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We report a coexistence of superconductivity and antiferromagnetism in five-layered compound
HgBa,Ca,Cus0, (Hg-1245 with T.=108 K, which is composed of two types of Cy@lanes in a unit cell;
three inner plane$lP’s) and two outer plane§OP’s). The Cu-NMR study has revealed that the optimally
doped OP undergoes a superconduct®@) transition aflT ;= 108 K, whereas the three underdoped IP’s do an
antiferromagneti¢AF) transition belowT ~60 K with the Cu moments of(0.3-0.4)g . Thus bulk super-
conductivity with a high value off,=108 K and a static AF ordering ay=60 K are realized in the
alternating AF and SC layers. The AF-spin polarization at the IP is found to induce the Cu moments of
~0.02up at the SC OP, which is the AF proximity effect into the SC OP.
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[. INTRODUCTION than N, (IP) at the IP for all the systems and its difference
ANp=N,(OP)—N(IP) increases as either a total carrier
There remain a number of underlying issues to be reeontent orn increases. AAN,’s exceeding a critical value,
solved in highT, cuprates. One of underlying issues is anthe respective SC transitions do not simultaneously set in at
interplay of antiferromagnetism and superconductivity in thethe IP and the OF: Some theoretical approaches predict the
antiferromagneti¢AF)—superconductingSC) phase bound-  €ffect induced by the carrier inhomogenétty:*
ary, near vortex cores under magnetic field, and AF-SC al- In this paper, we report®*Cu-NMR study on Hg-1245
ternate layered structures. Lake al. reported that the AR Which evidences a coexistence of AF order at the IP's and
correlations are induced in vortex cores and extend over thf” and bulk superconductivity at the OP. Note that the IP
cores into the SC region in La,Sr,CuO, under the mag- 'S the middle plane of thg three_ll:s as shown in Fl_g. 1.
netic field, that is, an AF proximity effect into SC statghis ~ Veasurements of the Knight shift, the nuclear-spin-

; ; lattice-relaxation rate (T/), and the internal fieldH,,,) of
result is supported by some theoretical approaéfiem 63.6 1 int
these theoretical predictions based on the33@ymmetry Cu have revealed that the OP undergoes a bulk SC tran-

i ~ B . |
model} each AF and SC fluctuation can extend into other>tion b?IOWTC 108 K and the I.P and IP order antiferro
magnetically belowTy~60 K with the Cu moments of

region, when both the states come across. Recently, howev%,37 and 0.3 respectivel
Bozovic et al. showed that the superconductivity does not ™ “B 3e P Y-
mix into the AF insulator in the superconductor-insulator-
superconductor heterostructures realized by stacking each
layer of SC La gsSty 1£CuQ, and AF LaCuQ,.° Thus, these
issues have not been settled yet. Polycrystalline sample was prepared by the high-pressure
Multilayered highT. cuprates, which have more than synthesis technique as described elsewlreRawder x-ray-
three Cu@ planes in a unit cell, exhibit very unique mag- diffraction experiment indicates that the sample consists of
netic and SC properties because they include two types aflmost a single phase, but includes a small fraction of
CuQ, planes. As indicated in Fig. 1, an outer CuPlane  Hg-1234%° A SC transition temperature df.=108 K was
(OP) has a pyramidal five-oxygen coordination, whereas ardetermined from an ons@tbelow which diamagnetic signal
inner plane(IP) has a square four-oxygen one. Note that theappears in dc susceptibility as shown in Figg)2For NMR
IP* is the middle plane of the three IP’s as shown in themeasurements, the powdered sample was aligned alorg the
figure. Nuclear-magnetic-resonan@¢MR) experiments re- axis atH=16 T. The NMR experiment was performed by
vealed that the OP and the IP differ in the doping 1€V&?. the conventional spin-echo method at 174.2 MH& (
We reported unusual magnetic and SC characteristics in muk15.3 T).
tilayered Cu@ planes in Hg and Cu-based high-cuprates Figure 2b) shows NMR spectra far L ¢c. At 200 K, two
through ®3Cu-NMR measurements.The Knight shift ©K)  well-separated peaks arise from the OP and the IP. The as-
at the OP and the IP exhibits different characteristic temperasignment of NMR spectrum to the OP and the IP was already
ture (T) dependence, consistent with its own doping level. Itreported in the previous literatur&s!® The NMR spectrum
was shown that the doping levisl,(OP) at the OP is larger at the IP exhibits a sharper spectral width with a smaller

II. EXPERIMENTAL DATA AND DISCUSSION
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FIG. 2. (a) T dependence of dc susceptibility with field cooling
(FO) and zero-field coolingZFC). A clear diamagnetic signal can
be observed below.=108 K. (b) The NMR spectra foH L ¢ at
OP (SC) T=200, 140, 100, and 20 K. The NMR signals at the IP and tfe IP
disappear below-150 K. The OP’s signal becomes significantly
broader at temperatures lower thag~60 K.

IP (AF : 0.30us)

FIG. 1. (color on-line The crystal structure of Hg-1245a(
=3.850 A,c=22.126 A)(Ref. 6. The OP undergoes the SC tran- ; T y T ; T
sition atT,=108 K, whereas the three underdoped IP's do an AF 0.6
transition belowTy~60 K with the respective Cu moments of T OP
~0.30ug and 0.3% at the IP and the IP. l ....0000000
]

Knight shift than those at the OP. The spectral width at the IP .
is estimated to be-50 Oe forH||c, comparable to the-60 0.4
Oe for YBgCu;O; underH~15 T, which is the narrowest
among highT. cuprates to date. This ensures that the IP is
rather homogeneously doped. The spectra at the IP and the
IP* overlap each other, suggesting that their local doping
levels are not so much different. The NMR signals at the IP
and the IP disappear due to their short relaxation time be-
low T~150 K.

Figure 3 indicates th& dependence of*K,, at the IP’s I 1.2
and the OP forHLc. In general,K(T) consists of the 0_!35 of4 0.|45 of5
T-independent orbital parK,,,, and theT-dependent spin Kap (%)
part, K(T), that is proportional to the uniform susceptibility % 00 200 300
Xs- Ks(OP) decreases below* ~160 K, followed by a
rapid decrease arounid.= 108 K which is indicative of the Temperature (K)
bulk superconductivity at the OP, as also confirmed in the g, 3. T dependence of Knight shik,, for HL c. The inset of
measurement of TAT. The behavior ofk,,(T) suggests  Fig. 3(b) showsK,, vs K, plots at the IP’s and the OP with the
that the OP is almost optimally doped from a comparisonemperature as an implicit parameter. These plots allow us to esti-
with the previous studdt In the inset of Fig. 3K,,(T) VS mate the supertransferred hyperfine-coupling constattP)
K¢(T) plots are presented at the OP and the IP’s. The spir-61 kOejug andB(OP)~74 kOejug, respectively.

Kab (%)
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whereH, andH  are the respective components perpendicu-
lar and parallel to the axis andvy, is the Cu nuclear gyro-
= magnetic ratio, and
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Frequency (MHz) ent. Here, note that the quadrupole frequenbyg
=3e?qQ/2I(21—1) and»~0.

FIG. 4. A zero-field®*®TCu-NMR spectra at 1.4 K. Four peaks ~ The spectra observed if=55-110 MHz correspond to
in f=55-110 MHz, which consist of two sité$P and IP) and the case forVQ<Hint due to the AF order belowTy
two isotopes[ **Cu (solid arrow and *Cu (dashed arroVl, are  —60 K. Four peaks are understood as the central peaks
observed. The spectra fi= 10-40 MHz correspond to the OP. The (1/2— —1/2 transition of 63.65cy at the IP and the IP A
solid lines are the simulation calculated by usirfgvo(IP) ratio of 835%Cu-NMR intensity at low frequency to high fre-
=8.37 MHz, *vo(OP)=16.05 MHz, andH along ab plane. 4 ency (L /14~2) suggests that the two peaks at Idvigh)
Ea0027CU moment Is e.St'mated. 24(IP)~0.30ug an_d M(IP%) frequencies arise from the IP (iP. The satellite peaks
~0.37ug (see text The internal field oHy~0.54 Texists evenat 45+ 3/ transition due to the electric quadrupole in-
the SC OP. . ) . L

teraction are not well resolved. By incorporating this inten-

sity ratio I /14~2, ®v(IP)=8.37 MHz, %°Q/%°Q~1.08,
part in the measured shii ,(T) at the CuQ plane is ex- and %3y,/%y,~0.93, the NMR spectra at the IP
pressed as following’ and the IP are simulated as the solid line in the figure, giv-
ing rise to the respective values ¢f,,(IP)=6.1 T and
H.«(IP*)=7.7 T. These values at the IP and thé I&low
us to estimate the Cu moments (IP)~0.30ug and
M(IP*)~0.37ug by using a hyperfine-coupling constant
where A, and B are the on-site and the supertransferred(A,,—4B)~ —207 kOejug where B(IP)~61 kOejug.
hyperfine-coupling constantsA, is anisotropic, mainly These Cu moments are one-half smaller than Qg£4ésti-
originating from the dipole and the spin-orbit interactions formated in LaCuQ,.2* We remark that theN,(IP) and
Cu-3d orbitals, andB is isotropic, originating from the N, (IP*) are tentatively estimated d%6,,—2N,(OP)]/3
Cu(3dy2_2)-O(2p)-Cu(4s) covalent bondingxs, is the  ~0.057-0.02 by using an average hole contefjf=0.12
spin susceptibility. From a linear relation in the figurd.( evaluated from a Hall measureméntNote that N,(OP)
+4B)/(Aapt+4B)~0.267 and 0.379 are estimated at the=0.212-0.217 was estimated via the systematic experimen-
IP's and the OP, respectively. By assuming.~ tal relation between thdl,, and theKg at room temperature
—170 kOefug and A,,~37 kOejug in YBa,Cwy0,,'872°  argued in the literatur®,and hence it is shown that the OP is
the respective values & at the IP’s and the OP in Hg-1245 optimally doped. Here we assumé&qd,, for Hg-1245 to be
are estimated as B(IP)~61 kOejug and B(OP) 0.19-0.20 from a comparison with other multilayered
~74 kOefug . These values oB are larger than the typical cuprates®2®
value of ~40 kOejug obtained in La_,Sr,CuQ,, The spectra inf=10-40 MHz suggest the case fop
YBa,Cw,0;, and YBaCu,0g,'® 2% suggesting that the ~16 MHz=H;,. Actually, the calculated spectra to be con-
Cu(3dy2-y2)-O(2p)-Cu(4s) covalent bonding in Hg-1245is  sistent with the experiment are indicated in the figure, allow-
stronger than in the La- or Y-based systems. ing us to estimaterg~16 MHz and H;,=H, ~0.54 T.

Next, we present firm evidence for the occurrence of AFThese spectra are hence assigned as arising from the OP.
ordering at the IP and the 1P Figure 4 show$35%Cu-NMR  This H;,, of 0.54 T is far larger than the calculated dipole
spectra aH=0 andT=1.4 K. Four and two peaks are ob- field in the OP of~70 Oe, which is induced by the Cu
served in the frequency ranges of=55-110 and moments of M(IP)~0.30ug and M(IP*)~0.37ug.
10—-40 MHz, respectively. The nuclear quadrupole frequenH,;,(OP)~0.54 T corresponds to the Cu moments of
cies at the IP and the OP’8g(IP) andvo(OP), are estimated ~0.02ug .
from the NMR experiments at highT as %yq(IP) Figure 5 indicates th& dependence of T4T of %3Cu at
=8.37 MHz and 63vQ(OP)= 16.05 MHz, respectivelynot the IP’s and the OP fad|/c. Remarkably, IV, T(OP) exhib-
shown). Therefore, all these spectra are affected by the prests a pseudogap behavior beld@ ~ 160 K. 1/T;(OP) is dis-
ence of internal fieldH;,; associated with the onset of AF tributed below~90 K. In the normal state, a recovery curve
order. of nuclear magnetization is consistent with a theoretical one

The nuclear Hamiltoniaft{=Hq+H; atH=0 belowTy  for determining a single value df; as seen in Fig. ®.%"
is described in terms of the Zeeman interaction duélf{p  Below ~90 K, however, a short component in the recovery
and the nuclear electric quadrupole interaction as follows: curve is observed as presented in Figp)6A tentative fitting

Kso=(A,+4B)xs. (a=a, b, andc axis),
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is the long component in the recovery curve. The pseudogap behav-
ior is observed at the optimally doped OP bel@w~ 160 K. On
the other hand, the underdoped IP does not show any pseudog
indication, revealing that the low-energy spectral weightyifg
=Q,w) is critically enhanced around~0 toward AF ordering at

FIG. 7. T dependence of Tj for H|c. 1/T, below Ty can be
gbeasured at zero field. Ty/(OP) shows the peak afy~60 K as-
sociated with AF ordering at the IP.TL/(IP) shows aT;T~const
relation far below Ty, indicating that the IP is metallic.
[T,(OP)/(T,(IP)]~102 at low T shows the existence of low-
lying magnetic excitations inherent to the OP, which is associated

to the curve, which is indicated by a solid line, allows us toWIth a possible interplay with the superconductivity.

estimate a short and a long componentin Their T depen-

dencies are shown in Fig. 7, where the short components afélaxation process at the SC OP. Thus, some low-lying mag-

presented by open square. netic excitations survive at the SC OP even though the
Generally in the SC mixed state under magnetic field, theél-wave superconductivity is formed well belowT,

short component i is believed to arise due to the pres- =108 K. The short component indicates two peaksTqt

ence of thenormal statein vortex cores. But the large frac- ~60 K and T,~25 K, whereas the long component indi-

tion of the short component reachirg80% is unusual, giv- cates a peak at,~25 K. Ty~ 60 K is indicative of an onset

ing rise to almost a same fraction as the short component & AF ordering at the IP's, corroborated by the increase of

H=0 indicated by open triangle in the figure. These resultXs(OP). Recent muon spin resonance measurement also evi-

ensure that the short component dose not arise due to tifences an AF ordering below 60 K in this materiaf® T,

presence of vortex cores, but originates from the unexpected 25 K might be related to the occurrence l8f,(OP) be-
cause both the long and short components show peaks.

On the other hand, T4T(IP) increases monotonically,
whereaK(IP) decreases with decreasifigdown to 150 K.
Instead of the pseudogap, unexpectedly, the NMR signals at
the IP and the IP disappear below- 150 K. This is because
the low-energy spectral weight in dynamical response func-
tion y(g=Q, w) is critically enhanced around~0. HereQ
is the AF wave vector4/a,w/a). Eventually, the IP’s order
antiferromagnetically below as evidenced from the zero-
— 0'5 EEE—— field AF NMR experiment that probes the Cu moments of

— M (IP)~0.30ug andM (IP*)~0.37ug . The measurement of
(b) SC state 60K ] T, at the IP reveals a behavior ®f T~ const below~20 K
] in the SC state aH=0 as seen in Fig. 7. In magnetically
ordered metals, a nuclear-spin-relaxation process is mediated
by the interaction between nuclear spins and conduction
electrons via spin-wave excitations, which is called as the
Weger mechanism leading to a behaviorTgfT =const at
low T.2>%0Thus the IP is suggested to be not in an insulating
regime but a metallic one, which is consistent with the esti-
mated hole content of~0.057+0.02. The small value of
T,T=const indicates that a large gap opens in the magnetic
FIG. 6. The recovery curve of nuclear magnetization for deter-€xcitation, indicating that the AF ordering in the IP is in a

mining T, at the OP ata) the normal andb) the SC state, respec- Static regime. . .
tively. A short component in the recovery curve is observed as pre- When the SC state is closely faced to the AF state realized

sented below~90 K in the SC state. in the doped Cu@plane, it is not obvious to what extent the

1c T
. (a) normal state 140K

[M(e2)-MB/M(co)
o

t (msec)
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superconductivity is affected because of the presence of AF _20F ' ' TI-1245'-
state. Hg-1245 is a good candidate to address this issue. Both ¥ (@) T OOOOO

the measurements df; and Knight shift evidence that the "o ¢ CoocC. IP
OP is in the SC state. If the AF-spin polarization at the IP o M**%%0e,, ¢ 000
induced theH,,(OP)=0.54 T via the hybridization between ~ 10r g 000 Sogee
4s(IP) and 45(OP) and/or 33,2_,2(OP) [not 3d,2_,2(0P)], E g OP |
a ratio of [Ty(OP)/T1(IP)]~[Hiu(IP)/Hix(OP)]? - o

~[6.1T/0.54T]>~10? would be expected. It is, however, 00-"- 35— 360

surprising that th@’; at the SC OP is 10times shorter than Temperature (K)
at the antiferromagnetically ordered IP at Iowfar below —— p, - ———T
Ty, being [T{(OP)/(T,(IP)]~10"3. This result demon- (o) T4 P ©
strates the existence of low-lying magnetic excitations inher- T : 150K |
ent to the OP associated with a possible interplay with the Nl
superconductivity. It suggests that the weak AF order with i o OP|-OP j IP+IP™
° L i
OP /1 20k

)

- -
o o
w e

small moment 0.025 is responsible for the low-lying mag-
netic fluctuations at the OP and coexists with the SC state at
the OP. We note that this coexistence seems to be similar to
the phenomenon near vortex cores where the AF correlations
originating from the vortex cores extend over the cores into
the SC regiort.On the other hand, it is quite interesting issue o®®
whether the SC order parameter exists at the metallic AF IP 100 Lt v L
in Hg-1245, but this is a future issue, because the NMR 10 100 152 154
signal from the AF IP disappears h=40-150 K. T (K) H(T)
Finally we mentioned some results of TIgaa,CusO,
(TI-1245 with T.=100 K, which is slightly much over-
doped than Hg-1245. As shown in Figia the 17.r1T.(OP) ._short component of ,(OP) shows the peak at 45 K, indicative of
0f TI-1245 doe.s r.lOt show the pSEUQOgap behav.lor, mdlcath\F ordering at the IPT, is absent in TI-1245. Figuré&) presents
that the OP is in overdoped regime.TIT(IP) increases NMR spectra at 150 K and 20 K. No change is observed in the

monotonically with decreasing and the signals of the IPjinayidth of the OP signal, indicating that the internal field at the
and the IP* disappear below 140 K as well as Hg-1245.  op s quite tiny, in contrast with Hg-1245.

The low-lying magnetic excitations are induced at the SC OP
also in Tl-1245, and thu¥,(OP) distributes below~60 K.

-—

o
N
T

[ ]
1

1/ T4 (sec'1

-
o
-
T
1

FIG. 8. T dependence ofa) 1/T,T and (b) 1/T, for Hjc in
TI-1245, which is slightly overdoped compared with Hg-1245. The

: do the AF transition below y~60 K without any indication
Its short components show a peak-a#5 K, corresponding of pseudogap. The zero-fFeIEF’G%u-NMR expi/ariments at

to the peak off y~60 K of Hg-1245, as shown in Fig(18. . . . )

This Ty~45 K at the IP of T1-1245 suggests that the IP of IO T have provided firi evicence fhat the tespective AF
TI-1245 has somewhat much carrier content than that of Hgao[];fnfoag? € Th ag Ik € re d ( t')'t : 't(:l{LtBh a?]. h
1245. Interestingly, however, the second anomaly corre- (IP*)~0.37u5 . The bulk superconductivity wi e hig

: - : - : value of T.=108 K and the static AF ordering at
sponding toT, disappears in TI-1245, and the linewidth of ™ ¢ N
the OP does not change between 150 K and 20 K, which is, 60 K _take place even though the AF. and .SC layers are
quite in contrast to Hg-1245 as shown in Fig&)&and Zb) alternatively stacked with the respective thickness being
This ensures that the internal field at the OP of TI-1245 jComparable with~-9.7 A and~12.5 A. The AF-spin polar-

L AT tion at the IP is found to induce the Cu moments of
uite tiny even belowl y~45 K at the IP, which is different 1za
?rom H,(OP)~0.54 TNof Hg-1245. These things imply that ~0.02ug at the OP that fluctuates faster than the AF moment

H. (OP)~0.54 T is induced below,~25 K in Hg-1245 at the IP does, evidencing the AF proximity effect into the
nt ' ' ' SC OP.

. SUMMARY
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