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Systematic low-energy neutron-scattering studies have been performed on float-zone-grown single crystals
of La,_,Sr,CuQ, with x extending from zero doping,= 0, to the overdoped, weakly superconducting regime,
x=0.25. Forx beyond a critical doping value of,~0.05 the low-energy spin-fluctuation peak position shifts
from (3, 3) to (36, ), and (3, 3=9); x. also represents the onset concentration for superconductivity. For
0.06=x=0.12 the incommensurability follows approximately the quantitative relati@gi+ x. However, be-
yond x~0.12 the incommensurability tends to saturate arodisdl/8. The superconducting-transition tem-
peratureT (x) for stoichiometric samples at a given doping scales linearly Withp to the optimal doping
value of x. The peak momentum width of the spin fluctuations at low energies is small throughout the
superconducting concentration region except in the strongly overdoped region. An anomalously small width is
observed fox= % The incommensurate spatial modulation is found to be robust with respect to pair-breaking
effects that loweiT ., such as deoxygenation of the sample or replacement of Cu by Zn.
[S0163-182608)10409-5

I. INTRODUCTION relatively impurity free,(iii) stoichiometric, andiv) large
enough for inelastic neutron scattering studies. Further, no
The interplay between magnetic fluctuations and High- single crystal neutron studies have been reported in the over-
superconductivity is a central feature of the basic physics ofloped region.
the lamellar Cu@ materials. Neutron scattering, which can ~ To-date, the modulated spin correlations in such high
detect both spatial and dynamical spin fluctuations, is théuality and well characterized crystals have been studied pre-
most direct experimental technique for studying this inter-dominantly for the optimally doped superconducting samples
play. with x¢~0.15. As_ a result_, for L@85S_,r0_15CuO4 an energy
It is well known that the holes introduced into the GuO gap of~3.5 meV in the spin-fluctuation spectrum reflecting

; ; + the superconducting gap has been observed by neutron scat-
layers by replacing L& with S©* in La,_,SKCUO, destroy ering. This, in turn, provides invaluable information about

the antiferromagnetic long-range order at very small value%1e pairing staté.On the other hand, for the underdoped

of x,x~0.02. Further increase of the Sr concentration Createguperconductor no well-defined energy gap has been ob-

a state with dyr_1am|cal spin correlations, which we call hereserved so far. Earlier it was speculated that the reason for the
modulated spin correlations or

o , r incommensurate Spirhpsance of such an energy gap was the effect of the random
fluctuations.™ At the same time, highF. superconductivity g, doping; however, recent work on 4GuO, 455 has cast

appears in La ,SKCuQ, for x values beyond a critical con- goupt on this explanatichln addition, for the overdoped
centrationx,~0.05, andT, reaches its maximum value of syperconductor(>x,) essentially no information has been
about 38 K around the optimal doping~0.15. Therefore, obtained on the spin fluctuations. Finally, there still exist
it is important to study the relationship between the superseveral competing models for the origin of the spatially
conductivity and the modulated spin correlations, particumodulated spin correlations, including: nesting of the Fermi
larly their doping dependence, spanning the hole concentrasurface’ stripe ordering of the doped hofesand percolation
tion between the wunderdoped and overdopedf the cluster spin glass.

superconducting regions. Although previous experiments by In order to elucidate all these issues, we have under-
ourselves and others have established the overall topology ¢dken systematic neutron-scattering measurements on
the phase diagram, no systematic studies on single crystals,_,Sr,CuQ,. In particular, we quantitatively determine
have been performed because of the difficulty in preparindiow the spatial modulation of the spin correlations develops
single crystals that are(i) chemically homogeneousji) with x and how the incommensurability correlates with
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T.(X). We report here measurements of the doping depenverifies the oxygen stoichiometry of our single crystals.
dence of the modulated spin correlations for LgSr,CuO, The values of the averaged Sr concentrations so deter-
over a wide doping region utilizing a series of identically mined are found to coincide with those measured directly by
grown and treated crystals. We also present data on a deoxglectron probe microanalysis within the instrumental resolu-
genated sample in which the superconductivity is destroyedion. Further, we have determined that the gradient in the Sr
The energy dependence of the spin fluctuations will be diseoncentration has a maximum value of 0.002/cm along the
cussed in detail in a separate papler. crystal rod by measuring the differenceTipbetween the top
The format of this paper is as follows: Experimental de-and bottom part of the rod. In addition, we find that the
tails on the sample preparation and characterization are debserved broadening of the structural phase transition of the
scribed in Sec. Il. The results of the neutron-scattering medarge single crystals can be interpreted as arising from a mac-
surements are presented in Sec. lll. We interpret in Sec. IVoscopic gradient in the Sr concentration. Specifically, for
the newly obtained results, which demonstrate the intimaté¢he x=0.10 andx=0.18 crystals we find that the observed
relationship between the incommensurate spin fluctuationmaximum broadening is about 12 (Kull width at half maxi-
and the high¥; superconductivity. A summary and conclu- mum of an assumed Gaussian distributiorm @f, and this, in
sions are given in Sec. V. turn is comparable to the difference T of 15 K evaluated
from the highest and lowest Sr concentrations in crystal rods
3.5 cm in length. Thus, the Sr concentrations as well as the
oxygen stoichiometry of the samples are known quite accu-
As noted above, in order to compare the modulated spifiately. Further, we may conclude that the observed rounding
correlations for samples with different doping levels, weof T reflects macroscopic, rather than microscopic, Sr inho-
have attempted to exclude any factors that can introducgogeneities. We note here that the maximum deviation of
relative systematic errors. Identical procedures for crystathe Sr concentration from its average value is about 0.0035;
growth and post-growth heat treatment have been used. W&is is rather Iarger than the value of 0.0006 reported for our
have utilized the traveling-solvent-floating-zone method forbest sample witix=0.15> However, the fundamental prop-
crystal growth, which uses no crucible, and therefore, avoidérties of the magnetic fluctuations are not affected by such
the resulting contamination. Significant experience with thissmall differences in the Sr concentration. For example, a
technique has been accumulated for, Lgr,CuQ, with ~ well-defined energy gap in the magnetic excitations is ob-
x=0 and 0.15; this has made possible the growth of a serieserved in thex=0.18 sample, which shows a much broader
of single crystals withx=0.00, 0.04, 0.06, 0.08, 0.10, 0.12,
0.15, 0.18, and 0.28-The typical size of the crystals is La. Sr CuO
about 6 mn®x35 mm~1 cn?), and the mosaic spread is 2-X" X 4
~0.4° full width at half maximum. _ T
All of the Sr-doped crystals, except tkxe=0.04 sample, 40 3
exhibit bulk superconductivity after the post-growth heat [ e bN
treatment under 1 bar of oxygen gas flowTat= 900 °C for
100 h. The content of Sr in each fully oxygenated sample has
been established by the following measurements: the super-
conducting transition temperatufe, has been determined E
from the temperature dependence of the diamagnetic signal r o
for the zero-field-cooled sample using a superconducting A prs
quantum interference devic€SQUID) magnetometer; the ()] S PP I IIPIPIP IR
lattice constants from pulverized single crystal samples have .
been measured at room temperature with an x-ray-powder s (b)
diffractometer; and the structural phase-transition tempera- — 1
ture T4 between the high-temperature tetrago(tl T) and 400 1
low-temperature orthorhombic LTO phases has been mea- I |
sured by neutron diffraction. Furthermore, the magnitude as
well as the temperature dependence of the magnetic suscep-
tibility in the normal state were compared with previous re-
sults for powder samples. Figure 1 shows the meastiged
and T as functions ofx, both of which are in good agree- .
ment with previous results. As shown in Fig. 1, samples with [ R o L
x=0.18 (T.=36 K) and 0.25(T.=15 K) are slightly and 0 0.1 0.2 0.3
highly overdoped, respectively. Figure 2 shows the doping X
dependence of the-axis lattice constant, which increases rig 1. Sr-doping dependence @ superconducting transition
monotonically with Sr doping; this confirms the continuous emperaturesT,; onset of T, [closed circles(Refs. 36 and 37,
substitution of the La sites with Sr ions. The curve in thegpen circles(present samplesand midpoint of T, [crosses(Ref.
figure is drawn by interpolating between results from powdersg)], (b) structural transition temperaturég, between the high-
samples that are fully oxygenat&tiThe excellent agreement temperature tetragondHTT) and low-temperature orthorhombic
of the c-axis lattice constant, which is sensitive to any oxy- (LTO) phase$open circlegRef. 36, small closed circlegRef. 19,
gen deficiency, between single crystal and powder sampldarge closed circlegpresent samplgb

Il. SAMPLE CHARACTERIZATION
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FIG. 3. Diamagnetic susceptibilities measured by a SQUID
g | | | | 1 magnetometer on the zero-field-cooled samples of oxygenated
13.1 Lay g5Sry 1:CUO, (closed circles and deoxygenated
0 0.1 0.2 0.3 Lay g:Sh1:CU0,, samples with various effective dopinge
X (=0.15-2y).

FIG. 2. Lattice constants of La,Sr,CuQ, at room temperature
measured on pulverized single crystals by x-ray-powder diffractio
(closed circles The broken curve in the figure is drawn by inter-
polating results from powder sampléRef. 16.

at thermal and cold neutron beam ports of JRR-3M in
"AERI, respectively — TOPAN was used for samples with
x>0.04 and HER fox=0 and 0.04. Vertically focused inci-
dent neutrons from a pyrolytic graphieG) monochromator

transition afT than that found in the&=0.15 samplé! Note ~ With energy 14.7 meV or 4.98 meV were scattered by the

that the energy gap is only observable for samples near oF@mple crystal. A vertically focused PG analyzer then se-
timal doping, irrespective of any small inhomogeneity of thelécted scattered neutrons with a specific energy loss caused
dopants. This is discussed in detail in Ref. 11. by the interaction with the spin fluctuations. For the thermal
One single crystal of LagsSr, 1<Cu0y, which initially had neutron-scattering measurements a pyrolytlc_ graph|_te _f||ter
T.=37.5K, has been annealed under Ar gas flow to prepar®@s used to reduce higher-order neutrons in the incident
Sr-doped nonsuperconducting samples. We assume through€am- In addition, a sapphire crystal filter was inserted in
out this paper that samples at a givehave their maximum P€tween the monochromator and the sample to reduce the
T, for an exact oxygen stoichiometry of 4.00. The effectiveNigh-energy neutron component in the incident neutron flux.
doping x. for annealed La ,Sr.CuQ, . is defined as For the cold neutron-scattering measurements a cooled Be
xx -y

x— 2y by assuming that one oxygen ion provides two holedilter was used to eliminate higher-order neutrons in the in-

in the CuQ planes. We know from previous work that by cident beam. Additional measurements for single crystals
deoxygenation bulk superconductivity in the optimally with x=0.10 and 0.15 were carried out at the thermal neu-

<0.11 due to the reduction of tron triple-axis spectrometers at the High Flux Beam Reactor

doped region disappears fog;=< Kh onal
the number of holes and the introduction of the random po@t Brookhaven National Laboratory. _ ,
The crystals were sealed in an aluminum can filled with

tential from the oxygen vacancies in the Gutlanes:’*8In
¥g e gas for heat exchange. The sample can was attached to

fact, the superconducting diamagnetic signal of the anneal€e d ol £ o losed lo ref q
crystal withx smaller than 0.11 is reduced to less than 19'€ €0!d plate of &He closed-cycle refrigerator or a pumpe
of its original value as shown in Fig. 3. A first annealing has. € cryostat. The measurements were performed around or

been done at 925 °C, and the resulting decrease of oxyge?f!oW Tc for superconducting samples, and bel@ K for

content is determined to be=0.0218-0.0005 by weighing deoxygenated ones. The crystals were aligned witlt tives
the sample before and after deoxygenation with an elecvertical to the scattering plane. The inelastic magnetic inten-

trobalance with 1Qug resolution® From this, the effective Sities in the {1,k,0) zone of the high-temperature tetragonal
doping X for this deoxygenated sample is found to bePhase were monitored by scans through the positioris,

0.106. A second annealing of the deoxygenated crystal at a+40 and(3, 3-50), in contrast to théz,3,0) position that

higher temperature, 950 °C, results ya=0.0355=0.0005 characterizes the commensurate long-range antiferromag-
which corresponds ta.=0.079.lt is important to note that Netic order. _ .

the heat treatment controls the oxygen content reversibly; EXamples of typicalq spectra for superconducting
bulk superconductivity reappears when the deoxygenatep@-xSKkCUO;, are shown in Fig. 4. Double peaked signals

nonsuperconducting samples are annealed ui@lergas from the modulated spin correlations are observed. in all
flow. samples with 0.08 x<0.25. On the other hand, as will be

shown in Fig. 5, commensurate spin fluctuations are ob-
served for thex=0.04 sample that is in the so-called semi-
conducting spin-glass phas&From theq spectra we extract
the two parameter$ and «,,; the peak splitting,5, repre-
Inelastic neutron-scattering experiments were performedents the degree of modulation, or incommensurability, of
on the triple-axis spectrometers TOPAN and HER installedhe spin fluctuations; the peak widthk,,, defined as the half

IIl. NEUTRON-SCATTERING EXPERIMENTS
AND RESULTS
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é’ . : ] FIG. 5. Inelastic cold neutron-scattering spectrum of
L 0 ;,B,,3,(,)I§,3,O B E=l4TmevV La,_,Sr,CuQ, for x=0.04 at 0.3 meV taken from the samescan
E soo;u-'-rv-'-n----u----n----|----|----|---u: as shown in the inset of Fig(&. The inset shows thg spectrum
3 () 3 as-grown LaCuQ, at 1.2 meV.
s0F ¥=025 4 3 _ o
£ s T=14K that of the thermal neutron scattering shown in Fig. 4. Al-
W00F 5,06 © E=3meV E though the peak width is much larger than that of the un-
100E ° E doped sampléinset of Fig. 9, the spectrum shows a single
071.31.199.' -S-60-B E=14. 7meVLI1_ pommensurate peak &},3,0), as has _already been reported
02 04 06 08 in previous thermal neutron-scattering studies on samples
with x=0.0219210.03 and 0.04° Therefore, it may be con-
k (I'.l.ll.) cluded that aroun&=0.05, there exists a phase boundary or
crossover region between phases with commensurate and in-
" commensurate spin correlations.
In Fig. 6, we show the doping dependencexqf below
— A 3.5 meV aroundr, [Fig. 6@] and at 8 meV and 8 K
172} o | 28 [Fig. 6b)] that are obtained from thg spectra taking into
Y account the instrumenta] width. For the nonsuperconduct-
, ing crystalx=0.04, k,, at 0.4 meV and ¥8 K is plotted.
1'/2 h Within the errors,, depends only weakly on doping in the
FIG. 4. Inelastic thermal neutron scattering spectra of

La, ,Sr,CuQ, from q scans across the two peaks shown by open
circles in the inset{a) x=0.06 at 2 meV(b) x=0.12 at 2 meV, and

(c) x=0.25 at 3 meV. Note the different experimental condition for
x=0.25. The solid lines are the results of least squares fitting using
two Gaussians plus a flat background. The incommensurabilgy
defined as half of the peak splitting between the two peaks at
(3,3+6,0) indexed in the tetragonal reciprocal platiek,0). The
position(%,%,O) corresponds to an antiferromagnetic Bragg peak po-
sition in the long-range-ordered antiferromagnetic phase.

width at half maximum(HWHM) of the peaks, reflects the
inverse dynamical coherence length at the measured energy
of the spin fluctuations. For the=0.25 sample the peak
intensity is significantly weaker than that in the samples with
smallerx.Therefore, it is necessary to use coarser instrumen-
tal resolution than that employed in the other scans shown in
Fig. 4. We note thab is found to be rather insensitive to the
temperature as well as energy transfer up to energies well
above~10 meVv?°

Figure 5 shows a high-resolutiog spectrum for the

°
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FIG. 6. Sr-doping dependence of the dynamigakidth «,, of
the incommensurate peak@ T~T. with E=2-3.5 meV andb)

x=0.04 sample obtained by using cold neutrons; an identicalelow T, with E=8 meV. For the nonsuperconductlng sample of

g scan for an as-grown sample of JGuG, is presented in

x=0.04 «,, at 8 K with E=0.4 meV is presented. The instrumental

the inset of Fig. 5. It should be noted that the momentum ag broadening is removed by least-squares fitting with deconvolu-

well as energy resolution in this measurement is better thation.
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FIG. 7. Sr-doping dependence of the incommensurabdityf
the spin fluctuations. The height of the vertical baxat0.04 indi-
cates the upper limit ob estimated from the single peaked spec-
trum in Fig. 5. Data from electrochemically oxygen-doped

La,CuQ,,y (Ref. 6, Lag gNdy 4Sr,CuQ, (Ref. 38, Zn-substituted
Lay geSto.14CW - yZn, O, with y=0.012(Ref. 22 and deoxygenated
Lay g55K15CUO,_, (see Fig. 8 are also plotted in the figure.

FIG. 8. Inelastic neutron-scattering spectra at 2 meV taken

underdoped and optimally doped regions. However, foflom (& the superconducting sample witk=0.15, and the
x=0.12 k,, is anomalously small; this requires further inves- d¢0Xygenated nonsuperconducting crystal wita0.15 with the

tigation. We note that, in contrast te, «,, depends sensi- efre(f:t'veh dgp'ng of(b) Xaffzo'lol6 and(c)hw'th Xei=0.079. Ehe
tively on the fluctuation frequency as well as temperature'f‘ss t(')r t i eoxygenated samples are shown in Fig. 7 and 9 as a
the details will be described in a separate paper. unction ofXe-

The incommensurability obtained from fits of two-
dimensional Gaussians to the data is plotted in Fig. 7 as Elowever, as the deoxygenation is increagedthe result for
function of ;. Several characteristics of the doping depen-X.#=0.079 in Fig. 4 and the commensurate-incommensurate
dence of the modulated spin correlations can be seen. Firgtansition or crossover is approached, the incommensurate
there is a nonlinear relation between the incommensurabilitgtate becomes unstable by deoxygenation presumably due to
6 and the Sr concentration. The double-peaked structure the combined effects of the reduced hole concentration and
due to the incommensurate spin fluctuations becomes noticéhe random potential of the oxygen vacancies. One should
able with doping only abova~0.05, identical, within the also note the increased broadening of the dynantjesidth

uncertainities, with the superconducting phase boundary. Fajf the incommensurate peak after deoxygenation of the crys-
x>0.05, & increases continuously upon doping, and forty| a5 shown in Fig. 8.

0.06<x<0.12, it follows within the errors the quantitative
relation, =x. Beyond x~0.12 the incommensurability
appears to saturate at the valde 1. In the figure, we also
plot the results of the deoxygenated samples, which will be
described later. A. Doping dependence of the incommensurability
In Fig. 8, we compare thg spectra of the deoxygenated
samples LagsSi 1sCu0, _y with that of the oxygenated su-
perconductingk=0.15 samplgoxygenated samples are pre-
sumed to havey=0). The incommensurabilitys for the
deoxygenatedk=0.15 sample with effective doping level
Xe=0.106 is apparently smaller than that for oxygenate . .
x=0.15, but similar to that for the oxygenated stoichiometriCdOpazgt concentratior. n the systematic stgdy of Torrance
x=0.10 sample as shown in Fig. 7. This result, therefore?t al™ on ceramics, a linear \_/arlatlon @f with x was ob-
indicates that the hole concentration can be changed b3erved up toxs~ 0.28 or 0.36 if the samples were annealed
changing oxygen content, and thdtis determined by the N 1 bar or 100 bars of oxygen g)gressure, respectively. How-
effective doping leveke irrespective of the type of dopant. €Ver, beyondxs, Torranceet al™ found thatp saturates
Furthermore, it is important to note that the incommensurallPon Sr doping due to the introduction of oxygen vacancies.
b|||'[y around Xo is not Severe|y altered by pair-breaking ef- Therefore, on the basis of these results it would seem that the
fects which destroy the superconductivity. A similar resultpresent nonlineas-x relation beyonk~0.12, and the satu-
has been previously obtained for nonsuperconductingation of § in the overdoped region up t0=0.25, as shown
La;_,SrCuy _,Zn, O, with x=0.14 andy=0.012, where the in Fig. 7, is not related to the nonline@rx relation due to
doping level was, to first order, unchanged by the Zn féns. oxygen vacancies.

IV. DISCUSSION

The doping dependence éfshown in Fig. 7 should play
a central role in distinguishing models for the incommensu-
rate spin fluctuations. However, before attempting any quan-
titative discussion we must first consider the relation be-
Otween the number of holep in the CuQ plane and the
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does not change the incommensurability. We note that the
doping dependence af is quite different from that of the
insulating system La ,Sr,NiO, whered varies linearly with

X up to at leasx~3 and a well-defined charge ordering is
observed® Therefore, it is evident that the spatial spin
oz e i modulation depends strongly on the electronic state of the
) ] doped carriers and/or the spin state of the undoped antiferro-
;" ] magnetic host. Thus any theoretical interpretation of the ob-
004 [/ - tained doping dependence of the spatial spin modulation
shown in Fig. 7 must take into account possible crossover
behavior in the nature of the doped carriers.

® Lap«Sr,Cu0y
O LagCuO4.y

0.10

& (r.lu.)
Neff()-Neff(0)
T
|

0.05

T T T T T T T T T T T T T 77

B. Doping dependence of peak width

Net(-Nei(0) Since the crystallographic quality of all of our crystals is
similar, the variation of the dynamicgtspace broadening of
energy-integrated spectral weight of the optical conductivity withinthe mcommeqsurate peakg may be interpreted ag an inherent
the charge gap of as-grown JGUO, (see the text for detalsThe ~ Property of this system. Figure 6 shows the doping depen-

inset shows the Sr-doping dependenceNef(x)— N/ (0) (Ref.  dence ofk,, from the underdoped to the overdoped region.
28). Ngi(X)—Ngg(0) is normalized by assuming algq(x)— One of the most interesting results is the anomalously narrow

N¢(0)=x relation forx<0.1. peak width observed fax=0.12; this may be related to the
slight degradation of ; observed for La ,Sr,CuQ, around

In contrast to the above results, even in the doping regiorf=0-12 &s shown by the midpoint 8t in Fig. 1(a). In fact,
below x=0.25 several transport experiments suggest a nonqu't? recently, an elastic mpommensurate peak with a narrow
linear dependence of carrier numbersxaror alternatively, a  d-width (x,~1>100 A) which develops below 40 K, has
change in carrier character upon doping beysgpd For ex- been observed for=0.122° These phenomena are undoubt-
ample, both the electrical conductivity and the Hall coeffi-€dly important in elucidating the microscopic mechanism for
cient indicate a crossover in carrier character around the oghe degradation of superconductivity at this special doping,
timal dopingx,. The expected change in the Fermi surfacethe so-called ‘g problem,” and in discussing the possibility
geometry upon doping from a “small Fermi surface” to a of coexistence of superconductivity and long range antifer-
“large Fermi surface” as predicted by several romagnetic order in the highi; cuprates’ However, at this
calculationé** may be connected with such a change in thestage more extensive measurements are necessary, so we do
carrier character. Thus, one possible explanation of the saturot discuss this subject further in this paper.
ration of the incommensurability abowe=0.12 may be the Except for this anomalous behavior of the widthxat 2,
saturation of the density of @p)-type holes. Supporting , , depends at best weakly on within the experimental
evidence for this approach comes from the optical measuresrrors for 0.06<x< 0.18, that is, from the underdoped
ments of Uchidaet al?® They find thatNey, the energy- through the optimal doping regions. Only for the highly
integrated SpeCtral WE|ght of the Optical CondUCtiVity within Overdoped regiom%0_25' is Significanq_space broadening
the charge gap of the undoped system, depends on d&pindof the low-energy spin fluctuations observed. Further, fol-
in a manner quite similar to that &f Here,N¢¢ represents an  |owing our previous discussion of the possible crossover be-
energy-dependent effective electron number as is discussegvior of the carrier character from(gp) to Cu3d) type in
by Uchidaet al®® In fact, an excellent linear relation be- the overdoped region, the degradation of the spin coherence
tweend andNeg(X) — Ner(0) is obtained as shown in Fig. 9. |ength in the overdoped region may reflect the decrease of
In the inset, the Sr-doping dependenceNaf(X) —New(0)  the magnetic interactions between the Cu spins due to
integrated up to 1.2 eV is shoviA.We explicitly consider ~ Cy(3d)-type carriers as already observed for the electron-
Neri(X) —Ner(0) in order to take into account the excessdoped material$Nd,Pp,_,Ce CuQ,.5!
oxygen holes in as-grown samples of,CaQ, at x=0. In
the figure, 5 seems to terminate around 0.12, thatddn-
creases linearly with the effective hole concentration up to  C. Linear relation between T, and incommensurability
aroundp~0.12.

One speculative possibility is that the effective density of Perhaps the most surprising new result of this study is the
O(2p) holes saturates because of a change in the carrier typgmear relation betwee, and § up to the optimal doping
to Cu3d) in the overdoped region. CBd)-type carriers regime as shown in Fig. 10. Note, that the data plotted in Fig.
should only have a minor effect on the spatial spin modula10 are completely free from any uncertainties connected with
tion. This observation is based on the fact that commensurathe doping level or oxygen stoichiometry in each sample.
spin ordering is found in electron-doped superconductors foFurthermore, results from superconductors prepared by elec-
dopings up tox=0.15; here the doped carriers are domi-trochemical oxygenatidr?? and heat treatment under high
nantly Cu3d) type?’ In addition, as noted previously, re- oxygen pressure fall on the same linear relation in Fig210.
placement of C(8d)° by Zn(3d)*?, in Lay,_,SKCu_,Zn,0,  This empirical result connects directly the incommensurate

FIG. 9. § as a function ofNg;(x)—Ngx(0) evaluated from the
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Summarizing the discussions in the previous sections, we
propose the following scenario for the doping dependence of
T.. In the underdoped region, bothand T,"#{x) simulta-
neously appear ai,~0.05 and increase upon doping follow-
ing an identical doping dependence. We speculate that the
saturation ofT; occurs as a result of the saturation of the
doped @2p)-type carrier number; we also speculate that the
decrease ofT; in the overdoped region is caused by the
shortening of the dynamical coherence length of the incom-
mensurate spin fluctuations and this in turn may be caused
by the decrease of the effective magnetic interactions upon a

L presumed C{Bd)-type carrier doping.

The data presented in this paper clearly represent a unique
but formidable challenge for any theory of high-supercon-
ductivity. Specifically, to identify the mechanism underlying
high-T superconductivity one will undoubtedly need to un-
derstand the dynamical spin fluctuations. Further insight into
this may be gained from studies of the electron-doped super-
conductors such as Nd,CegCuQy; no signal from the spin
fluctuations has as yet been detected in superconducting
sampleg” As in the case of YBgCw0;_,, the Fermi sur-
face in the electron-doped materials is expected to be rotated
spin correlations and the superconductivity. Concomitantlyby 45° compared with that in La,Sr,CuQ,,**** so that
this relation reconfirms the simultaneous appearance of bottmodulated spin correlations are not expected from a Fermi-
the superconductivity and the modulated spin correlations asurface nesting model, but would occur for example, in a
is expected from Fig. 7. For the overdoped samples, howeharge-fluctuation model. Clarification of the similarity and
ever, theT, values deviate from thé-T, relation. This im-  dissimilarity of the spin fluctuations in the superconducting
plies the existence of an inherent mechanism to degrade thgates of hole-doped and electron-doped systems should pro-
superconductivity in the overdoped region. vide essential information on the electronic states of High-

The nonzero incommensurability observed in the non- superconductors and possibly on the mechanism itself. We
superconducting pair-broken samples might seem to be iRote that incommensurate spin fluctuations seem to have

conflict with the - relation. Instead, it is important to been observed recently in underdoped ¥BaO,_, .*
emphasize thab correlates with the upper limit of; at a

given x, T.,"(x), although the superconducting transition
itself, and hencel ., is easily degraded by extrinsic pair-
breaking effects such as oxygen vacancies or impurity dop-
ing in the CuQ planes.

oY) 2 I O Y A
0 0.05 0.10 0.15

d (r.l.u.)

FIG. 10. 6 as a function of onset temperatureTqffor stoichio-
metric Lg_,Sr,CuO, (open circley electrochemically oxygen-
doped LaCuGQ,., (Ref. 6 (open squaneor (La,Bi),CuQ, ., (Ref.
32) (closed squale and La g5SK o<CuO, annealed under high 0O
pressurgRef. 32 (closed circle.
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