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Superfluid response in monolayer high¥ . cuprates
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We have studied the doping dependence of the in-plane and out-of-plane superfluid d&fitgf two-
monolayer high¥. superconductors, HgB&uQ,, s and Lg_,Sr,CuQ,, using the low-frequency ac suscep-
tibility and the muon-spin-relaxation techniques. For both supercondug§®) increases rapidly with dop-
ing in the underdoped and optimally doped regimes and becomes nearly doping independent above a critical
doping, p.~0.20.
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Measurements of the magnetic penetration depth havEnlike La-214, where the doping is varied by Sr substitution
been important in probing the order parameter and in testinfpr La, which may cause pronounced disorder effects, the
theories of highF, superconductoréHTS’s).1~3 In the hole  variation of oxygen concentration in Hg-1201 is known to
doped HTS, the low-temperature dependence of the in-plani@duce small lattice disordef. The Hg-1201 samples were
penetration depth ,,(T) is linear and doping independent, characterized using magnetization and thermoelectric power
indicating the presence of nodes in the superconducting ef@asurements. The doping leyelvas determined by both
ergy gap-“ The c-axis penetration depth; is a key param- thermopowef® and 19the universal relationT =T, nax
eter for some theories describing the mechanism of highL_1_82,-6(p_0-15)2]- The La-124 samples were synthe-
temperature superconductiviy!® It is sensitive to the sized in Cambridge using solid-state reaction followed by

electromagnetic anisotropy of the system and has been us@gygenation. Effort was made to ensure high purity and ho-

e : . ogeneity. All La-214 powders were dried, reacted, ground,
Ej(;/rfzzii:g%gpamng symmetry and properties of IIr]te”aye'milled, repressed, and resintered at least four times. The

. hase purity was verified by powder x-ray diffraction as well
. In a recent study of the spin and charg.e response of HTégis extensive transport and thermodynamic measurements. No
it was found that both the superfluid density®(0)

-5 ) . signal of impurities or inhomogeneity was captured in mi-
~X\%(0) and the muon-spin-relaxationuBR), rate show ¢ 5anaivtical spectroscopic stud@sThe T, values as well
dramatic changes at a critical dopim@~0.20, slightly a5 |attice parameters of these samples were in good agree-
above optimal doping, in pure and Zn-dopec:LgSr,CuO,  ment with published data. In La-23is taken to be equal to
(La-214 and Bp ;Sn fCay— Y «ClpyOg.y (Bi-2212) at zero  the Sr concentration. The heat-capacity anomalies and ac-
temperaturé? The sharp changes in the superfluid densitysusceptibility transitions are sharp.
with the disappearance of a spin-glass phase transition near We have measured the magnetic penetration deptis-

p. suggested a change in symmetry of the ground state. Thag the low-field ac susceptibility technique for grain-
existence of such a special doping has been demonstratedatigned powder&?! The superfluid density is inversely pro-
many other physical quantiti€sand thep3(0) anduSR data  portional to the square of the in-plane penetration depth. To
could be linked to the presence of a quantum phase transitiosetermine the in-plane anctaxis penetration depths sepa-
at p., which is in turn related to the opening of the normal- rately, the grains were magnetically aligned in a static field
state pseudogap. of 12 T at room temperature. X-ray powder-diffraction

To elucidate further the changes in the ground state acrossan$? for both La-214 and Hg-1201 samples showed that
the phase diagram of HTS, we have studied the doping demore than 90% of the grains had their Gu@anes aligned.
pendence of the zero-temperature in-plane and out-of-plarnBhe ac-susceptibility measurements were performed down to
superfluid responses,, andpg for two-monolayer HTS ma- 1.2 K with a homemade susceptometer using miniature coils
terials: HgBaCuQ, . 5 (Hg-1201 and La-214. This study al- with H,c=1-3 G(rms) at f=333 Hz. The absence of weak
lows us to determine both in-plane and out-of-plane redinks among grains was confirmed by the linear response of
sponses as a function of doping and to perform a directhe signal withH,. from 0.3 to 3 G rms anélfrom 33 to 333
comparison between two simple HTS’s with different de-Hz. We also used a commercial susceptometer to confirm
grees of disorder. We find that in both systems, the superfluigome of our findings. Considering the grains to be approxi-
density is strongly doping dependent belpy and shows mately spherical, as indicated by scanning electron micros-
abrupt changes arounyd . For Hg-1201, the effect is sharper copy, the data were analyzed using London’s m3d&irhe
and there is actually a peak in the superfluid densitg.at ~ ac-susceptibility data were also confirmed by standard trans-

The Hg-1201 samples were prepared in Houston using ®erse fielduSR experiments performed on unaligned pow-
method similar to that described in Ref. 16. Their dopingders at 400 G*
level can be continuously varied from very underdoped to Figure 1 shows the data f¢panel(a)] T, )\;bz(O) and
heavily overdoped regime by adding or removing oxygen[panel(b)] )\C’Z(O) for La-214. TheT, and)\;bz(O) data were
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FIG. 1. (a) Doping dependence of the superconducting transition
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FIG. 2. (a) Doping dependence of the critical temperatlie

temperaturel, and inverse square of the zero-temperature in-planénd inverse square of the zero-temperature in-plane penetration
penetration depth for La,Sr,CuO, (La-214 measured by the depth for HgBaCuO,. ; (Hg-1201. (b) Doping dependence of the

ac-susceptibility techniquéb) Doping dependence of the inverse inverse square of the zero-temperature out-of-plane penetration

square of the zero-temperature out-of-plane penetration depth.

depth.

published in an earlier paper and are included here fois located atp. for all high-T. compounds. It suggests that
comparisort* pS(0) is nearly doping independent in the the observed doping dependencef(0) belowp, is com-

overdoped regime, but drops fast belpw 0.19. This sup-
pression of the superfluid density fpr<0.19 was previously

transition or

mon to all HTS compounds and is not due to a structural
inhomogeneity. The

relatively doping-

discussed in terms of a competition between quasistatic magadependenp;,(0) for p>p, in La-214 and Hg-1201 is in
netic correlations and superconductivifylt has also been agreement to Bi-221%; but seems to differ from the data for
linked to the strong reduction in entropy as well as condenT1,Ba,CuQ;, 5, Ca:Y-123, and Pb:TI-221%:*' The mecha-
sation energy associated with the opening of the normal-state

pseudogap>?*

p2(0) shows similar behavior as its in-plane counterpart.
However, in contrast to the nearly linear doping dependence
of p3,(0) onp, pa(0) shows a stronger doping dependence
below p. corresponding to Nﬁ o p" with n~2.7. This dif-
ference in the doping dependence betwpg{0) andp2(0)
is probably associated with the unconventional interlayer
coupling of electrons in high- oxides, and is worthy of

further theoretical and experimental investigation.

Figure 2a) shows the doping dependence ©f and 10k
pap(0) for Hg-1201. Similar to La-214p35,(0) is relatively
doping independent in the overdoped regime and shows a
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nism causing this difference is unknown and is certainly wor-c-axis electrodynamics to the overall superconducting con-
thy of further investigation. Nevertheless, it is clear that thedensation. As a matter of fack(0) for both monolayer
maximum ofp3,(0) is located ap.. for all high-T, cuprates. cuprates studied here is small abqyeand agrees, for ex-
Figure 2b) shows the doping dependence of thaxis  ample, with the interlayer tunneling model of Anderson and
superfluid density for Hg-1201. A sharp change from large taco-workers ™" Large superfluid response abopg seems to
low superfluid response is also observed aroppdThis is  occur in connection with a crossover from two-dimensional
the sharpest change ipg(0) ever being reported and to- to three-dimensional transport, as suggested by the doping
gether with the observed peak ja¢ could be related to its dependence of the anisotropyNn(Fig. 3) and the associated
tetragonal crystal structure and the fact that Hg-1201 is mor@ehavior of the anisotropy of the normal-state resistRA}
ordered than La-214. It is worth noting that a significantly |, summary, for the two-monolayer highs cuprates, La-
weaker glassy response has been observed in Hg?#£208. 514 apg Hg-1201, both the in-plane and thaxis superfluid
may speculate that this observation suggests that the Shar%%ponse remain relatively constant abgye but drop rap-
changes neap. may be linked to a quantum critif:al point idly below p,. We have found a peak ip%(0) at p, for
for which disorder causes smoothing of the doping depengg_ 1201 indicating the strongest superconductivity at the
dencg. of various physical properties and associated pha%im where the spin-glass phase transititte glass transi-
transitions. _ tion temperaturd  versusp curve) vanishes and the normal-
The interlayer distance between the Gu@lanes may be giate gap extrapolates to zéfoThe rapid change and peak
a key parameter for optimdl. This has been emphasized 5y he due to a change in the superconducting ground state.

by_ Uemura rec_entlﬁr? Ind_eed, for the same in-pla_ne SUPEI- Fyrthermore, we have observed that the doping dependence
fluid density, T, is higher if the interlayer distance is shorter. ¢ pS(0) in La-214 follows a power law of2.7
. 7.

Therefore, the interlayer coupling seems to be essential for
obtaining higheiT.. The observed variation df, cannot be C.P. thanks S. Chakravarty and J. W. Loram for enlight-

explained by the simple Kosterlitz-Thouless transition whereening discussions, D. N. Basov for an earlier collaboration
T, is solely determined by the 2D superfluid density. Theand discussions on the subject, and The Royal Society for
similar doping dependence p§(0) to p3,(0) observed here financial support. T.X. acknowledges support from the

supports this view and indicates the fundamental role of théational Natural Science Foundation of China.
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