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Superconducting and magnetic characteristics in the multilayered high-Tc cuprates
TlBa2Ca2Cu3O10Ày with TcÌ130 K probed by Cu and Tl NMR: High value for Tc
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We report 63Cu and 205Tl nuclear magnetic resonance~NMR! measurements on trilayered high-Tc com-
pounds TlBa2Ca2Cu3O102y ~Tl-1223! that were synthesized at a high pressure and exhibits a high value of
superconducting~SC! transition temperatureTc.130 K. In the SC state, the nuclear spin-lattice relaxation
rate 1/T1 reveals aT3 behavior belowTc , followed by aT1T5const behavior at very low temperatures. The
results are accounted for by thed-wave pairing model where the presence of the residual density of the states
Nres(EF) is incorporated at the Fermi level to be consistent with the experiments. The important finding is that
the size@in Nres(EF)# is much smaller for the present compounds of Tl-1223 withTc.130 K than for the
previous Tl-2223. Correspondingly, it is shown that an NMR intensity at a satellite peak in the Tl-NMR
spectrum, which originates from a possible substitution of Tl for Ca, is much smaller for the former than for
the latter. The synthesis technique at a high pressure is found to be a good way to remove such a crystal
imperfection due to Tl/Ca intersubstitution. We have demonstrated from a microscopic point of view that as a
result of decreasing the degree of disorder effect, theTc in Tl-1223 has revealed a value higher than 130 K.
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I. INTRODUCTION

Since the discovery of high-Tc cuprates, extensive effor
to raise a superconducting~SC! transition temperatureTc is
being currently made, and the highest value ofTc to date
reachesTc5133 K in HgBa2Ca2Cu3O81y ~Hg-1223!.1 This
record ofTc has, however, not yet been overcome out fo
while in spite of extensive effort. On the other hand, a ma
mum Tc of TlBa2Ca2Cu3O102y ~Tl-1223! system has been
established to be about 125 K. However, recently Iyoet al.
succeeded in synthesizing Tl-1223 and Tl-1234 that rev
Tc5133.5 K and 127 K, respectively, using a hig
pressure-synthesis~HPS! technique.2,3 These values ofTc are
comparable to the value for Hg-1223. Apparently, the H
technique seems to be very efficient in raising a maxim
value of Tc for Tl-1223 by about 10 K. It is, therefore, a
important issue to be clarified why the HPS technique is
remarkable to raise theTc and whether or not it leads to
promising route in order to obtain a further highTc even for
other materials.

These Hg- and Tl-1223 compounds have three sheet
CuO2 planes in a unit cell, consisting of an inner square~IP!
one and two outer pyramidal~OP! ones. Here the Cu site a
the IP~OP! is surrounded by square~pyramidal! coordinated
oxygen. It was reported that the respective local-hole dop
levels Nh(IP) and Nh(OP) are different at the IP and OP
causing contrasting magnetic and SC behaviors.4–6 From the
previous nuclear-magnetic-resonance~NMR! studies of vari-
ous multilayered compounds,6 the Nh(IP) and Nh(OP) in
Hg-1223 are nearly the same, both exhibiting almost optim
hole contents. This is a microscopic origin for the highestTc
in Hg-1223 to date. As the number of CuO2 layers ~n! in-
creases fromn53 to eithern54 or 5,Tc is decreased. This
0163-1829/2002/65~18!/184504~4!/$20.00 65 1845
a
-

al

S

o

of

g

al

was concluded becauseNh(IP) remains either in an
optimum-doping level or an underdoping level, butNh(OP)
is predominantly in an overdoped regime even though
total hole content is increased. In this context, it was s
gested that theTc5133 K in Hg-1223 approaches a possib
upper limit in high-Tc cuprates.6

It is important to investigate why the HPS techniq
makes theTc in the Tl-1223’s higher by more than 10 K an
how different their magnetic and SC properties are fro
those in Hg-1223 with the highest value ofTc being 133 K to
date. In this paper, we report63Cu- and205Tl-NMR measure-
ments in Tl-1223 synthesized by the HPS technique~hereaf-
ter denoted as Tl-1223HPS!. The NMR results reveal that th
Nh(IP) andNh(OP) in Tl-1223HPS are almost the same
in Hg-1223, and the magnetic characteristics in the IP a
OP resemble those in Hg-1223, exhibiting a common feat
associated with the development of an antiferromagn
~AFM! spin fluctuations upon cooling. The nuclear spi
lattice relaxation rate 1/T1 being far belowTc reveals a
T1T5const behavior due to the presence of the residual d
sity of statesNres(EF) at the Fermi level. From a compariso
with the available results for Hg-1223~Ref. 7! and Tl-2223
~Refs. 8 and 9! that were synthesized by the standard te
nique, it is indicated that an extent of the crystal imperfect
in Tl-1223HPS is similar to that in Hg-1223, but it is muc
smaller than that in Tl-2223 with the lowerTc . Although the
charge reservoir layer of Tl-2223 is different from that
Tl-1223, they have a common feature that the starting co
position is made nonstoichiometric as to obtain a high va
of Tc . It is demonstrated from a microscopic point of vie
that the degree of disorder associated with some crysta
homogeneity in Tl-1223HPS is much less than that in
2223. We conclude that the HPS technique removes su
©2002 The American Physical Society04-1
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disorder where Tl is substituted for Ca, leading to the sign
cant increase inTc .

II. EXPERIMENTAL RESULTS AND DISCUSSION

Polycrystalline samples were prepared by the HPS te
nique as described elsewhere.2 Two samples were used wit
nominal compositions, i.e., Tl0.75Ba2Ca2Cu3.25O102y ~Tl-
1223HPS-I! and TlBa2Ca2Cu3O102y ~Tl-1223HPS-II! that
exhibit the SC transition atTc5132 K and 130 K, respec
tively. Energy dispersive x-ray spectroscopy measurem
indicates that actual compositions of both the samples
almost stoichiometric.2 Tc was determined at an onset tem
perature below which a diamagnetic signal appears in
susceptibility. The powder samples were aligned along thc
axis at an external magnetic fieldH515.5 T and fixed by
the Stycast 1266 epoxy. The Tl- and Cu-NMR measureme
were performed using a conventional phase-coherent-
NMR spectrometer. The Knight shift andT1 of 63Cu were
measured at the central peak (21/2⇔1/2 transition! in the
NMR spectrum split by the electric quadrupole effect.

Figure 1 indicates the temperature~T! dependence of the
spin part in 63Cu Knight shift, 63Ks,ab(T) at the IP and OP
for thec axis'H0 of Tl-1223HPS-I and Hg-1223. Note tha
the 63Ks,ab(T)’s in Tl-1223HPS-I and -II are independent o
a starting nominal composition of constituents as far asTc
exceeds 130 K. TheKs,ab(T) at the IP and OP that are pro
portional to the respective uniform susceptibilitiesxs(T), are
related to Nh(IP) and Nh(OP) in multilayered high-Tc
cuprates.6 As the hole contentNh in a CuO2 plane increases
the value ofKs,ab increases at the normal state in most hig
Tc cuprates. The fact thatKs,ab at the OP is larger than tha
at the IP indicates thatNh(OP) is larger thanNh(IP). It is
remarkable that theT dependence and the value ofKs,ab(T)
at room temperature in Tl-1223HPS-I coincides with those
Hg-1223. In other words, theNh(IP) and Nh(OP) in Tl-
1223HPS-I are almost the same as those in Hg-1223, w
are in a nearly optimum doping level.

FIG. 1. T dependence of the spin part of Knight shiftKs,ab(T)
of 63Cu for the c axis 'H in Tl-1223HPS-1 (Tc5132 K) and
Hg-1223 (Tc5133 K). Both indicate a similar behavior at the I
and OP~see the text!.
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In Fig. 2, theT dependences of63(1/T1T) are presented
for Tl-1223HPS-I, Hg-1223~Ref. 7!, and Tl-2223~Ref. 8!
with Tc5132, 133, and 123 K, respectively.63(1/T1T) in-
creases with decreasingT due to the development of AFM
spin fluctuations. The value of 1/T1T at the IP is slightly
larger than at the OP, sinceNh(IP) is slightly smaller than
Nh(OP). The similarity of magnetic properties is also seen
the pseudogap behavior where the (1/T1T)’s in Tl-
1223HPS-I and Hg-1223 reveal a maximum atT* 5160 K
for both the IP and OP. Evidently, the63K(T) and 63(1/T1T)
results reveal that both the compounds have common m
netic characters.

Next, we argue the SC characteristics from the 1/T1 be-
havior. As indicated in Fig. 3, 1/T1 decreases just belowTc ,
followed by a typical behavior for most high-Tc compounds,
consistent with thed-wave SC state with a line-node gap.
should be noted that aT1T5const behavior has been com
monly observed far belowTc in most high-Tc compounds.
For example, in the figure, the 1/T1T data on
BiSr2Ca0.95Y0.05Cu2Oy ~Bi-2212! and YBa2Cu3O7 ~Y-1237!
are shown along with the data on Tl-1223HPS-I, Hg-12
and Tl-2223. It was established that this behavior origina
from the residual density of statesNres(EF) at the Fermi
level and thatNres(EF) is induced by the crystal distortion
and/or imperfection, or impurities. Even whenTc is not sig-
nificantly suppressed, the appearance ofNres(EF) is charac-
teristic for the unconventional superconductivity with th
line-node gap. It is possible to estimateNres(EF) following
the relation of

Nres

N0
5A~1/T1T! low2T

~1/T1T!Tc

, ~1!

noting that 1/T1T is proportional to the square of the densi
of states in general. It is evident that aNres /N0 in Tl-
1223HPS-I is smaller than in Tl-2223, comparable to t
values of Hg-1223. Using the above relation, the respec
values ofNres /N0 at the IP and OP are evaluated to be 0.
and 0.09 in Tl-1223HPS-I (Tc5132 K) and 0.11 and 0.09 in
Tl-1223HPS-II (Tc5130 K). The value ofNres /N0 is 0.19

FIG. 2. T dependence of 1/T1T in Tl-1223HPS-I (Tc5132 K)
and Hg-1223 (Tc5133 K) along with the data for the anneale
Tl-2223 (Tc5123 K). In addition to the common increase
1/T1T upon cooling due to the AFM spin fluctuations, th
pseudogap behavior is commonly seen belowT* ;160 K for Tl-
1223HPS-I and Hg-1223 with the highestTc to date.
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~0.18! at the IP ~OP! in the annealed Tl-2223 withTc
5123 K ~Ref. 9!, and 0.33~0.29! at the IP ~OP! in the
as-grown Tl-2223 withTc5115 K ~Ref. 8! should be noted.
The inset in Fig. 3 showsTc vs Nres /N0 plots, where the
solid curve is the calculation reported by Hotta in terms
the unitarity limit for impurity scattering,10 being in good
agreement with the experiment.

What is an origin of the pair-breaking effect in the T
1223 compounds? This was addressed from the Tl-NMR
periment. Figures 4~a! and 4~b! indicate Tl-NMR spectra for
the c axis'H0 in Tl-1223HPS-I and -II that were synthe
sized with a different nominal composition. Figure 4~c! indi-
cates the spectrum in the as-grown Tl-2223 (Tc5115 K).9

In Tl 2223, a main peak at aA site at a low field arose from
the Tl sites in charge reservoir layers, whereas a sate
peak at aB site at a high field from minority Tl sites. Th
hyperfine field at theB site was shown to originate from th
mixing between the Cu 3d, O 2p, Tl and 5d states, and

FIG. 3. T dependence of 1/T1 in the SC state for various high-Tc

compounds. Here the solid~open! symbols correspond to the data
the OP~IP!. The 1/T1 reveals a universal behavior just belowTc ,
followed by aT1T5const behavior at low temperatures as mark
by solid lines as a guide to the eye. Note that, in Y-1237 tha
considered to be one of best quality samples among high-Tc cu-
prates, theT1T5const behavior appears only at very lowT as seen
by the dashed line. Its values in Tl-1223HPS-I and Hg-1223 w
the highestTc to date are much smaller than those in the optima
doped Bi-2212 (Tc594 K) and the annealed Tl-2223 (Tc

5123 K). This gives evidence for a correlation between the va
of Tc and the extent of any disorder that results in the increas
the residual density of stateNres(EF). The inset indicatesNres(EF)
vs Tc where the solid curve is the theoretical calculation by Hotta
terms of a unitarity limit for impurity scattering. Even though som
impurities are not explicitly introduced into the samples, some
homogeneity in crystal structure such as crystal imperfection an
defect cause impurity scattering to reduceTc . The increase inTc in
Tl-1223HPS is because the substitution effect of Tl for Ca is
moved~see text!.
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hence theB site arises from the Tl sites that are substitut
for the Ca sites.8 As seen in the inset of Fig. 4~b!, in the
present compound the main peak is almostT independent
with a small positive shift, whereas the satellite one revea
negative large shift that is decreased in its absolute va
below Tc , in agreement with that in Tl-2223. Hence, theB
site in Tl-1223 is due to Tl that substituted the Ca site
well. This is also corroborated by other experiments.2 It is
evident that the intensity at theB site in Tl-1223HPS-I is
smaller than that in Tl-2223. The respective intensity rat
of the B to A sites are estimated as 1.9% and 3.3% in
1223HPS-I and -II that revealTc5132 and 130 K, whereas
as 10.5% in Tl-2223 withTc5115 K. The decrease in th
content of Tl at the Ca layers is a main cause for theTc
enhancement. The decrease in the linewidth of Cu-NM
spectrum is correlated with the increase inTc as well, as
described in detail below.

In Table I are summarized theNres /N0’s and the line-
widths of Cu-NMR spectra at the IP and OP under thec axis
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h

e
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-
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-

FIG. 4. 205Tl spectra of Tl-1223HPS-I (Tc5132 K), Tl-
1223HPS-II (Tc5130 K), and the as-grown Tl-2223 (Tc

5115 K). A main peak at theA site at a low field arises from the
Tl site in charge reservoir layer, whereas a satellite peak at thB
site at a high field arises from the Tl site that is replaced into the
site. The substitution of Tl for Ca is decreased for the Tl-1223 t
was synthesized at high pressures.A-site peaks are normalized pe
Tl site. The inset of Fig. 4~b! indicates theT dependence of Knight
shifts at the A and B sites in Tl-1223HPS-II withTc5130 K.

TABLE I. The Nres /N0 and the linewidth of Cu-NMR spectra a
the IP and OP under thec axis'H0 are listed up for Tl-1223HPS-I
(Tc5132 K), Hg-1223, and Bi-2212. The respective linewidths
Cu-NMR spectrum at the IP and OP in Tl-1223HPS-I are qu
narrow compared with that of Tl-2223.

Tc ~K! Nres Linewidth ~Oe!

Hg-1223~Ref. 7! 133 IP 0.05 70
OP 0.05 240

Tl-1223HPS 132 IP 0.10 90
OP 0.09 150

Tl-2223 ~Ref. 8! 123 IP 0.19 150
OP 0.18 270

Bi-2212 94 0.23 ;400
4-3
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'H0 in the Hg-1223, Tl-1223HPS-I (Tc5132 K), Tl-2223,
and Bi-2212. The respective linewidths of Cu-NMR spe
trum at the IP and OP in Tl-1223HPS-I are narrower th
that of the annealed Tl-2223, and especially, the IP width
close to Hg-1223. It was pointed out that theNres /N0 at the
IP is larger than that at the OP in Tl-2223~Ref. 8!. This
appears to be generic in all the Tl systems as we have sh
in this study. We conclude that some crystal imperfecti
which is introduced by the substitution of Tl for Ca, seems
map onto the CuO2 plane so as to act as if the impurit
scattering is in a regime of unitarity limit. The present e
periment has clarified that the cause for theTc enhancemen
in Tl-1223HPS is because the substitution of Tl for Ca
much more reduced than in Tl-2223 synthesized by a s
dard technique. The HPS technique is thus very efficien
reducing the extent of disorder and as a result raisingTc .

Finally, we comment on the inhomogeneity effect of S
and magnetic properties that are introduced by some cry
imperfection in an optimally doped Bi-2212 withTc
594 K. The scanning tunnel microscope~STM! study un-
raveled a local inhomogeneity in the local density of sta
and the SC gap in Bi-2212 system.11 Panet al.suggested tha
the inhomogeneity is a consequence of doping to a M
insulator.11 However, it was revealed from the Cu-NM
studies that Bi-2212 reveals a large value ofNres /N050.23
and a quite broad linewidth of Cu-NMR spectrum, ev
though a single crystal is used. These results demons
that the extent of disorder at the CuO2 plane is significantly
larger than in other high-Tc compounds, and that such a di
order is not due to the Y doping, because such a diso
already exists in the undoped Bi-2212.12 The inhomogeneity
in Bi-2212 revealed by the Cu-NMR studies might be rela
with that from the STM study. The large inhomogeneity
Bi-2212 seems to be a special and unique problem inhe
to this system. Therefore, we suggest that the inhomo
neous effect might not be necessarily common or inevita
in other high-Tc superconductors. The STM investigatio
are highly desired on other high-Tc systems that exhibit a
-
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smaller value ofNres(EF) and a narrower linewidth of the
Cu-NMR spectrum in order to extract any intrinsic magne
and SC properties in high-Tc cuprates.

III. CONCLUSION

In summary, the63Cu- and 205Tl-NMR measurements
have unraveled why a high value ofTc.130 K was ob-
tained in the trilayered high-Tc compounds
TlBa2Ca2Cu3O102y that were synthesized at a high pressu
In the normal state, the Knight shift andT1 revealed almost
the same behaviors as those in Hg-1223 that exhibits
highestTc5133 K to date. In the SC state, theT depen-
dence of 1/T1 decreased rapidly belowTc followed by a
T1T5const behavior at very lowT. The results are ac
counted for by thed-wave pairing model where the presen
of the residual density of statesNres(EF) is incorporated at
the Fermi level to be consistent with the experiments. T
important finding is that the size inNres(EF) is much smaller
for Tl-1223HPS (Tc5132 K and 130 K! than for Tl-2223
(Tc5123 K and 115 K!. Correspondingly, it is shown tha
an NMR intensity at a satellite peak in the Tl-NMR spe
trum, which originates from a possible substitution of Tl f
Ca, is much smaller for the former than for the latter. Th
demonstrates that as a result of decreasing the degree o
disorder effect, theTc in Tl-1223 reveals a value higher tha
Tc;130 K. The inevitable substitution of Tl for Ca ma
bring about some disorder that is mapped onto the Cu2
plane, resulting in the appreciable suppression inTc . The
present work has demonstrated from a microscopic poin
view that the synthesis technique at high pressures is a g
way to remove such a crystal imperfection.
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