
Incommensurate Spin electronic energies which are the antiferro- 
magnetic exchange coupling between near- 
est neighbor Cu spins J -- 15CO K and the 
electronic bandwidth W -- 2J. Therefore, 
over the experimentally investigated tem- 
perature range (7 < 4CC K)  the disorder 
caused by the randomly substituted Sr2+ 
ions is "quenched" in that the immobile 
ions cannot reorder into an eauilibriurn ar- 

Fluctuations in High-Transition 
Temperature Superconductors 

9. 0. Wells, Y. S. Lee, M. A. Kastner, R. J. Christianson, 
R. J. Birgeneau," K. Yamada, Y. Endoh, G. Shirane rangement. However, the mobile 0 '  ions 

will participate in the system's thermody- 
Neutron scattering experiments have revealed a fascinating interplay between the hole 
doping, the spin fluctuations, and the superconductivity of the cuprate superconductors. 
Recently, electrochemical techniques have been used to produce large single crystals 
of La,CuO,-,, which has mobile oxygen dopants. Staging behavior of the excess oxygen 
has been demonstrated, and the low-energy spin fluctuations in stage 6 La2Cu04_, have 
been measured. The spin fluctuations are incommensurate with the lattice and have 
spatial, energy, and temperature dependencies very much like those in La,pxSrxCu04, 
with similar high transition temperature. This establishes the universality of the incom- 
mensurate spin fluctuations among the La2Cu04-based superconductors. 

namics, arranging themselves so as to min- 
imize the free energy to the extent that 

u ,  

their mobility permits. Thus any disorder 
caused bv the intercalated oxygen is "an- ,"  
nealed" with respect to the inajor energetics 
of the svstem. Therefore, a comvarison of 
the two systems allows LIS to test the effect 
of airenched versus al~l~ealed disorder on 
the properties of a given high-Tc system. 

As we shall demonstrate, the magnetic 
excitations in the two systems turn out to 
be remarkably similar in their inagnitildes 
and their spatial, energy, and temperature 
dependencies in the nor~nal and supercon- 
dircting states. This surprising robirst~less of 

After  a decade of intensive research. it has physics of the doped supercond~~ctors is 
much more complex, and little consensus 
has been reached as to the correct nhvsical 

become clear that the phenomenon of high 
transition temperature (high-T,) supercon- 

description of this system. Clearly, B better 
experimental guide to the physics of these 

ductivity exhibits both great complexity 
and rich pliysics. It appears that all high-T, 

the spin fluctuations suggests that they are 
an essential property of the idealized doped 
CuO, layer and therefore must be basic 
features of all candidate theories of high-7, 

~i~percondi~ctor~ are based on structures 
with square-planar copper oxide layers. One 
of the most striking featirres of the copper 
oxide suoerconductors is that thev are all 

materials must be achieved. Some necessary 
features of such a guide il~clirde ii) the use 

L. , , 

of the simplest possible materials that show 
the desired physical properties, (ii) the de- 

superconductivity. 
Phase diagram and structures. The 

phase diagram for La2_,Sr,CuO4 (5) and 
that which we have determined for 

derived troln charge-doping antiferrornag- 
netic insulators. These undooed varent 

termination of which physical properties 
are ul~iversally present in high-T, materials, 
and (iii) identification of the relations be- 
tween atomic structure, magnetism, and 

compou~~ds have one hole per copper site, 
thereby yielding one unpaired spin on each 
copper ion. The copper spins align at low 
temveratures into three-dimensional anti- 

La,Cu04-, are shown In Fig. 1 A compar- 
LSOII of the two reveals some obvious slml- 
larities: The undoped parent compoirnd is 
an antiferromagnetic insulator, initial dop- 

electronic properties in a given material by 
performing complete sets of experiments on 

ferromagnetic long-range order. Upon dop- 
ing to - 1.05 to 1.25 holes per copper site, 
the lamellar copper oxide materials become 
supercondircting with short-range magnetic 

the same compounds. 
As nart of our efforts to fulfill the exner- 

mg lowers the ant~ferromagnetic orderlng 
temperature TN, and at hlgher doping levels 
both become superconductors. Ho\vever, 
there are clear, fundamental d~fferences be- 

imental goals listed above, we have pirrsired 
an extensive experimental analysis project 
on the La2Cu04,, system ( 1 ) .  As we have 
shown vreviouslv and summarize below, this 

tween the tnro. The phase diagram for 
La2Cu04,, has many miscibility gaps and a 
wider variety of structures than that for 
La2_,Sr,Cu04. The reason for this, as not- 
ed above, is the mobility of the 0 '  inter- 
calant ions. Thus, the 02- ions phase-sep- 
arate into oxygen-rich and oxygen-poor re- 
gions; further, concentrations between in- 
teger stagings appear to phase-separate as 
well. The phase separation between y -- 
0.01 and y -- (2.055 (Fig. IB) has been 
extensively explored before our work (3 ,4) .  

,4s a result of a concerted materials ef- 

order. 
The insulati~le oarent cornnou~~ds are 

interesting in themselves. Standard one- 
electron band theory vredicts that thev 

material has an elaborate series of structirral 
uhases that are fascinating in their ow11 , L 

should be nonmagnetic metals, which is 
clearly incorrect. Thus the parent com- 
pounds are Ivlott-Hubbard insulators, mate- 
rials that standard theories say should be 
metallic but in fact are insulating due to 

u 

right. Here we report inelastic magnetic 
neutron scattering studies of superconduct- 
ing L ~ , C L I O ~ , , ~ ~ .  Of particular importance 
is the comparison of the magnetic excita- 
tions in the La2Cu04,, compound with 
those in Lazp,Sr,Cu04 (2) .  Both materials 
are based on the original parent compound 
La2Cu04, but the nature of the dopant ions 
and the structures are fundamentally differ- 
ent. The Sr2' dopants in La,p,Sr,Cu04 
enter the structure substitutionally for La3' 

correlatio~ls among localized electrons. A 
great deal of progress has been made in 
understanding these insulators: The magne- 
tism is well described bv conventional the- 
ory, and proper models have been identified 
for the electronic structure. However, the 

fort, we have learned ho1v to grow and 
electroche~nically intercalate large, narrow 
mosaic single crystals of La2Cu04,, with y 
up to - 0.1 and volirmes approaching 0.5 
cm3. This has enabled us to elucidate the 
basic structures of the materials i~sinp neu- 

ions, whereas the oxygen dopants in 
La,Cu04+, occupy interstitial sites (3, 4). 
Hence, the Sr2+ ions are essentially im- 
mobile once the crystal solidifies below 
-140C K, whereas the excess oxygen 
dopants in La2Cu04+, remain mobile 
down to near 200 K (1 ,3 ,4 ) ,  which is much 
smaller than the important magnetic and 
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tron scattering. Neutrons have no charge 
but possess a lnagnetlc moment. Thus they 
only interact weakly with matter: scattering 
off of atomic nuclei via the strong force or 'To whom correspondence should be addressed 
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magnetic moments via a dipole-dipole in- 
teraction. Therefore, neutrons require rela- 
tively large samples for appreciable scatter- 
ing, but for the same reason they are not 
surface sensitive--which makes them ideal 
for probing bulk collective behavior of crys- 
tals. In a neutron scattering experiment, 
neutrons may diffract from a static ordering 
of nuclei or spins. For such a process, the 
neutrons do not transfer energy to the sam- 
ple; hence this process is called elastic scat- 
tering. The other possibility is for neutrons 
to diffract from a temporally fluctuating 
ordering of nuclei or spins, resulting in en- 
ergy transferred to or from the sample, 
which is termed inelastic scattering. Due to 
the small cross section for inelastic magnet- 
ic scattering, large single crystals are es- 
sential to investigate the spin fluctuations 
in samples of superconducting La2Cu04+,. 

The experimental details are the same as 
those we reported previously (1). For sim- 
plicity in discussing the magnetic neutron 
scattering we shall use the high-tempera- 
ture tetragonal 14/mmm unit cell rather 
than the low-temperature orthorhombic 
Bmub unit cell of the undoped La2Cu04 
compound. The tetragonal c axis is perpen- 
dicular to the CuO, ~lanes.  and the a and b 

L - 
axes are within the plane as shown in the 
unit cell diagram in Fig. 2A. In reciprocal 
space, the (H,K,L) components for the q 
positions are given in units of (2~r/a, 2~r/b, 
2Trlc). 

We begin by discussing the previously 
reported oxygen phase separation region 
from y = 0.01 to 0.055 in the phase dia- 
gram for La2Cu04+,. Detailed neutron dif- 
fraction studies (1 ) of samples with 0.01 < 
y < 0.055 show that below TpS = 290 K the 

samples phase-separate into an oxygen-poor 
phase with y = 0.01 and an oxygen-rich 
phase with y = 0.055. The former is an 
antiferromagnetic insulator with TN = 250 
K, whereas the latter is a superconductor 
with T, = 32 K. From the diffraction peaks, 
we infer that the regions that make up each 
phase are large ia all directions, greater 
than about 1000 A. 

The oxygen-poor phase of La2Cu04+, 
(V 5 0.01) has the same low-tem~erature 
.d 

orthorhombic structure as indoped 
La2Cu04 described by the Bmub space 
group. The schematic in Fig. 2B indicates 
the tilting of the Cu06 octahedra present in 
this structure: it is this tilting that deter- - 
mines the Bmub symmetry. However, for 
the oxygen-rich phase (y r 0.055), we find 
that the low-temperature orthorhombic 
structure has an additional superlattice 
modulation along the c axis (1). The dif- 
fraction is consistent with a structural mod- 
el originally proposed for La2Ni04+, (6). 
We present a schematic for this proposed 
structure in Fig. 2C. Within the planes, the 
tilts of the Cu06 octahedra are ordered in 
the same manner as those in undoped 
La2Cu04, and perpendicular to the planes 
the tilts have the same local ordering. The 
structure of La2Cu04+, with y 2 0.055 
differs from that of La2Cu04 in that the 
oxygen-rich material contains broad an- 
tiphase domain boundaries parallel to the 
CuO, planes and regularly spaced along the 
c axis. The antiphase domain boundaries 
consist of layers across which the direction 
of the Cu06 tilts is reversed. The antiphase 
domain boundaries are presumed to be 
caused by ordered layers of interstitial oxy- 
gen. Flipping a single octahedron will cause 
the reversed state to propagate throughout 
the plane because the octahedra share cor- 
ner oxygen atoms. This will have the effect 

Fig. 2. Structural diagrams. (A) The tetragonal unit cell of La,Cu04+,. The arrows on the copper atoms of creating an entire plane of favorable 
represent their spins. (B) Schematic for the CuO, octahedra tilt structure of undoped La2Cu04. (C) interstitial sites for the intercalated oxygen. 
Schematic for the CuO, octahedra tilt structure of stage 6 La2Cu04+,. The different shades for the Such a one-dimensional ordering of the 
octahedra correspond to different antiphase tilt domains. extra oxygen is similar to the staging behav- 
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ior of halogens and alkalis intercalated 
into graphite. Folloa~ing the literature on 
intercalated graphite, a7e use the tertn 
"staging" to describe the c-axis mod- 
ulation of the undoped structure; stage n 
refers to an induced periodicity of n CuOz 
host layers. Noninteger staging num- 
bers for a sample may be derived from 
tnixtures of integer-staged domains. 

Two features of these staged structures 
should be noted. First, there is as vet no 
direct diffraction evidence that the excess 
oxygen itself is staged. The scattering peaks 
we measure come from the antiphase 
boundaries of the octahedra tilts. Such a 
configuratioh certainly creates planes of fa- 
vorable interstitial sites, which favor the 
staging of oxygen, but we have not been 
able to measure scattering peaks directly 
from the interstitial oxygen. Second, the 
boundaries between the two onnositelv tilt- 
ed regions cannot be as sharp as thos'e de- 
picted in Fig. 2C. Such a configuration 
would lead to scattering from higher har- 
monics. In fact, typically only the first har- 
monic signal is detected above the back- 
ground; accordingly, we co~lclude that the 
boundarv must be smeared out with the 
arrangetnent of tilts more like a sine wave. 
A sinusoidal modulation of the intercalated 
oxygen layers along c a~ould then be expect- 
ed. The lack of direct scattering frotn planes 
of intercalated oxygen tnay be explained by 
such a tnore hotnogenous distribution of 
oxygen. 

For excess oxygen concentratio~ls be- 
tween -0.01 and -0.055, the behavior as a 
function of temperature is quite elaborate. 
As mentioned above, phase separation oc- 
curs below TPs = 290 K. However, the 
onset of stage ordering in the oxyge~1-rich 
phase occurs at a lower tetnperature near 
255 K. If the sample is cooled through the 
temperature region around 210 K over a 
period of several hours, as recently reported 
by Xiong et ai. ( 7 ) ,  an additional phase 
transition occurs. This transition corre- 
snonds to the establishment of a mass den- 
sity modulation along a direction in the 
CuO, vlane at 45' to the Cu-CLI nearest 

& 

neighbor $rection with a periodicity of 
about 61 A ( 1 ) .  Increasing y beyond 0.055 
results in satnples with, in succession, stage 
n = 4, 3, and 2. The exact oxygen concen- 
tration y for each of these stages is not yet 
known, nor is the superconducting T,, al- 
though preliminary evidence suggests that 
T.. for n = 2 may be as high as 45 K. 

'Clearly, the L ~ ~ C ~ O ~ ; ,  system repre- 
sents a rich svstem for the studv of structur- 
al, magnetic, transport, and superconduct- 
ing properties. 

Spin fluctuations. Considerable effort 
has gone into studying the spin fluctuations 
in the high-T, superconductors and related 

compounds (5, 8 ,  9 ) ,  in part because the 
magnetism is fundamental to many theoret- 
ical tnodels of the superconductivity. In- 
deed, understanding the magnetism of the 
undoped parent compounds has been one of 
the significant successes in the field ( 8 ,  10) .  
While the superconductors themselves 
show no long-range ordered magnetism of 
the Cu tnotnents. there are clear short- 
range antiferromagnetic correlations ( 8 ,  9, 
1 I ). The mechanism of the disruvtion of 
the long-range order by holes is sthl under 
debate. 

The best and most extensive data exist 
for the La2_,SrlCu04 system ( 8 ,  9, 11). 
Neutron scattering studies have shown that 
antiferrornametic snin fluctuations exist 
over a broad range of x ( 8 ) .  As a function of 
doping the magnetic peak positions, inten- 
sities, and correlation lengths show an in- 
triguing evolution starting from the well- 
understood insulating antiferromagnet, 
which exhibits three-dimensional Nee1 or- 
der for 0 5 x 5 0.0175. At higher doping 
for 0.02 5 x < 0.05, the neutron scattering 
peaks indicate short-range tnagnetic order 
with the characteristic antiferromagnetic 
wavevector (112, 112) independent of the L 
direction normal to the C u 0 2  planes ( 1 2 ) .  
However, in the doping regitne where su- 
perconductivity appears, for x 2 0.05, the 
spin fluctuations no longer occur at (112, 
112) but split into four peaks located at (112 
2 6 ,  112) and (112, 112 i 6 )  (Fig. 3A). 

Neutron scattering experiments have 
also determined that for optimally doped 
Laz_,Sr,Cu04 (that is, with x = 0.15 and 
T, = 38 K )  in the superconducting state, 
the intensities of the spin fluctuations be- 
low 3.5 meV at (112 ? 6 ,  112) and (112, 112 
t 6 )  are suppressed, vanishing as T * 0 
( 2 ) ,  indicating that a tnagnetlc gap forms 
below the superconducting transition tem- 
perature. Earlier work on underdoped 
La,-,Sr,Cu04 satnples ( x  < 0.15) with Tc 
= 33 K has shown that the low-enerm 

u, 

neutron scattering peaks are also suppressed 
at the above q positions, but the intensity 
does not go to zero at the lowest tempera- 
tures studied ( 8 ,  9, 13). The energy range 
for which spin scattering is suppressed In 
these lower T, satnples is similar to that 
where a complete gap is seen in the opti- 
mally doped sample. Understanding this 
tnagnetic gap in the superconducting state 
depends on both a cotnplete experimental 
detertnination of its behavior and an u~lder- 
standing of the origin of the tnagnetic peaks 
in the nortnal state. 

There are manv models that lnav ac- 
count for the incokmensurate splitting of 
the inelastic tnagnetic scattering peaks in 
La2_,SrXCuO4. Two of the tnost widely dis- 
cussed are the nested Fermi surface tnodel 
(14-16) and the charge fluctuation model. 

I11 the Emery and Kivelson version of the 
latter model ( 1  7 ) ,  the doped holes segregate 
into one-dimensional local metallic stripes 
that act as antivhase dotnain boundaries 
between the remaining undoped, antiferro- 
magnetic regions. There is extensive ongo- 
ing research to deternune if either of these 
two physical pictures or other proposed 
models, is correct. Empirically, it must be 
detertnined whether the effect seen in 
La2_,Sr,Cu04 is universal atnong different 
compounds with different types of dopants 
and how the effect develovs as a function of 
doping. The experitnents that we discuss 
here add to the empirical knowledge base in 
both of these areas. 

Fieure 3A shows a schematic of the tra- " 
jectory for the scans we use to measure the 
incolnmensurate magnetic peaks. The scat- 
tering rods are at ( 112 -+ 6 ,  112, L )  and ( 112, 
112 -+ 6 ,  L )  in the tetragonal notation. The 

incommensurate 
magnetic peak 

Fig. 3. (A) Position of the inelastic magnetic peaks 
in reciprocal space. The scan trajectories for three 
different tilt angles (8,) are shown. The path for 
each trajectory is given by {H'[cos(8,) - sin(O,)], 
Hf[cos(8,) + sin(8,)], - 0.6). (B) Inelastic scans on 
Sendai-I. The tilt of the scan trajectoty is varied 
from 0" to 3" to 6". whereas the temperature and 
energy transfer are fixed at T = 32 K and E = 2 
meV. The lines are fits to the cross section that 
includes the (1/2, 1/21 peak and the four incom- 
mensurate peaks. where only the tilt angle is 
changed between panels. 
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slight orthorhombicity at low temperatures, ple (labeled MIT-1) weighs 1.927 g with an 
while relevant to the structural characteris- 
tics, is irrelevant to the tnagnetic properties. 
The alignment of the crystal is such that 
the (H,H,L) zone is in the scattering plane. 
Thus, to scan over the incotntnensurate 
peaks we must scan outside of the (H,H,L) 
zone. This is accomplished by tilting the 
sample by 6" as shown in Fig. 3A. Because 
we are studying two-dimensional scattering 
that gives rise to rods along the L direction, 
the value of L is immaterial except for 
purposes of maxitnizing the signal-to-back- 
ground (1 1 ,  13). 

Our ixelastic tnagnetic scattering exper- 
itnents 06 La2Cu04+, have been perfortned 
on two single crystal samples. Both have 
been intercalated with oxygen by use of 
electrolysis at 90°C in a D 2 0  solvent in 
contrast to the H 2 0  solvent used in our 
previous studies (1). One sample (labeled 
Sendai-1 after the institution at which it 
was grown) has a mass of 3.366 g and an 
oxygen doping within the first miscibility 
gap region with -80% of the satnple on the 
oxygen-rich side at low temperatures; that 
is, it has the approximate composition . . 

La2Cu04 34jr "71th a superconductlng onset 
temperature of T, = 32 K. The other sam- 

oxygen content just at the oxygen-rich edge 
of the first miscibility gap, having the ap- 
proximate composition La2Cu04 ,, ,, with 
T, = 31 K. These samples are less than 
one-third the size of the crystals used for the 
best inelastic neutron scattering tneasure- 
ments on La2-,Sr,Cu04. However, they are 
about 10 times larger than most of the 
crystals used in previous electrochetnical 
oxygen intercalation studies. Our inelastic 
neutron scattering experiments were carried 
out at the H7 triple-axis spectrometer at the 
Brookhaven High Flux Beatn Reactor. 

The oxygen-rich portion of Sendai-1 has 
a staging number of 6.0 at low temperatures, 
whereas the oxygen-rich portion of MIT-1 
is predominantly stage 6.2 with a stnall 
admixture of stage 4.1. Figure 3B shows 
longitudinal scans in q at an energy transfer 
of 2 tneV for the Sendai-1 satnple at differ- 
ent tilt angles. A tilt angle of 0" is equiva- 
lent to scanning along H in the (H,H,L) 
zone, whereas increasing the tilt angle to 
around 6' corresponds to scanning through 
the position of two of the four incommen- 
surate magnetic peaks. We see two different 
sets of peaks in these scans. There is a peak 
at (112, 112, L) seen tnost clearly in the 0' 
tilt scan, as well as peaks that are seen best 
in the 6' tilt scans at (112 -6, 112, L) and 
(112, 112 + 6, L), where 6 = 0.105. The 
peak at (112, 112, L) arises from spin waves 

I 
1 
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Fig. 5. The imaginary part of the susceptibility as a 

Fig. 4. Inelastic scans on MIT-I. The tilt of the function of temperature for MIT-I plotted with the 
scan trajectory is fixed at 6", whereas the energy data from (I 1)for a Sr2+-doped crystal with smiar 
transfers and temperatures are varied. The lines T,. A single multiplicative constant is used to nor- 
are fts to the cross section that includes the four malize our data to give the best overall agreement. 
~ncommensurate peaks only. The dashed ~ n e  corresponds to T, = 31 K, 

in the oxygen-poor Nkel-ordered portion of 
the crystal and those at (112 i 6, 112, L) 
and (112, 112 i 6, L) from spin fluctuations 
in the oxygen-rich portion. 

Our goal is to study the oxygen-rich 
material; thus, the rest of the data we 
present cotne from MIT-1, the satnple near 
the high-y edge of the first miscibility gap. 
In this sample we see very little inelastic 
scattering at the (112, 112, L) position, in- 
dicating that only a small fraction of the 
sample consists of undoped C u 0 2  planes. In 
Fig. 4 we present the Inelastic scattering 
peaks for an energy transfer of 2 meV at 
three representative temperatures T = 50, 
32 (-T,), and 11 K. The peak intensity 
appears to increase slightly as T is lowered 
frotn 50 to 32 K but then is substantially 
reduced at 11 K. Similar behavior is seen for 
data taken at an enerev transfer of 3 meV. ", 
but any such diminution of intensity for an 
energy transfer of 4 meV is very slight. This 
corresponds closely to the results obtained 
by both the Brookhaven (1 1 ,  13) and Riso 
(9) groups for La2-,SrXCuO4 samples with 
similar T". 

In Fig, j, we present a summary plot of 
the imaginary part of the susceptibility 
~ " ( q  = Qs, w), which measures the strength 
of the tnagnetic excitations, versus temper- 
ature at three small energy transfers for both 
this sample of La2Cu04+, and the 
La2_,Sr,Cu04 sample with similar subopti- 
mal T, used in (1 1) and (13). We obtain 
x"(Qa, w) for La2Cu04 from the inelas- 
tic magnetic peak intensity at the incotn- 
mensurate position (112 - 6, 112, L) by 
removing the thermal factor and then 
normalize our data to that for the 
La2-,Sr,Cu04 sample ( I  I )  with a single 
tnultiplicative constant to give the best 
overall agreement. The results are nearly 
ldentlcal wlth~n the error bars for these tn70 
systems. It appears that the tetnperature 
dependence of the spin fluctuations does 

Fig. 6. The spin fluctuation ~ncommensurab~lity 
versus temperature data for La,~,Sr,CuO, ob- 
tained from Yamada et a/, (18) with the datum 
polnt for our La,CuO,+, crystal MT-l 
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not depend on  the nature of the dopants, 
Sr2+ versus 0'-, \vlth their characteristic 
auenched versus annealed disorder. As the 
temperature is decreased toward the super- 
conducting transition temperature, xf'(Qs, 
W )  increases, whereas below Tc the suscep- 
tibility levels off or decreases sliphtlv. Al- 

u ,  

though these two samples behave nearly 
identically, the temperature behavior of 
xl'(Qs, W )  depends on  Tc for the 
La2~,Sr ,Cu04 system, where, as mentioned 
above, the optimally doped material with 
T, = 38 K exhibits a complete magnetic 
gap below 3.5 me\/, whereas the under- 
doped matel-ials with reduced Tc like those 
in Fig, 5 do not. 

It is also instructive to comvare the val- 
ue of the incommensurability 6 of the in- 
elastic peaks for La,CuO,+, with that 
found for La2-,Sr,Cu04. In recent work, 
Yalnada et al. ( 18) have found a nronortion- 

L L 

ality between the superconducting transi- 
tion temperature and 6 for highest quality 
single crystal samples LIP to optimal doping. 
Using the data from k'amada et  al. ,  we have 
constructed a plot (Fig. 6)  of 6 versus T, 
that includes our La,Cu04+, sample, \vhich 
has T, = 31 K and 6 = 0.105. It is clear 
from the figure that the La2CuO,+? sample 
fits perfectly on the straight line defined by 
the La2-xSr,Cu0, samples. 

Conclusions. T h e  most ilnnortant co11- 
cluslon of this work is that the existence of 
incolnlnensurate swin fluctuations in the 
high-temperature supercond~~ctors is uni- 
versal for materials based on  La,CuO,. 
T h e  most basic features of the spin fluctu- 
ations, their position in reciprocal space 
and evolution with temperature, appear to 
be independent of the type of dopant, the 

physical arrangement of the dopants, and 
the extent of disorder in the crystal. In the 
oxygen-doped La,Cu04 crystals, the ex- 
cess oxygen can find its equilibrium ar- 
rangement d o ~ n  to temneratures near 200 

'z 

K, ~vhich  is well below the relevant mag- 
netic and electronic energies in  the svs- 

L 

tern. This is quite different from the case 
for Sr2+ dopants, which are in fixed posi- 
tions at the sample melting temperature 
near 1400 K. 

These LarCu04 ,jj data, as well as pre- 
lirninary new data on  high-quality single 
crystals of La,-,Sr2Cu04 (18) ,  suggest 
that the superconducting magnetic gap 
grows in both colnpleteness and energy as 
the hole concentration is Increased 
through the region of optimal doping. It is 
not clear how to reconcile this behavior of 
the magnetic gap with a simply evolving 
d-wave single-particle gap, or perhaps 
even more problematical, with sugges- 
tions of a pseudo-gap in underdoped 
samples as deduced from other probes. Fi- 
nally, the suprisi~lg relation between Tc 
and the spin fluctuation incoinmensura- 
bility discovered by Yarnada et  al. (18)  in 
La , -xSr ,C~~04 and confirmed by us in 
L ~ , C U O ~ , , ~ ~  represents a challenge to all 
theories of high-Tc superco~lductivity. 
T h e  physics of high-temperature super- 
conductivitv thus remains rich and corn- 
plex but elusive. 
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