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The in-plane resistivityp,(T) and the out-of-plane resistivity.(T) have been systematically
measured for BSL,CaCuyOg. s single crystals with their oxygen contents precisely controlled. In
the underdoped region, deviation fraflinear in-plane resistivity, which evidences the opening of the
“spin gap,” is clearly observed, while the out-of-plane resistivity is well reproduced by the activation-
type phenomenological formul@.(T) = (a/T)exp(A/T) + ¢. In contrast to the YBELwO,_s
system, we find that the onset of the semiconducigl’) does not coincide with the opening of
the spin gap seen in the,(T) in this Bi,SL,CaCuy0Os, 5 system. [S0031-9007(97)04015-5]

PACS numbers: 74.25.Fy, 74.62.Dh, 74.72.Hs

It is well recognized that an understanding of thedoped state of the Bsrn,CaCuyOg+s system. However,
characteristic electronic phase evolution with carriethese conditions sit close to the decomposing line [11].
doping is important to elucidate the high- supercon- We solved all of the above problems by improving the
ductivity. One striking phenomena is a “spin gap” stateannealing process; the equilibrium oxygen pressures are
typically observed in underdoped YBau;O;-s by vari-  maintained down to sufficiently low temperature. Details
ous techniques [1] including resistivity measurements [2]will be shown below.

Recently, angle-resolved photoemission spectroscopy In this paper, we investigate anisotropic charge trans-
(ARPES) [3,4] has directly revealed the normal stateport in Bi,Sr,CaCuOs. s with carefully controlled oxy-
pseudogap in an underdoped,8ihCaCuyOg+s Ssystem gen contents, which cover from underdof@d =~ 70 K)

and pointed out its intimate relation with superconductiv-to slightly overdoped(T. =~ 84 K) states. Clear trans-

ity (i.e., dvo—y2» Symmetry). Up to now, however, there port evidence for the existence of the spin gap in the
have been few transport studies [5,6] of the underdopeBi,Sr,CaCuyOg. 5 system has been obtained in the under-
state (and thus a spin gap effect) in the®B3CaCuOg+s  doped in-plane resistivity. The temperature dependence
system. Another striking feature is that a semiconductivef the out-of-plane resistivity has been analyzed using a
out-of-plane resistivity (dp./dT < 0) coexists with phenomenological function. Based on the analysis, we
metallic in-plane resistivityp, over a wide temperature discuss the mechanism for the out-of-plane charge trans-
and carrier doping range [7]. Among the many ideasport, paying special attention to whether the semiconduc-
on the origin of the semiconductive., there is a the- tive p. is relevant to the opening of the spin gap or not.
oretical suggestion [8] that it is caused by the opening Single crystals were grown under a mixed gas flow
of the spin gap in the context of spin charge separatiorf.O,(20%) + Ar(80%)] using the traveling solvent floating
Experimental results on YBEu;O;-5 [9] seem to be zone method. The validity of the improved annealing
consistent with the theory. However, the mechanism foprocess was confirmed by the dc magnetic measurements.
the out-of-plane conduction is still in dispute [10]. The annealed samples showed narrower superconducting

The BhSrnCaCuOg+s5 system is a good choice for transition (=3 K) as well as large=80%) Meissner
studying such an electronic phase diagram, because ifgction than the as-grown ones (transition wid#s K,
doping level can be controlled over a wide range by varyMeissner fraction=60%). The in-plane and the out-
ing the oxygen content. But we encounter several diffi-of-plane resistivities 4, and p.) were measured in the
culties in controlling the doping level, especially when wesame manner as in our previous report [12]. The contacts
go into the underdoped side of the system. One is oxywere made from silver epoxy, which ensured low contact
gen inhomogeneity, introduced when a sample is cooledesistancé=3 (1) and did not affect the sample property
down after an anneal, which causes a broadening of a seven after the annealing in very low oxygen pressures.
perconducting phase transition and obscures the intrinsic Figure 1 shows an equilibrium phase diagram on a
properties of the system. If samples are rapidly cooled t®i,Sr,CaCuOs+ s single crystal for various oxygen con-
avoid this problem, high-temperature disorder is frozentents(§), which was used for the precise control of the
Herein lies the second difficulty. The disorder causesarrier doping level. At relatively higher oxygen pres-
electron localization at low temperatures. The thirdsures(Py, = 10~* atm), the equilibrium lines for each
difficulty is related to the stability of the material. An- were obtained by a thermogravimetric measurement. The
nealing at high temperaturés600 °C) and low oxygen absolute value o = 0.27 was estimated from the lit-
pressure$=10"> atm) is needed for realizing the under- erature on polycrystals [13]. At lower oxygen pressures

0031-900797/79(11)/2113(4)$10.00 © 1997 The American Physical Society 2113



VOLUME 79, NUMBER 11 PHYSICAL REVIEW LETTERS 15 BPTEMBER 1997

10° T ; T T T 3 10 T T T T
102 4 ! §=0.2135
10° | 3
i 2 8=029 §
2 E
107 X 0 5=0.281 2
T F X 0277 S
= o X 8=0.27 &
T 3 E =
o 3 8=0.26 ] <
E| <
10° f 8025 1 <
3 8=0.24
10° 1
3 8=0.23 ]
10t | 82022 ]
1 6=021 1
1012 L 1 I 1 1 1 1
0.8 1 1.2 1.4 1.6 1.8 2 0 50 100 150 200 250 300
-1
1000/T (K ) Temperature (K)

FIG. 1. Equilibrium oxygen partial pressuré%, versus re- F|G. 2. In-plane resistivitiep, of Bi,SrCaCuOs.:s single
ciprocal temperature for a BSnCaCuOg.s single crystal crystals versus temperature for various oxygen contéhis
for various oxygen contentés). Triangles, squares, circles, The solid straight lines, which are linear extrapolationg ofat
and crosses are experimentally obtained pointséfor 0.29,  higher temperatures, are also shown as a guideline for the near
6 =028, 6 = 0.27, and6 = 0.26, respectively. optimally doped( = 0.24) and underdopeds(= 0.22, 0.217,
and 0.2135) samples. The temperatufésat which thep,
deviates fromT-linear behavior are shown by arrows for the

. . derdoped .
(Pga < 10~%* atm), the lines are extrapolations from the underdoped samples

results obtained at higher oxygen pressures. Thus the ab-
solute values 06 in this phase diagram do not necessarily
mean the real oxygen contents; they are only measures sfate, and reaches its highest point (optimally doped) of
the relative change of the oxygen contents. In order t&9—-90 K with § = 0.24-0.25. Further reduction ind
control 8’s, single crystals were annealed in a quartz tubg=0.22) gives underdoped states with. = 70-85 K.
furnace under the corresponding oxygen partial pressuréghe overall slopedp,/dT increases with decreasing
at 600°C for 10 h, then slowly cooled=0.4°C/min) &, indicating that the carrier concentrations (or Drude
while keeping the equilibrium oxygen pressures to 300-weight) are actually decreased by the deoxygenation
400°C. Finally, they were rapidly cooled to room tem- process. A typicalT-linear behavior and a slightly
perature at a rate of about 80/min using an argon flow. upward curvature ofp, are also seen in an optimally
For the actual control of the oxygen partial pressures, @oped and an overdoped sample, respectively. For the
mixed gas flow of oxygen and argon at a total amoununderdoped sampley, deviates from high-temperature
of 5 I/min was used in the higher oxygen pressure regiorf-linear behavior at a characteristic temperatufé
(Pg, = 10~* atm), while in the lower oxygen pressure re- (shown by the arrow in Fig. 2) far abovE., and de-
gion (Py, < 107* atm); the pressure around the samplecreases rapidly with decreasing temperature. Thevas
was controlled by tuning the conductance of the evacuatiodetermined as a temperature at whieh decreases 2%
path using a slotted valve, as well as by tuning the oxygefrom the high temperatur@-linear term using a similar
flow while continuously evacuating the quartz tube. analysis shown in Ref. [2]. This behavior is not the
Figure 2 shows the temperature dependence of in-plareffect of superconductive fluctuation; rather, it resembles
resistivity p, for Bi,S»nCaCuyOg.s single crystals with that observed in underdoped YEB&sO;-s5. In this
various oxygen content&5). The T. changes system- system the behavior has been interpreted as being due
atically with 6. Here again, the quoted values 6f to a decrease in spin scattering [2], which is caused by
mean that the samples were annealed by a prograthe opening of the spin gap manifested in, for example,
using thoses of an equilibrium phase diagram shown the rapid decrease in the NMR relaxation rde'. T*
in Fig. 1. Therefore the accuracy fér values in actual increases with decreasiny) (T* = 175, 200, 220 K for
samples may not be as high as quoted, but we can safefy= 0.22, 0.217, 0.2135, respectively). Further reduction
regard 6’s as measures of the relative oxygen contentsin §, unfortunately, caused electron localization and
The sample withé = 0.27 shows T, = 84 K. With obscured such anomalous behavi@t: can be considered
decreasingé, T, increases, indicating the overdopedas the temperature at which the pseudogap (observed
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recently by ARPES) opens [3,4], since they coincide with(and also optimally doped) region, the paraméteras set
each other with respect to their magnitudes as well as theto zero, since the fitting gave it a negative value which was
doping-dependent trends. The decrease in the in-plansnphysical. We would like to note, however, that the fit-
resistivity p, means that the pseudogap observed in théing becomes surprisingly better by the setiing= 0. The
ARPES experiment is not the type that reduces Fermabove function ofp.(7') has some problem in that it does
surface area, such as charge-density-wave formation, babt cover a whole doping level. Nevertheless, we believe
the type that reduces the scattering rate, such as openiogr analysis makes sense, at least for the activation type
a gap in the spin excitation spectrum. It is natural tocomponent. We find that the activation type component is
consider that the pseudogap in the present and ARPESell characterized by the gap for all the doping levels,
study is directly related to the spin gap state in a magnetiand the gap\ is almost constant=200 K) in the under-
probe such as NMR, although there is no NMR datadoped region. The decrease in parameteend ¢ with
available for underdoped B$»,CaCyOg. 5. increasingé would imply an increase in in-plane density
Figure 3 shows the temperature dependence of out-obf states, if we assume a tunneling mechanism for the out-
plane resistivityp,. for a BbSrCaCuyOg+ 5 single crystal  of-plane conduction.
(sample I) with various oxygen contents). With de- We have found phenomenologically that the normal
creasingé, the overall magnitude op., as well as its state out-of-plane resistivity.(7') in the optimally doped
semiconductive temperature dependence, increases. Nand underdoped Bsr,CaCuyOg. 5 is well reproduced by
merical fits were performed using the functional form pro-the formula,
posed by Yaret al. [14];i.e.,p.(T) = (a/T) expA/T) +
bT + c, wherea, b, ¢, andA are constants. This fitting pe(T) = (a/T)expA/T) + ¢, (1)
was done using the Levenberg-Marquardt algorithm. The
fitted curves are shown in Fig. 3 as solid lines, and the pagwhere a4, ¢, and A are constants) with almost dop-

rameters obtained are shown as a functiod af Fig. 4. ing independentA (=200 K). The out-of-plane charge
The fitting results for another sample (sample 1) as well

as for other studies [14,15] are also shown in Fig. 4. In s

the overdoped region, the parametemay be overesti- -~ ' ' ' ’ ' ’
. . ~ L @ this study (sample I)
mated because thg. includes a small component that in- E w0 = B this study (sample IT) i
creasingly diverges af, which can be ascribed to the g o 9 NI weeearntioH
suppression of the in-plane density of states caused by the = -8, . - i
superconductive fluctuation effect [16]. In the underdoped ® . o om g
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Temperature (K) single crystals as a function of oxygen contetds. Errors

for most of the data points are within their marks and are thus
FIG. 3. Out-of-plane resistivitiep,. of a B,SLCaCuyOs. s not shown. The error bars fak on the overdoped samples
single crystal (sample I) versus temperature for various oxyare drawn largely for the reason mentioned in the text. Fhe
gen contents(§). The solid curves are numerical fits to values for previous reports (Refs. [14] and [15]) were estimated
pe(T) = (a/T)expA/T) + bT + c, wherea, b, ¢, andA are  from the reportedl,. Only parameterA was available from
constants. Ref. [15].
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transport is considered as a tunneling process through anln summary, based on an intensive study of an
insulating barrier because all the values mf far ex-  anisotropic transpori(, andp.) on the BySr,CaCuyOg- s
ceed Mott's limit (=1072 Q cm) [17]. There are sev- system, we have confirmed that the effect of spin gap
eral models explaining semiconductive. (dp./dT <  development manifests in in-plane resistivisy. Also,

0) as a finite-temperature effect in a Fermi liquid, for we have pointed out that the. upturn occurs at higher
example, interlayer scattering or phonon assisted tunnetemperature than the so-called spin gap temperature.

ing [10]. However, recent measurements of the out-of- We would like to thank Professor R. Yoshizaki for
plane London penetration depth of high-T. cuprates helpful discussions.

show [18] that the strength of the interlayer coupling, Note added—After the submission of the initial ver-
which is strongly temperature dependent in the normasion of this paper, we have observed pseudogap devel-
state [12], is frozen aff.. This implies that the ori- opment in the temperature dependence of the vacuum
gin for the temperature-dependent normal state interlaydunneling spectrum for the BsnCaCuyOg.5 [22]. The
coupling lies in its strongly correlated electronic systempseudogap opening temperature coincides with the onset
itself, and the behavior of. is hard to explain with the of semiconductivep.. This suggests that the pseudogap
above models. Moreover, recent measurements by Andand spin gap effects appear differently on each physical
et al. [19] on BbS»LCuQ, single crystals, in which the quantity (o. andp,), although it is also possible that they
semiconductivep. is known to coexist with metallip,  are different phenomena.

down to the very low temperature (0.66 K) when the su-

perconductivity is destroyed by applying high magnetic

field, strongly suggest that the ground state of high-
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