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Evidence for a generic quantum transition in high-Tc cuprates
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We study the low-energy spin fluctuations and superfluid density of a series of pure and Zn-substituted high-
Tc superconductors~HTS! using the muon spin relaxation and ac-susceptibility techniques. At a critical doping
state,pc , we find~i! simultaneous abrupt changes in the magnetic spectrum and in the superconducting ground
state and~ii ! that the slowing down of spin fluctuations becomes singular atT50. These results provide
experimental evidence for a quantum transition that separates the superconducting phase diagram of HTS into
two distinct ground states.
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Quantum phase transitions occur at zero temperature
critical electron density separating distinct ground sta
Near a quantum critical point, electrons in metals are hig
correlated and the diverging fluctuations may induce unc
ventional superconductivity.1–8 For example, in certain
heavy fermion compounds a ‘‘bubble’’ of superconductiv
occurs around the quantum critical point at which itinera
antiferromagnetism is suppressed by applied pressure.9 The
search for an underlying quantum phase transition in highTc
superconductors~HTS! is motivated by the potential fo
quantum fluctuations to bind electronic carriers into sup
conducting Cooper pairs and also to cause the celebr
linear temperature dependence of their electri
resistivity.1–8,10 HTS exhibit a common generic phase di
gram in which the superconducting transition temperatu
Tc , rises to a maximum at an optimal doping of appro
mately 0.16 holes per planar copper atom and then fall
zero on the overdoped side. In addition the underdoped
mal state exhibits correlations, which introduce a gap in
density of states that strongly affects all physical propert
There is no phase transition associated with the openin
this gap and so it is called a pseudogap. Analysis of spe
heat data, for example, suggests that the pseudogap en
decreases with doping and falls to zero at a critical doping
pc.0.19, just beyond optimal doping,10,11 a behavior rather
analogous to the quantum-critical heavy-fermion materia9

Many fundamental physical quantities such as the su
conducting condensation energy,10,11 the superfluid
density,12,13 and the quasiparticle weight,10,14 show abrupt
changes asp→pc . While compelling in their totality,10,11

none of the results can be considered as evidence of a q
tum transition. In particular there is no evidence for an as
ciated order parameter and slowing down of the relev
fluctuations. With this in mind we examined the evolutio
with doping of the low-energy spin fluctuation spectrum u
ing muon spin relaxation (mSR) combined with low-field
ac-susceptibility measurements of the superfluid density.

The samples studied were:~i! La22xSrxCu12yZnyO4
~LSCO! (x50.03–0.24 andy50, 0.01, and 0.02!. Samples
were synthesized using solid-state reaction and where ne
0163-1829/2002/66~6!/064501~5!/$20.00 66 0645
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sary followed by quenching and subsequent oxygenat
They were characterized by powder x-ray diffraction as w
as extensive transport and thermodynamic measurem
e.g., Refs. 11,12,15 and found to be phase pure. TheirTc

values and lattice parameters were also in good agreem
with published data, where available.16,17 ~ii !
Bi2.1Sr1.9Ca12xYxCu2O81y ~Bi-2212! (x50, 0.3, 0.5, and
appropriate values ofy to achieve the desired carrier conce
tration!. Underdoped samples were prepared by deoxyg
ation and the samples were fully characterized using a
thermoelectric power to determine the doping state.~Note
that deoxygenation actually removes disorder in this syste!
We note that in LSCOx5p and to avoid confusion in the
rest of the paper we refer to the carrier concentration asp.

Zero-field ~ZF! and transverse-field~TF! mSR studies
were performed at the pulsed muon source, ISIS Faci
Rutherford Appleton Laboratory. Spectra were collect
down to as low as 40 mK thus allowing the temperatu
dependence of slow spin fluctuations to be studied to h
doping. In amSR experiment, 100% spin-polarized positiv
muons implanted into a specimen precess in their local m
netic environment. Random spin fluctuations will depolar
the muons provided they do not fluctuate much faster t
the muon precession. The muon decays with a life ti
2.2 ms, emitting a positron preferentially in the direction
the muon spin at the time of decay. By accumulating tim
histograms of such positrons one may deduce the muon
polarization rate as a function of time after implantation. T
muon is expected to reside at the most electronegative si
the lattice. In both HTS families studied here it is the O22

nearest to the planes18 so the results reported here are dom
nated by the magnetic correlations in the CuO2 planes. As we
show below, this is confirmed by results in samples dop
with Zn, which substitutes for Cu in the CuO2 planes.

The superfluid density,lab
22 , results shown here are fo

pure La22xSrxCuO4 (y50) and were determined from mea
surements of the in-plane magnetic penetration depthlab
using the low-field ac-susceptibility technique at an ac fi
of 1 G rms~parallel to thec axis! and a frequency 333 Hz fo
©2002 The American Physical Society01-1
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grain-aligned powders.12,15,19 In total, 16 samples were in
vestigated for each doping content. We note that grain
glomerates can be a cause of poor alignment, and to el
nate these, powders were ball milled in ethanol and dr
after adding a defloculant. Scanning electron microsc
confirmed the absence of grain boundaries and showed
the grains were approximately spherical. The powders w
mixed with a 5-min curing epoxy and aligned in a static fie
of 12 T at room temperature. Debye-Scherrer x-ray sc
showed that approximately 90% of the grains had their Cu2
planes aligned to within approximately 2°. The values
lab(0)22 for samples withp>0.15 were also confirmed b
standard TFmSR experiments performed on unaligned po
ders at 400 G.12,13

Figure 1 shows the typical time dependence at sev
temperatures of the ZF muon asymmetry20–23 for ~a! pure
La22xSrxCuO4 with x5p50.08 and ~b!
La22xSrxCu12yZnyO4 with x5p50.15 andy50.01. In all
samples the high-temperature form of the depolarization
Gaussian and temperature independent, consistent with d
lar interactions between the muons and their near-neigh
nuclear moments. This was verified by applying a 50-G lo
gitudinal field, which completely suppressed the depolar
tion. Here the electronic spins in the CuO2 planes fluctuate
so fast that they do not affect the muon polarization. At lo
enough temperatures, typical of other spin gla
systems,18,20–25there is a fast relaxation due to a static d
tribution of random local fields, followed by a long-time ta
with a slower relaxation resulting from remnant dynamic
processes within the spin glass. By decoupling experime
in a longitudinal field we also confirmed the static nature
the magnetic ground state and at very low temperatures
cillations in the asymmetry were observed forp<0.08. For
p.0.08 oscillations were not observed and, as discussed
low, the data were better represented by an exponentia
laxation indicating either a very strongly disordered sta
field distribution or rapid fluctuations. Between the high a
low temperature limits the spin correlations slow dow

FIG. 1. Typical zero-fieldmSR spectra as a function of temper
ture of ~a! pure La22xSrxCuO4 with x5p50.08 and ~b!
La22xSrxCu12yZnyO4 with x5p50.15 and y50.01. The solid
lines are the fits discussed in the text.
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through the experimentalmSR time window and modify the
depolarization process in a distinctive fashion.22–25

To study the doping dependence of this slowing down
determine two characteristic temperatures.~i! The tempera-
ture,Tf , where the spin correlations first enter themSR time
window, i.e., where the muon asymmetry first deviates fr
Gaussian behavior and~ii ! the temperature,Tg , at which
these correlations freeze into a glassy state thus causin
initial rapid decay in the asymmetry.mSR is sensitive to spin
fluctuations within a time window of 1029–1026s ~Ref. 22!
and we may therefore associateTf andTg , respectively, with
these lower and upper thresholds. In general the relaxa
data~Fig. 1! may be fitted to the formGz(t)5A1exp(2g1t)
1A2exp(2(g2t)

b)1A3 where the first term is the fast relax
ation in the glassy state~i.e., at higher temperaturesA150),
the second stretched-exponential term is the slower dyna
cal term, andA3 accounts for a small time-independent bac
ground arising from muons stopping in the silver backi
plate. As in some other spin glass systems, in the hi
temperature Gaussian limitb52.0.18,22,23Consequently, any
departure belowb52.060.06 is taken as the onset temper
ture,Tf , at which spin fluctuations slow down sufficiently t
enter the time scale of the muon probe (1029 s). A typical
temperature dependence forb for Sr50.08 is shown in Fig.
2~a!.23 @As a further check on the assignment ofTf we fitted
the high-temperature data to the full Kubo–Toyabe funct
Gz(t)5A1exp(2at2)exp(2gt)1A2 and values of the relax
ation rateg are plotted in Fig. 2~b!. As expectedg is found
to rise from zero at the same temperature at which the ex
nent b departs from 2, indicating the entrance of the sp
correlations into the experimental time window.# At low tem-
peratures the exponentb falls rapidly toward the value
0.5. We identify Tg as the temperature at whichb50.5
60.06.18,22,23This ‘‘root exponential’’ form for the relaxation
function is a common feature of spin glasses, and in
present samples the temperatureTg coincided with a maxi-
mum in the longitudinal relaxation rateg @see Fig. 2~b!# and
the appearance of the fast relaxation.21–24 We have also
tested other methods of analyzing the data as well as a
ferent choice of criteria, for example choosingb50.3 in-
stead of 0.5, to identifyTg .24 Different approaches were

FIG. 2. The temperature dependence of~a! the ~stretched-
exponential! exponentb and ~b! the relaxation rate,g, within the
Kubo–Toyabe function obtained by fitting muon depolarizati
data for La22xSrxCuO4 (Sr50.08).
1-2
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FIG. 3. ~Color! The doping de-
pendence of the crossover tem
peratures Tf ~open symbols!
where the spin fluctuations ente
the mSR time window andTg

~closed symbols! where the spin
fluctuations leave themSR time
window. Below Tg the fluctua-
tions freeze out into a spin glass
Black, red, and blue data are fo
La22xSrxCu12yZnyO4 with y50,
y50.01, and y50.02, respec-
tively. The green symbols areTf

~open! andTg ~closed! values, de-
termined in the same way, fo
Bi2.1Sr1.9Ca12xYxCu2O81y . Typi-
cal error bars forTf and Tg are
shown for two of the sample se
ries. TheTc values for all samples
are shown as crosses in the r
spective colors.Tc’s for Bi-2212
have been divided by 2 for clarity
Solid lines are drawn as a guide t
the eye.
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found to affect slightly the magnitude ofTg andTf but not
the trends with doping. We note that our values forTg agree
with published data obtained from different techniqu
where available.17,21,26–30

We first discuss the data for pure LSCO~i.e., y50 in Fig.
3!. Values ofTg and Tf summarized in Fig. 3 indicate tha
the spin-glass phase persists beyondp50.125. In fact the
onset of the spin glass phase forp50.125 occurs at a highe
temperature than that forp50.10. This may be due to th
formation of strongly correlated antiferromagnetic stripe d
mains in this range of doping.17,31–33For p50.15 and 0.17,
Tg becomes very small~less than 45 mK! andTf is approxi-
mately 8 and 2 K, respectively. Forp>0.20, there are no
changes in the depolarization function to the lowest temp
ture measured~40 mK!.

Figure 3 clearly shows that although the freezing of sp
occurs at very low temperatures, low-frequency spin co
lations enter the experimental time window at significan
higher temperatures. BothTg and Tf are found to decreas
with increasing doping and tend to zero atp.0.19. Their
behavior resembles that of the pseudogap10,11which vanishes
at the same doping. The LSCO results are reproduced in
Bi-2212 system~Fig. 3!, which shows precisely the sam
trend withTg andTf→0 asp→0.19. We note that this simi
larity does not rule out possible effects of striped phase
our LSCO data. We also know from a couple of data poin34

that the YBa2Cu3O72d system shows similar trends as LSC
and Bi-2212. Similar slowing down of spin fluctuations h
also been observed in the most ordered of all underdo
HTS namely the YBa2Cu4O8.34 Furthermore, the doping de
pendence of Tg seen here has been found
Y12yCayBa2Cu3O6.02 up to 0.09 holes per planar copp
06450
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atom.21 These observations indicate that the behavior sho
in Fig. 3 is common to all HTS. They also indicate that t
observed trends are not a consequence of a structural tr
tion or inhomogeneity peculiar to a specific HTS family.

Earlier spectroscopic studies have shown that substitu
with Zn slows down the spin correlations.17,35,36This, as de-
picted in Fig. 3, enhances the muon depolarization rate
low temperatures and causes an increase in bothTg andTf .
The striking result which Fig. 3 summarizes is the appar
convergence of bothTg(p) and Tf(p) to zero, for all Zn
concentrations, at the critical dopingpc.0.19. Although we
do not have data for exactlyp50.19, the presence of finite
values ofTg andTf for p50.18 but their absence for 0.20
indicates that the two magnetic scales go to zero somew
in between and in particular very near 0.19. In fact this w
confirmed by fitting~not shown! the data in Fig. 3 to the
function T(1-p/0.19)n. Therefore, the data are consiste
with a scenario in whichTg and Tf decay away to zero a
p5pc50.19. While this effect is not so obvious for the pu
LSCO samples it is very clear in the two Zn-substituted
ries. The fact thatTf(p)→0 asp→pc for all Zn concentra-
tions suggests that spin correlations within the uppermSR
time threshold of 1029 s die out abruptly beyondpc leaving
only short-lived fluctuations~or none at all! beyondpc . The
fact thatTf andTg both vanish asp→pc implies that the rate
of slowing down diverges atpc , in the sense that the cha
acteristic time changes from 1029 to 1026 s in smaller and
smaller temperature intervals aspc is approached. In the ab
sence of evidence for long-range order in the normal st
the present observations indicate the existence of aquantum
glass transitionat pc . We note that if the quantum glas
transition is a conventional spin glass transition, then
1-3
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glass transition atT50 is a quantum critical point.37 Of
course the present behavior could alternatively be driven
the existence of a quantum metal-insulator transition as
been observed in La22xSrxCuO4 near Sr50.18.38 For p
.pc spin-flip scattering associated with mobile holes co
reduce the lifetime of the spins sufficiently to prevent free
ing. Either way, the present results demonstrate the di
pearance of short-range magnetic order atpc and a clear link
between a quantum transition, the essential physics of su
conductivity, and the pseudogap in HTS.

This link is further underscored by our detaile
measurements of the doping dependence oflab

22(0)
for pure LSCO shown in Fig. 4. The superfluid dens
remains constant abovepc but falls abruptly belowpc .
A similar doping dependence of the superfluid dens
has also been observed in Bi-2212.39 Abrupt changes
in the doping dependence of the superfluid density atpc
were also reported for Y0.8Ca0.2Ba2Cu3O72d and
Tl0.52yPb0.51ySr2Ca12xYxCu2O7

40. This confirms again
that this phase behavior is generic to HTS. Note that
earlier systematic studies of Uemuraet al.13 were reported in
plots of Tc versuslab

22(0) which tend to conceal these im
portant changes. In addition, recent penetration depth m
surements in LSCO and HgBa2CuO41d showed that the
c-axis penetration depthlc

22(0) exhibits similar behavior.15

The apparent competition between quasistatic magnetic
relations and superconductivity thus results in a crossove
weak superconductivity characterized by a strong supp
sion of the superfluid density. This suppression in the und
doped region can also be directly linked to the strong red
tion in entropy and condensation energy associated with
pseudogap.11 It is therefore evident here that the onset
short-range magnetic correlations at the critical pointpc co-
incides with a change in the superconducting ground s
properties in HTS. It separates the phase diagram into
distinct regions:~i! below pc whereTg , Tf increase rapidly
with underdoping and the superfluid density is rapidly su
pressed, and~ii ! abovepc whereTg , Tf→0 and the super-
fluid density is almost constant, indicating a transition fro

FIG. 4. Doping dependence of the inverse square of the z
temperature in-plane penetration depth for pure (y50)
La22xSrxCuO4 measured by the ac-susceptibility technique.
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weak to strong superconductivity, respectively. Moreover
is at pc where other fundamental properties such as the
perconducting condensation energy and quasiparticle
time, change abruptly, the resistivity follows its unusual li
ear temperature dependence to the lowest temperature
the pseudogap extrapolates to zero.10,11 These features al
indicate that the quantum transition identified here is c
nected with the fundamental physical properties of HTS.

In general terms our results complement a growing bo
of work pointing to an intimate relation between slow ma
netic correlations and superconductivity that seems mutu
co-operative in some experiments36,41,42 and competitive in
others ~present work and Ref. 26!. In the superconducting
state an energy gap is observed in the spin spectrum43 but its
anisotropy ink space~approximatelyd-wave like! ensures
that low energy spin fluctuations may still be present,
observed here. Inelastic neutron scattering17,36 and nuclear
magnetic resonance35 experiments show that Zn substitutio
slows spin fluctuations and suppresses long-range or
They are consistent with our observation that Zn doping
hances spin glass behavior. These studies provide a co
for the present work but the key new result here is the
perimental observation of the disappearance of short-ra
magnetic correlations at a critical doping suggesting
presence of a quantum transition with an associated cha
in the superconducting ground state. It follows from o
work that the elusive physics of HTS may reduce to t
known generic physics of materials near a quantum tra
tion, thus explaining many of their unconvention
properties.1–8

In conclusion we have performed a comprehensive st
of low-energy spin fluctuations and of the superfluid dens
in several HTS. We found that both low-energy spin fluctu
tions and the spin-glass state disappear at a critical dopinpc

at zero temperature. This provides evidence for aquantum
glass transitionin HTS and indicates quantum critical fluc
tuations and associated dynamical crossovers may dom
the essential physics of high temperature superconducti
The identified critical point shows that there are two distin
ground states in the superconducting phase, manifested
crossover from strong superconductivity forp.pc to weak
superconductivity forp,pc . The identified transition bear
a close resemblance to the locally critical two-dimensio
quantum phase transitions2,8 in which the magnetic correla
tions are localized in space but have unlimited range in tim
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