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Exposing the spin-glass ground state of the nonsuperconducting La2ÀxSrxCu1ÀyZnyO4
high-Tc oxide
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We have studied the spin-glass behavior of nonsuperconducting La22xSrxCu0.95Zn0.05O4 (x50.10–0.22). As
in the superconducting analogs of these samples the spin-glass transition temperatureTg decreases with
increasingx and vanishes atx50.19. A local enhancement inTg at x50.12 is also observed and attributed to
stripe ordering. The disappearance ofTg for x>0.19 is discussed in terms of a quantum phase transition.
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The prototype oxide La2CuO4 is an antiferromagnetic in
sulator in which the Neel temperature decreases with dop
and added holes are believed to segregate, at first,
stripes.1–4 La2CuO4 undergoes an insulator-superfluid tran
tion by hole doping, and this is generally explored by repl
ing La31 with Sr21 to form La22xSrxCuO4. Early works
indicated that forx.0.01 La22xSrxCuO4 changes from a
long-range antiferromagnetic insulator to a spin glass, c
acterized by a cusp in magnetization at the glass trans
temperatureTg and an associated field hysteresis below.5–8

The critical exponents and memory effect were found to
in good agreement with conventional spin-glass systems
though a crystallographic directional dependence, poss
related to the presence of stripes, was observed. Neve
less, the onset of spin-glass behavior in all three princ
crystallographic directions was shown to be associated w
an order parameter and broken symmetry due to fro
spins.9,10

Similar magnetization studies cannot be performed fox
.0.05 due to masking of the thermodynamic spin-gla
characteristics by the onset of superconducting diamag
tism. However, other reliable methods such as neutron s
tering, nuclear-magnetic-resonance, and muon spin re
ation (mSR) have been successfully employed to investig
spin-glass behavior across the (T,x) phase diagram o
HTS.6,8,11–26Although Tg obtained from spectroscopic tech
niques may vary depending on their frequency window th
is good agreement with thermodynamic measurements w
available. Over the past several years various spectrosc
studies have shownTg to extend into the superconductin
dome of the HTS phase diagram indicating coexistence
superconducting and spin-glass order. Furthermore, a c
prehensivemSR study in several HTS showed thatTg ceases
to exist at a critical dopingxc.0.20 suggesting the presenc
of a quantum glass transition.24–26

However, it remains to be confirmed thatxc is in fact
robust with respect to the energy window ofmSR. To ad-
dress this question we have exposed the normal-state m
netic ground state of La22xSrxCuO4 across the superconduc
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ing dome. Instead of using an applied field, which is beyo
experimental capabilities, we use nonmagnetic Zn to s
press superconductivity. Substituting zinc for copper a
slows down the spin fluctuations, suppresses long-range
der, and on the basis of systematicmSR studies it enhance
the muon depolarization rate at low temperatures and
creasesTg .25,27 These effects allow us to eliminate possib
masking of a short-range magnetic order due to themSR
frequency limit. A disadvantage in using zinc is that the e
posed ground state is distorted and therefore not prist
However, this does not affect the aim of the present w
since we are mainly interested in the evolution of short-ran
magnetic order.

The materials studied were La22xSrxCu0.95Zn0.05O4 (x
50.10–0.22). Samples were synthesized using solid-s
reaction and where necessary followed by quenching
subsequent oxygenation. Spectroscopic, chemical, and
emental analyses showed them to be phase pure and stoi
metric. Magnetization measurements indicatedTc50 in all
samples. Zero-field~ZF! and longitudinal-fieldmSR studies
were performed at the pulsed muon source, ISIS Faci
Rutherford Appleton Laboratory. In amSR experiment,
100% spin-polarized positive muons implanted into a spe
men precess in their local magnetic environment. Rand
spin fluctuations will depolarize the muons provided they
not fluctuate much faster than the muon precession.
muon decays with a lifetime 2.2ms, emitting a positron pref-
erentially in the direction of the muon spin at the time
decay. By accumulating time histograms of such positro
one may deduce the muon depolarization rate as a func
of time after implantation. The muon is expected to reside
the most electronegative site of the lattice. As discussed
viously in La22xSrxCu12yZnyO4 it is the apical O22 nearest
to the planes so the results reported here are dominate
the magnetic correlations within the CuO2 planes.25,28

Figure 1 ~left-hand-side panels! shows the time depen
dence of the ZF muon asymmetry fo
La22xSrxCu0.95Zn0.05O4 with x50.10–0.18. All samples ex
hibit glassy behavior withx50.18~at T50.03 K) being just
©2004 The American Physical Society10-1
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C. PANAGOPOULOSet al. PHYSICAL REVIEW B 69, 144510 ~2004!
FIG. 1. The panels on the left-hand-side show zero-fieldmSR spectra for La22xSrxCu0.95Zn0.05O4 for x50.10–0.18. The solid lines are
the fits discussed in the text. The right-hand-side panels show the suppression of the glass transition in presence of longitudinal
solid lines are drawn as guide to the eye. The inset shows oscillations seen forx50.10 and 0.12 at low times. Thex50.12 data have been
shifted for clarity. Data were taken at the temperatures indicated in the respective panels.
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EXPOSING THE SPIN-GLASS GROUND STATE OF THE . . . PHYSICAL REVIEW B 69, 144510 ~2004!
FIG. 2. ~a! Zero-field mSR spectra for
La22xSrxCu0.95Zn0.05O4 (x50.19) at different
temperatures as indicated in the figure.~b! Sup-
pression of the asymmetry ofx50.19 at H
530 G at two different temperatures~see text for
details!. ~c! Zero-field mSR spectra forx50.10
measured at different temperatures:T51.3 K
~crosses!, 5 K ~squares!, 7 K ~closed circles!, 15
K ~open circles!, and 50 K~triangles!. ~d! Muon
asymmetry forx50.14 at high temperature bein
suppressed by a 30 G applied longitudinal field
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at the threshold of glassiness. A characteristic signature
spin glass within amSR spectrum is a rapid initial relaxatio
followed by a much slower and more gradual long-te
relaxation.29 This can be explained by considering the mu
lifetime within the glass: upon insertion, the spin-polariz
muons are greeted by a distribution of randomly align
magnetic fields. Since these fields are quasistatic the dete
asymmetry relaxes very quickly. The ensuing longer-term
laxation is due to a small number of low-frequency fluctu
tions, which may still be present in the CuO2 planes of the
samples. Let us note that in a typical spin-glass syste
single pronounced dip is expected after the sharp drop
asymmetry.29 However, this behavior is not universal amon
systems exhibiting short-range ordered magnetism, includ
HTS, and should not be viewed as the essential condition
characterizing spin-glass behavior.13–17,24–26,29,30 Further-
more, as discussed above, other studies in HTS such as
tron scattering and nuclear magnetic resonance also s
clear evidence for spin-glass behavior. Most importan
however, it is in the temperature region where the ZFmSR
spectrum shows the rapid initial relaxation that thermo
namic measurements exhibit a well-defined field-depend
magnetic transition and associated thermal hysteresis atTg ,
indicating glassy short-range magnetic ordering with an
sociated order parameter.5–8 The right-hand-side panels o
Fig. 1 depict typical spectra obtained with an external lon
tudinal field applied parallel to the initial muon spin pola
ization. The field dependence of the spectra indicates tha
spins depolarizing the muons are static and as the app
field increases the depolarization decreases and the asym
try eventually recovers its initial value.

The x50.18 sample displays a much slower relaxati
compared withx,0.18 but still clearly indicates the pres
ence of a glass at the lowest temperature (T50.03 K). It
shows three characteristic indications that it has already
tered the glassy phase. First, the spectrum relaxes m
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quicker than the heavily overdoped samples; second, it
lows the field dependence of samplesx50.10–0.16 and
third, the rate of change of the gradient in the asymme
spectrum~i.e., the second derivative! is positive rather than
negative. The spectra forx>0.19 were Gaussian at all tem
peratures@see, e.g., Fig. 2~a!#.

The inset for the ZF plot forx50.10 in Fig. 1 shows ZF
data forx50.10 and 0.12 at short times. We find that at ve
small time scalesx50.10 andx50.12~multiplied by 1.3 for
clarity! exhibit a faint oscillation which quickly fades as tim
increases. These oscillations are enhanced at lower temp
tures and doping, and are successfully fitted by includin
precessing component in the Kubo-Toyabe function.17,31–33

Oscillations are only observed forx,0.13 andy50 –0.05,
and can only be due to the precession of the muon s
around a stronger nonrandom internal field caused by
presence of an ordered magnetic state. For example, an
tiferromagnetic ground state may be present here. This
also been inferred from neutron-scattering experiments
x50.11.34 We speculate that these oscillations may be
lated to the presence of stripes.17,31–33At this doping range
most HTS show a small drop or a plateau inTc and in the
superfluid density.24,25,35 The exact reason for this drop i
unclear, but it is thought that there is an enhanced tende
towards magnetic ordering at this point due to some pe
liarity in the structural orientation of the CuO6 octahedra.
This has the effect of creating strongly correlated antifer
magnetic stripe domains. It is these stripes which may p
vide the spin correlations causing the muon precession. T
stripe arrangement is reminiscent of the antiferromagn
phase present forx,0.02 and raises the question as
whether there is a hidden weak antiferromagnetic grou
state present in other regions of the phase diagram
La22xSrxCuO4. Further investigations on this matter are
be carried out.
0-3
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FIG. 3. Typical temperature dependence
the ~stretched-exponential! exponentb obtained
by fitting muon depolarization data fo
La22xSrxCu0.95Zn0.05O4 (x50.10, 0.14, 0.16,
0.18, 0.19, and 0.22!. The inset tox50.10 shows
the temperature dependence of the spin-lattice
laxation rate for the same sample.
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As the temperature is increased, samples display
glassy behavior exhibit a gradual change in the spectra
typical example,x50.10, is shown in Fig. 2~c!. In glassy
samples (x,0.19), at high temperature the depolarization
Gaussian and temperature independent, just likex>0.19,
consistent with dipolar interactions between the muons
their near-neighbor nuclear moments. This was verified
applying a small longitudinal magnetic field~30 G! to the
x50.14 sample at 50 K in order to ascertain the origin of
muon response@Fig. 2~d!#. The field due to the nuclear mo
ments is extremely weak~much weaker than the interna
field present for a spin glass!. Therefore, nuclear decouplin
leading to a collapse in the response function should re
following application of even a very low field as shown
Fig. 2~d!. The Gaussian behavior at high temperature w
verified also for the samples with lower hole dopings. F
thermore, a 30 G field was also applied to thex50.19
sample atT50.03 K and 0.75 K to check for nuclear deco
pling @Fig. 2~b!#. The muon response was again observed
collapse, for the same field at both temperatures, show
that there is no evidence for low-energy electron-spin fl
tuations or onset of glassy behavior forx>0.19.

As in earlier works,24–26 two characteristic temperature
for use in the analysis of the slowing of the spin fluctuatio
have been determined. These are the temperatureTf where
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the spin correlations first enter themSR time window, i.e.,
where the muon asymmetry first deviates from Gaussian
havior and the temperatureTg at which these correlation
freeze into a glassy state thus causing an initial rapid de
in the asymmetry. The evolution of the muon spin with tim
~i.e., its relaxation! may be fitted to the formGz(t)
5A1exp(2l1t)1A2exp@2(l2t)

b#1A3 where the first term is
the fast relaxation in the glassy state~i.e., A150 for T
.Tg), the second stretched-exponential term describes
slower relaxation of the dynamical spins, andA3 accounts
for a small time-independent background arising from muo
stopping in the silver backing plate of the sample holder.
in some other spin-glass systems,b is constant~with the
value b52) in the high-temperature Gaussian limit~Fig.
3!.29,30 The temperature whereb starts decreasing~Fig. 3!
and the spin-lattice relaxation ratel increasing@e.g., Fig. 3
~inset tox50.10)] is regarded as the onset temperatureTf at
which spin fluctuations slow down sufficiently to enter th
frequency scale of the muon probe (10210 s).

Now, to address the question of a possible quantum ph
transition atxc , we concentrate on the freezing temperatu
Tg for which thermodynamic measurements indicate an
sociated spin-glass order parameter. In ZF-mSRTg is identi-
fied as the temperature whereb falls to 0.560.06.30 This
0-4
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EXPOSING THE SPIN-GLASS GROUND STATE OF THE . . . PHYSICAL REVIEW B 69, 144510 ~2004!
root exponential form for the relaxation function is a com
mon feature of spin glasses. It should be noted that diffe
fitting procedures for estimatingTg consistently yield similar
values.25,36,37It is also atb50.5 where the spin-lattice relax
ation rate, as obtained from the same fits, reaches a m
mum, as shown in the inset to Fig. 3 forx50.10. This con-
firms mSR as a credible technique to accurately identify a
characterize spin-glass behavior. Figure 3 shows the va
tion of b with temperature for some of the samples studi
At first glance we see that the onset~whereb starts falling!
and freezing of spin fluctuations vary in the same manne
found for pure, 1%, and 2% Zn doped La22xSrxCuO4, i.e.,
decreasing with increasing doping.24–26 Furthermore, forx
>0.19, there are no changes in the depolarization func
and b is almost temperature independent, consistent w
Gaussian depolarization. It is clear from the data t
changes in the magnetic ground state occur atx50.19. The
main contribution of the present study is that supercond
tivity has been fully suppressed and therefore any maske
hidden magnetism is now exposed. This was importan
demonstrate experimentally since earlier works left ques
marks as to whether changes in the measured mag
ground state were reflecting actual changes in ground sta
the material, or were an artifact of the presence of superc
ductivity.

Values ofTg summarized in Fig. 4 indicate a gradual d
crease of the onset of the spin-glass phase with doping.
exception is thex50.12 sample for whichTg is higher than
for x50.10. We note the positive curvature ofTg(x), exactly
as seen previously for pure, 1%, and 2% Zn dop
La22xSrxCuO4 and pure Bi2.1Sr1.9Ca12xYxCu2O81y , and
expected in quasi-two-dimensional systems like
HTS.24–26 The increase inTg in the 1/8 region has bee
previously discussed in terms of stripe domains.24–26,31,33

The effect of the ordered phase is also evident forx50.14,
which from the trend ofTg(x) indicates the latter is highe
than expected for this doping. In fact the presence of a st
stripe component forx50.14 can be seen in neutron
scattering experiments.35,38Here the order parameter is sma
and is unlikely to be homogeneous which is consistent w

FIG. 4. The doping dependence of the temperatureTg , below
which the spin fluctuations freeze out into a spin glass,
La22xSrxCu0.95Zn0.05O4 (x50.10–0.22). Also shown are data fo
Tf andBlocal nearxc .
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the absence of a well-defined precession frequency in
mSR measurements. The spin-glass regime vanishesx
50.19 and forx>0.19 we did not observe even an ons
(Tf) of spin fluctuations slowing down sufficiently to ente
the frequency scale of the muon probe~Fig. 4!. The field-
dependent studies~see, e.g., Fig. 1! enabled us to estimat
the internal local field,Blocal , sensed by the implante
muons.39 Figure 4 also includes the doping dependence n
xc of Blocal , measured atT50.03 K. This exhibits a behav
ior similar to Tg and Tf and disappears at preciselyx
50.19.

The observationTg, f(x)50 andBlocal50, atx>0.19 for
all Zn concentrations indicates that spin-glass and lo
frequency fluctuations disappear atxc and earlier results to
this effect were not masked by either the frequency wind
of the technique or the presence of superconductivity.24–26

Similar conclusions have been reached by recent Cu-nuc
quadrupole resonance studies.40 Bearing in mind the fact tha
Tf and Tg→0 at x50.19 so that the rate of slowing dow
actually diverges at this point, the present results support
existence of a quantum glass transition atxc . Assuming,
based on extrapolation from magnetization studies fox
,0.05 ~Ref. 5–8! and the systematic trends of themSR
spectra across the many different samples we have so
investigated, the quantum glass transition is a conventio
spin-glass transition, in the sense that it has an associ
order parameter and symmetry breaking atT50, we may
interpret the glass transition atT50 as a quantum critica
point.

We note that the values forTg(x) for y50.05 are lower
than those found in earlier studies fory50.02 even though
Tg(x) was found to increase systematically forx50, 0.01,
and 0.02.25,26 This presumably occurs because, while Z
slows the spin fluctuations, it also dilutes the spins and
high concentration we see the latter effect. Nevertheless,
substitution has undoubtedly exposed the ground state, h
ever distorted it might be, in the samples studied here
allowed us to identify the precise location (x50.19) at
which the spin-glass disappears. Based also on the sys
atic tendency ofTg andTf to vanish atx50.19 it is unlikely
y50.05 has suppressed short-range magnetic order only
x>0.19. Therefore, we can safely confirm our earlier in
cations that the magnetic ground state of HTS changes c
acter atxc , independent of the presence or absence of su
conductivity.

Other properties also show distinct changes nearxc . Re-
cent resistivity studies inboth pure and Zn doped high-Tc
oxides showed the transition from a pseudogap toward
Fermi liquid phenomenology.41 Evidence for a change in th
ground state has been reported42 for the most fundamenta
measurable quantity in superconductivity, namely, the sup
fluid density rs. Both the ab plane andc-axis superfluid
response in La22xSrxCuO4 and HgBa2CuO41d were found
to remain relatively constant abovexc but drop rapidly below
xc . Furthermore, at 0.19 holes per planar copper atom th
is a peak inrs(0) for HgBa2CuO41d indicating that the
strongest superconductivity is at the point whereTg van-
ishes. Also, the doping dependence of the anisotropy in

r
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penetration depth indicates a crossover from two- to thr
dimensional transport. These changes in the supercondu
ground state, taken together with the disappearance of
spin-glass order at the same doping atT50, point consis-
tently to a simultaneous change in the ground-state sym
try and superconductivity, as expected in a quantum crit
point scenario.

In summary, we have suppressedTc across the supercon
ducting dome of the La-cuprate family. These samples
lowed us to take earlier studies a step further and prov
important experimental evidence for absence of short-ra
magnetism forx>0.19. The experiments support the pre
v

a

. B

v.

e

hy

n

A
ro

d-

v

v,

14451
e-
ing
he

e-
al

l-
e
e

-

ence of a quantum glass transition atx50.19, as also re-
flected in the disappearance of spin-glass order and
change in the superconducting ground state.
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