. (2). Two possibilities were pointed ott.The deviation theory for a uniform-resonating valance-baiRYB) state3®
may arise from scattering effects associated with the increaghe Sis represented by a sum of fermion contribution, which
ing concentration of oxygen vacancies within the Gu&y-  is proportional toT, and boson contribution, which is pro-
ers, which occur especially fa>0.12. Structural instabili- portional to[1-In(27Py,/mksT)]. The totalS can be repre-
ties that are related to the orthorhombic-tetragonal transitiogsented by Eq.(5a). The expression can be simplified as
may have some effect. Since we know that YC1236 showshown in Eq.(5b)

the tetragonal symmetry at room temperattiend the oxy-

gen content is fixed at 6.00+0.01, the identi8&(P,,) be- K k 2P
. . Ks Kg pl
haviors for both YC1236 and LS214 have effectively ruled S(T,Py) ~ <1 =l In T)’ (59
out both possibilities. e F mkg
Here, we compare th&°qP,) that we used to construct
our universal scale with some theoretical works in HTSC. k
First, Cooperet al. found that the room-temperature TEP S(T,Py) = —B(ao+a1T+ aInT+agInPy), (5b)
observed in LS214 can be semiquantitaively explained by a el
modified Heikes formula based on hopping in a strongly
Coulomb correlated systefh wherem is the effective mass and,, a;, a,, and az are

adjustable parameters. Equati@@b) is qualitatively consis-
k op k tent with the observed dependence of TEP at a fixed hole
e 2, (4) concentration. The calculated TEP at 290 K, shown in Fig.
el 1-Py e 4(b), is consistent with the experiment data upPig~0.12.

For P, >0.12, the calculate® is smaller than and increas-
where e is the electronic charge arkg is the Boltzmann ingly deviates fromS*° with doping.
constant. The S arises from the Heikes formula, Although the present Eq¢3a) and(3b) are still empirical
—(kg/|e)In[P,/(1-P,)] and a spin entropy term, rules, it is found that the present equation is not artificial by
—(kg/|€e))In 2, with an orbital degeneracy term(kg/|e|)in 2. comparison to the calculated results of the both models. We
The experiment data up 8, ~0.2 can be represented by expect that a completed theory of hidh should be able to
Eq. (4) as shown in Fig. @). However, no magnetic field account for thes’® versusPy, curve over the whole doping
dependence of TEP was observed, in spite of the expectatiargion. Without even a working phenomenological theory,
of the disappearance of the spin entropy term under the magve resort to the same empirical approach and further check
netic field%” the validity of Egs.(3a) and(3b) by showing that indeed, if

S(ppl) ==
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Y'BazCu30y
A 11 Tallonetal [32
allonetal. - [32] |7YuCauBazCu301

— For curve A
YB-,Cn,OI
< S.D. Obertelli et al. [11] For curve B
WV JR.Cooperetal. [41] YBaCu 0
3y

B JR.Cooperetal. [30]
@ Y.Wangetal.  [44] || % C.Bemhardetal [7]
Q M. Akoshima etal. [42] || ©Q M. Akoghima et al. [42] Y,,Ca,,BaCu0,

. JL. Tallonetal. [32
< S.D.Obertelli et al. [11] A IR Cooperetal. [43] Yr C.Bemhardetal. [7] : IR.C me,,af,L [[30]]
V IR.Cooperetal. [41] A\ IR Cooperetal. [43] ® Ywﬂg‘d a. [44]
O M. Akoshima et al. [42] Q M. Akoshima ef al. [42]
Yl.,c',B':C'Iaoy (present data)
Q x=013&0.18, y>6

(=S |

% O y=600, x>0
- 100
0.25 ! 80t
0.20 sl
0.15f : & ol
% ’
B
0.10 20l
0.0s} i fiama . .
0.00 0.10 0.20
0.00 : ; 1 pl
6.0 6.2 6.4 6.6
Oxygen content, y FIG. 6. T as a function o, in Y;_,CaBaCu0,. The solid

and dashed lines are a guide to the eyes for the curve A and curve B,
FIG. 5. P, determined fromS?*° as a function of oxygen- respectively.
contenty in Y1.,CaBaCuz0,. The inset shows the effective hole
concentration(P,—x/2) by the oxygen doping alone. The solid are exclusively generated through the Ca doping. Abpve
lines are a guide to the eyes. ~6.2, the hole carriers increase almost linearly with oxygen
doping. This is due to the generation of the hole carriers by
applying our universal scale to different material systemsoxygen doping. But, there is no threshold behavior due to
physically meaningful comparisons and conclusions can b@xygen doping. TheP,(y) curve trends to divide into two
achieved. curves like Y123. In YC1236, the hole carrier can be gener-
ated even by slight Ca doping as shown in Fig. 4. The cre-
ation of hole carrier by oxygen doping may need the ad-
equate oxygen content or threshold of hole carrier. The inset
Many TEP data for Y.,CaBaCu;O, have been of Fig. 5 shows the effective hole concentratid®),—x/2)
reported’1130:32.41-44rhe anisotropy of the in-plane resistiv- due to oxygen doping alone. Although there is some scatter-
ity becomes significant whep~6.68 in YBaCu;O, (Ref.  ing, the generation of hole carrier by oxygen doping is found
3). Therefore, we assume that the Y123 belpw6.68 does to be slightly suppressed in the Ca-doped samples. The
not have the conductive chain or chain contribution to theorthorhombic-tetragonal transition occurs in the range of
transport property. Consequently, for the Y123 systems, thé.3<y=<6.5(Refs. 42 and 46 The Ca doping may influence
RT scale for the TEP was applied to the samples uy to the formation of the microscopic CuO chain ordering. In the

C. Application of RT scale to Y;_,CaBa,CuzOy

~6.68. CLBC and GLBLC with significant Ca doping, there is no
Figure 5 shows th@,, determined fron§**°as a function  ordered CuO chain like Y12@Ref. 7).
of oxygen content for Y,CaBaCu0,. The Py's for Figure 6 shows theT, as a function of Py for

YBa,Cu;0, are plotted by the closed black and gray sym-Y,_,CaBaCu;O,. There are twdl; versusPy, curves. One
bols. ThePy's for Y ¢CaBaCusO, are plotted by the is that theT, appears aP,~0.09 and increases linearly with
open symbols. In YBEu0,, the hole carrier appears by P, for P, =0.1(curve A). The other is that th&. appears at
oxygen doping beyongl=6.15. There seems to be a thresh- P, ~0.06 and merges into the curve A arour@.18(curve

old of the oxygen content for generating the hole carriersB). The curve A includes th&(P,) for YC1236 without
Above y~6.2, the hole carriers increase with oxygen dop-CuO chain and ¥ ¢Ca, Ba,Cus0, with y<6.6. Further, the

ing. ThePy,(y) curve trend is to divide into two curves in the T (P, for CLBC and GLBLC without ordered chain also
range of 6.2<y<6.6. The splitting ofP,(y) curve may be follows the curve A'®28In the curve A, two data for Y123
related to the formation of the CuO chain structure or theare included. The samples for these data were prepared over
inhomogeneity of oxygen distribution on the CuO chain site.10 years ago. It is well known that tuning the oxygen content
The Ca-doped Y123 shows a slightly different behavior com-using the quenching technique often leads to a large degree
pared to that for Y123. In ¥gCa -Ba,Cus0,, up toy=6.2,  of in-plane disorder, which causes localization and strong
the P, is almost 0.10, equal to the hole concentration gensuppressiofi? The disorder can be removed by I6wan-
erated by Ca doping of 0.20. This suggests the hole carriensealing because the loW-annealing causes the oxygen-
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Pk P with the equivalent Cu@layer, we did not use our scale for
B Y23 [48]( | 3% Hgi201 [33] the Y123 system with chain contribution to TEP. For the
$ oo 1l @ e same reason we do not apply our scale to the overdoped
0.40 | ¥ He1201 [49] | : triple- and four-layer systems. Note also that, for an un-
A Hg1212 [49) -~ known reasonPy, is not coincident withPc,, for the single-
.’ layer Hg1201.
030} m" i The hole concentration per CyCayer for YBgCusOg g,
g @ Bi,Sr,CaCyO, (T,=86 K), and ThBa,CuGs,; (TI2201)
r:n..B A with T.=80 K and 42 K was estimated from the nuclear
'g 0.20 #* ,,é . quadrupole frequency for single- and double-layer HT$Cs.
o JA FV4 ** The reported hole concentration per Gui@yer determined
y ¥ from the nuclear quadrupole resonarb&R) Pyqris plot-
0.10¢ AR ) ted in Fig. 7 as a function of thig,;. The broken line exhibits
,'{‘9" the Pp=Pngr line. The P, shows a good correlation with
400 .0 , . . Pnorin the wide doped range from 0.15 to 0.3. According to
7000 010 020 030 040 the relation between Knight shift perpendicular to thaxis

and hole concentration for single- and double-layer HTSCs

in Ref. 48, we can estimatByqr for the reported Knight
FIG. 7. P, determined from TEP by the present scale versusshift data of Hg1201 and Hgl_ng-The Pnor 0f Hg1201

Pnor determined from NQR anBcy determined from Cu valency. and Hg1212 are also plotted in the same figure as the star

The dashed line showR, = Pyor = Pcy. and upward triangle, respectively. Except underdoped

Hg1201 that show some deviation from tRg=Pyqr line,

Pnor for both samples also shows good correlation viAth

pl

rearrangement forming CuO chait¥sThe data from the lat-
est Y123 samples fall on curve B. The Y123 data on curve Al N€ correspondence betweBp and Pyqr suggests that the
may have some disorder within the CuO chain layers, alf ole concentration macroscopically determined from TEP is

though it does not have the macroscopic chain ordering. AC(_:onsistent with the hole concentration microscopically deter-

cordingly, curve A is for the samples with no chain or disor-mMined from NQR.
dered chain fragments and curve B is for the samples with

the relatively aligned chain fragments. I 3Ca -Ba,Cus0, E. Electronic phase diagram by RT scale

ith y=6.5, theP, is ~0.2 it sh h I . .
with y=6.5, thePy, is ~0.20 and it shows the tetragona We try to validate our scale by examing the pseudogap

symmetry*? The curve B merges into curve A &, ~0.18. s : .
The anisotropy of the in-plane resistivity of the pure pehawor in various HTSCs. Since the pseudogap state found

P Ref. 3, ARPES® and nuclear magnetic resonance
YBa,Cu;O, becomes significantly above/~6.68 (P in p ( N ' NN
=0 iG) 3 ai/though the orthorhombic-tetragonal transitioﬂ oc-(NMR) experiments' has emerged as an intrinsic property of
curé at;/—6 3~ 6.5 (P,=0.05~ 0.12) 4245 Accordingly, it is the electronic states of underdoped HTSC, if plotted on a
=0.0~0. pl— Y. . L y

considered that untiP,~0.16, the superconductivity and pggﬁggggp Eeehzr:/'irggf%r sltlz?—:?r’scvge expect a universal
TEP are not influenced by the long chain ordering, at least. |II? '

- . . First of all, the phase diagram for ;¥%CaBa,Cu;O
spite of the same hole concentration, thefor curve B is ; oS *, Y
slightly higher than that for curve A. This seems to sugges YC123 and Y123 is shown in Fig.@). Tss for YC1236,

that the formation of the CuO chain fragment may enhance Cd123 (Ref. 53, Yo-gcdao-zBaZCLboy d(YC°|:2123) (Ref. 7),
the coupling between the Cy@lanes. and Y123(Refs. 30 and 4jlare found to lie on a common
curve that decreases from300 K atP,~0.025 to~100 K
at Pp=0.24.T's for YC1236, YC123(Ref. 7), and Y123
) > (Ref. 11 and 4} also lie on a common curve which appears
other techniques: Validity of the present scale at P, ~0.09 and reache®™™ at P,1=~0.25(curve A in Fig.
The hole concentration per Cy@yer can be chemically 6). T*S seems to be smoothly connected withat a slightly
estimated from the formal valancy of Cu through the titrationoverdoped levelT for both curve A and curve B in Fig. 6
technique. From the report&di® and the Cu valency for the lay on the samél((P,,) curve. Another characteristic tem-
double-layer HgBsCaCuyOg,s (Hgl212 and triple-layer peratureT:,wherep exhibits a downward deviation from the
HgBa,CaCu;0g,5 (Hg1223 (Refs. 33 and 46 the P, and  T-linear behavior, for Y123Ref. 3, and YC123(Ref. 53,
the hole concentration per Cy@ayer determined from the form another curve above tHE; curve. Noted thafl.'s for
Cu valencyPcy are calculated. Th@., of Hg1212 and un- samples with same structure fall on the same curve and,
derdoped Hg1223 are plotted in Fig. 7 as the up- and dowrtherefore, for the same structuii, can be used as a second-
ward triangles, respectively. In our scale, the optimal dopingary measure oPy, if S**°is not available. Hereafter, we will
level for Hg1223 is~0.21 as shown in Sec. Il E. In both call temperatures determined by, and Tg as upper
systemsPcy is almost identical td,,. In the overdoped side pseudogap temperature’;,;rand lower pseudogap tempera-
for the triple- and four-layer HTSC, the inhomogeneity ture T},, respectively. In Fig. &), we pIotT*S, T: andT, for
charge distribution for inequivalent CyOlayers was CLBC (Ref. 28 and GLBLC (Ref. 18 that have crystal
reported?’:50 Since our scale was developed for the HTSCstructure similar to that of Y12@Ref. 17. They show tetrag-

D. Comparison with the hole concentration determined by
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FIG. 8. (Colon TLp and T,*p vs Py in (@) Y123 and YC123(b) CLBC and GLBLC, (c) Bi-based family,(d) Hg-based family, ande)
LS214. All solid lines are a guide to the eyes Ty, T,p,*anch.*The dashed lines represent the same curves as the solid lines for Y123 and
YC123. In(a) and(d), the open and closed stars shdwand T, for Zn-substituted Y123 and Zn-substituted Hg1201, respectiiRéfs.

32 and 35%. In (c) and(e), the gray stars shoW*52 for Bi,Sr,Cq _,Pr,Cu,0g and LS214(Ref. 34.

onal symmetry with no ordered chaifig andT, fall exactly ~ cal rule of T, for HTSC. The phase diagram for LS214 is
on theT}, andT;p*curves found in Y123 and YC123, respec- shown in Fig. 8e).21-27.57.581t is seen thaboth pseudogaps
tively. Similar T,, and T, curves can be obtained for follow the universal curves unti,~0.15 whereT, is opti-
Bi-based family of Bi2201(Refs. 19, 54, and 55Bi2212  mal. It is interesting to note that although our universg|
(Refs. 11, 29, and 56and BySLCaCu;0, (Bi2223 (Ref.  scale was originally derived fron$**° of LS214, it does
47) as shown in Fig. &) and Hg-based family of Hg1201 seem that LS214 is an exceptional member of HTSC as com-
(Refs. 33 and 3 Hg1212(Ref. 46, and Hg1223Ref. 49  monly believed.

as shown in Fig. &), respectively. This clearly suggests that  We further demonstrate the possible application and the
two pseudogapdo not depend on the number of Cul@yers  advantages of using our scale. In Figa)9 we plot the spin-

in the unit cell. However, the superconductivity is enhancedyap temperature signaled by a decreas&’@u nuclear re-
with increasing number of layers, consistent with the empirilaxation rate®*(T,;T)™* with reducingT and the pseudogap

Y123 ' ' '
v “arisis 700F % @1t

700
B QPR [10] o Y123
¢ ® *a vV K (72
600 - ] 1 F 600 O 1 [72
Hg1201 o
A @) [61] Bi2212
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Bi2212 ~ A By [56]
% ARPES [6,59] % -
: L R 1L LS214
* T, [34] [ 400 . ®AQ 400 O B, [
Bi2223 IR O z 57
@ ARPES [60] 300 - 4 = 41 F 300 A 1 [57]
A o O v oI
LS214 [m] e T;z [34]
O &, @ 200} ‘ 1t 200 .
@ 71, [63]
a Y 4 [57] o I'R
AT 5] o 8 @ 7, [63]
& » n | 100¢ ‘ﬁoo 17 T 1100
Pie T;z [34] ! L L Q K
e T;R (63] 0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
@ 7, I63] Ppl Ppl

FIG. 9. (Color) Comparison of various characteristic temperatures determined by different probes for different HTSCs as a function of
_Pp, (_a) exactly as.reported, ant) a_nd(c) Egs.(3a) and(3h). For details see text. Thtﬁp andTTp curves(dashed linesare same as those
in Fig. 8. The solid lines are a guide to the eyes.
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temperature suggested by the disappearance of leading-edipat both electronic inhomogeneity and superconducting
gap observed by ARPES as a functionRy exactly as re- fluctuation in pseudogap regimes are strictly @®o dimen-
ported in the literatur&80.51.52.59-61There is, except for sional.

LS214, no clear distinction among them, and they seem to Tanamotoet al.’® noticed the two characteristic tempera-
behave as one pseudogap. However, if we replot the santares observed in Y123: the temperature at whighr)™*
data using our scaﬂé[ﬁg 9(b)] the pseudogap and spin gap versusT takes a maximuniTg), and the onset temperature of
clearly belong to thel, andT, , respectively. the suppression d’AK (Tg) and studied both temperatures

The characteristic temperatures determined from the timepy the extended-J model’® On the present scal@g corre-
resolved quasiparticle relaxatiq®PR) measuremet Ry sponds to the lower pseudogap temperatures.

(Ref. 4, and magnetic susceptibility (Ref. 57, which are According to the recent experiment result of ARPES and
also included in Fig. 9, fall on th€,  curve. The temperature the angle-integrated photoemission spectros¢@pyES) in
of a broad peak observed i 'hdependence of the electronic Bi2212, two types of pseudogap were obser{e@ne is a
specific heat coefficieny falls on theT,, curve®® Thus, small pseudogap, the one usually observed by ARPES in
various characteristic temperatures, including LS214, belon@i2212. The other is a large pseudogap observed only by
to eltherT up OF TIp AIPES. While the small pseudogap temperature toudhes

Here, we would like to point out thaf,, and T, up are not  a slightly overdoped level, the large pseudogap temperature
two temperatures determined by dlfFerent experimentals much higher tha,, at the same doping level. The large
probes of a common origin. Rather, they have distinct differpseudogap by AIPES is plotted in Figic® as blue stars. In
ent physical origins. This can be inferred from the suppresBi2212, the third pseudogap temperature was reported in
sion of S(T) by Zn substitution belowlg,(>Tg). The Ty's  dependence of the uniform magnetic susceptibififyurther,
(filled starg lie exactly on theT p curve as shown in Figs. in Y123, the onset temperature of the suppressiop ahd
8(a) and &d), while TS (open star)sfor the samples substi- AK above RT was estimated from tfiedependence g and
tuted until 1% in YBa(Cu,_,Zn,)30, (Ref. 32) and 3% in  AK observed below RT by the scalifi§Their data also are
HgBa,(Cu,_ an)o4+5 (Ref. 35 fall on the TI curve. Fur- plotted in Fig. 9c). On the present scale, it seems to suggest
ther, the -|-82 determined  from the ST) in the possible existence of a third pseudogap. Further experi-
Bi,Sr,Ca_,Pr,Cu,0g and LS214 by another scaling method Mental and theoretical studies are required to pin down the
were plotted into Figs. @) and §e) as gray stars, Physical origins of these pseudogaps and their behaviors.
respectively* The sameTs, for Bi,Sr,Ca_,Pr,Cu,0g and
LS214 also were plotted i?]zto Figs(é® and 9b) as gray and V- SUMMARY AND CONCLUSIONS
yellow stars, respectlvelyﬂ'Sz lies on the upper pseudogap  In summary, we have shown th&°qP,) of double-layer
temperature. Therefore, boTr,]D andT,, up are sequentially ob-  Y;,CaBa;Cuz0q follows that of single-layer LS214 and
served by a single TEP measurement. This result stronglgan be represented by E®). Although it is not clear exactly
suggests that there are two characteristic temperatures. Ahow this scale works so well, we argued ti€&1° is dictated
other experiment result that we can address is infrarethy some intrinsic equilibrium properties of the electronic
responsé? The frequency-dependent effective scattering ratestates of doped holes and, therefore, can be used as a com-
1/7 shows two characteristic temperatures, namely, the tenmon scale to measui, of layered HTSC cuprates. Indeed,
peratureT,, where the low-frequency I/starts to be clearly S**°s were found, independent of whether it is doped with
suppressed below 700 ciand the temperatur€, where  hard or soft dopant& to be identical in both LgCuQ,.;and
the high-frequency 14 starts to depend oh. For LS214, the La,_,Sr,CuQ, up toPpy=0. 174 A universal phase diagram of
former corresponds to th'q and the latter corresponds to HTSC is constructed by using our proposed scal&’$t We
T, p as shown in Figs. @) and qb). conclude that for all HTSCdouble pseudogapare intrinsi-

In the optimally doped LggsSh 15CuUQ, (P,=0.15, the  cally a single Cu@layer, and therefore, 2D in nature, prop-
ARPES result shows that the pseudogap temperatures weggty, while T, depends on interlayer coupling. Most recent
observed beyond-200 K, although the temperature is much experiment results may suggest the existence of a third
higher thanT,=38 K (Ref 64). This is significantly different pseudogap. Our proposed scale points to a unified way to
from previous result8.However, on our phase diagram as Systematically study and compare physical properties of dif-
shown in Figs. 8) and 9b), the unusual pseudogap tem- ferent HTSC and provides further insight into the possible
perature at~200 K belongs to the upper pseudogap tem-distinct origins oftwo pseudogaps
perature, consistent with that observed by ARPES in Bi2212.

Although there are various discussions for double
pseudogap® "% our results provide clear experimental evi-  One of us(T. H.) would like to thank Dr. K. Yamaya and
dence and the calibratigtemperature versus carrier concen- Dr. K. Kodaira of Hokkaido University, and Dr. S. Yomo of
tration) curves of two distinct universal intrinsic pseudogapsHokkaido Tokai University for supporting the present re-
in HTSC. The physical origins ofupper and lower search at the initial stage. We are indebted to Dr. Y. S. Song
pseudogap$ave been attributed to the onset of electronicfor his technical assistance with TEP measurement. This
inhomogeneity and superconducting fluctuation,work was supported by the state of Texas through the Texas
respectivel\® If we adopt this scenario, our results indicate Center for Superconductivity at the University of Houston.
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