PHYSICAL REVIEW B VOLUME 54, NUMBER 14 1 OCTOBER 1996-II

Thermoelectric power of Y;_,Ca,Ba,Cu3;0,_4 Contributions from CuO , planes and CuO chains
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The thermoelectric powdTEP) has been studied for polycrystallitt¥,Yb), _,CaBa,CuO;_ s with vari-
able Ca and O content. The partial substitution df Yy C&" introduces additional hole carriers into the
CuG, planes and allows the 123 system access far into the overdoped regime. Consequently, the CuO chains
can be strongly deoxygenated until they are nonmetg@iicd no more contribute to the TERvhile the CuQ
planes still are optimally dopedl't="T a0 Or even slightly overdoped. Over a fairly wide range of doping
this enables us to study the TEP of the 123 system as it arises solely from thepan®s(“‘plane contribu-
tion™). This “plane contribution” is in good agreement with the general trend reported for various Bi and Tl
compoundg$S. D. Obertelli, J. R. Cooper, and J. L. Tallon, Phys. Re¥6B14 928(1992]. For samples with
almost fully oxygenated CuO chains, assuming independent TEP contributions fromptar@s and CuO
chains, we deduce a “chain contribution” which is very similar to the results obtained on untwinned single
crystals[J. L. Cohnet al, Phys. Rev. B45, 13 140(1992]. [S0163-182806)04738-9

INTRODUCTION higher than room temperature for the strongly underdoped
samples but falls systematically wity, as well and is al-
Recent experiments revealed a close relationship betweaggady very close td . in the case of the optimally doped
the unusual electronic properties of the cuprate Higtsu-  Samples. Recent experiments have indicated ffatis
perconductors and the chargiele) carrier concentration of ~closely related with the temperature at which a “pseudogap”
the CuQ planes,py . Scaling relations upop,, have been starts to de\(elop in the excitation spectrum .o_f the normal
reported for several electronic properties in the superconstateé® as evidenced for example in the specific heatye
ducting and in the normal state, including the critical tem-NMR relaxation rate and Knight shiftand the resistivity”
perature TC '2 the magnetic penetration depth,?’ the In the Overdoped regim'E* seems to fall bEIOWC (Refs. 10
resistivity? the Hall numbef, the spin susceptibilitf,and ~and 12 and the upturn o§(T>T,) starts to diminish while
the thermoelectric powefTEP).’
The TEP is a very impressive example where the charac-

pmin

teristic features of the unusual temperature dependence and 125 I
even the absolute values have been shown to varyyjtim
a systematic way.Almost identical results have been ob- 1001
tained for various compounds spanning the entire doping
range from the very underdoped to the strongly overdoped 751 518
; 7,8 : H H — © Q
regime.” p, was determined here either using a bond va- & ci 0
lence sum(BVS) analysis, assuming a unique dependence = 50
of T¢/T¢ max UPON Py 2 or from the chemical substitution =
level x in La,_,Sr,CuQ, and Y;_,CaBa,Cu04.8 '% 25
As shown in Fig. 1, the characteristic feature$s6t) and
their variation withp, can be summarized as follows. For 0 R
the entire underdoped to the optimally doped regime § 4
S(T,<T<290 K) typically has positive valuesS(T>T,) 25 538
first rises towards a maximum at a temperatilife before 0 50 100 150 200 250 300

S(T>T*) decreases almost linearly with temperatued
least up to room temperatyreThe negative slope of
S(T>T*) does not change very _ml,JCh with the dpplng stat £, 1. The evolution of5(T) as a function of the doping state
of the CuQ planes and is very similar for the various com- ¢ e CuG planes(in the superconducting regims sketched by
pounds. The absolute values $T) and T*, however, ex-  the solid lines. The dashed lines indicate the expeS(@ in the
hibit a strong and systematic decrease wif. The room  apsence of superconductivity. Labeled iy (p™ are the points
temperature values(290 K), as a convenient parameter, falls where superconductivity disappears on the underdépestdoped
nearly exponentially wittp, from S(290 K)~500 uV/K for  side.S(T) for optimally doped Cug@ planes(corresponding tor
the undoped samplép,,=0) towardsS(290 K)=1-2 uV/K =Te.mad IS labeled byp°®. The solid arrows indicate the position
in case of optimal dopingp,~0.16. T* appears to be of the maxima inS(T) at T*.

Temperature [K]
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S(T>T,) still decreases almost linearly with temperat(re. doping regime forpp,<0.12,7 clear deviations have been
S(290 K) therefore changes sign shortly past optimum dopshown to occur towards higher carrier concentration when
ing and is negative, growing in magnitude more or less Iin-pp|>0.12.7*16 The magnitude ofS(T) decreases here much
early related tqy . more slowly withp, and S(290 K) stays positive even for
Deviations from this general trend so far have been obheavily overdoped samplé& A similar effect has been ob-
served only for two classes of systems. For the YBCO comserved forT* which appears to be almost independent from
pounds YBaCu,0;_ 5 (Y-123)," YBa,Cu,0g (Y-124),"%and  doping for p,>0.12*° The reasons for these deviations in
Y ,Ba,Cu,0;5_ 5 (Y-247),'° they occur when the CuO chains the TEP of the La_,(Sr,Ba,CuQ, system are not yet clear.
are almost fully oxygenated and become metallic. InWe can only speculate that they may arise from scattering
La,_,Sr,CuO, (La-2149 and structurally related effects associated with the increasing concentration of oxy-
compound5?® they appear when the carrier concentrationgen vacancies within the Cy@lanes which occur especially
exceed,~0.12. for x>0.12% Structural instabilities that are related to the
The deviations in the TEP of the YBCO compounds canorthorhombic-tetragonal transition may also have some
be explained by the CuO chains that become metallic wheeffect?®
nearly fully oxygenateds<0.30 and provide a contribution Others have suggested that,LaSr,CuQ, provides an
to the TEP(“chain contribution”) additional to the Cu® ideal model system for studying the “plane contribution,”
planes(“plane contribution”).” The metallicity of the fully S, as it arises solely from the charge carriers within the
oxygenated CuO chains has been demonstrated by a numb@uO, planes'® For all the Bi and Tl systems, they have
of experimental techniques including NMR, IR argued that an additional contribution to the TEP arises from
reflectivity ® and dc conductivity>1°?°Recent muon-spin- the BiO and TIO layerglike the “chain contribution” in the
relaxation (uSR) experiments and optical reflectivity YBCO compoundsand accounts especially for the negative
measurement$ have indicated that the CuO chains also be-values ofS(T) in the overdoped samplé8lt is quite hard to
come superconducting. Direct evidence for the “chain conimagine, however, that the different layers @i,Pb),0,,
tribution” to the TEP comes from experiments on untwinned(Tl,Pb),0,, and (Tl,Pb)O, with the incorporation of various
single crystals where a pronounced anisotropy has been obmounts of lead and excess oxygen, should provide the same
served between the components paralgl) (and perpen- contribution to the TEP as controlled solely by the doping
dicular (S,) to the CuO chain&®?* state of the Cu@planes,p,,. The same applies for the Hg
For polycrystalline samples the measured TEP consists afuprates for which the TEP correlates in the same ay.
the powder average as weighted by the electrical conductiv- One way to clarify this controversial situation is to mea-
ity o. Due to its very low conductivityg.<(o,,0,) the  sure the “plane contribution” to the TEP as it arises for an
component along the axis can be neglected. Assuming that optimally doped 123-type sample when the CuO chains are
CuG, planes and CuO chains contribute independently to thetrongly deoxygenated and any ‘“chain contribution” is
TEP along thé direction parallel to the CuO chains accord- known to be absent. The trend of the,La(Sr,Ba,CuQ,
ing to S, =(26"'SP'+ 6*"S™)/(26"'+ o), while only the Cu@  system then would be confirmed if one finds tS{fT) is
planes are conducting along thedirection perpendicular to largely positive withS(290 K)~20 wV/K. In case one finds

the CuO chains witrsazsp', one derives that S(290 K)~1-2 uVIK, however, it becomes clear that the
TEP of the various Bi and TI compourfdepresent the gen-
o AcPSP+ s eral trend for the “plane contribution” as a function pf.
Spoy:T‘ler—ach—- () The TEP obtained for the La-214 system then should be

regarded as an exception to the otherwise general trend.

For almost fully oxygenated YB&u,O,_ 5 with §<0.3,
Y-124/° and Y-247,° it was shown that the appearance of gayp| E PREPARATION AND CHARACTERIZATION
the “chain contribution” is accomPanled by clear changes in
the temperature dependence $Y(T). While the “plane We addressed this issue by studying the TEP of polycrys-
contribution” typically gives rise to a negative slope, the talline samples of the system, Y,CaBa,Cu;0;_ 5 with dif-
“chain contribution” has a large positive slopé®*®It is  ferent Ca concentrations af=0, 0.05, 0.10, 0.15, and 0.20
interesting to note that in case of Y-123 the absolute valueand variable oxygen content of 084<0.98. The idea is
of S(290 K) are only moderately affected by the “chain con- that the substitution of ¥ by C&" introduces additional
tribution” indicating thatS®"(290 K) and SP(290 K) around  hole carriers into the Cufplanes, independently from the
optimum doping are rather simildr. (de)oxygenation of the CuO chaing, The counterproduc-
The “chain contribution” disappears once the CuO tive doping effect due to the Ca substitution and the deple-
chains are sufficiently deoxygenated +0.30/1* Such a tion of the CuO chains then allows the preparation of
deoxygenation of the CuO chains, however, is accompaniesamples of the 123-system with optimally-doped GuO
by a reduction ofp, and YBgCuO;_; is already strongly planes(corresponding td =T, may but strongly deoxygen-
underdoped wher>0.30. For polycrystalline samples of ated CuO chaings>0.30 that are nonmetallic and do not
YBa,Cu;0,_; it is therefore not possible to study solely the contribute to the TEP.

“plane contribution,” S”, over a wider range of doping The preparation of such samples with a large amount of
without the admixture of the “chain contribution.” Ca on the Y site requires a careful protocol which has been
Less well understood are the deviations that occur in thelescribed previously.From neutron scattering experiments
TEP of the system La,(Sr,Ba,CuQ, (La-214. While it was shown that we managed to incorporate the Ca almost
S(T) follows the trend of the other compounds in the low exclusively on the Y site up to Ca concentrations of
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100 ———— 100 6>0.38 the Cu@ planes become underdoped ahgdis sup-
O\s"\”g"\‘:i‘;"a“es pressed down t@.=38 K for §>0.8. No further changes

. i occur in T, in the range 0.86<0.98, indicating that no
801 2 m ‘-. 1% charge carriers are transferred to the Gyplanes as long as

o . . . A

5 the CuO chains are only lightly oxygenated. This circum-

| N \ stance was recognized earlier for the Ca-free XB8O,_;

60{ @ 160 , )

F - where the Nel temperature is almost unaffected for
< u- m 0.8< <1, even thougfTy, is known to be rapidly suppressed
= 40] .y g 14 already by a very small amount of charge carriers within the

® CuO, planes® This effect was quantified using bond valence
W Y, 05, BaCu0,  0.04<5<098 s sums determined from neutron diffraction datmd the re-
201| & v, cagagcuo, fled chains © 120 sults reported below concur numerically with this.
O Y,0888,0u0, optimized (T=T, ) g Shown by the open triangles are the samples which have
L) Y,,CaBaCuO, . emptychains £ N X .
0 g fully oxygenated CuO chains withd<0.04. While

0001 02 03 04 05 06 07 08 09 10 YBa,Cuy0Og g5 is only slightly overdoped witi ;=89 K, the
CuG, planes are progressively overdoped dndis succes-
sively diminished towards higher Ca contenflio=79 K for

FIG. 2. The critical temperaturé, plotted as a function of the X~ 0:05, T¢=69 K for x=0.10, T.=57 K for x=0.15, and
oxygen deficiencys, in the CuO chains for Y _,CaBa,CO;_s. Tc=4_6 K for x=0.20(x.=0.18. The open circles represent
The solid squares represent oiCa BaCu0;, 5 with & Series, where for each Ca contenkef0, 0.05, 0.10, 0.15,
0.04<5<0.98. The open symbols are a series of samples with difand 0.20, the Cufplanes have been optimally doped corre-
ferent Ca contenk=0, 0.05, 0.1, 0.15, and 0.2, where the CuO sponding toT.=T¢ nax. Optimum doping was ensured for
chains are fully oxygenated with<0.04 (open triangles the oxy- ~ €ach Ca content specifically by the depletion of the CuO
gen content of the CuO chains is reduced specifically for each cghains until any further reductiotincreasg of the oxygen
content in such a way that the Cy@lanes are optimally doped content caused to decrease towards the underdogeder-
(open circley, and the CuO chains are completely deoxygenatecdoped side. The corresponding values have been deter-
(6~0.99 (open diamonds The solid arrows always point in the mined from the mass changes relative to the fully-
direction of decreasing Ca content. oxygenated samples. They ase-0.38 for the samples with

x=0.20 (X=0.18 and T, =855 K, 6=0.32 for
x=0.152 Only for Ca concentration in excess ¥£0.15 a  X=Xg4=0.15 andT, 1,—=86.3 K, 6=0.26 for x=xX3=0.10
small fraction of the Ca starts to occupy the Ba $kg<x)  and T ;,=87.9 K, §=0.19 for x=X¢;=0.05 and T max
and minor amounts of BaCyQtart to appear. Furthermore, =91 K and §=0.12 for x=0 and T, m,=93.5 K. The
we investigated the changes in ttiele) carrier concentra- changes in the oxygen deficiengy, of the CuO chains and
tion of the CuQ planes(Apy,) that are induced by the sub- the Ca contentx, appear to be almost linearly related. As-
stitution of Y** by C&". For a series of samples with suming that the optimal doping of the Cu@lanes always
equally oxygenated CuO chairfsvith a fixed amount of occurs at the same carrier concentratimlependent of the
charges transferred from the CuO chajreither fully oxy-  oxygenation of the CuO chaipsnd furthermore, that the
genated §=0.04 or completely deoxygenate@=0.98 (as  hole carriers created by the substitution of Yoy C&#" are
confirmed by the neutron experimeptae studied the evo- transferred directly into the Culanegas indicated by the
lution of the critical temperaturd;, as a function of the Ca changes ofT, for the fully (de)oxygenated sampl&swe
concentration on the Y sit&.;. Assuming thall, exhibits a  derive that about 1/3 of the charge carriers introduced into
unique dependence upy, as reported in Ref. 2 we de- the CuO chains are subsequently transferred to the,CuO
duced that all the holes incorporated by the substitution oplanes, corresponding tAx.u/2—A&/3~Apy~const. This
Y3" by C&" are transferred into the Cy(planes, corre- value is in good agreement with previous estimates for
sponding '[oApp|=xeﬁ/2.8 Such a variation 0Py UpoN X YBa,Cu0,_ 52 Moreover, the open diamonds represent the
was confirmed independently by a bond valence $BWS)  underdoped samples which have completely deoxygenated
analysis based on the results of the neutron scatteringuO chaing6=0.99. Here, only the sample for=0.15 and
experiments. x=0.20 (Xx,4=0.18 are superconducting witf ;=13 and

38 K.

oxygen content §

RESULTS AND INTERPRETATION
A. Critical temperature B. The TEP for samples with fully oxygenated CuO chains

Shown in Fig. 2 is the evolution of the critical tempera- We have further investigated these samples by measuring
ture, T,, as a function of the oxygen conteit,Represented the thermoelectric powe(TEP) S(T) as a function of tem-
by the full squares are our data fop XCa, Ba,Cus0,_swith  perature(T<300 K) using conventional methodsShown in
Xe=0.18 and a variable oxygen content of 0s0%<0.98. Fig. 3 is S(T) for the samples with fully-oxygenated CuO
The fully oxygenated sample with=0.04 is strongly over- chains and different Ca concentrationsxs£0, 0.05, 0.10,
doped withT.=46 K. Upon a reduction of the oxygen con- 0.15, and 0.20. For all these samp&d’) exhibits features
tent, and thus opy,, T increases up to the maximal critical that are characteristic of the presence of a significant “chain
temperature oT ¢ ,,=85.5 K for 5=0.38 at optimal doping. contribution” to the overall TEP:**°A fall in S(T>T,) to
Upon a further deoxygenation of the CuO chains beyondarge negative values just above is followed by nearly
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FIG. 3. The TEP plotted as a function of temperature for _3_2;323 ./' ”’\,.
Y 1-xCaBayCu0,_ s with fully oxygenated CuO chain&<0.04 2] Fo—s=0.11 * vee
but different Ca content ok=0 (solid circles, x=0.05 (open A—5=004 / oo LITYPR
circles, x=0.01(solid squares x=0.15(open squargsandx=0.2 [ bt 7 5
(solid triangles. < 01 & L oo ]
S
> \ a OOCbqboooooooc>ooooooooooooooommp
constant or moderately increasing valuessef >120 K) to- = 0] .
wards room temperature. It can be seen from Fig. 3 that the ¥ \ \..
negative values ofS(T) increase in magnitude towards 4 D Smmgy s nEEEERERESREE—
higher Ca content where the CyPlanes are more strongly - k
overdopedas evident from the reducddq, values. Irrespec- o
tive of the peculiar temperature dependenceS(T), this -6+ a) ol AAAA“AAA ]
demonstrates that the overdoped Guyifanes give rise to a : . . . ' A‘A_
negative TEP, similar to what is observed in the case of 0 50 100 150 200 250 300
overdoped Bi and Tl compoundgyut in clear contradiction T [K]

to the case of overdoped 4aSr,CuQ, where S(T) stays
positive® We would like to point out that the negative shift
of the TEP W!th increasing Ca content c“ann(_)t be ex_plained,,m{o_SCaO_ZBazCugO7,5: (@ for overdoped to optimally doped
terms of an increase of the negative cha!n contribution. samples with5=0.04 (solid triangles, 5=0.11 (open squares
First of all, it is confirmed from neutron refinement that all 5— 24 (solid squares 5=0.33 (open circley and 5=0.38 (solid
these ssamples have almost the same oxygen content gfcles; (b) for optimally to underdoped samples with=0.38
0<0.04” Furthermore, the neutron scattering experiments intsolid circleg, 5=0.43 (open circley §=0.51 (solid triangles,
dicate that the incorporation of Ca enhances the occupancy=0.54 (open triangles §=0.57 (solid squares §=0.69 (open

of the “off-chain” O(5) position and so introduces addi- squares and 5=0.99 (crosseks

tional disorder into the CuO chains which should reduce the . ]

“chain contribution” to the TEP Indeed, using the slope of Samples with oxygen depleted CuO chains the Cplanes
S(T>120 K) as a rough estimate for the relative weight of are less strongly overdoped afd is increased up to its
the “chain contribution” (the “plane contribution” always ~Mmaximum ofT¢=Tc ma=85 K for 6=0.38. Again, the most
has a negative slopewhile the slope of the “chain contri- Negative values o§(T) are found for the most strongly over-
bution” is positive"14*9 such a trend may be seen in Fig. 3. doped and fully oxygenated sample as was shown already in
Finally, with increasing overdoping the TEP is weighted Fig. 3. The negative values &(T) are stepwise decreased

more strongly toS” as o™ continues to increase. for the samples which have less strongly overdoped £uO
planes. Simultaneously, however, the negative “chain con-

tribution” is reduced now by the deoxygenation of the CuO
chains and accounts at least in part for this effect. The rela-
tive weight of the *“chain contribution” again may be
Shown in Fig. 4a) is S(T) for a series of optimally-doped roughly estimated from the slope &{T). The “chain con-
to strongly-overdoped samples of Ca& Ba,Cu;0O,_swith  tribution” is almost absent for the strongly deoxygenated
0.38=6=0.04. The Ca content is fixed here and it is theand optimally-doped sample witl#=0.38. For the only
variation of the oxygen content of the CuO chaidsthat  slightly deoxygenated samples witi+=0.11 and 0.19, how-
determines the changes iy, . The fully-oxygenated sample ever, it appears to be even a little increased as compared to
with 6=0.04 is strongly overdoped withi,=46 K. For the the fully oxygenated sample with=0.04. At present we are

FIG. 4. The TEP plotted as a function of temperature for

C. The TEP for Y, ¢CayBa,Cuz0,_5
with variable oxygen content
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not sure if this effect is real and possibly related to the fact
that the oxygen in the (B) position is removed first upon the
deoxygenation of the CuO chains, thereby increasing the or-

dering and the metallicity of the CuO chains. Neutron scat- | °a @ 322235[2]0;0 . 1°
teringzgexperiments are under way that might clarify this N o 8§ txx2Tsvess
point:

Most notable is the TEP for the optimally-doped sample
with T,=T. na=85.5 K and §=0.38. The monotonic and
nearly linear decrease &T>100 K) indicates that its TEP
arises mainly from the charge carriers within the GuO
planes while the “chain contribution” is almost absent. In
fact, there appears a striking similarity to the TEP as it is
typically observed for the optimally-doped samples of all the v ca Bacuo ° i
different Bi and TI compoundS.The similarity holds not ] 08 02 28T i
only for the overall shape @&(T) with T* being close tdT 000 005 010 015 020 025 030
and S(T>T*) decreasing almost linearly with temperature, p
but also for the absolute values wig{290 K)~1-2 uV/K. p!

Our data therefore support the conclusions that the TEP of _
the Bi and Tl compounds arises solely from the charge car- FIG. 5. The TEP at room temperatu®(290 K), as a function
riers within the Cu@ plane$ and thereby leaves the case of ﬁ;/heebheoeli Z‘;Ti(;fgfézt'f?grzft;h: gg?_ﬁf’;_‘f_s%l '£23¥?;Zefh?$§|'a

i - i L ¢, max 3
tSh((Zg%ptILr)nfg)(l) (i?\‘/)/?(d (Ihﬁg?sr%és‘c; usO‘tlhveyltgxgepti%)?\ofrlén?ntcrj\e tionship TC/Tcymalei€§2.6(pp|f0.16)2 (Ref. 2. The results for
otherwise general trend. the u_nderdoped t_o optimally doped sgmples are shown on a loga-

Shown in Fig. 4b) is S(T) for the more strongly deoxy- rithmic scale, while those for the optimally doped to overdoped

d d | derd d | samples are shown on a linear scéds indicated by the solid ar-
genate an consequently -~ underdope sampies 9 ws). The solid squares represent our results for the fully oxygen-

Y0CoBaCu0; , for 0.98=6=0.38. For all these ,ieq samples with different Ca contdfor S(T) see Fig. 3 The
samplesS(T) le?(h'b'ts the typical features of the “plane con- gqjig circles are data for Cay Ba,Cu0;._ 5 with variable oxygen
tribution,” S”, i.e., an increase d(T>T.) to a maximum  contents [for S(T) see Figs. @) and 4b)]. Included by the open
at a temperatureT* and an almost linear decrease of symbols(as labeled in the figujeare representative results for vari-
S(T>T*) towards room temperature. ous Bi-, Tl- and Y-123 systems from Refs. 7 and 8.

Shown in Fig. 5 are the results f&290 K) as a function

of py, represented by the full squares for the fully oxygenatedox : ; ; ;
! ; ygenated CuO chains combined with the codoping effect
series ¥ _xCaBa,Cu0; o6 for 0<x<0.2(see as well Fig. B that was thought to arise from the substitution of equal

and by the full circles for ¥¢CaBaCuO;—5 for — o00ints of ¥+ by C&* + 3+ g
. 8-, y C&" and B&" by La®". It is the latter
0.04<5<0.98[see as well Figs.@ and 4b)]. py has been point that we doubt, for it is a very complicated task in itself

calculated from the suppression of the relative critical teMy, jncororate large amounts of Ca exclusively on the Y site.
peratureT, /Te max USINg the empirical formula Following the conditions of sample preparation as described
_ _ 2 in Ref. 30 we find that this is not possible, and even under
Te/Tema=1=82.6pp—0.16 @ optimized conditions this is possible only up to a limited
as given in Ref. 2. Included for comparison are representaamount forx<<0.28 No indication has been given in Ref. 30
tive results for Bi-, Tl-, and Y-123 systems as they werethat the doping state of the Cy@lanes is kept at a constant
shown in Refs. 7 and 8. From this plot it becomes obvioudevel. Therefore, it seems more likely to us that the large
that S(290 K) of the 123 system follows the trend reported positive value ofS(290 K) for x=0.4 simply indicates the
by Obertelli, Cooper, and TallohEven though the tempera- fact that the Cu@planes are slightly underdoped. This point
ture dependence &(T) is clearly affected by the appear- could be easily checked using, e.g., measurement of the
ance of the “chain contribution” in the case 80.3[see  NMR Knight shift3!
Figs. 3 and 4a)], it appears that the room temperature values
(somewhat accidentallyare only weakly modified by the
“chain contribution” (at least on the relevant scale of the
large changes that occur whep, is varied. We have further investigated the TEP of
In this context we would like to comment on the seem-Yb, Ca Ba,Cu, L0y 10;_5, a 123-system where the CuO
ingly contradictory results that have been reported in a simichains have been additionally disrupted by the substitution of
lar work where the “plane contribution” to the TEP was Co on the C() site. The idea is that the substitution of
investigated for Y_,CaBa,_,La,Cu0; with x<0.43° It  Cu(1) by Co should ensure that the metallicity of the CuO
was concluded there that a large positive TEP arises from thehains is destroyed even faster upon deoxygenation of the
optimally-doped Cu@ planes of the 123-type system with CuO chains. When the “chain contribution” to the TEP has
S(290 K ~10 wV/K, very similar to the case of disappeared the Cy®lanes then still might be in a slightly
La; g5Sh 12CuQ,. The “chain contribution” was supposedly overdoped state. Using Yb instead of Y we attempted to
suppressed here by the substitution of large amounts of Baduce the size mismatch between thé'Cand theR3*
by La, while a constant doping level of the Cu@lanes  which assists the incorporation of larger amounts of'Gan
(optimally doped was believed to be ensured by the fully- the site of theR®**. For this series no neutron experiments

Bi-2212[6] ©
° TH2201 [6] A

-
o
o
]
[6;]

$(290 K) :V/K]

Y123 [6] i

TH1212[6] & A 110
Lo

Y1_xCaXBaZCu 306 [26]

® + 0O

D. Additional disruption of the CuO chains by Co substitution
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negative shortly past optimum doping towards the overdoped

Yby13,583,C4,,C0, O l side. The slopea=dS(T>T*)/dT is almost unchanged

475
8 and stays negative on the overdoped side. Our data demon-
strate that the sign change an=dS(T)/dT is related to the
61 onset of the “chain contribution” to the TEP. The sign
change ing, as it is observed for Ca-free YBauO,_ s
4 around optimum doping, therefore is related to the onset of
the “chain contribution” that coincides here rather acciden-
3 21 tally with the optimal doping of the Cufplanes. In particu-
S lar, this coincidence is specific to the composition
= 0 YBa,Cu;0;_5 and is not related to the electronic properties
@ of the CuQ planes and in particular the presence of a van
2] Hove singularity at the Fermi surfadg®?
-4/ Dﬂthmmnunnmnunnnnnnnnnnuxmm g ]
E. The evolution of the “chain condensate”
5 A with oxygen depletion

0 S0 100 150 200 250 300 We have further investigated the evolution of the “chain
Temperature [K] condensate” for a series of optimally-doped samples of
Y, ,CaBaCuO,;_5; with (x=0, 6=0.12, (x=0.05,
FIG. 6. The temperature dependence of the TEP for the systers=0.19), (x=0.1, 6=0.26), (x=0.15, 6=0.32), and (x=0.2,
Ybo 7Ca Ba,Cly ICop 1075 SamplesA—-G are overdoped with  5=0.38. The equally optimally doped Cuyplanes can be
T.=69, 81.8, 84.3, 86.1, 86.5, 87.3, and 87.9'k; is increased  expected to provide an identical “plane contribution” to the
upon the deoxygenation of the CuO chains. Sarkplie optimally  TEp 5o that the evolution of the chain contribution can be
doped withT¢=Tc ma~88.5 K and samples and J are slightly  gy,died as a function of the oxygen content of the CuO
und;g(jgpe?*)\/ygrgc??.? and 79.7 :I( ;rhe neg?tive f]'c’pe ﬁf chains. Our results foB(T) are summarized in Fig. 7. The
a= > , that occurs typically for samples where the o _ ;
“chain contribution” to the TEP is absent, can be seen to persist foﬁ%s;:gse ;I?gtehg?;[?osn(-r?iﬁgirlf)é(j)-r:tfr(i)bru\t(ig?z?l'?f?gsg(l)g-itive
the optimally doped sampld and even for the slightly overdoped slopea (therefore the “%hain contribution” to’ the TEF;Can
samplesG-E. A significant “chain contribution,” as indicated by be seen to decrease systematically for the samples with
a change towards positive slope, occurs only for the fully oxygen-h. h hi hyh y v d d
ated samples where the Cu@lanes are strongly overdoped. \gher C"?‘ Cont,em which have more s_,trong y eoxygepate
CuO chains. Finallyx becomes negative fo>0.30 as is
expected when the TEP is dominated by the “plane contri-
have been performed to check for the Ca occupancy on thgution.” For Y, {Ca, Ba,CsOg 6, the most strongly deoxy-
Yb site or for the absolute oxygen content. For a Sim”argenated Samp|§(T) was shown a|ready in F|g(@ and
sample of Ly Ca Ba,Cu:0;_5, however, neutron scatter- discussed as an example where the TEP arises solely from
ing experiments indicate that we managed to incorporatgne charge carriers within the optimally-doped Gutlanes.
Xe=0.235 Ca on the site?® Our fully oxygenated sample Qverall, it appears from Fig. 7 that the “chain contribution”
again is strongly overdoped wiffi, =68 K. When oxygen is  has quite a strong influence on shape and especially on the
removed from the CuO chainB; is increased towards the sjope ofS(T>T*), while the changes i8(290 K) are only
maximum value ofT¢=T¢ m,=88.5 K, before it is de- minor (=1 wV/K) especially compared with the large
creased again on the underdoped side. The results of our TRfRanges that occur upon the variationpgf.
measurements are summarized in Fig. 6. Clear signatures of Assuming independent TEP contributions from GuO
a “chain contribution” appear only for the fully oxygenated planes and CuO chains, one can use @.to extract the
and strongly overdoped samplés-D. Even for the weakly  thermoelectric powefTEP) of the CuO chainsS®™", from the
deoxygenated sampl&-G, for which the Cu@ planes are  measured TEP of the polycrystalline samples, provided one
still slightly overdoped, it can be seen t1g(fT) exhibits the  knows the “plane contribution,'S”, and the in-plane anisot-
features that are typical for the “plane contributiofi’e.,  ropy of the conductivity parallel and perpendicular to the
the linear decrease @&(T>T*)]. The overdoped state of cyo Chainsy:pa/pb:(200'+gch)/2043'_ We derive
these samples is apparent from the increasé&_ imith the

oxygen depletion and from the negative valuesS(#90 K) SN=(y—1)"H(y+1)SPV—25P1. (3
whereS(290 K)=—1.9 uV/K and T.=86.5 K for sampleE,
S(290 K)=—0.9 uV/K and T.=87.3 K for sampleF, and A reasonably good estimate f6F' can be derived from its

S(290 K)=—-0.1 uV/K and T,=87.9 K for sampleG. For  unique dependence uporp, and upon the ratio

the optimally doped samplél with T.=88.5 K we find TC/TC,maX.ZSIn case of optimally doped samples we can use
S(290 K)=2 uV/K in good agreement with the results ob- the experimentally measured TEP of the polycrystalline
tained on the optimally doped samplg & Ba,Cl,Ogs,  Sample ¥ sCa, Ba,CusOg g, for which SPY~SP. The more
shown above and indeed with most other cuprates. Finallycritical quantity is the in-plane anisotropy of the conductiv-
for the underdoped samplésandJ S(290 K) is positive and ity, v, which is experimentally accessible only for untwinned
grows in magnitude, while the negative slopeST>T*) is  single crystal$31%2%ZUnfortunately, only few such studies
almost unchanged. Clearly, our data support the essentibve been reported so far and in most cases the oxygen con-
conclusions of Ref. 7S”(290 K) changes sign and becomes tent was not determined very accurately. Even worse, an ad-
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Y,.caBaCuO, ;optimized(T =T ) Y, CaBaCuO . optimized(T =T )
4 y 6
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8
FIG. 7. The TEP plotted as a function of temperature for the
series of Y _,CaBaCu0;_s where the depletion of the CuO 6 O Shforx=0,8=0.12 e ]
chains was adjusted specifically for each Ca content in such a way 4] O Sforx=0,5=0.02 goo” ]
that the Cu@ planes are optimally doped with,=T .. Data are DDDDD
shown forx=0.2 ands=0.38(solid triangle$, x=0.15 ands=0.32 2 Du'ﬂ”
(open circley x=0.1 and §=0.26 (solid circleg, x=0.05 and 0 DDDD
6=0.19 (open squargsandx=0 and §=0.12 (solid squares The g 5 o
slope a=dS(T>120 K)/dT decreases successively and changes E ) @‘5&9
sign from positive(for x=0 and §=0.12 to negative(for x=0.2 < -44 0o® 1
and 5=0.38 with the depletion of the CuO chains. The positivés »n OOoO°
a characteristic feature of a strong “chain contribution,” while the 000°
negativea for S(T>T*~100 K) occurs when the TEP is deter- -8; OOO°
mined solely by the Cu@planes. 10/ b) Cﬁpoooo
.. . -12 y r : ; r
ditional source of uncertainty comes from the fact that most 0 50 100 150 200 250 300
single crystals are likely to contain small amounts of impu- Temperature [K]

rities like Au or Al which are incorporated mainly in the Cu
chains and thereby affect and reduce the anisotropy. Finally,

L FIG. 8. The temperature dependence of the “chain contribu-
the detwinning of the crystals may not be perfect and MaYi - 1o the TEP, S for YBa,CuO, , as extracted assuming

give rise to a reduction of the m?asured an'SOFrOpy' We arf?ldependent contributions of Cy@lanes and CuO chains to the
aware only of one study_ on detW|r_1r_1ed Y-123 single crystalg,erall TEP of the polycrystalline samplésee Eq.(3)]. (@) The
fchat h_qve t_)een grown in a _specmc way tp ensure thf_;\t NQolid squares sho@ for optimally doped YBaCu,Ogge The
impurities like Al or Au are introduced during the melting solid triangles represent the “plane contributior§®, of the opti-
process? The value ofy=2.1510) is amongst the highest mally doped Cu@ planes as measured for the optimally doped
reported so far and the annealing conditions With500 °C  sample ¥ gCay Ba,Cus04 5> Where SPY~SP. The open squares

in O, and the deduced oxygen content & 0.1 are very show the “chain contribution”S™" for YBa,CuyOg g5 as deduced
similar to those of our optimized sample YfakOg g5 The  using Eq.(3). For comparison the dashed line shows the results for
result deduced foS™ is shown in Fig. 8a) by the open S™ as reported from TEP measurements on a detwinned Y-123
squares together witB"Y (full squares and the TEP for single crystal of similar oxygen conte(Ref. 23. Except for small

Y 5.6Cay ,Ba,Cus0g 5, Where SPY~SP! (full triangles repre-  deviations towards higher temperatures the agreement is very good.
sents the “plane contribution” that arises from the optimally (b) The open squares sha@" for optimally doped YBaCusOg gg
doped Cu@ planes. Shown by the dashed lineS¢ as it  While the open circles represe®ft” as we deduced ifor details see
was derived in Ref. 23 in a more direct way from TEP mea-texd for fully oxygenated and slightly overdoped Y2506 05 It
surements on a detwinned single crystal that was annealed @Pears thas"" becomes more negative with the filling of the CuO
460 °C in oxygen but contained Au as impurity in the CuO chains while the positive slope remains almost unchanged.
chains. Except for the saturation 6f" at higher tempera-

tures which occurs for the detwinned single crystal the reisotropy y is comparable to that of Y-124 where a value of
sults are very similarS™ for YBa,CuyOg gg is Shown again  y=2.8 is observed experimentalty.The idea is that the

in Fig. 8b) (open squardstogether withS™" as derived for  electrical conductivity of the one-dimensional CuO chains is
fully oxygenated YBaCu;O; o5 (Open circles For the fully  limited mostly by the scattering of the charge carriers on
oxygenated sample the CuO chains should be almost peexygen vacancies rather than by the concentration of the
fectly ordered and therefore we have assumed that the agharge carriers in the chains. The conductivity of the almost
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perfectly ordered double chains in case of Y-124 and thend Tl compound$.In particular, for the optimally doped
single-chain for fully oxygenated YBE&WOg o therefore sample we find thaS(T>T*) decreases almost linearly
can be expected to be rather similar even though the totalith temperature towards a value 86290 K)~1-2 uV/K.
concentration of charge carriers is a little different. From theShortly past optimum doping towards the overdoped side
value of T./T; max—=89/93.5 we estimates”=S(290 K)  SP'(290 K) changes sign and becomes negative. The charac-
[1-a(290-D] with SP(290 K)=—2 wV/K and a=0.02 teristic negative slopee=dS(T>T*)/dT, however, is al-
uV/K?. As was concluded in Ref. 23 from the TEP measure-most unchanged and remains negative like in the underdoped
ments on the detwinned single crystals we find t83tbe- regime. We find that the sign change in
comes more negative when the CuO chains are fully oxygene=dS°Y(T>T*)dT is related to the onset of a significant

ated while the positive slope is hardly changed. “chain contribution” to the TEP. The coincidence of the
sign change ofr and S(290 K) as it is observed in Ca-free
SUMMARY YBa,Cu;0;_ 5 just around optimum doping therefore occurs

) ~accidentally only for this specific composition, and is not
In summary we have studied the TEP of polycrystallinerg|ated to the electronic properties of the Guianes, i.e., to
samples of the 123 syste¥,Yb); ,CaBa,Cu0;_; for  the presence of a van Hove singularity at the Fermi surface.
0=x=<0.2 and 0.046<0.98. The partial s_ubstl_tutlon of% Assuming independent TEP contributions from Guanes
by C&" introduces additional hole carriers into the GUO and CuO chains, we can deduce a “chain contribution”
planes and makes the 123 system access far into the Ovefhich agrees remarkably well with the results that have been

and oxygen depletion of the CuO chains enables us to presngle crystals.

pare 123 samples which have strongly deoxygenated and

nonmetallic CuO chains but still have optimally dopes

determined byTC=TC,ma?<) anq even slightly c_)verdoped ACKNOWLEDGMENTS
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