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We report Cu-NMR studies of the multilayered higp-cuprate (Cy¢Co 4 Ba,CaCu, 045, (Cul234 with
T.=117 K. In the normal state, the Knight shii) and the nuclear spin-lattice relaxation rateT()/of ®3Cu
give evidence that the inner Cy(lanes(IP) are underdoped, whereas the outer of@B) are heavily
overdoped. In the superconductif®C) state, bottK and 1T, decrease markedly below,=117 K in the IP,
whereas in the OP they decrease moderately b&lpwl17 K, but markedly below .,=60 K. The unusual
NMR results in the OP reveal that the SC gap does not fully develop dowp,te60 K. From comparison
with a conventionald-wave model, it is shown that the SC gap in the OP increases linearly belcand
follows the mean-field type of dependence beloWw,,. We propose that these dissimilarities are caused by the
large difference of doping levels between the IP and the OP. The bulk SC transiliga 417 K is considered
to be triggered by the underdoped IP in Cul234.

Copper oxide highF; superconductors commonly include  In this paper we report Cu-NMR studies in the
corner-sharing Cu® planes forming a two-dimensional multilayered hight, cuprate superconductor,
square lattice. Doping hole carriers into the plane is essentigicy, _,C,) Ba,CayCu,0;4 (Cul234 which comprises two
for the occurrence of highiz superconductivity. Various |p's and the OP'$-° From measurement of the Hall coeffi-
anomalies of physical properties in the normal state as We%ient, it was inferred that the formal, average per one
as the superconducting transition temperaiyretrongly de- CuO, plane in Cu1234 ranges from 0.35 to 0.60, which is

pend on the in-plane carrier contet . ﬁignificantly larger than those in other multilayered cuprates
The carriers are homogeneously doped into the planes i .
g y cop P reported thus far, e.gN,,~0.21 in Hg1234°

mono- or bilayer highF; cuprates, since all the planes are . X
crystallographically equivalent. This is not the case, how- N the normal state, the Knight shif) and the nuclear
ever, in multilayered high, cuprates, which include three Spin-lattice relaxation rate (I{) of ®*Cu have proved that

or more CuQ planes in a unit cell. In these compounds, the magnetic properties in the @FP) are typical of those in
there exist two inequivalent Cy(planes, that is, the outer heavily overdopedunderdopeficompounds, indicative of a
CuQ, planes(denoted as ORwith a pyramidal(five) oxygen  significant difference betweeN,(OP) andN,(IP). In the
coordination and the inner plané) with a square(four)  SC state, it has been revealed that the SC gap does not de-
oxygen coordination. The NMR studies reported thus far oRe|op simultaneously in the IP and the OP. The SC gap in the
the multilayered cuprates Bi22231912237% and Hg1234 |p fully develops belowT,, but that in the OP increases
(Ref. 4 reveal that the carrier content in the QR,(OP)] is linearly down toT.,=60 K belowT,=117 K. We propose

slightly larger tharNy(IP) in the IP. The difference between that this dissimilarity is caused by the large difference be-

N,(IP) andN,,(OP) is reported to increase in going from the ) .
under- to the optimally doped region; however, is tweenN,(IP) andNy(OP). Noting thatN,(OP) is compat-

uniquely determine@® Therefore, this raises the question of IPIe with those in the overdoped TI121Z (=64 K) and
which planes can determine the bulk of multilayer cu- TI2201 (43 K), it is suggested that the inherent transition
prates, if the doping levels are significantly different betweerfemperature in the OP is reduced T,=60 K due to its

the IP and the OP. Understanding of this issue will giveheavily overdoped level, and thus the bulk SC transition at
valuable information for considering the role of interlayer T.=117 K is triggered by the underdoped IP in Cul234.
coupling in highT superconductivity, as well as provide a A polycrystalline sample of (CGtCo 4) Ba,CaCuyO151
basis for investigating the superconductii®) characteris- was prepared by the high-pressure synthesis technique de-
tics of multilayer cuprates. scribed elsewheréThe superconducting transition tempera-
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FIG. 2. T dependences dB) the spin part of the Knight shift,

Ks.an(T) and(b) 1/T; T of ®3Cu for the inner and outer Cy@lanes
H (Tesla) atH~15T.

FIG. 1. The®%Cu-NMR spectrum for the (142 —1/2) central +Korp,a(@=ab,0). Korp ap is estimated to be 0.2099.25%
transition atf=174.2 MHz andT=130 K on thec-axis aligned for the IP(OP) from the residual shift at 4.2 K. Figurg&
polycrystal Cu1234 wittH 1 ¢ axis. InsetH|c axis. shows theT dependence oK a(T). Kgan(T) in the IP

decreases gradually with decreasifign the normal state,
ture T, was determined as 117 K, below which a diamag-typical for underdoped higfiz cuprates, whereas that in the
netic signal appears in the ac susceptibility, &gl was OP is greatly enhanced with a neaflyindependent value,
estimated to be 0.5-0.6 from Hall coefficient measurementgypical for overdoped cuprates. It is well established that
A powder sample, confirmed to be almost a single phase bisa,, proportional to the uniform susceptibilityg, in-
x-ray diffraction, was magnetically aligned along thaxis.  creases progressively b increases. The values Bf, 55, in
K and 1T, of %Cu were measured in the rangé the IP and OP in Cul234 are compatible with those in the IP
=4.2-300 K at 174.2 MHz and a magnetic field ¢ 15.5  of the optimally doped Hg1223T(= 133 K),? and those in
T) parallel (H||c) and perpendicularq{_ c) to thec axis.T;  the heavily overdoped TI1212T(=64 K)** and TI2201
was measured as a single component by the saturatiofT.=42 K),'? respectively. This contrasting behavior in
recovery method at the (142 — 1/2) central transitiodCT).  Kg ap(T) evidences a significant difference betwegy(1P)

The NMR spectrum foH||c is shown in the inset of Fig. andN,(OP) in Cul234.

1 where the two peaks corresponding to the IP and the OP Figure 2b) shows theT dependence of TAT for HLc. In

are well resolved. The results for NMR intensit, and T, the normal state, T4 T in the IP is larger than that in the OP.
reveal that the sharp peak at a higher field arises from thé&his is because the antiferromagnetif) spin correlation
Cu(1) site in the IP, and the broad one at a lower field fromin the underdoped IP is more pronounced than in the over-
the Cu2) site in the OP. Figure 1 shows tf&Cu-NMR  doped OP. I, T in the IP exhibits a broad maximum around
spectrum for the CT at 130 K fodLc. The CY2)-NMR  T*~150 K, consistent with the spin-gap behavior observed
spectrum forHL ¢ splits into two peaks, proving the pres- in underdoped higf-, cuprates. By contrast, T{T in the
ence of two C(R) sites in the OP with a different second- OP continues to increase downTg, typical of overdoped
order quadrupole shift forHLc. A neutron-powder- cuprates. Both th& and 1T,T results verify that the OP
diffraction experiment revealed that the €@nit introduced (IP) is overdopedunderdopel This is in contrast with re-
into the charge reservoir layers elongates the distance besults in other multilayered higfi; cuprates, Bi2223,
tween the apical oxygen and the @usite in the OP, and Hg1223%® Hg1234? and TI2223'*° In these compounds,
suggested the appearance of two inequivalent Cu sitethe difference betweeN,(IP) andN,(OP) does not alter the
Cu(2A) and Cy2B), with the apical oxygens in the original magnetic and SC properties in the OP and IP. In Cul234,
and displaced positions, respectivE[Jhe NMR experiment however, it is anticipated that the large difference between
is consistent with this neutron diffraction result. We note,Ny(IP) andN,(OP) will bring about a distinct difference not
however, that any difference in th€ and T, results is not only in the magnetic properties but also in the SC character-
appreciable between the @4) and Cy2B) sites, which istics.

assures that the magnetic properties are uniform in the OP. We next focus on th& dependences af; and 1T, in the
The nuclear quadrupole frequeney, for the Cu2A) and  SC state, which reflect tiedependence of the SC gagT)
Cu(2B) sites are estimated to be14.7 and 30.0 MHz, re- in the different planes. As shown in Fig(@, K¢(T) in the
spectively, andvo=11.1 MHz for the C(l) site from the underdoped IP undergoes a sharp drop bélgw 117 K due
frequency(f) dependence of the total shift fétL c. Unfor-  to the opening of the SC gap. On the other halg,T) in
tunately, we have not succeeded in observing any Cu-NMRhe overdoped OP decreases gradually belqw 117 K,
signal associated with th€Cu-C) charge reservoir layers. followed by a sharp decrease beldw,~ 60 K. In order to
This suggests that some large crystal inhomogeneity may bénravel the detailedl dependence oK below T, its
introduced into these layers due to the partial substitution of-derivative valued(Ks,,)/dT is plotted againsT in Fig.

CO; units. 3(a). It should be noted thad(Ks ,,)/dT in the IP shows a

In general,K consists of ar-dependent spin paiK((T) clear peak just below =117 K, but that in the OP shows
and a T-independent orbital parKy,, K, (T)=Kg.(T) the peak not just below =117 K but just belowT .,=60



PRB 61 EFFECT OF CARRIER DISTRIBUTION @ . . . 9709

@ oIP || b r oW 1 < :
. o OP 1 ¢ OP =
[ 1 - b
+* ClH L . # ClH a
T T P8 z
4 tt | w e 3 X
b4 I S 0.5
‘% o, ¥
| ¢¢¢¢¢¢? Roaut “g&t"ob V0
L () i
s RN &
0 100 2000 100 200
Temperature (K) — dwave model
L 0 0.5 1
FIG. 3. T dependences of th@-derivative changes ofa) T
Ksan(T), dKgap/dT, and(b) 1/T,T, d(T,T) */dT, for the inner ¢
and outer Cu@ planes. FIG. 5. K(T)/K, vs T/T, plot for the IP and the OFK(T) and

K, are the Knight shifts in the superconducting state and at
K. Likewise, the peak ofi(1/T,T)/dT in the IP, as seen in respectively.Ky(T)/K, for the OP is reproduced by théwave
Fig.3(b), appears around,., whereas that in the OP appears model assuming a-linear increase oA(T) below T, and follows
aroundT.,. In Fig. 4, theT dependences of T{ in the [P the BCS form belowl, as shown in the inset.
and the OP are plotted on logarithmic scaled.; 1h the IP

decreases sharply just beldky, followed by aT®-like de- In order to deduce th& dependence of the SC ga{T)
pendence in the lowW- regime. These relaxation behaviors jn the OP,K(T)/K,, normalized by the valuK, at T,
share common features with those observed in Other-ﬁj;gh' =117 K is p|0tted againsﬂ'/Tc in F|g 5’ together with
cuprates, consistent with triewave model with a gapless g (T)/K,, for the IP. It is clear thai(T) in the OP does not
line node. By contrast, T4 for the OP decreases gradually fy|ly develop down toT, in contrast to that in the IP. A
belowT;=117 K but sharply below.,~60 K. In the inset  tyo-dimensionald-wave model*~* has been applied to fit
of Fig. 4, (1M1)/(1/T1)1=7,, Vs T/T, is indicated for the  the data for the OP sind€, is independent of the tempera-
OP together with (J]71)/(1/'I'1)T:TC vs T/T, for the IP. Here ture, but not to the data in the IP sinkg(T) decreases with
(1/-|-1)T:TC2 is 1T, at T,,=60 K and (17|-1)T:TC at T, QecreasingT. 'A model with A.MF(T). following a conven-
— 117 K. The plot in the OP for 04T/T.,<1 is on almost tional mean-fieldMF) pattern is not in accord with the slow

; . . decrease oK(T)/K, in the OP betweem.,=60 K and
the same line as that in the IP for 8:4/T.<1, suggestin N . L Ce =7 T
that thed-wave SC gap in the OP fully dcevelopsgr?ot bel%w Tc=117K. Alternatively, as indicated by the solid Ilne in the
T but belowT ... inset of Flg: 5, the agreement k_Jetween the experiment and

Cc c2
the calculation seems to be satisfactory when it is assumed

that A(T)/A(O) increases linearly down td.,=60 K and
follows the MF type of behavior below .,. This result
shows that the gap in the OP does not fully develop below
T.=117 K but belowT . ,=60 K.

In the SC state, the appearance of bulk superconductivity
indicates that the SC phase has a coherent character below
T.. However, the present NMR study reveals that the SC
gap does not develop simultaneously in the IP and the OP.
We propose that this dissimilarity is caused by the large dif-
ference betweeM,(IP) andN,(OP). Note thatN,,(OP) is
compatible to those in the overdoped TI121P.€ 64 K)!!
and TI2201 (43 K.? This suggests that the inherent transi-
tion temperature in the OP is reducedlig =60 K due to its
heavily overdoped level, although the bulk SC transition is
triggered by the underdoped IP 8t=117 K. In this case,
the unusualA(T) behavior in the OP betweeR. and T,
may be interpreted as a kind of “proximity effect” induced
. by the superconductivity in the IP. This is because the co-
10 ° 3 herent length along the axis is reported to b&.~10 A in
T T R Cu1234, which is much larger than the distance between the

Temperature (K) IP and the OP, i.e;3.2 A’
We note that a further dissimilarity relevant to the large

FIG. 4. 1T, vs T both in logarithmic scales fdi L ¢ axis. Inset  difference betweeN,(OP) andN(IP) is seen in the normal
shows (1T4)/(1/Ty)1, vs T/T. and (1M1)/(1/T1)7, vs T/Te, plots  state. As seen in Fig.(B), spin-gap behavior in the IP is
for the inner and outer CuOplanes, respectively. (I{)r at  extracted from the broad maximum of AT around T*
T.=117 K and (1T,)_, at T,~60 K. =150 K, but not in the OP. In the underdoped and optimally
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doped Hgl1223'sRefs. 2,3 and Hg1234,the OP and the IP  (underdopejl In the normal state, spin-gap behavior is ob-
retain similar SC characteristics as well as magnetic properserved in the IP but not in the OP. In the SC state, it was
ties, althoughN,(OP) andNy(IP) are different. In this con- found that the SC gap in the OP does not fully develop
text, we suppose that there is a threshold in the differenclelow T,=117 K but belowT;,=60 K. We propose that
betweerN,(OP) andNy(IP) to bring about dissimilarities in these dissimilarities are caused by the large Qiﬁerence of
the SC and magnetic properties. dop!ng Ievel_between _the IP an_d the_OP. Not!ng that the

In Cul234, it has been reported thBt keeps a rather doping level in the OP is compatible with tho_se in the over-
high value abovel,=117 K and stays nearly constant re- doped TlI1212 =64 K) and TI2201 (43 K, it is suggested
gardless of the variation dfi, in the overdoped regiory,  that theTc inherent to the OP is reduced Te, =60 K due to
~0.35-0.6, which is almost three times larger thsp its h_eaV|Iy overdoped level, although the bulk SC transition
~0.2 in the optimum regio? The fact thatT, does not '° triggered by the underdoped IPBi=117 K. We _\g{ggld
depend on the carrier doping seems to be unique compar mark t.hat the .IOW anisotropy Of. SC characteri 1081
with other cuprates in which th&, value decreases drasti- ul2sais assomatgd with the heavily oyerdoped level |n'the
cally on increasing\,, in the overdoped region. What the OP and the bulkT,; is kept unchanged since the IP remains
present NMR studies have suggested is that the doping |evgpderdoped.
in the OP is heavily overdoped; however, the IP remains The authors would like to thank Dr. G.-g. Zheng for valu-
underdoped and sustains a high value above 117 K in able discussions. This work was partly supported by COE
Cul234. ResearchGrant No. 10CE2004in a Grant-in-Aid for Sci-
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*Electronic address: tokunaga@nmr.mp.es.osaka-u.ac.jp (1994); Jpn. J. Appl. Phys., Part 23, L300 (1994); Physica C
TPresent address: Department of Applied Electronics, Science Uni- 235-24Q 981 (1994.
versity of Tokyo, Noda, Chiba 278, Japan. 8Y. Shimakawa, J. D. Jorgensen, D. G. Hinks, H. Shaked, R. L.
'A. Trokiner, L. Le Noc, J. Schneck, A. M. Pougnet, R. Mellet, J.  Hitterman, F. Izumi, T. Kawashima, E. Takayama-Muromachi,
Primot, H. Savary, Y. M. Gao, and S. Aubry, Phys. Rev8 and T. Kamiyama, Phys. Rev. 80, 16 008(1994.
2426(199)). 9J. Akimoto, K. Tokiwa, A. lyo, H. lhara, H. Hayakawa, Y. Gotoh,
?M.-H. Julien, P. Carreta, M. Horvati€. Berthier, Y. Berthier, P. and Y. Oosawa, Physica £79, 181 (1997). .
Seransan, A. Carrington, and D. Colson, Phys. Rev. LZ8t. MC-: 23;;%’82(\&?;”&%’ H. Tokiwa, A. lyo, and H. lhara, Physica
4238(1996. u o
K. Magishi, Y. Kitaoka, G.-q. Zheng, K. Asayama, K. Tokiwa, A. GSF? theng, }SF l\,\/l/laglsﬂl, Y. E'?O:za‘bK' Sﬁay?r;g%TiSKOlngfz’ Y-
lyo, and H. Ihara, J. Phys. Soc. Jii4, 4561(1995. imakawa, T. Manako, and Y. Kubo, Physicd #-188

(1993.
Y. Kitaoka, K. Fujiwara, K. Ishida, K. Asayama, Y. Shimakawa,
T. Manako, and Y. Kubo, Physica €79, 107 (1991).

4Y. Tokunaga, K. Ishida, K. Magishi, S. Ohsugi, G.-q. Zheng, Y. 1,
Kitaoka, K. Asayama, K. Tokiwa, A. lyo, and H. lhara, Physica
] B 259-261 571(1999._ 13G_-q. Zheng, K. Kitaoka, K. Asayama, K. Hamada, H. Yamauchi,
Y. Piskunov, K. N. Mikhalev, Yu. |. Zhdanov, A. P. Gera- and S. Tanaka, Physica Z50, 197 (1996.
schenko, S. V. Verkhovskii, K. A. Okulova, E. Yu. Medvedev, 1444 Monien and D. Pines, Phys. Rev.4, 6297(1990.
A. Yu. Yakubovskii, L. D. ShUStOV, P. V. Bellot. and A. Troki- 15K. Ishida, Y. Kitaoka, N. Ogata, T. Kamino, K. Asayama, J. R.

ner, Physica (00, 225(1998. Cooper, and N. Athanassopoulou , J. Phys. Soc. 8pn2803
bY. Tokunaga, H. Kotegawa, K. Ishida, G.-g. Zheng, Y. Kitaoka, (1993.

K. Tokiwa, A. lyo, and H. Ihara, J. Low Temp. Phykl7, 473 16K Magishi, Y. Kitaoka, G.-q. Zheng, K. Asayama, T. Kondo, Y.

(1999. Shimakawa, T. Manako, and Y. Kudo, Phys. Rev58 10 131
"H. Ihara, K. Tokiwa, H. Ozawa, M. Hirabayashi, A. Negishi, H. (1996.

Matuhata, and Y. S. Song, Jpn. J. Appl. Phys., PaB81503  17H. Ihara, Adv. Supercond, 255 (1994.



