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We have used thermopower and magnetic irreversibility field measurements to probe the triple layer
Bi, P Sr,CaCu;0,¢, , high-temperature superconducting cuprate. We find that the thermopower data can
be analyzed in terms of a hole concentration deficit on the inner, @lade of5p~0.05 when the outer CuO
planes are underdoped. However, this deficit does not appear to affect the magnetic irreversibility, field
and it appears to be removed once the outer planes are optimally doped. We fiHg, thedles to a universal
function, within the accessible hole concentration range, and that the maximum irreversibility field occurs at
hole concentrations greater than those that can be achieved in this superconductor. We provide a simple model
to account for the hole concentration dependence oHthescaling prefactor in Bi ,PBSrL,CaCus0;0,y as
well as in BpSr,CaCyOg,, and YBaCu;0;_,, .

INTRODUCTION and variable-temperature magnetic irreversibility field mea-
surements on Bi-2223. The irreversibility measurements
The triple-layer Bj_,PbSrnCaCus04, high-temp-  were performed on the same polycrystalline sample, which
erature superconducting cuprak¢TSC) (Ref. 1) is currently  allows intrinsic effects to be measured. We use a polycrys-
the most useful for technological applications, however it istalline sample rather than a single crystal because polycrys-
one of the least understood of all the HTSC's due to sampléalline HTSC are being used in technological applications
preparation difficulties. For example, this HTSC is synthe-and, as mentioned above, it is not yet possible to make good-
sised from a Bi_,PhSr,CaCyOs,, precursor, and the in- quality single crystals. We show that the room-temperature
corporation of Pb is sensitive to annealing conditions, withthermopower can be modeled in terms of a hole concentra-
consequences for impurity phase formation. It has alsdion deficit on the middle CuQlayer, compatible with'’O
proved difficult to grow good-quality single crystals. The NMR measurements, and the irreversibility field increases
advantages of Bi ,PhSKLCaCu00,, are its highT,  monotonically in magnitude with increasing hole concentra-
value and its micaceous property that arises from the weaton and scales to a universal curve over the accessible hole
bonding between the BiO layers. This micaceous property isoncentration range. We show that tHg, data favors either
used toc axis align the superconductor by deformation-the three-dimensiona(3D) vortex lattice melting or the
induced texturing within superconducting tapes and henc8D-2D flux-line transition models. In particular we show that
increase the superconducting critical current. these models can account for the hole concentration depen-
The understanding of the triple-layer dence of theH;, scaling prefactor in Bi-2223 as well as in
Bi,_«PhSnCaCu044. (Bi-2223 HTSC is complicated BiSn,CaCyOg. (Bi-2212) and YBaCu;0; .
by an inhomogeneous distribution of carriers between the
three CuQ layers. Previous’O nuclear magnetic resonance
(NMR) studies have shown that the inner Gu@yer can be
significantly underdope®l® however, the distribution of Polycrystalline Bj ,PhSrCaCu;0,0,, Samples, with
holes over all three Cullayers has not been systematically x=0.34, were prepared by standard solid-state techniques;
investigated as a function of hole concentration. Theoreticapellets were ground and repressed several times during the
calculations have shown that the relative charge distributiosintering process to achieve phase uniformity, and sintering
in the three-layer HTSC can vary markedly with dopfng.  was carried out in crucibles with close-fitting lids to avoid Pb
One of the important parameters for characterizing HTSQoss. The hole concentration, and herice was altered by
is the magnetic irreversibility field{;,. The irreversibility = annealing the samples at different temperatures and oxygen
field is defined as the magnetic field at whidh(H) be-  partial pressures as described elsewfere.
comes reversible and independent of the previous path. Magnetization measurements were performed using a
While there are a number of conflicting models to describevibrating-sample magnetometer over temperatures ranging
the magnetic irreversibility field, it is clear that the higher from 40 to 120 K. The measurements were performed on the
H;. values are associated with higher superconducting critisame sample where the hole concentration was altered by
cal currents. In particular, it has been shown for the double@nnealing at different temperatures and oxygen partial pres-
CuG, layer HTSC Y, ¢Ca Ba,Cu;0;_ that the irreversibil-  sures followed by quenching into liquid nitrogen. The irre-
ity temperature is correlated with the superconducting criti-versibility field was obtained fronv (H) plots at fixed tem-
cal current and that both reach a maximum near an ovemperatures and was defined as the magnetic field at which the
doped hole concentration gf=0.19° difference betweerM for increasing and decreasing fields
In this paper, we report room-temperature thermopowefell to less than 0.02 emu/cinThe room-temperature ther-
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20— T - - - T S(300K,p) from Bi-2223 in terms of a similar hole concen-

Y tration deficit on the inner CuQlayer when the sample is
underdoped. For higher doping levels the deficit appears to
reduce to zero. The occurrence of an inhomogeneous distri-
bution over the two inequivalent CyQplanes raises the
question as to how to define the overall doping state. We
assume thaf; is governed by the doping state of the two
outer layers and deduce the quoted valuegp dbr these
layers. We start by noting that the conduction is quasi-2D
and hence it is reasonable to model the thermopower as

20(p)
20(p)+o(p—9dp)

a(p—3p)
20(p)+ao(p—6p)’

p where o is the electrical conductivity and the total average

FIG. 1. Plot of the room-temperature thermopong(300K), hole concentration ip— dp/3. The first_term is the contribu.—
against hole concentratiom for Bi-2223 (open up triangles Bi- tion from_the_two outer CuQIayers_ v_vhlle_ the second term is
2212 (open circleg TI-1212 (open diamonds(Ref. 8, TI-2201  the contribution from the hole-deficient inner Cul@yer. As
(open down triangles(Ref. 8, and TI-2223(illed circles (Ref. §  there is no systematab-plane conductivity data on Bi-2223,
HTSC. The solid line is a best fit to the data excluding Bi-2223. TheWe approximateo(p) as o(p)=p for each layer. This ap-
dashed curve is the model described in the text with an inner,Cuoproximation is valid in Bi-2212 over a similar hole concen-
plane hole concentration deficit ofép=édpy/2[1—tanh(p  tration range? We model the data witl8(300 K,p) being
—0.16)/0.0}] and the dotted line is the model described in the textlinear for p>0.12 andS(p) =992 exp(-38.1p) for p<0.12
with an inner Cu@ plane hole concentration deficit 8p=0.05. as observed in other HTSC®dt can be seen by the dotted

curve in Fig. 1 that a constadip of 0.05 can describe the
mopower, S(300K), was measured using a technique de-data forp<<0.16 but the predicted thermopower values are
scribed previousl;}. too large forp>0.16. A better representation of the data can
be obtained by assumingmdependent deficit. We show by
the dashed curve in Fig. 1 that a simple model uséipy
=(8py/2)[1—tanh((p—0.16)/0.0}] can statisfactorily de-

It is apparent in Fig. 1 that the doping dependence ofcribe the data withsp,=0.05. Later, we will see that a
S(300K) for Bi-2223 follows a curve different from that of P-dependent deficit has no significant effect on the magnetic
other HTSC’s. Here we plot the thermopower data againstreversibility field H; .
hole concentration for Bi-222%pen up triangles Bi-2212 We now consider the magnetic irreversibility field. It can
(open circley TI-1212 (open diamonds(Ref. 8 and TI- be seen in Fig. @) that H;, for Bi-2223 is progressively
2201 (open down triangles(Ref. 8 samples. The hole con- larger for higher hole concentrations. Here we phbf,
centration was estimated from the superconducting transitioBgainst temperature, normalized by the superconducting tran-
temperature, T, using the empirical relationl,=Tg[1 sition temperature, in order of dopind,=107.2K (open
—82.6(p—0.16)’] which has been shown to apply for these squares, overdopgdT.=108.9K (open up triangles, over-
HTSC? Only the Bi-2223 samples do not follow the com- doped, T.=108.6K (open circles, underdopgd T,
mon curve found by Oberteléit al® for a variety of HTSC’s. =107.1K (open down triangles, underdoped.=105.3K
We show that this departure cannot be simply attributed tgopen diamonds, underdopehd T.=101.7 K(stars, under-
the existence of three Cy@ayers by including data from the doped. The effect of different hole concentrations is clearer
triple layer TI-2223 HTSdfilled circles.® This fits the cor-  in Fig. 3 where we plot thep dependence ofi;, when
relation well. T/T.=0.8 (open circles, left axjs For comparison, we also

A possible explanation for the departure of the Bi-2223show T, (filled circles, right axig and theT.(p) universal
room-temperature  thermopower from the commoncurve (solid curve, right axis® Notably, H;, continues to
S(300K,p) curve is an unequal distribution of holes on the increase even for hole concentrations greater than optimal
three CuQ@ planes. This explanation has been used to acdoping (p=0.16). It is also important to show that even at a
count for the extra peaks in thHéO NMR spectra from Bi- fixed temperature the value &f;, is increasing with hole
2223 sample$3 However, these measurements were notconcentration. This is apparent in Fig. 3 where we also plot
performed as a function of hole concentration. By comparingd;, against hole concentration for=87 K (open up tri-
the 70O NMR shift of the peaks in Bi-2223 sampfasith the  angle$. This temperature is arbitrarily chosen as the tem-
8% NMR shift in Yo.6Ca BaCus0;_ (Ref. 10 and using  perature at whictl/T.=0.8 for the sample with the highest
the known hyperfine coupling constattst is possible to  T.
estimate that the inner Cy®lane had a hole deficit ofp We show in Fig. &) thatH,, for these different doping
~0.06 relative to the outer layers. levels scales to a universal curve of the forhkhy,

We show below that it is also possible to analyze=H,,(p)f(T/T.). A similar scaling has been observed in

S(300K) (wV/K)

S(p)=S(p)

+S(p—4p) 1)
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FIG. 4. Plot of the magnetic irreversibility field scaling factor,
FIG. 2. (a) Plot of the magnetic irreversibility fielth,, against  H;,(p), against hole concentration for Bi-222fled circles. The
the reduced temperaturd@/T., for Bi-2223 whenT.=107.2K data are normalized byt;,.(p) for the most overdoped sample. Also
(open squares T.=108.9K (open up triangles T.,=108.6 K included isH;(p) for YBa,Cu;0;_, [open circles(Ref. 14] and
(open circley T.=107.1K (open down triangles T,.=105.3K  for Bi-2212[open square&Ref. 16]. Data for the scaling fieltH*
(open diamondsand T.=101.7 K(*). (b) Plot of the same data as for the vortex phase diagram of Bi-2212 including the irreversibility
in (a) scaled onto a common curve. The solid curvédis calcu-  field is shown by open diamond&ef. 17. The data for Bi-2212
lated in the 3D vortex lattice melting model and the dashed curve isind YB3CuwO;_, are normalized to fall on the common curve.
H;, calculated in the 3D-2D flux-line transition model. The curves are calculations Hf,, as described in the text using the
p. data of Watanabeet al. (Ref. 12 and the\,? data from
Yo,gcag,zBaCLbO7_y,13 YBa20u3O7_y,14 and in YO_B_CQ,_ZBaCLgO7_y (Ref. 29_[3D vortex lattice melting model
Y1 ,PrBaCu0; 15 The scaling parameteH; (p), is (solid curvg and 3D-2D flux-line transition modeétashed cur\_oé
plotted in Fig. 4 for Bi-2223filled circley, YBa,CugO; , "4 ThsxPlos,SpCa,Y,Cl0; (Ref. 30 [3D vortex lattice
(open circleé“) and Bi-2212(open squaré@). Also plotted is me!tlr?g. model(dotted curvg]. In§et. Plot 'of the Bi-221Z-axis
the scaling fieldH*, for the entire vortex phase diagram resistivity atT. (Ref. 12. The solid curve is the. curve used to
found by Blasiuset al’ for Bi-2212 (open diamonds It is model theHiq(p) data.
clear thatH,,(p) for all these HTSC's and Bi-2223 follow a
similar hole concentration dependence. Therefore the anisare suggests that the maximui,(p) in Bi-2223 lies well
tropic distribution of holes over the three Cu@lanes in  beyond the currently-achievable maximum hole concentra-
Bi-2223 seems to have no significant effecttép(p). Pre-  tion.
sumably, H;, is dominated rather by coupling across the Of course we are considering here the irreversibility field
Sr,Bi,O, block layer than within the Cugtrilayer. This fig-  as a universal function of /T, and in these more heavily
overdoped sampl€E, is falling rapidly. The optimal doping
200 state for maximum irreversibility field at a fixedbsolute
temperature therefore lies at a lower doping state than the
ag maximum shown in Fig. 4. In this respect it is more conve-
15001 o 1150 nient to consider the irreversibility temperatufg(H,p) at
a fixed field. Elsewhereit was shown thafl,(5 T,p), as
well as the low-temperature critical curred,, both pass
E 1000} 3 1100 = through a sharp maximum at p~0.19 for
Q Y.8Cay Ba,Cuz0; . This critical doping stat@~0.19 co-
° incides with the disappearance of the pseudogap and the oc-
5001 © 150 currence of associated maxima in both the superfluid density
& and condensate density for all HTSC"#Ve thus also expect
an improvement i, and T;,(H,p) for Bi-2223 if the hole
805010 0 050 0o concentration could be increased+®.19 in this material.
p In seeking to understand thé,,(T/T.) scaling curve in
Fig. 2(b) we note that there is no consensus concerning the
FIG. 3. Plot ofH,, against hole concentration whaT,=0.8  origin and modeling ofH;,(T). A number of conflicting
(open circles and T=87K (open up triangles for a  models have been used to analylg, including; (i) a
Bi,_xPbSrLCaCu010,y HTSC. Also shown isT, against hole fluctuation-induced 3D-2D flux-line transition involving the
concentratior(filled circies and the universal.(p) curve(Ref. 9.  decoupling of vortices to independent 2D latti¢gs! (i) 3D
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Hir <\ oy 2T 2 for the 3D vortex lattice melting model
wherey(=\./\,p) is the penetration depth anisotropy. It is
assumed thaty is temperature independéht! and that

A 2och,2(0)(1—t). These assumptions lead téd;,

N ap(0) 3y 2(1—t)+% 1 for the 3D-2D flux-line transi-
tion model andH,x\4,(0)~ 4y 2(1—t)%t 2 for the 3D
vortex lattice melting model. However, there is evidence that
v is temperature dependent. It has been foundXhatan be
described within the Josephson coupling modéf by

A2 A,t =l
o« —
oo M 2keT)"
It is also important to note that, even if the temperature de-
pendence o is ignored, fittingH;,, to (1—t)" (i.e., ignoring
-_ thet™! or t 2 factor9 will lead to n=1.66 for the 3D-2D

10000 F

T

T 1000

100k ¥

011 ' flux-line transition model and=2.35 for the 3D vortex lat-
1-T/T tice melting model wheri>0.8 rather tham=1.5 andn
¢ =2.0, respectively.
FIG. 5. Plot of the scaled lag(H,,) against log,(1—T/T,) for Including the effect of the temperature dependence of

Bi-2223. Also shown is fits to (2 T/T)" with n=1.92(solid line  within the BCS model will lead td4;, of the form
andn=3.37(dashed ling The dotted curve i#l;, calculated in the
3D vortex lattice melting model. A'(0) 11 A’(0) g(t)| g(t) VE(t)
B A e e A
vortex lattice melting related to a vanishing vortex shear ¢ ¢ 2)
modulust®*® (iii) flux-line pinning or flux creep? and (iv) _ »
surface or geometric effect®. The relevant regimes may O the 3D-2D flux-line transition model,
shift with doping, temperature and field strengthMost A(O A'(O
. I . . t t)f(t
models predict critical behavior ne@y . For this reason we Hirrm#)\ab(o)_zpcl-rcltam‘( 2k;T) %)) g(v ()
C Cc

plot log;o(H;,(t)) against logy(1—t) in Fig. 5 wheret t*

=T/T,. The data can be described bl =< (1—t)" with n )
=1.92 fort>0.75 andn=3.37 fort<0.75. The exponent for the 3D vortex melting model whereA’(T)

for t>0.75 is close to that found by Kopelevigt al. (n =A’(0)g(t),A’(T) is the superconducting order parameter

=2) (Ref. 19 from a study on a Bi-2223 sample wiffi, ~ [to be distinguished from the superconducting spectral gap,
=109K and fort>0.8. Kopelevichet al. noted thatn was ~ A(T)] andX4,(T)  2=\4,(0) 2f(t). It is possible to show
larger (>4) for t<0.8. An exponent ofi=2 was found in a by calculatingA’(T) and X ,,(T) 2 within the BCS model
study on Bi-2212 by Schillinget al*® for t>0.8. In these and using ad-wave superconducting order parameter that
studies the exponent of=2 nearT . was used to argue that H,, can be approximated by (t)" with n=1.45 for the
H;. arises from 3D vortex lattice melting. However, a study3D-2D flux-line transition model andi~2.08 for the 3D
by Almasanet al™® on Y;_,Pr,Ba,Cu;0;_, found a differ-  vortex lattice melting model whett>0.8. We show in Fig. 2
ent exponent ofn=1.5 nearT, while Ossandonetal!*  that the 3D vortex lattice melting modésolid curve does
found an exponent of 1.7 from a study on YBazO; . give a better representation of the data than the 3D-2D flux-
The different experimental exponents ranging frem1.5to line transition model(dashed curyenearT.. This is clearer
n=2 indicate that it is not possible to use the exponent alonén Fig. 5 whereH,, is also plotted for the 3D vortex lattice
to deduce which of the models mentioned earlier can beshelting modeldotted curve Care must be taken in drawing
describeH,,, . the conclusion that this provides conclusive evidence that
While it is an open question in the literature as to theH,, arises from 3D vortex lattice melting. This is because the
origin of Hj,, we believe that the experimental evidenceBCS temperature dependenceféf) nearT. is not univer-
favors either the 3D-2D flux-line transition model or the 3D sally observed in the HTSC, possibly due to inhomogeneity,
vortex lattice melting model. We show below that the 3D fluctuations or a finite cutoff in the expansion of the super-
vortex lattice melting model can describe the Bi-2233  conducting order parametdr’.2>~2>This can alter the tem-
temperature dependence ndarand both the 3D vortex lat- perature dependence Hif,, nearT..
tice melting model and the 3D-2D flux-line transition model ~We now consider the dependence tof, on the block
can account for the exponential dependencedgf on the layer spacingd,, defined as the spacing between the guO
distance between each CuO block layers. Furthermore, thessyer blocks. We have previously found tHdt, (t=0.75p
two models can equally account for the hole concentration=0.16) increases exponentially with decreasihg®® This
dependence of thHl,, scaling prefactor. can be accounted for by both the 3D-2D flux-line transition
We first consider the temperature dependenceH@f  model and the 3D vortex lattice melting model. For both of
within the 3D-2D flux-line transition and the 3D vortex lat- these models the exponential dependencél gft=0.75p
tice melting models. It has previously been shown tHat  =0.16) ond, arises from the dependence pgp. It can
oc)\a—b37—2-|-—1 for the 3D-2D flux-line transition mod&land  easily be shown in a simple superconductor-insulator-
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superconductor tunneling junction that.=exp(—d,/d,)  for Bi-2223 we estimate. from a previous study on Bi-
where d, is proportional to the wave function penetration 2212 single crystal¥: The c-axis resistivity afT;, shown in
into the insulating barrier. Thus, from Eq®) and(3) itis  the inset to Fig. 4, decreases dramatically with increasing
apparent thal; (t=0.75p=0.16)<exp(d,/do). It should be  hole concentration. We obtain a functional form far by
noted that, experimentallyl, is small with a value of 0.19 fitting this data to a constant plus an exponential as shown by
nm. This can be compared with, which ranges from 0.4 to the solid curve in the inset to Fig. 4. Thedependence of
1.2 nm. It is difficult to see how the other models could ap(0)™> has been measured by uSR  for
account for the exponential dependenceHyf,(t=0.75p  Yo.dCaBaCuO;_, (Ref. 29 and we plot the variation of
=0.16) ond,,, which increases by a factor 6f70 in going  Hix in Fig. 4 for the 3D vortex lattice melting modéolid
from Bi-2223 to YBaCu,0O5_, .*2 For example, in one deri- curve and for the 3D-2D flux-line transition modédiashed
vation of the flux-line pinniny* H;, has been found to fol- curve. The fit to the experimental data for both models is

low Hizohap(0) 2U(0)YH1-1)1" for YBa,CuO,- quite reasonable. The dotted curve shows the same calcula-
whereU is the superconducting condensation energy. Usindgion 0f_';|irr for the 3D vortex lattice melting model using
Uo=30J/mol and\,,=160nm for Bi-2212 at optimal Aab(0) measured from samples of

doping® it is possible to show that this flux-line pinning Tlos+xP s xSHCai_,Y,C,0,.*° For this compound, the

model would predict an increase ki, (t=0.75p=0.16) of ~ variation in A,,(0) " “ with doping is very similar to that

~2 when going from Bi-2212 to YB&£w0,_, compared found for Y ¢Ca Ba,Cus0O;_, and the common behavior is

with the observed value 6£70. It is also difficult to see how believed to be generic and therefore applicable to Bi-2223.

surface effectgdominated byU, which is largely indepen- The curves foH;(p) shown in Fig. 4 follow the data very

dent of anisotropycould account for such a large increaseWell across the measured doping range. Interestingly, they

especially as it has recently been shown that vortex motion igdicate thatH;,(p) saturate fop>0.2. We note tentatively

governed by bulk effects rather than surface barférs. that the combination of Bi-2212 datdsquare¥® and
We show in Fig. 4 that the hole concentration dependencdiamondé7) do appear to support the occurrence of this satu-

of Hi,(p) from Bi-2223, Bi-2212, and YB&u;0;_, can be ration.

explained by the 3D vortex lattice melting modgolid

curve or the 3D-2D flux-line transition mode(dashed CONCLUSIONS

curve where from Eqs(2) and (3),

AO)
Hin(P) ——an(0) *T¢ 'pct or
Cc

In conclusion, we find that the room-temperature ther-
mopower of Bi-2223 can be interpreted in terms of a hole
concentration deficiency on the inner Cul@yer for under-
doped samples. However, for overdoped samples the data

A'(0) I can be analyzed in terms of a uniform distribution of holes
Hin(P)* ——Nan(0) “pc over all three Cu@planes. We also find thad,,(T) can be
¢ scaled onto a common curve. Boith,(T) and the scaling
respectively. The basic features of this interpretation are thadrefactor, H;,(p), systematically increase with increasing
Hir(p) is dominated by the appearance of a maximum in thenole concentration. By comparing;,(p) in Bi-2223 with
superfluid density[ ~X,5(0)"?] at p=0.19 and by the the values found in YBaG®, , and Bi-2212 it is found
strongp dependence gf for p<0.19. Noting tha\" isthe  that the maximumH;,(p) in Bi-2223 is beyond currently
order parameter, the factdr’(0)/T. is assumed to remain achievable hole concentrations. We provide a simple inter-
constant, independent of doping. The ratio of the spectral gapretation ofH,(p) for Bi-2223, as well as for Bi-2212 and
to T¢,A(0)/T is found from heat capacity to remain con- YBaCu,0;_,, using the 3D vortex melting model or 3D-2D
stant(~2.9) on the overdoped side but rises rapidly aroundjx-line transition model wherg_ ! dominatesH(p) for

optimal doping with the opening of the pseudogap. In the; - 19 and\ ,,(0) 2 dominates fop>0.19.
presence of a normal-state pseudogap with the same angular

variation ink space aa’, the relationship between the spec-

tral gap and the order parameter may be modeled (852 ACKNOWLEDGMENTS
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