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Evidence for a generic quantum transition in high-T. cuprates
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We study the low-energy spin fluctuations and superfluid density of a series of pure and Zn-substituted high-
T, superconductoréHTS) using the muon spin relaxation and ac-susceptibility techniques. At a critical doping
statep., 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 singulaf-aD. 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 atsary followed by quenching and subsequent oxygenation.
critical electron density separating distinct ground statesThey were characterized by powder x-ray diffraction as well
Near a quantum critical point, electrons in metals are highlyas extensive transport and thermodynamic measurements,
correlated and the diverging fluctuations may induce uncone.g., Refs. 11,12,15 and found to be phase pure. Their
ventional superconductivity.® For example, in certain values and lattice parameters were also in good agreement
heavy fermion compounds a “bubble” of superconductivity with ~ published data, where availabfe!’ (i)
occurs around the quantum critical point at which iti”era”tBizllsrl_QCai,XYXCu208+y (Bi-2212 (x=0, 0.3, 0.5, and
antiferromagnetism is suppressed by applied pressire  appropriate values of to achieve the desired carrier concen-
search for an underlying quantum phase transition in fiigh- tratior). Underdoped samples were prepared by deoxygen-
superconductorsHTS) is motivated by the potential for 400 and the samples were fully characterized using also
quantum fluctuations tq bind electronic carriers into sUpPeryyarmoelectric power to determine the doping stéiote
conducting Cooper pairs and also to cause the celebrat(?/%at deoxygenation actually removes disorder in this sygtem.
e note that in LSCOx=p and to avoid confusion in the
rest of the paper we refer to the carrier concentratiop.as
" Zero-field (ZF) and transverse-fieldTF) uSR studies

linear temperature dependence of their electrica
resistivity! 819 HTS exhibit a common generic phase dia-
gram in which the superconducting transition temperature

T, rises to a maximum at an optimal doping of approxi- .
mately 0.16 holes per planar copper atom and then falls tgere performed at the pulsed muon source, ISIS Facility,

zero on the overdoped side. In addition the underdoped nofSutherford Appleton Laboratory. Spectra were collected
mal state exhibits correlations, which introduce a gap in th&lown to as low as 40 mK thus allowing the temperature
density of states that strongly affects all physical propertiesdeépendence of slow spin fluctuations to be studied to high
There is no phase transition associated with the opening ¢foping. In auSR experiment, 100% spin-polarized positive
this gap and so it is called a pseudogap. Analysis of specififuons implanted into a specimen precess in their local mag-
heat data, for example, suggests that the pseudogap energ§tic environment. Random spin fluctuations will depolarize
decreases with doping and falls to zero at a critical doping ofhe muons provided they do not fluctuate much faster than
p.=0.19, just beyond optimal dopirtd;}* a behavior rather the muon precession. The muon decays with a life time
analogous to the quantum-critical heavy-fermion matefials. 2.2 s, emitting a positron preferentially in the direction of
Many fundamental physical quantities such as the supeithe muon spin at the time of decay. By accumulating time
conducting condensation enefdy! the superfluid histograms of such positrons one may deduce the muon de-
density*?® and the quasiparticle weight'* show abrupt polarization rate as a function of time after implantation. The
changes ap—p.. While compelling in their totality”!*  muon is expected to reside at the most electronegative site of
none of the results can be considered as evidence of a quaifie lattice. In both HTS families studied here it is thé O
tum transition. In particular there is no evidence for an assonearest to the plangsso the results reported here are domi-
ciated order parameter and slowing down of the relevanpated by the magnetic correlations in the Guitanes. As we
fluctuations. With this in mind we examined the evolution show below, this is confirmed by results in samples doped
with doping of the low-energy spin fluctuation spectrum us-with Zn, which substitutes for Cu in the Cy@lanes.
ing muon spin relaxation 4SR) combined with low-field The superfluid density) 2, results shown here are for
ac-susceptibility measurements of the superfluid density. pure Lg_,Sr,CuQ, (y=0) and were determined from mea-
The samples studied werdi) La, ,SrCu_,ZnO,  surements of the in-plane magnetic penetration degh
(LSCO) (x=0.03-0.24 ang/=0, 0.01, and 0.02 Samples using the low-field ac-susceptibility technique at an ac field
were synthesized using solid-state reaction and where necest1 G rms(parallel to thec axis) and a frequency 333 Hz for
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FIG. 2. The temperature dependence (af the (stretched-

0 2 4 0 2 4 exponentigl exponents and (b) the relaxation ratey, within the
Time [microseconds] Kubo—Toyabe function obtained by fitting muon depolarization
data for Lg_,Sr,CuQ, (Sr=0.08).

FIG. 1. Typical zero-fielgu SR spectra as a function of tempera-
ture of (@) pure La_,Sr,CuO, with x=p=0.08 and (b)
La,_,SrCl _yZn 0O, with x=p=0.15 andy=0.01. The solid
lines are the fits discussed in the text.

through the experimental SR time window and modify the
depolarization process in a distinctive fashfér>

To study the doping dependence of this slowing down we
grain-aligned powder®5°|n total, 16 samples were in- determine two charaqteristic tempergtur@b.The tempera-
vestigated for each doping content. We note that grain agii'e, Tr, where the spin correlations first enter &R time
glomerates can be a cause of poor alignment, and to eliml¥indow, i.e., where the muon asymmetry first deviates from
nate these, powders were ball milled in ethanol and dried@ussian behavior andi) the temperatureT,, at which
after adding a defloculant. Scanning electron microscopyh€se correlations freeze into a glassy state thus causing an
confirmed the absence of grain boundaries and showed thititial rapid decay in the asymmet.SR is sensitive to spin
the grains were approximately spherical. The powders wer8luctuations within a time window of I-10"°s (Ref. 22
mixed with a 5-min curing epoxy and aligned in a static fieldand we may therefore associdteandT, respectively, with
of 12 T at room temperature. Debye-Scherrer x-ray scanthese lower and upper thresholds. In general the relaxation
showed that approximately 90% of the grains had their cuodata(Fig. 1) may be fitted to the fornG,(t)=A,exp(—nt)
planes aligned to within approximately 2°. The values of TA2XP(—(72t)’)+Ag where the first term is the fast relax-
\ap(0) 2 for samples withp=0.15 were also confirmed by ation in the glassy state.e., at higher temperaturés = 0),
standard TF.SR experiments performed on unaligned pow-the second stretched-exponential term is the slower dynami-
ders at 400 @213 cal term, and\; accounts for a small time-independent back-

Figure 1 shows the typical time dependence at severdlround arising from muons stopping in the silver backing
temperatures of the ZF muon asymmély® for (a) pure  Plate. As in some other spin glass systems, in the high-
La, Sr,CuO, with x=p=0.08 and (b) temperature Gaussian limit=2.0%?*?*Consequently, any
La,_SKCU; —,Zn,0, with x=p=0.15 andy=0.01. In all departure belows=2.0=0.06 is taken as the onset tempera-
samples the high-temperature form of the depolarization i§ure, Ty, at which spin fluctuations slow down sufficiently to
Gaussian and temperature independent, consistent with dipgnter the time scale of the muon probe (10s). A typical
lar interactions between the muons and their near-neighbdemperature dependence fBrfor Sr=0.08 is shown in Fig.
nuclear moments. This was verified by applying a 50-G lon2(2).%* [As a further check on the assignmentTafwe fitted
gitudinal field, which completely suppressed the depolarisathe high-temperature data to the full Kubo—Toyabe function
tion. Here the electronic spins in the Cu@lanes fluctuate G(t)=A;exp(—at’)exp(— #)+A, and values of the relax-
so fast that they do not affect the muon polarization. At lowation ratey are plotted in Fig. @). As expectedy is found
enough temperatures, typical of other spin glasdo rise from zero at the same temperature at which the expo-
systems®20-2there is a fast relaxation due to a static dis-nent 8 departs from 2, indicating the entrance of the spin
tribution of random local fields, followed by a long-time tail correlations into the experimental time windgwt low tem-
with a slower relaxation resulting from remnant dynamicalperatures the exponeng falls rapidly toward the value
processes within the spin glass. By decoupling experiment8.5. We identify Ty as the temperature at whigh=0.5
in a longitudinal field we also confirmed the static nature of=0.06%2*?*This “root exponential” form for the relaxation
the magnetic ground state and at very low temperatures oddnction is a common feature of spin glasses, and in the
cillations in the asymmetry were observed fp<0.08. For  present samples the temperatigcoincided with a maxi-
p>0.08 oscillations were not observed and, as discussed b&um in the longitudinal relaxation ratg[see Fig. 2b)] and
low, the data were better represented by an exponential réhe appearance of the fast relaxattor?* We have also
laxation indicating either a very strongly disordered statictested other methods of analyzing the data as well as a dif-
field distribution or rapid fluctuations. Between the high andferent choice of criteria, for example choosify=0.3 in-
low temperature limits the spin correlations slow downstead of 0.5, to identifyTg.24 Different approaches were
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FIG. 3. (Color) The doping de-
pendence of the crossover tem-
peratures T; (open symbols
where the spin fluctuations enter
the uSR time window andTg
(closed symbolswhere the spin
fluctuations leave theuSR time
window. Below T the fluctua-
tions freeze out into a spin glass.
Black, red, and blue data are for
La,_,SrCu _yZn, O, with y=0,
y=0.01, and y=0.02, respec-
tively. The green symbols arg;
(open and T, (closed values, de-
termined in the same way, for
Bi, 1S oCay Y CUpOgy . Typi-
cal error bars forT; and T, are
shown for two of the sample se-
ries. TheT,. values for all samples
are shown as crosses in the re-
spective colorsT.'s for Bi-2212
have been divided by 2 for clarity.
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found to affect slightly the magnitude dfy and T+ but not atom?! These observations indicate that the behavior shown
the trends with doping. We note that our valuesTgragree  in Fig. 3 is common to all HTS. They also indicate that the
with published data obtained from different techniques,observed trends are not a consequence of a structural transi-
where availablé/?126-30 tion or inhomogeneity peculiar to a specific HTS family.

We first discuss the data for pure LSCiC.,y=0 in Fig. Earlier spectroscopic studies have shown that substitution
3). Values of T, and T; summarized in Fig. 3 indicate that with Zn slows down the spin correlations®>*°This, as de-
the spin- glass phase persists beygnd0.125. In fact the picted in Fig. 3, enhances the muon depolarization rate at
onset of the spin glass phase for0.125 occurs at a higher low temperatures and causes an increase in Bgtand T .
temperature than that fqu=0.10. This may be due to the The striking result which Fig. 3 summarizes is the apparent
formation of strongly correlated antiferromagnetic stripe do-convergence of boty(p) and T¢(p) to zero, for all Zn
mains in this range of doping:3*~*For p=0.15 and 0.17, concentrations, at the critical dopiqg=0.19. Although we
T, becomes very smalless than 45 mKandT; is approxi- ~ do not have data for exactly=0.19, the presence of finite
mately 8 and 2 K, respectively. F@=0.20, there are no Vvalues of Ty andT; for p=0.18 but their absence for 0.20,
changes in the depolarization function to the lowest temperandicates that the two magnetic scales go to zero somewhere
ture measured40 mK). in between and in particular very near 0.19. In fact this was

Figure 3 clearly shows that although the freezing of spinconfirmed by fitting(not shown the data in Fig. 3 to the
occurs at very low temperatures, low-frequency spin correfunction T(1-p/0.19)". Therefore, the data are consistent
lations enter the experimental time window at significantlywith a scenario in whichly and T; decay away to zero at
higher temperatures. Bothy and T; are found to decrease p=p.=0.19. While this effect is not so obvious for the pure
with increasing doping and tend to zero @=0.19. Their ~LSCO samples it is very clear in the two Zn-substituted se-
behavior resembles that of the pseudd§apwhich vanishes ries. The fact thal;(p) —0 asp— p, for all Zn concentra-
at the same doping. The LSCO results are reproduced in th@®ns suggests that spin correlations within the upp&R
Bi-2212 system(Fig. 3), which shows precisely the same time threshold of 10° s die out abruptly beyong, leaving
trend withTy andT;—0 asp—0.19. We note that this simi- only short-lived fluctuationsor none at a)l beyondp,. The
larity does not rule out possible effects of striped phases ifiact thatT; and T, both vanish ap— p. implies that the rate
our LSCO data. We also know from a couple of data pdthts of slowing down diverges gb., in the sense that the char-
that the YBaCu; O, _ 5 system shows similar trends as LSCO acteristic time changes from 18to 10 ¢ s in smaller and
and Bi-2212. Similar slowing down of spin fluctuations hassmaller temperature intervals psis approached. In the ab-
also been observed in the most ordered of all underdopesence of evidence for long-range order in the normal state,
HTS namely the YBgCu,0g.3* Furthermore, the doping de- the present observations indicate the existencefantum
pendence of T, seen here has been found in glass transitionat p.. We note that if the quantum glass
Y;-,CaBaCu;06, Up to 0.09 holes per planar copper transition is a conventional spin glass transition, then the
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30 . . . . weak to strong superconductivity, respectively. Moreover, it
is at p. where other fundamental properties such as the su-

+ + + perconducting condensation energy and quasiparticle life-

time, change abruptly, the resistivity follows its unusual lin-

ear temperature dependence to the lowest temperature and
* the pseudogap extrapolates to z¥td These features all

¢ indicate that the quantum transition identified here is con-

nected with the fundamental physical properties of HTS.

In general terms our results complement a growing body
of work pointing to an intimate relation between slow mag-
netic correlations and superconductivity that seems mutually
T X R co-operative in some experimetfté*2and competitive in
. others(present work and Ref. 26In the superconducting

Sr concentration state an energy gap is observed in the spin speéfrount its

FIG. 4. Doping dependence of the inverse square of the zer@nisotropy ink space(approximatelyd-wave likg) ensures
temperature in-plane penetration depth for purg=Q) that low energy spin fluctuations may still be present, as
La,_,Sr,CuO, measured by the ac-susceptibility technique. observed here. Inelastic neutron scattefirifyand nuclear

magnetic resonanteexperiments show that Zn substitution

slows spin fluctuations and suppresses long-range order.
glass transition aff=0 is a quantum critical point. Of  They are consistent with our observation that Zn doping en-
course the present behavior could alternatively be driven byances spin glass behavior. These studies provide a context
the existence of a quantum metal-insulator transition as hagr the present work but the key new result here is the ex-
been observed in La,S,CuO, near Sr=0.18" For p  perimental observation of the disappearance of short-range
> P spin-flip scattering associated with mobile holes couldmagnetic correlations at a critical doping suggesting the
_reduce_: the lifetime of the spins sufficiently to prevent fre_ez'presence of a quantum transition with an associated change
ing. Either way, the present results demonstrate the disaps the superconducting ground state. It follows from our
pearance of short-range magnetic ordepaand a clear link work that the elusive physics of HTS may reduce to the

between a quantum transition, the essential physics of SUPSLE wn generic physics of materials near a quantum transi-

conductivity, and the pseudogap in HTS. tion, thus explaining many of their unconventional
This link is further underscored by our detailed C o 18 P 9 y
) 2 properties:
measurements of the doping dependence M\j;(0) . .
o : . In conclusion we have performed a comprehensive study
for pure LSCO shown in Fig. 4. The superfluid density . ; : :
of low-energy spin fluctuations and of the superfluid density

remains constant abovp. but falls abruptly belowp.. . .
A similar doping dependence of the superfluid densitym several HTS. We found that both low-energy spin fluctua-

has also been observed in Bi-22f2Abrupt changes tions and the spin-glass §tate di_sappea_r at a critical dgping

in the doping dependence of the superfluid densitpat &t Z€ro temperature. This provides evidence fauantum

were also reported for ¥gCa ,BaCu0, s and glags transitionin H_TS and mdpates quantum critical flug—

I Phy s, SLCa Y, CwL,0,%%. This confirms again tuations and associated dynamical crossovers may dominate
0.57y M0.5+Hy=R2 ==X xR - the essential physics of high temperature superconductivity.

teh;rh;?'s sptgarﬁgtisi?fgig é‘?’ ggr?le”c tlcl)g I\;IV-Ie_rSe rlzogertézaitn thel'he identified critical point shows that there are two distinct

y et . ' P . ground states in the superconducting phase, manifested in a

plots of Tﬁ versus)lxab (doo)l ‘.Nh'Ch tend to concgal tzesehlm— crossover from strong superconductivity for-p. to weak

portant changes. In addition, recent penetration depth mea- o - : iy o

surements in LSCO and HgBau0,, s showed that the %uperconductmty fop<p.. The identified transition bears

. : —5 Ao o 5 a close resemblance to the locally critical two-dimensional
c-axis penetration depth, “(0) exhibits similar behavior” g, .ahtym phase transitichfin which the magnetic correla-
The apparent competition t')e'tween quasistatic magnetic Cofiong gre localized in space but have unlimited range in time.
relations and superconductivity thus results in a crossover to

weak superconductivity characterized by a strong suppres- We are grateful to A. D. Taylor and P. J. King of the ISIS
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short-range magnetic correlations at the critical ppinto- nick, S. Chakravarty, A. Chubukov, S. A. Kivelson, W. Y.
incides with a change in the superconducting ground stateiang, J. W. Loram, A. J. Millis, Ch. Niedermayer, D. Pines,
properties in HTS. It separates the phase diagram into tw&. Sachdev, J. Schmalian, and C. M. Varma for useful dis-
distinct regions{i) below p. whereT,, T; increase rapidly cussions and The Royal Society for financial support. J.L.T.
with underdoping and the superfluid density is rapidly sup-acknowledges financial assistance from the New Zealand
pressed, andii) abovep, whereT,, T{—0 and the super- Marsden Fund and T.X. from the National Natural Science
fluid density is almost constant, indicating a transition fromFoundation of China.
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