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We report unusual magnetic and superconduct®@ characteristics in multilayered Cy@lanes in Hg-
and Cu-based higfi; cuprates through th&Cu-NMR measurements. These compounds, in which the number
of CuG, planes(n) ranges from 3 to 5 in a unit cell, include crystallographically inequivalent q@&y and
inner (IP) CuG, plane that are surrounded by pyramidal and square oxygen, respectively. The Knight shift
(5%) at the OP and IP exhibits respective characteristic temperature dependence, consistent with its own
doping level. Using an experimental relation between the spin p&fkirat room temperature and the doping
level in a CuQ layerN,,, we show thatN,(OP) at the OP is larger thaw,(IP) at the IP for all the systems
and its differenc\N,= N,(OP)— N, (IP) increases as either a total carrier con#@or n increases. AAN,’'s
exceeding a critical value, the pseudogap behavior in the normal state is seen alone at the IP, and a bulk SC
transition does not set in simultaneously at the IP and OP. A SC nature at the OP becomes consistent with a
mean-field behavior only beloW,, that is significantly lower thaff.. Reduction inT. with increasingn is
associated with an increase &N,,. It is a rather remarkable aspect thafais not always reduced even
though these multilayered high: compounds are heavily overdoped. This arises, we show, because the IP
remains underdoped and keeps a high valugé gfwhile the OP is predominantly overdoped. This may be a
microscopic origin for the lowest anisotropic SC characteristics reported to date in Cu-based multilayered high-
T. compounds.

DOI: 10.1103/PhysRevB.64.064515 PACS nunier76.60.Cq, 76.60.Es, 71.27a, 75.20.Hr

l. INTRODUCTION and Knight shift were confirmed to be the safié’ On the
other hand, as a differenceN;,= N,,(OP)— Ny(IP) becomes
Extensive investigations have recently been made on varlarger, disparate SC and magnetic behaviors were reported at
ous multilayered high-, cuprates that include three or more the OP and IP for an overdoped Cul23%=(4) ! Namely,
CuG, layers in a unit cell. Their superconductif§C) char-  the normal-state magnetic behaviors for the IP and OP are
acteristics have been reported to depend closely on the dopharacteristic of underdoped and overdoped compounds, re-
ing level in the Cu@ layer N,, and on the number of CyO spectively. An SC gap fully develops at the IP beldw
planesn per unit cell. In most of highF. compounds, =117 K, but it increases gradually and linearly at the OP
T. varies as a bell-shaped curve willy, and exhibits a downtoT.,=60 K. Thus, it was recognized that the SC and
maximum value T.nax at Np(optimum)~0.2. In  magnetic properties in multilayered compounds are inti-
(Cu,C)BagCaCu0yp,y (N=4 Cul234), however, T, mately affected by a possible variation Ny(IP) and
=117 K was reported to be almost independent of the dopN,,(OP) as well as by a total doping level per unit céll
ing level even though in the heavily overdoped redidtis In this paper, we report extensieCu-Knight shift 53K
feature is believed to lead to the lowest anisotropic SC charmeasurements on two series of multilayered compounds,
acteristics reported to date that is promising for an applicaHgB&,Ca, 1C4,05y,,y and CuBaCa, 1Cu,Ozp 44—y
tion use? It is an unsettled issue why B, max iNCreases  with n=3, 4 and 5 and different hole contefit The ©K at
monotonically with increasing, but saturates at either  the IP and OP exhibits respective characteristic temperature
=3 or 43 which is suggested to be the optimum numbenof dependence, consistent with its own doping level. Local dop-
that maximizesT .. A cause for the suppressionTi nmaxfor  ing levelsN,(IP) andN,(OP) at the IP and OP are sepa-
n=4 is not fully understood yet. rately extracted from the spin part if*Cu-Knight shift,
In mono-layered or bi-layered compound, is uniform K¢ (RT) at room temperaturéRT). We remark that the high-
at the crystallographically equivalent Cy@lanes. This is, estT.=133 K to date in Hg1223n(= 3) is because both the
however, not the case in multilayered compoundsifai3 in  OP and IP are nearly optimally doped,(OP) is shown to
which there exist crystallographically inequivalent outerincrease predominantly, whereli(IP) remains in an un-
(OP) and inner(IP) CuG, planes. The former and latter are derdoped region, when eitharor § increases. As a differ-
characterized by a pyramidéive) and a squar¢four) oxy-  ence AN, =N,(OP)—N(IP) increases, disparate magnetic
gen coordination, respectively. Extensive NMR studies sugand SC behaviors are found at the IP and OP such that the
gested that respective local doping levaélg(OP) and pseudogap behavior is seen alone at the IP, and a bulk SC
N, (IP) differ at the IP and OP. Theif variations of 1T,T  transition does not set in simultaneously at the IP and OP.
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TABLE |. Listed are for various multilayered high; compounds the superconducting transition tem-
peratureT ., the pseudogap temperatuiré below which the I, T decreases, respective local doping levels
N (IP) andN,(OP) at the inner and outer Cy@lane that were extracted from th&Knight-shift measure-
ment, a total doping level in a unit cef= (n—2)N(IP)+nN,(OP) wheren is the number of Cu@planes,

a difference in doping leveAN,,=N,(OP)— Ny(IP), t.(K) andt* (K) that is defined as respective charac-
teristic temperatures whe{K ,,)/d T have a distinct peak and begins to deviate steeply from a lifiear
variation with decreasing. Note thatt* is almost the same a&*, t;(IP) is the same a§., butt,(OP) is
lower thanT. when~0.07<AN,, (see the tejt

n(Np+nNop) 3(1+2) 4(2+2) 53+2)
Hg1223 Cul223 Hg1223 Cul223 Hgl1234 Cul234 Cul234 Cul245
@ (b) (©) (d) (€ (®) ) (h
T. (K) 115 119 133 71 123 106 117 90
T (K) 230 140 160 70 180 140 150 160
N (1P) 0.189 0.192 0.207 0.217 0.158 0.168 0.192 0.169
NL(OP) 0.196 0.230 0.252 0.290 0.218 0.247 0.313 0.277
) 0.574 0.653 0.712 0.797 0.752  0.829 1.01 1.06
ANy, 0.014 0.039 0.045 0.073 0.060 0.079 0.121 0.108
te (K) IP/OP 115 115 132 56 117  105/50 115/60 90/65
t* (K) 285 150 160 75 210 160 160 135

The SC nature at the OP becomes consistent with a meapeak’ The fact that the spectral width is much narrower for
field behavior only belowl ., that is significantly lower than the IP than for the OP reveals that some disorder is smaller at
T.. Itis a notable aspect thai, is not reduced even though the IP than at the OP. This may be because the IP is far from
these multilayered highz compounds are heavily the charge-reservoir layer where some randomness is intro-
overdoped. We remark that this arises because the IP reduced due to doping holes.
mains underdoped and keeps a high valueTgf even In general, the observed Knight shiK(T) consists of a
though the OP is predominantly overdoped. T-independent orbital paK,,,, and aT-dependent spin part
K¢(T) that is proportional to the uniform susceptibiligy.
Il EXPERIMETAL RESULTS AND DISCUSSION Taking into account thalK(T) is anisotropic, it is expressed

All the multilayered compounds used in this study were

prepared by a high-pressure synthesis technique as described (Cu,C)1223 (T=71K) PN op
elsewheré? Crystal structures and lattice parameters are re- P
ported to be nearly the same in these Hg- and Cu-based oP P 7%

compounds>~® Powder x-ray diffraction experiment con-

firmed that the samples consist of almost a single pitage. g , _ ,
SC transition temperaturd,. was determined at an onset 2 T : T -
temperature below which diamagnetic signal appears in dc T |(Cu.C)234 (Te=117K) N op
susceptibility. TheT, of all the samples is listed in Table I. Z IP :g
For NMR measurements, the powder samples, which were 5 opP vop
aligned along thec axis at an external magnetic field bif £
=16 T, were fixed with the stycast 1266 epoxy. The NMR § . . . .
experiments were performed by the conventional spin-echo Z o T T T
method at 174.2 MHzH~ 15.3 T) and aT range of 4.2 3 |(CuCN245 (T=90K) N
—300 K. ° op P i
Figure 1 indicates typical NMR spectra for the P
central transiton (1/2—1/2) in a series of Vop

(Cu,C)BaCq,_1Cu,05p, 4, With N=3, 4 and 5. All the a1 P N S
spectra consist of well sepyarated two peaks. Since the rela- 1815 152 15'23 T15-3 1535 154
tive intensity afterT, correction of the sharper peak in- M

creases with increasing IP layers, the sharper low-field peak G, 1. 63cu-NMR spectra at|| ¢ axis andT=160 K for n

and the broader high-field peak are assigned to come from3 cy1223 n=4 Cu1234, andn=5 Cul245. Heren is the

the IP and OP, respectively. This assignment is consistefumber of CuQ planes. A sharp peak at a high-field side comes
with the previously reported three-layer,BB,CaCusO19  from the IP, whereas a broad one at a low-field side from the OP.
(T12223) where the intensity of the broader and low-field Here the IP and OP are the inner and outer Cp@ne, respec-
peak is exactly twice of that for the sharper and high-fieldtively, as indicated in the inset.
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FIG. 2. TheT dependence of the spin part in th&Cu Knight -
0 100 200 3000

shift K 5 at HL ¢ axis for then=3 compounds with various dop-
ing levels[see(a)—(d) in Table I].

Temperature (K)

FIG. 4. The T dependence ofT derivatives of K ,p,
as K, (T)=Kg o(T)+Kqp o(a=ab and c). The Ky(T) in dKsap(T)/dT for n=3, 4 and 5 compoundsee(a)—(h) in Table
underdoped compounds decreases with decredsihge to 1. The dotted line(arrow) showst, (t,). The solid arrow shows
both effects of the development of antiferromagnetic spirpulk Te.
correlations and the opening of pseudogap. On the other

hand,K4(T) in the overdoped ones is neaflyindependent. T from Fi : T

. ; X gs. Za—d and 3e-h, its T-derivative value

It is noteworthy thaKK ((RT) at RT increases a¥,, increases dEK 1)/dT is plotted as a function of in Fig. 4. As shown
s,a i

in high-T, compounds. ) . ! . -
gh-T. compounds in the figuret. andt* are defined as respective characteristic

Figures 2a) and 2c) show theT depend_ence dﬁ&ab(ps temperatures wherd(K, ,,)/dT have a distinct peak and
at Hllab plane for HgBaCa&Cu;3Og.., (N=3 Hg1223); : . : o .
and Figs. 20) and 2d) for (Cu,C)BaCaCu0 begins t_o deviate steeply from a gradl]'al\_/arlatlon Wlth

’ 10°y  decreasingl. The values ot andt* for various multilay-

(n=3 Cul223). Here all the doping levels are d|1°ferent.ered compounds are collected in Table I. In the3 com-

These compounds include one IP and two OP’s. Re- .
spective F?gs. @, 3(f, and 3g indicate the pounds[(a)—(d)] and then=4 Hg1234[(e)], t. is the same

; _ bulk SC transition temperatufg, while t* is close to
Ksan(T)'s for  HgBaCaCuOpry (N=4 Hg1234), as a .
(Cu,Ni)BaCaCwOy,_,, and (Cu,C)BgCaCuOy,_, (n a pseudogap temperatufé that was determined from the

8,9,11,16
=4 Cul234) that include two IP’s and OP’s. Figur¢h)3 degfrdencel of Iﬂ—h In tthtehselté)om%ognsls, both th‘ied |
indicates the K, for (Cu,0Ba,Ca,CusOys, (n andt* are almost the same at the IP an as expected. In

_ : ; , the n=4 Cul234 compounds[(f) and (g)] and n
5 Cul245) that includes two OP's and three IP's. The:5 Cul245[(h)], on the other hand, it is unconventional

i in Fi ited f h )
respective data in Figs(@ and Zc) are cited from the paper thatt. antt* differ at the IP and OP. Note that thgIP) at

reported by Julieret al® and Magishiet al® In all the com- a .
L . - the IP is in accord with the bulk,. We remark that* at the
ounds, it is evident thag T) is larger for the OP than c
pou IS eVl san(T) | g overdoped OP does not always correspond g although

for the IP. In then=3 Hg1223 [see Fig. Pa)] and n . .
_ - : ; t* at the IP does tdl*. It is apparent that,(OP) that is
=4 Hgl234[see Fig. , since theK T)’s at the OP . o ¢C

9 [ 9. B}, si san(T) denoted asl, is lower thanT.. The previous study on

and IP decrease with decreasihgboth the IP and OP are

expected to be underdoped. By contrast, inrtke4 Cu1234 ;C4 g;;zg’f' t(}:ce:é]l;)? dléeasndrl)ctzju?l?/ gévrsl\é?)alggvma%;zhe
Figs. = 124 Fig.

[see Figs. @) and dg)] andn=5 Cul24S[see Fig. ], =60 K From comparison with a conventionawave

the Kg 4 at the IP decreases with decreasingvhereas the : . .
K. . at the OP that is largely enhanced is nedtindepen- model, it was shown that its SC gap increases gradually and
dent down toT ;. This evidences that the OP is heavily over- linearly belowT, and follows the. BCS mean-field type of .
doped, but the IP remains underdoped. geﬂenQence belov'\_Féz. 'I;jhese _d|.sparafte SCIand md%gnet'c
| ¢ : tail th | ehaviors are considered to originate from a larger difference
n order to see in detail th€ dependence df 5, below ANp= N, (OP)— Ny (IP).

We try to estimateN,(OP) andN,(IP) by using an ex-

-4 NS perimental relation betwee ,,(RT) andNj, that was de-
0.6l J1® TP duced for from the nuclear quadrupole resonaiN@R) fre-
5 T quency,vg.”’ Zhenget al. argued that, at the planer Cu
204 1 4} ; LS ) and O site are determined by the respective on-site hole den-
4 i g .J’g . sity. They succeeded in evaluating each local hole content at
0.0 ( Lo f@ L e f‘@ the planer Cu and O sitey,(Cu) andn,(O), which is sup-
f . Ny ported by the theoretical work§ Eventually, a doping level,
o gj 555~ R N,=n,(Cu)+n,(O) per one Cu@ plane was evaluated

0

FIG. 3. TheT dependence df ,,(T) for then=4 and 5 com-
pounds with various doping levelsee(e)—(h) in Table 1].

200

200
Temperature (K)

for

n=1 TI2201, n=2 Y1230g.,,

n=2 Y1248, n

=2 Bi2212 andn=3 TI2223 compound§?!’ Figure 5 in-

dicatesKg 4,(RT) vs Ny, plots for these compounds. As seen

in the figure,K(RT) increases linearly witiNy,, following
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0.6 = -
~ 0.05:8"
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' 0.2F ¥1236.6 95 Nl 2
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E 4 ,_Q =3
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FIG. 5. TheKg ,p(RT) at room temperaturéRT) for the n=1 018 02 022 024 0.26 028
andn=2 compounds is plotted against its doping leMgl. N, is a dav=0/n
doping level in a layeN,,=n,(Cu)+n,(O) that are respective lo- .
cal hole densities at the planer Cu and O site. HgeCu) and FIG. 6. Local doping levels at the OP and Ng,(OP), N(IP)

n,(O) were deduced from the respective nuclear quadrupole fre@"dANn=Nn(OP)—N(IP) are plotted against an average doping
quencies at the Cu and O sit®ef. 6. The solid lineN,=0.0462  |€vel 5z, = d/n for then=3, 4, and 5 compoundsee{(a)—(h)] in
+0.50K ¢ ,,(RT) is a fit to the data. Ta_ble f. Here(S:(n—Z)Nh(lP)_+ n_Nh(OP). Assuming a linear re-

’ lation betweerK s ,,(RT) vs Ny, in Fig. 5,N,(OP) andN(IP) were

estimated from the measur&g, ((RT)’s that are presented in Figs.

an experimental relation oN,=0.0462+0.50K ,,(RT). 2 and 3. In all the compounds, note tHdt(OP) is larger than
Note that the relation seen in Fig. 5 is valid irrespective ofN,(IP). BothN,(OP) andN,(IP) increase linearly withs,, . AN,
whether the Cu@plane is surrounded by the pyramidal or increases a$ or n increases.
octahedral oxygen coordination.

Using this relation, we estimaté,(OP) andN,(IP) from  distance between the IP and the apical oxygen becomes
the measurel ,, {(RT)’s that are presented in Figs. 2 and 3. larger, and then their difference of electrostatic energy is en-
Thus estimated values are indicated in Table I. Here we havieanced, making\N;, increase?
assumed that the hyperfine coupling constant is independent As ANy, increases, it is evident that the IP and OP reveal
of IP or OP, which was actually confirmed in three-layeredthe disparate SC and magnetic behaviors. Bd,<
TI2223/ Note that a total carrier conted=(n—2)Np(IP) ~0.07,T., andT* are uniquely determined as seen in Figs.
+2Np(OP) in a unit cell. In Fig. 6N,(OP), N, (IP) and its  4(a—e, but for ~0.07<AN,,, T* exists only for the IP and
differenceAN,=N,(OP)— N (IP) are plotted against an av- the SC gap at the OP begins to develop gradually bélgw
eraged hole content per a layeé,,=d/n. In all the com- and follows the BCS mean-field behavior ©fdependence
pounds, it is remarkable that,(OP) is larger thaiN,(IP).  just belowT., that is far below the bulk,. These results
Both N,(OP) andNy(IP) increase linearly as,, increases. suggest that either a magnetic or an electronic interlayer cou-
ANy, increases with increasing, and alson such thatAN,,  pling between the IP and OP foe=4 becomes progressively
=0.025(1=3), 0.080 fi=4), and 0.100 1=5), even if  weaker asAN;, increases. OncAN, exceeds a critical value
84, 0.21 is the same. of ~0.07, both the SC and magnetic properties are governed

The present result on a systematic variationNig{OP) by the respective value df,,(IP) andN,(OP) that are un-
andN,(IP) indicated in Fig. 6 is in good agreement with the derdoped and heavily overdoped, respectively.
theoretical prediction®?° For multilayered highF. cuprates, Finally, we comment on a systematic variation in fhe
Di Stasioet al. argued a carrier distribution at each GuO in the multilayered highF. cuprates. In most of higfi;. cu-
plane by using a sheet-charge model that assumes twgrates, it is known that for then=1 andn=2 compounds
dimensional sheets of char§eAlternatively, Haines and reaches a maximum value around an optimum
Tallon modified the former model to a point-charge model, inN,(optimum)~0.2. For then=3, 4, and 5 compounds, it is,
which the sheet charge electrostatic term is replaced by however, hard that both the OP and IP are optimally doped
Mudelung energ¥® In both the models, a carrier distribution because the electrostatic energy that is mainly generated by
at each plane was calculated so as to minimize a total carrighe apical oxygen is lower at the OP than at the IP. In the
energy expressed by a sum of band energy and electrostatic=3 Hg1223,T.=133 K was reported to exhibit the high-
energy. Consequently, both the models showed At in-  est T, to date. In this compound, it is noteworthy that
creases with increasing eithé or n, consistent with the N, (IP)~0.2 is just optimized ant,(OP)~0.25 is compa-
present experiment. Considering an ionic configuratiorrable toNy(optimum as shown in Fig. 6. This suggests that
around the IP and OP, we may remark that the apical oxygethe highest value i to date is because the IP is optimally
O?" that is close to the OP lowers electrostatic energy fordoped. This may be because the disorder at the IP is rela-
holes presenting at the OP than at the IP.rAsicreases, a tively small as seen in Fig. 1 and the plane is flatter than the
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OP-15 1t would be expected that it$, increases further, the disparate magnetic and SC behaviors were found at the
reaching a record of highi;, if N,(OP) were reduced to IP and OP such that the pseudogap behavior is seen alone at
~ 0.2. In then=4 Hg1234 where the OP and IP reveal thethe IP, and a bulk SC transition does not set in simulta-
similar SC and magnetic behaviors as seen in Fig),4ts  neously at the IP and OP. The energy gap at the OP seems to
T.=123 K is relatively higher than in Cul23fsee Fig. develop following the BCS mean-field type Bfdependence
4(f)]. This is because a large difference in doping level bebelow T, that is significantly lower tha.. A T is not
tween the IP and OP makes an interlayer coupling weaker ineduced even though these multilayered higheompounds

the latter. We suggest that a largéN,, reduces a bulki,. are heavily overdopetibecause the IP remains underdoped
We propose thaf) an optimum hole doping at the IP afid) and keeps a high value af., while the OP is heavily over-

a decrease iANy, are important factors for obtaining a fur- doped. This may be a microscopic origin for the lowest an-

ther highT; in multilayered cuprates. isotropic SC characteristicg/(-1.4) reported to date in Cu-
based multilayered highF, compound$.We propose that a
IIl. CONCLUSION homogeneous carrier distribution over all the Guilanes is

one of most important conditions to rai$g, and to realize
this, it may be efficient to reduce any difference in the elec-
tostatic energy between the IP and OP. In this context, a

In summary, we have studied through tF&€u Knight-
shift measurements the magnetic and SC characteristics

the multilayered highF. cuprates, HgB#Ca, - 1CUOzn12+y  replacement of the apical @ by F~1 is promising in reduc-
and CuBaCg, 1C4;0;n4-y. Here the number of CUO  ng it as actually realized in the B&a;Cu0;0 xFy

planesn ranges fromn=3 to 5 and a total doping level  gysten?? This study is now underway.
varies from under- to over-doped region. Local doping levels

N,(IP) andN,(OP) at the IP and OP have been separately
extracted from the spin part if*Cu-Knight shiftK(RT) at
room temperature. The highesi,=133 K to date in
Hg1223 fr=3) was shown to arise because both the OP and This work was partly supported by the COE Research
IP are nearly optimally doped. As eithéror n increases, the (10CE2004 in a Grant in Aid for Scientific Research from
OP is predominantly overdoped, whereas the IP remains urthe Ministry of Education, Sports, Science and Culture of
derdoped. As a differenc&N,= N,(OP)— N, (IP) increases, Japan. One of authof¥.T.) was supported by JSPS.
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