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Doping dependence of anisotropic resistivities in the trilayered superconductor B6r,Ca,Cu;O0;¢+ 5
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The doping dependence of the thermopower, in-plane resispyjyT), out-of-plane resistivityp(T), and
susceptibility has been systematically measured for high-quality single crys&4,8&Cu;0,4. 5. We found
that the transition temperatuilg, and pseudogap formation temperattll'f;,g, below whichp. shows a typical
upturn, do not change from their optimum values in the “overdoped” region, even though doping actually
proceeds. This suggests that, in overdoped region, theThuik determined by the always underdoped inner
planes, which have a large superconducting gap, while the carriers are mostly doped in the outer planes, which
have a large phase stiffness.
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The Bi-Sr-Ca-Cu-O system consists of many superconnetic and superconducting properties are distinctly different
ducting phases with a number of CuPlanes in a unit cell. between the inner and outer planes, and the Bylis trig-

In the bilayer B}Sr,CaCyOg., 5 (Bi-2212) system, the Cu©  gered by the underdoped inner planes. However, all these
planes are homogeneously doped, since these planes a@xperiments were performed by using polycrystalline
crystallographically equivalent. On the other hand, the trilay-sample, which is magnetically aligned along thexis and
ered B,Sr,CaClsOy; 5 (Bi-2223 system has two crystal- there have been few investigations of precise doping depen-
lographically inequivalent CuQplanes, an inner Cuplane  dence of single crystal because high-quality samples of mul-
with a square(four) oxygen coordination and two outer tilayered system have not been available. Here, we have suc-
CuO, planes with a pyramidalfive) oxygen coordination. ~cessfully grown high-quality single crystals of the trilayered
Then, there is a possibility of inhomogeneous doping amongystem Bi-2223, and measured the doping dependence of
layers. Recently, Kivelsdrproposed that such an inhomoge- in-plane resistivity p,,, out-of-plane resistivityp., ther-
neous doping helps to increadg and accounts for the mopowerS and normal-state susceptibilify. Based on the
higherT.’s in the multilayered system. There, a high pairing results, we discuss the possibility of charge distribution
energy scale is derived from the underdoped planes and among the Cu@ planes and the interaction between the
large phase stiffness from the optimally or overdoped onesCuG, planes within the unit cell.

The combination of these two may provide a key to achieve High-quality single crystals were grown using the travel-
the higherT.’s in the cuprate system. Therefore, it is very ing solvent floating zone methddrhe x-ray-diffraction pat-
important to study the actual multilayer system in detail.  tern showed only sharp Bi-2223 peaks, confirming the good

In high-T, cuprates, there is a consensus that the sets afrystallinity of our samples. The-axis length was estimated
CuO, planes separated by the blocking layer are only weaklyfrom the fitting method using the Nelson-Riley function. The
coupled and the interaction between them can be understogkygen content was controlled by annealing a sample with
as a tunneling process. This is known as the confinememnarying Ar and Q gas flow ratios and/or temperatures. A
effect from the theoretical point of vieWHowever, it is still  highly oxygenated sample was prepared by highp@ssure
unknown whether the confinement works for the GuO (400 atm) annealing using a hot isostatic pressiitiP) fur-
planes within the unit cell, which was assumed in the abovenace. The annealing conditions for Bi-2223 samples used in
mentioned Kivelson's theory. The inhomogeneous chargéhis paper aréa) O, 5x10 3 torr, 600°C; p) O, 0.01%,
distribution provides a new way of investigating such an600°C; (c) O, 0.1%, 600°C; ) O, 1%, 600°C;(e) O,
effect. 10%, 600°C; (ff O, 600°C; (@ O, 500°C;

The difference of carrier concentration between the inneth) O, 400 °C; and(i) HIP O, 400 atm, 500 °Gthese de-
and outer planes has been reported in nuclear-magnetiseriptions are used in all figuresThe superconducting tran-
resonance studies of multilayered systenfsin the case of sition temperaturesT, were defined by the onset of the
(Cly 6Co.9Ba,CaCu, 0y, , Which consists of two inner Meissner effect. For normal-state susceptibility measure-
planes and two outer planes, it was reported that the magnent, we used a large single crystat {0 mg) and applied
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FIG. 1. (a) Normalized transition temperatute plotted against o . .
the c-axis variation. TheT; and c-axis Ierr)wgth onoE)timum-goping FIG. 2. In-plane resistivitypqp Of BioSpC&CUOs0, 5 SiNgle.
samples are 89 K, 30.864 A for Bi-2212 and 108 K, 37.119 A forcry_stal anngaled in various atmosphere_s. The solid straight lines,
Bi-2223, respectively. The annealing conditions for Bi-2223(aje which are Ilngar.extrapolatlons 9lay at higher tgmperatures, are
0, 5x10°3 torr, 600°C; b) O, 0.01%, 600°C; ¢) O, 0.1%, shown as gu@ellnes. The.temperatui'(gfg_b at which thep,., de- .
600°C; d) O, 1%, 600°C; €) O, 10%, 600°C: viates fromT-Ime_ar behavior are shown by arrows. The scale is
(f) 0, 600°C;(g) O, 500°C; () O, 400°C; and(i) HIP (O, expanded in the inset for a better view around
400 atm, 500 °C), while th& of Bi-2212 are determined by the ) ) )

Po,-T phase diagram obtained by our previous thermogravimetri¢aXIS length. On the other hand, of Bi-2223 increases
measurement(b) ThermopowerS of Bi,S,CaCu;O50. 5 Single with decreasm_g:—ams I_ength quite similar to B|-_2212. How-
crystal annealed in various atmospheté labels in Figs. 1-4 €Ver.T. keeps its maximum vald&when thec-axis length is

correspond to each other further decreased.

To confirm the carrier doping in the constant region,
high magnetic field5 T). p,, Was measured with the stan- we measured the doping dependence of the thermopdvers
dard four-probe method, whilg, was measured with four- [Fig. 1(b)]. The magnitude of the thermopower monotoni-
probe-like method with the voltage contacts attached to theally decreases with increasiny This result clearly shows
center of thea-b plane and the current contacts coveringthat the carrier was doped continuously even in the constant
almost all of the remaining surfac®The thermopower was T region. The room-temperature thermopower is considered
measured using a steady-state technique, where a tempetg-be a universal measure of the doping léVeBy using this
ture gradient of 1 K/cm was generated by a small resistiveneasure, théaverage doping level of samplé can be as-
heater and was monitored by copper-constantan differentiagigned to “optimal” doping. Then, the sampiewould be
thermocouple. assigned to slightly overdoping with carrier concentration

Figure Xa) shows the normalized transition temperatureaboutp=0.185. Thus it would show th&, of 102 K, if the
T. plotted against the relative change of th@xis length  carriers were homogeneously doped. We will call, hereafter,
from that of the samplef.” The relation between th&. and  the constan,, region as overdoped region.
c-axis length of Bi-2212 is also plotted for comparis¢fihe The temperature dependence of in-plane resistivity
o of Bi-2212 is determined by th® -T phase diagram ,_,(T) with various§ is shown in Fig. 2. The absolute val-
obtained by our previous thermogravimetric measurerhgnt. ues of p,, and the overall slopedp,,/dT monotonically
The T, and c-axis length are 89 K and 30.864 A for opti- decrease with increasing, indicating that the carriers are
mally doped Bi-2212, and 108 K and 37.119 A for Bi-2223 actually doped with increasing. In all doping levels, they
(samplef) respectively. The-axis length monotonically de- show negative residual resistivity as indicated by the solid
creases with increasing both in Bi-2212 and Bi-2223, in- lines in Fig. 2. HighT . materials withT larger than 100 K
dicating that oxygen is actually incorporated into crystals. Intend to show negative residual resistivity, although we do not
the case of Bi-2212, reflecting the bell-shaped doping deperknow its relevance td .. The Bi-2223 also seems to belong
dence ofT., which is common behavior in monolayer or to this class. As seen in the inset of Fig.T2,determined by
bilayer cupratesT. increases with decreasimgaxis length,  zero resistivity increases from 100 to 110 K with increasing
reaches its maximum, and then decreases with decreasinlgping level fromb to f. However, in the overdoped region,
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FIG. 3. Out-of-plane resistivity, of Bi,S,CaCu;0;0, s single  Should be particularly sensitive to the onset of the pseudogap
N vari ; ior fprmation®® since the hopping probability, in the c-axis
crystal annealed in various atmospheres. Overdoped behavior dprmation;™ - hopping prob Ve
out-of-plane resistivity is shown in the inset. The solid straight linesdirection will be dominated by carriers around hot spot on
in the inset, which are linear extrapolationsggfat higher tempera-  the anisotropic  Fermi surfacgit is expressed ast.
tures, are eye guides for the overdoped sample. Arrows indicate the (cosk.a— Coskya)z].20 We can see that th'é;C remains un-

temperatureé':;c below whichp, shows a characteristic upturn. changed €220 K) for doping levels higher thag, while
the absolute value gé. continues to decrease.

T. does not change from 110 K. The underdoped samples The magnetic susceptibilitieg,,(T) for various § are

(denoted by, d, e, andf) show a downward deviation from shown in Fig. 4, where a magnetic field of 5 T was applied

high-temperaturd-linear behavior below a certain tempera- parallel toa axis. The overall magnitude of,, monotoni-

ture T}, similarly to that of Bi-2212" T increases with ~cally increases with increasing We interpret this in terms

decreasing doping a8 =168, 192, 203, and 213 K for the of an increase in the DOS near the Fermi level with carrier
ab

samples labeled dse, d, andb, respectively, as indicated by ggpg]r?d e':i:: I&dopi);ngu:?ev 22?{,i|g]retobtehh§\/£rBEfzé?Lr;F’p'?rrzture
arrows in Fig. 2. HereT:ab was determined as a temperature P ab 1S 9 '

) _ _ ! susceptibilities for the underdoped samfdenoted byb, c,
at whichp,, deviates 1% from the high-temperatdréinear  andd) monotonically decrease with decreasing temperature,
resistivity using a similar analysis shown in Ref. 14. implying a decrease in DOS due to the pseudogap formation.
_ F_lgure 3 shows the-axis reS|s_t|V|t_ypc(T) for varlou_sé. The sample near the optimum-doping let@énoted byf, g,
Similar topap, we can see thal; is pinned at the maximum  andh) show Pauli paramagnetic behavior at high tempera-
value in the overdoped region. The overall magnitudeof tyre. And then the susceptibilities decrease below character-
decreases with increasinfy We have previously shown that siic temperatur@* . T* is estimated as 210, 260, and 315 K
the pseudogap formation in the elast@herent tunneling ¢, he samples labelet], g, andf, respectively. HereT;

(TOdel 'S an egecnl\)/e Txplanalmon ::or.trr:e '”5”"';‘(;"’.19 lThe was determined as the temperature at whighdeviates 1%
decrease in the absolute valuegfwith 5 would imply an g0 high-temperaturel-linear behavior. Heavily oxygen-
increase in the in-plane density of statB©S) and semicon- ted (HIPed samplei shows negative temperature depen-
ductive behavior would be attributed to the decrease of DO ence y/dT<0), and the dependence is approximately

due to the pseudogap formation. The underdoped Sampkﬁﬁear. We consider this behavior to be an anomalous DOS

frpm atof shoc\j/v :emmonducrtlwgc n a][I thmge_rature r?' effect due to the existence of a Van Hove singularity for an
gions measured. As seen in the inset of Fig. 3, in santles overdoped sampl:2!

h,. andi, p. decreases linearly with de_creasmg temperature at | . anomaloud, and T* pinning in the overdoped re-
higher temperature and show a semiconductive upturn below, Pe

the characteristic temperatuT§ (shown by the arrow in the gion can be understood by considering inequivalent hole
. £ Fi h c ht i i | doping between the inner and outer planes. In the overdoped
inset of Fig. 3. Here, the straight lines are linear extrapola-e4ion, the carriers would be mostly doped in the outer

tions of p. at higher temperatures. We estimafefl as the  pjanes; and the inner plane would remain at the underdoping
temperature below whiclp, deviates 1% from the linear level. Here, the coupled system, which Kievelson assumed,
straight lines’® Recent angle-resolved photoemission specseems to be realized. HigheBt's would be maintained by
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the combination of the inner plane’s large superconducting-; . However, in BySr,CaCyOg., 5 (Bi-2212), we have pre-

gap and the outer plane’s large superfluid derfSitywhich viously pointed out thaf* does not coincide with™ .
controls the stiffness of the system to phase fluctuations, Pab Pe

From the practical point of view, the phase stiffness is very! e same tendency gan be seen in the case of Bi-2223.
important for sustaining a large superconducting current, ashe anomaly seen dt; ~can be understood if we consider
well asT.. This gives a promissing way of improving the the stronglyk-dependent quasiparticle lifetime. The carriers
characteristics of higi- materials. around the hot spot, where the pseudogap first opens up, will
On the other handT;_pinning in the overdoped region, not contribute to the in-plane conduction, in contrast

as well as semiconducting. behavior, is also determined by to pc. .

the always optimally doped inner plane, which is known to N summary, we measured a doping dependence of the
have a pseudogap. Since the outer planes are overdoped, EH&TmOpO"Veﬁ_ .|n—plan_e reS|st.|V|ty., out-of-plane_ resistivity,
transport between outer planes separated by th@Bayer and susceptibility of high quality single crystal Bi-2223. The_
may not show a pseudogap effect. Then the observefPom-temperature thermopower, the absolute value of resis-
pseudogap effect may come from the transport between tH&/IY (pab andp), and c-axis length, continuously decrease
outer and inner planes. This indicates that the interactiotf/ith increasings, and the overall magnitude of susceptibility
between the CuQplanes within a unit cell is very weak, like increases with increasing. All the results indicate that the
that between the CuOplanes separated by the blocking carrier is properly controlled by our.annealing method in the
layer. Thus, in multilayered system, there already exists a hole doplng region. When the.QOplng proceeds from under-
array of weakly coupled planes, which was assumed in th oped to optimum doped, transition temperangmcrea;es
above-mentioned Kivelson's theory. quite similar to Bi-2212. However, it does not change in the

In Bi-2212, the characteristic temperaturg$ and T;c overdoped region. On the other hand, we clearly observed

L . _ the pseudogap formation in t and p., which is simi-
coincide for all doping levels and shift to lower temperature P gep o Pe

S . . X larly seen in Bi-2212. From the doping dependence of
with increasing doping levef. Thus, as mentioned above, \ypich is very sensitive to the onset of the pseudogap forma-

ser'niconductivepc and the _decrease in susceptibility are €X-tion, we found that the pseudogap formation temperatire
plained by the decrease in the *DOS due to the pseudogapes not change from its optimum value in the overdoped
fo*rmatu_)n.. However, in Bi-2223T) does not coincide with egion. These results suggest that there is large difference in
T7.- This is also considered to be result of inequivalent holahe carrier concentration between the inner and outer planes
doping between the inner and outer planes. The susceptibilitgnd in the overdoped region, the carriers may be mostly
of Bi-2223 is considered to be the sum of the susceptibilitiesloped in the outer planes and the inner plane would remain
of inner plane and outer planes. Then, the negative temperat the underdoped level. As pointed by Kivelson, the combi-
ture dependence in outer planes may conceal the pseudogagtion of a large superconducting gapin the inner plane
effect of the inner plane in the overdoped region, because thend a large superfluid density of the outer planes would help
overall magnitude and the weight of the outer planes ar¢o keep the highest. in the overdoped region. On the other
larger than those of the inner plane. hand, T:C pinning indicates that the pseudogapped inner

On the other handT_is also considered to be an indi- plane also determines tiseaxis transport property. This sug-
cation of pseudogap formatidh}* because, in the case of gests that the carriers in the normal state are weakly coupled
YBa,CuyOg., 5, T;ab coincides withT;C (Ref. 16 as well as  or confined to individual Cu@planes.
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