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Superfluid response in monolayer high-Tc cuprates
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We have studied the doping dependence of the in-plane and out-of-plane superfluid densityrs(0) of two-
monolayer high-Tc superconductors, HgBa2CuO41d and La22xSrxCuO4, using the low-frequency ac suscep-
tibility and the muon-spin-relaxation techniques. For both superconductors,rs(0) increases rapidly with dop-
ing in the underdoped and optimally doped regimes and becomes nearly doping independent above a critical
doping,pc;0.20.
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Measurements of the magnetic penetration depth h
been important in probing the order parameter and in tes
theories of high-Tc superconductors~HTS’s!.1–3 In the hole
doped HTS, the low-temperature dependence of the in-p
penetration depthlab(T) is linear and doping independen
indicating the presence of nodes in the superconducting
ergy gap.1,4 The c-axis penetration depthlc is a key param-
eter for some theories describing the mechanism of h
temperature superconductivity.5–13 It is sensitive to the
electromagnetic anisotropy of the system and has been
to test the pairing symmetry and properties of interla
dynamics.3,8,9

In a recent study of the spin and charge response of H
it was found that both the superfluid densityrs(0)
;l22(0) and the muon-spin-relaxation, (mSR), rate show
dramatic changes at a critical dopingpc;0.20, slightly
above optimal doping, in pure and Zn-doped La22xSrxCuO4

~La-214! and Bi2.1Sr1.9Ca12xYxCu2O81y ~Bi-2212! at zero
temperature.14 The sharp changes in the superfluid dens
with the disappearance of a spin-glass phase transition
pc suggested a change in symmetry of the ground state.
existence of such a special doping has been demonstrat
many other physical quantities15 and thers(0) andmSR data
could be linked to the presence of a quantum phase trans
at pc , which is in turn related to the opening of the norma
state pseudogap.

To elucidate further the changes in the ground state ac
the phase diagram of HTS, we have studied the doping
pendence of the zero-temperature in-plane and out-of-p
superfluid responsesrab

s andrc
s for two-monolayer HTS ma-

terials: HgBa2CuO41d ~Hg-1201! and La-214. This study al
lows us to determine both in-plane and out-of-plane
sponses as a function of doping and to perform a dir
comparison between two simple HTS’s with different d
grees of disorder. We find that in both systems, the superfl
density is strongly doping dependent belowpc and shows
abrupt changes aroundpc . For Hg-1201, the effect is sharpe
and there is actually a peak in the superfluid density atpc .

The Hg-1201 samples were prepared in Houston usin
method similar to that described in Ref. 16. Their dopi
level can be continuously varied from very underdoped
heavily overdoped regime by adding or removing oxyg
0163-1829/2003/67~22!/220502~3!/$20.00 67 2205
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Unlike La-214, where the doping is varied by Sr substituti
for La, which may cause pronounced disorder effects,
variation of oxygen concentration in Hg-1201 is known
induce small lattice disorder.17 The Hg-1201 samples wer
characterized using magnetization and thermoelectric po
measurements. The doping levelp was determined by both
thermopower18 and the universal relationTc5Tc,max

@1282.6(p20.16)2#.19 The La-124 samples were synth
sized in Cambridge using solid-state reaction followed
oxygenation. Effort was made to ensure high purity and
mogeneity. All La-214 powders were dried, reacted, grou
milled, repressed, and resintered at least four times.
phase purity was verified by powder x-ray diffraction as w
as extensive transport and thermodynamic measurements
signal of impurities or inhomogeneity was captured in m
croanalytical spectroscopic studies.20 The Tc values as well
as lattice parameters of these samples were in good ag
ment with published data. In La-214p is taken to be equal to
the Sr concentration. The heat-capacity anomalies and
susceptibility transitions are sharp.

We have measured the magnetic penetration depthl us-
ing the low-field ac susceptibility technique for grain
aligned powders.9,21 The superfluid density is inversely pro
portional to the square of the in-plane penetration depth.
determine the in-plane andc-axis penetration depths sep
rately, the grains were magnetically aligned in a static fi
of 12 T at room temperature. X-ray powder-diffractio
scans22 for both La-214 and Hg-1201 samples showed t
more than 90% of the grains had their CuO2 planes aligned.
The ac-susceptibility measurements were performed dow
1.2 K with a homemade susceptometer using miniature c
with Hac51 –3 G~rms! at f 5333 Hz. The absence of wea
links among grains was confirmed by the linear response
the signal withHac from 0.3 to 3 G rms andf from 33 to 333
Hz. We also used a commercial susceptometer to con
some of our findings. Considering the grains to be appro
mately spherical, as indicated by scanning electron micr
copy, the data were analyzed using London’s model.2,23 The
ac-susceptibility data were also confirmed by standard tra
verse fieldmSR experiments performed on unaligned po
ders at 400 G.24

Figure 1 shows the data for@panel~a!# Tc , lab
22(0) and

@panel~b!# lc
22(0) for La-214. TheTc andlab

22(0) data were
©2003 The American Physical Society02-1
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published in an earlier paper and are included here
comparison.14 rab

s (0) is nearly doping independent in th
overdoped regime, but drops fast belowp50.19. This sup-
pression of the superfluid density forp,0.19 was previously
discussed in terms of a competition between quasistatic m
netic correlations and superconductivity.14 It has also been
linked to the strong reduction in entropy as well as cond
sation energy associated with the opening of the normal-s
pseudogap.15,24

rc
s(0) shows similar behavior as its in-plane counterpa

However, in contrast to the nearly linear doping depende
of rab

s (0) on p, rc
s(0) shows a stronger doping dependen

below pc corresponding to 1/lc
2 } pn with n;2.7. This dif-

ference in the doping dependence betweenrab
s (0) andrc

s(0)
is probably associated with the unconventional interla
coupling of electrons in high-Tc oxides, and is worthy of
further theoretical and experimental investigation.

Figure 2~a! shows the doping dependence ofTc and
rab

s (0) for Hg-1201. Similar to La-214,rab
s (0) is relatively

doping independent in the overdoped regime and show
sharp drop below 0.19. A similarp dependence ofrab

s has
been found for Bi-2212,25 and recently also reported fo
Y0.8Ca0.2Ba2Cu3O72d ~Ca:Y-123! and Tl0.52yPb0.51y

Sr2Ca12xYxCu2O7 ~Pb:Tl-2212!.26 The maximum ofrab
s (0)

FIG. 1. ~a! Doping dependence of the superconducting transit
temperatureTc and inverse square of the zero-temperature in-pl
penetration depth for La22xSrxCuO4 ~La-214! measured by the
ac-susceptibility technique.~b! Doping dependence of the invers
square of the zero-temperature out-of-plane penetration depth.
22050
r

g-

-
te

t.
e

e

r

a

is located atpc for all high-Tc compounds. It suggests tha
the observed doping dependence ofrab

s (0) belowpc is com-
mon to all HTS compounds and is not due to a structu
transition or inhomogeneity. The relatively doping
independentrab

s (0) for p.pc in La-214 and Hg-1201 is in
agreement to Bi-2212,25 but seems to differ from the data fo
Tl2Ba2CuO61d , Ca:Y-123, and Pb:Tl-2212.26,27 The mecha-

FIG. 3. Doping dependence of the anisotropic ra
lc(0)/lab(0) for La22xSrxCuO4 ~La-214! and HgBa2CuO41d

~Hg-1201!.

n
e

FIG. 2. ~a! Doping dependence of the critical temperatureTc

and inverse square of the zero-temperature in-plane penetr
depth for HgBa2CuO41d ~Hg-1201!. ~b! Doping dependence of the
inverse square of the zero-temperature out-of-plane penetra
depth.
2-2
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nism causing this difference is unknown and is certainly w
thy of further investigation. Nevertheless, it is clear that
maximum ofrab

s (0) is located atpc for all high-Tc cuprates.
Figure 2~b! shows the doping dependence of thec-axis

superfluid density for Hg-1201. A sharp change from large
low superfluid response is also observed aroundpc . This is
the sharpest change inrc

s(0) ever being reported and to
gether with the observed peak atpc could be related to its
tetragonal crystal structure and the fact that Hg-1201 is m
ordered than La-214. It is worth noting that a significan
weaker glassy response has been observed in Hg-1201.28 We
may speculate that this observation suggests that the sh
changes nearpc may be linked to a quantum critical poin
for which disorder causes smoothing of the doping dep
dence of various physical properties and associated p
transitions.

The interlayer distance between the CuO2 planes may be
a key parameter for optimalTc . This has been emphasize
by Uemura recently.29 Indeed, for the same in-plane supe
fluid density,Tc is higher if the interlayer distance is shorte
Therefore, the interlayer coupling seems to be essentia
obtaining higherTc . The observed variation ofTc cannot be
explained by the simple Kosterlitz-Thouless transition wh
Tc is solely determined by the 2D superfluid density. T
similar doping dependence ofrc

s(0) to rab
s (0) observed here

supports this view and indicates the fundamental role of
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c-axis electrodynamics to the overall superconducting c
densation. As a matter of fact,lc(0) for both monolayer
cuprates studied here is small abovepc and agrees, for ex-
ample, with the interlayer tunneling model of Anderson a
co-workers.5–7 Large superfluid response abovepc seems to
occur in connection with a crossover from two-dimension
to three-dimensional transport, as suggested by the do
dependence of the anisotropy inl ~Fig. 3! and the associated
behavior of the anisotropy of the normal-state resistivity.30,31

In summary, for the two-monolayer high-Tc cuprates, La-
214 and Hg-1201, both the in-plane and thec-axis superfluid
response remain relatively constant abovepc , but drop rap-
idly below pc . We have found a peak inrs(0) at pc for
Hg-1201 indicating the strongest superconductivity at
point where the spin-glass phase transition~the glass transi-
tion temperatureTg versusp curve! vanishes and the norma
state gap extrapolates to zero.14 The rapid change and pea
may be due to a change in the superconducting ground s
Furthermore, we have observed that the doping depend
of rc

s(0) in La-214 follows a power law of'2.7.
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